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Calculation of Gamma-ray Exposure Buildup Factors 
up to 40mfp using the EGS4 Monte Carlo 

Code with a Particle Splitting 

Hideo HIRAYAMA 

National Laboratory for High Energy Physics' 

(ReceivedJuly 27, 1995) 

Gamma-ray exposure buildup factors up to 40 mfp have been calculated using the Monte Carlo 
code EGS4 for water, iron and lead for point isotropic sources. The new algorithm which applies 
particle-splitting at each preset depth to simulate almost same number of particles from the 
preset depth is developed in order to obtain reasonable results with EGS4 at deep-penetrations. 
Comparisons of these results to the standard data calculated with the moments method or the 
discrete ordinates code PALLAS show good agreements if the same cross section data and energy 
absorption coefficients are used. 

The EGS4 calculations with this new algorithm will be a useful tool for future studies of 
gamma-ray buildup factors including the review of the standard data. 

KEYWORDS: Monte Carlo method, calculation method, EGS4 code, algorithms, rnathe- 
matical logic, deep penetration, gamma-ray buildup factor, particle splitting, energy 
spectra 

I. INTRODUCTION 
This report describes an attempt to apply 

a Monte Carlo method to  a gamma-ray deep- 
penetration problem in calculating gamma- 
ray exposure buildup factors. 

Experiments aimed a t  obtaining precise 
gamma-ray exposure buildup factors are gen- 
erally not easy. Studies of gamma-ray buildup 
factors were therefore carried out using calcu- 
lations. The Monte Carlo method is not suit- 
able for deeppenetration calculations due to 
a statistical problem. Therefore, studies a t  
deep penetrations were mainly performed by 
discrete ordinates methods. 

It was recently reported by Kitsos et uZ.(') 
that many energy groups, and an extremely 
fine space and angular mesh, were required 
to achieve reasonably accurate results in cal- 
culating gamma-ray exposure buildup fac- 
tors. They showed that discrete ordinates 
methods are also difficult to apply at  very 
deep penetrations, such as 40mfp. This fact 
shows the necessity to compare the calculated 
buildup factors between the different calcula- 
tion methods, especially at  deep penetrations. 

It has become possible to execute a Monte 
Carlo calculation of very large histories within 
a reasonable CPU time along with a recent 
drastic increase in computer power. It is still 
difficult to obtain reasonably accurate results 
at deep penetrations using the ordinary ana- 
log method. 

The particle-splitting technique is one of 
the useful technique at  the deep penetra- 
tion problems. It is necessary to apply the 
particle-splitting at  several depths to obtain 
reasonable results at very deep penetrations, 
such as 40mfp and the number of splitting 
at each splitting point is not easy to deter- 
mine. In the EGS4'') calculations, moreover, 
this needs the very large stack number. The 
new algorithm was developed in order to over- 
come these difficulties. 

The calculation results of EGS4 with this 
new algorithm were compared with those of 
the standard data calculated by the moments 
method(3) and the discrete ordinates code, 
PALLAS"), in order to prove the validity of 
this algorithm. 

* Oho, Tsukuba-shi 305. 
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II. CALCULATION 
1. Method of Calculation 
The details concerning the EGS4 code 

have been described previously('). 
In photon transport, EGS4 considers 

Compt,on scattering (Klein-Nishina cross 
section applied to free electrons), pair pro- 
duction, and the photoelectric effect with 
K X-rays. 

Electron-positron transport is simulated 
using the condensed-history technique with 
energy-loss fluctuations accounted for through 
the random nature of elastic scattering events. 
The PRESTA'') algorithm was used to  ob- 
tain accurate results without setting a very 
small step size. Bremsstrahlung produc- 
tion, positron annihilation in flight and at 
rest, elastic M@ller and Bhabha scattering 
from electrons and Moilkre multiple scatter- 
ing from atomic nuclei were all taken into 
account. 

The particle-splitting technique involves a 
kind of a variance reduction to obtain more 
information about such rare events at deep 
penetrations. In an ordinary way, a particle 
is split into many particles having less weight 
in order to compensate for an increase in num- 
ber when it arrives at the position of interest. 

This ordinary particle-splitting technique 
cannot be applied to the EGS4 code for calcu- 
lating the exposure buildup factors up to 40 
mfp due to the following reasons: 

(1) It is necessary to apply particle split- 
ting at several preset depths, for exam- 
ple at each 5 mfp, for deep-penetration 
calculations up to 40 mfp. 

