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ABSTRACT 

Federal Guidance Report No. 12 tabulates dose coefficients for external exposure to photons and electrons 
emitted by radionuclides distributed in air, water, and soil. The dose coefficients are intended for use by Federal 
Agencies in calculating the dose equivalent to organs and tissues of the body. 

INTRODUCTION 

Federal Guidance Report No. 121 (FGR12) tabulates organ dose coefficients for external exposure to photons 
and electrons emitted by radionuclides distributed in air, water, and soil. It is a companion to Federal Guidance 
Report No. I I , 2 which tabulates dose coefficients for inhaled or ingested radionuclides. Although the dose 
coefficients of FGR12 are based on previously developed dosimetric methodologies, they are derived from new, 
detailed calculations of the energy and angular distributions of the radiations incident upon the body and the 
transport of these radiations within the body. Particular effort was devoted to expanding the information available 
for the assessment of radiation dose from radionuclides distributed on or below the surface of the ground. 

Since estimation of the dose to body tissues from radiations emitted by an arbitrary distribution of a 
radionuclide in an environmental medium is extremely difficult, it has become common practice to consider 
simplified and idealized exposure geometries. Typically, the radionuclide concentration in the medium, from the 
viewpoint of an exposed individual, is taken to be uniform and effectively infinite or semi-infinite in extent. 
Assuming an infinite or semi-infinite source region with a uniform activity concentration C(t) of a radionuclide 
at time /, the time-independent dose coefficient for external exposure of tissue T is 

hT = — - L _ , (1) 
JC(t) dt 

where HT is the dose equivalent in tissue T. The coefficient hT represents the dose to tissue T of the body per unit 
time-integrated activity concentration of the radionuclide. It incorporates information on the types of radiations 
emitted by the radionuclide, the transport of these radiations in the environment, their subsequent transport in the 
body, and estimation of the deposition of ionizing energy in the tissues of the body. 

A number of reports have tabulated dose coefficients for external irradiation of the body from radionuclides 
distributed in the environment.3"5 Because of limitations in computational methods or available information, some 
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efforts used oversimplified assumptions regarding the exposure conditions. For example, the radiations incident 
upon the body have often been assumed to be uniformly distributed in angle (an isotropic field) or to be 
orthogonal to the long axis of the body while the body is uniformly rotated about that axis (a rotational exposure). 
Variations in the intensity of the radiations with height above the ground frequently have been ignored in assessing 
the dose from radionuclides on or below the ground surface. In addition, bremsstrahlung has generally been 
ignored, despite the fact that for many radionuclides (e.g., pure beta emitters), it is the only source of radiation 
sufficiently penetrating to result in a dose to underlying tissues of the body. The calculations of FGR12 attempt 
to address each aspect of the problem without the use of simplifying assumptions that would significantly alter 
the results. 

ORGAN DOSE FOR MONOENERGETIC PHOTON EMITTERS 

The problem of computing organ dose from distributed photon sources was broken into two independent steps: 
(1) the calculation of the radiation field incident on a closed surface surrounding a model of the human (phantom), 
and (2) the calculation of organ dose due to a surface source equivalent to the angular flow rate entering the 
boundary surrounding the phantom. The approach is illustrated in Fig. 1 — the transport calculations are 
discussed in a companion paper (Application of Discrete Ordinates and Monte Carlo Methods to Transport of 
Photons From Environmental Sources). Organs doses from monoenergetic photon sources distributed in a semi-
infinite cloud source, immersion in an infinite pool of contaminated water, and for infinite plane sources at the 
air-ground interface and at 5 depths in the soil were computed at twelve energies from 0.01 to 5.0 MeV for 25 
organs in an adult phantom. The adult hermaphrodite phantom of Cristy and Eckerman6 was used in these 
calculations with modifications to include the esophagus and to improve the neck and thyroid modeling.1 

