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A Comparison of Gamma-Ray Buildup Factors
for Water, Iron and Lead
using Discrete Ordinates, Moments, and Monte Carlo Methods
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The aim of this study is to compare point isotropic buildup factors recently calculated by Sn discrete ordinate codes with
those obtained by the EGS4 Monte Carlo code and those of the standard data (ANS-6.4.3-1991). The comparisons are presented
for the water, iron, and lead exposure buildup factors, for 3 energies of 10, 1, and 0.1 MeV, and for total thicknesses of up to 30
mfp mean free paths. The comparisons have shown that the buildup factors calculated by the Sn and EGS4 codes are in very
good agreement. The maximum deviations observed between the results given by these codes are about 10% for all cases. The
deviations between the Sn and EGS4 codes on the one hand, and the standard data on the other hand, are about 35% and 20% for
the lead exposure buildup factors at 10 MeV and 0.1 MeV respectively. In the second part of the study we show the impact of
both coherent and incoherent scattering on the exposure and the exposure buildup factors. These effects are important for the
energy range below 1 MeV and must not be neglected in the transport calculations.
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I. Introduction

The gamma-ray buildup factor is a multiplicative factor which
corrects the response to uncollided photons so as to include
the contribution of scattered photons.!> Buildup factors are
important data implemented in point kernel codes (MERCURE®,
QAD®), together with linear attenuation coefficients.

Buildup factors can be measured by experiments or
calculated by codes solving rigorously the Boltzmann transport
equation. Experiments for obtaining accurate buildup factors
in a wide range of energy are generally not easy to set up.
Therefore, buildup factors are calculated using different codes
(SN1D®, TWODANT®, EGS4®, PALLAS™), for the same
physical problem, and then compared.

In this paper a new set of point isotropic buildup factors®
recently calculated by Sn discrete ordinates codes (SN1D®),
TWODANT®) are compared with those obtained by
Hirayama® using the EGS4 Monte Carlo code with a particle
splitting technique, and those of the standard data, ANS-6.4.3-
1991.09

The comparisons were firstly performed by neglecting
coherent and incoherent scattering and L X-rays in the Sn
transport calculations to be conform with the other calculations.
The buildup factors calculated by the Sn codes take into account
the secondary sources of bremsstrahlung (no distinction between
electrons and positrons), the Compton scattering using the
theory of Klein-Nishina for free electrons, the pair production,
and the photoelectric effect with K X rays. The ELEGAM-2®
code has been used to produce gamma-ray multigroup transfer

* 91191 Gif-sur-Yvette, France
T Corresponding author, Tel.+33-1-69-08-53-82
Fax.+31-1-69-08-45-72, E-mail: chiron@soleil.serma.cea.fr

matrices for the Sn codes taking into account all the above
physical phenomena without changing the transport codes. The
comparisons are presented for the water, iron, and lead exposure
buildup factors, for 3 energies of 10, 1, and 0.1 MeV, and for
total thicknesses of up to 30 mfp (mean free path).

In the second part of the study, we show the impact of both
coherent and incoherent scattering on the exposure buildup
factors and the exposures. These effects are important for the
energy range below 1 MeV and must not be neglected in the
transport calculations.

II. Production of g ray Multigroup Transfer
Matrices for Sn Codes

The ELEGAM-2 code has been developed at the
Commissariat & I’Energie Atomique (CEA/Saclay) to produce
gamma-ray multigroup transfer matrices for the Sn codes
(SN1D, TWODANT), by taking into account: the secondary
sources of bremsstrahlung coming from the electrons and
positrons of the Compton scattering and the pair production
effects (with the multiple scattering theory), the coherent
scattering (Rayleigh), the bound-electron effect of Compton
scattering (incoherent), the pair production, and the
photoelectric effect with emission of K and L X rays secondary
sources of fluorescence. It is interesting to notice that no
modifications in the Sn transport codes are needed. The photon
cross sections data are taken from the JEF2 evaluation'" that
has taken back the (EPDL) compilation.(?

The coherent and incoherent scattering are rigorously treated
by the ELEGAM-2 code using the form factors and incoherent
scattering functions of the EPDL compilation.('» (13)
Fluorescence is dealt with by an isotropic multigroup energy
transfer; the fine structure of the K and L X rays is exactly
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taken into account using the radiative transitions and the
corresponding emission efficiencies from the Evaluated Atomic
Data Library Compilation.!* Concerning secondary sources
of bremsstrahlung, their calculation by ELEGAM-2 is rigorous
if we consider that the secondary photons are emitted where
the Compton scattering or the pair production effect takes place.
In other words, if we neglect the track of the charged particles
as they pass through matter. In this case ELEGAM-2 first carries
out the energy and angular bremsstrahlung gamma distribution
for one electron penetrating a thick target with a given kinetic
energy (e~ — yp) - The obtained gamma distributions are
converted into gamma-gamma Legendre multigroup energy
transfer matrices required for the Sn codes. Under the previous
hypothesis related to electron and positron track, it is clear that
the electromagnetic cascade (Y —>e =Yz —>e — ¥p)
effect is automatically incorporated in the transport calculations.

