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The IAEA’s principal safety objective is to 
protect people and the environment from 
the harmful effects of ionizing radiation. 
This objective needs to be achieved without 
unduly restricting the many beneficial uses 
of radiation enjoyed by society. The IAEA 
recognizes that the principles of radiation 
safety, which involve various scientific 
disciplines such as nuclear physics, molecular 
biology, epidemiology and medicine, need 
thorough explanation. When setting standards 
of protection and safety, it is also important 
to take into account and apply ethical 
considerations.

Radiation sources provide many beneficial 
applications for medicine, industry and 
research, and their uses continue to increase. 
These man-made sources of radiation are in 
addition to natural radiation sources. While 
for most people natural sources of radiation 
dominate their exposure, man-made sources 
tend to be more controllable.  While we 
cannot entirely avoid radiation exposure, in 
situations where it is controllable we may need 
to consider actions to protect people and the 
environment. In the management of radiation 
exposure, it is important to ensure that the 
appropriate balance is maintained between 
the risks posed and the benefits derived by 
both individuals and society in general.

In developing an appropriate approach to 
radiation safety, the first step is to understand 
the magnitude of the doses and the risks 
associated with the various sources of ionizing 
radiation that we are exposed to throughout 
our lives. The next step is to determine what 
exposures are controllable and how they 
should be controlled. 

By statute, the IAEA is required to establish 
“standards of safety for protection of 
health and minimization of danger to life 
and property” and to “provide for their 
application”. The establishment of radiation 
safety standards that are applicable in all 

NOTE FROM THE

DIRECTOR

States and provision for their application in 
States are a top priority for the IAEA. In the 
process of developing standards, all IAEA 
Member States are invited to participate such 
that a broad international consensus on their 
content is achieved. 

Many States have adopted these standards 
into national legislation and regulations. 
In addition, the IAEA works with other 
international bodies with responsibilities 
for radiation safety to ensure the widest 
acceptance and application of these standards.

Against this background, I am pleased to 
introduce this booklet on radiation safety. This 
booklet discusses levels of radiation exposure 
from both artificial and natural sources, the 
risks that they pose and the overall approach 
to their control. It also describes the process 
by which the IAEA develops radiation safety 
standards. I hope that through this booklet, 
readers will gain a better understanding of 
the science and philosophy that underpins our 
work.

Peter Johnston,
Director
Division of Radiation, 
Transport and Waste Safety
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Radionuclides may be divided into two broad 
classes—those that occur naturally and those 
that have been produced artificially, for 
example in a nuclear reactor or accelerator.
 
NATURALLY OCCURRING RADIONUCLIDES
Some radionuclides have been naturally 
present in the environment since the Earth 
was formed and their half-lives (the time it 
takes for the activity of a given quantity of 
radioactive material to reduce to a half) are 
comparable with the age of the Earth. The 
main naturally occurring radionuclides in the 
environment are listed in Table 1.

These radionuclides are present throughout 
the Earth’s crust in varying amounts and, 
over time, transform into stable nuclides. As 
part of this process, everyone is exposed to 
radiation from them, but the levels of expo-
sure vary widely.

Additionally, there are radionuclides present 
throughout the environment produced by the 
interaction of cosmic rays with the Earth’s 
atmosphere. These comprise mainly hydro-
gen-3 (tritium) and carbon-14.

Table 1. Main naturally occurring radionuclides in the environment

Naturally occurring radionuclides are found in varying 
concentrations in the Earth’s crust.
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WHAT IS RADIATION?
Radiation is energy in the form of electro-
magnetic waves (photons) or subatomic 
particles. It is generally classified as either 
ionizing or non-ionizing according to 
whether its energy is high enough to ionize 
the matter through which is passes. The 
IAEA is only concerned with safety relating 
to exposure to ionizing radiation—X-rays, 
gamma rays, alpha particles, beta particles 
and neutrons.
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There are three main sources of ionizing 
radiation: high-voltage machines, cosmic 
rays and radioactive materials. 

HIGH-VOLTAGE MACHINES
The most common high-voltage machines 
are X-ray machines, such as those used in 
medicine. Here, the X-rays are produced 
in a vacuum by bombarding a target made 
of a material such as tungsten with an 
electron beam. The older generation of 
television sets and electronic valves also 
produced small amounts X-rays.

COSMIC RAYS
These are a complex mixture of many dif-
ferent types of ionizing radiation (protons, 
neutrons, alpha particles, electrons and 
other high-energy particles). They come 
from deep space, mostly outside the solar 
system. 

RADIOACTIVE MATERIALS
Some atoms (isotopes) of some chemi-
cal elements are unstable and transform 
themselves into atoms (isotopes) of other 
elements by emitting radiation. This trans-
formation process is called “radioactivity”. 
The isotopes of an element that exhibit this 
property are said to be “radioactive” and 
are called “radionuclides”. The radiation 
emitted during the transformation process 
can be in the form of particles (electrons, 
neutrons and alpha particles) or photons 
(X-rays and gamma rays).

INTRODUCTION

Some atoms of some 
chemical elements are 
unstable and transform 
themselves into atoms 
of other elements by 
emitting radiation. This 
transformation process is 
called radioactivity.

WHERE DOES IONIZING 
RADIATION COME FROM?

WHAT ARE THE MOST 
COMMONLY ENCOUNTERED 
RADIONUCLIDES?

• Isotopes of uranium (mainly uranium-238, but also uranium-235 
and uranium-234) and their radioactive progeny (such as 
radium-226, radon-222 and polonium-210);

• Isotopes of thorium (mainly thorium-232, but also thorium-230 
and thorium-228,) and their radioactive progeny (such as 
radon-220); and

• Potassium-40, the one naturally occurring radioactive isotope of 
potassium. Potassium contains 120 parts per million (0.012%) of 
potassium-40. 
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RADIATION WEIGHTING FACTORS, wR

Artificially produced radionuclides are widely used in 
laboratory experiments.