(2) The EGS4 code is an electron gamma 
shower code in which the number of par- 
ticles increases at each interaction. The 
stack number (NP) is used to treat this 
phenomenon. A lower energy particle 
having a larger NP is traced first. If par- 
ticle splitting is applied in the ordinary 
way, a large number of N P  is necessary. 

It is desired to follow the almost 
same number of particles at each preset 

(3) 

depth. The number of particles reach- 
ing to the splitting point depends on the 
medium, its depth and photon energy. 
The number of splitting is, therefore, 
not easy to  determine for each problem. 

The following algorithm is used to over- 

(1) When a particle reaches the position 
at which it is to be split (NCIR(ICRR), 
ICRR: the number of splitting points), 
write all information concerning the 
particle (positions, direct,ion cosines, 
energy, weight and particle type) on the 
disk file and stop this history. 

When all of the histories (NCASES) 
are completed, calculate the splitting 
number (NSPLIT) based on the num- 
ber of particles reaching the split posi- 
tion (NPART) and NCASES using 

come these difficulties: 

(2) 

NSPLIT=NCASES/NPART+l. 

(3) Continue calculating the NSPLIT 
times using the particle information 
written on the disk file using a parti- 
cle weight of W(NP)/NSPLIT, where 
W(NP) is that before applying the split- 
ting. 

(4) When a particle reaches the next split 
position, carry out the same procedure 
as that mentioned above. 

If the calculations performed using 
the data at the deepest splitting point 
(NSIR($NSPP)) have been completed, 
discontinue the calculation and analyze 
the results. 

It becomes possible to simulate almost the 
same number of particles at each splitting 
point by the above-mentioned method. A flow 
chart of this method is shown in Fig.1. 

The data of 40mfp in infinite water, iron 
and lead were estimated based on calculations 
in a sphere of 42-mfp thickness. The splitting 
point must be determined to  have an enough 
number of particles reaching at each points. 
After testing for several depths, the splitting 
point was set at each 5mfp. In all calcula- 
tions, 1,000,000 case histories were used. 

(5) 
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Fig.1 Flow chart of EGS4 calculation with splitting 

Calculations were performed using the 
PURE (Pilot Unix R&D Environment) sys- 
tem at  the Computing Center of National 
Laboratory for High Energy Physics (KEK). 

2. Cross Section 
The standard data of the gamma- 

ray exposure buildup factors(6) for water 
and iron have been calculated using the 
moments method(3) and Hubbell’s data(7) 
(NSRDS-NBS-29). On the other hand, those 
for lead have been calculated using the 
discrete ordinates code, PALLAS‘“), and 
PHOTX data@). 

The cross section data of each material 
and the energy absorption coefficients of air 
affect the exposure buildup factors. The same 
data base must be used to check the com- 
putational method by comparing the results 
between the different calculation methods. 
EGS4 calculations were therefore performed 

using the same data base as that mentioned 
above. The photoelectric cross sections, 
pair production cross sections and total cross 
sections used in the calculations are given 
in Table 1. The Compton-scattering cross 
section for free electrons was used in the stan- 
dard data and the EGS4 calculations. 

The material data used in EGS4 are calcu- 
lated with PEGS4 (Preprocessor for EGS4). 
The IAPRIM option(g) is used to produce a 
radiative stopping power identical to that pre- 
sented in ICRU37(l0). 

m. RESULTS AND DISCUSSION 
1. Comparison with the Standard 

Tables 2, 3 and 4 give comparisons of 
EGS4 calculations with the standard data of 
the exposure buildup factors for water, iron 
and lead for 0.1, 1.0 and lOMeV, respectively. 

Data 
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Table 1 Photoelectric cross sections, pair production cross sections and total cross sections 
used in the calculation 

Photoelectric Cross Section Total Cross Sectoon 
Photon Water" Iron" Leadb Water lron Lead 

(MeV) (cm2/d (cm'/d (cm2/d (cm2/d (cm2/d (cm2/g) 

1.503-2 1.27E-t-0 5.55E-i-1 1.082E-i-2 1.48E+O 5.57E-l-1 1.0833+2 

Energy (Ref. 7) (Ref. 7) (Ref. 8) (Ref. 7) (Ref. 7) (Ref. 8) 

