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The G-P method formula Br(X)==l-+(B—1)'(KX—l)/(K—l) (X: optical
length, B: buildup factor at X=1, K: a gamma-ray multiplication factor
per one mean free path) gives an accurate representation of the buildup
factor for point isotropic sources.

In the present work, a fitting procedure has been developed
including a new expression for K-parameter. The method is used for
fitting to the buildup factors calculated by the moments method and by
the PALLAS code. It improves agreement with the basic buildup factors
calculated by the moments method, of air, water, concrete, and iron for
the 0.015- to 15 MeV energy range and for the 0.5- to 40-mfp distance
range. Furthermore, exposure, absorbed dose, and dose equivalent
buildup factor approximated by the G-P fitting parameters are in good
agreement with the basic data calculated by the PALLAS code, for water,

concrete, irom, and lead. Good agreement is obtained even in the case
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of rapidly increasing buildup factors for low source energies in
beryilium and boron and of that in lead, including the effects of
bremsstrahlung and fluorescence.

Furthermore, the G-P formula efficacy for use as an analysis and
interpolation technique has been confirmed thrcugh the various tests

for energetic or spatial interpolation.

Keywords: G-P Method Formula, Exposure, Absorbed Dose, Dose—equivalent,
Buildup Factor, Parameter Fitting, Air, Water, Concrete,
Iron, Lead, Bremsstrahlung, Annihilation, Fluorescence,

Interpolation, Extrapclation, Gamma-Ray
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1. Introduction

This work has been performed as an activity of the Evaluation
Sub-Working Group for Simple Calculation Method of RADHEAT Evaluation
WG in Nuclear Reactor Code Committee in JAERI.

In the gamma-ray shield design, the point kernel integration
method is quite often useful, because the calculation for three dimen-
sional problems is simple and usually gives tolerable accuracy. The
key to the reliance on this method is dependent on the accuracy of the
gamma ray attenuation coefficient and the buildup factor data for
shield materials. Goldstein and Wilkins's data1 calculated with the
moments method have been used as a standard for nearly 30 years.
However, they lack low-energy and deep penetration data, and do not
include secondary source due te¢ processes such as annihilation,
fluorescence, and bremsstrahlung.

The accident at Three Mile Island has served to émphasize the need
for a revised standard data set of photon cross sections and the
buildup factors. Accordingly, in order to develop the appropriate and
comprehensive standard an American Nuclear Scciety Standards Committee
Working Group ANS-6.4.32 started to evaluate buildup factors calculated
with the moments method3, in which the contributions of annihilation
and fluorescence are considered. Recently, the buildup factors taking
into account the contributions of bremsst—rahlung4 and fluorescence
have been calculated with the PALLAS code.

In many cases, the buildup factors have been represented by
parameterized forms, because many analysts prefer a simple calculation
of buildup factors at an arbitrary distance or energy. Over the years,
Taylor'ss, Berger's7, and the polynomial formulas, fitted to the

Goldstein and Wilkins's data have been used by shield designers
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intimately.

Recently, Jacob et al.9 have caléulated the buildup factors of air
up ‘to 10 mfp by the Monte Carle method, and have fitted to them by a
polynerial form in E_l and pr. However, the value of buildup factor at
the energy range between (.05 and 0.08 MeV could not be calculated by
‘their polynomial form. Moreover, there is ne assurance about the
validity of using their polynomial form for buildup factors at deep
penetration depths above 10 mfp.

- Foderaro and HalllO pointed out that the large maximum deviations
of their fit (these mean the fitting errors) of Tayler formlo and
Chiltons' fitll of Berger form to the water buildup factors were always
associated with data of an order of 102 or greater at 40 mfp, and their
.three exponential form could be fitted to the large buildup factors
within 10%.

On the other hand, the fit of the G-P formlz’l3

is more accurate
than that of the three exponential form for data increasing rapidly up
to 104 or greater, thecugh both forms have the five fitting parameters
0f the game numbe?s.

Table I and Figure 1 show a comparison between the absolute values
of the maximum deviations in the Berger, Tavlor, three exponential and
G-P forms of the exposure buildup factors in water. The deviations
except for the G-P form are taken from Ref. 10.

It was described in Ref, 13 that the success of the G-P fit to
buildup factors results from the fact that the G-P parzmeters were so
derived as to fairly well reflect the behaviocur of gamma-ravs trans-—
mitted through the material. That is, the parameter B in the G-P form

represents a value of the buildup factor at the penetration depth

| mfp, where the gamma ray spectrum forms a characteristic shape, being
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specific for a given material and source energy. This shape of spectrum
shows a slow change with penetration, besides gamma-rays buildup factor
smoothly increase with the distance. The parameter K is a photon dose
multiplication and its wvariation as a function of distance represents
the change in shape of gamma ray spectrum,

In this paper the G-P method as én énalysis and interpolation
technique for gamma ray buildup factor for point isotropic sources in
infinite homogeneous medium is investigated through the wvarious tests.
That is, the validity of using the G~P parameters to interpolate the
buildup factor Br(E,ur) is tested in the wide range of ur and E.
Furthermore, the extrapolation in ur -to the buildup factors is exam-
inated for penetration depths above 40 mfp,

In order to use the G-P fitting parémetérs in the point kermel
integration methed as library data, the values of the G-P parameters
are given in Tables for the buildup factor for ailr, water, concrete,
and iron calculated with the moments method, and for water, concrete,
iron, and lead including the bremsstrahlung or fluorescent radiations
calculated with the PALLAS céde. Also, the values of parameters for
the buildup factors are given at low source energies in light media
such as beryllium and boron.

