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BBEJIEHMUE

Odusuko-rexanueckuit HHCTUTYT (DTU) AH PVY3 (r. TamkenT), ocHOBaHHBIH B 1943 T., SIBJISETCSA OJHUM U3
CTapeHImMx MHCTUTYTOB Akaaemun Hayk Pecryomuku Y30ekuctan (AH PY3). B ®TU B pa3Hbie epruoabl ero
JesITeNbHOCTH MOTYYUIIN PAa3BUTHE MHOTHE HAYYHbIE HAIIPABIICHNUS, BIIOCIECACTBIU BOLIEAIINE B c(hepy OCHOBHBIX
HalpaBJIeHUH ecTecTBeHHO-HayuHoro mnpodmms AH PVY3. 3pech ObutM HauaThl HCCeOBaHHS B 00JIaCTH
(bU3HYECKON DJICKTPOHHMKH, (PU3UKH TBEPIOTO Tela, (U3UKH TOIYNPOBOJHHUKOB, SIEPHON (GU3WKH, (HUBHKH
BBICOKUX HEPIUil U KOCMUYECKUX JIyueil, TeIMOTEXHUKH, BEICOKOTEMIIEPATypHOro MaTepuanoBeaeHus. Ha Gaze
HAYYHBIX HanpasieHuil u noapasaencanit ®TU ovutn cozpansr UacTUTYT simeproit dusuku (1956 r.), UHCTHTYT
anektporuku (1967 r.) wm B 1987 1. - HIIO "®usuka-Comune" AH PVY3. MHCTHTYT MatepualioBeIeHUS
oprann3oBaH B 1993 r. Ha 6a3e psaa nadoparopuit ®TH u ero OnbiTHOTO Mpon3BoAcTBa ¢ bonbmoi CoaHeuHoM
[Teusto (BCIT).

ITpusnanuem 3aciyr yuensix HITO "®usuxa-Connne" AH PY3 gasunocs usnanue Ykasa Ilpesunenra PY3
NoVIT-4512 ot 01.03.2013 1. «O Mepax mo manbHEUIIEMY Pa3BUTHIO allbTEPHATUBHBIX UCTOYHUKOB SHEPTHI U
ITocranoBnenus Ilpesunenta PY3 Nellll-1929 ot 01.03.2013r. «O co3manuu MexayHapOJHOTO HHCTUTYTa
COJIHEYHOM 3Heprum». 3a KpyIHbII BKJIaJ B HAyKy B 001acTH (PU3UKHU HOITyHIpOBOAHUKOB B 2007 I. COTpYAHUKU
NuctutyTa akamemuk M.C.Caunos, nokropa ¢.-m.H. I.I. AtabaeB n A.C. CannoB ynoctoeHsl ['ocyaapcTBeHHON
npemun PecnyOinku Y30eknucTaH B 00J1aCTH HAYKH W TEXHUKH. 3a pa3paboTKy U CO3/IaHUE COBPEMEHHBIX CHCTEM
IpSIMOro NpPeoOpa3OBaHUs COJIHEUYHOTO M3JIyUYeHHs B 3JIEKTPUUECKYIO SHEPrHI0 Ha OCHOBE KPEMHHUEBBIX
(dhotonpeodpazoBaTenel, koyuiekTUB yueHbIX MHcTUTYTA - C.Jlanamyxamenos, X. Cadupos, M.H. Typcynos, . A.
IOnnames Bo ritaBe ¢ akagemukoMm P.A. MymuHoBbIM yaoctoeH B 2013 r. ['ocymapcTBeHHOM ipemMun PeciryOnukn
VY36ekuctad B 001aCTH HAyKU U TEXHUKU.

B MucTtutyTe AnmutenbHOEe BpeMs paboTanu M paboTaroT B HACTOSAIIEE BPeMs BUIHBIC YUCHble—(DU3UKU:
axajgemMuk C.A. A3UMOB - co37aTeIh HayYHOU IITKOJIbI (PU3UKH BBICOKHX H CBEPXBBICOKHX SHEPTHI; akaleMUK Y. A.
ApudoB — co3aaremns MKOJIbI PU3NIecKol AreKTpoHuKkH; akageMuku C.Y. Ymapos, 3.1U. Anuposud, M.C. Cannos
nu P.A. MyMHHOB — OCHOBAaTe€lIM pa3JIMUYHBIX HampaBJeHUH (QHU3UKH MOIYNPOBOJHMKOB, akaigeMuk C.B.
Crapony0OmeB — co3marenb HaydYHOH MIKOJBI (U3UKK TBEPOOTO TelNa W OAWH W3 OpraHm3aTtopoB MHCTHTyTa
snepHoi ¢u3uky, wieH — kopp. AH PVY3 T'.fl. YmapoB — co3maTens HaydHOW IIKOJBI TEIHOTEXHHYCCKIX
uccnenopanuid, akagemuk T.T. PuckmeB, co3maBmmii coBmecTHO ¢ akageMukoM C.A. A3UMOBBIM IIKOIY
BBICOKOTEMIIEpAaTypHOro MaTepuanoseneHus, akagemuku K.I'. I'ymamos, b.C. FOnpames u T.C. IOnpamoaes,
KOTOpBIC Pa3BIIIM HAYYHYIO IIKOJTY (PM3UKU BHICOKMX YHEPTHH W KOCMHUYECKUX JTy4el, CO3TaHHYIO aKaJeMHUKOM
C.A. A3uMOBBIM.

C 1965 r. ®TH AH PVY3 n3naér MexyHapoaHslii xxypHan «['ennorexauka». JKypHan nepeBoauTcs Ha
AHTIIMICKUI S3BIK aMepHKaHCKOW Kommnanuen «AsuiepToH [Ipeccey, uznaéres B CIIIA mon HazBanuem «Applied
Solar Energy» u pacnpoctpansetcs no momamucke. XKypHan «Applied Solar Energy» naaekcupyercs B HAyIHOM
6aze “SCOPUS” mpecTHKHBIX MEXIYHAPOIHBIX KYPHAJIOB.

B 3tom 2023 rogy B ®usuko-rexuuueckoMm uHctutyTe AH PY3 yike B necsaThlil pa3 MpOBOAUTCS CTaBLIAs
TPaJUIIMOHHOW MeXIyHaponHas koHpepeHuns «DyHIaMeHTambHBIE W MPUKIaTHBIE MPOOIEMBI COBPEMEHHOMN
¢m3uku». Ha KOH(pepeHINI0 MPUHUMAINCh PaOOTHI, BBHIMOJIHEHHBIC 3a TOCIEAHUE TPH rojia MO CICAYIOIINM
HalpaBJICHUSAM U TCMAaTUKaM: 1. dusuka AApa U JIEMCHTAPHBIX YaCTHI] (BKJ’IIOLIaH UX MPUKIAJHBIC aCIICKThI, a
Takxke PU3UKY BEICOKUX YHEPTUH M KOCMHYECKUX JTyueld; 2. Du3MKa MOIyIIpOBOTHUKOB M TBEPIOTO TeNa (BKITFOYAs
WX TIPUKITATHBIC ACTIEKTHI, a TaKKe (PU3UKY IU1a3Mbl); 3. Bo30OHOBIIsIEMbIe HICTOYHUKH DHEPTUH U UX MPHIOKECHUS
(Bxmmouast renmuoMaTepuaioBeneHue). OTpagHO OTMETHTh, UYTO MO TeMaTHKaM KOH(pepeHInH Obuto moxaHo 205
Hay4HBIX paboT, BKirouas 68 craredt 3apyOexnbix yuéneix u3 CIIA, Kanansl, Poccun, Kuras, I[lakucrana,
Kazaxcrana, AsepOaiimkana, Typrum, PecmyOmuku benmapyck m npyrux crtpad. HerHemmHss KoHG(epeHIHsI
nocssmieHa 80 netHemy roouiero Axkagemnu Hayk Y30ekucrana n @usuko-texHuueckoro nHctutyTa AH PY3, a
taxxe 30-meturo oOpazoBanus mHCTUTYTa MatepuanoBenenuss AH PVY3. Mel yBepeHBI, 4TO MeXIyHapOmHas
KOH(EepeHInsT CTaHeT IIaThopMoil sl oOMeHa MOCICAHUMH HAYYHBIMU JOCTIDKCHHSIMA MEXITY YIEHBIMU W3
Pa3HBIX CTpaH, a TAaKXKe IOCIYXKHUT KaTalu3aTOPOM YCTAHOBJIEHHS HOBBIX HAyUHBIX CBSI3€H MEXIY YUEHBIMH H,
BO3MOXHO, 3apOXKICHIS OyAYIINX MEXIYHAPOIHBIX HAYIHBIX KOJUTa0OpaLuii.

Opeanu3ayuoHHblil KoMumem
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INTRODUCTION

Physical-Technical Institute (PhTI), founded in 1943, is one of the oldest institutes of the Academy of
Sciences of Uzbekistan. During different periods of its activity, many scientific areas were established, which
later became the main directions of research in natural sciences of the Uzbek Academy of Sciences (UzAS).
Among them are the physical electronics, solid state physics, semiconductor physics, nuclear physics, high
energy and cosmic ray physics, solar energy technologies, and high temperature materials science.

On the basis of scientific areas and divisions of PhTI, several institutions were created, such as the
Institute of Nuclear Physics (1956), Institute of Electronics (1967) and SPA "Physics-Sun" of the UzAS (1987).
The Institute of Materials Science, based on a number of laboratories of PTI and its pilot production facility
with a Big Solar Furnace (BSF), was established in 1993.

The Decree of the President of the Republic of Uzbekistan “On measures for further development of
alternative energy sources” NeUP-4512 on 01.03.2013 and the corresponding Resolution of the President of
the Republic of Uzbekistan “On the establishment of the International Institute of solar energy” NePP-1929 on
01.03.2013 are recognition of achievements of scientists from PhTI of SPA “Physics-Sun” of the UzAS. For
important contribution to science in the field of semiconductor physics, the Institute scientists - Academician
M.S. Saidov, Dr. Sci. A.S. Saidov and Dr. Sci. I.G. Atabaev, were awarded the State Prize of the Republic of
Uzbekistan in the field of science and technology in 2007. The team of scientists of the Institute - S.
Dadamuhamedov, H. Sabirov, M.N. Tursunov, and I.A. Yuldashev, headed by Academician R.A. Muminov,
was awarded in 2013 the State Prize of Uzbekistan in the field of science and technology for the development
and creation of modern systems of direct conversion of solar radiation into electrical energy, based on silicon
solar cells.

Many prominent physicists have worked in the past and are presently working at the institute. They
founded the different well-known scientific schools and research directions: academician S.A. Azimov -
founder of the scientific school of high-energy and ultra-high-energy physics; academician U.A. Arifov -
creator of the School of Physical Electronics; academicians S.U. Umarov, E.l. Adirovich, M.S. Saidov and
R.A. Muminov - founders of various research areas in Semiconductor Physics; academician S.V. Starodubtsev
— founder of scientific school of solid state physics and one of the founders of the Institute of Nuclear Physics;
correspondent-member of UzAS G.Ya.Umarov - founder of the scientific school in applied solar energy
research; academician T.T. Riskiev, who created, together with academician S.A.Azimov, the school of high
temperature materials science; academicians K.G. Gulamov, B.S. Yuldashev, and T.S. Yuldashbaev, who
developed further the scientific school of high energy and cosmic ray physics, founded by academician S.A.
Azimov.

Since 1965, PhTI publishes the international journal "Applied Solar Energy". The journal is translated
into English by the American company "Allerton Press” and is published in the United States and distributed
by subscription. The journal “Applied Solar Energy” is indexed in the “SCOPUS” scientific database of the
prestigious international journals.

In this 2023 year, the Physical-technical institute is organizing for the tenth time the traditional
international conference “Fundamental and applied problems of modern physics”. The works implemented
within the last three years in the following fields have been accepted by the conference: 1) Nuclear and
elementary particle physics (including its applications, high-energy and cosmic ray physics as well); 2) Physics
of semiconductors and solids (including its applications, plasma physics as well); 3) Renewable energy sources
and their applications (including helio-material science). We are glad to inform that 205 scientific articles
pertaining to conference topics have been received by the conference, including 68 works of foreign scientists
from USA, Canada, Russia, China, Pakistan, Kazakhstan, Azerbaijan, Turkey, Republic of Belarus, and other
countries. This year’s conference is dedicated to 80" anniversary of Academy of Sciences of Uzbekistan and
Physical-Technical Institute of Uz AS, and 30" Anniversary of Institute of Materials Science of UzAS. We are
quite confident that the current international conference will be the platform for exchange of the latest scientific
results among scientists from various countries, and it will possibly foster the creation of the future
international scientific collaborations.

The Organizing Committee
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FIRST EXPERIMENTS AT THE SUPERHEAVY ELEMENTS FACTORY
Alexey Voinov”

Joint Institute for Nuclear Research, 6 Joliot-Curie st., 141980 Dubna, Russia,
*E-mail: voinov@jinr.ru (corresponding author)

Abstract

With the recognition of the discovery of the heaviest element Og (Z=118), the filling of the seventh row
of the Periodic Table was completed. The synthesis of isotopes of even heavier elements, as well as a deeper
investigation of the properties of already known nuclei and the production of new isotopes of elements with
Z<118 require a significant increase in the sensitivity of the experiment. For these purposes, a new
experimental complex has been developed at FLNR JINR — the Factory of Superheavy Elements (SHE
Factory), the basic accelerator of which is the DC280 cyclotron with planned beam intensity ten times higher
than that for the existing U400 cyclotron. The first research facility was the Dubna gas-filled recoil separator
DGFRS-2, which surpasses the previous separator DGFRS by twice the transmission of synthesized nuclei and
by two orders of magnitude greater background particle suppression factors.

To explore the capabilities of the Factory and more detailed study the properties of isotopes of elements
FI, Mc, and their decay products, a series of experiments using a “*Ca beam and targets of enriched isotopes
238y, 22py, and **Am were carried out.

The new data on decay properties as of already known heavy isotopes as newly observed in these
experiments are presented. The studies demonstrated an enhanced discovery potential of the SHE Factory for
further studies of physical and chemical properties of superheavy elements.

Experiments on the synthesis of new elements 119 and 120 are under preparation.

Key words: nuclear reaction, accelerated ions, actinide target isotopes, magnetic separator,
semiconductor detector, a-decay, spontaneous fission
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STRUCTURE OF ESSENTIAL SPECTRA AND DISCRETE SPECTRUM OF FOUR-
ELECTRON SYSTEMS IN THE IMPURITY HUBBARD MODEL. THIRD TRIPLET STATE

Sa’dulla Tashpulatov!“and Rukhsat Parmanova!

linstitute of Nuclear Physics of Uzbekistan Academy of Sciences, U. Gulyamov str. 1, 100214 Tashkent,
Uzbekistan, *E-mail: sadullatashpulatov@yandex.com, toshpul@mail.ru (corresponding author)

Abstract

We consider the energy operator of four-electron systems in the impurity Hubbard model and
investigated the structure of essential spectra and discrete spectrum of the system for third triplet state of the
system. We show the essential spectra of the system is consists of the union of seven segments, or of the union
of four segments, or of the union of two segments, or of the single segment, and discrete spectrum of the system
is consists of unique eigenvalue, or is empty set.

Key words: impurity Hubbard model, third triplet state, essential spectra, discrete spectra
1. Introduction

The Hubbard model first appeared in 1963 in the works [1,2,3]. The Hubbard model is a simple model
of a metal was proposed that has become a fundamental model in the theory of strongly correlated electron
systems. In that model, a single nondegenerate electron band with a local Coulomb interaction is considered.
The model Hamiltonian contains only two parameters: the parameter B of electron hopping from a lattice site
to a neighboring site and the parameter U of the one-site Coulomb repulsion of two-electrons. In the secondary
guantization representation, the Hamiltonian can be written as

H=B Zm,r,y a;l,y Am+izy T U Xm ajn,T am,Ta:—n,lam,lv (1)

where a;, ,, and a,,,, denote Fermi operators of creation and annihilation of an electron with spin y on
a site m and the summation over T means summation over the nearest neighbors on the lattice. The model
proposed in [1,2,3] was called the Hubbard model after John Hubbard, who made a fundamental contribution
to studying the statistical mechanics of that system, although the local form of Coulomb interaction was first
introduced for an impurity model in a metal by Anderson [4]. We also recall that the Hubbard model is a
particular case of the Shubin-Wonsowsky polaron model [5], which had appeared 30 years before [1,2,3]. In
the Shubin-Wonsowsky model, along with the on-site Coulomb interaction, the interaction of electrons on
neighboring sites is also taken into account.

The Hubbard model is currently one of the most extensively studied multielectron models of metals [6,
7, 8] and [9], chapter 111, P. 75-192. But little is known about exact results for the spectrum and wave functions
of the crystal described by the Hubbard model, and obtaining the corresponding statements is therefore of great
interest. The spectrum and wave functions of the system of two electrons in a crystal described by the Hubbard
Hamiltonian were studied in [10]. It is known that two-electron systems can be in two states, triplet and singlet
[6,7,8] and [9], chapter 11, P. 75-192. It was proved in [10] that the spectrum of the system Hamiltonian H¢
in the triplet state is purely continuous and coincides with a segment [m, M], and the operator HS of the system
in the singlet state, in addition to the continuous spectrum [m, L] has a unique antibound state for some values
of the quasimomentum. The spectrum and wave functions of the system of three electrons in a crystal
described by the Hubbard Hamiltonian were studied in [11]. The spectrum of the energy operator of system of
four electrons in a crystal described by the Hubbard Hamiltonian in the triplet state were studied in [12]. In the
four-electron systems are exists quintet state, and three type triplet states, and two type singlet states. The
spectrum of the energy operator of four-electron systems in the Hubbard model in the quintet, and singlet states
were studied in [13].

Here, we consider the energy operator of four-electron systems in the Hubbard model and describe the

structure of the essential spectrum and discrete spectra of the system for third triplet state. The
Hamiltonian of the chosen model has the form

H=A Zm,y ar-‘;l,y am,y + B Zm,‘r,y aT-'i-’l,]/ am+1',y +U Zm a’T-‘;’L,T am,Ta:n,lam,l + (AO - A) Zy aa—,y aO,y +

(Bo — B) X1y (ag, ary + af yagy) + Uy — U)agragrag,ao,,. 2

Here A (A,) is the electron energy at a regular (impurity) lattice site, B (By) is the transfer integral
between (between electron and impurities) neighboring sites (we assume that B >0 (B, > 0) for
convenience), T = te;, j = 1,2,...,v, Where e; are unit mutually orthogonal vectors, which means that
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summation is taken over the nearest neighbors, U (U,) is the parameter of the on-site Coulomb interaction of
two electrons in the regular (impurity) sites, y isthe spinindex, y =T ory ={, T and | denote the spin values
1/2 and — 1/2, and a,,, and a,,, are the respective electron creation and annihilation operators at a site
m € ZV. The four-electron systems have a quintet state, and two type singlet state, and three type triplet states.
The energy of the system depends on its total spin S. Along with the Hamiltonian, the N, electron system is
characterized by the total spin S: S=S,00, Smax—1 - Smins  Smax = 3/2, Smin =0, 1/2.
Hamiltonian (2) commutes with all components of the total spin operator S = (§*,57,5%), and the structure
of eigenfunctions and eigenvalues of the system, therefore, depends on S. The Hamiltonian H acts in the
antisymmetric Fock space H ;.

2. Four-Electron Third Triplet State n the Impurity Hubbard Model

Let ¢, be the vacuum vector in the space H,,. The third triplet state corresponds to the free motion

of four electrons and their interactions over the lattice with the basic functions St;‘q'r‘kezv =

ayrar afraf 0. The subspace >H¢, corresponding to the first triplet state is the set of all vectors of the
form %yt =3, qrkezy f0. 4,7, K) >t} 4 kezvs f € 155, where 15 is the subspace of antisymmetric
functions in the space 1,((Z¥)*). We denote by 3H} the restriction of operator H to the subspace 3H..
Welet &g =Ay—A,and &, =By, — B, and &3 = Uy — U.

Theorem 1. (coordinate representation of the action of operator 2H}) The subspace 3H! is invariant
under the operator H, and the restriction 3H} of operator H to the subspace 3} is a bounded self-adjoint
operator. It generates a bounded self-adjoint operator 3H} acting in the space 155 as

Pt = 4Af (0. K) + B Af0+ 1,01, k) + f(o,q + 1 k) + f(p, g7 +7,k) +

f@.ark+1)]+U[Spq + g+ Skqlf (P, a7, k) + €1[8p0 + 8g,0 + 610 + Sk 0lf (0, g, 7, k) +

&2 Lelbp,of (T, 4,7 k) + 84,0f 0. 7,7, k) 4+ 610f (0,4, T, k) + S0 f (0, 4,7, 7) + 6 f (0,9, 7, k) +

6q,‘rf(pr 0: r, k) + 6r,‘rf(p: q, 0' k) + 6k,‘rf(p' qar, 0)] + &3 [6q,06p,q + 6q,06r,q +
6q,06k,q]f(p' qr, k) (3)

The operator *H} acts onavector 3yl € 3H/} as

3 31/)% = Zp,q,r,kEZV( 3Hgf) (p' qr, k) 3t11),q,r,k€ZV' (4)

Lemma 1. The spectra of the operators 3H} and 3H} coincide.

We call the operator 3H} the four-electron first triplet state operator in the impurity Hubbard model.

Let F:1,((Z¥)*) » L,((TY)*) = 3H} be the Fourier transform, where TV is the v — dimensional
torus endowed with the normalized Lebesgue measure dA, i.e. A(TY) = 1.

Weset 3H} = F 3H}F~. Inthe quasimomentum representation, the operator 3H} acts in the
Hilbert space L3°((T")*), where L% is the subspace of antisymmetric functions in L, ((TV)*).

Theorem 2. (quasimomentum representation of the action of operator 3H}) The Fourier transform of
operator 3H} isanoperator *H} = F 3HLF ! acting inthe space L%°((T¥)*) bethe formula 3} 3y} =

h(A,wv,0)f(A, 1y, 0)+ UfTv[f(s,/l +u—sy,0)ds+f(ALuu+y—ub)du+ fAvy,u+6—
Vdv + e[ [ f(s,1,y,0)ds + [, f(Au,y,0)du + [, f(A 1, v,0)dv +
Joo F Ay, §)dE] + 2, [fTV 1[cosA; + cossl]f(s 1y, 0)ds + [, Xi-1[cosp; + cosu;] X

X f(A4,u,y,0)du +f T—1lcosy; + cosv;|f (A, u,v,0)dv + fTV 1[cos6; +

cos&lf (A wv,0)dE] + &5 [ [rs[ f(s,u,y,0)ds du + (4, u,v,8)dudv + f(/l, u,y, §)dudé], (5)
where h(4,u,y,0) = 4A + 2B Y,;_,[cosA; + cosu; + cosy; + cos6;].

In the impurity Hubbard model, the spectral properties of the considered operator of the energy of four-
electron systems are closely related to those of its one-electron systems with impurity. We first study the
spectrum and localized impurity electron states of the one-electron impurity systems.

3. One-Electron Systems in the Impurity Hubbard Model

The Hamiltonian of one-electron systems in the impurity Hubbard model also has form (2). We let H;

denote the space of one-electron states of the operator H. It is clear that the space H; is also invariant
under operator H. We let H, denote the restriction of H to the space ;.
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Theorem 3. (coordination representation of the action of operator H,) The space #; is an invariant
under operator H, and restriction H, of operator H to the subspace H; is a bounded self-adjoint operator. It
generates a bounded self-adjoint operator H;, acting in the space [§° as

(H P =Af@) +BEf(0+ 1) + &1 8,0f (0) + &2 Lol 8pof (T) + 8. (0)], (6)
where 6y ; is the Kronecker symbol. The operator H, acts on a vector i € H; as
le = Zp,‘r( Hlf)(p)a;,T(pO' (7)

Lemma 2. The spectra of the operators H; and H, coincide.

We let F:1,(ZY) » L(TY) = H, be the Fourier transform. We set H, = FH,F~'. In the
guasimomentum representation, the operator H, acts in the Hilbert space L3(T"), where L3® is the subspace
of antisymmetric functions in L, (T").

