Radiation Protection Dosimetry (2013), Vol. 156, No. 1, pp. 7-24
Advance Access publication 29 March 2013

doi:10.1093 /rpd /nct045

EXTERNAL DOSE-RATE CONVERSION FACTORS OF
RADIONUCLIDES FOR AIR SUBMERSION, GROUND SURFACE
CONTAMINATION AND WATER IMMERSION BASED

ON THE NEW ICRP DOSIMETRIC SETTING

Song Jae Yoo!-2, Han-Ki Jang3, Jai-Ki Lee**, Siwan Noh* and Gyuseong Cho?

'Korea Institute of Nuclear Safety, 34 Gwahak-ro, Yuseong-gu, Daejeon 305-338, Korea

>Korea Advanced Institute of Science and Technology, 291 Dachak-ro, Yuseong-gu,

Daejeon 305-701, Korea

*Korea Radioisotope Association, 14-5 Kaepo-Dong, Kangnam-Gu, Seoul 135-988, Korea

*Nuclear Engineering, Hanyang University, 17 Haengdang-dong, Seongdong-gu, Seoul 133-791, Korea

*Corresponding author: jakilee@hanyang.ac.kr

Received September 6 2012, revised January 4 2013, accepted February 24 2013

For the assessment of external doses due to contaminated environment, the dose-rate conversion factors (DCFs) prescribed in
Federal Guidance Report 12 (FGR 12) and FGR 13 have been widely used. Recently, there were significant changes in dosi-
metric models and parameters, which include the use of the Reference Male and Female Phantoms and the revised tissue
weighting factors, as well as the updated decay data of radionuclides. In this study, the DCFs for effective and equivalent
doses were calculated for three exposure settings: skyshine, groundshine and water immersion. Doses to the Reference
Phantoms were calculated by Monte Carlo simulations with the MCNPX 2.7.0 radiation transport code for 26 mono-energy
photons between 0.01 and 10 MeV. The transport calculations were performed for the source volume within the cut-off dis-
tances practically contributing to the dose rates, which were determined by a simplified calculation model. For small tissues
for which the reduction of variances are difficult, the equivalent dose ratios to a larger tissue (with lower statistical errors)
nearby were employed to make the calculation efficient. Empirical response functions relating photon energies, and the organ
equivalent doses or the effective doses were then derived by the use of cubic-spline fitting of the resulting doses for 26 energy
points. The DCFs for all radionuclides considered important were evaluated by combining the photon emission data of the
radionuclide and the empirical response functions. Finally, contributions of accompanied beta particles to the skin equivalent
doses and the effective doses were calculated separately and added to the DCFs. For radionuclides considered in this study,
the new DCFs for the three exposure settings were within + 10 % when compared with DCFs in FGR 13.

INTRODUCTION

For the assessment of public and radiation worker’s
doses due to radionuclides released into the environ-
ment from nuclear facilities either during the normal
operation or under accident situations, dose-rate con-
version factors (DCFs), i.e. the organ equivalent DCFs
or the effective DCFs due to a unit concentration of
radionuclides in the environmental media, are needed
for both external and internal exposure pathways. For
external exposure pathways, those DCFs provided by
United States Environmental Protection Agency in the
Federal Guidance Report 12 (FGR 12)V and FGR
13 have been widely employed. Both of them provide
DCFs for an individual standing either in contami-
nated air or on contaminated ground, or in contami-
nated water. The MIRD-type stylised phantom based
on the Reference Man® was used to model the
exposed individual.

© The Author 2013. Published by Oxford University Press.

Recently, there are significant changes in the dosi-
metric models, procedures and even in radionuclide
decay data. First, the International Commission on
Radiological Protection (ICRP) developed new voxel
phantoms™ representing the Reference Male and the
Reference Female for use in dosimetric calculations.
The body sizes of adult Reference Phantoms are a
little larger than those defined previously and the
location and the size of each organ or tissue became
much more realistic. Secondly, the ICRP modified the
tissue weighting factors needed in the calculation of
the effective dose in the 2007 recommendations®™.
Thirdly, there are changes in the process of calculating
the effective dose; sex averaging of organ equivalent
doses before weighting the tissue weighting factors.
Finally, the radiation decay data of radionuclides
interested in radiological assessments also were
updated and published in ICRP publication 107©.
All of these changes should affect the values of
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DCFs. Therefore, it is necessary to investigate the
effect of such recent changes on the DCFs.

In this study, the DCFs for external exposure with
all those changes being taken into account were calcu-
lated. The environmental compositions and settings for
external exposure are similar to those used in FGR 12.

Impact of recent changes may be more significant
in the case of internal exposure because those changes
in geometrical models of the Reference Phantoms dir-
ectly and sensitively affect the S-values, the specific
equivalent dose of radionuclides. Moreover, there are
additional changes in the internal dosimetric models,
e.g. the human alimentary tract model (ICRP 100,
2006)” replacing the simple ICRP 30 model®.

However, only the DCFs for external exposure
were calculated in this study. Tissue-equivalent
DCFs and effective DCFs were calculated for three
exposure settings, i.e. the skyshine doses from con-
taminated air, the groundshine doses from contami-
nated ground surface and the immersion doses from
contaminated water.

MATERIALS AND METHODS
Computational models and data

The computational models for the skyshine, ground-
shine and water immersion exposures are shown in
Figures 1 and 2. The phantoms being exposed are
the Reference Male or Female Phantoms prescribed
in ICRP publication 110 (2009). For calculating the
dose rates for the skyshine and groundshine models,
the earth is modelled down to 4.0-m depth to take
into account the albedo effect. For the groundshine
model, it is assumed that the contaminants exist on
the ground surface only. For these three models,
radionuclides are assumed to distribute uniformly
over the entire volume of air or water and over the
entire area of ground surface.

Figure 1. The computational model for calculating dose

rates due to skyshine and groundshine. Dy is the cut-off

distance presenting the maximum range practically

contributing to dose rates and Dg is the soil depth to
account the albedo effect.

The material composition data of air, soil and
water are given in Table 1. For the phantoms, the
material composition data of organs or tissues given
in Tables Bl and B2 of ICRP publication 110
(2009)® were used.

Radionuclides having a potentially wide range in
the environment as a result of planned or unplanned
releases from nuclear facilities were considered in
this study. Hence, they are largely fission products or
activation products expected to be generated during
the operation of nuclear facilities. The radiation pro-
duction data of radionuclides were extracted from
those given in ICRP publication 107. Since nuclides
interested in this study do not include ones with the
capacity for neutron production, and since alpha
particles are not relevant to external exposure,
gamma rays, X-rays and beta particles are selected
as the sources emitted from the radionuclides.

The Monte Carlo particle transport code MCNPX
is used together with the -cross-section library
MCNPLIB04® and EI03"? in the calculation of
absorbed dose to the organs of Reference Phantoms
due to unit source intensity of specified energies of
photons. For the specified photon energies, 26 energy
points are used for the range of 0.01-10 MeV.
Absorbed doses for organs and tissues have been cal-
culated by applying F6 tally in the MCNPX code!".

Simplifications and approximations for computation
Cut-off distances

Ideally, the source media are semi-infinite. However,
it is evident that radiation particles produced

Dy
Dw
Water Dw

Figure 2. The computational model for calculating dose
rates due to water immersion. D,, is the maximum distance
practically contributing to dose rates.
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extremely far from the receptor phantoms do not
contribute to the resulting dose, while they increase
computation time and relative errors significantly. To
avoid this inefficacy, appropriate cut-off distances
(CODs) are employed for this computation.

In order to determine the CODs for photons
having different energies, trial calculations were made
with a simplified receptor model. As the simplified re-
ceptor, a tissue-equivalent sphere of 1 m in diameter
centred at 1.5 m above the ground surface or deep in
water was used. With repeated calculations by in-
creasing the distance from 1 mean-free-path (MFP),
the resulting absorbed doses were monitored to check

Table 1. Material compositions and densities of air, soil

their convergences. An analysis indicating whether
the resulting dose had been increased <1 % for the
additional distance of 1 MFP, was performed, and
these final distances were then selected as the CODs.

The CODs were 2.5-6 MFPs depending on the
photon energies in the cases of skyshine and ground-
shine, and ~7 MFPs in the case of water immersion,
respectively. Figure 3 shows the resulting CODs (in
meters) as a function of photon energy. Successive
calculations with the Reference Phantoms were
carried out up to these CODs.

As a test, the weighted equivalent doses using ICRP
110 Reference Male only were calculated at the CODs,
and then compared with those calculated up to the
CODs+0.5 MFP at the same energy point. There
were no significant differences in the resulting doses.

and water.
Element Mass fraction Equivalent dose ratio method
Air Soil (Silt) Water Some organs or tissues in the Reference Phantoms,
e.g. the thymus and the lymph nodes, are very small
H 0.00064 0.021 0112 and accordingly the statistical variances in the dose
C 000014 0016 ' estimates remain large even with extremely large
N 0.75086 numbers of histories. The situation becomes worse
0 0.23555 0.577 0.888 when the source volume increases, because the geo-
Ar 0.01281 metrical efficiency decreases roughly with the inverse
Al 0.050 square of the distance from the source point to the
Si 0.271 receptor volume, particularly in the case of the air
K 00}3 contamination setting.
gg 881 ] To overcome this problem in the air contamination
Density 12kgm™? 1600 kg m™> 1000 kg m > setting, scaling factors for such small organs were
: employed. This is the equivalent dose ratio method
10° E i
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Figure 3. Cut-off distances (CODs) for different photon energies.
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(EDRM). For the other settings (groundshine and
water immersion), the statistical errors were satisfac-
torily reduced by increasing the histories.

The EDRM is based on the inference that the
energy spectrum of photons incident to the receptor
body would not significantly change with the geo-
metrical range beyond a few MFPs because the par-
ticle fluence at the receptor position is dominated by
those produced for closer reference distances. Then,
the ratios among different organ doses would tend
to be invariant with the increasing source volume.
This enables one to estimate the doses to small
organs from the extended source volume by multi-
plying the dose to an organ with the larger volume
(reference organ), where the statistical error is satis-
factorily reduced, by the ratio values (K) determined
with a smaller source volume. The muscle is selected
as the reference organ and the dose ratios Kj;, where
i is the index of organ of interest and j is the photon
energy, were evaluated at 50 m radius. That is,

Dy o
(), (500), o™
r=r, r=COD

where r, is the reference distance (50 m) and RO
denotes the reference organ (MUSCLE).

