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Buildup factors up to 40 mean free path in ranging from 0.015 MeV to 15 MeV photon
energy were evaluated by using the Monte Carlo simulation code, EGS4 for two typical heavy
concretes. One is iron-contained and the other is barium-contained heavy concretes. The
parameters of Geometrical Progression approximation for buildup factors were also

presented for simplified calculations such as using the point kernel method.
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1. Introduction

The point kernel methods are quite useful in shielding design calculations with deep
penetration, and widely used as a practical tool to make a quick estimation of gamma-ray
dose in a variety of shielding configurations. In the calculations, buildup factors are quite
important data and many investigations''¥ were pei’formed for various shield materials.

" However, the data of mixed materials such as heavy concrete are very few with the
consideration of Bremsstrahlung and fluorescence until now. Recently, the shielding design is
strongly required with economical restriction and space saving so that the partial usage of
heavy concrete increases more and more, especially for accelerator shielding.

The buildup factor is defined by the ratio of the total radiation quantity at any point to
the radiation quantity of radiation reaching the point without any collision. Many empirical
formula®? of buildup factors were presented for the interpolation at arbitrary thickness of
shielding materials. In the formula, the Geometrical Progression approximation® is well
known to reproduce the buildup factors in the wide energy range of various materials and
thicknesses with good accuracy.

This report presents the buildup factors for heavy concretes up to 40 mean free path
(mfp) in ranging from 15 keV to 15 MeV photon energy by using the Monte Carlo code, EGS49
with a particle splitting method!®. In chapter 2, the buildup factors for ordinary concrete
obtained by using EGS4 code are firstly compai'ed with existing data to examine the
difference of production code. The buildup factors for heavy concretes are also compared with
those for ordinary concrete and main element of heavy concretes with same density. For the
practical use of the data to desired photon energy and shielding thickness in shielding
calculations, the fitting parameters of the Geometrical Progression approximation are
presented in chapter 3.
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2. Calculation of Buildup Factors

The buildup factor is defined as follows,
B(E,,X)=R/R, -exp(-X) (1)

where B(£,X) is the buildup factor at the response of the detector with a radiation quantity,
R, to y-rays transmitted through materials with thickness of X mfp for the unscattered y-rays
with the incident energy, Fb. R is the response that would occur without the attenuation
medium. In this report, we consider the radiation quantities of exposurel?, effective dose with
anterior-posterior (AP) geometry!?, and ambient dose equivalent!?. The buildup factors in
this report were basically presented with coherent scattering and incoherent scattering to
obtain the practical doses such as exposure, ambient dose and effective dose, directly. On the
other hand, the ANSI/ANS-6.4.319 data are based on the calculations with neglecting
coherent scattering and assuming free electron Compton scattering, and the correction
factors are provided to obtain the éxposure and the doses.

In the EGS4 calculations, we employed PHOTX datal4 and the low energy photon
scattering expansion code!® with considering the Bremsstrahlung and fluorescence. The
cylindrical geometries with isotropic photon sources and 106 histories were employed in the
calculations. The compositions which we employed in the calculations of ordinary Portland
cement concrete!®, iron-contained heavy concrete (heavy concrete (Fe)?, and
barium-contained heavy concrete (heavy concrete (Ba))'® are shown in Table 1, including the
data of the ANSI/ANS-6.4.3. In the calculations, isotropic irradiation is employed for the
calculation. The data up to 40 mfp of the concretes in the infinite geometry were estimated
based on the 42 mfp thickness calculations in a spherical geometry. The splitting point was
set at each five mfp, and 106 histories were employed to ensure the consistency of the
previous calculations!® for other materials. The mean free path is indicated in Table 2 as a

function of the photon energy.
2.1 Ordinary concrete

The buildup factors for ordinary concretes as functions of the mean free path and
photon energy are shown in Figs. 1 to 4, including the data of the ANSI/ANS-6.4.3. In these
figures, the buildup factors of the present works (triangle and circle symbols) are the
calculation results by using the EGS4 code with the material compositions of the ordinary
concretes as indicated in Table 1. The broken line shows the ANSI/ANS-6.4.3 data with
neglecting coherent scattering and assuming free electron Compton scattering. As shown in
these figures, the difference between the calculation results of the buildup factors of the
ANSI/ANS and Portland cement ordinary concretes is due to the difference of the
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compositions. On the other hand, the slight differences between the calculation results of the
ANSI/ANS ordinary concrete and the data are assumed to be due to two reasons. One is the
different calculation methods between the two. The ANSI/ANS data are based on the
calculation result data by using the moments method!? with parallel beam source, and the
present work is by using the Monte Carlo code, EGS4 with isotropic emission photons. The
other is the development of the low energy photon treatments in EGS4 such as K-X ray, L-X
ray and Bremsstrahlung. Besides, ANSI/ANS-6.4.3 data in Figs.1 to 4 are shown without
corrections for the neglect of coherent scattering.

2.2 Heavy concrete

The calculation results of the buildup factors for heavy concretes are summarized in
Tables Al to A6 in Appendix. Figures 5 to 8 show the buildup factors including data of the
Portland cement ordinary concrete for the exposure of radiation quantity as a function of
mean free path for the photon energy, and Figures 9 to 12 show those as a function of photon
energy, respectively. These calculations are performed with considering coherent and
incoherent scattering. As shown in these figures, the specific features can be found at the
energy of around 40 keV for the heavy concrete (Ba), and the buildup factors grow up more
than 100 at 40 mfp. The K-edge of photo-electric cross section of barium is 37.44 keV so that
the specific features around 40 keV are recognized. On the other hand, the K edges of
photo-electric cross section of iron and silicon are less than 10 keV so that the pointy-shaped
features disappear in heavy concrete (Fe) and ordinary concrete.

The ratios of the ambient dose equivalent to the exposure are shown in Figs 13 to 16. In
these calculation results except for 15 MeV photons, the ratios of the heavy concrete (Fe), the
heavy concrete (Ba) and ordinary concrete are in ranging from about 1.0 to 1.1, 0.7 to 1.05,
and 0.9 to 1.2, respectively. At 15 MeV, the ratios for each concrete are up to 1.4. The ratios of
the effective dose with AP geometry to the exposure are shown in Figs 17 to 20. In the
calculations, the ratios of the heavy concrete (Fe), the heavy concrete (Ba) and ordinary
concrete are in ranging from about 1.0 to 1.1, 0.55 to 1.05, and 0.9 to 1.2, respectively. In both
results of the ambient dose equivalent and the effective dose, the tendencies of the ratios to
the exposure are not changed so much with the mean free path, except for the heavy concrete
(Ba) with around 40 keV photon energy.

In order to investigate the effect of the composition, the buildup factors of each concrete
were compared with that of the main component. The calculation results are shown in Figs.
21 and 22 as the ratios of the exposure buildup factors, Figs. 23 and 24 are for the ambient
dose equivalent, and Figs.25 and 26 are for the equivalent dose as the functions of photon
energy and the mean free path. As shown in these figures, the tendencies of the distributions
are the same between the doses. For the buildup factor ratios of iron and heavy concrete (Fe),
the variations are small, in ranging from 0.5 to 1.0 below 2 MeV, and the variations are

growing up as increasing the thickness and photon energy over about 2 MeV. For the ratios of
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barium and heavy concrete (Ba), the tendencies are the same as the cases of iron and heavy
concrete (Fe) over the photon energy of 0.1 MeV, and the paces of the growing over about 2
MeV are much larger than that of iron and heavy concrete (Ba). At around 40 keV, the ratios
grow up to 105 as increasing the thickness.



Table 1 Compositions of the Ordinary and Heavy Concretes
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Ordinary Concrete

Heavy Concrete

ANSIT/ANS-6.4.313 |  Portland® | HCON(Fe)1? | HCON(Ba)18
Density (g/cm?) 2.3 2.3 3.7 3.35
Composition(w/o)
Hydrogen (H) 0.0056 0.01 0.004 0.0036
Carbon (C) 0.001
Oxygen (0) 0.4983 0.53 0.345 0.3116
Sodium (Na) 0.0171 0.016 -
Magnesium (Mg) 0.0024 0.019 0.0012
Aluminum (A1) 0.0456 0.036 0.010 0.0042
Silicon (S1) 0.3158 0.3367 0.069 0.0105
Fluorine (F) - 0.1079
Sulfur (S) 0.0012 -
Potassium (K) 0.0192 -
Calcium (Ca) 0.0826 0.0564 0.048 0.0502
Iron (Fe) 0.0122 0.0139 0.505 0.0475
Barium (Ba) - 0.4633
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Table 2 The Shield Thickness Corresponding to One Mean Free Path.

(unit:cm)
Photon Ordinary Concrete Heavy Concrete
Energy ,
ANSI/ANS-6.4.3 Portland HCON (Fe) | HCON (Ba)
(MeV)
0.015 0.054 0.062 0.009 0.009
0.020 0.125 0.143 0.019 0.020
0.030 0.389 0.371 0.061 0.063
0.040 0.787 0.868 0.138 0.027
0.050 1.23 1.325 0.252 0.048
0.060 1.635 1.725 0.398 0.078
0.080 2.232 2.292 0.745 0.167
0.10 2.609 2.642 1.087 0.294
0.15 3.15 3.152 1.710 0.749
0.20 3.506 3.497 2.081 1.281
0.30 4.069 4.051 2.546 2.200
0.40 4.55 4.528 2.887 2.852
0.50 4.985 4.960 3.180 3.341
0.60 . 5.389 5.361 3.447 3.740
0.80 6.134 6.102 3.932 4.402
1.0 6.822 6.787 4.377 4.969
1.5 8.369 8.328 5.364 6.142
2.0 9.698 9.655 6.179 7.019
3.0 11.90 11.86 7.437 8.217
4.0 13.62 13.61 8.339 8.947
5.0 15.01 15.02 8.991 9.388
6.0 16.12 16.16 9.459 9.647
8.0 17.73 17.84 10.04 9.840
10.0 18.80 18.97 10.32 9.811
15.0 20.17 20.47 10.49 9.442
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Fig.1 Buildup Factors of Ordinary Concretes at the Photon Energy of 0.1 MeV. Solid lines
with open circles and triangles are the calculation results by using the data of the material
compositions of ANSI/ANS-6.4.3 and Portland cement, respectively. The dotted line with full
triangles indicates the ANSIVANS-6.4.3 data.
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Fig.2 Buildup Factors of Ordinary Concretes at the Photon Energy of 0.3 MeV. The lines are
shown same as Fig. 1.
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* Fig.3 Buildup Factors of Ordinary Concretes at the Photon Energy of 1.0 MeV. The lines are
shown same as Fig. 1.
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Fig.4 Buildup Factors of Ordinary Concretes at the Photon Energy of 10 MeV. The lines are
shown same as Fig. 1.
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Fig.5 Exposure Buildup Factors at 0.04 MeV Photon Energy for Heavy Concretes and the
Ordinary Concrete (Portland Cement) as a Function of Penetration Length. Solid lines with
open and full triangles indicate the buildup factors for Barium and iron contained heavy
concretes, respectively. dotted line with open circles shows the factors for the ordinary
concrete (Portland cement).
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Fig.6 Exposure Buildup Factors at 0.04 MeV Photon Energy for Heavy Concretes and the
Ordinary Concrete (Portland Cement) as a Function of Penetration Length. The lines are
shown same as Fig. 5.
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Fig.7 Exposure Buildup Factors at 1 MeV Photon Energy for Heavy Concretes and the
Ordinary Concrete (Portland Cement) as a Function of Penetration Length. The lines are
shown same as Fig. 5.
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Fig.8 Exposure Buildup Factors at 10 MeV Photon Energy for Heavy Concretes and the
Ordinary Concrete (Portland Cement) as a Function of Penetration Length. The lines are
shown same as Fig. b.
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Fig. 9 Exposure Buildup Factors at 5 mfp for Heavy Concretes and Ordinary Concrete. Solid
line with triangle, dotted line with upside-down triangle, and solid line with full circle show
the buildup factors for iron contained heavy concrete, barium contained heavy concrete, and
ordinary concrete, respectively.
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Fig. 10 Exposure Buildup Factors at 10 mfp for Heavy Concretes and Ordinary Concrete. The
lines are shown same as Fig.9
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Fig. 11 Exposure Buildup Factors at 20 mfp for Heavy Concretes and Ordinary Concrete. The
lines are shown same as Fig.9
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Fig. 12 Exposure Buildup Factors at 40 mfp for Heavy Concretes and Ordinary Concrete. The
lines are shown same as Fig.9
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triangle, and solid line with full circle show the buildup factors for iron contained heavy
concrete, barium contained heavy concrete, and ordinary concrete, respectively.
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Fig.14 Dependencies of Radiation Quantity for Ambient Dose Equivalent and Exposure
Buildup Factors of Concretes at 10 mfp. Lines show the same as in Fig.13
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Fig.16 Dependencies of Radiation Quantity for Ambient Dose Equivalent and Exposure
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upside-down triangle, and solid line with full circle show the buildup factors for iron
contained heavy concrete, barium contained heavy concrete, and ordinary concrete,
respectively.
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Fig.21 Energy Dependence of the Ratio of Exposure Buildup Factors between the Iron and
Heavy Concrete (Fe) on the Assumption of the Fixed Density, 3.7 g/cm3. Dotted line with
diamonds, solid line with upside-down triangles, dashed line with triangles, dot-dashed line
with open circles, and solid line with double circles show the ratios at the thickness of 5, 10,

