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KOHAEHCOBaAHOro CTaHy; ¢i3vka nnasmMu i agepHoro cuHTesy (104
di3nKa Ta acTPOHOMIS)

01.11.2022

18.08.2026

30.06.2010
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2. Anceprauin

JocnigxkeHHs aTpnByTUBHNX O3HAK YPaHBMICHUX MaTepianis

XKykos O.I. JocnigxeHHs aTpnbyTUBHUX 03HAK YPaHBMICHNX
maTepianis. - KBanidikauiinHa HaykoBa npaug Ha npaBax pyKonumcy.
AncepTauia nogaHa Ha 3406yTTS HayKOBOro CTyneHs gokTopa dinocodii
3a cneuianbHicTio 104 “@i3vika Ta acTpoHOMIA”. — IHCTUTYT SAePHUX
pocnipxeHb HAH YkpaiHu, Kuis, 2026.

MpoTunaia He3akoHHOMY 06iry AgepHMX MaTepianis Ta 3anobiraHHS ix
BUKOPUCTAHHIO B TEPOPUCTUYHUX LiNAX € OAHUM i3 K/TIOYOBUX 3aBAaHb
HaLiOHaNbHOI Ta MiXXHaPOAHOI A4epHOI be3neku. AaepHa
KPUMIHaNicTuKa - MiXXKAUCLUUNAIHAPHUI HAayKOBWI HanpsiM, LLLO NOEAHYE
CyYacHi Gi3nYHi Ta aHaniTUYHI MeToAM aHanily, - 3abesnevye HayKoBO-
MeTOAVNYHY OCHOBY A5 igeHTudikawii, aTpubyuii Ta 4oCNigKeHHS
AAEPHNX MaTepianiB y KOHTEKCTi pO3c/lifyBaHHSA BUNAAKIB X
HEe3aKOHHOro 06iry. KntouoBnMY aTpnbyTUBHUMM O3HaKaMm
(cMrHaTypamm) Takmx maTepianis, WO MICTATb iHpopMaLLito Npo ix
NOXOA)KEHHS, TEXHONOTI0 BUrOTOB/IEHHSA Ta iCTOPI0 BUPOBHULTBA, €
i30TOMHUI CKAaj, MacK i30ToNiB, MOAENbHUI BIK, @ TAKOX BMICT
MiKPOZOMILLOK.

He3Baxxaoum Ha 3HAYHUIA PO3BNTOK Cy4HaCHUNX AHaNITUYHNX MeTOAiB,
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BM3HaUYEHHS OKpPeMnX aTpnbyTUBHIMX 03HaK SAePHUX MaTepianis
33/INLLAETLCA CKNAAHUM HAayKOBO-TEXHIYHMM 3aBAaHHAM. Lle
3YMOBNEHO OBMEXEHHAMM iCHYHOUMX METOANK, HEOOXIAHICTHO
NiABULLEHHS TOUHOCTI Ta AOCTOBIPHOCTI pe3y/bTaTiB BUMIipPIOBaHb, a
TaKOX HasABHICTIO PO36iXXHOCTEN B OKpPeMUX AAEPHUX JaHNX.

AwvcepTauia npuceBsaYeHa AOCNIIKEHHIO aTPUBYTUBHMX 03HaK
YPaHBMICHMX MaTepianiB Ta pO3p0bAeHHI0 1 YI0CKOHANEHHIO MeTOAIB
X BU3HaYeHHS ANS BUPILLEHHS 3aja4y SAepHOI KPUMIHANICTUKK, 06.iKY i
KOHTPOJIIO SAePHUX MaTepiaiB Ta MiXXHapOAHWX rapaHTii MATATE. Y
po60Ti 3aNPONOHOBAHO METOANYHI NIAXOAN A0 BU3HAYEHHS
i30TOMHOro cknagy i Mac 235U ta 238U, a TakoX YyTOUHEHO abCoMIOTHI
iIMOBIPHOCTI y-BMNPOMIiHIOBaHHS i3oTony 235U, HeobxiaHi ans
NiABULLEHHS AOCTOBIPHOCTI raMMa-CrnekTPOMEeTPUYHOMO BU3HAYEHHS
MOZEeNbHOro BiKy YpaHy Ta BMicTy i3oTony 232U 3a AOUipHiM
pasioHyknigom 228Th. JocnifKeHHs NPOBOANANCS 3 BUKOPUCTAHHSM
MeTOZiB BUCOKOPO34inbHOI FraMMa-cnekTpomeTpii, anbda-
criekTpomeTpii, Mac-cnektpomeTpii (ICP-MS), nacnMBHOro nigpaxyHky
HENTPOHHMX 36iriB Ta MaTemMaTU4YHOro MojentoBaHHA MeTog0M MoHTe-
Kapno B nporpamHux cepegosuLlax Geantd ta MCNP5.