As a test case, Figure 4 shows the K factors of
various organs calculated for 1250-keV photons at
some different sizes of the source volume. It is con-
firmed that K factors deviate within 10 %, while the
radius of the air volume varies from 50 m to the
COD (565 m).

Dj;
Dro

o~

(1)

For validating K factors, the equivalent dose rates
for r = COD [HFOP] can be calculated as

- COD
H.

- COD
i gHRO X K;

(2)

. COD, . . .
where [H; ] is the equivalent dose to organ i at

COD and [H Eg”] is the equivalent dose to the refer-
ence organ at the reference distance (50 m). And,
K factors are applied for organs having the relative
errors of 10 % or more resulted in MCNP simula-
tions at each energy bin.

K factors for different organs at different photon
energies are given in Appendix A.

Calculation of DCFs
Photon DCFs

For each exposure setting, the equivalent doses to all
the organs/tissues contributing to the effective ones
were calculated for both the Reference Male and
Female Phantoms for the 26 fixed energy points.
Then, sex-averaged organ equivalent doses were cal-
culated by simple averaging of the organ equivalent
doses of the Reference Male and Female. The effect-
ive doses were calculated by weighting and averaging
the sex-averaged organ equivalent doses over all the
organs for which the tissue weighting factors are
given in ICRP 103. This procedure provides dose
coefficients for photon sources having unit emission
intensity at the fixed energy points.

In order to apply the dose coefficients (for equiva-
lent doses and effective doses) to the source spectra
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Figure 4. K factors for different organs of ICRP 110 Reference Male evaluated for different air volumes at 1250 keV.
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of radionuclides, they fit to mathematical functions
of energy"”. Finally, the photon DCFs for all radio-
nuclides were calculated by

DCF, = Y »:DC(E) (3)

where y; is the yield of photon energy E; per disinte-
gration of the given radionuclide, DC is the dose
coefficient calculated using the fitted equations and
the subscript p indicates photon DCE

Beta particle contribution

Beta particles emitted from the radionuclides having
the maximum energies of a few MeV contribute
to the equivalent doses to superficial tissues, typi-
cally the skin and the lens of eyes. Currently, no
tissue weighting factor is assigned for the lens and
consequently the skin equivalent doses only contrib-
ute to the effective doses. Since there are no changes
in the calculation of electron dosimetry, the contri-
bution of beta radiation to the DCFs can be deter-
mined by the conventional approach except for any
changes in source emission data.

Therefore, the skin equivalent dose for beta parti-
cles are used data at table III.1, table II1.2 and table
II1.3 in FGR 12 in this study.

RESULTS AND DISCUSSION
Photon dose coefficients

Figures 5-7 show the calculated equivalent dose
coefficients, which are compared with the FGR 12
values, of 1-MeV photon to selected organs for the
three exposure settings. In spite of those changes in
the Reference Phantoms and in the tissue weighting
factors, the DCFs for the three cases do not deviate
significantly from the values of FGR 12. Notable
differences are in the dose equivalents to bone
surface. Dose equivalents to bone surface in FGR
12 are significantly higher than those derived from
this study. The differences can be attributed to the
different dosimetric approaches applied. The mean
dose to bone region was taken as the bone surface
equivalent dose in FGR 12 because the bone surface
region had not been modelled in the MIRD-type
phantom. The Reference Phantoms of ICRP used in
this study include the soft bone surface regions spe-
cifically defined. Typically, the bone density is higher
than soft tissues, and contains high-Z elements
resulting in the increased doses.

Figures 8—10 show the curves of effective dose
coefficients fitted as the function of photon energies,
and compared with FGR 12 values [effective dose
equivalent (Hg) and effective dose (E)]"'¥ as well.

Exposure characteristics of photons having low en-
ergies are larger in the organs of breasts, salivary

8.0x10™
" —~ This study
7.0x10 FGR 12
6.0x10™ [
L 50x10MF ] — = =
E A - _
@ 4.0x10" i ] B =T
. L
a -14
@ 310
} -
w
2.0x10™
1.ox10™F
. 3 & L B> O e > &
& {éﬁ{}ég} &S &E o%¢?§~i5°i§’5‘2§‘
.{‘r(q,‘e.‘ec?\}o,@@%q@.;}g
& T VR L oS
& & & & ¥ )
P & SIES & &
F S
Qg.b S <3 S

Figure 5. Equivalent DCFs for skyshine of 1-MeV photon when compared with those calculated in FGR 12.
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Figure 6. Equivalent DCFs for groundshine of 1-MeV photon when compared with those calculated in FGR 12.
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Figure 8. Effective doses vs. energy for skyshine.

glands and gonads (ovaries), which are located in the
near positions from the surface of the human body,
than the other organs due to their low penetrating
capacities to the human body. The equivalent dose
for the breasts applying new Reference Phantom have
been especially turned out to be larger than one ap-
plying the existing reference phantom '¥. There are
some increases to effective doses due to the increase
in weighting factors, 0.05-0.12, as well. From these
stated reviews, effective doses for energies <30 keV
have been confirmed to have than ones applying
DCFs of FGR 12 and FGR 13.

The equivalent dose coefficients applied for
evaluating organ equivalent doses are provided as
Tables in Appendix B.

DCFs

The DCFs for each nuclide are obtained by
summing each photon’s equivalent DCE The skin
equivalent DCF is obtained by summing equivalent
dose rates from the beta particles.

New DCFs calculated in this study were com-
pared with those summarised in FGR 12 and FGR
13 and are shown in Appendix C. External exposure
from the radioactive nuclides considered in this
study as environmentally important is not changed
significantly by applying new DCFs.

CONCLUSION

By considering the recent changes in the dosimetric
models, procedures for determining the effective
dose and even the decay data of radionuclides, new
DCFs needed for estimating the radiological impact
of radionuclides on the environment have been cal-
culated for three external exposure settings: skyshine,
groundshine and water immersion.

The new DCFs have been compared with those
provided in FGR 12 and FGR 13. Most of the cal-
culated DCFs are within +10 % of the values
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Figure 10. Effective doses vs. energy for water immersion.

suggested in FGR 12 and 13 except a few radionu-
clides due to their decay data, their contributions to
organ doses and the characteristics of Reference
Phantoms. Although the new DCFs do not signifi-
cantly differ from the previous ones, it should be
emphasised that the new DCFs are based on the
current recommendations of the ICRP.

There are always underlying uncertainties in this
type of dosimetric calculations. A standardising
process, therefore, is needed to establish a reference
set of DCFs by national authorities or an inter-
national body like the ICRP. The DCFs given in this
study together with other result"®, will provide
important input to the standardising process.
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Appendix A. K factors for organs/MUSCLE of the reference individuals for different photon energies in

skyshine.
Table Al. K factors for organs/MUSCLE of the Reference Male.

Organ/tissue Photon energy (MeV)

0.10 0.15 0.20 0.30 0.40 0.50 0.60 0.80 1.00
Adrenals 7.70E-01 8.11E—01 8.37E—01 835E—01 835E—01 8.32E—01 8.70E—01 8.56E—01 8.85E—01
Extrathoracic 1.02E4-00 1.07E+00 1.12E+00 1.13E+00 1.14E4+00 1.14E400 1.ISE+00 1.13E4+00 1.13E400
region
Oral mucosa 9.39E—01 1.02E+00 1.05E4+00 1.06E400 1.09E+00 1.10E400 1.09E+00 1.09E4-00 1.09E+00
Bone surface 1.24E400 1.13E+00 1.09E+00 1.05E+00 1.03E4+00 1.03E400 1.02E+00 1.02E+00 1.01E+00
Red bone marrow ~ 1.22E+00 1.11E400 1.06E4+00 1.01E+00 9.96E—01 9.88E—01 9.84E—01 9.82E—01 9.79E—01
Brain 1.15E4-00 1.16E+00 1.17E+00 1.17E+00 1.18E4+00 1.18E+400 1.18E+00 1.19E+00 1.18E+400
Breast 1.06E4-00 1.10E4+00 1.16E+00 1.17E+00 1.17E4+00 1.18E400 1.16E+00 1.14E+00 1.14E+400
Gall bladder 8.02E—01 8.22E—01 &.ISE—01 8.39E—01 837E—01 8.51E—01 8.60E—01 8.73E—01 8.92E—01
Stomach 8.83E—01 8.85E—01 8.78E—01 8.89E—01 8.82E—01 8.85E—01 8.90E—01 9.01E—01 9.11E—0l
Small intestine 843E—01 843E—01 837E—01 8.28E—01 836E—01 840E—01 849E-01 8.63E—01 8.75E—01
Colon 8.84E—01 8.87E—01 8.79E—01 8.71E—01 8.76E—01 8.77E—01 8.76E—01 8.90E—01 8.93E—01
Heart 9.38E—01 9.43E—-01 9.54E—01 9.55E—01 9.50E—01 9.50E—01 9.57E—01 9.68E—01 9.67E—01
Kidney 8.38E—01 847E—01 8.58E—01 8.38E—01 8.36E—01 8.39E—01 837E—01 8.58E—01 8.64E—01
Liver 8.91E—01 8.90E—01 891E—-01 886E—01 887E—01 B8.89E—01 8.96E—01 9.05E—01 9.16E—01
Lungs 9.83E—-01 9.93E—01 1.00E+00 1.00E+00 1.01E4+00 1.01E4+00 1.01E+00 1.02E4+00 1.02E+400
Lymphatic nodes 9.24E—01 9.31E—01 9.32E—01 9.26E—01 9.31E—01 9.34E—01 9.39E—01 9.45E—-01 9.49E—01
Muscle 1.00E4-00 1.00E+00 1.00E+00 1.00E+00 1.00E400 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Oesophagus 8.66E—01 8.99E—01 9.24E—01 9.23E—01 9.43E—-01 9.46E—01 9.42E—-01 9.68E—01 9.82E—01
Pancreas 7.71E-01 7.76E—01 7.97E—01 7.76E—01 7.95E—01 7.99E—01 8.07E—01 822E—01 8.38E—01
Prostate 7.28E—01 7.37TE—01 7.43E-01 7.56E—01 7.77E—01 7.65E—01 7.84E—01 7.95E—01 8.28E-01
Salivary glands 1.0SE+00 1.09E4+00 1.13E+00 1.15E400 1.13E+00 1.16E400 1.16E+00 1.17E4-00 1.15E+00
Skin 1.12E+00 1.13E400 1.14E+00 1.15E4-00 1.15E+00 1.14E400 1.14E+00 1.13E4-00 1.12E+00
Spleen 8.86E—01 9.17E—01 8.97E—01 9.02E—01 8.99E—01 8.98E—01 9.00E—01 9.11E—01 9.27E-01
Gonads male 9.45E—01 9.30E—01 9.45E—01 9.383E—01 9.25E—01 9.26E—01 9.22E—01 9.26E—01 9.31E—01
Thymus 1.02E4-00 1.05E+00 1.06E+00 1.08E+00 1.08E400 1.09E400 1.08E+00 1.10E+00 1.07E+400
Thyroid 1.20E4+00 1.15E400 1.16E+00 1.11E400 1.12E4+00 1.13E400 1.11E4+00 1.14E400 1.11E+00
Urinary bladder 7.89E—01 8.15E—01 &.1SE—01 8.07E—01 8.08E—01 8.16E—01 8.12E—01 8.33E—01 8.43E—01

