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Foreword 

The far reaching scientific discoveries and technological developments of our time 

have gradually resulted in a society which is strongly based on these achievements. 

Radiation – the subject matter of this book – was an essentially unknown concept at the 

beginning of the last century except for a very small number of scientists who, at that 

time, were just about laying the foundation of our present day technical culture. It is 

now of the uttermost importance that the general public, including mass media and 

political decision makers, are correctly and well informed about the basic scientific 

concepts and the underlying technology of our days in various fields of such advanced 

activities in society. Advances in different directions are, of course, beneficial for 

society. Negative aspects may also be associated with them. These should be well 

penetrated, understood and discussed in terms of established scientific facts and in a 

balanced way. After reading this comprehensive book with its complete and thorough 

information on all forms of radiation, I can verify that the authors have been able to 

solve their task in a very skilful way. The scientific and technical problems have been 

amply discussed and the procedures to measure and control the effect of radiation in the 

various fields in compliance with international conventions are well described. The 

publication of this book is timely. It will certainly serve a very useful purpose. 

 

 

Uppsala in May 2001 

 

 
Kai Siegbahn 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 
 

 

 

Illustration of global ozone levels (data collected 25 May 2001). 

Ozone depletion from man-made activities may result in increased 

UV radiation, which affects human health.  

The colour scale is given in 'Dobson Units' (DU). There are 

strong seasonal and geographical variations in the ozone levels. 

Approximately, 300 DU is considered as an average value. The 

illustration shows the greater degree of depletion in the Southern 

Hemisphere – http://auc.dfd.dlr.de/GOME/latest/northpole/np0p.gif. 

 



 

 

 

A World of Radiation 

Radiation has always been an intrinsic factor in the development of life on Earth. 

Humans and all other life forms have, throughout their existence, been exposed to 

radiation in different forms. Firstly, radiation from the sun can be considered a natural 

component of life. The sun is the most important source of ultraviolet, visible and 

infrared radiation. It takes about eight minutes for light leaving the sun to be harvested 

in the biosphere of the Earth. Sunlight in the visual part of the spectrum is necessary 

for vision and to produce food through photosynthesis in plants. Infrared radiation 

controls the temperature of the Earth's surface and atmosphere. Roughly, 40% of the 

solar radiation directed at the Earth is reflected back into space. The remaining 60% is 

used as the driving force of the weather and all life on Earth. A number of pigments 

have been developed by life to harvest solar energy, like chlorophyll. In the plant 

world, photosynthesis uses light as the energy source to synthesise plant material from 

carbon dioxide and water and creates oxygen as a by-product.   

Radiation from the sun has attracted much interest and concern for centuries. Since 

the early days, scientific interest was devoted to spectral analysis to get information 

about elemental composition of the planets and stars. Sir Isaac Newton observed the 

solar spectrum in the 17
th

 century, and in the early part of the 19
th

 century, the German 

optician Joseph Fraunhofer made major contributions to the understanding of spectral 

analysis. Nowadays, much attention is paid to the link between radiation and the 

climate. Global mean surface temperature increased by about 0.6 °C during late 19
th

 

century. Many people are concerned about the consequences of further temperature 

increase on the future of life on Earth. The question is whether this is due to an 

increased intensity of solar radiation or increased release of greenhouse gases that 

reduce the reflection of solar radiation back to space. 

Radiation was heavily involved in the 'Big Bang' and following phenomena during 

the creation of the early universe. A background of microwaves that is still present 

originated at the birth of the universe. High-energy cosmic radiation originates from 

ongoing cosmic events. Heavy nuclei travel through the vacuum in the universe for 

thousand of years before reaching the atmosphere of the Earth. Secondary cosmic 

radiation is formed by the collision between primary radiation and elements in the 

atmosphere. The radiation reaching the Earth's surface comprises electromagnetic 

radiation and charged particles (muons and electrons) as well as neutrinos. High-

energy protons and neutrons are produced by cosmic ray interaction in space, which 

reach humans during high altitude air flights.  

Advanced technology allows mankind to perform space flights, build space stations 

and perform other sophisticated space activities, which bring the individuals closer to 

highly intense cosmic radiation sources.  

At the end of the 19
th

 century or more precisely 1895, the German physicist 

Wilhelm Conrad Röntgen discovered X-rays, and medical applications of X-rays 

started only a few months later. One year later, 1986, the French physicist Antoine 

Henri Becquerel discovered natural radioactivity. After radium was identified in 1898 
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by Marie and Pierre Curie, radioactive sources for therapeutic use in medicine became 

available. Very soon, however, the adverse effects of high exposure levels of ionizing 

radiation to the body were discovered and radio-protection measures were found to be 

necessary.  

As a result of the death of about 100 radiological personnel in the period leading up 

to the 1920s, the International Commission on Radiological Protection (ICRP) was 

formed. A great deal of experience has been gained concerning radiation hazards and 

the present recommendations provide safe working conditions for radiological 

workers. Not only acute effects are considered, but hypothetical risks concerning long 

term cancer induction and genetic effects are also taken into account. In this respect, 

the radiation protection recommendations are much more strict than, for example, the 

regulations for work with hazardous chemicals. Safe handling of radioactivity has led 

to valuable applications in a wide range of areas ranging from nuclear medicine to 

tracer-techniques in industry and research.   

The real 'nuclear age' started with the discovery of the fission process by Otto Hahn 

and co-workers in Germany in 1939. A few years later, i.e. in 1942, this discovery 

resulted in the construction of the first nuclear reactor, denoted the 'Fermi' reactor, 

which was sited at a football stadium in Chicago. Regrettably, along with this nuclear 

milestone came the development of nuclear weapons. However, it was also used for 

peaceful purposes in power production and more than four hundred power reactors 

have so far been in operation around the world. 

The global radiation environment is in continuous transition. Ionizing radiation in 

the form of alpha-, beta-, and gamma-radiation are emitted from all radioactive 

materials in the ground, i.e. uranium, thorium and their daughters; in the air, i.e. radon 

and radon-daughters. Levels of this kind of radioactivity and radiation are increasing 

due to mining and other  uses of the environment that can result in disturbances of the 

natural radiation balances. The use of nuclear technology creates a variety of other 

radiation sources in addition to the natural radiation. Artificial long-lived radioactive 

isotopes such as
 
caesium-137, strontium-90 and plutonium-239 are also widely spread 

in our environment as a result of the extensive atmospheric nuclear weapons tests 

during the period from 1952 to 1963. These artificial radionuclides are now added to 

our natural internal exposure to radioactivity from nuclides like carbon-14 and 

potassium-40 throughout life. 

For about half a century, the occupational use of equipment that produces non-

ionizing radiant energy has been increasing. This includes optical radiation, laser, 

microwaves and radio-frequency radiation, DC and ELF electric and magnetic fields, 

as well as ultrasound. The approaches and ideas used in the development of protection 

guidelines for non-ionizing radiation have evolved over the past quarter of a century. 

For electromagnetic non-ionizing radiation, exposure limits are based on consideration 

of the relationship between elevated body temperature and the magnitude of the whole-

body average specific absorption rate or induced electrical current densities in the 

body. This information is used in applying the limit values of electromagnetic fields or 

acceptable emission values in our environment. 

The most common type of radiation is electromagnetic radiation, covering both 

ionizing and non-ionizing radiation. From a physical point of view, electromagnetic 



 

 

 

A World of Radiation      IX     

 

radiation is the transport of energy by means of oscillating electrical and magnetic 

fields. It is the frequency of these oscillations that determines the transported energy 

and the properties of the electromagnetic radiation. During the 19
th

 century, the 

Scottish physicist James C. Maxwell formulated four equations that are still the 

fundamentals of electromagnetic fields. His basic theory lies behind the development 

of the advanced electronic systems used in daily life. More than a century ago, the 

German physicist Heinrich Hertz experimentally proved the existence of radio waves, 

the basis for the communications technology exploited nowadays.  

The energy quanta of electromagnetic radiation are called photons. Each of these 

photons has a specific energy. Profound understanding of the nature of light was 

enabled by the presentation of energy quanta by Max Planck in the early part of 

the 20
th

 century. 

The recent explosive increase in the use of modern technology has led to various 

kinds of electric devices emitting electromagnetic fields almost everywhere both at 

home and in the workplace. 

Radar and IR – technology rapidly developed during the Second World War and 

laser systems were exploited during the 1960s, and have since found numerous 

applications ranging from accurate measurement devices to surgical aids. The com-

munication industry has produced devices like mobile phones, the Internet system and 

PCs. In the future, computers, mobile phones and the Internet might be integrated in 

one device. 

In daily life, humans are exposed to various kinds of radiation at home and in the 

office. Ionizing radiation originates from radioactivity in air, soil, and food as well as 

in building construction materials. Non-ionizing radiation originates from power lines, 

domestic equipment in the kitchen, the television and PCs in the living room and 

offices. Exposure to radiation from mobile phones and transmission towers is paid a 

great deal of attention with regard to assumed health effects.  

As a consequence of exposure to any kind of radiation, the questions always raised 

are 'what is the health impact?' and 'is there a place to hide from radiation?' 'How does 

increased radiation levels affect expected life span?' 'How does mankind protect itself 

against radiation?' As far as radioactivity is concerned, the practical use of it for nearly 

a century has resulted in the acquisition of much safety experience, ensuring reliable 

limit values. Humans protect themselves against radiation injuries by setting limits for 

exposure levels, defined by standards and implemented in rules and regulations. 

Standards are developed based on observations of human injuries made at high 

exposure levels, often in the working environment and also, from animal experiments 

and laboratory tests like in vitro tests. Establishing and updating national or inter-

national standards is, however, a slow process. International consensus about research 

findings has to be obtained, which can be rather time consuming. Furthermore, 

important criteria for protection may be lacking in various standards since they are 

often several years behind recent research findings despite being regularly updated.  

Effects of radiation exposure appear as acute effects at high exposure levels. At low 

exposure levels, illnesses may take a long time to develop – sometimes more than 20 

years after the time of exposure. Unfortunately, it has often taken human tragedy to 

trigger radical change in workplace safety. At the turn of the 19
th

 century, more 
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than 1 000 workers died every year in British mines due to a lack of safety precautions. 

The tragedy in Monongah, West Virginia, where 362 coal miners were killed in a mine 

disaster led to the creation of the US Bureau of Mines in 1910 to promote mine safety. 

After that, safety began to improve in various countries. 

In today's society, technology is developing faster and faster and influencing daily 

life more and more. An obvious example of this development is in information 

technology. Wireless communication, such as mobile phones, utilise electromagnetic 

radiation and need towers with base stations covering large areas with networks of 

transmitters. Radio frequency waves pass through the walls of ordinary houses, which 

is why the radio and mobile phones can be used almost anywhere. At present, 

considerable exposure to radio frequency electromagnetic radiation from equipment 

such as mobile phones occurs. Some users have experienced headaches or other 

unpleasant sensations of dizziness or fatigue in connection with the use of mobile 

phones. These sensations seem to appear during the conversation, or shortly after, 

occurring on the same side of the head as the mobile phone is used. The question 

has  been raised as to whether radio frequency electromagnetic exposure may be 

responsible for these symptoms. Thus, the role of radio frequency fields with regard to 

physiological response is paid much attention nowadays. In particular, the central 

nervous system has been focussed because of the proximity of the head to the mobile 

phone antenna.  

RF-electromagnetic fields increase the permeability of the blood-brain barrier to 

blood proteins that may cause neurological diseases. Increased tumour incidence has 

been observed in populations exposed to ELF magnetic fields from power lines and in 

one study, in transgenic mice after long-term exposure to microwaves. Safety guide-

lines for human exposure to electromagnetic fields are presently based on thermal 

effects in tissues, implying restrictions to avoid excessive localised temperatures. Non-

thermal injuries, like genetic effects, neurological disorders and tumour incidence are 

currently the objects of focus. However, international consensus has not yet been 

reached and there is a lack of conclusive results concerning non-thermal effects. 

In all human activities linked to technical operations, unforeseen events occur 

despite careful safety analysis that should ensure accidents do not happen. This 

applies, e.g., to naval and air transport, industrial plants and nuclear technology. The 

classical example is the 'unsinkable' vessel Titanic, that almost a century ago, sank in 

the Atlantic Ocean during its maiden voyage although safety had been seriously 

considered. Several bulkheads had been installed to ensure that the vessel would not 

sink in case of a collision. Despite all special precautions, the vessel sank within a few 

hours of its collision with an iceberg. The Titanic sank in 1912, but there were similar 

scenarios in the 1960s and 70s in the production of nuclear power reactors. Various 

groups expressed fear of nuclear accidents and the consequences on humans and the 

environment. Rasmussen and his co-workers published a comprehensive study devoted 

to reactor safety in 1975. The event of a reactor melt down was assumed to be 

impossible at that time. It was said that the probability of a severe reactor accident 

was estimated to be of the same order as a meteorite hitting an individual at the Earth's 

crust. This document was an important contribution to safety analysis at the time and 

was seriously considered by governmental bodies in various countries. Nevertheless, 
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these assurances did not prevent nuclear accidents from occurring. A few years later, 

there was an accident at the Three Mile Island reactor in Harrisburg, USA, involving 

core meltdown – a serious nuclear hazard. This accident caused no substantial release 

of radioactivity because of the containment shell covering the reactor vessel. Most 

western reactors were built with such a containment to prevent radioactivity from 

being released into the external environment in the event of an accident. The protective 

effect of such a shell was clearly demonstrated in the Three Mile Island accident. 

In 1986, the Chernobyl accident happened with a huge amount of radioactivity 

released into the environment. The extension of the release was mainly because the 

Chernobyl reactor was a graphite-moderated reactor that started burning, and was not 

equipped with an extra containment shell. Mikhail Gorbachov, then president of the 

Soviet Union, expressed that for the first time, mankind was confronted with the real 

force of nuclear energy being out of control. Immediately after the accident, when the 

disaster was reported in newspapers, radio and television, nuclear authorities in several 

countries stated that the incident was not harmful and the risks were more or less 

minimal and even ignored by several governmental bodies. Since then, comprehensive 

emergency preparedness concepts have been developed in most countries to combat 

the effects of a possible nuclear accident.  

Humans are exposed to radiation as well as to chemical substances during breathing 

and food intake in daily life. In a broad sense, the biological effects of ionizing 

radiation overlap the effects of chemical exposure at molecular levels. Ionizing 

radiation produces biological damage directly when it hits essential molecules like 

DNA. However, damage is largely caused by secondary processes, i.e. through 

reactions by radicals and other reactive oxygen species produced during interaction of 

the rays with biological matter. Exposure to various chemical substances may cause 

damage through similar radical reactions. In this context, it could be mentioned that the 

injuries caused by chemical exposure far overshadow those caused by radiation. Radon 

from the ground and construction materials in homes and offices is a major radiation 

source. The health risk from exposure to radon is, however, still under debate.  There is 

consensus that exposure to radon combined with smoking may lead to an increase in 

lung cancer incidence. In the medical use of ionizing radiation and radioactivity, the 

doses patients receive in radiotherapy and some interventional diagnostic X-ray 

procedures in hospitals far exceeds any environmental radiation dose to the public. 

There are defined balances between beneficial and adverse effects of biological and 

physical parameters related, e.g., to intake of nutrients as well as exposure to radiation. 

During exposure to chemical substances caused by pollution or radiation exposure 

from various sources, adverse effects may occur at excessive exposure levels. Pollution 

is usually a term with negative associations. Exposure to radioactive radiation is often 

associated with fear, although radiation is extensively used in medicine for beneficial 

purposes. Small doses may be of benefit in activating enzymes repairing cell damage, 

e.g. the repair of reproductive material like DNA molecules. This is sometime called 

an adaptive effect, implying that a small 'triggering dose' increases the ability to endure 

radiation.  

In nutrition, various chemical elements are vital to life. They often occur in trace 

quantities and are important for the metabolism. Elements such as iron, zinc, copper, 
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manganese and selenium are co-factors in enzymes and iodine is part of the thyroid 

hormone systems. The intake may either result in beneficial or adverse effects 

depending on the amounts. For example, the need for a daily intake of selenium may 

amount to 50-100 µg. Selenium deficiencies may occur at a daily intake below 20 µg, 

having, e.g. heart implications (cardiomyopathy). At an intake level of 200 µg, the 

incidence of various forms of cancer is reduced and the beneficial effect of the intake 

is demonstrated. However, if the daily intake is about ten times higher, toxic effects 

may be observed. Thus, the turn from beneficial effect to adverse effect occurs within 

a factor of about 10 with regard to intake conditions. In principle, the same turn from 

beneficial to adverse effect applies to radiation from the sun within a defined range 

depending on the dose. Beneficial effects are linked to appropriate exposure to UV-

radiation in the sun. Examples are aesthetic factors and healthy effects like the 

production of D vitamins strengthening the immune response. They may turn to 

adverse effects, such as sunburns, skin cancer etc., with an increase of exposure in the 

high frequency UV band.    

In daily life, we are also exposed to sound waves, the prerequisite for hearing. 

However, it is hard to avoid the negative effects of sound waves, e.g. noise as 

discomfort either at work, in traffic or from appliances in the home. 

We live in a world where the number and variety of radiation sources is steadily 

increasing with the goal to make life more comfortable and efficient. Recent 

developments in information technology and wireless communications have resulted in 

an enormous increase in electromagnetic field exposure to the public. Although the 

exposure level from each electronic device is low, the total radiation environment 

might adversely affect lifestyles. It is therefore important that both manufacturers and 

politicians are aware of this problem and make decisions that prevent future human 

disasters. 
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Part 1:  Fundamentals 
 

Radiation can be divided into two categories according to the amount of energy each 

quantum or package of radiation carries, ionizing radiation, with energy-quanta larger 

than about
 

10
 

eV and non-ionizing radiation, with energy-quanta smaller than 

about 10
 
eV. 

The sun is the most important source of visible light and ultraviolet (UV) radiation. 

Visible light means radiation that can be seen by human eyes. Approximately 30% of 

all this radiation is reflected back from the Earth into space. The remaining 70% is the 

driving force of all life on Earth. A number of pigments have been developed by nature 

to harvest solar energy, like chlorophyll a, phycoerythrin and phycocyanin. Animals 

have developed visual pigments, the rhodopsins, to see light. By its action on DNA-

molecules, UV radiation from the sun has induced mutations to speed up generation 

and develop-ment of new species. Solar radiation is only one part of the Earth's 

radiation budget. In addition, the solid Earth and the atmosphere emit radiation, so-

called thermal radiation. The balance between the absorbed solar radiation and the 

emitted thermal radiation controls the global climate of the Earth. Man-made sources 

makes it possible to alter thermal radiation from the Earth-atmosphere system and 

thereby, the climate. In climatology, solar radiation is often called short-wave radiation 

and terrestrial radiation is denoted long-wave or thermal radiation. Optical radiation 

includes ultraviolet radiation (UV), visible light and infrared radiation (IR). 

There has been an increasing use of equipment that produces non-ionizing radiant 

energy in the form of microwaves and radiofrequency radiation. Waves with slightly 

lower frequencies than UV are visible light, which are followed by infrared radiation, 

microwaves and radio waves. The approaches and ideas used in the development of 

protection guidelines for non-ionizing radiation have evolved over the last quarter of 

the 20
th

 century. For electromagnetic non-ionizing radiation, the ability to generate 

heat, and thus, the incident power density, were first used in exposure limitation. 

However, recent exposure limits are based on consideration of the relationship 

between physio-logical heath effects and the magnitude of the whole-body average 

specific absorption rate. The induction of electrical currents in the body is presently 

being con-sidered. Radiofrequency electro-magnetic fields are related to health effects 

by absorbed dose, which is defined as specific absorption rate (SAR) and indicates 

how much heat is produced in a certain body mass. Non-thermal effects at subcellular 

and molecular levels are still not considered when setting protection standards. 

Electro-magnetic fields are caused by the movements of electrical charges. When 

charges are accelerated electro-magnetic waves are created. Electro-magnetic fields are 

often divided into micro-waves (0.3-300 GHz), radiofrequency waves (0.3-300 MHz), 

lowfrequency waves (less than 300 kHz), and extremely low frequency fields (less 

than 300 Hz). 

The discovery of X-rays by the German physicist Wilhelm Conrad Röntgen 

in  1895 resulted in a revolution in medicine. Diagnostic X-ray examinations have 
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successfully been used in medicine for over a century with ever increasing 

sophistication and technical complexity. In addition to examinations on symptomatic 

patients with specific clinical indications, diagnostic X-ray examinations are used as 

part of carefully designed mass screening programmes of whole sections of the 

population in relation to, e.g., chest X-rays for tuberculosis, or mammography for 

breast cancer. X-rays have also been used with great success for treatment of tumours. 

Radiation therapy has been developed into a sophisticated technique that is the most 

frequently used cancer treatment modality.  

Sound is a type of energy transfer that takes place through vibrations in atoms and 

molecules of any material. Ultrasound is of interest in occupational health and is 

regarded as a radiation issue. It is a valuable tool in medical diagnosis and echo-

sounders have been successfully used for years in harvesting fish in the sea. 

Noise is defined as unwanted sound and one element of noise is the psychological 

response of the sound receiver. Most people have experienced immense noise levels 

from the sky during storms. Violent air streams build up static electricity between 

clouds, which may result in electrical discharges between the clouds, or between 

clouds and the ground. Lightning bolts of up to a couple of kilometres in length occur, 

which suddenly heat the air. Claps of thunder follow, which can evoke responses 

ranging from awe to fear. 

In the year 1945 atomic bombs were dropped over Hiroshima and Nagasaki in 

Japan that caused a lot of acute radiation damage and late effects of increased cancer 

incidence in  the survivors. So far hereditary effects caused by ionizing radiation in the 

Japanese population have not been proven. It is generally difficult to link hereditary 

effects to ionizing radiation epidemiologically – induction of cancer and somatic muta-

tions that are lethal produce severe congenital damage only in the first generation. Ma-

ny of the radiation-induced mutations that, in fact, could be present in children or 

grandchildren of atomic bomb survivors, will be extremely difficult to detect, either 

because they are neutral or because they are of the harmful, but very mild type. There 

is also a background of variations in exposure to chemical mutagens like tobacco or 

selenium antagonists like cadmium and mercury, and also in the intake of prooxidant 

mutagenic nutrients like poly-unsaturated fatty acids and iron at over-dosage levels. 

The challenge for the epidemiologist is therefore to try to detect a weak and not easily 

observable signal in the presence of a background that is extremely 'noisy'. However, 

the conclusion should not be drawn that ionizing radiation is harmless to germ cells 

even if it is not possible to detect any meaningful signal in an epidemiological study. 

There has been a great deal of concern about possible injuries linked to small 

radiation doses. Several models for prediction of radiation effects have been 

developed. Small doses might even be effective in increasing resistance to higher doses 

at a later exposure stage, so-called 'adaptive effects'. 

 

 

 

 

 



 

 

1 Physical Aspects 

Ragnar Hellborg 

1.1 Introduction 

The phenomenon called 'Radiation' is the transport of energy in the form of a stream of 

particles or electromagnetic waves. Radiation can be divided into ionizing and non-

ionizing. Ionizing radiation has a higher energy than non-ionizing (as a rule of thumb 

above 10 eV and below 10 eV, respectively). Ionizing radiation can – as the name 

suggests – ionize material when passing it. Ionizing means that electrons are removed 

from the atoms/molecules in the material by the radiation. In this way, charged 

particles, i.e. ions, are produced. If this happens in a human body, radiation injures can 

result. The mechanism can be either that the radiation directly hits a chromosome (in 

which case, the DNA-molecules will be permanently changed) or, if the ionization 

occurs in the water available in all living cells, the radical OH
−
 can be produced. This 

is an especially reactive molecule that can damage the DNA molecules. This 

phenomenon and its consequences are discussed in more detail in Chapter 2 'Biological 

Aspects'; Box 2 'Radiation Chemistry'. 

Ionizing radiation is not a new phenomena connected with human activity. It has 

always been available and is present throughout the environment. The reason is that 

people live in a naturally radioactive world. Radioactive polonium and radium are 

present in bones, muscles contain radioactive carbon and potassium and there are 

radioactive noble gases and tritium in lungs. The Earth is bombarded by cosmic 

radiation from space and humans are irradiated internal by the natural substances in 

food and drink. The radiation was in fact much stronger at an earlier period in the 

formation of matter by aggregation of nucleons when the world is supposed to have 

been created 10 to 20×10
9
 years ago. All material was then radioactive – the short-

lived nuclei have long since decayed and what can be observed today is the remaining 

long-lived decay, a remnant of the creation of the world. 

It is only during the last century that man has learned to produce artificial ionizing 

radiation. Examples of radiation connected with human activity are radiation in nuclear 

reactors, from radioactive waste, apparatus at hospitals for treatment and diagnosing 

patients like accelerators, X-ray machines and radioactive sources. 

Knowledge about ionizing radiation is relatively new. The German physicist 

Wilhelm Conrad Röntgen discovered a type of radiation called 'X-ray' in 1895. Shortly 

after the discovery, he demonstrated the possibility of using this new type of radiation 

for medical purposes. In 1901, W. C. Röntgen obtained the first Nobel Prize in physics. 

The French physicist Henri Becquerel discovered natural radioactivity in 1896 when 

studying the luminescence of uranium salts excited by ordinary light. The photographic 

plate used by Becquerel when discovering the radioactivity is shown in Fig. 1-1. After 
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the announcement of Becquerel’s work, the French physicists Pierre and Marie Curie 

surveyed many other elements for radioactive emission. In 1903, the two Curies 

obtained the Nobel Prize in physics together with Becquerel. The English physicist Sir 

Joseph John Thomson demonstrated the existence of the electron in 1897. In 1906, he 

obtained the Nobel Prize in physics. In this chapter, the physical aspects of ionizing 

radiation are briefly described. Further details can be found in standard textbooks about 

ionizing radiation. 

 

 
 

Fig. 1-1 Becquerel's first evidence for radioactivity was this photographic plate which was wrapped 

in opaque black paper and placed close to a piece of uranium salt on 26
th

 of February 1896. 

1.2 General properties 

The origin of the ionizing radiation is either the nucleus or the electron cloud of the 

atom. In both cases, the nucleus or the atom contains a surplus of energy. This surplus 

of energy is emitted as radiation when the nucleus disintegrates or the atom changes to 

a lower energy state. Table 1-1 summarises some of the more common types of 

ionizing radiation. Each radiation type is characterised by an energy spectrum that is 

indicative of the nuclear or atom process underlying it. A radioactive source may emit 

several different types of radiation at the same time. This can arise from the fact that 

the nucleus in question undergoes several different modes of decay. 
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Table 1-1 Examples of different types of ionizing radiation. The mass is in this table given in an 

energy unit, it can be recalculated to mass unit using the well-known formula E = mc². 

Charge is given in unit of the elementary charge (1.602×10
-19

 C). 

 

Type 

 

Origin 

 

Process 

 

Charge 

 

Mass 

MeV/c
2
 

Energy 

spectrum 

α-particle 

 

Nucleus 

 

Nuclear decay or 

reaction 

+2 

 

3727.33 

 

Discrete 

 

β-
-particle Nucleus Nuclear decay -1 0.511 Continuous 

β+
-particle Nucleus Nuclear decay +1 0.511 Continuous 

γ-ray Nucleus Nuclear de-excitation 0 0 Discrete 

X-ray Electron cloud Atomic de-excitation 0 0 Discrete 

Neutron 

 

Nucleus 

 

Nuclear reaction or 

spontaneous fission 

0 

 

939.57 

 

Continuous 

(discrete) 

Fission 

fragment 

Nucleus 

 

Fission 

 

10-30 

 

(80-160)×10
3 

 

Continuous 

 

 

The alpha-rays consist of large particles – parts of an atomic nucleus (in fact a 

charged helium atom, i.e. a bound system of two protons and two neutrons) – that are 

emitted from very heavy radioactive nuclei containing too many nucleons to remain 

stable, like uranium, radium, radon, americium, polonium, curium or plutonium. Some 

of the more commonly used α-sources are listed in Table 1-2. The emission of such a 

cluster as a whole, rather than the emission of single nucleons, is energetically more 

advantageous because of the particularly high binding energy of the α-particle. As the 

α-particles are large, they are slowed down and stopped quickly in material. In air, for 

example, a 5 MeV α-particle is stopped in a few centimetres. A thin paper as well as 

the outer part of the human skin effectively stops the α-particles. Therefore, the α-

particles cannot harm the outer part of the human body. However, if they are inhaled or 

ingested they can be harmful. Fig. 1-2 shows what is needed to stop different types of 

radiation. 

Table 1-2. Examples of α-emitters 

 

Isotope 

 

Half-life 

 

Energies 

MeV 

Branching 

% 
241

Am 433 years 5.486 and 5.443 85 and 12.8, resp. 
210

Po 138 days 5.305 100 
242

Cm 163 days 6.113 and 6.070 74 and 26, resp. 

 

The beta-rays consist of fast electrons or positrons that result from the weak 

interaction decay of a neutron or proton in a nucleus containing an excess of the 

respective nucleon. In a neutron-rich nucleus, a neutron can transform itself into a 

proton via the process n → p + e
- 
+ υ  where an electron and anti-neutrino are emitted. 

Similarly, in a nucleus with too many protons, the decay p → n + e
+ 

+ υ  can occur 

where a positron and a neutrino are emitted. A basic characteristic of the β-decay 
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process is the continuous energy spectrum of the β-particle see Fig. 1-3. This is 

because the energy available for the decay is shared between the β-particle and the 

(anti-) neutrino. 

 

 
Fig. 1-2 A simple illustration of what is needed to stop α, β, γ and neutron rays: a 0.2 mm paper, a 

100 mm thick piece of wood, half a metre of concrete and a few metres of concrete, resp. 

Pure β-emitters, i.e. only a β-particle (and a neutrino) is emitted and nothing else, 

are listed in Table 1-3. As can be seen from Table 1-1, β-particles are much smaller 

than α-particles and therefore, have a much longer range in matter, as an example, in 

air around 10 metres. Often eyeglasses and thick clothes are enough to protect the 

body, but unprotected skin can be burned if treated with intensive β-rays. However, the 

biggest risk is if the beta radioactive material is ingested or inhaled. 

 

 
 

Figure 1-3. Energy spectrum of the electrons emitted in the β-decay of 
210

Bi 

 

X-rays and gamma-rays are electromagnetic radiation. In principle, they are of the 

same type as, for example, visible light, but with a much shorter wavelength and there-

fore, a much higher energy. The γ-rays are emitted from an atomic nucleus having a 

surplus of energy. Like the electron shell structure of the atom, the nucleus is also 
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characterised by discrete energy levels. Transition between these levels can be made by 

the emission of electromagnetic radiation of correct energy, i.e. with an energy equal to 

the energy difference between the levels participating in the transition, typically of the 

order of 30 keV to 6-8 MeV. X-rays have an origin from energy changes in the electron 

shell of an atom (typically in the range of 5 to 90 keV) or by slowing down of free 

electrons in material. The γ- and X-rays both have a much longer range in material 

compared to α- and β- rays. For X-rays used at hospitals for patient treatment, a few 

mm of lead is enough to stop the radiation. For γ-rays, several cm of lead, several dm 

of concrete or several metres of water is necessary. γ-rays can therefore easily penetrate 

living material and damage it. 

Table 1-3 List of pure β-emitters 

 

Isotope Half-life Emax (MeV) 
3
H 12.26 a 0.0186 

14
C 5 730 a 0.156 

32
P 14.28 a 1.710 

33
P 24.4 d 0.248 

35
S 87.9 d 0.167 

36
Cl 3.08×10

5
 a 0.714 

45
Ca 165 d 0.252 

63
Ni 92 a 0.067 

90
Sr 27.7 a 0.546 

90
Yr

 
64 h 2.27 

99
Tc 2.12×10

5
 a 0.292 

147
Pm 2.62 a 0.224 

204
Tl 3.81 a 0.766 

 

Neutrons 

Natural neutron emitters that can be used practically do not exist. However, it is 

possible to artificially produce isotopes that emit neutrons, either based on spontaneous 

fission or nuclear reactions. 

Spontaneous fission can occur in many transuranic elements with the release of 

neutrons along with the fission fragments. In addition, these fragments can promptly 

decay, emitting β- and γ-radiation. The most common neutron source of this type 

is 
252

Cf, which has a half-life of 265 years. The energy spectrum of the fission neutrons 

is continuous up to about 10 MeV. 

A more convenient method of producing a neutron source is with a nuclear reaction 

method. One possibility is a reaction where an α-particle is sent into a nucleus, 

producing the end products of another nucleus and a neutron. Such a reaction is called 

a (α,n)-reaction. 

Another possibility is using a (γ, n)-reaction. Reactions of this type occur with many 

nuclei. However, only those with the highest yield are used in practice. Neutron 
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sources are generally produced by mixing the target material with a suitably strong α- 

or γ-emitter. 

The most common target material is beryllium. During bombardment of α-particles, 

beryllium undergoes a number of reactions that lead to the production of free neutrons 

along the scheme: 

 
12

C(*) + n 

α + 
9
Be → 

13
C* → 

8
Be + α + n 

3α + n 

 
13

C* is a compound nucleus which quickly disintegrates. In general the dominating 

reaction is the decay of 
13

C* to 
12

C in ground or excited (*) state. Suitable α-sources 

for neutron production are: 
241

Am, 
242

Cm, 
238

Pu, 
226

Ra and 
227

Ac. The half-life of these 

sources depends on the half-life of the α-emitter. Due to energy-loss of the α-particle 

when travelling in the source and due to Doppler broadening, the neutron energy 

spectrum is a distribution from maximum energy down to low energy. 

In the case of a (γ, n)-reaction, only two target materials are suitable, 
9
Be and 

2
H. 

These sources have the advantage of emitting neutrons that are nearly monoenergetic. 

The disadvantages are the low reaction yield per incoming γ-quantum and the fact that 

these sources have a large background of γ-radiation. 

A neutron is not itself ionizing, but if it hits a nucleus, it may activate it or cause 

emission of a gamma-ray or a charged particle, indirectly giving rise to ionizing 

radiation. Neutrons are more penetrating than gamma-rays and can be stopped only by 

several metres of concrete, water or paraffin barrier. 

1.3 Radioactive decay 

A nucleus with a surplus of energy will, as has been mentioned above, emit this 

energy as radiation sooner or later. Such a nucleus is called radioactive. The 

radioactive decay of the nucleus is statistical in nature. Therefore, it is impossible to 

predict when any given nucleus will disintegrate. Extensive experiments on radioactive 

material have shoved that the decay law for a given mass of material is accurately 

exponential. In a sample of Nt independent radioactive nuclei at the time t, each nuclei 

having a probability λ of decaying per unit time, and if no new nuclei is introduced 

into the sample, then the mean number of nuclei decaying, dNt, in a time interval dt 

would be given by: 
 

dNt = -λ Nt dt                   (1-1) 
 

The constant λ is called the disintegration or decay constant. Integrating the 

equation results in the exponential law of radioactive decay: 

 

Nt = N0⋅ e
 -λt   

                 
  

(1-2) 
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where N0 is the number of radioactive atoms present at the beginning of the 

observation (t = 0). 

 

 
Fig. 1-4. Exponential decay 

Fig. 1-4 shows log Nt as a function of t. The mean life of the atom, indicated in the 

figure is: 

 

τ = 1 / λ (1-3) 

 

This is merely the time it takes for the sample to decay to 1/e of its initial activity. 

The time interval t½, also indicated in Fig. 1-4, during which half the atoms disappear 

by decay, denoted half-life, is given by: 

 

 

from which the following relation between t½, and τ  is obtained: 

 

The exponential law of decay is characteristic of all radioactive processes and has 

been checked in vast numbers of experiments over extensive periods. It describes the 

disappearance by decay of short-lived unstable particles and excited states as well as of 

long-lived radioactive elements. The activity of a radioactive material is the number of 

decays per unit time and the number of decays per second is a convenient unit of 

measure. In the SI-system, this unit is called becquerel (Bq). However, it should be 

observed that the activity says nothing about the kind of radiation or its energy. When 

studying the effects of radiation on a biological system, the activity is not a useful 

1/2λt
0

0 eN
2

N −=

0.6932
λ
1

t1/2 == ln

(1-4) 

(1-5) 
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quantity. Some general information about radioactive decay, interaction of ionizing 

radiation with material and what can be measured is to be found in Table 1-4. A more 

detailed description is given in Chapter 2 'Biological Aspects'. 

Table 1-4. Radioactive decay, radiation interacting with material and what can be measured 

 

Process Measurement/calculation 

When a radioactive nucleus disintegrates, a 

new nucleus is formed and the excess energy 

will be emitted as ionizing radiation. 

 

What can be measured is the activity, i.e. how 

many disintegrations take place per second. The SI-

unit for this is s
-1

 (disintegrations per second) 

which is called becquerel (Bq). 

When the radiation passes a material all or 

part of its energy will be absorbed. 

 

 

What can be measured is the amount of energy 

absorbed per unit mass of the material. The SI-unit 

for this is J/kg (joule per kilogram), which is called 

gray  (Gy). 

The radiation can damage the material along 

its path. If it is a living material, the cells can 

be affected. Different types of radiation will 

hurt the same living material differently even 

if the delivered dose is the same. 

It is possible to calculate the equivalent dose. This 

is the absorbed dose multiplied with a different 

factor for different types of radiation. The SI-unit 

for this is also J/kg, however it is called sievert     

(Sv). 

1.4 Collisions between particles 

Collisions between particles of all types, charged or uncharged, are governed by the 

laws of conservation of energy and of momentum. These laws determine the relation-

ships between angles of scattering and recoil and give results that are independent of 

the detailed mechanisms of the collision, such as particular laws of force between the 

particles of finite sizes. The latter type of considerations influences the distribution of 

angles observed in the scattering of the beam of particles, but for the individual 

scattering events, the overall deflection may be calculated from the laws of mechanics 

alone. The collision may be either elastic in which there is no change of kinetic energy, 

or non-elastic (inelastic), in which either or both particles absorb or emit energy in 

some way, e.g. by excitation of an internal vibration or oscillation. All nuclear 

transformations in which a system of particles transforms into different particles in the 

final state is also classed as inelastic. In both elastic and inelastic collisions, when the 

final system contains only two particles, the paths of all the particles concerned are co-

planar since there is no component of momentum perpendicular to that of the incident 

particle. 

The probability of the occurrence of a particular collision process, such as the elastic 

scattering of a particle through a certain angle, is conveniently expressed as a cross-

section. Consider a parallel beam of n0 incident particles per second on a thin slice of 

material of thickness t containing N scattering or absorbing centres per unit volume, 

see Fig. 1-5.  
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If the probability of collision of any kind is determined by an area σ ascribed to each 

centre, then for a single incident particle the chance of collision in passing through the 

thin lamina dx of area A is: 

 

where λ = 1 
/
 
N⋅ σ  is the mean free path for collision. The attenuation of the beam is 

then described by the equation: 

 

dn = -n⋅ N⋅ σ⋅ dx                 (1-7)   

 

which gives: 

 

nx = n0⋅ e
 -Nσx

 = n0⋅ e
 -µx

                 (1-8) 

 

where nx is the number of particles per second at the depth x and n0 is the number per 

second incident on the material, µ = N σ = 1 
/
 λ is known as the linear attenuation 

coefficient of the material for the incident beam. The quantity µm = µ 
 /

 ρ, where ρ is the 

density, is the mass attenuation coefficient. It is useful to note that: 

 

 

where mA is the mass of a scattering centre. In the thickness t of the material, the 

number of particles per second is given by: 

 

nt = N0⋅ e
 -Nσt

                         (1-10)    

            

 
 
Fig. 1-5. The concept of cross-section, or collision area 

λ
dx

dxN
A

dxNA
==

A

m
m

N σ

ρ

σ

ρ

µ
µ === (1-9) 

(1-6) 
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Furthermore, if attenuation is now directed to the number of collisions that have 

actually taken place, namely the yield Y of the process, it is found that: 

 

Y = n0 - nt = n0 (1 - e
 -Nσx

) ≈ n0⋅ N⋅ t⋅ σ          (1-11) 

if the attenuation is small. Now, Nt is the number of scattering centres per unit area of 

the material perpendicular to the incident beam, and since the definition of the total 

cross-section σ is numerically equal to the probability of an event for one particle  

 

incident on a sample of material containing one scattering centre per unit area of the 

projected area. σ  is often measured in cm
2
 per atom/nucleus. 

For nuclei, the unit barn equal to 10
-24

 cm
2
 is often appropriate. The ratio nt / n0 is 

usually known as the transmission of the sample. 

1.5 Passage of charged particles through matter 

The main process by which a charged particle (heavier than an electron or a 

positron) loses energy when passing through matter is interaction with atomic electrons 

by what are called Coulomb forces. When the work necessary to excite these electrons 

to new levels (i.e. excitation) or to remove them from the atom (i.e. ionization) is small 

compared with the incident particle energy, this process may be regarded as elastic. 

Ionization dominates if the particle has a lot of energy compared to atomic binding 

energies. There is also a similar loss of energy to the nucleus of the stopping medium 

(called Rutherford scattering). However, this is small in comparison with the energy 

loss to electrons (in principle 10
-5

 less as the nucleus is so much smaller than the atom) 

except in the special case of very heavy ions. A charged particle in the MeV range will 

interact thousands of times before coming to rest. As the electron is small compared to 

the particle, the direction of the particle after a collision is barely changed. The 

Coulomb force is not limited in range and therefore, the particle will interact with 

several electrons at the same time and lose energy continuously along its path.  

As an example, Fig. 1-6 shows the energy loss of protons in hydrogen and lead as a 

function of the kinetic energy of the proton. The energy loss per length unit, dE/dx, is 

proportional against the charge of the particle Z1 in square and against the atomic 

number of the stopping material Z2. At a certain energy, for protons about 1 GeV, an 

ionization minimum occurs. Below this minimum dE/dx is inversely proportional 

against the speed in square, v
 2
: 

 

 

22

2

1 Z
v

Z

dx

dE
= (1-13) 

Nt
n

Y

0

= (1-12) 
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Consequently, as a non-relativistic particle slows down in matter, its energy loss 

increases. However, the equation above breaks down when the particle velocity 

becomes comparable to, or smaller than, the velocity of the electrons in the atoms. 

The  energy loss then decreases again and the curves in Fig. 1-6 turn down below 

about 1 MeV. Above the ionization minimum, dE/dx increases slowly. It can be 

useful to remember that the energy loss at the minimum and for at least two orders 

of 
 
magnitude above is about the same for all materials and that it is of the order 

of 2 MeV/(g/cm
2
). The equation above also shows that the energy loss does not depend 

on the mass of the particle (provided it is much heavier than the electron), but only on 

its charge and velocity. Therefore, the curves in Fig. 1-6 are also valid for heavy 

particles other than the protons if the energy scale is appropriately adjusted. 

Particles travelling through matter have a very short range. As an example, an α-

particle of 8 MeV energy only has a range of 50 µm in living material. 

 

 
 
Fig. 1-6. Specific energy loss for protons in hydrogen and lead 

1.6 Passage of electrons and positrons through matter 

Like charged particles, electrons and positrons also suffer a collision energy loss 

when passing through matter by interaction with atomic electrons through coulomb 

forces. However, because of their small mass, an additional energy loss mechanism 

comes into play. This is called bremsstrahlung and is an emission of electromagnetic 

radiation arising from Coulomb scattering in the electric field of a nucleus. This may 

be understood as radiation arising from the acceleration or deceleration of the electron 

or positron as it is deviated from its straight-line course by the electrical force of the 

nucleus. In the case of acceleration in a circular accelerator, the radiation is called 
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synchrotron radiation. At energies well below the critical energy Ec, given approxi-

mately by: 

 

Ec = 600 MeV / Z2 (1-14) 

 

where Z2 is the atomic number of the stopping material, excitation and ionization of 

the bound absorber electrons dominate. Above Ec, radiation loss takes over. 

An electron colliding with another electron can change the direction of travel 

considerably and also lose a great deal of its energy. Therefore, electrons of the same 

initial energy can have very different ranges in a material – i.e. the spread in range will 

be considerable. As examples of energy loss, the maximum range of β-particles in air 

is 7.7 m at an energy of 1.7 MeV and 300 mm at an energy of 160 keV. 

1.7 Passage of X-rays and γ-rays through matter 

The behaviour of X-rays and γ-rays in matter is drastically different from that of 

charged particles. In particular the lack of electric charge makes the many inelastic 

collisions with atomic electrons so characteristic of charged particles impossible. 

The passage of electromagnetic radiation like X-rays and γ-rays through matter is 

instead characterised to be exponential with respect to the thickness: 

 

I(x) = I0⋅ e
 -µx

 (1-15) 

 

with I0 being the incident beam intensity, x the thickness of absorber and µ the 

absorption coefficient. 

This is because radiation in its interaction with matter (as distinct from its 

propagation) must be considered as a stream of photons, and absorption processes 

remove individual photons from a beam to a degree directly proportional to the 

incident number. Therefore, electromagnetic radiation of lower energy is not 

considered to have a range, as in the case of non-relativistic heavy particles, but only 

an attenuation coefficient µ. 

The processes resulting in attenuation are: 

1. Absorption, in which there is a direct conversion of photon energy in whole or 

in part into kinetic energy of easily absorbed particles. 

2. Scattering, in which a photon is deflected out of the beam. 

 

There is a connection between these two types of processes since in any given 

interaction, there is usually an immediate appearance of both kinetic energy and 

scattered photon. However, since scattered photon may not be absorbed again in the 

scatterer, it is useful to make a distinction between the two processes and to write: 

 

µ = µa + µs (1-16) 
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The coefficient µa then gives the deposition of energy in a medium, as distinct from 

the diminution in the number of photons (given by µ) and is important in assessing 

radiation hazards. 

The coefficients µ, µa and µs depend on the atomic number of the absorbing 

material and on the energy of the incident photon in a way determined by the details of 

the interaction processes. 

The main interactions of X-rays and γ-rays in matter are: 

1. Elastic scattering 

2. Photoelectric effect 

3. Compton scattering 

4. For photon energies above 1 MeV, also pair production 

 

The last three are usually stated to be inelastic. 

A complete treatment of the different processes is rather complicated and requires 

the tools of quantum electrodynamics. The essential facts, however, are simple. 

The photoelectric effect involves the absorption of a photon by an atomic electron 

with the subsequent ejection of the electron called a photoelectron from the atom. 

Since a free electron cannot absorb a photon and also conserve momentum, the 

photoelectric effect always occurs on bound electrons with the nucleus absorbing the 

recoil momentum. 
 

 
 

Compton scattering is the scattering of photons by free electrons. In matter, the 

electrons are bound, but if the photon energy is high with respect to the binding energy, 

the latter can be ignored and the electrons can be considered to be essentially free. 

The process of pair production involves the transformation of a photon into an 

electron-positron pair. In order to conserve momentum, this can only occur in the 

presence of a third body, usually a nucleus. To create the pair, the photon must have an 

energy of at least 1.022 MeV (i.e. the rest masses of the two β-particles). 

Fig. 1-7. The mass absorption coefficient of photons

in a plastic material 
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If cross-sections for these four processes σR, σPE, σC and σPP are assigned to the 

individual processes, the linear attenuation coefficient for removal of photons from a 

homogeneous beam may be written: 

 

µ = N⋅ (σR + σPE + σPP) + Z⋅ N⋅ σC              (1-17) 
 

where N is the number of atoms of absorber per volume. 

The atomic number Z multiplies the cross-section σC because the Compton effect 

takes place with individual electrons rather than with atoms as a whole. From µ, the 

mass attenuation coefficient µm is obtained by dividing by the density of the particular 

absorber. 

The energy dependencies of the different processes are very different. At energies 

below a few keV, the photoelectric effect dominates, the Compton scattering is small, 

and pair production is energetically impossible. At energies above 1.022 MeV, pair 

production soon dominates completely. The behaviour of the three inelastic processes 

and of the total absorption coefficient is shown in Fig. 1-7. 

1.8 Passage of neutrons through matter 

Like the photon, the neutron lacks electric charge. Therefore, it is not subject to 

Coulomb interaction with the electrons and nuclei in matter. Instead, its principle 

interaction is through what is called the 'strong force' with a nucleus. These reactions, 

however, are rare because of the short range of this force. When the neutron does 

interact with a nucleus, it may undergo a variety of reactions: elastic scattering, 

inelastic scattering, neutron capture, many types of nuclear reactions like (n,p), (n,d), 

(n,α) etc. and fission. As all these reactions are very rare, the neutron is therefore 

observed to be a very penetrating particle. 

There is a strong energy dependence in neutron interactions. Therefore, it is suitable 

to classify the neutrons according to their energy. Fast neutrons have an energy higher 

than ≈100 keV; epithermal neutrons have an energy between ≈100 keV and ≈0.1 eV 

(in this range rare nuclear resonance reactions can occur); thermal neutrons have 

an  energy comparable to the thermal agitation energy at room temperature which 

is 1/40 eV; cold neutrons have energies of milli- or micro-eV. 

The slowing down of fast neutrons is called moderation and is an important process 

in nuclear engineering. A fast neutron will probably lose energy by elastic and inelastic 

processes with nuclei until it reach thermal equilibrium with the surrounding atoms. At 

this energy, it will diffuse through the matter until a nucleus or some reaction like 

fission captures it. Of course, the neutron can undergo nuclear reaction or be captured 

before being thermal, if resonances are present. 
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1.9 Detecting ionizing radiation 

One of the most important applications of the knowledge of the passage of radiation 

through matter has been in the design of detecting instruments. All detectors are based 

on the same fundamental principle – the transfer of energy to the detector, where the 

energy is converted into some other form that can be registered. Modern detectors are 

essentially electrical – at some point, the information from the detector is transformed 

into electrical pulses that can be treated by electronics means. 

Ionization detectors were the first electrical devices developed for radiation 

detection. These instruments are based on the direct collection of the ionization 

electrons and ions produced in a gas by passing radiation. Three basic types of 

detectors have been developed – the ionization chamber, the proportional counter and 

the Geiger-Müller counter. These types of detectors are mostly used as radiation 

monitors today as they are cheap, simple to operate and easy to maintain. 

 

     
 
Fig. 1-8. Scintillation counter 

The scintillation detector makes use of the fact that certain materials when 

irradiated emit a small flash of light, i.e. they scintillate. When coupled to an 

amplifying device such as a photo-multiplier, this scintillation light is transmitted 

through a shaped light pipe to the photocathode of a photomultiplier. There, photons 

release electrons, which are accelerated and focused onto the first dynode. For each 

primary electron hitting a dynode, between two and five secondary electrons are 

released. Up to 10-15 multi-plying stages can be used. Therefore, overall multiplying 

factors of up to 10
9
 can be achieved. A few incident photons therefore produce a 
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measurable electrical pulse, which can then be analysed and counted electronically. 

The basic arrangement for a scintillation detector is shown in Fig. 1-8. 

Semiconductor detectors are based on crystalline semiconductor materials, most 

notably silicon and germanium. The basic operating principle of semiconductor 

detectors is analogous to gas ionization devices. However, the medium is now a solid 

material. The passage of radiation through the solid material creates electron-hole pairs 

(instead of electron-ion pairs). The advantage of a semiconductor is that the average 

energy required per electron-hole pair is some 10 times smaller than that required for 

gas ionization. Thus, the amount of ionization produced for a given particle energy is 

an order of magnitude greater, resulting in increased energy resolution. In Fig. 1-9, a 

rather complicated gamma-ray spectrum detected by a scintillation and a 

semiconductor detector can be seen. The superior energy resolution of the 

semiconductor detector is obvious. Moreover, the semiconductor detectors have a 

greater density and therefore, a greater stopping power than gas detectors. As a result, 

they are more compact in size and can have a very fast response time. 

 

    
Fig. 1-9. A complex gamma-ray spectrum observed by a semiconductor (germanium) detector (upper 

curve) and a scintillator detector (lower curve) 

1.10 Further reading 
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Box 1 A - Terms and Definitions Related to Ionizing Radiation  

Ragnar Hellborg 
 

Definitions and explanations of some words used in the chapters dealing with ionizing 

radiation. (n) indicates a noun, (v) a verb and (adj) an adjective. 
 

Activity (n) an alternative name for radioactive disintegration rate 
 

Alpha-particle refers to a helium nucleus emitted from certain nuclei undergoing spontaneous nuclear 

disintegration 
 

a.m.u.  stands for atomic mass unit and has a value of 1.660×10
-27

 kg 
 

Atom (n) the smallest particle of matter that can take part in a chemical reaction. Its diameter is 

of the order of 10
-9

 m, atomic (adj)  
 

Atomic no. Z alternative name for proton number 
 

Background 

Radiation 

the low intensity radiation resulting from cosmic rays and from naturally occurring 

radioisotopes, an average value for the Nordic countries is 3 mSv/year, the biggest 

part of this value, 2 mSv, comes from radon in buildings, the rest comes from the 

cosmos, the ground and our own bodies 
 

Beta-particles electrons of high kinetic energy, emitted from certain nuclei undergoing nuclear 

disintegration 
 

Binding Energy the total mass of the individual nucleons comprising a heavy nucleus, is greater than 

their mass when bound together by nuclear forces in a nucleus, this mass defect or 

binding energy is considered to be shared between all nucleons in the nucleus and is 

partly released as energy on nuclear fission 
 

Electromagnetic 

Radiation 

electromagnetic waves emitted in a continuous wave-train from a source of electro-

magnetic energy; γ-rays, X-rays, radiowaves, visible light, infrared light are all 

examples of electromagnetic radiation 
 

Electron (n) a very small fundamental particle of matter moving in 'orbit' around the nucleus of an 

atom with mass 9.11×10
-31

 kg, negative electric charge 1.60×10
-19

 C, electronic (adj) 
 

Electronvolt (n) abbreviated eV, the unit of energy for electrons, positrons and other elementary 

particles, 1 eV = 1.60×10
-19

 J (joule)  
 

Fission (n) the breaking up of a stable or unstable nucleus into smaller fragments under the release 

of large amounts of energy 
 

Fusion (n) two light nuclei e.g. hydrogen or deuterium can fuse together to form a single and 

thereby release fusion energy 
 

Gamma-ray (n) electromagnetic radiation of wavelength 10
-13

-10
-10

 m or of frequency 10
20

-10
18

 Hz, 

γ-rays are emitted on disintegration of radioactive nuclides 
 

Ion (n) an atom with positive or negative electric charge, ionize (v), ionic (adj) 
 
 

Ionization 

Energy 

the energy required to remove an electron from its normal ground state to the 

ionization energy level where it is no longer considered to be part of the atom 
 

Ionized atom (n) atom from which one or more orbital electrons have been removed leaving the atom 

with a resulting positive charge, ionize (v) 
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Isotope (n) two or more nuclides having the same atomic number (Z) but different nucleon 

numbers (A) so that they have identical electron configurations and chemical 

properties and can not be separated by chemical means, isotopic (adj) 
 

Law of 

Radioactive 

Decay 

an exponential law relating the numbers of radioactive nuclei N0 initially present in a 

sample of a radioactive substance to the number N remaining after time t 

 

Neutron (n) an uncharged particle in the nucleus of an atom, mass 1.675×10
-27

 kg or 1.009 a.m.u. 
 

Neutron no. N the number of neutrons in the nucleus of an atom of a particular element 
 

Nuclear 

Disintegration 

The natural tendency of an unstable nucleus to break up spontaneously into smaller 

and more stable fragments, disintegrate (v) 
 

Nucleon (n) a particle in the nucleus of an atom, i.e. a proton or a neutron 
 

Nucleon no. A the number of nucleons in the nucleus of an atom of a particular element 
 

Nucleus (n) positively charged central part of an atom where most of its mass is concentrated, 

contains the fundamental particles protons and neutrons, its diameter is of the order of 

10
-14

 m, nuclear (adj)  
 

Nuclide (n) a specific nucleus, with given proton number, Z. and neutron number, N 
 

Plasma (n) a lightly ionized substance at very high temperature 
 

Proton (n) a charged particle in the nucleus of an atom, a single proton constitutes the nucleus of 

the most common form of hydrogen atom, mass 1.673×10
-27

 kg or 1.007 a.m.u., 

positive charge 1.60×10
-19

 C, numerically equal to the negative electronic charge 
 

Proton no. Z the number of protons in the nucleus of an atom of a particular element 
 

Radioactive the time taken for the number of radioactive nuclei to decay to half its value  

Half-life   
 

Radioisotope (n) a radioactive unstable isotope 
 

Radionuclide (n) an unstable nucleus capable of emitting radiation on nuclear disintegration 
 

SI system of   the internationally accepted system of basic units of measurements 

Units  
 

Unstable  

Nucleus 

nucleus in which the proportion of neutrons to protons is such that electrostatic 

repulsive forces between the protons exceed the nuclear attractive forces and the 

nucleus tends to disintegrate spontaneously into smaller and more stable fragments 
 

X-ray (n) electromagnetic radiation of wavelength 10
-14

-10
-12

 m or of frequency 10
18

-10
16

 Hz 

Basic SI-units 

Units for absorbed dose, exposure, dos equivalent, and activity in the SI-system are 

established on the units: joule, coulomb, kg and second. In Table B1 A-1 below the units are 

defined and compared to older units. 
 

Table B1 A-1. 

 

 

Quantity Unit Symbols Relation to older units 

 SI units SI restricted name  

Absorbed dose J/kg Gray (Gy) 1 rad = 0.01 Gy 

Exposure C/kg  1 R = 2.58×10
-4

 C/kg 

Dose Equivalent J/kg Sievert (Sv) 1 rem = 0.01 Sv 

Activity s
-1

 Bequerel (Bq) 1 Ci = 3.8×10
10

 Bq 
 



Box 1 B - Fusion  

Hans Persson 
 

In a future fusion reactor based on the use of a mixture of deuterium and tritium forming a hot 

plasma as fuel, these two hydrogen isotopes will be 'burnt' to 
4
He plus a neutron and energy 

(17.6 MeV). A schematic picture of this fusion reaction is shown in Fig. B1 B-1. Most of the 

energy is found in the neutron (∼80 %), but some of it goes into the α-particle, whereby some 

energy can be fed back to the reacting plasma, so that this under favourable conditions can be 

made self-sustained.   

 
Fig. B1 B-1. Schematic picture of the fusion reaction between deuterium and tritium. 

Deuterium is abundant in nature (e.g., in seawater) and easy to extract whereas tritium, 

which is an unstable isotope (β-radiator, half-life of 12.3 years), has to be 'bred' from lithium 

using the fusion neutrons. The latter thus act both to provide the fusionable material and to 

carry the energy to a blanket where it can be collected.  

A comprehensive overview of fusion energy creation with several articles on different 

aspects can be found in Europhysics News (1998). 

To get a sufficient number of fusion reactions, a number of physical conditions on the 

confinement of the plasma have to be fulfilled: 

• In order to overcome the energy loss by bremsstrahlung radiation, the plasma must 

exceed a certain critical temperature, T > Tcrit. 

• To get a positive energy output, the so-called Lawson criterion states that the product 

of energy confinement time τ and particle density must exceed a certain value. 

• For a DT reactor we have Tcrit ∼50-100 million K, and (nτ)crit ∼10
20

 s/m
3
. 

 

The best configuration developed to date is the 'tokamak', in which a toroidal plasma 

current is induced by transformer action from a primary circuit with a separate large toroidal 

magnetic field used for stabilisation. T0 reach the high temperatures required the ohmic 

heating provided by the plasma current is supplemented by various methods, e.g., strong 

electromagnetic radiation or fields. Typically, the density may be 10
20

 m
-3

, which then means 

that the plasma should be confined for a time of the order of one second.  

A fusion reactor is a nuclear machine. Its radioactivity consists of the fuel component 

tritium, and structural parts activated by the flux of neutrons. Tens of research groups have 

been working for decades with radiology and other safety and environmental questions 

regarding fusion reactors. A well-founded policy document is found in SEAFP (1995). 
Tritium is a harmful substance and biologically dangerous because it easily forms water as 

HTO and can easily be taken up by man and food-crops. Fortunately, there is no accumulation  
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in the human body, and most of the tritium disappears after 10 days (except that which is 

organically bound). It should be noticed that tritium is a power plant intermediate substance, 

which does not need to be transported except during first start-up and final shutdown. 

After performing the tasks of heating and breeding, the neutrons have to be prevented from 

reaching the surroundings by the use of heavy shielding. 

A fusion reactor has a particular advantage in the fact that the amount of fuel present in the 

reaction zone is of the order of a few grams, but sorbed gas will be contained in and on 

various structural parts, giving a total tritium inventory of 2-3 kg. Thus, no disastrous reaction 

runaway like a core meltdown in fission is possible in principle. However, great care must be 

taken to provide good plant containment in order to avoid accidental releases of tritium 

connected with evaporation of structural material. Indeed, a release of 75 g T is an adopted 

maximum allowable quantity. This gives a dose of, at most, 50 mSv/week at a distance 

of 1 km from the reactor. Furthermore, during normal operation the dose target to the most 

exposed member of the public is 50 µSv/a. 

It is true that unlike fission, no waste problem is intrinsically unavoidable in the energy-

producing reaction itself. However, a fusion reactor still has a significant waste problem due 

to the large amounts of activated structural material. The volumes are expected to be quite 

large, but most of it can, in many design studies, be re-circulated and used again due to the 

low activation. Only small quantities need to be stored for a longer time. An important 

advantage is that no long-lived isotopes, like those in a fission reactor, will be produced. 

Indeed, the induced activity will depend on the choice of materials, which gives certain 

development possibilities. However, they are limited by other technical requirements 

concerning strength, durability under radiation, etc. Special attention must be paid to 

impurities or alloy substances in steel. 

Over its lifetime, a fusion reactor will generate activated material similar in volume to that 

of a fission reactor, but qualitatively different in that long-term radioactivity is much lower. 

After about 100 years, radiotoxicity indices for the total activated materials fall to levels 

comparable with the ashes from a coal-fired plant. Activity calculations have been performed 

for hundreds of nuclides (e.g. 
203

Hg, 
204

Tl, 
210

Po, 
109m

Ag, 
109

Cd). Active cooling is only needed 

for a small fraction during the first few years. Recycling of some materials may be feasible. 

In a typical waste management scenario SEAFP (1995), highly activated components 

would be brought to a buffer storage and then treated in hot cells, possibly including 

detritiation. The next step would be an interim storage for about 50 years, followed either by 

exemption and recycling, or a less sophisticated final disposal. The latter may require both 

deep and shallow geological disposal. The total waste volume would be 20 000-30 000 m
3
. 

Fusion research has noted considerable progress during the last two decades, and 

small amounts of fusion energy (a few MW for a few seconds) have been demonstrated 

in the US experiment TFTR and the Joint European Torus (JET). An energy-producing 

reactor based on the tokamak principle could well be built in the future. 
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2 Biological Aspects 

Bertil R. R. Persson 

2.1 Introduction 

A hundred years ago, or more precisely in 1895, the German professor Wilhelm 

Conrad Röntgen discovered X-rays and in 1896, the French professor Antoine Henri 

Becquerel discovered natural radioactivity. These new radiation sources were 

introduced with great enthusiasm into medical practice. X-rays were used for both 

diagnostic and therapeutic purposes. After the discovery of radium in 1898 by Pierre 

and Marie Curie, radioactive sources for therapeutic use in medicine became available. 

Very soon adverse effects of high exposure levels of ionizing radiation on the body 

were discovered. Until 1922, about 100 radiological hospital workers had died from 

the medical use of ionizing radiation. To increase the safety for radiological personnel, 

the International Commission on Radiological Protection (ICRP) was formed in 1928. 

ICRP makes recommendations for radiation protection that are the basis for laws and 

rules that control the handling and use of ionizing radiation and radioactive materials. 

Today, a great deal more is known about radiation hazards and present recom-

mendations help provide safe working conditions for radiological workers. Not only 

acute effects are considered, hypothetical risks for long term cancer induction and 

genetic effects are also taken into account. In this respect, radiation protection 

recommendations are much stricter than, for example, the regulations for work with 

hazardous chemicals. 

In order to explain the biological effect of ionizing radiation, the concept of target 

theory has been proposed. This theory in its simplest terms predicts that inactivation of 

biological molecules increases exponentially as a function of absorbed dose. It is 

assumed that the inactivation of the molecules is caused by a direct hit and, therefore, it 

is also referred to as 'direct action' or 'direct effect'. 

The target theory, however, was found inadequate when explaining and quantifying 

biological injuries due to radiation. Therefore, a concept of 'indirect effect' or indirect 

action of radiation has been developed. According to this concept, biological molecules 

in aqueous solution are inactivated by free radicals that are formed when radiation 

interacts with water. 

2.2 Biological effects of ionizing radiation 

The biological effects of ionizing radiation in humans depend on the energy 

imparted to the tissue. This results in chemical transformations of biologically impor-

tant molecules like DNA and membrane structures. The chemical transformations take 
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place within fractions of a second, while the biological effects appear hours, days and 

even years after the exposure. 

If the transformation of a cell's DNA is extensive, the cell will either die or be 

transformed into an outlaw cell, which might develop into a cancer cell. Trans-

formations in the genetic material of the testes or ovaries will not affect the exposed 

individuals but rather their progeny. 

Deterministic effects 

Deterministic effects in humans can result from general or localised radiation 

exposure killing a number of cells that cannot be compensated for by the proliferation 

of viable cells. The resulting loss of cells can cause severe and clinically detectable 

impairment of function in a tissue or organ. Thus, the severity of the observed effect 

can be expected to depend on the absorbed dose.  

Threshold doses for some deterministic effects in more radiosensitive tissues in the 

body are shown in Table 2-1. 

Table 2-1. Estimates of the thresholds for deterministic effects in the adult human testes, ovaries, lens, 

and bone marrow (ICRP, 1977). 

 Threshold 

Tissue and effect 

 

 

 

 

 

 

Total dose 

equivalent 

received in a 

single brief 

exposure 

 

Sv 

Total dose 

equivalent 

received in highly 

fractionated or 

protracted 

exposures 

Sv 

Annual dose rate if 

received yearly in 

highly fractionated 

or protracted 

exposures for many 

years 

Sv/a 

Testes    

 Temporary sterility 0.15 Not applicable 0.4 

 Permanent sterility 3.5-6.0 Not applicable 2.0 

Ovaries    

 Sterility 2.5-6.0 6.0 > 0.2 

Lens    

 Detectable opacities 0.5-2.0 5 > 0.1 

 Visual impairment (Cataract) 5.0 > 8 > 0.15 

Bone marrow    

 Depression of hematopoesis 0.5 Not applicable > 0.4 

Skin    

 Dry desquamation 

  (after 3 weeks) 3-5   

 Moist desquamation 

  (blistering after 4 weeks)) 20   

 Cell death,  

  (tissue necrosis after 3 weeks) 50   
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There is a threshold below which the loss of cells is too small to detect impaired 

tissue or organ function. In addition to cell killing, radiation can damage tissues in 

other ways: by interfering with a variety of tissue functions including regulation of 

cellular components, inflammatory reactions involving modifications in permeability 

of cell membranes and tissues, natural migration of cells in developing organs, and in-

direct functional effects (e.g., irradiation of the pituitary gland influencing endocrine 

function in other tissues). All of these play a part in the severity of deterministic 

effects. 

Exposure to a high absorbed dose of ionizing radiation during a short time will 

cause acute effects that appear at certain periods after the exposure. The acute effects 

of instantaneous whole body exposure at various levels of absorbed dose is 

summarised in Table 2-2 (IAEA, 1973). 

Table 2-2. The acute effects of whole-body exposure to ionizing radiation (IAEA, 1973, 1991). 

 

Whole body 

absorbed dose 

 

 

Gy 

Principal effects 

Time of death for 

half of the 

individuals 

after exposure 
 

days 

< 0.25 No detectable clinical effects on individuals  

0.50 Slight transient blood changes; no other clinically detectable 

effects; delayed effects possible, but serious effects on 

average individual very improbable. 

 

0.5-3 Nausea and fatigue with vomiting possible above 1.25 Gy.  

After a latent period of about 1 week: epilation, loss of 

appetite, general weakness, and other symptoms, such as sore 

throat and diarrhoea; recovery likely unless complicated by 

poor previous health, superimposed injuries, or infections. 

Possible death in 2 

to 6 weeks for a 

small number of the 

individuals exposed 

3-5 Damage to the bone marrow 

Nausea and vomiting after 1 to 2 h.  

After a latent period of about 1 week: beginning of epilation, 

loss of appetite, general weakness and fever, severe 

inflammation of the throat in the third week; symptoms such 

as pallor, diarrhoea, bleeding nose, and rapid emaciation in 

about the fourth week.  

30-60 

5-15 Damage to the gastrointestinal tract and lungs. 10-20 

> 15 Damage to nervous system 1-5 

 

The individual variation is large and the effects are reduced when only a part of the 

body is exposed. In radiation therapy against cancer, the total absorbed dose to the 

body part is delivered in daily fractions of about 2 Gy over a period of several weeks 

until the total absorbed dose reaches about 70 Gy (ICRP, 1991). 
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Health hazards of low radiation doses 

Low radiation doses do not produce deterministic effects, but have mutagenic and 

carcinogenic effects. Radiation induced cancer does not become manifest until years 

after the exposure. This type of biological effect, which only occurs with a certain 

probability, is called a stochastic effect. The probability of radiation-induced cancer is 

known to increase with increased dose, but the shape of the dose-response curve is 

uncertain.  This is due to the fact that at low absorbed dose levels, the effects are so 

rare that it is extremely difficult to get significant experimental data. Thus, extra-

polations are taken from experience of absorbed dose levels from above 1 Gy down to 

mGy levels. It is uncertain whether the dose/response-relationship is linear down to 

zero, but this is the assumption used by the ICRP for establishing their guidelines for 

permissible levels (ICRP, 1991). In Table 2-3, the linear extrapolated risk factors for 

different types of tissues or organs are given. 

Table 2-3. Summary of Estimates of Probabilities of Effects (ICRP, 1991) 

 

Effects 

 

Population 

 

Exposure 

period 

Exposure 

modes 

Probability 

per Sv 

Mental     

    Reduction in IQ Foetus 8-15 weeks 

of gestation 

High dose, 

high dose rate 

30 IQ points  

    Severe mental retardation Foetus 8-15 weeks 

of gestation 

High dose 

high dose rate 
4 000×10-4 

Hereditary     

    Severe hereditary effects, 

      including multifactorial  

      diseases 

Whole 

population 

Lifetime Low dose, 

low dose rate 
100×10-4 

Cancer     

    Fatal cancer (total) Workers Lifetime Low dose, 

low dose rate 
400×10-4 

    Fatal cancer (total) General 

population 

Lifetime Low dose, 

low dose rate 
500×10-4 

    Bone marrow (leukaemia) General 

population 

Lifetime High or low dose, 

low dose rate 
50×10-4 

    Breast cancer General 

population 

Lifetime High or low dose, 

low dose rate 
20×10-4 

    Lung cancer General 

population 

Lifetime High or low dose, 

low dose rate 
85×10-4 

    Skin cancer General 

population 

Lifetime High or low dose, 

low dose rate 
2×10-4 

Radon     

    Fatal lung cancer workers Lifetime inhalation (1-4)×10-4 WLM-1 

(3-10) per J⋅h/m
3
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2.3 Evaluation of cancer risk 

Analyses of epidemiological data on radiation-exposed groups often yield estimates 

of excess relative risk (ERR) or excess absolute risk (EAR). ERR represent the 

increased cancer rates relative to cancer rates in unexposed groups measured on 

proportional scale:   

 

1RR1
N

N

N

NN
ERR

expUn

exp

expUn

expUnexp
−=−=

−

=

−−

−

&

&

&

&&
 (2-1) 

 

where expN& is the cancer rate in the exposed population. 

  expUnN
−

&  is the cancer rate in the un-exposed population 

  RR  is the risk ratio RR = ERR+1 

 

For example, an ERR of 1 corresponds to a risk factor of 2 (i.e. doubling of expN& ). 

EAR may be expressed on an absolute scale as the extra number of the annual 

incidence of cancer per 10 000 persons. 

If the measurements have been derived from a linear dose-response analysis, they 

may also be expressed as amounts per unit dose, e.g. ERR per Sv; otherwise, they may 

be quoted as a specific dose, e.g. 1 Sv. 

Stomach cancer 

Incidence rates for stomach cancer vary from 93 cases per 100 000 Japanese male 

population to as low as 1.5 in Indian female population and 4 in US male population 

(Parkin et al., 1992). Data on incidence of stomach cancer in the Japanese atomic 

bomb survivors indicates a linear response over the range 0-4 Sv with an overall 

average relative risk of 1.3 at 1 Sv. The differences between gender, age of exposure 

and time since exposure is given in Table 2-4 (Thompson et al., 1994). 

Table 2-4. Risk estimates for stomach cancer incidence (Thompson et al., 1994) 

 

Life Span Study 

Incidence of Stomach Cancer 

Relative Risk 

At 1 Sv 

ERR 

At 1 Sv 

EAR cases per 

10 000 person⋅a⋅Sv 

Male  1.12 0.12 3 

Female 1.52 0.52 6 

Age at exposure < 20 years 1.74 0.74 3 

Age at exposure > 20 years 1.24 0.24 6 

All 1.3 0.3 5 

Range (1.2-1.5) (0.2-0.5) (3-7) 
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Colon cancer 

Incidence rates for colon cancer vary from 37 cases per 100 000 male population in 

US and Canada to only about 1 in Algeria and India (Parkin et al., 1992; Potter, 1996). 

The highest rates mainly arise in western countries. Some eastern countries such as 

Japan, which had low colon cancer rates, now have rates similar to those in many 

western countries (Potter, 1996). This pattern is due to increased meat consumption, 

which is associated with an increased risk. Vegetable consumption is related to a 

decreased risk. 

Data on incidence of colon cancer in the Japanese atomic bomb survivors indicates 

a linear response over the range 0-4 Sv with an overall average relative risk of 1.3 

at 1 Sv. The differences between gender, age of exposure and time since exposure is 

given in Table 2-5 (Thompson et al., 1994). 

Studies of colon cancer incidence after cerebral arteriography with or without 

Thorotrast resulted in an ERR of 1.28 (0.54-2.84) (Andersson et al., 1995). 

Table 2-5. Risk estimates for colon cancer incidence (Thompson et al., 1994). 

 
Life Span Study 

Incidence of Colon Cancer 

Relative Risk 

At 1 Sv 

ERR 

At 1 Sv 

EAR cases per 

10 000 person⋅a⋅Sv 

Male  1.87 0.87 3 

Female 1.48 0.48 1 

Age at exposure < 20 years 1.62 0.62 0.5 

Age at exposure > 20 years 1.70 0.70 3 

All 1.67 0.67 2 

Range (1.1-1.3) (0.1-0.3) (1-3) 

Lung and bronchus cancer 

Although lung cancer was once a rare disease, it has become one of the leading 

causes of cancer mortality in industrialised countries, rising in incidence in many 

developing countries (Gilliland & Samet, 1994). The geographical and temporal 

differences in incidence and mortality largely reflect patterns of cigarette smoking, 

which has been shown to be the major cause of lung cancer. Incidence rates for 

lung  and bronchus cancer varies from 119 cases per 100 000 male population in 

New Zealand (Maori) and 116 in United States (African-american) to 1-2 in India and 

Algeria female population.  

Increased risk of lung cancer has been shown in exposure to low-LET radiation and 

exposure to radon in progeny (Cross, 1992; Ullrich & Storer, 1979).  

Data on incidence of lung cancer in the Japanese atomic bomb survivors indicate a 

linear response over the range 0-4 Sv with an overall average relative risk of 1.3 

at 1 Sv. The differences between gender, age of exposure and time since exposure is 

given in Table 2-6 (Thompson et al., 1994). 
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Table 2-6. Risk estimates for lung cancer incidence 

 

Incidence of Lung Cancer 
Relative Risk 

At 1 Sv 

ERR 

At 1 Sv 

EAR cases per 

10 000 person⋅a⋅Sv 

Life Span Study (Thompson 

et al., 1994) 
   

Male  1.36 0.36 3 

Female 3.08 2.08 6 

Age at exposure < 20 years 1.57 0.57 0.5 

Age at exposure > 20 years 2.06 1.06 8 

All 2.00 1.00 5 

Range (1.6-2.4) (0.6-1.4) (2-3) 

Swedish benign breast ca 

(Mattsson et al., 1997) 
 

0.38 

 
 

Stockholm skin haemangioma 

(Lundell & Holm, 1995) 
 

1.4 

 

0.33 

 

Skin cancer 

Non-melanoma skin cancers are extremely common in light-skinned populations, 

but relatively rare in populations with highly pigmented skin (Armstrong & English 

1996; Scotto et al., 1996). Malignant melanoma incidence is also strongly correlated to 

the degree of skin pigmentation, but is 10 times less common than non-melanoma skin 

cancer. Annual incidence rates for melanoma vary from 0.5 per 100 000 persons in 

Asia to over 20 per 100 000 in Australia (Parkin et al., 1992). The risk associated with 

malignant melanomas or squamous cell carcinoma (SCC) is given in Table 2-7. 

Table 2-7  Risk estimates for non-melanoma skin cancer incidence 

 

Incidence of Skin Cancer 
Relative Risk 

At 1 Sv 

ERR 

At 1 Sv 

EAR cases per 

10 000 person⋅a⋅Sv 

Life Span Study (Thompson 

et al. 1994) 
   

Male  1.92 0.92 1 

Female 1.88 0.88 1 

Age at exposure < 20 years 6.37 5.37 1 

Age at exposure > 20 years 0.39 0.39 0.5 

All 1.88 0.88 1 

Range (1.6-2.4) (0.6-1.4) (0.5-1.5) 

Clinical exposure of Children* 

 

1.53 

(1.03-2.9) 

0.53 

(0.03-1.9) 

1 

(0-3) 

*(Schneider et al., 1985; Sevcova et al., 1978; Shore et al., 1984; Shore, 1990) 
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Clearly, ionizing radiation can induce non-melanoma skin cancer, particularly basal 

cell carcinoma. Non-melanoma skin cancer incidence increases dramatically with age 

and is a common form of cancer amongst the elderly. Over the past few decades, there 

has been dramatic increase in the incidence of both non-melanoma and melanoma skin 

cancer  (Armstrong & Kricker, 1996; Miller & Weinstock, 1994). Much of the increase 

in incidence appears to be due to exposure to UV-radiation from the sun (Nelemans 

et al., 1995). Total accumulated UV-exposure appears to be the major risk factor for 

non-melanoma skin cancer. The incidence of both basal and squamous cell carcinoma 

is higher amongst males than females (Scotto et al., 1996). 

Female breast cancer 

Breast cancer is the most commonly diagnosed cancer. Since 1960, the incidence 

has increased at all ages throughout the world (Ursin et al., 1994). Known risk factors 

include age, family history of breast cancer, early menarche, late age at first birth, 

nulliparity, late age at menopause, height, postmenopausal weight and a history of 

benign breast disease (Kelsey & Gammon, 1990). Incidence rates for female breast 

cancer vary from 104 cases per 100 000 in the white female population in West United 

States to 3-10 per 100 000 in the female population in Africa and China (Parkin 

et al., 1992). The risk associated with female breast cancer is given in Table 2-8. 

Table 2-8. Risk estimates for female breast cancer incidence 

 
Incidence of Female Breast 

Cancer 

Relative Risk 

At 1 Sv 

ERR 

At 1 Sv 

EAR cases per 

10 000 person⋅a⋅Sv 

Life Span Study  (Thompson et 

al., 1994) 
   

Age at exposure < 20 years 4.32 3.32 10 

Age at exposure > 20 years 1.98 0.98 4 

Time since exposure       

5-19 years 2.19 1.19 3 

20-29 years 2.34 1.34 5 

30-42 years 3.21 2.21 12 

All 2.74 1.74 7 

Range (2.1-3.2) (1.1-2.2) (5-9) 

Swedish breast irradiation 1.35 0.35 2 

(Mattsson et al., 1993) (1.3-1.4) (0.3-0.4) (2-3) 

Stockholm skin haemangioma 

(Lundell & Mattsson, 1997) 

1.38 

(1.09-1.11) 

0.38 

(0.09-0.11) 
0.5 

 

Ionizing radiation is well documented as a cause of breast cancer in women (United 

Nations, 1994). Mammary tumours have also been induced in several studies that have 
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incorporated some assessment of the level of low-LET or high-LET exposures (Storer 

et al., 1988). 

Brain and CNS tumours 

Benign and malignant tumours of the central nervous system occur within the 

cranium (brain, cranial nerves, cranial meninges), spinal cord and spinal meninges 

(Inskip et al., 1996; Preston-Martin & Mack, 1996). Annual incidence rates for CNS 

cancers range from about 1 in (India) to 10 (Sweden) per 100 000 persons. Since the 

quality of medical care and consistency of reporting vary from region to region, 

international comparisons of CNS tumours can be misleading (Parkin et al., 1992). 

Ionizing radiation can induce tumours of the central nervous system although the 

relationship is not as strong as for many other malignant or benign tumours. Exposure 

during childhood appears to be more effective in tumour induction than adult exposure 

although there is very little data. The risk associated with brain and CNS cancer is 

given in Table 2-9. 

Table 2-9. Risk estimates for brain and CNS cancer incidence 

 

Incidence of Brain and CNS Cancer 
Relative Risk 

At 1 Sv 

ERR 

At 1 Sv 

EAR cases per 

10 000 person⋅a⋅Sv 

Life Span Study (Thompson et al., 

1994) 
   

All 1.22 0.22 0,2 

Range (1-2.3) (0-13) (0-1) 

Israeli tinea capitis (Ron et al., 1988) 5 4 1 

New York tinea capitis (Preston-Martin 

& Mack, 1996) 

 

4.4 

 

3.4 

 

1 

Swedish skin haemangioma study 

(Karlsson et al., 1997) 

 

3.7 

 

2.7 

 

2 

Thyroid cancer 

Thyroid cancer is one of the less common forms of cancer with highest incidence 

of 24 cases per 100 000 female Filipino population in Hawaii and 8 cases per 100 000 

male Chinese population in Hawaii (Parkin et al., 1992), Autopsy studies indicate that 

papillary microcarcinoma occurs more frequently. Unlike most cancer, the incidence of 

thyroid cancer is relatively high before the age of 40 and increases comparatively 

slowly with age. The risk associated with thyroid cancer is given in Table 2-10. 

Ionizing radiation is the only clear evidence of a causative relationship with thyroid 

cancer (Franceschi et al., 1993; Ron, 1996). During childhood, the thyroid gland is 

highly susceptible to the carcinogenic effects of external radiation. Although thyroid 

cancer naturally occurs more frequently among women, the excess relative risk does 
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not appear to differ significantly for men and women. Most epidemiological studies 

show little risk of carcinogenic effects from 
131

I in adults. Results from Chernobyl, 

however, suggest that radioactive iodine exposure during early childhood may be 

linked with thyroid cancer development (Karaoglou et al., 1996).  

Table 2-10.  Risk estimates for Thyroid cancer incidence 

 

Incidence of Thyroid Cancer 

 

Relative Risk 

At 1 Sv 

ERR 

At 1 Sv 

EAR cases per 

10 000 person⋅a⋅Sv 

Life Span Study  (Thompson 

et al., 1994) 
   

Sex :      Male 2.8 1.8 1 

              Female 2.5 1.5 2 

Age at exposure   0-9   years 11 10 4 

Age at exposure 10-19 years 5.5 4.5 3 

Age at exposure 20-29 years  1.1  0.1  0.1 

Age at exposure > 20 years 1.3 0.3 0.5 

> 30 years 1.04 0.04 0.1 

All 2.5 1.5 2 

Range (1.5-3.1) (0.5-2.1) (1-3) 

Pooled analysis of children 

(Ron et al., 1995) 

8.7 

(3.1-29.7) 

7.7 

(2.1-28.7) 

4 

(2-10) 

Leukaemia 

Leukaemia is one of the less common forms of cancer, with a highest incidence 

of 12-13 cases per 100 000 male in Australia, Canada and US, and 8-9 cases 

per 100 000 female in New Zealand, US and Italy. Most cases in childhood are acute 

leukaemia, mainly acute lymphatic leukaemia (ALL), whereas chronic myeloid and 

chronic lymphatic leukaemia make up a high proportion of cases in adults.  

This type of cancer is of particular interest owing to the substantial information 

concerning the effects of ionizing radiation. There is a high increase in relative risk 

per Sv compared with other cancer types. Many of the radiation induced excess cases 

of leukaemia occur within the first two decades following exposure, particularly among 

those irradiated at young ages. In contrast to most solid cancers, there is clear evidence 

of non-linearity in the dose response for leukaemia, with a slope which decreases at 

lower doses. The risk associated with leukaemia is given in Table 2-11. 
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Table 2-11. Risk estimates for leukaemia incidence 

 

Incidence of Leukaemia 

 

Relative Risk 

At 1 Sv 

ERR 

At 1 Sv 

EAR cases per 

10 000 person⋅a⋅Sv 

Life Span Study (Thompson et al., 1994)    

Sex           Male 4.91 3.91 3 

                 Female 5.75 4.75 3 

Age at exposure   < 20 years 7.11 6.11 2 

Age at exposure   > 20 years 4.70 3.70 3 

Time since exposure 5-10 a 19.69 18.69 6 

Time since exposure 11-20 a 1.46 0.46 0.5 

Time since exposure 21-30 a 4.32 3.32 2 

Time since exposure 31-42 a 1.70 0.70 1 

All 5.37 4.37 3 

Range (4.2-6.6) (3.2-5.6) (2-3.5) 

Techa River Population (Kossenko et al., 

1997) 

2.84 

(1.9-4.1) 

1.84 

(0.9-3.1) 

1 

(0.5-15) 

Chernobyl clean-up workers in Russia 

 

2.67 

(-5-10) 

1.67 

(-6-9) 
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Box 2 - Radiation Chemistry 

Bertil R. R. Persson 
 

Radiation interaction with matter primarily induces ionization and excitation of molecules and 

secondarily, the ions and excited molecules react with other atoms and molecules. In general, 

all types of ionizing radiation produce qualitatively similar effects. It is important, however, to 

first distinguish between a molecule that has received energy directly from the incident 

radiation (i.e., has been ionized or excited by it) and a molecule that has received the energy 

by transfer from other molecules. These two processes respectively are referred to as the 

direct effect of radiation and the indirect effect of radiation. The indirect effect is especially 

important in aqueous, and thus biological systems, where a water molecule may be ionized 

and then indirectly transfer its acquired energy to another molecule of biological importance.  

The two major mechanisms for radiation energy transfer are ionization and excitation. In 

ionization, an orbital electron acquires energy exceeding the binding energy and is ejected 

from the molecule. In excitation, however, an electron is raised to a higher energy level 

without leaving the molecule. Sometimes, excited molecules will dissociate and different 

chemical species result.  

It is commonly accepted that an average of 100 electron volts, eV of energy accompanies 

each primary ionization in an aqueous system. The average energy loss per ionization is 

about 32.5 eV and the extra energy dissipated either form ion clusters or excited molecules. 

The number of molecules changed per 100 eV transferred to the system is given by the G 

value, which is defined as: 

 

eV 100

changed molecules of number
G =    (B2-1) 

 

If 100 eV is approximately the average energy transferred to irradiated matter per primary 

ionization, G represents the number of radicals formed in each primary ionization. 

When an electron is ejected from a molecule, the result is a positive ion (A
+
) and a negative 

electron (e
-
), both of which contain a great deal of energy. The electron cannot exist free for 

very long and is rapidly captured by another molecule to yield a negative ion (B
-
). The overall 

result of these events is the formation of two ions, one negative and one positive. 

 

A ⇒ A
+
 + e

-
   

e
-
 + B ⇒ B

-
   (B2-2) 

 

Sometimes, the positive ion and the negative ion are referred to as the ion pair formed by 

the radiation although these products are the first ions formed. 

The relative electron affinities of molecules near the ejected electron will determine which 

one captures the electron and becomes the negative ion. Since oxygen has a high electron 

affinity, it is one of the most common electron acceptors. In an aqueous solution, a water 

molecule captures the electron and the negative water ion is called an aqueous electron, eaq.  
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Ion pairs only last a very short time (less than 10
-10

 s) before they then form free radicals. 

For example, an ion QR
 -
 can dissociate into another ion Q

 -
, which does not contain an excess 

of energy and a free radical R⋅, which contains a lot of energy: 

 

QR
 -
 + e

-
 ⇒ Q

 -
 + R⋅   (B2-3) 

 

Free radicals are extremely reactive as a result of the unpaired electron. Thus, along the 

path of the radiation after less than 10
-10

 s, there will be some excited molecules and ions, and 

a large number of very reactive free radicals. A number of radical reactions occur with 

surrounding molecules and the radicals also react with each other and recombine. 

Oxygen is extremely reactive and combines easily with free radicals to form the peroxyl 

radical: 

 

O2 + R⋅ ⇒ RO2⋅   (B2-4) 

 

The peroxyl radical is a very reactive species that can cause great harm to biological 

systems. 

Radiochemistry of water is fundamental to the basic biological effect of ionizing radiation 

since the water content of most biological systems is about 80%. The effects of radiation start 

with the ejection of an electron from a water molecule and formation of a positive water ion: 

 
−+ + → eOHOH 2

radiation
2    (B2-5) 

  

The ejected electron is picked up by another water molecule and forms a negative water 

ion: 

 

e
-
 + H2 O ⇒ H2 O

 -
    (B2-6) 

 

These highly unstable water ions decompose almost immediately into stable hydrogen and 

hydroxyl ions: 

 

H2 O
 +

 ⇒ H
 + 

+ OH⋅    (B2-7) 

H2 O
 - 
 ⇒ H⋅  + OH

 -
  

 

The new free radicals H⋅ and OH⋅ are highly reactive and react in pure water with each 

other to form H2, H2 O and H2 O2 according to the reactions: 

 

H⋅ + OH⋅ ⇒ H2 O   (B2-8) 

H⋅ + H⋅ ⇒ H2  

OH⋅ + OH⋅ ⇒ H2 O2  

 

The relative probability of these three reactions depends to a large degree on the spatial 

distribution of the radicals, i.e., radicals react more easily with each other at a closer rather 

than at a greater distance. 
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The formation of radicals along the path of the ionizing particle can be visualised as a track 

of OH⋅  radicals formed from H2 O
 +

 ions. In a cylinder surrounding these OH⋅  radicals are the 

H⋅  radicals formed from the reactions of the ejected electrons.  

 

 e-  e-     H⋅   H⋅    

 /  /       /     /  

≈>>H2O+ + + + + → OH⋅ OH⋅ OH⋅ OH⋅ OH⋅ OH⋅ 
 \ \   \      \    \   \ 

 e- e-  e-    H⋅ H⋅  H⋅ 
  

The mechanism of free radical formation in water may be clarified by a comparison of 

peroxide formation by radiation with different rates of energy loss (LET). When an alpha 

particle with high LET produces a path of ionization in pure water, the ionizations occur close 

together, making a dense track of hydroxyl radicals and a cylinder of hydrogen radicals which 

are relatively closer to each other than to the hydroxyl radicals. A considerable number of 

hydroxyl radicals react with other hydroxyl radicals to form H2 O2, and hydrogen radicals react 

with other hydrogen radicals to form H2. With low LET radiation such as beta and gamma 

irradiation, the radicals are farther apart along the core and the probability is greater for a 

hydroxyl radical of the core to react with a hydrogen radical in the cylinder to form H2 O than 

it is with the distribution of ionization which is produced by alpha irradiation.  

Since hydrogen peroxide is an active oxidising agent, its quantification is important when 

considering the radiation effect on biological systems where peroxides destroy DNA, enzymes 

and other molecules of biological significance.  

If molecular oxygen is present in irradiated water, aqueous solutions or tissue, the oxygen 

rapidly combines with the hydrogen radical H⋅ to form the peroxyl radical HO2⋅. This radical 

has a longer lifetime and is therefore capable of diffusing farther from the site of formation 

before it undergoes further reaction. Two peroxyl radicals can react with one another to form 

hydrogen peroxide that adds to the total amount: 

 

HO2⋅ + HO2⋅ ⇒ H2 O2 + O2   (B2-9) 

 

Taking up an electron from a substance being oxidised may reduce the HO2⋅ radical to form 

the anion of hydrogen peroxide. This will react with protons and further hydrogen peroxide is 

formed: 

 

HO2⋅ + e
-
 ⇒ HO2

-
     (B2-10) 

HO2
-
 + H

+
 ⇒ H2 O2  

 

The hydrogen peroxide production of great importance to the radio biological effect might 

be summarised as follows: 

• In pure water, the hydrogen peroxide formed is destroyed by the free radicals present. 

Thus, there is little measurable H2 O2 in pure water.  

• In an aqueous oxygen free solution with free radical scavengers present, less hydrogen 

peroxide will be destroyed and the total concentration will increase. Thus, some H2 O2 can 

be measured.  
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• In the presence of oxygen, additional H2 O2 will be formed through the hydroxyl radical 

reaction. 

• In the presence of oxygen and oxidisable additives that are oxidised by HO2⋅, the 

production of H2 O2 will be high. 
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3 Several Risk Models in the Low-dose Region  

Björn G. Wahlström 

3.1 Introduction 

When radiation hits a non-living object, not even a high dose causes any significant 

changes to the macroscopic properties of the material. At the microscopic level, some 

structural damage may be found, but as a whole, even a radiation dose that would 

instantly kill any living organism does not have any effect on the strength and other 

properties of materials. This effect is demonstrated, for instance, when non-heat 

resistant surgical instruments are sterilised with radiation.  

On the contrary, even a small amount of radiation energy that hits a critical point of 

a living cell may cause damage to the tissue in the long run. The big difference here, 

compared to non-living material, is that even if the primary damage to individual cells 

does not have any effect on the health of a person, there is a chance that the damage 

will be multiplied continuously through cell division. This process may – or may not – 

after many years finally lead to the development of a cancer tumour. However, the 

probability of such an event is very small.  

3.2 The theory of radiation induced cancer 

Most molecules of a cell are not so important that a change in one or a few of them 

would have any effect on the cell as a whole or on its behaviour. The only exception to 

this rule is the DNA-molecule found in every normal living cell. This is the molecule 

which steers the production of new cells of that special type, and unless the molecule 

hit by radiation happens to be a DNA-molecule, the hitting will never cause cancer. 

When radiation causes damage to a DNA-molecule, it will often be in the form of 

double-strand chain breaks that may cause the cell to die. This is positive because dead 

cells never give rise to cancer. Furthermore, the loss of a few cells out of populations 

of billions of cells has no functional consequences for the organism as a whole.  

On the other hand, if the DNA-molecule is damaged but the cell does not die, the 

damage normally corrects itself. The cell is capable of healing most damage, and in 

most cases, this process is successful and results in a molecule with unchanged 

properties. The cell continues to live as if nothing has happened. In some cases, 

however, the healing process may produce a molecule structure that differs in some 

aspect from the original one. 

If the healing process of the molecule results in an error, this fault may be of no 

significance to the cell. The cell may go on living perfectly well. Most atoms in the 

long DNA-molecule have no influence at all on the production of new cells or their 
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characteristics. Damage to one of these atoms, or a change in their order, does not have 

any effect whatsoever. 

If again, a critical point of a DNA-molecule of one or a few cells is damaged, this is 

not of any significance to the health of a person. As mentioned before, single cells do 

not cause any health effects. A health effect may be the result in the long run, if a cell 

housing a damaged DNA-molecule goes on living and dividing, living and dividing 

time after time, thus producing a huge amount of new generations of damaged cells. 

Not all cells are able to divide, and those, which are able still do not always do so. 

If a cell housing a damaged DNA-molecule continues with its normal life and goes 

on producing new cells, the damage will be copied over and over again into the DNA-

molecule of each new cell. Because the behaviour of each cell depends on exactly that 

one molecule, the result may be a cluster of cells, which behave in a strange way and 

not like normal cells.  

The new characteristics and behaviour of reproduced cells with changed DNA-

molecule may well be harmless, of course, or they may be harmful. If the new 

characteristics are harmful, i.e., the cells are cancer cells, there is still a chance that the 

reproduction rate is too slow for the changed cells to cause any health effects during 

the individual's lifetime. Still, if cancer cells are produced, they are likely to be 

destroyed by the normal immunity system of the body, before they have any chance to 

form a tumour. 

Therefore, the route from the first radiation produced DNA-damage to a cancer 

disease in the exposed person is long and laborious. A long series of unlikely events 

must take place, and the probability of everything going that way is the product of the 

low probabilities for each single event. That is why the probability that a certain hit by 

a radiation quanta or particle will result in a cancer is extremely small indeed. If this 

was not the case, every person would develop cancer at a young age. This is because 

everyone is constantly exposed to background radiation which causes some DNA-

damage of the kind that could potentially lead to cancer.   

On the other hand, heavy exposure will result in a lot of damaged DNA-molecules 

and thus, a lot of cells with potential cancer characteristics. Even if the probability of 

each single cell managing the long path from original damage to developed cancer is 

extremely low, the original number of damaged cells may be so high that at least one of 

them finally gives rise to cancer. 

3.3 Risk factors and risk models 

In big populations exposed to high radiation doses, an increase in cancer incidence 

has been observed. When the exposure is known and the increase in cancer rate is 

observed, it is possible to define a risk factor for each specific type of cancer and for 

the total cancer risk. At low doses, no increase in cancer rate has been observed, but a 

risk may still exist. Therefore, the risk factors related to small doses must be estimated 

on the basis of theoretical risk models, and there are plenty of models. 
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A risk model can be illustrated by a horizontal and a vertical axis, as illustrated 

in  Fig. 3-1. The horizontal axis represents the radiation dose and the vertical axis 

describes the risk. A graph shows the relationship between the risk and the dose. There 

are many risk models, all of which have their supporters. Of course, the graphs of all of 

these risk models must concur in the region of high doses, where observations of health 

effects exist. It is in the low dose region that the graphs differ from each other.  

             
Fig. 3-1.  The different theoretical risk models 
 

3.4 The linear risk model 

In safety analyses and in radiation protection, the model to be used is the so-called 

linear risk model. The graph describing the risk is a straight line. This gives us a 

model, according to which a specific dose always increases the risk by the same 

amount even within the area of small doses, where it is not possible to detect 

detrimental effects. Most experts think that this model overestimates the risk for most 

types of long-term health effects in the low dose region.  

The linear risk model is used, for example, to assess 'the net benefit' from collective 

X-ray examinations. The principle is as follows: e.g. 1 000 000 people are invited 

to  the examination yearly, and that the examination exposes each person to a dose 

of 1 mSv. According to the linear risk model, the cancer risk of one mSv is 0.00005. 

On the basis of the model, the collective X-ray examination would cause 1 000 000 

times 0.00005 fatal cancer cases in a year, i.e. 50 cases. Since the linear model 

probably overestimates the risk, this is the worst possible result. On the other hand, 

because the examinations reveal some 2 500 cases of cancer in their initial stage each 

year, the collective X-ray examinations are indisputably justified. 
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3.5 The linear-quadratic risk model 

Even though the International Commission on Radiological Protection (ICRP), 

recommends that the linear model should be used in safety analyses, it also states that 

the risk function describing biological truth in most cases is not a straight line, but 

more like a hanging curve (possibly with the exception of solid tumours). At small 

doses, the curve is very gentle. As the doses increase, the function becomes steeper.  

This model is known as the linear-quadratic risk model. According to this model, a 

certain dose received in the low dose range corresponds to a smaller risk than the same 

dose in the high dose range. Radiation tests performed on plants and small animals are 

found to support this model that is the one most often supported by theoretical studies.  

3.6 The threshold value risk model 

Some researchers even go one step further. They argue that the risk from small 

doses is not only close to zero, but really is zero. This risk model is known as the 

threshold value model. Here, a tolerance against low exposure to radiation is assumed 

to exist in the same way as for low exposure to almost all other agents and substances. 

It is, however, impossible to define a specific threshold value because there are so 

many natural cancer cases that 'meddle with' the research.  

According to this model, small doses pose no risk at all. Only doses exceeding a 

specific tolerance limit could be harmful. Supporters of this model have a great deal of 

faith in the recuperative powers of the body's tissues, cells and molecules. One of their 

arguments is that cancer is no more common among people living in areas where the 

background radiation is many times higher than average. 

3.7 The supra linear risk model 

A few 'lonely prophets' are totally opposed to this threshold view. They maintain 

that small radiation doses are relatively more dangerous than large ones. Because the 

graph describing this risk function is so far 'beyond' the graph of the linear risk model 

in a dose-risk co-ordinate system, this model is known as the supra linear model.  

According to this model, an extra dose in the low dose region would namely cause 

more severe effects than the same dose in high dose region. It is difficult to find 

theoretical or experimental support for this model. One piece of evidence against this 

model is that substantial differences in the natural background radiation do not have 

significant effects on the health of the inhabitants in the region. According to the supra 

linear model, variations in background radiation would be especially harmful. How-

ever, observations indicate that this is not the case. 
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3.8 The hormesis model 

The fifth model presented is the hormesis model. According to this model, low 

exposure to radiation is beneficial to health even if large doses are harmful. The 

hormesis effect refers to a phenomenon that is true for many substances – large 

amounts are poisonous, small amounts are beneficial.  

For instance, lithium, lead and selenium are deadly poisons in large doses, but the 

body needs small amounts of them to stay healthy. A massive dose of ultra violet light 

from the sun would burn a person to death, but health suffers without any exposure to 

the sun. An overdose of most 'healing' drugs is fatal. Supporters of the hormesis model 

insist that they have proven that the hormesis effect holds true for radiation too.  

Some scientists claim that they have demonstrated the hormesis effect of ionizing 

radiation by irradiating plants and mice. These are said to have developed faster and 

lived longer than their non-irradiated counterparts. Hormesis investigators even claim 

that small animals suffered when they were isolated from background radiation. It is 

also a well-known fact that people living in mountainous areas at high altitude with 

high radiation levels show less cancer cases than others do. This observation is true – 

but not necessarily the conclusion. 

3.9 Positive ignorance 

So, researchers working in the field of radiation biology have not reached an 

agreement as to which risk model is correct for the low dose region. This is because no 

actual effects have been observed – and cannot be observed – at this level. Any 

possible minute change in cancer rate can never be detected amongst the incidence of 

'natural' cases. The natural variations make it impossible to prove or disprove a minute 

change in the risk, whether it is real or assumed. Whatever risk model is chosen, it is 

constructed on the basis of a chosen theory.  

Nobody knows the actual risk of low exposure. It is essential to realise the 

implication of this ignorance. Suppose it was possible to know the actual value of a 

risk factor on the basis of real observations. In that case, the risk ought to be higher 

than it really is. So, in this case, ignorance is a positive thing. It means that the health 

hazard from small radiation doses is so minute that no scientific research method based 

on observation is able to distinguish it from zero.  

It can easily be argued that a risk that gives no observable effect is actually nothing 

to worry about. 

3.10 Further reading 

Henriksen T. & Maillie, D. (2001) Radiation and Health. Gordon and Breach. (In Press) 

Wahlström, B. (1999) The Core and the Apple Peel. (self-published)  



 

 

4 Adaptive Response 

Erik O. Pettersen 

4.1 Adaptive Response as Induced by a Small Priming 

Radiation Dose 

The term 'adaptive responses to ionizing radiation' usually means the observation that 

cellular sensitivity to a dose of radiation is often decreased if the cells, a few hours 

prior to irradiation, are given a small priming, or conditioning, radiation dose 

of 0.05-0.4 Gy (Olivieri et al., 1984; for a recent review see Skov, 1999). In some 

reports, priming has even been observed at lower radiation doses and with negative 

correlation to the priming dose. The priming radiation dose protects not only against 

subsequent irradiation, but also against subsequent treatment with DNA-damaging 

chemicals (Caney et al., 1999). The priming dose obviously activates processes in the 

cells that tend to change their sensitivity to a subsequent radiation dose. It has been 

reported that small radiation doses at the dose level that induce priming involve 

increased DNA-repair as well as induction of several stress genes in p53-competent 

cells (Amundson et al., 1999) and repression of a gene which is not repressed by high 

radiation doses (Robson et al., 1999). 

Adaptive responses have been seen with several types of endpoints, like chromo-

somal aberrations (Olivieri et al., 1984), cell survival (Marples & Joiner, 1995) and 

carcinogenesis (for an overview, see UNSCEAR, 1994). Different laboratories have 

presented data indicating that the adaptive effect may vary considerably from 

laboratory to laboratory. Probably, this is partly due to considerable variation between 

different cell lines concerning adaptive responses. In a recent paper (Raaphorst & 

Boyden, 1999) report that the adaptive response does not seem to be related to cell 

radiosensitivity and does not correlate whether or not cells originate from normal tissue 

or from a cancer. 

The adaptive response obviously depends on protein synthesis. It takes several hours 

from the priming dose until a significant adaptive effect is observed (Shadley 

et al., 1987) and if protein synthesis is inhibited with cycloheximide, no adaptive effect 

is seen (Youngblom et al., 1989). 

4.2 Low-dose hypersensitivity and induced radioresistance 

These terms refer to an observation that cell survival after irradiation of cells with 

X- or γ-rays is reduced far more per dose increment for very small radiation doses 

(i.e. 0 to 0.5 Gy) than for larger doses. As observed on a dose response curve, there is 

a steep initial slope followed by a flat region (or in some cases even an increased 

survival with increasing dose over a small dose region), then a shoulder and a sub-
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sequent steeper region (Marples and Joiner, 1993; Lambin et al., 1993) see Fig. 4-1. 

This means that radiation response to acute irradiation is dose dependent, with a 

hypersensitive region for doses below about 0.2 Gy and lower sensitivity for larger 

doses. In other words, small acute doses (below about 0.2 Gy) are more lethal per 

absorbed energy unit than larger doses. 

This effect is not due to variations in radiation response of cells in different phases 

of the cell cycle (Marples and Joiner, 1993; Lambin et al., 1994). The low-dose hyper-

sensitivity is overcome by a priming dose of 0.05 to 1 Gy given six hours prior to 

the 
 
challenge dose and also, by pre-treatment with hydrogen peroxide (Marples and 

Joiner, 1995). A standing theory is that the adaptive responses operate via reactive 

oxygen species (Feinendegen, 1999). Indications are that they involve repair of DNA 

and that protein synthesis is needed since the effect was counteracted if the protein 

synthesis inhibitor cycloheximide was present during the six hours between doses 

(Marples and Joiner, 1995). 

The component of variation in radiosensitivity of cells in various phases of the 

cell 
 
cycle is present in the part of the cell survival curve above 0.5 Gy (Skarsgard 

et al., 1994). 

 

 

Fig. 4-1. Cell survival of Chinese

hamster lung cells, V79, as

measured by cell's ability to

form macroscopic colonies

following radiation with 240

kVp X-rays and d(4)-Be

neutrons (closed symbols).

The lines represent fits to the

data of mathematical models.

(From Lambin et al., 1993) 
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4.3 Adaptive response versus hormesis 

There has been some confusion and mixing between the two terms adaptive 

responses and radiation hormesis. The two terms are far from synonymous. Adaptive 

responses relate to an increased ability of cells and organisms to deal with radiation 

damage following a priming radiation dose. Still, the well-being of the cells is no more 

improved following the primary dose than it is without any irradiation. With radiation 

hormesis, however, this is different. By 'hormetic effect', most researchers mean that 

the cell or animal would appear to have improved in some way, for example in growth, 

survival or some other responses, after low-level radiation as compared to a situation 

without any radiation. In an animal or a person, hormesis might for example, entail a 

beneficial overshoot in the activity of the immune system during its recovery from a 

small radiation dose. It can even be argued that an adaptive effect may entail hormesis 

although this is not necessarily so (Feinendegen, 1999). 

A problem with the term 'hormetic effect' using this interpretation is, of course, that 

all organisms are under constant background irradiation. Although this radiation level 

is usually extremely low, it is not zero and therefore, all organisms may well 

experience a hormetic effect even at the ordinary background level of irradiation. 

4.4 Is it possible to explain how low-dose radiation can 

protect against cancer? 

Following large radiation doses (i.e. > 50-100 mSv), radiation undoubtedly has a 

carcinogenic effect. The excess relative risk (meaning the ratio of the cancer frequency 

among irradiated and unirradiated persons minus 1) was found to be less than 1.6 in all 

tested cancers of A-bomb survivors following 1 Sv (Thompson et al, 1984). This can 

well be said to correlate with induced radioresistance at high radiation doses. The 

repair induced by a priming dose can be of the 'SOS'-type, as induced in some 

procaryotes, but mis-repair would, however, result from the challenge dose or from a 

great first dose and not from the priming dose. Thus, following a large radiation dose 

like 1 Sv, there is no difficulty in understanding the carcinogenic effects of radiation. 

Following small radiation doses, the carcinogenic effect of radiation is not clear. 

The guidelines from the International Commission on Radiological Protection (ICRP) 

are based on the so-called linear, non-threshold (LNT) model, stating that cancer 

incidence increases linearly with dose. The commission agues that this is still the best 

estimate even at small doses (e.g. low-level radiation – LLR) (Clarke, 1996). There are, 

however, many reports indicating that small doses of radiation may have no effect or 

even a protective effect with respect to carcinogenesis. In some studies on cell cultures 

for example, it has been observed that neoplastic transformation is counteracted by a 

small priming dose, even to a level below the spontaneous rate (Azzam et al., 1996). 

There are also epidemiological studies indicating that low-dose radiation may induce 

no cancer or even some protection against certain types of cancer (see for example 

Cohen, 1998 or 1999; data shown in Fig. 4-2 indicating that irradiation from radon 
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in  homes may protect against lung cancer). This theme has been a matter of 

extensive debate over many years and is principally difficult to answer conclusively 

(Tubiana, 1999). Still, it is important that observations on cancer incidence are 

discussed in the light of cellular responses. 

Fig. 4-2. Age-adjusted lung cancer mortality rates plotted against average radon level in homes of US 

counties (a) and corrected for smoking prevalence (b). Data comprises 1729 US counties 

and about 90% of the US population. The stipulated line marked 'Theory' corresponds to the 

prediction made from the linear no-threshold theory (LNT), conventionally used for cancer 

risk estimates (from Cohen, 1999). 

Both the adaptive effect and the induced radioresistance involve protection at 

the  cellular level. The adaptive response is due to a stimulation of radiation repair 

processes, thus protecting cells against the inactivating effect of the 'test' dose. 

Furthermore, cell growth is stimulated by small radiation doses, an effect also seen in 

various tissues of animals given repeated small dose fractions or protracted low dose 

rate irradiation. At the same time, however, cancer incidence is reduced in many cases 

by the small doses. It can easily be argued that there is a contradiction between these 

various effects of small doses since increased rate of cell production is typically a 

process expected to enhance and not counteract development of cancer. Generally, 

cells that have lethal DNA damage are no problem with respect to later cancer 

development. It is the cells that are able to repair DNA damage with the danger of 

erroneous repair and the subsequent possibility of activation of oncogenes or 

inactivation of tumour suppressor genes that are of concern with respect to cancer 

induction. Thus, on the basis of such reasoning, one should not expect decreased 

cancer induction following activation of a process that enable cells to increase cell 

survival by increased repair. 
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There are several alternative explanations as to how the small radiation doses or the 

continuous irradiation with extremely small dose rates may protect against cancer 

although cells are hypersensitive to such doses:  

a) One should keep in mind Feinendegen's (1999) calculation of the extra, fixed 

DNA damage following from a 10-times increase of background radiation of 1 

to 10 mGy per year which would give an extra 10
-7

 to 10
-6

 fixed DNA damage per cell 

per day. Normal metabolism and reactive oxygen species produce 10
-1

, i.e. a hundred 

thousand to one million times more. Thus, if the extra, continuous radiation in fact 

induces repair or defence processes protecting individual cells or perhaps tissues 

against DNA damage in general, this would entail protection against cancer 

development. 

Small acute single doses of X- or γ-rays on the other hand will produce some 

damage in a very short time and a relatively high fraction of this will be double-strand 

breaks of the DNA. Although cells under normal conditions have to cope with 

almost  10
6
 damages due to reactive oxygen species produced by normal metabolic 

activity (Feinendegen, 1999), the DNA double strand breaks induced by the acute, low 

radiation dose may be sufficient to activate induced resistance, which may even protect 

cells against damage due to metabolism and thereby, against cancer development. 

b) Low-level radiation may even protect against cancer without any repair of DNA 

damage following such doses. The low-dose hypersensitivity means that cells damaged 

by low doses tend to lose their clonogenic potential. In fact, the very steepness of the 

cell survival curve at these low radiation doses with an initial α-value 50-700 times 

larger than the α-component of the remainder of the irradiated population (Wouters & 

Skarsgard, 1998) implies that cell death is the preferred endpoint for damaged cells in 

the initial dose range. There have been various speculations regarding the nature of this 

cell death. However, with respect to protection against cancer development, the nature, 

or the mechanism, of the radiation-induced cell death is not necessarily of any 

importance. The main point does not have to be more complicated than a few cells 

simply losing their clonogenic potential due to the low-dose radiation. Since cells of 

normal and cancer origin may have the same hypersensitivity (Raaphorst & 

Boyden, 1999), this probably affects normal, unharmed cells as well as cells having a 

mutation or ill-repaired DNA damage of some kind, which could represent a potential 

for later cancer development. If cells having a relatively intact DNA and therefore, a 

smaller potential for cancer development replace cells killed by low-dose radiation, the 

cell killing and replacement process may inevitably represent a degree of protection 

against cancer. The benefit thus depends on two cellular consequences of the small 

dose: On the one hand, the few unharmed cells that are killed and replaced are of no 

danger to the organism. On the other, the few cells with DNA damage caused by 

metabolic or other processes that were killed by the low-dose radiation and replaced 

with unharmed cells would mean that the overall potential for later cancer development 

in the organism as a whole would be reduced. Thus, low dose radiation may have a 

washing-effect on the tissues with respect to cancer development, i.e. washing away 

loci of potential danger of cancer development. The effect of low-dose radiation on 
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highly differentiated cells without possibility of proliferation or replacement by stem 

cells is of little consequence for the organism since such cells maintain their function 

even after relatively high doses of radiation. 

Point b) seems to turn the logic in Clarke's (1996) argument upside-down: 'First and 

foremost, there is unlikely to be a threshold in the dose-response curve. DNA repair of 

double strand breaks is not error free.' By inducing sudden cell kill instead of repair in 

some cells having previously mis-repaired DNA and having these cells replaced with 

newly produced unharmed cells, low-level radiation may result overall in protection 

against cancer. 

At larger drug doses, the situation is quite different. For cells of repopulating 

tissues, the initial steepness of the survival curve as analysed by the two-component 

model is often in the range αs ≈ 10 or higher (Short et al., 1999). If the survival curve 

had followed this steep slope up to a dose of, for example, 0.5 Gy, cell survival would 

be less than 1%. Thus, if cells at the dose level of 0.5 Gy maintained the same radio-

sensitivity as for very low doses, even 0.5 Gy would be sufficient to destroy the 

function of many tissues and, when given to the body as a whole, would most certainly 

be lethal. The logical consequence is that cells activate regulatory processes at this 

dose level that increase cell survival enormously even though this increases the danger 

of later cancer development. In order to avoid sudden damage or death, it is better for 

the organism as a whole to take the chance of a later disease. While the tissues can well 

afford a sudden loss of a few cells, they cannot afford a sudden loss of a major fraction 

of their cells. 

Thus, the effect of radiation at small and large doses may be dualistic: In 

regenerating tissues, small doses may induce a sudden loss of a few cells which have to 

be replaced from the pool of stem cells, but may protect against cancer in the long run. 

Large doses result in repair (and mis-repair) and stimulated cell proliferation, which is 

life-saving in the short run, but slightly carcinogenic in the long run. Also, different 

tissues of the same body may respond differently to radiation at both dose levels. 

In conclusion, there may be various hypotheses that aim to explain reports of serious 

deviations from the conventional risk calculations following low-level radiation. They 

all have to be tested mechanistically in each step before the right explanation is found. 

There is however, no reason not to take the reports on such deviations very seriously. 

Even today, they may be explained more easily from a cellular point of view than by 

predictions made by the conventional LNT theory. 
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5 Radiation Biochemistry 

Olav Albert Christophersen 

5.1 Reactive oxygen species (ROS) and antioxidative defence 

Much of the biological effect of ionizing radiation is mediated by reactive oxygen 

species (ROS) such as OH⋅, HO2⋅, O2
-
, H2O2 and singlet oxygen. These molecules are 

also produced by living cells as bi-products of various enzyme reactions, especially in 

the mitochondria and peroxisomes (which are specialised organelles filled with H2O2-

producing enzymes), and also in cytosol. ROS are also used by cells to kill pathogenic 

organisms (leukocyte respiratory burst) and as signal molecules with important 

regulatory functions. Living organisms could not survive in the presence of molecular 

oxygen without a very good biochemical defence system. This system comprises 

several different defence lines: 

The first line of defence is formed by scavenging enzymes, removing O2
-
⋅ (the 

corresponding base of hydroperoxyl radical) and H2O2, and also by antioxidants 

mopping up OH⋅, as well as by various molecules quenching singlet oxygen (e.g. beta-

carotene in green leaves). Singlet oxygen is far more important during photosynthesis 

in plants than in animal organisms. 

A second line of defence comprises several different water- or lipid-soluble anti-

oxidants (e.g. vitamin E, coenzyme Q10, taurine), helping to inhibit free radical chain 

reactions which involve organic radicals and lead to the formation of various organic 

hydroperoxides. 

A third line of defence comprises enzymes that remove organic hydroperoxides 

before these can react with metal ions (e.g. ferrous iron) and form new radicals that can 

initiate further radical chain reactions. 

A fourth line of defence may comprise various small molecules (e.g. glutathione, 

taurine) and enzymes that may help to remove highly genotoxic aldehydes that are 

formed by degradation of fatty acid hydroperoxides. 

These four different defence lines are not sufficient to prevent oxidative damage 

from occurring at a rate which is still very high. Therefore, they need to be supple-

mented with systems that can help to repair oxidatively damaged biomolecules, such 

as membrane lipids, enzymes and DNA, once the damage has occurred (analogous to 

a  field hospital taking care of wounded soldiers) – or replace them with newly 

synthesised ones, when repair is no longer possible. 

A special system of guardians to the DNA molecule, involving a protein called p53, 

is also a very important part of the defence system. This system helps to monitor the 

occurrence of more severe forms of DNA damage and can either stop DNA synthesis 

until the damage has been repaired or alternatively trigger apoptosis (cellular suicide) – 

thus helping to prevent the formation of malignant cells. 
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5.2 ROS-scavenging enzymes 

Hydroperoxyl radical (HO2⋅) and superoxide anion radical (O2
-
) are removed by 

enzymes called superoxide dismutases. Mammals contain two entirely different 

superoxide dismutases, namely a mitochondrial enzyme containing manganese and a 

cytosolic enzyme containing zinc and copper. These enzymes convert 2 O2
-
⋅ (or hydro-

peroxyl) radicals to H2O2 + O2. H2O2 is subsequently removed by several different 

enzymes: catalase (mainly in the peroxisomes), various heme peroxidases, glutathione 

peroxidase (in cytosol and mitochondria) and several different peroxiredoxins (in 

cytosol and mitochondria). 

5.3 ROS-induced DNA damage 

 Hydrogen peroxide is not very reactive by itself, but can react with ferrous iron and 

form hydroxyl radical (OH
.
), which is extremely reactive and toxic. With regard to 

DNA damage, it must be expected that the reaction of H2O2 with ferrous iron complex-

bound to the DNA molecule itself may be especially dangerous. Ferrous iron (Fe
++

) 

will be formed when ferric iron (Fe
+++

) is reduced either by reaction with ascorbate, 

thiol groups or O2
-
⋅. Analogous reactions can take also place with several other redox-

active metals, such as copper, vanadium, mercury or lead (and presumably also 

uranium, when complex-bound to DNA), but iron is probably the most important one 

under normal conditions. Iron complexes of organic phosphate compounds (including 

DNA?) can also form perferryl complexes (e.g. ATP-Fe
++

-O2), which are very reactive, 

following reduction of Fe
+++

 by O2
-
⋅. 

ROS, e.g. H2O2 in combination with iron, can produce several types of DNA 

damage, such as damage to single bases, single-strand and double-strand breaks. Most, 

but not all of the lesions, will be immediately detected and efficiently repaired. The 

residual damage is important both for ageing processes, as a cause of cancer and also 

very probably as one of the main causes of germline mutations. ROS-induced 

mutations are also important for the evolution of tumour cell populations towards more 

aggressiveness and enhanced resistance to therapy. The probability of H2O2-induced 

double-strand break, dsb increases nonlinearly with increasing H2O2 concentration. 

When a high-energy particle passes through a cell, it will leave a track where the local 

concentration of reactive species is much higher than the normal background of bio-

chemically produced ROS. The particle may thus cause multiple simultaneous lesions 

on both DNA strands, which strongly enhances the risk of double-strand breaks leading 

to cellular death. 

5.4 Repair of ROS-induced DNA damage 

 Single-strand DNA breaks will normally be repaired very efficiently, while double-

strand breaks are much more difficult to repair. Double-strand breaks serve as powerful 
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death signals, inducing apoptosis. When cells survive a double-strand break and the 

dsb is repaired by a so-called SOS repair system, it is also much more common than 

with other forms of DNA damage that misrepair will occur since the SOS system is 

much more error-prone than other DNA repair systems.  

Normal DNA synthesis and repair depend on thymidylate (one of the four building 

blocks or 'letters' in the DNA molecule) being available in sufficient quantity. Dietary 

deficiencies of folate and vitamin B12 (needed for the de novo pathway of thymidylate 

synthesis) or thymidine (needed for the salvage pathway of thymidylate synthesis) can 

result in shortage of thymidylate, which will interfere strongly with DNA repair 

processes, leading to misincorporation of uracil instead of thymine into the DNA 

molecule. This kind of DNA damage can also be repaired, but misrepair causing DNA 

strand breaks is fairly common. Deficiencies of dietary folate or vitamin B12 may 

therefore potentiate mutagenesis caused by ionizing radiation. 

The salvage pathway of thymidylate synthesis is inhibited by the AIDS drug 

zidovudine, AZT, representing a major population genetic hazard that would probably 

be far more serious than Hiroshima if cheap zidovudine becomes available to millions 

of HIV patients in poor countries (who frequently may also suffer from folate or B12 

deficiencies). Zidovudine, moreover, also increases oxidative DNA lesions in the 

mitochondria (NB population genetic hazard when this occurs in the mitochondria of 

egg cells!). Zidovudine is a nucleoside analogue which forms a 'false' nucleotide that 

not only inhibits viral replication, but also mitochondrial DNA synthesis; its effect on 

mitochondrial DNA repair following oxidative DNA lesions may still be unknown. 

5.5 Quantitative aspects 

 It should be realised that DNA damage from ROS produced by common bio-

chemical reactions is very substantial. Mitochondrial DNA is much more strongly 

affected than nuclear DNA because of the much higher local production of ROS inside 

mitochondria than inside the nucleus (which represents a shielded compartment). It has 

been estimated from measurement of oxidised DNA base derivatives in urine that the 

average number of oxidative DNA lesions (before repair) is about 10 000 per human 

cell per day. It is unknown how much of this total figure represents nuclear DNA and 

how much comes from mitochondrial DNA (which could be a substantial fraction of 

the total), from dead cells or from food DNA (depending on DNA oxidation during 

food storage and processing). The ROS-induced mutation rate in the nucleus, however, 

might still be orders of magnitude more than the average number of DNA lesions per 

cell per day caused by background ionizing radiation. It must therefore be expected that 

geographic or life style-related variations in the capacity of ROS-scavenging enzymes 

may have far greater consequences for mutation rates than the natural variations in 

background radiation. As an example, depression of Zn/Cu-dependent superoxide 

dismutase may be mentioned as a result of dietary zinc deficiency, being again a conse-

quence of poverty. 
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5.6 Low selenium intake – a major population genetic hazard? 

Geographic variations in the intake of the trace element selenium may be especially 

important here, since selenium concentrations in cereal grains (or other plant foods) 

can vary geographically by more than a factor of 1 000. Selenium is not only needed 

for scavenging H2O2 and organic hydroperoxides, ROOH, by the well-known Se-

dependent enzyme glutathione peroxidase, but also as a necessary constituent of 

another important antioxidative enzyme, namely thioredoxin reductase, collaborating 

with thioredoxin. Thioredoxin reductase contains a selenocysteyl group and an 

ordinary cysteyl group in neighbour positions to each other, making the enzyme 

exceptionally sensitive to inhibition by toxic heavy metals (because of simultaneous 

binding of the metal atom, e.g. gold, both to a selenium and a sulphur atom). Toxic 

heavy metals like mercury or cadmium may for this reason represent a much more 

serious population genetic hazard than has been previously realised. 

Thioredoxin is a small, sulphur-containing protein, which helps to repair oxidatively 

damaged protein molecules (e.g. proteins damaged by ionizing or UV radiation) 

through reduction of disulfide to thiol groups. It also collaborates with an enzyme 

reducing methionyl sulfoxide groups to methionyl groups as well as with a recently 

discovered group of H2O2-scavenging enzymes, called 2S peroxiredoxins. Glutathione 

peroxidase and thioredoxin reductase levels will both be affected when the selenium 

intake is low, causing elevation of the risk of various forms of cancer (e.g. colon, lung, 

liver) and – as can be seen in animal experiments – enhancement of the number of 

morphologically abnormal spermatozoa (e.g. head and tail separated) and most likely 

also substantial enhancement of the risk of germline mutations.  

5.7 Selenium intake and epidemiological studies of radiation 

 It must be expected that concentrations of uranium and selenium in sedimentary 

rocks will show some degree of positive correlation with each other because of the 

association of both elements with sediments rich in organic matter, like bituminous 

shales and coal. Selenium and uranium will have opposite effects in relation to muta-

genesis and presumably cancer risk, but selenium must be expected to have a much 

bigger effect, corresponding to the much greater importance of biochemically produced 

ROS compared with background radiation as a cause of DNA lesions. In areas domi-

nated by sedimentary rocks, one might therefore find a spurious (non-causal) negative 

correlation between background radiation (or indoors radon concentrations) and cancer 

risk, which in reality is a consequence of geographic variations in selenium intake. 

5.8 Mutation rate and the risk of cancer 

The transformation of normal cells into cancer cells depends on changes in specific 

genes regulating cellular growth, differentiation and apoptosis. Changes in genes 
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concerned with DNA repair are also very important, since they will increase the 

probability of mutations occurring in more directly cancer-related genes. 

Let us consider a population of dividing cells, which to begin with are quite normal. 

Following x cellular divisions, the risk R that one particular cell may have been trans-

formed into a cancer cell is given by the following polynomial expression: 

 

R  =  (a1 ⋅ x) 
y

1  +  (a2⋅ x) 
y

2 + (a3⋅ x) 
y

3  +  (a4⋅ x) 
y

4 + ……… (5-1) 

 

where a is the average risk per gene per cell division that one of the genes participating 

in some particular combination of critical genes will undergo a carcinogenic mutation. 

a is always a very small number in normal cells. y is the number of different genes 

involved in one particular combination that will be sufficient for malignant trans-

formation. The actual value for y is different for different cell types and different kinds 

of cancer, but it is never less than 2 and often higher (e.g. 4 or may be 5). One cancer-

gene mutation is never sufficient for transforming a genetically normal cell to a cancer 

cell. The risk of cancer will thus increase nonlinearly with the rate of mutations: if the 

mutation rate is doubled, the risk of some particular form of cancer could rise either by 

a factor of 4 if  y = 2, or (more commonly) by a factor of 16 if  y = 4. 

5.9 ROS regulation of radiation resistance 

Changes in externally induced oxidative stress will immediately affect various 

redox-regulated signal systems, causing changes in the expression of several different 

redox-regulated genes. Oxidative stress causes up-regulation of the expression of 

protective enzymes, such as superoxide dismutase and glutathione peroxidase, and also 

of the iron-binding protein ferritin as well as of several other proteins. These changes 

in gene expression must have important consequences for cellular resistance to 

ionizing radiation. Enhancing the scavenging capacity for hydroperoxyl radical, O2
-
⋅ 

and H2O2 must have a similar protective effect whether these species are produced as 

by-products of normal enzyme reactions or by the passage of some high-energy particle 

through the cell. DNA damage caused by H2O2 is critically dependent on the 

interaction between H2O2 and redox-active metals such as iron since H2O2 alone is 

fairly unreactive towards DNA. Better sequestration of iron (through binding to 

ferritin) will therefore help to protect the cell against H2O2-induced DNA damage, 

following exposure to ionizing radiation. 

The production of endogenous antioxidants such as polyamines is also up-regulated 

by oxidative stress. The polyamines spermidine and especially spermine are very 

important radioprotective agents, not only because of their antioxidant properties, but 

also because of their physical association with DNA through complex formation. 

Because of their positive electric charge, helping to neutralise the negative charges of 

the phosphate groups of the DNA backbone, they will have a strong influence on the 

local electric potential (as compared with the free aqueous solution) at the surface of 

non-histone-bound parts of the DNA molecules. This again must help to decrease the 
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local concentration of protons functioning as acid catalysts of thermal degradation 

reactions (which may occur following an initial radiation-induced lesion) – i.e. the 

polyamines will function as strong proton repellents, that would be expected to 

increase the stability of the DNA molecule in relation to various kinds of thermal 

degradation. They are also needed for normal DNA repair. 

5.10 Polyamines and radiation therapy of cancer 

Polyamines, furthermore, are also important signal substances regulating the activity 

of a regulatory enzyme called protein kinase CK2, being very central to the regulation 

of several nuclear enzymes i.e. associated with RNA synthesis, editing and export from 

the nucleus. It is very common that the production of polyamines is increased in 

tumour cells. This must be expected not only to enhance their growth rate, but also to 

enhance their resistance to radiation therapy, especially in those tumours that have the 

highest production of polyamines. 

It should not be difficult, however, to reduce tumour polyamine production using 

drugs like trifluoromethylornithine (which inhibits ornithine decarboxylase) – possibly 

in combination with polyamine supplements in order to maintain normal polyamine 

radioprotection in surrounding normal tissues. At appropriate dosage levels both for 

the drug and the polyamines, this could hopefully mean substantial reduction of the 

polyamine concentrations in the tumour and thus of its radiation resistance, while in 

normal tissues, polyamine concentrations can be maintained at a normal level. This 

principle would theoretically be expected to work best for those tumours having the 

highest rate of polyamine production (e.g. lung cancers?) and perhaps, precisely for 

this reason, would otherwise be highly resistant to radiation therapy. 

5.11 ROS, cellular growth and apoptosis regulation 

It has recently emerged that superoxide and/or hydrogen peroxide may play an 

important role as second messengers controlling cellular growth and apoptosis. 

Moderately elevated levels of these molecules will commonly stimulate cellular growth 

while apoptosis is inhibited, whereas high levels may induce apoptosis in normal cells. 

ROS produced by ionizing radiation may in principle be expected to have similar 

effects. The production of ROS used by cells as biological signal substances can be 

regulated either by a change of the mitochondrial ROS production or by a change of 

the activity of a superoxide-generating NADPH oxidase, which is found in the plasma 

membrane of many different cell types. 

5.12 Importance of ROS in tumour biology 

A large and growing number of regulatory enzymes (or molecular sensor proteins) 

and transcription factors (proteins regulating gene expression) have been shown to be 
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directly or indirectly redox-regulated. This may help to explain the mechanisms of 

action when ROS are used as second messengers controlling cellular growth and 

apoptosis. Examples that may be mentioned are cyclooxygenases (the pharmacological 

target of aspirin and similar drugs), lipoxygenases (i.e. the 5-lipoxygenase making 

leukotrienes, which are very important in asthma), protein kinase C, tyrosyl kinases 

and phosphatases, various forms of mitogen-activated protein kinase (MAPK), 

poly(ADP-ribose) polymerase, ornithine decarboxylase (whose transcription is 

oxidatively regulated), ras-p21, and the transcription factors NF-kappaB (very 

important in asthma), c-myc, egr-1, and AP-1 (which is a complex of c-fos and c-jun, 

both of which are redox-regulated). These molecules participate in the regulation of a 

vast array of different processes both in normal biology (e.g. cellular growth and 

apoptosis, blood pressure regulation, parturition) and many different disease situations, 

and their dysregulation may be very central to the pathogenesis of several different 

diseases (e.g. cardiovascular diseases, asthma, rheumatoid arthritis, and cancer). 

Many of the oxidatively regulated enzymes or transcription factors above-mentioned 

are very important in tumour biology simultaneously as endogenous ROS production in 

tumours can often be very high. Several of them, like c-fos, c-jun, c-myc and ras, are 

known as classical proto-oncogenes (which by mutation lose their normal regulatory 

functions, turning into over-active oncogenes, i.e. cancer-causing genes). When a 

tumour produces excessive amounts of ROS, this can have a similar effect to an 

oncogene mutation, i.e. a non-mutated proto-oncogene can now behave more or less 

like the corresponding oncogene because of constant overexpression or overstimulation 

caused by ROS. 

Tumour cell populations are subject to processes of Darwinian evolution by 

mutation and selection. Those cells with the highest net rate of reproduction 

(reproduction minus mortality) will be winners of the evolutionary race, which may 

thus favour cells producing ROS at some optimum rate (i.e. the ROS level giving the 

highest net rate of reproduction). 

5.13 Peroxynitrite as a possible factor in radiation therapy 

Not all cancer cells use ROS for this purpose; others may instead use NO, namely 

when tumour cells express high levels of NO synthase-2 (which is common for 

instance in colon cancer). Tumour cells cannot simultaneously contain a lot of NO and 

a lot of O2
-
⋅; this is because of the very fast reaction between these species forming 

highly reactive and toxic peroxynitrite. In tumours expressing high levels of NO 

synthase, a large formation of peroxynitrite as a result of radiation therapy must be 

expected (because of the reaction between NO from the NO synthase and superoxide 

produced by radiation), at least if the tumour cells do not over-express superoxide 

dismutase. This could possibly be a significant factor in the killing of such cells. NO 

production in the tumour may theoretically be enhanced through supplementation with 

its precursor arginine – which thus might hold some promise as a potential radio-

sensitising agent for NO synthase-expressing tumours. 
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5.14 Superoxide dismutase in tumour cells 

The levels of ROS-scavenging enzymes can be very different in different tumours. 

Many tumour cells contain much less superoxide dismutase (SOD) than normal cells 

do, while others overexpress the same enzyme. It is possible these differences might 

reflect entirely different and mutually exclusive 'self-stimulation strategies' among 

different types of tumour cells: that cells relying primarily on ROS as growth-

stimulating and anti-apoptotic second messengers often may have little SOD compared 

with normal cells, while cells relying primarily on NO for activation of growth-

stimulating proteins such as ras-p21 may instead contain very much SOD in order to 

avoid suicide caused by excessive levels of peroxynitrite. 

It must be expected that the large variations found in the levels of superoxide 

dismutases and other ROS-scavenging enzymes in tumours may have very important 

consequences for the response of different kinds of tumour cells to radiation therapy. 

Cells overexpressing SOD might possibly be more resistant to radiation therapy as 

compared with cells that underexpress the same enzymes. Cells overexpressing SOD 

will, on the other hand, have more rapid formation of H2O2 following irradiation. In 

this case, it should be possible to sensitise the tumour cells to radiation therapy by 

administration of some substance that specifically interacts with H2O2, enhancing the 

genotoxicity of the latter substance. One substance that might possibly be used here is 

the amino acid histidine. Histidine enhances quite strongly the number of DNA double-

strand breaks caused by H2O2; this has, by some authors, been explained as a result of 

the formation of an iron-histidine complex interacting with H2O2. 

5.15 Tumour gene expression diagnostics and radiation therapy 

It is now possible, using DNA chips, to obtain simultaneous measurement of mes-

senger RNAs for more than 30 000 different proteins in one sample of tumour tissue. 

With this method, one can easily see if the tumour overexpresses enzymes such as 

COX-2, NO synthase-2, Cu/Zn-SOD or Mn-SOD, or if on the contrary, the expression 

of Mn-SOD or Cu/Zn-SOD is considerably lower than in normal cells. When this 

method, hopefully in the near future, becomes available as a routine clinical diagnostic 

tool, it should be possible to take biopsies from the tumour and obtain a precise 'bio-

chemical fingerprint' before radiation therapy is started. 

In this way, it may hopefully be possible to sort out in advance (before irradiation) 

different groups of patients: 

1. Those who may be expected do respond well to standard radiation therapy. 

2. Those who cannot be expected to respond, no matter what kind of sensitisation 

therapy is tried. 

3. Those who might respond to specific forms of pharmacological intervention or 

biochemical manipulation in order to sensitise an otherwise highly radiation 

resistant (or only moderately sensitive) tumour (e.g. administration of either 
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arginine or histidine, or trifluoromethylornithine in combination with polyamine 

supplementation). 

5.16 Germ-line mutations 

There is no qualitative difference between DNA in germ-line cells and in somatic 

(non-germ-line) cells regarding the vulnerability of DNA to reactive species like OH⋅ 

and H2O2 or to ionizing radiation. Nevertheless, there might be some important 

quantitative differences e.g. related to factors like the expression of different ROS-

producing or -scavenging enzymes or the local O2 concentration, as well as in the 

nature of proteins binding to the DNA molecule (which is different in the sperm cells). 

However, this does not mean that the DNA molecules of germ-line cells are immune to 

radiation-induced or other ROS-induced damage. 

While it is easy to observe DNA damage at the level of individual cells in a 

laboratory or in experimental animals subject to high doses of ionizing radiation, 

studying the effects of DNA damage epidemiologically in human populations is 

considerably more difficult. It is much easier to study the consequences of DNA 

damage in somatic cells (whether caused by tobacco, too little selenium in the diet or 

ionizing radiation) than to study the effects of germ-line mutations due to the same 

causes. There is a simple explanation for this, namely the enormous signal ampli-

fication which takes place when one cell out of a population of several billions is 

transformed into a tumour cell, which subsequently becomes the ancestor of billions of 

daughter tumour cells ultimately killing their host. This is very different from what 

happens when a man and a woman sleep together and just one sperm cell fertilises just 

one egg cell. In the latter case, there is no corresponding signal amplification. 