Y nepLuomMy posgini MeTogoM HaniBnpoBigHNKOBOI raMmma-
CreKTPOMeTPIl BUCOKOI PO34inbHOI 34aTHOCTI NpoBeeHO BUMIPHOBAHHS
3paska 36aravyeHoro ypaHy; 3 BUKOpuUcTaHHAM nporpam MGAU ta FRAM
BM3HA4YeHO BMICT 6inbLUOT YaCTUHW i30TONIB ypaHy 3 TOYHICTIO ~1 %. 3
aHanisy po3snagy AOYipHIX NPOAYKTIB BU3HAYEHO Ay>Ke HN3bKUI BMICT
i30Tony 232U, K14 € BaXNMBO aTPUBYTUBHOK 03HAKOK YPaHOBUX
MaTepianis. Metogom ICP-MS npoBegeHo A0CNifKEHHS i30TOMHOIoO
cKnagy ypaHy; po3pobaeHo MeToAnKy BUMIpOBaHb MaCOBUX CNEKTPIB,
sika A03BOJINNA MiHIMI3yBaTV BNAMB GAYKTyaLili cCUrHany geTtekTopa Ta
NPOBeCT BUMIPIHOBaHHSA Y LUMPOKOMY Aiana3oHi BMICTY i30TOMiIB.
TOYHICTb BU3HaYeHHS i30TOMHOro cknady cknana < 0,1 %.
MpaBUBHICTE PO3PO6AEHNX METOAMK NiATBEPAXKEHO BUMIPIOBAHHAM
cepTndikoBaHNX €TaOHHMX MaTepianis.

BnepLue po3pobrieHo MeTog BpaxyBaHHA epekTy iCTUHHOIO CyMyBaHHS
Npv BUMIPIOBaHHAX Ha Manux BiJCTaHAX «AXepeno-AeTekTop», Wo
BPaxOBYE CYMYBaHHS eHepriil a-4acTNHOK, KOHBEPCIMHNX eNeKTPOHIB,
O>ke-eNleKTpPOoHIiB Ta XapakTepUCTUYHOIO PEHTIeHIBCbKOro
BUNPOMiHIOBaHHS, Npy 06pobLi a-cnekTpiB ypaHy Ta NayToHito. MeToz
BaNifloBaHO NMOPIBHAHHAM BU3Ha4YeHOro BigHoLWweHHA Mac 240Pu/239Pu
3 06pO6KM MyNbTMMAETY A-CNEeKTPY PeakTOPHOro MJIYTOHIO Ta
BiAHOLWIEHHS MacC LKX i30TonNiB, BU3HaueHoro metogom ICP-MS.
MokasaHo, Lo MPW BUKOPWNCTaHHI LibOro MeTOAY TOYHICTb BU3HAYEHHS
aKTUBHOCTI B anbda-cnekTpoMeTpii He 3an1eXnTb Bif BIACTaHI MiX
axepenom Ta getektopom. O6pobka a-criekTpy TOBCTOro 3paska
36arayeHoro ypaHy 3anpornoHOBaHUM MeTOAO0M [03BO/IN1a KOPEKTHO
OMNKncaTn BeCb CreKkTPp Ta OTPUMATV NMOBHUIA I30TOMHWIA CKNAA ypaHy,
BKJTHOYAIOUM i30TOMM 3i CNabkmm abo BiACYTHIM Y-BMMPOMIHIOBaHHSM.