The values of buildup factors including fluorescent radiations are
not smooth with respect to the energy. For such a case, a treatment of

the G-P parameter to interpolate in E is proposed.
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2. Parameter Fitting to the G-P Formula
2.1 The G-P formula for point-source buildup factoer

The G-P form for buildup factors is represented by

BE Q) = 1+ (1) Kb K#1
r o’ K-1 T 150
=1+ (B-1)X K=1
tanh(X/Xk—Z) — tanh(-2)
K(K) =cx® +4 » (2)

1 - tanh(-2)
where X is the source-detector distance in mean-free-path of the
medium, B is the value of the buildup factor at | mfp, and K represents
the photon dose multiplication per mfp penetration. The equation (2)
represents the dependence of K on X, where a,c,d, and Xk are the
fitting parameters, depending on the source energy.

In Ref. 12, K was expressed by two equations:

K(X)

ex? + d (XX, ) X > X
(2)'

ch X

n

itA

%

Moreover, these equations, which are replaced by Eq.(2), occasionally
gave a minus value for deep penetration. By introducing a hyperbolic

tangent function, the parameter fitting to K(X) was improved.

2.2 Procedure of parameter fitting and results
In order to perform a fit of the G-P form to the basic buildup
factors, a GPFIT code has been developed.l4
At first, the values of K at different distances are calculated

from Eq.(1l) by using the value of the buildup factor at 1 mfp as a

tentative value of the B parameter. TFour parameters in K of Eq.(2) are
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determined with the least squares method. The weights are selected to
reflect upon a sensitivity of the K parameter at different distances.
Next, the above procedure is repeated for the various B values fluctu-
ated within a small range arcund its criginal value.

At last, a set of the G~P parameters corresponding to the zinimum
value among the sums of square deviations of buildup factors was
selected as a final set.

The GPFIT code was used to fit the G-P form to exposure and
absorbed dose buildup factors for air, water, ironll, and concretels,
calculated with the moments methed, The obtained wvalues of the
parameters B, a, <, Xk, znd d are listed on the left in Table II.
Furthermore, the buildup factors calculated by these parameters are
given on the right in Table II. In the previous fitlz, at first the B,
a, and ¢ parameters were selected to minimize the deviation from the
basic data up to 10 mfp for air and water, and up to 20 mfp for con-
crete and iron. Next, the Xk. and d parameters were determined to
minimize the deviation from the basic data up tc 40 mfp with Iixed
parametets B, a, and c. The maximum deviation in the previous fit
are attached in the last column in Table II. In almost all source
energies; the maximum deviations of the present procedure become
smaller than those of the previous, especially for that of 0.1 MeV in
water and that of 0.8 MeV in iron, Figure 2 compares the values of
the G-P parameters as a function of photon energy between the present
and the previous results. It can be distinctly said that the present
values of the X, and d parameters change more smoothly than the

k

previous.
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2.3 Applicability of the G-P formula to interpclate
buildup factor in ur and in E

The G-P form was able to fit to the buildup factors at all source
energies within deviations of 10% from the correct basic data. This
fact and the wvalidity of the G-P m.ethod13 suggest that the fitting
technique of the G-P form can be used for the evaluation of the raw
data. That is, questionable data due to careless input error or the
limit of the approximation, such as singularity of solution near the
source in the case of Sn method, are found from large deviatiens.
Furthermore, this technique is able to replace gquestionable data with
estimated values, which are calculated by the G-P parameters fitted to
the raw data without questionable data. On the purpose using the G-P
parameters to the data verification, it is very important to test how
wide the range of distance or energy is reliable for the replacement of
questionable data.

The follbwing various tests were performed to obtain the confi-
dence of using the G-P parameters to interpolate the buildup factor in

ur and in E.

2.3.1 The applicability of using the G-P parameters to interpolate
buildup factor in wide distance range of ur
To reduce the amount of data and to provide an accuracy of inter-
polation, it is important that an approximated formula is a accurate
representation of the buildup factor data as a function of distance.
The G-P formula has reproduced the wvalues of buildup factors
calculated by the moments method and the PALLAS codes very well,
The applicability to interpolate buildup factor in ur was

confirmed from the following tests. In the first step, the G~P
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parameters fitting was performed for the residual data with some
omitted data in the total basic data for a specified energy. In the
next step, these omitted data are replaced with the values calculated
by the above parameters., This test was performed for the exposure
water buildup factor data of 0.1 and 1.0 MeV calculated with the
moments methodll. The number of omitted data was increased from 1 to
5. The reﬁlaced results were compared with the basic data in Table
III. The results derived from interpolation for a few omitted data
were in good agreement with the basic data, Although the deviations
from the basic data increased with increasing the number of omitted
data. Also, the deviations increased in the cases that the range of a
set of omitted data was near the source or near 40 mfp. Especially,
they are larger for a set of omitted data, including buildup factor at
40 mfp. (they are listed in the column a of Table V)

The above tests ascertain of the applicability of using the G-P
parameters to interpolate the buildup factor in an arbitrary distaﬁce
ur between basic data. Furthermore, the G-P fitting can be used for
the verification as follows. If there are some questionable values in
the basic data, the deviations for these become greater than the others
in the fitting procedure. For such cases, the values of the parameters
are determined for the basic data without the questionable data, and
the questionable data can be replaced with the buildup factors

interpolated from these parameters.

