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METHODS AND MEANS FOR CONTROL OF NUCLEAR MATERIALS STATE OF
PROTECTIVE BARRIERS AT NUCLEAR POWER PLANTS

The key problem of nuclear power - radiation safety - is solved by ensuring the reliability of protective
barriers main objects technological process of nuclear power plants (NPP) operation: fuel rods, fuel
assemblies (fuel assemblies), coolant transfer circuits, etc.

Radiation sensors of new generation created in this work and measuring systems based on them open
previously unknown possibilities in solving problems of analyzing nuclear fuel, increasing the accuracy
and efficiency of monitoring technological parameters and the state of protective barriers in nuclear power
plants.

When analyzing existing radiation sensors, it was found that, due to their iterative nature, they have
several disadvantages: their rate of convergence is low (moreover, their convergence in the general case
has not been proven at all), respectively, counting time can be so great that the algorithm can be inapplicable
in real time when performing regular technological operations; all algorithms use empirical starting
parameters of the iterative process, on which convergence also strongly depends; in some cases, an
unsuccessful choice of the parameter iterative process may increase counting time to values that are
unacceptable in practice, and may cause a divergence of iterative process. However, main disadvantage of
such algorithms should be considered as unsuitability for solving tomography problem in the case of a large
number conditionality matrix weights of fuel elements.

The use of algebraic reconstructive passive tomography (ART) methods for reconstructing the image
internal structure of fuel assemblies was proposed for the first time. For this purpose, a new algorithm for
passive tomography of nuclear fuel has been developed using the example of the WWPR-1000, which uses
the angular projection method of the fuel assembly's own radiation. Computer experiments on the
tomography of this object showed that measuring the radiation intensity at 360 points of detector location
relative to fuel assembly axis for two or more energy values of the gamma radiation references ***Cs isotope
is optimal. In this case, the proposed ART method allows identifying defective fuel elements with a leakage
level of more than 30% on reconstructed tomograms, as well as the absence of fuel elements in the fuel
assembly. It has been proposed to replace ionization sensors with CdZnTe-detectors in a modern coolant
flow control system.

Keywords: algebraic reconstructive passive tomography, CdZnTe-detectors, radiation sensors,
protective barriers.

Introduction. The development of modern detection units designed to monitor the state of
protective barriers by measuring the gamma-radiation dose rate in the air as part of the NPP radiation
monitoring systems is an important and urgent task. The detection units of the RSME-03 system
currently in operation have exhausted their resources (RSME - radiation safety monitoring
equipment). The system itself, developed more than 20 years ago, has not only developed its resource,
but is also morally obsolete. Obviously, new detection units should have higher metrological and
operational indicators. A significant improvement in the metrological and operational characteristics
of the detectors, as shown above, can only be obtained through the use of new materials, in particular,
wide-gap semiconductors such as CdZnTe.

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.
Creation 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
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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
advisable 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,
Uppsala, 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:

— 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,
development of a new, more efficient tomography algorithm is required,;

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

Main part. The implementation of the developed algorithm NF WWPR-1000 computed
tomography requires a modern high-resolution CdZnTe-detector or a set of spatially distributed
detectors, a digital gamma-spectrometric tract and an average-performance computer for processing
and interpreting the tomography results. For the formation of spatial projections self-radiation field
of a fuel assembly, several methods are possible: discrete angular displacement of a controlled fuel
assembly around its own axis, placement of a sufficiently large number detectors around a controlled
fuel assembly, placement of gamma-radiation detectors at several angular positions around the fuel
assemblies. Regardless of the method implementing computed tomography, it is very difficult, from
a constructive point of view, to radially move a gamma detector or a controlled fuel assembly.
Therefore, further computed tomography of nuclear fuel is investigated only for the angular
projections of self-radiation of fuel assemblies [5].