Y Apyromy po3gini y40CKOHaNeHo MeToAMKY BU3HaUeHHS abCoOMOTHUX
iMOBIpHOCTel Y-BUNPOMiHIOBaHHS i30Tony 235U y Aiana3oHi eHeprii
200-450 keB wnsxom NoeAHaHHA BUCOKOPO34i/IbHOI raMma-
CneKTpomeTpii, BUKOPUCTaHHSA cepTLIKOBAHOIO eTasloOHHOr0 3paska
BMCOKO36araueHoro ypaHy, onTuMmisawii reomeTpii BUMiptoBaHb Ta
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MaTeMaTUYHOro MoAentoBaHHA abontoTHOI epeKTUBHOCTI peecTpavii
mMeTog0M MoHTe-Kapno. OTpMMaHO yTOYHEeHi 3Ha4YeHHS abCOMOTHUX
iIMOBIPHOCTEW Y-BUNPOMIHIOBaHHSA 235U Ta BUKOHAHO X MOPIBHAHHS i3
CyYacHUMU JOBIAKOBUMU AaHUMW. ANs 6inbLUOCTI iIHTEHCUBHUX Y-MiHIRA
pesynbTath 4obpe y3roXyrTbCs 3 JOBIAKOBUMU 3HAUEHHAMU, TOAI K
A5 OKpeMUX CTabKOIHTEHCMBHUX MepexojiB BUABAEHO CYTTEBI
p036ixHOCTI. [MOKa3aHo, L0 OAHIE 3 OCHOBHUX MPUYNH BUABAEHUX
PO36iXXHOCTEN € BNIMB KaCkajHOro Ta BUNaAKOBOro CyMyBaHHS Y- i
pPeHTreHiBCbKOro BUNPOMIHIOBAHHS Mif Yac BUMIpHOBaHb Y 6113bKii
reomertpi.

MNpoBeAeHO MOPIBHAHHS eHeprii y-nepexogis, OTPUMaHNX raMma-
CNEeKTPOMETPUYHNM METOAOM, 3 AAHVUMU KPUCTan-ANPpakLiiHmnX
B/MIipIHOBaHb; MOKa3aHo, L0 HaniBMpoBigHNKOBa CNeKTPoOMeTpis
A03BOJIIE OTPUMYBATUV TOYHI 3HAUEHHSA eHeprii y-nepexogis, LWo €
BaXUIMBUM A5 NOBYA0BU CXeMW PiBHIB aapa. OTpMMaHi pesynbTatn
MOXYTb 6YyTW BUKOPUCTaHI ANA NO6YA0BY BHYTPILLHBOI KPUBOI
BiAHOCHOT edeKTUBHOCTI peecTpaLiii, Lo 3abe3neyye NigBULLEHHS
TOYHOCTI raMMa-CrNeKTPOMETPUYHOIO BU3HAYEHHSA XapakTepucTmnk
YPaHOBUWX MaTepianis, 30KpemMa MoAe/IbHOrO BiKy Ta BMICTy i3oTOny
232U 3a gouipHim pagioHyknigom 228Th.

Y TpeTboMy po34ini nobyf0BaHO feTaNbHY MOAeNb KOOAASHOIO
NiYnNbHMKa HeNTPOHHKX 36iriB AWCC y nporpaMHOMY cepeZloBULL
Geant4, sika BPaxoBye NpoLiecy CNOHTAHHOrO Ta iHAYKOBAaHOro noginy,
(a,n)-peakuii, TPaHCMOPT HEMTPOHIB Y CNOBINIbHIOBAYI Ta IX peecTpawiio
B 3He-niynnbHmkax. BukoHaHo Bepudikauito po3pobneHoi mogeni
LLNSIXOM MOPIBHAHHA pe3y/ibTaTiB MOAeNt0BaHHS 3
eKcrnepyMeHTanbHUMU AaHVMW 415 CTaHAAPTHOrO 3paska 36igHeHoro
ypaHy Ta 3paskiB NanuBH1X TabneTok Ans peaktopa tmny PEMK.
JOCArHyTO 4O06POro y3rogkeHHA MOJenbHX Ta eKCrneprMeHTanbHUX
LWBUAKOCTEN U6y MynbTUNETIB | YacOBUX XapakTepucTuk Pocci-q,
Lo NiATBEPAXYE aZleKBaTHICTb MOAeNi ANA ONUCYy NpoLecis
bopMyBaHHS HENTPOHHMX 36iriB y NivunnbHUKYy AWCC.

