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MODELING OF HARDWARE SPECTRUMS OF CdZnTe- DETECTORS

This article has developed a technique for modeling the instrumental spectrum obtained by measuring
the intrinsic gamma radiation of spent nuclear fuel with different burnup depths and the degree of leakage
fuel cladding. The spectrum model of the studied fuel assembly made it possible to determine the sensitivity
of measurements and choose the optimal algorithm for processing the spectra. Due to this, costs of
developing hardware and software components of the nuclear fuel condition monitoring system have been
reduced.

The difference between this technique and the known ones is that they did not use the simulation of
the distribution of electric field strength in the volume of the sensor crystal and did not use the Monte Carlo
method to simulate electric charge induced during the initial interaction of gamma radiation with the
crystal. An experimental verification of the technique using the example of modeling the radiation spectrum
of *¥'Cs source confirmed the effectiveness of the use of the spectrometer based on the CdZnTe detector
created in this work: compliance with the requirements for monitoring the state of nuclear fuel in real time;
identification of fuel assemblies containing fuel elements with an unpressurized cladding; determination of
fuel burnup based on the activity of fission products.

For the first time, a method has been proposed for processing large packets of the spectra of the own
gamma radiation of spent nuclear fuel. A distinctive feature of the method is the two-stage processing of
the spectra: at the first stage, parameters are determined that describe the measured spectra and are
necessary for the operation of the algorithms for their processing by methods of numerical differentiation;
at the second stage, using these methods, large arrays of spectra are automatically processed in real
time.This method increases the accuracy of measurements and the completeness of the distribution pattern
of burnup over the fuel assembly volume. This is the technological basis of the tomography method created
in this work.

Keywords: parametric reliability, photodetectors, performance criterion, ionizing radiation, crystal
structure

Formulation of the problem. The aim of this work is to develop new improved methods and
means of controlling nuclear materials and the state protective barriers at nuclear power plants. Cre-
ation of new generation radiation sensors and measuring systems based on them.

Analysis of recent research. Methods for tomographic analysis objects of different physical
nature, i.e. the restoration of the physical structure an object from physical fields measured outside
the object, as a rule, on a closed surface, originated in the 70s of the 20th century. in connection with
the construction of x-ray tomographic images of human organs [1]. In the 80s tomographic methods
were widely used in industry for flaw detection [2, 3]. Most of the methods developed to date, as a
rule, use active tomography, which assumes the presence of a radiation source passing through the
object being examined, and a receiver (or group of receivers) recording the radiation transmitted
through the object. To analyze the state of nuclear fuel (NF), in particular, fuel assemblies, it is ad-
visable to use passive emission tomography, based on the registration of its own gamma radiation
from fission products (FP) NF, followed by determination of their activity inside the studied fuel
assembly.

A rather limited number of papers are devoted to the actual tasks passive emission tomography
of nuclear fuel. All of them are made at Uppsala University (Department of Radiation Sciences, Upp-
sala, Sweden). In particular, in the most thorough pioneering work, as in the subsequent works of
Swedish researchers, task was to substantiate theoretically passive emission tomography of the BWR
fuel assembly produced by ABB Atom, Sweden of a square form containing 8x8 = 64 round fuel rods
[4]. The goal of this work was to establish the absence of one or more fuel rods in the fuel assembly,
since the task of nuclear fuel imaging was solved within the framework program for ensuring the non-
proliferation of nuclear materials.

The analysis of state questions led to the following conclusions:
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— there is a fundamental possibility of using emission gamma tomography of nuclear fuel in
order to restore the distribution of fission products by the example of a fuel assembly of a BWR
reactor with 64 fuel rods;

— for a fuel assembly of WWPR-1000 reactor containing much more structural elements, de-
velopment of a new, more efficient tomography algorithm is required;

— from point view of real-time tomography implementation when performing routine opera-
tions with nuclear fuel, in particular, overloading, is required sufficiently high computational effi-
ciency of the algorithm.

