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A sensitivity analysis of a point kernel code was performed to investigate the effect of mesh di-
vision of a volume source on the radiation flux at points of interest. The QAD-CGGP, known
as arepresentative point kernel code, was employed for a series of calculations and these calcu-
lation results compared with the reference data obtained from the MCNP5-1.60 code. The
spherical volume source widely used in radiation shielding was also considered in this work
and the mesh division along the radius was performed in two ways (regular and irregular). In
addition, an approximate equation was defined to correct the significant error that occurs as
an outcome of the point source assumption. As a result, in the case of a regular mesh division,
a minimum mesh size of 1 cm is required to produce accurate results in comparison to the
MCNP ones, while in the other instance, a half-level mesh division is sufficient to obtain the
same result from the standpoint of the level of accuracy. In addition, by introducing the ap-
proximate equation presented in this paper, a significant error resulting from the point source
assumption is exponentially reduced from a maximum of ~30% to a maximum of ~11%.
Therefore, it is to be expected that the appropriate level of mesh division is required so as to in-

crease the accuracy of the calculation using a point kernel method.
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INTRODUCTION

The evaluation of radiation shielding for the de-
sign and maintenance of facilities using radioactive
sources (accelerators, radionuclides, nuclear fuel) is
presented here. The research required a considerable
amount of numerical calculations to analyze the radia-
tion flux and dose rate distribution around the said fa-
cilities. For this reason, various computational codes
and methods were introduced into the field of radia-
tion shielding and the most widely used methods clas-
sified into two main groups: Monte Carlo [1-3] and
point kernel methods [4-6]. The Monte Carlo method
can provide an accurate result for the radiation trans-
port calculation in a complex geometry. However, this
method requires a lot of computing time and the com-
putational burden significantly increases with geomet-
ric complexity, source diversity, and shielding thick-
ness. On the other hand, the point kernel method
requires much less computing time than the other
method, although it may lack the desired accuracy un-
der complex geometry and beam streaming condi-
tions. Hence, the point kernel method can be regarded
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as an optimal tool for repeated calculations, allowing
the optimization of radiation shielding.

Using a point kernel method, some researchers
have even tried to increase the accuracy of the calcula-
tion. More specifically, they have focused on the reeval-
uation of existing buildup factors, because existing data
(ANS-6.4.3) [7] only include single-material buildup
factors which were evaluated about 20 years ago [8-10].
However, the level of mesh division can influence the
computing time and calculation accuracy because most
codes, e. g., QAD-CGGP [11], MICROSHIELD [12],
and MARMER [13], based on a point kernel method,
use the central points of the divided meshes to define the
radiation source. Using the QAD-CGGP code, a simple
calculation is conducted to investigate the effect of the
level of mesh division on calculation time (see fig. 1). In
particular, QAD-CGGP used in this work is a represen-
tative three-dimensional point kernel code which uses a
double-precision combinatorial geometry scheme and a
more accurate geometric progression fitting function
for the gamma-ray buildup factor. In addition, the radia-
tion source assumes a spherical volume source with a
10 cm radius. As shown in the figure, the calculating
time is continually increased with an increase in the
mesh division for the radius of the sphere, as well as the
number of calculation positions. That is, it is necessary
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Figure 1. Run time as a function of the mesh division and
calculation quantity

to determine the appropriate level of mesh division to
perform an efficient calculation with respect to the cal-
culation time.

In this study, the relation between the mesh divi-
sion of the volume source and radiation flux distribu-
tion is analyzed to determine the appropriate level of
mesh division. A series of calculations are conducted
on a spherical volume source widely used in radiation
shielding. In addition, an approximate equation is de-
fined to derive the calculation results (radiation flux
and dose rate) with a spherical volume source from re-
sults obtained with a point source.