Kpim TOro, Brneptue 3anpornoHoBaHO MeTO/ Br3HavyeHHsA mac 235U 1a
238U 6e3 BUKOPUCTaHHSA Qi3NYHNX KanibpyBanbHUX 3pa3kiB Ha OCHOBI
npouesypy MaTeMaTUUYHOro KanibpyBaHHS, SKa 'PYHTYETLCA Ha
MiHiIMi3auiT dyHKLiOHany X2 MiX eKcriepyMeHTaabHUMN Ta
MOZENbHUMU LUBUAKOCTAMU NiUY6U OANHOYHUX, MOABIAHUX | MOTPINHNX
HeNnTpoHHWX 36iriB. MeTog BepudikoBaHO A5 3pa3KiB 4epHOro
nanvea PEMK i BBEP y giana3oHi mac 362-1802 r Ta 3i 36arayeHHsM 3a
235U Big 2 go 4,4 %. BigHocHa noxmbka Bnu3HauveHHs Mmacm 238U He
nepesuLLye 1-2 %, abcontoTHa Noxmbka BU3HaYeHHsA Mmacy 235U
CTaHOBUTb 6/13bKO 1 T Ans 3pa3kiB Macoto noHag 300 r.

OzepxaHi pe3ynbTaTi pobasTb BHECOK Y PO3BUTOK HayKOBO-
MEeTOAMNYHOI 6asn Aa4epHOT KPUMIHANICTUKK, 30KpeMa LUASXOM
pO3p0o6aeHHs MeToAYy BU3HAaYEeHHS MOBHOIO i30TOMHOrO CKAagy ypaHy
3a JaHVUMK anbda-cneKkTPoOMeTpii ANA TOBCTMX 3paskiB npu
BVMIiPIOBaHHSAX Y 6113bKili reoMeTpii, @ TakoX MeToAy BU3HaYeHHS
abcontoTHMX mac 235U Ta 238U mMeToA0M MacMBHOTO MifpaxyHKy
HeNTPOHHWX 36iriB Ha OCHOBI MaTeMaTUYHOro KanibpyBaHHA Ta 6e3
BUKOPUCTaHHA i3NYHNX KanibpyBanbHUX CTaHAaPTIB. MigBuLeHo
TOUHICTb raMMa-CrNeKTPOMETPUYHOrO BU3HAaYeHHSA MOAENbHOIO BiKY
ypaHy Ta BmicTy i3oTony 232U 3a 1noro godipHiM pagioHyknigom 228Th
LLUNIAXOM YTOUHEHHS abCOMOTHUX IMOBIPHOCTE Y-BUNPOMIHIOBaHHSA
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i3otony 235U. OTpuMaHi pe3ynbTaTh TakoX CIPUAKOTE YTOUHEHHIO
AAePHUX AaHNX LLLOAO CXEMU eHepreTuYHMX piBHiB 231Th, wo
YTBOPHETLCA BHACNIAOK a-po3nagy 235U, Ta MaloTb 3HaYeHHA A4
po3BuUTKY dyHAAMEHTaNbHOI SaepHOT i3nKN.

Po3pobieHi MeToAM BNPOBaXeHO B MPakTuKy poboTn nabopaTtopii
AAEPHOT KPUMIHANICTUKN HCTUTYTY SaepHUX gocnigxeHs HAH YkpaiHn,
Zie BOHM 3aCTOCOBYHOTLCA Mif Yac NpoBeAeHHA AAepHO-
KPUMIHaNiCTUYHNX ekcnepTu3 Ang izeHTudikauii Ta aTpubyLii ypaHOBMX
MaTepianiB. 3aNpoOMNOHOBaHI MiAXOAN TAKOX MOXYTb BYT/ BUKOPUCTaHI
B CUCTeMax 06/iKy i KOHTPOJIHO AAepHUX MaTepianis, Nig yac peanisauii
MiDXKHapoAHWX rapaHTiii MATATE, a Takox 414 3a4a4 pagiauiiHoro
MOHITOPWHIY Ta eKONOTYHOr0 TPacyBaHHA PasioHYKNIAIB ypaHYy i
MAyTOHItO.