Theorem 4. (quasimomentum representation of the action of operator H,) The Fourier transform of the
operator H; is a bounded self-adjoint operator H; acting in the space H; be the formula

(Hif)(D) =[A+ 2B Y}_1 cos1f (D) + & S F(8)ds + 2&; [, Xi{=1[cosA; + coss;] f(s)ds. (8)
Comparing the formulas (5) and (8), and using tensor products of Hllbert spaces and tensor products of
operators in Hilbert spaces [17], and taking into account that the function f(4,u,y,8) is an antisymmetric
function, we can verify that the operator 3H} can be represented in the form

M ={HQI+IQH +KIQIQI+IQIQ{H,®I+1Q Hy}, (9)
where I is the unit operator in space H;, and K = Kis, +K,, and (Kis, f)(A) = U [, fa, (s)ds,

(KZf)(SJ t) = fTV fTV f(S, t)det' and fAl(S) = f(S, Al - S), Al =1+ H.
It is known that the continuous spectrum of operator H, fills the entire segment [m,, M, ] =
[A —2Bv,A + 2Bv]. We set D, (z) = a;[b, + (v — 1)b3] — vb;a,, where a; =1+
[e1+2&;, XY, coss;ldsy ..dsy, _ cossi[e1+2¢&; Y-, coss;]lds; ..dsy _ dsq..ds,
fTV A+2BY]_ cossi—z ' O fTV A+2BY]_, cossi—z » by = 2&; f VW
coss;dsq...ds, €c0Ssidsq...dSy,
14262 1o 35557 eoserr 23 = 282 Sy Tiany¥coms
Lemma 3. A number z, € [m,,M,] is an eigenvalue of operator A, if and only if it is a zero of the
function D, (z).
Definition 1. The eigenfunction ¢ € L,(T") of the operator H; corresponding to an eigenvalue z €
[m,, M, ] is called a local impurity state (LIS ) of H;, and z is called the energy of this state.
The following Theorem describes the exchange of the spectrum of operator H; inthe case v = 1.
Theorem 5. (description of the spectra of operator ;)
A). If &, =—Band & < —2B (respectively, e, = —B and &; > 2B ), then the operator H; has a
unique eigenvalue z = A + &;, lying below (respectively, above ) the continuous spectrum of the operator H;.
B).If e¢,=—-2Band g, <0or &, =0 and&; <0 (respectively,s, =—2Band & >0 or & =0
and g; > 0), then the operator /; has a unique eigenvalue z = A —\/4B2 + &2 (respectively, z = A —

V4B2 + &2 ), lying the below (respectively, above ) of continuous spectrum of the operator H;.
C). If & =0 ande, >0 (respectively, s; =0 and &, < —2B), then the operator H, has a two

2 =

2
eigenvalue z = A4 — \/ZB;E and z=A+ \/ﬁ where E = (B:;;?E , lying the below and above of
2
continuous spectrum of the operator ;.
(B+&5)? (B+£2)
D). If & = Erane, (respectively &; = Z+28e, ), then the operator H; has a unique eigenvalue

2B(E? +1)
E2
below ) of contmuous spectrum of the operator Hl.

(B+82)

z=A+ w (respectively, z=A— €5+2Be,’
2

), where E = lying the above (respectively,

2 2
E).If & >0 andeg > @ (respectively, e, < —2B and & > @), then the operator
H,
N EL— 2 2
has a unique eigenvalue z; = A + ZB(“+EEZE n 1ra ), where E = Ef:;l , and the real number a > 1,
- 2 2
lying the above of continuous spectrum of the operator H;.
2 2
. & >0and & < ——2—= (respectively, &, < — and & < —=—=2—=), then the
F). If 0 and S tivel 2B and 2EL1282) ), then th
operator
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2B(a+EVEl-1+a?)
E%2-1
a > 1, lying the below of continuous spectrum of the operator H;.

2
K). If &,>0 and 0<e, <2C2t282)

(B+£,)?
€2+2Be,

H, has a unique eigenvalue z; = A — , Where F = , and the real number

2(e2+2B¢,)

(respectively, e, < —2B and 0< & < B

2B(a@+EVEl-1+a?) <

), then

the operator H; has a exactly two eigenvalues z; = A+ 7 my;, and 2z, =A+
—EVE1— 2 2

25(a EEZE - 1*27) > M,, where E = %, and the real number 0 < a < 1, lying correspondingly, the
- 21282,

below and above of continuous spectrum of the operator Hj.

M). If &, >0 and — 2C2¥2B2)
. 2 B

then the operator H, has a exactly two eigenvalues z; = A —
2B(a—EVET—1+a?) (B+¢)?
E2-1 &2+2Bg,’
below and above of continuous spectrum of the operator ;.
N). If —2B < &, < 0, then the operator H, has no eigenvalue lying the outside of continuous
spectrum of the operator ;.

Now, using the obtained results and representation (9), we describe the structure of essential spectrum
and discrete spectrum of the energy operator of four-electron systems in the impurity Hubbard model in the
third triplet state.

Theorem 6. (essential spectra of the operator 3} ) Letv = 1. Then

A). If ¢, = =B and g < —2B (respectively, e, = —B and &; > 2B ), then the essential spectrum of
the operator A} is consists of the union of eight segments: ops( *HE) = [4A — 8B,4A + 8B] U
[34—6B+234A4+6B+2z|U[2A—4B +22,2A+4B+2z]U[A—2B + 32, A+ 2B +3z]U  [24—
4B + 73,2A+ 4B + z3]U[A—2B+z+ 23, A+ 2B+ z+2z3]U[2A—4B + 24,2A+4B+z,] VU[A—-
2B+ 2z+4z,A+2B+2z+2,), and the discrete spectrum of the operator 3H} is consists of three
eigenvalues: o;5c( *HE) = {42,22 + 25,22 + 2,}, where z= A+ ¢, and z3 and z, are the additional
eigenvalues of operator H; @ I +1 ® H, + K(4, ).

B).If &, =—2Band & <0or ¢, =0 and& <O (respectively,s, = —2Band & >0 or &, =
0 and &; > 0), then the essential spectrum of the operator *H} is consists of the union of eight segments:
Oess( *HY) = [4A—8B,4A + 8B] U [3A — 6B + 2,34+ 6B + z] U [2A — 4B + 22,2A + 4B + 2z] U
[A—2B+32z,A+2B+32z|U[2A—4B +23,2A+ 4B + 23]U[A— 2B+ z+ 23, A+ 2B + z + z3] U
[2A—4B + 2z4,2A+4B + z,]U[A—2B +z+ 2z,,A+ 2B + z + z,], and the discrete spectrum of the
operator 2} is consists of three eigenvalues: oyisc( *HY) = {42,22 + 23,2z + z,}, where z=A—

V4B?% + €2 (respectively, z = A —/4B%? + &), and z; and z, are the additional eigenvalues of operator
HQI+IQH +KQAp.

C).If & =0 ande, > 0 (respectively, e, =0 and &, < —2B), then the essential spectrum of the
operator 3H} is consists of the union of sixteen segments: Uess( 3173) = [4A—-8B,4A+8B]U[3A—-6B +
71,344+ 6B+ 2,]JU[3A— 6B + 2,34+ 6B + z,] U [2A — 4B + 22,,2A + 4B + 22, U [2A — 4B +
225,2A+ 4B + 22,]U[A — 2B + 32;,A+ 2B + 32,]U[A — 2B + 325, A + 2B + 32,] U [2A — 4B +
23,2A+ 4B+ 23]U[A— 2B+ 2, + 73, A+ 2B+ 2, + 23] U[A— 2B + z, + z3,A+ 2B + z, + 23| U
[2A—4B + 2z, 2A+4B + z,]JU[A—2B+ 2z, + 2,,A+ 2B+ 2z, + z,|U[A— 2B + z, + z,,A + 2B +
Zy +Z4|U[A—2B+ 2z, +22,,A+ 2B+ 2z, +22,]U[A— 2B + 2z, + z,,A+ 2B + 2z, + z,] U [2A —
4B + 7z, + 25, 2A + 4B + z; + z,], and the discrete spectrum of the operator *H} is consists of six

2(e3+2B¢,)
B

<m1, and Z2:A_

< g < 0 (respectively, e, < —2B and

2B(a+EVEl-1+a?)
E%-1

<g <0),

> M;, where E =

and the real number 0 < a < 1, lying correspondingly, the

: 7 2BE

eigenvalues: ;s ( 3Ht1) = {4z1,47,,22; + z3, 2222 + 23,2, + 24,22, + 25}, Where z; =A— W
. _ 2BE _ (B+eyp) .- .

(respectively, z, = A+ N ), here E = ETTYI and z3 and z, are the additional eigenvalues of operator

HQI+IQH, +K(Q,p.

_ (B+&y)? ; _ _ (B+gy)?
D). If & = Zr2se, (respectively & = ZrzBe,

is consists of the union of eight segments: oss( *H}) = [4A — 8B,4A + 8B] U [3A — 6B + z,3A + 6B +
zZ|U[2A—4B +2z,2A+4B +2z]U[A—2B +32,A+ 2B + 3z U [2A — 4B + z3,2A + 4B + z3] U
[A—2B+z+23,A+2B+7z+23]U[2A—4B + 24,2A+ 4B+ 2,JU[A— 2B+ z+ 24, A+ 2B + z +

), then the essential spectrum of the operator 3H}
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z,], and the discrete spectrum of the operator H} is consists of three eigenvalues: Gdisc( 317}) =

_ 2B(E? +1) 2B(E? +1) _ (B+&y)?
{4z,2z + 73,22 + z,}, wherez = A+ g T ), here E = Trabe;

z3 and z, are the additional eigenvalues of operator H;, @ I +1 ® H, + K(4, ).

2
E). If &£>0 andeg > @ (respectively, & < —2B and & > then the

essential spectrum of the operator 3H} is consists of the union of eight segments: Uess( 3ﬁ§) =
[4A —8B,4A + 8Bl U[34A— 6B 42,34+ 6B+ z|U[24A— 4B +22,2A+ 4B + 2z]U[A — 2B +
32,A+2B+3z]U[24 —4B + 23,2A+ 4B + z3]U[A— 2B+ z 4+ z3,A+ 2B+ z + 23] U[2A — 4B +

1_ 2
2y, 2A+ 4B +2JU[A—2B +z+2, A+ 2B +z+1z,), here 2, =A+ZEEEE) 0 ang | =
(B+£2)2
&2+2Be¢,
2 2
F.If &,>0and g < —@ (respectively, e, < —2B and & < —@ ), then the

essential spectrum of the operator *H} is consists of the union of eight segments: o, ( *HZ) =
[4A—-8B,4A+8B]JU[3A—6B+23A+6B+z|U[2A—4B + 22,2A+ 4B+ 2z]U[A—2B +
32,A+2B +32z]U[24 — 4B + 25,2A + 4B + 25| U[A— 2B + z + 25, A+ 2B + z + 23] U [2A — 4B +
24, 2A+ 4B + z,JU[A — 2B + z + z4,A + 2B + z + z,], and the discrete spectrum of the operator 3H} is

2B(a+EVEl-1+a?)
E2-1 '

and

(respectively, z=A4—

2(e2+2B¢,) )
)

, and the real number a > 1, and z; and z, are the additional eigenvalues of operator H; ® I +1 ®

consists of three eigenvalues: oyis.( *HY) = {42,22 + 23,2z + z,}, Where z; = A —
(B+52)2
here £ = 5——
&5+2B¢,
I+1Q®H, + K@, .
2 2
KL If &>0and 0<¢g < @ (respectively, e, < —2B and 0 < g < @), then

the essential spectrum of the operator *H} is consists of the union of sixteen segments: o,.( *H) =
[4A — 8B,4A + 8B U [34 — 6B +2,,3A + 6B + 2, U [3A — 6B + z,,3A + 6B + z,] U [24 — 4B +
22,,2A+ 4B + 22, | U [2A — 4B + 22,,2A + 4B + 22, U [2A— 4B + 2, + z,, 2A— 4B + 7, + 2,] U
[A—2B+32,A+2B+32]U[A—2B+2z, + 25, A+ 2B + 22, + z,] U [A — 2B + 32,,A + 2B +
32,)U[A— 2B+ 2, +22,,A+ 2B + 2, + 22,] U [2A — 4B + 25,2A — 4B + z;] U[A — 2B + z, +
z3,A+2B+2z, +23lU[A—2B+ 2z, +23,A+2B+2z,+23]U[2A—4B+2z,, 2A+4B+z,JU[A—-
2B+ 2z, +2,A+ 2B+ 2, +2z,|U[A— 2B + z, + z,,A + 2B + z, + z,], and the discrete spectrum of the
operator  *H} is consists of eleven eigenvalues: o4sc( *HE) = {421,327 + 25, 22; + 225,27, +

, and the real number a > 1, and z; and z, are the additional eigenvalues of operator H; ®

325,425,221 + 23,21 + 25 + 23,225 + 23,225 + 24,21 + 25 + 24,221 + 24}, where z1=A+
NI 2 —FVE1— 2 2

ZB(“+EE2E - M) e my, and z, = A+2& EEZE - ) S My, here E = %, and the real number
_ _ 2 )

la| < 1, and the real number a > 1, and z; and z, are the additional eigenvalues of operator H; @ I +1 ®

M). If &, >0 and <& <0),

then the essential spectrum of the operator 3H! is consists of the union of sixteen segments:
Oess( HY) = [4A—8B,4A + 8B] U [3A — 6B + 21,34 + 6B + z,] U [3A — 6B + z,,3A + 6B + z,] U
[2A— 4B + 22,,2A + 4B + 22,] U [2A — 4B + 22,,2A + 4B + 22, U [2A — 4B + 2z, + z,, 2A—4B +
z1+2,]U[A—2B+32,A+2B+32|U[A—2B + 22z, + 2z,,A+ 2B + 2z, + z,] U [A — 2B +

32, A+ 2B +32,]U[A— 2B + 2, + 225, A+ 2B + 2, + 22,] U [24 — 4B + 25,24 — 4B + z3] U [A —
2B+ 2z, +23,A+2B+2z; +23]U[A— 2B+ 2z, + 23, A+ 2B+ 7, + 23] U[2A—4B +z,, 2A+ 4B+
ZyJU[A—2B+2z;+2,,A+ 2B+ 2, +z,|U[A—2B + 2z, + 24,,A+ 2B + z, + z,], and  the discrete
spectrum of the operator *H} is consists of eleven eigenvalues: og;sc( *H2) = {421,32, + 25,22, +
275,21 + 325,425,221 + 23,21 + 2y + 23,225 + 23,225 + 24,21 + 25 + 24,22, + 2z,}, Where z; =A—

2(e3+2B¢3) 2(€3+2B¢,)
B

< & < 0 (respectively, e, < —2B and

2B(a+EVEI-1+a? 2B(a-EVET-1+a? B+s,)?
= F2o1 a?) _ my and z; = A — @ F2-1 ) > M;, where E :%' and the real number
B - 2 2

0 < a < 1, lying correspondingly, the below and above of continuous spectrum of the operator .
N). If —2B < &, < 0, then the essential spectrum of the operator 3H} is consists of the union
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of three segments: o,ss( *HE) = [44 — 8B,4A + 8B] U [2A — 4B + 23,24 + 4B + z3] U
[2A — 4B + z,,2A + 4B + z,], and the discrete spectrum of the operator 3H} is consists of empty set:
Udisc( 3Htl) =0.

In the two-dimensional case we have analogously results. We consider three-dimensional case.

Theorem 7. Let v = 3. Then

A). 1). If & =-Band & < —6B (respectively, &, = —B and &; > 6B ), then the essential
spectrum of the operator *H} is consists of the union of eight segments: o.ss( *H}) = [4A — 8B, 44 +
8B]U[34—6B+23A+6B+2z]U[2A—4B +22,2A+ 4B +2z]U[A— 2B + 3z, A+ 2B + 3z] U
[2A4 — 4B + 23,2A+ 4B + z3)U[A— 2B+ 2+ 23, A+ 2B+ z+ 23] U[2A — 4B + z4,2A+ 4B + z,] U
[A—2B+z+z,,A+ 2B+ z+2z,], and the discrete spectrum of the operator *H} is consists of three
eigenvalues: oyisc( *HE) = {42,22 + 23,2z + z,}, where z=A+ ¢, and z; and 2, are the additional
eigenvalues of operator H; @ I +1 ® H, + K(4, ).

2).If &, =—B and —6B < & < —2B (respectively, e, = —B and 2B < & < 6B), then the
essential spectrum of the operator A} is consists of the union of three segments: o,.( *HE) =
[4A — 8B,4A + 8B] U [2A — 4B + z3,2A + 4B + 23] U [2A — 4B + z,,2A + 4B + z,], and the discrete
spectrum of the operator 3H} is consists of empty set: Udisc( 3ﬁ,}) = Q.

In Theorem 7, the remaining cases are also considered, due to the lack of space, we could not give
these results.
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PHOTONUCLEAR REACTIONS ON NATSE INDUCED WITH BREMSSTRAHLUNG END-
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Abstract

The relative yields were first measured for the photonuclear reactions at end-point bremsstrahlung
gamma energies ranging from 10 MeV to 80 MeV. The experiments were performed with the beam from the
electron linear accelerator LINAC-200 LNP JINR, microtrons RTM-55 SINP MSU and MT-25 LNR JINR with
the use of the y-activation technique. The bremsstrahlung photon flux was calculated with the program Geant4.
The theoretical values of the relative yields were calculated using the partial cross section o(E) computed with
the TALYS package code and the combined model of photonuclear reactions.

Key words: photonuclear reaction, bremsstrahlung, isospin splitting, giant dipole resonance,
guasideuteron mechanism, Geant4, TALYS, CMPR.

The experiments were performed with the beam from the electron linear accelerator LINAC-200 LNP
JINR, microtrons RTM-55 SINP MSU and MT-25 LNR JINR with the use of the y-activation technique. The
main parameters of experiments are given in the Tablel. After irradiation, the target was transferred to a
separate measuring room, where the induced activity in the irradiated target was measured using a high purity
germanium HPGe detector. The energy and efficiency calibrations of the HPGe detector were carried out using
the standard gamma-ray sources. The gamma-ray spectra were processed using the DEIMOS32 code [1],
which fits the count area of the full-energy peaks with the Gaussian function. The identification of the
processed peaks was based on the gamma-ray energy and intensity, and the half-life of the generated residual
nuclei.

Table 1. Main parameters of experiments

Energy, MeV | Accelerator | Characteristics of beam Mass of selenium Time of
target, mg irradiation, min
10-23 MT-25 ~20 pA, continuous beam 700-70 (metal) 120-10
20, 40, 60, 80 | LINAC-200 20 mA, 2 us, 10 Hz 200-150 (metal) 40-15
55 RTM-55 ~10 pA, continuous beam 1200 (powder) 80

Fig 1. shows experimental values of the relative yields normalized to the yield of the reaction
82Se(y,1n)81""9Se. As is formed as a result of multiparticle reactions in light isotopes of selenium. For this
nucleus, one can see an increase in the relative yield in the region after the GDR. The linear increase of the
relative yield in the region after the GDR for this nucleus is described by the contribution of the quasi-deuteron
mechanism.

The main difference between the CMPR and standard programs that use statistical descriptions of
photonuclear reactions is that the influence the isospin effects have on GDR decay are considered. In addition,
the GDR photoabsorption cross section is calculated differently. In the CMPR [3], the formation of excited
state of the system is described by a semimicroscopic model of oscillations and a quasi-neutron model of
photoabsorption. In the TALY'S code [4], the photoabsorption cross section can be calculated in the form of a
Lorenzian whose parameters are based on the characteristics of a system. To calculate the partial cross sections
of photoreactions, the CMPR and TALY'S use a combination of an evaporative and an exciton pre-equilibrium
mechanism of the decay of composite nuclei with the emission of nucleons and y-quanta.
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Figure 1. The relative yields of 77677Se(y,xn1p)"3As (a) and 882Se(y,xn1p)7°As (b) reactions as a function of bremsstrahlung end-
point energy from the present work and the simulated values using CMPR (solid line) and TALYS1.96 code (dashed line) based on
monoenergetic photons

The experimental values for photoproton reactions, resulting in which the formation of a nucleus ®As
(see Fig. 1) exceed by several orders of magnitude the theoretical values obtained using TALYS. It confirms
that in heavy isotopes of Se, isospin GDR splitting plays an important role, taking it into account provides
correct description of the photoproton channel of GDR decay.

References

[1.] J. Frana., Program DEIMOS32 for gamma-ray spectra evaluation, Rad. Nucl. Chem. 257, 583 (2003).

[2.] J. Allison et al., Recent developments in Geant4, NIM A, 835, 186 (2016).

[3.] B. S. Ishkhanov, V. N. Orlin, Modified version of the combined model of photonucleon reactions, Physics of
Atomic Nuclei, 78, 557 (2015).

[4.] A. Koning, S. Hilaire, S. Goriely. TALYS-1.96: A Nuclear Reaction Program, User Manual (2021).

20



Meowcoynapoonas xougepenyus « DynoamenmanbHvle U NPUKIAOHbBIE NPOOIEMbI COBPEMEHHOU PUUKU
19-21 oxmsops 2023 2.

0O KBAHTOBOHM TEOPUM MOJISI C HOBBIM MACIHITABOM - ®YHJIAMEHTAJIbHOM
MACCOM

H. Pycram

Kageopa meopemuueckoii usuxu u xeanmogou snexmponuky CamapkaHOCKo2o 20Cy0apCmeeHHo20
yrusepcumema umenu Lllapagha Pawuoosa, 2. Camaprano, Y3bexucman.
ibrustam@mail.ru

OpHOo# 13 TOOYIUTENBHBIX IPUYWH JIJI1 KBAHTOBAHUS MTPOCTPAHCTBA-BPEMEHH SIBIISIETCS] TPYTHOCTH C
yIbTpapHONeTOBEIMA  pacXoguMOCcTsiMid B kBaHToBoW Teopuu monst  (KTII). [lapamerp Tuna
¢dbyHnamenTanbHOU JunHbI [ (Wi QyHIaMeHTanbHOH Macchl M ) HEeMpeMEeHHO BO3HUKAN B TaK HA3bIBAEMBIX
HenokanbHBIX BapmaHtax KTII, Toke HameneHHBIX Ha H30aBIIEHHE TEOPHH OT YIBTPAPHUOIETOBBIX
pacxoaumocted. HecMoTpst Ha ompenereHHble yCIeXH, 3TO HalpaBleHHE TaK M HE BBIIUIO 33 paMKHU
(heHOMEHOJIOTUYECKOT0 IOAX0/1a, TOCKOIBKY POpM(aKTOPHI, MTOAABISIIONINE PACXOAUMOCTH, B HEJIOKATEHBIX
TEOpUSX HEOOXOJAMMO W3BIIEKATh W3 OIBITHBIX MJaHHBIX. V3BECTHO, ONHAKO, YTO HaWOoJee Ba)KHBIC
pealucTUYeCKHe TEOPUH TONISI-KBAaHTOBAs 3JIEKTPOANHAMUKA, KBAHTOBAas XpOMOJWHAMUKa, Mojieis Canama-
Betin6epra-I'mamoy u T.7., pUHAATIEKAT K KIacCy T. H. HOPMUPYEMBIX TEOPHUH, B KOTOPBIX CYIIECTBOBaHUE
pacxoAuMOCTel He MelIaeT MPOBEACHNIO0 KOJMYECTBEHHBIX PACUETOB C 000N CTENEHBIO TOYHOCTH. Y CIIeXU
ATUX TEOPUW B OMMCAaHWU WMEIOIINXCS Ha CETOTHS SKCIIEPUMEHTAIBHBIX TAHHBIX HE SBISIOTCS apryMEHTOM
MPOTHB CYIIeCTBOBaHUS QyHIaMEeHTANBbHON MHBI [. OHU CBUACTENBCTBYIOT JIUMIIL O TOM, YTO COBpEMEHHAs
¢u3nKa BBHICOKMX DHEPTHH eIle Jalleko OTCTOMT OT TOro pyOeka, 32 KOTOPBIM MOTYT MPOSIBUTHCS HOBBIC
TeOMETPHYECKHE CBOWCTBA MPOCTpaHCTBa-BpeMeHH. C TO3WIMK CETOJHSIIHETO AHS MHOTHM TEOpEeTHKaM
MPEJCTaBIISIETCS] BEChbMa BEPOATHBIM, YTO «HCTHHHASD TEOPHsI MO, criocoOHas AaTh aJeKBaTHOE OMHCAHUC
BCEX B3aMMOJICHCTBUI AJIIEMEHTAPHBIX YaCcTHUI, OYJeT, 0 MEHBIICH Mepe MEePEeHOPMUPYEMOH JlarpaHkeBoil
Teopuel, o0omaaromel JTokaapHONH KaauOpoBo4HOH (cymnep)cummerpueil. CrpammBaeTcsi, MOXET JIM Takas
cXeMa conepkaTh mapamerp THmna (GpyHAaMeHTanbHOW IiuHBI? OTBET HA ATOT BOMPOC MOTYT NIATh JIAIIID
OyayIiue SKCIIEpUMEHTHI B 00JIACTH CBEPXBBICOKHMX SHEPTHSX.

