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HMuceprariitHa po0oTa NPUCBAYEHA IJOCHIPKEHHIO METAJIEBOrO TadHIIO 3
METOK0 HOro BHUKOPUCTAaHHSA Yy SKOCTI Marepialxy emirepa Oe31HepLIHHOTO
(KOMIITOHIBCBKOTO) HEUTpOHHOTO jeTekropa miusa aktuBHOiI 30HM BBEP-1000.
OpHuM 13 HalOIbII €PEeKTUBHUX CIIOCOOIB 30UTBIIEHHSI BUTOH BiJl BUKOPUCTaAHHS
SJIEPHOTO PEAKTOpa € MOJAOBXKEHHS CTPOKY CIIY>KOM BHYTPIIIHBO30HHUX MaTepiaiiB
Ta MiJIBUILIEHHS TOTYHOCTI, 1110, B CBOIO YEPry, IPU3BOAUTH 0 MIABUIICHHS 03U
pajialifiHoOro BIUIMBY HA MaTepiajid Ta 30UIbIIEHHS TEMIIEPATypy B aKTUBHIHN 30HI.
bynp-ske MiACHIEHHS »KOPCTKOCTI YMOB €KCIUTyaTalllii B IUIaHi pajialiiHo-
TEPMIYHOTO BIUIMBY HETATUBHO BIUIMBAE€ HA TIOKA3HUKU O€3MeKH. Y pe3ynbTari,
OJIHOYACHO 13 3pOCTaHHSAM JI030BOTO Ta TEMIIEPATYpHOTO0 HABaHTaXXEHb, MOTPIOHO
B)KMBATH 3axO0JIB IIOJ0 30epekeHHs abo 30UTbIICHHS HAIIMHOCTI Ta OE3MeKu
peakrtopa. OIHUM 13 TakUX 3aXOAiB € MoJAU(]IKallisl BUMIPIOBAIBHUX CHUCTEM,
30KpeMa, CHCTeMa KOHTPOJIIO TOTY>KHOCTI Ta HEHUTPOHHOTO TMOTOKY. Inmes
BUKOPUCTAHHS METAJIeBOro TadHil0 SKpa3 1 TIPYHTYETbCI HA HEOOXITHOCTI
MoOAM(]IKaLll BUMIPIOBAIBHUX CHUCTEM SIIEPHOIO PEAKTOpa Ta PO3POOKH 1 MOLIYKY
HOBUX MaTepiajiB, M0 MAXOAATh Uil BUKOPHUCTAHHS B HOBHUX, OUIBII KOPCTKUX
eKCIUTyaTaliiHux yMoBax. [liBUINIEHHS MOKa3HUKIB E€KOHOMIYHOCTI SIEPHOTO

peakTopa BKJIIOYAE y OOl TakoXX 1 MPOIEC YIOCKOHAJICHHS OE3MEKH peakTopa,



30KpeMa, 1€ CTOCYEThCS CHCTEM, IO BiAMOBIJATbHI 32 MOHITOPUHT Ta YIPaBIIHHS
MOJIEM BUILJICHHS €HEPTii B aKTUBHIM 30HI.

Po3rnsiHyTO 3aranbHi TEHAEHLII PO3BUTKY aTOMHOI E€HEPreTHKH, 3 SIKUX
BUJTHO, III0 PO3POOHUKH HAMararoThbCsl KOXKEH HACTYTTHHUM MPOEKT peakTopa 3po0uTH
Outbll Oe3medyHuM. AJie OJTHOYACHO 13 PO3pPOOKOI0 HOBITHIX SAJIEPHUX PEAKTOPIB
ICHY€ TaKOX 1 IPOIIEC MOCTIHHOTO BJOCKOHAJIICHHS PEAKTOPIB, 10 BXKE 3HAXOISITHCS
B poOoTi. 30Kpema, OJHMM 3 TaKWX BapiaHTIB € Moau(ikaiisi KOHTPOJbHO-
BHUMIPIOBAJIbHOI CHCTEMH.