Consequently, there has been some addition of artificially produced radionuclides to the 
already existing levels of naturally occurring radionuclides in the environment and, as a 
result, some additional radiation exposure of people.

Most nuclear reactors use uranium, specif-
ically, the isotope uranium-235, as the fuel 
for producing energy. Energy is released 
when the nucleus of uranium-235 is bom-
barded by neutrons and “splits” into 
smaller parts—this process is referred to 
as “nuclear fission” (see Figure 1). While 
uranium itself is only slightly radioac-
tive, many of the radionuclides produced 
by nuclear fission are highly radioactive. 
Examples of fission products produced 
in a nuclear reactor are strontium-90, 
iodine-131, xenon-133 and caesium-137.

Fission products accumulate over time as 
the reactor produces energy.  Eventually, 
the fuel containing the fission products is 
removed from the reactor and either stored 
or sent for reprocessing. During reprocess-
ing, the fission products are removed and 
retained for future disposal, and uranium 
and plutonium recovered for possible 
future use in a reactor.

neutron

target
nucleus

neutron neutron

neutron

fission
product

fission
product

ARTIFICIALLY PRODUCED RADIONUCLIDES
Since the 1950s, a wide range of artificially 
produced radionuclides has become available. 
Some of these are used worldwide for a vari-
ety of peaceful purposes in industry, medi-
cine, education and research (see Table 2).

Many of the radionuclides used in medi-
cine and industry are in the form of sealed 
sources—that is, the radioactive material is 
sealed within an impervious capsule or hous-
ing that has sufficient mechanical strength 
to prevent contact with and dispersion of the 
radioactive material it contains. However, 
some radionuclides have to be used in an 
unsealed form, for example in nuclear medi-
cine. Facilities that use or handle radioactive 
material in unsealed form—such as some hos-
pitals and plants that process spent nuclear 
fuel—may discharge some radionuclides to the 
environment in the course of normal opera-
tions. These discharges are strictly regulated 
and must follow specific safety requirements, 
limitations and conditions related to exposure 
of members of the public and protection of 
the environment. 

During the 1950s and the first half of the 
1960s, large amounts of radionuclides were 
released to the general environment during 
the testing of nuclear weapons, particularly 
when such testing was undertaken in the 
atmosphere. In 1963, the Partial Nuclear Test 

•  Industrial sterilization: cobalt-60

• Moisture and density gauges: cobalt-60, caesium-137, americium-241

• Well-logging in the oil and gas industry: caesium-137, radium-226

• Industrial radiography: cobalt-60, selenium-75, iridium-192

• Nuclear medicine: technetium-99m

• Radiotherapy: cobalt-60

• Research:  tritium, carbon-14, phosphorus-32, sulphur-35, krypton-85

Table 2. Some uses of artificially produced radionuclides 

Ban Treaty came into effect, which prohibited 
nuclear weapons tests in the atmosphere, 
outer space and underwater. Additionally, 
accidents in nuclear facilities at Chernobyl in 
1986 and at Fukushima in 2011 have also led 
to large releases of radioactive material to the 
environment (see Table 3)[1,2]. 

MAKING SENSE OF RADIATION SAFETY

WHY DO NUCLEAR REACTORS 
CONTAIN LARGE AMOUNTS OF 
RADIOACTIVE MATERIAL?

Note: PBq stands for peta-becquerel (i.e. 1015 Bq). The becquerel is the unit of activity of a 
radionuclide; one becquerel corresponds to one disintegration per second [1,2].

Iodine-131 (PBq) Caesium-137 (PBq)

Nuclear weapons 
tests [1] 675,000 948

Chernobyl NPP 
accident [1]  1,760 85

Fukushima NPP  
accident [2] ~125 ~ 92

Table 3. Significant environmental releases of iodine-131 and caesium-137

Figure 1. Nuclear fission reaction. The neutrons 
released in the collision produce more fission 
reactions, leading to a self-sustaining nuclear 
chain reaction.
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α
β
γ

Skin or paper stops ALPHA

Thin aluminum stops BETA

Thick lead reduces GAMMA

WHAT IS RADIATION DOSE? 1

Figure 2. Penetration power of different types of radiation.

Several different terms exist relating to the meas-
urement and reporting of “radiation dose”. It is 
important to understand these differences and what 
each represents. The most commonly used terms are 
explained below.
 
Absorbed dose is the fundamental dosimetric quan-
tity. It is the total energy deposited by ionizing radi-
ation in a given volume of tissue divided by the mass 
of that tissue. The unit of absorbed dose is joules per 
kilogram, and is given the name gray (Gy).

Some radionuclides are very specific in their distri-
bution within the body. For example, radioactive 
isotopes of iodine accumulate primarily in the thyroid 
gland and ingested radioactive isotopes of strontium 
concentrate in the skeleton. In this regard, they behave 
within the body in the same manner as their non-radi-
oactive analogues. For radiation protection purposes 
we are often interested in the absorbed dose in a 
specific body organ or tissue. This is referred to as the 
organ dose or tissue dose, and is also measured in 
gray (Gy).

Different types of radiation can cause different 
amounts of harm, even if the absorbed dose is the 
same (see Figure 2). For example, alpha radiation is 
more densely ionizing than, say, gamma radiation and 
for that reason the biological damage done by alpha 
radiation is greater. We take this concept of biological 

damage into account by using a quantity called the 
equivalent dose, which is obtained by multiplying 
the absorbed dose by a radiation weighting factor (wR)  
for the type of radiation—these weighting factors are 
shown in Annex 1. Equivalent dose is measured in a 
unit called the sievert (Sv).

