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®I3UKA EJIJEMEHTAPHUX YACTUHOK I BACOKUX EHEPT T

DISSIPATIVE PROPERTIES OF ISOSCALAR COLLECTIVE EXCITATIONS
IN HEAVY NUCLEI

V. 1. Abrosimov, O. I. Davydovska

Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

The dissipative properties of isoscalar collective motion in heavy nuclei are studied within a kinetic
model of collective excitations in finite Fermi systems with a free- moving surface. The model includes both
the one-body damping produced by the interaction of nucleons with the dynamic surface of the nucleus and
the Landau damping mechanism. In this paper, we study the damping and dissipative properties of the
isoscalar dipole collective modes and the isoscalar vortex octupole mode, which are formed due to dynamic
effects of the nuclear surface [1, 2].

In order to study the damping of the isoscalar collective modes under consideration, we use the multipole
strength function in different approximations. The isoscalar octrupole strength function is shown in Fig. 1, a
and b. It can be seen that the resonance structure around the energy of 12.5 MeV (the vortex octupole mode)
is formed in the moving-surface model (the solid curves), thus its width is due to the one-body damping

mechanism. When the residual interaction is taking into account (the parameter x| determines the strength of
the isoscalar residual interaction of multipolarity L), the resonance centroid shifts slightly, while the
resonance width is decreased, compare the solid and dashed curves in Fig. 1, b. The isoscalar dipole strength

function (see Fig. 1, ¢ and d) shows similar properties for the isoscalar dipole resonances in the energy
region 10-30 MeV.

120

L=3 204 L=1 1
(@) " C

1004 —— MS, k=0 1 ©

- - FS, k=0 16| — MS, k=0

80+ 1 - - FS, k=0

124

60 A

40+

20 ! \

A 1 A

0 - -

20

L=3 s «=0 ' (b) |

177 100
w V= = MS, k=K

(10° fm®/MeV)
/
S(E) (10° fm?/MeV)
i
i\

S(

16+
80 1"
1! 124

\
60 1

404

| | ]
[ N
L 1 I N
201 1 f 49 = 1
~_7 ! \
= VN - N
0 T T T T T 0 T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
E(MeV) E(MeV)

Fig. 1. Isoscalar octrupole (L = 3) and dipole (L = 1) strength functions in different approximations.
a and c — the strength functions are shown in moving- (solid curves) and fixed-surface models (dashed curves),
the strength parameter k=0. b and d — the moving-surface strength function is given for the strength parameters:

k=0 (solid curves), and x =x, (dashed curves). b — the parameters «, are chosen as «,=-2-10"° MeV/fm®,
d- x, =-7.5-10"°MeV /fm?. The system contains A = 208 nucleons.

To consider the dissipative properties of the isoscalar collective modes under consideration, we evaluate
the dissipation coefficient for the collective variable SR, ,(t) that describes axially-symmetric multipole
surface vibrations of a spherical nucleus of radius R in our kinetic model. We assume that isoscalar multipole
modes are excited by a weak harmonic external field with the frequency ®, which acts only on the system
surface, and find the surface multipole response function. Using this response function, we obtain an
expression for the rate of energy dissipation, which is transferred from the external field to our system, and
determine the dissipation coefficient at a finite frequency y, () as

y(@) =2 1my, (0). 1)
()]



Here, the function y, (o) (see eq. (80) in [3]) determines how a gas of nucleons confined to a spherical

cavity responds to harmonic multipole vibrations of the surface with the frequencyw. The one-body
dissipation coefficient (1) is shown in Fig. 2 in the energy region of the isoscalar collective modes under
consideration (solid curves). The dashed line in Fig. 2 indicates the dissipation coefficient, which is
determined by the rate of energy dissipation in a gas of nucleons confined to a spherical cavity with a slowly
moving surface (the wall formula friction coefficient). The wall formula friction coefficient for a spherical

system of radius R is given by [4] v, =§p0pp R*, where p, is the nuclear equilibrium density, and p; is
the Fermi momentum.

1,44

0,0 -— T T T T T T 0,01+ T T T T T
11 12 13 14 15 16 17 18 12 15 18 21 24 27 30

E (MeV) E (MeV)
Fig. 2. The octupole and dipole dissipation coefficients v, () are shown in units of the wall formula friction coefficient
Y« s a function of the excitation energy E = . a — the octupole dissipation coefficient in the energy region of the
isoscalar vortex octupole mode, b — is for the dipole dissipation coefficient in the energy region of isoscalar dipole

collective modes. The theoretical centroid energies of the isoscalar vortex octupole mode and the low- and high-energy
isoscalar dipole collective modes (see Fig. 1) are indicated by arrows.

It can be seen from Fig. 2 that both the octupole dissipation coefficient in the energy region of the vortex
octupole resonance with a centroid energy of 13 MeV (see Fig. 2, a) and the dipole dissipation coefficient in
the energy region of low- and high-energy dipole resonances with centroid energies of 12 and 25.5 MeV,
respectively, (see Fig. 2, b) are less than the wall formula friction coefficient.

This paper shows that the main contribution to the collisionless width of the vortex octupole mode and
isoscalar dipole modes in heavy nuclei is due to the one-body damping mechanism. It is found that in a self-
consistent model, the coupling between the one-body damping mechanism and the Landau damping
mechanism leads to a decrease in the width of isoscalar collective excitations under consideration. The one-
body dissipation coefficient at a finite frequency is evaluated, and it is shown that its value for both the
isoscalar vortex octupole mode and the isoscalar dipole modes, which are formed due to dynamic effects of
the nuclear surface, does not exceed the wall formula friction coefficient. This result confirms our
understanding of the wall formula friction coefficient as a macroscopic limit of the one-body nuclear
dissipation.

1. V.1 Abrosimov, O.l. Davydovska. Nucl. Phys. At. Energy 25 (2024) 99. (Ukr)
2. V.l1. Abrosimov, O.l. Davydovska. Nucl. Phys. A 1031 (2023) 122609.

3. V.l. Abrosimov, A. Dellafiore, F. Matera. Phys. Part. Nucl. 36 (2005) 699.

4. S.E. Koonin, J. Randrup. Nucl. Phys. A 289 (1977) 475.
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IHAYKOBAHI KOJIbOPOBI 3APsA/IU TA EOEKTUBHI BEPIIMHU
B HAMATHIUEHIA KBAPK-TJIIOOHHIH IIJIA3MI

I. I. "'amMoJbLCBKHIA

Jninposcwvkuii Hayionanonuti ynisepcumem imeni Onecs Tonuapa, /[ninpo, Ykpaina

VY kBapk-rmooHHiM mmasmi (KI'TI) nmpu temneparypax T =T, BinOyBaeTbcs CIOHTaHHAa T€HEpaLlis
xpomomarnitanx nonis b*(T), b*(T)#0 Tta xomnencary A (T), mos’ssanoro 3 nemreto Ilomskosa.

Konnencar A, nopyurye Z (3) -cuMeTpiro Ta C -mapHicTh, M0 MPU3BOIUTH A0 MopymeHHs Teopemu Pappi.

Sk HacNiZOK, KJac MpOLECiB, 3a00POHEHUX Y BaKyyMi, 3 HENApHOIO KUTBKICTIO 30BHIIIHIX BEKTOPHUX JIiHIH
ctae HeHyab0BUM y KI'TI.

Yy SU (3) KBaHTOBI XxpoMmoauHamimi (oHOBUIM A, -KOHOEHCAT Mae€ [Bi He3aJIeXKHI KOJIHOPOBI
KOMITOHEHTH Aj Ta AS SIKi BIIIOBIAAIOTh MiarOHAJILHUM TeHepaTopaM TPYIH 1 BHU3HAYAIOTH JBA THITH
1HIYKOBaHUX 3apsiiB Qi::\d Ta Qiid. VY momnepennix podotax [1, 2] npu po3risai MiHIMyMy e(pEeKTHBHOTO
MTOTEHITIaATy B3IOBX OCi Ag OyJ10 OTpUMAaHO A? =0 sK OKpeMuii BUIANOK. 3a i€l yMOBH Qiid Ta BiITOBiTHA

BepumHa yyG® He posrmspanucs. 3aranbHUH BHIIALOK A? #0, mo peanisyerscs B iHIIUX MiHiMyMax abo

TIpH BpaxXyBaHHI JOJATKOBUX TIOJIiB, 3aJTUIIAE€THCS HEOCIITKCHIM.
VY 1 po6oTi B MaTcyOapiBChKOMY (opMaii3Mi ySIBHOTO Yacy 0OUUCITIOIOTHCS:

N . o o 8 o . .
(i) inmyxoBanmii kompopoBuil 3apsan Q,,, MOPOMKEHUH [iarpaMOI0 THIy «TOJOBAaCTHK» 3 ONHI€IO
30BHINIHKOIO TIIFOOHHOIO TiHiel0 G° B IPHCYTHOCTI KOHIEHCaTy Ag — Y HyJIOBOMY Mardiraomy moui [3] Ta

B HAGMKeHH] HIKHBOro piBHsA Jlangay (LLL) mis xpomomarsiTHOTO dhoHy b (T ) ;

(ii)edexruna Bepmmua yyG® — amanor pamime o6umcienoi Bepummn yyG® [2, 4] mns BockMoi

KOJIbOPOBOT KOMIIOHEHTH — B 000X BUIagKax: 0e3 MOl Ta B HAMAarHiueHoOMY CepelOBHIIII.
OkpeMO BCTaHOBJIEHO, IO €JIEKTPOMArHITHUH TOJOBACTHK — TOMOJOTIYHO iMEHTHYHA iarpama THITY
«TOJIOBACTHKY, ajie 3 OJIHIEI0 30BHIIHBOIO (DOTOHHOIO JIHIEI0 3aMiCTh TIIIOOHHOI — 3AJIMIIAETHCS HYJIbOBUM B

A,-¢poni. Ile BinOyBaeThcs He BHacHimok Teopemu Dappi, a uepe3 KomipHy CTpyKTypy SU (3) -

CJIEKTPUYHUH 3apsa] OJHAKOBHUI 7Sl BCIX KOJIbOPiB, TOMY 3CyBH Maiy0apu CKOPOUyIOThCSl B KOJIPHIH cyMmi.
Lleit pe3ynbTaT MPOBOAUTH YITKY MEXY MK IHAYKYBaHHSIM KOJIFOPOBOTO Ta enekTpudHoro 3apsmy B KI'TI.

OOuncieHi BeplIMHM MOXYTh OYTH BpaxoBaHi SK cHenM(ivyHi BHECKHM Yy BHXiI NpsMHX (DOTOHIB Ta
KyTOBY aHIi30TpONil0 TpH JeTaJbHOMY TeopeTnuHoMy mopiBHsHHI 3 ganumu ALICE ta PHENIX y
MalOyTHIX po3paxyHKax.

V. Skalozub, A. Turinov. J. Phys. Electron. 30 (1) (2022) 3.

V. Skalozub, I. Gamolsky. arXiv:2312.02675 [hep-ph] (2023).
I.A. Baranov, V.V. Skalozub. J. Phys. Electron. 26 (1) (2018) 3.
V. Skalozub. arXiv:2002.05032 [hep-ph] (2020).

N
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HEPEPI3U IIPYKHOI'O PO3CISAHHSA, OAJEP)KAHI HA OCHOBI IOTEHIIAJTY
3 YPAXYBAHHSM BHECKY KIHETUYHOI EHEPT'II HYKJIOHIB JIJIsSI PEAKIIII %0 + 0

O. 1. lapunoBcbka, B. O. Hectepos, B. 10. /lenncos

Tnemumym aoeprux docnioxcens HAH Yrpainu, Kuis, Ykpaina

Js oTpuMaHHS MOTIEPEYHHUX TIepepi3iB PI3HOMAHITHHUX SACPHUX pPeakilii HeoOXiTHO 3HATH ITOTEHITiaT
saepHo-siiepHoi B3aemonii. Ilpu oMy Ui BU3HAUEHHS [LOTO MOTEHIiany 0a)XaHO BHKOPHUCTOBYBATH
MaKCHMaJIbHO TOYHI METOAM, PO3pOONIEHI U OMHCY SACPHO-AAepHOI B3aEMOZIl, BIACTHBOCTEH aTOMHHX
sep Ta siaepHoi matepii. Y gaHiil poOOTi A HOOYAOBHU SAEPHO-AAEPHOrO MOTEHIIATY MH 3aCTOCOBYEMO
MiAX11 TYCTUHY €Heprii 3 BUKOpHCTaHHAM MoangikoBanoro Metony Tomaca—®epmi [1-3] i3 cunamu Ckipma
(SkP) Ta meTox mopgiitaoi 3roptku [4] i3 cunamu DDM3Y1 (Paris).

VY poboTi MU IOCHIKyBaJld BIUIMB YpaxyBaHHS KIHETHYHOI €Heprii HyKJIOHIB Ha MOTEHIial sIepHO-
seproi B3aemoyii. Jlist 1poro posrmsHyiu cucreMy 20 + %0 i moGymyBanu moTeHmiam B paMKax 3rafaHux
METOMIB SK 3 ypaxyBaHHSAM BHECKY KIHETHYHOI eHeprii HYKJIOHIB, Tak i 0e3 HbOro. SmepHi YacTHHU
BIJIMOBIAHMX TOTEHIIATIB 3 ypaXyBaHHSIM KiHETHYHOTO BHECKY TOKa3aHO Ha puc. 1. 3 puCyHKa BHIHO, IO
MIOTEHIIaIA, PO3PaxoBaHi 3 ypaxyBaHHAM BHECKY BHYTPIIIHbOI KiHETHYHOI €Heprii HyKJIOHIB, Ha MaJHX
BiJICTaHsIX MalOTh KOpP BIALITOBXYBaHHS, B TOH Yac SIK MOTEHIaM, OTpUMaHi 0e3 ypaxyBaHHs BHYTPILIHbOI
KIHETHUYHOI €Heprii HyKJIOHIB, HE MATUMYTh KOpa Ha MaJliX BiJCTaHIX i OyAyTh Ay:Ke TTHOOKUM MPH MaJHX
3HaueHHsAX R. Jns 3py4HOCTI MpOBEAEHHs MOJNAIBIIMX PO3PaxyHKIB OTPUMaHi HaMu MHOTEHLianu OyIo
npezactasieHo B aHamituuHid ¢opmi (VrT) [3]. Sk 6aummo 3 puc. 1, 3anpomoHoBaHa (opMa MOTEHLIaTy
mMAroHKn VeT AyKe T00pe OMHCye PeadiCTUYHI MOTEHINATN SACPHO-SIIECPHOI B3aEMOMIi, SKi OTPHUMAHO Y
YHUCETIbHUX PO3PaxyHKax.

160+160

——ETF
DDM3Y1 480 MeB
‘‘‘‘ DDM3Y1 704 MeB

= 10 " Ver

-50 T T

. , .
2 4 6 8 10
R, dm

Puc. 1. SlnepHi 4acTHHUM TOTEHILIANIB SAEpHO-AAEPHOT B3aemonii s cuctemu °0 + 1°0, orpumani 3a nonomororo
MoaudikoBanoro meroay Tomaca—®epmi (ETF) Ta HabGmkeHHs monsiiiHOi 3roptku i3 cuiamu DDM3Y1 (Paris) 3

ypaxyBaHHIM KiHCTHYHOTO BHECKY, & TAKOXK 1X allPOKCHMAITSI aHATITHIHAM TToTeHItianom (V).

Jls cuctemu *°0 + *°0 Gyno posrisHyTo peaxilii mpyKHOTO PO3CisHHA [T eHepriil myuka Ejap = 480 Ta
704 MeB. Po3spaxyHok nepepi3iB IMX peakiiii BUKOHYBaBCS B paMKaxX ONTHYHOI MOJei, A€ Ui pealbHOI
YaCTHHH BUKOPUCTOBYBAJIHCS MTOTEHIIAN, PO3Pax0oBaHi HAMH B paMKax MoaudikoBanoro meroxy Tomaca—
®epmi Ta MeToxy mOABIHHOI 3ropTKu. IIpH 1IbOMyY OyII0 IPOBEICHO PO3PAXyHKH SIK 3 YPaXyBaHHSIM BHECKY
KIHETUYHOI eHeprii B MoTeHIianu, Tak i 0e3 Hporo. Ha puc. 2 i 3 mokasaHo OTpuMaHi HaMu mepepizu
IPYKHOTO po3cisHES 11 cucTemu O + 1°0. 3 Hux Gaunmo, 1m0 3HAMIEH] TIepepizu MPYXKHOTO PO3CITHHS
100pe Y3ro/KYIOTBCS 3 eKCIICpUMEHTATBHIMHU TaHUMH TPH BHUKOPHUCTAHHI MOTEHINANy 3 ypaxyBaHHSIM
KIHETHMYHOI eHeprii, B TOW 4Yac sIK Iepepi3u, OTpHMaHi 3a JOMOMOTOI IOTEHIiany Oe3 ypaxyBaHHS
KIHETHYHOTO BHECKY HYKJIOHIB, IOMITHO TipIIe OMUCYIOTh €KCIIEPUMEHTANbH] 1aHi.
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Puc. 2. Tlonepeunuii mepepis HpyxkHOro poscisHus mis cucremu 90 + 160 3a ewmeprii myuka Ejp = 480 MeB,
po3paxoBanuii y pamkax monudikoBanoro HabmwkeHHs Tomaca—®epmi 3 crtamu Ckipma (ETF) (@) Ta B HaGmmkeHHi

no/BiitHOT 3roptku 3 cuiaamu DDM3Y1 (Paris) (6) 3 ypaxyBaHHSIM BHECKY KiHETUYHOI €HEpril Ta 0€3 HbOro, a TAKOXK
eKCIepUMeHTaNbHI aaHi (exp) [5].

10° 5 a 10° 3 b
1604160 £ . 1604160
1014 E,,=704MeB 1074 MN/\ E,,=704MeB
5 12
024 02
S S
= s
6 . & 6 5]
%0 ,%' %O
ETF %" DDM3Y1
4 -4 1
10 .« exp FI\H& 10 . exp -
with kin ¥ with kin 3
1054 no kin 1054 no kin
10° T T T T 10° T T T T
0 10 ecm’ Fpaﬂgo 30 40 0 10 ecm, rpaz(.zo 30 40

Puc. 3. Tlonepeunuii mepepis npyxHoro poscisaus mis cucremu 90 + 180 3a ewmeprii myuka Ejp = 704 MeB,
po3paxoBaHuil B paMkax MoaudikoBanoro Habmmxerns Tomaca—®epmi 3 cunamu Ckipma (ETF) (a) ta B HaGmmkeHHi

nosiitHoi 3roptku 3 cuamu DDM3Y1 (Paris) (6) 3 ypaxyBaHHSIM BHECKY KiHETHYHOI CHEprii Ta 6€3 HbOTo, a TAKOX
eKCIiepUMeHTalbHI faHi (exp) [S].

TakuM YHHOM, Halll PO3paxyHKH IMOKa3yIOTh, MO BpPaxyBaHHS BHECKY KIHETHYHOI €Heprii B sepHO-
SIICPHUIA MOTEHIIIAN € CYTTEBUM JJISl OIIHCY EKCIIEPUMEHTAIBHUX TIepepi3iB MPY>KHOTO PO3CIsIHHSI.

M. Brack, C. Guet, H.B. Hakanson. Phys. Rep. 123 (1985) 275.

O.1. Davydovska, V.Yu. Denisov, V.A. Nesterov. Nucl. Phys. A 989 (2019) 214.

D.T. Khoa, G.R. Satchler, W. von Oertzen. Phys. Rev. C 56 (1997) 954.

1
2.
3. O.L. Davydovska, V.Yu. Denisov, V.A. Nesterov. Nucl. Phys. At. Energy 25(1) (2024) 5.
4.
5

D.T. Khoa et al. Nucl. Phys. A 672 (2000) 387.
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COMPOUND NUCLEUS FORMATION CROSS SECTIONS
IN LEAD-INDUCED REACTIONS

V. Yu. Denisov
Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

The capture barrier between colliding heavy ions is formed by the Coulomb repulsion potential, nuclear
attraction potential, and the centrifugal potential at distances slightly larger than the contact distance of
interacting nuclei. The compound nucleus is easily formed after penetration of the capture barrier in
reactions with light or medium-weight heavy ions at over-barrier collisional energies. In contrast, the
formation of compound nuclei in reactions with both heavy-weight nuclei or with medium and very heavy-
weight nuclei is suppressed. The suppression of the formation of compound nuclei is strong for reactions
used for the synthesis of superheavy nuclei, which have small formation cross-section values.

The model for the calculation of the compound-nucleus formation cross section in heavy ion collisions is
discussed here. In the framework of this model, the compound nucleus is formed within two steps. The first
step is related to the penetration through the capture barrier. After passing the capture barrier, the densities of
colliding ions start to overlap. Due to the dissipation induced by the density overlapping, the radial velocity
of ions is quickly decreased, and the ions stop in the capture well. Therefore, the second step is considered
statistically. The compound nucleus formation from the sticking nuclei in competition with the quasi-elastic
scattering occurs in the second step. The ions can escape from the capture well by passing through either the
quasi-elastic barrier and forming scattered ions or the compound nucleus formation barrier and fusing into
the compound nucleus.

The quasi-elastic barrier is the barrier that separates the ions in the capture well from the scattered ions.
The relative velocities of heavy ions are small during the passage of the quasi-elastic barrier. The height of
this barrier is lower than that of the capture barrier because the shapes of ions on the quasi-elastic barrier are
strongly deformed. In contrast, the shapes of ions in the capture barrier are close to the equilibrium one due
to the high radial velocity of approaching nuclei at over-barrier collision energies. The shapes of ions cannot
be strongly changed at fast-approaching nuclei. The compound nucleus formation barrier is the barrier that
separates the ions in the capture well and the compound nucleus in an equilibrium shape. This barrier is
higher than the fission barrier.

The available experimental data of the compound nucleus formation cross sections in the collisions of
208ppy + 2426\g, 2T Al, 28Gj, 3236385 4OAr 4048Cq SOTj 52Cr, *BFe, and ®*Ni are well described in the model. It is
shown that the heights of compound nucleus formation and quasi-elastic barriers define the probability of
compound nucleus formation in the second stage of the reaction. The compound nucleus is preferably
formed when the height of the compound nucleus formation barrier is substantially smaller than the height of
the quasi-elastic barrier. This takes place for reactions between 2%Pb + 24%Mg, #’Al, 2Sj, 3238385 4OAr and
“°Ca. In this case, the values of the capture and compound nucleus formation cross-sections are the same. In
contrast, the height of the compound nucleus formation barrier is larger than the height of the quasi-elastic
barrier for reactions 2®Pb + “®Ca, *°Ti, **Cr, *%Fe, and ®Ni. Due to this, the formation of the compound
nucleus is suppressed by the competition with the quasi-elastic decay branch of the sticking nuclei. This
leads to the values of the capture cross-section being much higher than the compound nucleus formation
cross-section. The suppression of the compound nucleus formation increases with the mass and charge of
ions colliding with lead because the values of the compound nucleus barrier rise faster than the values of the
quasi-elastic barrier. The increase in the height of the compound nucleus barrier is strongly related to the
fusion reaction Q-value. The value $-Q$ increases well with the mass and charge of ions colliding with lead.
The comparison between the model calculations and the experimental data is summarised in Figure.
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The model energy dependencies of capture cross sections 6¢(E) and compound nucleus formation cross sections ocn(E)
are compared with the available experimental data for compound nucleus formation cross sections Gexp(E) in the
reactions 2°8Ph + 2428Mg, 27Al, 2Si, 3236385 40Ar 4048Cq, SO0Tj, 52Cr, 8Fe, and ®Ni [1].

1. V.Yu. Denisov. Phys. Rev. C 111 (2025) 024601.
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TEOPETUYHUI AHAJII3 ACTPO®IBUUHUX S-®PAKTOPIB SIJIEPHUX PEAKIIIN,
IHAYKOBAHHMX 'Li + p, ‘Be + n 1 °Li + d B3AEMOJIICIO

B. 1. ’Kao6a, B. C. BacuaeBcbkuid, 10. A. Jlamko
Tuemumym meopemuunoi gizuxu im. M. M. Boconroboea HAH Yrpainu, Kuis, Ykpaina

JlocITiKeHHs CTPYKTYpH siapa °Be 31iliCHIOEThCs B Mekax MikpoCKomiuHoi TpuKIIacTepHoi Moaerni [1-3],
3aCTOCYBaHHsI SIKOT CIIPSIMOBAaHE Ha pealizallifo [BOX KIIOYOBHX 3aBlaHb. 1) BpaxyBaTH BEJIHKY KiTbKiCTbh
OiHapHMX KaHaTiB, SKi BINIrPalOTh BAXXIJIUBY pojib y (OPMYBaHHI CHEKTPa PE30HAHCHUX CTaHIB CKIAJHOI
ciucTeMH Ta 3a0e3NeuyroTb MOXIIMBICTh BHBYATH HHM3KY PEaKUidl y JOCHTH IIUPOKOMY EHEPreTUYHOMY
niamazoHi; 2) 3ampoBaguTH OifbII PO3IIUPEHHH i THYYKHH OMUC BHYTPIIIHBOI CTPYKTYPH B3aEMOJIIOUHX
KJIACTEPIB.

CdopmynboBaHy MIKpOCKOMIYHY MOAEIb aJaNTOBAaHO 1 3aCTOCOBAaHO AJSl PO3PaxyHKIB acTpodi3MUHHX
S-¢axTopiB peakiiif, ki BUHMKaIOTH Tpu B3aemonii 'Li+p, ‘Be+n i °Li+d [4] Ta sxi Baxusi ans
posyminHs OymoBu sapa °Be. TeopeTHdHHMii aHai3 GaraTokaHaIbHOI CTPYKTYpH sapa °Be Ta mpupona
BHCOKOGHEPTeTUYHNX PE3OHAHCHHX CTaHiB °Be, po3TamioBaHuX Oins mopora posmamy p + 'Li, meTaabHO
JOCITIKEHO B po0oTi [5], 16 OCHOBHY yBary 30CcepeXeHo Ha JOCTIKeHHI JOMIHAHTHHX KaHAJIB PO3mamy
1%, 2%, 3%, 4" pe3oHaHCiB-0IM3HIOKIB. 3aNpoONOHOBaHa OaraToKaHajJbHa MIKPOCKOIIYHA KJIACTEPHA MOJENh
3a0e3reuye peasiCTUIHUI ONHC eKCIIEPHUMEHTAIBHO CIIOCTEPEKYBAHOTO CIEKTpa PE30HAHCHUX PIBHIB siipa
®Be no6mu3y nopora posnazay ‘Li + p, BKIIOYHO 3i cTaHAMH 3 Bii’eMHOIO mapHicTio 1712,

VY mexax chopMynboBaHOI MIKpOCKOMIYHOI MOJENi po3paxoBaHO acTpodiznuHi S-¢pakTopu peakuiil
"Li(p, )*He, Be(n, a)*He, Be(n, po)’Li, 'Be(n, p1)’Li, °Li(d, a)*He, °Li(d, no)’Be, °Li(d, n1)'Be,
®Li(d, po)’Li, °Li(d, p1)Li, °Li(d, to)°Li, °Li(d, t)°Li, *He(*He, o)*He Ta nocmimkena ixHs 3a1eXKHICTH Bif
(opMH Ta IHTEHCUBHOCTI HYKJIOH-HYKJIOHHOI B3aemoxii. TeopeTnuHi 3Ha4eHHS PO3paxoBaHUX S-(akKTopiB
TTOPiBHSAHO 3 TaHUMH €KCIICPUMEHTAILHUX poOIT B iHTEepBaii eHepriit Ecm = 0-2 MeB.

Jns acrpodizmunoro S-dakropa peaxuii 'Li(p, a)*He mapuiansna xBuas 0% sBHO noMiHye, Todi fK
komroHenTa 2° 3abesrnedye MOMITHY KOpekiiro juine 3a ayxke Hu3bkuX (Ecm < 100 keB) Ta BimHOCHO
BUCOKHX (Ecm > 500 xeB) enepriii.

Jlns actpodizmunoro S-dakropa peaxiii 'Be(n, o)*He xBuis 2* nomiHye B ychoMy Jiana3oHi eHepriii, a
notiM ii migcumoe kommonenta 0F. Buecok crany 4" meBenukuil y Ginblnili yacTuHi Jianasony, ane mpu
BUILMX CHEPrisix crae OLNbII NMOMITHUM, HIXK B 1HAyKOBaHili mporoHamu peakuii. Po3paxoBani S-hakropu
mns (N, o)-peaxiii 10/aTKOBO PO3KIAIAI0ThCS HA BHECKM Bijl peakuiil 3 'Be B iforo ocHoBHOMY (3/27) Ta
nepuromy 36ymkenomy (1/2°) cramax. Jlns crany ‘Be(1/2°) mapriansha xuiis 2% Maibke Hacuuye TOBHUIA
S-¢axrop. nsa peakuii ‘Be(3/27)(n, o)*He xommonentn 0 Ta 2* maioth mopisHsHHYy BenuuuHy, i ans 2°
HAsBHUH BUPAKEHUM MaKCUMyM, KUl 3yMOBJIEHUM pe30HAHCOM. VY HaIil MiKpOCKOMiuHii Moneni uei 2°
cTaH 3’sBHseThes Npu eneprii E =~ 1,27 MeB Bumie mopory posmaxy 'Be +n, mo m006pe y3romKyeThes 3
eKCIIEpUMEHTAIbHIUM 3HavYeHHsM B [6], i memo Buie, HiX pe3onancHa eHepris E~0,99 MeB B [7].
EHepreTnyuHa 3a1exXHiCTh HAOi KOMIOHEHTH 2" AKICHO Y3rOKY€EThCS 3 TIOBENIHKOI, BUBEAEHOIO 3 IaHUX Y
pobori [7].

SIx mokasye aHani3, ;s peakiii 'Be(n, po)’Li pezonanc 3* nominye B o6nacti nika Tpoxu Bume 0,5 MeB,
TOJI SIK CTaH 2, PO3TANIOBAHMIA y’Ke GIM3BKO 10 MOpOry 'Be + n, BU3HAYAE MOBENIHKY AK TIPH HU3BKHX, TaK
i mpu BUCOKMX enepriax. ¥ kanami 'Be(n, p1)'Li nominye cran 1~ B ychoMy Jiama3oHi eHepriii: Biamosixuuii
pesonanc 1™ npu eneprii Ecm = 0,45 MeB dikcye nonoxenHs miky B actpodizudHomy S-¢paxTopi 1 pazom 3i
cranoM 1" 3a6e3neuye OCHOBHMI BHECOK MPABIIIIE BiJl MAKCUMYMY.

Mapuianeri actpodizmuni S-daxropu mrs °Li(d, a)*He marote Taky iepapxito: cran 0' 3aGe3meuye
JIOMIHYIOYHI BHECOK Yy 3aralibHUi S-(akTop B iHTepBalli eHepriid Hmwk4e Ecm = 1,5 MeB; Bumie miei eneprii
BHECOK 2" CTa€ MOMITHUM; KOMIIOHEHTA 4" 3a/IUILIA€THCS MAIOK0 y mianazoni 0—2 MeB.

Jns peaxmii ®Li(d, po)’Li ctanm 0" ta 1* nominytots B inTepBani enepriii Ecm < 0,5 MeB, Toxi sk npu
BHIIUX CHEprisix cTaH 2 3abesneuye HaiGinpmmii BHecok. Jlist peakuii ®Li(d, p1)’Li xommonenTn 1% ta 0*
JTOMiHYIOTh HIXK4Ye Ecm < 0,25 MeB, Toi sik mpy BUIITUX €HEPrisix cTanu 1~ Ta 2~ CTal0Th JOMIHYHOYHMHU.

Jls peakuii °Li(d, no)’Be cranm 0% Ta 1* gominyrots npu Huspkux eHeprisx (0 < Eqm < 0,4 MeB), Tozi sk
IpY BUIINX CHEPTisiX CTAaHHW 3 HETATHBHOIO MApHICTIO CTAIOTh OiIbII BaxknuBuMU. [lapiiansHi actpodizuyni
S-taxropu s peakuii °Li(d, n1)'Be mysxe cxoxi Ha Taki sk mas °Li(d, pr)Li, mo Bkasye Ha Te, mo Toii
camuit Ha6ip J*-CTaHiB BU3HAYAE 3aCENEHICTh MEepIIOro 30y mKeHoro piBHs 1/2” B ‘Li ta 'Be.
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Omxe, pospaxosadi kpusi S(E) nams peakmiit 'Li(p, a)*He, "Be(n, a)*He, 'Be(n, p)’Li moGpe

Y3TODKYIOThCS 3 €KCIICPUMEHTAILHUMHE JaHuMH. KitacTepHa MmoJsIpu3allisi € CyTTEBOKO ISl HOPMYBaHHS Ta
eHepreTHYHOT 3aNeKHOCTI S-(hakTopis 11 peaxiit ‘Be(n, p)’Li i °Li(d, a)*He.

1. Y.A. Lashko, G.F. Filippov, V.S. Vasilevsky. Nucl. Phys. A 958 (2017) 78.
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SHELL EFFECTS AND THE NEUTRON EMISSION
WITHIN THE MULTI-DIMENSIONAL LANGEVIN MODEL FOR NUCLEAR FISSION

F. A. Ivanyuk?, S. V. Radionov?, C. Ishizuka?, S. Chiba?

LInstitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2Tokyo Institute of Technology, Tokyo, Japan

We solve the Langevin equations for the time evolution of parameters that describe the shape of the
fissioning system, see [1]. On each integration step, we calculate the probability of neutron emission and
estimate whether a neutron would be emitted or not. If yes, we decrease the excitation energy of the nucleus
by the neutron separation energy plus the average energy of the emitted neutron, switch to the layer of the
potential energy surface with a smaller number of neutrons, and continue the process of integration. If the
trajectory reaches the scission point, we check how many neutrons were emitted along this trajectory. The
pre-scission neutron multiplicity Mpre is defined by the ratio of the total number of emitted neutrons to the
total number of fission trajectories.

Besides Mpre, the mass distribution of fission fragments, the distribution of emitted neutrons with respect
to the fission stage (deformation of the system), and the distribution of emitted neutrons with respect to their
energies are calculated.

8 E*=10 MeV - 81 [—e—exper.,

FC,——MC |
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< /
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The comparison of the fission fragment mass distributions of the first chance (blue lines) and the multi-chance fission
(red lines) of 26U at a few values of the initial excitation energy E*. The experimental mass distributions are shown by
black lines with dots.

The calculated fission fragment mass distributions reproduce quite well the experimental data (Figure).
For the instantaneous emission rate dN/dt, an analytical expression was derived based on the continuity
equation and the Fermi-gas model.

The dependence of the number of emitted neutrons on the stage of fission is clarified. At E*=10 MeV, all
the neutrons are emitted after the system crosses the fission barrier. For larger excitation energy, a small
portion of neutrons is emitted from the potential well around the ground state. The main part of pre-scission
neutrons is emitted at larger deformations, between the saddle and scission.

The calculated pre-scission neutron multiplicity is in reasonable agreement with the available
experimental data.

The Langevin model developed in the present work is a powerful tool for the investigation of the process
of nuclear fission.

1. F.A. lvanyuk et al. arXiv:2604.19576v2 [nucl-th] (2026). Submitted to Phys. Rev. C.
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MULTICOMPONENT MODEL OF STRONGLY INTERACTING MATTER
NEAR THE QCD CROSSOVER: LOW- AND HIGH-TEMPERATURE REGIMES

Y. D. Krivenko-Emetov*?
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Relativistic heavy-ion collisions create a short-lived strongly interacting system that evolves from a
quark—gluon plasma to a hadronic fireball [1-3]. In the intermediate temperature region, a thermodynamic
description must account not only for particle interactions but also for the rapid variation of the effective
number of degrees of freedom. The standard multicomponent van der Waals model successfully describes
finite-volume and mean-field effects at finite density; however, in its original form, it employs a fixed
degeneracy factor and therefore cannot directly reproduce the lattice-QCD equation of state [4-7].

The aim of the present work is to develop a compact phenomenological framework that combines a

multicomponent van der Waals description with a temperature-dependent effective degeneracy factor g (T)

and an effective chemical potential u(T ). Such an approach makes it possible to describe the QCD trace

anomaly, i.e., a measure of the nonconformality of strongly interacting matter, and to interpret its maximum
in the vicinity of the crossover region.
In the low-density approximation, the van der Waals equation can be written as

P(T,n)=Tn[1+B(T)n],
which is equivalent to an ideal gas with a shifted chemical potential [4, 5]
Hiw =1 =TB(T)n.

Therefore, the interaction can be represented as an effective modification of the occupation of
thermodynamic states. For baryon-rich matter, this naturally corresponds to a renormalization of the effective
chemical potential, whereas the mesonic sector requires a separate description of the dynamical emergence
and disappearance of degrees of freedom.

The key observable is the trace anomaly

¢—3P

which in QCD is associated with the breaking of scale invariance. From the thermodynamic identity
e=TdP/dT —P itfollows that A(T)=Td(P/T*)/dT . Consequently, the maximum of the trace anomaly

appears where the dimensionless pressure P/T* changes most rapidly with temperature. In the proposed
model, this rapid variation is effectively encoded in the function ¢ (T )
The temperature-dependent degeneracy factor is parameterized as

g0[1+a(T/TH)2] T<T,,
9(T)= ) o
go[lm(T IT,) }+gw[1—e T =T,

Below T, , this form reflects the Hagedorn growth of the hadronic resonance density [8], while above the
crossover region it describes the gradual activation of partonic degrees of freedom. The chosen
parameterization g(T) minimally reproduces the two expected regimes: the Hagedorn growth of hadronic
states at T < T, and the gradual saturation of partonic degrees of freedomat T > T, .

The effective thermodynamic shift of the chemical potential is parameterized as

T = R
M( ) ef meff
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which describes the diminishing role of bound hadronic configurations and the gradual approach to the
quark—gluon regime.
As a result, the trace anomaly in two regions of the (w,T ) phase space can be approximately represented

. T
by expansions in the small parameters # <lTtaTwT) T, 2L

A(T,H):g(T)lus(@f+_..], A(T,u)zg(T)[uc(u(T)T)%..}

Here g(T) plays the role of an effective nonconformal spectral weight, while the factor involving p(T)

accounts for additional nonconformality associated with the baryonic population of the system. This
formulation is phenomenological: it does not claim a microscopic derivation from first principles, but rather
incorporates the dominant effects of interactions, spectral density, and the thermal activation of degrees of
freedom.

The model parameters were determined through a * fit to lattice-QCD equation-of-state data [6, 7]. The

u(T)

resulting curve (Fig. 1) in the region = <1 reproduces the position of the trace-anomaly maximum at

T =200 MeV, its asymmetric shape, and the high-temperature tail. For the data set considered, the fit yields
¥* =5.56 and >, =0.11 [9]. The small value of the reduced chi-square indicates that the overall shape of

the lattice data is well reproduced, although this result should be interpreted with some caution because of
potentially conservative uncertainty estimates.

In the region T w(T)/ T, .2«1 (Fig. 2), the agreement becomes noticeably worse, with x> =42.86 and

x%, =0.89 [9]. This is likely related to the larger numerical and model uncertainties of lattice-QCD
calculations in this regime.

Trace anomaly fit with temperature-dependent degeneracy Trace anomaly fit with temperature-dependent degeneracy

w0 4k & rmocoome a0 2] 8 oo aate
N ™ f
! 7 Hﬂ; { i
of g A Mttt
b iy 1A by
g iy L iy
" *++T :: {E%

T[MeV] T(Mev]

. . . T Fig. 2. Trace anomaly in the region T w(T)/ T, .2«<1.
Fig. 1. Trace anomaly in the region @«1. g y g R/ Ty

Physically, the peak of the trace anomaly arises from the competition between two mechanisms: the rapid
growth of active hadronic and partonic degrees of freedom and the suppression of the effective chemical
potential associated with deconfinement and the melting of bound states. The maximum of the trace anomaly
can therefore be interpreted as a manifestation of a rapid crossover-driven redistribution between hadronic
and partonic degrees of freedom. In the high-temperature limit, one expects an approach to the perturbative

QCD regime, where A(T)— 0, in agreement with asymptotic freedom.

In summary, the proposed framework establishes a connection between van der Waals dynamics of
hadronic matter, the Hagedorn spectrum, and lattice-QCD thermodynamics. Within this picture, the QCD
crossover is not merely a change in the set of relevant degrees of freedom but rather a dynamical
redistribution between hadronic and partonic regimes. Separate analyses were performed for the regimes of

T
weak and strong effective baryonic population corresponding to H g_ )<<1 and T wT)/ T, 2«1,

respectively. Future developments may include a microscopic derivation of g(T), the Polyakov loop,
temperature-dependent quasiparticle masses, transport coefficients and the speed of sound.
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COULOMB EFFECTS IN THE DIFFRACTION APPROXIMATION
FOR THE C(d, p) REACTION
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One of the important problems of nuclear reaction physics is the investigation of diffraction breakup
mechanisms of weakly bound nuclei and the role of Coulomb-nuclear interference in the formation of
differential cross sections. Of particular interest is the C(d, p)X reaction, which is sensitive both to the

deuteron structure and to the features of nucleon—nucleus interactions [1, 2].
In the present work, the influence of the Coulomb interaction on the diffraction breakup of the deuteron

on a “Ctarget in the C(d,p)X reaction is investigated within the framework of the Glauber-Sitenko

approximation [2, 3]. The analysis includes Coulomb-nuclear interference, as well as small longitudinal
components of the deuteron momentum transfer Q,[4] in the laboratory frame and transverse momentum

components k, of the proton-neutron pair in the antilaboratory coordinate system (ALCS) [5]. The

calculated invariant cross sections as functions of the longitudinal momentum are shown in Fig. 1 for two
choices of the NN potential.
The differential cross section was calculated using the modified diffraction amplitude

F(Q,k) = Fstr(Qi k) +AFC (Q!k)v

where F

str

(Q,K) is the diffraction amplitude without Coulomb corrections (for relative momentum k),

whereas AF; (Q,k) describes the Coulomb-nuclear interference contribution.

For the Coulomb correction, the following amplitude obtained within the small-parameter expansion was
employed:

AFP(Q.K) =n§—7‘_’cG(—%ka){T§” (@-C,T@Q.K),

where T,.”(Q), TB(” (Q, k) are momentum-dependent functions defined in Ref. [6], 5 (1—ipp) and

p

C= %
4n

the Sommerfeld parameter is given by n = Zao =0.04.
L
p

310°F 310°F

MSDT (with Nijm—1 w.f. — MSOT (with K2)
—_ with Nijm—1 w.f.
( : : MSOT (with K2) with Coulomb

MSDT (with Nijm-1 w.f.) with Coulumh ® Experimental data (2018)

o g | B
2% 2l
= . 2|3
0] ® Experimental data (2019) o
B |-a= 2 |.‘.‘
o o =%
T | o u 404
U_"i\ 110
[ ] * .
AL T o *eaa
— 0000000000000 0000080008 oy — e e s R s R s S E A SRS s
0.1 0.0 0.1 02 03 -0.1 0o 01 0.2 0.3

kz, GeVic ks, GRVIC

3
Fig. 1. Invariant cross section E"ZTE (with Nijm-I) as a

function of the longitudinal momentum k, (in the ALCS)
for o, =350mb, pB,=274fm™, u=05fm, a=1,
k, =0,0001GeV/c, Q,=-0,0025GeV/c.
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The obtained results demonstrate that inclusion of the Coulomb interaction leads to a noticeable
enhancement of the differential cross section in the region of small relative proton-neutron momenta. It is
found that taking into account only transverse momentum components is insufficient for describing the
experimental data. Inclusion of small longitudinal momentum-transfer components improves the description
of the proton-emission peak position; however, it does not substantially modify the dibaryon-enhancement
region [5]. This behaviour is illustrated in Fig. 2, which shows the invariant cross section calculated with the
K2 potential.

It is also shown that an increase in the transverse momentum is accompanied by an increase in the
differential cross section, in agreement with previous estimates obtained for a proton target [5]. The inclusion
of Coulomb-nuclear interference provides significantly better agreement between theoretical predictions and
experimental data.

The results indicate the necessity of considering additional mechanisms of deuteron breakup, in particular
the contribution of the d-wave component of the deuteron wave function. Owing to its larger root-mean-
square radius, this component may substantially affect the behavior of the cross section in the region of small
relative momenta.
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PEJIAKCANIA OTHOYACTHHKOBOT'O 3BYUKEHHS Y ®EPMI-CUCTEMI
B PAMKAX JIU®Y3IMHOI'O HABJIM)KEHHSA KIHETUYHOI TEOPII

C. B. JIyk’sinoB

ITnemumym s0eprux docnioncens HAH Yrpainu, Kuis, Ykpaina

OCHOBHOIO METOIO POOOTH € AOCIHIPKEHHSI YaCOBUX MacIuTaliB peJakcallii 0IHOYaCTHHKOBOTO 30y IKCH-
HA B cucteMi DepMi, sKa PO3TIAAAECTHCSI B MEKax AUQY31HHOTO HAOMIKECHHS KIHETUIHOI Teopii, y HopiB-
HSTHHI 3 THIIOBHM 4YacOM JBOYACTHHKOBOI peliakcauii B sApi. 3 Li€ro MeToro B pamkax aAudysiiiHoro Habmm-
KEHHSI TIPOAaHANII30BaHO MPOLIECH pelaKcaii 0IHOHYKIOHHOTO 30y/PKEHHsI B aTOMHOMY sIIpi, 3MOJeNbOBa-
HOMY, K cepuuyHo-cuMeTpuyHa cucremMa depmi B IMIYIbCHOMY Ta KOOPAMHATHOMY mpocTopax. s
OIKCY MaTepii BCeperHI TaKOI CHCTEMH 3aCTOCOBAHO HAOM)KEHHS HECKIHYCHHOT SIEPHOT PEYOBUHU Y SIKO-
My HE BpaxOBYBaBCs BHECOK BiJ] Kpato cucteMu. Mojens onucyBanacst Judy3iiHIM piBHIHHIM:

2
p-26)2 13t (- f)|+p,,| TF 42 1)

o _ Ko
ot m ap Tl opt p

13 MOCTIiHMMA KiHeTHYHUMH Koediuientamu nudysii D, Ta apeiidy K. [xHi 3Ha4eHHs BuOupanucs Ha
OCHOBI TONEPEHIX IOCHiI)KEHbh TAaKUM YWUHOM, MO0 CHiBBiTHOIICHHS Teq = —Dp ol Kp 0, 110 BU3HAUae€

PIBHOBa)KHY TEMIIEPATYPY CUCTEMH, 3aTHIIANIOCT (i3UIHO MPUAHATHUM [1].

lonoBHa imes poOOTH TonsTana y BHOKPEMIIEHHI OJHOYACTUHKOBOTO 30Y/DKEHHS 13 CXig4acToro
[MOYaTKOBOTO0 CTaHy OCTOBa, pHC. 1, Ha (oHI AKOro BiIOYBa€ThCs HOro penakcaiis. Y IbOMY KOHTEKCTI
PO3IJITHYTO TPH XapaKTEePHI Y4acoBl MacIITaOu: Yac pejakcalli Bciel cucTeMH, 4ac peliakcallii ¢XiJa4acToro
PO3MOIiTy OCTOBA Ta Yac peiakcarlii i30Jb0BaHOTO OJJHOYACTUHKOBOTO 30y IKEHHSI.
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Puc. 1. IIpodini ¢pynkuii posnoainy f(p, t) y pizHi MoMeH-
M 4vacy t, 3a3HaueHi B mignucax. IlyHKTMpHA KpuBa —
novyatkoBa (yHKIis po3MoJly, CylijIbHA KPHBa — PiBHO-
BakHa (yHKLis po3noainy Pepmi. Pr — iMmynbse Oepmi.

Puc. 2. Hac penakcauii siapa 7 3ajeXHO Bij eHeprii oxHO-
HYKJIOHHOTO 30ymkeHHS! Eev. Po3paxyHkum monmano s
MacoBux yucen A =50, 150 ta 250.

Po3paxyHKH TI0OKa3a/IH, pucC. 2, IO B yCiX BUMAAKaX XapaKTEpPHHUil 4ac pesakcarlii Mae mopsaaok t~107*
C, IO € HAATO MaJIUM 1 HE Y3TOKYEThCS 3 THINOBHM YacoOM [BOYACTMHKOBOI peslakcamii B sapi
T ~10%+10%c [2]. BuOKpemsIeHHs JHMIIE OJHOYACTHHKOBOTO 30Y/KEHHS 3acBilUWIO, IO HOro
penakcaiis BiOyBaeThCs Ha TOMY JK 4acOBOMY MacmuTadi, mo W ans cucrtemu 3arajioM. llpu mpomy
XapaKTepHHUH Yac BUSBUBCS 1€ MEHIIUM, HDXK y BHIQJIKY CXiJ9acTOr0 PO3IOILLY, IO € TPUPOIHUM, aJKe
caMe 3a paxyHOK OJHOYACTUHKOBUX 3iTKHEHb BiZOyBaeThCs penakcalisi octoBa cucteMu. OTpumani
3aJIe)KHOCTI Yacy penakcarii Big eHepril 30ymKeHHs JeMOHCTPYIOTh HU3KY XapaKTepHUX 3aKOHOMIPHOCTEH.
30kpema, yac penakcarii BCi€l CHCTEMH T 3MEHIIYETHCS 31 3pOCTaHHIM eHeprii 30ypkeHHs E  , Toni sk ams

ex ?
OJTHOHYKJIOHHOT'O 30y/)KEHHs, pUC. 3, HABIAKH, CIIOCTEPIracThCs 301abIIeHH T,. [Ipy 3pocTaHHI MacoBOro
gucia A B 000X BHUITaKaX XapaKTepHUI Yac peliakcallii TakoXK 3pOocTae, MPUYOMY JJIsSi CUCTEMHU BI[JIOMY BiH

TIOCTYNOBO HAGJIMKAETHCS JI0 3HAYEHHS, XapaKTEPHOTO IS HECKIHUEHHOT AepHoi MaTepii: T, ~8,9-107%¢.
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Puc. 3. Yac penakcauii 0XHOHYKIOHHOTO 30ymkeHHs t, Puc. 4. Yac penakcanii cucTeMH B HilOMy T Ta OJJHOYAC-
3aJIeKHO Bi[l eHepri'l' 36YIl)KeHHH Eex . POSanYHKI/I rnoaa- THUHKOBOI'O 36YIL)K€HHH T Yy 3aJICKHOCT1 B MapaMeTpa y

HO 115 MacoBHX uucen A = 50, 150 ta 250 PozpaxyHok BukoHaHO Juisi Macosoro uucna A = 150 ta
eneprii 30y pxenns E,, =10 MeB.

[Mokazano, mo YacoBWii MacimTab pelakcaliifHUX MpPOIECiB BU3HAYAETHCS BHKIIOYHO BEITHYUHAMH
KiHeTHYHUX KoediuieHTis nudysii Ta apeiidy. Ix BapiroBaHHA gae 3MOTy MOCHIZMTH 3MiHY YacOBHMX
MacmuTaliB penakcauii. s nporo Oyno BBeZeHO MacIuTaOyrouuil TiIBHUK Y, 32 JOMOMOTOIO SIKOTO 00HMIBa
KoeQILIEHTH 3MIHIOBAIMCS JIIHIKHO IpU 30€pe)KeHHI IXHBOIO CIIBBIIHOIICHHS. BcTaHOBIEHO, IO 3i
30UIBIIEHHSAM Y 3pOCTalOTh YacH penakcauii T Ta T, puc. 4. OTxe, JOCATHEHHs OUIBIIMX 3HAYEHb 4YaciB
penakcaiiii MOXJIMBE JIMIIE 3a PaXyHOK iCTOTHOIO 3MCHILIEHHS KIHETUYHHUX KOEQII€HTIB, IPOTE TaKi ixHi
BEIIMYMHH CyIIepedaTh IMOMEPEIHIM OIlIHKAM.

Takum 4mHOM, Y POOOTI KOHCTATOBAaHO HASBHICTH CYNEPEYHOCTI y BH3HAYCHHI BEIMYMH KIHETHYHHUX
koedinienTiB nudysii Ta aperidy. L1 Hey3romkeHicTh BUMarae moAallbIIoro JAeTATBHOTO aHali3y, 30KpeMa
YTOYHEHHSI MPUITYIeHb TU(PY31HHOr0 HAOMMKEHHSI Ta MOYIIMBOTO BIUTMBY KBaHTOBUX e(eKTiB Ha mpoiiec
penakcartii.

1. V. M. Kolomietz, S.V. Lukyanov. Int. Journ. Mod. Phys. E24 (2015) 1550023.
2. V. M. Kolomietz, S. Shlomo. Rep. Prog. Phys. 68 (2004) 1.
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MICROSCOPIC FOLDING POTENTIAL IN FUSION OF 12C + 2C
WITH INCLUSION OF QUARK EFFECTS IN NUCLEI
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The report presents the development of a new method for incorporating quark effects into the microscopic
folding formalism in describing the scattering of light nuclei with the possibility of fusion. The fusion
process is performed on the basis of an understanding of how a compound nucleus is formed during such a
reaction. Note that the inclusion of quarks into the microscopic folding formalism has not been studied yet.

For such a study, the following methods have been developed:

— Synthesis of nuclei in reaction is investigated within the folding approximation of the cluster model,
created by a semi-realistic nucleon-nucleon potential and shell-model description of the internal structure of
interacting nuclei [1-2].

— Characteristics of nucleons in nuclei are changed due to the influence of quarks in nuclei according to
the Quark-meson-coupling model (QMC [3-4]).

— Formation of compound nucleus and fusion are studied with high precision and tests on the basis of
the method of Multiple Internal Reflections.

The following results are obtained:

— Parameters and wave functions of resonance states of Mg are determined in the fusion of two °C
nuclei. This process is studied with the influence of quarks in nuclei (quark effects) and without such
influence.

— In both cases, clear maxima of the probability of formation of the compound nucleus are established.
Such a phenomenon has not been studied taking into account quark effects.

— The difference between quasibound energies in the synthesis of Mg for the folding potential taking
into account quark effects and without those is established.

— Only the first quasibound energies for ?C + '2C are smaller than the barrier maximums. At the first
quasibound energy, the compound nuclear system has a barrier that prevents its decay from going through
the tunneling phenomenon. This is the new excited stable nucleus 2*Mg synthesized in the reaction.

Investigation has shown visible changes in the formation of the compound nucleus in the reaction after
inclusion of quark effects in nuclei. Synthesis of isotopes of Magnesium from isotopes of Carbon is
estimated. All calculations are obtained with comparison to available experimental data.

S.P. Maydanyuk et al. arXiv: 2510.05726 [nucl-th] (2025).
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STUDY OF DARK PHOTONS IN PROTON-NUCLEUS SCATTERING
S. P. Maydanyuk'?, P.-M. Zhang?
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New investigations in the study of dark photons emitted in the process of scattering of protons on nuclei
will be reported in the talk. Dark photons — hypothetical gauge bosons associated with a hidden U(1)
symmetry — represent one of the most actively discussed candidates for mediators of dark matter interactions
with the Standard Model sector. Their experimental detection remains a fundamental challenge of modern
nuclear and particle physics, motivating the development of new theoretical frameworks capable of
predicting observable cross sections and angular distributions. According to the theoretical model proposed
in Ref. [1], it is supposed that such photons can be emitted via an intermediate channel of production of
charged pions in proton-nucleus reactions. These pions subsequently undergo decay with the emission of
dark photons, providing a potentially measurable signal in a kinematic region that is experimentally
accessible at existing and planned accelerator facilities. The coupling constant of dark photons to ordinary
photons (kinetic mixing parameter €) governs the production rate and is constrained by existing data from
beam-dump and collider experiments. To investigate this phenomenon, a new microscopic model has been
developed, which is based on previous investigations and the formalism established in Refs. [2, 3]. The
model incorporates a quantum-mechanical description of the proton-nucleus scattering process, a realistic
treatment of pion production within the nuclear medium, and a subsequent calculation of the dark photon
yield from pion decay. Special attention is paid to the role of nuclear structure effects and Coulomb
distortions in the entrance channel, both of which can significantly modify the predicted spectra. The
theoretical formalism adopted in the present work treats the proton-nucleus interaction within the optical
model framework, employing a complex optical potential that accounts for both elastic and inelastic channels.
Pion production is described using an effective Lagrangian approach that captures the dominant
A(1232)-resonance mechanism, which is known to be the primary source of pion yield at beam energies in
the range of several hundred MeV to a few GeV. The subsequent dark photon yield from charged pion decay
(= — e £ v, A’) is evaluated by integrating over the pion phase space weighted by the appropriate branching
ratio as a function of the kinetic mixing parameter €. The resulting dark photon differential spectra are
obtained as a function of energy and emission angle, providing direct input for the design of detection
strategies at existing fixed-target facilities.

The approach developed here is conceptually related to, yet methodologically distinct from, existing
calculations of ordinary bremsstrahlung emission in proton-nucleus collisions studied in Refs. [2, 3], where
the electromagnetic field of the decelerating proton directly produces photons in the nuclear Coulomb field.
The present pion-mediated channel offers a sensitivity to the dark sector that is complementary to direct
bremsstrahlung searches, since it probes a different kinematic region and is governed by a distinct production
mechanism with its own set of nuclear-structure dependencies. Estimates of the expected signal rates suggest
that, for values of the mixing parameter ¢ in the range 10-*~1073, the dark photon yield per proton-on-target
at beam energies of 1-2 GeV is potentially large enough to be distinguished from the Standard Model
background with modest detector requirements, making this channel practically accessible at proton
accelerators operated for nuclear physics research purposes.

In the report, a short review of the current status of this topic will be presented, including a discussion of
the most relevant experimental constraints and theoretical predictions available in the literature. The model
for the study of this phenomenon will be described in detail, with numerical estimations of the dark photon
production cross sections and their dependence on beam energy and nuclear target. Comparisons with
existing bremsstrahlung calculations and prospects for experimental verification at future facilities will also
be discussed. The results indicate that proton-nucleus scattering may provide a competitive complementary
channel for dark photon searches at intermediate energies.

1. D. Curtin, Y. Kahn, R. Nguyen. Phys. Rev. D 108 (2023) 095039.
2. S.P. Maydanyuk et al. arXiv: 2510.05726 [nucl-th] (2025).
3. S.P. Maydanyuk, V.S. Vasilevsky. Phys. Rev. C108 (2023) 064001; arXiv: 2304.04082 [nucl-th] (2023).
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SPIRAL STRUCTURE AND LOGARITHMIC EVOLUTION OF DEUTERON FORM FACTORS:
EVIDENCE FOR A TRANSITIONAL REGIME IN QCD

I. Yu. Myroshnykoval, Ya. D. Krivenko-Emetov'?

! National Technical University of Ukraine ““Igor Sikorsky Kyiv Polytechnic Institute™, Kyiv, Ukraine
ZInstitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

Elastic electron—deuteron scattering is one of the most informative processes for studying the transition
from the hadronic description of the deuteron to the quark-gluon picture. At large momentum transfers Q?, a

transition from the nucleonic description of the deuteron to perturbative QCD (pQCD) is expected,
accompanied by the dominance of quark degrees of freedom and the logarithmic evolution of scattering
amplitudes [1-3].

In the present work, the deuteron structure functions A(QZ) and B(QZ), differential cross sections, and
tensor polarization observables are investigated, taking into account the hierarchy of helicity amplitudes,
anomalous dimensions of six-quark operators, and two-photon-exchange (TPE) effects. The main goal is to
determine whether the currently available experimental data have already reached the asymptotic QCD
regime or correspond instead to a transitional region between nucleon—-meson and quark—gluon descriptions.

In elastic (ed) scattering, the deuteron electromagnetic current is described by three independent helicity
amplitudes, G,,, G,, and G, . In perturbative QCD, helicity-flip transitions are suppressed by additional

powers of 1/Q , leading to the hierarchy
Gy>G,,>G, .
The leading helicity amplitude is parameterized as:
Q2
G, (Qz) =N, G[2> (Qz)QinM L', L= InF'
Here G, (QZ) is the nucleon dipole form factor, T',, are effective logarithmic exponents associated with

anomalous dimensions, and n,, characterize helicity suppression. After factorization of the nucleon
structure, a residual logarithmic dependence naturally emerges because the reduced deuteron form factor
behaves as a, (Q”)L" . For the helicity channels, the hierarchy

[p=1-¢ I';=118-¢, I',_=136-¢

is considered. The deuteron structure functions are expressed through the electromagnetic form factors:

A(Q7)=G2(Q7)+5ni (Q°)+ 63 (Q7). B(Q?)=3n(L+ )6k (<),

where e n=Q%/(4M])/ . Consequently, A(Q?) is primarily governed by the dominant helicity-conserving

amplitude G,,, whereas B(Q?) is significantly more sensitive to subleading helicity channels and therefore
provides a more stringent test of deviations from the simple asymptotic QCD behavior.

Particular attention is paid to the contribution of two-photon exchange (TPE). Its effect cannot be reduced
to a simple normalization correction; rather, it effectively distorts the helicity structure of the scattering
amplitudes [4, 5]. In the phenomenological description, this effect is incorporated at the level of the structure
functions [6]:

AQ)=A, (Q*)[1+80"(Q*) . B(Q*) =B, (Q*)[1+8"(Q?) ]

To describe the experimental data, three classes of parameterizations were considered: pre-asymptotic,
effective-twist, and modified logarithmic models:
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The model parameters were determined by minimizing a global %, (\chi*2) function simultaneously

incorporating data on A(QZ), B(Qz), differential cross sections, and tensor polarization observables. A

combined optimization procedure employing differential evolution for global minimization and the Powell
algorithm for local refinement was used.
The best overall description of the experimental data is obtained with the f, model, yielding

y*/dof ~ 1.15, whereas the f, and f, parameterizations give larger values of approximately 1.52 and 1.39,

respectively [7]. This indicates that the available data are better described not by a purely asymptotic QCD
framework, but by a pre-asymptotic parameterization incorporating effective multiquark correlations. The
structure function A(Q?) and the reduced differential cross section are described similarly by all models

(Figs. 1 and 2), whereas B(Q?) and, in particular, the tensor observable t21(Q2) exhibit significant
differences between the parameterizations (Figs. 3 and 4).
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The results indicate that the investigated Q? region corresponds to a transitional regime between hadronic
and quark—gluon dynamics. In this region, the helicity-conserving amplitude remains dominant; however,
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subleading helicity channels and TPE corrections have a substantial impact on B(QZ) and polarization

observables. This is consistent with the picture of short-range six-quark configurations and a possible
hidden-color contribution to the deuteron structure.

Particularly promising are future high-precision measurements of t21(Q2) at large Q?, since this

observable is especially sensitive to the underlying dynamical model and to the nature of the transition
toward the asymptotic QCD regime.
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HIGGS BOSON PRODUCTION IN ASSOCIATION WITH A SINGLE TOP QUARK
AS A PROBE OF THE TOP YUKAWA COUPLING

T. V. Obikhod, I. O. Petrenko
Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

The associated production of a Higgs boson with a single top quark (th) constitutes a uniquely sensitive
probe of the magnitude and sign of the top-Higgs Yukawa coupling. Owing to destructive interference between
diagrams involving Higgs couplings to fermions and electroweak gauge bosons, the Standard Model predicts a
strongly suppressed th production rate. Any deviation from this structure, including a sign inversion of the
Yukawa coupling, leads to substantial enhancements in both inclusive cross sections and characteristic
kinematic observables. In this contribution, we present a detailed phenomenological study of thq and twh
production at the LHC, based on Monte Carlo simulations calibrated to ATLAS Run-2 analyses [1].

Higgs boson production in association with a single top quark proceeds primarily through two
electroweak subprocesses: the tHq mode, dominated by t-channel single-top production, and the twh mode,
involving the associated production of a Higgs boson with a top quark and a W boson. A third, s-channel
contribution is numerically negligible at the LHC and is therefore omitted. Two examples of dominant
leading-order (LO) Feynman diagrams for the thg and twh processes, both in the 4FS, are shown in Fig. 1.

g [

Fig. 1. Feynman diagrams for (a) thq
and (b) twh production at LO, [1].

A key aspect of accurate modeling lies in the treatment of bottom quarks in the initial state. In this study,
the thg process is simulated in the four-flavor scheme (4FS), where the bottom quark is treated as massive
and absent from the proton PDFs, while tWH production is modeled in the five-flavor scheme (5FS),
allowing for initial-state bottom quarks. This approach follows established ATLAS practice and minimizes
double counting with related processes such as tth.

Event generation is performed using MadGraph5_aMC@NLO at leading order with MLM jet merging.
Dynamic renormalization and factorization scales are employed, and ATLAS-like selection cuts are applied.
The results of computer modeling with the inclusion of kinematical data and Flavor Schemes are presented
in the Table.

Production cross sections for thg and twh processes

Process Cross-Section (pb) Notes

pp — thq (LO) 0.0015 Basic LO calculation
pp — thq (NLO) 0.028 Basic NLO calculation

pp — thq (4FS, without b) 0.047 LO+MLM at 13 TeV
pp — thq (4FS, without b) 0.056 LO+MLM at 14 TeV
pp — twh (LO) 0.0076 Basic LO calculation

pp — twh (5FS, with b) 0.022 LO+MLM at 13 TeV
pp — twh (5FS, with b) 0.027 LO+MLM at 14 TeV

Under the Standard Model hypothesis (i: = +1), the combined tH production cross section at Vs = 13 TeV
is found to be of order 90 fb at NLO accuracy, with thq providing the dominant contribution. The ATLAS
NLO SM cross section for th (thq + twh) is 89.5 fb (0.0895 pb) [1, 2], while the calculated scaled o(th) is
85.9 fb, i.e., ~4.0 % lower than the SM NLO value, which lies within the quoted QCD scale uncertainties
(+6.5 % / —14.9 %) and PDF+ass uncertainties (+3.7 %).
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In the inverted Yukawa coupling scenario (x: = —1) [3], the destructive interference is converted into a
constructive one, leading to a substantial enhancement of the production rate. At LO+MLM level, the total th
cross section increases by a factor of approximately 4-5 relative to the SM prediction. When extrapolated to
NLO accuracy, this enhancement approaches an order of magnitude, in qualitative agreement with ATLAS
theoretical benchmarks.

Beyond inclusive rates, the kinematic structure of th events provides critical discriminatory power. We
analyze a set of observables commonly used in experimental multivariate analyses, including the scalar sum
of transverse momenta (Hr), transverse momentum spectra of the Higgs boson, top quark, and W boson, the
pseudorapidity distribution of the forward jet, and angular separations between final-state objects.

For the thg process, the presence of a forward light-flavor jet at large pseudorapidity remains a defining
feature, largely insensitive to the sign of the Yukawa coupling (Fig. 2).

10 fb' )

img
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=]
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Events { L

nip,]
Fig. 2. The pseudorapidity distribution 1 of a jet [4].

The Higgs transverse momentum spectrum is dominated by low and intermediate values, with a mild
hardening observed in the inverted coupling scenario. Angular separations between the Higgs boson and the
forward jet peak at large values, reflecting the characteristic t-channel topology.

The associated production of a Higgs boson with a single top quark represents one of the most sensitive
probes of the top—Higgs Yukawa interaction currently accessible at the LHC. Through a detailed simulation
study aligned with ATLAS analyses, we have demonstrated that simplified LO+MLM modeling, when
properly normalized, provides a reliable qualitative description of both inclusive and differential th
observables. The use of the four-flavor scheme for tHq and the five-flavor scheme for twh, together with
dynamic scale choices and ATLAS-motivated selection criteria, allows for a controlled comparison with
experimental measurements. After applying appropriate K-factors to approximate NLO QCD corrections, the
resulting Standard Model prediction for the total th cross section at Vs = 13 TeV is found to be in good
agreement with the NLO theoretical expectation, within the quoted scale and PDF uncertainties.

A central outcome of this study is the explicit demonstration of the dramatic enhancement of the th
production rate under an inverted top Yukawa coupling scenario (k: = —1). In this case, the destructive
interference present in the Standard Model is converted into a constructive one, leading to an increase of the
total cross section by several factors already at LO+MLM level, and by nearly an order of magnitude when
extrapolated to NLO accuracy. Our results qualitatively and quantitatively support the interpretation of the
mild excess reported by ATLAS [1] in terms of scenarios with modified top-Higgs interactions.

ATLAS Collaboration. arXiv:2508.14695 [hep-ex] 2025.

F. Demartin et al. Eur. Phys. J. C 75 (2015) 267; arXiv:1504.00611 [hep-ph] (2015).
T.M.P. Tait, C.-P. Yuan. Phys. Rev. D 63 (2000) 014018; arXiv:hep-ph/0007298 (2000).
T. Obikhod, I. Petrenko. arXiv:2603.03404 [hep-ph] (2026).
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MULTICHANNEL UNITARITY AND THE EFFECTIVE CROSS SECTION OF p + B — 3a:
IMPLICATIONS FOR THE LAWSON CRITERION

S. O. Omelchenko

Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

The reaction p+B — 2C* — 30 (Q=+8.682 MeV) is the leading candidate for aneutronic
thermonuclear fusion without primary neutrons. A precise, effective cross section o34(E) is a prerequisite for
an honest assessment of the Lawson criterion for p + !B plasma devices, including laser-driven experiments
by HB11 Energy [1] and magnetic confinement (LHD) [2].

We demonstrate that single-channel and geometrically motivated descriptions of o3, are fundamentally
incompatible with S-matrix unitarity STS =1, which constrains the total probability flux across all open
channels simultaneously. At E, = 2.65 MeV (J" = 2%, Ex= 18.39 MeV in 12C*), at least 6 channels are open.
The 3a branching ratio BRsu(Er) = 40-43 % [3], not 100 % as in the naive geometric estimate cgeom = TA%Q;
(BR3, = 1), leading to a systematic overestimate by a factor 1/BR;z, =~ 2.3.

A systematic progressive R-matrix analysis is presented (Fig. 1): M2 (1-ch 30) — M3 (+8Be(2%)) — My
(+direct 3a) — Ms (+y) — Ms (+inelastic) — 12-channel model. Each added channel successively improves
¥ and converges toward Sikora & Weller (2016) values [3]. Constructive interference between ®Be(0*) and
8Be(2") pathways is the primary mechanism generating the observed asymmetric o3, lineshape near
2.65 MeV, absent in all single-channel models [4, 5].

p+ 1B - 3a: multichannel R-matrix analysis | Ogen Overestimates os; by 1/BR3q = 2.3

(a) Progressive channel addition: full range (b) Zoom: /"= 2* resonance at E, =2.65 MeV
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Fig. 1. a — All models M>—Mg and 12-channel overlaid: o3(E) [mb] vs energy, with data (Becker 1987 + Stave 2011
[4,5]) and geometric limit cgeom (J* = 2+, BR3, =1, dashed). All multichannel models lie below cgeom (BRs, < 1).
b — Zoom on the 2.65 MeV resonance: M, (dashed, symmetric Lorentzian, cin=0) vs Ms, Ms, 12-ch (asymmetric).
Blue/red shading: constructive/destructive interference zones generated by adding the 8Be(2+) exit channel. The
lineshape asymmetry is absent in M, and cannot be reproduced by any single-channel model.

The constructive interference zone (E < E) enhances 63,(E) by up to 30-60 % in the sub-resonance
region that dominates the Gamow integral at fusion-relevant temperatures T ~ 100-400 keV; the net effect is
a direct improvement of the thermally averaged reactivity <ov>(T) and a corresponding reduction of the
minimum Lawson product: cint(E < E;) > 0 = <ov>3,(Ms) > <ov>34(M2) = (n7)min(Ms) < (0T)min(M2).

The corrected o34 propagates through 63, — <ov>3(T) — (nT)min. The geometric estimate overestimates
the thermally averaged reactivity <ov>3,(T) by a factor of 1.3-2.3 (largest at T < 200 keV). Fig. 2 shows the
resulting minimum Lawson product (nT)min: M2-3.0-102m™s; Ms—-1.7-102 m~s; 12-channel -
1.3:102 m~s [6]. The ratio F= 0.6 = (nt)min(Me)/(nt)min(M2) provides a concrete quantitative correction:
within the J*=2* model hierarchy, F < 1 because constructive interference raises the partial 63,(J* =2%) in M3
vs M.. The physically critical comparison is to the geometric limit (BRs, = 1): the true BR3, = 43 % implies
the geometric estimate overestimates 63, and thereby underestimates (nt)min by a factor ~2.3.
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Lawson criterion: multichannel quantum correction
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Fig. 2. Minimum Lawson product (nt)min(T) [M~3s] for Mx—Ms and the 12-channel extension.
Downward triangles: optimal T*. Dotted: DT reference (=3x10%° m=s). F = 0.6 = (nt)min(Ms)/(nT)min(M2).

The HB11 Energy laser experiment of 2022 [1] recorded a-particle flux ~10%° a/sr— some 4 orders of
magnitude below break-even [6]. Using Ggeom instead of 63,(Ms) widens this gap by a factor F = 1.3-2.3. The
methodology generalizes naturally to d®He, p°Li, *He*He, p’Li.
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BHECOK IIII'MI-AUITOJIBHOI'O PE3OHAHCY B EHEPTETHUYHO 3BAKEHE
MNPABHJIO CYM JJIA E1I-TEPEXOAIB

B. A. IL1oiixo, O. M. I'op6auenko, H. O. PomaHoBcbKMii

Kuiscoxuil nayionanenuti ynisepcumem imeni Tapaca Illesuenka, Kuis, Yxpaina

Ha pi3HOMaHITHI siiepHiI OpOLECH MOXE CYTTEBO BIUIMBAaTH MPUCYTHICTh HU3BKOPO3TALIOBAHOTO
KOJIGKTUBHOT'O CTaHy, a caMe TaK 3BaHOro mirMi-ngunonsHoro pezonancy (IT1JIP) [1-3]. Cepenns moseninka i
neski cuctemMatuku xapakrepuctuk I[1JIP Oynmum Hamm mpoanamizoBani B poGotax [4, 5]. V wiit poGori
pO3MIISIHYTO BHECOK i30BekTopHOTO IIJIP B eHepreTmuno 3Bakene npaBuio cyM (E3IIC) mis mumonsHUX
CICKTPUYHHAX TIEPEXOJIIB y CePeAHIX 1 BaAXKHX aTOMHHUX sIpax 3 HAIJIUIIKOM HEUTpoHiB. [lopiBHIOIOTHCS

pesysbTaTH 3 BHKOPHCTAHHAM aHANITHYHEX BHpasis m1a Buecky IIJP (mi_,(PDR)), y El E3IIC [6]

BIAMOBIMHO 10 1) MOJIeKysipHOTO TIpaBmiia cyMm [7] Ta 2) KiHETHYHOTO DIiBHSHHSA BmacoBa y ¢azoBomy
MIPOCTOPi 3 YMOBOIO A3EPKATBHOTO BIAOWTTS YacTHHOK Bix moBepxHi [8]. [loOymoBaHi crCcTeMAaTHKH IS
E3IIC. Pe3ynpTaTi IOPIBHIOIOTHCS 3 €KCIIEPUMEHTALHUMHI JaHUMH.

3riHO 3 MOJCKYJISPHUM MpaBmwioM cyM [7] BigHomieHHs BHeckiB Bix [1/IP i riraHTCBKOro MTUMOIBHOTO
pe3onancy (I'IP) MmoxHa npecTaBUTH y BUTISI [5]

3 = mill;:l(PDR) _ Z \/E'Arnp . (1)
*“m_(GDR) A-N-I5-Ar /R, R,

je Ar, € TOBLIMHOKW HEUTPOHHOI wiKipu. Jlnsd Hei BUKOPUCTOBYEThCS —mapamerpusamis [S]:
Ar,=0,62-0,22- A®+0,003- A+ (0,47- A - 0.009-A)- | dm, e | =(N-Z)/A, R, =115A" ¢m.
Y nenronepmivHoMy HaOmwkeHHi Ta npu N =Z = A/2 neii Bupa3 Mae BUNISIA: §,, =1,68Ar A3,

ToOTo y Takomy HaOnwxkeHHi BijHomeHHs BHeckiB [1JIP i 'J[P Bu3HA4Ya€eThCS TOJIOBHUM YMHOM BEIIMYHHOIO
Ar. A™® . Tomy cucrematuka BHecky I1JIP B E3TIC BuGupanacs y BUIIS
np

5, =8(Ar, A =5, . )

Axmo Beaxkatu, mo mnoBHe E1 E3IIC cknamaerbest i3 cymm BHeckiB ctaniB ['JIP Ta IIJIP
(mi_, =m;_,(GDR) +m;_, (PDR)), To MaeMo st BixHocHUX BHeckiB ITJIP i I'J[P

— —ml 1 — —
Sp =Sy, = 0i (PDR)/o;, =m_,(PDR)/m;_, =5, / (1+5,,) . 3

Inmmit Bupaz mms BHecky I[IAP y E3IIC ans El mepexonmiB OyB orpumanmii y pobGoti [8] y
KBa3WKJIACHYHOMY HAOJIMKCHHI 3 BUKOPUCTAHHSM KIHETHYHOTO PiBHSHHS BiacoBa y ¢azoBomMy mpocrtopi 3
YMOBOIO I3€PKaJbHOTO BiZOWUTTS YaCTMHOK BiJf HEPYXOMOI MOBEpXHi. Y JENTOAEPMIUHOMY HaOMMKEHHI Ta
mpu N = Z = A/ 2 Take CIiBBiAHOIICHHS Ma€ BUTIIS;

3/2

3/2
s, =S,, =M, (PDR)/m{_, =/2(8r, /R,)" =21(Ar, /R,)", (4)

P

5,=5,,= m;_,(PDR)/m;_,(GDR) = Spol(L—5,,).

w)

[Mapametrpu &, y cucreMaTku (2) Oyau OOYMCIIEHI METOIOM HAaWMEHIINX KBaJpaTiB 3 MiATOHKH IIAM

BHpa30M 3HAaueHb MIKPOCKOIIYHUX PO3PAaXyHKIB, a TaKOX HE3aJICKHO CKCICPUMCHTAIbHUX 3HAYCHb
(BigmoBigHi mocunanHs HaBenaeHO Yy [S]). [Ipu BUKOpHCTaHHI MiKPOCKOMIYHUX PE3yIbTaTiB 0yJI0 OTPUMAHO
Taki 3HaueHHs o = 0,37, y =0,55, a 1y eKCepUMEeHTaNbHUX JaHUX 3 BUKOPUCTAHHSAM MOCTIHHUX MTOXUOOK

oyno orpumano o = 0,37, ¥ =0,78. Tlopisusiaust BHeckiB I1JIP craniB y E1 E3IIC 3a dopmynamu (1)—(4) 3

CKCIICPUMCHTAJIbHUMU JAHUMU IIPEACTABJICHO HA PUCYHKY.
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Iopisusuus sHeckiB [P craunis y E1 E3IIC 3a dgopmynamu (1)—(4) 3 ekcriepuMeHTaIbHUMU JaHUMH. [To3HAYEHHS:

4opHi TOYKH (3 moxmOkamu abo 0e3) — eKCIepUMEHTaNbHI JaHi: pomO ¢ S,, ObuncieHHs 3a GopmyIo0 (1);

A

KBaJpar m_ S,, hopmyna (4); TpUKyTHUK — cucremaruka (2) 3 mapameTpamu 3 MiATOHKH €KCIIePUMEHTAIBHUX

N v . . .
JIAHUX; IEPEBEPHYTHA TPUKYTHUK ~ — CHCTeMaTHKa (2) 3 mapaMeTpamH 3 IMiArOHKH MiKPOCKOTIIYHUX 00YHCIICHb.

Bunano, mo cucrematrka (2) CTAaTHCTHYHO Kpallle OMUCcye nmaHi il BigHomeHnHs BHeckiB [1JIP 1 I'/IP, Hix
anamitTuyni Bupasu (1), (4). Cucremaruka (2), obuucnena 3 mapameTpaMmu 3a MIKPOCKOIMIYHUMH PO3paxyH-
KaMu, 3arajioM Ja€ Bumli 3HadeHHs1 BHecKy I1JIP, Toxi sk 3HaueHHs, 00YMCIIEH] 32 CHCTEMATHKOIO 3 TMapa-
METpaMH 3a eKCIIePUMEHTAILHUMH JIeXKATh HIDKYE.

B.AIL. Ta OM.I. makyrore doumy HDJY 3a gacTKkoBYy MiATPUMKY AocCHimkenb (rpant HOIAY
2023.05/0024 «BupimieHHs cydacHHMX NpoOjeM Ximii, OiomenuiuHH, (Ii3MKH Ta MaTepiajlO3HAaBCTBA 3
BUKOPHUCTaHHSM IICHTPY BUCOKOIIPOAYKTHBHUX OOYUCIICHB 1 MAIIMHHOTO HABYAHHS).
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EHEPTISI CHMETPII HAI'PITOI SIAEPHOI MATEPII

A. L. Canyp

Incmumym adepuux docnioxncenvs HAH YVkpainu, Kuis, Ykpaina

Enepris i30TomiuyHOI CHUMETpii € OZHUM 3 BaXXJIIMBUX EJIEMEHTIB EMIIPHYHOI MacoBoi ¢opmynu berte—
Baiimzekepa [1]. Bona Bu3Hauae TOBHIMHY HEHTPOHHOI IWIKIpW, ITTOJIOXKEHHs JIiHIT OeTa-cTabLIBHOCTI i
HEUTPOHHMHA HAUIMIIOK B SApax, pafiyc HEHTPOHHUX 3ip Ta YMMAJIO BIIACTUBOCTEH OO0’E€KTIB SAEPHOI
¢isnkn Ta acrpodisuku. Emepris cumerpii €, sAepHOI Marepii BH3HAYAECTHCA KOEDILiEHTOM psity

BEIIMYMHU EHEprii Ha YacCTHHKY S(p,T , X) BIIHOCHO TIapaMeTpa HEUTPOH-POTOHHOI acumMeTpii X ,
s(p,T,X)zs(p,T,0)+esme2. Tyr T - Temmeparypa, X =(pn —pp)/p, pP=pP,+pP,, A& p, 1 p, e
TYCTHHU HEHUTPOHIB i MPOTOHIB BiJNOBIAHO, p — 3arajbHa I'yCTHHA HYKJIOHIB. BenmuunHa 8(p,T, X) MOXe
OyTH OTpHMaHa 3 TIEBHOTO (PYHKIIIOHAIY TYCTHHH eHeprii y Habmmkenni Tomaca—Depmi [2]. HezanexHicTs
¢ Bl 3HaKy X 3yMOBIICHA 3apsiI0BOKO CHMETpi€to saepHux cuiL JUis xonoxHoi sepHoi matepii (T =0)
npu TYCTHHI HacHueHHs p =P ~ 0,165 Om® 3HaueHHs €, cTaHOBMTh Ommu3bko 30-35MeB, mio
BiAMoBigae 00’eMHOMY KoedimieHTy i3oTomiunHoi cumeTpii [3] macoBoi dopmymnu. [{ns cTabinmpHUX saep
napamerp acumerpii X =(N—Z)/(N +Z) obuuciroeTses yepes Kiabkicts Helitponis N Ta npotoHis Z i

He nepesuirye 0,25, y Tol Yac sIK BcepearHi HEHTPOHHUX 3ip Iel mapaMeTp MOKe CAraTh 3Ha4eHb OJHM3bKO
0,95 [4]. Xonoana simepHa MaTepis B piIBHOBaYKHOMY CTaHi Ma€ HyJIbOBI 3HAUEHHs TUCKY i €HTPOIIil, TOMY He
Ma€ 3HAYEHHS, AKUH TEPMOJMHAMIYHUN MOTEHIIaN BHKOPUCTOBYBATH JUIs OTPUMAHHsS 3HAYCHHS €,
EHEePTiio, BUIBHY €HEprilo, EHTaJbIIiI0 ado BUIBHY eHeprito ['i60ca. Y BuUmaaky HarpiToi smepHOi Martepii
(T >0) mae ceHc Mopy4 3 €HEpri€r0 CUMETPii €, PO3MVISHYTH TaKOX BUIbHY eHeprito cumerpii f, nHa
ocHOBi ananoriusoro crissigHomenns ¢(p,T,X)~o(p,T,0)+ f, X*, ne ¢(p,T,X) nosmauac BinbHy
CHEPril0 Ha YaCTUHKY. BinbHa eHepris cuMeTpii BayKJIMBa JUIs BUBYCHHS 130TOIMIYHOTO CKEimiHry [5], skuii
BUKOPHUCTOBYEThCS /ISl EKCIIEPUMEHTAIHOTO OTpuManHs 3navens f - [6].

Jlnst oOuncrnenns eneprii cumetpii €, i BibHOT eneprii cumetpii f, Oyno Bukopucrano gyHkIioHan
TYCTUHH €Heprii Juis HyKJIOH-HykJIoHHOT B3aemonii Ckipma KDEOV1 [7] y nabmmxkenni Tomaca— ®epwmi.
Buxonsun 3 BeauuuH d)(p,T,X) Ta g(p,T,X):¢(p,T,X)+Ts(p,T,X), e s(p,T,X) — CHTpOITiS Ha

HYKJIOH, 3HAYCHHA fsy Ta esym OTPUMYIOTHCS TAKMM YMHOM:

m

o _1an
oX? 20X

npu X =0 1)

sym

_1
2

Ta

2 2
o 18 1o T 0w o o
20X 20X 2 0ToX

V cniBBiguomenHsax (1) i (2) p, mo3Hauae i30BeKTOpHMH XiMiuHMH noTeHmian. s posrmsamy edexriB

130CMIHOBOT ACUMETPIi 3py4HO NEPEUTH BiJl HEUTPOHHOTO, W, , I IPOTOHHOTO, W, XIMIYHUX MOTEHUIANIB 10

130CKaJIIPHOTO, W, = (un + pp)/ 2, Ta 130BEKTOPHOTIO, L, = (un - up)/ 2. OcraHHi MalOTh MEBHI BIACTHBOCTI

MapHOCTI CTOCOBHO 3HAaKy IapaMeTpa acuMmeTpii. BHachmimox 3apsimoBoi cHUMeTpii sIIEpHHUX CHII MaeMo

p(pT,=X)=(-1)"p,(p,T,X) 3 1=0 abo 1. sk ummmsae 3 (1), (2), 3HaueHHs €y 1 Ty 3aramom

BU3HAYAKOThCS BIACTMBOCTSMH 130BEKTOPHOTO XiMIYHOTO MOTeHIiany. Pisnuns mix 3Hauennsamu €y, i f

1€, BOYEBH/Ib, BHECOK 32 PaXyHOK €HTPOII1 HarpiToi snepuoi marepii, ey, — f, =Ts  , ne s, — enrponis
cumerpii. [TopiButotoun (1) i (2), Maemo

2 2
1os 1oy
Ssym . 2 — T A
2 0X 2 0ToX

mpu X =0. 3
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[IpoBe/ieHO po3paxyHKH BETMYMH €HEPTii CUMETPIi €, Ta BiIbHOI eneprii cumetpii f , ~ nns cumerpny-

sym
HOI sA/IepHOi MaTepii (X = 0) B Jliana3oHi TemMnepatyp Bix HynboBoi T =0 mo kputuynoi T =T, ~15 MeB.
[Migxputnani crany saepaoi Marepii (T <T,) CynpoBOKYIOTBCS CHIBICHYBaHHSM PIJKOI Ta MapoHoAiOHOT

(a3 3 CyTTEBO BIAMIHHUMH TYCTHHAMHU HYKJIOHIB. PiBHAHHS TepMOAWMHAMIYHOI PIBHOBar", a came pPiBHICTH

TUCKY Ta 130CKaJIIPHOTO XiMi4HOTO MOTEHLiany B pi3HUX (pa3ax (i30BEKTOPHMI XiMIYHMI MOTEHIad TOTOX-

vap

HO HyJIbOBMI 171 060X (a3 npu X =0 ), BU3HAYAIOTH TYCTHHH p =p' 1 piakoi Ta p =p'® a1 maporo-

nibnoi asu. OTke, mpu neBHil TemmepaTypi T 3alexXHi Bil TYCTMHM HYKIOHIB 3HaueHHs €y, f

obuncmoBanucy okpeMo st p'd i p*®, 1m0 € po3B’s3KaMU PiBHAHB PiBHOBATH. Pe3ysbTaTH po3paxyHKiB
IpeCTaBneHo Ha puc. 1. PospaxyHok eHeprii cumeTpii €, 3rigHO 3 (2) moKasaHuii Ha puc. 1 cyninpHOIO
JiHI€I0, MTPUXOBA KPUBA BioOpaxae BiIbHY eHeprito cumetpii f , Binmosinno no (1). Kpusi B HumkHil
YacTUHI puc. | BiINOBiAaI0OTh TEPMOAWHAMIYHIM CTaHaM MapononiOHoi dasu, y BepXHiil YacTHHI — CTaHaM
piakoi ¢asu. 'nku maponoaiOHOT Ta piakoi ¢a3 cXoAsIThes B KPUTHUHIHM ToULi, Ky 300pakeHO KUPHUMU
TOYKaMH Ha CYIUIBHIHN 1 IITPUXOBI# JiHIAX. BiTHOMIEHHS 3HaYeHHS B KPUTUYHIN TOYIT (T = Tcr) 10 3HAYEH-

HsI XOJIOJTHOI MaTepii B TOUII HACHYEHHS (T = O) cra”HoButh 0,63 pis fsym 10,44 nna €ym Y pasi BUKOpUC-

TaHUX 1151 po3paxyHkiB cui Ckipma KDEOvV1. CumBonamu Ha puc. 1 moka3aHo ekcriepuMeHTalbHI 3HAYCHHS

€ym (mycrorimi keanparu) i f_~ (cyuinbmi TpukythHuku) ans wmarpitoi (T ~3-8 MeB) pospimkenoi

(p~0,002-0,006 ®m3) speproi mMarepii, quB [6]. 3 puc. 1 BUaHO, IO CyLiIbHA KPUBA 3arajJoM PO3TaMIO-

BaHa HIKYE MMTPUXOBOI, TOOTO BHECOK CHTPOITi 10 CHEeprii CUMETPii BiJ €MHUH.

T T — T T . i i T 0 — T T T T T T T T T
e KDEOv] - B
3o | DimHHA Tl i N KDEOv1
- T e J . h“\\ :
% ™ H"-\.-\. ’ : 1-\. T -2 - \\'\'\-\. \\\pl'u}ma T
— e Y 1 P \\
e | DR N
. I N, = = oapa e .,
20 12 \
S b1 BT \ \ ’
; L " jl' " f_,.' d :::.r,' . \\.\‘
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Puc. 1. TemneparypHa 3aexkHICTb eHeprii cumeTpii €,

(cyuinpHa KpuBa, muB. (2)) i BUIBHOI eHeprii cuMmeTpii

fym (wrpuxoBa xpusa, jus. (1)). Kpurnunuii cram

MO3HAYEHO JKUPHAMH TOYKAMH HA BiIMOBITHUX KPHBHUX.
IMosznauku “liquid” i “vapour” BKa3ylOTh Ha IPHHAJIENK-
HICTh KPUBHX J0 piakoi i mapomnomioHoi (a3 BiAmoBigHO.
ExcriepuMmenTansi mani 3 [6] 306paxkeHO CHMBOJaMuU
(e, )i A(f

sym sym ) .

Ha puc. 2 300paxeno pisammo ey, — f  =Ts

. SIK 1 BeIMUMHU € f

Puc. 2. Pisuuus Mix eHepriero cumerpii €, 1 BUIbHOI

eneprieto cumerpii f(, , 306paienux Ha puc. 1, 3anexHo

Bix Temnepatypu. [lozmaukm “liquid” i “vapour”
BKa3ylOTh Ha TPHHAJCKHICTh TUIOK KPHBOi J0 PiIKoi i
nmapornoaioHo1 (a3 BiamoBimHo. XXupHa ToYKa BiaNOBimae
KPUTHYHOMY CTaHy. PO3paxyHOK BHMKOHAHO [Uisi CHII
Cxipma KDEOV1 [7] y na6mmkenni Tomaca—Depmi.

MIPEICTABIICHI OKPEMO Ha

sym?  'sym

puc. 1, Bennunna TSy, Mae JABI I'UJIKH, MO BIANOBIAAIOTH PI3HUM CIIBICHYIOUMM (a3aM, MO3HAYECHUM Ha

puc. 2 mo3Haukamu “‘vapour” (mapomnoaiona ¢asa) i “liquid” (pigka ¢aza) nopyd 3 BiIIOBITHHMH TiJIKaMu,
110 CXOIATHCS B KPUTUUHIM To4Ili (KUPHA TOYKA HA PUCYHKY). 3 puC. 2 6a4MMO, IO €HTPOIIis CUMETPIi S,

BiJI’€MHA B yCbOMY BiZI0OpakeHOMY AiarnasoHi temmeparyp. Kpim Toro 3asHauumo, mo enuuuna TSy, Ha
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rini naponofiOHoi (asu npubNIM3HO NiHiMHA Maibke 10 KPUTUYHOI TOYKM 3 Haxuiuom S . ~-1/2

HE3aJIeKHO Bl TYCTUHH HYKIOHIB 1 Temmeparypu. Omxe, Buxoasuun 3 (3) maemo mpu X =0:
0%/ 0X? »—1=0%,, 1 0X*, me Sy =Spy(X) — HesalexHa Bil T'yCTHHH YacTHHOK i TeMIepaTypu

EHTPOITiS 3MIITYBaHHSI 11€aTLHOTO Ta3y.
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EFFECTIVE VERTEXES IN MAGNETIZED QUARK-GLUON PLASMA

V. V. Skalozub

Oles Honchar Dnipro National University, Dnipro, Ukraine

In quark-gluon plasma (QGP), at high temperatures T, the spontaneous generation of color magnetic
fields, b*(T), b®(T)=0 (3, 8 are color indexes), and the usual magnetic field b(T)=0 happens. Also, the

Polyakov loop is related to it the A,(T) condensate, which is solution to Yang-Mills imaginary time

equations, create.
Recently [1], with the new type two-loop effective potential, which generalizes the known integral
representation for the Bernoulli polynomials and takes into consideration the magnetic background, these

effects were derived. The corresponding effective potential W(T,bs,bs,b, A)) was calculated either in

SU (2) gluodynamics or full quantum chromodynamics (QCD). The values of magnetic field strengths at

different temperatures were calculated, and the mechanism for stabilizing the background due to A, (T) was

also discovered [2].
In the present talk, we concentrate on the one-loop quark contributions [2]. In particular, we derive the
effective vertexes, which couple magnetic fields and A,. The vertexes result in new specific effects

signalling the creation of QGP in heavy ion collision experiments.

1. M. Bordag, V. Skalozub. Eur. Phys. J. C. 82:390 (2022).
2. V. Skalozub. arXiv:2603.05248 [hep-ph] (2026).
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ROTATING NEUTRON STARS
WITHIN THE DEFORMED EFFECTIVE SURFACE APPROXIMATION

A. A. Uleiev!, A. G. Magner?, S. N. Fedotkin?, S. P. Maydanyuk®?, A. Bonasera®, H. Zheng?*,
A. 1. Levon?, U. V. Grygoriev!, T. Depastas®

YInstitute for Nuclear Research, National Academy of Sciences, Kyiv, Ukraine
2 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China
3 Cyclotron Institute, Texas A&M University, Texas, USA
4School of Physics and Information Technology, Shaanxi Normal University, Xi’an, China

In this report, we present the macroscopic model for neutron stars (NSs) described as a perfect cold finite
fluid system at equilibrium within the Tolman—Oppenheimer—\Volkoff (TOV) assumptions modified by the
Kerr and Hartle&Thorne results for a slow azimuthal angular frequency @ around the symmetry axis [1].
We take into account the NS surface deformation within the leptodermic approximation a/R <1, where a
is an NS crust thickness, and R is its mean finite effective radius. Introducing the dimensionless frequency,
o~Q/M =~1/M?, where Q is the Kerr rotational parameter, | is the NS angular momentum, and M is
its mass (c =G = 1) , one can use the linear perturbation approach, m <1, to derive the GRT Kerr metric in

the spherical coordinates outside r > R and inside r < R of the NS. The spacetime interval is written as
ds® = e'dt® — 21Qsin*0dtdp — e*dr?® — r’d6* — r’sin®0d ¢?, (1)

where v(r) and x(r) are the Schwarzschild metric functions at the zero order over o. Therefore, one
obtains t=X(x)Y(0), where Y (6)=F(a,p;2;w)is the hypergeometric function of the following

arguments: a=[3—1/9—q]/2, [3=[3+ﬂ/9—q]/2,w=cosz(elz), and q is the separation variable

constant. Here, x=r/Rg for r<R and Ry =(3/8np0)1/2 is the Schwarzschild radius, p, is the inner
statistically averaged mass density larger than or of the order of that for nuclear matter, and x=r/r, for
r>R, where r,=2M s the gravitational radius. For the leading outer solution (r>R), one obtains

Xout(x) = x(wm)/2 up to terms of relatively smaller order of 1/x for q<2. For large x, one has the

Boyer&L indquist limit r, /r. For the inner solution (r < R ), one obtains approximately X (x) =cJ, (\/gx)

where J  is the Bessel function with the index p:(9—4q—6R2/R§)m. The constant

c = Xout(Rleg)/Jp(\/gR/ RS) is determined by the boundary condition at r=R, r,/R~R?*/R?. The

surface gradient terms are taken into account through the energy density s(p) =p+C (Vp)2 , where C isthe

interparticle interaction constant for the macroscopic equation of state (EoS) in the Extended Thomas Fermi
(ETF) approach, but accounting for a strong gravitation. This constant, including also a gravitational field

beyond the nuclear forces, is related to the leptodermic parameter by a/R = (CpOK)m, where K is the total

nuclear-gravitational incompressibility [1].
The angular momentum | and the moment of inertia (MI), ® =dl /dw, are macroscopically calculated

in the adiabatic o <1 approximation. The adiabatic MI can be expressed as © =@,, /(1—®t(p) in terms of

the statistically averaged ®,,, and the correlation ®,, contributions by involving the time-angle t,¢

gravitational coupling (see (1)). The correlation term ©®,, becomes significant for a strong NS gravity, in
contrast to the statistically averaged M1 ©,, neglecting t,¢ correlations. The Ml contributions ®,, and ©,,
are the sums of the volume and surface components obtained through the ETF energy density s(p),
0,=0, +0, (i=av,te), and for the total energy, one has E = Ia(p)dv =E, + E, where the subscript V
shows the NS volume contribution (E, «<V ), and S means the NS surface area (E; =oS, where
o «c ap,KJ (R) is the tension coefficient, and J (R):l/(l— R*/R? )1/2 is the Jacobian J (r) for the radial

variable transformation through the NS surface at r = R).
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Analytical and numerical calculations for the MI ® in spherical units, O = 2MR?/5,
and their statistically averaged (*“ av ), correlational (*te ), and volume (“V ) contributions.

Fig. 1 shows the comparison of the full analytical (“an”) and numerical (“num”) NS MI, and its volume
(V) contributions as well as their statistical (©,,) and correlational Ml (®,,) parts for an NS with its
deformed surface as functions of the effective radius variable R in units of R;, R/R;. In these calculations,
the dimensionless incompressibility « = K /12m =10, where m is the test particle mass, for a strong gravity
(x =2 for the small gravity case), and for a small leptodermic parameter, a/R =0.08, are used. For small
NS surface deformations, one can approximate them by spheroidal shapes with the focus distance f in units
of the radius R givenby f /R =(a—b)/ R=0.1 where a and b are the spheroid semi-axes. For example,
the separation constant value for the symmetry breaking is given by =1. The correlation contribution ®,, to
the MI has a minimum at R/R; ~0.3. The ©,, is increased asymptotically with further increase of R/R;.

As the main result, one obtains the rotational constraints, R, <R <R, <R, from both sides because of the
two poles at R, /R =0.015 and R, /R, =~ 0.82 of the total MI ® (red solid) with accounting for the surface
contribution, and due to a strong gravity. For q <0, in particular for the spherically symmetric q=0 case,
R, =0. The gravitational effect is strong because of the correlation and surface contributions for the

incompressibility values of the order of or larger than « =10. A large surface contribution can be seen from
the figure, cf. black and thin blue solid curves.

As perspectives, our analytical macroscopic approach can be generalized to the asymmetric deformed
rotating systems, including the isotopic two-component symmetry energy into EoS like for neutrons and
protons in nuclei. We are also planning to derive the rotational corrections to the TOV equations for the
pressure calculations through the NS surface.

1. A.G. Magner et al. arXiv: 2509.13129 [gr-gc] (2025). Nucl. Phys. At. Energy 27(1) (2026) 5. Submitted to the J.
Phys. G (2025).
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OIIMC B3AEMO/III I30TOINIB KAPBOHY ITPA EHEPTTI 93 MeB
3 BUKOPUCTAHHSAM EHEPIT'ETUYHO 3AJIEXKHUX OIITUYHUX IIOTEHIIAJIIB

L. I. Beprereal, B. B. Yaemenxkol, C. F0. Mexesnul, K. Kemnep?, (0. A. lonkparenxo’], K. Pycex?,
A. A. Pymunx?, 0. M. Crenanenko?’, A. Tmincka?, 10. O. llupmal
Y Inemumym aoepuux oocniosceny HAH Yrpainu, Kuis, Yxpaina

2 [labopamopis eadickux ionie Bapwascvrozo yrisepcumemy, Bapwaea, Ionvwa
3 Vuisepcumem wimamy @nopuoa, Tarnaxacci, CLIA

Ha croromnimHii JeHb MOTEHITIAT SIPO-IASPHOI B3aEMOII1 IIe HE MOXe OyTH TOYHO 1 OJHO3HAYHO PO3-
pPaxoBaHUM 3 MEPIIUX NPUHIUMIIB. TpagumiiHuM € GeHOMEHOIOITUHUH MiAXI, KOJU MapaMeTPH ONTHUHOTO
MOTEHIIa]ly BU3HAYAIOTHCS 3 aHaJli3y eKCIIEPUMEHTAJIbHUX JAaHUX AJIsl B3a€MOil BU3HAYEHOT mapu siAep Npu
BH3HAYCHIN €Heprii, Imepir 3a Bce MUQEPEHIIATEHAX TTepepi3iB MPYKHOTO PO3CISTHHS. Y TOH caMmuil 4ac IJis
BCTAHOBJICHHS CHCTEMATHYHUX 3aJIC)KHOCTEH MapaMeTpiB MOTCHINAIB BiJl €HEPTii Ta BiJl Mac B3a€MOIIFOTHX
saep HeoOXiJHO MPOBOJUTH aHAJi3 BETMKMX MACHBIB JaHUX Y PaMKax OJHOTO MiIXOAY, a TaKOXK IepeBipKU
BUSIBJIICHUX 3AJIEKHOCTEH Y HOBUX €KCIIEPUMEHTAX.

ExcriepMeHTabHI aHi 3 IPY>KHOTO PO3CISHHS, a TAKOX OAHOHSHTPOHHOT Hepeaayl mpyu B3aEMOIIT 10HIB
BC 3 igewrnunumu sapamu BC npu eweprii myuxa 93 MeB Oynu momipsi Ha muknotponi C-200P
BapmaBcekoro yHiBepcuTeTy (BapTO 3a3HAUMTH, IO EHEPris 3iTKHEHHS IMiCis 3pOOJICHHX MOIEpeaHix
moBimomiens [1,2] Oyma yrouHeHa). AHalli3 JaHHUX Y paMKaxX ONTHYHOI MOZETi Ta METOAY 3B’S3aHHMX
KaHaTIB peakiliii BHKOHYBABCS 3 BUKOPUCTAHHSIM JIBOX THITIB IMOTEHITIANIB: 00’ eMHOTO (hopM-(haKkTOpa THITY
Bynca—Cakcona (WS), a Takox onepToro Ha moTeHIian noxasiiiHol 3roptku (DF) 3 mpsiMoro i oOMiHHOO
KOMITOHEHTaMH 3 HOPMYBJILHIUMH 1 MACIITAOHUMH MHOXXHUKaMU JUIS AIMCHOI Ta YSIBHOT YaCTHH.

U (1) = NgtaVor (tr) +i-N,tVo (1,7). (1)

3 ormsgy Ha BiACYTHICTh €KCIIEPMMEHTAIBHMX HaHMX npo B3aemomiro °C + °C npu emeprisx suime
50 MeB, BianmpaBHOIO TOYKOIO I OTPUMAHHS MapaMeTpiB MOTEHILIaNiB CTAJI0 BUBYCHHS B3a€MOAI] 1HIIMX
nap izoromis kapbony ?C + ¥C Ta 2C + 2C. Enepretmuno 3anexsuii WS-noTeHmian s B3acMoii B
cucremi ?C + 12C, sanpononoBanuii y po6oti [3], BUKOPHCTAHO /IS aHAJi3y BJIACHHUX i OMYOIiKOBAHHX Y
JiTEpaTypi €KCIEPUMEHTANBHMX JaHWX 3 TNpykHOro poscisuus 2C+2C B inTepBanmi eHeprii
Ec,n =28,8+66,14 MeB. BusBunoch, 10 JaHa mapaMeTpu3alis Mmicis 000B’S3KOBOrO BpaxyBaHHS 3MiH
TEOMETPHYHAX PO3MIpiB B3a€MOMIIOUHX SIEp, IO BUpakKaeThcs y MHOXKHHMKY AL+ AY* mig mapamerpa
paaiyca, BUMarae JOCHTh HE3HAYHMX 3MiH IS 3a0OBUIBHOrO omucy AaHuX. [licnms mporo Taka, TpIilIKu
CKOpUIoBaHa, TapaMeTpH3allisi Oyja 3aCTOCOBaHa JUISl OMUCY JaHUX NpYXHOro poscisuus 2C + BC mpu
eHeprii Eus = 93 MeB. BusiBuiiocs, 110 HENOraHHH OMKMC JaHUX JOCATAE€THCS 30BCIM 0€3 3MiH MmapaMmeTpiB
CHEPreTUYHO-3aJICKHOTO TIOTEHIIiany (PUCYHOK).
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JHudepenniansanii nepepis npysxuoro poscisans C + 3C npu eneprii E,.. = 93 MeB.

43



IToxiOHUM YHMHOM €HEpreTHYHa 3ajJeXHiCTh mapamerpiB DF-motenmiany (1) Bu3Hauamacs 3 aHamizy
poscisaasg ?C + 3C, a notim nmapamerpu, Bignosigai eneprii 93 MeB, Gys0 migctasineno y ¢popmyiy (1) 3
rycrunamu saep BC + B3C. V upomy Bunaaky pe3ynbTaT BUSBMBCS JELIO TipIIMM, IPOTE HE3HAUHA KOPEKIIis
napameTpiB Jana 3MOTY JOCSTTH MOPIBHAHHOI SIKOCT OMUCY EKCIEPUMEHTAIbHUX JaHUX Y TepenHiii obmacti
KyTiB 0 < 40-50° (auB. pUCYHOK).

Otpumani moTeHniany 060X TUIIB OyJIM TaKOXk 3aCTOCOBaHi 10 ommcy Biaemonii 2C + C y Buxigaomy
kaHam peakuii nepemadi Heiitpona PC(RBC,MC)C y pamkax MeTomy 3B’s3aHMX KaHAIiB peakiii, i
pe3yJIbTaT BUABUCS 33/I0BUIBHUM y 000X BHITQAKAX.

Tak¥M YMHOM MOKHA IiTH BHCHOBKY, mo B3aemomis saep °C 3 sapamu C npu eneprii 93 MeB, a
Takok B3aemosis B cuctemi ?C + C npu naniii eHeprii 3a0BiIbHO OMKUCYETHCS EHEPrETHYHO 3AIEKHUMU
NOTEHIIaaMK, MOOYI0BaHUMH JUISl ONUCY JaHUX PO3CISHHS y cucTeMi Onu3bkux izoromis 2C + ¥C y
miamaszoHi eHepriii 55 + 130 MeB. Macosa 3a5exkHicTh HOTEHIialy B3aeMoJii i30Tomis kapoony 21314C y

pizHuX KoMOiHauisx mpu eHeprii 93MeB 3arangom onmcyeThCsi TeOMETPHYHIM MHOKHUKOM A,l,/3 +A” e

BMMarae J0JaTKOBOi BHOI 3aJeKHOCTI mapameTpis. Ilepesipka omucy B3aemonii B cuctemax °C + BC Ta
12C+¥C ppu iHmMX 3HAYEHHAX €HEprii 3 JAHOrO Jiala3oHy BHMarac IIPOBEIEHHS BiJIOBIIHHX
eKCIIEpUMEHTAIILHUX BUMIPIOBaHb.

1. LI Beprerexn ta in. Y kH.: XXXI mopiuna HaykoBa koH(pepenuis [ncruryty sinepaux gociimkens HAH Ykpainu.
Amnorarii o gonosineit. Kuis, 27-31 tpaBus 2024 poky (Kuis, 2024) c. 52.

2. O.A. Ponkratenko et al. In: International Conference “Nuclear Physics in Transcarpathia” (to the 55th anniversary of
the Department of Photonuclear Processes of the IEP of the NAS of Ukraine). Proceedings of the Scientific Works
of the Conference. Uzhhorod, May 21-23, 2024 (Uzhhorod, 204) p. 151.

3. M.E. Brandan et al. Phys. Rev. C 41 (1990) 1520.
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DEVELOPMENT OF ARADIATION MONITORING SYSTEM FOR THE CBM EXPERIMENT

I. Voronetskyil?, V. Pugatch?, D. Ramazanov?, O. Kshyvanskyi!, S. Chernyshenko?, V. Kyvat!

LInstitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2 Taras Shevchenko National University of Kyiv, Kyiv, Ukraine

This work is carried out as part of the preparations for the launch of the Compressed Baryonic Matter
(CBM) experiment, which is designed to explore the Quantum Chromodynamics (QCD) phase diagram in
regions of extreme baryon densities and low temperatures [1]. To achieve the required statistical precision for
observing rare probes, the experiment will operate at a nuclear interaction rate of up to 10 MHz. Such high-
intensity environments impose significant radiation loads on detector components, making real-time monitor-
ing of beam stability and the radiation environment a task of paramount importance for the experiment's dura-
tion and data quality. To address this task, the department of high energy physics of the Institute for Nuclear
Research, National Academy of Sciences of Ukraine proposed creating a new radiation monitoring system
(RMS-CBM) based on the proven technology of the RMS-R3 system currently operating at the LHCb experi-
ment (CERN) [2]. The base configuration of the system uses metal foil detectors (MFD), which operate on the
principle of secondary electron emission (SEE) [3].

To theoretically validate the concept, comprehensive modelling was conducted using FLUKA and LTspice
packages [4]. FLUKA Monte Carlo simulations investigated the sensor's response to photon radiation and the
transition from laboratory air conditions to the experiment's vacuum environment. The simulation results
demonstrated the asymmetric nature of secondary electron emission in the air medium. Furthermore, reducing
the gap between components compared to the RMS-R3 design led to a noticeable reduction in background
noise. The electronic readout chain was modelled in LTspice to assess the baseline hardware noise level [4].
By modelling the registration of the induced signal and the noise spectral density, it was demonstrated that the
system’s equivalent noise charge (ENC) remains at approximately 1000 electrons. This result fully satisfies
the strict standards for CBM-sensitive detector systems and ensures that the physical signal remains clearly
distinguishable from the hardware noise.

Comprehensive laboratory tests of the manufactured physical prototype were also conducted. Analysis of
the voltage-response (V-R) characteristic showed that the system reaches a saturation plateau at an operating
voltage of 5 V. This rapid saturation is a direct consequence of the ultra-compact geometry, which prevents the
accumulation of background electrons from ionized air. Long-term stability measurements conducted in an
isolated, grounded environment showed that the standard deviation of the baseline frequency does not exceed
3.4 Hz. Current results demonstrate significant potential for the RMS-CBM prototype, providing a solid foun-
dation for further improvements aimed at its eventual installation as a permanent monitoring complex in the
CBM experiment.

=

K. Agarwal (for the CBM Collaboration). Phys. Scr. 98 (2023) 034006.

2. LHCb Collaboration. Framework TDR for the LHCb Upgrade: Technical Design Report. CERN-LHCC-2012-007;
LHCB-TDR-012 (Geneva, CERN, 2012).

3. V. Pugatch et al. Nucl. Instrum. Methods A 535(1-2) (2004) 566.

4. 0.0. Kshyvanskyi, V.M. Pugach, M. A. Teklishyn. Science and Technology Today 13(54) (2025) 2744.
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OHOBJIEHHS CAUTY YKPATHCHKOTI'O IEHTPY SAJAEPHUX JAHUX

0. O. I'punaii

Incmumym adepuux docnioxncenvs HAH YVkpainu, Kuis, Ykpaina

Hapasi y cBiti ¢pyHKIiOHYIOTH 13 HEeHTpiB AaepHUX HaHUX [1, 2], oqHUM 3 SKHX € YKpaiHCBKHH LEHTP
saepuux ganux (YipLST) [3]. 3 1998 p. BiH BXOAWUTH M0 Mepexi HeHTpiB saepuux nanux MAT'ATE,
OCHOBHHUM 3aBJaHHIM SIKOTO € KOMIIUIALIS €KCTIEPUMEHTATBHUX SIEPHUX JAHUX, OTPUMAaHUX YKPaiHCBKUMHU
BUeHUMH, Ta niepenava ix qo Cekuii snepaux nanux MAI'ATE s momansiioro BHECEHHsI 10 MIXKHAPOTHOT
0a3u excrepUMeHTaNbHUX AaHuX 3 sepHux peakiii EXFOR [4]. Kpim uporo nanpsmy aisuibrocti, YKpI[SIJI
3abe3nedye iHGOPMAIIHHY MATPUMKY 3aIIUTIB YKPATHCHKUX YUCHUX MO0 SASPHUX AAHUX, CIPUSIE OOMIiHY
Ta BUKOPHUCTAHHIO SACPHO-(PI3MYHUX MAaHUX 1 MPOTPaMHUX KOMIDIEKCIB, PO3POOJICHIX CBITOBOIO HAYKOBOIO
CHUTBHOTOI0 Ta YKpailHCBKMMH BUCHHMH, & TaKOX 3[IMCHIOE MiATOTOBKY CTYIEHTIB CTapIIMX KYpCiB i
acmipanTiB [HeTUTyTY simepHuX nociimkens HAH Ykpainn 10 BUKOpPHUCTaHHS Cyd9acHUX 0a3 saepHO-(i3uIHOT
iHpopMaIii Ta NPOrpaMHUX KOMIUIEKCIB Ui PO3B’si3aHHS (PYyHIAMEHTAIbHHUX 1 MNPUKIAIHUX 3ajad.
OyHKIIOHYBaHHS, PO3BUTOK Ta CUCTEMAaTUYHE OHOBIICHHS caiity YkplISJl nae 3smMory BupimryBaTH 1mi 3aaadi
HaOIbII ONTUMATBHUM YMHOM. Y JIOTIOBiJli OCHOBHY yBary MpHIiJIEeHO CTOPiHKaM caiiTy, ki OyJo CyTTeBO
OHOBJICHO TOPIBHSHO 3 IOMEPEIHbOI BepCi€ro. 3MIHM Ha T'OJIOBHIM CTOPIHI € HE3HAYHHMH, MPOTE BOHHU
CTOCYIOTBCSI KOHTAaKTHOI iHpopmauii (puc. 1).

v hieia e

English version

Yupau-lchuuu UeHTp AnepHux OaHnx (VKPLIHJ:H 6yno 3acHoBaHo y 1996 poui fik Niapo3ain Bianiny HeMTPOHHOI (hi3UKN B IHCTUTYTI ANEPHNX AOCHiMKeHb HauioHanbHOT
A i Hayk Ykpainu, m. Kuis, Ykp 2 31998 poky YKPLIAL Bx0nuTEL A0 Mepexi LieHTpiB AAepHUX [aHWX, WO NpauoTh nia erigolo MATATE.