5.17 Mildly harmful mutations 

It is now estimated that the natural germ-line mutation rate in animal organisms may 

be much higher than previously thought. For humans, it could perhaps be as much as 

about 80 germ-line mutations per individual per generation. Many of them occur in 

'junk DNA', having no effect, and many of the gene mutations are also neutral. An 

overwhelming majority of those mutations that have some biological effect seem to be 

harmful. Most of the harmful mutations have only very mild effects when occurring 

alone. There are good indications, however, that they may often interact synergistically 

with each other. Individuals with a higher than average number of harmful, but mild 

mutations may therefore have higher mortality or lower fertility. When an individual 

with more than the average number of mildly harmful alleles fails to reproduce, several 

different harmful alleles are removed simultaneously – a selection mechanism called 

quasi-truncation selection. 
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5.18 Atomic bomb survivors 

The above-mentioned factors, taken in combination, make it very difficult to study 

genetic effects of ionizing radiation epidemiologically – except for cancers and such 

mutations that are lethal or produce severe congenital damage as early as the first 

generation. Many of those radiation-induced mutations that in fact might be present in 

children or grandchildren of atomic bomb survivors will be extremely difficult to 

detect either because they are neutral or because they are of the harmful, but very mild 

type. Moreover, the difficulties are compounded by an extremely noisy background, 

considering variations in exposure to chemical mutagens like tobacco or selenium 

antagonists like cadmium and mercury and also in the intake of prooxidant mutagenic 

nutrients (like polyunsaturated fatty acids and iron at overdosage levels) as well as of 

nutrients needed for optimal antioxidative protection or for normal DNA repair. The 

challenge for the epidemiologist is therefore to try to detect a weak and not easily 

observable signal on a background which is extremely noisy. This, however, should 

not make one draw the conclusion that ionizing radiation is harmless to our germ cells, 

even if it is impossible to detect any meaningful signal in an epidemiological study, 

e.g. of the grandchildren of atomic bomb survivors. 
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6 Lasers 

Bertil R. R. Persson 

6.1 Introduction 

Optical radiation is light of wavelengths between 400 and 760 nm, evoking a visual 

response from the retina. The most important source is the sun. Illuminating lamps, 

visual displays and other illuminators also emit light. Besides the energy fluence 

emitted by the light source, flickering light sources might cause unwanted physio-

logical reactions. 

Lasers are special devices that emit coherent light within the optical spectrum 

as  well as UV and infrared. 'Laser' stands for 'Light Amplification by Stimulated 

Emission of Radiation'. This process was already predicted by Albert Einstein in 1916, 

but was not experimentally verified until 1960.  

The principle of the laser is excitation of identical atoms or molecules by energy 

delivered from a pumping device, usually a flash lamp. When several atoms or mole-

cules stay in the same excited state, the photons emitted in one de-excitation might 

stimulate the neighbouring excited atoms to emit a second photon of exactly the same 

energy travelling in phase. Thus, the light amplitude has been amplified by a  factor of 

two. This process is repeated in a cascade and is further amplified by reflecting back 

and forth between mirrors at both ends of the resonance cavity. One mirror is partly 

transparent and allows emission of the laser beam. 

In 1960, T. Maiman used a ruby crystal surrounded by a flash light tube to make the 

first laser. The red light of a ruby laser comes from a small amount of chromium 

contaminating the mineral corundum (aluminium oxide, with impurities giving any 

other colours are designated sapphires). The chromium impurity is also the basis for its 

use as a laser. 

Another example of doped insulator lasers is the garnet, which naturally contains 

some metal impurities. Yttrium aluminium garnet (YAG) is doped with a metal called 

neodymium. Silica glass lasers can also be artificially made, purposely doped with 

impurities. Advances in technology enable the doped glass to be produced as an optical 

fibre, which has uses in amplifying telecommunications signals. 

The lasers need some energy source to replenish the energy lost through 

spontaneous emission (a process called pumping). This is achieved through absorption 

of light, for instance from a xenon flashtube or a semiconductor (diode) laser. 

However, some of the most common types of laser are 'gas lasers'. They are based 

primarily on a gas discharge tube, such as is found in neon lights or mercury 

fluorescent lights. High-energy electrons bombard the gas, leading to excited electrons. 
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6.2 Helium neon lasers 

Laser light is emitted in a discharge of a few thousand volts and a current 

of 10-20 mA in a tube filled with neon gas. By adding helium to the neon gas to absorb 

the electrons, the effectiveness of the laser increases. The efficiency of HeNe lasers is 

very low (< 1%), but they are commonly used in low-power applications (several mW 

of power) and can be cooled effectively by air. 

Helium-neon (HeNe) lasers appear as sealed HeNe plasma tubes with internal 

mirrors and high voltage power supplies. The most common colour and wavelength is 

red (632.8 nm), but orange (611.9 nm), yellow (594.1 nm), green (543.5 nm) and 

IR (1 523.1 nm) HeNe lasers are also available. These are, however, less efficient and 

therefore, more costly for the same beam power. 

The beam quality of helium-neon (HeNe) lasers is extremely high and the output is 

well collimated without external optics. It also has excellent coherence length (10 cm 

to several metres or more) and monochromicity. Most small tubes are of a single mode 

type (TEM 00).  

The most common powers are between 0.5 and 10 mW, but up to 250 mW or more 

are available. 

Applications of helium-neon (HeNe) lasers are in industrial alignment and 

measurement; blood cell counting and analysis; medical positioning and surgical 

sighting (for higher power lasers); high resolution printing, scanning, and digitisation; 

bar-code and UPC scanners; interferometric metrology and velocimetry; non-contact 

measuring and monitoring; general optics and holography; small to medium sized light 

shows, laser pointers, Laserdiscs and optical data storage. The prices of helium-neon 

(HeNe) lasers range from $25 to $5 000 or more depending on size, quality, age and 

surplus. 

6.3 Gas ion lasers 

Argon and krypton can also be ionized by a discharge of high-energy electrons 

and  produce laser light. About 200 volts are used in a discharge, with a current 

of 15-50 A. Several watts of laser energy can be produced for a continuous beam. 

These lasers need higher currents than neon, which makes the design more compli-

cated. Due to the high current, large amounts of waste heat are generated and 

circulating water must be used as a coolant. 

Argon (Ar) and krypton (Kr) lasers differ mainly in gas fill. They appear as sealed 

plasma tubes with internal or external mirrors, high current (10 A or more at around 

100 VDC) and a regulated power supply (constant current or optical power based). 

Combined Ar/Kr produces lines in red, green and blue, and is therefore considered a 

'white light laser'. All are electrical power guzzlers and larger units are water-cooled.  

The Argon (Ar) and krypton (Kr) lasers emit light of violet blue (457.9 nm), 

blue (488 nm – single line), green (514 nm) or red (Kr or Ar/Kr types only, 646 nm). 

Many other lines throughout the visible spectrum (and beyond) are available (but 
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generally weaker) on some models. The power is usually from about 10 mW to 10 W, 

but research lasers have been built up to 100 W. The beam quality is high and both 

single and multimode types are available.  

Applications of argon (Ar) and krypton (Kr) lasers are in very high performance 

printing, copying, typesetting, photo plotting, and image generation; forensic medicine, 

general and ophthalmic surgery; entertainment; holography; electro-optics research; 

and as an optical 'pumping' source for other lasers. The price ranges from about $500 

(surplus 100 mW) to $50 000 (multi-watt new) or more.  

6.4 Carbon dioxide lasers 

A discharge of CO2 excites the vibration and rotational modes of the molecules, and 

infrared microwave radiation is thus produced. A laser efficiency of about 30% can be 

achieved and it is possible to produce laser beams of 100 W or higher depending on the 

length of the laser tube used. 

Carbon dioxide (CO2) lasers appear either as small sealed tubes or as large open 

tubes with a gas-flow design. They work with various types of power supply, such as 

high voltage DC, RF, or electron beam. They emit IR radiation of 10.6 µm. The beam 

quality is high and the power ranges from a few watts to 100 kW or more.  

The applications of carbon dioxide (CO2) lasers are in industrial metal cutting, 

welding, heat treatment and annealing; marking of plastics, wood, and composites, and 

other material processing, and medicine, including surgery.  

6.5 Semiconductor lasers 

Semiconductor lasers have become very useful in many new technical applications. 

These are based on a semiconductor device called a PN-junction. If a PN junction is 

reverse-biased, there is a large resistance to the flow of electrons. This is the basis of a 

diode, where the electrons (and thus, electric current) practically only flow in one 

direction. However, if the voltage is large enough, the electrons are able to flow. The 

recombination of the atom and the electron releases the energy that the free electron 

possessed. This energy can be in the form of light and PN junctions can be designed so 

that photons with visible energies are emitted. A simple PN junction needs a large 

number of electrons to be injected to sustain lasing. Therefore, several PN junctions are 

often sandwiched between a material of different optical and electrical properties. 

A semiconductor laser diode appears as a 'chip' driven by a low voltage power 

supply. The optical feedback from a monitor photodiode (commonly in the same 

package as the laser diode) is generally used for precise regulation of laser diode 

current.  

Diode lasers mainly appear as red (635 nm, actually may appear slightly orange-red) 

through deep red (670 nm) and beyond, IR (780 nm, 800 nm, 900 nm, 1 550 nm) up to 

several  µm). Green and blue laser diodes have been produced in various research labs, 

but until recently, have only operated at liquid nitrogen temperatures and had a very 
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limited life-span (~100 hours or less), or both. However, recent developments suggest 

that long-lived room temperature blue and green diode lasers will be commercially 

available soon.  

The beam quality of diode lasers is not as good as those previously mentioned, but 

can be improved by good design. The raw beam is elliptical or wedge-shaped and 

astigmatic. Correction requires some external optics. Coherence length is anywhere 

from a few mm to many metres.  

The power of a single-diode laser is usually quite low – most commonly about 

1-5 mW, but special devices composed of an array of diode lasers up to 100 W are 

available. The low-power units cost around $15 while the special devices are more 

expensive – up to $10 000.  

Table 6-1.  Characteristics of some common types of lasers (ANSI Standard Z-136.1, 1-1993; ACGIH 

TLVs, 1995 Duchene, et al. 1991) 

 
Type of Laser 

 

Principal Wavelength 

nm 

Exposure limit 

 

Time interval 

 

Argon fluoride 193  3.0 mJ/cm2 8 h 

Xenon chloride 308 40 mJ/cm2 8 h 

Argon ion 488; 514.5  3.2 mW/cm2 0.1 s 

Copper vapour 510; 578 2.5 mW/cm2 0.25 s 

Helium-neon 632.8 1.8 mW/cm2 10 s 

Gold vapour 628  1.0 mW/cm2 10 s 

Krypton ion 568; 647 1.0 mW/cm2 10 s 

Neodymium-

YAG 

1 064; 1 334 

 

5.0 µJ/cm2 

5.0 mW/cm2

 

1 ns-50 µs 

10 s 

Carbon dioxide 6 000-10 000 100 mW/cm2 10 s-8 h Limited areas 

Carbon monoxide 5 000 10 mW/cm2 > 10 s Most of the body  

 

Applications of diode lasers are in CD players and CDROM drives, Laserdisc, 

Minidisc, other optical storage drives; laser printers and laser fax machines; laser 

pointers; sighting and alignment scopes; measurement equipment; high speed fibre 

optic and free space communication systems; pump source for other lasers; bar code 

and UPC scanners; high performance imagers and typesetters; and (mostly small) light 

shows. Many types of diode laser are not suitable for holography or interferometry if a 

high degree of coherence and stability are required.  

6.6 Biological effects 

The patho-physiological effects of optical radiation can be divided into a small 

number of categories depending on the section of the spectrum within the optical 
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radiation domain and the part of the body affected. Table 6-2 displays the effects of 

optical radiation on the eye and skin (Suess & Benwell-Morison, 1989). 

Table 6-2. Patho-physiological effects of optical radiation (Suess & Benwell-Morison, 1989) 

 
Photobiological Effects on: 

Spectral domain Eye Skin 

UVC (100-280 nm) 

 

Photokeratitis 

 

Erythematic (sunburn), skin 

cancer 

UVB (280-315 nm) 

 

 

Photokeratitis 

Photochemical cataract 

 

Increased pigmentation, 

sunburn, skin cancer, 

accelerated skin ageing 

UVA (315-400 nm) 

 

 

Photokeratitis 

Photochemical cataract 

 

Pigment darkening, sunburn, 

photosensitive reactions, skin 

cancer, accelerated skin ageing 

Visible (400-780 nm) 

 

 

Photochemical and thermal  

retinal injury 

 

Pigment darkening, 

photosensitive reactions, skin 

burns 

IRA (780-1 400 nm) Cataract, retinal burn Skin burn 

IR-B (1 400-3 000 nm) 

 

Corneal burn, aqueous flare, 

cataract 
Skin burn 

IR-C (3 000-1 000 000 nm) Corneal burn Skin burn 

 

When laser radiation hits the eye, it first penetrates the cornea and then the lens. 

These parts are transparent to light in the visual region 380-750 nm. Only a small part, 

about 5%, of the radiation that passes through the eye media is used for vision. The 

greater part of the radiation is absorbed in the pigment granules in the pigment 

epithelium and the choroids underlying the photoreceptors (the rods and cones). The 

absorbed energy converts to heat, which can cause tissue damage or retinal burns. 

The eye is normally adjusted to parallel incoming light that is focused on the 'yellow 

spot'. In such a case, if the eye is hit by highly parallel laser light, the intensity in focus 

can be extremely high. This can result in retinal burns followed by considerable loss of 

vision. The eye does not record any blinding effect or sensation of pain, which can be 

very dangerous. If the light from a high-power laser directly hits the eye, serious 

bleeding and tissue explosion can occur, which can lead to considerable damage. Laser 

light at the far end of the visual region and in the infrared region can cause both lenti-

cular and corneal damage. For the longer wavelengths, the IR damage mechanisms 

appear to be thermal. For example, a CO2 laser at a wavelength of 10.6 mm produces 

thermal damage in all materials containing water. 

There are at least three principal threshold mechanisms for retinal injury – thermo-

acoustic, thermal and photochemical. Each mode of injury is dominant in a particular 

time domain of pulse duration. Very short exposures, such as those from mode-locked 

and Q-switched lasers, probably result in a thermo-acoustic transient that accompanies 

the localised heating near the absorbing pigment granules. Somewhere in the domain 
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of 1 µs pulse duration, the acoustic transients no longer play a significant role and the 

principal process is that of thermal denaturation of complex organic molecules 

(although the pigment granules are still localised hot spots). 

The biological effects of lasers on the skin are less serious than on the eye because 

skin damage repairs and heals easily. Very intensive exposure can cause pigment to 

disappear and burns to appear. Certain pharmaceuticals and cosmetics might increase 

the sensitivity of the skin. 

Tables 6-3 and 6-4 display the exposure levels required to produce minimal 

reactions in human skin for some common laser types emitting laser light in the visible 

and IR regions.  

Table 6-3. Laser retinal injury thresholds (Suess & Benwell-Morison, 1989) 

 
  Exposure Limit (EL) 

Exposure duration 

 
 

s 

Minimal image  

Energy entering the eye 
 

J 

Extended source 

Retinal exposure 
 

nJ/m2 

10-9-10-5 2×10-7 (2×10-3)-(5×10-1) 

10-5-10 (2×10-7)-(2 × 10-3) 0.5 -10 

10-103 2×10-3 10 

103-(2.88×104) (8 h)  10-115 

 

Table 6-4. Minimal skin reaction levels for different types of laser 

 
Type of laser (wave length) 

 

Radiant exposure 

kJ/m2 

Exposure duration 

t 

Ruby laser (694.3 nm) 

 unpigmented skin 

 pigmented skin 

 

110-200 

22-69 

 

2.5 ms 

2.5 ms 

G-switched ruby laser (694.3 nm) 2.5-3.4 75 ns 

Argon laser (458-515 nm) 40-82 1 s 

Carbon dioxide laser (10.6 µm) 28 1 s 

Neodymium glass laser (1 060 nm) 460-780 1 s 

Q-switched Neodymium glass laser 

(1 064 nm) 

25-57 

 

75 ns 

 

Nitrogen laser (334 nm) 220 210 s 



 

 

 

68 Part 1: Fundamentals – Non-ionizing Radiation 

 

6.7 References 

ACGIH (1995) 1995-1996 Threshold Limit Values for Chemical Substances and Physical Agents and 

Biological Exposure Indices. American Conference of Governmental Industrial Hygienists (ACGIH), 

Cincinnati, Ohio 

ANSI (1993) Safety use of lasers, Standard No. Z-136.1 American National Standards Institute (ANSI), 

New York 

Duchéne, A. S. et al. (1991) IRPA Guidelines on Protection Against Non-Ionizing Radiation. Pergamon 

Press, New York 

Maiman, T. (2001) The Laser Odyssey, ISBN: 0-9702927-0-8, Laser Press 

Suess, M. J. & Benwell-Morison, D. A. (1989) Nonionizing radiation protection, 2nd 1992 edn, WHO, 

Regional office for Europe, Copenhagen 



 

 

7 Visible Light and UV Radiation 

Johan Moan 

7.1 Introduction 

The sun is the most important source of visible and ultraviolet (UV) radiation. Even 

though the distance from the sun to the Earth is large – about 150×10
6 

km – the fluence 

rate of solar radiation on Earth, the solar constant, is about 1
 
360 W/m

2
. Approxi-

mately 40% of this radiation is reflected back into space. The remaining 60% is the 

driving force of all life on Earth. A number of pigments have been developed by life to 

harvest solar energy: chlorophyll a (350-700 nm), phycoerythrin (45-580 nm), phyco-

cyanin (460-650 nm), bacteriochlorophyll a (750-850 nm) and bacterio-chlorophyll b 

(950-1 050 nm) are some of the most important ones. Furthermore, animals have 

developed visual pigments, the rhodopsins, to see light. By its action on DNA, UV 

radiation from the sun has induced mutations to speed up generation and development 

of new species. UV radiation acts positively and negatively on the human immune 

system, e.g. induces cancer and takes part in the production of vitamin D. 

This chapter reviews some of the basic facts about visible and UV solar radiation: 

spectra and their variations with the phases of the solar cycle, ozone level, time, 

latitude, altitude, albedo (reflection), and sky cover. Furthermore, scattering and 

absorption of optical radiation in the atmosphere and in human skin are discussed. 

Finally, there is a review of the action spectra for erythema, skin cancer of different 

types, effects on the human immune system and photoreactivation (light-induced repair 

of DNA damage). The biology of these phenomena will be dealt with in Chapter 31 

'Effects of UV Radiation and Visible Light'. 

7.2 The spectrum of the sun 

Visible light and infrared radiation constitute the major fraction of solar radiation 

reaching the atmosphere of the Earth (Fig. 7-1). Approximately 40 % of the radiation 

energy is visible light of wavelengths between 400 and 700 nm. Ultraviolet radiation is 

divided into different bands: Radiation of wavelengths between 200 nm and 280 nm is 

called UVC, radiation between 280 nm and 320 nm is called UVB, and between 320 

and 400 nm is called UVA. About 8% of the radiation energy reaching the Earth's 

atmosphere is within the UV spectrum. At sea level, about 6% of the radiation is UV 

radiation, about 50% is visible radiation and about 40% is infrared radiation. UVA 

is 10 to 100 times more abundant than UVB. UVC is practically absent, as it is 

absorbed in the atmosphere. Due to differences in scattering and absorption, the ratio 

of UVB to UVA depends on several factors: latitude, zenith angle, cloud-cover and 

thickness of the ozone layer. 
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Fig. 7-1.     A: Left panel: The spectrum of solar radiation, 1: outside the atmosphere and 2: at sea level. 

B: Right panel: The UVB and UVA region of the solar spectrum, 1: outside the atmosphere 

and 2: at sea level. The ratio of diffuse to direct radiation is also shown on the figure 

referring to the right-hand ordinate. The percentage of the radiation falling within the UVB, 

the UVA, the visible and the infrared region is given on top of the figure. Spectra for 

different ozone values are shown. 

7.3 Scattering and absorption in the atmosphere – Why are the 

skies blue? 

Scattering plays an important role in the penetration of solar radiation through the 

atmosphere, since it causes an increase of the path lengths of the photons and thus, 

makes absorption more likely. 

Essentially, atmospheric scattering can be classified as either Rayleigh scattering or 

Mie scattering. Nitrogen and oxygen molecules are much smaller than the wavelengths 

of UV and visible radiation and cause Rayleigh scattering. The probability that a 

photon will be scattered by an angle θ with respect to its initial path is:  

 

Is = K⋅ λ-4⋅ sin
2⋅ (π / 2 - θ)  (7-1) 

 

where K is a constant. Thus, the ratio of scattering of blue light (λ = 450 nm) to  

scattering of red light (λ = 600 nm) is (450/600)
-4 ≈ 3 and the ratio of scattering of 

UVB at 300 nm to that of UVA at 360 nm is (300/360)
-4

 ≈ 2. The ratio of diffuse to 

direct radiation decreases with increasing wavelength as shown in Fig. 7-1B. Rayleigh 

scattering explains why the clear sky is blue since 'blue' photons are more scattered 

than 'green', 'yellow' and 'red' ones. 
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With the sun at its zenith, about 10% of the total solar radiation and about 30% of 

UVB and UVA is diffuse. For a solar elevation angle of 20° about 20% of the total 

radiation, 70% of UVA and almost 80% of UVB, is diffuse. 

Water droplets (in clouds), aerosols and dust particles are much larger than the 

wavelengths of UV and visible light and scatter light independently of the wavelength 

like small mirrors. This so-called Mie scattering is predominantly forward scattering, 

in contrast to Rayleigh scattering, which is isotropic. The grey-white colour of the 

clouds is due to Mie scattering. The probability that a photon is scattered by a particle 

is maximal if the particle size is similar to the wavelength of the photon. 

7.4 Variations of the spectrum and fluence rate of solar 

radiation 

Variations of the fluence rate and of the spectrum of solar radiation 

reaching the atmosphere of the Earth 

The astronomical variations of the orbit of the Earth (of the tilt of the Earth's axis on 

the ecliptic, ((period 41 000 years), of the precession of the axis (period 22 000 years) 

and of the eccentricity (period 100 000 years)) are related to the periodic appearance of 

ice ages according to the Milankovitch theory, but such considerations are beyond the 

scope of this text. Of more significance are the variations of the solar energy exposure 

with the 11-year cycle of sunspot activity, the annual variation of the sun-Earth 

distance, the 27-day apparent rotation of the sun and occasional solar flares.  

 
Fig. 7-2. The annual exposure of UVA at about 360 nm (denoted CMM) and of UVB at about 310 

nm (denoted CIE) as functions of the latitude. 
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A number of phenomena, among them a periodic variation in skin cancer incidence 

rates and longevity of humans, have been related to the sunspot cycle. However, such 

'relationships' are usually mere coincidences. Thus, even though the solar irradiance 

varies over the solar cycle by a factor of 2 at 120 nm, with 10% at 200 nm and with 5% 

at 250 nm, it varies less than 1% at wavelengths relevant for life on Earth, i.e. 

wavelengths longer than 300 nm. This is far less than variations caused by cloud-cover 

and ozone.  

The sun-Earth distance is 3.4% smaller at perihelion on 3th January than at aphelion 

on 5
th

 July. Thus, the solar constant is 6.9% larger in the summer of the Southern 

Hemisphere than in the summer of the Northern Hemisphere. This may be just on the 

border of significance as far as skin cancer is concerned. 

Variations of UV fluences with latitude 

The annual fluence of UVB varies more with latitude than annual fluences of UVA 

and visible light. This is due to absorption of UVB by the ozone layer. The annual 

fluence of UVB radiation at 310 nm at 60°, 45° and 30° latitude are respectively 20%, 

40% and 65% of the annual fluence at the Equator (Fig. 7-2). The corresponding 

numbers for 60°, 45° and 30° latitude for UVA at 360 nm are 60%, 80% and 92%, 

respectively. 

Fig. 7-3. The relative annual variation of UVA and UVB at a latitude of 30°, and that of UVB at a 

latitude of 60°. An ozone depletion, similar to what has been observed in the Antarctic 

spring, leads to a peak marked Oz in the UVB curve. Snow doubles the UVB exposure. 

Fig. 7-3 shows how the daily UV exposure changes during the year at two 

latitudes, 30° and 60°. Due to absorption of UVB by the ozone layer, the annual 

variation of UVB is significantly larger than that of UVA. 
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For the same reason, UVB varies relatively more at high latitudes than at low 

latitudes. Furthermore, maximal ozone depletion, similar to that observed around the 

Antarctic region, leads to a large increase of UVB in the spring. So far, no such 

depletion has been observed in the Northern Hemisphere. If snow is present on the 

ground, UV exposure will be almost doubled (Fig. 7-3). 

Variations of UV fluence rates during the day – effect on sunburn 

Fig. 7-4 shows how UVA and UVB vary during a day in the middle of the summer 

at 50° latitude. The variation of UVB is more prominent than that of UVA. Thus, UVB 

is halved about 2.5 hours after noon, while UVA is halved about 4 hours after noon. 

In  the autumn, UVB varies more during the day than at midsummer and is halved 

about 2 hours after noon. 

Clouds have a strong influence on the fluence rates of visible light and UV 

radiation. Since scattering by air molecules increases with decreasing wavelengths, 

UVB is more scattered on a clear day than UVA and visible light. Therefore, the effect 

of clouds, which is added to the scattering by air molecules, is relatively larger for 

visible light and UVA than for UVB. The effect of a cloud passing the sun at about 

noon is demonstrated by the arrows (A for visible light and B for UVB) in Fig. 7-4. 

Since our eyes cannot 'see' UVB, it is impossible to evaluate the effect of clouds and 

hazy weather on the fluence rate of sunburn (erythemogenic) from UVB radiation 

without using spectrometers, filter instruments or chemical actinometers. 

 
Fig. 7-4. Relative variations of UVA and UVB during a day. For UVB the curves for July and October 

are significantly different, while for UVA the corresponding curves are almost overlapping. 

The effect of a small cloud covering the sun is much smaller for UVB than for UVA, as 

shown by the lines marked B and A. 
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The effects of altitude and reflection (albedo) on UV fluence rates 

The fluence rate of UV radiation changes with altitude. This is related to scattering 

by water vapour, dust particles and air molecules and to absorption by ozone. The 

increase is dependent on wavelength and solar elevation. For a solar elevation angle 

of 20°, the fluence rate of UVA increases by about 12% per 1 000 m and that of UVB 

at 305 nm by about 20%. For a solar elevation angle of 60°, the fluence rate of UVA 

increases by about 9% per 1 000 m and that of UVB by about 14%. The percentage of 

incident radiation reflected by different surfaces, the so-called albedo, is also slightly 

dependent on the wavelength. Snow reflects between 20 and 100% of all wavelengths 

(depending on whether the snow is dry, wet, new, old, dirty etc). Water reflects 6-12% 

of visible light and 4-7% of UVB and grassland reflects 15-30% of visible light but 

only 2-5% of UVB. The reflection by snow deserves special attention since it may lead 

to a prominent increase of the fluence rate of erythemogenic UVB radiation. In clear 

weather, snow with a surface albedo of 80% increases the fluence rate of UVB by a 

factor of 2 for a solar zenith angle of 45° (Fig. 7-5). On a cloudy day, the fluence rate 

of UVB may, under otherwise similar conditions, be increased by up to a factor of 4. 

 

 
Fig. 7-5. The fluence rate of UVB for a zenith angle of 45° as a function of surface albedo. The 

albedo plays a greater role on cloudy days than on clear days. Typical albedos for different 

surfaces are given on top of the figure. 
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Effects of the ozone layer 

 Ozone, O3, is produced when oxygen, O2, in the upper atmosphere absorbs UVC 

(λ < 245 nm). This absorption completely eliminates UVC from the solar radiation and 

dissociates oxygen molecules to oxygen atoms. When an oxygen atom reacts with an 

oxygen molecule, ozone is produced. More O3 is produced around the Equator than at 

high latitudes per unit volume of atmosphere. Nevertheless, because of atmospheric 

convection, there is more O3 at higher latitudes than at the Equator as Fig. 7-6 shows. 

O3 is measured in Dobson Units, DU. One DU unit corresponds to an ozone column 

of 0.01 mm. An O3 level of 300 DU means that if the O3 in a vertical column of the 

atmosphere is collected and brought to sea level at normal air pressure (101 kPa), the 

column of pure O3 would be 3 mm high. This small amount of O3 absorbs a large 

fraction of biologically damaging solar UVB radiation and is a protective shield for life 

on the Earth. Its absorption spectrum is located in the same spectral region as that of 

DNA. 
 

      
 

Fig. 7-6. The annual variation of the ozone layer at 60 °N, at the Equator and at Antarctica (top). The 

dotted curve indicates how the ozone level would vary if no depletion took place. The left 

lower part of the figure shows the ozone concentration as a function of altitude for no ozone 

depletion and for a depletion corresponding to what is observed over Antarctica in October. 

The right lower part of the figure shows the October ozone values for Antarctica for the 

period 1970-1986. 

Variations of the O3 layer and of UVB 

The fluctuations of the fluence rate of UVC reaching the upper atmosphere with the 

sunspot cycle (with 10% at 200 nm and 5% at 250 nm) cause a fluctuation of the ozone 

layer. This fluctuation is small, of the order of ±1% and the corresponding fluctuation 
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of the fluence rate of UVB is hardly observable since the average cloud-cover changes 

randomly from year to year. 

Additionally, there is a random variation of the ozone layer leading to a corre-

sponding random variation of the average annual UVB fluence. The latter O3 related 

fluctuation of UVB fluence amounts to about ±3%, while the annual fluctuation of 

UVB related to the average cloud-cover is significantly larger, of the order of ±10%. 

Degradation of ozone layer due to man-made activities 

Since about 1970, a significant decrease of the October values of O3 in the Antarctic 

region has been observed (Fig. 7-6). The transient depletion of O3 in October is related 

to an atmospheric low temperature at an altitude of 15-20 km combined with in-

creasing UV exposure at this time of the year. It is likely that the depletion is related 

to anthropogenic chlorofluorocarbons, CFCs. These molecules give rise to chlorine 

which catalyses the UV induced breakdown of O3 under conditions where small 

crystals of ice form in the troposphere between 15 and 20 km. These small crystals in 

the polar stratospheric clouds provide surfaces for heterogeneous photochemical 

reactions that release chlorine, Cl2, into the atmosphere from the reservoir species HCl 

and ClONO2. F-11 (CFCl3) and F-12 (CF2Cl2) used to be two of the major anthropo-

genic CFCs. The concentrations of these species in the atmosphere were increasing 

until quite recently. Their lifetimes in the atmosphere can range from years to decades. 

The concentration of substances containing chlorine in the atmosphere  increased 

from 0.6 ppb (0.6 parts per billion by volume) in 1960 to about 3.5 ppb in 1992 due to 

human activities. A few of the reactions involved in formation and degradation of O3 

are summarised in Fig. 7-7. CFCs produced at ground level are carried by atmospheric 

convection to high altitudes, above the O3 layer, where they are photolysed by UVC 

and halogen atoms are formed. As these atoms gradually enter the O3 layer, they 

catalyse O3 breakdown. Nitrogen oxides are also present in the atmosphere, partly as a 

result of human activities, and participate in recovering reactive chlorine back to its 

reservoir ClONO2: NO2 + ClO ⇒ ClONO2. 

Chlorine gas is dissociated photochemically to Cl atoms, which react with O3 and 

form ClO. Then dimers (Cl2O2) are formed and decomposed to Cl + Cl + O2. In this 

manner, each Cl atom can catalytically destroy of the order of 100 000 O3 molecules. 

The Arctic stratosphere is slightly warmer than the Antarctic stratosphere 

(Antarctica is a mountain area and a 'highland' while the Arctic is ice floating on 

water), and less polar stratospheric clouds are formed. Thus no significant O3 hole has 

been observed in the Arctic region so far. In the Antarctic region, the O3 layer can 

change quite fast and substantially. For instance, in Punta Arenas, the ozone level was 

about 210 DU on 15
th

 October 1994. On 16
th

 October, it was only 150 DU and 240 DU 

on 17
th

 October. 

When the O3 hole appears in the Antarctic spring (in October), the fluence rate of 

UVB rapidly increases to midsummer values, which are about double the normal 

spring values. In spring, after the long Antarctic winter, plants, fish and micro-
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organisms may be unprepared for high fluence rates of UVB. Protective substances, 

like carotenoids, may not have had time to be formed. It is too early to say if this will 

have serious adverse effects. 

 

 

 

 

 

Natural variations of the ozone layer 

Not all factors related to O3 depletion are related to human activities, however. 

Volcanic eruptions, like El Chichon in 1982 and Mt. Pinatabo in 1991 led to reductions 

of the O3 layer by about 20 DU the following year. 

As can be seen from Fig. 7-6, there is also some O3 in the lower atmosphere (the 

troposphere). With respect to UVB absorption, this tropospheric O3 plays a larger role 

than the figure indicates since the troposphere contains much larger concentrations of 

scattering elements (water vapour, dust, etc.) than the stratosphere. Thus, the photon 

path length per km of vertical distance is larger in the troposphere than in the 

stratosphere, and the absorption of UVB per concentration unit of O3 is larger there as 

well. Furthermore, in unclean air and in air containing large amounts of nitroxides, 

increased UVB fluence rates lead to increased O3 production. Because of its strong 

oxidative effect, O3 is poisonous to plants and animals. 

7.5 Artificial light sources 

Incandescent lamps, halogen lamps and fluorescent tubes are the most commonly 

used light sources in homes and work places. 

Fig. 7-7 Some of the reactions involved in the  

production and degradation of O3 in the 

atmosphere. 
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Incandescent lamps give practically no UV radiation, while halogen lamps operate 

at a higher temperature and give small fluence rates of UVA radiation. It has been 

speculated that these lamps might have a photocarcinogenic effect, but in view of their 

small fluence rates of UVA, the risk is probably negligible compared to the carcino-

genic effect solar exposure has on people. The same is true for common fluorescent 

tubes. These tubes contain mercury vapour, which gives a typical line spectrum when 

current is passed through it. The strongest lines are located at 254 nm, 313 nm, 

405 nm, 436 nm, 546 nm and 577 nm. The UV lines are partly filtered out by the glass 

of the tubes and partly converted to visible radiation with a broad spectrum by a 

fluorescent layer on the inner surface of the tubes. Some of the tubes that are intended 

to produce pure visible light give small yields of the mercury lines in the UV region. 

Different types of fluorescent layer give different emission spectra. Tubes for solaria 

emit mainly in the UVB and UVA region. Some years ago it was believed that 

exposure to UVA, leading to a given skin pigmentation, was less carcinogenic and 

erythemogenic than exposure to UVB leading to the same degree of pigmentation. 

Thus, a large number of UVA solaria came into use worldwide. However, all UVA 

solaria also contain some UVB and since UVB is much more potent than UVA in 

producing both pigmentation and erythema, the effect of UVA solaria is to a large 

extent a UVB effect. It should be kept in mind that recent research indicates that UVA 

may be more photocarcinogenic than earlier believed (see the action spectra given in 

Fig. 7-12). Generally, solaria contain less visible radiation than solar radiation. This 

may have an adverse effect since visible light removes some of the carcinogenic effect 

of UV radiation in a process called photoreactivation (see below). 

 
Fig. 7-8. Absorption spectra of some of the chromosphores in human tissue. 
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7.6 Penetration of light and UV radiation through human skin 

The penetration of UV radiation and light into human tissue is limited by scattering 

and absorption. Just as in the atmosphere, the scattering in tissue follows the rules for 

Mie scattering (cells, blood vessels, fibres, granules, etc.) and Rayleigh scattering 

(organelles, molecules). The main absorbers of visible light in tissue are haemoglobin 

and its degradation products, melanins, flavins and carotenoids. Aromatic amino acids 

and nucleic acids are absorbers in the UVB region. Fig. 7-8 shows the absorption 

spectra of some of these chromophores and Fig. 7-9 shows the wavelength dependency 

of the penetration depth of UV radiation and visible light into human tissue.  

Fig. 7-9. The penetration spectrum of light and UV radiation into human tissue. The scattering 

increases with decreasing wavelength. 

The penetration depth is defined as the distance into the tissue at which the space 

irradiance of a wide, parallel beam of radiation is reduced to e
-1

 of its value close to 

(below) the surface.  

 

Fig. 7-10. The absorption spectrum of water 
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Since the absorbing molecules are randomly oriented in biological, scattering media, 

the space irradiance determines the effect. Space irradiance is defined as the fluence 

rate falling on an infinitesimally small sphere from all angles divided by the cross 

section area of the sphere. 

Fig. 7-10 shows a curious feature in that the penetration spectrum of water: A 

window in the UV and visible range. This property of water has certainly played a 

great role in the development of life on Earth and in sustaining it. 

Fig. 7-11. An illustration of absorption and scattering in skin. The penetration depths for different 

wavelength regions are indicated. 

Fig. 7-11 indicates the penetration depths of UV and visible light into human skin. 

The main action of UVB is believed to take place in the epidermis and in the basal cell 

layer, while UVA can also have a dermal effect. About 5% of the radiation is reflected 

from the outer surface of the skin, i.e. from the dead layer called stratum corneum. The 

radiation coming back from the skin is composed of reflected radiation and radiation 

scattered in the epidermis and dermis, and is called remitted radiation. Some of the 

absorption characteristics of melanin and haemoglobin/oxyhaemoglobin contribute to 

the shape of the spectrum of the remitted radiation. Because of back-scattering, the 

space irradiance close to the surface of the tissue is larger than the fluence rate of the 

incident radiation. Radiation transfer in a scattering and absorbing medium is often 

approximated by the so-called Kubelka-Munk model. If the inward fluence rate, i.e. 

that in the direction of the incident radiation, is I, and the diffuse, back-scattered 

fluence rate is J, then: 

 

 dI  = (-KI - SI + SJ) dx (7-2) 

and  

-dJ = (-KJ - SJ + SI) dx (7-3) 
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where    S  is the scattering coefficient 

K  is the absorption coefficient 

x   is the distance into the tissue 

 

Solving these simultaneous differential equations gives: 

 

                        K / S = [(1 + R
 2 

- T
 2
) / 2R] - 1 (7-4) 

 

where R  is the remittance Jo / Io 

  T  is the transmission I / Io 

 

If K = 0, i.e. the tissue has no absorption, then: 

 

R + T = 1 (7-5) 

 

Eq. 7-5 indicates that no radiation is lost. 

 

For a thick sample, where T ≈ 0: 

 

K / S = (1 - R
 2
) / 2R (7-6) 

 

which means that the remittance of a thick sample depends only on the ratio of the 

absorption and scattering coefficient. 

Melanin plays the major role in penetration of UVB and UVA through the 

epidermis. Thus, the transmittance at 300 nm is 2-3 orders of magnitude larger for 

white epidermis than for the darkly pigmented epidermis. Thickening (hyperplasia) of 

the epidermis is one of the reactions of human epidermis to UV. For UVB, even mild 

hyperplasia plays a large protective role. However, for UVA and visible light, hyper-

plasia offers little protection compared to melanogenesis. Melanin is present through 

the entire epidermis. Negroid stratum corneum contains melanin particles, melano-

somes, while Caucasian, white stratum corneum contains only broken melanosomes, 

melanin 'dust'. This difference may be significant as far as the K/S ratio is concerned. 

Urocanic acid is present in the epidermis of all people. It has an absorption spectrum 

in the same spectral region as DNA and may play a protective role. Furthermore, it is 

believed that this substance is a main chromophore for UV effects on the immune 

system. 

Haemoglobin is present only in the vessels of the dermis, but one of its break-down 

products, the lipophilic substance bilirubin, binds to fat and is present in the whole 

skin, even in the stratum corneum. This is also true for ingested betacaroten. These 

substances may act in two ways: partly as sunscreens and partly as antioxidants. 

For Caucasian skin, the remittance is about 0.1 at 300 nm, 0.2 at 360 nm and about 

0.5 at 600 nm. The corresponding numbers for dark, Negroid skin are 0.02 at 300 nm, 

0.09 at 360 nm and 0.2 at 600 nm. 
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7.7 Action spectra 

The spectrum of solar light is wide. Radiation of different wavelengths contributes 

to different degrees in biological processes. Sometimes, it is difficult to identify the 

chromophores for a given process. The chromophore for a process can be defined as 

the molecule that absorbs the photon that initiates the process. For instance, in many 

plants, chlorophyll is the main chromophore for photosynthesis. 

Action spectra provide fundamental information about photobiological processes. 

Quantum yields 

The efficiency of a radiation-initiated process is given by the quantum yield φ. The 

quantum yield φ p for a process P can be defined as φ p = number of P-events taking 

place per absorbed photon. Usually, only one chromophore is involved. It is necessary 

to determine the number of photons absorbed by this chromophore. When dealing with 

scattering media, like skin or cell suspensions, the determination of absorption spectra 

can be quite complicated. Spectrometers with integrating spheres that collect a large 

fraction of the light transmitted by the sample, are frequently used. Otherwise, spectra 

can be estimated by use of ordinary spectrophotometers if equal and strongly scattering 

quartz plates are introduced behind both the sample cuvette and the reference cuvette. 

Thus, both sample and reference beams are scattered to almost the same extent and the 

scattering of the sample is 'drowned' in the scattering of the plates. 

Sometimes, it is of interest to determine the efficiency of a process per incident 

photon. This is the case when the chromophore is localised below an absorbing layer. 

Action spectroscopy 

The action spectrum for a process gives the wavelength dependency of its quantum 

yield. Conventionally, this is determined as follows: the sample is exposed to n(λ) 

photons at the wavelength λ to produce a given effect, for instance generation of a 

given concentration of a photoproduct. Then, the wavelength and the photon number 

are varied in such a way that the same effect is produced at all wavelengths. The action 

spectrum is then Φ(λ) = K/n(λ), where K is a constant. 

If only one chromophore is present and if this chromophore is in an unbound and 

monomeric state, the action spectrum will have a shape identical to that of the 

absorption spectrum of the chromophore. In samples with many absorbing molecules, 

action spectroscopy is a powerful tool in identifying the chromophore for the process 

of interest. For instance, this could be photosynthesis, generation of erythema, melano-

genesis, induction of skin cancer etc. If free monomeric chromophore molecules are 

present together with bound or aggregated molecules, the situation is more compli-

cated. Aggregated or bound molecules usually have distorted or shifted spectra as 

compared with monomeric molecules, but are usually less efficient in initiating 

photochemical processes. 
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Action spectra for some photobiological processes 

Action spectroscopy can give the answer to many important photobiological 

questions, such as: 

1. Is skin cancer due to UVA or UVB? 

2. Can a light source be constructed that gives skin pigmentation (melanogenesis) 

without any risk of inducing skin cancer? 

3. What light source should be used to stimulate vitamin D synthesis? 

4. What is an optimal spectrum for light therapy of infants with hyperbilirubi-

nemia? 

5. Do UVA solaria give a UVA or a UVB effect? 

6. Do such solaria contain enough visible light to photoreactivate DNA damage 

that can lead to skin cancer? 

The answers to some of these questions can be read from the action spectra sketched 

in Fig. 7-12. Since the action spectrum of melanogenesis is quite similar to that for 

erythema (in humans) and for non-melanoma skin-cancer in mice, it is likely that a 

given melanogenesis is accompanied by a given risk of sunburn and of non-melanoma 

  

 

 

 

 

 

 

 

 

Fig. 7-12. 
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skin cancer. The efficiency spectrum of a radiation source producing a given biological 

effect is constructed by multiplying the spectrum of the light source with the action 

spectrum for the effect, wavelength by wavelength, as demonstrated in Fig. 7-12. This 

data indicates that it is mainly the UVB fraction of the solar radiation that gives 

erythema, melanogenesis, vitamin D synthesis, and non-melanoma skin cancer, while 

melanoma is likely to be caused by UVA. 

Amplification factors 

Many photobiological processes are complex and not linearly dependent on the 

number of photons absorbed. Repair, oxygen depletion, photoninduced movement of 

chromophores, generation of protecting molecules and skin thickening (hyperplasia) 

are some of the complicating processes. It is then relevant to ask the question: If the 

number of incident photons is increased from n to n + ∆n, i.e. by a fraction ∆n/n, how 

large will the increase in the interesting effect be? For instance, if a population has a 

probability of R (per person and per year) of getting skin cancer when it is exposed to n 

UVB photons per year, what will the probability be if the number of photons is 

increased, for instance by ozone depletion, to n + ∆n? In this context, the biological 

amplification factor AB is introduced and defined by the equation: 

 

∆R / R = AB (∆n / n) (7-7) 

 

If AB is constant throughout the entire relevant range of photon numbers n, then: 

 

ln R = AB ln n + constant (7-8) 

 

This turns out to be a good approximation of the real relationship between incidence 

rates R and UV exposure n. For all skin cancer forms, AB is equal to about 2. 

If the ozone amount in the atmosphere decreases, the fluence rate of UVB will 

increase. The radiation amplification factor AR (by some authors called RAF) is 

defined by the equation: 

 

∆F / F = AR ∆C / C (7-9) 

  

where  F is the fluence rate of UVB 

C is the amount of ozone in the atmosphere 

 

AR is equal to about 1, and thus, if the ozone amount in the atmosphere decreases 

by 1%, the fluence rate of erythemogenic UVB radiation increases by about 1%. For 

practical purposes, a more complicated calculation needs to be performed. Instead of 

considering the UVB fluence rate F, the annual exposure of UVB n has to be 

calculated or measured. To study erythema, the action spectrum of erythema in the 
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determination of the annual exposure should be used, and to study skin cancer, the 

corresponding action spectrum should be used. 

A question often asked in the media is – 'how much will the incidence rate of skin 

cancer increase if the ozone amount (integrated over one year) is reduced by 1%?' 

The answer is given by the magnitude of the total amplification factor At = AB⋅AR. 

This follows directly from the equations above: 

 

∆R / R = AB  (∆n / n) = AB ⋅ AR (∆C / C) (7-10) 

 

Thus, an ozone depletion of 1% will result in an AB⋅AR = 2% increase of the 

incidence rates of skin cancer using the approximate numbers of AR and AB mentioned 

above. 
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8 Terrestrial (IR) Radiation 

Ingolf Kanestrøm 

8.1 Introduction 

The radiation from the Sun is described in Chapter 7 'Visible Light and UV 

radiation'. The solar radiation is however only one part of the Earth's radiation budget. 

Also, the solid Earth and the atmosphere emit radiation, so-called thermal radiation. 

The global climate of the Earth is controlled by the balance between the absorbed solar 

radiation and the emitted thermal radiation, but it is now possible to alter thermal 

radiation from the earth-atmosphere system and thereby, the climate.  

This chapter will review some of the main features of the thermal radiation field, the 

greenhouse effect and some consequences of potential climate changes.  

Fig. 8-1. The normalised blackbody emission spectra for the Sun (6 000 K) and Earth (255 K) as a 

function of wavelength (top). The fraction of radiation absorbed while passing from the 

surface to the top of the atmosphere as a function of wavelength (bottom) 

8.2 Radiation from the surface of the Earth 

An object that absorbs all radiation it receives is called a 'blackbody'. It also emits 

radiation, given uniquely as a function of wavelength and temperature by Planck's law. 

The temperature of the Sun's photosphere is approximately 6 000 K while the radiation 

temperature of the Earth is only 255 K. The Planck function of blackbody radiation 
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with temperatures 6 000 K and 255 K, respectively, are given in Fig. 8-1. Therefore 

these two curves can illustrate the emission spectra for the Sun and the Earth. Planck's 

law of blackbody radiation contains within it Wien's law of displacement, which states 

that the wavelength of maximum emission is inversely proportional to temperature. 

That is, the hotter the object, the higher the frequency and the shorter the wavelength of 

emitted radiation. As seen for terrestrial temperatures, the emission peaks around 10 

µm, while for the temperature of the Sun the emission peaks around 0.6 µm. The 

energy emission from both the Sun and Earth become negligible near 4 µm. Therefore, 

the wavelengths at which they emit are almost completely distinct for energetic 

purposes. Solar and terrestrial radiation can thus be spoken of as separate entities. In 

climatology, solar radiation is often called shortwave radiation and terrestrial radiation 

is called longwave or thermal radiation. 

The Stefan-Boltzmann law is an integral of Planck's law over all wavelengths and 

over all angles in a hemisphere, and expresses the strong dependence of energy 

emission E on temperature T:  E = σ⋅ T
 4

. 

8.3 Selective absorption and emission by atmospheric gases 

Over a long period of time, the earth obtains a balance of energy. If this were not so, 

planetary temperature would change. The energy balance is given by 

S / 4 (1 - α) = σ⋅ T
 4

 (8-1) 

 

where S is the solar constant (1 367 W/m
2
), α the planetary albedo (0.3) and σ the 

Stefan-Boltzmann constant (5.67×10
-8

 Wm
-2 

K
-4

). The factor '4' dividing the solar 

constant is the ratio of the global surface area of a sphere to the area of a circle of the 

same radius. The emission temperature of the Earth given by this equation is 255 K      

(-18 
o
C). This emission temperature is equal to the mean temperature of the moon, but 

much less than the observed global mean surface temperature of 287 K (14 
o
C). The 

explanation of this disparity is found in the different transmission properties of the 

atmosphere for terrestrial and solar radiation. As described in Chapter 7 'Visible Light 

and UV Radiation', the atmosphere is relatively transparent to solar radiation, whereas 

it is nearly opaque to terrestrial radiation. This is the fundamental reason behind the 

greenhouse effect. 

In deriving the law of blackbodies, it is necessary to postulate that the energy levels 

of a molecular oscillator are limited to a discrete set of values. The energy of a 

molecule can be stored in a vibrational, rotational, electronic, or translation form. A 

molecule in the atmosphere can absorb a photon only if the energy of the photon 

corresponds to the difference between the energy of two allowable states of the 

molecule. Each mode of energy storage in the molecule corresponds to a range of 

energies, with electronic transitions corresponding to the largest energy differences and 

rotational transitions corresponding to the smallest. Allowable transitions between 

energy levels of the molecule making up the atmosphere determine the radiation 

wavelength that will be efficiently absorbed and emitted by the atmosphere. If no 
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transitions correspond to the energy of the photon, it will stand a good chance of 

passing through the atmosphere without absorption. 

For terrestrial radiation, only the vibrational and rotational modes are of interest. 

For a molecule to have a pure rotational spectrum, it must possess a permanent dipole 

moment. Thus, homonuclear diatomic (e.g. N2 and O2) and symmetric linear molecules 

are rotationally inactive. For vibrational transitions, the molecule must undergo a 

change in dipole strength or dipole direction due to the vibration. Therefore, as for 

rotational motion, homonuclear molecules as N2 and O2 do not exhibit electric-dipole 

vibration spectra. Dry atmospheric air is composed mostly of N2 (78.08%), 

O2  (20.95%) and Ar (0.93%). The atmospheric gases that are important for the 

absorption and emission of radiant thermal energy comprise less than 1% of the 

atmospheric mass. These include water vapour, carbon dioxide, ozone, methane, 

nitrous oxide and CFC-gasses. The fraction of radiation absorbed by these gases while 

passing from the surface to the top of the atmosphere as a function of the wavelength 

is  given in Fig. 8-1. For thermal radiation, the absorption is rather weak, in the 

interval 8-13 µm except for a narrow band due to ozone. This interval is called the 

'atmospheric window'. If a substance is not a blackbody, the emissivity ε is defined as 

the ratio of the emission E from the body to the intensity of radiation from a blackbody 

at the same temperature, leading to E = ε⋅ σ⋅ T
 4
. If ε is independent of wavelength λ, 

the body is galled a grey body. 

8.4 The greenhouse effect 

The greenhouse effect can be illustrated with a very simple energy balance model 

used to define the emission temperature. Since solar radiation is mostly visible and 

near-infrared, and the earth emits primarily thermal infrared radiation, the atmosphere 

may affect solar and terrestrial radiation very differently. The atmosphere that is 

assumed to be a grey body for terrestrial radiation, but is transparent to solar radiation, 

is incorporated into the global energy balance, Fig. 8-2. The surface is considered a 

blackbody. The energy balance for the surface and the atmosphere is than given by: 

 

 

ε⋅ σ⋅ TS
4
 = 2⋅ ε⋅ σ⋅ Tg

4
                (8-3) 

 

From these equations, the following is obtained: 
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For ε = 0, TS = 255 K is obtained, the same result as for the Earth without 

atmosphere. If the atmosphere behaves as a blackbody, ε = 1. In this case, the surface 

temperature becomes 303 K (30 
o
C). This is too high a temperature. However, as 

Fig. 8-1 illustrates, the atmosphere is not a perfect blackbody as is seen by the 

atmospheric window. By choosing ε = 0.77 (i.e. 23% of the radiation from the surface 

penetrate through the atmosphere), the surface temperature will be equal to 288 K 

(14 
o
C) as observed. As the concentration of greenhouse gases in the atmosphere 

increases, the temperature will increase. This increase in temperature is necessary in 

order to obtain radiation balance of the atmosphere-earth system. However, as seen 

from the energy equations, the global albedo is also of importance. In order to compare 

the effect of the different greenhouse gases, albedo and cloud cover on the amount of 

thermal radiation absorbed and emitted by the atmosphere, a quantity called radiative 

forcing is introduced. This radiative forcing in W/m
2
 indicates the overall effect due to 

each change in the thermal radiation stream leaving the top of the atmosphere.  

It is often convenient to make calculations of the greenhouse effect assuming that 

carbon dioxide is the only greenhouse gas. Because of this, it may be useful to convert 

the other greenhouse gases to equivalent amounts of carbon dioxide; in other words, to 

the amount of carbon dioxide that gives the same radiative forcing. For instance, the 

increases in all the greenhouse gases to date are equivalent to an increase of little more 

than 50% in carbon dioxide. 

Fig. 8-2. Diagram of the energy fluxes for a planet with an atmosphere that is transparent for solar 

radiation but is a gray body for terrestrial radiation 
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8.5 Anthropogenic climate change 

Any factor altering the radiation received from the Sun or lost to space, or any factor 

that alters the redistribution of energy within the atmosphere and between the 

atmosphere, the land and the ocean, will affect climate. Increases in the concentration 

of greenhouse gases will reduce the efficiency with which the Earth cools to space and 

will tend to warm the lower atmosphere and surface. The degree of warming depends 

on the size of the increase in concentration of each gas, the radiative properties of the 

gases involved, and the concentration of other greenhouse gases already present in the 

atmosphere. It also can depend on local effects such as the variation with height of the 

concentrations of the greenhouse gas, a consideration that may be particularly germane 

to water vapour, which is not uniformly mixed throughout the atmosphere. The effect 

is not a simple one and the radiation balance depends on many aspects of the climate 

system. 

Fig. 8-3. Total anthropogenic CO2 emissions scenarios (top) and the resulting atmospheric CO2 

concentrations calculated using a carbon cycle model (bottom). A through F represent 

six different scenarios used in global climate models to estimate the climate response 

(IPCC, 1992).  

Aerosols and sulphates derived from emissions from industry and other sources can 

absorb and reflect radiation. Moreover, changes in aerosol concentrations can alter 
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cloud reflectivity through their effect on cloud properties. In most cases, aerosols tend 

to cool climate. In general, they have a much shorter lifetime than greenhouse gases so 

their concentrations respond much more quickly to changes in emissions. Any change 

in the radiation balance of the Earth will tend to alter the temperature and the 

associated circulation and weather patterns. The climate also varies naturally on all 

time-scales due to both external and internal factors. To distinguish anthropogenic 

climate variations from those natural changes, it is necessary to identify the anthropo-

genic signal against the background noise of natural climate variability.  

A necessary starting point for the prediction of changes in climate due to increases 

in greenhouse gases and aerosols is an estimate of their future concentrations. This 

requires a knowledge of both the strengths of their sources and the mechanisms of 

their eventual removal from the atmosphere. The projections of future concentrations 

can then be used in climate models to calculate the climate response. The Inter-

governmental Panel on Climate Change (IPCC, 1992) has worked out six alternative 

scenarios for net greenhouse precursor emissions for the next 100 years. Scenario 

outputs are not predictions of the future and should nor be used as such. They illustrate 

the effect of a wide range of economic, demographic and policy assumptions. They are 

inherently controversial because they reflect different views of the future. Confidence 

in scenarios decreases as the time horizon increases since the basis for the underlying 

assumptions becomes more uncertain; uncertainties surrounding the evolution of 

human activities, technological advances and human responses to possible environ-

mental and economic constraints. 

The six scenarios for carbon emission and corresponding carbon dioxide 

concentration in the atmosphere are shown in Fig. 8-3. Scenario A is perhaps the most 

realistic one. The scenarios are used in global climate models to estimate the climate 

response. These calculations have increased our understanding of climate change. The 

direct radiative forcing of the long-lived greenhouse gases has increased by 2.45 W/m
2
 

since about 1750. Global mean surface temperature has increased by between 0.3 

and 0.6 °C since the late 19
th

 century. Recent years have been among the warmest 

since 1860 despite the cooling effects of Mt. Pinatubo's volcanic eruptions. Night-time 

temperatures over land have generally increased more than daytime temperatures. 

Global sea level has risen by between 10 and 25 cm over the past 100 years, and much 

of the rise may be related to the increase in global mean temperature. 

The climate is expected to continue to change in the future.  

• The models indicate an increase in global mean surface temperature relative 

to 1990 of 2 °C by 2100, with 1 °C as a low value and 3.5 °C as a high one. 

• Average sea level is expected to rise as a result of thermal expansion of the oceans 

and melting of glaciers. Models predict an increase of about 50 cm from the present 

to 2100, with 15 and 95 cm as a low and high value, respectively. 

• All model simulations show the following features: greater surface warming of the 

land than of the sea in winter, maximum surface warming at high northern latitudes 

in winter, little surface warming over the Arctic in summer, an enhanced global 
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mean hydrological cycle (evaporation and precipitation) and increased precipitation 

and soil moisture at high latitudes in winter. 

• Most simulations show a reduction in the strength of the North Atlantic thermo-

haline circulation and a widespread reduction in diurnal range of temperature. 

• A general warming is expected to lead to an increase in the occurrence of 

extremely hot days and a decrease in the occurrence of extremely cold days 

• Warmer temperatures affect the prospects of more severe droughts and/or floods in 

some places and less severe droughts and/or floods in other places. Knowledge is 

currently insufficient to say whether there will be any changes in the occurrence or 

geographical distribution of severe storms. 

• Sustained rapid climate change could shift the competitive balance among different 

species and even lead to forest fallback. 

• The direct and indirect effects of anthropogenic aerosols have an important effect 

on the projections. Generally, the magnitudes of the temperature and precipitation 

changes are smaller when aerosol effects are represented, especially in northern 

mid-latitudes. The cooling effect of aerosols is not a simple offset to warming 

effect of greenhouse gases, but significantly affects some of the continental scale 

patterns of climate change, most noticeably in the summer hemisphere. 

8.6 Further reading 

IPCC (1992) Climate Change 1992 -The Supplementary Report to the IPCC Scientific Assessment, J.T. 
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Jones, P. D. et al. (1999) Surface air temperature and its change over the past 150 years. Reviews of 
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9 Microwaves and Radiofrequency Fields 

Bertil R. R. Persson 

9.1 Physical aspects 

In recent years, there has been an increase in the use of equipment that produces non-

ionizing radiant energy in the form of microwaves and radiofrequency radiation. The 

approaches and ideas used in the development of protection guidelines for non-ionizing 

radiation have evolved over the past quarter of a century. For electromagnetic non-

ionizing radiation, the ability to generate heat and thus, the incident power density, was 

first used in exposure limitation. However, more recent exposure limits are based on 

consideration of the relationship between physiological heath effects and the 

magnitude of the whole-body average specific absorption rate and induction of 

electrical current densities in the body. However, non-thermal effects at subcellular and 

molecular levels are still not considered when setting protection standards. 

The ranges of frequencies, wavelengths and photon energy of the various bands of 

microwaves and radiofrequency radiation are given in Table 9-1. 

 Microwaves and radiofrequency fields are electromagnetic radiation physically 

defined by the perpendicularly oscillating electric field vector, E  and the magnetic 

field vector H . The electric field at a point in space is defined as the force, F  which 

would act upon a unit-charge e at that point. At the same point, the charge q = n⋅ e [As] 

would be influenced by an electrostatic force proportional to the electric field. 

Table 9-1. Ranges of frequencies, wavelengths and energies for microwaves and radiofrequency 

radiation 

 

Type of electromagnetic field 

 

Frequency 

range 

Wavelength 

 

Energy 

per photon 

Microwaves: GHz mm µeV 

EHF-extremely high frequency  300-30 1-10  1 240-124  

SHF-super-high frequency 30-3 10-100  124-12.4 

UHF-ultra-high-frequency
1)

 3-0.3 100-1 000  12.4-1.24  

Radio frequency RF: MHz m neV 

VHF-very high frequency
 2)

 300-30 1-10 1 240-124 

HF-high frequency
3)

 30-3 10-100 124-12.4 

MF-medium frequency
4)

  3-0.3 100-10
3
 12.4-1.24 

LH-low frequency 
4)

  0.3-0.03 10
3
-10

4
 1.24-0.124 

 

 

 1)
 Television, 

2) 
FM broadcasting, 

3) 
Short wave communication, 

4)
 AM broadcasting 
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The quantity of the magnetic field is denoted H and its unit, [A/m]. Since biological 

material usually is considered non-magnetic, the magnetic flux density B may also be 

used as a measure of magnetic fields. The magnetic flux density B, in the unit tesla (T), 

is simply the magnetic field H [A/m] multiplied by the magnetic permeability constant 

µ (µ = 4π⋅ 10 
-7

 Vs/Am in vacuum). 

According to Faraday's law, an electro-motoric force, emf, is generated in a subject 

exposed to time varying magnetic flux. Ampère's law shows that the converse is also 

true. A time varying electric field always produces (induces) a magnetic field.  

To determine the fields and power densities in tissue, it is necessary to use the 

material, macroscopic parameters of tissue. Tissue is considered non-magnetic so µ, 

the relative permeability, is set equal to 1. The permittivity ε (or relative dielectric 

constant) is a function of frequency and type of tissue. At the microwave frequencies of 

interest here (1 to 2 GHz), ε is of the order of 50 for wet tissues like brain matter, and a 

factor of ten smaller for tissues like fat and bone. The other important parameter is the 

conductivity σ, which is of the order of 0.2-1 S/m (siemens per metre) for wet tissue. 

Details about the biophysical processes behind the macroscopic parameters will not be 

dealt with in detail. The relevant information is that they are macroscopic and usually, 

the effect of several processes, e.g. dielectric relaxation.  

When calculating the effect of both the permittivity and the conductivity, it is 

customary to combine them into one complex parameter – the complex, relative 

permittivity that is used in Maxwell's equations: 
 

0

c ε 
σ

jεε
ϖ

−=  (9-1) 

 

in which ϖ = 2π⋅ f is the angular frequency, and εo is a constant, 1 / (36⋅π) 10
-9

 As/Vm. 

As an example, at 1 GHz, the value for brain matter is: 

 

 εc = 35 - j⋅ 14.4 (9-2) 

 

The perpendicularly oscillating electric and magnetic fields of the electromagnetic 

radiation interact with the electrical charges and dipoles in biological tissue and lead to 

forces acting on molecules and biological structures. 

The velocity of an electromagnetic wave through a certain medium depends on the 

electrical and magnetic properties of the medium. The electrical properties are 

described by the electric conductivity, σ and the relative permittivity or dielectricity 

constant, ε 
', which is the ratio between the capacity of a capacitor filled with the 

medium in question in a vacuum. The absolute dielectricity constant ε0 is given in 

faraday per metre by the following expression: 

 

[F/m] 108.85[As/Vm]  
1036π

1ε 12

90

−

−
⋅≈

⋅
≈  (9-3) 
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The magnetic properties are described by the magnetic conductivity given by the 

relative permeability µ' = µ / µ0. Iron has a high value of µ' and thus, it has a high 

conductivity for magnetic fields. 

In a medium not bound by conductors, the power density, S , is the vector product 

of the electric field, E , and the magnetic field, H , – the so-called 'Poynting's vector'. 

The propagation of electromagnetic waves in a medium depends on the dielectricity 

constant ε and the permeability constant µ. 

Specific Absorption Rate, SAR 

The basic dosimetric quantity used in international safety standards for microwaves 

is the 'Specific Absorption Rate', which expresses the time rate of change of the energy 

in a volume element of given density ρ (EEE, 1991). 

In electromagnetic terms, the time rate of change of energy per volume equals the 

power density, so: 

 

ρ
Eσ

SAR

2

rms
=  (9-4) 

 

where |Erms|
2
 is the square of the 'root mean square' value of the local electrical 

    field  

σ is the conductivity 

ρ is the density of the tissue 

 

The SAR idea is important for several reasons. It is the source term for the thermal 

equations and at the beginning of the exposure, the temperature rises with time with a 

rise time proportional to SAR. Thus, the steady state temperature is determined by heat 

conduction and blood flow. The SAR values also form the basis of most recommen-

dations for limiting exposure since animal experiments have shown that there is a 

biological response above a certain SAR value. Present safety standards reflect the 

view that SAR averaged appropriately over time and space is a reasonable measure of 

biological impact.  

SAR calculation in tissue 

The local SAR distribution depends on the local distribution of tissues with various 

electrical properties (muscle or fat) and with sex, age and time. The spatial peak SAR 

values also depend on the local anatomy and the direction of the incident fields. Small 

shifts of the source parallel to the surface of body can result in enlarged variations of 

the spatial peak SAR.  

The two parameters that determine the SAR distribution to the greatest degree are 

the actual current distribution on the device and the distance of these currents from the 

tissue. 
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9.2 Biological interaction of RF radiation and microwaves – 

thermal and non-thermal effects 

Introduction 

Microwaves and radiofrequency electromagnetic fields interact with human and 

other biological systems through direct and indirect pathways. The most significant 

interaction mechanism is through the electric currents induced in tissues. The bio-

logical effects are dependent on frequency, wave shape, and intensity. For frequencies 

below 100 kHz, interaction with the nervous system is of interest because of the 

increased sensitivity to induced currents. Above 100 kHz, the nervous system becomes 

less sensitive to direct stimulation by electromagnetic fields and the induction of heat 

becomes the major mechanism of interaction. 

There is evidence from a number of studies that weak-field interactions also exist. 

Different mechanisms for such interactions have been postulated, but the precise 

mechanism(s) has not yet been elucidated. These weak field interactions result from 

exposure to RF fields amplitude modulated at lower frequencies. 

Electrical charges are induced in metallic objects in an electromagnetic field. If a 

human body comes in contact with the object, a discharge occurs that can cause local 

current densities able to shock and burn. Such indirect effects are important at 

frequencies below 100 MHz (Suess & Benwell-Morison, 1989). 

Thermal effects of EM-power absorption in man 

Thermal effects produced by microwave energy absorption in biological tissues are 

principally of two types: 

• High energy density effects essentially consisting of a temperature increase in 

the irradiated tissues and low average energy. There is a great deal of literature 

on this subject. 

• High peak power density effects with a negligible, but rapid, tissue temperature 

rise. The most interesting and widely recognised physiological effect in this 

group is the microwave-induced auditory effect. 

 

An increase of 0.5 °C in core temperature is within the normal variation of human 

body temperature between sleeping and maximal level of daily physical activity. Thus, 

no adverse biological effect is expected through rises in core temperature below 0.5 °C 

and no effects have been reported on reproduction, foetal weight, growth, 

development, haematological and immunological aspects, hormone levels, and clinical 

blood chemistry.  

Cardiovascular changes and increased courteous blood flow with accompanying 

increase in courteous blood volume may occur. This is associated with increasing heart 
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rates up to about 120-180 beats per minute, as well with changes in blood pressure and 

peri-vascular resistance. Occurrences of tachyarrythmia, ventricle arrhythmia, and pre-

mature ventricle contraction (PVC) have been reported as a result of clinical whole-

body hyperthermia.  

Most animal data indicates that implantation and development of the embryo and 

foetus are unlikely to be affected by exposures that increase maternal body 

temperatures by less than 1°C. However, adverse effects, such as growth retardation 

and postnatal changes in behaviour, may occur at higher temperature increases. 

Many of the biological effects of acute exposure to electromagnetic fields are 

consistent with responses to induced heating, resulting in rises in tissue or body 

temperature of about 1°C or more. Most responses have been reported at specific 

absorption rates, SARs, above about 1-2 W/kg in different animal species exposed 

under various environmental conditions. 

When human volunteers are exposed to SARs of 4 W/kg for 15-20 minutes, 

their  average body temperature rises by 0.2-0.5 °C, which is quite acceptable in 

healthy  people. Thus, an occupational guideline of 0.4 W/kg SAR leaves a margin of 

protection against complications due to unfavourable thermal conditions (Suess & 

Benwell-Morison, 1989).  

Microwave hearing 

When human subjects are exposed to rectangular pulses of microwave radiation 

with a low average power density, a sound is perceived, apparently originating from 

within or behind the head. Many investigators who are trying to identify the 

responsible mechanisms have attempted to understand the effect using physical and 

physiological considerations. The thermoelastic expansion of brain tissue has been 

shown to be the most effective mechanism in explaining the microwave hearing 

phenomenon, being three orders of magnitude greater than the other possible 

mechanisms (Lin, 1977a). A quantitative analysis has been made of the acoustic 

signals generated in spherical brain models exposed to microwave pulses. This shows 

that very low (~5×10
-6

 °C), but rapid (~10 ps) rises, of temperature induced in the brain 

by microwave energy absorption create thermoelastic expansion of the brain matter 

that consequently launches an acoustic wave of pressure (Lin, 1977a; Lin, 1977b). The 

theory also shows that there are an infinite number of resonant frequencies 

corresponding to the different vibration modes of the spherical brain. It also describes 

the acoustic waves (frequency, pressure and radial displacement) as functions of the 

head size and the incident wave characteristics. 

Direct measurements carried out on mammalian brains irradiated with pulsed 

microwaves confirm the theoretical predictions for the first fundamental frequencies of 

vibration while higher order vibrations deviate from the predictions based on the 

homogeneous model of the head. Olsen and Lin assumed that the skull, as a thin shell 

of spherical form around the brain, could contribute to the modification of the higher 

frequency vibration (Olsen & Lin, 1983).  
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Thermal calculations in the eye 

Within the head, the lenses of the eyes have been considered to be particularly 

vulnerable to thermal loading since they do not have any blood supply and therefore, 

have limited abilites to dissipate heat. An investigation of microwave-induced cataracts 

in rabbits' eyes showed that sustained hyperthermia with temperature rises greater 

than 41 °C was required to induce cataracts (Kramar et al., 1975; Kramar et al., 1976).  

 Potentially, cataract induction is the most irreversible effect of microwave or 

RF  radiation exposure on human beings. Cataract induction has been reported as 

attributable to microwave exposures, principally in occupational conditions in which 

workers were presumably acutely exposed to high-intensity fields. 

Studies on the acute exposure of rabbits' eyes suggest the existence of a threshold 

power density to produce cataracts of approximately 1 500 W/m
2 for at least 1 hour. 

The possibility of a cumulative effect of repeated sub-threshold exposure leading to the 

development of a cataract has also been examined. Cataracts were not induced in 

rabbits exposed at 100 W/m
2
 for 6 months, or in primates exposed at 1-5 kW/m

2 for 

more than 3 months (Suess & Benwell-Morison, 1989). 

Non-thermal effects of EM-power absorption in man 

The effects of pulsed field with high peak-intensity, but low average power, 

constitute the logical link between thermal and non-thermal effects. The microwave 

auditory effect is recognised as a low-level thermal effect since the primary and most 

effective transduction event is the energy absorption and consequent very rapid rise of 

temperature. However, transient fields with low average energy, but very high peak 

power, may be expected to interact with biological materials inducing local fields at a 

microscopic level, giving rise to a series of essentially non-thermal consequences such 

as those discussed in the following paragraphs. 

There is a growing body of data from studies indicating that ELF and RF fields 

interact with various biological systems at energy levels significantly lower than those 

needed for the stimulation of excitable tissues or for thermal interaction. Several 

mechanisms of interaction with biological tissue have been hypothesised, but still need 

further development and testing. Some of the hypotheses are given below. Although 

they are sometimes only described for ELF or RF, they are usually valid for EMF in 

general. 

 The possibility that exposure to microwave or RF radiation might influence the 

process of carcinogenesis is a particular concern. So far, there is no definitive evidence 

that irradiation does have an effect. Most animal data suggests that low RF exposures 

will not result in somatic mutation or have hereditary effects.  

Table 9-2 displays some non-thermal biological effects of EM-fields observed in 

various biological systems of differing complexity. The cell is the primary site of 

interaction with electromagnetic fields with alterations of the cell's behaviour in terms 

of changes in its structure, in its response to electrical or chemical stimuli and in the 

cellular capacity for growing or growth. 
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The effects at more complex biological levels can almost always be related to 

structural modifications or alterations of the communication processes between the 

cells that form the biological system or control the organ. On the other hand, the cell's 

capacity for integration and interpretation of biochemical signals transfer some 

molecular alterations to cellular level. 

 Attenuation of microwave fields in biological fluids is dominated by the ubiquitous 

presence of water, which shields lattice vibrations and hydrogen-bonded bridgeheads. 

This results in a broad band attenuation spectrum with no resonant absorption in 

biological fluid at frequencies below 3 000 MHz. 

Table 9-2. Non-thermal biological effects of electromagnetic fields, EM-fields, of various frequencies 

seen at various biological levels of organization. 

Biological level Biological effect Frequency range 

Man   

 

Spark discharge perception nerve excitation by 

induction microwave hearing neurasthenic syndrome  

50 Hz 

MHz-GHz 

Entire body 

morphological 

and physiological 

effects 

 

 

 

Peripheral nerve function and synaptic transmission in 

rat. EEG changes in rabbit. Cloudy swelling 

vacuolisation brain 

Teratogenic effects: – reduced or retarded gains of body 

mass – but few specific abnormalities 

Cardiovascular, immune, endocrine and behavioural 

effects. 

50 Hz  

MHz-GHz 

2 450 MHz  

 

 

 

Organ 

 

 

 

 

Ca
2+

 efflux in chicken and cat brains. Bradycardia rat 

heart endocrine function: increased adrenocorticotrophic 

secretion – decreased thyrotrophic secretion – decreased 

GH secretion.  

Effects on heart, brain, and liver 

50 Hz  

MHz-GHz  

2 450 MHz  

 

 

Cellular   

 

 

On-off signals in frog retinal cells. Nerve cell fatigue. 

Nerve-muscle osmotically available water. 

Effect on lymphocytes 

 50 Hz  

 MHz-GHz  

 

Molecular 

 

Biochemical reactions, conformational changes. 

Effects on ODC activity and polyamine levels 

50 Hz  

MHz-GHz  

 900, 2 450 MHz 

 

 Ornithine decarboxylase, ODC, catalyses the first and usually, rate-limiting step in 

the biosynthesis of the polyamines putrescine, spermidine and spermine, which are 

important cellular constituents involved in the regulation of cell growth and differen-

tiation. Induction of ODC is strongly associated with cell growth and it has been 

suggested that the enzyme plays an important role in tumour promotion. Another field 

that has evoked much general interest is the role of increased ODC activity and 

enhanced polyamine biosynthesis in response to development of neuronal damage.  
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Table 9-3. Estimates of biological effects of electromagnetic RF-radiation at different SAR-levels 

(W/kg) 

 

SAR-level 

W/kg 
Type of biological effect expected at reported SAR level 

100 

 

 

 

Threshold power density to produce cataract is approximately 1 500 W/m
2 for at 

least 1 h corresponding to about 100 W/kg. Increased embryonic and foetal 

resorptions, birth defects, postnatal weight decrements and reduced survival upon 

re-irradiation of the offspring of mice exposed during pregnancy. 

50 (45) 

 

 

 

No mutation in bacteria. No enzyme effects. No change in lymphocyte 

transformation. Increased K
+
-efflux and Na

+
-influx. Intact mammalian systems 

are affected. Increased response of the immune system. No effects on postnatal 

survival, adult body weight or longevity. 

10-6 

 

Cataracts were not induced in rabbits exposed at 100 W/m
2
 for 6 months, or in 

primates exposed at 1-5 kW/m
2 for over 3 month. 

7 Threshold at 7 W/kg for the increased firing rate of Aplysia pacemaker neurones. 

< 6 

 

 

Gray area: 'effects' with inconsistent results (90% of 'effects' involve behavioural, 

haematological or immunological elements, CNS structure and/or function, or 

hormone levels). 

4 

 

 

When human volunteers are exposed to SARs of 4 W/kg for 15-20 min, their 

average body temperature rises by 0.2-0.5 °C, which is acceptable in healthy 

individuals. 

0.8-0.3 Onset of thermo-regulatory response at 25% of resting metabolic-rate (RMR) 

< 0.4 Occupational limit, not likely to be associated with change in health status. 

0.08 Safety limit recommended for the public in general. 

 

Litovitz et al. (1993) examined the modulation-frequency dependence of the 

enzyme activity ODC, which is essential for cell growth and DNA synthesis. They 

exposed fibroblasts for 915 MHz fields and did not find any enhanced activity when 

switching the modulation frequency from 55 to 65 Hz every second, but enhanced 

ODC activity with a switching time of 10 s or longer. The effects of GSM-900 

modulated microwaves on ODC activity and polyamine levels in various tissues of 

mice and rats have also been studied (Persson, et al., 2000). 

Table 9-3 shows the relationship between measured or estimated SARs and reported 

effects. Experiments on rabbits show that the energy absorption in the eye needed to 

cause cataracts is about 100 W/kg, resulting in a temperature rise of several degrees 

(Kramar et al., 1976). Values near 100 W/kg in mammalian systems are associated 

with effects such as increased embryonic and foetal resorptions, birth defects, postnatal 

weight decrements, and reduced survival upon re-irradiation of the offspring of mice 

exposed during pregnancy (O'Connor 1980).
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Other studies report that the human red blood cells exhibit increased electro-

phoretic mobility, K
+
 efflux, Na

+
 influx, and hydrogen exchange at SARs between 10 

and 45 W/kg. A threshold at 7 W/kg for the increased firing rate of Aplysia pacemaker 

neurones has been observed.  

Biological effects at SAR levels below 10 W/kg can be arranged in two groups – 

'observed effects' and 'no effects'. Almost all the 'no effects' data found in the literature 

are associated with SARs of less than 6 W/kg regardless of species, exposure duration 

or mode of exposure. This might indicate a point at about 6 W/kg above which, bio-

logical effects are more likely.  

However, recent findings indicate that there might be non-thermal effects at the sub-

cellular and molecular level (DNA). There is still no proof that these effects are 

associated with adverse health. 

Non-thermal interaction between EM-fields and tissue 

Several theoretical studies have been developed in order to identify the basic 

mechanisms underlying the interaction of weak fields with biological matter, especially 

with cells. A comparison between the quantum of energy associated with the EM field 

(even in the mm-range) and the energy associated with bonds between particles in 

biological materials shows that they are notably different. As an example, the 

difference between the binding energies of the van der Waal (about 0.06 eV per 

molecule) or the hydrogen (0.16 eV per molecule) bonds and the quantum of energy hν 

in the millimetre range (1.24×10
-3 

eV at 300 GHz) is of two orders of magnitude. This 

consideration proves that, if some effect does take place, an energy conversion, 

amplification, a resonant phenomenon or a cumulative process must mediate it. Some 

of these mechanisms can be found in electronics theory and practice every time an 

amplification, generation or increase of the signal to noise ratio is produced. From this 

point of view, an electromagnetic field could interact with a biological system just as a 

signal acts on an electronic system and through a conversion of energy, by filtering, or 

through a cumulative or a triggering process, the system modifies and reacts to the 

incoming signal. 

The mechanisms underlying non-thermal effects are divided into three main 

categories according to the kind of process involved: 

• Resonant interaction  

• Non-linear interaction 

• Co-operative interaction of electric and magnetic fields 

 

Several hypothesised theories suppose the presence of more than one of these 

different types of processes. For example, some of the resonant processes in biological 

systems are also accompanied by non-linear interactions. In these cases, to classify 

the
  
interaction, the process that is most directly influenced by the basic mechanism 

is chosen – i.e. the process where an action on particles (ions or molecules) can be 

identified. The alterations induced by this first action are considered a perturbation of 
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the biological system that, in turn, can integrate, transform, and transmit its effect to 

other processes, including induction of the observed final effect. 

Looking at these categories from an electronics point of view, it is observed that 

these interaction-induced processes are frequent in the practice of an electronic 

engineer. Some electronic devices and circuits that work on the basis of the interaction 

processes mentioned are listed as examples:  

• Oscillators and filters 

• Detector diodes and transistors  

• Magnetrons and travelling-wave tubes 

 

These devices are able to induce effects far more detectable than the input signal by 

using the energy provided or stored by the electronic system itself. Not forgetting the 

biophysical nature of the systems and the nature of the applied actions, this approach 

may help to understand the intrinsic nature of the mechanisms involved. 

Some of the mechanisms described in the relevant literature refer to resonant 

interactions between the electromagnetic field and biological systems. In particular, the 

electromagnetic field can modify the spontaneous activity of a resonant phenomenon, 

bringing it to a different oscillating situation, or the field can couple with the system at 

a resonant frequency and transfer energy to this oscillating process. 

Non-linear interaction processes have been proposed to justify several non-thermal 

effects induced at cellular level by exposure to CW or modulated fields. The principal 

effects are:  

• Alteration of the transmembrane voltage 

• Alteration of the membrane conductance 

• Alteration and synchronisation of the firing activity in neuronal and pacemaker 

cells 

  

One of the first effects explained on the basis of a non-linear approach was the 

variation of the firing activity in isolated neurones exposed to microwave fields. These 

alterations can be justified by the existence of a rectifying mechanism in or around the 

membrane that can create a low frequency current flowing through the membrane that 

modifies its firing activity.  

Effects on the blood-brain barrier 

 The mammalian brain is protected from exposure to potentially harmful 

compounds in the blood by the so-called 'blood-brain barrier', BBB. The BBB is a 

hydrophobic barrier formed by vascular endothelial cells with very tight junctions 

between endothelial cells. This results in a highly restricted passage of blood 

components through the endothelial lining. Selective transport mechanisms mediated 

by receptors in the cell membrane guarantee the import of essential compounds, such 

as glucose, and export of metabolites through the BBB. 

Astrocytes cover the inner of the endothelial cells with their end-feet and are 

implicated in the maintenance, functional regulation and repair of the blood-brain 
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barrier. Thus, BBB also serves as a regulatory system that stabilises and optimises the 

fluid environment of the brain's intracellular compartment. The intact BBB protects the 

brain from damage, whereas a dys-functioning BBB allows influx of hydrophilic mole-

cules that are normally excluded into the brain tissue. This might lead to cerebral 

oedema, increased intracranial pressure and in the worst case scenario irreversible 

brain damage (Oldendorf, 1975; Rapoport, 1976). 

 Since 1988, the permeability of BBB to endogenous albumin and fibrinogen during 

exposure to electromagnetic fields has been studied. Rats have been exposed to various 

magnetic fields as well as 915 MHz microwaves as continuous waves (CW) and pulse-

modulated at the various repetition rates (50-200 pulses/s) (Persson et al., 1997). 
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10 Low Frequency Fields 

Arnt I. Vistnes 

10.1 Introduction 

The word 'radiation' is often taken as a synonym for electromagnetic waves. All 

electromagnetic waves are solutions to Maxwell's equations, but waves with different 

frequencies (and thereby different wavelengths) have very different properties when 

they interact with matter. In Fig. 10-1, the so-called electromagnetic spectrum is given, 

and it can be seen that very high frequency electromagnetic fields appear as γ-rays 

(gamma radiation), X-rays and ultraviolet (UV) radiation. These examples of waves are 

called ionizing radiation since such radiation may knock out electrons from atoms or 

molecules, leaving the molecule with a net electric charge (becomes an ion, at least for 

a short time) and more or less permanent radiation damage may be caused.  
 

 
 

Waves with lower frequencies cannot ionize atoms or molecules directly and are 

called non-ionizing radiation. Waves with slightly lower frequencies than UV are seen 

as visible light. Visible light is followed by infrared radiation, microwaves and radio 

waves. At even lower frequencies, the common solutions of Maxwell's equations are 

no longer ordinary electromagnetic waves. Thus, at e.g. 50 or 60 Hz, the terms used are 

low frequency electric and magnetic fields, in short, electromagnetic fields. They are 

Fig. 10-1. The electromagnetic spectrum 

with the various manifestations 

of electromagnetic waves 

depending on their frequency. 

The product of frequency and 

wavelength is always equal to 

the speed of light. 
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no longer an integral part of the electromagnetic spectrum. For that reason, 'power line 

radiation' is not a natural part of Fig. 10-1, and is consequently put in parenthesis. 

When discussing intensity, dose and biological effects from ionizing radiation or 

light, it is relatively easy to at least characterise the radiation: Type of 'particles', the 

photon frequency or particle energy spectrum, the intensity at various positions in 

space and the direction of the radiation are almost everything needed. In order to study 

biological effects, the duration of the radiation and often how the radiation is absorbed 

in various biological tissues need to be known. For ionizing radiation and light, the 

wavelength is always very small compared to a living organism. 

For low frequency fields, the situation is quite different. Here, there is an extreme 

variety in the different fields produced by different sources, and a biological effect may 

depend on many more parameters than for ionizing radiation or light. This makes the 

low frequency field of research very challenging and complex. Using concepts and 

methods of analysis, that are proper for ionizing radiation, when considering the low 

frequency conditions, incorrect conclusions are often drawn. Some misconceptions still 

survive in some circles, even among physicists. In this chapter, the first part is devoted 

to clearing up concepts and misconceptions. The intention is to build a foundation for, 

and understanding of, the basic physics so that it will be easier to understand e.g. the 

fundamental difference between what kind of biological effect might be expected for 

extremely low frequency fields on one hand and radio frequency fields on the other. 

The use of mathematical formulae has been kept to an absolute minimum. 

In the second part of this chapter, various biological effects from low frequency 

fields are discussed, and in the last part, shielding of fields is discussed in general. 

10.2 Electric fields 

A brief history of fields 

When taking off an acrylic pullover, the hair often stands on end for a minute or so 

afterwards. This effect is due to electric fields; the acrylic pullover picks up electrons 

from the hair, which leave it with a net positive electric charge. Between charges, there 

are forces that result in this effect on hair. Forces between charges are actually the 

strongest forces known of in nature today that can work on distances larger than an 

atom. Mathematically, the electric force, F, between two particles is given by 

Coulomb's law: 
 

1 2
0 2

q q
F = k

r
 (10-1) 

 

where q
1
 and q

2
 are the two electric charges, k0 is Coulomb's constant, and r, is the 

distance between the two particles. The force is directed so that two charges of the 

same kind repel each other while two charges of different kind attract each other. 
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Electrons have a negative electric charge and protons (one of the two major building 

blocks of the atomic nucleus) have a positive electric charge of equal strength. Charge 

is conserved and quantised. 

Mathematical equations will only be used a few times in this presentation, and 

readers who desire more formalistic presentations are referred to standard textbooks in 

classical electromagnetism. 

Coulomb's law was formulated by Charles Coulomb (1736-1806) in the eighteenth 

century, and the force between the two charges was described as an 'action by distance'. 

A charge at one position in space led to a force on a charge at another position in spite 

of no contact between the two charges. Michael Faraday (1791-1867) later argued that 

a different approach could be used with the same result. He suggested that the presence 

of e.g. the first charge changed a property of space everywhere, and this property was 

called an electric field. When another charge is put into a space, it will get in contact 

with the electric field on this spot. The result is a force in one particular direction. The 

force is equal to the charge of the last particle times the electric field at that particular 

point in space where the charge was placed. The electric field has a magnitude and 

direction that fit the old Coulomb law description, but the big difference is the change 

to an 'action by contact' description rather than the 'action by distance'. The force was 

described by one charge and the electric field at the point in space where this charge 

was positioned; i.e. an electric field that the charge was in contact with. The fact that 

the electric field itself had to be due to another charge was more or less treated as a 

separate problem. 

Since the days of Faraday, the concept of fields in physics has been used, not only 

for electric fields, but also for magnetic fields. Maxwell collected and extended the 

contemporary mathematical formalism of electric and magnetic fields in 1873. A set of 

four 'Maxwell's equations' in concert with one equation called the Lorentz force law are 

now the basis of our current descriptions of electromagnetic phenomena in the 

frequency range covered in this presentation. 

Vector fields 

It is important to remember that the electric field not only has a magnitude, but also 

a particular direction in space. The electric field points radially away from a positive 

charge and radially towards a negative charge.  

If a charge is placed at some position in space and then another charge at a different 

position, the total electric field at some arbitrary third position will be what is called a 

vector sum of the fields due to each of the two charges. Fig. 10-2 indicates how to add 

the electric field, E+, due to a positive charge and the field, E-, due to a negative charge 

in order to find the total electric field, Etot, at two different positions, P1 and P2, in 

space. It can be seen that at position P1, the total field is larger than each of the 

contributions, but the magnitude is still smaller than (or equal to) the sum of the 

magnitudes of the constituents. At position P2 the total electric field is smaller than at 

least one of the two contributions. 
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Fig. 10-2. The total electric field from two charges can be determined by a vector sum of the two 

contributions. The magnitude of a vector sum is always somewhere between zero and the 

sum of the magnitude of the two contributions. 

It is important to realise that the situation in Fig. 10-2 is quite general and applies to 

the electric field from any sources. The resulting field is not found by simple addition 

in the same way as when one glass of water is added to another. In that case, the sum of 

the two glasses of water always gives a total volume equal to the sum of the volumes 

of the two constituents. For electric (and magnetic) fields, the sum is seldom as large as 

the sum of the constituents (regarding magnitude). In extreme cases, the sum of two 

electric (or magnetic) fields may even be zero. The picture becomes even further 

complicated if the different field sources have different frequencies. 

Thus, if heating cables are introduced into a bathroom in a house near a power line, 

the magnetic field from the power line may either be enhanced in the bathroom by the 

field from the heating cables, or it may be reduced. In some cases, it is possible to 

switch between these two eventualities by simply interchanging the two leads from the 

heating cable when connecting them to the mains.  

The characteristics of vector addition discussed are one of the many reasons that it 

is complicated to do research on electric and magnetic fields and figure out what kind 

of effects they have on a human body in everyday life. This is in contrast to ionizing 

radiation, where, almost without exception, it is correct to sum different contributions 

to ionizing radiation in as simple a manner as when adding several glasses of water (no 

vector addition). 

Where are electric fields found in general? 

It is stated above that an electric charge creates an electric field everywhere. 

However, even if every electron in the universe is electrically charged, only the 

influence of a tiny, tiny fraction of these fields can be seen. The reason is that the 

charge of an electron is most often matched by an equal positive charge of a proton, 

leaving a net zero electric field in the surroundings. However, if a charge separation is 

created, e.g. as when taking off an acrylic pullover, an effect of electric fields can be 
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observed. Another way to create charge separation is to apply a battery or connect a 

cable or an appliance to the mains. If two (not connected) wires are placed on each 

terminal of a battery, a few electrons will be removed from one of the wires and an 

equal number dumped on the other wire. There is then a net electric charge on each 

wire, and an electric field will appear between them. If the electric potential (voltage) 

of the battery is increased, the charge separation will increase in proportion to the 

voltage, and the electric field in the vicinity will increase. 

There is a close relationship between the following parameters: Charge separation 

(or net electric charge on each constituent), electric potential (voltage) and electric 

field. In some situations, it may be wise to maintain focus on the relationship between 

the potential and electric field since there is an electric field whenever an electric 

potential between two (or more) nearby objects exists. However, electric potential is a 

rather abstract quantity and not readily applicable for non-conductors. Therefore, in 

many cases, it may be more fruitful to consider an electric field more as a result of 

(unbalanced) charges rather than a result of potential differences. It is then easier to 

remember that an electric field can never be changed without some movement of 

electric charges.  

Regarding a power line, for example, a voltage difference exists between the three 

leads, and there are also voltage differences between each of the wires and ground. In 

order to create the voltage difference between the wires internally and also between 

the wires and ground, there must be a charge separation. Thus, when considering the 

power line at one moment of time, there will, in general, be a different net electric 

charge per unit length on each of the three wires. It is this charge that is responsible for 

the electric field. 

By keeping the focus on charge and electric field, it can be inferred from the 

example above that a power station actually has to supply the three wires with net 

charges in order to keep the voltage. Thus, a fraction of the current in the power line is 

actually not used at the other end of the line – it is only used along the line in order to 

keep the voltage. 

Keeping an eye on charges may be the best guarantee for understanding that, e.g., a 

current will flow in a human being exposed to an electric field from a power line. This 

will be returned to later. 

Unit of electric fields 

The most common way to create an electric field for experimental purposes is to 

apply a voltage between two parallel plane metallic plates. If an electric voltage of e.g. 

U = 1 000 V is applied between the plates and the distance between them is d = 0.1 m, 

there will be an electric field, E between the plates which approximately is given by: 

 

E = U / d = 1 000 V / 0.1 m = 10 000 V/m (10-2) 
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Note that electric field is measured in V/m. For larger fields (e.g. fields near power 

lines), kV/m is often used (1 kV/m = 1 000 V/m). 

In the description above, charges were not mentioned at all. The main reason is that 

for metallic objects, it is often easier to measure voltage than charge. However, charge 

certainly plays a role here. The voltage only exists because there is a net difference in 

electric charge on the two plates. The larger the difference in net charge, the higher the 

voltage difference. In fact, the electric field just outside any metallic object is directly 

proportional to the density of charges (i.e. charge per area) on the metal surface and 

there is no such simple relationship between voltage and electric field. So when it 

really counts, it is again practical to picture the charge being responsible for the electric 

field. 

10.3 Magnetic fields 

While electric fields are due to charge separations (net electric charge in certain 

regions of space), magnetic fields are due to movement of net charges. The most 

common situation in an 'everyday' context is the existence of electric currents, e.g. in a 

metal cable. The simplest case is a single electric cable that is straight and long 

(compared to the distance of interest from the cable). Fig. 10-3 indicates the direction 

and the magnitude of the magnetic field from such a cable. The direction is given by 

the so-called 'right-hand-rule': If a cable is held in the right hand with the thumb 

pointing in the direction of the electric current, the other four fingers point in the 

direction of the magnetic field. 
 

 
Fig. 10-3. Magnetic field at a distance r from a straight wire carrying an electric current I. 

'Magnetic field' is a term often used by the general public and is even used amongst 

professional physicists. However, strictly speaking, 'magnetic field' is neither 

synonymous with 'magnetic flux density' (identical to 'magnetic induction'), symbolised 

by the letter B and measured in the unit tesla, T, nor with 'magnetic field strength', 

symbolised by the letter H and measured in the unit A/m. In practice, most people 

think of B when they talk about 'magnetic field' at power frequencies, and H at radio 
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frequencies, which is of most interest in this book. In this chapter, 'magnetic field' is 

used in that particular way. However, in other contexts, it might be different. In air 

(vacuum), the relationship between the two is as follows: 

 

B  [µT]   = 1.257⋅ H  in [A/m] (10-3) 

 

H  [A/m] = 0.796⋅ B  in [µT] (10-4) 

 

In some American literature, the old unit 'gauss' (G) is still often used instead of 

'tesla'. The relationship between these units is: 

 

 10 mG = 1 µT      (10-5) 

 0.1 µT = 1 mG  

 

The magnetic field is proportional to the electric current in the cable and is inversely 

proportional to the distance to the line (cable). The last property can be explained by 

stating that if a magnetic field is measured at one position (a distance r from the line), 

at a position twice that distance from the line (2r), the magnetic field decreases to half 

the value measured at r. 

Magnetic fields are vector fields, as are electric fields. Thus, it is not possible to add 

the magnetic field from one source with the field from another source without taking 

both the magnitudes and the directions of the fields into consideration. 

Most of the time, electric currents are kept in closed circuits. When an electric 

current is sent through a cable to a lamp, currents at one moment of time flow towards 

the lamp in one lead and away from the lamp in the other lead. The total current 

through an imaginary cross-section of the cable is always zero (or very close to zero). 

However, the magnetic field is not zero since the two leads do not occupy the same 

position in space.  

               

 
 
Fig. 10-4. Magnetic field from two straight wires both carrying the same electric current, I, but in 

opposite directions. In a, the wires are drawn in perspective. In b, the magnetic field is given 

in a plane perpendicular to the wires. Separate contributions from the two wires (upper) and 

the total field (lower) is drawn for three different positions. It can easily be seen that the 

magnetic field is stronger between the wires than outside them. 
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Fig. 10-4 shows that the magnetic field between the leads is stronger than if there 

were current in only one lead. Outside the cable the magnetic field is considerably 

lower than when there is current only in one lead (the closest one). It is here assumed 

that currents in the two-leads travel in opposite directions and are equal in magnitude. 

When the magnetic field from a parallel cable is calculated, as indicated in 

Fig. 10-4, an interesting result is that when a measurement is at 2-3 times the internal 

distance (or further) between the two leads away from the nearest conductor/line, the 

magnetic field, B, is: 

• Approximately directly proportional to the internal distance, d, between the two 

leads, 

• Approximately inversely proportional to the square of the distance, r
 2
, to the 

midpoint between the leads. 

 

Mathematically, the relationship can be written as follows: 

 

B = 0.2 I⋅ d / r 2 [µT] (10-6) 

 

The magnetic field is given in µT if the current, I, is measured in A, the distance, r, 

between the two leads in m, and the distance, r, from the midpoint of the cables to the 

place the magnetic field is determined is also measured in m. 

This is very important since it provides two of the most efficient ways to reduce 

magnetic fields from various sources (see section 10-7: 'Shielding'): The distance 

between the leads can be reduced, and/or the distance from the cable increased. The 

stronger dependence on distance by a pair of conductors with equal but opposite 

current means that the magnetic field at a distance 2r is only 1/4 of what it is at a 

distance r. 

10.4 Characteristics of low frequency fields 

Static vs. time-varying fields 

So far, there has not been any discrimination between static conditions and time-

varying conditions. However, this is very important when considering electric and 

magnetic phenomena. When using a battery to send a current through e.g. a flashlight 

bulb, the electric and magnetic fields in and around the flashlight do not vary with time 

(in the time-scale of seconds and a few minutes). On the other hand, if a lamp is 

plugged into the mains, the electric and magnetic fields will constantly change in time, 

but go through the same time cycle 50 (Europe) or 60 (US, Canada) times every 

second. The voltage and current are said to have a frequency of 50 or 60 hertz (Hz). 

Fig. 10-5 shows the difference between the static situation with a direct current, DC, 

for the flashlight, and the alternating current, AC, for the lamp connected to the mains. 
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In Fig. 10-5, only the time-variation in the current is given, but charge-separations, 

electric fields and magnetic fields follow a similar time-variation.  
 

  
 

Fig. 10-5. Time-variation in the current through a flashlight connected to a battery (to the left) and a 

lamp connected to the 50 or 60 Hz mains (to the right). Direct current,  DC, does not change 

with time, while alternating current, AC, has a periodic time-variation. The frequency, ν, is 

always 1/T where T is the cycle time. 

If the electric field at one particular point in space has a given magnitude and 

direction at one moment in time, 10 ms later (for a 50 Hz AC system), the electric field 

will have the same magnitude, but opposite direction. Ten more ms later, the field will 

return to the starting point again. Thus, the field constantly changes in magnitude and 

changes from one direction to the opposite. The field at one moment in time is always 

identical to the field at an integer number of cycles later. 

Electric and magnetic fields from DC equipment are time-independent and are 

called static fields. Fields from AC voltages or currents are periodic time-varying fields 

with a characteristic frequency given in Hz. There are, however, many different kinds 

of time-varying fields, split into periodic or not-periodic, and periodic fields are sub-

divided into those with a pure harmonic time variation (with only one frequency 

present) and variations with several harmonics present at the same time. Fig. 10-6 

gives one example of an almost harmonic magnetic field time-variation (from an 

incandescent lamp, upper part of the figure) and two examples of non-harmonic 

periodic time-variation of a magnetic field (from a PC power supply and a fluorescent 

lamp, middle and lower rows, respectively). The frequency analyses of the time 

variations are also given. 

Electric and magnetic fields from power lines and other 'three-phase' sources 

constantly change direction so that all possible directions in a plane are covered during 

a cycle. The tip of the field vector will follow an ellipse or a circle, and the field is 

termed 'elliptically (or circularly) polarised'. For 'one-phase' sources, e.g. a lamp, the tip 

of the field vector only draws a straight line. Such a field is termed 'linearly polarised'. 

When an electric or magnetic field changes constantly with time, as for fields close 

to an AC source, the field strength may be given as the peak value during the cycle or 

some kind of 'mean value'. The true mean value for an AC field is normally zero, so 

often, the so-called 'effective value' or the 'root-mean-square (RMS) value' is used 

instead. For electric or magnetic fields, the effective value and the root-mean-square 
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value are defined in the same manner as for an electric current or voltage. Thus, for a 

pure harmonic time-variation, both the effective value and the root-mean-square value 

are equal to the peak value divided by the square root of 2. For non-harmonic time-

variations, only the root-mean-square value can be used. 

     
 

Fig. 10-6 Almost harmonic and clearly non-harmonic time-variations of magnetic fields close to an 

incandescent lamp, a PC power supply, and a fluorescent lamp, respectively. Frequency 

analysis shows that the near harmonic signal almost only contains one frequency, while the 

non-harmonic signals contain many frequencies. 

The term 'effective value' comes from the fact that an AC current with effective 

value Ieff produces identical heat to a DC current IDC equal to Ieff (in value) when 

passed, e.g., through an oven. 

In Fig. 10-7, the time-variation of two different 50 Hz magnetic fields are presented. 

Both have a field strength of 3 µT root-mean-square. The peak values are, however, 

very different: Approximately 4.2 µT for the field with near harmonic variation (square 

root of 2 multiplied by 3 µT is 4.2 µT), but more than 21 µT for the non-harmonic 

field. As will be seen later on, biological response may depend on the time derivative 

of the magnetic field variation (how fast the magnetic field varies in time within a 

limited period of time). It is then clear that in such cases as the magnetic field with the 
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time-variation given to the right of Fig. 10-7 may have a much higher effect than the 

harmonic time-variation to the left of Fig. 10-7 despite the measured field value being 

identical. Thus, it is by no means clear that e.g. two different magnetic fields have the 

same biological effect even if they have identical strengths given as root-mean-square. 

The fact that very different waveforms can give identical root-mean-square values 

represents a considerable problem when attempting to compare exposure with guide-

lines for maximum exposure. The guidelines do not provide enough information on 

how to deal with different waveforms (different harmonic contents) in a proper way. 

The reasons may partly be the complexity of the problem, and partly the lack of 

scientific knowledge on what parameters are important for various biological effects. 

Different waveforms may also pose a serious problem when one experimental finding 

is to be compared to another. 

   
Fig. 10-7. Two magnetic fields with identical root-mean-square values may have a very different peak-

value for harmonic and non-harmonic time-variations 

For complicated time-variations, it is often more useful to present the complete 

time-variation in a field instead of trying to pick out a single number. 

As pointed out in the paragraphs above, there are a great many details to keep 

records of when characterising electric and magnetic fields from low frequency 

sources. In some cases, it is quite a challenge to characterise the field pattern, e.g. close 

to a computer screen (visual display unit, VDU). Other situations are more readily 

characterised, e.g. the fields from a power line and cables or appliances that run on 50 

or 60 Hz alternating currents, without producing extra harmonics. Hopefully, it should 

now be clear that characterisation of a magnetic field of e.g. 10 µT (with no additional 

information) is next to worthless. Further details follow in the next few sub-chapters. 

Near-fields vs. radiating field / waves 

Depending on the main frequency of the time-varying fields, it is customary to 

characterise fields as static, extremely low frequency, very low frequency, 

radiofrequency and microwave. Higher frequencies are treated elsewhere in this book 

and are then regarded as electromagnetic waves ('radiation'). The definition of the 

different frequency bands for low frequency fields are not universally agreed upon, but 

one possible characterisation is shown in Table 10-1. 
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Table 10-1. A possible definition of the classification of frequency bands.  

 

Classification Abbreviation Frequency band 

Static fields   0-3 Hz 

Extreme low frequency  ELF 3-3 000 Hz 

Very low frequency VLF 3-300 kHz 

Radio frequency RF 0.3-300 MHz 

Microwaves  0.3-300 GHz 

 

A similar characterisation is used for electromagnetic waves, as illustrated in 

Fig. 10-1. As mentioned briefly in the beginning of this chapter, it is common practice 

to distinguish between fields and waves. In Fig. 10-8 we see some characteristics of 

electromagnetic waves. 

Electromagnetic waves are particular solutions to Maxwell's equations and they all 

have some specific properties: 

• Electric and magnetic fields are always perpendicular to each other and also 

perpendicular to the direction in which the wave is moving. 

• A unique relationship exists between the magnitude of the electric and of the 

magnetic field. If one of them is known, the other can be calculated. 

• A wave carries energy away from the source (the antenna) and normally, the 

energy never returns to that source. 

• There is a given relationship between frequency, f, and wavelength, λ, for 

electromagnetic fields: f⋅ λ = c, where c is the speed of light (i.e. the speed of 

the wave). 

• At least for electromagnetic waves with a wavelength similar to visible light, the 

energy in the electromagnetic wave is exchanged with the surroundings by 

photons, each with an energy E = h⋅ f, where h is the Planck constant and f is 

the frequency of the wave. 
 

 
 

Fig. 10-8. Electromagnetic waves represent particular solutions to Maxwell's equations, but in practice 

they are only realised for radio and higher frequencies. In the vicinity of power lines and 

appliances where only static or low frequency currents or voltages occur, the electric and 

magnetic fields do not follow the characteristics given in this figure. 
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For low frequency electric and magnetic fields, none of the characteristics 

mentioned above are valid. This is an important point. The electric and magnetic field 

close to power lines, appliances etc. are not closely related. It is possible to find 

situations with strong electric fields and a very weak magnetic field, and other 

situations where it is the other way around. The electric and magnetic fields are not 

necessarily perpendicular to each other, they do not carry away energy so that it does 

not return to the source, and it is meaningless to talk about wavelengths since the fields 

do not exhibit wave behaviour. From this, it also follows that it is nonsense to talk 

about energy per quantum. One reason is that the described fields do not show wave-

characteristics, which is the underlying description of photons (a more detailed 

explanation of why the concept of photons is useless for very low frequency fields is 

given by Vistnes & Gjötterud, 2001). 

When is it correct and incorrect to use the concepts and characteristics of 

electromagnetic waves? A rule of thumb says that wave-characteristics dominate the 

fields only when viewed at a place situated further than about one calculated 

wavelength away from the source ('antenna'). The calculated wavelength can be found 

by the simple relationship: 

 

Calculated wavelength = Speed of light / Frequency (10-7) 

 

For visible light, wave behaviour is expected at a distance larger than about 500 nm 

from the source. For a mobile telephone with a frequency of about 900 MHz, the 

distance is 330 mm; for a FM radio transmitter with a frequency of 100 MHz, the 

distance is about 3 m and for a 50 Hz appliance or power line, the distance is 6000 km. 

If a person stands on the Moon and picks up electric and magnetic fields from power 

lines here on Earth, it may (if the field can be detected) be found that the fields follow 

the characteristics of electromagnetic waves. However, for every practical situation 

here on Earth, the wave part of the fields is so minuscule that it would be impossible to 

detect. 

When closer to the source than the calculated wavelength, electric and magnetic 

fields might be almost independent of each other etc. as mentioned above. The term 

'the near field' is used to characterise this situation (in contrast to 'the far field', where 

the waves dominate). 

Since energy is not transported away from the source by the near fields, people 

working in this field of research do not usually talk about 'radiation' from power lines 

and appliances (50 Hz). The term used is fields: electric fields and magnetic fields. In 

situations where it is important to include both variants, the shorthand notion 

'Electromagnetic fields' is used. This is in contrast to electromagnetic waves and 

electromagnetic radiation. However, most journalists and others who write or talk 

about this without having the scientific background, usually have yet to discover this 

distinction. Therefore, the most common term used is still 'radiation from power lines', 

'radiation from a computer screen' etc. Hopefully, this practice will change with time. 
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10.5 The human body in static and low frequency fields 

What happens when a human being is exposed to a static or low frequency electric 

or magnetic field? Firstly, the well-known physical aspects will be described and later 

the more uncertain mechanisms will be covered to some degree. 

A human body consists of cells in contact with an intercellular fluid. Each cell is 

separated from its surroundings by a biological membrane, which is very thin, but even 

so makes a relatively good insulator. Some tissue contain structures that are more 

effective insulators than others. Fat tissue and the myelin sheets around myelinated 

nerve fibres are examples of tissue with low electric conductivity. 

The aqueous part of the body, on the other hand, contains ions in large quantities, so 

the electrical conductivity of the aqueous part is relatively high. Not only free ions 

contribute to electrical currents in the human body. Proteins, both soluble and 

membrane-bound, may have a net electric charge and move as a response to external 

fields.  

The body is, as briefly indicated above, a very complicated medium with respect to 

the response to electric and magnetic fields. It is in fact so complicated that no one has 

been able to model the body with any greater degree of accuracy. This problem has led 

to the use of approximations, and the very simplest approximation possible is a sphere 

or ellipsoid filled with a homogenous medium with a 'mean' value for the conductivity 

etc. This model is sometimes referred to as 'the salt water bag model'. 

Static electric field 

If the salt water bag model is used for a human being in a vertical electric field, the 

result is as indicated in Fig. 10-9a. The original electric field results in ion movement; 

positive ions move in the direction of the field, and the negative ions move in the 

opposite direction. The ions will continue to move until the accumulation of ions at 

each end of the body actually produces an electric field that is opposite and equal to the 

external field, and thereby annihilates it. Then, as the net electric field inside the body 

everywhere is zero, there is no more movement of ions. 

 

  

Fig. 10-9. A human body in an external 

electric field. In a, the body 

is insulated from ground, and 

in b, the body is grounded 

through the feet. The charges 

accumulated in various parts 

of the body are, for the sake 

of clarity, drawn just outside 

of the body. In reality, the 

charges are located in a thin 

layer in the skin. 



 

 

 

118 Part 1: Fundamentals – Non-ionizing Radiation 

 

The picture given in Fig. 10-9a is applicable when there is good insulation between 

the body and the ground. In many cases, the insulation is not very effective, but the 

ions in the foot region may still be neutralised by ions (or possibly by electrons) 

originating from the ground. In both cases, the overall picture of the situation may be 

similar as indicated in Fig. 10-9b. In this case, there will both be an electric current 

inside the body a short period of time after it is exposed to the field, and a current 

through the interface man/ground. The last part is of particular interest since it is 

possible to measure this current. A small current that is only available inside the body 

is very difficult to measure in practice. 

Fig. 10-9b is closely related to what happens when a human body moves outdoors 

and is exposed to the Earth's natural electric field of about 100 V/m (up to several 

thousand V/m on special occasions, e.g. during thunderstorms). There will be a move-

ment of charges in the body a short time after the body is exposed to the Earth's field, 

but after that, nothing in particular happens. The body has become polarised. 

One detail in particular should be mentioned. The polarisation of the body leads to 

zero electric field inside the body, but to an increased electric field just outside the 

upper part of the body (in the head region). This field may influence the transport of 

dust, viruses, bacteria, allergens etc. from the air. These particles often pick up some 

electric charge (due to naturally occurring ionization of air), and those particles that 

happen to be positively charged are attracted to the head. Some will lead to enhanced 

deposition of particles on the skin, and some may lead to enhanced deposition in the 

nose, mouth and lungs. Such cases might be a so-called 'indirect effect' of the electric 

field. 

Time varying electric field 

The discussion above on what happens when a human body is exposed to a static 

electric field provides the foundation for understanding what happens when the body is 

exposed to a time varying field. The point is that the situation that happens only once 

when a man is exposed to the static electric field of the Earth will be repeated again 

and again for every cycle in the field variation of a time-dependent field. When a man 

is standing below a high-tension power line, an alternating electric current will flow 

through the man's body all the time. If the current is allowed to continue from man to 

earth, the current can be measured directly. Fig. 10-10a shows the principle used when 

measuring the alternating current between man and ground and Fig. 10-10b shows a 

picture of an actual measurement of the current.  

In principle, an ampere-meter could be directly used in the measurement of the 

current, but the current is so small that ordinary battery driven multi-meters are not 

sensitive enough. Therefore, the current is determined indirectly by using Ohms law 

after measuring the voltage across a 1 kΩ resistor.  
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Fig. 10-10. Measurement of the alternating current flowing between a human body and ground in an 

external AC electric field. The principle used in the measurement is given in a, and an actual 

measurement situation is illustrated in b. 

As has been shown, there will be an alternating current through a man in an 

alternating electric field. How large is that current? When the field varies very slowly 

(as for power frequency fields), the number of charges needed in order to make the 

internal electric field in the body almost zero is solely dependent on the maximum 

external electric field. However, electric current is the amount of charges that pass a 

cross section per second. The net transport over time is not of interest since it is zero. 

The alternating current is proportional to the maximum charge that passes a cross 

section in the body per (infinitesimally small amount of) time during the current cycle. 

Thus, the maximum current during a cycle will increase linearly with the frequency.  

In principle, the current leads to a heating of the tissue. In fact, the power delivered 

to the tissue is proportional to the square of the current. Thus, a man exposed (whole 

body) to a 1 kV/m 1 kHz electric field will receive a heating effect that is 400 times 

that received in a 1 kV/m 50 Hz field. (Current increases by a factor 1000 / 50 = 20, 

and the heating calculated as the square of the current.) This means that the heating 

effect becomes more and more important as the frequency increases. This fact has the 

following implication: At low frequencies, the heating effect due to external electric 

fields is usually negligible. 

As the frequency increases, sooner or later, the conductivity in the body is 

insufficient to transport ions fast enough for the electric field inside the body to remain 

about zero. When this effect comes into consideration, the current no longer increases 

proportionally to the frequency. In fact, at about 30 MHz a standing, adult man with 

good contact between the ground and his feet will have the highest possible heat 

absorption when the body is exposed to an electric (electromagnetic) field of a given 

strength. An important term here is the resonance effect. For a man isolated from the 

ground, the maximum current is at about 60 MHz. (In physics, the kind of saturation 

behaviour experienced here is closely related to the frequency response of a RC-

circuit.) The resonance frequency depends on the direction of the electric field relative 

to the standing man. The numbers given are for vertical polarisation of the electric field 
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(along the main body axis). It should be mentioned that the resonance phenomena are 

more complicated than suggested above, since there is usually a mixture of so-called 

'near fields' and 'far fields' at these high frequencies. 

So far, the impression has been given that the electric field inside the human body is 

about zero for all frequencies well below the resonance frequency. Under such circum-

stances, there is time enough for ions to move so that they will screen out the 

external  electric field. This picture is only partly correct. At 50 Hz, the internal field 

will be  about 0.0000001 times the external field (Polk, 1986), but this fraction will 

increase steadily with frequency. It should be noted, however, that even if the internal 

electric field (in a salt bag model) is very small, the electric current might be worth 

consideration. Since the body is not a salt water bag, the current will lead to local 

differences in electrical potential that in turn eventually will lead to biological effects. 

The current through the ankles of a barefooted human being exposed to the electric 

field at ground below a high tension power line almost reaches the level of a current 

that can lead to spontaneous triggering of nerve fibres or muscles (more details later 

on). 

Current vs. current density 

When considering electric current through a power line or another cable, the total 

charge that passes a cross section of the cable per time is used as a unit of 

measurement. The current that flows through the body will pass different cross sections 

in different parts of the body. If the current that passes a horizontal cross section at the 

hips is the same as the current that passes the ankles, it becomes clear that the electric 

current seen locally in the tissue must be very different at those two parts of the body. 

Therefore, current density (current per cross section area) is of more interest than the 

total current when we examining effects on a human body. Current is measured in 

ampères, A, and current density is measured in A/m2. 

 

    

Fig. 10-11. Current density in various parts of a 

man standing in a 60 Hz 10 kV/m 

vertical electric field (unperturbed 

field). The man is in contact with 

ground through his feet. The field in 

the head region becomes about 180 

kV/m due to the charges drawn to 

the head region (see Fig. 10-9b and 

corresponding text). (Redrawn from 

Kaune, 1981) 
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Fig. 10-11 shows the current in various parts of the human body.  

The 'normal' current density in the body is approximately: 

 

10
 -4

-10
 -3

 A/m
 2
 in the brain 

10
 -3 -10 - 2 A/m

 2
 near the heart 

 

These numbers can be compared with induced current densities at various places in 

the body when exposed to the following external electric or magnetic fields: 

 

10
 -6

-10
 -4

 A/m
 2
 magnetic fields at ground level near power lines 

10
 -4

-(2 × 10
 -3

) A/m2 electric fields at ground level near power lines 

 

Use of current density instead of the total current is important in order to understand 

when, or if, an effect is likely to occur. However, even this parameter is a very crude 

one. In the body, the current is distributed; some follow muscles, some blood vessels, 

some the intercellular fluid, etc. The current density gives only a mean value and at the 

tissue level, the value may be very different. Another weakness in comparing current 

density from external sources to those that occur naturally is the fact that local fields 

have a rather chaotic time-dependence with a broad frequency characteristic, while 

external fields often are dominated by only one frequency. In addition, current density 

created by nerve or muscle activities shows little or no coherence from one spot in the 

body to another located several centimetres away, while induced current density from 

external sources may have a much higher spatial coherence. Thus, care should be taken 

when drawing conclusions from comparisons between natural current densities and 

induced current densities. 

Static magnetic field 

Electric charges that have little or no movement are not affected by a static magnetic 

field. Some nuclei (and other particles with unpaired spin) are affected by the field, but 

only in a very weak manner. Thus, the human body is almost transparent to a static 

magnetic field. The magnetic field outside the body is very close to the field found 

inside the body. 

Static magnetic fields do have an effect on ions and other charged particles, but only 

if they are in motion. The corresponding force points in the opposite direction for 

positive compared to negative charges. In physics, this effect is known as the Hall-

effect. 

In the body, the Hall-effect produces a slight charge separation of ions in blood 

vessels and there will be a small electric potential from one side of a blood vessel to 

the other. The effect can be demonstrated by electrocardiography (EKG) during 

examinations by magnetic resonance imaging (MRI), where the patient is exposed to 

very high static magnetic fields. However, the effect seems to disappear as soon the 
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patient is removed from the strong magnetic field and there seems to be no health 

effect as a result of the examination. 

The Hall effect also takes place when people travel by aeroplanes in the Earth's 

magnetic field. The ions in the body will be slightly separated, so there will be a slight 

potential difference between one side of the body and the other. However, this slight 

potential difference will not lead to an electric current (except for a very small current 

when the aeroplane changes speed or direction). The situation is very similar to what 

happens when a person steps out of a house and becomes exposed to the static electric 

field from the atmosphere. 

A strong magnetic field may also have an influence on chemical reactions through a 

so-called 'radical pair reaction'. When a chemical reaction takes place, a molecule is 

often split into two radicals, and each of the two constituents may react with other 

reactants, or react again with each other so that no net reaction takes place. A strong 

static magnetic field may influence how easily, or if, the reaction is carried through to 

new products. In this way, the magnetic field may influence biological processes and 

eventually have health effects. This 'radical pair hypothesis' is interesting, but 

experiments so far have only been carried out on model systems and with rather strong 

magnetic fields. It is difficult to guess how important this mechanism is for cases when 

people are exposed to magnetic fields. 

Time varying magnetic field 

In an electricity generator, electric potential and current are generated through 

induction. The effect was discovered by Faraday about hundred and fifty years ago. 

The point is that if the magnetic field varies in time through some material where 

electric current can flow, an electric current is induced, and the current will last as long 

as the magnetic field changes with time.  

In power lines and appliances etc., alternating current is used and an alternating 

magnetic field is produced. If a human body is exposed to such a magnetic field, an 

electric current is induced. The current will last as long as the body is exposed to the 

magnetic field. 

The induced current from time-varying magnetic fields has the same characteristics 

as a time-varying electric field, in that it will increase linearly with the frequency. 

Thus, the heating effect is proportional to the frequency squared.  

However, there is an important difference between electric and the magnetic fields 

with respect to the current they produce. The way electric current flows for electric 

field exposure has already been described. For a time-varying magnetic field, the 

induced electric current will tend to follow a circular pattern in a plane perpendicular 

to the field. The induced current is largest at the periphery of the body and is reduced 

to zero somewhere in the middle. The electric current is more or less proportional to 

the radius in the circular path being considered. Thus, for a vertical AC magnetic field, 

the induced electric currents in a standing man will follow horizontal circular patterns, 

and the current density will be considerably higher at the periphery of the body than 
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along a vertical axis in the middle. The current density will also be higher in the trunk 

and central parts of the body than in a leg (because of the radius effect).  

This radius effect is a serious complication when trying to study biological effects 

and using cell cultures or small animals in model systems. The induced electric current 

density through a mouse will be much smaller than the current density in a man for the 

same time-varying magnetic field. When using cell cultures, the difference may be 

even more dramatic. Thus, it may be necessary to use a magnetic field thousands of 

times stronger when looking for an effect on cell cultures than when using man as a 

'laboratory animal'. However, it is uncertain whether an effect is due to induced 

currents or due to the magnetic field itself. This leaves researchers in a difficult 

situation when choosing magnetic fields in their experiments, a difficulty known as 'the 

scaling problem'. 

10.6 Biological effects 

Although, for example, X-rays and 50 Hz electric fields are both examples of 

electromagnetic phenomena, their mechanisms of interaction with biological tissue are 

completely different. X-rays are described by individual, tiny, more or less localised 

energy packets that may ionize atoms or molecules on their way through biological 

tissue, leaving behind damaged molecules including DNA. Power frequency electric 

and magnetic fields interact as classical fields, which most importantly interact with 

'free' charges, e.g. ions in the intercellular fluid. In air, static or low frequency electric 

fields may accelerate ions/electrons until they reach an energy level that will lead to 

ionization (by collision with an atom or molecule). Thus, static and low frequency 

fields may lead to ionization as a secondary effect, but, almost without exception, 

static and low frequency fields cannot ionize as a primary effect. In biological tissue, 

where ions or electrons collide far more frequently than in air, charged particles will 

gain insufficient energy between two collisions to allow ionization to take place, even 

as a secondary effect. 

Acute effects at low frequencies 

What options are there for a static or low frequency electromagnetic field to yield a 

biological effect? First of all, the field may lead to an electric current, either by 

polarisation as for an electric field, or by induction, as for a magnetic field. The electric 

current may also lead to potential differences across cell membranes large enough for a 

biological response of some kind to take place. A well-known effect is the initiation of 

nerve activities. Nerve fibres may be activated along neurons, and an action potential 

may lead to sensory stimulation (if an afferent fibre is activated) or to some muscle 

contraction (if an efferent fibre is activated).  

There must be at least a few ms after one action potential in a nerve fibre till the 

next one can take place. This 'refractive period' is due to the time it takes to normalise 

ion concentrations across the membrane after each action potential has occurred. Thus, 
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electromagnetic fields and the corresponding electric currents are only efficient in 

activating nerves if the field has a frequency between a few hertz to about 1 kHz. The 

most efficient frequencies are between 10 and 100 Hz. Thus, the power frequency of 

50 or 60 Hz is about the most efficient frequency for activating nerves. This is utilised 

in electrotherapy of use in medicine. 

Løvsund et al. (1980) carried out some experiments where people were exposed to a 

strong, time-varying magnetic field in the eye region. People left in partial darkness 

experienced a kind of light sensation called 'magneto-phosphenes' when the magnetic 

field became strong enough and the frequency was in the right region. Fig. 10-12 

indicates the minimum magnetic field necessary to produce magneto-phosphenes. For 

this particular system, the optimum frequency was about 30 Hz, and the minimum 

magnetic field was then 20 mT (about 3-4 orders of magnitude higher than what is 

found in houses near power lines). It has been estimated that magneto-phosphenes may 

occur when the current density in the eye region is above 10 mA/m2. 
 

        
 

Fig. 10-12. Minimum magnetic field at various frequencies necessary in order to produce light-sensation 

in the eye (magneto-phosphenes) according to Løvsund and co-workers (redrawn from their 

original paper, 1980). 

Preliminary experiments have been carried out in the author's laboratory using 

magnetic field exposure of 50 Hz to the human lower arm. For sufficiently high fields, 

some tingling sensation, and some increased muscle activity is felt for a field slightly 

weaker than 20 mT, implying that the minimum values given by Løvsund overestimate 

how strong a magnetic field has to be before it can lead to triggering of nerves. 

Not only harmonic (sinusoidal) time-varying fields, but also various kinds of pulsed 

electromagnetic fields with a repetition frequency between zero and a few hundred 

hertz, may lead to triggering of nerves. 

The triggering of nerves is an effect that takes place immediately when the body is 

exposed to strong low frequency fields, and the direct effect is terminated immediately 

after the exposure has ceased. Such effects are called acute effects and they can be 

demonstrated in a very reproducible way, from one laboratory to another. There are no 

doubts about such an effect. 

In industry, people are occasionally exposed to electric or magnetic low frequency 

fields so strong that acute effects actually take place. This may happen in areas up to 
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one metre away from very high current cables leading to melting furnaces or other low 

impedance loads. Electricians and other workers in these areas have reported 

disturbances in their vision. One group of people in a laboratory for testing 

transformers even claimed that muscles were activated so that the eye ball actually 

moved relative to the rest of their head. This only happened in a somewhat extreme 

circumstance when the magnetic field exposure was very high (about 10 mT, 50 

or 60 Hz the entire head and upper part of the body). 

Two independent laboratories claim that people have complained about strong 

headaches for hours after prolonged exposure to fields that, e.g., leads to magneto-

phosphenes. However, there does not appear to be any systematic, scientific study of 

the headache phenomena at such high fields. For ethical reasons, it may even be 

difficult to carry out such a study. On the other hand, magnetic field stimulation is used 

in research in neurology, but with pulses and shorter total exposure time. In those 

cases, people do not seem to complain about headaches. 

Guidelines for exposure to low frequency fields 

It is obvious that it is undesirable to let people be exposed to low frequency fields 

strong enough to induce acute effects without strict control. For that reason, various 

organisations have recommended guidelines for exposure where the rationale behind 

the guidelines has been to avoid acute effects. For 50 or 60 Hz fields, the 

recommended limits for guidelines issued by ICNIRP (International Commission on 

Non-Ionizing Radiation Protection) in 1998 are seen in Table 10-2. 
 

Table 10-2 Field limits recommended as guidelines by ICNIRP. 
 

 50 Hz 60 Hz  

Magnetic field (B): 

 

500 µT 

100 µT 

417 µT 

83 µT 

occupational exposure 

general public 

Electric field (E): 

 

10 kV/m 

5 kV/m 

8.3 kV/m 

4.2 kV/m 

occupational exposure 

general public 

 

It is worth mentioning that 5 kV/m (or 4.2 kV/m) is less than the electric field at 

ground level below a high-tension power line. 

There are various different sets of guidelines for exposure issued from various 

organisations. Most of them are rather similar, but they may vary considerably in the 

way they handle local exposure (e.g. much higher field exposure in a limb than in the 

torso). They may also differ in the way they handle the duration of an exposure (e.g. 

some guidelines accept higher exposure for a few hours a day than for the 24 h limit). 

Guidelines are, almost without exception, based on avoiding acute effects. 

However, other kinds of guidelines also exist. Some states or local municipal areas use 

guidelines based on possible weak field effects, like leukaemia among children 

growing up near power lines. An example of such a local area guideline could be that 

housing is not allowed in areas so close to power lines that the magnetic field is 

stronger than 0.2 µT. 
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A third class of guidelines/limits are technically based and are often in some way or 

another connected to electromagnetic compatibility criteria (one piece of electrical 

equipment should not 'pollute' its surroundings with electromagnetic fields to the 

extent that other pieces of equipment are affected). One example of field limits of this 

category is the Swedish MPR/TCO guidelines used for deciding whether visual display 

units can be classified as 'low radiation' units. These guidelines have had a tremendous 

influence on the manufacturing of visual display units used in the computer worker 

community. Visual display units of today are surrounded with much lower fields than 

they were before the MPR classification started around 1987. In spite of this, there has 

been no demonstrable price increase following the improvements. It is interesting to 

see that there has been no similar development for video-monitors used during TV 

production and editing. It is as common today for monitors used in TV production to 

have similar field characteristics to the computer VDUs used long before the MPR 

development. It seems very odd when some of the leading manufacturers make good 

low radiation visual display units for use in computing while they have done nothing to 

reduce fields from video-monitors despite having the necessary technology. 

Acute effects at higher frequencies 

Frequencies above 1 kHz are not efficient in activating nerves (unless the fields are 

given in pulses with a low repetition frequency). If the frequency is increased to the 

MHz region or higher, the heat production may become a problem due to the increased 

electric current in biological tissue. Thus, heat absorption is the key to understanding 

what is called an acute effect of radio frequency fields.  

The heating effect depends on how much energy per time is absorbed in the body 

tissue. Often the quantity 'specific absorption rate', SAR, is used in order to describe the 

absorption, and it is defined as: 

 

   SAR = Absorbed effect in a given amount of tissue / The mass of that tissue  [W/kg] 

 

A distinction is made between whole body radiation and radiation only to localised 

parts of the body. The reason is that if only a portion of the body is heated by radio 

frequency radiation, the blood will partly transport some of the heat to the rest of the 

body. Thus, it is normally possible to accept a higher SAR value for localised regions 

than for the whole body. An exception to this general consideration is tissue with a 

high water content and limited heat transfer to other parts of the body, especially the 

eye lens, which is particularly vulnerable to damage. 

Experiments indicate that 30 min exposure for radio frequency radiation, which 

produces a whole body SAR of 1-4 W/kg, results in a body temperature increase of less 

than 1 °C (which is acceptable). A safety factor of 10 for occupational exposure leads 

to 0.4 W/kg as the basic guideline for radio frequency radiation exposure. An addi-

tional safety factor of 5 is introduced in order to protect the general public so that the 

maximum whole-body SAR value for this group is 0.08 W/kg. 
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It is not easy to measure SAR values. For practical reasons, it is therefore common 

to rely on field measurements in air at places where the body might happen to be. 

Furthermore, for radio frequency fields, ICNIRP (International Commission on Non-

Ionising Radiation Protection) has issued guidelines for exposure. Some examples are 

as shown in Table 10-3.  
 

Table 10-3. Exposure guidelines issued by the ICNIRP. 

  

 
10-400 MHz 

 

900 MHz 

(mobile telephone) 
 

Magnetic field (H): 

 

0.16 A/m 

0.073 A/m 

0.24 A/m 

0.111 A/m 

occupational exposure 

general public 

Electric field (E): 

 

61 V/m 

28 V/m 

90 V/m 

41 V/m 

occupational exposure 

general public 

Plane wave power density: 

 

10 W/m
2 

2 W/m
2
 

23 W/m
2 

4.5 W/m
2 

occupational exposure 

general public 

 

It could be noted that for mobile telephone users, the exposure is extremely 

localised to the head, which is closest to the antenna. The SAR value applied when 

evaluating use of mobile telephones is therefore based on a mean value for only 6 

grams of tissue. Further details are given elsewhere in this book. 

It might be of interest to note that radio and TV transmitting antennas may easily 

give a SAR value exceeding the guidelines if an operator is very close to the antenna 

(within a few metres). However, in areas accessible to the general public, the radiation 

is usually well below the guideline limits. The same applies for base stations used in 

mobile telephone communications. 

Non-acute effects 

What effects do electromagnetic fields have for fields considerably weaker than 

those required for an acute effect? In the relevant literature, a high number of different 

effects are reported, but for weak fields, the reproducibility among different 

laboratories is poor. Thus, in some studies, an increase in spontaneous abortion among 

women exposed for weak low frequency fields (of the order of 1 µT) is found while 

other studies fail to confirm this. The same is also true for quite a few other effects. 

Even 20 years of active research have failed to give a consistent picture of the bio-

logical effects from weak, low-frequency electromagnetic fields. 

Below is a list of some of the different biological effects reported over the last 

couple of decades that may result from exposure to (low frequency) electromagnetic 

fields: 

• Malformations/defects on animal and human foetuses 

• Altered rate of embryonic development 

• Increased occurrence of spontaneous abortion 

• Increased occurrence of depression and suicide 

• Headaches and problems with concentration 
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• Suppressed immune responses 

• Increased occurrence of leukaemia and brain tumours among children growing 

up near power lines 

• Increased occurrence of breast cancer among men and women 

• Increased occurrence of other kinds of cancer among various 'electrical workers' 

• Chromosomal damage 

• Hypersensitivity among some people 

• Skin problems 

• Alteration in heart rate or heart-rate variability 

• Reduced production of melatonin at night 

• Altered circadian rhythm in humans and animals/insects 

• Altered sleep electro-physiology (monitored by EEG) 

• Improved bone healing after fracture 

• Improved regeneration of damaged nerve tissue in rats 

• Altered ion concentration in blood for cattle on grazing land under power lines 

• Onset of so-called 'calcium-oscillations' in cells 

• Alteration in c-myc expression and other examples of gene expression 

• Alteration in cell proliferation 

• Alterations in receptor-mediated signalling pathways in cells 

• Effects on cell-cell communication and gap junctions 

• Increase in calcium efflux from the brain (in animals) 

• Altered growth of plants (either the full plant or a part of it) 

 

The list is by no means complete. More details are included in a review of possible 

health effects by a working group appointed by National Institute of Environmental 

Health Sciences of the National Institutes of Health (Portier & Wolfe, 1998). 

Among all the reported effects, the most important has been the following: In 1979, 

Wertheimer & Leeper found an elevated occurrence of leukaemia among children that 

had grown up close to power lines (actually, distribution lines). The so-called relative 

risk was 2-3 times as high for these children as for other children. Since then a number 

of similar epidemiological studies have been performed and in Fig. 10-13, the 'main 

findings' in most of these studies are presented. 

Even if the different studies have many similarities, they are also very different 

in many respects. It is therefore difficult to compare the results. Some meta-analyses 

have been performed, but they have not added new insight so far. Leukaemia among 

children is a rare illness (only about 4 out of 100 000 children get the illness every 

year) and only a few percent of the children grow up near power lines. Thus, the 

statistics are rather poor. This may lead to large fluctuations in the results depending on 

factors that could be thought of as of marginal importance. For example, in the 

Norwegian epidemiological study (J in Fig. 10-13), the odds ratio (similar quantity as 

relative risk) for leukaemia among children was 0.3 if the analysis was based on the 

calculated time-weighted average of magnetic field exposure from birth to diagnosis. 
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However, the odds ratio was 2.2 if the exposure for the calculated magnetic fields over 

the first four years of life was the criterion for analysis. In the paper, seven different 

kinds of analysis were presented and it should be kept in mind that a figure like the one 

in Fig. 10-13 will depend heavily on which results are chosen from the total material 

available in the studies given. 

Results like those presented in Fig. 10-13 are interpreted differently by various 

people. Some count the number of studies that have given statistically significant 

increased (calculated) risk and those that do not show such an increase. For the data in 

Fig. 10-13, this means that about two studies showed statistical significant elevated 

risk, ten did not ('Two studied showed an effect, ten did not show any effect.'). Other 

people wonder about the fact that most of the reported relative risks are above 1 

(indicating increased risk). If the effect is not real, the dots in the figure can be 

expected to be distributed almost equally above and below the relative risk equal to 1 

line. (The results from studies of leukaemia and brain tumours among adults living 

close to power lines are very much distributed in that way.) This apparent over-

representation of relative risk greater than 1 results in studies of children is taken as a 

possible indication that leukaemia (and also partly brain tumour) might occur more 

frequently among children growing up near power lines than among other children. 

 

   
Fig. 10-13. Results from most epidemiological studies on cancer (leukaemia) among children that have 

grown up close to power lines. The relative risks are given along with their 95% confidence 

intervals. Risk above 1 indicates an elevated risk, below 1 a reduced risk. The criteria used 

in discriminating between 'exposed' and 'non-exposed' children are given for each study. Full 

references to most of the different studies A-L can be found in the report of Portier & 

Wolfe, 1998. For three studies two different outcomes are indicated (the two results from 

the Norwegian study 'J' are discussed in the text). 

There are a lot of uncertainties associated with this conclusion and most of them are 

not discussed here. However, a couple of points should be mentioned. First of all, if the 

elevated occurrence of leukaemia is real, is it then connected to an electric or to an 
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magnetic field, or could another factor be (at least in part) responsible? Most 

investigators suppose that it is due to power frequency magnetic field, but that is far 

from certain. Secondly, even if the characterisation of magnetic field exposure is much 

better in the latest studies than in the earlier ones, they all are based on an assumption 

that the 'dose' is related to the 'time weighted average' (TWA). This means if a child is 

exposed to a 10 µT (RMS) field for 30 minutes a day, and to a very low field the rest of 

the day and night, this exposure would count the same as for a child that is constantly 

exposed to a 0.2 µT field (RMS). It is by no means obvious that such an assumption is 

valid. If the time weighted average assumption is not valid, the relative risk has 

probably been underestimated rather than the opposite. 

Leukaemia among children seems to be the particular finding that many people take 

as the strongest evidence that weak low frequency electromagnetic fields may represent 

an unwanted health effect. A large number of various other studies may or may not 

indicate similar deleterious effects. Some years ago, there was an intense debate on 

whether or not fields from a visual display terminal could lead to spontaneous abortion 

or deformation of foetuses. Both epidemiological studies and animal studies were 

carried out. Some results indicated that there was an effect, others did not find any such 

effect. Today, most people seem to think that the effect, if it really exists, has to be 

very weak. Based on the available results, however, it is very difficult to draw a firm 

conclusion even on this subject. 

Epidemiological studies on breast cancer among both men and women have been 

carried out. Possible connections between every imaginable kind of cancer and 

occupation have been considered. Electrical utility workers, train engine workers, 

workers in high voltage testing facilities etc., may have an elevated risk of some kind 

of cancer. There are many indications, but no real 'proof
 
'. 

On the other hand, low frequency electromagnetic fields have also been used in 

attempts to cure the body. Magnet-therapy is claimed to work to man's benefit, 

especially in stimulation of bone growth (often used after so-called 'non-unions') and 

nerve regeneration. Some forms of magnet-therapy use field patterns that actually 

induce currents in the body corresponding to the acute effect discussed above. A 

particular variant of magnet therapy uses static magnetic fields based on inhomo-

geneity in the field. 

Magnet-therapy is an umbrella covering a large variety of methods and actors. It 

appears safe to claim that most people offering magnet-therapy base their claims on 

insufficient and far too little systematic and scientifically based experience. On the 

other hand, several studies claim to have shown an effect even in so-called double 

blind experimental design. That is not necessarily a great surprise since some of 

the reported effects may be explainable in terms of either effects similar to 'acute 

effects' discussed above, or to inhomogeneities in the field that add another interaction 

mechanism to what has been discussed so far. 

There is no doubt that strong fields may lead to biological effects. What effect weak 

fields have is more of an open question. In spite of many years of research, it seems 

that no final conclusions can be drawn. Some particular biological effect may be well 
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established, but it is difficult from those effects, often found in cell cultures or in 

animal systems, to draw conclusions about any health effects. For this reason, people 

working in this field of research rely on their 'gut feeling' when interpreting the 

different published studies. It becomes almost impossible to be completely objective, 

and some scientists' interpretations of the available data have convinced them that even 

weak low frequency electromagnetic fields may have a biological effect, even a 

harmful effect. Other scientists interpret the very same available data differently. They 

think that the problems of inter-laboratory reproducibility indicate that the effects 

reported are all artefacts, and that weak fields have no biological effects, either 

beneficial or harmful. Most people are somewhere in between these two extremes and 

struggle to form opinions as best they can. However, only the most arrogant refuse to 

admit that the uncertainty in this field of research is a great problem, at least 

intellectually. 