VY peakropax Tuiry BBEP BUKOpuCTOBYIOTBHCS COTHI J-€MiCIHHUX HEUTPOHHHX
JETEKTOPIB, 1 HOBI TEHJICHLII CTABJISATH il CYMHIB iX 31aTHICTh 3a0€3ME€UNUTH yciMa
HEOOX1THUMH TAaHUMU TIPO CTaH HEUTPOHHOTO MOTOKY Yepe3 BIACTUBY IM 3aTPUMKY
curHairy. Y 3B'SI3KYy 3 IIUM BaXJIMBO PO3TJISHYTH MOKJIUBICT J1OJaTKOBOTO
3acTocyBaHHs 1  Oe3iHepuLiiiHOrO  (KOMITOHIBCHKOIO)  JeTeKkTopa. Tomy
MIPOTIOHYETHCSI TAKOK BHKOPUCTOBYBATH III€ ¥ O€31HEPIliIHI HEUTPOHHI IETEKTOPH,
30KpeMa, 3 eMITEepPOM 13 MeTajieBoro radHi. 3acTOCyBaHHS JETEKTOpa 13 TaKUM
MaTepiajoM emMiTepa € HaI3BUYaiHO BUTITHUM SIK 3 OTJISIy Ha Moro saepHo-(i3nyHi
BJIACTUBOCTI, TaK 1 B TUIaHi BapTocTi MeTany. OIHAK BaXKJIMBO 3'ACYBaTH, K cCaMe
nopoguTMeTbcss Hf emitep B ymoBax axkTHBHOI 30HU, TOMY ¥ BHILTUBAE
HEOOXITHICTh OIlIHKM HOTO TMpale3laTHOCTI, a TaKOXX TMOPIBHSIHHS 3 1HIIUMU
NOTEHIIMHMMU ~ KaHaujaatamu. [lpy  1mpomy, B3BUYAWHO, CIIJl BpaxoOBYBaTH
cienn(iyHl BIACTUBOCTI BCIX KaHAWAATIB Ta XapaKTEPUCTUKU PoOOUYOro
CEepeIOBHIIIA.

B pamkax po0oTH eTanbHO PO3TISHYTO MEPIIONPUINHH 3aTPUMKH CUTHAITY
B-eMICIfHOrO JETEeKTOpa, a TaKOoX OLIHEHO MPOMDKOK 4Yacy, HEOOXIIHHUU IS
BUPIBHIOBAHHS CUTHANTy y pa3l panTOBUX 3MIH BEIIMYUHU HEUTPOHHOTO MOTOKY B
aKTUBHIN 30H1 (PO3MISIHYTO KUIbKa PI3HUX CHUTYalllid, IO BKIIOYAIOTH SIK PEXKUM
N1JBULIEHHS BEJIMYMHU MOTOKY, TaK 1 HOro 3meHuieHHs). OUIHKY 4Yacy 3aTpUMKH

OyJ1I0 TTPOBENICHO 3a JOTIOMOTO0 T.3. PO3B 53Ky belTmaHa aiis JiHIWHUX JIAHIIOTIB



nepeTBopeHb HyKIiaiB. [IpoBeieHO OIIHKY TOTO, YOMY ICHYIOUHMM KOMITTOHIBCHKHUIH
netrekrop 3 emitepoM 13 HfO2 He moxe OyTu Bukopuctanuii B peakropi BBEP. Lle
OyJ0 peani30BaHO Yepe3 OLIIHKY 1HTEHCUBHOCTI BUTOPSHHS HYKIIJIIB raHIlO B
3aJIEKHOCTI B1Jl BETMYUHU )KOPCTKOCTI HEUTPOHHOT'O CIIEKTPY (TaKOX 70 yBaru 0ysio
B35ITO PI3HUIIIO BEJIMYMH aTOMHHMX KOHIICHTpAIll HYKJII/IIB TaQHIIO Y CKJIa/l METaITy
ta okcuay HfO).