1.25 1.50 2.00 3.00 4.00 5.00 6.00 8.00 10.0
Adrenals 9.03E—01 9.18E—01 9.10E—01 9.26E—01 9.62E—01 9.71E—01 9.61E—01 9.54E—01 9.48E-01
Extrathoracic 1.12E4-00 1.11E4+00 1.12E+00 1.11E+00 1.08E400 1.08E+400 1.08E+00 1.07E+00 1.07E+00
region
Oral mucosa 1.10E4-00 1.11E4+00 1.10E+00 1.10E+00 1.09E4+00 1.09E4+00 1.09E+00 1.09E+00 1.09E+400
Bone surface 1.OIE+00 1.01E4+00 1.01E+00 1.01E400 1.00E+00 1.01E400 1.00E+00 1.01E4-00 1.01E+00
Red bone marrow ~ 9.83E—01 9.85E—01 9.87E—01 9.92E—01 9.94E—01 1.00E400 1.00E+00 1.01E4-00 1.01E+00
Brain 1.18E400 1.17E+00 1.16E+00 1.15E+00 1.14E4+00 1.14E4+00 1.13E+00 1.12E+00 1.13E+400
Breast 1.13E4-00 1.12E4+00 1.14E+00 1.13E+00 1.11E400 1.10E4+00 1.09E+00 1.07E+00 1.07E+400
Gall bladder 8.86E—01 9.16E—01 9.27E—01 9.53E—01 9.5IE—01 9.41E—01 9.70E—01 9.61E—01 9.54E—01
Stomach 9.17E—01 9.27E—-01 9.32E—01 9.46E—01 9.55E—01 9.55E—01 9.65E—01 9.70E—01 9.71E—01
Small intestine 8.81E—01 8.90E—01 8.99E—01 9.16E—01 9.30E—01 9.39E—01 9.45E—01 9.54E—01 9.57E—01
Colon 8.97E—01 9.05SE—01 9.16E—01 9.29E—01 9.37E—01 9.38E—01 9.46E—01 9.52E—01 9.55E—01
Heart 9.76E—01 9.84E—01 9.89E—01 9.99E—01 1.00E+00 1.00E4+00 1.00E+00 1.01E4-00 1.01E+00
Kidney 8.80E—01 8.94E—01 9.08E—01 9.28E—01 9.29E—01 9.33E—01 9.43E-01 9.48E—01 9.51E—-01
Liver 9.19E-01 9.30E—01 9.33E—01 9.49E—-01 9.59E—01 9.57E—01 9.66E—01 9.70E—01 9.74E—01
Lungs 1.03E400 1.03E4+00 1.04E+00 1.04E400 1.04E4+00 1.04E400 1.04E4+00 1.04E400 1.04E+00
Lymphatic nodes 9.49E—-01 9.56E—01 9.63E—01 9.74E—01 9.79E—01 9.81E—01 9.85E—01 9.89E—01 9.93E-01
Muscle 1.00E4-00 1.00E+00 1.00E4-00 1.00E+00 1.00E400 1.00E+00 1.00E4-00 1.00E-+00 1.00E+00
Oesophagus 9.80E—01 9.80E—01 9.94E—01 9.96E—01 1.01E+00 1.00E4+00 9.94E—01 9.95E—01 9.90E—01
Pancreas 848E—01 8.60E—01 8.71E—01 8.93E—01 9.09E—01 9.12E—01 9.ISE—01 9.19E—01 9.32E—01
Prostate 8.29E—01 8.40E—01 8.62E—01 8.86E—01 8.93E—01 9.15E—01 9.ISE—01 9.33E—01 9.22E—01
Salivary glands 1.16E4+00 1.14E400 1.13E4+00 1.12E400 1.13E400 1.11E400 1.11E4+00 1.10E4-00 1.09E+00
Skin 1.12E+00 1.11E400 1.09E+00 1.08E400 1.07E+00 1.06E+00 1.06E+00 1.05E4-00 1.05E+00
Spleen 9.27E-01 9.40E—01 9.39E—01 949E—-01 9.61E—01 9.67E—01 9.66E—01 9.81E—01 9.78E—01
Gonads male 9.48E—01 940E—01 9.26E—01 9.44E—01 9.55E—01 9.38E—01 9.49E—01 9.62E—01 9.60E—01
Thymus 1.08E400 1.07E+00 1.08E+00 1.06E+00 1.05E4+00 1.04E+00 1.06E+00 1.05E+00 1.04E+00
Thyroid 1.10E4-00 1.10E+00 1.08E+00 1.06E+00 1.04E400 1.05E400 1.06E+00 1.05E4+00 1.03E+400
Urinary bladder 8.59E—01 8.78E—01 8.67E—01 895E—01 9.11E—-01 9.07E—01 9.12E—01 9.31E—01 9.36E—01
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S.J. YOO ET AL.
Table A2. K factors for organs/MUSCLE of the Reference Female.

Tissue Emitted photon energy (MeV)
0.10 0.15 0.20 0.30 0.40 0.50 0.60 0.80 1.00

Adrenals 7.59E—-01 8.11E—01 8.39E—01 845E-01 8.49E-01 8.71E—01 8.89E—01 8.90E—01 8.88E—01
Extrathoracic 9.37E-01 9.98E—01 1.05SE+00 1.09E+00 1.10E4+00 1.11E4+00 1.IIE+00 1.13E+00 1.11E+400
region

Oral mucosa 9.34E—-01 1.00E+00 1.03E+00 1.07E+00 1.05E4+00 1.06E+00 1.08E+00 1.08E+00 1.09E+00
Bone surface 1.28E400 1.16E+00 1.11E+00 1.07E+00 1.05E4+00 1.04E+00 1.04E+00 1.03E+00 1.02E+00
Red bone marrow 1.30E4+00 1.17E+00 1.I1E+00 1.06E+00 1.03E4+00 1.02E+00 1.02E+00 1.01E+00 1.01E+00
Brain 1.17E4+00 1.18E4+00 1.19E4+00 1.20E400 1.21E4+00 1.20E4+00 1.20E4+00 1.20E+00 1.19E+00
Breast 1.03E4+00 1.09E+00 1.13E+00 1.1SE4+00 1.15E4+00 1.1SE+00 1.14E+00 1.14E+00 1.14E+400
Gall bladder 798E—01 842E—01 8.72E—01 8.66E—01 8.59E—01 8.64E—01 8.72E—01 8.86E—01 8.85E—01
Stomach 9.49E—-01 9.57E—-01 9.51E—-01 9.51E—01 9.42E—-01 9.38E—01 9.43E—01 9.42E—-01 9.49E-01
Small intestine 8.70E—01 8.81E—01 8.85E—01 8.76E—01 8.83E—01 8.78E—01 8.84E—01 8.97E—01 9.05E—01
Colon 9.12E-01 9.12E-01 9.09E—-01 9.10E—-01 9.16E—01 9.11E—01 9.14E—01 9.23E—01 9.25E—-01
Heart 9.69E—01 9.81E—01 9.86E—01 1.00E+00 9.78E—01 9.88E—01 9.87E—01 1.00E+4-00 1.00E+00
Kidney 8.96E—01 8.99E—01 9.07E—01 8.87E—01 9.00E—01 9.06E—01 9.14E—01 9.16E—01 9.26E—01
Liver 9.50E—01 9.43E-01 9.51E—01 9.40E—01 9.42E-01 9.4IE-01 9.49E—01 9.62E—01 9.68E—01
Lungs 1.02E4+00 1.03E+00 1.03E+00 1.04E+00 1.03E4+00 1.04E+00 1.04E+00 1.04E+00 1.04E+00
Lymphatic nodes 9.62E—01 9.69E—01 9.71IE—-01 9.65E—01 9.66E—01 9.71E—01 9.70E—01 9.79E—01 9.79E—01
Muscle 1.00E400 1.00E+00 1.00E+00 1.00E+00 1.00E4+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Oesophagus 9.31E-01 9.71E-01 9.78E—01 1.01E+00 9.98E—01 1.00E+00 1.00E+00 1.01E+00 1.01E+00
Pancreas 8.50E—01 8.76E—01 8.82E—01 8.92E—-01 8.81E—01 8.78E—01 8.99E—01 9.15E—01 9.22E-01
Uterus female 7.19E—01 7.60E—01 7.64E—01 7.84E—01 7.81E—01 7.88E—01 8.03E—01 8.I13E—01 8.I8E—01
Salivary glands 1.02E4+-00 1.08E+00 1.12E+00 1.12E4+00 1.14E4+00 1.14E+00 1.14E+00 1.16E+00 1.15E+400
Skin 1.13E400 1.14E+00 1.ISE+00 1.16E+00 1.16E4+00 1.1SE4+00 1.ISE+00 1.14E+00 1.13E+400
Spleen 981E—01 9.79E—-01 9.74E—01 9.49E—-01 9.47E—-01 9.65E—01 9.58E—01 9.63E—01 9.64E—01
Ovaries female 7.55E—01 8.00E—01 7.82E—01 8.09E—01 7.90E—01 8.22E—01 8.22E—01 8.67E—01 8.42E—01
Thymus 1.03E4+00 1.0SE+00 1.I1E+00 1.10E+00 1.10E4+00 1.07E+00 1.I1E+00 1.11E+00 1.10E+400
Thyroid 1.20E+00 1.18E+00 1.18E4+00 1.15E4+00 1.15E+00 1.14E+00 1.13E+00 1.17E400 1.15E+00
Urinary bladder 8.75E—01 8.79E—01 8.69E—01 8.63E—01 8.62E—01 8.61E—01 845E—01 8.57E—01 8.62E—01

1.25 1.50 2.00 3.00 4.00 5.00 6.00 8.00 10.0

Adrenals 9.06E-01 9.06E—01 9.32E—01 9.36E—01 9.32E—-01 9.31E—-01 9.35E—01 9.59E—01 9.51E—01
Extrathoracic I.IIE4+00 1.10E4+00 1.11E400 1.10E400 1.10E400 1.09E400 1.09E4+00 1.07E+00 1.05E+00
region