In many situations, more than one organ may be 
exposed to radiation. In order to provide a measure 
of the total harm caused by the exposure, we use the 
term effective dose, which is the sum of the organ 
or tissue equivalent doses, each multiplied by a tissue 
weighting factor (wT),  which reflects the relative harm 
caused by radiation exposure. The effective dose is 
also measured in sievert. 

When large groups or populations are exposed, we 
often refer to the collective effective dose, which is 
the sum of all effective doses received by individuals 
in the exposed population. Collective effective dose is 
an instrument for optimization  of protection and for 
comparing protection options. The unit of collective 
effective dose is called the man-sievert.

When radionuclides are inhaled or ingested, they may 
take some time to be fully excreted, in some cases up 
to several months or even years. It is important to take 
this retention time into account and we calculate the 
committed effective dose, which is the total effective 
dose integrated over a specified time period. If not 
otherwise specified, the integration time is taken to be 
50 years for adults and to age 70 years for children.

RADIATION EXPOSURE

OF PEOPLE
HOW ARE PEOPLE EXPOSED 
TO RADIATION?
There are three principal ways in which people are exposed to radiation—externally, from radi-
ation sources outside the body; internally, as a consequence of ingestion of radionuclides in food 
or water; and internally, as a consequence of inhalation of radionuclides present in the air (see 
Table 4). In addition, absorption of radionuclides through the skin may occur in some rare cases.

MAKING SENSE OF RADIATION SAFETY

External exposure
(source of radiation is 
outside the body)

Dominant X-rays in medicine 

Cosmic rays 

Naturally occurring radionuclides in the ground 
and building materials (radionuclides in the uranium 
and thorium decay chains and potassium-40)

Minor Artificially produced radionuclides deposited on 
the ground (e.g. caesium-137)

Ingestion 
(radioactive material in 
food and water is taken 
into the body)

Dominant Naturally occurring radionuclides in food and water 
(potassium-40, polonium-210, lead-210) 

Minor Artificially produced radionuclides in food 
(strontium-90, iodine-131, caesium-137)

Carbon-14 produced by cosmic rays

Inhalation 
(radioactive material in air 
is taken into the body)

Dominant Radon-222

Minor Radon-220, and other radionuclides in the 
uranium-238 and thorium-232 decay chains

Table 4. The main sources of exposure of members of the public

1 This section should be read in conjuction with Annex 1.
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Natural Sources  
2.4 mSv (80% )

Medical Exposure
0.6 mSv (20% )

Other 
0.012 mSv (<1% )

MEDICAL EXPOSURE
The total effective dose received as a con-
sequence of the use of radiation in medicine 
depends on the number and type of proce-
dures a patient undergoes. Individual effec-
tive doses from long-standing diagnostic 
techniques, such as chest X-rays, are of  the 
order of a fraction of a millisievert (mSv), but 
the more modern techniques such as com-
puted tomography (CT) scanning can give 
rise to individual effective doses up to 10 
mSv, or more. Equivalent doses to particu-
lar tissues in radiotherapy, where radiation 
is used to kill cancer cells, can be several 
orders of magnitude higher.

OTHER ARTIFICIAL SOURCES 
The public is exposed to several sources of 
artificially produced radionuclides in the 
environment. The radionuclides released to 
the environment from the testing of nuclear 
weapons in the atmosphere are widely dis-
tributed and the resulting annual effective 
doses to most people are now very low (a 
very small fraction of a millisievert)—they 
were highest in 1963 although even then, 
they were still well below 1 mSv. Those 
living on or near nuclear test areas might 
receive a larger effective dose than the 
average because of the presence of residual 
radioactive material. 

The annual effective doses to individuals 
from discharges of radionuclides from hospi-
tals and nuclear facilities vary from one type 
of facility to another, but are generally well 
below 1 mSv.  

The effective doses to individuals from the 
nuclear accident at Chernobyl in 1986 varied 
widely. Immediately following the accident, 
some children in parts of Belarus, Russian 

Federation and Ukraine who were exposed 
to radioactive isotopes of iodine as a con-
sequence of drinking contaminated milk 
received high equivalent doses to their thy-
roids. Emergency workers at the time of the 
accident and subsequently recovery oper-
ation workers also received high effective 
doses. Based on 20 years of studies follow-
ing the accident, some residents of the three 
most affected countries were estimated to 
have received exposures that were compa-
rable to, or a few times higher, than those 
received from natural sources of radiation. 
The worldwide annual average individual 
effective dose is now estimated to be a very 
small fraction of a millisievert (see Table 5). 

Workers may also be routinely exposed to 
radiation as a result of their work. Work-
places where radiation sources are present 
include nuclear facilities, hospitals and 
certain industries. Annual effective doses 
to individual workers may range up to 10 
mSv or more, but the average annual effec-
tive dose to workers involved with artificial 
sources of radiation is around 0.3 mSv.

With natural sources 
of radiation that expose 
everyone, the differences in 
the effective doses received 
by individuals can in some 
cases be very large.

MAKING SENSE OF RADIATION SAFETY

WHAT ARE THE COMPONENTS 
OF EXPOSURE TO ARTIFICIAL 
SOURCES OF RADIATION?

WHAT ARE THE CURRENT 
LEVELS OF EXPOSURE 
TO RADIATION?
The annual average effective dose 
to an individual is approximately 3 
mSv2  (see Figure 3), of which almost 
80% comes from natural sources [3]. 
Most of the remainder comes from 
the diagnostic use of X-rays in med-
icine, while very much less than 1% 
is due to artificial sources—fallout 
from weapons testing, discharges 
from nuclear installations and other 
facilities where radioactive mate-
rial is used, and accidents. Internal 
exposure of the lung due to radon-
222 in homes and work-places is 
responsible for approximately two-
fifths of the average annual effective 
dose to an individual.

