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Uranium dioxied is used as a nuclear fuel. Depending on the temperature and oxygen partial
pressure, it is incredibly versatile and can accept a wide variety of stoichiometry. Many meth-
ods are used to estimate the non-stoichiometric O/U ratio such as the coulometric titration,
gravimetric and voltammetric methods. These methods have some disadvantages and may be
time and cost-consuming. This work develops an approach to determine the stoichiometric
ratio by using MCNP-5 code and hyper pure germanium detector to estimate the count rate at
185.7 keV for UO, pellets. The studied pellets are proposed to have 235U mass content (3 %,
4 %, and 5 %) and 1 cm away from the detector. The mass of the oxide within the pellets is
7.8995 grams. The relation between volume and density has been studied during different
steps in which temperature increases. Finally, a reliable model is established to describe the
process of converting green pellets to sintered pellets. The model is supported by employing

artificial intelligence to predict some features and the overall correlation equals 0.99929.
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INTRODUCTION

The primary nuclear reactor fuel, uranium, is
widely distributed around the globe. It is mined, re-
fined, and then enhanced before being fed into a nu-
clear reactor to create the fuel [1]. The enriched ura-
nium is shipped to a facility that makes fuel, where it is
transformed into powdered UO, [2]. The little fuel
pellets made from this powder are then heated and
pressed into hard ceramic material. The pellets are
then placed into tubes called fuel rods, which are even-
tually gathered together to form fuel assemblies [3].
Depending on the type of reactor, each fuel assembly
can contain anywhere from 90 to well over 200 fuel
rods. The fuel often remains loaded in the reactor core
for several years [4].

Nuclear fuel, which is produced in various forms
based on the kind of reactor, is the source of energy in a
nuclear reactor. The majority of operational commer-
cial nuclear reactors use UO, pellets that are typically
1 cm in diameter and 1 cm in length as fuel, including
both pressurized (PWR) and boiling (BWR) water re-
actors [5].

* Corresponding author, e-mail: smh_elsaid@yahoo.com

Figure 1. Pellets of UO,

This type of uranium fuel is manufactured by first
processing mined uranium through conversions and en-
richment operations and then transforming it into solid,
compacted pellets as the final product. The UO, fuel is
typically 35 % more abundant in the fissile isotope 23U
than in the fertile isotope 238U (the 233U proportion in
natural uranium is roughly 0.7 %) [6].

The UO, pellets are made by sintering annealing
powders at high temperatures (1650 °C to 1750 °C) for
two or more hours in a hydrogen environment. An al-
ternate process is sintering by oxidation, which is car-
ried out in a CO, or CO/CO, atmosphere at lower tem-
peratures (1000 °C to 1300 °C) [7].
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One of the most important parameters to charac-
terize the uranium oxide nuclear fuel: UO,, x (where x
is the stoichiometric deviation), is the relation between
oxygen and metal, O/Me. During the production of the
UO,, used in nuclear reactors such as PWR, the rela-
tion O/Me should be 2.07 to 2.18, for the UO,,x pow-
der and 2.00 for the sintered pellets [8].

Many uranium compounds are used in the fuel
cycle across a broad range of isotopic compositions so
the isotopic ratio of a sample is often the target for as-
saying. This assaying is most often employed in sam-
ples containing uranium to get the ratio of fissile 2*>U.
The uranium isotopes emit neutrons, alpha and beta
particles, and gamma-rays [9].

Gamma-rays, which are often dominated by
emissions from 233U decay, are the main radiation em-
ployed in passive non-destructive assay (NDA) of ura-
nium samples. The X-ray, on the other hand, is the
most potent part of the emission spectrum in low-con-
tent uranium samples. The most frequently employed
signature to assess 2>°U content is the 185.7 keV
gamma-ray. [t is the most noticeable single gamma-ray
from any uranium sample that has been enhanced
above the level of naturally occurring 233U [10]. While
conducting nuclear measurements on uranium and its
compounds, some codes are used to conduct simula-
tions, an example of these codes is the Monte Carlo
code.

