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Ura nium dioxied is used as a nu clear fuel. De pend ing on the tem per a ture and ox y gen par tial
pres sure, it is in cred i bly ver sa tile and can ac cept a wide va ri ety of stoichiometry. Many meth -
ods are used to es ti mate the non-stoichiometric O/U ra tio such as the coulometric ti tra tion,
gravimetric and voltammetric meth ods. These meth ods have some dis ad van tages and may be
time and cost-con sum ing. This work de vel ops an ap proach to de ter mine the stoichiometric
ra tio by us ing MCNP-5 code and hy per pure ger ma nium de tec tor to es ti mate the count rate at 
185.7 keV for UO2  pel lets. The stud ied pel lets are pro posed to have 235U mass con tent (3 %,
4 %, and 5 %) and 1 cm away from the de tec tor. The mass of the ox ide within the pel lets is
7.8995 grams. The re la tion be tween vol ume and den sity has been stud ied dur ing dif fer ent
steps in which tem per a ture in creases. Fi nally, a re li able model is es tab lished to de scribe the
pro cess of con vert ing green pel lets to sintered pel lets. The model is sup ported by em ploy ing
ar ti fi cial in tel li gence to pre dict some fea tures and the over all cor re la tion equals 0.99929.
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IN TRO DUC TION

The pri mary nu clear re ac tor fuel, ura nium, is
widely dis trib uted around the globe. It is mined, re -
fined, and then en hanced be fore be ing fed into a nu -
clear re ac tor to cre ate the fuel [1]. The en riched ura -
nium is shipped to a fa cil ity that makes fuel, where it is
trans formed into pow dered UO2 [2]. The lit tle fuel
pel lets made from this pow der are then heated and
pressed into hard ce ramic ma te rial. The pel lets are
then placed into tubes called fuel rods, which are even -
tu ally gath ered to gether to form fuel as sem blies [3].
De pend ing on the type of re ac tor, each fuel as sem bly
can con tain any where from 90 to well over 200 fuel
rods. The fuel of ten re mains loaded in the re ac tor core
for sev eral years [4]. 

Nu clear fuel, which is pro duced in var i ous forms 
based on the kind of re ac tor, is the source of en ergy in a 
nu clear re ac tor. The ma jor ity of op er a tional com mer -
cial nu clear re ac tors use UO2 pel lets that are typ i cally
1 cm in di am e ter and 1 cm in length as fuel, in clud ing
both pres sur ized (PWR) and boil ing (BWR) wa ter re -
ac tors [5].

This type of ura nium fuel is man u fac tured by first
pro cess ing mined ura nium through con ver sions and en -
rich ment op er a tions and then trans form ing it into solid,
com pacted pel lets as the fi nal prod uct. The UO2 fuel is
typ i cally 35 % more abun dant in the fis sile iso tope 235U
than in the fer tile iso tope 238U (the 235U pro por tion in
nat u ral ura nium is roughly 0.7 %) [6].

The UO2 pel lets are made by sintering an neal ing
pow ders at high tem per a tures (1650 °C to 1750 °C) for 
two or more hours in a hy dro gen en vi ron ment. An al -
ter nate pro cess is sintering by ox i da tion, which is car -
ried out in a CO2 or CO/CO2 at mo sphere at lower tem -
per a tures (1000 °C to 1300 °C) [7].
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Fig ure 1. Pel lets of UO2



One of the most im por tant pa ram e ters to char ac -
ter ize the ura nium ox ide nu clear fuel: UO2+X (where x
is the stoichiometric de vi a tion), is the re la tion be tween 
ox y gen and metal, O/Me. Dur ing the pro duc tion of the
UO2, used in nu clear re ac tors such as PWR, the re la -
tion O/Me should be 2.07 to 2.18, for the UO2+X pow -
der and 2.00 for the sintered pel lets [8].

Many ura nium com pounds are used in the fuel
cy cle across a broad range of iso to pic com po si tions so
the iso to pic ra tio of a sam ple is of ten the tar get for as -
say ing. This as say ing is most of ten em ployed in sam -
ples con tain ing ura nium to get the ra tio of fis sile 235U.
The ura nium iso topes emit neu trons, al pha and beta
par ti cles, and gamma-rays [9].