10.7 Shielding 

Shielding of low frequency electromagnetic fields is an art, and a much more 

complex art than that of shielding of ionizing radiation, light or infrared radiation. The 

efficiency of the shielding depends heavily on the frequency of the fields, whether the 

electric or the magnetic component dominates, and on geometric and material factors.  

A cage made of metal, properly connected to ground, often called a Faraday cage, is 

extremely efficient in shielding a static or extremely low frequency electric field. 

However, the shielding efficiency of the very same Faraday cage for static or extremely 

low frequency magnetic fields is about zero.  

Low frequency magnetic fields may be reduced markedly if the walls of the cage 

are  made from thick, continuous sheets of metal with high electric conductivity. 

For 10-12 mm thick aluminium plates, carefully welded together, a 50 Hz magnetic 

field is typically reduced by 50-70% depending on geometric factors.  

The mechanism in this kind of shielding is the so-called 'Eddy-currents': Electric 

current induced in good conductors of large uninterrupted areas in the presence of a 

time-varying magnetic field. The induced currents produce a magnetic field which 

tends to reduce the original time-variable magnetic field (a principle often termed 'Lenz 

law'). 

It is also possible to shield static or ELF magnetic fields by active magnetic 

materials, like soft iron or various alloys. The magnetic material conducts the magnetic 

field lines through itself, leaving smaller fields in the nearby regions. The efficiency 

here depends on the so-called relative magnetic permeability and this parameter again 

depends on several factors, like the choice of material and the magnetic field strength. 

Soft iron is quite efficient in shielding for quite a strong ELF magnetic field, but not as 

efficient when shielding from rather weak ELF fields, like those found in houses 

near  power lines etc. The reason for this is that the relative magnetic permeability of 

soft iron is relatively small (only in the order of 100) for an 1 µT 50 Hz (external) 
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magnetic field, but in the order of 1 000-3 000 for a 500 µT 50 Hz external magnetic 

field (about 1 T internal magnetic flux density in the iron itself). 

Alloys with a so-called 'high initial relative magnetic permeability', like mu-metal 

(an alloy made from 75% nickel, 18% iron, 5% copper and 2% chromium), may have 

a  relative magnetic permeability of about 50 000 for a 1 µT 50 Hz magnetic field. 

Thus, it can be quite efficient in shielding from relatively weak magnetic fields. Two 

problems with mu-metal, however, are its high price and that it cannot be bent or 

formed without losing some of its magnetic properties. The material has to be heated 

and cooled down in a controlled way after bending etc. in order to restore its high 

initial magnetic permeability. 

The mechanism behind shielding fields by magnetically active material is, as 

mentioned above, the material's ability to conduct magnetic field inside the metal so 

that less field is found in the volume outside the material. However, magnetic field 

lines always run in closed loops so that at the end of a sheet of mu-metal, the magnetic 

field may be highly concentrated. Thus, if the mu-metal is used in an unfavourable 

way, it may lead to increased magnetic field at a particular place in space instead of a 

reduced field. Geometric factors are also highly relevant in this kind of shielding. 

In order to reduce very low frequency magnetic fields, the best strategy is to use a 

combination of several measures. The most important ones are: 

1. Increased distance between the source and the place of interest 

2. Reduced distance between the two (or three) cables that carry the 'forward' and 

the 'return' current 

3. Increased symmetry in cabling so that the magnetic fields from the 'forward' and 

the 'return' current cancel each other more efficiently 

4. Introduction of shielding metal either based on 'Eddy-currents' (thick 

aluminium) or on magnetic properties (often mu-metal or soft iron) 

5. Active compensation 

 

The two first points are indirectly explained already in the sections above where 

sources of magnetic fields were discussed. The importance of these factors can be 

illustrated as follows: 

In some countries, heating cables in concrete floors may be used for heating rooms 

during winter months. Several kinds of heating cables are commercially available. If 

the cable is a 'one-lead' heating cable, it carries only current in one direction. If the 

cable is a 'two-lead' cable, it contains two leads closely packed together (but isolated 

from each other), carrying equal, but oppositely directed, currents. Heating cables are 

often laid in a 'folded' pattern covering the floor, with a distance between the different 

loops of about 0.1-0.2 m (mean value often about 0.15 m). The magnetic field 0.5 m 

above the floor for a current of 10 A is then, according to Eq. 10-6, about: 

 

(0.2⋅ 10⋅ 0.15 / 0.5 2) µT = 1.2 µT (10-8) 
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for the one-lead cable. Here, the distance between 'forth' and 'back' current is equal to 

the distance between two adjacent loops. For the two-lead cable, however, the distance 

between 'back' and 'forth' current leads is only a couple of mm since they are located 

within the very same cable. Thus, the field 0.5 m above the floor is about: 

 

(0.2⋅ 10⋅ 0.002 / 0.5 2)  µT = 0.016 µT (10-9) 

 

In practice, the two leads within the same cable are often twisted around each other, 

which reduces the field even more. 

Thus, by a simple change in construction of the cable from a one-lead cable to a 

two-lead cable, the magnetic field can be reduced by a factor of the order of one 

hundred. This illustrates the importance of cabling and construction. It also illustrates 

that it may be much more rewarding to reduce the production of a field by a source 

than trying to reduce the field already present. 

In the list above, active compensation was mentioned as a method for reducing low 

frequency fields. When applying active compensation, a new source of magnetic field 

is introduced that produces a magnetic field of exactly the same frequency (and phase) 

as the magnetic field to be reduced. However, the compensating field must have a 

direction that is the opposite of the field to be reduced (remember that electric and 

magnetic fields are vectors). The total field is then brought close to zero in principle 

at least. However, reduction of static or ELF magnetic fields by active compensation 

can only be efficient for a limited volume in space. For that particular volume, the 

reduction can be very efficient.  

Radio frequencies 

As the frequency increases, the coupling between electric and magnetic field gets 

closer. A Faraday cage becomes less efficient in shielding the electric field component, 

but far more efficient in shielding the magnetic field component. For radio frequencies 

in the MHz range, a cage with solid metal walls is very efficient in shielding the fields 

or radio waves. However, if there are slits or holes in the walls that are of the same 

magnitude or larger than the calculated wavelength, the corresponding fields often find 

their way through these slits/holes. However, even this effect depends on geometric 

factors, like the polarisation of the radio waves as compared to the direction of the 

slit/hole. 

The magnetic response in various materials is a time-dependent property. For 

frequencies higher than a few hundred kHz (far lower frequencies for some materials) 

the magnetic response cannot follow the rapid changes in the external magnetic field. 

The relative permeability is then reduced to near 1.0 and the material is no longer able 

to conduct the magnetic field very efficiently. Thus, for radio frequency fields, 

magnetic materials are seldom the right choice for reducing magnetic fields. Even if 

iron is used, for example in a Faraday cage, for radio frequency shielding, it is more 
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because of its electrical conductivity and ease of construction than for its magnetic 

properties. 

Practically speaking, active compensation is not used for reductions in radio 

frequency fields. 

Shielding in practice 

People living in houses very close to high tension power lines often use a grounded 

metal net covering the roof (under the roof tiles) in order to reduce the power 

frequency electric field. This procedure might be highly efficient. On the other hand, 

shielding of the power frequency magnetic field is seldom carried out. The cost would 

be very high and the shielding efficiency rather poor. 

Similarly, for a computer visual display unit (VDU), a grounded screen that consists 

of a slightly conductive film placed between two sheets of glass (or a similar con-

struction) may reduce the electric field from the VDU quite efficiently. This is 

especially true for the static electric field (not as efficient for the line-frequency electric 

field). On the other hand, the screen has only a minor effect in reducing the magnetic 

field. Today, most VDUs for computer use have a built-in conductive layer at the front 

of the VDU. Thus, today, extra filters have far less effect in reducing fields than they 

had in the 1980s before 'low radiation VDUs' came on the market. 

Power frequency magnetic fields from an in-house transformer often originate from 

the high current cables in the secondary circuits rather than from the transformer itself. 

One of the most efficient ways to reduce the fields from such sources is to move the 

cables carrying high currents further away from nearby rooms where people work. In 

addition, the cables of the three phases are often brought closer together, or even split 

in several cables and intertwined, in order to reduce the magnetic fields. Special cable 

constructions for such use are commercially available and they produce considerably 

fewer magnetic fields in the surroundings than ordinary cables. 

In order to reduce the exposure to electric or magnetic fields from home appliances, 

an increase in distance is often the most efficient measure. By placing a clock-radio 

twice as far from a pillow, the field values are often reduced by a factor of between 

four and eight. Instead of peering through the front glass of a microwave oven during 

use, the exposure could be reduced considerably by watching the oven from a distance 

of e.g. 50 cm, or by limiting the time spent very close to the source. 

Everyone is constantly exposed to radio frequency fields from radio and television 

transmitters, and mobile telephone network base-stations. In most cases, the intensity 

of the incident radio waves poses no immediate problem because a safety distance is 

introduced from the transmitting antennae (and/or due to the narrow antenna radiation 

loop characteristics). The highest intensity people are usually exposed to in the radio 

frequency bands are mobile telephones or cordless telephones used in homes or offices. 

In general, it can be said that the closer the antenna is to the head, the higher the 

intensity and absorbed energy per local tissue weight. Even so, people want their 

mobile telephone as small as possible, which often means a higher exposure level. An 
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extra antenna may reduce the exposure considerably, but that is seldom used in 

practice. Some extra gadgets may be bought in order to reduce the absorbed energy in 

the head, but many of these do not work as intended. Specifications should be carefully 

checked before purchase. The manufacturer must be able to prove that the gadget really 

reduces absorbed energy in the head for identical output and input signals between the 

mobile telephone and the base station. If not, the gadget may very well be a waste of 

money and lead to reduced battery life. 

10.8 References 

Feero, W. E. (1993) Electric and magnetic field management. Am Ind Hyg Assoc J vol. 54, pp 205-210 

ICNIRP Guidelines (1998) Guidelines for limiting exposure to time-varying electric, magnetic, and 

electromagnetic fields (up to 300 GHz). Health Physics vol. 74, 494-522 

Kaune, W.T. (1981) Bioelectromagnetics vol. 2, p 403 

Løvsund, P. et al. (1980) Magneto- and electrophosphenes: a comparative study. Med Biol Eng Comput 

vol. 18, p 758 

Polk, C. (1986) In: C. Polk and E. Postow: Handbook of biological Effects of electromagnetic fields. 

CRC Press, Boca Raton, Florida. p 503. 

Portier, C. J. & Wolfe, M. S. (1998) Assessment of health effects from exposure to power-line frequency 

electric and magnetic fields. NIEHS Working Group Report. NIH Publication No. 98-3981. Triangle 

Park, North Carolina 

 



 

 

11 Sound and Noise 

Rauno Pääkkönen 

11.1 Physics of sound 

Sound can propagate in gases, liquids and solid material. It only exists in transmitting 

media. This characteristic separates sound from electromagnetic waves and radiation.  

Noise is defined as unwanted sound. Therefore, one element of noise is the psycho-

logical response of the sound receiver.  

Airborne sound is defined as pressure variation around static atmospheric pressure. 

Pressure, p, is measured in pascals (Pa). The rate of pressure variation is defined as 

frequency, f, and is measured in hertz (Hz). The velocity of sound depends on the 

medium in which it is being propagated. In air, the velocity, c, is about 340 m/s and 

depends on the temperature and pressure of the air. In water, it is about 1 500 m/s 

whereas in steel, it is about 6 000 m/s. The distance sound travels over one frequency 

cycle is called a wavelength, λ, which is measured in metres (m). The equation for 

calculating the velocity of sound from the frequency and wavelength is as follows: 

 

f⋅ λ = c (11-1) 

 

 
Fig. 11-1. Frequency spectrum of a hand drill recorded during the drilling of a brick 

The frequency of sound determines some of its other properties. With respect to 

humans, sound can be roughly divided into infrasound (0-20 Hz), audible sound 

(20-20 000 Hz) and ultrasound (20 kHz-200 MHz). Audible sound represents the 

hearing range of normal amplitude sound. In practice, frequencies are analysed as 

frequency bands (octave, 1/3-octave, 1/12-octave) or as single frequencies (fast Fourier 
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transform). When all typically audible frequency bands are analysed, a frequency 

spectrum is produced. A typical frequency spectrum is shown in Fig. 11-1. 

Infrasound can propagate freely in air. Therefore, infrasound propagating in one 

continent can be measured in another. For example, during the Gulf War in the Middle 

East, Swedish scientists could measure the infrasound produced by burning oil wells in 

Kuwait. At the other end of the spectrum, ultrasound – the higher frequencies (more 

than hundreds of kilohertz) – needs a liquid medium to propagate. Therefore, in 

metallurgic analyses and in medical research there must be a liquid medium between 

the sensor and the receiving material. 

Sound amplitude can be defined as the sound pressure level, Lp, sound power level, 

LW or sound intensity level, LI, none of which are equal in practical work. Sound levels 

are logarithmic quantities, and they are measured in decibels (dB) as in Eq. 11-2: 

 

Lp =  20 log (p / po) 

LW  =  10 log (W / Wo) (11-2) 

LI  =  10 log (I / Io)  

 

where              p =  sound pressure (Pa) 

  po   =  reference pressure (20 µPa) 

 W   =  power (W) 

 Wo   =  reference power (1 pW) 

 I  =  intensity (W/m
2
) 

 Io  =  reference intensity (1 pW/m
2
) 

 

Fig. 11-2 illustrates the use of sound pressure level, sound power level and sound 

intensity level. Typically, these sound levels are effective values. Usually, the sound 

pressure level is used as the immission value to describe human exposure to sound, the 

sound power level describes machine noise emission and the sound intensity level can 

be used to calculate either the sound power level or the sound pressure level when 

needed. 

 
Fig. 11-2. Sound emission, intensity and immission 

The A-weighted sound pressure level (dB(A)) is used in many human evaluations of 

noise in relation to human exposure. In cases of medium sound pressure levels, it is 

normally measured by a sound level meter using an A-filter that attenuates low 
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frequencies in a manner similar to the human hearing system. For higher levels, the 

frequency response of the human ear is more linear and therefore, for impulse noise, 

measurement with a C-weighting network has become more common. For example, at 

a frequency of 10 Hz, an A-weighting filter attenuates 70 dB and the corresponding 

value for the C-weighting filter is 14 dB. The respective attenuation values for 100 Hz 

are 19 dB for an A-filter and 0 dB for a C-filter. 

It is often necessary to add sound sources and thus, decibels must be added. While 

the decibel is a logarithmic quantity, the addition must be made according to 

logarithmic calculation principles as follows: 

 

Ltot = 10 log (Σ 10
 Lpi /10

) (11-3) 

 

Some practical rules can be derived from this equation. If there are two similar 

sound sources, the level sum is 3 dB larger than the level of a single sound source. If 

there are 10 similar sound sources, then the sum level is 10 dB higher than the single 

levels alone. 

If, for example, the effect of background noise must be subtracted from machine 

noise, it can be done according to the following Eq. 11-4: 

 

Lpcorr = 10 log (10
 0.1 Lpmeas - 0.1 Lpback

) (11-4) 

 

where   Lpcorr = background-corrected sound pressure level 

 Lpmeas = measured sound pressure level  

 Lpback = background sound pressure level 

 

For sound, the logarithmic average is called the equivalent sound pressure level and 

it is defined as: 

 

Leq = 10 log [1 / T (Σ 10
 Lpi /10 

∆t)] (11-5) 

 

where   T  = measurement period 

 ∆t = time period 

 

Impulse noise is generally described as the peak pressure level or exposure level. 

The peak level refers to the peak value of the impulse (dB) and the exposure level can 

be illustrated as in the following Eq.11-6: 

 

LE = 10 log (E / Eo) (11-6) 

 

where Eo = 4×10
 -10

 Pa
2
s for a 1 s integration period and a 20 µPa reference                      

pressure                   

 E   = energy of the impulse (Pa
2
s) 
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The preceding equation was written for the integration time over 1 s (LE1s). If a cor-

rection is needed for duration, then the following Eq.11-7 can be used: 

 

LEt = LE1s - 10 log (t / to) (11-7) 

 

where   t  = averaged time 

 to = reference time = 1 s 

 

For example, for a rifle shot, the peak level can be 156 dB and the sound exposure 

level, LE1s, can be 130 dB over 1
 
s, which equals 85 dB as the equivalent level over 8 h. 

11.2 Noise sources 

Acoustically vibrating surfaces and turbulent airflow are the most important sources 

of noise. Resonance can increase or diminish the emitted structurally borne noise as 

it travels through a machine towards a vibrating panel. One practical description of 

a  sound source is acoustic efficiency, ηacous, which is a small number, typically 

around 10
 -5

-10
 -7

. However, the acoustic efficiency illustrates that even very little 

power can cause a significant sound power level. For example, if a machine has 1 kW 

of power, and a millionth part of the power changes to acoustic energy, the acoustic 

energy amounts to 1 mW, which equals a sound power level of 90 dB. 

In a machine, noise can be created by gear teeth, bearings, impact, or air blow or 

suction. The vibrations caused by this source can be transmitted by different structures. 

In this phase, frequency resonance or anti-resonance can occur and modes or 

frequencies can be altered. Therefore, it is often very difficult to properly analyse the 

vibration transmission of a structure. When structural vibration reaches a vibrating 

plate, surface or area, it can be transformed to acoustic airborne radiation, and the 

sound pressure level becomes dependent on the following parameters: 

 

Lp = 10 log δ + 10 log S + 20 log v + Lo (11-8) 

 

where δ   = surface radiation coefficient 

 S  = area of the surface 

 v = velocity of the surface in the normal direction 

  Lo  = specific sound pressure level 

 

Therefore, the material and surface properties and structural velocity determine the 

sound pressure level. In industry, common sound sources are, for example, machines, 

transportation, ventilation, and handheld tools. 

Turbulent airflow can also cause noise. For example, an oxygen cutting torch, air 

blow and ventilation can be such sources of noise. Vibrating air columns are also the 

main source of noise in engines when they take in or exhaust air when burning an air-
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fuel mixture. The noise can even be amplified if the blowing air is disturbed or guided 

through grids. The following equation provides some description of this type of noise: 

 

Lp = 10 log S + n log v + Lo (11-9) 

 

where S  = area of the air blow 

  n  = coefficient of grids or hindrances for the airflow 

  v  = velocity of the airflow 

  Lo = specific sound pressure level 

 

When the velocity increases, e.g. in jet blows, the sound pressure level increases by 

higher exponents than, for example, two. 

The aforementioned Eq. (11-8) and (11-9) are not correct in a scientific sense, but 

they provide information about parameters that can be important in the analysis of 

sound sources.  

Practical environmental noise sources can be divided into air, road and rail traffic, 

industry, construction and leisure-time sources. Leisure-time noise sources are 

increasing and for example, rock concerts, motor sports, shooting and domestic tools 

create more noise exposure today than ever before. The noise of residential areas and 

traffic is often a factor requiring special consideration when new roads are being 

planned. 

If the sound behaviour inside a closed space is to be evaluated, a simple equation 

can be formed: 

 

Lp = LW + 10 log [(Q / 4π⋅ r
 2
) + 4 / R] (11-10) 

 

where   Q  = directivity coefficient = 1-8 

  r  = distance between the sound source and the receiver (m) 

  R = room constant 

 

The directivity coefficient can vary between 1 and 8 depending on how the sound 

source is situated in a room. If the source is in a corner of a highly reverberating room, 

then the directivity coefficient can be as high as 8. If the source is in open air, then the 

coefficient can be as low as 1. The directivity coefficient can be transformed to 

directivity, DI, according to Eq. 11-11: 

 

DI = 10 log Q (11-11) 

 

Distance attenuation can be transformed as follows: 

 

∆Lp = -20 log r - 10 log (1/4π) = -20 log r  - 11 dB (11-12) 

 

The room constant is usually formed as: 
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R = Stot / (1 - αave) (11-13) 

 

where   Stot   = total surface area of the room = ΣSi 

  αave  = average absorption coefficient of the room 

 

The average absorption coefficient of the room can be calculated as: 

 

αave  = ΣSi αi / ΣSi (11-14) 

 

where   αi = absorption coefficient of the i
th

 surface (0 - 1) 

  Si  = surface area of the i
th

 surface 

 

Many models can be used to calculate noise attenuation, and computer programs 

can be used to evaluate future noise levels in different areas of a workplace. However, 

it is sometimes difficult to determine the sound power levels of planned systems or 

combinations beforehand. 

 

 
Fig. 11-3. Sound propagating routes: airborne sound, structurally borne sound (ventilation canal), 

ventilation opening, and structural vibration through the floor. 

For the structural noise attenuation of amplification processes in buildings, airborne 

sound, structurally borne sound and sound absorption must be analysed. The analysis 

of airborne noise and the isolation properties of impact noise caused by structures have 

been standardised by the International Organization for Standardization (1995). A 

material constant has also been determined for sound absorption by mineral wool or 
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other absorbent materials, and an analysing process for reverberation time in real space 

is also used for this purpose. However, sound can propagate from the source to the 

receiving point along many routes. Fig. 11-3 illustrates some of these routes. Flanking 

transmission is a term used for the analysis of indirect transmission routes through 

structures. 

When a sound source is located outdoors, it can be classified as a point source, a 

line source or a large source. For a point source, the geometric sound attenuation 

versus distance obeys Eq.11-12. If the sound source is a line source, then Eq. 11-15 can 

be used: 

 

∆Lp = -10 log (r / ro) (11-15) 

 

where ro = reference distance, for which the sound pressure level has been 

measured. 

 

For longer distances, as is often the case, sound attenuation obeys the following 

attenuation parameters: 

 

Lp = LW ± LG ± LGF ± LGR ± LV ± LO ± LWE ± LOT (11-16) 

 

where LW = sound power level of the sound source 

  LG  = geometric sound attenuation (point, line or other source) 

  LGF  = effect of ground formation (hills, valleys, etc) 

  LGR  = correction for ground absorption 

  LV  = effect of vegetation 

  LO  = effect of obstacles 

  LWE = correction for weather (temperature, wind air reflection, etc) 

  LOT  = other effects 

 

Eq 11-16 is often difficult to calculate and therefore, many calculation models have 

been created for different application purposes. There are, for example, models for 

traffic noise, rail noise, shooting range noise, industrial noise, construction noise and 

so on. These calculation models are usually commercial models designed for the 

situations to which they are applied. Nevertheless, the validity of the models greatly 

depends on the validity of the calculation parameters. Sometimes, both measurements 

and calculations are needed before the situation can be evaluated properly. Un-

fortunately, when an environment is being planned, it is not always possible to take the 

measurements needed and then, only calculations are possible. 

11.3 Effects of sound and noise 

Sound has a variety of influences. Hearing is one of our basic senses and is therefore 

very important. Ultrasonic medical research on human and animal bodies is growing. 
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Sound can have negative effects on a person's well-being and then noise becomes a 

problem. Noise can deteriorate hearing, cause disturbances, tinnitus or ringing of the 

ears and have annoying effects. In physiological systems, sound can act as a warning 

and under such circumstances, it provokes a person's 'fight or flight' hormone system 

responses. If these systems are evoked many times a day, a person becomes tired and 

the noise can create psychological or physiological problems.  

In the book Community Noise (Berglund & Lindvall, 1995), the effects of noise 

have been divided into noise-induced hearing loss, sensory effects, the perception of 

noise, interference with speech communication, sleep disturbances, psychophysio-

logical effects, mental health effects, performance effects and lastly, residential, 

behavioural and annoying effects. Noise-induced temporary and permanent threshold 

shifts result if a person is exposed to a very noisy environment over a period of years. 

After exposure to the levels over 85-90 dB for a long time, permanent hearing loss is 

possible. For impulse noise exposure, the limit value is often 140 dB. However, there 

is no reliable indication that infrasound below the hearing threshold can produce 

physiological or psychological effects. Intense levels of infrasound can cause resonance 

in the human body. At extreme levels of infrasound or low-frequency sound, direct ear 

damage may occur and if the sound is in the form of impulse noise, lungs or internal 

organs can even haemorrhage. The effects of ultrasound are said to be similar to the 

effects of stress. Many of the reported effects may have been caused by exposure to a 

combination of ultrasound and intense audible noise. It is usually said that low-

frequency ultrasound of less than 105 dB has no adverse effects.  

Exposure to noise in combination with the intake of ototoxic drugs and chemicals 

has been widely studied, and such effects can probably be found in the work 

environment, where, for example, work with solvents can cause hearing damage. For 

hearing loss, there is a considerable variation in personal susceptibility with respect to 

damage to the hearing system. 

Typically, an individual's pain threshold varies between the sound pressure levels 

of 110 and 130 dB. People who wear hearing aids can easily experience these levels 

and sudden loud noises, music or a raised voice can cause discomfort. 

Tinnitus often occurs alongside hearing loss, but there are also people who 

experience tinnitus without any hearing loss. Almost everyone experiences a short 

duration of tinnitus at some phase of their life, but if it becomes permanent and reaches 

a level that disturbs normal life and sleeping, it can be almost intolerable.  

Physical ear discomfort starts between 80 and 100 dB. Discomfort and annoyance 

can start at very low levels of noise. Personal variances are considerable, but in 

general, as the noise level increases, complaints increase.  

Many noise indices have been devised for different purposes. The most important 

level of acoustic energy lies in the range of 300-3 000 Hz. During a relaxed con-

versation at home, the typical sound level ranges between 45 and 60 dB. Sleep begins 

to be disturbed when noise levels exceed 30-35 dB, which is a limit value in many 

countries for residential areas at night. Annoyance also occurs in connection with 

social, psychological or economic parameters. Annoyance can be caused by noise, the 

number of noise effects, the time of day at which noise occurs and the noise spectrum. 
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11.4 Noise limit values 

According to international studies, noise that exceeds the sound equivalent level of 

85 dB or the peak level of 140 dB is considered harmful to hearing. These values are 

included in a European Council directive (EEC, 1986), in the American Conference of 

Governmental Industrial Hygienists' recommendations (ACGIH, 2000), in military 

standards in the United States (MIL, 1997) and in many national documents. These 

norms evaluate the noise exposure as measured at the site of the head of the exposed 

subject. For steady noise, these values and the estimation models developed using 

these values form the basis for the risk of hearing loss. 

The limit values of environmental noise are far more varied. They range from 45 

to 75 dB for the daily equivalent noise exposure level. Inside the European Union, it 

is estimated that about 80 million people are exposed to traffic noise exceeding the 

limit value of 65 dB. In addition, more than 170 million people are exposed to noise 

of 55-65 dB, which causes significant annoyance. Road traffic is the most disturbing 

source of noise (COM (96) 540). The World Health Organization has proposed a 

guideline value of 55 dB for average outdoor noise. For indoors, the suggested limit 

values vary from 30 to 50 dB(A) when measured as the average indoor level over the 

night or day.  

Regarding structural noise attenuation, there are national limits for the sound 

isolation of most walls, doors or windows. These values vary from 10 to 70 dB, and 

their measurement has been described in this chapter. For the impact sound isolation of 

structures, there are similar rules and design demands.  

11.5 Noise control 

The literature on noise control often describes the number of decibels at which 

certain control activities should reduce noise. However, the risk of hearing loss or 

noise disturbance depends on the immission of the exposing noise. This dependency is 

one of the basic components of noise control. If noise does no harm, why should it be 

reduced? Therefore, noise control activities are directed towards targets for which they 

are necessary. In addition, the highest noise levels have the greatest influence on noise 

exposure and therefore, are the first targets of noise control. Many technical methods 

are used to control noise. Fig. 11-4 illustrates some of these methods and their order of 

application. A noise control programme stipulates the order in which actions should be 

carried out and compares the various possibilities. If limit values are exceeded, 

different types of noise control programmes are required by officials (for example, in 

the European Union (EEC, 1986)).  

Often noise is only noticed after a process has been put into operation and existing 

systems are already hard to correct. Therefore, noise control should be kept in mind 

when processes are planned. In analyses made for noise control activities, the noise 

sources, noise exposure and noise propagation are all relevant. 
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Constructional noise control states specific requirements for walls, doors, windows, 

floors and other structures with respect to noise isolation and these requirements 

should be understood by all parties involved in the construction phase of a building. 

The isolation of material against noise can be determined by analyses of the incident 

and transmitted sound power. Sound isolation, R, is basically defined as shown in 

Eq. 11-18: 

 

R = 10 log W1/W2 (11-18) 

 

where   W1 = incident sound power 

    W2 = transmitted sound power 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 Order of action 

 

Fig. 11-4. Possibilities for noise control: noise sources, the spreading of noise and noise exposure 

When frequency and surface mass are considered, Eq. 11-18 is often written as 

follows: 

 

R = 20 log (mf
 
) - Lo (11-19) 

 

where m  = element mass/surface 

 f  = frequency 

 Lo = reference sound pressure level 

 

When the element is constructed from many elements, the sound transmittance can 

be defined as: 

 

τ = W2 / W1 (11-20) 

 

Noise Sources 

- work methods 

- machinery 

- equipment 

- processes 

- noise peaks 

- maintenance 

- impacts 

- malfunctions 

Noise Spreading 

- airborne sound reduction 

- structural vibration attenuation 

- silencers and suppressors 

- enclosures 

- walls 

- absorption 

- vibration isolation 

- surface radiation 

- isolation of rooms 

Noise Exposure 

- breaks 

- control booths 

- shelters 

- hearing protectors 

- time/exposure profiles 

- work shifts 

Technical methods 
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Then, if the element consists of transmittances, τi, and of surface areas, Ai, the total 

transmittance is as shown in Eq. 11-21: 

 

τ = Στi  Ai / A (11-21) 

 

The total isolation can then be written as: 

 

R = 10 log (1 / τ) (11-22) 

There are also specific measurement methods for determining the success of such 

actions. For example, wall isolation is measured by placing a sound source on one side 

of the wall and a sound-meter on the other. In addition, the room acoustics of the 

receiving room must be measured. Eq. 11-23 illustrates the basic calculation of wall 

isolation: 

 

R = L1 - L2 + 10 log (S / A) (11-23) 

 

where L1  = average sound level of the source room 

  L2 = average sound level of the receiving room 

  S  = total absorption area of the receiving room wall 

  A  = reference area of the receiving room wall (10 m
2
) 

 

The absorption area can be calculated from the measurement of reverberation time 

T as in Eq. 11-24: 

 

S = 0.16 V / T (11-24) 

 

where    V = volume of the receiving room  

  T = reverberation time of the receiving room 

 

Wall isolation is a function of frequency. Thus, higher frequencies are better 

reduced if resonance (mass, coincidence, etc.) is not considered. 

Table 11-1. Noise attenuation provided by different control measures used to reduce usual industrial 

noise 

Measure Noise attenuation, dB 

Enclosure, tight 10-40 

Enclosure, partial 3-15 

Control room 10-50 

Wall 5-35 

Partial wall 3-20 

Ceiling absorption 0-8 

Ear muffs and plugs 10-30 
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When new machinery is introduced, its noise properties should be considered. For 

example, the European Union has made guidelines for evaluating the noise of 

machines (EU, 1989). The machine directive requires that for every machine that 

exceeds the noise level of 70 dB at the location of the operator or a peak level 

of 130 dB, the manufacturer must provide information on the noise in its technical 

specifications or in a commercial leaflet on the machine. Some companies use noise 

guarantees for their products. 

It is always possible to reduce the noise emission of machinery, but doing so also 

generally reduces the efficiency of the machinery. These two requirements are 

contradictory and therefore, the emitted noise is often the less important parameter 

with respect to the production line.  

Since there are many excellent handbooks on noise control on the market, this 

presentation has not thoroughly covered technical noise control methods. Table 11-1 

gives guidelines for noise attenuation against medium-frequency industrial noise. 

When all other methods fail, hearing protection is the final means of noise control. 

In many countries, safety legislation states that technical noise control methods are 

preferable, but in many cases, hearing protection is the only practical method possible. 

There are many types of hearing protectors, namely, ear muffs, ear plugs, semi-aural 

devices and even noise helmets. Nowadays, electronics is increasingly improving 

the communication properties of hearing protectors so that it is possible to talk 

to other hearing protection users and use mobile phones whilst wearing hearing 

protection. Fig. 11-5 provides an analysis of earmuff noise attenuation properties 

(Pääkkönen, 1992). 
 

 

 Fig. 11-5. Noise attenuation properties of earmuffs 
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11.6 Ultrasound 

Ultrasound can be defined as mechanical vibrations of frequencies above the range 

of human hearing, typically above 16 kHz. However, if the ultrasound intensity is high 

enough, some kinds of hearing sensation have been reported up to 40 kHz. Ultrasound 

is often divided into low-frequency ultrasound (16-100 kHz) and high-frequency ultra-

sound (100 kHz-10 GHz). Low-frequency ultrasound can propagate in air. In general, 

ultrasound propagation can be longitudinal waves (liquids, gases), longitudinal and 

transverse waves (solid materials) or surface waves. Typically, ultrasound is produced 

by piezoelectric transducers, whistles or horns that are in acoustic contact with the 

propagating medium (Pathak, 1990).  

The intensity of ultrasound can be measured in a similar way to sound. 

 

Lp = 20 lg (p / po) (11-25)   

LI = 10 lg (I / Io)  

 

where    p  = ultrasound pressure, Pa 

po = reference pressure 20 µPa 

Lp  = sound pressure level, dB 

I  = ultrasound intensity, W/m
2
 

Io. = ultrasound reference intensity, W/m
2
 

LI  = sound intensity level, dB 

 

For low-frequency ultrasound, the sound is usually expressed in decibels and, for 

the high frequency ultrasound, in W/m
2
.  

Low-frequency ultrasound is applied in cleaning, welding, joining of materials, dog 

whistles, bird or rodent controllers, intrusion alarms or gas excretion from the liquid. 

High-frequency ultrasound is used in medical diagnosis, therapy and surgery in liquid 

applications, and metal defect and material analysis in solid applications.  

ACGIH recommendation values for low-frequency ultrasound vary in the frequency 

range from 105 to 115 dB in air and from 167 dB to 177 dB in water (reference 

value 1 µPa).  

Medical applications 

Ultrasound is mostly used in medicine for diagnosis. Ultrasound is also considered a 

lower risk research method than, for example, X-ray methods. Most medical diagnostic 

appliances use a frequency range of 1-10 MHz as both continuous wave or pulsed 

signals. Sophisticated ultrasound imaging devices are used in routine examinations, for 

example, of pregnant women in foetus evaluation. Other examples of ultrasound 

methods used include studies of brain, eyes, chest, thyroid, abdomen, pelvis or arteries.  



 

 

 

11. Sound and Noise  149 

 

Ultrasound can also be used therapeutically, for example, in healing ulcers, but the 

results have caused controversy in many cases. Ultrasound has been used in surgery 

and dentistry and ultrasonic drills are commonly used. 

11.7 References 

ACGIH (1999) Threshold limit values for physical agents in the work environment, Adopted by 

American Conference of Governmental Industrial Hygienists (ACGIH), Cincinnati, Ohio pp. 113-18 

ACGIH (2000) TLVs and BEIs. Threshold limit values for chemical substances and physical agents and 

biological exposure indices. American Conference of Governmental Industrial Hygienists (ACGIH), 

Cincinnati, Ohio p. 115 

ASMSC A7245 ARE HFAC. (12 February 1997) Washington DC: US Department of Defense, USA 

1997, p 101 

Berglund, B. & Lindvall, T. (Eds) (1998) Community noise. Document prepared for the World Health 

Organization. Center of Sensory Research. Jannes snabbtryck, Stockholm 180 p + appendix 

COM (1996) 540: The green paper on future noise policy. Bruxelles: European Commission November, 

1996, p 32 

EEC (European Economic Community) (1986) Council directive of 12 May 1986 on the protection of 

workers from the risks related to exposure to noise at work. EEC Council directive 86/88/EEC, 

Brussels  

EEC (European Economic Community) (1989) Council directive of 14 June 1989 on the approximation 

of the laws of the Member States relating to machinery. EEC Council directive 89/392/EEC amended 

by council directive 91/368/EEC, 93/44/EEC and 93/68/EEC. Brussels  

ISO (International Organization for Standardization) (1995) Handbook of acoustical standard, Geneva, 

p 1000 

Military Standard MIL-STD-1474D: Department of defense design criteria standard. noise limits.  

Pathak, B. (1990) Ultrasound exposure in the workplace. Canadian Centre for Occupational Health and 

Safety (CCOHS/CCHST). p 12 

Pääkkönen, R. (1992) Effects of cup, cushion, band force, foam lining and various design parameters on 

the attenuation of earmuffs. Noise Control Eng J vol. 38(2), pp 59-65 

Pääkkönen, R. (1993) Low-frequency impulse noise and its attenuation by hearing protectors and other 

technical means. Doctoral dissertation. Publications 117. Tampere University of Technology, 

Tampere Finland. p.135  

WHO (1980) Noise. Environmental Health Criteria Document 12, World Health Organization, Geneva, 

p 103 

WHO (1982) Ultrasound. Environmental Health Criteria Document 22. World Health Organization, 

Geneva p 199 
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Everyone is exposed to ionizing radiation from natural sources. The main sources of 

natural background radiation are high-energy cosmic ray particles from space incident 

to the Earth and radioactive nuclides, which are present in the ground, the atmosphere 

and  in all living organisms. All living organisms contain radioactive nuclides like 

potassium-40, carbon-14, lead-210 and some other radioisotopes inside their bodies 

from birth until death. 

The primary form of cosmic radiation consists mainly of protons and helium 

particles coming from all directions of outer space. Heavier elements up to iron are 

present to a minor extent. When these nuclei collide with the elements in the 

Earth's atmosphere, they produce cosmic ray showers of mesons. The cosmic radiation  

reaching the surface of the Earth consists mainly of muons, but also neutrons, electrons 

and photons. At higher altitudes however, the electrons become more important than 

the muons until they dominate at altitudes of 7-12 km, where subsonic aircraft usually 

fly.  

The radiation dose to man from cosmic radiation varies in different parts of the 

world due to differences in elevation and to the effects of the Earth's magnetic field, 

which varies with the latitude. Aircraft passengers and crew are subject to much higher 

cosmic-ray exposure than people at ground level. 

Terrestrial radioactive radiation originates from radioactive materials that are 

present throughout the Earth, i.e. in soil, water and vegetation. Low levels of uranium, 

thorium, and their decay products are found everywhere. Some of these materials are 

ingested by living species with food and water, while others, such as radon, are inhaled 

with air. The dose from terrestrial sources varies in different parts of the world. 

The oceans and also the lakes act as sinks for pollutants including radioactive 

elements, either as direct deposition, i.e. fallout, run off, or resuspension from soil. The 

transfer from sea to land is relatively smaller. The major global source of man-made 

radionuclides is nuclear test fallout from the late 1950s and early 1960s, from which 

radionuclides can still be detected, such as caesium-137, strontium-90 and various 

plutonium isotopes. A semi-global source is the Chernobyl accident in 1986, mainly 

contaminating the Baltic Sea, the Mediterranean, the Black Sea, the North Sea and 

parts of the Arctic Sea. Dominant radionuclides from a radiological point of view are 

caesium-137 and caesium-134. The controlled releases from European reprocessing 

facilities have resulted in contamination of the Irish Sea, the North Sea and, by ocean 

current transport, also the Arctic. Nuclear test sites such as Mururoa and Fangataufa, 

the Marshall Islands and Novaya Zemlya are examples of local contamination by 

close-in fallout from so-called nuclear safety tests. During normal operation, the 

nuclear power plants constitute a source of contamination to the local environment 

by  activation products such as cobalt-60 and manganese-54. Accidental losses of 

nuclear weapons have caused local contamination of plutonium at Thule, Greenland 

and  Palomares, Spain. In spite of all these anthropogenic sources in the marine 
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environment, the dose to man from marine food from a global point of view is one or 

two orders of magnitude greater from natural polonium than from anthropogenic 

caesium-137.  

Radioecology is 'The science of understanding the behaviour of radioactive 

elements in the environment'. It may focus on the health perspective in order to predict 

and prevent radiation damage or the use of radioisotopes as tracers for different 

processes, natural or non-natural. It became evident that it was necessary to keep track 

of the basic pathways for the large amounts of radioisotopes produced locally during 

the weapons programmes in the USA, the UK and the USSR. After the Chernobyl 

accident, forest and fresh water ecosystems became of major interest in areas severely 

contaminated by the fallout, and the results emphasise the long residence times of 

radioactive caesium in these ecosystems with half-lives up to more than a decade. 

From an ecological point of view, to understand the pathways and distribution of 

environmental contaminants in time and space, it is necessary to focus on fundamental 

ecological processes such as individuals, populations and communities and their part in 

biogeochemical cycles.  

Nuclear technology rapidly developed during the 1960s and 1970s, involving a 

wide range of activities – from energy production to the use of radiation sources in 

agriculture, medicine, industry and space, to name only a few. The production of 

electricity through nuclear technology requires a sequence of operations comprising 

the following main steps: uranium mining and milling, uranium enrichment, 

production of fuel elements, fuel reprocessing, waste handling, disposal of radioactive 

materials in deep repositories and transport of radioactive goods. The whole sequence 

is called the nuclear fuel cycle. Radioactive isotopes have found numerous applications 

in industry and research. 

Various threats linked to specific types of nuclear reactors that do not fulfil the 

safety requirements exist alongside the peaceful use of nuclear technology. 

Furthermore, inappropriate storage of dismantled submarines and other nuclear 

facilities, mainly in parts of the Kola Peninsula in the former Soviet Union can also 

pose a threat. The use of depleted uranium weapons results in the dispersion of small 

amounts of radioactivity on limited parts of the ground.  

After about half a century's use of nuclear technology, the overwhelming human 

concern is still related to fear of radiation accidents related to nuclear power reactors, 

waste disposal and military use. 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 

 
 

 
 

 
 



 
 

 

12 The Universe 

Asgeir Brekke 

12.1 Solar irradiance 

Solar irradiance, or what is usually called sunlight, is well-known as the ultimate 
source for life on Earth. From time immemorial, mankind has understood the 
importance of sunlight for crop yield and admired and worshipped the Sun. In all 
cultures around the globe, remnants of solar rituals and ceremonies of the Sun are 
found. 

The Sun is a star at a distance of 1.5×1011 m, or one Astronomical Unit (AU), from 
the Earth. Since the speed of light is 3×108 m/s, it takes the solar rays about 500 
seconds to cross interplanetary space and reach the Earth. The Sun irradiates a broad 
spectral band of electromagnetic radiation from X-rays, extreme ultraviolet through 
visual light, far infrared and radio waves. By looking at solar radiation with a 
spectrograph, a spectrum is found that has a peak in the radiation intensity close 
to 0.5 µm in the visible part. Based on Planck's theory for electromagnetic radiation 
from a blackbody or an ideal body in thermal equilibrium radiating electromagnetic 
waves like light, it is possible to show that there is a close relationship between the 
temperature of this body and the wavelength for maximum radiation given by:  

 
T = 2.898×10

 -3
 / λ 

 
Here, λ is measured in m and T in Kelvin. For the solar spectrum on Earth that has a 

maximum of 0.5 µm, the Sun will have a corresponding blackbody temperature 
of 5 780 K or about 6 000 K. Furthermore, the radiated power per unit area from a 
blackbody with a temperature T is given by the Stefan-Boltzmann law:  

 
E = 5.67×10

 -8⋅  T  4 
 
Here, E is measured in W/m2 when T is measured in K. As the blackbody 

temperature is 5 780 K, the Sun will radiate a power E0 = 6.3×10
 7
 W/m

 2 at any time 
from any unit area over the entire solar surface. Since the radius of the Sun is 
R0 = 7×10

 8
 m, the total radiated power from the Sun amounts to P0 = 3.9×10

 26
 W. 

This power will be radiated radially out from the Sun in all directions and the power 
density will decrease with the distance from the Sun. By the time it has travelled the 
distance to the Earth, it will be reduced to: 
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where d is the distance from the Sun to the Earth (1 AU). This quantity, 
Ee = 1 367 W/m

 2, is called the solar constant and is the power per unit area available 
for the Earth. As the Earth moves in an elliptical orbit around the Sun, the distance d 
varies throughout a year from da = 1.52×10

 11
 m at aphelion to dp = 1.46×10

 11
 m at 

perihelion. The available power density will therefore vary by a factor: 
 

2

a

p

d
= 1.08

d

                     (12-4) 

 
Observations of this power density Ee from three different satellites, Nimbus-7, SMM 
and ERBS, close to the Earth show that Ee does not vary by more than 1% (Fig. 12-1). 
The three satellites observe three different levels of power density separated by 
about 10 W/m2. This is, however, caused by uncertainties in the calibration of each 
instrument.  

When the Earth rotates around the Sun, it receives the fraction of this power density 
that hits the part of the surface perpendicular to the solar radiation. This is: 

 
A = π⋅ Re

2
 

 
where Re = 6 371 km is the Earth's radius. The power hitting the Earth at any time is 
therefore: 

 
Pe = Ee ·A = 1.75×10

 17
 W 

 

   
Fig. 12-1. Daily irradiance values plotted for three independent satellite sensors (Nimbus-7, SMM and 

ERBS). The vertical displacements between the curves are caused by uncertainties in the 
calibration. (From Suess & Tsurutani, 1998)  

 (12-5) 

(12-6) 



 
 
 

12.  The Universe  155 

 

The atmosphere is a filter 

For all energy transported in or out through the atmosphere, the atmosphere acts like 
a filter. If this filter changes, so will the radiation throughput. As the radiation from the 
Sun is essential it is the whole atmosphere that counts all the way from the surface of 
the Earth to the top of the atmosphere some hundred to a thousand kilometres above 
the ground. Therefore, the situation in the whole of this atmosphere should be studied 
in order to understand variations in the radiation balance at the Earth's surface. Often  
only the lower part of the atmosphere is considered.  

The formation of the ionosphere by solar radiation 

The ultraviolet and extreme ultraviolet part of the solar spectrum can split the atoms 
and molecules of the upper atmosphere above an altitude of 80 km into ions and 
electrons. In this height region, there are therefore electric charges that have an impact 
on, for example, radio-wave transmission between different places on Earth or between 
Earth and space, and of course, how much of this part of the solar spectrum can 
penetrate to the ground. The ionization rate will of course depend on the intensity of 
the solar radiation, which will change throughout a day, from season to season and 
also from year to year. Contrary to the visible part of solar radiation, which is rather 
constant through time (1 367 W/m2), the intensity of the ultraviolet radiation varies 
with the  activity on the Sun. For high solar activity, there is more ultraviolet radiation 
and more electric charges in the ionosphere.  
 

   
 

Fig. 12-2. Solar irradiance of intensity, I(z), decreases due to absorption downward in the Earth's 
atmosphere where the density, n(z), increases towards the Earth. A maximum occurs in the 
production rate, q(z), being a product of I(z) and n(z) (from Brekke, 1997)  

Assume the density n of the atmosphere decreases by altitude, z, according to an 
exponential function: 
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n(z) = n0 e
 -z / H                (12-7) 

 
where n0 is the density at ground (n0 ≈ 2.5×10

 25
 m

 -3) and H is a scale height 
characteristic for how fast the density decreases by height. H is about 8 km from the 
ground, but increases somewhat by height. The intensity, I, of the solar radiation 
increases, however, with the distance from Earth. The production of ions and electrons, 
q, will be a product of I and n. For each small distance the radiation penetrates the 
atmosphere, it will be reduced by a small fraction due to the ionization process. At 
some point in height, the product of n and I will reach a maximum as indicated in 
Fig. 12-2.  

 

         

Fig. 12-3. The altitude at which the irradiance intensity, I(z), is reduced to I∞ /e for wavelengths 
below 3 000 Å. The arrows indicate at what wavelength region the most typical ionization 
and dissociation processes take place. (From Giraud & Petit, 1978) 

For each wavelength in the radiation spectrum, there will be similar production 
curves, q(z), of electrons and ions. At the height where this production reaches 
maximum for each wavelength, the intensity of the radiation, Im(λ), for a given 
wavelength is given by : 

 

m

I (λ)
I (λ)=

e

∞                   (12-8) 

 

where I∞ (λ) is the radiation intensity for wavelength λ at the top of the atmosphere and 
e = 2.718. Fig. 12-3 demonstrates at what height maximum ionization occurs in 
the  atmosphere for the wavelengths below 3 000 Å (300 nm). For wavelengths 
below 1 000 Å, the ionization maximum occurs above 100 km and is basically due to 
photoionization of oxygen atoms (O). At wavelengths between 1 000 and 2 000 Å, the 
ion production is due to photoionization of heavier species like oxygen molecules 
(O2) and nitric oxide (NO). Wavelengths larger than 2 000 Å dissociate ozone (O3) 
below 50 km, and are a natural loss mechanism for ozone.  
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12.2 Radiation from the disturbed Sun 

The Sun radiates electromagnetic waves over a large spectral range from X-rays to 
radio waves with wavelengths between 0.1 nm and 10 m. This radiation is partly 
created in the active regions of the Sun with large variations in time and partly in the 
corona, causing a more steady background emission.  

Compared to the visible light of the spectrum, the ultraviolet and X-ray emissions 
vary a great deal over time. 

The ultraviolet part of the spectrum 

The variable part of the spectrum is related to the active regions of the Sun and in 
particular to the solar flares. Most of the flares occur in regions of the Sun with a rather 
complex magnetic field structure, such as twisted magnetic field lines.  

A flare is visible on the Sun, often as intense light filaments near sunspots. 
Sometimes they are preceded by large loops stretching out into the corona from the site 
of the flare. These loops are related to coronal mass ejection (CME), which is often 
followed by intense electromagnetic radiation and particle acceleration.  

 

 
 
Fig. 12-4 shows the proton flux in particles ⋅ cm

 -2⋅ s
 -1⋅ sr

 -1 for 4 energy bands 
(> 1 MeV, > 10 MeV, > 30 MeV and > 100 MeV) together with the X-ray emission 

Fig. 12-4. X-ray and proton emissions 
from the Sun as measured 
with the NOAA GOES 
satellite at 1 AU. The proton 
emissions are observed in 4 
bands (> 1 MeV, > 10 MeV, 
> 30 MeV and > 100 MeV) 
while the X-ray emissions 
are observed in two bands 
(0.5-4.0 Å and 1.0-8.0 Å). 
(From Suess & Tsurutani, 
1998) 
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in W/m2 for two wavelength bands (0.5-4.0 Å and 1.0-8.0 Å) from a series of big 
flares  observed by the GOES satellite. The X-ray emission is abruptly increased 
by 100-1 000 lasting for a short period of time before the proton flux is enhanced by a 
factor of 100. The proton flux, however, lasts for several days as it decays.  

These X-rays produce the first effect of a solar flare in the Earth's atmosphere as 
they cause strong ionization in the lower ionosphere – the D-region below 90 km. 
Fig. 12-5 presents a plot of the ion production in the D-region as due to X-rays during 
solar maximum as well as minimum conditions. Below 80 km, this ionization is 
enhanced by several orders of magnitude from solar minimum to maximum conditions. 
Such intense ionization in the D-region causes strong absorption of radio waves in the 
HF-region and can make difficulties for radio communication on the ground. It also 
affects radio communication between the Earth and satellites.  

 

    
 

Fig. 12-5 Ion production of solar X-ray for solar maximum and minimum conditions compared to 
galactic cosmic rays as well as EUV radiation. (From Whitten & Poppoff, 1971)  

Flares also emit highly energetic electrons. The onset of the solar flare at S19 W80 
is indicated in Fig. 12-6. Simultaneous flux of electrons in the 0.9-1.5 MeV energy 
range together with proton fluxes in three different energy ranges (0.9-1.5 MeV, 
6-19 MeV and 19-80 MeV) from a solar flare are also shown. These particles will also 
penetrate the Earth's atmosphere and cause ionization. The highest energy protons 
shown in Fig. 12-6 can penetrate below 50 km and thereby affect the ozone layer. 
During some of the strongest solar eruptions causing the most severe magnetic storms 
in the Earth's atmosphere, strong indications are found that proton events affect the 
ozone content by indirect destruction through production of NO. Powerful solar proton 
events will also produce strong ionization in the polar D-region, which can cause 
complete blackouts in radio communications in the HF-region at high latitudes for 
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several days. Therefore, these events have been of great interest to the military, parti-
cularly in periods of conflicts such as World War II.  

In order to monitor solar conditions the radio waves from the Sun have been 
extensively used. The radio waves consist of two components, a continuous back-
ground between 0.1 nm and 10 m due to thermal emission in the corona and a variable 
component with a maximum at about 10 cm. The variable component is related to the 
active regions of the Sun and varies greatly in accordance with the X-ray and EUV 
emission. In contrast to visible light observations, radio waves are independent of 
weather conditions and can therefore be observed continuously from the Earth. Thus, 
these observations give a more continuous database of the conditions on the Sun. 
Usually, radio waves at 10.7 cm are used for these observations. 

 
 
 

 

Solar wind and cosmic rays 

The Sun also ejects a mass flow of plasma called the 'solar wind', which penetrates 
inter-planetary space and surrounds the Earth. This plasma brings magnetic fields from 
the Sun to interact with the Earth's magnetic field resulting in the magnetosphere of the 
Earth (Fig. 12-7). Inside this magnetosphere, the Earth's magnetic field dominates 
while outside, the solar wind and interplanetary field (IMF) control the situation. The 
solar wind as well as the IMF is very variable, and the more active the Sun, the 
stronger the plasma flow in the solar wind. Since the Earth sits in the middle of the 

Fig. 12-6 Example of LSEPL (Large Solar 
Energetic Particle) event from a 
solar flare observed by IMPV. The 
occurrence of the solar flare 
S19 W80 is marked. The passage 
of a shock wave is indicated by the 
sudden commencement (labelled 
SC at the lower right) seen on 
Earth. (From Suess & Tsurutani, 
1998) 



 
 
 
160 Part 2: Natural and Man-made Radiation 

 

solar wind, any radiation from outer space must penetrate the solar wind plasma to 
reach the Earth. Such radiation is known as cosmic rays.  

The cosmic rays are naturally occurring energetic particles – mainly ions – with 
kinetic energies extending from just above thermal energies to more than 1020 electron 
volts (eV). One electron volt is the equivalent energy of that of an electron passing a 
voltage drop of 1 volt. The cosmic rays constantly bombard the Earth from all 
directions with more than 1018 particles each with energies above 109 eV or 1 MeV 
striking the top of the Earth's surface. 

 

   
 

Fig. 12-7. Model of the magnetosphere. (Courtesy Tony van Eyken, 1996)  

The Earth's magnetic field acts as a shield from cosmic rays. The cosmic ray 
particles reaching the Earth's surface at equator therefore on the average have a higher 
energy than at high latitudes. In the polar region, where the magnetic field lines are 
'open' to interplanetary space, cosmic rays have easier access. The daily variation in the 
influx of cosmic rays is also larger in the polar regions, in particular, for particles of a 
few (1-5) MeV energy.  

The cosmic ray intensity has continuously been observed by neutron monitors in 
several places on Earth for many years. Fig. 12-8 shows a comparison between the 
observed cosmic ray intensity and the solar sunspot number since 1957. 

There is a striking antiphase between the curves. When the sunspot numbers are 
high, the Sun is active and the cosmic ray intensity reaching the ground is low and vice 
versa. The reason for this close relationship is thought to be due to modulations in the 
solar wind and in particular, in the magnetic field carried by the solar wind. 
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Fig. 12-8 Observations of cosmic ray intensity by neutron monitors compared with the solar sunspot 
number over a period of about 40 years. (From Suess & Tsurutani, 1998.)  

Cosmic rays can influence climate 

Due to the cosmic rays being charged particles, they are affected by the magnetic 
field carried by the solar wind, and can drift out of their original radiation path. When 
the solar activity is high, this magnetic field is stronger and the drift of the cosmic rays 
is then larger, and vice versa. Some of these cosmic rays have very high energy and can 
penetrate the whole atmosphere all the way to the ground, and thereby, have an 
influence on the lower part of the atmosphere. The cosmic rays will ionize some 
molecules at low altitudes and such ions can thereby take part in the condensation 
process of water vapour in the atmosphere. The cosmic rays are therefore likely to 
represent an extraterrestrial effect on the climate.  

The intensity of the cosmic rays increase by height above ground due to the decrease 
in atmosphere density. At an altitude corresponding to the height of commercial air 
traffic, the radiation levels are about 4 times higher than those on the ground.  

12.3 Meteors have an impact on the atmosphere 

It is believed that about 130 million meteors enter the Earth's atmosphere every day 
and that their combined mass is about 5 ton. The meteors penetrate the atmosphere 
with a velocity of several km/s and velocities up to 70 km/s have been observed. They 
light up as shooting stars about 100 km above the Earth's surface and travel 15-25 km 
before the light disappears. Ninety percent of the meteors' energies are transferred to 
heat while less than 1 part in one thousand is used to ionize molecules in the 
atmosphere. This ionized part, however, can be observed by radio and radar 
experiments. With the help of radar, the ionized traces of meteors can be followed for 
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hours. The EISCAT radar in Northern Scandinavia (Tromsø) has shown that dust 
layers formed by meteors can exist between 90 and 100 km and move up and down 
with the motion of the background atmosphere.  

Such layers can be used as tracers to study the motion of the upper-atmosphere and 
in particular, the waves in the neutral background.  

The existence and variability of these layers have an impact on radiation throughput 
from space and how they affect the solar irradiation is not clear. As it appears that the 
mesospheric region of the atmosphere (80-90 km) is getting cooler at high latitudes, 
the upper part of the atmosphere contracts and the meteors will probably reach lower 
altitudes.  

The meteors have diameters of less than 1 mm. Larger particles can penetrate much 
deeper into the atmosphere and even reach the Earth as meteorites. Meteorites less 
than  a ton will often explode above 20 km in the atmosphere and fragments will fall 
to  the  ground. Meteorites above 1 ton will reach the Earth with cosmic velocities 
(11-70 km/s) and form craters. About 26 000 meteorites above 100 g reach the Earth 
per year. All in all, somewhere between 500 and 5 000 ton of meteoritic material falls 
to the Earth's surface daily, most of it in the form of dust and small particles. 

12.4 Auroral particles in the polar atmosphere 

The most spectacular manifestation of the impact of particle radiation into the 
Earth's atmosphere is the aurora. The aurora is the end product of a process of 
interaction between the Earth's atmosphere and the solar wind and interplanetary 
magnetic fields.  

The aurora occurs in the upper atmosphere about 100 km above the ground in two 
oval-shaped zones with a radius close to 2 500 km around each pole, aurora borealis 
and aurora australis. The aurora borealis zone crosses northern Scandinavia at the 
latitude of Tromsø and runs along the northern coast of Siberia, northern Canada and 
Alaska, and the south of Greenland and Iceland.  

When the activity of the Sun is very high, however, the auroral zones can cover a 
greater number of latitudes, and in spring 2000, an aurora was observed from the 
famous mountain Athos in northern Greece.  

The ultimate cause of the aurora is energetic, electrically charged particles, electrons 
and protons, penetrating the upper atmosphere from near space, the magnetosphere. 
The magnetosphere (Fig. 12-7) is a parabolically shaped cavity with the apex facing 
towards the Sun at a distance of about 10 Earth radii from the Earth's centre. 
On  the  side pointing away from Earth, the magnetosphere stretches out in a tail 
reaching 100 Re or more.  

The source region for the auroral particles is found some 20-25 Re behind the Earth, 
in a region called the plasma sheet and from here, the particles are released partly 
towards the Earth and partly into space. The particles moving towards the Earth are 
forced to follow the magnetic field lines that converge towards the poles. When these 
particles reach down to a few hundred kilometres above ground, they start to interact 
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by collisions with the diluted gas of the upper atmosphere, and by the time they 
reach 100 km or so from the Earth's surface, they have lost all their excess energy and 
cannot penetrate further. When these energetic particles collide with the neutral gas of 
the atmosphere, the gas particles are excited with excess energy above their steady 
states. In order to get back to their equilibrium positions, the excited gas particles emit 
a quantum of light. When a myriad of such excited particles emit, they make up the 
auroral forms.  

From the colours of the auroral light emission, it is possible to determine what gas 
particle has been excited. For example, the most common auroral emission, the yellow-
green line at 557.7 nm, is due to oxygen atoms having an excess energy of about 4 eV 
above the ground state. The violet emission at 427.8 nm is due to excited nitrogen ions 
(N2

+). The rather strong red emission often observed in the upper regions of an auroral 
form is again due to excited oxygen atoms with excess energies of about 2 eV above 
the ground level.  

The auroral particles entering the upper atmosphere have a typical energy of 
around 7-8 keV, while the energy needed for the excitation process is only a few eV. 
This means that one auroral particle (electron) can collide a thousand times or more 
and excite many atoms and molecules on its way downwards. However, most of the 
collisions will occur at the end of its trajectory, i.e. at an altitude of about 100 km.  

The height of the main auroral emissions is close to 105 km. Sometimes, it can 
reach down to 90 km and auroras have been seen up to several hundred kilometres 
above the ground.  

The beams of auroral particles streaming along the magnetic field lines to form the 
auroras in the polar atmosphere are part of a large current loop. The intensity of this 
current can be close to 1 MA. In this loop, currents are flowing between the upper 
atmosphere, the ionosphere, and the magnetosphere along the magnetic field lines. 
The current is closed in the ionosphere in or near the auroral forms, and likewise, 
closed in the magnetosphere either by currents across the equatorial plane or around 
the border of the magnetosphere. The generator of the current, which is of the order 
of 1 000 000 MW, is formed by the interaction of the solar wind and the Earth's 
magnetic field, creating an electric potential of between 25 and 100 keV across the 
magnetosphere mapping down along the magnetic field lines across the Polar Cap. The 
ionosphere acts partly as a load and partly as a generator. The generator is formed by 
the motion of the neutral air carrying charges across the magnetic field.  

In modern research of the auroral process, it is mandatory to use different techno-
logies and instruments to obtain observations partly from ground and partly from 
space. In June through August 2000, a system of four satellites, CLUSTER, was 
launched by ESA to probe near space to study auroral processes. At the same time, a 
large variety of ground-based equipment such as radar and optical monitors were 
activated to co-ordinate simultaneous ground-based observations with observations in 
space.  

When the motion of the auroral particles is retarded in the atmosphere at auroral 
altitudes due to collisions with neutral particles, X-rays are formed that can penetrate 
even further down to about 40 km.  
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These X-rays can be detected by instruments mounted on balloons and from 
specially developed X-ray cameras mounted on satellites.  

12.5 Practical consequences of particle precipitation 

When strong precipitation of energetic particles takes place in the upper polar 
atmosphere, it may cause disturbances that have practical consequences on modern 
society.  

Strong influx of auroral particles in the upper polar atmosphere enhances the 
number of electrons and ions in the ionosphere having an impact on radio 
communication by HF radio waves. On some occasions, these particles may block 
radio communications for hours.  

Enhanced numbers of auroral particles in the polar atmosphere can set up large 
electric currents at altitudes of close to 100 km with intensities of several MA. These 
currents, which vary strongly in time, induce large voltages along long power- and 
pipelines on the ground. Sometimes, these induced voltages may short-circuit power 
line systems over large areas, such as in March 1989 when several million people in 
East Quebec, Canada were without electricity for several hours after a strong influx of 
auroral particles into the polar atmosphere.  

In order to avoid severe damages due to these auroral currents in the Alaskan 
pipeline, the pipelines were separated into segments with individually grounded 
circuits. In this way, strong currents that would otherwise form along the pipeline in 
full-length and cause corrosion were prevented from flowing.  

These strong currents also disturb the local magnetic field at high latitudes and can 
bend it by several degrees. Navigation during such events by magnetic compasses may 
therefore lead the traveller astray. For mineral prospecting, magnetic charts over an 
area are often used. When surging for mineral lodes at high latitudes, the magnetic 
conditions have to be controlled at the time of prospecting as a magnetic disturbance 
caused by auroral currents may give the prospector a wrong indication.  

It is not unlikely that such currents can cause errors in light systems along stretches 
of railroad across the auroral zone.  

Even before the auroral particles reach the polar upper atmosphere, they can cause 
problems and harm electrical devices onboard man-made satellites that are important to 
daily life for many people on Earth.  

Modern electronic equipment used on satellites is very sensitive to external 
radiation and therefore has to be shielded against radiation in space. For most 
situations, this shielding is sufficient, but in extreme situations with extra large doses 
of energetic particles, instruments onboard satellites can be damaged.  

An important consequence of strong auroral currents is heating of the upper polar 
atmosphere above say 100 km altitude. During severe events, the atmosphere can 
expand above 100 km and bring extra large numbers of oxygen and nitrogen molecules 
to higher altitudes where satellites are in orbit. Although the number of these 
molecules is small, there is enough of them to represent a breaking force on the 
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satellite motion. Therefore, some satellites occasionally deviate from their expected 
orbits during strong auroral disturbances, and the lifetime of the satellite can be 
shortened due to such effects.  

In this respect, it is important to keep control of the radiation environment in space 
or space weather as it is called. In order to prevent damages either on installations on 
ground or in space from strong particle influx from the Sun, it is important to know 
when strong disturbances are expected. Therefore, the need for an improved survey of 
the space weather is of growing concern among different agencies.  
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13 The Earth 

Christer Samuelsson 

13.1 Introduction 

Ionizing radiation of natural origin exists, and has always existed, in the Earth's 

biosphere. This flow of natural ionizing energy constitutes a radiation field in the sense 

that at every point in space, the number of ionizing particles flowing and their 

individual directions can be defined. The origin of this flow, or field, stems from far 

away sources like stars in our own or other galaxies (cosmic radiation), or from more 

nearby sources, for example natural radioactive isotopes in the ground.  

Radiation transport vs. transport of radioactive matter 

In the case of radionuclides in the nearby environment, it is sometimes a bit 

confusing to the layman that not only the ionizing radiation emitted (e.g. beta particles) 

by the radioactive nuclide (the source) is 'mobile', i.e. can be transported over 

distances, but also that the source itself can be mobile. 'Radiation transport' is the 

energy flow in the form of atomic, subatomic, and electromagnetic quanta, while 

'radionuclide transport' is the transportation of radioactive materials with winds, 

streaming water etc. It is essential to distinguish between the movement of the source 

itself and the flow of the radiation it produces. Both the transport of the source material 

and the range of the radiation may be of significance in how mankind is exposed. 

External and internal exposure 

Radioactive materials in air and water can be ingested or inhaled. The fraction of the 

incorporated material that decays before being excreted, will irradiate us from the 

'inside'. When the radioactive source material is inside a human body it is said to be a 

internal source. Consequently, all sources of ionizing radiation outside the body are 

denoted as external. Evidently, cosmic radiation give rise only to external irradiation, 

but indirectly the cosmic flow of particles and photons also plays a part in the internal 

exposure. The cosmic radiation collides with airborne molecules, creating radioactive 

atoms (so-called cosmogenic radionuclides), and these in turn result in a small, but 

measurable, internal exposure to mankind. 
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Quantifying the radiation intensity 

It is essential to note that several different quantities are used to describe the 

'intensity' of a radiation field. The number of particles or photons flowing perpen-

dicularly through the unit area, per unit time (dimension: m
-2⋅s-1

) is one option, but this 

does not tell us anything about the energy transported in the radiation field. If the 

number of particles per unit area per second in an omni-directional field is counted 

(always keeping the imaginary unit area perpendicular to the direction of the radiation) 

the so-called (total) particle fluence rate or (total) flux density is found. If in a similar 

way, the respective kinetic energies are added together instead, the quantity is the 

(total) energy fluence rate or (total) energy flux density.  

The energy fluence quantity describes the energy content of the radiation field, but 

not how much of this energy is absorbed by tissues in an exposed human body. An 

extreme example is the neutrinos emitted along with the beta decay and in other 

nuclear interaction processes. The fluence rates of the three different types of existing 

neutrinos are largely unknown, but theoretical calculations and the few detection 

experiments performed all indicate an extremely high fluence rate, 10
15

 m
-2⋅s-1

. As 

the interaction probability of neutrinos is so small, corresponding to a surface size 

of 10
-40

 m
2
 or less, the energy absorption in a human size volume is negligible.  

The energy it takes to create an ionization (i.e. to free an atomic electron from the 

atom) in air or tissue-like material is surprisingly independent of type of particle and 

kinetic energy of the ionizing particle. Assuming that the mean energy dissipated per 

ion pair is 34 eV (ICRU, 1979), 1 ionization per cm
3
 and second, corresponds to an 

absorbed dose of 15 nGy/h in air or in a piece of tissue. This close equivalence 

between ionization density and absorbed dose is to be noted, but it must also be 

observed that in old literature, ionization densities may very well refer to ionization in 

non-tissue like gas-filled detectors. Such ionization densities may differ substantially 

from the corresponding number of ion pairs created in free (i.e. from the detector 

undisturbed) air.  

Starting from a known energy fluence in air, the mean absorbed dose in an exposed 

object is dependent on the size of the object compared to the 'range' of the radiation. If 

the range is comparable or smaller than the typical dimension of the object, the self-

shielding of the object is a factor that must be considered. If the interior of the human 

body is partly shielded by superficial tissues, the absorbed dose is not numerically 

the same in all organs, in technical language the dose is inhomogeneous. For the 

purpose of putting inhomogeneous and homogeneous irradiation of the human body on 

the same scale of risk, ICRP (ICRP60, 1991) has introduced the concept of effective 

dose. This quantity is discussed in more detail below.  

The self-shielding effect is very pronounced for external irradiation caused by 

terrestrial beta and low-energy photon radiation, which at the most can give rise to a 

dose to the superficial parts of the body. 

Concerning cosmic muons and neutrons irradiating a human body, the absorbed 

dose is fairly homogeneous throughout the body. In other words, self-shielding is not 
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an issue in this case. Through this, the relation between fluence in air and human 

absorbed dose for cosmic radiation is a little less unambiguous. 

Keeping the discussion above on quantities in mind, it is advisable to read any 

radiation literature cautiously. If a component of the radiation field is designated 

as 'dominant', it is of importance to specify in what sense – particle fluence, energy 

fluence, absorbed dose (energy absorption or ionization density), equivalent dose or 

effective dose. Of these several quantities, only the last three are directly risk 

significant. 

13.2 Sources 

Cosmic radiation 

The primary cosmic ionizing radiation entering the Earth's atmosphere stems mainly 

from our own galaxy and the fluence consists to a large degree of high energy protons 

and about 10% helium ions (UNSCEAR77, 1977). The nucleonic components 

(protons, neutrons and heavier) in aggregate account for 98% of the fluence, while the 

remaining 2% are electrons (UNSCEAR00, 2000b). Upon entering the atmosphere the 

high energy part of the primary cosmic particles will produce secondary particles by 

collision events (cascade processes). The major carriers of kinetic energy to the surface 

of the Earth in the cascades of ionizing particles created are muons, but also protons, 

electron-photons, pions and neutrons can be detected. Muons are negatively charged 

(antimuons have a positive  charge), and they decay into electrons plus antineutrinos 

(positrons and neutrinos for antimuons) after an average lifetime of  2.2 µs. The muons 

ionize mainly by collision with atomically bound electrons and more indirectly 

through the electrons (or positrons) created by their decays and by collisions with 

atomic nuclei. Regarding collisions, the muons behave like heavy electrons. A muon is  

about 200 times heavier than an electron. According to UNSCEAR77 (1977) 75% of 

the muon related ionization in air at sea level is due to collisions with electrons, 15% 

from muon decay electrons and the other 10% from other electron, proton and neutron 

processes. 

Traditionally, the directly ionizing radiation (i.e. charged particles like muons, 

protons and electrons) and the cosmic radiation component are lumped together with 

(cosmic) photons into a so-called 'ionizing component' while the neutron part is treated 

separately.  

The cosmic neutron component exhibits a particle fluence rate at sea level of about 

a factor of three lower than the corresponding figure for muons, but the energy content 

(energy fluence) is much lower than that of muons. The neutron fluence at sea level is 

difficult to measure in its entirety. Since the energy spectrum spans over a very wide 

range of energies, from fractions of eV (thermal neutrons) to tens of GeV. A recent 

experimentally derived result for the neutron fluence rate at sea level and geomagnetic 

latitude 45 °N is 123 m
-2⋅s-1

. This value is about 50% higher than obtained by older 
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instrumentation of less adequate energy response. The updated value for latitude 53 °N 

is 133 m
-2⋅s-1

 (UNSCEAR00, 2000b). The neutron fluence rate at different latitudes 

can be deduced by normalising the polar value (at 90°) to 1 and then interpolating from 

the data given in Table 13-1. 

Table 13-1. The dependence on latitude for the cosmic neutron fluence rate. The fluence rate at the poles 

is normalised to 1 (Florek et al.,  1996). 

 
Latitude 0° 35° 42° 47° 90° 

Neutron fluence 0.2 0.4 0.6 0.8 1.00 

 

The cosmic neutron fluence increases with height above ground due to the lessening 

attenuation of the atmosphere. The sea level figure of 130 m
-2⋅s-1

 will increase to 

about 200 and 300 neutrons per m
2
 and second at 500 and 1 000 m height, respectively. 

Typical open-air fluence rates of cosmic particles at sea level are given in 

Table 13-2, but deviations from these typical values appear both in time and space. In 

Table 13-2, the energy intervals cited for cosmic radiation are uncertain and should be 

considered somewhat arbitrary. For neutrinos specifically, the interactions with matter 

is extremely rare and as a consequence, they are almost impossible to detect even in 

huge detector assemblies. The fluence rate of low energy neutrinos, e.g. < 1 MeV, 

from  any source, is essentially unknown as the detection probability decreases with 

decreasing energy.  

Variations in time 

Many factors cause the flux and the composition of the cosmic field to vary in time 

at a particular location: 

• Small variations in the primary fluence of galactic particles 

• Changes of galactic particles fluence within the solar system by solar magnetic 

storms following an 11 year cycle 

• Ionizing particles from the sun may occasionally reach sea level altitudes 

• The mass above the location influences the creation and attenuation of ionizing 

particles within the atmosphere (atmospheric pressure and temperature effects) 

 

The peak-to-peak variation in the 11 year solar cycle is less than about 20% (at 

latitudes > 50°) for the charged particle and neutron fluence rates at sea level. The 

corresponding figure for muons is 5% (NCRP50, 1976). The solar cycle modulation of 

the galactic intensity is smallest at low latitudes and altitudes and the variations 

correlate inversely to the solar flare activity. Although short-term solar flares may 

produce intensive ionizing particle inputs to the Earth's atmosphere, very few of these 

solar particles or their secondaries reach inhabited altitudes to any large degree. The 

duration is in the order of hours, but at ground altitudes (0-3 km) these particles are 

essentially undetectable. One exception to this rule was the very large and energetic 
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solar event on 23
rd

 February 1956. The muon intensity in Russia increased several 

times during this event as reported by Dorman et al. (1956). 

Atmospheric pressure is a shielding phenomenon, while the influences from 

atmospheric temperature on the cosmic radiation field are more complicated. At sea 

level, the impact on particle fluencies from pressure changes is less than 15%. 

Carmichael et al. (1967) reported seasonal and diurnal variations of within 5 and 0.1%, 

respectively, in the muon fluence rate at sea level. These variations are caused by 

different temperatures and temperature profiles in the atmosphere.  

Geographical variations and the impact of shielding  

Between different locations the cosmic field intensity differs and the major causes 

for this geographical variation are: 

• The incoming particles are deflected by the Earth's magnetic field (latitude 

effect) 

• The height of air above locations (i.e. the attenuating mass) is different (altitude 

effect) 

• The different attenuation imposed by building parts or other constructions above 

our heads (shielding effect) 

 

The shielding capacity of buildings against the ionizing component of cosmic 

radiation ranges from a few percent in detached wooden houses to more than 50% on 

lower floors in multi-storied apartment buildings. It is mainly the decay electrons 

created in the atmosphere by muons that are damped by the dense material, while the 

muon flux component itself is less affected. The mean life time for muons at rest 

is 2.2 µs. Such a short time-span does not allow them to reach the Earth's surface, 

which many of them in reality do. This paradox can be explained by the theory of 

relativity. In the timeframe of relativistic velocities in which the muons are travelling, 

the mean life time is proportional to the energy, thus explaining why the muons can 

reach sea level before decay. At increasing depths below the surface of the Earth, the 

relative penetration ability of muons increases significantly. The reason for this 

phenomenon is that the average energy of the muon spectrum increases with depth 

underground. If a few tens of metres of a water column are enough to attenuate the 

fluence rate by a factor of ten at the Earth's surface, then several hundreds of metres of 

water are needed for the same relative decrease several hundred of metres below the 

Earth's surface. Information about the shielding effects of cosmic neutrons is limited, 

but clearly dense materials containing hydrogen, such as concrete, are comparatively 

efficient, while virtually no shielding at all is offered by a wood or shingle roof.  

Natural activity 

There are three different reasons why natural radionuclides can be found in the 

biosphere. One is that decays are still ongoing processes and have been since the Earth 

and matter were created. The radioactive nuclides in this group are by definition very 
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long-lived and are called primordials. The second reason is that some primordial 

nuclides decay to a series of nuclides that in turn are radioactive. These decay products 

may have very short half-lives, but they are still present, as they are continuously 

produced by the primordial head of the series. The third cause of radioactive species in 

the Earth's environment is that the cosmic radiation continuously creates radioactive 

atoms by nuclear collision processes. This cosmogenic activity is produced everywhere 

cosmic radiation strikes matter, but due to mobility, the radionuclides born in the lower 

atmosphere are the ones mainly relevant for the irradiation of man.  

Primordials 

As indicated in the previous section, the primordial group of radioactivity can be 

further classified as single or serial. A single nuclide decays into a stable non-

radioactive daughter nuclide directly, while the serial nuclide decays into a chain of 

radioactive nuclides, ultimately ending up in a stable nuclide.  
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Fig. 13-1. The 

40
K activity per kilogram body weight for men (upper curve) and women. Based 

on 10 000 measurements by Oberhausen & Onstead (1965). 

Single primordials 

From an activity and dose-to-human point of view, one radionuclide dominates the 

scene for single primordials, and that is potassium-40 (
40

K). The half-life of 
40

K 

is 1.277×10
9
 years and this radioactive isotope makes up 0.0117% by weight of natural 

potassium. Natural potassium is a constituent of organic matter and minerals and 
40

K 

give rise to an external as well as an internal exposure to mankind. In minerals, the 

specific concentration of potassium varies between 0.3 and 4.5% by weight (Eisenbud 

& Gesell, 1997) and a typical concentration in soils is 1%. The human body content of 

potassium, and therefore 
40

K, is dependent on sex, age and body mass as shown in 

Fig. 13-1.  

Two aspects concerning the exposure of man from 
40

K are important. First, man 

interferes with the soil content of potassium by use of fertilizers. Guimond 

(Guimond, 1978) estimated the total amount of 
40

K-activity added annually to soils in 
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USA to be about 100 TBq. Secondly,  such an extra contamination of the biosphere by 

potassium does not increase the internal exposure of man from 
40

K, which stays 

constant (except for certain human disease states). The explanation is that the uptake of 

potassium by man is under homeostatic control and any surplus potassium is directly 

excreted. 

Besides 
40

K, many other single primordials exist, NCRP (NCRP94, 1987) lists 

seventeen in all, but besides 
40

K, only 
87

Rb exhibits significant activity concentration 

levels in the biosphere. On the basis of the data from Taylor (1964), NCRP94 (1987) 

estimates that the concentration of 
40

K and 
87

Rb in crystal rock is 0.6 and 0.07 Bq/kg, 

respectively. 
87

Rb with half-life 4.8×10
10 

a is a pure beta-emitter and the fairly low beta 

energy guarantees that 
87

Rb is of no concern in the external irradiation of the human 

body. 

 

 
Fig. 13-2. The three natural decay series. 

Decay series 

Three primordial radionuclides, 
232

Th, 
238

U, and 
235

U, are parents to three separate 

chains of serially decaying nuclides (Fig. 13-2). All three chains end in their respective 
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stable isotope of lead, 
208

Pb, 
206

Pb, and 
207

Pb. The series members transform to the 

next following nuclide by either an alpha or a beta/gamma disintegration, which means 

that the mass number either drops by 4 units or not at all. For the series starting 

from 
232

Th, for instance, it means that all members in the series must have mass 

numbers that can be divided exactly by 4, as 4 exactly divides into 232. Thus, the three 

natural decay series can unambiguously be identified by how 4 divides into their mass 

numbers, which are 4n + 0, 4n + 2, and 4n + 3, where n is an integer, and the number 

following the plus sign is the remainder at the division. The conclusion is that there are 

no means by which a member of one series can jump to any other series. 

There are three natural decay chains displayed in Fig. 13-2. Two of them are named 

after the parent primordial nuclide, i.e. the uranium and the thorium series, while the 

series starting from 
235

U is called the actinium series after its fourth member, 
227

Ac. 

The fourth possible series, the neptunium 4n + 1, no longer exists in nature as all its 

radioactive members have decayed to the stable end product 
209

Bi. 

Nuclides having the same atomic number are called isotopes. If instead the mass 

number is the same, the nuclides constitute what are called isobars. In Fig. 13-2, the 

isobars and isotopes are lined up diagonally and horizontally, respectively within each 

series. When both the atomic number Z and the mass number A for a nuclide are 

stated, it is uniquely defined. 

Table 13-2. Typical kinetic energy and particle fluence at ground level for different components of 

ionizing radiation. The upper energy is not well defined for cosmic particles. The high 

energy part of the energy spectrum contributes very little to the total fluence rate, but may 

add significantly to the dose rate. (Data from references NCRP 94, 1987; NCRP 50, 1976; 

NRE, 1972 and UNSCEAR00, 2000b). 

 

Particle Source Energy 

MeV 

Fluence rate 

m
-2

 ⋅ s-1
 

α (alpha) Airborne Rn 0-9 1 

β (beta) Airborne Rn 0-3.3 10 

β (beta) Ground 0-3.3 100 

e
-
 (electron) Cosmic Rays < 1-10

4
 70 

ν (neutrino) Sun 15 6×10
14

 

γ (gamma) Airborne Rn 0-2.6 3×10
3
 

γ (gamma) Ground 0-2.6 6×10
4
 

γ (gamma) Cosmic Rays 0-10
2
 1×10

3
 

p
+
 (proton) Cosmic Rays 10-10

4
 2 

n (neutron) Cosmic Rays 0-10
5
 30-150 

µ±
 (muon) Cosmic Rays 10

2
-10

4
 180 

π±
 (pion) Cosmic Rays 10

2
-10

5
 0.2 
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Cosmogenic 

The cosmic radiation impinging on Earth's atmosphere includes particles and 

photons of energies well above the threshold for reaction with the atomic nucleus. The 

majority of nuclear reactions in the atmosphere creating radioactive end-products are 

caused by neutrons and protons, but also by photons and muons can produce so-called 

cosmogenic radionuclides to a lesser extent. In the atmosphere, most nuclear reactions 

thus take place with nitrogen and oxygen, while in the Earth's crust, other targets 

are also available. The production rate of cosmogenic radionuclides is generally low 

and most of them are only of interest as natural tracers e.g. when studying mass 

transport and exchange in the atmosphere, the oceans and the Earth's crust. The most 

important cosmogenic tracer is radiocarbon, i.e. 
14

C, with a mean physical half-live of 

about 5 730 years. 
14

C is constantly produced in the atmosphere, mainly by a neutron 

capture – proton emission reaction in stable nitrogen (
14

N), 
14

N + n → 
14

C + p.  

Typical natural radioactivity levels 

Primordials 

The natural activity concentration of materials in the Earth's crust is dominated 

by 
40

K and radionuclides from the uranium and thorium series. In soil, typical values 

for the series activity are a few tens of Bq/kg and a few hundreds for 
40

K as illustrated 

in Table 13-3. 

Table 13-3. Typical activity concentrations in soils for 42 countries (UNSCEAR00, 2000b) 

 
Radionuclide Median  Concentration 

Bq/kg 

Range of country means 

Bq/kg 
40

K 400 140-850 
232

Th 30 11-64 
238

U 35 16-110 
226

Ra 35 17-60 

 

The local variations in thorium and uranium content of different soils, sands 

and minerals may be mainly due to differences in geological history. In most 

countries, regions or smaller localities of significantly increased background levels 

can be found. Sometimes, the increase is dominated by a single radionuclide and 

the corresponding external dose rate level enhancement may be less pronounced. 

Enrichment and depletion processes in the ground may be very complex, and are not 

always easily explainable. Water seepage and the individual solubility of a nuclide are 

important aspects for a possible removal of radionuclides from a locality. Another 

important factor concerning mobility of individual atoms in a mineral matrix is the 

alpha recoil effect. Following an alpha decay of a mother nuclide, the daughter nuclide 

is dislocated about a tenth of a µm due to the alpha recoil energy of about 100 keV 

gained by the daughter. This small atomic damage caused by recoils may, in the 
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interface between mineral and water, increase the probability of scavenging of the 

daughter nuclide. A common scenario is that the mobilised nuclides from a mineral are 

adsorbed to clay particles e.g. at a water/sediment region, downstream from a water 

leak through an uranium bearing mineral. This mechanism fuelled a natural nuclear 

reactor 2 billion years ago (see section 'An ancient nuclear reactor' below). 

The activity per kilogram of 100% pure samples is exemplified for a few long-lived 

radionuclides in Table 13-4. Taking 
238

U as an example, the mass of 1 Bq pure 
238

U is 

about 80 µg. This means that the typical 
238

U concentration in soil of 35 Bq/kg (see 

Table 13-3) corresponds to a 
238

U-mass of 35×80 = 2 800 µg in 1 kg of soil or 2.8 µg 

per gram soil. The relative mass concentration unit 'microgram per gram' (or milligram 

per kilogram) is identical to 'parts per million', ppm, on a weight basis. This way, the 

numerical data in Table 13-4 can be used to convert environmental concentrations in 

µg/g units to Bq/kg units, or vice versa, for the listed nuclides. 

Table 13-4. Specific activity and mass of some long-lived radionuclides and natural uranium 

 
Nuclide Half life Specific activity  

MBq 

Specific mass 

kg/MBq 

232
Th 1.405×10

10
 a 4.059 per kg 

232
Th 0.2464 

238
U 4.468×10

9
 a 12.44 per kg 

238
U 0.08039 

235
U 7.038×10

8
 a 80.00 per kg 

235
U 0.0125 

234
U 2.455×10

5
 a 2.303×10

5
 per kg 

234
U 4.342×10

-6
 

U-nat - 25.74 per kg U-nat 0.03885 

226
Ra 1 600 a 3.659×10

7
 per kg 

226
Ra 2.733×10

-8
 

 

At radiation equilibrium, the 
238

U mother nuclide concentration in the ground 

(35 Bq/kg in Table 13-3) supports an equal concentration of all members of the series. 

Due to differences in physical and chemical behaviour, individual members of a 

natural series are affected differently by processes like air and water movement. Radon, 

as an inert gas, is expected to easily diffuse or follow a stream of air or water out from 

porous materials. This gas escape is most pronounced in the uranium series with 

its  long-lived radon isotope 
222

Rn. In the uranium series, radiation equilibrium 

between 
226

Ra and the subsequent daughter nuclides should not be expected in porous 

geological formations exposed to air or water movements. This is definitely the case 

near the atmosphere-ground interface at which solid materials also easily can be moved 

around. In fact, at the ground surface, there is frequently an excess of 
210

Pb compared 

to 
226

Ra, despite the escape of the intermediate 
222

Rn from the outermost ground layer, 

due to atmospheric fall-out of 
210

Pb. 

It is of interest to estimate how much radon gas activity is anticipated in the pore 

volume of the ground since radon gas in the ground under buildings can give rise to 

high indoor radon concentrations. Starting from the world-wide average of 35 Bq/kg 
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of 
226

Ra in soil, a soil density of 2 000 kg/m
3
, a porosity of 0.25 and assuming 

that 20% of the created 
222

Rn atoms escape the mineral grains into the pore volume, the 

radon concentration in the pores of such a soil will be 35⋅ 2000⋅ 0.2 / 0.25 = 56 000 

Bq/m
3
 in the absence of any radon removal. Normally, the humidity and water content 

of the ground enhance this figure even further. On the other hand, the radon escaping 

from the pore volume to free air before decay is much less probable if the pores are 

filled with water. The obvious conclusion from this calculation is that 'normal' grounds 

can also create radon problems in houses with cracks and openings towards the 

underlying bedrock, especially in cases where the air flow resistance of the pore 

structure in the ground is low (i.e. the permeability is high). 

Cosmogenic 

Global production rates, inventories and concentrations of a few cosmogenic radio-

nuclides are displayed in Table 13-5. 

Table 13-5. The production rate, inventory and concentration of cosmogenic radionuclides 

(UNSCEAR00, 2000b). The prefix peta (P) equals the factor 10
15

. 

 
Radionuclide Prod. Rate 

 
 

PBq/a 

Global inventory 

 
 

PBq 

Fraction in 

the troposphere 

Concentration 

in the troposphere 
 

mBq/m
3
 

Tritium, 
3
H 72 1 275 0.004 1.4 

7
Be 1 960 413 0.11 12.5 

10
Be 0.000064 230 0.0023 0.15 

14
C 1.54 12 750 0.016 56.3 

22
Na 0.12 0.44 0.017 0.0021 

32
P 73 4.1 0.24 0.27 

33
P 35 3.5 0.16 0.15 

35
S 21 7.1 0.08 0.16 

37
Ar 31 4.2 0.37 0.43 

39
Ar 0.074 28.6 0.83 6.5 

 

Tritium, 
3
H a radioactive isotope of hydrogen, is created through several interaction 

processes between cosmic radiation and nitrogen and oxygen in the air. The injection 

of tritium into the troposphere from H-bomb (nuclear fusion) tests during the 1950s 

and 1960s greatly overwhelmed the natural inventory. In total, including all nuclear 

bomb tests in the atmosphere, it is estimated that the injection of tritium into the 

Northern and Southern Hemisphere has been 190 and 50 EBq (exabecquerel, 1 EBq = 

= 10
18

 Bq), respectively (UNSCEAR00, 2000a). Since the atmospheric bomb mora-

torium this extra tritium has been steadily disappearing. The scavenging of airborne 

tritium, mainly to ocean water, is rapid, which means that the effective half-life in the 

troposphere is much smaller than the physical half-life of tritium (12.3 years). 
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In the atmosphere, the created 
14

C atoms reside mainly as gaseous carbon dioxide 

and environmental air concentrations vary little across the globe (NCRP94, 1987). The 

natural annual production of 
14

C is 1.54 PBq, building up a total world-wide reservoir 

of 12.75 EBq (UNSCEAR00, 2000b). Most of the 
14

C inventory is found in the 

ocean water column and only 1.6 percent of the total activity is found in the Earth's 

troposphere. In deep ocean water, the 
14

C is depleted by 17%, indicating a water age 

of 1 350 years (NCRP94, 1987) (this is one example of how the amount of 
14

C relative 

to stable carbon may be used for age determination). Since 1950, 
14

C produced by 

nuclear tests has been added to the natural inventory. In total, all bomb tests until 1962 

added 6×10
28

 atoms (230 PBq), which is 2.7% of the total world-wide number of 

atoms (NCRP94, 1987). The best estimates of 
14

C produced in nuclear weapons tests 

are derived from direct measurements of 
14

C in the stratosphere by aircraft or balloons 

(Eisenbud & Gesell, 1997). Based on such experimental data, NCRP estimated that in 

total, 360 PBq of 
14

C was injected into the atmosphere by the weapons tests, and the 

bomb test 
14

C inventory of the troposphere peaked at about 100 PBq in the mid 1960s 

(NCRP81, 1985). The same reference estimates that the nuclear power plants release 

about 0.6 PBq into the atmosphere annually and globally since 1980. 

Carbon dating 

The natural production rate of 
14

C in the atmosphere by cosmic rays is appro-

ximately constant and has been so for many millennia. 
14

C in the form of 

carbon  dioxide is easily distributed in the biosphere and all living organisms 

contain  about  0.22 Bq of cosmogenic 
14

C per gram of carbon. This natural figure 

of 0.22 
14

C/gC is disturbed by anthropogenic sources. The burning of coal injects 

depleted carbon into ground air as its 
14

C-content has decayed, while on the other hand, 

weapons tests and the use of nuclear power add 'pure' 
14

C to the environment. The time 

behaviour of the 
14

C specific activity over the last 50 years is displayed in Fig. 13-3. 
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Fig. 13-3 The time development of the concentration of 

14
C per gram carbon in living matter. 

Carbon is no longer assimilated when an organism dies so the amount of 
14

C which  

decays with its physical half-life of 5 730 years starts to diminish. Thus, 5 730 years 

after the death of the organism, the 
14

C activity per gram carbon has declined by 50%. 
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With a knowledge of the time behaviour of the 
14

C activity per gram carbon and by 

analysing the ratio between 
14

C and stable carbon in an object, the time of death can be 

established. This method of age determination is a standard method in archaeology and 

in geology and is called carbon dating. 

Enhanced radioactivity areas 

Contemporary 

Areas of exceptionally high concentrations of uranium and thorium series activities 

have long since been identified. In the UNSCEAR report (UNSCEAR00, 2000b), areas 

of high natural background in nine countries are listed. Monazite sand deposits may 

contain up to several hundreds of kBq/kg of 
232

Th and can be found for instance in 

Yangjiang, China, in Kerala, India, and Esperito Santo, Brazil. The external dose rate 

in air above monazite sand locations ranges from normal 0.1 to several tens of µSv per 

hour. 

Moderately increased natural levels are common and may be found in most 

countries. Pourchet et al. (Pourchet, 2000) reported an enhanced ground deposition 

rate of 8 400 Bq⋅m-2⋅a-1
 for the 

210
Pb caused by firn winds in the French Alps. 

Typically, the downward flow of 
210

Pb caused by 
222

Rn decay in the atmosphere is 

about 80 Bq⋅m-2⋅a-1
 (Rama, 1961).  

An ancient nuclear reactor 

Normally, the mobility in the ground is in the order 
226

Ra > 
238

U > 
232

Th, and this 

is mainly for soil chemistry reasons. In one very remarkable case, the enrichment of 

natural uranium was so large that a nuclear fission reactor was induced in a clay 

rich area in which uranium was concentrated. This uranium enrichment took place 

about 2×10
9
 years ago in Oklo, Gabon and was revealed by small, but significant, 

deviations from the natural composition of uranium. Today, natural nuclear reactors 

are much less likely, if at all possible, as the decay of the potential fission fuel 
235

U has 

depleted to a relative proportion in natural uranium to 0.70% by weight. At the time of 

the Oklo reactor, the share of 
235

U was about 3%, much like the proportion found 

in enriched uranium fuel intended for modern light-water reactors. The details of the 

Oklo natural reactor have been described, for instance, by Cowan (Cowan, 1976), the 

International Atomic Energy Agency (IAEA, 1975), and several sites on the Internet.  

13.3 Dose rates 

External 

The International Commission on Radiological Protection (ICRP) advocates the use 

of the quantity Effective Dose (E) for risk estimation of long-term stochastic effects, 
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e.g. cancer incidence (ICRP60, 1991). The Effective Dose to a human being is the sum 

of the equivalent doses to all irradiated organ and tissues, weighted with the probability 

that a given organ or tissue will express cancer. The concept of weighting factors to 

organs in order to improve long-term risk estimates from ionizing radiation and to 

facilitate comparisons between part- and whole-body irradiations, was introduced 

in 1977 (ICRP26, 1997). In the vast amount of literature on external levels of natural 

ionizing radiation, a majority of data is expressed as absorbed dose, kerma (i.e. the 

Kinetic Energy Released in MAtter to directly ionizing particles by indirectly ionizing 

radiation per unit mass), ionization rate in air, or flux density (i.e. particles per unit 

surface and unit time). This means that in order to perform a proper risk evaluation, 

this data must be converted to effective dose. This conversion is not at all straight-

forward and depends in a complicated way on the type of radiation, the radiation 

energy, the irradiation direction and the body mass of the irradiated person. For all 

short-ranged radiation, i.e. electrons (beta radiation), and low-energy photons (say 

below 30 keV) the effective dose rate to adults and children in the radiation field will 

be significantly lower than the corresponding dose rate in free air. This effect is easy to 

explain. For all radiation types of low penetration power, the outer tissues substantially 

shield the inner organs from being fully irradiated. For photons this self-shielding 

effect is behind the characteristic drop at low photon energies in Fig. 13-4, expressing 

the ratio between effective dose to a human and the absorbed dose in air. It is important 

to note this numerical difference between effective dose valid for the whole body and 

the absorbed dose in free air (or small hypothetical tissues in free air), when comparing 

dose figures in papers covering dose levels in the living environment. 
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Fig. 13-4. The ratio between the effective dose to a standardised human body and the absorbed dose in 

air, as a function of photon energy. The curve is primarily valid for photons falling horizon-

tally from all directions onto a vertical standing body, but is, as a good approximation, also 

applicable to the situation where an upright adult is irradiated by radionuclides in the 

ground. The photon energy distribution one metre above ground from natural radioactivity 

in the ground is such that an air dose of 1 mGy translates to about 0.7 mSv effective dose.  
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Cosmic radiation 

Photons and directly ionizing radiation 

In absolute terms, the ionization rate caused by the photon and direct ionization 

radiation (charged particles) component of cosmic radiation at sea level is estimated 

to be about 2.1 cm
-3⋅s-1

 corresponding to an absorbed dose rate in air of 32 nGy/h 

(UNSCEAR00, 2000a). The penetration power and radiation quality of this mixed 

radiation field is such that this dose rate numerically equals the effective dose rate to 

man without too much error. This open air effective dose rate of 0.28 mSv per year is 

reduced due to indoor living. If the UNSCEAR00 reference values of 0.8 for both 

indoor occupancy and for average shielding inside buildings are applied, the world 

average effective dose from the ionizing component of cosmic radiation at sea level 

is 0.24 mSv/a. 
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Fig. 13-5. The annual effective dose from the ionizing component of cosmic radiation as a function of 

altitude 

The effective dose rate at sea level in open air of about 0.28 mSv/a will increase 

with altitude according to the curve in Fig. 13-5. Above about 8 km, the ionizing 

component will be dependent on the 11-year solar circle and at about 20 km the 

increase has levelled off to a maximum value (UNSCEAR82, 1982). This maximum 

dose rate is about 8 µSv/h at solar minimum and about half this value during solar 

maximum. 

Neutrons 

The energy distribution of cosmic neutrons at ground level is such that the unit 

fluence of 1 neutron m
-2⋅s-1

 corresponds to an effective dose rate of 0.072 nSv/h 
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(UNSCEAR00, 2000b). As this conversion factor is approximately independent of 

latitude, the effective dose rate as a function of latitude can be calculated by means of 

data in Table 13-1 above. For instance, the neutron fluence at latitude 50 degrees is 

about 130 m
-2⋅s-1

, i.e. 9.4 nSv/h. 

Although the neutron dose rate is small at sea level, it increases steeply with altitude 

up to a maximum at about 20 km (NCRP94, 1987). At an altitude of 0-2 km, the 

effective dose is approximately proportional to the exponential e
 z
, where z is the height 

in km. This means that the sea level value of 9.4 nSv/h in the previous paragraph will 

increase to 9.4⋅ e1
 ≈  9.4⋅ 2.72 ≈ 25 nSv/h at the altitude of 1 km for instance. More 

precisely, the cosmic ray neutron dose within habitable levels is proportional to e
z
 
/
 
0.962 

within 0-2 km, and to e
z
 
/
 
1.432 

above 2 km (Bouville, 1988). 

Natural activity 

The soil concentration of natural radionuclides varies from region to region and 

even country averages exhibit large variations. The differences in activity levels 

translates to similar differences in the dose rates in air one metre above ground. In the 

UNSCEAR93, 1993 report, the reported country averages of the gamma dose rate in 

air ranged from 24 to 160 nGy/h. Indoors, the dose rate covered the slightly larger 

range of 20-190 nGy/h. A typical outdoor value of 51 nGy/h has been adopted from 

this data, see Table 13-6. The corresponding effective dose rates are lower, appro-

ximately 70% of the air dose rate. For infants and children the outdoor effective dose 

rates are higher (Table 13-6), as shown by Monte-Carlo calculations by Petoussi et al. 

(1991) and Saito et al. (1998).  

Table 13-6. The outdoor external effective dose rates for the world-wide typical concentrations of 

natural radionuclides in the ground. Data from references UNSCEAR00, 2000a and 

UNSCEAR00, 2000b has been used for the calculations. 

 
Nuclide Soil 

concentration 
 

Bq/kg 

Abs. dose 

rate in air 
 

nGy/h 

Eff. dose 

rate, adults  
 

nSv/h 

Eff. dose rate, 

children 
 

nSv/h 

Eff. dose rate, 

infants 
 

nSv/h 

40
K 400 17 12 14 16 

238
U series 35 16 11 13 15 

232
Th series 30 18 14 16 18 

Total  51 37 43 49 

Internal dose 

By definition, an internal dose originates from radionuclides decaying inside the 

body. Radon progenies in the natural uranium series normally give the largest 

contribution to the natural effective dose to man, while other radioactive members of 

the series, not to mention cosmogenic radionuclides, as internal emitters of ionizing 

radiation, are of less significance. Due to the potential hazards from inhalation of radon 
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progenies, especially in the indoor environment, the radon gas and its progenies will be 

discussed separately in more detail in Part 5 and Part 7. In this section, only nominal 

dose values from radon and thoron are given. 

Long-lived radionuclides, which are slowly excreted from the body, will irradiate 

the body organs for several years after intake. A typical example is bone-seeking 

nuclides, such as 
226

Ra. To avoid too high dose rates from intake of such radionuclides 

in the distant future, the usual approach is to add all future annual doses to a total 

so-called 'dose commitment'. By limiting the effective dose commitment from an 

annual intake of a long-lived radionuclide to, say 1 mSv, the future annual effective 

dose from that nuclide is also limited to 1 mSv if the intake is reiterated year after year.  

Single primordials 

Among the single primordials, only 
40

K and 
85

Rb are worth mentioning as 

contributing to the natural dose to man. Typical concentration values and the 

corresponding effective dose rates are given in Table 13-7.  

Table 13-7. Internal effective dose rates for typical body burdens of 
40

K and 
85

Rb (NCRP94, 1987; 

UNSCEAR93, 1993) 

 

Radionuclide 

 

 

T1/2 

 

a 

Elemental 

abundance 

 

Conc. in 

humans 

 

Eff. Dose 

 

nSv/h 

40
K 1.26×10

9
  0.0117% 50 Bq/kg 2 

85
Rb 4.8×10

10
  27.8% 8 Bq/kg 0.3  

 

Radon 

All three remaining natural decay series contain an isotope of inert gas radon and in 

particular, the 
222

Rn atom and its progenies in the uranium series have a great impact 

on exposure to man (see Parts 5 and 7). Nominal values for indoor and outdoor radon 

and thoron gas concentrations, breathing rates, and occupancy factors have been given 

by the UNSCEAR Committee (UNSCEAR00, 2000b). By applying a risk-based con-

version coefficient of 6 nSv/h effective dose rate per unit radon daughter concentration 

(Bq/m
3
 EEC) and an equilibrium factor (F) of 0.4, the effective dose rate indoors 

from the nominal concentration of 40 Bq/m
3
 radon gas can be calculated as equal 

to 40⋅ 0.4⋅ 6 = 96 nSv/h. In Table 13-8, nominal dose rates from radon and thoron 

daughters in air and tap water to man, and the minor dose rate from gases dissolved in 

the blood system is given. It is assumed in the table that the air breathing rate and tap 

water ingestion rate is 20 and 0.00016 m
-3

 per day, respectively. As discussed in Part 5, 

large deviations from the nominal values of Table 13-8 are common. 

The airborne activity is exclusively inhaled, while the activity dissolved in water 

gives rise to both an inhalation and ingestion dose. The resulting annual effective 

dose is dependent on how the time is portioned between indoors and outdoors. The 
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values within parenthesis in Table 13-8 does not originate from the present 

recommended risk-based approach, but from a lung dosimetry model. 

Table 13-8. Nominal concentrations of radon and thoron gas and progenies (UNSCEAR00, 2000b) 

converted to effective dose rates using standardised inhalation, ingestion and metabolic data. 

The values within parenthesis are from a lung dosimetry model. 

Decay series 

The effective dose to man from natural decay series activity is dominated by radon. 

Looking at the rest of the series, typical effective dose rates from the remaining 

radionuclides have been thoroughly surveyed and updated by UNSCEAR 

(UNSCEAR00, 2000b). Airborne concentrations are in the order of µBq/m
3
, caused 

mainly by resuspension of soil material, except for 
210

Po and 
210

Pb-activity which are 

also fed through airborne radon and typically reach a few tenths of a mBq/m
3
. The 

annual effective dose commitment from inhalation is low compared to the dose caused 

by ingestion. Typically, the annual committed effective dose from inhaling decay series 

activity (except radon) is 0.006 mSv. World-wide average values for intake by 

ingestion are given in Table 13-9. The ingestion dose depends on the radionuclide 

concentrations in water and food and consumption habits. Both consumption habits 

and activity concentrations show large regional variations and the effective dose 

commitment from ingestion may therefore deviate markedly from the norm values of 

Table 13-9. The effective dose load from decay series members excluding radon is 

dominated by 
210

Po both for inhalation and ingestion intakes.  

Cosmogenic 

The contribution to the internal dose from cosmogenic radionuclides is generally 

small. 
14

C, which together with 
3
H and 

22
Na, is of metabolic interest, dominates the 

effective dose to mankind (Table 13-10). The dominating route of exposure is through 

Category 

 

Concentr. 

Bq/m
3
 

Dose coefficient 

nSv⋅h-1⋅Bq
-1⋅m-3

 

Eff. Dose rate 

nSv/h 

Radon progenies in air, indoors 16 6 (15) 96 (240) 

Radon progenies in air, outdoors 6 6 (15) 36 (90) 

Radon gas in tap water, inhalation 10 000 0.00023 2.3 

Radon gas in tap water, ingestion 10 000 0.000014 0.14 

Radon gas in air to blood, indoors 40 0.17 6.8 

Radon gas in air to blood, outdoors 10 0.17 1.7 

Thoron progenies in air, indoors 0.8 30 24 

Thoron progenies in air, outdoors 0.3 30 9 

Thoron gas in air to blood, indoors 10 0.11 1.1 

Thoron gas in air to blood, outdoors 10 0.11 1.1 
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ingestion of water and food, while the inhalation dose from air-borne cosmogenic 

radionuclides is insignificant. 

Table 13-9. Annual intake and effective dose from ingestion of uranium and thorium series 

radionuclides (UNSCEAR00, 2000b). The uranium and thorium isotopes have been 

lumped together and added to the sum to get the committed effective dose from the whole 

series. Note however, that radon/thoron and their short-lived progenies are excluded. Their 

nominal dose impact is quantified in Table 13-8 and the radon indoor issue is treated 

separately in Part 4. 

 

Radio- 

nuclide 

 

 

Annual 

Intake 

Infants 

Bq 

Annual 

Intake 

Children 

Bq 

Annual 

Intake 

Adults 

Bq 

Committed 

Eff. dose 

Infants 

µSv 

Committed 

Eff. dose 

Children 

µSv 

Committed 

Eff. dose 

Adults 

µSv 

226
Ra 7.8 15 22 7.6 12 6.3 

228
Ra 5.5 10 15 31 40 11 

210
Pb 15 26 36 54 49 25 

210
Po 26 44 63 227 114 75 

Sum    320 215 117 

Total including also U and Th nuclides 321 217 119 

Table 13-10.   The internal annual effective dose from radionuclides created by cosmic radiation    

interaction processes (UNSCEAR00, 2000b p10). Note that the dose rate is 'per year' and 

not per hour as in Tables 13-6, 13-7, and 13-8. 

 
Radionuclide 

 

Effective Dose 

nSv/a 

Tritium, 
3
H 10 

14
C 12

 
000 

22
Na 150 

7
Be 30 

 

Atmospheric bomb tests and nuclear power plants add to the natural global 

inventory of cosmogenic radionuclides, but nuclear power plants are mainly of local 

concern. The major influence from bomb produced tritium has now faded away due to 

its short half-life. UNSCEAR estimates the time integrated effective dose to 51 µSv 

and 14 µSv per person in the Northern and Southern Hemisphere, respectively, from 

tritium produced by nuclear explosives (UNSCEAR82, 1982).  

The dose impact of a contemporary release of 
14

C fades away very slowly because 

of the long physical half-life and that a significant fraction of 
14

C circulates in the 

living environment. It is estimated that it takes about 10
 
000 years until 70% of the 

total 
14

C-dose from a release to the atmosphere is effectuated. On average, the 
14

C from 

weapons tests in the peak year, 1965, gave an effective dose of about 0.01 mSv/a and 

in 1985 this dose rate value had declined by 2/3 (NCRP81, 1985). 
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Average global dose from natural radiation sources 

On the basis of the annual effective dose to an 'average' world citizen, the dose 

contributions from different natural radiation sources can be compared (Table 13-11). 

Large variations amongst nations and between regions and for some sources even on 

the local plane, around these world-wide averages should be expected.  

Table 13-11.  Average world-wide annual effective dose from different sources (UNSCEAR00, 2000b) 

 
Source of exposure 

 

Average annual effective dose 

mSv 

Cosmic radiation 

  Directly ionizing and photon component 

  Neutron component 

  Cosmogenic radionuclides 

      Total 

 

0.28 

0.10 

0.01 

       0.39 

External terrestrial radiation 

  Outdoors 

  Indoors 

      Total 

 

0.07 

0.41 

       0.48 

Inhalation exposure 

  Uranium and thorium series 

  Radon (
222

Rn) 

  Thoron (
220

Rn) 

      Total 

 

0.006 

0.78 

0.19 

       0.98   

Ingestion exposure 

  
40

K 

  Uranium and thorium series 

       Total 

 

0.17 

0.16 

       0.33 

Grand total        2.2 
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14 The Oceans 

Elis Holm 

14.1 Introduction 

The oceans cover 362 000 000 km² and 71% of the surface of the globe is water. 

They contain 97% of all water on the Earth, which amounts to 1 300 000 000 km
3
. In 

comparison, all rivers and freshwater lakes contain only 0.04% of the total water mass. 

The average depth is 3 795 m and the average temperature is 3.5 °C. The total length of 

the coastline is 504 000 km, enough to circle the equator 12 times. Typical ocean water 

contain about 35 grams of salt per litre and freezes at -1.9 °C. It is estimated that the 

oceans contain as much as 50 quadrillion tonnes (5×10
16

) of dissolved solids. If the salt 

in the oceans could be removed and spread evenly over the Earth’s surface, it would 

form a layer more than 166 m thick. More than half the world’s population lives 

within 100 km of the coast.  

Approximately 80% of all life on Earth is found under the ocean surface. The 

oceans absorb 30-50% of the carbon dioxide produced by burning of fossil fuel and 

produce over half of the oxygen breathed. Each year, 70-75 million tonnes of fish are 

caught in the oceans and half of which is used for human consumption. The global fish 

production exceeds that of cattle, sheep, poultry or eggs.  

The oceans receive contamination from air pollution (33%) and from rivers 

and streams (44%). Regarding anthropogenic radioactive elements, the atmospheric 

input has been larger since the atmospheric nuclear tests during the late 1950s and 

early 1960s. There has been an interest in disposal of radioactive waste in the oceans. 

Never-theless, theoretically the doses can be shown to be low. Resulting from such 

actions, an international convention against seabed disposal was adopted in 1972. The 

doses to man from consumption of seafood is generally much smaller than that from 

terrestrial food. This is due to many radionuclides of major concern, such as radio-

caesium, being diluted by chemical analogues in salt water. This is not the case for 

freshwater, where much higher concentration factors are generally found. As a result, 

fish from fresh-water can constitute a relatively important fraction of the dose to 

critical groups. 

14.2 Natural radioactivity 

Actinide elements in the marine environment  

Actinides reach the marine environment from different sources, such as atmospheric 

deposition, runoff from land, sediment-water interaction, waste from the nuclear 
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industry, and accidental releases. In most areas, concentrations of artificial actinides 

are very low. Data available for actinide elements in the marine environment is mostly 

for uranium, thorium and plutonium and knowledge of actinium, protactinium and 

neptunium is still limited by analytical difficulties or the expense of analysis. Due to 

the development of radio-analytical methods, knowledge in the fields of solid state 

alpha-spectrometry and mass spectrometry is increasing. 

Only few environmental determinations have been performed on chemical and 

physical specification of actinides. The different source terms play an important role in 

this aspect. 

While the main scientific reason for the study of actinides in the environment is to 

clarify radiological effects of these radionuclides on human life, these elements also act 

as excellent biochemical and geochemical tracers for processes taking place in the 

environment. 

Sources 

There are significant differences between the artificial and the natural actinides. The 

natural actinides can be considered to be in biogeochemical balance together with their 

daughter products. This is not the case for the artificial ones, which have been 

delivered to the oceans over the past 30 years and whose length is generally much 

shorter than their physical half-lives. In addition, the artificial actinides are delivered 

either locally or by global fallout, the delivery of which depends on latitudes and 

differs between the Northern and Southern Hemispheres. From studying artificial 

actinides, it may be possible to learn about the future biogeochemical balance of these 

radionuclides. There are exceptions – locally enhanced releases of natural actinides in 

connection with uranium enrichment plants, uranium fuel fabrication plants, phosphate 

industries etc. 

The biogeochemical balance of radioactive elements in an inorganic form was 

described by Miyake et al., 1968 as: 

 

L + B + λ+ E = λ1 + P + S (14-1) 

 

where L   is the rate of supply from land 

B   the biological decay rate 

λ  the rate of radioactive generation 

E   the rate of entry from the air 

D   the deposition rate 

λ1   the rate of radioactive decay 

P   the organic production rate 

S   escape to air 

 

It was assumed that the mean depth of the oceans is 4 000 m, the rate of primary 

production is 120 g organic matter m
-2⋅a-1

 on a dry weight basis and the rate of inflow 



 

 

 

14.  The Oceans  189 

 

of river water is 80 l/m
2
. The results of calculation of the biogeochemical balance using 

the above equation are shown in Table 14-1. 

Table 14-1.  Transfer rate of radioactive elements in micrograms per square metre and year. 

 

Source (sink) 

Radionuclides 

 
238

U      
230

Th             
232

Th 

From land L 80  (8-15)×10
3
 15-30 

Air E   1.8×10
-4

 

Organic Production P and decay B 12-120 (7×10
-6 

)-(7×10
-4

) 0.06-6 

Radioactive generation λ  2×10
-3

  

Radioactive decay λ1 2×10
-3

 10
-6

-10
-4

 10
-7

-10
-5

 

Deposition D   (1-2)×10
-3

  10-20 

 

In nuclear detonations, neutron capture occurs in rapid succession, producing 

isotopes of uranium and plutonium with very high masses. In a reactor, the neutrons 

are captured one at time and the resulting product may decay prior to additional 

capture. 

The resulting element and isotopic composition from the two sources are therefore 

different. Such differences can be used to determine the source term. 

Concentration levels 

In a closed system in the environment, the isotopes in a decay chain are in radio-

active equilibrium after a sufficiently long time. However, in the hydrosphere, the 

system is disrupted by the separation of a daughter nuclide from its parent. The 

daughter nuclide might be chemically quite different from its parent, for example, the 

daughter product 
230

Th is much less soluble than its parent, 
234

U. The daughter product 

decays independently of the mother nuclide and is not supported to equilibrium in such 

a system. 

It is also well known that the activity ratio 
234

U/
238

U is different from unity. The 

average in the oceans is 1.13. This is explained by the input of river water with an 

activity ratio in the range of 1.20-1.30 into the sea and a long mean residence time of 

uranium in seawater ((1.7-2.4)×10
5
 years). 

The uranium content in seawater is related to the salinity. Sugimura and Mayeda 

(1980) showed that in coastal water, the content of uranium increased from 0.4 µg/l 

(5.3 mBq/l, 
238

U) in river water to 3.3 µg/l (43.6 mBq/l) in open ocean water. 

A similar relationship is found in the Baltic Sea (Holm & Fukai, 1986). This is 

shown in Fig. 14-1, where a higher activity ratio 
234

U/
238

U at lower concentrations is 

observed where the influence from rivers is greater. 

Miyake et al. (1968) also investigated the amount of organic form in seawater. Their 

results ranged from 2-20% of total uranium with unchanged activity ratio 
234

U/
238

U. 
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Fig. 14-1. (a) 
238

U activity concentration and (b) 
234

U/
238

U activity ratio in surface water from the 

Baltic Sea as a function of salinity. 

For thorium isotopes, there is an even greater spread in values for the same area. 

The activity ratios 
230

Th/
232

Th and 
228

Th/
232

Th can range from 1-20 and from 2-30, 

respectively. The excess of 
228

Th over 
232

Th is explained mainly by dissolution 

of  
228

Ra, which is the precursor of 
228

Th from the sea bottom. Table 14-2 gives an 

overview of concentrations of 
228

Th for different areas. 

Table 14-2. Thorium-228 activity concentrations at various locations 

 

Location 
Activity concentration 

mBq/m
3
 

Reference 

Arctic (Barents and Greenland Seas) 100-600 Holm et al., 1986 

Baltic Sea 90-400 Holm unpublished 

Subarctic 20-200 Miyake et al., 1977 

North Pacific Central 9-300 ibid. 

Equatorial Pacific 2-20 ibid. 

South Pacific Central 4-25 ibid. 

Subantarctic 1-3 ibid. 

Antarctic Circumpolar 3-15 ibid. 

 

In the Baltic seawater, the thorium isotopes show a decreasing concentration with 

increasing salinity (see Fig. 14-2). The explanation is that thorium is brought to the 

Baltic Sea in the form of humic complexes by the rivers. At higher salinity, these 

complexes cannot persist and when broken, the particle reactive thorium will settle on 

the sea floor. 

The high concentrations of 
228

Th in Arctic and Subarctic waters is a result of the 

decay of 
222

Ra, which is picked up from the coastal current and river water at the 

European-Siberian continental shelf and carried by the trans-polar current across the 

Arctic. 
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Fig. 14-2. Concentrations of Thorium isotopes in the Baltic Sea as a function of salinity. 

Reported and calculated concentrations of the most important natural and artificial 

actinide isotopes (from nuclear detonation tests) in seawater, and marine sediments in 

the Northern Hemisphere are given in Table 14-3 in order to give an overview of the 

occurrence in the marine environment,. 

Table 14-3. Typical concentrations of actinides in the sea 

 

Radionuclide 

Natural 

Physical half-

life (years) 

Seawater  

mBq/m
3
 

Radionuclide 

Artificial 

Physical half-

life (years) 

Seawater  

mBq/m
3
 

227
Ac 21.6 4 

238
Pu 87.7 0.2 

231
Pa 3.4×10

4 
 4 

239
Pu 2.4×10

4 
 2.5 

235
U 7.1×10

8 
 1 850

 
 

240
Pu 6.6×10

3 
 1.5

 
 

230
Th 7.5×10

4 
 15 

241
Pu 14.4 11 

234
Th 0.066 37 000 

241
Am 433 0.5 

238
U 4.5×10

9 
 44 000 

237
Np 2.1×10

6 
 0.05 

228
Th 1.9 37 000    

232
Th 1.4×10

10
 4    

 

The simplest type of aquatic model considers the receiving water body as a single 

volume and assumes that the radionuclides are uniformly diluted in this volume. 

Allowance is normally made for some renewal of water in the receiving body and for 

removal processes such as sorption onto sediments and radioactive decay. The change 

in activity concentration with time in such a body of water is given by: 

 

dχw  / dt = Ao / V - (λτ +λs + λ) (14-2) 

 

where χw is the activity concentration per unit volume in the body of water at time t. 
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Ao  is the rate of input of the activity 

V  is the volume of water; λτ is the fractional rate of renewal of water 

λs  is the fractional rate of removal of activity by sorption onto sediments 

λ  is the decay constant (UNSCEAR, 1982) 
 

           
 

Fig. 14-3. Activity concentration of 
137

Cs in surface water from the South and North Atlantic as a 

function of latitude. 

The removal of activity onto sediments uses a particle-scavenging model. This uses 

the equilibrium distribution coefficient between suspended sediment and water to 

calculate the activity concentration in the suspended sediment. The removal is then 

determined by the rate of settling of the particulate material onto the bottom. The 

fractional rate of loss of activity by sorption onto sediments is then given by: 

 

λs = Kd⋅ ms / z (1 + Kd⋅ ρsed) (14-3) 

 

where Kd  is the sediment to water distribution coefficient, defined as the quotient 

of the radionuclide concentration per mass unit in sediment to the 

radionuclide concentration per unit volume of water 

 z  is the average depth in the water body 

 ms  is the rate of sedimentation expressed as mass per unit area and time 

 ρsed  is the concentration of suspended load in mass per unit volume of the       

water body 

 

This model is appropriate for isolated water bodies, but can also be used as a 

reasonable approximation for relatively isolated and internally well-mixed portions of 

larger water bodies. 
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Fig. 14-4. Activity concentration of plutonium in surface water from the North and South Atlantic as a 

function of latitude 

Distribution coefficient and concentration factors should reflect an equilibrium 

balance between dissolved and particulate phases. The Kd (distribution factors) and Cf 

(concentration factors) for pelagic and coastal sediments are given in Table 14-4 

(IAEA, 1985).   

Table 14-4. Coastal and pelagic sediment concentration factors 

 

Sediment 
Element 

Cf (coastal) Kd (pelagic) 

Sr 1×10
3 

2.5×10
2 

Cs 3×10
3 

2×10
3 

Po 2×10
7 

2×10
7 

Ac 2×10
6 

2×10
6 

Th 2×10
6 

2×10
6 

Pa 2×10
6 

2×10
6 

U 1×10
3 

5×10
2 

Np 1×10
3 

1×10
3 

Pu 2×10
6 

1×10
5 

Am 2×10
6 

2×10
6 

 

Tsunogai & Minagawa, 1978 described a settling model for open oceans. This 

model describes the insoluble elements as irreversibly incorporated into particles by a 

chemical reaction before or shortly after their introduction to seawater. The particulate 

phases were divided into three classes: small particles (smaller than 0.5 µm in 

diameter), large particles (which are collected on filter papers) and giant particles 
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(which are particles responsible for the vertical flux and are collected in sediment 

traps). The settling model is described as: 

 

Du / dt = D(d
2
u / dz

2
) + du / dz(W - S) - λ u + p (14-4) 

 

where u   is the total concentration in seawater 

d   and W are the theoretical diffusivity and upwelling velocity respectively 

S   is the mean settling velocity of particles 

t   is the time 

z   is the depth 

λ   is the decay constant 

p   presents the production rate from the parent nuclide 

Polonium-210 

Polonium-210 is of special interest in the marine environment since it is 

accumulated in shellfish and will contribute significantly to the dose to humans from 

marine food-chains. The origin of polonium is exhalation of radon from the ground, 

which decays via 
210

Pb to 
210

Po. Therefore, levels in the atmosphere over the sea are 

lower than those over land. Polonium is also produced in situ from decay of radium 

and dissolved from sediments. It should also be noted that generally, 
210

Po in marine 

species is present in excess of its radioactive parent, 
210

Pb.  

Some regions have higher inputs of 
210

Po to the surface ocean owing to higher rates 

of atmospheric 
210

Pb inputs and have higher levels of 
210

Po in surface seawater. Uptake 

of 
210

Po onto particles (fractionated towards organic phases) and into phyto- and zoo 

plankton results in the removal of 
210

Po from the more productive, shallower marine 

regions with consequent diminished seawater activities. Scavenging of 
210

Pb by 

particles (biased towards inorganic phases) has a smaller yet measurable effect on 
210

Po 

activities in shelf regions. 

14.3 Anthropogenic sources 

Global fallout 

Atmospheric nuclear test explosions have contaminated the Earth globally with 

radioactive debris. The weapons tested from 1945-1951 were fission weapons in 

the 20-100 kiloton range. They produced mainly tropospheric fallout, i.e. the debris 

remained below the tropopause and was not dispersed globally, but deposited around 

the latitude band of the test site. In 1952, the United States, and the following year, the 

former Soviet Union tested their first thermonuclear devices (megatons TNT range) 

and fallout from these explosions occurred world-wide. Taking the global distribution 

of the oceans into account, it can be calculated that about 60% of the global fallout was 

deposited in the oceans. The total deposition of 
90

Sr is 0.6 EBq and the oceans have 
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received 0.37 EBq 
90

Sr and 0.6 EBq 
137

Cs and 7.2 PBq of 
239+240

Pu assuming 

a  
137

Cs/
90

Sr ratio of 1.6 and a 
239+240

Pu/
137

Cs ratio of 0.012 in global fallout 

(Aarkrog, 1998). 

Investigations by Kupferman et al., 1979 showed that the inventories in the North 

Atlantic were 20-30% higher than the input from global fallout, including runoff. 

In 1988, an estimate was made that revealed 0.9 EBq of 
137

Cs, 0.6 EBq of 
90

Sr 

and 16 PBq of 
239+240

Pu from global fallout. It is evident that measured inventories in 

the oceans are higher than the assumed inputs. Certain parts of the oceans have been 

poorly covered, such as the Indian Ocean and the western Pacific Ocean. It is also 

possible that the fallout over oceans is higher than that over land. 

The distribution of radiocaesium and plutonium in the North and South Atlantic has 

been studied (Holm et al., 1996). The results are displayed in Fig. 14-3 and 14-4. It is 

obvious that plutonium is scavenged relative to radiocaesium from the surface waters. 

Plutonium has an ecological residence time of 8 years, while radiocaesium behaves 

conservatively. Both radiocaesium and plutonium show levels in the Arctic over those 

expected from fallout in that area. This is explained by transport from the latitude band 

with maximum fallout 40-60 °N for plutonium and caesium. For caesium, other 

sources such as European reprocessing and the Chernobyl accident play an important 

role.  

Local fallout 

The French government began testing nuclear weapons in 1960 at a site in the 

Sahara Desert in Algeria. In July 1962, when the French sovereignty over Algeria 

ended, the decision was made to establish a new test site in the South Pacific in the 

French sovereign territory of French Polynesia. The sites chosen were the inhabited 

atolls of Mururoa and Fangataufa. 

The first atmospheric test was conducted in 1966 and over the following 8 years, 

a  further 34 devices were exploded in the atmosphere. In addition, 5 safety trials 

that  contaminated the environment were carried out during 1966 and 1974. The under-

ground testing (137 nuclear explosions and 5 safety trials) between 1975 and 1996 did 

not cause any significant contamination of the marine environment. 

Radiocaesium (
137

Cs) concentrations in seawater in the lagoons of Mururoa have 

decreased over recent years from 6 to 2 Bq/m
3
 and from 3 to 2 Bq/m

3
 at Fangataufa. 

The present ecological half-life is about 15 years. The overall concentrations at these 

latitudes are about 1-2 Bq/m
3
, i.e. close to the values in the lagoons. The 

239+240
Pu 

concentrations have decreased from 0.6 Bq/m
3
 to 0.2 Bq/m

3
 and 1 Bq/m

3
 to 0.4 Bq/m

3
 

respectively at the two lagoons during the same period. These concentrations are much 

higher than those generally representative of these latitudes, (1-2)×10
-3

 Bq/m
3
. The 

present ecological half-life for plutonium is about 7 years. The higher concentrations of 

plutonium can be mainly explained by the safety tests and plutonium originally trapped 

in the sediments being remobilised as soluble carbonate complexes (IAEA, 1998). 
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If all food consumed by an individual were harvested at the atolls, the annual dose 

would be in the order of 6 µSv per year. 

During the years 1946-1958, the U.S. conducted nuclear weapons testing in the 

Marshall Island on the Bikini and Enewetak Atolls. The Bikini Atoll was the site of 23 

of 66 underwater, ground level, and above ground nuclear tests conducted in the 

Marshall Islands; Enewetak was the site of 42 nuclear tests. Because of the pre-

dominant east to west direction, there seemed little danger to locations to the east of 

Bikini. 

On March 1
st
 1954 Castle BRAVO, the largest test in the entire U.S. weapons-

testing programme, was detonated at the Bikini Atoll. The explosive yield was 15 MT 

equivalent TNT. 

An extensive radiological survey was conducted in 1978 (Robinson et al., 1997). 

Radiocaesium (
137

Cs) concentrations in fish ranged from 200-600 mBq/kg wet weight 

and plutonium (
239+240

Pu) concentrations from 0.2-0.7 mBq/kg wet weight. The radio-

nuclide concentrations in water at the Enewetak Atoll from 1972-1994 were 

between 0.6-0.8 Bq/m
3
 for 

239+240
Pu and for 

137
Cs, 6-22 Bq/m

3
. The ecological 

residence time in the water was estimated at 7 years (Noshkin & Robinson, 1997). It 

was evident that terrestrial food-chains were more important, especially coconut con-

sumption, for the dose to humans. The annual doses in 1996 were estimated to be 

between 0.1-2.1 mSv per year for different atolls of the Marshall Islands. 

Accidental releases 

A few nuclear accidents have released radionuclides directly into the sea. However, 

most accidents have involved releases into the atmosphere. Losses of submarines and 

seabed disposal have still only had minor effects on concentrations in the marine 

environment. 

In 1968, a B-52 aircraft from the US Air Force crashed during an emergency 

landing on the sea west of Thule airbase NW Greenland. After the clean up the 

marine  environment (especially the sea floor) was contaminated with about 1.3 TBq 

of 
239+240

Pu. 

A similar accident occurred at Palomares, SE Spain in 1966. The radioactive debris 

was mainly deposited on land, but surprisingly, relatively large inventories are also 

found in the marine environment. It is not clear if this is due to run off, atmospheric 

transport or sea bed disposal by the USA following the clean up on land. 

In 1964, a nuclear powered satellite containing 0.6 PBq of 
238

Pu re-entered the 

atmosphere over the Mozambique Channel. This caused enhanced 
238

Pu / 
239+240

Pu 

ratios globally, especially over the Southern Hemisphere. 

The Chernobyl accident 

In the Chernobyl accident in 1986, about 100 PBq of 
137

Cs and 8 PBq of 
90

Sr was 

released into the environment. The releases of refractory elements, such as plutonium, 
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were much smaller, for example 55 TBq of 
239+240

Pu. The total input of 
137

Cs to the 

oceans was estimated at 15-20 PBq. The Baltic Sea was the most contaminated. Within 

a few months of the accident, Baltic surface seawater contained about 100 Bq/m
3
 and 

the total activity was calculated to be 4.5 PBq. Due to the semi-closed conditions of the 

Baltic Sea, dissolved substances such as 
137

Cs persist for a long time and in 2000, the 

activity levels were around 50 Bq/m
3
. Fig. 14-5 shows an example of concentrations in 

Fucus vesiculosus and water for different parts of the Baltic Sea. 

The Black Sea received 2-3 PBq 
137

Cs from the Chernobyl accident and the mean 

concentration increased to about 50 Bq/m
3
.  

 

 

 

 

 

 

 

 

 

 

 

                                       

Fig. 14-5. Activity concentration of
137

Cs in Fucus vesiculosus

and water and the activity

ratio algae/water in the

Baltic Sea for various

locations (see map) (From

Holm, 1996) 
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The inventory of 
137

Cs in the Mediterranean is in the order of 3-5 PBq. The levels in 

seawater rose from 4 Bq/m
3
 to 50 Bq/m

3
 one week after the accident, but due to the 

hydrological conditions of the Mediterranean, the levels were only 10 Bq/m
3
 two 

months later. 

The North Sea received 1.2 PBq and in 2000, the largest source for 
137

Cs to the 

North Sea was outflow from the Baltic Sea, about 60 TBq per year. 

Nuclear fuel reprocessing 

The most important source of waterborne discharges to the marine environment 

from nuclear fuel reprocessing was the Sellafield plant to the Irish Sea. Releases 

from the French plant, La Hague, have generally been significantly smaller. The 

maximal releases of 
137

Cs from the Sellafield plant occurred between 1975-1983 and 

were 2-6 PBq annually and decreased thereafter. Radiocaesium and 
99

Tc have been 

used for tracing water masses from the Irish Sea to the North Sea, further along the 

Norwegian coast and into the Arctic. Significant amounts of the fission product 
99

Tc 

were released in 1977 (180 TBq) and also, between 1994-1999 (100-200 TBq 

annually). Through the study of these radionuclides, it has been possible to study the 

transport in time and space (See Fig. 14-6). 

 

             
 

Fig. 14-6. Route for the transport of radionuclides from Sellafield nuclear fuel reprocessing plant in 

the North Atlantic. Relative concentrations and transit times are shown. (From Dahlgaard 

et al., 1986) 
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Nuclear power plants 

The most important releases to the aquatic environment from nuclear power plants 

under normal operation are activation products. As an example, about 20 GBq 

(GWae)
-1

 of 
60

Co are released from a PWR and 30 GBq from a BWR. The total world 

energy production is about 350 000 MW(e). It can be estimated that about 8 TBq 

of 
60

Co are released. Other activation products are 
65

Zn, 
54

Mn etc. Taking into account 

physical decay, a world inventory of 9 PBq can be estimated. This activity is mainly 

deposited locally in the sediments within 100-200 km of the power plants. 

Freshwater ecosystems 

 The freshwater systems are not as important globally as the oceans for food, but 

locally, they are of great significance and might constitute an important source of dose 

to man. The lake systems are generally considered to belong to the terrestrial radio-

ecology system. 

As for the oceans, there are two principal routes for radionuclides to reach lakes – 

directly by deposition on the lake surface or by water from the catchment areas. In 

certain countries, nuclear facilities are situated by rivers or lakes. Overall, the 

catchment area plays a more important role for lakes than for the oceans. Seasonal 

variation and seasonality are also more important. By these terms, seasonal variation is 

defined as the general yearly variation in climate, precipitation, temperature, light etc. 

Seasonality is the committed dose variation with time of, for example, an accidental 

release into the environment. 

The final fate of radionuclides is also more complex than for the oceans. Lakes have 

a large number of characteristics influencing the fluxes of radionuclides such as: 

• Lake Morphometry – area, depth, shape, volume, water-retention time 

• Physical properties – light conditions, temperature, turbidity, sediment structure, 

suspended matter, stratification 

• Chemical properties – conductivity, K, Mg, Ca, organic content, nutrients 

• Biological factors – littoral/profoundal, biological activity, bentic fauna etc. 

 

Following the Chernobyl accident, the ecological half-life for radiocaesium was 50 

days during the first 5 months while the longer component was about 300 days 

(Andersson, 1994). 
90

Sr is of less importance since it is accumulated in the bones, 

which are not consumed. Plutonium is of interest for geochemical studies, but is not 

accumulated in freshwater fish. 

Depending on the above factors and the contamination situation, lakes show a very 

wide variation in concentrations of radionuclides in water and fish. Radio-

caesium (
137

Cs) can show concentrations of a few mBq per litre to several hundreds of 

Bq/l. Similarly, concentrations of plutonium in lake water can vary from 1 

to 400 µBq/l. Plutonium, like most actinide elements, is regulated in this sense in the 

water column by association to humic colloids, which is less pronounced for caesium. 
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This is a mechanism for the transport of plutonium from freshwater systems to the sea, 

but the humic colloid association inhibits accumulation to biota. The transfer of radio-

nuclides to biota depends on lake-water retention time and hardness (Ca, Mg) of the 

water. Concentration factors are much higher for radiocaesium in lakes than in the sea, 

i.e. 5 000 or higher compared to 100. In general, most of the activity in lakes 

is  associated with the sediments. The sedimentation rate can be determined by 

the continuous accumulation of natural 
210

Pb, which is a decay product of radon, 

and 
 
from  specific events, such as the plutonium and caesium in sediment horizons 

originating from nuclear test fallout and the Chernobyl accident. Fig. 14-7 shows 
210

Pb, 
137

Cs and 
239+240

Pu in a sediment core from a high arctic lake at Thule Greenland. The 

data gives a sedimentation rate of 1.7 mm per year ( Eriksson et al., 2000). 

 

            
Fig. 14-7. Distribution of 

210
Pb, 

137
Cs and 

239+240
Pu in sediment core from a lake at Thule,

 
Greenland 

14.4 Dose assessment 

The dose from consumption of marine food can be calculated by two different 

methods, i.e. using the estimated activity concentrations of the radionuclides (e.g. 
137

Cs 

and 
210

Po) in water for the different fishing areas and then applying the recommended 

concentration factors (Method 1). Method 2 uses the estimated concentrations in fish 

and shellfish. For example, concentration factor values of 100 and 30 for 
137

Cs, 
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and 2 000 and 30 000 for 
210

Po in fish and shellfish, respectively have been used here 

(See Table 14-5).  

The fish catch for different major fishing areas can be calculated using FAO (Food 

and Agriculture Organisation of UN) statistics.  

The doses can be calculated using the following formulae: 

 

DCs
 
(fish) = Cw⋅ 100 Fc Fh Fe⋅ 1.2 × 10 

-8
 = 4.2×10 

-7 
Cw Fc manSv  (14-5) 

and 

DCs  (shellfish) = Cw⋅ 30FcFhFe⋅ 1.2×10
-8

 CwFc        (14-6) 

Where DCs is the collective committed dose from 
137

Cs by consumption of fish and 

shellfish respectively from intake  

Cw   is the activity of seawater (Bq/l) 

Fc  is the catch calculated from FAO statistics (kg per year) 

Fh  is the fraction of catch, which goes for human consumption and is 

assumed to be 0.7 for fish and 1.0 for shellfish 

Fe  is the fraction actually eaten and is assumed to be 0.5. 

 

For certain elements, a delay factor (Df ) between catch and consumption has to be 

considered if the physical half-life is not long. Statistics show that 30% of seafood is 

eaten fresh, 30% frozen, 20% smoked and 20% canned. The time delay between con-

sumption of the above different products is 0.1, 2 and 12 months, respectively, giving a 

weighed mean of 93 days. 