FonoBHi Hanpsamku AiAnsHocTi YKPL[S!JJ,

IndpopmaLiivia ninTpUMMKa 3anuTiB Ha AaepHi aaHi

Komninadia ekcnepyMeHTanbHUX AaHUX, OTPUMaHWUX YKpaiHCLKUMH B‘ieHHMM, ‘npeacTaBneHHn ix y copmarti EXFOR Ans BKNOYeHHA A0 CBiTOBOro GaHky
eKcnepuMeHTanbHIX aaHnx CSISRSIEXFOR

HapanHs nocnyr B OTPUMaHHI AflePHUX OAHWX KOPUCTYBa4yaMm B YKpaiHi

Honomora B nigrorosui 6ararorpynosux 6idniotek Ans noTped AoepHUX TEXHONOTIN B YKpaiHi

PoanoBcoaXeHHA KOMMT IOTEPHUX NMporpam Ans ¢y AnLHWX i np IX po3paxyHKis

MicueaHaxo,u,meH H4A | Ak noTpanuTi Ao Haworo IHCTUTYTY Ta LieHTpy

Beski BubpaHi BibnioTekn excnef TanbHUX Ta oLl p
Basu faHux A
DMpaM n Komn'toTepHi nporpamuy AnA po6oTy 3 AASPHUMN faHUMU
Bupanua 1a IHgpopMaLLis Npo thaxoBi BUAAHHS, iHhopMaLiiHi 6roneTHi 0CHOBHMX

I'IOBI,EI,OMJ'IEHHFI LeHTpiB, KoHrepeHUiTl

|HLL]i CanTu Anpecu ocHOBHMX LIeHTpIB Ta iHILi KOPUCHI agpecH

KonmakmHa adpeca:

I put;au Onena OnexcaHopisHa
Ykpai (IR @aHux, IHcmumym sdepHux docnioxens HAH Ykpaitu -
npacneicm Hayxu, 47, Kute, Y.lepama, 03028 Ten.: +380 99 622 7484, +380 67 932 7005 ®aicc: 380 44 525 4453

Puc. 1. TonoBHa cropinka caiity YkpLISJ] https://ukrndc.kinr.kyiv.ua/.

Cropinka caiity «ba3u JaHuX» OHOBJIEHA JOCTATHBO CYTTEBO — JOAAHO 5 HAHOLIBLI cydacHUX 0i0aioTeK
ominenux saepuux ganux (bBOSJ]), mociouuk 3 ENDF ¢opmary 3a penmakmiero []. BpayHa ta oHOBIEHO
nocionuk 3 ENDF ¢opmary 3a penmakuiero O. I'pumaii (puc. 2). Takox 3aMicTh MONepenHbOi Bepcil
no3uMeTpuuHoi 0i0mioTekn HamaHo moctyn Ao cydacHoi 6ibmiorexku IRDFF-II, mpuuomy opranizoBaHO
IIOCTYTI IO KOXKHOTO (paimy-maTepiany 3a Ha3Bowo Marepiany. Lle morpebyBamo HamucaHHS JOMOMDKHOI
HPOrPaMH.

CyrTeBuX 3MiH 3a3Hana i cropinka «[Iporpamm» (puc. 3). [TonepenHio Bepcito MPOrpaMHOro KOMILIEKCY
PREPRO-2015 6yno 3amineno HoBoto Bepcieto PREPRO-2023. IMporpamu LINEAR, RECENT, SIGMAL,
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GROUPI, MIXER, 1o BuctasiieHi Ha caiiti YKpLIS/], Oyo mepeBipeHo 3a 3araIbHONPUHHATAME ITpaBUIaMU
BepHdiKallii TaKUX IIPOrpam.

mmm

S ’ '  BASMAAHUX 5 e e

¥ ,ﬂosinnuqox 3

ENDF/B 6ibniotexu

bibniotekun

‘ EXFOR H ENSDF H Creyianisosani H CINDA ‘

[oBiaHWYOK 3 BracTUBOCTEN ﬂ,qep (Nuclear Wallet Cards) (soceme Buﬂauun 2011) s PDE qmpman B
html chopmarti {cant HLUAA, CLUA) b ;

B m‘:om‘y no‘BigHuqx'y npeacrTasneHo Bw.ﬁpaﬁi BnacmaocTi‘Bcix-Bino’mix HyKniais T'a i30MepHUX CTaHiB. i

ENDF/B 6|6n|0're|m Ta I'IOCIGHHK 3 ENDF qaopmaTy

; I-!auuomu.n Bepcu hbannie ouiHeRnX AfepHUX AaHux (B Tuny) 3 ninbibniorek HeVITpOHIB (nigbi6nioTeka m.n Ne10), a Takox not:lGHm( 3
ENDF copmaty ana ®ainis 1, 2 1a 3 ynpamcaxom MoBoOI0 (3 nesknmmn NOACHEHHAMY Ta npmmanaMln) Ta noaﬂl.m TeKeT tlomﬁum(a
I aurmm:bxmo (nig pe;;am.[leio .El BpayHa).

| [ENDF/B-VIl1 (CLUA,|[ JEFF-3.2 (Espona, || JENDL-4.0 (F!nm-lm, ROSFOND-2010 CENDL-3.1 (Kutai,
2011) 2014) 2012) (Pocig, 2010) 2009)

‘ENDFIB-VIII,T (CLIJA,H JEFF-4.0 (EBpona, ‘ JENDL-5 (AnoHis, H BROND-3.1 (Pocis, H CENDL-3.2 (Kutan,

NOCIEHUK (1-3
thannu)

ENDF ¢2hmaT }

2024) 2025) 2021) 2017) 2020) (anrn.)
CneuianizoBaHi 6i6ni0'r'e|c'u

Crleulamaonam 6i6nioTekn Aﬂﬂ sagau nosuuefpu

| “IRDEE- 1|(2020) I JENDL/D-99 I RRDF-98 i “NEFGRD ki

Puc. 2. Yactuna cropinku caiity YrpL[SJl «bazu nanux».

Taxox OyJ0 OHOBIIEHO BCi 7 HaIIMX Hporpam 3 nporpamuoro komiuiekcy AUX-2026. HaitOinpmmix 3MiH
3a3Haia nporpama PD-ORI, npusHaueHa ajis mogaHHs pe3yibTaTiB po3paxyHKiB y popmari PENDF y Burisiai
Ne, eneprisi, mepepi3. Take mogaHHS MOJICTIIYE BidyadbHE CIIPHUHHATTS AaHUX 1 3a0e3Medye MOKIUBICTH 1X
rpagiqHOro BigoOpaskeHHS.

vinion e

ITIPOTPAMHU

PREPRO-2023 AUX-2026 FILTER

i _\Imuea.ﬂaxo:l_.kenun || Bazu n1aEHx ‘ | Ilpo ]JEIMK ‘ LBHJ]SHHS{ Ta uoaummeﬂm{ l Immi caiiTh

Puc. 3. Yactuna cropinku caiity YkpL{SJl «IIporpamu».

N. Otuka et al. Nucl. Data Sheets 120(2014) 272.
https://www-nds.iaea.org/nrdc/
https://ukrndc.kinr.kyiv.ua/
https://www-nds.iaea.org/exfor/exfor.htm
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JOCJIIXKEHHS BUXOJY ¢Cu B (y, p)-PEAKIII IIPU TPAHUYHIN EHEPITI 19 MeB

B. O. Kearono:xkcbkuii, . €. Musnikos, A. M. CaBpacos, B. 1. Ciicenko

Incmumym adepuux docniosncenvs HAH Ykpainu, Kuis, Ykpaina

JIOMIHYIOYOIO TCHJICHITIEIO B PO3BUTKY SACPHOT METUIIMHU € ITUPOKE BUKOPUCTAHHS pajgiodapMareBTHy-
HUX TIperapariB, IO MICTATh PagiOaKTHUBHI MeTanu. Po3poOka pamiodapMaIeBTUYHHX IpEnaparis, IO
TTOETHYIOTh IaTHOCTHYHI Ta TepaneBTHYHI (YHKIII B OJHOMY IMpernapaTi € 0ocoO0IMBO aKkTyaiabHO. Takuit
Ii/IXiT HA3MBAETHCSA TEPATHOCTHKOKO. J{0 UX pagionykiais Hanexuts *'CU, SKuil po3MafacTbCs 3 BUIPOMi-
HIOBaHHSM Y-KBaHTIB, TIepeBayKHO 3 eHeprieto 185 keB Ta enexTpoHiB i3 cepennaboro eHeprieto 141 keB [1] 1
BUKOPHUCTOBYETHCS IPH IarHOCTHIII Ta JIKyBaHHI paKy.

Edexrusnicts suep ©’CU € 3HauHOI0 BHACIINOK 3pyuHOro mepiomy Hamisposnany (Tiz = 61,8 ron) i cam
Ipenapar € BiHOCHO Oe3NeYHuM, OCKLIbKH sapa ®'Zn, na sxwmii posnamaetsbes ’CU MBUIKO BUBOAATHCS 3
opranizmy i3 ce4oBuHON0. OCHOBHHM croco6oM orpumanHs ®’CU Hapasi € ONPOMIHEHHsS IPOTOHAMH
€JIEKTPOJIITUMHO HAHECEHOr0 LMHKY, 30araueHoro izoromamu ®Zn i 7°Zn, ma nmiHifHMX i HMKIIYHEX
npHcKoproBauax y peakuisx °Zn(p, a)®’Cu ta %Zn(p, 2p)¥’Cu. YV Toii ke 9ac 3anMIIAcTHECS AKTYaIbHHM
3aBJaHHs MOIIYKY Peakiliii, o NpU3BOAATE 10 HanpamoBanHs °'Cu, 30kpema B (y, p)-peakuii. Jlana peaxiis
JOCTIIIKYBaIacs JJis rajibMiBHUX Y-KBAHTIB 3 IpaHUYHOIO eHepriero Buinoio 3a 30 MeB ([2] Ta mocuiianHs B
Hiif) Ta B HaIIi# mmonepeaHid poOoTi mpu rpaHnIHUX eHeprisx 17,5 ta 19,5 MeB [3]. [Ipu 11boMy, OCKIITBKA
IJIAHYETHCS HAIPALIOBAHHS HA MilIeHsX 30aradeHux %6Zn, 0coOIMBO BayKIMBO 3HU3UTH HANIPALFOBAHHS S/IEP
crabinbHoi *°Cu B (Y, t)-peakuii, eHepreTHuHuii TIOPIr K01 cTaHOBUTHL 17,6 MeB, He BTpaTUBINM aKTUBHICTH
7Cu. Buxoas4u 3 BULIEBMKJIAIEHOTO, METOK JIAHOi POOOTH € JOCIIPKEHHS BUXOJIB HAIPALFOBAHHS SIIEP
Cu B (y, )-peaxuii mpu oNpoMiHEHHi MilIEHEH METaTiYHOrO IMHKY HPUPOIHOTO i30TOIHOIO CKIaLy
raJbMiBHHMH Y-KBaHTaMu 3 rpaHuuHo0 eHeprieio 19,0 MeB.

JocnipkeHHsT cepeIHbO3BaAKEHUX BUXO/IB MPOBOAMIOCS 3 BUKOPHCTAHHAM aKTHBAL[iHHOTO METOAY Ha
rajJbMiBHOMY Y-TIy4Ky MikpoTpona M-30 mist rpaHudHOi eHeprii ranpMmiBauX y-KBaHTiB (Erp) 19,0 MeB. [lis
naHoi E;p B SIKOCTI MOHITOPHHX MIIIIEHEW BUKOPUCTOBYBAIIMCS 3Pa3KH MPUPOJHOTO METATIYHOTO TaHTATy Ta
3o070T1a. Jlo HUX momaBaiacs MileHb MUHKY. B SKOCTI rajapbMiBHOI MillleHI BUKOPHUCTOBYBABCS METATIYHUN
TaHTa TOBIKHOKI 1,05 MM, 3a SIKUM Ha BifcTaHi OJIM3bKO 8 CM PO3MIlIlyBaIMCS JOCTIKyBaHi MieHi. TaH-
Taj 1 30JI0TO BUKOPHCTOBYBAJM JUII BU3HAYEHHS TOTOKY TaJbMiBHHX Y-KBaHTIB, 3aCTOCOBYIOYH DEaKIIii
81Ta(y, n)18Ta ra *’Au(y, n)!®Au, exciepuMeHTaNBHI TIEPEPI3H AKMX J0OPE BiJOMi IS MOHOEHEPIeTHY-
HUX Y-KBaHTIB y AOCIiI)KyBaHOMY €HEpreTUUHOMY Jiarna3oHi. BukoHyBanocs Aekiibka cepiii ompoMiHeHb Ta
BUMIpPIOBaHb Y HU3bKO(OHOBIH CIEKTPOMETpUYHIH TabopaTopii.

CrnexTpu oOmNpoMiHEHMX MillleHell BUMIpIOBaIMCS Ha JBOX Y-CHEKTpOMeTpax, 3i0paHux Ha 0asi
HPGe-netektopis ¢ipm Canberra ta Ortec 3 edektuBHicTIO peectparii 15 ta 40 % mnopiBHAHO 3
Nal(TI)-gerektopom posmipamu 3''x3" Ta GIOKIB €IeKTpOHIKM IHX ke ¢ipMm. EHeprernuna posmiibHa
3JaTHICTH crieKTpoMeTpiB cTanoBmwia 1,9 keB Ha y-minii 1332 keB, sxa cynpoomkye posman *°Co.

VY y-cmekrpax, o6poOka AKHX MpOBOAMIAcS 3a momomororo mporpamu Winspectrum [4] 3 BHcCOKOO
CTaTHCTUYHOI0 TOYHICTIO BHJIIEHO Y-NEPEXOAH, IO CYNPOBOIKYIOTH posmax °°Zn ta 8’Cu. 3okpema, Ha
puc. 1 nokazaHo (pparMeHT y-ClieKTpa olpoMiHeHoi MileHi nuHKy nipu Erp, = 19 MeB.

MopgentoBaHHS TAJIBMIBHOTO CIIEKTpa, HABEICHOTO Ha PUC. 2, MPOBOJAMIIOCS B paMKax MPOIPaMHOIO KOAY
GEANT4 [5]. BpaxoByBanacs peaibHa T€OMETpIsi TaIbMIBHOI Ta €KCTIEPUMEHTAIbHUX MilieHei. Jlanuii ko
BPaxoBY€ MOTJIMHAHHSA TAIbMIBHOIO IyYKa B YCiX MillleHsX 31 30ipKH, sKa onpoMiHIoBajacs. Y TOU ke uac mpu
BUMIPIOBaHHI HaBEIEHOI aKTUBHOCTI MillleHel Koe(illieHTH CaMOIIOTJIMHAHHS Y-KBaHTIB, IO BiAMOBiJalOTh
po3Maam J0CTiPKYBaHUX HYKIiIB, PO3paxoByBaJIHCs B paMKkax mporpamuoro kogy MCNP [6].

BuxopucroByroun crangapTHi GopMyIIH aKTUBAIIIHHOTO aHai3y [7], OysI0 po3paxoBaHO cepeaHbO3BaXKe-
Huii BuXig peakuii ®Zn(y, p)®'Cu, axuii cranosus 624(50) MKGOH.

OCKUTBKY TIPOBOIMIINCS BiTHOCHI BUMIPIOBAHHS TO IMMOXMOKA IMOTOKY TaJlbMiBHUX Y-KBaHTIB Oyia BiICyT-
Hs. Y HAIlOMYy BHMAJKy MOXMOKM BH3HAYCHHS KBAHTOBHX BUXOJIIB CTaHOBHWJIM MeHIIe | %, OCKUTbKH MU
BUKOPHCTOBYBAJIN HAMOIIBIII IHTEHCHBHI y-JTiHI{, CTATHCTUYHA TOXNOKAa BU3HAYEHHS TUIOI MiKiB mepedyBana
B Mexax 1-2 %, 3aranpHa moxuOKa BU3HAUYeHHs e(PeKTUBHOCTEH peecTpalii KonuBaiacs B Mexax 2—3 %,
OCKUIBKH TIPOBOJISATHCS BiTHOCHI BHUMIpIOBaHHSA. TOMy 3arajibHa MOXHOKa €KCIIEPUMEHTAIbHOTO CEPEIHBO-
3BaKEHOTO BUXOJY 3HAaX0oAWIacs B Mexax 7—-8 %, JOMiHyI040I0 IpH IbOMY € HEBHU3HAYCHICTh CepeIHbO3Ba-
KEHHMX BUXOJIiB MOHiTOpHUX peakuiit ¥ Ta(y, n)*Ta ta %’Au(y, n)*Au.
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Puc. 1. ®parmeHT y-criekTpa akTMBOBaHOI MilleHi mera- Puc. 2. [NanpMiBHMH CHEKTp eKclepHUMEHTalbHOI 30ipKu
JIYHOTO LHMHKY HPUPOJHOTO I30TONMHOIrO CKJIagy IpH MilleHeH, MoxensoBanui npu Er, = 19 MeB.

E:p = 19 MeB. Horo maca cranosuna 0,55 r. Tpusanicts

ONPOMIHEHHS 3 roji, TPHUBAIICTb BHUTPUMKH OJHM3BKO

7 ni0, yac BUMiproBaHHS 22 TOJI.

Cepennpo3Baskennii Buxin peaxuii 8Zn(y, p)®’Cu Bumipsamii Hamu BIiepIle NpH JaHii rpaHUuHil eHeprii
raJbMIBHHX Y-KBaHTiB. [Ipy koMY BiH OPIBHSHUIT 3 IepepizoM, oTpuMaHuM y poboTi [1] npu Er, = 30 MeB
Ta JIeNIO0 HIDKYMH BUXOMY, oTpuMaHoro Hamu npu Er, = 19,5 MeB [3], i ue nae 3mory HampamboByBaTu
3HauyHy KinbkicTh smep °‘CU Ha BiZIHOCHO IemIEBOMY B eKcIUTyaTarii MikpoTponi M-30 Takox i mpu
TPaHWYHIA eHepTii rabMiBHUX Y-KBaHTIB 19 MeB.

https://www.nndc.bnl.gov/nudat3/decaysearchdirect.jsp?nuc=67Cu&unc=NDS

G.N. Hovhannisyan, T.M. Bakhshian, R.K. Dallakyan. Nucl. Instrum. Method B 498 (2021) 48.

V.A. Zheltonozhsky et al. Rad. Phys. Chem. 241 (2026) 113533.

N.V. Strilchuk The WinSpectrum manual (2000).

S. Agostinelli et al. Nucl. Instrum. Methods. A 506 (2003) 250.

J.F. Briesmeister (Ed.) MCNP — A General Monte Carlo N-Particle Transport Code, Version 4B, Los Alamos
National Laboratory Report LA-12625-M (Los Alamos, NM, USA, 1997).

7. V.A. Zheltonozhsky et al. Eur. Phys. J. A 57 (2021) 121.
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JOCJIKEHHA (v, a)-PEAKIIT HA '*'Sb TIPU TPAHAYHINA EHEPTTI 22 MeB

B. O. Kearonoxcokuii, A. M. Capacos, B. II. Xomenkosn

ITnemumym s0eprux docnioncens HAH Yrpainu, Kuis, Ykpaina

HocnimxeHns (y, o)-peakiiiii BiJIKpHUBae€ HOBI MOMJIMBOCTI SK IOJO0 BUBYCHHS MPHUPOJAH TiraHTCHKOTO
JUIOJIFHOTO PE30HAHCY, TaK 1 MI0A0 PO3yMiHHA (pOpMYyBaHHS O-4ACTHHOK BCEpPEIUHI SiApa Mijg Yac SAepHHX
peakuiii. /o Toro x (y, o)-peaxiiis € YyTIMBOIO 10 KJIACTEPHUX KOpEJALii Ta moBepxHeBux edekris [1]. 3a
YMOBH TIPEICTaBICHHS sIpa K KJIacTepa 0-4aCTHHOK, IMOBIPHICTh IXHBOTO BUIIPOMiHIOBaHHS TIOBUHHA 3pO-
cratu. s Jerkux Ta cepenHix saep AaHWi KaHaJl MaTUME TaKOX BaXKIMBE acTpodi3ndyHe 3HAYCHHs, OCKi-
JIbKA MOK€ OyTH II0B’s3aHUM 3 OOCPHEHHUMH IPOIECAMH paialliifHOro 3aXOIICHHS, 10 BIAIrparoTh BaKIIU-
BY POJIb Y CIIEHApisX 30psHOTO HykieocuHTe3y [1]. [IpoTe excriepuMeHTaNbHI JaHi [0 TaKUX PeakIlisaxX Mmpak-
TUYHO OJMHWYHI. Tak, ciig BiI3HAYNUTH Jniie poOoTy [2], B sKii 3p0o0IeHO BUCHOBOK IPO 3arajbMOBaHiCTh
BUXOJIy 0-9aCTHHOK Ha 2 TOPSIIKYA OPIBHSHO 3 BUJIBOTOM MPOTOHIB. BUXOIS4M 3 BUIEBUKIIAJICHOTO, METOIO
JaHoi pobOTH € JOCIIKEHHsI BUXOIiB HANpaloBanHs saep 1/In™9 B (y, a)-peakuii npu onpoMiHEeHH] Mile-
Hell MeTaiuHoi CypMH TaJbMiBHUMHU Y-KBaHTaMH 3 IpaHHUYHOIO eHepriero 22 MeB.

JocnimkeHHsT cepeAHbO3BaKEHOTO BUXOAY Ta 130MEPHOTO BiJHOIIECHHS BUXOAY MPOBOJMIOCH aKTHBa-
HIHHAM METOJ0M Ha rajibMiBHOMY Y-ITy4KY JIs €JIEKTPOHIB 3 MaKCHUMaJIbHOIO eHepriero 22 MeB Ha mimensix
MPUPOAHOT METANIYHOI CypMH, TaHTaly Ta 3070Ta. B sKoCTi rajapMiBHOI MillleHi BUKOPUCTOBYBABCS METa-
JTIYHUN TaHTaJ TOBIIMHOIO 1,05MM, 3a SKMM Ha BijicTaHi 9 cM po3MillyBaIHCcs JOCTiKYBaHi MimeHi. Mime-
Hi 30JI0Ta Ta TAHTAITY BUKOPHCTOBYBAIUCS JIJISl OTPUMAHHS MOTOKY TaJIbMIBHHX Y-KBAaHTIB 3 BUKOPHCTAHHSIM
peaxwiit 2’ Au(y, n)!%Au ta Ta(y, n)!%Ta signosigno. ExcriepuMeHTanbHi IIepepisu JaHUX peakiiil 1o6pe
BiJJOMi JJI1 MOHOXPOMAaTHYHUX Y-KBAHTIB Yy HOCIIIKYBaHOMY €HEpreTHYHOMY fiamna3oHi. JlogaTKOBUM MOHi-
TOPOM BEJIMYMHM MOTOKY TaJbMiBHHX Y-KBaHTIB Oyiu peakuii 21Sb(y, n)12°Sb Ta 22Sb(y, n)1?2Sb, saxi ogmo-
9acHO 3 JOCIIHKYBAHOIO PEaKIli€ro BiMOYBAIMCS Ha MIIICHI CypMH. BUKOHYBamocs JeKiTbKa cepiit ormpoMi-
HEHb Ta BUMIPIOBaHb Y HU3bKO(OHOBIH crieKTpoMeTpuuHili 1aboparopii.

CrnexTpu ONpOMiHEHHX MillleHeH BUMIPIOBaIM Ha TPbOX Y-CIIEKTPOMETpax, 3i0panux Ha 0asi fK
HAJYMCTUX HAIIBIPOBIIHUKOBUX aeTekTopiB ¢ipm Canberra ta Ortec 3 edekTuBHICTIO peectpariii 15, 18 ta
40 % mnopisasgao 3 Nal(Tl)-merexktopom po3mipamu 3”x3”) Tak 1 eNeKTPOHHMX OJNOKIB THUX e GipM.
Eneprernuna posninbHa 34aTHICTH crieKTpoMmeTpiB craHoBuia 1,9 keB mns y-minii 3 eneprismu 1173 Ta
1332 keB Bix posnany ®°Co ta 1,0 keB s y-niniii 3 eneprismu 122 i 136 keB Big posnaxy °'Co.

VY y-criekTpax, 00poOKa SKHX IPOBOIUIACS 33 JOIOMOI0I0 porpamu Winspectrum [3] HamiiiHO BHIIICHO
Y-IIepeXo/u, IO CYNMPOBOKYIOTh posnan saep 2°Sh, 122Sh, 17 In™9, 196Ay i 189Tq gk 3a BenuumHOIO eHeprii,
TaK i 3a mepiogoM HamiBpo3mangy. JlaHa mporpama jae 3MOry 3alMCyBaTH HAKOIMYYBAJbHI amapaTypHi
Y-CIIEKTpH 4epe3 TMEeBHI MPOMIDKKH Yacy, SKi MOXHA 3a7aBaTd MporpaMHo. 30KpeMa, Ha PUCYHKY IMTOKa3aHO
(parMeHT y-CIeKTpa ONMPOMIHEHOI MiIlleHi METaJiYHOI CypMH, Ha SIKOMY 3 NPUUHATHOIO CTATHCTUYHOIO
TOYHICTIO CIIOCTEPIraloThca HEOOXiAHI Y-TIKH.

10 4 sinni
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®parMeHT y-crieKTpa aKTHBOBAHOI MillleH]I METaIIYHOT CYpMHU IIPUPOAHOTO 130TOITHOTO CKIIAY.
TpuBaiicTs onpoMiHEHHs 5 oA, TPUBANICTh BUTPUMKH 50 XB, yac BumiproBanHs 80 XB.
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MogemoBaHHs TaIbMIBHOTO CIIEKTPa IPOBOAMIOCS B paMKax mporpamuoro koxy Geant4 [4], sxwuii Bpa-
XOBY€ PO3MIPH MIIICHEH Ta CaMOIOTIMHAHHS TalbMIBHOTO Iydka B HuX. Ciif 3a3HAYUTH, IO OCKIIBKU
SHEepPreTHYHI MOPOTH IOCIiIKYBaHMX peaklii 3HaxoAsTbesi B okomi 8 MeB, a cama excnepuMmeHTaibHa
30ipKa MillleHel TOHKa, TO MOTJIMHAHHAM TalbMiBHUX (DOTOHIB y caMiii 30ipLi MOXKHA 3HEXTYBaTH. Y TOH ke
4yac IpH BUMIPIOBaHHI HABEACHOI aKTHMBHOCTI MIIIICHEH HA Y-CIIEKTPOMETPax Koe(DillieHTH CaMOIIOTJIHHAHHS
Y-KBaHTIB, IO BIJIMOBIJAIOTH PO3MAaaM JIOCTIHKYBAaHAX HYKJIIJIIB PO3PaXOBYBAIUCS B pPaMKax MPOTrpaMHOTo
koxy MCNP [5].

BukopucToByroun craHmapTHi (GopMyaH aKkTHBaiiHOro aHamildy [6], Oymo po3paxoBaHO eKCIIEpUMEH-
TaJbHE 3HAYCHHS CEpPEIHBbO3BAKEHOr0 BHX0Ay peakuii 2Sb(y, o)’In™9, gke cranosuno 2,7(3) Mx6H. I30-
MEpHE BiTHOIICHHS BUXOJIB JaHOi peakilii mopiBHIOE Ym/Yy = 0,5(1), a BiAHOUICHHS BHXOJIB peakiliit
1218b(y, ) In™*9 i 21Sb(y, n)12°Sh™9: Y (y, a)/Y(y, n) = 3(1)-10°°.

Byno mposeseHo MojenmoBanns peakuii 2'Sb(y, a)'In™9 y pamkax mporpamuoro xoay TALYS-1.96
[7], poboTa sikoro Ga3yeThcs Ha CTATHCTHYHOMY MEXaHi3Mi 3 HE3HAYHHM BHECKOM IepeApiBHOBAKHUX Ta
MIPSIMUX MEXaHI3MIB JIJIs1 JaHOI TPaHUYHOI SHepTii rabMiBHHX Y-KBaHTIB. Po3paxoBaHi TeOpeTHYIHI 3HAUCHHS
CYMapHOTO CepeIHbO3BAKEHOT0 BUXOAY Ta 130MEPHOTO BiJHOIIECHHS BUXO/IB AaHOI peakLii CTAHOBUIN
Ym+g= 3,36(17) mxOH Ta Y/ Yg = 0,81(4) BiamosigHo.

Cnin 3a3Hauntd, mo B koai TALYS-1.96 ans po3paxyHKy KyJIOHIBCHKOTO 0ap’€pa BHKOPHCTOBYETHCS
¢dopmyna (20) 3 podotu [8]. Lo hopmyiay MU BUKOPUCTOBYBAJIH IPH PO3PAXyHKY €HEPreTUYHOTO MOpora
IOpU 3rOpTUi MOJENBOBAHOTO TaJbMIBHOTO Y-CIIEKTpa 3 TEOPETHMYHMMH 3HAYCHHSIMH Mepepidy peaxmii
1218b(y, a)IN™9 115 MOHOXPOMATHYHHUX Y-KBAHTIB NMPH OTPUMAHHI TEOPETHYHHMX 3HAYEHB i CEPETHBO3BA-
YKEHOT'O BHXOJTy 1 130MepHOT0 BiIHOIIEHHS BUXOiB. [Ipy boMy BemM4rMHA KyJIOHIBCHKOTO Oap’epa Ha BUIIIT
0-4aCTUHKM 3 sapa cranoBuina 11,2 MeB, a 3aranpbHa BenuMuMHAa EHEPreTHYHOrO IOpOra CTaHOBHJIA
14,3 MeB nna peaxuii 2Sb(y, a)'t’Ind ta 14,6 MeB s peakuii !Sb(y, a)t’In™,

SIK BUHO 3 OTPUMAHHX Pe3yJIbTaTiB, MOJENb, IO PO3MIIANAE SAPO K CTPYKTYPY, YTBOPEHY KiIacTepaMu
0-4aCTUHOK, HE MiITBEPHKYETHCA, OCKUIBKM HMOBIPHICTh IXHBOI'O BHUIIPOMIHIOBAaHHS € JIOBOJI HH3BKOIO.
OCKITbKY eKCIIEPUMEHTANIbHI CEPEeHBO3BAKEHI BUXOIHM JIOBOJII OJM3BKI 10 TEOPETUYHHUX, TO MOXKHA TOBO-
PHUTH PO TOMIHYBaHHS CTATUCTHYHHUX IPOIIECIB y MEXaHI3M Iepebiry maHoi peakiii. Y TOH ke Jac Teope-
TUYHE 3HAYEHHsI 130MEPHOTO BiTHOIICHHS BUXOIB NPUOJIM3HO y 2 pa3u NEepeBHIIYe EKCIIEPUMEHTAIIbHE 1 Le
noTpedye MoAANBIIOr0 BUBYCHHSI.

C.R. Brune et al. Eur. Phys. J. A 59 165 (2023).
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JOCJIJIKEHHSI (v, p)-PEAKIIIA HA I30TOIAX OJIOBA

B. O. Kearono:xkcnkuii, A. M. CaBpacos, . €. Mu3nikoB

Tuemumym aoeprux oocnioxcenv HAH Yrpainu, Kuis, Ykpaina

Crmabko IOCHIKECHUMH 3aJIMIAIOThCS  (OTOAMEpHI peakiii 3 BHIHOTOM IPOTOHIB, XO4Ya B HHX
3aCeNAIOThCA iHIN 30yMKeHI CTaHd, 4acTo HemocTymui muas (Y, y')- i (y, N)-peaxmiit. IIpuunHOI0 IBOTO €
BHCOKHUI KyJIOHIBCHKHI 0ap’ep, KW 3HAYHO 3HIDKYE iXHIM mepepi3. ToMy BUBUEHHS HaHUX PEaKIii JacTb
MOXJIMBICTh MPOJIMTH CBITJO SIK HA MEXaHI3MH iXHBOTO IMepediry, Tak i CHiBBiIHOIICHHS MiX HUMH [1].
OcobnuBa HayKoBa LIHHICTH (Y, P)-peaKilil Moyisirac y Tomy, 10 BOHA JIa€ 3MOTY JOCIIKyBaTH MPOTOHHI
OJHOYACTHHKOBI KOH(QIrypaumii, i30CIiHOBY CTPYKTypy 30Yy/DKEHHX CTaHIiB i pONb NPSMOrO BUXOIY B
koHTHHYYM. [Ipy npoMy Mariusi simpa (30kpema i3otonu onosa 3 Z = 50) 1ar0Th MOXKJIMBICTh AOCIIIKYBaTH
riranTcbkuil aunonsHuil pezonanc (I'JIP) y mOpiBHAHO «4YHCTHX» yMOBaX, KOJHM BHECOK aedopmarii He
VCKIIQAHIOE 1HTEPIIPETAIliI0 PE3yNbTaTiB. Y TAaKHUX CHCTEMax MOJKHA TOYHIIE BHUSBIIATH POJIb 3aMKHEHUX
000JIOHOK Ta CHIH-OpPOITATEHOTO PO3MICIIIICHHS.

Buxozsiun 3 BUIIEBUKIAJEHOTO, METOIO JTAaHOT POOOTH € JOCHIPKEHHsSI BUXOJIB HalpamioBaHHs
W™ ra InN™ y (v, p)-peakuii Ha sapax oMOBAa MPU ONMPOMIHEHHI MillleHeH 3 IPUPOTHOTO METATIYHOTO
0JI0Ba TAbMiBHUMH Y-KBaHTaMH 3 eHeprieto B obmacti ['JIP.

BukopuctoByBaBcs y-aKTHBAIIHHANA METOJ JUIS JIOCHIJUKCHHS CePEIHbO3BAKCHUX BUXOJIB HA TaJIbMiB-
HOMY Y-TIy4Ky MikpoTpoHa M-30 [HctutyTy enexrponnoi ¢izuku HAH Ykpainu (M. Ykropon) amist rpaHud-
HOI eHeprii rajapMiBHEX YV-KBaHTIB (E;p) 19 MeB. B sikocTi MOHITOPHUX MillleHel BUKOPHCTOBYBAIUCS 3pa3-
KH TIPUPOIHOTO METAIIYHOTO TAaHTAIY Ta 30J10Ta. Jlo HUX J0JaBaIucs MillIeHI METaJigHOTO 0JIoBa. B sKOCTI
TaJBMIBHOT MIIICHI BUKOPUCTOBYBABCSI METAIIYHUN TaHTaN ToBIIuHOMIO 1,05 MM, 3a skuM Ha BiacTaHi 8 cM
po3MinryBantachk 36ipka 3 JOCHIHKYBaHHX MilleHer. TaHTal Ta 30J0TO BUKOPUCTOBYBAIUCH JIJIST OTPUMAHHS
TIOTOKY raJbMiBHHX Y-KBAHTIB 3a Joromoroo peakmiit #Ta(y, n)*¥°Ta i *'Au(y, n)***Au sixnosimso.

CriekTpu ONMpOMIHEHUX MillleHel BUMIpIOBANIN Ha JBOX Y-CIEKTPOMETpax, 3i0paHux Ha 0a3l HaJuYUCTUX
HamiBOpoBigHUKOBUX nerekTopiB dipm Canberra ta Ortec 3 epexruBHicTio peectpaii 15 ta 40 % mopiBHs-
Ho 3 Nal(Tl)-zerexropom posmipamu 3"%3" Ta GJIOKIB eNeKTPOHIKH 1MX ke (ipM. EHepreTnuna po3ainbpHa
3/IaTHICTh cTIeKTpOMeTpiB cTanoBuna 1,9 keB Ha y-miniax 1173 Ta 1332 keB 3 posnany ®Co.

V y-criekTpax, 00poOKa SKUX MPOBOMIIACS 3a JoroMoroto mporpamu Winspectrum [2] Haziiino BUIiIEHO
Y-TIepexoH, fAKi CympoBOKYIOTH posmazn ‘1/In™, MSIn™ On™e 19%Ay j T3, 3okpema, nHa puc. 1 i 2
MMOKa3aHo (PparMeHTH y-CHEeKTPiB ONMPOMIHEHHUX MiIIEHEH 0JI0Ba Ta 30JI0Ta.
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Puc. 1. ®dparMeHT y-CHeKTpa akTUBOBAHOI MilleHI meTa- Puc. 2. @parMeHT y-CreKkTpa akTHBOBAHOI MIIlIEHI MeTa-
JYHOTO 0J10Ba NPHPOHOTO i30TOMHOTO CKIady. Moro JiyHOTo 3010Ta NPUPOIHOTO i30TONMHOrO cKiamy. Moro
Maca craHoBwia 1,3 1. TpuBamicte ompoMineHHs 3 roj, Maca craHoBwia 20 mr. TpuBamicTe OMpOMIHEHHS 3 TOJ,
nepioJy BUTPUMKH 1,5 rof, TpHUBaNICTh BHMIPIOBAaHHSA MEpioJ BUTPUMKH 1,2 10OM, TPUBAIICTG BHUMIpPIOBAHHS
1ron. 7 XB.
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MopentoBaHHsl TaJbMIBHOTO CIEKTpa MNPOBOIWIOCS B paMmkax mporpamHoro koxay Geantd [3].
BpaxoByBayiacsi peaibHa T'€OMETpisi TaJbMIBHOT Ta EKCIIEPUMEHTANbHUX MinieHeil. JlaHuil Kox BpaxoBye
MOTJIMHAHHS TaJlbMIBHOTO TMydYKa B ycix MilIeHsX 31 30ipku, sika ompoMiHioBayacs. Y TOH ke yac Ipu
BHMIpIOBaHHI HaBEICHOI aKTHBHOCTI MillleHeH KOE(]IlliEHTH CaMOTOTJIMHAHHS Y-KBAHTIB, SIKi BiJIIOBiJIalOTh
po3mazaM A0CTiKYBaHUX HYKJIiIiB, pO3paxoByBaNUCs B paMkax nporpamuoro kogy MCNP [4].

BHKOpHCTOBYIOUH  CTaHmapTHi  (GOpMyId  akTuWBamifiHoro amamizy [5], Oymm  pospaxoBaHi

eKCTIEpUMEHTaJIbHI 3HAYCHHS! CEpEeIHBO3BAXKEHUX BHXOMIB IOCTIKYBAaHHX PpEaKIii <Y>exp, HaBeleHi y

TaOJINLI.
Byio mpoBeeHo MoaeMOBaHHS JOCITIKYBaHUX peakiliii y paMkax mporpamuoro koxy TALYS-1.96 [6].

st ) TaKOX TOKa3aHO B TaOJMIN pa30M 3 EHEPreTHYHUMHU 0ap’epamu

. . theor
Po3paxoBaHi TeopeTHdHi BUXOIH (<Y>
3a3HaueHuX peakiii (Q).

CepenHbo3BakeHi Buxoau (y, P)-peakuiii Ha siApax 0Ji0Ba

oM (Y), Mx6n

Peaxkis , MeB theor
<Y>exp <Y>stat

18Sn(y, p)In™ 10,3 14,0(14) 7,00(35)

11650 (y, p)8In™ 9,6 40,3(39) 23,3(12)

1205n(y, p)oInmte 10,7 144(22) 1,50(7)

Jns cepemHBbO3BAKCHUX BHUXOMIIB, SKIi pO3paxOBYBaIMCh 3a HaHWUMH koxy TALYS-1.96 (<Y>theor)

stat

MOXMOKA CKJIANIAEThCA JIUIIEe 3 TMOXMOKA MOJETIOBAaHHS TaibMmiBHOro criektpa B komi GEANT4, ska
3HAXOAWTHCI B Mexax S5 % misd maHuX TpaHUYHHX EHEPTid TadbMiBHHUX Y-KBAHTIB, OCKUIHKH TEOPETHUHI
BHUXOJIH PO3PAaXOBYIOTHCS SIK 3rOPTKA MOJEIHOBAHOTO TaJIbMIBHOI'O Y-CIIEKTPa 3 TCOPETHUYHUMH IIE€pepizaMu
JUISi MOHOXPOMATHYHHX Y-KBaHTIB 3 KpokoMm 1 MeB.

[Toxnbka TOTOKY TalbMIBHHX 7Y-KBaHTIB TMpPH PO3PAaXyHKY EKCIIEPHUMEHTAIBHUX CEpPEAHbO3BAKEHIX

BUXO/IIB (<Y>exp) 3HAXOUTHCS B Mexkax 7 %. Y HaloMmy BHITaIKy NOXHUOKHM BU3HAYECHHS KBAHTOBUX BUXOJIB

cTaHOBMIM MeHIIe | %, OCKUIBKM MH BHKOPHCTOBYBAaJM HaWOUNBII iHTEHCHUBHI Y-JNiHiI, cTaTHCTHYHA
MmoxuOKa BW3HAYEHHS IUIONI MiKiB TmiepedyBama B Mexax 4-6 %. 3arampHa mnoxuOka BH3HAYEHHS
ehexTUBHOCTEH peecTpalii KoyimBaigacs B Mexax 2—3 %, OCKIIBKH MPOBOISTHCS BiIHOCHI BHMIpPIOBaHHS.
Tomy 3aranbpHa MOXUOKa EKCIIEPUMEHTATIBHUX CEPEAHbO3BAKEHUX BUXOIB 3Haxoauacs B Mexax 10-11 %.

Sk BUAHO 3 TaONMII, CepeIHBbO3BAKCHI BUXOAM YCIiX (Y, P)-peakuiif, siki BUMIpsSHI HaMu BIIEpIIE
NpU6IM3HO y 2 pasyl BHINi TEOPETHYHHX JAHHX, 3a BUHATKOM peakuii 2°Sn(y, p)*°In™9, sxa ma 2 mopsmxu
MEPEBUIIY€ TEOPETUYHY BeNWYHHY. Lle CBITUUTh PO MOKIMBUN 3HAYHUN BHECOK NMPSMHX Ta HAMiBIPIMHX
MeXaHi3MiB.

1. S.Flibotte et al. Phys. Rev. Lett. 77 (1996) 1448.

2. N.V. Strilchuk. The WinSpectrum manual (2000).

3. S. Agstinelli et al. Nucl. Instrum. Methods. A 506 (2003) 250.

4. J.F. Briesmeister (Ed.) MCNP — A General Monte Carlo N-Particle Transport Code, Version 4B, Los Alamos
National Laboratory Report LA-12625-M (Los Alamos, NM, USA, 1997).

5. V.A. Zheltonozhsky et al. Eur. Phys. J. A 57 (2021) 121.

6. A.J. Koning, S. Hilaire, M.C. Duijvestijn. TALYS: Comprehensive nuclear reaction modeling. In: AIP Conference
Proceedings. Proc. of the Inter. Conf. on Nuclear Data for Science and Technology, Santa Fe, USA, 26 September—
1 October, 2004 (Washington, 2005) p. 1154.

53



JOCJILIKEHHS (v, p)-PEAKIII HA I30TONAX TEJYPY

B. O. Kearonoxcokuii, A. M. CaBpacos, H. B. Kyaiu, O. A. Poxuubkmnii

Tuemumym aoeprux oocnioxcenv HAH Yrpainu, Kuis, Ykpaina

doTosepHi peakIlii 3 BWIILOTOM IIPOTOHIB Hapa3i 3AJIMIIAIOTECS HETOCTATHRO JOCIIHKCHIMH, X09a BOHU
3a0€e3MeuyI0Th 3acelleHHs 30yIKEHUX CTaHiB, HEAOCTYIIHUX Yy HEIKMX BUHamkax mis (v, v')- i (y, N)-peakiiii.
OCHOBHOIO TPUYHHOIO I[HOTO € BUCOKHMHA KYJIOHIBCBKHN Oap’ep, AKWH 3HAYHO 3HWXKYE IX BHXiA. Tomy
BHBUYEHHS JaHWX PEaKIliii JacTb 3MOTY MPOJIUTH CBITJIO Ha MEXaHI3MH iXHBOTO mepebiry. UucneHHi i3otonu
TEJypy B I[bOMY CEHCI MalOTh 3apsi, OJu3bKHii 10 Mariunoro yuciaa Z = 50, a 1ie Moke BILUTUBATH Ha MOJIO-
KEeHHsI Ta LIMPHHY TiraHrchkoro aumnoibHoro pesonancy (I'JIP) [1]. Ho Toro * ajist (pOTOAKTHBAILiHHOTO
aHami3y moTpiOHO 3HATH BUXOH (Y, P)-pPEaKiliii, OCKINbKH CydacHi MOJENbHI KOJU TAI0Th 3aHMKCHI BETHYH-
HU. Buxoasum 3 BHIIEBHKIAIEHOTO, METOI0 AaHOi POOOTH € IOCTIKEHHS BHXOJIB HANpAIIOBaHHS SAEP
122g|ym+g 1245™*0 19 127Sh y (y, p)-peakwii Ha AApax Teaypy MPH ONPOMIHEHHI MillleHeH 3 IPUPOIHOro MeTa-
JIIYHOTO TEeypy TaIbMIBHIMH Y-KBaHTaMU 3 eHeprieto B oomacti ['JIP.

JocmimKeHHsT CepeTHbO3BAKCHUX BUXOAIB IPOBOIWIOCS AKTHBALIMHAM METOIOM HAa TaJbEMIBHOMY
Y-TIyuKy JUIsl TPAHUYHOI eHeprii rajgpMiBHUX Y-KBaHTIB (Ep) 19 MeB. B sSKOCTI MOHITOPHUX MillleHEH BUKO-
PUCTOBYBAIUCS 3Pa3KU MPUPOTHOTO METATIYHOTO TAHTATy Ta 30J0Ta. [0 HUX JOJaBaIMCS MillIeHI MeTalliv-
HOTO Tenypy. B sIKOCTi ranpMiBHOI MillleHi BUKOPUCTOBYBABCSl METalliYHUI TaHTan ToBmuHOIO 1,05 MM, 3a
sIKUM Ha BifcTadi 10 cMm po3MintyBanvcst AOCHIKyBaHi MimieHi. TaHTan Ta 30J10TO BUKOPUCTOBYBAIIUCS IS
OTPUMaHHS MOTOKY IaJbMiBHHX Y-KBAaHTiB 3a Aonomoroio peakuiit “*Ta(y, n)*®Ta i **’Au(y, n)**°Au siamo-
BimHO. EXcrieprMeHTaNbHI Mepepi3u JaHuX peakiiid mo0pe BimoMmi i MOHOXPOMATHYHHUX Y-KBaHTIB Y
JOCITIKYBAaHOMY €HEPTreTHIHOMY diarna3oHi. byiio mpoBemeHo Kiabka cepiii onmpoMiHeHb Ta BUMIPIOBaHb B
HU3BbKO(OHOBIH CIEKTPOMETPUYHIN TabopaTopii.

AKTHBOBaHI MillIeHI BUMIPIOBAINCA Ha ABOX Y-CIEKTPOMETpax, 310paHnX Ha 0a3i HAMYMCTHUX HAIiBIIPO-
BiTHHKOBUX AeTekTopiB ¢ipm Canberra ta Ortec 3 epexTuBHICTIO peecTpanii 15 % (y ckiani aHTHKOMIITO-
HiBCbKOTO criekrpometpa) Ta 40 %, nopisasiHo 3 Nal(T1)-nerekropom po3mipamu 3”%3" Ta OJIOKIB eNeKTPO-
Hikd nuXx ke ¢ipMm. EnepreTnyna po3ninbHa 30aTHICTH CIEKTpoMeTpiB ctanoBuia 1,9 xeB Ha y-minisax 1173
Ta 1332 xeB 3 posmany *°Co.

V y-criekTpax, 00pobKa SIKMX MPOBOAMIACH 3a Aormomoroto mporpamu Winspectrum [2] Hamiiino BuineHi
Y-TIepexoIH, AKi CYNMpOBOKYIOTh posmaz 22Sh™9, 1245ph™e 127gh 19%AYy 13 ¥0Ta, 3okpema, Ha puc. 1 i 2
MMOKa3aHo (hparMeHTH y-CHEeKTPiB OMPOMIHEHHUX MiIIEHEH TeTypy 1 TaHTaIy BiAIIOBIIHO.

3 .
N/103, Bign. 6 N/10?, Bign.
Y5731 1644
}2(11'9 119Te
1696
129Te
v602.7
124 y729.6

bl " 127
- \ 71691
01F 1000 M l f 124Sb
| \ | v685.7
468 470 472 ...:7“ 476 1 27Sb
0.01 L 1 1 1 1 1 /L 1 1 1 1 1 L 1 1 1 1
""450 500 550 600 650 700 750 1650 1700 92 94 96 98 100 102 104 106 108

E, keB E, keB
Puc. 1. ®parMeHT y-CcriekTpa aKTUBOBAHOI MillleHI MeTa- Puc. 2. @parMeHT y-CrieKTpa akTHBOBAHOI MillieHI MeTa-
JIYHOTO TeNypy MPUPOTHOrO i30TONMHOTO CKiagy. Moro Ji4HOro TaHTATy MPHPOIHOTO i30TOMHOrO cKiamy. Moro
Mmaca cranoBwia 3,8 r. TpuBanicts ompomineHHst 3 rog, Maca craHoBmia 0,12 r. TpuBasicts onpomineHHs 3 rof,
nepiox BUTPUMKH 1,2 m0o0W, TpHUBAJiCTh BUMIPIOBAaHHS IMEpioJ BUTPUMKH 1,2 mOOHM, TPHBATICTh BHUMIipIOBaHHS
6su3BKO 6 11i0. OJIM3BKO 6 XB.
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MopentoBaHHsI TaIbMIBHOTO CIIEKTpa MPOBOJMIOCS B pamkax mporpamHoro komxy GEANT4 [3]. Ilpu
ILOMY BpaxoBYyBaJlacsl pealibHa T€OMETPis TAIbMIBHOI Ta 30ipKkH MimieHe#. Y TOH e 4ac mpu BUMIpIOBaHHI
HaBEJCHOT aKTUBHOCTI MillleHEeH KOeQilliEHTH CaMOIOIJIMHAHHS Y-KBaHTIB, SKi BIAMOBIAAIOTH po3Majam
JOCIIKYBaHUX sIIEp pO3PaxoBYBAMCS B paMKax nporpamHoro kogy MCNP [4].

BukopucToByroun craHgapTHi GopMmyiu akTHBamiHOTO aHamidy [5], Oyno po3paxoBaHO €KCHEPUMEH-
TaJbHI 3HAYEHHS CePEeTHhO3BAKEHUX BUXO/IIB JOCHIKYBaHUX PEaKIIiit <Y >exp, HaBeleHI B TaOIHIl.

Byno npoBeneHo MoOJeIOBaHHS JOCIIKYBaHUX peakiiil B paMkax mporpamuoro koxy TALYS-1.96 [6].
theor

Po3paxoBaHi TeOpeTUUHI BUXOIU (<Y>Stall

) TaKOX TMOKa3aHi B TaONUII pa3oM 3 eHepreTHYHUMHU Oap’epamu
3a3HaueHuX peakuii (Q).

Cepennbo3BakeHi BUXoau (Y, P)-peaxuiii Ha syApax Teaypy

<Y> , MKOH
Peaxmis Q, MeB -~
<Y>exp <Y>s|:at
123Te(y, p)122Sphmto 8,1 100,2(80) 60,0(30)
125Te(y, p)12*Sh™9 8,7 95,5(80) 22,6(12)
128Te(y, p)*2’Sh 9,6 8,4(7) 2,50(13)

Jli1s cepeiHbO3BaKEHUX BUXOIIB, AKI pO3paxoByBancs 3a faHuMu koxy TALYS-1.96 (<Y>::t°r) moxXuoKa

CKJIQJIA€ThCSI JIMIIE 3 TTOXUOKM MOJIENIOBaHHS TanbMiBHOTO criekTpa B komi GEANT4, ska 3HaXxoauTbes B
Mexax 5% g JaHuX TpPaHWUYHUX EHEprid TajdbMIBHUX Y-KBAaHTIB, OCKIJIBKM TEOPETHYHI BHXOIU
PO3paxoBYIOThCA SIK 3TOPTKa MOJIEIILOBAHOTO TalbMIBHOTO Y-CIEKTpa 3 TEOPETHUYHUMH IIepepizaMu AJist
MOHOXPOMAaTHYHHUX Y-KBaHTIB 3 KpokoM 1 MeB.

[ToxnOka HOTOKY TIajbMIBHUX 7Y-KBaHTIB IIPHU PO3PAXYHKY EKCIIEPUMEHTAIbHUX CEPEAHBO3BAKEHUX

BHUXOJIB (<Y>exp) 3HaxoAwIaca B Mekax 7 % Ta AOMiHyBaja y 3arajbHii HEBH3HAYCHOCTI. Y HaIIOMY

BUMNAJKy NOXUOKH BU3HAUEHHS KBAaHTOBHX BUXOJIB CTAaHOBMWIN MeHIIE 1 %, OCKIIBKM MH BUKOPHCTOBYBAIN
HaWO1IBII IHTEHCHBHI y-JTiHII, CTATHCTHYHA IMOXMOKa BU3HAYCHHS IUIOII ITKiB IepedyBana B Mexax 2—6 %.
3aranpbHa TOXMOKa BHU3HAYCHHS e€QEKTHBHOCTEH peecTpanii kojmBajacs B Mexkax 2-3 %, OCKLIBKH
MPOBOJATHCS BiTHOCHI BuMiptoBaHHs. ToMy 3arajbHa MOXMOKa EKCHEPUMEHTAIBHHUX CEPeAHBO3BAKEHHX
BUXOMIB 3Haxomuiack B mexax 8—10 %.

Sk BUIHO 3 TAOJNHIN, CEPeTHPO3BAXKEHI BUXOAM yCiX (Y, P)-peaxiiiif, BUMIpsHI HAMH BIEPIC 3HAYHO BHUIITI
TEOPETUYHUX AaHuX. lle CBIAYUTH MPO HECTATUCTHYHHN XapakTep Mepediry AaHuX peakuid. MoknuBuit
3HAYHUI BHECOK MPSAMUX Ta HAMIBIPSIMHUX MEXaHi3MiB.

1. C.Senetal. Phys. Lett. B 868 (2025) 139652.

2. N.V. Strilchuk. The WinSpectrum manual (2000).

3. S. Agostinelli et al. Nucl. Instrum. Methods. A 506 (2003) 250.

4. J.F. Briesmeister (Ed.) MCNP — A General Monte Carlo N-Particle Transport Code, Version 4B, Los Alamos
National Laboratory Report LA-12625-M (Los Alamos, NM, USA, 1997).

5. V.A. Zheltonozhsky et al. Eur. Phys. J. A 57 (2021) 121.

6. A.J. Koning, S. Hilaire, M.C. Duijvestijn. TALYS: Comprehensive nuclear reaction modeling. In: AIP Conference
Proceedings. Proc. of the Inter. Conf. on Nuclear Data for Science and Technology, Santa Fe, USA, 26 September—
1 October, 2004 (Washington, 2005) p. 1154.
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BUBYEHHSI (y, p)-PEAKIIIT HA I30TONAX TUTAHY

B. O. Kearonoxcenknii', A. M. Caspacos?, JI. B. Cagonikos’, I1. C. lepeuxeii’

 Inemumym sdepnux docnioocens HAH Yipainu, Kuis, Yxpaina
2 [ncmumym enexmponnoi ¢isuxu HAH Ypainuu, Yoczopoo, Yrpaina

Hapasi indopmartis mpo dhoTosmepHi peakiii Ha JETKUX sAIpax 3 eMici€lo MPOTOHIB € 0OMEXEHO0, X0ua
i peakwii XapaKTepU3yIOThCs MiBUILEHOIO CENEKTUBHICTIO OO0 CTPYKTYpH 30y DKEHHUX 1 KIHLEBUX CTaHIB
[1]. OcHOBHOO MPUYKHOIO IIBOTO € KYJIOHIBCHKHIA Oap’ep, KUl 3HIKYE iX mepepi3, aje He Tak 3HAYHO, K Y
Ba)XXKHX Ta Cepe/iHiX sifpax. ToMy poiib CTATHCTHYHOTO MEXaHi3My, BHECOK SIKOTO HE3HAYHHIA JJIST BAYKKUX Ta
CepenHix Anep, Moxe 3poctatd. OTKe eKClIepIMEHTAIbHEe BUBUCHHS TAHUX PEaKIlii Ta MOPIBHAHHA 3 Teope-
TUYHUMH JaHUMH JJACTh 3MOTY MPOJUTH CBITJIO Ha MEXaHi3MH X mepeliry Ta OMiHUTH CIiBBITHOIICHHS MiX
HUMH. BUX0Is41 3 BHIIEBUKIAJAEHOTO, METOIO AaHOi pOOOTH € AOCHiIKEHHsI BUXO/IIB HAIIPAILIOBAaHHS SIAED
#5c™9, 47Sc ta *8Sc B (y, p)-peakuii Ha AAPaxX THTaHY NPH ONPOMiHEHHI MillleHi 3 IPUPOIHOrO METATiTHOTO
THTaHy rajJbMiBHUMH y-KBaHTaMu 3 rpann4Hoio eneprieio (Erp) 19 MeB.

BuBueHHs cepeHBO3BaKEHUX BUXO/IB MPOBOIIIOCS aKTHBAI[IHHIM METOAOM Ha TaJIbMiBHOMY Y-IIy4KY
mikporpora M-30 [2]. B siKOCTi MOHITOpPHHX MillIeHeH BUKOPHCTOBYBAIUCS 3pa3Kd MPUPOJAHOTO METaivuHO-
ro TaHTay Ta 30J10Ta. [0 HUX JloJlaBaiacs MillleHb METATIYHOTO TUTaHY. B SKOCTI TajbMiBHOI MIIlICHI BUKO-
PHUCTOBYBaBCS MeTaaiuHuil TaHTan TOBIIKMHOIO 1,05 MM, 3a skum Ha Bifactani 10 cM po3mirtnyBanucs A0Ci-
JUKYBaHi MimreHi. TaHTax Ta 30710TO BUKOPHCTOBYBAIHUCS I OTPUMAHHS MOTOKY TaJdbMIBHHUX Y-KBaHTIB 3a
nonomororo peakuiit *#Ta(y, n)*®Ta ta *’Au(y, n)***Au sianosizno. BukoHyBanocs aekinapka cepiii ompo-
MiHEHb Ta BUMipIOBaHb B HU3bKO(OHOBIH CIIEKTPOMETPHYHIi 1aboparopii.

CriekTpH OIpOMiHEHHUX MIIIEHEeH BUMIPIOBAINCS Ha JIBOX Y-CIIEKTPOMETPaXx, 310paHNX Ha 06a31 HATUMCTUX
HaITiBIPOBITHUKOBUX neTekTopiB ¢ipm Canberra ta Ortec 3 edexTuBHicTIO peectparii 15 ta 40 %
nopiBasiHO 3 Nal(Tl)-merexTopom posmipamu 3”x3" Ta ONOKIB eneKTpoHIKH LuX ke ¢ipm. EHeprernuna
PO3.iNbHA 31aTHICTH 060X cTeKTpoMeTpis ctaHoBuna 1,9 keB Ha y-mimiax 1173 Ta 1332 keB 3 posnany ®Co.

VY y-criektpax, 00poOKa sSKHUX MPOBOAMIACS 3a JOMOMOror nporpamu Winspectrum [3] y-niepexo/u, 1o
CYNPOBOKYIOTH posman *°Sc™9, 4Sc, #8Sc, Ay ta ¥°Ta crocrepiraroThest 3 1OCTATHBOIO CTATHCTUYHOIO
TOYHICTIO. 30KpeMa, Ha PUCYHKY MOKa3aHO (parMeHTH Y-CHEKTpa ONPOMiHEHOT MillIeHi TUTaHY.

N/10%, sinnikn *sc

@dparMeHT Y-CIeKTpa aKTUBOBAHOI MIIICHI METaliqHOTO
THTaHy NPUPOIHOTO i30TOMHOrO cKiaxy. Moro maca
cranosuna 0,6 r. TpuBamicTh OMPOMiHEHHS CKiana 3 Tof,
nepio] BUTpUMKH 8 110, TpuBaiicTs BUMiptoBaHHs 12 rog.

1 Y

0.01 — 7/
50100150 900 1000 1100 1200 1300
E, MeB

MoenoBaHHsl TaJbMIBHOTO CIEKTpa TMPOBOAMIOCS B pamkax mporpamuoro koay GEANT4 [4].
BpaxoByBamacs peanpHa TE€OMETpisS TadbMiBHOI Ta EKCIEPHUMEHTAIRHUX MimeHed. [Ipu BuMiproBaHHI
HAaBEJICHOT aKTUBHOCTI MillleHEeW KOeQil[ieHTH CaMOIOIJIMHAHHS Y-KBaHTIB, SKi BIAMOBIAAIOTH poO3Majiam
JOCITIKYBaHUX HYKIII/IiB, pO3paxoByBaJlCs B paMKax nporpamuoro koay MCNP [5].

BukopucToBytoun craHgapTHi GopMmyiu akTHUBaIiiiHOTO aHamizy [6], Oysio po3paxoBaHO e€KCIEPHMEH-
TaJbHI 3HAYCHHS CEPeTHFO3BAKCHNX BUXOIB JOCIIHKYBAHUX PEAKITIH <Y>exp’ HaBeJEHI B TaOJIHIII.

3 METOI0 TOPIBHSHHS EKCIEPUMEHTAIPHUX Ta TEOPETHYHHX JAHHUX, OYJIO TMPOBEJCHO MOJICIIOBAHHS
JOCITIDKYBaHUX peakiliii B pamkax mporpamuoro koxy TALYS-1.96 [7]. Po3paxoBaHi TeOpeTHYHI BUXOIH

((Y)‘hem) TaKOX MOKa3aHi B TaOJIMII pa3oM 3 eHePreTUUHUMH Oap’epamu 3a3HadeHux peakirii (Q).

stat
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CepenHbo3BakeHi Buxoau (y, P)-peakuiii Ha siipax THTaAHY

<Y> , MOH
Peakuis Q. MeB oor other
<Y>exp <Y>5Tat <Y>exr:1
“Ti(y,p)*Sc 114 0,49(6) 0,310(15) 0,570(28) [8]
*®Ti(y, p)*'Sc 114 1,70(14) 0,70(4) 1,48(8) [8]
“Ti(y, p)*Sc™9 10,5 3,8(3) 0,92(5) 2,60(13) [8]

BuKOpUCTOBYIOUM e€KCIIEpUMEHTANbHI Tepepi3u AOCHiIKYBaHUX peakUiidl sl MOHOXPOMATHYHUX

other

Y-KBaHTIiB 3 pobotu [8], Ta HaII ranrbMiBHHI CIIEKTp OyJIM OTpHMaHI CepeaHbO3BaXKEeHI BUXOIH <Y> , SIK1

exp
TaKOX HaBEZCHI B TaOIHIII.
Jli1s cepeiHbO3BaKEHUX BUXOIIB, SAKI pO3paxoByBancs 3a JaHuMu koxy TALYS-1.96 (<Y>:'::t°') moxXuoKa

CKJIQJIA€ThCSI JIMIIE 3 TIOXUOKH MOJIENIOBaHHS TanbMiBHOTO criekTpa B komi GEANT4, ska 3HaXoauTbes B
Mexax 5% nmnd maHWX TPaHWYHHUX CHEPriii TanbMIBHUX Y-KBaHTIB, OCKUIBKH TEOPETHYHI BUXOIH

PO3paxoBYIOThCA SIK 3TOPTKa MOJIEIILOBAHOTO TalIbMIBHOTO Y-CIEKTpa 3 TEOPETHUYHUMH IIepepizaMu AJist

other

MOHOXPOMATHYHUX Y-KBaHTIiB 3 KpokoMm | MeB. Taky >k HeBH3HAUYCHICTh MU 3IHINAIN H IS <Y>exp ,

OCKIIBKH B po0oTi [8] moxubOka excriepuMeHTaIBHHX IIEPEPi3iB He OLliHEHA.
[Toxnbka TOTOKY TaldbMIBHHX 7Y-KBAaHTIB MpPH PO3PAXyHKY EKCIIEPHUMEHTAIBHUX CEepPeAHbO3BAKEHIX

BUXOIIB (<Y> ) 3HaXOAMTHCS B Mexax 7 %. Y HamoMy BHMAIKy MOXMOKH BU3HAYCHHS KBAHTOBUX BHUXOIIB
exp

cTaHOoBHIM MeHIIe 1| %, OCKUIBKM MH BHKOPHUCTOBYBaJdM HaHOLIbImI iHTEHCHMBHiI Y-miHii. CraTHCTHYHA
MOXMOKa BU3HAYCHHS IUION] MiKiB MEPeBaXKHO JOMiHyBaja B 3arajibHili HEBU3HAYEHOCTI JIUIIE IS PEeaKiii
®Ti(y, p)*Sc (6mu3pko 9 %). Jlns immmx peaxuiii BoHa mepeGyBana B Mexax 1-3 %. 3arampHa moxubKa
BH3HAUCHHS C(PEKTUBHOCTEH peecTparii konuBanacs B Mexax 2—3 %, OCKUIBKH MPOBOJATHCS BiJHOCHI
BuMiptoBaHHs. ToMmy 3arasbHa MOXHOKA €KCIIEPUMEHTAIBHUX CEPEIHbO3BAKEHUX BUXOIIB 3HAXOAMIACA B
Mexax 8-12 %.

Cepennbo3BakeHi BUxomu ycix (y, p)-peaxiiii BUMIpsiHI HAMU BIEpPIIC NMPHU JaHiil TpaHUYHIA eHepril
ranbMiBHUX Y-KBaHTiB. [Ipuuomy mns peakuii **Ti(y, p)*®Sc mominye crarmcTiunuii MexaHism, y Toi yac sk
JUISL HIIAX peakilid CcepeaHbhO3BAXKEHI BUXOMM 3HAYHO BHINI TEOPETHYHUX MaHWX. lle cBiqumTh mpo
HECTATHUCTUYHUI XapakTep nepeliry nqaHux peakuiil. MoxauBuid 3HAYHUH BHECOK MPSAMUX Ta HAMiBIPIMHX
MeXaHi3MiB.
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KOHUEIIIA APXITEKTYPU ITPOI'PAMHOI'O 3ABE3INEYEHHSA
JJISA IIOPTATUBHOI'O CIIEKTPOMETPA

M. M. 3apunbkuiil, /I. B. Kacneposuu!, B. P. Knasaienko!, B. B. Koouues!, E. €. Ilerpocsin’,
A. P. Iloagisiniok!, P. B. Moagisiniok?, O. I'. Moaiugyx?, H. B. Coxyp?, P. I0. Yaniuncbkniit

Y Inemumym si0epuux docnioscens HAH Yipainu, Kuis, Yxpaina
2 Kagheopa ¢pizuxu, Cipax 1ocoruii ynisepcumem, Cipax 1oc, CLLIA

JucranuiiiHuii pagianiiHUi MOHITOPHHT 3 BUKOPUCTaHHSAM OE3MUIOTHUX JITAIBHUX amnapariB HOTpedye
CHeLiaNi30BaHOr0 MPOrpaMHOro 3a0e3MedyeHHs, 34aTHOro NpalioBaTl B yMOBaX HECTaOIIBHOTO 3B 53Ky Ta
3a0e3Me4yyBaTH Ipy LEOMY BiATBOPIOBAHICTH PE3YJIbTATIB 3 MOKIMBOIO aBTOMATH3ALI€I0 MPOLECiB 0OPOOKH
naHnx. OCHOBHMMH BHMOTaMH JI0 TaKOTO IPOTPaMHOTO 3a0e3MeYeHHs SK 3aCTOCYHKY € MOXKIUBICTh
MOBHOLIHHOTO 30epeKeHHs eKCIIEPUMEHTABHUX TaHUX Pa3oM i3 CyNpoBiAHOIO iH(popMalieto (YMOBHU Ta yac
BHMIpIOBaHHS, MapaMeTpU JIETEKTOpa, MOXO/KCHHS JaHUX TOIIO0) Ta HAJaHHA IHCTPYMEHTIB IS iXHBOI
nojaneiioi oOpoOku Ta aHamizy. IIporpamue 3abe3nedeHHs Mae MiATPUMYBATH SIK iHTCPakTHBHHUH, Tak i
ABTOMATH30BaHUN aHaNi3 Y-CHEKTPIB CIUHTHWIAMIRHUX METEKTOPiB, 30KpeMa: MIiATOHKY IIiKiB IOBHOTO
TIOTJIMHAHHS METOJOM HaWMEHIHMX KBaapaTiB; MOOYIOBY KaliOpyBalbHOI KPHBOI Ta KPHUBOI PO3MIIEHOI
3aTHOCTI Ha OCHOBI CIIEKTPIiB KaTiOpyBaIbHUX JDKEpeN; a TaKOX OIlIHKY aKTHBHOCTI PaIiOHYKIIIIB Y
BUMIPSIHUX CIIEKTPax 3 BHKOPUCTAHHSIM MOJIENICH, OTpUMAaHUX MOJICITIOBaHHSIM MeTojoM Monte-Kapno y
Geant4 [1]. KpiM 1mporo, KIrO90BOIO BHMOTOIO TaKOXK € BIATBOPIOBAHICTH PE3yIbTATIB aHAI3y: yci eramnu
00pOOKH, BKITIOYAIOYH MapaMeTPH IMATOHKU Ta BUKOPHUCTaHI MOJENi, MalOTh 30epiraTucs Ta MOXYTb OyTH
TTOBTOPHO 3aCTOCOBAHI a00 MmepeBipeHi, M0 € KPUTHYHO BAXKIMBUM IS HAYKOBHX 3371a4 MOHITOPHHTY.

V xomi pobotr 6y10 chopMOBaHO MOAYIIBHY apXiTEKTYPY IPOrpaMHOTO 3a0e3nedenns [2] it mpoToTUIry
CHMHTHISIIIHHOTO Y-CIIEKTPOMETpPa, IO CKJIAAAETHCA 3 YOTUPHOX HE3AICKHUX KOMIIOHEHTIB. Cep8epHO20
MOOys, SIKAW BIANOBiNae 3a ICHTPai30BaHEe KEPYBaHHS JaHWMH, IXHIO IUTICHICTh, BEPCIOHYBaHHS Ta
HaJaHHA YHI(DIKOBAHOTO JOCTYIY; MOOYIb AHANI3Y, SKWH 1HKAIICYITIOE 00UNCIIOBAIIEHI MPOTICAYPH (30KpemMa
YUCEJbHI METOAM MiArOHKH, OOpOOKY JaHUX CIIEKTPIB Ta IHTErpallito i3 30BHIIIHIMU OOYMCIIOBAIBHUMU
6i6morexkamu, Takumu sk ROOT [3]); moodyas 360py Oanux, IKW# BiANOBiTa€ 3a B3a€MOJIIIO 3 amapaTHOIO
YACTUHOIO aHali3aTopa CIeKTPOMETpPa, MEPBUHHY 00pOOKY CUTHAJIB 1 Mepeady JaHUuX y CHCTEMY; a TaKOX
Kopucmyeaybkoeo inmepgheticy, mo 3ade3rneuye Bi3yaisallilo CIeKTPiB, IHTEPAKTUBHY POOOTY 3 JTaHUMH Ta
KOHTPOJIb HaJ mpouecamu aHanizy. Crnabke 3B s3yBaHHS Mi)K KOMIIOHEHTaMHU 3aCTOCYHKY 3a0e3reuye iXxHe
He3aJIe)KHE MacIITa0yBaHHS Ta CIPOILY€E JIOKaTi3amilo MOXJIMBHX 300iB y Nporpami, a BHKOPHUCTaHHS
yHiIQIKOBaHMX KOHTPAKTiB B3a€EMOJIi MK MOIYJSMH Ja€ 3MOTY I1HTErpyBaTH CHCTEMY 31 CTOPOHHIMHU
3aCTOCYHKaMH Ta areHTaMH ITyYHOTO iHTENEKTy 0e3 3MiHM (YyHKI[IOHAITY.

3anpornoHoBaHa apxiTEKTypa MPOrpaMHOro 3a0e3MEUeHHs JUIsl Y-CIIEKTPOMETpIii BiJAIMOBiae BUMOram
HayKOBOT'O MOHITOPUHIY IIOJI0 BiTBOPIOBAHOCTI PE3yJIbTATIB 1 MOXE OyTH aJanToOBaHa /0 HOBUX THIIIB Ta
METOAIB aHaii3y. Bukopucranns yHipiKoBaHMX KOHTPAKTIB B3a€MOAIT M’k MOYJISIMH Ja€ 3MOTY iHTETpyBaTH
CUCTEMY 3i CTOPOHHIMH 3aCTOCYHKaMH, 00YMCIIOBAIbHIUMH 010J1I0TEKaMH Ta areéHTaMH ITYYHOTO iHTEIEKTY
0e3 3MiHM (YHKLIOHANTy, a TAaKOX BUKOPHUCTOBYBATH ii B HAYKOBHX HNPOTPaMHHUX CHUCTEMaxX, ¢ KPUTHYHO
BaXXJTUBHMH € IPO30PIiCTh 00pOOKH TaHMX, BiAITBOPIOBAHICTh PE3YJIbTATiB Ta FHYYKICTh OJAIBIIOTO PO3BUTKY
(YHKLIOHAIBHOCTI.

1. J. Allison et al. Nucl. Instrum. Methods A 835 (2016) 186.

2. R.C. Martin. Clean Architecture: A Craftsman's Guide to Software Structure and Design (Boston, MA, Prentice Hall,
2017) 432 p.

3. ROOT. Data Analysis Framework. https://root.cern.ch/
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YTOUYHEHHS CXEMUY PO3IALY HYKJIJA #4U

JI. B. Kacnepopuu®, ®. A. Jlanesuu'?, C. C. [Ipaneii’,
B. I. Kupumyxk!, B. B. Koonuesnl, B. I. Tpersak'?3

Y Inemumym soeprux docnioncens HAH Vipainu, Kuis, Yxpaina
2 [ncmumym excnepumeHmanvhoi i npukiaounoi gizuxu, Yecoxuii mexuiunuil ynieepcumem y Ipasi, Ilpaza, Yexis
8 Hayionanonuii incmumym sdeproi ¢izuxu, Hayionanvna nabopamopisa I'pan-Cacco, Accepoci, Imania

Mertoio naHoi po6oTu OyI0 JOCTiIKEHHS CXeMH raMMma-TiepexofiB y adbda-posmani 2*U. Ha pucynky
HaBEIIEHO CXEeMy po3maay HYKJIiaa BIATOBIMHO A0 akTyaldbHUX naHux 3 6asum ENSDF [1]. Anbda-po3smanu Ha
OCHOBHHII i 1Ba 30ymkeHHX piBHI 2°°Th 3 HAWHIKYAMHU €HEpriiMH JTOCHTH I06pe BHBUEHi. PazoM 3 THM,
Mepexoar Ha BHIII PiBHI BUBYEHI JHIIe B OIHINH poboTi 1963 p. [2], npuuomy mocuth pparmentapHo. s
piBas 508,16 keB Oyio BUMIpsIHO CyMapHy IHTEHCHBHICTh JBOX T'aMMa-TIEpeXOIiB 3 ITLOro piBHA (aybda-
po3mnan Ha HeOTO He OyB criocTepeskennit). HatomicTs muis piBaiB 634,9 1 677,6 xeB Oyno BU3Ha4eHO cyMapHy
IHTEHCHBHICTh anb(da-po3magy Ha Li piBHI i IHTEHCHBHICTh ramma-nepexony 581,7 keB. Takum uuHOM,
OLIBIIICTh 3HAYEHBb IHTEHCHBHOCTI /IS BiMOBIMHUX aib(a- i raMMa-TiepexoiB OyiIo OIliHeHO, Oepydu a0
yBaru fai, orpuMai y posnanax 2°Ac i 2°Pa. V nawiii poGoTi 6yi1u poBe/ieHi BUMipIOBaHHS aGCOTIOTHHX
IHTEHCUBHOCTEH Tamma-tiepexoiB 3 piBHiB 508,16 1 677,6 keB, OCKUIBKH yMOBH €KCIIEPUMEHTY HE JAIOTh
3MOTY CHOCTEPIraTH Mepexoau 3 iHIINX PiBHIB.
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Cxema posnany 2**U 3 nanux [1]. HaBeneHo eHeprii nepexosii y keB i iX MoBHi iHTEHCUBHOCTI (Y-TIpOMeHi i
eJeKTpoHHa KoHBepcis). [LITpuxoBi JiHiT TOKa3yIOTh MEPEXOIH, paHillle HEe CIIOCTEPEIKEH] Y IIbOMY PO3MAaIi.

BumiproBanHs 6y poBesieHi 3 cepTidikoBannm 3paskoM UszOg Macoro 230 r, akTHBHICTh HyKiiga 234U
B sikoMy ctanoBuTh 439,3(13) Mbk (oriHeHo i3 cepTU(iKOBaHUX JaHUX TPO 130TOMHHIN CcKian ypany [3]).
BumMiproBanHs 31 3pa3koM MpOBOAMIUCS BOponoBkK 46,3 ni0, ¢oH nerekropa OyB BHUMIPSHHI HpPOTATOM
8,1 nib.

Js xkamiOpyBaHHS ETEKTOpa, 30KpeMa CHEPTeTHYHO! MKW, PO3MUTFHOI 3MaTHOCTI 1 e(PeKTUBHOCTI
peecTparii IeTekTopa 10 raMMa-KBaHTiB, OyJl0 BUKOPUCTAHO iIHTEHCHBHI MKW TaMMa-BUIIPOMiHIOBaHHSI ITPH-
pomuux izotonis 2°U i 2*Pa, mo npucyTHi y 3pasky. BHCOKOUyT/IHBHIA aHATI3 IaB 3MOTY TOYHO BCTAHOBUTH
aKTUBHICTh PaIiOHYKIiNIB ypaH-TOpieBUX pafdiB. Ilpomemypa kamiOpyBaHHS eHEpPreTHUHOI 3aIeKHOCTI abco-
JIIOTHOT €PEeKTUBHOCTI PEeECTpallii 0 raMMa-KBaHTIB Oa3yBajiacs Ha MO€IHAHHI IBOX IMiXO/iB (IOKJIaTHO OIH-
canux y [4, 5]):

1. MaremaTn4He MoenfoBaHHS MeTo1oM MoHnTe-Kapio 3 Bukopucranasm nporpamu Simourg [6, 7];

2. AHamTHYHA anpOKCUMAIlis eKCIEPUMEHTATLHUX JaHWX IOJIIHOMOM IT’STOTO IOPSAKY B MTOABIHHOMY
sorapu(MiyHOMY MacIITaoi.

Po306ixkHICTh MK pe3ylibTaTaMy LIUX METOAIB HE BUXOoAMIa 3a Mexi 7 %. I GpiHanbHUX po3paxyHKiB 10
3HAYCHb, OTPUMAHUX MOJICITIOBAHHIM, 0yJI0 BHECEHO BiATIOBIIHI TOTIPAaBKH i HEBU3HAYCHOCTI. /lomaTkoBO st
KO>KHOTO raMMa-TTiKa TIPOBOJIMBCS PO3PaXyHOK €(EeKTiB BHIIQJAKOBOTO Ta KACKaJHOTO CYMYBaHHS IMITYJIECIB,
a TAaKOXX HaKJIaJaHHs (POHOBUX MIKIB BiJl CyMyTHIX HYKJIiJiB.
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Otpumani eHeprii i aOCONIOTHI IHTEHCHBHOCTI BHMIIPOMIHEHHS TaMMa-liepexomiB 3 piBHIB 508,16 i
677,6 xeB HaBeneHo y Tabmuii. OTprMaHi XapaKTePUCTUKHA FaMMa-TIePeX0/IiB CTATUCTUYHO JT00pE Y3TOIKYy-
10Thes 3 [1]. 3 OTpUMAaHKX JaHUX MOYKHA OLiHMTH iHTEHCHBHOCTI anbda-posnaxy >*U Ha BiamosinHi 36ymKeni
piBui 2°Th: ockinbku piHi 508,16 i 677,6 keB 3acensioThes Muie B amb(a-po3nai, TO IXHsA iHTEHCHBHICTh
JIOPIBHIOE CyMi iHTEHCHBHOCTEH YCiX MEpPEeXOo/iB i3 IUX PiBHIB (raMMa-TIepeX0/IH i eleKTPOHHA KOHBEPCis).
st obumciens OyI0 BHKOPHUCTaHO KOe(DIIliEHTH eleKTpOoHHOI KoHBepcii 3 [1]; mma 3mimanoro mepexomy
EO + E2 + M1 3 enepriero 624,4 keB Oyno BUKOPUCTAHO CITIBBIIHOMIEHHS MK IHTEHCHBHOCTSIMA KOHBEPCIH-
HHX €IeKTPOHIB i raMMa-KBaHTiB, BUMipsaHe y posnasi “°Pa [8]. Byio oTpuMaHO Taki iHTeHCHBHOCTI anbda-
nepexonis: 2,75(19)-10° % mns piBas 508,16 keB i 3,1(10)-10° % nus pisns 677,6 xeB (Biamosinni peko-
MeHznoBaHi inTencuBHocT: 4(1)-10° % i~ 7-10°° % [1]).

Bumipsini xapakTepucTuKU raMma-nepexois 3 piBHiB 508,16 i 677,6 keB,
110 3aceIsioThes y anb(a-posnaai 24U

Enepris piBas Enepris ramma-niepexonay, keB AOCONIOTHA IHTEHCHBHICTh raMMa-tiepexony, %
ENSDF ENSDF Jana po6ota ENSDF Jlana poboTa
508,16(5) 454,95(5) 455,02(6) 2,5(7)-10°° 1,61(8)-10°
' 508,20(5) 508,27(6) 1,5(4)-10° 1,10(17)-10°°
503,5(2) 503,51(8) = 17,9107 2,9(17)-107
677,6(1) 624,4(1) 624,18(6) = 8,410 3,7(15)-10”7
677,6(1) 677,47(8) ~110° 0,62(6)-10°°

Ipumimka. Y RyXKkax BKa3aHO CTaHJApTHI HEBM3HAYEHOCTI OCTaHHBOI 3Hauymioi mudpu. OuiHeHi maHi 3 06a3n
ENSDF [1] naBegeHo Juist MOPiBHSHHSL.

TakuM 4YMHOM, y IaHii poOOTi eKCIEPUMEHTAIBHO YTOYHEHO 1HTEHCUBHOCTI BUIIPOMIHEHHS 5 HU3BKOiH-
TEHCHBHHX raMMa-Tiepexofi y posmazi 2>*U (3 mepexomu 3 piBus 677,6 keB crocrepesxeni Brepme). Kpim
1IbOTO, OIiHEHO iHTEHCHBHOCTi ambda-posmazxis “*U ma piemi 2°Th 3 emeprismu 36ymxenns 508,16 i
677,6 keB. Otineni 1aHi yTOUHIOIOTH cXeMy albha-po3nay Hykmiga 24U,

C. Morse. Nucl. Data Sheets 197 (2024) 259.

S. Bjernholm et al. Phys. Rev. 130(5) (1963) 2000.

Certified Reference Material 146 (U.S. Department of Energy, New Brunswick Laboratory (IL), 1999) 4 p.
F.A. Danevich et al. Eur. Phys. J. A 61 (2025) 46.

F.A. Danevich et al. Eur. Phys. J. A 61 (2025) 264.

B. B. KoGrrues. SlnepHa ¢isuka ta enepreruka 12 (2011) 301.

D.S. Kovalenko et al. Nucl. Phys. At. Energy 27 (2026) 80.

T. Valkeapis, J. Heinonen, G. Graeffe. Phys. Scr. 5 (1972) 119.
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MOLYK PIIKICHUX KAHAJIIB PO3IAZY HYKJIIJIA ??Po

. B. Kacniepopuu®, I1. Beani?®, P. Bepnaoeii*®, P. C. Boiiko'*,
®@. A. Taneuu>®, A, IngikkirTi®’, ®. Kanneana®, B. Kapauuiono®?,
B. B. Ko6uues!, O. I'. Moaiugyx?, H. B. Cokyp?, B. I. Tpersik'°%, P. Uepy.ni’

Y Inemumym s0epuux docnioscens HAH YVipainu, Kuis, Yxpaina
2 Hayionanonuii incmumym sideproi @izuxu, cexyia y Pumi « Top Bepeamay, Pum, Imanis
3 Pumcoruii ynieepcumem «Top Bepzamay, Pum, Imanis
* Hayionanonuil ynisepcumem biopecypcie i npupodoxopucmysanns Yxpainu, Kuis, Yxpaina
S Incmumym excnepumenmanvhoi i npuxnaonoi gisuxu, Yecoxuti mexuivnuil ynisepcumem y Ilpasi, Ilpaza, Yexis
® Hayionanonuii incmumym sideproi gizuxu, cexyin y Pumi, Pum, Imanis
" Pumcoruil yuieepcumem «Jla Canienyay, Pum, Imanis
8 Hayionanonuii incmumym sioepnoi ¢isuxu, Hayionanvna nabopamopis I'pan-Cacco, Accepoaci, Imanis

€IMHUM CIIOCTEePE)KCHUM Ha JTAHWH Yac KaHAJIOM pPO3IMary 212P0, JIOYipHBOTO HYKJIiZ]a PagiOaKTHBHOTO
pany 2°Th, e aneda-posnag Ha OCHOBHMI PiBEeHb JOUipHBOTO sAapa 2°°Ph 3 peKoMeHJOBaHMM MepioaoM
HamiBpo3mnanay 294,3(8) ue [1]. Pasom 3 TuM, eHEpreTHYHO MOXKJIMBUI ab(ha-po3naj Ha HepInnil 30y HKeHnH
piBeHb novipHbOTO simpa (2614,5 keB). Oxpim 1poro, mikaBMM € MOIIYK MOJBiiHOTO aibda-posmany [2],
30KpeMa Horo cUMeTpu4Hoi KoHQirypauii, B siKiil ais OaraThbOX HYKITiAIB OTPUMAaHI TEOPETHYHI OLIHKH
napIialbHUX MEepioJiB HamiBpO3Maay, 10 BKa3yIOTh Ha MOXKJIMBICT CIIOCTepeXeHHs nporiecy [3, 4]. Mertoro
JIaHoi poOOTH OYyJIO HOCTIANTH MOMIIMBICTH €KCIIEPUMEHTAIBHOIO TOIITYKY TaKUX PO3IMAIiB 3a JOITOMOTOI0
MIBUIKHUX CITUHTIIATOPIB 1 METOJIUKH YaCOBO-aMILIITy JHOTO aHaTi3y.

J1st mOCHiDKEHHS BWKOPHUCTOBYBAIWICS JIaHI NTBOX EKCIIEPUMEHTIB. Y TEpIIOMY EKCIEepUMEHTi [5]
BUKOPHCTOBYBAJIM CUMHTHIIALINHMNA Kpuctan BaF: macoro 1,714 xr 3 BHCOKHM piBHEM paJiOaKTHBHOTO
3a0pyIHEHHSl TOYIpHIMH MPOLYKTaMH ypaH-TOPIEBHX psiliB, 30kpeMa HykiainoMm 22Th (skuii mepebyBaB y
CTaHi paJioaKTUBHOI piBHOBAru 3 2'?Po). XapakTeprcTHKH paioaKTUBHOTO 3a0pyAHEHHS HABEJICHO B TAOIHIII.
Hpyruit excriepumenT [6, 7] Oys10 mpoBeeHO 31 3pa3KOM PiIKOro CHUHTHIISITOPA Ha OCHOBI TOJIYyOITy 00’€MOM
12 mu1, mo MicTUB 2 MI/MJI TODilO y BUIJISLAI OpraHidyHoi croiykd. OOuIBa eKCIIEpUMEHTH Mald Ha METi
BUMIpIOBAHHS Mepiofy HamiBposmazy “?Po 3 BHCOKOIO CTATHCTHKOIO, 30KpeMa, B [7] Gyio oTpuMane ioro
HaWTOYHIIIIE eKCTIepUMEHTaIbHE 3HaueHHs, 295,1(4) He.

Meroauka DOCIiHKCHHS B 000X €KCIIEpUMEHTax OyJia qy’Ke CXO0’ka 1 moJisaraia B 3amuci (GOpMH CUTHAIIIB
Ta aHANi3i mBHAKEX Tap po3mafiB “°Bi i ??Po 3 BHCOKOIO YacOBOIO PO3INBEHOIO 3ATHICTIO, 3 MOAANBIIO0
106y 10800 po3naaHoi kpuBoi *?Po Ta ii omucom. 3aranom i3 BaF, 6yno Bixi6pano 3,4-10° map moxii, y Toit
9ac fK i3 PiIkUM CIUHTUIATOPOM oTpumaHo 3,6-10° map.

PagioakTBHA 3a0pyIHEHICTH CHUHTHIATOPIB (PO3paxoBaHo 3 naHux [5, 7])

Pan Hyxorin AxTuBHICTB, BK
BaF; [5] Pinkuit cuunaTHISTOp [7]

22Th 232Th < 0,007 55,3(3)

228Th 2,31(10) 45,8(9)

238 < 0,0004
238y 226Ra 13,4(2)

210pp 1,70(2)

235y <0,0010
5y Zlpg <0,0012

21AC <0,12

Y naHoMmy mOCIiIKeHHI BUKOPHCTOBYBAIUCS BifiOpaHi ApyTi moii y mapax, 1o BiAIIOBiAa0Th po3naaaM
212Po (pucyHOK). 3aBISAKH HEBENMKOMY MeEpiody HamiBpo3maiy, OiNbIICTh MOMil y BimiOpaHMX creKTpax
IOTpAIUIse 10 MKy anb(a-po3nany >?Po Ha OCHOBHHMII piBeHb IOYIPHBOTO sapa. Pa3oM 3 THM, y BHIIaIKax
anbda-posnary Ha piBeHb 2614,5 keB 1 moasiitHoro anbda-po3nanay BiATYK METEKTOPIB OyIe BiAPi3HITHCS
3aBISIKM 1HIIIH eHeprii MOTJMMHYTHX YacTHHOK, a TaKOX 3a paXxyHOK 3MiHM Koe(illieHTa MpUTHIYCHHS
CBITJIOBUXOAY JIs1 alib(ha-4aCTHHOK, TIOPIBHAHO 13 raMMa-KBaHTaMHU.
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Enepris (y mikanai raMmMa-KBaHTiR), keB Enepris (y mkani raMMa-KBaHTIB), keB
EnepreTndni crekTpu Apyrux mogi y mapax 2Y?Bi-?Y?Po, orpumani 3 kpucranom BaF: (risopyu) i pimkum
CLMHTHIATOPOM, HACHYEeHHM TopieM (npasopyu). Lluppamu nosnayeno: anbda-posnagu 2?Po i 2**Po na ocHoBHuiA
cran gouipHix saep (1 i 2 BianmoimHo); ouikyBani miku anba-posnagy 2?Po Ha 1-i 30ymkeHuii pisens 2%8Pb 3

e”epriero 2614,5 xeB (3 mo3nauyae anpda-mik, 4 —mik cymapHoi peecrparii anbha-4acTHHKM 1 ramMMa-KBaHTa
26145 keB) i cumeTpuaHOTO TMIOAIBIHHOTO anb(a-posnany 2?Po Ha ocHoBHUIA cTan 2%*Hg (5).

OuikyBaHe MOJIOKEHHS MiKiB OLIHIOBAIOCS 3 €HEprill BiAMOBIIHUX PO3MaAiB i KOS(ili€HTIB TPUTHIYEHHS
CBITJIOBUXOAY Ui anb(a-4acTHHOK Yy MAOCHiIKYBaHMX cHUHTWIATOpax. OOpoOka AaHMX BKIIOYaja
MOJICITIOBAHHS BIATYKY IETEKTOPIB M0 IIYKAHHWX MPOIECIB i alPOKCHUMAIlII0 EKCIICPUMEHTAIBHIX CIEKTPIB
MOJIEJISIMH, IO BKJIIOYAIH, KpiM e(eKTy, KU anb(a-po3maaiB i30TOMIB IMOJOHIIO 1 BUMAIKOBI 30iTH y mapax
nofiit. Yci oTpuMaHi BepxHi oOMeXeHHsS Ha BiJHOCHI HMoBipHOCTI anmbda-posmamy 2?Po Ha mepumit
36ymkennii cran 2°Pb (3 1BoX criekTpiB) i moaBiiiHOro anbga-posnany 22Po Ha ocHoBHHIT cTan 2*Hg (e
3 PiAKMM CIMHTHIATOPOM) NexXaTh Ha piBHI ~107*. TTogaibIIoro mokpameHHs YyTIMBOCTi MOXKHA JOCSTTH

301IBIIIEHHSM €KCIIO3UIIT BUMIPIOBAHb 1 TOKPAIICHHSAM €HEPreTHYHOI PO3AUILHOI 34aTHOCTI JIETEKTOPIB 3a
PaxyHOK MOKpaIleHHs] YMOB CBITII0300pYy.

K. Auranen, E.A. McCutchan. Nucl. Data Sheets 168 (2020) 117.
V.1. Tretyak. Nucl. Phys. At. Energy 22 (2021) 121.

F. Mercier et al. Phys. Rev. Lett. 127 (2021) 012501.

V.Yu. Denisov. Phys. Lett. B 835 (2022) 137569.

P. Belli et al. Eur. Phys. J. A 50 (2014) 134.

I1. Bemni i iH. SnepHa ¢i3uka Ta emepreruka 19 (2018) 220.

P. Belli et al. Eur. Phys. J. A 57 (2021) 215.
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HNOMYK PIAKICHUX AJEPHUX PO3ITAAIB I30TOIIIB I'AJOJITHITO

B. P. Knasnienko!, I1. Besni??, P. Bepua6eii®®, ®. A. lanesnu?*°, B. 0. Jlenncon?,
A. IngikkirTi®’, ®. Kanneana®’, B. Kapauuoma0?3, . B. Kacneposuu®, M. Jlay6enmreiin®,
A. Jleonuini’®, B. Mep.102°, C. Hizi%, B. I. Tperak'*8, ®. ®epenna’, P. YUepyni’?

Y Inemumym sdepnux docnioncens HAH Ypainu, Kuis, Yxpaina
2 Cexyis. Hayionanonozo incmumymy sioepuoi ¢isuxu y Pumi « Tor Vergatay, Pum, Imanis
8 Disuunuii haxynomem Pumcvrozo ynicepcumemy « Tor Vergatay, Pum, Imanis
4 Incmumym excnepumenmanvroi ma npuxiaonoi ¢isuxu, Yecoxuii mexuivnuii ynisepcumem y Ilpasi,
Ilpaza, Yecvra Pecnybnika
S Incmumym nayxu I'pan-Cacco, JI' Axsina, Imanis
® Cexyia Hayionanvnozo incmumymy sdepnoi ¢isuxu y Pumi, Pum, Imanis
" @isuunuii paxynomem Pumcorozo ynisepcumemy «La Sapienzay, Pum, Imanis
8 Hayionanvna nabopamopis I pan-Cacco Hayionansnozo incmumymy soepnoi ¢isuxu, Accepoaci, Imanis

ExcrniepMeHT 3 MOMIyKy pilKiCHUX SACPHHUX PO3MAaiB 130TOMIB raJlofiHi0 OyJI0 MpOBeIeHO y MiI3eMHil
naboparopii I'pan-Cacco (LNGS, Itanis) 3a momomororo cruuuTHismidHOrO Kpuctany GdsAl,GazO12(Ce)
(GAGG:Ce) macoro 286 1. Bu3HaueHO OCHOBHI CIIEKTPOMETPHYHI XapaKTEPUCTHUKN IETEKTOpa Ta BUKOHAHO
PO3IiTICHHS TTOAIH Bix a- Ta -4acTHHOK (Y-KBaHTIB) 3a (JOPMOIO CIMHTHIIALIMHAX IMITyJbCIiB. BeTaHOBICHO
panioakTUBHE 3a0pyJHEHHS JeTajell eKCIepUMEHTaIhbHOI YCTaHOBKHM 3a JIOMOMOTOI0 PO3KIamy O- Ta
B&y-criekTpiB Ha OKpeMi KOMIIOHEHTH Ta 9acOBO-aMILIITYTHOTO aHaji3y. Bu3nadeHo racinHsg €(eKTHBHOCTI
CHMHTUJIAIIT IS 0-4aCTUHOK Ta PO3UIbHY 3IaTHICTh JUIS O-TIOiM.

Jlns mykniga *?Gd ynepme BcTaHOBIEHO oOMexkeHHs Ha mepion HamiBposmamy (Ti2) BimHocHO 2v2KL
nportecy T12 > 9,4-10% p. 3 noipuoro #imogipuicTio (JI.J1.) 90 % [1] Ta 0OTpuMaHO HOBE OOMEXKEHHS BiTHOCHO
0v2EC-posmazy Ti > 8,2:10 p. 390 % JI.JA. [1], 1m0 Ha YOTHPH MOPSAKA BETHIHHH [IEPEBHIIYE MOMEPEIHii
pesymbrar [2]. Ymepme 6yn0 BCTaHOBIEHO oOMexkeHHsS Ha Tiz Hykmiga 2Gd BigHOCHO 20-po3mamy
Tz > 3,310 p 3 90 % JI.JA. Jlanuii mpouec € TEOPETHYHO MOXMIIMBMM HOBMM BHIOM PaIiOaKTHBHOCTI
aTOMHUX sep, Akuid OyB mepembauennid me y 1980-x pokax, OgHaK aKTUBHI MONIYKH 20-po3Mamy
po3noyanucs micis podoru 2021 p. [3]. Otpumanuii pe3yabTaT HaOJIM3UBCS 10 HAWOLIBII ONTUMICTHYHUX
TEOpETHYHHX MepeadadyeHh CUMETpUYHOTo 20-po3nany ?Gd Ty, = 1,1-10" p. [4]. OTpumaHo HOBe 3HAUEHHS
Ty Hykiiga *2Gd BizHOCHO 0-po3may Ha OCHOBHMIL piBeHb H0UipHBOTO Aapa T12 = (6,17 45)-0" p., mo 3
ypaxyBaHHSIM CHCTEMAaTHYHHX Ta CTATUCTUYHHMX IOXMOOK Maike B JBa pa3H BiPI3HAETHCS BiJ] TAOIMIHOTO
3Havenns T = 1,08(8)-10% p. [5]. Taka 3HauHA HEY3TOKEHICTH MOTHBYE JI0 TIOJANBIINX JOCITIKEHb JAHOTO
HyK1ia. Takox y po6oTi BCTaHOBIEHO 0OMe)eHHs Ha o-po3nan *?Gd Ha nepumit 36ymKenuii pisens 1*4Sm
Tiz>1,1-10% p. 3 90 % JI.VI.

Jlns mykmina ***Gd ynepmre BcraHOBIEHi 00MexkeHHS Ha T1 BiJHOCHO 0-po3May HA OCHOBHHMI PiBEHb
150Sm Ty, > 5,3-10" p. 3 90 % JI.H. Ta BimHOCHO Kanany 20-po3mamy Tz > 1,4:10% p. 390 % JI.1A.

Jlns mykmina *°Gd ymepire BcTaHOBIEHO OOMekKEHHsS HA MEpioj HATiBPO3Mady BiIHOCHO 20-pO3May
Tiz >7,7:10% p. 3 90 % JI.JA.

P Belli et al. J. Phys. G 53 (2026) 045101.

M. Laubenstein et al. Eur. Phys. J. C 83 (2023) 1114.

V.1. Tretyak. Nucl. Phys. At. Energy 22 (2021) 121.

V.Yu. Denisov. Phys. Lett. B 835 (2022) 137569.

R.D. Macfarlane, T.P. Kohman. Phys. Rev. 121 (1961) 1758.
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3ACTOCYBAHHS CUMBOJIBHOI PETPECII 1J151 AHAJII3Y JAHUX
Y ®I3ULI BACOKUX EHEPT'TI

1. M. Kiiekoiib, O. A. be3zmmuiiko, JI. O. T'oninka-be3muiiko
Kuiscokuti Hayionanonuii Ynieepcumem Iveni Tapaca lllesuenxa, Kuis, Ykpaina

JocmmkeHHss B o0MacTi eKcrepuMeHTaIbHOI (Pi3WKM BHCOKMX CHEPTid 3aBKId BHMaraid MPOBEICHHS
3HAYHOTO aHAJI3y OTPUMAHHUX eKCIepUMEHTANbHUX NaHuX. [lounHatoun 3 aHamizy Qotorpadiii TpekiB HOBUX
YaCTHHOK 3 Oyp0aKoBUX KaMep 70 TeTepilIHiX eKCTIEPHIMEHTIB Ha Koaiepax 3 YaCTOTOIO 3ITKHEHHS ITy4-
KiB MOPSAAKY AECATKIB HAaHOCEKYH/. [ eHepyBaHHS BEJIIMKOI KiJIbKOCTI JaHUX Y €KCIIEPUMEHTAX BUMarae ajro-
PUTMIB IX HAAIMHOTO aHaIi3y, 30KpeMa BiJJIJICHHs] CUTHAJILHUX MOl BiJi KOMOiHATOpHOTO (hOHY, IO € 0CO0-
JIMBO BXKJIMBHUM JJIs PIAKICHUX MOJIiN, TAKKUX K, HAMPUKJIAJ, yTBOPSHHS 0030HYy Xirrca [1, 2], 110 BUMararwTh
MaKCUMaNbHOI e()eKTUBHOCTI BifOOpy CHUTHay Ta MpUAYyLICHHS (QOHY.

HaiinmomupeHimi Ha CbOrOHI METOAW aHaJli3y JaHWX BHUKOPHUCTOBYIOTH MAaIlMHHE HABYAHHS, IO TAKOX
OyJI0 TIATBEPMKEHO BPYUEHHAM HOOemBChKOI mipemil 3 dizukm 2024 p. [3, 4] 3a mioHEepChKi TOCIIHKEHHS B
JAHOMY HaIpSIMKY.

IcTopuYHO 3acTOCYBaHHS MAITUHHOTO HABYAHHS JJIA aHATi3y JaHUX y (i3HIll BUCOKHX €HEprii po3moda-
JIOCS 13 3aCTOCYBaHHS HEUPOHHHX MEPEX [S5], OMHAK 3roloM IMOCHJICHHI JepeBa pimieHb [6] cranm OuLIhII
MIOMYJISIPHAMU Ta CTAJIM MEPEBAKAIOYNM 1HCTPYMEHTOM aHajli3y Ha cborofHi. He3Bakaroun Ha BeMUKy edex-
TUBHICTh KJIACUYHHUX MOJICJICH MAIIMHHOTO HABYAHHS, BOHU MAalOTh OOMEXEHY IHTEPIPUTOBHICTh, Ta MPAIIO-
FOTh 3a MPUHIUIIOM «TEMHOI CKpHHI». X04a MOJEJi MAaIIMHHOTO HABYaHHS MPOXOAATH BaNIJAIlI0, X po3di-
JICHHS TIOJIii Ha CUTHAJBHI Ta ()OHOBI, 3AJIUIIAETHCS JEIIO 032 aHAII30M HAYKOBIIIB, 110 TIOTEHIIIHO MOXeE
MPU3BECTH 0 YNIEPEIKEHOCTI MOAETII.

OnHi€ro 3 MOXKJIMBHX aNbTEPHATHB € CUMBOJIbHI MOJETI, B SIKUX Y MPOLeCci HaB4aHHS POPMY€EThCS aHATITH-
YHUH BHpa3 CKaIAPHOI QYHKINT KUTPKOX apTyMEHTIB, 3HAYCHHS KO € KpUTEpieM BiTHECEHHS Iomii 10 GoHy
a6o curnHamy. [TpuHIIT poOOTH CHMBOJIIBHUX MOZCIICH TaKWH JKe K 1 KITAaCHYHUX ITOCHICHUX JAEPEB PIIICHh U
HEWPOHHHX Mepek. SIK BXimHI JaHI Taki MOZEN BHKOPHUCTOBYIOTH MapaMeTpHU PEKOHCTPYHOBAHUX TPEKIiB Y
KoJIaiiepax, Ha OCHOBI SKHX OOYMCIIOIOTH BHUXIAHY BEIMYHHY, IO XapaKTepu3ye WMOBIPHICTh HAJICKHOCTI
mofii 1o curaairy. OcoOIMBICTIO CHMBOJIFHUX METOIIB € T€, IO BUX1/IHA MOJIENH € POPMYIIOI0, iIka MOXKe OyTH
[pOaHali30BaHa aHAJTITHYHO.

[puHnun poOOTH MOCHICHHX AEPEB pillleHb, MOXKHA TOPIBHATH 3 PO3OMBAHHSAM (HPa3zoBOr0 MPOCTOPY
BX1JTHUX [TapaMeTpiB Ha 00J1aCTi CUTHANBHUX Ta (POHOBHX MOJIN, Y TOW Yac SIK CHMBOJIbHI METOM CIIPSIMOBaHI
Ha MOIIYK 3aKOHOMIPHOCTEH, 3a SKUMH PO3IMOIiIEH] CUTHAIBHI Ta (YOHOBI MOAIi.

Po3mizHaBaHHs 3aKOHOMIpHOCTEH CUMBOJILBHUMH MOJEISIMH MOXe OyTH MPOAEMOHCTPOBaHE Ha TPHUKIA
JaHuX, 300paXCHUX Ha pHC. 1, e KOXKHA TMOJisl XapaKTepU3YEThCS ABOMA IapaMeTpaMu, sKi MO3Ha4eHHI
KOOpJIMHATaMHU BIiAMOBITHMUX TOYOK Ha Tpadiky. HaBemeHi mani Oylo BHKOPHUCTAHO U HABYAaHHS MO
MTOCHUIICHUX JIepeB pillieHb 3 BUKOpHUCTaHHAM (ppeitmBopky XGBoost [7] Ta CHMBOJIBHOT MOJIENi 3 BUKOPUCTAH-
M ¢pperimBopKy Symbolic Regression [8]. 3 puc. 1 Bi3yanbHO BUIHO 3aKOHOMIPHICTB, 32 SIKOIO PO3TAIIOBaHI
CUTHAJIbHI TIOAIT Ta (DOHOBI, OHAK, CITiJ] 3a3HAYUTH 110 CUMBOJIHHI MOJIETI MOXYTh PO3Ii3HABATH 3aKOHOMIp-
HOCTI, 5IKi HE 3aBXK/I1 BIAETHCSI BCTAHOBHUTH Bi3yalibHO. DOHOBUM KOJIBOPOM Ha pHc. | Mo3Ha4eHOo BUXiAHI 3Ha-
YEeHHS! HaTPEHOBaHO1 CUMBOJIBHOT Mozieni. Ik BUAHO 3 rpadika, HATPEeHOBaHA CUMBOJIbEHA MOJENb KOPEKTHO
BiZITBOPIOE PO3IO/LI CUTHAIBHHX TOIH.

®dopmyra 1aHOT CUMBOJILHOT MOJIEINI MA€ TAKHWA aHATITUYHHUNA BUTJISIT

F(%.%)= 1—0,84%.
2

EdexTHBHICTh CUMBOIBHOT MOJIENI Ta MOZAEII MOCHICHUX JIEPEB pIllleHb OIHIOBAIW 3a IUIOMICIO ITiJ|
ROC-kpuBoto (puc. 2). 3HaueHHS I[LOTO MOKa3HUKA JJIi CHMBOJIBHOI MOJIeNi cTaHOBWIO 89,54, a st Mojeni
MTOCHUIIEHUX JiepeB pimeHb — 81,91, mo cBiguuTh npo BUMly e(eKTUBHICTH CHMBOJIEHOT MOJIEII.

Bapto 3a3HaunTH, 110, X04a B FOMY JTOCIIIKEHHI CHMBOIIbHA PETPECis epeBepIy€e MOIeTh TOCHICHIX
JIEpPEB pillieHb 3a TTOKa3HUKaMH eEeKTUBHOCTI, TaKa IiepeBara He € YHIBepCaIbHOIO 1 3aJICKUTH Bill 0COOIHMBO-
CTel KOHKPETHOTO HAOOPY JaHUX. TakoX TpEeHYBaHHSI CHMBOJIBHUX MOJIEIICH 3a3BUYail 3aiiMae 3HATHO OLTbITIE
4acy, MOPIBHSHO 3 ONTHUMI30BaHUMH QJIFOPUTMaMH TPEHYBaHHS TOCUJICHHUX JICPEB PIlICHb.
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Puc. 1. Bizyamizamis po3nonury mapamerpiB TpeHyBadb- Puc. 2. ROC kpuBi cumBonbHOI Mopeni (nomapanuesa

Horo Habopy manmx. CUrHambBHI MOl TTO3HAYEH] uepgo- Kpuea) Ta MOIEIi MOCHWICHNX JEpeB pillleHb (Onakumua

HUM KOIBbOPOM, (OHOBI MMOMil — cunim. @oHosum KONbO- Kpuea), TMOOYIOBaHI Ha BalimaniiiHOMy HaOoOpi HaHUX.

POM TI03HAYCHO IepenOaYeHHsT CHMBOJIBHOI MOZIETI. [Tiomma mig KpUBOIO 3a3Ha4YeHa y BIICOTKAX BiJ MakCH-
MaJIbHOI.

[lincymoBytoun, BapTO 3a3HAYUTH, IO CHMBOJBHI MOJeEINi MAIIMHHOTO HaBYaHHS MAlOTh HEPCHEKTHBY
3acTOCyBaHHS y (Di3HIIl BHCOKHX €HEpPTiH, A€ MPO30picTh MOJENI Ma€ OAHE 3 MPIOPUTETHUX 3Ha4eHb. Kpim
TOTO, CHMBOJIbHI MOJICJIi MAIOTh MOTEHIIIAN JJis BUSBICHHS 3aKOHOMIPHOCTEH Y JTAaHUX, SKi MOXYTh 3aJIdIIIa-
THUCS HEBUSABJICHUMU MPH 3aCTOCYBaHHI KJIACHYHUX MOJIEJIel MallMHHOTO HaB4aHHs. [IpoTe cuMBOJIBHI Mojei
HE 3aBX/I1 3a0€3MeUyI0Th BUIY ePEeKTHBHICTD, HIK MOJIET IOCHJICHUX AEPEB PillieHb, 1 MOTPEOyIOTh 3HAYHO
OUTBIIMX OOYMCITIOBAJIBHUX PECYPCIB MiJ Yyac HaBUYaHHsS. BomHowac 3aBIsKM BiAHOCHIN MPOCTOTI OTPUMAHHUX
AHAIITHYHUX BUPA3iB BOHU 3[]aTHI BUKOHYBAaTH MepPe0aYeHHs IBU/IIE, [0 POOUTH IX MEPCIIEKTUBHUMHU JIJIS
3aCTOCYBaHb, Y SKHX MIBHIKICTh 0OPOOKH JaHHUX € KPUTHYHO BAXKITUBOIO, HAIIPHUKIIA] Y TPUTEPHUX CHCTEMaX
KOJIaWJIEPHUX EKCIIEPUMEHTIB.

HocmimkenHs yacTkoBo migTpuMano (inancyBanHsM HD/Y B pamkax mpoexty «BupimenHs cydacHUX
npo6ieM Ximii, GioMequIKHY, PI3UKH Ta MaTepialo3HABCTBA 3 BUKOPUCTAHHSM LICHTPY BUCOKOIPOIYKTHBHHX
OOUMCIIeHb 1 MAIIMHHOTO HaBYaHH:», peecTpauiiHuii HoMep 3asBku 2023.05/0024 (Konkypc «ZlocmiaHuibKi
THOPACTPYKTYPH JJIsl TIPOBEICHHS IIEPEIOBUX HAYKOBHUX JIOCIIJKEHBY ).
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HOIIYK AJIb®A- TA TOJABIMHOI'O AJIb®A-PO3IALY HYKJIIAIB 3 IPUPOJHUX
PAIIOAKTUBHUX PSIIB TA JIOTELIIO 3 BAKOPUCTAHHAM 'AMMA-CIIEKTPOMETPII

L. C. Kmoeg?, I1. Benni?, P. Bepnaéeii?, ®. A. Janesnu®??, B. 10. Jlenncos’, C. C. Ipaneii’,
A. Inuikkirri’, ®. Kanneana*®, B. Kapauuiono?, JI. B. Kacneposuu!, B. P. Knasaienko?,
B. B. Koonues?, B. I. Kupumyx?!, M. Jlay6enmaiin®, A. Jleonuini?, B. Mepaio?, C. Hici®,

B. I. Tpersax®®, ®. ®epenna®, P. Uepy.ii

Y Inemumym sdeprux docnioocens HAH YVipainu, Kuis, Yxpaina
2 Hayionanvhuii incmumym adepnoi ¢isuxu, cexyia y Pumi “Top Bepeama”, Pum, Imanis
8 Incmumym excnepumenmanvHoi ma npuxnaouoi ¢isuxu, Yecoxuii mexuivnuii ynisepcumem y Ipasi,
Ilpaca, PeCnyonixa Yexis
4 Hayionanvnuii incmumym adepnoi ¢hizuxu, cexyis y Pumi, Pum, Imania
5 ~ . ‘“ . »” :
Pumcoru ynigepcumem “Jla Canienya”, Pum, Imanis
8 Hayionanvnuil incmumym sioepuoi ¢isuxu, Hayionanvna nabopamopis I'pan-Cacco, Accepoaci, Imanis

[ongiitnuii anbda-po3nan (20) € HaA3BUYARHO PIAKICHUM KaHAJIOM palioaKTUBHUX MIEPETBOPEHB, Y IKOMY
MaTEPUHCHKE SIIPO BUIPOMIHIOE JIB1 (.-4YACTHHKH B MIPOLIEC] €MHOTO KOPETHOBAHOTO Ipotiecy. Ha BiaMiHy Bix
JBOX MOCITIOBHHX (-PO3MAMIB, Lieil MEXaHi3M PO3ITIIAETHCS SIK CAMOCTIHHIIT BU SIEPHOTO po3mazy. HMoro
MOJXKJIMBICTh Oyjia BIeplle oOIpyHTOBaHA B TEOPETUYHUX HOCHiKeHHSX 1980-x pokiB, TOAl SK Cy4acHUU
IHTEepeC iICTOTHO MOCHIMBCS Ticisi pobotu [1], me Oyno HaBeIeHO OILIHKYU MapIiabHUX MEPioAiB HAIiBPO3-
nay, BCTAHOBJIEHO eKCIepHMEHTAIbHe oOMexeHHs Ha 2c-posman “°Bi Ta 3ampormoHOBAaHO MOTEHIiiHi
eKCIEpUMEHTAJIbHI MiAXOAM [0 MOUIYKY IIbOro BUAY po3nany. Ha choromeHHs moABiliHMH o-po3Maj HE Mae
EKCIIEPUMEHTAJILHOTO MiATBEPXKEHHS, BOJHOYAC JUIS HU3KM HYKIIJIIB BCTAHOBJICHO HWKHI MEXi Ha
mapmiainbHi mepiogu HamiBpo3maxy B Hammx poOotax [1-3]. ExcnepuMmeHTanpHi mOHIykH 2a-po3many
MIPOBOIATHCA ¥ iHIIMMHE rpymaMu, 30kpema B [IEPH [4]. TeopeTnyni omiHKY MepioiB HAMIBPO3Maay ASTKUX
paaioaKTHBHHUX HYKIIIB y paMKax CHMETPUYHOI MOJENI MPOLEeCy € IOBOJI ONTUMICTHUHMMHU [5], 1o mae
HaJil0 Ha Horo peecrparito. Y nmaHii poOOTI MOIIyK 20-po3Maay BHKOHAHO METOAOM HH3BKO()OHOBOI
Y-CIIEKTPOMETPii 3 BUKOPHUCTaHHSIM T'€pMaHI€BUX JETEKTOpiB. AHaji3 MPOBEACHO U JABOX HE3aIEKHHX
EKCTIEpUMEHTANIbHUX MMiAXO0/IB: BUMipIoBaHHs 3pa3ka okcunay ypany (UsOg) Ta CHMHTHISIIIHHOTO KpHCTaIy
GAGG:Ce (Gd3A|2Ga3012(Ce)).

VY Bumnanaky ypaHoBoro 3paska BuUkopucToByBaBcst UzOg 3 BiZOMHM 130TOITHHM CKJIaJOM, BUMipIOBaHHS
poBOAMIHUCS TpoTsiroM 46,3 110 3a JOMOMOTO0 MUPOKO 11alIa30HHOT0 HAIBIPOBIJHUKOBOTIO F€pMaHIEBOTO
(BEGe) netexropa. KaniOpyBaHHSI €HEPreTUYHOI MIKATH CIIEKTPOMETPa BUKOHYBAJIOCS 32 BIIOMUMH Y-JTiHi-
SIMA HYKJIJIB MPUPOAHUX PATIOAKTUBHUX PSIiB, a MIKH alpOKCUMYBAIHUCS MOAM(IKOBaHUMH (YHKLIIMHU
l"aycca 3 ypaxyBanHsam acumetpii. EQekTuBHICTE peecTpallii y-KBaHTiB BU3HAYAIACs eKCIIEPUMEHTAIIBHO 32 -
MiKaMu, IPUCYTHIMU Y JTAHHUX Ta 32 JJoroMororo MonTe-Kapio Mo ientoBaHHs 3 BAKOPUCTAHHSIM TIPOTPaMHOTo
makera Simourg 1.5.0 [6], o dyHKIiOHYE sk 000M0HKA Ha makeToM cumyisiiit GEANTA4 [7, 8].

Metoanka MOIIyKY IPyHTY€EThCS Ha aHai31 Y-ITiKiB JOYipHIX paJioHyKIiIiB, IO YTBOPIOIOTHCS BHACIIIOK
B-po3mamiB micisd MIyKaHOTO 20-Tiepexoy. [l KoKHOro OYiKyBaHOTO ITiKa Bif[ Y-TIEpEX0y BHKOHYBAJIACh
anpoKCUMAIlis Ta CTAaBUJIOCh OOMEXKEHHS Ha Iuionly mika. Ha 1miif OCHOBI BCTaHOBIIFOBAIIUCS HUXHI MEX1 Ha
napiiagbHi Mepioid HaMmiBpO3namy.