These average values conceal large 
differences in the exposure of indi-
vidual members of the population. 
With natural sources of radiation 
that expose everyone, the differ-
ences in the effective doses received 
by individuals can in some cases be 
very large.

2 There is large variability in the effective dose received by individuals in the population depending, in particular, on 
where they live and their medical history.

 Source Annual average 
effective dose

Typical range of individual 
effective doses

Medical diagnosis 0.6 0–several tens

Atmospheric  
nuclear testing 0.005 Some higher doses  

around test sites

Nuclear fuel cycle 0.0002 Up to 0.02 mSv at 1 km  
from some sites

Chernobyl accident
areas in 1986 0.002 Higher doses particularly to 

 children in some areas in 1986

Total artificial 0.6 From zero to several tens

Table 5. Annual average effective doses and ranges of individual doses to 
individual members of the public from artificial sources (mSv)

Figure 3. Annual average effective doses to an individual. 
The high doses used in radiotherapy to kill cancer cells 
are not included.

Note: See Ref. [1].
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Radon is naturally occurring radioactive gas that can sometimes accumulate to high concentrations in buildings.Naturally occurring potassium-40 is present in most foods.

12

TERRESTRIAL GAMMA RAYS
The radionuclides that are naturally pres-
ent in the Earth’s surface produce gamma 
radiation. The effective dose received exter-
nally from this source will vary depending 
upon the concentrations of radionuclides 
present in any given location. Some building 
materials may contain relatively high con-
centrations, particularly those made from 
natural stone or clay bricks or from by-prod-
uct materials such as the ash from coal-fired 
power stations.

DIETARY INTAKE 
Potassium is an essential element and is 
controlled by natural processes in the body. 
Everybody receives an effective dose from 
potassium-40 that is present in potassium. 
Potassium in the body is sourced from the 
diet and the average annual effective dose is 
around 0.17 mSv. 

The radionuclides that contribute the 
rest of the effective dose from inges-
tion—mainly polonium-210, lead-210 
and radium-226—are present to varying 
degrees in food and water. 

RADON
Radon-222 (commonly known as radon) 
is a naturally occurring radioactive gas 
produced by the radioactive decay of 

Source Annual average 
effective dose

Typical range of  
individual effective doses

Cosmic radiation  0.39 0.3–1

External terrestrial 0.48 0.3–1

Ingestion 0.29 0.2–1

Inhalation (radon) 1.26 0.2–10

Total natural 2.4 1–13

Table 6. Annual average effective doses and ranges of individual doses of ionizing 
radiation from natural sources (mSv)

radium-226. Levels can build up signifi-
cantly in confined places such as under-
ground mines and homes, resulting in 
increased radiation exposure of people. In 
particular, there are pronounced variations 
in the exposure of individuals to radon-222 
and its short-lived progeny, the latter being 
produced as an aerosol and being responsi-
ble for most of the effective dose. In many 
countries, the national average effective 
dose is several times higher than the world-
wide average and in some homes occupants 

receive effective doses of one or even two 
orders of magnitude higher. 

Radon-220 (commonly known as thoron) is 
another isotope of radon; it is produced by 
the radioactive decay of radium-224 in the 
thorium-232 decay series. Exposure of work-
ers due to thoron and primarily its progeny 
can occur in mines with a high thorium con-
centration in the bedrock. Indoors, thorium 
present in building materials is normally the 
main source of thoron. 

COSMIC RAYS
Cosmic rays are partially absorbed by the 
Earth’s atmosphere but some still reach 
the Earth’s surface. Most people live at low 
altitude and the only variation in exposure 
at low altitude is as a result of the effect 
of latitude, exposures being lowest at the 
equator and highest at the poles. However, 
those who live at relatively high altitudes 
receive effective doses that may be several 
times the worldwide average. 

The dose rate in jet aircraft can reach up 
to 100 times that on the ground and, as a 
consequence, frequent flyers and aircrew 
in particular receive higher effective doses 
from this source. The annual effective 
dose received will depend on the routes 
flown and the total flying time. For air-
crew, flying hours are often controlled 
by international agreements to protect 
against fatigue and this in turn limits the 
annual effective doses from cosmic rays to 
a maximum of about 6 mSv. The majority 
of aircrew receive annual effective doses of 
the order of 1–3 mSv.

MAKING SENSE OF RADIATION SAFETY

WHAT ARE THE COMPONENTS 
OF EXPOSURE TO NATURAL  
SOURCES OF RADIATION?

Note: Many individuals receive annual effective doses that can be several tens of mSv, or even higher [3].
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Note:
a An excess lifetime risk of 1% equates to 1 case per 100 people above the natural incidence.
b Percentage at the specified dose.

Acute dose (Gy) Solid cancerb Leukaemiab

0.1 0.36–0.77 0.03–0.05

1.0 4.3–7.2 0.6–1.0

Table 8. Excess lifetime risk of mortality obtained from the life span study a

WHAT IS KNOWN ABOUT 
RADIATION EFFECTS 
ON HUMANS?

Information on the health effects of radiation 
exposure has been obtained from studies of the 
victims of severe radiation accidents, the survi-
vors of the atomic bombings in Japan, various 
groups of workers exposed to radiation in medi-
cine and industry, and patients exposed as part 
of medical diagnosis and treatment. 

HEALTH EFFECTS OF

RADIATION EXPOSURE

For the purpose of describing the effects of 
radiation on humans, absorbed dose can be 
divided into three dose bands, namely high, 
moderate, and low.

HIGH DOSES 
(GREATER THAN ABOUT 1 Gy)
If the exposure of tissues or organs to ionizing 
radiation is high enough, then a large number 
of cells may die and the effect on the tissue 
or organ may be clinically observable. Effects 
of this type are called “deterministic effects” 
and only occur if the radiation dose exceeds 
certain thresholds (see Table 7). Above 
these thresholds, the severity of the effects 
increases with the absorbed dose.

