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ANALYSIS OF THE APPLICATION OF CDZNTE DETECTORS FOR CONTROL OF
INITIAL ENRICHMENT OF FRESH NUCLEAR FUEL FOR OVERLOADING

The task of determining the initial enrichment of nuclear fuel (NF) at nuclear power plants in real
time is relevant for both economic indicators of operation of the power unit and for all components of
nuclear safety (nuclear safety, security and safeguards). The technology used by nuclear fuel cycle
companies is not suitable for use at nuclear power plants. It is proposed to use a measuring system based
on CdZnTe semiconductor detectors designed to control the burn-up depth of nuclear fuel for estimating
the initial enrichment of fresh nuclear fuel in fuel assemblies (FA). The initial enrichment is estimated
with help of the gamma radiation of uranium isotopes of fresh nuclear fuel. A distinctive feature of the
system that has been developed is the use of passive tomography technology to take into account the self-
absorption of radiation in the FA. The promise of the proposed method for estimating initial enrichment
is confirmed by experimental measurements and simulation results. It is shown that the system developed
makes it possible to determine the enrichment of nuclear fuel, taking into account its profiling by the
volume of FA. Also, the results of measurements confirmed the possibility of using the proposed technical
solutions for CdZnTe detectors to create portable monitoring systems for special nuclear material in the
field. The solution of this task is of great importance for national security.

Keywords: CdZnTe detectors, gamma-ray imaging, gamma-ray spectroscopy, special nuclear
materials monitoring.

Full control over the state of nuclear fuel, at all stages of its life cycle, at nuclear power plants
necessarily requires an instrumental assessment of the initial enrichment of fresh fuel before it is
loaded into the reactor core. Nuclear fuel (NF) is a mixture of 23U isotopes with a range of content
of 1.6-4.4%, therefore the initial isotope composition of nuclear materials is often the object of
measurements. However, there are no such systems for determining the initial enrichment of
nuclear fuel at nuclear power plants. Therefore, at present, it is necessary to rely solely on the data
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declared by the manufacturer. Knowledge of the actual deviation of the initial enrichment is of great
importance in order to optimize the fuel permutations, especially when operating at the final stages
of the campaign.

The determination of the initial enrichment of NF (i.e., the content of the fissile isotope *°U)
in real time can be carried out through passive radiation measurements of the sample's self-
radiation. Like all passive measurements, this method of analysis is non-destructive [1]. The
determination of uranium enrichment level in samples is a key measurement in technological
processes and in the production control on the uranium enrichment and nuclear fuel companies, it
acts an important part in the international nuclear safeguards inspections to grantee that uranium
fuel is used for peaceful purposes. The principles of enrichment measurement can be used to
determine the content of any isotope if their radiation characteristics are known and some special
measurement conditions [2,..,5] are met.

The main radiation used in passive non-destructive analysis of uranium samples is gamma
radiation. When measuring the enrichment of 23U, the gamma radiation line with a gamma-ray
energy of 186 keV is most often used. It is the most distinguished single gamma-emission line for
any uranium samples enriched by ?*°U above the natural level.

The method for determining the enrichment of uranium by gamma radiation was for the first
time used to control the gas cylinders with UFg [1, 4, 6]. The method of the measurement included
recording the radiation of the uranium sample through the channel of the collimator by the detector
of the gamma radiation. The enrichment was determined by the intensity of gamma radiation of the
235U isotope with 186 keV energy. If the sample is thick enough, the detector detects gamma rays
with an energy of 186 keV only from an insignificant part of the total sample, because of the strong
absorption of low-energy quanta in the fuel assembly materials. In this sense, in the terminology of
[1], fuel element is a "thick sample"”. The "visible volume™ of the sample is characterized by the
configuration of the collimator, the detector geometry and by the length of the free path of radiation
with an energy of 186 keV in the sample material [1, 3, 4].