Jua xpucrana GAGG:Ce BuMiproBaHHs BUKOHAHO B Tii3eMHiid maboparopii ['pan-Cacco (Itamis) 3 BuKo-
puctanasM BEGe nerekropa. AHalti3 BKIIIOYaB MOIIYK Y-TiKiB, IO MOXKYTh BiAIIOBIIATH PO3IaaaM JOUipHIX
Afep micas 20-TIPOIECiB y HyKTifiaX ypaH-TOPieBMX psAfiB, a Takoxk y - >°Lu, mpucyTHIX SK JOMiIIKH.
MonenroBaHHs epeKTHBHOCTI peecTpallil 3ailicHIOBaI0cs MeTo oM MoHTe-Kapiio 3 Bukopucranusm Simourg
1.5.0, a Bepuoikanis — 3a y-minismu 7°Lu.

VY pe3yibTari aHaNizy eKCliepUMEHTAIBHUX CIIEKTPIB HE BUSIBJICHO ITiKiB, sIKi MOTIIM O OyTH iHTEepHpeToBaHi
SIK TIPOSIBU TIO/IBIMHOTO @-po3najay. Ha mili OCHOBI BCTaHOBIIEHO HIDKHI MeXi Ha MapiianbHI Tepioiu
HamiBposnay. JIIa HyKIIIiB ypaH-TOpi€BHX PAIiB 0OMEKEHHS MAIOTh 3HaueHHs T12 = 10% xB—10 p., Togi K
st Y510y — wa pisni Tz 210%-10" p. 3 nosipuoro iimosipuicTio (JI.i1.) 90 %. 3okpema, 3 aHATi3y ceKTpa
GAGG orpumano 06MexeHHs Ha 2a-posnazn 1 >1"®Lu BigmosinHo Ti > 3,9-10" p. ta Ty > 4,9-10% p. (90 %
JI.I.), a 3i ciexTpa okcuay-ypany Haiikpaii ooMexenns st Hykmigis 262U Ty, > 6,1:10% a Typ > 2,9-10% p.
(yci obmexenns ouineno 3 90 % JI.M.). Takox Oygo OUiHEHO HIDKHI MeXi Ha TapliaibHi Hepioau
HaITiBpO3Ia Ty 10 KaHany anbgha-po3nany. [loBHHI mepenik OTpUMaHnX pe3yIbTaTiB HaBEICHO B TaOIHII.

66



OO0MeskeHHs1 HAa NapuiajbHi Nepiogu HaniBpo3naay HyKJIiAiB 3 ypaH-TOpieBUX psAliB
Ta HYKJIIIIB JIIOTelilo 1o o- Ta 20-kaHaaax (o0MesxkeHHs ouineno 3 90 % JI.1.)

T1/2 MATEPUHCHKOTO . O6M.e>KeHHﬂ
Posnan Mona po3mnany HyKrizia limT /24, 2) _ HaBingocHy
HMOBIpHICTH po3maay
28y »20¢ 2a 4,46-10° p. 6,1-10% p. 7,37-10°
24Th—20Ac o 2411 n 895,0 p. 7,37:10°
234Th—22Fr 20 2411 n 6659 p. 9,91-10°
234mpa 230 o 1,16 xB 10,9 1 7,37-10°
234mpg_ 226y 20 1,16 xB 8,11 9,91-10°°
214pph 2067 20 27,06 xB 50,1 1 3,75:10*
214Bj 2067y 20 19,71 xB 36,5 3,75:10*
25U—2?"Ra 20 7,04-108 p 2,9-10% p. 2,44-10°
BITh—%"Ra o 25,52 ron 1193,6 p. 244107
BITh—22Rn 20 25,52 ron 132,5 p. 2,02:10°
211pj—203pt 20 36,16 xB 7,4 3,38:10°°
212pph 204 Ay 20 10,63 rox 200,0 1 2,21-10°°
2B >2%AU 20 60,55 xB 19,0 n 2,21-10°8
176y —1%8Ho 20 3,71-10%p. 4,9-10%? p, 7,70-10°°
176y —172Tm o 3,71-10%p. 6,1-10%p. 6,15-10°°
5Ly —%"Ho 20 - 3,9-10° —

OTtpuMaHi pe3yibTaTH AEMOHCTPYIOTh, IO Y-CIIEKTPOMETPIisl € JOBOJI YYTIMBUM METOIIOM JUIS TOIIYKY
PIAKICHMX KaHATIB po3Maay, OJHAK ii YyTIHMBICTh 3aJUINAETHCS HEAOCTAaTHHOIO. lle BH3Hauae HEOOXiAHICT
MOJANIBIIOT0 BIOCKOHATIEHHS METOAMKH EKCIEPUMEHTY, 30KpeMa BHUKOPHCTAHHS AETEKTOPIB OiIbLIOTO
pO3Mipy, a TaK0K BUKOPHCTAHHSIM 3pPa3KiB 3 OUTBIIO0 aKTUBHICTIO HYKIIIIIB, IO MIPEACTABIIAIOTEH iHTEpEC.

V.1. Tretyak. Nucl. Phys. At. Energy 22(2) (2021) 121.

P. Belli et al. Eur. Phys. J. A 60 (2024) 46.

P. Belli et al. Eur. Phys. J. A 60 (2024) 150.

C. Theisen, E. Khan. CERN-INTC-2021-054, INTC-P-616 (2021).
V.Yu. Denisov. Phys. Lett. B 835 (2022) 137569.

V.V. Kobychev. Nucl. Phys. At. Energy 12(3) (2011) 301.

J. Allison et al. IEEE Trans. Nucl. Sci. 53 (2006) 270.

S. Agostinelli et al. Nucl. Instrum. Methods A 506 (2003) 250.
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MOKJMUBICTb JOCALIXKEHHA COHAYHUX HEUTPUHO
3 BAKOPUCTAHHSIM SAJIEP ‘Li ¥ KPIOTEHHUX BOJIOMETPAX Li;M00,

B. B. KoonueB
Incmumym soepuux docnioscens HAH Yrpainu, Kuis, Ykpaina

Izess BUKOpUCTaHHSA sjep 'Li ams peecTparlii coHsSuHMX HelTpuHO Oyna 3amporoHoBaHa me B 1960-x
pokax [1-4]. Lls MOXJIMBICTh 3HOBY NPHBEPTAE YBary y 3B’S3Ky 3 BHCOKOIO €HEPreTHYHOIO PO3IITHHOO
3MaTHICTIO Ta HU3BKUM piBHEM (OHY CydacHHX EKCIEpHMEHTIB Ul TMOIIYKY IOABIHHOTO Oera-po3mamy
0Mo 3 KPIOTEHHUMHU CHUHTHIALIAHUME OosiomMeTpamu Ha ocHOBi LioM0O4 (LMO), takux sik AMoRE Ta
CUPID-Mo. Kpucramu LMO wmictats 6,4-10% snep ‘Li ma 1 xr.

ICHYIOTB /1Ba OCHOBHi KaHAJIM B3a€MOJIii COHSYHMX HEHTPHHO 3 sypaMu 'Li: depes 3apsypkeHi cTpyMu
(CC) Ta uepes meiirpamsui crpymu (NC). Ins CC-peakuiii 'Li(ve, €7)'Be Tmoporopa eHepris cTaHOBUTE
862 xeB (ny1s mepexoy Ha OCHOBHHII cTan 'Be) Ta 1291 keB (11 mepexony Ha 36yIKeHHil CTaH, PUCYHOK).
3a oninkamu [5, 6], cepenHiii mepepis a1 COHSYHMX HEUTPUHO Bifl posnaxy °B (6e3 ypaXyBaHHs OCIHIISAIIii)
JIOPIBHIOE 2,510 oM st Mepexo/iB Ha OCHOBHUH CTaH Ta 1,3-10% cM? — Ha 30yKeHHA CTaH Be.
OCKinbKM TOTiK GOpHUX COHSYHHX HelTpuHO cTaHoBHMTH ~3-10° cM *c™!, ouikyBama mBuakicts CC-mopiii
BiJl HUX € HaJI3BHYAHO MaJIOI0: OPSAKY 2,2:107° mopiii Ha pik Ha 1 kr LMO. Hagits y BenmukomacmtabHO-
My ekcriepumenTi Ha Kmtant AMoRE-II (=180 kxr) ouikyethcs Menme oxnaiei CC-moaii Ha pik Bij OOpHHX
HeiitpuHo. Bepuiiesi HeHTpHHO MaroTh 3Ha4yHO Oimbwiiii motik (~5-10° cm *c™!), Hixk GopHi, ame ix eHeprii
JOCSITAIOTh MOPOTY TUIBKH 33 PaXyHOK TEIUIOBOIO YHIMPEHHS HeWTpuHHOI diHii E, = 862 keB, Tomy 3arains-
Huii mepepiz CC-peaxiiit Ha sapi 'Li anst Hux craHoBuTh jwime 0,95-107% cm? [6, 7] Ta kimbkicTh momiit
~107 ma pix ma 1 xkr LMO. Ille m’sTh KOMIOHEHT CNEKTpa COHSYHHX HEHTPHHO JIeXKATh BHIIE IOPOTa
862 keB: pep-meiitpuno (moHmit CC-mepepis Ha 'Li gopiBmioe 6-10*cm? morik 1,4-10° cm ¢!,
1,7-107 mozxiii Ha pik Ha 1 xr LMO), BN (0,42-10* cem?, 2,8:10%cm %!,  0,23-10°° moiii),
%0 +YF (2,3-10* em?, 2,0:108 em ¢!, 0,94-10°3 mofiit), hep-ueiitpuno (Hesnauna). HaiiGinsinma komro-
HEHTa CIEKTpa, PP-HeUTpuHO, € miarnoporoBorw. Takum unHOM, CC-KaHaAN NPaKTHYHO HE POOUTH BHECKY Y
CHTHAJI: CyMapHa KilbKiCTh TOJill Bif yChOro crekTpa cTaHoBHTH ~5-107 mogiit Ha pik Ha 1 kr LMO, a6o
~lnomis nHa pik angs 200-xr nerexkropa. Kpim TOro, excrnepuMmeHTallbHa CHUTHaTypa HE CHpUSE
JIETEKTYBAHHIO: PO3MAJ CTBOPEHOTO 'Be Jae B CHEKTpi JETEKTOpa MOHOEHEPreTHUHY MO0 3 EHEpricio
478 xeB numie y 10,5 % unankis (e oauH ik 3 (HIKCOBaHOW eHeprieto 578 keB BuHMKa€E Bijl 3aXOIUICHHS
MOHOEHEpPreTHYHUX PeP-HeHTpuHO, Epep = 1,442 MeB, Ha ocHoBHwii piBeHs 'Be, ~1/3 Bix ycix CC-peaxuiit).

0.429 M:eB 12
CC(F) :

3/2°
0478MeB 'Be (T,,=53R)

12 2 " :
NC 89.5%, 0= 0.862MeB

i _//CCF+GT) :

32 "Li(cra6. , 92.5%)

Cxema piBHIiB 3 eHeprismu Hk4e 4 MeB y cucremi ‘Li-"Be. Ilokasami MOMIHBI NEPEXOOM I MI€H0 COHSIHHX
HEUTPUHO 3a paxyHOK 3apamkeHux TokiB (CC) ta veitrpansaux TokiB (NC). [Toznauenns F ta GT — mst gpepmiiBCchrux
Ta raMOB-TeJIEPIBCHKHUX MEPEXOJIIB.

PazoM 3 TuM, 3HaYHO OiNBITY KiNBKiCTh moxii MaroTh naBatu NC-peakii 7Li(vx, v'x)7Li*, 0 30yKYIOTh
pisenp 478 keB Ge3nocepenuno. Ileii miaxim Oye ynepiie po3rasayTuii y [8] mis 3ampomnoHoBaHOTO 60I10-
MeTpuuHoro nerekropa 3 LiF. Jlist HelTpuHo 3 eHeprisimu mopsaaky 1 MeB mepepis peaxiii oLiHIOETbCS K
~2:10* cm?, Ha 1Ba nmopsaku Bumie, HikK st CC-peakmiit. BiH He 3anexuTh BiJg THIy HEWTPHHO,
TOOTO HEUYYTAMBUU 10 HEUTpUHHUX (ICHBOpPHUX oOCIWIALmiA. [HTerpyBanHs mepepizy NC-peakmii 1o
CyMapHOMY CIEKTPY KOMIIOHEHT COHSYHMX HeHTpuHO [9], AKIIO OOMEKHUTHCS HAOIMKEHHSIM
o(E) = 4-10*-(E—-0,478 MeB)2 cM?, mae 3,2:107* nonii Ha STIPO Lis cexyHny, abo 6ym3pko 0,65 moxii Ha
pik Ha 1 kr LMO, mo Biamosigae mpuomusuo 100 momism Ha pik B meTekropi macmraby AMoRE-II [10] a6o
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CUPID [11]. ExcrepuMeHTalbHOK O3HAKOK TAaKMX MNOAIA € YiTKud y-MK 3 eHeprieto 478 keB, 1o
Bi/INOBifae mepexoy 30yMKEHOro CTaHy aapa 'Li y oCHOBHHMIA; e()eKTHBHICTH peecTpallii BUIIPOMiHEHOTO
raMMa-KBaHTa y MKy MMOBHOTO TMOrNMHaHHS Onu3bka m0 100 % mist BenmkomacmrTaOHOTO €KCIIEPHMEHTY .
Jnst ivgexcy ¢ony ~20 Bigmikis/(keB-kr-pik) B obmacti 0,5MeB (CUPID-Mo [12]) ta enepretuyHol
po3aineHOi 3matHOCTI 3 keB mpm excnosmmii 200 kr-pik mik 3 twiomero 100 moxili mocsrae  Mexi
JETEeKTYBaHHSI.

Taxum ynsOM, NC-peakii coRsuHIX HeliTpuHO Ha Aapax 'Li y kpucramax LMO nepe6yBaroTh Ha Mesxi
EKCTIEPUMEHTAJIbHOT CIIOCTEPEKYBAHOCTI B CYyYacHHUX HHU3BKO(QOHOBUX OONOMETPUYHHMX YCTAHOBKAX JJIs
TIOIIYKY TMOABIHHOTO OeTa-posmany. Lli peakitii cTaHOBIATHE (GOH I IMOIIYKY COHSYHUX aKCIOHIB depe3
pesoHancHe TOrIMHAHHS Ha 'Li [13], skuil HEMOXIHBO yCyHyTH, aje BOJHOYAC BOHH MOKYTh OYTH
BHUKOPUCTaHI JIJIs IOCIII/PKCHHS TIOTOKIB COHSYHUX HEUTPHHO.
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SIMULATIONS OF OPTICAL PERFORMANCE OF LONG BGO SCINTILLATORS
FOR PROTOTYPE CRYOGENIC ACTIVE VETO IN THE BINGO 2 PROJECT

D. S. Kovalenko, on behalf of the BINGO Collaboration

Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

In the well-established two-neutrino double-beta decay (2v2p), a nucleus (A, Z) decays into (A, Z + 2) with
the emission of two electrons and two antineutrinos. In contrast, the hypothetical neutrinoless mode (0v2p)
proceeds with the emission of only two electrons and no neutrinos in the final state:

(A, Z)— (A Z+2)+2e". Numerous experimental efforts are dedicated to the search for 0v2p, as its

observation would constitute a major breakthrough in understanding the fundamental nature of neutrinos [1].

The multi-isotope BINGO project [2] aims to advance the search for 0v2p of **Te and ***Mo by improving
experimental sensitivity through innovative detector technologies. The isotopes of interest are embedded in
low-temperature TeO, and Li.MoO, bolometers, installed in a low-background cryogenic setup at the Modane
Underground Laboratory. One of the approaches to reduce the background in the region of interest is the
implementation of an active cryogenic veto system [3], that utilizes BisGe;O12 (BGO) scintillators to identify
and reject gamma-induced background events. Registration of scintillation signals from BGO scintillators will
be carried out using low-temperature germanium bolometric photosensors based on the Neganov—Luke effect.

In BINGO, specific challenges are related to light collection from the BGO active veto scintillators. The
elongated shape of crystals (50-100) x 5 x 5 cm? leads to position-dependent light collection and complicates
scintillation signal readout. Defining BGO scintillator and photodetector parameters via photon propagation
simulations requires the measurement of the value of BGO optical transparency (photon absorption length).
At the same time, determining the absorption length of long samples is difficult for highly transparent
materials.

To experimentally determine the absorption length of BGO crystals, an indirect method was employed.
Test samples (four trapezoidal crystals, 23 cm long with a cross-sectional area of about 19.4 cm?) were
optically coupled to a PMT on one side, while the rest of the surface was wrapped with ESR reflective film
[4]. Then the full-energy peak position in the y-ray spectrum was measured for different positions of a
collimated ®°Co source along the crystals (from —9 to +9 cm in 2.5 cm steps).

These measurements yielded relative light collection profiles, which were reproduced using optical Monte
Carlo simulations by expressing the optical attenuation length as the product of the reference value from [5]
and a free scaling parameter (Figure). The attenuation length at the emission spectrum maximum was
determined to be 80 = 8 cm, based on the measurements of four crystals of the same shape. This value was
then used to estimate the energy threshold of a bolometric BGO active veto prototype (= 80 keV), in good
agreement with the experimentally achieved value [3].
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Comparison of relative light collection efficiency: colored lines show simulations with different attenuation lengths
(reference att. length curve [5] scaled by numerical factors from 5 to 10 in steps of 1), while unfilled points represent
experimental data.
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TOWARDS PRECISION ENERGY CALIBRATION IN THE SUPERNEMO DEMONSTRATOR:
UNCOVERING UNACCOUNTED ENERGY LOSSES

Ya. Ye. Kozina!, M. Macko?, O. A. Bezshyyko?, L. O. Golinka-Bezshyyko?

1 Physics Faculty, Taras Shevchenko National University of Kyiv, Ukraine
Z International Institute for Particle Astrophysics, Polish Academy of Sciences, Warsaw, Poland

The SuperNEMO experiment is an international collaboration focused on double-beta-decay studies and
searching for neutrinoless double-beta decay — a hypothetical process whose observation would prove the
Majorana nature of neutrinos, establish lepton number violation, and enable a direct measurement of the
effective Majorana neutrino mass, thus revealing physics beyond the Standard Model.

The SuperNEMO Demonstrator module consists of 82Se double-beta decay source foils placed in the center
of the detector, a tracking detector surrounding the source foils on both sides, a segmented calorimeter
composed of 712 optical modules (OMs) enclosing the tracker, and a 2°’Bi-based energy calibration system,
consisting of 42 sources inserted into gaps between the #Se source foils. Each calibration source is a droplet
of #7Bi solution sandwiched between two thin Mylar foils and sealed within a rectangular frame made of
radiopure copper, providing conversion electrons (among others) with energies 482, 976 and 1682 keV.
Electrons emitted from the °’Bi sources traverse the tracker before reaching the calorimeter walls, where their
energy is measured [1-3]. The unique tracker-calorimeter design allows full reconstruction of each electron's
trajectory from the source to the calorimeter, which is essential for applying trajectory-dependent energy loss
corrections in the calibration procedure.

As neutrinoless double-beta decay is expected to be an extremely rare process (with a half-life exceeding
10%-107% years [1, 4]), precise and reliable energy calibration of the calorimeter is crucial. To ensure high-
quality calibration, all detector effects that influence the behaviour of calibration electrons, hence, the shape
of the calibration spectrum and the extracted calibration constants, must be identified and accounted for.
Understanding the physical origin of such effects is of utmost importance, as it provides the foundation for any
future improvements to the calibration procedure. In this work, we investigate such effects within the
framework of the calibration model developed by Filip Konatik [2], which applies energy corrections
accounting for optical non-linearities and electron energy losses in the detector materials traversed before
reaching the calorimeter. While this model provides a working calibration procedure, certain spectral features
remain unexplained, motivating the present investigation.

Examination of the experimental calibration spectra reveals that the 976 keV energy peak is not
symmetrical, forming a broad plateau between approximately 600 and 800 keV, located between the two main
calibration peaks at 482 and 976 keV, which is not accounted for by the calibration model [2]. Examination of
the experimental spectrum accounting for the angular distribution of the electrons (performed on a dataset of
285 runs each consisting of around 18 000 selected events) shows that the number of events forming the plateau
increases the more parallel to the calibration source electrons are emitted — they face additional energy losses
of around 300-350 keV on average. This feature is shown to be inconsistent with tracker-gas energy losses
alone: such losses would produce a narrow Landau-distributed contribution. This points to an additional energy
loss mechanism associated with the geometry of the calibration source itself.

The effect is attributed to electrons from the 976 keV conversion line that lose a substantial fraction of their
energy in the copper frame of the calibration source. Depending on the emission angle, electrons traverse
different effective thicknesses of copper, producing a wide distribution of energy losses that populates
precisely this inter-peak region. This interpretation was confirmed by examination of simulated events
(performed on 100 datasets with around 17 000 of *’Bi decay selected events each) with a nonzero energy
deposit in the copper frame, which are concentrated in the 600-800 keV region (Figure). Simulated trajectories
show that electrons belonging to the energy window 600-800 keV enter the copper frame and undergo multiple
scatterings within it, resulting in energy losses of around 300-350 keV on average.
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Simulated 27Bi electron energy spectrum showing all electrons (violet) and the subset that traversed the copper

calibration source frame (red). Copper-frame electrons populate the broad plateau between the 482 and 976 keV

conversion peaks, confirming the proposed interpretation of the observed spectral feature.

o

The identified effect of energy losses in the copper frame is shown to be responsible for the broad inter-
peak plateau, providing a physical explanation of its origin. Moreover, the simulated spectrum of electrons
traversing the copper frame yields a characteristic spectral template of this contribution, opening a potential
path toward its subtraction from the measured spectrum and a consistent fit of the full calibration spectrum.
This, however, requires further dedicated study and development of the calibration model.
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STUDY OF K CLUSTER RECONSTRUCTION EFFICIENCY
IN THE BELLE Il CALORIMETERS USING THE RECOIL MOMENTUM TECHNIQUE

D. Kulakov?, V. Aushev?, S. Glazov?, S. Raiz?, E. Ganiev®

! Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
2 Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany
3 Jozef Stefan Institute, Ljubljana, Slovenia

In this The Belle Il experiment, a next-generation B-factory, aims to search for rare B-meson decays with
neutrinos in the final state, such as B® — K™vv . Similar decay modes are considered to find processes beyond
the Standard Model. A significant challenge in these searches arises from background modes containing neutral

particles, like long-lived kaons (K{), which carry away energy and mimic the neutrino signature.
This work presents a method for identifying K clusters in the Electromagnetic Calorimeter (ECL) and the
K{ and Muon detector (KLM) using a technique primarily based on the detector's tracking system. The method

reconstructs the recoil momentum to predict the K{ trajectory and subsequently searches for clusters within a

0.3-radian cone that pass basic selection criteria. This approach is particularly effective for events where the
hadronic shower originates in the ECL and extends into the KLM. To further improve signal purity in the ECL,
we utilize a cleaning method described in [1].

Our work utilizes the “recoil method”. The K four-momentum is reconstructed as the missing momentum
relative to the beam energy-momentum of the collider after reconstructing all other charged particles in the
e” +e" — Charged hadrons+K process.

Our results show that for events satisfying the cluster selection, the efficiency of the method reaches up to
95 % depending on the decay channel. The recoil mass spectra demonstrate a significantly enhanced K peak
after selection (Figure), confirming the method’s effectiveness in background suppression for calculating
efficiency and Data/Monte-Carlo correction of K reconstruction at the Belle 11 experiment.

The signal extraction and performance evaluation were performed using the RooFit framework in [2]. We
employed an unbinned maximum likelihood fit to the recoil mass distribution to construct the probability

density functions (PDFs). This approach allowed for a precise determination of the K yield and the evaluation
of different backgrounds.
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Recoil mass spectrum fits before cluster selection (left) and after the selection (right). Black points represent the MC
sample, and the red line indicates the total fit. Colored components: signal K. (green), K — n'n~ (magenta),

K — n°n® (azure), n° background (yellow), =°+K° background (blue), and other backgrounds (grey).
1. S.Longo et al. Nucl. Instrum. Methods A 982 (2020) 164562.
2. W. Verkerke, D. Kirkby. The RooFit toolkit for data modeling. In: Statistical Problems in Particle Physics,

Astrophysics and Cosmology: Proceedings of PHYSTAT 2005. Oxford, UK, September 12-15, 2005 (London:
Imperial College Press, 2006) p. 186.
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BU3HAYEHHS ABCOJIIOTHAX IMOBIPHOCTEM
BUITPOMIHIOBAHHSI TAMMA-KBAHTIB ¥ PO3IAJI **Am

B. Jledenn'?, O. Kykosl, I. Mamok!, M. Crpinbuyk?, B. Tpumun’

Y Inemumym soeprux docnioncens HAH Vipainu, Kuis, Yrpaina
2 Kuiscokuti nayionanohuii ynicepcumem imeni Tapaca Illesuenxa, Kuis, Yxpaina

Tamma-tipomeni **Am BuxopuctoBytoThes nporpamamu MGA [1] i FRAM [2] nns nobyaosu BHyTpim-
HBOI KPHBOI BITHOCHOI €(DEeKTHMBHOCTI peecTparlii Mpyu BU3HAYCHHI 130TOITHOTO CKJIAAy IUTYTOHIIO Ta BH3HA-
YeHHS BIKy IUTyTOHI€BHX 3pa3KiB. s KOpekTHOT moOyqoBH Takoi KPHBOi MOTPIOHO 3HATH TOYHI 3HAYEHHS
aBCOMOTHUX iMOBIPHOCTE} BUIPOMiHIOBAHHS TaMMa-KBaHTIiB y posmazi ***Am. ITi yac BUMipIOBaHHS CHITb-
HO eKpaHOBaHMX 3pa3KiB nporpama FRAM BHKOPHCTOBY€E BHCOKOCHEPIeTUUHY AUISHKY raMMa-CIIEKTpa, L0
MICTHTh 3HAaYHY KUTBKICTh CKIIATHUX MYJBTHIUICTIB Ta iHTep(depeHIiii 3a ydJacTi0O HU3bKOIHTCHCHUBHUX
ramma-niniit 2 Am. KBaHTOBI BUXOAM LHMX JiHIH BiIOMi 3 HEIOCTATHBOK TOYHICTIO, IO MOTIPIIYE SKICTh
aHami3y. Y maHiii poOOTi aBTOpH MPOBENM YTOYHEHHS aOCOJIIOTHUX IMOBIPHOCTEH BHIIPOMIHIOBAHHS HHU3KH
raMMa-KBaHTiB y po3mazi 2LAm.

Jlns BEMiproBaHHS TaMMa-criekTpa 2*Am BHKOPHCTOBYBABCS HAIiBIIPOBIiTHUKOBHIA IETEKTOp 3 HAIUMC-
toro repmaniro mozen BE6530 ¢pipmu CANBERRA, no0Ope oxapakrepu3oBaHHi ISl [iIeH MareMaTHYHOTO
MOJICTIFOBaHHS.

JIns OTpUMAaHHS CTAaTUCTHYHO 3a0€3MeueHoro raMma-creKTpa jkepeio 2Am akrusnictio ~108 Bk Bifo-
MOi KOHCTPYKIIii BUMIpIOBAJIOCS B «OnHM3bKii» TeomeTpii BmpomoBx 17 mi6. Ilpm mpomMy misi CyTTEBOTO
3MEHIIICHHS 3aBAHTAKEHHSI CIIEKTPOMETPHYHOTO TPAKTY, 3yMOBIICHOTO TaMMa-KBaHTaMH 3 eHeprieio 59 keB,
a TaKoXK JUIsl MiHiMi3alii BIUIMBY e()eKTiB BUIMAJKOBOTO 1 KACKaJHOTO CYMYBaHHS, MiXk JKEPEJIOM 1 AETEKTO-
POM pO3MIIITyBaJIacs CHCTEMa MOTIIMHAIOYNX (DUTBTPIB 13 CBHHIIIO, KaJAMIIO Ta Mifi. BuMipsHuit raMma-cIriekTp
HaBe/IeHo Ha puc. 1.

Ha ocHoOBi MarematuuHOi Mojiei reoMeTpil BUMiproBaHHs B cepenosuii Geant4 [3] Oymo po3paxoBaHo
XiJ1 KpUBOi e(hpeKTUBHOCTI peecTpauii U1 1aHoi reoMeTpii BUMiproBaHb (puc 2). MaremaTnyHa Monensb Oyna
BaJIiJloBaHa 3a JOMOMOTOIO aHaJIi3y BiJIHOIIEHs BUMIPSHUX 3HAUY€Hb BiTHOCHOT €(heKTUBHOCTI peecTparii s
ramma-niniit 2Am, *Eu i 2*Pa 3 n00pe BIIOMUMU 3HAYCHHSMU KBAaHTOBUX BUXO[IB. BinxuieHHs BUMIps-
HUX BiJIHOLLIEHb Bijl pO3paxOBaHMX HE MepeBUILyBaau 2 %.
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Puc. 1. Tamma-crextp 2**Am. Puc. 2. BigHocHa epeKTUBHICTE peecTparii.

BuxopurcToByroun oTpuMaHi Ipu 00poOIi CHEKTpa iHTEHCHBHOCTI TaMMa-JiHIA i 3HAUYeHHS BiJTHOCHHUX
e(heKTHBHOCTEH peecTpallii aBTOpPH po3paxyBasid aOCOTIOTHI HMOBIPHOCTI BHUIIPOMIHIOBAaHHS raMMa-KBaHTIB
y posmazmi **Am. Orpumani #MOBIpHOCTi BHIIPOMiHIOBaHHsA T Oinbmie, HiX 100 ramMma-KBaHTIB Gy
MOPIBHSHI 3 BEJIMYMHAMHU 3 TaONMUIl sjaepHuX Aanux [4]. [yis BiIHOCHO IHTCHCHBHUX TaMMa-KBaHTIB
CIIOCTEPIra€ThCsl y3TOUKEHHS OTPHMAHHMX aBTOPaMH HMOBIPHOCTEH BUIIPOMIHIOBaHHS I'aMMa-KBaHTIB 3
TaONMHIAME SJEPHUX JaHUX Y MEKaX HeBU3HaYEHOCTEH, KpiM raMma-KBaHTa 722 keB, skuii € KIIouoBHM st
noOyIOBM BiTHOCHOI €(EKTUBHOCTI peecTpalii Ta 0OpoOKH BHCOKOCHEPTeTHYHOI YAaCTHHU CIEKTpa 3a
noriomororo mporpamMu FRAM, Ta iHTEHCHBHICTH SKOTO 3HAYHO 3aBUIIEHA B Cy4acHHMX Taomuisx [2]. s
MaJIOIHTEHCUBHHX TaMMa-KBaHTIB BigxwieHHs caraiad 90 %.
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MOJIEJIIOBAHHSI HOBOT'O OABIMHOI'O HEUTPOHHOI'O ®LIBTPA
I3 CEPEJHIMU EHEPT'TSIMMU 46 TA 83 xeB

B. A. Jlioman, O. O. I'punaii
Tuemumym aoeprux docnioscenv HAH Yrpainu, Kuis, Ykpaina

Ha ocHoBi ocTanHBOI Bepcii 6ibmioTeku oriHennx saepuux ganux ENDF/B-VIII.1 3MomenpoBaHo HOBHI
iHTephepeHIiHHNN HEUTPOHHUI PITBTP 3 TphOMa cepeHiMU eHeprisimMu 46, 69 ta 83 keB.

JloninpHICTh MOIEIOBaHHS MTOTPIHHOTO (iTbTpa 3yMOBIIEHA KITbKOMa YHHHUKAaMHU. 30KpeMa, uepe3 Hepe-
TYISIpHUN peXuM poOoTm peakropa BBP-M akTyamsHUM € CKOpPOYEHHS TPUBAIOCTI €KCIEPUMEHTAITBHHUX
BuMipioBaHb. [loTpiiiHuil QibTp Ka€ MOKIUBICTH Y XOJli OJHOTO BUMIPIOBaHHS BU3HAYUTH IMOBHI Mepepizn
B3a€MO/Iii HEMUTPOHIB 3 sIIpaMH OJpa3y UL TPbOX eHeprii. Taka MOXKIUBICTh IPYHTYETHCS Ha 3aCTOCYBaHHI
METO/Ty IPOITyCKaHHS Ta BUKOPUCTaHHI BOJAHEBUX JIIYMIBHUKIB, QYHKIIIS BIATYKY SKUX HAa KBa3iIMOHOEHEpTe-
TUYHI HEHTPOHH Mae (popMy Maixke MPSIMOKYTHOI MOMHMYKH. BinnosinHo, GinbsTp 3 TppOMa KBa3iMOHOEHEpTE-
TUYHAMHU JiHISIME (OPMYE y CIIEKTPI TPH XapaKTePHI «CXOTUHKN, IO JIA€ 3MOTY OJJHOYACHO BU3HAYATH MTOBHI
nepepisu A TppoX eHeprii (puc. 1).
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Puc. 1. Cniektp HOBOTO isIbTpa Ta 3MO/IeTIbOBaHa (QYHKIIIS BIATYKY BOJTHEBOTO JIIYMIIbHHUKA.

Y nmaGopatopii HEUTpOHHOI (Pi3WKH BIIIUTY AOCTiAHHUIIBEKOTO smepHoro peaktopa ISJ] HAH VYkpaiam
(JTH® BJSP 4 /[) B niamazoni enepriii 10—-300 keB icHytoTh GinbTpH i3 cepennimMu eneprisimu 13, 24, 45, 54,
59, 133, 149 i 274 keB [1], ToOTO € HOCTaTHLO BEJIMKHI MTPOMIXKOK B iHTepBaii 59+133 keB. Lleit mpomixkok
YaCcTKOBO MepeKpue QiabTp, IO MPOIOHYETHCS.

MopentoBaHHS IbOTO (PiIbTpa BUKOHYBAJIOCS 3a onoMoroto nporpamu Filter, Bepcis 8 [2], moBHI nepepizn
B3a€MOJIi1 HEUTPOHIB 3 siipaMu paxyBanucs 3a gonomoroio nporpam LINEAR, RECENT, SIGMA1 ta MIXER
[3] 3 BuKOpHCTaHHAM JaHKX 3 0i0mioTeKH orliHeHuX suepHux Aanux ENDF/B-VIII.1 [4].

Byso npopaxosano 38 BapianTiB dinbrpis. OcHoBHI kommonenTH dinsTpa: **Cr, **Fe Ta cipka. [eTanpHy
iH(pOpMAILiI0 PO CKJIaJ OCTATOYHOTO BapiaHTa (inbTpa mpeAcTaBiIeHo B Tad. 1.

Tabauys 1. KoMnoHeHTH 0CTATOYHOr0 BapianTa ¢iibTpa

KoMnoHeHT 108 1B 54Fe 52Cr S Al
Kinexicrs, 4,04 0,714 19,63 142,2 57,0 0,81
r/cMm

OuikyBaHi XapaKTepUCTUKH (PLIBTPaA IPEICTAaBICHO B Ta0. 2.
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Tabnuys 2. IlapamMeTpn ocTaTo4HOro Bapianrta ¢insTpa

Cepeni eneprii, keB 46,04 69,36 82,97
HanismwmpuHa Jinii, keB 9,54 10,90 11,89
BHecok JiHil B 3arayibHuii moTik digsrpa, % 51,1 5,0 25,2
Totik He#TpoHiB niHii, H/(cM?-c) 7,1-10° 6,8-10* 3,4-10°

Micue HoBoro ¢inbTpa cepen Hammx QinbTpiB y Aianazoni enepriii 10+150 keB nokazaHo Ha puc. 2.
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Puc. 2. Micue HoBoro ¢insrpa cepen dinprpis JIHO BISP [/,

ToOTo (inbTp BUHIIOB BiTHOCHO «4uCTHI. ILIiITBHICTH MOTOKY HEUTPOHIB MO OKPEMHX JIHIAX HE TyXKe
BHCOKA, aJie JOCTaTHs IJIsl IPOBEACHHS EKCIIEPUMEHTIB 3 BU3HAUEHHI TOBHUX IEepepi3iB B3aEMOIi HEUTPOHIB
3 AApaMu pi3HUX 130TomiB. EKCiepuMeHTa bHa TIepeBipKa mapaMeTpiB HOBOTO (DiTbTpa TUTaHYETHCS ITiJT Jac
HacTyIHO{ KammaHii po6oTu peaktopa BBP-M.

1. Neutron Filtered Beam Technique at the Kyiv Research Reactor (KRR).
http://www.stcu.int/documents/reports/distribution/tpf/Nuclear_Energy/TPF/SI_4_06eng1%2028.pdf

2. FILTERS. Program for simulation of neutron filters. Ukrainian Nuclear Data Centre, Institute for Nuclear Research,
NAS of Ukraine. https://ukrndc.Kinr.kyiv.ua/filter_ukr.html

3. D.E. Cullen. PREPRO 2023: ENDF/B Pre-processing Codes (ENDF/B-VII1.0 Improved Precision). IAEA-NDS-0241
(Vienna, Austria, International Atomic Energy Agency, 2023) 38 p. https://nds.iaea.org/public/endf/prepro/

4. ENDF/B-VIII.1: Evaluated Nuclear Data File. International Atomic Energy Agency, Nuclear Data Section.
https://www-nds.iaea.org/public/download-endf/ENDF-B-V1I1.1/
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EHEPI'ETUYHA 3AJIEXKHICTb TAPAMETPIB OIITUYHOTI'O IIOTEHHIAJTY
Y ®OPMI BYJICA-CAKCOHA JIJI51 B3AEMO/III °C + 2C TP HU3bKUX EHEPTISAX

C. 10. Me:xeBny, B. B. Yiemenko, |O. A. HOHKpaTeHKO|, A. A. Pynuuk, 0. M. Ctenanenko,
10. O. lllupma, 1. 1. BepTerea

Tuemumym s0eprux docnioncenv HAH Yrpainu, Kuis, Ykpaina

B anami3i excnmepuMEHTaJbHUX IaHUX KYTOBHUX PO3MOALUIIB NPYXKHOTO, HENPYXHOTO PO3CITHHS Ta
peakmiii mepenad BHKOPHUCTOBYIOTHCS ONTHYHI TOTEHINANW IS OMHCY B3aEMOIii smep y BXIOHHX Ta
BHUXITHUX KaHajax. HalgacTimme BUKOPHCTOBYIOTBCS ONTHYHI moTeHmiamn v Gopmi Byaca—Cakcona (WS),
YM MIKPOCKOITIYHI ITOTEHIIanH, SKIi OTPUMYIOThCS 3a MerojmoMm monBidHOoi 3roptku (DF). fx Bimomo,
rapaMeTpH [IUX TOTEHIIIAJIB € CHEPTETUIHO 3aJICKHIMHU.

IcHye 6araTo JaHUX KyTOBHX PO3MOJiNiB mpykHOro poscisaus C + 2C y mupokoMy niamnasoni eneprii,
Ta TpoXu MeHme s cuctemu saep ~C + ?C. V pob6ori [1] ans aHamizy KyTOBHMX pO3IOALTIB HPYKHOTO
poscisuas °C + C e miamasoni ewepriii E.,,, = 28,8+66,14 MeB BUKOPHCTaHO €HEPTETUYHO 3aNCKHHIL
WS-notenmian, 3 rIuO0OKOI0 TiHICHOIO 00’€MHOI0 YaCTHHOIO, I CUCTEMH siiep e+ 23 pobotu [2], y
MPOCTI aHANITHYHI BHUPa3d CHEPTETHYHO 3aJICKHUX IMapaMETpiB SKOTO BHECEHO HEBENMKI ITONPABKU IS
Kpalioro Y3ro/DKeHHS PO3paxyHKIB 3a onTudHO Moxaemmo (OM) 3 excrnepuMeHTaTbHUMH JaHUMU
npyxHoro poscisaas C + 2C y npomy niamasoni emepriii. YV po6oti [2] TakoX HaBeIeHO aHATITHYHI
BUPA3H IS EHEpreTHdHOI 3a1eXHOCTi mapameTpiB WS-notenmiany mis Bzaemoxii C + *2C nmpn Hykumx
eneprisx (Menme 6 MeB/A). Jlna aHanisy eKCNepMMEHTAJIBHUX JAaHHMX TpPYkKHOTO poscisaus “C + 2C y
niamazoni eHeprid Ec,.,= 5,76+18,2MeB (3 mitepaTypHHX IpKepein) BHKOPHCTaHO L0 EHEPreTHYHY
3aJIeKHICTh JUI OTPUMAaHHS HEOOXigHUX mapaMeTpiB WS-moTeHmianiB cucreMu BC + 2C s Bignosigaux
eHeprii 3iTkHeHHs, aje OM-po3paxyHKHU 3 IUMHU apaMeTpaMy MOTaHO Y3ToKyBaJlCs 3 JAHUMH MPYKHOTO
poscisuas °C + C y BuImeskazanoMy jianasoHi eHepriit (1K NPUKIIAJ, nyHKMupHi Kpusi Ha PUCYHKY).

do/dQ, m6/cp

13C4+12C, F, . = 9,6 MeB

101 | (a) .3 Judepenmiansai nepepizu Mpy>KHOTO PO3Ci-
10° ; suns B3C + 2C npu eneprisax E.,.,. = 9,6 MeB
[l S p » (@) Ta 10,7 MeB (6). IIynxmupmui xpuei —
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Tomy Oyno BHECEHO HEBEJIWKI IOTPAaBKM B aHAJITHUYHI BHpa3HW 3aJI©KHUX BiJ eHeprii mapaMerpiB
OM-noTeHnmiany 3 [2], mo6 MOKPAUIUTH ONMMC JAHUX MpykHOro poscisaas °C +'?C y mpomy niamasomi
eHeprit Ec,. = 5,76+18,2 MeB. Iloka3aHo, 1m0 el €HEPreTHYHO 3aJCKHUI MOTEHI[al 3 TJIHOOKOIO
JUHCHOIO 00’€MHOI0 YacCTHHOK, MOIU(IKOBAHUM JJIsi CUCTEMHU sIep B+ 12C, HEIMOTaHO OIHCYE
eKcriepruMeHTalbHI gani B OM-po3paxyHkKax Maike y MOBHOMY KyTOBOMY Jialla30Hi TiJIbKH JIsi €HEeprii
Ecyy ~ 5+13MeB (sk npukiaj, cyyinvui kpusi Ha pUCyHKyY). [lofanbii po3paxyHKU 32 METOJIOM 3B’ SI3aHUX
KaHANIB peakliif, 3 ypaxyBaHHAM KOJEKTHBHMX TepeXo/iB HMKd4i 36ymkeni ctanu saep 2C i **C, a Takox
repenavi HeHTpoHa, He BIUIMHYIJM Ha SKICTh OMUCY KYTOBHX PO3IIOMALIIB MPYKHOTO PO3CISHHS B Jiamma3oHi
eHeprii E.,, ~ 14+18 MeB, mo Moke CBITYMTH TPO MOXKIUBUI ICTOTHHH BIUIMB 1HIIMX MEXaHi3MiB,
HaNpHUKIaf IPOLECciB po3nary CKIaJeHOro sapa.

1. C.I0. MexeBnu Tta iH. XXXI mopiuHa HaykoBa KoHdepeHUis [HcTtuTyTy simepHux nociipkenb HAH Ykpainm.
Kwuig, 27-31 tpasus 2024 poxy. AHorartii xo mormosigeit (Kuis: [H-T ssmeprux pocmimk., 2024) c. 72.
2. M. E. Brandan et al. Phys. Rev. C 41 (1990) 1520.
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YIELDS OF #2Th PHOTOFISSION PRODUCTS INDUCED BY BREMSSTRAHLUNG
WITH AN ENERGY OF 14.8 MeV

E. V. Oleinikov, I. V. Pylypchynets, V. V. Pyskach,
A. N. Gomonai, A. I. Lengyel, O. O. Parlag

Institute of Electron Physics, National Academy of Sciences of Ukraine, Uzhhorod, Ukraine

One promising direction in the study of the fission process is the investigation of fission-product yields
under the action of photons, since the interaction of gamma quanta with nuclei is entirely electromagnetic,
which simplifies the interpretation of the obtained results and makes it possible to draw practically
unambiguous conclusions about the role of the effects under study [1]. Of particular interest for experimental
and theoretical studies is information on the yields of photofission products of the 22Th nucleus, which lies at
the boundary between pre-actinides and light actinides [2]. However, the experimental data currently available
on the yields of 2Th photofission products do not meet the requirements for their use in developing model
concepts or for applied applications. It should be noted that existing experimental values of 2Th photofission-
product yields obtained using methods of the same type differ from one another even at similar excitation
energies [2, 3]. Therefore, their investigation remains a relevant task.

This work presents the results of the first experimental studies of 12 relative post-neutron yields of #2Th
photofission products initiated by bremsstrahlung radiation with an energy of 14.8 MeV.

The relative yields of *2Th photofission products were determined by semiconductor gamma spectrometry
of an unseparated mixture of fragments accumulated in aluminium foil [2].

During the experimental studies, metallic *2Th foils were used (5 pieces, diameter 12 mm, thickness 2 pm),
with masses ranging from 209 to 281 pg. Aluminium foils (collectors) 0.1 mm thick, placed directly against
the 232Th fissile targets, were used to accumulate photofission products during irradiation. Irradiation of the
fissile assembly (which consisted of five >*°Th discs and five layers of aluminium foil) was carried out on the
electron accelerator of the Institute of Electron Physics of the National Academy of Sciences of Ukraine, the
M-30 microtron (electron energy = 14.8 MeV, average beam current ~4 pA). A tantalum converter 1 mm thick,
positioned 22 mm from the exit window (titanium, thickness 50 um) of the electron extraction unit, was used
to generate bremsstrahlung radiation. The fissile assembly was installed perpendicular to the beam axis at a
distance of 50 mm from the converter. The irradiation time of the fissile assembly varied from 30 to 120 min.
The time parameters (irradiation, cooling and measurement times) were selected taking into account the half-
lives of the investigated photofission products and their precursors in the isobaric chain. After completion of
fragment accumulation by the aluminium collectors, their gamma activity was measured using HPGe and
Ge(Li) semiconductor detectors (with volumes of 150 and 100 cm?, respectively [2]) from 0.25 to 120 h after
the end of irradiation. The duration of individual measurements varied from 0.5 to 2 h.

The nuclear Monte Carlo code “GEANT4 10.7” [4] was used to simulate the spectra of bremsstrahlung
photons, residual electrons and photoneutrons (as a function of energy, normalised to one electron). The input
parameters used in the calculations almost completely reproduced the geometrical dimensions (structural
features) of the electron extraction unit [2] and the activation scheme for fissile nuclei implemented on the
M-30 microtron electron accelerator. In the modelling, the geometrical dimensions of the output electron beam
were taken into account: shape — ellipse, semi-axis dimensions — 22 and 6 mm, thickness — 50 um.

As a result of the simulations carried out, the energy spectra of particles (bremsstrahlung photons, residual
electrons and secondary photoneutrons) incident on the fissile target and their integral values were calculated.
The integral values of bremsstrahlung photons, residual electrons and photoneutrons, normalised
to one electron, are: 7.99:107 y/e (> 6 MeV — 9.21:107 vy/e), 1.73-107 ele (> 6 MeV — 1.53-107 e/e) and
7.38:10® n/e neutrons. The obtained results were used to estimate the contribution of product yields from
accompanying nuclear reactions (®*2Th(y, n)*'Th — ZTh(y, f), Z2Th(e, ), and 22Th(n, f)) to the yields of
2%2Th photofission products [5]. The analysis indicates that product yields from accompanying nuclear
reactions generated by photons, residual electrons and photoneutrons have no effect on the accuracy of the
final results.

The value of the average excitation energy of the fissile nucleus **Th* was 10.89 MeV.

As a result of the experiment, the relative (cumulative) yields of 12 #2Th photofission products were
measured for the first time®™Kr (151.2 [75.2]), &'Kr (402.6 [50.0]), ®Kr (196.3 [26.0]), ®*Sr (1024.3 [33.0]),
%25y (1383.9 [90.0]), ¥"Zr (743.4 [50.0]), **Te (228.2 [88.0]), **I (529.9 [87.0]), **I (1260.4 (28.7)), **La
(641.3 (47.4)), 1*°Ce (293.3 (42.8)), °Nd (211.3 (25.9)). The energies of the analytical gamma lines (keV) are
given in round brackets, and their intensities (%) in square brackets. Product yields were determined relative
to the yield of . The total uncertainty of the relative product yields exceeded 10 %.
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The measurement results are shown in the Figure by red circles. For comparison, the same figure presents
existing data on post-neutron yields of >**Th photofission products at similar energies [6—10]. In addition, the
line shows the results of modelling performed by the authors (using the nuclear Monte Carlo code GEF
2025/1.3 [11]) of the mass distribution of post-neutron product yields for the fissile nucleus ?**Th* at an
excitation energy of ~11 MeV.
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Relative yields of 2*Th photofission products as a function of mass number.

The obtained results agree with existing experimental data at similar energies within the experimental
uncertainties and complement them.

This work was carried out within the framework of the topic “Implementation of simulation technologies
into experimental studies of photofission of the >*Th nucleus” State Registration No: 0126U002601.
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PRODUCT YIELDS FOR THE PHOTOFISSION OF *'Am WITH BREMSSTRAHLUNG
AT 14.5 MeV ENERGY

0. O. Parlag, V. V. Pyskach, A. I. Lengyel,
A. N. Gomonai, E. V. Oleinikov, I. V. Pylypchynets

Institute of Electron Physics, National Academy of Sciences of Ukraine, Uzhgorod, Ukraine

The yields of actinide fission fragments (products) are among the principal parameters characterising the
decay mechanism of excited nuclei. The experimental data currently available on the yields of photofission
products of minor actinides in the energy region of first-chance fission (without prior emission of pre-fission
neutrons) do not meet the requirements for their use in developing model concepts and in applied
applications in nuclear engineering. This is especially true for the actinide 2**Am, for which experimental
data on fragment yields are virtually absent [1].

This work presents the results of the first experimental studies of 16 relative post-neutron (cumulative)
yields of 2**Am photofission products initiated by bremsstrahlung photons with an energy of 14.5 MeV.

The relative yields of ***Am photofission products were determined by semiconductor gamma
spectrometry of an unseparated mixture of fragments accumulated in aluminium foil [2, 3]. Irradiation of the
fissile target (an active 2*Am layer with a diameter of 11 mm was deposited on a disc-shaped substrate with
a diameter of 24 mm and a thickness of 1 mm, made of 12X18H10T stainless steel; the isotopic content of
2Am was > 99 %) was carried out on the electron accelerator of the Institute of Electron Physics of the
National Academy of Sciences of Ukraine, the M-30 microtron, at an initial electron energy of 14.5 MeV
and an average beam current of ~5 pA. Bremsstrahlung radiation was generated by a tantalum converter
1 mm thick. A filter, namely a cylindrical lithium tetraborate (Li.B4O7) single crystal with a diameter of
30 mm and a height of 19 mm, placed directly against the tantalum converter, was used to purify the
bremsstrahlung beam from residual electrons and secondary photoneutrons. An aluminium ring (inner
diameter 11 mm, outer diameter 14 mm, thickness 0.5 mm) was used to fix the aluminium foil on the ***Am
sample. The maximum activation time was 4 h.

After completion of the accumulation of fission products by the aluminium collector, their gamma
activity was measured using HPGe and Ge(Li) semiconductor detectors (with volumes of 150 and 100 cm?,
respectively [3]). The duration of individual measurement series varied from 0.08 to 4.5 h. Identification of
2!Am photofission products was carried out by the energies of their characteristic gamma lines, taking into
account their half-lives and, additionally, their precursors in the isobaric chains. Irradiation, cooling and
measurement times were also taken into account. The calculations used nuclear-spectroscopic data (gamma-
guantum energies, gamma-line intensities, half-lives of the products formed and of their precursors in the
isobaric chain) from the NNDC nuclear data library (USA) [4].

The GEANT4 Monte Carlo computational code [5] was used to model the irradiation process of 2:Am.
The input parameters used in the calculations reproduced the technical parameters of the M-30 microtron
(the electron extraction unit into air) [3] and the irradiation scheme of the fissile assembly.

As a result of the calculations, the influence of the structural elements of the activation scheme
(converter, filter and stainless-steel substrate) on the final energy spectra of particles (bremsstrahlung
photons, residual electrons and photoneutrons) interacting with the experimental 2!Am sample was
established. The integral flux values of bremsstrahlung photons, residual electrons and secondary
photoneutrons present in the bremsstrahlung beam, normalised to one electron and incident on the **Am
sample, are: 2.727-107% photons (with energy > 6 MeV — 3.29-10-%), 1.44E-3 electrons (with energy > 6 MeV
—2.819:10°) and 2.7-1078 photoneutrons. Thus, 90.63 % of the photons (with energies > 6 MeV) from the
generated bremsstrahlung beam and 0.57 % of secondary electrons (with energies > 6 MeV) interact with the
2Am sample.

The filter made of Li2B4O7 transmits 90.37 % of bremsstrahlung photons (with energies from 0 to
14.5 MeV) and 94.77 % of those with energies > 6 MeV. At the same time, the filter absorbs 63.8 % of
residual electrons over the entire energy spectrum and 99.37 % of those with energies > 6 MeV.

The obtained results were used to estimate the contribution of product yields from accompanying nuclear
reactions (**Am(y, n)**°Am — 2°Am(y, f) and ***Am(n, f)) to the yields of ***Am photofission products. The
calculations used cross-section values for photonuclear ((y, n), (v, f)) and neutron ((n, f)) reactions from the
ENDF database [6]. The numerical value of the number of *°Am nuclei formed via the (y, n)-reaction

channel during an irradiation time of 4 h is 5.92:107°; the numbers of photofission events of *°Am and
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2LAm nuclei and neutron fission of *!Am during irradiation are 2.118-:107%°, 7.12:10~° and 5.838:1073,
respectively. All numerical values obtained in the calculations were normalised to one initial electron. The
analysis indicates that product yields from accompanying reactions have no effect on the accuracy of the
final results.

The value of the average excitation energy of the fissile nucleus **!Am* was 11.32 MeV.

As a result of the experimental studies carried out, the relative (cumulative) yields of *:Am photofission
products were measured for the first time: ®"Kr, #Kr, °1Sr, ¥Zr, ®Mo, ®Ru, I, 1¥2Te, 13, 135, 138Cs, 1¥9Bg,
1404, 12| g, 13Ce, °Nd. The product yields were determined relative to the yield of **I.

In the Figure, the experimental values of the relative yields of 2**Am photofission products are shown by
red circles. In the same Figure, the black line with triangles shows the results of modelling (using the nuclear
Monte Carlo code GEF 2025/1.3 [7]) the mass distribution of post-neutron product yields for the fissile
nucleus **Am* at an excitation energy of ~11 MeV (the numerical values of the modelled yields were
normalised to the yield Y(A =133) = 5.53 % for correct comparison with the experimental results). For
comparison, the same Figure also presents the recommended values of product yields from 2**Am fission by
fast neutrons (the numerical values are normalised to the yield Y (A = 133) = 5.82 %).
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Relative yields of ?*' Am photofission products as a function of mass number.

The total uncertainty of the relative product yields was estimated taking into account the statistical
uncertainty of the peak intensity of the product gamma line, analysis of time dependences, the scatter of
values averaged over individual measurements, and the uncertainty of interpolated efficiency values and
nuclear physical constants. The total uncertainty in determining the relative yields of ***Am photofission
products did not exceed 12 %.

The obtained values of the relative yields of *Am photofission products agree with the results of
calculations using the GEF code within the experimental uncertainties and with the recommended values for
fission by fast neutrons.

This work was carried out within the framework of the topic “Investigation of the influence of closed
nuclear shells on the processes of excitation/transformation of products of photonuclear reactions at the
M-30 microtron”, State Registration No. 0124U000962.
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AHAJII3 BIUVIMBY PO3PAJHOCTI ALl HA EHEPTETUYHY PO3A1VIBHY 3JJATHICTb
I'AMMA-CIIEKTPOMETPA 3 KPUCTAJIOM CsI(T])
TA KPEMHIEBUM ®OTOEJEKTPOHHUM IIOMHOKYBAYEM

A. P. Iloasisiniok, B. B. Koonues, P. 0. YanjnHcbKuid

Incmumym s0epnux docnioxncens HAH Yrpainu, Kuis, Ykpainu

VY naniif poboTi NMpPOBEACHO NOCTIUKEHHS BIUIMBY PO3PSAHOCTI aHAIOTO-UM(POBOrO MEpEeTBOPIOBaYa
(ALLIT) HA eHEpreTHUHY PO3MIILHY 3MaTHICTh TaMMa-CIIEKTPiB, OTPUMAHUX 3a JOIIOMOTOI0 CITMHTHIISIIITHOTO
nerexktopa Ha ocHOBI kpucrama CsI(Tl) y moemnaHni 3 kpemHieBuM QoTormoMHoKyBadeM (SiPM). Jlns
MIPOBEJICHHS EKCIEPUMEHTY Oyll0 pPO3pO0JIEHO CIHellialli3oBaHy BUMIPIOBAIBHY YCTAHOBKY, KIFOYOBUM
eneMeHToM skoi OyB 1udposwit ocmutorpag OWON VDS6102A, mo 3abe3nedyBaB MOKINBICTh POOOTH y
IBOX pexumax ounppysanHs (8 Ta 14 6iT) mpu oxHAKOBIN YacTOTi AMCKperu3amii 125 meraBmOOpok 3a
cexkyHny. lle mamo 3Mory KOpeKTHO MOpiBHATH BIUMB po3psaHocTi ALl Ge3 A04aTKOBHX 3MIHHUX,
OB’ SI3aHUX 3 YaCTOTHHMH XapaKTEPHCTHKAMH CHCTEMH. ABTOMATH3aIlil0 IPOIleciB 300py, Iepemadi Ta
00pOOKM EKCIEpUMEHTANLHUX JAHWX pEalTi30BaHO 3a JIOTIOMOTOI0 IPOTpamMHOTO 3a0e3IedeHHS,
pPO3po0IIeHOr0 MOBOIO MporpamyBaHHs Python 3 BHKOpHCTaHHSM CTaHAApPTHOTO MPOTOKONY KEpyBaHHS
BuMiproBasbHuME mpuiagamu SCPI (Standard Commands for Programmable Instruments) (puc. 1).

OnSemi ( A

SIPM Awepeno Ocuunorpad
6X6 MM KMBEHHA OWON
I VDS6102

5B | UsB
%

MK USB
Python
—

Puc 1. Cxema excriepyMeHTaIbHOI YCTaHOBKH.

dopMyBaHHS raMMa-CIIeKTpiB kepena ' Bi 31ifiCHIOBAIOCS MIISXOM IU(POBOTO iHTErPyBAHHS CHTHATY
3 TonepeaHiM BigHiMaHHAM 0a30Boi JiHii. 3 METOI0 BH3HAYEHHS ONTHUMAaJbHHX YMOB BUMIpIOBaHHs OyIo
[IPOBEICHO aHANI3 3aJEeKHOCTI €HEPreTUYHOI PO3AiIbHOI 3MaTHOCTI R, BUpakeHOi yepe3 NOBHY IIMPHUHY Ha
nonoBuHiI Makcumymy (ITILTIB, %), Big po3Mipy BikHa iHTETpyBaHHS AJIsl IBOX MIKIB TIOBHOTO TOTJIMHAHHS 3
eneprisimu 570 Ta 1063 xeB (puc. 2 i 3). Ha ocHOBI oTpuMaHUX 3ajIe)KHOCTEH OyJI0 BU3HAUCHO ONTHMAaJIbHI
rapaMeTpH iHTeTpyBaHHS, IO BiJIMOBiIal0Th MiHIMAJIbHIM 3HAYEHHSM €HEPTeTUYHOI PO3MIIBHOI 31aTHOCTI,
BIJITIOBITHI TaMMa-CIICKTPH U1 KOKHOTO 3 JIOCIIIKYBaHUX pexkumMiB poootn ALl HaBemeno Ha puc. 4 ta 5.
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JloBKMHA BiKHA IHTErPYBaHHS, MKC JIOBKKMHA BIKHA IHTEIPYBaHHS, MKC
Puc. 2. 3anexHicTh eHepreTHIHOI po3AiTBHOI 31aTHOCTI R Puc. 3. 3amexHicTe eHepreTHIHOi po3AIIBHOI 3MaTHOCTI R
BiJI TPMBAJIOCTI BiKHA iHTETpyBaHHS JuIs eHeprii 570 keB.  Bix TpuBaiocTi BikHa iHTEerpyBaHHs 11 eHeprii 1063 keB.
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s mika 1063 keB. s mika 570 xeB.

3a pe3ynpTaTaMH AOCIHiIKEHHS BCTaHOBJICHO, IO 3a 33JaHUX YMOB €KCIIEPUMEHTY 301NIbIICHHS PO3psia-
Hocti AIIIT 3 8 mo 14 GiT He 3abe3medye CyTTEBOTO IMOKpAIIEHHS €HEPreTUYHOI PO3MIIBHOI 3aTHOCTI.
OTpriMaHUil BUCHOBOK Ma€ MPAaKTUYHE 3HAUEHHS, OCKUJIBKU CBITYHUTH PO JOLITBHICTh BUKOPUCTAHHS OLIbII
npoctux i gemesmux 8-6iTHux ALl y moniOHMX BUMiproBaJbHUX cucTeMax. Lle, 30kpema, € BaXKIMBUM AT
PO3pOOKHN KOMMAKTHHUX 1 MOPTATHBHUX raMMa-CIIEKTPOMETPIB, y TOMY YHCII JJIs 3aCTOCYBaHb Ha OE3MiIOT-
HUX JiTanbHHUX anaparax [1, 2].

1. J. MacFarlane et al. J. Environ. Radioact. 136 (2014) 127.
2. R.Yu. Chaplynskyi et al. Nucl. Phys. At. Energy 27(2) (2026) 148.
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MOHITOPUHI" ®YHKINIOHAJIBHUX XAPAKTEPUCTHUK
KPEMHIEBOI TPEKEPHOI CUCTEMM TA OBJIACTI 3ITKHEHbD SIJIEP
B EKCIIEPUMEHTI CBM

B. M. Ilyrau, /1. M. Pama3zanos, O. O. KmnBancbkuii, C. b. UepHuieHko

Inemumym s0eprux docnioncenv HAH Yxpainu, Kuis, Yxpaina

CyuacHa (hi3uKa BUCOKMX €HEPTil CIIpsAMOBaHa Ha JOCTKEHHS (DyHIaMEHTAIFHUX BIaCTUBOCTEH CHIIBHO
B3a€EMOJIIF0YO0I Marepii, 30KpeMa B yMOBaX BUCOKHX OapiOHHUX T'YCTHH Ta MOMipHUX Temieparyp. OmHum 3
KITIOYOBHX IHCTPYMEHTIB TaKUX AOCIHiIKeHb € ekcriepumeHT Compressed Baryonic Matter (CBM), mio peaiti-
3yerbes Ha 0asi LlenTpy mocumimkernHs antunpotoHiB Ta ioHiB FAIR y Jlapmmranti, Himeuyunna. OcHOBHOIO
METOI EKCIEPUMEHTY € JOCIipKeHHS (a30Boi miarpamu kBaHTOBOI xpomoauHamiku (KXJI), BKiIrouaroun
MOLTYK KPUTHYHOI TOUKH (pa30BOr0 MEPEXOy, TOCITIIKEHHS KBApK-TIIIOOHHO] IJ1a3MH Ta BIACTUBOCTEH LIiJIb-
Hoi sinepHoi matepii [1-3]. Ekcnepument CBM po3paxoBaHuil A7l JOCTIKEHb IPH BUCOKHUX YacTOTaX B3ae-
MO/Iii i0HIB ImyuKa 3 simpamu MimeHi (1o 10 MI'n) i 3gaTtHuii peecTpyBaru ci1adki Ta piAKiCHI IpoIiecy TeHepartii
aJIPOHIB 3 BUCOKOI To4HICTIO [2]. Ekcriepument CBM 0yjie BUKOPHUCTOBYBATH MyUYKU PI3HOMAHITHUX BaKKHUX
Ta JIETKUX 10HIB, 30KpeMa ITy4KH 10HiB 30J10Ta 3 eHeprieto 2—11 ['eB Ha HykioH. Peanizaiiis Takux J0CiIKSHb
moTpedye CTBOpEHHS HOBHX BHCOKOE()EKTHBHUX NETEKTOPHHUX CHUCTeM. BHcoka T'yCTHHA MOAid, pamiamiiHi
HaBaHTAKEHHS Ta HEOOXIAHICTh O€3TPUTrepHOi 0OPOOKH NaHUX CTBOPIOIOTH JOJATKOBI TEXHIUHI BUKIMKH Ta
oOMekeHHs Ha cuctemy [4].

KnrouoBum enementom netekropHoi cucremu CBM e KpemuieBa Tpexepna Cucrema (KTC) [5], sxa
3a0e3nedye PeKOHCTPYKIIIO TPEKiB 3apsAIKeHUX YaCTHHOK (3 e(eKTUBHICTIO MmoHax 95 % amis 3apsimKeHux
4acTUHOK 3 iMmynbcoMm p > 1 I'eB/c, moxubOka 3HayenHs immyibcy 1,5 % mpu p > 1 I'eB/c). OcHoBHOIO
¢ynkuionansHoo oguHuneo KTC € neTekTopHUA MOILYIIb, IO CKIAAAETHCA 3 IBOCTOPOHHBOTO MIKPOCTPIIO-
BOTO KPEMHIEBOTO CEHCOPA Ta MEPENHBOI 3UUTYBAIBHOI €NeKTPOHIKH. E(eKTHBHICT POOOTH X MOIYJIiB
BHM3HAYA€ AKICTh PEKOHCTPYKIIT (Pi3UUHUX MOMIH 1, BIAMOBIIHO, JOCTOBIPHICTh OTPUMAHUX (HI3HUHUX PE3YIIb-
TaTiB. B yMOBax BHCOKOi iIHTEHCHMBHOCTI 10HHHX 3iTKHEHb OCOONMBOTO 3Ha4Ye€HHs HaOyBae mpoodieMa IIyMiB,
napa3uTHUX e(eKTiB Ta Jerpanalii XxapaKTepUCTUK IETEKTOPIB MMiJ BIUIMBOM paaiarii. Lle 3ymoBiioe HeoOxin-
HICTb CTBOPEHHS TOYHUX MOAENEH NETEKTOPHUX CUCTEM, 3[aTHUX BIITBOPIOBATH IOBHUH JAHLIOT (i3UIHUX
MPOIIECiB — BiJl reHepallii 3apsay B CEHCOPi 10 Horo oOpoOKH eNeKTPOHIKOIO.
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Puc. 1. a — Allpix2 Bi3yaunizaiis B3aeMoii elIEeKTpPOHA 3 MMOYATKOBOIO eHeprielo 546 keB 3 kpeMHiI€BUM ceHCOpoM
mmprHoto 320 MKM; 6 — cuMyJsinii BuxigHux curnanis LTspice ananora gerexroproro moayist KTC (kabemi 20 cwm,
ceHcop 2.2 cM) AJid n Ta p.

VY npezacrasieHii poOoTi po3po0JIcHO KOMIUIEKCHUH MiIXia 0 MOJetoBaHHs aeTekTopHux MoxayiiB KTC.
30KkpeMa, CTBOPEHO E€IEKTPOHHHI aHAIOT MOIYJIS, IO BpaxoBye NpouecH GOpMyBaHHS CUTHAIY, TPAHCIIOPT
HOCI{B 3apsqy, BIUIMB IIyMiB i mapa3uTHUX eMHOCTed (puc. 1). g mporo BUKOPUCTAHO CydacHi METOIU
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YHCEIBHOTO MOJENIOBAaHHA, BKIIOUAIOUM CHUMYJALii anajorosoi enekrpoHiku (LTspice) Ta Monte-Kapio
MOJISITFOBaHHS B3a€MO/Iii 10HI3yIOWOTO BUIIPOMIHIOBaHHS 3 MarepianoMm cencopa (Geant4, Allpix2). Po3po6-
JIeHa MOJIeNTb Ja€ 3MOTY JOCTIIKYBAaTH 3aJeKHICTh XapaKTEPUCTHK JETCKTOPHOTO MOXYNS Bill mapameTpiB
CJIEKTPOHIKH Ta TeOMETPIii ceHCcopa, IO BiAKPHUBAE MOXKIUBOCTI AJIsI onTUMi3auii au3aiiny. OTpuMaHi pesyib-
Tatu OyJI0 BUKOPUCTAHO AJISl BIOCKOHAIECHHS KOHCTPYKILII MepeAHbO] 3UMTYBaJIbHOT €JIEKTPOHIKU Ta alNTOPUT-
MiB pEKOHCTPYKITIi TTOIH.

BaxxnmuBum acnexkTom excriyatamnii ekcriepuMeHTy CBM € KOHTposb pamialiifHIX HaBaHTa)KeHb Ta CTa-
OUTBHOCTI My4Ka. Y 3B’S3Ky 3 HUM Y POOOTI 3alpONOHOBAHO MPOTOTUIT CUCTEMH PaAialliiHOT0 MOHITOPUHTY
RMS-CBM, cTBOpeHMIT Ha OCHOBI TEXHOJIOTii MeTaIeBO-(hOIBroBux AeTekTopiB. [TpuHIum i podoTn 6azy-
€THhCS HAa BTOPUHHIH eNeKTPOHHIHM eMicii mpy B3aeMoii 3apsAPKeHUX YaCTHHOK 3 TIOBEpXHEI0 Marepiary. Jis
JOCIHIKEHHSI XapaKTEePUCTHUK Li€T CHCTEMH TaKOK PO3pPOOJICHO 11 eNeKTPOHHUH aHasor (puc. 2), U0 Ja€ 3MOTy
OLIIHUTH BIATYK, piBeHb IIYMy Ta BIUIMB mapa3uTHUX edekTiB. [IpoBeneni cuMymsawii mokasaad MOXIJIUBICTD
eextuBHOTO BUKOopUCTaHHA RMS-CBM 111 MOHITOPHHTY pajialiifHIX yMOB Ta TOJIOKEHHS Iy4YKa B eKcIIe-
pumenTi. Lle, y cBoto uepry, cnpusiTiMe MiABHIICHHIO HAAIHHOCTI pOOOTH JETEKTOPIB 1 MPOJOBKEHHIO IXHBOTO

peCypcy.
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Puc. 2. LTspice ananor npototuny RMS-CBM: MetaneBo-(ponbproBoro AeTeKTOPHUN MOIYIb (1igopyy),
3apsI0BUH IHTErpaTop 3 BXOIOM uepe3 KoakcianbHui kabenb Ry (npasopyy).

HayxoBa HOBM3Ha poOOTH TOJISITa€ y CTBOPEHHI MEPILIOi MOBHOLIIHHOI €JIEKTPOHHOI MOJENi JETEKTOPHOTO
moxynst KTC, sika BiATBOpIOE MOBHMUH LIUKJI PEECTpaLii CUTHAITY, @ TAKOX Y pO3poO0Li MOJeIi IPOTOTHILY CHC-
TeMu pafiariiinoro Mmoritopuary RMS-CBM. 3anpornoHoBanmii MiAXiI Ja€ 3MOTY MPOBOIUTH KOMITJICKCHUH
aHaJi3 poOOTH JETEKTOPHUX CHUCTEM i € YHIBEpCAIbHUM iHCTPYMEHTOM JUIsl iXHBOI onTuMizanii. [IpakTiuune
3HAUCHHS OTPUMaHHUX PE3yJIbTaTiB MOIATAE Y MOKIMBOCTI iXHBOTO BUKOPUCTAHHS IS TiABUIICHHS TOYHOCTI
BHMIpIOBaHb, 3HIKEHHSI PiBHS IITyMiB Ta ONTUMI3allii KOHCTPYKIIii I€TEKTOPHUX MOAYJiB. Po3poOiieni Moxeni
MOXYTb 32CTOCOBYBATHUCS JIJIsl TECTYBaHHS, KaiOpyBaHHS Ta IIarHOCTUKHU AETEKTOPIB Y POLIEC] eKCIITyarariii.
Bukonane nociiukeHHsI pOOMTH BarOMUil BHECOK Y PO3BUTOK METOJIB MOJICJIIOBAHHS IETEKTOPHUX CUCTEM Y
(hi3WIi BUCOKWX EHEpriii Ta CTBOPIOE HAYKOBO-TEXHIYHY OCHOBY IS peanizamii exciepumenty CBM i
TTONAJBIINX JOCIIIKEHb BIACTUBOCTEH MIUTHHOI OapioHHOT Marepii.

1. FAIR Baseline Technical Report. Facility for Antiproton and Ion Research (FAIR), GSI Helmholtzzentrum fiir
Schwerionenforschung, Darmstadt, Germany, 2006.

2. B. Friman et al. Lect. Notes Phys. 814 (2011) 1.

P. Senger. J. Phys.: Conf. Ser. 798 (2017) 012062.

4. F. Guber, 1. Selyuzhenkov (Eds.). Technical Design Report for the CBM Projectile Spectator Detector (PSD).
Darmstadt: CBM Collaboration (Darmstadt, GSI Helmholtzzentrum fiir Schwerionenforschung, 2015) 98 p.
https://repository.gsi.de/record/109059

5. M. Teklishyn at al. Nucl. Instrum. Methods A 1080 (2025) 170714. https://doi.org/10.1016/j.nima.2025.170714.
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OCTAHHI PE3YJIbTATH JOCJI)KEHHSA EK30TUUYHOI CTPYKTYPH BAPIOHIB
Y CEKTOPI JIETKUX KBAPKIB

M. Pomaniok'?
(Bin xosadopanii BGOOD)

Y Inemumym s0epuux docnioscens HAH Yipainu, Kuis, Yxpaina
2 Hayionanonuii incmumym sioeproi @izuxu, Pumcokuii 6i00in « Top Bepzamay, Pum, Imanis

JocnimkeHHs eK30THYHUX 0apiOHHUX Ta ME30HHUX CTaHIB € aKTyaJIbHUM MUTAHHIM y Cy4acHill agpoHHii
¢izuni. HoBi pe3ynbratu 3 cekropa 4apiBHUX KBapKiB BKa3yIOTh Ha iCHYBaHHsSI MYJbTUKBAPKOBHUX 00’€KTiB
03a KBapK-aHTHKBAPKOBOIO Ta 3-KBapKOBOIO KOH(pirypauismu (Me30HH Ta Oapionn). JocmimkenHs Oynu 3xe-
OLIBILIOTO 30CcepeKeH] Ha CEKTOpi - Ta b-KBapKiB, ajne AJs TOro, o0 3p03yMITH, Y1 € HOBOBHSIBIICHI CTPYK-
TYPH 3arajibHOI0 OCOOJIUBICTIO (POpMYBaHHS CTPYKTYPH 3 OCHOBHUX OyZAiBeIbHUX OJIOKIB MaTepii, KBapKiB Ta
[JIIOOHIB, HEOOXiIHE TaKoX AOCHIIKEHHS CeKTopa Jerkux uds-kBapkiB. Lle € ¢okycom ekcrnepumeHty
BGOOD [1] na enextponnomy npuckoproadi ELSA (Electron Stretcher Accelerator) ®isu4noro iHcTUTYTY
borHCcBKOTO yHIBepcuTeTy, bonH, Himeuuwna). ExcnepuMeHT mociimkye (OTOHApPOMKEHHS ME30HIB Ha
MaJiuX KyTax Ta KiHeMaTHKy OOMiHYy MaJIIMH IMITYJIbCaMH B CEKTOpi uds, o MOXe OYTH Iy TIIMBUM JI0 MOJIe-
KYJISIpHO-TIOAI0HOT aIPOHHOI CTPYKTYPH.

Jubepenmiansanii monepeunnii mepepiz maa yp —KA(1520) 6yno Bumipsao mis cosfecm > 0,9 Bin
ropory o eHeprii mearpa mac 2090 MeB B excriepumenti BGOOD [2]. Po3minpHa 3MaTHICTE SK IO €HEPTi,
Tak i mo cosf cm Jae 3Mory BIepIe TOYHO OXapaKTepH3yBaTH Iiel KiHeMaTH4HMH pesxuM. JIaHi y3romky-
foThCs 3 monepenniMu manumu LEPS [3] ta Teopernanmmu moxensamu [4, 5]. [Tokpariena cTaTHCTHYHA TOY-
HICTh TOTIOMOYKE€ OOMEXUTH IMapaMeTpH B MaOyTHIX (eHOMEHOIOTIYHIX MOJEIIAX, IO MOXKE MIPU3BECTH 10
KpaIoro po3yMiHHS BHECKIB t-kaHamy K*, u-kanamy A Ta s-kanamy N* y MexaHi3M peakilii.

Y muBHOMY CeKTOpi, A€ ME30HHO-OapioHHa JWHAMiKa MOXKE BiNIrpaBaTH Ba)KIHMBY POJIb, BUMIPIOBAHHS
mudepenIiaTbHOTO Tiepepizy Ha MaTuX KyTax Ha Toposi peakuiit mma K'A, K=, K*2(1385), K*A(1405) ta
K*A(1520) BKa3yr0Th Ha eKBiBaJIEHTHICTh CTaHAM P, IO CriocTepiraroThes Ha oporax DX¢ , DX cta D™ X¢ [6].

S. Alef et al. (The BGOOD Collaboration) Eur. Phys. J. A 57 (2021) 80.

E.O. Rosanowski et.al. (The BGOOD Collaboration) Eur. Phys. J. A 61 (2025) 147.
H. Kobhri et al. (The LEPS Collaboration) Phys. Rev. Lett. 104 (2010) 172001.

J. He, X.-R. Chen. Phys. Rev. C 86 (2012) 035204.

S.-1. Nam, A. Hosaka, H.-C. Kim. Phys. Rev. D 71 (2005) 114012.

T. Jude. PPNP 147 (2026) 104224.
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DETERMINATION OF THE POLE TOP QUARK MASS FROM LHC EXPERIMENTAL DATA
FOR SINGLE- AND DOUBLE-DIFFERENTIAL CROSS-SECTIONS
FOR TOP QUARK PAIR PRODUCTION

T. O. Sliusar?, O. 1. Zenaiev'?, V. Y. Aushev?

! Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
2 Hamburg University, 11. Institute for Theoretical Physics, Hamburg, Germany

In this report, we present the results of our research into the method for determining the pole top quark
mass based on the analysis of multiple differential cross-sections. For this study, we use normalized differential
cross-sections for the t7 pairs production in the semilepton channel in proton-proton collisions at Vs = 13 TeV,
published by the ATLAS collaboration [1].

We studied the sensitivity of differential cross sections as a function of four kinematic variables: the
invariant mass of the tz pair, the rapidity of the tz pair, the transverse momentum of the top quark, and the
rapidity of the top quark. The pole top quark mass was determined by comparing actual measured cross-
sections with theoretical predictions calculated at NNLO [2]. For this purpose, the x> minimization method
was used.

A systematic determination of the top quark mass was performed using single-differential cross-sections of
these kinematic variables, their pairwise combinations, and double-differential cross-sections of the invariant
mass and the rapidity of the tz pair.

The results are compared and analyzed, and it is shown that the use of two single-differential cross-sections
can give a more accurate result than the use of a double-differential one.

1. ATLAS Collaboration. Eur. Phys. J. C 79 (2019) 1028.
2. M. Czakon et al. JHEP 10 (2017) 186.
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BJIOCKOHAJIEHHSI METOJY BIJIbHOI KIHEMATHUYHOI PEKOHCTPYKIII TAPA
TOII- TA AHTUTOII-KBAPKIB 3 BUKOPUCTAHHSIM BIJIKPUTHUX JJAHUX CMS

M. B. Cniuun’, B. €. Aymes?, O. 1. 3enaep®

! Kuiscoxuii nayionanonuii ynisepcumem imeni Tapaca Illeguenxa, Kuis, Yxpaina
2 Fambyp3vruil ynisepcumem, II. Incmumym meopemuunoi gisuxu, Iambype, Hiveuuuna

VY wiif poOOTi MpencTaBIeHO Pe3yNbTaTH BJOCKOHAICHHS METOJY BUIBHOI KiHEMAaTHYHOI PEKOHCTPYKINT
(loose kinematic reconstruction, LKR) [1] mns cucremu kBapkis tt y ammentonHomy kamami posmamy

tt — 1"v,bl"v,b . ocnimkenHss BUKOHAHO 3 BUKOPUCTAHHSM BiIKPUTHX JaHuX excriepumenty CMS, otpu-

MaHUX 3a €Heprii CHCTEMH IIEHTpa Mac ITy4Ka MMPOTOHIB Js=7 TeB [2].

Crannaptauii Metoa LKR € HenocTaTHRO KiHEMaTHYHO BU3HAUCHHUM Yepe3 HasBHICTH JBOX HE3apeecTpo-
BaHMX HEHUTpuHO. [ns BupimeHHA L€l nmpobiemu Oyino po3poOiieHO aHANITHUHI MoAu(iKalii aaropuTMy
(LKRvV3), siki BUKOPUCTOBYIOTh PO3paXyHOK KiHEMaTHKH HEUTPUHO Ha OCHOBI HonepeuHoi Macu M; Ta piB-
HOCTI CTPIMKOCTEH Y i = Y,; -

Hacrtymaum etammom nmokpamienas LKR crano 3acrocyBanns moaeni mamuaHOro HaBdaHHs (LKRNN) Ha
0a3i MOBHO3B sI3HOT HEHPOHHOT MEPEXKi 3 APXITEKTYpOr0 OaraTomapoBoro nepuentpona. Jus TpeHyBaHHS Ta
aHaizy BUKopucTtoByBaynucs Monte-Kapno 3reneposani nani (MadGraph ta Pythia6 reneparopm) [3, 4].
Mopens BUKOpUCTOBYE 26 BXiqHUX mapameTpiB Ta pyHkuito Brpart (loss-function) i3 sxkopetkum 5 % nomyckom
IO aHATITUYHHUX Pe3yJbTaTiB. Y Pe3ylbTari 3aCTOCYBaHHSI HEWPOMEpPEXki iHTerpalibHy PO3AIBHY 3JaTHICTh
(po3paxoBaHy Ha OCHOBI MU(EPEHIIHHOI pO3AUTFHOI 34aTHOCTI, HaBEACHOI Ha PUCYHKY) IJIS iHBapiaHTHOI
MacH CUCTEMH BAJIOCA MOKpamuT Ha 15,5 %, a iy monepeyHoro iMmysscy — Oibmr Hixk Ha 10 % mopiBHIHO
31 crappaptauM MetonoM LKR. Ie Takoxk 3a0e3meunsio JoAaTKoBe MOKpalleHHs Ha 8 % MOPIBHIHO 3 BEPCIiEr0
LKRv3. OtpumaHi pe3ynbTaTH HiATBEPIKYIOTh MOXKJIHMBICTH €(DEKTUBHOI 1HTErpawii METOAiB MAIIMHHOTO
HaBYaHHA y KJIACHYHI alTOPUTMHE PEKOHCTPYKITii [u1st hizmaHOTOo aHamizy Binkputux naHux CMS. [Tokpamiena
KiHEeMaTHYHa PEKOHCTPYKIiS MacTh 3MOTY MiJBUIIMTHA TOYHICTh BHMIpIOBAaHHS AH(EpeHIIHHNX Tepepi3iB
HapOKEHHS TOI-KBapKiB, 1110, CBOEI0 YEProlo, 3a0e3MeYnTh TOYHINIE BH3HAYCHHS MacH TOI-KBapKa, OiIbII
npenusiiiHy nepeBipky nepeadadenb CTaHIapTHOT MOZET Ta PO3MIMPUTH MOKIMBOCTI TIOUIYKY HOBOT (hi3HKH.

Biakpwri aani CMS: pp — tt’, kaHan po3nagy Ha ainentoHu, Vs = 7 TeB
Po3AinbHA 34aTHICTL PEKOHCTPYMOBAHUX 3MIHHUX
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I'padikm po3aineHOI 31aTHOCTI pekorcTpykmii tt s kmacwamoi LKR,
onrumizoBanoi LKRv3 ta nefipomepexi LKRNN.

L. Sonnenschein Phys. Rev. D 73 (2006) 054015.

CMS Collaboration. CMS Open Data Guide. https://cms-opendata-guide.web.cern.ch/
J. Alwall et al. JHEP 06 (2011) 128.

. T. Sjostrand et al. Comput. Phys. Commun. 191 (2015) 159.
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PHOTOPRODUCTION OF %™Nb ON NATURAL MOLYBDENUM
AT BREMSSTRAHLUNG END-POINT ENERGIES UP TO 95 MeV

I. S. Timchenko!?, O. S. Deiev?, S. M. Olejnik?, S. M. Potin?,
V. A. Kushnir?, V. V. Mytrochenko?, A. Herzan!

I Institute of Physics, Slovak Academy of Sciences, Bratislava, Slovakia
2 National Scientific Center “Kharkiv Institute of Physics and Technology”, Kharkiv, Ukraine

The development of modern theoretical models to describe the mechanisms of photonuclear reactions
(direct, compound-nucleus, pre-equilibrium, quasi-deuteron, etc.) is currently underway. Modern computa-
tional codes, such as TALYS [1], require regular validation using reliable experimental data. For reactions
with one or two neutrons, the calculated results obtained with different theoretical models are generally similar.
However, the differences between the various theoretical models become more pronounced for reactions with
three or more neutron emissions, as well as for reactions involving charged particles or small clusters in the
reaction output channel.

Photonuclear reactions on molybdenum isotopes have been investigated in several studies. Most of these
works have focused on photoneutron reactions on Mo isotopes at giant dipole resonance energies [2, 3]. These
investigations have provided experimental data and revealed systematic patterns that help describe the
mechanism of collective nuclear excitation. The effect of isospin splitting of the giant dipole resonance can be
explored in photonuclear reactions accompanied by proton emission. However, experimental data on reactions
in which a charged particle or a small cluster appears in the output channel are practically absent in the
literature due to the very small cross-sections of such processes.

In our work, we experimentally studied the photoproduction of the *®"Nb nucleus in natural Mo targets at
bremsstrahlung end-point energies of Eymax = 37.5-92.5 MeV.

The experiment was conducted using the electron beam of the electron linear accelerator LUE-40 RDC
“Accelerator” at the National Scientific Center “Kharkiv Institute of Physics and Technology” [4]. The
measurements were performed using the activation method and offline y-ray spectrometry. Detailed
information on the experimental method used can be found, e.g., in [5].

In the experiment, the ®Nb nucleus was only produced in reactions with the *®®Mo isotope. Both the ground
state and metastable states of ®Nb are populated in the photonuclear reaction. Decay of the isomeric state can
occur through two channels: internal transition IT to ground state (0.1 %) and B~ decay (99.9 + 0.1 %). The
half-life Ty, of the ®*™Nb nucleus is 51.1 + 0.4 min. The **dNb nucleus decays into the ®*Mo nucleus via B~
decay (100 %) with a half-life T1, of 2.86 + 0.06 s. Since the cooling time in the experiment was more than
30 min, we were able to measure cross-sections only for the production of the ®Nb nucleus in its isomeric
state.

In the same reaction, the *Zr nucleus can also be produced in its ground and metastable states. The half-

life of the isomeric state is Ty, = 1.9 £ 0.2 ps, and it
decays to the ground state via an internal transition

*Mo 0O\ (100 %). The ®Zzr ground state decays only to the
> 65.924(6) h
able ;10(5; 01x10%8 ground state of the ®Nb nucleus via B~ decay (100 %,
p 0 B3- 100 % T12=30.7 £ 0.4 s), and thus it does not contribute to the
N ND population of the ®"Nb. Nuclear spectroscopic data
"Nb 5 8’\615(6) g _ 15'\(1)(2) . were adopted from [6] (Fig. 1).
g: 7217y min | 9 < o g1 . The production of the ®™Nb nucleus on *®Mo is
HPPA B~100 % 100 % : : . 100 98m
B~100 % m: 51.1(4) m: 2.5(2) min possible in two ways: Mo(y, pn)*"™Nb  and
. . . s 100 98m H
m: 58.7(18) s min B-98(2) % Mo(y, d)*"Nb, with the energy threshold values of
IT 100 % B~99.9 % IT < 3.8% Ewr = 18.10 MeV and 15.89 MeV, respectively. The
%oy threshold for the production of the ®*"Nb nucleus in the
97y g: 30.7(4) s metastable state is 84 keV higher than in the ground
16.749(8) h B~ 100 % state. Theoretical cross-sections o(E) for reactions
0 B, 100 % E 1.9(2) ns lOOMO("{, X)98mNb, 100M0('Y, pn)QSmNb, 1OOMO('Y, d)98mNb
IT 100 % were calculated with the TALYS1.96 code. As shown in

Fig. 1. Nuclear spectroscopic data are from [6]. The

%Npb and

982r

nuclei

formed on

100Mo  via

(v, pn) + (y, d) and (y, 2p) reactions are highlighted in

red.

Fig. 2, the cross section for the '°Mo(y, d)**"Nb
reaction is very small. This reaction contributes less than
1 % to the total yield of **™Nb. Therefore, in our work,
we assumed that the *™Nb nucleus production will
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occur only through the 'Mo(y, pn)**"Nb reaction, and in our calculations, the Ex = 18.10 MeV was used.
Also, we provide an estimate of the contribution of the *®*Mo(y, 2p)®*Zr —B~— *INb channel to the total yield
of the ®Nb nucleus. This contribution is less than 0.2 % (see Fig. 2).

01t
=
E_i 001 | Jf /——""Mo(g.2p)*zr
B 1-}DM0(g_d}98th
—""Mo(g.pn)*Nb
—"”Mo(g.pn}“”‘l‘db
0.001 L _I-I)DMO(g_pn}S&th

20 30 40 50 60

E,. MeV
Fig. 2. Theoretical cross-section o(E) for the formation of
the *8Nb and °8Zr nuclei on ®Mo (the TALYS1.96 code
with default parameters)
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Fig. 3. The flux-averaged cross-section (c(Eymax))m for the
formation of the *®™Nb nucleus on ®Mo. Black points —
our experimental data, curves — calculations with

TALYS1.96 for different options LD and GSF.

The experimental flux-averaged cross-sections (c(Eyma))m for the production of %™Nb in the
100\ fo(y, pn)*®™Nb reaction can be determined from direct measurements of the number of counts of y rays,
AA, in the full absorption peak at an energy of 787.36 keV with intensity I, = 93.07 + 0.16 %. The obtained
(o(Eymax))m Of the studied reaction at bremsstrahlung end-point energies from 37.5 to 92.5 MeV are presented
in Fig. 3.

The uncertainty of measured flux-averaged cross-sections was determined as the square root of the
quadratic sum of statistical and systematic errors. The statistical error in the observed y-activity is mainly due
to counting statistics in the full absorption peak of the corresponding y ray, which varies between 1.6 % and
4.4 %. Descriptions of the errors can be found in [5].

The flux-averaged cross-sections (o(Eymax))n Were calculated using the cross-sections o(E) for the studied
reactions from the TALYS1.96 code with different gamma strength functions GSF 1-9 and level density
models LD 1-6. The obtained experimental results are compared with theoretical estimates, and it is shown
that the parameters LD4 and GSF7 are closest to the experimental data.

This work has received funding through the Grant of the National Academy of Sciences of Ukraine under
Contract No. 0121U108705 and No. 0126U001494. 1. S. Timchenko has received funding through the
MSCAA4Ukraine project, which is funded by the European Union. Views and opinions expressed are, however,
those of the author(s) only and do not necessarily reflect those of the European Union, the European Research
Executive Agency, or the MSCA4Ukraine Consortium. Neither the European Union nor the European
Research Executive Agency, nor the MSCA4Ukraine Consortium as a whole, nor any individual member
institutions of the MSCA4Ukraine Consortium can be held responsible for them. This work was also supported
by the Slovak Research and Development Agency under Contract No. APVV-24-0516, and the Slovak grant
agency VEGA (Contract No. 2/0175/24).
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EXPERIMENTAL INVESTIGATION OF THE %Zr(p, y) REACTION WITH IMPORTANCE
FOR UNDERSTANDING THE ASTROPHYSICAL p-PROCESS MECHANISM

I. S. Timchenko'?, A. Herzan', M. Sedlak?, V. Matousek!, M. Balogh?, O. S. Deiev?,
C. Fransen®, T. Greénaroval, P. Noga*, P. Reiter®, A. Repko?, M. Solcova?,
D. Vana*, M. Venhart?!, S. Vielhauer?*

Lnstitute of Physics, Slovak Academy of Sciences, Bratislava, Slovakia
2 National Scientific Center “Kharkiv Institute of Physics and Technology ”, Kharkiv, Ukraine
3 Institute for Nuclear Physics, University of Cologne, Cologne, Germany
4 Slovak University of Technology in Bratislava, Faculty of Materials Science and Technology in Trnava,
Advanced Technologies Research Institute, Trnava, Slovakia

The synthesis of elements heavier than iron occurs primarily through the (n, y) reactions [1]. However,
processes of the “rapid” (r-) and “slow” (s-) radiative neutron capture cannot produce 35 proton-rich stable
nuclei known as the p-nuclei. The production of these chemical elements is referred to in astrophysics as the
p-process [2]. The description of the p-process mechanism is crucial for explaining the discrepancy between
observed and calculated abundances of chemical elements. A particularly large discrepancy is observed in the
region of the light p-nuclei, such as *>**Mo and ***Ru. To explain these differences or eliminate them, it is
crucial to consider all possible channels of accumulation and decay of nuclei located in the vicinity of the
p-nuclei.

The observed lack of experimental data in the vicinity of the p-nuclei complicates calculations of the
abundance of chemical elements. Such calculations require reliable data on the cross sections and reaction
rates for approximately 20,000 reactions involving 2000 stable and radioactive isotopes. Furthermore,
high-quality experimental data are necessary to test various Hauser—Feshbach statistical model codes, such as
NON-SMOKER and TALYS.

Proton-induced reactions on the stable Zr (90, 91, 92, and 96) isotopes are poorly studied. It is worth noting
that the *Zr(p, v)**Nb reaction has not yet been studied [3].

A series of measurements aimed at an experimental study of proton-induced reactions on stable *Zr has
been initiated, with the proton beam energies ranging from 1.5 to 6.1 MeV. For this purpose, thin self-
supported targets with isotopically enriched material **Zr (96 %+), and accelerated protons delivered by the
6 MV Tandem accelerator [4] at the Slovak University of Technology are used (Fig. 1). The measurements are
performed using the activation method and offline y-ray spectroscopy.

Fig. 1. The 6.0 MV coaxial High-
Current  Tandetron™  Cockroft-
Walton- type accelerator at the
Advanced Technologies Research
Institute (ATRI) of the Faculty of
Material Science and Technology of
the  Slovak  University  of
Technology in Trnava, Slovakia.

The system for measuring the induced activity of irradiated **Zr targets consists of three coaxial HPGe
detectors and one BEGe detector, all cooled to liquid nitrogen temperature. The detectors are positioned in a
close geometry for maximum detection efficiency.

The ®*Nb nuclei are produced via the *Zr(p, y) reaction, in both the ground and metastable states. The *™Nb
metastable state with a half-life Ty, of 86.6 h decays to the unstable ®¢Nb ground state via internal transition
with a branching ratio p of 94.4 %. The unstable ground state ***Nb with a half-life T1, of 34.975 d decays to
excited levels of the ®*Mo nucleus via the p~ decay. In our study of the *Zr(p, y)*™9Nb reaction, we measured
the activity for y transitions with energies of 235.7 keV (I, = 24.8 %) and 765.8 keV (I, = 99.808 %) to identify
the decays of the isomeric and ground states, respectively. Nuclear spectroscopy data were taken from [5].
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The first measurements were conducted at a proton beam energy of 6.1 MeV. The measured spectrum of
the induced activity of a ®Zr target with a thickness of 2 mg/cm? is shown in Fig. 2. The figure shows peaks
corresponding to the decay of reaction products formed on **Zr and on other stable Zr isotopes (contamination
less than 4%), as well as peaks of the natural background radiation (BG).
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Fig. 2. Spectrum of y rays measured by the set of HPGe and BEGe detectors after irradiation of a 2 mg/cm? thick %*Zr
target. Irradiation was performed with a 6.1 MeV proton beam. Data was collected for 3 h after a 1-hour cooling period.
In the spectrum, peaks corresponding to the decay of the reaction products and the natural background (BG) can be

seen.

Preliminary results for the cross section and isomer ratio were obtained at a proton beam energy of 6.1 MeV
as a proof of concept of the selected methodology. A set of measurements is already planned, as well as analysis
of the obtained results within the framework of theoretical predictions for various level density models, photon
strength functions, and optical model potentials from the code (calculations in the TALY'S code [6]).

These data are very important for understanding the mechanism of the astrophysical p-process, for
developing and analyzing modern theoretical predictions, and for conducting future experiments. Any
contribution to such research is extremely important. Experimental data on cross sections and isomer ratios for
this reaction will be obtained for the first time.
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NPOTOTUII CUUHTWISILIHHOI O CHEKTPOMETPA
JIJISI PAJIAIIAHOIO MOHITOPUHI'Y 3 KBAJIPOKOIITEPA

P. 10. Yanuunceknii', M. M. 3apunbknii’, /I. B. Kacneposu4!, B. P. Knasaienko®, B. B. Koouues?,
E. €. Ilerpocan’, A. P. Hoasisuiok?, P. b. Hoasisniok?, O. I'. Moaimyxk?, H. B. Cokyp*

Y Inemumym sdeprux docrioscens Hayionanshoi akademii nayx Ypainu, Kuis, Yxpaina
2 Kagpeopa ¢hisuxu, Cipax tocekuti ynieepcumem, Cipax'ioc, CIIIA

Po3pob6reno Ta excrepuMeHTaTBFHO JOCTIHKEHO MPOTOTHUI MOPTATUBHOTO CHUHTIUISAIIHOTO Y-CIIEKTPO-
MeTpa, MPU3HAYEHOTO IS JAUCTAHIIMHOTO PalialliiHOr0 MOHITOPHUHTY 3 BUKOPHUCTAHHSIM KBaJIpOKOIITEpa.
JHerexTopHuii MOAYyIJIb TOOYAOBaHO Ha OCHOBI cumMHTHIsIHHOTO Kprctana CsI(Tl) posmipom @45 x 45 mm
(Amcrys, Ykpaina) 3 mMacuBoM 3 12 kpemHieBux (ortonomHoxyBauiB (SiPM) BupoOHuuTBa OnSemi [1].
OnTrunuii KoHTaKT SiPM i3 KprcTanom 3a0e3medyeThes CreliaTi30BaHoI0 ONTHYHOIO 3Ma3Kok0. biok-cxemy
MIPOTOTHUITY CHCTEMH paJiallifHOr0 MOHITOPUHTY 3 KBapokomrepa 300paxkeHo Ha puc 1. Cucremy B 300pi
300pakeHo Ha pHUC. 2, a.

DMCA— undposunii aHanisaTop iMNybCHUX CUTHaNIB;

o ) Y —
3s INR18650 VTX 5.8 GHz Video USB Video
Battery RX software
12V Wi-Fi
) — 'SPV
FPV Stack RX 2.1 GHz X (Telemetry) Mission
SpeedyBee F3 control planner
N [ ) ] ( Emulator |
— DMCA HC-12 416 MHz HC-12 —{ UART-USB [-%2B
J spectrum
—— \ / ———
'% 3S INR18650 Battery — akymynaTopHa batapesn (12 B); Laptop
= _ .
%n Boost converter ::(\:I Stack Speedy:‘Bee F3 — nonsoTHUiA It:OH'rpon.ep.-%- Software
o (eNeKTPOHHWMIA perynaTop WeuAKoCTi MoTopiB);
1]
c
<

VTX — sigeonepegasay FPV;

A Video RX — npuiimau sigeocurHany; Emulator Spectrum — M3 ana aHanisy cnekTpis;
SiPM array PCB Video Software — 13 ana sino6paeHHs Bigeo; Boost converter — susnerHa SiPM;

RX (2.1 GHz) — npuiimay curHany KepyBaHHs; SiPM array PCB — nnara 3 macvsom SiPM;

TX control — nyneT KepyBaHHA; CsI(Tl) — cumHTMNALiAHWIA KpucTan;

Wi-Fi (Telemetry) — kaHan nepepaui Tenemetpii; PETG case — KOpnyc AeTEKTOPHOro MoAyNA;
Mission Planner — M3 gna KepyBaHHA NObOTOM; Analog signal — aHanoroswuii curian sig SiPM;
HC-12 — mogynb nepesadi CNEKTPOMETPUYHKUX AaHWX; Laptop Software — 3 HoyT6yKa.

UART-USB — nepeTeoptoBay iHTepdeiicy UART — USB;

Csl(T)

PETG case
Puc. 1. biiok-cxema cucTeMH.

Macus SiPM peaiti3oBaHO y BUIJISII CIEI[iaIbHO PO3POOIICHOT APYKOBaHOI utaTH (UB. puc. 2, 6), Ha AKii
(hOTONIETEeKTOPH MiAKIIOUEHO Mapajie’dbHo A0 CIUTBHOI0 HABaHTaKYBaJIbHOTO PE3UCTOPa. AHATIOTOBHIA CUTHAI
3 MacuBy 0Oe3mnocepeqHbO TMONAETHCS Ha BXiA IM(POBOro anamizaropa iMOyJIbCHHUX cHUrHadiB. DyHKLi0
MONIEPEHBOr0 MiICHIICHHS BUKOHY€E KOMOiHalisi 6ap’epHoi emHocTi SiPM Ta omopy HaBaHTa)KyBaJbHOTO
pesucTopa, mo GopMye IMITYIIbC, MOMIOHHI JO CUTHAITY 3apsIO9yTINBOTO ITiCHITIOBaYa.

udposwuii anamizatop immysbciB (DMCA) (muB. puc. 2, 6) peanizoBaHo Ha 0a3i MIBUAKOTO aHAIOTO-
uugpoBoro nepersoproBaya L TC2208 ta mporpamoBanoi yioriunoi iHterpanbHoi cxemu XC7A100T, o
3abe3neuye onudppyBaHHs CUTHAIIB 1 IXHIO HTH(POBY 00pOOKY 3 BUKOPHUCTAHHSM Tpareienoaionoro popmy-
BaHHs [2, 3]. [lepenavya ceKTpOMETPUYHUX JaHUX 3MIHCHIOETHCS 3a IOMOMOTroro pamiodactoTHux UART-
Moy HC-12.

JetexTopanii 070K pO3MIIIEHO B €KpPAaHOBAHOMY IIACTHKOBOMY KOPIIYCi, AKHH 3abe3medye 3aXHCT Bif
CJIEKTPOMArHITHUX 3aBaJl 1 MeXaHIYHUX BIUTMBIB. JINs 3MEHIICHHs BIUIMBY BiOpalliii 3acTOCOBaHO
neMiyBaJbHANA MaTepiad MiX KOpPIYCOM JIETEKTOPHOro Oyioka Ta KpucTanoM. KOHCTpYKTHBHI €leMEHTH
KpiIJIEeHHS AETEKTOPHOTO MOIYJIS IO KBaAPOKONTEPa BUTOTOBIICHO 13 3aCTOCYBAaHHAM TeXHOuIOTii 3D-1pyKy.

[Inardopma ans po3milmeHHs crieKTpoMeTpa pearizoBaHa Ha 0a3i FPV kBampokonTepa 3 aBTOMJIOTOM
ArduPilot, mo 3abe3meuye cTabiyizamiio MONIKOTY, KEPYBaHHS Ta IMepeaady TeleMeTpUIHnX maHux. OOMiH
JaHUMH 3 Ha3eMHOIO CTaHIIEI0 3IIHCHIOEThCS MO OKPEMHX KaHajax Ul KepyBaHHS, BiJlEOCHTHANY Ta
CIEKTPOMETpHYHOI iHpopMmanii. XKuBneHHs cucTeMu 3a0e3MedyeTbesl aKyMYJSITOPHUM OJIOKOM Ha OCHOBI
mectu enemenTiB Tury INR18650. 3aranbHa 31miTHa Maca CHCTEMU CTAaHOBUTH OJIM3BKO 2 KT, @ 4ac aBTOHOMHO1
pobotu nocsirae 40 xB.
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Puc 2. EnemenT cucTteMu CrIeKTpoMeTpii 3 KBaapokomTepa: a — FPV kBaapokonTep Ha 7-mroiiMOBiii pami
3 JIETEKTOpPHUM OJOKOM; 6 — JpykoBaHa tuata 3 12 SiPM; ¢ — muata aHamizaTtopa iMITyJbCHUX CHTHAJIIB,
2 — eHepreTUYHUiA CreKTp, HabpaHuii i3 mxepenom 207Bi.

Jlns xepyBaHHSA IIM(PPOBUM aHATI3aTOPOM Ta OOPOOKH EKCIEPUMEHTAIbHMX JaHUX PO3pO0JICHO
crieriajiizoBaHe nporpaMmue 3ade3neueHHs Ha Python, 1o 3abe3neuye peectpaitito opM CUrHaNIIB, MOOYI0BY
SHEePreTHYHMX CIIEKTPIB i aBTOMAaTHU30BaHUI1 MOIIYK CHEKTPAIbHUX MiKiB.

IIpoBeneHi MoNbOTHI BUNPOOYBAHHS IMOKAa3aiM, IO PO3po0JieHa cucTeMa 3a0e3ledyye CHEPreTHUHY
PO3iNbHY 30aTHICT Y-CHEeKTpa Ha piBHi 6:m3bK0 7 % mns eneprii 570 xeB (“°'Bi) npu 36epesxkenni crabinpHOT
poboTn B ymoBax NOJILOTY (OuB. pHcC. 2, 2). OTpuMaHi pe3yibTaTd MiATBEPIKYIOTh IEPCHCKTUBHICTD
BHKOPHCTaHHSl 3alpOIOHOBAHOTO TMIAXOMY [UIA 3aJad ONEepaTUBHOIO pajialliifHOTO MOHITOPHHTY,
€KOJIOTIYHOT0 KOHTPOJIIO Ta JIOKaTi3allii JpKepen i0Hi3yo4uoro BumpoMiHtoBaHHS. [logambmt goCiimKeHHS
OyayTh CIPSIMOBaHI Ha ONTUMI3allil0 TapaMeTpPiB CIIEKTPOMETPHUYHOTO MOLYJIS Ta MiABULICHHS e()eKTHBHOCTI
CUCTEMHU Tiepefiadi JaHuX.

1. onsemi. Silicon Photomultipliers (SiPM), Low-Noise, Blue-Sensitive: C-Series SiPM Sensors. Publication Order
Number: MICROC-SERIES/D. Rev. 9. February 2022. 16 p.
https://www.onsemi.com/pdf/datasheet/microc-series-d.pdf

2. PIO. Yannuucekuii Ta iH. Y kH.: XXX mopiuHa HaykoBa KoH(epeHiis [HCTUTYTY simepHEHX nociimkens HAH
Vxpainu (Kuis, 25-29 Bepecust 2023 poky). AnoTartii 10 gomosineii (Kuis : Tu-T smepaux gocmimk., 2023) c. 95.
http://www kinr.kiev.ua/Annual_Conferences/KINR2023/index.html

3. P.IO. Yamnuucekuit Ta iH. Y kH.: 30ipHHK Te3 V MixHapoaHoi koH(epenmii «I[lepcriekTHBH BIPOBaIKEHHS
iHHOBaIliH y aromHy eHepretuky» (Kui, 28-29 Bepecus 2023 poky) (Kuis, 2023) c. 114. https://ukrns.org/wp-
content/uploads/2023/11/zbirnik_tez_v_mizhnarodno%D1%97_konferenczi%D1%97_perspektivi_vprovadzhennya
_innovaczij-1-1.pdf
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METAJIO-®OJIbI'OBI JETEKTOPH ISI]]l HAH YKPATHU:
PE3VYJIBTATH TA IEPCIIEKTUBH

C. b. Yepnuimenko, B. O. Kusa, O. 10. Oxpimenxko, B. M. IIyrau,
. M. Pama3anos, I. I. Boponenbknuii, O. O. KmuBancbkuii, O. C. Kopaabuyk

Inemumym s0eprux 0ocniosncens HAH Ykpainu, Kuis, Yxpaina

OnHuM 3 HAWUTIMOIIMX BIIKPUTUX MHUTAaHb CYYacHOI ()i3UKH € MUTaHHS MPO MOXOHKEHHsS 0apioHHOT acu-
MeTpii BeecBiTy. BuBueHHS bOTO NMUTAaHHS TiCHO IMOB’s13aHe 3 mopymeHHsM CP-cuMetpii — sBuIeM, cucTte-
MaTH4HE JOCHTIPKEHHS SKOTO y pO3Maaax BaKKUX afpoHiB (b- Ta c-KBapKiB) € TOJIOBHOIO METOIO EKCTIEPUMEHTY
LHCb na Bemukomy anmponnomy komaiiaepi (CERN, XKenesa). Oamiero 3 MpOBITHUX OpraHizaliil momyky
¢izuku mo3a CranaaptHoto Moaesuto € konadopaniss LHCD, sixa nanivye nmonan 1300 naykoBuis 3 20 xpaiH, y
tomy uucii Buenux 3 Il HAH Vkpaiau (IA). [TapanensHo, MaiiOyTHili ekcnepumenT CBM (Compressed
Baryonic Matter) na npuckoproBansHOMYy KoMruiekci FAIR (GSI, JJapmimrant) MmatuMe Ha METi JOCIIKEHHS
KX I-marepii npu eKcTpeManbHUX TYCTHHAX 0apioHiB — yMOBAax, L0 BiATBOPIOIOTH BHYTPIIIHIO CTPYKTYPY
HEHUTPOHHMX 3IpOK 1 MeXaHiKy KomarciB HagHOBHX. OOHIBa €KCIIEPUMEHTH CTaBIATH MEpe] AETEKTOPHOIO
TEXHIKOI0 BUHATKOBI BUMOTH: Oe3lepepBHa poOOTa B yMOBaxX iHTEHCHBHHUX pafialliiHUX MOTOKIB, KOMIIAKT-
HICTB MIPU MiHIMaJBHIHM KUTBKOCTI MaTepialy AeTeKTopa Ta MiHIMaIbHE EPEKPUTTA 3 IHIIHNMH JETEKTOPHUMHU
MiACUCTeMaMH eKCIIEPUMEHTY, ITMPOKUIA TUHAMIYHUH Jiaria30H BUMIPIOBaHb Ta BUCOKA HAJIHHICTb YIIPOIOBK
JECATKIB TUCSY ToAWH Habopy maHux. Came mis 3a0e3redeHHS Oe3meyHoi poOOTH eKCIEPUMEHTIB, a TaKOXK
JUISL BiICHIJKOBYBaHHS YMOB TIPOBEJICHHS €KCIIEPUMEHTY LUIIXOM MOHITOPUHTY Iy4Ka Ta ()OHYy BUKOPHCTOBY-
FOTBCSI MeTalto-GobroBi nertekropu (M®/), mo € opuriHaasHOIO po3poOKoro BueHHX [S/1.

[ounnaroun 3 2021 p., cucrema pagianiiHoro moHiTopuary RMS-R3, pospobnena i nmobynosana B [5/],
Oe3mepepBHO QyHKITIOHYE B ckiafi metekropa LHCD [1]. Bicim M®]]-ceHcopiB 3 MigHOT (DOITBTH CHMETPUIHO
po3MinieHi HaBkoio ioHonpoBony BAK ta 3a0e3mneuyoTs OHIaiH-MOHITOPUHT MUTTEBOI CBITHOCTI 1 paiariii-
HOTO (POHY — KPUTHYHHX ITapaMeTpiB It 6e3medHoi poOOTH BChOTO JeTeKTOpa. 3a I’ ATh poKiB podotu B Run3
cUcTeMa MpoIeMOHCTpyBajia crabimbHicTs Ha piBHI <0,1 % 1 MakcuManbHy e(peKTHBHICTh ¥ BCiX peXHMax
po6otu LHCb: npoTOH-TPOTOHHUX 3iTKHEHHSX MPHU \s = 13,6 TeB, 3iTkHeHHsX BaXKHX ioHiB PbPb, a Takox
y pexxnMi (ikcoBanoi razoBoi mimeni SMOG?2 3 pizanmu razamu (Hz, He, Ne, Ar) Ta 3itkaensas pO, OO i
NeNe mpu HU3BKHX CBITHOCTSIX.

[Tomanpir mepcnekTHBH PO3BUTKY METalo-(OIBrOBHX JIETEKTOPIB MOXKHA PO3MIISIIATH Y MIHIMYM TPbOX
Hanpsimkax. [lepmmii — po3poOka cuctemu RMS-R4 anss LHCb Run 4 (2031-2034 pp.), ae nicist Monephiza-
uii I MUTTEBa CBITHICTB 3pOCTe 1 y 1°ATh pasi, 10 ~10** cm~?c™!. Momudikanii icuyrouoi cucremu Ta po3-
poOKa HOBOi €NEKTPOHIKU Ul CUCTEMH paJialiiHOr0 MOHITOPHHTY JacTh 3MOTY HpalfOBaTH HOBid cHcTeMi
RMS He Tinbku npu cBiTHOCTAX Rund, ane i npu citHocTsx HL-LHC o ~10% ecm?c™!. Jlpyruii nanpsm —
po3pobka kommakTHOI M®/[-crctemu aist pafiamiitHoro MoHiTOpuHTY B ekcriepumeHTi CBM. YKopcTki KoHC-
TpykTHBHI oOMexeHHs: CBM (toBumuna Moaysst <10 MM, MiHIMaIBHUI MaTepialbHU OIOKET, BUCOKa pajia-
HilfHa CTIMKICTh 32 paXyHOK Ba)XKMX 10HHHX ITy4YKiB) € caMe TUM CepeloBHIIeM, i skoro M®/]-rexHomoris
MIEPIIOYEPrOBO CTBOPIOBajacs. Tperiii HampsM — MOOiIbHA cUCTeMa pajialliiinoro MoHiTopuary MCPM-/I,
o inTerpye M®JI, mikpomikcensHi qerekropu Timepix3 ta niuniapauky [ elirepa—Miomiepa y mopTaTuBHOMY
(hopm-daxTopi AMT MOHITOPHHTY pafiamiifHOTO (OHY JOBKUIIS, pajioTeparii Ta Al BUKOPUCTAHHS Ha MPO-
MucIoBoMYy BupoOHUNTBI. Lle npukian npamoro tpancgepy texnomnorii piBas CERN y cycnineHO 3Hauymi
3aCTOCYBaHHSI.

[lepeTBOproroun OpHUriHaIBHY YKPaiHCHKY IE€TEKTOPHY TEXHOJIOT1I0 Ha HEBil'eMHUII eneMeHT iHdpacTpyk-
TYpH CBITOBO1 HayKH — BiJI cepIlsl HaO1IbIIIOTO MPUCKOPIOBaYa IUTaHETH A0 MaHOyTHHOTO (hJIarMaHCHKOTO KOM-
mwiekcy FAIR, BOBE IS/l nponosxkye po3mmproBati MoxInBocTi M®D/] y HOBUX HampsiMax.

Pob6otn BukonyBanmcs 3a miarpuMku: rpanty EURIZON €C (yroma Ne 871072, npoekt Ne 3014); rpanty
HAH VYkpainn Ne 03/405 (MCPM-/1, 2025-2026); rpaaty HOAY Ne 2020.02/0257, rpanty HAH VYkpainu
JOCITITHAIIBEKIM Jlabopatopism/rpynam mononux BaeHnx HAH Yikpaiaum Ne 17/01-2025(6) Ta Ne 17/01-2026(6).

1. S.B. Chernyshenko et al. Nucl. Phys. At. Energy 24(2) (2023) 148.
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BUKOPUCTAHHSI KOPEJISIHIMHOIO EKCHEPUMEHTY TA METOJY MOHTE- KAPJIO
JJIS1 BUBHAYEHHS TAPAMETPIB 3BY[)KEHUX PIBHIB SI/IPA °Be

0. O. AumenboB, O. M. IloBopo3uuk, O. K. I'opnuany, O. M. CemeHiok

Tuemumym aoeprux docnioscenv HAH Yrpainu, Kuis, Ykpaina

Hu3sbko30ykeni cTany sapa *Be 6yau npeaMeToM iHTEHCHBHMX JOCTIIKEHb Y MUHYJIOMY CTOJITTI, a iX
pe3yabTaTH y3aralbHEHO B KOMIUIAIIHHUX podoTax [1]. OxHak mUTaHHS 010 ICHYBaHHS 30YKEHHUX PiBHIB
mo6au3y 0,9 MeB («ghost anomaly», abo «aHomamis-npusua», All) [2] Ta 7 MeB [3] noci 3anummaerses
muckyciinuM. Came JOCHIKEHHIO IIUX PiBHIB MPHUCBSIUEHO 110 POOOTY.