20,30 and 40 mfp.
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Fig.22 Energy Dependence of the Ratio of Exposure Buildup Factors between the Barium and
Heavy Concrete (Ba) on the Assumption of the Fixed Density, 3.35 g/cm3. Lines show the

same as [ig.21.
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Fig.23 Energy Dependence of the Ratio of the Ambient Dose Equivalent Buildup Factors
between the Iron and Heavy concrete (Fe) on the Assumption of the Fixed Density, 3.7 glcm3.
Lines are the same as Fig.21.
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Fig.24 Energy Dependence of the Ratio of the Ambient Dose Equivalent Buildup Factors
between the Barium and Heavy Concrete (Ba) on the Assumption of the Fixed Density, 3.35
glem3, Lines are the same as Fig.21.
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Fig.25 Energy Dependence of the Ratio of the Effective Dose Buildup Factors between the
Iron and Heavy Concrete (Fe) on the Assumption of the Fixed Density, 8.7 g/cms3. Lines are
the same as Fig.21.
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Fig.26 Energy Dependence of the Ratio of the Effective Dose Buildup Factors between the
Barium and Heavy Concrete (Ba) on the Assumption of the Fixed Density, 3.35 g/em3. Lines
are the same as Fig.21.
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3. Geometrical Progression approximation

In the shielding calculations by using the point kernel method, the buildup factors
are needed for desired photon energy and shielding thickness. For the interpolation of
buildup factors by shielding thickness, there are many empirical formulae. The geometrical
progression approximation is the most reliable one which has been adopted in
ANSN-ANS-6.4.3. The formula of the geometrical progression approximation is defined as
follows20),

B-1

= X _ ’
B(E.X) =1+ Z— (K" =) K#1
~1+(B-1)X K=1 (2)
K:c-X“+d-f(}X:) ®
_~ tanh(¢ — 2) — tanh(-2)
S = - tanh(-2) ey

where AL X) , E and X are the buildup factor, photon energy and the thickness of the shield
material in mfp unit, respectively. The B, ¢, a, Xk and d are the fitting parameters of the G-P
approximation. The fitting by G-P approximation was executed to the smoothed data of

A

buildup factors, B( x)» obtained by using of the following equation for elimination of

statistical errors in buildup factor data,

By, = %{— 3By sy +12B g ) +17B iy +12B gy —3Bigaany ) ®
where B is the buildup factor at X mfp calculated by using of the EGS4 code, and AXis the
mesh interval, 0.5 mfp or 1 mfp in this case. _

There are two fitting methods for G-P approximation, one is the Min Max method in
which the maximum fitting error is minimized, and the other is the least square method in
which the sum for squares of fitting errors is minimized. Different fitting parameter sets
obtained by the Min Max method sometimes show the almost same fitting errors, and the
fitting parameter is depended upon the ambiguous data such as data with large statistical
errors. In the least square method, the influence by the ambiguous data is migrated and the
fitting parameter is determined almost uniquely.

As the fitting parameters in G-P approximation are non-linear ones for buildup
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factors, the fitting procedures in GPFIT code are executed as follows.

Stepl: By the introduction of trial B-parameter, B, which is corresponding to the
buildup factor at 1 mfp, the A-parameters which satisfied Eq.(2) are obtained numerically.

Step 2: If the parameters a and Xk were postulated, the fitting procedure of
K-parameters in the least square method would be a linear problem for ¢ and d parameters.
‘As the sensitivity of A-parameters to buildup factors gets larger with the increase of
shielding thickness, the buildup factors, themselves are considered as the weighing factors in
the fitting procedure.

v Step3: The a parameter which shows the minimum of sum of error square is
determined by the procedure that the sums of the fitting errors corresponding to
aparameters of ao"Aa, a and ao+Aa are approximated by the parabolic line. Next, the same
procedure for the Xi parameter is executed by using of the sum of error squares
corresponding to Xko-AXk, Xko and Xko+AXk. By the reduction of Aa for a-parameter and AXk
for Xe-parameter mutually, four parameters, ¢, a, Xk and d will be determined for the trial Bo.
Its method is generally called “brutal method”. 7

Step 4: The B parameter which shows the minimum of sum of error square is
determined by the procedure that the sums of the fitting errors corresponding to
Brparameters of BrAB, By and Bo+ABvia three steps mentioned before are approximated by
the parabolic line. A final Bparameter is determined by the search of the minimum sum of

error squares for the stepwise change of B-parameter with 0.001 within 0.01 width.

Tables 3 to 8 show the fitting parameters of G-P approximation (B,ca,Xk and d),
maximum error, standard error and mfp where the maximum error appeared, for exposure,
ambient dose equivalent and effective dose buildup factors in two type heavy concretes. The
G-P approximation can obtain the buildup factors within 5% accuracy. The interpolation of
buildup factors by photon energy is done by the energy interpolation of G-P parameters.
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Table 3. Fitting Parameters of the Geometrical Progression Approximation for Exposure

Buildup Factor of Heavy Concrete (Fe)

Energy Max.
B X d At mfp St.
(MeV) c a & orror mifp error

15 1.399 0.947 0.011 5.00 0.0434 3.06%

1.27%

1

10 1.438 0.875 0.052 12.39 -0.0471 2.11% 1 0.95%
8 1.461 0.917 0.035 14.79 -0.0378 2.34% 1 0.88%
6 1.5616 0.946 0.024 15.25 -0.0248 1.85% 1 0.85%
5 1.553 0.970 0.018 12.76 -0.0231 1.72% 1 0.76%
4 1.596 1.032 -0.006 500 0.0055 1.70% 1 0.86%
3 1.663 1.067 -0.014 5.00 0.0077 1.94% 35 0.76%
2 1.754 1.118 -0.020 10.50 -0.0088 1.80% 35 0.60%
1.5 1.803 1.205 -0.041 20.48 0.0385 2.77% 25 0.99%
1 1.895 1.294 -0.058 17.61 0.0247 0.69% 1 0.30%
0.8 | 1.948 1.320 -0.060 29.14 0.0459 2.18% 30 0.86%
0.6 1.991 1.382 -0.071 29.21 0.0668 4.06% - 35 1.59%
0.5 2.077 1.317 -0.051 8.74 -0.0107 1.37% 30 0.69%
0.4 2.106 1.325 -0.056 26.52 0.0166 1.64% 25 0.76%
0.3 2.148 1.237 -0.033 9.72 -0.0172 1.27% 1 - 0.54%
0.2 2.079 1.101 -0.009 12.63 -0.0200 2.44% 1 0.82%
0.15 1.933 0.938 0.027 15.55 -0.0308 2.21% 1 0.94%
0.1 | 1.609 0.682 0.103 12.73 -0.0693 1.61% 1 0.79%
0.08 1431 0672 0.138 12.11 -0.0645 1.25% 1 0.55%
- 0.06 1.242 0.467 0.176 13.69 -0.0868 0.67% 25 0.38%
0.05 1.162 0.430 0.189 11.62 -0.0801 0.62% 4 0.33%
0.04 1.093 0.397 0.200 15.17- -0.1095 0.69% 35 0.30%
0.03 1.043 0.385 0.201 10.31 -0.0704 0.17% 1 0.08%
0.02 1.011 0.485 0.130 34.23 -0.2751 0.10% 35 0.06%
0.015 | 1.005 0.431 0.170 28.68 -0.4604 0.09% 20 0.04%
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Table 4. Fitting Paiameters of the Geometrical Progression Approximation for Ambient Dose

Equivalent Buildup Factor of Heavy Concrete (Fe)

Energy B c a Xk d . Max. At mfp  St.error
(MeV) » error
15 1.604 0.844 0.065 14.68 -0.0576 2.83% 1 1.37%
10 1.463 0.866 0.055 12.40 -0.0489 2.64% 1 1.05%
8 1.497 0.889 0.045 14.42 -0.0460 2.22% 1 0.94%
6 1.548 0.931 0.029 14.89 -0.0285 1.99% 1 0.95%
5 1.587 0.957 0.022 12.92 -0.0259 1.82% 1 0.81%
4 1.625 1.031 -0.006 5.01 0.0060 2.16% 1 0.92%
3 1.700 1.066 -0.014 5.18 0.0086 1.73% 35 0.80%
2 1.793 1.118 -0.020 10.59 -0.0089 1.75% 35 0.61%
1.5 1.870 1.209 -0.042 28.89 0.0405 2.92% 25 1.03%
1 1.969 1.299 -0.069 17.58 0.0252 0.86% 1 0.31%
0.8 2.018 1.334 -0.063 29.08 0.0534 2.34% 30 0.92%
0.6 2.079 1.387 -0.072 31.00 0.0794 3.60% 35 1.63%
0.5 2.177 1.318 -0.051 8.99 -0.0111 1.46% 30 0.71%
0.4 2.209 1.326 -0.066 27.50 0.0166 1.66% 25 0.76%
0.3 2.252 1.241 -0.034 9.68 -0.0163 1.49% 1 0.57%
0.2 2.170 1.086 -0.004 12,51 -0.0257 2.25% 1 0.86%
0.15 | 1.997 0.929 0.030 15.38 -0.0333 2.21% . 1 0.99%
0.1 |1.620 0.686 0.101 1271 -0.0576 2.13% 1 0.82%
0.08 |1.428 0.574 0.137 12.02 -0.0636 1.41% 1 0.55%
0.06 | 1.231 0.483 0.166 13.88 -0.0807 0.65% 1 0.38%
0.05 |1.148 0.452 0.177 11.64 -0.0735 0.65% 4 0.31%
0.04 |1.078 0.454 0.167 15.88 -0.0891 0.54% 1 0.27%
0.03 |1.035 0422  0.184 10.85 -0.0640 0.15% 3 0.07%
0.02 | 1.008 0.634 0.059 6.57 0.0166 0.15% 1 0.05%
0.015 | 1.004 0.450 0.170 29.44 -0.4487 0.07% 15 0.03%
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Table 5. Fitting Parameters of the Geometrical Progression Approximation for Effective Dose
Buildup Factor with A-P Geometry of Heavy Concrete (Fe)

Energy B c a X d Max. At mfp  St.error
(MeV) : error
15 | 1.447 .0.823 0.073 14.54 -0.0643 2.63% 15 1.35%
10 |1.454 0.864 0056 12.42 -0.0503 2.25% 1 1.00%
8 |1.485 0.892 0044 1441 -0.0454 2.01% 1 0.90%
6 |1.532 0940 0.026 14.99 -0.0262 2.04% 1 0.90%
5 |1.572 0963 0.020 12.95 -0.0242 1.81% 1 0.79%
4 |1.614 1.031 -0.006 525 0.0061 1.98% 1 0.90%
3 .|1.689 1.063 -0.013  5.00 0.0077 1.70% 35 0.79%
2 |1.782 1.125 -0.022 10.13 -0.0074 1.68% 35 0.65%
15 |1.845 1.205 -0.041 29.62 0.0396 2.84% 25 1.02%
1 |1.951 1.299 -0.059 17.71 0.0255 0.91% 1 0.31%
0.8 [2019 1.325 -0.061 2842 0.0453 2.24% 30  0.88%
0.6 |2074 1.387 -0.072 31.06 0.0802 83.78% 35 1.62%
0.5 |2165 1.327 -0.053  8.31 -0.0102 1.46% 30 0.74%
0.4 |2213 1.326 -0.056 26.80 0.0158 1.61% 25 0.76%
0.3 {2257 1.241 -0.034  9.69 -0.0163 1.50% 1 0.57%
0.2 |2175 1.092 -0.006 1256 -0.0234 2.48% 1 0.86%
0.15 |1.995 0.932 0.029 1544 -0.0324 2.34% 1 0.99%
0.1 |1.614 0682 0.103 12.72 -0.0594 1.67% 1 0.79%
©0.08 |1.412 0588 0.130 12.03 -0.0591 1.38% 1 0.52%
0.06 |1.218 0.497 0.159 14.00 -0.0765 0.57% 5 0.36%
0.05 |1.141 0.470 0.166 11.72 -0.0664 0.65% 4 0.32%
0.04 |1.080 0.435 0.181 15.04 -0.0979 0.56% 35 0.26%
0.03 |1.038 0.413 0.187 10.64 -0.0655 0.15% 3 0.07%
0.02 |1.009 0575 0.091 380.36 -0.1078 0.13% 1 0.05%
0.015 |1.005 0.394 0.197 34.45 -0.7499 0.08% 2 0.04%
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Table 6. Fitting Parameters of the Geometrical Progression Approximation for Exposure
Buildup Factor of Heavy Concrete (Ba)

Energy B c a Xr d Max. At mfp  St.error
MeV) , error ’

15 1.425 1.068 -0.002 6.20 0.0443 3.72% 1 1.83%
10 1.408 1.011 0.002 5.06 0.0395 3.78% 1 1.49%
8 1.455 0.899 0.052 14.19 -0.0554 2.11% 4 1.17%