Gamma-rays, which are of ten dom i nated by
emis sions from 235U de cay, are the main ra di a tion em -
ployed in pas sive non-de struc tive as say (NDA) of ura -
nium sam ples. The X-ray, on the other hand, is the
most po tent part of the emis sion spec trum in low-con -
tent ura nium sam ples. The most fre quently em ployed
sig na ture to as sess 235U con tent is the 185.7 keV
gamma-ray. It is the most no tice able sin gle gamma-ray 
from any ura nium sam ple that has been en hanced
above the level of nat u rally oc cur ring 235U [10]. While
con duct ing nu clear mea sure ments on ura nium and its
com pounds, some codes are used to con duct sim u la -
tions, an ex am ple of these codes is the Monte Carlo
code.

The Monte Carlo code is soft ware that per forms
var i ous nu clear sim u la tions [11]. This code is ex -
tremely im por tant in nu clear mea sure ments as it gives
us ac cu rate re sults for nu clear tests, pro vided that the
mea sured sam ple, the de vice used in the mea sure ment
pro cess, and the con di tions of the ex per i ment are well
de scribed [12].

In this study, a pro posed ap proach has been de -
vel oped to es ti mate the stoichiometric ra tio of O/U us -
ing Monte Carlo sim u la tion and ar ti fi cial neu ral net -
work (ANN) mod el ing.

METH OD OL OGY

The count rate was ob tained ac cord ing to eq. (1).
The equa tion shows the for mula used to get the count
rate of a mass of 235U in the UO2 pel lets at en ergy line
185.7 keV. It was al tered to in clude the cal cu lated ab -
so lute full-en ergy peak ef fi ciency uti liz ing MCNP-5
mod el ing at the same en ergy as well as the mea sured
gamma en ergy line's par tic u lar ac tiv ity [13]

C M A Sr a= × ×235 eff (1)

where Cr is the count rate (counts per sec ond – cps), M
[g] – the 235U mass, Sa [g

–1s–1] – the spe cific ac tiv ity at
a sin gle gamma line, and Aeff – the de tec tor's ab so lute
full-en ergy peak ef fi ciency at 185.7 keV.

The re sults ob tained from the Monte Carlo code
and the pre vi ous equa tion are used to be the back bone on

which the neu ral net work will be built. The neu ral net -
work is built ac cord ing to a set of steps rep re sented in fig.
2. The steps in volve con struct ing an ap prox i mate so lu -
tion, set ting up the data, de cid ing on a net work de sign,
neu ral net work train ing, boost ing gen er al iza tion abil i -
ties, test ing out comes, and fi nally de ploy ing the model.

EX PER I MEN TAL SETUP AND TECH NIQUES

The pro posed green and sintered pel lets of UO2

were mod eled as in fig. 3 de pend ing on cer tain spec i fi -
ca tions such as the height and ra dius of each pel let.
The vol ume of each pel let de creases while the den sity
in creases. For this sim u la tion, the used de tec tor is a
high-pu rity ger ma nium de tec tor (HPGe), GL0515R
model Can berra which has the fol low ing spec i fi ca -
tions (ac tive vol ume height and area are 1.5 cm and
540 mm2, re spec tively, and FWHM 540 eV at 122 keV. 
The op er at ing volt age of the multi-chan nel an a lyzer is
(–2500 V) [14].

The Monte Carlo code was used to sim u late the
pro cess of mea sur ing the pel let at dif fer ent tem per a -
tures by ex press ing the de crease in vol ume, which cor -
re sponds to an in crease in den sity at dif fer ent stages in
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Fig ure 2. Ba sic steps for build ing ANN

Fig ure 3. The HPGe de tec tor ap pear ance in
MCNP-5



which the pel let moves from be ing green to be ing
sintered. The sim u la tion was done us ing a com puter
with a pro ces sor i5 core and the num ber of his to ries
was 108. Fig ure 3 shows the de tec tor view as it ap -
peared in MCNP vi sual ed i tor.

The ANN was built us ing the data ob tained for
vol ume, den sity, ab so lute ef fi ciency, and ac count rate
[15, 17]. The net work in fig. 4 con sists of two lay ers
and the layer con sists of 10 neu rons. The num ber of
ep ochs was se lected to be high as pos si ble to avoid any 
in crease in er ror.

The train ing func tion is TRAINLM, the ad ap ta -
tion learn ing func tion is LEARNGDM, the per for -
mance func tion is MSE, and the trans fer func tion is
TANSIG for the feed-for ward backprop net work type.