For example, the doses for polonium can be calculated accordingly as: 

 

DPo
 
(fish) = Cw⋅ 2 000 Fc Fh Fe Df⋅ 4.3×10

 -7
 = 1.5×10

 -4
Cw Fc manSv  (14-7) 

and  

DPo (shellfish) = Cw⋅ 30 000 Fc Fh Fe
 ⋅ 4.3 × 10

 -7
 = 3.2 × 10

 -3 
Cw Fc  (14-8) 

 

With notations similar to those used for method 1, the following equations are 

applied: 

 

DCs
 
(fish) = Cb⋅ Fc Fh Fe⋅ 1.2×10

 -8
 = 4.2×10

 -9 
Cb Fc 

 
manSv   (14-9) 

and 

DCs (shellfish) = Cb ⋅ Fc Fh Fe ⋅ 1.2 × 10
 -8

 = 6.0 × 10
 -9 

Cb Fc manSv  (14-10) 

 

DPo
 
(fish) = Cb ⋅ Fc Fh Fe Df ⋅ 4.3 × 10

 -7
 = 7.6×10

 -8 
Cb Fc manSv   (14-11) 

and  

DPo (shellfish) = Cb⋅ Fc Fh Fe
 
Df⋅ 4.3×10

 -7
 = 1.1×10

 -7 
Cb Fc manSv  (14-12) 

 

Despite the spatially and temporally heterogeneous distribution of 
210

Po in the 

surface ocean, the existing data indicates that there are only minor latitudinal or 

temporal gradients and that an average value of 1 Bq/m
3
 is acceptable with an 

uncertainty of 0.5 Bq/m
3
. 
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The Collective Effective Dose Commitments (CEDC) from
 210

Po from fish is 

estimated to be 10 000-12 000 manSv and from shellfish, 15 000-38 000 manSv 

(Aarkrog et al., 1997). This can be compared with the dose (CEDC) from 
137

Cs, which 

is 150 manSv and 12 manSv from the two food items respectively. 

Table 14-5. Recommended concentration factors to biota for some key elements (IAEA, 1985) 

 

Element Macroalgae Fish Molluscs Crustaceans 

Co 10 000
 

1 000
 

5 000
 

5 000
 

Sr 5
 

2
 

1
 

2 
 

Cs 50
 

100
 

30
 

30
 

Po 1 000
 

2 000
 

30 000
 

30 000
 

Pb 1 000
 

200
 

1 000
 

1 000
 

I 1 000
 

10
 

10
 

10
 

Th 200
 

600
 

1 000
 

1 000
 

U 100
 

1
 

30
 

10
 

Np 50
 

10
 

400
 

100
 

Pu 2 000
 

40
 

3 000
 

300
 

Am 8 000
 

50 
 

20 000
 

500
 

14.5 Summary 

Both the oceans and the lakes act as sinks for pollutants including radioactive 

elements, either through direct deposition (fallout), run off, or resuspension from soil. 

In comparison, the transfer from sea to land is smaller than that from land to sea. When 

assessing the impact on man from such anthropogenic radionuclides, a comparison 

with naturally occurring radionuclides must be made. Depending on the chemical-

physical form of the radionuclide, which is related to the source and the particlular 

environment, there is a partition between particles, colloids, and ionic forms, which 

regulate their behaviour. A rapid transfer to the sea floor can take place as well as long-

distant transfer with ocean currents. In the latter case, transboundary exposure can take 

place and have radiological, political end economical consequences.  

The major global source of man-made radionuclides is nuclear test fallout from the 

late 1950s and the early 1960s, from which radionuclides such as 
137

Cs, 
90

Sr, and 

plutonium isotopes can still be detected. A semi-global source is the Chernobyl 

accident in 1986, mainly contaminating the Baltic Sea, the Mediterranean, the Black 

Sea, the North Sea and parts of the Arctic Sea. In the early stages, radionuclides such 

as 
131

I, 
103

Ru, and 
106

Ru were significant, but the dominant radionuclides from a 

radiological point of view were 
137

Cs and 
134

Cs. The controlled releases from European 

reprocessing facilities have resulted in contamination of the Irish Sea, the North Sea 

and also, by ocean current transport, the Arctic. The most interesting radionuclides 

are 
137

Cs, 
134

Cs, 
99

Tc,
 129

I, 
237

Np and plutonium isotopes, not only from a radiological 

point of view, but due to the fact that these radionuclides can be used as tracers for 

transport of water masses in time and space. Nuclear test sites such as Mururoa and 
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Fangataufa, the Marshall Islands and Novaya Zemlya are examples of local con-

tamination from close-in fallout from so-called nuclear safety tests. During normal 

operation, the nuclear power plants constitute a source for contamination of the local 

environment by activation products such as 
60

Co, 
54

Mn, 
110

Ag
m

. Accidental losses of 

nuclear weapons have caused local contamination of plutonium at Thule, Greenland 

and Palomares, Spain. 

In spite of all these anthropogenic sources in the marine environment, the dose to 

man from marine food from a global point of view is one or two orders of magnitude 

greater from natural polonium than from 
137

Cs. 
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15 Radioecology 

Per Roos 

15.1 Introduction 

Radioecology might be considered 'the science of understanding the behaviour of 
radioactive elements in the environment'. It may focus on the health perspective in 
order to predict and prevent radiation damage or the use of radioisotopes as tracers for 
different processes, natural or non-natural. As a consequence, radioecology includes 
areas of physics, chemistry and biology, and fields within what radioecologists 
consider to be 'radioecology' are geochemistry, limnology, chemical oceanography, 
aerosol physics etc. when viewed from the platform of other sciences. The ability to 
include whatever science is necessary to solve the task, but, at the same time, never be 
recognised within the individual disciplines as a stand-alone science is both a strength 
and a weakness of radioecology. 

Only limited information on environmental radioactivity was available prior to 
World War II and this knowledge was only spread beyond a few specialised 
laboratories that were equipped to make measurements of radioactivity to a limited 
extent. The field of radioecology may be considered to have started alongside the 
development of nuclear energy in the early 1940s. It became evident that it was 
necessary to keep track of the basic pathways for the large amounts of radioisotopes 
produced locally during the weapons programmes in the USA, the UK and the USSR. 
Initially, this work was strongly linked to radiation protection dosimetry and was thus a 
form of basic human radioecology, or health physics. It included the studies of uptake 
and clearance in humans of elements like uranium and plutonium, but the various 
pathways for these elements to man was of less interest. By the late 1940s, 
observations of uptake in other organisms than man began to appear and during 
the 1950s, a large number of studies, especially at strongly contaminated sites, were 
performed on terrestrial and aquatic organisms (although still with the main aim of 
estimating pathways to man and calculating doses). There were, however, also a 
growing number of scientists who used these sites and existing radioisotopes in order 
to obtain information of a more general character – to study the migration and path-
ways through the ecological system. With the beginning of massive nuclear weapons 
testing and global fallout, there were radioecological investigations on a much larger 
scale world-wide and a huge number of publications appeared. In the beginning, they 
were mostly about radioecological pathways to man, but soon, the fallout was used to 
advantage in a number of studies of environmental processes. However, far from all 
systems were of interest – only very limited work was done concerning natural 
ecosystems like forests, natural pastures, grasslands, forest lakes etc. After the 
Chernobyl accident, forest and fresh water ecosystems became of major interest in 
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areas severely contaminated by the fallout, and the results emphasise the long residence 
times of radioactive caesium in these ecosystems with half-lives up to more than a 
decade. 

Regardless of the intent of these investigations, a great deal of knowledge on the 
behaviour of the common artificial radioisotopes was gathered. In fact, the amount of 
knowledge obtained during the sixties and early seventies was so great and obtained 
over such a short time that it was impossible for all the data to be properly or fully 
reviewed. This is partly reflected in some later radioecology studies where in reality, 
many apparently 'new' ideas and investigations more or less had been born several 
years earlier. 

The radioecology of naturally occurring radioisotopes has not experienced a similar 
development to that of radioecology of artificial radioisotopes. Although radium and 
radon were used as cures for various diseases as early as in the 1920s, one of the 
earliest attempts to estimate the radium content of food was not made until 1958 
(Mayneord et al., 1958). Generally, the behaviour of natural radioisotopes in eco-
systems is much less understood than in the case of artificial ones. On the other hand, a 
wealth of data on concentrations of natural radioisotopes exists for geological material, 
including soils. The majority of radioecological studies of natural radioisotopes, 
excluding radon, deal with the effects of modified sources such as phosphate fertilisers 
and uranium mining. 

15.2 General radioecology 

From an ecological point of view, to understand the pathways and distribution of 
environmental contaminants in time and space, it is necessary to focus on fundamental 
ecological processes such as individuals, populations, and communities and their part 
in biogeochemical cycles. Even if a general understanding of such processes is 
achieved, physical, chemical and biotic factors interact to influence local patterns of 
distribution, abundance and diversity of species. That is, a large variation is to 
be expected in the contamination studies (concentration, element ratios, rates etc.). It 
also has to be decided whether to consider individuals or whole populations in such 
studies. Obviously the rate of changes in contamination may differ largely between the 
two cases. For populations, long-term factors such as radioactive decay, migration in 
soil etc. are important, but for the individual the daily intake-output rate of food is the 
most important. 

An obvious, but important, thing to keep in mind is that pollutant elements such 
as artificial radionuclides are incorporated into global biogeochemical cycles and 
ecosystem processes. The behaviour is not set by the isotope or element as such, but 
rather by the overall biogeochemistry. Therefore, understanding the biogeochemical 
processes means understanding the behaviour of the radioisotopes. On the other hand, 
observing the behaviour of radioisotopes may result in further insight into biogeo-
chemical processes, thereby using the radioisotopes as tracers for processes. 
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There is a tendency to oversimplify environmental biogeochemical cycles. As an 
example, an element like copper has a very well defined inorganic chemistry and its 
behaviour and interactions in soil with inorganic ligands may be accurately calculated 
and are often used to describe its behaviour. The exclusion of microbial action and 
general organic chemistry means, however, a great oversimplification and an inability 
to correctly predict the fate of the copper. Mammalian herbivores commonly classified 
as generalist feeders may also be taken as an example due to their ability to feed on 
many plant species and to adapt to novel diets. However, herbivorous mammals are 
more specialised than is usually acknowledged. In 97 studies of diet compositions, 3-4 
plant species made up 50% of the diets (Freeland, 1991). The diet of moose in northern 
Sweden in autumn may for instance be composed of more than 30 species of plants, 
but 70% of the diet consists of only two or three species. Moose exhibit large 
individual variations in the proportions of a particular plant in their diets. This 
variation in diet composition amongst individuals results in large variation in radio-
nuclide intake and resulting radiocaesium in muscle tissue. 

In conclusion from the above, ecology (and radioecology) needs to be site specific 
and cover a range of sciences if the behaviour of deposited contaminants in the 
environment are to be fully described and predicted. The more site specific 
information, the better predictions can be made. In reality, however, local models are 
of little interest and instead, general models covering large areas with many different 
subsystems are used. Therefore, it has to be accepted that these models may often only 
provide approximate guidelines of how contaminants will develop with time. 

15.3 Terrestrial radioecology 

Terrestrial radioecology may be divided into several parts depending on the great 
number of different ecosystems existing on our planet. It is thus convenient to separate 
agricultural systems, boreal forest ecosystems, alpine systems, tropical forest systems 
etc. from each other. In this text, only a survey of basic principles common for ter-
restrial radioecology will be considered and agricultural radioecology will be addressed 
in particular due to the large proportion of agricultural products that make up human 
food. The specific behaviour of some selected radioisotopes of interest will also be 
discussed. 

While for most natural radioisotopes the source is the soil itself, the source term for 
most artificial radionuclides is atmospheric deposition. The primary transfer of radio-
isotopes from the atmosphere to ground or vegetation may be divided into dry 
deposition and wet deposition. Dry deposition is usually expressed as a deposition 
velocity, V: 

 

     V = [ Bq/(m
2
⋅ s) ] / [ Bq/m

3 
] = [ m/s ] (15-1) 

 

Normally, wet deposition (by rain, snow or mist) is the dominant way in which 
atmospheric aerosols are transferred to the ground, but during dry periods, dry 
deposition is obviously the only mechanism. 
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After being deposited onto the vegetation (wet or dry), the radioisotopes are retained 
on the surfaces of the plant for some time before being washed off by rain or other 
'weathering' effects. The removal rate from the vegetation varies considerably, but 
residence times in the order of a few days or weeks are common. Since this is much 
shorter than the growing time for most crops, a fallout event during the early, rather 
than later, growing season is preferable. There will also be less interception of the 
fallout early in the growing season due to less biomass. Contaminated soil may also be 
resuspended by wind and 'splashed' by rain and in this way, bring radioisotopes to 
the plants. This is an important pathway for radionuclides such as plutonium with 
otherwise negligible root uptake. 

If the pathways that dominate the flow of different elements to humans are looked 
at, it is obvious that the food eaten and the air breathed play a major role. Food may be 
considered as vegetation either directly or indirectly via meat. If the soil and the 
atmosphere are considered the sources and possible pollutants of elements, vegetation 
and animals constitute important functions for modifying the flux of these elements 
from the source to humans.  

If the very initial stage of a nuclear fallout situation is omitted, where radioisotopes 
directly deposited onto the vegetation is the dominant way of contamination, the soil is 
the dominant source of radioisotopes for vegetation. Transport to the plant may then 
occur either as root uptake or resuspension of soil particles. Although resuspension of 
soil onto vegetation is a very important factor (especially for the uptake of elements of 
low solubility in grazing animals), only root uptake is considered here. 

 

The factors governing root uptake may be listed as: 
• Plant metabolism (type of plant, growing stage etc.) 
• The chemical form of the radioisotope in question (type of organic/inorganic 

complex) 
• Physical and chemical properties of the soil 
 
In the short-term perspective the plant metabolism and the season are important 

factors for root uptake, but since availability and migration of the radioisotopes in 
the soil over a longer time depend on soil characteristics, the physical and chemical 
properties of the soil gradually become more and more important. 

Table 15-1. Mass abundance and surface area per gram of typical clay, silt and sand 

 

Soil component 
 

Diameter 
µm 

Particles per gram 
 

Surface area per gram 
cm2/g 

Clay < 2 9×109 8×106 

Silt 2-20 6×106 450 

Sand 20-200 50 000 90 
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From a pollutant availability and mobility point of view, the important parts of soils 
are the amount of clay and organic matter. The inorganic part of soils is generally 
characterised by the size distribution or fraction of the components clay, silt and sand. 
The relative amounts of these components strongly determine both the physics and the 
chemistry of the soil. 

As seen from Table 15-1, the surface area per unit mass of clay is very large 
compared to silt or sand. The large surface area means that the clays are often the main 
sorption sites for radioisotopes in the soil. 

As well as from the clay content of soils, the organic matter also plays a significant 
role. The organic matter is mostly made up of decomposed vegetation. An important 
part of the organic matter is the humic acid component (the word humus meaning 
soil in Latin) which consists of refractory high-molecular compounds with a general 
phenolic heterogeneous character. They make up the dominant organic fraction of most 
soils and are responsible for their black colouration. 

The total cation exchange capacity (CEC, meq/g) of soils depends both on the 
presence of clay and of humic matter. In general, humic matter has a higher CEC than 
clays. Taking their relative mass abundance into consideration, typical podzolic surface 
soils result in them playing approximately an equal role as storage of cations. The 
higher CEC a soil has, the greater its capacity for retaining deposited elements, radio-
active or not. The residence time of, for instance, 137Cs in soils with a high CEC will 
therefore be long, in the order of tens of years. Due to a high nutrient storage capacity, 
root uptake will be less than in sandy soils with a low CEC. In sandy soils, the radio-
caesium will, however, migrate downwards faster (away from the root uptake zone). 

Tropical soils differ from soils in the temperate regions in that they are subject to 
more extensive leaching, which results in faster silica removal. Therefore, tropical soils 
have a higher fraction of hydrous aluminium and iron oxides in the soil, which causes 
their generally red colour. 

Agricultural systems 

Generally, radioecology of agricultural systems has been concerned with the 
behaviour of artificial radioisotopes resulting from accidents. This interest is obvious 
in light of how important crops are as a food source. Investigations have been divided 
into root uptake from soil and the interception of fallout radionuclides by the various 
crops. It was recognised early on that the root uptake of most radionuclides from soil 
was low and that the major pathway into further food chains is via direct deposition 
from the atmosphere to the vegetation. Exceptions to this are long lived nuclides with 
comparatively high mobility in soils, such as 90Sr and 129I . 

Plants with a strong seasonal change in biomass (for instance, grasses and most 
crops used in agriculture) develop with time and gradually reach a higher total inter-
ception capacity. The stage of development of the crop at the time of deposition there-
fore determines both how much and which radioisotopes in the fallout will be trans-
ported further into the food. Fallout early in the growing season means relatively low 
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interception and short lived radionuclides will decay significantly before harvest. Later 
in the growing season, the interception will be greater and the fraction of short lived 
radioisotopes remaining at harvest will be greater. For some crops and grass, the bio-
mass is high over a large part of the year and the intercepted fraction will already be 
nearly 100% at an early stage of development. The total fallout such crops intercept 
will therefore be diluted as the growing proceeds and the short lived radioisotopes will 
decay considerably during the remaining growing season. A simple way to further 
reduce the content of the short lived isotopes is of course to delay distribution if 
possible. 

In some systems, the delay between harvest and consumption is not so advantageous 
however. This concerns plants receiving depositions of 210Pb (22 a), 210Bi (5 d) 
and 210Po (138 d) continuously being produced in the atmosphere as a result of the 
decay of 222Rn (3.8 d) emanating from the soil. Since the residence time for these 
reactive elements in the troposphere is only in the order of a few tens of days, little 
time is allowed for the build up of 210Po in the atmosphere before being precipitated to 
the ground. Consequently, the activity ratio of freshly precipitated 210Po / 210Pb is low, 
merely around 10%. Since 210Po is an alpha emitter, it delivers a considerably higher 
radiation dose per activity unit than its parents 210Pb and 210Bi, which decay by beta 
emission. Therefore, storing harvested crops containing freshly deposited 210Po / 210Pb 
would only increase the radiation dose from consumption. A special case that has 
received some attention concerns tobacco. It was noticed early on (Marsden & 
Collins, 1963; Radford & Hunt, 1964; Little et al., 1965) that both tobacco and 
the  lungs of smokers contained elevated 210Po levels. The comparatively high con-
centrations of 210Pb and 210Po in tobacco is a result of the tobacco plant having large 
leaves (high interception) and of the concentration process as the leaves are dried. 
Since tobacco used for pipe smoking is stored for a shorter time than tobacco used for 
cigarettes, the former contains less 210Po due to a shorter build-up time. 

The importance of directly deposited material as compared to root uptake may also 
be illustrated with the different radioisotope concentrations found in bread made from 
rye and wheat. Normally, white bread is made mostly from the inner parts of the wheat 
and will therefore contain less directly deposited material than dark rye bread, which is 
made from whole-grain flour (also containing the outer parts). It was observed by 
Aarkrog (Aarkrog, 1979) that the rye bread (made of 100% extracted flour) contained 
approximately 50% higher concentrations of 90Sr and 137Cs than wheat bread during 
the maximum bomb test fallout period 1962-1966. The direct deposition of material on 
rye is also higher than on wheat because of the higher surface to volume ratio of rye. 

A common way of expressing the interception of vegetation is to use the transfer-
factor (TF), which is defined as: 

  

TFair = [ Bq/kg ] / [ Bq/m
2 

]; [ m
2
/kg ] (15-2) 

 

That is, the radioisotope concentration per dry weight divided by the total deposition 
density. Once intercepted by the vegetation, nuclides in the fallout may fall onto the 
ground at a certain rate, but at the same time, contaminated soil particles may be 
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resuspended by wind and rain splash and bring activity to the plant. At a later stage, 
root uptake may have to be considered, especially for radionuclides, which may act as 
homologues to stable elements used in the metabolism of the plant. Obviously, the 
transfer factor as defined in this way has to be treated with some caution in order to 
obtain real interception values. 

In a long-term perspective, the important source of radioisotopes in vegetation and 
grazing animals is the soil and the transport from soil to vegetation. As discussed 
above, the magnitude of root uptake is dependent on both plant and soil factors and 
thus, also dependent on the season. Furthermore, translocation of radioisotopes within 
the plant may occur throughout the season. The magnitude of root uptake may be 
expressed as a concentration ratio, or transfer factor, plant to soil. 

 

(soil) Bq/kg

(plant) Bq/kg
TFroot =  (15-3) 

 
The depth at which the soil concentration should be given is usually arbitrary, but 

should reflect the depth of the root system. Obviously, this causes large variations in 
calculated root uptake for radioisotopes with a sharp depth gradient in the soil. In 
addition, the depth distribution of roots and the changing characteristics of the soil with 
depth make results from investigations of root uptake difficult to interpret. In order 
partly to overcome some of the difficulties in determining appropriate transfer factors 
for soil, plant concentrations have been related to soil inventory (Bq/m2) rather than to 
soil concentration. Despite large variations, several data sets exist for different soil and 
plant combinations, but it is advisable to keep in mind the potential spread in such 
data, even for identical soil-plant systems. Typical soil to plant transfer factors are 
given in Table 15-2 for some crops (Frissel & Bergeijik, 1989). 

Table 15-2. Representative soil to plant transfer factors (Bq/kg dry crop per Bq/kg dry soil in 0-20 cm    
layer). 

 
Nuclide Crop Crop part TF value 

Sr Cereals Grain 0.13 
Sr Grass  1.3 
Sr Potato Tuber, flesh 0.17 
Cs Wheat Grain 0.018 
Cs Grass  0.21 
Cs Potato Tuber 0.1 
Np Wheat Grain 0.0023 
Np Potato Tuber 0.0067 
Pu Wheat Grain 0.00001 
Pu Potato Tuber 0.00018 
Am Wheat Grain 0.00002 
Am Potato Tuber 0.00039 
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Soil to plant transfer factors may be useful when estimating radioisotope content in 
plants. Usually, to go further and calculate resulting content in, for example cows, 
another transfer factor – plant to cow – is needed. To then proceed to man, another new 
factor – cow to man – is needed. Since the usual target for dose calculations is man, it 
would be simpler to use a combined, or aggregated, transfer factor including all 
transfer factors through a certain food chain (for instance in this case, soil-plant-cow-
man). These aggregated transfer factors may also be further modified in that they take 
care of all transfer routes to man after a certain fallout event for a certain radioisotope. 
Such an aggregated transfer factor would be defined as the peak content in man 
(Bq/kg) to the deposition in Bq/m2 and would only be of use for single deposition 
events such as the Chernobyl accident. From measurements of different groups in the 
Swedish population after the Chernobyl accident, a typical value of this aggregated 
transfer factor for radiocaesium was around 1 Bq/kg per kBq/m2 (Falk et al., 1991). 

From a dosimetric point of view, such a definition is less useful during a prolonged 
deposition event since the time pattern of transfer to man is not taken into 
consideration. A better definition of the aggregated transfer factor to man would there-
fore be (UNSCEAR, 1977): 

 

∫∫=

dt A

dt A
T

ground

man

aggr  

 

In this expression of the aggregated transfer factor (Taggr), the concentrations in man 
(Aman), integrated over time, is related to the accumulated deposition on the ground 
(Aground) over the same time period. This time-integrated aggregate transfer factor 
therefore has the dimension [ (Bq⋅kg-1

⋅a) / (Bq/m2) ], but is still element specific and 
dependent on food habits, age, sex etc., just like other transfer factors. 

With time, the physico-chemical speciation of the radioisotopes in the soil may 
change after a fallout situation and therefore, transfer factors are time dependent not 
only because of migration of the radionuclides away from the root horizon, but also 
because they may become less available. In particular, this is the case for caesium, 
which becomes more and more immobilised with time due to binding to illite clay. 
Despite most elements having a time dependent binding strength to soil, the normal 
way of expressing this binding strength is by the Kd value: 

 

(water) Bq/kg

(soil) Bq/kg
K d =  (15-5) 

  

In general, these values are obtained by laboratory experiments where different 
radioisotopes have been added to a soil solution and after a time, when equilibrium is 
expected to have been reached, the phases are separated and the radionuclide content 
measured. Normally, Kd values obtained in this way are underestimated due to the 
equilibrium time being too short. True Kd values may only be obtained by using the 
same equilibrium time as in the actual fallout site of interest (with the identical soil). 

(15-4) 
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Some recommended Kd values are given in Table 15-3 (IAEA, 1991b). 

Table 15-3. Kd values for agricultural soils (Bq/kg per Bq/l) (IAEA, 1991b) 

 
Radionuclide Sand Clay Organic soil 

Sr 14 110 150 
Cs 270 1 800 270 
Np 4 55 1 200 
Pu 550 4 900 1 800 
Am 2 000 8 000 110 000 

 
It is obvious from the shown Kd values that most radioisotopes are much better 

retained in soils rich in clay and organic matter than in sandy soils. The more clay and 
organic matter, the higher the cation exchange capacity (CEC) and the more fertile the 
soil. In such fertile soils, migration of most radionuclides is very limited and in 
general, the bomb test fallout radioisotopes delivered during the early sixties are still 
found in the upper 10-20 cm of such soils. This means that the root system for most 
vegetation remains in the contaminated soil layer for a very long time. However, the 
soil to plant transfer is much lower for such soils than for sandy soil. For sandy soil, 
the typical root uptake is about an order of magnitude higher than from a clay soil. The 
reason for this is partly the higher Kd of the fertile soils, but also the rich supply of 
nutrients. In sandy soil, the plant uptake will be higher because of lower Kd values and 
lower nutrient content. In such less fertile soils, there will be less competition from 
stable elements, which promote the uptake of the radioactive analogues. Addition of 
stable elements, such as potassium, to caesium contaminated sandy soils therefore 
reduces caesium uptake due to the similar chemistry of the two elements. The effect of 
stable elements on radionuclide uptake by plants has been reflected in the use of 
element ratios to predict the transport of radionuclides in food chains. The ratio of the 
radionuclide concentration to the stable element concentration (if existing) has been 
widely used for the strontium-calcium pair. For the strontium-calcium pair, the term 
'strontium unit' (S.U.) has been used. One S.U. equals one picocurie 90Sr per gram of 
calcium. An analogous 'caesium unit' has never been used due to the somewhat lesser 
similarity between caesium and potassium as compared to strontium and calcium. 
Potassium is, however, often used to normalise radiocaesium levels in different sample 
matrices, including humans and animals. 

For sandy soil, the reduction in plant uptake with time is due to migration of activity 
to depths below the root horizon and to some extent, fixation in the soil. For fertile 
soils, the dominant mechanism for reduction in uptake is the fixation in the soil since 
transport to deeper layers is slow. Due to the long residence time of caesium and 
strontium in fertile soils, radioactive decay is also one of the major reasons for reduced 
plant uptake with time. As the removal of caesium from the root zone is mainly due to 
physical decay, transport to vegetation takes a long time. 

Since fertilising is useless for clay soils as a method for reducing radionuclide 
uptake, the only way to reduce root uptake is by either removing the contaminated 
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soil  or by deep ploughing. The latter is usually the only practical solution. Ploughing, 
providing a uniform mixing of the contaminants at depth, is a very efficient way of 
decreasing the transfer of deposited contaminants in general from crops to man. Firstly, 
it reduces root uptake by decreasing the contaminant concentrations in the root zone 
and secondly, it reduces the fraction of contaminant that might become resuspended. 
Resuspended material will become an important source term for general surface 
deposition a short time after the primary source term has ceased to exist. This was, for 
instance, clearly evident after the Chernobyl accident, where tropospheric radiocaesium 
concentrations remained elevated long after the radioactive cloud had passed. 

By ploughing grassland contaminated by radiocaesium into a grain producing arable 
land with caesium mixed into the plough layer, the caesium transfer could be reduced 
by a factor of 10 to 100. Large amounts of potassium fertiliser (200 kg K per ha) also 
reduce the Cs transfer up to about a factor of 10 to grass and barley crops on sandy 
soils. On sandy soils, the levels of plant available potassium is often low due to low 
clay content and exhaustive crop uptake (Rosén, 1991). 

Forest ecosystems 

The Chernobyl accident in April 1986 exemplified the importance of forest eco-
systems as a link in the transfer of radioactivity to man. The production of timber and 
use of the forest in collection of mushrooms, berries and hunting are important path-
ways to man. 

An important difference between wild and domestic animals is that the former have 
to graze over a considerably larger area in order to consume the same amount of food 
as the latter, which are usually kept at high biomass areas. Consuming from a larger 
area also means a larger intake of surface deposited radionuclides. Meat from wild 
animals therefore contains much higher levels than meat from domestic animals. 

Nearly all studies performed in forest ecosystems after the Chernobyl accident 
conclude that the decrease in 137Cs is very slow. The caesium concentrations in key 
plants eaten by moose, roe deer and other animals seem to decrease mainly due to 
physical decay (about 2% per year) (Nelin, 1994). Other removal mechanisms such as 
run-off, irreversible binding to clay minerals in soil and soil migration play only a 
minor role. The long residence time of 137Cs in forest products means that the 
collective dose to man from such products may well be about the same as, or even 
higher than, from agricultural systems in countries with a relatively high consumption 
of natural and semi-natural products (mushroom, lake fish, wild berries, roe deer and 
moose). 

During the Chernobyl fallout, the crown of trees trapped a considerable amount of 
the deposited radionuclides. Retention of the deposited radioisotopes showed appro-
ximately the same rate of removal as for crops and other vegetation, suggesting that it 
is the surface specific mechanisms that govern the removal rate and to a lesser extent, 
the total biomass density. The rapid removal rate means that the soil, just as in 
agricultural systems, quickly becomes the storage pool for the deposited activity, the 
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upper organic layer in particular. The rapid transfer of activity to the organic soil is also 
indicated by the high activity levels observed in mushrooms and in plants that take up 
nutrients from the upper organic layer. 

Nearly all radioecological forest studies have been performed at temperate latitudes. 
A real knowledge gap exists for tropical forests, where the rate of nutrient cycling is 
much higher and the soil properties differ from temperate forests. There is a great deal 
for future radioecologists to do in this area. 

Agricultural food-products 

Agricultural products of concern in the case of atmospheric deposition are mostly 
milk, cereals and meat as they constitute the bulk mass of material consumed 
by  humans. Therefore, they also constitute the major transfer route of contaminants 
via  ingestion. The isotopes of primary radioecological concern are usually radi-
ocaesium (137Cs and 134Cs) radiostrontium (89Sr and 90Sr) and 131I. These isotopes 
usually occur in high concentrations during a nuclear accident and can transfer in 
substantial amounts into humans via different food-chains. Usually, there is a delay of 
weeks, months or even years between deposition and maximum concentrations in food. 
One important exception is the short-lived radionuclide 131I, which is quickly 
transferred via the food chain pasture-cow-milk to man. 

Since agriculture in the Temperate Zone depends on seasonal cycles to a large 
extent, the timing of an atmospheric deposition event is critical to the concentrations 
obtained in the agricultural products. This is particularly true for cereals that have their 
entire growing season in 4 - 8 months. The change in biomass (kg/m2) means both a 
change in the fraction of the fallout intercepted and also, a dilution factor if the fallout 
occurs early when the plants are small. Contamination levels found in bread depend 
on  the contamination in the grain, but there is usually a delay depending on how much 
of  the older grain (last year's) is used in bread production. The contamination levels 
also depend on the type of bread. Whole-grain rye bread usually contains two to five 
times  the 137Cs and 90Sr levels of white wheat bread. This is partly due to the higher 
interception of rye compared to wheat. 

Animal products of concern have mostly been milk and meat. Both caesium and 
strontium are readily transferred to milk whereas only caesium is concentrated in 
substantial amounts in meat. The otherwise very important radioisotope 90Sr is thus 
relatively unimportant to the total dose via consumption of meat. At the initial stage of 
an accident, milk is of primary concern due to the very fast transfer from grass to cow 
and milk. Within 2-3 days of an accident, the fallout radioisotopes are present in milk. 
Iodine as 131I (half-life 8 days) is strongly concentrated in milk and due to the often 
high concentrations found after an nuclear accident (due to iodine's volatility) and the 
high uptake in the thyroid gland, restrictions on milk production may be considered. In 
a similar fashion to the cereals, the transfer of iodine to the cow and milk is strongly 
dependent on the time of year. If deposition occurs during late autumn or early spring 
when the cows mainly feed on hay, the iodine transfer to milk will be small and due to 
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the short half-life of 131I, it will decay away before the cows start to feed mainly on the 
contaminated grass. A completely different situation develops if the fallout occurs 
during the period when cows mainly stay outdoors. The common countermeasure 
during such events is to bring the cows in, discard the first milk produced and let the 
cows feed on hay. The amount of literature on transfer coefficients for grass to milk is 
immense. A typical value for caesium is about 0.01 Bq/l per Bq/day intake. Thus, a 
daily intake of 1 000 Bq would result in steady state conditions in milk concentrations 
of 10 Bq/l. Values for Cs and Sr in various food products are shown in Table 15-4. 

After the Chernobyl accident, typical radiocaesium levels found in bread, milk and 
meat (beef and pork) were around 1-10 Bq/kg in areas receiving a fallout density of 
around 1-3 kBq/m2. For 131I, the initial concentrations in milk in the same areas were 
about one order of magnitude higher. 

Table 15-4. A collection of transfer factors (d/kg or d/l, i.e., Bq/kg or Bq/l per Bq/day intake in steady 
state conditions) for caesium, strontium and the actinides in various animal products 

 

Animal Product 134,137Cs 89,90Sr Actinides (241Am) 

Cow Milk 0.01 0.002 4×10-7 
 Meat 0.06 3×10-4 2×10-5 

Calf Meat 0.6 0.003 2×10-4 

Sheep Milk 0.06 0.02 - 

 Meat 0.3 0.002 2×10-4 

Lamb Meat 0.8 0.02 0.002 

Hen Meat 4 0.02 0.005 

 Eggs 3 0.3 0.008 

 

An example of how important the timing of a single fallout event is for the resulting 
concentrations of radiocaesium in milk is shown in Fig. 15-1. Even though this is only 
a theoretical development based on box-model calculations for radiocaesium transfer 
from pasture to cow and milk (the cow-milk model is shown in Fig. 15-5) with a 
deposition density of 1 Bq/m2, it still illustrates the sensitivity of a transfer route to 
seasonality very well. It is also clear from the figure that not only the maximum 
concentrations depends on the time of deposition, but also the total activity transferred 
from grass to milk over time. From a dosimetry point of view, these later time-
integrated values are clearly of more relevance than the peak values. Radioecological 

sensitivity (Aarkrog, 1979), defined as the infinite time-integrated concentrations per 
unit deposit for a given item in a food chain, is thus a valuable measure of the 
radiological risk various food products may exhibit after a deposition event. 

In the particular case shown in Fig. 15-1 (optimised to Danish conditions), the 
maximum concentrations in milk occur in July when the grass is dense and intercepts 
most of the fallout and when the cows feed entirely on grass. However, the maximum 
integrated values in this case occur for a fallout event in October. Due to this being the 
harvest time for beet, contamination is passed through beet leaves used in silage 
production. 
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Fig. 15-1. Seasonal variation in the 137Cs 
con-centration in milk due to a 
single deposition of 1 Bq/m2 at 
various times of the year. 
Optimised to Danish conditions. 

       Fig. 15-2.    Calculated and measured con-  
centrations of 137Cs in grass at Risø 
(Denmark) after the Chernobyl ac-
cident in 1986 (Bq/kg). The de-
position of 137Cs in Denmark was 
about 1-3 kBq/m2. 

 
 

Fig. 15-3. Calculated and measured con-
centrations of 137Cs in milk after 
the Chernobyl accident in 1986 
(Bq/kg). The deposition of 137Cs 
in Denmark was about 1-3 
kBq/m2. 

Fig. 15-4.  Calculated and measured con-  
centrations of 137Cs in beef from 
Zealand after the Chernobyl ac-
cident in 1986 (Bq/kg). The de-
position of 137Cs in Denmark 
was about 1-3 kBq/m2. 

 Fig. 15-1 - 15-4 are from ’The Transfer of Radionuclides in the Terrestrial Environment’, 
RISÖ-M-2934, 1991. Printed with permission by Mette Öhlenschlaeger. 

Seasonality is also of importance for pork since pigs are partly fed cereals for a large 
part of the year. Radiocaesium concentrations in pig meat were generally low after the 
Chernobyl accident due to the low radiocaesium concentrations in the old barley used. 
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If the accident instead had occurred a few weeks before harvest (when the biomass and 
hence interception was high), the situation would have been different in the following 
years. 

The time dependencies for the transfer of the Chernobyl radiocaesium to grass, 
milk and beef are shown in Figs.15-1 - 15-4. The deposition density in Denmark was 
about 1 kBq/m2. The theoretical values were calculated using the box-model shown in 
Fig. 15-5. 

 

 

 
Fig. 15-5. Example of a box-model for the metabolism of caesium in cow. 

Due to the relatively short residence time of caesium in animals (in the order 
of 10-100 days), body content changes over the year with diet selection. Feeding habits 
and seasonal variations are two crucial parameters to consider when trying to estimate 
body content of wild animals. An interesting comparison is the reindeer and the moose 
because the variation in body content of 137Cs over the year is quite different. The 
moose, which during the wintertime feeds mostly on pine and willow – containing 
comparatively low 137Cs concentrations, will have its lowest body burden during this 
time. In summertime, the total diet intake increases and changes to include plant 
species with higher radiocaesium concentrations (such as berries and water lilies). For 
reindeer, the annual body burden cycling is the opposite, with maximum levels during 
wintertime when the diet is to a large extent made up of lichens, which have an 
exceptional collection capacity for atmospheric deposition (good accumulation and 
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retention). In summertime, the reindeer feed on plants with far lower radiocaesium 
concentrations (birch etc.) and the body burden drops. The change between wintertime 
and summertime concentrations is quite dramatic, typically about a factor of twenty (as 
compared to about a factor of two for the moose), which has led to slaughtering during 
autumn instead of spring. The food chain lichen-reindeer-man is the reason for the very 
high body burden of 137Cs found in the Sami population. The consumption of fresh 
water fish also contributes to this. 

Ideally, even though game and domestic animals in models are supposed to feed on 
vegetation when outdoors, some intake of soil is unavoidable. The average intake of 
soil for cattle is only a few percent of the dry matter intake when feeding on well-
grown pasture (Fries & Marrow, 1982). For cows pasturing on land with poor plant 
growth however, such as in areas of extensive farming, the intake of surface soil during 
the pasture season may be up to 14% of the dry matter intake (Healy, 1968). Therefore, 
for most radioisotopes, this soil pathway has to be considered. This is especially true 
for the actinides and other radioisotopes with very low transfer soil to grass. An 
important consideration with the soil-ingested radioisotopes is that they may not be in 
the same physico-chemical form as the corresponding radioisotopes in the pasture. The 
transfer to meat and milk of radioisotopes ingested via soil intake may thus be different 
(probably less) than that ingested via pasture. 

Just as in the case of plants, the transfer of radiocaesium, radiostrontium and 
radioiodine to animals and man depends on the concentration of corresponding stable 
isotopes or analogous elements in most circumstances. A good example of this is the 
use of iodine tablets (containing some 200 mg stable iodine) to prevent the uptake 
of 131I in the event of a severe nuclear accident (in practise, only to be used by residents 
in the vicinity of nuclear power plants). Naturally, the same function is the case for 
stable caesium and strontium, but the abundance of these elements is not that great. 
Instead, the chemical analogue elements potassium and calcium are the major 
regulating elements for the transfer of radiocaesium and radiostrontium. Reduced 
concentrations of calcium and potassium in soils, water and whatever system promote 
the transfer of the radioactive analogues. 

In addition to the use of stable analogues to prevent uptake of radioisotopes, there 
are a number of methods that may be used to reduce the uptake in animals and humans. 
Transition metal ferrocyanides (e.g. Prussian blue) acting as inorganic ion-exchangers 
for caesium may be administrated to animals in order to adsorb radiocaesium in the 
stomach. Contaminated food may also be boiled, thereby releasing parts of its radio-
caesium content. 
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15.4 Assessment of radiation doses from radioisotopes in the 
environment 

Measurements of radioactivity in man 

The absorbed dose to man may result from exposure to external radiation, inhalation 
and/or ingestion of radioisotopes. External radiation from gamma and beta emitting 
radionuclides (alpha particles have too short a range in air to be considered here) may 
occur from an atmospheric source or from a source deposited on the ground. Regard-
less, the dose from such sources is relatively easy to calculate - all that is needed is the 
source strength, type and geometry. For ground sources, the geometry is often assumed 
to be plane or with a certain depth distribution (usually assumed to be exponentially 
decreasing source strength with depth in ground). In such simple cases, the primary 
photon fluence (and dose in air) may in most cases be calculated analytically – the 
secondary photon fluence (scattered photons) or dose contribution may be calculated 
from build-up factors. The contribution from beta radiation (mostly dose to skin and 
eye) may also be taken into account by using numerical methods and Monte Carlo 
codes. The accuracy in assessing the external dose from a simple ground source is 
therefore quite good and will only deviate by about a factor of two at maximum. For 
more complicated sources with significant surface roughness, like rocky terrain or a 
forest, the theoretical calculations are much more difficult although good estimates 
may still be produced. The urban environment is an important source of geometry due 
to the large amount of people. However, this geometry is rather straightforward to 
calculate by numerical methods and poses no real problem. Only the large, often 
unknown, variation in source strength for the various types of surfaces causes a 
problem. 

The external dose rate from atmospheric sources may also be calculated by 
numerical methods. The main source of errors in this case is the continuous change in 
cloud geometry, which in general has to be modelled on its simplest case as a gaussian 
plume model. Furthermore, the assessment of absorbed dose may be calculated very 
well here. However, the importance of having a high precision on these calculations is 
of less importance since the direct exposure of radiation from the passing cloud is 
seldom the dominant one in an accident. 

In conclusion, the dose rate from external exposure may be calculated quite well, 
even from a limited amount of information. The dose rate received from inhalation, 
and even more so from ingestion, is, however, much more difficult to assess in the case 
of an accident. The reason for this is the much larger number of parameters governing 
the complicated pathways of deposited radioisotopes from environment to man. 
Mother Nature is neither predictable nor static enough to make reliable prognoses over 
time after nuclear fallout. Due to this fact, the major efforts in radioecology over the 
years have been on environmental pathways to man rather than on better assessing the 
dose contribution from external radiation. 
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The report from Miller and Marinelli in 1956 was received with great surprise when 
they showed that 137Cs was to be found in the bodies of people from Chicago. It was 
simply a sensation that fission products released thousands of kilometres away in the 
Pacific Ocean could be detected in US residents. This was the first clear evidence of 
large-scale atmospheric transport of bomb debris. The findings of Miller and Marinelli 
gave rise to a number of investigations of the bomb-produced radioisotopes in man 
and  the environment. Another remarkable and important event was the finding 
of  unexpectedly high 137Cs levels in the Sami population of northern Sweden 
(Lidén, 1961), which resulted in a number of studies of the food chain lichen-reindeer-
man. Not only was 137Cs studied in this particular food-chain, but also a number of 
other isotopes like Po, Pu, Sr, Fe etc. In practically all other food chains, levels were 
too low for such studies of other radioisotopes than 137Cs. 

An important and central part of radioecology is to try to determine transport routes 
of radionuclides to man via inhalation and ingestion (and in special cases uptake 
through the skin). The radioisotope content in man depends on these transport routes 
and knowledge of the magnitude of input and metabolism. The body content of 
radionuclides after a deposition event may be calculated and consequently, radiation 
doses calculated. Due to natural variations, predictions of radionuclide transfer to man 
should always be treated with caution and in a nuclear accident, actual measurements 
of the radionuclide content in man is the only reliable way of determining internal 
radiation doses. 

The need for measuring internal contamination in man mainly arose during the 
development and testing of nuclear weapons in the fifties and sixties, but increased 
with the growing use of radioisotopes in medicine, industry and especially nuclear 
power production. In principle, two alternative methods may be chosen when deter-
mining the body content – measurement of the gamma radiation from the radioisotopes 
in the body or analysis of the radionuclide content in urine. In practice, both methods 
are commonly used simultaneously. 

Whole-body counting is the most direct way of measuring body content of radio-
isotopes, but is only applicable to isotopes emitting gamma or x-ray photons. Early 
designs of whole-body counters usually consisted of ionization chambers, but lacked 
the necessary energy resolution to distinguish different gamma emitters. The use of 
large NaI(Tl) scintillation detectors greatly improved the sensitivity, but the energy 
resolution was still poor and only of limited use in nuclear emergency situations where 
a number of different gamma emitting radioisotopes may be released. Nevertheless, the 
NaI(Tl) detectors are excellent at measuring contamination levels of single isotopes, 
for instance 137Cs, which has been the gamma emitter of most concern in nuclear fall-
out. For complex gamma spectra with several gamma lines, germanium detectors 
(HPGe-detectors) are normally used. However, they have much lower sensitivities than 
NaI(Tl)-detectors due to size limitations. Assessment of internal contamination for 
nuclear power plant workers requires the use of high resolution detectors due to the 
presence of a range of both fission and activation products. Apart from whole-body 
counting, specific measurements of the thyroid (for iodine radioisotopes) and the lungs 
(for actinides) for example might be necessary. 
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Since the body burden of the normal population is usually low, it is not directly 
possible to apply whole-body counting without using a shielded detector and/or a 
shielded room. The usual precautions include shielding the room with lead or iron, 
having separate ventilation to avoid indoor air containing excess radon and radon 
daughters and using separate clothing for the person being measured. With such 
precautions and a sensitive detector system, whole-body contents down to a few tens of 
bequerels of 137Cs may be detected during a one-hour period. Different counting 
geometries may be applied depending on type of radioisotope distribution in the body 
(homogenous or organ specific), but must be calibrated in order to be useful. This is 
usually done by building human phantoms containing known amounts of the 
radioisotopes of interest. 

The disadvantage of whole-body counting equipment being mostly large and 
expensive is not the only drawback of this technique. If internal radiation doses are to 
be determined, both body content and excretion rate need to be known. Therefore, most 
whole-body measurements are complemented by urine analysis. If, on the other hand, 
the daily fractional excreation of a given radioisotope from the body is known (or 
assumed), analysis of the urine may be used to determine body content. 

The advantage of using urine as a body content monitor is that all radioisotopes may 
be analysed, including those that cannot be determined by whole-body gamma 
spectrometry (i.e. pure beta emitters and most alpha emitters). Urine has, for instance, 
been extensively used to determine plutonium content in exposed humans. 

The drawback of urine as a monitor is, of course, that it is only an indirect measure-
ment of the body content. Once the content in urine is determined, it remains to be 
decided which daily excreation rate to choose before being able to calculate the body 
content. The daily excreation rate is the amount excreated during 24 h and in a first 
approximation, may be directly proportional to the body content. In reality, the 
excreation rate may vary considerably with time, age, body activity etc. and is not 
simply transformed into body content. In particular, this applies to radioisotopes with 
complicated metabolic behaviour such as plutonium, which may be distributed within 
the body primarily in the skeleton, kidneys and liver and if inhaled, in the lungs as 
well. For elements with a comparatively simple metabolism, like caesium, which is 
primarily eliminated from the body through urinary excretion, the biological half-life is 
in the range 50-150 days for adult males and approximately 70±20 days for adult 
females. The ICRP (1989) has adopted a value of 110 days for adult males. 

According to UNSCEAR (1993), the dose contribution from ingestion of fall-
out 90Sr will be mostly (75%) due to the consumption of milk and grain products 
whereas for 137Cs, meat also has to be considered. If so, milk, grain products and meat 
constitute about 85% of the ingestion pathways for the dose from 137Cs. Roughly 50% 
more 137Cs was produced during the weapons tests than 90Sr, but the dose delivered to 
the global population was about 4-5 times higher as a result of the external dose 
contribution from 137Cs. Some examples of collective effective doses delivered to the 
world population as a result of the nuclear weapons testing is shown in Table 15-5. 
Values are taken from UNSCEAR (1993). 
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Table 15-5. Collective effective doses for some of the radioisotopes produced during the nuclear 
weapons testing period. 

 
Collective effective dose (1 000 man Sv) 

Radioisotope 
External Ingestion Inhalation Total 

137Cs 1 210 677 1.1 1 890 
90Sr - 406 29 435 
131I 4.4 154 6.3 164 
239Pu - 1.8 56 58 
14C - 25 800 2.6 25 800 

 
The high value for 14C is due to its dose delivery being distributed over tens of 

thousands of years. If the dose delivery over a 50-year period following the test period 
is compared instead, 14C is found to deliver only some 0.7% or 170 000 man Sv of 
its  committed effective dose over that time. In comparison, 137Cs delivers 68% 
or 1 285 000 man Sv over the same time period. The total collective effective dose for 
all isotopes released during the weapons testing period (excluding 14C) amounts to 
about 4.2 million man Sv. Roughly two thirds were delivered as external dose and one 
third as internal dose. This may be compared with the collective effective dose of 
about 3 700 man Sv delivered up to 1989 from all types of releases from nuclear 
reactors during normal operation worldwide (UNSCEAR, 1993). It may also be 
compared with the collective effective dose of 600 000 man Sv delivered by the 
Chernobyl accident. 

The figures given in Table 15-5 for plutonium and caesium are illustrative of how 
they enter into the body through different pathways and how they deliver their radiation 
dose. The dose from plutonium is almost entirely via inhalation due to low gut uptake 
and the short range of the alpha particles while the gamma emitting 137Cs contributes to 
dose both externally and via ingestion but almost nothing via inhalation. 

Of the annual dose received by natural radiation, only about 10% or 0.2 mSv/y is 
due to internal exposure (inhalation of radon excluded). The main portion (75%) of this 
is delivered by 40K, which constitute 0.012% of all potassium. Since potassium content 
in the body is under homeostatic control, the body content of 40K is almost constant 
and for adults, is about 4 kBq. The dose delivered as a result of intake of the radio-
isotopes in the 238U and 232Th decay chains is only about 0.05 mSv/y. The primary 
reason for this low value is the low uptake of these isotopes in most plants and the low 
gut uptake factor. Due to large natural variations in the soil content of these two decay 
chains, the resulting concentrations in foodstuff also vary considerably. 

Carbon-14, 14C, is an isotope produced naturally in the upper atmosphere by 
the 14N(n,p)14C reaction. During the atmospheric nuclear weapons tests in the 1950s 
and 1960s, large amounts of this isotope were produced by the same reaction due to the 
high neutron fluence associated with the detonations. Since the fusion devices have a 
much higher neutron flux than the fission bombs, the major production was due to the 
former weapons tests. In total, about 220 PBq was produced, which equals about 200 
years of naturally produced 14C. The carbon reservoirs on earth are mainly the oceans, 
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the biosphere and the atmosphere. The excess 14C initially produced in the atmosphere 
is not in equilibrium with these reservoirs, but will gradually become so. The oceans, 
having the longest residence time with respect to mixing (3 000 years), determine the 
rate at which this will occur. 

The importance of carbon in living organisms and the long half-life have resulted in 
comparatively high committed doses, primarily due to ingestion, as reported by 
UNSCEAR, 1982 and 1993 reports. However, this dose is distributed over tens of 
thousands of years and only some 5% is delivered during a human lifetime. A 
comparison with doses from other radioisotopes is thus not so straightforward. The 
committed dose concept is useful when comparing the total incidence of cancer 
resulting from exposure to different radioisotopes over their entire existence. 
Considering committed doses arising from nuclear fallout from the nuclear weapons 
testing period, the major contributors were 137Cs, 90Sr and 14C. 

15.5 Aquatic radioecology 

Introduction 

Aquatic radioecology comprises knowledge of the behaviour of radioactive 
elements in lakes, rivers, streams, ground water and the sea. Compared to terrestrial 
radioecology, aquatic radioecology is more dynamic in space and time due to the 
continuous movement of water. The great span in water chemistry and hugely varying 
influence from atmospheric and terrestrial processes make radioecological prediction 
models more complicated for aquatic systems than for atmospheric and terrestrial 
systems. 

Any fully developed aquatic radioecological model must be a merging of models 
including hydrodynamics (water movement), radioisotope biogeochemistry (radio-
isotope behaviour in the water) and ecology (food-web structure of living organisms). 
Even with a good hydrodynamic model available, it is intuitively clear that full control 
of all these parameters is virtually impossible, yet sufficient knowledge of the most 
important parameters might be enough to make good radioecological predictions. 

To find the parameters of most importance in these predictions, it is convenient to 
divide the radioisotopes in question into conservative and non-conservative behaving 
elements. The conservative behaving elements follow the water motion and are not 
affected much by other processes. In the marine environment, elements belonging to 
this category are, for instance, most anions and the alkali as well as the alkaline earth 
group elements. Radioisotopes like 238U, 131I, 99Tc, 137Cs and 90Sr thus behave 
conservatively, the three first because they exist as anions and the last two because they 
are alkali and alkaline earth metals respectively. Predictions of conservatively behaving 
radioisotopes in the marine environment may thus be performed using only oceano-
graphic models, preferably linked to atmospheric-ocean models. For non-conservative 
behaving elements on the other hand, interaction with biota and particles in the water 
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mass needs to be considered. In general, the main parameters might be considered to be 
the quantity and the quality of the particles suspended in the water column. 

Marine radioecology 

The release of radioisotopes during the testing of nuclear weapons has dominated 
the global inventory of artificial radioisotopes but locally large releases have occurred 
as a result of weapons production, close-in fallout, lost nuclear weapons etc. 

Based on differences in water chemistry and particle concentrations, marine radio-
ecology is commonly separated into estuarine environments, coastal environments and 
open ocean environments. 

Estuaries are narrow coastal inlets in which the sea is in contact with a river, 
resulting in a variation in salinity between seawater and freshwater. The extension 
of  the estuary is normally set to the region in which the salinity gradient may be 
identified. Estuaries are important boundary systems of the seas because they act both 
as important sources as well as sinks for different elements. Some elements are present 
in river water in much higher concentrations than seawater and thus, the river provides 
the sea with a source of these elements. The river may also carry substantial amounts 
of suspended matter to the sea, causing scavenging of particle reactive elements in the 
estuary, which then acts as a sink for dissolved elements in the sea. On the other hand, 
desorption of some elements loosely bound to the river suspended matter may occur 
when the fresh water reaches the saline water so in a way, the suspended matter 
may also act as a source. Examples of radioisotopes that are significantly affected by 
estuarine mixing are radium, caesium and plutonium. The two first are desorbed from 
suspended particles in the river water when the salinity increases (ion-exchange 
mechanism) while plutonium is usually removed from the water as colloidal particles 
carrying the river plutonium aggregate to larger sinking particles when the salinity 
increases. 

Coastal seas are normally separated from the deep ocean by the shelf break. The 
generally shallow waters and the close distance to land (nutrient run-off) mean high 
biological productivity and thus, a high particle concentration, which in turn means a 
shorter residence time for most particle reactive radioisotopes in the water column. In 
contrast to the situation for coastal seas, many of the fallout radioisotopes delivered to 
the open ocean still reside in the water column. Biomediated particles scavenge most 
of the reactive elements from the ocean surface, but due to remineralisation processes, 
a majority of the (soft) particles break up at depths of around 300-1 000 m and the 
radioisotopes are released or at least become associated to small, non sinking, particles 
or colloids. Therefore, the flux of particles and radioisotopes reaching the open ocean 
sediments will be low. Since the major part of particles in the upper ocean are of 
biological origin (plankton), the rate of particle formation is limited by the rate of 
nutrient and light supply. In coastal seas, run-off from land and release of nutrient 
from  shallow sediments result in a higher bioproductivity and thus, a larger particle 
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production. This results in shorter residence times for most reactive substances in 
coastal waters. 

The rate at which the seas clean themselves from particle reactive substances may 
be determined by some of the naturally occurring radioisotopes, showing that most 
radioisotopes primarily constitute no radiological hazard in the environment, but 
instead, may act as excellent tracers for various processes. Uranium, which in seawater 
is present at concentrations of around 3 µg/l (which is more than copper for instance), 
continuously produces the daughter isotopes 234Th (half-life 24 days) and 230Th 
(half-life 80 000 a). Uranium behaves almost completely conservatively in seawater 
(residence time of several hundred thousand years) while thorium rapidly becomes 
attached to particles present in the water. Measuring the concentration of these thorium 
isotopes and relating this to their known production rate provides a way of determining 
the removal rate of substances with similar particle reactive behaviour to thorium. In 
coastal waters, the removal residence time is typically in the order of days to weeks 
while in the open ocean, it is from years to tens of years. 

Even though the major part of the ocean inventories of artificial radioisotopes was 
introduced some 15 to 40 years ago, there are still releases worth considering. A good 
recent example is the liquid releases of 99Tc from the Sellafield reprocessing plant 
in  the UK. Due to modifications of the waste treatment plant in order to remove 
radiologically significant radioisotopes like 106Ru, 137Cs and actinides better, some 
elements like technetium and strontium were removed to a lesser extent than before. 
Between 1994 and 1997, about 500 TBq was released as a result of this change in 
waste handling and due to reprocessing of large amounts of stored liquids. 

Technetium is an element with conservative behaviour in seawater. It largely 
follows the water movement and has little interaction with particulate matter. 
Therefore, the water currents rapidly diluted the Sellafield releases of Tc. 

The releases of 99Tc have resulted in water concentrations in the order of a few mBq 
per litre in the North Sea. It was recognised early that lobster and crab caught in the 
Irish Sea and the North Sea contained elevated levels of 99Tc. 

Although releases of this isotope occurred at a similar magnitude during the late 
seventies, it has only attained significant attention lately. The recent releases of 99Tc 
have received considerable interest in spite of its low radiological significance. 
Releases of radioisotopes from Sellafield (former Windscale) are hardly a new thing. 
Originally constructed as a production plant for nuclear weapons plutonium in the early 
fifties, releases to the sea have been an ongoing process for nearly fifty years. 
However, it was recognised at an early stage that radioecological investigations in the 
near-zone of the discharge pipe were necessary. The radioecological programme 
initiated as a result of the early releases involved the study of the complicated hydro-
graphy in the coastal zone. Fluorescein and drifting buoys were used to study the 
dispersion of releases, uptake of fission products by plaice (the principal commercial 
fish caught) and other marine organisms. The assessment aimed to set up a model of 
the pathway linking the discharges and man, and to estimate the resulting doses. At this 
time, radioanalytical techniques were limited and released activity was monitored 
as 90Sr, 106Ru, total beta emitters and total alpha emitters. 
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The concept of the critical exposure pathway was developed at an early stage to 
identify the part of the exposed population receiving the highest doses. This part of the 
population would then set the limits to how large a discharge was acceptable. In the 
early Sellafield case, the critical pathway consisted of laver bread made from the red 
algae porphyra, which concentrated the releases, particularly 106Ru. 

The major discharges from Sellafield occurred during the seventies and early 1980s 
when substantial amounts of radiocaesium (up to 5 000 TBq per year), actinides and Tc 
were released. The conservatively behaving elements were spread within ten years over 
the North Atlantic and the Arctic Ocean while about 90% of the particle reactive 
plutonium and americium still resides in the Irish Sea sediments. The very well 
documented release pattern of the different radioisotopes from this point source made 
the released activity act as an excellent tracer for the water movement in the North 
Atlantic. This allowed both dilution and transport times to be quantified in the coastal 
and the open ocean. 

In spite of the attention the Sellafield releases have had over the years, the average 
annual doses to people living around the Irish Sea as a consequence of seafood intake 
has only been in the order of 1-10 µSv. This is less than the annual dose (20-40 µSv) 
received from naturally occurring 210Po in the same food. 

In general, just as in terrestrial radioecology, it is easy to focus only on the 
'bequerels' when considering radiological hazards. Just as in terrestrial radioecology, 
there are areas of concern and areas of less concern. Concentrating on the pathways to 
man, it must be realised that nearly all food caught in the oceans originates in the 
coastal shelf areas where the biological production is high. Even very high levels of 
radioactive waste dumped in the deep oceans only have a very limited impact on the 
activity content in seafood caught in the coastal zone. This is due to the slow turnover 
time (mixing) of the oceans and the huge water volumes into which any leakage of 
radioactivity is diluted. It will take hundreds to thousands of years before deep-sea 
dumped radioactivity appears at the sea surface and by then, a significant amount of 
most radioisotopes will have decayed. Even though any dumping of waste in the 
environment should be criticised, it is important to put things in perspective. The 
individual doses from dumped radioactive waste may in the future be in the order of a 
few nanosievert per year, which could be compared with the 20-40 µSv delivered 
annually by natural occurring 210Po. 

Most studies of the different links in the food chain by which radioactive 
contamination can pass from its source to man have focused on man-made radio-
isotopes from the nuclear weapons tests or civilian nuclear facilities. However, a 
limited group of studies have focused on naturally occurring radioisotopes. Of 
particular interest from a dosimetric point of view have been 226Ra and 210Po since they 
deliver the major part of the dose. 

A significant portion of the radiation exposure of the population through 
consumption of food is due to 210Po. In the aquatic environment, this isotope is present 
due to atmospheric deposition as a result of 222Rn decay and of radium and radon in 
the  water column and sediments. In the upper water masses, the majority of 210Po 
originates from atmospheric fallout. From a radiological viewpoint, two radionuclides, 



 
 
 

15.  Radioecology  227 

 

the anthropogenic 137Cs and the natural 210Po may be considered most important in the 
aquatic environment. Contrary to the rather non-reactive behaviour of 137Cs in sea 
water, polonium reacts strongly with suspended matter and is especially attached to 
particulate organic matter (as opposite to caesium, which almost only interacts with 
inorganic matter) and readily becomes concentrated by phyto- and zooplankton as well 
as filter-feeding organisms like mussels. The transfer of polonium to fish muscle via 
consumption of plankton is efficient due to a comparatively high uptake and the fact 
that as much as 50% of the polonium ingested is transferred to muscle. Since the 210Pb 
uptake by plankton and fish is lower by one or two orders of magnitude than polonium, 
the 210Po/210Pb ratio is much higher in plankton and fish than in the water. Due to the 
decay of the 210Po, fish at higher trophic levels may contain less polonium than fish at a 
lower trophic level. It is a widespread misunderstanding that all pollutants accumulate 
from step to step in food chains so that the highest concentrations are found at the top. 
With radioisotopes, this tendency has only been observed for a few elements. For 
polonium and other reactive elements like plutonium, the doses to man from 
consumption of low-level food chain organisms like mussels are higher than the dose 
from fish even if much smaller quantities of these products are consumed. 

In the particular case of 210Po, it is also important to remember that due to the 
relatively short half-life, fish products stored for some time may have lost significant 
parts of their original 210Po content, but still, the dose from 210Po to higher trophic 
organisms is greater. For walrus and seals from Alaska analysed for 137Cs and 210Po, 
the dose from the latter was two orders of magnitude higher than for 137Cs (Hamilton 
et al., 1999). 

In a survey by Aarkrog et al. (1997) of doses obtained from 137Cs and 210Po by 
seafood consumption, it was shown that the collective effective dose commitment 
from 137Cs was about 160 man Sv whereas from 210Po, it was 30 000 man Sv – a factor 
of 200 higher. Among the natural radionuclides, 210Po is known to lead to the highest 
doses  due to a combination of abundance and biological uptake. In humans, the 
recommended fraction of polonium adsorbed by the gastrointestinal tract from ingested 
food is set to 50% (ICRP, 1993). 

A very large number of data sets exists for 137Cs concentrations in the marine 
environment and it is by far the most studied of all the radioisotopes present. The large 
number of investigations does not reflect the radiation hazard from this element, but 
rather the ease with which it can be measured and its potential as a tracer for water-
mass movement in the oceans. There are considerably fewer studies of fresh water 
environments, especially concerning the time period before the Chernobyl accident. As 
expected, the studies are also geographically concentrated in the industrialised parts of 
the world. Hence, large regions have very little or no data. On the other hand, these 
regions have almost entirely only been contaminated by global fallout and the 
concentrations are likely to vary less than in regions with a more complex con-
tamination pattern. 

Concentrations for 137Cs in the marine environment vary more than two orders of 
magnitude, from less than 1 Bq/m3 to more than 100 Bq/m3. In fresh water systems, 
this range is even greater. The main regulating factor determining its concentration in 
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open ocean environments is dilution due to water mass mixing. The interaction with 
particular material is limited and caesium is considered to be a (almost) conservative 
behaving element in sea water. The fraction associated to particulate material is 
generally less than 1% and recommended concentration factors (CF) are 100 for fish 
and 30 for molluscs and crustaceans (IAEA, 1985). Just as in the case of mammals, the 
radiocaesium is readily taken up by the edible parts of fish. 

Although they do not exactly belong within marine radioecology, the nuclear 
weapons testing sites in the Pacific Ocean (the Bikini, Enewetak, Mururoa and 
Fangataufa atolls) as well as in the Barents Sea (Novaya Zemlya) have received much 
attention since a major part of the nuclear testing occurred there. Apart from world-
wide fallout during atmospheric testing, a lot of radioisotopes were deposited as local 
fallout at these sites. Furthermore, huge amounts of radioactive debris have been 
produced in the remaining cavities formed during the underground testing. The concern 
of leakage from these cavities as well as the overall radiological situation was the 
subject of the recent investigation at the atolls of Muroroa and Fangataufa in French 
Polynesia following three decades of atmospheric and underground testing. The 
magnitude of these testing sites as local sources to the surrounding seas has been 
discussed several times. The atolls in particular, consisting of corals that dissolve with 
time in water, have been the subject of these discussions. Inside the atolls however, 
sediment and water have significantly elevated concentrations of radioisotopes, 
plutonium and radiocaesium levels that compare to those found in the Irish Sea due to 
the reprocessing releases. Some leakage from the underground cavities has also been 
established although primarily, as tritium. 

Lake waters 

The much lower ionic strength, the limiting dilution potential, the strong link to 
terrestrial compartments and the ease with which sediments become resuspended by 
wind action in most lakes make lake systems more sensible to contamination than any 
other aquatic system. This is also generally recognised by the public and has resulted in 
a general suspicion towards fish from lakes. For lakes, resuspension of sediments is the 
most important factor in the slow decrease of 137Cs in fish after the Chernobyl accident. 
Although the number of fresh water studies before Chernobyl was very limited, the 
same conclusion was drawn by Carlsson's (1976) study of the bomb test fallout in a 
small Swedish lake. The important role of the sediments is not surprising considering 
ca. 99% of the lake inventory of 137Cs resides in the sediments only a few years after 
the deposition event. The clearing of forests also increases the inflow of caesium to 
lakes and may be another possible source. 

The transfer of caesium along the food-chains up to fish is slower in the marine 
environment than in freshwater systems and the concentration factors for fish are one 
or two orders of magnitude less than for freshwater. 

When investigating major parameters affecting the 137Cs in fish in 79 Swedish lakes 
after the Chernobyl accident, Sonesten (2000) concluded that the type of drainage area 
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was of crucial importance – the more agricultural land, the less transport of radio-
caesium to the lake. A high proportion of wetland caused a higher drainage to the lake. 
The reason for this, as mentioned in the 'terrestrial' section above, is likely to be that 
wetlands contain mostly organic matter and relatively low amounts of soil with clay 
that could bind the deposited radiocaesium. 

Although the ionic strength in lakes are many orders of magnitude less than in the 
marine environment and introduced radioisotopes like radiocaesium should quickly be 
adsorbed and immobilised, the limited dilution in shallow lakes, the close contact 
between sediments and water and the annual turnover (temperate lakes) result in very 
long residence times for the radioisotopes in the water phase. 

The negative correlation between lake concentration of potassium and uptake of 
radiocaesium is probably most important for very nutrient deficient lakes. Therefore, 
adding potassium to eutrophic lakes would have little or no effect on radiocaesium 
uptake (Håkansson, 1991). 

The resulting concentrations of any radioisotope in fish or biota after a con-
tamination event is very difficult to determine precisely as recognised in a compilation 
of fish, water and sediment data for radiocaesium after the Chernobyl accident 
(Håkansson, 1999). Although average values over time-spans of a few months for these 
compartments may be modelled quite well, the fluctuations within any given time 
period may be large. Although the predictability of radiocaesium in fish increases with 
time, there is still much uncertainty of concentration in any given size and type of fish. 

15.6 References 

Aarkrog, A. (1979) Environmental Studies on Radioecological Sensitivity and Variability with Special 

Emphasis on the Fallout Nuclides 90Sr and 137Cs. Risø-R-437, Risø National Laboratory, Denmark 
Aarkrog A. et al. (1997) A Comparison of Doses from 137Cs and 210Po in Marine Food : A Major 

International Study. J Env Radioactivity, vol. 34(1), 69-90 
Carlsson, S. (1976) Caesium-137 in a Dysoligotrophic Lake: A Radioecological Field Study. Ph.D. 

Thesis, Radiation Physics Department, University of Lund, Sweden 
Falk, R. et al. (1991) Caesium in the Swedish Population after Chernobyl: Internal Radiation, Whole-

Body Counting. In: The Chernobyl Fallout in Sweden. L. Moberg (Ed.). Swedish Radiation 
Protection Institute, Stockholm 

Freeland, W. J. (1991) Plant secondary metabolites. Biochemical coevolution with herbivores. In: Plant 

Chemical defences against mammalian herbivory. R. T. Palo and C. T. Robbins (Eds). Ch.4, CRC 
Press, Boca Raton, Florida 

Fries, G. F. & Marrow, G. S. (1982) Soil Ingestion by Dairy Cattle. J. Dairy Science vol. 65(4), 611-618 
Frissel, M. J. & van Bergeijik K. E. (1989) Mean transfer values derived by simple regression analysis. 

VI Report, IUR Working Group on Soil-to-Plant Transfer. RIVM-LSO, Bilthoven, Netherlands 
Hamilton, T. et al. (1999) 137Cs and 210Po in Pacific Walrus and Bearded Seal from St. Lawrence 

Island (Alaska): A Case Study. In: The 4th Int. Conf. Env. Radioactivity in the Arctic, Edinburgh, 
Scotland. Pp. 227-229 

Healy, W. B. (1968) Ingestion of Soil by Dairy Cows. New Zealand J. Agric. Res. vol. 13, 664 
Håkansson, L. (1991) Radioactive Caesium in Fish in Swedish Lakes after Chernobyl – Geographical 

Distributions, Trends, Models and Remedial Measures. In: The Chernobyl Fallout in Sweden. L. 
Moberg (Ed.), Swedish Radiation Protection Institute, Stockholm 



 
 
 
230 Part 2: Natural and Man-made Radiation 

 

Håkansson, L. (1999) A compilation of empirical data and variations in data concerning radiocaesium in 
water, sediments and fish in European lakes after Chernobyl. J Env Radioactivity. vol. 44(1), 21-42 

IAEA (1985) Sediment kds and Concentration Factors for Radionuclides in the Marine Environment. 
Technical Report Series No.247. IAEA, Vienna 

IAEA (1991b) Handbook of parameter Values for the Prediction of Radionuclide Transfer in the 

Terrestrial and Freshwater Environment. IAEA, Vienna 
ICRP (1989) International Commission on Radiological Protection, Age-dependent doses to members of 

the public from intake of radionuclides. Part 1. ICRP Publication 56, Pergamon Press, Oxford, UK 
ICRP (1993) International Commission on Radiological Protection, Age-dependent doses to members of 

the public from intake of radionuclides: Part 2, Ingestion Dose Coefficients. ICRP Publication No. 
67 

Lidén, K. (1961) Caesium-137 Burdens in Swedish Laplanders and Reindeer. Acta Radiol vol. 56, 237-
240 

Little, J. B. et al. (1965) Distribution of polonium in pulmonary tissues of cigarette smokers. N Engl J 

Med vol. 173, 1343 
Marsden, E. & Collins, M. A. (1963) Particle activity and free radicals from tobacco. Nature vol. 198, p. 

962, London 
Mayneord, W. V. et al. (1958) The alpha-ray activity of humans and their environment. Proc. U.N. Int. 

Conf. Peaceful Uses of Atomic Energy, 2nd Geneva 
Miller, C. E. & Marinelli L. D. (1956). Gamma-Ray Activity of Contemporary Man. Science. vol. 124, 

pp 122-123 
Nelin, P. (1994) Chernobyl Caesium in the Swedish Moose Population: Effect of age, Diet and Habitat 

Selection. Ph.D. Thesis, Dept. Animal Ecology, Swedish University of Agricultural Science, Umeå, 
Sweden 

Radford, E. P. Jr & Hunt, V. R. (1964) Polonium-210: A volatile radioelement in cigarettes. Science vol. 
143, pp 247-249 

Rosén, K. (1991) Effects of Potassium Fertilization on Caesium Transfer to Grass, Barley and 
Vegetables after Chernobyl. In: The Chernobyl Fallout in Sweden, L. Moberg (Ed.), Swedish 
Radiation Protection Institute 

Sonesten, L. (2000) Environmental Influence on Hg and 137Cs in Perch (Perca fluviatilis L.) and 

Roach (Rutilus rutilus L.) from Circumneutral Lakes. Ph.D. Thesis. Dept. of Limnology, Uppsala 
University, Uppsala, Sweden 

UNSCEAR (1977) Sources and Effects of Ionizing Radiation. 1977 Report to the General Assembly. 

United Nations, New York 
UNSCEAR (1993) Sources and Effects of Ionizing Radiation. 1993 Report to the General Assembly. 

United Nations, New York 



 

 

16 Nuclear Technology 

Dag Brune 

16.1 Introduction 

The 'nuclear adventure' started with the discovery of the fission process by Otto Hahn 

and co-workers in Germany in 1939. A few years later, i.e. in 1942, this discovery 

resulted in the construction of the first nuclear reactor, denoted the 'Fermi' reactor and 

sited at a football stadium in Chicago. This really was a nuclear milestone. Currently, 

more than four hundred reactors are in operation around the world. The first 

international conference on the peaceful uses of nuclear sciences and technology was 

held in 1955 in Geneva and organised by the UN. Numerous international conferences 

have been held since then aimed at the stimulation of the prosperous use of 

radioactivity in industry, medicine, agriculture and other areas. However, weapons 

production and testing have also caused a great deal of concern. Strong international 

political pressure has been directed towards countries and states promoting such 

activities, especially during the period of the Cold War in the 1960s. Great efforts have 

been made aimed at reducing the vulnerability inherent in the use of nuclear 

technology. 

Nuclear technology includes a wide range of activities – from energy production to 

the use of radiation sources in agriculture, medicine, industry and space, to name but a 

few. 

The production of electricity through nuclear technology requires a sequence of 

operations comprising the following main steps: uranium mining and milling, uranium 

enrichment, production of fuel elements, fuel reprocessing, waste handling, disposal of 

radioactive materials in deep repositories and transport of radioactive goods. 

The whole sequence is called the nuclear fuel cycle. There are potential risks for 

unacceptable exposure levels to radiation in each step. By following established rules 

and regulations, however, nuclear technology should be able to be considered safe. 

Nuclear energy appears to be 'clean' with regard to release of radioactive con-

taminants from reactors into the environment during normal operations. A huge 

amount of activities are, however, associated with nuclear waste production, 

which must be handled carefully. This issue has consequently been the cause of much 

concern world-wide. Technical solutions have been developed aimed at ensuring safe 

final storage of waste, avoiding potential threats linked to contamination of the 

environment, specifically to the aquatic systems. 

Various threats linked to specific types of nuclear reactors that do not fulfil the 

safety requirements exist alongside the peaceful use of nuclear technology. Also, in-

appropriate storage of dismantled submarines and other nuclear facilities, mainly in 

parts of the Kola Peninsula in Russia can also pose a threat. 
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After about half a century's use of nuclear technology, the overwhelming human 

concern is still related to fear of radiation accidents. 

16.2 Nuclear reactors 

In brief, nuclear reactors are divided into research reactors and power reactors. 

The power reactors are of various types, i.e. gas cooled, graphite moderated, breeder 

type,  boiling water type etc. The majority, however, are of the light-water type 

(Lillington, 1995; Pershagen, 1989). More than 16% of the world's electricity was 

generated by nuclear power in the year 2000. The health burden associated with 

electricity generation seems to be less for nuclear power than other production systems 

based on oil, gas or coal (Strupczewski, 1999). Also, the number of accidents at 

nuclear reactor workplaces amongst professionals is of the same order or even smaller 

than at other energy production workplaces (Lenihan, 1993; Kalman, 1997). There are 

presently 438 reactors in operation world-wide (IAEA, 2001). 

Most reactors have an outer containment shell covering the reactor vessel, 

preventing activity from being released into the external environment in case of a 

serious accident. The prohibitive effect of such a shell was demonstrated in the Three 

Mile Island accident in Harrisburg, USA in 1979, involving core meltdown. The 

radioactivity was contained within this hood, avoiding release into the atmosphere. 

During normal operations, the activity levels around reactors are small and 

negligible amounts of activity are released into the environment (see Fig. 16-1. and 

Box 16 A.). The maximum radiation doses allowable from nuclear power plants range 

from 0.08 mSv/a in the USA to 0.3 mSv/a in Germany according to national 

regulations (Strupczewski, 1999). 

 

Fig. 16- 1. Normal release from Swedish reactors (Printed by permission - Welleman, 2000) 
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16.3 Nuclear Hazards 

A comprehensive study devoted to reactor safety was published in 1975 by 

Rasmussen and his co-workers. The event of a reactor hazard was at that time assumed 

to be 'an impossibility'. The probability of an accident might be of the same order as 

the earth's crust being hit by a meteorite. This document was an important contribution 

to safety analysis at that time and was seriously considered by various authorities. 

Nevertheless, these assurances did not prevent nuclear accidents from later occurring, 

affecting both humans and the environment. In 1986, the Chernobyl accident 

happened. Immediately after the accident, when the disaster was reported by news-

papers, radio and television, nuclear authorities in several countries stated that the 

incidence was not harmful and the risks were more or less minimised or ignored by 

several governmental bodies. Since then, comprehensive emergency preparedness 

concepts have been developed in most countries to combat the effects of a nuclear 

accident. 

The reactor core contains huge amounts of activity produced during the fission 

process, representing a potential hazard in the case of reactor meltdown, military 

action, or a criminal act. Society is, of course, aware of such threat and strict prepared-

ness concepts have been developed. 

Various accidents have occurred during more than five decades of experience with 

nuclear power generation or use of nuclear facilities like irradiation sources. In 

the  period 1945-1999, about 130 major radiation accidents were registered, followed 

by 104 deaths. The greater part of the accidents were linked to irradiation facilities 

(Gonzales, 1999). 

Before the Chernobyl power reactor accident, two major accidents occurred in 

Windscale and Harrisburg, respectively. Fortunately, neither of these cost any lives. 

Significant leakage of activity into the environment was observed only in one of the 

plants and was able be handled in an appropriate manner. 

The Windscale accident in the UK was in 1957. A fire started in a graphite 

moderator resulting in a substantial release of radionuclides like 
131

I, 
137

Cs 

and 
90

Sr. 
131

I reached the food chain and was measured in milk the day after the 

accident. Recommendations were soon introduced for maximum allowable activity 

levels in milk.  

During the Three Mile Island accident in Harrisburg, about 20 tonnes of molten core 

material was relocated in the pressurised water reactor. Fission products were released 

into the shell and auxiliary building. The fission products were, however, trapped in 

the shell and there was no release of fission products into the atmosphere during the 

accident. Release of noble gases following venting of the shell was later observed. The 

efficiency of the shell, comprising a 1 m thick reinforced concrete wall lined with a 

leak-tight membrane, in keeping radionuclides from the environment was demon-

strated in this case (Pershagen, 1989; Lillington, 1995). 

The reactor accident that occurred in Chernobyl, in the former Soviet Union 

in 1986, is by far the most serious event in reactor history. 
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The Chernobyl accident 

What happened? 

The most serious accident in reactor history occurred on 26
th

 April 1986 at a reactor 

unit of the Chernobyl power plant in the former Soviet Union. The disaster was due to 

unforeseen risks in the safety system and violation of safety instructions. The core 

meltdown resulted in a thermal explosion releasing huge amounts of activity into the 

environment. Parts of the reactor core containing large amounts of fission and 

activation products from the construction were released into the nearby environment as 

well as into the atmosphere. The heavy steel and concrete lids blew off and the graphite 

moderator started to burn. In a power reactor that has been operated for some time, 

large amounts of activity are contained in the fuel elements, which could be released in 

the event of core melting as happened in the Chernobyl case. 

The discharge involved the release of a substantial number of radionuclides. 

About 10
19

 Bq of activity were released during the accident into the environment 

including a substantial quantity of short-lived nuclides. 

From a radiological point of view, the radionuclides 
131

I and 
134

Cs were most 

significant. Radioactive fallout was measured in several places in Europe. 
137

Cs was 

transported long distances through the atmosphere and deposited to various degrees in 

the Northern Hemisphere. 
90

Sr and 
239

Pu, however, were deposited mainly within a 

radius of about 30 km from the reactor site. 

Human impact 

As a whole, the Chernobyl hazard has caused much international concern with 

regard medical, technological and environmental as well as social and economic 

aspects (Dreicher & Alexakhin, 1996; Gonzales, 1996). 

The release of radioactive material had severe consequences for people and eco-

systems in the vicinity of the reactor site. Plant workers and rescue workers (including 

so-called 'liquidators') received doses up to thousands of millisieverts. Natural back-

ground levels amount to 2-3 mSv annually. 

Thirty workers died from radiation and burn injuries immediately or shortly after the 

accident.  

Inhabitants in the vicinity were also afflicted by the radiation doses from con-

sumption of contaminated food, water and milk as well as exposure to the radioactive 

soil. More than 1 000 workers took part in the nuclear rescue and remediation work. A 

notable increase in the incidence of thyroid cancer in children in the contaminated 

region around the city of Belarus was observed. This is believed to be linked to radio-

active iodine uptake.  

According to UNSCEAR (2000) about 1 800 cases of thyroid cancer in children 

who were exposed at the time of the accident have been observed so far. During the 

next decade, more cases may be revealed if the current trend continues. The incidence 

of thyroid cancer in children is caused by 
I31

I in the contaminated milk. Iodine collects 
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in the thyroid gland. Children who drank more milk and had smaller thyroid glands 

than adults received about a 3 times higher dose. 

The 'scientific community' believe that there should be no scientific evidence of a 

major health impact due to radiation 14 years after the accident, i.e. no increase of 

overall cancer incidence, mortality or non-malignant disorders related to radiation 

exposure. The risk of leukaemia does not appear to be elevated. 

Briefly, health effects have been divided in two main categories, i.e. short term and 

long term, which can be diagnosed in the exposed individuals. At high radiation doses, 

the whole body might be affected, resulting in acute radiation syndrome (ARS). This 

happened to a number of firemen and emergency workers. ARS was diagnosed in 134 

cases. Long-term radiation induced malignancies (and plausibly hereditary effects) can 

only be diagnosed through long epidemiological studies in large populations. The 

increase of thyroid malignancies in children refers to this category. 

Environmental impact  

Within a few kilometres of the site, radiosensitive ecosystems like coniferous trees 

were exposed to lethal radiation doses. In large parts of Europe, radioactivity measure-

ments in foodstuffs and milk were carried out for several years, and rules were 

established for maximum allowable activity in meat, dairy products and other foods. 

Typical levels in dairy products and meat are described in Chapter 15 ‘Radioecology’. 

16.4 Nuclear weapons testing 

Since the atomic bombs exploded in Hiroshima and Nagasaki in Japan in 1945, 

more than 2 400 nuclear weapons tests have been conducted world-wide (Gonzales, 

1998). During the 'Cold War', production and testing of nuclear weapons took place on 

a large scale. Huge amounts of radioactive materials were released into the environ-

ment.  

What happens in the fission process during the detonation of the 'classical atomic 

bomb'? In brief, sub-critical masses of 
235

U or 
239

Pu are strongly compressed by means 

of chemical high explosives until the critical mass is obtained, resulting in nuclear 

splitting and release of enormous amounts of energy. Electromagnetic radiation as well 

as fission products (radionuclides) and neutrons are emitted during the detonation. In 

the vicinity of the explosion, deaths occur due to the intense pressure wave as well as 

from heat and radiation injuries. Long term injuries comprise development of various 

forms of cancer. 

In the more advanced thermonuclear bomb, the explosion of the primary nuclear 

detonation is used to create fusion between tritium and deuterium. A secondary 

assembly contains lithium deuteride, uranium and other components. Lithium-6 is 

converted to tritium through neutron interactions then fuse with deuterium to create the 

thermonuclear explosion. Fig. 16-2 shows an example of a nuclear explosion. 
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Fig. 16-2. Atmospheric nuclear explosion of a 11 kiloton bomb 

The total yield of atmospheric explosions amount to more than 400 megatonnes. 

More than half of the explosions took place in a 16 month period between 1961 

and 1962 during the Cold War. The total yield corresponded to approximately 30 000 

Hiroshima sized bombs. The atmospheric nuclear detonations have resulted in radio-

active contamination all over the world (NATO, 1995).   

Doses from weapons explosions 

It has been estimated that the atmospheric explosions have led to collective doses to 

the world population of about 30 million man-sievert. The integrated individual dose 

by the year 2 200 is estimated at 3.7 mSv. The radionuclide 
14

C, with a half-life 

of 5 730 years, produced from the weapons testing may contribute to doses over the 

next 10 000 years (UNSCEAR, 1993; NATO, 1995). 

Table 16-1. Average world-wide annual doses (mSv) from natural and man-made radiation sources in 

the year 2000 (UNSCEAR, 2000) 

 

Source Effective annual dose 

Natural background 2.4 

Medical examinations 0.4 

Nuclear weapons testing (atmospheric) 0.005 

Chernobyl accident 0.002 

Nuclear power production 0.002  

 

Nuclear weapons testing comprises a minor contribution to the average world-wide 

annual radiation doses according to UNSCEAR (2000) (see Table 16-1).  
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Weapons testing in the atmosphere, at surface level and underground 

In 1946, nuclear weapons testing was initiated by the United States at atolls of the 

Marshall Islands and was terminated in 1958. The tests were carried out on the surface 

or in the atmosphere. The local population was moved and radiological conditions 

were a major concern at the islands with regard to safety of resettlement. Fruit trees 

were replanted. Close to 200 nuclear weapons tests were conducted by the French 

government at atolls in French Polynesia (Mururoa and Fangataufa) between 1966-96 

in the atmosphere as well as underground. There was strong international political 

pressure to stop these experiments. In the former Soviet Union, about 450 weapons 

tests have been carried out on the surface or in the atmosphere in Kazakhstan. In some 

of the tests, plutonium was released into the environment. More than 300 explosions 

were carried out underground. India and Pakistan also contributed to nuclear weapons 

testing. In Nevada, USA, more than 900 underground tests took place. All these tests 

were either atmospheric or underground as seen in Fig. 16-3. 

             
Fig. 16-3. Distribution of atmospheric and underground nuclear tests in period 1945 up to 1995 

(adapted from NATO, 1995; Gonzales, 1998).   

Underground testing 

It has been estimated that since the beginning of nuclear weapons testing, there have 

been about 1 500 nuclear explosions underground. Very few underground tests have 

been conducted since 1990. The underground tests result in a much lower doses. If 

strong precautions are taken during the underground explosion, the fission products 

should remain underground, except small quantities of inert noble gases i.e. krypton 

and xenon. Accidental release may, however, occur. In 1987 and 1990, fission products 

from underground explosions were identified in ground level air in Scandinavia, 

probably originating from tests in Novaya Zemlya in the former Soviet Union. 
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16.5 Radioactive fallout 

Radioactive fallout originates from nuclear weapons tests as well as reactor 

accidents as in Chernobyl, and contains radioactive aerosols and particles. Radio-

nuclides are also components of tiny inert particles, so-called 'hot particles'. Deposition 

of the fallout may occur locally, or far away from the site of release due to long range 

transport. Radioactive aerosols are carried across the troposphere with a mean 

residence time of up to a month. Stratospheric fallout constitutes a large fraction of the 

total fallout, accounting for a major part of world-wide residues of long-lived fission 

products. Global fallout encompasses both tropospheric and stratospheric fallout. A 

large number of nuclides have been identified in the fallout, originating from fission as 

well as activation processes. 

Significant nuclides comprise 
131

I, 
133

I, 
134

Cs and
 137

Cs, 
95

Zr, 
141

Ce, 
95

Nb and 
132

Te. 

Single fuel element fragments of several micrometres carried substantial activity, i.e. of 

the order of 1-10 kBq. In total, more than 20 nuclides were identified in air filters 

(Devell, 1991). 'Hot particles', differing in size and shape with varying radiochemical 

composition, contain actinides, uranium and plutonium, fission products or activation 

products. Some of these were several hundreds of microns in diameter, originating 

from weapons tests. Studies in French Polynesia revealed 'hot particles' in the range 

from a few hundred microns to one millimetre, containing 
239

Pu with activity levels 

from 5 to 300 kBq (Danesi, 1998). 

Fallout in breathing air is collected in air filters, and various environmental samples 

are collected from specific vegetation, from soil or the sea. Fallout may be reflected in 

dairy products and meat since various radioactive nuclides enter the food chain and are 

accumulated in various tissues.  

Fallout is measured at ground level by air filter sampling techniques and presented 

as activity per volume unit (Bq/m
3
). The volume of inspired air in each breath, so-

called tidal air, normally amounts to 1.5 l. Fallout deposited on the ground is indicated 

as activity per area unit (Bq/m
2
). 

Fallout from nuclear weapons tests 

Shortly after the Second World War, nuclear weapons testing was initiated by great 

power states like the USA, France and Russia, reaching its height during the 1960s. 

Extensive weapons tests carried out in the former Soviet Union resulted in significant 

fallout in various parts of Scandinavia. Fig. 16-4 presents world-wide fallout of 
37

Cs 

linked to nuclear weapons tests as well as to the reactor accident in Chernobyl. As seen 

from the figure, the impact from the weapons tests strongly predominates the amount 

of fallout. 

Composition of the fallout, which is a nuclear fingerprint, gives information about 

the origin of the explosion. Thus the relationship of the 
137

Cs and 
134

Cs isotopes in the 

fallout may indicate the origin of the nuclear event, i.e. the event of a nuclear weapons 

explosion or a reactor accident.  
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Fig. 16-4. World-wide fallout of 

137
Cs (NATO, 1995). With permission 

Fallout from Chernobyl 

Radioactivity has been dispersed over large areas in the Soviet Union as well as 

Europe as a result of the reactor accident in Chernobyl. In strongly contaminated living 

areas near the rector site, more than 100 000 inhabitants were evacuated. In countries 

beyond the border of the former Soviet Union, radiation direct protection due to fallout 

was considered to be of no major concern. Evacuation and iodine prophylaxis were 

consequently not considered to be necessary precautions and were not undertaken 

outside the former Soviet Union. However, the fallout in various parts of Europe, 

mainly Scandinavia, resulted in accumulation of radionuclides like 
131

I and 
137

Cs at 

levels of concern in sheep and reindeer meat. As a consequence, meat, milk and other 

foods were submitted to extensive radioactivity control for long periods in several 

countries. After the accident, a network of radiation monitoring was quickly 

established in several European countries. Large quantities of contaminated meat from 

slaughtered animals were discarded. 

The radioactive cloud created during the explosion was transported over the Baltic 

Sea and reached Sweden after about 1.5 days. Radionuclides were then mapped 

throughout the country. Radiation doses from passing clouds in Sweden were less 

than 1% of the effective dose (normal dose) contributing to 2-3 mSv/y. 

Initially, the major dose contribution was ascribed to 
131

I. The total deposition of 

the 
137

Cs over Sweden amounted to 4.25 PBq (Edvardson, 1991). 

16.6 Reprocessing spent fuel 

Large quantities of spent fuel originate from nuclear power production. It can be 

either stored or reprocessed. Spent fuel might be reprocessed in order to retrieve 

uranium and plutonium for reuse in reactors as well as to reduce the mass of fission 
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products for final storage. Reprocessing is an important part of the fuel cycle and is a 

matter of great concern both politically and technically (see Box 16 B). 

In Europe, Cap de la Hague in France as well as the Sellafield reprocessing plant in 

the UK have been in operation for several years. During the incident in 1957 

at  Sellafield, substantial amounts of activity were released into the environment. 

During  normal operation, fairly large amounts of nuclides can be released into 

the  environment. Total radionuclide discharges during 1986 amounted to the order 

of  10
15

-10
17

 Bq. Ten years later, the discharges were reduced by about a factor of 

three. From the reprocessing plant at Sellafield, a total of 160 PBq of activity 

was  discharged during the period 1952-1968 into the Irish Sea via pipelines 

extended   2.4 km beyond the low-water mark. The nuclides released comprised 

e.g.
 3

H, 
90

Sr, 
95

Zr, 
106

Ru, 
137

Cs and 
241

Pu (NATO, 1995). 

16.7 Radioactive waste 

By the end of World War II, disposal of radioactive waste had already been carried 

out at the nuclear centre in Oak Ridge, Tennessee, USA. Low-level radioactive con-

taminated glassware and other contaminated equipment were simply buried in a trench. 

Since then, large amounts of radioactive waste have been produced world-wide ranging 

from low to high-level waste, necessitating more careful handling. Nuclear waste is 

also linked to the fuel cycle. A viable assessment of spent nuclear fuel and high-level 

radioactive waste is a main goal in the further development of nuclear technology. 

Potential hazards from toxic metals like mercury, lead and cadmium always remain. 

In comparison, potential hazards linked to radionuclides are reduced over time due to 

radioactive decay. Radionuclides in waste may be hazardous for a few years to 

thousands of years. Radionuclides could primarily be transported in water. Ground-

water and rainfall conditions in areas of potential storage are consequently submitted to 

careful analysis. 

Production 

Radioactive waste is produced in the various steps of the nuclear fuel cycle, i.e. 

during mining and milling of uranium raw materials, enrichment processes, fuel 

manufacture, reactor operation and reprocessing spent fuel. 

Substantial amounts of waste originate from nuclear weapons tests.  

Small amounts of waste are also produced by the use of radionuclides in hospitals 

and industry. 

In a nuclear power plant of 1 000 MWe electricity, close to 1 000 tonnes of low, 

intermediate and high-level waste are produced annually (Mourogov, 1997).  

The total amount of waste from nuclear power reactors following about 30 years of 

power production in 12 Swedish reactors would fill up about one third of the volume 

of the national arena 'Globen', if stored there, see Fig. 16-5. 'Globen' is 110 m. in 

diameter and has an internal height of 85 m. 
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Fig. 16-5. Illustration of total volume of waste produced in Sweden until 2010 (operational, 

decommissioning, spent fuel waste) (printed with permission from SKB, Stockholm) 

High-level radioactive waste is accumulated during the generation of electricity at 

nuclear power plants, during the production of nuclear weapons and during operations 

of the nuclear navy. The waste should be safely handled until it is no risk to humans or 

the environment.  

In the USA, nuclear weapons technology is responsible for production of huge 

amounts of high-level waste, accounting for more than 90% of the waste production 

related to volume (Hanford Site, Idaho National Engineering Laboratory, the Savannah 

River Site, and with the West Valley Demonstration Project) (Linking Legacies, 1997). 

Storage  

Nuclear waste is aimed to be disposed of in a form and at a site where it is not 

harmful to mankind or the environment. Harmful waste should be located at areas 

remote from population centres in stable geological formations. At present, several 

technical solutions for disposal are possible. 

Since huge amounts of waste are present in solid as well as liquid phases, reduction 

of waste volume is an important task. Liquid waste volume may be reduced by 

chemical processes like precipitation, filtration and evaporation. The removal of 

radionuclides from spent fuel is a practical approach for reuse of uranium and 

plutonium in the fuel cycle as well as to reduce volumes for storage purposes.  

From commercial power plants in the United States, the amounts of accumulated 

spent fuel comprised nearly 40 000 tonnes of heavy metals in 1998 (DOE, 1998). A 

volume of 500 000 m
3
 of liquid and solid waste remaining after chemical separation of 

uranium and plutonium from spent nuclear fuel is stored in underground tanks at 

various sites  in  the USA. At a later stage, the high-level waste will be solidified and 

transferred to about 20 000 canisters for future disposal in permanent geological 
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repositories. Geological disposal of nuclear waste has been a concern in various 

countries for almost 40 years. 

Nuclear waste contains long-lived nuclides like 
239

Pu, which represent serious 

radiological threats of leakage far into the future, i.e. thousands of years. Although 
129

I 

is often a nuclide dominating the releases from a repository, it can hardly be regarded 

as a serious hazard. The amounts of 
129

I as well as the energy released per decay are 

small. On the other hand, nuclides like 
137

Cs and 
90

Sr will decay to reasonable levels 

within a few hundred of years. Cladding for spent nuclear fuel is made from highly 

corrosion-resistant metals, which are designed to withstand severe corrosion attacks 

over thousands of years. The waste should be encased in corrosion-resistant canisters 

and the sites selected should have low and slow ground waste movements and be safe 

with respect to earthquakes etc. Also, the waste packages containing uranium and 

plutonium should be designed in a manner so that nuclear criticality can not occur 

inside the package. 

Disposal sites for low and intermediate level waste are principally near surface 

facilities, like storage drums placed in a pit located under groundwater as well as 

storage in geological repositories. One of the main goals is to prevent the release of 

radionuclides into the biosphere as well as limit human exposure to radiation 

associated with handling and storage. A great deal of attention is focussed on risks 

associated with release of long-lived fission products or transuranium elements from 

containers during final storage in repositories from geological formations. General 

waste handling concepts have been surveyed e.g. by Won Han et al. (1997). 

Management of radioactive waste includes collection, treatment, conditioning, 

packing, temporary and final storage. Guidelines for safety of radioactive material are 

currently being updated by various international organisations, e.g. IAEA (International 

Atomic Energy Agency), Vienna and the European Community. 

Waste categories 

Radioactive waste can be classified according to different principles, e.g. on the 

basis of location of generation, for the purpose of radiation protection, or for disposal 

needs.  

The classification systems are made for specific purposes, and the categories are 

often not very clearly defined. Often, strict classification can create more confusion 

than clarification. 

For the purpose of final storage, Sweden uses three groups: 

• Very low-level and short-lived waste – surface dumps at the reactor sites 

• Operational waste – all normal operational waste except spent fuel 

• Long lived waste – deep repository for the spent nuclear fuel 

 

Classification of radioactive waste on the basis of radio-protection needs or heat 

generation: 

• High-level waste (HLW) – heat generating, highly radioactive 
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• Intermediate level waste (ILW) 

• Low-level waste (LLW) 

 

Another classification system is based on the lifetime of the dominating radio-

nuclides: 

• Short lived waste – surface or near surface disposal  

• Long lived waste – have to be deposited into a deep geologic repository 

 

Waste is further classified as follows: 

• Mixed waste 

• Defence waste (development of nuclear weapons, testing and deployment of 

nuclear weapons) 

• Civilian waste 

• Transuranic waste (containing transuranic alpha-emitting nuclides with half-

lives greater than 20 years) 

• Decommissioning waste 

• Operational waste 

• Hazardous waste 

Disposal of low and intermediate level waste 

Disposal sites for low and intermediate level waste are at, or near the surface as well 

as in geological repositories. A simple approach used for several years was the storage 

of LLW as highly compacted waste in containers with steel shells placed into concrete 

vaults.  

Sealed Sources 

More than half a million sealed radiation sources are used in areas like medicine, 

industry and agriculture.  

Spent sealed sources are usually stored in near surface facilities. Special concern 

should, however, be given 
241

Am and 
226

Ra sources (Won Han et al., 1997). 

Management of high-level waste 

There are various strategies for the management of spent nuclear fuel. Supervised 

storage is often used, implying that intact spent fuel is stored under controlled 

conditions indefinitely until further decisions are made (see Box 16 B). 

Disposal in a deep repository in a stable geological formation seems to be a feasible 

approach. After interim storage, the spent fuel is encapsulated and then left in a deep 

repository. At a later stage, the waste might be retrieved if desired. The repositories 

might be made up from tunnels with deposition holes, as in the Swedish approach 
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(SKB, 1998). This method requires the spent nuclear fuel, which has been stored 

temporarily for about 30 years, to be encapsulated in tightly sealed copper canisters. 

The canisters are stored at 400 to 700 metres depth in bentonite-lined holes drilled in 

the floors of a tunnel system in crystalline rock. Particular effort has been made to 

ensure negligible corrosion of copper canisters, which could result in leaching of 

activity followed by migration to aquatic systems. Encapsulation in canisters is aimed 

at ensuring a high degree of safety with regard to transport, deposition and final 

disposal. The canisters should be able to withstand corrosion in the deep groundwater 

environment and be intact in deep repositories for at least 100 000 years. During this 

time, the activity level will have become strongly reduced due to decay. However, 

levels of long-lived nuclides like 
129

I, 
137

Cs, 
239

Pu and 
241

Am would still be high for 

thousands of years. In the case of an unexpected incident or undetected manufacturing 

defects in the canister, the bentonite layer around the canister and backfill materials 

have the role of preventing the release of activity into the environment, or at least 

reduce the amounts to acceptable levels. 

More than 99% of the radioactivity present in the high-level waste originates from 

nuclides with half-lives of less than 50 years, implying that that the nuclides will have 

decayed within some hundreds of years (Linking Legacies, 1997).  

In Sweden, operational waste is deposited in crystalline rocks 60 metres below the 

sea bottom. In this way, the repository is in a region of low groundwater gradient and 

the activity migration to water is delayed. Silo shaped caverns with concrete walls and 

a bentonite clay buffer are used to store the waste types with the highest activity, the 

ion exchange resins. 

Reprocessing before deposition 

Nuclear waste is temporarily stored close to reactor sites. Often, uranium and 

plutonium are reprocessed from spent fuel elements in reprocessing plants for reuse in 

the fuel cycle, leaving a highly active waste component. Various concepts that seem 

promising have been developed for storage of the reprocessed component in stable 

geological formations. Technical problems linked to heat generation during the decay 

of the radionuclides, corrosion of canister walls, leakage and migration of radio-

nuclides have been the subject of a lot of attention. 

Radioactive materials require special handling to ensure safe transport by road, 

waterways, rail, air and sea, and involve specific regulations. More than 60 IAEA 

member states have adopted the Agencies Regulations for Safe Transport of 

Radioactive Material (Rawl, 1998). 

Transmutation  

An approach to eliminating nuclear waste involves transmutation of radionuclides in 

the waste, which involves long-lived nuclides being transmuted into more short-lived 

nuclides in accelerator driven techniques. Transmutation has to be combined with 
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advanced techniques for separating the various nuclides in order to reduce long-range 

radiotoxicity of the fuel. Elements like plutonium, americium and other transuranic 

elements as well as technetium-99 and iodine-129 are processed. Development of such 

forms of technology has been going on for some decades. The practical implementation 

of this technology still seems to be in the far future. 

'Space storage' 

The spent fuel might be made inaccessible by being launched into space, which 

seems to be a rather hypothetical approach.  

16.8 Nuclear threats 

Nuclear reactors  

In the former Soviet Union, various power reactors have been operated with a lower 

degree of safety than 'western' types. They were often of the graphite moderator type, 

involving risk of burns, while the 'western' types were usually light-water moderated. 

Also, the former Soviet Union  reactors lack an outer containment shell of concrete and 

steel – a hood that could prevent radioactivity release into the environment in cases of 

severe accidents like core melting. These reactors are huge in size and the shells are 

extremely difficult to build. There are about a dozen reactors of this design 

representing potential hazards in operation in the former Soviet Union. Also, a few 

reactors of this type are in operation in the UK (Magnox). The international 

organisation, IAEA, makes great efforts to improve the operational conditions of such 

reactors, making them as safe as possible according to the present situation.  

Waste threats 

Parts of the Kola Peninsula might become 'nuclear churchyards' in the sense of 

immense amounts of nuclear waste that have not been properly administered.  

Some storage temporarily sites of spent nuclear fuel and high-level radioactive 

waste are still present in the USA close to population centres and are located near 

rivers, lakes and the seacoast (DOE, 1998). 

Nuclear threats in the Kola Peninsula are described in Box 16 C. 

16.9 Radiation sources 

The potential benefit of radioactivity in medicine was recognised shortly after its 

discovery by Bequerel about 100 years ago. Later on, the use of radium sources quickly 

increased. The extensive use of radium sources has, however, caused several incidents. 
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In the USA, about 400 incidents occurred from 1913-1964 due to overexposure, radio-

active contamination, losses and theft of sources (Lubenau, 1999). 

Sources of 
60

Co, 
137

Cs and 
192

Ir are extensively used as radiation sources for 

industrial purposes. Small electron accelerators are also used in industry for 

sterilisation etc. Isotope sources are also used in space technology for energy 

production in satellites. 

In industry, serious accidents have occurred from overexposure due to industrial 

sources being left uncontrolled, causing acute radiation syndrome in the victims. 

During radiotherapy in hospitals, overexposure has occurred with lethal consequences. 

About 50 deaths have been reported as a result of accidents in industry and hospitals 

resulting from work with irradiation sources. In a severe hospital accident in San Jose, 

Costa Rica in 1996, 11 patients died within the 9 months following overexposure 

during radiological treatment. Up to 43 patients are suspected to have died as a result 

of the overexposure. The exposure rates seemed to have been 50-60% higher than 

assumed (Gonzales, 1999).  

16.10 Global legal framework  

Non-proliferation 

Effective non-proliferation verification is an essential prerequisite for arms control 

and the reduction and elimination of nuclear weapons. Most countries handling nuclear 

technology have so far agreed to sign so-called non-proliferation agreements. There 

are, however, still tensions, i.e. in the Korean peninsula, the Indian subcontinent and in 

the Middle East. The IAEA make great efforts to verify non-proliferation agreements, 

strengthening the capacity to detect undeclared activity. Effective safeguard control is 

aimed at countries possessing nuclear weapons. Regular assessments are made to 

control the amounts of nuclear materials present in nuclear production and handling of 

radioactive materials. 

Illicit traffic and combating terrorism 

 

So far, more than 300 incidents related to the illicit traffic of nuclear materials 

and  radioactive sources have been reported, involving natural and low-enriched 

uranium, depleted uranium and plutonium. Combating illicit trafficking of radioactive 

materials  and nuclear terrorism are subject to a great deal of international attention 

(Gonzales, 1999). 
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Box 16 A - Normal Operational Release from Nuclear Power Plants 

Björn G. Wahlström 

 
There is no way of avoiding radiation. There is radioactive polonium and radium in our bones, 

radioactive carbon and potassium in our muscles and radioactive rare gases and tritium in our 

lungs. This has always been the case. These substances give humans an annual radiation dose 

of about 0.4 mSv. 

Ionizing radiation approaches the earth from the cosmos, causing an annual dose 

of 0.3 mSv at sea level and increasing manifold in regions at higher altitudes. Additionally, the 

ground contains naturally radioactive elements, contributing the most to background radiation. 

A normal value could be between 0.5 and 1.0 mSv annually, but in certain regions, radiation 

from the ground may cause exposure of more than 10 mSv annually. 

So, the natural radiation level strongly depends on location. However, in a certain spot it 

also varies with time. These variations are caused by the season, variations in atmospheric 

pressure, rain and thickness of a possible snow layer. The dose rate in a certain place outdoors 

may well be 30-50 % lower in winter than in summer. All together, humans receive a radiation 

dose of a few mSv annually from natural radiation sources. 

To ensure that radioactive release from nuclear power plants does not harm man or nature, 

safety regulations normally state that the release may not cause even the most exposed 

individual outside the plant site an annual dose exceeding 0.1 mSv. So, this highest legal 

exposure, calculated as the sum of the amounts released from all units on the same site, is a 

few percent of the natural variations from place to place, or in a certain spot, from time to 

time. That is the regulation. The actual release from normal operation of a nuclear power plant 

normally stays one or two or three orders of magnitude below that limit value, typically 

causing a dose in the region of 0.001 mSv per year. 

Of course, that value is too small to be measured with any dose-rate meter. It must be 

calculated using release data measured in the stack and the water purge line, dilution and 

transport models, meteorological data, conservative assumptions about the inhabitants' living 

and eating behaviour and knowledge of the metabolism and dose factors of the nuclides in 

question. 

Even if normal radioactive release fails to cause a measurable increase in the dose level in 

the environment, some radioactive nuclides originating from a nuclear facility may be detected 

in environmental samples. There are analysis methods that can detect artificial radioactive 

substances at levels several decades below the natural activity concentration in the same 

sample. In many cases, however, it cannot be determined whether the findings were caused by 

a certain plant or by fallout from atomic bomb tests or the Chernobyl accident. 

So, the additional radiation dose in the vicinity of a nuclear power plant performing well is 

too small to be measured, e.g. 0.001 mSv annually close to the plant. 

It is difficult to illustrate a dose as small as 0.001 mSv. Larger doses are for instance 

obtained every night in bed, or in a few hours where ever you spend your time. 



Box 16 B - Waste Handling – Trends and Policy  

Tor Leif Andersson 

To reprocess or not? 

An important characteristic of the nuclear programme in a certain country is whether 

reprocessing of spent fuel is used or not. When reprocessing, the spent fuel is dissolved and 

the plutonium produced in the reactor is chemically separated. The plutonium can then be 

recycled into new reactor fuel. Other transuranic elements (i.e. elements with nuclei heavier 

than uranium) as well as remaining uranium in the fuel can also be taken care of in the 

reprocessing plant. To make reprocessing meaningful – at least in principle – the plutonium 

should be used as an energy source as mentioned in Chapter 16.6. That, in turn, is generally 

feasible only in countries with an ongoing long-term nuclear energy programme. For countries 

with  small nuclear programmes or with nuclear programmes being phased out, there is no 

such future use of the plutonium. Furthermore, since the legal market for plutonium is rather 

limited, there are no other easy and reasonable ways to get rid of the plutonium. In such 

countries, therefore, it is generally considered more efficient not to reprocess the spent fuel, 

but rather plan for handling the spent fuel directly as waste. 

It should also be noted that there are large amounts of plutonium available for recycling 

into new reactor fuel, far more than is of interest with the present low price on enriched 

uranium. Part of this plutonium stock comes from the dismantling of nuclear weapons that has 

taken place in recent years and hopefully will continue. This surplus of plutonium has also led 

to an increased interest in regarding spent fuel as waste in countries with large and expanding 

nuclear programmes. In such countries, the development of repositories is usually considered 

for reprocessing waste as well as for spent fuel. 

This means that two different types of long-lived waste are to be considered.  

Reprocessing waste and spent fuel 

This waste is generally transferred into a ceramic or glass-like form, making it suitable for 

final disposal. The radioactive material is contained in the solid matrix in such a way that it 

will be very resistant to dissolution even if water comes into contact with the waste package.  

When spent fuel is taken out of the nuclear power reactor, generally it is first transferred to 

a storage pool at the reactor site, where it is kept for at least a year. If there is interim storage 

available, the fuel will later be moved to that facility, which can be another storage pool or 

some kind of air-cooled dry storage. Spent fuel is normally allowed to decay for at least 30 

years before being prepared for final disposal by loading it into a cask which is placed in the 

repository. 

Geological formations 

When it comes to finding a place for a repository (final disposal facility) for reprocessing 

waste or for spent fuel, most countries consider some kind of stable geological formation. The 

type of formation under consideration varies in different countries depending on what is 

available. Most countries have programmes based on crystalline rock or other rock types, salt 

or clay formations. A common characteristic for such geological media is that they are 

expected to provide a stable environment for the waste packages for a very long time into the 

 



 

 

 

Box 16 B.  Waste Handling – Trends and Policy 251 

 

future. Also, a repository is designed in such a way that the waste or spent fuel is protected 

from mechanical damage resulting from possible movements in the surrounding host 

formation. Furthermore, the waste should be as isolated as possible from water, and if some 

radioactive material is still dissolved in water, the mobility of the water should be very low 

and the radioactive substance be adsorbed on the surrounding geological material. Two 

examples of ongoing work going are briefly mentioned below. It should be noted that no final 

decisions have yet been made, nor have any licences been granted for a repository for civilian 

nuclear waste in any country. 

In Sweden, the idea is to place the spent fuel in iron inserts in corrosion-resistant copper 

canisters. The canisters will be surrounded by a layer of bentonite clay and placed at a depth 

of about 500 metres in the crystalline bedrock (for instance granite), where mechanical and 

chemical conditions are very stable. The spent fuel will be surrounded by a multi-barrier 

system to ensure that malfunction of any individual barrier does not jeopardise the safety of  

the system, see Fig. B 16 B-1.  

 
Fig. 16 B-1. The Swedish KBS-3-system for deep disposal of spent fuel elements (SKB) (ref. see  16.11) 

In the USA, a certain rock in Nevada – Yucca Mountain – is being studied to discover its 

suitability for hosting a repository. The idea is to place the repository in the unsaturated zone 

in welded tuff (volcanic rock) at a depth of at least 300 metres below the surface and a 

distance of approximately 300 metres above the regional water table in a drilled waste 

emplacement tunnel. 

Spent fuel contains considerable amounts of fissile material and criticality aspects as well 

as safeguard aspects must therefore be included in all steps of the handling procedure, 

including interim storage and final disposal. 

No repository for reprocessing waste or spent fuel has yet been constructed, but plans are 

underway in a number of countries. At least a handful of repositories for long-lived radio-

active waste are expected to be built and the emplacement of waste into them start in the 

coming 20-40 years.  
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Different attitudes 

Some countries take a more relaxed attitude, claiming that there is no hurry to construct a 

repository. In time, the radioactivity will decay, making the waste easier to handle both with 

regard to temperature and radioactivity. Furthermore, there may be new options in the future, 

such as transmutation of some of the long-lived nuclei in the waste. 

Others believe that it is important to act now while competence and funding are available. 

If postponed for much longer, not even the stability of states and governmental control can be 

guaranteed. Therefore, too long a postponement should be avoided.  

A many faceted issue 

The nuclear waste issue involves a combination of technical, political and human value 

aspects, which makes it particularly interesting. In some countries, the reactor owners are (by 

law) not allowed to operate unless they can prove they have an acceptable system for taking 

care of the waste. In addition, the reactor owners are supposed to provide the funding for 

taking care of the waste. In other countries, there is no such law and, furthermore, taking care 

of the waste may be a governmental responsibility. It is, therefore, quite natural that the issue 

is handled in different ways in different countries. 

In addition to all this, there are also ethical considerations, for which there is no 'truth' 

available, but for which, each individual must try to find what they believe to be the right 

thing to do. Many seem to agree that the generations that have enjoyed the benefits from 

nuclear power should also be the ones to take care of the waste left behind. The responsibility 

for that waste should not be transferred to their children, grandchildren etc. The main question 

raised in this discussion is how responsibilities to future generations best can be met. Would it 

be right to put the waste deep underground, where future generations will find it difficult to 

recover if desired? Would it be better – from an ethical perspective – to provide future 

generations with options rather than removing the waste permanently from their interest 

sphere? A compromise may turn out to be to build repositories in such a way that it will be 

possible to retrieve the waste if future generations choose to do so. However, another opinion 

is that future generations should not be left with problems caused by their predecessors.  

There also seems to be a international consensus that each individual country should take 

care of its own radioactive waste and that no country should be forced to take care of 

radioactive waste from other countries. 



Box 16 C - Nuclear Threats in the Former Soviet Union 

Ronny Bergman 

Sources of greatest concern in NW Russia 

Lately, the precarious condition of several radioactive sources and the aggravating 

situation with regard to how nuclear waste is accumulating without adequate storage and 

maintenance capacity on and along the Kola peninsula have become recognised world-wide. 

Several major problems are related to military sources although those of a civil origin also 

need consideration.  

In some cases, the actual and potential risks associated with these sources of radioactive 

contamination and significant radiological consequences mainly affect the conditions at local 

and regional levels. However, they also appear to be far reaching and of considerable 

importance for the whole Arctic region and large parts of Europe. 

Nuclear weapons tests, weapons bases and dumped activity 

Nuclear weapons testing were performed on and close to the Novaya Zemlya islands 

between 1955 and 1990. A large part of the present world-wide radioactive contamination is 

due to transfer from atmospheric nuclear explosions occurring prior to the test ban in 1963.  

On the Kola Peninsula, nuclear weapons are stationed at different bases (naval, aviation, 

and ground), where most of them are kept in storage. The exact number of warheads is 

classified information. According to the agreement START I, however, Russia and the USA 

are obliged to reduce the amount of warheads to 3 000-3 500 by 2003, including a decrease in 

the strategic rockets carried on nuclear submarines to 1750. 

Detailed information about the dumping in Arctic seas practised by Russia from the middle 

of the 1950s has only recently come to light. The amount of activity present in the radioactive 

waste dumped in the Barents and Kara seas (before the present halt on dumping early in 

the 1990s) exceeds the total amount from all other sources of dumped activity anywhere else 

in the oceans. The revelation of substantial release of radioactivity from nuclear facilities 

along the Siberian rivers Ob and Yenisey has also augmented concern about environmental 

pollution, particularly in the Kara and Barents Seas.  

Reactors on nuclear-propelled vessels and at the Kola nuclear power plant 

Other causes of concern stem from the use of nuclear reactors, primarily on submarines – 

in operation as well as on those awaiting decommissioning – and on icebreakers.  

As indicated in Fig. 16 C-1, the current number of nuclear submarines in use is decreasing 

rapidly, reflecting the fact that several submarines are being taken out of service as a result of 

their age or as a consequence of international disarmament treaties. Moreover, the dismantling 

rate of the Northern Fleet submarines has been low over the last decade leading to an 

aggravated accumulation of stored submarines.  

At the start of 2000, the Russian Northern Fleet operated 42 nuclear submarines and 3 

nuclear powered battle cruisers from 5 naval bases in the Murmansk county on the Kola 

Peninsula, and one in the Archangelsk county. These vessels each contain two nuclear reactors 

with the used active fuel still present. This also applies to the majority of the ca. 100 nuclear 

submarines taken out of service in the Northern Fleet while awaiting final scrapping. About 70  
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of these still contain spent nuclear fuel. The current nuclear reactors in this area (about 250) 

correspond to one fifth of all nuclear reactors in the world – civilian as well as military ones. 

The large number of nuclear reactors thus present on and along the Kola Peninsula by far 

exceeds the concentration in any other region of the world. 

The large amounts of spent nuclear fuel thereby accumulated, in addition to liquid and 

solid radioactive waste, are presently in storage on and along the coast. Furthermore, on the 

peninsula, there is a nuclear power plant comprising 2 old reactors of VVER-440/230 type 

and 2 reactors of VVER-440/213 type. A common observation is that poor maintenance 

practices, as well as technical weaknesses due to reactor design, contribute to the safety 

hazards at this power plant. In particular, this applies to its two oldest reactors. 
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Fig. 16 C-1. Projection of the numbers of nuclear submarines 'operating' (darker grey) and 'decommis-

sioned' (lighter gray) during the period 1970-2003, (Bergman & Baklanov, 1998). 

Present environmental contamination 

Despite the large amount of dumped liquid and solid waste, as well as the abundance of 

nuclear reactors and waste storage sites in poor condition, the present environmental 

contamination in the Kola-Barents region on land mainly reflects the contributions from 

nuclear weapons testing (primarily the atmospheric explosions at Novaya Zemlya) and in the 

adjacent Arctic Sea, transfer from sources outside this region (Bergman & Baklanov, 1998), 

namely: 

• Discharges from the reprocessing plants at Sellafield (UK) and La Hague (France) 

carried northwards by the Atlantic currents. 

• Discharges from Russian nuclear installations in Siberia (at Chelyabinsk, Tomsk, 

and Krasnoyarsk) into the Siberian rivers. 
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• Radioactive deposition after the Chernobyl accident (to a large extent reflecting a 

transfer of contaminated water from the Baltic to the Atlantic Ocean.). 

• Atmospheric nuclear explosions in other regions contributing to the global 

component of the radioactive fallout. 

 

It is notable that the present levels of radioactivity and the corresponding external radiation 

on the Kola Peninsula do not exceed the amount of radiation expected to result from the 

general background in the environment at these latitudes. Similarly, the Barents and Kara Seas 

largely exhibit very low concentrations of radioactive contamination. At certain sites on land 

and in the sea, however, significant contamination has been recognised – but mostly confined 

to local environments – as a result of explosions, accidental emission or problems at 

radioactive waste depositories. 

Major threats for future contamination  

The main areas of the Kola Peninsula and the adjacent seas are evidently very clean at 

present in comparison to other parts of Europe where fallout due to atmospheric nuclear 

weapons tests has generally been higher. In addition, radioactive deposition after the 

Chernobyl accident has contributed to further environmental contamination over large areas. 

Consequently, the principal radiological hazard for those living close to the sources in the 

Barents region, as well as for the inhabitants of more distant areas, is the potential risk of 

radioactive pollution from accidents and mismanagement. 

The Kola nuclear power plant is classified as the major threat for severe accidental 

radioactive release with respect to the large areas that might suffer from relatively high 

deposition of radioactive matter in a serious accident, and the likelihood of such an event 

(Baklanov & Bergman, 1999). 

However, the danger of uncontrolled chain reactions also constitutes a potentially severe 

risk for the operational and the decommissioned nuclear submarines – particularly during 

refuelling or defuelling. This danger is also expected to be of concern with respect to spent 

nuclear fuel when present in dilapidated storage facilities – which is often the case at sites 

on
  
the Kola peninsula and on certain vessels – and possibly for railway containers harbouring 

spent fuel. For some of these cases, it still remains to be established if – or under what 

circumstances – the necessary physical conditions would be achieved for each of the links in 

the event-chain leading to significant radioactive release. For others – e.g. refuelling of a 

nuclear submarine – real events give evidence of the prevalent risk.  

Safe management of radioactive waste and spent naval fuel must be considered one of the 

most urgent environmental challenges in the Murmansk region of the Russian Arctic. Some 

initiatives – primarily involving Russia in bi- or trilateral co-operations with Norway, the USA 

or the EU – have currently been undertaken to institute urgent action focused on improvement 

of the management of waste and spent nuclear fuel on the Kola Peninsula. 

The sources in the Barents and Kara Seas, on the other hand, appear to be associated with 

relatively low radiological consequences even if all the present remaining radioactivity is 

released over a very short time (Bergman & Baklanov, 1998). This conclusion is based on the 

fact that: 

a) The total remaining activity of each of the important long-lived radionuclides 

(
90

Sr, 
137

Cs and 
239

Pu) matter, in the liquid and solid form, dumped in the Barents and  
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b) Kara Seas does not exceed what is currently in water and sediment – due to the input 

from the nuclear weapons tests and reprocessing plants outside the Barents region. 

c) The corresponding activity concentrations of these radionuclides are very low in fish 

from the Arctic Seas. 

Reprocessing of spent nuclear fuel in Siberia 

Production of radioactive waste 

Spent fuel from nuclear reactors is viewed as a resource rather than waste in Russia. The 

reprocessing of spent nuclear fuel in Russia is undertaken at three facilities in Siberia:  

• Mayak Chemical Combine in Ozersk  

• Siberian Chemical combine in Seversk (Tomsk-7) 

• Mining and Chemical combine in Zhelezhnogorsk (Krasnoyarsk-26) 

 

The reprocessing of spent fuel leads to an increase in the volume of radioactive waste and 

much of this waste is in liquid form. There are large amounts of waste stored at the three 

facilities in Siberia, and the process has led to contamination of extensive areas. 

The total amount of activity (including deep-well injection) released into the environment 

from these sites is about 60 000 PBq. In comparison, all other Russian releases, including 

those from Chernobyl, amount to about 100 PBq. 

The categories of releases of primary concern are as follows – ordered from 

immediate to longer-term concern: 

• Radioactive waste discharges into surface-water systems directly to the Arctic, 

connected by the Ob and Yenisey rivers. 

• Waste discharged into lakes and reservoirs that must migrate to a nearby river system 

that leads to the Ob or Yenisey rivers. 

• Waste injected into underground rock formations that may eventually migrate to the 

Ob or Yenisey rivers. 

Present contamination and future risks  

The environments around the facilities have been significantly contaminated as a result of 

inadvertent release and accidents. In the period between 1948 and 1958, radioactive waste was 

routinely released into the River Techa and Lake Karachy. The 1957 Kyshtym accident (there 

was an explosion in a storage tank), the 1967 drying up of Lake Karachy (led to transport of 

radioactive sediments with the wind) and the 1993 explosion in a storage tank (containing 

high-level waste at the Tomsk facility) are accidents that have led to radioactive contamin-

ation of a river system that discharges into the River Ob. Furthermore, until 1991, the cooling 

water from reactors in Krasnoyarsk was released directly into River Yenisey. 

Of these discharges, about 17 PBq are currently estimated to be in rivers, or in reservoirs 

on rivers that are tributaries to the Ob River, and about 3.7 PBq are estimated to be in the 

Yenisey River.  

Radionuclide migration from lakes and reservoirs used as waste disposal sites to rivers that 

lead to the Arctic, constitutes the next greatest concern. In this category, there are about 9000 

PBq that may migrate towards the Ob River – about equally divided between Mayak and 

Tomsk-7 (Bradley & Jenquin, 1995). Although this is a far larger amount of contamination, 
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the transport processes and decay time are likely to reduce the amount that reaches the Ob 

River. Yet, under Lake Karachy, at a depth of 100 metres, a pocket containing some 5 million 

cubic metres of radioactive liquid salts has been created. Moving at a speed of 80 metres per 

year towards the confluence of the River Irtysh and its tributary Techa, the pocket is currently 

located about 1.5 to 2 km from an impending catastrophe. In the event of it eventually 

reaching the rivers, vast areas of Western Siberia and the Arctic Ocean will be contaminated. 

However, a study of the distribution of such long-lived radionuclides as 
90

Sr and 
137

Cs in 

the River Yenisey aquatic system already shows that the content of 
90

Sr in river water is 

practically global at the radiochemical plant situated not far from Krasnoyarsk (a distance 

of 600-800 km from the discharge point). For 
137

Cs, this distance is even smaller. The main 

findings for Ob are similar. 

Thus, the conclusion of several studies is that – besides the activity pertinent to global 

fallout – at present, radioactive contamination from the Ob and Yenisey rivers does not 

significantly contribute to the overall levels in the Arctic Ocean. 
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Part 3: The Plant World 
 

Electromagnetic radiation in the visible part of the solar spectrum affects plants, as do 

the UV components and the near infrared. One central theme is photosynthesis, by 

which water in the plants is oxidised to oxygen and carbon dioxide is taken up by 

plants and reduced to organic carbon compounds. In this way, solar radiation drives the 

production of oxygen and biomass. Chlorophyll molecules are key molecules in these 

reactions. Side reactions involving chlorophyll can have negative impacts on plants. 

Radiation from the sun interacts with several systems in the plants, not only in 

photo-synthesis. Plants have a rich variety of photoreceptor molecules that have been 

identified. The term 'plant vision' can be used to emphasise that plants also use special 

pigments to extract information from light: phytochromes (sensitive to long wave-

length light), blue light receptors and ultraviolet-B receptors. They play important roles 

in different reactions in plants, e.g. many growth processes, determination of photo-

period (i.e. day/night length) and stress reactions. Damaging reactions in plants 

induced by ultra-violet light are also important. 

Life is intimately connected with electric potentials and currents. Like animal cells, 

plants and plant cells create electric potentials across their membranes. These 

potentials play key roles in biochemical processes and changes in them constitute 

action potentials (corresponding to nerve potentials in animals). Many light triggered 

reactions, e.g. photosynthesis, will cause changes in the electric patterns of the plants.  

Movements of plants also give rise to electric voltage changes in cells and tissues. 

They can be initiated by changing light conditions, positional change with respect to 

gravity or other stimuli. In all cases, electrical changes accompany the movements, 

growth, and biochemical reactions. It is, therefore, easy to understand that external 

electromagnetic fields can interfere with internal electric voltages and currents in 

plants. It is important to describe how magnetic fields – both static fields and those 

which vary in time – can affect plant processes like growth, and how leaf movements 

can be altered by the presence of magnetic fields at different frequencies. 

Also electric fields and currents to which the plant tissue (or the medium 

surrounding the roots) is exposed can cause changes in growth rate or growth 

direction. This is true not only for direct currents, but also for time-varying currents 

and fields, e.g. in the 50/60 Hz frequency range. 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 
 

 
 



 

 

17 Impact of UV and Visible Light 

Lars Olof Björn 

17.1 Introduction 

Radiation from the sun keeps the earth surface at a 'life-friendly' temperature, but is 
also biologically important in other ways – as an information carrier and as a form of 
useful energy for the life processes. Radiation can also inflict damage by breaking or 
creating chemical bonds. The main gateway for input of free energy into the biosphere 
is the process of photosynthesis. 

This chapter will focus on effects of 'non-ionizing radiation'. It should be pointed 
out at the start that what is conventionally termed non-ionizing radiation also creates 
ions in plants. The most important of such processes is the initial chemical step of 
photosynthesis, in which an electron is transferred to create a positive chlorophyll ion 
and a negative pheophytin ion. 

Plants, algae and cyanobacteria carry out oxygenic photosynthesis, by which they 
oxidise water to molecular oxygen and reduce carbon dioxide to organic carbon 
compounds. Oxygenic photosynthesis is the initial process of practically all bio-
chemistry and other life processes. There are other kinds of photosynthesis – cyano-
bacteria carry out photosynthetic assimilation of molecular nitrogen, and other photo-
synthetic bacteria photosynthesise in ways by which molecular oxygen is not formed. 
Plants can photosynthetically reduce not only carbon dioxide, but other compounds as 
well, such as sulphate and nitrate, and the energy of sunlight can be used for transport 
processes. However, for the biosphere as a whole, the kind of photosynthesis by which 
carbon dioxide is reduced and water oxidised is by far the most important type, and the 
present chapter is restricted to this. Focus will be on 'real plants' ('higher plants') 
although the process of oxygenic photosynthesis is basically the same in algae and 
cyanobacteria. 

The photosynthetic organisms face a dilemma. For their survival, in order to carry 
out photosynthesis efficiently, they must expose themselves to solar radiation. 
However, solar radiation is also dangerous, as is clear from other chapters of this book. 
In contrast to animals, plants cannot fill up with energy whenever they are hungry, and 
they cannot run away and hide from the sunlight if they get too much of it. They stand 
where they stand, and they must be able to adjust to very different light conditions, as 
the sun rises and sets, as clouds come and go, as competing plants try to overgrow 
them. To strike the right balance between exposure to sunlight and protection from it, 
and to regulate other life processes to run in step with the absorption of photons, plants 
have developed a number of other interesting photobiological processes, and some of 
these will also be covered. 
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From a functional viewpoint, those molecules in plants which interact with non-
ionizing electromagnetic radiation can be arranged as follows: 

 
1. Molecules collecting energy for photosynthesis: chlorophylls, carotenoids, 

phycobiliproteins. 
 
2. Photoreceptor molecules, mediating the monitoring of radiation by the plant:  

2.1. Phytochromes 
2.2 Blue-light receptors: cryptochrome 1, cryptochrome 2, phototropin, 

zeaxanthin 
2.3. Ultraviolet receptors: UVA receptors, UVB receptors. 

 
3. Photolyases (enzymes mediating photorepair of damaged DNA): 

3.1. Cyclobutan pyrimidine dimer photolyases 
3.2. (6-4) pyrimidine pyrimidinone adduct photolyases.  

 
4. Molecules which are substrates in photochemical reactions leading to products 

which certainly or perhaps are useful for the plant:  
4.1. Protochlorophyll(ide) holochrome (a complex between protochloro-

phyllide, NADPH and the enzyme protochlorophyllide reductase) 
involved in the photosynthesis of chlorophyll a. 

4.2. Ergosterol provitamin D2 and 7-dehydrocholesterol provitamin D3 
(which can be photoconverted to previtamin D2 and D3, respectively, 
which in turn can form vitamins D2 and D3). 

 
5. Molecules which absorb radiation resulting in damage to the plant: 

5.1. Molecules which can be altered by radiation, and where this alteration 
can be considered to be a radiation damage. Important examples are 
DNA, some membrane lipids, and some proteins. 

5.2. Molecules which when excited by radiation cause the formation of free 
radicals or reactive oxygen species which cause damage to various cell 
constituents. 

 
The delimitations between the above categories are not sharp as some molecules fall 

into more than one category. Chlorophyll, e.g. collects energy for photosynthesis, but 
can also give rise to singlet oxygen, a very reactive form of oxygen that may cause 
cellular damage. 

In the following, an overview of photosynthesis with emphasis on the 'light reaction' 
taking place in the thylakoid membranes is given first and then a description of how 
dangerous side effects can develop in the photosynthetic system, and how the plant, 
in  most cases, manages to control these and avoid damage. Furthermore, the 
photoreceptors and the 'vision' of plants will be described, and how these aid the plants 
in their attempts to absorb enough, but not too much light. A final section will account 
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for how plants can be damaged by the most energetic photons present in daylight, the 
ultraviolet-B radiation, and how it protects itself from its damaging effects. 

17.2 A photosynthesis primer 

Although the chemical steps of photosynthetic carbon dioxide assimilation are many 
and complex, the overall reaction can, as a reasonable approximation, be represented 
by 

    light 

          CO2   +    H2O   ⇒         (CH2O)      +               O2     

carbon dioxide +   water   ⇒    organic material   +   molecular oxygen 
 
The CH2O is put on the right side within parenthesis to indicate that CH2O is not a 

chemical formula in the strict sense, but only indicates the approximate composition of 
the organic material formed. 

According to an obsolete theory, the above reaction takes place in two steps. It was 
thought that in the first of these steps, carbon dioxide was split by light into molecular 
oxygen and 'active carbon' (i.e. CO2 ⇒ C + O2), after which, the active carbon was 
combined with water to form what, due to this theory, is still called 'carbohydrate', 
'hydrated carbon': C + H2O ⇒ (CH2O). It is now known that this theory is wrong. A 
more correct way to divide the process into two main parts would be: 

 
 2 H2O + light ⇒ O2 + 4 H+ + 4 e

- ('the light reaction')   (17-1a) 

 4 H+ + 4 e
-
 + CO2 ⇒ (CH2O) + H2O ('the dark reaction')   (17-2a) 

 
In other words, the molecular oxygen formed by the process is not derived from the 
carbon dioxide, but entirely from the water. 

An even more correct set of chemical formulae would look like this: 
 

 
2NADPHO3H3ATPO

lightH2NADP3HPO3ADPO2H

22

-2

42

+++⇒
⇒+++++

++

   (17-1b) 

 
 CO2 + 2/3 H2O + 2 NADPH + 3 ATP ⇒ 

        ⇒1/3 triosephosphate + 2 NADP+ + H+ + 3 ADP + 8/3 HPO4
2-   (17-2b) 

 
In this latter set of formulae, NADP (nicotineamide-adenine-dinucleotide-

phosphate) functions as a carrier of electrons and some of the protons, and the ATP 
(adenosine-triphosphate) is seen as an intermediate storage form of energy. Further-
more, the carbohydrate appears as triose (the simplest form of carbohydrate) in a phos-
phorylated form, and this is the form in which it leaves the chloroplast (see below) for 
further transformations. 
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Even this way of representation is only a crude approximation of reality. There is a 
large group of plants called C4 plants, which use 5 molecules of ATP instead of 3 for 
assimilation of one molecule of carbon dioxide. Although it is a very interesting topic, 
trying to explain what the C4 plants gain by such an apparently wasteful system is 
beyond the scope of this chapter. In brief, the extra input of ATP makes it possible for 
the plant to collect the carbon dioxide in a more efficient way, and to decrease the loss 
of water. 

17.3 Chloroplasts and thylakoids 

Photosynthesis of plants and algae takes place in chloroplasts (while cyanobacteria 
have no chloroplasts). Chloroplasts are chlorophyll containing plastids, a kind of 
organelle derived from cyanobacteria, which at an early stage of evolution invaded the 
cells of the ancestors of algae, from which later plants evolved (Cavalier-Smith, 2000; 
Besendahl et al., 2000; Delwiche, 1999; Moreira et al., 2000; Oliveira & Bhattacharya, 
2000; Palmer, 2000). 

Chloroplasts of higher plants are surrounded by two membranes, thought to have 
originated from an invagination of the cell membrane of the cyanobacterial endo-
symbiont (inner envelope membrane) and its host (outer membrane), respectively. 
Inside these membranes, and also inside cyanobacterial cells, is a complex system of 
membranes called thylakoid membranes, with an aqueous protein solution, the stroma, 
in between. The thylakoid membranes form flattened vesicles, thylakoids, which are 
connected to one another, so that the interior of all thylakoids in a chloroplast forms a 
single compartment. The part of photosynthetic carbon assimilation designated (17-1) 
in the previous section ('the light reaction') takes place in the thylakoid membranes, 
while the part designated (17-2) ('the dark reaction'), takes place in the stroma. It 
should be noted that 'the dark reaction' also takes place in the light, but is not directly 

driven by light. 

17.4 Chlorophyll 

Chlorophyll is a central compound in the photosynthetic system of plants. There are 
two different forms of chlorophyll in plants, chlorophyll a and chlorophyll b (some 
algal groups have other forms of chlorophyll, but chlorophyll a is present in all 
oxygen-evolving organisms). They differ only in that chlorophyll b carries an aldehyde 
group in a place where chlorophyll a has a methyl group. This small difference makes 
the molecules go to different places and to have different functions.  

The chlorophylls are bound to protein complexes in the thylakoid membranes. 
There are two main types of chlorophyll-containing protein complexes, the 
photosystems (two types, called photosystem I or PSI and photosystem II or PSII) and 
the light harvesting chlorophyll-protein complexes (LHCs). 

Only a few of the chlorophyll a molecules (and none of the chlorophyll b 
molecules) participate directly in the chemical reactions of photosynthesis; they are 
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dimers and are called 'special pairs'. Most of the chlorophyll molecules present in the 
light harvesting chlorophyll protein complexes only absorb photons (thereby collecting 
solar energy) and deliver the excitation energy to the special pairs.  

A special pair of chlorophyll a molecules which have received excitation energy 
(and in which an electron has thereby been transferred to a new orbital and become 
more loosely bound) can act as a strong reductant and transfer an electron to another 
molecule. The resulting di-chlorophyll cation is a strong oxidant, and can oxidise 
another molecule. The function of the special pair of chlorophyll a molecules is 
therefore to act both as reductant and oxidant, creating other strong reductants and 
oxidants.  

What makes oxygenic photosynthesis so special? 

The photosynthetic machinery of oxygen evolving organisms has four very special 
features that distinguishes it from other photochemical systems: 

1. There is a division of functions between pigment molecules, such that some of 
them act as 'antennae' and only collect energy (these are the chlorophyll 
molecules on the light-harvesting chlorophyll-protein complexes, and some 
other kinds of pigment molecules as well), while other pigment molecules (the 
special pairs) receive energy from the 'antennae' and move electrons. 

2. Two kinds of such 'electron pumps' (photosystems I and II) are connected in 
series, and they can generate a higher electrochemical potential difference 
together than would be possible with a single photochemical system operating 
in the spectral range of visible light. Such a high electrochemical potential 
difference is necessary for the difficult task of reducing carbon dioxide using 
water as a reductant. 

3. The system is able to co-ordinate the movement of four electrons, so that four 
electrons can be removed from two molecules of water in a short time and thus, 
one molecule of molecular oxygen and four (hydrated) protons can be 
generated. 

4. The movement of electrons through the pigment-containing membrane results in 
a displacement of protons from one side of the membrane to the other, and the 
energy represented by the difference in proton concentration (pH difference) 
across the membrane is used for the generation of high-energy phosphate 
(ATP), which is also used in the reactions by which carbon dioxide is reduced 
to organic compounds. 