ANALYSIS OF RADIATION
FLUX DISTRIBUTION

The point kernel method is a typical macro-
scopic approach used for the calculation of radiation
(especially, gamma ray) flux and dose rate distribu-
tions. In this method, the volume of the radiation
source is divided into elementary cells, and each cell
(point kernel) contributes to the radiation flux and
dose rate at the points of interest. The radiation flux
and dose rate at specific points are primarily deter-
mined by using the uncollided radiations that have
streamed directly from the source without interaction
in the surrounding medium. The effect of radiation in-
teractions (e. g., Compton scattering, photoelectric ef-
fect, pair production, Rayleigh scattering, etc.) with
the medium is considered using the linear attenuation
and buildup factors later. The basic theory of the point
kernel method can be defined as follows [14]

S(rE)
T2

4nr

D(r,E)= e " B(r,E)YDCF(E) (1)
where r is the distance from the radiation source to the
detection point, £ — the attenuation coefficient, S(r, E)
— the incident radiation energy, S(, E) — the source
strength, B (7, E)) — the buildup factor, and DCF (E) —
the radiation flux to dose conversion factor.

spectively. In particular, the mesh division along the ra-
dius is performed in two ways (regular and irregular
types), as shown in fig. 3.

In the case of a regular division, the meshes are
evenly spaced along the radius and the size of each
mesh equals the radius of the spherical volume source
divided by the number of meshes (V). In the other case,
the meshes are mainly distributed at the edge of the
spherical volume source, while the edge of each mesh
is defined as (2"-1)R/2V. Figure 4 shows the ratio of
the effective radius determined from the mesh division
to the real radius of the spherical volume source. As
shown in the figure, if the level of mesh division is in-
sufficient, the volume of the radiation source can be
decreased to ~40% of its original volume, due to the
25% reduction of the sphere radius. An irregular mesh
division is a more effective way for defining the radia-
tion source in a point kernel method.

Detection points
®Co source

[S, = 4189 Bq]

Figure 2. Calculation model for analyzing the relation
between the mesh division of volume source and
radiation flux distribution
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Figure 3. Method of mesh division for volume source
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Figure 4. Ratio of the effective radius to the real radius
of a spherical volume source

The gamma ray flux distribution around the
spherical volume source is analyzed using the
MCNP5-1.60 [15] and QAD-CGGP codes and the re-
sults presented in tab. 1. As shown in the table, the
gamma ray flux exponentially decreases with an in-
crease in the distance from the radiation source to the
detection point, regardless of the calculation code and
the level of mesh division. In the case of a regular mesh
division, the radiation flux becomes more underesti-
mated in comparison to the reference data (MCNPS5), as
the number of the dividing volume source is smaller.
However, in the second case there are no significant
changes in the radiation flux, despite the variation in
mesh division. Figure 5 shows the gamma ray flux nor-
malized by reference data, in order to easily understand
the calculation results. As shown in the figure, the
gamma ray flux around the radiation source (» < 15 cm)
has a large uncertainty, regardless of the mesh division
method. However, under the same condition, an irregu-

Distance from the center of a radiation source [cm]

Figure 5. Gamma ray flux normalized by MCNP5
results (OAD-CGGP/MCNPS)

lar mesh division can produce a slightly more accurate
result than the other one. From these results, it is ex-
pected that a sufficient mesh division (regular type: ~1
cm mesh size and irregular type: ~2 cm mesh size) is re-
quired for point kernel calculation with the spherical
volume source.

APPROXIMATE EQUATION TO CORRECT
POINT SOURCE ASSUMPTION

When a specific source as a spherical volume
that emits the radiations to be isotropically moved over
the 47 solid angle is placed in a simple structure, the
evaluation of radiation shielding can be easily con-
ducted by introducing certain assumptions. In particu-
lar, if the size of the source volume is small in compari-
son with the distance from the radiation source to the
detection point, the source can be assumed an equiva-

Table 1. Change of gamma flux [cms™"] following the level and way of dividing volume source