Y Posznini 2 chopMyap0BaHO OCHOBHI KpUTEpli, 32 SKUMU MOXHA OLIIHUTH
IPUJATHICTh MaTepialy B IKOCTI HOIO0 BUKOPHUCTAHHS SIK EMITEpa KOMIITOHIBCHKOTO
HEHUTPOHHOTO JeTekTopa. [IpomoHyeThCcs TPOBOAUTH OIIHKY Ha 0a31 Takux
XapaKTEepUCTHK, SK: OallaHC KOHUEHTpalid Ta 1mepepi3iB peakuii (n, y);
HYKJIITHUM/€IeMEHTHUM CKJIaJ; 3AaTHICTh JO0 TMOIVIMHAHHS HEWTPOHIB; HaBeJcHA
aKTUBHICTb; CTYIIIHb BIATYKY Ha IMOTOKH ONPOMiIHEHHS (HeWTpoHu Ta ¢hotoHu). Ha
NpuKIani JaHiora mepetBopeHs Hf mpupomnoro ckiamy Oynno JmeTanbHO
PO3IIITHYTO OCOOJMBOCTI 3aCTOCYyBaHHS pO3B’s3Ky beliTmMana (30Kkpema, poJib
posranyxens). [lpum po3paxyHkax HYKIIJHOTO CcKiaay OyJlo BUKOPUCTaHO
MaTeMaTUYHUN amapar, y SKOMY OKPEMO pPO3TJISIaINCh TMPOIECH TOTITHHAHHS
HCUTPOHIB y pe30HAHCHOMY Ta TEIJIOBOMY Jiiana3oHi enepriit. st nykiais Hf Oyio
MPOBEJICHO TOPIBHSHHS 3a3HAYCHMX MPOIIECIB 1 BHUSABJICHO, IO JUIsl OUIBIIOCTI
HYKJTiA1B radHI0, SIK BUX1IHUX, TaK 1 TUX, [0 YTBOPIOIOTHCS B MPOIIECI OMPOMIHCHHS
HEHUTPOHAMHU, JOMIHAHTHUM € TOTJIMHAHHS Y PE30HaHCHIM 00JacTi.

PosrnsinyTo 6a30Bi1 (h13U4HI MIPOIIECH, IO MPOTIKAIOTH Y IETEKTOP1. 30Kpema,
HABEJIEHO OCOOJHMBOCTI TIOCNIAOJICHHS Y-BUIPOMIHIOBAaHHS B Martepiali Ta
aHAIITUYHUNA CHOCIO OIIHKKM TeHepallii eJIeKTPUYHOIo 3apsay IMpHU PO3CIIOBAHHI
¢oToHiB B Marepiani. HaBeneHo naHi, ikl 1€MOHCTPYIOTh, 110 HAHOUIbILIE YHUCIIO
(GhOTOHIB, BUIIPOMIHIOBAHMX BHACIIJIOK MPOTIKAaHHSA peakiii (n,y) pamgiamiiHoro
MOTJIMHAHHS HEWUTPOHY, 3HAXOAUThCS B Mexax mgianasony 0,5...3,5 MeB, ne

nepeBaka€ KOMITOHIBCBKE PO3CIFOBAHHS.



HaBeneHo koMmIm’lOTepHY MOJENb, SIKy Oyl0 BUKOPHUCTAaHO B POOOTI st
OL[IHKA 1HTEHCUBHOCTI BIATYKY JETEKTOpa Ha BHUIPOMIHIOBAHHA. Y SKOCTI
napamMeTpiB HEUTPOHHOTO AETEKTOPA BUKOPUCTAHO T€OMETPIIO Ta CKJIAJl MaTepialiB
peanpHOro Makery, sikui 0yso BurotoBieHo B HHI X®DTI B pamkax oHiel 3 poOiT
13 crmiBaBTOpamMu. Y SIKOCTI po0OOYOro cepefoBuIa OyJO B3SITO YaCTUHY MOJEN1
aktuBHOI 30HH BBEP-1000, po3po6neny y LleHTpi mpoeKkTyBaHHS aKTUBHUX 30H
HaykoBo-texniunoro komruiekcy «Snepunit naauauil nukmy HHI X®DTI. Takox
PO3MJISTHYTO OCHOBHI OCOOJIMBOCTI KOMIT tOTepHOro koxy MCNPX, sxuii Oyio
BUKOPHUCTAHO JIJIsl IPOBEACHHS PO3PaXyHKIB.

