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Guest Editorial

EVALUATION OF EFFECTIVE DOSE FOR EXPOSURES
IN THE ENVIRONMENT

It is often said that radiological protection is a practical science and | quite agree.
There are many cases where decisions must be made even if the scienti“c knowledge
is imperfect. In such cases, the decision should be made using the best scienti“c
knowledge available at the time. E ective dose is a typical example of a useful
concept for such decisions in radiological protection as a practical science. The bio-
logical e ect of exposure to radiation below 100 mSv is, as well known, not thor-
oughly elucidated; nevertheless, radiological protection needs to be implemented
appropriately for the safe use of radiation which provides huge bene“ts to human
lives via various applications such as nuclear energy and medical use.

The concept of e ective dose was invented more than 40 years ago by Professor
Wolfgang Jacobi (Jacobi, 1975), and since its adoption by the International
Commission on Radiological Protection (ICRP, 1991) has played an essential role
in radiological protection as the basic protection quantity. | was lucky to get the
chance to meet Professor Jacobi while attending his 60th birthday party which was
held in 1988 at the Gesellschaft fu Strahlenforschung (GSF) (now Helmholtz
Zentrum Mu'nchen). At that time, Professor Jacobi was serving as the director of
one of the research institutes of GSF. He was so kind to smile and talk to the
stranger who joined the party by chance while studying at GSF for a single year.
During the party, a scienti“c journal with articles dedicated to him and his work was
presented to him as a gift. It was quite an inspiring moment, and | decided to con-
tinue working in the “eld of radiological protection.

| remember, after returning to Japan, arguments with my colleagues on how
e ective dose is useful in radiological protection. | was in favour of using e ective
dose, but could not argue su ciently about its merits at that time. The fact that
e ective dose has been used for more than 40 years has proved its usefulness.

Dose coe cients for external exposures in the environment have been studied for
a long time. The “rst comprehensive studies on this subject were those by Dillman
(1974), and Poston and Snyder (1974). Since then, many researchers, myself
included, have tackled this subject, mainly using computer simulations, and several
articles have been published. Before e ective dose was established, dose coe cients
were calculated for the whole body and speci“c organs. After the invention of e ect-
ive dose, dose coe cients were estimated mainly in terms of e ective dose, and have
been an essential input for dose evaluation in the environment.
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Exposures in the environment have some features di erent from those in work-
places. Radiation “elds have speci“c characteristics (energy spectrum, angular dis-
tribution, height dependency, etc.) depending on the source distribution. An
important characteristic of exposure in the environment is that the incident "uence
is approximated to be symmetrical around the body axis. Extremely biased irradi-
ation such as anterior...posterior geometry does not occur in the environment. This
suggests that ambient dose equivalent may not be the best approximation of e ective
dose, making dose coe cients speci‘cally for exposures in the environment
necessary.

Further, people from a wide range of ages are exposed in the environment, includ-
ing infants and children. In many cases, especially after large-scale accidents, con-
cerns arise regarding exposures of children and their protection within the existing
system of radiological protection. Therefore, it is desirable to evaluate dose coe -
cients for di erent age groups. Age-dependent e ective dose evaluation was per-
formed, for example, by the United Nations Scienti“c Committee on the E ects of
Atomic Radiation (UNSCEAR, 2000, 2013) for evaluation of exposure of the public
to natural sources as well as to radiation released as a result of the accidents at the
nuclear power plants (NPPs) in Chernobyl in 1986 and Fukushima in 2011.

The Fukushima Daiichi NPP accident highlighted the importance of appropriate
dose evaluation after a large-scale accident. The standards for radiological protec-
tion actions were determined partially on simple assumptions which resulted in not-
insigni“cant overestimation of dose. One of the reasons for the overestimation was
the enot always correcte assumption that ambient dose equivalent could approximate
e ective dose with acceptable uncertainty. It was then recognised that more realistic
dose coe cients should be used for environmental dose evaluation. Particularly
when the number of exposed inhabitants is large or the contaminated areas are
wide, the accuracy of dose evaluation can have a signi“cant e ect on the appropri-
ateness of decision-making associated with various social and economic problems.

This is the “rst time that ICRP has published dose coe cients directly applicable
to external exposure of the public in the environment. Based on the knowledge
accumulated during ICRPes long history, the most appropriate models and simula-
tion methods were developed and used. In the environment, exposures are too
diverse and proper simulation of all of them is not possible; therefore, some typical,
idealised exposure conditions were assumed. It is believed that the dose coe cients
developed for these conditions could be applied for the most important exposures in
normal and emergency conditions. The dose coe cients were compiled for “ve dif-
ferent ages from newborn to 15 years, in addition to adults. Generally, exposures
from photons are important in the environment since sources are distributed over
wide areas, and the emitted photons could reach the human body from a distance.
Electrons emitted from radionuclides in the environment may give non-trivial expos-
ures to the skin and breast, especially in the early stages of an accident. Therefore,
the contribution of electrons was also taken into account in the computation of dose
coe cients by considering the electron “elds.



Dose coefficients for external exposures to environmental sources

For accurate dose evaluation in the environment, there are several important
challenges to overcome, especially after a large accident. The essential factor is, of
course, accurate information on the radiation levels in the environment. The radio-
nuclide deposition density and the associated ambient dose equivalent rate in the
contaminated environment tend to vary signi“cantly with location, even in a small
area. The absolute activity concentration and variation of radiation “elds need to be
characterised accurately. The living habits of the population is another important
factor for dose estimation. For example, according to detailed investigations in the
Fukushima area, it turned out that the public spent more time indoors than had been
assumed. Furthermore, the dose reduction e ect by buildings needs to be estimated
properly.

Besides these crucial issues, dose coe cients are essential for accurate dose evalu-
ation in the environment. The dose coe cients compiled in this publication are the
fruit of e orts by a number of researchers who have worked on dose evaluations in
the environment and have contributed directly or indirectly to this report. The mem-
bers who engaged in the development of this publication would like to express their
hearty thanks to all of them, and hope that the coe cients will be utilised in dose
evaluation and contribute to proper radiological protection in the environment.

KIMIAKI  SAITO
Japan Atomic Energy Agency
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DOSE COEFFICIENTS FOR EXTERNAL EXPOSURES TO
ENVIRONMENTAL SOURCES

ICRP PUBLICATION 144
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Abstract-This publication presents radionuclide-specific organ and effective dose-
rate coefficients for members of the public resulting from environmental external
exposures to radionuclide emissions of both photons and electrons, calculated using
computational phantoms representing the International Commission on
Radiological Protectiones (ICRP) reference newborn, 1-year-old, 5-year-old, 10-
year-old, 15-year-old, and adult males and females. Environmental radiation fields
of monoenergetic photon and electron sources were first computed using the Monte
Carlo radiation transport code PHITS for source geometries representing environ-
mental radionuclide exposures including planar sources on and within the ground at
different depths (representing radionuclide ground contamination from fallout or
naturally occurring terrestrial sources), volumetric sources in air (representing a
radioactive cloud), and uniformly distributed sources in simulated contaminated
water. For the above geometries, the exposed reference individual is considered to
be completely within the radiation field. Organ equivalent dose-rate coefficients for
monoenergetic photons and electrons were next computed employing the PHITS
code, thus simulating photon and electron interactions within the tissues and
organs of the exposed reference individual. For quality assurance purposes, further
cross-check calculations were performed using GEANT4, EGSnrc, MCNPX,
MCNPG6, and the Visible Monte Carlo radiation transport codes. From the mono-
energetic values, nuclide-specific effective and organ equivalent dose-rate coefficients
were computed for 1252 radionuclides of 97 elements for the above environmental
exposures using the nuclear decay data from ICRPublication 107 The coefficients
are given as dose-rates normalised to radionuclide concentrations in environmental
media, such as radioactivity concentration (nSvh*Bgq *m? or nSvh *Bq *m?3),
and can be renormalised to ambient dose equivalent (SvSY) or air kerma free in

air (SvGy Y. The main text provides effective dose-rate coefficients for selected
radionuclides; details including age- and sex-dependent organ dose-rate coefficients
are provided as an electronic supplement to be downloaded from the ICRP and
SAGE websites. The data show that, in general, the smaller the body mass of the
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phantom, the higher the organ and effective dose due to: (1) closer proximity to the
source (in the case of ground contamination); and (2) the smaller amount of body
shielding of internal organs in the younger and smaller reference phantoms. The
difference in effective dose between an adult and an infant is 60...140% at a
photon energy of 0.05MeV, while it is less than 70% above a photon energy of
0.10 MeV, where smaller differences are observed for air submersion and the largest
differences are observed for soil contamination on the surface of the ground. For
realistic exposure situations of radionuclide environmental contamination, the dif-
ference is found to be more moderate. For example, for radioactive caesiun®(Cs,
13¢Cs, 137Cs/*3"™Ba) deposited on and in the ground, the difference in effective dose
between an adult and an infant is in the range of 30...60%, depending on the radio-
activity deposition depth within the soil.

2020 ICRP. Published by SAGE.
Keywords External radiation; Environmental; Effective dose; Organ equivalent

dose; Dose coefficients; Ambient dose equivalent; Soil contamination; Air submer-
sion; Water immersion
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MAIN POINTS

Reference organ and e ective dose-rate coe cients are provided for external expos-
ures of members of the public resulting from radionuclide contamination of soil, air,
and water. The source pro“les for soil contamination include planar sources at vari-
ous speci“c depths, and exponential volumetric sources at di erent relaxation masses
per unit area.

The calculations require modelling of the environmental radiation “elds, computa-
tion of organ and e ective dose-rate coe cients for exposures to monoenergetic
photons and electrons, and the use of these data to calculate dose-rate coe cients
for radionuclides, considering their emissions of gamma rays, conversion electrons,
X rays, Auger electrons, and bremsstrahlung x rays. Extensive quality assurance
was undertaken for all steps of the calculations.

This publication includes e ective dose-rate coe cients for exposures to selected
radionuclides at the ages represented by the International Commission on
Radiological Protection (ICRP) reference phantoms: newborn, 1-year-old, 5-year-
old, 10-year-old, 15-year-old, and adult. Full lists of e ective dose-rate coe cients
for the radionuclides tabulated ifPublication 107 (ICRP, 2008) and the respective
organ dose-rate coe cients are provided separately for males and females in an
electronic supplement and a data viewer available for download. Ambient dose
equivalent and air kerma rates are also given for soil contamination and air
submersion.

The data show that the smaller body mass of young children will result in higher
dose-rate coe cients due to smaller masses of overlying tissues shielding doses to
internal organs, and increased proximity to the source in the case of soil contamin-
ation. However, age-related di erences in e ective dose-rate coe cients are gener-
ally not large for important radionuclides.

13






EXECUTIVE SUMMARY

(a) External irradiation from environmental sources of radionuclides is an import-
ant pathway of exposure to members of the public which may result from both
routine discharges and major accidental releases from nuclear facilities, regions of
high naturally occurring radionuclide soil concentrations, or environmental contam-
ination following radiological terrorist events envolving radioactive materials.

(b) Age-dependent dose coe cients for internal exposures have been evaluated
comprehensively by the International Commission on Radiological Protection
(ICRP) in Publications 56, 67, 69, 71and 72 (ICRP, 1990, 1993, 1995a,c,d), with
updates published for the reference adults in the Occupational Intakes of
Radionuclides series (ICRP, 2015, 2016a,b, 2017a, 2019). However, age-dependent
dose coe cients for external environmental exposures have not been evaluated pre-
viously by ICRP. These data are especially important for dose evaluation in the
environment where individuals across a wide range of age groups can be potentially
exposed. The purpose of this publication is, therefore, to provide reference age-
dependent dose-rate coe cients for external environmental exposures for members
of the general public.

(c) Dose-rate coe cients are needed to evaluate e ective dose from measured or
evaluated data on environmental radioactivity concentrations, air kerma rates,
absorbed dose-rates in air, or ambient dose equivalent rates. Calculation of dose-
rate coe cients requires evaluation of the environmental “eld (such as exposure
geometry, density and composition of soil, and radionuclide concentration distribu-
tion in the environmental media), information on the emitted radiations, anatomic
computational models of the human body (such as reference voxel phantoms repre-
senting exposed members of the general public), and transport simulations of emitted
radiations within both the environmental media and anatomy of the exposed indi-
viduals. Organ equivalent doses depend on body size as, in external photon expos-
ures, increasing amounts of overlying tissue (skeletal muscle and subcutaneous fats
in particular) enhance the shielding of deeper radiosensitive organs (ICRP, 2010).
Resultantly, this publication considers the full range of ICRP reference individuals
(newborn to adult) in these calculations.