We propose a measuring system based on CdZnTe detectors [7, 8, 9], created for the burn-up
analysis of spent nuclear fuel, can be used to estimate the initial enrichment of an overloaded fresh
fuel. In this case, the main problem may be the low detection efficiency of the detectors used. To
test the possibility of using CdZnTe detectors, fuel pellets with an initial enrichment of 4.4% were
measured. One of the obtained spectra is shown in Fig. 1 and Fig. 2, using different scales of the
axes for displaying the count results (i.e. measured intensity) in the channels of the multichannel
analyzer. It is done to provide greater visibility of the peak of the total absorption with gamma
radiation with energy of 2*°U 205.3 keV. In the spectrum, well-identifiable lines of 186 keV and
205 keV of self-radiation of U are observed. The lines of sample self-radiation of 228U with
energies of 742 keV, 766 keV, 786 keV and 1001 keV are visible as well. The 1001 keV line is
usually used for analytical purposes.
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Fig. 1. The spectrum of gamma self-radiation of fuel pellets with initial enrichment of 4.4%
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Fig. 2. The spectrum of gamma self-radiation of fuel pellets with an initial enrichment of 4.4% on
a semilogarithmic scale

For comparison, Fig. 3 shows the spectrum of the self-radiation of a metal sample of depleted
uranium. The mass of uranium in both series of measurements was approximately the same. It can
be seen that the analytical lines of the *°U isotope are absent, and the radiation intensity is much
lower. In both cases, the value of the parameter of the thickness of the sample is the "infinite
thickness".

The determination of the initial enrichment using the 23°U self-radiation intensity
measurements with 186 keV energy is carried out according to the following formula [1, 11]:

el - Imes B 'exp(:ucpctc ): F 'eXp(,LthCtC )(a'cl_a' f Cz) 1 (1)
where 1 . is the net counting rate at the peak of full absorption;
C, and C, are the total counting rate in the peak of the total absorption and the counting rate

of the background and the continuous component of the Compton distribution, respectively;
F-exp(u.p.t.) are the experimentally determined coefficients for taking into account self-

absorption and scattering of radiation in the fuel matrix material and fuel cladding walls.
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Fig. 3. Spectrum of the self-radiation of a metal sample of depleted uranium
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Such a method is fairly simple when carrying out measurements of typical homogeneous
samples, for example, in the measurement of barrels containing uranium dioxide. However, FA is
an object with a complex geometry and in this case it cannot be considered as a "thick™ bung. As a
rule, it can be assumed that the main contribution to the counting rate of the full-absorption peak
with 186 keV energy is given by one, or at most two rows of external fuel rods. To increase the
recording efficiency and reduce the measurement time, the detector should be positioned as close as
possible to the fuel assemblies, but in this case, there are observation points where so-called "firing"
from fuel rods located in the inner rows are recorded, while the gamma radiation intensity is very
uneven depending on the viewing angle [10]. An example of such a phenomenon, obtained by the
modeling described below, is shown in Fig. 4. This leads to a strong dependence of the obtained
results on the location of the detector relative to the measured FA. This effect is even more
pronounced when measuring fuel assemblies containing fuel elements with different enrichment
(for example, fuel assemblies marked "ED" contain an external row of fuel rods with an enrichment
of 3.6%, and internal fuel rods have an enrichment of 4.4%).
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Fig. 4. The intensity of the gamma radiation of 23°U 186 keV, depending on the angle of the
detector

(the distance “FA axis — detector” is 14 cm).
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Fig. 5. Intensities of the gamma self-radiation during measurements from one, two and three
layers of fuel pellets with an initial enrichment of 4.4%

82



To reduce the measurement error, we took into account the effect of self-absorption and
scattering of radiation in the material of the fuel matrix and fuel cladding walls, enrichment can be
determined on the basis of data on the ratio of the counting rate at the peak of full-energy absorption
of 186 keV of the *°U self-radiation and the counting rate at the peak of full absorption of
1001 keV of self-radiation of 28U . Figure 5 shows the results of measurements of gamma-radiation
intensity of one (gray bars), two (black bars), and three (white bars) layers of VVER-1000 fuel
pellets. It is clearly seen that an increase in the thickness of the measured layer leads to a significant
increase in the emission intensity of the 1001-keV line of self-radiation of 238U and secondary X-ray
radiation due to the interaction of the primary radiation with the fuel matrix.