VY Pozaimi 3 HaBeAeHO pe3yJIbTaTH PO3PAXYHKIB JUIS HYKJIIJHOTO CKJIaay
raQHIl0 Ta IHIIUMX NOTEHLIMHUX KaHIUAATIB HAa pOJib €MIT€pa KOMIITOHIBCHKOTO
nerekTopa. Takox s IMX MaTepiailiB y TOPIBHAHHI 13 radHiEM HaBEICHO
HACTYyMHEe: JeTajbHl JIAHIIOTH NEPETBOPEHb; BEJIMYMHU TMOMEPEYHUX MepepisiB
NOTJIMHAHHS HEWTPOHIB; 3/aTHICTh JI0 TIOTJIMHAHHS HEWUTPOHIB; HaBeJeHA
aKTHUBHICTb. 3a IOMOMOT010 po3B’ 3Ky beilTmMaHa po3risiHyTo, SIK Ha IMHAMIKY 3MIHH
HYKJIIAHOTO CKJaAy TradHil0 BIUIMBA€ HASBHICTh METACTa0IbHUX (130MEPHHX)
cTaHiB (1€ 3po0JICHO Ha MPUKIIAl BKIIOUYEHHS Yy JAHIIOT MEPETBOPEHb OJHOTO 3
HAWOUIBII BIPOTIAHUX 130MepiB). TaKoXK OI[IHEHO BKJIAJ TPAHCMYTAHTIB Y 3MIHY
3MaTHOCTI TadHi0 TormuHATH HEUTpoHU. [Ipu 1poMy 3pOO0IEHO MOPIBHAHHS, SIK
pO3paxoBaHa MOTJIMHAIOYA 3/IaTHICTh KOPEJIOE 13 TITEPATypHUMU TaHUMHU. Takox 3a
nomnomoroto mporpamu MCNPX po3paxoBano 3minu HykiigHoro ckiany Hf emitepa
Ha TPOT#31 4-X MATMBHUX KaMIMaHIu.

Po3nin 4 MOBHICTIO MPUCBSYEHUM PO3paxyHKY y KOMITIIOTEpHIN mMporpami
MCNPX Tta orpumaHuM pesyiabTaTaM. Jljisi BU3BHAUYE€HHSI pOJIl CaMOro JIETEKTopa Ha
TJ1 BIUTUBY MOTOKIB PEAKTOPHUX (POTOHIB Ta HEHUTPOHIB 3aMPOIIOHOBAHO MPHIOM,
10 JTa€ MOXKITUBICTH 32 JJOTIOMOTOO OTIIiil KOy CKOMIIOHYBAaTH MPHUHIIAIIOBO Pi3Hi
po3paxyHkd. KoMmoHyBaHHS yMOB MOXJIMBE 3aBJISKM MAaHIMYJISLISM 3 OILIE0

«importance» Ta MOXJIHUBICTIO 3aJaTH IITYYHHH MaTepiai, MO0 Mae 3pydHi s



pPO3paxyHKy XapakTepucTUKu. B pesynabTari 3amada BIATYKY JE€TEKTOpPA
BUpPIUIYBaJIaCh Yy JEKUIbKOX KOMOIHALIAX, ane Bce OyJo 3BEIEHO 10 TOro, IO
30BHIIIHI TapaMeTpH (KUIBKICTh Ta MOTYXKHICTb JKEepen N- Ta Y-BUIIPOMIHIOBAHHS, a
TaKOXXK TEMIIepaTypa CEpeloBUIIA) € HE3MIHHMMH, a BpaxOBYETbCA JIHUILE
Moaudikalis ckiIaay Marepiany eMmitepa (Moauikamii ckiaaiB iHIIMX MaTepiaiiB
pH IIbOMY ITHOPYIOTHCSI). OTXKe, /UIsi KOMITOHIBCHKOTO JIETEKTOpa 3 €MITEpOM 13
metasieBoro Hf Branoch BU3BHauUnTH NOBENIHKY HACTYITHUX XapaKTEPUCTHUK: MOTIK Ta
€HEepreTUYHUI CIEKTP HEUTPOHIB B EMITEPI; OTIK Ta EHEPreTUUHUN CIEKTP (POTOHIB
PEAaKTOPHOTO TOXO/KEHHSI B €MITepi; MOTIK Ta €HEPreTUYHHM CIEeKTp (OTOHIB 3
peakiii (n, Y) MOTJIMHAHHA HEUTPOHA B MaTepialll eMiTepa.