(d) The most probable exposure scenarios were identi“ed: exposure to contamin-
ation on or below the ground surface and at di erent depths (ground exposure);
submersion in a contaminated atmospheric cloud (air submersion); and immersion in
contaminated water (water immersion). In the “rst two scenarios, air-over-ground
geometry and a human body standing upright above the ground surface were
assumed.

(e) Organ and e ective dose-rate coe cients for environmental exposures were
computed for the ICRP voxel-based adult male and female reference computational
phantoms in Publication 110(ICRP, 2009a), as well as for the 10 ICRP Reference
Male and Female paediatric phantoms (ICRP, 2020). These phantoms have been
formally adopted by ICRP for use by Committee 2 in the development of age-
dependent dose coe cients following the 2007 Recommendations (ICRP, 2007).

15
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(f) ICRP establishes, for the “rst time, reference dose-rate coe cients for exposure
to radionuclides in the environment in ground, air, and water. Radiations considered
include direct photons from radionuclide decays, scattered photons in the environ-
ment, beta particles and electrons, and bremsstrahlung x rays from beta particles and
from conversion and Auger electrons. For contaminated ground and air, computa-
tions were performed in three steps. In Step 1, radiation transport of monoenergetic
particles (photons and electrons) from the contaminated environment was conducted
and the resulting radiation “eld (particle type, energy, and direction) was recorded
on the surface of a virtual cylinder surrounding the exposed individual (a so-called
ecoupling cylindere). In Step 2, the recorded particles on the surface of the coupling
cylinder were transported, in turn, within the body of each of the 12 reference phan-
toms and monoenergetic source particles. In Step 3, values of organ equivalent dose
rate for monoenergetic particles were spectrum-weighted to yield radionuclide-spe-
ci“c dose-rate coe cients. Additional simulations under Step 2 included the place-
ment of an air sphere for tallying ambient dose equivalent rate and air kerma rate at
a height of 1 m from the surface of the ground in order to report organ and e ective
dose-rate coe cients normalised to either the environmental radionuclide concen-
tration, or measured values of ambient dose equivalent rate or air kerma rate, where
the latter might be obtained from radiation environmental monitoring data.

(g) Section 1 provides an introduction and Section 2 describes the schema for dose
assessment from environmental exposures. Section 3 gives a brief description of the
guantities used currently in radiation protection for external environmental dosim-
etry. Section 4 is a brief summary of the ICRP adult and paediatric voxel phantoms
employed in the calculations. Section 5 illustrates the characteristics of the environ-
mental “elds simulated, as well as the main aspects of their simulation (Step 1).
Section 6 highlights the organ dose-rate simulations in the computational phantoms
(Step 2). Section 7 depicts the estimation of dose-rate coe cients for radionuclides
(Step 3), and Section 8 depicts the estimation of nuclide-speci“c dose-rate coe cients
for planar sources in speci“c depths and volumetric sources. Section 9 gives some
concluding remarks on the use and limitations of the given dose-rate coe cients.

(h) Annex A gives the reference coe cient rates for e ective dose for all ages con-
sidered, ambient dose equivalent, and air kerma for selected radionuclides for soil
contamination at a depth of 0.5 g cm 2, air submersion, and water immersion. Tables
for all radionuclides as well as for further planar sources and exponential volumetric
sources can be found in the electronic supplement which may be downloaded from
the ICRP and SAGE websites.

(i) Annexes B and C discuss the special considerations for skeletal and skin dos-
imetry, respectively, and Annex D gives some examples of calculations of the dose-
rate coe cients tabulated in this publication.

(i) The electronic supplement presents reference dose-rate coe cients for e ective
dose and organ equivalent doses for those organs for which tissue weighting factors
are assigned irPublication 103(ICRP, 2007) (red bone marrow, colon, lungs, stom-
ach, breast, stomach wall, gonads, bladder wall, liver, oesophagus, thyroid, endo-
steum, brain, salivary glands, and skin). The organ equivalent dose-rate coe cients

16
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are given separately for the adult male and female models. In addition, dose-rate
coe cients are given for ambient dose equivalent and air kerma for soil contamin-
ation and submersion in contaminated air. For description of the content of the
electronic supplement, please see Annex E.

(k) A data viewer code is provided which allows interactive, comfortable viewing
and downloading of the dose-rate coe cient data.

17






1. INTRODUCTION

(1) Members of the public are exposed to various external radiation sources,
including naturally occurring radionuclides in soil and other environmental media,
as well as cosmic radiation originating from solar particle events and galactic cosmic
rays. Moreover, small quantities of radionuclides could be discharged in the envir-
onment under routine operations, for example, from nuclear or other facilities that
process radioactive materials, leading to small but continuing exposures to the
public. In the case of a major nuclear facility accident, potentially large quantities
of radionuclides could be released into the environment, resulting in wide geographic
regions of contamination. Such was the case following the nuclear power plant
(NPP) accidents in Chernobyl, Ukraine in 1986 and in Fukushima Prefecture,
Japan in 2011. Both resulted in exposures to members of the general public, with
the former being substantially more signi“cant than the latter. In such cases, accurate
evaluation of radiation doses to the exposed public is important for evaluation of the
impact of the accident and to guide decisions on appropriate radiological protection
countermeasures.

(2) External exposure to environmental sources is an important pathway of expos-
ure of the public after major releases of radionuclides to the environment. In the
early stage after a nuclear accident, internal exposures due to inhalation and inges-
tion of radionuclides are likely to contribute signi“cantly to organ equivalent and
e ective dose, together with external dose contributions from submersion within the
radioactive cloud or plume, depending on many factors, such as the regional weather
conditions. However, sometime after an accidental release, and if appropriate restric-
tions of foodstu s are implemented, external exposures from deposited radionuclides
on and in the ground become the dominant contributor to the radiation dose to
members of the public. As shown in Fig. 1.1, this was speci“cally the case following
the accident at Fukushima NPP in 2011.

(3) Age-dependent dose coe cients for internal exposures to members of the
public have been evaluated comprehensively by the International Commission on
Radiological Protection (ICRP) in Publications 56 67, 69, 71, and 72 (ICRP, 1990,
1993, 1995a,c,d), and revisions are in progress. However, to date, reference values of
age-dependent dose coe cients for external environmental exposures have not been
evaluated by ICRP. In this publication, environmental radionuclide external expos-
ures to the full range of ICRP reference individuals are addressed to provide age-
dependent dose-rate coe cients.

(4) Doses are calculated using the range of reference paediatric phantoms (ICRP,
2020) as well as the reference adult phantoms (ICRP, 2009a); that is, male and female
models for newborn, 1-year-old, 5-year-old, 10-year-old, and 15-year-old children as
well as the adult. However, it should be noted that the current ICRP system of
radiological protection uses a simpli“ed set of tissue weighting factors in the calcu-
lation of e ective dose, based on sex- and age-averaged relative detriment values, and
speci“es only two nominal detriment values: 5.7 10 ?Sv * for the whole popula-
tion and 4.2 10 2Sv ! for adults (ICRP, 2007). Thus, recognised di erences in
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Fig. 1.1. Estimated district-averaged effective doses to adults, children, and infants living in
Fukushima City (UNSCEAR, 2013). (Reproduced with permission from United Nations
Scientific Committee on the Effects of Atomic Radiation). Note: the contribution of the
external plume is too small to be visible on the graph.

detriment and relative detriment (the contribution of the various organs and tissues
to total detriment) as a function of age at exposure are not taken into account other
than in the di erences between the two nominal detriment values (ICRP, 1991,
2007). This approach is adopted principally because application of the e ective
dose coe cients is for the protection of both the public or workers, and dose
limits, constraints, and reference levels are set to apply to each of these groups.
Thus, dierences in e ective dose-rate coe cients as a function of age shown in
this publication relate only to di erences in physical size and organ masses, and
do not address age di erences in detriment per Sv. Similarly, di erences in organ
absorbed dose-rate coe cients do not inform on di erences in stochastic risk per Gy
as a function of age at exposure.

(5) For external exposures to environmental sources, the dosimetric quantities of
interest are the radiation doses received by the radiosensitive organs and tissues of the
body due to photons and electrons emitted by radionuclides distributed in soil, air, or
water. The types of radiation considered are those of importance for external expos-
ure by radionuclides: photons including bremsstrahlung and electrons including beta
particles. The neutron dose from radionuclides released to the environment after a
nuclear accident is considered to be negligible. Neutrons as well as muons from
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cosmic radiation are not dealt with in this publication. If there is a need to estimate
doses from cosmic radiation, the reader is referred to the study by Sato (2016).

(6) The geographic pattern of radionuclide distribution in air or soil after an
accident is dependent on the time and duration of release, deposition pathways,
the chemical form of released radionuclides, and prevailing meteorological condi-
tions at the time of the release. The latter can include wind direction and any rainfall
or snowfall occurring during the passage of the plume. For a routine or extended
release, wind direction can be expected to vary over time. In the longer term, rainfall,
snowfall, and weathering will allow penetration of deposited radionuclides into saill,
and some migration via water pathways or through resuspension. The deposition
densities of released radionuclides are often quite heterogeneous. Generally, in the
longer term, one or a few radionuclides will dominate as the principal contributors to
human exposure (such a$*’Cs and ***Cs in the case of the Fukushima NPP acci-
dent) (UNSCEAR, 2008, 2013; ICRP, 2009b; Saito et al., 2015).

(7) Ground contamination is the most important source in large-scale accidents as
deposited radionuclides continue to expose members of the general public over exten-
sive geographical regions for long time periods (UNSCEAR, 2008, 2013; Mikami
et al., 2015; Saito et al., 2015). Deposited radionuclides in the ground with respect
to depth (via migration) may be represented sometime after the accident by an expo-
nentially decreasing concentration pro“le from the soil surface; moreover, the so-
called erelaxation mass per unit areas (in g cnf) is an indicator of radionuclide migra-
tion into the ground, and is observed to increase with elapsed time since initial soil
deposition (ICRU, 1994; Matsuda et al., 2015). Further, the deposited radionuclides
could have various concentration pro“les ... mostly exponential or pro“les exhibiting a
peak at a certain soil depth that can be approximated by a hyperbolic secant function
(Matsuda et al., 2015) or a time-dependent migration factor, both likely to be found
on undisturbed soils. However, mechanical processing may result in di erent activity
distributions or pro“les. Ploughing of agricultural lands could lead to non-exponen-
tial pro“les, such as inverted or uniform to the depth of ploughing. Decontamination
activities may also change the depth distributions, for example when the contaminated
upper soil is removed or covered by a non-contaminated layer. As it is not possible to
simulate all possible ground types and soil depth distributions, simulations for planar
sources at “xed depths below the ground surface can provide basic data to enable the
reconstruction of diverse and complex radionuclide sources with di erent depth pro-
“les. Therefore, this publication provides dose-rate coe cients for plane sources on
the surface and at various depths in the soil. Although the respective data for concrete
and asphalt, which are surfaces typically found in urban areas, are not directly pro-
vided, the data in this publication could be used for estimation of dose coe cients
relevant to urban areas. This would require appropriate adjustment of the mass per
unit area of the contamination depth pro“les by considering the density of the respect-
ive medium, as per the discussion in Sections 8.1.1 and 8.1.2. A similar approach was
employed for the US Environmental Protection Agency Federal Guidance Reports
Nos 12 (Eckerman and Ryman, 1993) and 15 (Bellamy et al., 2019), and by the
International Commission on Radiation Units and Measurements (ICRU, 1994),
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where dose-rate coe cients for planar sources were convoluted to approximate any
speci“c or desired radionuclide concentration soil depth pro“le.