6 1.472 0.967 0.025 14.61 -0.0295 2.52% 25 1.44%

5 1.498 0.977 0.022 13.76 -0.0358 2.01% 1 0.78%

4 1.538 1.000 0.016 10.73 -0.0288 1.80% 25 0.87%

3 1.588 1.022 0.009 11.75 -0.0314 1.14% 25 0.63%

2 1.643 1.073 -0.007 9.33 -0.0157 0.41% 1 0.26%
1.5 1.667 1.098 -0.012 9.08 -0.0208 0.48% 10 0.29%
1 1.689 1.124 -0.018 8.07 -0.0152 0.73% 1 0.37%
0.8 1+ 1.700 1.111 -0.016 9.22 -0.0122 1.26% 35 0.59%
0.6 1.669 1.112 -0.023 13.67 0.0105 1.79% 1 0.77%
0.5 1:669 1.008 0.008 10.90 -0.0190 0.64% 15 0.39%
0.4 1.611 0.943 0.020 11.23 -0.0139 0.80% 30 0.48%
0.3 1.500 0.839 0.045 12.06 -0.0196 1.40% 1 0.60%
0.2 1.316 0.683 0.089 13.52 -0.0389 1.02% -15 0.64%
0.15 1.203 0.5688 0.118 12,71 -0.0472 0.60% 1 029%
0.1 1.096 0.485 0.163 11.84 -0.0794 0.50% 4 0.21%
0.08 1.066 0.444 0.174 15.72 -0.1001 0.33% 1 0.17%
0.06 1.042 0.350 0.215 11.52 0.3311 0.92% 30 0.51%
0.05 1.020 0.542 0.217 7.49 0.2949 4.38% 35 1.93%
0.04 1.015 1.769  0.029 5.02 0.0919 1.97% 2 1.22%
0.03 1.036 0.391 0.189 13.82 -0.0708 0.27% 3 0.13%
0.02 1.010 0.413 0.177 33.39 -0.4877 0.24% 4 0.08%
0.015 1.004 0.493 0.102 7.40 0.0507 0.12% 2 0.05%
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Table 7. Fitting Parameters of the Geometrical Progression Approximation for Ambient Dose
Equivalent Buildup Factor of Heavy Concrete (Ba)

Energy Max.
B c a Xk d At mfp  St.error
(MeV) error

15 1.665 0.916 0.059 16.64 -0.0697 2.83% 25 1.52%
10 1.469 0.883 0.060 14.89 -0.0606 2.29% 15 1.43%
8 1.468 0.906 0.049 14.33 -0.0518 2.12% 1 1.12%

6 1.509 0.938 0.034 14.69 -0.0366 2.62% 3 1.60%
5 1.515 0.974 0.023 13.68 -0.0366 2.50% 1 0.86%
4 1.562 0.990 0.019 10.89 -0.0304 1.60% 25 0.90%

3 1.617 1.009 0.013 11.89 -0.0344 1.06% 25 0.66%

2 1.663 1.067 -0.0056 9.47 -0.0178 0.52% 30 0.30%
1.5 1.703 1.098 -0.012 9.05 -0.0206 0.62% 1 0.33%
1 1.727 1.120 -0.017 8.42 -0.0155 0.74% 15 0.39%
0.8 1.716 1.148 -0.029 28.29 0.0213 1.77% 1 0.72%
0.6 1.706 1.102 -0.020 13.93 0.0077 1.76% 1 0.82%
0.5 1.701 1.002 0.010 11.00 -0.0209 0.68% 7 0.40%
0.4 1.638 0.940 0.021 11.31 -0.0148 1.09% 1 0.50%
0.3 1.525 0.831 0.048 12.11 -0.0222 1.60% 1 0.66%
0.2 1.328 0.681 0.089 13.63 -0.0376 1.08% 1 0.66%
0.15 1.212 0.575 0.124 12.80 -0.0513 0.60% 2 0.30%
0.1 1.096 0.499 0.151 1291 -0.0705 0.56% 1 0.25%
0.08 1.064 0.451 0.170 15.72 -0.0947 0.26% 1 0.15%
0.06 1.025 0.679 0.042 13.26 0.3422 1.12% 1 0.55%
0.05 1.011 0.628 0.192 7.88 0.2390 2.65% 25 1.562%
0.04 1.010 1.882 0.020 5.43 0.0458 2.06% 3 1.09%
0.03 1.035 0.422 0.184 10.85 -0.0640 0.15% 3 0.07%
0.02 1.008 0.634 0.059 6.57 0.0166 0.15% 1 0.05%
0.015 1.004 0.450 0.170 29.44 -0.4487 0.07% 15 0.03%
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Table 8. Fitting Parameters of the Geometrical Progression Approximation for Effective Dose
Buildup Factor with A-P Geometry of Heavy Concrete (Ba)

Energy B c a X d Max. At mfp St error
(MeV) error
15 1.435 1.052 -0.001 6.11 0.0460 3.83% 1 1.88%
10 1.460 0.876  0.063 14.59  -0.0643 2.66% 15 1.45%
8 1:430 1.008 0.000 5.00 '0.0378 3.72% 1 1.40%
6 1.497 0.946 0.031 14.95 -0.0337 2.67% 3 1.59%
5 1.506 0.974 0.023 13.68 -0.0367 2.24% 1 0.81%
4 1.548 0.999 0.016 10.76  -0.0277 1.71% 30 - 0.88%
3 1.599 1.024 0.008 11.80 -0.0295 1.14% 25 0.67%
2 1.660 1.070 -0.006 9.40 -0.0168 0.50% 30 0.29%
1.5 1.689 1.091 -0.010 9.29 -0.0220 0.52% 7 0.31%
1 1.715 1.120 -0.017 8.36 -0.0155 0.74% 1 0.39%
0.8 1.730 1.107 -0.016 9.55 -0.0124 1.46% 35 0.60%
0.6 1.703 1.102 -0.020 13.92 0.0078 71.68% 1 0.80%
0.5 1.698 1.003 0.010 10.88 -0.0216 0.83% 15 0.40%
0.4 1.639 0.940 0.021 11.36  -0.0149 1.07% 1 0.51%
0.3 1.5628 0.828 0.049 12.23  -0.0227 1.46% 1 0.67%
0.2 1.330 0.679 0.090 13.52 -0.0386 1.12% 1 0.66%
» 0.15 1.211 0.581 0.121 12.79  -0.0494 0.66% 1 0.29%
0.1 1.096  0.487 0.160 12.75  -0.0799 0.50% 35 0.23%
0.08 1.062 0.463 0.164 15.79  -0.0913 0.31% 25 0.14%
0.06 1.035 0.399  0.165 12.54  0.3683 0.74% 25 0.40%
0.05 1.012 0.586  0.205 798  0.2532 3.54% 35 1.54%
0.04 1.010 1.869 0.021 5.36 0.0519 1.91% 3 1.02%
0.03 1.031 0.432 0.170 13.85 -0.0643 0.23% 1 0.10%
0.02 1.008 0.516 0.124 3346 -0.3162 0.18% 4 0.08%
0.015 | 1.004 0.431 0.139 5.00 0.0491 0.12% 30 0.05%
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4. Summary

Buildup factors of two typical heavy concretes were evaluated to improve the capability
of the various materials for the shielding wall by using the calculation of the EGS4 Monte
Carlo code in ranging from 0.015 MeV to 15 MeV, and up to 40 mfp. One is iron-contained and
the other is barium-contained heavy concretes. The data of these buildup factors were
compared with that of the element of the main component of the heavy concretes on the
assumption of the same densities. Using these data, the fitting parameters of the Geometrical
Progression approximation were derived. As the results, we can use easily the code of the

point kernel method with good accuracy for the case of the shield material of heavy concretes.
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Appendix: Data of Buildup Factors for Heavy Concrete
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Table Al. Exposure Buildup Factors of Heavy Concrete (Fe)
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Photon
Energy 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 0.5
(MeV)
1.0 mfp 1.01 1.01 1.04 1.10 1.17 1.25 145 1.64 1.98 2.13 2.18 2.14 2.09
2.0 mfp 1.01 1.02 1.06 1.18 1.24 1.36 170 2.05 2.82 3.26 3.55 3.52 3.44
2.5 mip 1.01 1.02 1.07 115 1.27 1.42 1.80 2.23 3.24 3.87. 4.29 4.32 4.22
3.0 mfp 1.01 1.02 1.07 116 1.29 1.45 1.89 2.40 3.65 4.50 5.11 5.18 -5.08
3.5 mip 1.01 1.02 1.08 1.17 1.31 1.50 1.99 2.58 4.10 5.15 6.00 6.12 5.99
4.0 mfp 1.01 1.02 1.08 1.17 1.32 1.51 2.06 2.73 4.51 5.86 6.98 7.12 6.96
4.5 mip 1.01 1.03 1.09 1.19 1.34 1.56 2.13 2.87 4.97 6.59 7.99 8.24 8.05
5.0 mfp 1.01 1.02 1.09 1.19 1.36 1.56 2.24 3.05 5.45 7.835 9.09 9.38 9.19
5.5 mip 1.01 1.03 1.09 1.20 1.37 1.59 2.30 3.19 5.90 8.15 10.2 10.6 10.5
6.0 mfp 1.01 1.03 1.09 1.21 1.39 1.62 2.36 3.33 6.36 8.94 11.5 11.9 11.8
6.5 mfp 1.01 1.03 1.09 1.21 1.40 1.64 243 3.48 6.84 9.80 12.7 134 13.2
7.0 mfp 1.01 1.03 1.10 1.22 1.41 1.66 247 3.62 7.35 10.7 14.1 14.8 14.6
7.5 mfp 1.01 1.03 1.10 1.23 1.42 1.69 2.55 3.78 7.76 11.6 15.6 i6.4 16.1
8.0 mfp 1.01 1.03 1.10 1.23 1.44 1.71 2.61 3.89 8.29 12.6 17.0 18.0 17.8
9.0 mfp 1.01 1.03 111 1.24 1.46 1.75 2.71 4.19 9.25 14.6 20.2- 21.5 21.4
10.0 mfp 1.01 1.03 1.11 1.256 1.47 1.78 2.81 4.44 7 10.3 16.5 24.0 25.3 25.0
11.0 mfp 1.01 1.03 111 1.26 1.49 1.82 2.92 4.69 11.3 18.6 27.6 294 29.1
12.0 mfp 1.01 1.03 111 1.27 1.50 1.86 3.03 4.94 12.4 21.0 31.8 33.9 33.6
13.0 mfp 1.01 1.03 1.12 1.27 1.52 1.88 3.09 5.16 13.5 23.4 36.2 38.9 38.6
14.0 mfp 1.01 1.03 112 1.28 1.53 1.90 3.17 5.41 14.6 26.0 41.0 43.5 43.7
15.0 mfp 1.02 1.03 1.12 1.29 1.54 1.92 3.28 5.69 15.6 28.4 45.8 48.7 49.4
16.0 mfp 1.01 1.04 1.12 1.29 1.56 1.96 3.37 5.91 16.8 31.1 51.4 54.1 556.2
17.0 mfp 1.01 1.04 1.18 1.30 1.56 1.98 3.46 6.11 18.0 33.9 56.9 60.3 62.4
18.0 mfp 1.02 1.04 1.13 1.30 1.58 2.01 3.51 6.27 19.2 36.8 63.0 66.3 68.8
19.0 mfp 1.02 1.04 1.13 1.31 1.59 2.03 3.61 6.55 20.5 39.9 69.0 73.9 75.1
20.0 mfp 1.02 1.04 113 131 1.60 2.04 3.64 6.76 21.9 43.4 76.1 81.2 83.4
21.0 mip 1.02 1.04 1.13 1.31 1.60 2.06 8.71 6.93 23.1 46.4 83.5 89.5 88.7
22.0 mfp 1.02 1.04 1.14 1.32 1.61 2.08 3.75 7.15 24.3 49.4 90.6 97.3 96.2
23.0 mfp 1.02 1.04 1.14 1.32 1.62 2.10 3.88 7.30 25.5 53.0 97.8 1086. 105.
24.0 mfp 1.02 1.04 1.14 1.38 1.61 211 3.94 7.68 27.0 56.7 1086. 117. 111,
25.0 mfp 1.02 1.04 1.14 1.33 1.63 2.12 3.96 7.68 28.6 60.0 111. 126. 120.
26.0 mfp 1.02 1.04 1.14 1.33 1.64 . 2.14 4.00 7.90 29.9 62.6 121. 133. 133.
27.0 mfp 1.02 1.04 1.14 1.34 1.65 217 4.06 8.04 30.9 66.9 129. 142. 141.
28.0 mfp 1.02 1.04 1.15 1.34 1.67 215 4.16 8.36 32.5 69.1 1386. 149. 150.
29.0 mfp 1.02 1.04 1.14 1.34 1.67 2.20 4.20 8.43 34.2 73.7 152. 161. 160.
30.0 mfp 1.02 1.04 1.14 1.34 1.67 2.20 4.25 8.63 34.8 79.3 158. 172. 170.
31.0 mfp 1.02 1.04 1.15 1.35 1.68 2.22 4.32 8.85 36.9 825 169. 183. 183.
32.0 mfp 1.02 1.04 1.14 1.35 1.69 2.24 4.34 9.12 ) 37.7 87.0 179. 191. 193.
33.0 mfp 1.02 1.04 1.15 1.36 1.69 2.24 4.36 9.17 39.4 90.9 191. 207. 205.
34.0 mfp 1.02 1.04 1.15 1.36 1.69 2.23 451 9.41 41.8 97.0 203. 215. 214.
85.0 mfp 1.02 1.04 1.156 1.36 1.71 2.26 4.51 9.60 429 ) 98.6 216. 232. 221.
40.0 mfp 1.02 1.04 1.16 1.36 1.76 2.33 4.94 10.7 49.3 121. 283. . 303. 285.