More details about the ELEGAM-2 code are given in
reference 8.

III. Buildup Factor Calculations

The exposure buildup factors for water, iron, and lead are
calculated using Sn discrete ordinates codes (SN1D,
TWODANT) for point isotropic sources in infinite spherical
geometry. The buildup factors are generated for 3 energies of
10, 1, and 0.1 MeV, and for total thicknesses of up to 30 mfp
(mean free path).

The calculation of the buildup factors up to 30 mfp shield
thickness by the discrete ordinates codes is very difficult and
needs many energy groups and an extremely fine space and
angular mesh to achieve reasonably accurate results.(!>!©
Therefore, the buildup factors are obtained by the Sn codes
with the following features: 218 energy groups between 10 MeV
and 1 keV for the transport calculations, P, for the Legendre
expansion of the scattering cross sections and S, for the Gauss-
Legendre angular quadrature, 728 spatial meshes between 0
and 35 mfp (1 mfp is divided into 20 subintervals). The results
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obtained by the two discrete ordinate codes SN1D and
TWODANT are identical.

The water, iron, and lead exposure buildup factors tabulated
in the ANS-6.4.3 standard data report were calculated for point
isotropic sources using two different codes. Those for water
and iron were obtained by the moments method'” with the
Hubbell’s compilation (NSRDS-NBS-29)!® for the photon
cross sections. Those for lead were determined by the discrete
ordinates code, PALLAS®™, with the PHOTX!'? library.

Recently, Hirayama® calculated the point isotropic buildup
factors for water, iron, and lead up to 40 mfp using the EGS4
Monte Carlo code with a particle splitting technique. The
calculations were performed with the same photon cross section
libraries mentioned above.

IV. Comparison with the EGS4 Monte Carlo
Code and the Standard Data

1. Comparison without Coherent and Incoherent Scattering

The water, iron, and lead exposure buildup factors calculated
by the Sn codes are compared with those obtained by the EGS4
code and those of the standard data in Tables 1 to 4 for 10, 1,
and 0.1 MeV point isotropic sources.

At 10 MeV where the contribution of secondary sources of
bremsstrahlung becomes important in high Z materials (iron,
lead), the buildup factors calculated by the Sn and EGS4 codes
are in very good agreement (table 1). The maximum deviations
observed between the results given by these codes are about
1% for the water exposure buildup factors, 5% for the iron
exposure buildup factors, and less than 10% for the lead
exposure buildup factors. The deviations between the Sn and
EGS4 codes on the one hand, and the standard data on the
other hand, are about 8, 30, and 35% for the water, iron, and
lead exposure buildup factors respectively; the moments method
underestimates the water and the iron exposure buildup factors
and the discrete ordinates code PALLAS overestimates the lead
exposure buildup factors. These tendencies which have been

Table 1 Gamma-Ray Exposure Buildup Factors for Point Isotropic Source (10.0 MeV)

Water Iron
mfp | EGS4 | ANS-6.4.3 SN EGS4 | ANS-6.4.3 SN
(NBS) (NBS) (JEF2) (NBS) (NBS) (JEF2)
A B C (c/B) | (€/A) A B C (C/B) | (C/A)
1 1.44 1.37 1.44 1.05 1.00 1.51 1.33 1.50 1.13 0.99
7 3.31 3.07 3.30 1.07 1.00 4.29 3.27 4.17 1.28 0,97
10 4.16 3.86 4.15 1.08 1.00 6.14 4.69 6.03 1.29 0.98
20 6.80 6.38 6.83 1.07 1.00 15.5 12.3 15.9 1.30 1.03
30 9.45 8.78 9.33 1.06 0.99 32.2 25.3 33.8 1.33 1.05
Lead
mfp EGS4 ANS-6.4.3 SN
(PHOTX) (PHOTX) | (JEF2)
A B C (C/B) | (C/A)
1 1.57 1.51 1.51 1.00 0.96
6.24 7.37 5.62 0.76 0.90
10 12.0 15.4 10.8 0.70 0.90
20 109. 161. 99.9 0.62 0.92
30 965. 1.47+3 913. 0.62 0.95
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Table 2 Gamma-Ray Exposure Buildup Factors for Point Isotropic Source (10.0 MeV)-Without Bremsstrahlung