(8) Similarly, the source conditions following a radioactive release in air could
change in various ways according to the prevailing and time-dependent meteoro-
logical conditions. Near the release point, the radionuclide concentrations in air are
often modelled by Gaussian distributions perpendicular to the wind axis (Gaussian
plume model), and typical meteorological conditions are classi“ed into several cate-
gories due to atmospheric turbulence conditions and temperature...altitude pro‘“les.
The degree of radionuclide dispersion could be entirely di erent according to these
meteorological conditions; therefore, the relation of dose-rates attributed to radio-
nuclide concentrations and their distributions in air can vary greatly. Consequently,
it is not practical to evaluate dose-rate coe cients to cover all possible diverse con-
ditions. At locations su ciently far from the release point, the radionuclide distri-
butions in air could be approximated to be uniform, and the hemispherical
submersion model is considered to be a good approximation at all exposure locations
due to the rapid dispersal of radioactive material in air resulting in homogenous
distribution.

(9) Water immersion is a rare pathway of environmental exposure; however,
radioactive releases to the oceans and seas, or the contamination of surface waters
have been observed following major radiological accidents. In a large accident,
aquatic systems such as rivers, ponds, and seas might be contaminated, and inhab-
itants might be immersed in water containing radionuclides. Generally, it is antici-
pated that exposure from water immersion is not signi“cant in most cases, but to
enable the evaluation of such exposures, dose-rate coe cients for water immersion
are also provided.

(10) A number of scienti“c articles have reported dose-rate coe cients for external
irradiation of the body for monoenergetic sources or for radionuclides distributed in
the environment (Dillman, 1974; Poston and Snyder, 1974; O<Brien and Sanna, 1976;
DOE, 1988; Petoussi et al., 1989, 1991; Jacob et al., 1990; Saito et al., 1990, 1991,
1998; Eckerman and Ryman, 1993; Zankl et al., 2002; Petoussi-Henss and Saito,
2009). Most of the above articles are based on mathematical computational phan-
toms, mainly of adults. Data on organ equivalent doses for external exposures to the
newborn and children are scarce. The “rst calculated data based on voxel computa-
tional phantoms stemmed from work published by Jacob et al. (1990), Saito et al.
(1990), and Petoussi et al. (1991), who computed the dose-rate coe cients for an 8-
week-old baby and a 7-year-old child.

(11) After 2011, many research studies revisited these calculations using current
and more state-of-the-art Monte Carlo methods and anatomic phantoms. An update
of the work of Jacob et al. (1990) and Saito et al. (1990) can be found in Petoussi-
Henss et al. (2012). Saito et al. (2012) estimated e ective dose-rate coe cients,
assuming an exponential distribution of radioactivity in the ground and over a
wide range of depths, for both adults and the newborn. Yoo et al. (2013a,b) pre-
sented nuclide-speci“c dose-rate coe cients for air submersion, ground surface con-
tamination, and water immersion exposure situations for the ICRP adult reference
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phantoms. Satoh et al. (2015) presented dose-rate coe cients for exposure to both
134cs and **’Cs for di erent age groups using both the ICRP adult reference phan-
toms and the University of Florida paediatric non-uniform rational B-spline
(NURBS)-based computational phantoms. Bellamy et al. (2016) employed age-spe-
ci“c mathematical phantoms for calculations of e ective dose-rates for submersion
in radioactive air and for water immersion. Veinot et al. (2017) computed these
values for the same phantoms following exposure to contaminated soil. Recently,
the US Environmental Protection Agency published Federal Guidance Report No.
15 (Bellamy et al., 2019), which replaces Federal Guidance Report No. 12 (Eckerman
and Ryman, 1993). This publication tabulates age-speci“c organ and e ective dose-
rate coe cients for Reference Persons obtained employing the Oak Ridge National
Laboratory stylised phantoms (Cristy and Eckerman, 1987; Han et al., 2006).

(12) The purpose of the present publication is to provide ICRP reference age-
dependent dose-rate coe cients for external exposures to radionuclides for use in
both prospective and retrospective radiological protection assessment to exposed
populations. Experience from post-accident situations suggests that there is broad
public concern that children are at higher risk from radiation exposure than adults,
and that the protection of children, in particular, is of high importance to the popu-
lation and, consequently, for radiological protection. The variability of organ
equivalent dose with sex, body size, and age has been demonstrated by investigations
covering various types of external exposures (Zankl et al., 2002; Johnson et al., 2009;
Cassola et al., 2011; Petoussi-Henss et al., 2012; Lv et al., 2017).

(13) Today the main method for assessment of absorbed doses in the human body
from external radiation “elds is by the application of Monte Carlo radiation trans-
port methods. The simulation results are then expressed in terms of organ equivalent
dose-rate coe cients giving the organ equivalent dose-rate per unit of environmental
activity concentration or external dose-rate measurement. Hereafter in this publica-
tion, they will be referred to as sdose-rate coe cientse or simply as ecoe cientse.

(14) For simulating the exposure to “elds of environmental radiation, the follow-
ing three typical cases of environmental sources have been addressed in this publi-
cation: (1) soil (ground) contamination, simulated as fully in“nite planar sources on
the ground surface and at selected depths below the ground surface; (2) air submer-
sion, simulated as a semi-in“nite volume source of radionuclides in air; and (3) water
immersion, simulated as a fully in“nite volume source of radionuclides in water.
Considering the characterisation of the geometries of the sources, for ground con-
tamination, the size of the source is considered to be in“nite whereas the irradiation
geometry is considered to be semi-in“nite. Thus, the geometry is termed as «in“nite
plane source in the grounde or «in“nite plane source in horizontal directionse. During
air submersion, the body is irradiated by an in“nite air source on the surface of the
ground and the geometry is therefore esemi-in“nites. During water immersion, the
body is surrounded completely by water and the geometry is therefore considered to
be sin“nites.

(15) The dose-rate coe cients have been computed for the ICRP voxel-based
adult male and female reference computational phantoms (ICRP, 2009b), as well
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as for the 10 ICRP paediatric NURBS-based voxelised phantoms (ICRP, 2020).
Computations performed for soil contamination and submersion in contaminated
air were carried out in three distinct steps. Step 1 involves radiation transport of
monoenergetic particles from the contaminated environment (soil or air) to a virtual
cylinder surrounding the exposed individual, subsequently referred to as the scou-
pling cylinders. Step 2 involves transport of the primary and secondary radiation
particles recorded on the surface of the coupling cylinder into the phantom to pro-
vide dose-rate coe cients as a function of energy of the initially monoenergetic
particles emitted from the contaminated environmental media. Step 3 entails spec-
trum weighting of the resultant organ equivalent doses to yield radionuclide-speci“c
dose-rate coe cients. Additional simulations under Step 2 include the placing of an
air sphere for tallying air kerma and ambient dose equivalent rates at 1 m above the
ground surface. This additional step is needed in order to report organ and e ective
dose-rate coe cients in terms of environmental radionuclide concentration and also
in terms of these measured quantities. Separation of Steps 1 and 2 signi“cantly
improves the calculation e ciency and statistical accuracy of the computed results
because the same radiation “elds recorded at the coupling cylinder can be used
repeatedly for dierent exposed computational phantoms. For water immersion,
the organ equivalent dose-rate coe cients for monoenergetic particles were com-
puted directly, without use of the coupling cylinder.

(16) The expected applications of the dose-rate coe cients are: (1) pre-accidental
evaluations in order to predict the possible impacts on the public by postulated
radiological accidents; (2) post-accidental evaluations to estimate doses in order to
develop a radiological protection strategy for the exposed population; (3) evaluations
following discharge of radionuclides from nuclear and radioisotope facilities during
routine operations; and (4) evaluations of naturally occurring radionuclides in the
environment. The pre-/post-accident analyses are typically performed by software
packages (e.g. codes for severe accidents). The software predicts the dispersion,
migration, and distribution of radionuclides in the environment. The dose-rate coef-
“cients of the present publication can thus be implemented in these codes.

(17) 1t should be noted that dose-rate coe cients are calculated for idealised and
hypothetical source geometries, such as semi-in“nite and uniform distributions, for
reference phantoms wearing no clothing and for an idealised, upright posture, even
for the exposed newborn. As a result, they do not fully re”ect actual exposures for a
particular situation and exposed individual.

24



2. SCHEMA FOR DOSE ASSESSMENT FROM
ENVIRONMENTAL EXPOSURE

(18) Dose-rate coe cients are needed to evaluate e ective dose from measurable
quantities such as radioactivity concentrations (i.e. surface activity density and air
activity density), air kerma rate, absorbed dose-rates in air, or ambient dose equiva-
lent rates. These quantities are mostly obtained from environmental measurements,
but also from evaluation using computational models or computer simulations.
Calculation of dose-rate coe cients requires evaluation of the environmental “eld
(i.e. exposure geometry, density and composition of soil and air, and radionuclide
concentration depth pro“les), anatomic models of the human body (i.e. reference
phantoms for various members of the general public), and simulation of radiation
transport through the environment and into the body of the exposed individual.
Organ equivalent doses depend on body size as, in external exposures, increasing
amounts of overlying muscle and adipose tissue enhance the shielding of deeper-
seated radiosensitive organs (ICRP, 2010). Furthermore, the characteristics of radi-
ation “elds change with height above ground soon after the deposition, especially for
sources on and in the ground, and thus body height and ... by extension ... the di ering
locations of radiosensitive internal organs can impact the magnitude of assessed
organ equivalent dose. For example, in the early stages after the accident at
Fukushima NPP, it was reported that the dose-rate in air at 0.5m above ground
was higher than that at 1 m above ground, which caused many concerns regarding
the reliable evaluation of exposures to children (UNSCEAR, 2013).

(19) Fig. 2.1 shows a schematic representation of the evaluation of organ equiva-
lent and e ective dose-rates in the environment. The measurable quantities used
predominantly for the evaluation of exposures in the environment are the radio-
nuclide concentrations in soil, air, or water, and the dose-rates in air at 1 m above
ground. To evaluate organ equivalent dose-rates or e ective dose-rates from these
quantities, dose (rate) coe cients are necessary. Generally, there are three methods
for dose assessment for external environmental exposures, as shown in Fig. 2.1.

(20) The “rst method (DC1 in Fig. 2.1) is the direct conversion from radionuclide
concentration in the environmental media such as soil, air, and water. The radio-
nuclide concentrations, expressed in Bqkd or Bqm 3, are usually determined by
collection and analyses of environmental samples of these environmental media. In
the case of soil contamination, deposition density per unit area (Bq nf) is often used
because this quantity indicates the contamination level of a location regardless of
radionuclide depth pro“le. Alternatively, in-situ measurements using portable ger-
manium semiconductor detectors are sometimes performed (Mikami et al., 2015).
Furthermore, computer modelling could be used to determine radionuclide concen-
trations in the environment. For example, simulations of air dispersion enable ana-
lysis of the movement of radionuclides within the environment, and thus provide
predicted estimates of radionuclide concentrations in air and on the ground. For
evaluating exposure, these data need to be related to the e ective dose-rates or organ
equivalent dose-rates experienced by exposed individuals located within the vicinity
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Fig. 2.1. Schematic representation of evaluation of effective and organ equivalent dose
rates in the environment. DC1, DC2, and DC3 indicate the different methods of dose
evaluation, as explained in Section 2.

of where the modelled or measured radionuclide environmental concentration is
present.

(21) The second method (DC2 in Fig. 2.2) employs conversions based upon meas-
urement of dose-rates in air. Historically, dose-rates in air have been measured in
terms of air kerma rate or air absorbed dose-rate (both in Gy h). After introduc-
tion of the operational quantity sambient dose equivalents, the ambient dose equiva-
lent rate (in Svh 1) was also applied to environmental radiation monitoring and has
been widely used. An enormous amount of air dose-rate data has been accumulated
in terms of Gyh ! and Svh %, and these data are converted to e ective dose and
equivalent dose-rate with dose-rate coe cients expressed in SvGY or SvSv ..
United Nations Scienti“c Committee on the Eects of Atomic Radiation
(UNSCEAR) (2013) has used the value of 0.7 for conversion from air absorbed
dose (Gy) to e ective dose (Sv). This is considered to be a representative value for
adults; however, this value could change according to the source distribution, energy
spectrum, and age of the exposed individual. For example, this value is obviously
lower for low-energy photon sources. It must be noted that ambient dose equivalent
also needs to be converted to e ective dose for appropriate dose evaluations in the
environment, despite the fact that the units are the same (i.e. SvH. After the
radiological accident at Fukushima NPP, ambient dose equivalent was often
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erroneously regarded to be equal to e ective dose without the application of any
dose-rate coe cients, and this led to overestimation of exposure doses to members of
the public. Ambient dose equivalent is useful as a conservative estimate for initial
dose estimates in emergency response and planning, when detailed information on
the conversion from ambient dose equivalent to e ective dose is not available.
However, this conversion is required for medium and long term decision-making
and planning of remediation activities.