OTtpumani pe3yJIbTaTH Jajdu 3MOTYy 3pOOUTH PsJ BUCHOBKIB, BaXKJIUBUX IS
MOAAIBIIOT PO3POOKH JETEKTOpa: peakTOpHI (POTOHM MalOTh HANUOUIBIIMN BKIAA Y
CyMapHOMY Y-BUIIPOMIHIOBaHHI, 10 MPOHU3YE IETEKTOpP; YacTUHA (POTOHIB, IO
3 SBJISIFOTHCA B JIETEKTOPI 32 PaxXyHOK Peaxilii (n, Y) CyTTEBO MEHIIIA Y MOPIBHAHHI 3
(oTOHaAMH PEaKTOPHOTO MOXOJKEHHS 1 BOHA IOCTYIIOBO 3MEHIIYETHCS B Yaci, ale,
IPU IbOMY, MOTIK TAKUX Y-KBAaHTIB OUIbII €()EKTUBHO KOHBEPTYETHCS B €IEKTPOHU

HIXK Y-KBaHTU PEAKTOPHOTO MOXOIKEHHSI.
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The thesis is devoted to the study of metallic Hf in order to use it as an emitter
material of the inertialess (Compton) neutron detector for the core of WWER-1000.
One of the most effective ways to increase the benefit from the nuclear reactor using
is to extend the service life of in-core materials and an increase of the reactor power,
which, in turn, leads to go up both the radiation dose and the temperature in the core.
Any strengthening of the operating conditions in terms of radiation and thermal
exposure has a negative effect on safety indicators. As a result, simultaneously with
the increase of dose and temperature, it is necessary to take measures to preserve or
increase the reliability and safety of the reactor. One of these measures is the
modification of measurement systems, in particular, the power and neutron flux
control system. The idea of using Hf is based on the necessity to modify the
measurement systems of the nuclear reactor and to develop new materials suitable
for using in new, harsher operating conditions. Increasing reactor efficiency also
includes the process of the improving the reactor safety, in particular, the systems
responsible for a control and a monitoring of the energy release field in the nuclear
power plant.

The general trends in the development of atomic energy are considered, from
which it can be seen that the developers are trying to make each subsequent reactor
project safer than a previous one. But, at the same time, with the development of the

newest nuclear reactors, there is also a process of continuous improvement of



reactors that have being already used. In particular, one of these options is the
modification of the control and measurement system. Hundreds of [-emission
neutron detectors are used in reactors of the WWER type, and the new trends lead us
to a question about their ability to provide all the necessary information about the
behavior of the neutron flux due to their inherent signal delay. In this regard, it is
important to consider the possibility of additional application of an inertialess
(Compton) detector. Therefore, it is suggested to use also inertialess neutron
detectors, in particular, a Compton detector with an emitter made of metallic Hf. The
use of a detector with such an emitter material is extremely advantageous both in
terms of its nuclear-physical properties and in terms of the cost. However, it is
important to find out exactly how the Hf emitter will behave in reactor core
conditions, which is why it is necessary to evaluate its performance, as well as
compare it with other potential candidates. At the same time, of course, the specific
characteristics of the candidates and the characteristics of the working environment
should be taken into account.

As part of the study, the initial reasons of the B-emission detector delay were
considered in details, and the time amount required for the signal stabilization at the
sharp changes of the neutron flux value in the core was estimated. Several various
cases which include both an increasing and a decreasing of the neutron value flux are
considered. The estimation of the delay time was carried out using the so-called
Bateman's solution for linear chains of nuclide transformations. An assessment was
made as to why the existing Compton detector with HfO, emitter cannot be used in
a WWER. This was realized by evaluating the intensity of hafnium nuclides burning-
out depending on the hardness of the neutron spectrum (the difference in atomic
concentrations of hafnium nuclides in the composition of the metal and HfO. oxide
was also taken into account).