Zhukov O.P. Investigation of Attributive Characteristics of Uranium-
Bearing Materials. - Qualifying scientific work submitted as a
manuscript.

The dissertation is submitted for the degree of Doctor of Philosophy in
Specialty 104 - Physics and Astronomy. - Institute for Nuclear Research
of the National Academy of Sciences of Ukraine, Kyiv, 2026.

Counteracting the illicit trafficking of nuclear materials and preventing
their use for terrorist purposes are among the key objectives of national
and international nuclear security. Nuclear forensics, as an
interdisciplinary scientific field integrating modern physical and
analytical methods, provides the scientific and methodological basis for
the identification, attribution, and characterization of nuclear materials
in investigations of illicit trafficking incidents. The principal attributive
characteristics (nuclear forensic signatures) of such materials, which
provide information on their origin, production technology, and
processing history, include isotopic composition, isotope masses, model
age, and trace impurity content.

Despite significant advances in modern analytical techniques, the
determination of certain attributive characteristics of nuclear materials
remains a challenging scientific and technical task. This is due to the
limitations of existing methodologies, the need to improve the accuracy
and reliability of measurement results, and discrepancies in certain
nuclear data.

The dissertation is devoted to the investigation of the attributive
characteristics of uranium-bearing materials and to the development
and improvement of methods for their determination to support
nuclear forensic investigations, nuclear material accountancy and
control, and the implementation of IAEA safeguards. The work proposes
methodological approaches for determining the isotopic composition
and the masses of the 235U and 238U isotopes, and refines the
absolute y-ray emission probabilities of 235U required to improve the
accuracy of gamma-spectrometric determination of the uranium model
age and the 232U content through its daughter radionuclide 228Th. The
research was carried out using high-resolution gamma spectrometry,
alpha spectrometry, inductively coupled plasma mass spectrometry
(ICP-MS), passive neutron coincidence counting, and Monte Carlo
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simulations implemented in the Geant4 and MCNP5 software packages.

In the first chapter, an enriched uranium sample was analyzed by high-
resolution semiconductor gamma spectrometry. The contents of most
uranium isotopes were determined with an accuracy of approximately
1% using the MGAU and FRAM software packages. Analysis of the decay
products made it possible to determine the very low content of the
232U isotope, which is an important attributive characteristic (nuclear
forensic signature) of uranium-bearing materials. The isotopic
composition of uranium was also investigated by inductively coupled
plasma mass spectrometry (ICP-MS). A mass spectrometric
measurement procedure was developed to minimize the influence of
detector signal fluctuations and to perform measurements over a wide
range of isotope abundances. The accuracy of isotopic composition
determination was better than 0.1%. The validity of the developed
methodologies was confirmed by measurements of certified reference
materials.

For the first time, a method was developed to account for the true
summing effect in source-to-detector close-geometry measurements by
considering the summation of energies deposited by a-particles,
conversion electrons, Auger electrons, and characteristic X-rays during
the analysis of uranium and plutonium alpha spectra. The method was
validated by comparing the 240Pu/239Pu mass ratio obtained from the
analysis of the alpha-spectrum multiplet of reactor-grade plutonium
with the corresponding ratio determined by ICP-MS. It was
demonstrated that, when the proposed method is applied, the accuracy
of activity determination in alpha spectrometry is independent of the
source-to-detector distance. Application of the proposed method to the
analysis of the alpha spectrum of a thick enriched uranium sample
enabled accurate reproduction of the entire spectrum and
determination of the complete isotopic composition of uranium,
including isotopes with weak or no gamma emission.

In the second chapter, the methodology for determining the absolute y-
ray emission probabilities of the 235U isotope in the energy range of
200-450 keV was improved by combining high-resolution gamma
spectrometry, the use of a certified highly enriched uranium reference
material, optimization of the measurement geometry, and Monte Carlo
modeling of the absolute full-energy peak detection efficiency. Refined
values of the absolute y-ray emission probabilities of 235U were
obtained and compared with the current reference data. For most
intense y-ray lines, the results are in good agreement with the reference
values, whereas significant discrepancies were observed for several
low-intensity transitions. It was shown that one of the main causes of
these discrepancies is the effect of cascade and random summing of y-
rays and X-rays in close-geometry measurements.