MODERATE DOSES 
(ABOUT 100 mGy TO ABOUT 1 Gy) 
The human body’s immune system is 
very effective in detecting and destroying 
mutated cells. However, there is a possibil-
ity that a non-lethal transformation of a cell 
could lead, after a latency period, to cancer 
in the exposed individual. In addition, herit-
able disease in the individual’s offspring is 
considered to be a possibility. 

Increased incidences of cancer have been 
observed among populations who have 
been exposed to moderate doses, most 
notably, in the epidemiological studies of 
the survivors of the atomic bombings in 

When radiation passes through cellular tis-
sue, it produces charged (i.e. ionized) water 
molecules which change into free radicals. 
These radicals are highly reactive and can 
interact with the important genetic material 
in the cell, the DNA. In addition, the DNA 
may also be ionized directly. Damage caused 
by these interactions may be fully repaired, 
in which case, the cell remains viable. 
However, if the damage is not successfully 
repaired and the DNA is not restored com-
pletely, the cell may either die or mutate. 

Japan (the so-called “Life Span Study” 
[4]). In the case of exposure due to radon, 
the evidence of an increased risk of lung 
cancer comes from epidemiological stud-
ies of uranium and other miners exposed 
at work and, more recently, from studies 
of the general population exposed in their 
homes. At moderate doses, the incidence of 
cancer obtained from the epidemiological 
studies appears to increase with increas-
ing absorbed dose; these effects (cancer 
and heritable effects) are called “stochastic 
effects” (see Table 8).

None of the epidemiological studies of 
exposed human populations, whatever the 
level of exposure, has detected any increase 
in the incidence of heritable effects due to 
exposure. That does not mean that there 
is no risk of such effects, because detect-
ing a small increased incidence associated 
with radiation exposure above a fairly high 
incidence in unirradiated populations is 
difficult. The clearest demonstrations of 
the heritable effects of radiation exposure 
come from extensive experimental studies 
on animals, particularly mice, subjected to 
high radiation doses. From these studies, a 
risk of heritable effects in a human popula-
tion exposed to radiation in one generation 
as 0.41–0.64% of the baseline rate per gray 
of parental irradiation in the next generation 
has been inferred [1].

MAKING SENSE OF RADIATION SAFETY

Effect Organ Time to appear Absorbed dose (Gy)

Skin burns Skin 2–3 weeks 5–10

Temporary hair loss Skin 2–3 weeks ~4

Permanent sterility Testes 3 weeks ~6

Permanent sterility Ovaries <1 week ~3

Renal failure Kidney >1 year ~7

Fibrosis/necrosis Bladder >6 months ~15

Table 7. Examples of dose thresholds for deterministic effects
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Dental x-rays give low doses of radiation to patients.

On the basis of the currently available 
scientific evidence, children are in gen-
eral more sensitive to radiation than 
adults and therefore require a greater 
degree of protection.

A review of 23 cancer types, some of 
which are highly relevant for evaluating 
the radiological consequences of nuclear 
accidents and of some medical proce-
dures, has been carried out [5]. Children 
were found to be more sensitive to radi-

ARE EFFECTS OTHER THAN 
CANCER CAUSED BY MODERATE 
RADIATION DOSES?
The data from the Life Span Study have 
shown that moderate to high doses of 
radiation can increase the occurrence of 
a variety of health effects other than can-

these uncertainties, it is unlikely that 
epidemiological studies will be able to 
provide definitive evidence on the shape 
of the dose–response curve at low doses. 
Efforts are therefore being devoted to 
developing a better understanding of the 
mechanisms of damage and repair at the 
cellular level and of determining whether 
there is a biological marker that can dis-
tinguish a radiation-induced cancer from 
one that was not radiation-induced.

The effective doses to which most peo-
ple are exposed on a day-to-day basis 
are at the lower end of the “low radia-
tion doses” band discussed above. Such 
doses, typically in the range up to 10 
mSv, are sometimes referred to as “very 
low radiation doses”.

LOW RADIATION DOSES 
(LESS THAN ABOUT 100 mGy)
Studies have been undertaken of the cancer 
incidence in groups exposed to low doses of 
radiation and at low dose rates. Such groups 
include workers in the nuclear industry and 
population groups exposed to elevated lev-
els of radiation from natural sources present 
in the environment. At these low doses, the 
statistical uncertainties are large and epi-
demiological studies do not provide direct 
evidence of the relationship between radia-
tion dose and the risk of fatal cancer. Given 

The radiation doses 
to which most people are 
exposed on a day-to-day basis 
are at the lower end of the low 
radiation doses band...

...children are in 
general more sensitive to 
radiation than adults and 
therefore require a greater 
degree of protection.

ation than adults for the development of 
about 25 per cent of cancer types includ-
ing leukaemia, and thyroid, brain, skin 
and breast cancer. On the other hand, for 
about 15 per cent of cancer types such as 
cancer of the colon, children were found 
to have the same radiation sensitivity 
as adults, and for about 10 per cent of 
cancer types, such as those affecting the 
lungs, children were found to be less sen-
sitive than adults. Data for the other 50 
per cent of cancers were inconclusive.  

cer in exposed individuals. More recent 
studies have suggested that diseases of 
the circulatory system such as heart dis-
ease and strokes may occur at exposure to 
much lower doses than previously thought 
and possibly within the range of absorbed 
doses encountered in the use of radiation 
in industry and diagnostic medicine. The 
mechanisms behind these non-cancer 
effects are not well understood.

MAKING SENSE OF RADIATION SAFETY

ARE CHILDREN MORE SENSITIVE 
TO RADIATION THAN ADULTS?
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Radiation exposure of workers is strictly controlled.