Wnest o Hamm4uu B TIpUPOJIe HOBOM YHUBEPCATHHOW MOCTOSIHHOM pa3MEPHOCTH MAacChl WJIH JUTHHEI,
KoTopasi Obl (MKCHpOBana OIpENeJeHHbI MaciiTad B OOJIACTH BBICOKMX JHEPruil (WM Ha MallbIxX
MIPOCTPAHCTBEHHO-BPEMEHHBIX PACCTOSHUIX ), MHOTOKPATHO 00CYX/1ajiach B IUTEPATYPe B CAMBIX Pa3INIHbBIX
TeKCTax. XOpOIIO U3BECTHBIM NIPUMEPOM SABJISETCS] KBAHTOBAHME MPOCTPAHCTBEHHO-BPEMEHH HAIIPABIICHHUE B
kBaHTtoBoii Teopun monsa (KTII), ocHoBanHOe THIIOTE3e O IUCKPETHOH (KBAHTOBAaHHOW) CTPYKType
MIPOCTPAHCTBEHHO-BPEMEHHOT0 MHpa B 00JacTM Majiblx MaciuTaOoB. JIMHEHHBIM pa3Mep “KBaHTa-
MPOCTPAHCTBA" HHTEPIPETUPYETCS KaK HOBas YHUBEpCaJbHAS MOCTOSIHHAsA-QyHIAMEHTallbHas (TaKke
aJIeMeHTapHasl, MUHUMaJbHas) anuHa [ ObpaTtHas BenmuunHa M = 1/1 BeIcTymaeTr, COOTBETCTBEHHO, B POJIH
«pyHIamMeHTanpHON Macchl». C TOUKHM 3peHus naHHoro nojaxoxaa crangaptHoi KTII oTBedaeT npenenbHbIH
l =0 (wm M — o). Ho, Ha cerogHsAIHUI JIeHb, B IKCIIEPUMEHTAX B Tpenenax [ = 10_20M6Tp emte | He
obnapyxkena. Ho, 3T0T py6ex ellie upe3BbIUaifHO 1a1eK0 OTCTONT OT «IIIAHKOBCKO# THHED | =~ 10735 Metp,
OTIPEIETISIONICH MPOCTPAHCTBEHHBIE MAcIITA0b! APPEKTOB KBAaHTOBOH TrpaBuTanuu. [lo Mepe mpeomoneHus
KosnoccanbHOoro wuHTepBama 10720 — 1073% meTp O6yayT OTKpBITHI HOBbIE (DH3HUECKHE SBICHHS U
3aKOHOMEPHOCTH, aCCOLIMMPOBAHHBIE C HOBBIM «MacIITadOM MPUPOIbI»- (HyHIAMEHTaIbHON JUIMHOM [, win

o o h
(hyHnameHTanpHOM Maccod M = e

B.I'.'Kagpimesckuit 1 M.J[.MateeB 0OCHOBBIBasICh TUIIOTE3€ O (DyHIAMEHTAIBHYIO AJUHY, oOnadas [ B
reoMeTpuyeckyro Gopmy nomyumid HoByto KTII mist ckansproro nonst [1]. Ilpu atom, mo cooOpakeHusIM
pPa3MEepHOCTH, B P — NPEIACTABIEHHH TEOPHH POJIb HOBOTO YHHBEPCATBHOIO MacmiTada Halo)XKeHa Ha
¢bynnamenTanbHoii macce M . Ilyctp mapamerp M MMeeT HENOCPEICTBEHHOE OTHOLICHHE K T'€OMETPHH
HUMITYJIbCHOTO 4-IIPOCTpPaHCTBA TEOPUH, ONpEAEIsisl €ro KpyNMHOMAacCIITaOHYIO CTPYKTYpY, T.e. CTpOCHHE
o0nacT «OOJBIINX» UMIYIBCOB |p| = M . OOG1acTh «Malbix» HMIYJIbCOB |p| <K M mpu 3TOM JOJIKHA
0CTaBaThCsl MPUOIMKEHHO €BKJIMAOBOM, YTOOBI HE Hapyalach COOTBETCTBHE CO CTAHIAPTHOMN EBKIIMOBOH
KTIT [2]. HmenHo, Takoil reoMerpuell OONagar0T MPOCTEHINNE PUMAHOBHI 4-TIPOCTPAHCTBA, UMEIOIINE
MOCTOSHHYIO (TIOJIOKUTENBHYIO WIIM OTpULATelbHyI0) KpuBH3HY [3] Paccmorpensr rumepcdepbl B
MPOCTPAHCTBE 5- U3MEPEHHI, OTOXKIECTBIISIS painychl Tutiepcdepsl GyHIaMeHTaIbHOM Maccoit M .

Yranyonssice popmynupoke KTII ¢ dynmamenTansHOM Maccoit [4] MBI ¢ camMOoro Havana Oyaem
pa3BopayuBaTh B KOH(PHUTYpPAIMOHHOM NPEICTABICHUH, TIEPEXOAS OT P — MPOCTpaHCTBA MUHKOBCKOTO K P —
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npoctpancTBy ne-Cutrepa ¢ AocTatoyHo OonbimM pagmycom M. TIpoctpanctBo ne-Cutrepa oOnamaeT
MOCTOSIHHON KPUBU3HOW. B COOTBETCTBHM C €€ 3HAKOM HMEIOTCS JIBE BOBMOYKHOCTH:

pé — p? — pi — p3 +pé = M? 1)
(KpuBHU3HA MOJIOKHUTEIILHA)
pé — p? — p5 —p5 —pé =—-M? 2

(KpUBH3HA OTPUIATEIILHA)
HeeBkinaoBo 4-mpocTpaHcTBO (2) HAa3bIBAIOTCS TAK)KE MHUMBIM 4-TIpocTpaHcTBOM JloGaueBcKoro.
EctectBenno, uro KTII, onmparomasicst Ha uMIryibcHOE TpocTpancTBo Bruaa (1)-(2), momkHa mpenckasarb
HOBBIC (u3nuyeckue sBiieHus npu E > M. B npunnmmne M MOXeT OKa3bIBaThCA OJU3KHM K IJIAHKOBCKOW

hc
macce Mpgnck = /7 ~ 101° I'>B. Torzaa 7Ta HOBas cxeMa 00f3aHa BKIIOUMThL B cebe KBAHTOBYIO TEOPHUIO

rpaButaiui. Cranpaptaoit KTII oTBeuaeT npuOIMKEHHE «MabIX» 4-HMITyJIbCOB KOTOPOE BO MHOTHX
ciy4asx (hopMaiabHO JocTUTaeTcs ipu M — oo («utockwii mpeien»). Jlanee paccMOTpHM KBaHTOBYIO BEPCHIO

. . X .. 0
ypaBHenust (2). C mOMOLIBIO CTaHIAPTHOW /I KBAHTOBOM TE€OPHU TIOCTAHOBKHU Py = lhax—# U ps = lhﬁ
MIOJTyYHM CJIEAYIOIIYIO M0JIEBOE YPABHEHUH B 5 U3MEPEHUSAX:

a2 92 M?c?
9 o _ L 45) —
[6xu6xﬂ dx2 h2 ]QD(x x7) =0 )

31mech MBI YMBIIUICHHO HCHOJNB30BAJIM HOPMAaJbHBIE €IWHHIBI, YTOOBI MOJYEPKHYThb, YTO TpPHU
YHHBEpcaJbHbIe MOCTOSHHBIE /i, ¢ 1 M rpynnupys B OJUH MapameTp-pyHIaMeHTaIbHYI0 JuHY [ = h/ Mc
Ha camo ypaBHeHue (3) €CTECTBEHHO TaKK€ paclpOCTpaHsss TepMHH «(yHIaAMEHTAIbHOW». DTOMY
ypaBHEHHIO 0053aHBI TOJUMHATCS BCE OIS, HE3aBUCUMO OT MX TEH30pHOM pa3mepHocTH. Ilepexons B (3) k

CMeIIaHHOMY (P, X5)- TIPEICTABICHHIO, TOJYYUM YPaBHEHHIO
62
[P put 5+ M | 0(p,xs) = 0 (4)

MMEIOIIMiA pelenue npu Beex p¥ p, = p?, BKmouas obaacts p? + M? < 0. CrenoBaTeNbHO, pg =

p? + M? Teneps NPUHUMAET KaK BEIECTBEHHBIE, TAK M YMCTO MHUMBIE 3HAUeHUs. ECIIM MBI OTIpENEuM 3Ty
BEJIMYMHY KaK 000O0IICHHYIO (YHKIIHIO:

_ > —— [ Jp*+M?, ecm p® + M? >0
ps = J(p*+M*+i0= (5)
i\/—p? — M2, ecnu p?> + M? <0

C nomoriipio (5) 3anuceiBaeM o0I1iee pelieHre ypaBHEHUH (4):

B I sin[xs /@7 +M*+10] 90(p,0)
®(p, x5) = cos[xsy/(p? + M? +i0] @(p,0) + J@2 M2 10 dxs ©)

rje «HavdaibHble qanueiey P (p,0) u %}ZO) OTIpeIeNICHBI IPU BCeX 3HaYCHUSIX 4-UMIybcoB. [IpousBoas
Haj (10) npeodpazosanue Dypre, HaxoauM GopManbHOe perieHne ypasaeHue (3). Heo0xoaumMo nouuMHUTh
npousBoiibHbIe QyHKIMNY P(p,0) %}Zm 10 MEHBIIEH Mepe IKCIIOHEHIINAIHHBIM yCIIOBHEM yOBIBAHHS
B o6macTu p? + M? < 0 mpu |p| = o0 . MOKHO cKa3aTh ¥ TakK: YAOBJIETBOPSIONINE YKA3AHHOMY KPHTEPHUIO
®(p,0) wu % 00pa3yroT Kiacc (yHKIHA, B Mpeaerax KOTOPOro JOIyCTHMAa KOPPEKTHAs MOCTaHOBKA

3agaun Komm s pyHnamentansHol ypaBHeHHE (3) 10 IEPEMEHHOM X5
92 92 M?c?
( [a_____ d(x*,x%) =0,

xHdx,  Ox2 n?
5 __1 —i 4
CD(x“,x )|x5=0 - m fe X CD(p' O)d b, (7)
acp(xﬂ,xs) _ 1 —ipx 09(p,0) 4
0x5 |x5=0 - (271—)3/2 fe x5 d
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Ecnu 3amaya Komu (7) koppekTHa, TO peiieHne GyHIaMEHTaIbHOW ypaBHEHHE AaeTcs nHTerpaioM dypbe,
MPUYEM II0 CAaMOMY IMOCTPOCHHUIO OHO SIBJISIETCS €AUHCTBEHHBIM. CieI0BaTeNbHO, CYLIECTBYET B3aHMMHO-

OJHO3HAYHOE COOTBETCTBHE

4 s ®d(x*,0) _ [ D(xH)

D(xH, x°) & " <] = u (8)
oD (xH,0)/0x x(x*)

WHBIMH CIIOBAMH, YTBEPKIAECHHUE O TOM, YTO BCEM IIOJISIM B 5-IIPOCTPAHCTBE COMOCTABIIAETCS CBOSI BOJIHOBAs
dynxuus ®(x, x>), noguuHAOmAnca GyHIaMEHTaNbHOH ypaBHeHue (3), paBHOCHIBLHO YTBEPIKACHHUIO, UTO
Ka)KJI0€ U3 ITUX MOJIEH B 0OBIYHOM TIPOCTPAHCTBE-BPEMEHH OTMCHIBAETCSI BOJTHOBOM (DYHKIIHMEH C yYIBOCHHBIM,
10 CPABHEHHMIO C PEKHUM, YHCIIOM KOMIIOHEHT:

o) (25)

Janee ecrecTBEHHO MPEIIONOKUTh, HAYAbHBIEC JAHHBIEC MTOTYHHSIOTCS JIArPAH)KEBBIM YPaBHEHUSM
IBWOKCHHS, KOTOPBIE CIEAYIOT U3 COOOpayKeHUs CTAllHOHAPHOCTH IEHCTBHS

5 = [ d*xL|®(x,0), 2% 9)

I'nmaBHas 3ama4ya 3TOH TEOPHH COCTOUTCS B TOM, YTOOBI MOCTPOUTH KOHKPETHBIC BBIPAKCHHS IS

0D (x, 0)]

JIarpaHXuaHoB L [tb(x 0), B ()M3MYECKH MHTEPECHBIX CITydasiX, BBIICHUTH CMBICH AOTOIHUTEIHHBIX

TIOJIEBBIX NMEPEMEHHBIX U )Z[aTB onucaHue HOBBIX (hu3ndeckux 3((HeKTOB B 00JIACTH CBEPXBBICOKUX SHEPTHAX
E > M. B a1oii cBs3u 3ametuM, 4T0, Toj0xuB B ocHOBEI KTII 3amauy Kommu (7), MBI pakTHUecKn BBEIH
KoHIenu nons. [Ipu npeoOpasopanusx rpynmsl ae Currepa 0(1,4), sBisromeiics rpynmnoi JBUKCHUN

. o . 0 . 0
MIPOCTPAHCTBA OTPULIATENILHOW KPUBU3HOU (2), BETMUMHBI (lﬁ ,l%) npu «BpameHusix» B (u5) -
u

IIJIOCKOCTAX
) .0 au a . q° . 0 ) iq¥ 9  .qs O
= | — —_— |- — + _— —_— —_—— ] = 1
laxu' laxu+M[ laxs M—qslaxu]’ laxs M 0x, lMaxS (10)
2
rie q?—qé = —M?2.

B mrockoMm mnpeacie M — 00 3TH COOTHOIICHUS JAOJDKHBI  BBIPA’KaTbCsAd B npe06pa30BaHI/m caBUra

TNICEB/IOEBKIINJIOBA P -IPOCTPAHCTBA i =24 qu. C yuerom |po |, Il «K M, n p> =g>°ps=M

oxy Oxy
. 0 . 0
3aKII09aeM, 4910 TpH M — lﬁcb(x,xs) | < M|<D(x,x5)| OTCIOZIa WMeeM lgcb(x,x5) =
3 u

—M®(x,x°). Jlanee 3Ty COOTHONIEHHIO MOKHO NpOMHTerpupoBath, ®(x,x°) = e™M*sd(x,x°). Takum
06pa3om, B IIOCKOM Mpesieie M — 00 3aBUCHMOCTb OT JOTIOJTHUTENLHOR KOOPAMHATHI X° MCUe3aeT, ecliu B
KauecTBe MATHMEPHOH BOJTHOBOH (QYHKIMM HCHIONB30BaTh e~ M¥sd(x, x°):

[e"™M*sd(x, x5)] = 0. (12)

9
ast—)oo

3Oto cootHowmeHue (11) ogHOBpEeMEHHO ABJSIETCS IPeeNbHON (OpMOH QyHIaMEHTAIEHO ypaBHEHUS
(3) mpu M — oco. BuyiuMm Teneph, YTO Ha4YadbHBIC yCIOBHUs 3aadax Kollu B TUIOCKOM Mpejiesie PUHUMAIOT

a . o

d)(x”,x5)|x5_0 =®(x,0) u @fb(x”,xs) g = iM®(x,0) . Takum 0Opa3oM, XxapaKTepPHOE IS HOBOM
= x>=0

CXEMBI y,Z[BOGHI/Ie YHClia MOJIEBBIX CTeNeHedl cBOOOMbI mcuezaeT mpu M — oo, OTcioa, B 4aCTHOCTH

llm L[P(x, 0) CD(x 0)] = L[®(x, 0)], T.e. npu koHeuHOM M aHAIOroM OOBIYHOH MOJIEBOM TIEPEMEHHOM

cneayeT CUUTATh CD(x, 0). Ecnu MBI mpu mocTaHOBKe 3a7ayn Kok 3aaBajid HadallbHBIE YCIOBHS TPH
IIPOM3BOJILHOM (PUKCHPOBAHHOM 3HAUECHUHU X° = const BMecTo (9) 1eiicTBIS NMeNH Obl:

5= scponst @ XL [CD(x x®), % (12)

Hanee, co3HaBasich Ha (12) mpuBeaeM HEKOTOPBIE JEUCTBUS B HAIIEM TOAXO/IE JUIS TIOJIEH, HapuMep
1St cBOOOIHBIX cKanspHBIX @ (x, x°), cimHOpHEIX (X, X°), M BEKTOPHBIX MOJIEH A, (x, x®).

JeicTBuA 7151 110J1s1 HEB3aUMOJIEHCTBYIOIINX HEUTPAJIbHBIX CKAJISIPHBIX YaCTHI] C HYJIEBOW MacCOii:

e [Pt ) ) oetert) e ] -

daxt oxy
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_ %fd“ [3<P(x) 99 M2| a‘/’(x) o(x )| ] (13)

oxH  9xy

JeiicTBust 1y1st CBOOOHBIX CITMHOPHBIX TIOJICH:

fd‘*x {W(x,x%)(id + M) [ﬁ — 1/;(x,x5)] +

+M[ 5 VG xS)](la + M)y(x,x%) — [ 5 V0 5)] [ 5o Ve )]

—(x,x°) [M + ¢ ]1/1(x x°)} (14)
JleticTBUS 11s1 CBOOOTHBIX BEKTOPHBIX ITOJICH:
§ = =2 d*x (Fi (x, xR, —x%) + 2|22 g (o, 25 | ) (15)
rne A*(x,x°) m As(x,x®) -BekTOpHBIE MO, Frp (x, x°) =ax—K[e_LMx Ap(x, x%)] -
a% [e~tMx * A (x, x%)] -rensop BexTopHOrO NONIA B S-MepHOM npocTpaHcTse, a K, L= 0,1,2,3,5.

B utore, x0T IepeHOPMUPYEMOCTh 3TOH HaIllel TEOPHH €1lIe HE AOKa3aHa, B IPUHIUIIE B IPEBECHOM
HpI/I6J'II/DKCHI/II/I MOKEM BBIYUCIIATE CEUCHNE HEKOTOPLIX AACPHBIX PCAKIINU U BBIACIIUTE POJIb HOBOT'O Macirada
(yHnaMeHTampHOW Maccoid. PesympTaTel pacdueToB B paMKax Halleld TEOPHH IPOIECCOB PaCCESTHUS
MOJISIPU30BAHHBIX ~ 3JIGKTPOHOB B O0JACTH  CBEPXBBICOKHMX  JHEPIHAX MOXKEM  PEKOMEHIOBATbh
JKCIIepUMeHTaTopam [5].
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OVERVIEW OF UNSTABLE STATES STUDIES IN FRAGMENTATION OF RELATIVISTIC
NUCLEI

A. Zaitcev” and P.1. Zarubin

Joint Institute for Nuclear Research, Joliot-Curie St 6, 141980 Dubna, Russia,
*E-mail: zaicev@jinr.ru (corresponding author)

Abstract

Starting with the discovery of the nuclear component of cosmic rays, the nuclear track emulsion method
(NTE) makes an opportunity to study the composition of the relativistic fragmentation of nuclei at high-energy
accelerators. The promising potential of the relativistic approach to the analysis of ensembles of fragments
was manifested in NTE exposed by nuclei at several GeV per nucleon accelerated at the JINR
Synchrophasotron and Bevalac (USA) in the 1970s. Since the 2000s of the NTE method is applied in the
BECQUEREL experiment at the JINR Nuclotron in respect to the cluster structure of nuclei, including
radioactive ones, as well as the search for unstable nuclear-molecular states. Due to its unique sensitivity and
spatial resolution the used NTE method gives an opportunity to study in a unified approach multiple final
states arising in the dissociation of relativistic nuclei. The aims to search in the relativistic approach for the
a-particle Bose-Einstein condensate (oBEC), an unstable state of S-wave o-particles. The extremely short-
lived ®Be nucleus is described as 2aBEC, and the **C(0%,) excitation or Hoyle state (HS) as 3aBEC. The
realizability of more complex states is essential in nuclear astrophysics.

Using NTE layers exposed longitudinally to relativistic nuclei the invariant mass of ensembles of He
and H fragments can be determined over the emission angles in the approximation of conservation of initial
momentum per nucleon. The ®Be and HS decays, as well as °B — ®Bep decays, are identified in fragmentation
of light nuclei by an upper constraint on the invariant mass [1]. This approach has been used to identify ®Be
and HS and search for more complex states of aBEC in fragmentation of medium and heavy nuclei. Recently,
based on the statistics of dozens of ®Be decays, an increase in the probability of detecting ®Be with an increase
in the number of associated a-particles na was found [2]. The exotically large sizes and lifetimes of ®Be and
HS suggest the possibility of synthesizing aBEC by successively connecting the emerging o-particles 20 —
8Be, ®Bea — 2C(0*), *C(0*2)a — *0O(0%6), 2°Be — **0(0%6) and further with a decreasing probability at
each step, when y-quanta or recoil particles are emitted. Ongoing investigation aims to measure na channels
of K7 fragmentation at energies up to 950 MeV per nucleon to determine the contributions of 2a decays of
8Be, the Hoyle 3a state, and the search for a 4a particle condensate state [3].

Key words: relativistic dissociation, a-fragmentation, nuclear emulsion, unstable nuclei
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KOHIHEHTPAIMA Ra-226 B KOMMEPUECKUX BYTUJIOYHbBIX BOJAX TAIIKEHTA
C. BacupoBa, A. Bacuaos

HUnemumym sioepuoii pusuxu AH PY3, M. YViyebexckuil pation, noc. Ynyebex, yr. Xopacan 1, 100214, Tawxenm,
*E-mail: vasidova91l@mail.ru

AOcTpakT

lna onpedenenua roumyemmpayuu RnN-222 u Ra-226 & 6OymsiioyHvix 600ax OvLiu npuobpemersl
wecmHaoyams Mapounslx 800 U3 Mazasunos u anmex Tawkenma. Ilpu usmepenuu Konyenmpayuu paooHa 6
OYMBLIOUHBIX 800aX ObLL NPUMEHEH Memo0 6apOOmMuposanusi padoH08020 8030yXa u3 npob 600bl 8 0OvLEM
CYUHMUTSIYUOHHOU STUEUKU ¢ NOMOWBIO MUHU HACOCA. ATbgha akmueHocms OO0YePHUX PAOUOHYKAUO08 Po-
218 u Po-214 Ovinu pecucmpuposansvl CYUHMULIAYUOHHBIM Memooom. Konyenmpayus Rn-222 u Ra-226 ¢

KoMMepueckux Oymuliounbix 600ax Tawkenma uatioenvt ¢ unmepsaie om 0.20+0.03 bx/ke oo 3.16+0.41
br/xe.

Karouessble ciioBa: O0bpeMHast akTUBHOCTD RN-222, koHtieHTparus Ra-226 B Boie, CHUHTHIUIAIIMOHHAS
staeiika, MIHHH Hacoc, 0apOOTHPOBaHNs, paBHOBECHS aKTHBHOCTEH.
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Abstract

This work presents the results of the experiments performed at the FLNR, JINR Superheavy Element
Factory (SHE Factory). The experiments were carried out on the basis of the new cyclotron DC-280 with an
intensity of accelerated particles of up to 10 ppA [1] and gas filled separator DGFRS-2 [2] and were aimed
at study of the *Pu+*8Ca and 28U+*4Ca reactions. The main goal of this experiments consisted in determining
the capabilities of the SHE Factory for the production and study of new isotopes of known superheavy elements
up to Og(Z=118), as well as the synthesis of new ones with Z>118.

The decay properties of °FI and ®'FI, as well as their a-decay products, have been updated from 25
and 69 new decay chains, respectively. Additionally, 16 decay chains of **Cn were observed in the 2U+*Ca
reaction. During the experiment, the maximum intensity of the “*Ca ion beam was 6.5 ppA. The stability of the
target was measured at such high intensities. Possibility of existing of isomeric states in the 2*’FI consecutive
a decays is discussed. A new a line with energy of 100-200 keV lower than the main one at 10.19 MeV was

observed for the first time for even-even 2%°FI. The maximum cross section of 10.43'? pb was measured for
the 2*2Pu(*Ca,3n)*"FI reaction.

Key words: SuperHeavy Elements, cyclotron, separator, fusion reaction, decay chains, cross section,
heavy ion beam.
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Abstract

One of the most urgent problems of our time is the security of information transfer. This can be
seen even from the fact how much spam we receive every day by email. It is known that Advanced
Encryption Standard [1], which is the basis of western information encryption, is based on such chaotic
actions as permutation of cells, columns and matrix rows, which are the conversion of plaintext to
ciphertext. These actions are random in nature and therefore do not provide complete confidentiality of
information. Complete confidentiality of information can be provided if each information cell is closed
using its own transformation. Such a complete set of transformations can be obtained by solving the
equations for a function of N variables, where N is the number of cells. As known, there are very few
exactly solvable equations for functions of N variables. One of the most reliable is the Lieb-Liniger
model for describing the system of bosons interacting by means of delta-function potentials. This
problem was first solved by Lieb and Liniger [2] and is known in the scientific literature as the Lieb-
Liniger model. Another vulnerable point leading to the loss of information security is the process of the
encryption key transmitting after sending encrypted information from the sender (Alice) to the recipient
(Bob). This vulnerability can be eliminated if Alice and Bob have their own encryption keys.

Researchers drew attention to the problem of having their own encryption keys long before the
development of modern information technologies. Back in the early 30s of the twentieth century, an
attempt to play poker at a distance between Professor Niels Bohr with colleagues was unsuccessful, and
a problem arose for the players to have their own encryption keys. Only in the 80s of the 20th century,
Adi Shamir [3] indicated a way to solve this problem. His method of solving the problem is often called
a three-step protocol. It consists of the following steps. Alice encrypts the information with her
encryption key and sends it to Bob. Bob encrypts the received information with his own encryption key
and returns the information now under the two encryption keys back to Alice. Alice, having received
this information, decrypts it with her decryption key and sends the information now under one encryption
key back to Bob. Information is now under one encryption key with Bob. Bob, having received this
information from Alice, decrypts it with his decryption key. Now the information is without an encryption
key and Bob can get acquainted with the information that Alice wanted him to transfer.

In this paper, we show the possibility of using expressions defined based on the Lieb-Liniger
work as commutative Alice and Bob encryption keys for transmitting information based on a three-step
protocol [4].