Oral mucosa 1.10E4-00 1.09E+00 1.09E+00 1.08E+00 1.08E+400 1.07E+00 1.07E+00 1.08E+00 1.08E+00
Bone surface 1.02E+00 1.02E+00 1.02E+00 1.01E4+00 1.0lE+00 1.01E+00 1.01E+00 1.01E400 1.01E+00
Red bone marrow 1.01E4+00 1.01E4+00 1.01E+00 1.01E+00 1.01E4+00 1.01E+00 1.01E+00 1.02E+00 1.02E+00
Brain 1.19E400 1.18E+00 1.17E+00 1.16E+00 1.15E4+00 1.14E+00 1.13E+00 1.12E+00 1.13E+400
Breast 1.13E400 1.13E4+00 1.12E+00 1.11E4+00 1.10E4+00 1.09E+00 1.08E+00 1.06E+00 1.05E+400
Gall bladder 8.95E—-01 9.19E—01 9.33E—01 9.38E—01 9.37E—01 9.55E—01 9.46E—01 9.63E—01 9.30E—01
Stomach 9.54E—-01 9.57E—-01 9.61E—01 9.68E—01 9.70E—01 9.71E—01 9.75E—01 9.74E—01 9.73E—01
Small intestine 9.10E-01 9.20E—01 9.29E—01 9.42E—-01 9.48E-01 9.52E—01 9.55E—01 9.63E—01 9.64E—01
Colon 9.29E—-01 9.34E-01 9.51E—01 9.58E—01 9.60E—01 9.61E—01 9.66E—01 9.67E—01 9.65E—01
Heart 1.00E4+00 9.97E—01 1.01E+00 1.00E+00 1.01E4+00 1.01E4+00 1.01E+00 1.00E+00 1.00E+00
Kidney 9.26E—01 9.34E—01 941E-01 9.57E—01 9.63E—01 9.67E—01 9.69E—01 9.75E—01 9.85E—01
Liver 9.68E—01 9.78E—01 9.76E—01 9.83E—01 9.88E—01 9.88E—01 9.92E—01 9.94E—01 9.91E-01
Lungs 1.04E4+00 1.04E+00 1.04E+00 1.04E+00 1.04E4+00 1.04E+00 1.04E+00 1.03E+00 1.04E+00
Lymphatic nodes 9.84E—01 9.82E—01 1.00E+00 1.00E+00 1.01E4+00 1.0IE4+00 1.01E+00 1.01E+00 1.02E+00
Muscle 1.00E400 1.00E+00 1.00E+00 1.00E+00 1.00E4+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Oesophagus 1.02E+00 1.02E4+00 1.03E4+00 1.02E400 1.02E4+00 1.02E4+00 1.03E4+00 1.03E4+00 1.01E+00
Pancreas 9.12E-01 9.25E—-01 9.32E—01 9.41E—-01 9.48E—-01 9.48E-01 9.49E—01 9.58E—01 9.61E—01
Uterus female 8.42E—01 8.383E—01 8.84E—01 9.01E-01 9.17E—-01 9.25E—01 9.27E—01 9.31E—-01 9.22E-01
Salivary glands 1.15E400 1.13E+00 1.14E+00 1.12E+00 1.12E4+00 1.12E4+00 1.11E+00 1.11E+00 1.12E+400
Skin 1.12E400 1.11E4+00 1.10E+00 1.08E+00 1.07E4+00 1.07E+00 1.06E+00 1.06E+00 1.06E+00
Spleen 9.62E-01 9.61E—01 9.83E—01 9.90E—01 9.88E—01 9.87E—01 9.97E—01 9.99E—01 9.88E—01
Ovaries female 8.95E—-01 8.97E—01 9.12E—01 9.12E—-01 9.37E—-01 9.50E—01 9.40E—01 9.62E—01 9.43E—01
Thymus 1.10E4-00 1.10E+00 1.I1E+00 1.11E4+00 1.10E4+00 L.11E4+00 1.1I0E+00 1.10E+00 1.09E+00
Thyroid 1.15E4-00 1.1SE+00 1.14E+00 1.11E4+00 1.10E4+00 1.09E+00 1.09E+00 1.08E+00 1.08E+00
Urinary Bladder 8.6lE—01 8.78E—01 8.96E—01 9.10E—01 9.13E—01 9.24E—01 9.22E—01 9.30E—01 9.43E-01
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Appendix B. Organ equivalent dose-rate factors.

Table B1. DCFs of photon for the skyshine (Sv s~' per Bq m™>).

Tissue Emitted photon energy (MeV)
0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.10 0.15 0.20 0.30 0.40

Adrenals 1.97E—-26 1.97E—24 1.15E—18 1.05E—16 3.03E—16 7.69E—16 8.96E—16 1.86E—15 291E—15 473E—15 6.82E—15 1.07E—14 144E—14
Extrathoracic region ~ 4.22E—18 343E—17 1.06E—16 3.10E—16 6.53E—16 1.04E—15 1.37E—15 2.44E—15 346E—15 593E—15 852E—15 1.45E—14 191E—-14
Oral mucosa 3.52E—19 9.25E—18 3.28E—17 1.55E—16 4.09E—16 8.71IE—16 1.14E—15 2.10E—15 3.60E—15 5.79E—15 847E—15 1.36E—14 1.83E—-14
Bone surface 1.67TE—19 6.18E—18 4.78E—17 3.95E—16 9.74E—16 1.65E—15 2.24E—15 3.59E—15 4.76E—15 7.02E—15 9.42E—15 141E—14 1.86E—14
Red bone marrow 1.97E—19 7.83E—18 5.33E—17 3.83E—16 9.32E—16 1.60E—15 2.17E—15 3.55E—15 481E—15 6.89E—15 9.40E—15 1.38E—14 181E—14
Brain 2.57E—-23 1.21E—-19 6.77E—18 2.03E—16 6.51E—16 1.22E—15 1.70E—15 3.02E—15 428E—15 6.59E—15 9.53E—15 148E—14 2.12E-14
Breast 1.86E—17 1.29E—16 2.94E—16 6.83E—16 9.72E—16 1.31E—15 1.66E—15 2.65E—15 3.90E—15 6.42E—15 9.10E—15 147E—14 195E-14
Gall bladder 2.54E—26 347E—20 3.02E—18 7.22E—17 3.59E—16 7.32E—16 9.83E—16 1.93E—15 3.05E—15 4.86E—15 6.86E—15 1.08E—14 145E—14
Stomach 8.87E—22 1.44E—18 2.17E—17 2.21E—-16 5.23E—16 8.30E—16 1.35E—15 2.26E—15 3.38E—15 5.35E—15 7.23E—15 1.10E—14 1.62E—14
Small intestine 1.38E—22 5.14E—19 1.33E—17 1.61E—16 442E—16 8.37E—16 1.19E—15 2.17E—15 3.07E—15 4.69E—15 6.63E—15 1.03E—14 144E—14
Colon 410E—-21 1.71E—18 247E—17 222E—-16 557E—16 9.29E—16 1.35E—15 2.51E—15 3.22E—-15 4.83E-15 7.27E—15 1.09E—14 1.52E-14
Heart 3.73E—26 4.81E—19 1.38E—17 1.86E—16 5.04E—16 9.24E—16 1.37E—15 248E—15 3.59E—15 5.76E—15 7.93E—15 1.19E—14 1.76E—14
Kidney 3.06E-26 1.14E—19 5.65E—18 1.28E—16 4.43E—16 8.21E—16 1.18E—15 2.06E—15 3.18E—15 5.19E—15 6.87E—15 1.07E—14 1.40E—14
Liver 5.82E—22 8.94E—19 1.61E—17 1.82E—16 5.06E—16 8.87E—16 1.31E—15 2.39E—15 3.35E—15 5.28E—15 7.29E—15 1.15E—14 1.50E—14
Lungs 438E—22 9.50E—19 1.94E—17 230E—16 5.78E—16 1.03E—15 149E—15 2.68E—15 3.75E—15 598E—15 8.12E—15 1.25E—14 1.72E—-14
Lymphatic nodes 1.L15E—18 2.06E—17 7.42E—17 3.06E—16 6.24E—16 1.05E—15 147E—15 245E—15 3.37E—15 550E—15 7.73E—15 1.14E—14 1.61E—-14
Muscle 6.61E—19 191E—17 9.28E—17 4.11E—16 7.88E—16 1.23E—15 1.65E—15 2.69E—15 3.64E—15 5.72E—15 7.97E—15 1.26E—14 1.68E—14
Oesophagus 9.77E—22 6.21E—19 8.24E—18 1.20E—16 3.95E—-16 6.95E—16 1.17E—15 241E—15 3.51E—15 537E-15 7.62E—15 1.19E—14 1.66E—14
Pancreas 2.92E—-26 1.48E—20 2.09E—18 8.24E—17 337E—16 7.21E—16 1.13E—15 1.84E—15 3.09E—15 4.70E—15 6.88E—15 1.07E—14 143E-14
Prostate/uterus female 1.82E—26 1.82E—24 1.60E—18 6.04E—17 243E—16 5.19E—16 9.05E—16 1.79E—15 2.76E—15 4.37E—15 6.09E—15 9.78E—15 1.33E—14
Salivary glands 2.40E—18 4.69E—17 1.68E—16 4.98E—16 8.09E—16 1.13E—15 1.58E—15 247E—15 3.94E—15 597E—15 8.73E—15 1.50E—14 1.94E-14
Skin 1.78E—16 3.90E—16 5.79E—16 9.83E—16 1.30E—15 1.72E—15 2.12E—15 3.22E—15 4.28E—15 6.62E—15 9.34E—15 147E—14 197E—14
Spleen 3.73E—-26 5.38E—19 148E—17 1.93E—16 5.14E—16 942E—16 1.28E—15 2.32E—15 3.57E—15 5.57E—15 740E—15 1.23E—-14 1.65E—14
Gonads male/ovaries 2.46E—18 1.58E—17 5.01E—17 2.44E—16 5.84E—16 846E—16 122E—15 1.80E—15 3.24E—15 5.04E—15 7.02E—15 1.11E—-14 147E-14
female