In addition to organ dose coefficients, coefficients for the effective dose equivalent and the effective dose were 
derived using the tissue weight factors from Publication 26 7 and 60 s, respectively, of the International Commission 
on Radiological Protection (ICRP). The effective dose equivalent as defined in Publication 26 is the weighted 
sum of the doses to radiosensitive tissues of the body. The effective dose quantity in Publication 60 is defined 
in a similar manner with the notable exception that weighting factors have been assigned to more organs and 
tissues of the body. The coefficients for the effective dose equivalent hE and for the effective dose e are defined 
as 

T 

T 

where wT and w'T are the tissue weighting factor appropriate for the quantities and hT is dose coefficient for tissue 
T. The weighting factors are normalized to sum to one and correspond to the fractional contribution of tissue T 
to the total risk of stochastic health effects when the entire body is uniformly irradiated. The weighting factors 
used to compute hE and e are shown in Table 1. 

Table 2 summarizes the results of the calculations by tabulating the effective dose equivalent and the effective 
doses and the air (or water) kerma for a monoenergetic photon emitter distributed in the environment. The air 
and water kerma are doses to air and water, not to tissue in air or water. The reader should consult FGR12 for 
tabulations giving the organ dose coefficients. 

The organ dose coefficients for isotropic plane sources computed at the six source depths were integrated over 
source depth to obtain organ dose coefficients for sources uniformly distributed by volume in soil slabs. If 
fiT p{E,z) denotes the dose coefficient for a plane isotropic source at energy E and depth x (mean free paths), then 
the dose coefficient hTV(E) for a volumetric source extending from the air-ground interface to depth L is just 

wT hT and 

(2) 
w'ThT , 



hzv(E) = ±J^LdxhTp(E,x) , (3) 

where E 7 is the linear attenuation coefficient for soil at photon energy E. Coefficients are presented in FGR12 
for volume sources having thicknesses of 1, 5, and 15 cm, and for an effectively infinite source (4 mean free paths 
thick). 

DOSE COEFFICIENT FORMULATION FOR RADIONUCLIDES 

Only photon, including bremsstrahlung, and electron radiations emitted by the radionuclides are sufficiently 
penetrating to contribute to the dose to tissue and organs of the body. The energy spectrum of emitted radiations 
can be characterized as either (1) discrete as in the case of conversion electrons and gamma rays, or (2) continuous 
as in the case of beta particles and bremsstrahlung. The contribution of the discrete electrons and beta particles 
to the skin dose and to the bremsstrahlung spectra were based on the nuclear decay data of ICRP Publication 38.9 

The radionuclide specific dose coefficient /r£ for tissue T for any exposure mode S can be expressed as 

hT £ Yt{E.) £ £ ( £ , ) + / " Yj(E) / £ ( £ ) dE (4) 

where Y}(E,) is the yield of discrete radiations of type j and energy £, and Y/E) denotes the yield of continuous 
radiations per nuclear transformation of the radionuclide with energy between E and E + dE. The outer 
summation is over all beta and photon emissions. Note that each radiation potentially has two components; (1) 
the discrete energy emissions and (2) the continuous emission. The contribution of these radiations to the dose 
in tissue or organ T is defined by the quantity kTj{E) which, in the case of photons, was tabulated for 25 target 
tissues of the body at each of 12 monoenergetic photon energies. For electrons, values were tabulated for 
monoenergetic electrons irradiating only the skin, using the DOSFACTER code developed by Kocher.3 

Dose coefficients were tabulated for the 825 radionuclides that have decay data reported in ICRP 
Publication 38.9 The coefficients are available for submersion in a semi-infinite cloud source; immersion in an 
infinite pool of contaminated water; an infinite plane source at the air-ground interface; uniformly distributed 
volume sources in the soil having thicknesses of 1, 5, and 15 cm; and for an effectively infinite soil source. 

DISCUSSION 

Extensive comparisons of FGR12 results to previously published results were performed. For example, dose 
coefficients for submersion in FGR12 can be as much as 35 percent higher than those from work at the 
Gessellschaft fur Strahlen- und Umweltforschung (GSF).10 The differing coefficients are traceable to differences 
in the adult hermaphrodite phantom traditionally used for radiation protection in the United States and the gender-
specific phantoms used at GSF. In another instance, dose coefficients for volumetric soil sources were shown to 
differ from those published by Chen5 due to (1) significant differences in soil composition (typical silty soil vs. 
earth's crust) and (2) the assumed rotational normal beam exposure by Chen compared to a more detailed angular 
flux distribution in FGR12. 