Main part. In this work, the main principle of constructing a spent nuclear fuel (SNF) control
system was chosen to increase the efficiency of measuring the spectra of our own gamma radiation
from the spent fuel assembly (SFA). At the same time, from the point of view of minimizing the time
spent, it is optimal to carry out such a measurement directly in the process of SNF overload: during
vertical movement from the rack of the holding pool [5-7].

This choice is due to the significantly higher information content measurements of the own
gamma radiation of SFA. Such measurements make it possible to determine the burnup, holding time
and initial enrichment of a controlled SFA without using additional information. In contrast, the data
obtained using the existing methodology — measuring the total neutron count rate — make it possible
to estimate SNF burnup with the use of additional information on the exposure time and initial en-
richment [8, 9]. However, since the overload time is strictly regulated, operations to control burnup
depth of nuclear fuel, the exposure time and the initial enrichment should be coordinated in time with
the schedule of overload process. Therefore, the main criterion in determining the structure of burnup
depth control system should be chosen to work in real time.

As a result of passage gamma radiations through the detector and subsequent processing of the
received signal, it is possible to obtain an instrumental spectrum, which is a direct reflection of the
interactions of gamma rays with a detecting medium. It provides the primary information used for
further analysis of gamma radiation.

The hardware spectrum is complex due to the peculiarities of registering gamma radiation with
proportional detectors. In addition, there are both natural and technological limitations on how accu-
rately a detecting system can detect gamma radiation energy. A natural limitation arises mainly due
to statistical fluctuations associated with the processes of charge formation in the detector. The posi-
tions of the total absorption peaks can also be distorted by such electronic effects as noise, pulse
superposition, incorrect installation of the pole-zero circuit, etc. In addition, the real spectrum of
gamma radiation of the sample can differ significantly from the spectra obtained in laboratory condi-
tions.

Therefore, in this work, to analyze the possibility of using the manufactured spectrometer in a
radiation-technological monitoring system for the state of nuclear fuel, to refine and debug algorithms
and programs for processing the measured spectra, we developed a technique for modeling instrument
spectra when measuring the own gamma radiation of spent nuclear fuel at various burnup depths and
leaks fuel cladding [10]. This significantly reduced the development of hardware and software com-
ponents of the radiation technology control system, since the theoretical spectrum model of fuel as-
sembly under study allows one to determine measurement sensitivity and select the optimal spectral
processing algorithm.

When developing the methodology, the statement was used that the changes in the measurement
conditions correspond to linear irreversible transformations of the space of the instrument spectra,
and the spectrum of i-th component under arbitrary measurement conditions can be represented as:

L
pla)= Yapla) a=1 1)
i=0
where @; (a) — linearly independent spectrum obtained by preliminary measurements, and the
coefficients a, are ame for all components.

The technique for simulating instrumental spectra is based on the following procedures:
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1. The spectrum of isotopes with a large number lines is represented as a linear combination of
monoenergetic spectra taking into account the quantum yield in geometry of the "narrow beam™; for
each isotope, self-absorption in fuel assemblies is not taken into account.

2. The change in the monoenergetic spectrum is simulated due to interaction with the material
of surrounding technological environment and the fuel matrix.

3. The first and second procedures are used to form the instrumental spectrum of a mixture
isotopes.

The instrumental spectrum of monoenergetic gamma radiation in the “narrow beam” geometry
consists of three main components — the peak of total absorption, the peak of emission, and the
continuous distribution on the left side due to Compton scattering.

The peculiarity of the detector used is that the analogous representation of the total absorption
peak is not a simple Gaussian due to the physics of the process of collecting charge arising from the
interaction of the gamma quantum with the detector material.

There are several methods for modeling the hardware gamma-ray detection spectra with detec-
tors based on CdZnTe and CdTe [11, 12]. This method differs from the known methods in that it did
not use the simulation of the distribution of electric field strength in the detector volume and did not
use the Monte Carlo method to simulate electric charge induced during initial interaction of gamma
radiation with detector material [10]. This is due to the fact that applied system of electrodes uses an
electrode system that creates spherical geometry of the electric field. Verification of the fulfillment
of the quasisphericity conditions for the collection of charge carriers is a key link in the manufacture
of the detector. In addition, the peak of departure is modeled, and this does not provide for any of the
mentioned methods.