Thymus 8.62E—20 8.53E—18 5.61E—17 3.59E—16 6.61E—16 1.13E—15 1.63E—15 2.34E—15 3.92E—15 6.15E—15 8.84E—15 1.38E—14 1.86E—14
Thyroid 147E—19 1.76E—17 1.01E—16 4.99E—16 9.93E—16 1.34E—15 229E—15 2.75E—15 4.57TE—15 6.81E—15 9.52E—15 143E—14 1.94E-14
Urinary bladder 1.31E-19 8.69E—18 4.05E—17 1.87E—16 4.57E—16 842E—16 1.26E—15 2.23E—15 3.17E—15 4.76E—15 6.87E—15 1.06E—14 143E-14
Effective dose 433E—18 246E—17 721E—-17 3.12E-16 6.63E—16 1.07E—15 1.53E—15 2.56E—15 3.70E—15 5.73E—15 8.01E—15 1.24E—14 1.68E—14

0.5 0.6 0.8 1.0 1.25 1.50 2.0 3.0 4.0 5.0 6.0 8.0 10.0

Adrenals 1.84E—14 230E—14 3.14E—14 4.15E—14 529E-14 6.67E—14 9.19E—14 1.39E—13 1.97E—13 2.52E—13 3.0lE—13 4.06E—13 5.10E—13
Extrathoracic region ~ 2.42E—14 295E—14 4.08E—14 524E—14 6.53E—14 8.09E—14 1.11E—13 1.64E—13 227E—13 2.87E—13 3.45E—13 4.56E—13 5.68E—13
Oral mucosa 2.33E—14 2.83E—14 3.92E—14 5.11E—14 645E—14 8.03E—14 1.09E—13 1.62E—13 226E—13 2.86E—13 3.44E—13 4.60E—13 582E—13
Bone surface 2.30E—14 2.78E—14 3.71IE—14 4.68E—14 6.04E—14 744E—14 1.02E—13 1.50E—13 2.10E—13 2.68E—13 3.20E—13 4.29E—13 543E—13
Red bone marrow 221E—14 2.69E—14 3.63E—14 4.53E—14 575E—14 7.18E—14 9.74E—14 149E—13 2.09E—13 2.67E—13 3.20E—13 4.30E—13 546E—13
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Table B1. Continued

Tissue Emitted photon energy (MeV)
0.5 0.6 0.8 1.0 1.25 1.50 2.0 3.0 4.0 5.0 6.0 8.0 10.0

Brain 2.53E—14 326E—14 425E—14 5.55E-14 6.82E—14 8.73E—14 1.16E—13 1.72E—13 2.38E—13 3.02E—13 3.59E—13 4.78E—13 6.05E—13
Breast 2.52E—14 3.01E—14 422E—14 5.56E—14 6.6lE—14 8.22E—14 1.13E—13 1.66E—13 230E—13 290E—13 345E—13 4.54E—13 S5.70E—13
Gall bladder 1.85E—14 227E—14 3.17E—14 4.16E—14 521E—-14 6.71E—14 9.28E—14 141E—13 1.96E—13 2.52E—13 3.04E—13 4.09E—13 5.06E—13
Stomach 1.94E—14 246E—14 346E—14 435E—14 548E—14 6.89E—14 945E—14 143E—13 2.00E—13 2.56E—13 3.08E—13 4.13E—13 523E—13
Small intestine 1.77E—14 227E—14 3.16E—14 4.05E—14 5.09E—14 6.68E—14 890E—14 1.38E—13 1.95E—13 251E—13 3.02E—13 4.07E—13 5.16E—13
Colon 1.96E—14 237E—14 3.37E—14 434E—14 5.58E—14 6.81E—14 9.52E—14 140E—13 1.97E—13 2.52E—13 3.04E—13 4.08E—13 5.16E—13
Heart 2.04E—14 2.51E—14 343E—14 471E—14 5.67E—14 7.25E—14 997E—14 149E—13 2.09E—13 2.66E—13 3.19E—13 4.27E—13 541E—13
Kidney 1.83E—14 220E—14 3.16E—14 4.04E—14 528E—14 6.69E—14 9.23E—14 140E—13 1.97E—13 2.52E—13 3.04E—13 4.09E—13 521E-13
Liver 1.96E—14 2.38E—14 3.33E—14 44l1E—14 538E—14 6.94E—14 9.29E—14 144E—13 2.03E—13 2.58E—13 3.11E—13 4.17E—13 528E—13
Lungs 2.03E—14 2.63E—14 3.52E—14 492E—14 574E—14 7.62E—14 1.04E—13 1.55E—13 2.17E—13 2.76E—13 3.31E—13 441E—13 5.61E—13
Lymphatic nodes 1.94E—14 2.51E—14 340E—-14 4.52E—14 551E—-14 7.09E—14 9.70E—14 147E—13 2.06E—13 2.64E—13 3.17E—13 4.25E—13 540E—13
Muscle 2.10E—14 2.59E—14 3.52E—14 4.59E—14 5.85E—14 7.33E—14 9.92E—14 149E—13 2.08E—13 2.65E—13 3.18E—13 4.25E—13 5.38E—13
Oesophagus 2.10E—14 2.54E—14 3.57E—14 4.67E—14 5.85E—14 7.30E—14 1.0lE—13 1.50E—13 2.10E—13 2.69E—13 3.21E—13 4.30E—13 539E—13
Pancreas 1.81E—14 223E—14 3.13E—14 4.12E—14 5.15E—14 6.53E—14 9.00E—14 1.37E—13 1.93E—13 247E—13 296E—13 3.99E—13 5.09E—13
Prostate/uterus female 1.68E—14 2.07E—14 2.90E—14 3.85E—14 4.89E—14 6.14E—14 8.71E—14 1.33E—13 1.88E—13 244E—13 293E—13 3.96E—13 4.96E—13
Salivary glands 249E—14 3.01E—14 420E—14 540E—14 6.75SE—14 831E—14 1.14E—13 1.67E—13 233E—13 296E—13 3.53E—13 4.69E—13 596E—13
Skin 248E—14 3.00E—14 4.10E—14 528E—14 6.55E—14 8.13E—14 1.10E—13 1.61E—13 2.23E—13 2.83E—13 3.37E—13 4.49E—13 5.66E—13
Spleen 2.08E—14 243E—14 3.37E—14 442E—14 553E—14 696E—14 9.59E—14 1.44E—13 2.03E—13 2.59E—13 3.12E—13 421E—13 528E—-13
Gonads male/ovaries 1.89E—14 228E—14 3.23E—14 4.15SE—14 539E—14 6.72E—14 9.17E—14 1.38E—13 197E—13 2.50E—13 3.00E—13 4.09E—13 5.11E—13
female

Thymus 2.33E—14 2.86E—14 397E—14 5.07E—14 6.36E—14 7.93E—14 1.10E—13 1.62E—13 224E—13 2.85E—13 3.44E—-13 4.58E—13 5.72E—13
Thyroid 245E—14 293E—14 4.15SE—14 529E—14 6.58E—14 824E—14 1.11E—13 1.61E—13 223E—13 2.84E—13 342E—13 4.52E—13 S5.69E—13
Urinary bladder 1.81E—14 2.17E—14 3.04E—14 3.99E—14 5.03E—14 6.42E—14 8.80E—14 1.34E—13 1.90E—13 243E—13 291E—13 395E—13 5.05E—13
Effective dose 2.10E—14 2.58E—14 3.58E—14 4.65E—14 5.78E—14 7.28E—14 997E—14 149E—13 2.09E—13 2.66E—13 3.19E—13 4.27E—13 539E-13
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Table B2. DCFs of photon for the groundshine (Sv s™' per Bq m™?).

Tissue Emitted photon energy (MeV)
0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.10 0.15 0.20 0.30 0.40

Adrenals 3.07E—24 3.75E—20 3.72E—19 7.20E—18 2.04E—17 2.90E—17 420E—17 535E—-17 7.07E—17 9.77E—17 146E—16 247E—16 3.40E—16
Extrathoracic region ~ 5.38E—19 4.73E—18 1.17E—17 2.26E—17 3.35E—17 3.88E—17 5.08E—17 6.60E—17 8.11E—17 126E—16 1.84E—16 2.86E—16 3.75E—16
Oral mucosa 447E—-20 141E—18 4.64E—18 1.37E—17 240E—17 3.08E—17 4.64E—17 6.25E—17 8.18E—17 1.13E—16 1.85E—16 2.81E—16 3.72E—-16
Bone surface 1.98E—20 6.34E—19 544E—18 3.22E—17 581E—17 7.45E-17 8.69E—17 1.05E—16 124E—16 1.72E—16 2.23E—16 3.30E—16 4.42E-16
Red bone marrow 2.18E—21 3.78E—19 3.37E—18 2.07E—17 4.19E—17 5.85E—17 7.14E—17 9.02E—17 1.08E—16 148E—16 1.90E—16 2.80E—16 3.73E—16
Brain 2.51E—24 436E—-20 3.17E—19 8.26E—18 2.32E—17 3.54E—17 4.68E—17 6.51E—17 8.18E—17 1.27E—~16 1.75E—16 2.61E—16 3.52E—16
Breast 1.28E—18 141E—17 2.88E—17 3.90E—17 421E—17 443E—-17 493E—17 6.52E—17 8.60E—17 139E—16 1.82E—16 291E—16 3.85E—16
Gall bladder 5.96E—22 4.82E—21 3.61E—19 850E—18 2.14E—17 2.93E—17 4.04E—17 570E—17 7.29E—17 1.20E—16 1.68E—16 2.35E—16 3.35E—16
Stomach 145E—-22 1.89E—19 2.90E—18 1.57E—17 3.03E—17 4.14E—17 5.13E—17 6.76E—17 8.20E—17 1.20E—16 1.75E—16 2.60E—16 3.57E—16
Small intestine 1.63E—23 1.23E—19 2.25E—18 1.55E—17 2.94E—17 4.10E—17 5.03E—17 6.67E—17 84l1E—17 127E—16 1.74E—16 2.65E—16 3.62E—16
Colon 1.42E-21 3.26E—19 3.71E—18 1.98E—17 3.39E—17 448E—17 529E—17 6.88E—17 8.68E—17 1.27E—16 1.80E—16 2.71IE—16 3.58E—16
Heart 1.59E—23 227E—-19 1.30E—18 1.18E—17 2.53E—17 3.59E—17 4.68E—17 6.23E—17 8.12E—17 1.19E—16 1.60E—16 2.60E—16 3.33E—16
Kidney 6.00E-22 1.37E—19 9.20E—19 1.33E—17 2.86E—17 4.10E—17 5.10E—17 6.62E—17 8.52E—17 1.30E—16 1.68E—16 2.63E—16 3.48E—16
Liver 1.43E-22 1.37E—19 2.03E—18 143E—17 291E—17 3.99E—17 4.92E—17 6.77E—17 839E—17 1.27E—16 1.69E—16 2.57E—16 3.45E-16
Lungs 385E—22 9.92E—20 1.90E—-18 144E—17 2.77E—17 391E—17 481E—17 6.62E—17 846E—17 125E—16 1.67TE—16 2.71E—16 3.57E—16
Lymphatic nodes 1.83E—19 3.95E—18 1.10E—17 245E—17 3.56E—17 4.61E—17 546E—17 7.13E—17 888E—17 1.33E—16 1.80E—16 2.76E—16 3.76E—16
Muscle 2.54E—19 440E—18 1.53E—17 3.71E—17 491E—17 579E—17 6.55E—17 8.19E—17 1.01E—16 1.52E—16 2.06E—16 3.15E—16 4.26E—16
Oesophagus 3.93E—-23 2.35E—19 144E-18 8.51E—18 1.94E—17 3.14E—17 3.96E—17 541E—-17 7.33E—17 1.10E—16 1.53E—16 2.38E—16 3.72E—16
Pancreas 1.50E—22 1.07E—19 4.85E—19 7.27E—-18 2.02E—17 3.18E—17 4.51E—17 6.20E—17 7.63E—17 1.20E—16 1.66E—16 245E—16 3.57E—16
Prostate /uterus female 1.12E—22 6.45E—20 2.30E—19 6.04E—18 1.85E—17 2.57E—17 4.34E—17 594E—-17 7.69E—17 1.18E—16 1.67E—16 2.57E—16 3.63E—16
Salivary glands 1.79E-19 6.71E—18 1.99E—17 3.59E—17 439E—17 4.85E—17 5.71E—17 7.34E—17 8.93E—17 142E—-16 1.89E—16 3.05E—16 4.36E—16
Skin 4.60E—17 8.32E—17 8.88E—17 8.00E—17 7.28E—17 7.20E—17 7.55E—17 9.03E—17 1.11E—-16 1.68E—16 2.30E—16 3.56E—16 4.77E—16
Spleen 487E—-26 3.60E—19 1.93E—18 1.63E—17 3.16E—17 4.07E—17 532E—17 7.31E—17 891E—17 1.24dE—-16 1.85E—16 2.56E—16 3.36E—16
Gonads male/ovaries 1.30E—18 7.19E—18 1.50E—17 2.84E—17 4.02E—17 4.83E—17 583E—-17 7.02E—17 9.87E—17 1.36E—16 1.85E—16 3.02E—16 3.81E—16
female