In life, there is no such thing as absolute 
safety and the basis of the LNT hypothesis 
is that even the smallest exposure due to 
radiation carries with it some risk. What 
therefore is important is to determine what 
radiation exposures can reasonably be con-
trolled and how this might be done and, for 
this, it is convenient to consider the differ-
ent sources to which we are exposed.

USE OF ARTIFICIAL SOURCES
It is a relatively straightforward matter to con-
trol the introduction of a new artificial source. 
If the benefits are considered to outweigh any 
harm that might be caused, then the decision 
can be made to accept the new source. Of 
course, some decisions are controversial such 
as the use of nuclear power and may need to 
be made at governmental level following wide 
public consultation. On the other hand, many 
of the medical, industrial and research uses of 
artificial sources have been widely accepted. 
Even so, it is important to ensure that the level 
of protection has been optimized (i.e. that all 
that can reasonably be done has been done 

to reduce exposures) and any unnecessary 
exposures are avoided; regulatory oversight 
is therefore essential to ensure that facilities 
are designed and operated in such a way as to 
meet these requirements (see Table 9).

In the medical area, the exposure of patients 
is for the patients’ benefit and it would 
be unreasonable to place any limit on the 
patient’s exposure as this might unduly limit 
the ability to diagnose or treat illnesses. 
Nevertheless, all medical exposures must be 
clinically justified and should only be carried 
out if authorized by an appropriate medical 
professional. The radiation dose received from 

WHAT ASSUMPTIONS ARE 
MADE ABOUT THE HEALTH 
CONSEQUENCES OF LOW 
DOSES OF RADIATION?

In the absence of any clear, reproduci-
ble evidence of the induction of cancer 
at low doses of radiation, it is necessary 
to assume a dose–response model that 
is coherent with the available scientific 
information, and reflects ethical consider-

USING SCIENTIFIC KNOWLEDGE

TO PROTECT PEOPLE
ations. It also needs to be relatively simple 
so that it can be used to establish radia-
tion safety standards and hence national 
regulatory requirements. 

These considerations have led those 
responsible for radiation safety policy to 
assume that any level of radiation expo-
sure is potentially harmful, with the risk of 
any health effect decreasing linearly from 
that observed in epidemiological studies at 
moderate doses—this is the so-called “lin-
ear non-threshold” (LNT) dose–response 
relationship. Other hypotheses, for which 
there is some supporting scientific evi-
dence, have been proposed. One of these is 
that a threshold dose exists in the low-dose 
region below which there are no health 
consequences of radiation exposure. But, 
for the time being, the LNT hypothesis 
is considered by most scientists as being 
appropriately cautious for the purpose of 
establishing radiation safety standards. 
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HOW IS THE LNT HYPOTHESIS 
USED TO ESTABLISH RADIATION 
SAFETY STANDARDS?

Source Situation Comment

Exposure under 
regulatory control

Exposure of 
patients

high degree of controllability, should be 
justified in relation to clinical need

Nuclear reactors  
and industrial uses

high degree of controllability, should be 
authorized by the national regulatory body, 
dose limits apply to exposure of workers

Discharges of 
radioactive material

high degree of controllability, should be 
authorized by the national regulatory body, 
dose limits apply to exposure of members of 
the public

Exposures from 
artificial sources in 
the environment

Fallout from 
weapons testing

doses worldwide are very low; no realistic 
action

Contaminated sites control feasible through restrictions over ac-
cess to, or clean-up of, nuclear test sites and 
other sites contaminated by past practices or 
nuclear accidents

Exposures from 
accidental releases

Nuclear reactors 
and industrial uses

some control to mitigate exposures is 
feasible through the use of countermeasures 
such as sheltering, evacuation, 
administration of stable iodine. In the 
longer term, exposures can be controlled 
placing restrictions on certain foodstuffs and 
remediating contaminated land

Table 9. Controllability of exposure to artificial sources of radiation
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Radiation monitoring devices are used to identify the 
presence of radiation. 

tated and judgements have been made as to 
the appropriate level of residual contamina-
tion that can be accepted. Experience has 
shown that such decisions are more readily 
accepted if they are made following consulta-
tion between the responsible authorities and 
the affected populations.

ACCIDENTAL RELEASES OF 
RADIONUCLIDES TO THE ENVIRONMENT
The risk of accidental releases can be 
reduced by appropriate design and opera-
tion of facilities, but they cannot be avoided 
entirely. In the event of a serious accidental 
release of radioactive material to the environ-
ment, steps can be taken promptly to limit 
the radiation doses that will be received by 
the population. In the longer term, it may be 
necessary to take steps to mitigate the con-
sequences of such releases; this may include 
restrictions on the consumption of particular 
foodstuffs and the remediation of contami-
nated land. 

However, each action taken to reduce radi-
ation exposure is not without its own con-
sequences and should only be implemented 
when there is an overall net benefit to those 
affected by the accident. These decisions can 
be particularly difficult because of the need 
to balance the reduction in radiation doses 
with economic, societal and ethical consid-
erations. By definition, in the aftermath of 
an accident the ability to control exposures 
has been lost and therefore the dose limits 
appropriate for normal circumstances cannot 
be applied. 

NATURAL SOURCES
Radiation safety systems throughout the 
world have in the past focused on controlling 
artificial sources of radiation and there has 
been a feeling of inevitability about our 
exposure from natural sources, even though 
it is the major component of our exposure. 
It is true that often there is little that can be 
done to reduce much of our exposures from 
these sources (see Table 10). 

Exposure to cosmic rays could be reduced, 
for example, by moving people to lower 
altitude or preventing people from flying, but 
neither of these actions would seem sensible. 
There is also nothing that can reasonably 
be done to reduce most people’s exposures 

to gamma rays from radioactive material 
in the ground or to natural radionuclides 
in foodstuffs. However, controls should be 
considered when the exposures are relatively 
high and they can feasibly be applied. For 
instance, exposure to gamma rays in homes 
can be controlled by avoiding those building 
materials with relatively high radionuclide 
concentrations [6,7].