(22) The third method (DC3 and then DC2) demonstrated in Fig. 2.1 is employed
when the estimation of dose-rates in air (i.e. absorbed dose-rates in Gyhand
ambient equivalent dose-rates in Svh') is necessary in addition to the estimation
of e ective dose and equivalent dose-rate (Svh'). From the viewpoint of environ-
mental radiation monitoring, the measured dose-rate in air at 1 m above ground is a
very important quantity and can be compared with the value calculated using DC3.
To calculate the e ective or equivalent dose, a two-step approach ... DC3 followed by
DC2 ... can be used. First, the radionuclide concentration in the environment (Bqm
or Bqm 3 is converted to dose-rate in air at 1 m above ground using DC3, and then
the dose-rate in air can be converted to e ective dose and equivalent dose-rate with
DC2. In principle, the e ective dose and equivalent dose-rate obtained by the two-
step method provide similar values to those which would have been obtained directly
using DC1 given the same initial conditions. A similar procedure has been employed
in Publication 136 (ICRP, 2017b) for the estimation of dose coe cients for non-
human biota environmentally exposed to radiation.

(23) If the source conditions are not typical and DC3 cannot provide reliable
estimation of dose-rates in air, and if direct measurements are di cult, a modi“ed
two-step approach could be applied. First, dose-rates are evaluated, taking into
account the speci“c conditions of the contamination situation, and then the evalu-
ated air dose-rates are converted to e ective dose and equivalent dose-rate using
DC2. This approach was used after the Fukushima NPP accident for cases where the
deposition density per unit area and depth pro‘“le of radionuclides deposited on the
ground varied signi“cantly with location, especially if decontamination was per-
formed. In such complex contamination conditions, dose-rates in air in terms of
ambient dose equivalent rate are evaluated, taking into account the precise horizon-
tal and vertical distribution of radioactive caesium, as reported by Malins et al.
(2016) who aimed to investigate the e ciency of decontamination work postulating
di erent decontamination methods and extents. The dose-rate in air obtained in this
way could be further converted into e ective dose or equivalent dose-rates by apply-
ing DC2; this approach is less sensitive to source distribution.
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3. DOSIMETRIC QUANTITIES USED IN RADIOLOGICAL
PROTECTION

3.1. Organ absorbed dose and equivalent dose

(24) The mean absorbed dose averaged over the volume of organs and tissues is
the primary scienti“c quantity from which e ective dose is calculated. Absorbed
dose,D, is de“ned as the quotient of mean energy, 'td imparted by ionising radiation
in a volume element and the mass, , of the matter in that volume:

D 1/4d— ®B:1p
dm

(25) The SI unit of absorbed dose is Jkg' and its special name is gray (Gy).
Absorbed dose is derived from the mean value of the stochastic quantity of energy
imparted, ", and does not re”ect the random "uctuations of the interaction events in
tissue. While it is de“ned at any point in matter, its value is obtained as an average
over a mass element, mh, and hence over many atoms or molecules of matter.

(26) When using the quantity *absorbed dosee in radiological protection, doses are
averaged over tissue volumes. It is assumed that for low doses, the mean value of
absorbed dose averaged over a speci‘c organ or tissue can be correlated with radi-
ation detriment for stochastic e ects in that tissue with an accuracy su cient for the
purposes of radiological protection. The averaging of absorbed dose is carried out
over the volume of a speci“ed organ (e.g. liver) or tissue (e.g. active bone marrow), or
the sensitive region of a tissue (e.g. endosteal surfaces of the skeleton).

(27) Equivalent dose,H, to a tissue or organ is de“ned as:

X
Ht Y WRDT,R 3:2p
R

wherewg, is the radiation weighting factor for radiation type R, and Dt r is the mean
absorbed dose from radiation typeR in a tissue or organT of the age-speci‘ed
Reference Male or Female. Sinceig is dimensionless, the Sl unit for the equivalent
dose is the same as for absorbed dose (JK§ and its special name is sievert (Sv).
Values of wg are shown in Table 3.1 and are taken fromPublication 103(ICRP,
2007).

3.2. Effective dose

(28) E ective dose,E, introduced in Publication 60(ICRP, 1991) is the risk-related
guantity in radiation protection and is de“ned as a weighted average of organ
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Table 3.1. Radiation weighting factors of the International Commission on Radiological
Protection.

Radiation type Radiation weighting factor, wg
Photons 1

Electrons and muons 1

Protons and charged pions 2

Alpha particles, fission fragments, heavy ions 20

Neutrons Continuous function of neutron energy

See Eq. (4.3) ofPublication 103

“ICRP, 2007.

Table 3.2. Tissue weighting factors of the International Commission on Radiological
Protection (ICRP, 2007).

'_)
Tissue W W
Bone marrow, breast, colon, lung, stomach, remainder tissues 0.12 0.72
Gonads 0.08 0.08
Urinary bladder, oesophagus, liver, thyroid 0.04 0.16
Bone surface, brain, salivary glands, skin 0.01 0.04

“Remainder tissues: adrenals, extrathoracic regions of the respiratory tract, gall bladder, heart, kidneys,
lymphatic nodes, muscle, oral mucosa, pancreas, prostate (male), small intestine, spleen, thymus, and
uterus/cervix (female).

equivalent doses. In accordance with the de“nition of e ective dose irPublication
103 (ICRP, 2007), the e ective dose is computed as:

X HM HF
Ev:  wy * &B:3p

where HY and HY are the equivalent doses to the tissues or orgar§ of the
Reference Male and Female, respectively, andy is the tissue weighting factor for
target tissueT, with  wy%1. The sum of weighted averaging is performed over all
organs and tissues of the human body considered to be sensitive to the induction of
stochastic e ects. Values ofw; are given in Table 3.2. Sincavg and wy are dimen-
sionless, the Sl unit for e ective dose is the same as for absorbed dose (J kpand its
special name is sievert (Sv).
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(29) E ective dose was originally introduced for the control of occupational
exposures to external and internal sources of radiation. While the concept has
remained essentially unchanged throughPublication 60 (ICRP, 1991) to
Publication 103(ICRP, 2007), its use has been extended to members of the public
of all ages, including in-utero exposures of the fetus (ICRP, 2001, 2004, 2006). ICRP
provides e ective dose coe cients for situations of external and internal exposures of
workers and members of the public, and for radiopharmaceutical administrations to
patients as reference values for use in prospective and retrospective dose assessments.

(30) The tissue weighting factors of Table 3.2 are sex- and age-averaged values for
all organs and tissues, including the male and female breast, testes, and ovaries (i.e.
gonads, related to possible carcinogenic and heritable e ects). This averaging implies
that the application of this approach is restricted to the determination of e ective
dose in radiological protection (ICRP, 2007).

(31) E ective dose is calculated for sex-averaged Reference Persons at speci“ed ages
as de“ned inPublication 89(ICRP, 2002). ThePublication 103(ICRP, 2007) de“nition
includes the speci“cation of Reference Male and Female anatomical models for radi-
ation transport calculations. While exposures may relate to individuals or population
groups, e ective dose is calculated for Reference Persons exposed in the same way.

(32) E ective dose, in sieverts (Sv), is accepted internationally as the central radio-
logical protection quantity and is used for regulatory purposes worldwide, providing
a risk-adjusted measure of total body dose from both external and internal sources in
relation to stochastic risks of cancer and hereditary e ects, expressed in terms of
detriment. It has proved to be a valuable and robust quantity for use in the opti-
misation of protection and for setting dose criteria such as dose limits, dose con-
straints, and reference levels for the protection of workers or members of the public.

3.3. Air kerma

(33) For measuring external radiation, basic physical quantities that relate the
radioactivity in the environment with protection and operational quantities are
required. National and international standards laboratories maintain standards
and reference radiation “elds that are speci“ed and described in terms of these
quantities for calibration of instruments and dosimeters. Air kerma free-in-air,
Kair, has been used for this purpose (ICRU, 1994, 2014; ICRP, 1996). In further
text throughout this publication, the quantity eair kerma free-in-aire is usually
referred to simply as eair kermae.

(34) Air kerma, K, for ionising uncharged particles, is given by:

dEtr
dm

KYa 8:4b

where &y, is the mean sum of the initial kinetic energies of all the charged particles
liberated in the mass, dn, of a material by the uncharged particles incident on h.
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The unit of kerma is Jkg *and its special name is gray (Gy). By, includes the kinetic
energy of the charged particles emitted in the decay of excited atoms/molecules or in
nuclear de-excitation or disintegration.

3.4. Operational quantities

(35) The protection quantities *organ equivalent dosee and e ective dosee are not
measurable, and therefore cannot be used directly as quantities in radiation moni-
toring. Operational quantities are thus used for assessment of the protection quan-
tities (e ective dose or equivalent dose in tissues or organs). The operational
guantities aim to provide a reasonable estimate of the values of protection quantities
relevant to the exposure of humans to external radiations under most irradiation
conditions (ICRU, 1985, 1988, 1993), and they are often used in practical regulations
or guidance.

(36) The operational quantities are de“ned using the quantity dose equivalentel §
(ICRU, 1985). H is the product of Q and D at a point in tissue; thus,H ¥4 QD, where
D is the absorbed dose and) is the quality factor at that point. Q is de“ned as a
function of unrestricted linear energy transfer [, , often denoted asL or LET) of
charged patrticles in water (ICRP, 1996).

(37) For area monitoring, two quantities ... ambient dose equivalertf a p and
the directional dose equivalent,H%d, P... are used to link external radiations to
e ective dose and equivalent dose to the lens of the eye and local skiH. @R at a
point in a radiation “eld, is the dose equivalent that would be produced by the
corresponding expanded and aligned “eld in the ICRU sphere at a depthd, on
the radius opposing the direction of the aligned “eld.H%d, B at a point in a radi-
ation “eld, is the dose equivalent that would be produced by the corresponding
expanded “eld in the ICRU sphere at a depth,d, on a radius in a speci“ed direction,

(38) For individual monitoring, the personal dose equivalent,H,aPR is used.
HpdPis the dose equivalent in soft tissue at an appropriate depthd, below a
speci‘ed point on the body. The speci“ed point is usually given by the position
where the individuales dosimeter is worn.

(39) The recommended values af are chosen for the assessment of various doses:
d¥10mm for e ective dose, d%3mm for dose to the lens of the eye, and
d ¥40.07 mm for dose to the skin and to the hands and feet. The unit of ambient
dose equivalent, directional dose equivalent, and personal dose equivalent is J kg
and its special name is sievert (Sv).
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4. THE ICRP REFERENCE PHANTOMS

4.1. Adult reference computational phantoms

(40) Computational phantoms of the human body ... together with radiation
transport codes ... have been employed for many years in the evaluation of organ
equivalent dose-rate coe cients in environmental radiation protection. Over the
last two decades, voxel phantoms have been introduced that are derived mostly
from (whole-body) medical image data of real persons instead of the older stylised
computational body models. A voxel model (or phantom) is a three-dimensional
representation of the human body in the form of an array of identi“cation num-
bers, arranged in slices, rows, and columns. Each entry in this array represents a
tissue voxel; organs are then represented by those voxels having the same identi-
“cation number, and are spatially arranged to represent the organ volume. More
information on voxel phantoms, their development, and their use can be found
elsewhere (Xu and Eckerman, 2010).

(41) For the computation of organ absorbed doses, the adult male and female
reference computational phantoms, representing ICRP Reference Adult Male and
Reference Adult Female (ICRP, 2007), were used in this publication. These phan-
toms were adopted by ICRP and ICRU as the phantoms for computation of the
ICRP reference dose coe cients, and are described extensively Publication 110
(ICRP, 2009a). The reference computational phantoms are based on human com-
puted tomographic (CT) data and were constructed by modifying the voxel models
(Zankl and Wittmann, 2001; Zankl et al., 2005) of two individuals (Golem and
Laura) whose body height and mass closely resembled the reference data. The
organ masses of both phantoms were adjusted to the ICRP data given in
Publication 89 (ICRP, 2002) on the Reference Male and Reference Female with
high precision, without signi“cantly altering their realistic anatomy. The phantoms
contain all target regions relevant to the assessment of human exposure to ionising
radiation for radiological protection purposes, including all tissues and organs that
contribute to the protection quantity <e ective dosee (ICRP, 2007).