2.3.2 Extrapolation to buildup factor for deep penetration
above 40 mfp.
The values of the G-P fitting parameters are givern for the basic

data of 0.5 to 40 mfp. However, it is not clear that these parameters
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permit extrapolation to deep penetration zbove 40 mfp, Some typical
buildup factor data up to 100 mfp were calculated with the PALLAS code
foer water, concrete, iroun, and lead, at source energies of 0.1, 0,2,
1.5, and 0.1, respectively. The sample data are those that have
‘maximum value of buildup factors at 40 mfp among all scurce energies.
‘The results extrapclated by the parameters cbtained by the fitting to
the basic data up to 40 mfp can hardly reproduce the basic data above
40 mfp. This is because the sensitivity c¢f the K parameter becomes
severe as the distance increases,

Here, the authors propose an analytical approximation formula for

these sample data,

/n
/n

1 .
1-(X/X,) K(kj)—l

K(X) =1 + {K(Xi)wl}exp{ In 1, (3)

1
l—(Xj/Xi) K(Xi)~1

where, Xi=35 ufp, Xj=&0 mfp, and n=10.

The values of buildup factors above 40 mfp can be determined from
Eq.(1) wusing K(X) of Eg.(3) instead of Eq.(2), where values of the
parameters of B, K(35) and K(40) are ones fitted to the basic data up
to 40 mfp, as shown in Table IV-1,

The results above 40 mfp are the basic data calculated with the
PALLAS code in Table IV-2, The results using K{(X} of Eq.(3) closely
reproduced the basic data within 30%, except 0.1 MeV for lead. These
facts are observed in Table IV-2.

Figure 3 shows dependence of leg K on log X for typical buildup
factors, where the wvalues of the K parameters arc obtained by fitting
to the basic data up to 40 mfp in the range of 0.5 to 40 mfp (solid
line), and those above 40 mfp are calculated by Lgq. 3 (dot line). Tt

is observed from the figure that the values cf K approach to constant,.
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This fact shows the energy spectrum for deep penetration reaches an
equilibrium one.

As seen in Table III, the deviations become larger especially,
when a set of omitted data imciudes the buildup factor at 40 mfp. For
such cases, the replacement for omitted data was tried by the extrapo-
lation of the K parameter in Eg. 3. For omission of buildup factors at
35 and 40 mfp the values of Ki and Kj of Eq.(3) were those at 25 and
30, and n=10. The results were compared with the basic data as shown
in Table V. This test obtained better agreement than the results of

omitted tests in the Sectiom 2.3.1.

2.3.3 Interpolation of the G-P parameters in E
When the buildup factor data are applied in the practical problem,
the user encounters the problem that the library data are not given at
just the required energy but at some discrete enmergies. In such case
it is very convenient, if the requested value of buildup factor is
obtained simply using the G-P parameters interpolated in E.
. . . 12 . .
The linear interpolaticn of each parameter with respect to log E
. ' . ; . 14 . .
was revised to parabeolic interpolation™ ., At first, four energies
around Ea of interest were selected in the library, where E1<E2<EE<E3<
E,. The parabolic interpolation was repeated two times, that is, for

4

E E, and E E,. The mean value of the results by two inter-

10 Ep0 By 20 By By
polations was adopted as each value of the parameter. The interpola-
tion of the parameters of the G~P form was compared for two methods
above mentioned. The values of the G-P parameters at EO=O.05 MeV for
water were estimated by two methods, the one by the linear interpola-

tion of the parameters at EO=O.O4 and 0.06 MeV, and the other by the

parabelic interpolation of those at EO=0.03, 0.04, 0,06 and 0,08 MeV.
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The buildup factors at 0.05 MeV were estimated by the interpolated
parameters of two methods. The same caleculations were repeated for the
buildup factors at the source energies of 0,1, 0.5, 1, 5, and 10 MeV.
These results are given in Table VI, The buildup factors by the
parabolic interpolation could fit the basic data of Ref. 11 with the
maximum deviations of 10% or less.

Another comparisons were performed for water buildup factors of
0.66, 1.25, 3.5 and 9 MeV with the results by the Capo forms. Both
results are in good agreement. The basic data fer the G-P form is due
to Chilton's et alll., and the basic data for the Capo form due to
Goldstein and Wilkinsl. The results are compared in Table VII. Some
fairly large deviations at Eo=0.66 MeV are due to the differences

between the basic data, as clearly seen in Table VIII.

In this section, the reliability for the applicability of inter-
polation or extrapolation of the G-P parameters to a wider range of
energy or distance was examined closely and confirmed. As a result,
the fitting technique of this method has been developed as the analysis

and evaluation technique for the buildup factor data.
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3. The G-P Parameter Fitting to Various Buildup Factors

Ir the preceding section the G-P formula was shown to be a good
fitting formula for the buildup factors calculated by the moments
method.

In this section, the adeguacv of the G-P feormula is demonstrated
through. the application to the buildup factors for water, concrete, and
iron, and to scme typical examples for wery large buildup factors
calculated by the PALLAS code:

(1) buildup factors in beryllium and boron for leow energy gamma rays,

whose maximum value exceeds the order of 106.

{2) buildup factors in lead including bremsstrahlung.
(3) buildup factors in lead including flucrescence whose the maximum
value exceeds values on the order of iOlz.
3.1 The parameter fitting to buildup factors by the PALLAS code
for water, concrete, and iron
The point source buildup factors by the PALLAS code were calcu-
lated for water, concrete, iron, and lead. The values for exposure
buildup factors are reported in Ref. 4., and those for absorbed dose
and dose-equivalent buildup factors are reported in Ref. 16,

There were differences by almost 30% between results of the mo-
ments method and those of the PALLAS, though using the same attenuation
coefficients. On the other hand, the G-P form was able teo fit both
caleculated buildup factors to the maximum deviations within 10% at all
source energies. The success of the G-P parameter fitting to both
basic data suggests the fact that this form is able to fit to any other
result. The wvalues of the G-P parameters and the buildup facter data

calculated bv these parameters are given for water, comncrete, and iren
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in Appendix A.