The Codex Alimentarius Commission3 has 
noted that radiation doses from the consump-
tion of foodstuffs containing radionuclides that 
are naturally present are essentially unamena-
ble to control. On the other hand, the WHO 
has published guidelines for drinking water 
quality which do cover naturally occurring 
radionuclides because action to reduce expo-
sures is feasible in particular cases where the 
concentrations are relatively high [8].

The exposures from natural sources that have 
received most attention are those from radon. 
Many people throughout the world receive 
effective doses from this source that are orders 
of magnitude higher than the average and 
proven and effective building practices exist to 
limit the accumulation of radon in new build-
ings and cost-effective corrective actions have 
been developed to reduce high radon concen-
trations in existing buildings. Guidelines have 
been established to assist national authorities 
in taking decisions on when to implement such 
practices or corrective actions.

Thoron can be a problem in homes in certain 
parts of the world with exposed clay floors or 
walls. In general, however, the levels of expo-
sure are much lower than those from radon 
and action to reduce exposures is seldom 
necessary.

any diagnostic investigation should not be 
greater than, or less than, that required to 
obtain the necessary clinical information. 
Medical practitioners should also be aware of 
the potential harm that might be caused by 
their use of radiation and to control the expo-
sures that they give to patients. 

In other areas where artificial sources are 
used, it is appropriate to limit the total effec-
tive dose that individuals might receive. Such 
limits were initially based on comparisons 
with the risks that arise in other situations 
which are generally considered to be safe. 
Different limits apply to workers and mem-
bers of the public and are laid down in the 
IAEA safety standards. Such limits are 
normally enforced by the relevant national 
regulatory body.

ARTIFICIAL SOURCES 
ALREADY IN THE ENVIRONMENT
There is effectively nothing that can be done 
to avoid the very small radiation doses gener-
ally received from the fallout from the nuclear 
weapons tests that were carried out in the 
atmosphere. Restrictions on access to the 
actual sites where the tests were carried out 
can however be applied if necessary. Some 
nuclear test sites and other sites contami-
nated by past practices have been rehabili-
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Situation Comment

Cosmic rays at ground level no reasonable controls; moving people to lower altitudes 
would not be reasonable

Cosmic rays when flying no reasonable controls over exposure of the public; exposure 
of aircrew is often limited under international agreements 

Terrestrial gamma rays
no reasonable controls except by avoiding building materials 
with relatively high concentrations of naturally occurring 
radionuclides

Ingestion of radioactive material
no reasonable control over radioactive material in foodstuffs; 
some control can be exercised over activity concentrations in 
drinking water—WHO has published guideline values 

Radon in homes
high activity concentrations (and therefore doses) can be pre-
vented in new homes and reduced in existing homes without 
undue cost

Thoron in homes in general, exposures are relatively low and therefore there is 
no need to consider control

Table 10. Controllability of exposure to natural sources of radiation

3 The Codex Alimentarius Commission is an 
intergovernmental body established by FAO/WHO for 
the purpose of protecting the health of consumers and 
ensuring fair practices in the food trade.
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WHAT ARE IAEA 
SAFETY STANDARDS?
The IAEA safety standards provide a 
system of fundamental safety principles, 
safety requirements and safety guides for 
ensuring safety (see Figure 4). They reflect 
an international consensus on what consti-
tutes a high level of safety for protecting 
people and the environment from harmful 
effects of ionizing radiation. 

The IAEA safety standards are applicable 
throughout the entire lifetime of facilities 

FUNDAMENTAL SAFETY PRINCIPLES

SAFETY REQUIREMENTS

SAFETY GUIDES

high level underlying principles

specify obligations and responsibilities 

recommendations to support 
requirements based on 
international best practices

which the safety requirements and guides 
are based. They are drafted in language 
that is understandable to the non-specialist 
reader, including persons at senior levels in 
government and regulatory bodies. As far as 
radiation safety is concerned, the ten princi-
ples reflect the concept of controllability of 
exposure including justification of facilities 
and activities, optimization of protection, lim-
itation of risks to the individual, mitigation of 
the consequences of accidents, and protec-
tive actions to reduce existing radiation risks.
 
SAFETY REQUIREMENTS 
Safety Requirements publications establish 
the requirements that must be met to ensure 
the protection of people and the environment, 
both now and in the future. The require-
ments are governed by the objective and 
principles of the Safety Fundamentals. The 
format and style of the requirements facilitate 
their use by States for the establishment, in a 
harmonized manner, of their national regula-
tory frameworks. 

SAFETY GUIDES 
Safety Guides provide recommendations and 
guidance on how to comply with the safety 
requirements, indicating an international 
consensus on the measures recommended.

Figure 4. IAEA safety standards. System reflects an international consensus on safety issues in 
order to protect people and the environment from the harmful effects of ionizing radiation.

THE IAEA

SAFETY STANDARDS
and activities—existing and new—utilized 
for peaceful purposes, and to protective 
actions to reduce existing radiation risks. 
While regulating safety is a national respon-
sibility, IAEA safety standards and harmo-
nized approaches to safety will promote 
consistency, help to provide assurance that 
nuclear and radiation-related technologies 
are used safely, and facilitate international 
technical co-operation, commerce and trade.

FUNDAMENTAL SAFETY PRINCIPLES 
The Fundamental Safety Principles establish 
the fundamental safety objective and define 
ten principles of protection and safety on 
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HOW DOES THE IAEA ESTABLISH 
RADIATION SAFETY STANDARDS?
The safety standards are developed through 
an open and transparent process for gather-
ing, integrating and sharing the knowledge 
and experience gained from the actual use of 
technologies and from the application of the 
safety standards, including emerging trends 
and issues of regulatory importance. 