The Monte Carlo code is software that performs
various nuclear simulations [11]. This code is ex-
tremely important in nuclear measurements as it gives
us accurate results for nuclear tests, provided that the
measured sample, the device used in the measurement
process, and the conditions of the experiment are well
described [12].

In this study, a proposed approach has been de-
veloped to estimate the stoichiometric ratio of O/U us-
ing Monte Carlo simulation and artificial neural net-
work (ANN) modeling.

METHODOLOGY

The count rate was obtained according to eq. (1).
The equation shows the formula used to get the count
rate of a mass of 233U in the UO, pellets at energy line
185.7 keV. It was altered to include the calculated ab-
solute full-energy peak efficiency utilizing MCNP-5
modeling at the same energy as well as the measured
gamma energy line's particular activity [13]

C,=Mys-Aer-S, (1

where C, is the count rate (counts per second — cps), M
[g] —the *°U mass, S, [g's '] — the specific activity at
a single gamma line, and A.¢— the detector's absolute
full-energy peak efficiency at 185.7 keV.

The results obtained from the Monte Carlo code
and the previous equation are used to be the backbone on
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Figure 2. Basic steps for building ANN

which the neural network will be built. The neural net-
work is built according to a set of steps represented in fig.
2. The steps involve constructing an approximate solu-
tion, setting up the data, deciding on a network design,
neural network training, boosting generalization abili-
ties, testing outcomes, and finally deploying the model.

EXPERIMENTAL SETUP AND TECHNIQUES

The proposed green and sintered pellets of UO,
were modeled as in fig. 3 depending on certain specifi-
cations such as the height and radius of each pellet.
The volume of each pellet decreases while the density
increases. For this simulation, the used detector is a
high-purity germanium detector (HPGe), GLO515R
model Canberra which has the following specifica-
tions (active volume height and area are 1.5 cm and
540 mm?, respectively, and FWHM 540 eV at 122 keV.
The operating voltage of the multi-channel analyzer is
(2500 V) [14].

The Monte Carlo code was used to simulate the
process of measuring the pellet at different tempera-
tures by expressing the decrease in volume, which cor-
responds to an increase in density at different stages in

Figure 3. The HPGe detector appearance in
MCNP-5
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Layer Layer

Figure 4. The structure of ANN

which the pellet moves from being green to being
sintered. The simulation was done using a computer
with a processor i5 core and the number of histories
was 108. Figure 3 shows the detector view as it ap-
peared in MCNP visual editor.

The ANN was built using the data obtained for
volume, density, absolute efficiency, and account rate
[15, 17]. The network in fig. 4 consists of two layers
and the layer consists of 10 neurons. The number of
epochs was selected to be high as possible to avoid any
increase in error.

The training function is TRAINLM, the adapta-
tion learning function is LEARNGDM, the perfor-
mance function is MSE, and the transfer function is
TANSIG for the feed-forward backprop network type.

RESULTS AND DISCUSSIONS

The results of volume and density
for the UO; pellets

The density of the pellet changes with the change
in volume and mass. Concerning volume, the factor af-
fecting the change in volume is the height and radius of
the pellet. The mass varies according to the mass of the
235U isotope present in the sample being characterized.
Asshownin fig. 5, the greater the mass of the pellet the
greater the density.

In fig. 5, as the temperature increases, the den-
sity of the pellet increases, and this is in line with what
happens in practice, as the sintered pellet is denser
than the green one. The starting point of the density
has the value of 5.493 gem™ and this value increases
till it becomes 10.063 gem™ in the final step.

It is clear from fig. 6 that as the temperature in-
creases, the volume of the pellet decreases, and this
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Figure 5. Density variation with temperature
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Figure 6. Volume variation with temperature

corresponds to the practical reality, as the sintered
pellet is denser than the green one and so its volume
decreases. The starting point of the volume has a value
of 1.438 cm® and this value decreases till it becomes
0.785 cm? in the final step.