Table A1l. (Continued) Exposure Buildup Factors of Heavy Concrete (Fe)

JAEA-Data/Code 2007-006

Photon
Energy 0.6 0.8 1 15 2 3 4 5 6 8 10 15
(MeV) ]
1.0 mfp 2.04 1.97 - 1.91 1.81 1756 1.68 1.62 1.58 1.54 1.50 1.47 1.44
2.0 mfp 3.33 3.15 2.99 2.75 2.58 2:36 2.21 2.10 2.01 1.90 1.84 1.80
2.5 mfp 4.08 3.83 3.62 3.26 3.01 2.72 2.51 2.36 2.25 2.10 2.02 1.97
3.0 mfp 4.90 4.55 4.28 3.79 3.47 3.07 2.81 2.63 2.48 2.31 2.21 2.14
3.5 mfp 5.76 5.35 5.00 4.36 3.94 3.44 3.12 2.89 2.73 2.52 2.39 2.31
4.0 mfp 6.69 6.17 5.75 4.94 4.43 3.82 3.45 3.17 2.97 2.72 2.58 2.48
4.5 mfp 7.19 7.07 6.54 5.57 1494 4.20 3.75 3.44 3.21 2.94 2.77 2.65
5.0 mfp 8.90 8.03 7.40 6.19 5.47 4.63 4.08 3.72 3.47 3.15 2.95 2.83
5.5 mfp 10.0 9.04 8.28 6.83 5.99 5.03 4,42 4.03 3.73 3.36 3.15 3.03
6.0 mfp 11.3 10.1 9.19 7.562 6.52 5.43 477 4.34 3.99 3.59 3.36 3.2,3
6.5 mfp 12.6 11.2 102 8.23 7.07 5.86 512 462 4.25 3.81 3.57 3.41
7.0 mfp 14.0 12.4 111 8.91 7.62 6.26 5.46 4.94 4.51 4.02 3.76 3.61
1.5 mfp 15.4 135 12.1 9.66 8.23 6.69 5.82 5.22 4.77 4.25 3.98 3.82
8.0 mfp 16.9 14.8 13.2 10.3 8.78 7.09 6.18 5.53 5.04 4.50 4.19 4.03
9.0 mfp 20.3 175 15.4 12.0 10.0 7.92 6.85 6.19 5.62 5.00 4,63 447
10.0 mfp 23.6 20.4 17.6 13.6 11.3 8.81 7.69 6.76 6.13 5.52 5.10 4.90
11.0 mfp 27.5 235 20.2 154 12.5 9.82 8.32 7.50 6.79 6.05 5.58 5.40
12.0 mip 315 26.7 22.5 17.2 13.7 10.8 9.11 811 7.44 6.62 6.09 5.91
13.0 mfp 36.1 30.0 25.4 18.9 15.0 11.7 9.86 8.85 7.95 7.20 6.56 6.41
14.0 mfp 40.2 33.5 282 20.9 16.3 12.7 10.5 9.51 8.65 7.71 7.08 7.01
15.0 mfp 44,7 37.3 31.2 22.6 18.1 13.7 11.3 10.3 9.20 8.21 7.61 7.56
16.0 mfp 49.9 41.1 34.2 24.4 19.6 14.7 12.1 1 LO 9.89 8.80 8.27 8.23
17.0 mfp 56.2 45.3 37.2 26.2 21.0 15.7 12.9 11.7 10.5 9.40 8.82 8.89
18.0 mfp 60.8 49.3 40.4 28.4 22.4 16.8 13.7 2.5 113 10.0 9.34 9.49
19.0 mfp 66.6 53.6 43.7 30.3 23.9 17.9 14.4 13.3 12.0 10.6 9.91 10.0
20.0 mfp 72.9 58.3 4’7;4 33.0 25.8 19.3 15.3 13.9 12.6 11.2 10.4 10.8
21.0 mfp 79.9 63.6 51.0 35.1 27.5 20.1 16.1 14.7 13.3 11.8 11.1 114
22.0 mfp 85.3 68.3 54.3 37.3 28.9 21.2 16.9 15.7 13.9 12.6 116 12.2
23.0 mfp 92.5 75.9 58.1 39.6 30.5 22.1 17.9 16.2 14.6 13.4 12.3 13.0
24.0 mfp 100. 77.4 61.0 434 31.8 23.4 18.6 17.1 15.4 14.1 12.8 13.7
25.0 mfp 109. 83.5 65.9 45.2 33.4 24.1 19.9 18.0 16.2 14.6 13.3 144
26.0 mfp 116. 90.0 69.4 48.3 35.2 25.1 20.6 189 16.9 15.2 13.9 15.3
27.0 mfp 123. 98.7 73.3 50.8 36.4 26.3 21.3 19.8 17.5 16.1 14.6 16.3
28.0 mfp 129. 100. 79.2 51.9 37.7 27.3 22.3 ) 20.6 18.6 16.9 15.3 17.4
29.0 mfp 136. 106. 82.4 54,6 40.1 28.9 23.0 21.0 19.6 174 15.8 18.2
30.0 mfp 145, 115. 87.5 55.8 41.1 29.9 23.7 22.5 20.1 18.0 16.6 19.5
31.0 mfp 150. 118. 90.9 58.1 43.0 315 25.0 23.3 21.0 18.6 175 20.3
32.0 mfp 159, 125, 96.0 60.6 44.2 32.2 26.0 24,2 21.9 19.3 18.2 21.3
33.0 mfp 168. 131. 99.5 63.7 46.9 33.3 26.8 25.0 22.8 20.3 19.2 22.1
34.0 mfp 176. 136. 1b6. 65.1 475 34.1 27.8 26.0 238 21.1 20.1 23.5
35.0 mfp 180. 140. 112, 68.2 48.5 36.7 28.8 26.1 24.6 21.5 20.7 24.4
40.0 mfp 245, 179. 140. 85.1 58.3 41.7 32.9 31.5 28.6 25.1 25.4 30.4




Table A2. Ambient Dose Equivalent Buildup Factors of Heavy Concrete (Fe)

JAEA-Data/Code 2007-006

Photon
Energy 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 0.5
(MeV)
1.0 mfp 1.00 1.01 1.04 1.08 1.15 1.24 145 1.66 2.04 2.22 2.29 2.24 2.19
2.0 mfp 1.01 1.01 1.05 1.12 1.22 1.35 1.69 2.08 2.94 3.43 3.78 3.76 3.66
2.5 mip 1.01 1.02 1.06 1.13 1.25 1.40 1.79 227 3.37 4.09 4.60 4.63 4,51
3.0 mfp 1.01 1.02 1.06 1.14 1.27 1.44 1.89 2.44 3.81 4.75 5.49 5.57 5.42
3.5 mfp 1.01 1.02 1.07 1.15 1.29 1.48 1.98 2.61 4.29 5.45 6.46 6.61 6.45
4.0 mfp 1.01 1.02 1.07 1.156 1.30 1.49 2.06 2.17 4.71 6.21 7.54 7.70 7.51
4.6 mfp 1.01 1.02 1.07 1.17 1.32 1.54 2.13 2.92 5.20 6.99 8.64 8.92 8.70
5.0 mfp 1.01 1.02 1.08 1.17 1.34 1.55 2.24 3.10 5.71 7.81 9.84 10.2 9.96
5.5 mfp 1.01 1.02 1.08 1.18 1.35 1.58 2.30 3.24 6.18 8.68 111 11.5 114
6.0 mip 1.01 1.02 1.08 1.19 1.37 1.60 2.35 3.38 6.66 9.53 12.4 12.9 12.8
6.5 mfp 1.01 1.02 1.08 1.20 1.38 1.63 2.43 3.54 7.18 104 13.8 14.6 14.3
7.0 mfp 1.01 1.03 1.08 120 1.39 1.65 2.47 3.68 7.71 114 15.3 16.1 15.9
7.5 mip 1.01 1.03 1.09 1.21 1.40 1.67 2.55 3.84 8.14 12.3 17.0 17.9 17.6
8.0 mfp 1.01 1.03 1.09 1.22 1.42 1.70 2.60 3.95 8.71 13.4 18.5 19.6 19.5
9.0 mip 1.01 1.03 1.10 122 143 1.73 2.71 4.26 9.72 15.6 22.0 23.5 23.4
10.0 mfp 1.01 1.03 1.10 1.23 1.45 1.76 2.81 "4.52 10.8 176 26.2 27.8 274
11.0 mfp 1.01 1.03 1.10 1.24 1.46 1.81 291 4.77 11.9 199 30.2 32.2 31.9
12.0 mfp 1.01 1.08 1.10 1.25 1.48 1.84 3.03 5.03 13.0 22.5 34.9 37.2 36.9
13.0 mfp 1.01 1.03 1.10 1.25 1.50 1.86 3.08 5.25 14.2 25.0 39.6 42.8 42.3
14.0 mfp 1.01 1.03 111 1.26 1.51 1.88 3.16 5.50 15.3 218 44.9 47.9 48.0
15.0 mip 1.01 1.03 1.11 : 1.27 1.52 1.91 3.27 5.78 16.5 30.4 50.2 53.5 54.3
16.0 mfp 1.01 1.03 1.11 1.27 1.63 1.94 3.36 6.01 176 33.4 56.4 59.6 60.7
17.0 mfp 1.01 1.08 111 1.28 1.54 1.96 3.45 6.21 18.9 36.4 62.5 66.5 68.7
18.0 mfp 1.01 1.03 1.12 1.28 1.55 1.99 3.50 6.37 20.2 39.5 69.2 73.1 75.9
19.0 mfp 1.01 1,08 112 1.29 1.56 2.00 3.60 6.66 21.6 42.9 75.9 81.6 82.8
20.0 mfp 1.01 1.04 112 1.29 1.57 2.02 3.64 6.88 23.1 46.6 83.7 89.7 91.9
21.0 mfp 1.01 1.04 1.12 1.30 1.58 2.04 3.70 7.056 24.3 49.8 92.0 98.8 97.8
22.0 mfp 1.01 1.04 1.12 1.30 1.59 2.06 3.74 728 25.6 53.0 99.7 107. 106.
23.0 mfp 1.01 1.04 112 1.30 1.59 2.08 3.88 7.43 26.9 56.9 108. 117. 116.
24.0 mfp 1.01 1.04 1.12 1.31 1.59 2.09 3.93 7.82 284 60.9 116. 130. 122.
25.0 mfp 1.02 1.04 1.13 1.31 1.61 2.10 3.95 7.80 30.1 64.5 122. 139. 132.
26.0 mfp 1.02 1.04 1.13 1.31 1.62 2.12 3.99 8.03 315 67.2 133. 147. 147.
27.0 mfp 1.02 1.04 1.13 1.32 1.62 2.156 4.05 8.18 32.6 71.9 142. 157. 155.
28.0 mfp 1.02 1.04 1.14 1.32 1.64 2.13 4.15 8.50 34.2 74.2 150. 165. 166.
29.0 imfp 1.02 1.04 1.13 1.32 1.64 218 4.19 8.58 36.1 79.2 168. 179. 177.
§0.0 mfp 1.02 1.04 1.13 1.32 1.64 2.18 4.24 8.78 36.7 85.2 172. 191. 188.
31.0 mfp 1.02 1.04 1.13 1.33 1.65 2.20 4.28 9.00 38.9 88.6 186. 203. 203.
32.0 mfp 1.02 1.04 1.13 1.33 1.67 2.22 4.33 9.27 39.8 93.5 197. 212. 213.
33.0 mfp 1.02 1.04 1.14 1.34 1.66 2.22 4.35 9.32 41.6 97.6 211. 230. 2217,
34.0 mfp 1.02 1.04 1.14 1.34 1.67 2.21 4.50 9.567 44.0 104. 224. 239. 237.
35.0 mfp 1.02 1.04 1.14 1.34 1.69 2.23 4.50 9.76 45.3 106. 238. 2567. 244.
40.0 mfp 1.02 1.04 1.15 1.34 1.73 2.30 4.93 10.8 52.0 131. 313. 337. 315.