1.003-2' 4.78E-l-0 1.713+2 1.256E-i-2 4.993+0 1.72E-l-2 1.2563+2 

2.003-2 5.053-1 2.493+1 8.398E-i-1 7.11E-1 2.51E-l-1 8.4113+1 
3.00E-2 1.383-1 7.71E-tO 2.886E-l-1 3.383-1 7.88E-t-0 2.900E+l 
4.003-2 5.483-2 3.303+0 1.335E-l-1 2.483-1 3.46E-l-0 1.349E-l-1 
5.003-2 2.673-2 1.683+0 7.294E-l-0 2.14E-1 1.84E-i-0 7.4263+0 
6.003-2 1.503-2 9.753-1 4.433JQ-0 1.973-1 1.13E-l-0 4.562E-i-0 
8.003-2 5.953-3 4.063-1 2.013E-t-0 1.793-1 5.503-1 2.1363+0 
8.73E-2d 1.5813+0 1.703E-l-0 
8.803-2 1.548E-l-0 1.668E-l-0 
8.803-2' 7.323WO 7.442E-l-0 
1.003-1 2.853-3 2.043-1 2.858E-t-0 1.683-1 3.423-1 5.355E-t-0 
1.503-1 7.763-4 5.953-2 1.8153+0 1.493-1 1.843-1 1.9213+0 
2.00E-1 3.11E-4 2.513-2 8.4653-1 1.363-1 1.393-1 9.4323-1 
3.00E-1 8.863-5 7.523-3 2.9303-1 1.183-1 1.073-1 3.7723-1 
4.003-1 3.783-5 3.233-3 1.4173-1 1.063-1 9.213-2 2.1723-1 
5.003-1 2.043-5 1.823-3 8.1803-2 9.673-2 8.293-2 1.5153-1 
6.00E-1 1.283-5 1.153-3 5.4073-2 8.953-2 7.623-2 1.1793-1 
8.003-1 6.423-6 5.863-4 2.9013-2 7.863-2 6.653-2 8.4743-2 
1.00E-I-0 3.98E-6 3.643-4 1.8103-2 7.073-2 5.963-2 6.8483-2 

Photon Water Iron Lead Water Iron Lead 
Pair Production C m  Section Total Cross Sectoon 

Energy (Ref. 7) (Ref. 7) (Ref. 8) (Ref. 7) (Ref. 7) (Ref. 8) 
(MeV) h 2 / d  (cm2/g) (cm2/g) (cm2/g) (cm2/d (cm2/g) 
2.OOE-l-0 3.933-4 1.363-3 5.4513-3 4.943-2 4.253-2 4.5363-2 
3.OOE+O 1.133-3 3.783-3 1.1933-2 3.973-2 3.623-2 4.1993-2 
4.00E+O 1.89E-3 6.093-3 1.7163-2 3.403-2 3.313-2 4.1753-2 
5.00E-l-0 2.563-3 8.133-3 2.2563-2 3.033-2 3.143-2 4.2573-2 
6.00-0 3.173-3 9.933-3 2.5353-2 2.773-2 3.053-2 4.3793-2 
8.00E-l-0 4.223-3 1.303-2 3.1713-2 2.433-2 2.983-2 4.6673-2 
1.00E-i-1 5.083-3 1.54E-2 3.6993-2 2.223-2 2.983-2 4.9653-2 

a NSRDS-NBS-29, PHOTX, Read as 1.00 X 10-l. 
Ko2 X-ray energy, K edge energy 

The standard data for water and iron have 
been calculated using the moments method(3) 
and those for lead have been calculated using 
the discrete ordinates code, PALLAS4). 

For 0.1 and 1MeV gamma-rays, the re- 
sults of EGS4 agree very well within the sta- 
tistical errors with the standard data except 
for lead at 0.1 MeV. The slight overestimate 
tendency of the PALLAS code for lead at 0.1 
MeV between 4 and 30mfp is pointed out in 
Ref.(11) by comparing the results of the dis- 
crete ordinates code, ASFIT(12) and those of 
EGS4. 