3.2 Fitting to buildup Factors of beryllium and boron

for low energies

The fractional energy loss per collision decreases with decreasing
energy, and the total Compton cross section for the energies of the
photon before and after the scattering changes infinitesimally at low
energies, Therefore, the density of photons per energy interval con-
tinues to increase until the photoelectric absorption effect inter-
venes, Esbecially, it is so, for lighter material such as beryllium
and boron at the energies of the photon above 20 keV., As a result,
scattered photons accumulate rapidly as the energy deéreases, and the
values of buildup factors become very large. Using the PALLAS code,
the buildup factor data for the point isotropic source were calculated
in the energy range from 0.03 to 0.3 MeV for beryllium and from 0.03 to
0.5 MeV for boron, up to 40 mfp. The G-P parameters were fitted to
these buildup factors using the GPFIT code. The values of the G-P
parameters and buildup fac?or data calculated by these parameters are
showed in Appendix A. Values of buildup factors for beryllium and
boron calculated with the PALLAS code are given in Appendix B, The
values of B and K parameters, for beryllium and boron, are larger than
the corresponding values for water, closely reflecting a steep increase
of ‘buildup factor with penetration. The maximum deviations were within
6%. The results are in excellent agreement with buildup factors in lew

atomic number media at low source energies.

3.3 Fitting to buildup factor for lead with bremsstrahlung

K. Takeuchi and S. Tanakaa calculated the buildup factor data for
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lead with the PALLAS code modified to take into account the brems-
strahlung radiations. The effect of bremsstrahlung on the buildup
factor reaches a maximum at a certain distance, such as 8 mfp for 4 MeV
and 20 mfp for 15 MeV., The maximum value of this effect rises with
source energy. These behaviours are seen in Table IX. VWhere the con-

1)

tribution of bremsstrahlung is represented by the ratic of (BbrEms_

to (B 1)

is buildup factor with bremsstrahlung and

- B
no brems brems

B is buildup factor without, K.V. Subbaiah et al.17 discussed
no brems

about similar contributions of bremsstrahlung for gamma rays normally
incident on a 10 mfp thick slab. Moreover; A. Natarajan et al.18
calculated point source buildup factors without bremsstrahlung for lead
by the ASFIT. In the absence of bremsstrahlung, both results of the
ASFIT and the PALLAS are in good agreement.

The values of G-P fitting parametérs were determined by the GPFIT
code14 for these buildup factor data with or withou£ bremsstrahlung.
The results are listed in Table X and in Appendix A. 1In the absence of
bremsstrahlung radiations, the values of the parameter B decrease with
increasing source energy. This is marked contrast with the case of
including bremsstrahlung, where the bremsstrahlung contribution to the
pérameter B increases considerably with the increasing scurce energy.

Figure & presents the dependence of log K on log X fer lead
exposure buildup factor at the incident energy 10 MeV. In the case of
without bremsstrahlung radiations, the value of the parameter K 1is
smaller thar that with bremsstrahlung, up to about 15 mfp. With
increasing depth beyond 15 mfp, the values of the parameter X attain a
flat line regardless of with or without bremsstrahlung contribution.
To gauge the relative importance of bremsstrahlung contribution; the

deep penetrated spectra are shown in Fig.5: (a) without bremsstrahlung,
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(b} with bremsstrahlung, and (¢} bremsstrahlung itself. Where the
spectrum of (b) is composed of (a) and (¢} at the same depth. The
addition of annihilation radiation gives rise to a sudden jump in the
flux at 0.511 MeV, The annihilation radiation plays a dominant role in
the spectrum in the absence of bremsstrahlung radiation, especially
near the source. The effect of bremsstrahlung on the spectrum distri-
bution advances the effect of annihiration, especially near the source.
The dominant part of spectrum appears at about 1 MeV., With increasing
depth, the peak shifts at about 1.5 MeV, because the ratio. of scatter-
ing cross section to the total attenuation becomes the maximum at about
1.5 MeV., The approach of an asymptotic form is.similar for the spectra
with and without the bremsstrahlung source. This corresponds to the
fact that the values of the K parameters are almost. the same for the
distance above 15 mfp. In the distance range below 15 mfp, the values
of the K parameter including bremsstrahlung contribution is greater
than that not including. This phenomenon corresponds to the energy
shift of the dominant part, that is, the energy shift with the addition
of bremsstrahlung is from 1 to 1.5 MeV, on the other hand, the energy
shift for that of no bremsstrahlung -is from 0.511 te 1.5 MeV.
Moreover, the values of the K parameter are greater than unity
independent on the addition of bremsstrahlung. This shows the increase

of the dose multiplication,

. 3.4 Fitting to buildup factor for lead with fluorescence

In the photoelectric effect, a photon disappears and an electron
is ejected from an atom, The electron carries away vertually all the
photon energy in excess of the electron binding energy E, as kinetic

b

energy of the photoelectron. As the photon energy decreases, the
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photoelectric cross section increases until E=Eb, at which the cross

section drops discontinuocusly. In the case of lead, this drop is from

2,45 x 103b to 5.15 = leb where the k& shell (Eb=88 keV) absorpticn is

77.8% of the total absorption. As the wvacancy left by the photo-

electron is filled by an electron frem an outer shell, the difference

of the binding energy between the initial and the final state is
emitted as a photon called a fluorescent radiation.  The average energy
of fluorescent radiations is 76.539 keV for lead.

The flucrescence contribution to dose buildup is dramatic for
source. energies close to the K edge of lead,

As the cpheton energy- decreases, a fraction of single back-
scattered photons due to Compton scattering increase. According that
the energy of this back scattering (AO +:2) is low energy side or high
of the K-edge, the values of buildup factors are influenced greatly,
where A ' is the wavelength of the socurce energy.