Common to all techniques for modeling the total absorption peak in CdZnTe-based detectors
are taking into account the “pulling” of left half total absorption peak due to the contribution of the
slower “hole” component, as well as the use of experimental parameters. This is due to poor
knowledge processes of growing homogeneous defect-free single crystals of CdZnTe and CdTe and,
as a result, the inability to describe band structure of a specific sample from which the detector will
be made from generalized electrophysical characteristics. In addition, presence and quantitative char-
acteristics of defects, differences in the mobility and configuration of electric field, and influence of
the site primary interaction gamma quantum with the crystal cannot be foreseen. At the same time,
general view of the hardware spectrum for detectors made using the same technology is same.

When modeling the spectrum in this work, we used the analytical representation of the peak of
total absorption:

ol 2
n(Ej)=ng exp{—(E'EzO)} +ngFe(E;) )
20
C(E;j-Ep)?
where Ft(Ei):{A-exp[B(Ei—Eo)]} 1-exp '—2 O is a function describing the left
26

“tail” of peak total absorption formed due to later collection of charge by holes ( F — symbol t from
“tail” — remainder); N(E;j) — number of samples in the channel corresponding to energy of gamma
rays E; ; Ny — peak amplitude; E0 — centroid peak; 0'2 — dispersion of the Gaussian distribution;
FWHM =20+vIn2 — full width of photopeak at half its height; A — parameter determining ampli-
tude of the function Ft ; B — parameter that determines decline of the function Ft ; C — parameter

defining “cutoff” of the function F ; 6=1 at Ej<Eq and 6=0 at Ej>E,.

In this case, the peak of emission is described by a Gaussian distribution similar to the first term
of equation 2, shifted by the value of the experimentally determined parameter [11].
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The dependences of the values of parameters A and B obtained from laboratory energy with
exemplary sources are shown in Figures 1 and 2, respectively. The values for the two types of radia-
tion detectors based on CdZnTe and CdTe are given. The parameters were determined by comparing
the experimentally measured spectrum with the calculated model spectrum for various values of the
studied parameters. The obtained dependences are in good agreement with the data presented in [12].
This is because the detectors are made from raw materials produced by eV PRODUCTS. The litera-
ture indicates that the value of the parameter C, which determines “cutoff” of the function Ft ,150.7

for a large set of investigated detectors [12].

To represent Compton distribution u (E, E; ) we used the statistical test method (Monte Carlo
method), the most effective when considering radiation transfer in matter due to the statistical nature
of this process. This is explained by the fact that elementary scattering events occur on a free electron,
and therefore the properties of the crystal are not significant. In addition, scattering has a continuous
spectrum of secondary particles, and more statistics are needed for its correct presentation. Therefore,
it is optimal to use the Monte Carlo method, in which random motion of a particle is considered as a
certain trajectory, and its state at each nodal point is played using random numbers from the corre-
sponding distributions. It has been shown that modern implementation algorithms for this method
make it possible to achieve modeling accuracy of up to 1-2% [6, 11].

The distribution ,u(E, Ei) is the probability of scattering secondary electrons in the energy

interval and is determined by the Klein-Nishina formula:
W(ocl)docl = A(oc))[(a,al)docl,

f(a,al):%+a+[1_1][2+ T J

o olq o o1 o Oq

SOL]_SO(,

(3)

where ¢, ;1 — energy before and after scattering in units of electron mass; A(a) — normali-
zation constant.
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Figure 1 —The dependence of parameter A, which determines the amplitude of the function F, ,

on the energy of detected radiation: 1 — prototype crystal with a quasispherical contact design; 2 —
prototype crystal with planar contact design

In this case, maximum energy of a Compton electron is determined by the formula:

E . 4
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For monoenergetic gamma radiation, the maximum energy E of the Compton electron is calcu-
lated by the formula (4), and then the Monte Carlo model is used to construct a model of the Compton
distribution. When simulating the required portion of the instrument spectrum, the resulting distribu-
tion is multiplied by a correction factor, which is the detector constant and determines its character-
istic as “compton / peak’ ratio.
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Figure 2 — The dependence of parameter B, which determines the decay of the function Ft :

on the energy of detected radiation: 1 — prototype crystal with a quasispherical contact design; 2 —
prototype crystal with planar contact design

Then differential energy spectrum do(E)/dE for a large number of gamma rays in the decay
scheme has the form:

M
do(E)/dE= 3[n;(E)+nesc (E)-+1(E. Ej)] )
i=1
where M is the number of gamma lines in the decay scheme of the studied isotope.
The experimental spectrum S " (E) has a discrete character, therefore, the theoretical spectrum

is converted into a discrete form with a given energy window AE :
¢(E) = (do(E)/dE)AE . (6)

A model of instrumental spectrum obtained by measuring the intrinsic radiation of a fuel
assembly can be obtained using expression (5) based on simulation results of the instrumental spectra
for each isotope present under the cladding of a fuel rod. In addition, in order to take into account
influence of isotopes present in small quantities, a correction in the form of a continuous distribution
was introduced during modeling. In order to ensure that the spectrum obtained on the basis of (5)
corresponds to the instrumental spectrum when measuring gamma radiation of spent nuclear fuel,
contribution of scattering in the fuel matrix and environment was additionally taken into account. The
resulting distribution is normalized to determine the absolute values; therefore, reference data on
differential cross sections for the interaction of gamma radiation with matter are used [10].

Based on the developed methodology and experimentally determined characteristics of
spectrometer, instrumental spectrum were simulated under various measurement conditions with
subsequent processing of obtained model spectra.

To verify the correct implementation, the spectrum of a **’Cs point source with random noise
was superimposed (Fig. 3). For comparison, Figure 4 shows the measured 137Cs spectrum from a
set of gamma-ray spectra. A characteristic feature of model is a more pronounced peak in the region
of maximum energy of Compton electrons.
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In addition, a peak in region of 210 keV and peaks in the X-ray region should be noted in the
experimentally obtained spectrum. The peak in the region of 210 keV is due to gamma rays, which
were subjected to Compton scattering in one of the materials surrounding the detector. Gamma rays
scattered by more than 110-120 °, will have almost the same energy values in the range from 200 to
250 keV. Consequently, the contribution of the monoenergetic source will be represented by many
scattered gamma rays whose energy is close to this minimum value.
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Figure 3 — Model of instrumental spectrum when measuring **’Cs point source
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Figure 4 — Hardware spectrum for measuring **’Cs point source

Conclusion. X-ray peaks are associated with the peculiarity of the organization of
measurements — location of the source, detector and protection, and are caused by the characteristic
radiation of lead from which the protection is made. Unfortunately, such peaks are rather difficult to
model, but this is not necessary, since in real conditions a collimator is used and these peaks are
absent.

The results of modeling the instrumental spectra during measurements of intrinsic gamma
radiation of SNF are close to those obtained previously. This confirms the conclusion that the
CdZnTe-based spectrometer made in this work satisfies the requirements for monitoring the state of
SNF in real time, identifying fuel assemblies containing fuel elements with an unpressurized cladding,
and determining the burnup of nuclear fuel using analysis of the activity of fission products.
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A.T.H., ipo¢. Mokpuubkuii B.A., 1.1.H., 1ou. Macsos O.B.,
A.T.H., 7o1. ban3zak O.B., K.1.H., nou. Jlemenko O.I.
MOJIEJIOBAHHSI AITAPATYPHHUX CIIEKTPIB CdZnTe-AETEKTOPIB