JAEA-Data/Code 2007-006

Table A2. (Continued) Ambient Dose Equivalent Buildup Factors of Heavy Concrete (Fe)

Photon
Energy 0.6 0.8 1 1.5 2 3 4 5 6 8 10 15
(MeV)
1.0 mfp 2.14 2.05 1.99 1.88 1.79 1.72 1.66 1.62 1.58 1.53 1.50 1.65
2.0 mfp 3.54 3.34 3.17 2.90 2.66 2.44 2.28 2.16 2.07 1.95 1.89 2.15
2.5 mfp 4.36 4.07 3.85 3.46 3.12 2.82 2.59 2.43 2.31 2.16 2.08 2.39
3.0 mfp 5.25 4.87 4.57 4.03 3.60 3.19 2.90 2.71 2.55 2.37 2.27 2.64
3.5 mfp 6.20 5.74 5.35 4.65 4.09 3.58 3.22 2.98 2.81 2.59 2.46 2.87
4,0 mfp 7.21 6.62 6.17 5.28 4.60 3.97 3.57 3.27 3.06 2.81 2.65 3.11
4.5 mfp 8.43 7.62 7.03 5.97 5.15 4.37 3.88 3.55 3.31 3.03 2.86 3.35
5.0 mfp 9.64 8.66 7.98 6.65 5.70 4.82 4.22 3.85 3.58 3.24 . 3.04 3.61
5.5 mfp 10.9 9.76 8.93 7.34 6.25 525 4.58 4.16 3.85 3.47 3.25 3.88
6.0 mfp 12.2 109 9.92 8.09 6.80 5.66 4.94 4.48 412 3.71 3.47 4.17
6.5 mfp 13.7 12.1 11.0 8.86 7.39 6.11 5.31 4.78 4.39 3.93 3.68 4.43
7.0 mip 15.2 134 12.6 9.61 7.96 6.54 5.66 *5.11 4.66 4.15 3.88 4.69
7.5 mfp 16.7 14.7 13.1 104 8.60 6.99 6.03 5.41 4.93 4.39 4.10 5.00
8.0 mfp 18.4 16.1 14.3 11.2 9.18 7.40 6.42 5.72 5.21 4.64 4.32 5.28
9.0 mip 222 19.0 16.8 12.9 10.5 8.28 711 6.41 5.82 5.16 4.78 5.91
10.0 mfp 25.9 22.3 19.1 14.8 11.8 9.21 7.98 7.00 6.34 5.71 5.27 6.51
11.0 mfp 30.2 256.7 22.0 16.7 13.1 10.3 8.64 7.77 7.02 6.25 5.77 7.22
12.0 mip 34.5 29.1 24.6 18.6 144 11.3 9.46 8.41 7.70 6.85 6‘30‘ 7.94
13.0 mip 39.6 32.8 277 20.5 15.7 12.2 10.2 9.18 8.22 7.45 6.78 8.64
14.0 mfp 44,1 36.7 30.7 22.7 17.1 13.2 10.9 9.85 8.95 7.98 7.32 9.51
15.0 mfp | 49.1 40.8 34.1 24.6 19.0 14.4 11.8 10.7 9.52 8.49 7.86 10.3
16.0 mfp 54.9 45,0 37.3 26.6 20.6 15.4 12,5 114 10.2 9.10 8.55 11.2
17.0 mfp 60.8 49.6 40.6 28.5 22.0 16.4 134 12.2 10.9 9.73 9.13 12.2
18,0 mfp 67.0 54.0 44.2 30.8 23.5 17.6 14.2 13.0 11.7 10.4 9.67 13.0
19.0 mfp 73.3 58.8 47.8 32.9 25.1 187 15.0 13.8 12.4 11.0 10.2 13.7
20.0 mfp 80.4 63.9 51.9 35.9 27.1 20.2 15.9 14.4 13.0 11.6 10.8 14.8
21.0 mfp 88.0 69.8 55.7 38.2 28.8 21.1 16.7 15.2 13.8 12.2 115 16.7
22.0 mfp 94.1 75.0 59.56 40.6 30.3 22.2 17.6 16.3 14.4 13.0 12.0 16.9
23.0 mfp 102. 83.6 63.6 43.0 32.1 23.2 18.8 16.8 15.2 13.8 12.8 181
24.0 mfp 111. 84.8 66.8 47.3 33.4 24.6 194 17.8 15.9 14.6 13.3 19.0
25.0 mfp 121, 91.7 72.2 49.1 35.1 25.2 20.7 18.7 16.7 15.1 13.8 19.9
26.0 mfp 128. 98.9 76.0 52.6 37.0 26.3 214 19.6 17.5 15.8 14.4 21.3
27.0 mfp 135. 109. 80.3 55.3 383 275 22.1 20.6 18.1 16.6 15.1 22.6
28.0 mfp 143. 110. 86.9 56.5 39.7 28.7 23.2 21.4 19.3 175 15.8 24.2
29.0 mip 150. 117. 90.3 59.5 42.2 30.3 23.9 21.8 204 18.0 16.3 25.3
30.0 mfp 160. 126, 96.0 60.7 43.2 314 24.6 233 20.8 18.7 17.1 27.2
31.0 mfp 166. 130. 99.6 63.3 45.2 33.1 26.0 24.1 217 19.3 18.1 28.3
32.0 mfp 176. 137. 105. 66.0 46.4 338 27.0 25.1 22.8 20.0 18.8 29.7
33.0 mfp 186. 144, 109. 69.6 49.3 34.9 27.9 26.0 23.6 211 19.9 30.9
34.0 mfp 194. 150. 117. 70.9 50.0 35.8 28.9 27.0 24.7 21.8 20.9 32.8
35.0 mfp 199. 153. 122. 74.3 50.9 38.6 30.0 27.1 25.5 22.3 21.5 34.2
40.0 mfp 271, 197. 154. 93.1 61.2 43.7 34.2 32.7 29.6 26.0 26.3 42.7




Table A3. Effective Dose (AP) Buildup Factors of Heavy Concrete (Fe)

JAEA-Data/Code 2007-006

Photon
Energy 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.16 0.2 0.3 0.4 0.5
(MeV)
1.0 mfp 101 1.01 1.04 1.08 ° 1.15 1.22 1.43 1.64 2.04 2.23 2.29 2.25 2.19
2.0 mfp 1.01 » 1.01 1.06 112 1.21 1.33 1.67 2.06 2.94 3.45 3.79 3.77 3.66
2.5 mfp 1.01 1.02 1.06 1.13 1.24 1.38 1.77 2.24 3.38 4.11 4.61 4.64 4.52
3.0 mfp 1.01 1.02 1.07 1.14 1.26 1.42 1.87 2.42 3.82 4.79 5.51 5.58 5.43
3.5 mip 1.01 1.02 1.07 1.15 1.28 1.46 1.96 2.59 4.29 5.49 6.48 6.62 6.45
4.0 mfp . 1.01 1.02 1.07 1.16 1.29 1.47 2.03 2.75 4.72 6.26 7.56 7.72 7.61
4.5 mfp 1.01 1.02 1.08 1.17 1.31 1.52 2.10 2.89 5.21 7.04 8.67 8.95 8.70
5.0 mfp 1.01 1.02 1.08 1.17 1.34 1.52 2.21 3.07 5.72 7.87 9.88 10.2 9.96
5.5 mfp 1.01 1.02 1.08 1.18 1.34 1.56 2.27 3.21 6.19 8.74 11.1 11.5 11.4
6.0 mfp 1.01 1.02 1.09 1.19° 1.36 1.58 2.33 3.36 6.67 9.60 12,5 13.0 12.8
6.5 mfp 1.01 1.03 1.09 1.20 1.37 1.61 2.40 3.51 7.19 10.5 13.9 14.6 14.3
7.0 mfp 1.01 1.03 1.09 1.20 1.38 1.63 2.44 3.64 7.72 . 11.5 15.4 16.1 15.9
7.5 mfp 1.01 1.03 1.09 1.21 1.39 1.65 2.52 3.80 8.15 12.4 17.1 17.9 17.6
8.0 mfp 1.01 1.03 1.10 1.22 141 1.67 2.57 3.91 8.72 13.5 18.6 19.7 19.5
9.0 mfp 1.01 1.03 1.10 1.22 1.43 1.71 2.68 4.21 9.73 15.7 22.1 23.6 234
10.0 mfp 1.01 1.03 1.10 1.23 1.44 1.74 2.78 447 10.9 17.7 26.3 27.8 274
11.0 mfp 1.01 1.03 1.11 1.24 1.46 1.78 2.88 4.72 11.9 20.0 30.3 32.3 31.9
12.0 mip 1.01 1.03 1.11 1.25 1.47 1.81 2.99 4.98 13.0 22.7 35.0 37.3 36.9
13.0 mfp 1.01 1.03 111 125 1.49. 1.84 3.05 5.20 14.2 25.2 39.8 43.0 42.3
14.0 mfp 1.01 1.03 111 1.26 1.50 1.86 3.13 5.45 15.3 28.0 45.1 48.1 48.1
15.0 mfp 1.02 1.03 1.11 1.27 1.51 1.88 3.24 5.72 16.5 30.6 50.4 53.7 54.3
16.0 mfp 1.01 1.03 112 1.27 1.52 191 3.33 5.95 17.7 33.6 56.6 59.7 60.7
17.0 mfp 1.01 1.03 1.12 1.28 1.63 1.93 341 6.15 18.9 36.7 62.8 66.6 68.7
18.0 mfp 1.01 1.03 1.12 1.29 1.54 1.96 3.47 6.31 20.3 39.8 69.5 73.3 75.9
19.0 mfp 1.01 1.03 1.13 1.29 1.56 1.97 3.56 6.59 21.7 43.2 76.2 81.9 82.8
20.0 mfp 1.02 1.04 112 1.29 1.56 1.99 3.60 6.81 23.1 47.0 84.0 90.0 91.9
21.0 mip 1.02 1.04 1.13 1.30 1.57 2.02 3.66 6.98 24.3 50.2 92.4 99.1 97.9
22.0 mfp 1.02 1.04 1.13 1.30 1.58 2.04 3.71 7.21 25.6 53.4 100. 108. 106.
23.0 mfp 1.02 1.04 1.13 1.31 1.59 2.05 3.84 7.35 268.9 57.4 108. 118. 116.
24.0 mfp 1.02 1.04 1.13 1.31 1.68 2.07 ) 3.89 1.74 28.4 61.4 117. 130. 122.
25.0 mfp 1.02 1.04 1.13 1.31 1.60 2.07 3.91 7.72 30.1 65.0 123. 139. 132.
26.0 mfp 1.02 1.04 1.13 1.31 1.61 2.09 3.95 7.95 316 67.8 134. 148. 147.
27.0 mfp 1.02 1.04 1.13 1.32 1.62 2.12 4.01 8.10 32.6 72.5 143. 158. 155.
28.0 mfp 1.02 1.04 1.14 1.33 1.64 211 4.10 8.42 34.3 74.8 150. 166. 166.
29.0 mfp 1.02 1.04 1.14 1.32 1.64 2.15 4.15 8.49 36.1 79.8 169. 179. 177.
30.0 mfp 1.02 1.04 1.14 1.33 1.64 2.15 4.19 8.68 36.8 85.9 173. 191, 188.
31.0 mfp 1.02 1.04 1.14 1.33 1.65 2.17 4.24 8.91 389 89.3 187. 208. 203.
'32.0 mfp 1.02 1.04 1.14 1.33 1.66 2.19 4.29 9.18 39.8 94.3 198. 212. 213.
33.0 mfp 1.02 1.04 . 114 1.34 1.66 2.19 4.30 9.23 41.6 98.5 212. 230. 227.
34.0 mfp 1.02 1.04 1.14 1.34 1.66 2.18 4.45 9.48 441 105. 225. 239. 237.
35.0 mfp 1.02 1.04 1.15 1.35 1.68 2.21 - 445 9.66 454 107. 239. 268. 244,
40.0 mfp 1.02 1.04 1.16 1.35 1.72 2.27 4.87 10.7 52.1 132. 314. 338. 315.
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Table A3. (Continued) Effective Dose (AP) Buildup Factors of Heavy Concrete (Fe)