QAD-CGGP
Regular mesh division Irregular mesh division
r*lem] 5 meshes 10 meshes 20 meshes 5 meshes 10 meshes 20 meshes MCNPS
10 9.290E+00 9.606E+00 9.717E+00 9.615E+00 9.620E+00 9.619E+00 9.621E+00
11 6.962E+00 7.046E+00 7.070E+00 7.018E+00 7.024E+00 7.023E+00 7.826E+00
12 5.542E+00 5.581E+00 5.591E+00 5.560E+00 5.562E+00 5.561E+00 6.272E+00
13 4.559E+00 4.581E+00 4.586E+00 4.565E+00 4.566E+00 4.566E+00 4.972E+00
14 3.834E+00 3.848E+00 3.851E+00 3.836E+00 3.837E+00 3.836E+00 3.967E+00
15 3.278E+00 3.287E+00 3.290E+00 3.279E+00 3.279E+00 3.279E+00 3.288E+00
16 2.840E+00 2.847E+00 2.848E+00 2.840E+00 2.840E+00 2.840E+00 2.847E+00
17 2.487E+00 2.492E+00 2.493E+00 2.487E+00 2.487E+00 2.487E+00 2.493E+00
18 2.198E+00 2.202E+00 2.203E+00 2.198E-+00 2.198E+00 2.198E+00 2.204E+00
19 1.958E+00 1.961E+00 1.961E+00 1.958E+00 1.958E+00 1.958E+00 1.963E+00
20 1.756E+00 1.758E+00 1.759E+00 1.756E-+00 1.756E+00 1.756E+00 1.760E+00
30 7.569E-01 7.573E-01 7.573E-01 7.568E-01 7.568E-01 7.568E-01 7.586E-01
40 4.215E-01 4.216E-01 4.216E-01 4.214E-01 4.214E-01 4.214E-01 4.223E-01
50 2.685E-01 2.685E-01 2.685E-01 2.685E-01 2.685E-01 2.685E-01 2.691E-01
60 1.860E-01 1.860E-01 1.860E-01 1.860E-01 1.860E-01 1.860E-01 1.866E-01

*r is the distance from the center of a radiation source to the detection point



K-O. Kim, et al.: The Effect of Mesh Division of a Volume Source on ...

58 Nuclear Technology & Radiation Protection: Year 2015, Vol. 30, No. 1, pp. 55-60

\ Disk source
[S,dx]
4 \\\\
sl
R Tl
Spherical Tl
source [S,] 07~ P
H
i
- |« dx :
X |
| 1
i
1
1
/ L !
1 \

Figure 6. Spherical volume source without
radiation shielding

lent point source. That is, this assumption ignoring the
source volume can lead to a significant error for the ra-
diation flux (dose) distribution near the radiation
source. In this study, an approximate equation is de-
fined to correct significant errors produced by em-
ploying a point source assumption, and a spherical
volume source without the radiation shield is assumed,
as shown in fig. 6.

A spherical volume source of radius R emits
isotropically S, particles per unit volume, a detector is
positioned at point P}, and the distance from the sphere
center to the detection point is L. In this case, the dif-
ferential uncollided flux (d¢:*") of particles emitted in
dx about x can be defined using the total uncollided
flux for the finite disc source [16]

de" = % In(seco) ?2)

and thus the total uncollided flux (¢:"") at P becomes

u

u
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Also, the total uncollided flux (¢7") of the
equivalent point source considering the sphere volume
can be simply defined as

“4)

3
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and an approximate equation to correct the point
source assumption is finally derived from those equa-

tions ,
sp _
%:%[(Lz—Rz)ln(L R)+2LR} (5)
L 4R L+R

In addition, the reactions between the emitted ra-
diations and the sphere source (i. e., self-shielding ef-
fect) are not considered to derive a simplified equa-
tion.

The gamma ray flux under the same conditions
as shown in fig. 2 is re-analyzed to confirm the effect
of correcting the point source assumption and the re-
sults are presented in tab. 2. As shown in the table, the
results applied with the point source assumption have
amaximum difference of ~30% in a radiation flux near
the source, compared with the MCNPS5 result. On the
other hand, this difference is sharply reduced from
~30% up to ~11% by correcting the point source as-
sumption (fig. 7).
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Figure 7. Correction before and after gamma ray flux
normalized by MCNPS5 results (QAD-CGGP/MCNP5)

CONCLUSION

Using the point kernel method, an analysis of the
relation between the mesh division of the volume
source and radiation flux distribution was conducted
to increase the accuracy of the calculation. In this pro-
cess, the spherical volume source widely used in radia-
tion shielding is considered to determine the appropri-
ate level of mesh division, while the mesh division is
performed in two ways: regular and irregular. As a re-
sult, in a regular mesh division, at least a lcm mesh
size along the radius is required to obtain accurate re-
sults, compared with the MCNP5 data, while a
half-level of the mesh division in an irregular mesh di-
vision is sufficient to obtain the same result regarding
the level of accuracy. In addition, an approximate
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Table 2. Point source assumption correction before and after gamma flux [em2s™