Y oaniit cmammi po3pobnena memoouxa mooento6anHs anapamypHux cneKmpie, 00epiIcy8aHux
HpU GUMIPIOBAHHI 81ACHO20 2AMMA-GUNPOMIHIOBAHHA 8IONPAUBLOBAHO20 A0EPHO20 NATUGA 3 PIZHOI 2TUOU-
HOI0 8U20PAHHA | CMYnEeHeM HezepMmemuyHocmi 00oaouku meena. Mooenwv cnekmpy 00caioxzcysanoi men-
106UOINAIOYOT 30ipKU 00360UNA GUHAYUMU YYMIUGICIb GUMIPIOBAHL | GUOPAMU ONMUMATILHULL A120-
pumm 06podKu cnekmpie. 3a paxyHoK Yb020 CKOPOUeHi gumpamu na po3pooKy anapamuoi i npozpamuor
CK1A006UX CUCIEMU KOHMPOIII0 CINAHY A0ePH020 NATUGA.

Biominnicmo 0anoi memoouxu 6io i0oMux comoum é momy, wi0 He UKOPUCHLOBYBANOCA MOOe-
JII06AHHA PO3NOOLTY HANPYHCEHOCMI eeKMPUUHO20 NOAA 6 00'cMi Kpucmana 0amuyuka i He 3ACHOCO-
eyeasca memoo Moume-Kapno 01a mooenrosannsn enekmpudnozo 3apaoy, iHOyKo6ano2o0 npu nepeuHHoMy
63ACMO0IT 2AMMA-6UNPOMIHIOBAHHA 3 KDUCMATLOM.

Excnepumenmansna nepesipka memoOuku Ha NPUKNAAOl MOOENIO6AHHA CHEKMpA 6U-
npomintoeanns oxcepena >'Cs niomeepouna egpexmuenicms 3acmocysanus cmeopenozo 6 0aniii podomi
cnekmpomempa na ocnogi CdZnTe-demexmopa: 6i0nosioHicHb 6UMO2aM KOHMPOJIIO CHIAHY A0EPHOZ0 na-
auea 6 pexcumi peanvHozo uacy; ioenmugpixauii TBC, wio micmumo TBEJI 3 nezepmemuunoii 06010HKO10;
GU3HAYUECHHA GU2OPAHHA NANUEA HA OCHOBI AKMUBHOCMI NPOOYKMIE nOOITTY.

Bnepwie 3anpononogano memoo o00poOKu 6enuKux nakemié CHEKmpié 61ACHO20 2AMMA-6U-
HPOMIHIOGAHHA GIONPAUBOBAHO20 A0EPHO20 nanuséd. Biominnoio ocoonusicmio memody € osoemanna
00pobKa cnekmpie: Ha nepUIOMY emani 6U3HAYAIOMbCA NAPAMEmMPU, U{0 ORUCYIOMb UMIPAHI CheKmpu i
HeoO0XiOHI 013 podomu anzopummie ix 00poOKU Memooamu YUceaIbHO20 Oudhepenyil6anna; Ha opyzomy
emani 3a 0ONOMO2010 YUX MEMOOie AGHOMAMU3I0EAHO OOPOOIAIOMBCA BEIUKI MACUBU CREKMPIE 6 pexcumi
PeanvHozo uacy.
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anuii memoo 36inbutye mouHnicms UMIpI06ans i HOGHONY KAPMUHU POZNOOILY 6U2OPAHHA 3A 00-
cazom TBC. Ile € mexnonoziuHoo 0CHOB0I0 CIMEOPEHO20 8 OAHIll poOOmi Memooy momozpagii.

Kniouoei cnoea: napamempuuna naoiiinicmos, pomonpuiimanvnui npucmpoi, Kpumepiii npayes-
oamuocmi, iOHI3YI0Ue UNPOMIHIOBAHHA, KDUCIATNIUHA CIMPYKMYPa

1.T.H., mnpo¢. Moxkpuuknuii B.A., n.1.H., 1ou. MacJjos O.B.,
A.T.H., 7o1. ban3zak O.B., k.1.H., gou. Jlemenko O.U.
MOIEJIUPOBAHUE AIIMIAPATYPHBIX CIIEKTPOB CDZNTE-AETEKTOPOB