Key words: Lieb-Liniger Model, cryptography, three-step protocol
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Abstract

The reactions, mediated by weak interaction, play crucial role during the evolutionary phases of massive
stars [1,2]. The core-collapse dynamics is sensitive to the temporal variation of the lepton-to-baryon fraction
(Ye) and entropy of the core [3]. These quantities are primarily determined by the weak interaction rates. The
calculation of stellar weak interaction rates relies heavily on reliable computation of the ground and excited
states Gamow-Teller (GT) responses [3]. Isotopes of Fe play a crucial role in the evolution of heavy mass
stars. Fe isotopes, selected for the current investigation, are amongst the most relevant weak interaction nuclei
according to the survey performed by Aufderheide et al. [4]. Heger and collaborators [5] rated **>*Fe
amongst top seven (top three) nuclei considered to be most important for decreasing Ye in 15 Me and 40 Mo
(25 M) stars. A more recent simulation study of presupernova evolution of massive stars [6] highlighted the
importance of Fe isotopes. These investigations motivated us to study nuclear structure properties and stellar
weak rates of even-even neutron-rich Fe isotopes.

Nuclear structure properties and weak interaction rates of neutron-rich even-even iron (Fe) isotopes (A
=50 -70) are investigated using the Interacting Boson Model-1 (IBM-1) and the proton-neutron Quasiparticle
Random Phase Approximation (pn-QRPA) model. The IBM-1 is used for the calculation of energy levels and
the B(E2) values of neutron-rich Fe isotopes. Later their geometry was predicted within the potential energy
formalism of the IBM-1 model. Weak interaction rates on neutron-rich nuclei are needed for the modelling
and simulation of presupernova evolution of massive stars. In the current study, we investigate the possible
effect of nuclear deformation on stellar rates of even-even Fe isotopes. The pn-QRPA model is applied to
calculate the weak interaction rates of selected Fe isotopes using three different values of deformation
parameter. It is noted that, in general, bigger deformation values led to smaller total strength and larger
centroid values of the resulting Gamow-Teller distributions. This later translated to smaller computed weak
interaction rates. The current finding warrants further investigation before it may be generalized.

Key words: Gamow-Teller strength, pn-QRPA model, IBM model, Nuclear structure, Nuclear
deformation, Weak interaction rates
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Abstract

The results of the experiment at the kinematic separator SHELS [1-3] on spectroscopic studies of the
radioactive decay properties of nobelium neutron-deficient isotopes are presented. Nobelium isotopes were
produced in the 1n, 2n and 3n channels of fusion-evaporation reaction “Ca+°**Pb [4,5]. The accelerated
heavy ion beam of “Ca was provided by the cyclotron U-400 (FLNR, JINR). The irradiation was performed
at various beam energies to measure the excitation function of neutron evaporation channels. The neutron-
deficient isotope **No was synthesized for the first time, it was identified with the GABRIELA detection
system [6,7] by the characteristic alpha decay into the known daughter and granddaughter nuclei ***Fm and
28Cf, For the new isotope the alpha-decay activity (E,=9129 + 22 keV), half-life time (T1,=38.3 + 2.8 ms), an
upper limit for fission brunch (bsr < 6.9 - 10~3) were measured, a partial decay scheme of *Rf through ?*°No
to *°Fm was given [5]. The measured production cross-section of #(3n) = 0,47 + 0,04 nb corresponds to the
maximum of the calculated excitation function at a mid-target beam energy of 225.4 MeV. For ?**Fm based on
the obtained experimental data the new decay mode was established (bzcis+= 11,51'2:3%). In the case of *°No

the new f-,y-spectroscopic data was obtained [8]. The isomeric ratio of the population of the ground and
isomeric states was measured depending on the excitation energy of the compound nucleus [5]. For »*'*No two
alpha lines of ground and isomeric states, which are in a good agreement with the previously published data,
were observed.

Key words: kinematic separator, spectroscopy, detection system, alpha decay, excitation energy,
fusion-evaporation reaction, isomeric state, decay scheme.
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Abstract

In particle physics, study of the symmetry and its breaking play very important role in order to get
useful information about the nature. The classification and arrangements of subatomic particles is also
necessary to study particle physics. Particles which are building blocks of nature are quarks, gluons and
leptons. Baryons and Mesons composed of quarks were arranged by Gell-Mann and Okubo in their well-
known Eight-Fold way up to SU(3) symmetry. Standard model of particles is composed of these particles.
Particles in SU(4) also make some beautiful patron. These make some multiplets. But all the baryons with spin
JP=3/2* in these multiplets have not been observed till date. In this paper the SU(4) multiplets have been
organized and studied in an easy and new way. As a result we obtained some clues about the masses of four
unknown hyperons. These approximations about the characteristics of the unidentified baryons have been
recorded in this article. Mass formulae for the baryon SU(4) multiplets have been obtained.

Key words: Baryons, SU(3), SU(4), Hyperons, Standard Model, Mass Formula.

1. Introduction
Baryons are made of three quarks (qqq). The three flavors up u, down d, and strange s, imply an
approximate flavor SU(3), which requires that baryons made of these quarks belong to the multiplets on the

right side of the ‘equation” 3®3&®3=10, ©8,, ©8,, 1, .Here the subscripts indicate symmetric, mixed
symmetry, or anti-symmetric states under interchange of any two quarks [1].These were classified and
arranged by Gell-Mann and Okubo in De-Couplets (J = 3/2, | = 0) and Octets (J = 1/2, | = 0) with +1 parities
[2-4]. The Gell-Mann / Okubo mass formula which relates the masses of members of the baryon De-couplets
consists of equal spacing between the rows [2-4]. The spaces are equal to an average value — 151MeV/c?.

M,~-M_=M_-M_=M_-M, (1)

Table 1. List of the spin J°= 3/2* particles formed from three quarks combinations (qqq) of four quarks u, d, s and ¢ [5].

. Quark |Rest Mass . Quark Rest  Mass
S# | Particle Symbol contents(MeV/c?) S# Particle Symbol contents | (MeV/c?)
o |AT 117 =iy
1 |Delta uuu 1232+2 Xi Zero uss 1531.80+0.32
(1232) (1530)
+ 12 - =
2 Deltaplus(f232) uud 123242 XiMinus | T | dss 1535.0+0.6
Delta A 13 | charmed Xi | Z.° 05
3 dd 1232+2 ‘ ¢ 2645.9'
Zero  (1232) | (2645) Hee o
Delta A 14 | charmed Xi | =7
4 - ddd 123212 ¢ d 2645.9+0.5
Minus  |(1232) Zero (2645) 3¢
i *+ 15 -
5 [Slgma )% uus  |1382.8+0.4 Omega - Q sss 1672.45£0.29
Plus (1385) (1672)
Sigma | ¥ 16 | charmed QY
6 Zero (1385) uds 1383.7£1.0 Omega Zero (2770) ssc 2765.9+2.0
Sigma |X* 17 | double e
7 Minus  |(1385) dds 1387.2+0.5 charmed Xi S ucc Unknown
o 18 .
8 g.harm‘i‘i' Z uuc 2517.9+0.6 double . dcc Unknown
igma ™ | 2520) charmed Xi

31


mailto:immarwat@yahoo.com
http://en.wikipedia.org/wiki/Delta_baryon
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Xi_baryon
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Charm_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Charm_quark
http://en.wikipedia.org/wiki/Sigma_baryon
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Omega_baryon
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Charm_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Strange_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Charm_quark
http://en.wikipedia.org/wiki/Charm_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Up_quark
http://en.wikipedia.org/wiki/Charm_quark
http://en.wikipedia.org/wiki/Down_quark
http://en.wikipedia.org/wiki/Charm_quark
http://en.wikipedia.org/wiki/Charm_quark

International Conference “Fundamental and Applied Problems of Modern Physics ”, October 19-21, 2023

=+ 19 .
g |Sharmed |X" | 40 125175423 Db.charmed |y | oo Unknown
Sigma”  |2520) Omega
charmed 570 20 | Tri. X
10 [Sigma ¢ ddc 2518.8+0.6 charmed Q. | ccc Unknown
Zero (2520) Omega **

2. SU(4) Multiplets
Now let’s move towards baryon types made from the combination of four quarks, i.e. up u, down d, strange s
and charm c. These belong to SU(4) multiplets. The SU(4) multiplets numerology is given by;

4®4®4=204 ®20,, ®20,, ®4, [5].

We are interested in twenty particles having spin 3/2 and even parity +1 forming one of the SU(4) multiplets.
These particles are in their ground states, with | = 0. Their masses and other properties are listed in the Table
1, and shown in figure 1.
Since the mass splitting due to strangeness is typically of order 151 MeV/c? in the de-couplet, which is an effect
of about 13% of the masses it contains. The splitting due to charm in the SU(4) particles multiplets is expected
to be larger [6]. In the SU(3) framework the Gell-Mann / Okubo relation of equal spacing rule work so nicely
that we cannot abandon linear mass formulae for baryons [6].

3.Method
There are four particles in the Table 1, whose masses are unknown. Let’s try to make some predictions about

—Ftt =
-

the unknown masses of the = .. , = , QZZ , and QZ:: hyperons. The particles listed in Table 1 are

grouped in pyramid shape of increasing charm number from C = 0 to C = 3 as shown in Fig. 1 [5]. Masses of
the particles are expressed in round numbers. The bottom of the ‘Pyramid’ is the SU(3) de-couplet of J°= 3/2*
particles at C = 0.

Figure 1. SU(4) 20—plet of Baryons (J°=3/2*) made of u, d, s and ¢ quarks, with an SU(3) de-couplet at the bottom [5].

(@) Mass equal spacing rule i
Gell-Mann developed this formula. Mass formula for de-couplets consists of equal spacing between
the rows. The spaces are equal to an average value — 151MeV.

M,.-M,=M_-M_=M,-M_ =151 (2)

z
Gell-Mann used this formula and predicted the mass of the Q™ baryon in 1962, equal to M, =1685MeV [2].
Whereas actual mass of the Q™ hyperon is equal to 1672 MeV, observed in 1964 [4]. Their mass difference is
only 0.72 %, or in other words it was 99% true guess.
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Figure 2. (left) SU(3) de-couplet of Baryons (J°=3/2") , (right) Multiplets of SU(4) of Baryons (J°=1/2*) [5].

(b) Mass equal spacing rule ii
I have developed another rule of equal spacing in layers of the particles with same charge number. According
to the charge distribution, average masses of the charge layers are given by;

For figure 2 (left): M, -M,=M,-M_,=M_,—M_, =74 MeV /c? 3)
For figure 2 (right): M,-M,=M,-M,=M,-M , =586 MeV /c* (4)
Here subscripts show the charge of the layers containing particles with same charge.
(c) Mass equal spacing rule iii
In case of SU(4) spin half particles 20 plet, figure 2 (right), we have;
Mass of 2. (ucc) particle = 3621 MeV/c2, Mass of =, (usc) particle = 2468 MeV/c?

Mass of =° (uss) particle = 1315 MeV/c?

Mass difference between = and Z_ states= 3621-2468= 1153 MeV/c?
And mass difference between E; and Z° states= 2468-1315= 1153 MeV/c? (5)

Mass difference between these particles is exactly same i.e. 1153 MeV/c? There difference in nature is only
of one c-quark. So we can use such behavior for other multiplets’ content particles too.

Table 2: Mass difference between masses of hyperons having charm-ness 1 and zero. Masses are in MeV/c?,

S 4 !Darticle c Particle’s Pz?lrticle s Particle’s Mass
with ¢ mass with s mass Difference

1 [Z (uuc) 2518 ™ (uus) [L383 1135

2 |2 (usc) 2646 =C(uss) [1532 1114

3 |=°(dsc) 2646 = (dss) [1535 1111

4 |Q°(ssc) 2766 Q (sss) 1672 1094

Mass differences between masses of hyperons having charmness equal to 1 and zero are calculated using above
stated technique and presented in table 2. Other quark contents of both compared particles are same. Only
difference is of s-quark and c-quark. It is found that average mass difference is equal to 1114, ranging from
1094 to 1135 MeV/c% Actual mass difference between these quark masses is equal to 1270-93.4= 1176.6
MeV/c?,
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Table 3: Masses of missing hyperons having two charm quarks are calculated via adding mass differences into mass of particles with
one charm quark.

Particle Particle  [Particle’s Particle’s
with cc with ¢ mass Method|mass (MeV/c?)

1 |E." (ucc) |E; (usc) [2646+1111 375761
2 |E, (dec) |2 (dsc) [2646+1114 (3760161

2766+1094
2766+1114

S.H#

3 |Q (scc)  |€QQ° (ssc) 3870462

o
+
coc: 498510 Mass= 12496

++ -3757
£2eee 3518
1232

Charge 1456 MeV/c’

Figure 3. SU(4) 20—plet of Baryons (J°=3/2*) with particles masses.

Then masses of missing hyperons having two charm quarks are calculated via adding mass differences into
mass of particles with one charm quark. These are presented in table 3. Thus we have obtained masses of three

“* mass is still not predicted. For this purpose we follow the following procedure.

ccc

particles. One particle’s €2

The rules of mass splitting of the particles can also be used to get expression for the particles having
JP =3/2* and forming the multiplet in SU(4) as shown in figure (1). For this purpose, figure (1) can be viewed
from another angle, as shown in figure (3). It is distributed in four different layers with increasing charge
number.

*44
3. Mass of the ™ ¢¢ hyperon
In figure (3) quark contents of the particles along with masses of the observed particles and calculated masses
are presented. Average masses of particles in different layers with same charge number is written in front of

each layer at the bottom right. Since € is not discovered yet, therefore we cannot calculate average mass

cce
of the layer with charge number +2. However we can approximate mass of this unknown particle with simple
method, similar to the method used by Gell-Mann/ Okubo for SU(3) de-couplet [8]. Average masses of the
particles in layers with charge number -1 and 0, are given by M.1 = 1456 MeV, Mo= 2013 MeV and M.1 = 2568
MeV respectively. Average mass of the particles in layer with charge number +2, M., cannot be obtained due
to mass of one missing particle.

Difference between average masses of the layers with charge number 0 and -1 is; My, —M_, =557 MeV .

Difference between average masses of the layers with charge number -1 and zero is; M, — M, =555MeV .
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Adding this value into the average mass of the layer with charge number +1, i.e. M. = 2568 MeV gives;
M., +556 MeV =3124 MeV =M _, .

So average mass of the particles in layer with charge number +2, is obtained as equal to M., = 3124 MeV.
Now total mass of the layer’s particles should be:

Total Mass=3124x 4 =12496MeV / c? (6)
Mass of Q. =12496—3757—2518-1232=4989MeV /¢’

Mass of Q. =4989+70MeV /c? 7)

4. Equal spacing formula between charge layers

From the above discussion, we can conclude that there is an equal spacing relation between charge layers,
given by;

M,-M,=M,-M,=M,—M_, =556 MeV

5. A general relation for mass splitting
The calculations may also be expanded to the whole 20- multiplet, as shown in Figs. 1 & 4, so that a
combined formula for all the baryons masses of this multiplet may be extracted.
A general relation between layers of multiplet having increasing charm number from 0 to 3, is given

(8)

by;
M, —M, =M, —M, =M, — M, ~1200 MeV o)
.QZ,L;; +3-1 4989 M,

+2-] 3796 M:

+1- 2602 M,

+
2 Charmness

Figure 4. SU(4) Multiplet with increasing Mass, and Charm-ness from bottom to top.

Thus the mass of Q_ . particle, estimated using the above method is equal to 4989+70 MeV/c?.

Statistical Errors are the square root values of the particle masses. Experimentally observed Particle masses
may slightly differ from the above estimated values of masses of any/ all the four particles, due to rough
estimates. However in that case the values obtained experimentally should agree with theoretical mass values
with in errors. All the predicted masses of the four unknown particles are listed in Table 4.

Table 4: Approximated masses of the unknown particles in Standard Model of SU(4).
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Particle’s mass|
(MeV/c?)

. (ucc) [3757+61
B (dcc) 376061

- (scc) 3870+62
‘T (ccc)  14989+70

S.# Particles

-—++

A W[N]

CCC

6. Conclusions
SU(4) multiplets of Standard Model have been analyzed in this article and some predictions have been

— *+ . .
made about the unknown masses of the =" =, € " and . hyperons. Their masses are estimated

to be 2.7 (3757 + 61), Z. (3760 + 61), Q. (3870 + 62), and 27" (4989 + 70) MeV/c2. Experimentally

observed particles’ masses may slightly differ from the estimated values of masses of all the four particles, due
to rough estimates. However in that case the values obtained experimentally should agree with theoretical mass
values with errors. General formulae for masses have been derived for the SU(4) multiplets, which give
satisfactory results for observed and estimated masses of the particles of SU(4). The mass difference in the
multiplets of the SU(4) is due to the mass of Charm quark, and its value is also equal to mass of the charm
guark. The results in this research, if proved correct, will be helpful in understanding the particle physics, and
will strengthen the Standard Model of particles.
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Abstract

We study the B mesons decays within the Standard Model (SM) by using the relevant transition form
factors obtained from the covariant confined quark model (CCOM) developed by us. The b — u(d), b — ¢,
and b —s transitions form factors are obtained in the full kinematic g° range. The branching fractions are
then calculated. Our results are in an agreement with those obtained in other theoretical approaches.

Key words: B mesons, rare decays.
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Abstract

The ELI Time Projection Chamber (ELITPC) serves as a dual-purpose gaseous detector,
simultaneously acting as both a target for nuclear reactions and a medium for detection and
reconstitution of particle trajectories. Its primary application lies in the study of reactions of
astrophysical interest, such as the triple alpha decay processes in light nuclei from 2C and 10, as
well as the investigation of cross-sections for photo-dissociation reactions (y,p) or (y,a). This
capability proves valuable for identifying multi-particle reactions and instances where multiple
events occur within a brief time window, offering significant insights into nuclear reactions and decay
processes involving complex particle interactions. Because such a system generates large volumes of
particle trajectory data, we have developed a novel method for extracting statistics and calculating
reaction cross-sections, using image processing algorithms. We also developed tools to kinematically
reconstruct the reaction events in 3D.

Key words: y-induced reactions,y-beam, ELITPC
1. Towards ELITPC at ELI-NP.

Two of the major research topics in the field of nuclear astrophysics are the energy generation in stars
and the origins of the chemical elements in the Universe. The latter two topics are closely linked, as stars are
gravitationally confined thermonuclear reactors, where energy is released within their interiors by dominate
exothermic nuclear reactions, which ultimately transmute the lightest elements of hydrogen and helium, into
the heaviest elements found in nature (e.g., lead and uranium), and all the vast species of the periodic table in
between. Prof. Christian Iliadis has written, “We may state without exaggerating that after several decades of
research, stellar evolution and nucleosynthesis are among the most successful theories humans possess”.
However, nature is not particularly democratic in its distribution of the elemental abundances, there being a
difference of about fourteen orders of magnitude between the abundance of hydrogen and uranium, and there
remain several outstanding puzzles in this interdisciplinary field of research to be addressed [1].

The cross-sections of the reactions essential to the stellar evolution are very small which significantly
increases the difficulty of carrying out nuclear physics experiments. Measurements via charged particle
induced reactions, for example >C(a, v)'°0, and y-ray detectors result in very large uncertainties of the cross-
section S-factors. The quality of measured distributions does not allow reliable separation of the E1 and E2
components. The problems are mostly due to large background due to the **C(a, n), reaction, the room
background, the cosmic rays and the Compton scattering. To overcome the above-mentioned difficulties, one
possibility is to perform time inversed reaction measurements, i.e. (v, o) or (y, p). The desired information on
the forward reaction is then derived via the detailed balance. Coulomb dissociation is the time inverse to a
direct-capture reaction and has been successfully used for several reactions that occur in astrophysical
environments [2].

This motivation triggered the development and construction of the ELITPC (Time Projection Chamber)
already tested in-beam, at the 3MV Tandetron Accelerator at IFIN-HH. The ELITPC is an active gas target
detector in which the target is the same material as the detection medium. The ELITPC detector provides
almost full angular coverage and high detection efficiency for charged particles at very low energy threshold.
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This enables studies of weak reactions channels at very low energy emitted in the reaction products. Moreover,
the reaction vertex can be reconstructed which allows studying of correlations with high precision.

Chapter 2 covers the most interesting physics cases of the ELITPC to be fulfilled and carried on at the
ELI-NP y-beam laboratory. The ELITPC has been constructed and primary tested using a neutron beam
impinging into a CO; gas target, see Chapter 3. The upgrade of the gas system to enable different gases as
active targets is under the final stage of the implementation as is discussed in Chapter 4. A new strategy for
efficient analysis of ELITPC data is introduced in Chapter 5.

2. Physics cases for nuclear Astrophysics using photon beams.

Among the high-priority experiments using mono-energetic, almost fully polarized y-ray beams
delivered to ELITPC are *0(y,a)*2C, F(y,p)*®0 and #Ne(y,a)!’O reactions (which will employ CO,, and CF
gases) [2].

The *F(y, p)'*0 reaction.

Hydrogen burning of 20, resulting from the B-decay of 8F, can occur through two competitive
reactions: *O(p,y)'°F and *O(p,a)**N. The ¥O(p,y)*°F dominates and leads to the recycling of the CNO cycles
[4]. However, the ¥O(p,y)*F, due to proton capture by °F and the subsequent burning °F(p,y)*Ne will
generate a loss of the catalytic material from the CNO cycles to the NeNa cycle. The ¥O(p,y)*°F reaction cross-
section, especially at low temperatures (T < 1 GK), is characterized by a multitude of resonances with
pronounced direct capture components and complex interference patterns that need to be well understood for
reliable extrapolation. Whereas the reaction strength of the most resonances at excitation energies
corresponding to T > 0.1 GK are already known [4-6]. At lower temperatures large uncertainties dominate the
experimental information available. In particular, the resonance at Ecm. = 90 keV has not been observed in the
(p,y) channel, yet. Only an upper limit of the wy < 7.8 x 10 eV strength has been recently estimated [6].

The *!Ne(y, @)*’O reaction.

Elements heavier than the iron group can be produced via rapid neutron capture (r-process) during
massive stars explosions and via slow neutron captures (s-process) during the pre-supernova evolution. The s-
process, producing mostly elements in the 60<A <90 range, starts at the end of helium burning when the
temperature is high enough to activate the ?Ne(o,n)>®Mg reaction. The ?Ne nucleus, the main neutron source,
is produced starting from the initial CNO isotopes. However, at low metallicity (low iron seed abundance, low
22Ne content) the increasing strength of the primary neutron poisons limit the s-process efficiency, permitting
only negligible production of s-elements [7]. In low-metallicity conditions, due to lower abundance of heavier
neutron poisons like Mg, '*O becomes the dominant neutron poison via the **O(n, y)’O reaction. The
captured neutrons can be released again by the ’O(a,n)*Ne reaction competing with the ’O(a, y)**Ne. The
influence of the %O poison on the yield and mass range of elements produced in the s-process is influenced by
the competition of these two channels. Determination of the 'O(a,y)*!Ne reaction cross section at lower
energies is essential.

During the first direct measurement of the ’O(a,y)**Ne reaction [8] resonances at 8.159(2), 8.470(2)
and 8.659(2) MeV in #Ne were revealed. However, due to excitation of resonances in *#0(a,n)?!Ne and
Y70(a,n)®Ne reactions the observed in the reported experiment y-ray spectrum was contaminated which
complicated identification of the resonances of interest. Thanks to y-ray beams to be delivered at the ELI-NP,
there will be no such a background. Moreover, there will be also open up opportunities for the spin parity
assignment and identification and measurements of lower lying excited states e.g. at 8.065, 8.008, ... MeV

3. Time Projection Chamber (ELITPC)

The ELI-NP Time Projection Chamber (ELITPC) was co-constructed by ELI-NP and the Faculty of
Physics, Warsaw University [3,9,10]. It comprises of a gas-filled detection volume strategically positioned
within a homogeneous electric field, juxtaposed with a position-sensitive electron collection system.

When a ,,transparent’” primary beam (composed of y-rays or neutrons) enters the active region of the
ELITPC, various types of nuclear interactions can occur in the target gas. These interactions result in the
generation of reaction products, such as charged particles, which can have kinetic energies extending up to the
MeV range. The emitted charged particles trigger the ionization of the gas in which ions and electron pairs are
produced. The number of produced electrons correlates with the stopping power of the gas, a function
intrinsically associated with the kinetic energy of the reaction products.
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Under the effect of a constant electric field, the secondary electrons emitted in the wake of the reactant
products are accelerated downwards toward a designated collection pad. To facilitate electron multiplication,
a sequence of Gas Electron Multiplier (GEM) foils, originally devised at CERN [11], are employed. These
GEM foils preserve the positional attributes of electrons while undergoing amplification, ensuring accurate
representation. An electron current amplification of ~10° - 102 can be achieved using this method.

uj

Yss

Figure 1.

Left: The active volume is 1000 cm? and uses 3 Gas Electron Multipliers to amplify the electron signal. Right: The read-out anode is
segmented into 3 planes, u-v-w with each plane having 72 channels.

After electron amplification, the charge distribution is captured by a u-v-w readout pad (right side of
Figure 1). This assembly, constructed with multi-layered board technology (multi-layer PCB), consists of three
layers of (u-v-w) grids arranged orthogonally at 60-degree intervals. This gives a total of 92x92x72 channels
for current collection, which will constitute the spatial position resolution of the recorded events. The
correlation between the spatial coordinates within the collection plane and the temporal data pertaining to
electron drift facilitates a comprehensive three-dimensional reconstruction of particle trajectories.

This tridimensional reconstruction holds significant analytical utility, particularly in identifying
interactions involving multiple reactant products. For instance, the (y, 3a) reaction within a *2C nucleus can be
identified by determining the vertex positions of individual particles involved and subsequently retracing the
point of their initial interaction.