When the detector is located at the n-th observation point at a distance R, from the fuel assembly

axis, measured gamma radiation intensity of the i-th isotope with energy Eyj at the detector location
is:
|:1:%Amikijwmn5(Eyj)’ 1)

where Ay, — is the activity of i-th isotope for m-th fuel element, taking into account its real
state; kij — gamma line output with number j for i-th isotope; W, — contribution factor of m-th

fuel element to the radiation intensity of i-th isotope with energy, taking into account the effects of
attenuation during propagation of gamma-radiation beam from m-th fuel rod to the n-th observation

point; S(Eyj ) — detection efficiency of the detector for energy Eyj , m=1, ..., M, where M is the

total number of fuel rods in the fuel assembly.

The method of calculating the contribution coefficients of individual fuel elements is described
below [6, 7].

When measuring in the selected peak of the total absorption of a specific reference isotope, you
can omit the constants kij , S(EYJ' ), and write the expression (1) in a simplified form:
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In =2 AW - (2)
m

The principle of the tomographic study fuel assemblies consists in making n measurements of
the intensity y-radiation for different mutual arrangements of the detector and fuel assembly, in
particular, for different angular positions of the detector. This makes it possible to form a system of
n equations of the form (2), which is usually called the system of projections in algebraic
reconstructive tomography, in this case angular.

The task of algebraic reconstructive tomography is the restoration m values of activity Am fuel
rods inside fuel assemblies for the selected reference isotope by solving the resulting system of
equations. In this formulation, in this paper (as opposed to [8, 9]), we formulate problem of
tomography on the principle of “one tvel — one pixel of the reconstructed tomogram”. A more detailed
tomography is possible — by dividing the cross-sectional area of a fuel element by several pixels in
accordance with a particular fuel assembly geometry. However, the simulation results below show
that there is no practical need.

When solving the problem, computer experiments were carried out on the tomography process
of fuel assemblies the WWPR-1000. Below are some data for the WWPR-1000 FA, which is
generally valid.

To form the system of equations (2), measured intensities were calculated at 360 detector
location points for a constant distance “FA detector axis” (i.e. FA rotate pitch in the pickup bar of
reloading machine was taken to be 1 degree). For 331 elements of fuel assemblies, activity reference
isotopes was set: for all 312 fuel rods single, for 19 core holes — zero. Thus, a system of equations of
field projections was formed:

WA =1, 3)
where W — is matrix of contributions (weights) of fuel rods dimension (360x331); A — column
vector of reconstructed fuel rod activities of dimension (331x1); | — column vector of measured

intensities dimension (360x1).

To simulate the noise accompanying field measurements, generated vector components were
superimposed with normal noise with a dispersion equal to 5-10% of the value maximum vector
component [10, 11, 12]:.

A=W, 4)

The pseudo-inverse matrix W corresponding to (mxn) matrix W is uniquely determined by the
components of the decomposition of the matrix W by singular numbers according to the procedure
of the SVD-decomposition. A detailed algorithm for the formation of a pseudo-inverse matrix is
described below.

Figure 1 shows the reconstructed tomograms of FA for gamma radiation ***Cs (1365 keV) for
well-identified in the spectra of its own gamma radiation SNF with a short exposure time of the line
133Cs (sum of lines with energies 795.8 keV and 801.8 keV). Analysis of reconstructed tomograms
shows that for energy of the order of 800 keV with a dispersion recovery of the order of 0.024, only
two external rows of fuel elements are restored. In this case, almost all core holes are restored.

The distribution of fission products can be used to control the integrity of cladding fuel
elements, since in the case of depressurization fuel elements, the distributions of lightly moving and
slow-moving fission products will differ. An increase in the average burnup of nuclear fuel in the
zone up to 60-70 GW day / t leads to significant values of local burnout. This allows you to more
confidently identify leaking fuel rods.