A. Phantom 

Effective dose equivalent from FGR12 were compared to data published in ICRP Publication 51 9 which were 
computed at GSF. 1 2 At GSF, organ dose coefficients, computed separately for adult male and female phantoms, 
were averaged, and the gender-averaged coefficients were used with the tissue weighting factors to derive the 
effective dose equivalent. GSF's coefficients tend to be greater than the values of FGR12 since the organs of the 



female have less shielding than those of the hermaphrodite phantom; see Fig. 2. Some organs do not exhibit this 
tendency because they are more directly affected by gender differences (e.g., ovaries versus testes) or are more 
distributed in nature (e.g., red marrow and bone surfaces). Comparison of organ doses between the hermaphrodite 
phantom and the GSF phantoms shows that competing factors contribute to the differences in effective dose 
equivalents. The doses to red marrow, bone surface, and thyroid are consistently higher in FGR12. The 
differences in red marrow and bone surface doses are due to different methods of estimating those doses. FGR12 
uses a skeletal fluence-to-dose conversion factor6 which takes into account the heterogeneity of the marrow and 
bone. GSF's marrow dose is estimated by a mass-weighted partitioning of the dose to homogenous skeleton, with 
a correction for the difference in energy absorption coefficients between skeleton and marrow, and the skeletal 
dose is taken as a surrogate for bone surface dose. The thyroid doses in FGR12 are higher because the modified 
neck region provides less shielding than the neck region of the GSF phantoms. It has been the practice when 
using the hermaphrodite phantom to assign gonadal tissue the higher dose of either the testes or the ovaries. That 
practice was continued in FGR12. For external radiation, this means that the dose to testes is used, since it is 
always higher than the dose to ovaries. Since the gonadal dose has a high weighting factor, this decision has a 
large influence on effective dose equivalent, particularly at low photon energy. 

B. Ground Plane Composition 

The effective dose equivalent for exposure to an infinite volume source in the soil was compared to the work 
of Chen.5 Some differences are attributable to Chen's use of the rotational exposure factors of ICRP Publication 
51 , " rather than the actual angular distribution, and to differences in phantoms as discussed above. However, there 
remain significant differences between some values in FGR12 and those of Chen. It has been determined that 
these differences, present for volumetric sources in the soil, are due to different soil compositions. 

The effect of soil composition was investigated by computing air kerma above the air-ground interface for a 
series of volume sources in the soil of various compositions. The effect of soil composition, normalized to the 
typical silty soil assumed in FGR12, is shown in Fig. 3. It is seen that the air kerma at low energies is strongly 
influenced by the composition, with sandy soil producing a greater kerma, and the other soils resulting in a lower 
kerma. The air kerma ratio for earth's crust, the composition used by Chen, explains the remaining differences 
between FGR12 and Chen. 

In summary, the discussion above illustrates the sensitivity of the dose coefficients to certain features of the 
computational models. For example, the coefficients at lower photon energies are sensitive to the elemental 
composition of the soil. Differences in the treatment of energy deposition in red marrow and bone surface are 
evident in the coefficients for those radiosensitive tissues of the skeleton. The effective dose equivalent coefficient 
is sensitive, again at the lower photon energies, to the choice of an anatomical model; i.e., to the use of a 
hermaphrodite phantom versus the averaging of doses from gender-specific phantoms. For the purpose of 
establishing dose coefficients for use in radiation protection, the choice of an anatomical model appears to be more 
of a public policy than a technical issue. FGR12 continues the traditional use of a hermaphrodite phantom, as 
specified in the earlier guidance for workers2. 