IIpoBeneHo aHami3 KopensmiiiHoro excrnepumenty 2C(a, ao)oo mpu E.= 27,2 MeB [4], y pamkax
MeXaHi3My HOCIiIOBHOTO po3naay [5], skuit nependavae qBOSTAHUIT MPOLIEC: HA MEPIIOMY YTBOPEHHS spa
12C", sxe Ha mpyromy erami posmazaeThes Ha °Be” Ta 0. 3anexHO Bin eHeprii 30ymkeHOro crany °Be’,
eKkcriepuMeHTanbHa iH(opMmamiss Ha rpadixy Ee-E. 30iriB 0-4acTHHOK pO3TAlIOBYETBHCA B PI3HHUX
KiHEMaTUIHUX KPUBUX. J[7I KOPEKTHOTO BIIMIICHHS OKPEMHUX IUITHOK Y JBOBUMIPHOMY €HEPTETUIHOMY
CIIEKTPi BUKOPHUCTAIN NIepepaxyHOK CIeKTpa 30iriB B OTHOMIpHHH CIEKTp TerioBoro danancy (Q-cnexrp [6]).
Ha puc. 1 HaBeseHO pe3ynbTaTH MepepaxyHKy CHeKTpa 30iriB y Q-crekTp Ta Horo anpokcuMarii GyHKIIEro
®doiirra 11s pisHEX piBHiB sapa *Be. Ile mano 3Mory BiIOKpEeMHTH BiIOBixHi piBHi Ha criekTpi 36iriB Eq-Eo
(puc. 2) s iX MOJANBIIOTO aHATII3Y.
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Puc. 1. Q-cmextp s peakuii  2C(a, ao)®Be, Puc.2. Crextp Eq-Eq 36iris ams peaxuii **C(a, oa)®Be,
E, = 27,2 MeB; pisui ®Be: OC — ocHoHmii cran; Ea=27,2 MeB; KonbopoM BujineHi mosii yreopenns °Be,
AIl — adoMambuuii cran; 1 — E=3,04 MeB; #KiBiANOBiIalOTh MO3HAUCHHAM Ha pHC. 1.
2—-E=6,95MeB; 3-E =114 MeB.

Ha BigMiHy BiJl TpaAMIIHHOTO MiIX0/AY, 32 SIKOTO 00paHy AUISHKY criekTpa 30iriB Eq-Eq mpoekTyioTh Ha
Bich eHeprii Eq a0 Eqi, y miif poOoTi MpoekIiito BAKOHAHO Ha pO3PaxOBaHy IS AaHOI peakilii KiHeMaTHYHy
kpuBy. Lle qano 3Mory MiHiMi3yBaTH CIIOTBOPEHHSI EHEPTETHYHOTO CIIEKTPa, OCOOIUBO ISl IMUPOKHUX MIKiB, 1
3MEHIIUTHA BIUIMB TOXWOOK I 4ac oOpoOkm manmx. Ilpwm momameImiii ampokcuMarlii CIpOEKTOBAHOTO
SHEePreTHYHOIro CIEKTpa Uil TOYHOTO BIATBOPEHHS EKCIIEPUMEHTAIBHUX YMOB Ui alpOKCHMalil
EHEpreTHYHOTO CIeKTpa 30yKeHHs sapa ~>C BHKOpHCTaHO MeToy Momnte-Kapro, sxuii BpaxoByBaB Taki
EKCIIEPUMEHTAJIbHI TOXUOKH: EHEepreTHUHUH PO3KH] €HEpril IydKa NPUCKOPEHHX YaCTHHOK, PO3MIPH IJISIMH
BiJ| Iy4Ka Ha MillleHi, TOBUIMHY MIilIeHi, pO3MIpH TIJIECHUX KYTiB Ta C€HEPreTHYHY DPO3AUIbLHY 3AaTHICTH
nerekropiB. Ha puc.3 1 4 mpencraBieHo mpoekiii crektpa 30iriB Eqp-Ea Ha KiHeMaTHYHY KpHBY
CHEePreTUYHMX JUISTHOK, K1 mo3HaueHi Ha puc. 1 1 2 sx AIl Ta 2, mio BiANOBIAAOTh peakiii 12C((x, a(x)gBe* 3
piBHAMU 30y IKCHHS ®Be" E =0,25, T =0,28 Ta E = 6,95, I = 2,98 MeB, ta BKiagamu OKpeMHX 30yHKESHUX
cranip saapa *C (°Be’+a), uepeona cyyinona ninis — cymapHuii BKmajg. 36ir OTPUMAaHHMX eHEpPreTHYHHX
napameTpiB sapa >C 3 JaHUMH KOMILISIIHHIX poGiT [1] miarBepmkye, mo MexaHisM peakuii *C(o, oo))oo
nependayac yTBOPEHHs NPOMIKHOTO 36yIKeHOTo sapa “2C, sKe 3roJ0M po3MaaacThes Ha °Be Ta 0-4acTHMHKY.
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Puc. 3. Tipoexuist ninswxu AL (nus. puc. 2) E =025, pyc 4. Tlpoexuis ninmxu 2 (ams. puc.2) E =695,
['=028MeB na xinemarnuny xpusy. IlapaMeTpi -2 98 MeB ma kinemarnuny kpusy. Ilapamerpn
36Y)1>K6HHH 12C(8Be + oy, ®Be + (12), MeB: 1-E=11,83, 36y IKESHHS 12C(8Be + ay, 8Be + 02), MeB: 1 —E = 12,71,
=026, 2 — E=1271, '=034; 3 - E=1723, 1=002,2-E=11,83,'=026;3-E=11,16,'=043;
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IIpoBesieHo aHani3 KopensmiitHoro excrepumenty “2C(a, ao)oo npu E,= 27,2 MeB 3 BHKOpHCTaHHAM
MeToay mepepaxyHKy B Q-CIIEKTp Ta BHOKPEMIICHO €HEePreTHUHI TUISHKH CIIEKTpa 30iTiB, sIKi BiIIOBIAAIOTH
pi3EnM piBHAM 36ymkenHs °Be. I[N 3MeHIIEHHS MOXMOOK OOPOOKH CHEKTpH 30iTiB MPOEKTYBaIHCA Ha
KiHeMaTu4Hy KpuBy. Uepes BuKopucTanHs Metony MonTe-Kapino npu anpokcumanii eHepreTHYHOTO CIeKTpa
36y/KEHHS, IOBEIEHO, IO PEaKIlis MPOXOAMTH depe3 YTBOPeHHs Ta posman °C mo kxamaty “Be+ a, Ta
iTBEpIKEHO iCHYBAHHS CyNEpeulMBHX DiBHIB saapa °Be 3 eHeprermunmMu mapamerpamu E = 0,25,
I'=0,28MeBtaE= 695, T =298 MeB.
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SIIEPHA EHEPTETHKA
CBITOBI TEHJAEHII B IIEPHIN EHEPTETHII

B. 1. BopuceHko

Incmumym npobnem besnexu AEC HAH Yxpainu, Kuis, Ykpaina

[MuTanHs 3a0e3medyeHHs] eHepreTHYHOI He3aleXHOCTI YKpaiHu OyayTh aKTyalbHHUMH 1 B MiCISABOCHHUH
nepion. BpaxoByrouu Bke HasBHI pyHHYBaHHS 1 HOIIKO/KEHHS €HEpreTHYHUX 00’ €kTiB, mepm 3a Bce TEC,
TELl i 'EC Ha mopsimky A€HHOMY CTOSTh NHTaHHS ONTHMI3aIlil CTPYKTypH i oOcCATiB BHUPOOHHUIITBA
€JIEKTPOCHEPril pi3HMMH THNAMH TeHepamii. OnTuMizalisi Mae BpaxoByBaTH fK CBITOBI TEHICHLIl B
€JIEKTPOCHEPTeTUI, TaK 1 HalllOHaJIbHI 0COOJIMBOCTI — YMOBH MpU OOTPYHTYBaHHI BUOOpY THIIB TeHepaii,
00CsTriB BUPOOHHITBA €JIEKTPOCHEPTii, a TAKOK MIXHAPOIHI 3000B’s3aHHS YKpaiHM IIOJ0 BUKOPUCTAHHS
HU3BKOBYTIIEIIEBUX TEXHOJIOTIA B EHEPTeTHUIIl 1 TPOMHCIOBOCTI. Y JOIMOBI/I PO3MVITHYTO CBITOBI TCHICHIIIT B
€HepreTulli B3aralli, a B EJEeKTPOSHEepPreTUIli OibIl AETANbHO B Taly3sX SAEPHOI 1 BiIHOBIIOBAIBLHOL
enepretuxku (B/IE). BigMiueHO CyTTeBe 3pOCTaHHS BCTAHOBIIEHOI MOTY>KHOCTI 1 0OCSTiB BHPOOHHWITBA
enextpoeneprii Ha 06’ extax BJIE. Hampuknan, 3a octaHHi Ba pOKH HOBUX MOTY>KHOCTel Ha 00’ ektax BJIE
BBEJIEHO Y COTHIO pa3iB Oinbie, Hixk Ha AEC. A 3 2021 p. B/IE 3a o6csiramu BUpOOHUIITBA €IEKTPOEHEPTii
Buriepenmino AEC, a B 2025 p. BUHIILIO Ha TiepIiie MicIle y CBiTI BUNIEpEAHBIIH Jiiepa — TETUIOBI CTaHIIii, 10
MPALIOIOTh HA BYTULII.

Cranom Ha 2026 p. Ha AEC Ykpainu B exciityaTaiii nepedyBaroTh 15 eHepro0okiB 3 peakTopaMu THITY
BBEP (2 — BBEP-440, 13 — BBEP-1000). 12 enepro6okiB yxe nepetHyiu 30-piuHuii CTpOK eKcIutyaTaitii,
a mricTe eHeprobmnokiB meperHynu 40-piuyHuWA CTpoK ekcruryatamii. I'eHepambHUM KoHCTpykTopom BBEP
30-piuHuii CTPOK eKcIuTyaTalii BU3SHAYEHUH K IPOEKTHUH CTPOK eKCILTyaTaLii.

B ontumictnyHOMy cueHapii MpoxoBKeHHS TepMiHy ekcrutyartamii 1o 60 pokiB, 12 eHepro6iokiB Oyne
BuBeaeHO 10 2050 p.

Cranom Ha 01.01.2026 p. Ha AEC y cBiTi B ekcruryaramii mnepebyBano 412 eneproomokisB AEC
(BcTaHoBieHa MOTYkHicTh 376 I'BT), y npoueci OyaiBHUIITBA 3HAXOAAThCS — 63 eHeproGIokH (BCTaHOBIICHA
NOTYXHICTh 66 'BT), y crani 3ynuHy i BuBeIeHHs 3 ekcrutyatauii — 220 eHepro6iokiB (BCTaHOBIEHA
notyxHicTh 111 I'BT), mpoTsirom 2024 p. mpu3ynmuHEHO eKCIUTyaTalio 90Tuphox eneprodiokis AEC [1].

Y 2024 p. BupobHuUITBO enektpoeneprii Ha AEC y cBiti cranoBmio 2778 mupa kBt-roa, mo Bignosigae
01m3bK0 8,99% 3arabHOTO CBITOBOTO BHpOOHMIITBA enekTpoeneprii (30914 mupa. kBT-T). Ha puc. 1 HaBeneHo
JlaHi 1010 3MiHK BUPOOHMITBA €JIEKTPOCHEPTii Y CBITI pi3HMMH THIIaMu rerepaii 3a 2000-2024 pp. [1].
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Puc.1. BHecok y 3aragpbHe BUPOOHHIITBO SJIEKTPOCHEPTIi pi3HUX THITIB reHepaiii 3a 2000-2024 pp.

3a 25 pokis (3 2000 mo 2024 pp.) 3aranbpHe BUPOOHHULTBO €NEKTPOCHEPTii y CBiTi 301IbpIIMIIOCS Y ~2 pasu 3
15278,69 no 30913,94 mnpx kBTT, mo BiAMoOBifae cepeAHBbOpPiIUHiN 3MiHI BUPOOHHWIITBA €IIEKTPOEHEPTil
(CP3BE) Ha ~+3 %. TakuM 4rHOM, 3araJIbHOCBITOBE BUPOOHHUIITBO i CTIOXKHBAHHS €JIEKTPOCHEPTIi 32 OCTaHH1
25 poKiB Ma€ TEHACHIIIIO 10 301IbIICHHS.
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OpHak, HeO0OXiJTHO 3BEpHYTH yBary Ha CYTTE€BY BIIMIHHICTb BiJl 3araJlbHOCBITOBUX TEHICHLIH Yy CIIOKH-
BaHHI eJIeKTPOCHEPTii B OKpeMux Kpainax. J{o npukiany, Ha puc. 2 HaBeICHO JlaHi I0A0 3MiHU BUPOOHHULITBA
€JIEKTPOCHEPTil pi3HUMH THIIAMH T'eHepallil B KpaiHax €Bpocoro3y 3a 20002024 pp.
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Puc. 2. BHecok y 3aranbHe BUPOOHHUIITBO €ICKTPOCHEPTIl pi3HUX THIIB reHepaitii B kpainax €C 3a 2000-2024 pp.

Jna mopaneimmoro aHaiily 3 BH3HA4eHHA TEHJEHINM y BUPOOHMITBI 1 CIOKWMBaHHI eNEKTpOeHeprii €
HACTYIHUH TMOKa3HUK — BHPOOHMUTBO €NIEKTpoeHeprii B Kpaini Ha oxHoro ii memkanus (BEKOM). Lei
MOKa3HUK Ja€ ySBY IO 3arajbHe €HePreTHYHO-TIPOMHICIIOBE OCHALICHHS KpaiHH, 3aralbHUI PO3BUTOK chepr
MIOCITYT, a TAKOXK MPO piBeHb TOOYTOBOTO CIIOYKUBAHHS €IIEKTPOSHEPTii.

Y Tabnuii HaBEACHO y3arajibHEHI JaHI MO PI3HMX KpaiHax 1 rpymax KpaiH MO0 TEMIIB 3MIiHH
cepennbopiunoro BBII na gyury nacenenns i nokasanka BEKOM 3a octanni 15 p. (32010 o 2024 pp.)

Cepeanbopiuna 3mina BBII na xymy Hacenenns, 3mina BEKOM,
MiniMmaabHe i MakcumanbHe 3Ha4ennsi BEKOM 3a 15 pokis (3 2010 mo 2024 pp) [1]

CepemubopiuHa 3MiHA MinimansHe MakcumasnbHe
No Kpaina BBII na aymry BEKOM, % 3HAYEHHS 3HAaYEHHS
HaceneHHs, % BEKOM, % BEKOM, %
1. CIIIA 41 -0,3 -3,2 +2,8
2. Kurait 8,1 6,1 -0,2 +11,3
3. €C 19 -0,6 -4,2 +4,4
4. G7 1,6 -0,5 -3,5 +2,2
5. Ykpaina 5,8 -2,7 -23,1 +6,8
6. Csit 2,7 +1,6 -14 +4,8

Takum YHMHOM, aHaNI3 JaHUX, HABEJCHUX Yy TaOJIHMIlI, 1a€ 3MOTY CIPOCTYBaTH XMOHE MPUITYIICHHS 1010
Kopensiii Mk Temnamu 3poctaHHs BBII i Temmamu 3pocraHHs BHpOOHUITBa enekTpoeHeprii. Taka
KOPEJISIIIisl € XapaKTEepHOI IS KpaiH «TPEThOTO» CBITY 3 PIiBHEM CIIOKMBAHHS EJIEKTPOSHEPTii MEHIIe
CepeIHBOCBITOBUX IMOKa3HMKIB. J[Js1 KpaiH 3 PO3BHHYTOIO e€KOHOMiKOI 3poctanHs BBII cnoctepiraerbes
HaBiThb npu HeratuBHUX 3HaueHHAX CP3BE i BEKOM 3a paxyHOK BIPOBaKCHHS E€HEProoOIIaIHUX
TEXHOJIOTiH B €KOHOMIIIi 1 BIpOBaKEHHS pilieHs KiriMatndaux yroJ (Kiorceka, [lapusbka) 3 BipoBapKeHHS
HU3BKOBYTJICIICBUX TEXHOJIOTIH B CHEPTETHII.

1. International Atomic Energy Agency (IAEA). Power Reactor Information System (PRIS). https://pris.iaea.org/pris/
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PAJIOMOHITOPHUHI TA BIIJIUB EJIEKTPOMATHITHOI'O BUIIPOMIHIOBAHHS
HA CUCTEMY ®I3UYHOI'O 3AXUCTY

B. I. T'onuapyk, T. B. Bioik

Hasuanvno-nayxoeuti incmumym amomHoi ma menyiogoi enepeemuxu
Hayionanvrnozo mexuniunozo ynisepcumemy Ykpainu “Kuigcvxuti nonimexniunuii incmumym imeni leops Cikopcvkozo ™,
Kuis, Yxpaina

CyuacHi peastii TUKTYIOTh HOBI NpaBuja OOJAIUTyBaHHS 3aXHMCHOTO IEpUMETpa AJs KPUTUYHOI iH(pa-
cTpykrypu. OgHOYACHO 3 YK€ TPATUIIHHAMH METOIAaMH Ta CHCTEMaMH 3aXHCTy HEOOXITHO pO3pOoOIIsITH,
aJIanTYBaTH Ta BCTAHOBJIIOBATH HOBI CHCTEMU 3aXHCTY BiJl 3arpo3, SKi CTaJId MOXJIMBUMHU BITHOCHO HEIIO-
nasHo. LITupokoro po3BUTKY OCTaHHIM 4acoM HaOynHy pi3Hi O€3MiJI0THI KepOBaHi IPOHH, HA3EMHOTO Ta MOBIT-
PSTHOTO THITY.

PagioMOHITOpUHT SK iIHCTPYMEHT KOHTPOIIIO €JIEKTPOMArHiTHOTO cepeliOBUINa Ha aTOMHUX €JEKTPOCTaH-
misgx 3a0e3mnedye OesrepepBHE BHSBICHHS, aHATI3 1 KiIacHQiKaIiio pagiodacTOTHUX CHUTHAJIB y ITHPOKOMY
niama3oHi 9acTorT. Lle € KpUTHYIHO BaXKITMBUM ISl OI[iHIOBAaHHS BIUIMBY €JIEKTPOMArHiTHOTO BUIIPOMIHIOBaHHS
Ha cucTeMy (i3UUHOTO 3aXHCTY, sIKa OXOIUTIOE TEXHIYHI 3aC00M OXOPOHH, 3B’S3KY, CUTHATi3aMii Ta KOHTPOJIIO
nocTyiy. EnexTpoMarHiTHi mMosis, HOMIMPIOIOYHCH Y BUNIIAAI XBHIIb, MOXKYTh 1HTyKYBaTH IMapa3uTHI CTPyMH i
HaIpYTH B €JIEKTPOHHUX KOMIIOHEHTAX, 110 IPU3BOJUTH /10 BAHWKHEHHS 3aBaJl, XHOHUX CIpalioBaHb a0 3HU-
JKeHHS (QYyHKIIOHATRHOI HAMIHHOCTI eIeMEHTIB cucTeMHu (iznmaHoro 3axucty. OCHOBHIMH HapaMeTpaMH OITi-
HIOBAaHHS TAKOTO BIUIMBY € HANPY>KEHICTh €IEKTPHUYIHOTO Ta MATHITHOTO TOMIB, MIUTBHICTh MOTOKY TOTYKHOCTI
i muToMHMH Koe(iLi€HT MOTIMHAHHS €Heprii, AKi XapaKTepU3yIOTh PiBEHb B3a€MOJAIl €IEKTPOMAarHiTHOTO
BHUIIPOMIHIOBAHHS 3 TEXHIYHUMH CHCTEMaMHU Ta 0ioJIOTIYHUMH 00'€eKTaMH. 3a IiIBHINEHUX PIiBHIB €JIEKTPO-
MarHiTHOTO BUIIPOMIHIOBaHHS 200 3a OJIM3BKOT0 PO3TaIlyBaHHS HOTO JPKEPET MOXKIIMBE MOTiPILIEHHS eJIeKTPO-
MarHiTHOI CyMICHOCTI, 3HIDKEHHS 3aBaJIOCTIMKOCTI Ta MOpYIIeHHS CTaOLIBHOCTI (YHKI[IOHYBaHHS CHCTEM
(hi3MYHOTO 3aXUCTy aTOMHUX eNeKTpocTaHIiil. Lle 3ymMoBioe HEOOXiAHICTH yMPOBAKEHHS KOMITJIEKCHUX
3axX0[iB PaJiOMOHITOPUHTY, CIEKTPAIILHOTO aHajli3y Ta HOPMYBaHHS PiBHIB €JIEKTPOMAarHiTHOTO BUIIPOMIHIO-
BaHHS /7151 3a0€3MeYeHHs HAAIMHOCTI ¥ Oe3neKkn KpUTUIHOI iHppacTpykTypH [1-6].

BaxJmBO NpUAINATH AOCTATHIO yBary JpKepeniaMm eJeKTPOMArHiTHOTO BHUIPOMIHIOBAHHSI TMPHU MPOEKTY-
BaHHI, a TAKOX iX BIUIMBY Ha iHII cucTeMd. Y poOoTi Oyio BUSBIEHO BPa3JIMBICTh CEHCMIYHOTO JAaTYUKA J10
JoKepesia BUITPOMIHIOBaHHS. J{JIs1 TTOaIbIIoi IepeBipKy Ta OIMIHKYA MOKIIUBUX BPA3JIMBOCTEH IMMEPCOHATY CITy-
kKOU (PI3UYHOTO 3aXUCTy HEOOXITHO BOJIOAITH CHUCTEMaMH PajiOMOHITOPUHTY. TakoX pajliOMOHITOPHHIOBA
CHCTEMa J1a€ 3MOTY PO3IIMPUTH IHCTPYMEHTapiil 3aXMCTy aTOMHHUX EJIEKTPOCTAHLIH, MOKPALIUTH CUCTEMY
CUTYaIlIifHOT 0013HAHOCTI.

Xoua iHTerpauis CUCTEM paJiOMOHITOPHHIY BUMAara€ 3Ha4YHUX (piHAHCOBUX BUTpAT, aHAIII3 MOKA3ye, IO
MTOTEHIIiMHI 30MTKH BiJ{ yCIIITHOI aTaky Ha KPUTHYHY 1HQPACTPYKTYPY MOXKYTh TIEpEBUIITYBAaTH 1HBECTHIIII B
JeCSITKU pa3iB. BapTicTh cucTeMu paiioMOHITOPHHTY JUIS TIHOTETUYHOTO CTPATETIYHOTO 00’ €KTa IUIOUICIO B
100 ra ominroerbes y 2—5 muH nonapiB CLIA 3anexxHo Bij kKoMIuiekramnii Ta BupoOHuka. [Ipu mpomy moreH-
1iifHI 30UTKK Bix aBapii, CIPUYMHEHO] aTaKoo JPOHA, MOXYTh CTaHOBUTH Minbapau nonapis CIIA Ta mpu-
3BECTH JI0 JOBIOTPHBAJIMX HACHIAKIB. TaKMM YMHOM, BIIPOBA/KEHHS CUCTEM PaJiOMOHITOPHHTY € HE JIMIIE
TEXHIYHO, alle i EKOHOMIYHO BHIIPABIaHUM PIillICHHSM.

OnHOYacHO 3 KPUTUYHOIO HEOOX1THICTIO OONalHAHHS CTPATETiYHUX OOEKTIB CUCTEMaMH PalioMOHITOpH-
HTY Ta 00pOTHOH, TaKa >k HEOOXiHICTh € B A€TaJIbHOMY IMPOEKTYBaHHI TAKUX CHCTEM 3 YPaxXyBaHHIM €JIEKT-
pOMaruiTHOI cyMmicHOCTi. BB Ha iHmII crcTeMyu 00’€kTa OBHHEH OyTH MiHIMi30BaHUM a0o0 BIJCYTHIM 3a
Takoi MOXJIHBOCTI. HeoOXimHO MpoBOAMTH pO3paxyHKH BTpaT CUTHAILY B HPOCTOpi, OO PO3yMITH CHILy
CUTHAITY, SIKUM MPUXOIUTH HA iHILI eIEMEHTH CUCTEMH (PI3MYHOTO 3aXMCTY TaKi, IK HaBEJCHO Ha PUCYHKY.
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Brparu B mpoctopi Ha wactoTi 900 MI 1.

[IpoBiBmHK psa OOCTKEHb 31 3pa3koM 3aco0y pagioeNeKTpOHHOI OOpPOTHOM Ha eleMEHTax 3aXUCTy

nepuMeTpa, Oyio BHUSBIIEHO BPA3HBICTh OAHOTO 3 AaT4MKiB. CelCMiIYHMI JaTYNK BHIABAaB CHTHAI TPUBOTH
MIPU EIEKTPOMArHITHOMY BIUIMBI Ha HHOTO CHTHAJIOM IMOTYXHicTIO Bcboro B 0,32 MBT, ToOTO HaBiTh crnabke
IDKEPEIo eJIEKTPOMArHiTHOTO BUIPOMiHIOBaHHS 3/1aTHE 30yI)KyBaTu CUCTEMH 3aXHUCTY.

1.

World Health Organization (WHO). Electromagnetic Fields and Public Health: Exposure to Radiofrequency Fields.
(Geneva: World Health Organization). https://www.who.int/news-room/questions-and-answers/item/radiation-
electromagnetic-fields?utm_source=chatgpt.com

International Commission on Non-lonizing Radiation Protection (ICNIRP). Guidelines for Limiting Exposure to
Electromagnetic Fields (100 kHz to 300 GHz). Health Physics 118(5) (2020) 483.
https://doi.org/10.1097/HP.0000000000001210

International Electrotechnical Commission (IEC). Electromagnetic Compatibility (EMC) — IEC 61000 Series.
(Geneva: International Electrotechnical Commission).
https://webstore.iec.ch/?0pen&pubid=2612&utm_source=chatgpt.com

Institute of Electrical and Electronics Engineers (IEEE). IEEE Std C95.1-2019: IEEE Standard for Safety Levels with
Respect to Human Exposure to Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz (Piscataway, NJ,
USA: IEEE, 2019). https://doi.org/10.1109/IEEESTD.2019.8859679

U.S. Nuclear Regulatory Commission. Regulatory Guide 5.71, Revision 1: Cyber Security Programs for Nuclear
Facilities (Washington, DC: U.S. Nuclear Regulatory Commission, 2023). (Y yacTusi 3axucTy HU(PPOBUX CUCTEM 1
BILUTMBY 3aBaj).

International Atomic Energy Agency (IAEA). Nuclear Security Recommendations on Physical Protection of Nuclear
Material and Nuclear Facilities (INFCIRC/225/Revision 5). IAEA Nuclear Security Series No. 13 (Vienna:
International Atomic Energy Agency, 2011) 57 p.
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JIOBUMETPUYHUI EKCIIEPUMEHT HA PEAKTOPI BBEP-1000
3 MOJAEPHI3OBAHOIO ITPOI'PAMOIO 3PA3KIB-CBLJIKIB

O. B. I'punienko, B. M. Bykanos, O. M. Ilyrau, B. JI. lemboxin, B. B. InbkoBu4

Tnemumym aoeprux docnioxcens HAH Yrpainu, Kuis, Ykpaina

OpHiero 3 000B’I3KOBUX YMOB 3a0e3MeueHHsI HaliiiHOT Ta Oe3nevHoi excrutyaraiii kopmycy BBEP-1000 e
KOHTPOJIb CTaHy HOT0 METally MPOTITOM YChOTO CTPOKY CIIY>KOH, BKIIIOYAaIOUM MOHAANPOEKTHUH. OCHOBHUM
JoKepesoM iHdopMalii mpo 3MiHy BIaCTHBOCTEH METally KOPITyCy peakTopa B YMOBAax eKCILTyaTalii eHepro-
omokiB AEC e mporpama 3pa3skiB-cBiakis (3C). lllTatHa, 3riqHo 3 npuitHATOO B [ 1] KIlacudikaliero, mporpama
Ma€ HU3KY CYyTTEBHX HEAOMIKiB [2]. OAMH 3 HUX 3yMOBJICHHUI BEJIMKUMH IPpaJicHTaMHi HEWTPOHHOTO MOTOKY B
MicIsIx posramryBanHs 3C Ta HEMPOIYyMaHOIO KOHCTPYKIi€I0 KOHTeHHepHUX 30ipok. BiH mposBiseTscs B
HEMOXKIIMBOCTI MiAiOpaTH MpeaCcTaBHULIBKY TPYIy OPHUTiHAIBHUX 3pa3KiB AJsl BUIIPOOYBaHb.

3 METOI0 YCYHEHHS 3a3HaU€HHX HeJIOMiKiB 1715t HU3KH peakTopis BBEP-1000 BnpoBakeHO MOAEpHI30BaHY
porpamy, BiAnoBigHo A0 sAKoi 3C 3anakoBaHO y TIACKI KOHTEHHEpHU Ta BCTAHOBJICHO Ha ITATHI MicIis B TpyOHu
BUTOPOJKHA TaKHM YMHOM, 100 TUIOLIMHA KOXXHOTO KOHTEHHepa Oyna OpieHTOBaHa MEPHEHIUKYISPHO 0
paniyca peakTopa.

[le ogauM 3HaYHUM HemouikoM ITaTHOI nporpamu 3C € i J03UMeTpUYHA YacTHHA, sIKa HE A€ 3MOTH 3
JOCTaTHBOIO TOYHICTIO BU3HAYATH YMOBH ONPOMiIHEHHS 3pa3KiB y peakTopi. Y OiNbIIOCTI BUNAAKIB LIO MPO-
6nemy He OyJi0 BUpIIIEHO B MOAEPHi30BaHii nporpami. ToMy NpuHHATO pillIEeHHs Y TAKUX BUMAJKaX BUKOHY-
BaTH JO3UMETPUYHI €KCIIEPUMEHTH, TOOTO KOMIUIEKCH POOIT 3 €KCIIEPUMEHTAIBHOIO BU3HAUCHHS XapaKTe-
PHUCTHUK MOJISl HEUTPOHIB y Micuax po3rtauryBaHHs 3C. OTpumani JaHi OyJe BUKOPHCTaHO AJs Bajigawii po3-
PaxyHKOBHUX MOJENEH peakTopiB, MiABUILIEHHS JOCTOBIPHOCTI pe3ynbTatiB qo3umerpii 3C, yTOUHEHHS CTPOKIB
BHUBAaHTAXCHHS KOMIUIEKTIB 3pa3KiB I BUIPOOYBaHb.

Hapasi na ogaomy 3 enepro6nokis AEC Ykpainu TpuBatoTs poOOTH 3 IPOBEJCHHS TAKOTO EKCIIEPUMEHTY.
OOrpyHTOBaHO CXeMY EKCIIEPUMEHTY, Ha 0a3i K01 po3p0o0JICHO KPECIEHHS Ta BUTOTOBJIEHO TPH METPOJIOTiYHI
KOHTEWHEepHI 301pKH 3 ONTHMaJIbHIM Ha0OPOM HEHTPOHHO-aKTHBALIMHUX JETEKTOPIB, SKi Oy/1e pO3MIIleHO B
peaxkTop Ha ONPOMiHEHHS.

1. TumoBa mporpama KOHTPOJIO BIIACTHBOCTEH MeTany kopmyciB peaktopie BBEP-1000 3a 3pa3kamu-cBigkamMu
[IM-T.0.03.120-23 (Kuis: JI1 «HAEK «Eneproarom». 2023) 39 c.
2. B.H. bykanos u ap. SlaepHa ta pamiamiitaa 6e3mexa 2 (2000) 35.
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BU3HAYEHHA ITPOT'AJIMH I TOITYK IIJVIAXIB BHECEHHSA 3MIH Y 3AKOHOJABCTBO
YKPAIHU Y COEPI BUKOPUCTAHHS AAEPHOI EHEPTII /111 CTBOPEHHS
HOPMATHUBHHUX YMOB IHTETPALI JUCTAHIIAHUX 3ACOBIB KOHTPOJIIO TIOCTYITY
B CUCTEMAX ®I3BUYHOI'O 3AXUCTY OB’EKTIB, IPUSHAYEHUX JJI51 TIOBOAKEHHSA
3 PAJIOAKTUBHUMMU BIAXOJAMMU, IHINUMU ZKEPEJIAMMU IOHI3YIOYOI'O
BUITPOMIHIOBAHHS ITIJI YAC BOEHHOI'O CTAHY 1 OCOBJIMBOI'O MEPIOY

C. C. [Ipaneii, B. L. I'appuiiok, b. B. Kaiiguk, O. O. JleBina, B. B. IlapxomeHnko,
A. B. Camconenko, I. A. Ocranenko, /I. C. ®emeHKo

Inemumym sdepuux 0ocnioxcenv HAH Yxpainu, Kuis, Yxpaina

UnHHE 3aKOHOJABCTBO YKpaiHM Yy cepi BUKOPHCTaHHS sAEpHOI eHeprii Ta pamiamiiHoi Oe3nexu He
BpaxoBye crenndiky BOEHHOTO cTaHy # okymarfii. OcHOBHI 3akoHM [1-3] He perysroTh MOBOMKEHHS 3
panioakTuBHUMH Bigxogamu (PAB) i iHmmMu mxepenamu ioHizyrouoro BunpominioBanss (A1B) y kpuzoBux
CUTYAIIisIX,  TAKOXK HE BU3HAYAIOTh OCOOJIMBOCTI IXHBOTO MIEPEBE3CHHS, ICPEMIIIICHHS, 30epiraHHs Ta 3aXUCTy
IiJ] Yac BOEHHUX [id. BigcyTHi crieriaibHi HOpMU 1010 000B’S3KIB JepKaBHUX OpPTaHiB, JIIIIEH31aTiB y pasi
BTPaTH KOHTPOJIIO HaJ 00’ €KTaMH BHACIIIZOK OKyHalii TEpUTOPIi.

Cepen KII040BUX NpoOJieM — BiACYTHICTH npoueayp [4, 5] eakyarii, nepeBe3enns, nepemimieHas PAB i
JIB 3 tepuTopiii, Ha AKUX BiAOYBarOTHCS BOEHHI Iil, AEOKYIIOBAaHUX TEPHUTOPIiH, cipoi 30HM, NPUPPOHTOBUX
TEPUTOPI; BIACYTHICTh MEXaHI3MiB IPUMYCOBOT'O BUBE3CHHSI, YITKOI BiANOBIAaIBHOCTI, (iHAHCYBAaHHS TaKUX
3axofiB. Tako He BPEryJbOBaHO JOCTYI PEryJATopa i MI>KHAPOJHHUX EKCIEPTIB 10 OKYMOBAHUX 00 €KTIB 1
MUTaHHS MDKHapoAHO! KoopAuHanii. OKpeMo iCHYIOTh HNpOTaJIMHU B KPUMIHAJbHIA Ta aAMiHICTpaTHBHIN
BIJIMOBINABHOCTI 3a Aii OKyHAIiMHUX aaMIiHICTpaIliii 1100 HE3aKOHHOTO TMOBOJPKECHHS Ta BUKOPUCTAHHS
panioakTUBHUX MaTepiaiB.

Heo0xigHo AOMOBHUTH Jif0oue 3aKOHOAABCTBO HOPMaMmH, LIO MepeadadaroTh BU3HAUCHHS CIIELaJIbHOTO
pexxuMy (pi3HYHOTO 3aXHCTy paaioakTHBHUX 00’e€kTiB, PAB i /IIB B yMoBax BO€HHOTO cTaHy i OCOOIMBOIO
niepiofy, BKIFOUHO 3 y4yacTio 3CY (BiAMOBIAHO 10 MIiF0YOTO 3aKOHOIABCTBA), aaNTaIli€l0 IPOIeTyp OXOPOHU
i pomycKy. BajMBEM € TakoX YIOCKOHQJICHHS NpPaBHJ IEPEBE3CHHS B YMOBax BIiffHH, DPO3BHTOK
MikHapoaHoi koopauHaiii (3okpeMa 3 MAI'ATE) i cTBopeHHs eheKTHUBHUX MEXaHi3MiB pearyBaHHS B pasi
BTpaTH KOHTPOIIIO UM OKYTIaIlii 00’ €KTiB.

1. TIpo BuKOpHUCTaHHS SJCPHOI CHeprii Ta pamiamiiiny Oe3neky. 3akoH Ykpainu Big 8 mortoro 1995 p. Ne 39/95-BP.
Binomocrti BepxoBroi Pagn Yipainu 12 (1995) cr. 81.

2. TIpo mOBOMKEHHS 3 paJiOaKTUBHUMH Bimxomamu. 3akoH Ykpaiau Bix 30 uepsast 1995 p. Ne 255/95-BP. Bimomocrti
Bepxoroi Pagu Ykpainu 27 (1995), ct. 198.

3. Ilpo ¢isnynmii 3axucT sIEpHUX YCTAHOBOK, SACPHUX MarepiasiB, paliOaKTUBHUX BIAXOIIB, IHIIUX JDKEPEI
10HI3YI0YOTO BUIIPOMIiHIOBaHHA. 3akoH Ykpainu Bix 19 kot 2000 p. Ne 2064-1I1. Binomocti BepxoBHoi Pamgm
VYkpainu 1 (2001) cT. 1.

4. Tlpo 3atBepmxeHHs [IpaBui (i3HYHOTO 3aXHCTY SACPHHX YCTAHOBOK Ta SICPHUX MaTepiasiB: Haka3 Jlep:kaBHOTO
KOMITeTy siaepHOro perymoBanHs Ykpainu Ne 116 Bix 04.08.2006. Odinittamii Bicauk Ykpaiau 39 (2006) 42 c.

5. Tlpo 3arBepmkeHHs [lopsiky NpoBeeHHs OLIHKH BPA3IMBOCTI SICPHUX YCTAHOBOK Ta SJACPHUX MaTepialiB mpu ix
nepeBe3eHHi: Haka3 JIepKaBHOTO KOMITETY siiepHOro peryitoBanHs Ykpaiau Ne 169 Bix 30.11.2010. Odimitiamii
BicHUK Ykpaiau 100 (2010) 165 c.
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JOCJIJIKEHHSI MOXKJIMBOCTI 3ACTOCYBAHHS JIMCTAHIIMHUX 3ACOBIB
KOHTPOJIIO JIOCTYITY JIJISI CXOBMIIL, 3AXUCHUX TA TPAHCIIOPTHUX KOHTEMHEPIB
JKEPEJI IOHI3YIOYOI'O BUITPOMIHIOBAHHA B YMOBAX OCOBJIMBOI'O ITIEPIOAY

C. C. paneii, B. 1. I'appuiiok, b. B. Kaiinuk, B. B. [Iapxomenko,
A. B. Camconenko, I. A. Ocranenko, /I. C. ®emeHKo

Tnemumym aoeprux oocnioxcens HAH Yrpainu, Kuis, Ykpaina

YV nomoBiAl mpoaHaTi30BaHO TEXHIYHI XapaKTePUCTHKHU AUCTAHIIHIX 3ac001B KOHTpOIto gocTymy (A3K/I)
Ta pe3yabTaTH JOCTIHKEHb MO0 X 3aCTOCYBaHHSI, @ TAKOXK PO3TIIHYTO MOXKIIMBICTE 1HTETpaii ux 3aco0iB
SIK JOJATKOBHUX €JIEMEHTIB CUCTEM (hi3UUHOTrO 3aXUCTY JKepen ioHi3ytoyoro BunpomiHioBanHs (A1B) 1 pamio-
akTuBHUX BiaxofiB (PAB) min yac ix 30epiranHs Ta TpaHcnopTyBaHHS. OCOOMUBY yBary NpuAUIEHO PoOOTi
o0JiaiHaHHs B CKJIAHAX YMOBax Ta yMOBaX OCOOJIHMBOTO CTaHY, 30KpeMa MpOaHali30BaHO BIUIUB (i3UIHOTO
py#HHYBaHHS iHPPACTPYKTYPH, TPHBAIUX BiIKIOYEHD €IEKTPONOCTAaYaHHs, Ierpajalii TeIeKOMyHIKaI[iHIX
MepeX, a TAKOXK 3aCTOCYBaHHS 3aC00iB paioeIeKTPOHHOI OOPOTHOM Ha CTaOUTBHICT (DYHKITIOHYBaHHS CHC-
TEM KOHTPOJIIO JocTymy [1, 2].

IIpoanaiizoBaHO TEXHIYHI MOXKJIMBOCTI iHTETparlii aBTOHOMHHX JaTYHKIB 1 CHCTEM AUCTAHIiIHOT Beprdi-
KaIlii 10 iCHyI0YMx cucTeM ¢izuanoro 3axucTy [3]. OGrpyHTOBaHO AOIIIBHICTD 3aCTOCYBAHHS CTOXaCTHYHHX
MOJIeJIeH TSI OIIHIOBAHHS HAMIMHOCTI TAKUX CHCTEM i3 BUKOPUCTAHHIM JIOBIPYMX 1HTEPBAJIiB, 110 3a0e31medye
MOJKJIMBICTh TIPOTHO3YBaHHsI iXHBOI CTIMKOCTI JIO 30BHIIIHIX BIUIMBIB, 30KpeMa Kibeparak, 3aco0iB paiio-
€JIEKTPOHHOI OOPOTHOM Ta MEXaHIYHHX MOIIKOKEHb.

HocnimkeHHs € cnpo0Ol0 KOMIUIEKCHOI OLIHKH PHU3HKIB y cdepi (izmuHOi saepHOi Oesnexkn YKpaiHu.
OTtpuMaHi pe3yIbTaTH MOXKYTh OYTH MIOYaTKOBUM €TaIlOM JJIsI BIPOBAXKEHHS PU3UK-OPI€EHTOBAHOTO MiAXO0Iy
10 BU3HAUEHHS MPIOPUTETIB y po3poOui 3axoxdiB i cucteM ¢iznuHoro 3axucty. Lle cTBOproe ymMoOBH IUis
e(heKTHBHOTO YIPAaBIIiHHSA PU3NKAMHU Ta PaIlioHATEHOTO PO3IMOALTY pecypciB (TIOACHKUX, (hiHAHCOBUX TOIIO)
MK yCTaHOBAMH, IO BiAITIOBIAIOTh 3a 3a0e3MeUeHHS SAepHOT OC3IEeKH.

VYV KxjJacMYHHMX po3paxyHKax 3a METOMWKamH, BimmoBimHo no Hakazy JlepkaBHOI 1HCHEKINNi sSaepHOTO
perymoBanss (epxxaTtomperymoBanas) Ykpaian Ne 169 Bin 30.11.2010 poxy «IIpo 3aTtBepmkenns [lopsaky
MIPOBEJICHHS OLIIHKK BPA3JIMBOCTI SIIEPHUX YCTAHOBOK Ta SJIGPHUX MaTepiajiBy, JUIsl BU3HAYCHHS BEIUYUHU
PU3HUKIB BiJl 3arp03, 3aCTOCOBYETHCS (hopmya:

R =Pa (1- PN) C

ne R — BenmnunHa pusuky, Pa — HMOBIipHicTh Hamaay, Py — HMOBIpHICTD He#Tpamizamii npaBoNOpYIIHUKIB,
BU3HAUEHHX Y KOHKPETHUX cleHapisx, C — HopMmyBanbHuil Koediuient [4].

Opnak Haka3 /JlepkaroMmperynioBaHHA YKpaiHH He BpaxoBy€ PHU3HKIB, 1[0 BHHHKAIOTh B YMOBax
0c00IMBOrO Nepiony, 30KkpemMa y npu(poHTOBUX 30HAX 1 HA TUMYACOBO OKYIIOBaHHUX TEPUTOPISIX, a caMe:

— BTpaTy KOHTPOIIO Hax 00'ekToM abo koHTeliHepamu 3 J[IB/PAB;

— MOJKJIMBICTh HECAHKL[IOHOBAHOT'O BUITy4eHHs a0o momkoxeHHs 1B,

— BIJICYTHICTh T'aPaHTOBAHOI'O PEAaryBaHHs Ha 3arpo3y.

IcHyroui HOpMaTHBH nepeadavaroTh, MO 3aJTHIICHHS JKepell 0e3 OXOPOHU € HENPUIYCTHMUM, OJHAK Y
pealbHUX YMOBAaX I MOXKe OyTH HEMUHYYMM. TakuM YMHOM, BUHUKAE TOTpeda B aJbTepHATUBHUX 3aC00ax
MOHITOPHHTY 1 IMCTAHIIIMHOTO YIIPaBIIiHHS Oe3neKor0. BiamoBigHo it 00'ekTiB 6€3 MOCTIHHOT MPUCYTHOCTI
MepcoHally, eJIeKTPOHHA TUIOMOa CTa€ OCHOBHUM (a 1HOJII €TMHIM) 3aCO00M CITOBIIIEHHSI.

PosrmsimaroTbes miAXoau 00 BAOCKOHAIEHHS METOIMK OLHKHM PH3MKIB IUIIXOM BIPOBAPKEHHS KOpPEry-
BaJIbHUX KOEQIIli€HTIB, IO CKJIaI0OBMX BU3HAYCHHS PiBHS PU3HKIB, sIKi BPaXOBYIOTh CHUTYAIliliHYy HecTa0ib-
HICTh Ta TEXHIYHY JIErpajallifo KOMIIOHEHTIB 3axucty. KopuryBanbhi koedimieHTH 0e3mocepeiHbo CTOCY-
I0TBCS CKJIaiHUKa P, sIKMIT Mae BpaxoByBaTH Taki MapaMeTpH Ta JOJATKOBI KOPUTYBalIbHI KoeilieHTH: iMo-
BIPHICTh BHUABJIEHHS TUCTAHIIMHUX 3ac00iB KoHTpomo goctymy (JA3KIT), iMoBipHICTb BepHudikallil cHrHamy
TPUBOTH, IMOBIPHICTh TIepelaBaHHsI CUTHAITY TPUBOTH, KOS(III€HT NIYIIIHHS KaHAIIIB 3B’53Ky Ta IMOBIPHICTh
BIZIMOBH aKyMYJIATOPHOTO JKEepesia KUBIJICHHSI.

BinnoBigHO BHKOpMCTaHHS aAaNTHBHUX CIIEHApiiB pearyBaHHsS Ta cTiiikux o mepemkon HA3KJ macts
3MOTy MiATpUMYyBaTH 0a30BHH piBeHb OE3MEKM HAaBITh 3a YMOB BiICYyTHOCTI NepcoHaldy Ha 00’€KTi Ha
MIPUHHATHOMY PiBHI PU3UKY, a Oe3mocepeHiii piBeHb pu3nKy 3HU3UTH Ha 50—70 %.
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Pesynpratn AOCHiIKEHHS CTBOPIOIOTH HAYKOBO-TEXHIUHE MiAIPYHTS A MOZAEPHi3auii HOPMaTHBHO-
TexHI4HOi 0a3u YKpaiHu B yMOBaxX BOEHHOTO CTaHy Ta IHIIMX HAA3BUYAHHHUX BUKIIHKIB.

1. Tlpo xputnuny iHppacTpykTypy. 3akoH Ykpaiuu Bix 16 nucronana 2021 p. Ne 1882-1X. Binomocti BepxoBHoi Pangu
Vkpainu 5 (2023) cr. 13.

2. Tlpo ¢i3muHmMiA 3axXUCT SOEPHUX YCTAHOBOK, SICPHHUX MaTepiaiiB, paJiOaKTHBHHUX BIAXOIIB, IHINMMX Kepem
10HI3yI0YOTO BUIIPOMiHIOBaHHA. 3akoH Ykpainu Bix 19 xostHsa 2000 p. Ne 2064-1I1. Binomocti BepxoBHoi Pamgu
VYkpainu 1 (2001) cT. 1.

3. Ilpo 3arBepmkenns [IpaBuin (i3MYHOro 3aXMCTY SAEPHUX YCTaHOBOK Ta SIAEPHUX MarepianiB: Haka3 Jlep»aBHOTO
KOMiTeTy siaepHoro perymoBanHs Ykpainu Ne 116 Bix 04.08.2006. Odiniiiamii BicHuk Ykpainu 39 (2006) 42 c.

4. Tlpo 3atBepmxenHst [lopsaKy MpoBeIeHHS OLIHKY BPa3IMBOCTI SAEPHUX YCTAaHOBOK Ta SIIEPHUX MarepialiB MpH 1X
nepeBe3eHHi: Haka3 /lep>kaBHOTO KOMITeTy snepHoro peryiroBaHHs Ykpainum Ne 169 Bin 30.11.2010. Odiuiitanit
BicHuK Ykpaiau 100 (2010) 165 c.
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MPOT'PAMA BI3YAJII3AIIL TA AHAJII3Y AITAPATYPHUX CHEKTPIB
JAETEKTOPIB IOHI3YIOUOI'O BUIIPOMIHIOBAHHSA

M. O. Ixonnikos, O. A Besmmuiiko, JI. O. I'osginka-Be3mmniiko

Kuiscokuii nayionanenuil ynisepcumem imeni Tapaca Lllesuenka, gizuunuii paxyromem, Kuis, Yxpaina

AmapatypHi CIICKTPH JETEKTOPIB 10HI3yI0HOro BHIIPOMIHIOBAHHS BHKOPHUCTOBYIOTBCS JUIS BH3HAYCHHS
eHEpreTHYHUX Ta iIHTEHCHBHICHUX XapaKTePHCTUK 3apeECTPOBAHMX KBAHTIB. IXHs iHTEpHpeTallis 3a1eKUTh
BiJ (pyHKUI{ BIATyKy IE€TEKTOpa, EHEPTeTHYHOI PO3AIIBHOI 3MaTHOCTI, CTATUCTHKH IMITYJIbCIB 1 KOPEKTHOCTI
noajibioi yucenbHoi 00poOku [1]. Tomy akTyanbHOIW € po3poOKa MPOrpaMHOro 3aco0y, KU MOETHYE
Bi3yayi3amiio CHeKTpa, MOIIyK MiKiB, BHAUIEHHS obnacted iHTepecy (ROI) Ta 30epexkeHHS pe3yabTaTiB
aHamizy.

Mertoro pobotu € cTBopeHHs mporpamu Spectrumlab s Bisyanizanii Ta aHaizy anmapaTypHHUX CIIEKTpIB
JETEeKTOPIB 10HI3yI04UOro BUNpoMiHioBaHHA. [Iporpama 3a0e3neuye iMImopT crieKTpaibHUX (aiiiis, BUOIp oceit
y kaHamax abo eHeprii, momepeaHi0 OOpOOKYy MaHMX, aBTOMAaTHYHMN MOINYK KAaHAWAATIB MIKiB, pyd4HE
yrounenHs ROI, enepretrune kaniOpyBaHHS Ta GopMyBaHHS TaOIUIL pe3yiabTaTiB. Takuit HaOIp omepariit
BiJTOBia€ TUIIOBOMY LMKy CIIEKTPOMETPHYHOT 0OPOOKH, 110 BUKOPHCTOBYETHCS Y CIIELiali30BaHUX MaKeTax
1 IPUKJIAJIHUX 3a/1a4aX HEepYHHIBHOrO aHamizy [2, 3].

AnropuTMiuHa dYacTHHAa TOOYJOBaHa SIK TMOCTIAOBHMN KOHBeep. Ilicns 3aBaHTaXeHHA CIIEKTpa
BHKOHYETHLCS TEPEeBipKa JaHWX, 3TJaDKyBaHHs, OIIHIOBAaHHS 0a30BOi JiHII Ta moOymoBa criekrpa 0e3 GoHy
(puc. 1). IlepBuHHMI TOIIYK MIiKiB peai3oBaHO 3 BUKOPHCTaHHAM aHami3y Apyroi moximuoi [4]. ami mns
KOXHOTo Kauaunata opmyerbes ROI, OmiHIOETHCS JIOKANbHUN (DOH, IUIONIA MMiKa, NIMPUHA Ta CTATUCTHYHI
MTOKa3HUKH SKOCTI.

Bimmiku

* Raw spectrum
16k —— Smoothed spectrum
Baseline
Net spectrum
* Candidates

-100

Enepris
Puc. 1. Benmuke 300paXxeHHS CIIEKTpa.

Eneprernune xaniOpyBaHHS BUKOHYETHCS 32 BUOpaHUMH pENepHUMH JIHISIMHU 1 3a/1a€ TIepexif Big Homepa
KaHaimy mo eHeprii (puc. 2). ITicnst kamiOpyBanHs pesynabratd ROI-aHamizy MOXyTh MICTHTH HE JIHIIE
KOOpAMHATYy MAakCUMyMy B KaHaJlaX, a ¥ €Hepriio mika, miomty, napaMmerpu (GoHy Ta nmoxuOku. TabmmuHe
MPEICTaBICHHS pe3yJIbTaTiB CIPOLIYE MOPIBHSHHA IiKiB, KOHTPOJIb BIIKUHYTHX KaHIUAATIB 1 Mojanblie
BHKOPHCTAHHS JaHUX y 3BiTax (puc. 3).

Po3pobmennii 3aci0 Mae mpakTWYHE 3HAYCHHS JUIT HAaBYAIBHHX Ja00OpaTOpHHX POOIT 1 MOIMepemaHboi
00pOOKHM eKCIepUMEHTaIbHUX CIEeKTPiB. BiH gae 3MOry BUKOHYBAaTH MOBHHH 0a30BHI IUKI aHANi3y (10 €
BEJIMKOIO TIEpEeBarolo MporpaMu): Bi MEperisity CIeKTpa A0 OTPUMAaHHS YHCIOBHX XapaKTEPUCTHK MIKiB i
KamiOpyBanbHOT 3anexHOCTi. [loganpiiuii pO3BUTOK MPOrpaMM JOUIIBHO TOB’S3aTH 3 PO3IIMPEHHIM
0i10ioTeKN y-JiHIH, yIOCKOHAJICHHIM KpPUTEPiiB BiIOOpY IMIKIB Ta MEPEBIpKOI0 AJTOPUTMIB Ha CHEKTpax
PI3HUX THUIIIB AETEKTOPIB.
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Aetani kanibpyBaHHA
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nigcymok AKkocTi
RMS samewy: 0,760 - Makc. samuox: 1,7704 - sepene X 4,082
WMenwi RMS i MaxcimansHui sanuuwox — xpaue; chi2/daf Bavsska 1 o3uauae gobipy nigrosisy

Puc. 2. Cropinka pe3ynbpTaTry KajniOpyBaHHS.

PiNbTPU KaHAWAATIB
HeoboB'AZKOBI NOPOTHM, WO NPUXOBYIOTE WYMHI abo HepeanicTMuHi nikv.

MiH. BUCOTa MIH. SNR MiH. FWHM meas Makc. FWHM meas

0.0 < < < <

Min. FWHM ity Makc. FWHM iTy MiH. FWHM ¢iTy / FWHM exp Makc. FWHM ity / FWHM exp

¢ g 0,5 S 5.0 <
Makc. Haniswnpusa ROT (xFWHM)  Makc. SFWHM/FWHM Makc. 85/5
bos 03 < 0,5 ot

Tect GasnaiiHis | [ 36eperti TabnuLo cnekTpa (CSY) J [ 36epertu Tabauo nikis (CSV) ] [ 3anycTuTi Auto-ROL ]

KaHguaaTHI niku

HagiwniTe KAHAWAATA B pydHWA RO 4nA GiHANLHOI NIATOHKK 36epertu eubpaxi peynsTatu ROI

BigxwneHi Nikn NOKazyHTe NPAMITKY NOCTHINETPa.

lMokasaTw BCixX KaHAWAATIB

BymyTs 36epexeH] NMLLE No3HAUEH! KAKAWAATIA 3 BUAMMOI Tabanwj.

.

FWHM FWHM
EHepria 04iK. MiAroH. chiz2/ pb Mnowa

# Kanan (kev) Bucota (keB) (keB) AcvmMeTpia Ekcuec 3Hauywicte ndf rw  chniBBigH. (9iT) ROI

1 BB75E 15599 olaes 1250 O E o521 1,2028 -54,21 557,433 0,62 1,39 2932714 e 00-68,
0,03 0,008 ’ - 0,012 ! ! ’ ! ' ’ + 218,29 ' ’
255,29 63,554 + 1,166 + 2716,94 +

2 569,56 1,250 -0,1050 -1,1402 -21,35 0,815 0,92 0,35 244,00-2€
+0,13 0,034 0,100 283,38

Puc. 3. @inbTpu Ta TabIMI pE3yNIbTaTIB aBTOMATHYHOTO MOMIYKY TTIKiB.

O.A. besmmiiko. Memoou peecmpayii ionizyrouoeo eunpominiosanns: Koncnexm nexyin (Kuis, 2006) 171 c.
Genie 2000 Spectroscopy Software. Customization Tools Manual (Canberra Industries, Inc., 2004) 540 p.

D. Reilly et al. Passive Nondestructive Assay of Nuclear Materials. NUREG/CR-5550 (Washington: U.S. Nuclear
Regulatory Commission, 1991) 723 p.

0O.A. besmmiiko, JI.O. 'oninka-besmmiiko, .M. Kagerko. MetonnuHi pekoMeHIaIlii 10 1a00paToOpHOTO IMPaKTHKYMY
3 Kypey «@i3uka nerekropaux cucrem» (Kuis, 2021) 60 c.
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PRELIMINARY RESULTS OF SIMULATING SELECTED ACCIDENTS PROGRESSION
FOR LDR LITE SMALL DISTRICT HEATING REACTOR WITH AC> COMPUTER CODE

A. Krushynskyi, S. Sholomitsky, A. Berezhnyi
Limited Liability Company “Analytical Research Bureau for NPP Safety”, Kyiv, Ukraine

The assessment has been conducted as part of the “Pilot study with the LDR-50 district heating reactor”
[1] task of the Project “Ensuring Assessment of Safety Innovations for SMR” (EASI-SMR)”. The objective
of the study is to analyze the transient response of the LDR Lite (Low-temperature District heating Reactor)
to selected accidents through comparison of the simulations conducted by several participating partner
organizations with application of different lumped parameter computer codes. This conference presentation
discusses preliminary results of the containment model development and pilot calculations with the
COCOSYS simulation code of the AC? code package (GRS, Germany, [2]).

LDR Lite is the public version of the LDR-50 design of the small modular reactor (SMR) intended for
low-temperature district heat production [3, 4]. The integrated design of this SMR, utilizing conventional
pressurized water reactor technology, features the reactor vessel (RPV) that encapsulates the entire primary
circuit (Fig. 1, right side). There are no reactor coolant pumps, as the primary coolant flow is driven by
natural circulation, and there is no conventional pressurizer: instead, the reactor is pressurized with nitrogen,
and the nitrogen bubble at the upper part of the RPV provides for self-pressurization. Heat is transferred to
the secondary circuit through the set of primary heat exchangers embedded in the RPV, and then to the
district heating network through the secondary heat exchanger(s). The RPV is enclosed in the containment,
partially filled with water, which is submerged in the water pool.
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Fig. 1. Schematics of LDR Lite module and modeling approach.

The scope of analysis has included simulation of the LDR Lite containment response to the two selected
accidents: small break loss of coolant accident (LOCA) and station blackout (SBO). The containment model
has been developed with the COCOSYS code, following the modeling approach illustrated in Fig. 1 (left
side). The model allows to simulate transfer of the heat generated in the reactor vessel and/or injected into
the containment through the break to the water in the pool surrounding the containment. It is also capable of
simulating transportation and distribution of the fission products released from the reactor.

Mass and energy releases to the containment for both accidents have been calculated by the project
partners (Ukrainian company Energorisk) with the ATHLET code of the AC? code package as a separate
activity, and included in the COCOSYS model as the boundary conditions (details on the results of ATHLET
simulations are provided in [1]).

“ EASI-SMR research and development project is co-funded by the European Union under the Grant Agreement
No. 101164810. Views and opinions expressed are, however, those of the authors only and do not necessarily reflect
those of the European Union or the European Atomic Energy Community ('EC-Euratom’). Neither the European Union
nor the granting authority can be held responsible for them.
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The COCOSYS calculations have revealed good performance of the LDR Lite containment and its
capability to perform the intended function of the passive decay heat removal system under both selected
accidents. Fig. 2 illustrates the containment pressure build-up under the small break LOCA.
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Fig. 2. Containment pressure, small break LOCA.

Coolant release from the reactor system has led to a relatively prompt increase in the containment
pressure during the initial stage of the accident. In less than 10 min, the pressure has reached its peak value.
At this stage, the mass and energy release to the break has decreased, being much smaller than the heat
transfer through the containment wall to the water pool. As a result, the pressure and temperature in the
containment start to decrease and stabilize at approximately half of the peak value after 30 min of the
transient.

Conclusions and next steps

The simulation model of the LDR Lite small district heating reactor containment has been developed with
the COCOSYS code of the AC? code package and applied for preliminary calculations of the small break
LOCA and SBO accidents. Simulations have confirmed the capability of the LDR Lite design to ensure
efficient cooling of the reactor and containment in the passive decay heat removal mode. Also, the capability
of the model to simulate the accident progression and key phenomena occurring in the LDR Lite
containment has been demonstrated. Further plans include benchmarking of the calculation results with the
analyses being conducted by other participants of the EASI-SMR project with other computer codes and
models (to be published in [1]). It is also envisaged to perform analysis of the load-follow scenarios, which
are of special interest for the district heating reactor, since demand for load-following operation is essential
for reactors operating in district heating networks.

1. Euratom R&D Project. Ensuring Assessment of Safety Innovations for SMR. Deliverable D1.12: Pilot Study with
the LDR-50 District Heating Reactor. To be issued.

2. H. Wolff, N. Reinke, C. Spengler. COCOSYS 3.1: Short Description. Revision 3. Garching, Germany: GRS —
Gesellschaft fiir Anlagen- und Reaktorsicherheit gGmbH, June 2022.

3. R. Komu, R. Tuominen, V. Valtavirta. LDR Lite Benchmark Specification. LDR Design Document LDR-PUB-
VTT-10002-R4 (Espoo, Finland: VTT Technical Research Centre of Finland Ltd., 2025).

4. Nuclear Cogeneration for Climate Change Mitigation and Sustainable Development Goals. IAEA-TECDOC-2056
(Vienna: International Atomic Energy Agency, 2024) 112 p.
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OIIEPATUBHE BU3BHAYEHHS INOTYXKHOCTI 3AJIMIIKOBOI'O EHEPT'OBUAIJIEHHSA
OIMPOMIHEHOI'O AAEPHOI'O TAJIMBA CITPOIIEHUMHU METOJAMM:
IHEPEBAT'U TA OBMEXEHHS

C.I1. Janan'?, B. 1. Bopucenko®?

! Kuiscoxuti Axademiunuii Ynisepcumem, Kuis, Yxpaina
2 [ncmumym npoénem 6esnexu AEC HAH Vkpainu, Kuis, Yrpaina

Ha cporonni 3anumkoBe eneprosuaiieHas (3E) onpomMiHeHOT0 AaepHOT0 NaluBa EHEPreTHYHIX PEaKTOPiB
BH3HAYAETHCS [IEPEBAKHO PO3PAXyHKOBUMH MeTonamu. B YkpaiHi Y4MHHHM HOPMATUBHUM JTOKYMEHTOM JIJISI
omiaku 3E € COY HAEK 099:2023 [1]. SIk 6y710 TpoeMOHCTPOBAHO B IMOTIEPEIHIX JOCTIKEHHAX aBTOpa Ta
CIiBaBTOpPiB, BUKOPHUCTaHI y 3a3HAYEHOMY CTaHAAPTI CHPOINEHHS, 30KpeMa HEXTYBaHHS BIUIMBOM IMHUTOMOI
MOTY>KHOCTI MajKBa Mij 4ac eKCIuTyaTalii Ta icTopii Horo HaBaHTa)KEHHsI, MOXKYTh PU3BOJUTH 10 CYTTEBUX
po30ikHOCTEl y pesynpTarax po3paxyHkiB [2, 3]. BomnHouwac s 3agay onepaTHMBHOTO KOHTPOIIIO
OTIPOMIHEHOTO SIICPHOTO MaTMBa KPUTUIHO BAXKIMBUM € 3a0€3IEUYCHHS TOCTATHBOI TOYHOCTI Ta MIBHAKOCTI
Bm3HadueHHS 3E, mo oOMeXye MOKIMBICTh 3aCTOCYBAHHS PECYPCHOMICTKHUX METOJIB KOMIT FOTEPHOTO
MOJIEITIOBaHHS, 30KpeMa 3 BukopuctanusaM nakera SCALE [4].

Sk 06’ext mocmimkeHHa Oyino oOpaHo TeroBuALIRHY 30ipky (TB3) 3 mouarkoBum 30arauenasMm 4,4 %,
Buropa"asM 52 MBT-n/kr U ta nutomoro notyxHictio 40 MBT/T U.

Pospaxynku 3E BigmoBizHo no cranmaptiB ISO 10645 BukoHyBanmcs 3 ypaxyBaHHSIM yCiX CKJIQJIOBUX Ta
iXHBOrO BHECKY y cymaphe 3HaueHHs 3E [5].

VY naniit poOOTI pO3IIIHYTO OAWH 3 HAHOUIBII CydaCHUX «CIPOIIEHUX» METOIIB PO3pPaxXyHKY — BiATIOBITHO
1o 1SO 10645 B ocTaHHIX pelakisx Ta MOPiBHIHHA 3 KOMIUIEKCHIM METOJOM PO3paxyHKIB 3a JTOIIOMOTOIO
incTpymenrapito SCALE.

Cymapue 3E micias wacy ! Big 3ymWHKH, SKOMY I[€peayBajio HaBaHTKEHHS MPOTATOM dHacy 1T,
PO3PaxOBYETHCS:

Po(tT)=P (t,T)+ P (t.T)+ P (t,T)+Pe (t.T)+ P (t,T),

ne, Ps — moryxnicts 3E mponykTiB moginy (235U, 28y, B9y, 241Pu); Pg — BHecok 2°U, 239Np; Pa — BHECOK
inmmx mykmigie (aktHOINIB); Pcs — BHecok **Cs; Pe — motysxuicts 3E 3aXOIUIeHHS HEHTPOHIB iHIIMME
npoaykramu moxiny; T,T, — 4ac OHNPOMiHEHHs MOBHHMH Ta 4Yac ONPOMIHEHHs MPOTAroM iHTepBamy K
BIIMOBiAHO; t — 9ac micis 3yNMHKH ONPOMIHEHHS; t, — 9ac Big MOMEHTY 3aKiHYeHHS 4acy poOOTH Ha
HOTYy>KHOCTI T,.

MogenioBaHH 3AIHCHIOBAIOCS 3 BUKOPUCTAaHHSIM MOBM mporpamyBaHHsi Python Tta 6i0miotek SciPy,
NumPy i Matplotlib. Buximxi maHi mjo0 9acToK BHECKY OKPEMHX HYKJIiJIB BU3HAYAIUCSH 33 JOMOMOTOIO
iHTeproNAIitHNX QYHKINH Ha OCHOBI MaHuX, HaBeaeHuX y podoti R. W. Mills [6].

Ha pucynky BinoOpaxeno nopiBHsHHs po3paxyHkiB 3E, orpumanux B koai SCALE, ta BinnosigHo 1o [5].
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Y po6oTi MmiATBEpIKEHO, MO CHPOLIeHI MeToAu po3paxyHKy 3E ompoMiHEeHOro siaepHOro mnanvMBa
BIIMOBIAHO 70 [5], MOXYTh OyTH BHKOPHUCTaHI JIJIs OLIBII TOYHOTO OMEPATUBHOTO PO3PaxXyHKY MOPIBHSIHO 3
aktyansHuM Ha ceoroaHimHi COY HAEK 099:2023, sxuii He BpaXxOBY€ MUTOMY IOTYXXHICTBh Ta iCTOpItO
HaBaHTAXXEHHS AJEPHOTO MaJIHBa.

Jus nepioaiB 1o 30 xi0 micnst onmpoMiHEHHS SIEPHOTO IMajaiBa BaroMUid BKIaa B NMOTYkHICTh 3E maroThb
isororm 2*°U ta Z°Np.

st wacoBux imTepBamiB moHax 200 mi0 cyTTEBHIT BHECOK y 3QJIMITKOBE CHEPTOBUIUICHHS 3a0e3ledye
Bkiaz **Cs Ta inmmx axrunoinis (kpim *°U ta 2°Np).

OTpuMaHi pe3yNbTaTH CBITYATh PO MOXIIHMBICTEH 3acTocyBaHHsA Mmogenei ISO 10645 y cucremax BHY-
TPIITHBOPEAKTOPHOTO KOHTPOIIO Juisi oriepatuBHOro BuzHaueHHs 3E. [lepeBaramu Takoro mimxomy € CKOpo-
YeHHS 4acy MiATOTOBKM BHXIIHUX JaHHWX Ta BUKOHAHHS PO3PaxyHKIB, a TaKOX BIICYTHICTb HEOOXiTHOCTI
BHUKOPHUCTaHHS HAAMIPHO IETali30BaHUX XapaKTepUCTHK KOHKpeTHOi TB3 Ta ymoB 1i excrutyarauii. s pea-
Ji3amii po3paxyHKiB JOCTaTHRO MapaMeTpiB, IO BKE KOHTPOIIOIOTHCS CHCTEMaMH BHYTPIITHEOPEAKTOPHOTO
KOHTPOJIIO, 30KpeMa [T0YaTKOBOTO 30araueHHs, pe)KUMy HaBaHTA)KCHHSI.

1. COY HAEK 099:2023 IToBomkeHHs 3 SACPHUM MaNIUBOM. PajiamiiiHi XapaKTEpUCTUKH 1 3aJIMIIKOBE SHEPrOBH/Ii-
JICHHS BiJIpaIlbOBaHUX TEIIOBUAUTLHEX 30ipok BBEP-1000.

2. B.L Bopucenko, B.B. I'opanuyk, M.C. FOpos. SnepHa enepreruka ta goBkimist 2(26) (2023) 3.

3. C.II Jlapawn, B.I. Bopucenko. SnepHa enepreTrka ta nokims 2(33) (2025) 45.

4. Oak Ridge National Laboratory. SCALE Code System: Official Website. Oak Ridge, TN, USA: Oak Ridge National
Laboratory. https://scale.ornl.gov/

5. International Organization for Standardization. 1ISO 10645:2022. Nuclear Energy — Light Water Reactors — Decay
Heat Power in Non-Recycled Nuclear Fuels (Geneva, Switzerland: International Organization for Standardization
(1S0O), 2022).

6. R.W. Mills et al. Nucl. Eng. Technol. 52 (2020) 2130.
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CONCEPT OF SMALL MODULAR REACTORS
BASED ON HTGR FOR UKRAINE

M. P. Odeychuk?, I. E. Anokhin?, V. I. Tkachenko?, A. M. Odeychuk*

! National Science Center “Kharkiv Institute of Physics and Technology”, Kharkiv, Ukraine
2 Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

At the current stage of the analysis of the selection of concepts for small modular reactors (SMR) in
Ukraine, among modern concepts for nuclear power systems, the concepts of advanced water-water reactors
have been selected: Holtec SMR-160 / SMR-300, NuScale VOYGR, Westinghouse AP300. These concepts
are characterized by an average efficiency of 32-33%, which corresponds to the level of modern thermal
power plants. Since gaining independence, Ukraine has not established domestic production of either core
components for the water-cooled water-moderated reactors operating in the country or reactor vessels and
other nuclear power plant infrastructure. The only significant achievement in recent decades has been the
development of fuel assemblies and absorbing elements for VVER-1000 at the National Science Center
“Kharkiv Institute of Physics and Technology” (NSC KIPT). Therefore, if water-cooled SMRs are selected,
their deployment at future nuclear power plant sites in Ukraine will rely entirely on Western technologies
and designs.

Of the concepts considered, only the high-temperature gas-cooled reactor (HTGR) concept, including the
VTRG design as a Generation 1V SMR technology, remained. This concept has been developed at the NSC
KIPT over many years. This is a little-known fact, but the results of the development (core components —
TRISO fuel, spherical fuel elements, spherical absorber elements, nuclear-pure graphite GSP, structural
elements based on CCCM, technological small-scale processes for their manufacture and industrial units,
reactor test results [1, 2]) were many years ahead of the level of foreign developments. This can form the
basis for the implementation of the latest SMR concepts based on HTGR in Ukraine. It is important to
emphasize that HTGR-based nuclear systems achieve a thermal efficiency of 50-52 %. Depending on the
coolant temperature, the fuel reload interval is more than 8 years under normal operating conditions (at
750 °C) and 25-30 years at a coolant temperature of 500 °C. These reactors are cooled by inert helium gas,
which enhances their operational safety and makes them particularly well suited for autonomous operation,
including underground installation, directly at industrial facilities.

The presented research was carried out with the financial support of the basic program "Informative order
of the NAS of Ukraine for conducting scientific research in nuclear science and technology of the National
Scientific Center "Kharkiv Institute of Physics and Technology" for 2021-2025" on the topic "Research and
development of resource-saving devices and processes for creating and improving the properties of
innovative functional materials for renewable, unconventional and nuclear energy of the new generation",
topic code 111-1-16 (SPE RESST), state registration number 0121U107860.

1. M.P. Odeychuk et al. The current state of the HTGR core component fabrication technologies in Ukraine and some
properties of materials and products. In: Status and Prospects for Gas Cooled Reactor Fuels. IAEA-TECDOC-CD-
1614 (Vienna: International Atomic Energy Agency, 2009) p. 29.

2. M.P. Odeychuk. Reactor tests and post-irradiation investigations of HTGR core fuels and components. In: In-pile
Testing and Instrumentation for Development of Generation-1V Fuels and Materials. IAEA-TECDOC-CD-1726
(Vienna: International Atomic Energy Agency, 2013) p. 183.
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PIIKI PAJIOAKTHUBHI BIAXOAU B OB’E€EKTI «YKPUTTS»
B YMOBAX EKCILTYATAIIi HOBOI'O BE3IIEYHOI'O KOH®AMHMEHTA

0. O. Oninuos, B. E. Xan, II. B. Cabenin, JI. A. Ilanamap
Tncmumym npoonem 6esnexu AEC HAH Yxpainu, Yopnobuns, Yrpaina

Bcranosnenns apku HoBoro 0esmeunoro koHpaiumenra (HBK) y mpoekTHe MOI0KEHHS 3yMOBHIIIO 3MiHH
PEKUMY HaIXOKEHHS aTMOC(EPHOI BOAM B mpuMitneHHs 06’ekta « YEpuTTs» (OY). V mepiy gepry Gyio
MIPUITUHEHO HATXOHKCHHSI aTMOC(HEpPHUX OMAaliB Y BUTJIAII MONIY B JIITHI TIEPiOHM Ta CHITY B3UMKY 1 BiJIIO-
BiJTHO TaJOi BOJAM HaBECHI. 3MIHHJIMCS YMOBH TEMIIEPaTYpHOTO peKUMY 1 BeHTHWIAil mnpumimens OVY. Le
MPU3BEJIO A0 3HAYHMX 3MiH YMOB YTBOPEHb Ta iCHyBaHHSI HEOPraHI30BaHHX CKYyMUEHb PiAKHX pajiOaKTHB-
Hux Binxoais (PPB) y npumimennsax kommiekcy HBK-OVY. Jlo BctanoBnenns apku HBK y mpoexTne momo-
KEHHSI OCHOBHUMH JDKepeiaMu HaaxomkeHHs Boau 1o OY Oyiu atMocdepHi onanu, KOHAeH caniliHa Boiora
Ta TEXHOJIOTIYHI PO3YMHH, SKI HAIXOMAWIN J0 MiAMOKpiBeabHOro npoctopy OY mix yac BUKOHaHHS poOiT i3
mumonpurHivenss [1-3]. o Bcranosiaenus apku HBK y mpoexTHe mosoxkeHHs i repmernsaitii koutypy HBK
y npumimennsx OY Ha mo3Haukax Huwkde +12,5 M MOCTIHO 3HaXOAUIOCH, 3a5IeXkKHO Bij ce30Hy, 330-350 m3
PPB. OcHoBHa Kinbkicte PPB npu6musso 270 m® Gyna nokamizosana y npumimenni 001/3 Ha BigmiToi
—2,60 M TOMOMIXKHUX CUCTEM PEaKTOPHOTO BiAiIeHHS. Y NPUMILIEHHSX OaceiiHa-0apOoTepa Ha O3HAYKAX
—0,65 1 —2,20 M nocTiiino 3naxoaunocs 40-50 m® PPB [3].

JocmimkenHss TuHaMiKy 3MiHu 00’emiB PPB y nmpuMimenusax Ha HIkHIX o3Haykax OY, a Takox saep-
HUX 1 pamianiiHuX XapaktepucTuk PPB € HeoOXimHMM I TPOTHO3YBAaHHS TOBEIIHKH TMAJIMBOBMICHHX 1
KOHCTPYKIIIHHUX MatepianiB ycepeauni OY. AHami3 KOHIEHTpaIlili MAKPOKOMITOHEHTIB 1 MUTOMOT aKTUBHO-
CTi pagiOHYKIIiiB Ja€ 3MOTY 0OpaTH HAOIbLI ONTUMANBHY TEXHOJIOTiI0 TOBOKeHHs 3 PPB.

Merta ganoi poOOTH — JOCHIHKEHHSI 3MiH 00’ €MiB, MAKPOKOMIIOHEHTHOTO CKJIay, SIACPHHX 1 pagialiiHux
xapaktepuctuk PPB y mpumimennsx na HwkHix noszHaukax HBK-OVY B ymoBax excminyatanii HBK 3a
riepiox 2016-2025 pp.

HaBeneHo pe3yibTaTi €KCIIEPUMEHTAIBHUX JOCIIKSHb CTaHy 1 paaialiiHux xapakrepuctuk PPB joka-
JII30BaHUX Yy MPHUMIIICHHAX HAa HIDKHIX MO3HAYKaX 00’€KTa « YKPUTTSI» IICIs JIEB’SITH POKIB €KCILTyaTarii
HBK. 3a nepiox mucroman 2016—-rpyaens 2025 pp. y npumimenssx Ha Biamitii —0,65: 009/4, 013/2, 014/2,
017/2, 012/5-8 (miBmeHHa yacTHHA), y MpUMIlIeHHsX Ha BiaMiTii 2,20 012/13-16 1 B npuMinieHHSX Ha Bij-
miti 6,00 210/5-7 Boxa Bucoxia noBHicTio. CtanoM Ha rpyaens 2025 p. y npumimennsx 001/3 i 012/6-8
OV 3HaxoauThes npubamsHo 225 M° cepennpo aktuBHMX PPB. 3menmenHs 06’emis PPB BinOyBacThes 3a
paxyHOK BHITApyBaHHS BOJM B OCIHHBOTO-3UMOBI CE€30HHU 1 HE KOMIICHCY€EThCS YTBOPEHHSIM KOHACHCAITIIHOT
BoJIOTH B JiTHI nepiomn. IIBuakicTh 3Menmenns o6’emis PPB y npumimenusx 012/6 (i3 ciunst 2023 p. mo
rpymas 2025 p.) i 001/3 (3 mucromana 2020 p. no rpyaus 2025 p.) HaBeneHo Ha puc. 1.
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Sk BuaHO Ha puc. 1, a 3MeHIeHHs ToBIMHMY 11apy PPB y npumitnensi 012/6 3a paxyHOK BUIIApOBYBaHHS
B KiHIli 2025 p. 3HAYHO IPUCKOPUIIOCS.

HaBeneHo nani perynasipHOr0 MOHITOPHHTY BMICTY ypaHy, MaKpOKOMIIOHEHTIB Ta pagionykiiais y PPB y
npuMileHHsaX Ha HwkHIX no3Haukax HBK-OVY. 3a pesynpratamu ximiynoro ananizy PPB OV e myxuanmun
riapo-kapOOHATHUMHU PO3YMHAMH 3 BOJHEBUM nokasHukoM pH 9,0-9,5. V pesynbraTi BUIIapoByBaHHS BOAH
KOHILIEHTpALii MAaKpOKOMIIOHEHTIB i ypaHy, a Takox 00 €MHi aKTHUBHOCTI pamiomykmimis %°Sr, ¥'Cs,
238.239200py | 2'Am B PPB 06’ekTa «YKpPHTTS» 3Ha4HO 30inburyBanucs. KonueHTpamis ypany B PPB
npumimens 001/3 i 012/6 cranosuts 6 i 50 r/M® BignosigHo. I30TONMHMIA cKIaj ypaHy CTaHOBHTE. 24U —
0,0154 %, U - 1,05 %, #°U - 0,182 % 28U - 98,75 %. O6’eMHi akTHBHOCTI pagioHykminis y PPB
00’exTa « YKpUTTS» cTaHOBIATE: St —n - 10°%, ¥¥'Cs —n - 10, *Eu —n - 105, 239+ 2490py — n - 108, 22Am —
n - 10" bx/M%. Ha puc. 2 HaBeieHO qUHAMIKY 3MiHE 00’ €MHOT aKTHBHOCTI pamionykiiais ='Cs, %S, 239+240py
i 21Am y PPB npumimens 012/6 (puc. 2, a) Ta 001/3 (puc. 2, 6) 3a nepiox 3 aucronazna 2016 p. 1o rpyass
2025 p. O6’emna aktusHicte *°Sr B PPB y mpumimenni 012/6 3 cepmus 2020 p. mocTymoBo movana
spoctatd. Y jmuctonani 2025 p. 06’emua aktuBHicTh *°Sr cranoBuna 7,2-10°Bk/M%, mo € Haii6inbmmm
3HaYeHHIM mounHauu 3 2016 p. SIk BUAHO HaA pHC. 2, ¢, JiHIA TPEHAY IOKa3y€e TCHICHIIIO Ha MOCTYIIOBE
301IBIIEHHS BEJIMYMHH 00 eMHOi akTuBHOCTI Y°Sr. YV 2025 p. o6’emHa akTmBHicTE 2°2Py y P3B vy
npumimenni 001/3 xonusanacs B mexax (3,1-3,9)-10° br/m® npu upomy 06’ emMua aktusHicTs 2924Py y P3B
y npumimenni 012/6 3pocna B 1,5 paza mo 2,1 108 Br/m®.
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a 9]
Puc. 2. 06’ emHa akTHBHICTh pagionykiiais 27Cs, %0Sr, 239+240py j 241 Am PPB y npumimennsax kommiekcy HBK-OV:
a — npumimenHs 012/6, 6 — npumimenns 001/3.

V PPB y mpumimenni 001/3 y 2025 p. o6’emna aktuBHicTh 2Am smenmmmacs Bix 4,2:10° mo
3,7-10° bx/m® (muB. puc. 2, 6). Sk BUAHO 3 pUC. 2, @, B OCTAHHI POKH CIIOCTEPIracThCsl TEHAEHIIS 10 3pOCTaH-
Hs1 00’eMHOI akTuBHOCTI 2!Am y PPB y npumimenni 012/6, mo, AMOBipHO, OB SI3aHO 3 BUIIAPOBYBAHHSIM
Boau. Y smnHi 2025 p. ii 3HaueHHs pocsrio 3,7-107 bx/m®, a 3aragom mpotsarom 2025 p. 30inbmminocs y
1,5 paza.

Bracnmimok BuUCHMXaHHS pamgioOakTUBHO 3a0pymHEHOI BOAW HA TIUI031 B TPHMIIMICHHSIX Ha HIDKHIX
no3Haukax HEK-OY yTBopuincs BUCOKOAKTHUBHI JIOHHI BiAKJIaqeHHs. 3arajibHa IUIOIIa TOHHHUX BiJIKJIaJICHb
y IpHUMINIEHHSX, Je cTanocs BucuxanHsa PPB, cranosuts 1100 M2, JlucnepcHa (pa3a JOHHMX BiJKJIaJeHb €
JLKEPETIOM YTBOPEHHSI PaiOaKTUBHOTO 3a0pyIHEHHS TOBITPS B MPUMIMIEHHAX HAa HIDKHIX To3Hadkax OY.

1. C.A. BoraroB u ap. Pagnoxumus 42 (2000) 276.
2. A.A. Opunnos u ap. Paquoxumus 51 (2009) 337.
3. 0.0. Onintog T1a iH. [IpoGmemu 6e3nexn aTOMHUX enekTpocTanilii i HopHoOust 27 (2016) 43.
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MOXKJ/INBOCTI 3BACTOCYBAHHS TPAHUYHUX ®YHKIIOHAJIIB
BUIIAJIKOBUX IPOIECIB JIO IMTPOBJEM AJEPHOI BE3NNEKA

B. B. PsizanoB
Incmumym soepuux docnioscens HAH Yrpainu, Kuis, Ykpaina

VY nocunanusx [1, 2] po3rnsaaroTbes pi3Hi rpaHUYH] QYHKIIOHATH BUMAJIKOBIX PU3UKOBHX IIPOILIECIB: Yac
MIEPIIOTO MPOXOKEHHS, EKCTpeMyMH (DYHKITiH, MOMEHTH TIOBEPHEHHS, HAJUTAIIIOK TIepe]] pyHHYBaHHSIM, PO3-
TIOLT TPUBAIOCTI ITepeOyBaHHA MPOIIeCY B HIKHIN MIBILTONINHI, Yac TepeOyBaHHs IpoIiecy Haa piBHEM U Ta
paa iHmuX. BoHM 3aCTOCOBYIOThCS JI0 Pi3HHX 3aja4: JBOPIBHEBA MOJICIb, OpOYHIBChKUH pyX Ta audy3is. Lle
3arajibHi MateMaTtu4Hi QyHKIioHanu. Tomy ix 3acTocyBaHHS A0 Oyab-AKOi 3a4adi MPAaKTUYHO HEOOMEKEHE.
Mu po3riiimaeMo TOTEHIIHHE 3aCTOCYBAaHHS MEAKHX 13 IUX TPAaHUIHUX (YHKITIOHAIB O MUATAaHb OE3MeKH
ATOMHUX €JIeKTPOCTaHIIii.

Y HaykoBiif JiTeparypi rpaHnYHU (yHKLIOHAN yacy nepioro npoxomkenHs (FPT) mupoxo 3actocoBy-
€THCS 10 MIUPOKOTO Koja (i3MIHUX, XIMIYHHX, OI0JIOTIYHUX, EKOHOMIYHUX Ta iHIIHUX TpoOiieM. Y sSaepHii
oesmerti ynkiionan FPT € onHUM 3 HaUITOTYKHIMTUX Ta MAaTEMaTUIHO HAUTOYHIIINX 3aCO0IB OMHUCY JOCSAT-
HEHHSI TIEBHOTO HeOE3MEeYHOr0 MOPOry, HANPUKIIaJ, HeOe3[euyHOoro piBHs MOTYKHOCTI. Y poborax [3—5] noka-
3aHO, IO AJI AesiKUX TUMiB peakTopiB (MSR — peakropiB Ha po3mnasieHux consix, HTGR — Bucokoremmnepa-
TYPHHX Ta300X0JIOMKYBAHUX PEAKTOPIB, PEAKTOPIB HA MIIIONOMI0HOMY MaJIMBi), a TAKOXK JJI MOACITIOBAaHHS
3aIlyCKy peakTopa i aHallizy aBapiifHUX CUTYyalii (30KpeMa pyHHYBaHHS aKkTHBHOI 30HM) IOLIJIBHO 3aCTOCO-
BYBaTH OIKMC METOAOM crpsiMoBaHoi nepkoisuii (DP). V cucremi, 1m0 onucyeThesi COPSMOBAHOK TEPKOJIS-
LI€I0, TOCSATHEHHS «HeOe3meuHoro piBHI» NmoTyXHOCTI Dgit, FPT y Moxeni DP e 3amauero nepioro gocsr-
HEHHS 1Opora po3raiyXeHUM mpouecoM. KinbkicTh HamankiB KOXKHOTO By3la (HEHTPOHA) € BHIIQAKOBOIO
BermnunHO0 K i3 3amammm posmomimom imosiprocreit P(K). Mmosipricts P(K) mizmopsizkoByeTbcst cra-
OLIbHOMY CTEIIEHEBOMY 3aKOHY

P(k)~k™ )

T «e(eKTUBHOI KiJIbKOCTI HAIIa IKiB» — 3arallbHOI KITBKOCTI HEUTPOHIB, 1110 YTBOPIOIOTHCA B YCiX HACTYITHUX
MTOKOJIIHHSX OJHIEI0 «0aThKIBCHKOI0)» YaCTHHKOIO 33 IEBHUX (i3NYHHUX yMOB. Y 3Bu4aitHomy BBEP posmomin
HE € CTeleHeBUM. THII cTerneHeBoro 3akoHy (1) BUHMKAeE 3a YMOB CHJIBHOT KOpEJIAIii Ta aHi30TpoIIii, Xapax-
TEpHUX AJIS cpsiMoBaHoi nepkoisnii. Lle MoxiuBo y Tpbox Bunagkax: a). Kpurnuna Touka (KpUTH4HA Oma-
necuentiis). Tinbku B camiii Toutni Kess = 1 (00 B HECKIHUCHHO MaJIiii OKOJIHIII) PO3IO/LT JTOBXKHH JIAHIIFOTIB
ctae creneneBuM. 0). CuiibHA MPOCTOPOBA HEOMHOPIHICT («cKkITo JIeri»). SKIO cepeoBuUIle CKIATAEThCS 3
MOPOXHIX KaHAJIB 1 MIIJIbHUX MaJUBHUX OJNOKIB (HampuKia, 3pydHOBaHa 30Ha a00 KOHKPETHI eKCIIepUMEH-
TanbHi 30ipku). HeWTpoH MOXe poIeTiTH BeTn4e3Hy BificTaHb 0e3 3iTkHeHb («moiT JIeBi»). Y Takomy cepe-
JIOBHII «HAIIAJIKI HAPOPKYIOTHCS HE K KOMITAKTHA XMapa, a K (pakTaibHa CTPYKTypa. B). Masa KijabKiCTh
HEHTPOHIB (CTaTUCTHKA MaHX 3pa3KiB). B ymoBax 3amycky, KOJIM aKTHBHA 30HA MiCTHUTB JIUIIE KiJTbKA COTEHb
HEHTPOHIB, ycepenHeHHa HeedekTuBHe. JlocmimkeHHs (Hanpuknan, y [3—5]) mokasyroTh, M0 3a UX YMOB
IUHaMiKa OibIlle CX0’Ka Ha CHPSMOBaHY MEPKOJIAIII0, HiXK Ha Au(y3if0. Y KIACHYHOMY rayCOBOMY BUMAIIKY
PO3MOALT MOPOTOBOTO YaCy XapaKTEPH3YEThCS PO3MOALIIOM 3 By3bKHM IIKOM HaBKOJIO CEPETHHOTO 3HAYCHHSI.
VIMOBipHiCTB TOT0, 0 PEaKTOp MPAIIOe 3aHAATO MBHIKO, EKCIIOHEHIIianbHo Mana. [ Moneni DP 3 a = 2,
yepe3 npoaroTu JleBi Ta kimactepuszaiito HeHTpoHiB, po3nonin FPT naOyBae Baxkoro xBocra B 00iacTi
KOPOTKOTO 4acy. ICHye HeHyhr0Ba Ta 3HaYHA WMOBIPHICTH TOTO, IO CHCTEMA JIOCATHE HEOE3IMeUHOT MEeXi y
Oarato pasiB IWIBUALIE, HIK Nepeadadae cepeqHe 3HaueHHs. Lle Ha3nBaeTbesl «e(PEKTOM PAaHHBOTO 3arairo-
BaHHS» a00 CTAaTHCTUYHUM po36irom. [lms dyHkii po3noniny Buay (1) muist KITbKOCTI HaaakiB abo JJOBKUH
cTpuOKiB 3i cTeneneBuM xBoctoM Buy K (a ~ 2), XapakTepuctuuna pyukiis O(t) = E(€"™) ans crenenesux
XBOCTiB Ma€ HeaHaNmiTHYHy hopMy B HyJi: Ind(t) ~ —[t|". La ctpykrypa In®d(t) Binmosinae mpencTapieHHI0
JleBi—XinumHa TSI CTIHKHUX po3moautiB. Ilpu mepexomi 10 HemepepBHOI TpaHUIi (audepeHIiaTbHOro PiB-
HSHHSI) Ha MAaKpOCKOIIYHOMY PiBHI IeH WIeH |t|(x MIEPETBOPIOETHCS HAa APOOOBY MOXIAHY BIZHOCHO MPOCTOPY

abo gacy.

3HaueHHS a = 2 € «BOJOMLIOMY IS CTATHCTUYHUX MOMEHTIB. SIKI0 a <2, TO MaTeMaTH4HE CIOIiBaHHS
(cepenHst KiNbKicTh HAIAAKiB) <K> po3xomuTbes (TparHe A0 HECKIHYEHHOCTI JUIsi HECKIHUEHHOTO PO3Mipy
cuctemu). SIkio 2 <a <3, To cepe/iHe 3HAYCHHS CKiHUCHHe, alie Apyruil MoMeHT <k>> po3xoauThcs. SIKIIo
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a> 3, To i cepelHe 3HAUEHHS, 1 Auciiepcis ckinueHHi. Konmu aucnepcist ckinyenHa (a > 3), KacuyHa HeHTpa-
JbHA TPaHUYHA TEOpEMa 3aCTOCOBYETHCS 0 CyMHU TAaKUX BEJIMYNH, 1 TOBEIiHKA CHCTEMH CTA€ «CTAaHAAPTHOIO»
B Oararpox BimHOmeHHX. s a > 3 (ko nucriepeis CKiHUeHHA) BUMAAKOBE OJTyKaHHs depe3 O6arato Kpokis
OIMCYETHCS 3BUYAHUM PiBHSHHAM Iu]y3ii (HOpMaIBHIM PO3MOALTIOM KoopauHaT). st a < 3 (BKIOYa0uH
BHITAJIOK a = 2) BimOyBatoThcs nmponbotu Jlesi. 3actocyBannsa ¢yHkiionanis FPT mo monmenei ciipsmoBaHoi
TIEPKOJISAIIIT Ja€ 3MOTY OIIIHUTH WMOBIPHICTh «MUTTEBUX» JIOKAIbHUX BUTOPAHb, OIMIIHATH JOCTATHICTH IIBHI-
KOCTI pearyBaHHsI CHCTEM 3aXHCTy Ta BpaxyBaTH CTOXACTUYHHUI XapaKkTep 3aIycKy, SKHi iITHOPYEThCS JAeTep-
MinoBaHuMu konamu (Takumu sk KORSAR a6o RELAP). Crarrs [1] 3Minrye Gokyc 3 MPOCTHX CEPEIHIX 3HA-
YeHb Ha IMOBHY CTATUCTUKY TPAaHMYHUX (DYHKIIOHATIIB CTOXaCTHYHUX MPOIIECiB, M0 AkuXx HamexuTs FPT [1].
V qiit crarTi po3rasgaerscs FPT. Oxgnak, y [1] TakoX BUBOAUTHCS PsiT IHIIMX TPAaHUYHUX (QYHKITIOHATIB, SIKi
He MeHm 3Hauymi s 6e3neku AEC. [{ist mporeciB, o onuCyrOThCs cTabinbHUMH 3aKkoHamu JIeBi (IHOeKc
o =a—1=1), minpHiCTF IMOBIPHOCTI Yacy MEepIIOro JOCATHEHHS mopory L Mae acuMnToTuky:

P(tFPT)~t—(l+u/z))’ (2)

Je Z — OUHAMIYHUI KpUTHYHHMK iHAEKC clpsMoBaHOi nepkoismii. CepenHi dac A0 AOCATHEHHS MOPOTY
<tFPT> Moxe (hopMaIbHO PO3XOIUTHCS 00 MaTH BEIMUE3HY AucIepcito. OTxe, «CepemHii 9ac 10 BiAMOBI»
HE MaTHMe 3Ha4YeHHs JUId Oe3leKH, OCKUTbKM (PaKTHYHUI PO3KHI Yacy AOCSITHEHHS KPUTHYHOTO PiBHS
OXOIUTIOE KiTbKa HOPSIKIB BEJIMUNHHU.

SIk me MokHa 3actocyBaTH a0 orinku Oe3nmeku BBEP. I1ix wac aramizy 3amycky abo poOoTH peakTopa Ha
MiHiManbHOMY piBHI kepyBanHA (MPK) dynkmionansaicts FPT BHUKOPHUCTOBYETBCSA IS BUPILNIEHHS TPHOX
npobiem: a). KopuryBanHs 3aganux 3Ha4eHs aBapiitnoro 3axucty (EP). 3anane 3HaueHHs nepiony (IIBUAKO-
CTi 3pOCTaHHs) Ma€ OyTH HaJAIITOBAHE TAKUM YHHOM, ITIO0 «BiACIKATI IIBUIAKI MIKH 3 XBOCTa PO3MOILITY
FPT, ane He BUK/IMKAaTH XMOHUX TPHUBOT Yepe3 HOPMAIbHUN CTaTUCTHYHUH 1mryM. 0). Yac mpocToro obman-
HauHs. Skuro posnonin FPT mae cunmpHUME XBICT B 00J1aCTi MajIMX 4aciB, iICHY€ PU3HMK TOTO, IO Yac PO3TOHY
cucTeMH OyAe MEHIIMM 3a 4yac pearyBaHHS 3aXUCTy (4ac OMYCKaHHS CTPWXKHS + JIOTIYHUHM Yac CHCTEeMHU
ynpasiinas inopmariiero (ICY). B). ImosipHicHuit ananis 6e3nexu (IAB). 3aMicTs 0HOTO ClieHapito aBapii
oynyerscs posnoain FPT. Besmeka BBakaeThest 3a0e3medenoro, Ko inTerpan imMoBipHOCTi P(tept < taction)
He3HauHUM (1€ laction — YaC pearyBaHHS CUCTEMH).

3acrocyBaHHS iHIINX QyHKIIOHAIIB 31 cTaTTi [1]. OKpiM MakcUMyMy, y CTaTTi TAKOX PO3TIIAIAIOTHCS 1HIII
rpaHu4HI (QyHKITIOHATH, K1 11eaTbHO MiAX0MATh A (i3uku peakTopiB. Yac okynarii. Busnadenns: 3araiib-
HU# gac, mpotarom skoro motik d(t) mepebyBaB BuIle O€3MEYHOTO TTOPOTa. 3aCTOCYBAHHS: OIliHKA Jerpaiarii
00OJIOHKH MAIMBHUX CTPUXHIB. OJTUH KOPOTKOUACHHUH «ITIK» (MAKCUMyM) MOKE HE PO3ILIABUTH CTallb, aje
cepisl CIUIECKiB MEPKOIALIT («IUISIMUCTICTBY) MOKE MIPU3BECTH 10 HAKOMTMYEHHS BTOMH ab0 kopo3ii. [lepeiznu.
3Ha4YCHHS: K YaCTO MPOLEC «IOPYILIYe) 3alaHe 3HAUCHHS. 3aCTOCYBaHHS: PETYJIIOBaHHS Yy TJIMBOCTI CUCTEMHU
KepyBaHHSA. SIKIIO MIBUIKICTH Mepei3fiB aHoMaahbHO BHCOoKa B pexkumi DP (a = 2), me cTBOproe mpodiemy
«XMOHUX TPUBOT» Ta 3HOCY MPUBOAIB CTPHKHIB. 3aCTOCYBaHHs B aHAII31 Oe3rekn. BukopucTaHHs TpaHUYHUX
¢yHKuioHaniB [1] mae 3Mory meperfasHyTH KOHLEMLII0 «3amacy A0 IUIaBieHHs». IlepeBUIeHHs: OCKiNbKH
Mozens DP moninstersest Ha «CTpUOKMY (KITacTep), y MOMEHT CIIPAallbOBYBAHHS 3aXHCTY MOTYXHICTD HE MPO-
CTO TOPKA€EThCA MOPOTY, a «IIpoduBaey Horo Ha 3HaueHHs AD. s a = 2 1e 3HaueHHSA MOXe OyTH MOPiBHSH-
HUM 3 CaMHM TIOporoM. [IpoeKTyBaHHS ISl «PEKOPIIBY: 3aXHUCT PeaKkTopa CJiJl po3paxoByBaTH HE JUIs cepe/l-
HiX KOJMBaHb, a JUIA EKCTPEMalbHUX 3HAUCHb (TEOpis eKCTpeMalbHHMX 3HaueHb). | paHuuHi (QyHKUiOHAIH
JAI0Th MOXKITUBICTh TOYHO PO3PaxyBaTH KBAaHTHIIb MOTYXKHOCTI, SIKHH HE Oyje MEepeBHIEHO 3 IMOBIPHICTIO,
Hanpukiag, 0,9999. [Tincymok. Pobota [1] 3a0e3meuye MaTeMaTHIHANA MiCTOK MK aOCTPaKTHOIO CIIPSIMOBA-
HOIO MEPKOJIAIIEI Ta IHKEHEPHUMHU PO3paxyHKaMU HaJIallTyBaHb 3aXUCTy. Y Toi yac sk FPT Buznauae, six
LIBUIKO BiJpearye cucreMa, MakCUMaJbHUK (YHKLIOHAN BU3HAYAE BEJIMUMHY yaapy (TerioBoro abo Hei-
TPOHHOTO), IKUW ITOBWHEH BUTPUMATH NAIMBHUHN €JIEMEHT ITiJ] 9ac I[bOT0 CTOXaCTHYHOTO cnanaxy. KiodoBuit
BUCHOBOK: IIPH a = 2 «PiAKICHI» MOJi1 CTalOTh cTaTHCTUYHO 3HauymnMu. besneka BBEP Ha HU3bKil OTYX-
HOCTI BUMarae BpaxyBaHHS CTATHCTHKH 3alUCiB, a HE JIMIIE CepeIHiX 3HAUeHb Ta BiIXHUJICHb.

1. V.V. Ryazanov. Phys. Rev. E 111(2) (2025) 024115. https://doi.org/10.1103/PhysRevE.111.024115

V.V. Ryazanov. Stochastic Processes of Risk Theory and Storage Theory in Physics and Biology (Cambridge Scholars
Publishing, 2026) 604 p.

B. Dechenaux, T. Delcambre, E. Dumonteil. Phys. Rev. E 106 (2022) 064126.

E. Dumonteil et al. Ann. Nucl. Energy 63 (2014) 612.

E. Dumonteil et al. Commun. Phys. 151(4) (2021) 1. https://doi.org/10.1038/s42005-021-00654-9
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EKCIHHEPUMEHTAJIBHU KAHAJIBHUM PEAKTOP,
1[0 MPAILIO€ Y PEXKUMI BIT'YUOI XBUJII SIIEPHUX MOALIIB,
3 M’SIKUM IIBUJIKUM HEUTPOHHUM CIIEKTPOM

B. O. Tapacos, C. A. UepHexenko, B. M. Bamenko,
M. P. Illepouna, C. I. Kocenxko, B. B. JlaBpyxin

Hayionanvuuii ynieepcumem «Odecvka nonimexuikay, Odeca, Yxpaina

[lepcneKTHBHUM HANPSMOM PO3BHUTKY SAEPHOI CHEPreTUKU € PO3pOoOKa SIIEPHUX PEaKTOpiB, IO MPaiio-
I0Th y pexkuMi Oirydoi xBumi saepHux noginis. o 2013 p. Bci poboTu y wiid ramysi OyJu NpUCBSYEHI JOCITI-
JDKEHHIO (PI3MYHHX MPOLIECIB XBUIBOBOTO HEHTPOHHO-SIEPHOTO TOPiHHS Ha MIBUAKUX HelTpoHax. Y 2013 p.
amepukaHchbka kommaHis Terra-Power akTuBHO mepefinnia 10 cTaii TEXHIYHOT PO3POOKU TaKOTO peakTopa
(Traveling Wave Reactor) i M BHUKJIMKalla HAYKOBY AUCKYCilO, B sIKil OyJi0 BUSBIIEHO MpobieMy paaiariii-
HO1 CTIHKOCTI KOHCTPYKIIMHUX MaTepialiB MepLIoi CTIHKH TBENIB, IO CTABHUTH Ml CYMHIB MOXJIMBICTh pea-
Ji3amii Takoro SAEPHOrO peakTopa B HAUOMMKIOMY MaOyTHROMY. A came, OyJlo TIOKa3aHo, IO pajiamiiHa
CTIMKICTh KOHCTPYKUIMHUX MarepialiB MEpLIOi CTIHKM TBEJIB PEakTOpiB, MIO MPALIOIOTh y PEKUMI Oirydoi
XBWI TOA1IIB HAa IIBUAKUX HEUTpOHAX, MOBHHHA OyTH 3a0e3neuena Ha piBHi 500 [IIIA, a HasBHI 1 mepcnek-
THUBHI PEaKTOPHI KOHCTPYKILIiiHI MaTepialii MaloTh pafiauidHy criiikicts o 80—100 ITA [1]. Ha croromni
JUIsl yPaHOBOT'O HOZINBHOTO CEPEAOBHUILA BHUCIOBIEHO JBi MPOMO3HLIi, OB’ A3aHi 3 MOKINBUM BUPILICHHSAM
uiei mpobnemu. Ilepiie — e MoskJIMBa peanizallist peakTopa, o NpaLoe B pexXuMi 0iry4oi XBuiIi MOALTIB, HA
HEIIBUAKUX HEHTPOHAX, HANPHUKIIAJA, HA HAATEIUIOBUX HEUTpOHAaX (MaKCUMyM €HEPreTUYHOrO CIIEKTpa Hel-
TpoHiB B obnacti 1-7 eB) [2]. dpyre — ue izes TexHiuHOi peamnizauii nmepeMilieHHs cepeJOBHUINA, B SKOMY
ODKUTH XBWJIA MOLIB, BIIHOCHO CTIHKM TBEJa i3 33/IaHOI0 MIBUJKICTIO, 1110 3a0e3nedye HeoOXiqHe 3HUKCH-
HSl BIUTUBY HEUTPOHHOT'O ONPOMiHEHHS 110 PiBHA pafdiauiiHoi crifikocti 80-100 ATIA [3].

VY poboTi mpexacTaBieHa NPUHLOMIIOBA CXeMa KOHCTPYKLIl JOCTITHOTO 3pa3ka IIBHJIKOTO KaHAJBHOTO
peakTopa, 110 Mpalloe B PEKUMi Oirydoi XBMII SIIEPHUX HOAIIB, 3 M SIKUM IIBHJIKAM HEHTPOHHUM CIEKT-
pom. [IpoGiiema pamiariiitHOT CTIHIKOCTI y IIbOMY peaKTopi BUPIMIYETHCS 3 YpaxyBaHHSIM BUIIIEONUCAHUX TIPO-
mo3utliit [2, 3]. SIk sgepHe ManuBO, Y AKOMY ODKUTH XBHJIS TIOJLTIB, BUKOPUCTOBYETHCA ITUKAapOU] ypaHy.
MaxkcuMyM M’SKOTO IIBUAKOTO CIIEKTpa HEMTPOHIB peakTopa 3HaxoauThes B obnacti 20-50 xeB, mio Bixmo-
BiJIa€ CIIEKTPY HEHTPOHIB Yy TOMOT€HHOMY CepeAOBHUII 3 nukapOiny ypaHy. Takox y KOHCTPYKIIii peaiizo-
BaHO IEPEMILICHHS aJIMBa, B IKOMY ODKUTH XBHJISI TOJLTIB, BiIHOCHO CTIHKH NAJIMBHOTO KaHAJY.

1. V.D. Rusov et al. Sci. Technol. Nucl. Install. 2015 (2015) 1.
2. V.D. Rusov et al. Prog. Nucl. Energy 83 (2015) 105.
3. V.D. Rusov et al. Interdiscip. Stud. Complex Syst. 9 (2016) 36.
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E®EKT HAKOINMMYEHHSI HEUTPOHIB Y COEPUYHOMY I'A30BOMY CEPEJOBHIII
MIX JUKEPEJIOM HEMTPOHIB TA BIIBUBAYEM

B. O. Tapacos, C. A. Uepneskenko, JI. €. Kpemy.,
M. P. lllepOuna, JI. B. Bucounn, O. C. CokosnoBa

Hayionanvuuii ynieepcumem «Odecvka nonimexuikay, Odeca, Yxpaina

[ligBuiieHHsT TYCTHHH TIOTOKY HEHTPOHIB, IO BUIPOMIHIOETHCS KEPENIOM HEUTPOHIB, MOXE OyTH
KOPUCHOIO Ha mpakTulli. Hampuknaz, iHimiamis pexuMy Oirydoi XBWIII HEHTPOHHO-SAEPHUX MOIUTIB Y
peakTopax HOBOTO IIOKOJIHHSA, IO TPalIOBaTUMYTh y TaKOMY pEXHMi, TOTpedye po3poOKH iKepeln
HEHTPOHIB 3 TYCTMHOIO TOTOKy mopsaky 10™ u/(cm?c) i Bume [1, 2]. Taki mkepena Takox HeoOXimHi ans
MIPOBENEHHS JOCIIIKEHb y rany3i paiamiinoi (i3uku Marepiatis.

Po3pobraeno ¢izuuny mMozens Ta OanaHCOBE PiBHSIHHS HAKOMMYECHHS HEHTPOHIB, IO BUIPOMIHIOIOTHCS
JOKEPEIIOM HEUTPOHIB, JJisi 00’€eMy MIXK JDKEpPEIOM HEUTPOHIB Ta BiOWBaYeM HEWTPOHIB, IO 3allOBHEHE
razom [3, 4]. 3 6asaHCOBOTO PIBHAHHS OTPUMAHO BHpa3 I MAKCHMAILHOTO 3HAYEHHS KiTBKOCTI HAKOMHYe-
HUX HEWTPOHIB Ta BUPa3 IS OLIHKU BiIHOCHOTO HAKOMMYEHHSI HEUTPOHIB JJO TTOYATKOBOI IXPbOT KIIBKOCTI.

VY po6oTi HaBeAEHO PO3PAaXyHKOBY 3aJIE€KHICTh BITHOCHOTO HaKOIMYEHHs HEUTPOHIB B 3HaYeHb Koedi-
Li€eHTa BiIOMTTS HEUTPOHIB BinOuBaueM. Po3paxyHKH BUKOHAHO JUIs JKepelia HEWTPOHIB 3 TYCTHHOIO MOTO-
ky 10" n/(cm?-c) Ta emepricro Heiftponis 13 MeB, 3a yMOBH, IO TIPOCTIp Mik JKepesoM i BiOuBauem
3allOBHEHHUH TeJlieM 3a CTaHAapTHUX YMOB. Takok HaBeEHO PO3PaXyHKOBY 3aJICKHICTh BiTHOCHOTO HAKO-
MMMYCHHSI HEUTPOHIB BiJ Koe(illieHTa X BIZOUTTS BimOMBaveM JJs JHKEepesia HEUTPOHIB 3 TYCTUHOIO IMOTOKY
10" n/(cm?-c) Ta eneprieio TernoBux Heiitponis 0,025 eB 3a yMOBH, 110 MPOCTip MiX JKEpesIoM i BinOuBa-
YeM 3all0BHEHUH TeflieM, KOHLEHTpALlisl siAep SIKOTO Ha J1Ba MOPSAKU MEPEBUILYE X KOHLEHTPALIIO 3a CTaH-
JapTHAX YMOB. 3TiTHO 3 OTPHUMAHHMHU pe3yJbTaTaMH y ra3oBOMy 00’€Mi HaKOMMYYETHCS Taka JOAATKOBA
KUTBKICTh HEHTPOHIB, IO Ha JICKiIbKA MOPSIKIB IEPEBUIILY€E MOYATKOBY KUIBKICTh HEHTpOHiB. TakuM 4nHOM,
MIOYaTKOBOIO KIJIBKICTIO HEWTPOHIB Ta iX MPOCTOPOBHUM PO3IMOAITIOM MOXKHA 3HEXTyBaTH. OTKe, y Ta30BOMY
00’eMi MDX JDKepenoM 1 BimOmBaueM (QOPMYEThCS XAOTHYHA CYKYITHICTh BEJHKOi KITBKOCTI HEHTpPOHIB,
1oi0Ha /10 TEIUIOBOTO Xa0Cy MOJIEKYJI rasy.

=

V. Tarasov et al. World J. Nucl. Sci. Technol. 13 (2023) 73.

M.R. Shcherbyna et al. Nucl. Phys. At. Energy 25(4) (2024) 357.

3. C.B. llupoxkoB. Qusuxa sid0epuvix peakmopos. Yueb. nocobue s crya. By3os 2-¢ u3n. (Kuis, «HaykoBa gymkay,
1998) 288 c.

4. B.M. [laBnoBuy. @izuka sdeprux peakmopis. (YoproOmib: [HcTuTyT mpobnem 6esmexu AEC, 2009) 224 c.
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AJIAITUBHUI HEHPOMEPEKEBHI1 KOMILIEKC J1J151 ABTOMATUYHOI JIATHOCTUKU
TEILIOTIPABJIIYHUX NPOLIECIB B SIIEPHUX PEAKTOPAX

I'. 1. IllapaeBcbKHH

Incmumym npobnem besnexu amomuux enexkmpocmanyiti HAH Ykpainu, Kuis, Ykpaina

Hocmanoexa npodoremu. CydacHi CHCTEMH MOHITOPUHTY B CTPYKTYpPi aBTOMaTH30BaHHX CHUCTEM yIIpaB-
JIHHS TEXHOJIOTIYHUMH MpoliecaMu aTOMHHX ejekTpocTanuiil (AEC) He 3a0e3meuyoTh aBTOMaTHYHOTO (hop-
MYBaHHS AIarHOCTUYHUX PIlIEHb CTOCOBHO DAY BU3HAYANbHUX Ul O€3MEKH SIepHOI €HEproyCTaHOBKH
(AEY) TexHONOTIYHUX MPOLECIB Ta PEKUMIB €KCILTyaTallii KpUTHYHO BAXKJIMBHX €JIEMEHTIB Ta CUCTEM IIi€i
TexHiuHOi cucTeMu. POpMyBaHHS IiarHOCTHYHHX pillleHb MOKJIAAEHO Oe3lmocepenHbo Ha ONepaTopiB saep-
HOTO €HeproOJIoKa, SIKi B YMOBaX BHCOKOTO ICHXO(hI3MIHOTO HaBaHTaXXEHHS Ta OpaKy 4acy MaloTh Ha OCHOBI
BJIACHOTO JIOCBIJTy Ta Bi/IMIOBITHOTO PETJIIAMEHTY EKCILTyaTaIlii BiAHANTH MOPYIICHHS, BU3HAYNUTH HOTO THIT Ta
MPUAHATY IPEBEHTHUBHI 3aX0AM JJIs 3a1I00iraHHs PO3BUTKY aBapiiiHoi cutyaii [1]. Takum unHOM, B yMOBax
iH(OopMaIliifHOTO TIepeBaHTAKEHHS ONIEPATHBHOTO ITEPCOHATY BUKOHAHHS (DYHKIIiH 3 TIarHOCTHKH €JIEMEHTIB
CKJIaTHOTO TEXHIYHOTO 00’€KTa B pyYHOMY PEXXHMMI HE MOXe OyTH SKICHO BUKOHAHO.

Mema pobomu monsrae B po3poOIli MiIXOAIB 10 HABYAHHS Ta aJanTailii MTYYHOI HEHPOHHOI Mepexi
(ILTHM) 3 Tomosoriero Koxonena [2] B yMoBax anpiopHO1 HEBU3HAUEHOCTI MHOXHMHH KJIACIB, [0 MM ISATal0Th
PO3Ii3HaBaHHIO 3 BUKOPUCTAHHAM METO/IB TEOPIl CTOXaCTHYHMX TUHAMIYHHX cucTeM [3].

3aoaui diaeHocmuxu 6 yMo8ax anpioproi HeU3HAUEeHOCI MHONCUHU KAACIE.

Oco6aMBOCTI po3Mi3HABaHHS AWHAMIYHHMX A1arHOCTUYHUX 00 €KTIB 3a HAIBHOCTI OOMEKEHb Ha anpiopHY
iH(OpMAaITiIo 010 MHOXXUHH KJIaciB, SKi MiIATal0Th PO3ITi3HABAHHIO, TTOJIATAIOTH Y TAKOMY:

a) BIIOMHIMH € HaBYaJIbHI BUOIPKH CTOCOBHO IITATHOTO PEXXUMY eKcIuTyararii oomagHanag SAEY;

0) BioMa KiHIIeBa MHOKMHA CIIEKTPaJbHUX O3HAK, B SIKMX 3MiHA CTATUCTUYHUX BIACTHBOCTEH CHUTHAIIB
XapakTepu3y€e MOMEHT MIXKKJIaCOBOTO MEPEXOAY BiJl IUTATHOTO PEXXUMY E€KCIUTyaTalii 10 HeperIaMeHTHOTO.