Tanzka and Takeuchi5 have been calculated the buildup factors
for lead taking into account the fluorescence contribution with the
modified PATLAS, and have indiczted that the downward trend fer buildup
factors with increasing source energvy is discontinuous at the source
energies of 135 keV.

The energy of back scattering for the incident photon 135 keV is
88.3 keV. This is just high energy side of the K-edge. The compariscn
of spectra at 1, 10, and 40 mfp are chewn in the right of Fig. 6. With
deep penetration, the intensity of scattered photons rises suddenly at
88 keV. The spike peak at abeout 76 keV is the flucrescence contribu-
ticn. After these photons repeat further scattering, they push up the
intensity for the lower energyv range.

The comrarison of energy spectra are observed for the just X edge
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and a little higher incident photons as shown in the left and center of
Fig. 6. The difference between energy spectra of 88 and 89 keV are
affected on the fact that the photoelectric cross section falls
discontinuously at the K-edge.

The results are listed the buildup factor data for the source
energies from 0.03 to 0.3 MeV in the Appendix B. Furthermore, the
values of parameters fitted to the buildup factors of 32 energies and
the buildup factors calculated by these parameters are given in Table
XIII. The values of the parameters are discontinuous at the energies
region between 88 and 89 keV. The behaviour of each parameter with

increasing source energy are drown in Fig, 7. As shown in figure, the

- parameter B has a maximum value at about 0.1 MeV, because the energy

flux to exposure rate conversion factor has minimum value at about
0.1 Mev,
As observed in the figure, the interpolation of parameter in E

should be made within the range of below (.082, znd C0.0G8¢ to (.3 MeV.

As wmentioned above, the G-P fitting parameters have reproduced

accurately the values of rapidly increasing buildup factors.
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4, Conclusion

The G-P formula gives a better fit for the values of buildup
factors in the energy region where they are unusually large, or where
they behave in a manner not easily or accurately approximated with
simple empirical formulas. By various tests performed in the present
paper the G-P formula is verified to be used for the interpolation of
the buildup factor data in ur and in E. This technique is applicable
for use as an analysis or evaluation technique for the buildup factor
data. In addition, the formula for extrapolation to data beyond 40 mfp
was derived., The authors alsc demonstrated the treatment of the
buildup factor at an energy region close to the K-edge, where

fluorescent radiations become the deominant effect.
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TABLE I

Comparison of Maximum Deviations in the Berger, Taylor, Three-Exponential and

G-F Fits to the Uxposure Buildup Factors in Water

E Absclute Value of MAX DEV (%)

(MeV) Berger Taylor* Three-Exponential* G-P
0.015 8.1 2.3 1.2 1.7
0.020 110.9 3.9 0.4 2.3
0.030 10.0 3.7 0.5 2.3
0.040 4.6 5.3 0.7 0.9
0.050 16.5 17.2 1.1 1.3
0.060 25.4 27.4 0.9 2,2
0.080 35.5 46.2 4.6 2.9
0.100 40.8 53.2 9.3 3.0
0.150 42.7 46.5 8.7 2.6
0.200 39.3 46,7 5.5 2.5
10.300 38.2 39.9 6.6 2.5
0.400 33.7 36.1 3.7 2.2
0.500 29.9 36.7 2.0 2.5
0.600 26.7 29.3 2.4 2.0
0.800 21.4 22.4 1.0 2,0
1.000 17.0 17.8 2.4 1.6
1.500 10.6 12.3 8.1 1.9
2,000 7.1 7.1 4.6 1.5
3.000 2.5 2.0 1.1 0.7
4.000 0.9 0.4 0.4 0.6
5,000 2.1 1.1 1.1 0.5
6.000 2.0 2.0 1.2 0.9
8.000 3.7 1.8 1.5 0.9
10.000 3.9 1.9 1.7 0.9
15,000 2.9 2.0 1.3 1.0

*The parameters of these formulas were fitted to the values for the thickness

2~40 mfp of the basic data.
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TABLE IV-1

Parameters for Point Source Exposure Buildup Factors Up to 40 mfp

in Infinetely Thick Materials and Comparison to Values Calculated

by the PALLAS Code

Material E B o] a Xk d Max. Xmax rms
(MeV) {mfp) Dev. (%) (mfp) Dav. (%)
Water 0.1 4.897 2.279 -0.193 13.82 0.0882 4.0 10 2.6
Concrete 0.2 2.779 1.535 -0,090 13.87 0.0241 2.4 0.5 1.3
Iron 0.5 1.887 1.328 -0,060 13.03 c.0136 2.7 0.5 1.4
Lead 0.1 1.949 1.471 0.069 12.40 -0.1136 8.0 0.5 3.8
TABLE IV-2
Eg Thickness (mfp)
Material (MeV)
= 60 80 100
a 9.29 + 4* 2.68 + 5 6.09 + 5
Water 0.1 b g.89 + 4 2.28B + 5 4.7 + 5
c -4.3 -15 -23
a 3.77 + 3 7.77 + 3 1.34 + 4
Concrete 0.2 b 4,17 + 3 9.23 + 3 1.75 + 4
c +11 +19 +30
a 3.94 + 2 6§.72 + 2 9,76 + 2
Iron 0.5 el 4.32 + 2 7.27 + 2 1.09 + 3
] +10 +8.1 +12
a 5.09 + 15 3.36 + 21 2.76 + 21
Lead 0.1 b 4,37 + 15 1.52 + 2%t 6.56 + 26
k5
c -14 £0.458 £0.24

aBuildup factor calculated by the PALLAS code.

bBuildup factor calculated by the G-P form.

