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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 ´ 17 fuel assembly. Self-shielding within the assembly is assessed 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 assembly whose extend depends on gamma ray energies of interest. Hence, the solid angle is reduced to an effective one for each of the different energies of interest.
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INTRODUCTION

MATERIALS AND METHODS

The management of spent nuclear fuel assemblies after discharge requires knowledge of the nuclear
material composition and burnup achieved by the assembly while in a reactor. Gamma-spectroscopy of
spent fuel assemblies, in view of analyzing the presence of nuclides such as 134Cs (796, 1365 keV), 137Cs
(662 keV), and 154Eu (1275 keV) in the fuel, would allow 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 assembly would be absorbed within the rod, due to its
high stopping power and, hence, within the assembly.
Consequently, an activity ratio, e. g. 137Cs/154Eu, used
for verification purposes, will be underestimated unless a self-absorption correction of the 137Cs and 154Eu
energies used is made.
Self-absorption would effectively render an “apparent” 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 assembly prior to the emergence of gamma rays of interest 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].

Solid angle determination
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For a randomly generated point of disintegration
P within a rod in an assembly, with an isotropic emission of gamma rays into a unit radius sphere, the solid
angle dW in spherical co-ordinates is given by
dW = sin qd qd a

(1)

where q and a are the longitudinal and horizontal angles, respectively. The joint probability density distribution p(q, a) for the isotropic emission by the point P
is
dW
(2)
p( q, a ) dq da =
4p
yielding
p( q ) =

sin q
1
0 £ q £ p and p( a ) =
0 £ a £ 2p
2
2p
(3)

The function p(q, a) effectively describes the
fraction of the emitted radiation by the source at point
P which is within dW.
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 Wi which represents the solid angle subtended
by the detector from the disintegration point i. Then,
the required W, for N points of disintegrations and
gamma ray directions is
æ 4p ö N
W = ç ÷ å Wi
è N øi =1

(4)
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The self-absorption within the assembly alters
the solid angle W to an effective solid angle Weff
where
æ 4p ö N
W eff = ç ÷ å ( Fatt W )
è N øi =1

(5)

with Fatt being a correction factor accounting for the
self-shielding of a gamma ray emitted by the disintegration point. From the point of disintegration onwards, the procedure is repeated for all fuel rods.
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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

Simulation of fuel assembly

RESULTS AND DISCUSSION

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. A PWR 17 ´ 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 borehole 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 perpendicular 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].

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 renders a 3-D radioactivity within the assembly which
depends on gamma ray energies. Hence, the solid
angle subtended between the 3-D radioactivity distribution and the collimated detector differs in accordance 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 (Weff) 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 spectroscopy of spent nuclear fuel due to 134Cs, 137Cs 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 observed 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 assessed. The series of rods with heavy material and
cladding along the central axis-y of the detection system is considered (fig. 1). Each rod in turn, from the 1st
to the 9th along the central axis-y is considered radioactive, rendering from none up to 8 rods of shielding for
each rod position, respectively. In each case, the number 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 shielding rods is shown in fig. 2. Each curve has been normalized to the corresponding value, due to the first rod

Figure 1. A cross-sectional view of the geometrical
configuration comprising the collimated HPGe detector
and the fuel assembly
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with decreasing gamma ray energy. This yields different Weff subtended between the assembly and the
collimated detector, with the ratio of Weff between the
cases corresponding to 1356 keV to 662 keV
(134Cs/137Cs) being 2.26.
Further work to assess the effect of self-absorption and shielding on Weff for collimators of different
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the approach will be developed for a BWR spent fuel
assembly whose axial burnup variation is not flat. Finally, measurements on assemblies will be performed
to test the procedure.
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CONCLUSION

A Monte Carlo procedure has been presented to
calculate the solid angle subtended between a HPGe
collimated detector and a PWR 17 ´ 17 fuel assembly,
taking into consideration the self-shielding within the
assembly of the emitted gamma rays encountered. Although 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 137Cs. Consequently, their ratio without a self-absorption correction would be overestimated. A correction factor of 0.44 would be required for the particular geometrical set-up of the
assembly and the collimated detector simulated in this
study.

Tobin, S. J., Jansson, P., Nondestructive Assay Options for Spent Fuel Encapsulation,Technical Report
TR-13-30, Swedish Nuclear Fuel and Waste Management Co SKB, 2013
Wielopolski, L., The Monte Carlo Calculation of the
Average Solid Angle Subtended by a Right Circular
Cylinder from Distributed Sources, Nucl. Instrum.
Meth., 143 (1977), 3, pp. 577-581
Nicolaou, G., et al., The Importance of the Geometrical
Factor in Nuclear Activation Analysis, J. Radioanal.
Nucl. Chem., 114 (1987), 1, pp. 195-202
Knief, R. A., Nuclear Engineering: Theory and Technology of Commercial Nuclear Power, American Nuclear Society, La Grange Park, Illinois, USA, 2008
Matsumura, T., et al., Neutron/Gamma Ray Source
Measurement and Analyses of High Burnup
UO2/MOX Fuel Rods, J. Nucl. Sci. Techn., Supplement 1 (2000), pp. 580-583
Abbas, K., et al., Self-Absorption of g-Radiation in
Spent Nuclear Fuel, Proceedings, 19th Annual Symposium on Safeguards and Nuclear Material Management, May 13-15, 1997, Montpellier, France, pp.
437-439, ESARDA

Received on November 2, 2016
Accepted on March 15, 2017

G. Nicolaou.: The Solid Angle Subtended by a Collimated Detector and ...
Nuclear Technology & Radiation Protection: Year 2017, Vol. 32, No. 2, pp. 136-139

139

Jorgos NIKOLAU
PROSTORNI UGAO OBRAZOVAN KOLIMISANIM
DETEKTOROM I SKLOPOM NUKLEARNOG GORIVA
Prikazana je Monte Karlo procedura za prora~un prostornog ugla izme|u HPGe
kolimisanog detektora i gorivnog sklopa 17 ´ 17 PWR reaktora. Proceweno je samozaklawawe u
gorivnom sklopu za gama zra~ewe koje se susre}e u gama spektrometriji utro{enog nuklearnog
goriva. Samozaklawawe doprinosi neuniformnoj 3-D raspodeli radioaktivnosti unutar gorivnog
sklopa ~iji dometi zavise od energije razmatranog gama zra~ewa. Otuda je prostorni ugao
redukovan na efektivni ugao za svaku energiju od interesa.
Kqu~ne re~i: prostorni ugao, samozaklawawe, Monte Karlo, sklop nuklearnog goriva