Hei#t Tum 3amav BiAPI3HSAETHCS BiJ PO3MISHYTHX B poborax [2] yMOB po3mi3HaBaHHS JIarHOCTHYHHX
00’€eKTIB y 3ajayax 3 TONEPEIHbO BIJOMUMH €JIEMEHTAMH HaBUYaJIbHOI MHOXHHU A={A1,A2,...,AM }, j11(0)

yTBOpEHa KOHKPETHUMH JIiarHOCTHYHUMU 00’ ektamiu. Lls anpiopHa iHdopMmaliist Ha eTani HaBYaHHS, BUXOSUU
3 XapaKTepHOI CIMEKTPAIBHOI CTPYKTYPH Ta YaCTOTHOTO Jiana3oHy curHamiB [1], mpuHIMIOBO MOXe OyTH
HajlaHa eKcliepToM. TakuM YWHOM, BH3HAYalbHUM Yy 3a3Ha4€HUX JIarHOCTHYHHX YMOBaX BiJIOBIAHO IO
3a3HavyeHoi creur@ikyd po3Mi3HAaBaHHS € TOW (akT, 110 aBapiiHa AMHAMIKa MPAaKTUYHO HE MOXKE OyTH
BiJITBOpEHA Ha BiJIMOBIIHUX JTOCTITHAIIKUX CTEHJaX 3 MPUYUHY HETIOBHOI BiJIMOBIMHOCTI (Pi3MIHUX YMOB Ha
UX CTEHAAX peaJbHUM (Pi3MIHMM IpoIecaM B YMOBaX €KCIUIyaTallil, a TaKoX depe3 MOTEHIIIIHY Hebe3meKy
po3BUTKY Tipu BifaTBOpeHHI B yMoBax AEC aBapiitnux mporeciB. Came uepe3 Bulle3a3HaueHi 00’ €KTHUBHI
YMHHHUKH CIEKTPajbHI pealizallii NOTeHIIITHO HeOe3MeYHNX MepeaBapiifHuX eKCIDTyaTallifHuX CTaHIB HE €
BIJIOMUMU EKCIIEPTY.

Ha puc. 1 sk npukiiaa HaBeIeHO JIBi TUIIOBI CIICKTPAIbHI peaji3allii JiarHOCTUYHUX CUTHAJIIB HEHTPOHHOTO
myMy, IO BIiANOBiNAIOTH: a) Kilacy Al KOHBEKTHBHOI TEIUIOBiAadi 3 IMOBEPXHI pEaJbHUX TBEIIB B
excriepumenTanbHiit TB3; 6) po3BuHEHii TeruoriapaBiunii anomaii (knac A3) y uiit TB3, mo Bigmnosinae
PEXUMY IyXHPLEBOrO KHUIIHHA TEIUIOHOCIS, TOOTO TmepeaaBapiiiHoMy crany. Crij 3a3HayWTH, IO
CHEKTPaJIbHI CTPYKTYPH LIMX CUTHANIB € HACTIJILKM MOAIOHMMH, 1110 iX Bi3yasibHa 11eHTHU(IKALS eKCIIEPTOM-
J1arHOCTOM y peaJIbHUX YMOBAaX € HEMOXJIMBOO. TakuM YMHOM, aHOMaJIbHUH TEIJIOT1IPaBIiuHUMI PEXUM, 110
BIJIMOBi/Ta€ TIOYATKy KWITIHHS TEIUIOHOCIS Ha MOBEPXHI TBEIIB 1 CTAHOBUTH Kiac A2, eBPUCTHYHO HE MOXKE
OyTH 11eHTU(IKOBaHMIA EKCIIEPTOM-IIarHOCTOM Ha OCHOBI Bi3yaJIbHOTO aHAJII3y CTPYKTYPHU I[LOTO CUTHATY.

u T T L) T T T T T T

Puc. 1. Tumomi peamizamii JiarHOCTHYHUX CHUTHATIB
HEHTPOHHOTO INyMy, IIO BiIMOBIJAIOTH: a) INTATHOMY
pexumy (knac Al) KOHBEKTMBHOI TeruioBiagaui 3
- MOBEPXHI peaibHUX TBEJIB B eKcrepuMeHTanbHii TB3
! peaktopa BBEP-440; 6) po3BuHEHI! TeIuIOTiapaBiIiuHiit
E' anomauii (kimac A3) y i TB3, 3 myXxuprieBuM KAIIHHAM
g TEIJIOHOCIS B aKTHBHil 30HI IILOTO peakTopa.
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BusnauenHs mexi Mix kinacamd Al Ta A2, mo € HEBIIOMOIO eKCHepTaM, y JaHiid poOOTi MpakTHYHO
pearizoBaHO Ha OCHOBI MATEMATHYHOTO MiXOAY J0 BU3HAYCHHS MOMEHTY PO3JIaJKH BUMIAJKOBOTO YaCOBOTO
psny [3]. Ocranniii hopMy€eThCsi BIAMOBITHO ITOCIITOBHICTIO PiBHIB CHEKTPAJbHOI MOBHOCTI B CIIEKTpax
JIarHOCTUYHOTO CUTHATY HEHTPOHHOTO IIyMY 3i 30UIBIICHHSM TEIUIOBOI MOTYKHOCTI PEaKTOPHOTO KaHATYy.
JociimkeHHs 3a3HaueHNX BUTIQJIKOBUX YACOBHX PsIiB, BAKOHAHI B IaHi# poOOTi, JOBEIH MOKIIMBICTh IXHBOT
e(eKTHBHOI ampOKCHMAIlil MOCTIIOBHOCTSAMHU aBToperpeciiHoro tumy. Tak, Hexal W,,W,,...,W, €

MIPOIHTETPOBAHOIO MOCITIIOBHICTIO aBTOperpecii (AP), To6TO:

p
VW, =x, VW -W,_, Xt:zq)ixt_i+gt, (1)

i=1

ne V® — omepatop pisHocTi; d — MOpANOK Pi3HOCTI; P — MOPAAOK aBTOperpecii; ®,,....., &  — KoedimieHTn

p
aBTOperpecii; € — He3aJe)KHa rayciBCbKa MOCiIOBHICTb.

AHai3 TOCHIIJOBHOCTEH pIBHIB CIEKTPaJbHOI IMOBHOCTI B I1H(QOpPMAamiiHO 3HAYYIIUX CHEKTPAIHHHUX
O3HaKax HEHTPOHHOTO IIyMy MOKa3aB, M0 MDKKIACOBHH MHepeXiJi CyNpPOBOIKYETHCS CYTTEBOIO 3MiHOIO

. : . T
(p+1) —mipHoro BexkTopa napamerpis mogeni (1) 106to 0° = (P, ....D , 6,) . DopManbHO, BUsBIEHHS GaKTy
3MIHM L[bOTO BEKTOpa napamerpis mozeni AP, a came: koediuientis aroperpecii @,....., D — nae 3mory

BHPIMIUTH 3a1ady BHUSBICHHS IMOYaTKy MDKKIACOBOTO Iepexomy. Ha pwmc. 2 mpencraBieHO pe3ylbTaTh
MIOIITYKY PO3JIAAKH Y KIFOUOBOMY CIIEKTPAIBHOMY KaHali B MOMEHT TiepeXxoy Bij kinacy Al mo kiacy A2.
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Puc. 2. ®opma GyHKIIOHYBaHHS aJrOPUTMY BU3HAYEHHS MOMEHTY MIDXKKJIACOBOTO MEPEXO.LY
332 YMOBH anpiopHOT HEBU3HAYECHOCTI KJIacCiB.

Ha miit xe ¢opmi HaBemeHO oOYHMCIEHI BIAMOBITHO IO 3alpPOINOHOBAHOTO AITOPUTMY MapaMeTpu
aBTOperpecii BiINOBITHOTO YAaCOBOTO PsIy, 3MiHA SIKUX CBIAYMTH PO HAsSBHICTH (haKTy 3MiHU CTATUCTUYIHUX
BJIACTUBOCTEH L[LOTO PSAY B MOMEHT 3a(hiKCOBAaHOTO MiXKKJIACOBOro mnepexony. Iloka3oBo, mo crnekTpaibHi
KaHAJIA JUIS TIONIYKY PO3JIATKH OYJIH TOMEpPEIHhO BH3HAYCHI €KCIEPTOM, BHUXOISYH 3 BIIOMHX (hi3HIHUX
0co0IMBOCTEH TPOLIeCy KUTIIHHS TETUIOHOCIS Ha IOBEPXHI TBEJIB Ta XapaKTepHHUX BIACTHBOCTEH HEHTPOHHOTO
IyMy, SIK JIarHOCTHYHOTO CUTHaily. ABTOMAaTHYHE BU3HAYCHHSA Mexi MK kiacamu Al Ta A2, a Takox
HACTYITHE BHOKpeMIICHHs Kiacy A3 mamo 3Mory cdopmyBaru BianosiaHi HaB4anbHi BuOipku [1]. e mamo
MOJKJIMBICTH €(DEeKTHBHO peani3yBaT aBTOMaTHYHY JiarHOCTHKY Ha ocHOoBi LITHM 3 Tomomnorieto Koxonena.

Bucnosxu.

1. locnimpkeHHsT CTPYKTYPH BUIAIKOBUX YACOBHX PAIB, IO YTBOPEHI PIBHAMHE CIIEKTPAILHOI IIOBHOCTI B
iH(opMaIliitHO 3HAYYIMKX YaCTOTHHUX JTialla30HaX CIIEKTPIB CUTHAIIIB, SKi HAAXOAATH 3 BUXOY IarHOCTUIHUX
CEHCOPIB JIOBEIM MOKIIMBICTD iX e()eKTUBHOT alpOKCUMAIlii TIOCITiJOBHOCTSIMH aBTOPETPECIHHOTO THITY.

2. BupimenHs 3agaui amanrtamii XiarHOCTUYHUX HEWPOMEPEKEBUX CTPYKTYp O KOHKPETHOTO 00’€KTa
IiarHOCTHKM B YMOBaXx anpiopHOi HEBU3HAUYEHOCTI MHOXKUHH KJIACiB, IO MiUIATal0Th PO3Ii3HABAHHIO, MOXE
OyTH e(heKTHBHO peai30BaHe Ha OCHOBI TEOPIi CTOXaCTUYHHUX TUHAMIYHUX CUCTEM

1. T'.I. IIapaeBcbkuii. HedipomepexkeBi mporpaMHi 3acO0HM [Isi aBTOMATHYHOI JIarHOCTUKK €JIEMEHTIB OO0JIagHaAHHS
aTOMHHUX €NIeKTPOCTaHIIii. ABToped. auc. ... kaua. texH. Hayk (Kuis: [IIME HAH Ykpaiuu, 2011) 24 c.
2. C. Xaiikun. Hetiponnvie cemu: noanslii kype. 2-¢ u3n. (Mocksa: Bunbsmc, 2016) 1104 c.

3. A.A. Xuranesckuii, A.E. Kpackosckuii. Obrapyoicenue paznadku CiyuaiHblx Rpoyeccos 8 3a0aiax paouomexHuKu
(JL.: U3n. Jlenurp. yH- Ta, 1988) 224 c.
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PAJTALIITHA ®I3UKA
TA PEAKTOPHE MATEPIAJIO3HABCTBO

SILICON P-1-N DIODES: FROM EMERGENCY DOSIMETERS
FOLLOWING THE CHORNOBYL ACCIDENT TO USE IN LONG-TERM SPACE MISSIONS

I. E. Anokhin
Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv

The study of the effects of radiation exposure on the electrophysical properties of silicon is a fundamental
problem in semiconductor physics and a key foundation for the development of modern radiation-resistant
sensor systems. These issues have become particularly relevant following the Chornobyl nuclear accident,
with new experiments at the hadron collider at CERN, the development of new methods in medical radiation
physics, and in the context of long-duration space missions, where the effects of radiation are a critical
factor.

The author’s works have established a generalized physical concept describing the relationship between
radiation defects and changes in the electrophysical characteristics of silicon p-i-n structures. A model for the
stabilization of the Fermi level in high-resistance silicon in the presence of multicharged amphoteric centers
has been proposed, and conditions for conductivity-type inversion at high irradiation doses have been
established [1]. These results have made it possible to explain several experimental effects observed in
radiation-damaged silicon (Fig. 1).
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Fig. 1. Dependence of the concentration of free charge carriers in high-resistance detector silicon irradiated with fast
neutrons on the irradiation dose at various initial concentrations of shallow impurities: a — experiment, b — theory.

A key result is the identification of the mechanism of shift of the voltage-current characteristics of p-i-n
diodes under the influence of neutron irradiation (Figs. 2 and 3). It has been shown that at high doses, not
only the degradation of the lifetime of charge carriers but also the change in the specific resistance of silicon
play a decisive role. This made it possible to significantly expand the dynamic range of measurements and
develop highly sensitive emergency dosimeters, which were used to monitor radiation fields following the
Chornobyl accident [2]
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Fig. 2. Geometry of a p-i-n diode. Fig. 3. Dependence of the voltage drop across the base

of a p-i-n diode on the radiation dose.
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Based on these results, new approaches have been developed for creating universal sensors for neutron
and mixed dosimetry. Methods have been proposed for simultaneously determining non-ionizing and
ionizing energy losses using a single p-i-n diode, which is important for applications in complex radiation
environments [3].

A separate line of research is devoted to silicon strip detectors. Solving the two-dimensional electric field
distribution problem, taking into account the transverse component, made it possible to refine the charge
collection mechanisms and achieve a spatial resolution of several microns. The results were applied to the
development of position-sensitive detectors for charged particles and neutrons [4].

Further research is focused on medical applications, particularly dosimetry of high-intensity synchrotron
radiation. It has been shown that at high charge carrier densities, it is necessary to account for nonlinear
recombination effects, including the Auger mechanism, which determines how the detector response depends
on the dose rate [5].

The current stage of research is focused on space applications. Planar p-i-n structures with a variable base
length have been developed, enabling the creation of sensors with a wide dynamic range for measuring non-
ionizing energy loss (NIEL) (Figs. 4 and 5) [6]. Such sensors show great promise for monitoring the
degradation of electronics and solar cells in the space environment.

o . i p-n #4, " contact average terminal current density o

B i #4 (=3 mm}

Jne (A7)

Fig. 4. Planar structure: 4 p-i-n diodes Fig. 5. Shift in the voltage drop across a planar p-i-n diode
with different base lengths (#4, with a base length of 3 mm) as a function of neutron irradiation dose.

For the first time, the effect of partial irradiation of a diode’s volume — characteristic of space conditions,
where the radiation field is non-uniform — has been systematically investigated. It has been shown that the
spatial distribution of damage can lead to systematic errors in the determination of NIEL, which must be
taken into account when calibrating sensors (Fig. 6) [7].
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Fig. 6. Irradiation of a bulk p-i-n diode with an 8 MeV proton beam at a fluence of ® = 2.1-10'*'cm=,
a — calculated distribution of the effective impurity concentration N along the trajectory of incident protons
(1-D and 3-D); b — calculated current density.

The results obtained demonstrate the evolution of silicon p-i-n diodes from emergency dosimeters to
universal sensors for complex radiation environments. The proposed approaches form the basis for the
development of a new generation of radiation-resistant sensors capable of reliably monitoring radiation
effects during long-duration space missions, including interplanetary flights.
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BIIJIMB OITPOMIHEHHA MAJIUMU N1O3AMU
HA BUITPOMIHIOBAHHS CBIYKOBOI'O ITAPA®IHY
P 3BY]I)KEHHI ®OTOHAMM PI3HUX EHEPI'TI

10. A. Banaypun?, 1O. B. ®enypus?, III. b. Moanap®, O. I0. Banaypun®, M. B. Tomumun®

Y Incmumym enexmponnoi gisuxu HAH Yipainu, Yoceopood, Yrpaina
2 Komynanvie nexomepyiiine nionpuemMcmeo « 3axapnamcoKutl Rpomunyxiunnuil yenmpy 3axapnamcokoi OBA,
Yorczeopoo, Vrpaina
3 leporcasnuil uuyuii HASYATLHULL 3K1A0 « YH20p0OChKUI HAYioHanbHull YHigepcumemy, Yoceopoo, Yrpaina

HocnimxeHas QOTONMIOMIHECHEHIIT OMPOMIHEHUX EIEeKTPOHAMHU 3pa3KiB MOPOIIKOBUX aMiHOKHCIIOT Ta
MOHOCaXapHIiB MOKa3al, 0 OCHOBHUN BHECOK B eMicito GoToHiB BHOcATh panukanmn CH ta OH 3i ckinamy
LUX MOJIEKYJ. AHaji3 pe3yJbTaTiB ONIPOMIHEHUX LIUX 3pa3KiB CYTTEBO YCKIAAHAETHCS MOXKINBUM IIEPEKPUT-
TSM BHECKY BHIIPOMIHIOBAHHS KOXXHOTO 3 PaJMKalliB B JOCHIIKCHOMY CHeKTpajdbHOMY niama3oHi 400—
700 am. ToMy B 1iif poOOTI peAcTaBlIeH] pe3yNbTaTh AOCIiIKEHb BIUTUBY OIIPOMIHEHHS €IeKTpOHAMU 3pa-
3KiB CBIYKOBOIO MapagiHy Ha CIEKTPH HOTO BUIIPOMIHIOBaHHS MpH 30y/pKeHHI GoToHamu 3 A = 275, 323,
351 Ta 380 HmM. [Ins BHTOTOBJICHHSI CBIYOK OLIOTO KOJBEOPY BUKOPUCTOBYETHCS INTYYHUH mapadin minx
HA3BOIO TEHTPIaKOHTaH 3 MOJIEKYIIIpHOI0 hopmyiaoro CHs-(CH2)2o-CHs. Came 6imuit mapagid BUKOpHUCTaHIH
JUIS BUTOTOBIEHHS 3pa3KiB. BoHM 6yIM BHTOTOBJEHi y BMIVIAA MPAMOKYTHHKIB 25 x 25 MM? TOBIIMHOIO
3 MM. PosmraBnenuii mapadin 3aauBain y crieniaabHy GopMy, IMCIT Y0T0 BiH IPUPOIHO OXOJIOIHKYBABCS 10
KIMHATHOI TeMIlepaTypu. Y Npoleci 0XOJOIKEHHS MOXKJIMBE YTBOPEHHS KpHCTaliyHOi ¢a3u mapadiHy Sk
CTUTBHHMKOBO1, Tak i oJiBIeBOi (popM. MikpocKomiYHe JOCHTIIKEHHsI MOKa3aJi0 HasBHICTh XaOTHYHO PO3Ta-
IIOBaHMX MIKPOKPHCTANIB Pi3HOT POPMH K y BUIIIAAI OJDKOTMHHUX CTUTFHHUKIB, TaK 1 0araTorpaHHUKIB.

OmnpoMiHeHHs 3pa3KiB Macoro 3 T 3MiCHIOBAIM Ha yCTaHOBII HalCyon my4kom elmeKTpOHIB 3 €HEepricro
6 MeB niamerpom 10 cwm. ITix yac onpomineHHs1 BukoprcTano texHosorito Flattening Filter Free, sika 3amo-
Oirae MoOTpamIsIHHIO €HEepril TaJbMiBHOTO BUIIPOMiHIOBaHHS. Bu3HaueHHS 1031 ONMPOMIHEHHS 31HCHIOBAIO-
Cs1 3a JOTIOMOT'OI0 IITAaTHOTO J03WMETpa Mpuiaay 3 TouHicTio 1 %. [{ns BuBueHHs emicii ¢oToHiB ipu ¢oTo-
30yKEeHHI 3pa3ku ompoMmiHtoBasncs mozamu 0,2, 0,5, 2 ta 5 I'p. Jlnsg BEMiptoBaHHS CIIEKTPIB CBIUCHHS
BUKOPHCTaHO criekTpodurroopodoromerp Shimadzu RF 6000. 30ymxenHs emicii GoTOHIB Bif 3pa3kiB mapa-
(iHy IpOBOAMIOCS 3 BUKOPUCTAaHHIM 4 NOBXHMH XBWIb — 275, 323, 351 ta 380 HM.
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Puc. 2. Ciektpu 30y KEHHS ONIPOMIHEHUX
3paskiB napadiny s A = 432 HM.

Juia npuknany Ha puc. 1 Ta 2 TIOKa3aHO 3MiHM CIEKTPiB BUNpOMiHIOBaHHA B nianazoHi 400-700 am muis
Ass = 351 HM Ta criekTpiB 30ymkeHHs B maiana3oHi 240400 um s A = 432HM (OCHOBHHI MakcuMyMm). BoHu
JEMOHCTPYIOTH BIUIMB J03W ONPOMiHEHHs (hopMyBaHHsI crieKTpiB. OcoONMBO BiJ4yTHO 3MIiHIOIOTHCS CIIEKTPU
3paskiB, onpominennx mo3amu 0,2 Ta 0,5 I'p. OcHoBHU# MakcumyM Tipu 431,5 HM 30iraeThcs 3 TOBXHHOIO
xButi mepexony paukana CH A?A-X?I1. TTpupona iHIIMX MaKCHMYMiB, IO CTIOCTEPIiraloThes TIOKH IO HE
BCTaHOBJICHA. 3 HAaBEJCHHX Ha pPHUC. 2 CHEKTPiB 30y/DKEHHSI TaKOXX BUILUIMBAE, II0 OCHOBHI 3MiHHM IiCJIs
OTPOMIHEHHS CIIOCTEPIraroThCs s 3pa3kiB 3 103010 0,2 Ta 0,5 I'p. EHepreTiuHe NOI0KEHHS MAKCUMYMIB Y
CIieKTpax 30YKeHHsI CBIMUWTH, IO MPH (oTo30yKEHHI BiIOYBAETHCS IE ¥ KacKagHE 3aceICHHS TepMy
A’A 3 6inbIn BHCOKOEHEepreTHuHUX TepMmiB B2X~ ta C?L*. HaitiMoBipHille, IpH ManuxX 103aX ONPOMiHEHHS
MHU CITOCTEpIraeMo iXHill BIUTUB Ha 3MIiHY CTPYKTYPH MOJIeKyH napadiny 6e3 i ¢pparmenrarii.
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OPAI'MEHTALIA MOJIEKYJI BAJIIHY
EJIEKTPOHHUM YJAPOM HICJIAA OITPOMIHEHHSA

0. A. banaypus, JI. O. Bannypuna

Tnemumym enexmpounnoi ¢izuxu HAH Yxpainu, Yoceopoo, Yrpaina

JocmimkeHas pOTOMIOMIHECIIEHTIT OMTPOMIHEHHX 3pa3KiB MMOPOIIKOBUX aMiHOKHCIOT [1] mokasamw, 1o
HaHOUTBIIN 3MiHH iIHTEHCHBHOCTEW BUIIPOMIHIOBAHHS Ta ()OPMH CIIEKTPIiB BiIOYBAIOTHCS IS 3pa3KiB, OMPO-
MIHEHHUX eJIeKTpoHaMu 3 eHeprieio 6 MeB i1 nesenukumu mozamu — 0,2 ta 0,5 I'p. Came Taki 1031 ompomi-
HEHHS € HaHOIbII MOMMPEHUMH B NPAKTHUIl IPOMEHEBOI Tepamii myxiauH. Y poOoTi JOCHIIKEHO CIEKTPH
CBIYEHHS MOJIEKYJ BaJiHy Micis ompoMiHeHHS fo3o0to 0,5 I'p mpu ix momanpimioMy 30yIKeHHI eTeKTPOHHUM
yZAapoM.

Pe3ynbTar 3iTKHEHHS €IEKTPOHIB 3 MOJIEKYJIaAMH BalliHy PEECTPYBABCS ONTHYHUM MeTOHOM [2]. 3iTKHEH-
Hs BiZOyBaJOCh Y MapOHANIOBHEHIM KOMIpI, Jie CTBOpIOBANAcs HeOOXiJHA KOHLEHTpPALlis MOJEKYJ BaJliHy.
KoniMoBaHu#i My4oK €IEKTPOHIB AiaMeTpoM 2 MM, CHiIol cTpyMy ~30 MKA B inTepBaiti eHepriit 5—70 eB
MEPEeTHHAE MMapOHANOBHEHY KOMIPKY Ta JeTeKTyeThcs numinapoM Papanes. Peectpauis BUIPOMiHIOBaHHS,
10 aHANI3y€eThCs AUPPAKIIHHIM MOHOXpoMaTopoMm MJIP-2, 3xiiicHIoBaIacs 3a JOMOMOTOI0 (POTOSIEKTPOH-
HOTO MOMHOXXyBaya. ONTHYHI CHEKTPH B Jiana3oHi HOBXUH XBWiIb 250—450 HM BUMiproBaiics 3 KPOKOM
0,814 HM, a WIITMHA MOHOXPOMAaTOpa MKUPHHOIO 1 MM 3abe3nedyBany po3aiIbHY 30aTHICTh AL = 2 HM.

Ha puc. 1 moka3aHo CeKTpH BUIIPOMIHIOBAHHS ITiCJIA 3ITKHEHHSI MOJICKYJ BaJiHy 3 €JICeKTPOHAMH 3 €HEP-
rieto 30 eB, a Ha puc. 2 — 3 eneprieto enexTpoHiB 50 eB. BunHo, 1o B pe3yibTaTi 3ITKHEHHS! €IEKTPOHIB 3
MOJIEKYJIaMH yTBOPIOETHCS IiJTa HU3Ka MOJIEKYJIIPHUX (parMeHTiB y 30y KEHOMY CTaHi, II[0 TPU3BOIUTH 10
MOSIBU eMicii MOJIEKYIAPHUX CMYT iX BUNPOMiHIOBaHHS. OTHO3HAYHO IHTEPIPETYBAaTH MOXHA JIUIIE YACTHHY
3 Hux. Tak, mupoka cmyra noommsy 307-320 HM npu 30ibIIeHH] eHepril enekTpoHiB 10 50 eB abcomoTHO
YiTKO JAEMOHCTPY€ HasBHICTH ABOX OJIN3BKO PO3TAalIOBaHMX cMyr. binbm koporkoxBuiboBa 307-309 Hm
OJHO3HAYHO BUIIPOMiHIOEThCA paaukanoM OH (mepexin A%L*-X?IT; ik kommBansEuMH piBHSME 0-0).
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Puc. 1. Cnexrpu BunpomintoBanns s E = 30 eB. Puc. 2. Cnektpu BunpomintoBanHs it E = 50 eB.

IMepexomu 1i€l x cucreMu 3 KoiuBaJbHUMH piBHAMU 1-1 npu A =3125+3145um Ta 2-2 npu
318,5 + 321 + 323 HM HEe MOXKYTh BHIIPOMIHIOBATH OiIBIN iIHTCHCHBHY cMyTy TipH 50 B ToMy, 110 3aceneHHs
upx piBHiB HabaraTo Hrokye, HiK piBHIB 0-0. Tomy muTaHHS igeHTH(IKALIl JOBrOXBHILOBOI YaCTHHHM Ifi€l
LIMPOKOI CMYTHU 3aJMLIA€ThCS BIAKPUTUM. AHAJOTiYHA CUTyalis 3i cMyroio npu 289 HM — i moxoIKeHHs
TakoX He BcraHoBleHO. 1[0 cTocyeThes KOPOTKOXBHJILOBOTO «YCTYIy» TIPH 283 M Ol 1i€i cMyTH, TO BiH
YTBOPIOETECS 3aB/IAKH BiJIpa3y JABOM KOMITOHEHTaM. ¥ IIiif e cucteMi nepexoxiB paaukama OH A% X1,
MiXK KONMBaJbHUMHU piBHAMHU 1-0 BUnpoMiHIOETBCS N1Bi cMyrH npu A = 281,2 ta 283uM. OnmHak Ha IO XK
JIOBKUHY XBUJIi MPHUTAac BUMPOMiHIOBaHHs MoneKkymu CO (TpeTs mosuTHBHA rpyma, nepexin bE*-a®Il mix
piBasimu 0-0). YTBOpenns 30ymkennx ¢parmentie OH* ta CO*, HaiiiMoBipHilIe, BitOyBaeThCsi BHACIIIOK
¢parmenTanii kapookcunbHoi rpynu COOH Mosiekynu BajiHy NpH €JIEKTPOHHOMY yaapi. Takox MoKHa
inenTudikyBaTi BUnpoMiHioBaHHA Mosekynu CH (mepexim 3 mepmioro 30yHKEHOTO Ha OCHOBHHH CTaH
monexym AA-XIT; pu 431,5 um).

3arajoM CIIEKTp BHUIPOMIHIOBaHHS ONPOMIHEHOTO BajJiHy Ha0arato iHTCHCUBHILIHMHA, BHACTIJOK YOTO
OinbIn BUpakeHUMH € cMyrH nipu 327 ta 337 uM. 30iIbIIeHHS] IHTEHCUBHOCTI MOJIEKYJISIPHUX €MiCil Orpo-
MIHEHOTO 3pa3ka 0€3yMOBHO € HACIIIKOM (pparMeHTaIii MoJIEKyJl BaJliHy ITiCJsl OIPOMiHEHHS eJICKTPOHAMH.

1. Yu.A. Bandurin et al. Radiat. Eff. Defects Solids 180 (2025) 269.
2. Yu.A. Bandurin et al. Eur. Phys. J. D 76 (2022) 9.
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IH®OPMATHUBHUM CIIOCIE OBPOBEKHU CIIEKTPIB BUITPOMIHIOBAHHS
3PA3KIB IIAPA®IHY, OITPOMIHEHUX EJIEKTPOHAMM 3 EHEPI'IEIO 6 MeB

10. A. Banaypun!, III. b. Moanap?, O. 0. Banaypun?, O. O. Bangypun?

Y Incmumym enexmponnoi ¢isuxu HAH Ypainu, Yoczopoo, Yrpaina
2 Jlepoicasnuil uyuii HASYATLHULL 3aK1A0 « Y20p0oOChKUIl HayionanbHuil yHieepcumemy, Yoceopoo, Yrpaina

Ewmicist ¢oTOHIB 3 TOBEpXOHb MOPOMIKOMOAIOHMX MaTepialiB Micis IXHBOTO OMPOMIHEHHS €IeKTPOHAMHU
notpedye OB NeTaIbHOTO aHali3y Ul CTBOPEHHS 3arajlbHOi KApTHHU peabHUX HACTIIKIB ONPOMIHEHHS
pedoBuHU. [TOpIBHAHHS CHEKTPIB BUIPOMIHIOBAHHS € CUTHAJIBHHUM, aJie MaJIOiH(QOPMATUBHAM 3 TOUKH 30Dy
izenTrdikanii Gi3UUHMX MPOIECiB, MO BiIOYBAIOTHCA Ha MOJIEKYJIIPHOMY PIBHI B PEUOBHHI, IO ONPOMiHe-
Ha. CrieKTp BUIPOMIHIOBAHHS € (YHKIII€I0 PO3MOILTY KUTBKOCTI POTOHIB MO 1X JOBKUHAX XBWJIb Y IEBHOMY
CHeKTpaJbHOMY aiana3oHi. OTke, MOTpiOHO MPOBOAUTH aHAMI3 SK MO KIJIBKOCTI (POTOHIB, TaK 1 MO iX eHeprii
(moB>xuHi xBuii). Y 1iit poboTi MU cripoOyBaiM 3aCTOCYBAaTH HOBUH MiAXiA MIOAO aHATI3y PO3MOILTY Killb-
KOCTi (hOTOHIB, IIIO BHIIPOMIHIOIOTHCS MOBEPXHSIMH 3pa3KiB CBIYKOBOTO TMapadiHy (OIpOMIHEHHUX €IEKTPO-
Hamu 3 eHepriero 6 MeB nmozamu 0,2, 0,5, 2 ta 5 I'p) micis ¢hoTo30yHKeHHS. 3aIeKHOCTI IHTEHCUBHOCTI
BUIIPOMIHIOBaHHS B MaKCUMYyMi BiJl 103U ONPOMiHEHHs HaBedeHO Ha puc. | i 2. BuaHo, mo Ha puc. 2 ans
no3u 0,2 I'p crioctepiraeTbCst MaKCUMyM, TOJII SIK Ha puc. 1 s IIOTO K 3pa3Ka CIIOCTEPITaeThCsl MiHIMYM.
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Puc. 1. 3anexHicTh IHTEHCHBHOCTI BHIpOMiHIOBaHHS Puc.2. 3anexHICTh IHTEHCUBHOCTI BHITPOMIHIOBaHHS
MoBEpxXHi napadiny Bia 103u onpoMmiHeHHs Ha A = 432 HM  moBepxHi mapadiHy Bif 1031 ONpOMiHEHHS Ha A = 432 HM
TUTS A = 351 HM. TUTS s = 323 HM.

Lle o3Hauae, o0 BHACHIZOK 3MiH y mapadiHi Micis ONpOMiHEHHS eNEeKTPOHAMHU BigOyJMCs 3MIHH, MPOSB
SIKHX y CIIEKTpaxX BUIIPOMIHIOBaHHS CyTTEBO 3aJICKUTh Bijl JOBKUHU XBUII 30y/Kytounx (oToHiB. st aHamizy
(hopMH CHIEKTpiB MH CIIPOOYBaJIM MOOYIyBaTH BiTHOMICHHS IHTEHCHBHOCTI BHIIPOMIHIOBAHHS ONPOMIHCHHX
3pas3KiB 10 HEOMPOMIHEHOT'O 3pa3ka, abo IXHIO pi3HHMI0. Pe3ynbTar npencraBieHo Ha puc. 3 1 4. BigHomieHHs
IHTEHCUBHOCTEH BUSBISE LTy HU3KY MAaKCUMYMIB, €HEPIeTHYHE ITIOJIOKEHHS SKUX 30iraeThcs 3 CHEPTiEr0
30ymkenux Tepmie CH. B 3anmexxHOCTSIX Pi3HHUIN IHTEHCHBHOCTEH (IWB. pHC. 4) MPOSBISAETHCS MPUHIMIIOBA
3MiHa Gopmu st 103 2 Ta 5 ['p, 1110 MOB’s13aHO 3 MOYaTKOM (pparMeHTartii MoJieKyJ napadiny.
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TEPMOJUHAMIKO-KIHETUYHMI1 OMMUC PAJIALIAHOI AMOP®I3ALIIT
HAHOKPHUCTAJIIYHOI'O SiC 3 YPAXYBAHHSIM EBOJIIOLII JE®EKTIB TA HYKJIEALIT

10. C. Binoropoaceknii, A. C. lipinsan, B. FO. Cropixkko, O. M. Kpit

Incmumym npuxnaonoi gisuxu HAH Yrpainu, Cymu, Yxpaina

Kap6ig kpemsiro (SiC) € BaXXIMBEM MaTepialoM Cy4acHHX TEXHOJIOTIH 3aBISKM BHUCOKil TEIUIONPOBITHO-
CTi, TBEpIOCTI, XiMiuHiil iHepTHOCTI Ta TepMiuHiii cTabinmpHOCTI. Moro mmpoka enexTponHa 3a60pOHEHA 30HA
1 3IATHICTH MPAIIOBATH B EKCTPEMAILHUX YMOBAX poOIATh HOro MEPCHEKTUBHUM JJIsl €NIEKTPOHIKH Ta sAep-
HUX 1 a8pOKOCMIYHHUX 3aCTOCYBaHb. BogHOUAC ONPOMIHEHHS COPUYHHSE YTBOPEHHS TOUKOBUX Ae(EKTiB, 110
3MIHIOIOTh BJIACTHBOCTI MaTepiany # MOXKYTh BUKJIHMKATH aMopdi3amito, 3yMOBIIOI0UM MOTpeOy B pO3yMiHHI
MexaHi3MiB aerpazaiii SiC.

Memoro HaIOro AOCIIIKEHHS € TEOPETUYHUI ONHC MOSCHEHHS CXMIBHOCTI 710 amopizarii ormpomMiHeHo-
ro HaHokpuctaniyaoro SiC. 3okpeMa, MU JOCIIJHKYEMO, SIK HAKOITMYCHHS PajlialliiiHO-1HAYKOBAaHMX TOYKO-
BUX JIeeKTiB BIUIMBA€E Ha BiIbHY eHeprito [1006ca Hano3epeH 3C-SiC Ta iXHIO CTIHKICTh 10 KPUCTaJIIUHO-
aMOp(HOTO NEePETBOPEHHS MiJ i€t ormpoMiHeHHs [1].

Memooonozis. Y paMkax Teopii XiMi4HOI KIHETHKH PO3TJLIAI0OTHCS HecTalioHapHi AudepeHuiansHi pis-
HSIHHS, IO ONMCYIOTh YTBOPEHHS 1 1udy3io pagianiiHo-iHAyKOBaHUX Ae(eKTiB, peKOMOIHaIil0 BcepenuHi
Ta aHIrULio AedeKTiB Ha 30BHINIHIX Mexax 3epeH [2]. BukopucroByroun TepMoauHaMidHe HAOIMKCHHS
['i66ca B moeaHaHHI 3 TEOPi€I0 XiIMIYHOI KIHETHKH, MU MOJEIIOEMO padialiiiHy aMmopdizawio OIpoOMiHEHOTO
HaHokpuctaniynoro SiC. Mu BusHayaeMo i Oymyemo mpodini KOHUEeHTpauii nedeKTiB, Mo 3alexaTb Bif
PO3Mipy 3epHa, Ta MOKa3yeMo, 10 aMmopdizauisa Marepiany — e (pa3oBHi mepexia nepuoro poay, sSIKUi Mae
BpaxoBYBaTH CTaAiI0 3apOAKOYTBOPEHHs HOBOI (a3u.

Mu posrisimaemo aBa miaxoau: (1) 6e3 ypaxyBaHHs HyKJeallii, 1¢ MH MOPIBHIOEMO MOYATKOBI Ta KiHIIEBI
3HAUCHHS CHeprii cuctemu; (2) 3 ypaxyBaHHSM HyKJealil, Jie €Heprisi CUCTeMU BH3HAYAETHCS SIK IS
MOYaTKOBOTO CTaHy, TaK i AJs MPOMDKHUX ABOGasHuX craHiB. [lapameTpu po3paxyHKiB y piBHAHHIX Oyiu
BU3HAYCHI IS BUIMAJAKY onpoMiHeHHs ioHamu Sit 3 eneprisimu 10-50 keB i mBuakicTio reHepaitii 1edexTis
Ky = 2-1033na/c [1].

Pesynomamu. Y paMkax IOCHIIKEHHS MM TOKa3yemo, Io: 1) BiIHOCHI KOHUEHTpauii pamiamiiHux
BakaHCiil y HaHOpo3MipHUX 3epHax SiC Buili, HiK y MacuBHOMY Marepiaini SiC; 2) BinXuieHHs KOHLEHTpa-
LIl BakaHCii Ta MDXBY3JIIB BiJl KOHIEHTpALid B ONPOMiHEHOMY MacHBHOMY MaTepiajli CTaHOBUTH HOPSIIKY
5-10 % st 3epen posmipom d = 2 HM; 3) KOHLEHTpALisl BaKaHCil 301IbIIY€ETHCS 31 3MEHLICHHSIM PO3MIipy
3epHa.

BpaxyBanHs HykJjealii CyTT€BO 3MiHIOE OINHUC, POOJITYM HOTO KIIOYOBHM (DaKTOPOM y PO3YyMiHHI MOBe-
ninku amopgizanii HanozepeH SiC, a TOPIBHAHHS 3 €KCIEPUMEHTAIBHUMHU JaHUMH MOKa3yIOTh Kpallly y3ro-
JDKCHICTB: 30UIBLIYEThCST HEOoOXiqHa 103a onpoMiHeHHs s amopdizaii (DTA) HaHO3epeH MOpIBHSHO 3
migxomoM 0Oe3 ypaxyBaHHsS HyKIeallii, mpoTre He MPHU3BOAUTH 10 BUMMX 3HadeHb DTA mopiBHSHO 3
00’eMHHMH 3pa3KaMH. 3aIpONIOHOBaHA MOJIENb Mependadae 3MEHIIIeHHS 103U [Tt amopdi3altii 31 3SMeHIIIeH-
HSM pO3MIpy 3€pHa, a TaKoX IOKa3ye, M0 caM Mo co0i NMOBEpXHEBUH CTiK (aHITUIALISA) paiariiiHo-
IHAYKOBaHMX TOYKOBHUX Ae(EKTiB He 3a0e3ledye IMiIBUIICHHS PaIialliiiHOi CTIMKOCTI HAHOKPHUCTAJIIYHOTO
SiC 6e3 ypaxyBaHHS iHIINX MEXaHI3MiB, 30KpeMa HYKIICAIiiTHIX eeKTiB.

Hocnimxenas npoBoxasatees y pamkax HJIP JlaGoparopii KOMIO3ULIHHUX MaTepialliB aTOMHO-BOJHEBOT
enepretuku lHcTuTyTy npukiagnoi ¢isuku HAH Ykpaiau (PK 0125U000276) mig kepiBHUUITBOM A.().-M.H.
Apawma lipinsHa.

1. Yu. Bilogorodskyy, A. Shirinyan, V. Storizhko. Nucl. Instrum. Methods B 573 (2026) 165998.
2. A.S. Shirinyan, Yu.S. Bilogorodskyy. Beilstein J. Nanotechnol. 15 (2024) 1453.
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JIIATHOCTHUKA CTPYKTYPHUX HEJOCKOHAJIOCTEM
Y ©OCOPIJO-TAJIEBUX CBITJOAIOAX

M. P. Bepunay6!, JI. A. Kot!, IL. I. JIutopuenxo?, I. B. Ilerpenko?,
J. II. Ctpariaat?, B. I1. Tapraunnk?®

! Vrpaincokuii 0eporcasnuii ynisepcumem imeni Muxaiina Jpazomanoea, Kuis, Yxpaina
2 [ncmumym adepuux docnioxcens HAH Ypainu, Kuis, Yipaina

[pocri i gemesi ¢ocdino-ramiesi citnomioan (C/) BUKOPHCTOBYIOTHCA SIK [KEpea TOYKOBOTO BUIIPO-
MiHIOBaHHS y PI3HOMaHITHUX Taly3sX MPOMHCIOBOCTI, MIKPOEIEKTPOHHOT TEXHIKH, BiZI€03B’SI3Ky, METUIIHHI,
Oiostorii, ciTbChKOMY TOcmomapcTBi Tomo. CyJacHa ONTOENEKTPOHIKAa MOTpedye MarepialiB 3 BEIHUKOIO
KBaJIPAaTOBOIO HENiHIHHOK CIPUMHSATIMBICTIO i BUCOKUM MOKa3HUKOM 3aioMiieHHs. OOHIBI SIKOCTI BIIACTUBI
Kpuctanam ¢ocdiay Tamiio i MiABHIIYIOTh HOro KOHKYPEHTY CIIPOMOXKHICTh Ha PUHKY CHPOBUHHHX MaTepia-
7B, HEOOXITHUX I BHUPOOHHUIITBA (POTOCIEKTPOHHUX MOIYJIB CYMICHHX 3a ITapaMeTpaMH IpaTKH 3
KpPEMHIEM.

OcCo0nMBO BaXJIMBUM 3acCTOCYBaHHSAM KpucTaiiB GaP ciin BBakaTH BUpOILYBaHHS Ha IXHI OCHOBI
HaHOAPOTIB, BPaXOBYIOUH IMIHPOKH miarma3oH mpo3opocti (0,6—-1,1 mxMm) docdimy ramiro. Hanokpucramivuni
00’€KTH MONIOHOTO BUIY MOXYThH CIY)KUTH OyAiBEIbHUMH OJIOKAMHU JUIS ONTOEIEKTPOHHHUX 3aCTOCYBaHb.
HaniiiHicTh 1 cTaONbHICTS 0Aa30BUX €JIEMEHTIB ONTOCICKTPOHHOI TEXHIKH 3a0e3neuye Oesnepebiiiny podoTy
BEITMKOMACITAOHUX CHUCTEM 3B 3Ky, TEICKOMYHIKAIlIHHAX JiHIN, 1HGOpMaiitHO-00YHCITIOBaIFHUX OJIOKIB,
KOCMIYHOI TEXHIKH, BIHCHKOBOTO 00J1aHAHHA.

JiarHocTrka MOYaTKOBHUX MOIIKO/DKEHb JIOJHUX CTPYKTYp, A0 SKMX Hamexarb pizHi turnu CJ, a Takox
TIPUCTPOI 3 TMPOTWICKHUM (YHKIIOHATHPHAM TPH3HAYCHHSIM — COHSYHI €JIEMEHTH, MOXE 3IiHCHIOBATHUCS
pizEuMU MeTofamu. [IpoTe TeXHIYHO HAWIPOCTIIIMM cepell HUX € aHalli3 BOJBT-aMIEPHUX XapaKTePUCTUK
(BAX). Bimomo, mo 3amexHicte cTpymy Bim mpukiaamenoi Hampyru |(U) mms p—n-mepexomy mobpe
onucyeThes piBHAHHEAM Lok [1]:

qu

I=1I]e™ -1/, 1)

Is — TemioBHiA CTPyM, a00 CTPYM HACHUYCHHS; N — MapaMeTp ifeanbHOCTi (HeiaealbHOCTI) 1io/a, SIKUil sIkpas i
XapaKTepu3ye BiAXUIEHHS eKCriepuMeHTalTbHOI KpuBoi Bix BAX igeansHOTO P-N mepexomy.

VY pasi, konmu N =1 yepe3 mepexia Teue Auy3iHUNA CTPyM; KOJIM N =2 — CTpyM pEeKOMOiIHALIIHOTO
MOXOJKEHHS; SKIIO N> 2 — TiepeBakae HOro TyHeNbHAa CKJIaJgoBa, SK O3HaKa IMPHCYTHOCTI Y 3pasKy
MOpYyIIEHb CTPYKTYpPH CKIIAAHOT KOHGIrypamii, MK SIKHMH MOJIMBHHA PO3BUTOK MPOIECY TYyHEITIOBAHHS
HociiB. IHTepBan 3HaueHb 1 <N <2 OTOTOXHIOETHCS 3 PEKOMOiIHAILiI0 HOCIiB MEpPEeBaXHO HAa TOYKOBHX
nedexrax.

Jnst BcraHoBieHHS Buay Kpucramivyaux nopyuredb CJI GaP, aktuBHuX Ha pi3HMX AisiHKax BAX, mu
ckopuctanucs piasaasaM Lok (1).

10° 4.5
b 4.01
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Puc. 1. BAX C/I GaP; a mpu 300 K; b mpu 77 K. Puc. 2. Hecrabinsricte N-tuny C/I GaP (N) mpu 77 K.
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Ha puc. 1 naBeneno BAX nocnimkyBanux CJ1, 3usti 3a Temnepatyp 300 i 77 K («a» i «b» BinmnoBinHo) y
mexax crpymiB | =107 + 1 A. KoedimieHT «n» kpuBoi «a» B intepsani | = 10° + 10 A nopisnioe 1,86;
3aCBIJIUYIOYM TPOTIKAHHS TMEPEBAXKHO PEKOMOIHANINHOTO CTPyMy Yepe3 TOYKOBI JedeKTH; KpuBiil «by
BiANOBiAae BenuuuHa N = 1,82,

Husskoremneparypaa BAX micis | =107 A 1eMOHCTpye BUHMKHEHHsS 06NAcTi Bix’eMHOro augpepeH-
LiIHHOTO OMOpY, 3yMOBIIEHOI MIKAE(PEKTHBHIM TYHEIIOBaHHAM HOCiiB. OIpOMiHEHHSI HEUTPOHAMHU PEeaKTopa
(® = 10" cm~?) npu3BOAUTH 10 MOSABH HecTabinbHOCTEH N-THITy B 06JIACTi JOAATHHX 3MilleHb (pHC. 2), SKi
MIPOSIBIISIIOTHCS. B PEXKMMI TeHeparopa cTpyMy 3a Hanpyru U = 14 B. Ctpimke 3MeHIIEHHS CTPyMy, HMOBIp-
HO, 3YMOBJICHE MOJBHOBUM €(QEKTOM, TMOB’A3aHUM 13 3aXOIUICHHSIM HOCI{B 3apsy [NIMOOKUMH PiBHSIMH
CKIaHUX pafiauifHuX OeQeKTiB 1 PO3yHOPSAOKOBaHMX O0JIacTed, YTBOPEHHMX YHACHIiJOK HEUTPOHHOTO
OTIPOMiHEHHSI.

1. S.M. Sze. Physics of Semiconductor Devices. 2nd ed. (New York: John Wiley & Sons, 1981) p. 455.
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OCOBJHUBOCTI KBAHTOBOI'O BUXOAY CBITJOAIOAIB InGaN

P. M. Bepuunay6?, O. L. Kupuienko®, H. 0. Iasaosal, T. I. Mociok!,
JI. I1. Ctpariaat?, B. I1. Tapraununk?®

! Vxpaincoruii Oeporcasnuii ynisepcumem imeni Muxaiina JJpazomanoea, Kuis, Yxpaina
2 [ncmumym aoepnux docnioocerns HAH Ykpainu, Kuis, Yrpaina

Ceitionionu (CJI) Ha ocHoBi cionyk rpymnu 11—V, 30kpema InGaN, mupoKo 3aCTOCOBYIOTHCS B Cy4acHii
OTITOCTICKTPOHII 3aBASKHA BUCOKIH €(heKTHBHOCTI BHIIPOMIHIOBAHHS, ITUPOKOMY CIICKTPAILHOMY Iiala3oHy
Ta 3HAYHOMY pecypcy BUKopucTaHHSI. OcoOJuBY yBary B AOCIIDKEHHAX MPUAUIAIOTH KBAHTOBOMY BHXOIY,
OCKIJIbKH caMe IIeH mapaMeTp Xapakrepu3ye e(eKTUBHICTh MePETBOPEHHS EIEKTPUYHOI eHEeprii y CBITIOBE
BunpomiHtoBanHs. KBantoBuii Buxia C/| Q Bu3Ha4aeThCA K BIJHOIIEHHS KUTBKOCTI BUIPOMiHEHUX (DOTOHIB
JI0 KITBKOCTI iHXKEKTOBAaHUX HOCIIB 3apsamay. PakTHIHO BiH IMMOKAa3ye, SKa YaCTHHA €JICKTPOHIB 1 JipoK Oepe
y4acTb y BUIIPOMIHIOBANBHIN peKoMOiHaIIi1.

Hns CI Ha ocHoBi InGaN xapakTepHi BHCOKi 3Ha4€HHS 30BHIIIHBOTO KBaHTOBOT'O BUXOAY, 0COOIMBO B
CUHIN Ta 3elIeHIH MIMIHKaX CcIeKTpa. I3 JmiTepaTypHHX IKepenl BioMO, IO IS CHHIX MTiOAIB Ha OCHOBI
InGaN makcuMalbHI 3HaYeHHS MOXYTh csratd 25-40 %, omHak 31 3pOCTaHHSAM CTPYyMYy YacTO CIocTepira-
etbes sBuie «efficiency droop» — cmagy eeKTUBHOCTI pH BENUKUX CTpymax [1].

Merta poOOTH — TOCHTITUTH 3aliexkHICTh kBaHTOBOTO Buxoay CJI Ha ocHoBi InGaN Big cTpyMy Ta HanmpyTH
U 3pas3KiB 3 MokuHaMu XBWIb 370, 470, 505 Ta 525 HM, a TakoXX MPOAHATI3yBaTH BIUIMB MPOHHKHOTO
orpomideHHs. Y poboti Takok BuzHaueHo 3anesknocti Q = f(U) ta Q = f(l) st Buximuux 3paskis CJI.

3anexHicTh kKBaHTOBOro Buxony Bij Hanpyru Q(U) mokasye, sik 3MiHIOETbCSI €DEKTUBHICTD JUKEpeIa Ipu
30UTBINIEHH] TTPUKJIAACHOT HAIPyryu. BoHa 103BOJIIE BH3HAYMTH MMOPOTOBY oOyiacTh BMuKaHHA CJI, OIiHUTH
HaIpyTy, TPU AKiHA JOCATAETHCS MaKCHMAJIbHHHA KBAaHTOBUH BHXiJ, a TaKOX MPOAHAII3ZYBATH CIEKTPUIHI
BTpAaTH Ta 3MiHu sKkocTi p—N-niepexoay. s CJ1 3 A = 470 um BctanoBneHo, 1110 Q(U)max = 27 %.

Amanis rpadiunoi 3anexuaocti Q(U) musa CJI InGaN 3 qoBxxuHOM0 XBuiti 470 HM IIOKa3aB iCHYBaHHS iTKO
BHUPaXCHOT MOPOroBoi obyacti B Mexax Hampyr 2,4-2,5 B, micis sikoi KBaHTOBHUH BUXiJ Pi3KO 3pOCTaE.
Maxkcumanbhe 3uauends Q(U) cmoctepiraerbes mpu 2,6-2,7B i cranosuts 27 %. Tloganbine 36imbIIeHHS
HamnpyrH CYNPOBOKYETHCS MOCTYIOBUM 3HMW)KEHHSIM KBAaHTOBOTO BHXOXy, IO Moxe OyTH MOB’S3aHO 3i
3poCTaHHSAM OE3BUIPOMIHIOBAIFHUX BTPAT Ta JIOKAIFHUM HarpiBaHHAM aKTHBHOI 00JIACTi.

I'pacdik 3anexnocti kBaHTOBOTO BHX0AY Bia ctpymy Q(l) — disnuno iHpopMaTHBHIIINH, OCKITBKH TTOKa-
3y€, SIK 3MIHIOETHCSI €PEKTHBHICTh BUIIPOMIHIOBAHHS IIPH 3pOCTaHHI piBHs iHkeKuii HociiB. Ha mouaTkoBiit
IUISHII KBAaHTOBHHM BHXiZ 30iNbIIYETbCS BHACHIJOK T€pEBaKaHHS IHTEHCHBHOCTI BHITPOMIHIOBAJIBHOI
pekoMOiHaItii.

Jns sanexuocti Q(I) MakcMMyM KBaHTOBOTO BHXOJY JOCATA€ThCsA TP cTpyMi mopsaky (3-5)-107° A,
TTICJISI YOTO CIIOCTEPIraeThCsl MOHOTOHHE MaiHH ePeKTHBHOCTI. [licns JOCATHEHHS MaKCUMYyMYy CIIOCTepira-
erbest crial Q()max = 26 %, mnst A = 470um. Takuit xapakrep Q(l) — tumoswuii anst CJ] Ha ocuoBi InGaN i
CBIIYUTH TPO TMOCHJICHHS MPOIECiB OE3BUMPOMIHIOBAILHOI PEKOMOIHALT MPH BENUKUX PIBHIX iHXKEKIii
HOCIIB.

OcnoBuumu npuunnamu «efficiency droop», xapakrepaumu aus InGaN — CII moxyTh OytH [1]: oxe-
pPEKOMOIHAIliS; BHUTIK €JIEKTPOHIB 3 aKTUBHOI 00JjacTi; OE3BHIIPOMIHIOBaJbHA pPEKOMOIHALIS; JIOKaJIbHE
neperpiBaHHs.

Awnanoriuni 3anesxsocti Q(U) ta Q(I) orpumani st CIT InGaN 3 nosxunamu xBuib 370, 505 ta 525 Hwm.
g BCix AOCHTIKEHUX 3pa3KiB CIIOCTEPIraeThes MOTIOHMIA XapaKkTep KPUBHX: HASBHICTH TOPOTOBOi 00JacTi,
3pOCTaHHSI KBAaHTOBOT'O BHXOJY 10 MaKCHMAJBHOTO 3HAUEHHS Ta MOJANBIIUN HOro cmaj 3i 301IbHICHHIM
CTpYMYy.

Boanowac BenmumHa Ta MOJOXKEHHS MaKCHMyMY 3aJIeXaTh BiJl TOBXHHH XBHJII BHIIPOMIHIOBAHHS, IO
NIOB’513aHO 3 OCOOJIMBOCTSIMH MaTepially akTUBHOI 00JIacTi, MUPUHOI 3a00pOHEHOT 30HH Ta e(PEeKTHBHICTIO
PEKOMOIHAIIITHUX MTPOLIECIB.

[opiBHsmpHUI aHami3 mokasye, mo CJl pi3HUX CHEKTpajdbHHX Mialla30HIB BiAPI3HAIOTHCS 3HAYCHHSIMU
MaKCHMaJBHOTO KBAaHTOBOTO BHMXOAy Ta mojoxkenusmu Makcumymy Q(U) i Q(I). OcranHe cBiguuTh IO
BIUIMB HA JIOBXKWHY XBHJII CKJIQAy HaIliBIPOBiAHMKOBOI CTpYKTypH InGaN i Ha edeKTUBHICTH BUIPOMIHIO-
BaJIbHOI peKoMOiHaIIii.

BuzHaueHHS KBAaHTOBOTO BHXOIY JIa€ 3MOTY OMIHUTH edeKTuBHICTH CJl, MOpiBHIOBATH 3pa3Ku 3 PI3HUMH
JNOBXHHAMH XBHWJIb BHIIPOMIHIOBaHHS, JOCIHIi/PKYBaTH BIUIMB OIPOMIHEHHS IIBHIKAMH YaCTHHKAaMH,
BUSIBJIATH AETpajalliiiHi mpolecu Ta MpOTrHO3yBaTH pobouunii pecypc mpunanis. [lepcriekTuBr MpoBeIeHUX
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JOCIHIPKEHb TMOJSTAlOTh Y MOXKJIMBOCTI B MailOyTHHOMY BH3HAUUTH BENIWYMHY pafiaumiidHoi criiikocti CJ]
INGaN; BCTaHOBUTH POJb JO3HM ONMPOMIHEHHS B PEKOMOIHAIIHMUX Ipollecax Ta ii BIUIUB Ha CTaOiIBHICTH
xapakrepuctuk C/I.

VY pe3ynbpTaTi NpOBEACHUX BUMIpIOBaHb BCTAHOBICHO OCOOJIMBOCTI 3aJIeKHOCTI KBaHTOBOrO Buxoxmy CJI
Ha ocHOBi InGaN Bix HampyTu Ta cTpyMy UIst 3paskiB 3 AoBxkuHamu XBWIb 370, 470, 505 Ta 525 am. s
Bcix mocmimkennx CJl BHUABIIEHO HasSBHICTH IMOPOTOBOi 00JacTi, MAKCHMYMY KBaHTOBOTO BHXOAY Ta HOTO
MTOIAJIBIIOTO 3MEHIICHHS 31 3pOCTaHHAM CTpPyMYy, siKe BiamoBimae sBumy «efficiency droop», xapakrepHomy
st InGaN-ctpykryp. dnst CI 3 moxkuHo0 xBuii 470 HM MakCHManbHI 3HAYeHHS CTaHOBIATH 27 % ans
sanexuocti Q(U) ta 26 % mns 3anexxrocti Q(I). Orpumani pes3yabTaTd MarOTh BaKIUBE 3HAYCHHS IS
oriHoBaHHS €deKTHuBHOCTI poboTu CJl pi3HUX CHEKTpaIbHHUX Jialla30HiB, aHAII3Y JMerpafalliiHuX MPoIeciB
Ta MOJAIBIIOTO JOCTIHKEHHsI BIUIMBY MPOHMUKHOTO BHIIPOMiHIOBAHHS Ha ONTOEIEKTPOHHI XapaKTEPUCTHKH.

1. L.Wang et al. Materials 10 (2017) 1233. https://doi.org/10.3390/mal0111233
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JO3UMETPISAA MAJINX @OTOHHHUX I1OJIIB:
BIIJIMB TUITY JETEKTOPA HA ®AKTOPHU BUXOAY

K. B. Binbunnceka'?, JI. O. INoainka-Besmmuiiko!, O. A. Be3mmiiko®

! Kuiscoxuti nayionansnuii ynieepcumem imeni Tapaca Illesuenxa, Kuis, Yxpaina
2 Vuigeepcanvua kninixa «Obepizy, Kuis, Yxpaina

CydacHa BHCOKOTOYHA IPOMEHEBa Tepalris, 30KpeMa cTepeoTakcuuHa pamaioxipypris (SRS) ta crepeo-
TakcM4YHa mpomeHeBa Tepamis Tina (SBRT), mmpoko BukopucToBye Mani QOTOHHI MOJS IS MMigBEACHHS
BHCOKHX 103 JI0 MillIeHI 3 MaKCUMaJIbHUM 30epeKeHHSIM HaBKOJIMIIHIX 310pOBUX TKaHUH. OHAK JO3UMETPist
MaJuX TIOJIB 3aJIMIIAETHCA CKIAMHOK (I3WYHOI0 3a7aueio Yepe3 MOPYIISHHs JaTepalibHOI piBHOBAru
3apsPKEHUX YaCTUHOK, YAaCTKOBE IMEPEKPUTTS JKepena BUIPOMIHIOBAHHS KOJIMATOPHUMH CHCTEMaMH Ta
3HAYHHUH BIUTAB T€OMETPIii 1 MaTepialy IeTeKTopa Ha pe3yIbTaTH BUMIPIOBaHb.

Busznauenns dakropis Buxomy (Output Factors, OF) y Maux moJisfx € KpUTHYHO BOKIUBUM ISl TOYHOCTI
JI030BOTO TUTAHYBaHHS Ta 0€3MEeYHOr0 KIIIHIYHOTO 3aCTOCYBaHHS. BHKOpHCTaHHS Pi3HHX THIIB JETEKTOPIiB
MOXK€ TPHU3BOJUTH 1O CYTTEBUX PO3ODKHOCTEH y pe3ysibraTax, OCOOJMBO IS MOJIB PO3MIPOM MEHIIE
20 x 20 Mm% YV 3B’SI3KY 3 MM MikHapoaHi pekoMenaanii MATATE TRS-483 migkpecioTh HEOOXIAHICTh
BHUKOPHUCTaHHSA KOe(illieHTIB KOpEKIIii Ipu MpoBeAeHHi BUMiproBass [1, 2].

Merto1o poOOTH € MOCIHIKEHHS 3aJICKHOCTI (PaKTOPIB BUXOAY Bif THIy JeTeKTopa y (DOTOHHHX ITOJIIX
6 MeB, a Takox MOPIBHSIHHS €KCIIEPUMEHTAILHIX PE3YNbTaTiB 3 JeTanbHuM MoHTe-Kapino MonemoBaHHIM
niHiiHOTO TpUCcKoproBaya Ha 6a3i TOPAS/Geant4 [3].

Y po6oti Oymo ctBopeno MonTte-Kapino Moens KITiHITHOTO JTHIHHOTO mpruckopioBada TrueBeam 6 MeB
3 BUKOPUCTAHHSM CHEPreTHUYHOr0 CIIeKTpa My4yka. MoJjenmtoBaHHs poBoauiocs B cepenoBuii | OPAS Ha
ocHoBi Geant4 [4]. ExcriepuMeHTaIbHiI BUMipIOBAaHHS BUKOHYBAIMCh y BojHOMY (hanTomi BluePhantom? na
rmubuni 10 cM 3 BukopucTaHHIM Takux jaetektopiB: PTW microDiamond, IBA Razor diode, IBA CCO01,
panmioxpomua mmiiBka EBT-XD, mnactukoBuii cumHTWsHidHME getekrop Medscint. Jlocmimkysanucs
KBaJpaTHi moms po3Mipamu Bix 5 x 5 Mm? 10 100 x 100 mm?, ipu oMy 1oste 100 x 100 Mm? BHKOPHCTOBY-
Bajiocsi i HopMaizailii. [lorounuit eram poOOTHM TaKOX BKIIFOUAE MOJICIIIOBAHHS TEOMETpPil caMux
nerekropiB y MonTte-Kapio cepeoBHiLi [1sl M0JablIoro yToYHeHHs KoedilieHTiB kopekiii [5, 6].

Momnre-Kapno cumymsiiii mpoieMOHCTPYBaIH TapHY Y3TO/KEHICTh 3 BUCOKOPO3AUTBHUMHE JCTEKTOPAMHU.
3nauenns OF, orpumani 3a nornomororo PTW microDiamond ta IBA Razor diode, Bifgpi3Hsuincs He Oinbiiie
Hik Ha 2,3 % st oast 10 x 10 mm?. Towisariiina kamepa IBA CCO1 nokasana BiaxwieHnHs B Mmexax 0,8 %
atst ostst 10 x 10 mm? ta 6iusbko 1,2 % 1u1st mosist 5 x 5 MM? BiTHOCHO iHITIHX JeTeKTopiB. lJIs MI1acTHKOBOTO
CIMHTHJISITOpa OyJnM BUSBIICHI JOJATKOBI JyKepesna MOXMOOK, MOB’si3aHi 3 KaliOpyBaHHSIM 1 KOPEKIIEO
curHanmy crpwxHs ciuaTansropa (Stem effect). 11i daxTopu Hapasi HOCTIKYIOTBCSA IS MOJATBIIOTO
BJIOCKOHAJICHHS METO UK.

IIpoBenene mocmiypkeHHS MiATBEPIKYE, MO BUOIp JETEKTOpa € OJHWUM 3 KIFOUOBMX YHHHHUKIB 3a0€3-
MEYCHHS TOYHOCTI 103uMeTpii Manux ¢poronrux nomis. PTW microDiamond ta IBA Razor diode npoaemoH-
CTPYBaJll HAMKpaIly y3ropKeHicTh i3 MonTe-Kapiio MojenoBaHHAM 1 MOKYTh BBaXKaTHCS €(QEKTHUBHUMH

iHCTpyMeHTaMu I KJIiHiYHOi mo3uMetpii momiB Menme 20 x 20 Mm?

. Momnre-Kapno migxin Ha 6a3i
TOPAS/Geant4 € HamiiHUM METOIOM HE3aJIe)KHOT Baiallii eKCIePUMEHTAIBHUX BUMIPIOBAHb 1 J]a€ 3MOTY
IoCHimuTH (Qi3WYHI MEXaHi3MH ITOXHMOOK, TOB’S3aHWX 3 KOHKPETHHMH THIIAMH AETeKTopiB. OTpuMaHi
pe3yJIbTaTH MaroTh NPAaKTUYHE 3HAYEHHS JUIS MiJBUINCHHS TOYHOCTI JO3MMETPHYHOTO 3a0e3NEeUeHHS Y

BHCOKOTOYHIM MMPOMEHEBIH Tepallii Ta CIIPHUAIOTh PO3BUTKY CYJaCHUX MPOTOKOJIIB JO3UMETPIii MaJIUX TOJIIB.

1. International Atomic Energy Agency. Dosimetry of Small Static Fields Used in External Beam Radiotherapy: An
IAEA-AAPM International Code of Practice for Reference and Relative Dose Determination. IAEA Technical Reports
Series No. 483 (Vienna: International Atomic Energy Agency, 2017) 244 p.

R. Alfonso et al. Med. Phys. 35 (2008) 11.

B. Faddegon et al. Phys. Med. 72 (2020) 114.

J. Allison et al. IEEE Trans. Nucl. Sci. 53 (2006) 1.

G. Cranmer-Sargison et al. Med. Phys. 38 (2011) 12.

J.E. Morales et al. Med. Phys. 41 (2014) 11.
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TEPMOKOHIIEHTPAIIIMHI ABTOKOJIMBAHHS B KPUCTAJIMKAX METAHY,
OIMNPOMIHIOBAHMX EJIEKTPOHAMM ITPU OXOJIOKEHHI
TEIIJIOBUM BUITPOMIHIOBAHHSM

L 10. l'oxineii
Tnemumym aoeprux docnioxcens HAH Yrpainu, Kuis, Ykpaina

JocnigxeHo BUHUKHEHHS TEPMOKOHIICHTPALIHHUX aBTOKOJIMBAHb y CHEPUIHOMY KPUCTATITUKY METaHy
MIPU ONPOMIHEHHI €JIEKTPOHAMHM, B YMOBaX, KOJH PO3CISIHHS TeIlla BiIOYBa€ThCS Yepe3 BUIPOMIHIOBAHHA 32
3akoHOM Ctedana—bonbimManHa. ABTOKONIMBaHHS iICHYIOTh 38 HU3BKUX TEMIIEPaTyp Y KpUCTAIITHKaX, oOMe-
KEHHX 3a po3MipoMm. [IpoaHaizoBaHO 3aJI€KHOCTI 00JIACTI ICHYBaHHS aBTOKOJIMBAaHb Ta TXHBOI YaCTOTH BiJl
napameTpiB, 30KpeMa Bil IHTEHCHBHOCTI ONPOMiHEHHsI, PO3MIpiB, TEMIIEPAaTypH OTOUYEHHS, €HEeprii akTuBalil
nudy3ii Tomo.

[lpu ompomiHeHHI KpHCTala METaHy eJIEeKTPOHAMHU EKCIIEPUMEHTAIbHO CIOCTEpIranucsi perysspHi
NepioAnYHI KOJMMBAaHHs TUCKY B pe3epByapi [1]. Lli Bukuau razy 3 onmpoMiHEHOTo 3pa3Ka MOsICHeHi B pOOOTi
[2] sk MPOSIB TEPMOKOHIIEHTPALIHHUX aBTOKOJIMBAaHb — IPH ONPOMIHEHHI CTBOPIOIOTHCS pagukanu CHa,
00’ eJHaHHSI SIKUX CYTIPOBODKY€ETHCS BUALICHHM TeIu1a. BHACTiIOK MiABUILIEHHS TEMIIEPATYPH 301IBIIY€ThCS
PYXJIUBICTD pajuKaliB, a OTKE HMOBIPHICTH iXHBOI pPEKOMOIHAIi, IO CYHNpPOBOMKYETHCA TOJATKOBUM
MiABULICHHSAM TemrepaTypH. Tak BUHHKae HEOOXiTHUN JUIs aBTOKOJUBAHb TO3UTHBHUI 3BOPOTHHUN 3Pa3oK.
st moBepHEHHS 0 HU3bKOTEMIIEPaTYPHOTO CTaHy 3pa3oK Tpeba oxomomxyBaTH. Y poOori [2] BBaxanoc,
IO OXOJIOIKEHHS 3a0e3MevuyBanocs 3a PaxyHOK KOHTAaKTy 3pa3ka 3 TepMmocTtaToM. OmHaK XapakTep LbOro
KOHTaKTy 3aJMIIaBCS HEBITOMHUM IapaMeTpoM. Y IOCIIJDKEHHI, IpO SKe JOMOBINAETHCSA TYT, PO3TILIHYTO
KpUCTAIUK MeTaHy cgepudHoi GOopMH y BaKyyMi, KOJIHM €JUHUM MUISIXOM BiIBEAEHHS TeIla € TEIUIOBE
BUIIPOMiHIOBaHHS 3a 3akoHOM Crtedana— boapumMaHHa.

Kinernka 3MiHM KOHIEHTpalii pajuKaliB Ta TEMIIEPaTypH B ONPOMIHEHOMY €JIEKTPOHAMM KpHCTali
OIIUCYETHCS CUCTEMOIO PiBHSHb:

M __R(nT
dt
C(T)%:MER(n,T)+[3(Tm“—T4)_

Tyt n — xoHuenTpamnig paaukaniB CHz, T — temneparypa 3pazka, G — MIBUAKICTH CTBOPEHHS PaTUKAITIB
IIpU ONIpOMiHeHHi, P — eHepris, sKa BUAUISETHCS B 3pa3Ky IIPH ONPOMiHEHHI, Oe3mocepeHbO He OB’ s3aHa 3
YTBOPEHHSIM paJuKaliB, E — eHepris, ska BUAINAETbCS pU 00 €1HaHHI JBOX panukaniB CHs 3 yTBopeHHsIM

3o .. . . ) .
MOJIEKYJIH eTany, B = R Koe(iI[ieHT TemI000MiHy MiX 3pa3KoM i IPOCTOpoM, R — pajiyc KpucTaiuka,

o — crana Crepana—bonbimanHa. OOepHEHO-TIPONOpLiiiHA 3aleXHICTh €PEKTUBHOIO TEMJIO00MIHY Bij
paniyca BUHHKAa€ TOMY, IO YTBOPEHHS PaJUKalliB MOXe BiOyTHCS B OyIb-AKii TOYLl KPUCTaJHMKa, TOOTO

KUTBKICTh paJiuKalliB MponopiiiiHa 06’eMy, a BUITPOMIHIOBaHHS TeIUIa poropiiiiae ruom noBepxHi. C (T)

— TEIUIOEMHICTh 3pa3ka, I, — Temieparypa npocropy. Unen R(n,T) OTIMCYE TIPOIEC 00 €THAHHS JBOX

—elT

paauKaliB 1 3aJa€TbCs Y BUIIISIII R(n,T)= KnZ%e , 1€ € — eHepria aktuBamii nudysii paaukanis (y

KenbBiHax), a K — He3anexHWH BiI TeMIEpaTypH KOeQiIlieHT.

Ha pucyHky mpoinocTpoBaHo 4acoBy 3aJIeKHICTh KOHLIEHTpALii paAuKalIiB Ta TeMIepaTypH, 0 AEMOH-
CTPY€E MOXKITUBICTh aBTOKOJIMBaHb, SIKi BHHUKAIOTh Y KPUCTAIaX JOCTaTHHO MaJioro po3mipy (21 HM). Y Ginb-
MIMX KPUCTAJIAX KOJIMBAHHS 3aTyXal0Th, Y MEHIIINX — 3MEHIIYEThCS 9aCTOTA, IPOLIEC HAKOTTMYCHHS paIfKaiB
TPHUBAE JIOBIIIE.

3ajaya MOKe 3HAWTH 3aCTOCYBaHHS B acTpo(di3WIli, MpH BUBUCHHI YTBOPEHHS CKIAJHHUX OpPTaHIYHHX
MOJICKYJI BHACITIZIOK OMTPOMIHEHHS KPUCTAJIHMKIB METaHy KOCMIYHUMH mpoMeHsiMu [3].
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LmocTparist aBTokoIMBaHb. YacoBa 3aJIeKHICTh TEMIIEPATYPU KpUCTANUKA (o/c08ma Kpuea) Ta KOHUEHTPALlii
panukaiiB y HboMy (cums kpuea). BinOyBaeTbcs NOBIIbHE HAKOMMYEHHS PaJUKalliB IPU Maixe MOCTiiHIN
TeMIepaTypi, pi3kuil CTPUOOK TeMITepaTypH il Yac MIBHIKOI peakiii 00’ eTHaHHs paJuKaliB METAHOIY B
MOJIEKYJTy eTaHy Ta JIeHIO MOBUIbHIIIE OXOJIOKEHHS 32 PaXYHOK TETIOBOTO BUITPOMIHIOBAHHSI.

1. LV. Khizhny et al. Low Temp. Phys. 44 (2018) 1223.
2. M.A. Bludov et al. Nucl. Phys. At. Energy 21 (2020) 312.
3. C. Zhu et al. Astrophys. J. 920 (2021) 73.
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PO3LIEILIEHHSI PEHTTEHIBCHKUX JITHIN
VY 3B’S13AHIN EJJEKTPOHHIN KOHBEPCII

0. 5. /I3106auk, B. B. MuxaiijoBcbKHi

Incmumym sdepuux 0ocnioscenv HAH Yxpainu, Kuis, Yxpaina

3aranpbHO BIIOMO, IO SIIPO MOXKE PO3PSIKATUCS MO KOHBEPCIMHOMY KaHATy, JIMIIE KOJIH EHepris
30yIKeHHSI siipa MEPEBHUIIY€E SHEPTilo 3B’SI3Ky eJeKTpoHa B aTtomi. OnmHak, excriepumeHnTty [1, 2] i3 cuimbHO
ionizoBanumM *°Te oBeny, 1m0 BHYTpILIHSA KOHBEPCis MOsKe BiIOyBATHCS HE JIMIIE B HEEPEPBHHUIL CIIEKTp, a
i B 3B’s13aHi aToMHi piBHi. Bigmosigna Teopis Oyma mobdymoBana B [2 - 4]. Cam mporec ofepaB Ha3By
3B’s3aHa BHyTpimHsa kouBepcis (3BK). Panmim 3BK pospaxoByBaiacs Jiuille B IPyroMy HaOIMKEHHI TeOpil
30ypeHb. Mu K, BUKOPHCTOBYIOUH TEOpir0 posmany [ onpadeprepa—BaTcona, BpaxoByeEMO BCi TIOPSIAKU T10
30ypeHHIO — OmepaTopy B3a€EMOJIl 3 €JIeKTPOMarHiTHUM IIOJIEM SIK SiIpa, Tak i enekTpoHiB. Lle mamo 3mory
npociigkyBaty 3aiexHicTe 3BK Bim gacy t. BBakaerscs, mo npu t = 0 sapo 3HAXOAUTHCS B 30YIHKCHOMY
cTaHi 3 eHeprieto Eg, a enekTpoH — y cTaHi 3 eHeprieto &. [1oTiM sIpo BUMPOMIHIOE BIpTYaIbHUH Y-KBaHT 1
MEPEXOIUTh B OCHOBHHUI CTaH 3 HYJNbOBOIO €HEPTi€l0, a €JIeKTPOH IMOINHHA€E e (OTOH 1 MepexoauTh B
30yMKEeHHI CTaH 3 EHeprielo &, 3anmumaroun Aipky Ha K-piBi. IIpum mpomy cuctema (siApo + eleKTpoH)
nomnajae B OJIMH i3 MPOMDKHUX cTaHiB |C>=|lgMg >|jsm¢>. ¥V Bunaaxy BiICYTHOCTI HAJTOHKOTO PO3ILICTIICHHS
pE30HAaHCHUX PIBHIB, IIl CTaHW BUPODKCHI IO MAarHiTHHX KBAaHTOBHX YHCIAaX SApa 1 €IeKTpoHA. 3agada
CTIPOLIYETHCS Y BUIMAAKY, KOJIH JIMIIEC OAWH MPOMIKHUHN piBeHb € OMu3bkuM 10 novatkosoro. [Ipomnec 3BK
BifOyBa€eThCsl €PEKTUBHO, AKIIO IMapaMeTp BiICTPOIOBAHHS SAEPHOTO i aTOMHOIO mepexoniB & = Eg + & — &
manuit. Toxl s MOBHOI iIMOBIpHOCTI po3mnaay sapa mo karamry 3BK mu oxepkanu taky x camy (hopMmydiy,
1o i st odepueHoro npouecy NEET — smepHoro 30y/pKkeHHs pu eeKTpOHHOMY niepexoi [5]:

Pssi = (I11)|Eind?[ 62 + (I72)% 1,

ne /i Ta [t — mupuHA OYaTKOBOTO 1 KiHIleBoro craniB 3BK, mapametp Ein xapakrepusye crity 3BSA3KY sapa i
aTOMHHX €JICKTPOHIB 3a PaxyHOK BipTyainbHuUX QOTOHIB, [ = [ + IF [5].

Hamu opeprkana 3ajexHICTh Bif 4acy HMOBIpHOCTI 3HAHTH CHUCTEMYy B CTaHi, IO YTBOPIOETHCS IiCISA
posnany K-mipku. Bin BinOyBaerbca npu El1 enexTpoHHOMY Tiepexoii 3 MPOMDKXHOTO P-CTaHy B KiHIIEBHH
1s-cran. [loBeneHo, mo Yac 3aTPUMKM DPEHTTEHIBCHKHX (OTOHIB, SIKI HPU IIbOMY BHIPOMIHIOIOTBCS,
30iraeTbcs 3 9aCOM KHUTTS SIIpa, a camMa PEeHTTEeHIBChKA JIiHIS PO3MIETUTIOETHCS Ha BEIMYMHY BiJCTPOIOBAHHS
d. BHaciiok Toro, 1o mupuHa 30yPKEHOr0 PiBHS siipa 3HAYHO MeHIa mupuHu K-aipku, JiHisS Ha 4acTOTI
aTOMHOTO II€PEX0Y 3HUKAE, a 3AIMILAETHCS JIMILE JIiHIS 3CyHyTa Ha BEJIMYMHY B1IICTPOIOBAHHS O.

1. F. Attallah et al. Phys. Rev. Lett. 75 (1995) 17112.

2. F.F. Karpeshin et al. Phys. Rev. C 53 (1996) 1640.

3. F.F. Karpeshin, I.M. Band, M.B. Trzhaskovskaya. J. Exp. Theor. Phys. 89 (1999) 845.
4. M.R. Harston et al. Nucl. Phys. A 676 (2000) 143.

5. A.Ya. Dzyublik. Phys. Rev. C 88 (2013) 054616.
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OCOBJIMBOCTI BIITHOBJIEHHSA EJIEKTPO®I3BNYHUX XAPAKTEPUCTHUK
CBITJIOAIOIB GaP, ONPOMIHEHUX EJJEKTPOHAMHU TA HEUTPOHAMM PEAKTOPA

JI. A. Kot!, O. O. Kpacusincbkuiil, 0. . Mupomniuenko®,
M. B. IlinkoBebka?®, /1. I1. Ctpartinar?, B. I1. Tapraunux?

! Vpaincvruti depacasnuii ynisepcumem imeni Muxaiina Jpazomanosa, Kuis, Ypaina
2 Incmumym adepuux docnioxcens HAH Yrpainu, Kuis, Yxpaina

Hocnimxysanucs romonepexinHi ceitTnomionu (CJ1), BUpoIeHi METOIOM MOABIMHOT piTMHHOI emiTakcii Ha
MIIKIaIUHII 3 MOHOKPHUCTAaJa, OACPKAHOTO MeToJoM YoXpaibchKoro. [30XpoHHMI BiAman ornpoMiHEHUX
3pas3KiB BinOyBaBcs 3 nepiogoM 20 XB, BUMIpIOBaHHS IIPOBOAMIIKCS MIPH KIMHATHIHM TeMIepaTypi, KOHTPOJIb 3a
3MIHOIO EJIEKTPUYHUX XapaKTEPUCTUK 3IIHCHIOBABCS 3a He3MiHHOTO cTpyMy uepe3 CJI.

Onpominenns enekrpoHamu 3 E =2 MeB npoxoauno 3a temmneparypu, ONM3bKOi A0 KIMHATHOI, sKa
MiATpUMYyBaJiacs CTaOLIBHOK 3aBASKH TOTY)KHOMY TMOBITPSHOMY OXOJIOJUKEHHIO; JDKEPEIOM HIBHIKHX
HelTpoHiB (E = 2 MeB) city)kuB rOpH30HTANBHHUN KaHAI peakTopa.

Ha puc. 1 naBesieno pesyisrats Bignany CJI GaP, onpominenoro enektponamu @ = 8,2-10' cm2. Buzwso,
1o HarpiBauHs giona g0 50 °C cnpuurHSE CTPIMKE 3pOCTaHHS CTPYMY; HACTYITHE ITiIBUIICHHS TeMIIepaTypy
mo 130 °C mpu3BoauTh A0 Horo nmamiaas. Tpers cTamis Bimmamy — Ile MOHOTOHHE 3pOCTaHHS BenuduHH | ax
JI0 BUXIJTHOTO 3HAYECHHS.

Sk Oyno BusBieHO paHime [1], y kpuctamax N-GaP ocHOBHA cTajis BiAMady 30CepeKeHa B IHTEpBaI
130-160 °C i noB’si3aHa 3 Mirpari€ro BakaHCii raiito 10 cToki; y p-turi GaP BoHa po3ramoBaHa B 00nacTi
250-300 °C. ToMy y BUIIQJIKY [110/1a OCHOBHOIO CTaII€0 CJIiJI BBAYKATH PE3y/IbTaT HaKJIadaHHs IBOX 3raJlaHuX,
Ha SIKUX BIIMATIOIOTECS TOYKOBI neexTu N- Ta p-obmacti p-N-ctpykrypu. Ilepma crazgis Ha puc. 1 mo 70 °C
HaWiMOBIpHIIIE 3yMOBJIEHA PO3MaaoM MeheKTiB 3 MEHIIOI EHEPri€l0 aKTHWBAIlil, HK €HEpris aKTHUBaIil
Bimmamy Vp=1,5eB. Takumu nedexramu MoxXyTh OyTH MIKBY3JOBI aTOMH, pO3TallOBaHI Ha mepudepii
CKJIaJIHUX MOPYIICHb CTPYKTYPH — CKYITUEHb TOYKOBUX JIe(PEKTiB, UM TUCIOKANIHHIX YTBOPCHb.
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Puc. 1 Kpusa i3oxponnoro Bignany CJ] GaP, Puc. 2 Kpusa i3oxponnoro Bignary CJ] GaP,
onpomineHoro enekrponamu 3 E =2 MeB orpomineHoro Heirponamu 3 E =2 MeB
(D =8,2:10%? cm7?). (D =8,2-102cm7?).

Hpyra cragis — 70+130 °C MOXJIMBO 3yMOBJIEHA HACTIIKOM B3a€MOJIii TOUKOBHUX AC(EKTIB, Y pe3yabTaTi
YOro BHHHUKAIOTH CKIQJHIII TOUIKODKEHHS CTPYKTYpH 1 Tpolriec 00’ €IHAHHS CYNPOBOKYETHCS EMICIEI0
HOCIiB CTpyMYy.

Puc. 2 nemonctpye Bianan CJl GaP, onpoMiHEHOT0 IIBUAKUMH PEAKTOPHUMH HeliTpoHamu. BuaHo, 1o Ha
BimMiHy Bif puc. 1 kpuBa Biamanxy 3BopotHoi rinku BAX C/] maiike 0e3cTpyKTypHa 32 BUHATKOM 11 HEBEIHKO1
moyarkoBoi minsakn 70+100 °C, sxa Mmaiike 30iraeTbcs 3 Apyroro cramiero (mus. puc. 1). Tomy MoxHa
3pOOUTH MONEPEHIM BUCHOBOK, 110 IPUPO/Ia Binany 000X CTajiil 0JHaKoBa.
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OcHoBHuil Binnan nedexris, BBeneHux HewtpoHamu y CJl GaP, Bkmamaetscs y mexi 150-300 °C i
30iraeThbces 31 CTai€r0 BiAMay 3pa3ka, OIPOMIHEHOTO eJICKTPOHaMH (IMB. puc. 1).

BusBuTH OCTaHHIO CTafil0 — CTafilo Bigmainy oOnacTeli poO3yHoOpAOKyBaHHsS, pO3TAalllOBaHY B
MoHokpucTanax GaP Bumie 450 °C [1] noku 1o He BAAETHCS Yepe3 pyHHYBaHHS €ICKTPUYHUX KOHTAKTIB IPH
BHCOKIi TeMIIepaTypi.

1. O.B Konopesa Ta iH. Brutus gedexTiB cTpykTypu Ha (i3uuHI BIaCTHBOCTI OKPEMHUX HAIIBIPOBIAHUKOBUX CIIONYK
AIIIBV (Kuis: Hayk. nymka, 2021) 200 c.
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THE EFFECT OF LOW AND EXTREMELY LOW DOSES OF RADIATION
ON AQUEOUS SOLUTIONS IN CONDUCTOMETRIC MEASUREMENTS

V. T. Maslyuk?, N. I. Svatiuk,! O. I. Symkanych?, O. M. Pop?,
M. P. Vizenko!, A. V. Rusin®, 1. V. Stefanovich?®

!nstitute of Electronic Physics, National Academy of Sciences of Ukraine, Uzhhorod, Ukraine
2 Uzhhorod National University, Uzhhorod, Ukraine
3 Transcarpathian Regional Clinical Oncology Center, Uzhhorod, Ukraine

Agqueous solutions of bioorganic compounds are sensitive to ionizing radiation even at low and ultra-low
doses, due to changes in their microstructure and ionic composition. The primary acts of water radiolysis are

accompanied by the formation of active species (*OH, e;. He), which initiate further physicochemical

transformations. In aqueous-organic systems, these processes are complicated by additional interaction
channels with the organic component, leading to the formation of new charged and polar structures.

In the low-dose range, the decisive role is played not so much by deep destructive processes as by a shift
in the equilibrium between radiolysis products, the restructuring of the hydrogen-bonded network, and a
change in the effective mobility of ions, which is directly reflected in the system’s electrical conductivity. In
this regard, conductometric and impedance methods are highly sensitive tools for detecting such effects.

This work aims to establish the patterns of changes in the electrical conductivity of aqueous ethanol
solutions under the influence of ionizing radiation over a wide range of energies and doses, with an emphasis
on the manifestations of low-dose effects.

Experimental Conditions.

The study subjects were 10 % aqueous ethyl alcohol solutions, which were treated as model bioorganic
systems.

Irradiation was performed using accelerated electrons under various energy and dose conditions, enabling
a wide range of radiation effects to be studied.

High-energy irradiation was performed on an M-30 electron microtron at energies of 12.5 and 18 MeV.
The bremsstrahlung doses were 17, 33, 44, and 67 Gy, which ensured that the samples were exposed to
different radiation doses.

Additionally, radiation treatment was performed using a clinical accelerator (regional clinical oncology
center) at an electron energy of 6 MeV and doses of 25, 50, and 100 Gy. The use of two sources with
different energy characteristics allowed for varying the linear energy transfer and the spatial distribution of
ionization.

This approach enabled comparison of the effects of different irradiation regimes on the formation of
electrophysical properties of solutions and detection of even weak dose effects against the background of
more intense radiation effects.

The electrophysical parameters were investigated using impedance spectroscopy in the frequency range
from 1 kHz to hundreds of kilohertz. The measurements were performed at room temperature in a measuring
cell with metal electrodes. The frequency dependencies of the active resistance, capacitance, and electrical
conductivity were analyzed, allowing separation of contributions from volume conductivity and polarization
processes.

It was established that irradiation of aqueous ethanol solutions alters their electrical conductivity, with the
nature of these changes determined by both the dose and the energy of irradiation [1]. Even at low doses,
reproducible deviations in conductivity from control values are observed, indicating the system’s high
sensitivity to weak radiation effects.

It has been shown that irradiation leads to the formation of a non-equilibrium ion-radical state, which
alters the concentrations of charge carriers and their mobilities. In water-ethanol systems, reactions involving
organic radicals additionally occur, leading to the formation of stabilized charged complexes and,
consequently, more prolonged changes in electrical conductivity.

Frequency analysis of the impedance characteristics showed that the low- and mid-frequency regions are
most sensitive to irradiation, where interphase polarization and relaxation processes are significant. This
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indicates a change in the solution’s structure at the mesoscopic level, specifically the rearrangement of
clusters and hydrogen-bonded ensembles.

A comparison of results for different electron energies (6, 12.5, and 18 MeV) showed that the nature of
ionization losses changes with increasing energy, thereby affecting the efficiency of active particle formation
and, consequently, the magnitude of the changes in conductivity. This confirms the importance of
considering radiation's energy parameters when analyzing the effects of low doses.

The results obtained demonstrate that impedance spectroscopy and conductometric measurements are
effective tools for detecting subtle changes in aqueous-organic systems under the influence of ionizing
radiation. The identified patterns can be used further to investigate the mechanisms of radiation effects on
bioorganic media and to develop methods for monitoring their physicochemical state.

1. V.T. Maslyuk et al. Nucl. Phys. At. Energy 25 (2024) 72.
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3ACTOCYBAHHSA ®PAKTAJIBHOI'O AHAJII3Y
JJIs1 ATATHOCTHUKHU KOMIIO3UTHUX MATEPIAJIIB AAJEPHUX PEAKTOPIB

O. 1. Hiseancbka', A. C. Wipinsan?, O. 10. IMonos?, JI. B. Mapun4enko?

Y Incmumym npuxnaonoi ¢isuxu HAH Ypainu, Cymu, Yipaina
2 Hayionanvruti mexniunuil ynieepcumem Yxkpainu
«Kuiscokuti nonimexuiunuil incmumym imeni leopa Cikopcvkozoy, Kuis, Yxpaina

3MiHM BIIACTHUBOCTEH MartepiaiiB sACPHHX PEAaKTOpIB y pe3yibTaTi eKcIulyaralii B yMoOBax pasiamii,
BHCOKHX TEMIIEpaTyp, a TAKOXK il XIMIYHUX 1 MEXaHIYHUX YMHHUKIB € HEMUHYYUMH. BayKIMBUM 3aBAaHHIM
€ BHUSBJICHHS ITOIIKOKEHb 1 MPOTHO3YBAaHHS OE3MEYHMX PEKHUMIB eKCIUTyaTallii KOMIIO3UTHHX MaTepialliB
peaktopa. TpaauiiitHO 3aCTOCOBYIOTH IOCIIDKCHHS 3pa3KiB-CBiNKIB 1 Bi3yallbHUH KOHTPOJH OOOJIOHOK,
OJIHAK LI METO/IU MalOTh OOMEKEHHS, 30KpeMa 3aJIeKHICTh Bix oneparopa. [lepcreKTHBHUM € BUKOPHCTaHHS
(dpakrampHOTO aHaNizy (PA) CTpyKTypm Marepiamy, 30KpeMa BH3HAUCHHS (PaKTAIBHOI PO3MIPHOCTI Ta
JIAKYHApHOCTI IS OIIHIOBAHHS CTYTICHS ITOINIKO/KEHB 1 Te(eKTiB, 0 Aae 3MOTY BCTAHOBUTH CTYIIHB PO3-
repMeTH3aii, Tam i po3mip aedekris [1].

VY HamoMy JOCIHiIKEHHI 3arponoHoBaHo: (i) 3actocyBat @A AJIsl MOUIYKY 3B’SI3KY MK MIKPOCTPYKTYPOIO
KOMITO3UTHOTO Martepialy peakTopiB i HOro TEIUIOMPOBIAHUMHU BIACTUBOCTSIMH; (ii) JOTTOBHIOBATH €KCIICPH-
MEHTaJIbHI JOCIIHKEHHS CTaHIapTH30BaHUMH 300pakeHHsAMH; (iii) GpopMmyBatn 0a3y AaHHMX ISl TOJATBILIOTO
MAaIIMHHOTO HABYAHHS Ta aBTOMAaTH3aLii KOHTpoto. OOpobiaeHHs 300pakeHb BUKOHAHO HE3AJISKHO BiJ eKc-
MIePUMEHTATBHUX BIMIPIOBAHb TEIUIOTPOBIIHOCTI TS MiABUINEHHS 00’ €KTHBHOCTI PE3yJIbTaTIB.

3anponoHOBaHUMA TIAXiM ampoOOBaHO IS OIIHIOBAHHS TEIUIONPOBIMHOCTI MBOGMA3HHX KOMIIO3UTIB
ZrB>—C 3a nonomororo @A [2]. 3pa3ku BUTOTOBJICHO METOJ0M BUCOKOTEMIIEPATYPHOT'O PEAKIIIIHHOTO CUHTE-
3y i3 CyMIIIli HOPOIIKIB KapOiaiB UPKOHIIO Ta 6opy [3]. 3pa3ku KOMIO3UTHOTO MaTepiaay Malld OJHAKOBUI
XIMIYHUH CKJIa, aje pi3Hy CTPYKTypy. IS KOKHOTO 3pa3ka IMPOBENEHO PEHTITCHOCTPYKTYPHHM aHaTi3,
JOCIIPKEHHSI Ha eJIEKTPOHHOMY CKaHyIOUOMY MIKPOCKOII B KIIBKOX PEKUMaX, Ta 33 OJHAKOBUX YMOB BHMi-
psiHO Koe®ilieHT TermonpoBigHocTi K, skuil mpogeMoHCTpyBaB 3HayHuil po3kun: Big 41 mo 72 Br/(m-K).
MeTtoto po6oTH OyB MOMIYK 3B’S3KYy MiXK €KCHepUMEHTATbHUMH 3HAYEHHSMH TEIUIOMPOBITHOCTI 3pa3KiB
komro3uty ZrB-C Ta dpakraipHUME apameTpaMu 300pa)eHb X CTPYKTYpH.

300pakeHHs1 Ti€i caMol MOBEPXHI CKOJIy KOMITO3UTHOTO 3pa3ka CyTTeBO Biapisusumucs aiust SE (secondary
electrons — sropunni enekrponn) Ta BSE (backscattered electrons — Bin6uri enexktponu) pexxumiB. OGrpyH-
ToBaHo, mo 11 DA Oinem npunatHuMu € came BSE-300paxenns, ski HaOMMKeH1 10 BUTISAY TBOBUMIipHOT
MaTpHUIII 3 YITKUM PO3NOJLIOM (a3, 110 3py4HO s OiHapuzaiii. @pakransHy po3mipHicTs D Ta makynap-
HicTh L po3paxoBaHO 3a JONMOMOror mporpamHoro 3adesmeuyenHs Imaged i miarina FracLac meromom
box-counting 3a crammapTHux HajamTyBaHb. Yum Oimbime BeawuwHa D (Bim 1 mo 2 Ui TUTOIMHK), THM
CKJIaJIHIIIE Bi3epPYHOK 300pakeHHs. HH3bKHI MOKa3HUK JaKyHapHOCTI CBIAYMTH MPO OULIBII piBHOMIpHE
pO3TalIyBaHHs MYCTOT, BUCOKHI — PO HASIBHICTh BEIMKUX IyCTOT a00/Ta HEOJHOPIAHICTH iX JoKamizamii. Y
LOMY BUNAJIKY «IIYCTOTH» — L1€ OJHA 3 (a3 KOMIIO3UTY, 3aJIeKHO BiJ] iHBepcii 300paKeHHSI.
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Kopemsuist mix koedinientom tertonpoiguocTi (K) ta nakyHapHicTio (L) 3pa3kiB 3 koedilieHTaMu IeTepMiHaIil:
R? = 0,95 nns 36inbmenns 20 kx, R? = 0,78 an4 36insmenns 10 kx [2].

142



Pesynpratn 3acBimumim (PUCYHOK), IO KOS(DIL[IEHT TEIUIONPOBITHOCTI K CHHTE30BaHOTO KOMIIO3UTY THM
BUIIMH, YAM MEHIIE 3HAa4eHHS L: HU3bKA JaKyHapHICTH XapakTepusye OiIbII OJHOPIOHY Ta «3B’S3aHY»
OUTBII TETUIOTPOBITHIM TpadiToM CTPYKTYPY KOMIIO3UTY, IO BIAMOBINAE Kpallliii mepeaayi Temnia.

3acTocyBaHHS (PpPaKTaIbHOTO MiAXOAY U YHCENBFHOTO OMHCY MIKPOCTPYKTYpH IBO(]a3HHUX KepaMidHUX
KOMITO3UTIB 3 OJHAKOBHUM XIMIYHMM CKJIaIOM Ja€ 3MOTY MOSCHUTU 3HAUYHUM PO3KHI EKCIEPHMEHTAJIbHO
BUMIpPSHUX 3HA4eHb TEIUIOMPOBITHOCTI Ta MPOTHO3YBaTH 1i Ha OCHOBI aHami3y BSE-300pakeHs moBepxHi
CKONy 3pa3ka. J{Jis KOHCTPYKITIH, SIKi MPAITIOI0Th 32 BUCOKUX TEMIIEPaTyp, i 30MparoThCsl 3 9aCTUH, BUTOTOB-
JeHUX OKpemo (TpyOu, OOOJIOHKHM, IIO YTPUMYIOTH ab0 BiIBOISATH TEIUIO), MiJ 4ac PEKOHCTPYKIii abo
PEMOHTY Oa)kaHO MiIOMpATH ACTall 31 CXOKUMH (PpaKTaTbHIMHA MTapaMeTpaMH CTPYKTYPH.

Jna ¢pakranbHOro aHajizy MOXYTh OyTH BHKOPHCTaHI OyAb-AKi 300pa’keHHS] — ONTHYHI, TEIUIOBI31HHI,
yIBTPa3BYKOBI, SIK MIKPO-, TaK 1 MAKPOCKOIIIYHOT0 MaciuTaly, 32 YMOBH OJTHAKOBOTro 30inbLieHHs. Bukopuc-
taHHA DA € ZOLITBPHUM y BUNAJIKAX, KOJIK Oe3MOocepeiHE OTPUMAaHHSA 3pa3KiB HEMOKIIMBE, 30KpeMa iz yac
aHali3y MUCTAHIIIHHO OTPUMAaHMX 300pakeHb IMOBEpPXHi. Taka CHUTyaris MOXE BHUHHKATH, HANPUKIAI, Y
panioakTUBHUX 30HAaX, peakTopax abo 3a yMOB HEOOXiTHOCTI HepyiHIBHOro KOoHTpomo. A moxe OyTH
e(eKTUBHUM iHCTPYMEHTOM JUIS BUSIBJICHHS aTUIIOBUX 3Pa3KiB, IO BUXOISTH 38 MEX1 OCHOBHOI KOpeIsLiii-
HOI 3aJIC)KHOCTI. 3HAYHI BIAXWICHHS (paKkTaIbHUX MapaMeTpiB Bij 3arajbHOI TCHICHII B MeXaX JOCTIIKY-
BaHOI IPyIH CBiAYaTh PO HETUIOBY MOBEAIHKY MaTepiany (abo fioro okpemMoro ¢parmenra) Ta mnoTpedyoTh
JIOJTATKOBOT TIEPEBIPKHU.

1. I1.®. bynanos, E.A. Xom’sk. Mamuno0OyxyBanus 29 (2022) 32.
2. A.S. Shirinyan et al. Phys. Chem. Solid State 27(1) (2026) 52.
3. O. Popov etal. J. Eur. Ceram. Soc. 46 (2026) 117839.
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METO/JUKA MACHOPTU3AILIL JOSUMETPUYHUX MATEPIAJIIB:
MNPOT'PAMHI HAKETHU LUMINI TA COMMON

0. M. ITon’, B. T. Macmiok'?, I1. B. SIBopcbkniit?, B. C. Ky3nenos?

Y Incmumym enexmponnoi ¢isuxu HAH Ypainu, Yoceopoo, Yrpaina
2 Jlepoicagnuti 6uugutl HAGUaTbHULL 3aK1A0 « YHc20poOcoKuil HayionanbHutl ynieepcumemy, Yaczopoo, Yrpaina

Bimomo, 1mo no3uMeTpis 10HI3ylH0YOro BHIIPOMIHIOBAHHSI 3 BHKOPHUCTAHHSIM TBEPIOTLIBHUX MaTepiaiiB
0a3yeThCs Ha MpoIlecax HAKOMUYICHHS HOCIIB 3apsiIy Ha MacTKaxX eJIeKTPOHHOTO Yd IipKoBOro THimy. [Hdop-
MaIlif0 PO BEIUYMHY 3alaceHoi eHeprii OTPUMYIOTh 3a CIIEKTPaMH BUIPOMIHIOBAHHS, CTHMYJILOBAHOTO
HarpiBoM (TePMOCTHMYJIbOBaHA JIIOMIHECHEHIISI) YA ONTHYHUM OIPOMIHEHHSIM (ONTUYHO CTHMYJIhOBaHA
aromiHeceHuis). EQekTUBHICTh N03MMETpUYHUX MaTepialliB BU3HAYAETHCS TapaMeTpaMH MacTOK 3aXOIUICH-
HS, 30KpeMa CHepTi€l0 aKTHBAIlii Ta YaCTOTHUMH (pakTopaMu, SKi XapaKTEepU3yIOTh YYTIUBICTh (ikcallii Ta
TPUBANiCTh 30epiraHHs MOTJIMHYTOI 103M Ta KiHeTHKY ii penakcauii. Ha nmpaktuui ui napamerpu GopMyroTh-
cs B IIMPOKO3OHHHMX ONTHYHMX MaTepiajlax HUIIXOM CIIELiaJbHOTO JIEryBaHHs, sike 3a0e3medye Halip
JOKAIBHUX PIBHIB y 3a00pOHEHIH 30HI, IO CIyXaTh PIBHAMH IACTOK Ta peKoMOiHAIli HOCIiB 3apsmy.
OcHOBHa 3371a4a TBEPAOTLIBHOI JJO3UMETPII MOJIATae y BCTAHOBJICHHI ONITHMAIBHOTO Ha0OPY €HEPreTUIHNX
Ta KiHETHYHHX MapaMeTpiB Marepiaily, sKi 3a0e3neuyloTh eeKTHBHICTh (ikcamii morauHyToi qo3u. Taka
3ajaya He € IPOCTOI0, BPAXOBYIOUM BEJIMKHUN BHOIp ONTUYHUX MaTepiamiB A JO3UMETPUYHHUX JOCIIIKEHb
(LiF, Li2B4O7, MgB4O7, BeO) ta pisHux cxem ix JieryBaHHs. BifICyTHI TakoX ycTajeHi Kpurepii BUOOpY
€Hepriil piBHIB MACTOK YW aHITUIALIHHUX PiBHIB, a TAaKOX (aKTOPiB, 110 BU3HAYAIOTh KIHETHKY JFOMiHECIIeH-
uii. HagBHICTE Takux KpUTEpiiB BaxIuBa Uil pO3POOKM NPAKTHYHHX PEKOMEHIAIIH IOJ0 OTPHUMAHHS
mo3uMeTpiB. [lepmum KpokoM y po3B’s3aHHI IUX 3aBIaHb € GopMyBaHHS 0a3 MaHWX CHEPTETHYHHX 1 KiHe-
TUYHAX KOHCTAHT Ha OCHOBI MacHOpTH3alii HASBHUX JO3UMETPUYHHUX MarepialliB 3 BUKOPHUCTAHHAM MOJIE-
JBHUX YSIBICHD PO XapakTep nepediry B HUX JTIOMiHECHEHTHUX SIBUIL.

ITacmopTH3artiss JO3UMETPUYHUX MaTepialiB € KIIFOYOBUM €TaloM ix KBaji(ikarlii, mo nepeadadae Kiiab-
KICHY OITIHKY BJIACTUBOCTEH, HEOOXITHUX IS CTaOlILHOTO, BiITBOPIOBAHOTO Ta JIHIHHOTO T030BOTO BiATY-
Ky. Taki JaHi MOKHa OTPUMATH B PE3yJbTaTi TOCTIIKEHHS] TEPMOITIOMIHECIIEHTHUX XapaKTEPUCTUK OPOMi-
HEHHMX JO3MMETPUYHUX 3pa3KiB Ta iX iHTepmpeTanii Ha OCHOBI TEOPETUUYHUX MOAEJEH, 0 OMUCYIOTh KiHe-
TUKY TIEPETBOPEHHS 3aXOIUICHUX HOCIIB 3apsjy NHpH 3MiHI TemriepartypH. ExcrepriMeHTaIbHOI OCHOBOKO
JOCIIJDKEHHSI € aHalli3 KPUBUX TEPMOCTHUMYJILOBAHOI JIFOMiHECIIEHIIT ONPOMiHEHHX 3pa3KiB. [lopiBHSUIbHUIA
aHaJi3 eKCIEePHUMEHTAJIbHUX KPUBUX 3 TEOPETUYHUMH MOJEISAMH Ja€ 3MOTY BU3HAYMTH MOPSIOK KiHETHKH
JUTS. KOJKHOTO TIiKa, @ TAaKOXK OI[IHUTH €HEPTil0 aKTUBAIlil Ta YacToTHUH (pakTtop. Ha ocHOBI TemmeparypHOTO
TTOJIOXKEHHST MaKCUMyMiB Ta ()OpPMHM MIKiB, a TaKOXK Jekommo3uilii ckmamaux TCJI-kpuBUX Ha eIeMeHTapHi
KOMITOHCHTH BH3HAYalOTHCS IMapaMeTpu MACTOK 3a JOMOMOTOI0 METO/AY ITOYaTKOBOTO 3POCTAHHS IHTCHCHUB-
Hocri (initial rise), meroxy UeHa abo anani3zy ¢opmu mika. OTpuMaHa eHeprisi akTHUBallii XapaKTepU3ye TIIH-
OMHY TACTKH Ta BU3HAYAE TEPMIUHY CTAOUTHHICTH HAKOIMMYEHOTO CUTHANY. YacToTHHI (pakTop BimoOpaxkae
HMOBIpHICTh BUBIIBHEHHS HOCISI 3apsy 3 HACTKU Ta MOB’S3aHHI 3 KiIHETHKOIO MPOIIECY TEPMOITIOMiHECIICH-
wii. AHaji3 OuX mapameTpiB Ja€ 3MOry Kiacu@ikyBaTH MacTKH 3a CTyIEHEM CTa0lIBHOCTI, MPOrHO3yBaTH
(helinuHT curHaTy ipu 30epiradHi iH(QOpMaIlii MPo MOTIIMHYTY 03y Ta BCTAHOBIIOBATH ONTUMAIIbHI PEKUMHU
3YUTYBaHHs. 3iCTaBJIEHHS [UX MapaMeTpiB Ui Pi3HUX MaTepianiB abo YMOB OMPOMIHEHHS Ja€ MOXKJIIHBICTh
BCTAaHOBUTU (i3W4Hy NpHUPOAY Ae(HEKTHUX LIEHTPIB Ta BU3HAUYHUTH ONTHMAJIbHI PEXXHUMH TEPMOOOPOOKH i
3YUTYBaHHS.

ITacropru3artis mepeadadae GopMyBaHH TOBHOTO TIPO(D1TI0 MaTepialy, 10 BKIIIOYA€ BU3HAYCHHS TaKUX
napameTpiB:

— THUNHU ¥ TTMOWHY MACTOK 3apsiB,

— e(eKTHBHICTh PEKOMOIHAIIHUX IIEHTPIB,

— mno3utis Ta popma TCII/OCJI mikis,

— EHepreTHyHi piBHI JOMIMIOK,

— TeMIlepaTypHa Ta J030Ba CTallIbHICTh CUTHAIY,

— e(eKTH 3aTyXaHHs Ta 3aTPUMKH CUTHAITY,

— TOBeJiHKa MaTepially Py MOBTOPHOMY OTIPOMiHEHHI (BiIHOBIIIOBaHICTB).

Taki mani MoxxHa otpumaru B pamkax moneni OTOR (One Trap One Recombination), sika 1ae ocHOBY
JUTSL TTACTIOPTHU3AINI] JO3UMETPUYHUX MaTepialliB. ICHye aBa MiaXxoau sl BUPIICHHS ITi€l 3a1a4i: ¥ epIioMy
3 HUX BHKOPHCTOBYIOTBCS PI3HOTO poay HaONMKeHHs aHami3y KiHeTuku srominecueHii ans OTOR, Ta
iHIIWH, sKud mo3Boisie ii ab initio iHTepmpeTamiro Ha OCHOBI ckeinmiHr-neperBopeHHs [1]. Ilepmmii
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MOJICIbHUH MigXiJ Aa€ 3MOTY BCTAHOBHTH THII/TIOPSAOK KIHETHKH, IO € BAaXJIMBUM MAJSI KOPEKTHOTO
BH3HAUYCHHS TapaMeTpiB TMAacTOK Ta IHTEpIIpeTalii MeXaHi3MiB pelakcallii 3amaceHoi eHeprii depes
IHTEHCUBHICTE JIFOMIHECIIEHITIT, /:

1(T)= nbsexp(—%] , M)

ne E — enepris aktuBarii, S — yactoTHuil daxtop, b — mopsmok kinetuku (1 < b < 2), N — KOHIEHTpAIlis
3alOBHEHUX MAacToK, K — crama BonbiiMana, T — abconroTHa Temmeparypa. [lapamerp b xapakrepusye cry-
MiHb IOBTOPHOT'O 3aXOIUICHHS HOCIIB: pu b = 1 peasnizyeTbcsi KIHETHKA TIEPIIOTo MOPSIKY, pu b = 2 — npy-
rOro HNOPSIKY, TOII SIK MPOMIXKHI 3HAUEHHsI BioOpaXkaroTh 3MilllaHi MeXaHi3MH pekoMOiHawii. OTxe, BU3Ha-
YeHHS TOPANKY KIHETHKH TEPMOJIFOMIHECIICHINI BimoOpa)kae MeXaHi3MH pPEeKOMOIHAIlii Ta ITOBTOPHOTO
3aXOIJICHHS HOCIiB 1 CYTTEBO BIUIMBAE Ha (pOpMY KPHUBUX CBITIHHS Ta CTaOUIBHICTH TO3UMETPUYHOTO CHUTHA-
ay. Bukopucranus y3araabHeHOI MOZENI Jae 3MOTy afeKkBaTHO omucyBaTu peaibHi TCJI-kpuBi ckiagHUX
Marepiais.

Iammit migxin [1] 3acrocoBye mpoueaypy CKEHIiHTY, sKa Ja€ MOXJIMBICTh BUKOPHCTATH anpoOoBaHi
METOAMKHU PO3B’SI3aHHS TU(EPEHLIHHUX PIBHSAHB 13 JOCTaTHHOIO TOUHICTIO. Lleil makeT mpencrasise pe3yib-
TaTH NEPIIONPUHLMIHUX PO3PaXyHKIB JIOMIHECHEHTHHUX XapaKTEPUCTHK IO3MMETPUYHUX MaTepianiB 0Oe3
00MeKeHb Ha 3HAaYCHHS IMapaMeTPiB MOJIEII, SKi OIMUCYIOTh KIHETUKY 30YKEHHS eJIeKTPOH-IPKOBOI CHCTe-
MU JIO3UMETPUYHHUX MaTepialiiB, CTYICHIO 3allOBHEHHS IMACTOK HOCITB 3apsjy, MEpEeXOdiB piBEeHb - 30HA, a
TaKoX ix pekomOiHawito. Ili mifxoau MoxyTh OyTH 3aCTOCOBaHI UL 3a/a4 HACIOPTH3ALI] 103UMETPHIHHX
MatepianiB. X BEKopucTaHHS MOTpebye po3poOKY IPOrpaMHHX MAKeTiB, AKi Aal0Th 3MOTY OOpOOIATH eKc-
MEPUMEHTANIBHI CIIEKTPU TEPMOJIFOMIHECIICHIIIT TAKUX MaTepiaiB.

V uiit poboTi MpeacTaBaCHO PE3yNbTaTH PO3POOKH TporpamMHux maketiB Commoni ta Lumini [1], ski
JTAIOTh MOYKJIMBICTH BCTAHOBIIOBATH €HEPTreTHYHI Ta KiHETHYHI MapaMeTpH JO3UMETPHYHHX MaTepialliB Ha
OCHOBI (ikcarlii Ta 06poOku ixHiX ekcnepuMeHTansHUX cnektpiB TCJI. [l Teopernyanoi ix iHTepmperarii
Bukopucrano mojienb OTOR. [Taker Commoni opieHToBaHMii Ha (ikcailiro mapamerpa KiHeTUKH JTFOMIiHEC-
uenwii (1), a TakoK eHeprii HacTKU Ta YaCTOTHOTO (hakTopa «macTka - 30Ha npoBigHocTi». [laker Lumini [1]
nae OUTbIIMiA BUOIp 3HAXOKEHHS YaCTOTHHUX (haKTOPIB: «I1acTKa - 30HA MPOBITHOCTI», «30HA MPOBIAHOCTI -
MacTKa», «30Ha TMPOBIMHOCTI - piBeHh pekoMOiHaIii». OOTroBOPIOIOTECS aNTOpPUTMH pOOOTH TMAKETiB
Commoni ta Lumini, BuOip HaOopiB ineHTH(iKaLiHHUX TOKAa3HUKIB JO3UMETPUUHUX MaTepialliB; METOAUKU
IXHBOTO 3HAXO/DKEHHS 3 €KCIIEPUMEHTAJIbHHUX JaHWX (JIeKOHBOIIOILIi, ab initio po3paxyHKy i3 3ay4eHHSIM
metoxi I, orminmi kpurepito FOM (Figure of Merit). TTokasano, mo 3HaXOMKEHHS imeHTH(IKAIIHAHIX
MOKAa3HMKIB JIO3UMETPUYHUX MaTepialiB BHPIIIYEThCS B Kiaci 3ajad ONTUMi3amii OaraTtomapaMeTpHYHHX
CHCTEM LIOA0 3HAXOKEHHS IT00abHOTO eKcTpeMyMy kputepito FOM.

Hapeneno mepiii pe3ynbTaTé MACMOPTH3AIil JTO3MMETPUIHMX MaTrepiamiB Ha OCHOBI jeroBaHux LiF,
Al;Os, Li;B4O7 Ha 0a3i 103MMETpUYHUX EKCIEPUMEHTIB Ha Mikporponi M-30 Biaminy ¢oTosimepHux
nponeciB [IE® HAH Vkpainu. Ilokazano, mo iHTerpamis ontuMizamiiiHux migxoniB i inctpymenTtis LI
CTBOPIOE MIAIPYHTS AJIs MOOYIOBU IHTENEKTyaJhbHHX CHCTEM aHamidy Ta Bepudikailii cKiIaay Ta cXeMHu
JIO3MMETPUYHUX MaTrepialiB, M0 € HEOOXiTHOIO YMOBOIO HIJIECTIPSIMOBAHOTO CHHTE3Y HOBHUX JIOMiHO(OPIB
Ta PO3BUTKY BUCOKOTEXHOJIOTIYHOT O3UMETPIi Y Cy4acCHHX YMOBaX.

[NacnopTH3ariisi KIHETHYHHAX TTapaMeTPiB 13 3aCTOCYBaHHSAM MPOTPAMHUX IMAKETIB JIa€ 3MOTY iIeHTU(IKY-
BaTH JOMIHYIOYi MEXaHI3MH PeKOMOiHaIii, OIIHUTH CTYIiHb TOBTOPHOTO 3aXOIUIEHHS HOCIiB, MPOTHO3YBaTH
CTaOUIBHICTD CUTHAIY, MiIBUIYBATH JIOCTOBIPHICTH IXHBOTO KaJliOpyBaHHS.