QAD-CGGP
7% [em] Before correction Correction factor After correction MCNPS
11 5.509E+00 1.288E+00 7.092E+00 7.826E+00
12 4.629E+00 1.210E+00 5.603E+00 6.272E+00
13 3.944E+00 1.165E+00 4.593E+00 4.972E+00
14 3.400E+00 1.134E+00 3.856E+00 3.967E+00
15 2.962E+00 1.112E+00 3.293E+00 3.288E+00
16 2.603E+00 1.095E+00 2.851E+00 2.847E+00
17 2.306E+00 1.082E+00 2.495E+00 2.493E+00
18 2.057E+00 1.072E+00 2.204E+00 2.204E+00
19 1.846E+00 1.063E+00 1.963E+00 1.963E+00
20 1.666E+00 1.056E+00 1.760E+00 1.760E+00
30 7.403E-01 1.023E+00 7.576E-01 7.586E-01
40 4.163E-01 1.013E+00 4.217E-01 4.223E-01
50 2.664E-01 1.008E+00 2.686E-01 2.691E-01
60 1.850E-01 1.006E+00 1.860E-01 1.866E-01

*r 1s the distance from the center of a radiation source to the detection point

equation is defined to correct significant errors that oc-
cur from introducing a point source assumption. By
applying this equation, the difference in the calcula-
tion results derived from MCNP5 and QAD-CGGP
codes is sharply reduced from a maximum of ~30% up
to a maximum of ~11%. Therefore, it is to be expected
that an appropriate level of mesh division is required to
increase the accuracy of the calculation when using a
point kernel method. The approximate equation for
correcting the point source assumption can, therefore,
be successfully applied in various evaluations for radi-
ation shielding.
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Kjynr-O KM, 9ya-Ho CEO, bjyar Yya I

YTULAJ BPOJA TAYAKA MPEXE Y 3AIIPEMUHCKOM U3BOPY
HA U3PAYYHATY PACHOJAEINY ®IYKCA 3PAYEIBHA

M3BpiiieHa je aHanu3a OCeT/bUBOCTH KOfla ca MOJIEIOM Ta4KacTor je3rpa paju NpoleHe YThlaja
TYCTHUHE MpEKe 3alpeMUHCKOT U3BOpa Ha (PJIyKC 3padera y TaukaMa off HHTepeca. 3a cepujy npopaudyHa
ynotpebibeH je QAD-CGGP kofi, mo3HAT Kao penpe3eHTaTUBaH KOJl ca TAUKACTUM je3rpOM, U pe3yiTaTi
npopauyHa ynopebenu cy ca pedepenTHIM noganuma goomjeanm MCNPS-1.60 kogom. Y papy je Takobe
KopuiTheH CBEpHU 3allpEMUHCKYU U3BOp yOOUYajeH y 3alllTUTH Of 3payeha, ca IPaBUITHOM U HEITPABUITHOM
1e0O0HOM MPEKOM AyXK nosiynpevHuka. [logaTHo, fepuHUCaHa je jeJHa ampOKCUMAaTUBHA jeJHAaYMHA []a ce
WCIpaBy 3HaUajHa rpemka Koja ce jaBiba Kao MOocelula NPEeTIOCTaBKe O TaYKAaCTOM U3BOPY. Y TOTJIeNy
HUBOA TAYHOCTH, y cIy4ajy IpaBUIHE MPEXe, 3aXTeBa Ceé MUHUMAJIHO PAcTOjalkhe MPEXKHUX Tadaka o 1 cm
fa Ou ce mocTuriu ynopeausu pesynratu ca MCNP kofioM, 10K je y IpyroMm ciy4ajy f0BOJbHa [TOJIOBUHA
MIPETXOIHOT 6p01a neoOHUX Tayaka ja ce aobujy pesy/nTaTH HCTOr HHMBOA TadyHOCTH. IIpiMeHoM
anpOKCHMATHBHE jenHaunHe IpUKa3aHe Y OBOM pajly, IOIaTHO je eKCIIOHEHIUjaTHO yMamheHa MaKCUMallHa
rpelka Koja cief U3 MpeTnocraBke Taukactor uzBopa — of ~30% no ~11%. OTyaa ce MoxKe cMaTpaTu jia
je moTpeban ofgrosapajyhu 6poj Tauaka MpesKe Jia ce MOCTUTHE TAYHOCT MpOopavdyHa KOpUIThelheM MeTofie
Ta4yKacTor jesrpa.

Kmyune peuu: ceepHu 3ailpeMUHCKU U3BOD, Mellioda aukaciio? jeszpa, QAD-CGGP, ¢hayxc 3apauersa,
3quitniuitia 00 3paverba