RE SULTS AND DIS CUS SIONS

The re sults of vol ume and den sity
for the UO2 pel lets

The den sity of the pel let changes with the change 
in vol ume and mass. Con cern ing vol ume, the fac tor af -
fect ing the change in vol ume is the height and ra dius of 
the pel let. The mass var ies ac cord ing to the mass of the 
235U iso tope pres ent in the sam ple be ing char ac ter ized. 
As shown in fig. 5, the greater the mass of the pel let the 
greater the den sity. 

In fig. 5, as the tem per a ture in creases, the den -
sity of the pel let in creases, and this is in line with what
hap pens in prac tice, as the sintered pel let is denser
than the green one. The start ing point of the den sity
has the value of 5.493 gcm–3 and this value in creases
till it be comes 10.063 gcm–3 in the fi nal step.

It is clear from fig. 6 that as the tem per a ture in -
creases, the vol ume of the pel let de creases, and this

cor re sponds to the prac ti cal re al ity, as the sintered
pel let is denser than the green one and so its vol ume
de creases. The start ing point of the vol ume has a value
of 1.438 cm3 and this value de creases till it be comes
0.785 cm3 in the fi nal step.

The re sults of the count rate at a
cer tain mass ra tio of 235U

Fig ure 7 shows the ef fect of in creas ing tem per a -
ture on the value of the count rate. It is clear as the tem -
per a ture be comes greater the count rate de creases. The
value of the count rate at the first step is 3.886 cps and
the value of the fi nal step is 2.230 cps. The val ues of the
cor re spond ing ab so lute ef fi ciency and its re lated er ror
are dem on strated in tab. 1 for the 3 % UO2 sam ple.

Fig ure 8 shows the same trend be tween the count 
rate and tem per a ture as the pre vi ous fig ure but the
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Fig ure 4. The struc ture of ANN

Fig ure 5. Den sity vari a tion with tem per a ture

Fig ure 6. Vol ume vari a tion with tem per a ture

Fig ure 7. Count rate vari a tion at 3 % UO2

Fig ure 8. Count rate vari a tion at 4% UO2



value of the count rate at the first step is 5.180 cps and
the value of the fi nal step is 2.973 cps. The val ues of
the cor re spond ing ab so lute ef fi ciency and its re lated
un cer tainty are dem on strated in tab. 2 for the 4 % UO2

sam ple.
In fig. 9, the same trend be tween count rate and

tem per a ture also ex ists as in the pre vi ous fig ures but the
value of the count rate at the first step is 6.474 cps and the
value of the fi nal step is 3.716 cps. The val ues of the cor -
re spond ing ab so lute ef fi ciency and its re lated er ror are
dem on strated in tab. 3 for the 5 % UO2 sam ple.

It is well known there is no re la tion ship be tween
count rate and tem per a ture, and the Monte Carlo pro -

gram can not per form a sim u la tion pro cess in which
tem per a ture or pres sure is in cluded as one of the con di -
tions sur round ing the ex per i ment be ing sim u lated, but
the pro posed ap proach suc ceeded to a large ex tent in
crys tal liz ing all the dif fer ent fac tors and con di tions sur -
round ing the spe cial sintering pro cess of the pel let to
reach a clear con cept through which the stoichiometric
ra tio can be de duced us ing dif fer ent and in no va tive
tools such as Monte Carlo meth ods and ar ti fi cial in tel li -
gence. Part of the in puts was used to do the train ing pro -
cess for the neu ral net work. The net work was also
tested af ter low er ror rates were reached, which can
judge the net work as valid.

Fig ure 10 shows the four graphs for train ing,
test ing, val i da tion, and the over all co ef fi cient. The re -
sults in di cate that the model is valid for pre dict ing val -
ues with good ac cu racy and it is rec om mended for
deal ing with such is sues.

The four graphs of fig. 10 rep re sent the re gres -
sion plots us ing the ANN. Each graph is a re la tion be -
tween tar get and out put data, how ever, the data val ues
en tered into the net work dif fer ac cord ing to the state so 
each state has its unique equa tion. Each plot ex presses
the per for mance of the stud ied state of the net work.
The higher the value of the co ef fi cient the more the ef -
fi ciency of the state be ing stud ied. The co ef fi cients for
the train ing, test ing and val i da tion states have the
same value, and the over all co ef fi cient is 0.99929.
This value is good to ac cept the out put from the net -
work when us ing the samo con di tions.