The results of the count rate at a
certain mass ratio of 2°U

Figure 7 shows the effect of increasing tempera-
ture on the value of the count rate. It is clear as the tem-
perature becomes greater the count rate decreases. The
value of the count rate at the first step is 3.886 cps and
the value of the final step is 2.230 cps. The values of the
corresponding absolute efficiency and its related error
are demonstrated in tab. 1 for the 3 % UO, sample.

Figure 8 shows the same trend between the count
rate and temperature as the previous figure but the
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Figure 7. Count rate variation at 3 % UO,
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Figure 8. Count rate variation at 4% UOQO,
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Figure 9. Count rate variation at 5 % UO,

Table 1. The absolute efficiency values at different steps
for the 3 % UO, sample

Step/ Absolute Measurement
temperature efficiency uncertainty
1 4.0352:10* 0.0004
2 3.7953-10° 0.0004
3 3.5645-10° 0.0004
4 3.3422-10° 0.0004
5 3.1311-10* 0.0004
6 2.9289-107 0.0005
7 2.7355-10° 0.0005
8 2.5513-107 0.0005
9 2.4320-107* 0.0005
10 2.3161-10°* 0.0005

Table 2. The absolute efficiency values at different steps
for the 4 % UO, sample

Step/ Absolute Measurement
temperature efficiency uncertainty
1 4.0347-10° 0.0004
2 3.7948-10°* 0.0004
3 3.5640-10* 0.0004
4 33418107 0.0004
5 3.1307-10°* 0.0004
6 2.9286-107 0.0005
7 2.7351-10™ 0.0005
8 2.5510-10°* 0.0005
9 2.4317-10° 0.0005
10 2315810 0.0005

value of the count rate at the first step is 5.180 cps and
the value of the final step is 2.973 cps. The values of
the corresponding absolute efficiency and its related
uncertainty are demonstrated in tab. 2 for the 4 % UO,
sample.

In fig. 9, the same trend between count rate and
temperature also exists as in the previous figures but the
value of the count rate at the first step is 6.474 cps and the
value of the final step is 3.716 cps. The values of the cor-
responding absolute efficiency and its related error are
demonstrated in tab. 3 for the 5 % UO, sample.

It is well known there is no relationship between
count rate and temperature, and the Monte Carlo pro-

Table 3. The absolute efficiency values at different steps
for the 5 % UO, sample

Step/ Absolute Measurement
temperature efficiency uncertainty
1 4.0342-107* 0.0004
2 3.7943.10°* 0.0004
3 3.5635-10™ 0.0004
4 3.3413-10° 0.0004
5 3.1304-10° 0.0004
6 2.9282.107* 0.0005
7 2.7347-10°* 0.0005
8 2.5506-10™ 0.0005
9 2.4314-10° 0.0005
10 2.3155-10° 0.0005

gram cannot perform a simulation process in which
temperature or pressure is included as one of the condi-
tions surrounding the experiment being simulated, but
the proposed approach succeeded to a large extent in
crystallizing all the different factors and conditions sur-
rounding the special sintering process of the pellet to
reach a clear concept through which the stoichiometric
ratio can be deduced using different and innovative
tools such as Monte Carlo methods and artificial intelli-
gence. Part of the inputs was used to do the training pro-
cess for the neural network. The network was also
tested after low error rates were reached, which can
judge the network as valid.

Figure 10 shows the four graphs for training,
testing, validation, and the overall coefficient. The re-
sults indicate that the model is valid for predicting val-
ues with good accuracy and it is recommended for
dealing with such issues.

The four graphs of fig. 10 represent the regres-
sion plots using the ANN. Each graph is a relation be-
tween target and output data, however, the data values
entered into the network differ according to the state so
each state has its unique equation. Each plot expresses
the performance of the studied state of the network.
The higher the value of the coefficient the more the ef-
ficiency of the state being studied. The coefficients for
the training, testing and validation states have the
same value, and the overall coefficient is 0.99929.
This value is good to accept the output from the net-
work when using the samo conditions.