CONCLUSIONS 

Federal Guidance Report No. 12' provides dose coefficients for external exposure to 825 radionuclides 
distributed in environmental media. The exposures considered include: 

- submersion in a contaminated atmospheric cloud, i.e., air submersion, 
- immersion in contaminated water, i.e., water immersion, and 
- exposure to contamination on or in the ground, i.e., ground exposure. * 

Although the calculation of external dose coefficients must be based on simplifying assumptions regarding the 
distribution of the radionuclides in the environmental media and the exposure geometry itself, the methodology 



used in FGR12 approaches the problem in a rigorous manner, including: 
- detailed evaluation of the energy and angular distribution of the radiation field, 
- consideration of bremsstrahlung production by beta emitting radionuclides. 

Extensive comparison were made with the results of other researchers. The resulting tabulations reflect the current 
state of the art in environmental dosimetric calculations. 
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Table 1. Tissue Weighting Factors According to 
ICRP Publications 26 and 60. 

Weighting Factors, w T 

Organ/Tissue 
ICRP-26 ICRP-60 

Gonads 0.25 0.20 
Breast 0.15 0.05 
Colon 0.12 
Red Marrow 0.12 0.12 
Lungs 0.12 0.12 
Stomach 0.12 
Urinary Bladder 0.05 
Liver 0.05 
Esophagus 0.05 
Thyroid 0.03 0.05 
Bone Surface 0.03 0.01 
Skin 0.01 
Remainder3 0.30 0.05 
a For the details regarding the remainder considerations 

see Refs. 7 and 8. 



Table 2. Doses from Monoenergetic Sources 

Emitted photon energy (MeV) 

Dose Quantity 1.0E-02 1.5E-02 2.0E-02 3.0E-02 5.0E-02 7.0E-02 1.0E-01 2.0E-01 5.0E-01 1.0E+00 2.0E+00 5.0E+00 
-3 a Semi-infinite cloud source (Sv per Bq s m ) 