Thymus 2.60E—-20 542E—19 3.25E—18 1.51E—17 2.65E—17 3.32E—17 4.60E—17 6.51E—17 7.92E—17 1.17E—16 1.55E—16 2.40E—16 3.19E—-16
Thyroid 7.14E—21 245E—18 1.25E—17 2.78E—17 4.19E—17 538E—17 647E—17 7.98E—17 9.18E—17 148E—16 197E—16 2.57TE—16 3.56E—16
Urinary bladder 1.35E-20 1.65E—18 6.92E—18 1.90E—17 3.03E—17 3.95E—17 5.23E—17 7.05E—17 8.17E—17 1.28E—16 1.75E—16 2.64E—16 3.49E—16
Effective dose 7.30E—19 3.62E—18 8.64E—18 2.16E—17 345E—17 444E—17 542E—17 7.06E—17 8.87E—17 1.31E—16 1.79E—16 2.74E—16 3.67E—16

0.5 0.6 0.8 1.0 1.25 1.50 2.0 3.0 4.0 5.0 6.0 8.0 10.0

Adrenals 438E—16 525E—-16 6.83E—16 840E—16 1.0lE—15 1.22E—15 1.62E—15 2.19E—15 2.76E—15 3.38E—15 3.89E—15 4.99E—15 6.07E—15
Extrathoracic region ~ 5.18E—16 5.70E—16 7.87E—16 9.64E—16 1.12E—15 1.33E—15 1.68E—15 2.27E—15 2.82E—15 3.31E—15 381E—15 491E—-15 5.90E—15
Oral mucosa 445E—-16 520E—16 6.77E—16 8.26E—16 1.01E—15 1.2IE—15 1.57E—15 2.10E—15 2.67E—15 3.10E—15 3.62E—15 4.75E—15 5.73E—-15
Bone surface 547E—16 6.51E—16 8.54E—16 1.06E—15 1.27E—15 147E—15 1.87E—15 2.60E—15 3.26E—15 3.96E—15 4.70E—15 5.69E—15 6.71E—15
Red bone marrow 46lE—16 5.54E—16 7.19E—16 9.14E—16 1.09E—15 1.26E—15 1.63E—15 2.28E—15 285E—15 3.44E—15 4.08E—15 521E—15 6.20E—15
Brain 451E-16 5.63E—16 7.03E—16 8.82E—16 1.08E—15 1.20E—15 1.56E—15 2.26E—15 2.71E—15 3.15E—15 3.64E—15 4.53E—15 5.63E—15
Breast 482E—16 5.66E—16 7.67TE—16 9.03E—16 1.13E—15 1.26E—15 1.62E—15 2.27E—15 2.87E—15 3.33E—15 4.00E—15 4.87E—15 5.79E—15
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Table B2. Continued

Tissue Emitted photon energy (MeV)
0.5 0.6 0.8 1.0 1.25 1.50 2.0 3.0 4.0 5.0 6.0 8.0 10.0

Gall bladder 411E—16 4.99E—16 6.68E—16 8.05E—16 9.92E—16 1.I8E—15 1.53E—15 2.13E—15 2.72E—15 3.24E—15 3.80E—15 4.88E—15 583E-15
Stomach 438E—16 5.11E—16 6.82E—16 8.58E—16 1.04E—15 1.26E—15 1.59E—15 2.17E—15 2.76E—15 346E—15 3.95E—15 491E—15 6.07E—15
Small intestine 443E—-16 542E—16 7.13E—16 8.65E—16 1.06E—15 1.28E—15 1.62E—15 2.29E—15 297E—15 3.61E—15 4.36E—15 525E—15 6.22E—15
Colon 4.60E—16 5.51E—16 7.19E—16 8.85E—16 1.05E—15 1.26E—15 1.61E—15 221E—15 2.96E—15 3.65E—15 3.99E—15 5.16E—15 6.34E—15
Heart 4.13E—16 5.00E—16 6.66E—16 8.54E—16 1.06E—15 1.22E—15 1.58E—15 2.21E—15 2.57E—15 3.31E—15 3.73E—15 4.75E—15 5.70E—15
Kidney 434E—-16 520E—16 7.23E—16 8.64E—16 1.08E—15 1.29E—15 1.67E—15 224E—15 284E—15 3.52E—15 3.90E—15 4.99E—15 6.00E—15
Liver 428E—16 524E—16 6.77E—16 8.76E—16 1.05SE—15 1.20E—15 1.57E—15 2.15E—15 2.64E—15 3.36E—15 4.28E—15 5.10E—15 5.94E—15
Lungs 440E—16 534E—16 6.97E—16 9.11E—16 1.12E—15 1.29E—15 1.64E—15 227E—15 2.68E—15 3.22E—15 3.98E—15 5.00E—15 587E—15
Lymphatic nodes 457E—16 541E—16 7.36E—16 9.06E—16 1.12E—15 1.39E—15 1.80E—15 240E—15 3.05E—15 3.64E—15 4.10E—15 5.18E—15 6.29E—15
Muscle 5.36E—16 6.36E—16 838E—16 1.03E—15 1.25E—15 147E—15 1.88E—15 2.58E—15 3.22E—15 3.82E—15 444E—15 5.66E—15 6.82E—15
Oesophagus 448E—-16 5.00E—16 6.39E—16 8.37E—16 9.93E—16 1.25E—15 1.55E—15 2.19E—15 2.69E—15 3.16E—15 3.76E—15 4.79E—15 5.76E—15
Pancreas 424E—16 5.14E—16 6.78E—16 8.15E—16 1.05E—15 1.23E—15 1.59E—15 221E—15 2.78E—15 3.26E—15 3.87E—15 4.81E—15 595E—15
Prostate/uterus female 4.17E—16 5.18E—16 6.86E—16 8.98E—16 1.08E—15 1.28E—15 1.70E—15 2.40E—15 2.93E—15 3.51E—15 3.99E—15 5.19E—15 6.37E—15
Salivary glands 5.08E—16 5.78E—16 7.57E—16 9.48E—16 1.12E—15 1.32E—15 1.64dE—15 224E—15 2.76E—15 3.26E—15 3.89E—15 4.80E—15 5.75E—15
Skin 596E—16 7.12E—16 9.26E—16 1.14E—15 1.38E—15 1.62E—15 2.02E—15 2.75E—15 3.40E—15 4.04E—15 4.73E—15 590E—-15 7.05E—15
Spleen 424E—-16 522E—16 6.84E—16 8.74E—16 1.02E—15 1.22E—15 1.57E—15 2.16E—15 2.71E—15 3.23E-15 3.68E—15 4.84E—15 580E—15
Gonads male/ovaries 4.73E—16 583E—16 7.64E—16 9.45E—16 1.16E—15 1.37E—15 1.74E—15 2.44E—15 3.09E—15 3.65E—15 4.25E—15 545E—15 6.63E—15
female

Thymus 408E—16 4.75E—16 6.48E—16 8.03E—16 9.75E—16 1.16E—15 1.50E—15 2.12E—15 2.57E—15 3.08E—15 3.62E—15 4.62E—15 5.61E—15
Thyroid 442E—16 5.10E—16 7.15E—16 8.70E—16 1.05SE—15 1.21E—15 1.55E—15 2.08E—15 2.62E—15 3.10E—15 3.62E—15 4.67E—15 5.54E—15
Urinary bladder 439E—-16 527E—16 7.26E—16 8.76E—16 1.09E—15 1.30E—15 1.68E—15 231E—15 291E—15 3.48E—15 4.06E—15 5.18E—15 6.23E—-15
Effective dose 456E—16 544E—16 7.19E—16 8.95E—16 1.09E—15 1.28E—15 1.63E—15 2.26E—15 2.84E—15 342E—15 4.01E—-15 5.05E—15 6.07E—15
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Table B3. DCFs of photon for the water immersion (Sv s™' per Bq m™>).