(42) The male reference computational phantom consists of approximately 1.95
million tissue voxels (excluding voxels representing the surrounding vacuum), each
with a slice thickness (corresponding to the voxel height) of 8.0 mm and an in-plane
resolution (i.e. voxel width and depth) of 2.137 mm, corresponding to a voxel volume
of 36.54 mn?. The number of slices is 220, resulting in body height of 1.76 m and
total body mass of 73kg. The female reference computational phantom consists of
approximately 3.89 million tissue voxels, each with a slice thickness of 4.84 mm and
an in-plane resolution of 1.775 mm, corresponding to a voxel volume of 15.25 min
The number of slices is 346, resulting in body height of 1.63 m and total body mass of
60 kg. The number of individually segmented structures is 136 in each phantom, and
53 dierent tissue compositions have been assigned to them. The various tissue
compositions re”ect both the elemental composition of the tissue parenchyma
(ICRU, 1992) and each organes blood content (ICRP, 2002) (i.e. organ composition
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inclusive of blood). Fig. 4.1 shows frontal (coronal) views of the male (right) and
female (left) computational phantom, respectively.

(43) Due to the limited resolution of the source tomographic data upon which
these phantoms were constructed, and the very small dimensions of some of the
ICRP de“ned source and target regions, it was not possible to represent all tissues
explicitly. In the skeleton, for example, the target tissues of interest are the haema-
topoietically active bone marrow located within the marrow cavities of spongiosa, as
well as the endosteal layer lining the surfaces of the bone trabeculae and the inner
surfaces of the medullary cavities of the long bones (presently assumed to be®®in
thickness). Due to their small dimensions, these two target tissues had to be

Fig. 4.1. Images of the adult male (right) and adult female (left) computational phantoms
(ICRP, 2009a). The following organs can be identified by different surface colours: breast,
colon, eyes, lungs, liver, pancreas, salivary glands, small intestine, stomach, thyroid and
urinary bladder, testes, and teeth. Muscle and adipose tissue are semi-transparent.
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incorporated as homogeneous constituents of spongiosa within the reference phan-
toms. At lower energies of photons and neutrons, secondary charged-particle equi-
librium is not fully established in these tissue regions over certain energy ranges.
Consequently, more re“ned techniques for accounting for these e ects in skeletal
dosimetry were used in this publication, and are discussed in more detail in Annex B.

4.2. Paediatric phantoms

(44) The 10 ICRP paediatric computational phantoms, described ifPublication
143 (ICRP, 2020), are as follows:

newborn ... male and female;
l-year-old ... male and female;
5-year-old ... male and female;
10-year-old ... male and female; and
15-year-old ... male and female.

(45) These phantoms were derived from a series of computational phantoms devel-
oped originally at the University of Florida (UF) and later in collaboration with the
National Cancer Institute (NCI). Consequently, the original phantoms from which
the ICRP paediatric phantoms were derived are presently referred to as the sUF/NCI
phantom seriese (Lee et al., 2010). The UF/NCI phantoms are a third generation of
phantom technology ... hybrid phantoms ... in which the outer body contour and
internal organ surfaces are modelled using the computer animation techniques of
either polygon mesh (PM) or non-uniform rational B-spline (NURBS) surfaces,
depending on the complexity of anatomical structures. PMs are a cluster of adjacent
triangles, while the NURBS surfaces are a cluster of three-dimensional points in space
between which a surface is interpolated. In the past few years, it has become possible to
use computational phantoms in these two formats directly in some Monte Carlo
transport codes. However, most transport codes still utilise a voxel format, composed
of tiny cuboidal prisms. A computer script was thus used to convert the UF/NCI
hybrid phantoms from their surface format to a voxel format for Monte Carlo simu-
lations conducted in the current publication. These ICRP reference paediatric phan-
toms in voxel format are thus consistent with the format of thePublication 110
reference adult phantoms (ICRP, 2009a).

(46) As noted in Lee et al. (2010), the UF/NCI series of phantoms can be traced
directly to real human anatomy. The newborn phantom is based on full-body CT
imaging of a 6-day-old female cadaver, while the remainder of the paediatric series
(1-year-old to 15-year-old phantoms) are based upon combinations of head CT
images, full torso CT images, and rescaled CT-based images of adult arms and
legs. The latter approach was necessary as medical imaging of children rarely
includes the arms within the imaging “eld. From the initial series of segmented
images, various anatomic sources were used to resize both internal organ anatomy

35



ICRP Publication 144

and exterior body size. The most important document used wa®ublication 89
(ICRP, 2002), providing internal organ masses, total weight, and total height.
Additional reference sources were used to target various body circumferential dimen-
sions not given as reference values Rublication 89 The “nal series of the UF/NCI
hybrid phantoms thus fully conforms to reference anatomy speci“ed by ICRP, and is
fully traceable to real human CT anatomy. In this manner, the ICRP paediatric
phantom series is fully compatible with the process used to develop thrublication
110(ICRP, 2009a) phantoms, which were also based on segmentation of real human
CT anatomy.

(47) Another unique feature of the ICRP paediatric phantoms (and of the UF/
NCI phantoms) is their explicit coupling to micro-CT-based models of skeletal dos-
imetry. As noted in Hough et al. (2011) and Johnson et al. (2011), an extensive series
of cadaver bone harvests, ex-vivo skeletal CT imaging, and ex-vivo spongiosa core
micro-CT imaging were used to construct models of tissue dosimetry in the skeletons
of the ICRP reference adult phantoms. This work is described more formally in
Annexes D and E of Publication 116(ICRP, 2010). The paediatric series of ICRP
reference phantoms similarly has accompanying models of skeletal anatomy at both
macrostructural and microstructural dimensions. Thus, the methods proposed in
Publication 116 for external photons and neutrons, and inPublication 133(ICRP,
2016a) for internal beta and alpha patrticles, as well as photons, for theublication
110 (ICRP, 2009a) adult phantoms are available in reporting skeletal tissue dosim-
etry to paediatric members of the reference series.

(48) The following further re“nements have been made to the UF/NCI series of
paediatric phantoms (Pafundi, 2009; Wayson et al., 2012):

a sub-segmented skeletal model to include regions of cortical bone, spongiosa,
and medullary marrow;

photon dose...response functions for internal and external photon dosimetry to
active marrow and endosteum;

a new age-speci“c regional blood distribution model (Wayson, 2018);

a corresponding model of the major blood vessels;

separation of subcutaneous fat and skeletal muscle from what was formally resi-
dual soft tissues; and

inclusion of lymphatic nodes (Lee et al., 2013).

(49) The series of ICRP paediatric reference phantoms (ICRP, 2020) is in voxel
format, and fully conforms to the framework established inPublication 110(ICRP,
2009a). All organs and tissue structures modelled in thBublication 110reference
adult male and female phantoms are included with consistent identi“cation numbers
(see Annex A of Publication 11Q. Representative images of the ICRP paediatric
series are given in Fig. 4.2.

(50) While the ICRP paediatric reference phantoms are identical in format to the
Publication 110(ICRP, 2009a) adult phantoms regarding the identi“cation numbers
of the various source and target organs, one important dierence is the voxel
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Fig. 4.2. Series of International Commission on Radiological Protection reference paediat-
ric phantoms (ICRP, 2020). The male and female newborn, 1-, 5-, and 10-year-old phan-
toms are anatomically identical, except for their gonads.

resolution. One of the main advantages of hybrid phantom technology is that in
conversion of the PM/NURBS format of the phantom to the voxel format of that
same anatomy, one can select the voxel resolution. Table 4.1 tabulates the voxel
resolutions, array size, and total matrix size “nally adopted for the ICRP paediatric
phantoms. These ensure continuous conformance with the 1% matching of reference
masses, and also conform to reference total skin thickness as given by data in
Publication 89 (ICRP, 2002). It is noted that for the newborn phantom, the voxels
are cubic (i.e. same thickness in X, y, and z directions), while rectangular prisms with
larger z dimensions than xy dimensions were adopted for the older phantoms in
order to keep the matrix size between 55-58 million voxels in total. In contrast,
the Publication 110adult male and female phantoms have total matrix sizes of 1.9
and 3.9 million voxels, respectively. The need for higher resolution is to preserve
organ anatomy in the smaller anatomy of the paediatric reference individuals.
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Table 4.1. Voxel resolution, voxel number, and total matrix size of the International
Commission on Radiological Protection paediatric computational phantom series.

Resolution (cm) Array size
Matrix size
Phantom X y z X y z (million)
Newborn female 0.0663 0.0663 0.0663 350 215 720 54.2
Newborn male 0.0663 0.0663 0.0663 350 215 720 54.2
1-year-old female 0.0663 0.0663 0.1400 396 253 550 55.1
1-year-old male 0.0663 0.0663 0.1400 396 253 550 55.1
5-year-old female 0.0850 0.0850 0.1928 424 235 576 57.4
5-year-old male 0.0850 0.0850 0.1928 424 235 576 57.4

10-year-old female 0.0990 0.0990 0.2425 432 226 580 56.6
10-year-old male 0.0990 0.0990 0.2425 432 226 580 56.6
15-year-old female 0.1200 0.1200 0.2828 408 242 574 56.7
15-year-old male 0.1250 0.1250 0.2832 416 230 590 56.5
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5. SIMULATION OF THE ENVIRONMENTAL RADIATION
FIELD (STEP 1)

(51) Photons emitted from sources distributed in the environment are scattered
and/or absorbed in both air and soil, and their energy spectrum and angular distri-
bution in air have speci“c features dependent on the initial energy and spatial dis-
tribution of the emission sites. In the case of volumetric sources in air or ground, the
angular distribution of incident photons is nearly uniform for the hemisphere from
which the source originates, while small amounts of scattered photons emerge from
the opposing semi-sphere (Saito et al., 1998). In the case of deposited sources in the
ground, the dominant component of photons is incident along horizontal directions.
The Monte Carlo method is a suitable tool able to simulate particle transport and the
detailed environmental conditions.

(52) For simulating exposure to environmental radiation, the following three typ-
ical cases of environmental sources have been addressed in this publication: (1) soll
(ground) contamination, simulated as semi-in“nite planar sources on the surface and
at di erent depths in the ground; (2) air submersion, simulated as a semi-in“nite
volume source in air; and (3) water immersion, simulated as a fully in“nite source
in water. The “rst source simulates the contamination of radionuclides on and below
the ground surface, by assuming an in“nite planar source on the surface and in the
soil. This geometry is supposed to be semi-in“nite in extent as the radiation is emitted
from and below the air...ground interface. The second source con“guration models the
gaseous radioactive release into the atmosphere at locations which are not too near to
the release point, by assuming homogeneous contamination of the air in a hemispher-
ical, semi-in“nite region above a smooth air...ground interface with a radius that
depends on the mean free path (mfp) of the photons of interest. The third source
simulates immersion in uniformly contaminated water. For the “rst and second
source con“gurations, the human body is assumed to be standing upright on the
ground, while for water exposures, the human body is assumed to be fully immersed.

(53) The transport of radiation particles in the environment was simulated using
the Monte Carlo simulation package e<Particle and Heavy lon Transport code
Systeme (PHITS) (Sato et al., 2013). PHITS is a multi-purpose Monte Carlo code
that simulates the transport and interaction of hadrons, leptons, and heavy ions in
arbitrary three-dimensional geometries. Version 2.66 of the PHITS code was used in
this publication (Sato et al., 2013). For simulating photon and electron transport,
respectively, the atomic data libraries MCPLIB0O4 (White, 2003) and ELO3 (Adams,
2000) were employed. These libraries provide precise cross-section data and can treat
various physical processes of both photons and electrons.