A comparison of y-ray transition energies determined by gamma
spectrometry with data obtained from crystal diffraction measurements
was carried out. It was demonstrated that semiconductor gamma
spectrometry provides accurate values of y-ray transition energies,
which are important for constructing the nuclear level scheme. The
obtained results can be used to establish an intrinsic relative efficiency
curve, thereby improving the accuracy of gamma-spectrometric
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2.3. Knto4osi csioBa agncepTadil

determination of the characteristics of uranium-bearing materials, in
particular the uranium model age and the 232U content through its
daughter radionuclide 228Th.

In the third chapter, a detailed Geant4 model of the Active Well
Coincidence Counter (AWCC) was developed. The model accounts for
spontaneous and induced fission processes, (a,n) reactions, neutron
transport in the moderator, and neutron detection by 3He proportional
counters. The developed model was verified by comparing simulation
results with experimental data obtained for a depleted uranium
reference sample and RBMK fuel pellet samples. Good agreement
between the simulated and experimental neutron multiplicity count
rates and Rossi-a time distributions was achieved, confirming the
adequacy of the model for describing neutron coincidence formation
processes in the AWCC.

Furthermore, a novel method was proposed for determining the
masses of the 235U and 238U isotopes without the use of physical
calibration standards. The method is based on a mathematical
calibration procedure involving minimization of the X2 objective
function between the experimental and simulated single, double, and
triple neutron coincidence count rates. The method was verified using
RBMK and VVER nuclear fuel samples with masses ranging from 362 to
1802 g and 235U enrichments from 2 to 4.4%. The relative error in
determining the 238U mass does not exceed 1-2%, while the absolute
error in determining the 235U mass is approximately 1 g for samples
with masses exceeding 300 g.

The obtained results contribute to the development of the scientific and
methodological basis of nuclear forensics, particularly through the
development of a method for determining the complete isotopic
composition of uranium from alpha spectrometry data for thick
samples measured in close geometry, as well as a method for
determining the absolute masses of the 235U and 238U isotopes by
passive neutron coincidence counting based on mathematical
calibration without the use of physical calibration standards. The
accuracy of gamma-spectrometric determination of the uranium model
age and the 232U content via its daughter radionuclide 228Th has been
improved through the refinement of the absolute y-ray emission
probabilities of 235U. The obtained results also contribute to the
refinement of nuclear data for the energy-level scheme of 231Th
populated in the a decay of 235U and are of importance for the
advancement of fundamental nuclear physics.

The developed methods have been implemented in the practice of the
Nuclear Forensics Laboratory of the Institute for Nuclear Research of
the National Academy of Sciences of Ukraine, where they are applied in
nuclear forensic examinations for the identification and attribution of
uranium-bearing materials. The proposed approaches can also be
applied in nuclear material accountancy and control systems, in the
implementation of IAEA safeguards, as well as in radiation monitoring
and environmental tracing of uranium and plutonium radionuclides.

AZepHa KpUMIiHanNicTuKa, ypaHBMICHI MaTepianu, aTpubyTUBHI
XapaKkTepucTUKn (CUrHaTypu), i30TONHWM cknag ypaHy, macu 235U Ta
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238U, obpobka a-crnekTpiB, raMMa-cnekTpoMeTpis, anbda-
CreKkTpoMeTpis, Mac-CNekTPOMETPIA 3 iIHAYKTUBHO-3B'A3aHOK0 M/1a3MOl0,
MogentoBaHHA meTogoM MoHTe-Kapno, Geant4, nacMBHMA NigpaxyHOK
HeNTPOHHWX 36iriB, MaTeMaTUYHe KanibpyBaHHS, KONOAA3HNIA
NivnneHUK AWCC, MixHapoaHi rapaHTii MATATE

2.4. TlocnnaHHs, 3a AKUM https://kinr.kyiv.ua/aspirant/docs/zakhysty/zhukov/
PO3MILLLEHO TeKCT AncepTaLii Zhukov_Investigation_of_Attributive_Characteristics_of_Uranium_Bearin
Ha calTi 3BO g_Materials.pdf
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