The ELITPC can facilitate the exploration of complex interactions through precise spatial and temporal
measurements, providing a tool to unveil intricate reaction dynamics with applications for nuclear
astrophysics.

4. Gas system

One of the key elements for the success of experiments with the ELITPC is maintaining gas pressure
stability in the detector chamber. The pressure inside the detector is approximately 10 times less than
atmospheric pressure (100 mbar absolute) and to ensure the proper circulation of the gas a dry (membrane)
vacuum pump needs to pull the gas into the detector and then push it out into the atmosphere to be vented. The
gas will be supplied from dedicated gas cylinders under high pressure using a pressure reducing regulator. Due
to the low pressure in the detector chamber, any leak will contaminate the gas which is grade 6 (under 1 ppmy
of Oz, H,0 and HC). For this reason, the flow has to be evaluated in a way to maintain the gas at low
contamination and minimum consumption. In order to eliminate the loss of gas through venting into the
atmosphere, a gas recirculation gas system was designed to be used coupled with a purifier to maintain the gas
at low contamination. A block diagram, CAD design, as well as a photograph of the live implementation of
the ELITPC gas system are presented in Figures 2 and 3 below.
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Figure 3. Left: CAD design of the ELITPC gas recirculation and purifier system; Right: Photograph of the gas recirculation
system installed on the ELITPC (purifier not yet mounted)

5. Data analysis

Due to the high volume of data collected, manually analyzing the captured events would be a time
consuming and strenuous task. One important goal is automating as much of the process as possible. Thus, we
have developed tools that use image processing algorithms to extract statistics, calculate reactions cross-
sections and reconstruct the events in 3D.

The first step in this process is the creation of the images on which the image processing algorithms will
be used. The data is initially stored in a tree, in which each entry represents a trigger, containing a series of
signals coming from each channel of each plane. In total there are 272 signals for each entry, 72 of which come
from plane U, 92 of which come from plane V and another 92 from plane W. Firstly, the background noise is
removed from the 256 channels containing the signals from the 3 planes. Secondly, a smoothing algorithm is
applied on signals. Finally, the signals are used to construct a group of 3 images, representing the data collected
from the 3 planes of the detector. The images are then compressed and stored for further processing.

The second step involves the detection of lines in each of the images. The X axis for each image
represents time and the Y axis represents the channel number. The amplitude of the signal for each plane is
represented by a color gradient. For the line detection algorithm to work some preprocessing needs to be done
on the images. Finally, the line detection algorithm is used to find all of the lines in the photo. This entire
process is illustrated in Figure 4.
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Original image Input image Detected lines

0 30 400 500 600 700

Figure 4. Image generated from the signals on one plane. Left: original image with the reaction center detected; Center:
removed background, highlight of the trajectory reconstruction; Right: Reaction vertex identification

In the case of multi-prong events, the interaction point can be found by calculating the intersection point
of the detected lines. From all the information available at this point further statistics can be calculated and
used to find useful trends in the data.

Due to the high number of events recorded during an experiment, applying the steps mentioned above
to every event would require a very high processing time. In addition, several events would contain only noise
or point-like structures, for which line detection is unnecessary. Thus, classifying events into groups can be a
useful way of selecting only certain events for processing. This grouping can not only assist by reducing the
number of images on which the line detection algorithm will be used but may also help in the computation of
certain statistics.

6. Conclusions

Quasi-monoenergetic polarized y-ray beams to be produced at the ELI-NP y-beam facility and delivered
to ELITPC will allow advancing the studies of y-induced reactions in the interest of astrophysical modeling.
The most enthusiastic cases from our viewpoint are covered. In the present stage of preparation of the y-ray
beam facility the development of ELITPC is in its final stages. Thus, the first tests of the newly constructed
gas recirculation system setup were completed successfully. Using this system, the performance of new gases
(density, stability, electron amplification etc.) will be studied in the near future. The development of new
advanced algorithms for data processing are in progress.
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Abstract

The phenomenon of ultra-deep penetration of particles into metal barriers in the presence of sufficiently
dense clusters of particles with dimensions d ~ (1-100) xm and flying at speeds of the order of 1 km/s is called
the Usherenko effect [1, 2]. In this case, the penetration depth h of a small fraction of particles (~ 1%) reaches
~ (10°-10% d and significantly exceeds the penetration depth ho of particles in the absence of the dense clusters
of particles (ho ~ 10 d). In the channels formed behind the impactor particles, chemical elements are observed
that were absent before. The energy release was found to be thousands of times greater than the initial kinetic
energy of the impactor particles. In [2], these results are presumably interpreted as a consequence of
thermonuclear reactions during the collapse of cavitation cavities in the plasma surrounding a moving
impactor particle.

In this work, the formation of elements is interpreted on the basis of the concept of low-temperature
nuclear reactions [3], based on the conclusions of hadronic mechanics [4], as applied to the penetration of
iron carbide particles into brass. In this case, the Coulomb barrier is overcome due to CK- activators (catalytic
rings), which are compact massive electron (ee) - pairs in ring orbits [3]. According to [4], when electrons
with opposite spins approach each other to hadronic scales (10 4 - 10 ) m, attraction due to nonpotential
contact interaction prevails over Coulomb repulsion. It is important that, as shown in [3,5], a relatively small
kinetic energy of the relative motion of electrons (about 10 eV) is sufficient for convergence to hadronic scales.
We emphasize that experiments [6] testify in favor of the existence of (ee) - pairs as real physical objects. One
can expect significant values for the mass m*(energy E*) of (ee)-pairs in the range m*~ (0.05 - 0.5) amu, E*
~ (50-500) MeV. Absorption of (ee)- pairs during the synthesis of massive nuclei changes the nature of the
reaction from endothermic to exothermic. Massive (ee)-pairs are capable of initiating both the synthesis and
decay of nuclei, being located not only in internuclear regions, but also in deep orbits near nuclei, lowering
and narrowing the Coulomb barrier of nuclei.

It is natural to assume that the impact of dense bunches of particles on the metal is accompanied not
only by the modification of the surface layer of the metal of the barrier (due to an increase in temperature and
pressure in the shock wave mode), but also by an increase in the amount (ee)- pairs and the formation of CR
- activators. Then superdeep penetration should be natural for a particle whose tail surface is adjacent to an
active layer with CR - activators. It is in this layer (including the surface of the particle) that nuclear reactions
take place. It is clear that in the case under consideration, at the first stage, the main role in the synthesis is
played by the nuclei of copper, zinc, silicon, and carbon It is not difficult to propose reactions for the formation
of all the observed elements. But here we focus on the synthesis of the most massive nuclei - cerium and
lanthanum (according to chemical analysis [2], the mass fraction of cerium is approximately twice as high).
The synthesis of cerium is provided by the participation of zinc nuclei:

302[’168 +3oZn68 + (ee)—>53C6136, 302”68 +302n7° + (ee)—>53C6138, 3oZn7° +302n7° + (ee)—> 58(:6140 (1)

Note, firstly, that the naturally occurring stable isotope Ce-142 cannot be synthesized from stable zinc
isotopes. Second, taking into account the natural abundance of zinc isotopes, for the mass ratios of the three
synthesized cerium isotopes, one should expect:

(M136 / M13g Jexp= (M138 / M140)exp ~ 30.2. )

The mass ratios for cerium isotopes in nature (Miss / Misg Jnat = 0.74, (mM13s / M1s0 )nat = 0.0028 radically
differ from (2). The predicted relation (2) is subject to experimental verification.
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Only the synthesized isotope Ce-136 has a significant mass fraction; therefore, the mass of lanthanum
comparable to that of cerium arose, most likely, during the synthesis of the relatively long-lived isotope La-
137 according to the reactions:

53Ce%0+ (p+e)—s5oPri¥ (1.2h) — B* + sgla® (60Ky). 3

In (3), the symbol g refers to the positron, (p+e) corresponds to the quasi-neutron state [3,7,8] (the
proton is “escorted” by the electron), (1.2h) and (60ky) are the half-lives of the isotopes.

Note that protons, like a-particles, arise in reactions not listed in these theses. It is important that such
particles, falling on the impactor particle (silicon carbide), charge it, which contributes to local softening of
brass. As a result, the impactor particle moves surrounded by a specific (quasi-liquid) shell. Thus, the
important features of the Usherenko effect have a natural interpretation within the framework of the concept
of low-temperature nuclear reactions, supplementing the accepted ideas and pointing to the expediency of
including (ee) - pairs among the significant objects of fundamental materials science.

Key words: superdeep penetration of particles, low-temperature nuclear fusion, electron (ee)-pairs,
cerium and lanthanum, mass ratios of isotopes
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OIEHKA METOJA PA3JEJEHHUSA INIEPBUYHBIX YACTHUI] 11O YUCJIY MIOOHOB 1N
JJIEKTPOHOB

®. KamoauaaHoB

Taoorcuxckuii HAYUOHANLHBIN YHUGEepCUmem

Ilpu npoxoocoenuy nepeuyHLIX KOCMUYECKUX Jydell uepe3 ammocgepy OHU 63aUMOOeliCmEYIOm ¢
amomamu ammocghepvl u 6 pesynvmame UHOYYUpPYemcs wupoxui ammocgepuuiti nueen(LLIAJI). Hzyuaa
Xapakmepucmuku WupoKo20 ammochepHozo TUEH MONHCHO 00 HEKOMOPOU CIenenu MoYHOCIMU Onpeoelumy
xapaxmepucmukuy nepeuunslx yacmuy. Takum obpasom onpeoeneHvl UHMEHCUBHOCHb NEPEUUHBIX YACTHUY 6
sKcnepumenmax. B xooe usyuenus cnekmpa obHuapydcuseaemcs uziom cnekmpa uacmuy 6 3one 100I15B.
Hekxomopule modenu npeonazarom, 4mo 6 3mou 061acmu KOAU4ecmea msidxiceavlx s0ep yeeiuvusaemcs, a
neekux sa0ep ymenvwiaemcs. HmoOvl nouaAmb HPUUUHY UZNOMA CHEKMPA HYICHbL OONOJTHUMENbHbIE
IKCHEPUMEHMANbHbIE OAHHbIE.

Hnst 00pabOTKH IKCIIEPUMEHTANBHBIX NAHHBIX HYXHBI METOJBI, C TIOMOIIBIO KOTOPBIX MOXKHO C
XOpOIIEH TOYHOCTHIO ONPENENIUT THUIl NEPBUYHOM yacTUIbl. B HacTosimee Bpemsl MEpBUYHBIC YaCTHUIIBI
pa3zessIoTCs Ha ABE IPYIIB IpH 00paboTKe JaHHBIX AETEKTOPOB 3apsSKCHHBIX YaCTHII.

B nanHO#1 paboTe OlleHEeH METO/ pa3/ieieHus] IEPBUYHBIX YACTHIL [0 TUIY HA OCHOBAHWHM OTHOIICHUS
qrcia 3MeKTPOHOB K uncity MiooHoB IITAJL. Jlist atoro ¢ momomrsio mporpammel CORSIKA cMmoaenupoBan
LITAJT oT pa3iuuHBIX IEPBUYHBIX YaCTHUI], KOTOPBIMH SBJUTACH TPOTOH 1 sinpa He,N,S,Fe. B kadecTBe Moenn
CHWJIBHOTO B3aUMOJICHCTBHSI UCTob30Baiack Monenb QGSJET. [lepBuuHbIe YyacTHIBI Maaid HOPMAIBHO K
aTMocdepe. BTopuuHble YacTUIIBI perucTpUpOBaKch Ha BeicoTe 4250M Hax ypoBHEM Mopsi. Mccneayembimu
BTOPUYHBIMH YaCTHIIAMHU OBLIN 3JIEKTPOHBI M MIOOHBL. DHeprus nepBruuHbIX yactui 0.1-1 I13B. B pesynsrate
MIPOBEICHHBIX IEPBUYHBIX PACUETOB MOXHO NPHHUTH K BHIBOAY, YTO MO JAHHOW METOAUKE MEPBUYHbBIC
YaCTHUIIBI MO’KHO TIOJICTIUTH Ha TPU TPYIIIBL, HO TOYHOCTH JICIeHUs OyeT IpyOOBaThIM.

KuaioueBbie ciioBa: NEepBUYHAA YacCTulla KOCMHYCCKHUX nyqeﬁ, QJICKTPOH, MIOOH, IJ_II/IpOKI/Iﬁ
arMochepHbIii TuBeHb, polar cap energy losses, Fourier Bessel transformation method
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U3MEPEHUE AKTUBHOCTH *’Rn U **Ra B BOJIOCAX YEJIOBEKA C MOMOIIBIO
TPEKOBOTI'O JETEKTOPA CR-39.

B.2K. Caiinynnaes, A.Bacunos

Hncmumym aoeprou ¢pusuxu AH PY3, M. Yayebexckuil pation, noc. Yayzoex, yn. Xopacan 1, 100214, Tawxenm,
*e-mail: saydullayev@inp.uz

IIpuBeicHBI 3HAYEHHS YETLHONH aKTHBHOCTH “2°Ra, 06HApy»KE€HHOrO B BOJIOCAX JKUTEJIEH TOpPOIOB
Anrper u TamkeHT. YAelIpbHYI0 aKTHBHOCTH paiusi-226 ONpenensyii KOCBEHHO, W3Mepsis OO0BEMHYIO
AKTUBHOCTB pajioHa-222 ¢ moMOIIbI0 TpekoBoro aerekropa CR-39. Bpems skcmo3uru anbha-4acTuly 222Rn
U ero Jo4epHuX mpoaykToB Ha nerekrope CR-39 cocraBmino 50+70 cyr. Kak mokazamm pesynbTaThl
M3MEPEHHI, aKTHBHOCTE PaJioHa B IMpo0Oax BOJIOC KUTeNIe AHTpeHa B HECKOIBKO pa3 IMPEeBHIana akTHBHOCTh
pamona Bojoc >kuteneil TamkeHTa u ux 3HaueHus coctaBasum 2036+4471 Mbk/M® u 6461937 MBr/MS,
COOTBETCTBEHHO. Y Ie/IbHAs aKTUBHOCTH 225Ra B Bostocax sxuteneit Aurpena u Tamkenra coctasuna 0,12+0,75
MBK/T m 0,75+1,65 MBK/T, COOTBETCTBEHHO. 3HaueHHsi 2°Ra B BOIOCaxX y aHIPEHCKHMX JKHTEJeH ObUIM B
HECKOJIBKO Pa3 BBIIIE, YeM Y TAIIKCHTCKUX.

Karouessle cioBa: O0bemMHas akTHBHOCTE RN-222, xoHneHTpanus Ra-226, CR-39.
CcbLika

[1.] Bacumor A. Mertonsl n3MepeHHsT 00bEMHON aKTUBHOCTH W CKOPOCTH SKCXalIuu pagoHa // Tepmanwms,
LAMBERT Academic Publishing. 2013. -216 c.

[2.] George A. Welford, Ruth Baird. Uranium levels in human diet and biological materials // Health Phys. -1967.
-Vol. 13. -pp. 1321 - 1324.
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GEANT4 ATOMHAS PEJTJAKCAIIUS

T.B.®aiizues?, 3.9. lycrmyponos'?, /. M.Homo3zosa®

YUnemumym Soepnoii @usuxu AH PY3, Tawxenm, Y36exucman (PhD)

2 Tawikenmckuii 20Cy0apcmeennblil YHueepcument mpancnopma (accucmennt)

8 Hlaxpucabsckuii 20cyoapcmeennblii neda2o2uieckuii UHCMumym (accucmennt)
temur.fayziyev1229@gmail.com

AHHOTANUA

Huskoonepeemuueckuti anexmpomacnumuvitl. naxem Geantd exmiouaem 6 cebsi Komnonenm O0jis
MOOENUPOBAHUSL AMOMHOU PEeNaKCayuu 31eMeHmos8 ¢ amoMHbIM HoMmepom om 6 0o 100. Dmom mnpoyecc
3anyckaemcs co30anueM aKAHCUU 6 3aNOJHEeHHOU amoMHOU 000]0UKe 8 pe3yibmame 83auMoO0eliCmeusl
naoaroweli Yacmuybl ¢ amomMom mamepuania muuieHu. Penmeenosckasa ¢hnyopecyenyus u samuccusa odice-
NEKMPOHO8 AGISIOMCS PE3YTbMAMOM Kackaoa peraxcayuu. Hanuyue moodenu, oopabamvliéaroweli amomHyio
penakcayuro ¢  Geantd,  pacwupsem — nPUMEHUMOCHMb — UHCMPYMEHMApus — MOOeIuposanus K
IKCNEPUMEHMATLHBIM 8APUAHINAM UCNOAb308AHUS, CEA3AHHLIM C NOCIEOYIOWUM UCCIe008AHUEM CEOLUCME
MAMepuanos ¢ NOMOWbIO UX XapaKkmepHo2o peHmeeH08CKO20 USYUEeHUs UNU 0Jce-U3yHeHus. Dmo makKtce
AKMYANbHO 0151 NPUTOACEHUL MOUHO20 MOOCAUPOBANUS, MAKUX KAK MUKDPOOOIUMEMPUSL UTU NPOEKMUPOSAHUEe
U onmumuzayus 0emeKmopos Ha OCHose HanomexHorozul. Onucanvl Kiroyegvle 0COOEHHOCMU npoyecca
PaspadbomKy npocpamMmMHO20 00ecneyeHUs], apXumexmypa u OU3atH nPoSpamMMHO20 obecneverus, a maKice
demanu peanuzayuu Gu3UYecKo Mooeu.

Knwouesvie cnosa: Monme-Kapno, Geantd, modenuposanue, penmeeno8ckas @ryopecyenyus,
Ooice-31eKmpoH.

BBegenue: ToyHOE MOAETMPOBAHUE DIEKTPOMATHUTHBIX B3aUMOJEHCTBUI YACTHUI] C BELIECTBOM
SIBIISIETCS BAKHEWITMM TpeOOBaHWEM B Pa3IMYHBIX KCIEPUMEHTAIBHBIX oOmacTsx. Habop mHCTpyMeHTOB
Geant4 [1], Bkmovyaet B ce0s MHOXKECTBO MAKETOB ISl TOW [EJH: OHU CIICHAIN3UPOBAHBI ISl Pa3THIHBIX
TUTIOB YaCTHII WIX JIUANIA30HOB YHEPIHid, C KOTOPHIMHA OHU Pa0OTAIOT, MITH HCITONB3YIOT Pa3IUIHbIE TTOIX OB
K Qu3uueckoMy MojenupoBaHuio. Cpeay HUX HU3KOIHEPreTHYeCKUH 3JeKTpOMarHuTHHIN maker Geantd,
BKJTFOUAET MOJIENH (PU3MUYECKUX TPOIECCOB ISl SJEKTPOHOB U (POTOHOB, 3apsHKEHHBIX aJPOHOB W HOHOB,
MIPOCTUPAIOIIUXCS 10 dHepruii Hivke 1 k3B; oH XapakTepusyeTcst MOJpOOHBIM ONMCAHUEM B3aUMOCHCTBUN
YaCTHIl, KOTOPOE YYUTHIBAET ATOMHYIO CTPYKTYPY BEIIECTBA, a TAK)KE TPOTYMAaHHBIM JH3aiiHOM, OCHOBAHHBIM
Ha OOBEKTHO-OPHEHTHPOBAHHOH TEXHOJIOTHH M MOJJICPKUBAEMBIM CTPOTUM TPOTPAMMHBIM ITPOIIECCOM.
MopnenupoBaHre aTOMHOM pellakcallid BXOAWT B cdepy NPUMEHEHHs 3TOro IaKeTa; CHelHalbHBIN
KOMIIOHEHT MOJeTHUpyeT d(PQPEeKThl, CBI3aHHBbIE C (PU3NUECKUMH IPOIECCaMH, KOTOpPBIE MPUBOST aTOM B
HMOHU3UPOBAHHOE COCTOSIHUE: U3TyUEeHHE PEHTICHOBCKOH (DIyopecieHIINN 1 03Ke-2JIeKTPOHOB.

Pa3zpaboTrka peaknmu aromHOl penakcanuu Geant4 B cOOTBETCTBUH C TPEOOBAaHUSMHU Pa3IMYHBIX
AKCIIEPUMEHTAIBHBIX MPWIOKEHUH. MOTHBEI JUII MOJIEIIMPOBaHUS 3TOM (PU3NIECKON 00JIACTH JEISATCS Ha JIBE
OCHOBHBIE KaTE€rOpUu: IKCIIEpHUMEHTAIIbHBIE UCCIIEIOBAHNsI, OCHOBAaHHbIE HA CIIEIM(DUIECKUX OCOOCHHOCTSIX
aTOMHOM peJakcaluu, T.. PeHTreHoBcKkas (IyopecueHIUs W OXe-dMHUCCHSA D3JEKTPOHOB B KadecCTBE
WH/IMKAaTOPOB COCTaBa MaTepHaja M0 M3MEPSIEMOMY CIIEKTpPY, a TaKKe B Clydae MHUKPOJO3UMETPHUU HIIU
JPYTUX TOYHBIX UCCIIEIOBAHUI XapaKTEPHCTHK JETEKTOpa, TPEOYIOMUX MOAPOOHOTO ONMUCAHUS BTOPUYHBIX
3G dEeKTOB, BO3ZHHKAIONIMX B pe3yjbTaTe HOHH3AIMK aToMa B Mpollecce MEPBUYHOTO B3aMMOJIEHCTBUSI.
HenaBuue mpoekTsl 1o pa3paboTKe IETEKTOPOB YaCTHI HA OCHOBE HAHOTEXHOJIOTHH  CTHUMYJIMPOBAIU
JaNbHEHIINN HHTEPEC K MOJICIIMPOBAHMIO 3JIEKTPOHOB HU3KOW SHEPIUH IS IPOSKTUPOBAHUS U ONITUMH3ALINN
JIETEKTOPOB.

Oco0enHocTu peaausanuu NPOrpaMMHOI0 odecneyeHus: Huszkosnepretuueckuil
aJeKTpoMarHuTHEI maker Geant4 ympasnser ¢usuueckumu mnpoueccamMu  (HoTtoHoB  (doTodddexr,
KOMIITOHOBCKOE PAaCCEsiHHE, PAJICEBCKOE paccesiHne M 00pa3oBaHWE Tap), DIIEKTPOHOB (MOHM3AIUS |
TOPMO3HOE U3JIyYEHHE) U MO3UTPOHOB (aHHUTHIISALINS, @ TAKXKE TE JK€ MPOIECChl, YTO ¥ JJIsl AIEKTPOHOB), a
TaKXe MPOLECCOM NOHU3ALNH aJPOHOB U HOHOB. J[JIs 3eKTpOHHBIX U (POTOHHBIX MPOLECCOB HCIIOIB3YIOTCS
JIBa pa3NYHbIX (U3UYECKUX TOJXO0JA: MOJEIH, OCHOBAaHHBIE Ha OIICHEHHBIX OWONMOTEKaX JaHHBIX, W
aHaNMTUYEeCKWe MOJICNM, T[epPBOHAYAILHO pa3paboranHble s koma Monrte-Kapno. Ilo3utponst
00pabaThIBalOTCS TOIBKO aHATUTHYECKUMHU MoJeNsiMU. /111 aqpOHHON ¥ HOHHOW HOHU3AIIUH Py CMOTPEHBI
pa3nuYHbIE MOJENH, B 3aBUCHMOCTH OT SHEPTUH U 3apsja Majaouield 9acTuis [2].
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Kon obpabatpiBaeT co3gaHue BTOPHYHBIX dYacTHIl ((POTOHOB M DJIEKTPOHOB), BO3HUKAIOIINX B
pe3yabTaTe MEepexXoJ0B MEXKAY CBSI3aHHBIMA aTOMHBIMH COCTOSHHAMHU. llepexoipl K3 KOHTHHyyMa B
CBS3aHHBIE COCTOSHHUSI HE paccMaTpHBArOTCS; JUIS 3aBEpUIEHMs] Ipoliecca aTOMHOM perlakcalyuu ¢
COOJIIOZICHNEM SHEPreTHUECcKOro OajaHca SHEPrusl, SKBUBAJICHTHAS [IEPeX01aM 13 KOHTHHYYMa B CBSI3aHHbIC
COCTOSIHUSI, BBIYMCIIAETCS KaK pa3HULA MEXIY 3HEPrHed CBA3M BBHIOPOILIEHHOI'O MEPBUYHOTO JIEKTPOHA U
CYMMOHW JHEpruii BceX BTOPHYHBIX MPOIYKTOB peNaKcally, M MPEANoyiaraeTcs, 4To OH JEHOHHPYETCs
JIOKaJIbHO TaM, TIe MPOUCXOUT MEPBUYHBIN TPOLIECC.

Jl1s pajualoHHOro mepexoja Mexay nojaobonoukamu i u j sHeprus E, ucnyiienHoro ¢otona
BBIYUCISIETCS KaK PasHUIA MEX/y SHEPTHAMHU CBs3u E; v Ej nBYX 1mog0005104exK:

Ha puc.] nmokazaHo pacrpeneneHue SHEPruy PeHTIEHOBCKUX JIydeH, T€HEpUPYEMBIX MEepexonamu,
MIPOUCXOASAIIMMU U3 BakaHcuH B obostoukax K, L, M, N u O.