(LT

CPercentage deviation "b" from "a

4

* 9,29 + 4 =9.29 x 10

** f g, 45 = factor of 0. 45
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TABLE YI The comparison of two interpolation methods in the energy
for exposure buildup factor in water by the moment method

axf= 10 KEvss 2xf= 0.5 MEVET
LINEAR INT. REVISED PARABOLIC INT. LIKEAR INT. REYISED PARABOLIC INT.
X(HFP) 835 ¥1 br1 Y2 by?2 X (RFPY R Y1 Dyl ¥2 Y2
0.5 1.20E+0 1.191E+0 -0.7% 1.389E+0 -0.9X c.5 1.56E5+0 1.52BE+Q 1.8T 1.574E+0 1.52

1 1.ITE+0  1,367E+0 -0.2% 1.362E+0 -0.5% 1 ?.44E+0 2.504E+Q ?.6X 2.495E+0 2.2%
2 1.6BE+0 1.694E+0 0.BX 1.684E+0 0.2F 2 4.88E+0 £,929E+9 1.0% 4,903E+0 C,.5X
3 1.97E+0  1.999E+0 f.S5r 1.9BJIE+9 0.7TX 3 §,35E+0 B8.305E+0 -~0.5% 8.251E+0 -1.7Z
& 2.256+0 2.290£+0 1.3% 2.26%E+0 0.8% ) " 1,2BE+1 1.277F+1 -0.BX  1.262E+1 -1.4%
5 2.53E+0  2.5THIE+0 1,62 2.543E+0 0.5% H 1.845+1 1.826E+1 -0.8% 1.810E+1 -1.6%
] 2.BOE+0 2.845E+0 1.6X 2.B10E+0 0.4X 6 ?.50E+1 2.500E+%1 -0.0T 2.47HE+1 -1,0%
7 J.0TE+D 3.114E+Q 1.4% 3,072E+D Q.1X T 3.27E+1 3.300E+1 0.9T 3.265E+1 -0Q.2%
3

3.34E+0  3.380E+Q 1.2 3,330E+0 -0.3% 3 4,15E+1 &, 230E+1 1.9X 4. 181E+1 0.7
10 3.86E+0 3,9%06E+9 1,2% 1.879E+Q -0.5X 0 E.29C+1 6.493S+1 J.¥X 6.402E+1 1.82
15 S.54E+0 5.214E+0 1.4% 5.097E+0 -0.8% 13 4.J9E+2?  1,44BE+2 4.1T  1.418E+2 2.0%
20 6.38E+0 £.521S+0 2.2X &.341E+40 -0.6X 29 2.E525+2 2.5T4E+2 2.2% 2.505%+2 -0.6X
25 T.59E+0 T.7TTE+0 2,3% T7.538E+0 -0.7% 25 &, 03E+2 4.1058¢2 1.9% 3,965E+2 -1.63
10 B.7BE+D B.940E+0 1.8% B.695E+0 -1.0X 30 £.95E+2 B.204Ev2 4.4 5,949E5+2 D0.2X
35 §.96E+0 1,007E+1 1.1X 9.908E+D -0.5X 35 5,28C+2 B8,B6TE+2 7,1X B.43TE+2 1.9X
40 1.12E+1  1.129E+1 0.8X 1,130E+1 0.92 40 T.11E+3 1.161E+3 4.6 1.096E+3 -1.2I
xcfx 5 MEVEE 2=f= 0,1 MEVEX
LINEAR INT. REVISED PARABOLIC 1RT. LINEAR INT, REVISED PARABOLIC [NT.
X(MFP) BS Y1 oyt Y2 by2 X{HFE2 35 Y1 Dy1 Y2 or2
0.5 1.285+0 1.284E+0 0.3X 1.284E+0 0©.33 0.5 237540 2.4315+0  7.6I  2.44TE+Q 3.3Z
-1 {1.56E+0 1,55832+0 -Q,12 1.558g+0 -0.1% 1 £.5535+0 4, BATE+0 2.1 ALTI1E+Q 4 0X
2 2.085+0 2.090%+0 O.5% 2.C8BE+0 0.4 H 4.18%+1  1.151%-1 =2.8% 1,19%E+1 1.3%
k| ?2.58%+0 2.6092+0 1.1 2.602%+0 Q.92 3 2.3832+1 .22 1 -6.4% 2.348E+1 -1.32
Y T,085+0  3,1383+40 1.22 I.107E+0 0.9% s £.455=1 3.748%-1 -8.I%  A.D4SE+1 -2.1%
5 3.538-0 J_522E+0 1.2% 3,605E+0 0.7Z ] $.525+1 5,9333+1 -9.0% &£.406E+1 -1.82
é 4.08E+0 4,1228+0 1.0z 4.099E+0 0.5% & §.57E+1 B,TE9E+y -9.3X 2.580E+1 -1.1X
7 4.5BZ+0 A.619%+0 ©.9%X 4.591E+0 0.2% 7 t.3TE+2  1.240%+2 -9.5% 1.364E+2 -0,3X
3 5, 07E+0. 5.1165+0 0,9T S5.080E+0 0.2X ] ¢ 8TE+2 1.604E+7 -9.8% 1.877E£+7 0.4X
10 6.05E+0 5,1102+0 1.0% 6,059E+0 O0,2Z 10 3.213+7  2.D14E+2 -9.27  3.256E+T V.82
15 §.49S-0 B.517=+0 1.35% B8.525E+0 0.4 15 ©,255-7 R.213E47-12.4% 9,.378E+7 -0.0T
20 1.068+1  1.1158<1 2.3I% 1.101E+1 1,02 20 €.17E-3  1.7BIE-3-17,.8% 2.054E+1 -f.4l
25 1,33E-1  1,36285+1 2,43 1.J44E+1 1,02 rad +,283-3 3, 1-70.8I  4.002Z-1 -3.2%
30 1,57C+1 1,5932+1 1,5% 1,563E+1 -0.1X% 30 7.878+3 6.376E+3-20,0% 7T,.413E-3 +7.0%
35 1.80E+1 1.B09E+1 0.5% 1.774E+1 -1.3%2 35 4.355+4  ]_0C0Fva-185.6% 1.277E+s -5.4X%
40 2.04E+1 2.021E+1 -0.9X 1.971E+1 -3.4X 40 2.11E+4 1.6BOE+4-20.4X 1.939E+4 -§.1T
®rfes |1 MEya=x xxfs 0.05 MEVEx
LINEAR [HT. REVISED PARABOLIC INT. LINEAR IKTY. REVISED PARABOLIC INT.