In the case of 10 MeV, although the EGS4 
results agree very well for water and iron, they 
are slightly larger for iron and smaller for lead 

than the standard data. 
In the moments calculations, bremsstra- 

hlung events are neglected. This treatment de- 
creases the photon flux inside the materials. 
To check this effect, EGS4 calculations with- 
out bremsstrahlung were compared with the 
standard data (Table 5 ) .  The EGS4 results 
agree very well with the standard data for 
iron. Therefore, the differences between EGS4 
and the moments method can be explained 
as being bremsstrahlung contributions. The 
results of the PALLAS code for lead 
include the contribution of bremsstrahlung. 
The treatment in PALLAS, however, includes 
some simplifications. That is, PALLAS ne- 
glects the transport of charged particles, 

- 4  
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EGS4(PHOTX) 
2/D E 
1.01 1.38k0.001 

1205 

ANS-6.4.3' 
F 

1.38 

Table 2 Gamma-ray exposure buildup factor for point isotropic source (0.1 MeV) - 
mrp 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 

- 

- 

Wa 
EGS4 NBS 

4.68 f 0.001 
12.4 f 0.032 
25.0 f 0.067 
43.9 f 0.16 
70.1 f 0.27 

104. f 0.43 
148. f 0.63 
203. f 1.3 
354. f 3.0 
1.05E+3'f 13. 
2.353+3 f35.  
4.823+3 f 1.OE+2 
8.56&+3 f 2.43+2 
1.443+4 f 5.3&+2 
2.443+4 f 1.63+3 

- I ANS-6.4.3' 
B 

4.55 
11.8 
23.8 
41.3 
65.2 
96.7 

137. 
187. 
321. 
938. 

2.173+3 
4.36&+3 

1.353+4 
2.113+4 

7.973+3 

- 
A/B 
1.03 
1.05 
1.05 
1.06 
1.07 
1.08 
1.08 
1.09 
1.10 
1.12 
1.08 
1.11 
1.07 
1.07 
1.16 - 

S4 NBS ANS-6.4.3O s 
2.10f0.009 
2.23f0.008 
2.34f0.011 

3.43f0.035 
3.73*0.036 

I w 

1.01 3.53 f 0.005 
1.01 5.57 f 0.010 
1.01 8.99 f 0.020 
1.01 14.8 f 0.023 
1.01 25.0 f 0.036 
1.01 43.2 f 0.067 
1.02 75.9 f 0.11 
1.02 243. f 0.42 
1.02 5.12E+03f 11. 
1.03 1.233+03f300. 
1.03 3.17E+O6f 9.83+03 
1.04 8.583+07f 3.03+5 
1.06 2.38E+09f 8.9E+6 
1.07 6.70E+lOf 2.73+8 

a Calculations by the moments methods with NSRDS-NBS-29. 
Calculations by PALLAS with PHOTX. 

= &ad a~ 1.05 x lo3. 

Table 3 Gamma-ray exposure buildup factor for point isotropic source (1.0 MeV) 
Water 

2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 - 

3.67f 0.006 
5.60f 0.011 
7.86f 0.021 

10.3 f 0.035 
13.1 f 0.045 
15.9 f 0.072 
19.3 f 0.11 
26.4 f 0.21 
49.1 f 0.74 
74.3 f 1.8 

106. f 3.0 
138. f 4.1 
175. f 7.3 
210. f l l .  

3.62 
5.50 
7.68 

10.1 
12.8 
15.8 
19.0 
26.1 
47.7 
74.0 

104. 
139. 
177. 
218. 

- 
A/B - 
1.01 
1.01 
1.02 
1.02 
1.02 
1.02 
1.01 
1.02 
1.01 
1.03 
1.00 
1.02 
0.99 
0.99 
0.96 - 

ANS-6.4.3' 
F 

2.04 
3.39 
5.60 
9.59 

17.0 
30.6 
54.9 
94.7 

320. 
5.803+03 
1.333+05 
3.343+06 
8.773+07 

6.433+10 
2.363+09 

- 
E/F 
1.06 
1.04 
0.99 
0.94 
0.87 
0.82 
0.79 
0.80 
0.76 
0.88 
0.93 
0.95 
0.98 
1.01 
1.04 - 

E S4 NBS AN -6.4.3' z3z 
2.88f0.004 2.85 
4.04f0.008 4.00 
5.35f0.015 5.30 
6.78f0.028 6.74 
8.39f0.022 8.31 

10.1 f0.032 10.0 
12.0 f0.064 11.8 
16.0 f0.12 15.8 
28.1 f0.34 27.5 
41.0 f0.83 41.3 
56.6 f1.3 57.0 
75.0 f 2 . 3  74.5 
94.1 f3 .2  93.5 

117. f5 .5  114. 