The dependence of enrichment on the ratio of the self-radiation intensities of 3°U and 23U for
FA will obviously be nonlinear due to the different absorption of gamma quanta with energies of
186 keV and 1001 keV. For the empirical determination of this dependence, it is necessary to carry
out a sufficient number of measurements for a fuel assembly with a different enrichment in a
statistical sense, which in principle is not a problem under NPP conditions [10, 12]:

To confirm the possibility of estimating the initial enrichment of nuclear fuel, a two-
dimensional plane model of the field of the gamma radiation of uranium isotopes contained in the
fuel assemblage was constructed, according to which the location of the detector at the n-th
observation point at a distance R, from the FA axis the gamma-radiation of j-th isotope of uranium
with energy E, at the location of the detector is:

Injk :ZAnjkjkan’ 2)

where A is the activity of the j-th uranium isotope for m-th fuel element taking into account the

actual value of enrichment;
K;c is the quantum yield of the k -th gamma line for the j -th isotope;

W, is the coefficient of the contribution of the m-th fuel element to the intensity of the
gamma radiation of the j-th isotope with energy E, , taking into account the effects of attenuation

when the gamma-ray beam propagates from the m-th fuel element to the n-th point of observation,
m=1, .., 312.

Taking into account the registration efficiency, the measured intensity (counting rate) £(E,)
for an isotope with energy E, the measured gamma radiation intensity of the j-th isotope with
energy E, is expressed as

|njkmes =2Anjkjkwmng(Ek)' 3)

In the future, we omit the indices jk, since we are talking about the intensity of gamma
radiation at the point of registration of the j-th isotope with energy E,, i.e. in the simulation it is

assumed that the peaks of the gamma spectrum are isolated and processed.

The attenuation in the propagation of gamma radiation is mainly connected with two physical
mechanisms:

— geometric attenuation associated with the spatial divergence of the beam

S
Pgeom = 47le§2 ' (4)
where S, is the active area of the detector;

R., IS the distance from the center of the m -th fuel rod to the n-th location of the detector;

— physical attenuation of gamma radiation during passage through various media (in
particular, when passing through UO: in other fuel elements located on the path of gamma-ray run
to the detector, in their zirconium shells, and also in the water environment — both inside the FA and
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outside of it, in the overload pool); the physical attenuation of radiation from the m-th fuel element
is expressed as

I:)phys = eXp(Z lulll) ' (5)

where g, is the coefficients of linear attenuation of gamma quanta with energy E, for the
corresponding media;
l, is the length of run of gamma radiation in a medium of type | (uranium dioxide, zirconium,
or water).
Thus, the contribution coefficient of the m-th fuel element for the n-th position of the
detector, associated with attenuation, is

s
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According to the formulated model, the fields of gamma self-radiation with an energy of 185
keV of the 2%U isotope and with an energy of 1001 keV for 238U at different locations of the
detector were calculated. All the results presented below are calculated from the relations (2), (3),
(6) for the “FA axis — detector” distance of 22.5 cm. This is because of the fact that the developed
equipment for monitoring the fuel burn-up depth was specially designed for placement on the
working bar of the reloading machine (RM), and the specified size is determined by the diameter of
the working rod of the RM. The angular diagram of the intensity distribution of gamma radiation
with an energy of 185 keV 2%U is shown in fig. 6. It can be seen that the intensity distribution
practically repeats the shape of the fuel assembly. At separate viewing angles, there are
irregularities and "sharp increases”, the magnitude of which is small and does not exceed 7-8% of
the mean. There are smooth maxima at the angles corresponding to FA edges.
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Fig. 6. Angular distribution of intensity of gamma self-radiation
for 235U 185 keV (fresh fuel assembly)

The coefficients of the contributions of individual fuel elements w_ . are investigated by the

relation (6). For the energy 185 keV of 2*°U isotope in the fig. 7, the inverse values of the
contributions are given in a logarithmic scale. The type of the contribution pattern is typical for
low-energy isotopes, in particular, at the observation angles corresponding to the FA edges, there is
an acute "ridge"”, and a pronounced "multi-ridge structure” is observed on the midpoints of the
faces.
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Figure 8 shows the angular distribution of the intensity of gamma radiation with an energy of
1001 keV of the 238U isotope. The angular distribution is fairly smooth, the nonuniformity does not
exceed 5-7%. The corresponding energies of 1001 keV 28U of the inverse values which are inverse
to fuel element contribution coefficients are shown in fig. 9. Their appearance is also quite typical
for high-energy gamma quanta: in particular, the "ridge structure™ is much less pronounced than in
fig. 7.