Figure 2 shows reconstructed tomograms of a fuel assembly containing one unpressurized fuel
element with a microdefect. Tomography was performed for the >*Eu line (1274 keV). On color scale
of the restoration error, it is clearly seen that assessment of the violation tightness of a fuel rod
significantly exceeds calculation error.
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Fig. 1. FA tomograms recovered from 3Cs (1365 keV) and '*Cs radiation (sum of lines with

energies of 795.8 keV and 801.8 keV):

a — with intact fuel elements. With a decrease in activity in a single fuel element on a site up

to 20 cm high: b — by 10%; ¢ — by 20%; d — by 50%; e — 70%; f — by 80%

Questions of the practical implementation of gamma-emission tomography in real time during
the fuel overload required an estimate of the time spent on calculations. It has been established that

the time spent on tomogram restoration increases with an increase in the condition number of the

matrix (or with a decrease in the energy of reference isotope).
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Fig. 2. Restored tomograms of TA with a defective tvel: a — with 10%; b — 30% loss of activity
due to leakage (defective tvel number 45)

A rough estimate of the estimated time to restore a tomogram on a computer gives a value from
31.4 s for **Cs (1365 keV) (the matrix condition number is — 4,2-10°) to 49.9 s (condition number
is 4.2 4106). Such time costs are quite acceptable and do not violate the real-time performance of the
routine technological operations [10].

Conclusions. The use of algebraic reconstructive passive tomography (ART) methods for
reconstructing the image of the internal structure of fuel assemblies was proposed for the first time.
For this purpose, a new algorithm for passive tomography of nuclear fuel has been developed using
the example of the WWPR-1000, which uses the angular projection method of the fuel assembly's
own radiation. Computer experiments on the tomography of this object showed that measuring the
radiation intensity at 360 points of detector location relative to fuel assembly axis for two or more
energy values of the gamma radiation of the reference 3*Cs isotope is optimal. In this case, the
proposed ART method allows identifying defective fuel elements with a leakage level of more than
30% on reconstructed tomograms, as well as the absence of fuel elements in the fuel assembly.

Under these conditions, the time spent on computerized tomogram recovery does not exceed
50 s. Similar results are provided by using detectors based on CdZnTe-detectors, created in this work,
for solving these problems.

It has been proposed to replace ionization sensors with CdZnTe-detectors in a modern coolant
flow control system. Due to this benefits:

- the sensor can be placed at any point of control circulations coolant;

- simplifies the design of protection device from the environment;

- it remains possible to use the existing method of correlation measurement coolant flow rate
by isotope activity, allowing for an accuracy of control at least 2%.
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A.T.H., mpo¢. Mokpunbkuii B.A., 1.1T.H., 101. MacJjos O.B., 1.T.H., nou. ban3ak O.B.
METO/IU TA 3ACOBU KOHTPOJIIO AJEPHUX MATEPIAJIIB I CTAHY 3AXUCHHUX
BAP'EPIB HA AEC

Kniouoea npoonema sdepnoi enepzemuku - padiayiiina 0e3neKka - GUPIUWIYEMbCA WIAAXOM
3abe3neuenna Hadilinocmi 3aXUCHUX Oap'€pie  OCHOGHUX 00'€Kmie mexHO102iYH020 npPoUecy
dyukuionyseanns AEC: meenis, mennosudinaiouux 30ipox (TB3), konmypise nepedaui mennonocis ma iu.

Cmeopeni ¢ oaniit pooomi padiayiiini 0amuuKu HO6020 NOKOMAIHHA | UMIPIOGANbLHI cUcCmemMU Ha iX
OCHOGI GIOKpuUearoms paniuie HEGIOOMI MOMHCAUGOCHI 6 piuleHHI 3a0ay ananizy sA0epHo20 nAIUeda,
30inbUIeHHA MOYHOCMI | eeKmUGHOCHI KOHMPOII0 MEXHOI0ZIUHUX napamempie i CmaHy 3axXucHUX
oap'epie 6 AEC.