Assimilation of carbon dioxide 

Carbon dioxide enters the plant through small adjustable openings or valves called 
stomata. Inside the plants are air spaces between the cells through which the carbon 
dioxide can diffuse to the chloroplast containing cells. In the stroma of the chloroplasts 
(the protein solution between the thylakoid membranes), the carbon dioxide reacts with 
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a phosphorylated 5-carbon sugar called ribulose-1,5-bisphosphate under the influence 
of an enzyme called rubisco: 

 

 (CH2OPO3 
2-

) . CO ⋅ (CHOH)2 ⋅  (CH2OPO3 
2-) + CO2 ⇒ 

 ⇒ 2 (CH2OPO3 
2-) ⋅ (CHOH) ⋅ COO

 - 
 
The result is two molecules of phosphoglyceric acid per molecule of carbon dioxide 

consumed. The new carbon enters one of the carboxyl groups (-COO -) and is therefore 
still not reduced. Before the reduction can take place, the molecule must be further 
'boosted' with energy by being once more phosphorylated using the ATP formed in the 
'light reaction': 

 
 (CH2OPO3 

2-) ⋅ (CHOH) ⋅ COO
 -
 + ATP  ⇒ 

 ⇒ (CH2OPO3 
2-) ⋅ (CHOH) ⋅ COO⋅ PO3 

2- + ADP+ H
 +

 

 
Reduction can now take place using the NADPH formed in the light reaction as 

reductant: 
 
 (CH2OPO3 

2-) ⋅  (CHOH)⋅ COO⋅ PO3 
2- + NADPH + H

 +
 ⇒  

 ⇒ (CH2OPO3 
2-) ⋅  (CHOH)⋅ CHO + NADP

 + + HPO3 
2- 

 
The glyceraldehyde phosphate (a triose phosphate) formed in the reaction is the first 

carbohydrate formed, and part (1/6) of it is exported from the chloroplast for further 
use (after sometimes having been temporarily converted to and stored as starch in the 
chloroplast). The other reactants are used again for the light reaction in the thylakoids.  

Most of the glyceraldehyde phosphate formed is used to regenerate ribulose-1,5-
bisphosphate so that more carbon dioxide can be assimilated. For this regeneration, one 
more molecule of ATP is used up. 

This is the simplest form of carbon dioxide assimilation described in a simplified 
way. Many plants employ more complicated methods. 

The dangerous side effects 

The energy in a photon is so high that it is not surprising that many things can go 
wrong when the plant tries to tame it.  

 The first 'mistake' can take place in the excited chlorophyll molecule. The photon 
absorption in chlorophyll results in a so-called singlet excited state of chlorophyll, i.e. 
an energy-rich state in which the electron that has changed its orbital retains its original 
'spin', and the molecule remains unmagnetised. When all goes well, the electron leaves 
the 'special pair' of chlorophyll molecules from this state. However, in a few cases, the 
electron changes its spin and the energised chlorophyll molecule becomes a di-radical, 
a molecule with two unpaired electrons. The chlorophyll molecule enters what is called 
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a triplet state. Triplet molecules easily react with other triplet molecules, and one kind 
of triplet molecule occurs abundantly in the chloroplast – ordinary oxygen. Oxygen is 
very special in that it is in the triplet state even without having received any extra 
energy. 

Oxygen is a common gas in the atmosphere, and there is plenty of oxidisable 
organic material around. Despite this, the organic material is fairly stable under normal 
circumstances. It needs to be heated to be ignited (or, as in the human body, to use 
enzymes to oxidise the organic material). The reason that all organic material does not 
burn at once without being heated is that its molecules are in a singlet state, oxygen in 
a triplet state, and singlet and triplets do not react easily. However, when triplet 
chlorophyll meets triplet oxygen they react with each other and form excited singlet 
oxygen: 

 
 chlorophyll (excited, triplet) + oxygen (ground state, triplet) ⇒ 

 ⇒ chlorophyll (ground state, singlet) + oxygen (excited, singlet) 
 
The excited singlet oxygen attacks virtually any organic molecule around, and 

therefore acts very destructively in the plant. 
The plant's main defence against this consists of carotene molecules built into the 

thylakoid membranes. Carotene has the ability to discharge the triplet chlorophyll 
molecules and turn them into ground state chlorophyll without being damaged itself. 

There are mutants of plants unable to make carotene. They can only be grown in 
very weak light. In strong light, they become completely white and die. There are also 
weed-killers (herbicides) which act by inhibiting carotene synthesis and producing the 
same effect in normal plants. 

Another thing that can go wrong, especially under circumstances when there is more 
light than carbon dioxide available, is that electrons from water, instead of being 
transferred via NADP to carbon dioxide, end up on molecular oxygen and form super-
oxide anions, O2

-. Deficiency of carbon dioxide inside the plant can easily occur under 
drought conditions when the stomata have to close to prevent loss of water vapour 
from the inner air spaces. Superoxide anions are also very reactive and the plant has to 
dispose of them rapidly. This is done by an enzyme called superoxide dismutase which 
catalyses the reaction 2O2

-
 + 2 H+ ⇒ H2O2 + O2. This is followed by reactions that 

destroy the hydrogen peroxide generated. This substance is also dangerous. 
A third thing that can happen is that the rubisco enzyme, which should combine 

ribulose-1,5-bisphosphate with carbon dioxide, makes it react with oxygen instead. 
This results in only one molecule of phosphoglyceric acid instead of two, and also one 
molecule of phosphoglycolic acid:  

 

 (CH2OPO3 
2-)⋅ CO⋅ (CHOH)2⋅ (CH2OPO3 

2-) + O2 ⇒ 

 ⇒ (CH2OPO3 
2-)⋅ (CHOH)⋅ COOH + (CH2OPO3 

2-)⋅ CHO 
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Why this happens is disputed, but many researchers regard this reaction as a kind of 
safety valve by which the plant can dispose of excess electrons from the light reaction 
when the supply of carbon dioxide is insufficient, and so avoid generation of 
superoxide anion or other problems. Algae in water can dispose of the rather useless 
glycolic acid (after having saved the phosphoric acid group) by excreting it to the 
water, while land plants have developed a rather complicated cycle involving three 
kinds of organelle (chloroplast, peroxisome, and mitochondrion) to take care of it. 

For photosynthesis to proceed in an orderly manner, photosystems I and II must 
work in step. There are special regulation mechanisms for supplying each photosystem 
with its appropriate share of excitation energy. One mechanism for regulating the total 
energy input to photosynthesis is the 'xanthophyll cycle', by which the antenna pigment 
violaxanthin (which can deliver energy to chlorophyll) in strong light is converted to 
zeaxanthin, which acts as an energy sink. 

17.5 Plant vision 

The vision of plants is so different from our own vision, that it took us a long time 
to discover that they do, in fact, possess a highly sophisticated kind of colour vision. 
This makes it possible for them to adjust to the light, their food, to 'see' competing 
plants (but in a very different way from how humans see), and to orient in time by 
comparing the daily alternation between light and darkness with their internal clock. 
Just as human colour vision is made possible by possession of several kinds of light-
sensitive pigments tuned to different spectral regions, so the plant's colour vision 
depends on several kinds of light-sensitive pigments. A major difference is that the 
plant's vision is not imaging. 

The main spectral types of 'plant visual pigments', corresponding to rhodopsin and 
other light sensitive pigments in animals are (1) phytochromes, (2) blue light receptors 
(cryptochromes and others) and (3) ultraviolet-B receptors. 

Phytochromes 

The best known group of plant light-sensing pigments are the phytochromes. There 
are several kinds of phytochrome, called phytochrome A, phytochrome B, phyto-
chrome C etc. in a plant. They have slightly different functions, but very similar 
spectral properties. They are all synthesised in a form called Pr, which has an 
absorption peak in the red region at about 660 nm. By absorption of direct daylight 
(and most efficiently by light of wavelength 660 nm), Pr is converted to another form 
of phytochrome called Pfr. This form has other chemical properties than Pr. It is, for 
instance, more hydrophobic and the conversion from Pr to Pfr can trigger a signal 
transduction chain in the cell where the phytochrome is located. Depending on the 
situation and the type of phytochrome, these events can be located in the periphery of 
the cell, and lead to transport of protons from within the cell across the cell membrane 
to the cell wall, or it can lead to effects at DNA-level in the nucleus. In the former case, 
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the phototransformation of phytochromes can lead to immediate changes in growth 
rate. In the latter, it can lead to slower, but longer-lasting changes in gene activity, 
protein synthesis, and enzymatic activities. 

The Pfr form of phytochrome has an absorption spectrum peaking at about 730 nm. 
If it is exposed to near-infrared radiation of this wavelength, it is converted back to Pr. 
Plant scientists call near-infrared radiation in this part of the spectrum (near the region 
visible to humans) far-red light. It is, in fact, visible to us, and appears to have the 
same red colour as light of 660 nm wavelength, but our eyes are less sensitive to 730 
nm than to 660 nm light. For plants however, the two wavelength bands around 660 
nm and 730 nm are perceived as completely different colours. 730 nm light reverses 
the effect of 660 nm light. 

In nature, the plant is not exposed to pure 660 nm or pure 730 nm light, but direct 
daylight has almost the same effect as 660 nm light, and light filtered through the 
canopy of another plant has almost the same effect as 730 nm light. The chlorophyll in 
the plant canopy absorbs 660 nm light present in daylight very effectively, but does not 
absorb 730 nm light at all, Therefore, the shade of a plant contains an excess of 730 nm 
light (Fig. 17-1). 

 
     Direct Daylight                           Daylight in a Beech Forest 

 

     
 

Wavelength, nm 
 

Fig. 17-1. Spectra of direct daylight and light filtered through plant canopies. The vertical axis shows 
spectral photon irradiance in mol-1

⋅m-2
⋅s-1. 

Blue light receptors 

One of the first 'blue light responses' studied in plants was phototropism, the 
bending of plant organs to (and sometimes from) the light due to unequal growth on 
the light exposed and shaded side. An obvious example is how pot-plants in the 
window grow toward the light. 
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Recent research indicates that the photoreceptor that enables the plant to determine 
light direction for phototropism is a flavoprotein called phototropin (initially 
designated NHP1 by Christie et al. (1998), but renamed by Christie et al. (1999) and 
Briggs & Huala (1999)), which is loosely associated with the cell membrane. Photo-
tropin covalently binds flavin mononucleotide (FMN – probably 2 molecules per 
protein molecule) as its chromophore. It is a light-stimulated, autophosphorylating 
protein kinase. In some way, it directs the transport of the growth hormone auxin, 
which causes bending of the plant organs by stimulating growth differently on the 
illuminated and shaded side. 

Plant organs can bend phototropically towards or away from the light. The favourite 
experimental materials for phototropism studies are coleoptiles, protective sheaths 
around the developing leaves on young grass seedlings. They react in a very surprising 
way to different amounts of unilateral blue light: After a small exposure, they bend 
towards the light ('first positive curvature'). If the exposure is increased, they bend 
away from the light ('first negative curvature'), but if the exposure is increased further, 
a 'second positive curvature' (and with even more light, a 'second negative curvature' in 
some cases) can be observed. 

Although it is light absorption in phototropin that records the direction of light, light 
absorption in other photoreceptors modifies the response: absorption in phytochrome A 
(first positive curvature) and  phytochromes A and B (second positive curvature) 
enhance the response; cryptochrome 1 (mentioned below) probably also has a modi-
fying effect. These are just a few of the many surprising examples of 'interaction of 
photoreceptors' observed in plants. 

In addition to phototropism, there are many other responses of plants triggered 
specifically by blue, violet, or long-wave ultraviolet radiation (UVA):  

• movement of chloroplasts within cells that optimise light absorption 
• reversible turgor changes, which make leaves in some plants (especially within 

the families Fabaceae and Malvaceae), follow the sun on its daily course over 
the sky 

• activation of various genes 
• triggering of various developmental processes 
• setting of the 'biological clock' (circadian rhythm) 
 
Photoreceptors for these responses have not been characterised in all cases, but 

indications are that they are not mediated by phototropin, but by an entirely different 
group of flavoproteins called cryptochromes. It is important to realise that the meaning 
of the term 'cryptochrome' has varied over time and has a different meaning in older 
literature. Cryptochrome here means flavoproteins related to the best characterised 
member of the group, cryptochrome 1. 

Cryptochrome 1 (Cry1) has an amino-acid sequence completely different from that 
of phototropin (but with one part having high homology with that of one type of 
photolyase, see Malhotra et al. (1995) and below). It binds flavin adenine dinucleotide 
(FAD) and methenyltetrahydrofolate (a pterin) as chromophores. It is likely that it 
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starts the signal transduction chain by an electron transfer (rather than by phos-
phorylation, as in the case of phototropin). Cry2 has properties and functions similar to 
Cry1 and probably also binds a flavin. In contrast to the formation of Cry1, that of 
Cry2 is strongly downregulated by blue light. 

Recently, it has been found that cryptochromes, together with phytochromes, are 
active in the setting of the biological clock and the perception of photoperiodic stimuli 
in plants, and that a type of cryptochrome also serves the same purpose in man and 
other mammals.  

One more kind of blue-light receptor in plants deserves mention. It has long been 
known that the guard cells regulating the size of stomatal pores in the epidermis of 
plants have a mechanism specifically sensitive to blue light and UVA radiation in 
addition to several red-sensitive mechanisms. With a background of red light, blue 
light strongly increases both the speed of opening and the final aperture of these pores. 
From experiments (Zeiger & Zhu, 1998), it seems likely that the molecule absorbing 
the blue light or UVA radiation for this process is the carotenoid zeaxanthin, also 
involved in regulation of the energy flow to the photosynthetic system through the 
xanthophyll cycle. 

Ultraviolet-A receptor 

Phototropin, cryptochromes and zeaxanthin all respond to ultraviolet-A radiation in 
addition to blue light. A report by Young (1992) indicating the existence in plants of a 
specific UVA receptor insensitive to blue light must be considered with caution until 
independent confirmation has been obtained. 

Ultraviolet-B receptors 

Effects of ultraviolet radiation on plants can be divided into two classes; (1) those 
that represent damage, stress or inhibition and (2) those that are regulatory responses in 
a way comparable to those mediated by phytochrome or blue light receptors. Beggs & 
Wellmann (1993) have demonstrated how they differ spectrally. Those of the former 
class generally have action spectra rising monotonically throughout the ultraviolet-B 
region (280 - 315 nm) towards the UVC region of the spectrum (wavelength less 
than 280 nm) and they seem to indicate photon absorption in DNA. Those of the latter 
class, on the other hand, peak near 295 nm in the UVB and for this reason, a specific 
UVB receptor with this absorption maximum has been postulated. 

Processes regulated by the UVB receptor include inhibition or stimulation of 
activities of various genes (e.g. Brosché & Strid, 1999). On a more phenotypical level, 
certain growth responses should be mentioned (Ballaré et al., 1995) and most 
importantly, induction of the synthesis of UVB absorbing substances that protect the 
plant against radiation damage. In higher plants, the most important class of such 
protective compounds is the flavonoids, which are deposited mainly in the outermost 
cell layer, the epidermis. In algae, both microalgae (Hannach & Sigleo 1998) and 



 
 
 

17.  Impact of UV and Visible Light  271 

 

macroalgae (Karsten et al., 1998; 1999), the concentration of mycosporine-like amino-
acids can be increased in a similar way by exposure to UVB. 

Several suggestions have been made concerning the nature of the UVB receptor. 
Galland & Senger (1998) have reviewed the reasons for believing that the chromo-
phore is a pterin. Some pterins have absorption spectra that fit very well (Björn, 1999) 
and  it  is also known that pterins are constituents of some blue light receptors and 
photolyases. Björn & Wang (2000) and Björn & Wang (2001) have pointed out the 
similarity between the UVB receptor spectra and the action spectrum for photo-
conversion of provitamin D to previtamin D in human skin, and the fact that plants 
also contain provitamin D2 as well as provitamin D3, which could form part of a photo-
receptor mechanism.  

Portwich & Garcia-Pichel (2000) studied a cyanobacterial UVB photoreceptor with 
spectral properties rather different from the receptor in higher plants. Its action 
spectrum peaks at 310 nm and has a long tail towards longer wavelengths. There are 
some indications that the chromophore in this case is a pterin. 

17.6 Damaging effects of ultraviolet radiation 

Ultraviolet radiation can damage plant cells by affecting DNA, proteins, membrane 
lipids and other compounds. One membrane protein that is particularly susceptible is 
photosystem II. Under ecologically relevant conditions, effects on DNA are probably 
the most important. 

Ultraviolet radiation can cause many kinds of change in the structure of DNA, all of 
them deleterious, but two kinds of alterations account for around 90% of all lesions, 
i.e. formation of cyclobutane pyrimidine dimers (CPDs) and formation of (6-4) 
pyrimidine pyrimidinone adducts ('(6-4) photoproducts'). These two changes are 
depicted in diagram form in Fig. 17-2. The 'Dewar photoisomer' arises from the (6-4) 
photoproduct by the action of ultraviolet-A radiation (315-400 nm wavelength). In the 
diagram, compounds based on thymine are shown, but the corresponding compounds 
are also formed with the other DNA pyrimidine, cytosine, and all combinations 
between thymidine and cytosine are also possible. 

17.7 DNA repair 

Lesions due to CPDs and (6-4) photoproducts can be repaired in a variety of ways, 
most rapidly by the action of enzymes called photolyases (separate CPD and (6-4) 
photoproduct photolyases). However, photolyases cannot repair Dewar photoisomers. 
Photolyases are active only in light (blue or violet light, or ultraviolet-A radiation) and 
under optimal conditions, can repair most of the damage in one hour. Other 'dark' 
repair systems, most important of which are base excision repair and nucleotide 
excision repair, need a longer time, of the order of 24 hours. On the other hand, the 
'dark' repair systems can handle a greater variety of lesions. Examples of such other 
lesions are pyrimidine hydration (i.e. addition of water to the double bond of thymine 



 
 
 
272 Part 3: The Plant World 

 

or cytosine), single strand breaks, double strand breaks, and cross linkage between 
DNA and protein. While CPDs and (6-4) photoproducts result from absorption of 
ultraviolet photons in DNA, many of the other lesions arise indirectly, from attack of 
radiation induced free radicals or active oxygen species on DNA. 
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The CPD photolyase in, e.g., the bacterium Escherichia coli differs in structure 

from that of plants. The E. coli photolyase, on the other hand, bears great resemblance 
to cryptochromes (Malhotra et al., 1995), and it is thought that cryptochromes have 
evolved from this type of photolyase. The resemblance lies both in a large part of the 
amino-acid sequence, and in the chromophores, which are FADH- and methenyltetra-

Fig. 17-2. Thymine residues in DNA
and different products
derived from them which
are mentioned in the text. 
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hydrofolate (a pterin). The repair is carried out by the excited FADH- by transiently 
'lending' an electron to DNA, and the methenyltetrahydrofolate acts as a rather 
inefficient antenna pigment helping to collect excitation energy for the flavin. In 
addition, Bacillus firmus and the fungi Saccharomyces cerevesie and Neurospora 

crassa have photolyases of this type (Sancar, 1994). On the other hand, plants and a 
range of other organisms (Anacystis nidulans, Streptomyces griseus, Scenedesmus 

acutus and Methanobacterium thermoautotrophicum) have a different type of photo-

lyase. This also contains FADH-, but the second chromophore is deazaflavin, which 
provides much more efficient energy transfer to the flavin, and a possibility to utilise 
light of longer wavelengths (of which there is more in daylight). This difference  
is shown on an absolute scale in Fig. 17-3. 
 

              
 

Fig. 17-3. Absolute action spectra for the two main types of CPD photolyases, redrawn from 
Sancar (1994). The spectrum for (6-4) photoproduct photolyase from Xenopus is similar in 
shape to the spectrum for that of the Escherichia enzyme shown above, but only 30% as 
high. 

Photolyase repairing (6-4) photoproducts were first found in an insect and later in 
plants, but the corresponding enzyme from the toad, Xenopus laevis, has been 
investigated in most detail (Hitomi et al., 1997). It has FADH- and probably methenyl-
tetrahydrofolate as chromophores. The quantum yield is rather low, around 0.11, 
as  compared to 0.85-0.90 for the CPD photolyases under optimal conditions 
(Sancar, 1994). This difference, in combination with the more efficient light harvesting 
of the plant CPD photolyase, makes it possible for plants to repair CPD lesions much 
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faster than (6-4) photoproducts. This more than compensates for the higher frequency 
of CPD lesions.  
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18 Response to Electromagnetic Fields 

Anders Johnsson, Ståle Ramstad & Gunnhild Oftedal  

18.1 Introduction 

This chapter outlines some effects that electromagnetic fields can exert on plant cells 

and organisms. It is a natural starting point to stress that any living cell is characterised 

by an electrical voltage across the cellular membrane separating the cytoplasm from the 

surroundings. Plant cells are no exception and they normally have a so-called resting 

potential across the membranes of the order of 50-100 mV. This represents an 

appreciable electric field across the membranes. These potentials take part in many 

important physiological processes in the plants. 

The generation of the resting potentials in individual cells is discussed below. When 

several cells are connected in multi-cellular plants, the organism is able to show 

complicated patterns of voltage variations in time and space. 

Changing electrical potentials accompany the reactions of the plants to external 

stimuli. In fact, action potentials as found in animal systems are also frequent in the 

plant kingdom. The changing potentials caused by external stimuli are usually restored 

by ion pumps that work to re-establish the ion gradients across the membranes. 

Since plants have steady state electric potentials as well as time-varying potentials, 

they can be sensitive to external electromagnetic fields and currents that can interfere 

with their own potentials. The chapter describes how external fields – both time 

varying and static – can affect plants.  

18.2 Bioelectricity of the plant cell 

A single plant cell has a cell membrane that surrounds the cell content, the 

cytoplasm. The cell membrane is often denoted the plasmalemma. Fig. 18-1 shows, in 

a rough and schematic way, some characteristic features of a higher plant cell. It can 

also be seen that particles within the plasmalemma are surrounded by membranes. 

Active ion pumps, i.e. energy requiring ion pumps, establish ion gradients over the 

plasmalemma as well as over other membranes in the cell. These ion pumps are 

proteins, often ATPases, which have many features in common with corresponding 

pumps in animal cells. Characteristics of the plant cells are e.g. a high internal 

potassium ion concentration (as compared to that of the external medium), a low 

concentration of free calcium ions and often the potential to store materials in a 

vacuole etc. 

Thermodynamics shows that a resting potential is established across a membrane as 

a consequence of the ion gradients. The magnitude of it is typically about 50 - 100 mV, 
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i.e. of the same order as in animal cells. Changes in the membrane potentials are 

caused by ion redistribution across the membranes. 

In many plant systems, active potassium ion pumps have been identified. Co-

transport of other ions may well occur (e.g. of chloride). Transport mechanisms for 

hydrogen ions, calcium ions etc. are also present. 

Movements of charges across membranes occur continuously. A complex reaction 

characteristic for plants is photosynthesis, which involves electron transport as well as 

hydrogen ion transport over membranes in the chloroplasts, see Fig. 18-1. In general, 

changes of the membrane potentials are essential features of the living plant cells and 

plant cell constituents. 

Not only basic biochemical processes, but also the growth of plant organs and the 

response to external stimuli are correlated with electric potential differences. External 

signals to the plants, like light gradients, tilting of the plant from the gravity direction, 

chemical gradients etc. cause so-called tropistic movements and curvature in plants. As 

an example: if blue light is shined on a plant shoot that is growing upwards, it will 

change its growth direction towards the light source. The phenomenon is called 

phototropism. Correspondingly, gravitropism, chemotropism etc. are terms used in 

connection with orientation with respect to the gravity vector, chemical gradients etc. 

The tropisms are all intimately connected with electric fields generated by the plant. 

The growth stimuli cause, via signal-transduction chains, physiological changes that 

involve growth hormone and ion transport within the plant. In turn, established growth 

hormone gradients cause growth changes of the organ in question so that a proper 

reorientation will occur determined by the stimulus. 

In all these growth movements, the ion transport in individual cells is coordinated at 

the tissue level. This makes it possible to generate internal electrical currents and field 

changes in the tissue. In turn, this also leads to changes in the external electromagnetic 
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fields that surround the plant. In the case of shoots, such field changes can be measured 

in the air outside the shoot. In the case of roots, the changing electric conditions lead to 

electric currents in the soil (or the medium) outside the roots. 

Examples of electric changes connected with stimulation of plant reactions are 

given in Fig. 18-2. In Fig 18-2a the electric field outside a shoot of oat has been 

recorded without touching the plant. The shoot has been exposed to blue light pulses – 

with 1, 5 or 10 seconds duration – from the side, and the potential that develops across 

the shoot is shown as a function of time. The electric signals are thus part of the plant's 

reaction chain to light stimulation. 

 
 

 

In Fig. 18-2b, a growing cress root and the current pattern generated by it are 

shown. The currents are seen to enter the root tip where growth and gravity sensitivity 

is located. Any reorientation with respect to the gravity vector changes the current 

pattern. 
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Finally, an action potential is shown in Fig. 18-3 (Bentrup, 1979). It accompanies 

the rapid movements of the leaves of the well-known Mimosa plant ('do not touch me' 

plant), which folds its leaves upon mechanical touch. Similar action potentials follow, 

for example, the leaf closure of the insect digesting plant Drosera. Sensory hairs in the 

capture organs of the plant are stimulated by insects and a rapid sequence of events 

leads to the closure of the organ around the insect. The typical time constant of the 

reaction is of the order of seconds (i.e. about 1 000 times slower than in human action 

potentials). 

To summarise, plant cells generate electric voltages and currents as part of cellular 

growth processes and in response to external stimuli. The amplitudes of the voltages 

are typically somewhat lower than 100 mV. Electric fields and currents can also be 

measured and detected outside the plants.  

The ways by which environmental electromagnetic fields can interact with the 

plants are now considered. 

18.3 Static magnetic fields can slow down plant movements 

Certain bacteria can orientate and move with respect to a magnetic field. In this 

case, the earth's magnetic field acts on magnetite particles aligned inside the bacterial 

cell in much the same way as it acts on a compass needle. 

These magnetite particles in plant cells have yet to be identified. However, the static 

magnetic field of the earth has been shown to affect the growth of the roots of certain 

plants. By compensating for the earth’s magnetic field and thus allowing plant roots to 

grow in zero magnetic field, it has been demonstrated that root growth was reduced 

(Kato, 1990 and Brady et al., 1993). The results were shown for maize and cress roots. 

The mechanisms by which the field exerts its influence are as yet unknown. 

Recently, it has been demonstrated that moving plant organs can also be affected by 

static magnetic fields. Small leaflets of the Desmodium plant move up and down with a 

rhythm of some minutes. The rhythm can be perturbed by a static magnetic field and 

the period of the rhythm can – at least temporarily – be lengthened by the presence of a 

static magnetic field. 

A second example concerns rotating movements by tendrils (who are used by 

several plant species to anchor the plant to a support). A tendril can perform an 

oscillatory movement in about 2 h, and in experiments where tendrils passed a static 

magnet in their movement, the rate of rotation was significantly increased (Ginzo & 

Décima, 1995). The magnetic flux density of the static magnets used was of the order 

of 1-15 mT. 

How can the magnetic fields exert these and other effects on the plants? The action 

mechanisms of static magnetic fields are usually discussed on the basis of two main 

principles. 

Static homogenous and inhomogenous magnetic fields can in principle act on 

moving electric charges and deflect them from their original direction of movement. If 

charged particles are moving in the plant or in the plant cell, they can therefore be 
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affected and, in turn, cause physiological changes. Cytoplasmic streaming in cells, ion 

movements in organs, pumping of ions and electrons could be such cellular targets for 

action of static magnetic fields. As mentioned, plants also generate current loops 

outside the growing root tips and these electric currents are able to change if the 

environmental magnetic field is changed. Altogether, there are several possibilities for 

static, homogenous magnetic fields to affect living plants and plant cells. The precise 

mechanisms have, however, yet to be pinpointed. 

In static inhomogenous magnetic fields, further interaction mechanisms are possible. 

So-called diamagnetic particles can be moved by such fields. They will be moved 

along the gradients in the field – diamagnetic particles toward weaker fields. In plants, 

diamagnetic starch 'grains' play a fundamental role in detecting the direction of gravity. 

They normally sediment to the bottom of the cells, thereby indicating the direction of 

the gravity vector and thus providing the balance system with a reliable gravity sensor. 

Due to their diamagnetic properties, the starch grains can be redistributed in the cell if 

exposed to an inhomogenous magnetic field. They will thus affect the growth direction 

of the plants and constitute a sensory mechanism by which the starch containing plants 

can react to inhomogenous, static magnetic fields. 

Kuznetsov & Hasenstein (1996) showed experimentally that such diamagnetic 

starch grains in cells can move in a high gradient magnetic field. It was estimated that a 

force of 10
-3

 times the gravitational force could be anticipated to act on a starch grain 

in the cell cytoplasm with a magnetic field gradient of the order of 10-100 T/cm
2
. The 

authors demonstrated significant effects on growth direction of roots by the 

inhomogenous magnetic fields. 

18.4 Static electric fields and currents can affect plant growth 

Constant electric currents affect the growth of plant and of tissue. Exposure of plant 

roots to DC currents applied transversally to the root causes changes of both the 

growth rate of roots and of the growth direction. The direction of the growth response 

seems to be dependent on the magnitude of the current density that surrounds the root. 

An example of curvature of cress roots when exposed to transversal current is shown in 

Fig. 18-4, where the direction of the curvature changes during the current exposure. 

The interest in these types of responses to current exposures is increasing. Since the 

root tip is surrounded by self-generated current loops, external electric currents can 

certainly interfere with the root processes. The pH of the medium as well as the 

magnitude of the current influences the outcome of the exposure experiments. 

Although there is a great deal of literature on the field (e.g. Stenz & Weisenseel, 1991; 

Ishikawa & Evans, 1990 etc.), the reactions and the action mechanisms are 

complicated and need further experimental work. 

Application of DC currents between leaf tips and plant roots has been reported 

to affect the rhythm that controls flowering in Chenopodium (Machackova & 

Krekule, 1991). 
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Fig. 18-4. Curvature of cress roots when exposed to trans-versal  current. 

DC currents applied through the moving leaflets of Desmodium, mentioned above, 

can deeply affect the oscillatory pattern. DC current pulses of suitable duration given in 

a special phase of the rhythm can even (temporarily) halt the rhythm. This is shown in 

the recording reproduced in Fig. 18-5. When DC currents of strength 10 to 100 µA 

were applied for some seconds to the tip of lateral leaflets, the phase of the rhythm was 

delayed. Effects of this type might be coupled to direct effects on the ion movements 

across the motor tissues in the plants. 

        
Fig. 18-5. Effects of DC currents applied through moving leaflets of Desmodium 

When it comes to possible effects caused by static electric fields, there is 

speculation as to whether the induced charge distribution of the plant in the field could 

affect the growth direction. In the case of oat shoots, this has been tested, but there do 

not seem to be any effects from static electric fields during early growth.  

However, applying static electric fields to roots can affect their growth. Unfor-

tunately, there is an experimental problem here: the roots require humid surroundings 

(medium, soil etc.) and the application of a field across the roots will generate electric 

currents that can interfere. In the case of roots it is therefore difficult to separate 

possible current effects from pure field induced effects.   
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18.5 Can dynamic electromagnetic fields affect plants? 

Time varying fields have been applied to plants in many investigations, e.g. 

investigations of possible magnetic effects. Different frequency bands have been 

studied. Possible effects caused by low intensity electromagnetic fields are of greatest 

interest since high intensity fields will deposit a significant amount of energy in the 

tissue and cause (trivial) temperature effects. 

Early growth of several plant species were studied at so-called ion-cyclotron 

resonance for Ca
2+

, and significantly increased growth due to the electromagnetic 

fields was recorded (e.g. Davies, 1996).  

Reactions to time-varying electromagnetic fields can occur via induced electric 

currents. In many studies, exposure to 50/60 Hz alternating currents has therefore been 

used. The growth rate of bean plants was affected, and the growth rate seemed to be 

dependent on both the precise frequency as well as the amplitude of the electric field 

(Mizugichi et al., 1993). Alternating current (50 Hz, 0.1-50 µA) during differentiation 

and growth of tobacco shoots increased the number of shoots (Cogalniceanu et 

al., 1998). It was proposed that the external electric currents increase the response to 

external signals like hormones and ions in the environment. Berg (1993) presented a 

review of electro-stimulation of cell-metabolism by low-frequency electric and 

electromagnetic fields.  

Plant protoplasts are plant cells where the cell wall has been removed enzymati-

cally. They are able to divide and develop into fertile, normal organisms. In a series of 

experiments, plant protoplasts were exposed to 50 Hz magnetic fields of the magnitude 

of 0.1 mT. No significant effects could be observed when it came to the survival of the 

cells or to their ability to restore the cell walls (Ramstad, pers. com.). Low intensity 

electric fields have been reported to stimulate calcium/sodium ion transport (Graziana 

et al., 1990) and cell division (Montane & Teissie, 1992) in protoplasts. 

Electroporation can be the result when relatively strong electric fields are applied to 

cells and cell suspensions. The electric field is often in the range of 0.1-100 kV/cm and 

the pulse duration typically in the millisecond range. The pulses cause changes in the 

membranes and pores that enable transfer of substances across the membranes, fusion 

of cells as well as breakdown of the cells (also apoptosis). The electroporation methods 

are widely applied in cell biology, also on plant cells. The action mechanisms could be 

understood on the bases of breakdown of the lipid structures in the membranes under 

the influence of fields and field gradients. The reader is referred to books and articles 

on electroporation.  

In a few cases, experiments on higher plants have been performed using radio 

frequency fields at low intensities. Ellingsrud & Johnsson (1993) perturbed the leaflet 

movement rhythm of Desmodium, mentioned above, using pulses of 27 MHz electro-

magnetic field. It was observed that such pulses could change the amplitude, phase, 

and period length of the rhythm. A minimum exposure 'dose' (i.e. product of exposure 

time and effect) of 8 W⋅s/cm
2
 was necessary to elicit any effect on the leaf movement. 
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18.6 Electromagnetic interaction with plants tissue and plant 

organs 

Many bioelectric events occurring in plants can be influenced by external field 

sources. When it comes to interaction mechanisms, it would be natural to assume 

them  to be basically similar in both plant systems and in animal systems. Electro-

physiological methods have unravelled ion transport mechanisms and ion currents in a 

substantial number of different plant systems. This has been studied in, for example, 

the guard cells that control the openings through which CO2 and water vapour are 

exchanged with the surroundings. In plant systems with moving organs, electric 

mechanisms have also been mapped, as for example in the leaflet movement rhythm of 

Desmodium. When microelectrodes were placed in the leaf tissue, electric potentials 

were found to change periodically in synchrony with the leaflet movements. These 

results show that there are electrical potentials generated in the same tissue that, by 

swelling and shrinking, generates the overall leaflet movements. An analogy with the 

human heart is a relevant illustration although the rhythmic oscillations are about 200 

times slower in the Desmodium tissue than in the human heart with its 1 s period.  

The specific action mechanisms by which the electromagnetic fields exert influence 

on plant tissue have not been characterised in detail. Static magnetic fields that affect 

plants may act via interaction with moving ions or charged units. As an interesting 

example, calcium channel activation can be inhibited in a type of cells by 120 mT 

static magnetic fields (Rosen, 1996). The diamagnetic properties of particles in cells 

might differ from that of the cytoplasm. In a high-gradient static magnetic field, the 

movements of such particles within the cells have been demonstrated, leading to 

physiological reactions like curvature of a shoot. 

In several cases, reports point toward the possibility that active pump mechanisms 

in cell membranes are affected via applied AC currents (effects on ATPases). How-

ever, it seems premature to discuss details about action mechanisms for the time being 

since the experimental results in the field have many facets and are in some cases also 

contradictory. In some areas, the effects are established, for example with plant root 

bending and curvature in response to transversal currents. Results from studies on 

growth effects by fields and currents are, on the other hand, not yet unambiguous and 

need to be replicated. 

The present chapter has emphasised that plants, as well as animal cells and tissue, 

can be affected by changes in the electromagnetic fields in their environment. High 

intensity, time-varying electromagnetic fields will always deposit energy in the form of 

increased temperature of the tissue. The biological effects caused by such temperature 

increases have not been discussed in the present chapter and low intensity time-varying 

electromagnetic fields have been in focus. It has only been possible to mention some 

parts of the relevant literature here. The research activities in the field are impressive 

and the interested reader should consult the specialised literature. 
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In the home, humans are not only exposed to electromagnetic fields from accessories 

in the kitchen, bathroom and living room, but also to ionizing radiation from radon in 

construction materials used in buildings as well as from the ground. Over the last 

decades, there has been an extensive increase in the use of electric energy, the 

prerequisite for the use of electrical razors, hairdryers and toothbrushes in the 

bathroom; ovens, micro-ovens and refrigerators in the kitchen; and PCs and TVs in the 

living room. The facilities all aim to provide a more comfortable, pleasant and efficient 

life. However, all items produce electromagnetic fields and the number of devices is 

increasing steadily. Mobile phones linked to radiofrequency fields are used extensively 

in the home and the workplace as  well as outdoors. In the urban environment, there 

are cables, power lines and transformers providing current supply everywhere.  

Man-made sources may produce local fields far exceeding natural background 

levels at certain frequencies. Around household appliances, magnetic flux densities 

may range from about 0.03-30 µT. Security systems in storehouses produce levels up 

to 1 000 µT, which is much greater than natural levels. Near industrial ovens, workers 

may be exposed to magnetic fields of certain frequencies up to 3 000 µT. The natural 

magnetic field background level is dominated by the static magnetic field of 40-70 µT 

from the Earth. On the other hand, time-varying magnetic fields at frequencies larger 

than one hertz, are several orders of magnitudes weaker. It is striking that such strong 

levels in man-made electromagnetic fields are produced compared to natural levels. 

This is in sharp contrast to the circumstances for ionizing radiation. 

There are people who experience symptoms that they associate with exposure to 

electricity and have sought medical advice. Electromagnetic hypersensitivity is defined 

as discomfort and a health hazard experienced by some people in the vicinity of 

electronic devices. So far, there are no general criteria for the syndrome.  

In the home, people are exposed to radon from construction materials in buildings. 

This is the main source exposing the general public to ionizing radiation. Since radon 

passes through the lungs during breathing, it represents an internal radiation source. 

With all the characteristics of an inert gas, radon isotopes have the potential to be 

carried away from their place of creation, inside porous ground or building materials. 

Thus, the indoor airborne radon gas atoms in a room either come from the building 

material or through air exchange with the ground, adjacent rooms, and outside air. In 

most cases, ventilation, air exchange between indoor and outdoor air, implies a net loss 

of radon activity as the outdoor air is low in radon. Typically, as much as 10% or more 

of the radon atoms created inside wall materials within a dwelling escape into free air. 

Considering the exposure from various radon isotopes, the radioisotope 
222

Rn and its 

progenies constitute the greatest radiation hazard to man.  

 

 

 
 
 

 

 
 

 
 

 
 

 

 
 

 
 



 

19 Electromagnetic Fields at Home 

Arnt I. Vistnes 

19.1 Introduction 

Exposure to low frequency electromagnetic fields has increased considerably over the 

last decades due to the extended use of electricity in everyday life. Exposure comes 

from various sources, like power lines outside houses, transformers near or inside 

houses, electric cables as permanent installations in houses, electrical heating in 

various forms, appliances, and transportation. 

Naturally occurring fields – Outdoors, the natural environmental static electric field 

is about 100-130 V/m, which is due to charges in the upper atmosphere. During 

thunderstorms, this field may increase to several thousand volts per metre. Natural 

occurring ELF (extreme low frequencies, 3-3 000 Hz) electric fields are mainly due to 

thunderstorms. Frequencies from zero up to a few kHz are present, but the field 

decreases with frequency. At about 8, 14, 20, 26 and 32 Hz, the field is somewhat 

larger than at other nearby frequencies. These peaks are the so-called Schumann-

resonances, corresponding to standing waves around the Earth, created by lightning. 

At  50 or 60 Hz, the natural occurring field is only about 10-4 V/m (Hitchcock & 

Patterson, 1995). 

The natural environmental static magnetic field is the magnetic field from the Earth. 

This is about 30 µT and horizontally directed near the equator, and about 70 µT and 

almost vertical near the magnetic poles. There are fluctuations in the environmental 

magnetic field. These are mainly due to solar activity and flux of charged particles 

from the sun entering the atmosphere. During high solar activity, the natural (near 

static) magnetic field may change up to 10 to 30 nT (0.01 to 0.03 µT) several times a 

day, but at 50 or 60 Hz, the magnetic field variation is only a fraction of a nanotesla. 

It is striking that at power line frequencies, the man-made fields are very much 

larger than naturally occurring fields. At ground level, a 50 Hz electric field 

of 10 kV/m under a high tension power line may be experienced, compared to the 

natural field of about 10-4 V/m. The ratio is about 108. Similarly, near a melting 

oven,  workers may experience a 50 Hz magnetic field up to 3 000 µT, while the 

natural 50 Hz magnetic field may be around 0.3 nT. The ratio becomes 107. These 

numbers are in sharp contrast to what is found for ionizing radiation, where the 

naturally occurring radiation often leads to doses comparable to doses from man-made 

sources. The difference may not be quite so dramatic if the complete ELF frequency 

band is included simultaneously. However, since the exact action mechanisms for 

weak fields are unknown, it is not possible to do so at present. 
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19.2 Power lines 

Power lines are often a dominant source of power frequency magnetic fields in local 

houses. For large transmission lines that carry a large current, the 'local area' extends to 

about 60 to 80 m on each side of the line, while for smaller power lines, the region 

extends to only about 10 m on each side. The field continues to decrease with in-

creasing distance; the numbers given refer to the distance where the field is reduced to 

0.2 µT. Fig. 19-1 shows the magnetic field for various distances from two different 

power lines and one underground cable system. Details regarding the geometry are 

given in the figure legend. The resulting field is, as pointed out in Chapter 10: 

• Proportional to the electric current  

• Inversely proportional to the square of the distance from the power line 

• Proportional to the internal distance between the cables 

 

The last two relationships are valid only at positions at least two to three times the 

inter-phase distance from the closest wire in a set. 

 
Fig. 19-1. Magnetic field from a 400 kV high tension power line, a 22 kV power line, and a set of 

three separate underground cables. The inter-phase distance is 11 m, 1.5 m and 0.5 m, 

respectively, and it is assumed that all three phases are placed in the same horizontal plane. 

The wires are placed at 14 m and 8 m above ground level for the 400 kV and 22 kV line, 

respectively, and 0.8 m below ground level for the underground cables. All magnetic field 

values refer to 1 m above ground level, in a horizontal line perpendicular to the wires, with 

the zero point directly below or above the middle phase. 

As an example, if the current is increased by a factor two, the field is also increased 

by the same factor. At a distance of e.g. 30 m away from a power line, the field is four 

times higher than at a distance of 60 m. Finally, at a distance of e.g. 30 m, the field 

from a 400 kV transmission line with phase separation of 11 m is about 22 times 
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greater than the field from an underground set of cables with a phase separation 

of 0.5 m (assuming the same current in both systems). 

Curiously, it can be noted from the Fig. 19-1 that at 1 m above ground level, the 

magnetic field from an underground wire may be higher than from a large overhead 

power line. The reason is the smaller overall distance to the underground current 

carrying cables compared to the distance to the overhead wires. On the other hand, the 

region with high fields is much narrower for underground cables than for large, 

overhead transmission power lines. Unfortunately, underground cables are often buried 

under sidewalks, so people may only be able to walk along the region where the field 

from the cables is highest. Fortunately, for transmission of moderate to low power 

through underground cables, it is becoming more and more common to use one single 

cable with the three phases packed very closely together. Then, the magnetic field is 

relatively marginal at surface level. 

Most building materials have a rather negligible effect on power frequency magnetic 

field. Thus, the values indicated in Fig. 19-1 are valid both inside and outside houses. 

In addition, there are fields from other sources, which will be discussed later. 

Electric fields from power lines are more easily shielded. Most building materials 

reduce the external electric field considerably (with the exception of glass and other 

materials with extremely high insulating properties). Thus, inside houses and away 

from windows, the electric field from an external high-tension power line is often 

reduced to a few percent of the corresponding field outside the house. In dry, wooden 

houses, the reduction is not as efficient, but even there, the reduction is considerable. 

Even living trees and other vegetation may reduce the electric field from power lines. 

Fig. 19-2 shows the electric field as a function of distance from a high-tension power 

line. The electric field is, as pointed out in Chapter 10: 

• Proportional to the electric potential (voltage) of the line 

• Inversely proportional to the cube of the distance from the power line 

• Proportional to the internal distance between the cables 

 

Again, the last two relationships are valid only at positions at least two to three 

times the inter-phase distance from the closest wire in a set. (The inverse cube distance 

law is, in fact, only valid for distances at least three to four times the height of the 

wires above ground level, and is due to induced charges at ground level resulting from 

the electric field.)  

There is no electric field above ground level from underground electrical cables. 

19.3 Transformers 

High voltages are used in the transportation of electric energy over large distances 

since the corresponding reduced current results in lower power loss. However, in 

homes and offices, lower voltages are used at the expense of higher currents for safety 

reasons. However, since there is not much wiring within a house and the current is 

distributed on several wires, the power loss due to resistance in the in-house cables is 
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acceptable. It is interesting to note that a single high tension power line of 400 kV 

carrying a current of 300 A (a normal situation) can supply about 40 000 homes with 

electric energy (even in the rich parts of the world). The power line delivers, after 

down-transformation, a total of 900 000 A locally at 230 V, or about twice as much 

at 110 V. 

         
Fig. 19-2. Electric field from a 400 kV high-tension power line, and a 22 kV power line. The 

geometrical parameters are as given in the previous figure. 

The transition between high and (relatively) low voltage systems is performed by 

electrical transformers. Transformation is often carried out in several steps, and the last 

transformer may be located near homes or even inside apartment buildings or office 

buildings. These 'in-house transformers' often yield a relatively strong magnetic field. 

Actually, it is often not the transformer itself that produces the largest fields. The 

wiring on the low voltage (high current) side of the transformer is often the largest 

problem. With more knowledge about magnetic fields, electricians could have often 

reduced the fields considerably by choosing slightly different cabling. Also, more 

knowledge among architects could have enabled better planning. Rooms adjacent and 

above in-house transformers should, ideally, only be used for storage rooms etc., where 

people do not spend a large part of their day or night. 

Fields from in-house transformers are often discovered with the introduction of 

computers. The picture on a visual display unit of a cathode ray tube type is often 

disturbed in one way or another if the external power line frequency field is of the 

order of 1 µT or larger. People may have lived in an apartment for years with an in-

house transformer in an adjacent room without having noticed anything unusual. 

However, having bought a PC or a Mac, the field may be noticed through bad picture 

quality. Many people then experience a quite difficult time before they know how to 

handle the uncertainty of possible health effects from the fields. In principle, it is 

possible to reduce the magnetic field using one or several of the strategies outlined in 
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Chapter 10, but in practice it is often difficult and prohibitively expensive. The largest 

magnetic field I have measured in a room next to an in-house transformer is 140 µT 

(at  floor level with the transformer at the basement). More typical values are 

between 1 and 20 µT (for 230 V systems). These numbers can be compared with the 

recommended maximum level of 100 µT for 50 Hz magnetic field exposure to the 

general public (ICNIRP guidelines, see Chapter 10). 

As mentioned above, the picture on a traditional visual display unit of a computer 

may 'vibrate', 'float' back and forth, become blurred, or suffer some colour distortion if 

the display unit is placed in a 50 or 60 Hz magnetic field. The field may come from an 

in-house transformer, from external power lines, or from local equipment in the house. 

The reduced picture quality may be a health hazard in itself. Headaches are a common 

problem when working with computers under such circumstances. If it is, for practical 

or economic reasons, impossible to reduce the magnetic field so much that the 

distortion disappears, use of a more modern, thin, flat-screen display unit that is not 

based on a cathode ray tube could be considered. Such units are very resistant to 

picture quality degradation due to external magnetic fields. 

19.4 Electrical cabling 

The usual electrical cabling in houses, apartments and offices are also sources of 

electromagnetic fields. The magnetic fields are normally weak since they tend to cancel 

each other out because of the two close-lying current-carrying wires within a single 

cable (as discussed before). However, in cases where a 'forth-current' wire does not 

follow closely to a 'back-current' wire, larger magnetic fields may appear. A typical 

example is the so-called one-conductor heating cables in floors. Fields up to 30 µT can 

be measured at floor level in children's day-care centres with one-conductor heating 

cable. For two-conductor heating cables, the magnetic field is often negligible.  

Several different electrical systems are used in the world. Even within a single 

country, several systems may be in use simultaneously. In Norway, for example, at 

least three different systems are in use with the following codes: IT, TN-C and TN-C-S 

systems. In the IT system, appliances are coupled directly between two phases, while in 

the TN systems, the appliances are coupled between one phase and ground. Although 

these systems will not be considered in more detail here, it is worth mentioning that 

they differ in the use of grounding systems (use of protective earth). 

The differences in electrical systems reveal interesting details regarding magnetic 

field. For the IT system, no current normally follows the ground cables (protective 

earth). In every part of the cables, there will be a perfect match between 'forth-current' 

and 'back-current', and the magnetic field is as low as possible. For the TN-C system, 

however, a current normally flows through the ground wire (protective earth). Since 

protective earth is often connected to water pipes in houses, some current will choose 

to follow the water pipe and ground back to the last transformer before the house. 

Thus, there will normally be some mismatch between the 'forth-current' and 'back-
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current' in some part of the electrical cabling in the house/apartment/office building. 

The effect can be called 'vagabond currents' (current on its own track). 

The presence of vagabond currents implies higher magnetic fields. The reason is 

given in Chapter 10: The magnetic field from a single, straight, current-carrying wire is 

inversely proportional to the distance in first power, while the field from a couple of 

wires is inversely proportional to the square of the distance. A mismatch between the 

'forth-current' and 'back-current' at some point (due to vagabond currents) can be 

regarded as the sum of a matched pair plus one single wire completely unmatched. Due 

to vagabond currents, the background level in Swedish homes (mostly TN-S systems) 

was found to be about 0.1 µT which is nearly twice as high as the background of about 

0.05 µT in Norwegian homes (mostly IT systems). 

Imbalance in an electric system due to vagabond currents may even influence the 

magnetic field from distribution lines in a neighbourhood. For the large transmission 

lines, the imbalance is often almost negligible. 

Electric field currents from electrical cabling are mostly moderate. The background 

level in homes with a 230 V system is often between 3 and 30 V/m. The level might be 

even lower in kitchen and bathrooms, where the electrical cables are grounded. These 

numbers can be compared to the electric field of 5-10 kV/m at 1 m above ground level 

beneath a high-tension power line. The numbers can also be compared with the 

recommended maximum level of 5 kV/m for 50 Hz electric field exposure to the 

general public (ICNIRP guidelines, see Chapter 10). 

There is an interesting difference between electric and magnetic fields from 

electrical cabling in buildings. The magnetic field is proportional to the current, and 

there is no magnetic field from a cable e.g. to a lamp if the lamp is turned off. On the 

other hand, the electric field is proportional to the electric potential (voltage). Even if a 

lamp is turned off, the wires may have about the same voltage as when it is turned on, 

at least in IT systems. This is due to the fact that most switches only break the 

connection in one wire. To completely eliminate the electric field from electrical cables 

in houses when there is no current, switches that break both wires (two-pole switches) 

must be used. (As an illustration, fluorescent tube lamps may have a very faint light 

even when switched off. If two-pole switches are used for such lamps, the faint light 

disappears all together.) 

19.5 Appliances 

Appliances and every other kind of equipment powered by the mains will produce 

electric and magnetic fields. In general, the more power the equipment uses, the higher 

the magnetic field. However, this rule of thumb is so crude that it is not very useful. 

Another rule of thumb is that an appliance working at 110 V often produces higher 

magnetic field than similar equipment working at 230 V because a higher electric 

current is needed at 110 V to keep the power at the same level. A third rule of thumb is 

that appliances with a motor often produce greater magnetic fields than those without a 

motor. Finally, poorly documented, cheap equipment used when connected to the 



 

 

 

292 Part 4: Residential Areas 

mains seems to produce more magnetic fields than more expensive and battery 

operated equipment. 

Electric razors are a popular example of equipment that produces high magnetic 

fields. In literature, '1
 
500 µT at 6 cm distance' is often listed. Where this number 

originally came from I do not know, but it has proved to be very widely used. The 

highest value I have ever measured on a 230 V electric razor was less than 100 µT 

at 6 cm distance, and the electric razor I now use gives only about 1 µT at this distance 

(at a slightly higher frequency than power frequencies). 

These examples of field values indicate two important aspects of field exposure: 

• A large variety exists in how much electromagnetic field a given kind of 

appliance produces. Equipment from one manufacturer may give off a far 

smaller magnetic field than equipment from another and there may even be 

large variations from one type to another from the same manufacturer. 

• Since the magnetic field decreases with distance from an appliance, the 

distance a given field value refers to must be specified. 
 

                 
Fig. 19-3. Magnetic field from an old 230 V, 50 Hz electric razor, measured along a vertical line at 

different distances from the blades 

Let us discuss the last point first with an example from an old electric razor of mine. 

Fig. 19-3 shows the 50 Hz magnetic field as a function of distance from the blades with 

the razor oriented as during normal use. The magnetic field was measured along a 

vertical line and the distance is given relative to an adult human body. As can be seen, 

this razor gave a field of about 60 µT at about 3 cm distance from the blades (as close 

as possible with the probe used). We see also that the field value decreased to 

about 0.03 µT at a distance corresponding to my toes. This means that the magnetic 

field varied by a factor of more than one thousand from one part of the body to another. 

Which number should then be given as a 'typical value' for the exposure? The answer 

to that question is still unknown, but is closely connected to the question of how to 
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define a 'dose' of low frequency field exposure in general. That problem will be 

returned to later in this chapter. 

     
Fig. 19-4. Magnetic field at different positions close to a 1000 W (230V) heating element of an 

electrical stove 

In a kitchen, the heating elements in a stove are often the most important source of 

magnetic fields. Fig. 19-4 show some values for the 50 Hz magnetic field measured at 

different positions close to one particular 1 000 W (230 V) heating element when it 

was turned on at full power. The maximum field of 32 µT was found just above the 

centre of the heating element disk. However, at 0.5 m distance from this spot, the field 

dropped to 0.09 and 0.04 µT for displacements in the vertical and horizontal directions, 

respectively. The electric fields from the stove were negligible due to the grounding 

required in kitchens. 

Other equipment in the kitchen may also give relatively high magnetic fields, e.g. 

food processors and other equipment that contain an electrical motor. The levels may 

be comparable to the one given for the stove heating element mentioned above, but 

most often, the levels are lower. A particular toaster tested gave e.g. a magnetic field 

of 4.6 µT immediately above the toaster, but the level had dropped to 0.7 µT at 0.2 m 

distance, and 0.1 µT at 0.5 m distance. A refrigerator has a motor (the compressor) and 

should be a candidate for relative strong magnetic fields. However, the motor is placed 

at the back of the fridge, and the fields in the front are therefore weak. For one 

particular fridge, the field varied from 0.1 to 0.6 µT immediately in front of the door, 

and had dropped to below 0.1 µT at a distance of 0.5 m from the door. The background 

level in most homes is somewhere between 0.01 and 0.1 µT. The numbers could also 

be compared with the recommended maximum level of 100 µT for 50 Hz magnetic 

field exposure to the general public (ICNIRP guidelines, see Chapter 10).  

In order to give reasonably correct information regarding the field a specific 

appliance produces, it might be useful to make a graphical representation that shows 

both the equipment and normal working distance to the equipment. Fig. 19-5 is an 

example of this. Here, several common sources of low frequency electromagnetic 

fields are presented along with a grey-scale code indicating different levels of magnetic 
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fields. Such illustrations may be far more informative than a simple list of field levels 

at one or two distances. However, illustrations like this (including the measurements 

involved) are quite time-consuming to produce! 

                
Fig. 19-5. Low frequency magnetic field from various sources (230 V). The field varies with the 

distance from the sources. In the case where the source is a power line, the variation within 

the size of a man is so small that it appears as constant in this plot.  

Note the relatively high field value from the microwave oven in Fig. 19-5. This 

result is not due to the field from the microwaves itself. The shielding of the high 

frequency fields in the microwaves was quite efficient. Immediately outside the slit 

between the door and the rest of the microwave oven, the level of microwaves was at a 

comparative level to being a few centimetres away from a mobile telephone. Thus, 

the 
 
high level of power frequency magnetic field seems to be an example of bad 

(electrical) design rather than a necessity of the equipment itself. 

Other examples of bad electrical design are found among cheap clock radios, where 

the power frequency magnetic field close to the surface may be up to about 100 µT 
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(more typically 10-20 µT) even if the power consumption is quite negligible. People 

that like to place such a clock radio very close to the pillow in their bedroom may have 

a magnetic field exposure at the head region of their body exceeding the exposure 

levels in houses near large power lines. 

Electrical lights may also be a source of both electric and magnetic fields. 

Fluorescent lamps often produce a higher magnetic field than incandescent lamps. 

When a 2×40 W (230 V) fluorescent lamp was tested, it had a magnetic field of 2.7 µT 

around the fluorescent tubes in the middle of the lamp. At a distance of 0.5 m the field 

had dropped to 0.18 µT. In contrast, a 75 W (230 V) incandescent lamp produced a 

magnetic field of only 0.12 µT at about 0.02 m distance (as close as was possible to the 

active part of the probe.) Modern halogen lights that operate at 12 V often produce 

considerably higher magnetic fields than incandescent lamps operated at 230 

(or 110) V. On halogen lamps, there also has to be some kind of transformer, and the 

transformer itself may also be a considerable source of magnetic fields. Thus, it is 

advisable to keep the body some distance (of the order 0.5 m) away from such 

lamps/transformers to minimise exposure. Television sets produce very much the same 

kind of electric and magnetic fields as a traditional computer terminal before the 'low 

radiation' certification started (see next few paragraphs). However, most people watch 

a television set from a greater distance than people watch a visual display unit of a 

computer. Therefore, the exposure during television watching is usually negligible. 

Children that sometimes watch a television set at much closer distances, may be 

exposed to levels that exceed that of a computer operator by a factor of five or more. 

19.6 Computer displays 

There has been considerable interest in the electromagnetic fields from computer 

terminals and in particular, from visual display units (VDUs) of the traditional cathode 

ray tube (CRT) type (modern plasma display panels or similar will be briefly covered 

below). 

Traditional VDUs are the most complicated source of low frequency electro-

magnetic fields that I know of. The equipment uses power from the mains, which 

implies that it will also both produce power frequency (50 or 60 Hz) electric and 

magnetic fields. The picture is drawn on the display unit by directing a tiny beam of 

electrons to various parts along the inside of the front glass surface, which is covered 

with phosphorus dots or lines that emit light when hit by the electrons. The electron 

beam is directed to each dot or line by means of magnetic fields inside the CRT. Some 

of the directing field also leaks into the surroundings, both magnetic and electric.  

The picture is composed by drawing one horizontal line after another from the top 

of the unit to the bottom and then starting over again (see Fig. 19-6). The unit uses 

about 10-30 µs on each line depending on the resolution of the unit. This corresponds 

to a primary frequency ('line frequency') of 30-100 kHz. The unit uses about 6-20 ms in 

order to draw one complete picture, from top to bottom. The corresponding primary 

frequency ('picture frequency' or 'refresh rate') is 50-160 Hz. The fields vary far from 
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harmonically ('sinusoidal') with time, which implies that a frequency analysis reveals a 

number of higher harmonics to each primary frequency (see Fig. 19-7). In addition to 

all these different frequency components of both electric and magnetic fields, there is a 

static electric field caused by the high voltage used to accelerate the electron inside the 

CRT. In old VDUs, the front glass could have an apparent surface potential of several 

thousand volts. 

                

Fig. 19-6 The principle of drawing a picture on a traditional VDU for computer use. See the text for 

more details. 

         
Fig. 19-7. Example of the time variation of the electric and magnetic fields produced by a VDU. Note 

the different time scales on the diagrams that show the combined power frequency and 

refresh rate frequency fields (at the top) and the diagrams that show the line frequency fields 

(at the bottom). 
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To make the field picture even more complicated, the various field components are 

at their maximum at different orientations relative to the VDU, and the field direction 

itself (remember that fields are vectorial quantities!) is different for the different main 

categories of frequencies. It takes hours to characterise the fields from one single VDU 

if it is done properly! 

A Swedish testing organisation (MPR, later taken over by TCO) has developed a 

testing protocol on how to standardise measurements of VDUs. They compared a lot of 

different VDUs, and found that some produced much weaker fields than others. In 

order to influence the manufacturers to try to produce VDUs with as low leakage fields 

as possible, MPR established in 1987 a 'low radiation' standard based on available 

practical measurements. VDUs that had less leakage fields to their surroundings than 

specified by the standard could be classified as 'low radiation' VDUs. This standard-

isation had an important impact on the manufacturing of VDUs and today, most 

serious computer companies only sell 'low radiation' display units. 

The field values from various 'low-radiation' VDUs can be given indirectly by 

referring to some details in the certification criteria from TCO (per 1997): 

• Static electric field: The front of the VDU should have an apparent surface 

potential less than 500 V. 

• Power frequency and refresh rate frequency (combined) magnetic field 

should be less than 0.25 µT at 50 cm around the VDU. 

• The corresponding electric field should be less than 25 V/m at 50 cm in front 

of the VDU. 

• The line frequency magnetic field should be less than 0.02 µT at 50 cm 

around the VDU. 

• The corresponding electric field should be less than 2.5 V/m at 50 cm around 

the VDU. 

 

Today, there is less focus on possible health hazards from working in front of VDUs 

than there was in the late 1980s and in the first half of the 1990s. The reason is less 

alarming results from the latest epidemiological and model studies, combined with the 

reduced field values due to the introduction of 'low-radiation' units. 

Modern plasma display, active matrix, liquid crystal and similar panels used in 

laptop computers and also more and more often in stationary PCs, usually have far 

lower both electric and magnetic fields than the traditional VDUs. However, since 

these panels also use electricity, they do produce both electric and magnetic fields. 

'Field-free display units' are therefore only an illusion used in some marketing of such 

panels. The frequencies involved are different from those found in the traditional 

VDUs. 

19.7 Problems with electrical fields 

In most of the discussion on fields from appliances, most focus has been on 

magnetic fields. Is not the electric field also of interest? 
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There are different opinions on this, but one important reason for less focus on 

electric fields is certainly related to measuring problems. Low frequency magnetic 

fields can be measured easily since the body and most materials do not perturb such a 

field. Low frequency electric fields, however, are very easily disturbed. In order to take 

a 'non-perturbing measurement' of an electric field, the operator has to be at least one 

to two metres away from the measuring probe. That makes electric field measurements 

far more challenging than measuring magnetic fields. 

In the MPR/TCO low radiation standard, another approach was chosen. In that case, 

an electric field probe was used that certainly does perturb the electric field. The probe 

was also grounded so that it became immune against perturbations from nearby 

operators or other equipment. The procedure was useful in order to compare one VDU 

with another. However, a similar standardised procedure using a grounded probe seems 

to be almost impossible to develop for a general electrical measurement situation; at 

least if the results of the measurements are to be representative of what typically 

happens in a human body when close to the various sources. 

Let us take a simple example to illustrate the difficulties involved in measuring 

electric fields. Assume we place a 1 × 1 m plain metal sheet horizontally 1 m above the 

floor in a house, with nothing between the plate and the ceiling. The plate is connected 

to a 12 V AC power frequency source. The true electric field is then about 10 V/m 

above the central part of the plate. The true field will vary very little with distances up 

to about 20 cm above the centre of the plate. If attempts are made to measure the 

electric field by a grounded probe similar to the ones used in the TCO certifications, 

the result would be quite different. The field would be about 120 V/m if the probe were 

placed 10 cm above the plate, and 1 200 V/m if the probe were placed only 1 cm above 

the plate! The field is actually changed dramatically (by more than a factor of 100) by 

the introduction of the measuring device. 

As pointed out, inherent problems exist when measuring electric fields. Further-

more, there is a lack of understanding of what kind of field measurements are most 

representative of what happens in the human body when exposed to such fields. These 

problems make it likely that the electric field studies will also be less popular than 

magnetic field work in the years to come. 

19.8 Electromagnetic fields and transportation 

Regardless of whether we travel by a common petrol engine car, an electrical car, 

train, subway, tram, or aeroplane, we are exposed to low frequency magnetic fields 

produced locally. The frequency is normally not 50 or 60 Hz in most of these 

examples, but varies with a primary frequency between 0 and 400 Hz. In common 

petrol engine cars, the magnetic fields come from the ignition system, electric fans and 

all other electrical systems in the car. The field value can be of the order of a few 

microtesla, but such field values are often restricted to near/under the dashboard and 

near the engine. 
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Electrical cars may produce large magnetic fields in principle, but the field values 

will strongly depend on how the electrical wiring is carried out. Representative 

measurements are not readily available so far. 

Trams, underground trains and main-line trains all get their power from a power line 

(contact line) and the tracks. There are many different systems in use. In Norway, the 

tram and subway systems use direct current (DC, zero frequency), while the trains 

use 16 ⅔ Hz (one third of 50 Hz).  

If direct current is used, the magnetic field produced could be compared with the 

static magnetic field of the Earth (between 50 and 70 µT). The magnetic fields 

produced by a tram or subway are seldom higher than 10 to 100 µT, which is 

comparable to the natural static field. It should be remembered, however, that the 

magnetic field from a tram or subway is only quasi-static since it varies from about 

zero to about the maximum value within seconds as the driver of the tram changes 

power during driving. In that respect, possible health effects might still be of interest. 

         
Fig. 19-8. Electrical voltage and current for a typical train track 

With trams, the subway and trains, most people think of the power line (contact 

line) as the dangerous part. The tracks seem quite innocent. The reason is that the 

tracks do not carry any high voltage. In fact, the voltage may be close to zero. 

However, the tracks carry an electric current comparable to the current in the contact 

line (see Fig. 19-8). The current flows even if the train is not in the immediate 

neighbourhood. The current can be several hundred amperes, leading to quite a strong 

magnetic field, at least close to the tracks. When an overhead contact line is used, the 

passengers are placed in between the contact line (the 'forth-current') and the tracks 

(the 'back-current' or 'return current'). In this region, the fields from the two 'wires' add 

constructively. Therefore, the field becomes larger than if only one 'wire' is present. On 

the other hand, most trains are made from metal and, even if the metal walls only give 
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a rather moderate shielding from low frequency magnetic fields, the reduction is easy 

to prove. 

There are several different electrical systems used in railroads in different countries. 

In some systems, efforts are made in order to keep the return current in the tracks. In 

other systems, current is free to leak out in the nearby ground (soil). The field in houses 

near the railway will depend heavily on this difference. In Norway, the policy is to 

keep as much of the return current as possible in the tracks (as low 'vagabond currents' 

as possible to use an expression from above), leading to relatively low magnetic fields 

in nearby houses.  

The amount of current through the ground was experimentally determined during a 

particular test situation. One typical railroad section was closed one night and the 

currents in the contact line and the tracks were kept constant for a period of hours 

while we measured the field from the railway. The result is shown in Fig. 19-9. We 

used a so-called log-log plot in order to follow the field accurately for four different 

magnitudes. Based on these measurements, it can be concluded that only about 5 

percent of the return current passed through the soil. Thus, the magnetic field was 

reduced according to the inverse square law up to about one hundred metres away from 

the tracks. Past that distance, the field from the 5% imbalance took over and from 

thereon was only reduced according to an inverse first power law. 

The first point in the graph indicates that the magnetic field 1 m above track level 

was about 40 µT at a current of 290 A, which is a typical peak current on this particular 

railway. 

          
Fig. 19-9. Magnetic field from a railway: measured and theoretically calculated values. The theoretical 

calculations were based on 5% imbalance (electrical current through the soil). The current 

was kept constant during the measurements. 
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In normal use, the current varies a great deal when trains traffic a railroad. 

Fig. 19-10 shows the magnetic field recorded at a location a few metres away from a 

train track. The magnetic field close to a power line, especially large transmission 

lines, varies much less and much more slowly than the fields from railroads. Thus, it is 

difficult to compare exposure from power lines and exposure from railways. 

          
Fig. 19-10. Magnetic field at a fixed position a few metres away from a railroad with normal traffic 

The exposure for a passenger is somewhat different to the exposure of a neighbour 

to a railroad. Without going into detail, it depends on segmentation of the railroad. The 

engine driver receives a third kind of exposure due to the magnetic field exposure 

produced by the engine and local electrical system. The exposure of the engine driver 

is covered in Chapter 10. 

The results from a few studies indicate that there might be some health impact on 

locomotive crew (engine drivers). I am not aware of any study on passengers, no 

increased cancer incidence was found among linemen who spend large parts of their 

working day along tracks of an electrical railway (compared to linemen working on 

non-electrified railways). 

19.9 Theft alarms 

In many shops, alarms are installed to prevent people from stealing. At the exit of 

the shop, a special device is placed in order to detect the particular marking device 

('tags') fastened to the merchandise. Several systems are in use, but in most cases, only 

weak radio frequency fields are involved. For some systems where the marking is not 

removed, the marking tags are deactivated by a strong, magnetic field pulse. I have 

heard stories that indicate that the field from one particular type of tag's deactivation 

device might be large enough to trigger nerves at the cashier's lower arm (so-called 

acute effect mentioned in Chapter 10). The field is probably quite harmless for the 

customer, but could have health implications for the cashier. Systematic measurements 

are required in order to explore this hypothesis further. 
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19.10 Exploration of exposure 

Exposure to low frequency magnetic fields can principally be explored in two 

different manners. The field from various sources can be measured at different 

distances from the sources, the movement of people registered and thus, a possible 

typical exposure situation over minutes, hours or days constructed. This method is 

based on what are called 'spot measurements'. 

In the other procedure, the subject carries an instrument that regularly (e.g. every 

fourth second) registers the magnetic field and stores it in a memory. After a day, the 

data can be downloaded into a computer and analysed further. This method is based on 

'personal dose-meters'. 

Both methods have their strengths and weaknesses, but are not considered in detail 

here. However, it should be stressed that measurements only have a limited value as 

long as the exact mechanism by which weak fields have an effect on the body is not 

known. 
  

           
 

Fig. 19-11. Magnetic field recording with a personal dose-meter for two different children. At the top, is 

a part of the data shown for a girl living in a house far from a power line. At the bottom, the 

corresponding data is shown for a boy living in a house only about 10 m away from a trans-

mission line. The boy passed under the line on his walk to the school. 

Fig. 19-11 shows magnetic field recordings from two different people carrying a 

personal dose-meter for 24 hours (only a fraction of the total time lapse is shown). The 

most direct use of such diagrams is the possibility to identify sources of the strongest 

field values and to describe the exposure qualitatively. Other use of the data is more 

questionable as the following are not known: 
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• Whether it is the mean value or some peak values that determine a possible 

biological effect. 

• Whether it is the arithmetic or the geometric mean, or the median that is of 

most interest (these three numbers may differ considerably). 

• Whether it is the mean value during a typical day, or the accumulated 'dose' 

(calculated as mean value times time) over years that matters. 

• Whether it is more 'dangerous' to have an intermittent type of exposure or a 

steady state value provided that the mean value is the same. 

• Whether it is only periods when the magnetic field is above a certain level 

that matter. 

• Whether exposure in some part of the body is of more interest than in other 

parts. 

• Whether exposure at night is more important than exposure in daytime. 

• Whether kids and pregnant women are more vulnerable to exposure than 

other people. 

• Whether or not there are people particularly sensitive to electromagnetic 

fields. 

As mentioned before, the answers to these questions are unknown, and this fact puts 

a very serious limitation to e.g. epidemiological studies. In most of these studies, 

exposure is given as one kind of time-weighted average. The effective 'dose' for a 

particular biological effect may, in the future, turn out to be described by a quite 

different measure. The association between e.g. magnetic field exposure and the 

particular biological effect may then turn out to be much stronger than it may seem 

today. However, since we do not know the answers, all this is pure speculation. 

What we do know is that the statistical association between health effects and 

exposure to moderate to weak low frequency electromagnetic fields at the present is 

weak. The result is that the scientific community is divided in two almost equally large 

groups. One group thinks that the biological effects are real and may lead to either 

beneficial or deleterious effects depending on the circumstances. The other group 

thinks that weak fields do not have any biological effect at all. On the other hand, 

almost everyone agrees that acute effects appear at exposure to strong fields. However, 

acute effects often require field values in the order of 1 000 µT or higher to occur, and 

as we have seen from our survey, exposure to such large fields is very rare indeed. It 

only happens for particular workers at very special workplaces. 

In order to present some of the details regarding exposure situations indicated by the 

points on the previous page, exposure matrices can be described in a graphical way as 

indicated in Fig 19-12 and 19-13. The exposures of different categories of people are 

given in three-coded bars, where exposure for the whole body, 24 hours a day, is the 

base. Exposure for shorter periods a day is the next measure of exposure, and exposure 

for a short time to only parts of the body are the last category. In all categories, the bars 

are chamfered, indicating the normal interval in field level found within the group of 

people. Two different diagrams are drawn in order to point out that exposure to static 

(or quasi-static) fields may have a quite different health effect than time-varying fields.  
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Fig. 19-12. Typical exposure levels of static magnetic field for some selected groups of people 

  
 

Fig. 19-13. Typical exposure levels of time-varying (mostly power frequency) magnetic field for some 

selected groups of people. The numbers refer to Norway where the 230 V, IT system is used 

in most places. 
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Diagrams like those in Fig. 19-12 and 19-13 can be drawn in many different ways, 

but the statistics behind the diagrams may be rather poor. In spite of this, these 

diagrams often remind the reader of the complexity of exposure in a better way than 

when simple tables giving only the estimated mean values are used. 
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Box 19 - Electromagnetic Sensitivity 

Olav Albert Christophersen & Rauno Pääkkönen 

 
Symptoms connected with electricity have been the subject of several studies, e.g. Liden 

(1996). There are people who experience symptoms that they associate with exposure to 

electricity and have then sought medical advice. They believe that hypersensitivity to 

electromagnetic fields has caused their symptoms. Electromagnetic hypersensitivity has also 

been falsely called an allergy to electricity. The symptoms linked to electricity cannot be 

defined medically as an allergy. This is similar to when  an asthma attack is provoked by 

tobacco smoke, photochemical smog, physical exercise or cold – these are also non-allergic 

hypersensitivity reactions. Smith et al. (1989) has explored electromagnetic sensitivity from a 

historical perspective. They assume one  cause of the syndrome may be Schumann radiation, 

which is created by the resonance between the earth and the ionosphere in the frequency range 

of  1-30 Hz. According to Smith et al. (1989) Nikolai Tesla (1856-1943) exposed himself to 

several electromagnetic fields and was the first person to become sensitive to electricity. They 

reported that Tesla became sensitive to sunlight, sound, and touch and his heart rate varied 

drastically (from a very low heart rate to 150 beats a minute). He also suffered from prickling 

of the skin and trembling. Research on symptoms associated with electricity was first initiated 

in Sweden and Norway at the beginning of the 1980s. At first, the symptoms associated with 

work with video display units (VDU) were heating, flushing and prickling of the skin. Later, it 

was noted that patients also suffered from symptoms of the nervous system, the senses, the 

upper respiratory tract or the abdomen. The most prevalent symptoms of these patients 

involved the autonomic nervous system (headache, dizziness, nausea, tiredness, concentration 

difficulties and high heart rate). The symptoms often appeared after skin symptoms. Electro-

magnetic sensitivity or sensitivity to electricity may be defined as discomfort and a health 

hazard that some people experience in the vicinity of electronic devices. There are no general 

criteria for the syndrome. The symptoms are associated with other causes as well. They are 

general in nature and thus cannot be considered characteristics specific to electromagnetic 

sensitivity. As few as 10% of all symptoms can be proved to have a somatic origin or to be 

caused by an illness. The description of symptoms of sensitivity to electricity varies in 

different countries, partly because of the difference in emphasis. The symptoms are more 

common amongst women, but they are not specific and seem to reflect a combination of 

effects. Symptoms associated with indoor climate and electrical fields occur in office work, 

which has rapidly changed in the past years. The symptoms of people sensitive to electricity 

are real, even though the causes of the symptoms remain unclear. There is no scientific proof 

of a connection between electromagnetic fields and sensitivity to electricity. Most of the 

symptoms are manifested in skin diseases that are connected with exposure to VDUs and 

fluorescent tubes. The symptoms disappear gradually either by themselves or with the help of 

realistic information and attitudes. Few patients develop long-lasting neuraesthenic symptoms 

that can be provoked by any kind of electrical device. Stress, mental pressure and workload 

seem to have an impact on symptoms. 
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Possible mechanism of electromagnetic sensitivity  

Assuming that the phenomenon of electromagnetic hypersensitivity is real, it is logical to 

ask whether it is possible to find any plausible biophysical and physiological mechanism that 

could help explain it. In principle, the problem may be divided in four parts: an anatomical 

substratum (which cell types are responsible?) must be found. There must also be a sensor 

mechanism, an effector mechanism and finally, a transducer or signal transfer mechanism 

intercalated between sensor and effector. If leukocytes are involved, it would mean dealing 

with some kind of immunological phenomenon. The other main alternative is that the problem 

is related to some form of abnormal hypersensitivity mediated by nerve and/or sensory cells. 

Symptoms described by patients suffering from electromagnetic sensitivity seem eminently 

compatible with the hypothesis that the problem may be a process of neurogenic inflammation 

mediated by C-fibres. C-fibres are very thin, unmyelinated nerve fibres (with different 

subtypes). A typical C-fibre has simultaneous sensory and secretory functions. C-fibres can 

react to high temperatures and to a broad variety of chemical stimuli, including reactive 

oxygen species and low extra-cellular pH and to various other physiological signal molecules 

that may function either as stimulators or inhibitors of C-fibre activity. They may perhaps be 

best described as multifunctional chemosensors that participate in the neural regulation of 

both normal physiological and pathophysiological processes. High levels of C-fibre activation 

produce sensations of itching, burning or pain (depending on the particular subtype involved). 

However, C-fibres can also release neuropeptides with potent vasodilatory and/or pro-

inflammatory effects (Barnes, 1996). In this way, they may either elicit or amplify inflam-

matory responses. A typical example is the reddening of the skin following an insect bite 

(which is caused by a so-called axon reflex involving different branches of the same nerve 

cell). Neurogenic inflammation is also important in asthma. It has been shown that protein 

kinase C participates in a signal pathway causing C-fibre sensibilisation (Aley et al., 2000) . 

Protein kinase C, however, can be activated by oxidative stress (Ogata et al., 2000). In order to 

explain the phenomenon of electromagnetic sensitivity, the nature of a new and completely 

abnormal sensory modality needs to be determined, namely the capa-city to react to weak, 

low-frequency electromagnetic radiation. Is it possible to find any type of biomolecule that 

without violation of well-established physical laws might be capable of functioning as the 

kind of molecular sensor necessary? It seems logical to firstly look for protein molecules, 

which are known to have sensory functions in normal cells, and which also contain unpaired 

electrons (e.g. in the form of unpaired d-electrons in some transition metal atom, such as 

Fe
 2+

). An unpaired electron behaves like a tiny, but extremely powerful magnet, which 

because of its powerful dipole character can be influenced by very weak external magnetic 

fields. It is known, however, that biosensor molecules with the required properties have in fact 

a very wide distribution among different life forms, since they are found both in bacteria and 

in man – namely in the form of ferredoxin-like iron-sulphur proteins that function as redox 

sensors, which participate in regulating the expression of various redox-sensitive genes 

(Rouault & Klausner, 1996). 

Is it possible to conceive of some mechanism that could change the behaviour of this kind 

of biosensor molecule in the desired direction so that it might help to solve the problem? The 

iron-sulphur-proteins contain clusters of iron and sulphur atoms co-ordinated with each other. 

There are two different kinds of sulphur positions, namely thiol groups (on cysteyl groups) 

and sulphide ions. While the thiol positions will always be occupied by sulphur, sulphide 

 



 

 

 

308 Part 4: Residential Areas 

 

positions can be occupied either by sulphide or selenide (cf. Diplock, 1974). Selenide ions 

make stronger bonds to ferrous iron, as compared with sulphide. The substitution of sulphide 

with selenide must therefore be expected to change the redox behaviour of the iron atoms: it 

will presumably become more difficult to oxidise one of the iron atoms from ferrous to ferric 

in a situation where the protein contains more selenide and less sulphide.  

Could this kind of biosensor molecule also function as a sensor of weak, low-frequency 

electromagnetic radiation? A situation could be imagined where – following abnormal 

depression of the standard redox-potential of the cluster because of sulphide substitution for 

selenide – a redox reaction between the iron-sulphur cluster and oxygen has become thermo-

dynamically feasible, but is still kinetically very sluggish. A variable magnetic field inter-

acting with unpaired d-electrons in the ferrous iron atoms might, nevertheless, be enough to 

overcome a small activation energy barrier, thus causing the reaction to proceed considerably 

faster than it otherwise would. Only one electron needs to be moved from an iron atom to an 

oxygen molecule in order to activate one of the protein biosensor molecules. The signal can 

then be amplified by highly powerful signalling cascade mechanisms similar to those en-

countered in several other sensory systems, e.g. olfaction or vision.  

In situations in which people suffer from symptoms in association with exposure to VDUs 

or electrical devices, empathetic and realistic attitudes are vital in the workplace. Early inter-

vention may prevent the development of more severe syndromes. The investigation of factors 

that may simultaneously affect the syndromes requires research and action that can positively 

affect the issue. In cases in which sensitivity to electricity is suspected, health care personnel, 

especially in the occupational health-care field, should carefully investigate the susceptibility 

of the workers, his or her illnesses and environmental factors, as well as factors affecting 

ergonomics, indoor climate, sensory factors, psychosocial stress factors and the like. 
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20  Radon in Buildings 

Christer Samuelsson 

20.1 Introduction 

Three natural decay series contain a radon isotope (Table 20-1). With all the 
characteristics of an inert gas, radon isotopes have the potential to be carried away 
from their place of creation, inside porous ground or building materials. As soon as the 
radon atoms disintegrate to the next atom in the series, the inert gaseous properties 
disappear and thus, the daughter atom created is quickly and very efficiently and 
retrapped onto any nearby molecules or macroscopic surfaces. This means that due to 
short half-lives, the thoron and actinon atoms created inside building construction 
materials or in the ground have great difficulties reaching the free air space in a cave or 
a building. Radon (222Rn) may on the other hand reach free air quite efficiently can 
thus be inhaled by underground workers or occupants of a house. Typically, as much 
as 10% or more of the radon atoms created inside wall materials inside a dwelling will 
escape into free air. Taking into consideration the natural abundance of the natural 
series atoms in the living environment and the characteristics of the three radon 
isotopes mentioned, it is only 222Rn and its progenies that can constitute a radiation 
hazard to man. Exceptions to this rule exist only in extremely thorium rich areas. In 
consequence, radon is synonymous with 222Rn in everyday language while thoron 
refers to 220Rn. 

Table 20-1. Three radon isotopes exist in nature. 

 

Series Isotope Named as Half-life 

Uranium 222Rn radon 3.82 days 

Thorium 220Rn thoron 55 s 

Actinium 219Rn actinon 4 s 

20.2 Radon behaviour indoors 

An important sub-series of nuclides in the Uranium series is the sequence: 
  226Ra - 222Rn - 218Po - 214Pb - 214Bi - 214Po - 210Pb - 210Bi - 210Po 

ending in the stable atom 206Pb.  
The parts these radioactive species take on the indoor radon scene is as follows: 
 

226Ra -            Radium, The Grandmother, The Source 
222Rn -            Radon, The Carrier 
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218Po-214Pb-214Bi-214Po - The short-lived daughters, The Dose-dispensers 
210Pb-210Bi-210Po - The long-lived daughters, The Tracers 

 
These listed roles will be further explain in the following sections, but in short it is 
worthwhile to note that: 
• 

226Ra generates radon gas and is a prerequisite for a radon problem. It is fairly 
immobile. 

• 
222Rn is a very mobile gas that can carry the radioactivity into the indoor air. 

Due to its inert properties, it neither sticks to indoor surfaces nor to the 
bronchial tree upon inhalation, but is transformed by radioactive decay into 
air-borne and short-lived daughters. These decay products do not have inert 
properties and are caught by particles in the air, deposits onto surfaces 
encountered (including bronchial surfaces if inhaled) and hence, can irradiate 
the lung tissues. By alpha decay, these short-lived daughters are almost 
exclusively responsible for the indoor radon hazard. 

• Due to the long half-life of 210Pb, 22 years, the activity is negligible in 
comparison. The long residence time in a dwelling make the long-lived 
daughters suitable as tools for tracing the radon history of a house. 

Radon (222Rn) gas in air  

The indoor airborne radon gas atoms in a room come from either the building 
material or through air exchange with the ground, adjacent rooms, and the outside air. 
The air exchange with the outdoor air is what we denote as ventilation and implies in 
most cases a net loss of radon activity, as the outdoor air is low in radon. The total 
infiltration rate to a room of radon gas activity (Bq/h) is the source strength and may be 
an addition from several different entry routes. If we divide the entry rate by the room 
volume, the result is the volumetric entry rate in Bq⋅h-1

⋅m-3. 
As verified in several studies, radon in the ground is always the source if very high 

indoor radon concentrations prevail. Radon infiltration rates from the ground structure 
in contact with a house may be very irregular in magnitude if airflow (convection) from 
the ground into the room is the dominant entry mechanism. The incoming radon may 
be almost completely blocked from entering if meteorological parameters create a 
slight overpressure in a room. If the pressure in the room is lower than the ground, the 
radon will be 'sucked' into the room. In such circumstances, indoor levels may easily, 
and within a few hours, change by a factor of 10 or more. On the other hand, if the 
radon gas stems from walls and construction elements or enters the house by diffusion 
through a concrete slab on the ground, the source strength is must less dependant on 
external parameters such as temperature and wind direction.  

In Table 20-2, the key parameters determining the magnitude of different entry rates 
for reference masonry house is listed together with the resulting indoor radon 
concentration. For a complete description of parameters, the reader is referred to 
Tables 21 and 22, p131 in reference UNSCEAR (2000a). 
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Table 20-2. Reference parameters used by UNSCEAR (2000a) for calculating the indoor radon gas level 
in a typical masonry house. 

 

Parameter Value 

House volume/surface area of floor 250 m3 / 100 m2 

Floor to wall gap/aggregate thickness 3/150 mm 

Air exchange rate (ventilation) 1 h-1 
226Ra conc. in soil and building elements 50 Bq/kg 

Emanation fraction of soil/elements 0.2/0.1 

Soil porosity/fraction of water saturation 0.25/0.2 

Permeability of subsoil/aggregate layer 20/5 000 µm2 

Soil bulk/effective diffusion coefficient 0.5/2.0 mm2/s 

Density of soil and building elements 1 600 kg/m3 

Thickness of floor/wall and ceiling 0.1/0.2 m 

Porosity of wall/floor 0.15/0.20 

Entry rates (Bq⋅ m
-3

⋅ h
-1

) 

Diffusion, walls and ceiling/floor slab 10/1 (source: building material) 

Diffusion, through the slab/gaps 10/4 (source: underlying earth) 

Airflow (i.e. advection) 20 (source: underlying earth) 

Infiltration from outdoor air 10 

De-emanation from household water  1 

Total entry rate 56 

Resulting radon concentration in air 56 Bq/m
3 

 

Once indoors, air currents normally mix the airborne radon gas throughout the 
whole room. Only in undisturbed rooms without heat temperature differences and in-
habitants is the air stagnant enough to cause a vertical stratification. Close to air inlets 
and outlets, the radon concentration usually diverges from the homogeneous con-
centration in the rest of the room volume. The radon gas is eliminated from the room 
either by ventilation or radioactive decay. As the ventilation rate constant (1 h-1 in 
Table 20-2) is much larger than the decay constant (ln 2/3.82 = 1.81 d

 -1
 = 0.0076 h

 -1), 
the latter can be neglected in comparison. In addition, the radon concentration will be 
numerically equal to the total volumetric entry rate (see Table 20-2). Lowering the 
ventilation rate to 0.5 h-1 in Table 20-2, with all other parameters equal, will double the 
radon concentration to 112 Bq/m3. 

Soil-air permeability values vary over many orders of magnitude, from very low 
values of less than 10-16 m2 for homogeneous clay to more than 10-8 m2 for clean gravel 
(UNSCEAR, 2000a, p100). Combined with the large inside/outside pressure 
differences that may occur, especially in cold climates, radon entry rates one, or even 
several, orders of magnitude larger than in Table 20-2 cannot be excluded. This 
means that the indoor radon concentration may also exceed 10 kBq/m3 on ground 
containing normal amounts of 226Ra, e.g. 50 Bq/kg (as in Table 20-2). This reasoning 
also works in the opposite direction, with the result that apparently similar looking 
house constructions may exhibit very different indoor radon levels.  
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Radon in water 

To a certain extent, radon gas is soluble in water, and household water taken from 
sources in the ground may very well contain an appreciable amount of radon gas. If a 
bottle containing radon gas above a water volume is left undisturbed, the amount of 
radon gas dissolved in the water can be calculated. The solubility of radon in water 
increases with decreasing temperature. The radon concentration in the air and water 
volume will be about the same if the temperature is 0 °C, but the water concentration 
of radon will have only 25% of that in air, at 20 °C. Real air – water systems are too 
dynamic to be predicted in this way, but it is clear that radon dissolved in water may 
give rise to significant indoor levels if the water treatment time before reaching the 
consumer is short. A typical problem area is private water wells drilled in a crystalline 
type of bedrock. Radon gas is dissolved in the water flowing along bedrock surfaces 
and the delay time before 'consumption' is usually short, which means that the radon 
gas has little time to decay. As the radon gas is easily and efficiently released from the 
water during cooking, showering, washing etc., the airborne radon concentration will 
increase. The activity fraction that leaves water depends on what is undertaken. 
Table  20-3 displays typical radon de-emanation fractions for different household 
engagements (Nazaroff, 1987). The radon gas left in drinking water will mainly 
irradiate the intestine when ingested (The effective dose to humans from radon in water 
is found in the Section 'Dosimetry' below). 

Table 20-3. Fraction of radon gas in water that becomes airborne as a function of usage 

 
Usage De-emanating fraction 

Dish washing 0.95 
Clothes washing 0.90-0.95 
Shower 0.65-0.70 
Bath 0.30-0.50 
WC 0.3 
Drinking water 0.10-0.45 

 
A rule of thumb is that 10 000 activity units in water will give 1 unit in air inside a 

house using the water, i.e. a transfer factor of 1×10-4. If the water contains 1 000 Bq/l, 
the mean indoor radon gas concentration will be about 100 Bq/m3. In a recent study of 
water supplies in 100 major cities in China, the transfer factor found was in the 
range (2-70)×10-4 (Ren et al., 1996).  

In the UNSCEAR reference house, the radon gas entry rate from water is set 
to 1 Bq⋅h-1

⋅m-3 (see Table 20-2). This figure stems from a reference usage of well, 
ground and surface water in the proportions 0.1, 0.3, and 0.6 and containing 100, 10, 
and 1 kBq/m3, respectively (UNSCEAR, 2000a, p102). The radon gas can be 
efficiently removed from water with air-bubbling or filtering techniques. In radon 
separators based on the bubbling principle, the short-lived decay products will be 
preferentially left in the water tank. This is usually not a big problem as the progenies 



 
 
 

20.  Radon in Buildings  313 

 

easily stick to inner surfaces of water pipes during transport and furthermore, have 
short half-lives. Swedjemark and Lindén estimated that the radon daughter effective 
dose at ingestion is an order of magnitude smaller than that from radon gas 
(Swedjemark, 1998), but more research is needed in order to clarify the potential 
hazard from short-lived radon progenies in potable water. 

Short-lived decay products 

In contrast to the inert 222Rn atom, the decay products, isotopes of polonium, 
bismuth and lead are reactive and adhere efficiently to all air particles and macroscopic 
surfaces encountered. The first daughter, 218Po, is at birth usually positively charged 
and very small in size, of the order of one nanometre (i.e. 1×10-9 m) including an 
aggregate of water molecules that almost instantly adhere to the 218Po-ion. Besides air 
molecules, air contains, particles of a size a hundred-fold larger that the 218Po-cluster. 
The air and particles together constitute what is called an aerosol. The aerosol particles 
are usually large in number, typically several hundred or more in each cubic centimetre 
of air. A probable fate of the 218Po-cluster is for it to attach to such an aerosol particle 
before decaying to the next daughter: 214Pb. Other options are to stay unattached and 
decay as such or to be removed from the air by ventilation or by sticking to macro-
scopic surfaces, such as furniture or walls, in a room.  

It is important to distinguish between unattached radon progenies and those attached 
to aerosol-particles as the size difference causes very different behaviour in the indoor 
air space as well as when inhaled. However, it must be said that the classification as 
either unattached or attached radon daughter is a simplification. In reality, the airborne 
radon daughters may be distributed over a broad size-range. Therefore, they are not 
suited to being divided into only two categories. Nevertheless, the small nano-sized 
particles (the 'unattached' ones) are easily deposited in the nose and upper bronchial 
region when inhaled, while the larger aerosol particles follow the inhaled air much 
deeper into the lung. As lung cancer originates from the upper bronchial region, the 
unattached category of airborne daughters is considered to be more hazardous per 
activity unit, about a factor of ten or so, than the aerosol attached counterpart. During 
normal indoor conditions, the majority of the airborne daughters are attached to aerosol 
particles, only the first, 218Po, may be unattached to a significant part. If a lot of aerosol 
particles are created in a room, e.g. by smoking cigarettes or lighting a candle, the 
attachment rate will increase and a very small fraction of the 218Po atoms will be in 
unattached form. 

It is only radon progenies in the airborne phase that can be inhaled and give rise to a 
significant absorbed dose in the tissues of the lung. Thus, it is relevant to further 
scrutinise the fate of these short-lived species and, as mentioned in the preceding 
section, it is relevant to distinguish between unattached and attached airborne 
daughters. Several processes remove radon daughters from the indoor air. The most 
important are ventilation and surface deposition. Typical rates, including the rate for 
how fast unattached progenies attach to aerosol particles, are given in Table 20-4. 
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The fourth decay product 214Po is very short-lived, the rate constant of 1.52 × 107 h-1 
corresponds to a half-life of 0.164 milliseconds. This means that as soon as the 214Bi-
nucleus decays, the transformation into 210Pb is, in practice, instantaneous and 214Bi 
and 214Po can merge to a single third daughter with the half-life of 214Bi without any 
serious consequences, but emitting both the gammas and betas of 214Bi and the alpha 
of 214Po. Hence, it is a common convention to refer to the number of short-lived decay 
products as three. 

Table 20-4. Typical rate constants (per hour) for airborne radionuclides in a dwelling. The decay mode 
is given in parenthesis and a 50% probability of de-attachment in connection to an alpha 
decay has been assumed. The rate constants for decay and ventilation apply to both attached 
and unattached progenies, but the deposition rate differs. 

 

Nuclide Decay Ventilation Deposition Deposition Attachment Detachment 
222Rn (α) 0.008 0.5 Attached Unattached Unattached Attached 
218Po (α) 13.4 0.5 0.2 20 50 6.7 
214Pb (β) 1.55 0.5 0.2 20 50 0 
214Bi  (β) 2.09 0.5 0.2 20 50 0 
214Po (α) 1.52×107 0.5 0.2 20 50 0.75×107 

 
In Table 20-4, only the radioactive decay constants are fixed. All other rates may 

differ from the sort of baseline values given. For instance, the ventilation rate may 
be as low as 0.1 h-1 in energy efficient houses and, depending on aerosol particle 
concentration, the attachment rate for unattached species may be found in the 
interval 5-500 h-1 (Knutson, 1988), i.e. a factor of 10 up or down from the base-
line value of 50. Deposition processes greatly depend on room conditions, such as 
geometry and air movement patterns. Significant deviations in the mean value and in 
the deposition rate at local spots within the room are common during real living-
conditions. 

Table 20-5.    Air concentrations in a room with a radon entry rate of 56 Bq⋅h-1
⋅m-3, ventilation rate   

of  0.5 h-1, and reaction rate constants as in Table 20-4. The percentage activity in relation 
to radon gas is denoted in parenthesis. 

 

Radionuclide 
 

Unattached 
Bq/m3 

Attached 
Bq/m3 

Total 
Bq/m3 

222Rn 112 (100%) 0 112 (100%) 
218Po 18 (16%) 63 (57%) 81 (73%) 
214Pb 1 (1%) 52 (46%) 53 (48%) 
214Bi/214Po 0 40 (35%) 40 (35%) 

 
The removal of radon daughters from the air space by ventilation and surface 

deposition causes the air concentration of daughters to be lower than that of the radon 
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gas. In other words, the decay products will not be in radiation equilibrium with the 
mother nuclide 222Rn. In order to illustrate this, the values from Table 20-4 and the 
radon gas entry rate of 56 Bq⋅h-1

⋅m-3 of Table 20-2 are used. If conditions over time are 
constant, the radon gas concentration at a ventilation rate of 0.5 h-1 will be 112 Bq/m3 
(as mentioned above). If we further make the assumption that deposited activity will 
re-enter the air volume with a probability of 50% subsequent to an alpha decay, the 
airborne radon and radon daughter activity will be that of Table 20-5. 

The radon gas values of Table 20-5 scale directly in inverse proportion to the 
ventilation rate, i.e. decreasing the ventilation rate by a factor of five (to 0.1 h-1) will 
increase the radon gas concentration a factor of five (to 560 Bq/m3). The relative 
activity between daughters and between daughters and gas will also be influenced by a 
change in ventilation rate, but the percentages of 218Po are only weakly dependant on 
ventilation rate due to a short physical half-life. On the other hand, the relative 
contribution from the third daughter will increase from 35 to about 52% if the 
ventilation is changed from 0.5 to 0.1 h-1. In Section 20.3, the entries of Table 20-5 are 
used to illustrate how special quantities within the radon field are defined. 

Long-lived decay products 

The Uranium series makes a temporary stop at 210Pb in the decay sequence 
following 226Ra. Taking the radon values in Table 20-5 as an illustration there 
are 112 Bq in each cubic metre of air corresponding to N = 112/λ = 112/(2.1×10

 -6
) = 

= 5.3×10
 7 222Rn atoms. Almost all of these 5.3×107 radon atoms will be 210Pb atoms a 

few weeks later instead. As the half-life of 210Pb is 22.3 years, which corresponds to a 
decay rate constant of about 9.8×10-10 s-1, these 5.3×107 atoms are identical to the 210Pb 
activity of 5.3 

⋅
 9.8×10-3 = 0.052 Bq. The conclusion from this calculation exercise is 

that the activity of the long-lived radon decay products is too low to be of any concern 
compared to the 'high activity' of the short-lived progenies. In addition, most of the 
long-lived progenies in dwellings are not available for inhalation as most of them 
reside on surfaces or inside porous objects into which the radon gas has infiltrated. 

The reason the long-lived decay progenies are mentioned here is that they can be 
used as indicators of radon concentrations in the past, long after the radon itself has 
decayed. Starting with a new radon house, the 210Pb and its progenies start to build up 
weak activity in the house. From the calculation in the preceding section, it can be 
estimated that for every kBq of radon that has decayed, about half a becquerel of 210Pb 
will be produced. This production will continue as long as there is radon in the house, 
and the inventory of 210Pb will increase with a rate proportional to the radon 
concentration until the decay of 210Pb catches up with the production rate. As the half-
life of 210Pb is 22.3 years, the contemporary activity of 210Pb in a house is dependent on 
the radon level several decades earlier. 

One obvious limitation using 210Pb as a retrospective radon monitor is that there is 
no time resolution, just an integration of past levels. Another drawback is that it is 
necessary to find places in the house where the build-up of 210Pb can go on undisturbed 
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by human intrusion. This latter requirement is tough as the integration time may be 
several tens of years. In practice, two options for quantitative retrospective radon 
monitoring have been used. 

The first technique is based on the fact that the 210Pb and its predecessor 214Pb recoil 
into a surface if the parent nucleus on the surface decays with an outward going alpha 
particle. The recoil is strong enough to implant the daughter nucleus about one tenth of 
a micrometre in vitreous glass and even if this seems a very shallow depth, it is deep 
enough to withstand very resolute cleaning procedures. The use of glass surfaces as 
retrospective radon monitors have the advantage that suitable objects are available in 
most dwellings and that small passive detectors have been developed for large-scale 
applications (Samuelsson, 1988; Falk, 1999). These retro-detectors are applied in the 
field and can analyse the activity of the substrate (glass sheets or other hard surfaces) 
without destroying the surface. The question mark to this surface trap method is 
reliability. As the retro-detector signal stems from short-lived decay products deposited 
on a surface and as this deposition may show large local variations in a room, the 
object to be analysed must be chosen with care. 

The other retrospective radon method avoids this difficulty by integrating the radon 
gas activity more directly. The technique is a so-called volume-trap method and is 
based on the fact that the radon gas concentration within the pores of porous objects 
in  a house is the same as in the free airspace (Oberstedt, 1996; Paridaens, 1999). 
When 222Rn decays in the interior of such porous objects, all the decay products, 
including the long-lived 210Pb, will be trapped due to their non-gaseous properties. The 
interior of a mattress may be suitable if the exposure age is known and usually, a 
sample volume of about ten cubic centimetres gives a sufficient sensitivity. The major 
drawback with the volume trap method is that suitable samples cannot always be found 
in a dwelling and that the analysis destroys the sample. 

20.3 Special units 

The special unit for activity within the International System of Units (usually 
shortened SI) is the becquerel (Bq). One becquerel is one disintegration per second 
(1 Bq = 1 s-1). In some countries, the old unit for activity, the curie (Ci, in old literature 
shortened to c), is still in use. 1 Ci = 37×109 Bq (= 37 GBq). Thus, the unit picocurie 
per litre (pCi/l) is numerically related to SI units by the identity 1 pCi/l = 37 Bq/m3. 

The potential alpha energy, PAE 

Irradiation of the lung tissue by alpha particles is considered the major hazard in 
connection to radon exposure in mines and dwellings. The absorbed dose caused by 
beta and gamma irradiation is usually neglected in comparison to the more densely 
ionizing alpha particles. Taking this into consideration, a given mixture of radon 
daughters is usually converted to a quantity that reflects the alpha energy content of the 
mixture – more precisely, the alpha energy emitted by the mixture when it decays to 
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the first long-lived daughter 210Pb. The reason for using the 'future' alpha energy of the 
mixture, usually referred to as the 'potential alpha energy', is that it is assumed any 
short-lived daughter once deposited in the airways of the 'lung tree' will stay there long 
enough for a complete decay to 210Pb. Consequently, a beta emitting short-lived 
daughter in the series is ascribed the alpha energy emitted further down the decay chain 
when the potential alpha energy of a daughter mixture is calculated. 

Thus, the potential alpha energy of 1 atom of 214Pb, for instance, is 7.69 MeV 
(= 1.23×10-12 J = 1.23 pJ), as the 214Pb atom later will 'produce' 1 atom of 214Po, whose 
alpha energy is 7.69 (7.686) MeV. The number of atoms needed to give 1 decay per 
second, i.e. 1 Bq, is dependent on the half-life, and in the case of 214Pb, 1 Bq 
corresponds to 2 320 (2 319.9) atoms. The potential alpha energy per becquerel 
of  214Pb is hence 7.69 

⋅
 2 320, or approximately 17 800 MeV (= 2.86 nJ) (see 

Table 20-6). If the concentration of all daughters is 1 Bq/m3, the total potential alpha 
energy concentration (PAEC) will be 5.57 nJ/m3, in which 218Po and 214Bi + 214Po 
contribute with 0.59 and with 2.12 nJ/m3, resp. 

Table 20-6. Values used for calculation of Potential Alpha Energy (PAE) per atom and per becquerel 
(Bq). T1/2 denotes the half-life of the radionuclide. 

 

Nuclide PAE/atom T1/2 No. of atoms per Bq PAE⋅Bq-1
⋅nJ-1 Fraction 

218Po 13.6886 3.11 min 269 0.590 0.106 
214Pb 7.686 26.8 min 2320 2.86 0.513 
214Bi 7.686 19.9 min 1720 2.12 0.381 
214Po 7.686 164 µs 0.000236 2.91×10-7 0 

Total    5.57 1.00 

The equilibrium equivalent concentration, EEC 

In the indoor environment, the airborne mixture of radon gas and its daughters 
always deviate more or less from an equilibrium in which radon gas and all its short-
lived decay products have the same activity concentration. In Table 20-4 for instance, 
the total 218Po concentration was 27% lower than the radon gas concentration. 

In order to facilitate a comparison of different sets of real radon daughter con-
centrations, it is a common practice to convert the actual mixture of decay products to 
a fictive mixture in equilibrium having the same potential alpha energy concentration 
as the actual set. Take the set of values in column 'total' of Table 20-5 as an example. 
Using the data from the preceding paragraph, the PAEC (Potential Alpha Energy 
Concentration) is: PAEC = 0.59⋅ 81+

 
2.86⋅ 53+

 
2.12⋅ 40 = 284 nJ/m

3. As the activity 
concentration of 1 Bq/m3 in equilibrium corresponds to a PAEC of 5.57 nJ/m3, it can 
be deduced that an activity concentration of 284/5.57 = 51 Bq/m3 in equilibrium has 
the same potential alpha energy content as the concentrations A1 = 81, A2 = 53, and 
A3 = 40 Bq/m3 (where index i refers to daughter number i). In this example 51 Bq/m3 is 
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the Equilibrium Equivalent Concentration (EEC) and can be defined in a general 
mathematical form as: 

 
EEC (Bq/m

3
) = 0.106 ⋅ A1 + 0.513 ⋅ A2

 
+ 0.381 ⋅ A3 (20-1) 

Unattached fraction 

In Table 20-5, the fraction f1 = 18/81 = 0.22 of the first daughter, 218Po, is 
unattached. Similarly, f2 = 0.02, and f3 = 0. In the available literature, these individual 
unattached fractions are rarely used. Instead, the unattached fraction of potential alpha 
energy, fp, is preferred. Using the numerical values of Table 20-5 again as an 
example, the fp of that set of concentrations is equal to (0.106⋅ 18

 
+ 0.513⋅ 1

 
+ 

+ 0.380⋅ 0) / (0.106⋅ 81 + 0.513⋅ 53 + 0.380⋅ 40) = 2.42 / 51 = 0.047, i.e. about 5%.  

Equilibrium factor  

The degree of radon daughter equilibrium is quantified by the Equilibrium factor 
F,  defined as the ratio between the Equilibrium Equivalent Concentration (EEC) 
and  the  radon gas activity concentration. In Table 20-5, the equilibrium factor is 
F = EEC/CRn = 51/112 = 0.46. Typically, the F-factor is about 0.4 in dwellings during 
realistic living conditions. The use of air cleaning devices can easily reduce F to 
below 0.2, due to a minimised aerosol concentration. On the other hand, in smoky con-
ditions, the F-factor may be twice the typical value. However, most equilibrium factor 
values found are within 30% of the typical value of 0.4 (UNSCEAR, 2000a, p104). 

Working level, WL 

The working level is an old unit still in use that quantifies the potential alpha 
energy  concentration (PAEC). Originally, one working level (1 WL) was the PAEC 
of 100 pCi/l (i.e. 3 700 Bq/m3) radon progenies in equilibrium. With old and slightly 
obsolete numerical values for alpha energies, 1 WL = 130 GeV/l = 20.8 µJ/m3, and 
even if it is now known that 20.6 µJ/m3 is more correct, the old definition remains. An 
updated correct relation between EEC and WL is that 1 WL corresponds to an EEC 
of 3 740 Bq/m3 or 101 pCi/l, but considering all uncertainties inherent in the radon risk 
issue, this accuracy overshoots the mark on the percentage level. 

Radon exposure 

The general term 'radon exposure' refers to a radon or radon daughter concentration 
in air integrated over time. For a radon gas, the concentration is usually an activity 
concentration in units of Bq (or pCi) per volume unit. Exposure from radon progenies 
utilises concentration levels expressed as EEC (Bq/m3), PAEC (J/m3) or the special 
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unit WL (Working Level). In principle, the individual daughter activity concentrations 
can be integrated over time to yield individual Bq⋅h/m3 values for each daughter, but 
the detailed data needed for such a calculation is rarely available. The basic SI unit for 
radon gas exposure is Bq⋅s/m3, but longer time periods, e.g. Bq⋅h/m3 or Bq⋅a/m3, are 
usually more convenient. These time-integrated units are also valid for the short-lived 
decay products, but the concentrations involved then refer to EEC values. As the EEC 
quantity is directly connected to PAEC by the conversion factor 5.57 nJ/Bq, time 
integrated EEC and PAEC values are exchangeable using the same factor. 

It was mentioned above that 1 WL equalled a potential alpha energy concentration 
(PAEC) of 20.8 µJ/m3, which with updated decay values, corresponded to 3 740 Bq/m3 
EEC. A very common exposure unit applied to miners is the working level month, 
WLM. In connection with dwellings, it is important to stress that the 'month' 
in  WLM  is a working month of 170 hours, not a full month. Hence, 1 WLM 
equals 170 WLh and to avoid confusion, this identity must also prevail when WLM 
units are used to express exposures in dwellings. With the figures above it is straight-
forward  to  connect different options of expressing radon daughter exposures, 
e.g. 1 mWLM = 3.74⋅170 Bq⋅h/m3 EEC = 636 Bq⋅h/m3 = 26.5 Bq⋅d/m3 = 0.716 pCi⋅d/l 
where d stands for a full 24 hour day. For long-term exposures, the conversion 1 WLM 
= 72.5 Bq⋅a/m3 EEC is useful ('a' refers to a mean calendar year of 365.25 days). 

To illustrate, it is assumed that the radon gas concentration in a room during 4 hours 
has changed in time according to the histogram in Fig. 20-1. To get the resulting total 
exposure, each concentration value is multiplied by the corresponding duration of time 
and added together: 1⋅

 40 + 1⋅
 80 + 2 

⋅
 100 = 320 Bq⋅h/m3. The mean concentration 

during the 4-hour exposure is 80 Bq/m3, and obviously, the radon gas exposure can be 
calculated as this mean value times the duration of exposure (4 hours in this example). 
If the time scale of Fig. 20-1 had been days instead of hours, the exposure would have 
been 320 Bq⋅d/m3, or 24 

⋅
 320 = 7 680 Bq⋅h/m3. 

 
Radon gas concentrations fluctuate over time as does the equilibrium factor F. The 

aerosol particle production rate has a strong influence on the F factor, while the 
radon  gas level may very well stay constant. With only the radon gas information of 
Fig. 20-1, there are no means to calculate the EEC value unless the equilibrium factor 

Fig. 19-1. The radon concentration as a
function of time. In this fictive
example, the resulting radon gas
exposure is 320 Bq⋅h-1

⋅m-3. 
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F and its variation in time during the whole exposure period are known. If the aerosol 
characteristics of the room are unknown, a reasonable guess is that the typical F factor 
of 0.4 may be valid. In the example in Fig. 20-1, the resulting radon daughter exposure 
is then 128 Bq⋅h/m3 EEC = 0.71 µJ⋅h/m3. 

20.4 Radon dosimetry 

Air 

The quantities dealt with so far have described the activity or energy concentrations 
in air, in a general term, the source strength. This is just a starting point for the 
evaluation of radon cancer risks. As mentioned above, it is the internal alpha particle 
irradiation of lung tissues that is thought to completely dominate the hazard, while 
risks from the internal beta and gamma radiation can be neglected. In addition, the 
external irradiation of skin and internal organs from airborne radon daughters is too 
small to be relevant.  

The normal procedure when calculating risks from ionizing radiation is based on 
dosimetry. That is to say, the specific radiation energy (J/kg) absorbed in individual 
organs and tissues are first measured or estimated. From these individual organ doses, 
the effective dose is calculated by means of weighting factors. The numerical value of 
the effective dose is then used to estimate the radiation detriment, dominated by the 
cancer mortality probability. This established 'dosimetry approach' has proven to be too 
complicated in connection with radon daughter exposure. The amount of airborne 
activity inhaled and how the activity is deposited in the respiratory tract is less of a 
problem, but identification of the relevant target cells and their importance in cancer 
induction are far too complex to be quantified reliably.  

If the objective is radon hazard estimate only, the dosimetry approach is in effect not 
necessary. Instead, the lung cancer risks involved can be estimated directly from a 
knowledge of radon exposure values and their correlation with lung cancer frequency 
in the mining or dwelling population studied. UNSCEAR (UNSCEAR, 2000a, 
p107),  estimates a nominal mortality risk of 80 in a million following an exposure 
of 1 mJ⋅h/m3. The PAEC in the house referred to in Table 20-5 was 284 nJ/m3 and 
consequently, that house must be occupied for 1/0.000284 = 3520 hours, or around 150 
full days, to experience the 8 × 10-5 risk. 

This nominal detriment figure of 8×10-5 for the radon exposure of 1 mJ⋅h/m3 can be 
used as a link to the quantity 'effective dose'. Based on cancer statistics mainly from 
medical and atomic bomb irradiation, the International Commission on Radiological 
Protection (ICRP) has agreed upon a nominal detriment figure of 7.3×10-5 per mSv 
effective dose for the public and 5.6×10-5 for a worker (ICRP 60, 1993). This implies 
that a radon exposure of 1 mJ⋅h/m3 imposes the same detriment as approximately 1.1 
and 1.4 mSv effective dose to the public and workers, respectively. In using this risk 
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comparison, the difficult and complex radon daughter lung dosimetry has been 
avoided. The derivation of an effective dose for radon daughter exposure in this way is 
referred to as the 'epidemiological approach' in order to distinguish it from the 'dosi-
metric' way of estimating the effective dose, mentioned above. 

Despite the complexity and questionable absolute risk relevancy of radon daughter 
lung dosimetry, the lung dosimetry approach is considered useful and necessary when 
comparing radon lung cancer risk on a relative basis. Exploring, for instance, how the 
radon daughter effective dose changes with indoor aerosol parameters is just one 
example of a situation in which dose calculations in a lung model are invaluable. It is 
less relevant that the effective doses derived are unreliable for absolute risk pre-
dictions. It is worth pointing out that effective dose calculations for radon daughter 
exposure are usually larger in the dosimetric than in the epidemiological evaluation. 
Using reference values for breathing rates, unattached fractions and so forth, 
UNSCEAR (UNSCEAR, 2000a) derives a 15 nSv effective dose per Bq⋅h/m3 EEC. 
The epidemiological figure above, 1.1 mSv per mJ⋅h/m3, converts to about 6 nSv per 
Bq⋅h/m3 EEC. 

Water 

When household water contains dissolved radon gas, the inhabitants will be 
irradiated both from drinking the water and from inhaling the airborne radon that de-
emanates from the water (Kendall, 1988). The resulting individual doses are expected 
to show large variations, but typical values have been suggested by Swedjemark (1993) 
and are reproduced in Table 20-7. 

Table 20-7. Typical annual effective doses to different age categories from usage of radon contaminated 
household water (adapted from Swedjemark (1993)). 

 
 Radon gas Inhalation Ingestion Total 
 concentration Effective Dose Effective Dose Effective Dose 
 Bq/l mSv/a mSv/a mSv/a 

Adult 100 0.4 0.05 0.45 
Infant 10 a 100 0.4 0.15 0.55 
Infant 1 a 100 0.4 0.7 1.1 
Adult 1 000 4 0.5 4.5 
Infant 10 a 1 000 4 1.5 5.5 
Infant 1 a 1 000 4 7 11 

20.5 Radon Risks 

Studies in both mines and dwellings indicate that the lung cancer risk from radon 
exposure is dependent on the basic (natural) lung cancer risk the exposed person 
experiences. The additional risk that a radon exposure implements is not just additive 
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to the natural risk, but multiplicative, or close to multiplicative. Therefore, it is 
appropriate to quantify radon risks in terms of the ratio between the risk for exposed 
and unexposed within the same category of individuals, e.g. smokers and non-smokers. 
This ratio is the Relative Risk (RR), and the Excess Relative Risk (ERR) is RR-1. 
In 1999, the Committee on Health Risks of Exposure to Radon presented their updated 
and penetrating analysis of radon risks in mines and dwelling (BEIRVI). The resulting 
RR for the two sub-multiplicative risk models preferred by the committee are 
presented in Table 20-8. The sub-multiplicative interaction between smoking and 
radon exposure yields an ERR that is not linearly related to the radon exposure. In 
other words, there is no simple way to calculate the excess relative risk for 800 Bq/m3 
if it is known for say, 50 Bq/m3. For instance, take the lower value (ERR = 0.11) 
at 50 Bq/m3 for a male 'ever-smoker'. Increasing the exposure 16 times to 800 Bq/m3 
will increase the ERR to 16 

⋅ 0.11 = 1.76 in a strict multiplicative model, but the BEIR 
model predicts a slightly lower value, 1.51 (RR =  2.51). 

The lifetime relative risk is larger for 'never-smokers' compared to 'ever-smokers', 
but in absolute terms, it is the other way around due to the dominance from smoking. 
For current and former male smokers, the 1990 US data indicates a relative risk versus 
'never-smokers' of 22.4 and 9.4 and for females, the corresponding figures are 11.9 
and 4.7 (BEIRVI, 1999, p241).  

Table 20-8. Lifetime relative risk of lung cancer for lifelong indoor exposure to radon according to two 
preferred risk models (BEIRVI, 1999). A home occupancy of 0.7 and an equilibrium factor 
F of 0.4 is assumed.  

 
Exposure Male Female Male Female 

Bq/m3 Rn gas 'Ever-smoker' 'Ever-smoker' 'Never-smoker' 'Never-smoker' 

25 1.05-1.08 1.06-1.09 1.13-1.19 1.14-1.21 

50 1.11-1.16 1.12-1.18 1.26-1.39 1.27-1.41 

100 1.21-1.32 1.24-1.35 1.52-1.78 1.55-1.82 

150 1.32-1.47 1.35-1.53 1.78-2.16 1.82-2.23 

200 1.42-1.62 1.47-1.69 2.03-2.54 2.09-2.64 

400 1.81-2.17 1.92-2.35 3.05-4.06 3.17-4.26 

800 2.51-3.12 2.76-3.55 5.06-7.01 5.32-7.44 

 
From a knowledge of baseline lung-cancer risks in the population and of how the 

radon exposures are distributed in the dwelling stock, the relative risk figures for radon 
in Table 20-8 can be transferred to absolute numbers. Assuming 95% of all lung cancer 
amongst males occurs in 'ever-smokers', and that the corresponding figure for females 
is 90%, a calculation using the 1995 lung cancer statistics in the US gave the results as 
shown in Table 20-9.  
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Table 20-9. Estimated number of lung cancer deaths (LCD) in the US for 1995 attributable to indoor 
residential radon exposure (Adopted from BEIRVI, 1999 table ES-4 p 15) 

 
Population No. of LCD No. LCD attrib. Rn LCD Rn % 

Males, total 95 400 12 500 13 
'Ever-smokers' 90 600 11 300 12 
'Never-smokers'   4 800   1 200 25 
Females, total 62 000   9 300 15 
'Ever-smokers' 55 800   7 600 14 
'Never-smokers'   6 200   1 700 27 

 
Dwellings above the US action level, 148 Bq/m3 (4 pCi/l) contribute about one third 

of the radon percentage in Table 20-9. Bringing down all US homes to below the 
action level would prevent about 3 or 4% of all lung cancer, or, about one-third of the 
radon-attributable lung cancer (BEIRVI, 1999, p13). 

Epidemiological studies in underground miners have proven that radon progeny 
levels found in mines increase the probability of lung cancer. Considering how alpha 
particle radiation interacts with bronchial tissue, there is little reason to believe that 
radon exposure in dwellings should be free of risk. However, to prove a connection 
between residential radon exposure and an increased lung cancer probability is almost 
unmanageable due to generally low exposure values and the great difficulty in finding 
accurate radon exposure data for exposed individuals. Radon concentration data 
several decades back must be accessed for many individuals. This imposes many 
problems, especially in mobile populations. The influence of the dominant lung cancer 
agent, cigarette smoking, also makes complications. In many cases, the smoking 
history of a person is not available and if it is, the data is not always reliable. 

Results from residential radon lung cancer investigations have been surveyed by 
Lubin (1994) and the BEIRVI committee (BEIRVI, 1999). The BEIRVI committee 
bases several of its conclusions on the meta-analysis of 8 residential radon studies 
published by Lubin (1997) and the result from 11 miner cohort studies (Lubin, 1994a). 
Results from the in-depth analysis by the BEIRVI committee are exemplified in 
Tables 20-8 and 20-9 above.  

The lung cancer risk derived from the meta-analysis mentioned is in close 
agreement with the risk predicted on the basis of miner data. Most of the eight 
individual studies merged into the meta-analysis are too small and contain too few 
person-years above, say 400 Bq/m3, to statistically prove a relationship between radon 
exposure and lung cancer on their own. The largest study published so far, the Swedish 
national study (Pershagen, 1994), illustrates well how difficult it is to obtain numbers 
of statistical significance, even in large case-control investigations (Fig. 20-2).  

The existence of a lung cancer risk from radon for non-smokers cannot be verified 
despite the large size and extended exposure range of the Swedish study. The low 
number of persons in the highest exposure category in Fig. 20-2 should be noted. The 
large case-control study of residential radon in South-West England (Darby, 1998) is 
too recent to be included in the meta-analysis, but the results show a trend of positive 
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correlation between radon exposure and lung cancer that complements the miner data 
well. In another recent study on women in Missouri (Alavanja, 1999), a significant 
trend in lung cancer probability was observed when exposure data from retrospective 
glass monitors was used, but not with data from standard radon in air detectors. The 
authors suggest that radon in air measurements may underestimate health risks 
associated with residential radon exposure. However, the possible trend in this study 
must be interpreted cautiously as the highest exposed group is only >148 Bq/m3. 

Fig. 20-2. The results from the Swedish residential radon study (Pershagen, 1994). The Relative risk 
(RR) of lung cancer on a logarithmic scale if the risk for non-smokers and lowest exposure 
group is set to 1. The upper and lower surfaces of the 'boxes' indicate the uncertainty 
interval (95% confidence limits). The number of individuals (lung cancer cases and 
controls) behind each entry is given below the plot area. 
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Fig.20-3.   Lifetime mortality risks for lung cancer attribu-table to domestic radon exposure. Adopted 
from Radon Commission 2000 (SCR01) 

0.1

1

10

100

R
el

a
ti

v
e 

R
is

k

Never smoked

Ex smoker

1-9 cigarettes/d

>9 cigarettes/d

80-140 Bq/m3<50 Bq/m3 50-80 Bq/m3 140-400 Bq/m3 >400 Bq/m3

71

451

35

105

96

120

168

102

40

248

21

69

56

71

85

63

39

263

24

63

58

68

94

71

38

208

27

48

53

49

83

42

5

32

1

8

12

13

16

4

Cases

Controls



 
 
 

20.  Radon in Buildings  325 

 

Just recently a governmental commission in Sweden, the Radon Commission 2000, 
published estimates of radon risks for smokers and non-smokers in dwellings (SRC, 
2001). Based on published epidemiological findings in dwellings (Pershagen, 1994; 
Lubin, 1997; Darwin 1998) and additional case-control studies on non-smokers in 
Sweden, the Committee suggested a 16% increase in lifetime lung cancer risk 
per 100 Bq/m3 for both smokers and non-smokers as a reasonable estimate. Assuming 
a baseline life-time probability of 10% for smokers and 0.7% for non-smokers (20 
cigarettes per day) to attract lung cancer, the radon dependence of Fig. 19-3 results. It 
should be stressed that especially the estimate for non-smokers is uncertain and a slope 
of 10% for each 100 Bq/m3 can not be excluded. Taking remedial actions in all 
Swedish dwellings above 400 Bq/m3 down to 100 Bq/m3 will save about 150 lung 
cancer cases, including 30 among non-smokers, out of a total number of 2 700 per 
year, (SCR, 2001). 

 

20.6 Radon levels in dwellings 

The early recognition of radon as a carcinogen in mines in the 1920s did not initiate 
investigation in dwellings until much later. There are two main reasons for the long 
delay. Firstly, the carcinogenicity of radon in mines was not generally accepted and 
secondly, much lower radon levels were expected in dwellings above ground. In 
retrospect, this attitude of neglecting dwellings must be judged as sound considering 
the many other serious threats to life and limb that plagued mankind at this time.  

In the early years of the 20th century, the newly discovered thorium and radium 
emanation (i.e. thoron and radon), the active deposit (radon daughters) and radium 
itself were investigated in laboratories in more detail. It was found that ionizing 
radiation could both cure and induce cancer. This gave birth to two important 
movements, one in hospitals, destroying tumours with radiation from radium and radon 
sources; one in spas, homes, and hospitals, curing almost any conceivable thickness by 
means of homeopathic or medical use of radium and radon in form of drinks, food, 
ointments, compresses, injections, inhalators, baths etc. The extensive medical faddism 
in the period 1920-1940, using radium in drinks and foodstuff, was definitely a more 
serious threat to the health of individuals at the time than radon in dwellings.  

Most of the very early radon measurements indoors were not surveys, but repeated 
measurements in the same room. Only very modest enhanced indoor values, compared 
to values in free air, were found (Meyer, 1927), confirming expectations of low levels 
away from uranium mineralisations. That data was supported by results from two 
poorly ventilated cellars where the radon gas concentration reached a maximum of 
about 550 (Kosmath, 1930) and 850 Bq/m3 (Schmid, 1932). As these findings were 
some orders of magnitude below typical values from uranium mines reported by 
Ludewig (1924) and Behounek (1927), and moreover, ventilation seemed to be a 
simple and efficient remedy, ordinary dwellings were given no further attention at the 
time. 
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Dwellings in mining areas 

The neglect of risks from uranium and radium handling together with the failure to 
appreciate the escape of radon from ground and porous materials during the first half of 
the 20th century led to unrestricted use of mining and milling residues as landfill and as 
ingredients in building materials. In several mining communities in the US, Canada 
and Europe, dwellings were erected on grounds contaminated by industrial or mining 
projects involving natural radioactivity. The awakening of awareness of radiation risks 
connected to radon and its precursors initiated investigations in houses built on mine 
tailings in Grand Junction, Colorado, USA in the 1960s, and several uranium mining 
towns in Canada and reclaimed phosphate mine land in Florida during the 1970s. As 
suspected, high concentrations of radium in the ground, in building materials and in 
back-fills around foundations caused high radon levels indoors, and markedly so in 
cases where the foundation of the building was fissured. In Grand Junction, 
about 1 500 houses were surveyed and in at least 600 of them, there was re-mediation 
(Collé, 1980). 

Removing the source material under and around the affected houses was a standard 
and mostly very efficient approach to reducing indoor radon levels, but in several cases 
in Canada, especially in Elliot Lake (Eaton, 1980, Schmalz, 1990), no source could be 
found in the bed material. Apparently, due to incomplete sealing towards the ground, 
enhanced indoor concentrations of radon could also result in normal granitic regions. 
Unfortunately, the conclusion that indoor radon could be a general problem and not 
only confined to uranium or phosphate mining locations was not drawn at the time and 
the large scale 'war' against radon in the US was delayed until 1985. 

Hultquist (1956) performed the first survey of radon levels in a normal housing 
stock in Sweden. Of the 61 measured apartments, he found that only two, in fact 
outside a representative selection of 59, showed decidedly increased values, 1 300 
and 1 740 Bq/m3, and both these values could be blamed on the building material 
(aerated concrete based on alum shale) combined with a very poor air exchange rate. In 
retrospect, it can only be regretted that this very early investigation by Hultquist 
did  not  include a well-ventilated radon-from-the-ground-house of, say, a couple of 
thousand Bq/m3 or more. If he had, the radon-in-dwelling hazard would have been 
given proper attention much earlier. The results of Hultquist fuelled the idea that 
proper ventilation could cure all radon problems in dwellings, and it was not until 
the 1980s that the full extent of the indoor radon issue was discovered.  

A general indoor hazard 

Sweden 

Lacking alarming levels of radon and fighting tough 'competition' from the bomb 
fallout from atmospheric nuclear tests, it is of no surprise that a follow-up of 
Hultquist’s thesis was delayed until much later. However, motivated by the alarming 
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cancer figures in mines published during the 1960s (Archer, 1962; Wagoner, 1964; 
Lundin, 1969), the Swedish authority responsible for radiation safety, SSI, embarked 
on a new radon investigation and regulating programme in dwellings in the early 70s. 
However, the response from other authorities on indoor health and building require-
ments was indifferent (SSI, 1974; Swedjemark, 2000). Again, the reason was that the 
anticipated levels of radon were too low to cause much upset. Nevertheless, radon was 
given some attention in the news media in the mid 1970s. Radon became better known 
as an indoor pollutant outside the inner circle of regulators and specialists. This 
awareness caused a local administrator in a Swedish municipality to ask SSI whether 
plans for new dwellings on alum shale waste were advisable. The answer was 'no', but 
it was discovered that a number of houses in another village had already been erected 
on such tailings (Swedjemark, 1979). The 226Ra content of this rest-product from old 
alum refineries is about 3 000 Bq/kg (Swedjemark, 1982) and the resulting indoor 
radon levels found were high and highly dependent on meteorology. This incident 
raised questions about how local and national authorities handled radon indoor risks 
and a national committee was formed in order to thoroughly illuminate the hazards of 
radon in dwellings and with the directive to suggest hygiene limits. In 1980, the 
Swedish Radon Commission issued compulsory radon limits for both existing and new 
dwellings (Åkerblom, 1999). Later, these limits were revised downward and 
since 1994, these nation-wide enforced radon limits are 400 and 200 Bq/m3 annual 
mean radon gas concentration for existing and new houses, respectively.  

The Swedish radon legislation put the responsibility for finding radon dwellings on 
local authorities, with the consequence that many 'suspected' dwellings, mostly on 
the initiative of the inhabitants themselves, were controlled for radon during the 
early  1980s (Hildingsson, 1982; Swedjemark, 1988). The radon statistics from these 
measurements are biased towards large values, but even so, the score of 5 300 homes 
out of 58 000 above an annual radon daughter concentration of 400 Bq/m3 (0.11 WL) 
were unexpectedly high, as was the maximum value reported, 28 000 Bq/m3 (7.6 WL). 
The most important and surprising finding during this massive radon campaign was 
that very high indoor radon concentrations could result on grounds with no enhanced 
radium content. A low resistance to airflow in the ground beneath the building was 
enough. On that basis, every house built on coarse sand deposited from the glacial 
period was a potential radon house. One of the highest values reported, 18 000 Bq/m3 
daughter concentration (Swedjemark, 1988), was in a house sited on an esker ridge. 

 By 1992, the nation-wide Swedish radon programme had, by measurements, 
located 16% of the housing stock expected to have higher radon gas concentrations 
than   the   limit of 400 Bq/m3. About 40% of these houses had been mitigated 
(Swedjemark, 1994). 

USA 

In the US and many other countries, the Swedish radon case was noted, but 
considered to be mainly a local problem due to a cold climate, the numerous granitic 
areas of enhanced uranium content and the extensive use of alum shale aerated 
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concrete as a building material. This indifference to domestic radon was challenged in 
December 1984 when by coincidence a house in Pennsylvania shocked the US with 
a  record value of 90 kBq/m3 radon gas concentration in a family room and most 
importantly, the bedrock under the Pennsylvanian house was not exceptionally high in 
radium (in the range 60 to 600 Bq/kg (Reilly, 1990)). Suddenly, almost any house in 
contact with ground in the US was considered a potential death-trap and the response 
was dramatic. Indoor radon became the premier health issue for federal and state 
agencies overnight and a whole industry dealing with radon instrumentation, measure-
ment and re-mediation was borne. In order to protect house owners, EPA launched an 
ambitious proficiency programme for companies providing the public with measure-
ment services and mitigation work (Jalbert, 1994). 
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Fig. 20-3. Geometric average and standard deviation of indoor radon gas concentrations in different 
countries (Data from UNSCEAR, 2000a) 

Surveys of radon activity concentrations 

Air 

Radon surveys in dwellings from 52 countries are summarised in the latest report 
from UNSCEAR (UNSCEAR, 2000a). As expected, countries with a cold climate and 
uraneous geology exhibit the highest values while countries in coastal regions with a 
mild climate are mostly very low in radon. Nation-wide indoor radon levels are 
typically log-normally distributed and therefore, best characterised by the geometric 
mean and the geometric standard deviation. The median splits a distribution into two 
halves, with 50% of observations above and the other 50% below the median value. 
For a log-normal distribution, the median equals the geometric mean. As expected, the 
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spread in values (i.e. the geometric standard deviation) is large for countries covering 
several climatic zones with a large variety in soil and bedrock characteristics.  

  The arithmetic mean is atypical for the nation 'mean' as it is distorted by a few 
extreme radon concentrations. In the US, the arithmetic mean is 46±2 Bq/m3 for 
instance, almost twice the median value of 25 (Marcinowski, 1992). The highest value 
reported to UNSCEAR is from Sweden, 85 000 Bq/m3, and this extreme together with 
other very high concentrations result in an arithmetic mean of 108 Bq/m3, while the 
geometric mean, the median, is only 56. 

In Fig. 20-3, the geometric mean of radon gas concentrations and the corresponding 
geometric standard deviation are shown for a number of countries. Dividing and 
multiplying the geometric mean value by the square of the geometrical standard 
deviation will estimate the lower and upper boundaries, respectively, for an interval 
covering 95% of the values for a country. Taking the US as an example, the geometric 
mean is 25 Bq/m3 (0.68 pCi/l) and 95% of the houses will have values between 3 
and 240 Bq/m3 (0.07 and 6.5 pCi/l)  assuming log-normal distributed values. Another 
implication is that half of the housing stock in the United States will have radon values 
below, and the other half above, the geometrical mean value 25 Bq/m3. 
 
Water 

A rule of thumb is that the radon gas in well-water is higher than in ground water, 
which in turn is higher than surface water. Water drawn from sedimentary sources is 
usually low. The random survey of US groundwater systems by EPA yielded values 
from below the minimum recording level of 3.7 Bq/l to 950 Bq/l (EPA, 1991). The 
evaluation of public water supplies in 100 major cities in China (Ren, 1996) gave an 
average radon concentration of 8 Bq/l, with a range of 0.04 to 100 Bq/l. Concentrations 
for wells drilled in rock with high radium content is in the range 500-10 000 Bq/l 
(Åkerblom, 1994), with a reported maximum in Sweden of 57 000 and in Finland 
of 77 500 Bq/l (STUK, 2000). In Finland, estimated mean values for drilled wells 
are 540 Bq/l and about 10% of them have concentration larger than 1 000 Bq/l. The 
mean  concentrations for drilled wells in Norway and Sweden is 340 and 200 Bq/l, 
respectively (STUK, 2000). Several thousand Bq/l of radon in drinking water has been 
reported from Maine (Hess, 1983), the Appalachian Piedmont province (Kahn, 1993) 
and several other regions/countries. 

Radon action levels 

Air 

The experience during the 1980s that almost any house in contact with ground could 
have hazardous radon levels called for guidance from international expert organi-
sations like ICRP and a definition of advisory or enforced action levels by national and 
international bodies. In its latest report on radon, the International Commission on 
Radiological Protection (ICRP65, 1993) recommends an intervention action level for 
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domestic radon gas in the range 200-600 Bq/m3. The rationale behind these figures is 
that such a concentration interval, assuming an 80% indoor occupancy and an equilib-
rium factor of 0.4, should correspond risk-wise to an effective dose of 3 to 10 mSv/a. 

Table 20-10. Enforced (E) and advisory (A) action levels for radon in indoor air and household water 
(Data adapted from Åkerblom, 1999; WHO, 1986; ICRP 65, 1993; NOHSC, 1995) 

 

Country or 
Organisation 

New homes 
 

Old homes 
 

New 
workplaces 

Old Workplaces
 

Drink. W. 
 

Drink. W. 
 

 Bq/m3 Bq/m3 Bq/m3 Bq/m3 publ. Bq/l priv. Bq/l 

Australia 200A 200A 1 000A 1 000A   
Austria 200A 400A 200A 400A   
Belarus 
 

200E 
 

200A  
400E 

    

Belgium  400A     
Canada c) 
 

800A 
 

800A 
 

800A  
(Gov. only) 

   

CEC  400A     
China  200A     
Czech Rep. 
c) 

250A 
 

500A 
 

  
50A  
300E 

200A  
1 000A 

Denmark 200A 400A 400E 400E   
Estonia 200A 400A     
Finland 200A 400A 400E 400E 300E  
Germany 250A 1000A     
Greece 200A 400A 200A 400A   
IAEA i) 200 - 600A 200 - 600A 1000A 1 000A   
ICRP  200A  1 000A   
Ireland 200A 200A 200A 200A   
Israel 200A 200A     
Norway 200E 400A   500A  
Poland 200E 400A     
Russia 200E 400E   120E  
Sweden s) 
 

 
200A  
400E 

200E 
 

400E 
 

100E  
1 000E 

100A  
1 000A 

Switzerland 
 

400A  
1 000E 

400A 
1 000E 

    

UK 200A 200E 400E 400E 100A  

USA u) 150A 150A 150E (Schools) 150E (Schools) 150E  

WHO 
 

250A 
 

250A  
1 000A 

    

 

The term 'action level' or 'reference level' is used by regulating bodies as a recom-
mended borderline between intervening and not intervening in an existing exposure 
situation. The intervention may be different from case to case and country to country, 
from mere non-obligatory recommendations on countermeasures to legal procedures 
against failures to meet the level. In practice, even legally enforced limits like those in 
Sweden are implemented cautiously, especially in owner-occupied dwellings with only 



 
 
 

20.  Radon in Buildings  331 

 

adults involved. In Table 20-10, the action levels for radon gas in indoor air and water 
in a few countries are summarised. 

Water 

As pointed out by Kendall et al. (1988), the ingestion dose to small children from 
radon in water may be significant (see Table 20-7). As this ingestion dose is added to 
the inhalation dose considered in the existing radon-in-water recommendations, new 
enforced action levels for household water were legislated in Sweden in 1998. In the 
US, the Environment Protection Agency suggested an action level of 300 pCi/l 
(11 Bq/l) in 1991 (EPA, 1991), but this low level was not enforced at the time. Today, 
the US member states have two options to choose from – either a radon in water 
limit of 4 000 pCi/l (150 Bq/l) or the old lower level of 11 Bq/l. The alternative level 
of  150 Bq/l is conditioned to be combined with a development of an indoor radon 
programme. These rules are applicable to water systems serving 25 or more people. 
The EPA radon-in-water action levels do not apply to private wells. 

20.7 Remedial action 

In this chapter, there is only room for a very brief discussion on how to prevent and 
reduce radon levels in dwellings. The interested reader is referred to detailed 
descriptions of remedial techniques in textbooks and reports, e.g. Clavensjö (1994), 
EPA (1987) and EPA (1993).  

It is convenient to distinguish between radon from the ground and radon from 
building material. With the ground as its source, the indoor radon gas level can reach 
astonishingly high levels, but on the another hand, the proper remedial action can be 
almost 100% effective. If, however, building material is the radon source, remedial 
action is normally less effective as the source is already in the house. This inefficiency 
is balanced by the modest increase of indoor radon levels, characterising this type of 
source.  