JIst 6e3u3My4aTeIbHOTO MePexo0/ia MEK/Iy MO1000I0YKaMHU | U j, TP KOTOPOM 3JIEKTPOH UCITY CKAeTCs
U3 1oa000104uKH N, SHEPrus UcIycKkaeMoro 31eKTpoHa E, BeIYUCIIETCS KakK:

E. = Ej — (En + E}) 2

rie Ej , Ep v E; - SHEpruu CBs3H 3a/I€HCTBOBAHHBIX MO000I0YEK. DHEPIETUIECKHUE PACTIPEIETICHHUS
3eKTpoHOB OoT nepexonoB Oxe n Kocrepa-Kponnra, reHeprpyeMbIx HCXOAHOHN BakaHCHel B 00omoukax K,
L, M, N u O, noka3zansl Ha puc. 2.
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Puc. 1. Duepaus pomonos Gryopecyenyuu, 2enepupyemuix Puc. 2. Duepaus 31eKmpoHos, 2eHepupyemvix amomHol
amomnou peraxcayueti Geant4, 6 sasucumocmu om amommoz2o penakcayueti Geant4, ¢ sagucumocmu om amomHo20 HoMepa
Homepa Z; cumeonvl npedcmagisiion nepexoobl, Z; cumsonvl npedcmasnsiom nepexoosi Oxce u Kocmepa-
npoucxooaujue uz gakancuu 8 obonouxe K (36e30wut), obonouxe Kponuea, sosnuxarowue uz eaxancuu ¢ obonouxe K (mouxu),
L (mouxu), obonouxe M (pombst), obonouxe N (ksadopamut) u obonouke L (keadpamut), o6010uxe M (pombsi), obonouxe N
o6onouxe O (mpeyeonvruru); 015 Iyuwell Yumaemocmu na (36e3001), u O 0borouex (mpeyeonvHuku); Ons Kyduwen
epaguxe noxazanvt K, L u M nepexodoe c eeposmnocmuio > yumaemocmu na epaguxe nokasanwvl K nepexodos ¢
103, N nepexodoe c eeposmuocmoio > 5-10™ u O nepexodos ¢ sepossmuocmoio > 10-3 u L, M, N u O nepexodog ¢
eeposmuocmoio > 10°. seposimuocmbvio > 0,1.

3aximoyenue: KOMIOHEHT AJsi MOJENMPOBAaHUS ATOMHOM peJakcalud 3JIEMEHTOB C aTOMHBIM
HOoMepoM oT 6 10 100 Obu1 pa3paboTaH 1 BHEAPEH B HU3KOIHEPT€THUECKHUH 3JIEKTpOMarHuTHEIH naket Geant4.
OH MozenupyeT paaualioHHble W Oe3bI3TydaTelbHbIe aTOMHBIC IEePEeXObl, KOTOpbIE MPOUCXOAST B
pe3yabTate 00pa3oBaHMs BAaKaHCHMHM B aTOMHOH 0O0OJIOUKE; OH NPOM3BOAWUT H3IyYEHHE PEHTTCHOBCKON
(iryopecueHINH U 0XKe-3JIEKTPOHOB B KauecTBE BTOPUYHBIX yacTull. Hammuue storo komrnonenta B Geant4
pacmupsieT (yHKIMOHATBHOCTh HHCTPYMEHTAPHS JIISl TOYHOTO MOJICITMPOBAHMS, OCOOCHHO aKTYyalbHOTO JJIs
9KCIEPUMEHTAIBHBIX TPWIOKEHUH, YyBCTBUTENBHBIX K TOYHOMY IPOCTPAHCTBEHHOMY paCIpeIEICHUIO
SHEPIUH, HAKAIUIMBAEMOI B JETEKTOpax, I K MOJyYEHHUIO BTOPUYHBIX YAaCTHIl C HU3KOW 3HEpPrueu. IToT
npubOp TakXke IMO3BOJSET UCIONb30BaTh Geant4 B KauecTBe CHUCTEMBI MOJCIHPOBAHUS JUUISI (PH3HMUECKHX
UCCIICIOBAHNH, CBSI3aHHBIX C M3JIYYCHHUEM XapaKTEPHBIX PEHTI'CHOBCKUX JIyueil M O0Ke-3JEKTPOHOB U3
MmarepuainoB. PazpaboTka u BHenpenue Geant4 Atomic Relaxation mocturiu 3penoit cTaguu; IesiTeIbHOCTD B
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9TOM 00JaCTH B HACTOSIIEE BPEMS COCPENOTOYEHA HAa DKCIEPHUMEHTABHON IPOBEPKE IPOTrPAMMHOIO
obecmeuenusi|3,4].
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YYACTHE 3JIEKTPOHHBIX OBOJIOYEK B POKIAEHUH JEJIbTA-3JIEKTPOHOB
N ONPEAEJEHHUE CBETUMOCTHU PEAKIIMU

3adap Uramkyaos” u Amurpuii Apsidaos’
LO6wedunennwiii uHcmumym s0epHuix uccireoosanuu, Poccusa, 141980, Mockoeckasa obracme, 2. [youa, yu.

Konuo- Kropu - 6,
*E-mail: gamkulo@Ilhe.jinr.ru, wgamkulo@bk.ru (aémop, omeemcmeennwiii 3a nepenucky)

AHHOTALINA

Onpedenenue ceemumocmu peakyuti Ha 6HYMPEHHUX MUULEHAX YCKopumenel s619emcs HYHCHOU U
akmyanvholl 3adavell npu NposedeHue PasHvlx GUIUYECKUX IKCnepumeHmos. B oannou cmamve
paccmampugaromes 0elbma-31eKmpoHdl, svliemaroujue u3 sHympenteti muwenu Hyxnompona (OUAH) npu
83aUMOOelicmBUYU C HATeMAoWuMy a0pamu yckopumens. /lenbma-31eKmponsl MoO2ym UCNOIb308AMbCA 8
onpedeneHuu 1 KOHMpoae CeemumMocmu peakyuii Ha eHympentnetl muuwenu Hyxiompona. Ilposedennvie
paciemst podcoenus 0ebma-31eKmpoHO8, d MAKIiCe YyUem UX PAcCesiHis 60 GHYMPEeHHel MULUEHU aKMY albHbl
npu paspabomxe yCmpoucmea KOHMpOJisk CGeMUMOCHU U €20 KATUOPOsKe.

Knrouesvie cnoea: yckopumens, ceemumocmy, 0ebma dJ1eKmMpoHbl, 6HYMPEHHAS MUUEHb, cedeHue
6b1X00a INIEKMPOHO8, KPUCTATUYECKASL PeUemKda.

Brenenne

[Tpu u3Mepenusx ceyeHnit (PU3NIECKUX MPOIECCOB B AaTOMHOH U SIICPHON (PM3HKE C UCTIOJIL30BAaHUEM
BHYTPCHHUX (HUTEBUAHBIX WIH (OJBrOBBIX) MHUILIEHEH YCKOPHUTENS, ONpEAeiIeHUE CBETHUMOCTH PEaKIUU
(MHTEeHCHBHOCTh B3aMMOJICIICTBUS BO BPEMEHH IIPY €IMHUYHOM CEUCHUH HA3hIBAETCS] CBETUMOCTBIO PEaKLINU
Lc (cm?, c¢1) sBngercs BakHBIM MoMeHTOM. B Teopermueckux paborax [1, 2] 6buia paccMoTpeHa
BO3MOXXHOCTh MPHUMEHEHUs JeNIbTa-3JIEKTPOHOB JJIs OIpEJeNeHUs] CBETUMOCTH peakUUid Ha BHYTpEeHHEH
muieHn Hykioposa.

OJEeKTPOHBI AMHUCCHUM W3 MHILIEHEH JaBHO WCIOJIB3YIOTCA A MOHHMTOPHPOBAHUS BBIBEICHHOTO
nmydka W3 yckoputeneil [3]. DTo akTyajbHO NPU HACTPOHMKE PEKUMOB PabOTHI CaMOr0 YCKOPHUTENS U
MPOBEIEHNH Ha HEM (U3MYECKUX DKCIEPUMEHTOB. BakKHBIM yCJIOBHMEM MpPOBEACHUS TAaKUX H3MEPEHUH
SIBJISIETCSL HAJIE)KHOE BBIJICIICHUE JIEKTPOHOB Ha GoHe apyrux dactuil. [IpocTteiM u 3 pekTrBHEIM crioco60M
TaKoi cenapanuu siBisiercs oObraHbId MeToq AE-E peructparnum gactuir.

YHcao perucTpupyeMbiX B €IUHHIYY BpeMeHH BropuuHbX 4actull AN/AQ wu nuddepeHumnambHoe
ceyenue ux poxaeHus de/dQ mox yriaom 0 cBsi3aHbI CICIYIOIIAM COOTHOIICHUEM:

da do
S (©)=L:32(0), (1)

3aech dN/dQ — 4nciio perucTpupyemMbix BTOPHYHBIX YaCTHUII, B HAILIEM CIIy4ae JIeJbTa-3JIeKTPOHOB.
Peructpupyst nenbra-3neKTpOHBI, BBUIETAIOIIME W3 BHYTPEHHEM MUILIEHH IPU €€ B3aUMOJACHUCTBUH C
HaJIETAIOUIMMH YacTULIAMHU U 3Hasl CEYEHHME UX POXKACHUS TOJ M3MEPIEMBbIMH yTIaMH, B MIPUHILUIIE MOXXHO
JUarHOCTHPOBATh CBETUMOCTh PEAKIUH.

Onenka yYuyacTtus 3JIEKTPOHHBIX 000/104€K AaTOMOB MHUIILIEHH B POXKACHUMN 6-3.]IeKTp0HOB

OxugaemMoe YHCIIO JIEKTPOHOB W3 MUIICHH TIPU W3BECTHON €€ TONIUHE W MaTepualie MHIICHU
BBIYHCISAETCS IO (hopMyJIe:

dN,
dQ,

%6102 Np- 22

(@)=t 2 IR

rae t - TonmuHa Mumenu (2/cm?), Zi, A - 3apsAa U aTOMHBIH Bec MuTeHH, No - UMCIIO yCKOPEHHBIX
saep.
CeueHre BbIX0JIa 3JICKTPOHOB 10 yriioM O, B (2) MOACYUTHIBACTCS 110 POpMYIIE:

¢ dQ
B* cos36, ’

doe = (Zp)? 0<6.<90° (3)
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3nech Zp ¥ - 3apsi U CKOPOCTH sIep My4Ka, e U 0. —paJinyc U yrojl BhIJIETA HJICKTPOHOB.
C yuerom (3) dpopmyna (2) npuHUMAET CICIYIOIIUN BHI:

e 2=t 2 6107 Ny (Zo)2 75 e 1 (4)

B* cos306,

YuureBas, uro dQ = ¢ - df, Tme ¢ - TONAPHBIA YroJ BeUIETA DJIEKTPOHOB M3 BHYTPEHHEH MUIIIEHU
YCKOPHUTEIIS, i1l 0XKKMIAEMOT0 YKciia 3JIeKTPOHOB Ne Toyuum:

_ (T/2 Z @ -db
Ne _fo (t ' A—i 6 - 1023 (Z )2 34 COS39 ) (5)

Jnsa Cu mutienu (Zy = 29 u A = 63,5) olleHUM UHTETpabHBIN BBIXOJ] JJIEKTPOHOB 1o popmyie (5)
JIs SHEPTMH HAJlETAIoMUX AeHTpoHoB Eq = 360 MaB/u u g = 0,69. s yria BeLieTa 31eKTpoHOB B 0= 64°
U3 MULIEHN UHTETPAILHBIA BBIXO 371eKTpoHOB paBeH N. = 8,2:107c ¢ yuerom Tommuunbl Mumenn tey =
3,52:10%2/cm® m @ = 2m.
VYdacTre BJIEKTPOHOB pa3HBIX O0OJNOYEK AaTOMOB MEIAHOM MHIIEHH MOXKHO OIICHUTD,
MOJIB3YSCh JaHHBIMU MTpodera AedTpoHa B amoMuHUH [4]:

Z
Ry = Ry L0240 = 16,36 . 127 = 17,25 yiosen
*/adx /63.5

3Has IIIOTHOCTH MeH peu = 8,96 /ey, Haiinem mpoGer IeHTpoHOB B KpeMHHH B MEKpoHax | = Ry/pcy

19,3 mkM. UToOBbl ydyecTh YMCJIO aTOMOB MEIUW Ha TIIIyOMHe mpoOera JIEHTpOHA M OLICHUTH Paluyc

B3aMMOJICHCTBUSl HAJETAIONIMX JACUTPOHOB C aTOMaMH MHUIIEHH C POKIACHHUEM JIeNbTa—dAJIEKTPOHOB,
BOCIIOJIb3yEeMCsl IIPUBEICHHBIMU HIbKEe pacueraMu. U3 Puc.1 cnenyeT, yTo NeHTpOH B MEAHOW MUILIEHU

Cu
d s ‘
S — 1 = — — — i
- = L
__i;.:-’_ o gnpcﬁer .
Cu - -

Puc. 1. YcnoBHas quarpaMMa B3auMO/ISHCTBUS HAJIETAIOUINMX ACHTPOHOB C AJIEKTPOHAMH 000JI0YEK AaTOMOB MHUIIICHH.
JlnameTp ycIOBHOTO LIMIMHIpA (PAacCTOSHHE MEXKIY JBYMS aTOMaMH, yIOBIECTBOPSIOIIEE YCIOBUSIM POKACHHUS O — 3IeKTpOHOB (b ~

a)) P=3a,
npo6eraer paccrosuue | = 19,3 mxm ¢ o6vemom V = S:| = :(3a,/2)*|. TTo crpaBoYHBIM JaHHEIM,
paanyCc HEWTpaJbHOTO aroMa MeIu do = O 128 oM. Kpucrammmueckas pemerka CU KyOMuUecKH

IPAaHELEHTPUPOBAHHAS M IOCTOSIHHAS PEIIETKU @ pemerc= 0,362 HM.

C yderoM pa3sMepoB pemieTku o0beM sueiiku pasen V = 2,235-10%mkm®. C ¢akropom Basmea
KPHUCTAJUIHYECKOH pelieTKH, Ha OJJHY JJIIEMEHTAPHYIO SIUEUKY TPaHELEHTPUPOBAHHOMN PEIIETKH MPUXOISTCS
geThIpe atoma 8:8 + 6:2 = 4. M0oXHO yKa3aTh U KOOPAWHAIIMOHHOE YHCIIO JIJIST MEH - YUCJIO aTOMOB BOKPYT
OJIHOTO aTOMa MEIIA Ha OJIMHAKOBOM PACCTOSHAN PaBHO 12.

W3 BhIlIeyKa3aHHBIX MJaHHBIX CIEIyeT, 4TO B O0BbEMe [UIMHBI Mpolera JIeWTpoHa B
KPUCTAJUTMUECKON perreTke Meu (T1Ie €CTh B3aUMOJCHCTBHE C DJICKTPOHAMH), KOJIWYECTBO SIUECK PABHO:

Naeer= V/@% pemern= 2,235-10%/0,047-10°= 4,76 - 10* sueex

YMHOXas 3TO YUCIIO si9eeK Ha 0a3MCHOE YHCIIO KPUCTAUTMUECKON PEIIEeTKH MEIHU, TIOJIYUYUM YHCIIO
Narov= 1,9 -10° aToMOB, B3aUMOEHCTBYIONIMX C OJHMM HAJCTAIOMUM JAeiTpoHoM. Eciu kaxaplil 1eHTpoH
HAJICTAIOLIETO Iy4dKa YCKOPHTENs C MHTEHCHBHOCTBIO lg = 8:10° mMn/cex mnposzammoneiicTByeT ¢ Narow
KomuecTBOM, TO 06mee YHCH0 ENgsam = lg X Naro= 1,5+ 10°. Mopenuposanue storo npomecca B GEANT
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nokazano, 4ro 50% IeHTpOHOB JIETAT MUMO syiep 0e3 Kakux-ITMOO B3aMMOJICHCTBUH, MOATOMY MOXHO
ucnonb30BaTh WAPPY ZNgsam= 0,75+ 10%°,

OrxkngaeMoe YuClo JCKTPOHOB MPH AaHHOW MHTEHCHUBHOCTH ITy4Ka JEHTPOHOB, 1o ¢opmyie (5),
naet BenmnauHy Ne= 1,3 -10' 3-snexTponoB. M3 mony4eHHBIX JaHHBIX BUIHO, YTO COOTHOMEHUE LN gsamd/Ne =
6, T.e. IIECTH AEHTPOHAM HAJECTAIOUIETO IIy4Ka MPUXOJUTCS POXKAEHHE OJHOTO AENIbTa-3JIEKTPOHA. JTO
03HAYAET, YTO HJIEKTPOH BLIOMBAETCS HAJIETAIOIIMM JEHTPOHOM TOJIBKO U3 BEpXHEH 4S5t 060510uKH, y KOTOPOii
SHEPrysi HOHU3AIMH COCTABIACT ~ 10 5B, 4TO COBepIIEHHO HE BIMSET HA MPOLELYpPY PacueToB,
IIPUBEACHHBIX B IpeajaraeMoM [5-6] MeTone ompenesieHHs CBETMMOCTH PEAKLHMU C IIOMOLIbIO JeNbTa-
3EKTPOHOB.

B pabGore [1] nnist ompenenenusi CBETUMOCTH PEaKIMi pacCMaTPUBAECTCS UICANIBHBIN CITydail MapHOTO
KYJIOHOBCKOTO B3aMMOJICHCTBUS TOKOALIMXCS 3JIEKTPOHOB C HAJIETAOLIMMHU sapamMu. B gelicTBuTensHOCTH
e, Jaxxe IPU BHIMONMHEHUN YcioBuA B << [ (rme P u Pc - CKOPOCTH HAJETAIOUUX SAEP U DJIEKTPOHOB
MHUILIEHH, COOTBETCTBEHHO), MMEETCS HEKOTOPBIH pa3dpoc CKOPOCTEH AMEKTPOHOB B aTOME. ITO MPUBOIUT K
pPasMBITHIO MHKa W KOMITOHOBCKOMY IPOGWIIO paclpenesieHHss 3JICKTPOHOB [0 HMIIYJIbCY IIpU
¢ukcupoBanHoM 0.. B cooTBeTcTBMM ¢ OOPOBCKOW MOZENBIO ISl BOAOPOAOMOMOOHBIX CHCTEM, CKOPOCTH
3JIEKTPOHOB OBIBAIOT mopsimka Pe = Z: /(137n), rme N - HoMep OOOJOYKKA aTroMa Ha KOTOPOM HaXOIHTCS
anekTpoH. Takum 00pazoM, IUIS TSHKENIBIX MHIICHEH yciaoBue Pe << [} MOXKET 3HAYMTEIBHO HapyIIaThCs.
Hamnpumep, ast Pb (Z; = 82, n = 1) umeem B~ 0,6. V3 3TUX TaHHBIX CIIEAYET, YTO MPH UCIIOIH30BAHUH TAKHX
MHUILIEHEeH HEOOXOJMMO MTPOBOJUTH AOTIOIHUATENBHYIO KATMOPOBKY TMarHOCTHYECKOTO YCTPOUCTRA.

Ilpu BBIXONE M3 MUILEHH O-3JEKTPOH UCIBITHIBAET KPaTHOE MM MHOTOKpaTHoe paccesHue. s
OBICTPBIX JIEKTPOHOB C OOJIBINON YHEPrUel, BRUICTAIOIINX IO/ MAIIBIMH yIiIaMu 0. Takoe paccestHue ciabo
BMseT. B 9TOM ciydae gocturaercs Takke HambOosee mosorast 3aBUCUMOCTh  dce/dQe (Puc.2). C yuetom
3TOr0, ONTUMAIBHBIMU yIJIAMH PETHCTPALUMK JENbTa-3J1eKTPOHOB ObLIM ObI yribl ux BhuteTa 10°-20° , HO
CErOIHSIIH KOHCTPYKIMS HOHOIIPOBO/AA U CTAHLIMY BHYTPEHHHUX MHUILCHEN Ha TeryioM yyactke Hykiorpona
HE IO3BOJIIIOT M3MEPEHUH IMOJ YKa3aHHBIMM yriamu [7]. Mcxoas M3 KOHCTPYKUMH CTaHLIUH BHYTPEHHHX
mumened Hyxnotpona OWSU, nenbTa-31eKTpOHBI BBIJIETAONIME W3 BHYTPEHHEH MHUIIEHH MOXHO
PETMCTPHUPOBATH TOJILKO MO/ MOJIAPHBIM yriioM ~ 64° [5].

35

—E—Ed = 0,5 M=8/n
-e -+ Ed =1 3B/

30 "
—@&—Ed =2 M368/n /
—tr— Ed = 3,5 M=B/H

k3

25

do/dQ X 10M:25), em™2/ep

7o 80

9 -¥roJI, rpai.

Puc. 2. 3aBucumocTs JudhepeHuanLHOr0 ceueHus BhIXoAa O-31ekTpoHoB doe/ dQe (cM? cp) ot yrma 0. (oTHOCH-
TENBbHO UMITYJILCA HAJICTAIOIICH YaCTHIIbI) IPH SHEPTUAX HajeTaromux Aeitponos Ed =0,5; 1; 2 u 3,5 [3B/Hykinon

B coorBercTBHM C [8], HYXXHO Y4Y€CTb CPpCAHCC YUCIIO CTOJIKHOBCHUH PCIATUBUCTCKUX IBJICKTPOHOB

B MHILICHH TOJIIMHOM t (2* c/™?), KOTOpOe OIEHMBACTCS KAK:
1

N = 2,7-103 Mt
At
Jlns yriaeposHoi U Bonb(paMoBOii MUIIEHH TOJIMHON 10 MKM, cooTBeTcTBeHHO mostyuaem N(C) =
6 u N(W) = 10*. JIns He6GOBIIOTO YKciIa CTOJKHOBEHMH CpelHsAs BEIMYMHA yIJa PACCESHHUS SJIEKTPOHOB
OIIpEAEIACTCS TAKXKe:

ézgxﬁ (B=3mpu N =10),

X (rpaycer) = 44,8-Z; /( ye - %) Jt/4,

TJe Ve — PENATUBUCTCKHIT (AaKTOp & - MEKTpoHAa IIpH ero ckopoctH Pe. IIpu N > 20 u 6§ < 20°
MIPOVCXOIUT MHOTOKPATHOE pacCesSHUE PETSTUBUCTCKHX DJICKTPOHOB Ha yroi 0 (pan) ¢ [9]:
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Oms=14,1/(pe- C - Be) - |

TAC - TOJNIIMHA MUIIICHU B paJUallMOHHBIX JUIMHAX €€ MaTepualia u (pe . C)

pe C=Ee /(e + 1)/(Ye — 1)

Hanpumep, st yriiepoaHoi MuteHu 0 = 6, = 6:102 pan (npu Ee=1 MaB). Jlns Gonee TsHKEIbIX
MHUIIIeHei TaKoit xe Tommunsl (10 Mkm), Hanpumep W, AU cripaBeuBa oleHKa Oy, =~ 7+ 0 (C-yraepon).

Takum 00pasom, IpH yIiiax BbLIETa AeNbTa-31aeKTpoHoB 0. ~10%-20° u ux smeprum >1 MbB, yuer
paccesHUs O-3JIEKTPOHOB BO BHYTPCHHEH MHIIEHHM CTAaHOBUTCA BECbMa Ba)KHBIM IpU pa3paboTke
PaccMaTpUBaEMOro yCTPOHWCTBA KOHTPOJS CBETUMOCTH M €ro KanuOposke. Ilpu yrie Bouteta 0.= 64° un
sHepruu 31eKTpoHoB E. ~ 250 k3B, paccessHueM 3J€KTPOHOB B MHUILIEHH MOXKHO IIpeHeOpeyb.

B nanpHeWmMX SKCIEpUMEHTaxX JA00aBJICHHWE B YCTPOHCTBO CEJEKIMU JEeNbTa-3JEKTPOHOB
MIOCTOSIHHOT'O MarHWTa MOBBICUT TOYHOCTh IKCIEPHMEHTA B OLICHKE CBETUMOCTH peakuuil. Ilepen BXxoaHbIM
okomkoM AE—neTekropa HyKHO OyJeT yCTaHOBUTH JIBa MaJICHBKHUX MOCTOSIHHBIX Marauta (lem x lem x 0,5
CM), COTJIACHO TIPUBE/ICHHBIM HIKE pacueTaM. Tora nonokuTeNbHbie yacTuiibl (p, d 1 1p.) Oy IyT OTKIOHEHBI
B IIPOTHUBOIIOJIOXKHYIO CTOPOHY OT 3JIEKTPOHOB, TMOO BOOOILE HE MONAAyT B YIIIOBOH akcenTaHc Hamiero AE-
E nerexkropa, MOCKOJIBKY JIETEKTOp OyJeT pacrojiokeH (CMEIIeH) B CTOPOHE OT HayadbHOW OCH NpuieTa
yacrull. [To 3akony Jlopenua, cuna aelicTByOIIas Ha 3apsDKEHHYIO YacTULly (], IPOJIETAIOLIYIO CO CKOPOCTBIO

- o o g
U 4€pE€3 MarHuTHOEC M0JIE C MArHUTHONW MHIAYKIIUEN B, paBHa:
Fn=qU-B -sina, (6)

/1€ O— YTOJI My HalpaBieHUEM CKOPOCTH YaCTHIIbI M HallpaBJIeHHUEM BEKTOpa HHIyKIuH (cM. Puc.

3).