TakuM 4YMHOM, pe3yJbTaTOM mNacmopTu3auii € (GOpMyBaHHS CYKYIHOCTI HapaMmeTpiB, IIO BHU3HAYAIOTh
00s1acTh €(peKTUBHOTO 3aCTOCYBaHHS J03UMETPUYHOTO Marepialy Ta Aal0Th MOXIIMBICTH MPOBOIUTH HOTO
KaJiOpyBaHHS AJISl MPAKTUYHOTO BUKOPUCTAHHS Y pajiallitHOMy KOHTPOJI.

1. P.V. Yavorskyi. Probl. At. Sci. Technol. 5(153) (2024) 154.
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3ACTOCYBAHHS PEOEPEHCHOI TEMIIEPATYPHU RT,
SAAK AJIbTEPHATUBHOI'O THAEKCY JIJIS1 OLIHKHA B’A3KOCTI PYHUHYBAHHS METAJTY
KOPITYCIB PEAKTOPIB BBEP-1000

B. M. PeBka, JI. 1. Yupko
Incmumym s0epuux docniosncens HAH Yrpainu, Kuis, Ykpaina

s 3abe3nedenHs HaniiiHoi poboTu KopiryciB peakropiB (KP) BBEP npotsirom Bcboro Tepminy eKcruiy-
aTamii 1 YHUKHEHHSI HEKOHTPOJIbOBaHOTO pyiHyBaHHA KP mpu aBapiiiHUX CHTYyaIlisfiX KIIOUYOBOIO YMOBOIO €
HEOOXiAHWH piBeHb B’SI3KOCTI PYyHHYBaHHsS KOHCTPYKLIHHMX MarepiamiB. BiImoBigHO A0 HOpPMAaTHBHHX
Bumor COY HAEK 177 [1] B’a3kicTh pyiiHyBaHHS (TPIIIMHOCTIHKICTD) OI[IHIOIOTH OMOCEPEIKOBAHO, BHKO-
PHUCTOBYIOUH KPUTHYHY TeMIieparypy KpuxkocTi Tk uid iHaeKcalii TeMrepaTypHoi 3ajuekHOCTi KoedilieHTa
IHTEHCHBHOCTI HampyXeHb Kic y po3paxyHKax Ha KpPHXKY MIIHICTh. Takuil minxinm, sSIKWH 3aCHOBaHHUI Ha
EMITIPUYHUX KOPEJIALisgx, MPU3BOAUTH O CHTYalii, KOJH JJsl OLIHKU B’SI3KOCTI pyHHYBaHHS 3aCTOCOBYIOTb
HaJIMIIKOBUH KOHCEPBATH3M, 110 MOKE HEBUIIPaBAaHO 00OMeKyBaTH TepMiH excrutyarauii KP.

Ha crorosHi nmepcreKTHBHAM HANPSIMKOM JUISL OIIIHKH B’SI3KOCTi pyHHYBaHHS BB2XKA€ThCS BUKOPUCTAHHS
MeToay Maiictep kKpuBoi Ta pedepencHoi Temmeparypu To, sika Ha BinmMmiHy Bif Tk mpsMo MOB’A3aHa 3 BUMi-
pSHMMH mapameTpaMu TpimuHocTiikocTi. [lonepeani nocmimxenns meranxy KP BBEP-1000 y BuxigHomy
cTaHi mokasanm, 1o pedepercHa temmneparypa To cyTTeBo HUK4Ya 3a Temmeparypy Tk [2] i meii pesysibrar
Jla€ TIOTEHLIHHY MOXKIIMBICTh OOTPYHTYBATH JOBroCTpOKoBY ekcrutyaTamnito KP (60 pokiB i Oinblie).

Mertoro poboTu € OOrpyHTYBaHHS MPOLELYypH MEPEXOy OO MPSIMOro METOAY OLIHKH B’SI3KOCTI PyHHY-
BaHHS 3 BHKOPHCTaHHSM TemmeparypHoro iHaekcy RTo (konmnenmiss Maiicrep kKpuBoi) 3aMiCTh KPUTHYHOL
TeMIepaTypy KpuxkocTi Tk JJisi YHUKHEHHS HA/ITHIIKOBOTO KOHCEPBATU3MY y PO3paxyHKax Ha OIMip KpUX-
KOMY PYHHYBaHHIO.

VY naniit po6oTi 3po0eHO NepeoLiHKy nepexigHoi Temneparypu kpuxkocti g metaay KP BBEP-1000 y
BHUXITHOMY CTaHi i3 3aCTOCYBaHHSIM MeTomoyorii Maticrep kpuBoi. st aHamizy Oyl0 BHKOPHCTAHO
pe3yabpTaTH BUNPOOYBaHb PEKOHCTPYHOBaHMX 3pa3KiB-CBIIKIB Ha B’SI3KICTh PyWHYBaHHS UII OCHOBHOTO
MeTany i Merany 3BapHoro mBa (3LI). dns ouinku temneparypu RTo Oyno BpaxoBaHO HEBHU3HAUCHICTh
pedeperncHoi Temmneparypu To 3 BiporigmicTio 95 %, moB’s3aHy 3 pPO3MIpOM BHOIPKH 1 MOXHUOKOIO
eKCIIEPUMEHTY, a TaKOX JOJATKOBHM TeMreparypHuil 3cyB 10 °C st KoMIieHcarlil BTpaTé piBHSI CTHCHEHHS
nedopmariii (constraint loss effect) mst 3paskis lapmi 3 Tpinuaoto. 3HaueHHss RTo BU3HAYAEThCS 328 TAKOIO

dbopmyioro [3]:
RTo= TO(margin) +13 OC, (1)

ne Tomarging — pepepeHcHa Temreparypa 3 ypaxyBaHHSAM BKa3aHUX BHUIIE monpaBok. 3cyB Ha 13 °C momaHo,
00 RTo Oyrna GpyHKITiOHATEHUM e€KBiBaeHTOM Tk TSI iHAEKCcallii HOPMAaTHBHOI KPUBOI TPIIIIMHOCTIHKOCTI.

XAEC-1

PAEC-4

3AEC-6

XAEC-2

3AEC-1

MAEC-3

MAEC-1

MAEC-2

PAEC-3

0 10 20 30 40 50 60 70
Tko - RTy, °C

Puc. 1. Pisuung mix Temneparypamu Tko Ta RTo s ocHoBHOTrO Metamy KP BBEP-1000.
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[opiBHsHHSA TepexigHuUX Temmeparyp i MarepianiB KP y BuxigHoMmy crani mokaszano, 1o is
OCHOBHOTO MeETally pi3HHI MK Temmeparypamu Tko (To0to, Tx ams BuxigHoro crany) ta RTo y
cepenaboMy ctaHoBuTh 37 °C. YV Bcix Bunamkax RTo € Hmwkvoro 3a Tko (puc. 1). Leit pe3ynbTaT cBiIYHTS,
10 HOPMATHBHUH MiJXiZ CyTTEBO HENOOIIHIOE B’SI3KICTh PyHHYBaHHS OCHOBHOTO METajly 1 L HEeIOOILiHKa
MOMITHO Bapitoe 3anexHo Bin marepiany KP. OuerumHo, mo y pasi Bukopuctants RTo (3amicth Tko) sk
TEMIEepaTypPHOTO IHAEKCY JJIsi HOPMATUBHOI KPHUBOI TPIIIMHOCTIMKOCTI KOHCEPBATH3M PO3PaxyHKIiB Ha OIIip
KPUXKOMY pyHHYBaHHIO MOKE IIOMITHO 3MEHIITUTHCSI.

Hns meramy 3L Temnepatypa Tko TakoX HEIOOILIHIOE B’SI3KICTh PYHHYBaHHS y OUTBIIOCTI BHIIAJIKIB
(puc. 2). V cepemupomy Ttemieparypa RTo Hikda 3a Tyo Ha 26 °C. BigxuneHHsSM Bif miei 3aKOHOMIPHOCTI €
nani st KP 6iokiB Ne 11 Ne 2 Banopisekoi AEC (BAEC-1 i 3AEC-2), s sikux temneparypa RTo € Oibir
KOHCEPBATUBHOIO 3 TOYKH 30pY OLIHKH B'SI3KOCTI pyHHYBaHHS Y HOpiBHAHHI 3 Tko. BaxmuBo BpaxoByBaTn
Lei pe3ynbTaT pyu oOIpyHTYBaHHI TepMiHy Oe3neuHoi ekcruryaranii 3a3Hauenux KP.

3AEC-2
3AEC-1
3AEC-4
3AEC-5
MAEC-3
XAEC-2
MAEC-1
MAEC-2
3AEC-3
XAEC-1
3AEC-6
PAEC-4
PAEC-3

-40 -20 0 20 40 60 80 100
Tyo - RTy, °C

Puc. 2. Pizauus mixk Temneparypamu Tk Ta RTo nyst merany 3Baproro msa KP BBEP-1000.

Haii6inbn minAMEU oTpUMaHi pe3ynbTaTi € it KP, 3BapHi IIBU SKUX MarOTh OJHOYACHO BHCOKUN BMICT
HIKEJI0 Ta MapraHIlio, [0 MPU3BOIUTH JI0 MPHUCKOPEHOT'O OKPUXUYYBaHHS TIOPIBHSIHO 3 HOPMATUBHHMH OIIiH-
KaMu. Y 1mpoMy BHINaAKy 3actocyBaHHA RTo mae moTeHLiHY MOIMBICTH OOIPYHTYBAaTH IOBTOCTPOKOBY
excruryaramnito KP 3a paxyHok 30iibIIeHHs 3amacy B’SI3KOCTI pyHHYBaHHS y pO3paxyHKax Ha KPUXKY Mill-
HicTh. KpiMm TOTO, MpakTUyHE 3HAYCHHS POOOTH TOJSATAE B TOMY, IO 3alPOTIOHOBAHUHN IMiAXij mepemdadae
30epeskeHHs icHYI040i opMHu HOpMaTHBHOI KpuBoi TpimmHocTiiikocti COY HAEK 177 Ta unHHOI npote-
IypH BpaxyBaHHS paliallifHOT0 OKpux4yBaHHs yepe3 3cyB ATk. OcHOBHa 3MiHa CTOCYEThbCS JIMILE Mepe-
OLIIHKM B’A3KOCTI pyHHYBaHHS MaTepiay y BUXiJHOMY (O ONPOMiHEHHS:) CTaHi.

1. COY HAEK 177:2019. UnkeHepHasi, Hay4YHas U TEXHHYIECKas MOIEPIKKA. METOIMKa OIIEHKU XPYIIKON MPOYHOCTH
kopmycoB peaktopoB BBOP. I'TI «HADK "Dueproarom"» (Kues, 2019) 49 c.

2. D.Y. T'punuk u ap. OueHKa BA3KOCTH Pa3pylIeHUs KOPIyCHbIX MarepuaioB peakropa BBOP-1000. V ku.: Current
Problems in Nuclear Physics and Atomic Energy. Proceedings of the International Conference, Kyiv, Ukraine,
May 29-June 03, 2006. Part Il (Kyiv, 2007) p. 659. (Rus)

3. B.M. PeBka, JI.I. Ynpko. SInepna ¢isuxa ta enepreruxa 25 (2024) 58.
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TiO, SIK ®YHKLIIOHAJIbLHUI MOJAU®IKATOP HIEMEHTHOI MATPUIII
IMMOBLII3ALIIL ONPOMIHEHOI'O FPA®ITY: PAIALIIIHUI 3AXUCT TA CTIAKICTD

0. M. Ckobaux'?, K. B. Cimeiiko??

! Kuiscoxuii axademiunuii ynieepcumem, Kuis, Yxpaina
2 Incmumym npobrem 6esnexu AEC HAH Yipainu, Yoprobunv, Kuiecoxa obn., Yxpaina
8 Incmumym 2azy HAH Ykpainu, Kuis, Yxpaina

Onpowminennii rpagit (OI') € cneundiuaum BuaoM panioaktuBHEX Binxoais (PAB) rpagiToBux peakTopis
(PBMK, Magnox, AGR Tomo). B Ykpaini 3a pisaumu ouinkamu Hakonmdeno 5700—7800 T OI [1, 2]. OcHoBHY
HeGe3neky craHoBIATh “*C (mepiox Hamisposmaxy 5730 p., 10 95 % axtusHOCTI) i *°*Cl (mepiox HamiBpo3mamLy
301000 p., moOimpHMI aHioH CI7). IlemenTHa iMmmoOimizamist Bu3HaHa mporpamamu CARBOWASTE i GRAPA
MAT'ATE sk 6a3oBuit meton [2], mpoTe cranmaptaa Matpuilsd Lement—OI Mae Tpu cucTeMHi 0OMEKEHHS.

ITo-mepirie, y-ompOMIHEHHSI CIIPUYHUHSE paiallifHO-MEeXaHIuYHy Ierpajiallifo IMEeMEHTHOI MaTpHIli: TpH
130 MI'p — mocnabnenns aaresii ¢paz C—S—H, npu 290 MI'p — mikpoTpimmuy, npu 836 MI'p — pyiiHyBaHHs
3paska [3].

Io-zpyre, pajgioximiuna nerpazaais [4]. y-onpominenss i B-yactunku “*C 3yMoOBIIOIOTH paionis mopoBoi
piAvHY 3 YTBOpPEHHSM pyiHiBHUX pagukaniB OHe ta monekynspuux npoayktis Ho i H.O; Binnosiguo [4, 5],
o pyiHytoTh C—S—H rensb.

ITo-Tperte, TinpodoOHa moBepxHs rpadity dhopmye AehekTHY mepexiany 30Hy (interfacial transition zone,
ITZ) ninBuieHoi OpUCTOCTI HAa MeXi eMeHT-TpadiT [6].

Beenenns HanouactuHOK TiO2 CyTTEBO 3HIDKYE BIUIMB YCiX TPhOX 3a3HaUEHUX OOMexeHb. HykneamiitHuit
edekt: yactka C—S—H 3poctae 3 27 10 46 %, NOpTIAHIUT 3HIKYETBCS 3 66 10 49 % [6]. Nano-filler edexr:
BOJIONIOTJIMHAHHS 3HWXKYEThCs Ha 37,5-81,3 %, HacumnHA MIIBHICTE miaBUIIYyeThes Ha 4,7—7,4 % [6]. Ximiu-
Huil edekt: Ti-O-C 3B’s13ku Ha moBepxHi rpadity (miarsepaxeno Dyp’e-nepeTBOpeHO0 iH(pauepBOHOIO
criekTpockomiero: 1082-1093 cm) yeyBarots nepexiany 3ony Ha Mesxi moepxob (ITZ — Interfacial Transition
Zone) [7]. Peatrenodazoswnii anamiz (XRD) miareepmkye ineptricTs TiO2 y MaTpumi, kpuctaiiudi ¢a3u ana-
Tacy/pyTHITy HE 3MIHIOIOTHCS IMiCIsl TBEPAHEHHS [6].

Hono y-expanyBanus: BmicT TiOz 0-8 % MoHOTOHHO miABHINYE NiHIHHUN KoedilieHT ocnabieHHs W i
3HMKy€e ToBIMHY mosiouHHOTO (TITHI) Ta necsituanoro (TJL) mapis npu 662, 1173 1 1332 xeB (mianazon
®Co y cxnazi OT') [8]. TiO2 sk manisnposigauk (Eq = 3,0-3,2 eB) TeopeTnuno nepexorioe B-eneprito *C
(Emax= 156 xeB) uepe3 reuepauito map € CB + h'VB — AQ, 3MmeHuiyrouu pajaiosi3 mopoBoi pigvHH.
[ornuuranns B HanotpyOkamu TiO. 3amokymeHTOBaHO sl OeTaBONbTaidHUX MPHCTPOiB [9]. ¥V cucremax
iMmMoOimizarii PAB 11e He 10CTiKyBalIoCh 1 € TPeIMEeTOM MOJANBIIHNX JTOCIiKEeHb.

Bucnosxku.

1. IMoxBiitHUI MexaHI3M JAerpajaaiii MeMEHTHOI MaTpHIl, paiarlifHo-MeXaHIYHUH (y) 1 pamioXiMidHII
(v, B), € KIIIOYOBUM OOMEXKEHHSIM, SIKE 3HIKYEThCsl HaHoMoanpikariero TiO».

2. TiO; ongHOouacHO BHMKOHYE Tpu (YHKIIT: CTpykTypHHH Moaubikatop (Hyknieamis + nano-filler +
ycynenss 1TZ), y-ekpan (migsuinenHs W, 3menmenns TIII/T/I) i moTenniinuii f-norivHay.

3. Cucrema llemenT-TiO>—OI' € HaykoBO OOIPYHTOBAHOIO, ajie¢ HE JOCIHIIKCHOK TPUKOMIOHEHTHOO
MAaTpHIIEIO, 1110 BU3HAYAE HAYKOBY HOBHU3HY POOOTH.

1. A.B. Hocoscekuii. Haykogi Bicti HTYVY «KIII» 53 (2007) 12.

2. IAEA. Managing Irradiated Graphite Waste: Final Report of a Coordinated Research Project. IAEA-TECDOC-2072.
(Vienna: International Atomic Energy Agency, 2024) 68 p.

3. A. Lowinska-Kluge, P. Piszora. Acta Phys. Pol. A 114 (2008) 399.

N. Rakhimova. Sustainability 15 (2023) 689.

B.JI. Cunopenko. Exonoriuna 6e3nexa YopHOOMIECHKOT 30HH BiIUy>KEHHS: TEXHOIIPUPO/IHI 3arpo3u Bijl pajiamiiHo

Hebesnmeynnx 00’ exTiB 1 sBum. Juc. ... 1-pa texH. Hayk (Kuis, 2020) 470 c.

C.T. Florean et al. Coatings 14 (2024) 218.

C. Wang et al. Coatings 13 (2023) 226.
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E®EKT HEHAJIATO/ZKEHOI'O KPIOCTATA.
YACOBI KOJIMBAHHS NOJIO)KEHHA EKCUTOHHUX PIBHIB Y HAIIIBMATHITHUX
KBAHTOBHUX SAIMAX IIPU CTAHIOHAPHOMY 3BY/I’KEHHI

B. 1. Cyraxos, I'. B. Bepuimaxa

Tuemumym aoeprux oocnioscenv HAH Yrpainu, Kuis, Ykpaina

VY po0orti [1] cnocTepiranucs nepioguyHi KoauBaHHs KoedilieHTa BiIOMBaHHS CBIT/Ia B T€TEPOCTPYKTY-
pax Ha ocHOBi Cs3Bizly mpu cramioHapHOMy 30yIKeHHI B 00JaCTi YaCTOT €KCHTOHHHUX IEpeXomiB. Jamnmii
edpexT OyB MOSCHEHUH KOJMBAHHAMH TEMIIEPAaTypH B HEilE€AIbHO HAJAIITOBAHOMY KpiocTaTi, e(eKT SKUX
MiACUITIOEThCS TO0IM3Y (ha3oBoro mepexoay y 3pasky. llepiognyHi KoJavBaHHS i KOJMBAHHA TEMIEpaTypu
IHIIIOrO THITY CITOCTEPITaloThCs B KpiocTarax [2, 3].

IlixaBo mocmiguTy MOMiOHUH eeKT B IHIIINA CHCTeMi, a caMe B HaIliBMArHITHUX HaIliBIIPOBITHUKAX, JC
OOMiHHA B3a€EMO/Iisl MK HOCISIMH 3apsily Ta MarHITHUMH 10HaMH MPU3BOAMTE JI0 TITaHTCHKOTO PO3IIETICHHS
€HepPreTHYHMX pIiBHIB y 30BHINIHEOMY MarHiTHOMy moii [4]. UyTiauBicTh HaMarHide€HOCTI IIiICHCTEMH
MarHiTHUX 10HIB 10 TEMIIEPATYPH AA€ 3MOTY OUiKyBaTH CYTTEBOI 3aJIeKHOCTI ITOJIOKEHHSI €KCUTOHHUX CMYT
Bil KOJHMBaHb Temmeparypu. JlocmimkyBanacs TeTepOCTPYKTypa 3 TOABIMHOK KBAaHTOBOIO SIMOIO
CdiyMgyTe/CdTe/Cd1yMgyTe/Cd1.xMn,Te/Cd1yMgyTe B mocTiiHOMY MarHiTHOMy TOJIi OpU 3MiHHIH
Temreparypi Tepmoctata. OfHa 3 KBAHTOBUX SIM JaHOI CUCTEMH € HalliBMAarHiTHOIO — BOHA YTBOPEHA IIapOM
HaIiBIPOBIJHUKA, IO MICTUTHh MarHiTHI ioHn Mn. 3anexHicTs Temmeparypu T Big wacy ! BBakamacs

. AT it . . . . .
nepioguyHoo: T =T, |1+ —cos| 2— ||, ne t, i AT — nepioa i aMILIiTy1a KOJIMBaHb BiANOBIIHO. SKImO

0 tO
nepiosl KOJUBAHb TEMIIEPaTypH 3HAYHO OLIBLIMI 3a 4ac Mepexoqy MiXK eJIeKTPOHHMMH PiBHSMH, 3ajada
3BOAMTHCS 10 CTAI[lOHApHOI 3a7ayi Ipo €HEeprilo CUCTEMU MpPU TEMIEpaTypi, SKy cCHcTeMa Maja B NMEBHUH
MOMeHT vacy. JlaHa crarfioHapHa 3ajada po3B’si3yBajiacs METOIOM, po3pobiaeHnM y pobori [5]. Bapiamiiina
XBHJIBOBa (QYHKIIiSI BAOMPAIACh Y BUTIISAL, 3pYYHOMY JUIS ONIMCY IPOCTOPOBOTO TOJI0KEHHS HOCIiB 3apsiy:

Y= Zijaijll’ij (p.2.,2,),

Pe —P . y
5 €Xp —| £ h| OIKCYIOTh EJICKTPOH, JIOKAIi30BaHUU Y
A ,

ij ij

ne ynxuii Wy (p.2.2) = (2.)w;(z,)

KBAHTOBI# siMi |, 14ipKy Bsmi |, ¢, (Ze) Ta Y, (Zh) — HalHW)KYi CTaHU eJIeKTPOHA 1 JIPKH y BiJIMOBIIHIHN siMi,
(pe(h),ze(h)) — KOODIMHATA €NEKTPOHA (AIPKH), BICh Z HANPABIICHA NEPINEHAMKYISPHO 0 WIApy SAMH, A;—
Bapianiiinuii napamerp. Koedinientn a; BU3HAYAIOTH IMOBIPHICTb 3HAHTH ENEKTPOH y KBAHTOBIH smi i i

JipKy B siMi |. Po3paxyHKku NmpoBOAMIMCS Uil CTPYKTYPH 3 INMPHHOKO HEMArHITHOI SIMH, LIO JTOPiBHIOE
L, =26 ML, mmpunoro marnitHoi smu L, =46 ML, mmpunoro 6ap’epa L, =6 ML, ne ML =324 A —

mmmprHa MoHommapy CdTe; x = 0,05, y = 0,26. JleTansHo coci0 po3paxyHKiB Ta HEOOXiIHI IS HUX 3HAYEHHS
napaMeTpiB Uil TaHUX MaTepiajiB onucaHo B poborTi [6].

168 - EHepris ekcuToHa, eB
22

1,67 -W

21 Puc. 1. 3anexHicTh €HEPreTHYHUX CIEKTPIB OCHOBHOTO
CTaHy eKCHTOHA BiJ] 4acy IPH CEpeAHLOMY 3HAYCHHI TEM-
168 T~ ~_— ~_— = neparypu cucremu T = 3K i KONMMBaHHIX TeMIlepaTypu 3
12 ammutityoro 1 K i mepiogom 60 ¢ y MarsHiTHOMY 1o 3
Hanpyxenictio 3 T. Iludpamu Ha PUCYHKY IO3HAYEHO
MIPOCTOPOBI CTaHU eKcuToHA: 11 — eJIeKTpoH 1 AipKa JioKa-
JII30BaHi B HEMArHITHIA KBAaHTOBIH sMi; 12 — eEKTPOH y
HEMarHiTHI{ sMi 1 Iipka B MarHiTHii siMi; 21 — enekTpoH
1,631 " Yy MarHITHI# sMi 1 Jipka B HEMarHIiTHIH smi; 22 — oOuBa
HOCIi B MarHiTHi# sMi.
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Ha puc. 1 nokasaHo pe3ynpTaTh poO3paxyHKy eHeprii 1S-cTaHy eKCHUTOHa B MarHiTHOMY MOJi AJs
O-+-KOMIIOHEHTH €KCUTOHHOT'O TIEPEXOY.

Hait0inpmmii BrmuB QuyKTyallii TeMiepaTypy O4iKyBaHO CIIPaBISIFOTh Ha CTaH, IO BiIMOBIa€ eNEKTPOHY
1 mipii, JOKami30BaHUM y MarHiTHii siMi (ctaH 22 Ha puc. 1), TOAl K €Hepris cTaHy eKCHTOHA 3 HOCIIMH,
JIOKaJIi30BAaHUMHY B HEMATHITHIH SMi, 3aJIMIIA€THCS 3 9acoM cTanuM. KomnBaHHS eHeprii € OUTbIIIMH, SKIIO B
MAarHiTHOMY IIapi JIoKali3oBaHa aipka (crad 12 Ha puc. 1), a He enextpoH (cran 21). Ie 3yMoBIeHO OilbIIIM
3HaYeHHSIM OOMIHHOTO iHTerpana JipKH MOPIBHAHO 3 €JIEKTPOHOM, i, BIAMIOBIAHO, CHJIBHINIO OOMIHHOIO
B32€EMOJII€I0 JIPKH 3 MAarHITHUMU JOMIIIIKAMH.

Ha puc. 2 moka3aHo MOJI0KEHHS €HePrii CTaHy €eKCUTOHA 3 HOCISIMH, JJOKQJII30BaHUMH B MarHiTHIH sMi, 1S
KITPKOX 3Ha4eHb HANpy>KEHOCTI MarHiTHOro Tojs. 3i 30UIbIIEHHSM MAarHiTHOTO TIOJNS 3POCTaE CepemHs
HaMar"iyeHiCTh MarHiTHUX 10HIB Mn i, BIAIIOBIZHO, HOCUIIIOETLCS OOMIHHA B3a€MOJisS €KCHTOHA 3 HUMU. Y
c1a0KUX MAarHiTHUX MOJSIX TEMIEpaTypHa 3ajeKHICTh HAMAarHiYeHOCTI € PI3KOI0, 1 aMIUIITyAa KOJMBaHb
eHeprii eKCHUTOHA 3pOCTae 3 POCTOM HAIPYKEHOCTI mojsd. Ilpu momanmsIioMy 3pocTaHHI MarHiTHOTO ITOJISI
HaMarHiueHicTh KpUCTaa I0cATac HACHIEHOCTI, 1 KONMBAaHHS TEMIIEpaTy Py BiKE HE MAIOTh CYTTEBOTO BIUIUBY
Ha HaMarHi4eHiCTh KpucTana. lle MmosiCHIOE 3MEHILICHHS! aMILTITyId OCLIISLIH €HepreTHYHOro MOJI0KEHHS
€KCUTOHHOTrO piBHs. Lle BUAHO TakoX 3 KPUBUX Ha pHC. 3, € MOKA3aHa 3aJIEXKHICTh aMIUITyAU KOJIMBaHb
€Heprii eKCUTOHHOTO CTaHy B MarHITHOMY IIapi BiJ HANPY’KEHOCTI MarHiTHOTO TTOJIA.

EHepria ekcuToHa, eB Amnnityga ocuyunauin, eB
1,690 4
H=0 0,007
1,685
0,006 dT=1
1,680 _W
1,675 H=0,5T 0,005
o -MT 0004
1,66 dT=0.5
%007 0,003
1,660 H=3T
0,002
1,655
0,001 4 _
1,650 *\_/\/\/ dT=0.1
H=sT 0,000
1,645 . . . / T T T T )
0 50 100 150 0 1 2 3 4 5
yac, cek MarniTHe none, T

Puc. 2. 3anexHicTh MONOKEHHS TiHIl eKCUTOHA 3 HOCissMu  Puc. 3. 3anexHICTP aMIUTITyOW OCHHJIAIIA  eHeprii

JIOKAJIi30BAaHMMH B MATHITHIM sIMi JUIs Pi3HUX 3HaueHb EKCHTOHHOTO CTAaHY 3 HOCISIMH, JIOKaJli30BaHUMH B HAITiB-

30BHIMIHBEOI0 MarHiTHOTO 10 H. MAarHITHIM AMi, BIJ 30BHIIIHBOTO MarHiTHOT'O IIOJS IS
KUTBKOX 3HAYCHb aMILIITYIU QIIyKTyaIii TeMIepaTypH.

TakuM 4YHHOM, y TETEpPOCTPYKTypax Ha OCHOBI HaIlIBMATHITHHX HAMIBIPOBITHUKIB KOJMBAHHS
TEMITepaTypyu MOXKYTh BUKOPHUCTOBYBATHCS SK JDKEpENo iHGOpMarii mpo B3aEMOII0 SICKTPOHHUX CTaHIB
CHCTEMH 3 MATHITHAUMU JOMIIIKAMHU.

1. F.V. Motsnyi et al. Solid State Commun. 137 (2006) 221.

2. C. Pan etal. Cryogenics 109 (2020) 103097.

3. S. Liuetal. Appl. Therm. Eng. 258 (2025) 124562.

4. A.V.Komarov et al. Sov. Phys. JETP 46 (1977) 318.

5. S.B. Lev, V.I. Sugakov, G.V. Vertsimakha. J. Phys.: Condens. Matter (2004) 16 4033.
6. O. Terletskii et al. Phys. Status Solidi C 14 (2017) 1700124.
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HAYKOBO-TEXHOJIOT'TYHI IIJIXO/U OO0 3HATTA 3 EKCILTYATAILI
AJEPHUX PEAKTOPIB 3 'PA®ITOBUM CIIOBIVIBHIOBAYEM.
CTAH BUBUEHOCTI TA CBITOBUM JOCBIJ Y BUPIIIEHHI JAHOI TPOBJEMATHKH

€. T. Terkaes, K. B. Cimeiiko

Incmumym npobaem b6esnexu AEC HAH Yxpainu, Kuis, Yxpaina

Ha croroani y cBiTi Bce Ie eKCIUTyaTyeThes 17 IPOMHCIOBUX €HEProOJIOKiB 3 rpadiTOBUM CIOBIIBHIO-
BaueM Ta ONHM3BKO 65 peakTopiB 3yNMUHEHO i MOTPeOyIOTh OCTATOYHOTO 3HATTS 3 eKCInTyararii. ToMmy myxe
TOCTPO TMOCTa€ MUTaHHS IMOAANBLIOrO MOBOHKEHHS 3 ONPOMIHEHHM TpadiToM, 3arajibHa KiJIbKICTB SIKOTO
CTaHOBUTH Ounbie 250 Tuc. T. YCHilHEe BUPINICHHS I[LOI0 MHUTaHHS MOTPeOye Bce3aralibHOro, 0araTocTo-
POHHBOTO BHBYEHHS. JlOCHiAHUIBKI pOOOTH MPOBOAMIIUCS Pi3HUMH KpaiHaMu B Pi3HMH yac. Y maHiil qomo-
Bili HAaBOIUTHLCS CTUCIHHA OTJIAN HAMOUTBIT BaroMHX JOCTITHHMIIBKHAX TpOTpaM, 1o Oy TNPOBEACHI 3a
ocrtanHi 20 pokiB.

MeTtoro poOOTH € 03HAMOMIICHHS IIMPOKOTO KOJia CICIIaTiCTiB i3 CY4YaCHUM CTAaHOM BHBYCHOCTI BKa3aHOT
npobaematuku. [IpencTaBieni marepiaay MOXYTh OYTH BUKOPUCTaHI Uil po3pOOKH HalliOHANBHUX CTpare-
riif mpu MOBOKEHHI 3 OMPOMiHEHUM rpaditoM, Horo nezakTuBamii, KOHIUIIOHYBaHHS, PO3POOKH METO/IB
3aXOPOHEHHS, a TAKOK PO3POOKH 3aralbHIX METO/IB IEMOHTaXY TpadiToOBOI KIaAKH SACPHUX PEaKTOPIB.

IIporpama amepukanchkoro HaykoBo-mocmimHoro iHcTuTyTy enektpoeHepretuku (Electric Power
Research Institute — EPRI) ¢pokycyBanacs Ha mpakTuuHuX acnekrax aeMoHTaxy AEC i Oyna meBHOK Miporo
MEpUIONPOXiAlleM y BUBYEHI mpolbiiemu onpomineHoro rpadiry. [Iporpamy Oyno 3anovarkoBano y CILIA B
2005 p. Bona oxoruttoBana Taki HarpsMHU AOCHTIKeHb: (1) OliHKa PU3UKIB 1 3a0e3nedeHHs] Oe3MeKH ITiJ| Yac
JNIEMOHTA)XXY — BUKOHAHO (PyHIaMEHTaNbHI JOCTIIKCHHS PH3UKIB 3aiiMaHHs Ta BHOYXy rpadiTOBOTO MHITY,
MIPOAHAIII30BAHO XAPAKTEPUCTHKH MUY, IO YTBOPIOETHCA M1 4ac MEXaHidHOT 00poOKu rpadiToBOi KIaaKH,
a TaKOX JOCIIHKEHO MOBEIIHKY PadiOHYKIIIIiB 14C i *Cl mix wac BUMHBaHHSA iX 3 rpagity Bomowo [1, 2];
(2) Texnosorii 00poOKK Ta MiHIMI3aIT BIIXOAIB — PO3pO0IEHO METOIU TEPMIYHOT i XiMi4HOI 0OPOOKHM ist
3MEHILIEHHS 00’e€My BiAXOZIB, 3alPOIIOHOBAHO CTpaTerii JOBFOCTPOKOBOrO 30epiraHHs Ta 3aXOpOHEHHS, a
TAKOXX TMPOAHATI30BAHO TEXHOJIOTII0 rasudikaiii sk crocody posminenus izoromiB [3, 4]; (3) mudpose
MOJIETIOBAHHS Ta MPAKTUYHI IHCTPYMEHTH IEMOHTaXy — PO3POOICHO METOIN ITUCTAHIIHHOTO MOHITOPHHTY
TpimuH 1 nedopmariii rpadiToBOi KIagKH, a TAaKoXX CPOPMOBAHO HAYKOBE MIAIPYHTS JJISi CTBOPEHHS
HAaIliOHAIBHUX CTPATeTiil 3aX0pOHEeHHs onpoMineHoro rpadirty [5—7].

VY cBoto uepry npoekt CARBOWASTE (2008—2012 pp.) OyB rojloBHOIO HAyKOBOIO iHII[IaTHBOIO €BpO-
neiicbkoro Coro3y (B Mexax 7-1 PamkoBoi nporpammu), CipsIMOBaHOIO Ha CTBOPEHHS LJIICHOT CUCTEMH I10BO-
JDKeHHS 3 onpomiHennM rpaditrom. Ha Bimminy Big Ilporpamm EPRI, ska Ginpmne ¢doxycyBamacs Ha iHXKe-
mepanx acnektax CIIA ta bpuranii, npoekt CARBOWASTE 06’emnaB 28 opramnizamiii 3 11 kpain (BkiTto-
yaroun JlutBy, @panmito Ta Himeuunny) mis Bupimenns npobiem peakropiB UNGG, AGR, PBMK ta HTR.

Y wmexax npoektry CARBOWASTE Oyno po3po0ieHO iHCTpYMEHT OaraTOKpUTEpiaJbHOro aHallizy
pimens (Multi-Criteria Decision Analysis, MCDA), sikuii 1a€ 3MOry KpaiHam o0MpaTH ONTHMAaJIbHY CTpaTe-
Tif0 BUBEIEHHS 3 eKcIUTyaTamii (Hampukial, «HeraiHWi» abo «BiIKIAACHUN» AEMOHTaX) 3 ypaxyBaHHIM
0COOTMBOCTEH HAIIOHAIFHOTO 3aKOHOJIABCTBA, (DIHAHCOBUX MOXIIMBOCTEH Ta HAasBHOI iHGPACTPYKTYpH IS
3aXOPOHEHHS BiJIXOJIB.

ITpoexr CARBOWASTE posninenuii Ha «Poboui maketu» (Work Packages — WP):

WP 1: [aTerpoBane ympaBiiHHS BiIXOAaMH — CTBOPEHHS «JIOPOKHBOT KapTm», sika Bene omnepatopa AEC
BiJI 3yMMHKH PeaKTopa 70 3aKPUTTS CXOBHIIA Bimxomis [8].

WP 2: Xapaxrepuctrka rpadity — AeTaTbHHH aTiiac TOTO, SK pajiallisi 3MiHIOE MOPUCTICTh Ta MIKPO-
CTpyKTYpy TpadiTy. Ynepire 6yi0 diTKo po3IiIeHo «OpraHiuHmii» Ta «HeopraHiunuin *C [9].

WP 3: BuryueHHs Ta MOBO)KEHHSI — OTJISLA TEXHOJIOT1H TUCTaHIIHHOTO BUIy4eHHs OJOKiB Kiaaku. AHa-
i3 pU3UKIB MEXaHIYHOTO PYHHYBaHHs OJIOKIB mpu crpoOi ix ButarayTu [10].

WP 4: Jle3aktuBamis Ta mepepoOka — TMOPIBHAHHA €(PEKTUBHOCTI TEPMIUYHHX Ta XIMIYHHUX METOJIIB.
BrcHOBOK: TepMiura 06pobKa (IMipoti3) € HaiGiIBIT TEPCIEKTHBHOKO I IIPOMHUCIIOBOTO MaciuTady [11].

WP 5: 3axopoHeHHsI Ta 6e3reka — MOJICITIOBaHHS TIOBEAIHKY TpadiTy B CONSHUX, TIMHSIHUX Ta TPAHITHHX
cxoBuiax Ha repmid y 10000 pokis [12, 13].

l'onoBHUM pe3ynbTaToM MPOEKTY Oyllo CTBOpPEeHHs iHTerpoBaHoro nmocioHuka (Tool Box), sikuit gomoma-
rae KpaiHaM-y4acHUISIM BUOUPATH ONTUMAJIbHI IIJISIXU [TOBOMXKEHHS 3 BIIXOJaMH — BiJ BUIy4EHHs Ta PoO3-
IiIeHHS 10 KOHAMLIIOBAaHHS Ta OCTaTOYHOTO 3aXOPOHEHHS.

151



IMpoext GRAPA (Irradiated Graphite Processing Approaches) — nie nocnigauipka iniiatusa MAT'ATE,
sIKa CTaja JIOTIYHUM MPOJIOBKEHHSM Ta 00’ €THABYMM MalIaHYMKOM JUIS HampaioBaHb nporpamu EPRI Ta
npoekty CARBOWASTE. Metoro npoekTy OyJI0 CTBOPEHHS IiTICHOT MIXKHAPOIHOT TIATPOPMHU TSl OOMiHY
JIOCBIJIOM Ta PO3POOKH MPAKTHYHUX PEKOMEHAIlIN 1010 BUIYUYCHHS, aHaJli3y, MepepoOKU Ta 3aXOPOHEHHS
rpadiTOBUX BiJXO/IB.

Kimrouosumu 3BiTamu Ta myGmikamismu MATATE e: (1) IAEA-TECDOC-1154 Irradiation damage
in graphite due to fast neutrons in fission systems [14]; (2) IAEA-TECDOC-1521 Characterization,
Treatment and Conditioning of Radioactive Graphite from Decommissioning of Nuclear Reactors [15];
(3) IAEA-TECDOC-1790 Processing of Irradiated Graphite to Meet Acceptance Criteria for Waste Disposal
[16]; (4) IAEA-TECDOC-2072 Managing Irradiated Graphite Waste [17].

1. Flammability and Explosivity of Decommissioning-Generated Graphite Dust. Report No. 1014797 (Palo Alto,
CA: Electric Power Research Institute, 2006) 112 p.

2. Characterization of Graphite Dust Generated During Cutting of Irradiated Graphite. Report No. 1015460 (Palo
Alto, CA: Electric Power Research Institute, 2007) 86 p.

3. Graphite Decommissioning: Survey of Disposal Options and Leaching Behavior. Report No. 1016772 (Palo Alto,
CA: Electric Power Research Institute, 2008) 144 p.

4. Treatment of Irradiated Graphite: Review of Technologies for Waste Volume Reduction. Report No. 1025215
(Palo Alto, CA: Electric Power Research Institute, 2012) 98 p.

5. Options for Management of Spent Nuclear Graphite. Report No. 3002003102 (Palo Alto, CA: Electric Power
Research Institute, 2014). 120 p.

6. International Review of Irradiated Graphite Waste Management. Report No. 3002010619 (Palo Alto, CA: Electric
Power Research Institute, 2017) 138 p.

7.  Technical Basis for the Development of Graphite Waste Disposal Strategies. Report No. 3002023914 (Palo Alto,
CA: Electric Power Research Institute, 2022). 156 p.

8. P. Toulhoat et al. Review of Existing Graphite Waste Management Practices. CARBOWASTE Deliverable D-
1.1.1. (European Commission, 2010) 76 p.

9.  W. Von Lensa et al. Integrated Management Strategy for Irradiated Graphite. CARBOWASTE Deliverable D-
1.3.1. (European Commission, 2011) 84 p.

10. N. Petit, S. Payne. Retrieval and Segregation of Irradiated Graphite. CARBOWASTE Deliverable D-3.2.1.
(European Commission, 2011) 92 p.

11. V. Marsal et al. Report on the Behaviour of i-Graphite in Disposal Conditions. CARBOWASTE Deliverable
D-5.3.1. (European Commission, 2012) 115 p.

12. AW. Banford, A.J. Wickham CARBOWASTE: Treatment and Disposal of Irradiated Graphite and Other
Carbonaceous Waste. Final Summary Report (European Commission, 2013) 210 p.

13. 1AEA Nuclear Energy Series NW-T-1.11. Progress in Radioactive Graphite Waste Management (Vienna: 1AEA,
2010) 254 p.

14. |AEA-TECDOC-1647. Irradiated Graphite Management: Progress in Selection and Optimization of Conditioning
Options (Vienna: IAEA, 2010) 114 p.

15. 1AEA Nuclear Energy Series NW-T-1.10. Processing of Irradiated Graphite to Meet Acceptance Criteria for
Waste Disposal (Vienna: IAEA, 2016) 182 p.

16. IAEA-TECDOC-1799. Characterization of Irradiated Graphite in Nuclear Reactors (Vienna: IAEA, 2016) 146 p.

17. 1AEA-TECDOC-1956. Approaches to the Management of Irradiated Graphite (Results of the GRAPA Project)
(Vienna: IAEA, 2021) 208 p.
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OLIHKA IOXUBOK IPU PO3PAXYHKY ®YHKIIII PO3NOILTY
JIOKAJIBHUX TOJIIB HUJITHAPUYHUX ITAPAMAT'HITHUX YACTHUHOK

10. B. fikoBenko, 0. b. llleBuenxo, B. B. Tpumun

Incmumym soepuux docnioscens HAH Ykpainu, Kuis, Ykpaina

OcTtaHHIMH pOKaMH JIesiKi 1abopaTopii po3poOuiy HOBI MEPCHEKTHBHI KOJIOINHI CHCTEMHU ISl TEPAaHOCTHU-
KH, SIKi MICTSATh NMapaMarHiTHi ioHU. JliarHOCTUYHA I[IHHICT IIUX HAHOCHUCTEM BHU3HAYAETHCS €PEKTUBHICTIO
iXHBOTO BIUIMBY Ha PENIAKCAaIlI0 SAep OTOUYIOUMX TKAHHWH 0 MEXaHI3My MpPSAMOi TUIIONb-TUTONBHOI (dd)
B3aeMozil. Y momnepeaHixX AociipKkeH X [1] Hamu Oyjo BHBYCHO sACPHY PEIaKCallilo i BIUTMBOM TaKHUX

JMCTIEPCHUX YaCTHHOK i BBENEHO (yHKILir0 posnomity D, (h), sxa onucye MpocTOpOBHIA PO3MOALN cepeHix

KBaJpaTiB JOKAJbHUX MAarHITHHUX IIOJIiB, CTBOPEHHUX MMapaMarHiTHOIO YaCTHHKOIO MEeBHOI (Gopmu. DyHKIIiA
D, (h) 3aJIEKHUTD BiZl GOPMHU Ta PO3MIpiB YaCTHHKM, a TaKOXK Bix Biacradi h mo 1i marepaiapHOI MOBEPXHI.

SIKIo BiTOMI KOHLEHTpAllis G, MapaMarHiTHAX IOHIB 3 €(eKTUBHUMH MArHiTHUMH MOMEHTaMH M , a
TakoX (opMa Ta po3MipU YaCTUHKH, TO Dp(h) [IJIKOM BH3HAYa€ BIUTUB YaCTUHKU HA PENaKCaIlIo siep
otoueHHs. Panime Hamu Oyio orpumano popmynn D, (h) nnst wacTunOK pisHoi popmu. ITpu excTpemanbHO

Mamux h (Habarato MeHIIMX 32 po3MipH 4acTHHOK) Gopmynn D, (h) JUTSL BCIX TUIIB YaCTHHOK HaOyBaroTh
w1 . . . .

Burany D, = e Jnst chepruyHUX YaCTUHOK OYJI0 OTPUMAHO aHAITHYHI BUPa3H, SIKi € TOUYHUMH TPH BCIX

pajiycax YaCTHHOK i BifacTausax h. Jlns mumiHAPMYHMX Ta MIIACTMHOMOAIOHMX 4acTMHOK popmymn D, (h)

oTpuMaHo (GopMyH Al TPAHUYHOTO BHMAIKY, KoM N € Habarato MeHIe 3a BCi pO3MIpH YaCTHHKH abo
KOJIM TOBXKWHA ITvtiHapa L, abo aBa JiHINHI po3MipH IUTACTHHH € HECKIHUCHHUMH.
Merta nanoi po60TH — OLIHATH HETOYHICTH NpU po3paxyHKy D, (h) OUATIHAPA CKIHYCHOT TOBXHUHU. MHu

OIIIHFOEMO JIMIIIE TOJIS MapamarHiTHuX mwiiaapis 3 L>R, ne R — pamiyc mumingpa. YV po6oti [1] Gyso
OTPUMAHO TaKi CITiBBITHOIIICHHS:

D,y (b.L)= [ f]_axay[(x-R—h)+y? +z]3, )

Dy (b,L) = —@(b?») (2)

@ (b) =0(b,0)=[[_de oln[(1+1/b—g)2+nzfl2 (npu L > o0), @3)
®, (b) ~ g_g+b7:_%3(npwamb) @

Dy ~gs  (b0), ©)
%(b)z%f(l—%} (b o), ©

ne b=h/R, A=L/R; E=x/h, n=y/h, X ta y — nekapToBi KOOpAUHATH.

Oynkuito O(b) Oyno pospaxosano umcensHo (Oymo BukopuctaHo (yHkuiro quad 3 6i6mioTexn
scipy). Ha puc. 1 BuaHo, mo Hi anpokcuMant @, (b) —puc. 1, a, vi anpokcumant D (b) —puc. 1,6 He €
sagoBimbHuMu it b~0,5-15. 3 wmiei npuumnnm mu HaGmmkaemo pospaxosany ¢ynkuiro ®@(b)

anpokcumariiero [lane, sika BpaxoBye cTapIn WwWieHH acuMIToTuk (4) Ta (6):

4 1+ab

@, (b))~

91+B,b+B,b* +4a/(9n)b®

(")

153



s b~0 orpumyemo (Dl(b) ~4/9, mo y3rouKyeTbest 3 piBHsSHHAM (4). s b~ oo, piBusaus (7) nae
Cbl(b)zn/bz, 0 Y3TOLKYEThCA 3 pIiBHAHHAM (6). BukopucTtoBytoun dyHKIi0 curve fit Gi0moTexn
scipy, mu 3maiiuum o=0,04, B,;=0,74 ta B,=0,17. BignocHa mnoxuOKa IBOTO ANPOKCHMAHTA,

x(b)= [Ql(b) - CD(b)] / ®(b), ue nepesumye 0,7 %.

0.45
0.404
1071,
0.351
0.304
0.254 10724
0.201
0.154
1073_
0.104

0.051

‘ . . ; . 104 ; .
102 101 10° 10! 102 10° 10! 102
b b
a 7]

Puc. 1. a — Po3paxoBaHa umcensHO (yHKIIS (I)(b), JuB. (3), 1 HOro anpoKCUMaHTH QDO(b) (muB. (4)), Ta @, (b)

0.00

(nuB. (6)), a TaKoXK anpokcumauii, orpumani musixom yeidenns @y (b) ta @, (b). osnauenns: wopna kpusa —
nd(b); nomapanuesa — xoncranta 4/9; uepsona — 4/9-b/3; Gyskoea — 4/9-b/3+b° 14 ; pionemosa — @, (b) ;

senena — wb° IB°; cuna— @, (b).b— @(b) Ta @, (b) npu Bemukux 3HaveHnsx b .

101 5
4_
1072,
3 4
R
. 21
© 10 =
. A = 1
— A=5
107 — A=10 0
— A=15
101 102 B 10! 10° 10 10?
b b
Puc. 2. ®ynkuii @(b,A) wis pisaux A. Puc. 3. Bigsocna noxu6ka anpokcumanta @, (b)

JUTS pI3HHX A.

Byso nocmimkeno 3acrocoBHicTh piBHsHHS (7) ms ckinyeHHoi noskuuu mutinapa (L ). Tlicas 3aminu
3MiHHUX 3 piBHsIHG (1) Ta (2) oTprMy€eMO

3 A 3
d)(b,l):%”mdign 3arctan(A)+3A—+5A TlglziK, (8)

(1+A2) 15

B B 12
ne E=x/R, n=Yy/R, a=[(l+b—§)2+ﬁ2] , A=)\/a, Ta 00YUCITIOEMO IHTETpaN y I[LOMY PiBHSHHI

YUCENBHO (TYT MM TaKOX BHKOPHUCTANH (QyHKIiI0 quad 3 0i0mioreku scipy). Ak i cuig Oyno odikyBaru,

CKiHUEHHA JOBXMHA IMJIIHIpPA BIJIMBAE HA CD(b,?») Ha Benukux Bifgcransx b (puc. 2). Ha puc. 3 mokasauo
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x(b,k) = [(Dl (b) —(D(b,k):l /®(b,)), BizmoBimmi BimHOCHI mOXMOKH ampokcumanTa @, (b) 3 puc. 3

pOOMMO BHMCHOBOK, IO HAOJIMKEHHS Ipaloe NocuTh no0pe, komu h<d/3, nme d — Bigcramp g0

HaiiOmmx4uoi ocHoBH mminiHAapa. [1o6nm3y ocHOB LuIiHApa BCi pe3yibTaTH, OTPUMAaHi AJS HECKiHYEHHOTO
LWIIHAPA, HE 3aCTOCOBHI.

1. I0.b. leBuenko Ta iH. IlpocTopoBa mmcriepcis AWIONBHUX IONIB MWIIHAPUYHUX MapaMarHiTHUX YaCTHHOK

(uucnoBuit pospaxyHok). Y kH.: XXIX mopiuyna HaykoBa koHpepeHuis [Hctutyry simepHux mociimkenr HAH
VYxpainu (Kuis, 26-30 Bepecust 2022 poky). Anoraiii 1o qonosigeit (Kuis : [H-T saepaux gocmimpk., 2022) c. 231.
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®IBUKA ILTABMH
TA KEPOBAHUU TEPMOSJEPHUUN CUHTE3

OCOBJIMBOCTI IHIIIIIOBAHHS
BAKYYMHOI'O AYT'OBOI'O PO3PAAY B UANCTUX ITAPAX HIUPKOHIIO

A.T. bopuceHko

Tnemumym aoeprux docnioxcens HAH Yrpainu, Kuis, Ykpaina

IIporecu iHimiroBaHH:, a00 «3alaJICHHS», BAKYYMHHX TyTOBUX PO3PSAIIB y Mapax TBepaodasHux MaTepi-
aNiB BIUIMBAIOTH HE JIMIIE Ha pecypc Oe3zmepepBHOI pOOOTH TeHEpaTopiB IIa3MOBUX MOTOKIB, ajle i Ha Mpo-
LIECU Ha PO3PSJIHUX €IEKTPOJax Ta BiAMOBIIHO HA mpolecu (popMyBaHHS MEPeHOCY CTpyMy Mixk Humu. Lle
pOOHTH aKTyadbHUMH IXHI ITOCHTIKEHHS B PI3HUX THITAX SICKTPHIHUX PO3PSMIB Ta TEXHOJIOTIUHUX IKEpe-
Jax Mia3Mu. Pe3ynpTaTi UX JOCHTIKEHb CTAaHOBIIATH NTEBHUM HAYKOBUH Ta MPaKTUIHUHN 1HTEpEC MpU Po3-
poOIIi Pi3HOTO TEXHOJIOTIYHOTO 00NnagHaHHs [1]. AKTyaqTbHUMH TaKOX € TOCHI/PKCHHS MPOIIECiB Ha aHOTHUX
EJIEKTPOJIaX PI3HUX ENEKTPHUYHUX PO3PAIiB. 30KpeMa, MPOIECiB BUMTAPOBYBAHHS aHOIHOTO €IEKTPOY, TeHe-
parii aHOZHOI IIa3MHK Ta YTBOPEHHS aHOAHUX UM [2—4].

Jlana po6oTa JOMOBHIOE PE3y/IbTaTH MONEPEAHIX TOCIIIPKEHb YMOB T'eHEpallii TIa3MOBUX MOTOKIB MapiB
KOHCTPYKI[IHHIX MaTepialiB SIEPHOI €HEPreTUKH, OTPUMAHUX 3a JOIIOMOTOK HECAMOCTIHHOTO TYyTrOBOTO
po3psaay B mapax MaTepianis aHoxy [5-9]. Bimomo, mio maHuii THIT pO3psmy 34aTeH TeHEepPyBaTH IIIa3MOBI
MIOTOKM TBepAo(ha3HMUX MaTepiamiB 6e3 Kpameib poOdodoro MaTepiany i 3 BUCOKOIO YacTKOIO 10HIB. 30Kpema,
TCHEPOBaHi JaHUM THIIOM PO3pPsy IIa3MOBi OTOKU MapiB HUPKOHII0 MOXYTh MaTH KoedilieHTH ioHi3amil
10 60-100 % [8, 9]. MokIHBOCTI TAaHOTO PO3PALY T€HEPYBATH IIIA3MOBI MOTOKH 3 BUCOKUM KOE(IllieHTOM
10HI3a11i1 CTAHOBIIATH IEBHUI IHTEPEC TIPU BUPILICHHS PI3HUX TEXHOJIOTIYHUX 3aBJaHb.

VY naHiii AOMOBiJI NPEACTABICHO PE3YJbTaTH SKCIEPUMEHTAILHUX JOCIIKEHb MPOLECIB IHII[IIOBaHHS
HECaMOCTIHOTO BaKyyMHO-AYTOBOTO PO3PsAy B YHCTHX MapaX MOHOKPUCTAIIYHOTO LUpPKOHIit0. HaBemeHo
TUHAMIKY TapaMeTpiB BaKyyMHO-IYTOBOTO PO3PSIAY B Iapax MUPKOHIIO MPH «3alaliOBaHHI» PO3PSAY METO-
JIOM «BaKyyMHOTO JIiO/Iy» Ta B Mapora3oBiid CyMimli MapiB MUPKOHIIO 3 Ta30M NMPH BUKOPHCTaHHI JTOJaTKOBO-
r'o ra30Boro po3psaay B cxpemeHnx ExB momsx. [Tokazano mepexij IyroBoro po3psay B Mapora3oBiid CyMirri
JI0 PO3pSAIy B YHCTHUX Mapax MUPKOHI0. HaBeneHO OCHOBHI MapaMeTpyr HECaMOCTIHHOTO Ta30BOTO PO3PSAY 3
nonepedanMu EXB momnsmu. [lokazano, 1o 3aCTOCYBaHHS Pi3HUX METOIB IHIMIFOBAaHHS BaKyyMHOTO JyTO-
BOTO pO3psiAy B Mapax MUPKOHIIO MPU3BOAUTH 10 (OPMYBaHHS CTAOIILHO ICHYIOUOTO PO3pSIY, KU Xapak-
TEPU3Y€ETHCS PI3HUMH NOYaTKOBUMHU 3HAUEHHSIMU CTPYMY Ta HAIIPYT'H, a TAKOK NOTpedye pi3HOT HOTYKHOCTI
JDKEpeN eNISKTPOKUBIICHHsI JIJIsl Horo reHeparlii. BetaHoBiieHO, IO MapaMeTpy Ta30BOTO PO3PSLY MOXKYTh
CYTTEBO BILIMBATH Ha IWHAMIKY ITapaMEeTPiB OCHOBHOTO AYTOBOTO PO3PSAY B IIPOIIEC «3allaItOBaHHSI.

1. 1. Sysoiev, Y. Shyrokyi, K. Fesenko. Probl. At. Sci. Technol. 1 (2026) 184
https://doi.org/10.46813/2026-161-184

2. 1. Beilis. Plasma and Spot Phenomena in Electrical Arcs (Springer Cham, Cham, 2020) XXXI, 1126 p.

https://doi.org/10.1007/978-3-030-44747-2

S. Mengmeng et al. Phys. Plasmas 32 (2025) 023506. https://doi.org/10.1063/5.0241863

M.S. Bieniek, P.G.C. Almeida, M.S. Benilov. Plasma Sources Sci. Technol. 27 (2018) 05LTO03.

https://doi.org/10.1088/1361-6595/aac0e9 .

A.G. Borisenko, Yu.S. Podzirei. Probl. At. Sci. Technol. 1 (2015) 177.

A.G. Borisenko et al. Probl. At. Sci. Technol. 6 (2018) 241.

A.G. Borisenko et al. Probl. At. Sci. Technol. 4 (2019) 165.
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3ACTOCYBAHHS ®I3MYHO-IH®OPMOBAHUX HEMPOMEPEXK JIO 3AIAY
MOJEJIOBAHHA I'EJJIKOHHOT'O J7KEPEJIA TIJIAZMU 3 IINTAHAPHOIO AHTEHOIO

I0. B. Bipko, B. ®@. Bipko, II. B. Ilopuubkuii

ITnemumym si0eprux docnioncenv HAH Yrpainu, Kuis, Ykpaina

CtpiMKHuil pO3BUTOK OOYHMCIIOBAIHHUX TEXHOJOTiH Ta METO/IB MAIIMHHOTO HABYaHHS BIJIKPWUBAE MPUH-
LUIIOBO HOBI MOJIMBOCTI JIJI1 MOJICIIOBAHHS CKIaMHUX (i3muHMX cucTeM. [losBa cremianizoBaHuX 004HC-
JTIOBAJIEHUX apXiTEKTyp Ta PpeWMBOPKIB aBTOMAaTHIHOTO TU(epeHITiIOBaHHS 3pO0HIa MOKINBUM BOYIOBY-
BaHHS (PI3UYHMX 3aKOHIB 0€3MOCEPETHBO B apXiTEKTypy HEHpOHHHX MepeX. Ha 1poMy mepeTrHi KIIaCH4IHO1
MareMaTHyHol (i3MKH Ta TIMOOKOro HaByaHHs BHHHUKIA KoHuemnuis Physics-Informed Neural Networks
(PINN) — minxin, sanporonoBanuii Raissi et al. (2019) [1], mo HaOyBae MKUPOKOTO PO3MOBCIOKEHHS B
00UYNCTIOBATBHIHN (i3HIIi.

Ha Bigminy Bim MeTofiB, kepoBaHuX cyTo aaHuMH, PINN BHKOpHUCTOBYIOTH AudepeHLialbHi piBHIHHS
JOCIIKYBaHOI CHCTEMH K 0OMexeHHs QyHKLii BTpaT npu HaBuaHHi. Lle 3a0e3neuye Gi3uuHy KOPEKTHICTH
OTPUMYBaHUX PO3B’A3KIB Ta Ja€ 3MOTy €(PEeKTHBHO IMPAITIOBATH B YMOBaX OOMEXKEHOI KUTBKOCTI €KCITepH-
MEHTaJIbHUX JaHUX.

enikoHHMI PO3psA € OOHUM 3 HAHOLIBII epeKTUBHUX JKepell TeHepalil IibHOI HU3bKOTeMIIepaTypHOT
IJIa3MH, SKAA 3HAXOMNUThH MIHPOKE 3aCTOCYBAHHS Y TEXHOJOTIYHUX MPOIEcax MIKPOEIECKTPOHIKH, TIa3MOXi-
Mmil Ta ¢iznunux excriepumentax [2]. CkiamHa B3aeMOJisi €IEKTPOMATHITHUX XBHJIb 3 IUIa3MOKO POOJISATH
MOBHUH aHAJTITUYHUE OMUC PO3PSAY CKIAAHUM, a 3aCTOCYBaHHS KIACHYHUX YHCENbHUX METOAIB — oO4vmc-
JIOBAJIbHO 3aTPATHUM.

3actocyBanHs PINN 1o 3amau MopenroBaHHS TeNiKOHHOI IUIa3MH € HPUPOAHUM DPO3BUTKOM METOXIB
YUCENBHOTO MoemoBaHHs. Cepesl KIIOUYOBUX MepeBar TaKoro IMiIX0Ay — MOKJIMBICTh PO3B’s3aHHS 00epHE-
HUX 33/1a4 3 BiJHOBJICHHSM IapaMeTPiB CHCTEMH 3 HETIOBHUX BUMIipIOBaHb, BiZICYTHICTh HEOOXITHOCTI y AHC-
KpeTH3arii po3paXxyHKOBOI CITKH, & TaKOK CYTTEBE 3HMKCHHS OOUHMCITIOBATHHUX BHTpAT HA €Talli BUKOPHC-
TaHHS MOJEN] ITICIsI HaBYaHHs.

Meroto poboTi OyJ0 MOJCNIOBAHHS pajaiaibHOro mpodiaro MarxiTHoro moss B,(r) ta XBHIBOBOTO
BekTopa K renikoHHoT xBuiti (Mozxa m = 0, Ny = 2) 0e3 BUKOPUCTaHHS aHAJITUYHOTO PO3B’S3KY.

B sKocTi kepyrounx piBHSHb BUKOPHCTOBYETHCSI XBHIIbOBE PIBHSHHS JUISI TEKOHHOI MOJH Ta PiBHSHHS,
IO OINUCYE 3aTyXaroue MOTEHIliaJbHEe MMoJie JUIs BaKyyMmy. [ paHHYHI YMOBH 3aJjaHO SIK YMOBOIO IPOBiAHOT
crinku B;(R) = 0, Tak i cumerpiero Ha oci 3 HopMyBaHHsAM amiutiTyu B,(0) = 1.

JlonaTkoBO BpPaxoBYIOTHCSI BUMOTM [0 TOrO, LIO0 WIyKaHEe BJacHE 3HAYCHHS (XBWJIBOBUH BEKTOD)
3anumanocs Gi3nIHO KOPEKTHUM.

Mpodine B,(r): PINN vs aHaniTuKa Kpuei BTpaT
1.0 PINN |
=== AHaniTukKa 1021
. nna3ma/Bakyym (6 cm)
s 0.51 \
o :
$ <1004
o
0.0
10—2 ]
0 2 4 6 0 1000 2000 3000
r, CM Enoxa
Puc. 1. Pagiansamii po3noain BU marunitHoro mosst B,. Puc. 2. 3Hauenns 3aranbpHoOi QYHKIIT BTpaT

[t 1BodazHoro mporecy Hapuanus (Adam + L-BFGS).

s mozemoBaHHs OyJio po3pobiieHo MoaynbHY apxiTekTypy PINN, 1m0 ckiagaeThcs 3 IBOX OKPEMHX
HEHPOHHUX Mepex (VI IUIa3MHU Ta BaKyyMy), KOXKHA 3 SIKUX MICTHTb 10 3 mpuxoBaHi mapu 3 50 HelfipoHamu
y KOkHOMY. JI71s1 TIOKpaIeHHsT anmpOoKCUMAaIlii OCIMIIIOIYNX PO3B’SI3KIB Ha BXOJi 3acTocoBaHo map Dyp’e-
komyBaHHs (Fourier Embedding). SIk ¢ynkImito aktuBamii oOpaHo rimepOoidHMii TaHTeHC (tanh), M0
3a0e3neuye HeoOXiTHY TIaIKICTh MOXIAHUX MpPU PO3paxyHKy (i3WdHUX HeB’s30K. PeanizoBano nBodazHuit
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Ipolec HaBYaHHA alropuTMoM Adam 3 IMHAMIYHAM 3MEHIIEHHSM IIBUAKOCTI HaBYaHHS AJs cTabiIbHOTO
MIOITYKY TJIO0aNbHOTO MIHIMYMY, IICIsi 4OrO BUKOHYBajacs onTmmizamis merogoM L-BFGS. Pesynbratu
PO3paxyHKIB HaBeJIcHO Ha puc. 11 2.

Po3pobrenuil anropuT™ yCminIHO 3HaXOIUTH BIACHE 3HAYEHHs 3 MOXHOKOI0 MeHIe 1 % Ta BiATBOpIOE
(hi3MuHUI PO3MOAIN MO B IJIa3Mi i BaKyyMi, IO MATBEPIKY€E ePEKTUBHICTH HEHPOMEPEKEBOTO MiAXOIY
TUTS 33729 MaTeMaTHIHOI (Di3UKH.

1. M. Raissi, P. Perdikaris, G.E. Karniadakis. J. Comput. Phys. 378 (2019) 686.
2. V.F. Virko et al. Probl. At. Sci. Technol. 6 (2014) 130.
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BEAM-DRIVEN WAKEFIELD IN LAYERED PLASMA WAVEGUIDE

K. V. Galaydych, P. I. Markov, G. V. Sotnikov

NSC Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine

Plasma wakefield accelerators (PWFA) represent one of the promising new accelerator concepts that are
now being developed intensively for future applications in high-energy physics and industry. Among the
unresolved problems of practical implementation of PWFA there are maintaining the required quality
(emittance, size, energy spread) and stable transportation of drive and accelerated bunches over long
acceleration distances. For improving the bunch transport, we propose that the plasma channel method
should be modified by filling the bunch transport channel with the background plasma, the density of which
is lower than the main plasma density, building up an accelerating wake wave. We call this waveguide
structure with a non-uniform transverse plasma profile a layered plasma waveguide (LPW). The layered
plasma has been modeled as a combination of a tubular plasma and a plasma column of significantly
different densities (Fig. 1). The plasma column has a lower density. In the linear approximation of plasma
dynamics, and a sharp interface between the plasma layers, analytical expressions for the excited
longitudinal and transverse wakefields were obtained [1].

b
tubular plasma ny, Moy

Q

<

=
azge 3

3

R, T ..

drive g

- plasma column n, o =
& P bunch | "y Fi r

o

a b
Radial coordinate r

Fig. 1. Left — Sectional view of the cylindrical plasma waveguide. Metal coating, layered plasma, and drive bunch are
shown schematically. The drive bunch moves along to the waveguide axis without an offset. Right — The layered
plasma comprises two layers adjacent to one another: the inner plasma (the plasma column of radius a) has the density
Npcy), and the density of the outer (tubular) plasma is equal to np). The outer radius of the tubular plasma equals the
radius of the waveguide.

For numerical analysis, the following parameters were chosen: waveguide radius of 600 um, plasma
column radius of 300 um, plasma column density of 4.93-10%* cm~3, tubular plasma density of 1.53-10'® cm=3,
energy of electron drive bunch of 5 GeV, charge of the drive bunch of 2.0 nC, length of the drive bunch of
250 um, radius of the drive bunch of 250 um. The dispersion dependencies of the TM-modes of the LPW
were obtained and analyzed, and it was found that there was a single TM wave resonant with the electron
bunch. It is shown that for certain density ratios of the outer and inner plasmas, it is possible to both
accelerate and focus the drive and witness bunches simultaneously. Based on the obtained analytical
expressions, the structures of the axial and radial wakefield amplitudes have been numerically investigated.
Figure 2 shows the 2D distributions of axial E, and radial W, = E, —H, wakefields excited by a single

drive electron bunch. The most essential qualitative differences between the wakefield distributions, namely,
in their longitudinal structure, are observed in the region of the plasma column of the layered plasma
waveguide. In this region, the transverse wakefield W, has a clearly defined longitudinal period equal to
~ 1.5 mm, which corresponds to the Langmuir wave frequency =200 GHz. In the distribution of the
longitudinal wakefield E, in the region of the plasma column, two periods can be seen, viz., = 1.5 mm and
~ 0.5 mm. The second period is due to the excitation of the TMg; wave of the layered plasma waveguide,
having the frequency = 600 GHz (Cherenkov resonant frequency).
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Fig. 2. Two-dimensional distributions of the longitudinal (left) E, and transverse (right) W, wakefields excited by a

single drive electron bunch. The drive bunch propagates from right to left along the waveguide axis with constant
velocity. Drive bunch head is located at vi—z=0.

In the tubular plasma region, the distributions of the longitudinal and transverse wakefields have a similar
longitudinal structure with the period equal to the period of the TMo: wave. Their amplitudes decline rapidly
from the interface inward the tubular plasma in consequence of the surface character of the TMo; wave. A
spectral amplitude-frequency analysis of the excited wakefields has been carried out as well. Figure 3 shows
the spectra of the excited wakefield. In the plasma column region, the wakefield spectra demonstrate two
maxima, which correspond to the Langmuir frequency of the plasma column ~200 GHz, and the resonant
eigenfrequency of the waveguide ~600 GHz. The frequency that gives the main contribution to the
longitudinal wakefield is the resonant frequency.

(b)
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- —~ 001} E
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>
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Fig. 3. Amplitude-frequency spectra of the longitudinal (a) and transverse (b) wakefields excited by a single drive
electron bunch calculated in the plasma column region at r = 250 um (solid black line), and in the tubular plasma
region at r = 450 um (dash-dotted red line).

The transverse wakefield spectrum shows that in the plasma column region, the main contribution
corresponds to the Langmuir frequency, and the contribution to its total amplitude at the resonant frequency
is negligibly small. In the tubular plasma region, the spectra of both the longitudinal and transverse
wakefields have a single maximum corresponding to the resonant frequency.

The study is supported by the National Research Foundation of Ukraine under the program “Excellent
science in Ukraine” (project # 2023.03/0182).

1. K.V. Galaydych, P.I. Markov, G.V. Sotnikov. arXiv:2601.04903 [physics.acc-ph] (2026).
https://doi.org/10.48550/arXiv.2601.04903
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PO BIVIMB ITPOLECIB IEPEHECEHHS HA ®OPMY, PO3MIP TA CTPYKTYPY
IIVTIABMOBOTI'O KAHAJIY IMITYJIBCHOI'O PO3PAAY Y BOAI

B. B. 'nagkoBebkniit?, M. A. Beaomenko?, B. I'. [Tanuenko?,
I1. B. Hopuunkuii?, F0. B. Bipko?, O. A. ®enopoBuy?®

! Hayionanona axademia nayx Yxpainu, Kuis, Yxpaina
2 Incmumym si0epuux oocrioscens HAH Vipainu, Kuis, Yxpaina

3acTocyBaHHS BUCOKOBOJBTHUX IMITYJIbCHHX PO3PSIIB Y BOI IMepeadadae IUPOKHA CIIEKTP TaTy3eH s
3aCTOCYBaHHS, BiJl OUHIIEHHs BOIM 10 MaTepiamosnaBcTia [1-10]. 3okpema, 1eit MeTO MOKHA BUKOPHUCTATH
Uil ePEKTUBHOTO 3HUILEHHS MIKpPOOPraHi3MiB Ta OpraHIYHUX 3a0pyIHIOBadiB y BOJ, a TAKOX I MOAUQi-
Karlii BIaCTUBOCTEH MarepianiB. BUBUEHHS MIa3MOBUX BJIIACTUBOCTEH 1 JMHAMIKH YAApHUX XBUIIb, SIKI BUHH-
KalOTh y IIPOLIECI TAKOTO EIEKTPUIHOTO PO3PSILY, MAIOTh BayKJINBE 3HAYCHHS I PO3yMiHHs IOBEIIHKH MaTe-
pianiB B eKcTpeManbHUX yMoBax. KpiMm Toro, mocnimkeHHs (OpMH KaHaly € HEOOXiTHUM JJisl BU3HAYCHHS
CUMETpIi, B AKiii BUKOHYIOTHCSI PO3PaxXyHKH THCKY, a TaKOXX Ba)XKJIMBO BPaxOBYBaTH BIUIMB HECTiHKOCTEH
IJIa3MOBOTO KaHATy Ha HOTO MOMepedHi pO3MipH.

VY momnoBini HaBenEeHO pe3yJbTaTH AOCHTIKEHb (HOPMH, pO3MIpiB Ta CTPYKTYPH IUIa3MOBOTO KaHAIy, IO
YTBOPIOETHCS IMITYJILCHUM PO3PSIOM Y BOJI, iHIIIHOBAaHUM €JIEKTPUYHUM BHOYXOM METaJeBOrO MPOBiTHUKA
(puc. 1 i 2). BeraHoBiieHo, 10 IUIa3MOBHIH KaHaJ Mac IIHAPHYHY (OPMY 3 HEBEIMKMMH IIOTOBIIEHHIMHU
mo0IM3y eNeKTPOIiB Ta JEMOHCTPYE 3HAYHY HEOJHOPIAHICTH HAa Mi3HIX CTafisiX pO3BUTKY. Panmiyc kaHamy
301IBLIYETHCS IPU 3POCTaHHI BBEACHOI €HEPrii, JocATaroud MaKCHMAIbHUX 3HaYeHb Ha PaHHIX CTaJisX po3-
psiay, HicIs Y0Tro CIOCTEPIraeThesl yHOBUIbHEHHS po3muperHs. Ha puc. 2 HaBeneHo TunoBy (oTopeecTpariito
PO3IIUPEHHS KaHaTy, ¢ MOJKHA CIIOCTEPIraTd yaapHi XBUJI, 0 YTBOPIOIOTHCS i Yac BUOYXY IMPOBITHUKA,
a TakoX Mmicys mpoOoro MapiB MeTaly MpH IHTEHCHBHOMY BBEIEHHI eHeprii B KaHajl. BUsABIeHO TakoX, IO
IIBUJIKICTH MOIIMPEHHS yIaPHUX XBWIb 30ubIIyeThes 0 2000 M/c, a 3ro/IoM eKCIIOHEHIIIHHO HAOINKAETHCS
JIO0 IIBUIKOCTI 3BYKY V BOII.

[Tokazano, 1m0 MIa3MOBHH KaHaJl Ma€ IWIIHAPHUYHY (OpMYy 3 ABOMA HEBENWKHMH KYIIOJIOTOAIOHUMHU
MOTOBIICHHSMH TOONM3Y eJIeKTpOoAiB. JliaMeTpy KaHaimy 3HaYHO PI3HATHCS B Pi3HUX Mepepi3ax MpH MalHx
LIBUKOCTSIX HAPOCTAHHs CTPyMY. 31 301IbILICHHSM [IBUKOCTI BBEACHHS CHEPTii MeXa KaHaIy BUPiBHIOETHCSI.
Ha mi3Hiif cTanmii po3BUTKY IUTa3MOBOTO KaHAIy CIIOCTEPITaeThCS HOTO HEOAHOPIAHICTH y MOMEPEYHOMY
HanpsMKy. Ha Miciii BHOYXOBOTO MPOBiJHUKA CIIOCTEPIraeThCs SICKPaBE CBITIHHS siApa, SIKE MAa€ MOIMEPEUHy
ynopsiakoBaHy crpatudikanito po3mipom ~0,5 MM. 3i 301IbIIEHHSIM MOYATKOBOT'O JiaMeTpa MPOBIAHUKA, 1110
HII[II0E pO3psif, SCKpaBiCHa TeMIlepaTypa CyCimHIX oOmacTeil Moke BiIpi3HATHCS Maibke BnBiui. 3i
3MEHIIICHHSM JliaMeTpa po3psay Ta 31 30UTBIICHHSM IIBUAKOCTI BBEICHHS CHEPTii PI3HMIISI B SCKpaBiCHIM
TeMIIepaTypi cyciHiX o0acTell 3MEHITYEThCSI.

[Ipw iHiNitOBaHHI TUTa3MH ITPOBITHUKOM, IO BUOYXa€, Ta IIBUIKOMY BBEJICHHI €HEprii B KaHaJl MicIs Ipo-
00f0 mapiB MeTay, pajaiyc KaHally, M0 PO3IIMPIOETHCS, Ma€e KiTbKa XapakTepHuX AUTTHOK. [lix gac Hapoc-
TaHHS CTPYMY B KaHaJIi CIIOCTEPIraeThCsi MPUCKOPEHE PO3IIMPEHHS KaHaTy, HIBHJKICTh SIKOTO I0CATaE MaKCHU-
MaJILHOTO 3HAYCHHS, MICHIA 4OT0 BiOyBa€eThCs YMOBUIBHEHHS po3upeHHs. Lle ynoBibHeHHS MOB’s3aHe 31
3MEHILEHHSM LIBUAKOCTI BBEIEHHs eHepril B kaHail. [Ipu mpunuHeHHI BBEJECHHS €HEprii CriocTepiraeThes
MOCTYIIOBE 3MEHIICHHS LIBUJIKOCTI PO3IIMPEHHS KaHaly. KaHam mpoaoBkKye pO3IIMPIOBATHCS 32 PaxyHOK
3araceHoi B Miia3Mi KIHeTHYHOI eHeprii. {1t po3paxyHKiB TUCKY HEOOXiqHHI padiyc PpOHTY yAapHOI XBHIIL.
Bukopucrana MeToauka faja 3MOTy IIPOBOJUTH OJHOYACHY 3HOMKY paaiyca GppoHTYy.

OTxe, MalOTh MiCIle TIEBHI HEOJAHOPITHOCTI B IJIa3Mi IpH po3MUpeHHi kaHaiy. [IpoTe He3Baxkaroun Ha
MOJKIIUBICTH TIEPETPiBY, IPOMEHKCTA TEIIONPOBIIHICTh TOBUHHA BUPIBHIOBATH TEMIIEPATYPY B ONEPEYHOMY
nepepi3i kanany. lle sBuIlE, BiJOME SK «IPOCBITICHHS» MITbHOI TWiasMu [6], OCKiTbKH KoedimieHT
IIPOMEHUCTOI TETJIONPOBITHOCTI MPOTIOPIIMHNN JOBXKHIHI TPOOITYy KBaHTA Ta TEMIIEPATYpi:

16
X = ?GOTsf,

ne  — koedimienT mpomeHucToi TemnonposiaHocTi, 7 — TemmepaTypa, 6o = 5,67037-10° Br-m K™ — crama
Credana—bonbimana, | — cepenss noBxuHa MPOOITy KBaHTIB.

3 iHmoro OOKy, HEBENMKa PI3HUIS y MONEPEYHUX PO3Mipax KaHAIB Yy JOCHIKEHHI CBIIYUTH TPO
PIBHOMIpHHUI PO3MOJiN TUCKY NPAaKTHYHO MO BCHOMY 00’€My IIa3MOBOro KaHany. B iHmmomy Bumanky
cnioctepiranocs 6 301IbIIEHHS MIBHIKOCTI PO3MIMPEHHS OKPEMHUX AIITHOK KaHATY, OCKIJIbKA OCTaHHS, pa3oM
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3 paziycoM KaHajly, OJHO3HA4HO OB’ A3aHa 31 3HAYCHHSM THCKY B KaHaui. Pe3ynbraté mocmimkenHs GopMu
KaHaJly Jajgd 3MOTY BUKOHYBaTH BUMIpIOBaHHs HOTO PO3MIpiB y NEBHOMY IIOIIEPEYHOMY Hepepisi.

Puc. 1. Ontryna cxema i Bu3HaueHHs Gopmu miasmo- — Puc. 2. doropeecTporpama poO3MIMPEHHS I1JIa3MOBOTO
BOTO KaHaITy: 1 — eTalloHHe JpKepero CBiTlIa, 2 — 00’ €KTHB,  KaHAITy IPOTAroM 4dacy po3roptku t = 40 mxc. [diamerp
3 — ekcrepUMeHTANbHA €MHICTh, 4 — MUIA3MOBHil KaHan,  iHiniroroyoro mposigauka (W) d = 20 MkM mpu Hampy3i
5 — cryminuacta miadparma, 6 — Hacanka 3 o0 ektuBoM, U = 10 kB, mosxuni po3psay | = 40 MM, iHAyKTHBHOCTI
7 — xaMmepa creKTpodoTopeecTparopa, 8 — cTymiHdacTuii  po3psimHoro KoHTypa L = 0,43 Mk[H.

nocabroBad.

OTtprMaHi pe3ynbTaTé BaXJIINBI 715 pO3yMiHHSA (D i3MIHUX MPOIIECIB Y TNIA3MOBOMY KaHAIIi Ta IMOAABIINX
PO3paxyHKIB TaKHX IMapamMeTpiB IUIa3MH, SIK THCK, TEMIIEpaTypa Ta MUTOMA eJIeKTPOIPOBITHICTb.
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CIIEHAPII 3 IEPEBAYKHUM HATPIBAHHSIM MNOHIB
Y CTEJIAPATOPI BEHJAEJIBIITAHH 7-X

s1. 1. Konecuuuenko, B. B. Jlviienko, A. B. Tuxwuii
ITnemumym si0eprux docnioncenv HAH Yrpainu, Kuis, Ykpaina

BuxopuctoByroun HyJIbBUMIpHY MMapajurMy JJIs pPiBHAHb €HEPreTUYHOTO OajaHcy, pO3TISHYTO IUIa3My,
HArpiTy imkekiiero mydkiB HeWTpansHux atomiB (NBI) 3 enepriero £, 3 METOIO AOCITIKEHHS MOXKIHBOCTI

JIOCSITHEHHSI CTalllOHapHOi Temmeparypu ioHiB Tj, mo mnepeBuirye Temmneparypy einektponiB (T; > Te).
KoHKpeTHI po3paxyHKH IpoBeneHo s ctemapaTopa W7-X.

3po0seHO BUCHOBOK, IO ciieHapii 3 Ti > Te MOXKITUBI JIUIIIE TOA1, KOJIM HarpiBaHHS €JEKTPOHIB 30BHIIITHIMHU
JoKepenamMu ciallie, HiXK OXOJIO/KEHHS ENEKTPOHIB, CIIPUYMHEHE BTPATOl0 eHeprii. «Pexxum 3 rapsuuMu
HoHaMU», TOOTO crieHapi 3 Ti >> Te, MOKITUBHIN, KOJH €JIEKTPOH-HOHHUH 3B’ 30K JTyXKe CIaOKUH.

VY crenaparopi W7-X cramioHapHi ctanu 3 T; > Te MOXJIMBI B TJIa3Mi 3 BIIHOCHO HU3bKOIO TYCTHHOIO Ta
JIOCTaTHHO BHCOKHMM YacOM YTPHMAaHHS €Heprii HOHIB (TOOTO, KoM TypOYJICHTHICTh, BUKINKAHA TPATiEHTOM
fionnoi temmneparypu (ITG) BiacyTHs abo mom’sikiiena) (Tadmuis).

Temnepatrypu miiazmu (Te Ta Ti), Yacu yTpUMaHHs HOHIB Ta eJIeKTPOHIB (TEi Ta TEc) Ta CHIBBiTHOIIEHHS
O = TilTe, £ = Tee/7ei y Mu1a3Mi 3 HOPMOBAHOIO I'YCTHHOIO N19 = 1 1151 Pnei = 3,5 MBT T2 Prel = 6,8 MBT

Pusm TEi, © TEe, © Ti, keB Te, keB C) ¢

3,5 0,23 0,072 5,02 2,64 19 1/3
0,39 0,12 8,40 4,42
0,046 0,14 1,90 2,37 0,8 3
0,16 0,45 6,34 7,93

6,8 0,068 0,022 2,91 1,52 1,9 1/3
0,26 0,081 11,1 5,82
0,027 0,081 2,16 2,70 0,8 3
0,075 0,22 5,98 7,47

Ipumimra. HaBeneHi 1aHi € CipaBeUIMBUMHU JJIs CTAIIOHAPHOTO CTaHy IIa3MH, 3a SKOro mapameTp { nopistioe 1/3

(criika ITG-moza) a6o 3 (ITG-TypOysIeHTHICTS).

[lepenbaueHo BaxiauBy ocoOnuBicTh HarpiBanHs NBI y cramionHapHoMy cTaHi: BHSBJICHO, IO YacTKa
notyxuocTi NBI, 110 nepenaerscs ionam (i), Mae MakCUMyM TIpH TIEBHI €JIEKTPOHHIH Temmepatypi (puc. 1).

Lle koHTpacTye 3 Bimomum pesynbrarom Critnepa, MOKa3aHHM Ha puc. 2, e I 4acTka, Mo3HadeHa f,°, €

MOHOTOHHOIO (yHKILi€t0 Te. PisHuus nosicuroetsest Tum, mwo ;" = f, +1.5T, / &, ne nepuunii wien nos’si3anuit

3 OXOJIOMKCHHSIM IIBUIKHX HOHIB BHACIIIOK KYJIOHIBCHKHX 3ITKHEHb T4 CYIIyTHHOTO HArpiBaHHS TETJIOBHX
HOHIB, TOAI SIK APYTHH WICH 3yMOBJICHUH NEPEX0I0M TEPMaIi30BaHUX 1HKEKTOBAHUX YACTHHOK 3 MOIYJISLIT
MIBUJIKKX JI0 TOMYJIAIiT HOHIB OCHOBHOT IJIa3MH.

H, & =55.0 keB, © =1.9, &, =3/>T; H, & =55.0 keB

2.5 ] 2.5
0.7 1.0
091
0.61.... 2.0 0.8{ .+ L2.0
0.5 _:'.. 0.7 '..',f.' 15
-~ 150 79067 130
) | % N
=034 F10Y v oaf 1.0
0.2 el
0.5 0.2 Lo.5
0] £o +E0/2 + Eof3 0.11 Eo + Eol2 + E/3
— +& ’ — & 0 0
0.0 T WYY 0.0 0.0 —— 0.0
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Te, KeB

Puc. 1. Yactka norysxnocti NBI i (vopra cyyinona ninis),
fi(&) ms 6 =1, 2, 3, ne & = &, & = &l2, & = &3

(wmpuxosi ninii) ta & (kpurnuna eHepris) it Eo

(nypnyposa ninist) six byukmii Te y crenapatopi W7-X.

Te, KEB

Puc. 2. Te x came, mo i Ha puc. 1., ame s f;*.
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PesynbraTtu pobotu onyOiikoBaHo B cTaTTi [1], sika BukoHaHa B pamkax Koncopuiymy EUROfusion, mio
¢dinancyersest €Bponeiickkum Coro3zom uepes [Iporpamy mocrmimkeHs Ta HaBuaHHS €Bparomy (I'paHTOBa
yroga Ne 101052200—EUROfusion).

1. Ya.l. Kolesnichenko, V.V. Lutsenko, A.V. Tykhyy, and the W7-X Team. Phys. Plasmas 33 (2026) 032506.
https://doi.org/10.1063/5.0315228
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DESTABILIZATION OF TAE MODES BY FAST IONS
WITH FINITEWIDTH OF PITCH DISTRIBUTION

Ya. I. Kolesnichenko?, V. V. Lutsenko?!, A. V. Tykhyy?, E. D. Fredrickson?

Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2 Princeton Plasma Physics Laboratory, Princeton, USA

Toroidicity-induced Alfvén eigenmodes (TAE) are often observed in tokamaks and stellarators. They are
typically destabilized by the pressure gradient (Vp,) of fast ions produced by neutral beam injection (NBI)

and /or acceleration during ion cyclotron resonance heating. Because the radial profile of fast ions is normally
decreasing (Vp, <0), TAEsdriven by Vp_ usually propagate in the direction of plasma current, i.e., they are
co-propagating TAE, co-TAE. In the exceptional case of beam ions with inverse radial profile (Vp, >0),

TAEs driven by the spatial inhomogeneity of fast ions are counter propagating, ctr-TAE.

However, the pressure gradient of fast ions is not always the dominant destabilizing factor in TAE
instabilities. The velocity anisotropy of fast ions is another factor affecting the plasma stability. Moreover,
TAES can be destabilized in the absence of a non-Maxwellian population of fast ions in Ohmic discharges.

Despite the fact that ctr-TAES are not typical, they occurred in various devices. In particular, in NSTX-U
experiments [1] and earlier in TFTR [2], JT-60U [3]. They were also observed in the absence of fast ions in
Ohmic discharges in SUNIST [4].

Various mechanisms of TAE instabilities, with special attention to finding conditions leading to ctr-TAEs,
were considered in a recent work of the authors [5]. In addition to a general analysis, a specific example was
considered in Ref. [5]: an experiment with NBI on the spherical tokamak NSTX-U, where co- and ctr- TAES
were observed simultaneously [1] was considered. It was concluded that both types of TAEs occurred because
their destabilization was caused by the velocity anisotropy of beam ions, which overrode the effects of spatial

inhomogeneity, although Vp_, > Othey could contribute to the instability drive.

It was assumed in Ref. [5] that the pitch distribution of fast ions is approximated by the Dirac & -function
F, ~38(x—%,), where x=v,/v, v is the particle velocity, v, is the velocity along the magnetic field. This
approximation was justified by the fact that the dependence of the fast ion distribution on 5 was not known.
At the same time, it remained open a question whether the finite width of the distribution over y does not

stabilize the instability.
In order to clarify this issue, the relations used in Ref. [5], which describe the instability growth rate, y(y),

were extended by taking into account the presence of fast ions with various pitches, Ay =0. The numerical

code calculating the growth rate was changed correspondingly. Calculations for both ctr-TAEs and co-TAES
were carried out for the cases when the fast ion density, n_(r), has a plateau or a weak maximum, as shown

in Fig. 4 of Ref. [5]. It was found that the instability can persist for both types of n_(r) even when Ay is rather
large, e.g. Ay =0.2. A reservation to this statement, however, is required: when n_(r) has a plateau, the

ctr-TAE mode with lower frequency remains unstable provided the plateau region is slightly extended, as was
predicted in Ref. [5].
The results of calculations for ctr-TAE are shown in Figure. We observe that finite Ay decreases the growth

rate, and can even completely suppress the instability (see Figure, left panel; when Ay =0.2, low mode is
stable at xmax = 0.35 but unstable for n_(x) with an extended plateau, Xmax = 0.4). On the other hand, it is a bit
surprising that in some cases, when Ay = 0, fast ions with pitches that are stabilizing for F, ~8(x —y,) can
become destabilizing (see Figure, left panel; the stable region of high mode aty, >0.75 becomes unstable).
This is explained by the fact that the positive derivative oF, / dy > 0 shifts to a smaller y value due to Ay = 0.
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y versus y, for ctr-TAE in the NSTX-U discharge #205072, when F, =n_ (X)(v°® +VvZ) ™ exp[—(x—x0)* / (Ax)°1,
with x = r/a. Left panel — n_(x) with a plateau in the region [0, Xmax], Xmax = 0.35 except where noted Xmax = 0.4. Right

panel — n (x) with a maximum at Xmax- = 0.35, c.f. Fig. 5 of Ref. [5]. The low mode and high mode are TAEs with
lower and higher frequency, respectively; mode numbersare m=2and 3 n=1.
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KEIIIHI TA KJIEMIIIHT' Y CTEJJAPATOPI BEHJIEJIBIITAMH 7-X
I YAC HATPIBAHHS HA EJIEKTPOHHOMY HUKJIOTPOHHOMY PE3OHAHCI

5. 1. Koaecunuenko, B. B. Jlyuenko, A. B. Tuxuii
Incmumym s0epnux docniosncens HAH Yrpainu, Kuis, Ykpaina

OcobnuBicTio crenapatopa Benaenbiraitn 7-X € Te, 10 HEOKIACHYHHUI TPAHCIOPT B HHOMY € JOBOJI
MaJUM 1 TPaKTUYHO HE BIUIMBAE HA YTPUMAHHS IUIA3MH, ¢ OCHOBHY pPOJIb Tpa€ TypOyJIeHTHICTh, SK 1 B
Tokamakax [1]. HarpiBaHHs Ha enekTpoHHOMY LUMKJIOTpoHHOMY pe3oHaHci (ELIPH) mano 3mory otpumaru
Ia3MH 3 €JeKTPOHHOK Temmeparyporo Bix 1 mo 7 keB [2]. Ilpore iioHHa TemmepaTypa B TaKHX
eKcIIepuMeHTax OyJia 3HaYHO HIKYOI0 3a 7 kKeB; OibIie Toro, criocTepirapcs KIEMITIHT HOHHOI TeMIIepaTypu
mpu Ti = 1,5 keB [3].

V wiit pobori 3a monomororo 0-BUMipHOT IapagurMy piBHAHB OajlaHCy €Heprii MmokaszaHo, 10 Y IJIa3Max 3
ITepeBaKHAM HarpiBaHHSAM €IIEKTPOHIB, 30kpeMa npu EL[PH, temmeparypa ioniB T 3aBkau oOMekeHa 3ropu
(KeTmiHr) TeMIlepaTypolo, SKa € HIKYOI0 3a TeMIepaTypy eleKTpoHiB Te. Komu TemmonpoBinHicTs HOHIB €
AQHOMAJIbHOIO, TOOTO KOJM 4Yac YTPHMaHHS eHeprii HOHIB HabaraTo MEHIIWH 3a 4ac yTPUMaHHS EHepril
CIEKTPOHIB — HANPHKIAZ, Yepe3 BUKIMKAHy HOHHOIO TemmeparypHo-rpagientHoo (MTI) HecrifikicTio
TypOYJIEHTHICTb — TaKUH KEMIIHT Y3rOJUKY€EThCS 3 OCHOBHHMH PHCAMU KJIEMIIIHTY HOHHOI TeMIepaTypu, 110
CIIOCTEpiTaBcsl y eKCIIeprMEHTaxX Ha CTeJlapaTopax Ta TOKaMakax, 30KpeMa Ha ctenapatopi Benaenbiraiin 7-X,
auB. Hamp. [3]. Tlo-mepie, Temmeparypa kemmiHry Ti. (MakcHMaibHe 3HAa4eHHS i K (QYHKIii Te, sKe
JOCSITAETHCS MIPHU T ex, IPUIOMY MaKCUMYM JTy>Ke TIOJIOTHIA) € HIKYOIO 32 3HAYEHHS, SIKE Ja€ HEOKJIACHYHA TEOpisl
MIEPEHOCY TEeIUIa; MO-APYTe, el MaKCUMYM HE 3aJIeKHUTD BiJl TOTYKHOCTI HAarpiBaHHS: MO-TPETE, BIH MOKE JINIIIE
CT1abKo 3aJIeXKaTH BiJ TYCTHHH IUIA3MH, IT0-UYETBEPTE, ICHYE TJIATO HOHHOI TEMITEPaTyPH B OKOJI Tex.

3aBIsKM ICHYBaHHIO IUIATO MOHHOI TeMIepaTypu, TeMIlepaTypa KemmiHry Ti. OJn3bka 1O TeMIepaTypH
HOHIB, fIKa AOCATAETHCS 3a Ti€l MUTOMOI MOTY>KHOCTI HarPiBaHHA PHe, 3a AKOT Ti = Te. 30UIBIICHHS TUTOMOL
MOTY>KHOCTI HarpiBaHHs MOHAX PHc, YA 32 PaXyHOK 3MEHILIECHHS T'YCTMHH IUIa3MH, YU 4epe3 301IbIICHHS
notyxuocTi EIIPH, npusBomuth 10 3poctanHs Te, B TO# yac sk T; 3MiHIO€ThCs cabko. L{i ocoOnuBocTi
AHOMAJTLHOT'O KENITIHTY TIOKa3aHo Ha puc. 11 2. TakuM 4MHOM, MOXHA CTBEPKYBATH, IO KJIEMITIHT HOHHOT
TEMIIEpaTypH € aHOMAILHUM KETITIiHIOM, 110 BUHUKae uepe3 U TT-TypOynenTHiCTh un iHmi HectiiikocTi, sKi
CIPUYHMHSIOTHCS JI0 aHOMAaJbHOI HOHHOT TEIUIONPOBIIHOCTI, a BUKJIAQJCHA B I[ili poOOTI mapagurmMa Moxe
3aCTOCOBYBATHUCS JUISL ONIUCY KJIEMITIHTY.

4 MNg

Ti, keB
~,

Ti, keB

Te, K€B
Puc. 1. 3anexwnicts Ti Big Te B W7-X. 31niBa: xoBTHM 3adapOoBaHa 00J1acTh, B SIKY NOTpaIisie abCOII0THA OLIBILICTD
EKCIIEpUMEHTANBHUX TOYOK 3 puc. 1, a podotu [3] mns ELIPH-po3psnis 3 pizHoro notyxaicTio EIIPH Ta pi3sHOIO
rycTuHolo T1wiasMu. Ll obGnacte BimmoBimae Binomiit temmepatypi kinemminry Ti=1,5«keB. Cyyinoui ninii —
pospaxosai Gpyskitii Ti(Te) st rycroi (cuns) i po3pimkenoi (vepsona) nasmu 'y W7-X. Ha npasiti naneni — te x, mo
i Ha zigitl, 3 10JABAHHAM OCi I'yCTHHH IU1a3Mu Nig [N/10%° m=2]. HackicHe posTanryBaHHs %0BTOT 00JIaCTi CXeMaTHYHO
MOKa3ye, 10 B EKCIIEPUMEHTAX BHUCOKI 3HAUEHHS Te JOCATAIOTHCS JIMIIE TPH HU3BKIM IyCTUHI 1U1a3Mu. [IyHKmupHi
Kpuei CIIpOCKTOBAHO Ha TUIONIMHY N1g = 12 JUIs MOPIBHSAHHS 3 JIIBUM rpadikom.
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& Puc. 2. 3anexnicts Ti Ta Te Bif TYCTHHH IUIa3MH Nig 32
¢ikcoBanoro 3HaueHHs notyxHocTi ELIPH 7 MBT. [Hmi
napaMeTpu sk Ha puc. 1. JKoemum ta cunim 3apapbosasni
obmacti, B sKi TOTPAIUIAIOTh a0CONIOTHA OLIBIIICTH
EKCIICPUMCHTAIBHUX 3HAYCHb BIAMOBIAHO T; Ta T,
24 300paxkennx Ha puc. 1, b po6oru [3].

T, keB

Mg

OTpuMaHO CIiBBiJHOIICHHS, SKi MOKYTh OyTH BUKOPUCTaHI AJIS AIarHOCTUKHU Yacy YTPUMAaHHS €Heprii B
Ia3Mi i Yac KIEMIIHTY: 3HAalOYM TEMIEepaTypy KJIEMIIIHTY Ta MHUTOMY IOTY>KHICTh HarpiBaHHS B
excriepuMeHTi 3 Te = Tj, MO’KHa OOYHMCIUTH Yac YTPUMaHHS €HEprii B eKCIIEpUMEHTax 3 iHIIOK TYCTHHOIO Ta
MUTOMOIO TIOTYKHICTIO HarpiBaHHA.

Pesynbratn pobotn ony0OiikoBaHo B cTatTi [4].

Pobota BukoHaHa B pamkax koncopuiymy EUROfusion.

C.D. Beidler et al. Nature 596(12) (2021) 221. https://doi.org/10.1038/s41586-021-03687-w

T. Klinger et al. Nucl. Fusion 59(11) (2019) 112004. https://doi.org/10.1088/1741-4326/ab03a7
M.N.A. Beurskens et al. Nucl. Fusion 61(11) (2021) 116072. https://doi.org/10.1088/1741-4326/ab03a7
Ya.l. Kolesnichenko, V.V. Lutsenko, A.V. Tykhyy. Phys. Plasmas 33 (2026) 032506.
https://doi.org/10.1063/5.0315228
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TEMPERATURE RELAXATION PROCESSES
IN TURBULENT INHOMOGENEOUS PLASMA WITH UPPER HYBRID PUMP

V. G. Panchenko, P. V. Porytskyi, Yu. V. Virko

Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine

In this report, we present the influence of parametric instability in a magnetized inhomogeneous plasma on
the properties of high-frequency (HF) plasma with a pump. Consider the electron-ion inhomogeneous plasma
in an external magnetic field B,,. The plasma is subjected to an HF pump field, which is directed

perpendicularly to EO . For a long wavelength (k, =0) pump wave, we can write E(t) = E,ycosm,t . Study the

case when the pump wave frequency o, is close to the upper-hybrid frequency

2 oin?
®,.SIN“0

Oy, = Q.1+ 0

1)

The expression (1) is valid in a strongly magnetized plasma for the case ®,, <<€, . The damping rate of the
upper-hybrid wave v, = v,;.
The frequency and the damping rate of the electron drift wave are

Op = — <, 2)

where a.=n;'dn,/dy is the parameter characterizing the plasma density inhomogeneity

1/2 2 .2

-0 kps (1+T. /T _ 2

- Z_(Ej o ookp; (1+T, ,)_'_Te o, (L+TT, exp| - 0);392 _ @)
2 2k, vy, T 2k, 2k, v

Consider the case when the second (ion) term in (3) is dominant. Note that the scale size of the density
gradient L=1/o must satisfy the condition of weak inhomogeneity A<<L, where A=2mn/k is the
wavelength of drift plasma oscillations.

For obtaining the relaxation time between the electron and ion temperatures t,, we use the formula [1, 2]

==y @

where W, is the power density for the plasma ion component.
Present the power density W, in the form [3]

w=)- % 190 seses L omye, )
(2n)° 2n % 4n

where < SESE >, ¢ 18 the spectral density fluctuations of the electric field.

Investigate the relaxation process when the parametric decay of the pump wave into upper-hybrid and
electron-drift waves occurs

Wy =0y, +Op . (6)

Note that ®, must be slightly above o, because w, <<w,,®,,, . The threshold for such instability is [4]
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In the region above the instability threshold, the plasma becomes turbulent. Using the nonlinear stabilization
mechanism that leads to saturation of the fluctuation level [4], we obtain the expression for < SESE >k

Taking into account (5) and using (4), we find

1 1 e E; (k)* QF

Q
e N (D i ®)

Tei ~3—2meTemg B_g(krDe)2 m;z)e Vei YD

We see from (8) that the inverse relaxation time grows with increasing density gradient and pump wave
intensity. Note also the sharp dependence 1/t~ ;" .

. . 1 . . .
Comparing (8) with the —- in a magnetized homogeneous plasma without a pump [5], we find

ei

v
i/i zﬁ nerDse [ﬂ} i “2 [V_EJZ QE %&(YDVUH)M (9)
Ty 'cgi 9 In Q, In m m (krDe)2 Vi, mﬁe Ve Vo o,

O‘)pe mE

e
, V, =€E,/m,m,. For hot plasma parameters: nr> ~10°, u~5-107, v /v, =107,

pi

KE,C

where p=
0y By

kro, 107, T, ~1keV, B,=50kH we have

ENERST T
Tei Tei

Thus, the presence of parametric instability in a magnetized inhomogeneous plasma leads to a significant
growth of HF plasma heating.
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EFFECT OF SPATIAL MOMENTUM CHANNELLING
OF ENERGETIC IONS ON PLASMA ROTATION

M. H. Tyshchenko?, Yu. V. Yakovenko!?

LInstitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
ZNational University “Kyiv Mohyla Academy , Kyiv, Ukraine

In this work, the plasma momentum transport that occurs during the spatial channelling (SC) [1, 2] is
studied. When an eigenmode with a non-zero toroidal mode number n transports energy from one flux surface
to another, it always transports toroidal angular momentum. This means that when the spatial regions where
the mode is destabilised and damped are separated in space, the mode applies opposite torques to both these
regions. Here, we derive relationships between the radial flux of the ions destabilising the wave and the power
accepted by the mode. The torques that result from the resonant interaction of trapped and passing energetic
ions with an eigenmode are calculated and compared. At a fixed power channelled by the mode, the resulting
torque is proportional to n; note that toroidicity-induced Alfvén eigenmodes (TAES) with n~10—15 are
expected to be dominant in ITER [3]. The shearing rate of the toroidal flow that arises when an eigenmode
transports toroidal angular momentum from the excitation region to the damping region is evaluated. The
possibility that this flow can contribute to turbulence suppression is discussed.

When the Alfvén eigenmodes (AE) is excited by trapped particles, it is mainly the thermal plasma that
receives the torque resulting from the wave radiation. In the case of destabilisation by passing energetic ions,
they can take a certain fraction of this torque and undergo longitudinal acceleration. This fraction is small for
low-frequency AE modes (TAEs, beta-induced Alfvén eigenmodes (BAES) and reversed-shear-induced
Alfvén eigenmodes (RSAEs)) with n >> 1. However, this inequality may not hold for low-frequency modes
with n~1 and for high-frequency modes excited via cyclotron resonance.

Fast ions are known to affect plasma turbulence [4], see an overview in [5]. Several mechanisms are
proposed to explain this effect; zonal flows (ZF) generated by fast-ion-excited AE — TAEs, RSAEs or BAES
— are among these mechanisms. Generation of zonal flows by AEs and energetic particle modes (EPMs) has
been observed in numerical experiments [6-8]. In several works involving experimental observations and
numerical simulations, the suppression of turbulence by AEs via shear flow formation was demonstrated [9,
10]. Analytical theories for the ZF generation by AEs have been developed [11, 12]; they treat this phenomenon
in terms of nonlinear wave-wave interaction between an AE and a ZF. The aim of our analysis was to point
out momentum channelling (MC) as a possible mechanism for the shear flow generation. We have estimated
the rotation shear generated by the momentum SC. We found that a shearing rate created by a mode with
n = 10, yarive/o = 5-1072, B/B = 5-10* can reach the order of magnitude required for turbulence suppression. It
should be taken into account that our estimate does not allow for the effect of the mode on the turbulence
suppression; actually, the flow shearing rate can be higher.

This work was supported in part by the U. S. Department of Energy Grant No. DE-FG02-06ER54867 via
Partner Project Agreement P786/UCI between the Regents of the University of California, Irvine (UCI), the
Science and Technology Centre in Ukraine and the Institute for Nuclear Research.
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ONTUYHI TA PEKOMBIHAILIMHI BJACTUBOCTI IILJIBHOI IJIA3MHA

0. A. DenopoBuy

Tuemumym aoeprux docnioscenv HAH Yrpainu, Kuis, Ykpaina

Bukopucranns mineHoi miasmu (LIT) moxnuBe B sIKOCTI poOouux Tijm 0araTboX MNEPCHEKTHBHUX
po3pobok: motyxHi MI'JI-reHepaTopu, €HEproyCTaHOBKH 1 paKeTHI OBHTYHH 3 Tra3o(a3sHUMH SIICPHAMHU
peakTopami, MPUCTPOI KEPOBAHOTO TEPMOSJIEPHOrO CHHTE3Y 3 IHEPHIMHUM YTPUMaHHSM rapsvol IUIa3Mu,
IUIa3MOXIMIYHI PEaKTOPH 1 IUIa3MOTPOHH, PO3PSAHO-IMIYJIBCHI TEXHOJOTIYHI MPHCTPoi Ta OaraTto iHIIMX
ycraHoBok. LIII icHye Takoxx B IIIBHUX aTMocdepax IUIaHET, BUHHKAE€ NPU BIAKIIOYEHH! MOTYXHUX
BHCOKOBOJIbTHUX YCTAHOBOK Ta BUCOKOBOJIbTHHX JiHIN eeKTponepesay Ta iHIuX Ipouecax.

PoGora npucesuena ¢izuunum BiactuBoctsM LI, cTuCHYTOI HACTINBKM CHIIBHO, IIO B HIill BaXIIUBI
e(eKTH MK YaCTKOBOi B3a€MOJii, a €NEeKTPUYHI MIKpPOHOJIs 3pIBHAHHI 3 €IEKTPUYHUMH TMOJISIMH BCEPEAMHI
aToMiB. 3a TaKMX YMOB HEMOXKJINBE BHUKOPHCTAHHS TPAAHUIIHHHUX YSIBICHb Ta (HOPMYJ, pO3pPOOICHUX IS
TpamuLiiHOT Gi3HKK MIa3MH 3 KOHIIEHTPAIIEI0 eNeKTPOHiB, aka nepesuutye 10 cm~2. Tlounnaroun 3 1972 p.
B HaIIOMY 1HCTUTYTI TipoBoawHcs mociimkeHas I immynscHUX po3psaniB y Bodi (IPB) mis migsumeHss
KoeimieHTa KOPUCHOI Mii eNeKTPOpO3PAOHHX TiAPOIMIYJIbCHUX YCTaHOBOK, $Ki 3HAHIUIM IIHPOKE
3aCTOCYBaHHS B Pi3HUX Taly3sX MPOMHCIOBOCTI. AJie IPHU JOCHIIKEHHAX OanaHCy eHeprii BUSBHIOCH, IO
30UTBINIEHHS MIBUAKOCTI BKJIAQMy €HEprii B IUIa3MOBHH KaHAJd HE MPU3BOAWUTH IO 3HAYHOTO 30iIBIICHHS il
MIEPETBOPEHHS B MEXaHIUHY €HEpPTi0. SIK MmoKa3anm pe3ynbTaT JOCTIHKCHHS, 31 301IbIICHASIM IBHIKOCTI Ta
BEeJIMYMHU BKIIAJy CHEprii B IUIa3MOBUH KaHajl CYTTEBO MIJBUIIYIOTECA WOTO TemIieparypa U
€JIEKTPOIIPOBIAHICTh. YHACTIAOK IThOTO, 3 OJHOTO OOKY, 3MCHIIYETHCS MIBUIAKICTH IMOAAIBIIOTO BKIIATY
eHeprii B Iia3My, a 3 IHIIOTO — 3HAYHO 3POCTAlOTh BTPATH €HEpPrii Ha ONTHYHE BUIIPOMIHIOBAHHA. A Iie
MPU3BOAUTE 10 pizkoro 3meHeHHs KKJI po3psaHo-iMIyIbCHUX YCTAaHOBOK. Y JESKUX BHUIAJKaX BTPATH Ha
ONITHYHE BUIPOMIiHIOBaHHS nocsramu 60 %, mpuyoMy BOHM 301MbLIyBaiics 31 30UIBLICHHSAM LIBUIKOCTI Ta
BETMYMHHU BKJIATy €Heprii B Iia3MoBuil kaHaim. [[nsg crabimizarmii  ¢GopMu i po3MipiB po3psAay, a TaKOXK
MMOBTOPIOBAHOCTI MapaMeTpiB IUIa3MH y BOJI MPOBOJIMIIACS CTa0imi3allis po3psly 3a JOIMOMOIOK BHOYXIB
MIPOBIAHUKIB 3 Pi3HUX MaTepialiB Ta pi3HUX AlaMeTpiB. Lle 3a0e3nedyBano J0CTaTHLO BUCOKY OBTOPIOBAaHICTh
po3paniB. BogHowac depe3 pi3Hi TeMmepaTypu HarpiBy MPOBITHHKIB ITiJ Yac iX BUOYyXy Ta BiJIMIHHOCTI B
XIMIYHOMY CKJIafi TuTa3Mu OyIio oiep:kaHo HU3KY HEOPAMHAPHHUX PE3yJIbTATIB, SIKi HE OMUCYBAJIHCS BIIOMUMHI
Ha TOi 4ac aHamiTHaHUMH popmynamu. Buxin mis miauimenHs KK enexTpoiMIyTsCHUX yCTaHOBOK OyB
3allpONIOHOBaHM y TypOymi3alii I1a3MoBoOro KaHaimy. Aje Oinbll KapAXHAIBHUNA BUXiJ OyB y BUKOPUCTaHH1
CyMimIeil BHOYXOBHX PEUOBHH, SIKi IPH TOPIHHI BUAUIAIOTH BENIHKY KUTBKICTh €HEprii, a iHIIII0BaTH «BUOYXID»
MO>KHa OYJI0 32 JOTIOMOTOI0 EJIEKTPUYHOTO po3psny. Kpim Toro, 3’ sBUIIMCS HOBI IPOEKTH, y SIKHX SIK poboye
TiNo mpomonyBanocs BukopucrtoByBatu LI, BaactuBocTi sikoi Oynm mocmimkeHi HemocTaTHBO. Jlo HuX
HaJIe)KaTh €HEPreTHYHI YCTAaHOBKM Ta PAKETHI IBUTYHHM 3 ra3o(a3HUMHM SIEPHUMH PeakTopami, rasodaszHi
AEpHI PEaKTOpH Ui BHPOOHHUIITBA EJEKTPOCHEPTii, IO XapaKTepU3YIOTHCS BIAHOCHOIO TPOCTOTOIO
KepyBaHHs, ToTyxHi MI'Jl-reHepaTropu Ta iHILi TPUCTPOI.

HesBaxxaroun Ha mupoke nomupenss LI1 B kocmoci Ta BeecsiTi, 11 ogepskaHHs B 1a00paTOPHUX YMOBAX,
a 0CcoOJIMBO TIPOBENNCHHS JTIarHOCTUKH, € CKJIQJHAM HAayKOBO-TEXHIYHUM 3aBIaHHSM. ISl IbOTO HEOOXiTHO
3a0€3MeYUTH MPOTIKaHHS IMITYJIECHUX CTPYMIB BEIMYHHOKO BiJ JIECATKIB O COTEHBb THCSY amIiep 3 4acoM
HapOCTaHHA MOPSAKY OJMHUIL MIKPOCEKYH] IIPH HAIPy3i Ha IUIa3MOBOMY KaHali JOBXHHOIO 5—100 MM, 110
nocsrae 40 kB. HeoOximHO CTBOpWUTH BIiANOBiMHI YMOBH B IJIa3MOBOMY KaHajli, PO3POOUTH CHUCTEMY
BUMIPIOBAaHHS Ta PEECTpPALlii CJIEKTPUYHUX BEIMYHMH 1 3a0€3MEUUTH CHHXPOHI3alil0 OTPHUMaHHX JaHUX i3
MOMEHTOM II0YaTKy PO3IIUPEHHS IUIa3MOBOTO KaHaiy. IIpu npoMy Oyino HE0OXigHO OJAHOYACHO PO3POOHUTH
METOJIUKH peECTpallii CeKTPiB BUMPOMIHIOBaHHS, PO3TOPHYTI B 4aci i MpoKamiOpoBaHi MO iHTEHCHBHOCTI
BHITPOMIHIOBAaHHS Ta IO IOBXHHAX XBIIIb. Ha Toif yac mpoMuUCIIOBi 3aco0M 151 BHKOHAHHS TaKMX BUMIPIOBaHb
Oyiu BIJICYyTHI, TOMY BHMIPIOBAJIbHY amnapatypy JOBOJIMIIOCS CaMOCTIHHO pPO3POOJISATH, BUTOTOBJISATH,
KamiOpyBaTH Ta HaynarokyBaTh. Jins ¢ikcalii ciekTpiB BUKOPUCTOBYBAINCS MOJEPHI30BaH1 HAJIIIBUIKICHI
thotoxamepu BOY-1 (ame 6e3 kamiOpyBaHHS ¢oTOMaTEpialiB MO iIHTECHCUBHOCTI), a B SIKOCTI MaTepialliB JJIs
¢ikcarii po3ropTok CeKTpiB BAKOPHCTOBYBAINCS BUCOKOUYTIHBI aepodOTOILIiBKY. [HIIII METOTUKH He Oyiu
NpUAaTHI U BUMIPIOBaHb, HE 3BAYKAIOUM HA BCI MOXKJIMBI 1 JOCTYIHI €KpaHYBaHHS K €KCIIEPUMEHTAIbHOT
YCTaHOBKH, TaK i BUMipIOBaJIbHHUX NpuiaAiB. Oxepxani y 1985 p. Ta Haje:KHUM YHHOM 0OpOOJIEHI CIEKTpH
sunpoMintoBaHHs [T 32 yMOBU Hane)HOTO 30epiraHHs 3IMINAIOTHCS MPUAATHUMHI ISl aHATI3Y W y Halll
gac. Came TOMY CTalo0 MOXIJIMBUM BHUKOHATH iX IMOBTOpHY OOpOOKYy MiJ Yac OOCTIMKEHHS apXiBHUX
MaTepiaiis.
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B octanHi poku TpuBanu 1ociikeHHs npouecis po3naxy LIIT IPB 3 qomimkaMu aToMiB OKpeMUX METaIiB.
OpHOyacHO pPO3pOOISUIMCS METOAMKM BHU3HAUCHHA KOHLEHTpauii Takoi miiasMu, HEOOXimHi uis
CIEKTPOCKOIMIYHUX JIOCII/PKeHb, OCHOBAaHMX HA aHaji3l CIEKTPIB BHUIPOMIHIOBAaHHS Ta MOTJIMHAHHS
CHEKTpaJbHUX JiHIHA. Y poboTax [1—4] HaBeneHO po3poOJCHI HAMU METOJWKH BU3HAYCHHS KOHIICHTpAIIii
EJIEKTPOHIB 32 ONTHYHIMH cieKTpaMH B pianaszoni 107 cM>-10%? cm~3. 3a iX 10MOMOroI0 BCTAHOBICHO 3MiHY
KOHIIGHTpAIlii eJIeKTPOHIB y po3psiiax 3 AOMIIIKaMH BOJb(paMmy Ta Miji, a TAaKOK BH3HaYCHO Koe(illieHTH
po3many BogHeBo-kucHeBOT LI sk ¢hyHKITIFO KOHIIEHTpAIlii eIEKTPOHIB y 3a3HAYCHOMY Hiara3oHi. OnepkaHi
eKCIIepUMEHTaNIbHI pe3yJbTaTh CBig4aTh NP0 3MEHIIeHHs KoedimieHtiB po3maay LIl mopiBHsSHO 3
pO3paxyHKaMH 3a KIIaCHYHUMH (popMyiaMy MOTPiiHOI 31ITKHYBaJbHOT pekoMOiHamii (ENeKTPOH — ENEKTPOH -
ioH) [1-4] no mwectu nopsakis. Lleit ¢penomen 3B’s13aHuit 3 TaKk 3BaHUM e€(DEKTOM «Hepeati3alii ONTHYHUX
PIBHIB aTOMiB» y TOTYXXHHX MIKPOIIOJISAX, CTBOPIOBAaHMX BiTbHMMH enekTpoHamMu B IIII. Bemmunnu
MIKpOTIOIB OLIHIOIOTHECA 3a (OpMyJol0 XoJiblIMapka i 3a BHCOKHMX KOHIEHTpAIill eJeKTPOHIB CTalOTh
MOPIBHSAHHUMH 3 HaNPYKEHICTIO BHYTPIIIHEOATOMHHX €JIEKTPUYHUX TIOJIB.