1.01 

1.01 
1.03 

1.97f0.003 
1.97f0.003 
2.23f0.006 
2.49f0.011 
2.72f0.012 
2.95f0.015 
3.16f0.018 
3.62f0.025 
4.55f0.046 
5.45f0.071 
6.27f0.11 
7.10f0.15 
7.96f0.20 
8.94f0.25 

4.45 

7.23 

- 
E/F 
1.00 
1.01 
1.01 
1.02 
1.02 
1.02 
1.02 
1.02 
1.03 
1.02 
1.03 
1.05 
1.07 
1.10 
1.14 - 

Calculations by the moments methods with NSRDS-NBS-29. 
Calculations by PALLAS with PHOTX. 

and the emitted dominant direction of bre- 
msstrahlung is chosen to be forward. These 
simplifications increase the photon flux, espe- 
cially at deep penetration. These tendencies 
are also discussed in Ref.(ll). In a compar- 
ison without bremsstrahlung (Table 4), the 
results of PALLAS'") are slightly larger than 
those of EGS4. The same tendency is seen in 
comparisons with those of ASFIT in Ref.(11). 

2. Comparison of the Spectrum in 
Lead for 0.1-MeV Gamma-Rays 

The energy spectrum inside lead at 40 mfp 
for 0.1-MeV gamma-rays was compared be- 
tween the PALLAS and EGS4 results in or- 

der to check on the usefulness of the EGS4 
calculations with the splitting and is shown 
in Fig.2. 

The differences at the K X-rays result from 
differences in the energy mesh between the 
two codes. At the other part, which is due 
to the scattering of primary gamma-rays and 
produced K X-rays, an ordinary EGS4 calcu- 
lation underestimates the energy flux. On 
the other hand, EGS4 calculations with a 
splitting agree well with PALLAS. Based on 
this comparison, an EGS4 calculation with a 
splitting can simulate gamma-ray transport 
at deep penetrations. 

- 5 -  



1206 J. Nucl. Sci. Technol., 

ANS-6.4.3' 
D 

1.33 
1.59 
1.86 
2.16 
2.50 
2.87 
3.27 
3.71 
4.69 
7.88 

12.3 
18.1 
25.3 
35.3 
47.6 

- 

mfp 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 

- 

- 

C/D 
1.33 
1.21 
1.25 
1.29 
1.30 
1.31 
1.32 
1.30 
1.31 
1.29 
1.26 
1.28 
1.29 
1.25 
1.26 

Table 4 Gamma-ray exposure buildup factor for point isotropic source (10.0 MeV) 
- d  

EGS4(NBS) 
A 

1.44f0.001 
1.79f0.002 
2.11f0.003 
2.43f0.005 
2.72f0.010 
3.01f0.012 
3.31f0.017 
3.58f0.018 
4.16f0.038 
5.54f0.057 
6.80f0.11 
8.03f0.17 
9.45f0.26 

10.3 f0.31 
11.5 f0.43 

Water 
ANS-6.4.3O 

B 
1.37 
1.68 
1.97 
2.25 
2.53 
2.80 
3.07 
3.34 
3.86 
5.14 
6.38 
7.59 
8.78 
9.96 

11.2 

Water Iron 

- A/B 
1.05 
1.07 
1.07 
1.08 
1.08 
1.08 
1.08 
1.07 
1.08 
1.08 
1.07 
1.06 
1.08 
1.03 
1.03 - 

Le 

EGS4(NBS) 
C 

1.51f0.001 
1.93f0.002 
2.34f0.004 
2.78fO.007 
3.27f0.013 
3.76f0.013 
4.29f0.020 
4.85f0.027 
6.14f0.047 

10.1 f0.12 
15.5 f0.26 
23.2 f0.40 
32.2 f l . 1  
44.5 f1 .3  
60.0 f2 .1  

1 EGS4(NBS) 1 ANS-6.4.3' 

Iron 

EGSI(PH0TX) 

A/B 
1.01 
1.01 
1.02 
1.02 
1.02 
1.03 
1.03 
1.02 
1.03 
1.03 
1.03 
1.06 
1.05 
1.04 
1.04 

L 
EGS4(PHOTX) 

E 
1.57 f 9.001 
2.04 f 0.002 
2.59 f 0.005 
3.23 f 0.008 
4.04 f 0.010 
5.04 f 0.012 
6.24 f 0.023 
7.77 f 0.029 

12.0 f 0.064 
36.4 f 0.27 

109. f 1.0 
327. f 4.9 
965. f 15. 
2.80E+3f 55. 
7.65E+3f190. 