In general, radon reduction techniques are based on sealing, ventilating, or pressure 
modifying actions, or a combination. The obvious strategy against a radon source in the 
ground is to stop the radon gas from infiltrating the living space of the house in the first 
place. This can be done by sealing methods, but depressurising the ground or the filling 
material is also a common, and usually very effective, remedial strategy. It must be 
observed, however, that changes in the pressure between indoor and outdoor spaces 
may induce non-radiological hazards, e.g. backdraft in fireplaces and mould growth in 
wood, and should be supervised by building experts. 

Radon from the ground 

If a pressure-driven flow of soil gas into the house is the cause of radon 
contamination of indoor air, a construction that reverses the pressure gradient between 
soil and house will effectively stop radon from entering. Houses erected on very air 
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permeable ground can simply have the ground ventilated beside the house by means 
of  a so-called radon well (Clavensjö, 1994). A radon well is simply a stone filled 
excavation in the ground that is ventilated by an active air exhaust system. A more 
general approach, also applicable to less permeable grounds, is to depressurise the 
gravel layer (capillary-breaking layer) under the house or in the backfill around the 
house. It should be mentioned that increasing the indoor ventilation rate in a radon-
from-the-ground house is sometimes less than successful. Occasionally, improved 
ventilation will increase the indoor radon concentration level. The explanation is 
usually that a new ventilation system may enhance the radon infiltration rate from the 
ground to such an extent that it is not compensated by the higher ventilation rate. 

‘Crawl space’ houses 

Active (i.e. with an air pump) or passive ventilation of the crawl space with either 
outdoor or indoor air is a common approach when the radon source is in the crawl 
space material or in the ground under the crawl space. The use of warm indoor air for 
ventilating the space beneath the ground floor is apparently appealing in cold climate 
areas, increasing floor comfort. Alternatively, the radon emanating from the crawl 
space ground can be eliminated by covering the ground with a radon-tight plastic film. 
The film should be carefully sealed against the foundation walls to prevent radon 
entering the crawl space volume. Additionally, the air pressure under the plastic film 
can be lowered by connecting an air pump to a pipe system beneath the plastic film to 
the outside air. 

Slab-on-the-ground houses 

Erecting houses, with or without cellars, on a reinforced concrete slab on the ground 
is a common building technique. Radon from the soil may then enter through, for 
instance, imperfections in the slab or service pipe penetrations. A common way to 
intercept this radon flow into the living space is by sub-slab (and/or backfill) 
depressurisation. Sub-slab and backfill depressurising may be achieved in many 
different ways. By drawing air from suction pits (only one may sometimes be 
sufficient), from the existing water drain tile system around the footing or from 
inserted (perforated) pipes under the slab for instance, the necessary lower pressure can 
be sustained. When building houses on radon-rich grounds, it is wise (and sometimes 
stipulated in the building code) to insert perforated tubes below the slab. These tubes 
can then, if the final construction exhibits too high radon levels, be depressurised at a 
very reasonable cost. If the foundation slab is free from cracks and service pipe 
penetrations, increasing the air pressure in the gravel layer below the slab can also be 
an effective method for keeping the radon from the ground away.  

Radon from the building material 

A rough prediction of the expected radon gas concentration can be made from 
knowledge of the 226Ra concentration of the building material and the ventilation 
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rate.  In Table 20-2 it is assumed that the entry rate from the building material alone 
is 11 Bq⋅m-3

⋅h-1. Increasing the 226Ra concentration to 200 Bq/kg and decreasing the 
ventilation rate to a more realistic 0.5 h-1, the radon concentration emanating from the 
building material will be 88 Bq/m3. With a safety margin of slightly more than a factor 
of 2, it can then be predicted that building material containing less than 200 Bq/kg will 
not raise indoor levels of radon above 200 Bq/m3 as long as the house is properly 
ventilated. The building codes in several countries refer to the radium concentration 
levels above about 200 Bq/kg as potentially dangerous from a radon point of view and 
some countries explicitly forbid the use of such materials in new dwellings. 

In contrast to the case of radon from the ground, countermeasures against radon 
from construction elements, such as walls, are usually less efficient and durable. An 
exception is, of course, if mitigation consists of a complete removal of the radon 
emanating material, but such action is only realistic if the radon source is limited to a 
few building elements, e.g. a single non-bearing wall. Another exception is that if a 
high indoor radon concentration stems from poor ventilation, restoration of a proper 
ventilation rate will be efficient in proportion to the degree of ventilation improvement. 
With this in mind, it is appropriate, even necessary, to check that the affected house is 
properly ventilated before any mitigation actions are launched. If the ventilation is 
acceptable, but the radon levels still too high, sealing off the radon source by diffusion 
tight coatings is one possibility. In theory, thick 'bathroom type' wall coverings, 
aluminium foils, epoxy-based paints etc. are effective against radon gas. However, in 
practice, applying coverings to existing walls and floors without creating points of 
leakage is difficult. The problems of getting the radon seal tight around installations 
and in junctions are compounded by issues of durability and non-radon health hazards. 
In the long run, cracks and punctures in paint layers can seriously impair the seal and 
some paints involve health hazards during application. Laminates containing 
aluminium constitute both a fire and an electric shock hazard, and wall covers that can 
conduct electrical currents are forbidden in many countries. 

As an alternative to a sealing layer, floor and wall surfaces can be locally ventilated. 
If the exhaust fan is placed in a living space, it is of importance that the exhaust pipe 
does not leak. Due to the risks of radon re-entering, some building codes do not accept 
a placement of a radon vent fan in places suitable for occupancy. 

Radon from household water 

Radon gas in domestic water can give rise to both an inhalation dose and an 
ingestion dose. The radon gas can be removed fairly easily from the water before use. 
Many commercial products exist, most of them based on the air bubbling technique. 
Blowing air through the raw water may be applied to both small and large water 
volumes. If the contact time between water and air is extended, for instance by re-
circulation of water, the radon removal efficiency may be as high as 99%. A short 
survey of radon removal principles and removal efficiencies for both dedicated and 
unintentional water treatment systems has been published by Mjönes (2000). 
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Since Röntgen's discovery of X-rays in 1895, people have been increasingly exposed to 

ionizing radiation in medicine. Radiation has become firmly established in medical 

practice as an essential tool in both diagnosis and therapy. Medical exposure 

principally encompasses those exposures received by patients from the use of radiation 

generators or radionuclide sources.  

Diagnostic procedures represent the most common application of radiation in 

medicine, principally through the widespread use of various X-ray techniques such as 

radiography, fluoroscopy, computed tomography and interventional radiology. In 

addition, radio-pharmaceuticals are widely administered to patients for imaging 

purposes. 

Therapeutic procedures are less common than diagnostic examinations, but the 

radiation dose levels are much higher due to their purpose. Radiotherapy is used 

mainly in the treatment of cancer, where the intention is to deliver a lethal dose locally 

to malignant tissue within a well-defined target volume whilst minimising the radiation 

exposure to surrounding healthy tissue. Radiation therapy treatments are normally 

carried out using linear accelerators or sealed radio-nuclide sources (
60

Co, 
137

Cs, 
192

Ir). 

Furthermore, some therapy practices involve administration of radio-pharmaceuticals 

(monoclonal antibodies, 
131

I). 

In addition to diagnostic imaging and therapy, there are some other applications of 

ionizing radiation, such as bone density measurements, in vivo neutron activation 

analysis or X-ray fluorescence measurements of heavy elements in vivo. 

In recent decades, there has been an increase in the use of non-ionizing radiation in 

medicine both in diagnostics and therapy. The diagnostic use of NMR (Nuclear 

Magnetic Resonance) imaging and spectroscopy has increased tremendously since their 

introduction in the 1980s. Ultrasound is also frequently used in diagnostic procedures. 

Laser techniques are becoming more commonly used for both diagnostic and thera-

peutic purposes. Microwaves were extensively used for tumour treatment in the 1980s 

and have recently been applied to treatment of benign prostate hyperplasia.   

Thus, the use of radiation in various medical applications is steadily growing and 

medicine is the most significant source of human exposure to radiation. 

 

 

 

 

 

 

 

 

 

 
 

 



 

 

21 Diagnostic X-ray Examinations 

Bertil R. R. Persson 

21.1 Methods of X-ray examination 

Diagnostic X-ray examinations have been used in medicine for over a century 

with   ever increasing sophistication and technical complexity. Traditional X-ray 

examinations involve static imaging using film in cassettes or intensifying screens 

(radiography) and dynamic imaging using (electronic) image intensifiers (fluoroscopy). 

Radiographic exposure performed during fluoroscopy using a 100 mm film camera 

linked to the intensifier is called photofluorography. The image of certain tissues can 

be enhanced by contrast media administered to the patient. To enhance images of the 

gastro-intestinal tract, a barium sulphate suspension is administered orally. Blood 

vessels are emphasised by intravenous or intra-arterial administration of iodinated 

compounds (angiography) (Hendee & Trueblood, 1993). 

In addition to examinations on symptomatic patients with specific clinical 

indications, diagnostic X-ray examinations are used as part of carefully-designed mass 

screening programmes of whole sections of the population in relation to e.g. chest 

X-rays for tuberculosis or mammography for breast cancer (NRCP, 1993). 

Simple radiography 

The method of an X-ray beam passing through the object placed on a photographic 

film has been used since Röntgen presented the first X-ray image of his wife's hand. 

Modern X-ray techniques use more sophisticated and sensitive equipment and can 

produce X-ray images in 0.1 s or less. 

X-ray tomography 

By moving the body and the X-ray tube in opposite directions during the exposure, 

an image of a body section is obtained. This technique was invented more than 80 

years ago and is still used for imaging the chest and bones. 

Screening and image intensifier 

In the past, a fluorescent image was produced on a fluorescent screen and the 

radiologist observed the image on the opposite side. Because the brightness of the 

image was unsuitable for daylight viewing the radiologist had to adapt to working in a 

darkened room. In the 1950s, the image amplifier was developed where the fluorescent 
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image is viewed through an electronic intensifier and then presented on a video display 

that can be viewed by the radiologist in daylight. The images can also be recorded on 

film. 

Video radiography 

The brightened image produced by an image amplifier can be recorded on videotape 

and played back whenever the radiographer wants. This method is particularly useful 

for studying disorders of the gastro-intestinal tract and is improved by swallowing 

barium sulphate as a contrast medium. In angiography, intra-arterial administration of 

iodine contrast agents is used.  

Miniature radiography 

In miniature radiography, an ordinary optical photograph is taken of the fluorescent 

image of the image intensifier. Since miniature photographic films are less expensive 

than X-ray films, this technique is widely used in chest screening of large populations. 

It is also used in screening examinations using barium meals. The radiation exposure 

of the patient is, however, larger using miniature radiography than ordinary X-ray 

films.  

Digital imaging 

The image of the image intensifier can be digitised and stored in a computer. In 

digital vascular imaging, a background image is recorded before the injection of a 

bolus of contrast and images are sequentially recorded. The background image is 

electronically subtracted from the images with contrast, which results in a clear image 

of the vessels, free from shadows, bone and other tissues. 

Modern X-ray diagnostics has developed into digital radiography, where images are 

acquired in digital form from an image intensifier or from a storage phosphor plate. 

Digital technology also provides for the storage and transfer of images using digital 

networks known as picture archive and communications systems (PACS). 

Computed tomography 

In 1972, Godfrey Hounsfield introduced computed tomography (CT) into clinical 

practice. CT is a digital method processing digital X-ray recordings in various 

projections to generate a cross-section image of the body. The first CT machines had 

only two detectors and used a sharply collimated beam of X-rays opposite the 

detectors. The more modern CT machines use a fan shaped beam of X-rays and 

multiple detectors. This makes it possible to obtain a scan in a few seconds or less. 



 

 

 

340 Part 5: Health Care 

 

In the last few years, the use of spiral or helical CT scanners has been introduced. A 

special technique using slip rings allows continuous circular movement and operation 

of the X-ray tube while the patient coach slowly slides through the gantry, allowing a 

large volume or even the whole body to be scanned. The whole procedure is completed 

in a few seconds. Sophisticated computers reconstruct 3D images that can be viewed 

from any angle and handle the enormous amount of digital information collected 

during a spiral scan. 

Table 21-1. Temporal trend in the number of diagnostic X-ray examinations 

 

Developed 

Countries 

Developing 

Countries 

Undeveloped 

Countries 
Time period 

No. of examinations 

per million 

No. of examinations 

per million 

No. of examinations 

per million 

1970-1979 814 000   26 000 29 000 

1980-1984 804 000 141 000 75 000 

1985-1989 887 000 124 000 64 000 

1990-1996 797 000 133 000  

Radiation dose to patients undergoing diagnostic X-rays 

The levels of radiation dose to the patients undergoing diagnostic X-ray 

examinations are determined by numerous factors related to the procedure, equipment 

and the patient. X-ray procedures characteristically involve a series of partial-body 

exposures, which result in complex patterns of energy deposition within the patient. In 

general, organ doses are difficult to assess and in practice, routine patient monitoring is 

usually based on directly measurable dose quantities, such as entrance surface dose 

(with backscatter) per radiograph and, particularly for complex procedures involving 

fluoroscopy, dose-area product per examination (Larsson et al., 1996; NRPB, 1992). 

These quantities are often reported as part of quality assurance programmes or in other 

surveys of practice. From a radiation protection point of view, such dose measurements 

have also formed the practical basis both nationally and internationally for specifying 

reference values for common diagnostic X-ray procedures as a way of promoting 

improvements in practice (IAEA, 1973; ICRP, 1991; Le Heron & Poletti, 1994; 

NRPB, 1993). 

Estimates of organ dose and effective dose are generally made from such routine 

dose measurements using conversion factors appropriate to the conditions of exposure 

(Rannikko et al., 1997). Organ doses and effective doses provide the most complete 

assessment of absorbed dose to patient from X-ray examinations. In Table 21-2, the 

typical values of the effective dose to patients undergoing some common types of 

diagnostic X-ray procedures (1990-1996) are given. 

In Fig. 21-1, the various types of X-ray examinations are displayed in order of 

increasing effective dose. 
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Table 21-2. Typical values of the effective dose to patients undergoing some common types of 

diagnostic X-ray procedures (1990-1996) (UNSCEAR, 2000) 

Chest X-ray imaging 

The most common diagnostic X-ray examination is chest X-ray imaging, which 

affects about 25% of the population each year. There are several types of X-ray 

examination of the chest: 

• Simple X-ray with film (radiography)  

• Fluoroscopy screening 

• Chest screening with miniature film (photofluorography)  

• Tomography 

• Bronchography 

Organ or Procedure Comment 

Effective dose per 

procedure  

mSv 

Annual Number per  

1
 
000 population 

Chest Radiography 0.11 251 

 Photofluorography 0.43   38 

 Fluoroscopy 1.02   30 

Limbs and joints  0.07 145 

Spine Lumbar 1.56   47 

 Thoracic 0.91   12 

 Cervical 0.4   37 

 Total    92 

Pelvis and hips  0.85   32 

Head  0.07   57 

Abdomen  0.48   44 

GI tract Upper 3.62   38 

 Lower 5.81   9.8 

Cholecystography  2.21   3.4 

Urography  3.8   13 

Pelvimetry     0.55 

Mammography Screening 0.08   12 

 Clinical 0.15   8.6 

 Total 0.49   26 

Computed tomography Head 2.3   14 

 Body 14.2   19 

 All 10.0   26 

Angiography Cerebral 2.0   0.8 

 Cardiac 6.9   1.6 

 Total 12.0   6.6 

PTCA  23   0.57 

Interventional Total    2.3 

All examinations Average 1.2 797 

Dental Intraoral 0.013 410 

 Panoral 0.011 45 

 Average 0.014 371 
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• Pulmonary angiography 

• CT 
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Fig. 21-1. Various types of X-ray examinations displayed on a logarithmic scale in order of increased 

effective dose in milli-sievert 

Simple X-ray 

In many hospitals a patient has a routine chest X-ray on admission to exclude 

serious chest disease and provide preoperative status before undergoing surgery. 

Postoperative chest complications include basal collapse, lung infections and 

pulmonary embolus. In the assessment of such postoperative complications it is 

important to have a preoperative film for comparison. Chest X-rays also show the size 

and shape of the heart and provide information about the mediastinum, pulmonary 

vasculature, and position of the diaphragm and bony thorax. 

Tomography 

Tomography is used to get better images of masses or apparent masses at the lung 

hila and for studying the margin of opacities in the lung. This technique is also used to 

better demonstrate doubtful opacities, calcifications and cavities within lung lesions. 
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Bronchography 

In bronchography, the patient is first given a local anaesthetic to the trachea. Then, 

an iodinated contrast agent is injected either over the back of the tongue, directly 

through the nares or through the cricothysoid membrane. The patient is tilted in various 

positions to fill the lobes of the lung with contrast media. The bronchgram shows the 

whole bronchial tree and bronhiectasis can be demonstrated. 

Pulmonary angiography 

The contrast agent is injected through a catheter passing from a peripheral vein 

through the right atrium and right ventricle into the main pulmonary artery and into the 

right or left pulmonary artery. The main use of this method is to confirm suspected 

pulmonary embolus. It is also used for elucidation of opacities in the lung fields e.g. to 

confirm a diagnosis of artero-venous fistula or angiomatous malformation in the lung. 

Bone and joints X-ray imaging 

The second most common type of X-ray examination is in diagnoses of diseases of 

bones and joints. There are a large number of congenital bone lesions and dystrophies 

of a characteristic appearance in X-ray images. In nutritional disorders, the bone is 

poorly mineralised and the cortex is so thin that the bone has a 'ground glass' 

appearance with a fine 'pencilled' cortex. 
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22 Radiation Therapy 

Bertil R. R. Persson 

22.1 Conventional methods of radiation therapy 

External radiation therapy 

External radiation therapy is the principal form of treatment in radiotherapy, using 

external beams of high-energy (above 1 MeV) electrons or high-energy photons from 

electron accelerators or sealed radionuclide sources. Low-energy X-ray beams from 

conventional X-ray tubes are used for superficial therapy (10-150 kV) or deeper ortho-

voltage therapy (200-300 kV). High-energy electrons and photons are generated using 

linear accelerators which deliver photon beams generated by accelerating electrons. 

The electrons can also be extracted as electron beams of various maximum 

energies 6-24 MeV. By focusing the electrons on a target of heavy metal (Pt, W), 

bremsstrahlung of various maximum photon energies is produced, see Table 22-1.  

The success of radiotherapy depends on the accurate and consistent delivery of high 

doses of radiation to specified volumes of the patient, whilst minimising the exposure 

to healthy tissue. Detailed assessment of the dose for individual patients is critical, and 

   
Table 22-1. Various types of linear accelerator radiation therapy machines and their performance 

 

Manufacturer Model Photon Energies Electron Energies 

Varian Clinac 4/80 4 MeV None 

Varian Clinac 4/100 4 MeV None 

Varian Clinac 6/100 6 MeV None 

Varian Clinac 600C 6 MeV None 

Varian Clinac 18 10 MeV 6-18 MeV 

Varian Clinac 20 15 or 18 MeV 6-20 MeV 

Varian Clinac 1800 Dual Energy 6/10 MeV, 

6/15 MeV, and 6/18 MeV 

6-18 MeV or 6-20 MeV 

Varian Clinac 2100C Dual Energy 6/10 MeV,   

6/15 MeV and 6/18 MeV 

6-18 MeV or 6-20 MeV 

Varian Clinac 2500C Dual Energy 6/25 MeV 6-24 MeV 

Siemens Mev 6700 6 MeV none 

Siemens Mev 6740 6 MeV 6-12 MeV 

Siemens MD or KD Dual Energy various 

Siemens MD-2 or KD-2 Digital Dual Energy   

Philips/Elekta SL Dual or Single Energy  various 
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techniques for dosimetry and treatment planning are well documented in several text-

books and publications. For quality assurance, measures and dosimetry inter-

comparisons are continuously performed to keep to accepted standards. 

The elements of clinical radiation oncology begin with assessment of the extent of 

the disease (staging) and identification of appropriate treatment. In the case of radiation 

therapy, the following measures are taken: 

• Specification of a prescription defining the treatment volume (encompassing the 

tumour volume) 

• Intended tumour dose (60 Gy) and consideration of critical normal tissues 

• Dose per fraction (2 Gy) and frequency (4-5 times per week) 

• Fraction schedule: 14 fractions – rest period – 14 fractions 

• Dose planning to provide optimal exposure 

• Simulation with X-ray and CT to provide optimal exposure 

• Delivery of treatment 

• Follow up 

 

In view of the largely empirical nature of current practice in radiotherapy, 

significant variations are apparent in the dose/time schedules in the treatment of 

specific clinical problems. 

Brachytherapy 

Brachytherapy uses an encapsulated radioactive source positioned on or in the 

patient by surface, intracavitary or interstitial techniques. In the past, many brachy-

therapy techniques used 
226

Ra sources, which are not ideal. Modern brachytherapy uses 

afterloading of 
192

Ir sources (wire or pellets) into patient applicators by mechanical 

transport along a coupling to safe storage.  Table 22-2 shows different brachytherapy 

techniques. 
 

Table 22-2. Different brachytherapy techniques 

 

Brachytherapy 

Method 

Dose-rate 

(Gy/h) 
Treatment time 

Type of 

sources 
Remark 

Low Dose Rate (LDR) 

 

0.4-2 Several days 
137

Cs, 
226

Ra  

Medium Dose Rate (MDR) 2-12 Hours 
137

Cs Remote 

afterloading 

High Dose Rate (HDR) 120-300 Minutes in several 

fractionation 

192
Ir, 

60
Co Remote 

afterloading 

 

Permanent brachytherapy implants are generally used for deep-seated tumours, such 

as cancers of the pancreas, lung, brain, pelvis and prostate, and often in palliative treat-

ment. The most commonly used sources are 
125

I, 
198

Au and 
103

Pd either as individual 
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grains (seeds) or loaded in sutures. Temporary implants of 
192

Ir (wire or pellets), 
137

Cs 

(needles or pellets) and 
60

Co (pellets) are used for superficial and easily accessible 

tumours. Interstitial applications are used in treatments of the breast, head and neck, 

cervix, vagina, rectum and prostate. The intracavitary implant technique is routinely 

used in the treatment of carcinoma of the cervix, vagina and endometrium. Intra-

luminal implants, using a special applicator or catheter, are used in the treatment of 

carcinoma of the oesophagus, bronchus and bile ducts. Ophthalmic applicators 

incorporating 
90

Sr are also used. 
 

Table 22-3. Some current clinical applications of radionuclide therapy in cancer (Darte, 1999) 

 

Radionuclide 

 

Radio-pharmaceutical 

 

Activity 

(MBq)/Adm. 

Clinical use 

 

131
I 

Sodium Iodide 

solution. 
6

 
000/p.o. 

Differentiated thyroid 

carcinoma 
32

P Sodium Phosphate sol. 300/i.v. Polycythemia rubra vera 

89
Sr 

Strontium Chloride 

sol. 
150/i.v. Bone metastases of prostate ca. 

131
I 

iodobenzylguanidine; 

mIBG  
3

 
500/i.v.  Neural crest tumours 

153
Sm EDTMP 3

 
500/i.v. 

Bone metastases of prostate, 

sarcoma, thyroid, mammary ca. 
186

Re HEDP 1 400/i.v. Bone metastases 
32

P Chromium Phosphate  Intracavitary 
90

Y Microspheres  i.a. Hepatic tumours 
166

Ho Microspheres  i.a. Hepatic tumours 
90

Y Antibodies Mabs Various tumours 
114

In
m
 Lymphocytes  Lymphomas 

131
I Antibodies 

2 000/i.v. 

Mabs 
Various tumours 

131
I Lipoidol  Hepatic tumours 

198
Au Colloidal  Abdomen pleural effusions 

Systemic radiation therapy 

In systemic radiation therapy, unsealed radionuclides are administered to the patient. It 

has been used as a therapeutic agent for over 60 years in the palliative treatment of 

cancer patients and in the treatment of thyroid disease and arthritis. Systemic radiation 

therapy offers the potential advantage of the biological targeting of the radiation 

absorbed to particular tissues or regions of the body. The most common examples of 

biologically targeted therapies involve simple ions and small molecules that follow 

physiological pathways, such as 
131

I sodium iodide in the treatment of thyroid car-

cinoma, 
32

P sodium orthophosphate in the treatment of polycythemia rubra vera, 
89

Sr 

strontium chloride in the management of painful bone metastases, and 
131

I metaiodob-

enzylguanidine (mIBG) in the treatment of neuroblastoma. Efficient biological 

targeting is also possible through the use of tumour-specific monoclonal antibodies 
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(Mabs) for the delivery of appropriate radionuclides. Some current clinical applications 

of radionuclide therapy in cancer are summarised in Table 22-3. 

Practice in radionuclide therapy requires detailed patient dosimetry in order to be 

able to balance the therapeutic aim of treatment against the protection of normal 

tissues. A wide range of complex techniques are used, including macroscopic 

approaches to dosimetry on the scale of organs similar to those used for diagnostic 

examinations with radiopharmaceuticals, based on information concerning uptake and 

retention in target and other tissues derived from quantitative imaging. Pre-therapy 

imaging of patients is used to plan individual treatments, whereas imaging during 

therapy allows confirmation or correction of the dosimetry.  

22.2 Special methods of radiation therapy 

Intraoperative radiation therapy (IORT) 

IORT involves surgery to expose the tumour or tumour bed for subsequent 

irradiation, usually with a beam of electrons in the energy range 6 - 17 MeV, while 

normal organs are shifted from the field (Dobelbower & Abe, 1989). 

Stereotactic radiosurgery (SRS) 

SRS refers to the use of thin, well-defined beams of ionizing radiation focussed by a 

stereotactic guiding device to destroy the target volume without significant damage to 

adjacent (healthy) tissues. Since the introduction of the technique in 1951, clinical 

studies have been undertaken with high-energy photons from linear accelerators 

and 
60

Co sources, with protons and heavy particles. A modern SRS system uses a 

robotic system and real time X-ray imaging to locate and trace the treatment site during 

exposure with a 6 MV photon beam (Murphy & Cox, 1996). 

Heavy charged particles and proton therapy 

This technique uses the radiobiological advantage of high linear-energy transfer and 

the superior localisation of radiation dose at depth. Proton beams have been used thera-

peutically since 1955 for the treatment of over 2 500 patients with ocular melanoma. 

Fast neutron radiation therapy 

This was first used as a cancer treatment tool in 1938 in the United States, but 

without success due to an incomplete understanding of dosimetry (Griffin, 1992). Later 

studies in the United Kingdom in the 1960s with appropriate fractionation paved the 

way for clinical trials at various centres around the world. In particular, a 20 year 
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multiphase project was initiated in the Unites States 1971, which involved 10 separate 

neutron facilities and several thousand patients in order to establish the efficacy of 

neutron therapy. 

Boron neutron capture therapy (BNCT) 

BNCT is a bimodal treatment technique in which 
10

B is selectively concentrated in 

malignant tissue for subsequent activation (transmutation) to 
11

B. This short-lived 

isotope immediately decays with the emission of alpha particles and 
7
Li when 

irradiated with epithermal neutrons (Dorn, 1994).  

22.3 Accidental exposures from medical radiation 

As a result of radiation protection regulations and quality assurance measures, 

accidents in the use of medical radiation are very rare. If accidents happen, they 

are  analysed and measures are recommended to prevent future accidents occurring. 

Reported accidents involve radiology (39%), radiotherapy (37%), nuclear medicine 

(20%) and dental radiology (4%). 

It is of great importance that the personnel are aware of and understand the require-

ments of written directives, procedures and policies. They should also review written 

directives during pre-planning and prior to administration, such as: 

• Confirmation of patient's identity 

• Review of parameters entered for treatment planning computers 

• Verification of patient's dose 

 

Additional time and effort spent in verifying calculations, patient identities and 

treatment parameters before a procedure or an administration help to ensure that the 

correct treatment is carried out. The United States Nuclear Regulatory Commission 

(www.nrc.gov) has the following communications on those questions: 

 

NRC IN 95-39:  Brachytherapy Incidents Involving Treatment Planning Errors 

NRC IN 88-93  Teletherapy events 

NCR IN 2000-05: Recent Medical Misadministrations Resulting from Inattention 

to Detail 

 

(NCRIN, 1988; NCRIN, 1995; NCRIN, 2000) 
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23 Nuclear Medicine 

Bertil R. R. Persson and John Palmer 

23.1 Introduction 

The use of ionizing radiation from the decay of radioactive isotopes in medical 

diagnosis and therapy is usually called 'Nuclear Medicine'. In diagnostic nuclear 

medicine examinations, a radioactive tracer is administered to the patient. In intra-

venous administration, the radioactive tracer is distributed with the blood to the various 

organs. The radioactive isotope is bound to a specific chemical compound that is 

accumulated in the organ to be examined. In some nuclear medicine examinations, the 

radioactive compound is administered orally in the form of capsules or a solution. 

Nuclear medicine examinations provide functional and morphologic information. 

Examples of functional examinations are: 

• Iodine uptake of the thyroid 

• Renography for kidney function test 

• Metabolic examinations 

• Haematological examinations 

 

Examples of imaging of physiological processes are: 

• Skeletal scintigraphy 

• Lung scintigraphy 

• Myocard scintigraphy 

 

The following maps the physiological activity in the organ in question. 

 

Organ: Function: Imaging of: 

Skeletal scintigraphy  - bone growth osteoblast activity 

Lung scintigraphy - perfusion capillary blood flow 

 - ventilation ventilation distribution 

Kidney scintigraphy - urine flow glomerular filtration 

  tubular secretion 

Thyroid scintigraphy - hormone iodine metabolism 

Heart scintigraphy - myocardium myocardial perfusion 

 - red blood cell blood circulation 

 - infarct metabolic activity 

Brain scintigraphy - blood flow intracerebral blood flow 

 - tumour blood-brain barrier 

 - infarct metabolic activity 
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Characteristic of the nuclear medicine methods is the fact that pathological 

processes can be seen long before they cause morphologic changes detected by X-ray 

examinations. A typical example is metastases in the skeleton, which can be seen with 

skeletal scintigraphy several months before they can be seen by conventional X-ray 

examination. 

Scintigraphy comes from the most common detector used in nuclear medicine. 

Originally, a single NaI(Tl) scintillation crystal was moved over the patient and the 

count rate was recorded by the intensity of dots on paper. Nowadays, the detector is a 

large scintillation crystal that views the whole organ of interest. The count rates are 

recorded on a video display as an image of the activity distribution. Such a device is 

called a scintillation camera or gamma-camera since it is the gamma radiation from the 

patient that is recorded. 

Table 23-1. Type of radiopharmaceutical and activity administered in the most frequent diagnostic 

nuclear medical procedures 

 

Type of procedure 

 

Number of examinations 

per million people 

Radiopharmaceutical 

 

Activity per procedure 

MBq 

Bone 3 280   

  
99

Tc
m
-phosphates 500 

Cardiovascular 1 250   

  
99

Tc
m
 -MIBI 700 

  
210

Tl-chloride 80 

Brain 530   

  
99

Tc
m
 -DTPA 700 

  
99

Tc
m
 -HMPAO 900 

  
99

Tc
m
 -pertechnetate 700 

Lung perfusion 780   

  
99

Tc
m
 -MAA 100 

Lung ventilation 200   

  
99

Tc
m
 - DTPA 270 

Liver/spleen 320   

  
99

Tc
m
 -colloid 200 

  
99

Tc
m
 -IDA 200 

Thyroid scan  337 
99

Tc
m
 -pertechnetate 150 

  131/123-I iodide  2 

Thyroid uptake  400   

  
99

Tc
m
 pertechnetate  50 

  131/123-I Iodide  2 

Renal scan  120   

  
99

Tc
m
 -DMSA 100 

  
99

Tc
m
 -DTPA 200 

  
99

Tc
m
 -MAG3 150 

All diagnostic 

nuclear medicine 

procedures  

 

11
 
400 
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23.2 Radiation exposure in nuclear medicine procedures 

Radioactive compounds are administered to patients for nuclear medical diagnostic 

purposes. The most common imaging procedures use gamma-cameras. The technique 

of single photon emission computed tomography (SPECT) uses multi-headed gamma-

camera systems for three-dimensional imaging. Multi-detector systems are used for 

positron emission tomography with short-lived positron emitting radionuclides such 

as 
15

0, 
11

C, 
13

N and 
18

F.  
99

Tc
m

 and 
131

I ions and labelled agents are the most commonly used radiopharma-

ceuticals in diagnostic nuclear medicine procedures. 

Fig. 23-1 presents a logarithmic diagram of the effective radiation dose for different 

types of diagnostic nuclear medicine examinations. 

Table 23-2. Effective dose for some nuclear medicine diagnostic procedures (UNSCEAR, 2000) 

 

Radio 

pharmaceutical 

Type of Investigation 

 

Activity 

MBq 

Effective Dose 

mSv 

Remark 

 
131

I
-
 Thyroid function 3 72 35% uptake 

201
Tl

+
 Myocardium 85 20  

131
I

-
 Thyroid function 0,7 17 35% uptake 

99
Tc

m
-MIBI Myocardium 1

 
200 13  

99
Tc

m
-HMPAO Cerebral blood flow 900 8.4  

111
In-octreotide Tumour 110 8.4  

131
I

-
MIGB Phaeochromocytoma 50 7.0  

99
Tc

m
-MDP Bone 600 3.5  

99
Tc

m
 O4

-
 Thyroid 200 2.4  

99
Tc

m
-leucocytes Inflammatory process 200 2.2  

123
I

-
MIGB Phaeochromocytoma 130 2.3  

99
Tc

m
-MAA Lung perfusion 130 1.8  

57
Co-vitamin B12 Shilling test 1.0 1.0  

99
Tc

m
-MAG3 Kidney Scintigraphy 90 0.7  

99
Tc

m
-aerosol Lung ventilation 20 0.2  

75
Se-HCAT Bile acid metabolism 0.3 0.2  

3
H-water Body water 4 0.06  

51
Cr-EDTA Kidney clearance 4 0.008  

14
C-Urea Heliobacter pylori 0.11 0.002  

22.3 Skeleton scintigraphy 

The most common nuclear medicine examination is skeleton scintigraphy, which is 

used to search for metastases in cancer patients. The method can also be used in the 

study of infections, inflammations and fractures. 
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Fig. 23-1. Effective radiation dose for different types of diagnostic Nuclear Medicine examinations. 

The type of examination, administered radiopharmaceutical and activity is given in the text 

lined to each bar. 

Radiopharmaceuticals used in skeleton scintigraphy are based on diphosphonate 

compounds that easily bind to the hydroxyapatite of the skeleton. Metylene-diphos-

phonate labelled with radioactive 
99

Tc
m

 is accumulated in areas of high perfusion and 

active reconstruction of bone tissue. 

Pathological processes cause an increased turnover of phosphate due to increased 

osteoblast activity. An increase of 10% can be seen by scintigraphy. Metastases are 

seen as areas of increased activity compared with surrounding normal bone and are 

most common in the shoulders. 

Fig. 23-2 shows a skeleton scintigraphy in the form of a whole body image recorded 

by a gamma-camera scanning at 20 cm per minute after intravenous administration 

of 500 MBq
 99

Tc
m

-HDP. 

Skeletal scintigraphy is a functional examination and has a much greater sensitivity 

that X-ray examinations. The fraction of false negative findings is less than 3%. When  

X-ray examinations of the skeleton are performed at the same time as scintigraphy, the 

X-ray examination results often do not show anything out of the ordinary while the 

scintigraphy can show positive findings. 
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23.4 Lung scintigraphy 

The perfusion of the blood vessels in the lungs is examined by intravenous 

administration of particles labelled with 99mTc. The particles, which are in the order 

of 15-50 µm, are trapped in the blood capillaries and viewed by a scintillation camera 

to get an image of the lung perfusion. Normally, the radioactivity is evenly distributed 

while artery emboli that block a segment of the lung create a defect in the scintigram. 

Pathological perfusion scintigraphy is often followed by a ventilation study using 

radioactive xenon (
133

Xe) or an aerosol of 
99

Tc
m

-DTPA, or so-called Technegas. By 

combining perfusion studies with ventilation scintigraphy, the specificity of the 

diagnostic procedure can be increased. Lung-emboli give a perfusion defect that is 

normally ventilated, so-called mismatched, and is not normally seen by X-ray 

examination. Pathological processes other than lung emboli cause areas of the lung 

with no perfusion or ventilation. 

In Fig. 23-3 is shown a lung ventilation and perfusion scintigraphy using a tomo-

graphic technique and 3D-image. 

Fig. 23-2. Skeleton scintigraphy – whole body 

image recorded by a gamma-camera 

scanning at 20 cm per minute after 

intravenous administration of 500 MBq
 

99
Tc

m
-HDP.  

Left – Frontal view 
 Right – Dorsal view 
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Fig. 23-3. Lung ventilation (left) and perfusion scintigraphy (right) using tompgraphic technique and 

3D-image. The ventilation examination is performed using 20 MBq 
99

Tc
m
-DTPA aerosol, 

and then the perfusion scintigraphy using 100 MBq 
99

Tc
m
-MAA. 

23.5 Kidney scintigraphy 

The blood is filtered through the kidneys by so-called glomerolous filtration (GFR), 

which is a passive process, and by the tubular secretion, which is an active energy-

consuming process. 

The classical indicator for examination of the perfusion through the kidney is para-

aminohippuracid (PAH) and its radioactive 
131

I-labelled Hippuran-R. The gamma 

energy of 
131

I is, however, too high for modern scintillation cameras with thin crystals. 

Therefore, 
99

Tc
m

-labelled Mercapto-acetyl-triglycine (MAG-3) is currently used for 

gamma-camera renography. It gives high clearance and rather high extraction. 

Other 
99

Tc
m

-labelled radiopharmaceuticals based on DTPA are excreted only by 

GER. Thus, they can be used for renal function diagnosis using gamma-cameras. 

The blood background is usually higher than MAG3 and gives a higher radiation 

dose  to  the patient. The golden standard indicator for GFR is, however, 
51

Cr-EDTA 

administered as an intravenous bolus. Four blood samples are taken during the 3-4 

hours after the injection. The plasma clearance is estimated as the quotient between the 

administered activity, and the surface under the graph of plasma concentration. 

Technetium-99m labelled dimercaptisuccinate (DMSA) accumulates in the kidney 

tissue and is retained for a long time. In a normal kidney, about 50% is accumulated in 

the kidney after one hour. It can be used for static kidney-scintigraphy and gives 

excellent morphologic information. 
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Renography 

The radiopharmaceutical is injected intravenously as a bolus and the uptake in the 

kidneys is recorded either with a gamma-camera or with an external detector over each 

kidney. The uptake is recorded over a region of interest over each kidney. 

A renogram is characterised of three phases: 

• the vascular phase  

• the uptake phase or parenchyma phase 

• outflow phase  

 

The rate of increase in the uptake phase is a measure of the clearance, the faster the 

better. The outflow phase corresponds to the transport of the activity in urine to the 

bladder. The great value of the renogram is the possibility to evaluate each kidney 

separately and compare the two sides. 

Gamma-camera renography  

For gamma-camera studies, the short-lived (6
 
h) technetium isotope 

99
Tc

m
 is the 

most suitable and most inexpensive radionuclide. The uptake and outflow of 
99

Tc
m

-

DTPA is very rapid through the urinary system. About 15-20 minutes after a bolus 

injection, the whole urinary process has been recorded. With sequential recording (so-

called dynamic scintigraphy), the bolus of the radiopharmaceutical can be traced 

through the kidney, urethra and bladder. 

In patients with poor kidney function, 
99

Tc
m

-MAG3 can be used because it has 

about 2-3 times higher extraction by the kidneys and is excreted by active tubular 

secretion. Therefore, MAG3 clearance is called the 'Tubular Extraction Rate' (TER) to 

separate it from Hipuran clearance (RPF). The use of MAG3 also results in a higher 

activity concentration in the urine than DTPA and is therefore suitable in cases of low 

kidney function and low urinary flow conditions. 

Dimercaptosuccinate (DMSA) labelled with 
99

Tc
m

 is a radiopharmaceutical 

selectively bound to intracellular structures of the proximal tubule of the kidney bark. 

This agent can be used for a precise study of the distribution of function between the 

two kidneys. Its greatest value is that both static and dynamic information is obtained. 

This is of special value in studies of malformation and hyperplasia. 

23.6 Thyroid scintigraphy 

Clinical examinations of palpation of the thyroid gland are the basis for the decision 

to proceed with investigation of suspected thyroid pathology. Fine needle biopsy of 

palpable nodules gives a histopathological diagnosis of thyroid disease and choice of 

therapy. 

The thyroid gland normally has an affinity to iodine and therefore, the iodine 

metabolism can be studied by using radioactive iodine tracers. The uptake of 
131

I- use 
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to be used to measure the total function. 
99

Tc
m

-pertechnetate is also accumulated in the 

thyroid gland, but is not involved in the synthesis of thyroid hormone. However, both 

the 
131

I-iodide and 
99

Tc
m

-pertechnetate uptakes are proportional to the activity of the 

thyroid gland. 

The thyroid function is diagnosed through analysis of thyroid stimulating hormone 

(TSH), thyroxin (T4) and trijodtyronin (T3) in serum. Before treatment of pathological 

thyroid hyper function with 
131

I-iodide, the uptake is measured at two and 24 hours 

after per oral intake of a tracer dose. Normally, the uptake should be about 30% at 24 

hours and above 45% if the patient is hyperthyroid. 

The scintigraphy examination takes place after intravenous injection of 
99

Tc
m

-

pertechnetate. The scintigraphy image shows the uptake distribution of the thyroid 

function. Probability for malignancy is higher in very active nodules than in those with 

reduced activity. However, when there is suspicion of thyroid cancer, 
123

I-iodide is 

preferable, particularly in children. Another useful radiopharmaceutical in the 

diagnosis of medullary thyroid cancer is somatostatine analogue octeotin (
111

In-

Octreoscan). 

23.7 Heart scintigraphy 

There are three types of nuclear medical examinations of the heart: 

• Myocard – or perfusion scintigraphy of the heart muscle 

• Blood volume scintigraphy 

• Scintigraphy imaging of infarcted dead muscle tissue 

 

In myocard scintigraphy, the 
201

Tl-ion acts as a potassium analogue and accumulates 

in the heart muscle by active transport through the sodium/potassium pump. There are 

also some 
99

Tc
m

-labelled compounds (sestamibi, tetrofosmin) that diffuse into the heart 

muscle cells and stay there. The uptake of these compounds is mainly related to the 

regional blood-flow and gives an image of the myocard perfusion. 

The indication for myocardscintigraphy is the diagnosis of ischemic heart disease 

(angina pectoris). With severe ischemia, some part of the heart muscle cannot work. 

This condition, called hibernation, is reversible if the circulation can recover before the 

heart muscle dies. Thus, revascularisation treatment is important to improve the 

circulation in the heart muscle. The only way to diagnose this condition is nuclear 

medicine techniques and use of radiopharmaceuticals as indicators for metabolic 

activity and can also be used at very low blood-flow. The most useful indicator is 
18

F-

labelled deoxyglucose (
18

FDG), which is a positron emitting radiopharmaceutical. 

Myocard scintigraphy is often performed in combination with a workload using 

a  bicycle test to increase the myocard perfusion. The radiopharmaceutical (
201

Tl 

or  
99

Tc
m

-sestamibi) is administered intravenously, either at maximum workload or 

when the patient feels pain and the EKG shows changes. After a few minutes, the work 

stops and the heart is viewed in three projections: 

• VLA – Vertical Long Axis 
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• HLA – Horizontal Long Axis 

• SA – Short Axis  

 

In cases of ischemia or infarct, there is a defect with decreased uptake. In cases of 

ischemia, the defect disappears after a few hours, but if it is fixed or permanent, infarct 

is indicated. 

By using a radiopharmaceutical that stays in the bloodstream, it is possible to get an 

image of the chambers of the heart and the large vessels in the different phases of the 

heart cycle. Radionuclide angiography is performed using a bolus injection of 
99

Tc
m

-

pertechnetate. The passage of the bolus is followed by high frequency imaging 

during 30 s. Equilibrium radionuclide angiography is based on the use of radioactive 

labelled red blood cells. Gamma-camera is used after a few minutes when the 

administered 
99

Tc
m

-labelled erythrocytes are mixed and are in equilibrium with the 

circulating blood. In order to get enough number of counts in the recording, it is 

necessary to sum images from a number of heart cycles. This requires ECG-

synchronised recording and this type of examination is called 'multiple gated 

acquisition' (MUGA). 

Radiopharmaceuticals such as 
99

Tc
m

-labelled pyrophosphate have been found to 

accumulate in infarcted myocardial tissue. This is due to precipitation of calcium 

bound to organic macromolecules in dead or dying muscle cells. Thus, 
99

Tc
m

-

pyrophosphat is used for infarct scintigraphy in patients that require further 

investigation, e.g. patients with a pacemaker or with abnormal ECG complex. 

Another agent that can be used for infarct imaging is 
111

In-labelled monoclonal 

antibody for myosin. This protein is present in the myocyte and is exposed in the 

infarcted area when the cell dies and the cell membranes are ruptured. 
111

In-labelled 

antibodies are irreversibly bound to the infarcted cells and thus, indicate cell death. 

23.8 Gastrointestinal scintigraphy 

Radionuclide examinations of the gastrointestinal tract are used to diagnose gastro-

intestinal bleeding, ectopic ventricle mucus, abscesses in the pelvis and inflammatory 

intestine. Other studies are oesophagus scintigraphy, ventricle emptying, oesophageal 

reflux and enterogastric reflux. An important examination is the quantitative study of 

the entero-hepatic circulation of bile acids. 

Scintigraphy of the bilary passage is a dynamic study of the bilary function and the 

bilary passages. Various 
99

Tc
m

 labelled analogues of iminoacetic-acid (IDA) are used, 

such as 
99

Tc
m

-diethyl-iodo-HIDA (IODIDA) or galtifenin), 
99

Tc
m

-dimethyl-IDA 

(HIDA of etifenin) and 
99

Tc
m

-di-isopropyl-IDA. HIDA is rapidly excreted through the 

bilary passages and is frequently used for bile passage scintigraphy 

Fig. 23-4 shows an image from a functional gamma-camera examination of the 

bilary passage, performed as a dynamic study with 1 image per minute after 

intravenous administration of 
99

Tc
m

 HIDA. 
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24 Microwaves, RF-radiation and EMF-fields 

Bertil R.R. Persson 

24.1 Introduction 

Local tumour control is still a big problem in tumour therapy. About one-fourth of all 

patients that die from their cancer do so due to locally progressive tumour growth 

(Suit, 1982). There are several explanations for this fact. Local failures in radiation 

therapy may be due to the existence of anoxic, slowly proliferating cells in the tumour. 

These cells are often radio resistant and in order to kill these cells, the absorbed dose 

must be increased to a level that would result in an unacceptable increase of damage to 

adjacent normal tissues. 

To overcome these problems, different approaches of using microwaves, RF-

radiation and, EMF-fields in combination with conventional radiation and/or chemo-

therapy are under investigation. Modalities with and in combination with oxygen-

mimetic compounds ('radiosensitisers') are also being studied. 

Microwave induced hyperthermia seems to be a promising treatment modality for 

malignant tumours. There is a well-established biological rationale for tumour treat-

ment with microwave-induced hyperthermia, especially in combination with ionizing 

radiation. 

Microwave induced thermotherapy (> 45 °C) is used for treatment of both malign 

and benign diseases such as benign prostate hyperplasia. 

24.2 Physical aspects of hyperthermia methods 

The methods employed for power deposition in local and regional clinical 

hyperthermia using electromagnetic fields are: 

• Radio frequencies < 300 MHz (13.56, 27.12, 70 and 100 MHz) 

• Microwave frequencies > 300 MHz (433, 915 and 2 450 MHz) 

 

Several reviews and books on physics and techniques of electromagnetic 

hyperthermia have been published, e.g. (Nilsson, 1984; Watmough & Ross, 1986; 

Streffer, 1987; Lindholm, 1992; Matsuda, 1993). Therefore, the heat-induction 

methods will only be briefly discussed in the following section, followed by a brief 

summary of the clinical applications. 
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Capacitive Radio Frequency techniques 

A technique often used in diathermy at ISM-frequencies (Industrial, Scientific and 

Medical frequencies) 13.56 MHz and 27.12 MHz, is the application of a pair of 

capacitor plates excited by the radio frequency generator. The tissue is heated due to 

displacement currents produced by the electric field in the tissue between the plates. 

Theoretically, the technique has a potential for deep-heating in a homogeneous 

medium. The boundary conditions at a fat/muscle layer approximately parallel to 

the  plates will, however, result in a preferential heating of the fatty tissue (Guy 

et al., 1974). To obtain a uniform field distribution, the plates should be large in 

relation to the distance between them (Brezovich et al., 1981). Multiple pairs of plates 

arranged in a 'cross-fire' configuration have been used to overcome the problem of 

excessive heating of subcutaneous fat layers (Sugaar & Leveen, 1979). 

Inductive radiofrequency techniques 

When an oscillating magnetic field is applied to a biological medium, eddy currents 

are generated, which produce heating in the tissue. The most conventional type of 

applicator is the so-called 'pancake' coil often used in diathermy at 13.56 MHz 

or 27.12 MHz (Guy et al., 1974). This applicator is suitable for heating superficial 

tissue volumes and different types of coils have been discussed (Lerch & Kohn, 1983). 

A hyperthermia system (commercially available under the tradename 'Magnetrode') 

consists of an annular one-turn coil excited at 13.56 MHz for regional deep-heating 

(Storm, 1983). Another type of inductive applicator working at about 150 MHz has 

recently been used clinically for hyperthermia treatment of superficial tumours (Bach 

Andersen et al., 1984). 

Radiative electromagnetic techniques 

Techniques based on radiative electromagnetic apertures have mostly been used at 

the microwave ISM-frequencies of 2450 MHz, 915 MHz and 434 MHz. Radiative 

apertures working at lower frequencies have, however, also been used for regional 

deep-heating using a technique with multiple phased applicators in a circular 

configuration (the Annular Phased Array, BSD Medical Corporation, USA) 

(Turner, 1982). A coaxial TEM RF/microwave applicator has been developed for deep-

body regional hyperthermia. 
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24.3 Electromagnetic heating of tissue 

Basic physics of interaction between microwaves and biological matter 

Microwaves are defined as the region of the electromagnetic spectrum with 

frequencies ranging from 300 MHz (λ0 = 1 m) to 300 GHz (λ0 = 1 mm). The discus-

sion below is also valid for electromagnetic waves with lower frequencies (the radio-

frequency range). There are three basic mechanisms involved in the biophysical inter-

action processes: 

• Displacement or drift of free charges (electrons, ions) due to the electric field 

• Polarisation of atoms and molecules 

• Orientational polarisation of permanently existing dipoles (i.e. water, lipids) 

 

Through the oscillations of free charges (conduction losses) and the relaxation of 

electric dipoles (dielectric losses), energy is removed from the electromagnetic field 

and converted to kinetic energy of the tissue molecules, resulting in a temperature rise 

in the tissue. (Johnson & Guy, 1972). 

The macroscopic interaction between the electromagnetic field and the tissue is 

governed by the dielectric permittivity, ε, the magnetic permeability, µ, and the 

conductivity, σ, through Maxwell's equations. 

 

rε  = relative permittivity (24-1) 

 (dielectric constant) 
*

r r rjε ε ε′ ′′= + ⋅  = complex permittivity (24-2) 

0
r

j
σ

ε
ωε

′′ =      (the imaginary part accounts for the losses) (24-3)  

 12 -1 -1

0 8.854 10  A s V mε −= × ⋅ ⋅ ⋅  = permittivity of free space  (24-4) 

 rµ  = relative permeability   (24-5) 

  ( rµ = 1 for tissue) 
7 -1 -1

0 4 10  V s A mµ π −= × ⋅ ⋅ ⋅  = permeability of free space (24-6) 

 

A plane electromagnetic wave propagating in the z-direction at issue can be 

described by the equations for: 

 

Electric field: 
( ) ( )

0 0

j t z j t zzE E e x E e e x
ω γ ω βα− − +−= ⋅ ⋅ = ⋅ ⋅ ⋅

r ) )
 (24-7) 

Orthogonal magnetic field: 
( ) ( )

0 0

j t z j t zzH H e y H e e y
ω γ ω βα− − +−= ⋅ ⋅ = ⋅ ⋅ ⋅

r ) )
 (24-8) 

 

where x
)

 and y
)

 are unit vectors for the x- and y-axis.  
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The amplitude of the E and H field strength thus decays exponentially with the 

attenuation coefficient, α: 

 

( )

2

0 2

0

1 1r

r

σ
α ω µε ε

ωε ε
′= + −

′
 (24-9) 

 

which is dependent on the frequency, permittivity and conductivity of the tissue. 

  

This parameter determines the penetration depth of the electromagnetic radiation. 

The penetration depth or skin depth, ds = 1/α, is the distance at which the amplitude 

has decreased to 1/e (37%) of its value at the reference depth. 

The imaginary part of the propagation constant, β, determines the wavelength, 

λ = 2π/β, in the tissue. 

 

( )

2

0 2

0

1 1r

r

σ
β ω µε ε

ωε ε
′= + +

′
 (24-10) 

 

The dielectric constant, εr, and the conductivity, σ, of biological tissue have been 

measured by several authors both in vitro and in vivo (Stuchly & Stuchly, 1980; 

Stuchly et al., 1981, 1982; Gabriel, et al., 1983; Gabriel, 1996). 

Different tissues can be roughly divided into two groups regarding dielectric 

properties: 

• High water content: e.g. muscle, skin, internal organs 

• Low water content: e.g. fat, bone 

 

It must be kept in mind that the penetration depth discussed above is strictly valid 

only when impinging on a semi-infinite homogeneous medium. In clinical hyper-

thermia, the complicated near fields of the radiating aperture must be considered. In 

addition, the electromagnetic wave is refracted, diffracted and dispersed when 

encountering inhomogeneities in the medium, e.g. muscle-fat interfaces. For specific 

thicknesses of the materials, standing wave patterns can be obtained, creating hot spots 

in the irradiated tissue (Johnson & Guy, 1972). If the electric field is known at a 

specific point in the tissue, the absorbed power can be calculated. The time-rate at 

which energy traverses a surface in an electromagnetic field is given by the Poynting's 

vector, S: 

 

S E H= ×
ur ur uur

;      (W/m) (24-11) 

 

a quantity often used in radiation protection. 
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The amount of power absorbed by the tissue can be derived from the Poynting's 

vector and Maxwell's equations, resulting in the power absorbed per unit volume of 

tissue (the power density), P: 
 

2

2

E
P

σ ⋅
=  (24-12) 

 

In dosimetry, the rate of RF irradiation-induced energy deposition is commonly 

expressed as the specific adsorption rate (SAR) in W/kg. The SAR induced in RF-

exposed tissue can be calculated from the relationship: 
 

2
E

SAR
σ

ρ

⋅
= ; (W/kg) (24-13) 

where:   

  σ  is the tissue conductivity (S/m), 

  ρ  is the tissue density (kg/m
3
) and 

 
E   is the magnitude of the total rms E-field level (V/m) 

induced within the exposed tissue. 
  

Drawing parallels to ionizing radiation, the quantity S is related to the quantity 

'energy fluence rate' and SAR corresponds to the 'absorbed dose rate' for ionizing 

radiation. However, the distribution of RF fields in an irregular, homogeneous 

structure such as a human body is more complex and more difficult to predict than for 

ionizing radiation. Electromagnetic field phenomena such as whole-body resonance, 

layered resonance, skin depth, and reflections at dielectric interfaces all contribute to 

the makeup of the induced field pattern.  

The temperature distribution in tissue heated by an external source is, in addition to 

the absorbed power distribution from the source, governed by heat transfer due to 

conduction and blood flow. Thermal conduction during steady state conditions follows 

Fourier's law, i.e. the heat flux by conduction is proportional to the temperature 

gradient, where the constant of proportionality is the thermal conductivity, κ:  
 

( )2 1

A
J T T

d
κ= ⋅ −  (24-14) 

 

The heat flow, J, through a slab is proportional to the area, A, and the temperature 

difference between the two surfaces, and inversely proportional to the thickness.  

Temperature rises in the tissue can been calculated using an effective perfusion 

model in which the effect of heat conduction is lumped with the heat exchange effect 

of blood perfusion in a single heat sink term: 
 

( ) =  -  - ( )SAR
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q
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τ
λ λ τ τ

∂
⋅
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(24-15) 
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where  

λc are heat sink rate constants (per s) for conduction and  

λb  are the heat sink functions for blood perfusion, which depends on  

temperature in a way that it first increases up to 43 °C and then 

decreases due to the collapse of microcirculation. 

τ is the temperature difference (°C) from the blood perfusion   baseline 

temperature (Lyons et al., 1995).  

c is the specific heat. 

qSAR is the heat equivalent to SAR (1 J = 0.2389 cal). 
 

 Both λc and λb vary with location in the brain. Furthermore, λb can be significantly 

enhanced over time by hyperthermia due to a slow increase in the local vascular 

permeability. At higher temperatures with destruction of the endothelial cells, the 

microcirculation collapses and then, λb decreases. 

24.4 Clinical applications 

Combination of RF/MW induced hyperthermia and radiation 

Experimental studies either in vitro or in vivo have proved a radiosensitising effect 

of temperatures around 42 °C. This temperature level can be induced in tumours of 

cancer patients by the use of RF/MW-radiation. The clinical benefit of the combination 

of radiation with heat is due to an increased heat sensitivity in tumours at temperatures 

below 43 °C. At temperatures above 43 °C, the heat directly kills both normal and 

tumour cells. During exposure with microwaves, tumours tend to increase more in 

temperature than normal tissue due to a more sluggish blood supply. Furthermore, parts 

of solid tumours are poorly vascularised and suffer from hypoxia, nutritional 

deprivation, and acidosis. The hypoxic cells represent the more radioresistant cell 

population of solid tumours and after completion of radiation therapy, they are 

responsible for the recurrences. Thus, by combining radiation therapy with heat 

treatment, the anoxic cells are affected and the risk of recurrence decreases. Hyper-

thermia acts as a radiosensitising agent to both normal and cancer cells. 

Most clinical investigations concentrate on local treatment of superficial lesions 

within 3 cm of the body's surface. Such tumours can easily be heated using external 

microwave applicators of special design. Heating can also be performed with 

radiofrequency fields using plate electrodes for capacitive heating or coil applicators 

for inductive heating. 

To obtain an adequate temperature distribution, the appropriate applicator and 

RF/MW-frequency must be selected. The design of the applicator and the coupling 

between the applicator and the patient determine how deep it is possible to reach 

therapeutic temperatures of 43 °C. 
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Usually, patients are irradiated with 2-3 Gy per fraction, five days per week. The 

total doses vary from about 30 Gy in previously irradiated patients up to 80 Gy in 

primary treatment. Heat treatment is followed 30-60 min after the irradiation and 

repeated twice a week. The tumour temperatures should reach 42 °C in the periphery 

and about 44 °C in the centre of the tumour. 

In a successfully performed treatment of superficial tumours, the therapeutic effect 

for the combined modality is more than double (around 63% complete remissions) that 

of radiation therapy, with only 30% complete remissions.  

The heat effect on normal tissue is the most important factor and determines the 

therapeutic gain. Therefore, the treatment must be performed to minimise the damage 

in normal tissue. This is achieved by selecting optional fractionation schemes, 

monitoring the temperature in normal tissue and protecting the normal tissue by 

cooling if necessary.  

Regional hyperthermia treatment of the whole abdomen or pelvis is more difficult to 

perform. There is, however, apparatus available that uses phased arrays of microwave 

applicators working at lower frequency. At 50-110 MHz, it is possible to use 4 

orthogonal wave-guide applicators or a ring of antennas around the patient. In most 

cases, it is not possible to reach more than 41 °C in extensive tumour masses. Only 

during shorter intervals is it possible to reach a temperature of 43 °C.  

During the treatment period, the systemic temperature measured in the oeso-

phagus   should not exceed 40.5 °C. The treatment should be terminated at tachy-

cardia ½ 160-180 per minute, cardiac arrhythmia, significant change in blood pressure, 

pain or difficulties in breathing, anxiety or hallucinations.  

A very important point in clinical hyperthermia treatment, especially in cases of 

deep-seated tumours, is the continued support and encouragement from the doctor to 

the patient. It has been pointed out that the more knowledgeable the patients are about 

the procedures, the better prepared they are for the treatment (Nilsson, 1984; 

Streffer, 1987; Lindholm, 1992). 

Microwave coagulation therapy (MCT) in patients with hepatocellular 

carcinoma (HCC)  

The most common liver cancers are hepatocellular carcinoma (HCC), cholangio-

cellular carcinoma (CCC), and metastatic colorectal cancer. In HCC patients, the 

extent of the surgical resection is limited due to the functional status of the underlying 

cirrhotic liver. Limited resection, transarterial catheter embolisation, ethanol injection, 

and microwave coagulation have been applied to treat the patients with liver hypo-

function. However, the intrahepatic recurrence rate was relatively high in those 

patients.  

Compared with other treatments, microwave coagulation is a relatively less invasive 

treatment for various kinds of solid tumours. Microwave coagulation therapy is 

suggested to be as effective as hepatic resection in the treatment of multiple (two to 
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nine) hepatic metastases from colorectal carcinoma, whereas its surgical invasiveness 

is less than that of hepatic resection (Shibata et al., 2000).  

The efficacy and safety of microwave coagulation therapy (MCT) in patients with 

hepatocellular carcinoma (HCC) and impaired hepatic reserve were studied by 

(Midorikawa et al., 2000). Laparoscopic microwave coagulation therapy (LMCT) uses 

laparoscopic microwave electrodes to treat HCC. LMCT under local anaesthesia is a 

minimally invasive and effective therapy when carried out on a single occasion to treat 

HCCs located near the liver surface. It can also be safely performed under direct visual 

guidance (Seki et al., 2000). 

The indications for laparoscopic microwave coagulation therapy (LMCT) for 

hepatocellular carcinoma (HCC) have not yet been adequately evaluated. The study 

investigated the value of LMCT in the treatment of HCC. The study suggests that there 

is a strong indication for LMCT for HCCs measuring 40 mm or less in diameter and 

those located on the liver surface even if they are as large as 50 mm, but not for those 

located close to the gallbladder or in contact with the diaphragm. LMCT appears to be 

applicable in patients with impaired liver function (Abe et al., 2000).  

Microwave treatment for localised prostate cancer 

The treatment of residual prostate cancer after irradiation is often associated with 

significant morbidity and a high failure rate. Percutaneous transperineal interstitial 

microwave thermoablation is a minimally invasive procedure used experimentally to 

treat selected patients where external-beam radiation therapy for prostate cancer failed. 

The aim is to ablate all residual intraprostatic cancer thermally. Patients are treated 

under general or epidural anaesthesia with transrectal ultrasound guidance of trans-

perineal placement of the microwave antennae. The rectum, urethra and a developed 

space between the prostate and surrounding tissues are actively cooled. The minimal 

target temperature of the prostate is 65 °C for 15 min. The temperature was measured 

in all cases with interstitial prostatic thermosensors and in selected cases, with online 

magnetic resonance scanning. Thirty-seven patients with apparently localised prostate 

cancer after failure of curative treatment with external-beam therapy were subjected to 

this treatment, and 20 of these patients have at least 12 months of follow-up. Side-

effects of treatment in all patients were modest. Preliminary results suggest that this 

treatment might be useful in selected patients as a salvage therapy after failure of 

radiation therapy for localised prostate cancer (Trachtenberg et al., 1999). 

Microwave treatment of bladder carcinoma  

An endocavitary microwave applicator in a balloon can be placed inside the bladder 

and filled with saline. The microwave antenna in the centre heats the saline in order to 

heat the wall of the bladder that potentiates the effects of the treatment by 

chemotherapy of vesical carcinoma. Electromagnetic studies of an endocavitary 

applicator and in vivo study realised on anaesthetised dogs determine the therapeutic 
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protocol associating chemotherapy and thermotherapy in the treatment of the bladder 

cancer (Dietsch et al., 2000). 

Microwave treatment for benign prostate hyperplasia (BPH) 

Microwave thermotherapy is currently used in clinical routines for benign prostate 

hyperplasia treatments. The temperature increase is obtained using an endocavitary 

microwave applicator placed in the prostatic urethra. Transurethral microwave thermo-

therapy (TUMT) for benign prostatic hypertrophy in poor surgical risk patients is an 

effective procedure for management of high risk patients with internal catheters in 

whom surgery or anaesthesia are contraindicated (Moskovitz et al., 1998). 

 TUMT is well tolerated even though patients experience some discomfort initially 

during long treatments. Shortening of treatment time, however, significantly reduces 

the pain and discomfort experienced by the patient.  

Radiofrequency-induced endometrial ablation for treatment of excessive 

uterine bleeding 'Menorrhagia' 

Menorrhagia is defined subjectively as excessive or prolonged loss of blood on 

a  regular basis (Dorland, 1994), or objectively as menstrual blood loss of more 

than  80 ml during a menstrual cycle (Hallberg & Nilsson, 1964). Menorrhagia is 

sometimes combined with irregular menstruation or menometrorrhagia, as it is known 

medically. Irregular bleeding due to benign causes is usually treated by hormonal 

therapy. If menometrorrhagia persists, the women can be treated in the same manner as 

women primarily complaining of menorrhagia. 

When pharmacological treatment fails, surgical treatment may be warranted to 

relieve menorrhagia. Besides occasional local treatment, hysterectomy was the only 

surgical treatment available until effective local uterine treatment was introduced in 

the  1980s. Since then, there has been rapid development in the treatment of 

menorrhagia by endometrial ablation (destruction) as an alternative to hysterectomy. 

There are many advantages with local methods compared to hysterectomy. Avoiding 

hysterectomy means a shorter operation time and hospital stay, the patient resumes 

work earlier after local treatment and the cost of local treatment is less than for 

hysterectomy (Ledingham, 1997). In addition, many women may prefer to keep their 

uterus for psychological reasons, including concern about negative influence on their 

sex life after having a hysterectomy (SPRI, 1993). 

The endometrium can be destroyed through radiofrequency-induced endometrial 

ablation (RaFEA). In essence, an electrical current is induced between two or more 

electrodes. The tissue through which the current passes is then heated due to its 

resistive behaviour. The first method was introduced in 1990 (Phipps et al., 1990). A 

system currently in use consists of an inflatable silicone carrier with 12 electrodes, 

each having its own thermistor. A controller checks each thermistor three times per 

second and increases the energy to the coolest electrode relative to its set point to keep 
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each electrode at 75 °C. However, the four electrodes in the corneal areas maintain a 

temperature of 72 °C due to the thinness of the local myometrium (Indman, 1997). 

Another system not yet in clinical use employs RaFEA by means of a fan-shaped 

device with a bipolar electrode array. When inserted in the uterine cavity, it is kept in 

place by suction (Cooper, 1997). 

The value of extirpative surgery for excessive uterine bleeding is questionable. 

Alternative methods have been developed, some based on microwave treatment 

techniques that destroy the endometrial lining while preserving the uterus (Cooper & 

Erickson, 2000). 
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25 Nuclear Magnetic Resonance Scanning  

Bertil R. R. Persson 

25.1 Introduction 

The atomic nucleus of any atom will behave as a magnet if it has a non-zero nuclear 

spin or angular moment. A Dutch physicist named Gorter had already suggested 

by 1932 that when molecules or atoms with non-zero spin are placed in a strong 

magnetic field, transitions can be induced between different nuclear spin states. It took 

until 1946 to experimentally verify the phenomenon of nuclear magnetic spin states in 

condensed phases by Bloch and Purcell. Nuclear magnetic resonance spectroscopy 

'NMR' soon became an important method for investigating the structure of organic and 

inorganic compounds.  

Elements in our body that have magnetic nuclei are the isotopes 1H, 2H, 13C, 14N, 
19F, 23Na and 31P. Hydrogen or protons, 1H, give by far the largest signal in the 

receiving coil of an NMR apparatus when biological tissue is examined.  

The basis for medical 'Nuclear Magnetic Resonance Scanning', or MR-imaging as it 

is usually called, utilises the proton density as well as the difference in the relaxation 

behaviour of the protons in various tissues. When the body is placed in a strong 

magnetic field, a surplus of protons is directed along the field and the body is 

magnetised. After the magnetic field is switched off, the magnetisation disappears at 

different rates due to the molecular structure and physical chemical surrounding the 

protons. Thus, the magnetisation of protons bound to water in the circulating blood 

decays very slowly while the magnetisation in fat tissue, where most of the protons are 

firmly bound to the fat molecules, decays more rapidly.  

Thus, due to the difference in the relaxation time in the various tissues, it is possible 

to reconstruct an image of the morphological structure of the body from the signals 

received by measurement of the magnetisation. The magnetisation is measured by 

placing the patient in a strong magnetic field with a radio frequency coil around the 

patient. The RF frequency is tuned to the so-called Larmor frequency, which is the 

precession frequency of the nucleus in a right angle magnetic field. This frequency is 

directly proportional to the strength of the applied magnetic field. For hydrogen, the 

precession frequency is 42.6 MHz per tesla (T). This a commonly used field strength in 

modern MR scanners with super conducting magnets, and is 20 000 times the earth's 

magnetic field of 50 mT.  

The principle of NMR detection is to apply a very spatially uniform magnetic field 

to a collection of identical magnetic nuclei. The nuclei are then processed at a very 

well defined frequency proportional to the strength of the magnetic field. By using a 

coil, an oscillating radiofrequency magnetic field is applied at a right angle to the 

steady magnetic field. The frequency is tuned to precisely correspond to the resonance 
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frequency. The RF-signal causes the angle at which the magnetic nuclei precesses 

around the direction of the steady field to depart from the alignment to an angle that 

depends on the strength of the RF field. Thus, the strength of such a pulse can be 

adjusted to a rotation of the magnetisation by 30, 90 or 180
 
degrees away from the 

equilibrium alignment. Following the RF-pulse, there is a rotation of the bulk 

magnetisation due to the vector sum of the magnetic spin of all the nuclei at the 

precession frequency. Due to Faraday's law of induction, a signal is induced in the 

same coil that provided the initial radio frequency excitation. The initial amplitude of 

the recorded NMR signal is proportional to the number of protons involved and decays 

with a relaxation time constant, T1, that depends on the characteristics of the tissue.  

In the relaxation process, the nuclei can get out of phase due to interaction with the 

spin of other nuclei, spin of odd electrons or magnetic field gradients in their 

neighbourhood. This adds another type of relaxation time constant that is called T2. 

Thus, three parameters – the number of protons involved, and the relaxation times T1 

and T2 characterise the NMR signal. 

To provide spatial information to the NMR signal from extended objects like the 

human body, it is necessary to introduce magnetic field gradients. Because the 

frequency is proportional to the magnetic field, the frequency differs at different 

positions along the direction of the gradient magnetic field. It is then possible to form 

projections by rotating the gradient field and from these projections, create an image. 

25.2 Apparatus 

A NMR-imaging device or MR-scanner consists of three main entities: a magnet, a 

set of gradient coils and a RF-radiation source and detector system with an antenna 

coil. The magnet (large enough to accommodate the human body) is used for causing 

all the protons therein to precess at a frequency proportional to the applied magnetic 

field. In modern MR-scanners, the magnetic field varies from 1-3 T, which 

corresponds to 42.6-127.2 MHz, which is within the FM-band in broadcasting. Thus, 

MR-imaging is a kind of radio communication with the interior of the body. It has a 

radio frequency transmitter and a receiver tuned to the NMR signal of protons in the 

body.  

A set of magnetic coils produces the gradient in various directions to introduce 

spatial information into the NMR signal from the RF-radiation source and detection 

system.  

25.3 The pulse sequences in NMR imaging 

In MR-imaging, the differences in relaxation times of tissue components are the 

most important for contrast seen in MR-pictures. When differences in relaxation 

increase, the contrast is enhanced. The contrast can be manipulated by the choice of 

specific pulse sequences. The principal pulse sequences are: 

• SR, saturation recovery 
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• IR,  inversion recovery 

• SE, spin echo  

Saturation recovery, 'SR' 

SR : │    °90             dt  │ │    °90             dt  │  

 │                rt  │ │                rt  │ 

 

This sequence starts with a RF pulse of a strength that orients the precessing 

magnetisation in the transverse plane, perpendicular to the z-axis. Immediately after 

this so-called 90° pulse, the precessing magnetisation vector is oriented in the trans-

verse plane perpendicular to the z-axis. 

Immediately after the pulse, the amplitude of the recorded signal is proportional to 

the proton concentration of the sample studied. Through this method, a proton-density 

weighted image is obtained. Because of the small difference in proton density in 

various tissues, the proton density image does not differentiate various tissues very 

well and is of little diagnostic value. 
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Fig. 25-1. The free induction signal FID is induced in the receiver coil by the component of the 

precessing M-vector rotating in the xy-plane 
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The differences in relaxation times, T1 and T2, are much more appropriate in 

discriminating between various tissue components. The saturation recovery sequence 

can be used to measure the T1 relaxation by applying another pulse after a short inter-

pulse time ti and recording the FID after the second 90° pulse. 

 

SR : │   °90     it     °90     dt  │ │   °90     it     °90     dt  │  

 │                  rt      (data)  │ │                  rt      (data)  │  

 

Immediately after the first 90° pulse, the z component of magnetisation, (Mz), is 

zero. Thereafter, the magnetisation increases along the z-axis exponentially according 

to the equation: 

 

( )1Tt

0z
ie1MM

−
−=  (25-1) 

 

in which ti is the inter-pulse time 

 

The amplitude of the FID immediately after the second 90° pulse is dependent on 

the speed of return of Mz and is strongly dependent on T1, particularly at short ti. By 

increasing ti, the sequence becomes more and more similar to the original sequence and 

at ti > 5 ⋅ T1, the image will only display the proton density of the tissue. If the 

repetition time tr is shortened tr << 5 ⋅ T1, the magnetisation will not have recovered its 

equilibrium value. For tissues with a longer T1, the recovery is relatively less than for 

tissues with a shorter T1. Thus, differences in T1 between tissue components can be 

accentuated by varying the tr  
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Fig. 25-2. Curves for longitudinal relaxation of two tissues with different relaxation times T1. The 

difference in magnetisation varies with different interpulse time ti. 
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Inversion recovery, 'IR' 

By replacing the initial 90° pulse with a 180° pulse, the magnetisation inverts along 

the z-axis and the magnetisation becomes negative immediately after the pulse. 

 

IR: │   °180     it     °90     dt  │ │   °180     it     °90     dt  │  

 │                  rt      (data)  │ │                  rt      (data)  │ 

 

Similarly to the SR sequence, the contrast between tissues with different T1 is 

dependent on both ti and tr. Nevertheless, in the IR sequence, the contrast is twice that 

of the SR-sequence. 

The signal intensity, I, is dependent on the proton concentration, Hρ , and the 

relative values of T1, interpulse time, ti (180°-90°), and repetition time, tr, of the pulse 

sequence (180°-180°). 

 

( )1 1
1 2 i rt T t T

HI e eρ − − = ⋅ − ⋅ +   (25-2) 
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Fig. 25-3. Inversion recovery return of the magnetisation along the z-axis for two tissue components 

with different values of the relaxation time T1. At a certain inter-pulse time ti the contrast is 

maximal. For the brain this is in the order of 400 ms. 
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Spin echo, 'SE' 

The previous described SR and IR pulse sequences generate images with good 

contrast between T1 in different tissues. However, experience has taught that the 

differences in T2 relaxation times between healthy and pathological tissue are more 

prominent than differences in T1.  

The spin-spin relaxation time, T2, can be measured by the so-called spin echo 

technique. This technique can be explained with reference to the rotating frame that 

rotates with the H-field with the angular velocity ω. 

It is assumed that the magnetisation, M, is parallel to the z'-axis in the direction of 

the static magnetic field. After a 90° pulse is applied, the magnetisation lies along the 

y'-axis, which means that the longitude magnetisation has been transformed into a 

transversal. This transverse magnetisation will decay exponentially with a time 

constant T2. After a certain time, τ << T1, a 180 pulse is applied and at time 2τ, a 'spin 

echo' occurs. The echo amplitude, as a function of the inter-pulse time τ produces an 

exponential curve from which the real T2 can be derived. The spin echo, 'SE', pulse 

sequence can be schematically represented as: 

 

SE: │  °90     it     °180     it     E     dt  │  

 │                  (echo) te  │ 

 │                         rt  │ 

 

 

The spin echo has its maximum at time 2ti, which is called the echo time te. 

The simple 90°-180° pulse sequence can be extended by repeatedly applying 180° 

pulses. Multiple echoes then occur, whose intensities decrease exponentially with the 

time constant T2. The multiple spin echoes 'MSE' pulse sequence can be schematically 

represented as: 

 

MSE: │  °90    it    °180    it    1E    it    °180    it    2E  , etc.   │  

 │               echo)  (1sti  t         │          echo)  (2ndi  t     │   , etc.  │ 

 │                                         rt  │ 

 

Experience has shown that pathological tissue can often be best recognised by a 

later echo sequence. Therefore, it is important to have the MR facility also image 

second and third order etc. echo signals. The relative signal strength of the various 

tissue components is dependent on both T1 and T2 in relation to the chosen tr, the 

pulse repetition time. If tr is long with regard to T1 if the examined tissue the image is 

mainly T2-weighted. However, at shorter tr, the image becomes more dependent on T1 

because the magnetisation along the z-axis has not been fully restored. This 

relationship is shown is shown by the equation: 
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( ) 211 er t Tt T

SE HM e eρ −−= ⋅ − ⋅  (25-3) 

 

where ρH is the proton density, tr the pulse repetition time and te the echo time (te = 2ti).  

From this equation, it is clearly seen that a shorter T1 and a longer T2 give a signal 

of high magnitude. 

From this relationship, the contrast in the images can be predicted. If, for example, 

the initial Mz for tissue with short T1 is greater than the tissue with longer T1, the 

decay curves will cross each other leading to inversion of contrast.  

Thus, in MR diagnostics, it is of the greatest importance to understand the formation 

of SE images to arrive to a correct diagnosis. 

25.4 Contrast agents for MRI 

Paramagnetic ions 

A paramagnetic substance consists of molecules that possess one or more unpaired 

electrons. Like ferromagnetic materials, paramagnetic substances are attracted by 

magnetic field, but to a lesser extent. In the vicinity of paramagnetic molecules, there is 

a magnetic dipole that interacts with the nearby protons and shortens their relaxation 

times T1 and T2. 

From the signal intensity, the equation for the SE pulse sequence is: 

 

( ) 1Tt1Tt

HSE
er ee1M

−−
⋅−⋅= ρ  (25-4) 

 

It is clear that at a shorter T1, the signal will stabilise more quickly and a shorter T2 

will accelerate the decay of the echo amplitude. 

Paramagnetic substances of potential use as contrast agents are: 

• Molecules with unpaired electrons such as nitric oxide (NO) 

• Nitrogen dioxide (NO2) 

• Molecular oxygen (O2) 

 

Stable nitroxide radicals can be built into other molecules such as pyrrolidine and 

piperidine. However, these substances are toxic and cannot be used clinically. 

Examples of ions of the transition metals with unpaired electrons are manganese 

(Mn2+, Mn3+) iron (Fe2+, Fe3+) nickel (Ni2+) chromium (Cr
2+

) and copper (Cu2+). 

Metallic iron acts as a super paramagnetic agent that effectively decreases the T2 to 

such a degree that the signal becomes zero. 

Examples of ions from the lanthanide series are gadolinium (Gd
3+

) and europium 

(Eu
3+

). These ions are often chelated either with ethylene diamine tetraacetc acid 

(EDTA), diethylamine triamine pentaacetic acid (DTPA) or other ligands. 
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25.5 NMR Spectroscopy in vivo 'MR' 

Besides hydrogen 1H, there are other nuclei of biological importance that can be 

used to study biochemical processes in vivo. Natural phosphorous consists of the 

isotope 31P to 100%, natural sodium to 100% of 23Na, nitrogen 99.6% of 14N and 

natural carbon 1.1% of 13C. 

31P-NMR spectroscopy 

Compounds such as phosphocreatinin, adenosine triphosphate (ATP), adenosine 

diphosphate (ADP) and inorganic phosphorous are of great importance in the role of 

cellular metabolism in the human body. During the transformation of ATP into ADP, 

energy is liberated, which serves as an energy source for cell metabolism of the tissue. 

In ischemic conditions, however, the so-called oxidative phosphorylation is blocked 

and ADP cannot be transformed back to ATP to reload the energy source of the tissue. 

Under ischemic conditions, phosphocreatinin, which normally provides a way of 

donating a high-energy phosphate link, is rapidly used up and its concentration 

decreases. The system now has to rely on a much less efficient process of anaerobic 

glycolysis, in which lactic acid is produced, with a subsequent lowering of pH from 7.2 

to 6.5. In this process, inorganic phosphorous is also released in the cell and can be 

used spectroscopically to estimate the pH. 

Measurement of the intracellular pH with 31P-NMR spectroscopy can reveal 

information about the viability of transplant organs. The method can also be used to 

study tumour malignancy by studying the change in pH after glucose loading. In 

muscle dystrophy, a genetic error of the metabolism exists, with a deficiency of 

glycogen phosphorylase. 31P-NMR spectroscopy shows that in cases of this disease, 

muscle exercise does not lower pH and the concentration of phosphocreatinin does not 

decrease, which indicates the absence of lactate production. 

25.7 Safety of magnetic resonance 

The potential risks of magnetic resonance have been studied in depth and no long-

term health effects have yet been demonstrated. Scanning by magnetic resonance 

imaging machines subjects patients to three effects that could, theoretically, be 

hazardous: 

• A strong static magnetic field  

• Rapidly changing magnetic field gradients that induce electrical potentials in the 

body 

• Radiofrequency radiation that induces heat in the body  
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25.8 Static magnetic field 

Investigations of the possible effects of a static magnetic field have included 

experiments upon pregnant mice and human lymphocyte cultures. Chromosomal 

abnormalities have been detected although experiments have been at field strengths 

below 2 T and magnetic resonance spectroscopy requires field strengths above 2 T. 

Despite the absence of demonstrable effects, it is currently recommended that women 

in the first trimester of pregnancy should not be scanned. Magnetic resonance imaging 

is a valuable method for the detection of foetal abnormality and, as always in medicine, 

any possible risk should be balanced against the potential gain. The magnetic field 

exerts a pull upon ferromagnetic objects, and the greatest danger is from movable 

objects outside the magnet becoming projectiles. Prosthetic heart valves are nearly all 

non-ferromagnetic and the field has no effect upon their workings, but patients with 

ferromagnetic cerebral aneurysm clips should not be scanned. 

In addition, the staff involved in the use of MR equipment are also associated with 

exposure to strong magnetic fields. 

Whole-body continuous occupational exposure during the workday should be 

limited to a time weighted average magnetic flux density not > 200 mT. Occupational 

whole-body exposure should not exceed a magnetic flux density ceiling value of 2 T. 

When restricted to the limbs, exposures up to 5 T can be permitted. 

Continuous exposure of members of the general public should not exceed a mag-

netic flux density of 40 mT. Occasional access to special facilities where magnetic flux 

densities exceed 40 mT can be allowed under appropriately controlled conditions 

provided that the appropriate occupational exposure limit is not exceeded. 

Additional considerations should be taken into account for people with cardiac 

pacemakers, ferromagnetic implants, and implanted electronic devices. The majority of 

cardiac pacemakers are unlikely to be affected in fields < 0.5 mT. Therefore, cardiac 

pacemaker and implantable defibrillator bearers should avoid locations where the 

magnetic flux density is > 0.5 mT. There are also other vital electronic aids in increas-

ing use (i.e., electronic inner ear prostheses, insulin pumps, electronically guided active 

prostheses (e.g., hand, arm, and leg) and muscle stimulation devices (e.g., sphincter 

muscle of the bladder)) that may be susceptible to static magnetic flux densities above 

a few mT, particularly if the person is moving within the field. 

People with ferromagnetic implants and in particular, people with ferromagnetic 

aneurysm clips should not be exposed to magnetic fields above a few mT because of 

the danger of twisting or dislodgement of non-magnetic clips. 

25.9 Changing field gradients 

Rapidly changing magnetic fields will induce a current in an electrical conductor.  

Initial fears that this current might be sufficient to induce ventricular fibrillation 

or  convulsions have not been justified. In animal experiments, a current density 

of 
 
500 µA/cm

2
 is necessary to induce ventricular fibrillation and in typical imaging 
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sequences, only 1 µA/cm
2
 is achieved. A history of cardiac arrhythmias or epilepsy is 

not a contraindication to imaging. Because of their length, pacemaker wires may have 

larger induced potentials at their tips so patients with pacemakers should not be 

scanned. 

25.10 Radiofrequency radiation 

Radiofrequency radiation interacts with tissue to produce heat, but the energy 

densities used in magnetic resonance imaging are well below those required to 

overwhelm the thermoregulation of the body's circulation. The most sensitive tissues 

are the avascular cornea and lens of the eye. It has been demonstrated in rabbits that 

damage may occur at energy densities 1 000 times those used in imaging, but no 

damage has been reported in human subjects. A typical imaging sequence may lead to 

power absorption of 1 W/kg, which, over 30 minutes with no thermoregulation, would 

lead to a rise in body temperature of l °C. In practice, no core body temperature 

changes can be observed although the skin temperature may rise by up to 3 °C in order 

to dissipate heat. This peripheral vasodilatation should be remembered in patients who 

are profoundly hypovolaemic.  

The currents induced in implanted metallic objects such as joint prostheses and 

artificial heart valves could theoretically have a heating effect. In practice, however, 

because of their small size, no significant effect can be detected. 

For more details about health and safety of NMR examinations, there are several 

books available (Persson, 1982; Persson & Ståhlberg, 1985, 1989; Magin et al., 1992). 
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Today's world is one of rapid technological transition. Exposure to toxic chemicals was 

often inherent in former industrial workplaces. In both current and future workplaces, 

information technology (IT) plays a key role, involving low level exposure to electro-

magnetic fields from several sources. Service sectors are increasing rapidly and older 

professions are diminishing. Professionals work more and more with personal 

computers in the electrified environment. The number of exposed people is large 

although it is often estimated that the health risks are very limited. 

Radio frequency (RF) electromagnetic fields are present everywhere. Exposure to 

RF radiation has attracted much attention over the last few years. The explosion in the 

number of mobile phones and base stations in the last decade has led to the question 

whether the microwaves pose a long-term health risk. In Norway, congenital mal-

formations have been observed among children whose fathers were exposed to RF 

fields on board a naval ship. This raised the question whether or not exposure to RF 

fields may result in an increased incidence of malformations or other possible injuries 

in offspring. In such cases, a number of issues need to be discussed and established 

prior to formulating a conclusion regarding causality. In many cases, the major 

statistical concern relates to the selection of relevant data for analysis. Conclusions 

may be non-positive (non-conclusive); there is no direct documentation in support of a 

hypothesis of causality, but neither can it be refuted. This seems to be a trend observed 

in various cases of exposure to electromagnetic radiation. 

In addition, low frequency fields, such as power-frequency fields, have attracted 

much attention from a health perspective point of view. Power lines, transformer 

substations, and electric motors and processes can cause significant electric and 

magnetic fields. The biological effects linked to the exposure are unclear. Apart from 

low frequency magnetic and electric fields and RF radiation, there are also several 

other types of radiation that can pose a hazard to workers. Moving to the extreme high 

energy part of the electromagnetic spectrum, exposure to ionizing radiation occurs at 

low levels at nuclear power plants and during X-ray examinations. Large doses of 

ionizing radiation, however, are obtained in radiotherapy in hospitals. 

Infrared radiation (IR), often denoted heat, or thermal, radiation, occurs in 

foundries, the metal and glass industries, the graphics industry, paint shops, the 

construction industry, and in hospitals and physiotherapy units. In addition, a lot of 

machinery emits IR radiation, as indicated by their surface temperatures, which 

increases the thermal load of workers. High-intensity IR radiation exists near smelting 

furnaces or when melted metals or glass is handled. IR radiation can be used for 

heating cold spaces like storage rooms and heavy industry warehouses (shipbuilding, 

machine shops).  

In addition  to  the  natural ultraviolet (UV) irradiation from the sun, which can 

cause damage to the skin and the eyes, UV radiation is also a by-product in welding 
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processes. The maximum exposure time without protective equipment is in the order 

of seconds when new and effective welding methods are used. Welders protect 

themselves from UV exposure by using safety glasses or welding helmets, clothing and 

gloves, screens for welding areas and non-reflective surfaces.  

The number of devices using lasers is rapidly growing. However, most lasers are 

classified as harmless or moderately harmful. Examples of laser devices are laser 

printers, barcode readers, meters for length and distance, show lasers and cutting lasers.  

There are many areas at work where exposure to electromagnetic fields occurs. 

Without doubt, radiation and electromagnetic fields benefit society in numerous ways. 

However, the possible risk to humans, machinery and the environment that radiation or 

electromagnetic fields can pose must be remembered. It has been shown that 

electromagnetic sensitive infusion pumps may cause substantial human morbidity. 

An illustration of the risks and the control principles of radiation and electro-

magnetic fields is given below. 
 

        

    

    

    

    

    

    

    

    

    

    

    
  

Ionizing radiation can have lethal effects through overexposure or accidental 

release. Historically, the high mortality rate amongst miners in mid Europe during 

the 16
th

 century is striking. Lung cancer was specified as an occupational disease 

caused by inhaling radioactive radon in the mines. Today, radon gas and its progenies 

can cost-effectively be removed from inhalation zones by using proper ventilation. 

However, this precaution was very slow to develop. Due to previous radon exposure 

and the long latency period of lung cancer, several miners are expected to succumb in 

the future although work conditions in mines have greatly improved. 

Risks to military personnel from use of depleted uranium (DU) weapons in Kosovo 

have been paid much attention by both government bodies and, more sensationally, in 

the media. As yet, it is unclear whether DU-weapons pose any significant health threat. 

The risk of illnesses or occupational diseases also exists near other radiating 

sources if the intensity is sufficiently high. In addition, there are some indications that 

lower exposure levels might also have health effects.  
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Risk evaluation 

 Exposure limit       Target organ    

Risk control 

 

Ionizing radiation 20 mSv/a 

 

whole body technical shielding 

 

Ultraviolet radiation 1 mW/m
2 

 

eyes, skin 

 

personal protection 

 

Infrared radiation 100 W/m
2 

 

skin, eyes 

 

technical shielding, 

eye protection 

Radiofrequency 

electromagnetic fields 

10 mW/m
2 

 

whole body technical shielding 

 

Microwaves 50 mW/m
2 

 

 

 

 

 

 

 

 

eyes, whole body technical shielding 

Lasers 

  

classes 3 & 4 skin, eyes 

 

technical shielding, 

personal protection 



 

 

26 Radiation at Work 

Rauno Pääkkönen 

26.1 Radiation sources in the workplace and health risks 

Ionizing radiation 

Ionizing radiation is used, for example, at nuclear power plants, in X-ray examinations, 

with radioactive materials and near surface level meters. Welding joints can be 

inspected by X-ray generators or gamma-ray sources (Fig. 26-1). The use of ionizing 

radiation is usually based on permission by radiation authorities. Usually, the workers 

are well trained and materials containing radioactive materials are well labelled. 

Hazardous situations can arise in the event of fire, mechanical accidents or during 

industrial X-ray inspections.  

The use of ionizing radiation is legislated in Europe according to directives 96/29 

EURATOM and 97/43 EURATOM. Within countries, national legislation is common. 

Typically, the effective exposure of workers is not allowed to exceed 20 mSv/a over a 

five-year period or to exceed 50 mSv in any one year. In many countries, exposure to 

radon is included in limits for ionizing radiation. 
 

 
Fig. 26-1. Material inspection with radioactive gamma source 

Optical radiation 

Optical radiation covers the span of ultraviolet, visible and infrared radiation. The 

most important occupational sources of ultraviolet (UV) radiation are the sun, welding 

processes, bacteria destruction lamps in the food industry and colour drying systems in 

the graphics or paper industry. UV radiation causes skin burns that can lead to skin 
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cancer and welder's eyes, which involve burns on the cornea. Protection against UV 

radiation can be provided by sunglasses, gloves, clothing, protective curtains and the 

like.  

Strong visible light is emitted from strong lighting devices, for example, at 

television studios. It has been proposed that such exposure may involve a certain risk 

of damage to the retina. Laser devices have a certain level of accident risk since laser 

radiation can burn the skin or eyes. Laser equipment is categorised into safety 

classes 1, 2, 3A, 3B and 4. The most effective lasers (class 4) work at infrared (IR) 

wavelengths and are used for the cutting and welding of materials.  

IR radiation exists in foundries, the metal and glass industries, heating, the graphics 

industry (colour drying), paint shops, the construction industry, hospitals and physio-

therapy units. In addition, almost all machinery emits IR radiation, as indicated by their 

surface temperatures, and IR increases the thermal load of workers. Thermal load 

increases core body temperature and therefore, also increases the risk of cardiovascular 

diseases. However, thermal loading has not been treated thoroughly in this chapter. 

The classic example of IR radiation is the 'glass blower's cataract', which can be caused 

by IR radiation, but contributing parameters are the age of the worker or different eye 

diseases. Protection against IR radiation can be provided by safety glasses and 

aluminised reflective clothing.  

Radiofrequency electromagnetic fields 

Communication, induction furnaces, arc furnaces, glue hardening, plastic sealing, 

food heating, radar, and NMR (nuclear magnetic resonance) research are examples of 

radiofrequency sources of electromagnetic fields (EMFs). Microwaves have been 

proved to cause eye disorders when the power density has exceeded 1 kW/m
2
.  

The International Commission of Non-Ionizing Radiation Protection (ICNIRP, 

1988) has recently issued guidelines against EMFs over frequency ranges of  0 Hz 

to
  
300 GHz. In practice, everyone is exposed to EMFs at work and at home. The 

important parameters of the exposure are the power density, electric or magnetic field 

strength, and the threshold of health effects. 

Low-frequency electromagnetic fields 

The most important sources of low-frequency EMFs are power production and 

power distribution. Power lines, transformer substations, and electric motors and 

processes can cause significant electric and magnetic fields (Fig. 26-2). In industry, 

magnetic flux densities exceeding 500 µT have been reported for point welding, non-

destructive testing (NDT), magnetic flux inspection and work inside electric 

locomotives. The biological effects are unclear. The possibility of thermal effects, 

nerve stimulation, cancer and even hypersensitivity to electricity have been suggested. 

Low-frequency EMFs are more difficult to control than radiofrequency (RF) fields; 

magnetic fields are especially hard to reduce. One important effect connected with low-
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frequency EMFs is the electrical disturbances that these fields can cause in 

neighbouring machinery, medical devices or internal pacemakers, defibrillators or 

hearing aids of workers.  

Often static electric and magnetic fields are included in the low-frequency EMF 

classification. Examples of the sources are supramagnetic devices, electrolytic 

separation of metals, lifting and separation magnets, and strong magnets used for water 

purification.  

Health risk evaluation 

At the workplace, level risk assessment usually starts by evaluating the possibility 

of related lethal or occupational diseases and at the same time, the exposure of workers 

and possible protection. Labour protection and occupational health care personnel are 

experts in the first level of this work. If the problem is more difficult, more specialised 

experts can be consulted. If the evaluation shows that there is an instant health risk or 

the risk is intolerable, then the risk must be evaluated before the work can be started. If 

the risk is tolerable, then the work can continue. When an evaluation is made to 

determine tolerable and intolerable risk, risk control must be considered and included 

in  programs, but work can continue.  

Table 26-1 shows some typical lethal risks in Finland. However, this kind of 

comparison may be misleading because risks are concentrated on different parts of the 

body and the possibilities for protection can vary significantly. Ionizing radiation, 

radon and UV radiation have been present in such tables. On the other hand, the risk of 

exposure to ionizing radiation is not very probable because it is a tightly legislated 

issue and workers are well trained in developed countries. Debate concerning 

experienced risks is often dominated by radiation and EMFs although it is not clear, if 

for example, EMFs can cause cancer at all. EMFs have not been proven to cause 

occupational diseases. On the other hand, UV radiation is often underestimated as a 

risk because we are 'used to' sun bathing and the effects of sun in our work 

environment. However, UV radiation causes skin cancer all over the world. 

Fig. 26-2. Power lines 
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Table 26-1. Comparison of different lethal risks in Finland 

 

Cause Annual risk of death* 

Smoking (10 cigarettes/day) 1:200 

Cancer 1:500 

High radiation (50 mSv/a) 1:1 000 

Traffic accident 1:8 000 

Accident at work 1:48 000 

UV radiation 1:70 000 

Radiation (1 mSv/a) 1:80 000 
 

*per exposed population 

It must be asked what degree of risk is intolerable with respect to radiation. Acute 

health risks from metal inert gas welding or the handling of radioactive materials with-

out any protection are good examples.  

The reference value for ionizing radiation is an annual limit of 20 mSv, which 

involves a risk of 1 per 12 500 workers. The significance of small radiation doses is 

still under research. The risk evaluation of UV radiation is based on cornea inflam-

mation and the minimum erythema threshold. Based on such data, occupational 

exposure limits have been set (ACGIH, 1999: effective irradiance 1 mW/m
2
 over 8 

hours over the weighted wavelength area of 180-315 nm). The risks of EMFs are 

usually determined by current densities inside the human body (10 mA/m
2
). Thermal 

effects are classified as specific whole-body or local absorption rates. The values are 

connected with electric or magnetic fields, or power densities in certain frequency 

ranges. The health effects of impulsive magnetic or electric low-frequency fields are 

being studied. For laser devices, class 3B and especially class 4 represent a high risk of 

accident to the skin or eyes, and they require special caution. 

When workplace radiation hazards are evaluated, the type of radiation or EMF 

(energy, frequency, power, source type, etc.) must be defined. The occupational 

hygiene process starts from the recognition of stray radiation or EMFs. Then, exposure 

evaluation is necessary. The evaluation process can be measurements or calculations if 

the amount of exposure is not known. Fig. 26-3 illustrates typical direct-reading 

radiation meters and Fig. 26-4 shows EMF meters. The next step in the occupational 

hygiene process is to compare the measured or calculated exposure values to limit 

values given by, for example, the International Radiation Protection Association 

(IRPA), the International Commission on Non-Ionizing Radiation Protection 

(ICNIRP), the American Conference of Governmental Industrial Hygienists (ACGIH), 

or national legislation.  

After this phase of the process, it is possible to analyse the risk to the worker. In this 

analysis, the perceived risk can also play a significant role. With radiation or EMFs, it 

is often found to be much higher than the analysed objective risk. The risk analysis can 
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be followed by determining the possible risk control methods. Shielding techniques 

and exposure reduction are typically used for this purpose. With optical radiation, the 

eyes and the skin are relevant areas in need of protection, but for ionizing radiation and 

EMFs the whole body may need some form of protection. 

 

 

 
 

HI 3510: Microwave meter – Holaday Industries, USA 

NARDA 8200: Microwave meter – Narda Microwave, USA  

HI 3603: VLF electromagnetic field meter – Holaday Industies, USA 

HI 3604: ELF  electromagnetic field meter –  Holaday Industies, USA 

ML-1: ELF  magnetic field meter – Radians Innova 

Risk assessment at work 

Risk is defined as the probability of unwanted incidents and their consequences. 

Hazard is defined as a parameter or environment that can cause the unwanted incident. 

It can be said that the hazard causes the risk. Risk assessment is a process that 

evaluates the risk of dangerous circumstances to health. The risk levels are usually 

divided into trivial, tolerable, moderate, substantial and intolerable risk. The radiation 

exposure can be divided into highly unlikely, unlikely, and likely and the consequences 

into slightly harmful, harmful or extremely harmful. Radiation can have severe 

consequences, for example a cancer, and when combined to excessive exposure it can 

cause an intolerable health risk. MIG-welding without any protection causes an almost 

acute risk of photokeratitis. On the other hand, the use of a microwave oven at the 

distance of 1 m poses a trivial risk. The risk analysis must be made at workplaces 

according to European legislation so that the employer knows the risks at the 

workplace and can then carry out the necessary risk control procedures. 

In a similar way, radiation risks should be analysed in the environment. This is often 

done by the environmental authorities and based on the released radiation pollution in 

air or in water. However, in this case, the risk is not limited to certain workers, but 

rather the whole limited population that can be exposed to that risk. In this respect, for 

Gamma 

radiation meter 

Rados Oy, 

Finland 

Radon meter 

Kata-Electronics, 

Finland 

 

Ultraviolet meter 
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Fig. 26-3. Meters for ionizing and ultraviolet

radiation 

Fig. 26-4. Meters for electromagnetic fields 
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example, there is an expression of man-sieverts, which describe the ionizing radiation 

exposure to the whole population at some local area.  

There is information of risk assessment on all types of radiation. For ionizing 

radiation, the personal risk estimates have been 1:250/Sv for adult persons, 1 mW/m
2
 

for continuous ultraviolet radiation, 10 mW/m
2
 for radiofrequency electromagnetic 

fields and 50 mW/m
2
 for microwaves. If these values are exceeded, it can cause a risk 

to health and demand at least personal protection devices, but preferably technical 

shielding. In Finland, the incidence rate (1:100 000) at work for ionizing radiation is 

less than 20 (changes in blood cells) for radon 6 (lung cancer risk for the whole 

population), for ultraviolet radiation 300 (photokeratitis), and less than 1 for electro-

magnetic fields. In particular, the risk from the electromagnetic fields has been a 

subject of many studies, but no clear indication exists. 

Table 26-2. Risk matrix based on the standard BS 8800 

 

Consequences/exposure Slightly harmful Harmful Extremely harmful 

Highly unlikely Trivial risk Tolerable risk  Moderate risk 

 (no action needed)  (moderate action) (actions necessary) 

Unlikely  Tolerable risk  Moderate risk  Substantial risk 

 (moderate action) (action)  (action necessary) 

Likely  Moderate risk  Substantial risk  Intolerable risk 

 (action) (action necessary) (instant action) 

26.2 Industry 

In industry, there are many types of radiation or electromagnetic field sources. In the 

following, the most important areas are covered. The importance differs from one 

parameter to another because, for example, some radiation sources are dangerous but the 

sources are well shielded and workers well trained. On the other hand, there are no 

adverse effects to be seen, but the general discussion continues, and fact and rumour must 

be separated. 

Ionizing radiation 

Radiation hazards in industry are not necessarily the most important risk because 

radioactive sources are not common in all factories. The evaluation of radiation hazards 

starts from the awareness of existing radioactivity in the occupational area in question. 

Only then is it useful to proceed to practical methods of reducing the expo-sure or to plan 

protective actions. Accidental exposures and exposures to unknown radiation sources 

may be the biggest risks of radiation in industry.  

Radiation sources in industry are generally well known, and personnel have been 

trained to handle the related dangers, but problems may arise with accidents in which 

serious exposures and even death can occur.  



 

 

 

26.  Radiation at Work 389 

 

The most important non-medical sources of ionizing radiation exist in the nuclear 

power industry, involving mining, milling, fuel fabrication, reactors, reprocessing and 

waste disposal. According to the United Nations Environmental Programme 

(UNEP, 1985), with normalised collective doses in man-sievert per gigawatt year of 

electricity generated, workers receive less than 1 man-sievert in mining, milling, and fuel 

fabrication, and around 10 man-sievert in reactors and reprocessing. The people who get 

the largest doses of radiation in this industrial sector work in certain occupations 

although safety and security actions are well defined. Doses vary greatly by occupation. 

Typically, in nuclear power plants, the greatest exposures occur in maintenance jobs – 

about 100 man-grays (UNEP, 1985).  

In this report, the UNEP (1985) estimated that the use of radiation in general industry 

can produce an annual collective dose of about 0.5 man-sievert per million of the 

population in industrialised countries. Industrial radiographers often use radiation in 

rather primitive conditions on construction sites and the like. However, X-ray generators 

or radioactive sources are not very common in industry. Most applications use 

radioactive properties in measurement and testing.  

For example, X-ray and gamma radiography use ionizing radiation in the testing of 

welding joints, pressure vessels, ships, bridge structures and other metallic structures. 

Metal castings or welding joints can contain sub-surface porosities or cracks that can be 

found by using ionizing radiation (Plog, 1988; Burgess, 1981). Radiographic methods are 

important in the NDT of materials and structures. These methods use either X-ray 

generators or encapsulated radioisotopes. Radiation penetrates the structure under 

scrutiny and exposes the film behind it. X-ray generators often use direct current (DC) 

power, and voltages of 150-300 kV. Most gamma isotope sources are 
192

Ir and 
60

Co. 

With these sources, it is possible to study structural thicknesses of steel of less than 200 

mm (Burgess, 1981). In industrial radiographic sources, the radioisotope is sealed inside 

a source capsule. These radioisotope sources do not need a power source and they are 

therefore useful for remote operations. On the other hand, these sources continuously 

emit gamma radiation and therefore shielding is very important. The shielding must be 

monitored with survey radiation monitors. Sealed sources should also be tested for leaks 

by a standardised procedure at scheduled intervals (Plog, 1988). 

The methods used for radiation protection usually involve technical shielding of 

operational areas, the shielding of radiation sources, careful monitoring of exposures, 

training, and the education of workers and other personnel. In most countries, special 

institutes or officials administratively control the use of radiation. Areas in which 

radiation exists must be posted and labelled with radiation caution symbols and warning 

statements (Burgess, 1981). Access to these areas must be controlled against 

unauthorised persons. Film badges, thermoluminescent dosimeters and direct reading 

pocket dosimeters/data loggers are used as monitoring devices. Radiation exposure 

incidents can often be reduced by using audible alarming radiation monitors. The 

operators of these sources are trained in the use of radiation survey instruments to 

monitor the radiation levels to which they are exposed.  

In industry and research, radioactive materials or X-rays are used in measurement, 

control and surveillance work. They are often used for the measurement of 
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surface  height, density, humidity and, for example, smoke alarm systems. For 

gamma  radiation, the isotopes caesium (
137

Cs), cobalt (
60

Co), radium (
226

Ra) and 

americium (
241

Am) are often used. Beta radiation sources are typically carbon (
14

C), 

krypton (
85

Kr), strontium/yttrium (
90

Sr/
90

Y) or promethium (
147

Pm). Examples of alpha 

radiation sources are polonium (
210

Po), radium (
226

Ra) and americium (
241

Am). X-rays 

can be used in fluorescence and diffraction analysis techniques. Radioisotopes must be 

handled individually when hazardous risks are being analysed because their effect on 

human health varies with the type of radiation emitted, the biological result produced, 

and the work being conducted (Plog, 1988).   

In analyses of radioactive isotopes, it is important to know the isotope, radiation type 

(α, β, γ), activity and date of activity. For example, this information could be 
60

Co γ 1.20 

GBq (1
st
 December 1988). With this information, it is possible to proceed and to evaluate 

the hazards and possible shielding or other control activities. The half-life of this isotope 

is 5.3 years, and the activity is 1
st
 December 1999 (after 11 years) 0.28 GBq. If, at a 

distance of 1 m from the shield of this material, the dose rate was originally 7.5 µSv/h, it 

is diminished to 2.9 µSv/h after 11 years. If a worker works at this distance 5 h daily, then 

he receives a dose of 1.78 × 5 µSv = 14.5 µSv. If he moves to a distance of 4 m from the 

shield, then the dose rate decreases to 1/16th of the original level and then the daily dose 

is only 0.6 µSv. These types of simple calculations make it possible for gamma and beta 

radiation to be used, but for alpha radiation, the situation is more complicated. 

Foundries and the ceramic manufacturing industry have been found to use radioactive 

dusts without the relevant information on radioactivity (Lischinsky & Vigliani, 1991). 

Similar instances can be found in waste treatment if radioactive wastes remain unknown 

in the handling chain. In Italy there has been some discussion of the classification of such 

non-nuclear power wastes.  

Natural radiation can also sometimes be high in various workplaces. For example in 

Brazil, India and Iran there are places where very high background radiation can exist 

(UNEP, 1985). One example, in Scandinavian countries and elsewhere, has been 

                     
Table 26-3. Radon concentrations in the work environment 

Radon concentration, Bq/m
3
 

Site 
90% workplaces Maximum 

Mines 1 500 25 000 

Ground construction 2 000 18 000 

Underground service areas 2 000 30 000 

Radiation shelters    600 10 000 

Underground monitoring rooms    200      500 

Offices    600   4 000 

Schools and kindergartens    400 10 000 

 

radon (
222

Rn and 
220

Rn and their radioactive daughters). Table 26-3. shows the values of 

Finnish radon concentrations at some workplaces. At workplaces in Finland 

concentrations as high as 500-25 000 Bq/m
3
 have been found in mining, underground 
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construction and other underground work areas (ICRP, 1993). In addition, radon risk is 

under study (Peto & Darby, 1994). Improving ventilation or pressure changes can 

diminish the radon concentration. Constructional changes can involve installment of 

radon wells, radon-contained water collection systems or underpressurising systems 

under the building. 

Ultraviolet radiation 

Welding 

UV radiation is a by-product in welding processes. It varies rapidly during usual 

welding phases and peak emissions can be 10 times more than the stable power densities. 

The maximum exposure time without protective equipment is in the order of seconds 

when new and effective welding methods are used. Welders protect themselves from 

unnecessary UV exposure by using safety glasses or welding helmets, clothing and 

gloves, screens for welding areas, and non-reflective surfaces. Neverthe-less, 

photokeratitis (welder's arc eye) and erythema are common occurrences among welders. 

Both conditions have a latency period and then symptoms disappear typically after two 

days. Tenkate & Collins (1997) studied the UV exposure of workers doing gas metal arc 

welding. They compared their measurement results to the ACGIH threshold limit values 

(TLV). They concluded that TLVs were exceeded under the welding helmet and 

suggested that safety spectacles should be worn beneath welding helmets. They also 

noted that welding helmets should also provide protection against radiation entering from 

the rear. They concluded that all skin that is unprotected by clothing (face, neck, and 

hands) also needs protection. UV blocking skin lotions offer a possible solution to this 

problem. The authors also pointed out that neighboring workers should also be protected, 

mostly through the use of welding curtains.  

Surface coating and ultraviolet radiation 

The furniture, paper and graphic industries use UV radiation to dry colours, lacquers 

and paints. Surakka et al. (1997) studied UV exposure in the wood-surface coating 

industry. They concluded that UV radiation from improperly shielded UV curing units 

involves a potential health risk to workers. This was due to the high UV radiation 

intensity and the high proportion of radiation in the UVB and UVC range. According to 

their results it is possible to receive an erythermal dose in seconds. Therefore, UV 

sources should be shielded and personal protective measures should be initiated as an 

extra precaution. They also pointed out that the level of skin exposure to photosensitisers 

present on multifunctional acrylate coatings in combination with UV radiation is 

unknown and warrants further study.  
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Fig. 26-5. The use of laser beam in levelling  

Lasers 

Laser radiation is coherent radiation usually at the wavelength of visible or IR 

radiation. The laser beam does not attenuate as fast as the other forms of optical radiation 

(Fig. 26-5). Lasers can send continuous or pulsed waveform radiation. The number of 

devices using lasers is rapidly growing. However, most lasers are classified as harmless 

or moderately harmful (classes 1-3A). Examples of laser devices are laser printers, line-

code readers, meters for length and distance, show lasers and cutting lasers. Laser beams 

in the wavelength range of 400-1 400 nm can reach the retina and can cause irreversible 

alteration in the eye. The damage threshold can easily be exceeded because the lens of the 

eye amplifies the intensity of the laser beam by as much as 100 000 times and it focuses 

the beam on a small spot. Long-wave laser radiation (over 1 900 nm) is absorbed almost 

entirely on the surface of the eye and the damage can be seen in the cornea. Laser beams 

can also burn hair and skin. Generally, such burns are caused by malfunctions or 

ignorance when used by inexperienced workers. Reports have pointed out the importance 

of education and safety spectacles and the responsibilities of the manufacturers and 

occupational health care personnel. Barbanel et al. (1993) reported five cases of laser-

associated incidents requiring medical follow-up from a single research institute. They 

concluded that laser-associated injuries are underestimated and the incidence is under-

reported in research settings. They noted that student researchers are a key target 

population and proposed that laser users be registered and required to have formal 

training in laser safety. 

At the workplace, level safety and risk analysis start with the evaluation of the safety 

class of the lasers and precautions are then initiated on the basis of this information. The 

first items to be considered include protection from beams through shielding and use of 

safety spectacles. However, service personnel should also know the hazards of laser 

beams. 

           

             

Lazer hazard in construction work

Unprotected eye
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Infrared radiation 

High-intensity IR radiation, or thermal radiation, exists in industry near smelting 

furnaces or when melted metals or glass (1 000-3 000 °C) is handled (Fig. 26-6). IR 

radiation (surface temperature 700-1 000 °C) can be used for heating cold spaces like 

storage rooms and halls of heavy industry (shipbuilding, machine shops). IR radiation is 

also used in drying processes for surface coatings as, for example, UV radiation is. 

Surface radiators consist of 1-2 kW tubes, and the total power is 20-40 kW. One special 

application is connected to the aforementioned laser radiation in that cutting lasers often 

function at IR wavelengths. Welding arcs also emit IR radiation.  

Strong IR radiation is felt as a hot or burning sensation and causes the recipient to 

move further from the source. IR radiation also causes thermal load on the body. The 

effects to the eye are classically 'glassblower's eye', which is a cataract. However, the risk 

of cataracts increases with age and there has been some discussion as to how to 

distinguish between age-related cataracts and possible IR-related cataracts. 

The exposure analysis can be made through calculations from temperatures or by 

measuring the power densities of the IR radiation. For protection of the cornea and lens, 

the ACGIH recommends that IR radiation (770-3 000 nm) work in hot environ-ments 

should be limited to 100 W/m
2
 for lengthy periods of exposure.  

Excessive radiation can be reduced by reflective materials (aluminium and reflective 

foils). Eye protection can be achieved with the use of IR safety spectacles. Before suitable 

spectacles can be chosen, the IR wavelength or temperature must be known. Technically, 

IR radiation can be reduced by shields and protective enclosures, or simply by increasing 

the distance between the subject and the IR source. 

 
Fig. 26-6. Infrared radiation in melting of metals 
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Fig. 26-7. Structure of a plastic sealer and the exposure to electric and magnetic fields and contact 

currents  

Radiofrequency heaters and sealers 

The International Labour Organization (ILO) has recently published a good practical 

guide for the safety evaluation of RF dielectric heaters and sealers (ILO, 1998). RF  

heaters are used in many industrial areas to heat, melt or cure materials. In the plastics 

industry, these devices are used to seal polyvinyl chloride plastic like in, for example, 

the production of pockets, files, shelters, tents and rain wear. In the woodworking 

industry, these systems are used to glue complex forms and shapes. The frequency of 

such RF devices is 10 to 100 MHz with an output power of 0.2 to 200 kW. Typical 

frequencies for heaters or sealers are 13.56, 27.12 or 40.68 MHz. Frequency restric-

tions are used to diminish the interference of communication devices.  

ICNIRP guidelines provide limit values for an electric field of 61 V/m, for a 

magnetic field of 0.16 A/m (0.2 µT for magnetic flux density) and 100 mA for body 

current to be grounded through one limb. These values have proved to be relevant in 

practical work. However, it is estimated that in Scandinavia, 70-80% of operators are 

exposed to fields that exceed these values, at least for short periods of time. In rainwear 

production especially the hands and lap may receive exposure that exceeds even the 

instantaneous limits of 300 V/m or 0.8 A/m, which are applied in some countries. It is 

also estimated that 60-70% of RF operators have burns on their hands or other parts of 

their body. 

The ILO guide concludes that the exposure conditions experienced by some RF 

heater operators can cause elevated body temperatures. In addition, eye irritation, 
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RF  burns and neurological problems (hand numbness, diminished two-point dis-

crimination and carpal tunnel syndrome) have been documented for heater operators. 

RF radiation cannot be called the cause of occupational disease. According to a 

Swedish study, the health status of RF operators is similar to that of industrial workers 

in general. Eye irritation can also be connected to dust or plastic degradation products. 

In many countries, accidents have occurred in which hands or fingers have been caught 

between the electrodes. If simultaneous RF heating starts, then severe burns occur, and 

have even resulted in the amputation of fingers. 

Automation helps in reducing the RF exposure of workers as they can be further 

away from the electrodes or generators. Identification of hazardous RF areas is one 

important action that the employer should undertake. Workers should have some 

training so that they can understand the hazards associated with the use of RF heaters. 

It would help if normal safe operating practices and procedures were employed. 

Technically, the shielding of electrodes or even the whole system is the best solution 

with which to control the hazard. A clear indication of RF radiation can be obtained 

with a lamp that also indicates the hazard to visitors and other persons. Some 

companies have also labelled or painted a line around RF heaters past which the 

exposure limits can be exceeded. 

Induction furnaces 

Induction furnaces typically work in a frequency range of 10-30 kHz. The ICNIRP 

has a limit of 610 V/m and 30.7 µT for these frequencies. The biggest fields are 

measured near induction coils, or near generators or generator cables. Typically, the 

measured values near workers have been less than 100 V/m and 10 µT. At a distance 

of 1 m from an induction coil, the field has been reduced significantly, even to less 

than 10% of the guidelines. With new systems, it is possible to analyse and measure 

the exposure in more detail. 

Microwave drying 

There is a growing trend to use microwaves when repairing water damage and 

drying wettened structures. The microwave equipment functions according to the 

same  principles as microwave ovens, but it guides the microwave power into the 

damaged structure. The microwave radiation vaporises water from the structure. The 

exposure limit values for occupational exposure are 50 mW/m
2
 and for the general 

public, 10 mW/m
2
.  

The microwave power can be connected to the device only after it has been installed 

against the target surface. The dryer must have a microwave hazard warning sign. The 

dryer can only be operated by experienced personnel. The personnel must be educated 

in the microwave hazards, exposure measurements and how to use the dryers. 

Microwave power density meters can be used to determine the radiation danger area 

both for workers and for the general public. Radiation danger areas must be guarded 
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during the microwave exposure. Automatic surveillance must use two independent 

surveillance systems. If the surveillance system is defective, the microwave power 

must be turned off. The house owner and nearby residents have to give permission 

before the dryers can be used. 

Magnetic fields from direct current 

For DC, the ICNIRP guidelines propose a daily limit of 200 mT, a ceiling value of 2 T 

and a limit of 5 T for limbs (ICNIRP, 1994). 

In electrolysis, static current is used to separate metals from fluid. In this work 

environment, however, the static magnetic flux densities have been less than 3 mT. 

According to WHO report (WHO, 1987), the highest static magnetic fields can be 

measured in electrolytic processes in which the flux densities reached up to 15 mT. 

In  magnet production plants, values of 2-5 mT have been measured for hands 

and 0.3-0.5 mT have been recorded for the whole body. In thermonuclear research and 

later, in energy production, big superconducting magnets have been used, the DC fields 

ranging between 9 and 12 T according to WHO. In magnetic resonance imaging (MRI) 

systems, fields of 1-3 T are typical for patient exposure, but in the worker areas the flux 

densities are significantly lower, typically 0.1-300 mT. Evans et al. (1993) studied 1 421 

pregnancies of workers working with MRI systems and did not find any major 

reproductive hazard associated with MRI work. MRI workers did not experience more 

infertility problems or low birth weight infants than women pregnant in other jobs or at 

home. 

Phillips (1990) reported the results of an industrial hygiene investigation of static 

magnetic fields in NMR facilities. She found that the ceiling limits for the limbs were 

exceeded and the exposure values were close to the given exposure limits. However, no 

evidence was found of adverse health effects at the measured exposure levels. 

Noise 

Noise and acoustics is a wide area of research and it is questionable whether noise 

should be covered in this chapter. Nevertheless, a short summary is presented. Noise 

causes clear and permanent occupational diseases affecting the hearing of workers. For 

example, in Finland, noise has long been the most significant cause of occupational 

diseases due to physical factors in the work environment. In addition, noise causes 

disturbances and difficulties in communication. 

Noise is often divided into infrasound, audible noise and ultrasound. Generally, 

workplaces have exposure limits for audible noise (85-90 dB as equivalent A-weighted 

noise level or 140 dB as peak level). ACGIH proposes a limit of 145 dB for the low-

frequency range of 1-80 Hz when measured as the peak level. For ultrasound exposure, 

the ACGIH ceiling limits vary from 105 to 115 dB in the frequency range of 10-100 kHz 

and from 167 to 177 dB when measured in water (reference level 1 µPa). The 

measurement of audible noise is relatively easy with standardised sound level meters, but 
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the measurement of infra- or ultrasound usually needs special measurement systems that 

are available only in research institutes. 

Sound needs a medium to propagate, and the behaviour of ultrasound resembles the 

effects of radiation or electromagnetic fields in biological material. High power ultra-

sonic devices are used in cleaning, emulsifying, eroding, extracting, cutting, welding, 

bonding and drying operations (Pathak, 1990). Most high-power equipment operates at 

frequencies of 20 to 60 kHz. Low-power ultrasonic devices are used in measuring, pest 

control and burglar alarms. Usually, low-power ultrasonic devices operate at frequencies 

in the MHz range and in this frequency range, ultrasound does not propagate in the air. 

Ultrasound can cause heating, mechanical disruption or cavitation. There are no 

published reports on the effects of airborne industrial ultrasound on pregnancy. The 

health effects of industrial ultrasound devices need further study in order to clarify the 

suspicions of annoyance, fatigue and mood changes. Employee education, engineering 

controls and personal protection are efficient ways to reduce the possible effects of 

ultrasound. 

The sources of audible noise at the workplace are machines, equipment, transportation 

and impulses. Noise can also be caused by the technical malfunction of systems. The 

generation of sound is connected to the properties of the machinery and materials. The 

work environment can attenuate or amplify the airborne noise. In particular, sudden 

changes in kinetic or static energy cause impulse noise. Vibrating panels and turbulent 

airflow causes noise in machinery. In addition, there are significant noise sources in the 

entertainment industry (music, car racing, shooting) and recreational noise sources 

(music, sports, hunting).  

Noise control has become a well-established part of engineering and there is much 

information on the noise control possibilities for machinery, buildings, structural 

vibration and so on. In Europe, if the audible noise limits are exceeded, a company must 

create a noise control programme in which the noise sources are analysed, noise control 

possibilities discussed and noise control actions scheduled. Structures, walls, enclosures 

and barriers attenuate noise by their specific properties and construction.  

If technical means cannot reduce the noise exposure to less than 85 dB, then hearing 

protectors should be used at the workplace. The noise attenuation of hearing protectors 

is 10-30 dB for audible noise, 0-20 dB for infrasound and 20-50 dB for ultrasound. 

However, the manufacturers of hearing protectors only give attenuation values for 

audible noise.  

26.3 Power production and communication industry 

In power production, there are many suspicions concerning the effects of electro-

magnetic fields on humans. However, measured or analysed information is not very often 

presented or compared to known limit values based on health effects. The 

communications industry is growing rapidly and there are always prejudices about new 

technologies and areas. On the other hand, there are also new electromagnetic energies 

used for these purposes which provide a basis for discussion. 
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Electromagnetic fields in power production 

Exposure to magnetic flux density in professions of power production varies from 0.9  

to 2.5 µT and the exposure to electric field from 10
  
to 600 V/m. Instantaneous maximum 

field strengths have reached as high as 600 µT and 48 000 V/m. These values are 

acceptable depending on the guidelines used, but suspicions of cancer have been related 

to significantly lower strengths. 

EMFs can penetrate a human body and cause induced currents. The induced current 

densities have been the basis for the set EMF exposure limits. One of the most cited sets 

of exposure limits can be found in the ICNIRP guidelines (ICNIRP, 1998), which are 

based on the fact that current densities induced in the head and trunk should be less 

than 10 mA/m
2
. According to this assumption, occupational exposure limits for 

unperturbed root-mean-square electric field strengths should be less than 10 kV/m and 

those for magnetic flux densities should be less than 0.5 mT. For short periods, these 

values can be exceeded. The biggest concern, however, has been the possible cancer risk 

to electrical workers (Theriault et al., 1994; Savitz, 1993a, b and c; Guenel et al., 1993). 

Dosimetric methods have been developed and articles on EMFs are available to some 

extent (Lindh et al., 1991; Mäkinen et al., 1991), but more are needed. 

Lindh & Andersson (1991) concluded that electric field strengths over 30 V/m are 

relatively rare and the personnel who have the greatest exposure to field strengths 

over 1.5 kV/m work in substations. They found magnetic field strengths at hydropower 

plants to have a daily average of 2.5 µT. For all substation workers and linemen working 

at voltages above 20 kV, the exposure was around 1 µT on the whole. However, there 

was a great variation in the exposure to magnetic fields for all the selected 15 job 

categories (Lindh & Andersson, 1991). The highest exposures were found among 

linemen and substation workers working at 20 kV and above. In a  Finnish study, the 

average daily values were 13 V/m and 0.9 µT for control rooms, 19 V/m and 1.5 µT for 

power stations, 84 V/m and 1.4 µT for substations, and 580 V/m and 2.6 µT for linemen 

(Mäkinen et al., 1991). Instantaneous field strengths (3-minute averaging) could be as 

high as 1.5 kV/m and 75 µT for control rooms, 6 kV/m and 150 µT for power 

stations, 24 kV/m and over 400 µT for sub-stations, and 48 kV/m and 75 µT for linemen 

(Mäkinen et al., 1991). Bracken has made similar instantaneous and exposure field 

measurements in the United States (Bracken, 1993). He found similar field strengths and 

reported the data statistically well. In summary, he stated that the most exposed job 

categories are generation facility workers, substation operators, utility linemen, and utility 

electricians (Bracken, 1993). Kaune (1993) has also made a good statistical analysis of 

EMF exposure profiles and compared different types of occupational and residential 

exposures. The data indicates, first, that daily exposures can reach 1.5 kV/m and 2.6 µT. 

These values are clearly less than the established limit. Second, instantaneous field 

strengths can be 50 kV/m and over 400 µT, which are also values generally lower than 

the proposed limits.    

WHO environment health criteria (WHO, 1987) states that the association between 

occupational cancer incidence and occupational exposure to electric and magnetic fields 
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suggested by many epidemiological studies is not clearly consistent. This report refers to 

confounding variables and a lack of aetiology. The final conclusion is therefore that the 

carcinogenic effects of ELF EMFs should currently be considered unresolved 

(WHO, 1987). A Canadian-French study (Theriault et al., 1994) did not find definite 

evidence of an association between exposure to magnetic fields and leukaemia and 

brain  cancer. Furthermore, the researchers did not observe an association between 

magnetic fields and male breast cancer, skin melanoma, or prostate cancer (Theriault 

et al., 1994). Some meta-analyses have also been carried out on the existing epidemio-

logical studies (Bates, 1991; Aldrich et al., 1992; Ahlbom, 1988). Bates concludes that, 

'the evidence for carcinogenic effect of ELF fields is strongly suggestive, although not yet 

conclusive. The evidence is strongest for brain cancer in both exposed workers and 

children. The evidence for leukaemia is less strong'. Aldrich et al. (1992) concluded that 

if a human health risk exists from exposure to EMF, it is likely to be very small. In 

England, the National Radiological Protection Board (Doll, 1992) concluded in its report 

that the epidemiological findings provide no firm evidence of the existence of 

carcinogenic hazard from exposure of paternal gonads, the foetus, children or adults to 

the ELF EMFs that might be associated with work in the electrical, electronic, and 

telecommunication industries. The only weak evidence relates to a small risk of brain 

tumours. 

Savitz has published an overview of epidemiological research on electric and 

magnetic fields and cancer (Savitz, 1993c). In it, he concluded that there may be some 

systematic association between selected job titles and the risk of brain tumours and 

leukaemia. The critical question is whether this association is attributable to EMF 

exposure rather than to other workplace hazards or to some process of self-selection, 

resulting in lifestyle factors that increase risk (Savitz, 1993c). 

The occupational EMF exposure in power production in some professions is 

significantly higher than in most other professions or at home. However, these measured 

exposures do not exceed existing exposure limits based on body-induced current 

densities. The suspicions of a relationship with cancer are under investigation, as they 

Fig. 26-8. Mobile phones, masts and computer

operations 
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have been for a long time. However, the absolute risk of cancer is small and therefore, if 

there is a risk, the incidence is only a few cases (per 100 000). The most prominent 

suspicions of cancer point to brain tumours and leukaemia, but there are many reasons 

for these cancers regardless of electricity exposure. 

Electromagnetic fields and mobile phones and antennae 

The use of mobile phones in the workplace is increasing. It is briefly considered here, 

but further detail can be found in 'Part 7: Wireless Communications'. 

Cellular phones transmit information through the nearby host station mast by using 

microwave frequencies, usually in the range of 400-2 500 MHz (Fig. 26-8). The signal 

modulation systems are in the process of being changed from the older method involving 

analogue continuous waves to the use of digital burst envelopes. The trends for the 

development of these instruments are towards lower power consumption, higher 

frequencies, and more complex signal composition. 

As for all consumer products, the safety factors of cellular phones have also been 

emphasised, for example, traffic safety, fire hazards, accidents, electromagnetic factors 

(electromagnetic interference and compatibility) that interfere with other electrical 

systems and also the possible risks of EMFs to users. The problems with EMFs arise 

from the following three circumstances: 

1. High-level microwave energy can harm biological material. 

2. The antennas of the phones are very near the head of the user (1-10 cm). 

3. People are very sensitive when there is doubt that radiation (EMF is often 

understood as radiation) and cancer are presented in the same connection. 

 

RF fields can interfere, for example, with electric wheelchairs, medical equipment 

(cardiac defibrillators, infant apnea monitors, infusion pumps), pacemakers, hearing aids 

and electrical systems in cars and aeroplanes (Bassen et al., 1994; Joyner et al., 1994). 

On the other hand, these pieces of equipment and machines should be immune to an 

electric field of 3 V/m in the 26-1 000 MHz frequency range (IEC, 1993). This guide is 

also valid for evaluating the distance between machines. 

Generally, the interference can increase accident risks or cause inconvenient 

situations. Research in this area is in progress both on risk recognition and on equipment 

shielding from EMFs. 

In the United States and in Scandinavia, the incidence of brain tumours is 5-7 (per 100 

000 of the population) and the incidence is age-related, i.e. in the age range of 20-30 

years, the incidence is 2-3 (per 100 000) and in the range of 60-70 years, it is 15-20 (per 

100 000) (FDA, 1993; Moller Jensen et al., 1988). Many causes of brain tumours have 

been proposed, for example, head injuries, ionizing radiation of the scalp, psychiatric 

hospital care and occupational exposures to chemical impurities. Sixteen percent of 

patients having a primary brain tumour also have a family history of cancer (Black, 1991) 

and for certain types of brain tumour, this genetic predisposition is even clearer. During 

the period 1940-1977, the mortality rate for brain tumours in the population of the United 
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States rose from 3.8 to 5.8 among whites and from 2.14 to 3.85 among non-whites (Lin 

et al., 1985). There are weak indications that in occupations involving exposure to 

electricity, the brain tumour risk is slightly elevated. However, there are many 

confounding potential factors and therefore the connection between brain tumours and 

EMFs is inconclusive (Speers et al., 1988).  

At the moment, only general epidemiological studies on EMFs and cancer are 

available. As an example, a meta-analysis of Aldrich et al. (1992) concerning 

occupational and residential brain tumours and leukaemia found an overall estimate for 

relative risk of 1.6 (Mantel-Haenzel mean), but this risk was also related to EMF sources 

other than mobile phones (Aldrich et al., 1992). Most of the risk estimates varied 

between 1.1 and 3.5. A fairly general opinion is that if EMFs contribute to cancer risk, 

then the mechanisms promote cancer rather than initiate it. However, the biological 

mechanisms remain mostly unknown at the moment. Therefore, it does not seem 

probable that the use of cellular phones and brain tumours will be clearly connected in 

the near future. Foster (1992) has sceptically discussed the health effects of EMFs, and he 

has pointed out that if a real hazard exists, the problem needs to be identified and 

remedied. If no hazard clearly exists, decisions need to be made about when to redirect 

attention to more pressing issues (Foster, 1992). There are also changing parameters, for 

example, diminishing power and increasing signal com-position and frequency altering 

risk considerations. 

Currently, the existing guidelines for the EMFs of cellular phones are based on 

thermal effects and local specific absorption rates, but suspicions of cancer are often 

warranted (Fig. 26-9). It is also possible that the smaller average EMF emission is a 

benefit to digital cellular phones, but there is a possibility that digital phone systems will 

create problems due to their pulse/pause relations. At the moment, many existing 

recommendations have an exclusion principle for mobile phones that states that the 

maximum permissible exposure may even be exceeded if the RF input power of the 

radiating device is 7 W or less (IRPA, 1988). 

Magnetic field

Mobile phone

Electric field

Fig. 26-9. Mobile phone and computer screen

emit electromagnetic fields 
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The possible effects of electromagnetic fields on humans are twofold: potential direct 

effects of electric or preferably magnetic fields on biological material and indirect effects 

on other electrical systems, which in turn generate malfunctions. However, the power 

needed by cellular phones is diminishing, thereby reducing the potential risk. On the 

other hand, many research groups are working on the subject and therefore, the 

uncertainties should also be reduced in the near future. However, public reactions are 

sensitive and even minor unknown risks can generate new suspicions of, for example, 

memory deterioration or behavioural changes. 

Support masts and antennae are situated around the countryside on the tops of hills so 

that they are higher than 10 m from the ground. In cities, antennae are situated on the 

roofs of buildings 20-45 m from ground level. Antennae are also built into walls or 

ceilings at least 2 m from the ground. The RF power density depends on the distance and 

direction of the antenna, antenna amplification parameters, the number and properties of 

the antenna feeding transmitters, the number of channels, and antenna and transmitter RF 

cable attenuation. For occupational exposure, the typical safe distances to these antennas 

are less than 3 m outside and less than 1 m inside. In practice, possibilities of exceeding 

the exposure limits occur only for the mast or the  roof of buildings. For occupational 

exposure, the ICNIRP limit is 22.5 W/m
2
 for 900 MHz and 45 W/m

2
 for 1.8 GHz. 

The rapid increase of mobile phone communication has also created professions in 

which exposure to RF fields can exist. These groups are, for example, service and 

construction workers for masts and local amplification substations. Mobile phone repair 

workers should have some information on the risk of microwave exposure. Similar 

information should be available in airports and seaports, hospitals and so on. In addition, 

electromagnetic interference with other electrical systems can cause a risk of accident. 

Radar, radiofrequency workers and radio towers 

According to the health criteria of the World Health Organization (WHO, 1993), the 

most significant workplaces in which workers can be exposed to RF radiation are 

dielectric heaters (see 4.1), induction furnaces (see 4.4.1) or video display units 

(VDUs). Personnel working on, or near, broadcasting towers or antennae can be 

exposed to substantial fields of up to 1 000 V/m and 5 A/m respectively. The ICNIRP 

limits are 10 W/m
2
, 61 V/m or 0.2 A/m for frequencies of 10-400 MHz. Workers near 

radar installations can be exposed to substantial peak power densities if they are in an 

RF beam a few metres from radar antennae (up to tens of megawatts per square metre). 

Usually, the average power density in the vicinity of air traffic control radar, for 

example, is of the order of 0.03-0.8 W/m
2
. The ICNIRP limits for typical radar 

frequencies are 50 W/m
2
.  

RF fields interact with human systems through direct and indirect pathways. Indirect 

interactions are important at frequencies below 100 MHz, but they are specific to 

special situations. The electrical change of metallic objects in EMFs can be discharged 

when a body comes in contact with the object, the result being shock and burns. For RF 
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frequencies, the thermal effect is the major mechanism of interaction. The threshold for 

noticeable warming is 200-2 000 W/m
2
.  

Even when exposure limits are exceeded, there are no clear indications of RF fields 

affecting health. Schilling (1997) reported on the effects of acute exposure to ultrahigh 

RF fields (785 MHz) on three antenna engineers. The men experienced an immediate 

sensation of intense heating of the parts of the body in the EMF followed by pain, 

headache, numbness, parasthesiae, malaise, diarrhoea and skin erythema. Afterwards, 

chronic headaches were noted involving the part of the head which was most exposed. 

Hawkins (1992) has made a short review of microwave exposure and cancer. In the 

article, the earliest report of exposure came from the United States Embassy in 

Moscow – but the study, concerning the health status and mortality rates of 4 800 

employees in total between 1943 and 1976, could not reveal an elevated death rate. In 

the same review, in the United States Navy, a total of 4 072 502 person-years of duty 

were examined, but no increased risk from radar exposure was detected for any 

occupation. Thomas et al. (1987) found that the brain tumour risk among electrical and 

electronic workers was slightly elevated, but among microwave and RF workers who 

did not work in electrical or electronic areas the risk was not elevated. 

26.4 Office work – shops, banks and control rooms 

The modern service sector is increasing rapidly and older professions are 

diminishing. Nowadays, people are working more and more with personal computers 

in an electrified environment. The amount of exposed people is large and it is often 

estimated that the health risks are very limited. In this area, however, even the 

disturbing or annoying parameters can reduce work efficiency and in this way, these 

parameters have earned their importance. 

Work and visual display units 

Background 

The EMFs around VDUs are clearly below health-based guidelines, but technically 

based guidelines can be exceeded. Computers are not necessarily decisive machines with 

respect to exposure to EMFs at work (Fig. 26-10). 

The number of VDUs has increased dramatically during the last 10 years. Almost 

everyone in office work has some kind of VDU at his or her desk and some use several 

VDUs at the same time. Most VDUs have cathode ray tubes, but there are other display 

types that are based on liquid crystals, thin-film transistors or plasma. Because VDUs are 

so widespread, they have also been the subject of many suspicions of adverse health 

effects, for example, spontaneous abortion and cancer (Goldhaber et al., 1988; Lindbom 

et al., 1992; Roman et al., 1992; Bergquist & Knave, 1993). The EMFs around VDUs 

have been measured with many types of detection systems (Knave et al., 1985; 
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Juutilainen & Saali, 1986; Jokela et al., 1989). Nowadays, for laboratory EMF 

measurements, a Swedish standardised method is available (MPR, 1990). 

VDUs have been suspected of many hazards not related to EMFs, for example, risk of 

ionizing radiation, ergonomic problems related to neck-shoulder symptoms and eyestrain 

(Walsh et al., 1991). It is less known that in almost all the environments there are 

extremely low frequency (ELF) EMFs originating from electric appliances and these 

fields can be measured with similar meters to the ones used to measure the ELF EMFs of 

VDUs (Pääkkönen, 1997). There is also a problem area that concentrates on the 

disturbing external EMFs around VDUs. These external fields disturb VDUs and cause 

vibration of the text or figures or changing colours of the screen (Mild et al., 1989). It 

seems that this effect is seen more easily and for lower magnetic field strengths, in new 

and more complicated screens and software. 

