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A Monte Carlo pro ce dure is pre sented to cal cu late the solid an gle sub tended be tween a HPGe 
collimated de tec tor and a PWR 17 ́  17 fuel as sem bly. Self-shield ing within the as sem bly is as -
sessed in the case of gamma rays en coun tered in gamma spec tros copy of spent nu clear fuel.
Self-shield ing ren ders a non-uni form 3-D dis tri bu tion of the ra dio ac tiv ity within the as sem -
bly whose ex tend de pends on  gamma ray en er gies of in ter est. Hence, the solid an gle is re -
duced to an ef fec tive one  for each of the dif fer ent en er gies of in ter est.
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IN TRO DUC TION

The man age ment of spent nu clear fuel as sem -
blies af ter dis charge re quires knowl edge of the nu clear 
ma te rial com po si tion and burnup achieved by the as -
sem bly while in a re ac tor. Gamma-spec tros copy of
spent fuel as sem blies, in view of an a lyz ing the pres -
ence of nuclides such as 134Cs (796, 1365 keV), 137Cs
(662 keV), and 154Eu (1275 keV) in the fuel, would al -
low ver i fi ca tion of the con tent and burnup de clared by
the op er a tors [1]. Nev er the less, a frac tion of the
gamma ra di a tion emit ted by each fuel rod of the as -
sem bly would be ab sorbed within the rod, due to its
high stop ping power and, hence, within the as sem bly.
Con se quently, an ac tiv ity ra tio, e. g. 137Cs/154Eu, used
for ver i fi ca tion pur poses, will be un der es ti mated un -
less a self-ab sorp tion cor rec tion of the 137Cs and 154Eu
en er gies used is made.

Self-ab sorp tion would ef fec tively ren der an “ap -
par ent” dis tri bu tion of the nuclides of in ter est within
the as sem bly with re spect to the po si tion of a
collimated gamma-spec tros copy de tec tor. This would
be due to the dif fer ence in path length within the as -
sem bly prior to the emer gence of gamma rays of in ter -
est to wards the de tec tor. In this pa per, a Monte Carlo
ap proach is pre sented to de ter mine an ef fec tive solid
an gle sub tended by the de tec tor from the as sem bly,
hence con sid er ing the self-ab sorp tion of the gamma
rays within the as sem bly and their pen e tra tion of the
collimator edges. The Monte Carlo pro ce dure is based
on to tal vari ance re duc tion [2, 3].

MA TE RI ALS AND METH ODS

Solid an gle de ter mi na tion

For a ran domly gen er ated point of dis in te gra tion 
P within a rod in an as sem bly, with an iso tro pic emis -
sion of gamma rays into a unit ra dius sphere, the solid
an gle dW in spher i cal co-or di nates is given by

d d dW = sin q q a (1)

where q and a are the lon gi tu di nal and hor i zon tal an -
gles, re spec tively. The joint prob a bil ity den sity dis tri -
bu tion p(q, a) for the iso tro pic emis sion by the point P
is 
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The func tion p(q, a) ef fec tively de scribes  the

frac tion of the emit ted ra di a tion by the source at point
P which is within dW.

Fol low ing the gen er a tion of a dis in te gra tion
point P, ran dom di rec tions of the gamma rays emit ted
from the point are gen er ated, in ter cept ing the de tec tor
edge. Each di rec tion is as so ci ated with a weight ing
fac tor Wi which rep re sents the solid an gle sub tended
by the de tec tor from the dis in te gra tion point i. Then,
the re quired W, for N points of dis in te gra tions and
gamma ray di rec tions is
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The self-ab sorp tion within the as sem bly al ters
the  solid an gle  W to an  ef fec tive solid an gle  Weff 

where
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with Fatt be ing a cor rec tion fac tor ac count ing for the
self-shield ing of a gamma ray emit ted by the dis in te -
gra tion point. From the point of dis in te gra tion on -
wards, the pro ce dure is re peated for all fuel rods.

Sim u la tion of fuel as sem bly

The ge om e try sim u lated in or der to as sess
self-ab sorp tion within the as sem bly and its ef fect on
the solid an gle it sub tends with a collimated de tec tor is
shown in fig. 1. A PWR 17 ´ 17 square fuel as sem bly
with rods con tain ing heavy ma te rial and sur rounded
by clad ding is con sid ered (tab. 1) [4]. The de tec tion
sys tem com prises a HPGe de tec tor with di am e ter and
height of 7.3 cm and 5.79 cm, collimated by a Pb bore -
hole collimator with di am e ter and length of 0.5 cm and 
15 cm. The as sem bly is placed sym met ri cally in front
of the de tec tion sys tem, with its ax ial cen tral axis per -
pen dic u lar to the cen tral axis of the sys tem. Hence, the
field of view of the collimated de tec tor con tains the
mid part of the fuel as sem bly with a flat burnup and
3-D ra dio ac tiv ity dis tri bu tion [5]. 