Tissue Emitted photon energy (MeV)
0.01 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.10 0.15 0.20 0.30 0.40

Adrenals 1.42E—26 9.24E—23 5.10E—21 2.00E—19 7.63E—19 1.56E—18 2.42E—18 4.20E—18 591E—18 1.00E—17 14l1E—17 2.23E—17 3.07E—17
Extrathoracic region ~ 1.30E—20 7.48E—-20 2.31E—19 8.05E—19 1.66E—18 2.69E—18 3.80E—18 6.00E—18 8.24E—18 1.36E—17 1.91E—17 3.00E—17 4.10E—17
Oral mucosa 548E—22 1.53E—20 8.10E—20 4.45E—19 1.19E—18 2.16E—18 3.23E—18 5.38E—18 7.53E—18 1.28E—17 1.80E—17 2.85E—17 3.92E—-17
Bone surface 2.75E-22 1.0lE=20 9.31E—20 8.92E—19 246E—18 4.23E—18 5.93E—18 891E—18 1.15E—17 1.72E—17 224E—17 3.28E—17 4.32E-17
Red bone marrow 2.82E—22 1.12E—-20 9.02E—20 7.55E—19 2.11E—18 3.73E—18 5.32E—18 8.14E—18 1.06E—17 1.59E—17 2.08E—17 3.04dE—17 4.00E—17
Brain 1.16E-26 1.60E—22 1.05E—20 3.52E—19 1.35E—18 2.62E—18 3.94E—18 645E—18 8.83E—18 1.45E—17 2.00E—17 3.11E—17 4.24E-17
Breast 249E—-20 1.98E—19 534E—19 140E—18 2.33E—18 3.34E—18 4.38E—18 6.54E—18 8.73E—18 142E—17 1.98E—17 3.10E—17 4.24E—17
Gall bladder 2.75E—-24 1.94E-21 6.19E—21 2.04E—19 8.18E—19 1.68E—18 2.59E—18 446E—18 6.21E—18 1.04E—17 145E—17 2.28E—17 3.12E—-17
Stomach 6.68E—25 2.03E—21 4.14E—20 4.73E—19 1.33E—18 2.36E—18 342E—18 547E—-18 741E—18 1.19E—17 1.63E—17 2.52E—17 3.42E-17
Small intestine 7.52E—-26 1.01E—21 2.70E—20 391E—-19 1.17E—18 2.14E—18 3.13E—18 5.06E—18 6.89E—18 1.12E—17 1.54E—17 2.38E—17 3.25E-17
Colon 6.55E—24 2.82E—21 5.00E—20 532E—19 1.43E—18 246E—18 3.51E—18 552E—18 7.41E—18 1.19E—17 1.63E—17 2.51E—17 3.41E—17
Heart 7.32E—26 6.53E—22 2.33E—20 3.68E—19 1.17TE—18 2.19E—18 3.26E—18 5.33E—18 7.30E—18 1.19E—17 1.64E—17 2.54E—17 347E-17
Kidney 7.84E—22 2.14E—22 1.49E-20 3.40E—19 1.12E—18 2.10E—18 3.12E—18 5.07E—18 6.92E—18 1.12E—17 1.54E—17 2.38E—-17 3.25E-17
Liver 6.59E—25 147E—21 3.33E—-20 4.24E—-19 1.26E—18 2.29E—18 3.35E—18 540E—18 7.33E—18 1.18E—17 1.62E—17 2.50E—17 3.41E—17
Lungs 1.88E—23 1.45E—21 3.60E—20 4.63E—19 1.34E—18 242E—18 3.52E—18 5.66E—18 7.71E—18 126E—17 1.73E—17 2.69E—17 3.68E—17
Lymphatic nodes 2.15E-21 4.20E-20 1.71E—19 7.23E—19 1.61E—18 2.65E—18 3.73E—18 5.81E—18 7.79E—18 1.25E—17 1.71E—17 2.64E—17 3.59E—17
Muscle 1.17E—-21 3.65E—20 2.05E—19 1.01E—18 2.15E—18 3.36E—18 4.57E—18 6.86E—18 9.04E—18 142E—17 1.93E—17 295E—17 3.98E—17
Oesophagus 1.82E—25 1.15E—-21 2.01E—-20 247E—19 841E—19 1.68E—18 2.61E—18 449E—18 6.36E—18 1.08E—17 1.52E—17 241E—17 3.33E-17
Pancreas 6.91E—25 8.28E—22 441E—21 201E—19 822E—19 1.69E—18 2.63E—18 449E—18 6.25E—18 1.04E—17 144E—17 2.25E—-17 3.09E—17
Prostate /uterus female 5.16E—25 1.02E—25 2.50E—21 1.52E—19 6.55E—19 141E—18 2.26E—18 3.98E—18 5.65E—18 9.64E—18 1.35E—17 2.15E—17 2.98E—17
Salivary glands 3.95E—-21 8.82E—20 3.56E—19 1.20E—18 2.19E—18 3.25E—18 4.37E—18 6.60E—18 8.83E—18 143E—17 1.98E—17 3.08E—17 4.20E—17
Skin 334E—-19 8.27E—19 1.37E—18 2.50E—18 3.68E—18 4.90E—18 6.14E—18 8.62E—18 1.11E—17 1.71IE—17 2.30E—17 3.50E—17 4.71E—17
Spleen 2.25E-28 1.70E—-21 3.79E—20 4.75E—19 1.38E—18 2.45E—18 3.56E—18 5.67E—18 7.63E—18 1.22E—17 1.67E—17 2.57E—17 3.49E-17
Gonads male/ovaries 8.02E—21 6.49E—20 1.95E—19 7.37E—19 1.58E—18 2.61E—18 3.66E—18 5.70E—18 7.67E—18 1.22E—17 1.67E—17 2.56E—17 3.49E—17
female

Thymus 1.83E—23 1.05E—20 8.90E—20 5.56E—19 1.37E—18 2.34E—18 3.37TE—18 543E—18 7.43E—18 1.22E—17 1.70E—17 2.67TE—17 3.66E—17
Thyroid 1.06E—22 2.78E—20 1.90E—19 9.13E—19 1.98E—18 3.16E—18 441E—18 6.74E—18 8.99E—18 142E—17 1.93E—17 2.94E—17 3.96E—17
Urinary bladder 2.51E—22 1.42E—-20 843E—20 4.87E—19 1.22E—-18 2.14E—18 3.11E—18 5.02E—18 6.85E—18 1.12E—17 1.54E—17 2.39E—17 3.25E-17
Effective dose 7.23E—21 4.38E—20 1.46E—19 6.80E—19 1.61E—18 2.71IE—18 3.84E—18 6.01E—18 8.07E—18 1.29E—17 1.76E—17 2.71E—17 3.68E—17

0.5 0.6 0.8 1.0 1.25 1.50 2.0 3.0 4.0 5.0 6.0 8.0 10.0

Adrenals 395E—17 486E—17 6.72E—17 8.75E—17 1.13E—16 141E—16 1.96E—16 3.12E—16 4.38E—16 5.66E—16 6.90E—16 9.40E—16 1.18E—15
Extrathoracic region ~ 5.25E—17 6.39E—17 8.73E—17 1.11E—16 142E—16 1.73E—16 238E—16 3.72E—16 5.04E—16 643E—16 7.80E—16 1.05E—15 1.33E—15
Oral mucosa 5.03E—17 6.12E—17 8.44E—17 1.08E—16 1.38E—16 1.69E—16 2.32E—16 3.62E—16 4.98E—16 6.29E—16 7.64E—16 1.03E—15 1.30E—15
Bone surface 5.39E—17 647E—17 8.68E—17 1.10E—16 1.39E—16 1.69E—16 2.30E—16 3.58E—16 4.89E—16 6.21E—16 7.54E—16 1.02E—15 1.29E—15
Red bone marrow 499E—-17 6.00E—17 8.07E—17 1.02E—16 1.30E—16 1.58E—16 2.17E—16 3.40E—16 4.67E—16 596E—16 7.25E—16 9.86E—16 1.25E—15
Brain 538E—17 6.54E—17 8.92E—17 1.14E—16 1.45E—-16 1.76E—16 241E—16 3.75E—16 5.11E—16 6.48E—16 7.84E—16 1.06E—15 1.34E—15
Breast 540E—17 6.59E—17 899E—17 1.15E—16 146E—16 1.78E—16 243E—16 3.77E—16 5.08E—16 646E—16 7.77E—16 1.05E—15 1.32E—15

Continued
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Table B3. Continued

Tissue Emitted photon energy (MeV)
0.5 0.6 0.8 1.0 1.25 1.50 2.0 3.0 4.0 5.0 6.0 8.0 10.0

Gall bladder 4.00E—17 4.92E—17 6.79E—17 8.80E—17 1.14E—16 141E—16 197E—16 3.15E—16 437E—16 5.59E—16 6.82E—16 9.34E—16 1.17E—15
Stomach 436E—17 5.32E—17 7.31E—17 9.38E—17 1.21E—16 148E—-16 2.06E—16 3.25E—16 4.50E—16 5.78E—16 7.02E—16 9.63E—16 1.22E—15
Small intestine 415E—-17 5.07E—17 7.01E—17 9.00E—17 1.16E—16 1.43E—16 2.00E—16 3.18E—16 4.40E—16 5.64E—16 6.90E—16 941E—16 1.19E—15
Colon 434E—-17 530E—17 7.28E—17 9.35E—17 1.20E—16 1.48E—16 2.05E—16 3.26E—16 4.50E—16 5.75E—16 7.02E—16 9.57E—16 1.21E—15
Heart 442E—17 540E—17 744E—17 9.52E—17 1.23E—16 1.51E—16 2.10E—16 3.31E—16 4.58E—16 585E—16 7.12E—16 9.67E—16 1.23E—15
Kidney 415E—-17 5.08E—17 7.00E—17 9.00E—17 1.16E—16 1.43E—16 1.99E—16 3.18E—16 441E—16 5.65E—16 6.93E—16 943E—16 1.20E—15
Liver 434E—17 5.30E—17 7.27E—17 9.35E—17 1.20E—16 148E—16 2.05SE—16 3.26E—16 4.50E—16 5.77E—16 7.06E—16 9.60E—16 1.22E—15
Lungs 4.69E—17 573E—17 7.88E—17 1.01E—16 1.30E—16 1.59E—16 2.20E—16 3.46E—16 4.75E—16 6.06E—16 7.38E—16 1.00E—15 1.27E—-15
Lymphatic nodes 456E—17 5.56E—17 7.63E—17 9.77E—17 125E—16 1.54E—16 2.13E—16 3.36E—16 4.63E—16 593E—-16 7.21E—16 9.85E—16 1.25E—15
Muscle 5.04E—17 6.12E—17 833E—17 1.06E—16 1.35E—16 1.65E—16 227E—16 3.54E—16 4.85E—16 6.17E—16 7.50E—16 1.02E—15 1.29E—15
Oesophagus 428E—17 526E—17 7.29E—17 9.38E—17 1.21E—16 149E—16 2.07E—16 3.30E—16 4.56E—16 5.82E—16 7.10E—16 9.54E—16 1.22E—15
Pancreas 395E—17 4.84E—17 6.70E—17 8.65E—17 1.12E—16 1.39E—16 1.94E—16 3.11E—16 4.33E—16 5.57TE—16 6.78E—16 9.28E—16 1.17E—15
Prostate /uterus female 3.82E—17 4.72E—17 6.61E—17 8.52E—17 1.11E—16 1.37E—16 1.92E—16 3.09E—16 4.29E—16 548E—16 6.73E—16 9.13E—16 1.17E—15
Salivary glands 5.33E—17 648E—17 885E—17 1.13E—16 144E—16 1.75E—16 2.38E—16 3.72E—16 5.06E—16 648E—16 7.84E—16 1.05SE—15 1.31E—-15
Skin 593E—17 7.16E—17 9.67E—17 1.22E—16 1.54E—16 1.87E—16 2.54E—16 3.90E—16 5.28E—16 6.67E—16 8.07E—16 1.09E—15 1.36E—15
Spleen 443E—-17 541E—17 744E—17 9.54E—17 122E-16 1.50E—16 2.09E—16 3.30E—16 4.55E—16 5.83E-16 7.11E—16 9.73E—16 1.23E—-15
Gonads male/ovaries 4.42E—17 542E—17 7.44E—17 9.52E—17 122E—-16 149E—-16 2.07E—16 3.27E—16 4.52E—16 5.74E—16 6.99E—16 9.51E—16 1.20E—15
female