Photon
Energy 0.6 0.8 1 1.5 2 3 4 5 6 8 10 15
(MeV)
1.0 mfp 2.13 2.04 1.97 1.85 1.79 1.70 1.65 1.60 1.56 1.562 1.49 1.46
2.0 mip 3.53 3.31 3.13 2.84 2.65 2.41 2.25 213 2.04 1.93 1.87 1.82
2.5 mfp 4.34 4.04 3.79 3.38 3.10 2.78 2.56 " 2.40 2.28 2.14 2.05 2.00
3.0mifp | 5.23 4.83 4,51 3.93 3.58 3.15 2.86 267 2.52 2.34 2.24 2.17
3.5 mfp 6.18 - 5.69 5.28 4.53 4.07 3.53 3.18 2.94 2.77 2.56 2.43 2.34
4.0 mip 718 6.57 6.08 5.15 4.58 3.91 3.52 3.23 3.01 2.77 2.62 2.52
4.5 mfp 8;40 1.55 6.92 5.81 5.12 4.31 3.83 3.50 3.26 2.98 2.82 2.69
5.0 mip 9.60 8.58 7.85 6.47 5.67 4.75 4.17 3.79 3.63 3.20 3.00 2.88
5.5 mip 10.8 9.67 8.79 7.13 6.22 5.17 452 4.10 3.79 3.42 3.20 3.07
6.0 mfp 12.2 10.8 9.76 . 7.86 6.77 5.57 4.87 4.42 4.06 3.65 - 3.42 3.28
6.5 mfp 13.6 12.0 10.8 8.60 7.35 6.02 5.23 74.71 4.33 3.87 3.62 3.47
7.0 mfp 15.2 13.3 11.8 9.33 7.92 6.43 5.57 5.03 4.59 ) 4.09 3.82 3.66
7.5 mfp 16.7 14.6 12.9 10.1 8.55 6.88 5.95 5.32 4.85 4.32 4.04 3.89
8.0 mfp 18.3 15.9 141 10.8 9.13 7.28 6.32 5.63 5.13 4.57 4.26 4.09
9.0 mfp 22.1 18.8 16.5 125 10.5 8.15 7.00 6.31 5.72 5.08 4.71 4.54
10.0 mfp 25.7 22.0 18.8 14.3 11.7 9.06 7.86 6.89 6.24 5.62 5.19 4.98
11.0 mfp 30.0 25.4 21.6 16.2 13.0 10.1 8.51 7.65 6.91 6.15 5.68 5.48
12.0 mfp 34.4 28.8 24.1 180 - 14.3 111 9.31 8.27 7.58 6.74 6.20 6.01
13.0 mfp 39.4 32.4 27.2 19.9 15.6 12.0 10.1 9.03 8.09 7.33 6.67 6.51
14.0 mfp 43.9 36.3 30.2 22.0 17.0 13.0 10.7 9.70 8.80 7.85 7.21 7.18
15.0 mfp 48.8 40.4 33.4 23.8 189 14.2 11.6 10.5 9.36 8.36 1.74 7.69
16.0 mfp 54.6 44.5 36.6 25.7 20.5 15.1 123 11.2 10.1 8.96 8.42 8.37
17.0 mfp 60.5 49.1 39.9 275 21.9 16.2 13.1 12.0 10.7 9.57 8.98 9.03
18.0 mfp 66.6 53.4 43.3 29.8 23.4 17.3 14.0 12.8 115 10.2 9.51 9.66
19.0 mfp 72,9 58.2 46.9 31.8 24.9 18.4 14.8 13.5 12.2 10.8 10.1 10.2
20.0 mfp 80.0 63.2 50.9 34.7 26.9 19.9 15.6 14.2 12.8 114 10.6 11.0
21.0 mfp 87.6 69.0 54.7 36.9 28.7 20.7 16.5 15.0 135 12.0 11.3 116
22.0 mfp 93.6 74.2 58.4 39.3 30.2 21.8 17.3 16.0 14.2 12.8 11.8 12.5
23.0 mfp 101. 82.7 62.4 41.6 31.9 22.8 18.3 16.5 14.9 13.6 12.6 13.3
24.0 mfp 110. 83.9 65.5 45.7 33.2 241 19.1 17.5 15.7 14.3 13.1 13.9
25.0 mfp 120. 90.7 70.8 475 34.9 24.8 20.4 184 16.5 14.8 13.6 14.6
26.0 mfp 127. 97.8 14.5 50.9 36.8 25.8 21.0 19.2 172 15.5 14.2 15.6
27.0 mfp 135. 108. 78.8 53.5 38.1 27.1 21.8 20.2 17.8 16.4 14.9 16.5
28.0 mfp 142, 109. 85.2 54.6 39.4 28.2 22.8 - 211 189 17.2 15.6 177
29.0 mip 149. 116. 88.6 57.5 42.0 29.8 23.5 21.5 7 20.0 17.7 16.1 18.5
30.0 mfp 159. 125. 94.1 58.7 42.9 30.8 242 22.9 20.4 18.3 16.9 198
31.0 mfp 165. 129. 97.7 61.2 44.9 325 25.6 23.7 214 19.0 17.8 20.6
32.0 mfp 175. 135. 103. 63.8 46.1 33.2 26.6 24.7 22.4 19.7 185 216
33.0 mfp 185, 142. 107. 67.2 49.0 343 27.5 25.6 23.2 20.7 19.8 22.5
34.0 mfp 193. 148. 114. 68.6 49.7 35.1 284 26.6 24.2 215 20.5 23.9
35.0 mfp 198. 152. 120. 71.8 50.6 379 29.5 26.6 25.1 21.9 211 24.8
40.0 mfp 269. 195. 151. 89.9 60.9 43.0 33.7 32.1 29.1 25.6 25.9 30.9




" Table A4. Exposure Buildup Factors of Heavy Concrete (Ba)

JAEA-Data/Code 2007-006

Photon
Energy 0.016 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 0.5
(MeV)
1.0 mfp 1.00 1.01 1.04 1.03 1.03 1.04 1.07 1.10 121 1.33 1.52 1.62 1.68
2.0 mfp 1.01 1.02 1.05 1.06 1.04 1.06 110 1.15 1.33 1.54 1.93 2.19 2.33
2.5 mfp 1.01 1.02 1.06 1.08 1.05 1.06 111 117 1.38 1.64 2.13 2.47 2.69
3.0 mfp 1.01 1.02 1.06 111 1.05 1.07 1.12 1.19 1.42 1.72 2.31 2.75 3.08
3.5 mfp 1.01 1.02 1.06 1.15 1.05 1.07 1.13 119 1.47 1.81 2.50 3.04 3.37
4.0 mfp 1.01 1.02 1.07 1.19 1.05 1.08 1.13 1.21 1.51 1.88 2.69 3.31 3.74
4.5 mfp 1.01 1.02 1.07 1.27 1.06 1.07 114 1.22 1.54 1.95 2.86 3.59 4.11
5.0 mip 1.01 1.02 1.08 1.37 1.06 1.08 1.15 1.23 1.57 2.03 3.02 3.88 4.47
5.5 mfp 1.01 1.02 1.08 1.51 1.07 1.08 1.15 1.24 1.60 2.10 3.21 4.17 4.87
6.0 mip 1.01 1.02 1.08 1.71 1.07 1.09 1.16 1.25 1.63 2.16 3.38 4.47 5.25
6.5 mfp 1.01 1.02 1.08 2.01 1.07 1.09 1.18 1.26 1.66 2.23 3.55 474 5.63
7.0 mfp 1.01 1.02 1.08 2.43 1.08 1.09 1.17 127 1.69 2.28 3.72 5.04 6.06
7.5 mfp 1.01 1.02 1.08 3.04 1.08 1.10 117 1.28 1.71 2.35 3.89 5.30 6.46
8.0 mfp 1.01 1.02 1.09 3.92 1.09 1.10 1.18 129 1.73 2.39 4.07 5.62 6.83
9.0 mfp 1.01 1.03 1.09 6.98 1.11 112 1.18 1._30 1.78 2.52 4.38 6.18 7.60
10.0 mfp 101 1.03 1.09 134 1138 111 1.19 1.31 1.81 2.63 4.70 6.74 8.54
11.0 mfp 1.01 1.08 1.09 26.7 1.17 111 1.20 1.32 1.85 2.73 5.01 7.87 9.40
12.0 mfp 1.01 1.03 1.09 54.4 1.23 1.12 1.21 1.34 1.90 2.83 5.33 7.95 10.2
13.0 mfp 1.01 1.03 1.10 112. 1.33 1.12 1.21 1.34 1.93 2.93 5.62 8.58 11.2
14.0 mfp 1.01 1.03 1.10 232. 1.49 1.13 1.22 1.36 1.96 3.01 5.99 911 12.2
15.0 mfp 1.01 1.03 1.10 483. 1.76 1.13 1.22 1.37 1.99 3.10 - 620 9.85 13.0
16.0 mfp 1.01 1.03 1.10 1.01E+3 2.22 1.14 1.23 1.37 2.02 3.18 6.47 10.4 13.9
17.0 mfp 1.01 1.03 1.11 2.10E+3 2.98 1.15 1.23 1.38 2.05 3.24 6.76 11.0 15.1
18.0 mfp 1.02 1.03 1.11 4.38E+3 4.26 1.16 1.24 1.39 2.09 3.32 7.05 115 16.1
19.0 mfp 1.01 1.03 111 9,15E+3 6.41 1.17 1.24 1.40 2.11 3.35 728 12.2 17.0
20.0 mfp 1.01 1.03 111 1.91E+4 10.1 1.19 1.24 1.40 2.18 3.43 7.62 12.7 18.2
21.0 mfp 1.01 1.03 1.11 4.00E+4 16.4 1.21 1.25 141 2.15 3.51 7.86 13.2 19.1
22.0 mfp 1.01 1.03 111 8.36E+4 27.1 1.23 1.25 1.42 2.17 3.57 8.17 13.9 20.1
23.0 mfp 1.02 1.03 111 1.75E+5 45.5 1.26 1.26 1.42 2.19 3.63 8.41 144 211
24.0 mfp 1.01 1.03 1.11 3.66E+5 76.9 1.30 1.26 1.42 2.21 3.70 8.64 15.3 224
25.0 mfp 1.02 1.03 1.12 7.65E+5 131. 1.36 1.26 1.42 2.23 3.17 8.87 15.7 23.1
26.0 mfp 1.01 1.03 112 1.60E+6 222. 1.42 1.26 1.44 2.25 3.82 9.24 16.4 23.9
27.0 mfp 1.01 1.03 1.12 3.35E+6 394. 1.52 1.26 1.44 2.26 3.89 9.50 16.9 25.0
28.0 mfp 1.01 1.03 1.12 7.00E+6 647. 1.63 1.26 1.45 2.29 3.94 9.62 17.5 26.4
29.0 mfp 1.02 1.04 112 1.46E+7 1.11E+3 1.77 1.27 1.45 2.34 4,02 9.92 18.0 27.4
30.0 mfp 1.02 1.04 1.12 3.08E+7 1.90E+3 2.00 1.28 1.45 2.32 4.11 10.3 18.2 28.0
31.0 mfp 1.02 1.03 1.12 6.44E+7  3.36E+3 2.23 . 1.28 1.45 2.33 4,13 10.6 19.9 29.3
32.0 mfp 1.02 1.04 112 1.35E+8  5.68E+3 2.59 1.29 1.46 2.37 4.17 10.8 20.4 30.7
33.0 mfp 1.02 1.03 1.12 2.83E+8  9.74E+3 3.06 1.28 1.46 2.38 4.27 11.1 21.3 313
34.0 mfp - 1.02 1.04 1.12 5.93E+8  1.68E+4 3.75 1.28 1.46 2.40 4.25 114 22.0 32.9
35.0 mfp 1.02 1.04 1.13 1.25E+9  2.92E+4 4.45 1.28 1.48 2.39 4.30 116 22.3 34.2
40.0 mfp 1.02 1.04 7 1.13 5.08E+10 4.54E+5 14.5 1.29 1.50 2.52 4.59 13.1 26.4 414




Table A4. (Continued) Exposure Buildup Factors of Heavy Concrete (Ba)

JAEA-Data/Code 2007-006

Photon
Energy 0.6 0.8 1 1.5 2 3 4 5 6 8 10 15
(MeV)
1.0 mip 1.70 1.71 1.70 1.67 1.65 1.60 1.56 1.53 1.50 1.47 1.46° 1.48
2.0 mfp 241 2.46 2.45 2.39 2.32 2.18 2.08 1.99 1.93 1.86 1.84 1.90
2.5 mfp 2.78 2.86 2.87 2.77 2.68 2.49 2.34 223 2.15 2.06 2.03 2.11
3.0 mfp 3.16 3.29 3.28 3.16 3.06 2.81 2.62 2.48 2.37 2.26 2.22 2.33
3.5 mfp 3.55 3.71 3.72 3.68 3.43 3.14 2.91 2.73 2.61 2.46 2.43 2.56
4.0 mfp 3.956 4.16 4.18 4.01 3.81 3.47 3.20 2.98 2.85 2.67 2.64 2.81
4.5 mfp 4.43 4.64 4.64 4.44 4.22 3.79 3.50 3.25 3.10 2.90 2.85 3.07
5.0 mfp 4.84 5.13 5.11 4.87 4.61 4.13 3.83 3.51 3.36 3.13 3.08 3.33
5.5 mfp 5.28 5.63 5.63 5.35 5.04 4.51 4,16 3.80 3.63 3.38 3.32 3.62
6.0 mfp 5.78 6.156 6.15 5.81 5.48 4.88 4.47 4.09 3.91 3.62 3.56 3.92
6.5 mfp 6.19 6.65 6.67 6.32 5.92 5.26 4.81 4.40 4.20 3.87 3.81 4.22
7.0 mfp 6.67 7.22 722 6.81 6.36 5.65 5.15 4.69 4.49 4.12 4.07 4.55
7.5 mfp 7.15 1.78 7.76 7.34 6.84 6.07 5.50 5.01 4.79 4.38 4.33 4.91
8.0 mfp 7.64 8.24 8.37 7.79 7.31 6.47 5.86 5.34 5.09 4.69 4.62 5.27
9.0 mfp 8.66 9.49 9.63 8.85 8.23 732 6.60 5.98 5.72 5.26 5.23 6.02
10.0 mfp 9.67 10.7 10.8 9.97 9.19 8.09 7.36 6.61 6.37 5.88 5.83 6.88
11.0 mfp 10.7 11.9 12.1 11.2 10.2 8.97 8.11 7.39 7.04 6.51 6.50 7.86
12.0 mfp 11.8 13.2 13.3 12.4 11.3 9.88 8.96 8.17 7.75 721 7.26 8.95
13.0 mfp 12.8 14.5 » 14.5 13.6 12.4 10.9 9.84 8.92 8.44 7.93 8.10 10.1
14.0 mfp 14.1 15.9 16.1 14.9 13.7 11.8 10.7 9.68 9.24 8.68 8.89 11.5
15.0 mfp 15.2 17.2 17.4 16.1 14.7 12.8 11.6 10.5 9.98 9.46 9.82 12.9
16.0 mfp 16.2 18.6 18.8 17.4 15.8 13.8 12.4 11.4 10.8 10.3 10.8 14.5
17.0 mfp 17.6 20.1 20.3 18.5 16.9 14.9 13.4 12.2 11.7 1Ll 1.7 16.3
18.0 mfp 18.8 21.6 21.6 19.7 18.2 16.0 14.3 13.2 12.6 12.2 12.8 © 183
19.0 mfp 19.9 23.1 23.2 21.2 194 17.1 15.4 14.1 13.4 13.2 13.9 20.4
20.0 mfp 20.9 24.7 25.0 22.1 20.5 184 16.3 14.9 14.2 14.2 14.9 23.1
21.0 mfp 22.6 26.2 26.5 23.4 21.7 19.5 17.5 16.0 15.4 15.2 16.2 25.7
22.0 mfp 23.6 27.7 27.7 24.6 23.0 20.6 185 16.9 164 16.3 17.6 284
23.0 mfp 24.7 29.4 29.4 26.2 24.0 21.7 19.8 18.1 17.6 17.6 19.1 31.9
24.0 mfp 26.1 30.5 311 274 25.0 22.8 20.9 189 18.6 19.0 21.0 35.6
25.0 mfp 27.3 32.6 32.5 28.4 26.5 24.1 22.2 20.3 19.5 20.3 22.8 389
26.0 mfp 29.1 344 34.0 30.1 28.3 26.2 23.0 21.2 20.8 21.8 24.4 42.9
27.0 mfp 30.5 35.9 35.7 31.0 29.9 26.3 24.1 22.3 22.0 23.3 26.5 47.6
28.0 mip 32.2 37.3 37.3 33.1 31.3 27.1 249 23.7 23.7 24.9 28.3 53.2
29.0 mfp 34.1 39.3 / 39.2 34.3 32.7 28.0 26.0 24.8 25.1 25.9 30.1 59.9
30.0 mfp 35.0 41.4 41.3 35.4 32.9 28.9 272 255 26.9 274 32.4 65.0
31.0 mfp 36.9 42.7 43.5 36.7 35.1 30.1 282 26.6 28.3 29.5 34.8 72.6
32.0 mfp 38.1 44.1 45.9 38.4 36.9 31.3 29.5 27.6 29.5 31.2 36.9 79.4
33.0 mfp 40.2 45.6 48.1 39.2 38.6 32.2 30.7 28.6 30.7 33.4 39.8 87.3
34.0 mfp 41.3 479 49.3 411 39.8 32.8 32.2 29.4 32.1 34.9 42.8 96.3
35.0 mfp 44.1 49.6 51.0 42.7 41.1 34.9 35.1 31.0 33.2 36.2 44.5 107.
40.0 mfp 52.0 61.1 61.5 51.2 49.5 42.6 444 37.5 419 46.9 60.3 159.
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Table A5. Ambient Dose Equivalent Buildup Factors of Heavy Concrete (Ba)