Puc.3. OTKIOHEHHE TTIOTOKA 3JIEKTPOHOB TIPU MPOXOXKIECHUH Yepe3 MarHUTHOE
o
noJje ¢ uaaykuuei B co ckopoctsio Ve. Yron mexmy BAVe = 90°

ITOCKOJIBKY BXOJHOE OKHO TI/TI JIETEKTOpPA yCTAHABIMBAETCS CTPOTO TEPHEHIUKYISAPHO K LEHTPY
mumenn, To yron o = 90° (sin 90°= 1) u:

Fi=qU-B @)
PaccuntaeM WHAYKITNIO MAarHUTHOTO TIOJISI, OTKJIOHSIOIIETO MJIEKTPOHBI Ha AX = 2 ¢M moJjieTa (MOXKHO

MEHSTh PacCTosHUE). Ecii BBECTH MONIHYIO SHEPTHIO SIeKTPoHa Ee = MC? = MoC? + Ty, TO pajiiyC KPUBU3HEI,
KOTOPYIO OIIMILET 3JIEKTPOH N0 AeiicTBUeM cuiibl JIopeHma, onpeaessieTcsl TakuM o0pa3oM:

R =MV €2 _ vE. _ BEe ®)
eB c¢2 eBc?2 ceB'’

Jist onekTpoHOB MpH Tw= 250 k3B 1 v = 1,49 (B. = 0,74):

_ (0,51140,25)-0,74

R =
3-1010.1,6-1071°-B

=0,19- 10* - B! (B meTpax),
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€CJIn AO0NyCTUTh, YTO HaM HYKXHO OTKJIIOHATH ACJIbTA-3JICKTPOHBI OT HayaJbHOM OCH MOJICTa Ha
pacCcTodaHuc R=2 CM, TO Tpe6yeMa$[ HWHAOYKIWSA MaroHuTHOI'O I10JIA:

B = 0,19x107(-4)/ (2x107(-2)) = 0,095 - 102 T = 9,5 T'c

[lycTh TONIUHA MOCTOSHHBIX MarHUTOB, MEXKAY KOTOPHIMH OYJIET MPOJIETaTh 3apshKEHHAs YacTHUIIa,
paBHa lcm. Torma oTkIIOHEHHE SIEKTPOHA, HAa 3TOH TONIMHE MarHuTa OT CBOETO MEPBUYHOTO HAPABICHUS
(n1s B = 10°Tn), coctaBnger Ax= 0,27cM. MOXHO MONYYHTh CMELIEHHE 3JIEKTPOHOB OT IEPBUYHOTO
HaIpaBleHUs mojieTa AX = 1cM, eclii 11/T1 ISTEKTOP YCTAaHOBHUTH HA YAalleHUH 4 ¢M OT IieHTpa MarautoB. C
POCTOM MHIYKIIMA MarHATHOTO TIOJISA, paanyc R OymeT yMeHbIIaThCs, a CMEIeHne AX pacTH.

3aximodeHue

B 3axmodeHuu cTaThbM MOXHO [eJIaTh CJCOYIOLIME BBIBOABL IPU IPOBEACHHUU (PH3HMUECKUX
9KCHEPUMEHTOB Ha CTAaHIMH BHYTPEHHUX MuleHed HykioTpoHa omHOW M3 aKTyasbHBIX 3adad SIBISETCS
KOHTPOJIb CBETMMOCTH PEaKIIMH M TOUHOE 3HaHWE BEJIMYMHBI CBETUMOCTH JJIS KQXKI0r0 KOHKPETHOT'O ClTydast
(MHTEHCUBHOCTHU HaJIETAIOIIUX AJep, TUIAa U MaTepHaia BHyTpEHHeH MUIIeH! U T.A.). MeTo/1 UCTI0Nb30BaHus
JeNbTa-3JIEKTPOHOB, BHUICTAIOLINX U3 BHYTPeHHEH MuleHu npu PA- min dA- B3aUMOJCHCTBUSX, TIO3BOJISET
C BBICOKOM TOYHOCTHIO ONpEAETUTh CBETUMOCTh. [l 3TOro Tpedyercss monynpoBOIHUKOBBIH AE — E
JETEKTOP ¥ YHUBEPCAIBHBIN allTOPUTM pacueTa CBETUMOCTH ISl Pa3HbIX YCIOBUH NpoBeaeHHs (PU3NMIECKUX
9KCHEPUMEHTOB Ha BHyTpeHHel mumenn Hykinorpona.
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AHHOTAUA

H3yuennvl snepauu u s1eKmpudeckue XapaKmepucmuxi okKnmynonsuuix cocmosnuti aopa “®U e pamxax
gernomenono2uyeckol Modenu, yuumslearwell KOpUOIUCO80 CMEUBAHUE COCMOSHUL POMAYUOHHBIX NOAOC.
B wacmnocmu, uccnedo8anvl coCMOAHUA HUSKOEHCAWUX NOTOC Ompuyamenvrol yémuocmu. Paccuumanul
SHepaUuU U CMpPYKMypa COCMOAHUL pOMAyUOHHbIX noaoc C ocHoganuamuy K" =07, 17, 27, 3° u eeposmuocmu
ounonvubix El-nepexodos ¢ osmux cocmosnuii. Teopemuueckue 3HauweHus sHepeutl U NPUBCOEHHBIX
seposimuocmeil  El-nepexodos  cpasuusaiomca ¢ axchepumeHmanvHelmu  Oanubimu.  Coenacue
IKCHEPUMEHMATLHBIX OAHHBIX U IMEOPEeMUYecKUx pe3yibmamos xopouiee.

Knrwouesvie cnosa: suepeus, s10po, ChuH, OmMpuyamenvbHas 4émHoOCMb, KOPUOTUCOBO CMEUUBAHUe,
POMAYUOHHAS NOAOCA.

Beenenne

B Hacrosimee BpeMsi B OJHUM M3 aKTyaJlbHBIX HAIlPaBJICHUH HMCCIEAOBAaHHN B OOJACTH CTPYKTYpPHI
aTOMHOI'O Sipa SIBISAETCS 3KCIEPUMEHTAJIbHOE M TEOPETHYECKOE H3YyYCHHE COCTOSHHUM OTpHULATEIbHOU
4ETHOCTH B Apax obnactu akTHHUI0B [1-12]. B sape *8U usBecTHBI BpamareabHble HOIOCH], TIOCTPOEHHBIE
Ha OCHOBHOM U OKTYHOJIBHO-KOJIEOATENLHBIX COCTOSIHUSAX. OCHOBHBIMH JKCIIEPUMEHTAIBHBIMU CIIOCOOaMHU
W3y4YeHHS CBOHCTB BO30YKIEHHBIX COCTOSHHUI SIBISIOTCS KyJIOHOBCKOE BO30YKICHUE U PEAKIINH C THKETBIMU
nonamu [5-8]. KomnekTrBHAs prUpoa HU3KOMEKAIINX COCTOSIHUNA OTPUIATEIHHON YETHOCTH B aKTHHUIAX
ObLIa BBISICHEHAa B TEOPETHUECKUX paboOTaX, UCIOJIB30BABIINX METOJ Ciiy4aiHbix (a3 [2-4]. [Ipenckazanus
pabort [2-4] cornacyroTcs ¢ JaHHBIMH, TIOJTYYEHHBIMH C TIOMOIIBIO KYJIOHOBCKOTO BO30YXIeHUs [5].

DKCMEPUMEHTANIBHBIE JIAHHBIE O BO30YHKIEHHBIX COCTOSHUSX siapa 28U aHaIM3MpOBAIKCH B paMKax
MUKpockonniyecknx [8] u ¢eHomeHomorndecknx mojenei [9,10]. Pe3ynbraThl, MOJy4YeHHbIE B paMKax
MHUKPOCKOITMYECKON MOJIeN [8] 3aMETHO pacXosaTcs ¢ dKcriepuMenToM. B pabote [9] B paMkax KiacTepHOMH
MOJIEJIN Ha Ka4eCTBEHHOM YPOBHE YIallOCh BOCHPOHM3BECTH IMOPSIOK YPOBHEH C YETHBIMH U HEYETHBIMHU
cougamu B K™ =1" mosoce.

Kparko onwmieM MMEIOLIYIOCS SKCHEPUMEHTAIbHYI0 WHPOPMALMI0 00 OKTYMOJBHBIX MOJIOCAaX sApa
238, Hmxalimmas OKTYIOJIbHAs MOJIOCA B 5TOM HYKIIHMJIE IMOCTPOEHA Ha OCHOBAHUM C KBAaHTOBBHIMH YHMCIIAMH
K™ =0" u sHeprueil E,=680 k3B. CoCTOSIHHS 3TOil T10JI0CHI MPOCIEKEHBI BILIOTH 10 criuHa | =337, xorst
CllelyeT OTMETHTh, YTO KacKaj Y-TIEPEXO]OB B IOJOCE OOpbiBaeTcs Ha cocrosauu | =7h . Cornacho
MOCJIE/THEeH OIMyOJIMKOBAaHHON KOMITWIIAIIMM OLEHEHHBIX JaHHBIX [1] B momocy K™=1" BKIIIOYEHBI YPOBHHU

TONbKO ¢ 4éTHhIMU crimHamu ot | =27 (E, =950 kaB) mo | =287 . Ilonocel ¢ K*=2" u 3~ mpeacraBieHbl

tpems (IK” =227,32"142") u omHUM ypOBHAMH, COOTBETCTBEHHO, UX HIEHTH(UKAIMS HeoaHO3Ha4Ha [1, 9-
11].

[MpuBenéunvie BepositHocTr E1 mepexomoB W3BECTHBI TOJNBKO M3 OcHOBaHMU monoc K®=0"u 1 Ha
YPOBHH OCHOBHOM TIOJIOCHI, a TaK)Ke M3 ypoBHEH co cnimHamu |= 1, 3 Ha cocrosiHus 1=2 f—BUOpaIiMOHHBIX
(K™ =05u 03) momoc. OrtHomeHust BepositHocTel El-riepexonoB u3 K™ =07 MOJIOCH Ha YPOBHH OCHOBHOM
MOJIOCHI M3BeCTHBI j1o crimna | =157 [5].

B pabore [12] cBolicTBa COCTOSHMI OTpHIATENLHON 4ETHOCTH B 238U GBLIM MCCIIENOBAHBI HAMH B
pamkax (peHOMeHOJIornueckoi Moenu [13,14] ¢ ydeToMm KOpHOIMCOBA cMelMBanus mojoc ¢ K™ =0 u 1°.
Brinu paccunTaHbl SHEPTUK YPOBHEN U CTPYKTYPA COCTOSIHUM HU3KOJIEKAIUX OKTYIIOJBHBIX IT0oN0C. B Takoi
e cxeMe ObLTH BBIUMCIICHBI OTHOIIEHUs BeposiTHocTel El-mepexonoB u3 cocrostanii K™ =07 u 1™ mosioc Ha
ypoBHH OCHOBHOW mojocsl [15]. Ilpm »ToM OBIIO TOKa3aHO, YTO MJIS YJIYYLICHUS OIUCAHUS
IKCIIEPUMEHTAIBHBIX dHEepruil ypoBHeil K™=1" moinocsl u BepostHocTeil E1-mepexonoB u3 HUX HE0OX0IMMO
YUYHTBIBATh TAK)KE CMELIMBAHUE C TT0JI0CaMu ¢ ocHOBaHusiMA K™=2" u 3.
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B nanHOI paboTe UCCIeI0BaHbl YHEPTUH U DIEKTPHUECKUE CBOMCTBA OKTYIOJNBHBIX cocTosHuMit 28U B
pamkax (eHoMeHonornueckoi Monenu [16], ydyuThiBas CMEIIMBAaHUS COCTOSIHUN HH3KOJSKANUX TOJIOC
K"=0", 1, 22 u 3 . BoruncneHsl SHepruu, NpUBEAEHHBIE TUMOJIBHBIX JIIEKTPHUECKUX MEPEXOIO0B U3
COCTOSIHHH OKTYIIOJIEHBIX TI0JIOC Ha YPOBHU OCHOBHOM 1M OeTa BUOPAIIMOHHBIX TIOJIOC.

PesyabTaThl pacuéros.

TeopeTnueckue u HKCIEPUMEHTATBHBIE OKTYIONBHBIE COCTOSHUS moiockl ¢ K"=0",17, 27 u 3~
npencrasienue B Tabm.l. Kak BugHO n3 Tabn.l Hamm pacdeTsl XOpOIIO OMHCHIBAIOT SKCIEPUMEHTATbHBIE
SHEPIUU POTAUOHHBIX ypoBHEH monockl K™ =07 . PacxoxkneHue Teopuu M 3Kcnepumenta gocturaet 100
k3B TONBpKO TpHM cnmHAx | =307 . PesymbraTer paboTel [14] Heckombpko xyxe. XOTS IHEPTHS OCHOBAaHUS
monockl B [14] HECKONBKO BBINIE OJKCIEPUMEHTAIBHON, YXe€ YPOBEHb |7 =7  OKa3bIBaeTCs HIDKE
SKCTIIEpUMEHTAIBLHOTO M ¢ JaNbHEWIIM pocToM cnuHa | pacxoxmenwe Teopu: [14] ¢ 3KCIEpHUMEHTOM
MPOI0JDKACT YBEINYNBATHCS.

bonee BHuUMartenbHOro paccMmoTpenusi Tpebyer momoca K"=1" . CormacHo [6] 3Tol momoce
MIPUHAAJIEKAT COCTOSHUS C YETHBIMHM CiMHamu | * =2~ =28 . B cmnpaBounuke [16] B kadecTBE OCHOBaHUS
HOJIOCHI yKa3aH ypoBeHb E, =930,8 k3B, 17 =(17). ABTops! [14] Takxke paccMaTpHBalld 3TO COCTOSHUE KaK
ocHoBaHue s monockl K™=1". Kpome Toro, B padote [14] k monoce K™=1" ObUIM OTHECEHBI COCTOSHHUS C
HEYETHBIMM clUHamMH |* =37 +(25°) u sHeprusamu oT 0,998 MsB no 4,393 MbdB. Bce st ypoBHHM
HaOJIONaNNCh B pEakIHAX KyJIOHOBCKOTO B030yxaeHus. CremyeT NMOAYEpKHYTb, YTO HEUETHBIC CIHHEI
YPOBHEH |~ >7  oOmNpeleNeHsl OPUEHTUPOBOYHO, a YpoBeHb |~ =(5") ¢ osHepruei E, =1,286 Mb>B,

yKa3aHHbIi B [14] u [15], B mOC/IeIHIOK KOMIWIAIUIO OLEHEHHBIX JaHHBIX 11 28U [6] He BaroueH. Tem He
MeHee, UMes B BHJy CpaBHEHHE HAIMX pe3yJbTaToB C pe3yibTaramu [14], Mbl BKIIOYMIM YPOBHH C
HEYETHBIMH CIMHAMH B Ta0x.1. PesymbraTel Hammx pacy€ToB yKas3bIBalOT, YTO COCTOSHUS C HEYETHBIMU

OTHOCATCS K mmojioce  K™=2" kak ykaszansl B [15], a He K™=1" momoce ykasauubie B [14]. (cm Tabdi.1).
OTHomeHHs NPUBEAEHHBIX BeposiTHOCTel E1l-niepexooB

CB(ELIK > (1+1)gr) | whe/( +1)—z.q;{,<x/l_|2
T BELIK > (1-Dgr) |y VT +Zale J(T+D)]|

IK

rae Z=m/my.

u3 coctosiHui monoc ¢ K™ =07 U 1° Ha ypOBHH OCHOBHOM IOJIOCHI M300pakeHbl Ha pHc. 1 U 2 Kak

¢ynkiuu cnuHa |, 3mech ke JaHBl WX AKCIEPUMEHTaIbHBIe 3HaueHus [6,10] w mnpeackazaHus

aanabaTmyeckoro moaxona (mpaBmiia Auaru). OKCIIEpUMEHTAJIbHBIE 3HAYCHHS OTHOIICHHN fgc" JUIS

COCTOSIHMIA 110J10CHI ¢ K™ =0~ m3BecTHbI it ciiuHoB | <157 [10], a mist momocer K*=1" tonbko mius | =1hu
37 . YuuThIBasi 3HAYUTENLHBIC TIOTPEITHOCTH B SKCIIEPUMEHTANBHBIX IAHHBIX, OMCAHUE IKCTIEPUMEHTATIBHBIX
oTHoureHni R[5 Hallell MOJENBI0 MOXHO HPU3HATH YIOBICTBOPUTEIBHBIM. 3aMETUM, YTO IS MOJIOCHI

K™ =0" HeaguabaTHuecKue MONPABKK OKA3alIUCh HEBEIMKH M PACCUUTaHHBIE HAMHU 3HaueHus R,,O0mam3ku k

HOJIy4YeHHbIM 110 (opMynam Asaru. 3ameTHas pasHuna 3HaueHuil R, u Rp™ mms | =11 Bo3moxHO

OOBSACHAETCS BBICTPAMBAHMEM BHYTPEHHErO YIJIOBOrO MOMEHTa | x - B pabore [19] Obuio 1oKa3aHo, YTO B sApax

TpaHCypaHOB d(deKT BhicTpamBaHus |, NPHM HU3KHMX 3HAYECHUAX CIIMHA 3aMETHO BIMSAET HA DHEPIUM U
DJICKTPUUICCKUEC CBOMCTBa OKTYIIOJIbHBIX cocTosiHUM. B HACTOAIIMX pacucTax 3(1)(1)€KT BBICTpaBaHUs HE YUNUTBIBAJICA.

B oramume or K®=0" mosocel B mosioce K™=1" a):[I/Ia6aTI/ILIeCKI/IC 3HAYCHHUS OTHOIICHUH R|Al

MCIJICHHO pacCTyT C YBCINYCHUCM CIIMHA |, B TO BpEM4 KaK paCCUUTAHHBIC HAMU R|1 YMCHBIIAKOTCA C pOCTOM

| n IIprU 3TOM OKa3bIBAIOTCA B HECKOJILKO pas OoJblie IIOCJICIHHUX, 0CO0EHHO IIpyu MajibIX CIIMHax. XoTts

9KCIIepUMEHTaNIbHAS HH(OopManust 06 oTHomeHusAX R sSBHO HEAOCTaTOYHA JUISl OKOHYATEIbHBIX BHIBOJIOB,

KaueCTBEHHO OHA COTJIACYETCS C HAIIMMHU Pe3yJIbTaTaMu.

Pacu€rer pesynbTaToB 3HEpruu, BepostHocTel El-mepexo/loB W HMX OTHOIICHUS CPaBHUBAIOTCS C
MMEIOITUMCSI SKCIIEPUMEHTAILHBIME JaHHBIME. O0CYKIAI0TCs HeaquabaTUIHOCTH TPOSIBIISIEMBIC B YHEPTHSIX
1 BeposATHOCTAX El-mepexomoB.
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3akiaoueHue
UccnenoBanbl 3JHEPTUU U JIEKTPUUECKUE CBOMCTBA POTALIMOHHBIX COCTOSIHUWA OKTYTMOJIBHBIX IOJIOC
azpa 28U B pamMkax ()eHOMEHOJIOIHYECKOM MOJIENIH, YUUTBIBAIOLIEH KOPUOIMCOBO CMEIIMBaHKe. PaccuuTansl
SHEPTUM YPOBHEW moynioc K™=0", K"=1"u K*=2 , mpuBeASHHbIE BeposTHOocTH El-mepexomoB u ux

otHomieHust R;; m R;; . Pe3ynpTaThl pacy€TroB CpaBHUBAIOTCS C HMEIOMIMMUCS 3KCHEPUMEHTAIbHBIMU
JAHHBIMHM, a TaKXke JpyrumMu MojensmMu. Ha pucyHke IpuBeNEHBl CpaBHEHMSI TEOPETUYECKUX U
AKCIIEPUMEHTAIBHBIX SHEPTUil COCTOSHUI OKTYIOJHBHBIX Tosioc ¢ K* =07, 17, 27u 3°. Moaens xopoIio
BOCIIPOM3BOJIUT SKCIICPUMEHTAJIbHBIE SJHEPTUH COCTOSIHUI 1MOJIockl K™ =0~ U BeposiTHOCTH E1 nmepexonos u3
HUX HA COCTOSHUA MOJIOC TMOJOXKUTEIbHON YETHOCTH. UTO KacaeTcs moioc K™ =1" 1 27, TO 34€Ch CHUTyalus
cnoxHas. IIpy HU3KUX 3HAYEHUAX CIIMHA YHEPTUU COCTOSIHUM K™ =17 MOJIOCHI SIBISIIOTCS HUXKE, YEM SHEPTrUU
K™ =2" nmonocel. HaunHas co cnuHa 1™ =117 3HEPrMU HEYETHBIX COCTOSHMM K™ =2~ IOJIOCHI CTAaHOBATCA
MEHBIIIE, YeM 3Hepruu noiocsl K™ =1". T.e. mpu 1™ =11" IpOUCXOAUTH IIEpecedeHus moyioc ¢ K" =1 u 2°.
PesynpraThl HamMx pacu€TOB YKa3bIBAIOT, YTO COCTOSIHUSL C HEYETHBIMH CHMHAMH OTHOCATCS K IIOJIOCE
K™ =2~ kxak yka3ansl B [10], a He K™ =1~ moJoce yka3aHHbIE B [14].

Ta6auna 1. DHepreTUdecKre XapaKTePUCTUKU BO30YKIEHHBIX cocTostHmit motoc ¢ K7 =07,1" u 2~
. Teopust 1 SKCIEPUMEHT

Eo(1) ., M08 E, (1), MB E, (1) MsB
| 7 O (1 Erot(l) go(l) K*=0" El(l) K" =1 iifl:) K? =2~
MbB MbsB M>sB Exp. [6] [14] Hacrost | MsB Exp.[6] [14] Hacrosig Exp. Hacrosim
mast ast [15] ast
pabora pabora pabora
1~ 0.019 0.013 0.667 0.680 0.733 0.680 0.918 0.931 0.878 0.932 - - -
2~ 0.033 0.040 - - - - 0.911 0.950 0.879 0.951 - 1.128 1.125
3 0.046 0.080 0.652 0.732 0.740 0.732 0.922 0.998 0.996 1.002 1.085 1.169 1.165
4 0.059 0.133 - - - - 0.896 1.028 0.959 1.029 1.082 1.242 1.215
5~ 0.072 0.198 0.628 0.826 0.797 0.827 0.923 - 1.162 1.122 1.085 1.286 1.283
6~ 0.084 0.277 - - - - 0.875 1.151 1.087 1.152 1.079 - 1.355
7" 0.096 0.367 0.600 0.966 0.908 0.967 0.918 - 1.365 1.285 1.091 1.446 1.457
8~ 0.108 0.469 - - - - 0.849 1.318 1.263 1.318 1.075 - 1.543
9~ 0.119 0.582 0.570 1.151 1.072 1.152 0.906 - 1.606 1.487 1.103 1.644 1.685
10~ 0.130 0.706 - - - 0.820 1.528 1.487 1.527 1.073 - 1.779
11~ | 0140 0.841 0.539 1.379 1.287 1.380 1.119 - 1.885 1.960 0.888 1.866 1.729
12- 0.150 0.987 - - - - 0.789 1.778 1.754 1.776 1.070 - 2.057
13—| 0160 1.142 0.507 1.649 1.547 1.650 1.138 - 2.201 2.280 0.867 2122 2.010
14~ 0.170 1.307 - - - - 1.069 2.066 2.062 2.066 0.758 -
15| 0179 1.482 0.477 1.959 1.850 1.959 1.157 - 2.551 2.639 0.845 2418 2.327
16— | 0188 1.665 - - - - 1.067 2.389 2.407 2.393 0.727 -
17| 0197 1.858 0.448 2.307 2.191 2.306 1.177 - 2.932 3.034 0.823 2.751 2.681
18| 0205 2.058 - - - - 1.066 2.744 2.784 2.755 0.697 -
19—| 0213 2.268 0.420 2.689 2.565 2.687 1.196 - 3.340 3.463 0.802 3.120 3.069
20— | 0221 2.484 - - - - 1.065 3.128 3.190 3.152 0.667 -
21 0.228 2.710 0.392 3.104 2.969 3.101 1.214 - 3.772 3.923 0.780 3.521 3.490
29~ 0.236 2.941 - - - - 1.065 3.538 3.620 3.580 0.639 -
23— 0243 3.181 0.366 3.548 3.397 3.546 1.232 - 4.225 4.413 0.760 3.947 3.941
24~ 0.250 3.428 - - - - 1.064 3971 4.071 4.039 0.611 -
o5~ | 0257 3.681 0.340 4.017 3.847 4.021 1.249 - 4.695 4.930 0.740 4.393 4.421
26| 0264 3.941 - - - - 1.064 4.424 4.539 4.526 0.584 -
27—| 0270 4.208 0.315 4.504 - 4524 1.266 - - 5.474 0.721 - 4.929
28| 0277 4.482 - - - - 1.063 4.895 - 5.040 0.558 -
29— | 0283 4.761 0.292 5.003 - 5.053 1.282 - - 6.042 0.703 -
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30~ 0.289 5.047 - - — 1.063 — - 5.580 0.534
31 0.295 5.338 0.269 5.513 5.607 1.297 - - 0.686
32~ 0.300 5.636 - - - 1.062 - - 0.510
33~ 0.306 5.939 0.246 6.037 6.185 1.312 - - 0.669
34~ 0.311 6.247 - - - 1.062 - - 0.487
35~ 0.317 6.561 0.225 - 6.786 1.326 - - 0.653
Rpo
2.0+ —=— Theor
1 --e¢--Alaga
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M3YYEHUE CTPYKTYPHBIX CBOMCTB MOJIYIPOBOJHUKOBBIX KPUCTAJLJIOB
CdZnTe MOCJE OBJIYUYEHMS TEILJIOBBIMA HEUTPOHAMHA

B. Maxcynos® u M. SIpos'”

YTaoocurckuii nayuonansuoiii yrusepcumem, np. Pyoaxu 17, 734025, [ywanbe, Taoxcuxucmar,
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AHHOTALINA

Hcceneoosano enusnue manvlx nomoK08 Meniosvlx HeUmpoHO8 HA CMPYKMYpPHble XApaKmepucmuKku
NOAYNPOBOOHUKOBLIX KpUCmMailos mennypuda xaomus yunxa (CdZnTe). Pesyromamor uccinedosanust
NOKA3aNU, YMO MeNni08ble HEUMpPOHbl ONPedeNéHHO20 NOMOKA OMPUYAENbHO GIUAIOM HA CMPYKMYpPHble
napamempusi KpUCHANI08, O YéM CUOemMeNbCMBYem PeHM2eHOBCKULL aHANU3 00pa3L|o08.