Y(MFP) BS Yl oY1 ¥2 bye T(HFPY 28 Y1 oY1 ¥2 Y2
9.5 1.4TE+0  §.49BE+0  1.9X 1.493E+0 1.63 G.5 2.5 2.4768-0 -1.72 2.5228+0 O0.1X
H 2.088+0 2.115E+0 1,7X 2.104E+0 1.2X 1 L,8 &,306E+0 -2.6% -4.415E+0 -0,1%
2 3.62E+0 3.532E+0 0.3X 3.59GE+0 -0.63 2 ez B.852E+0 «4.2% 9F.118E+D -1.42
3 §_S0E+0 S5.501Z+0 0.0% $.432E+0 -1.2X k) 1. 1.4628+1 -4,52 1.501E+1 -3.9%
4 7.5858+0 7.7T10E-D 0.8X T.5BVE+0 -1.1X L) .2 2.1635+1 -4.3%  2.219E+1 -7.22
5 1.G1E+1 1.02%3+1 {.5% 1.005E+1 -0.5% 5 I 2,9878-1 £2.32 T.0428+1 ~1.9%
& 1,28E+1 1,311€+1 72.4X 1.282E+1 0.1I L] L0 3.9728+1 -1,97 4.000E+1 -1.23
? 1.$8E«1 1,628%+1 3.0X 1.5B6E+*1 D.4X T |- 3 $.0078+1 -0,8% S.087E~1 -C,2%
] 1.90E+1 1.9748+1 3.9% 1.918E+~1 0.9Z 8 2.3 5.3825+1 1.0% §.10§5E+% -0.2%
19 7.61E+1 2.750E+71 5.4 2.534E+1 1,72 10 .0 F.4835+1 AL 1X ?.1&#&*1 9.6%
15 4. 7TE*1  5.104E+1 T,0% 4,.B884E+1 1.6X 15 1.8 2.06TE+7 11.7% 1.872E+2 t1.22
20 7.A0E+1 T.9S1E+1  T.4X T.420E+41 0.3% 20 3238 3.860E+2 19.5% 3,252E+2 0.7%
25 1.04E+2 1.1356+2 9.2% 1.0428+2 0.13 25 §,11E+7  6.713E+2 31.4% 5.204E+2 2,62
10 1.39E+7 1,5518+2 11.6X 1,399E+2 0.56% - 30 7T.59E47  1,116E+3 47.0% B.0a5E+2 &.0%
35 1.778+2 2.033E+2 14.9% 1.8058+2 2.0X 33 1.08%+3 1.750E«3 62.0% Li56E+1 7,02
a0 2.18E+7  T.5158+2 15.4% 2.202E+% 1.0X 40 1.4TE+3 2.548E+} 3.4 1.533E-3 4,32

BS ¢ The buildup factor by the moment method
Y1 3 " by the linear interpolation
Y2 ' by the parabolic interpolation

DY1,DY2 : Maximum deviation

— 33 J—
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TABLE VIII

Compariscn of the Values of Exposure Buildup Factors in Water Calculated

by the Moments Method Code

(MEV) 0.2 0.255 0.3 0.5 1
R
(mfp) c? Gb Dev (%) C G Dev (%) C G Dev (%)
1 3.42 3.09 2,85 2,44 2.52 3.3 2.08 2.13 2.4
2 8.31 7.14 6.30 4,88 5.14 5.3 3.62 3.71 2.5
4 27.0 23.0 19.3 12.8 14.3 11,7 7.68 7.68 0.0
7 88.5 72.9 57.8 32.7 38.8 18.7 115.8 16,2 2.5
10 208 166 126 62.9 77.6 23.4 ] 26.1 27,1 3.8
15 600 456 327 139 178 28.1 | 47.7 50.4 5.7
20 1350 982 676 252 334 32.5 1 74.0 82.2 11.1
(bEieV) 2 3 4
R
(mfp) c G DeV (%) C G - DeV (%) C G Dev (%)
1 1.83 1.83 0.0 1.71 1.69 -1.2 1.63 1.58 -3.1
2 2.81 2.77 -1.4 2,46 2.42 -1.6 2.24 2,17 -3.1
4 4.98 4.88 -2.0 4,00 3.91 -2.3 3.46 3.34 -3.5
7 8.65 8.46 -2.2 6.43 6.23 -3.1 5.30 5.13 -3.2
10 12.7 12.4 -2.4 8.97 8.63 -3.8 7.16 6.94 -3.1
15 20.1 19,5 -3.0 13.3 12.8 -3.8110.3 9.97 -3.2
20 28.0 27.7 =1.1 17.8 17.0 -4.5113.4 12.9 -3.7
(ieV 6 8 10
(f;fp)' c ¢ Dev(®) c ¢ Dev(m) ¢ ¢ Dev(%)
1 1.5% 1.48 -3.3 1.43 1.38 -3.5 1.37 1.33 -3.1
A 1.97 1.91 -3.0 1.80 1.74 -3.3 1.68 1.63 -3.0
4 2.84 2.76 -2.8 2,49 2.40 -3.6 2.25 2.1% -2.7
7 .12 3.99 -3.2 3.48 3.34 =4.0 3.07 2.97 3.3
10 5.37 5.18 ~-3.5 4, 44 4,25 -1.4 3.86 3.72 -3.6
15 7.41 7.09 -6.,0 5.9% 5.66 -5.5 5.14 4,90 -=4.7
20 9.42 8.85 -6.1 7.49 6.95 -7.2 £.38 5.98 -6.3