h E 1.103E-18 2.001E-17 8.939E-17 4.229E-16 1.574E-15 2.829E-15 4.530E-15 9.561E-15 2.397E-14 4.961E-14 1.050E-13 2.858E-13 
e 1.651E-18 1.436E-17 6.029E-17 3.052E-16 1.271E-15 2.395E-15 3.955E-15 8.635E-15 2.220E-14 4.651E-14 9.970E-14 2.765E-13 
k ^ 6.746E-16 9.912E-16J1J305E-15 1.886E-15 2.765E-15 3.890E-15 6.356E-15 1.880E-14 5.997E-14 1.228E-13 2.384E-13 5.825E-13 
I n f i n i t e water source (Sv per Bq s m" ) 
h E 2.546E-21 4.679E-20 2.103E-19 9.942E-19 3.636E-18 6.432E-18 1.015E-17 2.105E-17 5.216E-17 1.075E-16 2.273E-16 6.232E-16 
e 3.812E-21 3.358E-20 1.418E-19 7.170E-19 2.930E-18 5.430E-18 8.841E-18 1.897E-17 4.828E-17 1.008E-16 2.158E-16 6.028E-16 
kwATER 1.615E-18 2.403E-18 3.194E-18 4.570E-18 6.589E-18 9.384E-18 1.573E-17 4.661E-17 1.464E-16 2.978E-16 5.739E-16 1.368E-15 
Infini te plane source at air-ground interface (Sv per Bq s m ) 
h E 3.181E-19 5.147E-18 1.443E-17 3.179E-17 5.244E-17 6.915E-17 9.605E-17 1.931E-16 4.945E-16 9.610E-16 1.778E-15 3.814E-15 
e 6.811E-19 4.017E-18 1.016E-17 2.367E-17 4.460E-17 6.192E-17 8.928E-17 1.841E-16 4.781E-16 9.376E-16 1.737E-15 3.731E-15 
k ^ 1.829E-16 2.323E-16 1.881E-16 1.256E-16 8.337|-17 8.515E-17 1.117E-16 2.415E-16 6.394E-16 1.211E-15 2.122E-15 4.194E-15 
Infinite plane source 0.04 mean free paths deep (Sv per Bq s m' ) 
h E 3.041E-19 4.204E-18 1.164E-17 2.418E-17 3.967E-17 5.349E-17 7.542E-17 1.465E-16 3.461E-16 6.192E-16 1.053E-15 1.990E-15 
e 6.108E-19 3.240E-18 8.127E-18 1.787E-17 3.343E-17 4.770E-17 6.934E-17 1.381E-16 3.300E-16 5.956E-16 1.018E-15 1.945E-15 
k A m 1.687E-16 1.945E-16 1.552E-16 9.742E-17 6.543^-17 6.827E-17 8.971E-17 1.863E-16 4.508E-16 7.847E-16 1.255E-15 2.217E-15 
Infinite plane source 0.2 mean free paths deep (Sv per Bq s m" )" 
h E 2.176E-19 2.710E-18 6.816E-18 1.317E-17 2.308E-17 3.352E-17 4.935E-17 9.662E-17 2.107E-16 3.555E-16 5.729E-16 1.052E-15 
e 4.132E-19 2.045E-18 4.701E-18 9.592E-18 1.916E-17 2.942E-17 4.479E-17 8.976E-17 1.986E-16 3.381E-16 5.506E-16 1.016E-15 
k ^ 1.244E-16 1.255E-16 9.185E-17 5.539E-17 4.049E-17 4.523E-17 6.137E-17 1.246E-16 2.800E-16 4.609E-16 7.029E-16 1.173E-15 
Infinite plane source 1.0 mean free path deep (Sv per Bq s m" ) 
h E 5.913E-20 6.007E-19 1.375E-18 2.665E-18 5.705E-18 1.003E-17 1.710E-17 3.635E-17 7.118E-17 1.055E-16 1.533E-16 2.331E-16 
e 1.005E-19 4.440E-19 9.353E-19 1.894E-18 4.621E-18 8.597E-18 1.520E-17 3.316E-17 6.580E-17 9.894E-17 1.448E-16 2.241E-16 
k ^ 3.447E-17 2.826E-17 1.940E-17 1.217E-17 1.117^-17 1.500E-17 2.315E-17 4.931E-17 9.966E-17 1.472E-16 2.019E-16 2.937E-16 
Infinite plane source 2.5 mean free paths deep (Sv per Bq s m" )" 
h E 7.830E-21 6.992E-20 1.608E-19 3.206E-19 8.473E-19 1.825E-18 3.723E-18 9.132E-18 1.658E-17 2.128E-17 2.709E-17 3.640E-17 
e 1.237E-20 5.164E-20 1.095E-19 2.253E-19 6.791E-19 1.547E-18 3.264E-18 8.247E-18 1.514E-17 1.965E-17 2.550E-17 3.462E-17 
k A m 4.595E-18 3.456E-18 2.355E-18 1.564E-18 1.772E-18 2.875E-18 5.243E-18 1.271E-17 2.399E-17 3.159E-17 3.823E-17 4.785E-17 
Infinite plane source 4.0 mean free paths deep (Sv per Bq s m" ) 
h E 1.271E-21 1.099E-20 2.426E-20 5.050E-20 1.538E-19 3.785E-19 8.755E-19 2.449E-18 4.224E-18 5.079E-18 5.673E-18 6.937E-18 
e 1.912E-21 8.094E-21 1.649E-20 3.534E-20 1.228E-19 3.198E-19 7.641E-19 2.211E-18 3.858E-18 4.661E-18 5.269E-18 6.515E-18 
k A I R 7.372E-19 5.391E-19 3.686E-19 2.539E-19 3.297E-19 6.126E-19 1.271E-18 3.473E-18 6.24BE-18 7.520E-18 8.276E-18 9.390E-18 

"̂ AIR ̂ a s units of Gy per Bq s m or Gy per Bq s m 
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Fig. 1. Calculation of organ dose from an angular current source on the cylinder surrounding the 
phantom. 
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Fig. 2. Ratio of effective dose equivalent for 
rotational exposure from FGR12 to that 
from ICRP Publication 51. 
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Fig. 3. Ratio of air kerma 1 m above 10 cm thick 
sources in soils of varying composition to that above 
the typical silty soil used in FGR12. 