CONCLUSION

The process of converting green pellets of UO, to
sintered pellets is vital in the life cycle of nuclear fuel.
The quantitative measurement of the stochiometric ra-
tio of metal to oxygen is of great importance and can be
done through various methods. Neural networks are an
effective way to deal with data that does not have a lin-
ear relationship, as they can predict results with high ac-
curacy, especially if the neural network is well-built.
The proposed method can predict the ratio depending



S. E. Shaban, et al., Developing a Reliable Approach to Estimate the ...

306 Nuclear Technology & Radiation Protection: Year 2022, Vol. 37, No. 4, pp. 302-307
Training: A =1 Validation: R = 1

8 v - v -
i L= Data
S Fit =

7+ ' @
Y | P Y=T =
IT' +
+ 6t : 3
5 K
G o
= s} : =
= I
Ill _'i
24 i 3
‘5 -
Is} o

3

3 4 5 6 7 8
Target Target
Test: R=1 All: R =0.99929
o Data |
8 - Fit
= & 8[| m=rmem= Y=T 1
B 5 |
g 3
. : -
) ~ 4
o o
i = .
; I
E l
o 5 4
£ =3
e} 3 4
2 4 6 8 2 4 6 8 10
Target Target
Figure 10. The ANN model of UO,

on the data that comes from the Monte Carlo simula- REFERENCES

tion. The developed model takes the variation in vol-
ume, density, and temperature into consideration. It
proved to be valid for predicting the stochiometric ratio
between uranium and oxygen. It gives accurate and pre-
cise results.
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PA3BOJ INIOY3OJAHOI ITPUCTYIIA 3A NIPOLHEHY CTEXUOMETPUJCKOTI
OJHOCA O/U ¥ NTIEJETUMA UO2, KOPUIITKREILEM ITPOTPAMA MCNP-5
BENITAYKE MHTEJIUTEHIIAJE

Ypauujym AuoKcuy, Koju ce KOPUCTH Kao HYKJI€apHO TOPUBO, Y 3aBUCHOCTH Off TEMIEpaType
NapIyjaTHOT TPUTHCKA KHCEOHWKA M3y3€THO je CBeCTpaH M MOXE ja NpUXBaTH INMUPOK CHEKTap
crexuomerpuje. MHOTe MeTojie KOpHCTe ce 3a MpoleHy HectexuoMeTrpujckor ogroca O/U, kao mTo cy
KyJOMeTpHujcka TUTpalyja, TpaBUMETPUjCKAa U BOITaMeTpHjcka MeTofa. OBe MeToje MMajy M3BECHE
HEJOCTAaTKEe M 3aXTE€Bajy BpeMe W TPOIIKOBE. Y OBOM pajy pa3BHjeH je NPHUCTyN 3a ofpehuBame
crexnomeTrpujckor ogaoca UO, nenera, kopumhemeM MCNP-5 nporpama n geTekTopa XUrep 4ucTor
repMaHujyma 3a npoueHy 6p3uHe O6pojama Ha 185,7 keV. IlpeanaxeHo je ga npoyuyaBaHe NejaeTe UMajy
macenu cafpxkaj>>Uon3 %,4 % uS %,u a cy ynambeHe 1 cm of ieTekropa. Maca okcujia yHyTap IejieTaje
7.8995 rpama. OgHoc usmeby 3anpeMuHe U ryCTUHE IPOydaBaH je TOKOM pa3juYuTHX KOopaKa y Kojuma
TemnepaTtypa pacre. KoHayHO, yCIOCTaBIbEH je TOY3/laH MOJEIN 3a ONMCHBAIE Ipolieca NMpeTBapama
3elIeHNX NleJleTa y CHHTepoBaHe Iesere. Mojien je mofgpskaH kopuithemheM BellITauKe HHTEIUTeHITje 3a
npeniBubame HEKUX KapaKTEPUCTHKA U YKYIIHA Kopesanyja je jemraka 0,99929.

Kwyune peuu: ciuexuomeiupuja, UO, uleaeiu, sewitiauxa unitieauzenyuja, MCNP-5 iipozpam