a Exposure buildup factors by Chilton et al.(Ref. 1l)
b Exposure buildup factors by Goldstein aad Wilkins (Ref. 1 )
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TABLE 1IX
The Contribution of Bremsstrahlung to the Exposure Buildup Factors

calculated by the PALLAS

Material Water Iron
E(MeV)
pri{mfp 8 10 15 5 6 8 in 15
0.5 1.08  L.15 1.35 1.19  1.23 1.35 1.45 1.71
1 1,07  1.11 1.19 1.13 1.19 1.32 1.49 1.89
2 1.05  1.08 1.17 | 1.11 1.16 1.29 1.47 2,02
3 1.05  1.07 1.13 1.10 1.14 1.26 1.47 2.13
4 1.04 1.05 1.12 1.08 1.13 1.24 1.43 2.15
5 11,03 1.05 1.11 1.07 1.11 1.22 1.40 2.14
6 1.03 1.04 1.10 1.07 1.10 © 1.20 1.37 2.09
7 1.03 1.04 1.09 1.06 1.09 1.19 1.34 2.05
8 1.03  1.04 1.08 1.06 1.08 1.17 1.32 2.02
10 1.02 1.03 1.07 i.05 1.08 1.15 1.29 ‘1,94
15 1,02 1.03 1.06 1.04 1.06 1.12 1.22 1.79
20 1.02 1,03 1.06 1.04 1.06 1.11 1.19 1.67
25 1,02 1.02 1.05 1.03 1.05 1.09 1.16 1.59
30 1.02  1.03 1.05 1.03 1.064 1.08 1.14 1.52
kH 1.02 1.02 1.05 1.03 1.04 1.08 1.13 1.46
40 1.02 1.03 1.05 1.03 1.04 1.09 1.12 1.41
Material Concrete Lead
T (MeV)
vr (mE0) 10 15 4 5 6 8 10 15
0.1 1.20  1.38 1.25 1.39 1.53 1.80 2.23 2.91
1 1.21  1.38 1.2¢4 1.38 1.62 2.09 2.83 3.88 -
2 1.15  1.36 1.17 1.34 1.54 2.16 3.23 5.48
3 1.11 1,30 1.16 1.29 1.51 2.17 3.35 6.55
& 1.09  1.25 1.13 1.26 1.47 2.17 .37 7.30
5 1.08  1.26 | ‘1.12 1.24 1.63 2.12 3.45 7.89
6 1.08  1.21 1.11 1.21 1.40 2.11 3.76 8.36
7 1.07 1.19 1.09 1.19 1,38 2.08 3.48  8.81
8 1.06  1.19 1.09 1.18 1.35 2.05 3.47 9.14
10 1.06  1.16 1.08 1.16 1,32 2.01 3.50 9,64
15 1.05 1.13 1,06 1.13 1.26 1.89 3.0 10.0
20 1.05 1.1l 1.05 1,10 1.21 1.81 3.29 9.82
25 1.04 1.10 1.03 1.05 1.18 1.74 3.17 9.52
30 1.04  1.09 1.04 1.07 1.16 1.69 3.04 9,15
35 1.06  1.09 1.04 1.07 1.14 1.64 2.96 8.89
40 1.04 1.09 1.04 1.06 1.13 1.60 2.87 8.62
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TABLE x

Parameters for Point Scurce Exposure Buildup Factors Including

and Compariscon to Values Calculated by the PALLAS Code

" the Effect of Bremsstrahlung Up to 40 mfp in Infinitely Thick Lead

E B [ a Xk 4a Max. Lmax ms.:
(MeV) (mfp) Dev. (%) {mfp) Dev. (%)
With Bremsstrahlung

4 1.378 0.954 0.042 14.04 -0.0603 4.6 0.5 1.7

5 1.361 0.856 0.051 13.95 =0.0709 5.3 0.5 2.1

6 1.377 0.941 0.062 14.14 -0.0785 5.3 0.5 2.2

8 1.424 0.968 0.068 13.98 -3.0874 4.2 0.5 2.4
10 1.448 1.121 0.036 13.¢98 —0.0599 5.5 0.5 2.2
‘15 1.548 1.287 0.024 13.50 -0.0571 4.7 0.5 2.2

Without Bremsstrahlung

4 1.311 1.028 0.020 13.88  -0.0433 3.8 0.5 1.4

5 1.253 l.081 0.015 13.74 -0.5442 4.7 0.5 1.7

§ 1.225 1.4972 0.025 13.3%0 -0.0531 5.0 0.5 1.8

g 1.174 1.086 0.034 14.46 -0.0572 5.6 0.5 2.1
10 1.134 1.092 0.045 14.63 ~0.0670 5.7 0.5 2.0
15 1.092 1.044 0.085 14.94 -0.1C88 5.8 1 2.6
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Appendix A

G-P Parameters fitted to Buildup Factors calculated
by the PALLAS Code and Buildup Factoers using G-P Method
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Appendix B

Buildup Factor Data calculated by the PALLAS Code
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