Photon
Energy 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 7 0.5
(MeV)
1.0 mfp 1.00 1.01’ 1.03 1.02 1.02 1.04 1.07 1.10 1.22 1.34 1.55 1.66 1.71
2.0 mip 101 1.01 1.04 1.06 1.04 1.05 1.10 1.15 1.34 1.56 1.98 2.25 2.40
2.5 mfp 1.01 1.01 1.056 1.07 1.04 1.06 111 1.17 1.39 1.66 2.18 2.64 2.76
3.0 mfp 1.01 1.02 1.05 1.09 1.04 1.06 112 1.19 144 - 1.75 2.36 2.83 3.12
3.5 mfp 1.01 1.01 1.06 1.12 1.04 1.07 1.12 1.19 1.48 1.84 2.57 3.13 3.48
4.0 mfp 1.01 1.01 1.06 1.16 1.056 1.07 1.13 1.21 1.52 191 2.76 341 3.86
4.5 mfp 1.01 1.02 1.06 1.21 ) 1.05 1.07 1.14 ‘ 1.22 1.56 1.98 2.94 3.70 4.24
5.0 mfp 1.01 1.02 1.06 1.30 1.06 1.08 1.14 1.24 1.58 2.06 3.11 4.00 4.62
5.5 mfp 1.01 1.02 1.07 1.42 1.06 1.08 1.15 1.25 1.62 2.13 3.30 4.30 5.03
6.0 mfp 1.01 1.02 1.07 1.58 1.06 1.08 1.16 1.25 1.65 2.20 3.48 4.61 5.43
6.5 mfp 1.01 1.02 1.07 1.82 1.06 1.09 1.16 1.26 1.67 2.26 3.66 4.90 5.83
7.0 mfp 1.01 1.02 1.07 2.17 1.07 1.09 1.17 1.27 1.71 2.32 3.84 5.21 6.27
7.5 mfp 1.01 1.02 1.07 2.66 1.07 1.09 1.17 1.28 172 2.38 4.01 5.48 6.69
8.0 mfp 1.01 1.02 1.08 3.38 1.07 1.09 1.17 1.29 1.75 2.43 4.20 5.81 7.08
9.0 mfp 1.01 1.02 1.08 5.89 1.09 1.10 1.18 1.30 1.79 2.56 4.51 6.39 7.88
10.0 mfp 1.01 1.02 1.08 111 111 1.10 1.19 131 1.83 2.68 4.84 6.97 8.85
11.0 mip 1.01 1.02 1.08 22.0 1.13 1.10 1.20 1.33 1.87 2.78 5.17 7.63 9.75
12.0 mfp 1.01 1.03 1.08 44.6 1.18 111 1.21 1.34 1.91 2.88 5.49 8.23 10.6
13.0 mfp 1.01 1.03 1.09 91.9 1.25 111 1.21 1.35 1.95 2.98 5.80 8.88 11.6
14.0 mfp 1.01 1.03 1.09 190. 1.36 1.12 122 1.36 1.98 3.07 6.18 9.43 12.7
>15.0 mfp 1.01 1.03 1.09 396. 1.56 1.12 1.22 1.37 2.01 3.15 6.39 10.2 13.5
16.0 mfp 1.01 1.03 1.09 825. 1.89 113 1.22 1.87 2.04 3.23 6.67 10.7 14.5
17.0 mfp 1.01 1.08 1.09 1.72E+3 2.43 1.13 1.23 1.38 2.07 3.30 6.97 11.4 15;.7
18.0 mfp 1.01 1.03 1.10 3.59E+3 3.36 1.14 1.23 1.39 2.11 3.37 7.28 12.0 16.7
19.0 mfp 1.01 1.03 1.10 1.561E+3 4.92 115 1.24 1.40 213 3.41 751 12.6 17.7
20.0 mip 1.01 1.03 110 1L57E+4 7.61 116 1.24 1.40 2.15 3.48 7.86 13.1 189
21.0 mfp 1.01 1.08 1.10 3.28E+4 12.1 1.18 1.25 141 2.17 3.57 8.11 13.7 19.8
22.0 mfp 1.01 1.03 1.10 6.87TE+4 19.8 1.19 1.256 1.42 2.19 3.63 8.44 14.4 20.9
23.0 mfp 1.01 1.03 1.10 1.44E+5 33.3 1.22 125 142 2.21 3.69 8.68 15.0 21.9
24.0 mfp 1.01 1.03 1.10 3.00E+5 56.1 1.24 1.25 1.43 2.23 3.76 8.92 15.8 23.3
25.0 mfp 1.01 1.03 1.11 6.29E+5 95.4 1.28 1256 1.43 2.26 3.83 9.15 16.2 24.1
26.0 mfp 1.01 1.03 1.11 1.32E+6 161. 1.33 1.26 1.44 2.27 3.88 9.564 17.0 24.9
27.0 mfp 1.01 1.03 1.11 2.75E+6 287. 1.40 1.26 1.44 2.29 3.96 9.80 17.5 26.0
28.0 mfp 1.01 1.03 111 5.76E+6 471, 1.48 1.26 1.45 231 4.01 9.93 181 275
29.0 mifp 1.02 1.03 1.11 1.21E+7 811. 1.58 1.27 145 2.36 4.10 10.2 18.6 28.5
30.0 mfp 1.02 1.03 111 2.54E+7  1.39E+3 1.74 1.27 1.45 2.35 4.17 10.6 19.9 29.1
31.0 mfp 1.01 1.03 111 5.31E+7 241E+3 1.90 1.27 1.46 2.36 4.20 10.9 20.7 30.4
32.0 mfp 1.01 1.03 111 1.11E+8  4.13E+3 2.16 1.29 1.46 2.40 4.25 11.2 21.2 31.9 ‘
33.0 mfp 1.01 1.03 1.12 2.34E+8  7.12E+3 2.49 1.28 147 2.40 4.35 115 22.1 32.5
34.0 mfp 1.02 1.03 1.12 4.89E+8 1.23E+4 2.98 1.28 1.46 2.42 4.33 117 22.9 34.2
35.0 mfp 1.02 1.03 112 1.03E+9 . 2.13E+4 3.48 1.28 1.48 2.42 4.37 12.0 23.1 35.5
40.0 mfp 1.02 1.03 1.12 4.20E+10 3.33Et5 10.6 1.28 1.49 2.54 4.67 13.5 27.4 43.1
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Table A5.(Continued) Ambient Dose Equivalent Buildup Factors of Heavy Concrete (Ba)

Photon
Energy 0.6 0.8 1 1.5 2 3 4 5 6 8 10 15
(MeV)
1.0 mfp 1.74 175 1.74 1.71 1.67 1.63 1.58 1.55 1.53 1.50 1.49 1.70
2.0 mfp 2.48 2.53 2.53 2.47 2.36 2.23 2.11 2.03 1.97 1.90 1.88 2.29
2.5 mfp 2.87 2.95 2.96 2.87 2.72 2.55 2.39 2.28 2.19 2.10 2.07 2.60
3.0 mfp 3.26 3.39 3.40 3.28 3.10 2.88 2.67 2.563 2.42 2.31 2.27 2.91
3.5 mfp 3.67 3.84 3.85 872 3.50 321 2.97 2.79 2.66 2.51 2.49 3.23
4.0 mfp 4,09 4.30 4.34 4.17 3.88 3.55 3.27 3.04 2.91 274 2.70 3.68
4.5 mfp 4,60 4.81 4.82 4.63 4.31 3.89 3.58 3.33 3.17 2.97 2.92 3.95
5.0 mfp 5.02 5.33 5.31 5.08 4.70 4.24 3.91 3.60 3.44 3.21 3.16 4.32
5.5 mfp 5.48 5.84 5.86 5.59 5.15 4.63 4.25 3.89 3.71 3.46 341 4,73
6.0 mfp 5.97 6.39 6.41 6.07 5.59 5.00 4.57 4.18 4.00 3.71 3.66 5.16
6.5 mfp 6.42 6.92 6.95 6.61 6.04 5.40 4.93 4.50 4.30 3.97 3.91 5.59|
7.0 mip 6.93 7.50 7.53 7.13 6.50 5.80 5.28 4.80 4.60 4.23 4.17 6.06
7.5 mfp 7.43 8.05 8.10 7.69 6.99 6.23 5.64 5.13 4.91 - 4.49 4.45 6.57
8.0 mfp 7.94 8.57 8.74 8.16 7.47 6.64 6.00 5._47 5.22 4.81 4.74 7.08
9.0 mfp 9.00 9.89 10.1 9.28 8.42 7.52 6.76 6.13 5.86 5.40 5.38 8.15
10.0 mfp 10.1 11.2 11.3 10.5 9.39 8.31 7.54 8.78 6.53 6.04 5.99 9.37
11.0 mfp 111 12.4 12.6 11.7 10.5 9.22 8.32 7.58 722 6.68 6.68 10.8
12.0 mfp 12.2 13.7 13.9 13.0 116 10.2 9.19 8.38 7.95 7.41 7.46 12.3
13.0 mfp 134 15.1 15.2 14.3 12.7 11.2 10.1 9.15 8.66 8.15 8.34 14.0
14.0 mfp ‘ 14.7 16.5 16.8 15.7 14.0 12.1 11.0 9.93 9.49 8.92 9.14 16.0
15.0 mfp 15.8 17.9 18.2 16.9 15.0 13.2 11.9 108 10.2 9.73 10.1 18.0
16.0 mfp 16.9 19.4 19.7 18.3 16.2 14.2 12.7 11.7 111 10.6 111 20.3
17.0 mfp 18.3 20.9 21.2 19.5 173 15.4 13.7 12.6 12.0 115 12.1 22.8
18.0 mfp 19.6 22.6 22.6 20.7 18.6 16.5 14.7 13.5 12.9 12.5 18.2 25.7
19.0 mfp 20.7 24.1 24.3 22.4 19.8 17.6 15.8 14.4 13.7 13.6 14.4 28.7
20.0 mfp 21.8 25.8 26.2 23.3 21.0 18.9 18.7 156.3 14.6 14.6 15.4 32.6
21.0 mfp 23.6 27.4 27.8 24.7 22.3 20.1 18.0 16.4 15.8 15.6 16.7 36.3
22.0 mfp 24.6 29.0 29.1 25.9 23.5 21.2 19.0 173 16.8 16.8 18.1 40.2
23,0 mfp| . 25.8 30.8 30.9 27.6 24.6 22.4 20.3 18.6 18.1 18.1 19.7 45.2
' 24.0 mip 27.3 31.8 32.6 28.9 25.6 235 21.4 194 19.1 19.5 21.6 50.5
25.0 mfp 28.5 34.1 34.1 29.9 27.1 24.8 22.9 20.8 20.0 20.9 23.5 55.4
26.0 mfp 30.3 36.0 35.7 317 - 29.0 26.0 23.7 21.8 21.4 22.4 25.1 61.1
27.0 mfp 31.8 315 374 32.7 30.6 27.1 24.8 22.9 22.6 23.9 27.3 67.8
28.0 mfp 33.6 39.0 39.2 34.9 32.0 27.9 25.6 24.3 244 25.6 29.2 75.9
29.0 mfp 356.5 411 41.1 36.0 335 28.9 26.7 25.5 25.8 26.7 31.0 85.6
30.0 mip 36.6 43.3 434 37.2 33.7 29.8 27.9 26.1 27.6 28.3 334 92.8
31.0 mfp 38.5 44.6 45.6 38.6 36.0 311 25‘0 27.3 29.1 30.4 35.9 104.
32.0 mfp 39.7 46.1 48.2 40.5 378 32.3 30.3 28.3 30.3 32.1 38.0 114.
33.0 mfp 42.0 476 50.5 414 39.6 33.2 315 29.4 31.5 34.4 41.0 125.
34.0 mfp 43.1 50.1 51.8 43.4 40.8 33.8 33.0 30.2 33.0 36.0 44.2 138.
35.0 mfp 46.1 51.9 53.6 45.0 42.0 36.0 36.1 31.8 34.1 37.3 45.9 153.
40.0 mfp 54.3 63.9 64.5 54.0 50.8 43.9 45.8 38.6 43.0 48.3 62.2 228.
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Table A6. Effective Dose Buildup Factors of Heavy Concrete (Ba)