RE SULTS AND DIS CUS SION

Gamma rays of dif fer ent en er gies emit ted by the
as sem bly are ab sorbed within it to a dif fer ent ex tent
prior to their emerg ing to wards the de tec tor. This ren -
ders  a  3-D  ra dio ac tiv ity  within the as sem bly which
de pends   on  gamma  ray  en er gies.  Hence,  the  solid
an gle  sub tended   be tween  the  3-D  ra dio ac tiv ity  dis -
tri bu tion and the collimated de tec tor dif fers in ac cor -
dance with the ex tend of the self-ab sorp tion of gamma
rays. Self-ab sorp tion within the as sem bly is two fold:
(a) within the fuel rod of or i gin of the gamma rays, and
(b) within the as sem bly it self, due to the shield ing of
these gamma rays from rods on their path to wards the
de tec tor, is sues which are ex am ined and as sessed.
Self-ab sorp tion ef fec tively re duces the geo met ric solid
an gle be tween the as sem bly and the collimated de tec tor
to an ef fec tive solid an gle (Weff) which is sought.

Self-ab sorp tion has firstly been as sessed within
a fuel rod, with the first one along the cen tral axis-y of
the ar ray be ing con sid ered (fig. 1). Gamma rays with
en er gies 662-1365 keV en coun tered in gamma spec -
tros copy of spent nu clear fuel due to 134Cs, 137Cs and
154Eu are as sumed emit ted by the rod. The ef fect of
self-ab sorp tion was ex am ined com par ing the num ber
of pho tons at the de tec tor in cases of the rod with
heavy ma te rial sur rounded by clad ding and as a void
struc ture. The de crease in the num ber of pho tons due
to self-ab sorp tion ranges be tween 25 % and 3 % for
662 keV and 1365 keV gamma rays, re spec tively.
Hence, a sig nif i cant self-shield ing within a rod is ob -
served at the lower en ergy of in ter est of 662 keV.

The com bined ef fect of self-ab sorp tion within a
fuel rod emit ting gamma rays and their shield ing from
rods on their path to wards the de tec tor is now as -
sessed. The se ries of rods with heavy ma te rial and
clad ding along the cen tral axis-y of the de tec tion sys -
tem is con sid ered (fig. 1). Each rod in turn, from the 1st 
to the 9th along the cen tral axis-y is con sid ered ra dio ac -
tive, ren der ing from none up to 8 rods of shield ing for
each rod po si tion, re spec tively. In each case, the num -
ber of pho tons at the de tec tor is cal cu lated for gamma
ray en er gies of 662 and 1365 keV. The vari a tion in the
num ber of pho tons for an in creas ing num ber of shield -
ing rods is shown in fig. 2. Each curve has been nor -
mal ized to the cor re spond ing value, due to the first rod
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Fig ure 1. A cross-sec tional view of the geo met ri cal
con fig u ra tion com pris ing the collimated HPGe de tec tor
and the fuel as sem bly

Ta ble 1. Phys i cal de scrip tion of the fuel
as sem bly con sid ered

PWR as sem bly

As sem bly type 17 x 17 pins square ar ray

pin pitch [mm] 12.6

 Fuel pin rod

    ac tive length [m] 3.66

    pel let di am e ter [mm] 9.5

    clad ma te rial Zr

    clad thick ness [mm] 0.57



with zero shield ing. In the case of 662 keV pho tons,
only the first 2 rods along axis-y con trib ute sig nif i -
cantly as there is more than 97.5 % ab sorp tion be yond
them. In the case of 1365 keV pho tons, up to 5 rods
con trib ute. For ver i fi ca tion pur poses, these re sults
were com pared with re sults ob tained ex per i men tally
in a hot cell fa cil ity, via gamma spec tros copy of ac tual
spent fuel rods from a PWR [6]. The out comes of the
sim u la tions car ried out in this work and the ex per i -
men tal work are in agree ment.

The above ar gu ment is now ex tended over the
whole 17 ´ 17 ar ray of fuel rods, at this point con sid -
ered to be ra dio ac tive. Self-ab sorp tion and shield ing
would ren der a smaller ra dio ac tive 3-D dis tri bu tion
with de creas ing gamma ray en ergy. This yields dif fer -
ent Weff sub tended be tween the as sem bly and the
collimated de tec tor, with the ra tio of Weff be tween the
cases cor re spond ing to 1356 keV to 662 keV
(134Cs/137Cs) be ing 2.26.

Fur ther work to as sess the ef fect of self-ab sorp -
tion and shield ing on Weff for collimators of dif fer ent
hole di am e ter and length is in prog ress. Fur ther more,
the ap proach will be de vel oped for a BWR spent fuel
as sem bly whose ax ial burnup vari a tion is not flat. Fi -
nally, mea sure ments on as sem blies will be per formed
to test the pro ce dure.

CON CLU SION

A Monte Carlo pro ce dure has been pre sented to
cal cu late the solid an gle sub tended be tween a HPGe
collimated de tec tor and a PWR 17 ́  17 fuel as sem bly,
tak ing into con sid er ation the self-shield ing within the
as sem bly of the emit ted gamma rays en coun tered. Al -
though the ef fect of self-ab sorp tion is small for the
1365 keV of 134Cs, it is rather sig nif i cant in the case of
662 keV gamma rays of 137Cs. Con se quently, their ra -
tio with out a self-ab sorp tion cor rec tion would be over -
es ti mated. A cor rec tion fac tor of 0.44 would be re -
quired for the par tic u lar geo met ri cal set-up of the
as sem bly and the collimated de tec tor sim u lated in this
study.
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Fig ure 2. Ab sorp tion of 662 keV and 1365 keV through
dif fer ent num ber of fuel rods
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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


