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A Monte Carlo procedure is presented to calculate the solid angle subtended between a HPGe
collimated detector and a PWR 17 x 17 fuel assembly. Self-shielding within the assembly is as-
sessed in the case of gamma rays encountered in gamma spectroscopy of spent nuclear fuel.
Self-shielding renders a non-uniform 3-D distribution of the radioactivity within the assem-
bly whose extend depends on gamma ray energies of interest. Hence, the solid angle is re-
duced to an effective one for each of the different energies of interest.
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INTRODUCTION

The management of spent nuclear fuel assem-
blies after discharge requires knowledge of the nuclear
material composition and burnup achieved by the as-
sembly while in a reactor. Gamma-spectroscopy of
spent fuel assemblies, in view of analyzing the pres-
ence of nuclides such as 13*Cs (796, 1365 keV), *7Cs
(662keV), and '**Eu (1275 keV) in the fuel, would al-
low verification of the content and burnup declared by
the operators [1]. Nevertheless, a fraction of the
gamma radiation emitted by each fuel rod of the as-
sembly would be absorbed within the rod, due to its
high stopping power and, hence, within the assembly.
Consequently, an activity ratio, e. g. 37Cs/"**Eu, used
for verification purposes, will be underestimated un-
less a self-absorption correction of the '*’Cs and '3*Eu
energies used is made.

Self-absorption would effectively render an “ap-
parent” distribution of the nuclides of interest within
the assembly with respect to the position of a
collimated gamma-spectroscopy detector. This would
be due to the difference in path length within the as-
sembly prior to the emergence of gamma rays of inter-
est towards the detector. In this paper, a Monte Carlo
approach is presented to determine an effective solid
angle subtended by the detector from the assembly,
hence considering the self-absorption of the gamma
rays within the assembly and their penetration of the
collimator edges. The Monte Carlo procedure is based
on total variance reduction [2, 3].
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MATERIALS AND METHODS
Solid angle determination

For arandomly generated point of disintegration
P within a rod in an assembly, with an isotropic emis-
sion of gamma rays into a unit radius sphere, the solid
angle d(2 in spherical co-ordinates is given by

dQ =sin 6dOda (1)
where 6 and « are the longitudinal and horizontal an-
gles, respectively. The joint probability density distri-

bution p(@, r) for the isotropic emission by the point P
is

p(0.0)d9da =2 )
4n
yielding
sin 6 1
p@)=—- 0<0<mand p(a)=— 0<a<2n
2 2n 3)

The function p(0, a) effectively describes the
fraction of the emitted radiation by the source at point
P which is within dQ.

Following the generation of a disintegration
point P, random directions of the gamma rays emitted
from the point are generated, intercepting the detector
edge. Each direction is associated with a weighting
factor W, which represents the solid angle subtended
by the detector from the disintegration point i. Then,
the required 2, for N points of disintegrations and
gamma ray directions is

41\ N
0= (lei w; 4)
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The self-absorption within the assembly alters
the solid angle Q to an effective solid angle Q°"
where

Q =[‘]‘V"j§1w W) )

with F,4 being a correction factor accounting for the
self-shielding of a gamma ray emitted by the disinte-
gration point. From the point of disintegration on-
wards, the procedure is repeated for all fuel rods.

Simulation of fuel assembly

The geometry simulated in order to assess
self-absorption within the assembly and its effect on
the solid angle it subtends with a collimated detector is
shown in fig. 1. APWR 17 x 17 square fuel assembly
with rods containing heavy material and surrounded
by cladding is considered (tab. 1) [4]. The detection
system comprises a HPGe detector with diameter and
height of 7.3 cm and 5.79 cm, collimated by a Pb bore-
hole collimator with diameter and length of 0.5 cm and
15 cm. The assembly is placed symmetrically in front
of the detection system, with its axial central axis per-
pendicular to the central axis of the system. Hence, the
field of view of the collimated detector contains the
mid part of the fuel assembly with a flat burnup and
3-D radioactivity distribution [5].
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Figure 1. A cross-sectional view of the geometrical
configuration comprising the collimated HPGe detector
and the fuel assembly

Table 1. Physical description of the fuel
assembly considered

PWR assembly
Assembly type 17 x 17 pins square array
pin pitch [mm] 12.6
Fuel pin rod
active length [m] 3.66
pellet diameter [mm] 9.5
clad material Zr
clad thickness [mm] 0.57
RESULTS AND DISCUSSION

Gamma rays of different energies emitted by the
assembly are absorbed within it to a different extent
prior to their emerging towards the detector. This ren-
ders a 3-D radioactivity within the assembly which
depends on gamma ray energies. Hence, the solid
angle subtended between the 3-D radioactivity dis-
tribution and the collimated detector differs in accor-
dance with the extend of the self-absorption of gamma
rays. Self-absorption within the assembly is twofold:
(a) within the fuel rod of origin of the gamma rays, and
(b) within the assembly itself, due to the shielding of
these gamma rays from rods on their path towards the
detector, issues which are examined and assessed.
Self-absorption effectively reduces the geometric solid
angle between the assembly and the collimated detector
to an effective solid angle (©2°) which is sought.