To research the practical possibility of determining the initial burn-up of fresh nuclear fuel,
the ratio of measured intensities of 28U with energy of 1001 keV and ?**U with an energy of 185
keV is modelled, taking into account the registration efficiency £(E,) [7] depending on the angle of

the detector location (fig. 10). It can be seen from the figure that the ratio of the measured
intensities repeats to a considerable extent the picture in fig. 6: there are irregularities and small
"sharp increases" observed in the form of peaks, and besides the peaks being concentrated at the
viewing angles corresponding to the midpoints of edges. However, the absolute value of the peaks
is small, which allows us to assume that the detectors are arranged exactly opposite to the edges.

Fig. 7. Coefficients of fuel rod contributions (inverse values) for 2°U 185 keV (a— 0°, b — 30°)
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Fig.8. Angular distribution of the intensity of the gamma self-radiation of 23U with an
energy of 1001 keV (fresh FA)
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Fig. 9. Coefficients of fuel element contributions (inverse values) for 23U 1001 keV
(a-0%b - 30°)

Quantitative analysis of the contribution coefficients w__ for both analytical lines of 23U,

238 isotopes made it possible to determine the following: with an allowable unevenness of
contribution coefficient of 40%, placing the detector in opposite to the midpoint of the fuel
assembly allows coverage of the entire external row of fuel rods and 4 central fuel elements of the
second row for 185 keV 2%U energy, and almost completely two fuel rods close to the detector for
energy 1001 keV 2*8U. Considering the homogeneity of fresh nuclear fuel inside the fuel assembly
(except for the first row), this is quite sufficient to estimate the initial enrichment. The number of
detectors should be determined experimentally, depending on the required accuracy of
measurements.

The above experimental spectra and simulation results show that the developed technical
facilities to control the burn-out of spent nuclear fuel can be successfully used to determine the
initial enrichment of fresh nuclear fuel.
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Fig.10. The ratio of the measured intensities of 28U 1001 keV and *°U 185 keV
depending on the detector location angle

The developed equipment makes it possible to determine the enrichment of nuclear fuel when
it is transferred by a reloading machine to the reactor core without additional time. The introduction
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of such a system provides a qualitatively new level of monitoring of the state of nuclear fuel at all
stages of its life cycle at nuclear power plants. In particular, there will be an automatic analysis of
the initial enrichment of nuclear fuel, a burn-out analysis for each campaign based on the results of
measurements during the overload, a control of the fuel cladding tightness during the overload, and
an analysis of burn-out during shipment to dry storage. In addition, close integration with the
control system of the overload machine ensures automatic maintenance of a database on the history
of nuclear fuel, i.e. fulfiliment of the IAEA requirements for nuclear safeguards. Continuous
accounting of the burn-out of each fuel assembly is also the main source of information to refine the
methods of nuclear-physical calculations of the reactor core.
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Peuensenr: na.1.H., npod. JlenkoB C.B., roJoBHUI HAayKOBHH CHIBPOOITHHUK HayKOBO-JOCHiIHOTO
neHTpy BilicbkoBoro incTuTyTy KHiBChKOTO HallioHaIBHOTO YHiBepcHuTeTy iMeHi Tapaca IlleBuenka
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A.T.H., Jou. Macaos O.B., 1.T.H., npod. Mokpiubkuii B.A., k.T.H. CokoJioB A.B.
AHAJII3 3BACTOCYBAHHSI CDZNTE AETEKTOPIB JJ151 KOHTPOJIIO IIOYATKOBOI'O
3BATAYEHHS CBIXKOI'O SIIEPHOI'O ITAJIMBA ITPU IIEPEBAHTAKEHHI