The preparation and review of radiation 
safety standards involves the IAEA Secretar-
iat and the Radiation Safety Standards Com-
mittee (RASSC). All IAEA Member States 
may nominate experts for RASSC. The Com-
mission on Safety Standards (CSS) oversees 
the entire safety standards programme. The 
members of the CSS are appointed by the 
IAEA Director General and include senior 
government officials having responsibility for 
establishing national standards. 

International organizations with relevant 
competencies and responsibilities are invited 
to be involved in the development of radiation 
safety standards, particularly sister organiza-
tions in the United Nations family—the Food 
and Agriculture Organization of the United 
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in 2014 [9]. These provide the basic require-
ments for radiation safety for the protection of 
people and the environment from the harmful 
effects of radiation and for the safety of radia-
tion sources. Regulating radiation safety is a 
national responsibility, but many States base 
their regulatory systems on the requirements 
in the BSS.

Other safety requirements relevant to radia-
tion safety have been published covering, for 
example, governmental, legal and regulatory 
infrastructure, emergency preparedness and 
response, and safety assessment. In addition, 
there are currently about 20 General Safety 
Guides and 10 Specific Safety Guides cover-
ing radiation safety. All safety standards can 
be downloaded directly from the IAEA web-
site: http://www-ns.iaea.org/standards/

The IAEA runs regional workshops and 
training courses to assist States to improve 
their regulatory infrastructure and to imple-
ment the requirements of the BSS. In addi-
tion, on request, the IAEA sets up mission to 
assess the status of a State’s radiation safety 
infrastructure, using the radiation safety 
standards as the basis.

The importance of radiation safety was rec-
ognized very early on in the life of the IAEA. 
In fact, the first edition of the International 
Basic Safety Standards (commonly referred 
to as the BSS) was published in 1962. These 
have been updated on several occasions 
since then, the latest version being published 

MAKING SENSE OF RADIATION SAFETY

WHAT ARE THE INTERNATIONAL
BASIC SAFETY STANDARDS?

Nations (FAO), the International Labour 
Organization (ILO), the Pan American Health 
Organization (PAHO), the United Nations 
Environment Programme (UNEP) and the 
World Health Organization (WHO). Other 
international organizations, such as Euro-
pean Atomic Energy Community (EC) and 
the Nuclear Energy Agency of the Organisa-
tion for Economic Co-operation and Develop-
ment (OECD/NEA), also cosponsor radiation 
safety standards. The IAEA strongly encour-
ages this cosponsorship.

All draft safety standards are sent to Mem-
ber States for comment before finalization. 
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Table A. Radiation weighting factors, (wR)

Radiation wR

Photons  1

Electrons and muons 1

Protons and charged pions 2

Alpha particles, fission fragments, heavy ions 20

Neutrons
A continuous function of neutron 

energy with values between 2 and 20. 
Highest values are for neutrons of ener-

gy around 1 MeV.

ANNEX 1

The absorbed dose, measured in grays (Gy) is the basic quantity used in radiation 
safety. It is the amount of energy that ionizing radiation deposits in a unit mass of 
matter. Submultiples of the gray are often used, such as milligray (mGy) which is 
one-thousandth of a gray. However, different types of ionizing radiation differ in 
the way in which they interact with biological materials, so that equal absorbed 
doses do not necessarily have equal biological effects (see Table A). For instance, an 
absorbed dose of 1 Gy in tissue from alpha radiation is more harmful than the same 
dose from beta radiation. 

The equivalent dose is a concept, developed for the purpose of radiation safety, that 
takes account of the differences in the biological effects of the different types of radi-
ation—it is obtained by multiplying the absorbed dose (in Gy) by a factor (wR) that 
reflects the relative biological effectiveness of the radiation for causing harm. 

ARE ALL RADIATIONS EQUALLY 
EFFECTIVE IN PRODUCING 
HEALTH EFFECTS?

MAKING SENSE OF RADIATION SAFETY

Table B. Tissue weighting factors (wT) 

Note:
*Remainder tissues include adrenals, extrathoracic (ET) region, gall bladder, heart, kidneys, lymphatic 
nodes, muscle, oral mucosa, pancreas, prostate, small intestine, spleen, thymus and uterus/cervix.

Tissue wT Sum of wT

Bone marrow (red), colon, lung, stomach, breast, remainder tissues* 0.12 0.72

Gonads  0.08 0.08

Bladder, oesophagus, liver, thyroid 0.4 0.16

Bone surface, brain, salivary glands, skin 0.01 0.04

Total 1.00

ARE ALL TISSUES EQUALLY 
SENSITIVE TO RADIATION 
EXPOSURE?

Tissues and organs also differ in their sensitivity to radiation exposure. For example, 
the risk of fatal cancer per unit equivalent dose is lower for the thyroid than for the 
lung. Moreover, there are other important types of harm such as non-fatal cancers 
or the risk of serious heritable damage caused by irradiation of the testes or ovaries. 
The effective dose is a concept, again developed for the purposes of radiation safety, 
that takes all of these different health effects into account. This quantity is obtained 
by multiplying the equivalent dose in a tissue or organ by a weighting factor (wT) 
related to the detriment associated with radiation exposure of that tissue or organ 
and then summing these weighted equivalent doses to all relevant exposed tissues 
and organs (see Table B). 

Both equivalent dose and effective dose are not quantities that can be measured. 
They have simply been developed for the purposes of radiation safety, such as the 
establishment of appropriate standards. Both are expressed in a unit called the 
“sievert” (Sv). As the unit is large compared with the doses that are typical of those 
received by humans, submultiples are frequently used, such as millisievert (mSv), 
which is one-thousandth of a sievert.
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