Section 2 formulates the main criteria by which the suitability of a material as

a Compton neutron detector emitter can be assessed. It was proposed to carry out an



assessment on the basis of the following characteristics: the balance of the
concentrations and the (n, y)-reaction cross-sections; the nuclide/element
composition; the ability to absorb neutrons; the induced activity; the response on
irradiation by neutrons and photons. Using the natural Hf transformations chain, the
features of the Bateman's solution application was analyzed in detail (particularly,
the meaning of the chain branching was considered). When calculating the nuclide
composition, a mathematical apparatus was used, in which the neutron absorption
within the resonant and thermal range of energy were considered. For Hf nuclides
was carried out a comparison of the mentioned processes, and it was estimated that
the neutron absorption within the resonant range was dominant.

The basic physical processes which take place in the detector are considered.
In particular, it was about the y-radiation attenuation in the material and the analytical
method of estimating the generation of an electric charge during this process. Data
are presented that demonstrate that the largest number of photons emitted as a result
of the (n, y) reaction of a radiative neutron capture is within the range of 0.5...3.5
MeV, where Compton scattering is dominant.

The computer model that was used in the work to estimate the intensity of the
response of the detector to radiation is given. As parameters of the neutron detector,
the geometry and composition of materials of a real model, which was produced at
the NSC KIPT as part of one of the works with co-authors, were used. A part of the
WWER-1000 core model, developed at the "Nuclear fuel cycle™ Science and
technology establishment of the NSC KIPT, was taken as the working environment.
The main features of the MCNPX computer code, which was used for calculations,
are also considered. The main features of the MCNPX computer code, which was
used for calculations, are also considered.

Section 3 shows the results of the nuclide composition calculations for Hf and
other potential candidates on the role of the Compton detector emitter. The following

are also given for these materials in comparison with Hf: the detailed chains of



transformations; the values of the neutron absorption cross-sections; the ability to
absorb neutrons; the induced activity. With the help of Bateman's solution, it was
considered how the dynamics of changes in the nuclide composition of hafnium is
affected by the presence of metastable (isomeric) states (this is done using the
example of including one of the most probable isomers in the Hf chain of
transformations). The role of transmutants in changing the ability of Hf to absorb
neutrons was also evaluated. At the same time, a comparison is made of how the
calculated absorption capacity correlates with literature data. Also via the MCNPX
program the nuclide composition changes of the Hf-emitter were calculated for the
irradiation during 4 fuel campaigns.

Section 4 is fully devoted to the calculation in the MCNPX computer
application and the results obtained. To determine the role of the detector itself
against the background of the influence of reactor photons and neutrons fluxes, a
method is proposed that allows using code options to compose fundamentally
different calculations. Composition of conditions is possible thanks to manipulations
with the "importance” option and the ability to set an artificial material that has
properties convenient for calculation. As a result, the detector response problem was
solved in several combinations, but everything was reduced to the fact that the
external parameters (the number and power of n- and y-radiation sources, as well as
the temperature of the environment) were unchanged, and only the modification of
the composition of the emitter material was taken into account (other materials
composition changes were ignored). Thus, for a Compton detector with an emitter
made of metallic Hf, it was possible to determine the behavior of the following
characteristics: the flux and energy spectrum of neutrons in the emitter; the flux and
energy spectrum of photons with reactor origin in the emitter; the flux and energy
spectrum of photons from the (n, y) neutron absorption reaction in the emitter

material.



The obtained results made it possible to draw a number of conclusions
important for the further development of the detector: reactor photons have the
largest contribution to the total y-radiation affected on the detector; the part of
photons generating into the detector due to (n, y) reaction is significantly smaller
compared to photons of reactor origin, and their number is going down in time,
however, this type of y-quanta flux are converted into the electrons more effectively

in comparison with photons of the reactor origin.
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