3aoaua euznauenns nouamko6ozo 3oazauenns adepnozo nanusa (AIl) na AEC 6 peanvromy uaci €
AKmyanvHoi 0111 AK eKOHOMIYHUX NOKA3HUKIE eKChyamauil eHepzo0a0Ky mak i 01a A0epHoi be3neKu.
3anpononosano 0nsa oyiHKU ROYAMK06020 30azauenHs ceixcozo All 6 mennosudinaouux 3oipkax (TB3)
eukopucmamu sumiproeanvuy cucmemy na 6aszi CdZnTe- oemexkmopis. Ouinka nouamiko6o2o 30azauenus
30IlICHIOEMbCA O 6TIACHOMY 2AMMA-8UNPoMinioeannio izomonie ypauny All. Ocobdaugicmio cucmemu €
3acmocy6anta mexHo02ii nacugHoi momozpagii 014 6paxysanHa camonoZIUHAHHA 6URPOMIHIOGAHHA 8
TB3. Ilpononosanuii - memoo OYiHKU HOYaAmMKO08020 30acauennsn niomeepoicyemucsa
eKCnepuMenmanbHumMu gumipamu i pesynomamamnu mooenroganna. Ilokasano, wio po3poonena cucmema
00360ns€ eusnauamu 3oazauenna All 3 ypaxyeannam iiozo po3noodiny 3a 06'emom TB3. Ompumani
pe3ynvmamu  niOmeepouny MOMNCIUGICIMb GUKOPUCHAHHA 3ANPONOHOBAHUX MEXHIUHUX piuleHb 01
CMBOPEHHA NOPMAMUGHUX CUCHEM KOHMPOJII0 CReyiaIbHUX A0ePHUX Mamepianié 6 noaboGUX yMOBAX.
Piwenna exazanoi 3a0aui mac easiciuee 3Ha4eHHA 011 HAUIOHAIbHOT De3neKu.

Kniwowuoei cnosa: CdZnTe oOemexkmopu, nacusena momozpaghia, cnekmpomempia 2amma-
GUNPOMIHIOBAHHA, KOHMPOIb A0EPHUX Mamepiaie

A.T.H., fou. Maciaos O.B., 1.T.H., npod. Mokpuukuii B.A, k.1.H. CokoJioB A.B.
AHAJIN3 IPUMEHEHUSA CDZNTE JETEKTOPOB JIJI151 KOHTPOJISI HAYAJIBHOT'O
OBOT'AIIEHUSA CBEXEI'O AAEPHOI'O TOIIVIMBA IIPU IIEPEI'PY3KE

3adaua onpeodeneHus HaA4aIbHO20 o0b0o2auenus saoeprozo monauea (A1) na A3C ¢ peanvnom
6PEMEHU AGNACHICA AKMYANbHOU 014 KAK IKOHOMUYECKUX NOKa3amenell IKCHIyamayuu IHep2o0/ioKa,
maxK u 0na écex cocmaenalOwux noxazameneii aoepHoil. Ilpeonazaemca ucnonv3oeamov 011 OUEHKU
Hauanvho2o odozawienun ceexcezo AT 6 mennogvidenawuyux cooprax (TBC) usmepumensvuyio cucmemy
Ha 6aze CdZnTe-oemexkmopos. OueHka HaAYATbHO20 0002aU{eHUs OCYUWLECIEIACHICA NO COOCMEEHHOMY
2aMMa-u3IyueHuI0 u3omonos ypana cgexcezo A1. Ocodennocmovlo cucmempl A611€mca UCNOAb306AHUE
MexXHON02uU nAcCUGHOU momozpaguu o0na yuema camonoznouienus uznyuenun ¢ TBC. Ilpeonazaemoiii
MEmoO OUeHKU HAYANBbHO20 0002AU{eHUS NOOMEEPHCOACMCA IKCREPUMEHMATLHBIMU USMEPECHUAMU U
pesynomamamu moodenuposanus. Ilokazano, umo paspadomannas cucmema no3eonsAem Onpeoeiams
ovozamenue AT c¢ yuemom eco npogunuposanus no o6vemy TBC. Ilonyuennvie pezynvmamol
HOOMGEPOUNU BOZMONCHOCH UCHONB306AHUS NPEOONHCCHHBIX MEXHUUECKUX Peuienull 011 CO30aHus
ROPMAMUGHBIX CUCMEM KOHMPOJIA CHEYUAIbHBIX A0EPHBIX MAMEPUANOE 6 noJieeblx yciosusax. Pewenue
YKa3aHHOU 3a0a4u umMeem 6aj)cHoe 3Hauenue 0131 HAYUOHAIbHOU 0e30naACHOCHIU.

Kniouesvie cnosa: CdZnTe demexmopwvl, naccusnas momocpagus, CheKmpomempus 2amma-
U31yuenus, KOHMpPOoib A0EPHLIX MAMEPUATIOE
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