Byna BcTanoBiieHa hopMysa eMIipHIHOT 3aJI€KHOCTI TaK 3BaHOI «ONTHYHOI IIIJTHHW BiJ KOHIICHTpAIlii
enexTpoHiB [2] B nianma3oni koHnenTpaniii enexrponis [10Y em—— 10% cm):

AE = 1,32-10°N¢*%,
ne [AE] eB, [Ne] = cm>,

Benmnunna «oNTHYHOT IMIUTHHI BU3HAYAETHCS K PI3HUIS MK TIOTCHITIAJIOM 10Hi3aIlii Ta BEpXHIM piBHEM
peanizoBaHoi JiHII mormuHaHHA. 3a Ii€f0 (GOpMyJOl0 OyJ0 BH3HAYEHO XiJ KOHIEHTpAIlil eNeKTPOHIB y
po3psiax y MeBHI MOMEHTH Yacy I0 MOSBI JIiHIH TOTJIMHAHHS B CrieKTpax BUunpominoBanHs [1II1.

BpaxoBytoun, 0 eKCIIepUMEHTAIBHO 3aJISKHICTh KOe(illieHTiB po3nagy NpH NoABiiiHOMY Jorapudmiy-
HOMY MacITadi 1Mo ocsx OyJjia OTprMaHa MPaKTUYIHO JIiHIHHA BiJ KOHIICHTpAIIli eJIEKTPOHIB, MiAiOpaTn emIIi-
pUuHY GOpMYITY IS i€l 3a1eKHOCTI:

K =4,9-10% (N¢) %2, (1)

ne K xoedinient posnaay IIIT, [K] — ¢ -cm?; Ne — koHIenTpanis enekrporis y mmasmi; [Ne] — cm3,
(dN . j
K=-dt/J )

Hi Big TemmnepaTypu, Hi BiJ CTyNEHIO HEiJeaqbHOCTI YITKOi 3aJie)KHOCTI Koe(illieHTiB po3maay He
BusiBeHo. OniepKaHi pe3yabTaTH MOKYTh OyTH BUKOPHCTaHI B PI3HHUX raly3siX IPOMHUCIOBOCTI, 30KpeMa IpH
pO3paxyHKax 4YOPHHUX (3a4OPHIOIOUMX) MaTepialliB sl OXOJIO/HKEHHS Ta 130JISIMi] raps4oi 30Hu ra3odasHux
SIEPHUX PEAKTOPIB Bi B3a€MOIII 31 CTIHKAMH PEaKTOpa, a TAKOX IS PO3B’I3aHHS 1HIINX 3a71a4, OB’ I3aHUX
13 PO3pOOKOI0 KOCMIYHUX JABUTYHIB 1 paKer.

OnHUM Haii3araJIKOBIIIKX SIBUIL PUPOIH € GpeHOMeH KypoBoi OnrckaBku. [5]. TIpo Hel Hamicano coTHI
HayKOBHUX 1 HAYKOBO-TIOMYJIIPHUX cTaTeit. Po3po0ieHi HaMu METOIMKY BU3HAYCHHS KOHIICHTPAITil eICKTPOHIB
y LIIT manu 3Mory He TiNBKH BU3HAYUTH MApaMETPH IUTa3MHU KYJIHOBOI OJIMCKABKH BiJl MOMEHTY ii yTBOpEHHS
JI0 TIOBHOTO PO3MaAy IIa3MH, 5K 1 11 SIKICHUH CKIIa.

Y pe3yibpTaTi BUKOHAHOI POOOTH MIATBEPIKYETHCS, IO BEIMYMHH «ONTHYHOI MIUIMHIY TPUOIH3HO
OJTHAKOBI IS PI3HUX aTOMIB i 3aJI€)KaTh TUTBKH Bl KOHLIEHTpAIii eICKTPOHIB 1 HE 3aJieKaTh Bijl TEMIIEpaTypH
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JAE®@OPMAIIA TPOPLIIO BJIACHUX MO/]
ITPU ITPOCTOPOBOMY KAHAJIFOBAHHI

1O. B. SIkoBeHKo?

Y Inemumym soeprux docnioncens HAH Vipainu, Kuis, Yrpaina
2 Hayionanonuii ynieepcumem «Kueeo-Moaunsincoka axademisy, Kuis, Ykpaina

[IpocTopoBe KaHAMIOBAaHHS €HEPTii Ta IMIYJNbCY MIBUIKUX HOHIB MOJISITae B MEPEpo3MOJisi eHeprii Ta
IMITyJIbCY BIIACHUMH MOJ[aMH IUIa3MOBHX XBWIJIb, 30y/mkeHHX uumu ifonamu [1]. Komm mpocropoo

He30alaHCOBaHA YacTKa IHKpEMEHTY 30yIKEeHHSI MOJIU € BEJMKOI0, a came Y, A > V; , e Y, — XapakTepHUH

LVl . v . . t .
JIOKaNbHUH iHKpeMeHT 30y/keHHs, A, — pafiaibHuii posmip obsacTi 30ykeHHs, V, — pajiaibHa rpynosa

MIBUKICTh ODKYYUX XBUJIb, 1[0 YTBOPIOIOTH BIACHY MOy, TO MOJa He3/laTHa IepeaaTh SHEPrito, OTPUMaHy
BiJl MIBHIKKX HOHIB; Y TAKOMY pa3i BOHA Ma€ 3HUKHYTH ab0 3MIHUTH CBOIO CTPYKTYPY [2]. Ockinpku rpymnosa
IIBUJIKICTh aJNBBEHIBCHKUX BiacHUX MoJ (ABM) momepexk MarHiTHHX IMOBEPXOHb € JOBOJII Mallolo, a
MIPOCTOPOBHI PO3MOMIiI, HANPHUKIAM, KOHTHHYYMHOTO 3TacaHHS CHJIBHO BiJPI3HSETHCS Bill PO3MOALTY
30yMKEeHHsI, MOKHA OYIKyBaTH, IO Taki MOJM MOXXYTh 3a3HaBaTH 3MiH (200 3HHWKATH) NPH CHIBHOMY
30y IXKSHHI NIBUAKUMH HOHAMU. Y HEIOJaBHIX YUCIOBUX MOJICIIIOBAHHAX OyJI0 3HaleHo, mo B GAE-Moni —
ABM, 110oB’s13aHi# 3 MiHIMYMOM OJTHI€] 3 T1JIOK aJIbBEHIBCHKOT'O KOHTHHYYMY, — P CHJIBHOMY ITPOCTOPOBO
HezbamancoBaHOMY 30YKEHHI 3MEHIITYETRCS aMIUTITY1a B 001acTsaX 30y/pKeHHS Ta ramyBaHHs [3]. Uepes 11e
THKpeMeHT 30YKEeHHsI HACHUYETHCS MPH 3POCTAaHHI JIOKAJHHOTO IHKPEMEHTY 30yIDKEeHHS 1 Hajali HaBiTh
MMOYMHAE 3MEHITYBaTUCs. MeTor 1€l poOOTH € MOSICHEHHS 3a3HAYCHOTO SIBUINA Ta BU3SHAYCHHS OOMEKEHb,
SIKI BOHO HaKJIaJla€ Ha BEJIMUYNHY IIOTOKY €HEPTil IPH MPOCTOPOBOMY KaHATIOBAHHI.
Mu po3risgaeMo XBUIIIO, IO OMUCYETHCS JIAI PAHKIaHOM

1

L[t xu]=K =P =2, ()0 4w, (0)u2 ] -3

[ po(x)u”+ py(x)us ],

ne K ta P — BiIMOBiHO KiHeTWYHA Ta MOTEHIIaJbHA €HEPTis XBWJI, # — XBWIbOBa PyHKIiA, t — gac, X —
MIPOCTOPOBAa KOOpAWHATA, iHACKCH ! Ta X TO3HA4aOTh Au(epeHIlifoBaHHSA 3a IUMH 3MiHHEMH. [licis
BapilOBaHHS JIATpaH)KiaHy MU OTPUMYEMO XBUIHOBE PIBHIHHS

Koy _(Kluxtt )X = ( .Uy )X — P +Q(X)ut’

ne Q(x) ommcye IpocTOPOBHIA PO3MIOALT 36y IKEHHs Ta IOTTHHAHHS XBHII. MH PO3IIIsAaTHMEMO IPaHHIHHIT
BHITJI0K 30Y/DKEHHS Ta MOTJIMHAHHS, CHJIBHO JIOKAJi30BaHMX B OKOJI TOYOK BIAMOBIZHO X, Ta X,, TOOTO
Q(x)=08(x—X,)+0,8(X—X,) . Mu BBa)Xa€eMo, 110 XBUJISL ONUCYETHCS. B paMKax BKB-HabmkeHHs BCIOHM

3a BUKITIOUCHHAM IIUX TOYOK.
PosrassasMoO MMPOXOMKCHHA O,[[Hi€'1' 3 UX TOYOK XBUJICIO BUTIIAAY

u = dexp(iy(x)—iot),

ne \|/(X) Ta ® — (pa3a Ta yacrtora XBuii. MoxHa Mo0aynTH, 110 KpiM mijgcuieHHs (a00 MOCTa0IeHHs ) XBUISA

3a3Ha€ B Iill TOYIl TaKOX BigOWTTA. AMrutiTyaa Bigouroi xBuai (U,) Ta xBHst micis npoxopkennus (U,)
BUPAXAETHCS Y€Pe3 aMILTITYy XBHII, 0 Habdirae (U ), TAKUM YHHOM:

R

N N 1 .
=_—|U|1 .| = |
1-R

a =——|(],

| r| 1_ R

ne 6e3po3MipHUil KoedilieHT R 3aNneXuTh SK BiJl IHTEHCHBHOCTI 30y/PKeHHs / TaMyBaHHS, TaK 1 BiJ rpynoBoi
IIBUIKOCTI XBUWIL:

1 qo’
R=-12
2 v,p
p=p,+ pk’ =®2(K0+K1k2) XapakTepu3ye MOTOHHY T'YCTHHY €Heprii B XBHJ, ® — YacToTa XBHII,
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k =dy/dx — xBumboBe unciio. Komu R y neBHii TOYIN € TOJATHAM, XBHJIS B I1iii TOYIl 30YIKYETHCS, KOIH
BiJ’ €EMHUM — IIOTJIMHAETHC.

Ha puc. 1 nokazaHo pe3ysibTaTd MOJICIIOBAaHHS 3aJladi Ha BJIACHI 3HAYEHHsS JJIs MPOCTOr0 BUIMAIKY
K, =const, p,=const, p,=x, =0 3 KkpailoBOIO YMOBOI MEPIIOr0 POIY; TaKHii BUOIp Koe]ili€eHTIB
BI/IMIOBi/Ia€ BJIACHUM KOJMBAHHAM TPYXHOI CTPYHH, €JIEKTPOMArHITHOI XBHJII Y BaKyyMi MIX ifcalbHO
MIPOBITHUMH CTiHKaMH ab0 3BYKOBOI XBWJI B 3aKkpuTiii TpyOui. Toukm 30y/[KeHHS Ta MOTVIMHAHHS Oyin
pO3TalIoOBaHi CHMETPUYHO, KOoe(ilieHTH (, Ta (, PO3PI3HAIMCA JIMIIE 3HAKOM. SIK BHIHO 3 pe3yJbTaTiB
MOJICITIOBAHHS, BITOWTTS XBUJI1 BiJl TOYOK 30Y/KEHHS Ta IMOTJIMHAHHS MMPHU3BOIUTE 10 3MECHIIECHHS aMILIITY I
B IIMX TOYKaX Ta «CTHUCKA€» XBUIIIO B iIHTEpBali Mk HUMHU. BapTo 3a3Ha4unTH, 110 IPYU MOJIETIOBAaHHI BIUIUBY
MPOCTOPOBOT0 KAHATIOBAHHS HAa CTPYKTYpy Tak 3BaHoi TAE-momu [4] Takox crmoctepiranocs 3BYXKEHHS
pamiaTbHOTO TIPOQIIS MOIH.

3asieXHICTh MOTOKY €Heprii, mo nepeaaersest Moaoro (F), Bix R MoxHa 3amucaty y BUTIISII

F= V;Wmaxl’l ( R, ﬁ) ,

ne W, ,, — TycTHHa eHeprii XBuuli y Iy4HOCTSIX MO, & XxapakTepusye a3y CTOSII01 XBHII B TOUL 30y HKCHHS
abo mornuuanHs (manpuknan, £=1 y nmyunocri, £=0 y Touni nmoBopoTy KBasikIacHM4HOI XBHJII B
norennianeHii ami, & =—0,54 nnsa xBuii, nokasanoi na puc. 1), I1 ( R, &) — 6e3po3mipHa (yHKIIs, TIOKa3aHa

Ha puc. 2. IIpu 3pocTanHi iHKpeMeHTy 30yIKEHHS MOTIK eHepTii JocsArae MaKCUMyMy, a TIOTiM cragae. Lle
MOSICHIOE pe3yibTaTH podoTH [3].

107 0.5
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& 0.4
0.2 1
— 0.3 1
0.0 1 L\{‘
x
0.2 4 c 0.2
'-:-1 0.0
£ 0.1
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R
Puc. 1. IIpodine BracHOI MOAM NPH PI3HUX BEINYNHAX Puc. 2. 3anexxHicTh MOTOKY €HEprii, sSIKMii IEPEeHOCUTD
koedirienTiB ¢, Ta ¢,, 0, =—0, =(. MoJa, Bix koedinieHTy R y Touli 30ymKeHHs .

Y po0oTi TOCIIHKEHO TaKOXK 3MiHY YaCTOTH MOJIY, BUKIIMKAaHY 3BYKEHHSM i1 TPOQLIIO TPH IPOCTOPOBOMY
KaHAJIOBAHHI.

OTtpumani pe3yabTaTH € 3aCTOCOBHUMH 10 ABM, 1o MawoTh y cBOiil CTpyKTypi OJHY NEBHY MaHiBHY
®yp’e-rapmMoHiKy, ToOTO Tak 3BaHi GAE-monu Ta RSAE-Mon.
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TA TEXHOTEHHO-EKOJIOTTYHA BE3IEKA

JUSTIFICATION FOR THE SELECTION OF INDICATOR OBJECTS FOR *¥'Cs MONITORING
IN THE FOREST ECOSYSTEMS UNDER VARYING WEATHER CONDITIONS

N. E. Zarubina!, S. M. Obrizan?, L. P. Ponomarenko?®

LInstitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2 Chornobyl Radiation and Ecological Biosphere Reserve, Chornobyl, Ukraine
3 National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine

To determine patterns in weather-driven variability of *¥’Cs accumulation across forest ecosystem
components and to justify the selection of indicator objects for radioecological monitoring, a multifactorial
analysis was conducted. Consideration of meteorological influences on **¥’Cs dynamics is important for
improving the accuracy and efficiency of monitoring under conditions of long-term radioactive contamination.
Based on the results, recommendations were formulated for selecting forest ecosystem components for
monitoring.

The analysis was based on data collected at the Paryshiv sampling site (Chornobyl Exclusion Zone). The
following meteorological variables were considered: precipitation over different time intervals preceding
sampling, air temperature, soil surface temperature, and soil temperature at different depths. The studied
components included first- and second-year needles and branches, wood, and outer bark of Scots pine (Pinus
sylvestris L.), as well as moss (Dicranum polysetum Sw.) and soil layers (Aol, Aof + Agh, 0-5 cm, and 5-10 cm).

The results show that different ecosystem components respond differently to changes in weather conditions.
The studied components were therefore grouped into three categories.

The first group includes first-year needles and branches, moss, and the Aol soil layer. For these components,
air temperature plays an important role; however, the strongest relationship is observed with soil surface
temperature. This group shows the highest temporal variability. The high sensitivity of first-year needles and
branches (R? = 0.72 and 0.74, respectively) can be explained by the high metabolic activity of young plant organs.
Increasing temperature enhances transpiration, which promotes upward transport of radionuclides via xylem sap.
For branches, precipitation is not a critical factor, suggesting that internal transport processes play a dominant
role. Although moss is also sensitive to temperature fluctuations, its *’Cs content is mainly controlled by soil
surface temperature and precipitation occurring 1-3 days before sampling (R? = 0.79). Precipitation promotes
rapid input or redistribution of radiocesium, while higher soil surface temperatures (0 cm) accelerate drying and
contribute to radionuclide retention in moss tissues. In the Aol horizon, temperature influences microbial activity
in the litter, which can either mobilize or immobilize “*'Cs (R? = 0.81).

The second group includes components that respond strongly to variations in soil temperature at different
depths, particularly to warming of the upper soil layer. Second-year needles and branches show moderate
sensitivity to air temperature. They respond to both short-term and delayed precipitation, indicating a
cumulative effect (R = 0.61 and 0.63, respectively). This suggests that **’Cs accumulation in older plant organs
depends on sustained soil moisture availability. Soil temperature at a depth of 5 cm reflects conditions in the
zone where most fine roots are located. The upper soil layer (0—5 cm) responds to all types of precipitation and
soil warming; however, the strongest relationship is observed with soil temperature at 5 cm depth (R* = 0.69),
while precipitation remains the dominant factor. This pattern may be related to the downward movement of
137Cs from the litter layer into deeper soil layers during rainfall.

The third group includes wood, outer bark, the Aqf + Aoh litter layer, and the 5-10 cm soil layer. Wood shows
the lowest dependence on weather conditions (R* = 0.48). Its **’Cs content is mainly influenced by soil
temperature at 10 cm depth and prolonged precipitation. Changes in wood occur with a time lag, as only sustained
warming of deeper soil layers leads to noticeable changes in radionuclide concentration. Short-term rainfall has
little effect, while cumulative moisture input is more important. Outer bark shows low sensitivity to air
temperature but a strong dependence on precipitation occurring 4—7 days before sampling (R? = 0.54). This can
be explained by the accumulation of radiocesium transported along the stem during rainfall (stemflow). For the
Aqf+Aoh litter layer and the 5-10 cm soil layer, **'Cs content is mainly controlled by soil temperature at 10 cm
depth, likely due to enhanced diffusion and vertical movement of water solutions under sustained warming
(R* = 0.44 and 0.58, respectively). These layers show very low sensitivity to air temperature. Prolonged
precipitation remains the main factor controlling radiocesium input into these soil layers.

The analysis also allowed classification of forest ecosystem components according to the influence of
meteorological factors on *’Cs content. For needles and branches, both temperature and precipitation are
important. For moss and litter, short-term precipitation plays the key role. For wood and deeper soil layers, the
main effects are associated with prolonged precipitation and warming of deeper soil layers.
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Based on these results, practical recommendations were developed to optimize radioecological monitoring
without increasing costs related to sampling, sample preparation, or analysis.

During periods of intensive precipitation and unstable weather conditions (spring and autumn), active
redistribution of *¥'Cs occurs in the upper forest layers. Under these conditions, sampling of the Aol litter layer
and moss is recommended. These components respond rapidly to changes in radionuclide content and can
indicate short-term variations in the radiological situation. After heavy rainfall, ¥'Cs concentrations may
change within 1-3 days, making these components suitable for rapid assessment of short-term dynamics.

During summer heat and drought, when upper litter layers dry out, microbial activity shifts to deeper soil
horizons. Under these conditions, sampling of first-year needles and the 0-5 cm soil layer is recommended.
First-year needles act as an active pathway for *3’Cs accumulation through transpiration. Because this process
depends strongly on air and soil surface temperature, changes in radionuclide content in these needles can be
used to assess transfer intensity under high-temperature conditions.

Stable summer periods are suitable for assessing **’Cs accumulation in wood. In this case, sampling of
wood and soil at 5-10 cm depth is recommended. Radionuclide content in these components responds mainly
to prolonged warm and moist conditions lasting more than one week. Short-term heatwaves or isolated rainfall
events have little effect. Sampling of wood should therefore be carried out no earlier than one week after stable
weather conditions are established.

For assessing vertical migration processes, outer bark can be used as an indicator of stemflow. It reflects
the transfer of **’Cs from the canopy to the soil during prolonged rainfall, integrating this process over a period
of about 7 days.

Conclusions.

Based on the analysis of meteorological effects on *’Cs content in forest ecosystem components, the
following conclusions can be drawn:

— Moss and the Aol litter layer are most suitable for rapid gamma-spectrometric assessments.

— First-year needles and the upper soil layer (0 - 5 cm) are sufficient for studying seasonal redistribution.

— Wood provides the most informative indicator for assessing total *3'Cs content in forest ecosystems.
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PAJIOAKTHUBHI AEPO30.JI1 HA BEPXHIX BIIMITKAX OB’€KTA «YKPUTTSD»
B MIJAPKOBOMY ITPOCTOPI HOBOI'O BE3IIEYHOI'O KOH®AUMHMEHTA B 2017-2025 pp.

O. K. Kainnoscbkuii, B. O. Kpacnos, I1. B. Catenin

Incmumym npobnem 6esnexu AEC HAH Ykpainu, Yopnobunw, Kuiscoka o6n., Kuig

VY craTTi HaBeAeHO Pe3yIbTaTH aHalli3y MOHITOPUHTY palioakTUBHUX aepo3oniB (PA) Ha merkiit mokpismi
00’exta «YkpurTs» (OY) Ha pi3HHX eTamax ekciuryaTamii komruiekcy HoBoro OesmeyHoro koHgaifHMeHTa
(HBK). 1o ananizy Oyio BKIIOYEHO JIaHi PO HEOPTaHi30BaHi BUKUAW PA depe3 OTBOpH B JIETKii MOKPIBIi Ta
BUIIAIHHIX, OTPUMaHI 3a IOIOMOTOI0 HAaKONNYYBaJIbHUX IUIAHILIETIB.

Cknan posroxuByunx nykininiB (JJKH) y PA 3 mouatky 2000-x pokiB Maiike MOCTiIHHHHA 1 MICTUTB:
To-JDKH (382%240py, 221Am) ta Ip-JKH (Y*'Cs, *°Sr + LY, 2'Pu). Busnmauenns **Am, “'Cs, ™Eu y
3pa3kax PA MpoBOAMIN KOMILIEKCOM Y-CIIEKTPOMETPIi, 10 CKianaeThes 3 gerekropa HPGe 3 OepuitieBum
BikHOM Ta mporpamu Genie 2000 (CANBERRA). Ouinku aktusHOCTI °Sr + Y Ta i30TomiB mmyToHiio B
aepo30JIsIX BUKOHYBAJIHCS BiNOBIIHO 10 KOPENSALiMHUX CIIiBBiIHONIIEHb 3 aKTHBHiCTIO **’Am y mpobax i
BIANpaIibOBaHOMY NaiiBi eHeproodoka Ne 4 [1-3].

Ha pucyHky HamaHO muHAMIKy pi9HOTO «HEOpraHi3oBaHOTO» BUKHAY 3 OV (BHXOIy — MiC/IS BBEACHHS B
excrutyatanito komruiekcy HBK-OVY) ZJIXKH uepe3 texnosoriuni oTBopH Jierkoi nokpisii OV 3a mepion
2017-2025 p. Ilpm po3paxyHKy IHTErpaJbHOIO BHXOJy IUIOINIA OTBOPIB Ha BepxHiX BiamiTkax OY
omiHoBanacs B 120 M,

BBefeHHA B MoyvaTtok BnyyaHHA
~ ekcnnyaratjio I ekcnnyarauii - ~ pgpoHa

3ynuHka
ekcnnyartauii

2017 2019 2021 2023 2025

Junamika piuaoro Bukuy (Buxony) XJPKH y migapkoBwid mpocTip yepe3 HeliabHOCTI B TokpiBmi OVY.

Kpim TOTO, Ha PHCYHKY HaBEACHO XPOHOJIOTIIO KIIOYOBUX MOJIH, IO BiAOYNHCS MICISA BCTAHOBJICHHS
Apxu HBK y npoektHe mosokenHs B rpyaHi 2016 p. Ta cyTTEBO BIUIMHYJIM Ha peXuM 1i excrutyaramii. J{o
TaKWX TOJiil Hamexatb: pobdotn 3 repmern3amii (2017 p.), AEMOHTaXX JETKOI MOKPiBJIi MAIIMHHOTO 31Ty
(2018 p.), BBenenns B ekciutyaranito komiuiekcy HBK-OY (2019-2021 pp.), npoMucioBa eKcIuTyarais
HBK (2021-2024 pp.) i npsiMe BitydaHHs O€3MiJIOTHOTO JiTanbHOTo anapata B Apky HBK 14.02.2025p. ¥V
pe3ynbTaTi B 30BHimHIH o6umBLi apkn HBK yTBOpHBCS 0TBip muomero 6mm3bko 15 M? i BinOymocs yacTkoBe
BUTOPSHHS Napoi30iALiiHOI repMeTH3you0i MeMOpaH! 30BHILIHBOT OOIIMBKHM, IO MPU3BEIO OO 3YMUHKH
pomMucioBoi ekcrryaranii HBK.

Cepenniii  Buxin XJIXKH 3a mepion 2017-2025 pp. nopiBHroe 73 MbBx/pik, micisi BBeACHHS B
excrutyatamnito HBK (3 2021 p.) 60 Mbx/pik. Minimaneawmii Buxin XJIXKH cnoctepirases y 2022 ta 2025 pp.,
KOJIM IPOMUCIIOBY €KCIUTyaTalito OyJ0 TAMYacOBO NPU3yNUHEHO, i cTaHOBUB 43 Ta 45 MBK/pik BiiNoOBigHO.

Crtiz 3a3HaYUTH, 0 TeXHOJIOTiYHA MisutbHicTh Y HBK mpusynuasnacs nsidi: y 6epesni—kBiTHi 2020 p. y
nepioJl BBEJCHHSI KapaHTUHHUX OoOMexeHb Ta B OepesHi—tpaBHi 2022 p. y 3B’s3Ky 3 3axomieHHsIM YAEC
OKyTAI[ITHIMH POCIHCHKUMHE BiliCHKaMH.

Jly1is TOPiBHSUTLHOTO aHANI3y B TAOJUIl HABEJCHO CTATUCTHYHI XapaKTEPUCTUKU Pa/li0aKTUBHOIO aep0o30-
mo Ha Jnerkiit mokpiBm OVY 3a mepiog 2017-2025 pp. MakcumanbHi cepeqHBOPIYHI 3HAYEHHS MIUTBHOCTI
HOTOKY BUXOJY pafioHykmixiB npunaganu va 2021 ta 2023 pp. Ix 3pocTaHHs HOB’A3aHe 3 BUKOHAHHSIM TeX-
HoOJOTiYHUX PoOiT. Te, 1m0 pi3HHUIA MK MaKCHMaJIbHUMHU 3Ha4eHHAMH Buxony PA y 2021-2024 pp. =He
nepepuiyBasia 25 %, CBIIYUTH MPO CTAOUTI3AIliI0 MPOIECy MUIOMIAMNOMY IIiJ] Yac MITATHOI eKCILTyaTarfil
xommekcy HBK-OY. MiniManbHi 3Ha49eHHs minbHOCTI Buxoay B 2020 p. (0,39 xbx/(M?-106a)) Ta 'y 2022 p.
(0,31 xBbK/(M* 106a)) NPaKTHYHO 30iraloThCs i PEECTPYBATNCS B MEPiOAM BifICYTHOCTi TEXHOIOTIYHOI JIisiTh-
HOCTI.
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Ouinka napaMeTpiB paflicaKTHBHOI'0 2€PO30JII0 HA JIeTKili MOKpiBJi 06’ exkTa «YKpUTTSI» B 2017-2025 pp.

ITapamerp Pl
2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
XapakTepUCTHKH IUILHOCTI IOTOKY «HEOPraHi30BaHOro» Buxoay X3, Kbk/(mM?: 106a)
Cepennpopiuna 1,8 2,6 1,6 2,0 1,9 0,93 1,7 1,2 1,0
Koeoiuient Bapiartii, % 116 37 54 50 25 73 50 69 48
MaxkcumanbHa 7,8 4,6 3,0 3,9 25 2,4 3,1 3,2 1,9
MiHimanbHa 0,26 1,2 0,59 | 0,82 1,2 0,38 0,67 0,37 0,35
XapakTepuCTUKH IIIIHHOCTI BUMIAAIHHS X3, kBK/(M? 1062)
CepenubopivHa 1,6 2,2 1,7 2,0 2,1 0,88 1,9 1,2 1,0
KoedimienT Bapiarii, % 107 47 69 80 32 80 50 83 38
MaxcuMmainbHa 6,6 39 46 49 3,1 2,7 3,4 3,4 1,7
MinimanbHa 0,48 | 082 | 0,56 | 0,39 1,2 0,31 0,51 0,29 0,56
KoedimienT xopernsii 0,17 0,76 0,65 0,81 -0,06 0,91 0,11 0,41 -0,49

AHai3 KOpeAIiiHOI 3aIeKHOCTI MiXK IIIIBHICTIO MIOTOKY BUXOAY Ta BUMAIIHL PaliOHYKIIIIB TOKA3aB,
mo koedinieHT Kopemsmii no3utuBHuK 1 Bume 0,4 mpu wratHid poGoti xomruiekcy HBK. Bin’emunit
koedimient kopemrii y 2025 p. Ha piBHi 0,49, MOXINBO, € HACHIIKOM 3YITHHKH TEXHOJOTIYHOI MisITEHOCTI
Ta TPUCYTHOCTI OTBOPIB y 3aXUCHIM OOONOHII apkW, IO CTBOPHWIO YMOBH JUII HEKOHTPOJIHOBAHOTO
MepeHocy Mij Ai€l0 MeTeo(aKkToOpiB palioaKTUBHOTO MUY B MiJapKOBOMY MPOCTOPI.

1. A.A. bopogoii u np. Onpenenenue siiepHO-PU3MYECKUX XapaKTEPUCTHK TOIUHBa 4-ro sHeprodioka YAIC: Otuer
(Mocksa: UBPAD AH CCCP, 1991) 20 c.

2. H.A. Jlowinos Ta in. Pamioximis 34(5) (1992) 125.

3. O.K. Kamunosckuit, O.0. Oninnos, JL.b. Yikyp. [IpoGnemu Oe3nexn atoMHuX enekrpoctaHniii i YopHoOwis 26
(2015) 90.
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EJIEKTPOJIIBHE KOHIHIEHTPYBAHHSA TPUTIIO B PIIKUX PAJIOAKTUBHHUX BIAXOJAX:
ONITUMIBALIA ITAPAMETPIB JJI5S1 MAJIOTTABAPUTHUX CUCTEM
HA OCHOBI NAFION 115

0. B. Koaaenko', O. O. Kpssxny?

Y Inemumym sdeprux docnioocens HAH Yipainu, Kuis, Yxpaina
2 [ncmumym menexomynixayiii i 2nobanvrozo ingpopmayiiinozo npocmopy HAH Vipainu, Kuis, Yxpaina

KirrouoBuM eTaroM y peTpuTizarii Boam, Sika He3aMiHHA B saepHUX cucteMmax Ha 3pa3ok ITER wn CANDU,
€ KOHLIEHTPYBaHHsI TPHUTi0. BukopucroByroun TBepaonoiimepsi enekrpoiitu (TIIE), BraeTbcs yHUKHYTH
mpo0JieM 3 KOPO3i€l0, MPUTAMAHHOK) JYXKHHM CHUCTeMaM, 3a0e3le4yloud BOJHOYAC BHINY €(EKTUBHICThH
po3nineHHs i3oTomniB BoAHIO i TpuTiro (H/T) 3a KoMmakTHIuMX po3MipiB obxagHanHs [1, 2].

Bigomo, 1o ¢hi3nuHi BIacTHBOCTI MEMOpaHH B JIy>KHOMY €JIEKTpOJIizepi cTabiabHi IPH Y-A031 ONPOMiHEHHS
1,3MIp (exsiBament 15 A, ompomiHioBaHOMY Yy BOAi 3 TpuTieM npu 6,7-10% Bx/m), a micis 18 mic
ONPOMIHEHHS Y BOJi, 1110 MiCTHTb TpHTiit, mpu 2,96-10%? bx/x [3].

[Tig wac pobotu 3 manumu 06’ emamu PPB (y pamkax mociimpkeHHs Ta MOJIETIOBaHHS BU3HAYEHO 00’ €M Y
10 1) ocHOBHY yBary BapTO NPHUAUTUTH HE CTUIBKH €Hepro3arpaTraM, CKiIJTbKM CKOPOUYEHHIO 3aJIUIIKOBOTO
00’eMy cHCTeMH Ta TiABUIICHHIO KoedillieHTa po3niaeHHs i3otomis H/T.

Hdua o6’emy 1071 HalONTHMaNbHIIINM BapiaHTOM € 3aCTOCYBaHHS OJHO- YH JBOKOMIPKOBHX
enextpornizepie TIIE, ski MaioTh akTuBHY miomy MemOpamum Nafion 115 y mexax 25-50 cwm? Ilns
BUTOTOBJICHHSI aHOJHUX IUIACTHH 3aCTOCOBYETHCS THUTaH i3 MOKpUTTSIM IrO:, skuii 3abe3medye BHCOKY
KOpO3iliHy cTilikicTh. KaToiHi MIacTHHU BUTOTOBISIIOTH 3 rpadiTy abo HepikaBilo4oi CTaji 3 MIaTHHOBUM
MOKPUTTAM [4].

PoGounii npuHIHMI 1 CTPyKTYypa pe3epByapa enekrponizepa TIIE mokazaHo Ha pucyHKy. Mix KaTomoM i
aHOJIOM pO3TalllOBaHa NMPOTOHOOOMiIHHAa MeMOpaHa, sKa Tpomyckae jume ioHu H+. YTBopeHi Ha aHOmi
MIPOTOHH IIPOXOIATH KPi3b MEMOpaHy 110 KaTofa, Ae OepyTh yuacTb y peakLil.

= GlL_*
|
Karop, (Pt) Anop, (Ir)
A H
’o‘.: 0.9, -
H, + HT (ras) <«—— HH ¢ » 0, (ra3) -
= e®e e — @ Moaava BuxigHoi BoaK
Hz ::: = % (H,0 + HTO)
o30 H 0 0 ;
o_!eg d 2 H* TMporox
HZ {.:cg T+ E:. T*  Tpwriit (TputoH)
:i: i :. € EnextpoH
HT E.:‘i E:Si H, Bopexs
Bona —_ ::. ::: — H,0 + HTO HT TpuriftoBanuit BoaeHb
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Kataniunmin wap  MporoHoGMikHa MemGpaHa  Karaniunui wap
(Pt) Nafion 115 (127 mkm) (Ir)

CxematnyHe 300paxeHHS MTPOTOH-00MIHHOTO MEMOPAHHOTO eJIeKTPOoJIi3epa
3 MmemOpanoro Nafion 115 mis po3aieHHS 130TOINB BOIHIO.

MeMOpaHHO-EIeKTPOIHUN By30JI BKIIIOYA€ KATANITHYHI mapu Ha ocHOBI Pt (katom) Ta IrO: (amon),
razoauys3iiiHi mapu Ta O6imonspHi IacTuHU. B aHoaHiM KaMepi BinOyBaeThes enekrponiz Boau (H-O/HTO)
3 yrBopeHHsM H* 1 T, siki TpaHCIIOPTYIOThCS Yepe3 MeMOpaHy A0 KaToja, Jie BiTHOBIOOTECS 10 Hz Ta HT.
PisHuI y pyxJIMBOCTI 10HIB 3a0e31euye 130TOMHE PO3IUICHHS 1 HAKOMTUYEHHS TPUTIFO.

OnTuMansHOTO pe3yibTaTy BHAETHCA JAOCATTH Ti 4Yac BHUKOPUCTAHHS PELUPKYIALIAHOTO PEXUMY.
Buxinanii 06’eM y 10 J1 mpoXoJuTh NOCTIHHY HUPKYISLIO Yepe3 aHOJHUN BiACIK 0 THX Mip, JOKA 00’ €M He
ckopotutbes 10 100—200 mut. Le nae 3Mory 3niicHUTH KOHIIGHTpYBaHHS TpuTito y 50—100 pasis.
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Hnst 06’emy 10 11 3HaYHA KITBKICTH TEMJIa, IO YTBOPIOETHCS MiJl 4ac eNEKTPOIIi3y, MOXKE IIBHIKO CIIPUYH-
HHUTH TIEPEBUIICHHS KPUTHYHOI TemrepaTypu Onm3pko 80 °C. 3anmporioHOBaHO iHTETpyBaTH MiKpOKaHAIIbHI
CHCTEMH OXOJIOJIKCHHSI 0€3M0CePeIHRO B CTPYKTYPY OIMONAPHUX TUIACTHH eJeKkTponizepa. Lle pimeHHs nae
3MOTy MiATPUMYBATH poOouy TeMIilepaTypy Ha piBHI npubau3Ho 30 °C, ne koedilieHT po3aineHHs S qocsrae
MaKCHMaJIbHOTO 3HAYCHHS.

VY Tabnuri BKa3aHO MMapaMeTpH s MOYaTKOBOI aKTHBHOCTI TPUTiI0 Ao B 00’emi 10 11 crcTeMu Ha OCHOBI
Nafion 115/Pt.

Po3paxyHnkoBi napamerpu npouecy koHuentpyBanus (10 J1)

ITapameTtp I;?{Zii’;yHI;KOBe IIpumitka
CtpyM enekTpodizy, A 30-85 3anekuTh Bijf 9acy mepepoOKu
Hanpyra #a xomipiii, B 1,8-2,2
TpuBasicts nporecy, roq 48-72 Jo nocsirnenss ~90% xoHBepcii
TemoBe BUAUICHHS ~ 40-60 Bt mpu 84 A
KiHieBuii 00’€M KOHIICHTPATY, MJI 200-500 3ae)KUTh Bl KOHCTPYKIT|
Buxin rasis (H: + 0-) = 62 a/ron
3aBaHTa)KCHHS IIATHHA 0,5-1,0 mr/cm?
KoeditrieHT po3aiieHHs S 6,2-6,8 [Ipu Temneparypi 25 °C

VY mporieci mepepoOKr TaKoTo 00CATY BOH YTBOPIOETHCS BeNTMKa KUTBKICTh BoHIO (TTproimm3HO 6000 i1 H2),
TOMY HEOOXigHO 00JaZHATH CHCTEMY MIKpOPEKOMOIHAaTOpOM IS IIEPETBOPEHHS BOAHIO Ha Boay abo #oro
0e3MeYHOro BUBEACHHS Yepe3 BEHTHIIALII0. AHAaJI3 ONTUMAaIbHUX PEKUMIB pOOOTH eNeKTpoJIi3epa JEMOHCT-
pye, mo cuia ctpyMy Mae craHoButd 1 =81,1 A. Ilpu 1mpoMy, BpaxoBYIOYH IIUTEHICTE CTpyMy 1,5 A/cm?,
IJIOMIA aKTHBHOI MeMOpaHu JOpiBHIOBaTUME OM3bK0 56 cM?. Jliist po3kimaganss 1 1 BOAW TEOPETHIHO HEO0-
Xi1HO O61M3BbK0 2974 A TOJ eNeKTPOCHEPTii.

[Tpu 3menmenHi 06’emy y 20 pazis (V/Vo = 0,05) akTHBHICTb TPUTIiIO B KOHIIEHTPATI 3pocTae NpUOIU3HO
y 12,1 pa3a, Toxi K YaCTHHA TPUTIIO NEPEXOANTh y Ta30BYy a3y y BUTISLAL i30TOMOIOTA.

Mopanpmii  gociijpkeHHss OyayTh CHPSAMOBAHI Ha MiJBUIICHHS pajiallifiHOl CTIHKOCTI Marepialis,
CTBOPEHHsI HAHOKOMITO3UTHUX MeMmOpaH tuny Nafion/SiO2, Nafion/rpaden [5].

1. G. Tejera, E. Teliz, V. Diaz. Modelado matematico computacional de un almacenador de hidruro metalico para
movilidad eléctrica. In: Memorias del VIII Encuentro Regional de Ingenieria Quimica (Montevideo: Universidad de
la Republica, 2025) p. 12.

2. Y. lwaietal. J. Nucl. Sci. Technol. 42(7) (2005) 637.

3. J.M. Miller. Fusion Sci. Technol. 54(2) (2008) 325.

4. J.-D. Kim, A. Ohira. Membranes 11(5) (2021) 330.

5. J. Smith, L. Tanaka, M. Rossi. ResearchGate GmbH, Berlin, 2024. p. 3404.
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KOHTPOJIb 3A PO3ITOBCIOZKEHHSM PAJTIOAKTUBHOI'O 3ABPY/THEHHS
B 30HI AEPAIILL JOCJIIHUIIBKOI'O AAEPHOI'O PEAKTOPA BBP-M
3A JOIIOMOI'OI0O CUCTEMMU CHHOCTEPEXXKHUX CBEPJAJIOBUH

O. B. CeapuueBchbka, L. O. I1aBiaenko, O. B. CearyH, 1. A. Maawk, C. B. Tejqenska

Tuemumym s0eprux docnioncenv HAH Yrpainu, Kuis, Ykpaina

[t KOHTpOJIO pafialiiHOro CTaHy IPYHTIB 30HH aepauii i BiamosimHo no [Ipumucy TonosHoro [ep-
’KaBHOTO CaHiTapHOTO Jikaps M. KueBa HaBKOJIO MOCHiTHUIIBKOTO siaepHOTo peakropa ([ISP) BBP-M, tpy-
OOMPOBO/IIB «TapsiYUX» KaMep Ta pe3epByapiB piakux pamianiiHux Bigxoxais (PPB) Gymo cTtBopeHO Mepexy
PEKUMHHUX CIIOCTEPEKHUX CBEPATIOBUH [ 1], mepeabaueHux i BigOopy 3pas3KiB IPYHTY.

PPB, mo ytBOprotoTecs mig yac ekcruryatamii J(SIP BBP-M (TexHOMOTiYHI CTOKH Ta 3IHMBH PI3HOTO
MTOXOJIPKCHHSI ), BIAMOBIIHO J0 MPOEKTY TPyOONpoBOJaMH CIEIialibHOT KaHai3aIil HaIXoAsITh IO CIeliallb-
HHX pe3epByapiB, MPU3HAYCHUX I iXHBOTO 30MPaHHS Ta THMYAacoBOTO 30epiranns. Pesepsyapu mis PPB
oOxagHaHi mpuiIaaMi BUMipIoBaHb piBHIB PPB Ta mpucTposiMu KOHTPOIIIO IXHBOTO MPOTIKaHHA. Y BUIIAJIKY
aBapiiHUX CUTyalill y IPYHT MOXYTb notpanutu PPB 3 nBox pesepByapiB «rapsunx» kamep, abo cremianb-
HOI KaHaji3aIii peakropa.

V nauiii poboTi HaBeeHo aHaNi3 quHAMiKH BMicTy *3'CS y 3paskax IpyHTY 3i CHOCTEpEKHHUX CBEPIOBHH.
Binbip 3a3HadeHHUX 3pa3KiB 3MIHCHIOETHCS NBiUi HA Pik (HaBECHI Ta BOCEHM) 3 TIHOWHU 8 M 3a JOITOMOTOIO
crieriaTbHOro MPoOoBiIOipHAKA.

[ligroroBka 3pa3kiB Ta CIEKTPOMETPUYHE BHUMIPIOBaHHS BMICTY paliOHYKIIiJiB MPOBOIWIN B Jaboparto-
pii, sixka akpemuToBaHa B HamioHanwHil areHmii akpemutarii Ykpainu Bignosigao go ISO/IEC 17025. Ama-
parypa A BUMIpIOBaHb aTECTOBAaHA Ta MPOXOIUTH PEryJspHi IIaHOBI HepeBipku. [Ipu BUKOHAHHI JOCII-
JUKEHb BUKOPUCTOBYIOTHCSI B OCHOBHOMY 3arajlbHONPUHHATI METOAUKH.

BusHayeHHs MUTOMOI akTHBHOCTI 'CS y 3pa3kax IPyHTY i3 CBEpPVIOBHH 6yJ0 O6paHO SK HAHOGimbII
TOYHMH 1 KOPEKTHHH METOJ KOHTPOJIIO MOXIIMBOI'O aBapiiHOro 3a0OpyIJHEHHsS IPYHTY B 30HI aepuii Ha
marimanguky JISP BBP-M. BuMipioBaHHs MpOBOAWIN 3 BHKOPHUCTAHHSIM raMMa-CIIEKTPOMETPHIHOI CHCTEMHU
¢ipmu CANBERRA, sika ckiaganacs 3 KOAKCHAIBHOTO HAMIBIPOBITHUKOBOI'O JETEKTOpPa 3 HAJTYUCTOTO
repmanito HPGe mogeni GC6020, undpoBoro cUrHanbHOrO MpoLecopa i MpOorpaMHOro 3abe3neueHHs
GENIE-2000. O6po6Ky OTpIMaHHX raMMa-CIIeKTpiB i po3paxyHOK MHTOMHX akTHBHOCTel *'Cs mposomumm
3a JIONOMOToI0 po3pobieHoi B lleHTpi ekonoriunux mnpodiem atomuoi eHepreruku S]] HAH Vkpainu
nporpamu. Yac BUMiproBaHb T'aMMa-CIEKTPiB CTaHBHUB 1 100Yy.

Ha puc. 1 HaBejeHO naHi MO0 CEPEAHIX 3HAUEHBb MUTOMOI aKTHMBHOCTI PallioOHyKIiga 1¥7¢cs y 3pa3kax
IPYHTY i3 CHOCTEPEKHUX CBEpATIOBUH 3a nepion 3 2002 mo 2018 pp.

10 ;
é 13Tcs
: Y
'Y
] ,/_\

0,1 T T

2010 2012 2014 2016 2018
Pik
Puc. 1. Cepenni 3HaueHHs TUTOMOT aKTUBHOCTI pamionykiina 3’Cs y spaskax rpyHTy
13 CTIOCTEpE)XHUX CBEPUIOBHH Ha Maiinanunky JISIP BBP-M 3a 2002-2018 pp.

2002 2004 2008 2008

AHali3 OTpHUMaHHX Pe3yJbTaTiB JOCIHIIKEHb MOKa3aB, 10, B OCHOBHOMY, CEpPEIHI 3HAYCHHS IMUTOMOI
aKTHBHOCTI pafmionykniza *'Cs y mux 3pa3kaX IDyHTY CYTTE€BO HE Bipi3HSIOTHCS BiJ BU3HAYEHHX DiBHIiB y
3paskax, BimiOpanux mim 4ac OypinHs B 1997 p. [1]. 3a manwmii mepiox cmocrepexens (2002-2018 pp.)
JKOJTHOTO pa3zy He OyJIo 3apeecTpoBaHO CYTTEBOTO MiABHINCHHS PIBHIB MMTOMOI aKTHBHOCTI pamioHyKIiga
137Cs y 3paskax IpyHTy i3 cocTepexHuMX cBepIoBuH (muB. puc. 1) [1, 2].
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Jlunamixy muromoi aktusHOCTi **'Cs B 3paskax rpyHTy 3a mepion 2019-2025 pp. aHanizyBaiu Ha IpH-
KJIaJi CIIOCTEPEXXKHUX cBepaiioBuH 2, 3, 5, 11, 13 i 14, mpoOoBigbopy 3 SKUX MPOBOAMIUCH CHCTEMATHYHO i
BiJIMIOBIZIHO /IO perjaMeHTy. 3 iHIIMX CBEPIUIOBUH BHACHTIJOK 00 €KTHBHUX MPUYUH BifOip 3paskiB IPyHTY
3IIHACHIOBAJIM HEPETYIISIPHO 1 HE B IOBHOMY 00Cs3i, TOMY 1Ii jaHi HE BPaxOBYBaJIHCA.

Hageneni Ha puc. 2 pe3yiabTaTd CBiAYaTh, IO 3a IEH Mepio] CyTTEBHX 3MiH B AWHAMII MOKAa3HHUKIB HE
BimOyBaoCs.

CBepajioBUHH

IIntoma akTuBHicTh 137Cs, BK/Kr
(=]

Pik

Puc. 2. ITutoma axtusHicTs *¥'CS y 3paskax IpyHTY i3 crocTepexHux cepaiosut ISP BBP-M
3a 2019-2025 pp.

Baxnuso Bim3Hauuth, mo JSIP BBP-M, nmounnatoun 3 2021 p. i Ha gaHWH 4ac He Tpaoe. Alle i B pOKU
HOT0 eKcIuTyaTarii, 1 micis 3yIMMHKY 3MiH Y TUHAMIIl JOCHTIKYBaHUX TIOKa3HUKIB Y KOXKHIHN i3 CBEPIJIOBUH
HE CIIOCTEPITaocs..

Jeske mepeBUIIeHHs cyMapHUX Moka3HUKIB 32 2002—-2018 pp. MOsSCHIOETHCS BILTMBOM JaHUX, OTPHMa-
HUX y TEpIIi POKH CUCTEMaTHYHOTO pafiauiiHoro koHTpomto (2002-2004), konu npu obaaluTyBaHHI cBEpI-
JIOBHMH MOTJIa NOTPAIUTH HE3HAYHA KUIbKICTh IPYHTY 3 IPUIIOBEPXHEBOTO IIapy.

V nepiox 3 2019 1o 2025 pp. MiHiManbHK MOKa3HUK muTOMOI akTHBHOCTI **'Cs cranoBuB 0,2 Bi/kr, a
Makcumaibsauil 0,9, a 3a Bech yac nociimkens (2002—-2025 pp.), Bukitrouatroun 2002—-2004 pp., MiHiManbHe
3HaueHHs cranoBmwio 0,2 Bx/kr, Makcumanbshe 1,4,

Otpumani naHi cBiUaTh MPO CTAOIIBHICTH €KOJOTIYHOTO CTaHy B 30HI aeparii peaktopa BBP-M Ta
LUTICHICTh TPYOONPOBOIB crenianbHOl KaHamizamii i pesepByapiB 3 PPB. IlinrBepmkeHo BiACyTHICTBH
TEXHOT'€HHOTO BIUIMBY ekciutyartauii JJSIP BBP-M na 3a0pyaHeHHs rpyHTIB B 30Hi aeparii.

1. O.B.Taiigap Ta in. SnepHa ta pamiamiiiaa 6e3meka 1(89)( 2021) 21.

2. 3BIT Ipo HayKOBO-ZOCIHiAHY poboTy. JlocmimpkeHHs mpoueciB (OopMyBaHHS TEXHOTCHHOTO 3a0pyJHEHHsS B Meax
arJoMepalifHoro KOMIUIEKCY 3a pPaXyHOK HaJXO/KEHHS BaXKKHMX METATIB Ta PaAiOHYKIIAIB y HABKOJHIIHE
cepenosuiie. Pozain 1.2. (Kuis: In-T saepuux gocnimk. HAH Ykpaiunu, 2020) 203 c.
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METOAU BI3YAJIBHOT'O BUSIBJIEHHS NIJO3PIJINX PAJIOAKTUBHUX OB’E€EKTIB
C. B. CmiBak, /. O. Beaunubkuii, P. B. Epmonenko

Kuiscokuil HayionansHuil ynisepcumem imeni Tapaca [lleguenka,
Gizuunuii paxynomem, kagpedpa si0eprnoi ghizuxu ma sucoxux enepeii, Kuis, Yxpaina

EdexTruBHE BUSBIICHHS paliOaKTUBHUX MaTepialiB € BaXKJIMBOIO 3amaucio y cdepi saepHol Oe3meku Ta
paniaiifHoOro MOHITOPUHTY. Y OLTBLIOCTI ICHYIOYMX CHCTEM TOIIYKY BUKOPHUCTOBYIOTHCS JETEKTOPH raMma-
BHITPOMIHIOBAaHHS, 3aTHI PEECTPYBATH JHKEpelia 10HI3yI0YOro BUIPOMIHIOBAHHS 32 HASBHOCTI JOCTATHHOTO
piBHA curHairy. [IpoTe epeKTHBHICTD TAKUX CHCTEM MOJKE CYTTEBO 3HIDKYBATUCS y BUIIQJKAaX 3HAYHOTO €Kpa-
HyBaHHS JpKepesa a00 HU3bKO1 IHTEHCUBHOCTI BUNIPOMiHIOBaHHS. Y MOAIOHUX yMOBax Il HAKOIMMYEHHS CTa-
THCTHYHO 3HAYYIIOTO CUTHAIYy MOXKE 3HAaJOONTHCS 30UIBIICHHS 9acy BUMIPIOBaHHS, IO YCKIIAIHIOE Olepa-
TUBHHH MOUIYK JKEPeN Ha BEJIMKHUX TEPUTOPisAX abo 3a HeBimoMOro Micie3HaxomkeHns 00’ ekra. 1106 mono-
JIATH 11e 0OMEKeHHSI, Bi3yaJIbHHUI OISl MOXe CITYKHTH NepIIiM KpokoM. BuzHavaroun obmacti abo 00’ exTH,
IO HiKaBJIATh, HA OCHOBI 30BHIIIHBOTO BUTJILY, TIOIIYKOBI 3yCHJIUIS MOYKHA 3BY3HTH JI0 KEPOBAHOTO HAbOpy
«KaHIMAATIB» ISl IOJAIBIIOTO PaIioNoriyHOro CKpUHiHTy [1, 2].

Crimparodnch Ha 110 i1ef0, MU MPOIIOHYEMO BHUKOPHUCTOBYBATH METOIM Bi3yalbHOTO PO3Mi3HABaHHS Ha
OCHOBI MAaIIMHHOTO HaBUaHHA JUIsl aBTOMAaTH3alii BHSBJICHHS Ta BH3HAYCHHS NPIOPUTETIB MOTEHIIHHO
3a0pyaHeHnx 00’exTiB. HemonaBHi JOCATHEHHS B raily3i MallMHHOTO HaBYaHHS MPOMOHYIOTH OaraTtoo0ims-
F04i MOKJIMBOCTI JIUIS IIOKPAIEHHS iMeHTH(IKaIl1 Ta BigcTexKeHHs 3a0pyaaHenux 06’ exriB [3]. Haniiine Buss-
JIeHHS1 00’ €KTiB 3HAYHOIO MipOI0 3aJIeKUTh BiJl pi3HOMaHITHOCTI Habopy AaHuX. Byno BU3Ha4YeHO Ba LiNbOBI
KJIaCH:

— 3nak papiarnii: OOMexXyBaiIbHI paMKH, IO MICTSATH JTUIIIE CUMBOJI pafiamiifHOT HeOe3MeKH.

— PanioakTuBHMI 00°€kT: O0’€KTH, 110 MICTATh 3HAK pamialliiHOI HEOE3MMEeKH, HAMMUC «PaliOaKTUBHHIDY
a00 00’exTH O€3 YITKOTO NMO3HAYEeHH, ajie Kiaacu(ikoBaHi SK PagioaKTHBHI HA OCHOBI IXHBOTO ITOXOIKEHHS.

IMovarkoBuit HaGip qaHUX OyII0 3i0paHO 3 BIAKPUTHX JKEpEs Bpy4Hy 3 puOiu3Ho 130 306paxens (puc. 1
i 2). Xoua 1ieii Habip maHuX 3a0e3MeUrB MOKIIUBICT MPOBEICHHS MEPIIOTO €TaIy A0CIIHKEHb, HOro o0csry
OyJi0 HemoCcTaTHBO Uil €()EeKTUBHOrO HAaBYAHHS MoJesiell TTMOOKOro HaBYaHHS, sIKi HOTPeOYIOTh 3HAYHOL
PI3HOMAaHITHOCTI JaHWX JUIsSl TOCSATHEHHS HAaMIHHOI MpomyKTUBHOCTI. 1106 momomaty e oOMexeHHs, Habip
JaHuX OyJI0 JJOTIOBHEHO CUHTETUYHO 3r€HEPOBAaHUMH 300paKEHHSIMU, TUM CAMHUM 301IBIINBIIHN SIK 00CAT, TaK
1 BapiaOesibHICTh HaBUAJILHOTO Habopy. OTpuManuii riOpugauii HaOip JaHUX MICTUTH PEalIbHi Ta CHHTETHYHO
3reHepOBaHi 3pa3Kku, 3a0e3MeUy Y MiHJIUBICTh 30BHIIIIHLOTO BUTJISAY 00’ €KTa, HABKOJIHUIIIHLOTO CEPEIOBUIIA
Ta yMOB Bi3yaiizanii. BKIFoUeHHs] CHHTETUYHHX JaHHUX JO0JAaTKOBO MiJABHINYE MPOIYKTHBHICTh MO, X04a
JoCSITHYTE ToJminmieHHs € momipauM. Cepen omineHnx apxitekTyp YOLOI12 mocsirae HAWBUIIOT 3arajgbHOT
MPOAYKTHBHOCTI, IEPEBEPIIYIOYH CTAPIITY apXiTEKTypy «V8», pe3ysbTaTy HaBEJCHO Y TaOIHIII.

Puc. 1. [Tpuknanm 300pakeHHs pagioakKTHBHOTO 00’ €KTa. Puc. 2. IIpukian 300pakeHHs 31 3HAKOM paIiartii.

PosmmpenHs HaBYaNBLHOrO HAOOPY CHHTETHYHMMHU 300pPOKCHHSMH HE JHIIE [iIBUINWIO TOYHICTh
MPOTHO3YBaHHS, & i CyTTEBO 30UTBIIMIO OOCAT HABYATBHUX JaHUX, IO CIPHSIIO 3MEHIICHHIO CTATUCTUYHOT
MIHJIMBOCTI i yac onTuMmizarii Mojeni. 1le mokparieHHs cTadiIbHOCTI Aajio 3MOT'Y BKIIIOUUTH JIOJIATKOBY
niaMHOKuHY 300paxkeHs COCO — 80-100 Ha xiac — 30epiraroun cTabiIbHICTh HABYAHHS.
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IlopiBHs/ILHI MeTpuKH HaTpeHOBaHUX Moaeeil YOLOvVS ta YOLOvV12 nas pisHux kondirypauiii Habopy 1aHuX

(BpyuHy copmoBaumii, riopuanuii, riopuaaunii+COCO (HyCOCO))

MAP@50 MAP@50:95
Model Dataset type YOLOV8/12 YOLOV8/12
Manual 0.680/0.668 0.371/0.392
s Hybrid 0.694/0.698 0.404/0.397
HyCOCO 0.725/0.695 0.412/0.421

Manual 0.734/0.704 0.4/0.415

L Hybrid 0.727/0.727 0.429/0.438
HyCOCO 0.773/0.775 0.470/0.476

Manual 0.729/0.670 0.400/0.39

X Hybrid 0.729/0.654 0.405/0.395
HyCOCO 0.789/0.762 0.455/0.464

3anpornoHOBaHUH MiJIX1] TOKa3aB, 1110 BUKOPUCTAHHS PEATbHUX 1| CHHTETHYHO 3r¢HEPOBAHUX 300paXeHb y
HaBYaIIbHOMY Ha0Opi OKpaIlye pe3ylbTaTH BUSBICHHS B CKIQJHAX YMOBaX. 3reHepOBaHi JaHi Jat0Th 3MOTY
JaCTKOBO KOMITCHCYBATH OOMEKEHHUH 00CAT MOCTYITHUX JaHUX Ta MiABUIIUTH CTIHKICTh MOJEIII IO Bapiariil y
300pakeHHsAX. OTpUMaHi pe3yJbTaTh CBIIYATh MPO NEPCIEKTUBHICTh BUKOPUCTAHHS TeHEPATHBHUX MOJEINeH
JUIS 3aj1ad BUSBICHHS NOTEHIIHO HeOe3neuyHuX o0’€kTiB y cdepi saepHOi Oe3meku Ta pajialiifHoro
MOHITOPHHTY.

1. The Radiological Accident in Lia, Georgia (Vienna: International Atomic Energy Agency, 2014) 108 p.
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1660web-81061875.pdf

2. The Radiological Accident in Istanbul (Vienna: International Atomic Energy Agency, 2000) 75 p.
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1102_web.pdf

3. S. Azizi et al. Synthetic Data from Diffusion Models Improves ImageNet Classification. arXiv:2304.08466 [cs.CV]
(2023). https://doi.org/10.48550/arXiv.2304.08466
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JOCJIIZKEHHS JIAITA3OHY MAJIMX 103 IOHI3YIOUYOT'O OTPOMIHEHHS
JJIA MIKPOCKOIIIYHUX I'PUBIB

T. L. Tyraii'?, A. B. Tyraii'%, B. O. JKeaToHoxKcbKHii®,
JI. B. Canosnixor?®, H. M. Cepriiiuyk?, O. B. Ioainyk*

! Biokpumuii misicnapoonuil ynieepcumenm po3sumxy moounu « Yxpainay, Kuis, Ykpaina
2 Incmumym mixpobionozii i eipyconozii im. J]. K. 3a6onomnozo HAH Yxpainu, Kuis, Yxpaina
3 Incmumym adepuux docnioscens HAH Yrpainu, Kuis, Yxpaina
4 Hayionanvnuii mexuivnuii yuisepcumem Yxpainu «Kuiscoxuti nonimexuiunuti incmuntym imeni Izops Cikopcokozoy,
Kuis, Yxpaina

Uepes 40 pokis miciss YopHOOUIECHKOT KaTacTpOhH aKTyaTbHUM 3aITUIIAETHCS TOCTIKEHHS BiATaICHUX
HACJIAKIB Ail XpOHIYHOTO OMPOMiIHEHHS Ha MiKOOIOTY, sIKa € TIOCTIHHOIO 1 aKTHBHOIO KOMIIOHEHTOIO 0ioreo-
neHo3y. Oco0nuBoi yBaru motpedye JOCTIKCHHS MEXaHi3MIiB ajanTailii MiKpOMILETIB A0 il pi3HHX 3a
BEITMYMHOIO /103 10HI3yF0UOT0 BUIIPOMIHIOBAHHS (BiJl BEIMKHUX IO MaJHX), SKi MOXKYTh MPU3BECTH JI0 TIEBHUX
3MiH B IICHO31, 30KpeMa, B IIBUAKOCTI TPpaHCIOKaLil paliOHyKIiJiB y IPyHTI, 1, BIANOBIAHO, BKIIOYEHHI X y
TpodivHi JTAHITIOTH.

V momnepenHix JociiHKeHHIX Oyira po3po0ieHa METOOJIOTisI BUBYEHHS BILUTUBY BEITUKHX 103 10HI3YI0UO-
r'0 OIPOMIHEHHS Ha MIKPOMILIETH, IO TOJIATANIa y CTBOPEHHI Ta 3aCTOCYBaHHI TAKUX MOJEIBbHUX CHCTEM, SIKi
MaKCHMAaJIbHO HAOJIM)KEHI 10 peaTbHUX MPUPOJHUX YMOB, a caMe, SIKi IMITyBaIH BEJIMKI 1031 OMPOMIHEHHS,
10 B YOPHOOMIILCBKil 30HI BiqUy>KEHHS CTBOPIOBAIM PaJiOaKTHBHI YaCTHHKHU 3 BEJMKOIO MHUTOMOIO aKTHB-
HICTIO, TaK 3BaHI «raps4i» 4acTUHKHU. Y Pe3yJbTaTi JOCIIKEHHS aJanTailii MiKpOMIIIEeTiB J0 Aii BIIHOCHO
BEIMKHUX [103 10HI3yIOUOrO OIpOMiHEHHS, (OpMYyBaHHS y HHMX pajAioajanTalifHUX BIacTUBOCTEH, Oyyo
BHUSIBJICHO BIIEpILE TaKi MO3UTUBHI peakuii Ha [il0 BEIIMKUX 03 OIPOMiHEHHS, SIK O3UTUBHUN PagioTpomi3M
Ta pamiocTUMyImis [1-5]. 3 BUKOPUCTaHHIM MOJCIBHUX CHCTEM OYIIO BCTAHOBJICHO, IO TPH Iii BETUKUX
(150-500 I'p) mo3 ONMPOMIHEHHS CIIOCTEPITAETHCS CTUMYJIAIIS POCTOBUX TporieciB. Ciia 3a3HAYUTH, IO
KOMIUIEKCHE JOCTi/KeHHs 63 mramiB 13BuaiB 6 polliB /ano 3MOTy KOHCTAaTyBaTH, IO MO3UTHBHA PEAKIlis
HA JIIF0 BEJMKUX JI03 ONIPOMIHEHHS HE € YHIKaJIbHOIO, IPUTAMAHHOIO OKPEMHM BHJaM, a 3arajibHa BIACTH-
BICTb, sIka COpMyBaJiacs y BEJMKOI KIIbKOCTI BU/IB 1 pOJiB MIKPOCKOMIYHUX TPHOIB B YMOBAaX XpOHIYHOTO
ONPOMIHEHHSI.

[Ticns YopHoOHMNbCHKOT KaTacTpodu OyJO0 HAKOMWYEHO OaraTo AaHUX, SIKI BHECIH CBOI KOPEKTHBH B
OLIIHKY BIUIMBY MaJIMX J03 ONpOoMiHeHHA Ha OioTy. [lo Toro wacy s OmiHKH Aii Majaux A03 3aCTOCOBYBAIU
JHINHO-KBaJpaTHIHy €KCTPAIOISIII0 e(eKTiB BEIUKUX (JIETATFHUX 1 CyONeTallbHIX) /103 10 MAJIUX, BUXO-
IIST9H 3 TOTO, 10 €(PeKTH BETMKUX 1 MaJ¥X J03 PO3PI3HIIOTHCA JHUIIE KUTbKiCHO. baraTouyrcenbHi TOCIiKeH-
HS1, IPOBE/ICHI YIPOJOBXK IECATHPIUb Micis YopHOOMIBCHKOI KaTacTpodu, BUIBIIN, IO MaJli TO3H 10HI3YIO-
YOro OMPOMIHEHHSI MOXYThH IHIIIOBATH SKICHO iHIIN €(EeKTH, 9acTO MPOTHIEKHI THM, IO BUKIHKAIOTH
BEJIMKI JTI03U OMPOMIHEHHSI.

Haifuacrimie, mijg MaJuMu pPO3yMIIOTh 103U, KUIbKICHI 3HAUEHHS SKMX HE OLUIbIE, HDK HAa OJUH-IBA
MOPSAKK TIEPEBULIYIOTh 3HAYCHHS 103, 3yMOBJICHUX NMPUPOJHUM PiBHEM ONPOMIHEHHS, IPU IbOMY HE Bpa-
XOBYIOTb 00 €KT JOCIiIKEHb, a IPYHTYIOTHCS Ha JOBUIBHUX NPHUITYIIEHHSX, TAKOX Majol0 BBRXKAIOThH A03Y,
3a KO IMOYMHAE BUSABIISITUACS JOCTIKYBaHUN HeJeTanbHUHN edekT. [Hoi BBaXKatoTh, 10 Malli T03H 10HI3YIO-
Y4Oro BUTIPOMiHIOBaHHS BiATIOBIAIOTH 3HAUYEHHSM, AKi Ha J1Ba a00 Oiblle MOPSIKIB MEHII 3a JeTanbHi. JlaHi
BIIHOCHO BIUIMBY MaJIUX J103 OIPOMIHCHHS Ha MIKPOMIIIETH IOCHTHh OOMeXeHi. BomHo9ac ms mporaiuHa €
JOCUTH CYTTEBOIO, OCKITBKH MIKPOCKOITIYHI 00 €KTH € IMOYaTKOBOIO (MIEPBUHHOIO) JIAHKOO JIAHITIOTA Pi3HO-
MaHITHUX TPOIIECIB, IO BIJOYBAIOTHCS B JIOBKL/UT. BUXOISYM 3 TOrO, IO KIITHHUA MIKPOMIIIETIB MarOTh
3HAYHy PaJioCTiHKICTh, Tak Juis TemHomirmMentoBanux Buaie C. cladosporioides cybneransHa m03a cTaHo-
Buia 5-7 x['p, wia C. herbarum 4-7 xI'p, s A. alternata 3—10 kI'p [6] MOXKHa NPUITYCTUTH, IO JUI HUX
KUTBKICHMH Jiana30H Majux 103 OyJe TaKoX BHIIE, HIK y OakTepill, TBAPHH Ta KyJIbTYpHU KITIiTHH.

Jli11 BUBUEHHS BIUIMBY XPOHIYHOT'O OTIPOMiHEHHS! HU3bKO1 IHTEHCHBHOCTI Ha MIKpOMIIIETH Oyiia CTBOpeHa
creLianbHa MOJENbHA YCTaHOBKA JUIS MPOBEACHHS JOBIOCTPOKOBHX JOCHIIPKEHb Y KOHTPOJIHOBAHUX yMO-
Bax, B SKiH JHKEPEIIOM 10HI3yI0YOT0 BUIIPOMIHIOBAaHHS OYB IPYHT 3 5-KIJIOMETPOBOI 30HU BimayXeHHs. Takuit
METOAWYHUN MiAXi TaB 3MOTY IEBHOIO MIpOI0 3MOJICIIOBATH YMOBH Jiama3oHy J03 XPOHIYHOTO OMpPOMi-
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HEHHS, SIKe 3a3HaBaJIM MIKPOMILIETH YHPOJIOBK TPUBAJIOIO Yacy 3HAXOIKEHHS B 30HI BiAUyXEHHS. AHAaIi3
BIUIMBY XPOHIYHOTO ONPOMIHEHHS 3a JBOMa MapaMeTpaMu — IIBUAKICTIO PafialbHOTO POCTY Ta BUIKHBaHi-
CTIO — JIaB 3MOTY HaM yTIepIlie BU3HAYNTH KUTbKICHI MEXi MaJMX 7103 ONMPOMIHEHHS I MiKpPOMIIIETiB, SIKUH
IUTSL TOCIIDKeHUX BUIIB Hibk4de 2 ['p. Mauti 1031 [UIsl JOCHIKEHHX MiKPOMIIIETiB Ha MOPSIOK BHUIII 3a TaKi
BiIOMI TSI JIFOIMHM, Ta HA BA MOPSIKHM BUII, HiX I KyIbTYypH KITiTHH [6]. CItif 3a3HAYHUTH, IO pajiaItii-
HHW TOPME3WC Y POCTUHHUX 00’ €KTIB MPOSBIIAETHCS TBOMAa MAaKCHMyMaMH B 00JIacTi MaJluX J03: OJHUM Y
nianasoni nopsiaky 1072, a inmmM — B o6acti oauauns I'peit [7, 8].

Pesynpratn mpoBeAEHUX JMOCHIPKEHb 3 BHKOPUCTAHHSAM MOJEIBHOI CHCTEMH, B SKIH HKEpPEIOM
BUINIPOMIHIOBaHHS OYyB IPYHT 30HM BiAYYXXCHHS, MIATBEPIWIN BHCYHYTY TilOTe3y, IIO HU3BKUH pPiBEHb
I IBHINEHOTO pamiamiitHoro ¢GoHy € MIKepeoM MalluX 103 pamiarmil sl MIKpOMIIIETIB, a TO3UTHBHA PEaKIIis
Ha Jif0 3HAYHUX 1103 10HI3YIOUOTO ONPOMIHEHHS B TAKOMY pasi € MPOSBOM y HHUX aJanTaIlifHOl BiTMOBii.
OTtprMaHi pe3ynbTaTd MOA0 BIUIMBY MaJIUX /103 ONMPOMIHEHHS MOSCHIOIOTH BCTAHOBJICHWH HaMHU (DakT, IO
HaWBHINA YaCTOTA TTO3UTUBHUX PEAKITIH HA M0 3HAYHUX JI03 OMPOMIHEHHS CIIOCTEPITa€ThCSA Y TOCIIIHKEHUX
MIKPOMIIIETIB, BUAUICHUX 13 MICICICHYBaHb, JI¢ MiIBUIICHHUN pajianiiinuii (oH € JKepeaoM IXHBOTO
XPOHIYHOTO ONPOMiHEHHSI MaJIMU T03aMH.

VY HemogaBHO MPOBEICHHUX AOCII/DKCHHAX 31 IITaMaMH TakuX poJiB MikpowinetiB sk Penicillium,
Aspergillus, Trichoderma, sixi Oynu BuIUICHI i3 30HU BIIYY>KEHHS 3 pIBHEM paJlioaKTHBHOTO 3a0pyTHEHHS
Bil oMHMIB 10 THCAY KBK/M? OyJ10 BUSBJICHO BUCOKHH piBeHB IXHBOI OionoriuHoi akTuBHOCTI [9, 10]. Bumi-
JeHi mramu MikpoMiretr poais Penicillium ta Aspergillus 3maTri mpoaykyBaTé BHCOKOAKTHBHHM KOMILIEKC
rigponas, siKki KOPUCTYIOTCS MOMUTOM Yy PI3HUX Tally3sfX IMPOMHUCIOBOCTI, TaKUX SIK O10KOHBEPCis BiIXOIIB
arporpoOMHUCIIOBOTO KOMIUIEKCY, Y KOPMOBIM Ta Xap4oBiii MPOMHUCIIOBOCTI, BUPOOHHUIITBI MHUIOYUX 3acO0iB.
Buinieni i3 30HH BiA4y)KeHHs IITaMH pi3HUX BUIB poxy Trichoderma nposBuiin BUCOKY aHTAarOHICTHYHY
AKTUBHICTh 110 BiJTHOLICHHIO JIO IIIMPOKOTO Koyia (DiTOMaToreHHUX IpuOiB, SKi € 3arpO30K0 BTPATH BPOXKAIO
0araTbox CiIbCHKOTOCHOAAPCHKUX KyNIbTyp. Lli mTamu € ay>ke nepcreKTUBHI AJisi CTBOPEHHS Ha iXHill OcHO-
Bi €KOJIOTIYHO Oe3MeYHuX OionpenapariB y cilbCbKOMY TOCIIOAAPCTBI it 60poThOH 3 (itonatorenamu [10].

N.N. Zhdanova et al. Mycol. Res. 108(9) (2004) 1089.

T.I. Tyraii. Ykp. 60otaHn. xxypH. 65(5) (2008) 723.

J. Dighton, T. Tugay, N. Zhdanova. FEMS Microbiol. Lett. 281 (2008) 109.
T.I. Tyraii ta in. Mikpo6ion. xypH. 73(2) (2011) 26.

T.I. Tugay et al. Health Phys. 101(4) (2011) 375.

H.H. XXnanoBa, A.W. BacuneBckas. Menanuncodepoicawue epudvl 6 sxcmpemanvrvix yciosusx (Kues: Hayk.
nymka, 1988) 150 c.

J.M. I'pomzuncekuii. BicH. Xapkis. Harr. arpap. ya-Ty 2(20) (2010) 6.
J.M. I'pomsuncekuii. Padiobionoeis (Kuis: JIubine, 2000) 448 c.
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NOTEHIIAJI 30HU BIJYYKEHHSA JJ151 IPOBEJEHHSA HAYKOBUX JOCJIKEHb
BIOJIOTI'TYHOI'O HAIIPAIMY

A. O. Bumnescokuiil, C. I1. Tamak?, O. O. Bypao®, €. B. Tykaienko®

L Yoprobunscwvruii padiayitino-exonoiunuii 6iocghepruti 3anosionux,
cemm Ieankis, Buweopoocokuil paiion, Kuiscvrka obnacme, Yxpaina
2 lepoicasna naykoeo-oocniona ycmarnosa « Yoprobunscokuii yenmp 3 npobiem sdeproi besnexu,
padioakmusHux 8i0xodie ma padioexonociiy, Cnagymuy, Kuigscoka obracme, Yrpaina
3 Incmumym aoepuux oocnioxcens HAH Yrpainu, Kuis, Yxpaina

30Ha BiguykeHHA Ta 30Ha 0e3yMoBHOTO (000B’si3k0BoOr0) BinceneHus (3B36(0)B) Oynu cTBopeHi micis
aBapii Ha YopHoOunbchkii AEC y 1986 p. sik Oe3npernieieHTHAN 3aXiJl i3 3aXUCTy HACEJICHHs BiJl HACTIIKIB
panioakTuBHOTO 3a0pyaHeHHs. HeoOXigHiCTh Takoro pimeHHs Oyina 3yMOBiIeHa MaciiTabaMu palioakKTHBHO-
ro 3a0pyIHEHHS! TEPUTOPIi, y pe3yabTaTi 4oro copMyBaBcs OIUH i3 HAMOIMBIIMX NPUPOTHUX PE3EPBATiB
€Bponu. [3 caMoro moyaTKy TEpUTOPIsl 30HM BiUY>KEHHS, CTajla TEPUTOPIEI0 HAYKOBOI MisSUIbHOCTI, popma i
XapakxTep sKoi 3MiHIOBaBcs 3 yacoM. Lle Oyio moB’s3aHo 3 Ai€to (akTopiB SK B CepeluHi AOCIIAHUX 1HCTH-
TYLiH, TaK i B iICTOPUYHOMY KOHTEKCTi TOro dacy, Hacammepes posnany CPCP ta naOyTta YkpaiHoio He3a-
JIEKHOCTI.

[Tepion mikBigamii MOXHa onmucaTH SK MOOLTI3aIlil0 CHMJI Ta 3aCO0IB HAYKOBHX YCTAaHOB JIJISi BHPIIICHHS
HEBiAKIAJHUX 3aBAaHb, SIKI KOPOTKO MOXXHA BU3HAYUTHU SIK MOJOJIAHHS «TyMaHy BiiiHW». HaykoBui Oymu
3afisiHi y BHpIIIEHHI 3aBJaHb, [OB’S3aHUX 3 OLIHKOIO MaciuTaly aBapii Ta MiATOTOBKH YNPaBIiHCHKHX
pileHs. Y moganbIioMy, akIeHT 3MICTHBCS Ha OLIHKY HACJIAKIB aBapii B paMKax HapaJurMu iXHbOTO Hera-
THUBHOT'O BIUIMBY 3 METOIO Horo noponanus. Kpim toro, copMmyBaBcs OKpeMHUH HanpsM AOCIIAXKEHb 103a
PaMKOIO OCHOBHHX POOIT, ONMUC MPHUPOTHUX YMOB 30HH BIAUYKCHHs Ta IXHIX 3MiH MPOTITOM pokiB. Llei
KOMIUIEKC JOCII[PKEeHb BUKOHYBAJIHM Teorpadu, Teosiory, 6iojoru Ta iHmii cnerianict. [lo3utuBHOIO cTOpO-
HOIO Tepioxy MoOimi3arii Oynm 6araTopiuHi HayKOBI MPOTpaMH 3 TapaHTOBAaHUM 3abe3nedeHHsM. HeraTtus-
HOIO CTOPOHOIO — IMOCTYIOBA iHQUIALIA eeKTUBHOCTI. JloCiKeHHS BUMaratoTh BUCOKAX BUTPAT PECYpPCiB:
JIO3UMETPHUYHOI Ta CIIEKTPOMETPHUYHOI anaparypH, HasiBHOCTI ekcrieanniiaux 6a3 y 3B3b(0)B, Bucokoi kBa-
midikarii Ta TiATOTOBKM nepcoHany. He BCi HAyKOBi KOJEKTHUBH, SKi CTBOPIOBAIIUCS B PaMKaxX Pi3HUX HAYKO-
BHX yCTaHOB, 3MOTJIM MiATPUMYBATH Iieil piBeHb 3a0e3neueHHs. «MoOimizaiiHuil nepioa» 3aKiHIUBCS CKO-
POYEHHSM JEP>KaBHOI'O 3aMOBJICHHSI HA JOCIIIKEHHS Ta 3arajbHOI0 KpU3010 (hiHAHCYBaHHS HayKu pa3oM i3
3arajJlbHUM 3MEHIICHHSIM (iHaHCYBaHHS 3aXO[iB 3 moposiaHHA aBapii. OHaK, Ha TOH MOMEHT, chopMyBajo-
sl JIOCHIJTHO-CKCIIEPTHE CEepPeIOBHINE HABKOJIO YOPHOOHMIIHCHKOT TEMATHKH, SKE 3MOIIIO 30eperThcs B IUX
yMOBaX. Y TOH e 9ac, oYaBcs Mepioa MiXKHAPOIHOTO HAYKOBOTO CITIBPOOITHUIITBA, B3AEMO/IIT 3 1HO3EMHU-
MU JOCTIIHUMH YCTaHOBaMH, IO OyJO CHpPSMOBAHO Ha OIIHKY HACTIAKIB paliOaKTHBHOTO 3a0pyAHEHHS
HABKOJIMIITHHOTO CEPEIOBUIIA.

3Mmina pamiarifHoi 0OCTAaHOBKM 3 YacOM 3MCHINMJIA MOXJIMBICTEH JOCTIDKYBAaTH BIUTMB BHCOKUX 103 Y
MIPUPOTHUX YMOBaX. Takok OUIBIIICTH pPafioOiONOTIiYHMX JOCHIHKEHb 3yMUHWINCS Ha pPe3yibTarax, sKi
MTOKAa3aJIM BiICYyTHICTh MacIITAOHOTO KaTacTpO(idHOTO BIUIMBY Ha 0i0Ty B yMOBax BEJNHKOI pajiallifHOi aBa-
pii 3a mxanoro INES, kpim HaiiGinbim 3a0pyaHeHux jokamid. Kpim Toro, Ha BiIMiHY Bij J1a0OpaTOpHHX
JOCITIIKEHB, y TPUPOJHUX YMOBAaX BaXKKO BIOKPEMHUTH IiI0 came pamiarmiitHoro ¢dakTopa Bim iHIIHX
(HacImiIK¥ 3aXO0IiB TIOIOJIAHHS aBapii, SMEHIIICHHS aHTPOIIOTCHHOT'O HABAHTAKEHHS TOIIIO).

32011 p., micns Benukoi aBapii Ha AEC y npedexrypi @ykycima, B 30Hi BiIUyKEHHSI IOYHHAIOTH peali-
30BYBATH JIOCIIJHI POEKTHU STMOHCHKU BUeHi. J[Is HUX 30Ha BiIUy>KEHHs CTajla CBOEPIIHUM BIKHOM y Maii-
OyTHE, JIe MOKHA OILIIHUTH 0araTOpiYHWN PO3BHTOK pamialiifHoi cuTyamii Ha 3a0pyIHEHHUX palioi30TonaMu
teputopiax. ¥ 2016 p. no 30-x pokoBuH aBapii JlepkaBHe areHTCTBO 3 YIPAaBIiHHS 30HOIO BiT4yKEHHS
o3ByumJio npesenranito 3B36(0)B sik «maboparopii mpocto HebOay.

OpnHak, 3 TOTo 4acy, 3aJIMIIA€ThCS TUTAHHS OLIHKU TOTO, IO caMe MOJKE 3aIpOIOHYBATH LISl JIa00paTopisl.
Ha nam norunsia, aktyanbHEMH € Taki Hampsimu. [lepemycim, pamioekosoriss — MOBEAIHKa paliOHYKIiIIB y
PI3HUX CHCTEMax Ta KOMIIOHEHTaX HaBKOJMIIHBOTO cepeAoBHUINA. [Ipy BeNHKiH KITBKOCTI JOCIIIKEHb Y
IBOMY HampsiMi € «Oina risiMay — ypOaHi3oBaHI Ta TexHOTeHHI 00’ektu. TyT Mayno AOCIHiIKEHb, XO4a
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M. [Ipun’siTe Ta mpuiieria TepuTopis npommaiigandnka YopHoOunscekoi AEC matoTh mist uporo Garato
MoknuBocTell. Takok pe3ynpTaTh pamioeKOJIOTIYHUX AOCHIIKEHb MOTPeOyIOTh Heperisiay 3 Orjsiay Ha
ICHYI04i YMOBH: 3MiHa KIliMaTy, BIJIMB OOHOBHX Ail Ta MijiTapu3anii. OLiHKH JO30BUX HaBaHTa)KEHb Y TBa-
PUH 1 POCIHMH 3 ypaxyBaHHJIM €KOJOTiUHUX Ta (izionoriuHux ¢axTopiB ii (OpMyBaHHS MOXKYTh OyTH
nokpaiueHi. [IpuknaaHi HampsIMH CTOCYIOTBCS MOBOJKCHHS 3 PaJiOaKTHBHUMH BiIXOAaMHU Ta IyHKTaMHU
TUMYACOBOI JIOKami3alii paZioakTMBHUX BIOXOIiB IOMO iXHBOTO BIUIMBY HA HABKOJHMIIHE CEPEIOBHIIE,
PanioeKoNIOriYHOr0 MOHITOPUHTY, OLIHKH 1 ynpasiiHHs O6ap’epHoto ¢pyHKuiero 3B3b(0)B. Oxpemum Hamps-
MOM MalOTh OyTH JOCIIDKEHHs, CIPSIMOBaHI Ha OLIIHKY YMHHHKIB, 1[0 BIUIMBAIOTh HA 3arajbHUN CTaH cepe-
JOBUILA 30HU BIIUY)KEHHs, a caMe: 3MiH KJIIMaTy, JUHAMIK{ Ta PO3BUTKY POCIMHHOIO IMOKPHUBY, AUHAMIKH
T1IPONIOTIYHOr0 PEKUMY Ta CTaHY BOJHHUX 00’ €KTIB.

[lomepenni AocHimkeHHS BIUIMBY 10HI3YIOWOIO BHIIPOMIHIOBaHHS Ha O10Ty Jand KOHTpaBepcCiiHi
pesyabTaTi. ToMy B pamkax MiXHapoAHOI Kojabopauii Ha 4o 3 YHiBepcuteroM HOBackions (PinisHAais)
OyJI0 3alpONMOHOBAHO HOBHWM MigXill A0 TPOBEACHHS pPalnio0ioNIOTiYHMX AOCHiKeHb. BiH mepembaudae
CTBOPEHHSI CUCTEMH BiAKPUTHUX BOJBLEPIB U MOJENBHOIO BUAY — PYJ0i HOPUII, IO Aa€ 3MOTY MiIBUILUTH
TOYHICTh OLIHKM J030BHX HAaBaHTa)KCHb HA TBapUH, YPaxOBYBaTH OCOOJMBOCTI IXHBOI 1HAMBITyanbHOI
JKUTTEBOI iCTOpIi Ta, 3arajoM, MEPEUTH BiJ CYTO OMMMCOBUX JOCTIIKEHb IO MPOBEICHHS Pamio0ioIOTiIHIX
eKCIIepPUMEHTIB y IPUPOIHUX YMOBAX.

30Ha BITIyKEHHS 3aJIMINAETHCS JIOKAIIEI0, IKa MOKe BUKOPHUCTOBYBATHCS IS IPOBEACHHS TPECHIHTIB Ta
HaBYaHb y cdepi pamiariitHoi Oe3MeKu Ta paaioeKosIoTii, TeCTyBaHHSI HOBHX 3aC0O0iB Ta TEXHOJIOTIH.
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CTAH KPOBOTBOPHOI CUCTEMM HOPHIII PYJIO1
YOPHOBMJIbChKOI 30HHU BITUYKEHHS Y BIIJIAJTEHUI IICJISIABAPIMHUM MEPIO/

O. b. I'an:ka, B. B. [1aBnoBcebkuii, A. 1. Jlunceka, O. O. Bypao, €. B. Tykanenko
Tuemumym aoeprux oocnioscenv HAH Yrpainu, Kuis, Ykpaina

Bnponopx OaraTthox pokiB micis aBapii Ha YopHOOMIBCHKIM aTOMHIM €IEKTPOCTAHINI Ha MPUIICTIINX
TEPUTOPIAX TPOBOIATHCS PI3ZHOMAaHITHI HAyKOBI MOCIIKEHHS MIOAO BHBYEHHS BIUIMBY DPaJliOHYKJIITHOTO
3a0pyMHEHHs] Ha JOBKUUIA. [lonmpy HAKOMWYEHHS 3HAYHOI'O MAcHWBY OTPHMAaHHX HAYKOBISIMU PE3YJbTaTiB,
pamio6iosIorivHi Ta pagaioeKoNIoTiuHi qociimkeHHss B YOpHOOWILCHKIN 30HI BIAYYKEHHS 1 HaJali 3ajMiia-
IOTBCS aKTyaJIbHUMHU JIJTsI OIIIHKH BIUIMBY 10HI3yI0UOTO BUMPOMiIHIOBaHHS Ha OpraHi3M ccaBiiB. Taki mopiuHi
HATYpHI eKCIIEpUMEHTAIIbHI POOOTH MIPOBOMATRLCS, 30KpeMa, y B pagiobiosorii Ta paaioekosorii [HeTh-
TYTy SACPHUX JOCHiKeHb HanionansHoi akazemii Hayk YKpaiHu Ha MUIIOMOMIOHUX TPU3yHAaX.

Jlns mpoBeleHHS MPEICTABICHOTO MOCTIMKeHHs Oynu BijuioBNeHI ocobuHu Hopumi pymnoi (Myodes
glareolus), mo Mermkany y npupogHUX yMOBaX YOpHOOMIBCHKOI 30HH BiIUyXKEHHS 3 Pi3HHM piBHEM pajio-
HykimigHoro 3abpyaaenns. Cuinx 3asmaunmtd, mo Myodes glareolus (Schreber, 1780) € oguum 3 HaiOiabII
PO3ITOBCIOKEHUX Ha 3a3HAYCHUX TEPHUTOPISAX BHIIB MUIIOMOAIOHNX TPU3YHIB, JOCTYIHUX IS MPOBEICHHS
panio0ioNOTIYHIX Ta PaTiOCKOIIOTIYHUX JTOCHTIKEHb.

Bimoneni TBapuHN O6ynu po3noaiieHi Ha Tpynu: 1) 0OCOOMHM 3 YMOBHO YHCTHX TEPUTOPIif; 2) 0cOOMHM 3
TIOMIroHiB, 3a0pyAHeHNX pamioHykiinamu, 30kpema ='Cs ta *Sr. Konrponem Gymu 0coOHHHE HOPHMII Py/oi 3
TepuTopii mo3a Mexamu YopHOOHMIBCHKOI 30HHM BiJUyXKECHHS, L0 XapaKTePH3YEThCS MPUPOIHUM ((POHOBUM)
panmianiiiHiM piBHEM. 3aCTOCOBYBAJIM I'e€MAaTOJIOTIYHI, CIIEKTPOMETPUYHI, CTATUCTHYHI METOIU JOCIHIKCHHS.
Jocnimkenns Oylo BUKOHAHO BIATIOBIAHO 10 MiXXHAPOAHUX MPUHIUIIB €BPOMNEHCHKOT KOHBEHIIIT PO 3aXUCT
XpeOeTHUX TBApWH, IO BHKOPUCTOBYIOTHCS IJIS JOCHIAHMX Ta IHIIMX HAayKoBHX wineit (M. CrpacOypr,
Opamnttist, 1986 p.) Ta 3akony Ykpainu Ne 3447 IV «IIpo 3aXUCT TBapHH BiJl J)KOPCTOKOTO MTOBOKCHHSD).

V¥ mporeci po6otr OyI0 OCTIIKEHO KUTBKICHI Ta SKICHI TéMaTOJIOTidHI TOKa3HWKHW. BH3Ha4YeHO BMICT
JICHKOITUTIB, EPUTPOIINTIB 1 TPOMOOIHTIB y mepudepnyHiii KpoBi ocobuH Hopuli pymoi. I[IpoananmizoBaHo
CKJIaJ1 JIeWKOIUTapHOi (POpPMYITH, TOKa3HUKK Y€PBOHOT KpoBi Ta TpoMOonwmTiB. KinbkicTh hopMeHnx enemMen-
TiB mepueprIHOi KPOBI TBAPHH BH3HAYAIN HA TeMaTONIOTidHOMY aHamizaropi. [linpaxyHok nefikorurapHoi
(dopMynu 3ailiCHIOBAIIM MIPH CBITIOBIK iMepciiHiil Mikpockorii, ananizyBanu mo 200 KiiTHH y papOoBaHHX
3a [laneHrefiMoM Ma3Kax KpOBi.

[Nokazuuku nepudepuaHoi KpoBi 0COOMH HOPUII pPyloi OIHIOBAJIM Y CHIBCTABJICHHI 3 MOKa3HUKaMH
TIPOBEICHUX CMIEKTPOMETPUYHUX BMMipioBaHb. I BU3HA4YEHHsS aKTHBHOCTI pasioizoromy *Sr y ckenerti
TBapuH OyJIM MpPOBENCHI B-CIEKTPOMETPHYHI JOCIIIKEHHS 3pa3KiB CTETHOBUX KicTok. OOpoOKy Ta aHami3
OTPUMAHHUX CIEKTpiB OyJo 3IifiCHEHO 3a JONOMOTOI0 CIIEI[iali30BaHOTO MPOrpaMHOro 3abe3rneueHHs
«BetaFit» s po3paxyHKy BiITOBiJHMX 3HA4YeHb NMUTOMOI AKTHBHOCTI i3oTomy “Sr y KicTKax TBapHH.
Taxox 6y/IH NPOBEJEH] CIIEKTPOMETPUYHI BUMIPIOBAHHS JUIsl pO3PaXyHKy ITHTOMOI akTHBHOCTI **'Cs y Timi
BCIX IOCIIPKEHUX OCOOMH HOPHII pyaoi.

JocmimkeHds ckiaay nmepudepruaHoi KpoBi CCaBIliB, 30KpeMa MUIIOMOMIOHUX TPU3YHIB, SKi MEIIKAIOThH
Ha TEPUTOPISAX 3 PI3HUM PiBHEM PaJiOHYKIITHOTO 3a0pyJHEHHS, € iIHQOPMATHBHUM MTOKA3HUKOM Y 3B’SI3KY 3
BHCOKOIO YyTJIMBICTIO CUCTEMH KPOBOTBOPEHHS JI0 BIUIMBY PaialiiHOrO OMPOMIHEHHS SIK OHOTO 3 MOTYX-
HUX 30BHILTHIX YUHHHUKIB, 1[0 MOYKE HETaTHBHO BILJIMBATH HA 3arajlbHUI cTaH (yHKIIOHYBaHHS OpPraHi3My.

[lizcymoByr0uM pe3yabTaTH JOCTIHKEHHSI 0OCOOMH HOpULI py[0i 000X IOCHIIHUX TPy, 3a3HAYMMO, IO
BHUSIBJICHO BiIMIHHOCTI T€MaTOJIOT{YHUX MMOKa3HHUKIB MOPIBHSIHO 3 KOHTPOJIEM, SIKi MPOSBIUTUCS SIK Y KiJIbKi-
CHHX, TaK 1 B IKICHUX 3MiHaX. Bi/l3Ha4amyu 3MiHU y CITiBBiIHOIIEHH] KJIITHH SK 32 BiZICOTKOBUM BMIiCTOM, TaK
1 aOCOFOTHOIO KUTBKICTIO: KIIITHHU TPAaHYJIOIMUTAPHOTO Ta arpaHyJIOMUTAPHOTO Py KPOBOTBOPEHHS, MaJi i
BEJHKIi JTIM(OIUTH, TATMYKOSIEPHI Ta CETMEHTOSIEPH] HEUTPOD 1K TOIIO.

IIpoBeneHi crieKTpOMETPUYHI BUMIPIOBAHHS Ta PO3PaxXyHKH MOKAa3ald, IO OCOOMHM HOPHI PyHOi 3
PI3HMX JOCIiJHUX TPYN MAIOTh BiAMIHHOCTI y 3HAYEHHSAX MMTOMOI aKTMBHOCTI i3oTomy “°Sr y kicTkax Ta
maTomoi akTuBHOcTi 2¥'Cs y Tini.

Otxe, YopHOOHMIbChKAa 30HA BiguykeHHs 1 uepe3 40 poki micis aBapii Ha YopHoOmnbebkin AEC
3IUIIAETHCS JIII HAYKOBIIIB YHIKAIBHOIO TEPUTOPIEID IIOJO0 MPOBEIACHHS JOCTIIKEHb 3 BHBUCHHS
JOBIOTPUBAJIOTO BIUTUBY PaJiOaKTHBHOTO ONPOMIHEHHS Ha OPraHi3M CCaBLiB, UI0 € BKpail aKkTyalbHUM Y
Cy4acHUX YMOBaXx IiABHLICHUX PU3HUKIB BUHUKHEHHS pafialliiHUX aBapiiHUX CUTYalliil.
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STUDY OF BLOOD GLUCOSE LEVELS IN TWO RODENTS GENERA INHABITING
RADIOACTIVELY CONTAMINATED AREAS OF THE EXCLUSION ZONE

M. Grybenko®?, O. Burdo?, D. Vyshnevskyi®, I. Lozovytskal?, A. Lypska?, A. Patiuk!?4,
I. Chyzhevskyi*, T. A. Mousseau®, A. Vasylenko®, T. Mappes®, P. C. Watts®, E. Tukalenko!

L Institute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
3 Chornobyl Radiation and Ecological Biosphere Reserve, Chornobyl, Ukraine
4 State Specialized Enterprise “Ecocentre”, Chornobyl, Ukraine
5 University of South Carolina, Columbia, SC, United States of America
® University of Jyvéskyld, Jyvéskyld, Finland

Background. Evaluating the biological consequences of the Chornobyl Nuclear Power Plant accident
requires approaches that go beyond controlled laboratory studies. Research on free-ranging organisms living
in radioactively contaminated habitats offers ecologically relevant insight into physiological responses to
prolonged low-dose radiation exposure. The Exclusion Zone provides a unique natural setting for
investigating long-term physiological and metabolic adaptations under chronic environmental stress.

Aim. To assess glucose homeostasis in small mammal models from radioactively contaminated areas of
the Exclusion Zone in comparison with conspecific populations from uncontaminated control sites.

Methods. Small rodents of the family Cricetidae, including bank voles (Clethrionomys glareolus) and
Microtus species (Microtus spp.), were captured in the Red Forest — the most radioisotope-contaminated
region of the Exclusion Zone — as well as at control sites. In total, 180 animals were analyzed: 113 bank
voles (68 from contaminated areas and 45 from control sites) and 67 voles of the genus Microtus
(37 contaminated and 30 control). Animals were trapped using Ugglan live traps and transported to the
laboratory for morphometric assessment and gamma spectrometric analysis. Peripheral blood glucose levels
were measured using a OneTouchSelectSimple® glucometer from samples collected via orbital sinus
puncture. Statistical analyses included both parametric and nonparametric approaches, along with multiple
regression modeling.

Results. In both genera, rodents from contaminated areas of the Exclusion Zone showed significantly
higher blood glucose concentrations compared with individuals from control sites. In bank voles, glucose
levels (mean + SD) were 5.9+ 1.5 mmol/L at control sites and 7.0 +=2.5 mmol/L in contaminated areas
(p <0.01). Multiple regression analysis revealed significant effects of irradiation (b =1.05; t=2.57;
p <0.01), sex (b =0.99; t =2.24; p <0.05), and ectoparasite infestation (Ixodes ricinus) (b = 1.35; t = 2.48;
p <0.05). In Microtus spp., glucose concentrations were 5.3+1.9 mmol/L at control sites and
7.3+ 2.6 mmol/L at contaminated sites (p <0.001), with regression analysis indicating a significant
influence of irradiation (b = 1.87; t = 3.26; p < 0.01).

Conclusions. Chronic exposure to radioactively contaminated environments is associated with increased
blood glucose concentrations in two genera of small rodents. These findings point to radiation-related
alterations in glucose regulation and highlight the need for further studies on metabolic homeostasis,
including glucose tolerance and metabolomic profiling, under conditions of long-term environmental
radiation exposure.
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OCOBJINMBOCTI BUBYEHHSI 3AXBOPIOBAHOCTI HA 3JIOAKICHI HOBOYTBOPEHHA
MEIIKAHIIB HAUBLIBII 3ABPY THEHUX PAJIOHYK/IIJAMHA TEPUTOPIN
B YMOBAX BIIVIMBY HA/I3BBUYAUHUX YUHHUKIB OCTAHHIX POKIB

H. A. T'ynzenxo?, A. €. Ipucsxuiok!, M. M. ®ysix?,
O. B. Cymkina?, O. M. Xyxpsincbka', H. I'. Baokina®

! epacasna yemanosa « Hayionansnutl Haykoeuti yenmp padiayitinoi Meouyunuy, 2emamonoaii ma oHKono2ii
Hayionanvuoi akademii meouunux nayx Yrpainuy, Kuis, Yxpaina
2 Jleporcasne nexomepyiiine nionpuememeo «Hayionanonuii incmumym paxyy, Kuis, Yxpaina

BbaraTopiuHi HOCTiKEHHS BiJaICHUX MEIUYHUX HACTiAKIiB YOpHOOMIBCHKOI KaTacTpodu CBiAYATH TIPO
i1 ICTOTHH BIUIMB HA CTaH 3JI0POB’S OCHOBHUX KOHTHUHICHTIB IMOCTPAXKAIOT0 HaceleHHs. EninemMionoriune
BHBYCHHSI 3aXBOPIOBAHOCTI Ha 3JIOsKICHI HOBOyTBopeHHs (3H) € omHMM i3 HampsMiB IUX JOCTiIKEHb. Y
TmicsaBapiiHuil epio HaJaHHS MEAUYHOI JOTIOMOTH MEIIKAHIIM 3a0pyJHEHUX PaiOHYKIIiTaMH TEPHUTO-
piit (P3T) moctynoBo Hamaromxysajocs. Xoda cucremMa peectpauii Bunankie 3H Ha mamepoBHX HOCISIX
icHyBana B kpaidi 3 1932 p., Haxiliny BUUepIHy iHGOpMaIiifHy OCHOBY iXHBOI peecTparlii 0yJo 3ampoBaKe-
HO JIMIIE 3aBJSIKK CTBOpeHHIO B 1989 p. aBTOMaTn3oBaHoi cuctemu HarionansHOTo KaHIep-peectpy YKpai-
an (HKPY) ma 6a3i KuiBchbkoro HaykoBo-mociimgHoro iHcTHTyTy oHKojorii (amHiI JIHII «Hamionamsuuit
IHCTHTYT paky»). 3 momeHty crBopenHs HKPY mponenypa peectpanii 3H 3nauHO yaockoHamumacs Bigmo-
BIJIHO JI0 Mi>KHAPOJTHUX CTAaHIAPTIB i pekoMeHaamii [1].

3a maHUMH peecTpy B YKpaiHi Oysi0 MPOTHO30BAaHO 3arajlbHe 3pOCTaHHS KITBKOCTI BHIAIKIB paKy Ha
17,8 % 3 2012 no 2022 pp. [2]. Ane nounnatouu 3 2020 p. B norictuky peectpauii 3H BTpyTunucs HOBi (ak-
topu. [langemiss COVID-19 B Ykpaini cepiio3HO BIUIMHYJIa Ha cBoedacHe BusiBieHHs 3H y Bcix BikoBHX
rpymnax He3aJeKHO BiJl CTaTi: 3arajbHa KUIBKICTH ITUX 3aXxBOproBaHb y 2020 p. MOPIBHAHO 31 MIOPIYHOIO 3a
nepiox 2015-2019 pp. B nonyssnii YKpaiHu CKOPOTHIIACh Y YOJIOBIKIB Ta KiHOK OuiblI HiX Ha 18 % [3, 4]. 3
2022 p. macmTabHi BOEHHI i, OKYTIAIlisl YaCTUHU PETi0HIB, MIirparlisi HaceJICHHs 3a KOPIOH Ta IepeMilleHHS
BCepeaMHI KpaiHU MO3HAYMIIMCS Ha PiBHI MEIUYHOI JOMTOMOTH HaceneHHo. Y 2022 p. mopiBHsiHO 3 2021 p. B
VYkpaini Ha 17863 (14,4 %) 3MeHImMIacs KUTbKicTh 3apeecTpoBaHux Bumnaakis 3H [5].

Y naboparopii emimemionorii paky [lepkaBHoi ycTaHoBU «HallioHamTsHUN HAYKOBHUI TIEHTP pamiamiiHOT
MEIMIIUHH, TEeMATOJIOTIT Ta OHKOJIOTIT HallioHanbHOT akaieMil MEAMYHUX HAyK YKpaiHW» 31HCHIOETHCS JIOBIO-
TPUBAIMH MOHITOPUHT 3aXBOproBaHOCTI Ha 3H OCHOBHHMX KOHTHHI€HTIB IOCTPAKAAJIOr0 BHACHTIIOK aBapii Ha
YAEC nacenenns Ykpaiuu, Bkitouaroun memikaniis P3T — Jlyruncekuii, Hapoauibkuii, OBpy1bKUii paiioHu
XKuromupcskoi oonacti, bopoasHebkuii, [BankiBebkuid, [Tonicbkuit paiionn KuiBcbkoi o6nacti (pUCYHOK).
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Junamika 3axBoproBanocti Ha yci ¢opmu 3H (umdp MKX10 C00-C95) 3 1980 no 2023 pp. (craHmapTh3oBaHi 3a
CBITOBUM CTaHJApPTOM MOKA3HUKH 3aXBOPIOBAHOCTI YOJOBIUOrO Ta JKIHOYOro HaceneHHs YKpainu, KuHiBchkoi,
Kuromupcerkoi obnacreit ta P3T).

VY 2022 p. HOBI (hopc-MakopHi OOCTABUHH CTBOPHJIM LI OJHY MpodieMy: neMorpadiuHi 1aHi, BKIFOYHO 3
iHpOpMAaLi€El0 PO YUCETBHICTh HACEIEeHHS Ta MIrpamilo, Aep>KaBHUMH OpraHaMH CTAaTHCTHKH B yMOBax
BOEHHOTO CTaHy HE ONPWIIOJIHIOIOTHCS, 0 YHEMOXKIIMBIIOE 00pOOKy Ta aHami3 maHux 3a 2022 ta 2023 pp.
Tomy OyJin 3acTOCOBaHI aJbTEPHATUBHI MiAXOAU 10 OI[IHKU YHCEIBHOCTI HACEJCHHS Ta PiBHS 3aXBOPIOBAHO-
cti Ha 3H 3 BUKOpHCTaHHSAM METOJIB €KCTPanoJsiLii, a TAKOXK HENPSAMHUX OLIHOK AeMorpadiuHuX MOKa3HU-
KiB, SIKi MICTATBCS Y BITKPUTHX HAYKOBHUX Ta MOMYJISAPHUX ITyOiKaIlisfX.
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[Nokasuuku 3axBoproBaHocTi Ha 3H y minoMy, a Tako Ha OKpeMi HO30JI0TiuHI (opMH, AalOTh MiACTaBU
JUTSl BUCHOBKY TIPO 3HMDKEHHS TIOKa3HUKIB 3aXBOPIOBAHOCTI, 3yMOBJICHE BIUIUBOM (hOPC-MaKOPHHX OOCTaBUH
y 2020-2023 pp. Just eniMiHaiii [Oro BIUIMBY OYB 3aCTOCOBAaHHMI METOJI pEerpeciiHOrO aHamidy, SKWH Jae
MO>KJIUBICTh OLIHUTH BETMYUHY MOKIMBUX MOKA3HUKIB, CIMPAIOYMCh Ha 0a30Bi TEHIEHIIi Y 3aXBOPIOBAHO-
CTi B MUHYIJIOMY Tiepioi. Pe3ynbraTu npencraBieHo y TaOmwiii.

Ananiz nuHamiku 3axBopoBanocti Ha 3H memkanuis P3T y 2007-2023 pp.
i3 3a;y4eHHsIM perpeciiinoro anauisy (y = a + bx)

3axsoproBanicts Ha 100 000 HaceneHHs, GaKTHYHI i pO3paxyHKOBI MOKa3HUKH
Bennunan Ha OCHOBI pPerpeciiHOro aHai3y («perp. aHaisy)
JJIs PO3PaxXyHKy C00- Perp. C50%* Perp. 7358 Perp. C81- Perp.
C96* aHayi3 aHayi3 aHai3 9G**** aHayi3
KoediuienT perpecii 2,79+ 1,37+ 0,20 + 0,22 +
(b) 0,72 - 0,34 - 0,13 - 0,18 _
= | 2006(a) - 182,3 — 27,1 - 7,0 — 11,0
§ 2020 188,3 221,4 36,51 46,31 5,32 9,83 13,90 14,06
.E Q| 2021 179,4 2242 35,02 47,68 8,73 10,02 10,04 14,28
% 2022 172,7 2217,0 37,95 49,05 4,25 10,22 9,58 14,50
g 2023 222,6 229,8 41,31 50,43 11,43 10,42 12,08 14,72
Cepeitric SHAUCHIA3A | 1908 | 95 37,7 48,4 7,43 10,13 11,4 14,39
ocranHi 4 poku (X)
Pi3Huus i3 cepeanim 18,2 28.3 36,2 26,3
3HaveHHsaM (%0)

Hpumimxu. *C00—-C96 — yci 3H; **C50 — 3H mounounoi 3ano3u; ***C73 — 3H mmtonoaioHol 3amo3u; ****C81-96
— 3H nim¢oinHOi, KpOBOTBOPHOI Ta CIIOPIAHEHUX TKAHHH.

PizHums Mk cepemHiMH 3HAYEHHSMH JaHUX, OTPUMAHUX 13 3aCTOCYBAHHIM PErPeCcifHOTO aHami3y, Ta
(haKTHYHUMHU TaHUMH CBITYHATH MPO CYTTEBY HENOOLIHKY PEaIbHOTO PiBHS 3aXBOPIOBAHOCTI HA OCHOBI 0(i-
LiHO 3apeecTpOBaHUX MOKa3HUKIB. [Ipy bOMY, BETUUMHHA MOXKIIMBHX PealbHUX IMOKA3HUKIB, IO CIiJ 0Yi-
KyBaTH TIpH eNiMiHaIii Gopc-MaXXOpHUX OOCTaBWH, 3TiJHO 3 HAIIMMU PO3PAaXyHKAMH, MOXYTh CTaHOBHTHU
Jutst ycix Hozonorigaux gopm 3H — 18,2 %, mis paky MomodHoi 3amo3u — 28,3 %, mis paky MMTONOMi0HOT
3ano3u — 36,2 %, ans 3H nimMdoinHoi, KpOBOTBOPHOI Ta CIIOPITHEHUX TKaHUH — 26,3 %. OcoOaUBICTIO PO3-
paxoBaHUX MMOKA3HUKIB € T, 1[0 BOHH IEPEBUIIYIOTh HAI[IOHATBHI 3a BCiMa JociikyBanumMu popmamu 3H,
IIpH IbOMY HaWBWIII 3 HUX OTPUMaHI IS paiallifHO-9yTIIMBUX (POpM paKy.

Takum 4MHOM, HaBEJIEHI JaHi JJAalOTh 3MOTY OILIIHUTH MOXJIMBHI HETaTUBHUM BIUIMB 3a3Ha4eHHUX (opc-
Ma)KOpHHX HOZii Ha pe3yIbTaTH NPOLECY MOHITOPHUHTY 3aXBOpIOBaHb Ha 3H Ta BHECTH KOPEKTUBH B OLIIHKY
Ta IHTEepHpeTAaIlifo MOKa3HHKIB.

A. Ryzhov et al. Cancer Epidemiol. 53 (2018) 156.

A. Ryzhov et al. Cancer Epidemiol. 65 (2020) 101663.

Yu. Michailovich, O. Sumkina, Ye. Gorokh. Exp. Oncol. 45(4) (2023) 463A473.

3.I1. ®emopenko Ta iH. bronerens HamionampHoro Kanmep-peectpy Ykpainu 24 (2023) 145.
3.I1. ®emopenko Ta iH. bronerens HamionamsHoro Kanmep-peectpy Ykpainu 25 (2024) 131.
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MOJU®PIKALISI ACTAKCAHTUHOM PATIALIAHO-IHAYKOBAHOI'O
TEHOTOKCHUYHOI'O E®EKTY B JIM®OLIUTAX XBOPUX HA IJTIIOBJIACTOMY

0. M. Jlemuenko!, JI. A. Kypinnuii?, O. B. 3emckoBa®, C. P. PymkoBcbkuiil*

! Hepacasna yemanosa « Hayionansnuti naykoeuti yenmp padiayitinoi Meouyunuy, 2emamonozii ma oHkono2ii
Hayionanvhoi akademii meouunux nayx Yrpainuy, Kuis, Yxpaina
2 Vuigepcumem npuxnaonux nayk Baiicnumedgan-Tpizoopg, Ppaiizinz/Tpizoopg, Himeuuuna
8 lleparcasna yemanosa «lncmumym netipoxipypeii im. axaod. A.I1. Pomodanosa
Hayionanvhoi akademii meduunux nayx Yrpainuy, Kuis, Yxpaina
4 Hasuanono-nayxosuti yenmp «lucmumym 6iono2ii ma meduyunuy
Kuiscvrkoeo nayionanvnoeo ynieepcumemy imeni Tapaca Lllesuenxa, Kuis, Ykpaina

Bemyn. TligBumienHst Oe3neky MPOMEHEBOi Tepamii moTpedye 3axofiB, SIKi 3HIKYIOTh T€HOTOKCHYHE
HaBaHTA)XCHHS HA HOPMaJIbHI KIITHHH, 30€piratoyu Npu bOMY MaKCUMaJbHUI JTiKyBambHuUil epekt [1-3]. V
IBOMY KOHTEKCTi aKTyaJbHHM € BHBYEHHS CIIOJYK, IO MOEAHYIOTH PaJiONPOTEKTOPHI, aHTUMYTareHHi Ta
AQHTHUKAHIIEPOTeHH] BIaCTUBOCTI. JOCTiKeHHS paJioNpOTEeKTOPHUX BIACTHBOCTEH KAPOTHHOIAY acTakcaH-
TUHY BUSBHJIM HOTO 3aTHICTD CyTTEBO 3HM)KYBATH MapKepH palialliifHOTO MOIIKOHKEHH T€eHOMY COMaTHY-
HUX KJIITHH JTI0OuHN [4, 5], 110 BiAKpUBa€ NEPCIEKTUBH AJI 3aCTOCYBaHHS aCTAKCAaHTUHY Ta 1HIIMX IPUPO/I-
HUX aHTUOKCHIAHTIB SIK 3aC00IB «CYIyTHBOI Tepamii».

Mema. JocniguTy BIUIMB aCTAaKCAaHTUHY Ha MPOSIBU padialliiHO-1HIYKOBAHOTO T€HOTOKCUYHOTO e(heKTy B
aimponurax nepudepuunoi kposi (JIIIK) ocibd 3 giarHocToBaHOIO I1110071aCTOMOIO.

Memoou docniodcenns. TATOTEHETUYH] Ta MOJIEKYJISIpHO-TeHeTHYHi. [IpoBoany Ky IbTHBYBaHHS 3pa3KiB
BEHO3HOI KpOBI XBOpHMX Ha riiobmactomy oci0. Ilepen mouaTKoM KyJlbTUBYBaHHS YacTHHY 3pa3KiB
miggaBany 1ii raMma-BunpominioBanas B 1031 1,0 I'p (BunpomintoBau IBL-237C 3 nmotyxHicTio 2,34 ['p/xB).
ACTaKCaHTHH IOAaBajM O KyJNbTyp Yy KiHUeBill xoHuenrtpauii 20 Mxr/miu. IIpuroryBaHHS XpOMOCOMHHX
mpenapaTiB Ta aHaji3 3A1MCHIOBAIM CTaHAAPTHUMH METOAAaMHU. 3a [ONOMOTOI0 METOJY «KOMETHOTO»
eslekTpodope3y B HEHTpaTbHUX yMOBaxX OLIHIOBAJIM BiIHOCHHMH piBeHb momkokeHHs [HK (mokasHuk
tail moment — TM) Ta yacToTy KJIITHH y CTaHi allonTo3y (aTUIOBI KKOMETHY).