Ilpu ananizi icnyrouux padiayiiinux 0amuuKie 0y,10 6CMaAH061EHO, W0, Y 36 'A3KY 3 IX imepamuenum
Xapakmepom, 6OHU MAIOMb PAO HEeOJIiKie: weUOKicmb 30ixcHocmi ix Hesucoka (0invw mozo, 30ixcHicmo
ix 6 3azanbHoMy 6unaoKy 63azani He 006€0eHa), BIONOGIOHO UAC PAXYHKY MOYce Oymu 6eUKUM HACMIIbKU,
W0 anzopumm modce Oymu HenpuoamHuil @ peanbHomy macuwimadi yacy npu 30ilCHEHHI WMAmMHUX
MexXHON02IYHUX onepauiil; 6ci anopummu GUKOPUCHOBYIONb eMRIpUYHi cmapmoegi napamempu
imepauiiinozo npouecy, 6i0 AKUX MAKONHC CUIbHO 3ANEHCUMb 30IICHICIb; 8 OKPeMUX 6UNAOKAX HeBOA Ul
eudip napamempa imepauyinno2o npouyecy moxce 30i1buWiUmU 4ac PAXYHKY 00 HENPURYCHIUMUX HA
npakmuyi 3HAYeHb, a4 MOIce SUKIUKAMU po30icHicmy imepayiiinozo npoyecy. OOHAK 207106HUM
HeO0O0IKOM MAKUX 120PUMMIe C1i0 66aj)rcamu HenPUOAMHICMb 01 GUPIULEHHS 3A60AHHA MOMOZPaii 6
Pa3zi 6eIUKO020 YUCTIA 00YMOBIEeHOCT MAMPUYUL 6A208UX Koediyichmis maeeis.

Bnepwe 3anpononoeano eukopucmamua memooié anzeopaiunoi peKoHCMpPYKmMuUeHoi nacueHoi
momocpaghii (APT) onn eionoe1enns 300parxceHnn HympiuiHboi CMpyKmypu menjioeuoinaiouux 30ipok. 3
uicio memoro po3poonenHo HoBUIl Anzopumm RACUBHOT momozpagii adepnozo nanuea na npukiadi BBEP-
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1000, akuii euxkopucmogye cnocié Kymosux npoexyiii éaacnozo eunpominiosanus TB3. Komn'tomepni
eKcnepumenmu momozpaghii  0anozo 006'ckma nokazanu, WO ONMUMATLHUMU € BUMIPIOGAHHA
inmencusnocmi eunpominioeanna ¢ 360 mouxkax pozmauiyeanus oemexmopa uio00o oci TB3 ona oeox i
Ginvwe 3Hauenv emepzii 2aMMa-6uUNPOMIHIOGAHHA penepnozo izomony **Cs. B uvomy eunaoxy
3anpononosanuii memoo APT 0o03601:€ idenmughikyeamu nHa 6iOHOG1EHUX MOMOZPAMMAX OeeKmHi
meenu 3 pienem npomikanna oinvuwe 30%, a maxosc eiocymuicmo meenie ¢ TB3. 3anpononoeano 6
CyuacHinl cucmemi KOHMPONI0 eumpam MmenjaoHocia 3aminumu iouizayiuni oamyuku Ha CdZnTe-
demexmopu.

Kniouosi cnosa: anzeopaiuna pexoncmpykmuena nacuena momozpagis, CdZnTe-doemexmopu,
padiauiiini oamuuxu, 3axXucHi éap'epu

A.T.H., ipo¢. Mokpuukuii B.A., 1.1.H., 1ou. Maciaos O.B., a.1.H., 1ou. ban3zaxk O.B.
METO/AbI U CPEACTBA KOHTPOJIA AAEPHBIX MATEPUAJIOB U COCTOSAHUSA
SAIIIUTHBIX BAPBEPOB HA A9C

Kntouesan npobdnema sadepHoil InepzemuKku — paouayuoHHas 6€30nacHoCmy — peuiaemcs nymem
odecneuenus HAOEHCHOCMU 3AUAUMHBIX OAPLEPOE OCHOBHBLIX 00BEKMOE MEXHOJ0ZUYecK020 npoyecca
¢ynuxkyuonuposanus AIC: meirnos, mennosvioenawmux coopox (TBC), roumypoe nepedauu
menjionocumeins u op.

Co3oannvle 6 O0annoil pabome paouayuonHsvle OAMUUKU HOB020 NOKOIEHUA U U3MEPUMETbHbIE
cucmemupl Ha4 UX OCHOBE OMKPLIAIOM PAHee HEU36eCHHbIE 803MOMCHOCHIU 6 PeuieHUU 3a0ai aHaau3a
A0EpHO20 MONIUBA, YEEAUYEHUA MOUYHOCHU U IPPeKmusnocmu KOHMPONd MEXHON0ZUYECKUX
napamempoe u cocmoanus 3augumnulx oapvepos ¢ AIC.