(54) PHITS de“nes the geometry of the calculation model in terms of the com-
binatorial geometry and the general geometry. In addition, a capability for describ-
ing repeated structures and lattice geometries is available to de“ne three-dimensional
voxel phantoms. PHITS has a function to draw two-dimensional and three-dimen-
sional “gures of the calculation geometries as well as the computed data results using
the ANGEL graphic package (Niita et al., 2010).
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(55) In the environmental radiation transport simulation for photon sources, only
photons were transported; secondary electrons generated by photon interactions
were not followed. This is because the secondary electrons lose their energies con-
tinuously and stop within a short distance in the environmental media, for example
at 10 and 400cm for 0.1 and 1.0 MeV electrons, respectively, in air. However,
bremsstrahlung photons generated by secondary electrons have maximum energies
comparable to those of the secondary electrons, and are able to propagate across
long distances. Production of the bremsstrahlung photons, and their energy and
emission angle were sampled at the interaction point based on a thick-target brems-
strahlung approximation model (MCNP, 2003). For electron sources, both primary
electrons and their secondary photons were transported in the environment.

(56) As mentioned previously, the radiation “eld computed due to monoenergetic
radiation emissions from within the contaminated air and soil was expressed as the
position, angle of incidence, and energy of the particles incident on the surface of a
virtual cylinder of 2m height and 0.6 m diameter, which surrounds the exposed
individual, and is termed the ecoupling cylinders. As the phantom was not present
in this “rst step, the same coupling cylinder source could be applied for all phantoms.
Fig. 5.1 shows schematically which particles were recorded on the surface of the
coupling cylinder.

(57) To cover the wide energy range of radiations that are emitted by many dif-
ferent radionuclides, the monoenergetic photon and electron energies considered
varied from 0.01 to 8 MeV.

Fig. 5.1. Schematic representation of particle transport during Step 1 and Step 2 of the
calculation.
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5.1. Soil contamination

(58) Soon after deposition, radionuclides deposited on the ground are assumed to
form a planar source at the ground surface. Over time, these radionuclides will
migrate or leach into the soil, thereby developing diverse concentration depth pro“les
in terms of both shape and degree of soil penetration (Matsuda et al., 2015). In many
cases, the distribution of radionuclides with respect to soil depth could be approxi-
mated as being due to many in“nite planar sources within the ground. These func-
tions could have various characteristics, showing peaks at di erent depths in the soil.
As it is not practical to simulate every radionuclide/soil migration function, the
simulation of a series of planar radiation sources at di erent depths can provide
basic data enabling one to extrapolate or interpolate these results to model diverse
source pro“les within the contaminated ground.

(59) The air-over-ground geometry was modelled, such as air bounds on the
ground with an in“nite "at surface. In the real environment, the terrain is not nor-
mally "at nor in“nite; however, the in“nite "at terrain is a conservative representa-
tion of the air-soil interface for dose calculations. For example, in the case of an
exponentially distributed ground source with a relaxation mass per area of 1 gcrf,
which is a typical depth observed soon after radionuclide ground deposition,
approximately half of the measured ambient dose equivalent at 1 m above ground
is attributed to photons from sources within a radius of 5m in the ground (Malins
et al.,, 2015). Thus, a limited series of "at ground surface areas is considered to
adequately model the exposure for many real exposure situations.

(60) The monoenergetic radioactive sources were de“ned as planar sources at
depths in soil expressed in terms of mfp of photons in soil: 0.0 (i.e. contamination
is on the surface), 0.2, 1, 2.5, and 4 mfp. For most exposure situations, the consid-
eration of mfp up to 4 would be su cient (Eckerman and Ryman, 1993); however,
the source depth pro“le might be changed due to, for example, ploughing. Thus,
dose-rate coe cients for a wider range of mfp would be useful, and had been con-
sidered to facilitate an accurate integration when determining dose-rate coe cients
for continuous source-depth pro“les. The air...ground interface (0O mm) is a "at planar
source without any soil covering the source. This is an idealised geometry and does
not exist in reality as various factors provide shielding from ground surface sources.
These include the presence of vegetation, surface roughness, and particle movement
due to gravitational forces (Burson and Pro“o, 1977; Kocher and Sjoreen, 1985;
Jacob and Paretzke, 1986).

(61) Fig. 5.2 (left) shows schematically the simulation geometry, which consists of
a right circular cylinder constructed from a layer of air with a height of 3 mfp and soil
with a depth depending on the photon energy: 2 mfp of photons in soil for source
depth 0.0mfp and 0.2mfp; 3mfp for source depth of 1.0 mfp; 3.5mfp for source
depth of 2.5 mfp; and 5 mfp for source depth of 4.0 mfp. The additional thickness of
at least 1 mfp below the source depth was considered su cient to account for back-
scatter events in the deeper layers. The radius of the cylinder corresponds to approxi-
mately “ve times the mfp of the relevant photons in air, and approximates the fully
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Fig. 5.2. Schematic representation of the geometry simulating the environmental field due
to soil contamination. mfp, mean free path.

Table 5.1. Density and elemental composition of air (Berger et al., 2005) and soil (ICRU,
1994).

Elemental composition (wt%)

Density
Material  (gcm 3) H C N 0 Al Si Ar  Fe
Air 1.2 103 .. 1.0 102 7553 23.18 .. 1.28 ..
Soil 1.0 220 .. 5750 8.50 26.20 ... 5.60

in“nite planar geometry of the source. A previous study (Satoh et al., 2014) has
shown that this size of simulation geometry is su cient to properly treat photon
transport in the contaminated environment.

(62) Table 5.1 lists the density and elemental composition of air and soil adopted
in the computations of this publication. The values were obtained from the data for
soil (Type 1) provided by ICRU (1994) and dry air from the National Institute of
Standards and Technology (NIST) (Berger et al., 2005), respectively. The densities of
soil and air were considered to be 1.0gcn? and 1.2 10 3gcm 3, respectively. In
real environmental exposure situations, the soil densities are mostly higher than
1.0gcm  and could vary according to both location and depth; however, this vari-
ation does not a ect the relation of source intensity to the radiation “eld in air, if
source depth is expressed in terms of gcrfi Furthermore, it has been shown that
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changes in soil composition do not signi“cantly alter the transported photon “elds at
the phantom coupling surface (Saito and Jacob, 1995).

(63) The radiation “eld was derived for 25 initial photon energies, ranging from
0.01 to 8 MeV, in order to cover the wide energy spectra of naturally occurring and
arti“cially produced radionuclides. The soil was assumed as a planar air...ground
interface, and scatter and absorption of the radiation “elds in both air and ground
were considered in the calculations.

(64) Planar sources emitting electrons were also considered for the surface of the
soil; for other depths, primary electron sources were not transported as they will not
travel su ciently far to reach the surface. Initial electron energies from 0.01 to
8 MeV were considered, and both electrons and secondary photons were transported.
It should be noted that bremsstrahlung x rays were considered in both the soil and
air exposure scenarios.

(65) From the transport calculations in the environment, individual particles were
recorded at the surface of the coupling cylinder. This cylinder is positioned on the
ground concentric with the simulation geometry, as depicted in Fig. 5.2 (right). The
diameter of the cylinder is 0.6 m and its height is 2m. The phase...space coordinates
are recorded for particles that cross the surface of the cylinder, and consist of the
spatial coordinates &, y, z), momentum (py, py, P,), Kinetic energy, and Monte Carlo
weight. In order to avoid counting a particle as it exits the cylinder, the space inside
the coupling cylinder is treated as an ideal absorber such that the Monte Carlo code
terminates the transport of the particle when it enters this region. The data were
recorded to an external “le in ASCII format to be used for the Step 2 calculations ...
organ equivalent dose calculations within the phantoms. The small fraction of those
photons that could be scattered back into the cylinder from the ground or air is
followed in Step 2 calculations (i.e. particles starting from the surface of the coupling
cylinder). More details on the method can be found in Satoh et al. (2015).

(66) To reduce the variance of the Monte Carlo simulations, the uniform source
was reproduced by increasing the number of photons or electrons emitted per unit
area and decreasing the Monte Carlo weight of photons or electrons as their emis-
sion point approached the coupling cylinder (Satoh et al., 2015). The number of
Monte Carlo histories in Step 1 calculations was determined in order to achieve 1%
or less statistical uncertainty of simulations of air kerma for the respective environ-
mental radiation.

(67) Fig. 5.3 shows an example of the energy and angular distribution of envir-
onmental photons from a source of 0.5MeV at a depth of 0.2mfp, at heights
0...0.40m and 1.60...2.00 m, as recorded on the surface of the coupling cylinder. The
incident directions of photons are expressed as the sine of a vector parallel to the
ground surface and the angles are expressed as elevation angles; for example,
sin ¥ 1 represents the direction perpendicular to the ground surface and has orien-
tation from the ground upwards. It can be seen that quite a large proportion of
photons come from the direction of 30 upwards, and the majority of photons are
between 0 and 30with respect to the horizontal plane. Consequently, they exhibit a
rather pronounced horizontal bias.
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Fig. 5.3. Energy (left) and angular (right) distribution of an isotropic infinite source in the
soil at a depth of 0.2 mfp, emitting 0.5 MeV monoenergetic photons at different height
ranges. Left: the y axis shows the number of photons per energy bin, divided by the total
number of photons within the indicated spectrum and the energy bin size (in MeV). Right:
The y axis shows the number of photons per sine angle at the two indicated height ranges.
The respective distributions are normalised to the total number of photons recorded on the
coupling cylinder. To differentiate these distributions from the respective total distribution
(), they are marked by the superscripf.

Fig. 5.4. Angular distribution of scattered and uncollided photons (summarised over all
heights) for an isotropic infinite source in the soil at a depth of 1 mfp (left) and 4 mfp
(right) emitting 0.1 MeV monoenergetic photons. The y axis shows the number of photons
per sine angle. To differentiate these distributions from the respective total distribution (),
they are marked by the superscripf. The distributions are normalised to the total number
of photons.
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(68) Uncollided photons are recorded in the highest energy bin. Overall, approxi-
mately 20% of the recorded photons on the coupling cylinder do not interact with
the air or soil. It should be noted that the shape of the energy and angular spectra are
almost independent of height.

(69) The directional distributions of scattered and uncollided photons for a source
of 0.1 MeV at 1 and 4 mfp depths in the ground, respectively, are shown in Fig. 5.4.
The scattered photons show a small local maximum at shallow directions down-
wards, which is more pronounced for 1 mfp than for 4 mfp. This is in agreement
with the angular dependence of air kerma for sources at 1 and 4 mfp, respectively, as
reported by Eckerman and Ryman (1993). The relative number of uncollided pho-
tons is considerably decreased from approximately 22% at 1 mfp to approximately
7% at 4 mfp.

5.2. Submersion in contaminated air

(70) In the air submersion exposure scenario, the contaminated air represents the
gaseous radioactive release into the atmosphere at locations which are not too close
to the release point, and are assumed to be homogeneous in air activity concentration
(i.e. well-mixed air) above a smooth air...ground interface. Near the release point,
the air submersion geometry used in this publication may not be appropriate.
Photons enter a human body mostly from above, if the human body is positioned
below the plume, while incident angles of photons are biased in horizontal directions
if the human body is distant from the plume. Evaluating dose-rate coe cients con-
sidering these complex situations is not practical, and thus the submersion model of
this publication is a conservative approximation of exposures for most cases. Fig. 5.5
shows schematically the air submersion geometry. The geometry is considered to be
semi-in“nite in extent. The air...ground interface is assumed to be an uncontaminated
"at surface of in“nite area. The elemental composition of air is shown in Table 5.1
and corresponds to dry air at a density of 1.2 10 3gcm 3. Bellamy et al. (2019)
estimated air kerma as a function of air density, and Fig. 5.6 shows an example of
these results for 1 MeV photons. The authors found that the functional relation
between air kerma and air density is virtually independent of photon energy.
Using these values, the dose-rate coe cients for air submersion can be scaled to
account for di erent air densities. With increasing humidity, air density increases
and, consequently, air kerma decreases (see Fig. 5.6).

(71) The number of histories, reduction variance techniques, and scoring of the
particles were similar to those mentioned above for soil contamination.