Fig. 26-10. Modern offices have many sources of low-frequency electromagnetic fields 

Electromagnetic fields in offices 

ELF EMFs were measured around 200 VDUs in different types of offices by using 

EMF strength meters (Holaday HI-3604, HI-3603 and HI-3627) which are applicable to 

instantaneous root-mean-square measurements. Table 26-4 presents a summary of the 

results of ELF magnetic field measurements (Pääkkönen, 1997; Pääkkönen & 

Korpinen, 1993). It does not show, however, the workplaces in which the back-ground 50 

Hz magnetic field was so strong that it was not possible to measure a value for a VDU. 

For example, in a series of results from a workplace which had 73 VDU 

workstations, 40% (29) of the stations had a background level that was so near or higher 

than the level of the VDU that the workplace measurement result was thought to 

influence to the magnetic field strength at the site. At those workplaces the sum of the 

magnetic field of the VDU and background averaged 0.27 µT and the background field 

averaged 0.20 µT. Therefore, it is not easy to decide when a VDU causes significant 

exposure to ELF magnetic fields. On the other hand, for the very low frequency (VLF) 
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fields, the VDU is often the decisive field source. In the office environment, there are 

also many other significant field sources besides VDUs which can cause a (50 Hz) 

magnetic field of more than 20 µT near the surface of the equip-ment and an electric field 

of more than 100 V/m. However, these fields are very local, attenuating usually to less 

than 0.1 µT and 10 V/m at a distance of 0.5 m. In a comparison of VDUs and 'old' 

electric typewriters, typewriters were found to have a magnetic flux density of 5 µT at a 

distance of 10 cm in the lap, while the VDUs seldom exceeded 0.3 µT. 

When all other ELF EMFs are compared with the ELF fields of VDUs, it is not clear 

whether the VDUs are the most significant ELF EMF sources in offices or not. 

Table 26-4. Magnetic flux densities of offices (Pääkkönen, 1997) 

 

Site 

 

Magnetic 

flux density  

B (µT) 

Background 

magnetic flux density 

B (µT) 

VDUs, front 50 cm 

– average 

0.16 (n = 103) 0.12 (n = 90) 

Laser printer, 1 m  

– surface 

0.02 - 1.0 

< 15 

 

Old typewriters, 0.5 m 

– front surface 

3.7 (n = 4) 

< 15 

 

Photocopier, work area 0.1 - 0.7  

Paper shredder 0.6 < 0.1 

Old facsimile transmission  < 0.1 < 0.1 

Overhead projectors, 0.4 m 5.6 (n = 4)  

Electrical supply systems 

– main centre 

– sub centre 

– 6MVA transformer, room above  

– cable (380 V/600 A) 

 

< 20 

< 5 

< 10 

< 10 

 

 

VLF EMFs are mainly generated by VDUs in offices. VLF magnetic flux densities 

average 26 nT (SD = 9 nT, n = 13) and electric fields average 0.8 V/m (SD = 0.5 V/m, n 

= 13). VLF EMFs have also been surveyed in other studies. For example, Walsh et al. 

(1991) measured a median of 0.48 V/m and 62 nT (n = 54) at a distance of 30 cm.   

Electrostatic fields of VDUs are difficult to measure at workplaces due to 

disturbances, but Walsh et al. (1991) measured a median of 35 V/m (variation -300 to 1 

500 V/m, n = 54) for such fields. Electrostatic fields may play a role in health evaluation 

in the sense of claimed electric hypersensitivity or skin problems because such fields may 

influence dusts and cause an electrical fastening of dust particles to unclothed skin. 

However, this seems to be only speculation so far. In Sweden and Norway, electric 

hypersensitivity has been studied with provocation tests. In the main, these tests have 

failed to prove a connection between VDU EMFs and hypersensitive reactions 

(Bergqvist, 1997). 
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The external 50 Hz magnetic field disturbing VDUs is hard to eliminate. Some 

methods use thick (5-50 mm) iron or aluminium plates or tubes around electric cables. 

These plates can reduce the magnetic field by 10-30%. For example, placing a VDU in 

an 3-mm thick aluminium enclosure (with the monitor side open) can reduce the 

magnetic flux density by about 30% (1.35 to 0.90 µT). 

Low-frequency electromagnetic fields at other workplaces 

Tables 26-5 and 26-6 show examples of ELF EMFs at some workplaces. In the steel 

industry or near big electrical motors, these magnetic flux densities can be very high – 

even 10 000 µT. In shops, laboratories and banks, magnetic flux densities can be as high 

as 1-5 µT although the background flux density is usually less than 0.1 µT. In the home 

environment, the mean magnetic flux densities of home appliances have proved to be 6.4 

µT (user distance), but near most of the measurement sites the magnetic flux remained 

less than 1 µT (n = 20) (Pääkkönen, 1997). The measurements were based on six 

measurement points around the appliances and at a distance of 0 to 50 cm depending on 

the user distance. For example, the maximum magnetic flux density was 12.2 µT for hair 

dryers (n = 6, measurement distance 10 cm), 9.6 µT for razors (n = 4, measurement on 

the surface of the razor), 5.6 µT for overhead projectors (n = 3, measurement distance 40 

cm), 0.4 µT for coffee makers (n = 4, measurement distance 30 cm), 1.8 µT for radios (n 

= 4, measurement distance 20 cm) and 3.7 µT for typewriters (n = 4, measurement 

distance 50 cm). The background magnetic flux densities where the electric appliances 

were measured ranged between 0.03 and 0.05 µT. According to these results, the 

magnetic fields of the appliances were sometimes high (even 10 µT at the user distance). 

The fields of the different models varied as well. Standardised methods should be 

developed for measuring background fields and the fields of appliances so that the results 

of various studies can be compared. The highest measured electromagnetic fields are 

shown in Table 26-6. 

In the melting of metals in a large steel factory, the average (8 h) magnetic flux density 

was 40 µT (variation 25-65 µT). The instantaneous flux values varied between 0.1 

and 1 200 µT. The averaged daily exposures for the inspection of steel parts in a 

magnetic bench were 10-30 µT, and the instantaneous maximum values have reached up 

to 2 000 µT.  

In welding, point welding seems to cause the strongest instantaneous magnetic flux 

densities, up to 1 500 µT. However, the average values are much smaller, typically less 

than 10 µT. The magnetic flux densities are highly impulsive however, and thus cause 

fields that are sometimes suspected to result in nerve stimulation. Welding by metal inert 

gas or tungsten inert gas methods usually emit usually magnetic flux densities less 

than 100 µT that are near the worker. Near generators or cables, the flux densities can 

reach up to 300 µT. Electric fields are not high, typically less than 100 V/m in welding. 
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 Table 26-5.  ELF EMFs in workplaces (Pääkkönen & Korpinen, 1993) 

 

Fields caused by equipment Background fields 

Magnetic flux 

density 

B (µT) 

Electric field 

 

E (V/m) 

Magnetic flux 

density 

B (µT) 

Electric field 

 

E (V/m) 

Shop scale, 10 cm 3 < 10 < 0.1 < 2 

Bar code discount scanner, 10 cm 1-8    

Work area 0.2-0.8 3 < 0.1 < 2 

Cash register, 10 cm 1 3   

Chemical laboratory dilution 

machine, work area 

2.5    

Centrifuge, 1m work area 5    

Photometer 2.0    

Gas chromatograph, work areas < 3.0    

Bank automatic cash, service 1.0    

Metal inert gas welding, 180 A, 

steel 

3.5 30   

 

Table 26-6. High instantaneous electromagnetic values measured in industry in the frequency range  

of 20-1 000 Hz 

 

Job/workplace 

 

Source 

 

Magnetic flux 

density 

µT 

Electric field 

 

V/m 

Car repair Grinder    200   200 

Contact welding  Welding 5 000     50 

Power station Generators    300     40 

Generator testing Cables    600     50 

Non-destructive testing Magnetising equipment 1 000    110 

Steel factory, inspection Arc furnace 1 500    200 

Railway work Cables and wires      10 2 000 

 

There has been discussion about the magnetic flux densities of safety gates in shops, 

airports and other places, especially for subjects wearing pacemakers. Old-fashioned 

safety gates can emit magnetic flux densities exceeding 1 000 µT on the surface of 

the gate. For a typical person passing the gate, there is no problem, but if a pacemaker 

patient stops at the gate, there may be a minor risk. 

Reducing low-frequency magnetic fields is difficult because the fields penetrate materials 

well. Therefore, materials that can induce Eddy-currents are used. The quality of 

enclosures must also be good; otherwise the fields can 'escape'. 

The exposure of a person to ELF magnetic flux density is another issue. The total 

exposure of the fields measured by personal dose meters has been the subject of 

discussion (ACGIH, 1999). On the other hand, if the equivalent exposure resulting from 

these fields is calculated, the results are the values presented in Table 26-7. This type of 
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linear model for exposure calculations is not correct. However, a better model has not 

been proposed for exposure evaluation. Therefore, with this model, it is at least possible 

to try to compare fields from different sources. 

Table 26-7. Magnetic fields and exposure evaluation 

 

Source 
Instantaneous flux 

density B  (µT) 
Exposure time 

Equivalent flux density 

over 24 h, B (�T) 

Steel factory 10-1 000 8 h/d 12 

Magnetic flux bench 1-2 000 3 h/d 5 

Razor, surface only chin area 100 5 min/d 0.35 

Power line 0.15 24 h/d 0.15 

Typewriter 1.0 2 h/d 0.08 

VDU 0.25 6 h/d 0.07 

Hair dryer 15 6 min/d 0.07 

 

Different recommendations have been made for the health risks of ELF and VLF 

EMFs (ACGIH, 1999; ICNIRP, 1998), and the values are clearly higher than pre-viously 

measured field strength values. However, the Swedish Mät och Provnings-anstalt 

(MPR, 1990) given technical recommendation values are sometimes exceeded. The 

recommendations do not include spontaneous abortion or cancer because it is still unclear 

whether or not there is a connection. 

26.5 Transportation 

The transport sector can be divided at least into earth, air, marine and rail sectors. 

Cosmic radiation can be important at high altitudes, electromagnetic fields in trains, 

noise in earth moving transportation systems and so on. In the transport sector, dangerous 

and radioactive substances are also carried from one place to another. 

Ionizing radiation 

Radioactive isotopes are often transported for use in medicine, industry and research. 

The security of the transportation packages is usually well designed, but there is always a 

risk of accident during which a radiation hazard may emerge. There have also been some 

accidents in which radioactive materials have been the target of  theft and smuggling 

operations (Melo et al., 1994). In these circumstances, people  have been exposed to 

radiation without any knowledge of the risk. Several accidents  occurred in the 1980s in 

Goiania/Brazil, Chernobyl/USSR, Texas/USA, Mohammedia/Morocco and Ciudad 

Juarez/Mexico in which serious exposure or death was reported (UN, 1988). 

Some European countries have also developed radioactivity control systems in their 

customs facilities in order to react to the smuggling of radioactive material or to deter-

mine whether radioactive materials are being transported. For example, in Finland, 
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customs has radiation measurement gates at its disposal, and there are large and sensitive 

detectors for radioactive materials. All incoming trains and vehicles are monitored. 

Cosmic radiation at subsonic transport 

At sea level, the background radiation dose is 0.03 µSv/h, this radiation dose has 

increased to 0.1 µSv/h at an altitude of 2 000 m and at an altitude of 12 000 m, the 

radiation dose is about 5 µSv/h. This means that, for example, transatlantic passengers 

receive an elevated radiation dose while travelling. It has been calculated that this dose  is 

equal to 50 µSv during the flight from Paris to New York. Wallace & Sondhaus (1978) 

have studied the exposures received by the United States' residents flying in commercial 

jet aircraft. The average annual passenger dose was 0.03 mSv and a crewmember 

dose, 1.6 mSv. 

Low-frequency electromagnetic fields 

Most of the Finnish railway lines are driven by electricity. In a Finnish study, 

locomotive drivers were exposed to an average of 0.46 µT magnetic flux densities. 

Conductors were exposed to 0.5-0.8 µT. Locomotive drivers were exposed to an average 

of 30 V/m electric field strengths. These values are significantly smaller than the 

exposure of power plant workers. 

Sunlight in outdoor work 

For most people, sunlight causes the most significant UV radiation. Unprotected 

skin and eyes can be damaged. For sunlight evaluation, a global solar UV index has 

been developed (ICNIRP, 1995). This index can be scaled between 0 and 15 where 0 

equals situations with no UV radiation and 15 equals the strongest radiation at the 

equator. In Scandinavia, this index varies between 1 and 8. The minimum erythema 

dose (MED) describes a UV dose that can cause an objective erythema effect on the 

skin. The MED also varies with skin types (I-IV) so that clear connections between 

power density and human reaction are complicated. Nevertheless, a special risk occurs 

for people who have a large number of atypical naevi, skin type I or II, earlier sunburn 

(especially in childhood), melanoma in the family, blue eyes, red or fair hair and 

photosensitation. It is possible to monitor UV radiation and combine suitable risk 

factors for evaluation.  

There are few epidemiological studies on the UV radiation exposure of outdoor 

workers available. UV exposure is seldom related solely to outdoor work. For example, 

according to an Austrian estimate, the exposures are as follows: work 22 MED, leisure 

time 15 MED and holiday 14 MED. Therefore, leisure and holidays may play a 

significant role.  
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UV radiation is strongest at noon. If possible, avoiding sun exposure a few hours 

before and after midday can significantly reduce the exposure, especially in 

midsummer. For example, it is useful to have lunch breaks inside. Cotton clothing with 

long sleeves and legs is often recommended. UV-blocking skin lotions help on the 

parts of the body that cannot be protected by clothing. The sun protection factor (SPF) 

helps in determining the amount of protection provided. For example, if the SPF is 4, 

the UV radiation penetrates the skin ¼ of the original strength. Typically, skin lotions 

help best against UVB radiation and less against UVA radiation. Skin lotions should 

not be used to lengthen exposure – instead, their purpose is to reduce exposure. 

Noise 

The most important parameters of noise sources in some areas of transportation are 

shown in Table 26-8. The noise exposure can be very high although the exposure 

duration does not last the whole workday. There has been discussion on different effects 

of annoyance and disturbance, but there is no scientific evidence on the effects to 

humans. Similarly, there has been discussion on the effect of infrasound to equilibrium 

system and wakefulness, but there is little research evidence. 

Table 26-8. Examples of noise exposure in cockpits (Pääkkönen, 1993) 

 

Transportation 
A-level 

DB 

Infralevel 

dB 

frequency 

Hz 

level 

dB 

Cars 60-90 100-110 5-10 80-100 

Tanks 90-110 90-120 10-20 90-120 

Fighters 85-105 70-90 500-1 000 90-100 

Helicopters 90-110 110-120 10-15 110-120 
 

* 1/3-octave noise maximum 

26.6 The military environment 

Most fatal accidents in military work are connected with the use of weapons or 

explosives, or happen in transportation. Traffic accidents are also a cause of death for 

the personnel. Military noise exposure is very high in transportation and aviation, 80-

120 dB, and the noise impulses of shooting and explosions vary 140-195 dB. Rifle 

calibre noise impulses can be attenuated 10-50 dB, but large calibre weapon noise 

impulses can usually be reduced only 1-30 dB. Lasers primarily damage eyes and skin. 

In cold or hot conditions, or in swimming and diving, serious risks exist where only 

short exposure to these extreme conditions can be fatal. Ergonomic problems must be 

handled in order that soldiers can work effectively in difficult conditions. 
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Military personnel have a risk probability for injuries, diseases and uncomfortable 

environments as well as, for example, persons working in industry. The military work 

environment is connected to weapons and explosives, transportation, and aviation. The 

exposures can be caused, for example, by high physical and psychological activity, non-

ionizing and ionizing radiation, noise, chemical agents, and cold and hot thermal 

conditions. It is not always possible to organise the work processes in a similar way to 

routine industry. In addition, busy time schedules are kept all the time for crisis 

situations. However, the incidence of injuries in military work seems to be lower than in 

many other working areas. 

Accidents cause premature deaths in all Defence Forces, and wounds and other bodily 

injuries are often more numerous than deaths. Occupational diseases are mainly hearing 

loss, strain damage or skin diseases. For fighter pilots, neck injuries and premature disc 

degenerative disease seem to be new recently found occupational diseases. Radiation is a 

risk to the eyes and chemical substances can have effects on respiratory organs and 

neurological systems. Soldiers must be protected from unwanted and dangerous thermal 

conditions (Koskenvuo, 1990). Ergonomic problems must be handled so that soldiers can 

work effectively in difficult conditions. This means, for example, vision handling by 

glasses or protectors, lifting of heavy loads with proper techniques and physical exercise 

analyses. In military aviation, avoiding a high psycho-physiological workload is difficult 

although ergonomic conditions have been improved. 

How should risk analysis be arranged? Typically, safety inspection and occupational 

health care systems function according to the same principles as in other areas of work 

life. However, for military activities, there is usually a collection of safety precautions for 

different tasks. Also, the commanding hierarchy is stricter than in the civilian world. 

Nevertheless, military work safety functions according to normal civil safety principles 

and rules whenever possible. In addition, there are several reporting systems for safety 

and fault analysis. 

This short text concentrates on the military work environment in peacetime training. 

Crisis activities in war conditions and activities or work in military depots have been 

excluded. The military work environment is multi-disciplinary. Sometimes, the work is 

usual office work as in headquarters with the possible exception that psychological stress 

can be at the ultimate level. Sometimes, the work is extremely stressful at a physical 

level, for example in many exercises. Environmental parameters can be so demanding 

that survival is possible only by well-designed protection and clothing. Therefore, the 

demands of the work vary largely, for example due to job category, time or career phase.  

The text concentrates on occupational safety and health including occupational 

hygiene. The focus is mostly concentrated on army work, but some remarks have also 

been made regarding naval or aviation environments. Both conscripts and professional 

soldiers and their environments are considered because there are differences in how the 

armed forces are organised in these sub-groups. However, the environmental parameters 

are the same both for conscripts and professional soldiers. 
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Lasers, microwaves and radioactive isotopes 

Laser equipment is common in modern military training. They are used in distance 

calculations, in aiming devices, many measurement activities and nowadays, even as 

destructive high energy weapons against other systems or blinding weapons against 

enemy troops. For pilots, the laser measurement devices are almost a daily danger 

in training together with the navy and army. Lasers primarily damage the eye. Most laser 

injuries have been accidental so far, where, for example, a strong laser beam has caused a 

dark line into the retina of a human eye (Barbanel et al., 1993). Lasers are classified 

according to their dangerous properties into classes 1, 2, 3A, 3B and 4 (EN 60825, 1991). 

It is recommended that military laser devices also be equipped with danger classification, 

as with civil lasers. Typically, classes 3 and 4 can damage living tissues in practice. 

However, a primary laser beam can be dangerous even from lower classes if the beam is 

stared directly into, especially with binoculars. If there is a danger from laser beams, it is 

possible to equip troops with protective glasses if suitable protective glasses for different 

wavelengths are available.   

Modern military communication and enemy detection or disturbance is based on 

radiofrequency (RF) fields. Radar, antennae, transmitters and scanning devices can have 

very high power densities of radiofrequency energy. This energy, when powerful enough, 

is capable of warming and burning tissues. In particular, the eye is in danger because 

blood circulation system cannot transfer heat from the eye as effectively as it can do from 

other tissues of the human body. There have been suspicions that exposure to RF fields 

might cause cancer. However, if this is true, the probability is small and uncertain 

(Aldrich et al., 1992; Goldsmith, 1995). Shielding from a RF field is difficult. There are 

experiments into the creation of protective suits against micro-wave radiation (Matre 

et  al., 1994). Buildings are usually shielded by covering surfaces of the rooms with steel 

or aluminium plates (Faraday cage principle or Eddy currents). Hazardous areas are 

equipped with warning signs and training should also cover the dangers of RF fields.  

Radioactive substances or radioactive radiation can exist in nuclear weapons or 

motors using nuclear reactors. More common radioactive radiation is found in military 

aiming devices, analysis equipment or light amplification devices. Radioactive waste has 

sometimes been a problem in military areas. Therefore, training and information is vitally 

important. Radioactive risks are a separate issue and are not covered more thoroughly 

here.  

Noise  

Military noise exposure is often divided into aviation and transportation noise, and to 

impulsive shooting noise. Besides those, there is more civilian type noise exposure in 

garages and defence material producing depots. Transportation and shooting noise 

exposures are high, producing a significant amount of hearing loss in military personnel. 

Compared to civil industrial noise levels, the military noise levels are very  high. In 

transportation, A-weighted sound pressure levels (SPL) vary from 80 to 120 dB, and 
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shooting noise level peaks vary from 140 to 195 dB. These values can damage hearing 

(Pääkkönen, 1993). The noise also differs from civil environments in that military noise 

sources, except rifles, are very often of a low-frequency range, which means that the 

noise is a little less harmful than high frequency noise. However, low-frequency noise is 

very difficult to attenuate (Pääkkönen, 1993). Noise from weapons or explosions can be 

so powerful that it may even have direct blast effects on structures or living organisms 

(Adler et al., 1988). The high level blasts can damage lungs and internal organs and even 

influence the circulatory system (Kokinakis &  Rudolph, 1982). The hazard estimates 

vary, but, for example, Kokinakis & Rudolph (1982) estimate for a 3 ms impulse that the 

threshold for acute ear damage is as a SPL peak value 160 dB, for lung damage 199 dB 

and for a death 208 dB. These thresholds vary 15 dB up and down from source to source. 

The attenuation of the noise exposures in military practices and training is not easy. 

Hearing protections (earplugs and earmuffs) are nowadays widely accepted, but for older 

officers, there has been noise exposure from weapons and explosions without personal 

protectors (Savolainen et al., 1992). Because the military impulse noise is in the low-

frequencies, the shelters and buildings also attenuate this noise less than usual noise 

(Pääkkönen, 1993). To compound this, knowledge of low-frequency attenuation 

properties of structures and materials is lacking and therefore, design of test shooting 

stations or shooting shelters needs better information. 

For transportation noise, the biggest exposures of drivers and passengers come from 

tanks, fighters, helicopters and terrain vehicles (Pääkkönen, 1993). The A-weighted noise 

levels are 90-120 dB and the frequency content is dominated by low-frequencies of 2-100 

Hz so that even significant infrasound levels are often present. This also means that linear 

SPLs can be as high as 130 dB (Pääkkönen, 1993). 

For shooting impulses, the peak SPL values near the shooters are around 155-160 dB 

for rifles, 160 - 185 dB for howitzers and cannons, 175-195 dB, for bazookas and 158-

170 dB for mortars (Pääkkönen, 1993; Pfander, 1975; NATO, 1987; Pääkkönen, 1988). 

For explosions, the peak SPL of 140 dB is exceeded with explosives over 50 g of TNT at 

a distance of 100 m and the SPL peak level 160 dB is exceeded with these TNT 

explosives at a distance of 20 m (Pääkkönen, 1991). The total exposure to noise impulses 

depends naturally on the amount of impulses and  therefore, sound exposure levels 

should also be measured for impulse noise (Pääkkönen, 1993). 

Example 1-a shooter of a 7.62 mm rifle is exposed to a 156 dB peak level, 118 dB 

sound exposure level over one second, and 73 dB sound exposure level over 8 h and over 

one shot (Pääkkönen, 1988). If the shooter fires 100 shots a day, the daily sound exposure 

level is then 93 dB, which exceeds the noise exposure level of 85 dB. 

Example 2-a shooter of a 122 mm howitzer is exposed to a 183 dB peak level, 159 dB 

sound exposure level over one second, and 114 dB sound exposure level over a day and 

one shot. These values very clearly exceed the limit value of 85 dB for daily noise 

exposure (Pääkkönen, 1988). 

In France and Germany, the military noise level limit is around 160 dB depending on 

the duration of the impulse (DTAT, 1983; Pfander, 1980). For industrial noise exposure, 

the allowable peak level of impulses is usually 140 dB (ACGIH, 1999). Therefore, 

exposure of soldiers to military noise show a high risk of hearing loss, which means that 
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military personnel should protect themselves against noise, for example, with the most 

effective hearing protectors available.  

The daily exposure of a trainer on a rifle shooting range can be diminished 20-30 dB 

by hearing protectors, 12-19 dB by rifle noise suppressors (Pääkkönen 1994) and 7-10 dB 

by muzzle enclosures (Pääkkönen, 1993). The use of shelters increases the duration of 

the impulses and thus, increases the noise exposure (Pääkkönen, 1993). Table 26-9 

shows some examples of noise control effects against rifle calibre and large  calibre 

weapons, and explosions (Pääkkönen, 1993). Large calibre shots and explosions are 

especially hard to attenuate due to their low-frequency energy content (Pääkkönen, 1993). 

Practical noise control can be achieved by diminishing the noise of the source (e.g. 

suppressors), increasing distance from the sound source, sheltering and enclosing, 

building barriers between noise source and officers, and using hearing protectors. In this 

connection, it must be remembered that hearing protectors only give a very modest (less 

than 10 dB) attenuation against large calibre impulses. The combined use of earmuffs 

and earplugs gives the best protection against large calibre impulses (Ylikoski, 1995) and 

therefore, this is recommended for all large calibre weapons. 

Table 26-9. Noise attenuation against shots and explosions (Pääkkönen, 1993; Ylikoski, 1995) 

 

Rifle shot impulse 
Large calibre impulse or 

explosion 
Protector 

peak level 

attenuation dB 
source 

peak level 

attenuation dB 
source 

Ear muffs 25-33 762 RK* 5 1 kg TNT 

Ear muffs and plugs 35-45 762 RK 20-25 Cannon 

Suppressors 12-20 762 RK 8 Mortar 

Noise barrier 10-20 762 RK 2-10 Bazooka 

Concrete building 20-50 762 RK 10-40 Bazooka 
 

*762RK = Finnish assault rifle (Kalashnikov type) 

The attenuation of transportation noise exposure is not easy either. There is often an 

extra noise source in military transportation, namely radio communication, which can 

cause a significant increase in noise exposure, especially if the communication systems 

allow electrical noise into the listener's ears. Often the only possible means of noise 

reduction, e.g. for jet fighter pilots, are the improvements in the noise attenuation of the 

helmets (better insulation, active noise reduction etc). 
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Box 26 A - Hazards Linked to Depleted Uranium Weapons? 

Dag Brune and Rauno Pääkkönen 
 

Following the Gulf War in 1991 and the Kosovo conflict in the later 1990s, a great deal of 

attention has been focussed on the health of military professionals as well as civilians with 

respect to a suspected increase in the number of various illnesses and increased mortality 

rates. This has raised the question as to whether this could be linked to the use of depleted 

uranium weapons (DU) or not. In Iraq and Kosovo, heavily polluted areas of heavy metals, 

pesticides or other potentially toxic agents occur, rendering the assessment of a radiological 

epidemiological impact uncertain. Initially, governmental bodies presented insufficient and 

confusing information. International groups like UNEP/Habitate Balkan Task Force (BTF) 

have surveyed, and are still surveying, environmental consequences related to the conflict in 

Kosovo. Remnants of DU-weapons and dust on the grounds are carefully sought. 

For military professionals, two categories should be emphasised: the soldiers taking part in 

the battles who might have been exposed initially in battle and those in the peacekeeping 

forces being exposed to remnants of DU materials. 

Depleted uranium weapons 

DU is characterised by a high degree of hardness and specific density, giving the weapons 

a high destructive potential. The material is cheap and easy to reprocess. DU is used in tips of 

bullets, cruise missile noses or in armoury of tanks. DU is also used for various non-military 

purposes, e.g. in the aviation technology.  

During an explosion, a large quantity of metal particles are generated from the tank 

material in addition to dust and particles from DU that might ignite spontaneously at tempera-

tures of 600-700 °C, forming e.g. various uranium oxides. 

Radioactivity 

Depleted uranium is a by-product from uranium processing of 235U, used in power reactors 

as well as for military purposes. The level of radioactivity in DU is considerably lower than in 

natural uranium due to the reprocessing and comprises the main activity of 238U. Other 

nuclides comprise 235U (typically depleted to 0.2%), 234U, 234Th, 234Pa and 231Th. 

 Exposure 

Following the DU explosion, which results in an immediate burst of thermal radiation, 

light and pressure waves, the soldiers near the target are exposed to metal particles from the 

tank material as well as dust and particles of DU. The uranium compounds may possess toxic 

properties as well as the potential of radiological damage, but the toxic risks seem to prevail. 

During the explosions of the DU-weapons, soldiers close to the target may be exposed to 
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external radiation in addition to internal radiation from inhaled uraniumoxide dust 
deposited in the lungs and particles of ingested uranium compounds..  A quantity of swallowed 

particles may pass through the gastrointestinal tract.  

Pulmonary deposition of inert airborne particles depends, e.g., on physical characteristics 

of the particles like size, defined as mass median aerodynamic diameter. Generally, particles 

of 2-3 micrometres in size show a high fraction of deposition. Mucociliary clearance, i.e., 

removal of the particles from deposited sites in the lungs, may require a long time. The 

retention half life for sparingly soluble particles may range from a few days to years. In the 

case of DU, uranium dust has been produced through detonation processes involving high 

pressure as well as high temperature conditions, while a slow clearance of this dust fraction in 

the lungs might be expected. This deposition could scarcely be traced in the urine samples. 

Urine samples are frequently used as indicators of uranium exposure. 

The Gulf War 

Following the Gulf War, various health problems were suspected to be linked to DU both 

for US veterans and civilians of the Iraqi population. Incidences of various forms of cancer 

and congenital malformation have increased considerably in the Iraqi population according to 

information from local authorities. 

However, in the Gulf War, exposure to oil-well smoke, pesticides, oils and many other 

parameters as well as the lack of reliable illness statistics have made these epidemiological 

analyses uncertain. A large number of American, Canadian and British soldiers participating 

in the Gulf War who were exposed to a range of toxic chemicals in addition to DU 

complained about incapacitating syndromes, termed the 'Gulf War Syndrome'. As the soldiers 

were exposed to a range of chemical agents in addition to dust from exploded DU, the 

condition might be ascribed to be a multifactorial causality. Psychological factors may also 

contribute to this 'Gulf War Syndrome'.  

Kosovo conflict 

Only limited areas of Kosovo have been contaminated with DU-exploded materials. It is 

difficult to distinguish between natural background radiation and radiation from deposited DU 

dust on the ground. 

Particles of uranium compounds are heavy and are deposited on the ground close to the 

explosion site. Remnants of DU-weapons have only been found in certain areas. Some of the 

DU dust may reach the ground water and vegetation, and enter the ecological chain, reaching 

the civilian population. A minor part of the dust may be transported and deposited far from the 

site of the explosion. There is some concern about contamination of ground water supplies. 

The exposure can be significant inside a tank if the crew receives a shot by uranium nose, or 

after the incident when a lot of dust containing uranium is emitted into the air. The exposure 

from the ground seems of no health significance for the soldiers inasmuch as the radiation 
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from 238U could not reach the body. In this context, it could be mentioned that 

humans are exposed to considerable radon activity from construction materials in buildings, 

comprising 2-5 mSv annually. World-wide, the average annual effective dose from uranium 

and thorium series is slightly in excess of 0.1 mSv.  

Multifactorial genesis 

A multifactorial cause behind suspected deteriorated health conditions and excess mortality 

in Iraq and Kosovo might be due to pollution from non-nuclear sources, and the use of DU-

weapons may only be a part. Tiny particles of depleted uranium dust inhaled and retained in 

the lungs may represent a radiological risk to the soldiers actually involved in the battles. 

Whether or not there is a new health problem connected to DU is unclear. If a new problem 

exists, there is a need for more scientific information, which could be so complex that it 

cannot be seen yet. 
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Box 26 B - Terms and Definitions 

Rauno Pääkkönen 

Units and definitions 

For purposes of health protection, electromagnetic non-ionizing radiation can be sub-

divided into a number of wavelength (?) or frequency (f) ranges;  

• ultraviolet radiation (UV) 100 nm =  ? = 400 nm 

• visible radiation 400 nm =  ? = 760 nm 

• infrared radiation (IR) 760 nm =  ? = 1 mm 

• radiofrequency radiation  1 mm =  ? = 1 000 km (300 Hz = f = 300 GHz) 

• extremely low-frequency fields f < 300 Hz 
 

An electric field exerts forces on an electric charge and is expressed as volt per metre 

(V/m). In a similar way, magnetic fields can exert physical forces on an electric charge, but 

only when such charges are in motion. Both electric and magnetic fields have magnitude and 

direction. A magnetic field can be specified in two ways: 

• as magnetic flux density, expressed in tesla (T) 

• as magnetic field strength, expressed in amperes per metre (A/m) 
 

These two quantities are connected through a constant of magnetic permeability.  

In the far field region, the plane wave model is a good approximation of the 

electromagnetic field propagation. Then, power density (power per unit area, W/m
2
) can 

describe the field properties in many situations. Power density can then be calculated by 

multiplying the electric and magnetic field strengths in vector form. 

Abbreviations 
 

ABC atomic, biological and chemical; describes 

 nuclear, biological and chemical warfare 

AC alternate current 

ACGIH American Conference of Governmental  

 Industrial Hygienists 

FOI totalförsvarets forskningsinstitut; Swedish  

 research institute of defence forces  

 (formerly FOA – försvarets 

forskningsanstalt) 

DC direct current 

ELF extremely low-frequency (e.g. 3-3
 
000 Hz) 

EMF electromagnetic field 

EU European Union 

ICRP International Commission on Radiological  

 Protection 

ICNIRP International Commission of Nonionizing  

 Radiation Protection 

IEC International Electrotechnical              

aaaaaCommission 

ILO International Labour Organization 

IR infrared 

IRPA International Radiation Protection  

              Association 

MRI magnetic resonance imaging 

NATO North Atlantic Treaty Organization 

NDT non-destructive testing 

NMR nuclear magnetic resonance 

RF radiofrequency; this frequency range is  

 typically from 300 kHz to 300 GHz 

SPF sun protection factor 

SPL sound pressure level 

TLV threshold limit value 

TNT explosive trinitrotoluene 

UN United Nations 

UNEP United Nations Environment Programme 

UV ultraviolet 

VDU video display unit 

VLF very low-frequency (e.g. 3-300 kHz) 

WBGT wet bulb globe temperature; thermal  

 index for heat estimation 

WHO World Health Organization 

762RK   Finnish assault rifle (Kalashnikov type) 
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Electric, magnetic, electromagnetic and dosimetric quantities and their corresponding 

SI units 

 

Quantity Symbol Unit 

Current I ampere (A) 

Current density J ampere per square metre (A/m
2
) 

Frequency f hertz (Hz) 

Electric field strength E volt per metre (V/m) 

Magnetic field strength H ampere per metre (A/m) 

Magnetic flux density B tesla (T) 

Magnetic permeability µ henry per metre (H/m) 

Power density S watt per square metre (W/m
2
) 

Specific energy absorption SA joule per kilogram (J/kg) 

Specific energy absorption rate SAR watt per kilogram (W/kg) 

Basic SI units  

 



 

 

27 Radon Exposure in Mines 

Christer Samuelsson 

27.1 Before 1940 – historical background  

The high mortality among underground workers in mid-Europe during the 16th century 
did not pass unnoticed. Georgius Agricola (1494-1555) working in Joachimsthal (now 
Jàchymov) as town physician writes in 1556 in his posthumous 'De Re Metallica' 
(Agricola, 1556), '… eats away the lungs and implants consumption of the body; hence 
in the mines of the Carpathian Mountains women are found who have married seven 
husbands, all of whom this terrible consumption has carried off to a premature death.' 
Agricola thought that the inhalation of mine dust with 'corrosive qualities' caused the 
premature deaths. The sickness that 'consumed' the lung was later named after the 
Schneeberg mine region, the 'Schneeberger Lungenkrankheit' (Schneeberger Lung 
Disease). This lung sickness increased in frequency during the 17th and 18th centuries 
when mining of metals was intensified. Härting and Hesse had already diagnosed the 
Schneeberger Lung Disease as lung-cancer by 1879 and mentioned that the lung-cancer 
mortality rate was 75% among the miners at the time (Härting, 1879a; Härting, 1879b; 
Jacobi, 1993).  

Later measurements of radon in uranium mines yielded high scores. Typical 
concentrations of about 100 kBq/m3 are reported from the Schneeberg and Jàchymov 
mines (Ludewig, 1924; Behounek, 1927). According to Schüttmann (1988), H.E. 
Müller, a mining director in Zwickau, Saxony, is the first to recognise a causal link 
between radon and lung-cancer. In 1913, Müller advocated the idea that the 
Schneeberger lung-cancer was a specific occupational disease and the inhalation of the 
radon-laden air in the mines initiated a carcinogenic process in the airways of the lung. 
In addition, Pirchan and Sikl (1932) stress that radon (radium emanation) inhalation is 
the most probable cause of the many lung-cancer deaths amongst miners. 

The pioneers that quantified the high lung-cancer incidence in miners working in 
the Schneeberg and Jàchymov mines did not get any support from health authorities or 
the mining administrations. A citation from the paper by Pirchan & Sikl (1932), who 
found by post-mortem autopsies that 9 out of 13 deceased miners died from lung-
cancer, illustrates the upwind work well. "In Jàchymov, as in Schneeberg, there has 
been considerable mortality for a long time amongst miners from pulmonary disease.' 
The miners themselves called the disease Bergkrankheit or Bergsucht, terms that were 
in common use at Schneeberg. It seems strange that the true nature of the condition 
should have remained unknown to the physicians of Jàchymov for so long since it 
appears simple to realise that it was the same as that affecting the miners of 
Schneeberg. Härting and Hesse, in 1879, had addressed an inquiry to Jàchymov 
concerning the occurrence of cancer of the lungs and received a negative response. 
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In 1921, M. Uhlig made a similar inquiry, with the same result. Professor Hlava, late 
pathologist at the Czech University, Prague, pointed out on several occasions the 
incidence of cancer of the lungs occurring among Jàchymov miners. However, he did 
not succeed in bringing the matter to the attention of either the administration of the 
Jàchymov mines or the health authorities and 'without their permission or 
collaboration, no investigation could be made." 

Ludewig and Lorenser's (Ludewig & Lorenser, 1924) measurements and the 
extended research programme by the Kaiser-Wilhelm-Institute (now Max-Planck-
Institute) in Frankfurt (Rajewsky, 1939), comprising not only radon-in-air measure-
ments, but also alpha-activity and histopathologic analyses of lung tissues of miners, 
gave strong support to a causal relationship between radon exposure and lung-cancer. 
Nevertheless, the idea that radon was the dominant carcinogen behind lung-cancer in 
miners was not generally accepted. Lorenz, for instance, claimed that arsenic and other 
contaminants in the mine were a primary cause (Lorenz, 1944).  

27.2 The period after 1940 

Given this long experience of miners' sickness in Europe during the 19th century 
and in the period 1900 to 1950, it is remarkable that responsible authorities in mining 
countries, like the US and Canada, did so little to control the mining work environment 
for radon. At least the uranium mines, extensively mined during the 1940s, could have 
been expected to be a potential radon hazard. Several reasons, but not excuses, can be 
put forward for this passivity.  One is that workers' health in this era was of  secondary 
interest. Another is that the important role of the radon decay products in the inhaled 
air was not recognised until 1951. In this year, William Bale (Bale, 1951) wrote in a 
memorandum, 'In these and other past evaluations of the hazard associated with radon, 
the vital fact seems to have been almost entirely neglected that the radiation dosage due 
to the disintegration products of radon, present in air under most conditions where 
radon itself is present, conceivably and likely will far exceed the radiation dose due to 
radon itself and to disintegration products formed while the radon is in the bronchi'. 
This new insight that the airborne radon progenies governed the lung dose kicked off 
the field of lung dosimetry of radon progenies, arising in the 1950s, and led to the 
introduction and use of risk-relevant concepts such as potential alpha energy (see 
section 27-1).  

The uranium mining experience in the US, in which several hundred workers died 
of lung-cancer caused by their exposure to radon, was a tragedy that could have been 
avoided. A standard for protection against radon inhalation risks was published by the 
US Committee on the Safe Handling of X-rays and Radium in 1941 (NCRP5, 1940). 
Had that standard been enforced in the uranium industry, hundreds of lives would have 
been saved (Eisenbud, 1997). Outside the US, it was even longer before action was 
taken against radon hazards in mines. In fact, the awareness of radon risks in mines 
arose in several countries as a response to the reports about the Colorado Plateau 
miners, e.g. the report by Wagoner et al. (1964). Radon and its progenies can be cost-
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effectively removed from inhalation zones by proper ventilation, but this remediation 
was very slow to develop. Not until 1967, when the standards of the Federal 
Regulatory Commission (FRC67, 1967) were enforced, was proper action taken in the 
US uranium mines (Miller, 1990). In the US, the Atomic Energy Commission (AEC) 
failed to protect the uranium miners due to a peculiar interpretation of the Atomic 
Energy Act. The act was interpreted by the AEC itself not to include uranium mining, 
but to include all other aspects of the mining process (Miller, 1990).  

In uranium mines in Colorado, US, a radon and radon progeny monitoring 
programme was launched in 1950 and throughout the rest of the decade, grab sampling 
of radon and/or radon daughters became routine in several other uranium mines around 
the world. Regular measurements of radon or radon progenies in air in non-uranium 
mines were further delayed. Such monitoring commenced, for instance, in 1968 in 
Swedish iron mines and in 1969 in the Canadian fluorspar mines (BEIRVI, 1999). 
Preliminary results from health investigations of the uranium miners of the Colorado 
Plateau indicated a significant enhanced lung-cancer risk (Wagoner, 1964) and revised 
guidelines for control of the radiation hazards in uranium mines were implemented by 
the US Federal Research Council (FRC67, 1967).  

27.3 Epidemiological results from mines 

A comprehensive survey of the effects of radon exposure in miners has been 
published in the latest BEIR report (BEIRVI, 1999). The BEIRVI data is basically from 
the joint analysis of 11 miner cohorts by Lubin et al. (1994), but some cohort data has 
been updated or modified in other ways. The analysis includes 2 700 lung-cancer 
deaths in 68 000 miners. In Germany, lung-cancer death among 64 000 miners in 
former East Germany is being investigated by epidemiologists, and the first mortality 
follow-up will be finished in early 2002. By then, about 3 000 lung-cancer deaths in the 
cohort are expected (Kreuzer, 1999).  

The average exposure values for miners at eleven different places for various 
duration times are given in Table 27-1. Due to the short follow-up periods, the 
percentage of lung-cancer deaths in Table 27-2 is not comparable to the estimated 
lifetime risks of Table 20-8 (Chapter 20: 'Radon in Buildings'). The entries in 
Table 27-1 and 27-2 are in order of ascending exposure rate. In the higher exposure 
range, the miner data exhibits an inverse exposure rate effect. Above 3.5 J⋅h/m3 
(72 kBq⋅a/m3), this inverse dose rate effect is statistically significant (BEIRVI, 1999), 
but with lower exposures corresponding to 1 alpha particle traversal per 
cell (0.0875 J⋅h/m3), there is no tendency for lung-cancer incidence to increase with 
decreasing exposure rate. This means that the miner data in the lower exposure range is 
useful for prediction of risks from residential radon exposures, where the exposures 
and exposure rates are low. However, a comparison between miner risk models and 
residential radon risk models is not straightforward as the former are age and time 
dependent and linear in exposure, while the residential data is fitted to a log-linear 
relative risk model with time-weighted average exposure rates (BEIRVI, 1999; 
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Lubin, 1994). In the low radon concentration range, relative risks for lung-cancer 
mortality from residential case-control and mining cohort data are consistent 
(Fig. 27-1).  

An observation from the mining environment in general is that radioactivity seems 
to be a prerequisite for excessive occurrences of lung-cancer. Increased mortality 
caused by lung-cancer is not usually found in US and British coal miners, US potash 
workers or Russian manganese miners (Miller, 1990).  

Table 27-1. Average values for duration of exposure in years (Duration), mean radon progeny 
concentration (EEC) and radon progeny exposure for eleven miner cohorts (fluor. = 
= fluorspat). Modified from BEIR Committee VI report (BEIRVI, 1999). 1 kBq⋅a/m3 = 
= 0.0488 J⋅h/m3 = 13.8 WLM. 

 
Study site 

 
Type 

 
Exposed 
miners 

Duration 
years 

EEC 
kBq/m3 

Exposure 
kBq⋅a/m3 

Malmberget, Sweden Fe 1 294 18.2 1.5 5.84 
Radium Hill, South Australia U 1 457 1.1 2.6 0.55 
Four areas in France U 1 769 7.2 3 4.31 
Ontario, Canada U 21 346 3 3.4 2.25 
Saskatchewan, Canada U 6 895 1.7 4.9 1.54 
Grants, New Mexico, U.S. U 3 457 5.6 5.6 8.04 
Yannon Province, China Tin 13 649 12.9 6.4 20.7 
W. Bohemia, Czech Republic U 4 320 6.7 10 14.3 
Newfoundland, Canada fluor. 1 751 4.8 18 28.2 
Colorado Plateau, U. S. U 3 347 3.9 43.8 41.9 
Northwest Territories, Canada U 1 420 1.2 56 17.6 

Table 27-2. The percentage of exposed miners (see Table 27-1) that died during the follow-up period. 
The average follow-up period for each cohort is given, as well as the percentage Excess 
Relative Risk, ERR, per unit of radon progeny exposure expressed as time integrated 
Equivalent Equilibrium Concentration (kBq⋅a/m3). CI is the 95% confidence interval for 
ERR (Based on data from BEIRVI). 

 

Site 
 

Lung-cancer deaths 
% 

Follow up 
years 

ERR per kBq⋅a/m3 
% 

ERR 
95% CI 

Malmberget 6.1 26 13 1-57 
Radium Hill 2.1 22 70 13-170 
France 2.5 25 5 0-17 
Ontario 1.3 18 12 7-21 
Saskatchewan 0.81 14 30 12-77 
New Mexico 2 17 24 8-92 
China 6.9 10 2.2 1-3 
Czech Rep. 16.2 25 4.7 3-8 
Newfoundland 6.4 23 10 5-18 
Colorado 10 26 5.6 4-10 
N.T. Canada 2.7 25 2.6 1-8 
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Fig. 27-1. A summary of relative risks (RR) from meta-analysis of 8 residential radon studies and a 
pooled analysis of 11 underground-miner cohorts. The miner data is restricted to radon 
exposures under 0.175 J⋅h/m3 (50 WLM). The ecologic regression line is from Cohen 
(Cohen, 1995). (From BEIRVI, 1999). 
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28 Can Radiofrequency Fields Cause 
Malformation? – A Case Study 

Ståle Ramstad, Gunnhild Oftedal & Anders Johnsson 

28.1 Introduction 

In 1993, two Norwegian naval officers met by coincidence at the Orthopaedic 
Department of Haukeland Hospital in Bergen, Norway. Both men had children with 
club foot. They had previously served on the same naval ship, 'Kvikk', and therefore 
they suspected the malformations to be related to their service on board. They 
contacted former colleagues, and the cases provoked considerable media interest. As a 
result, this revealed additional cases of malformations among children with fathers 
who had previously served on board the same ship. Exposure of the fathers to radio 
frequency (RF) electromagnetic fields was suspected to be a possible reason for the 
malformations. 

Awareness of what might be a cluster of malformations increased. It caused the 
Norwegian Navy to initiate extensive investigations to see if the malformations could 
be a result of the radio frequency exposure of the personnel. The Navy stated that 'it 
cannot be concluded that there is an association between the registered cases of 
congenital malformations and the high frequency electromagnetic fields on board 
Kvikk.' (Royal Norwegian Navy Materiel Command, 1998).  

The possibility that electromagnetic fields could have caused the malformations 
gave rise to general concern. The Navy investigation was followed up and discussed 
from many different sides, not only from the scientific groups participating in it. The 
parents formed a special interest group, and media played a role by carrying out their 
own studies and presenting detailed information about individual children with 
malformation and their families. The coverage in the media dominated the information 
received by the public and stressed to a large extent a possible relationship between 
radio frequency exposure and the malformations.  

The radio frequency exposure situation on board the ship as well as the cases of 
malformation among the children and results from the epidemiological investigations 
will be briefly described. Mechanisms by which radio frequency exposure can 
potentially cause malformation in offspring of exposed fathers are further outlined.  

28.2 RF exposure on board  

Particular attention was focused on a 750 W RF transmitter mounted on board 
Kvikk and operating at 2-16 MHz. However, there were also several other RF sources 
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mounted on the ship, exposing the crew to pulsed, continuous wave (CW) and 
amplitude modulated (AM) RF fields over a wide range of frequencies (see Fig. 28-1 ). 

Fig. 28-1. The different RF exposure sources mounted on the ship and their operating frequencies, as 
indicated by the black bars and points over the frequency axis (logarithmic scale) 

As Kvikk was sent to the scrap yard before the Navy investigation was initiated 
in 1996, a careful reconstruction of the personnel's exposure situation was performed. 
A sister ship of the same type was fitted with the same sources of electromagnetic 
fields that had been on board, and the transmitter positions and arrangements were 
identical. Various methods and instruments were surveyed in order to obtain reliable 
measurement results. In addition, the field measurements were compared with results 
from computer simulation models that were based on the electromagnetically relevant 
boat structure and the RF sources. The measurements were found to be in good 
agreement with these theoretical models.  

The measurements were assessed according to a NATO military standard 
(STANAG 2345 MED). This standard is used by most NATO countries and is based 
on a civilian standard. The exposure limits are based on well-established short-time 
effects (e.g. tissue heating) and the restrictions exist to prevent any adverse con-
sequences of these effects. The limits are a factor of ten times lower than the threshold 
for the most sensitive, reproducible effects reported in laboratory animals. Exposures 
slightly in excess of the permissible exposure levels are not necessary harmful, but 
undesirable and should be prevented. 

The overall evaluation of the electromagnetic environment on board the ship was 
complicated and had to include instrumental errors, measurement procedures etc. 
There were no violations of the standard in the frequency region of 2-8 MHz 
(used 98.5 % of the time). The 750 W transmitter gave rise to minor violations in a few 
positions in the frequency region of 8-12 MHz (used approx. 1.5% of the time). The 
RF fields from the radars and the other RF transmitters on board were found to be 
within the corresponding exposure limits at positions where the crew could be exposed 
to them without climbing a mast. There could, in principle, be more and stronger 
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violations of the permissible exposure levels. However, it seems safe to conclude that 
the electromagnetic environment on board was of a non-thermal nature. That means 
that established thermal health effects due to the RF exposure could not be expected. 
Although the assumption that RF field effects are limited to heating has been 
questioned in some studies, there are no established theories so far that support non-
thermal interaction with biological systems.  

28.3 Malformations amongst the children 

Preliminary data suggested that 11 children had been born with some kind of 
malformation, among them five cases of club foot. In particular, the number of children 
with club foot seemed to be much higher than considered normal. However, before any 
conclusion could be drawn, further investigations were needed. Since the 750 W 
transmitter was suspected to be the reason for the malformations, only children whose 
father had been serving on board Kvikk in the period when this transmitter was 
operating (1987-1994) were included in the study. In this period, 64 men became 
fathers to 85 children in total (conceived during or after the period the father served on 
board the ship). 

Investigations were made in two stages. First, the Medical Birth Registry of Norway 
collected information by sending out a questionnaire to all who had been serving 
on board the boat in the relevant period and by using medical records. Their report 
(Irgens  et al., 1998), which primarily discussed whether the number of children with 
malformation was higher than normal or not, formed part of the basis by which a 
conclusion was made by the Navy. Later, the National Institute of Occupational Health 
(NIOH) confirmed that the number of children with congenital malformation was 11, 
possibly 12. This statement was made as a result of new and extensive medical 
examinations. Three had club foot whereas the others had different kinds of 
malformations. The expert who examined the children did not find any indication of a 
common mechanism leading to the problems, and she could not identify any prior 
paternal exposures or exposure of the mothers during pregnancy that could result in the 
malformations. The parents had been interviewed to reveal potential factors that could 
have influenced the development of the children before birth (Kristensen et al., 2000). 

It is uncertain whether the total number of children with malformations was higher 
than would normally be expected because statistical data that could be used for 
comparison are uncertain. More accurate data is available with respect to the diagnosis 
of club foot. In Norway, about 0.2% of the children are diagnosed with this 
malformation at birth. Consequently, the probability of three cases with club foot 
among 85 children (3.5%) is very low and NIOH defined the group as a morphological 
cluster. Thus, these three cases of malformations are similar with respect to 
morphology, but there was no evidence of a common reason. 

Both the Medical Birth Registry and NIOH discuss the problem of using a cluster as 
evidence of a causal relationship between serving on board Kvikk and having children 
with congenital malformations. The discussion emphasises that the chance of getting a 
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similar cluster on some Norwegian naval vessel within any realistic time period is 
relatively high. Accordingly, it cannot be dismissed that the cluster occurred without a 
common factor causing the cases. On the other hand, NIOH points to the fact that all 
three children with club foot were born within one year. The chance of this result 
among the 12 children who were born with fathers on board Kvikk that year is 
extremely low. These considerations demonstrate that an evaluation of cluster statistics 
alone is not sufficient to draw conclusions about a possible causal relationship. 

28.4 What does the scientific literature say? 

In order to discuss the selection criteria and end points like genetic damage, 
malformations in offspring etc. used in the present literature survey, Fig. 28-2 could be 
illustrative. The depicted developmental sequence starts by a block symbolising the 
stem cells ('Stem cells') that produce the sperm cells ('Sperm cells') in the fathers. After 
conception, the fertilised egg ('Fertilised egg') goes through the embryogenic and foetal 
stages of development ('Embryo/foetus'). One block denotes the new-born child ('New-
born child') and the final block represents the child some years later ('Aged child'). 

The current discussions concerns RF exposure of men only and occurring prior to 
the fertilisation. Therefore, the arrow denoted 'Exposure' is only directed to the two 
blocks representing the stem and sperm cells. Studies of animals have shown that 
damage of the genetic material in these cells may lead to malformation in the offspring. 
There are also some indications that more subtle disturbances of the genetic machinery 
(epigenetic damage) may cause malformations in the offspring. Whether RF exposure 
may give rise to epigenetic damage, which in turn may influence the development of 
the offspring, has been questioned, but there is a lack of evidence so far.  

Several relevant questions can be raised in connection with the blocks. Could it be 
that sperm cells, if damaged by RF fields, are unable to fertilise an egg cell? Could 
damage in the sperm cells (if induced by RF fields) lead to spontaneous abortions? The 
end points of greatest interest in the present study are the congenital malformations that 
appear in the children. The two blocks 'New-born child' and 'Aged child' focus on the 
fact that the concept of congenital malformation is relative. If a rapid body examina-
tion of the new-born child is the basis for the classification of the malformations, 
there  will be a certain frequency of different congenital malformations. If a closer 
examination is performed at a later stage, let us say one year after birth, a larger 
number of malformations would probably be identified. The overall number of 
congenital malformations in the sample is then likely to increase. 

Genotoxic effects 

Relevant questions are: 
1. Whether RF exposure may cause genotoxic effects, on cells in general, and on 

male germ cells in particular. 
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2. Whether genetic changes in germ cells can induce congenital effects in 
offspring. 

 
An agent is considered to be genotoxic if it can be shown to damage the DNA in 

cells, cause chromosome damage (such as aberrations) in cells, or cause mutations in 
cells. The questions would most interestingly be answered after exposure of human 
male germ cells, but there is little literature on studies of this kind. However, in the 
area of genetic toxicology, it is common and accepted to test the effects of an agent in a 
variety of cellular organisms. A positive result in one of these assays by itself would 
not serve as a definite indicator of a health hazard; it would, however, serve as a 
warning signal that additional information is needed.  

 

 
Fig. 28-2. Schematic representation of the stages in the developmental sequence before and after 

conception. The bold black arrows indicate possible RF exposure that may induce genetic 
damage (paternal exposure before conception). Grey arrows focus on the potential effects 
that this can lead to at different stages after conception. 
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Since germ cells are in the focus of interest, it is also relevant to see whether RF 
exposure may cause any functional change of these cells. Accordingly, studies of 
fertility of RF exposed animals for instance are included.  

Whole animal studies are necessary in order to evaluate the integrated response of 
the body that serves to maintain homeostasis, the condition necessary for the proper 
functioning of the body. Epidemiological studies provide useful information about the 
statistical relationship between RF exposure and a biological end point without the 
need for a known interaction mechanism (found in cellular and animal studies). 
Animal studies and epidemiological studies investigating whether RF exposure of 
males may result in congenital effects in offspring are therefore highly relevant. 

Exposure conditions 

In the past, most studies of RF exposure and its potential to induce gene damage 
were concerned with microwave ovens and radar equipment. At present, mobile 
telecommunication can be said to be at the centre of attention. It should be noted that 
for the frequency range of 2-16 MHz, which is part of the present hypothesis, there 
is  limited literature available. Since the personnel were also exposed to higher 
frequencies (up to 9.6 GHz), the available literature on the genetic effects of RF 
radiation in general, including various frequencies, exposure protocols and genotoxic 
endpoints should be evaluated.  

It may be argued that the results obtained for one frequency do not allow the effects 
of other (higher/lower) frequencies to be predicted. However, it seems illogical to 
ignore results obtained in experiments at e.g. 2 450 MHz when discussing exposure 
frequencies used on board Kvikk. The general weight of evidence on any hazardous 
effect must be taken into consideration. 

Effects on male reproduction and germ cells  

Acute and chronic RF exposures of mice and rats have shown that the testicular 
function and fertility are not affected by non-thermal RF exposure (for review see 
Verschaeve & Maes, 1998). Positive effects were only found when the temperature 
was increased dramatically by the RF exposure. It is known that high testicular 
temperature can affect male fertility.  

The few epidemiological studies in the field have not provided convincing evidence 
of any RF effect on the male reproductive system. Lancranjan et al. (1974) found a 
reduced sperm number in a group of 31 technicians occupationally exposed to low 
level microwave exposure (3.6-10 GHz). However, 70% of those exposed suffered 
from neurasthenia, which may be the reason for the result. Weyandt et al. (1996) found 
lower sperm counts in a group of 20 potentially microwave-exposed soldiers. How-
ever, the study was not designed to study the effect of microwaves. During an 
interactive questionnaire interview process, the exposed soldiers assigned to military 
intelligence missions 'believed that they were likely to be exposed to microwaves'. 
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Finally, Hjøllund et al. (1999) found that a group of 19 military personnel operating 
military radar equipment had lower sperm counts compared to control groups. How-
ever, the difference was not statistically significant after adjusting for length of sexual 
abstinence.  

Effects on somatic cells  

Most studies have not clearly demonstrated any direct DNA damage after acute or 
chronic exposure of somatic cell systems (for review see Brusick et al., 1998). Some of 
the earlier investigations on mice, especially Swiss albino mice, showed some positive 
effects on mutation using long exposure times. However, the temperature conditions 
were not sufficiently controlled in these investigations. The general impression of the 
investigations of mice and rats is a lack of effect.  

The report by Lai and Singh (1996) should not be overlooked. They reported that 
acute exposure to low-intensity pulsed (non-thermal) 2 450 MHz fields increased DNA 
strand breaks in brain cells of rats. However, several independent research groups have 
failed in their attempts to replicate the outcome of these experiments.  

Effects on non-mammalian organisms  

There are a number of mutation studies performed on bacterial cell systems (for 
review see Brusick et al., 1998). Most of these studies are concerned with exposure 
frequencies in the microwave region (especially 2 450 MHz) and several studies 
involve high exposure levels; i.e. the RF exposure caused elevated temperatures 
(unless a cooling system was used). Both pulsed and CW exposure have been applied. 
All the reports have been negative, except for two being due to elevated temperatures. 

The fruit fly (Drosophila melanogaster) represents a well-known system where 
the methods to detect mutations are continually being perfected and are at present 
extremely sensitive. The Drosophilia studies on mutation in relation to RF fields are all 
negative (for review see Brusick et al., 1998). 

Congenital malformations: epidemiological studies 

Among the studies initiated by the Norwegian Navy was an epidemiological (case-
control) investigation. The aim of this investigation was to see whether fathers of 
children with club foot were over-represented in the military. No over-representation of 
fathers with military occupation was found when analysing the data of 184 children 
with club foot treated at two hospitals in Norway between 1980-1997. The results 
reported in this investigation were preliminary (Royal Norwegian Navy Materiel 
Command, 1998). 

Based on a birth registry study in Alabama, Peacock et al. (1971) reported on a 
concentration of certain defects in two adjacent counties, both having statistically 
significantly higher rates of club foot in new-borns than expected, and one of them also 
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having a similar result for heart defects. In a follow-up study, Peacock and co-worker 
found that all cases with club foot had been delivered at an army hospital near an 
aviation training base with a high density of radars (Brodeur, 1977). When extending 
the investigation period by including two more years, the number of children born 
with  club foot was lower than expected in both these counties (Burdershaw & 
Shaffer, 1977). Among 47 hospitals in the state, the highest overall anomaly rates 
appeared at two aviation military hospitals. The investigators suggested that the high 
rates could be due to over-reporting of cases in military hospitals compared to civil 
hospitals, but this argument could not be used when comparing with non-aviation 
military base hospitals. They concluded that there was no strong indication that the 
incidence of congenital anomalies in the area around the first mentioned aviation 
military base was higher than normal. However, the investigators reported that no 
conclusion could be made 'denying the existence of a problem without access in the 
first place to pertinent military records, or access to present or past military personnel 
and their families'. Therefore, no answer was given to the question about a potential 
connection between RF exposure and the malformations.   

In the period 1989-1994, six children with fathers working at an aviation base in 
Denmark, or at other institutions with the same address, were born with club foot. Two 
of the children also had mothers working at the same place. The parents had different 
jobs. Investigations were made to see whether chemicals in the environment could 
account for the cases, but no obvious reason for the anomalies was found. It should 
be  noted that no attempt was made to assess the electromagnetic environment 
(Ebbehøj, 1994a; 1994b). In a follow up study, Andersen et al. (1998) investigated the 
general incidence of club foot over a period of 16 years (1979-1994) in the whole 
county in which the aviation base was located. They found that the incidence increased 
statistically significantly during the investigation period, and in 1994 the incidence 
was 0.241%. They could not explain the rise in incidence. 

Finally, a cluster of Down's syndrome should be mentioned. Though it is not 
directly related to the present case, it may still be relevant as it concerns paternal 
exposure and genetically related malformations in children. Comparing 216 cases of 
Down's syndrome with the same number of matched controls, an excess of radar 
exposure was found among the fathers. Re-evaluating the data, in an extended study, 
the researchers ended up with negative results both with respect to radar exposure and 
military service prior to the conception. An additional number of 128 cases and 
controls was included in the latter study, and more and verified information was 
obtained about radar and microwave exposure and military service (Cohen 
et al., 1977). 

28.5 Conclusions 

Interpretation of the literature is complicated by the many variables involved in RF 
exposure, such as frequency, power and duration of exposure, modulation, and 
exposure temperature. Each of these variables is of critical importance when evaluating 
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changes in biological activity and can potentially affect the outcome of an assay. 
Further, the available literature using non-thermal exposure is at present far from 
complete. For instance, there are few studies on germ cells and male reproduction. 
Studies using RF frequencies below 100 MHz are also few. It should be noted that the 
older studies often have used inadequate methods by current standards. 

There is little literature on epidemiological studies on congenital malformations 
in offspring of RF exposed fathers. The ones available are partly incomplete from a 
methodological point of view and not confirmed by later investigations. In the 
studies  by Ebbehøj (1994a; 1994b) and Andersen et al. (1998), the electromagnetic 
environment was not considered in spite of the fact that the fathers worked at an 
aviation base. The cluster of Down’s syndrome reported in relation to radar exposure 
was not confirmed in an extended study (Cohen et al., 1977).  

Drawing a conclusion on whether RF fields may induce gene damage in the germ 
cells of fathers and whether this may give rise to congenital anomalies in their children, 
will for the time being therefore, be based on limited data. Sufficient support for the 
suggested hypothesis that exposure of fathers to non-thermal RF fields may give rise to 
congenital anomalies in their offspring could so far not be found. 
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Box 28 - Selection and Causality 

Thore Egeland 
 

Statements like 'Sun exposure causes malignant melanoma' require input from a wide range 

of scientists to be explained and understood properly. Amongst other things, physicists study 

the  characteristics of the exposure (i.e. solar ultraviolet radiation), philosophers discuss 

various  aspects of causality and dermatologists characterise the disease. Statisticians and 

epidemiologists deal with causality from a practical point of view. This short text discusses 

some issues that need to be considered prior to accepting or rejecting claims like 'exposure x 

causes disease y' from a statistician’s point of view. The examples are inspired by legal cases 

and are restricted to cases where the evidence or data presented is mainly empirical, i.e. there 

is no generally accepted substantial model supporting the claim. In particular, the fundamental 

statistical issue to be explained is potential selection bias and the question of how the data was 

collected is posed. 

The National Institute of Occupational Health in Norway recently published a report on the 

Kvikk case (Kristensen et al., 2000) discussed above. The main issue is whether or not there is 

a causal link between IR-exposed fathers and subsequent congenital malformation among their 

children. A central passage reads, 'Hence, the NIOH conclusion is non-positive (non-

conclusive); there is no direct documentation in support of a hypothesis of causality, but 

neither can it be refuted'. The Kvikk case involved quite few other cases. This may explain to 

some extent why it was not possible to settle the case based on the available evidence. 

However, in general, the problem of causality is by no means restricted to small datasets. 

Fig. B 28-1. Statistics may be interpreted in a fashion that suits the purpose of the researcher. Printed 

with permission – Thormod Henriksen, Department of Physics, University of Oslo. 

Illustration by Per Einar Arnstad, in 'Temahefte 1', ISBN 82-992073-4-7 
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A major distinction is made between prospective and retrospective studies. In the former 

case, a hypothesis is typically formulated and data is subsequently collected to challenge the 

claim. Generally, this is the preferred type of data. Sir R. A. Fisher (1890-1962), a towering 

figure in statistics and genetics in the last century, never accepted that smoking causes lung 

cancer because essentially, no prospective data from controlled trials was available. It could 

always be argued that there is a common, unknown, confounding factor, causing both smoking 

and lung cancer. However, today virtually all experts accept that causality has been 

established. 

Throughout, focus is mainly on data collected retrospectively. Typically, some clustering 

of events is observed and then a claim is made. Fienberg and Kaye (1991) discuss a large 

number of legal cases involving statistical aspects of mysterious clusters. One is the 'Woburn 

water case'. A three year-old is diagnosed with acute lymphocytic leukaemia in 1973 and the 

parents start searching for a cause. A cluster of twelve cases is identified in the neighbourhood 

of Woburn, in which they live. Apparently, it remains unclear how the cluster was defined. 

In 1982, eleven Woburn families filed suits against companies they claimed to be responsible 

for groundwater contamination causing the fatal cases of leukaemia. Obviously, it must be 

difficult to resolve the question of a causal link between contaminated water and childhood 

leukaemia based on this cluster of events. Even so, in a legal setting, a decision must be 

reached within a limited amount of time and the Woburn cases gave rise to a fair amount of 

controversy. A key question is the following – There is a large number of communities, what 

are the chances that such a cluster of events will occur by chance in (at least) one of them? 

Unfortunately, specific calculations may be out of reach of mathematics since a number of 

crucial parameters, like the number of communities to consider, may be virtually impossible to 

assess. However, the statistician can present analyses corresponding to different scenarios. 

Such calculations may be useful for the court. A simplistic analysis is the following - Assume 

the probability of  a cluster in a random community is p = 1 / 100 000 and that there are 

n = 10 000 communities. Then, the probability that at least one of these experiences such a 

cluster is 1-(1-p) 
n
 = 0.095 (assuming independence between communities). This figure does 

not rule out the possibility that the cluster appeared randomly. Different choices for n and p 

may lead to other conclusions. The above calculation is only inspired by the Woburn case; the 

actual analyses were not published. Regarding the outcome of the trial, Fienberg and Kaye 

wrote (op. cit.), 'The actual trial (Anderson v. Cryovac, Inc.) began in 1986, and was divided 

into three stages. When complications arose with the jury's special verdict at the first stage, 

the families reached an eight million dollar settlement with W. R. Grace (the case against 

Beatrice Foods already having been resolved in that company's favour). As a result, the 

statistical evidence regarding the mysterious cluster of leukaemia cases and the association 

with contaminated wells was never presented in court'. 

Fienberg and Kaye (op. cit.) argue that selection bias is the overriding statistical issue in 

legal cases resembling the one outlined above. A slightly different variation of the same theme 

occurs when DNA-profiles are presented as evidence to a court of law. Assume that a 

homicide has been committed and that the DNA-profile extracted from the scene of the crime 

matches that of a defendant. It is crucial to distinguish between two cases corresponding to the 

prospective and retrospective discussed above: 

• The suspect is brought to the attention of the police for some reason other than his 

DNA-profile. 

• A DNA-database is searched and the defendant profile is found to match. 
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There is a general agreement in the Forensic community on how to evaluate the strength of 

the DNA-evidence in the first case. The second, however, is much more difficult and 

controversial. A number of points need to be clarified – How large was the database? Was the 

database search discontinued after the first match or was the complete database investigated? 

The answers to these and other questions give directions to how the DNA-evidence is to be 

interpreted. However, there is no general consensus at present. 
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Part 7: Wireless Communications 
 

Ever since Alexander Graham Bell invented the telephone in 1876, tele-

communications technology has been in rapid development. For a long time, 

information was exchanged via cables. Wireless communications as presently used 

comprise all communication systems that make use of electromagnetic waves to 

transmit the signals. That means the signals are sent through the air via antennae rather 

than through wires. The most commonly used wireless systems nowadays are mobile 

phones, denoted cellular phones, and cordless phones. Cordless phones are used 

instead of ordinary cable-connected phones in offices as well as in homes. The 

applications of wireless communication systems are increasing throughout the world. 

In the field of Personal Communication Services, there is a growing demand for 

communication using mobile telephones. The number of cellular phones was estimated 

to be in the order of 100 million in the year 2000 and seems to be steadily increasing. 

The digital mobile phone system (GSM = Global System for Mobile Communications) 

is used in Europe, Asia and the Pacific. In the USA, GSM is also used, but with 

different frequencies. 

Whilst using a wireless telephone, the antenna is placed very close to the head of 

the user. In the near-field region, the fields of the antenna can be quite strong. As a 

result, hearing aids could be affected. The electromagnetic fields transmitted by mobile 

phone communication devices can also interfere with sensitive electrical devices like 

medical equipment and navigation systems. Therefore, increased awareness about the 

potential problems caused by the proliferation of mobile communications must be 

coupled with measures to ensure electromagnetic compatibility (EMC) of the mobile 

phone with its environment. As for all consumer products, the safety factors of cellular 

phones should be emphasised.  

The health impact of using mobile phones is of special concern, and the focus is on 

a possible relationship between the electromagnetic field exposure and physiological 

responses.  The central nervous system has been paid special attention due to the small 

distance between the brain and the mobile phone.  

Recordings of electric signals from the brain (EEG) have been made on both 

sleeping and awake subjects. Some studies suggest a change in the EEG signals and 

there are also some indications that sleep quality at night might be affected. Since the 

central nervous system is important in the regulation of various physiological 

functions, potential effects on the brain might be reflected in other physiological 

responses. Symptoms experienced in connection with mobile phone use do not seem to 

be uncommon, and the relationship between how much the mobile phone is used and 

the incidence of headaches and other symptoms are issues of concern. The appearance 

of headaches is often reported during or shortly after the mobile phone conversation, 

and many of those experiencing this symptom report that it occurs at the same side of 

the head as the mobile phone is used.  

 
 

 

 



 

 

 

444 Part 7: Wireless Communications 

 

 

Does mobile phone exposure increase the risk of brain tumours? This may be the 

most frequently asked question concerning potential health effects in relation to 

exposure to radio frequency electromagnetic fields from mobile phones. A few 

epidemiological investigations suggest a possible association between the exposure and 

tumours. For instance, the risk of a tumour being located at the side of the head used 

when holding the phone is, in one study, calculated to be about 2.5 times higher than 

the risk of a tumour on the opposite side. In a number of studies, however, no 

association between exposure and cancer has been observed. The problems of current 

research are reinforced by an insufficient history of mobile phone use and the latency 

period of tumour formation. In consequence, more studies with longer observation 

times have to be carried out before the question about increased risk of cancer can be 

answered. 

The mammalian brain is protected from exposure to potentially harmful 

compounds in the blood by the so-called 'blood-brain barrier' (BBB). Exposure to 

microwave fields may affect the BBB system in a harmful way.  

Mobile phones are linked to base stations and in urban environments, there are 

many base station antennae emitting electromagnetic radiation. The exposure level, 

however, is very low. Accordingly, the risk of any health effect is assumed to be low.  

Guidelines for radiation safety of mobile phones have so far been based on thermal 

effects. Whether long term exposure at non-thermal levels may lead to health effects 

like neurological disorder, tumour development and genetic effects is still an issue of 

contention. 

The use of mobile phones in public places like trains, offices or streets is often a 

cause of discomfort or disturbance due to both the noise itself, and to the distraction it 

causes. The Swedish railway system has taken measures by inserting a 'mobile phone 

free' carriage in the wagon system. In addition, if the ear piece of the phone is too loud, 

it can cause high sound levels at the entrance of the ear canal. 

 

Some common abbreviations used with mobile phones:  

 
Mobile phone terms  Explanations  
 

AMPS     Advanced mobile phone system 

GPS      Global positioning system 

GSM    Global system for mobile communications 

IMEI    International mobile equipment identity 

PIN     Personal identification number 

PUK     Personal unblocking key 

SIM     Subscriber identity module 

UMTS     Universal mobile telephone system 

WAP    Wireless application protocol 

3G     Third generation phone 

 

 

 
 

 

 



 

 

29 Mobile Phone Systems 

Bertil R. R. Persson 

29.1 Introduction  

The number and variety of wireless communication system applications are increasing 

all over the world. In the field of Personal Communication Services, there is a growing 

demand for communication links using a mobile telephone. The field of mobile 

communications is rapidly growing and the number of cellular phones is estimated to 

be in the order of 100 million in the year 2000 and will steadily increase. The electro-

magnetic fields transmitted from mobile communication devices can interfere with 

sensitive electrical devices and might also have effects upon the health of the user. 

It is necessary to understand both what the telecommunication systems are in terms 

of biologically relevant parameters and what these parameters are. There is a general 

consensus in the scientific and standards community that the average power density in 

the tissue is the most significant parameter, usually known as the SAR, Specific 

Absorption Rate, and a quantity properly averaged in time and space. Often this 

quantity is related to what are called thermal effects since a sufficiently high value will 

lead to a local temperature increase. In recent years, the attention has been drawn 

towards phenomena with such low values of SAR that any relation to temperature is 

out of the question. Such biological results are therefore often called a-thermal, and 

they most often occur in connection with an amplitude modulation of the high 

frequency carrier.   

A portable phone contains a radio transmitter emitting high frequency energy from 

the antenna. Some of this energy is absorbed in the nearby tissue rather superficially, 

the radiated amounts being in some cases more than 50%. The actual amount absorbed 

depends mainly on the proximity of the antenna and handset to the head of the user. 

The absolute amounts of power absorbed are small, as can be noted when the 

maximum power levels from different devices are observed. Typically, a GSM phone 

has a peak output power of 2 W. With a duty factor of 1/8, this leads to a time average 

of 0.25 W output power leaving the antenna so the maximum power absorbed is of the 

order 1/10 W. This may seem a very small value, but as mentioned above the 

deposition is very local, so the absorbed power per unit of mass may be substantial. 

Typical values for normal use are of the order 1 W/kg, which are rather close to some 

standards, like the ANSI/IEEE value of 1.6 W/kg. It has been shown that in worst case 

situations (very close antenna or antenna touching skin), the recommended values are 

clearly exceeded. For DECT, the situation is different – the average output power 

and  duty factor are smaller and lead to maximum SAR values of the order 0.05 

to 0.1 W/kg. 

Another factor concerning the norms is the time length of exposure, the shortest 
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being 6 minutes. This should be understood in such a way that the exposure averaged 

over 6 minutes should be less the recommended limit. Call length statistics indicate 

that the average length of a mobile call at the moment is about 2 minutes and only 5 % 

of the calls have talk times in excess of 6 minutes. However, it can be expected that in 

the future, talk times will approach those of the fixed net, where the same probability 

is 18%. Another factor lowering the average transmission power in practice is dis-

continuous transmission due to silence and, similarly, power control often regulates the 

output power to lower values. Future half-rate speech coders will also lead to a 

reduction of radiated power. Of course, these considerations have no influence on the 

norms, which reflect worst case situations of full power all the time. 

While phoning with a wireless telephone, the antenna is placed very close to the 

head of the user. This means that the head will disturb the radiated field pattern of the 

antenna. In the near-field region, the fields of the antenna can be quite strong. As a 

result, hearing aids could be troubled by interference. Furthermore, interference with 

other electronic systems must be considered. So, increased awareness about the 

potential problems caused by the proliferation of mobile communications must be 

coupled with measures to ensure electromagnetic compatibility (EMC) of the mobile 

telephone with its environment.  

29.2 Mobile systems 

In Europe, an important impulse to these activities has been received from the 

standardisation of the mobile systems: 

• GSM (Global System for Mobile Communication)  

• DECT (Digital European Cordless Telecommunications)  

• Digital personal Communication System (DCS-1 800) 

 

All three systems are operating in Europe, but are also spread outside Europe 

using  the European specifications. The GSM system operates in both the 900 MHz 

and 1 800 MHz band whereas DECT and DCS-1 800 operate in the 1 800 MHz band. 

The basic burst mechanism of time division multiple access (CTDMA) is the basic 

feature leading to amplitude modulation of the power. The fundamental frequency is 

different for different systems, 217 Hz for GSM and 100 Hz for DECT, but seen in the 

frequency domain there are frequency components up to several kHz due to the rapid 

ramping of the signals. It is important to note that there are also low frequency 

components due to the complicated control systems involved in frames and multi-

frames. Thus there is a small 8 Hz component in a GSM system. When using the 

power saving DTX mode, a noise packet is sent roughly each half second leading to 

a 2 Hz periodicity. In this mode, a rather wide spectrum from a few Hz to several kHz 

with spectral peaks at specific dominant frequencies is observed. 

The cellular phone exchanges information with the nearby host station by radio 

frequency in the microwave range of 400-2 500 MHz. In modern systems, the signal 

modulations are changing from analogue continuous waves to digital burst envelopes. 
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The trend for the development of these instruments is towards lower power con-

sumption, higher frequencies and more complex signal composition. The present 

mobile telephone system GSM is based on 900 MHz modulated at 217 Hz and digital 

pulses of 0.57 ms length. Other cellular systems use frequency bands ranging 

from 810 MHz to 1.99 GHz. Tables 29-1a, 29-1b and 29-1c summarise present and 

planned portable cellular systems (Kuster et al., 1997). 

Table 29-1a. Characteristics of constant envelope cellular systems 

 

System: NMT JTACS AMPS NAMPS ETACS 

Countries where 

they are used: 

Scandinavia Japan N&S America, 

Asia 

N&S America, 

Israel 

UK, 

Asia 

Frequency  range      

- uplink      (MHz) 890-915 898-925 824-849 824-849 872-905 

- downlink  (MHz) 935-960 843-870 869-894 869-894 917-950 

Modulation: CW/FM CW/FM CW/FM CW/FM CW/FM 

Power level (W) 1-0.1 0.6-0.006 0.6-0.006 0.6-0.006 0.6-0.006 

- steps 1 dB 4 dB 4 dB 4 dB 4 dB 

Frequency spacing (kHz) 12.5 

interlaced 

25 30 10 25 

Channel bit rate      

- signalling (kB/s) 1.2 8 10 0.01-0.2 8 

- supervisory tone (kHz) 4 6 6 200 B/s 6 

Table 29-1b. Characteristics of digital mobile cellular systems 800-960 MHz 

 

System: ESMR JDC CDMA NADC GSM 

Countries where 

they are used:  

USA, 

Japan 

Japan N America, 

Asia  

N America, 

Hong Kong 

Europe, Asia, 

Australia 

Frequency  range     (also 1 800) 

- uplink      (MHz): 806-821 810-830 824-849 824-849 890-915 

- downlink  (MHz): 851-866 940-960 869-894 869-894 935-960 

Modulation: 16-QAM π/4 QPSK QPSK π/4 QPSK GSMK 

(0.3) 

Power level (W): 1-0.01 0.6-0.006 1-10
-8

 0.6-0.006 5-0.02 

- steps: 5 dB 4 dB 1 dB 4 dB 2 dB 

Frequency spacing (kHz): 25 25 1.23 30 200 

Duplex type: FDD TDD/FDD FDD TDD/FDD TDD/FDD 

Speech coding (kB): 4.2 

VCELP 

6.8 

VCELP 

8 

QCELP 

8 

VCELP 

13 

RELP 

Times slots/frames: 6 3 None 3 8 

Frame length (ms): 90 20 20 20 4.615 

Channel bit rate (kB/s): 64 42 1
 
288 48.6 270.83 
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Table 29-1c. Characteristics of digital mobile cellular systems 1.4-2 GHz 

 
System: PDC 1 500 IRIDIUM DCS 1 800 DECT PHP 

Countries where  

they are used: 

Japan Global 

satellite 

Europe 

Asia 

Australia 

Europe Japan 

Frequency  range:      

-uplink (MHz): 1 430-1 470 1 616-1 626.5 1 710-1 785 1 880-1 900 1 890-1 910 

-downlink (MHz): 1 480-1 510   1 805-1 880   

Modulation: π/4 QPSK DEQPSK GMSK   

Power level (W): 0.6-0.006   5-0.02   

-steps: 4 dB   2 dB   

Frequency spacing (kHz): 25 41.67 200   

Duplex type: TDD/FDD TDD TDD/FDD   

Speech coding (kB): 6.8 

VCELP 

2.4/4.8 

VSELP 

13 

RELP 

  

Times slots/frames: 3 8+ 8   

Frame length: 20 90 4.615   

Channel bit rate (kB/s): 42 50 270.83   

29.3 Field strengths from mobile radio transmitters and 

electromagnetic interference 

Sources of RFI include FM radio and television broadcast stations, and land mobile 

base stations. Emissions from several mobile radio transceivers used in emergency 

vehicles have been measured. Isotropic, isolated field strength meters were placed one 

metre above the ground at open area test sites. Results are presented in Table 29-2. The 

International Electro-technical Commission (IEC) standard 601-1-2 (1993) specifies 

that medical devices should be immune to 3 V/m in the 26-1
 
000 MHz frequency range 

(IEC, 1992; IEC, 1994). Field strengths that exceed this immunity test level can exist 

near mobile radio frequency transceivers. Thus, conformity to existing medical 

standards may not prevent interference problems from occurring when these devices 

are used in close proximity to portable or mobile RF transmitters (Bassen et al., 1994).  

Modem digital mobile communication systems in Europe and other countries utilise 

the GSM-standard. GSM uses TDMA-coded signal transmission (Time Division 

Multiple Access). Hand-held mobile phones with 2 W RF peak-power and 0.25 W 

average powers are used in such cellular networks. The RF-output signal is amplitude 

modulated with high on/off-ratio with a repetition rate of 217 Hz.  

There are several examples of how radio frequency fields can interfere with 

electrical wheelchairs, medical equipment such as cardiac defibrillators, infant apnoea 

monitors, infusion pumps, pacemakers, hearing aids and electrical systems in cars and 

aeroplanes (Eicher et al., 1994; IEC, 1994; Joyner et al., 1994). On the other hand, 
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Table 29-2. Measured Field Strengths from Mobile Radio Transmitters (Bassen, et al., 1994) 

 
Source 

 

 

Power

 

W 

Frequency 

 

MHz 

Distance 

 for 5 V/m 

m 

Field Strength  

at 3 V/m 

V/m 

-Cellular Telephone, Handheld 0.6 824-849 0.5-1.00  

-Cellular Telephone, Automobile 3 824-849 1.00  

-Highway Patrol Car 100* 39 8-9 18 

-Police Car 40* 490 7-8 9.4 

-Ambulance 100* 155 5-6 8.8 

-Fire Truck 40* 155 6-7 7.4 
 

*Measured 1 metre above ground  

monitors, infusion pumps, pacemakers, hearing aids and electrical systems in cars and 

aeroplanes (Eicher et al., 1994; IEC, 1994; Joyner et al., 1994). On the other hand, 

such equipment and machines should be immune to electric field of 3 V/m in the 

frequency range 26-1 000 MHz (IEC, 1994). For domestic electronics, interference 

from a 2
 
W digital handset generally occurs within a radius of 1

 
m (Joyner et al., 1994). 

Interference of portable phones with pacemakers is possible at a close distance 

of 2-10 cm (Eicher et al., 1994). It is difficult for hearing aid users to use an ordinary 

cellular phone and therefore, alternative solutions are being developed (Joyner et al., 

1993). 

29.4 Electromagnetic fields associated with mobile 

communications 

Definition of physical parameters 

Electromagnetic fields near a mobile phone 

The electric and magnetic fields surrounding a mobile telephone near a person's 

head are complicated functions of the details of the telephone and antenna con-

struction. Near fields are involved since the distances, a few centimetres, are less than a 

wavelength. This means that all the details of the charge and current distribution on the 

antenna and telephone box are important. This is in contrast to the situation in the far 

field, where the distribution of energy is quite insensitive to the details of the 

distribution. In principle, the distribution of current on the antenna and handset will 

change with the presence of the head and hand. Thus, it is necessary to include models 

of the person when calculating the current distribution.  

At the frequencies involved, the penetration is superficial. The reason for this is the 

absorption and attenuation of the radiated energy. This is discussed in terms of depth of 

penetration for a plane wave. It should be remembered that the waves are far from 
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being plane in the near field of the source.  

The TDMA (Time Division Multiple Access) method of sharing multiple users at 

the same carrier frequency by time division is common for the European systems 

GSM, DCS 1 800 and DECT. In the context of exposure, this has implications 

concerning ratio of peak to average powers and possible generation of ELF (Extremely 

Low Frequency) currents in the tissue by a demodulation process. The power supply 

from the battery also delivers the battery current in low frequency bursts leading to low 

frequency magnetic fields around the telephone. The total low frequency spectrum 

demodulated or direct is quite complicated due to the intricate timing structures of 

digital communications. 

Fields in free space 

The quantity of the magnetic field is denoted H and its unit A/m, (amperes per 

metre). It is a complex three-dimensional vector. Since biological material is usually 

considered non-magnetic, the magnetic flux density B may just as well be used as a 

measure of magnetic fields. The unit of B is tesla (T), and the relationship between B 

and H is:  
 

B = µ0 ⋅ H                   (29-1) 
 

where µ0 equals 4π⋅⋅⋅⋅10
-7

 N/A
2
 

The electric field is denoted by E and measured in V/m, volt per metre. It is also a 

complex vector and is intimately connected with H through Maxwell's equations. The 

radiation of energy is an intrinsic feature of mobile phones and is of concern here. 

There are also minute fields surrounding the phone in receive mode, but they are 

considered negligible. However, in transmitting mode, the electric field at 1 m distance 

can be in the order of 5 V/m. 

EM-fields in tissue 

To determine the fields and power densities in tissue, it is necessary to use the 

material, macroscopic parameters of tissue. Since tissue is considered non-magnetic µ, 

the relative permeability, is set equal to 1. The permittivity ε (or relative dielectric 

constant) is a function of frequency and type of tissue. At the microwave frequencies of 

interest here (1-2 GHz), ε is of the order 50 for wet tissues like brain matter, and a 

factor of ten smaller for tissues like fat and bone. The other important parameter is the 

conductivity σ, which is of the order of 0.2-1 S/m (siemens per metre) for wet tissue. 

Details of the biophysical processes behind the macroscopic parameters are not 

examined. It is enough to indicate that they are macroscopic and usually the effect of 

several processes such as dielectric relaxation.  

When calculating the effect of both the permittivity and the conductivity, it is 

customary to combine them into one complex parameter, the complex, relative 

permittivity, cε , 
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ε ε
σ

ω ε
c  =   j

 o

−  (29-2) 

 

which is then used in Maxwell's equations. ω is the angular frequency 2π⋅ f, and 0ε  is a 

constant, 1/(36π)⋅10
-9

 J
-1

⋅C
2
⋅m

-1
. As an example, the value for brain matter at 1 GHz is: 

 

cε  = 35-j⋅14.4 

 

It is worth mentioning that the burst supply current from the battery causes a 

magnetic ELF field surrounding the immediate vicinity of the telephone. This low 

frequency field will, in contrast to the above, penetrate the tissue without attenuation, 

but will be highly localised due to the rapid falloff.  

Frequency and time aspects 

The three systems covered here are digital TDMA systems, which transmit using so 

called 'bursts'. When transmitting by means of bursts, the transmitting equipment first 

collects a packet of information (data or speech signals) and then transmits the packet 

in a fraction of the time it took to collect it. One packet transmits for every 4.6 or 10 

ms in the GSM IDCS-1 800 and DECT system respectively. Therefore the RF power is 

turned on and off each time a new packet is ready. By this method, the equipment 

transmits for a fraction of the time only and then is silent for the remaining part of the 

burst period. The duty rate is 1/8 for GSM/DCS 1 800 and 1/24 for DECT. The basic 

repetition frequency is given by  

 

f =  
1

T
  

1

0.0046
 =  217   Hz

frame

≅  (GSM, DCS 1 800)  (29-3) 

 

f =  
1

T
  

1

0.010
 =  100   Hz

frame

≅    (DECT)  (29-4) 

 

The spectrum will contain a number of higher harmonics due to the narrow pulse, so 

for GSM, there will be frequencies in the kHz region. 

This timing structure for the TDMA systems leads to a certain spectrum of 

frequencies which are translated by the modulation process to a spectrum around the 

carrier frequencies of 900 and 1 800 MHz respectively. Thus there are no ELF 

frequencies in pure radio transmitted power in free space. However, since it has been 

shown in a number of publications that amplitude modulated high frequencies may 

lead to biological phenomena similar to the low frequency spectrum itself, the ELF 

power spectrum is of interest.  

The power density in the tissue will have a similar timing structure with a peak 

value, peakP , and an average value, aveP , where  
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factor)(duty   PP peakave ×=  (29-5) 

 

8
1 PP peakave ×=      (GSM, DCS 1 800) (29-6) 

 

24
1 PP peakave ×=   (DECT)  (29-7) 

 

As was mentioned earlier, the battery supply current will have a similar low 

frequency spectrum and in this case, there are ELF fields directly around the telephone.  

29.5 Technical aspects of fields around a handset 

Radiated power 

Power classes 

The Radio Frequency (RF) power transmitted by the different systems and classes of 

equipment is shown in Table 29-3 for mobile stations and in Table 29-4 for base 

stations. A base station is the fixed part where the wireless connection is coupled to the 

wired net. 

Table 29-3. Maximum RF peak power (measured at the antenna terminal) for mobile equipment. Figures 

in brackets are mobile terminals mounted in cars.  

 

Max. Peak  

Power (W) 

GSM 

Class 

DCS-1 800 

Class 

DECT 

 

0.25  2 Yes 

0.8 5   

1  1  

2 4   

5 3   

8 2   

20 1   

 

The most common RF power class for handheld GSM telephones is class 4, the 2 W 

RF output power. For DCS-1 800 handheld telephones, 1 W RF output power is most 

common. For DECT equipment, there is only a single power level, which is a 

maximum power and is therefore allowed to have equipment with lower output power.  
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Table 29-4. Maximum RF peak power for base stations (fixed equipment) 

 

Max. Peak  

Power (W) 

GSM 

Class 

DCS-1 800 

Class 

DECT 

 

0.25    Yes 

2.5 8 4  

5 7 3  

10 6 2  

20 5 1  

40 4   

80 3   

160 2   

320 1   

 

 GSM base stations operating in power class 1 and 2 are for coverage of very low 

traffic areas to cover a large area with only few base stations. The most common power 

classes for GSM base stations are class 4 and 5. As can be seen from Table 4, the 

DECT base station transmits with significantly less peak power than the 

GSM/DCS-1 800 base station due to the lower coverage range. In the future, base 

stations for small microcells with low antenna heights will be near public areas.  

Low frequency magnetic fields 

One essential component in a handheld phone is the battery and to allow efficient 

utilisation of the available power, the number of elements must be small. Today, 

typical handheld phones use battery packages with a voltage of 6 V. However, trends 

are moving towards lower voltages of 2.7 or 3.3 V.  

When using a 6 V supply in a TDMA system of burst nature, the current drawn 

from the battery will also be of burst nature and quite considerable. For example, a 

typical 2 W peak power GSM phone with an efficiency of 45% will draw a burst 

current of the order 0.75 A.  

The battery is typically located at the bottom of the handheld phone and the power 

amplifier at the top. Therefore, the supply current runs from the bottom to the top of 

the phone. The supply current causes an ELF magnetic field that has been measured 

for 4 different handheld GSM phones – 'fall 2 W types' (Andersen & Pedersen, 1997). 

A small probe was used to scan the surface for the maximum value. The magnitude of 

the highest single frequency component, 217 Hz, on four different commercially 

available GSM handheld phones varied between 0.3-3 µT at the back and 0.2-0.4 µT at 

the front of the unit. Two commercially available DECT phones were also measured 

and the results varied between 0.1-1 µT at the back and 0.1-0.3 µT at the front.  

The 200 Hz component has the highest amplitude because almost equal current is 

drawn for the transmitter and the receiver, i.e. two current bursts are drawn in 

each  frame. The peak magnetic field in the time domain was about 6 µT for GSM 

and 1-4 V for DECT.  
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Specific absorption rate SAR 

The basic dosimetric quantity used in international standards is the 'Specific 

Absorption Rate' (SAR), which expresses the time rate of change of the energy in a 

volume element of given density ρ (EEE 1991). 

In electromagnetic terms, the time rate of change of energy per volume equals the 

power density, so  

 

ρ

σ
2

rmsE
=SAR  (29-8) 

 

where 
2

rmsE  is the square of the 'root mean square' value of the local electrical field, σ 

is the conductivity, and ρ is the density of the tissue.  

 

The SAR idea is important for several reasons. It is the source term for the thermal 

equations and, at the beginning of the exposure, the temperature will rise with time 

with a rise time proportional to SAR. Thus, the steady state temperature will be 

determined by heat conduction and blood flow. The SAR values also form the basis of 

most recommendations for limiting exposure since animal experiment has shown that 

there is a biological response above certain SAR value. Present safety standards reflect 

the view that SAR averaged appropriately over time and space is a reasonable measure 

of biological impact. 

29.6 Specific absorption rate (SAR) levels in man from hand-

held mobile phones  

Absorption of electromagnetic power in the head  

Another important issue is the absorption of electromagnetic power in the head of 

the user. The knowledge of the electromagnetic fields induced in the head of the user 

of a wireless telephone is used for optimal antenna design as well as for a better inter-

pretation of potential biological effects. A lot of work is currently being done in 

evaluating the fields in the head. This research involves both theoretical calculations 

and measurements. Among the methods for calculations used, the most popular ones 

are the Finite Difference Time Domain (FDTD) method (Dimbylow, 1993; Dimbylow 

& Gandhi, 1991) and the Multiple Multipole expansion (MMP) method (Kuster, 1993; 

Kuster & Ballisti, 1989). At the University of Gent, Belgium, the FDTD-method is 

used for solving the time-domain Maxwell's equations in and around the human head.  
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Table 29-5a. Tissue conductivity and relative permittivity at microwave frequencies 900 and 1 800 MHz 

(Dimbylow & Mann, 1994) 835 and 1 900 MHz (Gabriel, 1996) 

Frequency 

MHz 

Humour 

Eye 

Sclera 

 

Eye 

Lens 

Brain 

 

CSF 

 

Pineal 

Gland 

Pituitary 

gland 

Conductivity: σ S/m S/m S/m S/m S/m S/m S/m 

835 1.68 1.17 0.51 0.92 1.97 0.92 0.92 

900 1.97 1.93 0.80 1.10 2.13   

1 800 2.27 2.28 1.19 1.42  2.50    

1 900 2.14 1.73 1.15 1.29 2.55 1.29 1.29 

Relative permittivity: εr        

835 68 55 37 45 78 45 45 

900 73 66 44 49 72   

1 800 74 62 42 47 72   

1 900 67 53 42 43 77 43 43 

Density kg/m
3
 kg/m

3
 kg/m

3
 kg/m

3
 kg/m

3
 kg/m

3
 kg/m

3
 

 1 010 1 010 1 050 1 030 1 060   

 1 010 1 170 1 100 1 040 1 010 1 050 1 070 

Table 29-5b. Tissue conductivity and relative permittivity at microwave frequencies 900, 1 800 MHz 

(Dimbylow & Mann, 1994) and 835, 1 900 MHz (Gabriel, 1996)  

 

Frequency 

(MHz) 

Muscle 

 

Fat 

 

Bone 

Skull 

Cartilage 

 

Skin 

 

Nerve 

 

Bloo

d 

 

Parotid 

Gland 

Conductivity: σ S/m S/m S/m S/m S/m S/m S/m S/m 

835 1.11 0.17 0.25 0.82 0.63 0.60 1.86 0.92 

900 1.21  0.11 0.60 0.60  1.24  

1 800 1.76  0.15 0.57 0.57  1.80  

1 900 1.64 0.26 0.45 1.28 1.25 0.9 2.27 1.29 

Relative  

permittivity: εr 

        

835 52 10 17.4 41 35 33 56 45 

900 58  8 35 35  64  

1 800 56  8 32 32  64  

1 900 49 9.4 16.4 38 37 32 54 43 

Density kg/m
3
 kg/m

3
 kg/m

3
 kg/m

3
 kg/m

3
 kg/m

3
 kg/m

3
 kg/m

3
 

 1 040  1 850 1 100 1 100  1 060  

 1 040 920 1 810 1 100 1 010 1 040 1 060 1 050 

 

This method is very convenient for modelling complicated structures such as the 

human head and the wireless telephone (Martens et al., 1992; Martens et al., 1994; 

Martens, 1994). 

Some tissue electrical properties at microwave frequencies 835 - 1 900 MHz are 

presented in Table 29-5 (Dimbylow & Mann, 1994; Gabriel, 1996) 
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Results of SAR calculation in anatomical models of the human head 

Vertical and horizontal alignment 

Dimbylow & Mann (1994) considered in their calculations three-source geometries 

of the transceiver (AP is short for anterior-posterior and LAT for lateral) (Dimbylow & 

Mann, 1994). 

• Vertical alignment in front of the eye (denoted APV) 

• Vertical alignment at the side of the head by the ear (denoted LATV)   

• Horizontal alignment at the side of the head (LATV) 

 

The APV geometry was chosen because the feed point of the antenna, near the 

surface of the eye, will produce the highest local SAR. The LAT geometries represent 

typical positions in which the transceiver could be held. The position of the transceiver 

in each of the three cases was varied to obtain the maximum SAR at a separation 

of 2 cm. The effect of the separation between the head and the transceiver was then 

investigated at that position. The separations between the surface of the head and the 

mid-plane of the transceiver were 2, 3, 4 and 5 cm. Additionally, in the LAT cases, a 

separation of 1.4 cm, representing just one 2 mm cell of air between the box and the 

ear, was investigated. For APV exposure at 900 MHz, power is preferentially absorbed 

in the high-conductivity tissues such as the eye, brain and muscle. The wire antenna is 

in front of the left eye and it is here that the maximum energy absorption occurs. It is 

noteworthy that the lens of the eye has a rather low conductivity, but although the 

primary SAR in the lens is low in comparison with that in the humour, the lens 

undergoes secondary heating from the energy absorbed in the humour. The right eye, 

nose and the muscle in the left eye socket also show significant absorption. Bone has 

low conductivity resulting in low power deposition in the skull.   

There is some penetration into the brain through the skull. As the transceiver is 

brought closer to the head, the absorption becomes more superficial and most of the 

energy is absorbed in the left eye. The maximum SAR occurs at the tip of the ear, but 

there is also some penetration through the skin and bone into the brain. When the 

antenna feed-point is opposite the ear, there is quite a large absorption along the whole 

side of the head and in the left eye because of the presence of the horizontal transceiver 

alongside the head and the attendant induced currents on the box and radiated fields. 

Again, the effect of the low conductivity value of the lens on the SAR can be seen.  

At 1.8 GHz, the penetration depth is much smaller than at 900 MHz and so the 

distributions at 1.8 GHz are more superficial. 

The results are presented as the maximum SAR average over an eye (7.2 g for an 

adult and 2.5 g for a 1 year old infant), over 1 g in the shape of a cube, over 10 g in the 

shape of any cube and, where considered, over the mass of a surrogate hand (310 g).  

The 'hand' is 8 cm high and has a thickness of 2 cm covering the back and two sides 

of the box. The electrical properties are taken to be 2/3 muscles and 1/3 bone. The 

exceptions are for the LATV irradiation at the closest separation where the box of the 
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handset is 2 mm from the ear whilst the dipole is at 1.4 cm, and at 4 cm and 5 cm for 

the LATH geometry at 1.8 GHz. The SAR values averaged over 10 g for the infant are 

comparable or in most cases lower than the values in the adult phantom. The effect of 

the hand at 900 MHz is small and in most cases the SAR in the head decreases. 

However, at 1.8 GHz, the effect is more pronounced especially for the centre-mounted 

antenna where the local SAR in the head increases. This is counterintuitive to the 

expectation that the presence of the hand absorbing power from the handset would 

reduce the SAR in the head. Indeed, the percentage of power absorbed in the head for 

LATV irradiation using the centre mounted antenna shows that the presence of the 

hand increases the total absorption in the head and is greater than when the head is 

alone. The hand seems to be reflecting power back into the head that would otherwise 

radiate away from the handset. 

The maximum SAR values in the head, produced by a generic transceiver, averaged 

over 10 g of tissue at 900 MHz and 1.8 GHz are 3.09 and 4.61 W/kg per W of output 

power. The corresponding values over 1 g of tissue in the shape of a cube are 4.74 

and 7.74 W/kg at 900 MHz and 1.8 GHz respectively. Under abnormal conditions, it 

may be possible to produce higher SAR values, for example by touching the eye with 

the bare antenna or by inserting the antenna in an orifice.  

Some of the results of Dimbylov & Mann (1994) are fitted to exponential functions. 

Table 29-6 displays SAR values of the head and the eye in W/kg per W of output 

900 MHz when the hand is holding the transceiver. The highest SAR values in the eye 

are obtained at AP-vertical position with the antenna located in the centre and some-

what lower with the antenna located in the corner.  

Table 29-6. SAR values at various depths (x) in the eyes in W/kg per W output when the hand is 

grasping the transceiver. The values fit the following equations: 

 

Location & orientation 

 

Antenna 

MHz 

Equation 

 

Anterior Posterior Vertical Centre / 900 MHz SAR = 0.32+3.4⋅e
-(x-1.9)/1.3

 

Anterior Posterior Vertical Corner / 900 MHz SAR = 0.24+2.2⋅e
-(x-1.9)/1.6

 

Anterior Posterior Vertical Centre / 1 800 MHz SAR = 0.41+4.4⋅e
-(x-1.9)/1.5

 

Anterior Posterior Vertical Corner / 1 800 MHz SAR = 0.55+3.6⋅e
-(x-1.9)/1.1

 

 

In lateral positions, the SAR values of the eye are considerably lower. They vary 

from 0.27 to 0.026 W/kg per W output power in the closest position, 1.4 cm, and 0.25 

to 0.014 W/kg per W output power at the most distant position, 5 cm. 

The most common antenna positions in modern mobile telephones are corner 

position and are normally used in lateral vertical position. The SAR values of the head 

and the percent of the output power that is absorbed in the head at various distances are 

fitted to exponential function given in Table 29-7. Corresponding values for centre 

positioned antenna or Lateral horizontal position is slightly lower. 
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Table 29-7. SAR values at various depths (x) of the head and the percentage of the output power that is 

absorbed in the head at various distances. The values of percentage absorption fit the 

following equations: 

 

Location & orientation 

 

Antenna 

MHz 

Equation 

 

Lateral Vertical Corner / 900 MHz SAR = 10+28⋅e
-(x-1.33)/1.85

 

Lateral Vertical Corner / 1 800 MHz SAR = 10+20⋅e
-(x-1.3)/1.5

 

 SAR values at 900 and 1
 
800 MHz 

Dimbylow & Mann (1994) have calculated SAR values at both 900 MHz 

and 1.8 GHz using the FDTD method. A MRI model of the human head and either a 

metallic box with a monopole or a dipole were considered (Dimbylow & Mann, 1994). 

The averaged SAR data is given in Table 29-8. 

Table 29-8. SAR data averaged over 1 g and 10 g for various phones at 1.4 cm distance 

 

SAR 

 

GSM 

W/kg 

DCS-1 800 

W/kg 

DECT 

W/kg 

1 g average 1.19 0.97 0.08 

10 g average 0.77 0.58 0.05 

 

In the above simulations, the distance between the phone and the model of the 

human head is 1.4 cm or greater. A smaller distance will result in higher SAR values. 

Realistically tilted models of the human head have been developed to improve the 

accuracy of the numerical simulation of coupling between the human head and cellular 

telephones for the likely tilted positions of the antennas at the head.  

The SAR level varies significantly with the antenna configuration and proximity of 

the antenna to the head. The highest SAR level measured was 0.83 W/kg for 600 mW 

transmitted power. This occurred in the brain with a separation of 0.01 m between the 

skull and the antenna (Joyner et al., 1994). 

A number of GSM phones have been measured. In what is called a standard 

exposure (and for the homogeneous phantom), the SAR values for the devices ranged 

from 0.2 to 1
 
W/kg over 1

 
g average (Dimbylow & Mann, 1994; Meier & Kuster, 1994; 

Meier & Kuster, 1995). On the other hand, when worst case conditions were provoked 

(close contact, tilting of antenna), 2 out of 6 devices had values above 1.6 W/kg, 

exceeding ANSI/IEEE recommended maximum values (ANSI, 1992; Dimbylow & 

Mann, 1994). Table 29-9 shows the recorded SAR levels across lateral brain scan for 

different handheld phones. 
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Table 29-9. SAR levels recorded across lateral brain scan for different AMPS 835 MHz hand-held 

phones with antenna distances to the head. During measurement, the phones were positioned 

alongside the phantom head as in typical use and were configured to transmit at maximum 

power 600 mW nominal (Dimbylow & Mann, 1994; SAG, 1994). 

 

SAR levels at various 

distance from inner surface of skull 

cm 

Type of Phone (A, B, C) 

and antenna 

 

 

Antenna 

distance 

to head   

cm 1 2 3 4 5 6 

C.     Pull out antenna         

(extended or retracted) 

1.5 0.83 0.5 0.28 0.15 0.1 0.02 

B.     Flip antenna (down) 3.3 0.63 0.4 0.2 0.15 0.08 0.05 

A.     Pull out antenna 3  0.44 0.33 0.22 0.14 0.05 0.08 

A.     Internal panel antenna 2 0.36 0.28 0.15 0.085 0.05 0.03 

B.     Flip antenna (up) 3.3 0.13 0.08 0.05 0.03  0.02 0.01 

B.    Screw-on antenna 

(flip antenna down) 

2.5 

 

0.12 0.07 0.04 0.02 0.005 0.03 

29.7 Microwave radiation from base stations 

Placement of base stations 

In rural areas, the base station antennas used in mobile phone networks are usually 

mounted at the height of several tens of metres on the top of a tower. In urban areas, 

antennae are mounted on 2-4 metre high masts, which are placed on the roofs of 

buildings. In this case, the distance of the antenna from the ground varies from 20 

to 45 m. Antennae can also be placed on the walls of the buildings. In that case, the 

distance of the antenna from the ground varies from 10 to 35 m. Transmitting antennae 

are usually placed on a mast, and receiving antennae at the ends of the horizontal 

beam. Antennae are placed so that there is a free space of at least 30 m in the direction 

of the main beam. Typically, this space extends up to several hundred metres to ensure 

the proper functioning of the mobile network. Base station antennae are also installed 

indoors. They can be placed on walls or on roofs as long as they are located at 

least  2 m above the floor. Normally, they are placed so that people do not spent 

extended periods closer than 3 m to the antenna. Usually, directive antennae consist of 

a few horizontal dipoles and a reflector behind them. Omni-directional antennae are 

vertical dipole or monopole antennae. 

The power density generated by a base station antenna depends on several factors: 

the distance and direction from the antenna, antenna gain, number and output power of 

the transmitters, number of channels in use, and losses from the cables and components 

between the antenna and the transmitter. The power density S in the direction of the 

main beam can be calculated as a function of distance R from (Jokela et al., 1999) 
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2
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R4

10PN
S

⋅

⋅⋅
=

−

π
 (29-9) 

 

where N is the number of the transmitters, P is the output power of a single 

transmitter, G is the gain of the antenna, and L is the combined loss from the cable, 

power splitter, etc., in decibels. By substituting the power density in this equation with 

the reference value maxS  from the exposure standards and solving for R we get the 

safety distance safeR . 

 

max

10

LG

safe
S4

10PN
R

⋅

⋅⋅
=

−

π
 (29-10) 

 

For occupational exposure: 

maxS  = 22.5 W/m
2
 for 900 MHz 

maxS  = 45 W/m
2
 for 1 800 MHz 

For exposure of the general public: 

maxS  = 4.5 W/m
2
 for 900 MHz 

maxS  = 9 W/m
2
 for 1 800 MHz 

 

This results in following values for safeR  in occupational exposure in the main 

beam:  

safeR  = 3.8 m for 450 MHz NMT base stations (320 W) 

 

safeR  = 3.2 m for outdoors 900 MHz NMT base stations (64 W) 

safeR  ≤ 0.6 m for indoors 900 MHz NMT base stations (10 W) 

 

safeR  = 2.6 m for outdoors 900 MHz GSM base stations (80 W) 

safeR  = 0.4 m for indoors 900 MHz GSM base stations (30 W) 

 

safeR  = 1.4 m for outdoors 1 800 MHz GSM base stations (50 W) 

safeR  = 0.3 m for indoors 1 800 MHz GSM base stations (30 W) 

 

This results in the following values for safeR  in exposure of the general public in the 

main beam: 
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safeR = 8.8 m for 450 MHz NMT base stations (320 W) 

 

safeR  = 7.2 m for outdoors 900 MHz NMT base stations (64 W) 

safeR  = 1.1 m for indoors 900 MHz NMT base stations (10 W) 

 

safeR  = 5.7 m for outdoors 900 MHz GSM base stations (80 W) 

safeR  = 0.8 m for indoors 900 MHz GSM base stations (30 W) 

 

safeR  = 3 m for outdoors 1 800 MHz GSM base stations (50 W) 

safeR  = 0.6 m for indoors 1 800 MHz GSM base stations (30 W) 

 

The power density levels for the general public are not exceeded at a distance 

greater than 10 m from the antenna even in the direction of the main beam. The main 

beam of the antennae used outdoors is usually very narrow in the vertical plane. For 

this reason, the safety distances are very small in directions away from the main beam. 

In the case of NMT900 and GSM900 base stations the distances are about 1 m or less 

and in the case of NMT450 base stations a few metres. According to the measurements 

performed by STUK in the 900 MHz frequency band, the safety distances in all 

directions except in the direction of the main beam were a maximum of 1 m for the 

general public and 0.5 m for the controlled environment when the antenna gain 

exceeded 10 dB (Jokela et al., 1999). 
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30 Health and Mobile Phone Use 

Gunnhild Oftedal, Anders Johnsson & Ståle Ramstad 

30.1 Introduction 

Many people seem to worry about the risk of brain cancer as a result of mobile phone 

use, and some people complain about headaches or other unpleasant sensations in 

connection with the use of mobile phones. Are serious health hazards a possible 

consequence and what is the reason for the headaches? Studies on physiological effects 

(electroencephalogram (EEG), cognitive functions, blood pressure and heart rate), 

headaches and other symptoms among mobile phone users, and various approaches to 

reveal possible effects on cancer will be addressed. As a basis for this presentation, the 

electromagnetic fields from mobile phones will be described and compared with 

corresponding exposure limits. 

Fig. 30-1. Principles for the time pattern of carrier waves from GSM900 and NMT900 mobile phones. 

The output powers are indicated. 

30.2 Electromagnetic fields from mobile phones 

The speech information between mobile phones and base stations is carried by 

electromagnetic waves with a frequency between 400-2 500 MHz. In most of the 

studies referred to in this section, exposure from GSM900 mobile phones operating 

NMT900
0.1 or 1.0 W

Output power:

GSM900

Pulse:

0.003 - 2.0 W

Average:

0.36 - 240 mW

1
217

s

Transmitter 

system:
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at  900 MHz has been used. The GSM system operates digitally, and the signal is 

transmitted in pulses. More precisely, the speech signal is sampled during a period 

consisting of eight time slots (each lasting about 0.6 ms) and then transmitted in the 

last of these time slots. Thus, there are seven 'silent' time slots followed by one with a 

radio frequency signal emitted from the mobile phone. In Fig. 30-1, the time pattern of 

a GSM900 phone as well as of an analogue NMT900 phone transmitting a continuous 

signal is illustrated. 

In laboratory studies, the mobile phones are usually operated at maximum output 

power. The European Specification (CENELEC, 2000) also defines the maximum 

level to be used when assessing the amount of microwave energy that is absorbed in 

the tissue of the user. The amount of energy, which is measured by the specific 

absorption rate (SAR) in Watts per kg mass, is used as a measure of the potential 

health risk. Because of differences in the design of both the antenna and the mobile 

phone, the SAR value may differ considerably between various models. Measurements 

using 16 GSM phones showed a variation between 0.28 and 1.33 W/kg in SAR 

averaged over 10
 
g tissue (Kuster, 1997). These values are lower than the 2 W/kg 

that is recommended as a limit for microwave exposure of the head (ICNIRP, 1998). 

(Lower limits  apply when the whole body and not only a part of the body is exposed 

(ICNIRP, 1998).) 

If the exposure is sufficiently intense, the absorbed energy causes a temperature 

increase in the tissue. Exposure limits are meant to protect against well-established 

short-term effects that might be a result of the heating. At least 1-2 °C increase in 

temperature is required to cause a negative health effect. There is not sufficient 

evidence that exposure at non-thermal levels, i.e. below the existing limits, may lead to 

either short-term or long-term effects. 

The maximum average output power from a GSM900 phone is 0.25 W, while it 

is 1 W from an analogue NMT900 phone. When near a base station and when the 

connection is good, the output power is down-regulated. In practice, under most 

conditions, the GSM900 phones operate at much lower levels than the NMT phones. 

The range of output power from the two types of mobile phones is indicated in 

Fig. 30-1. The average output power from a GSM phone is further reduced because a 

signal is emitted only twice every second when the mobile phone user is not talking, 

but just listening. Because the mobile phones often operate at lower levels than the 

maximal one, the SAR values will, in most cases, be far below the suggested limits. 

Thus, potential health effects should not be expected to be a result of tissue heating. 

It has been suggested that the pulse modulation of the signal from the digital mobile 

phones may explain potential health effects. For instance, it may be important that the 

output power during a pulse from a GSM mobile phone is eight times higher than the 

average value. With respect to the heating of the tissue, however, the SAR-value 

averaged over a 6-minute period is considered to be the relevant variable for risk 

assessment. Thus, the pulse modulation of the mobile phone signal has no consequence 

according to existing exposure limits. 

In addition to the high frequency electromagnetic fields, low frequency fields can be 

measured close to the GSM phones. These fields are produced by current drawn from 
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the battery package of the mobile phones. The time pattern of the magnetic fields 

reflects the time pattern of the radio frequency signal emitted from the phone. The 

strongest frequency component of the signal is at 217 Hz. There are also higher 

frequencies (over-harmonics) as well as lower frequencies down to 2 Hz. The magnetic 

fields measured close to the mobile phone may be higher than magnetic fields in 

houses located near power lines, but they are much lower than the exposure limits 

suggested in guidelines for low frequency magnetic fields. 

The question of whether cordless phones used only within buildings may cause 

negative health effects is often raised. Therefore, this issue also requires comment. In 

Europe, the digital DECT system is used. DECT phones operate by using a radio 

frequency carrier wave around 1 900 MHz. As for all digital phones, the signal is 

transmitted in pulses. The average output power is 10 mW and cannot be down-

regulated. This value lies between the maximum and minimum output power from a 

GSM phone. Therefore, with respect to the output power, it can not be concluded 

whether DECT phones cause a higher or a lower risk of health damage than GSM 

phones. The time factor might be important for risk assessment and office telephones 

(the DECT phone) are probably used more often and for longer lasting calls than 

mobile phones. However, keeping in mind that the exposure level from both types of 

phones is within limits defined by the existing guidelines, neither the GSM phone nor 

the DECT phone is assumed to cause any negative health effect. 

30.3 Physiological effects 

There is a short distance between the mobile phone and the brain. This motivates 

studies on potential functional alterations of the central nervous system. In particular, it 

is interesting to see whether the electromagnetic fields from mobile phones may 

interfere with the electrical activity of brain nerve cells as registered by electro-

encephalogram (EEG) recordings. In some studies, an amplification of the EEG spectra 

and, in particular, the alpha brain rhythm have been registered in response to a 

GSM900 mobile phone. The amplification was observed to persist also after the end of 

the exposure. In studies where no effect was found, the mobile phone was held about 

half a metre from the head, indicating that the intensity of the exposure may be 

important. 

A similar dose response relation is suggested by Wagner et al. (1998), who studied 

the EEG recordings and the effect on sleep time and quality. They exposed subjects to 

electromagnetic fields from mobile phones during the night. When using a power 

density of 0.2 W/m
2
, no effect was found whereas in an earlier study exposing the 

subjects to 0.5 W/m
2
, a shortening of sleep onset latency, reduction in rapid eye 

movement (REM) sleep duration and increased alpha-power in the REM sleep was 

registered. Since a somewhat different effect on the EEG power spectrum and sleep 

quality have been reported by another group of investigators (Borbely et al., 1999), 

there is not sufficient data to conclude whether or how the sleep duration or quality 

may be affected. 
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The altered EEG signals are not suggested to reflect any pathological condition, but 

a few human studies have been performed to see whether exposure to electromagnetic 

fields from the mobile phones may influence cognitive performance. Even though the 

preparatory slow brain potentials (associated with getting prepared for a task to reach a 

goal) were changed when exposed to a GSM phone, there was no change in the 

cognitive demanding performance. Preece et al. (1999) found no change in word, 

number or picture recall, and spatial memory when the subjects were exposed to sine 

or pulse modulated (similar to the GSM phone) 915 MHz electromagnetic fields. 

However, when exposed, the subjects’ choice reaction times decreased, suggesting an 

increase in responsiveness. 

Since the central nervous system is important for the regulation of various 

physiological functions, potential effects on the brain might be reflected in other 

physiological responses. In a laboratory study, Braune et al. (1998) exposed 10 healthy 

volunteers to electromagnetic fields from a GSM phone for 35 min. periods. Compared 

to sessions with the phone switched off (placebo sessions), the exposure sessions 

caused the blood pressure (systolic and diastolic) at rest to increase and the heart rate 

and the capillary perfusion to decrease. The authors suggest that radio frequency 

exposure to the right hemisphere stimulates the autonomic nervous system and thereby 

causes an increase in the resting blood pressure, presumably due to vasoconstriction. 

Because physiological variables such as the blood pressure are sensitive to various 

physical as well as mental influences, possible factors other than the electromagnetic 

fields between the exposure sessions and the placebo sessions in the study performed 

by Braune and colleagues should be examined. Any warmth sensations caused by heat 

from an operating mobile phone were probably avoided by mounting the phone a 

distance of 2.5 cm away from the skin. Each exposure session was run immediately 

after a placebo session. Since physiological variables may be sensitive to the time spent 

in a test situation, the time factor rather that the electromagnetic exposure might have 

been responsible for the observed results. Therefore, even though the results on the 

cardiovascular effects are interesting, further studies are needed before drawing any 

conclusions. So far, preliminary results from a similar investigation performed at 

another laboratory (Kullnick et al., 1999) do not confirm the findings by Braune and 

colleagues. 

The physiological effects observed in some studies indicate that the radio frequency 

exposure from the mobile phone may interact in some way with the body. These 

findings, however, give no evidence of negative health effects since the observed 

alterations are within the normal physiological range for the registered variables. 

Headaches and other symptoms among mobile phone users 

Motivated by reports from people experiencing headaches and other symptoms in 

connection with the use of mobile phones, a couple of studies have been initiated 

to 
 
find out more about the symptoms. Hocking (1998) interviewed 40 individuals 

in 
 
Australia, all with mobile phone attributed symptoms. In a co-operative project 
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between SINTEF in Norway and the National Institute for Working Life in Sweden, 

Oftedal et al. (2000) conducted an epidemiological investigation by mailing question-

naires to about 17 000 mobile phone users in the two countries. The number of people 

using a digital GSM phone and an analogue NMT phone was approximately equal, and 

all individuals had the mobile phone subscription in connection with their job. The 

response rate estimated by adjusting for subjects who did not receive the  questionnaire 

was 76% in Sweden and 64% in Norway. (See also Sandström et al., 2001.) The 

following presentation is based on the results from the Australian and the Swedish-

Norwegian study. Results that are similar for both studies will be referred to without 

specifying the sources. 

Among the respondents of the epidemiological investigation, 31% in Norway 

and 13% in Sweden had experienced at least one symptom in connection with the use 

of a mobile phone. Most commonly reported were sensations of warmth on the ear and 

behind or around the ear. The number of people having at least one symptom other 

than any of the warmth sensations was 22% in Norway and 7.4% in Sweden. There 

may be several reasons why the Norwegian respondents reported more symptoms than 

the Swedish respondents. A non-respondent analysis suggests that people who did not 

respond to the questionnaire in Norway had fewer mobile phone attributed symptoms 

than the respondents. This was not the case in Sweden. Furthermore, in Norway the 

respondents were in general younger and used their mobile phone more than the 

Swedish respondents. Both these factors may explain the observation difference in 

symptoms between the two countries. The differences in reported symptoms between 

the two countries may have been caused by unidentified and/or cultural factors 

Among those who had experienced at least one mobile phone attributed symptom, 

4.1% in Norway and 3.7% in Sweden had consulted a physician because of the 

symptom. In the same group, 2.4% in Norway and 1.0% in Sweden had been on sick 

leave because of the symptom. Since these figures are relatively low, it might be 

deduced that the symptoms are generally not experienced as serious. An alternative 

explanation may be that those with a symptom took appropriate steps to reduce the 

symptom. This is indicated by the observation that as many as about 45% of those with 

mobile phone attributed symptoms in both Norway and Sweden had taken steps to 

reduce the symptom, and in most cases the symptoms then ceased or were reduced. 

Similar findings are reported by Hocking. Steps like reducing calling time, using 

hands-free equipment, and using car mounted external antennae were reported. 

Most of the Australian respondents described the symptoms as unpleasant feelings 

located in the head, like burning sensations or an ache and different from an ordinary 

headache. Similarly, the epidemiological investigation revealed that burning sensations 

in the facial skin and headaches were reported most often next to the warmth 

sensations on or around the ear. Dizziness was also reported in both investigations. 

Typically, the symptoms started during or shortly after the call. The warmth sensations 

were most closely related to the period of conversation as indicated in the Swedish-

Norwegian study. Headaches most often appeared during the conversation or shortly 

after, but some people also reported that the symptom appeared later. Often the 

symptom ceased within an hour or two, but it could also last more than six hours. 
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Usually, the symptom was located on the same side as the mobile phone was held. In 

Hocking's study, some individuals described the symptom as moving from one side to 

the other when they changed the side on which the mobile phone was held. 

Most of the individuals participating in Hocking's study (28 people) had 

experienced symptoms in connection with the use of the digital GSM phone and nearly 

half of them had tried an analogue phone without having experienced any symptoms. 

Among the ten subjects who associated the symptom with an analogue mobile phone, 

only two had no symptoms while using a digital phone. Before the epidemiological 

study was initiated, mobile phone users who had called and complained about 

symptoms often reported that the symptoms had started after having changed from an 

NMT phone to a GSM phone. Therefore, the main purpose of the Swedish-Norwegian 

investigation was to test whether GSM users experienced various symptoms more 

often than NMT users. For a few symptoms only, the prevalence was found to be 

higher among the GSM users than among the NMT users. These differences were 

small, however, and not statistically significant. In contrast, the sensations of warmth 

on or behind/around the ear were more often experienced among the GSM users than 

among the NMT users. This result reached a statistically significant level. One possible 

explanation for this difference is that NMT phones might be more heated during use 

than most of the GSM phones. The phone temperature is increased by the current from 

the battery, and the NMT phones very often require more current because of higher 

average output power. 

It was also of interest to see whether there was a relationship between the symptoms 

and how much the mobile phone was used. A positive correlation was found, and this 

was particularly pronounced for the warmth sensations, for headaches and for fatigue. 

This is illustrated by the Norwegian data in Fig. 30-2. 

 
Fig. 30-2. Percentage of people having experienced the various symptoms at least once a week for 

groups of people with various calling times per day (Norwegian data) 
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It has been suggested that the radio frequency exposure from the mobile phone may 

cause physiological reactions that in turn might give rise to headaches. However, other 

factors associated with mobile phone use may also be the reason for various symptoms. 

Examples are stress caused by frequent interruptions by phone calls, difficulty 

hearing/being heard or muscle strain from holding the phone. The heat from the phone 

may also be responsible for some unpleasant sensations. 

Thus, even though the results of these studies suggest that mobile phone use may be 

the cause of headaches and some other symptoms for at least some people, there is no 

proof that the symptoms are due to the radio frequency fields. Furthermore, even if the 

symptoms are experienced as unpleasant, they do not necessarily indicate that mobile 

phone use may lead to serious and/or permanent health effects. 

Cancer and other health hazards 

Does mobile phone exposure increase the risk of brain tumours? This is maybe the 

most frequently asked question concerning potential health effects in relation to radio 

frequency electromagnetic fields from mobile phones. In order to give an answer, 

several approaches have been taken. 

Cancer is associated with gene damage and some studies have been performed to 

investigate effects on genes after microwave exposure. Lai et al. (1996) have observed 

an increased number of breaks in DNA strands after exposure to microwaves (at a 

higher frequency than used by mobile phones). It should be stressed that such breaks 

also occur without any exposure and that the body is capable of repairing them. 

However, the risk of permanent damage that might eventually lead to cancer increases 

with the number of breaks. Other laboratories have tried to reproduce the studies 

performed by Lai and colleagues. So far, they have not been able to see similar DNA 

damage. Several other types of studies have been performed on genes and DNA in 

numerous cells and organisms. As long as the exposure levels have been below the 

existing standards, no consistent and reproducible effects have been demonstrated. 

From the first gene damage initiating the development of cancer, a series of events 

must take place in order for the result to be a cancer tumour. If any of the required 

events does not take place, there will be no tumour. Various external factors may 

increase the risk of the initial damage resulting in cancer and questions have been 

raised as to whether radio frequency exposure may play such a role, for instance by 

acting as a cancer promoter. Some laboratories have used animal mutants that are 

characterised by developing cancer tumours spontaneously at a high rate or animals 

where cancer has been initiated by chemical carcinogens. Repacholi et al. (1997) 

exposed mice mutants to GSM 900 MHz exposure. They reported an increased number 

of tumours in exposed mice compared to sham-exposed mice. Other laboratories have 

not been able to confirm such effects of radio frequency exposure. Methodological 

differences and weaknesses may be the reason for the deviating results. Ongoing 

studies including a large number of animals undergoing long term exposure will 

hopefully give a more conclusive answer about cancer promotion in animals exposed 

to radio frequency fields. 
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Even if it is demonstrated that radio frequency fields play a role in the development 

of cancer in animals, studies of people should be used to confirm potential effects in 

humans. In particular, tumours in the head region are of interest. Most studies indicate 

no increased risk for tumours caused by the use of mobile phones, whereas some 

results suggest a possible association between the exposure and cancer. (For further 

details see Box 30 A 'Mobile phone use and cancer: epidemiological studies') More 

epidemiological studies on cancer and mobile phone use have been initiated, among 

them a European study where a number of countries participate. It remains to be seen 

whether these studies will clarify whether people may get cancer as a result of using 

mobile phones or not. 

Other health hazards such as eye damage have also been suggested to be a possible 

consequence of radio frequency exposure. As for cancer, there are only a few studies so 

far that support such conclusions, while most studies indicate no effect. More studies 

are needed in order to give a conclusive answer. 

30.4 References 

Andersen, J. B. & Pedersen, G. F. (1997) The technology of mobile telephone systems. Relevant for risk 

assessment. Radiation Protection Dosimetry. vol. 72 pp. 249-257 

Borbely, A. A. et al. (1999) Pulsed high-frequency electromagnetic field affects human sleep and sleep 

electroencephalogram. Neuroscience Letters vol. 275, pp. 207-210 

Braune, S. et al. (1998) Resting blood pressure increase during exposure to a radio-frequency 

electromagnetic field. The Lancet, vol. 351, pp. 1857-1858 

CENELEC (1998) Consideration for the evaluation of the human exposure to electromagnetic fields 

(EMFs) from mobile telecommunication equipment (MTE) in the frequency range 30 MHz – 6 GHz. 

European Committee for Electrotechnical Standardization, Brussels. European Specification ES 

59005. Oct 1998 

ICNIRP Guidelines (1998) Guidelines for limiting exposure to time-varying electric, magnetic and 

electromagnetic fields (up to 300 GHz). Health Physics vol. 74 (4), pp. 494-522 

Kullnick, U. et al. (1999) Online measurements of human vegetative parameters under the influence of 

weak electromagnetic fields. In: abstracts Bioelectromagnetics Society Twenty-first Annual Meeting, 

Long Beach, California, June 20-24 1999. p188 

Kuster, N. (1997) Swiss tests show wide variation in radiation exposure from cell phones. Microwave 

News Nov/Dec. pp. 10-11 

Lai, H. & Singh, N. P. (1996) Single- and double-strand DNA breaks in rat brain cells after acute 

exposure to radiofrequency electromagnetic radiation. Int J Radiat Biol vol. 69 pp. 513-521 

Oftedal, G. et al. (1998) Comparison of symptoms experienced by users of analogue and digital mobile 

phones: a Swedish-Norwegian epidemiological study. Trondheim: The Foundation of Scientific and 

Industrial Research at the Norwegian University of Science and Technology (SINTEF). SINTEF-

report no STF78 A98134, ISBN 82-14-00937-5 

Oftedal, G. et al. (2000) Symptoms experienced in connection with mobile phone use. Occupat Med, 

vol. 50 pp. 237-245 

Repacholi, M. H. et al. (1997) In: E mu-Pim1 transgenic mice exposed to pulsed 900 MHz electro-

magnetic fields. Radiat Res vol. 147 pp. 631-640 

Preece, A. W. et al. (1999) Effect of a 915-MHz simulated mobile phone signal on cognitive function in 

man. Int l J Radiat Biol, vol. 75, pp. 447-546 

Wagner, P. et al. (1998) Human sleep under the influence of pulsed radiofrequency electromagnetic 

fields: a polysomnographic study using standardized conditions. Bioelectromagnetics, vol. 19, pp. 

199-202 



Box 30 - Mobile Phone Use and Cancer – Epidemiological Studies 

 Kjell Hansson Mild & Gunnhild Oftedal 

 
Since cancer has been one of the major concerns with regard to mobile phone use, a short 

review of studies on humans will be given. Most studies are case control studies. That means 

that patients with cancer are compared to healthy controls with the main purpose of assessing 

the use of mobile phones in these two groups. In cohort studies, mobile phone users and non-

users are compared with respect to occurrence of cancer. Alternatively, groups with different 

amounts of exposure are compared.  

Often, it is discussed whether mobile phones have been used for a sufficiently long time 

for cancer to develop. From the point in time when cancer development is initiated till a 

tumour is diagnosed, there is a latency of five to ten years or even more depending on the type 

of cancer. If the radio frequency exposure acts as a promoter of cancer initiated by some other 

factor, the latency may be shorter. 

Hardell et al. (1999) did a pilot case control study on brain tumours and use of mobile 

phones. Patients with brain tumours had not used the mobile phone more often than the 

controls, but for tumours in areas closest to the mobile phone, the tumour was most often 

located at the same side of the head as used when phoning. The result, however, was not 

statistically significant. In a later analysis of the material, Hardell et al. (2000) adjusted for 

other factors that might influence the risk of tumours. Then, the tumour risk on the mobile 

phone side was statistically significantly higher than on the opposite side. The result was 

based on 13 exposed cases, 12 of which were analogue system users. 

Muscat et al. (2000) found no increased risk of brain tumours among mobile phone users. 

Eighty-six percent of the cases and 85% of the controls used their mobile phone with an 

extended antenna, thereby reducing the exposure to the brain substantially. The mean duration 

of mobile phone use was only 2.8 years for the cases and 2.7 for the controls, a time too short 

to provide reliable conclusions. Of 41 cases, 26 (30%) used the mobile phone on the same side 

of the head where the tumour occurred. 

Inskip et al. (2001) examined the use of mobile phones and risk of brain tumours in a case 

control study conducted between 1994-1998 and enrolling 782 patients and 799 controls. All 

were grouped according to their use of mobile phones. No significant increased risk for 

tumours was seen in the mobile phone users versus never-users. Very few heavy users and 

long term users were included, and the authors state that the study is not sufficient to evaluate 

the risk amongst these groups and for potentially long induction times. 

Johansen et al. (2001) conducted a cohort study of cancer incidence in mobile phone users 

in Denmark, and they saw no increased risk. The analyses were based on 'ever' use of a mobile 

phone during the time period 1982-1995. Users of the analogue system were followed on 

average only 3.5 years and users of the digital system, on average 1.9 years. Only 24 (16%) of 

the 154 persons with brain or nervous tumours had a latency period of more than 5 years. The 

authors state that the latency may be too brief to detect an early-stage effect or an effect on 

more slowly growing tumours. They also had too few heavy users included to be able to 

exclude with confidence a carcinogenic effect following intense long-term use of cell phones. 

 Stang et al. (2001) investigated the role of radio frequency radiation in the development of 

uveal melanoma, a type of eye cancer. They found a fourfold risk increase for those who had 
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used mobile phones in the workplace. It is not clear from their paper how much and how long 

the phones had been used. 

Thus, the issue of cancer and mobile phones can not be placed at rest. Further studies 

should include larger numbers of patients with longer observation times. 

Factors influencing health hazards due to mobile phone use 

Several factors, both physical and medical, need to be considered to assess the risk of 

health effects. The standards/guidelines specify limits for the specific absorption rate (SAR), 

not taking into account the time of exposure beyond six minutes. It is not known in what way 

a dose measure should be constructed from SAR values and time of exposure. This is a 

question that is high on the priority list of mobile phone research. Moreover, the question of 

how to assess the SAR value in epidemiological studies should be addressed. Some factors to 

be considered are as follows: 

1. SAR value and anatomical location. Today, the maximum SAR value regardless of 

anatomical location is used. If the same anatomical localisation is considered, the 

SAR values for different phones can differ by more than one order of magnitude.  

2. Output power. The output power from the phone, and hence the SAR value, 

depends strongly on the distance to the base station as well as on other factors. 

3. Right or left hand for holding the mobile phone. For some mobile phones, the SAR 

value depends on which side of the head it is held. 

4. Number of years and the time of use (minutes and number of calls per day). The 

cumulated dose as well as the time pattern of exposure may influence the risk. The 

latency is important for delayed effects such as cancer.  

 

In consequence, various factors defining the exposure and the total dose need to be 

addressed in further studies. Furthermore, anatomical structures that are most sensitive to 

microwave exposure should be identified. 
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To a great extent, outdoor and leisure activities involve exposure to radiation from the 

sun, during bathing at sea level, or mountaineering at high altitudes. A component of 

leisure is air travel at high altitudes, involving exposure to cosmic radiation for  

travellers as well as for onboard staff. For staff, i.e. air cabin crew, health controls are 

compulsory in various airline systems and a maximum number of hours in the air for 

various cabin groups has been established.  

The fraction of cosmic radiation reaching the surface of the Earth is mainly muons 

and some neutrons, electrons and photons. At higher altitudes, however, electrons 

become relatively more important than muons until the electrons dominate at altitudes 

of 7-12 km, where subsonic aircraft usually fly. The radiation dose to man from cosmic 

radiation varies in different parts of the world due to differences in elevation and to the 

effects of the Earth’s magnetic field, which varies with latitude.  

Incandescent lamps have been used in artificial illumination for a number of years. 

Some of these sources, notably some commonly used fluorescent tubes and quartz 

halogen lamps, give small fluence rates of UV radiation, and some investigators have 

suggested that they may be slightly carcinogenic. However, most people are exposed to 

much larger fluences of UV radiation from the sun than from such lamps.  

The sun is the main source of UV radiation and visible light. In daily life, other 

photon sources, such as lamps and solaria, play important roles. UV sources con-

structed for use in solaria are of greater concern. They emit UVA and UVB fluences 

large enough to produce erythema within a few minutes. A given pigmentation 

acquired by use of solaria will also cause a certain increase in skin cancer risk. For 

some years, it was anticipated that UVA presented less of a skin cancer risk than UVB 

under conditions giving similar pigmentation. Consequently, a number of different 

fluorescent tubes for UVA solaria were constructed. Some action spectra indicate that 

strongly pigmented people may benefit to some degree from using such solaria 

compared with UVB solaria. Unfortunately, this is not true for lightly-pigmented 

Caucasians. For these people, UVA solaria may be more appropriate as melanoma 

generating devices than pigmentation generating devices.   

UV radiation is strongest at noon. If possible, avoiding sun exposure a few hours 

before and after midday can significantly reduce the exposure, especially in mid-

summer. UV-blocking skin lotions help on the parts of the body that cannot be 

protected by clothing. The sun protection factor (SPF) indicates the degree of 

protection provided. Typically, skin lotions are most effective against UVB radiation 

and less so against UVA. Skin lotions should not be used to lengthen exposure, but 

rather to reduce exposure. The lotions can also mask the body’s natural warning signals 

and lead to a false sense of well-being and security. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

31 Effects of UV Radiation and Visible Light 

Johan Moan 

31.1 Introduction 

Almost the entire animal and plant kingdoms are being exposed to UV radiation from 

the sun and have been so for millions of years. By producing mutations, UV radiation 

has been an important factor in speeding up the rate of evolution. Just as some 

mutations are good and some are bad for the survival of species, some of the UV 

effects are good and some are bad for human health on a much shorter time scale than 

that relevant for evolution. To cope with the 'bad' effects, repair- and defence 

mechanisms have been developed. These include a number of modes of DNA repair 

and synthesis of protective molecules. Repair, as well as defence, is by nature partly 

constitutive (i.e. always existing in an organism) and partly inducible (i.e. developing 

when needed). 