Water Iron
mfp | EGS4 | ANS-6.4.3 SN EGS4 | ANS-6.4.3 SN
(NBS) (NBS) (JEF2) (NBS) (NBS) | (JEF2)
A B C (c/B) | (C/A) A B C (c/B) | (C/A)
1 1.39 1.37 1.39 1.01 1.00 1.34 1.33 1.34 1.01 1.00
7 3.15 3.07 3.14 1.02 1.00 3.36 3.27 3.36 1.03 1.00
10 3.99 3.86 3.94 1.02 0.99 4.79 4.69 4.86 1.04 1.01
20 6.55 6.38 6.50 1.02 0.99 12.9 12.3 13.2 1.07 1.02
30 9.18 8.78 8.88 1.01 0.97 26.6 25.3 28.6 1.13 1.08
Lead
mfp EGS4 ANS-6.4.3 SN
(PHOTX) | (PHOTX) (JEF2)
A B C (C/B) | (C/A)
1 1.20 1.19 1.19 1.00 0.99
_ 2.74 2.77 2.72 0.98 0.99
10 4.83 4.99 4.78 0.96 0.99
20 41.8 48.5 43.2 0.89 1.03
30 393. 475. 418. 0.88 1.06
Table 3 Gamma-Ray Exposure Buildup Factors for Point Isotropic Source (1.0 MeV)
Water Iron
mfp | EGS4 | ANS-6.4.3 SN EGS4 | ANS-6.4.3 SN
(NBS) (NBS) (JEF2) (NBS) (NBS) (JEF2)
A B C (c/B) | (c/a) A B C (c/B) | (c/A)
1 2.10 2.08 2.06 0.99 0.98 1.86 1.85 1.85 1.00 0.99
7 15.9 15.8 15.5 0.98 0.97 10.1 10.0 10.1 1.01 1,00
10 26.4 26.1 25.6 0.98 0.97 16.0 15.8 15.9 1.01 0.99
20 74.3 74.0 72.4 0.98 0.97 41.0 41.3 41.7 1.01 1.02
30 138. 139. 136. 0.98 0.99 75.0 74.5 75.5 1.01 1.01
Lead
mfp EGS4 ANS-6.4.3 SN
(PHOTX) (PHOTX) (JEF2)
A B C (C/B) | (C/A)
1 1.38 1.38 1.36 0.99 0.99
7 2.95 2.89 2.86 0.99 0.97
10 3.62 3.51 3.46 0.99 0.96
20 5.45 5.27 5.12 0.97 0.94
30 7.10 6.64 6.49 0.98 0.91
Table 4 Gamma-Ray Exposure Buildup Factors for Point Isotropic Source (0.1 MeV)
Water Iron
mfp | EGS4 | ANS-6.4.3 SN EGS4 | ANS-6.4.3 SN
(NBS) (NBS) (JEF2) (NBS) (NBS) (JEF2)
A B C (cm) | (/A A B C (CmB) | (C/A)
1 4.68 4.55 4.32 0.95 0.92 1.39 1.40 1.37 0.98 0.99
7 148. 137. 130. 0.95 0.88 2.34 2.31 2.34 1.01 1.00
10 354. 321. 312. 0.97 0.88 2.66 2.61 2.68 1.03 1.01
20 | 2.35+3 2.17+3 2.30+3 1.06 0.98 3.43 3.33 3.62 1.09 1.06
30 | 8.56+3 7.97+3 9.21+3 1.16 1.08 4.02 3.86 4.47 1.16 1.11
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Lead
mfp EGS4 ANS-6.4.3 SN
(PHOTX) | (PHOTX) | (JEF2)
A B C (c/B) | (C/A)
1 2.17 2.04 2.11 1.03 0.97
7 43.2 54.9 43.6 0.79 1.01
10 243. 294. 251. 0.85 1.03
20 1.23+5 1.33+5 1.34+5 1.01 1.09
30 8.58+7 8.77+7 9.71+7 1.11 1.13
reported by Hirayama® and Kitsos et al.® are explainfed by 100 oo fater 30y +col‘1+incoh /~coh-inoh
the facts that brgmsstrahlung sources are neglected in the 30| % - Wlron Jmp sehsinch/~coh-ineoh
moments calculations and the treatment of the bremsstrahlung | &~ ilead 30nfp +cohtincob,/-cob-incoh
in the PALLAS code includes some simplifications. In
PALLAS, the multiple scattering of electrons is neglected and " 80
the bremsstrahlung radiation is emitted in the forward 2
direction. These simplifications increase the photon flux, E 10
especially at deep penetrations. Table 2 gives the water, iron .
and lead exposure buildup factors at 10 MeV calculated without g 60
taking into account the secondary sources of bremsstrahlung. M
In this case the deviations observed between the different =50
calculations are about 10%. 5
At 1 MeV where the Compton scattering effect is dominant Z 40
(table 3), the buildup factors obtained by the different a
calculations are in very good agreement. The maximum 30
deviations observed for all the materials are less than 10%.
At 0.1 MeV the lead buildup factors become very large at 20
deep penetrations because of the K edge and the production of
secondary sources of fluorescence. For this material, the 1.0
maximum deviations observed between the Sn and EGS4 codes
are about 10%. The deviations observed between the Sn and 00 1 OL" "
EGS4 codes on the one hand, and the standard data on the
other hand, are about 20% at ~7mfp (table 4). For the water Energy (MeV)
and the iron buildup factors, the different calculations are in Fig. 1 Ratio of exposure buildup factors as a function of the energy