(72) The particles originated from the air region are transported and scored on the
surface of the coupling cylinder, placed on the air...ground interface. The coupling
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Fig. 5.5. Schematic view of the geometry simulating submersion in contaminated air. The
region coloured yellow indicates the source region (left). For organ equivalent dose calcula-
tions (right), the medium inside the coupling cylinder is air. For electron exposures, the par-
ticles start not only from the surface of the cylinder (right top) but also from the inside of
the cylinder (right bottom). For photons, this is not necessary as the mean free path of pho-
tons in air is long and the source inside the cylinder does not significantly contribute to the
results of organ equivalent dose calculations.

surface records the position, angle, energy of incident photons, and Monte Carlo

weight as discussed in Section 5.1 regarding soil contamination. This method pro-
duces energy-dependent "uences. As for the soil contamination exposure scenario,
calculations were performed for 25 monoenergetic sources of photons and electrons
ranging from 0.01 to 8 MeV.

(73) Fig. 5.7 shows the energy spectrum of environmental photons from a source
of 0.5MeV at heights of 0...0.40m and 1.60...2.00m. The incident directions of
photons are expressed as the sine of the vector parallel to the ground surface.
It can be seen that for many photons, no scattering is observed, and most photons
come from upper directions with little dependence of their directional distribution
on height.
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Fig. 5.6. Air kerma as a function of air density for 1 MeV photons (Bellamy et al., 2019).

Fig. 5.7. Energy (left) and angular (right) distribution of a semi-infinite source in the air
emitting 0.5 MeV monoenergetic photons. Left: the y axis shows the number of photons

per energy bin, divided by the total number of photons within the indicated spectrum and
the energy bin size (in MeV). Right: The y axis shows the number of photons per sine angle
at the indicated height range. To differentiate these distributions from the respective spec-
trum for all heights ( ), they are marked by the superscripi.
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5.3. Water immersion

(74) Water immersion might be rare in the pathway of environmental exposure.
Nevertheless, many facilities have routine liquid e uent releases, and radioactive
releases to the sea or contamination of surface waters have been observed after
major radiological accidents. Highly contaminated water from a damaged reactor
core and water pools resulting from damaged nuclear fuels can be released through
direct or ground water discharge, as occurred as a consequence of the accident at
Fukushima NPP in 2011 (Buesseler et al., 2017). Radionuclides such as radioactive
iodine and caesium were detected in tap water, and the exposure due to contami-
nated water used for bathing had to be estimated. Moreover, radionuclides were
released into the sea and could have been potentially harmful for people who enter
the sea around the NPP following the accident.

(75) Fig. 5.8 shows schematically the water immersion geometry. The source
geometry is assumed to be in“nite in extent. The water density is 1.0gcrhand
the composition by mass fraction is 0.112 for H and 0.888 for O, representing
pure liquid water. The phantoms are assumed to be completely immersed in the
water, and are placed at the centre of a sphere with a radius of 2m, corresponding
to 5mfp at a photon energy of 8 MeV in water. Monoenergetic sources of
photons and electrons are generated uniformly in the contaminated water. The sec-
ondary photons and electrons, as well as bremsstrahlung photons, are transported
directly by the PHITS Monte Carlo transport code. The organ equivalent dose-rate

Fig. 5.8. Schematic view of water immersion. The sphere is centred on the midpoint of the
three axes of the phantom.
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coe cients for water immersion of the male and female phantoms at the six reference
ages have been calculated in a single step, and thus no coupling cylinder was
required.

5.4. Calculation of air kerma and ambient dose equivalent in the
environmental field

(76) Air kerma and ambient dose equivalent have been widely used for the purpose
of radiation protection after environmental exposures (ICRU, 1994; IAEA, 2000a).
Air kerma is a basic quantity related to photon energy "uence. In natural environ-
ments, air kerma is substantially equivalent to the air absorbed dose which has been
used by the UNSCEAR to express dose-rates in air (UNSCEAR, 2000, 2008).
Absorbed dose in air has been used in environmental monitoring for many years,
but it has been gradually replaced by the operational quantity ,ambient dose equiva-
lente as seen in worldwide environmental monitoring data (European Commission
Joint Research Centre, 2017). The ambient dose equivalerti*(10), de“ned as the
dose equivalent for aligned and expanded radiation “elds at a depth of 10 mm in the
ICRU sphere consisting of ICRU four-element tissue, is aimed to conservatively
evaluate e ective doses for diverse exposures (ICRU, 1993). Although the oper-
ational quantity ,ambient dose equivalente was originally introduced for radiation
protection of workers (workplace monitoring), this dosimetric quantity has also been
applied to environmental monitoring: the instruments for monitoring of H*(10)
generally have an isotropic response with respect to both energy and angular distri-
butions of incident photons. Resultantly, these instruments work well in environ-
mental “elds which exhibit complex angular and energy distributions, even if they are
calibrated under simple conditions such as for unidirectional irradiation using mono-
energetic sources. Consequently, environmental monitoring data worldwide are gen-
erally expressed as dose-rates in air reported as the operational quantity sambient
dose equivalente (European Commission Joint Research Centre, 2017; Cinelli et al.,
2019).

(77) In order to relate the air contamination and ground contamination densities
of a radionuclide to dose-rates in air, coe cients are required for both air kerma and
ambient dose equivalent rates. Many authors have published coe cients relating
radionuclide concentration in the environment to air kerma rate (Dillman, 1974;
OeBrien and Sanna, 1976; ICRU, 1994; Saito and Jacob, 1995) and to ambient
equivalent rate (Lemercier et al., 2008; Saito and Petoussi-Henss, 2014), and these
data have been used in environmental dose evaluations. In the present publication,
these coe cients have been recalculated considering air kerma and ambient dose
equivalent rates at 1 m above ground for both the soil contamination and air sub-
mersion exposure geometries described above from monoenergetic photon sources.
For the simulations, the Monte Carlo code PHITS (see Section 5) was used, and the
same environmental conditions were considered as those applied in the calculation of
the environmental “elds (see Sections 5.1 and 5.2).
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Fig. 5.9. Schematic representation of calculation of air kerma and ambient dose equivalent.

(78) The calculation was made by simulating a 30 cm-diameter sphere “lled with
and surrounded by air, 1m above ground, and scoring the particles entering the
sphere. The 30 cm diameter was chosen to represent the size of the torso of
adults. The transport simulation was restarted from the surface of the coupling
cylinder using the data in the external “le created in Step 1 of the calculations.
Fig. 5.9 shows a schematic representation of the calculation geometry. The photon
"uence scored at the air sphere is converted to an air kerma rate and ambient dose
equivalent rate using the dose coe cients given irPublication 74(ICRP, 1996). The
relative uncertainties of these quantities were less than 1%.

(79) For soil and air contamination, air kerma depends on distance from the
ground; while this dependence is weak for sources in air, it is pronounced for
planar sources in the ground.

(80) On the basis of these results, ambient dose equivalent rate coe cients,dl0R
innSvh *Bg *m?ornSvh 'Bq *m?3 can be derived to relate the activity concen-
tration to the ambient dose equivalent rate. Thus, the ambient dose equivalent rate
can be related to the e ective dose-rate.

(81) Individual monitoring of e ective dose is performed with dosimeters cali-
brated in terms of personal dose equivalentH(d). ICRP Task Group 90, which
developed this publication, decided not to include dose coe cients foH ,(d). H(d) is
de“ned as the dose equivalent in soft tissue at an appropriate deptfd, below a
speci‘ed point on the body. The speci“ed point is usually given by the position
where the individuales dosimeter is worn. Calibration of personal dosimeters is per-
formed by exposure to unidirectional radiation at an incident angle, , where is the
angle between the direction of incidence of radiation and the reference direction of
the personal dosimeter mounted on the front face of the calibration phantom. These
calibrations are typically performed for normally incident radiations, i.e. %0 . On
the other hand, for the environmental “elds considered in this publication, photons
of wide energy distribution are incident from various angles. Standardising reference
radiation “elds and calibration procedures simulating environmental radiation have
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not been recommended by international organisations, such as the International
Organization for Standardization and the International Electrotechnical
Commission. The coe cients for H,(10) could be calculated using phantoms and
environmental radiation sources by Monte Carlo simulations. However, methods of
calibration of personal dosimeters to link dosimeter readings to the dose-rate coef-
“cients of Hy(d) have not yet been established for environmental exposures.

(82) Individual monitoring in environmental radiation “elds has often been per-
formed in Japan since 2011, with dosimeters calibrated by irradiation of unidirec-
tional radiation (Nuclear Regulation Authority Japan, 2013). It is of signi“cant
concern whether the personal dosimeters calibrated in this way provide reasonable
values for assessment of e ective dose in the environmental “elds. To address the
question, Satoh et al. (2017) analysed the relation of e ective dosé{* (10), and
H,(10) in radiation “elds originating from photon emissions from both **/Cs
and **'Cs distributed in dierent depths in soil, where the personal dosimeters
were calibrated under the above simpli“ed exposure conditions. A conclusion of
their analysis is that both area monitoring and individual monitoring provide rea-
sonably conservative estimates of e ective dose for the conditions investigated.
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6. DETERMINATION OF DOSE-RATE COEFFICIENTS FOR
MONOENERGETIC PARTICLES (STEP 2)

6.1. Monte Carlo photon and electron transport calculation in the
anthropomorphic phantoms

(83) For the aforementioned exposure geometries of contaminated soil and air,
Step 2 calculations involved the computation of organ equivalent dose-rate coe -
cients in each sex- and age-speci“c phantom resulting from the simulated radiation
“elds from Step 1 calculations. The recorded particle histories on the coupling cylin-
der were used as the source irradiating the phantom, and each phantom was placed
inside the air-“lled coupling cylinder.

(84) Particle transport calculations starting from the surface of the coupling cylin-
der were performed with PHITS Version 2.66 (Sato et al., 2013). The atomic data
libraries MCPLIB04 (White, 2003) and EL0O3 (Adams, 2000) were used for photon
and electron transport, respectively.

(85) Step 2 considers photon as well as electron “elds as these were recorded on the
coupling cylinder. For photon “elds, secondary electrons were also transported. The
combined relative uncertainty (i.e. one standard deviation) from both Step 1 and
Step 2 computations was less than 10% for most organs and tissues, where the
dominating contribution stems from the environmental “eld calculations.

(86) The computational methods for determining the equivalent dose-rate to active
marrow and skeletal endosteum are described in Annex B.

(87) For evaluating the absorbed doses to the sensitive layer of the skin, which
is considered to be 50...166h below the skin surface, polygon mesh (PM) for-
mats of the reference phantoms were applied, together with the Monte Carlo code
GEANT4 (Agostinelli et al., 2003). Further details on estimates of skin dose are
given in Annex C.

(88) The organ equivalent doses were evaluated in the form of dose-rate coe -
cients, giving the mean organ equivalent dose-rate normalised to a measurable envir-
onmental radioactivity quantity. The doses are then estimated on the basis of the
measured ground contamination levels (i.e. surface activity densities) or photon dose
rate in the air, normalised to the activity density of each monoenergetic source
emitter. As gamma-ray measurements in the environment are performed at 1 m
above the ground surface, the normalisation quantity for measurements in air was
selected to be air kerma and ambient dose equivalent at 1 m above ground at the
position of the bodyes longitudinal axis. Values of air kerma and ambient dose
equivalent at 1 m above ground normalised to source activity are also given (see
Sections 5.4 and 6.6). These coe cients are used to facilitate normalisation to
source activity (i.e. photon emission per unit area or per unit volume).

(89) Organ equivalent dose-rate coe cients for all de“ned organs/tissues, includ-
ing all those noted explicitly in the de“nition of e ective dose, are given as equivalent
dose-rates per radioactivity concentration. As this publication refers to environmen-
tal exposures of photons and electrons, both of which have a radiation weighting
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factor, wg, equal to unity, the equivalent dose-rate coe cients are numerically
equivalent to their corresponding absorbed dose-rate coe cients.

(90) In order to avoid "uctuation by statistical uncertainty and obtain smooth
curves of the organ equivalent dose-rate coe cients as a function of photon and
electron energy, data “tting was applied using the piecewise cubic Hermite function
(Fritsch and Carlson, 1980).

(91) For monoenergetic photon and electron sources below 0.05 and 0.10 MeV,
respectively, it should be noted that the organ equivalent dose-rate coe cients were
set to zero if their contribution to e ective dose was below 1% and the value of the
dose coe cient of the precedent energy was zero. This was done to avoid disconti-
nuities on the curves or to improve their smoothness.