B oannoii cmamue pazpabomana memoouka Mooenuposanus annapamypHslx cHeKmpos, noayyiae-
MBIX HPU UBMEPEHUU COOCMBEHNO020 2AMMA-U3TIYHUEeHUS OMPAOOmMasuLezo A0ePHOZ0 MONIUBA C PA3HOU 2]Ty-
OUHOIL 6bI2OPARUA U CHIENEHbIO HezepMemUYHOCIU 000104Ku medna. Moodens cnekmpa ucciedyemoii me-
naoevloenauell cOOpKU NO360aUNA ONPedeIUmsb YY6CHBUMEIbHOCb UMEPEHUIL U 8blOPAMb ONMU-
ManbHLLL AN20pUmMM 00padoOmKu CnReKmpos. 3a cuem IMoz20 COKpPaueHvl 3ampamal Ha Pa3padomKy anna-
PAMHOI U RPOZPAMMHOIL COCMAGTAIOUWUX CUCHIEMbL KORMPOAA COCMOANUS A0EPHOZ0 MONJIUEA.

Omauuue 0aHHOU MeMOOUKU O U3BECHIHBIX COMOUM 8 MOM, UMO He UCNOJIb308AI0Ch MOOETUPO-
eaHnue pacnpeoenenHus HanPA}CEHHOCHU INEeKMPUUECKO20 NOJIA 8 00beme KpUCMAlla 0amuuKka u He npu-
Mmensnca memoo Monume-Kapno ona mooenuposanus 3ineKmpuueckozo 3apaoa, UHOYYUPOBAHHO20 npU
REPEUUHOM 63AUMOOCIICIMEUN 2AMMA-UZTYYEHUA C KPUCHATIOM.

DKcnepumenmanvHas nPoOBEPKA MEMOOUKU HA RPUMEDPE MOOENUPOBAHUA CHEKMPA U3JIYUeHUs UC-
mounuxa **'Cs noomeepouna >¢ppexmusnocms npumenenus, co30annoz0 ¢ 0anHoii padome cneKmpo-
mempa na ocnose CdZNnTe-demexmopa: coomeenmcmeue mpedosanusM KOHMPONA COCHOAHUA A0EPHO20
monuea 6 pexcume peaivHozo epemenu; uoenmugurxauyuu TBC, codeprcawieit mein ¢ HezepmemMUYHOL
0005104K0IL; OnpedesieHUusA 8blcOPAHUS MONIUEA HA OCHO8E AKMUGHOCHU NPOOYKHI08 Oe/leHUsl.

Bnepevie npeonosricen memoo 00padbomku 001bMUX NAKEMOE CREKMPOB COOCMBEHHO20 2AMMaA-U3-
JAyYyenusa ompadomasuieco A0epHo20 monauea. OmauuumenvHoil 0COOEHHOCHIbIO MEmooda ABNAEMCA
08yXIMannasa 00padomKa cneKmpos: Ha NEPeoM IMane ONPedeNAIOnCca Hapamempsl, ORUCHIEAIOULUE U3-
MepeHHble CHeKmMPbl U Heo0X00uMble 011 PA0Ombl AN2OPUMMOB UX 0OPAOOMKU MEMO0aAMU YUCENbHOZO0
oughchepenyuposanusn; Ha 6Mopom Imane ¢ NOMOULbIO IMUX MEH 0006 AGHMOMAMUIUPOBAHO 0OpaAdambléa-
omcs 601buIue MACCUBBL CREKMPOE 8 PEHCUME PEdibHO20 8DEMEHU.

Jlannotii Memoo ysenuuueaem mouyHOCMb UIMEPEHUI U HONHOMY KADMUHbBL PACHPedeeHUA 8bl20-
panus no oo6vemy TBC. Imo asnaemcsa mexHon02uieckoil 0CHO80I cO30aHHO020 8 OAHHOI padome Memooa
momozpaghuu.

Kntouegvle cnosa: napamempuueckas HaAdeHcHOCHb, homonpuemmuvie ycmpoiicmeda, Kpumepuil
padomocnocobHoCmu, UOHUUPYIOW e USTYUeHUEe, KDUCHAIUYECKAs CMPYKmypd.
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