good agreement. The deviations observed are about 10%.

2. Influence of coherent and Incoherent Scattering
Buildup factors found in literature®®'”2!19 were calculated
without taking into account coherent scattering when the
Compton scattering was treated as a scattering on a free electron
using the theory of Klein-Nishina. Hirayama and Trubey®@?
evaluated the effect of neglecting coherent and incoherent
scattering for water, iron, and lead up to 10 mfp; by using the
Monte Carlo code EGS4. For incoherent scattering, the binding
correction was taken into account only in the total cross section;
the Klein-Nishina theory (without binding correction) was used
for the differential cross section, a serious approximation. The
results were reported in reference 10 as correction factors on
the buildup factors. Subbaiah et al.?® studied the influence of
coherent scattering by using the ASFIT code; they originated
the correction factors for coherent scattering used in reference
10. These correction factors concern only the coherent
scattéring, and their use causes difficulties because the effects
of coherent and incoherent tend to cancel each other. It is better
to either include or neglect both effects rather than to include
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source showing the influence of both the coherent and
incoherent scattering, for water, iron and lead at 30 mean free
paths.

or neglect only one of them in a transport calculations. Kitsos
et al.!'® investigated in detail the influence of coherent and
incoherent scattering on the exposures and the buildup factors
by taking into account these effects in both the total and the
differential cross sections; the secondary sources of fluorescence
were neglected in their transport calculations.

Figure 1 shows the water, iron, and lead exposure buildup
factors at 1 and 0.1 MeV, calculated with and without coherent
and incoherent scattering.

At 1 MeV, the influence of the coherent and incoherent
scattering is important only for lead; the both effects increase
the buildup factors by a factor ~2.5 at 30 mfp.

At 0.1 MeV, the influence of coherent and incoherent
scattering is important for all the materials; the water buildup
factors are increased by about 30% at 30mfp, those of iron by
a factor 8, and those for lead by about 50% above the K edge
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Fig. 2 Ratio of exposures as a function of the energy source for the
same shielding thickness.

and about a factor 8 just below. The coherent and incoherent
scattering are competitive with the photoelectric effect, which
weakens their influence at low energies. Figure 1 shows that
the iron and the lead buildup factors stop increasing and start
to decrease when the photoelectric effect becomes
preponderant.

Figure 2 shows the influence of both coherent and incoherent
scattering on the exposures calculated at the same physical
thickness. In this case, the exposure decreases if we take into
account these effects because of an increase in the total cross
section.

V. Conclusion

The aim of this paper was to compare point isotropic buildup
factors recently calculated by Sn discrete ordinates codes with
those obtained by Hirayama using the EGS4 code with a particle
splitting technique and those of the standard data, ANS-6.4.3-
1991. The comparisons were presented for the water, iron, and
lead exposure buildup factors, for 3 typical energies of 10, 1,
and 0.1 MeV, and for total thicknesses of up to 30 mfp. The
comparisons have shown that the buildup factors calculated by
the Sn and EGS4 codes are in very good agreement. The
maximum deviations observed between the results given by
these codes were about 10% for all cases. The deviations
observed between the Sn and EGS4 codes on the one hand,
and the standard data on the other hand, were about 35% for
the iron and the lead exposure buildup factors at 10 MeV, and
about 20% for the lead exposure buildup factors at 0.1 MeV.

In the second part of the study, we have shown the influence
of both coherent and incoherent scattering on the buildup

factors and the exposures. These effects are important for
the energy range below 1 MeV and must not be neglected in
the transport calculations.

The comparisons between the different calculations were
carried out using different cross section compilations. This study
could be completed by using the same g-ray cross section
evaluation for all the transport codes.
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