CON CLU SION

The pro cess of con vert ing green pel lets of UO2 to
sintered pel lets is vi tal in the life cy cle of nu clear fuel.
The quan ti ta tive mea sure ment of the stochiometric ra -
tio of metal to ox y gen is of great im por tance and can be
done through var i ous meth ods. Neu ral net works are an
ef fec tive way to deal with data that does not have a lin -
ear re la tion ship, as they can pre dict re sults with high ac -
cu racy, es pe cially if the neu ral net work is well-built.
The pro posed method can pre dict the ra tio de pend ing
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Ta ble 1. The ab so lute ef fi ciency val ues at dif fer ent steps
for the 3 % UO2 sam ple

Step/
tem per a ture

Ab so lute
ef fi ciency

Mea sure ment
un cer tainty

1 4.0352×10–4 0.0004

2 3.7953×10–4 0.0004

3 3.5645×10–4 0.0004

4 3.3422×10–4 0.0004

5 3.1311×10–4 0.0004

6 2.9289×10–4 0.0005

7 2.7355×10–4 0.0005

8 2.5513×10–4 0.0005

9 2.4320×10–4 0.0005

10 2.3161×10–4 0.0005

Ta ble 2. The ab so lute ef fi ciency val ues at dif fer ent steps
for the 4 % UO2 sam ple

Step/
tem per a ture

Ab so lute
ef fi ciency

Mea sure ment
un cer tainty

1 4.0347×10–4 0.0004

2 3.7948×10–4 0.0004

3 3.5640×10–4 0.0004

4 3.3418×10–4 0.0004

5 3.1307×10–4 0.0004

6 2.9286×10–4 0.0005

7 2.7351×10–4 0.0005

8 2.5510×10–4 0.0005

9 2.4317×10–4 0.0005

10 2.3158×10–4 0.0005

Ta ble 3. The ab so lute ef fi ciency val ues at dif fer ent steps
for the 5 % UO2 sam ple

Step/
tem per a ture

Ab so lute
ef fi ciency

Mea sure ment
un cer tainty

1 4.0342×10–4 0.0004

2 3.7943×10–4 0.0004

3 3.5635×10–4 0.0004

4 3.3413×10–4 0.0004

5 3.1304×10–4 0.0004

6 2.9282×10–4 0.0005

7 2.7347×10–4 0.0005

8 2.5506×10–4 0.0005

9 2.4314×10–4 0.0005

10 2.3155×10–4 0.0005

Fig ure 9. Count rate vari a tion at 5 % UO2



on the data that co mes from the Monte Carlo sim u la -
tion. The de vel oped model takes the vari a tion in vol -
ume, den sity, and tem per a ture into con sid er ation. It
proved to be valid for pre dict ing the stochiometric ra tio
be tween ura nium and ox y gen. It gives ac cu rate and pre -
cise re sults.
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Sameh E. [ABAN, Ahmad R. AGA, Karim A. ALADHAM

RAZVOJ  POUZDANOG  PRISTUPA  ZA  PROCENU  STEHIOMETRIJSKOG
ODNOSA O/U  U  PELETIMA  UO2,  KORI[]EWEM  PROGRAMA  MCNP-5  I 

VE[TA^KE  INTELIGENCIJE

Uranijum dioksid, koji se koristi kao nuklearno gorivo, u zavisnosti od tem per a ture i
parcijalnog pritiska kiseonika izuzetno je svestran i mo`e da prihvati {irok spektar
stehiometrije. Mnoge metode koriste se za procenu nestehiometrijskog odnosa O/U, kao {to su
kulometrijska titracija, gravimetrijska i voltametrijska metoda. Ove metode imaju izvesne
nedostatke i zahtevaju vreme i tro{kove. U ovom radu razvijen je pristup za odre|ivawe
stehiometrijskog odnosa UO2 peleta, kori{}ewem MCNP-5 programa i detektora hiper ~istog
germanijuma za procenu brzine brojawa na 185,7 keV. Predla`eno je da prou~avane pelete imaju
maseni sadr`aj 235U od 3 %, 4 % i 5 %, i da su udaqene 1 cm od detektora. Masa oksida unutar peleta je 
7.8995 grama. Odnos izme|u zapremine i gustine prou~avan je tokom razli~itih koraka u kojima
temperatura raste. Kona~no, uspostavqen je pouzdan model za opisivawe procesa pretvarawa
zelenih peleta u sinterovane pelete. Model je podr`an kori{}ewem ve{ta~ke inteligencije za
predvi|awe nekih karakteristika i ukupna korelacija je jednaka 0,99929.

Kqu~ne re~i: stehiometrija, UO2 pelet,ve{ta~ka inteligencija, MCNP-5 pro gram