Photon
Energy 0.015 0.02 0.03 0.04 0.05 0.06 0.08 0.1 0.15 0.2 0.3 0.4 0.5
(MeV)
1.0 mfp 1.00 1.01 1.03 1.02 1.02 1.03 1.06 1.10 1.22 1.35 1.55 1.66 L7
2.0 mfp 10t 101 1.05 1.05 1.03 1.05 1.09 115 1.34 1.57 1.98 2.25 2.40
2.5 mfp 1.01 1.01 1.05 1.06 1.04 1.05 1.10 1.16 1.39 1.67 2.18 2.54 2.76
3.0 mfp 1.01 . 1.02 1.05 1.09 1.04 1.06 1.11 1.19 1.44 1.75 2.37 2.83 3.11
3.5 mfp 1.01 1.02 1.06 111 1.04 1.06 112 1.19 1.48 1.84 2.57 3.13 3.48
4.0 mfp 1.01 1.02 1.06 1.15 1.04 1.07 1.13 121 1.53 1.91 2.76 3.41 3.85
4.5 mfp 1.01 1.02 1.07 1.21 1.05 1.07 1.14 1.22 1.56 1.98 2.94 3.70 4.24
5.0 mfp 1.01 1.02 1.07 1.29 1.056 1.07 1.14 1.23 1.59 2.07 3.11 4.00 4.62
5.5 mfp 1.01 1.02 1.07 1.41 1.05 1.07 1.15 1.24 1.62 2.14 3.31 4.31 5.03
6.0 mfp 1.01 1.02 1.07 1.57 1.06 1.08 1.15 1.25 1.65 2.20 3.48 4.61 5.42
6.5 mfp 1.01 1.02 1.07 1.80 1.06 1.08 116 1.26 1.68 2.27 3.66 4.90 5.82
7.0 mfp 1.01 1.02 1.08 2.14 1.06 1.08 1.16 1.27 1.71 2.33 3.84 5.21 6.27
7.5 mip 1.01 1.02 1.08 2.62 1.06 1.09 1.17 1.28 1.73 2.39 4.01 5.48 6.69
8.0 mfp 1.01 1.02 1.08 3.33 1.07 1.09 117 1.29 1.75 2.44 4.20 5.81 7.08
9.0 mfp 1.01 1.02 1.08 5.77 1.08 1.09 118 1.30 1.80 2.57 4.52 6.40 7.87
10.0 mfp 1.01 1.02 1.08 10.9 1.09 1.10 1.19 1.31 1.84 2.68 4.85 6.98 8.84
11.0 mfp 1.01 1.03 1.09 21.5 111 110 1.19 1.32 1.87 2.79 5.17 7.63 9.74
12.0 mfp 1.01 1.03 1.09 43.7 115 1.10 1.20 1.34 1.92 2.88 5.50 8.24 10.6
13.0 mfp 1.01 1.03 1.09 90.0 1.20 110 1.21 1.34 1.95 2.99 5.80 8.89 11.6
14.0 mfp 1.01 1.03 1.09 187. 1.30 111 1.21 1.36 1.99 3.08 6.18 9.43 12.6
15.0 mfp 1.01 1.03 1.10 388. 1.45 111 1.22 1.37 2.01 3.16 6.40 10.2 135
16.0 mfp 1.01 1.03 1.10 809. 1.71 112 1.22 1.37 2.04 3.24 6.68 10.7 14.5
17.0 mfp 1.01 1.03 1.10 1.69E+3 2.15 1.12 1.23 1.38 2.07 3.31 6.98 11.4 15.7
18.0 mfp 1.01 1.03 1.10 3.53E+3 2.88 1.13 1.23 1.39 211 3.38 7.28 12.0 16.7
19.0 mfp 1.01 1.03 1.10 7.37E+3 4.13 1.14 1.23 1.40 2.14 3.42 7.52 12.6 17.6
20.0 mfp 1.01 1.03 1.10 1.54E+4 6.28 1.156 1.24 1.40 2.15 3.49 7.87 13.1 18.8
21.0 mfp 1.01 1.03 1.11  3.22E+4 9.91 1.16 1.24 141 217 3.59 8.11 13.7 19.8
22.0 mfp 1.01 1.03 1.11  6.75E+4 16.1 1.17 1.24 1.42 2.19 3.64 8.44 14.5 20.9
23.0 mfp]| 1.01 1.03 111  1.41E+5 26.9 1.19 1.25 1.42 2.21 - 3.70 8.69 15.0 21.9
24.0 mfp 1.01 1.03 1.1t 2.95E+5 45.2 121 1.25 1.42 2.24 3.77 8.92 15.8 23.3
26.0 imfp 1.01 1.08 1.11  6.19E+5 76.8 1.23 1.25 143 2.26 3.84 9.15 16.2 24.0
' 26.0 mfp 1.01 1.03 1.11 1.30E+6 130. 1.27 1.26 144 2.27 3.89 9.54 17.0 24.8
27.0 mfp 1.01 1.03 1.11  2.71E+6 231. 1.31 1.26 1.44 2.29 3.97 9.81 17.5 259
28.0 mfp 1.01 1.03 1.11 5.67E+6 380. 1.37 1.26 145 2.32 4.02 9.94 18.1 274
29.0 mfp 1.02 1.03 111 1.19E+7 654. 1.45 1.27 1.45 2.36 ‘ 4.11 10.2 18.7 28.5
80.0 mfp 1.02 1.03 1.12 250E+7 1.12E+3 1.56 1.27 145 2.35 4.18 10.6 19.9 29.1
31.0 mfp 1.02 1463 1.12 5.23E+7 1.94E+3 1.68 127 145 2.36 4.22 10.9 20.7 30.4
32.0 mfp 1.02 1.03 1.12 1.10E+8 3.34E+3 1.86 1.28 1.46 2.40 426 11.2 21.2 31.9
33.0 mfp 1.02 1.03 1.12 2.30E+8 5.76E+3 2.10 1.27 1.48 2.40 4.36 11.5 22.1 32.5
34.0 mfp 1.02 1.04 1.12 4.83E+8 9.91E+3 244 1.27 1.46 2.42 4.34 117 229 34.2
35.0 mfp 1.02 1.03 112 1.02E+9 1.73E+4 2.80 1.28 148 2.42 4.39 12.0 23.1 35.5
40.0 mfp 1.02 1.03 1.13 4.14E+10  2.70E+5 791 1.28 1.49 2.54 4.68 13.5 27.4 43.0
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Table A6. (Continued) Effective Dose Buildup Factors of Heavy Concrete (Ba)

Photon
Energy 0.6 0.8 1 1.5 2 3 4 5 6 8 10 15
(MeV)
1.0 mfp 1.73 1.74 1.73 1.69 1.67 1.62 1.57 1.54 1.51 1.49 1.48 1.49
2.0 mfp 2.47 2.52 250 2.43 2.36 221 2.10 2.01 1.95 1.88 1.86 1.92
2.5 mfp 2.86 2.93 2.93 2.82 2.72 2.52 2.36 2.25 2.17 2.08 2.05 2.13
3.0 mfp 3.25 3.37 3.36 3.22 3.10 2.85 2.64 2.50 2.39 2.28 2.24 2.36
3.5 mfp 3.66 3.82 3.81 3.64 3.49 3.17 2.94 2.75 2.63 2.48 2.46 2.59
4.0 mfp 4.07 4.28 4.29 4.09 3.88 3.51 3.23 3.01 2.88 2.70 2.67 2.84
4.5 mfp 4.58 4.17 4.76 4.53 4.30 3.84 3.564 3.29 3.13 2.93 2.88 3.10
5.0 mfp 5.00 5.29 5.24 4.97 4.69 4.19 3.87 3.56 3.39 3.17 3.11 3.36
5.5 mfp 5.45 5.80 5.78 5.46 5.14 4.58 4.20 3.84 3.66 341 3.36 3.66
6.0 mfp 5.94 6.34 6.32 5.94 5.69 4.94 452 4.13 3.95 3.66 3.60 3.96
6.5 mfp 6.40 6.86 6.86 6.46 6.04 5.33 4.87 4.44 4,24 3.91 3.86 4.27
7.0 mfp 6.90 744 7.43 6.96 6.49 5.73 5.21 4.73 4.54 4.17 4,11 4.60
75 mfp‘ 7.40 7.98 7.99 7.50 6.98 6.15 5.57 5.06 4.84 4.43 4.38 4.96
8.0 mfp 7.90 8.50 8.62 7.97 7.46 .8.56 5.93 5.40 5.14 4.74 4.67 5.33
9.0 mfp 8.96 9.81 9.93 9.05 841 7.42 6.68 6.05 5.78 5.32 5.29 6.09
10.0 mfp 10.0 111 111 10.2 9.38 8.20 7.45 6.68 6.43 5.94 5.90 6.96
11.0 mfp 111 12.3 12.4 114 10.5 9.10 T 821 747 711 6.58 6.58 7.96
12.0 mfp 12.2 13.6 13.7 12.7 11.6 10.0 . 9.07 8.26 7.83 7.29 7.34 9.05
13.0 mfp 13.3 15.0 15.0 139 12.7 111 9.86 9.02 8.63 8.02 8.20 10.3
14.0 mfp 14.6 16.4 16.6 15.3 14.0 119 10.9 9.78 9.34 8.78 8.99 11.6
15.0 mfp 15.8 17.8 18.0 16.5 15.0 13.0 11.7 10.6 10.1 9.57 9.94 131
16.0 mfp 16.8 19.2 19.4 17.8 16.2 14.0 12.6 11.5 10.9 10.4 10.9 14.7
17.0 mfp 18.2 20.8 20.9 19.0 17.3 15.2 135 12.4 11.8 11.3 11.9 16.5
18.0 mfp 19.5 22.4 22.3 20.1 18.6 16.2 14.5 13.3 .12.7 12.3 138.0 185
19.0 mfp 20.6 239 24.0 21.8 19.8 17.4 15.6 14.2 13.5 13.3 14.1 20.6
20.0 mfp 21.7 25.6 26.8 22.6 21.0 18.6 16.5 15.0 14.4 14.3 15.1 233
21.0 mfp 23.5 27.1 27.4 24.0 22.2 19.8 17.7 16.1 15.6 15.3 16.4 26.0
22.0 mfp 24.5 28.7 28.6 25.2 23.5 20.9 18.8 17.1 16.5 16.5 17.8 28.8
23.0 mfp .25.7 30.5 30.4 26.9 24.6 22.1 20.0 18.3 17.8 17.8 19.4 323
24.0 mfp 271 315 32,1 28.1 25.6 23.2 211 19.1 18.8 19.2 21.3 36.0
26.0 mfp 28.3 33.8 33.5 29.1 27.1 245 22.5 20.5 19.7 20.5 23.1 39.4
. 26.0 mfp 30.2 35.6 35.1 30.8 29.0 25.6 23.3 21.5 21.1 22.0 24.7 43.5
27.0 mfp 317 3‘7.2 36.8 31.8 30.6 26.7 24.4 22.6 22.2 23.5 26.8 48.2
28.0 mfp 33.4 38.7 38.6 33.9 32.0 27.5 25.2 239 24.0 25.2 28.7 53.8
29.0 mfp 35.3 40.7 40.5 35.1 33.4 28.4 26.4 251 25.4 26.3 30.5 60.7
30.0 mfp 364 42.9 427 36.2 33.7 29.3 275 25.7 21.2 21.8 32.8 65.8
31.0 mfp 38.3 44.2 44.9 37.6 36.0 30.6 28.5 26.9 28.6 29.9 35.2 73.5
32,0 mfp 39.5 45.7 47.4 39.3 37.8 31.8 29.9 27.9 29.8 31.6 374 80.4
33.0 mfp 41.8 47.2 49.7 40.2 39.5 32.7 311 28.9 31.0 33.8 40.3 88.4
34.0 mfp 42.9 49.6 51.0 42.2 40.7 33.3 32.6 29.7 32.5 354 43.3 97.5
35.0 mfp 45.8 51.4 52.8 43.7 42.0 35.5 35.6 313 33.5 36.7 45.1 108.
40.0 mfp 54.0 63.3 63.5 52.5 50.7 43.3 45.0 38.0 42.3 47.5 61.1 161.
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