Self-absorption has firstly been assessed within
a fuel rod, with the first one along the central axis-y of
the array being considered (fig. 1). Gamma rays with
energies 662-1365 keV encountered in gamma spec-
troscopy of spent nuclear fuel due to '3*Cs, '3’Cs and
154Eu are assumed emitted by the rod. The effect of
self-absorption was examined comparing the number
of photons at the detector in cases of the rod with
heavy material surrounded by cladding and as a void
structure. The decrease in the number of photons due
to self-absorption ranges between 25 % and 3 % for
662 keV and 1365 keV gamma rays, respectively.
Hence, a significant self-shielding within a rod is ob-
served at the lower energy of interest of 662 keV.

The combined effect of self-absorption within a
fuel rod emitting gamma rays and their shielding from
rods on their path towards the detector is now as-
sessed. The series of rods with heavy material and
cladding along the central axis-y of the detection sys-
temis considered (fig. 1). Eachrod in turn, from the 1st
to the 9" along the central axis-y is considered radioac-
tive, rendering from none up to 8 rods of shielding for
each rod position, respectively. In each case, the num-
ber of photons at the detector is calculated for gamma
ray energies of 662 and 1365 keV. The variation in the
number of photons for an increasing number of shield-
ing rods is shown in fig. 2. Each curve has been nor-
malized to the corresponding value, due to the first rod
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Figure 2. Absorption of 662 keV and 1365 keV through
different number of fuel rods

with zero shielding. In the case of 662 keV photons,
only the first 2 rods along axis-y contribute signifi-
cantly as there is more than 97.5 % absorption beyond
them. In the case of 1365 keV photons, up to 5 rods
contribute. For verification purposes, these results
were compared with results obtained experimentally
in a hot cell facility, via gamma spectroscopy of actual
spent fuel rods from a PWR [6]. The outcomes of the
simulations carried out in this work and the experi-
mental work are in agreement.

The above argument is now extended over the
whole 17 x 17 array of fuel rods, at this point consid-
ered to be radioactive. Self-absorption and shielding
would render a smaller radioactive 3-D distribution
with decreasing gamma ray energy. This yields differ-
ent Q4 subtended between the assembly and the
collimated detector, with the ratio of Q¢ between the
cases corresponding to 1356 keV to 662 keV
(134Cs/"37Cs) being 2.26.

Further work to assess the effect of self-absorp-
tion and shielding on Q¢ for collimators of different
hole diameter and length is in progress. Furthermore,
the approach will be developed for a BWR spent fuel
assembly whose axial burnup variation is not flat. Fi-
nally, measurements on assemblies will be performed
to test the procedure.

CONCLUSION

A Monte Carlo procedure has been presented to
calculate the solid angle subtended between a HPGe
collimated detector and a PWR 17 x 17 fuel assembly,
taking into consideration the self-shielding within the
assembly of the emitted gamma rays encountered. Al-
though the effect of self-absorption is small for the
1365 keV of 134Cs, it is rather significant in the case of
662 keV gamma rays of '37Cs. Consequently, their ra-
tio without a self-absorption correction would be over-
estimated. A correction factor of 0.44 would be re-
quired for the particular geometrical set-up of the
assembly and the collimated detector simulated in this
study.
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Joproc HUKOJIAY

IMPOCTOPHN YI'AO OBPA30BAH KOJMMMCAHUM
JETEKTOPOM M CKJ/JIOIIOM HYKIEAPHOI TOPUBA

IIpukazana je Monre Kapmo mpomengypa 3a mpopauyH mpocropHor yriaa usmeby HPGe
KOJIMMHUCAHOT IETEKTOpa U ropuBHOTr ckiiona 17 x 17 PWR peakropa. [IponemeHo je camo3akiamarme y
TOPUBHOM CKJIOIY 32 rama 3pademe Koje ce cycpehe y rama cnekTpoOMeTpHju YTPOIIEHOT HYKJIeapHOT
ropusa. CamMo3aKiIamame AOMPHHOCH HeYHI(POPMHO] 3-D pacrofesn paflioaKTABHOCTH YHYTap TOPUBHOT
CKJIONIA YMjH JOMETH 3aBHCE OfI €HEpruje pa3MaTpaHOr rama 3pauewma. OTyaga je IpOCTOPHHU yrao
PEeNyKOBaH Ha e(DEKTUBHU yrao 3a CBaKy SHEPrujy Off HHTepeca.

Kwyune peuu: iipocitiopru yzao, camosaxaarsarbe, Moniue Kapao, ckaoii HykaeapHoz zopusa