Pesynomamu. Byno BCTaHOBJIGHO cTaTUCTUYHO 3HauyIe 3poctanus (P < 0,001) pieus nomkomkens JTHK
(moxazuuk TM) y kynerypax JIIIK xBopux Ha raiobmacToMy.

JonaBaHHs actakcaHTUHY /10 onpomMineHux B 1031 1,0 I'p kymeTyp JIIIK oci6 i3 rimio6macToMoro mpu3BiB 10
CTaTUCTUYHO 3Hauymioro 3HmwkeHHs (p < 0,01) cepeanporpynoBoi yacrotu abepariii xpomocom 3 24,17 + 0,72
Ha 100 xmitus 10 10,41 £ 1,49 Ha 100 kiiTHH y KynbTypax 0e3 acTakCaHTHHY Ta 3 aCTAKCAHTHHOM BiJIIOBIHO.
3HIKEeHHS BiIOYBAJIOCS B OCHOBHOMY 3a PaxyHOK DiBHs a0eparliii XpOMOCOMHOTo THIly. byro 3adikcoBaHo
3MEHILIECHHS] YacTOTH KJIACHYHUX HecTaOUIbHMX LMTOI€HETHYHMX MapKepiB paliauilHOro BIUIMBY —
TUIIEHTPUYIHUX XPOMOCOM, MapHHUX (PParMeHTiB Ta CTaOUTPHUX HUTOTCHETHYHHX MapKepiB JIii 10HI3yro4uoro
BUIIPOMIHIOBaHHSI — AQHOMAaJbHUX MOHOLIEHTPHKIB. 3a pe3yJibTaTaMH «KOMETHOIO» eNeKTpodope3y BIUIUB
ACTAaKCaHTHHY Ha ONPOMiHEHI KIITHHM IIPOSIBISIBCA y CYTTEBOMY 3HIDKEHHS JOJII KIITHH 3 BUCOKMM DPiBHEM
pospusis JIHK (TM > 16, p <0,05), cratucruuno 3uauymmm (p < 0,01) 3pocTaHHSIM 4YacTOT «HYJIHOBHX
KoMeT» (YTBOPIOIOTHCS 3 KIIITHH, 10 3YINMHUINACSA HA S-cTajil KIITHHHOTO UKy, 3HadueHHs TM Big 0 mo 1),
ATHITOBHUX «KOMET» (YTBOPIOIOTHCS 3 KIITHH y CTaHi arlonTosy).

Takum 9uHOM, MOAM(IKYIOUNH BIUIMB aCTaKCAHTHHY HAa TMPOSB TE€HOTOKCHMYHOTO e(eKTy i10HI3yrodoi
pamiarii B JIIIK oci6 3 raio01acTOMOIO TIONATAE Y 3HMKCHHI YAaCTOTH KIIITHH 13 BHCOKMMH ITOKa3HUKAMU
MTOIIKO/PKEHHS TEHOMY, aKTHBaIlli KOHTPOJIBHOI TOYKH S-(ha3u KIITHHHOTO IUKITY Ta arlonTo3y.

E.P. Sulman et al. J. Clin. Oncol. 35(3) (2017) 361.
A.R. John et al. Pract. Radiat. Oncol. 6(4) (2016) 217
R. Lauren et al. A Review JAMA 329(7) (2023) 574.
J. Shin et al. Biomedicines (53) (2020) 434.

S. Tsuji et al. Mar. Drugs (18) (2020) 474.
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IDENTIFICATION OF BLOOD-BASED PROGNOSTIC PREDICTORS FOR IDENTIFYING
CANCER PATIENTS AT INCREASED RISK OF RADIATION THERAPY COMPLICATIONS

E. A. Domina, Y. V. Dumansky, L. I. Makovetska,
V. M. Mikhailenko, A. A. Glavin, V. V. Sarnatska

R. E. Kavetsky Institute of Experimental Pathology, Oncology, and Radiobiology,
National Academy of Sciences of Ukraine, Kyiv, Ukraine

Introduction. Radiation therapy is one of the leading methods for treating gynecological oncological
diseases; however, its use is accompanied by the risk of radiation-induced complications in normal tissues
and critical pelvic organs. Despite significant progress in modern radiation oncology, the increased
sensitivity of non-malignant cells to radiation largely determines the development of radiation-induced side
effects, which can significantly reduce treatment efficacy and impair patients’ quality of life.

The aim of this study is to identify a set of prognostic blood markers for the early identification of
gynecologic cancer patients at increased risk of radiation therapy complications.

Materials and methods. Study materials: peripheral blood samples from patients with cervical cancer and
endometrial cancer. The study utilized a combination of biochemical, cytogenetic, and cytological research
methods. The concentration of malondialdehyde (MDA) in blood plasma was determined as an indicator of
the intensity of lipid peroxidation processes and the development of oxidative stress. Cytogenetic analysis
was performed on peripheral blood T-lymphocyte cultures in accordance with the TAEA’s international
recommendations (2011), assessing the frequency and spectrum of chromosomal aberrations. Apoptosis
levels were determined by flow cytometry using Annexin V FI TC.

Results. It was found that even before the start of radiation therapy, gynecological cancer patients
exhibited a significant increase in plasma MDA levels compared to healthy controls. This indicates an
intensification of lipid peroxidation processes and a disruption of the redox balance in the patients’ bodies.
Test irradiation in vitro is accompanied by a dose-dependent increase in MDA levels, confirming the
relationship between oxidative stress and individual radiosensitivity of cells.

Cytogenetic studies demonstrated a significant increase in the frequency of chromosomal aberrations in
the blood lymphocytes of patients. Chromatid-type aberrations predominated in the spectrum of cytogenetic
abnormalities, and dicentric and ring chromosomes were also recorded, which are markers of radiation-
induced genomic instability. The detected changes indicate that even before the start of therapeutic
irradiation, non-malignant cells of cancer patients are characterized by signs of genetic instability and
increased sensitivity to the effects of ionizing radiation.

At the same time, a significant increase in the level of early T-lymphocyte apoptosis was observed in
patients with cervical cancer compared to the control group. The observed prolongation of apoptotic
processes following radiation therapy may be one of the mechanisms underlying the development of late
radiation complications.

Conclusions. Based on radiobiological studies, a new strategy has been developed to identify cancer
patients at high risk of developing radiation complications in non-malignant cells adjacent to the tumor even
before the start of therapeutic irradiation:

- Laboratory testing of gynecologic oncology patients using a combination of biochemical, cytogenetic,
and cytological tests will provide the most well-founded assessment of the risk of radiation therapy-related
complications prior to treatment initiation and will contribute to increasing its effectiveness as well as
improving the quality of life of treated patients;

- Screening of gynecologic oncology patients prior to the start of radiation therapy to assess the increased
risk of radiation-related complications may be limited to a biochemical test — determination of MDA levels
in blood plasma — as it is less costly and time-consuming;

- However, if the patient’s medical history includes information regarding occupational radiation
exposure, residence in radiation-contaminated areas following the Chornoby! disaster, or other exposure to
radiation sources, it is recommended to perform a comprehensive examination using cytogenetic and
cytological predictors. This will provide the most comprehensive assessment of the individual risk of
radiation-related complications in patients exposed to radiation.

Such a strategy for planning radiation therapy for patients will help increase its effectiveness and improve
their quality of life.
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RADIOBIOLOGICAL AND MEDICAL ASPECTS OF THE DIAGNOSIS AND TREATMENT
OF ACUTE RADIATION SYNDROME IN VICTIMS OF THE CHORNOBYL DISASTER

E. A. Domina?, Yu. A. Grynevych?, Yu. V. Dumansky?, L. I. Makovetska!

!R.E. Kavetsky Institute of Experimental Pathology, Oncology, and Radiobiology,
National Academy of Sciences of Ukraine, Kyiv, Ukraine
2 State Non-Profit Enterprise "National Cancer Institute”, Kyiv, Ukraine

The Chornobyl disaster of 1986 became the largest man-made radiation accident in the history of nuclear
energy and led to new approaches to the diagnosis, treatment, and medical-radiobiological care of
individuals exposed to ionizing radiation. A distinctive feature of the accident was the massive release of
radionuclides into the environment, which led to the irradiation of significant segments of the population and
the development of acute radiation sickness among Chornobyl NPP personnel, firefighters, and accident
cleanup workers.

In the first days following the accident, the key task was the early diagnosis of the severity of acute
radiation sickness and the prediction of the course of bone marrow syndrome. It was established that
hematological and cytogenetic studies became the most informative methods of early biological dosimetry.
Determining the level of peripheral blood lymphocytes in combination with the analysis of chromosomal
aberrations in lymphocyte cultures made it possible to assess absorbed radiation doses and refine the severity
of radiation damage. Cytogenetic dosimetry based on the analysis of dicentric and ring chromosomes was
performed on virtually all victims with suspected acute radiation sickness.

It was shown that the clinical course of acute radiation sickness in victims of the Chornobyl accident had
a number of features caused by the combined effects of external gamma and beta radiation, the incorporation
of radionuclides, and the toxic effects of combustion products. In many cases, a wave-like pattern of
cytopenias and delayed development of bone marrow syndrome were observed. It was found that primary
hematological changes did not always correspond to the subsequent severity of the clinical course of the
disease, which underscores the importance of comprehensive laboratory monitoring.

Based on the results of cytogenetic studies, a mathematical model of multiple linear regression was
proposed for the first time to retrospectively assess the severity of acute radiation sickness using a set of
cytogenetic indicators. It was demonstrated that the use of a multifactorial approach provides a higher
accuracy in assessing radiation damage compared to the analysis of individual cytogenetic parameters.

An important step in the treatment of severe forms of acute radiation sickness was the use of bone
marrow transplantation in patients with life-threatening hematopoietic disorders. The implementation of
comprehensive pathogenetic therapy, including detoxification measures, blood transfusions, and bone
marrow transplantation, has made it possible to significantly reduce the severity of the clinical manifestations
of acute radiation sickness and improve the survival of victims.

The experience gained as a result of the Chornobyl disaster is of exceptional importance for modern
radiation medicine and biological dosimetry. The comprehensive use of hematological, cytogenetic, and
clinical research methods is a prerequisite for the early diagnosis, prognosis, and treatment of acute radiation
injuries in humans.
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MOBYJIOBA KAJIBPYBAJIBHOI KPUBOI «JIO3A - EOEKT»
3A YACTOTOIO HECTABLIBHUX XPOMOCOMHUWX OBMIHIB
Y JIM®OIIUTAX KPOBI JIFOJUHH IN VITRO JJIS JIKEPEJIA %°Co

B. A. Kypoukina, T. B. lluranok

Tuemumym s0eprux docnioncenv HAH Yrpainu, Kuis, Ykpaina

Huska pamianiiinux aBapiii, a TakoX MiABHIICHUN PU3UK IXHROTO BUHUKHEHHS B YMOBaX BOEHHUX i i
MTOTEHITIHHUX TEPOPUCTUIHHX 3arp03 3YMOBIIOIOTH HEOOXITHICTh MOOYMOBH KaTiOpyBadbHUX KPUBHX JT030-
BUX 3aJIOKHOCTEH BHXOMY MapKepiB OMpOMiHEHHs B JiMdormrax nepudepuyaroi kposi in vitro. Kamiopy-
BaJIbHA KPHBa «J103a - €peKT», o0y 0oBaHa 3a YaCTOTOI0 HecTabiIbHUX XPOMOCOMHHMX OOMIiHIB (JULIEHTPHY-
HI Ta KUJIBILEBI XPOMOCOMH) i3 CYNPOBIIHUMH NapHUMHU (parMeHTaMH, SKi BBAKAIOTHCS BHUCOKOCTEH(id-
HUMH MapKepamH pajialiifHoro BIUTMBY, y JiMQouuTax KpOBi JIOAMHHK IN VILr0O mpu OMpOMiHEHHI Bif
BIZIOMOTO JKepena, € KIFOUOBHM IHCTPYMEHTOM OioyoriunHoi mo3mmetpii. Ile 3ymMoBIIeHO THM, IIO BOHH:
MIPSIMO KOPEIIOIOTH 3 03010 10HI3YI0YOr0 BUIPOMIHIOBAHHS, XapaKTePU3YIOThCS HU3bKUM CIIOHTAHHUM PiB-
HEM y HEYIIKOJDKCHHUX KIITHHAX; HAAIMHO iMeHTU(DIKYIOThCA i Yac IIUTOTEHETHYHOTO aHaji3y; BimoOpa-
JKaIOTh HEIIOoAaBHiN pamiamiitauii BB, 3a Bumoramu MAI'ATE, xoxkHa 1aboparopist, o 3M1HCHIOE ITUTO-
TCHETHYHY JO03MMETPilo, MOBHHHA MAaTH BJIAacHY KaldiOpyBaJlbHY KpHBY, OOYAOBaHYy 3a CTaHAapTU30BAHUX
ymos [1].

Buxonsum 3 BUKIAIEHOTO BHUIIIE, METOIO POOOTH OYJIO AOCTIIKEHHS YaCTOTH HECTA0LTPHUX XPOMOCOM-
HUX OOMIHIB 13 CyHmyTHIM mapHUM (parMeHTOM y JiMdornuTax JIOAWHH 32 TOCTPOrO raMMa-olnpOMiHEHHS
kpoBi ®Co invitro B go3ax 10 1,0 I'p i BCTAHOBIGHHS 3alEKHOCTI «103a - ePEKT» ISl IUTOreHETHUHOI
JO3UMETPil.

JocnimkeHHs nMpoBeAeHO Ha 3pa3Kax nepuepuvHoi KpoBi ABOX YMOBHO 3I0POBHX JOHOPIB HOJOBI4O1
(35 pokiB) Ta kiHO9Oi (25 pokiB) crari. 3pa3sku remapuHi30BaHOI KPOBi ompoMiHOBaan B HamioHaasHOMY
inctuTyTi paky (Kuis, Ykpaina) na anapati Poxyc AM *°Co y cTepuabHuX MeHIlMIiHOBUX (IaKoHAX y Jia-
mmazoHi 103 0,10-1,0 I'p. 3amexHo Bix M03W, TPHBATICTh ONIPOMiHEHHS cTaHOBMIa 8—80 ¢, MOTYXHICTH T03H —
0,69-0,75 I'p/xB, BiACTaHb JHKEPEIIO-TIOBEPXHA — 75 CM, 1MOje OnmpoMiHeHHS 5 X 5 cM. J[03y KOHTpOIIOBaIN
3a JI0MOMOTror0 KiiHigHuX go3umMeTpis (Moaens UNIDOSE-1).

[Ticast ompomineHHS 3pa3ku KpoBi BuTpuMyBaiw npu 37 °C 2 rox. KynbTuByBaHHS KIITHH KPOBi Ta MpH-
TOTYBaHHS IIUTOI€HETUYHHX TpenapaTiB MPOBOAWIN 3rifHO 3 [1] 3 meskumu moaudikamisMu. 3acTocoByBa-
JIU KITACHYHUIA METO/| aHaJIi3y piBHOMIpHO 3a0apBIIEHUX XPOMOCOM 3 TPYIIOBHM KapioTHITyBaHHIM. Bpaxo-
ByBaJM JHULEHTPUYHI + KUIBIEBI XPOMOCOMH 13 CYNpOBIIHMM aleHTpU4HuUM (parmentom. IlepeBipsiiu
MOKJTITHHHUM PO3IO/IiI XPOMOCOMHHX OOMIHIB, 3aCTOCOBYIOUH U-KpUTepiii (Tabiuis).

AHaJi3 po3noaisly AMIEHTPUKIB + HEeHTPHYHMX Kijlenb i3 CynpoBiiHMM (pparMeHTOM IO KIiTHHAX
32 TOCTPOro raMMa-onpoMineHHst 3paskis kpogi ©°Co in vitro

Jo3a, KinpkicTh KinpkicTh YacToTta 0OMiHIB Po3nopin 00MiHIB IO KIITHHAX U
I'p KIITHH 00OMiHIB Ha KkiiTuHy + SE 0 1 2 3

0,00 2000 1 0,001 + 0,001 1999 1 0 0 0,000
0,10 2264 10 0,004 + 0,001 2254 10 0 0 -0,141
0,25 1925 26 0,014 + 0,003 1899 24 1 0 -0,411
0,50 1322 38 0,029 + 0,005 1286 34 2 0 2,010
0,75 1332 80 0,060 + 0,007 1255 75 1 1 1,060
1,00 1000 98 0,098 + 0,010 912 79 8 1 2,870

[Ipu nornmuuenux nozax ao 0,25 I'p BKJIIOYHO CHOCTEpiralv TEHICHINIO JO HEIOCTATHBbOI JUCIEPCIi,
poTe BOHA He Oylla CTaTUCTHYHO 3Ha4MMoro. [loumnarouwm 3 nosm 0,50 I'p, BHSABIEHO KIITHHU 3 JBOMa
oOmiHamu, a 3a 7103 0,75 ta 1,0 I'p — o oaHil Ki1iTHHI 3 TphOMa 0OMiHaMu. BUKOPHCTOBYOUH I1i pe3yIbTaTH
Ta 1IHCTPYMEHTH MIif0OpY MaKCHMaJbHOI MPaBAONOAIOHOCTI B CTATUCTUYHOMY NpOrpaMHOMY 3abesrneueHi
Dose Estimate [2], 6yna moOymoBana KaniOpyBadbHa KPHBa «1034a - €(eKT» BUXOIY HECTaOIILHUX OOMIHIB i3
CYIyTHIM (parMeHTOM 3TiTHO 3 JiHIHHO-KBaJAPATUIHOIO MOJIEILTIO:

Y=C+aD+BD?
Y = (0,0005+0,0005) + (0,0317+0,0104)D + (0,0634+0,0153) D?,

ne Y — gactora oOMiHIB Ha kiiTuHY, D — mornmuena mosza, I'p, o i B — miHIHHHUN 1 KBagpaTHIHUN
koedinienTn, C — GOHOBUH piBEHb OOMIiHIB.
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KaniGpyBansHy kpuBy 3 ii 95 % n0BipuMM iHTEpBAIOM HaBeIEHO HAa PUCYHKY.

-

=

0 0.5 1

THIeHTPHKH i HeHTPHYHI KLTbIA 3

mapHEM pparMeHToM / KIITHHY

Hosa, I'p
3aneXHiCTh BUXOAY OUIEHTPHKIB 1 NEHTPUYHHUX KiJielpb i3 CYNpOBITHMM IapHUM (parMeHToM y JiMQonuTax KpoBi

JIOJMHU BiJ] 103U TOCTPOTO TaMMa-OIpOMiHEHHS 80Co in vitro: M - eKCIIepUMEHTaJIbHI TOYKH, JiHITHO-KBaApaTHIHA
kpuBa 3 95 %-M BepXHiM i HHKHIM JIOBIPYMMH iHTEpBaJIaMH.

BigmoBignicTe migiOpaHoi KpHBOi EKCIEPUMEHTAJIBHUM pE3yJIbTaTaM OIHIOBAIN 3a KoedillieHTOM
KOpEJIAIii r i 3BakeHMM Kputepiem y°. Ixmi 3Hauenns, BimmosimHo 0,99 Ta 0,75 (Ipu TPHOX CTYMEHAX
cBoboam) 3 p = 0,86, Bkazanu Ha BUCOKY BIiAMOBITHICTH MiAirHaHOI KpUBOI pe3yjbTaTaM EKCIIEPUMEHTY.
Kpim Toro, 3Ha4NMiCTh KOCMIIli€HTIB JIHIHHO-KBAAPATHIHOI 3aJIC)KHOCTI BUXOYy HECTAOUTBHUX OOMIHIB Bif
JI03U ONPOMIHEHHS TMIATBEPKEHO Z-T€CTOM: 3HaueHHs P it koedimientie C, a, B cximano 0,37; 0,050 Ta
0,025 BigmoBigHO.

1. Cytogenetic Dosimetry: Applications in Preparedness for and Response to Radiation Emergencies. Emergency
Preparedness and Response (EPR-Biodosimetry) (Vienna: IAEA, 2011) 229 p.
2. E.A. Ainsbury, D.C. Lloyd. Health Phys. 98(2) (2010) 290.
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HEHPOIICUXOJIOTTYHA XAPAKTEPUCTUKA YUYACHHUKIB JIKBIJALII
HACJIJKIB ABAPII HA YAEC TA MPAIIBHUKIB JIEPYKABHOI'O CIIEIIIAJII30OBAHOI'O
HIANPUEMCTBA «4OPHOBUJIBCBKA ATOMHA EJIEKTPOCTAHIISA»

K. B. Kyn, I. B. Ilepuyk, I'. }O. Kpeiinic

Hepoiwcasna ycmanosa «Hayionanvruil Haykosuii yeHmp padiayiiHoi Meouyutu, 2emMamono2ii ma oHKon02ii
Hayionanvhoi akademii meouunux nayx Yrpainuy, Kuis, Yxpaina

JoBroTpuBaii HOpyIIEHHS MCUXiYHOTO 310POB’S MOCTPaXKAAIUX BHACHIZOK YOPHOOMIBCHKOI KaTacTpo-
¢u (26 xBiTHA 1986 p.) 3aMMIIAIOTHCS] HATAIBHOIO MEIUKO-COLIaFHOIO MPOOJIEMOIO cycmijbeTBa. BeraHos-
JICHO, 110 32 YMOB MO€AHAHOI Aii i0HI3ylouoro BunpomiHioBanHA (IB) Ta nmcuxomnoridnoro crpecy, 3yMoBiie-
HOTO palialliiiHOI0 HaA3BUYAHHOIO CUTYyali€lo, POPMYIOThCS XapaKTEePHi «IOCTpadialiiiHi» MOCTTpaBMaTHY-
Hi crpecosi po3naau (IITCP), xomopbigHi 3 menpeciero, HEHPOKOTHITUBHUM AedilUTOM 1 nepedpoBacKy-
JSPHOIO MATOJOTiE€r0. ['0JIOBHOIO IICUXOJIOTIYHOK (CEMAaHTHYHOK) OCOONHBICTIO «riocTpanianiiinoro» [ITCP
€ HasgBHICTb ()EHOMEHY XBWIIIOBAHHS 332 BUHUKHEHHS MOMUIMBHUX €(EKTiB, II0 MOXYTb peasizyBaTUCh y
Maiioytasomy ((peromen «flashforward» — mepenecenns B waci B MaiibyTHE), 110 BiANOBiZa€ KOHIEMIIIT
CAHTHIHMITATOPHOTO CTpecy» abo cTpecy OUiKyBaHHS UM MependadeHHs, TOOTO MPOEKIlii cTpaxy 1 HeOe3nekn
mo Manoytaporo [1]. Takum umHOM, IP € He mpocTo MOMATKOBUM (i3WIHHUM CTPECOPOM, a TMOTYKHUM
010JTOTIYHUM Ta TICHXOJIOTIYHUM KOMOPOITHUM (aKTOpoM, KU (yHIAMEHTAILHO 3MIHIOE ITepedir Ta mpo-
SIBU TICUXOTpaBMH. Brumie IP cTBOproe yHiKaNbHHIA 1MaTo(i310J0TIYHUH Ta IICHXOCOIIaTbHUH KOHTEKCT, IO
BiIpi3HsE padioNoriuyHi KartacTpodH Bix IHIIUX TpPaBMAaTHYHHX MOMiH. KITIOUOBMMH YMHHHKAMH PH3UKY
HETaTUBHOTO COIMIaJIbHO-TICUXOJIOTIYHOTO 1 MEAMYHOTO BILIUBY pamiamiifHOI HaI3BUYAMHOI CHTYAIlil € IICH-
XOJIOTIYHUH CTPEC BUCOKOI IHTEHCHUBHOCTI, CIIPUHHATTS pU3HKy Ta [P, sSKi MpU3BOAATH 1O COMIabHUX 3MiH,
MOPYIIEHb TICUXIYHOTO 1 (PI3MIHOTO 3M0POB’S, NMCUXOCOMATHYHHUX PO3JIAIiB, OHKOJOTIYHMX Ta HEOHKO-
JIOTIYHUX 3aXBOPIOBAaHb, BPOKCHUX aHOMAJIIH Ta pajiaiiHO-acoIiHOBaHUX MepeOpaTbHUX ePEKTIB.

Mertoro maHoi poGotu Oyino BHSBHTH OCOONHMBOCTI HEHPONCHXOJOTIYHHX 3MIH y ONPOMIHEHWX 1
HEOMPOMIHEHUX 0Ci0 IIPH Pi3HUX NCHUXOTPABMYIOUNX YMOBAX.

YV Xo[ii MOPiBHSHHA OIIHIOBAJIACs BUPAKEHICTh HEHPOTICHXIaTPUYHAX PO3JAAIB y TPYyMax YYaCHUKIB JIiK-
Bimarii Hacmiakis aBapii (YJIHA) na YAEC Ta JlepkaBHOTO0 Creliati3oBaHoro mianpueMcTBa « HopHOOMITb-
cbka aromHa enektpoctaniis» (JCIT YAEC) BiTHOCHO KOHTPOJBHOI IPYITH MpAIliBHUKIB 00’€kTa «YKpHT-
TSD» BIATIOBITHOTO BiKy. Y IIIOMY, 4acTOTa IMCUXOMATOJOTIYHNX AUCHYHKIIIN BUSBUIIACS HAWBUIIIOIO B TPYIIi
VJIHA 3a Bcima kiiHiuanMu kmactepamu. YJIHA wmarots nocrosipno Bummii pierb IITCP sk BigHOCHO
koHTpoabHOI rpymu (p < 0,001), tak i BigrocHo rpymu JCIT HAEC (p <0,05). V rpyni YJIHA BusiBuiacs
miJBUIleHa YacToTa npossie comatusaiii (P < 0,01 pizHocHO KOHTpOJBHOT rpymH Ta p < 0,05 BiIHOCHO IPy-
mu JICIT YAEC BignosinHo); comiansHoi qucdynkii (P < 0,05 BimHocHO KoHTposnbHOT rpynu Ta p < 0,001
BigaocHo rpynu JACII HAEC Biamoiano); aemnpecii (p < 0,01 BimHOCHO 000X rpyn nopiBHsHHSA). Kpim Toro,
B YJIHA na UAEC cnocTtepiraiacsi JOCTOBIPHO BHIIA YacTOTa KOTHITUBHOI qucdyHkiii (p < 0,01) Ta rinep-
30ymnuBocti (P < 0,05) BimHOCHO KOHTpOabHOI rpynu. Y rpymi JCIT HAEC croctepiranacst euio Hux4a
4acTOTa KJIIHIYHUX MPOSBIB COMATH3AIlIT Ta COIiaNbHOT TUC(YHKIIIT, @ TAKOXK JICIIO BUIIA YaCTOTa KIIIHIYHUX
nposiBiB [ITCP Ta KorHiTUBHOT AMC(hYHKIIT MOPIBHSIHO 3 KOHTPOJIBHOIO TPYIIO0, IPOTE JIaHi BIAIMIHHOCTI He
Oymu cratuctiuHo 3Hauynmu (P > 0,05). IITCP y rpyni YJIHA nposiBisiBest 3 10CTOBIpHO OiTBIIOO yac-
TOTOI0, HIXK y KoHTpoabHOI rpynu (p < 0,001) ta y rpynu ICIT YAEC (p < 0,05), mo Bkaszye Ha MEPCUCTYIO-
4y Bpa3MBICTh 0 TPAaBMAaTHYHHX IEPEKUBaHb HABITh Yepe3 ACCATIIIITTS Micisl aBapii, 3 MOXKIUBUMHU XPO-
HIYHUMH HEHpOoOiONOTiYHUMH HACHiIKaMH paiallifHOTO 1 TICHXOTPaBMYIOUOTO BIUIMBY. PiBeHb rimep30y-
JTUBOCTI (CUMIIATUYHOI akTuBallii) OyB moctoBipHo BunmMm y YJIHA, nHixk y konTpomi (p <0,05), mo
MiATBEPIKYE CTIMKY IUCPETYIALiI0 HEHPOBETETATUBHOT CUCTEMHU.

I'pyna YJIHA mpoaeMoHcTpyBajia JOCTOBIPHO BHIIY YacTOTYy COMAaTH3alii, HiXK y KOHTPOJBHIH rpymi
(p<0,01) ta rpym JACII YAEC (p<0,05), mo migKpeciroe CTiiKicTh cOMaTO(pOpPMHOTO NaTepHY
pearyBaHHs B Oci0 3 XpOHIYHMMH Hacligkamu paniamiiinoi Hamzsuyaiinoi curtyauii (HC). CouianbHa
mchyHkuig Oyna 3HauHO Oinbin BupakeHolo B YJIHA BimHocHO xonTpomio (p < 0,05), 3HauHO OinbIIoio
Mipoto — nopiBasiHO 3 JCIT YAEC (p < 0,001). Takuii pe3ynbraT CBiIUMTH MPO JOBrOTpUBAJIC 3HM)KCHHS
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aIaTUBHOTO Ta poJiboBOro (pyHKIioHyBaHHA. JlenpecuBHi mposisu B YJIHA Oynu 10cTOBIpHO BUIIMMH, HIX
B 000x Tpynax mopiBasHHS (p < 0,01), mo MoXe BKa3yBaTH Ha BHpaXeHY aeKTHBHY [e3aJanTalilo Ta
3HAYHUH TATap ACTIPECUBHOI CUMIITOMATHKH Y BiAgaleHuid noctaBapiitauii nepion. KornituBHa qucdyHKmis
B YJIHA Takox Oyna 3HaYHO BHPaXKEHIILIOK, HIX Yy KOHTponsHOI rpynu (p < 0,01). Lle y3romkyerscs 3
JTepaTypHUMHU NAaHUMHU TPO MOXKIMBHHA CHHEpPriuHWi BIUMB [P Ta XpOHIYHOTO cTpecy Ha KOTHITHBHE
crapinns [2, 3].

VY npauiBaukis JCII YAEC, ski nepedyBanu Ha HAEC y nosoHi BificbkoBux p¢ y 2022 p. BUABICHO
teHaeHNii no migsumieHoi yacrotu [ITCP ta xorHiTHBHOI AucdyHKINT BiTHOCHO KOHTPOIIIO, MpoTe 0e3 cTa-
tUcTH4HOI 3Hauymocti (p > 0,05). Lle 3acBimuye Toil dakr, Mo Xo4ya rocrtpa TpaBMaTW4Ha Mofis (mepedy-
BaHHsI B MIOJIOH1) MaJia BIUIMB, CTYIiHb NOPYIIEHs OYB MEHII BUpa3HUM HopiBHAHO 3 YJIHA.

KontposbHa rpyna xapakTepu3syBaiacs HaHHIKYUM PiBHEM MCHXOINATONOTIYHUX HPOSBIB Y BCIX KIIiHIYU-
HUX KiacTepax i 3a0e3neumia cTabiIbHUH HOPMAaTUBHUE (POH [UIs OLIIHKH BIUIMBY CTPECY Ta ONPOMiHEHHS.

Takum umHoM, rpyna YJIHA nemoHCTpye HalBHILY 4acTOTy HEMPOINCHXIaTpHYHHUX MOPYILIEHb y BCIiX
KJactepax, 3 ocoonuso Bupaxenumu nposisamu [ITCP, nenpecii, comatusauii, coniansHoi aucyHKuLii, KOr-
HITUBHOI IUCQYHKUII Ta rimep30yIIMBOCTI, IO BKa3ye Ha KOMIUIEKCHHH Ta MYJIBTHIOMEHHHMH XapakTep
TICHXOHEBPOJIOTIYHOI JIe3amanTallii B JOBrOCTPOKOBIH mepcriekTruBi mmicis Ail IB Ta TpaBMaTnaHOTO CTpecy
asapittnoro mepiomy. I'pynma JICIT YAEC nemoHcTpye MOMipHUM, TTepeBaXkHO CYOKIIIHIYHUN pPIBEHb MOPY-
IeHb, 0€3 CTAaTHCTHYHO 3HAYYIIHWX BIAMIHHOCTEH Big KOHTPOJIIO, XO0Ya Ma€ TCHICHINIO IO IIiABHIICHHS
roka3HukiB [ITCP i korHiTHBHUX TOpyIIeHb. Jlemo maBuieHnii piBeHb KiIiHigHUX mposBiB IITCP y rpymi
JCIT YAEC BinOwBae HETaTHBHUM BIUIMB CTPECY, ITOB’SI3aHOTO 3 MepeOyBaHHIM B YMOBaxX OKyTarlil BHACI-
JIOK TTOBHOMAacIITa0HO1 BiiiHM 3 pd, Ha npariBHUKIB JJCII HAEC, i € 3icTaBHIM 31 CBITOBUMH JaHUMH 00
BiporimaocTi po3Butky IITCP B 0ci0, sKki mepeskwmn ctpecopHi moxii BHachimok HC. Jlani TeHaeHii morpe-
OYIOTh MOJANBIIO] OIMIHKH Ta BUBUCHHS.

1. H.A.3naneBnu. KorHiTuBHI 1 HeWpoyHKIIOHANEHI OCOOMMUBOCTI MOCTTPAaBMATHYHHUX CTPECOBHX pO3NAIIB Yy
MOCTpaXAANNX y Bimmanenuil mepiog YopHoOmiscekoi kartactpodu. [uc. ... xang. men. Hayk (Kwis: JlepxaBHa
ycranoBa «HarioHanbHUI HayKOBH IIEHTp pajiamiiHol memunuan AMH Ykpaiauny, 2012) 204 c.

2. D.A.Bazyka et al. (Eds.). Thirty-Five Years of the Chornobyl Disaster: Radiological and Medical Consequences,
Strategies of Protection and Revival: National Report of Ukraine (Kyiv: National Research Center for Radiation
Medicine of the National Academy of Medical Sciences of Ukraine, 2022) 286 p.

3. D.A. Bazyka et al. Clin. Neuropsychiatry 10(6) (2013) 280.
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OCOBJMBOCTI BILIUBY BIHAPHUX IIPOMEHEBHUX TEXHOJIOI' T
HA 3JIOSKICHI KJITUHHA JIOAUHU IN VITRO

I. /. Jlapenuyk, B. B. Taabko, A. B. Uepuumon

Hepoicasna ycmanosa « Hayionanvuuil Haykosuil yeHmp padiayiiHoi Meouyutu, 2eMamonozii ma OHKon02ii
Hayionanvuoi akademii meouunux nayx Yrpainuy, Kuis, Ykpaina

MeanyHi TepaneBTUYHI JKepeia 10HI3yI0Uoro BUIPOMIHIOBAaHHS, TOJIOBHUM YHHOM AWMCTaHIIHI IKepe-
Ja Y-BUIIPOMIHIOBAHHS Ta IPUCKOPIOBaUi eIEKTPOHIB, ZOCIIIN HPAKTHYHO MEXi CBOIO TEXHIYHOTO PO3BUTKY
1 JaroTh 3MOT'Yy HAIJIIOBaTH i0HI3ytode BunpomiHioBaHHs (IB) Ha myxiumHYy 3 Ayke BHCOKHM CTYIEHEM
BHOIpKOBOCTI Ta KoHGOopMHOCTI. OIHAK MPH IEOMY €(DEKTHUBHICTD JIIKYBaHHS 3JIOAKICHUX IMyXJIHH 0aratbox
BH/IiB JIOCi HE BiAMOBigae HeoOXimHUM BUMoOTaM. HajiMipHO BHCOKE MTPOMEHEBE HAaBAaHTAXKEHHS HA HOPMAJIhb-
Hi TKQaHWHU OpraHi3My BCe€ Ille € OCHOBHMM OOMEXEHHSIM IpH crpobax 301MbLIEHHS TepaneBTHYHOI edeK-
TuBHOCTI mpomeHeBoi Teparmii (IIT) 3a paxyHOK eckamnarlii J03W ONpOMiHEHHS NMyxXJuHH. Lle € cepio3HuM
00MEXEHHSIM 3aCTOCYBaHHS panukaibHOi auctaniiiiHoi [IT y xiiHiuHiM npaktuii. OgHAM 31 NUIAXIB Mija-
BulIeHHS TepaneBTH4YHOI edexktuBHOCTI [IT € po3poOka Ta BHpoBaIkeHHS B KJIIHIYHY MPAKTHKY (QOTOH-
3axomumoBaiabHOI Teparii (P3T), mo € pa3oMm 3 HEUTpOH-3axoIuTIOBANBHOIO Teparieo (H3T) pizHOBHIOM
6inaproi npomeneBoi Tepanii (BIIT). BIIT — ne TexHonoTis NiKyBaHHS 370IKICHUX HOBOYTBOPEHb 32 JIOTIO-
Moroto 1B, B sKiii ans 3a0e3nedeHHs] MPOTHITYXJIWHHOTO €(eKTy BHKOPUCTOBYIOTHCS /1BA KOMIIOHEHTH —
Tpemnapar, o BBOAUTHCSA B OpraHi3M, i 30BHIMHE mxeperno IB [1]. [Ipemapart, mo 3HaXOIUTHCSA B IyXJIHHI,
301bIIy€ ii TOTJIMHAIOYY 3AaTHICThH MO0 30BHIIIHEOTO ONPOMIHEHHS, THM CAMHM IIiIBUIYIOYN BEINYUHY
norarHeHoi no3u. Ha BinmMiHy Bia mpoMeHeBoi Teparlii 3 BUKOPUCTaHHAM IpernapariB-panioMoaudikaTtopis,
3IaTHUX 3MIHIOBATU PaliOvyT/IMBICTh MyXJUHHUX TKaHuH, y BIIT BHUKOpPHCTOBYIOTBCS mpemapard, IO He
MAalOTh BUPAXKEHOI 010JIOTIYHOI aKTUBHOCTI Y /103aX, LI0 3aCTOCOBYIOThCA. Taki mpemapaTty MOBHHHI MaTH y
CBOEMY CKJIaJli OMMH a00 KiNbKa XIMIYHMX €JEMEHTIB, 3[aTHUX B3a€MOMISATH i3 30BHImHIM IB 31 3HAa4HO
OLITBIITIOI0 TMOBIPHICTIO, HIJK €JIEMEHTH, IT[0 BXOIATH A0 CKJIaAy HOPMAaJbHUX TKAaHWH. AKTYaJIbHICThH ITOCITI-
mxeHb y ranysi BIIT odeBuina, a HasBHI Ha JaHHW 4ac Pe3ylbTaTH POOJSATH HEOOXiTHUM MpPOBEICHHS
{XHBOTO aHAMI3y AJIS MOJAIBIIOr0 po3BUTKY BIIT Sk MenTu4HOT MPOTUITY X TMHHOT TEXHOJIOT].

Merta po0OOTH — JOCTIAUTH CTPYKTYPHI Ta MOpQo-(QYHKIIIOHATIBHI 3MIHH B TECT-CHCTEMax Mpouidepyro-
YHUX Ta JOPMAaHTHHX 3JI0AKiCHUX (NiHisA A-549) i HopManbHuX (PidpobdracT) KIITHHAX JIOAWHU MIPH TOEN-
HaHHI PEHTTEHIBCHKOTO BUIPOMIHIOBAHHS 3 TaJOJIHIMBMICHMM (DOTOH-3aXOIUTIOBAIBHUM areHToM «Jlota-
BiCT» Ta YEPBOHOTO CBiTIA 3 POoTOCEHCHO1TIZaTOpoM «DOTOTOHY.

BuBuennss MopQoQyHKIIOHANEHUX XapaKTEPHCTHK (KIHETHKa pOCTy, HpodjiipepaTvBHA Ta MITOTHYHA
aKTUBHICTh, HASABHICTh aTWUIOBHX KJITHH) MpH 1HKYyOAaIii 3 ramomiHiHBMICHUM (HOTOH-3aXOILTIOBAIEHUM
areaToM «/loraBicT» y mmpokomy miama3oHi koHneHTpaiii (5, 10, 25, 50, 100 ta 200 mMki/mi1) gamo 3mMory
BCTaHOBHUTH OCOOJMBOCTI MOT0 BIUIMBY Ha 3MOSIKICHI KIITHHHU: MPH HU3bKUX KOHIEHTpAUisax 5 + 25 Mxn/mia
mpoidepaTHBHA Ta MITOTUYHA aKTHBHOCTI HE BiIPI3HSAIOTHCS Bix KOHTpONIO. BomHodac 3a BHCOKHMX KOH-
nenTparniit 100 ta 200 Mx/MIT criocTepiraiy JeCTPYKIiI0 MOHOIIAPY KIIITHH, CTPYKTYPHI 3MiHH B KYJBTYpi
KJIITHH Ta MOSIBY B KyJIBTYpl aTHIIOBHX KJIITHH. AHAJIOTIYHI XapaKTepHi 3MiHH CTPYKTYpHHUX Ta MOpHoPyHK-
IOHAJFHUX XapakTePUCTHK CIIOCTEpiraay i B KyJIbTypi HOpManbHHX (piOpoOiacTiB mOaUHHM, a came:
JNECTPYKTHBHI 3MiHH B KyJIBTYpi HACTynayu npu iHKyOarii 3 «/loraBict» B konnenTpariii 100 Ta 200 Mx/mit.

JocnimxeHHs y TOPiBHAJIBHOMY acleKTi 0cOOIMBOCTEH KIIITUHHUAX peakiii mpomidepyodnx 3JI0sKiCHUX
KITITHH MoauHn A-549 Ta HOpManpHUX ¢ibpoOracTiB MOAMHN 6-TO Macaxy NpH iHKyOamii 3 poToceHcno1i-
3aropoM (OC) «DoTosoH» MoKazaau NPOTHIEKHI ePekTH MOPPOPYHKIIOHATFHIUX XapaKTEPUCTHK KYIbTYp
KJIITUH: IATOTOKCUYHHIA BIUIUB Ha 3JI0SKICHI KINITUHU A-549 MposBIsSBCS NPU HAWMEHIIIUX KOHIIEHTPALIAX 5
ta 10 mxn/mi. [lpy migBumieHHI KOHIEHTpAIlii (oTOCEHCHOLTI3aTOpa 3MEHITYETHCS TIUTHHICTh KIIITHHHOT
TIOTYJISIMi], MITOTHYHA aKTHBHICTH KIIITUH Ta HAPOCTAE KUTBKICTh aTUIMOBUX KIIITHH: JBOSACPHUX, KIITHH 3
MIKpOsIApaMH Ta 3 O3HaKamM amonto3y. 30unbmenHs koHuentpanii ®C 100 ta 200 MkI/MII IPU3BENO /10
JMECTPYKTUBHUX 3MiH KIITHHHOTO MOHOIIAPY: 3MEHIIICHHS PO3MIpiB KIITHH, BTpaTH ITATOTUIA3MH, 3MCHIIICH-
HS KUTBKOCTI MITO31B, 301IbIICHHS aHOMAJIBHHUX KIIITHH (IBOSIIEPHUX Ta KIITHH 3 MIKpOSAPaMHu).

VY xyneTypi HOpManbHHX (iOpobnactiB B obnacti koHUeHTpaniid 5 + 200 MKJI/MII HE criocTepiraiy cra-
THCTUYIHO 3HAYYIIMX BiAMIHHOCTEH MIUTHPHOCTI KIIITHHHOI MOmyJIsmii. OHaK MITOTHYHA aKTHBHICTH TTIOMIpHO
3MEHIIICHA, IOPIBHSIHO 3 KOHTpoJieM. BoHOYAc, 3a KOHIIEHTpaIlii 25 MKJI/MII 1 BUIIE B KyJlbTypi ¢hiOpobiac-
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TiB 3’SIBISIIOTHCS aTUIOBI KIITHHHU 3 JBOMA 1 OUIbIIE siApaMu, 3 MIKpOsApaMu, 3 sSACPHUMH aHOMATisIMHU,
TAKUMH sIK KapiOPeKCHC, XBOCTATI s1pa, sapa aTUIOBOi (Gopmwu, raHtenenoAioHi sapa toio. Lle criaunTh
PO TEHOTOKCHUYHI BIACTHBOCTI (POTOCEHCHO1TI3aTopa Ha HOpMaibHi (piOpOOIACTH THOAMHU.

OnpomiHeHHsT Mpomidepyounx 370SKICHUX KIITHH JiHii A-549 peHTreHiBCHKUMH HMPOMEHSIMH B J03aX
1,0, 5,0 Ta 10,0 I'p inakTUBYBaJIM 370SKICHI KIITHHU JIiHIT A-549 Ha 10, 46 Ta 80 % BIAMOBITHO BEIMYUHI
JI03H.

OnpomiHeHHsT KIITHH JiHii A-549 B mpucyTHOCTI mpenapaty «JoTaBict» y KoHIEHTpauii 2,97 mr rago-
TEepOBOi KUCIOTH B 1,0 MJI MOXKUBHOTO CEPEIOBHUINA MAa€ 3HAYHO OUITBITYy Ol0NOTIUHY e(heKTHBHICTEH. Tak,
ornpoMiHeHHs Ki1iTuH y 1031 1,0 I'p B mpucyTHOCTI (hoTOH-3ax01uTI0BanbpHOro arenra Ha 50 % iHridye npodi-
(epaniro KIITHH, IPUTHIYYIOUN IXHIO MITOTHYHY aKTHBHICTh. ONPOMiHEHHS PEHTI€HIBCHKUMH MPOMEHSIMH B
no3i 10,0 I'p B mpucyTtHoCTI npenapaty «JloTaBicT» ranemye Ha 93 % picT Ta MOAiN 3JI0SMKICHUX KIITHH, IO
CBiIYMTH NPO BUCOKY €(heKTUBHICTH 1aHOI OiHAPHOI MPOMEHEBOI TEXHOJIOTII.

BuBYeHHs KIITHHHHUX peakliii B yMOBaX BIUIMBY Ha mpomidepyrodi 370sKicHI KimiTuHr A-549 cBiTna uep-
BOHOTO Jliara3oHy y 103i 45 Jik/cM? OKpeMo 4uH y HO€IHaHHi 3 (oToceHcubinizatopom «DOTONOH» B KOH-
LEHTpaIlii, [0 He BUKIMKAE BUIUMHUX 3MiH B momyisii kit (0,05 Mr/Mi), 3 HACTYyITHUM ONPOMiHEHHSM
pEeHTreHiBcbKuMHE npoMeHsiMu B 1o3ax 1,0, 5,0 ta 10,0 I'p mokasano, mo 3a MoeaHaHOTO BIUIMBY Y€PBOHOTO
CBiTJa 3 (DOTOCEHCHOITI3aTOPOM Ta PEHTTEHIBCHKUX MPOMeHiB y ao03ax Bix 1,0 mo 10,0 I'p BimOyBaeTbcs mpu-
rHiYeHHs mpoxidepanii kritnH A-549 Big 50 mo 90 % BigNOBiMHO, 3aJIEKHO BiJ 03U ONPOMIHEHHS, a iX
MITOTHYHA aKTUBHICTb 3HIKY€EThCS 10 4 % BIITHOCHO €(EeKTiB TINIBKH YePBOHOTO CBITJIA.

BuBueHHs BIUDIMBY IBOX OiHAPHUX MPOMEHEBHUX TEXHOJOTIH Ha 3JIOSKICHI KIIITHHH JIIOIWHU JiHIT A-549, a
caMme: TIO€THAHHS 4epBOHOTO cBiTna (45 Jlx/cM?) 3 «DoTtononom» (0,05 MI/MiT) Ta pEeHTTeHIBCHKHX TIPOMEHIB
y mo3ax 1,0, 5,0 ta 10,0 I'p 3 npenaparom «JloTaBict» y kouuenrparii 10 mxi/mi, mo Bianosigae 2,97 mr
ragoTepoBoi KUCIOTH Ha 1,0 MJI MOXKMBHOI'O CepeloBHIIA, Ok 3MOTY BCTAHOBUTH, IO 3aru0Oenb 3JI0fKic-
HUX KJIiTUH, onpoMineHux B 1o3i 1,0 I'p, ctanosuna 64 %, 5,0 I'p — 86 % i 10,0 I'p — 99 % BinHOCHO KOH-
Tpoto. 1 % KIITHH, 10 BHXXWIIN, MOKYTh JaTH PEUUIUBYBaHHS MEPBUHHOI MyXuHU. Le MoxKyTh OyTH KIIi-
THHU, IO 3HAXOMATHCS y CIOKOI, @ TAKOX IOIIUIOIAHI KIIITHHH, [0 BUHUKAIOTh Y MYXJIMHI Y BETUKIH KiJlb-
KOCTI 32 HECIIPUATJINBUX YMOB POCTY.

ExkcriepuMeHTabHO TOKa3aHO, M0 HOpMaslbHI mpodidepyiodi (idpobmactu Mann Maiibke aHaJIOTIYHY
PamioYyTIIUBICTS 1, BiIMOBIIHO, KIITHHHY PEAKIiI0 Ha Jif0 PEHTTEHIBCHKOTO ONMpPOMiHEHHS Ta «JloTaBicTy»,
SIK 1 37M0s1KicHI nponidepyroui kiriTHHM TiHii A-549. Taki Gionoriuni egekTu Tpeba MaTH Ha yBasi, po3risaa-
I0YHU POJIb CTOBOYPOBUX KIITHH y BiAHOBJICHHI K HOPMAJBHUX TKaHWH (PEMOIyJIALIs), TaK 1 TKAHUH ITyXJIN-
HU (peIUINBYBaHHS).

BcranoBneHo, 1m0 onpoMiHEHHS! HOpMaJIbHUX KJIITHH PEHTIeHiIBCBKUMH NpoMeHsMu y no3ax 1,0, 5,0 ta
10,0 'p y moennanHi 3 (OTONUHAMIYHAM BIUTHBOM (4epBoHE CBITIO Ta «®DoTonoH» y KOHIEHTpaii
0,05 mr/miT) BUKITUKAFOTH 3arubens 43, 67 Ta 88 % KIIiTHH, BIAMOBIIHO J031.

Kom6inoBaHuii BB 1BOX OiHapHUX MPOMEHEBUX BILIHBIB ((poToH-3axorumoBanbHOI Tepamii 3 «JloTa-
BICTOM» Ta YEepPBOHOTO CBIiT/Ia 3 «DOTOIOHOM») HA HOPMaJTbHI (iOpOo0IaCTH MPU3BENH 0 ICTOTHOI 3arudeni
KIIITHH, a caMme: onpoMiHeHHs B 1031 1,0 I'p 3 «ZloTaBicToM», yepBOHUM CBITIIOM 3 «POTOIOHOM)» IPHU3BEIIO
no iHaktuBaili 87 % kmituH; onpoMineHHs B 1031 5,0 ['p 3 «/loraBicrom», uepBoHuM cBiTiioM 3 «DOTOJO-
HOM)» TIPU3BENIO M0 iHAaKTHBAIlii 94 % wiiThH, a micas onpomidHeHHs B mo3i 10,0 I'p Ta Bume3a3HaueHOTO
komIuiekcy iHakTuByBanu 100 % kiituH. Takum 4nHOM, BUSIBHIIOCS, IO KYJIbTypa HOpMaibHUX (ibpobiac-
TiB OLNBII YyTJIMBA A0 BIUIMBY KOMIUICKCY OiHApHHMX MPOMEHEBUX JiH, HIK KyJbTypa 3JOSKICHUX KIITHH
niHii A-549.

[Hoemnanns hoToH-3axoruTOBaNIEHOTO (3 «J{oTaBicrom») Ta hoToarHaMidHOTO (3 «DPOTOIIOHOMY) BIUTHBIB
npu3BOJATh 10 3arudeni 90 % 3710sAKiCHUX KIITHH y cTaHi crokorw (y cramioHapHiii ¢asi pocry). ToOTto,
HaBITh 32 TAKUX YMOB BIUIMBY (peHTreHiBchbKi mpomeni B 1031 10,0 I'p ogHouacHo 3 «JloTaBicroM» y KOH-
nenrpauii 100 mxn/min (29,7 Mr ragorepoBoi kuciotn) Buxubae 10 % KiIiTHH, SKi IPU HOAAIBLIOMY KYJIb-
TUBYBaHHI 3MiHIOIOTh CBOIO MOP(OJIOTiI0, TEHOTHUI 1 aATE3UBHICTb.

OTpuMaHi pe3yJIbTaTH 32 CBOEIO CYTTIO CKIIANAIOTh MATPYHTS JOKIIHIYHOTO €TaIy OIIHKH €()eKTHBHOCTI
mpemnapaTiB, IO 3aCTOCOBYIOTHCS y OiHApHUX TEXHOJOTisIX, 30KkpeMa «JloTaBicTy» y BUNagKy (OTOH-
3aXOIUTIOBAIIBHOTO METOY OiHapHOT MpoMeHeBol Teparii Ta «DoToIoHY» Ui GOTOMHAMIYHOT Tepartii.

1. B.C. IBankoBa Ta in. Kiiniuna onkosoris 8(2)(30) (2018).
https://www.clinicaloncology.com.ua/article/magazine/35
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IMPACT OF CHRONIC LOW-DOSE RADIATION EXPOSURE ON GLUCOSE TOLERANCE
IN THE BANK VOLE IN THE EXCLUSION ZONE AROUND THE CHORNOBYL NPP

I. Lozovytskal?, M. Grybenko'?, O. Burdo?, D. Vyshnevskyi®, A. Lypska!, A. Patiu®?4,
I. Chyzhevskyi*, T. A. Mousseau®, T. Mappes®, P. C. Watts®, E. Tukalenko?

LInstitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
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4 State Specialized Enterprise “Ecocentre”, Chornobyl, Ukraine
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Background. Chronic low-dose ionizing radiation is an important environmental factor capable of affecting
physiological processes in organisms, particularly the regulation of energy metabolism. The conditions of the
Exclusion Zone around the Chornobyl NPP provide a unique opportunity to study the long-term effects of
radiation on wild animal populations. The aim of this study was to assess the effect of chronic radiation
exposure on glucose tolerance in the bank vole (Clethrionomys glareolus) inhabiting the Exclusion Zone.

Methods. The study was conducted on bank voles (a total of 69 animals: 36 from control locations and 33
from contaminated areas) captured in natural habitats. Animals were trapped in control (uncontaminated)
locations and in one of the most contaminated areas of the Exclusion Zone (the Red Forest), then transported
to the laboratory where morphometric and gamma-spectrometric measurements were performed. The whole-
life absorbed individual doses were estimated as 0.73 + 0.04 mGy for control animals and 211.8 + 28.7 mGy
for animals from contaminated areas. Carbohydrate metabolism was assessed using a glucose tolerance test
(GTT), had been adjusted for the model animal species. Each separate GTT included a balanced number of
animals from control and contaminated locations with similar sex, body mass, and estimated age, as well as
fasting time. According to the protocol, animals were fasted overnight (from 8,5 till 21 hours, in averege
12 hours) with free access to water prior to the glucose tolerance test. Glucose loading (1 g/kg) was
administered via intraperitoneal injection, taking into account body weight. Blood glucose levels were
measured (OneTouchSelectSimple® glucometer) before glucose administration and at 15, 30, 60, 90, and
120 minutes after injection.

Results. The integral glycemic response was evaluated using the area under the curve (AUC), and statistical
analysis included Student’s t-test with Welch’s correction, as well as Spearman’s rank correlation analysis to
assess the relationship between radiation dose and glucose metabolic parameters. The animals from
radioactively contaminated areas exhibited significant changes in glycemic response compared to the control
group. Peak glucose levels were lower in the animals from contaminated areas (15.06 +4.60 mmol/L)
compared to the control bank voles (17.34 + 3.85 mmol/L; p < 0.01). Similarly, AUC values were significantly
reduced in the animals from contaminated areas compared to control animals (1068.18 +349.70 vs
1339.81 + 381.67; p <0.01), indicating a decreased overall glycemic response.

A comparative analysis of glucose concentrations between the control and contaminated groups at
individual time points showed no statistically significant differences during the initial stages of the test
(0 and 15 min; p>0.05; Welch’s t-test). Starting at 30 min, differences between the groups became
statistically significant (p < 0.05; at some time points p <0.01), with higher glucose levels observed in
control animals. Analysis of the time profiles showed that peak glucose values in the contaminated group
were reached earlier (primarily at 15 min), whereas in the control group the peak was more often observed at
30 min. This difference may indicate faster glucose utilization or clearance in animals from contaminated
areas, which is consistent with the hypothesis of adaptive changes in energy metabolism under chronic
radiation exposure.

Correlation analysis showed a negative relationship between individual total radiation dose and peak
glucose level (r=-0.31; p<0.01), as well as between dose and AUC (r =-0.33; p <0.01), suggesting
inclination to a dose-dependent pattern of the observed changes. Also, Spearman’s correlation analysis
showed that fasting glucose levels had a weak negative relationship with the integrated glycemic response
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(AUC: r =-0.18), indicating a minor contribution of this factor to the post-load glycemic response. In the
context of the observed trend toward lower glucose levels at 0 min in the contaminated group (p > 0.05), it
may be assumed that there are differences in basal energy metabolism, potentially involving increased
glucose utilization during the overnight fasting period. At the same time, the lack of a clear association
between fasting time and AUC is consistent with the hypothesis that this mechanism is not a major
determinant of the overall glycemic response and requires further investigation.

Conclusion. Chronic low-dose radiation exposure is associated with a decreased glycemic response and
altered glucose tolerance in the bank vole, which may indicate the formation of a specific metabolic profile
as a manifestation of long-term adaptation to a stressful environment. Further studies are required to
elucidate the mechanisms underlying these changes.
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KOMILIEKCHA OL[IHKA TEHOMHOI BINOBIJI JIIM®OLUTIB
MNEPU®EPUYHOI KPOBI JIIOJUHU HA IOHI3YIOUE BUITPOMIHIOBAHHSI IN VITRO

JI. B. Heymepsxunbka®, 1. A. Kypinumii’

! leporcasna ycmanoea «Hayionansnuii nayxosuti yenmp padiayiiinoi meouyunu, 2emamonozii ma ouxonozii HAMH
Ykpainuy, Kuis, Yxpaina
2 Vuigepcumem npuxiadnux nayk Baiicnumedan-Tpizoopegh, @paiizine/Tpizoopg, Himeuuuna

HocnimxeHHs reHOMHOI HecTabiIbHOCTI, iIHAYKOBaHOI 10HiI3ytounM BuIlpoMiHIoBaHHSIM (IB), craHOBUTDH
OJVH 3 IPIOPUTETHUX HANPSAMIB Cy4aCHOI LIUTOTEHETUKHU Ta MOJICKYJISIPHOI T€HETHKH. YTIPOAOBXK OCTaHHIX
JECSATUIITh B YChOMY CBIT1 MPOBEACHO YMMAJIO TOCIIHKEHD 100 BU3HAYCHHS BiIJAICHUX PHU3UKIB ITOMIp-
HHUX Ta HU3bKUX 1103 IB Ha 310poB’s mroqunu [1]. Tlonpu iHpOpMaTHBHICTE AaHUX, OTPUMAHHX 32 JIOTOMO-
IOI0 XPOMOCOMHOTO, MOJIEKYJISIPHO-TEHETUYHOI0 a00 EMireHeTUYHOIo aHajli3y, IXHE MOOJMHOKE 3acToCy-
BaHHs MOXXE€ TMPHU3BOJUTU J0 XUOHOTO TPAaKTyBaHHS pe3yJbTaTiB. 30KpeMa, TOKa3HUKH XPOMOCOMHHX abe-
paiii, TaKUX SK JULEHTPUKH, KITBIIEBI XpOMOCOMH, MapHi Ta OJMHUYHI (JParMEeHTH, HE 3aBXKIU KOPETIOIOTh
i3 paxTnyauM piBHeM nomkomkeHHs JHK. ¥V 3B’s3Ky 3 MM akTyaqbHUM 3aJIMIIAETHCS MOIIYK 1HTErpajb-
HHX O10JIOTIYHMX MapKepiB, 3MaTHUX KOMIUIEKCHO BiTOOpa3HTH T€HOMHO-EIITCHETHYHY BiATIOBiAb Ha 3ry0-
HUIA BIUTMB OMPOMiHEeHHs [2—4].

Memor pobomu Oyno po3poOUTH HOBI MIAXOMU O OIHKK pajialiifHO-IHIYKOBaHHX 1 pamiamiiHo-
IHAyIHOEIbHUX MOUIKO)KEHb I'€HOMY COMAaTHYHMX KJIITHH JIOAMHM 3 YpPaxyBaHHSAM LUTOI€HETHYHHX,
MOJIEKYJISIPHO-TEHETUYHUX Ta CMIr€HETUYHUX KPUTEPIiB.

06 ’exmom Oocniodcenns Oyna KyabpTypa jdiM¢pouurie nepupepuunoi kposi (JIIIK) ymoBHO 310poBHX
15 BoNIOHTEDIB, SKi HA MOMEHT JOCIIKEHHS He Manu KoHTakTy 3 IB. Excnosumiro IB npoBoaunu Ha craxii
Go: omna wactuHa Kynbrypu JIIIK mimmaBanacs ramMma-BHIIpoMiHIOBaHHIO B 1031 1,0 ['p (BumpomiHioBaq
IBL-237C 3 motyxkHictio 2,34 I'p/xB), iHma — Oyna koHTpojieM. OCOOIUBICTIO eKCIIEPUMEHTY OYyJIO KYJIbTHU-
ByBaHHs 3pa3kiB JIIIK ynpomosx 48 rog.

Memoou docnidcenns. MOJACKYIIPHO-TEHETHIHUH — OTHOKIITHHHHUHN Tenb-enekTpodope3 Comet assay,
[IUTOTCHETUYHUH aHalli3 XPOMOCOMHUX a0eparriii, CTaTUCTHIHI.

Pesynomamu: Oyno TpoBeNeHO KOMIUIEKCHE IOCHIIKEHHS BIUIMBY ramma-sunpominioBaHas (1,0 I'p)
invitro Ha KyabTypy JiMdOIUTIB nepudepuvaHoi KPOBi YMOBHO 3J0POBHX BOJOHTEPIB i3 3aCTOCYBAaHHAM
iHTerpoBaHoro miaxomy. LluToreHeTHMYHWH aHami3 IOKa3aB 3POCTAaHHS YacTOTH abepaHTHUX Meradas
(18,03 £ 0,72 %) ta xpomocomuux abepariit (20,97 £0,89 ma 100 meradas) MOPIBHIHO 3 KOHTPOJIEM
(1,64 +0,34 % T1a 1,66 + 0,35 % BiamosiaHo). Komer-enektpodopes 3acBiIUnB MiABUINECHHS YaCTKH KIITHH
3 BucokuM piBHeM po3pusi JJHK (13,48 + 0,98 % mpotu 6,34 + 0,72 % y KOHTpO:1), @ TAKOK MDKIHAUBILY-
anbHy BapiadenbHicTh (11,23-19,23 % y nocaiai nporu 3,34-9,27 % y KOHTpOII), 1110 BijjoOpaxae pi3HUN
piBEHb 1HAWBIAYAIBbHOI PagiouyTIUBOCTI. BusiBieHO 30iNMbIIEHHS KITBKOCTI KIIITHH 3 O3HAKaMH arlolTo3y
(3,56 £ 0,71 % mporu 0,91 £ 0,33 % y KOHTpOI), IO MIATBEP/PKYE AKTUBALIO MPOrPAMOBAHOI KIIITHHHOI
CMepTIi y BIATIOBiAb HA pafiamiiiHe ypakeHHs. BcTaHOBIeHO, 0 pajiamiiiHe HaBaHTaXKEHHS peai3yeThecs He
JIUIIE TIPSMUM IIJISIXOM, a i OIOCepeIKOBAHO — uepe3 paaialliiHO-1HAYKOBaHU# eeKT cBiKa.

Bucnosxu: BUKOpUCTaHHS IUTOTCHETHYHUX, MOJICKYJIIPHO-TCHETUYHHX Ta EMir€HeTHYHUX METOIIB 1ajio
3MOTY OTpHMAaTH OaraTopiBHEBY XapaKTEPUCTUKY padiamiiHO-1HIYKOBAHUX YIIKOPKEHb TEHOMY JIM(OIHUTIB
JFOJIMHU N Vitro. BcTaHOBIEHO KiNbKICHI Ta SIKICHI TMOKa3HUKH XPOMOCOMHHUX a0epalliif, piBeHb OJHO- Ta
nBojaHiioroBux pospusiB JIHK, 3miHM MeTwiaroBaHHS Ta iHTEHCHBHICTH amonTo3y Micis ONPOMiHEHHS
raMMma-BUIIPOMiHIOBaHHSM. OTpuMaHi pe3yibTaTH JOMOBHIOIOTH YSABIEHHS IPO BIUIMB 10HI3yOYOl pajiarii
SIK Ha IUTICHICTh XpOMOCOMHOTO amapary, Tak 1 Ha eMreHeTHIHY PeryJiIsiliio TeHiB, Mo Mae GyHIaMEeHTAIh-
He 3Ha4YeHHS iHTerpauii pi3sHUX PiBHIB U1 OLIHKHY 1HIUBILyadbHOT Yy TIMBOCTI JIIOJUHH.

OTxe, 3aIpOIIOHOBAaHA CHCTEMA OIIHKH 1HAMBIIyallbHOI PaioOYyTIMBOCTI € HOBUM IHTETPAIIEHUM ITiJXO-
JIOM, IO TOEIHYE TpHW He3aIeXHI OIOJOTiYHI MapKeph — dYacTOTy XPOMOCOMHHX alepamiid, piBeHb
nomkokeHb JIHK Ta kinbkicTh KIIITHH Y cTaHi anonTo3y. Takuii miaxix Jae 3Mory KOMIUIEKCHO BijoOpasu-
TH 0araTopiBHEBY BiIIOBiAb FT€HOMY Ta MOXE CTaTH IHCTPYMEHTOM AJisl cTpaTtudikanii iHAMBiAyalbHOI YyT-
JIUBOCTI Y (pyHIaMEHTAIBHHX 1 TPUKIATHAX TOCHTIHKEHHAX paaio0ionorii.

1. IAEA Safety Standards for protecting people and the environment. Radiation Protection and Safety in Medical Uses
of lonizing Radiation (Vienna: International atomic energy agency, 2018) 340 p.

2. M. Kreuzer et al. Radiat. Environ. Biophys. 57 (2018) 5.

3. L.M. Morton et al. Science 14 (2021) 6543. https://doi.org/10.1126/science.abg2538

4. Y.J.Kimetal. Toxics 10 (2022) 94. https://doi.org/10.3390/toxics10020094
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OLIHKA 103 3A BHYTPIIIHLOI'O OITPOMIHEHHS *°Sr MUIIOINO{IGHUX I'PU3YHIB
YOPHOBWJIBCHKOI 30HU BIITYYKEHHS

B. B. IlaBnoBcbknid, L. I1. Ipo3n

Incmumym s0epuux docnioxcenv HAH Vkpainu, Kuis, Ykpaina

JozumeTpist )KUBUX OpraHi3MiB BiJirpae KIOYOBY pOJb Y CYYacHUX palio0ioioriyHuX Ta palioeKoJoriy-
HUX JOCHIKCHHAX. B sikocTi GiojorivHUX 00’€KTIB MPH IIbOMY YacTO OOHMPAIOTh BUIM, IO XapaKTEPU3Y-
IOTBCSI CIOCOOOM JKUTTA, SIKHA POOWUTH 3pyYHHM iXHE BHIYYCHHS 3 MPUPOJHHUX E€KOCHUCTEM Ta IMOAajIblle
nociimkenHs. OMHUM 3 TaKuX BHUIIB € HOpuLs pyna — Myodes glareolus (Schreber, 1780) — TunoBwuii npe-
CTaBHUK MHILIOMOAIOHNX TpU3yHiB. BoHA € IIMPOKO PO3MOBCIOMKEHOI0 B MEXKaX MiBHIYHOI YaCTHHU YKpaiHH,
B TOMY YHKCII 1 Ha TepUTOPisiXx YOpHOOMILCHKOT 30HU BiUyKEeHHs. 3BaKalouW Ha 3HAYHI PiBHI pagioHyKIia-
HOTO 3a0pYJHEHHS IMX JIOKALil, BOHH BUCTYMAIOTh Y POJIi 3pyYHHUX MONIrOHIB MPH BHUSABJICHHI BIUIUBY pajio-
AKTHBHOTO ONPOMIHEHHS Ha HB1 oprai3mMu. [louaTkoBUM eTaroM NpHu [bOMY € OL[iHKa 103, SKi OTPUMYIOTb
TBapUHH.

VY Mexax Hamoi po0oTH Oylo MpoaHalli30BaHO JAaHi CHEKTPOMETPHUYHHMX JOCTIKEHb 3pa3KiB KiCTOK
MUILONONIOHNX TPU3YHIB 30HM BigUy>KeHHS. 3arajoM BHOIpKa CTaHOBHJA OibIe CTa MpPOAaHANiI30BaHHUX
mpo6. 3pa3ku KiCTOK HIDKHIX KiHLIBOK MHUILOMOAIOHUX TPU3YHIB, BUAUICHUX 3 TYLIOK TBapHH, OYUILAIN BiJ
M’SIKMX TKAaHWH, BUCYIIyBaJd HPOTATOM JEKINbKOX THXXHIB Ta 3BaXKyBaJM Ha €JIEKTPOHHHUX Barax. AKTUB-
HicTh *Sr y KicTKaX BU3HAYaIM METONIOM P-CHEKTpOMETpii 3 BuKopucTanHsaM crektpomerpa CEB-50 Ta mpo-
rpamHoro 3a0e3nedeHHs A o0poOku cnekrpiB BetaFit. 3a nannumu akTUBHOCTI y Ipo0ax KiCTOK Ta iXHbOIO
MAacoI0 PO3PAXOBYBAIM AKTUBHICTH Ta MUTOMY aKTMBHICTh 'ST y CKeNeTi TBApHMH. 3TiHO 3 aKTUBHICTIO Y
CKeJIeTi PO3paxoByBaJId aKTHBHICTb Y TiJTi, CIUPAIOYUCH HA AaHi JiteparypH [1]. BiamosinHo 10 BUMipioBaHb
MacH Tijla TBapWH Ta LIMPHHU BWIMIIEBOI YaCTWHH TOJIOBM Ha MOMEHT BiJUIOBY OLIHIOBAaJM iXHiH BiK Ta
CepelHBOIHTErpajbHy Macy Tijia 3a el MepioA, 3TrigHO 3 METOAMKOIO, ONMMCAHOI0 y paHille OmyOaiKoBaHUX
poborax [2,3]. Ouinky m03 ONPOMiHEHHS NPOBOAWJIM CIHPAIOYHMCh HAa YACTKy NpoO, SKi BiApi3HSIIHCS
AKTUBHICTIO PaJiOHYKIIIiB, 10 Oyiia BUMIOKO 3a ()OHOBI PiBHI.

BuxopucroByroun iH(opMaIliro mpo BiK TBApWH Ta CepPeIHhOIHTErpabHY Macy TiJia 3a Ied mepiof B KO-
CTi BXIIHUX JaHWX, 3a jornomoroto nporpamu BiotaDC [4] po3paxoByBaiu 1030Bi KOehII[iEHTH 3a CUTyaIlii
BHYTPIillIHLOTO OMPOMiHEHHsS TBApKMH 'St Ta MPOAYKTOM ioro posmamy *°Y B yMOBAaX Ha3eMHHX €KOCHCTEM.
3a mo3oBUMH KoedimieHTaMH Ta aKTHBHICTIO 130TOIY y TiJii TBapWH BHU3HAYalM J[030Bi HABAaHTAKEHHS Ta
n000Bi 103U, oTpuMaHi TBapuHamu. [[000Bi 1031 y KOMOIHAIII1 3 OIIIHEHUM BIiKOM TBapWH JaJld 3MOTY po3pa-
XyBaTH JO3U 32 BECh IEPiof crocTepexeHb (iHTerpanbHi no3M). Po3paxoByBayn SK CepenHIO O3y AJs
BHOIPKH 3arajioM, TaK i OKpeMi cepeHi 103U IS TOPOCIHUX CaMIIiB, JOPOCIUX CaAMHUITh Ta TBAPHUH-HAIIA IKIB.
OTtpumani 103H CHIBCTABJISUIN 3 TEPMiHAMU, IPOBEICHUMHU TBAPUHAMU B YMOBAaX 3a0pyAHEHUX TEPUTOPIH.

g TBapuH-HAIIAKIB 3 BIJOMUM pEabHIM BiKOM OyJI0 TaKOX MPOBEICHO IMOPIBHIHHS PEANTbHOTO BiKY 3
PO3paxoBaHUM 32 IIUPUHOIO TOJIOBU Ta 32 MacOl0 TBapPHH, BPAXOBYIOUH JaHi PO CEPEITHIO TPUBAIICTD HKHUTTS
TBapuH [5]. BingnosimgHo, Oy710 CITIBCTABIICHO JI03H, PO3PAaX0OBaHi 3a peaJbHUM Ta PO3PAXOBAHUM BIKOM.

OmuiHeHi 1031 XapaKTepu3ylOTh CHTYAIlii BHYTPIilIHBOTO ONPOMiHEHHS TBAPUH i30TOTIOM ST Ta TPOIyK-
TOM #0r0 po3maxy *°Y 3a yMOB IIPHPOAHMX €KOCHCTEM 30HM BimuyxkeHHs. [loganmbira po6oTa Moke BKITIOUA-
TH TaKOK PO3PAaXyHOK JI03 BiJ 30BHIIIHBOTO OMpoMiHeHHsS Ta 103 Bix 'Cs. IloeqHaHHs pe3ymbTaTiB 1uxX
JIOCTIKEHb JacTh 3MOTY OIIHWUTH 3arajibHy 103y ONPOMIHEHHS, Ky TBAPUHHU OTPUMYIOTH 3a TIEBHUH MEPion
gacy, 110, BiJIOBIAHO, 3p00OUTH MOKIIUBAM MOPIBHSIHHS 703 3 ¢()eKTaMH OIIPOMiHEHHS.
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CTAH ME3EHXIMAJIBHUX CTPOMAJIBHUX KJIITHH KICTKOBOI'O MO3KY
IYPIB WISTAR IIPH JIIf IOHI3YIOUYOI PAJIIALI B PI3BHUX TO3AX

L. 3. Pyccy, H. M. Binbko
Hayionanvuuii ynisepcumem «Kueso-Moeunsancoka akademiay, Kuis, Yrpaina

MeseHnximManbHi CTpOMaJbHI KIITHHU € OJHUMH 13 KITIOYOBUX KOMIIOHEHTIB T€MOIOETHYHOTO MIKPOOTO-
YEeHHS Y KICTKOBOMY MO3Ky. He3Baxaroun Ha iXHIO BIJTHOCHY paliOpe3UCTEHTHICTb, i KIITHUHU TAKOX MiJ-
JAIOThCS Mii 10HI3yI0YOi pamiarii Ta JEMOHCTPYIOTh 3MiHH Y TIpoJiepaTUBHIA aKTUBHOCTI, CXHIBHOCTI IO
aronTo3y i 34aTHOCTI CHHTE3YBaTH IT'eéMOIIOETUYHI pOCTOBI (PaKTOPH AJIs M ATPUMKH KPOBOTBOpEHH: [1].

Meroro ganoi poOotu Oyna OIiHKa CTaHy ME3€HXIMAJIbHHX CTPOMAaJbHUX CTOBOYpOBHMX KJIITHH Ta
KJTITHH-TIOTICPETHUKIB KICTKOBOTO MO3KY, 30KpeMa IXHBOTo MpojidyepaTUBHOTO MOTCHIIANY Ta 3MaTHOCTI
MiATPUMYBATH KPOBOTBOPEHHS Y KYJIbTYpi KIITHH iN VItro, mpu aii i0Hi3yrouoi pamialiii B pi3HHX 103aX.

JocnimxeHHs MPOBEACHO 3 BUKOPUCTaHHAM OinHMX nabopaTopHux miypiB-cammiB Wistar. Mogeni ompo-
MIHEHHSI €KCTIEPHUMEHTALHAX TBApHH OyJIO pO3po0ieHO B IHCTUTYTI eKCIIepUMEHTAIBHOI MTaTOJIOTii, OHKO-
Jorii i pagio6iororii im. P. €. KaBenskoro HAH Ykpainu. [lopiBHIOBaBCS cTaH ME3€HXIMAIBHUX CTPOMAib-
HUX KJIITHH KiCTKOBOTO MO3KY IpH Jii CyONeTalbHOro 30BHIIIHBOTO OMPOMiHEHHs y 1031 6 I'p, a Takox
BHYTpIlIHBOTO OJIHOPa30BOro ompoMineHHs °Sr y no3i 1 I'p. BusnaueHHs Tpomid)epaTUBHOTO TOTEHIIANY
UX KITHH OyJI0 MPOBEACHO 3a MOTIOMOTOI0 MiAPaXyHKY KUTBKOCTI KOJIOHIEYTBOPIOBAIBHUX OIWHUIL (Hio-
po6nactiB (KYO@), yrBopeHUX y pi3Hi TepMiHU KyJIbTHBYBaHHs iN Vitro. OmuiHka 3/aTHOCTI Me3eHXiMallb-
HUX KJIITHH JO MIATPHUMKH reMOIoe3y mependayana 3aCTOCYBaHHS IBOX THIIB KyJbTYp KITHH. Y HEpIIOMY
BHITAIKy BCTAHOBIIIOBAIH €()EKTUBHICTh KOJOHIEYTBOPEHHS CTOBOYPOBHX KPOBOTBOPHHX KIIITUH 3 BHKOPHC-
TaHHSIM CTPOMAJBHUX (iepHUX MIApiB Ta reqeBux naudy3iiHNX KaMmep. [[pyra yacTuHa JOCTIIKEHHS CTOCY-
BaJIacsl BU3HAYCHHS TPUBAIOCTI (DYHKIIOHYBaHHS F€MOMOCTHYHUX KIIITHH y CYCHEH3iiHIN KyJIbTypi exX Vivo
Ha QinepHUX mapax, chopMOBaHUX KIITHHAMU OMPOMIHEHUX TBAPHH.

[IpomidepaTuBHuil MOTEHIaM Me3eHXIMAIbHUX CTPOMAIBHUX KIITHH KICTKOBOTO MO3KY OINpPOMIHEHHX
TBapuH OyB CYTTEBO 3HIDKEHHU MOPIBHAHO 3 KOHTPOJIEM BHACIIJIOK CyOJIETaIbHOTO OMPOMIHEHHS, MPO IO
cBiqumino 3meHieHHs Kinbkocti KYO¢ y kymbtypi in vitro. Kpim Toro, cepea mux KITHH criocTepiraBcs
BHCOKHMI piBeHb KJIITHHHOI 3arubeni. [Ipore omHopazoBe ompomineHHst v mo3i 1 ['p He BimoOpakamocs y
3HaYHOMY 3HMKEHHI KOJIOHIEyTBOPIOIOYOI 3[aTHOCTI CTPOMAIBHUX KIITHH-TIOTIEPETHUKIB KiCTKOBOTO MO3KY
ONIPOMIHEHUX TBAPHH.

s omiHKM (YHKITIOHATBHOT aKTUBHOCTI TEMONIOCTUYHUX KITITHH-TIOTIEPETHUKIB IHTAKTHUX TBApHH 3Tii-
CHIOBAJIM KJIOHOT€HHUH aHami3 y au(y3iiHUX Kamepax 3 HaIliBpiIKHM arapom in Vitr0 3 BHUKOPHCTaHHSIM
CTpOMaNBHUX (DifepHHUX HIapiB, OTPUMAHUX 3 KICTKOBOTO MO3KY ONPOMiHEHHX TBapHH. byio 3’sicoBaHo, 110
orpomiHeHa cTpoma 30epirana 34aTHICTb 10 MiATPUMKH KPOBOTBOPEHHS, OJIM3bKY A0 KOHTPOJBHOI, 38 YMO-
BU 3aCTOCYBAaHHSI HU3BKMX 103 10HI3yr0Uoi pafiawii; crocTepiraBcsi HE3HAUYHUH pPiBEHb alloNTO3y Ta JEIIO
3HWKEHUH MposiepaTHBHUN MOTEHITIall ME3eHXIMaIbHUX CTPOMAIBHHUX KIIITHH. Y TOU e 4ac Jiisl i0HI3yI0-
4oi pafianii y BUCOKHX J03aX 3yMOBJIIOBaJIa CYyTTE€BE NOPYIICHHS Y (PYHKLUIOHYBaHHI ME3CHXIMaJIbHUX CTPO-
MaJbHHUX KITHH. Tak, y mii rpymi TBapWH CIocTepiranocs MiABUINEHHS €(peKTUBHOCTI KOJOHIEYTBOPEHHS
TeMOTMIOETUYHNX KIITHH TPU KyJbTHBYBaHHI Ha OMPOMIHEHHX (pilepHHX mIapax MOPIBHAHO 3 KOHTPOJIEM.
BigoMo, 1m0 3a TakuX yMOB MOXE 3MiHIOBATHCS PIBEHb CHHTE3y CTPOMOIO IIUTOKIHIB Ta XEMOKIHIB, sIKi
BIUIMBAIOTh HA KPOBOTBOPEHHS, 30KPEMa, 3pOCTAE PiBEHb MPO3aNabHUX IUTOKIHIB. Takox ciif 3a3HAYMTH,
0 cepell ME3eHXIMAbHUX CTPOMAJIBbHHUX KIITHH MOXYTh OyTH MPHUCYTHI CyOmoImy Aamii 3 pi3HOIO pagiovyT-
JIMBICTIO Ta PI3HOIO 3/IaTHICTIO J0 MPOAYKIii pocToBHX (hakTopis [2].

Hosrotpusaie (npotsirom 21 100u) KyJIbTUBYBaHHS '€éMONOCTHYHHUX KIITHH Y CYCHEH31HHIN KyIbTypi Ha
CTpOMaNTFHUX (iIEpHHUX MIapax 3 OMPOMIHEHOTO KiCTKOBOT'O MO3KY JIAJI0 3MOTY OIIIHUTH 3/IaTHICTh ME3€eHXi-
MaJIBHUX CTPOMAJBbHUX KIIITHH MiTPUMYBATH KPOBOTBOPEHHS MPOTATOM OO 4acy. Byio BusiBieHo, mo y
KyJBTYpax i3 3aCTOCYBaHHSIM ME3CHXIMANbHUX KIITHH CyOJIETaJbHO OIMPOMIHEHUX TBapWH CIIOCTEpiragacs
BHIIA, TIOPIBHSAHO 3 KOHTPOJIEM, KiJIbKICTh TEMOIIOSTHYHUX KIIITHH Yy CyCIeH3ii. Y TOHU ke 4ac ONMpOMiHEHHS
y 1031 1 I'p cyTT€BO HE BIUIMBAJIO HA KUTBKICTh TAKWX KJIITHH Y CYCIICH311 — IeH MMOKa3HUK OyB OJIM3LKHUM JI0
KOHTPOJIBHOTO.

s pobora Oyna miaTpuMaHna rpanToMm Big Simons Foundation.

1. A. Nogueira-Pedro et al. Int J Radiat Biol. 98 (2022) 1619.
2. X. Lietal. Curr. Issues Mol. Biol. 48 (2026) 196.
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IUTOTEHETUYHA JTO3UMETPISI B CHCTEMI PAJIIALIIITHOT BE3NEKH
TA ABAPIIHOI'O PEATYBAHHSI B YKPAIHI

H. Psi6uyeHko
Tuemumym s0eprux docnioncenv HAH Yrpainu, Kuis, Ykpaina

B yMoBax TpuBaio4oi BiiiCbKOBOI arpecii pu3MKH BUHUKHEHHS SAEpHHUX Ta paliallifHuX iHIHUICHTIB B
VYkpaini 3HayHO 3pocnu. OCHOBHMMH DKEpelIaMu 3arpo3u € moTeHuiiini aBapii Ha AEC, 00’ekrtax moBo-
JOKEHHS 3 paJioaKTHBHUMH Bigxonamu Ta B YOpHOOMIBCHKIN 30HI BiMUyKEHHS BHACIHIIOK PaKETHHUX 1 JIpo-
HOBHX aTak. HamioHanbpHa KOMICisl 3 pafialiiHOTO 3axHCTy YKpaiHH BH3HAa4YMIa BiICYTHICTh CKOOPAWHOBA-
HO{ HaIllOHAJBFHOI CUCTEMH 010J0T1YHOT JO3UMETPIi SIK KPUTHUHY MPOTaluHy B cUcTeMi Oe3nekn Ykpainu. Y
pa3i MacoBOTO ONPOMIHEHHS LWBIIHFHOTO HACENIEHHS Ta BIMCHKOBHX HasSBHI MOTY)XHOCTI OyIyTh iCTOTHO
MepEeBaHTaXEHI, 110 BUMarae CTBOPEHHS MacIITa0OBaHOI iHPPACTPYKTYPH I MPOBENEHHS 1HIUBIAyaIbHOI
OIIHKH JI03 ONIPOMIHCHHSI.

IluToreHeTHYHA MO3UMETPIS € KIFOYOBHUM KOMIIOHEHTOM CHCTEMH TOTOBHOCTI A0 SISPHUX Ta pamiarii-
HUX HaJ3BUYAWHUX CHUTYAaIlil. i ocHOBHHMM 3aBIAHHSM € MIPOBEICHHS 1HIUBITyaTi30BaHOI OIIHKY TOTJIHHE-
HOI J03U ONPOMIHEHHS Y BHUMAaAKaX, KoM (Pi3uyHa AO3UMETpist BiACyTHs abo i pe3yibTaTH MOTPEOYIOTH
Bepudikawii. B ymoBax MacoBoro onpomiHeHHs HaceJeHHs! abo MepcoHally Taki J1abopaTopii 3a0e3neuyoTh
HayKOBE OOIPYHTYBaHHS AJIsl IPUNHHSATTS MEIUYHUX PilIeHb I0J0 COPTYBAHHS Ta JIIKYBaHHS HOCTPAXKIAIIMX.

CyuacHi METOAMYHI IIATGOPMH LUTOTEHETHYHOI JO3MMETpii BUKOPHCTOBYIOTH Halip BalliIOBaHUX
MAT ATE ta BOO3 MeTo/IiB, KOXKEH 3 IKMX Ma€ CBO€E Npu3HaueHHs [1]:

— Amnaniz quueHTpuuHUX XpoMocoMm (DCA): BU3HAHUI «30JI0TUM CTaHAAPTOM» AJISI OLIHKH J03U IPU
rOCTpOMY pajiiallifHOMy OTPOMiHEHHI.

— Meron ¢nyopectientroi in. Situ Tiopuansarii (FISH): BHKOPHUCTOBYETHCS I PETPOCTEKTHBHOT
OIIIHKH JI03 Ta aHaJli3y CKJIATHUX BUIAJKIB ONTPOMIHEHHS.

— Mixkposimepuuii Tect 3 OmokyBaHHAM IuTOKiHE3y (CBMN): momaTkoBa BaioBaHa METOMUKA IS
THAMKAII1 TPOMEHEBOT0 ypasKeHHSI JTFOIUHH.

— Bwusnauenns doxyciB pochopunboBanoro ricrony y-H2AX: uyTimBui METOJ ISl NIBUJKOT 1HMKAITIT
noagiiinux pospusiB JHK y nepmi roamuu micnsg aBapii, IO KPUTUYHO JUI HEPBUHHOTO MEAUYHOTO
COPTYBaHHSI.

HistmpHicTh MabopaTopili HUTOTEHETHYHOT TO3UMETPii 3A1HCHIOETHCS BIMOBIAHO 10 MIXKHAPOAHUX CTaH-
napTiB 3a0e3nedends Ta KoHTpouo skocTi (QA/QC), mo rapaHTye MOPiBHIOBAHICTL OTPUMAHUX JAHMX, a
TaKOX iXHIO FOPUANYHY Ta METUYHY BaJIiTHICTb:

— 1SO 19238:2023: BcTaHoBIOE CreLialbHI KpUTEPIi /Ui BUKOHAHHS aHali3y AMLIEHTPHKIB; OXOILTIOE
BHMOTH JI0 KBasTi(hikailii nepcoHany, KaliOpyBaIbHUX KPUBUX «J103a - €)EKT», MATOTOBKHU 3pa3KiB KpOBi Ta
CTaTHCTUYHOT 00pOOKH pe3ybTaTiB [2].

— 1S0O 21243:2022: BusHavae MpOTOKOJIH JUTS IIUTOTEHETHYHOTO copTyBaHHs (triage) mix yac macirad-
HUX IHIMJICHTIB, PErJaMEeHTy€E CHPOIIEHI CXeMH IiJIPaxXyHKy, sSIKi JalTh 3MOTY MIBUAKO PO3IMOJIIIHTH
nocTpakaanux Ha rpymnu [3].

— ISO/IEC 17025: 3arampHuii cTaHmapT jjisi BUIIPOOYBaIbHHUX JIAOOpATOpiid, SIKMil BUMarae HasBHOCTI
CHCTEMH YNIPABIIHHS SIKICTIO, PEryJSIPHOTO KayliOpyBaHHS OOJIaIHAHHS Ta MiJATBEPIKCHHS TEXHIYHOI
KOMIICTEHTHOCTI Yepe3 30BHiIIHI ayauTu [4].

Iarerparniss maboparopii 10 MDKHApOIHUX Mepex Oionoriunoi mosmmerpii — eBpomeiicbkoi RENEB
(Running the European Network of Biological Dosimetry) [5], BioDoseNet mix erizoro BOO3 ta MAT'ATE
Hajae YKpaiHi HU3KY CTpaTeriuHuX IepeBar Juisl 3MIIHEHHS HalioHaJbHOI pajiaumiiHoi Oe3NeKu CUCTEeMH
pearyBaHHs Ha pajioJIOTiuHI aBapii, 30kpeMa 3a0e3neduye: YHi(pikoBaHI METOJMKHU Ta CTAaHIAPTH; MixkIIabopa-
TOPHHUI TOPIBHAJIBHUN aHaji3 MpernapariB; TEXHIYHY Ta METOJOJOTIUHY MiATPUMKY; HayKOBHH OOMIiH Ta
HaBYaHHS.

CTBOpeHHS CIIemialli3oBaHoi JlabopaTopii 010J0TIYHOI/IIMTOTCHETHYHOT M03UMETpil Ha 0asi iCHYrOYOi
nabopaTopii pamiaiiiHoi MUTOTEHETHKN Ta AOKIIHIYHUX JOCIIIPKEHb paaiopapMaIeBTHUYHUX TpenapaTiB B
IactutyTi snepuux pocmimkenb HAH VYkpainm — mpoekr, mo 0a3yeTbcs Ha JOCBiJII HAyKOBO-TEXHIYHOT
KOMaH[# J1aboparopii B raaysi UMTOreHETHYHOT 010J03UMETpii MPOTATOM Oiibliie, HiX 25 POKiB, BKIIOYAIOUN
OIIIHKY MI03 U TTOCTPaXKIJAINX Ta JikBigatopiB YopHOOMIBCHKOI aBapii, mepcoHany HoBoro 6e3medHoro
KOH(allHMEHTa, CaMOIPOCENIEHUX MEUIKaHI[iB YOpHOOMIHCHKOI 30HM BiJIUyKEHHS Ta HAcCEJIeHHS, SKE IMpo-
KHBA€ MOOJIN3Y aTOMHHX EJIEKTPOCTAHIIN Ta yCTAaHOBOK SAEPHOTO ManuBHOTO MKy (XKosTi Boau, Cnasy-
T4, Ky3HenoBceK).
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RESULTS OF LONG-TERM STUDIES OF MEDICAL AND RADIOLOGICAL CONSEQUENCES
OF THE CHORNOBYL CATASTROPHE (EXPERIENCE, CONCLUSIONS, FORECASTS)

V. O. Sushko, D. A. Bazyka, O. O. Kolosynska, V. Yu. Vdovenko

State Institution “National Research Center for Radiation Medicine, Hematology and Oncology,
National Academy of Medical Sciences of Ukraine”, Kyiv, Ukraine

Background. Four decades after the Chornobyl accident, its long-term consequences have a significant
impact on the state of the affected population of Ukraine. The affected population includes participants in the
liquidation of the consequences of the accident (PLCA), evacuees, and residents of radioactively
contaminated areas (RRCA).

Objective. To systematize current data on long-term studies of the medical and radiological consequences
of the Chornobyl catastrophe by assessing the structure of oncological and non-oncological morbidity,
mortality, disability, and dose factors in the main cohorts of victims, as well as to determine the priorities of
medical countermeasures on the eve of the 40th anniversary of the accident.

Materials and methods. Review of data from the State Register of Ukraine for suffered persons (PLCA
plus evacuees plus RRCA), long-term descriptive and analytical epidemiological international and domestic
studies, results of radiation and hygienic monitoring of radioactively contaminated areas, and regulatory
decisions of 2024-2025 on dosimetric certification. Main indicators: standardized incidence rates (SIR),
excess relative risk per unit dose (ERR/Gy), structure of mortality and disability.

Results. As of 01.01.2026, 1,460,626 adults, including 208,545 children, had the status of victims of the
Chornobyl catastrophe in Ukraine. The total number of affected adult citizens as of 01.01.2026, compared to
2008, decreased by 582,455 people, or by 31.75 % (from 1,834,536 to 1,252,081 people) (Figure).

2500000 &

A
(o]
2000000 =
1500000 -
1000000
500000
0

1986 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2018 2019 2020 2021 2022 2023 2024 2025 2026

3500000

59761

3000000 =

5
369104
317147

54471

10605

082136

P

2025141
961904

912914
868228
816838
769442
718113
663360
613434
531895
487351
1460626

Decrease in the number of people affected by the Chornobyl catastrophe in Ukraine (2008-2026).

The number of PLCA during this period decreased from 276,327 to 135,180, or by 141,147 people
(51.08 %), i.e., over the past 17 years, more than every second participant in the liquidation of the
consequences of the Chornobyl accident has deregistered (died).

The number of adult victims (RRCA plus evacuees) decreased from 1,558,209 in 2008 to 908,336 in
2026, or by 41.71 % (649,873 people). The number of children affected by the Chornobyl accident decreased
from 534,568 people in 2008 to 208,545 in 2026, or by 326,023 people. Spouse (widow) of a deceased
citizen whose death is related to the Chornobyl catastrophe — 39,788.

As 0f 01.01.2026, 87,206 people (43,727 — PLCA, 43,479 — evacuees and residents of RCT) belonged to
category 1 (the presence of a link between the disease that led to disability with the impact of the Chornobyl
accident); children disabled by the Chornobyl NPP — 824, the maximum of this group of affected persons
was recorded in 2014 — 117,158 people. In the structure of post-mortem cases of medical expertise of the
connection of diseases that led to the death of affected persons, category 1 — 51.25 % (10,807 cases) is
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absolutely dominant, which, as patients with an expertly verified causal relationship with the impact of
radiation exposure and the consequences of the Chornobyl accident and confirmed disability, had a more
severe decompensated course of diseases. In second place are the PLCA of the 2A category (22.01 %), who
participated in the clean-up work at the first stages of the accident and received increased radiation doses.

In the first five years after the accident, residents of the most contaminated areas received an average of
about 58 % of the total effective dose of radiation for the entire post-accident period. During the first fifteen
years, about 80 % of the total dose was accumulated, while for the period 2000-2024, the additional
accumulation did not exceed 20 % of the total dose for 1986-2020 (**'Cs from local food and forest
products) against the background of heterogeneous territorial pollution [1].

Main effects of the accident: Early effects — acute radiation sickness, cytogenetic damage, cataracts —
have already been realized and well described. But the main burden for the healthcare system today is late
effects: tumor diseases, cardiovascular pathology, cerebrovascular diseases, bronchopulmonary diseases,
thyroid pathology. It is these effects that require not short-term care, but lifelong monitoring, timely
diagnostics, maintenance of registries, and preservation of the expert system [1].

The total oncological incidence in residents of RCT and evacuees does not exceed national levels on
average, while in PLCA there is an increase in total cancer incidence (SIR > 1) with distinct signatures for
thyroid cancer (the largest increase in PLCA), as well as an increase in the risk of leukemia/lymphomas; for
leukemias and myeloma, dose-dependent effects (ERR/Gy > 0) are shown.

Epidemiological studies of the NRCRMHO have shown a dependence of the incidence of most non-
tumor diseases in affected people on the dose of external radiation, age at the time of exposure and the time
elapsed after it; these patterns were most pronounced for coronary heart disease, hypertension, chronic
obstructive pulmonary disease, pathology of the vision organs (age-related macular degeneration,
involutional cataract) and other somatic diseases [2, 3].

The dominant contribution to the burden of diseases is made up of non-oncological conditions:
cardiovascular and cerebrovascular diseases, chronic respiratory (COPD and BA), endocrine and digestive
diseases. Most representatives of the cohorts have multimorbidity (3-5 chronic diseases per person) and a
steady increase in mortality since the late 1990s, which in the most vulnerable groups exceeds the indicators
of the general population. The war of 2022 increased the risks due to the destruction of the medical
infrastructure of the northern regions and the complication of access to care [2, 3].

Conclusions. During 2008-2025, there was a significant increase in mortality and, accordingly, a
reduction in the number of all categories of affected population, but primarily PLCA. 40 years after the
accident, the main burden for the affected population is due to non-oncological diseases (primarily cardio-
and cerebrovascular), complemented by an increased risk of individual solid and hematological neoplasias in
specific cohorts (PLCAS). Health priorities include: restoration of systemic dosimetric certification and
control of internal radiation; long-term dispensary follow-up of cardiovascular, endocrine-metabolic,
neurological and pulmonological profile; screening and early detection of thyroid and breast cancer,
oncohematological diseases and lung cancer in risk groups; support for the functioning of the register of
affected population with the transition to an analytical data model; guaranteeing the safety of radiation-
hazardous facilities of the Chornobyl NPP industrial site; targeted medical and social programs for persons
who were exposed to radiation in childhood. The presented findings can serve as a basis for the correction of
antiradiation, clinical and social measures in the near future.

1. A. Bazyka (Ed.) et al. Thirty-Five Years of the Chornobyl Catastrophe: Radiological and Medical Consequences,
Strategies of Protection and Revival: National report of Ukraine (Kyiv, National Research Center for Radiation
Medicine, National Academy of Medical Sciences of Ukraine, 2022) 286 p.

2. V.0O. Sushko, O.0. Kolosinska, O.V. Apostolova. Probl. Radiat. Med. Radiobiol. 29 (2024) 4109.
https://doi.org/10.33145/2304-8336-2024-29-419-424.

3. M.P. Little et al. Radiat Res. 202(2) (2024) 432. https://doi.org/10.1667/RADE-24-00021.1
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RAPID METABOLIC RESPONSES TO IONIZING RADIATION IN BANK VOLES
INTRODUCED TO THE DISTURBED ENVIRONMENT OF THE EXCLUSION ZONE:
PRELIMINARY DATA

E. Tukalenko?, O. Burdo!, M. Grybenko'?, I. Lozovytskal?, A. Patiuk™?3, I. Chyzhevskyi?,
A. Lypska?, D. Vyshnevskyi*, T. A. Mousseau®, T. Mappes®, P. C. Watts®

LInstitute for Nuclear Research, National Academy of Sciences of Ukraine, Kyiv, Ukraine
2Taras Shevchenko National University of Kyiv, Kyiv, Ukraine
3 State Specialized Enterprise “Ecocentre”, Chornobyl, Ukraine
4 Chornobyl Radiation and Ecological Biosphere Reserve, Chornobyl, Ukraine
5 University of South Carolina, Columbia, SC, United States of America
8 University of Jyviiskyld, Jyviskyld, Finland

Background. Understanding the biological effects of ionizing radiation is essential for evaluating risks to
human health, protecting ecosystems, and developing effective radiation safety standards. While controlled
laboratory studies have provided important insights, they often fail to capture the complexity of low-dose
exposure under natural environmental conditions. Therefore, complementary approaches using ecologically
relevant models are critically important. The aim of the study was to evaluate preliminary data on liver
metabolic responses to ionizing radiation exposure in bank voles following short-term exposure in a
radioactively contaminated environment.

Methods. Experimental design: adult male bank voles (Clethrionomys glareolus) originating from uncon-
taminated control areas were marked with subcutaneous RFID-tags and introduced into the disturbed envi-
ronment of the Red Forest in the Exclusion Zone near the Chornobyl NPP. After two and a half weeks, ani-
mals were sacrificed, and liver samples were collected immediately, frozen, and stored on dry ice until pro-
cessing. Averages of the estimated absorbed doses during the experiment were 6.74-1072 + 0.7-10-2 mGy and
58.68 £ 11.5 mGy in control and exposed bank voles, respectively. Metabolomic sample processing was
performed at the Bioplatforms Australia facility using the LC-MS approach. In total, 204 metabolites in each
sample were identified. The current dataset includes nine animals (five controls and four irradiated
individuals). Due to the limited sample size, the results should be interpreted as preliminary evidence of
robust trends rather than definitive biomarkers.

Results and discussion. Generally, the metabolomic profile of exposed animals indicates coordinated
alterations in energy metabolism, gut microbiota-derived compounds, and stress-related endocrine signaling.
T-test analysis identified 20 metabolites differing between exposed and control animals (Table). Despite the
methodological limitations (only rhamnose remained significant after multiple testing correction,
FDR < 0.05), the consistency in direction and functional grouping of altered metabolites suggests coordina-
ted metabolic changes rather than random variation. Most metabolites were increased in irradiated animals.
These included microbial-associated metabolites such as phenylacetylglycine, 3-furoic acid, and gamma-
butyrolactone, as well as amino acid degradation products including ketoleucine, and 2-hydroxy-3-
methylbutyric acid (also associated with inflammation). In addition, stress-related hormones cortisol and
cortisone were elevated, pointing to activation of the hypothalamic-pituitary-adrenal axis. The elevated
levels of gulonolactone and threonic acid (metabolites related to ascorbate) were also found. In contrast,
4-hydroxyhippuric acid and hydrocinnamic acid, both associated with aromatic compound metabolism and
gut microbiome activity, were decreased in exposed animals, suggesting selective disruption of microbial
metabolic pathways rather than a uniform increase in microbiome activity.

To further assess the relationship between metabolic changes and the absorbed dose of radiation expo-
sure, Spearman rank correlation analysis was performed. Multiple metabolites showed significant correla-
tions with absorbed dose, indicating dose-dependent effects. The strongest positive correlation was observed
for phenylacetylglycine (r = 0.89, p < 0.05), followed by rhamnose (r = 0.75, p < 0.05), which is a microbial-
derived sugar, and its elevation may reflect altered microbiome composition or increased fermentation activi-
ty. Several additional metabolites associated with microbial metabolism and amino acid catabolism (lysine,
ketoleucine, gamma-butyrolactone, 3-furoic acid) also demonstrated consistent positive correlations with
dose (r = 0.69-0.73, p < 0.05). Increased ketoleucine and 2-hydroxy-3-methylbutyric acid indicate enhanced
branched-chain amino acid degradation, which is typically associated with increased energy demand or
metabolic stress and inflammatory metabolic pathways. Elevated lysine levels further suggest perturbations
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in nitrogen balance and protein turnover. The increase in cortisol and its positive correlation (r=0.75,
p < 0.05) with absorbed dose further supports activation of systemic stress-response pathways. Glucocorti-
coids are known to stimulate gluconeogenesis, lipolysis, and protein catabolism, promoting rapid energy
availability from substrates, which provides a link between environmental stress exposure and the observed
metabolic phenotype. Gulonolactone, a precursor of ascorbic acid synthesis, as well as threonic acid, a deg-
radation product of ascorbic acid, were increased and correlated with exposure (r = 0.68 for both, p < 0.05),
which may reflect enhanced oxidative stress and accelerated turnover of ascorbate due to radiation-induced
reactive oxygen species generation.

Important features identified by t-tests

‘ Metabolite H t.stat H p.value H —log10(p) H FDR \
| Rhamnose | 899 | 537105 | 427 | 00109 |
| Ketoleucine | -a7518 | 000281 | 25518 | 02863 |
| Cortisol | 39442 | 000620 | 22077 | 03222 |
| Threonic acid | —38000 | 000717 | 21445 | 03222 |
| Gamma-butyrolactone | 35349 | 000965 | 20156 | 03222 |
| Phenylacetylglycine | 35028 | 001219 | 19141 | 03222 |
| Thiamine pyrophosphate | 33696 | 001475 | 18312 | 03222 |
| 4-Hydroxyhippuric acid | 32296 | 001500 | 18239 | 03222 |
| 3-Furoic acid | 32686 | 001502 | 18235 | 03222 |
| Hydrocinnamic acid | 33534 | 001579 | 18015 | 03222 |
| 2-Hydroxy-3-methylbutyricacid | —2.9594 | 002303 | 16378 | 03980 |
| Pelargonic acid | -32556 | 002372 | 16249 | 03980 |
| Pyruvic acid | —28197 | 00289 | 15704 | 03980 |
| Cyclic AMP | —28533 | 002731 | 15636 | 03980 |
| Ethylmethylacetic acid | -30032 | 003612 | 14423 | 04215 |
‘ Gulonolactone H —2.7387 H 0.03629 H 1.4403 H 0.4215 \
| Cortisone | 25534 | 003792 | 14212 | 04215 |
| Capric acid | —26752 | 003936 | 14050 | 04215 |
| Lysine | —25909 | 004071 | 13903 | 04215 |
| Thymine | -—26121 | 004944 | 13050 | 04215 |

Conversely, strong negative correlations with absorbed dose were detected for 4-hydroxyhippuric acid
(r=-0.82, p<0.05), arachidic acid (r=-0.75, p<0.05), histidine (r=-0.77, p<0.05), fructose-1,6-
bisphosphate (r = —0.75, p < 0.05), and a key intermediate in glycogen synthesis and glycosylation pathways
— uridine diphosphate glucose (r = —0.68, p < 0.05), suggesting alteration of specific metabolic pathways at
exposured animals. Notably, negatively correlated metabolites include intermediates of carbohydrate and
aromatic compound processing, pointing to alterations in glucose metabolism and host-microbiome
interactions. These metabolomic findings are consistent with our own unpublished physiological data
showing slightly elevated blood glucose levels in exposed small rodents combined with faster glucose
clearance during glucose tolerance tests. Elevated glucose may result from glucocorticoid-driven
gluconeogenesis, while enhanced glucose utilization is supported by increased metabolic turnover. The
negative correlation of fructose-1,6-bisphosphate with dose further suggests increased glycolytic flux and
rapid consumption of intermediates. Together, this suggests a state of increased metabolic flexibility, where
organisms maintain higher circulating glucose but are able to rapidly uptake and utilize it when needed. Such
a phenotype can be interpreted as an adaptive response to environmental stress, allowing organisms to
balance energy supply and demand under fluctuating conditions. However, prolonged activation of these
pathways may also carry physiological costs, including increased oxidative stress and altered microbiome
functions.
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Taken together, these preliminary data suggest that radiation exposure induces a metabolic shift toward a
high-turnover, stress-adapted state with an oxidative component, characterized by increased substrate
mobilization, enhanced amino acid catabolism, and altered host - microbiome interactions. This metabolic
profile is consistent with increased metabolic flexibility, allowing maintenance of energy homeostasis under
environmental stress. Despite the small sample size and limited number of FDR-significant metabolites, the
convergence of independent analytical approaches (Mann-Whitney and t-tests and dose correlation analysis)
supports the robustness of the observed trends. Overall, these results suggest that exposed animals undergo
adaptive metabolic reprogramming, which may improve short-term physiological performance but could
have long-term consequences for metabolic stability and organismal health.
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HNEPCUCTEHIIA PAI[IAIIII‘/'IHO—IHI[YKOB_AHOFO E®DEKTY CBIIKA
B JIIM®OIUTAX HEPUOPEPUYHOI KPOBI JIIOJIUHHU

0. B. lllemeryH, O. O. Tanxan

Hepoicasna ycmanosa «Hayionanvhuil naykosuil yenmp paoiayiitHol MeOuyutu, 2eMamonozii ma OHKono2ii
Hayionanvuoi akademii meouynux nayx Yrpainuy, Kuis, Ykpaina

HocnimkeHHs MepCUCTEHIIIT patialiifHO-iHAYKOBaHOTo e()eKTy CBifKa € BaKJIMBHUM JJIsl POTHO3YBaHHS
PO3BHUTKY T€HOMHOI HecTaOiIbHOCTI MpPW OMPOMIHEHHI OpraHi3My JIOAMHHU, KONM MHOXHHHI T€HETHYH1
MIOIIKO/PKEHHS Y HEOTIPOMIHEHUX KIIITHHAX-CBIKAaX MOXYTh CHPUYMHHATH NEPEeXiJ reHoMy KIITHH A0 HeCTa-
OLTBHOTO CTaHy, XapaKTEPHOTO TSI MyXJIMHHOTO POCTY.

Mera poOOTH — AOCTIANTH MEPCHCTEHIIII0 TEHOMHOI HECTAaOIBHOCTI TIPH PO3BUTKY IEPBHHHOTO pajia-
HiHHO-1HAYKOBaHOTO e(heKTy CBiIKa B COMAaTUYHUX KJIITUHAX JIFOJAMHU.

MopnentoBaHHS TIEPCUCTEHINT pajialliifHO-1HIYKOBAaHOTO e(eKTy CBiJKka BHKOHAHO 31 3aCTOCYBaHHSIM
120-roguHHOTO NOBrOTPHBAJOTO KyJIBTHBYBaHHS JIMQOLUTIB nepudepruyHoi KpoBi JTIOAMHU (KITITHH-
CBIJIKIB, Y SKHX BHW3HAYaJIA ITUTOTCHETWYHI TOKA3HWKW) 3 JIOJAABAaHHSAM KOHIHUIIIHHOTO CEpeIOBHINA Bia
ompomirenoi invitro B mosi 1,0 'p (RADGIL2, moryxwuictes 5,0 I'p/XB) KynbTypH KIITHH HeIpiOHO-
KIITHHHOTO PaKy JiereHb JroguHu JiHii A-549 (iHmykropis momkomkyrodoro curHanay) [1, 2]. PoGora
BHMKOHAHA 13 3aCTOCYBaHHSIM LIUTOT€HETUYHOTO aHaji3y pPiBHOMIPHO 3a0apBieHuX XpoMocoM. CTaTUCTHYHY
00pOOKYy OTpUMaHUX Pe3yJbTaTiB BUKOHYBAJU 3a IOTIOMOTOK0 KpuTepist CThIOJICHTA.

Bcranosneno, mo B miMponuTtax nepudepuyHoi KpOBi JIOAWHU 3a KyJIbTHBYBAaHHA 3 KOHIULIHHUM
CepeIOBHIIEM Bijl orpoMiHeHHX iN Vitro B 1o3i 1,0 I'p kiiTHH HEAPIOHOKIITHHHOTO paKy JjereHsb JiHii A-549
3arajgbHa 9acToTa adepariii XpoMocoM IMepeBUIIyBala KOHTPOJIBHY BIPOIOBK YOTHPHOX KIITHHHUX OB
(nepiomy crmoctepexenns) (p < 0,01). B okpeMux MITOTHYHHX HOZiIaxX piBHI abepariif XpoMOCOM 3HAYYIIE
He po3pi3Hsumcs Mix coboro (p > 0,05). IlepcucTenisi reHOMHOT HECTaOUILHOCTI BIIPOAOBXK MEpioay CHO-
CTepeKeHHs 3abe3medyBanacs MiIBUIEHHIM JacToTH abepariii xpomaruauoro tumy (P < 0,01). PiBHi abe-
pauiif XpoMocoM y JIiM(pOLUUTaX KPOBi JIOIWHH 32 YMOB PO3BUTKY palialliiiHO-iHAYKOBaHOTO e(eKTy cBiaka
BIIPOJIOBK YOTHPHOX MITOTHYHHUX TOJLTIB MEPEBUITYBAIH BiIMOBIIHI MOKa3HUKH MPH PO3BUTKY MyXJIUHHO-
iHgyKoBaHOrO e(EKTy CBigKa 3a PaxXyHOK 3pPOCTaHHSA 9acTOTH oguMHOYHUX (parmentis (p < 0,05) [3, 4].
Uacrotn abepalliii XpoOMOCOMHOTO THIy HE Majl CTAaTUCTHYHO 3HA4YMMOI Pi3HHII 3 BiAMOBIAHUMU
KOHTPOJIBHUMH ToKazHuKamu (p > 0,05). ¥V Bcix BapiaHTax AOCHiAy BiA3HAYEHO €NiMiHALII0 allCHTPHYHHUX
napHuX (parMeHTiB, IO MPU3BEJO O 3HIKEHHS 4acTOTH abepaiiii XpOMOCOMHOIO THITY MPOTATOM Yacy
CIIOCTEPEIKECHHSI.

3apeecTpoBaHO MIKIHIUBITyaJIbHY BapiaOeNbHICTh OOCTEKEHUX OCI0 Y 3MaTHOCTI JI0 1HAYKIIII Ta TIEpCHc-
TEHI1 palianiifHo-iHAyKOBaHOTO €(eKTy CBiJlka, KOJHM 4YacToTa adepallii XpoMOCOM BIIPOJOBXK IEPioay
CIIOCTEPEKEHHS HE KOPETIoBaa 3 Bi/IMOBITHOIO ()OHOBOKO YACTOTOIO MOIIKOPKEHb XPOMOCOM Y JIiM(oIITax
nepugeprudHoi KpoBi Ta YaCTOTOIO MOLIKOKEHb XPOMOCOM 33 PO3BUTKY MYXJIMHHO-IHIYKOBAaHOTO €(EeKTy
CBiJIKa y THX e 0Ci0.

TakuM ynHOM, y JiMdouuTax nepupepudHoi KpOBi JIIOJUHNA BCTAHOBJICHO 1HAYKIIIO Ta MEPCUCTEHIIO
TEHOMHOI HECTaOUIBHOCTI BIIPOMOBK UYOTHPHOX MITOTHYHHMX TIOJITIB BHACTIAOK PO3BUTKY pajiariitHO-
1HIlyKOBaHOTO e€(eKTy CBijIKa, 3yMOBIJICHOTO BIUIMBOM KOHIMI[IHHOTO CEpeIOBHINA Bijl ONPOMiHEHHX iN Vitro
B nmo3i 1,0 p wimithH HenpiOHOKIITHHHOTO paky JereHb moguHu A-549. IlepcucreHIlis TEHOMHOI
HecTaOlIbHOCTI 3a0e3rnedyBanacs IiJIBUIICHOID YacTOTOK abepaiid XpOMaTHIHOTO THUIYy (OAMHOYHUMU
(dparmMeHTamMn).

Otpumani pe3ynbTatd OyAyThb BHKOPHUCTAaHI NpPW BUBYCHHI MEPCHUCTEHII BTOPHHHOTO pajialiiHo-
IHIYKOBaHOTO €(EeKTy CBijiKa, MO Tepeadadae JOCTIKEHHS BIUTHBY KIIITHH-CBIIKIB PO3BUTKY MEPBUHHOTO
pamianiiHO-iHAYKOBaHOTO e(eKTy CBika Ha [UTOTEHETHYHI IOKa3HWKH B IHTAKTHUX JiM¢omHTax
niepudepuaHOT KPOBi 3JOPOBHUX OCIO BIIPOIOBXK YOTHPHOX MITOTHYHHX TOJILITIB.

1. O.B. IllemeryH ta iH. Crioci® OIIHKH XPOMOCOMHOI HECTaOIIbHOCTI BHACTIIOK PO3BUTKY BTOPHHHOTO PajlialliiHo-
iHyKOBaHOTO edeKTy cBifka B mimMdonuTax nepudepruHoi kposi moaunu: [Tarentr UA Ne 57209. OnyGnikoBaHo
18.09.2024, 6rom. Ne 38.

2. O.B. llemeryn, O.0. Tanan, O.b. /Iubcwka. Po3BuTok panianiiHo-iHIyKoBaHOTO edekTy cBiika B JimdounTtax
KPOBI JIIOAMHU 32 YMOB BIUIMBY CEPEJOBHINA KyJIHTHBYBAHHS ONPOMIHEHHUX in Vitro KIITHH HEIPiOHOKIITHUHHOTO
paky nerenb A-549. Y kH.: XXXI mopiuHa HaykoBa koH(epeHIis [HCTUTYTy sinepHux pociuimxerb HAH VYipainnm,
Kwuis, Ykpaina, 27-31 tpaBus 2024 poxy (Kuis, [H-T stnepaux nocnimk., 2024) c. 219.

3. O.B. llemeryn, O.0 Tanan., O.b. JIu6cbka. ITpobiaemu pamiamiitnoi meaumman Ta pagiobiosnorii 30 (2025) 284.

4. 0.0. Tanman, O.B. llemeryn. JocmimpkenHs nepcucrennii edexTy cBigka B jiMdonuTax nepudpepruyHoi KpoBi
groguad. Y kH.: XXXII mopiuna HaykoBa koH(pepeHiis [HctuTyTy siaepHux mocmimkenb HAH VYkpainu, Kuis,
VYkpaina, 26-30 tpaus 2025 poxy (Kuis, [H-T stnepaux nocmimk., 2025) c. 203.
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