C D 
1.34f0.001 1.33 
1.61f0.002 1.59 
1.89f0.003 1.86 
2.21f0.005 2.16 
2.56f0.008 2.50 
2.94f0.010 2.87 
3.36f0.013 3.27 
3.82f0.012 3.71 
4.79f0.033 4.69 
8.14f0.091 7.88 

12.9 f0.16 12.3 
19.0 f0.31 18.1 
26.6 f0.64 25.3 
36.8 f1.0 35.3 
48.3 f1.7 47.6 

ANS-6.4.3b 
F 

1.51 
2.01 
2.63 
3.42 
4.45 
5.73 
7.37 
9.44 

15.4 
50.8 

161. 
495. 
1.47E+3' 
4.28E+3 
1.22E+4 

Z/D 
1.01 
1.01 
1.02 
1.01 
1.02 
1.02 
1.03 
1.03 
1.02 
1.03 
1.05 
1.05 
1.05 
1.05 
1.01 

a Calculations by the moments methods with NSRDS-NBS-29. 
Calculations by PALLAS with PHOTX. 
Read as 1.47 X lo3. 

E 
1.20 f 9.001 
1.33 f 0.001 
1.50 f 0.002 
1.71 f 0.004 
1.98 f 0.005 
2.32 f 0.006 
2.74 f 0.008 
3.28 f 0.012 
4.83 f 0.025 

13.8 f 0.11 
41.8 f 0.46 

129. f 22. 
393. f 64. 
1.18E+3Cf 26. 
3.51E+3 f110. 

Table 5 Gamma-ray exposure buildup factor for point isotropic source (10.0 MeV) 
without bremsstrahlung - 

mfp 

- 
1 .o 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 - 

EGS4(NBS) 

A 
1.39f0.001 
1.70f0.002 
2.00f0.004 
2.30f0.006 
2.59f0.009 
2.87f0.010 
3.15f0.013 
3.42f0.020 
3.99f0.034 
5.30f0.062 
6.55f0.096 
8.06f0.16 
9.18f0.22 

10.4 f0.25 
11.6 f0.32 

ANS-6.4.3" 

B 
1.37 
1.68 
1.97 
2.25 
2.53 
2.80 
3.07 
3.34 
3.86 
5.14 
6.38 
7.59 
8.78 
9.96 

11.2 

Calculations by the moments methods with NSRDS-NBS-29. 
Ref.(ll), Read as 1.18 X lo3. 

IV. CONCLUSIONS 
The purpose of the present study was to 

show the usefulness of EGS4 Monte Carlo cal- 
culations for deep-penetration problems. 

The point isotropic exposure buildup fac- 
tors calculated using EGS4 agree very well 
with the standard data calculated using the 
moments method for water and iron if the cal- 
culation conditions were the same. It was also 
found that the contribution of bremsstrahlung 
can be seen at lOMeV, even for iron. 

For lead, the results of EGS4 agree well 

E/F 
1.04 
1.01 
0.98 
0.94 
0.91 
0.88 
0.85 
0.82 
0.78 
0.72 
0.68 
0.66 
0.66 
0.65 
0.63 - 

PALLSO 
[ PHOTX) 

F 
1.19 
1.31 
1.47 
1.68 
1.96 
2.31 
2.77 
3.34 
4.99 

15.2 
48.5 

116. 
475. 

1.43&+3 
4.19E+3 

- 

E/F 
1.01 
1.02 
1.03 
1.02 
1.01 
1.00 
0.99 
0.98 
0.97 
0.91 
0.86 
1.11 
0.83 
0.83 
0.84 - 

with those of PALLAS at 1 MeV. There are 
differences, however, for 0.1 or 10MeV. At 
these energies, energy groups, the space and 
angular mesh used affected the results. It is 
therefore necessary to study the reasons for 
the differences by comparing the spectrum at 
various depths. 

It is concluded that EGS4 calculations 
with a splitting can give reasonable results up 
to 40mfp, and can be a very useful tool for 
studying the buildup factors at deep penetra- 
tions. 
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Fig.2 Comparison of calculations using PAL- 
LAS and EGS4 codes for a spectrum 
transmitted through 40 mfp lead for a 0.1- 
MeV point isotropic source 
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