(92) Reference values of the equivalent dose-rate coe cients of organs and tissues
for which tissue weighting factors are de“ned (ICRP, 2007), as well as for the remain-
der tissues, can be found in the electronic supplement to this publication. The data
are given separately for the male and female adult and paediatric reference phan-
toms. The values of the e ective dose-rate coe cients are also in the electronic sup-
plement. As these were calculated with the ICRP reference phantoms for reference
geometries and following ICRP methodology, they are considered to be the ICRP
reference data.

(93) The results of these calculations are used to derive radionuclide-speci‘c dose-
rate coe cients through energy interpolation to obtain coe cients for the detailed
photon and electron decay spectrum of each radionuclide as given Rublication 107
(ICRP, 2008) (see Section 7).

6.2. Dose-rate coefficients for soil contamination

(94) The absorbed dose delivered to internal organs and tissues is calculated by
exposing the computational phantoms to the radiation “elds obtained previously.
Particle transport is restarted based on information on particle history written in the
external “le during Step 1. Calculation e ciency is improved signi“cantly by using
the environmental radiation “eld obtained in Step 1 which is in common to the Step 2
calculations for the reference phantoms of each age and sex.

(95) The right-hand image in Fig. 6.1 illustrates the geometry of the Step 2 cal-
culation. The phantom is placed inside the coupling cylinder, and the remaining
space is “lled with air. Due to the fact that the simulation geometry is cylindrically
symmetrical, the transport calculation is repeated 36 times by rotating the source
position in 10 steps at the surface of the cylinder around the central axis to avoid
any directional bias.

(96) Dose-rate coe cients for soil contamination were evaluated as the e ective
dose-rate per activity concentration for monoenergetic sources of photons and elec-
trons in soil, whose energy ranges from 0.01 to 8 MeV along 25 energy points. The
coe cients are given in nSvh *Bg 'm? The e ective dose rates were evaluated
from the data of organ equivalent dose-rates computed using the ICRP adult and
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Fig. 6.1. Schematic representation of the geometry simulating soil contamination. The left-
hand figure describes Step 1 of the calculation and the right-hand figure describes Step 2.
mfp, mean free path.

paediatric (newborn, 1-, 5-, 10-, and 15-year-old) reference computational phantoms
as described in Section 3.2. The data for photons were evaluated for the sources
uniformly distributed in the soil over a planar area and at speci“c depths of 0.0, 0.2,
1.0, 2.5, and 4.0 mfp for the photons emitted in the soil. The dose-rate coe cients for
continuous source-depth pro“les (i.e. planar and volumetric sources) can be obtained
by integration using the above data (see Sections 8.1.1 and 8.1.2). For monoenergetic
electron emission, only sources on the air...ground interface were considered (i.e.
primary electrons emitted at depth within the soil were not considered). However,
photons (bremsstrahlung) arising as electrons slow down within the soil were con-
sidered in the manner of US Environmental Protection Agency Federal Guidance
Reports 12 (Eckerman and Ryman, 1993) and 15 (Bellamy et al., 2019) using the
scaled bremsstrahlung cross-section data of Pratt et al. (1977).

(97) For each source depth, 10...20 million photon histories were started, depend-
ing on the photon energy, from the recorded distributions on the coupling cylinder;
this led to coe cients of variance that were generally approximately 0.5% for large
organs and approximately 1% for small organs. For electron irradiations, 20 million
to 2 billion particle histories were followed. This led to coe cients of variance that
were generally approximately 5% for all organs. Note that these coe cients of vari-
ance refer only to Step 2 organ equivalent dose calculations and not to the environ-
mental “eld calculations.

(98) For photon sources, coe cients for air kerma and ambient dose equivalent
rates were also evaluated in air at 1 m above ground, as described in Section 5.4.

(99) The e ective dose-rate coe cients are shown graphically in Figs 6.2...6.6 for
photon sources at depths of 0.0, 0.2, 1.0, 2.5, and 4.0 mfp together with data on the
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Fig. 6.2. Effective dose-rate coefficients for monoenergetic photon sources distributed at
the surface as a ground plane source and the corresponding ambient dose equivalent rate,
h-&0kat 1 m above ground. mfp, mean free paths.

Fig. 6.3. Effective dose-rate coefficients for monoenergetic photon sources distributed at a
depth of 0.2 mean free paths (mfp) in the soil and the corresponding ambient dose equiva-
lent rate, h-dl0R at 1 m above ground.
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Fig. 6.4. Effective dose-rate coefficients for monoenergetic photon sources distributed at a
depth of 1 mean free path (mfp) in the soil and the corresponding ambient dose equivalent
rate, h-dlOR at 1 m above ground.

Fig. 6.5. Effective dose-rate coefficients for monoenergetic photon sources distributed at a
depth of 2.5 mean free paths (mfp) in the soil and the corresponding ambient dose equiva-
lent rate, h-dlOR at 1 m above ground.
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Fig. 6.6. Effective dose-rate coefficients for monoenergetic photon sources distributed at a
depth of 4 mean free paths (mfp) in the soil and the corresponding ambient dose equivalent
rate, h-dlOR at 1 m above ground.

corresponding ambient dose equivalent rates. The e ective dose-rate coe cients for
electron sources on the ground surface are shown in Fig. 6.7. The above data of
e ective dose are also tabulated in the electronic supplement to this publication. The
equivalent dose-rate coe cients for all organs contributing to the e ective dose as
well as of the remainder tissues are tabulated in regard to both age and sex, and are
also compiled in the electronic supplement.

(100) The “gures demonstrate the age dependence of the e ective dose-rate for
environmental photon and electron exposures. For most energies and all geometries,
the smaller the phantom (i.e. the younger the age), the larger the e ective dose-rate
coe cient. Larger di erences are observed for the adult phantom and the newborn
for energies below 0.050MeV and contamination on the surface of the ground;
e ective dose of the newborn was found to be approximately six times higher than
that of the adult. Also, it can be seen that, for most cases, the ambient dose equiva-
lent rate, h-dl0 bis a conservative approximation of the e ective dose. Exceptions are
observed for the newborn phantoms and the 1-, 5-, and 10-year-old phantoms at
energy of 0.01 MeV, where the e ective dose-rate coe cient is higher than the ambi-
ent dose equivalent rateh 80P This could be explained by considering that, for
decreasing photon energies, the mfp of photons in air is also decreasing. The average
photon energy "ux incident on the standing phantom of younger ages may therefore
be larger than at a height of 1 m at which the ambient dose equivalent rate is
estimated. Furthermore, it can be noted thath- 80 Pbecomes more and more con-
servative as the source depth increases. This could be explained by the photon energy
spectrum which is shifted to lower energies.
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Fig. 6.7. Effective dose-rate coefficients for monoenergetic electron sources distributed at
the surface as a ground plane source. mfp, mean free paths.

Fig. 6.8. Effective dose-rate coefficients for the adult as a function of mean free paths
(mfp) in the soil for source energy of 0.5 and 0.05 MeV photons. The bullets indicate the
depths for which calculations were explicitly performed. The star indicates the effective
dose-rate at depth of 5gcm?, evaluated through interpolation.

(101) For electron sources distributed on the surface of contaminated soil, Fig. 6.7
indicates some inconsistencies: the e ective dose-rates of the newborn are smaller
than those of the 1-year-old at energies below 0.07 MeV. In this energy region, the
electrons stop inside the skin layer, and secondary and bremsstrahlung photons
deliver the energy to the muscle region. The dose-rate coe cient of the muscle of
the newborn phantom was found to be lower than that of the 1-year-old phantom.

(102) Fig. 6.8 shows the variation of e ective dose-rate coe cients for an adult as
a function of mfp of photons in soil. The physical depth of a source in soil, given in
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gcm 2, is estimated by converting the depth in mfp, depending on photon energy (see
Section 8.1.1); the e ective dose-rate coe cients at that physical depth are then
obtained by the “tted curves of the e ective dose-rate coe cients as a function
of mfp, using the piecewise cubic Hermite interpolation (Fritsch and Carlson, 1980).

6.3. Dose-rate coefficients for air submersion

(103) The air submersion exposure geometry involves an individual standing in a
large volume of uniformly contaminated air. It is assumed that the individual is
standing on an uncontaminated "at surface of in“nite area. The source for the sub-
mersion dose calculations is a semi-in“nite cloud containing a uniformly distributed
monoenergetic photon and electron emitter surrounding a human phantom standing
on the solil at the air...ground interface. The right-hand image in Fig. 5.5 illustrates
the irradiation geometry for the organ equivalent dose calculations.

(104) Organ equivalent dose-rate coe cients in each phantom are computed using
the environmental photon and electron data as recorded to the external ASCII “le. It
should be noted that for electron sources, the electrons do not only start from the
surface of the coupling cylinder but also from within the volume of the cylinder,
which is “lled with contaminated air. Transport calculations for cylinder-surface
source and cylinder-volume sources were performed separately.

(105) The e ective dose-rate coe cients of monoenergetic sources distributed uni-
formly in the atmosphere are shown in Figs 6.9 and 6.10 as a function of photon and
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Fig. 6.9. Effective dose-rate coefficients and ambient dose equivalent rate coefficients,
h-d0p at 1 m above ground, for monoenergetic photon sources distributed uniformly in
the atmosphere.
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Fig. 6.10. Effective dose-rate coefficients for monoenergetic electron sources distributed
uniformly in the atmosphere.

electron energies, respectively. In total, 25 source energies were selected from 0.01 to
8 MeV. The unit of the dose-rate coe cients is nSvh *Bg *m?. Fig. 6.9 also shows
h-d0k and demonstrates that above 0.015MeV, the conservative approach is
retained (i.e. the ambient dose equivalent is higher than the e ective dose for all
phantoms considered). Tables of e ective dose, ambient dose equivalent, and air
kerma rate coe cients can be found in the electronic supplement. In addition, the
supplementary data of the organ equivalent dose-rate coe cients for both sexes and
all ages considered are available in the electronic supplement.

(106) Regarding age dependency of the coe cients, it was observed that, in gen-
eral, the smaller the body mass of the phantom, the higher the organ and e ective
dose due to the smaller amount of body shielding of internal organs in the younger
and smaller reference phantoms. The di erence in e ective dose between the adult
and the newborn is less than 50% above a photon energy of 0.06 MeV, while it
reaches up to 160% below 0.03 MeV.

(107) It can be seen in Fig. 6.10 that for electron sources and energies below
0.05MeV, the e ective dose-rate coe cients of the adult are higher than those of
the newborn. In this energy region, the breast dose is the main contributor to e ect-
ive dose, and the breast dose of the adult is higher than that of the newborn due to
the larger volume of the breast region of the adult compared with the respective
volume of the newborn.

(108) Fig. 6.11 shows the e ective dose-rate of the 10-year-old for monoenergetic
electrons, together with the skin equivalent dose-rate multiplied by tissue weighting
factor, wr, of 0.01, the equivalent dose rate of the breast multiplied bw ¥20.12, and
the equivalent dose rate to the gonads multiplied byvr %0.08. It should be noted
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Fig. 6.11. Comparison of effective, skin, breast, and gonad equivalent dose-rate coefficients
for monoenergetic electrons distributed uniformly in the atmosphere for the 10-year-old
phantom. For comparison, the skin, breast, and gonad dose-rates have been multiplied by
their respective tissue weighting factors.

that the skin equivalent dose has been computed with the PM-type phantoms in
order to evaluate the dose at the radiosensitive region of the epidermis, which is
considered to be 50...10@n below the skin surface (see Annex C). It can be seen that
up to 0.06 MeV, the dose to the breast is the main contributor to e ective dose for
electron sources in air submersion geometry. From 0.07 MeV to 1 MeV, the skin dose
becomes dominant because the electrons can reach the radiosensitive region below
the skin surface. Above 1MeV, the breast dose is dominant again; in this energy
region, the electrons penetrate the skin layer with partial energy deposition.

6.4. Dose-rate coefficients for water immersion

(109) Dose-rate coe cients for water immersion were calculated under the
assumption that an individual is completely immersed in an in“nite volume of uni-
formly contaminated water. For the water photon exposure, the whole spherical
geometry is sampled, including those voxels in the phantom matrix outside the
body that are identi“ed as water.

(110) Contributors to the organ equivalent doses from electron sources in the
water immersion geometry are the primary electrons emitted from the water near
the body surface and the bremsstrahlung photons generated by electron interactions
in water.
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