Thymus 4.66E—17 571E—17 7.86E—17 1.01E—16 1.30E—16 1.59E—16 2.19E—16 346E—16 481E—16 6.05SE—16 7.35E—16 1.00E—15 1.26E—15
Thyroid 5.01E—17 6.10E—17 829E—17 1.05E—16 1.35E—16 1.65E—16 227E—16 3.55E—16 4.87E—16 6.14E—16 747E—16 1.03E—15 1.29E—15
Urinary bladder 417E—-17 5.09E—17 7.03E—17 9.02E—17 1.16E—16 1.43E—16 2.00E—16 3.18E—16 441E—16 5.66E—16 6.91E—16 945E—16 1.19E—-15
Effective dose 4.67E—17 5.69E—17 7.79E—17 9.96E—17 1.28E—16 1.56E—16 2.16E—16 3.40E—16 4.67E—16 596E—16 7.24E—16 9.86E—16 1.25E—15
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Appendix C. A summary of DCFs for calculating effective doses due to radioactive effluents released to the environment under the normal or accidental situations of the
referred nuclear power reactor.

Nuclides

Effective DCFs

Air submersion (Sv s~ ! per Bq m )

Ground surface (Sv s~ ! per Bq m™2)

Water immersion (Sv s~ ! per Bq m ™)

FGR 12 (He) FGR 13  Thisstudly RE” FGR 12(He) FGR 13 Thisstudy RE” FGR 12(He) FGR 12 Thisstudy RE?
110m A o 1.36E—13 1.27E—13 1.26E—13 1% 2.65E—15 2.58E—15 2.46E—15 5% 2.94E—16 2.79E—16 2.75E—16 1%
TAr 6.50E— 14 6.15E—14 6.01E—14 2% 1.20E-15 1.22E-15 1.16E—15 5% 141E—16 1.34E—16 1.33E—-16 1%
137mpy 2.88E—14 2.69E—14 2.60E—14 3% 5.86E—16 578E—16 5.48E—16 5% 6.26E—17 587E—17 5.75E—17 2%
STCo 5.61E—15 498E—15 4.64E—15 7% 1.15E—16 1.09E—16 1.07E—16 2% 1.25E—17 1.1I2E-17  1.02E-17  10%
8Co 4776E—14 445E—14 4.34E-14 3% 9.50E—16 9.23E—16 8.76E—16 5% 1.03E—16 9.76E—17 9.52E—17 3%
Co 1.26E—13 1.I9E—13 1.17E—13 2% 235E-15 230E—-15 2.18E—15 6% 2.74E—16 26lE—16 2.58E—16 1%
134¢s 7.57E—14 7.07E—14 6.87E—14 3% 1.52E—15 148E—15 141E—15 5% 1.64E—16 1.55E—16 1.51E—16 3%
136Cs 1.06E—13 9.94E—14 9.65E—14 3% 2.09E—15 2.03E—15 1.90E—15 7% 231E—16 2.19E—16 2.10E—16 4%
137¢s 7.74E—18 928E—17 8.64E—17 7% 2.85E—19 299E—18 2.75E—18 9% 1.49E—20 9.12E-20  9.13E—20 0%
138¢ 1.21E-13 1.I5E—13 1.13E—13 2% 2.19E—15 226E—15 2.14E—15 6% 2.62E—16 251E—16 247E—16 2%
131 1.82E—14 1.69E—14 1.62E—14 4% 3.76E—16 3.64E—16 3.52E—16 3% 3.98E—17 371E—17 3.54E—17 5%
1321 1.12E-13 1.05E—13 1.02E—13 3% 221E-15 220E-15 2.07E—15 6% 243E—16 230E—16 2.23E—16 3%
1331 2.94E—14 2.76E—14 2.66E—14 4% 597E—16 6.16E—16 5.92E—16 4% 6.39E—17 6.03E—17 5.89E—17 2%
1341 1.30E—13 1.22E—13  1.19E—13 3% 2.53E—15 2.52E—15 2.38E—15 6% 2.82E—16 2.67E—16 2.59E—16 3%
135] 7.98E—14 7.54E—14  7.50E—14 1% 147E-15 147E—15 1.40E—15 5% 1.73E—16 1.65E—16 1.64E—16 1%
8Kr 1.19E—16 240E—16 2.25E—16 7% 2.64E—18 1.05E—17 1.00E—17 5% 2.55E—19 3.55E—19 3.49E—19 2%
8Smy p 7.48E—15 6.88E—15 6.28E—15 10% 1.52E—16 1.57E—16 1.50E—16 5% 1.65E—17 1.52E—17  1.39E—17 9%
87K ¢ 4.12E— 14 3.98E—14 3.83E—14 4% 732E-16 839E—16 7.88E—16 6% 8.93E—17 8.56E—17 8.36E—17 2%
8Ky 1.02E—13 9.72E—14 9.55E—14 2% 1.74E—15 1.72E—15 1.62E—15 6% 221E-16 2.13E—16 2.10E—16 1%
**Mn 4.09E— 14 3.83E—14 3.78E—14 1% 8.12E—16 7.89E—16 7.50E—16 5% 8.88E—17 841E—17 8.23E—17 2%
Mo 7.28E—15 6.99E—15 6.68E—15 5% 147E—16 1.78E—16 1.69E—16 5% 1.58E—17 1.51E—17 145E-17 4%
2Na 2.18E—13 2.08E—13 2.01E—13 3% 3.6lE—15 3.59E—15 3.35E—15 7% 4.73E—16 457E—16 4.52E—16 1%
%Nb 3.74E—14 3.49E—14 3.41E-14 2% 748E-16 727E—16 6.88E—16 6% 8.11E—17 7.66E—17 7148E—17 2%
147Nd 6.19E—15 573E—15 541E-15 6% 139E—16 1.40E—16 1.35E—16 4% 136E—17 1.26E—17 1.20E—17 5%
ZNp 7.69E—15 6.96E—15 6.92E—15 1% 1.63E—16 1.54E—16 1.59E—16 —3% 1.70E—17 1.55E—17  1.50E—17 3%
143py 2.10E—17 1.94E—16 1.76E—16 10% 7.01E—19 2.06E—17 2.00E—17 3% 4.04E—20 1.87E—19 1.87E—19 0 %
8Rb 481E—15 495E—15 4.76E—15 4% 9.31E-17 1.67TE—16 1.59E—16 5% 1.04E—17 1.02E—17 9.85E—18 4%
8Rb 3.36E—14 3.33E—14 3.27E-14 2% 595E-16 740E—16 6.91E—16 7% 7.26E—17 6.93E—17 6.93E—17 0 %
8Rb 1.06E—13 1.0lE—13 1.07E—-13 —6% 191E—15 1.97E—15 20lE—-15 —-2% 230E—16 221E—16 235E—-16 —6%
103Ru 2.25E—14 2.09E—14 2.09E—14 0% 4.63E—16 448E—16 4.53E—16 —1% 4.89E—17 459E—17 4.68E—17 —2%
105Ry 3.81E—14 3.57E—14 3.28E—14 9% 7.69E—16 781E—16 7.10E—16 10% 8.27E—17 780E—17 7.19E—17 8 %
131my o 3.89E—16 3.50E—16 3.51E—16 0% 2.06E—17 1.6lIE-17 1.51E—17 7% 8.93E—19 7.70E—19  7.30E—19 5%
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Appendix C. Continued

Nuclides Effective DCFs

Air submersion (Sv s~ ' per Bq m ) Ground surface (Sv s~ ' per Bq m ?) Water immersion (Sv s~ ! per Bq m )

FGR 12 (He) FGR 13  Thisstudy RE” FGR 12(He) FGR 13 Thisstudly RE” FGR 12(He) FGR 12® Thisstudy RE”

133%e 1.56E—15 1.34E—15 123E—-15 9% 4.6lE—17 3.96E—17 3.94E—17 1% 3.54E—18 3.04E—18 2.81E—18 8 %
133my o 1.37E—15 1.29E—15 1.23E-15 5% 4.07E-17 3.53E—17 3.37E—17 5% 3.04E—18 2.79E—18 2.57E—18 9%
135%e 1.19E—14 1.11IE—14 1.04E—14 7% 242E-16 2.50E—16 2.43E—16 3% 2.6lE—17 241E—-17 223E—17 8 %
13mye  2.04E—14 1.90E—14 1.79E—14 6% 4.24E—16 4.18E—16 3.95E—16 6% 4.45E—17 418E—17 3.99E—17 5%

(FGR 13 — thisstudy)
this study ’
(2) FGR 12* : Effective DCFs have been calculated based on those of the organs suggested in Table II-4 of FGR 12, tissue weighting factors in ICRP 60'* and nuclide
information in ICRP 38, respectively.
Daughter radionuclide(s) for each of any radionuclide’s DCFs have not been taken into account in this table (e.g. 137Cs).

(1) RE (relative error) =
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