Ilpu ananusze cyujecmeyrouiux paouayuoHHpIX 0AMYUKOE 0bLIO YCMAHOBIEHO, YMO, 8 C6:A3U C UX
UmMepamuHbIM XaApaKmepom, OHu 001a0arom psaoom HedOCIAaAmKos8:

CKOPOCHIb CX00UMOCHIU UX HEBbICOKA (Do.1ee mo20o, cxXo0umocmsy ux 6 oduiem ciayuae 6ooduie He
00KA3ana), COOMEEMCnEEHHO 8PEeMA CUENaA MOMHCem Oblmb 6€IUKO HACMOILKO, YO ANZOPUMM MOMCEm
Obimb HENPUMEHUM 8 PEAIbHOM MACUIMAde 8PeMeHU nPU OCYULeCmEIeHUU UIMANHBIX HEeXHO102UYeCKUX
onepauyuil; 6éce anZOPUMMbL UCHONBL3YIOM IMRUPUUECKUE CHAPMO6ble NAPAMEMPbl UMEPAYUOHHO20
npouecca, om KOmMopuIX MaKice CUIbHO 3A6UCUNT CXOOUMOCHIb; 8 OMOEIbHBIX CIIYUAAX HeYOaUHblil 8b1O0D
napamempa uUmepayUuOHHO20 RNPOUECCA MOIHCeH YeIUdUmb 6pems cuema 00 HeOONYCMUMBIX Ha
npakmuke 3HAUEHUIl, @ MONCEN BbI36AMb PACX0OUMOCHb UMEPAUUOHHO20 npoyecca. OOHAKO 21a6HbIM
HE0OCmamKoM mMaKux ai2opummos ciedyem CcUumamo HEnpuzOOHOCMs 0 peuwleHus 3a0auu
momozpaghuu 6 cayuae 60111020 UuCIA 00YCI08/IEHHOCIMU MAMPULBL 6€COBLIX KOI (P Duyuenmos meanoe.

Bnepevie npeonoriceno ucnonv3zosanue memooos aiceopauieckoil PeKOHCHMPYKMUGHOI NACCUBHOIL
momozpagpuu (APT) ona 6occmanosnenus uzo0pa)xcenus 6Hympenne CmpyKmypobl menioevloenaruiux
coopok. C 3moil yenvio pazpadoman HOGbLIL AI20PUMM RACCUBHOI MOMOZPAPUU A0EPHOZO0 MONIUBA HA
npumepe BBIP-1000, komopulit ucnoas3yem cnocood yenoeslx npoekuyuii coocmeennozo usnyuenus TBC.
Komnsromepusie Ixcnepumenmosl momozpaguu OAHHO20 00beKma NOoKaA3alu, Ymo ORMUMATbHLIMU
AGNAIOMCA UIMEpPeHUs UHMEHCUSHOCmU u3iyueHus 6 360 moukax pacnonocenus OemeKmopa
omuocumenvno ocu TBC 0na 08yx u 6o0/1ee 3HAUEHUIl IHEPUNH 2AMMA-U3TYYEHUA PEREPHO20 U30MOona
BiCs. B osmom cnyuae npednoncennviii memoo APT nozeonsem udenmuguyuposamv na
60CCIAHOBNIEHHBIX HOMOZDAMMAX OeheKmHble melivl ¢ ypoeHem npomeuku odonee 30 %, a marxoce
omcymcmeue meinoe ¢ TBC. Ilpednosiceno é cospemennoil cucmeme KOHMpPOJia pacxooa menioHoCumens
3amenums uonuzauuonnvle oamuuxu na CdZnTe-oemexmopuot.

Knwuesvie cnosa: anzebpauueckas pexoncmpykmusehas naccusnas momozpagusn, CdZnTe-
O0emeKmopul, paouayuoHHble OAMYUKU, 3aujumHble dapbvepol.
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