Biological effects of UV radiation and light can be classified as either direct effects 

or indirect effects. Direct effects are those for which the biological alterations take 

place in the tissue where the photons are absorbed. Indirect effects are those for which 

signals are transmitted from the organ or tissue where the photons are absorbed via 

nerves, hormones or other molecules to the organ where the biological effect is 

manifested. Regulation of circadian rhythms is an example of an indirect effect. Light 

is absorbed in the retina of the eye, nerve signals are transmitted to organs that control 

the synthesis of melatonin and other substances involved in maintaining the diurnal 

circadian rhythms. 

The sun is our main source of UV radiation and light. In modern human life, other 

photon sources such as lamps and solaria play important roles. Humans are exposed to 

UV radiation and light in outdoor activities like sport, sunbathing and mountaineering. 

31.2 Radiation sources 

The spectrum of solar radiation has been described in an earlier chapter (Chapter 7: 

Visible and UV Light). Life on earth is adapted to this radiation and copes with natural 

variations through seasons, days and varying weather conditions. However, with a low 

ozone concentration in the spring, the short term UV-variations may be larger than 

earlier. Some time is needed before adequate protection mechanisms are developed.  

Incandescent lamps, including quartz halogen lamps and fluorescent tubes have 

been used in artificial illumination for a number of years. Some of these sources, 

notably some commonly used fluorescent tubes and quartz halogen lamps, give small 

fluence rates of UV radiation, and some investigators have proposed that they may be 

slightly carcinogenic. However, most people are exposed to much larger fluences of 
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UV radiation from the sun than from such lamps, so the additional risk arising from 

them is most likely negligible. 

UV sources constructed for use in solaria are of greater concern. They emit UVB 

and UVA fluences large enough to produce erythema within a few minutes. Because 

the action spectrum of pigment (melanin) induction, the action spectrum of erythema 

and the action spectrum for SCC induction in mice are quite similar, a given 

pigmentation acquired by use of solaria will also give a certain increase in skin cancer 

risk. For some years, it was anticipated that UVA presented a relatively lower risk of 

skin cancer than UVB under conditions giving similar pigmentation. Consequently, a 

number of different fluorescent tubes for UVA solaria were constructed. Some action 

spectra indicate that strongly pigmented people may gain some benefit from using such 

solaria compared with UVB solaria. However, no such advantage seems to exist for 

those really wanting increased pigmentation, i.e. people with white skin of types 1 

and 2. Furthermore, it should be noted that since UVB is so much more efficient in 

producing pigmentation than UVA, the small UVB-contribution present in all UVA 

tubes has a significant browning (and erythemogenic) effect. The situation may be even 

worse if the action spectrum of fish melanoma is relevant also for humans. This 

spectrum weights UVA much more heavily than the pigmentation action spectrum 

does. Thus, UVA solaria may be more appropriate as melanoma generating devices 

than pigmentation generating radiation sources. 

Recently, UV lasers (excimer lasers) have been introduced for therapeutic purposes, 

notably for eye lens corrections and for dentistry. The possibility that such use may be 

associated with a small photocarcinogenic risk exists, but the risk is certainly very 

small. 

31.3 Beneficial effects of radiation 

Synthesis of vitamin D3 

A large fraction of the white-skinned population is probably exposed to too much 

UV radiation. Historically, from the industrial revolution until far into the 20
th

 century, 

the opposite was true. Inhabitants of large industrial cities suffered health problems 

because of lack of sunshine. They got rickets because of a vitamin D3 deficiency. At 

that time, the sun was the main source of this vitamin. Even today, when the food is 

fortified with vitamin D3, the sun gives a measurable contribution. Thus, in the 

Norwegian city Tromsø, where people probably eat a lot of fish with a large content of 

vitamin D3 (cod and cod liver), the average content of the vitamin D3 metabolite 25 

OH D3 in the serum of people is about 50% larger in July-August than in November-

March (even though this is the cod season). 

Characteristic features of rickets in children are growth abnormalities in the 

skeleton, notably in the cranium and the backbone. The bones get soft because 
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inadequate amounts of Ca
2+

 are taken up. In adults, shortage of vitamin D3 also results 

in soft bones, osteoporosis. 

In 1917, it was proven that cod liver oil contains vitamin D3, which heals rickets. 

Before that, however, in 1901 it was shown that radiation from a mercury arc lamp 

could improve and even heal the disease. It was also shown that UV-irradiated food 

had increased contents of vitamin D3 and could prevent rickets. 

Not only people living in large cities during the industrial revolution suffered from 

rickets. Signs of this disease have been found in bones of Neanderthals, and one theory 

of why they disappeared is that they got rickets and osteoporosis. The time of their dis-

appearance (about 40 000 years ago) was characterised by a worsening of the climate. 

The Neanderthals probably did not eat fish as did their successors, the Cro Magnons. 

Today, vitamin D3 shortage is a limited problem. However, the frequency of bone 

fracture among elderly people is increasing. Furthermore, signs of shortage have been 

noticed in some immigrants, notably people with a dark skin colour, to northern 

countries. A dark skin colour reduces sun-induced vitamin D3 synthesis. Vitamin D3 

acts as a hormone rather than as a vitamin since it has to be 'activated' (chemically 

changed) in two organs (liver and kidney) before it acts on bone metabolism. Its main 

tasks are to keep the blood content of calcium and phosphate ions at the correct levels, 

to enhance the intestinal absorption of these ions and to initiate the formation of 

osteoblasts (cells that remodel bone and mobilise bone calcium stores). This process 

also requires the presence of parathyroid hormone. In co-operation, these two 

hormones, 1.25 (OH)2 D3 and parathyroid hormone, prevent rickets and osteoporosis. 

There are two major forms of vitamin D – D2 and D3. D2 is formed by UV-exposure of 

yeast sterols followed by a heat-dependent isomerisation and is added to milk, butter 

and other foods in many countries. Vitamin D3 is present in fatty fish and fish liver and 

is also synthesised in skin during exposure to UV radiation. 

7-hydrocholesterol in the skin is transformed by UVB to previtamin D3, which, by 

heat, is isomerised to vitamin D3. During 38 h at 37 °C, about 50% of previtamin D3 is 

isomerised. After about 4 days, there is an equilibrium in the skin with 20% previtamin 

D3 and 80% D3. However, vitamin D3 is transported away from the skin, bound to an 

α-globulin called DBP (D-binding protein). 

In the liver, vitamin D3 is hydroxylated to 25 OH D3, which is transported further to 

the kidneys and hydroxylated to the active hormone 1.25 (OH)2 D3. 

Since previtamin D3 is retained in the skin for some time before being transformed 

to vitamin D3, it can be exposed to solar radiation. This results in the formation of two 

photoproducts: lumisterol and tachysterol. After a certain exposure, a photoequilibrium 

is attained. Since the absorption spectra of these substances are different, the 

composition of the photoequilibrium is dependent on the spectral characteristics of the 

radiation. At 295 nm, previtamin D3 dominates, while solar radiation gives most of the 

lumisterol. Only small exposures to solar radiation are needed to reach a maximum 

yield of previtamin D3, and further exposure will degrade the previtamin. Neither 

lumisterol nor tachysterol have any significant biological activity. 
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Vitamin D3 is itself photolabile and gives rise to transvitamin D3, suprasterol I and 

suprasterol II upon irradiation. 1.25 (OH)2 D3 has anti-proliferative effects and has 

been used to treat psoriasis. It is possible that transvitamin D3 and its hydroxylated 

derivatives have a similar effect and may be involved in the healing effects of 

UV-radiation on psoriasis. Two hours exposure to the sun at noon in midsummer 

degrades about 80% of the vitamin D3 in the skin. Even UVA reaching the dermis with 

its capillaries may degrade circulating DBP-vitamin D3. Photodegradation of vitamin 

D3 may protect against toxic overdoses of vitamin D3. 25 OH D3 and 1.25 (OH)2 D3 

have biological activities twice and ten times larger than that of vitamin D3 itself. 

While the blood level of vitamin D3 is strongly increased (by factors of 4 to 6) after 

whole-body exposure to 1 to 2 MEDs, the level of 25 OH D3 is much less affected, and 

that of 1.25 (OH)2 D3 is very tightly regulated and practically remains constant. 

Need for vitamin D3 

The human need for vitamin D3 can probably be covered by solar radiation even at 

high latitudes (> 60 °N). The daily need is about 2.5 µg/day, but vitamin experts 

recommend an intake of 10 µg/day for children and pregnant women. Exposing 1 m
2 

of 

white skin to 1 MED of solar radiation yields about 30 µg vitamin D3. Vitamin D3 may 

protect against some forms of cancer. Because of this, some investigators have 

proposed that sun-exposure may, in fact, have an anti-carcinogenic effect. Since ozone 

and 7-dehydrocholesterol have similar absorption spectra in the UVB range, ozone 

depletion may reduce the incidence rates of these cancers. 

Biological clocks and circadian rhythms 

Practically all plants and animals have, during their evolutionary history, developed 

endogenous rhythms with periods ranging from seconds to years. These rhythms are 

driven by biological 'clocks', self-sustained oscillators. The best known rhythm is the 

circadian rhythm, which has a period of about one day. For some strange evolutionary 

reason, the human circadian rhythm has a period that is longer than 24 hours. Excep-

tionally, it can be up to 48 hours. The light of the day and the darkness of the night are 

believed to be the main signals keeping the period locked to 24 hours, i.e. synchro-

nising the clock to a period of 24 hours. Usually, this period is independent of the 

environment so that the biochemical reactions underlying the rhythms are in some way 

temperature compensated. However, abrupt changes of the temperature cause phase 

shifts and can be applied to study the dynamic properties of the oscillators. Similarly, 

phase changes of the light/dark cycle, such as those experienced during long east-west 

or west-east flights (jet lag), can disturb the circadian rhythms. Changes of the ratio of 

the light intensity of day and night, as well as the length of the day, and even spectral 

changes, can cause profound physiological changes, trigger sexual behaviour of 

animals (and humans?) and elicit mental disturbances. The most common disturbance 

of this kind is a type of depression called 'seasonal affective disorder', SAD. SAD is 

most common in the dark period of the year, notably at high latitudes, and has been 
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associated with disturbances of the temporal organisation of endocrine hormone 

systems. Jet lag, as well as SAD, can be treated with bright, artificial light. A 

commonly used treatment regime is a daily exposure of about 2 500 lux at eye level 

for 2-6 hours or 10 000 lux for 0.5 hours. 10 000 lux of cool white light from fluore-

scent tubes correspond to about 1.5
 
mW/cm

2
 at corneal level and about 9×10

-3 
mW/cm

2
 

at retinal level. About 80% of SAD patients show clinical remission after one week. 

The treatment is effective for other disorders than SAD, such as jet lag, shift work 

sleep disturbances, age-related insomnia, and advanced and delayed sleep phase 

syndromes. Provided that all UV radiation is filtered away from the light and that the 

patients do not take photo-sensitising drugs, the treatment does probably not cause any 

eye damage. This treatment is believed to act by influencing the circadian clock. 

However, the mechanisms are complicated: the anti-depressive effects of light are 

probably not only mediated by circadian phase shifts or prolongation of the winter days 

since the treatment is effective even when given in the middle of the day. In contrast, 

bright light exposure in the middle of the day has no effect on the phase of the 

circadian rhythm. When a light pulse of a couple of hours is given at night, before the 

time of the  circadian minimum of body core temperature (which, for most persons 

occur between 3 and 5 a.m.), it delays the phase of the circadian rhythm. When given 

after this time point, it advances the phase of the rhythm. Thus, the mechanisms of the 

effect of light on SAD and circadian rhythms are probably different. 

Antidepressants 

The tryptophan derived neurotransmitter serotonin, 5-HT, is involved in circadian 

rhythmicity as well as in depressive illness. Thus, 5-HT can advance the phase of the 

circadian clock when given during the day and block the phase-shifting effect of light 

when given during the night (a time when 5-HT has little effect on the circadian 

rhythm). Further, 5-HT re-uptake inhibitors are among the most widely used anti-

depressants. Even though light given during the day has no effect on the circadian 

clock, it can, in fact, block the expected phase-shifting effect of a serotonin antagonist 

(i.e. of a drug eliminating the effect of serotonin). 

'Sleeping pills' 

To localise the main circadian clock in humans has been a subject of intense 

research. It seems likely that this clock is located in the suprachiasmatic nuclei, SCN. 

The SCN are  two small assemblies of about 10 000 neurones localised in the hypo-

thalamus about 3 cm behind the eyes and close above the optical nerve from the retina 

to the brain. People with pituitary tumours that exert pressure on the SCN lack 

circadian rhythms. The same is true for animals having their SCN surgically removed. 

The SCN get direct signals from the retina as well as 5-HT signals from the raphe 

nuclei in the brain stem. SCN control another gland, the pineal gland or the epiphysis 

as it is also called. In this gland, melatonin, the 'hormone of darkness', is produced 

from 5-HT and sent out into the body to control many other hormone systems 

including sex hormones, prolactin, adrenal hormones and many others. Melatonin 
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peaks at night, and, when given exogeneously, is an efficient circadian phase 

modulator. Melatonin pills can be effective as sleeping pills, notably in connection 

with jet lag.  

Is the retina the only receptor of light for circadian phase control or shifting?  

Certainly not. In the house sparrow, three different input pathways have been found. 

Retinally degenerated mutant mice, as well as totally blind humans, also have receptors 

that can modulate the circadian rhythmicity of melatonin. Light exposure of the 

popliteal region (the region behind the knee) of humans to light during the night shifts 

the circadian phase just as exposure of the retina does. It seems that neuroactive gases, 

like NO and CO in the blood, may be involved in this extra-ocular light effect. Both 

have a vasodilating effect and NO can shift the circadian phase. Light can dissociate 

these gases from heme (which is then the chromophore for the effect) and can also 

increase the activity of NO synthase. 

Possibly, most of the cells in our body have a circadian clock built in. Thus, if cells 

are removed from the SCN or from the pineal gland of a mammal and grown in 

culture, they continue their circadian rhythm for weeks. Even cell lines that have been 

immortalised and grown in culture for 25 years can have genes like per (see below) 

activated by serum deprivation followed by serum supplementation. Such oscillatory 

genes are well preserved in the evolution since similar genes operate in single-celled 

organisms, in algae, in Drosophila (a fruit fly) and in humans. 

Mutations 

The recent study of the circadian clock molecules in Drosophila is an extremely 

fascinating story. Mutations in genes coding such protein molecules result in flies with 

different lengths of the circadian rhythm or totally lacking the rhythm. Early in the 

night, the genes 'per' (for period) and 'tim'  (for timeless) are active in producing m-

RNA and then generate their proteins ('Per' and 'Tim', respectively). Per is rapidly 

degraded in the cytoplasm, but is stabilised upon binding to Tim. The Per-Tim hetero-

dimers enter the nucleus and suppress the activity of their own genes, per and tim. 

Then, the synthesis of Per and Tim is stopped and the two proteins are gradually 

broken down. Two other genes, 'clock' and 'bimal', encode proteins that are involved in 

the initiation of the next cycle of activation of per and tim. Another gene, called 

'double-time', encodes an enzyme that phosphorylates Per, whereby its lifetime is 

reduced. Human and mouse genes equivalent to the Drosophila per and tim genes have 

been identified. 

Stimulation of the immune system 

While scientists in the Western world have been active in identifying the negative 

effects of UV-radiation and light, scientists in East Europe have been looking for 

positive effects. It seems quite likely that small exposures stimulate the immune system 

in a hormetic manner. (The expression 'hormetic' is derived from 'hormone'. Hormones 
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are catalysts of biochemical reactions. Small amounts of them are necessary for the 

body to exist, while large amounts often are toxic.) Furthermore, moderate exposures 

can probably increase the physical performance of humans, but the mechanisms behind 

this remain obscure. 

31.4 Adverse effects  

Effects on the eye 

Snowblindness (photokeratitis) is damage to the outer layers of the cornea causing 

severe pain and reducing vision. Photokeratitis appears a few hours after exposure to 

intense UV radiation and disappears within a couple of days. 

Another form of eye damage is the cataract, which implies loss of the transparency 

of the lens. It is the main cause of blindness in the world. The incidence of cataracts 

increases with age and the process is accelerated by prolonged UV exposure. 

UV exposure may also cause damage to the retina, such as age-related macular 

degeneration. This disease is a common cause of blindness in the developed world. 

Erythema 

UV-induced erythema is caused by vasodilatation leading to increased blood content 

of the dermis. A single UV-exposure causing a barely perceptible erythema after 24 

hours is called one minimum erythema dose, 1 MED. The MEDs are different for 

different wavelengths. Furthermore, the MED-value for a given light source is 

dependent on a number of factors (see Table 31-1):  

1. Skin pigmentation. Caucasians have 3-5 times smaller MEDs than moderately 

pigmented races and up to 30 times smaller MEDs than Africans. 

2. Season. MEDs are about 50% larger in summer than in winter. 

3. Age of the subject. Children and persons over 70 years have significantly lower 

MEDs than middle-aged people. 

4. Irradiationsite. MEDs for face, neck and trunk are 2-3
 
times smaller than for limbs. 

Table 31-1. Minimum erythema doses (MEDs) for different skin types. 

 

Skin type Colour 
MED 

(UVB, mJ/cm
2
) 

Time in the sun (minutes) 

(midsummer, midday) 

1 white  20  10-30 

2 white 30 15-45 

3 white   40  20-50 

4 light brown  50 25-75 

5 brown   80 40-120 

6 black 100-200 50-300 
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The action spectrum for erythema in humans resembles the DNA spectrum in the 

UVB region, but has a small peak in the UVA region. The MED value is independent 

of fluence rate over 7 decades. 

Skin has a biphasic erythema response to UV radiation: an immediate response and 

a delayed response. 

In humans, UVB- or UVC exposure causes erythema, probably as a result of 

damage to epidermal cells. Following UVA exposure, the erythema is of a different 

nature and probably originates from dermal damage. Vasopermeability caused by UV 

exposure has been studied in laboratory animals. In guinea pigs, it occurs about 1 

minute after irradiation and reaches a maximum in 10 minutes. The affected vessels are 

venules. These immediate vascular responses may result from direct effects on 

endothelial cells and/or from effects induced by chemical mediators. Direct irradiation 

of dermal arterial blood vessels in dogs, rabbits, and humans with about 3-5 MEDs of 

UVB or UVC produces immediate arteriolar vasodilatation, which rapidly recovers. 

Histamine, a substance stored in mast cells, may play a role in the immediate phase 

of UV inflammation. Mast cells release histamine after UV exposure. Histamine 

produces erythema and edema.  

Serotonin is also present in mast cells and may be released by UV radiation. Its role 

in the immediate phase of UV inflammation in humans is not certain. Furthermore, 

prostaglandins (PGs) are released in human skin in vitro, possibly from membrane 

receptor sites, immediately following UVB irradiation. 

After the immediate phase of inflammation, there is a period of quiescence before 

the onset of the delayed phase. Several structures are involved in this response: blood 

vessels, blood cells, and plasma proteins as well as skin cells. 

Erythema after UVB irradiation appears in about 8 h, reaches a maximum at 

about 12-24 h and fades in a further few hours to several days depending on the 

exposure. Increasing exposures progressively shortens the time before the appearance 

of the delayed erythema, lengthen its duration, and increase its intensity. UVA 

irradiation leads to an immediate erythema followed by a delayed phase lasting for 

hours or days. Arterioles, capillaries, and venules all seem to be affected in the delayed 

vasodilatation. The increased vascular permeability permits passage of leukocytes and 

plasma into the exposed tissue. As in the immediate phase, it is possible that direct 

damage to endothelial cells contributes to the delayed phase of UV inflammation. 

Prostanglandins are cyclic oxygenated 20-carbon fatty acids, which induce vaso-

dilatation and enhance the vasopermeability of other mediators, like histamine. Mast 

cell histamine and plasma polypeptides may be important in delayed erythema, 

causing  pain, vasodilatation, increased vascular permeability, and increased leukocyte 

migration.  

UV irradiation may cause lysosomal rupture in epidermal cells. This may play an 

important role in the delayed phase of UV inflammation. However, even lethally 

damaged cells may contain completely normal lysosomes. No products of lysosomal 

breakdown are detectable in epidermal suction blister fluid until at least 11 hours after 

irradiation, and maximal levels occur at 4-7 days. Thus, released epidermal lysosomal 

contents probably do not initiate UV inflammation, but may accentuate it. 
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The chromophores responsible for the mentioned process are unknown. Nucleic 

acids are likely to be involved. The similarity of the erytherma action spectrum and the 

DNA absorption spectrum as well as the fact that some photoreactivation may occur, 

strengthen the arguments for DNA as an important chromophore. 

During the first hours after UV-exposure, apoptotic cells, so-called sunburn cells, 

are seen in the epidermis. Apoptosis is one defence mechanism by which potential 

cancer cells are eliminated. UV-induced damage to elements of the apoptotic 

mechanism may allow mutated cells to grow and develop into tumour cells. Many 

therapies have been attempted to reduce erythema: anti-inflammatory agents, cortico-

steroids, antihistamines, antioxidants, vitamin A, anti-malarials, DNA repair enzymes 

and beta-carotene. 

Elastosis and ageing 

Chronic exposure to UV radiation leads to accelerated skin ageing. This can be 

observed as wrinkling, loss of elasticity, irregularities of pigmentation and thinning of 

epidermis. The melanocytes may lose their dendrites, and even their ability to produce 

melanin. Sometimes, giant binucleated melanocytes are formed. Normally, there are 

about 1 000-2 000 melanocytes per mm
2
 in facial skin and about 500-1 000 in thigh 

skin. The numbers of melanocytes is decreased in sun-damaged skin. Also, the antigen 

presenting Langerhans cells is reduced in number and changed in appearance by UV 

radiation. They lose their dendrites and probably their immunological function. 

The sebaceous glands in sun-damaged skin secrete less sebum and the skin gets dry. 

Such skin is wrinkled because of damaged connective tissue. The fibres in this tissue 

are made up of the proteins collagen and elastin, which are secreted by the fibroblasts 

in the dermis. The flexible collagen fibres consist of fibrils of about 0.5 µm diameter 

and show bands of about 0.05 µm length. Sun-damaged, elastotic skin shows tangled 

collagen fibrils with little or no banding structure. 

In the lower dermis, elastin fibres form networks between the collagen fibres. The 

elastin fibres are normally elastic but get less so when sun-damaged. They thicken, 

clump and fragment. Lumps of elastin fibres, together with the oxidation product 

lipofuscin, give the skin a yellowish colour. Elastotic skin has lost its flexibility and 

returns to its original state slower than healthy young skin after being stretched. While 

thickening of the epidermis (due to cell proliferation and inflammation) is an early, 

transient reaction to UV exposure, elastotic skin is thinner than healthy skin. The 

normal wavy pattern of the border between dermis and epidermis, where the basal cells 

reside, is flattened out. Elastotic skin is permanently damaged, although transplantation 

of such skin to a non-damaged skin area makes it to some extent regenerate. 

Elastosis develops from about the third decade of life. In sun-exposed skin of 

type
 
1,  elastosis is maximal in the sixth decade. The resistance to elastosis increases 

with pigmentation, and in black skin of type
 
6 it is far from complete even at an age 

of 80
 
years. 
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The action spectrum of elastosis weights UVA quite heavily, and, since reactive 

oxygen species seem to be involved, it is likely that other chromophores than DNA are 

involved. 

Permanent UV-induced alteration of the skin is certainly related to DNA damage 

and reduction of DNA repair capacity. 

With time, skin cells accumulate damage. Non-dividing cells eject  'ageing' factors 

into the blood, into basal cells and into fibroblasts. If the DNA in basal cells is altered, 

other epidermal cells derived from them will also change. Injured fibroblasts produce 

abnormal fibres. After long-term sun exposure, blood vessels become loose as their 

connective tissue is damaged. Such vessels are capable of accommodating more blood 

than normal blood vessels in skin. The skin of sailors, farmers and other outdoor 

workers is frequently sun-damaged. The pink or reddish colour of such skin partly 

results from tinned epidermis and partly from enlargement of blood vessels.  

Immune suppression 

Photoimmunology  

Photoimmunology is the science of the interactions of optical radiation, notably UV, 

with the immune system. It combines three fields of science: photobiology, immun-

ology and dermatology. The initiating processes in photoimmunological responses take 

place in the largest organ of the body, the skin. 

All cells of the immune system originate from pluripotent stem cells in the bone 

marrow. The progeny of the stem cells are released into the blood stream and are called 

white blood cells, leukocytes. Differentiation of these cells gives rise to T-

lymphocytes, B-lymphocytes, monocytes and granulocytes. There are two main 

lineages of such cells: the lymphoid lineage, producing lymphocytes and the myeloid 

lineage, producing monocytes, macrophages, neutrophils (stained with neutral dyes) 

and mast cells. Because of their granular morphology, these cells are also called 

granulocytes. Whether the NK cells (natural killer cells, cells that can lyse tumour cells 

in vitro) and Langerhans cells belong to the myeloid or the lymphoid lineage is 

uncertain. 

The immune system is of a systemic and dynamic nature, and its main task is to 

fight foreign pathogenic organisms (vira, bacteria and paracites). Upon interfection, 

granulocytes, macrophages and NK cells try to destroy the pathogen in a rather non-

specific way. If this strategy fails, specific immune responses are triggered. These are 

more efficient but need time (4-7 days) to become fully active. Antigen presenting cells 

(APCs, Langerhans cells in the skin), antibody producing cells (B cells) and effector 

cells (NK cells, macrophages, cytotoxic T cells (Tc), helper T cells (TH) and suppressor 

T cells (Ts)) are active in this battle. The antigen, which can be a protein or a peptide 

specific for a virus or a bacterium, is caught by the Langerhans cells which then 

migrate out of the epidermis to the lymph nodes, present the antigen to TH cells which 

proliferate and send out signals (cytokines) that stimulate B cells to produce antibodies 
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against the antigen, TC cells to proliferate and attack the intruder and provoke 

inflammatory responses. Inflammatory responses involve lysis of mast cells in the skin. 

Histamine is released and causes increased blood flow as well as increased capillary 

permeability. Different types of leukocytes can then migrate out of the vessels and into 

the tissue to fight the intruder. In some cases, TH cells emit signals that reach 

suppressor cells, TS, which then become activated and reduce the immune response. 

When Langerhans cells present the antigen to TH cells, the latter need to know 

whether the antigen is foreign and dangerous or belongs to the host itself. To do this 

they use class II 'major histocompatibility complex' molecules (MHC class II). MHC 

class I and II proteins act as guidance systems for T cells. T cells possess on their 

surface different types of receptor molecules (TCR molecules) which recognise 

complexes of antigen fragments (peptides originating from pathogens) and MHC 

molecules. One of these tries to keep track of marker molecules on the surface of T 

cells by the CD system (CD = cluster differentiation, referring to clusters of mono-

clonal antibodies, each cluster binding to a particular marker molecule). CD4 markers 

and CD8 markers are found on TH and TC cells, respectively. TH cells (with CD4) react 

when antigens + MHC class II molecules are presented to them, while TC cells react on 

presentation of antibodies + MHC class I proteins. When a TH cell binds to an APC 

cell, interleukin-1 (a signal molecule) is released from the APC. This signal activates 

TH cells. TH cells then release cytokines that activate B cells to produce antibody or TC 

cells to attack and destroy the intruder. Furthermore, effector cells are activated by 

cytokines released from TH cells. Memory cells are also produced. These cells amplify 

and accelerate the immune response to an antigen that is encountered at a later time. 

The immune system has a memory of antigens it has fought earlier. 

Hypersensitivity 

Effector cells may cause so-called delayed type hypersensitivity (DTH), of which 

the contact hypersensitivity reaction (CHS) is most familiar in dermatology. The 

foreign substance is a small molecule, called a hapten, which binds to a protein in skin 

to form the antigen. Langerhans cells present this antigen to TH cells in the regional 

lymph nodes. Memory T cells are activated, proliferate and migrate into the blood-

stream together with activated TH cells. These cells reach the skin area where the 

hapten was applied. When encountering the antigen (hapten + protein), they release 

lymphokines that activate effector cells and lyse mast cells. Because the antigen is 

partly made up of a host substance (protein), some destruction of host tissue occurs. 

 UV radiation has profound effects on the immune system in the skin. First of all, 

the number of Langerhans cells decreases upon UV exposure. Application of a contact 

sensitising hapten to skin after low, non-erythemal exposures fails to induce CHS and 

instead induces hapten – specific TS (suppressor T cells).  

It is probably alteration of the activity of Langerhans cells that initiates this. These 

APCs bring incorrect signals to the TH cells in the lymph nodes. Small UV exposures 

reduce the CHS reaction only locally in the UV exposed skin. Larger UV exposures 
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can also impair distant immune effects and therefore act systemically on the immune 

system.  

There are three ways to induce TC by UV:  

1. By injecting an antigen subcutaneously at an unirradiated site in mice exposed to 

large UV doses 

2. By applying a hapten to the skin exposed to low UV doses 

3. By applying the hapten to unexposed skin of mice given large UV exposures 

 

The systemic response to UV-radiation can be demonstrated by transfer of cells 

from exposed to unexposed mice. It appears to result from the release of immuno-

globulin molecules from UV irradiated skin, either from the stratum corneum or from 

the keratinocytes. Keratinocytes produce a variety of interleukins and other signal 

molecules for immune and inflammatory responses. 

The chromophores for the immune effects of UV may be either trans-urocanic acid, 

or DNA or both. UV isomerises trans-UCA to cis-UCA. Application of cis-UCA on 

mouse and human skin mimics UV exposure with respect to immunological effects. 

However, in some experimental animals, the immune effects of UV can be 

photoreactivated, i.e. reduced by subsequent exposure to visible light. This argues for 

DNA as the main chromophore. The absorption spectra of UCA and DNA are quite 

similar although UCA has a slightly more pronounced UVA-tail in its spectrum. Since 

UVA provokes immune responses and, since pure UVB sunscreens do not eliminate 

the immune effects of solar radiation, UCA seems to play a significant role. 

Why should UV induce suppressor cells? Large exposure introduces a large number 

of antigenic changes in the skin. An intact immune system is powerful enough to 

eliminate all these changed skin cells. This may lead to unacceptably large skin 

damage, and the purpose of the suppressor mechanism may be to 'keep the battle on a 

proper scale'. 

Skin cancer 

There are three main forms of skin cancer in humans: basal cell carcinoma (BCC), 

squamous cell carcinoma (SCC) and cutaneous malignant melanoma (CCM). In 

addition to these, are Bowen's disease, a localised, non-spreading form of SCC, and 

keratoacantoma, which probably develops from hair follicles. Some preneoplastic 

lesions should also be mentioned: actinic keratosis (AK), also called solar keratosis, 

which in about 25% of the cases develops into BCC or SCC, and melanocytic dys-

plastic nevi, which is considered a precursor of CMM. 

AK and melanocytic nevi are both related to solar exposure while the etiology of 

Bowen's disease is more uncertain. On the whole, about 80-90% of SCCs, BCCs and 

CMMs in white populations are related to UV exposure, and as most populations seem 

to have increased their exposure, this percentage is increasing. 

Genetic factors play a major role in the susceptibility of a person to skin cancer 

from UV exposure: the incidence rates are highest for people with blue eyes, red hair, 
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freckles and sun-sensitive skin (type 1 and 2). Typically, the risk for people that burn 

and never tan is twice as large as that for people that burn and gradually tan. For people 

that always burn and never tan the risk is 3-4 times larger than that for people who 

never burn and always tan. Furthermore, people with some inherited diseases like 

Xeroderma Pigmentosum (XP) (a disorder related to deficient DNA excision repair), 

are more prone to get skin cancer than others. The same is true for immune suppressed 

people. These observations demonstrate the significance of a functional DNA-repair 

and an intact immune system in the prevention of skin cancer development. 

Typical incidence rates in white populations like those in the Nordic countries 

are 1 000-2 000 BCCs, 100-200 SCCs and 150-300 CMMs per million inhabitants per 

year. Since the chances of getting skin cancer increases with age, it is possible that 

more than 30% of people over 70 years old suffer, or have suffered from skin cancer. 

Mutation is likely to be an inevitable step in skin carcinogenesis. UVB produces 

mutations through direct absorption in DNA followed by generation of cyclobutyl 

pyrimidin dimers and 6-4 photoproducts. UVA is not absorbed by DNA, but can 

nevertheless induce mutations, supposedly through absorption in other chromophores 

(so far unidentified), generation of reactive oxygen species like singlet oxygen and OH 

radicals, which can damage DNA by producing 8-hydroxy-2-deoxyguanosine, giving 

rise to G→T transversions. The genetic map of mutations relevant for skin cancer is far 

from being complete. However, it appears that mutations of the p53 gene are important 

for non-melanomas. The p53 protein, the 'guardian of the genome', normally arrests 

damaged (mutated) cells in the cell cycle, gives them time for repair or leads them to 

elimination through apoptosis. If the p53 protein is mutated itself, damaged and 

mutated cells can divide and proceed towards carcinogenesis. Once a mutation in a cell 

has been 'fixed' in this way, clonal expansion and promotion to tumours may occur. An 

impaired immune system will facilitate this process. UVA generates reactive oxygen 

species that may be involved in the promotion and progression of steps towards 

carcinogenesis.  

As a first and very crude approximation of the relationship between age specific 

incidence rates of non-melanoma, age and UV exposure, the following formula can be 

given: 

 

lnR = K1 + K2 ln(age) + K3 ln(UV exposure) 

 

where K1, K2 and K3 are constants. 

In the following, the three major forms of skin cancer will be considered more 

closely. A term that will be frequently used is the relative tumour density, RTD, which 

is the relative incidence rate per cm
2
 on a given body localisation. 

Basal cell carcinoma, BCC 

BCC is clearly related to solar exposure. Its RTD is largest for body localisations 

frequently exposed to the sun (face, neck). Furthermore, the incidence rate increases 

uniformly with age, which might indicate that the risk is related to total, lifelong UV 
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exposure. However, recent findings indicate that episodes of intense UV exposure may 

be particularly risk elevating. 

BCC arises from malignant transformation of the basal cells. These cells are 

normally dividing and give rise to the keratinocytes in the upper skin layers. An 

interesting clinical observation is that BCCs almost never arise on skin devoid of hair. 

This might indicate that basal cells in the hair follicles are particularly prone to 

developing into tumour cells upon UV exposure. Pigmentation obviously protects 

against BCC since the incidence rate among Africans is about 60 times lower than that 

among Caucasians living in the same area. Albinos and immunosuppressed patients 

have an increased risk of getting BCC. Surprisingly, some studies indicate that vitiligo 

(pigment loss) does not predispose sufferers to BCC. Increased risks are also seen after 

exposure to ionizing radiation. In most epidemiological studies, the male to female 

ratio of the incidence rate of BCC is in the range 1.3-1.9. Patients with multiple basal 

cell nevus syndrome (Gorlin's syndrome) have a lifelong elevated risk of developing 

multiple BCCs. 

Squamous cell carcinoma, SCC 

Many of the biological and epidemiological features of SCC are similar to those of 

BCC: high levels of mutant p53 proteins are found in the vicinity of BCCs and SCCs. 

XP increases the risk with a factor of 1 000-5 000. The incidence rates of both cancer 

forms, in the period 1950 to 1995, increased by 30-70% per decade in most white 

populations. The risk of getting BCC or SCC increases monotonously with age and 

with accumulated exposure. While cells in normal skin are almost always diploid, cells 

in BCCs and SCCs are frequently aneuploid. The same is true for epidermal pre-

cancers like actinic keratosis, Bowen's disease and keratoacantoma. A larger fraction 

of  the cells are in S and G2M phase in BCCs and SCCs than in normal skin. The 

frequency of metastasis is low for SCCs (≈ 0.3-4%) and possibly even lower for BCCs. 

However, there are also differences between SCC and BCC: immunosuppression 

increases the risk of SCC more than of BCC. In a typical white population, the 

incidence rates are 5-10 times larger for BCC than for SCC while among immuno-

suppressed patients, SCC may be twice as common as BCC. Thus, impairment of the 

immune system may seem to play a greater role in the development of SCC than of 

BCC. 

Episodes of sunburn seem to play a greater role in BCC than in SCC induction, 

although in both cases, accumulated UV exposure appears to be a main determinant. 

PUVA treatment increases the risk of non-melanoma skin cancer, as observed a couple 

of years after the treatment, with a factor of 4-12 and it seems that the risk of SCC 

increases more than that of BCC. The male/female ratio of incidence rates is 1.3-1.9 

for BCC and somewhat larger, about 2-3 for SCC. While BCC is the most common 

skin cancer amongst Caucasians, SCC is the most common one in Africans. Thus, 

pigmentation appears to protect more against BCC than against SCC, which is not 

surprising since SCC is initiated in keratinocytes in the skin layers above the basal cells 

where BCC arise. Burn scars are risk areas for SCC more than for BCC. 
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Arsenic, soot, tar and petroleum products appear to be carcinogens for SCC. 

Cutaneous malignant melanoma, CMM  

CMM arise from melanocytes, which are of neural crest origin. A few cases 

(about 10%) of melanomas arise in the eye, and even fewer arise in the mucosa of the 

gastrointestinal and genital tracts. Lentigo maligna melanoma (Hutchinson's melanotic 

freckle) has epidemiological characteristics similar to those of BCC and SCC. Acral 

lentigous melanoma arises on the skin of palms and foot soles. In the following, the 

two main forms of CMM, superficially spreading melanoma and nodular melanoma, 

will be considered. 

CMM has a much higher mortality rate than the other skin cancers. Typically, 

the 5 year survival is 60-90% depending on site of origin, type of CMM and time of 

diagnosis. During the last decades, the incidence rates of CMM have increased at a 

similar rate as those of BCC and SCC. In most populations, CMM has an age- 

distribution different from that of BCC and SCC, being relatively more frequent among 

the young and middle aged. Furthermore, the distribution of CMM on different parts of 

the body (i.e. the site-specific, relative tumour density, RTD) is significantly different 

from that of BCC and SCC. Thus, for younger generations, the RTD of CMM is not 

always greatest on the head and neck, but rather on the back. It is believed that this 

indicates that CMM is not related to the total, accumulated UV exposure, but rather to 

episodes of intense exposure obtained in sunbathing, like vacations and weekends. 

This is in agreement with the observation that in many populations, CMM is relatively 

more common among people with indoor work than among farmers, fishermen and 

other outdoor workers. PUVA therapy of patients with psoriasis leads to an increased 

risk of BCC and SCC but apparently not of CMM. Most cases of CMM are probably 

due to solar exposure. This is indicated by the increase in incidence rates with 

decreasing latitude. Furthermore, before the era of topless sunbathing, CMM rarely 

occurred on the breasts of women, while over recent years, the incidence rate on this 

body localisation has been sharply increasing.  

The genetic predispositions to CMM are generally similar to those for BCC and 

SCC: a fair skin that easily burns, freckles, red hair and blue eyes. 

The incidence rates of CMM among people with black skin (type 6) and white skin 

living in the same country are widely different: for BCC and SCC, the incidence rates 

are about 60 times greater among white people and for CMM, the incidence rates are 

about 10 times greater for white people. Similarly, albino Africans have a much higher 

risk of getting BCC and notably SCC than normally pigmented Africans. The CMM 

risk, however, does not seem to be much elevated among the albinos. Albinos have 

melanocytes, but their ability to produce melanin is impaired. These findings may 

indicate that melanin is a photocarcinogen for CMM. Free radicals are generated when 

melanin is exposed to UVA or UVB in a test tube. When produced in the stratum 

corneum, these radicals may not reach the DNA of the melanocytes, while when 

produced inside the melanocytes, they may attack and mutate DNA. Unlike DNA, 

melanin absorbs UVA. Thus, one might expect – if the above model of melanin in 
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melanocytes as a photocarcinogen is correct – that UVA exposure can cause CMM. 

This is in agreement with the action spectrum of CMM in the fish Xiphophorus, one of 

the few animal models suited for melanoma induction. Furthermore, the latitude 

gradient of CMM incidence rates is much smaller for CMM than for BCC and SCC, 

and so is the gradient of UVA compared with that of UVB. The model needs further 

epidemiological and experimental work if it is to be verified. If it is correct, it will have 

the following consequences: a possible ozone depletion will have little influence on the 

CMM incidence rates, use of UVA solaria may lead to increased CMM rates, UVB 

sunscreens, protecting against erythema, may not protect adequately against CMM. 

31.5 Protection against adverse UV effects  

Cells, tissues and organisms are equipped with permanent or inducible mechanisms 

that protect against UV damage. The presence of such mechanisms is certainly of great 

importance for the development of life on earth since life has seen periods of 

considerably more UV stress than now. Inducible mechanisms need some time to 

become fully active. As the summer approaches with more solar radiation, they are 

gradually activated. It has, therefore, been speculated that an ozone depletion, which is 

manifested early in the spring and can give midsummer values of UVB in April, is 

particularly damaging because defence mechanisms have not had time to develop.  

In addition to the endogenous defence mechanisms, humans can adopt protective 

behaviour: avoid sunbathing at noon midsummer, apply sun-lotions and wear hats and 

protective clothes. 

Cell defence systems  

UVB- induced CPDs and 6-4 photoproducts are the most important types of DNA 

damage. Most cells have different enzymatic repair systems for this kind of damage. 

The most important is excision repair, which eliminates the photoproducts. When 

enzymes of the excision repair pathway are missing, like in the disease Xeroderma 

Pigmentosum, normal cells are frequently transformed to cancer cells. In addition to 

excision repair, most animal cells possess photoreactivating enzymes for both CPDs 

and 6-4 photoproducts. These enzymes bind to damaged DNA regions. They contain 

one or more chromophores and absorb UVA and visible light. This provides energy to 

cut out the damaged DNA. Whether photoreactivating enzymes exist in human skin is 

a matter of debate since some experiments have failed to detect them. However, visible 

light can remove CPDs and 6-4 photoproducts from human skin, so some kind of 

photorepair must be present. It has been proposed that applying lotions containing 

repair enzymes after sun exposure helps the skin repair UV damage.  

Reactive oxygen species are formed in normal biochemical processes. Since such 

species may induce damage, all cells are equipped with protection systems against 

oxidative stress. UVA exposure adds to this stress since singlet oxygen and other 
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reactive oxygen species are formed. Three different (partly inducible) defence systems 

exist: 

1. Anti-oxidant molecules 

2. Detoxifying enzymes 

3. Redox metal ions 

 

UVA induced oxidative species include singlet oxygen, hydroxyl, peroxyl, alkoxyd 

and alkyl radicals. These species can initiate and/or propagate the chain reactions of 

lipid peroxidation, leading to cell inactivation or cell damage. The yellowish age 

pigment lipofuscin is a typical product of their action. Any product that can quench 

these radicals can be considered an antioxidant. Lipid-soluble antioxidants include 

a-tocopherol, quinons (coenzyme Q, ubiquinone), bilirubin and beta-carotene. Beta-

carotene is of particular interest. It has a long, conjugated double-bond system that 

makes it an excellent radical and singlet oxygen quencher. Additionally, it can 

deactivate triplet states that are intermediates in most photooxidative reactions. Water-

soluble antioxidants include ascorbic acid, metal-binding proteins, uric acid and 

albumin. These molecules normally act extracellularly. 

Of the de-oxifying, antioxidant enzymes, examples include superoxide dismutase 

(SOD), catalase and glutathion peroxydase. SOD transforms O2
-
 to H2O2, and catalase 

converts H2O2 to O2. In the absence of SOD and catalase, OH radicals can be generated 

from O2
- 

whenever iron or copper ions are present. Glutathion peroxidase acts on 

UVA-induced, damaging phospholipid peroxides in cell membranes.  

Tissue specific defence systems 

Melanogenesis, the production of melanin by melanocytes in the skin, is an adaptive 

and inducible defence mechanism. Melanin is formed from thyrosine. Two kinds of 

melanin are found in human skin: the brown/black eumelanin and the red/brown 

sulphur – containing pheomelanin. Melanin has a number of functions: it can act as a 

camouflage pigment, as an antioxidant, as a radical scavenger, as a UVB and UVA- 

absorbent (natural sunscreen) and, in fact, as a photosensitiser (see the section on 

melanoma above). Pheomelanin in particular has the latter negative effect.  

Melanins are generated in organelles called melanosomes of about 1 µm diameter in 

melanocytes, transferred to kerationocytes and further to the stratum corneum. In 

Africans, the melanosomes are large and melanin is found in all skin layers. In 

Caucasians the melanosomes are smaller and melanin is mainly found in the cells of 

the 'melanin unit'. A melanin unit is a melanocyte and about 36 keratinocytes 

surrounding it. 

UV radiation of a limited skin area seems to have a systemic melanin-generating 

effect: some pigmentation is also induced outside the exposed area. Melanin is partly 

constitutive and always present in skin, and partly inducible. About 7 days after UV 

exposure, the content of pigment in the skin is maximal. During and immediately after 
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sun exposure, the constitutive melanin darkens (immediate pigment darkening, IPD). 

IPD is transient and lasts for a few hours. 

UV radiation is a mitogen. Thus, it induces cell proliferation and epidermal 

thickening. This is protective with respect to the melanocytes and the dividing basal 

cells. However, in the long run, after decades of sun exposure, the skin becomes 

thinner. Pigment loss, vitiligo, in patches can also occur as a result of life-long sun 

damage. 

Protective behaviour 

Since the fluence rate of UVB in solar radiation is about 50% of noon values two 

hours before and two hours after noon, it is efficient protective behaviour to avoid the 

sun for a few hours around noon. Wearing sunglasses protects against eye-damage 

(snow-blindness and cataracts) and wearing clothes efficiently protects against skin 

damage. Sun lotions containing UVB filters efficiently protect against erythema and 

development of non-melanoma skin cancer. Since UVA may induce melanomas as 

well as lead to skin ageing and immune suppression, one should apply sun lotions 

containing both UVB and UVA filters and, preferably, neutral absorbing, scattering or 

reflecting compounds like iron oxides. Some of these substances may be taken up by 

cells and also enter the circulation. As long as the effect of this is not fully understood, 

the safest protection against sun damage is to limit the exposure time. However, people 

that feel they 'have to' sunbathe should be encouraged to use light clothes and apply 

sun-protective lotions and creams in adequate amounts.  
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32 Exposure During Air Flight 

Bertil R. R. Persson 

32.1 Introduction 

Everyone is exposed to ionizing radiation from natural sources. The main sources of 

this natural background radiation are high-energy cosmic ray particles from space 

incident on the earth and radioactive nuclides, which are present in the ground, 

atmosphere and in all living species. The natural radiation background is usually 

divided into the following three categories: 

• Cosmic radiation 

• Terrestrial radiation 

• Internal radiation  

Cosmic Radiation 

The primary form of cosmic radiation consists mainly of protons (~85-95%) and 

helium nuclei α-particles (~3.5-12%) coming from all directions of outer space. 

Heavier elements up to iron are present to about 1%. The energy of these nuclei extend 

from 100 MeV to over 10
20

 eV (O'Halloran et al., 1998; Heinrich et al., 1999). When 

these nuclei collide with the elements in the earth's atmosphere, they produce cosmic 

ray showers of mesons (Fig. 32-1). The cosmic radiation that reaches the surface of the 

earth is mainly µ
-
-mesons and some neutrons, electrons and photons. At ground level, 

the dominant component of the cosmic-ray field comprises muons with energy mainly 

between 1-20 GeV. These contribute about 80% of the absorbed dose from ionizing 

radiation in free air, the remainder being from electrons. At higher altitudes, however, 

the electrons become more important than the muons until they dominate at altitudes 

of 7-12 km where subsonic aircraft usually fly.  

The radiation dose to man from cosmic radiation varies in different parts of the 

world due to differences in elevation and to the effects of the earth's magnetic field, 

which varies with the latitude. The annual value of the world-wide ground average 

effective dose from cosmic radiation is estimated at 380 µSv per year with the charged 

particle and neutron components contributing 300 and 80 µSv respectively. Aircraft 

passenger and crew are, however, subject to much higher cosmic-ray exposure than at 

ground level. 
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Terrestrial radiation 

Terrestrial radiation originates from radioactive material that is present throughout 

the earth, in soil, water, and vegetation. Low levels of uranium, thorium, and their 

decay products are found everywhere. Some of these materials are ingested by living 

species with food and water, while others such as radon are inhaled with air. The dose 

from terrestrial sources varies in different parts of the world and locations with higher 

concentrations of uranium and thorium have higher dose levels. 
222

Rn is a gas that emanates from the ground. It is the decay product of 
226

Ra and 

decays with a half-life of 3.82 days to 
218

Po (RaA). Its daughter, RaA, decays with a 

half-life of 3.05 minutes to 
214

Pb (RaB), which decays to 
214

Bi (RaC) with a half-life 

of 2.68 minutes, which finally decays to stable 
214

Po. The radon daughters RaA, RaB 

and RaC are present in the air and become attached to particles in the air. By filtering 

the air, they are absorbed and the steady state counting rate is a measure of how we 

airways are exposed to radon daughters. 

Internal Radiation 

In addition to cosmic and terrestrial sources, all living species have 

radioactive 
40

K, 
14

C, 
210

Pb and some other radioisotopes inside their bodies from birth 

until death. The variation in absorbed dose among humans is not as great as the 

variation in dose from cosmic and terrestrial sources and the average annual dose is 

about 0.39 mSv/a. 

 

Fig. 32-1. Cosmic ray shower and µ
-
-meson production from high-energy cosmic particles entering the 

earth's atmosphere 
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32.2 Radiation monitoring during air flights 

The radiation spectrum of cosmic radiation is very complex with high-energy 

neutrons, protons, mesons, electrons and photons. It is thus very difficult to make an 

exact measurement of the dose equivalent. The most ideal instrument to monitor the 

cosmic radiation is the tissue equivalent proportional chamber (TEPC) that has been 

used by Lindborg et al. (1999) for monitoring the dose equivalent during transatlantic 

flights. 

In the present work, radiation exposure during flights was measured with a Geiger-

Müller counter interfaced with a palmtop PC-computer. The system was powered by 

two AA batteries and placed in the hand luggage enclosed in a small aluminium box to 

fulfil the EMC requirements during flights. 

The calibration of the detector in µSv/h was compared with the tissue equivalent 

proportional chamber (TEPC). At latitude 39 °N, the same value of 2.4 µSv/h was 

measured both at 12 000 m with the GM detector sent up in a balloon and with the 

TEPC at the same altitude during an air flight, see Fig. 32-1 (Boardman, 2000; 

Lindborg et al., 1999). 
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Fig. 32-2. The dose-equivalent rate measured at the latitude of 39 °N with a GM-counter RM-60 sent 

up on the Kansas near Space project balloon to 11 000 feet (Boardman, 2000), and 

at 10 000 feet with a tissue equivalent proportional chamber (TEPC) (Lindborg et al., 1999). 

The exposure rate measured by the author with the RM-60 GM counter during an 

air flight between Sturup Airport in Malmö and Bromma airport in Stockholm that 

departed on the 21
th

 October 1999 at 7 o'clock and during the stay in Stockholm is 

shown in Fig. 32-3. The multiple peak patterns in the measuring diagram at the 

Neurosurgery department in the Neurocentre of Karolinska Hospital is probably from a 

CT or another X-ray machine operating in the building. During luggage control 
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at 11.00 at Bromma airport, the dose rate to the hand luggage was 36 µSv/h. The return 

flight departed from Bromma at 12.15 and arrived at Sturup at 13.00. 

On another occasion, the exposure rate was measured with the R60 GM instrument 

during a flight from Bangkok (13.3 °N, 100 °E) to Sydney (33.6 °S, 151 °E). The 

results are shown in Fig. 32-4. A similar measurement made by Kyllönen on a flight 

from Copenhagen (13.3 °N, 100 °E) to Bangkok resulted in very similar results for 

exposure levels above Bangkok (Lindborg, 2000). 

Depending on the attenuation by the atmosphere, the intensity increases with 

altitude as shown in Fig. 32-2. The recorded dose equivalent rate was 1.5 µSv/h 

at 9 000 m and 2 µSv at 12 000 m. 
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Fig. 32-3. Radiation exposure measured with a GM-counter during a one-day visit to the Neuro-centre 

at Karolinska Hospital. Intermittent peaks recorded in the conference room are due to the 

radiological activity in the building. 

By interaction with the earth's magnetic field, the charged particles in cosmic 

radiation focus towards the Polar Regions. The exposure levels are lowest at the 

equator and increase towards higher latitudes. At higher latitudes, above about 60°N 

and 60°S, the cosmic ray level becomes rather constant. 

Kyllönen recorded an increase to 4 µSv/h using the TEPC instrument on the trip 

northwards to Copenhagen (Lindborg, 2000). The GM-instrument used in the present 

study recorded an increase to 3 µSv/h southwards from Bangkok to Sydney. The 

recording is shown in Fig. 32-4, which also shows exposure of 25.8 µSv/h to the hand 

luggage in the security control. Considering the complex radiation environment and the 

differences in detector arrangements and calibration, the agreement is astonishing 

good. 
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The high exposure rate at high latitudes was confirmed on a flight from Auckland 

NZ (36.6 °E, 174 °E) to Sydney as shown in Fig. 32-5. The flight continued from 

Sydney to Tokyo over the equator where the exposure was about 1.5 µSv/h. 

Fig. 32-6 illustrates the radiation exposure measured with the GM-detector, stored 

in the hand luggage, travelling the route Miami-New York-Amsterdam-Copenhagen. 

The high dose rate peaks are due to X-ray examination of the luggage. The highest 

dose rate of about 30 µSv/h to the luggage was recorded in the US security controls 

and was only 13 µSv/h in Amsterdam. The maximum dose equivalent of 4.2 µSv/h 

measured during this transatlantic trip is in good agreement with recordings made by 

the TEPC instrument (Lindborg, 2000). 
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Fig. 32-4. Radiation exposure measured during a flight from Bangkok to Sydney showing how the 

cosmic ray intensity increases with latitude 
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Fig. 32-5. Radiation exposure measured with the GM device during a flight from Auckland, New 

Zealand to Sydney, Australia and Tokyo, Japan 
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Fig. 32-6.  Radiation exposure measured with the GM-detector shown in Fig. 32-2 stored in the hand 

luggage, travelling Miami-New York-Amsterdam-Copenhagen. The high dose rate peaks 

indicated by the luggage symbol '   ' are caused by security control X-ray examination of 

the luggage. 

32.3 Conclusions 

Over the last decades, many people have been increasingly exposed to cosmic 

radiation at high altitudes during air flight. A rough estimate of the average 

exposure  during subsonic air flight is 4 µSv/h. The crew in civil air traffic fly 

about  300-900 hours per year and their natural radiation exposure has roughly 

doubled (6 000 × 0.004 = 2.4 mSv/a) due to cosmic radiation (Bagshaw, 1999). This is, 

however, only a fraction of the occupational exposure limit of 50 mSv/a. The exposure 

limit for the general public and pregnant workers is 1 mSv/a. Thus, pregnant crew 

members and members of the general public should limit their annual flying time to 

about 200 hours of subsonic flight. 

The average exposure rate during intercontinental flights seems to be quite constant 

in the order of 4 µSv/h. It is assumed that about 7 000 air crew workers fly 600 hours 

per year over 30 years. During this period, they receive a cumulative exposure 

of 7 000 × 600 × 30 × 0.000004 = 504 man-Sv. If the probability of dying from cancer 

is 5% per man-Sv cumulated whole body dose equivalent, the number of extra cancer 

deaths induced by increased cosmic radiation then becomes about 25. 

This number is too low to be recorded due to statistical variation in the more 

than 1 500 deaths expected in 7 000 people resulting from cancer or other causes 

(Lindborg, 2000). Increase of cancer in crewmembers recorded in epidemiological 

studies is thus probably due to causes other than cosmic radiation (Blettner & 

Zeeb, 1999). 
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Part 9: Rules and Regulations 
 

Humans protect themselves against radiation injuries by setting limits for exposure 

levels, defined by standards implemented in rules and regulations. Standards are 

developed based on observations of human injuries from overly high exposure levels, 

often from the working environment. A great deal of information is also obtained from 

animal experiments or laboratory tests, like in vitro tests. Establishing and updating 

national or international standards are slow processes because international consensus 

about research findings has to be obtained. Furthermore, important criteria for 

protection may be lacking in various standards since they are often several years behind 

recent research findings despite being regularly updated.  

Unfortunately, human tragedy has been the trigger for radical changes in safety in 

the workplace. In Monongah, West Virginia, 362 coal miners were killed in a mine 

disaster. This tragedy led to the creation of the US Bureau of Mines in 1910 to promote 

mine safety. 

After the discovery of radium about 100 years ago, radioactive sources for 

therapeutic use in medicine became available. Very soon however, the adverse effects 

of high exposure levels of ionizing radiation to the body were discovered. Until 1922, 

about 100 radiological hospital workers had died from radiation effects after medical 

use of ionizing radiation. To increase safety for radiological personnel, the 

International Commission on Radiological Protection (ICRP) was formed in 1928. 

ICRP makes recommendations for radiation protection that are the bases for laws and 

rules that control the handling and use of ionizing radiation and radioactive materials. 

Long experience has been gained concerning radiation hazards and the present 

recommen-dations provide safe working conditions for radiological workers. Not only 

acute effects are considered, but hypothetical risks for long term cancer induction and 

genetic effects are also taken into account. In this respect, the radiation protection 

recommendations are much stricter than, for example, the regulations for work with 

hazardous chemicals. 

In addition to ICRP covering ionizing radiation issues, the International 

Commission for non-ionizing radiation (ICNIRP) is a main standard body. 

A huge number of standards are available for human protection, like radiation 

guidelines and regulations for safety at work both at the national or international level. 

In Europe, a committee has been established for standardisation (CEN). Several 

standards are developing. The CENELEC specifications are frequently used, e.g. to 

define maximum levels of exposure to electromagnetic radiation. Often, various 

standard documents describing the same radiation type do not differ much. There are 

ILO guidelines for the operation of RF-heaters. 

Guidelines for electromagnetic radiation safety are so far based on thermal effects, 

ensuring that excessive localised temperature in various tissues are not exceeded. Non-

thermal responses, like neurological disorder, tumour development and genetic effects, 
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have been suspected to be related to radiofrequency radiation. Consensus about such 

effects has so far not been reached and the standards do not include non-thermal 

response. There is, however, a growing body of data from studies indicating that 

extremely low (ELF) and radiofrequency (RF) fields interact with various biological 

systems at energy levels significantly lower than those needed for the stimulation of 

excitable tissues or for thermal interaction. Several mechanisms of interaction with 

biological tissue have been hypothesised, but still need further development and 

testing. Special attention is paid to interaction at the molecular level, interaction with 

the cell membrane and free radical impact. 

There are different guidelines for exposure to various organs and tissues in the 

human body that might be different with regard to sensitivity. Terms like 'daily limit', 

'ceiling values' and 'limits' are used in this context. Considering magnetic fields arising 

from direct current (DC), a limit of 200 mT at work is defined in the INCIRP of 1998.  

There has been a large increase over the last decade in the use of equipment that 

produces non-ionizing radiant energy in the form of microwaves and radiofrequency 

radiation. There are numerous electrical appliances in the home and workplace 

surrounding us with electric and magnetic fields. 

To protect against exposure to electromagnetic fields, measures should be 

implemented according to the source of the electromagnetic exposure to the general 

public when the time of exposure is significant. The exception is exposure for medical 

procedures, where the risks and benefits of exposure above the basic restrictions must 

be properly weighted. 

The approaches and ideas used in the development of protection guidelines for 

non-ionizing radiation have evolved over the past quarter of a century. For 

electromagnetic non-ionizing radiation, the ability to generate heat and thus, the 

incident power density, were first used in exposure limitation. Later, exposure limits 

were, and still are, based on consideration of the relationship between physiological 

heath effects and the magnitude of the whole-body average specific absorption rate. 

The value of measuring electrical current densities in the body is being examined. 

However, non-thermal effects at subcellular and molecular levels are still not 

considered when setting protection standards. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 



 

 

33 Ionizing Radiation 

Bertil R. R. Persson 

33.1 Principles of radiation protection 

All ionizing radiation from radiation therapy machines, X-ray tubes or radioactive 

material is potentially hazardous. Radiation sources outside the body cause external 

radiation exposure of personnel, and radioactive materials that enter the body irradiate 

its organs and tissue by internal exposure. Personnel working with ionizing radiation 

and radioactive materials must therefore be capable of preventing and controlling these 

hazards. There is a golden rule of radiation protection that is always applicable: 

 

As many exposures may involve some degree of risk, any unnecessary exposure 

must be avoided, and all doses must be kept as low as is readily achievable, economic 

and social considerations being taken into account. 

 

There are three principles that always apply in preventing or controlling the 

exposure of personnel to radiation hazards: 

• Remove the hazard (radiation source) 

• Guard the hazard (radiation measurement at the work place) 

• Guard the worker (personnel dosimetry) 

 

These principles imply that the work places should be properly designed and that 

appropriate equipment and shielding are provided to ensure the maximum amount of 

protection. The last principle refers to the requirements of periodic radiation level 

measurements in the work environments and continuous personal monitoring 

(EU-Council, 1996; IAEA, 1973). 

33.2 Radiation quantities and units 

Absorbed dose D 

When ionizing radiation passes through matter, it interacts with the atoms and 

molecules in the medium it traverses, generating ionization and excitation. Depending 

on the medium, the absorbed radiation energy may lead to observable effects, for 

example blackening of photographic films, release of electrical charges in gases, 

heating and biological effects. This led to the idea of radiation absorbed dose D, that is 

the quotient of εd  by dm: 
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dm

dε
 = D

 
 

(33-1) 

where εd  is the mean energy imparted by the ionizing radiation to matter in a volume 

element of the mass dm (ICRU, 1980; ICRU, 1993). 

 

The special unit of absorbed dose is the 'gray' abbreviated Gy. (1 Gy = 1 J/kg). The 

earlier special unit of absorbed dose was the 'rad' (1 rad = 0.01 Gy). 

The mean absorbed dose, TD , in a specific tissue or organ, T, that is the organ dose 

is given by the following equation: 

 

∫
TmT

T dmD
m

D  
1

 =  

 

(33-2) 

where Tm  is the mass of the tissue or organ, and D is the absorbed dose in the mass 

element dm. 

 

The mean absorbed dose TD , in a specified tissue or organ, equals the ratio of the 

energy Tε , to the tissue or organ, and the mass, Tm , of the tissue or organ in question 

(ICRU, 1993). 

Quality factor Q 

A quality factor, Q, is introduced to weigh the absorbed dose for the differences in 

biological effectiveness of different types of ionizing radiation producing the absorbed 

dose. It is formulated to take into account the observation that radiation producing 

many ion-pairs per unit of path length is more damaging to the living cell than more 

sparsely ionizing types of radiation. For a charged particle, L is the quotient of the 

mean energy lost of the particle dE due to collisions with electrons in traversing a 

distance dl in matter, that is L = dE/dl (J/m, 1 J/m = 1.6×10-15 keV/µm)  

 

( )
100for   

10010for          

10for 

300

2.2-0.32L

1

≥

<<

≤





=

L

L

L

L

LQ  

 

(33-3) 

The linear energy transfer or collision stopping power, L, can be used to specify the 

radiation quality for different types of radiation. For γ- and X-rays, the quality factor, 

Q, is about 1. For alpha-particles and other multi-charged particles, the quality factor is 

around 20. For neutrons, the quality factor varies with energy and if the energy is 

unknown, Q is recommended to be 10. For protons and other single-charged particles 
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of rest mass greater than one atomic mass unit of unknown energy, the quality factor is 

recommended to be equal to 10 (ICRU, 1983; ICRU, 1986; ICRU, 1993). 

Dose equivalent H 

From the biological point of view, accumulated evidence demonstrates that the 

effects of the various types of ionizing radiation are not the same. It can be assumed 

that radiation can cause a change in an organism only because of the energy that is 

actually absorbed. A biological effect, however, may also depend upon the spatial 

distribution of the energy released along the track of the ionizing particle. It will 

therefore depend on the type and quality of the radiation, and equal energy imparted by 

different types of radiation may not produce the same biological effects. For radiation 

protection purposes, a separate quantity - the dose equivalent H was introduced in 

order to compare the radiation risk from different types of sources (ICRU, 1985). 

The special unit for the dose equivalent is the sievert when the absorbed dose is 

given in gray. 1 J/kg = 1 sievert = 1 Sv. The earlier unit was rem when the absorbed 

dose was given in rad (1 rem = 0.01 Sv) (ICRP, 1977; ICRU, 1993). The International 

Commission on Radiological Protection (ICRP) recommends that the limiting 

quantities are organ dose equivalent and effective dose equivalent. The organ dose 

equivalent is the mean dose equivalent in a specified tissue or organ and is given by the 

product TT DQ ⋅ . Where TQ  is the mean quality factor in the organ and TD  is the mean 

absorbed dose in the organ. 

The quantity effective dose equivalent takes into account different mortality risks 

associated with irradiation of different organs together with a proportion of potential 

hereditary effects (ICRP, 1977). The effective dose equivalent is the sum of the organ 

dose equivalents TH  weighted with a factor Tω  that represents the proportion of the 

stochastic risk resulting from irradiation of tissue type to the total risk when the whole 

body is irradiated uniformly. 

 
H HE T T =     

T

ω ⋅∑
  

 

(33-4) 

To assess the effective dose equivalent, the dose equivalent in each tissue from all 

sources is assessed and multiplied by the appropriate weighting factor ωT, as displayed 

in Table 33-2, and the resulting products are then summed. If all the tissues in the body 

were uniformly irradiated, the result is assumed to be numerically equivalent to the 

whole body dose equivalent. 

The ICRP has specified the following values of the tissue weighting factors together 

with some information concerning the 'remainder'. The value for gonads includes 

potential serious hereditary effects, as expressed in the first two generations 

(ICRP, 1991). For purposes of calculation, the remainder is composed of the following 

additional tissues and organs: adrenals, brain, upper large intestine, small intestine, 

kidney, muscle, pancreas, spleen, thymus and uterus. 
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The list includes organs that are likely to be selectively irradiated. Some organs in 

the list are known to be susceptible to cancer induction. If other tissues and organs 

subsequently become identified as having a significant risk of induced cancer, they will 

then be included either with a specific ωT or in this additional list constituting the 

remainder. The latter may also include other tissues or organs selectively irradiated.  

33.3 Dose quantities for protection against external radiation 

Equivalent dose and radiation weighting factors 

Biological studies have shown that the probability of stochastic health effects of 

radiation depends not only on the absorbed dose, but also on the type and energy of the 

radiation causing the dose. This can be accommodated by weighting the absorbed by a 

factor related to the type of radiation and its energy. Before Publication 60, ICRP 

recommended that the weighting factor be applied to the absorbed dose at a point, and 

it was called the quality factor Q according to ICRU. The weighted absorbed dose was 

referred to as dose equivalent (ICRP, 1977; ICRU, 1980). 

In Publication 60, a new quantity, equivalent dose, was defined by ICRP as 

absorbed dose averaged over a tissue or organ, weighted by radiation weighting factor 

Tw  due to radiation of type R incident on the body or emitted by radionuclides in the 

body. ICRP has used the symbol TH  for equivalent dose and the quantity is given by 

the equation: 

 

H w DT R T R =    ;   
R

∑ ,

 
 

(33-5) 

where RTD ,  is the absorbed dose averaged over the tissue 'T' due to radiation of type R 

(ICRP, 1991). 

 

The value of the radiation weighting factor wR for a specific type and energy of 

radiation is displayed in Table 33-1. This factor reflects the relative biological 

effectiveness (RBE) of the radiation on stochastic health effects at low doses. 

Effective dose E 

The incidence of stochastic health effects of radiation has been shown to depend on 

the organ or tissue irradiated. Some organs are more susceptible to radiation than 

others and have a greater risk of producing cancer or having other deleterious effects. 

ICRP has therefore developed another quantity to reflect the different risks, which is 

derived from equivalent dose. Each organ or tissue is weighted according to its 
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Table 33-1. The value of the radiation weighting factor wR for a specific type of radiation and energy 

 

Type of ionizing radiation Energy range 
Weighting 

factor (wR) 

Gamma radiation, X-rays All 1 

Electrons All 1 

Myons (µ-mesons) All 1 

Neutrons E (MeV) /62ln(2E)
e175

−
⋅+   

Protons except recoils > 2 MeV 5 

Alphaparticles, fission fragments, 

Heavy ions 
 20 

 

observed susceptibility to stochastic health effects (fatal cancer, non-fatal cancers and 

hereditary effects in all generations) using a tissue weighting factor Tw . This factor 

represents the relative contribution of the organ or tissue to the total detriment from 

stochastic effect compared to that from uniform irradiation of the whole body. The 

weighted equivalent dose is called the effective dose E and has the unit joules per 

kilogram, with the special name sievert (Sv). The effective dose is given by the 

following expression: 

 

        =    Dw w  = HwE
T R

T,RRT
T

TT ∑ ∑∑
 

 

(33-6) 

where TH  is the equivalent dose in tissue or organ T and Tw  is the appropriate 

weighting factor for tissue 'T' given in the table above. It is assumed that Rw  values are 

independent of radiation type and Tw  values are independent of tissue. RTD ,  is the 

mean absorbed dose in tissue or organ T delivered by radiation R (ICRP 1991). 

Table 33-2. Weighting factors (wT) for various tissues and organs 

 

Tissues or organ T 

 

 

Weighting 

factors  

( Tw ) 

Tissues or organ T 

 

 

Weighting 

factors  

( Tw ) 

Gonads 0.20 Liver 0.05 

Bone marrow (red) 0.12 Oesophagus 0.05 

Colon 0.12 Thyroid 0.05 

Lung 0.12 Skin 0.01 

Stomach 0.12 Bone surface 0.01 

Urinary bladder 0,05 Rest of the body 0,05 

Breast 0,05   
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The weighting factors are assumed to be appropriate for individuals of all ages and 

both sexes, that is for workers and members of the public (ICRP, 1991; ICRU, 1983). 

Committed equivalent dose ( )τTH  

In order to account for the time distribution of absorbed dose to internal organs 

exposed to the radiation from incorporated radionuclides, ICRP has defined the 

committed equivalent dose ( )τTH . This is the time integral of the dose equivalent rate 

in a particular organ following an intake of radioactive material into the body. If not 

specified, integration time τ is 50 years after intake for adults, taken to correspond to 

the period of active working during lifetime, and 70 years for children corresponding to 

the expected lifetime. The committed effective dose ( )τE  is similarly defined 

(ICRP, 1991; NCRP, 1993a). 

Collective dose equivalent 

With the assumption that the health effect is directly proportional to equivalent 

dose, it is sometimes useful to define a quantity to measure the total radiation exposure 

of a group of individuals. The relevant quantities are the collective equivalent dose TS  

which relates to a specified tissue or organ, and the collective effective dose S. If 

several groups are involved, the total collective quantity is the sum of the collective 

quantities for each group. The unit of these collective quantities is the man-sievert. 

33.4 Operational dose equivalent quantities for radiation 

monitoring 

The quantities equivalent dose and effective dose are defined by ICRP in order to 

determine the scale of the risk of health effects associated with exposure to radiation. 

The quantities are, however, impossible to measure in practice and so, for the purpose 

of monitoring external radiation, it is common practice to use operational dose 

equivalent quantities defined by ICRU (ICRU, 1985; ICRU, 1988; ICRU, 1992; 

ICRU, 1993). 

For purposes of routine radiation protection monitoring, it is desirable to charac-

terise the potential irradiation of individuals in terms of a single dose equivalent 

quantity that would exist in a phantom approximating the human body. The phantom 

selected is called the ICRU sphere which is a 30 cm diameter tissue-equivalent 

sphere  with a density of 1 g/cm3 and a mass composition of 76.2% oxygen, 11.1% 

carbon, 10,1% hydrogen and 2,6% nitrogen. 
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Area monitoring 

The two quantities for area monitoring were specified in ICRU Publication 39, the 

ambient dose equivalent ( )dH * , and the directional dose equivalent ( )dH ′ . Both 

quantities can be used for strongly and weakly penetrating radiation (ICRU, 1985; 

ICRU, 1992). 

The ambient dose equivalent ( )dH *
 at a point in a radiation field is the dose 

equivalent that would be produced by the corresponding expanded and aligned field in 

the ICRU sphere at a depth d on the radius opposing the direction of the aligned field. 

The field is 'expanded' so that it accommodates the phantom and 'aligned' so that the 

ambient dose equivalent is independent of the angular distribution of the real radiation 

field. The concepts of expansion and alignment may seem obscure, but they are 

necessary for practical measurement of external radiation. 

For strongly penetrating radiation, a depth of 10 mm is currently recommended, 

( )10*H . For weakly penetrating radiation, a depth of 0.07 mm for the skin, ( )07.0*H  

and 3 mm for the eye, ( )3*H  are employed. 

The directional dose equivalent ( )dH ′  at a point in a radiation field is the dose 

equivalent that would be produced by the corresponding expanded field in the ICRU 

sphere at a depth d in a radius in a specific direction Ω . For strongly penetrating 

radiation, a depth of 10 mm is currently recommended, ( )10H ′ . For weakly penetrating 

radiation, a depth of 0.07 mm for the skin, ( )07.0H ′  and 3 mm for the eye, ( )3H ′  are 

employed (ICRU, 1985; ICRU, 1992). 

Personal monitoring 

For individual monitoring the, personal dose equivalent ( )dH p  is recommended, 

which is appropriate both for strongly and weakly penetrating radiation, depending on 

the value of d (ICRU, 1992). 

The personal dose equivalent ( )dH p  is the dose equivalent in soft tissue below a 

specified point on the body at an appropriate depth d. Any statement of personal dose 

equivalent should include a specification of the reference depth, d mm. For strongly 

penetrating radiation, a depth of 10 mm is currently recommended, ( )10pH . For 

weakly penetrating radiation, a depth of 0.07 mm for the skin, ( )07.0pH and 3 mm for 

the eye, ( )3pH  are employed on an appropriate phantom (ICRU, 1992).  

( )dH p  can be measured with a detector worn at the surface of the body and covered 

with an appropriate thickness of tissue-equivalent material. The calibration of the 

dosimeter is generally performed under simplified conditions. 
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Justification of practice 

According to the recommendation of the ICRP 'no practise involving ionizing 

radiation shall be adopted unless its introduction process a positive net benefit'. The 

expression 'positive net benefit' invokes the idea of cost-benefit analysis. The choice of 

'positive net benefit' will, however, depend on many factors, only some of which are 

associated with irradiation protection. Therefore, more general decision-making 

methodologies need to be adopted on the justification of practices. Often, there is a 

need to ensure that the total detriment from a practice is very small in relation to the 

expected benefit of the practice. 

Optimisation of radiation protection 

ICRP recommends that 'all exposures of ionizing radiation shall be kept as low as 

reasonably achievable' and 'social factors taken into account'. Since any exposure of 

ionizing radiation is assumed to involve some degree of hazard (that is risk of inducing 

genetic effects and cancer), all exposures should be kept as low as reasonably 

achievable. 

The optimisation applies for doses below the recommended safety dose limits and 

therefore non-stochastic effects are precluded. For the stochastic effects, the mathe-

matical expectation of harm in an exposed group of people is proportional to the 

collective effective dose equivalent. 

The optimisation procedure makes it necessary to express cost of protection and 

detriment in the same unit. Since the health detriment is proportional to the collective 

effective dose equivalent, it is assumed that the cost of the health detriment is also 

proportional to that quantity. 

The cost of health detriment in monetary units is the cost the society is willing to 

pay to avoid this detriment. This cost is in the range of $1 000 per man-sievert to 

$100 000 per man-sievert. 

33.5 Recommended safety dose limits 

In order to prevent acute effects (non-stochastic effects) of radiation exposure and to 

limit the occurrence of late effects (stochastic effects) to an acceptable level, Publi-

cation 60 of the ICRP makes the following recommendations of dose limits for occupa-

tional exposure and exposure of the public (ICRP, 1991; NCRP, 1993b). 

The limit of effective dose to all single tissues except the eye lens is 0.02 Sv (2 rem) 

per year, averaged over defined periods of 5 years (0.1 Sv in 5 years), with further 

provision that the effective dose should not exceed 0.05 Sv in any single year. 

These restrictions on effective dose are sufficient to ensure the avoidance of deter-

ministic effects in all body organs except the lens of the eye, which makes a negligible 

contribution to the effective dose, and the skin, which may well be subject to localised 

exposure. Separate dose limits are therefore needed for these tissues. The dose-
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equivalent limit to the lens of the eye is 0.15 Sv (15 rem) in a year and 0.5 Sv (50 rem) 

for the skin, averaged over any 1 cm2, regardless of the area exposed. (Table 33-3) 

Dose limits for exposed workers (EU-Council, 1996) 

The limit on effective dose for exposed workers shall be 100 mSv in a consecutive 

five-year period, subject to a maximum effective dose of 50 mSv in any single year. 

• The limit on equivalent dose for the lens of the eye shall be 150 mSv in a year. 

• The limit on equivalent dose for the skin shall be 500 mSv in a year. This limit 

shall apply to the dose averaged over any area of 1 cm2, regardless of the area 

exposed. 

• The limit on equivalent dose for the hands, forearms, feet and ankles shall be 

500 mSv in a year. 

Special protection during pregnancy and breastfeeding 

(EU-Council, 1996) 

As soon as a pregnant woman informs her employers in accordance with national 

legislation and/or national practice of her condition, the protection of the unborn child 

is comparable with that provided for members of the public. The conditions for the 

pregnant woman in the context of her employment shall therefore be such that the 

equivalent dose to the unborn child will be as low as reasonably achievable and that it 

will be unlikely that this dose will exceed 1 mSv during at least the remainder of the 

pregnancy. 

As soon as a nursing woman informs her employers of her condition, she shall not 

be employed in work involving a significant risk of bodily radioactive contamination. 

Dose limits for apprentices and students (EU-Council, 1996)  

The dose limits for apprentices aged 18 years or over and students aged 18 years or 

over who, in the course of their studies, are obliged to use sources shall be the same as 

the dose limits for exposed workers. 

The limit for effective dose for apprentices aged between 16 and 18 years and for 

students aged between 16 and 18 years who, in the course of their studies, are obliged 

to use sources shall be 6 mSv per year. 

Without prejudice to this dose limit: 

• The limit on equivalent dose for the lens of the eye shall be 50 mSv in a year. 

• The limit on equivalent dose for the skin shall be 150 mSv in a year. This limit 

shall apply to the dose averaged over any area of 1 cm2 regardless of the area 

exposed. 

• The limit on equivalent dose for the hands, forearms, feet and ankles shall 

be 150 mSv in a year. 
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The dose limits for other apprentices and students shall be the same as the dose 

limits for members of the public. 

Specially authorised exposures (EU-Council, 1996)  

In exceptional circumstances, excluding radiological emergencies and evaluated 

case by case, the competent authorities may, where some specific operation so requires, 

authorise individual occupational exposures of some identified workers exceeding the 

general dose limits provided that such exposures are limited in time, confined to 

certain working areas and within maximum exposure levels defined for the particular 

case by the competent authorities.  

The following conditions shall be taken into account: 

• Only category A workers who are liable to receive an effective dose greater 

than 6 mSv per year may be subject to specially authorised exposures. 

• Apprentices, students, pregnant women and breastfeeding women who are likely 

to be bodily contaminated shall be excluded from such exposures. 

• The undertaking shall carefully justify these exposures in advance and 

thoroughly discuss them with the voluntary workers, their representatives, the 

approved medical practitioner, the approved occupational health services or the 

qualified expert. 

• Information about the risks involved and the precautions to be taken during the 

operation shall be provided to the relevant workers in advance. 

• All doses relating to such exposures shall be separately recorded on the worker's 

medical record. 

 

Exceeding dose limits as a result of specially authorised exposures does not 

necessarily constitute a reason for the employer to exclude or relocate the worker 

without prior agreement. 

Dose limits for members of the public (EU-Council, 1996) 

The dose limits for members of the public shall be as follows: 

The limit for effective dose shall be 1 mSv in a year. However, in special circum-

stances, a higher effective dose may be authorised in a single year provided that the 

average over five consecutive years does not exceed 1 mSv per year. 

• The limit on equivalent dose for the lens of the eye shall be 15 mSv in a year. 

• The limit on equivalent dose for the skin shall be 50 mSv in a year averaged 

over any 1 cm2 area of skin regardless of the area exposed. 

 

The dose limits summarised in Table 33-3 should not be exceeded in occupational 

exposure to ionizing radiation. Both external irradiation from radiation sources outside 

the body and internal radiation from intake of radioactive compounds via respiration, 
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the digestive channel, other body openings or the skin should be considered during the 

time period in question. 

Table 33-3. Dose limits for occupational exposure, students and general public 

 

Situation 

 

Dose quantity 

 

Time period 

 

Maximum effective dose 

or equivalent dose 

mSv 

E (whole body) year 50 

H (lens of the eye) year 150 

H (skin) year 500 

H (extremities) year 500 

Worker 

E wb sum during 5 consecutive years 100 

E (whole body) year 6 

H (lens of the eye) year 50 

H (skin) year 150 

Students (16-18 a) 

During training 

H (extremities) year 150 

E (whole body) year 1 

H (lens of the eye) year 15 
General Public 

and pregnant workers 
H (skin) year 50 

 

To be able to compare dose-equivalent limits of instantaneous exposure from 

external sources with prolonged exposure received from intake of radioactive 

materials, ICRP has introduced the idea of annual limits of intake. ALI (Annual Limits 

of Intake) correspond to the committed effective dose from an intake of a given 

radionuclide equal to the effective dose limit of 0.02 Sv per year for radiological 

workers. Keeping the intakes in each year to less than the ALI ensures that the 

maximum annual dose equivalent from that radionuclide will always be less than the 

dose equivalent limit even if the intake continues every year for 50 years (ICRP, 1988).  

When both external and internal exposures are received in a year, the annual dose 

limit will not be exceeded if the following condition is met: 

 

   1
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(33-7) 

where E is the actual annual effective dose, jI  is the annual intake of radionuclide j 

and jALI  is the annual limit on intake for radionuclide j. In case of dose to the skin, 

the following condition is met: 
 

  1
5.0

<skinH

 
(33-8) 

 

where skinH is the actual annual equivalent dose. 
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In cases of inhaled radioactivity, derived air concentrations (DAC) are of practicable 

use. These are obtained by dividing the ALI-value by a standard volume of air inhaled 

in a working year of 2 000 hours at breathing rate of 1.2 m3/h 

Occupational exposure of women 

The basis for the control of the occupational exposure of women who are not 

pregnant is the same as for men. However, if a woman is, or may be pregnant, 

additional controls have to be considered to protect the unborn child. Once pregnancy 

has been declared, the conceptus should be protected by applying a supplementary 

equivalent-dose limit to the surface of the woman's abdomen (lower trunk) of 2 mSv 

for the remainder of the pregnancy and by limiting the intake of radionuclides to 

about 1/20 of the ALI (ICRP, 1991).  

Management of overexposed workers 

ICRP's recommended dose limits do not apply to accidents and emergencies, but 

only to those conditions where the source of exposure is under control. Measures to be 

taken in case of over exposure of workers can be summarised in the following: 

Notification 

Provisions are made for the notification of the worker, immediate person 

responsible, employer, medical adviser, and responsible authority under specified 

conditions when suspected overexposure occurs. 

Assessment of dose and immediate medical attention 

Immediate action is required to be taken to assess the dose incurred and 

communicate this information to the medical advisor. 

Investigation 

A detailed investigation is required to identify and record the circumstances causing 

the over exposure and recommendations are made for corrective action if indicated to 

ensure that recurrence of the circumstances causing the accident is unlikely. An 

important element in the corrective action is to ensure that information developed in 

the investigation is widely disseminated so that other activities can profit from the 

experience. 

Recording of exposure 

Requirements are included for the recording of the dose by the employer, the 

medical advisor and, in some cases, a central state authority. 
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Medical follow-up and future employment restrictions 

Medical follow-up and future employment restrictions are handled on a case-by-

case basis through consultation between the employer, worker, medical advisor and 

competent authority. In one case, there would be generic requirements in regulations 

that, following an overexposure, the individual must not be assigned to tasks that are 

likely to result in the dose-equivalent exceeding one per cent of the annual limit during 

the remainder of the calendar year in which the exposure occurred. 
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34 Ultraviolet Radiation 

Bertil R. R. Persson 

34.1 Physical properties of UV-radiation 

Ultraviolet radiation is the part of the electromagnetic spectrum with frequencies 

between the softest ionizing radiation (X-rays) on one side and visible radiation on the 

other. This range of the spectrum is classified into different zones according to 

Table 34-1. 

Table 34-1. Classification of UV-radiation 

 

Type of radiation 
Frequency range 

THz 

Wavelength 

nm 

Energy per photon 

eV 

UV Ionizing part 300 000-3 000 1-100 1 240-12.40 

UV Non-ionizing part 3 000-750 100-400 12.40-3.10 

UVC 3 000-1 070 100-280 12.40-4.43 

UVB 1 070-952 280-315 4.43-3.94 

UVA 952-750 315-400 3.94-3.10 

Visible light  400-760  

Infrared light  760-10
6
  

34.2 Sources of UV-radiation 

Solar radiation 

The sun is the most important source of UV-radiation (Suess & Benwell-

Morison, 1989; UNEP 1984). The broad spectrum and the intensity of the UV from the 

sun are due to the high temperature at its surface and its size. The energy fluence rate 

of solar radiation at the earth is 1 360 Jּs-1ּm-2
, of which about 40% is reflected back 

into space. About 8% of the solar radiation reaching the earth is within the UV-

spectrum and at sea level 6% is UV-radiation. UVA is 10-100 times more abundant 

than UVB and UVC is practically absent due to absorption by ozone in the atmosphere. 

Ozone O3, is produced when oxygen, O2, in the upper atmosphere absorbs UVC 

(λ < 245 nm). Thus, the ozone layer eliminates UVC that affects DNA and induces 

mutations, and increases the incidence of cancer. Since 1970, however, a significant 

decrease of the ozone layer over the Antarctic region has been observed. It is likely that 

this depletion is related to anthropogenic chlorofluorocarbons. These compounds 

released at ground level are carried by atmospheric convection to high altitudes where 
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they are photolyzed by UVC and chlorine atoms are formed. When these Cl atoms 

enter the ozone layer, they react with O3 and form ClO. The dimer Cl2O2 decomposes 

into Cl+Cl+O2. In this manner, each Cl atom can destroy hundreds of thousands O3 

molecules. 

The thickness of the ozone layer is measured in Dobson units 'DU', and the 

value 100 DU corresponds to a column of pure ozone of 1 mm (NTP). A normal value 

is about 300 DU. 

Artificial sources 

Most sources of UV-radiation can be grouped together in categories shown below: 

Gas discharges 

• Mercury lamps (low-, medium-, and high-pressure) 

• Mercury lamps with metal halides 

• Noble gas lamps 

• Flash tubes 

• Hydrogen and deuterium lamps 

Electrical discharges 

• Welding arcs 

• Carbon arcs 

Incandescent sources 

• Tungsten halogen lamps 

Fluorescent lamps 

• Fluorescent tubes 

• Fluorescent sun UV emitters 

• Black-light UV emitters 

Mixed sources 

• Carbon arc 

 

To permit the transmission of UV when the discharge does not take place in free air, 

gas discharge arcs and other UV sources must be contained within an envelope of 

quarts or UV-transmitting glass. On the other hand, sources that are designed primarily 

to emit visible radiation but which also produce significant amounts of UV should be 

provided with an external screen of glass. This measure does not permit the passage of 

the unwanted UVB and UVC radiation. Incandescent lamps emit practically no UV-

radiation, while halogen lamps operate at higher temperature and give small fluence 

rates of UVA radiation. It has been speculated that these lamps might have a photo-
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carcinogenic effect but in view of their small fluence rates of UVA, the risk is probably 

negligible compared to the carcinogenic effect of solar radiation. Fluorescent tubes 

contain mercury vapour which gives a typical line spectrum (245, 313, 405, 436, 546 

and 577 nm) when current is passed through it. The UV lines are partly absorbed by the 

fluorescent layer on the inner surface of the tube and the glass tube. 

34.3 Hazards due to overexposure of UV-radiation 

The most common source of over exposure to UV-radiation is the sun. Working 

outdoors risks potential overexposure of the eyes and the uncovered skin, which might 

have both acute and late effects. 

Tubes used in solaria emit mainly in the UVB and UVA region and are more 

carcinogenic than solar radiation since visible light removes some of the carcino-

genicity in a process called photoreactivation. 

UV-emitting arcs in welding constitute a serious risk of overexpose. The use of UV 

radiation in some graphic reproduction techniques also represents an exposure risk for 

the workers concerned. In the sterilisation of food and air in sterile rooms, UVC is 

used, which might have pathological effects resulting from accidental exposure. 

34.4 Safety standards for UV-radiation 

A number of national and international organisations have promulgated guidelines 

or standards on exposure to UV. Most are based on the same basic criteria of ref. 

(ACGHI, 1993; IRPA/INIRC, 1991). 

These standards specify a threshold limit value based on the action spectrum for 

acute effects such as photokeratitis and erythema in normal white-skinned individuals. 

Table 34-2 displays the threshold limit values (TLV) and relative spectral effectiveness 

for sources emitting essentially monochromatic UV. To calculate the maximum 

permissible exposure for a broad band source, the relative contribution from all its 

spectral components is summarised. Each contribution is weighted by means of the 

relative spectral effectiveness S
λ

, as given in Table 34-2. 

The threshold limit value TLV is defined as the effective irradiance multiplied with 

the exposure time texp in seconds: 

 

expeffTLV E t= ⋅           ; J/m
2 

(34-1) 

 

effE E S
λ λ λ

λ

= ⋅ ⋅∆∑   ; W/m
2 

(34-2) 

 

where: 

 
effE  effective irradiance in W/m

2
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      E
λ   spectral irradiance from measurements in  Wּm-2ּnm

-1
 

 S
λ

 relative spectral effectiveness factor (unit-less) 

 
λ

∆    bandwidth of the calculation or measurement in nm 

 

At 270 nm in the UVC range, S
λ  is 1.0, but at 360 nm in the center of the UVA 

range at 360 nm, its value falls to 0.00013, and continues to fall for longer 

wavelengths. 

The radiant UV exposure incident upon the unprotected skin or eye within an 8-hour 

period should not exceed the values given in Table 34-2 below. The limits apply to 

sources whose emissions are measured with an instrument having a cosine response 

detector oriented perpendicular to the most directly exposed surfaces of the body when 

assessing skin exposure and along (or parallel to) the line(s) of sight when assessing 

ocular exposure. Although no measurement averaging aperture is recommended, 1 mm 

is commonly used. 

Table 34-2. Threshold limit values (TLV) and relative spectral effectiveness by wavelength for an 8-hour 

period of exposure 

 

Wavelength, λ  

nm 

TLV 

J/m
2
 

Relative spectral 

effectiveness 

S
λ  

180 2 500  0.012 

190 1 600  0.019 

200 1 000  0.03 

210 400  0.075 

220 250  0.12 

230 160  0.19 

240 100  0.30 

250 70  0.43 

254 60  0.50 

260 46  0.65 

270 30  1.00 

280 34  0.88 

290 47  0.64 

300 100  0.30 

305 500  0.06 

310 2 000  0.015 

315 10 000  0.003 

360 230 769  0.00013 

400 1 000 000  0.00003 

 

The guidelines discussed so far do not take into account the long-term risk of skin 

cancer. As the action spectrum for UV carcinogenesis appears to be similar to that for 
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UV erythema, the cancer risk may also be discussed in terms of erythemally effective 

dose. 

The basic threshold limit value (TLV) for both the general public and occupational 

exposure to UV incident on the skin or eye is 30 J/m
2
, effective when the spectral 

irradiance E at the eye or skin surface is mathematically weighted with the hazard 

relative spectral effectiveness factor S from 180 nm to 400 nm. 

Permissible exposure duration, maxt  for exposure (in seconds) to UV is calculated 

by: 

 

 max 30 / efft E=  (34-3) 

 

where effE  is in W/m
2
. Examples are provided in Table 34-3. 

Table 34-3. Limiting UV exposure duration based on exposure limits (IRPA/INIRC, 1991) 

 

Effective irradiance Duration of exposure 

per day 
FeE  (W/m

2
) FeE   (W/cm

2
) 

 8 hours  0.001  0.1 

 4 hours  0.002  0.2 

 2 hours  0.004  0.4 

 1 hour  0.008  0.8 

 30 minutes  0.017  1.7 

 15 minutes  0.033  3.3 

 10 minutes  0.05  5 

  

The TLVs were developed considering lightly pigmented populations with greatest 

sensitivity and predisposition to adverse health effects from exposure to UV. The 

limits apply to UV exposure of the working population, but with some precautions also 

apply to the general public. However, there are some highly photosensitive individuals 

who may react adversely to exposure at these levels. These individuals are normally 

aware of their heightened sensitivity. Likewise, if individuals are concomitantly 

exposed to photosensitizing agents, an enhanced reaction can take place. Many 

individuals who are exposed to photosensitizing agents (ingested or externally applied 

chemicals, e.g. in cosmetics, foods, drugs, industrial chemicals, etc.) may not be aware 

of their heightened sensitivity. Lightly pigmented individuals conditioned by previous 

UV exposure (leading to tanning and hyperplasia) and heavily pigmented individuals 

can tolerate skin exposure in excess of the ELs without erythemal effects. However, 

repeated tanning may increase the risk of accelerated skin aging and even skin cancer. 

Such risks should be understood prior to the use of UV for medical phototherapy or 

cosmetic exposure. 
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34.5 Biological effects of ultraviolet radiation 

It is widely accepted by scientific and medical authorities throughout the world that 

UV is potentially carcinogenic and capable of producing other undesirable health 

effects. It is sensible therefore to take steps to minimise UV exposure. Many risks in 

life are completely beyond our control, such as contracting a rare disease. However, 

risks to health associated with exposure to UV from both natural and artificial sources 

can be substantially reduced by taking appropriate control measures. 

Since UV exposure occurs externally, simple measures can be taken to reduce the 

exposure received. A high degree of protection can be afforded by protective clothing 

(including hats), UV protective eyewear (welding helmets, face shields, goggles, 

sunglasses, spectacles etc.) and by sunscreens for exposed skin. However, the degree of 

protection afforded can be reduced by ingestion of photosensitizing drugs or 

photoallergic/phototoxic reactions produced by chemicals or cosmetics in contact with 

the skin. Thus, education is also an important control measure. 

Concern about high incidences of skin cancer and eye damage has led to national 

educational campaigns in some countries to encourage people to protect themselves 

against excessive UV exposure from the sun and in the workplace. Educational 

programmes directed at both the workforce and the public is intended to create an 

awareness of the adverse health effects that can result from overexposure to UV. 

Presently, in several different countries around the world, daily environmental UV 

levels are supplied to the general public in the form of UV indices. Their provision is 

intended to educate the public on the basic climatology of UV, increase awareness of 

the hazards of UV and provide information necessary to plan protection. In a report 

commissioned to investigate Canadian attitudes to Environment Canada' s UV index 

(Environment Canada, 1993), it was found that 73% of Canadians were aware of the 

UV index, 91% believed UV affected human health and most importantly, 59% of the 

respondents aware of the UV index had changed their sun exposure habits. 

Penetration and absorption of short wave UV-radiation in humans are restricted to 

the epidermis. Penetration is somewhat deeper at longer wavelengths and in non-

pigmented subjects, with some penetration into the dermis, especially at wavelengths 

greater than 300 nm. Melanin plays a major role for penetration of UVA and UVB 

through the epidermis. The transmittance at 300 nm is 100-1 000 times larger for 

unpigmented than for darkly pigmented skin. The reactions of human exposure to UV-

radiation result in a thickening (hyperplasia) of the epidermis. For UVB, even mild 

hyperplasia plays a large protective part, while it offers no protection against UVA and 

visible light. 

Urocanic acid in the epidermis is a chromophore responsible for UV effects on the 

immune system. It has an absorption spectrum around 270 nm, the same as DNA and 

may thus play a protective role. 

Haemoglobin present in the erythrocytes of circulating blood degrade into bilirubin, 

which is a lipophilic substance present in the whole skin. With betacaroten also 

present, these substances act as antioxidants and protect against solar radiation. 
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The cornea absorbs most of the UV-radiation that hits the eye. Some UV-radiation 

at wavelengths above 295 nm may, however, reach the lens and the tissues in the 

anterior part of the eye. The final absorption takes place in the lens, and the retina is 

exposed only under special circumstances. 

The absorption of UV depends on the wavelength. Nucleic acids, the biomolecules 

of greatest importance, have their main absorption peak close to 265 nm due to the 

pyrimidine structure. The absorbing site in protein is the aromatic amino acids with 

absorption peaks at 275 nm for tyrosine and 280 nm for tryptophane. In vivo absorption 

of UV produces DNA interstrand cross-links and DNA strand breaks. In the UVB 

region, the production of covalent dimers of thymidine is of greatest importance. 

(Smith, 1976; Beuker, 1959) 

Because of its limited penetration, the effects of UV in humans are essentially 

restricted to the skin and eyes; only under special circumstances may such effects also 

extend to the oral cavity (Suess & Benwell-Morison, 1989). 

 

In skin, immediate changes occur after UV-exposure: darkening of pre-existing 

melanin pigment, production of erythema (sunburn), upward migration and production 

of melanin granule (sunning), and changes in epidermal cell growth. 

 

In the mouth, UV-exposure is a consequence of recent dental practices where plastic 

materials are hardened (or cured) by UV treatment. The mucous membrane of the 

mouth may be exposed to unwanted UV irradiation when defective equipment is used. 

To date, severe erythema of the skin around the mouth has been observed under such 

conditions.  

 

In the eye, the main clinical effects of UV are photokeratitis and conjunctivitis, 

which appear 2-24 hours after irradiation. The symptoms are acute hyperaemia, 

photophobia, and blepharospasm, which last from 1 to 5 days. In general, there is no 

residual lesion. Photokeratitis is caused preferentially by UVB but also by UVA, 

though with decreased sensitivity. Peak sensitivity of the cornea appears at wave-

lengths of 270 or 288 nm. The effect depends on the total energy absorbed. The 

threshold has a minimum at 270 nm of 50 J/m
2
 rising to 550 J/m

2 
at 310 nm, and 

followed by a step increase to 22 500 J/m
2
 at 315 nm. 

 

After prolonged exposure to sunlight over a period of years, the dermis will begin to 

degenerate with a decrease in elasticity due to degeneration of the collagen fibres 

combined with other histological changes. The visible symptoms are deep furrows in 

the skin giving an appearance of premature aging. The epidermis may also be involved 

in the development of an increased cellular proliferation rate and a certain amount of 

cellular atypia. This suggests that it may represent a pre-cancerous stage in the 

development of squamous cell carcinoma. Cancer of the skin is a well-recognised 

effect of UV irradiation, both in experimental animals and in humans. Three types of 

cancer are observed: basal cell carcinoma, squamouscell carcinoma and malignant 

melanoma. 



 

 

 

34.  Ultraviolet Radiation  521 

 

The evidence for the production of cancer by UV is substantial for all types of 

malignancies. In man, the evidence for UV induction of skin cancer is both clinical and 

epidemiological. Basal-cell and squamouscell carcinoma appear preferentially on 

uncovered skin of lightly pigmented individuals. The latency period is in the order 

of 10-15 years for malignant melanomas. 
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35 Lasers 

Bertil R. R. Persson 

35.1 Laser hazard classification 

Lasers can produce a highly collimated beam of optical radiation (i.e. ultraviolet, 

visible or infrared radiation) that can pose a hazard at a considerable distance – quite 

unlike most hazards encountered in the workplace. Perhaps it is this characteristic 

more than anything else that has led to special concerns expressed by workers and by 

occupational health and safety experts. Nevertheless, lasers can be used safely when 

appropriate hazard controls are applied. Standards for the safe use of lasers exist 

world-wide, and most are 'harmonised' with each other (ANSI, 1993; IEC, 1993). All 

of the standards make use of a hazard classification system, which groups laser 

products into one of four broad hazard classes according to the laser's output power or 

energy and its ability to cause harm. Safety measures are then applied commensurate to 

the hazard classification (Cleuet & Mayer, 1980; Duchéne et al., 1991). 

Currently laser safety standards throughout the world follow the practice of 

categorising all laser products into hazard classes. Generally, the scheme follows a 

grouping of four broad hazard classes, 1 through 4. Class 1 lasers cannot emit 

potentially hazardous laser radiation and pose no health hazard. Classes 2 through 4 

pose an increasing hazard to the eye and skin. The classification system is useful since 

safety measures are prescribed for each class of laser. More stringent safety measures 

are required for the highest classes. Thus, belonging to a certain laser Class gives a 

rough idea of how dangerous that particular laser is. The bases for classification are 

radiation output data, and depending on these data, different technical safety devices 

and labelling are required. 

The Class-limits (Accessible Emission Limits, AEL) are derived from the MPE-

values. In most cases, the applicable MPEs are given in the units W/m
2
 or J/m

2
. By 

multiplying with certain areas we get the units W or J, which is the normal way to 

express the AEL-values. These areas are circular and in the wavelength range. 

Table 1. Areas for converting MPEs into Accessible Emission Limits, AEL. By multiplying MPE 

W/m
2
 or J/m

2
 with those areas, AELs in the units W or J are calculated. 

 
Laser wave length 

nm 

Area 

m
2
 

180-400  1×10
-6

 

400-1 400  7×10
-6

 

1 400-10
5
  1×10

-6
 

10
5
-10

6
  100×10

-6
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There is another set of MPE-values that concern extended sources, typically diffuse 

reflexes. These MPEs are given in radiance or integrated (over time) radiance: 

Wּm-2ּsr
-1

 or Jּm-2ּsr
-1

. In cases where the source itself is extended, the MPEs might 

be used as well as AELs. 

Class 1 Laser 

Class 1 is considered an 'eye-safe', no-risk grouping. Most lasers that are totally 

enclosed e.g. are Class 1. This Class contains lasers that are not dangerous and, thus, 

no safety measures are required for a Class 1 laser. This also means that the MPE-

values cannot be exceeded under any realistic exposure conditions. Class 1 lasers – or 

laser products – can be of two kinds. Either the laser itself is so weak that the MPE-

values are not exceeded or the product contains a strong laser which however is 

embedded and interlocked in such a way that no dangerous laser radiation can be sent 

out from the product in normal use. Typical examples of the latter are laser CD-

recorders, CD-players and laser printers. 

Since the MPEs are complicated, the AELs for Class 1 laser products are 

correspondingly complicated. Normally, the AELs for Class 1 are derived from the 

MPEs regarding the time base 1 000 seconds. For ultraviolet lasers, or if the purpose 

and design of a laser product is of a kind that laser radiation viewing is inherent in the 

product, the time base 30 000 seconds (about 8 hours) is used. A microscope lighting 

system might be an example of the latter case. 

Class 2 Laser 

Class 2 lasers are visible lasers that emit a very low power that would not be 

hazardous even if the entire beam power entered the human eye and was focused on the 

retina. The eye's natural aversion response to viewing very bright light sources protects 

the eye against retinal injury if the energy entering the eye is insufficient to damage the 

retina within the aversion response. The aversion response is composed of the blink 

reflex (approximately 0.16-0.18 second), a rotation of the eye and movement of the 

head when exposed to such bright light. Current safety standards conservatively define 

the aversion response as lasting 0.25 second. Thus, Class 2 lasers have an output power 

of 1 milli-watt (mW) or less that corresponds to the permissible exposure limit for 0.25 

second. Examples of Class 2 lasers are laser pointers and some alignment lasers. 

Some safety standards also incorporate a subcategory of Class 2, referred to as 

'Class 2A'. Class 2A lasers are not hazardous to stare into for up to 1 000 s (16.7 min). 

Most laser scanners used in point-of-sale (super-market checkout) and inventory 

scanners are Class 2A. 

This class only contains lasers giving visible radiation, i.e. in the wavelength 

range 400 to 700 nm. If the beam should hit an eye, a strong sensation of glare due to 

the exposed retina is experienced. This starts aversion responses such as the eyelid 

reflexively closing to protect the retina. A few occasional exposures of this kind do no 
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harm. Thus, in any application using a Class 2 laser, it is advisable to try to avoid eye 

exposure to the beam. 

The time base for Class 2 is 0.25 seconds - roughly the time it takes from the glare 

sensation until the eyelid has closed. For continuous wave-lasers, the AEL is simply 1 

mW. For repetitive pulsed lasers, the AEL per pulse depends on the pulse duration and 

number of pulses that can occur in 0.25 seconds. Thus, the AEL has to be calculated 

according to the rules in analogy with the calculations of MPE. 

According to the MPE table, the MPE for 0.25 seconds in the visible spectral region 

is: 

 
0.7518MPE t= ⋅      ; J/m

2  
(35-1) 

 

Inserting 0.25 for t gives MPE = 6.36 J/m
2
. That energy density delivered in 

under 0.25 seconds corresponds to a power density of 6.36/0.25 = 25.46 W/m
2
. Since 

radiation in the wavelength region reaches the retina, the area used to convert the MPE 

into a Class limit is given by the pupil area (diameter 7 mm, area 3.85×10
-5

 m
2
). The 

MPE is multiplied by the actual area to get the AEL: 

 

AEL = 25.46 ⋅ 3.85 × 10
 -5

 = 9.80 × 10
 -4

 ≈ 1 mW  (35-2) 

 

i.e. the Class limit.  

Class 3 Laser 

Class 3 Lasers pose a hazard to the eye since the aversion response is insufficiently 

fast to limit retinal exposure to a momentarily safe level, and other structures of the eye 

(e.g., cornea and lens) could also be damaged. Skin hazards do not normally exist for 

incidental exposure. Examples of Class 3 lasers include many research lasers and 

military laser rangefinders. 

A special subcategory of Class 3 is termed 'Class 3A' (with the remaining Class 3 

lasers termed 'Class 3B'). Class 3A lasers are those with an output power of between 

one and five times the AELs of Class 1 or Class 2, but with an output irradiance not 

exceeding the relevant occupational exposure limit for the lower class. 

There are two groups of Class 3A lasers – those producing visible radiation and 

those producing invisible radiation. Lasers with visible radiation (400 to 700 nm) are 

related to Class 2. The AEL for CW-lasers is 5 mW. This is 5 times greater than the 

AEL for Class 2. For pulsed lasers, the AEL is calculated exactly as for a Class 2 laser 

and finally multiplied by 5. However, there is also another condition that must be 

met
  
at the same time; for CW-lasers, the power density within the beam must not 

exceed 25 W/m
2
. This means that if the total power is 5 mW, the area of any cross 

section of the beam must be at least 2 cm
2
. 
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If, for example, the beam hits an eye, only a fraction of the total power will enter the 

eye and reach the retina. According to the rules, if the pupil size is of diameter 7 mm 

(area 3.85×10
-5

 m
2
), the power (P) that will enter that opening is: 

 

P = 3.85×10
 -5

 m
2
⋅ 25 W/m

2
 = 9.6×10

 -4
 W ≈ 1 mW (35-3) 

 

The power that can enter the naked eye equals that given for a Class 2 laser, and the 

risk evaluation is identical. The only difference is that if a Class 3A laser beam is 

viewed by an optical instrument that will collect the radiation and guide it into the eye, 

for instance a pair of binoculars, a more dangerous situation might occur. There is also 

a warning on the label for Class 3A lasers not to use optical instruments. 

The other group of Class 3A lasers contains those giving invisible radiation i.e. 

λ < 400 nm or λ > 700 nm. This group is related to Class 1. The AELs are 5 times the 

AELs for Class 1 lasers of the same wavelength and time pattern. Also, the laser's beam 

shall be expanded so that MPEs are not exceeded, or the fraction that can reach the 

retina is not more than the AELs for Class 1 lasers. The prescribed text on the Class 3B 

warning labels is: 

'AVOID EXPOSURE TO BEAM' 

 

The beam is dangerous. If a visible laser beam hits an eye, a glare sensation will 

certainly occur and the MPEs are exceeded before the eyelid has had time to close. If 

the radiation is invisible, no warning appears. Radiation at the stronger end of the Class 

will certainly cause pain in the skin if directly irradiated. For an extended source, the 

MPEs in the spectra1 range (400-1 400 nm) are given in terms of radiance (W·m
-2

·sr
-1

 

or J·m
-2

·sr
-1

). In the visible region, there is the time dependent: 

 

MPE = 10
5
⋅  t

0.33
       ; J·m

-2
·sr

-1
 for short pulses (35-4) 

 

The condition of Class 3B that diffuse reflexes shall be harmless puts a limitation 

on the power density out of the laser. General physics concerning a plane source 

diffusely radiating in all directions over the hemisphere states that if a white matt target 

is hit by a beam the power of which is P (W) and with the cross section area A (m
2
), 

then the target gets the radiance P/π⋅
 
A (W·m

-2
·sr

-1
). Thus, a factor can be afforded of π 

more than the MPEEXT as AEL in terms of power density or energy density. The AEL is 

accordingly: 

 

AEL = πּl0 5ּt 0.33 
; J/m

2
 (35-5) 

Class 4 Laser 

Lasers whose radiation power or energy exceeds the AELs for Class 3B belong to 

Class 4. The beam is dangerous and so are diffuse reflexes, always at least under some 
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conditions. These lasers can also cause fire and must be treated with the utmost care. 

Class 4 lasers may also pose a significant skin hazard or a diffuse-reflection hazard. 

Virtually all surgical lasers and material processing lasers used for welding and cutting 

are Class 4 if not enclosed. Lasers with an average power output exceeding 0.5 W are 

Class 4. If a higher power Class 3 or Class 4 is totally enclosed so that hazardous 

radiant energy is not accessible, the total laser system could be Class 1. A hazardous 

laser inside an enclosure is called an 'embedded laser' (Glansholm, 1990). 

35.2 Occupational exposure limits 

Guidelines for human exposure limits for laser radiation has been published by The 

International Commission on Non-Ionizing Radiation Protection (ICNIRP, 1995) and 

these guidelines are periodically updated. Representative exposure limits (ELs) are 

provided in Table 35-2 for several typical lasers. Virtually all laser beams exceed the 

permissible exposure limits. Thus, in actual practice, the exposure limits are not 

routinely used to determine safety measures. Instead, the laser classification scheme – 

which is based upon the ELs applied under realistic conditions - is really applied to this 

end. 

35.3 Laser safety standards and measures 

Many nations have published laser safety standards, and most are harmonised with 

the international standard of the International Electro technical Commission (IEC). IEC 

Standard 825-l (l993) applies to manufacturers; however, it also provides some limited 

safety guidance for users (IEC, 1993). The laser hazard classification described above 

must be labelled on commercial laser products. A warning label appropriate to the 

class should appear on products of Class 2, Class 3 and Class 4. 

The laser safety classification system greatly facilitates the determination of 

appropriate safety measures. Laser safety standards and codes of practice routinely 

require the use of increasingly more restrictive control measures for each higher 

classification. In practice, it is always more desirable to totally enclose the laser and 

beam path so that no potentially hazardous laser radiation is accessible. In other words, 

if only Class 1 laser products are employed in the workplace, safe use is assured. 

However, in many situations, this is simply not practical, and worker training in safe 

use and hazard control measures is required. 

Other than the obvious rule – not to point a laser at a person's eyes, there are no 

control measures required for a Class 2 laser product. For lasers of higher classes, 

safety measures are clearly required. If total enclosure of a Class 3 or 4 Laser is not 

feasible, the use of beam enclosures (e.g. tubes), baffles and optical covers can 

virtually eliminate the risk of hazardous ocular exposure in most cases. When 

enclosures are not feasible for Class 3 and 4 lasers, a laser-controlled area with 

controlled entry should be established, and the use of laser eye protectors is generally 

mandated within the nominal hazard zone (NHZ) of the laser beam. Although in most 
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research laboratories where collimated laser beams are used, the NHZ encompasses the 

entire controlled laboratory area; for focused beam applications, the NHZ may be 

surprisingly limited and not encompass the entire room. 

Table 35-2. Exposure limits for some typical lasers (ANSI standard Z.136.1, 1993; ACGIH TLVs, 1995; 

Duchene et al., 1991) 

 

Type of Laser 

 

Wavelength 

 

Power density 

Exposure Limit* 

W/m
2
 

Max. exposure 

time 

 

Energy density 

Exposure Limit** 

J/m
2
 

Argon fluoride 193 nm  8 h 30  

Xenon chloride 308 nm  8 h 400  

Argon ion 488, 514.5 nm 32 0.1 s 3.2 

Copper vapour 510, 578 nm 25 0.25 s  

Helium-Neon 632.8 nm 18 10 s  

Gold vapour 628 nm 10 10 s  

Krypton ion 568, 647 nm 10 10 s  

Neodymium-

YAG 

 

1 064 nm 

1 334 nm 

 

No MPE 

50 

 

< 1 ns, 

1 ns-50 µs 

10 s 

 

0.050  

 

Carbon dioxide 10
-6 

µm 1 000 10 s  

Carbon 

monoxide 

 

≈ 5 µm 

 

100 

 

8 h limited area 

> 10 s for most of 

body 

 

*1 W/m
2
 = 0.1 mW/cm

2
; **1 J/m

2
 = 0.1 mJ/cm

2
 

To prevent misuse and possible dangerous actions on the part of unauthorised laser 

users, the key control found on all commercially manufactured laser products should be 

utilised. The key should be secured when the laser is not in use if people can gain 

access to the laser. Special precautions are required during laser alignment and initial 

set-up since the potential for serious eye injury is very great at that time. Laser workers 

must be trained in safe practices prior to laser set-up and alignment. Laser-protective 

eyewear was developed after occupational exposure limits had been established, and 

specifications were drawn up to provide the optical densities (or ODs, a logarithmic 

measure of the attenuation factor) that would be needed as a function of wavelength 

and exposure duration for specific lasers. Although specific standards for laser eye 

protection exist in Europe, the American National Standards Institute provides further 

guidelines in the United States (ANSI, 1993). 

35.4 Training and medical surveillance 

When investigating laser accidents in both laboratory and industrial situations, a 

common element emerges – lack of adequate training. Laser safety training should be 
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both appropriate and sufficient for the laser operations around which each employee 

will work. Training should be specific to the type of laser and the task to which the 

worker is assigned. 

Requirements for medical surveillance of laser workers vary from country to 

country in accordance with local occupational medicine regulations. At one time, when 

lasers were confined to the research laboratory and little was known about their 

biological effects, it was quite typical for each laser worker to be periodically given a 

thorough general ophthalmologic examination with fundus (retinal) photography to 

monitor the status of the eye. At present, however, complete ophthalmologic 

examinations are universally required only in the event of a laser eye injury or 

suspected overexposure, and pre-placement visual screening is generally required. 

Additional examinations may be required in some countries. 

35.5 Laser measurements 

Unlike some workplace hazards, there is generally no need to take measurements 

for workplace monitoring of hazardous levels of laser radiation. Because of the highly 

confined beam dimensions of most laser beams, the likelihood of changing beam paths 

and the difficulty and expense of laser radiometers, current safety standards emphasise 

control measures based upon hazard class and not workplace measurement 

(monitoring). The manufacturer, to assure compliance with laser safety standards and 

proper hazard classification, must take measurements. Indeed, one of the original 

justifications for laser hazard classification was related to the great difficulty of 

performing proper measurements for hazard evaluation. Although the laser is relatively 

new to the workplace, it is rapidly becoming ubiquitous, as are programs concerned 

with laser safety. The keys to the safe use of lasers are first to enclose the laser 

radiation if at all possible and if not, to set up adequate control measures and to train 

any personnel working with lasers. 
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36 Electromagnetic Fields 

Bertil R. R. Persson 

36.1 Specific absorption rate (SAR) 

Classification 

The objective of standards is to protect human health, and the first step is to decide on 

the parts of the population to protect. Some standards bodies such as the 'American 

Conference of Government Industrial Hygienists' (ACGIH) are solely concerned with 

workers, but others such as 'International Commission on Non-Ionizing Radiation 

Protection' (ICNIRP) make a distinction between occupational exposure and general 

population exposure. Some of the arguments are that the general population is 

supposed to be more sensitive to EM fields (children, pregnant women etc.) and also 

probably exposed for a longer time. On the other hand, workers are supposed to be 

informed about the risk and may reduce the risk (protection, avoidance etc.). 

• Controlled areas: generally accessible areas with up to 6 hours per day exposure. 

• Exposure areas: residential and social buildings, sports and leisure facilities etc., 

and workplaces where generation of fields is not expected.  

 

The Canadian standard differentiates between RF-worker and non-RF worker 

(general public). 

EEE uses a two line system operating within a controlled environment. These are 

'locations where there is exposure that may be incurred by persons who are aware of 

the potential for exposure as a concomitant of employment, by other aware persons, or 

as the incidental results of transient passage through areas' and non-controlled areas. 

Far field exposure 

In general, the basic criterion is the specific absorption rate (SAR), measured in 

W/kg in the different standards. However, depending on frequency range, different 

values of incident electromagnetic fields will result in the same SAR in human beings. 

This is reflected in the derived frequency dependent maximum permissible exposure 

given in E-field (V/m) and H-field (A/m) and, where it is applicable, also as power 

density S (W/m
2
). Compliance must be with all the derived reference levels and, for a 

handheld telephone (in the near-field), these levels are much more difficult to comply 

with than the basic SAR limits. Therefore, only SAR limits are considered. Local SAR 

GSM and DECT are within the so-called 'hot-spot' frequency range typically from 

about 400 MHz to 3 GHz, and significant localised energy absorption can take place in 
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exposed parts of the body. The basic 'whole body' criterion must be refined to take this 

into account, and here some different suggestions exist although the same levels may 

be found in the majority of standards. 

Pulse description 

The National Council on Radiation Protection and Measurements guideline (1986) 

suggested a need for caution with respect to exposure to electromagnetic fields of 50% 

or more pulse amplitude modulation with frequencies between 3 and 100 Hz. 

(FCC, 1993; NCRP, 1986). 

Exclusions for different standards 

In several standards, low-power devices are excluded, representing a practical 

means of demonstrating compliance of low power devices where local incident fields 

may exceed the occupational exposure levels. The clause is intended to encompass 

devices such as cellular telephones and cordless telephones for which the power level 

is 7 W. The power level may, however, be defined differently in different standards: 

ANSI/IEEE (The Institute of Electrical and Electronics Engineers) use radiated power, 

others use output power (Table 36-1). 

 
Table 36-1. Limits for low power devices (ANSI, 1992), f

 +
 = frequency in MHz. 

 

 Controlled environment Uncontrolled environment 

Average SAR: 

(100 kHz-6 GHz) 

< 0.4 W/kg (whole-body) 

< 0.8 W/kg (partial-body) 

< 0.08 W/kg (whole-body) 

< 1.6 W/kg (partial-body) 

Radiated power*:  

(100 kHz-450 MHz) 
7.0 W 1.4 W 

Radiated power*:  

(45-1 500 MHz) 
7⋅(450/f

 +
) W 1.4⋅(450/f

 +
) W 

* Radiated power exclusions do not apply if 'radiating structure' is maintained within 2.5 cm   

of the body.  

 Safety guidelines based on thermal effects 

The NRPB, in its guidance on restrictions of human exposure to electromagnetic 

fields, recommends that to avoid excessive localised temperatures, the SAR should not 

exceed 10 W/kg in any 10 g of the head and that the SAR in any 100 g of a limb should 

not exceed 20 W/kg (McKinlay et al., 1993). Both these localised SAR restrictions can 

be averaged over a 6 min period. The lens of the eye is regarded as potentially sensitive 

to heating because of its lack of blood supply (and consequent limited cooling ability) 

and its tendency to accumulate damage and cellular debris. A calculation of the 

temperature increase for a realistic finite-element model of the eye has yielded a 
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maximum rise of about 1°C from the application of 10 W/kg throughout the eye. The 

IEEE Standard (IEEE C95.1, 1991) for safety levels of human exposure to electro-

magnetic fields recommends that the spatial peak value of the SAR averaged over 

any 1 g of tissue (defined as a tissue volume in the shape of a cube) does not ex-

ceed 8 W/kg in a controlled environment or 1.6 W/kg in an uncontrolled environment 

(IEEE, 1991; Theriault et al., 1994).  

Based on restrictions of local SAR given in current safety standards (Fleming, 1994), 

measurement results of field distribution around the hand-held telephones investigated 

and the SAR-values determined, it is now easy to specify safety distances. However, the 

application of a restriction for e.g. the eye of 0.4 W/kg (USA, Canada), 1 W/kg 

(IRPA), 2 W/kg or 10 W/kg (e.g. Germany, U.K.) leads to the most critical point in the 

assessment of radiation hazards from mobile radios – the basic criterion for a safety 

limit is not SAR, but the tolerable temperature rise in the tissue! Here, a reliable limit 

must be found taking into account physiological considerations. This temperature rise 

must then be related – under worst-case conditions – to SAR, that is the preferred 

quantity in current safety standards. Therefore, the temperature rise in homogeneous 

phantoms of the human eye is also measured.  

At present, two technical steps towards judgement upon health risks have been 

taken: transmitter power to SAR and transmitter power to temperature rise (this part 

will still need further investigations) have been correlated. However, no restrictions 

should be applied until the tolerable amount of temperature rise in the tissue is known! 

Current recommendations range from between 0.1 and 1 °C, which correspond to a 

large difference in SAR. Furthermore, this restriction will have to be set specifically for 

each organ and kind of tissue depending on dielectric permittivity, thermal isolation 

and amount of cooling from blood flow. Before this basic question has been addressed, 

no final judgement about the safety of mobile radios should be made. 

When the temperature of an animal is increased by up to 1 °C after radio frequency 

field irradiation, thermally induced stress initiates a chain reaction from the hypo-

thalamus to the cortex of the adrenal gland via the pituitary gland. Hormones are then 

released from the adrenal cortex into the blood and in turn cause changes in blood-

forming and immunological activities. They may create particular cancer-prone 

situations. The RF fields emitted by mobile telephones under normal conditions are, 

however, not able to create high enough field strengths to have such an effect (Bach 

Andersen et al., 1995; Jokela et al., 1999; Kuster et al., 1997). 

36.2 International guidelines for EMF exposure (INIRC) 

The International Non-Ionizing Radiation Committee (INIRC) of the International 

Radiation Protection Association (IRPA) in co-operation with the Environmental 

Health Division of the World Health Organisation (WHO) have developed documents 

and a data base on non-ionizing radiation. Based on this work, guidelines are 

developed. (ICNIRP, 1994; ICNIRP, 1998; WHO, 1987; WHO, 1993) 

The reference levels are summarised in Table 36-2 and Table 36-3 for occupational 
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exposure and exposure to the general public respectively, and illustrated in Figs. 36-1 

and 36-2. The reference levels are intended to be spatially averaged values over the 

entire body of the exposed individual without exceeding basic restrictions on localised 

exposure. 

For low-frequency fields, several computational and measurement methods have 

been developed for deriving field-strength reference levels from the basic restrictions. 

• The occupationally exposed population consists of adults who are generally 

exposed under controlled conditions and are trained to be aware of potential risk 

and to take appropriate precautions. 

• The general public, however, comprises individuals of all ages and of varying 

health status, and may include particularly susceptible groups or individuals. 

 

Table 36-2. Reference levels for occupational exposure to electric, magnetic and electromagnetic 

fields, 0 Hz to 300 GHz, unperturbed rms values  (ICNIRP, 1994; ICNIRP, 1998) 

 
Frequency 

Range f 

 

 

Electric Field 

Strength  

E-field 

Magnetic 

Field Strength 

H-field 

Magnetic 

inductive 

B-field 

Equivalent 

plane wave 

power density 

Seq 

Time Period 

for averaging 

Seq, E
2
, H

2
 

and B
2
 

Hz V/m A/m µT W/m
2
  

0* 25 000 1.63×10
5
 2×10

5
   

0-1 25 000 1.63×10
5
 2×10

5
    

1-8 20 000 1.63×10
5
⋅f 

-2
 2×10

5
⋅f 

-2
    

8-25  20 000 20 000⋅f 
-1

 2.5×10
4
⋅f

 -1
    

25-820  500 000⋅f 
-1

 20 000⋅f 
-1

 25×10
3
⋅f 

-1
    

0.82×10
3
-65×10

3
 610 24.4 30.7    

65×10
3
-1×10

6
 610 1.6×10

6
⋅f 

-1
 2.0×10

6
⋅f 

-1
  6 min 

1×10
6
-10×10

6
 610×10

6
⋅f 

-1
 1.6×10

6
⋅f 

-1
 2.0×10

6
⋅f 

-1
  6 min 

10×10
6
-4×10

8
 61 0.16 0.2 10 6 min 

4×10
8
-2×10

9
 3×10

3
⋅ f  8×10

-6
⋅ f  10×10

-6
⋅ f  10

-6
⋅f /40 6 min 

2×10
9
-300×10

9
 137 0.36 0.45 50 68/(f×10

-9
)

1.05
 

*Limits to occupational exposure to static magnetic field are 200mT for time-weighted 

wholebody exposure during a whole working day 

 

Members of the public are usually unaware of their exposure to EMF and cannot be 

expected to take precautions to minimise or avoid exposure. 

Restrictions on the effects of exposure are based on established health effects and 

are termed 'basic restrictions'. Depending on frequency, the physical quantities used to 

specify the basic restrictions on exposure to electromagnetic fields are: 
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•   J       = current density (A/m
2
),  

•   SAR  = specific absorption rate (W/kg), 

•   S       = power density (W/m
2
). 

 

Protection against adverse health effects requires that these basic restrictions not be 

exceeded. Reference levels of exposure are provided for comparison with measured 

values of physical quantities. 

Table 36-3. General public reference levels for electric, magnetic and electromagnetic fields, 0 Hz 

to 300 GHz, unperturbed rms values (ICNIRP, 1994; ICNIRP, 1998) 

 
Frequency 

Range 

 

 f 

Electric Field 

Strength  

 

E-field 

Magnetic 

Field Strength 

 

H-field 

Magnetic  

 

 

B-field 

Equivalent 

plane wave 

power density  

Seq 

Time Period 

for averaging 

Seq, E
2
, H

2
 

and B
2
 

Hz V/m A/m µT W/m
2
  

0 (Static)  3.2×10
4
 4×10

4
 Whole body  

> 0-1  3.2×10
4
 4×10

4
   

1-8 10 000 3.2×10
4
⋅f 

-2 
 4×10

4
⋅f

 -2
    

8-25 10 000 4 000⋅f 
-1

 5 000⋅f 
-1

    

25-800 250×10
3
⋅f 

-1
 4⋅f 

-1
 5⋅f 

-1
    

8×10
2
-3×10

3
 250×10

3
⋅f 

-1
 5 6.25    

3×10
3
-1.5×10

5
 87 5 6.25  6 min 

1.5×10
5
-1×10

7
 87 0.73×10

6
⋅f 

-1
 0.92×10

6
⋅f 

-1
  6 min 

1×10
6
-1×10

7
 87×10

3
/ f  0.73×10

6
⋅f 

-1
 0.92×10

6
⋅f 

-1
 - 6 min 

1×10
7
-4×10

8
 28 0.073  0.092 2 6 min 

4×10
8
-2×10

9 

 

1.375×10
-3

⋅ f  

 

3.7×10
-6

⋅ f  

 

0.0046×10
-3

⋅
 

f  

10
-6

⋅f /200 

 

6 min 

 

2×10
9
-3×10

11
 61 0.16 0.20 10 68/(f⋅ 10

-9
)

1.05
 

 

The following additional factors were taken into account in deriving reference levels 

for high-frequency fields. Differences in absorption of electromagnetic energy by 

individuals of different sizes and different orientations relative to the field, reflection, 

focusing, and scattering of the incident field can result in enhanced localised 

absorption of high-frequency energy. 

Different scientific bases were used in the development of basic exposure 

restrictions for various frequency ranges: 

• Between 1 Hz and 10 MHz, basic restrictions are provided on current density J 

to prevent effects on nervous system functions 
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• Between 100 kHz and 10 GHz, basic restrictions on specific absorption rate SAR 

are provided to prevent whole-body heat stress and excessive localised tissue 

heating. In the 100 kHz-10 MHz range, restrictions are provided on both current 

density, J, and SAR 

• Between 10 and 300 GHz, basic restrictions are provided on power density S to 

prevent excessive heating in tissue at or near the body surface. 

 

All SAR values are to be averaged over any 6 min period and a 10 g mass of  

contiguous tissue. The maximum specific absortion SA so obtained should be the value 

used for the estimation of exposure and should not exceed 10 mJ/kg for workers 

and 2 mJ/kg for the general public. 
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Fig. 36-1. Reference levels for occupational exposure to electric (E) and magnetic (H and B) fields, 

contact current Imax (mA) and radio frequency electromagnetic radiation (S), 0 Hz 

to 300 GHz, unperturbed rms values (ICNIRP, 1994; ICNIRP, 1998) 

 

Established biological and health effects in the frequency range from 10 MHz to a 

few GHz are consistent with responses to a body temperature rise of more than 1 °C. 

This level of temperature increase results from exposure of individuals under moderate 

environmental conditions to a whole-body SAR of approximately 4 W/kg for about 30 

minutes. A whole-body average SAR of 0.4 W/kg has therefore been chosen as the 

limit that provides adequate protection for occupational exposure. An additional safety 

factor of 5 is introduced for exposure of the public, giving an average whole-body SAR 

limit of 0.08 W/kg. The lower basic restrictions for exposure of the general public take 

into account the fact that their age and health status may differ from those of workers. 

In the low-frequency range, there is currently little data relating transient currents to 

health effects. The ICNIRP therefore recommends that the restrictions on current 

densities induced by transient or very short-term peak fields be regarded as 



 

 

 

36.  Electromagnetic Fields  535 

 

instantaneous values, which should not be time-averaged. The basic restrictions for 

current densities, whole body average SAR, and localised SAR for frequencies 

between 1 Hz and 10 GHz and those for power densities for frequencies 

of 10-300 GHz are presented in Figs. 36-1 and 36-2. 
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Fig. 36-2. Reference levels for general public exposure to electric (E) and magnetic (H and B) fields, 

contact currents Imax (mA) and radio frequency electromagnetic radiation (S), 0 Hz to 300 

GHz, unperturbed rms values (ICNIRP, 1994; ICNIRP, 1998) 

Induced current density distribution varies inversely with the body cross-section and 

may be relatively high in the neck and ankles. The exposure level of 5 kV/m for 

exposure of the general public corresponds, under worst case conditions, to an induced 

current density of about 2 mA/m
2
 in the neck and trunk of the body if the E-field vector 

is parallel to the body axis (ILO, 1994; CRP, 1997). However, the current density 

induced by 5 kV/m will comply with the basic restrictions under realistic worst-case 

exposure conditions. 

Reference levels for exposure of the general public have been obtained from those 

for occupational exposure by using various factors over the entire frequency range. 

These factors have been chosen on the basis of effects that are recognised as specific 

and relevant for the various frequency ranges. Generally speaking, the factors follow 

the basic restrictions over the entire frequency range, and their values correspond to the 

mathematical relation between the quantities of the basic restrictions and the derived 

levels as described below: 

• In the frequency range up to 1 kHz, the general public reference levels for 

electric fields are one-half of the values set for occupational exposure. The value 

of 10 kV/m for a 50 Hz or 8.3 kV/m for a 60 Hz occupational exposure includes 

a sufficient safety margin to prevent stimulation effects from contact currents 

under all possible conditions. Half of this value was chosen for the general public 

reference levels. 
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• Guidelines for limiting exposure to time-varying electric, magnetic, and electro-

magnetic fields in occupational exposure are given in Table 36-2 and displayed 

in Fig. 36-1. In Table 36-3 and displayed in Fig. 36-2 are given guidelines for 

limiting General public exposure to time-varying electric, magnetic, and electro-

magnetic fields. 

36.3 Commission of the European Communities radio 

frequency range (RF) 

Exposure standards and guidelines 

Different organisations and countries (standardisation bodies) have suggested 

standards. Here, a standard is used as a general term incorporating both regulations and 

guidelines and can be defined as a set of specifications or rules to promote the safety of 

an individual or group of people (ETE, 1993). The following overview differentiates 

standards covering the radio frequency range in different categories, illustrating the 

broad range of standards. 

In the following, data from selected standards relevant to GSM and DECT will be 

considered with emphasis on important parameters. The selections are EC countries 

and international organisations. But first international standard bodies will be 

presented. 

The European Commission issued in December 1992 a proposal for a Council 

Directive on the safety of workers from exposure to physical agents. Annex 4 deals 

with exposure to electromagnetic fields – 'Proposal for a Council Directive on the 

minimum health and safety requirements regarding the exposure of workers to the risks 

arising from physical agents' (ETE, 1993). 

CENELEC 

'Le Comité Europeen de Normalisation Electrotechnique' (CENELEC) is the EC 

committee for standard setting. The member countries, represented by their national 

electro-technical committees, are Austria, Belgium, Denmark, Finland, France, 

Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, 

Portugal, Spain, Sweden, Switzerland and the United Kingdom. In recent years, 

CENELEC Technical Committee has been working on a proposal, and in 1993 

CENELEC received a mandate to draft a European Standard defining safety require-

ments to protect human beings from hazardous thermal effects which may be caused 

by  the use of mobile communication equipment. The draft European pre-standard 

prENV 50166 was issued in 1994; latest dates of announcement as an ENV were fixed 

as 15
th

 September 1995. The lifetime of an ENV is 3-5 years; it can then be converted 

into a European Standard, EN, or withdrawn. The CENELEC members must give an 
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EN the status of a national standard and withdraw any conflicting standard. At the 

moment, no CENELEC countries may implement national standards due to a standstill 

agreement. Standard prENV 50166 is a general standard on human exposure limits to 

DC up to 300 GHz, so it does not comply with the mandate from CEC. (CENELEC, 

1993; CENELEC, 1994a; CENELEC, 1994b; CENELEC, 1996; CENELEC, 1998; 

CENELEC, 1995). 

EU-Council recommendation on the limitation of exposure of the general 

public 

According to this framework, protection against exposure to electromagnetic fields 

should implement measures in respect of sources giving rise to electromagnetic 

exposure of the general public when the time of exposure is significant. Exposure for 

medical procedures are excepted, where the risks and benefits of exposure, above the 

basic restrictions, must be properly weighted (EU-Council, 1999). 

Basic restrictions 

Depending on frequency, the following physical quantities (dosimetric/exposimetric 

quantities) are used to specify the basic restrictions on electromagnetic fields: 

• Between f  = 0-1 Hz, basic restrictions are 40 mT for magnetic flux density for 

static magnetic fields (0 Hz) and 8 mA/m
2
 rms-current density for time-varying 

fields up to 1 Hz in order to prevent effects of the cardiovascular and central 

nervous system being affected. 

• Between f  = 1 Hz and 10 MHz, basic restrictions are provided for current density 

to prevent effects on nervous system function, see Table 36-4. 

Table 36-4. Basic restrictions in various frequency ranges for current density to prevent effects on 

nervous system function of the general public 

 

Frequency f 

Hz 

Current density 

mA/m
2
 

Current density 

mA/m
2
 

1-4 8⋅f
  -1

 8-2 

1-10
3
 2 2 

10
3
-10

5
 f /500 2-200 

10
5
-10

7
 f /500 200-20 000 

 

The basic restrictions on the current density are intended to protect against acute 

exposure effects on central nervous system tissues in the head and trunk of the body 

and include a safety factor. The basic restrictions for ELF fields are based on 

established adverse effects to the central nervous system. Such acute effects are 

essentially instantaneous and there is no scientific justification to modify the basic 
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restrictions for exposure of short duration. However, since the basic restriction refers to 

adverse effects on the central nervous system, this basic restriction may permit higher 

current densities in body tissues other than the central nervous system under the same 

exposure conditions. 

Because of electrical inhomogeneity of the body, current densities should be 

averaged over a cross section of 1 cm
2
 perpendicular to the direction. 

• Between 100 kHz and 10 GHz, basic restrictions on SAR are provided to prevent 

whole-body heat stress and excessive heating of tissues. In the range 100 kHz to 10 

MHz, restrictions on both current density and SAR are provided. 

 

All SAR values are to be averaged over any 6 minute period. For pulsed exposures, 

the absorbed energy averaged over 10 g of tissue should not exceed 2 mJ/kg for 

localised exposure of the head to limit auditory effects, see Table 36-5. 

Table 36-5. Basic restrictions on SAR to prevent whole-body heat stress and excessive heating of tissues 

of the general public. In the range 100 kHz to 10 MHz, there are restrictions on both current 

density and SAR. All SAR values are to be averaged over any 6 minute period. 

 

Frequency f 

 

Hz 

Current 

density 

mA/m
2
 

Whole body 

average  

SAR  W/kg 

Localised 

head, trunk, 

SAR  W/kg 

Localised 

limbs 

SAR  W/kg 

10
5
-10

7
 f /500 0.08 2 4 

10
7
-10

10
  0.08 2 4 

 

Localised SA averaging mass is any 10 g of contiguous tissue; the maximum SAR 

so obtained should be the value used for estimation of the exposure. 

• Between 10 GHz and 300 GHz, basic restrictions on power density are 10 W/m
2
 to 

prevent heating in tissues at or near the body surface. 

Reference levels 

Reference levels of exposure are provided for the purpose of comparison with 

values of measured quantities. Respect of all recommended reference levels will ensure 

respect of basic restrictions. 

If the quantities of measured values are greater than the reference levels, it does not 

necessarily follow that the basic restrictions have been exceeded. In this case, an 

assessment should be made as to whether exposure levels are below the basic 

restrictions. 

The reference levels for limiting exposure are obtained from the basic restrictions 

for the condition of maximum coupling of the field to the exposed individual, thereby 

providing maximum protection. The reference levels correspond to those given in 

Tables 36-2 and 36-3. The reference levels are generally intended to be spatially 

averaged values over the dimensions of the body of the exposed individual, but with 

the important proviso that the localised basic restriction on exposure is not exceeded. 
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In certain situations where the exposure is highly localised, such as with hand-held 

telephones and the human head, the use of reference levels in not appropriate. In such 

cases, respect of the localised basic restriction should be assessed directly.  

Contact currents and limb currents 

For frequencies up to 110 MHz, additional reference levels are recommended in 

order to avoid hazards due to contact currents. The contact current reference levels are 

presented in Table 36-6. The reference levels on contact current were set to account for 

the fact that the threshold contact currents that elicit biological responses in adult 

women and children are approximately 2/3 and 1/2 respectively of those for adult men. 

For the frequency ranges 10 MHz to 110 MHz, a reference level of 45 mA in terms 

of current through any limb is recommended. This is intended to limit the localised 

SAR over any 6 minute period. 

Table 36-6. Reference levels for contact currents from conductive objects (f in Hz) 

 

Frequency range f 

 

Hz 

Occupational Maximum 

contact current 

mA 

General Public Maximum 

contact current 

mA 

0-2
 
500 1 0.5 

2 500-100 000 0.4⋅f /1000 0.2⋅f /1000 

100 000-110 000 000 40 20 
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