KuaioueBnblie ¢j10Ba: TEIIOBBIC HEHUTPOHBI, MOJYMPOBOJIHUKOBBIC KPUCTAIUIBI, CTPYKTYpa KpHUCTaJIa,
TEJUTypU KaaMUsl [IHHKA.

1. Begenue

B nocnmegame TOABI JUISL  CO3JAaHMS  JETEKTOPOB PEHTITEHOBCKOTO W raMMa-U3IydeHHUS,
(doTonpeoOpasyrIIUX MMaHeIeH W APYrUX ONTOJICKTPOHHBIX YCTPOWCTB TEUIypUI KaJAMHS-IIHHKA
MTOKA3bIBaeT XOPOIIHE Pe3ybTaThl, B CHIIy CBOEH JEMIEBU3HBI U CIIOCOOHOCTH paboTaTh MPH KOMHATHOH
Temneparype. i noctikenns 6osee moaxosuX mapaMeTpoB MpeIIpUHIMAIOTCS pa3HO00pa3HbIe METOBI
MOJTYYCHHUS] KPUCTAIIOB, JISTHPOBAHUE XUMUYCCKUMHU DJIIEMEHTAMH, BBEACHHE B COCTAB YHUCTOTO KpHCTaJLIa
WHOPOJHBIX mpuMecei u p. OqHaKo, 00pabdoTKa CTPYKTYPhl KPUCTAIIOB C MTOMOIIBIO SASPHOTO M3ITYYCHHUS
SIBIIIETCS. HOBBIM MeToJoM. [Ipu 3TOM Hamo yYMTHIBATH MpEIEN MOTOKa OONydeHUs, TaK KaK MPEBBIIICHIS
MOTOKA OOTy4YEHUS IPUBOIUTEH K OOPATHBIM ITOCIIECICTBUSIM.

Jis  mMoauduKalu CTPYKTYPbl KPUCTAJUIOB paHbIle OBLIM MPEJIOKEHBI 00JydaTh HX C
HCTIONIb30BAaHUEM ITOTOKA OBICTPHIX 3apsDKEHHBIX YACTHIL, OT AJIEKTPOHOB JI0 TSHKENBIX HOHOB, PEHTTEHOBCKOE
W ramma-usnydenust u ap. Hanpuwmep, B [1] coobraercst 0 MogudUKanuu CTpyKTyphl kKpuctamios CdZnTe
nonamu Yb** ¢ sneprueit 5 MaB. Pesynbrarsl nokasanu, uro nonsl YD** npu 3a1aHHOM SHEPTUH NPOHUKAIOT
B TiiyOnHe | MUKPOH W TPUBOAAT K OOpPa30BaHHMIO BBICOKOIIPOBOMAIIETO HHTEpdeiica ¢ BBICOKUM TOKOM
yTedku. PEeHTreHOBCKui aHamu3 OOIyYeHHBIX 00pa3IoB MOKa3al YXYAMIAOIIET0oCs BIUSHUE O0ydeHUsT Ha
MIPOU3BOAUTEILHOCTE YCTPOUCTB. JlJIS TIpEemOTBpalleHUss HETATUBHOTO BO3JCHCTBUS PaTHOAKTUBHOTO
M3JIydeHus1 mpejyiaraetcst obiydar kpuctawioB CdZnTe nasepubiM usnydenuem [2]. Ilpu sasepHoro
oOnyderns oOpas3lla Ha €ro MOBEPXHOCTH 00pa3yercss TOHKWH CIOW KaiaMus, KOTOPBIA CIIOCOOCTBYET
YIIYYIIEHUIO PaJUalliOHHON CTOMKOCTH MaTepuara.

Onnako, B paMKax HaIlMX HCCICAOBAHWM MBI TPEANPUHSIN IPYTOoW TMOIXOA: MBI Tpesiarain
MOIMMUIIMPOBATEH CTPYKTYPY KpuctauioB CATe npu 00aydeHHr MajIbIMUA TIOTOKAMH TEIJIOBBIX HEUTPOHOB H
JOCTUTJIA XOPOIIUX pe3ysibTaToB [3]. B oTimMuue oT ObICTPUX HEUTPOHOB U JPYTMX BHJIOB H3JIydYCHHS,
TEIUIOBBIE HEHTPOHBI HE BBI3BIBAIOT 3HAUYMTEIBHBIX MOBPEKIACHHA CTPYKTYphl KpuCTauia. Temeps, s
CpaBHEHMS C MPEABIIYIIAMH pe3yJibTaTaMi Mbl 00ydanu kpuctawioB CAdZNnTe TerioBbIMUH HEHTPOHAMHU.

2. MaTepHaJbl 1 METOBI UCCIIEI0BAHUS

B kauectBe mccrnemyemoro marepuaia ObUTH BBIOPaHM KpUCTaJUIMUECKHE momynpoBonHuku |I-1V
rpynmel, a umenHo CdZnTe. Pa3smepsr 00pasiioB cocTaBisiii 7X7X2 MM COOTBETCTBEHHO. KpuicTamibl
M3TOTaBIUBAIKNCH METOOM HAMPABICHHOHN KPUCTAILIM3AIIHH.

IMocne momOOpKH MOTYNPOBOJAHUKOBBIE KPHUCTAIUIBI IMOJBEPrajiiCh OOJTYYECHUIO TEIUIOBBIMHU
HerTpoHamu U3 PU-Be-To nctouynnka. DHEPrusl HEUTPOHOB JaHHOTO NCTOYHHUKA BAPbUPYETCS B HHTEPBAJE OT
0 mo 10 M»B, a st BbIZETIEHHUS TEIIOBBIX HEHTPOHOB MEXKIy HCTOYHHKOM M 00pa3IoM ITOMEIIANICS CIOH
napaduHa. 3HaYCHHUS MOTOKA TEIJIOBBIX HEHTPOHOB M METOJ M3MEPEHHS JICKTPOPU3NICCKUX MMapaMeTPOB
00pasioB mpuBeaeHE B [3].

N3yueHus: cTpyKTYypHBIX U3MEHEHUI MpoBOAWiICS peHTreHoBckuM ammapatom JPOH-3 B unTepBaie
yruos ot 10 o 60°.

3. Pe3yabTaThl B 00CYyXKIeHUS

PeHTreHOBCKMIA aHanu3 paHee H3ydeHHbIX oOpasioB CdTe mokasam, 4YTO CTPYyKTypa KpPHCTAJUIOB
yIy4llaeTcs 3a CUeT YNOPSAOYEHUS U TEPEOPUEHTALMS SYEEK KPUCTALTMYECKOM pEeIIeTKH, TaKkKe
MIOSIBJIAIOTCS. HOBBIE M30TOIIBI, KOTOPBIE B OTPEeNICHHON CTETIEHN COBEPIIEHCTBYIOT MEKaTOMHEIE CBSI3H.
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Jns Terurypuma KaaMus [IMHKA HAITA WCCIIEIOBAaHMS JAJId OOpaTHBIX pe3ynbraroB. Ilox aeiicTBueM
MOTOKA TEIJIOBBIX HEMTPOHOB CTPYKTYPHBIE XapaKTEPUCTUKH HCCIIEIOBAHHBIX KPUCTAIUIOB M3MEHSIOTCS B
oTpHIlaTeIbHOM Harnpasienuu (PucyHok 1).
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PucyHoxk 1. Pesynbrar pentreHonuppakuonHoro aHanuza CdzZnTe.

W3 pucyHka BUIHO, YTO HHTEHCHUBHOCTH OTPAKEHHOTO PEHTT€HOBCKOTO M3IYYCHHUS MOCIIE 00TydeHUs
TEIUIOBEIMH HEUTPOHAMHU Majaer. DTO O3Ha4yaeT, YTO IIEHTPHl OTPAXKEHHS B KPHUCTAILUTUYECKHE PEIICTKH
MIEPEOPUCHTUPYIOTCS WU B CTPYKTYPE KPUCTAJLIA TOSBIISIOTCS TICPBUYHBIC PaAHAlMOHHBIC TS(EKThI.

4. BuiBoabI

HccnenoBanns B 00acTy N3ydeHUs BIUSHIE MaJIbIX TIOTOKOB TETUIOBBIX HEUTPOHOB Ha CTPYKTYPHBIE
mapamerpel CdZnTe He mamu OXHIAEMBIX pPe3ysibTaToB, Kak B ciydae ¢ CdTe. TermioBsle HEHTPOHBI
CHOCOOCTBOBAJIM TOSIBJICHUIO PaJMalMOHHBIX AE(PEKTOB B CTPYKTYpE KpUCTaJlIa, KOTOPBIE B CBOIO OUEPE.Ih
MIPUBOJIMIIN K CHIPKEHUIO MHTEHCUBHOCTH OTPaKEHUSI PEHTTEHOBCKOTO M3ITyUESHMS.
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Abstract

Ilpedcmasnen 00uH u3z co8peMeHHbIX NOOX0008 K PeULEHUIO UCCIe008AMENbCKUX U NPAKMUYECKUX 3a0ay
nymem uyueHusi 6HYmpeHHel CMpYKmypol KPYRHbIX NPUPOOHBIX U NPOMBIULICHHBIX 00beKmMo8 Ha
0CHOBe MIOOHO2pAdUU.

Key words: si0eprbie 2mynbcuu, MIOOHbL KOCMUYECKUX JYUeli, MIOOHO2PAPUA, A8MOMAMUYecKue
CKaHupyoujue cucmembl

1. BBeaenue

Bonbioe KoaM4ecTBO MPOOIEMHBIX T€0JOIMYECKH AKTUBHBIX 30H Ha MOBEPXHOCTH 3€MIIH, COCTOSIHHE
KOTOPBIX TPEICTABISIET yrpo3y IS PAcIONOXEHHOW B HUX WH(PACTPYKTYpHl, TPEOYIOT HOCTOSHHOTO
MOHHUTOpHHTA. [IJ1s1 3TOM 1enH, a TaKkKe Al U3ydeHHs 0ObEKTOB KYJIbTYPHOT'O HACleAus, B YaCTHOCTH, TIPU
V3YYEHUN WX CKPBITHIX 3JIEMEHTOB WJIH MMOBPEKICHIH, MOKET OBITh HCIONIB30BaH METO MIoOHOTpaduw [1].
Merto/, KOTOPBIH HAXOMUTCS HA CTaJUM IEPBOHAYAIBLHOTO BHeIpeHHs B Poccum, MO3BONSET pemars 3TH
MpoOJIeMbI TOCTYITHBIM M O€30IMIaCHBIM HEMHBA3UBHBIM CIIOCOOOM M 00ECTIEYHBAET MOIYUYEHHE TPEXMEPHOTO
n300paKeHNs] BHYTPEHHEH CTPYKTYpHI HCCIEAYEMBIX OOBEKTOB 0€3 WX TOBPEKACHUS WU Pa3pyLICHUS.
Merto OCHOBaH Ha aHaJM3€ TOTJIOIICHMS MOTOKA KOCMHUYECKHX MIOOHOB IPU HX TPOXOKACHHU Yepes3
BEIIECTBO UCCIIEyeMOro O0bEKTa.

MiooHBI 00pa3yloTcsi MpH pacnaje KaoHOB M NHOHOB, KOTOPbIE SBISIOTCS NMPOAYKTAMHU SAEPHBIX
B3aMMOJCHCTBUI IEPBUUHBIX KOCMUYECKHUX JIy4eH ¢ simpamu atMocdepbl. MIOOH - HecTaOMIbHast 4acTHLA, HO
13-3a PENSITUBUCTCKOTO 3 eKTa 3aMeIJICHUS] BpEMEHH MIOOHBI KOCMHUYECKOTO IPOUCXOXKACHUS C SHEPTHAMHU
no coTeH T3B mpoxomar 3HaUMTENbHBIE PACCTOAHUS, NMPEXIE 4YeM pacmaiayTcsi. B pesynbprare MIOOHBI
COCTABIISIIOT OCHOBHYIO COCTaBIISIIONIYI0 KOCMUYECKOTO H3IyueHHs1 Ha ypoBHE Mops (10 80% HabmomaeMbIx
yacTul). VIHTEHCUBHOCTh MX BEPTHUKAJIBHOTO IOTOKA HAa YPOBHE MOpS JOBOJBHO BBICOKA (OKOJO OJHOMN
yacTuibl Ha 1 cM2 B MuHyTy nipu sHeprusix Ep>1 [3B), a npu yrine magenus ot 60° mo 80° x HOpManmu
WHTEHCUBHOCTH MIOOHHOM COCTaBIISIOIIEH yMEHbIIAeTCs BCETO B 4 pa3a, B TO BpeMs Kak ITPU TEX K€ YCIOBUSX,
siIepHasl COCTABIISIIOIIAST KOCMUYECKOr0 U3Iy4YeHus: yMeHblaercs npuMepHo B 1000 pa3 [2]. B pe3ynbrare
3aMeTHasl 4acTh [I0TOKA MIOOHOB HE TOJIBKO IPEO0JIeBaeT aTMocdepy A0 YPOBHS 3eMJIH, HO U POHUKAET Ha
IyOWHY JT0 2 KM CKaJIBHOTO TpyHTa [3].

MiooHBI 00/1a1a10T HEHYJIEBBIM 3apSAA0M U YYacTBYIOT B 3JIEKTPOMATHUTHBIX B3aUMOJICHCTBHSAX, TEPSS
CBOIO 3HEPIHI0 B MPOILeccax MOHMU3AUH aTOMOB Cpebl, TOPMO3HOTO U3IY4YEHHUS U 00pa30BaHUs 3JIEKTPOH—
no3UTpoHHbIX nap. Kak ciencrBue, NMOTOK MIOOHOB IIOCTENEHHO oOcia0eBaeT ¢ INIyOMHOI BellecTsa,
[IPOXOKACHUE YEpe3 BELIECTBO C OOJIBLIMM 3apsiIOBBIM UHUCIOM IPUBOIUT K OoiiblieMy ocijalJeHulo,
MOCKOJIBKY ITyTh 3apsKEHHON YacTUIBI 0OpaTHO MPOMOPILMOHANIEH IUIOTHOCTH CPebl. DTH CBOMCTBA MIOOHOB
JENal0T UX YHUKAJBHBIM CPEACTBOM JUIS 30HAWPOBAHUS KPYITHBIX MPUPOIHBIX M UCKYCCTBEHHBIX OOBEKTOB
Ha IMOBEPXHOCTH 3eMJIH U 110]1 Hell. MrooHorpadusi OCHOBaHA Ha Pa3IMYKH B 3aTyXaHHU TIOTOKa MIOOHOB TIPH
MIPOXOXKACHUH Yepe3 00JIaCTh C Pa3IMYHON IUIOTHOCTHIO BeulecTBa. [lo pasnuuumsM B cTeneHn ocnalneHus
MIOOHHOTO TIOTOKa MOXXHO CYAHMTH O HEOJHOPOAHOCTSIX BHYTPM OOBEKTa B 3TOM HampaBieHWH (TIOJNOCTH,
KOHIJIOMEpAThl U T.1.).

2. MiooHorpa¢usi Ha OCHOBeE 1eTeKTOPOB, COCTOSIIIUX U3 SIAEPHBIX IMYJIbCHIA

MrooHorpaduss TPUMEHSIETCS KaK MHOTOOOCIIAroIee JOMOMHEHHE K TeOo(QU3MYSCKUM METOJaM,
WHCTPYMEHT aHajan3a CEHCMUYECKUX M KapCTOBBIX IMPOIECCOB [4], pa3BeoKH ITOJIC3HBIX MCKOMAeMBIX [5],
paZualMOHHOTO MOHHTOPHHIA AaTOMHBIX DJIEKTPOCTAaHIMHA W ISl HEWHBAa3UBHOTO TECTUPOBAHUS
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MIPOMBINIUICHHBIX OOBEKTOB (IOMEHHBIX II€Uei, OIMOp MOCTOB W T.A.). METOJ TO3BOJISIET HCCIIECIOBATH
€CTECTBEHHBIE TTO/I3EMHBIE TIEMIEePHI U KPYITHBIE TIOJIOCTH HCKYCCTBEHHOTO TIPOUCXOXKACHUS [6].

B skcnepuMeHTax MO MIOOHOTpaUU IIMPOKO HCIOJB3YETCS SJICKTPOHHOE O000pyJOBaHWE Ha
cruHTIILIATOpax. OMHAKO HAWBBICIIIEE pa3perieHue (CIToCOOHOCTh Pas3TiIaAeTh 0OBEKT pa3MepPOM OKOJIO 15 M
Ha paccTOsTHUM | KM) MOTYT 00€CTICUUTh TPEKOBBIE JETEKTOPHI, COOpAaHHBIC U3 JIBYCTOPOHHUX CIIOEB SICPHON
AMYJbCUH. SlnepHas »Myibcuss — 3TO (oToMaTepuan BBICOKOW UYYyBCTBUTEIBHOCTH, CIIOCOOHBIN
PETHCTPUPOBATh PEISATHBUCTCKHE 3apsDKEHHBIC YACTHIBI B peXuMe HakomieHus. [IpenmymecTBamu
SMYJIbCHOHHBIX JIETEKTOPOB, TOMUMO BBICOKOT'O Pa3peIICHHs, IBISIOTCS BO3MOXKHOCTh SKCIIOHHPOBaHHUsI Oe3
JIUYHOTO MPHUCYTCTBHS 3KCIICPUMEHTATOpa U paboTa B CIOXKHBIX YCIOBHUSAX, BIUIOTh JO JKCTPEMAJbHBIX,
HeOoJbiMe (M0 CPaBHEHUIO C JJICKTPOHHBIMU YCTAHOBKaMH) rabapuThl W TPOCTOTa KOHCTPYKIIHMH,
HE3aBUCHMOCTh OT HCTOYHHMKOB SHeprud u T.1. Haumboyee WHGPOPMATUBHBIA TMOAXOJ MpPEIoiaracT
WCTONB30BaHWe JIBYX M 0Oojiee JETEKTOPOB, PETUCTPHPYIONIMX YIIIOBBIE paclpelelieHHs MIOOHOB B
ONpPEICICHHOM HANpaBJICHUM W3 HECKOJBKMX TOYEK HaOMofcHHMS. Takoil MOAXOM  IMO3BOJISET
PEKOHCTPYHUPOBATH TPEXMEPHYIO KAPTHUHY UCCIIEAYEeMON aHOMAJIHH.

[IpeumyiiecTBa 3MyJIbCHOHHBIX OETEKTOPOB OYEBUAHBI MPH M3YUCHUU TPYTHOAOCTYHHBIX OOBEKTOB
WM OOBEKTOB, OMACHBIX JJS BOCHPUATUS UEJTOBEKOM. IlepCHeKTHBHOCTH SAAEPHBIX O3MYJIbCHUH B
HCCIIEIOBAHMAX TaKOTo poja Oblia MPOJEMOHCTPHPOBAHA B IKCIIEPUMEHTaX MO MOHUTOPUHTY COCTOSIHUS
SIIEPHBIX PEAKTOPOB MOCiEe Benukoro BOCTOYHO-SIMOHCKOrO 3emiierpsceHus U uyHamu B 2011 romy.
MiooHorpadus Oblia MpeiosKeHa JJisi ONpeAeICHNsT HaTMUusl sICPHOTO TOIUIMBA B IMOBPEKICHHOM OJIOKE
peaktopa ADC "O®ykycuma-aiiutu". OcCHOBBIBasCh Ha AAaHHBIX JETEKTOPOB SMYJIbCHHU, CPAaBHEHHUE ee
BHYTPEHHEH IJIOTHOCTH C IUIOTHOCTHIO B HEMOBPEXKICHHOM OJioKe mokaszano orcyrctBue 70% spepHOro
TOIUIMBAa B IOBPEXKICHHOM DPEAKTOPHOM OJIOKE. DTOT pe3ylbTaT ObUT TakKe IOATBEP)KICH IaHHBIMHU
CIMHTHUIILIMOHHBIX IETEKTOPOB.

JleTekTopsl SAaepHOil AIMYIbCHH OBUIM YCIEITHO WCIIONB30BAHBI B OKCIIEPUMEHTE 110 30HIHUPOBAHHIO
BynkaHa CtpomOomu (Utamust) [7]. MIOOHBI PETUCTPUPOBAIHNCH B TEUSHHE MSATH MECAIEB C IMTOMOIIBIO
neTekropa miomaaso 0,96 M2, [Tomy4yeHHBIN pe3yNbTaT MO3BOIIMII BHISIBUTH 3HAUUTEIBHYIO 30HY HH3KOU
IJIOTHOCTHU Ha BEPLIUHE BYJIKaHA C KOHTPAcTOM IIOTHOCTU 30—40% 10 OTHOILIECHUIO K KOPEHHOU NOpOJeE.

3. Pe3yﬂBTaTBI MlOOHOl"pa(l)I/I'{eCKI/IX IKCIMIEPUMEHTOB JIBYX 00LEKTOB KYJbTYPHOTI'0 HaCJa€aAusd

ABTOpamu ObLJIa YCTIEIITHO BBITIOJTHEHA cepusi MIOOHOTpadudeckux padboT B Poccun o nccnepoBanuio
MPOMBIIIJICHHBIX 00bekTOB (mmaxta [eodusmueckort ciayxObi PAH, pexTudukanmoHHas KOJIOHHA Ha
npennpusituun 'AIIPOMHE®TU, u ap.) u 06bexTOB KynbTypHOro Hacienus [8]. Bo Bcex skcnepumeHTax
ObUIM WCIIOJIB30BaHbl 3MYJILCHOHHBIE JIETEKTOPhl - aBTOHOMHBIE, MOIYJbHBIE, JIETKO TPaHCHOPTHPYEMBbIE
yCTPOKMCTBA, KOTOpPBIE HE TPEOYIOT MPUCYTCTBUS OTIEPATOPa WM UCTIOIB30BAaHHSI HCTOYHUKOB ITUTAHUS, MOTYT
SKCIIOHUPOBATHCS B TEUCHHE JUIMTENLHOTO BPEMEHM M 00ecnedyuBaloT, Onarogapsi BBICOKOMY
MIPOCTPAHCTBEHHOMY Pa3pELICHMIO, JeTATbHOE N300paskeHne crien()UIecKux 0COOCHHOCTEH HCcIeayeMoro
o0bekTa. BaxHO, 4TO SMyJIbCHOHHBIE IETEKTOPHI caMu IO ce0e He 3arpsi3HAIOT OKPYKAIOLIYI0 Cperdy,
MOCKOJIBKY OHH MCIIONIB3YIOT €CTECTBEHHBIH (POH KOCMHYECKOT0 U3IydeHHsI. YTOOBI MOTYYHTh pacipeaecHue
IUIOTHOCTHU BEIIECTBA, IETEKTOP pacrojiaraeTcs Mo HCCIIeAyeMbIM 00beKTOM MM cOOKY OT Hero. B crathe
MPEACTaBICHbl PE3YNbTaThl JABYX MOCIECAHUX YCIEHIHBIX MIOOHOTrpadMUecKuX paboT Ha OOBEKTax
KyJIbTYPHOTO HAaCIEANs.

1.1 Miwonozpaghua Ceamo-Tpouuykozo lanunosa monacmulps

OkcrniepuMeHT B JlaHMIIOBOM MOHACTBIpE ObLI peaan30BaH HECKOJIBKUMH POCCUHCKMMH MHCTHTYTAMH
(HarmmoHanmbHBIN  WCCIIEOBATENLCKUN  TexHoNMoTHueckuii  yHUBepcuter «MMWCuCy», HarmonansHbII
uccleioBaTenbekuil siiepublii yauBepeuter MUDU, dusnueckuit nactutyt umenn [1.H.JleGeneBa PAH,
OO0 "ABK Cnasuu"). Llenbto nccnenoBanusi ObUI0 U3yYEHHUE CKPHITOM CTPYKTYPHI 3[JaHUH M TEPPUTOPHU
Casto-Tpournkoro JlaarmmoBa MOHACTBIPs, OCHOBaHHOTO B [lepeciapiie-3aecckom B 1508 romy. 3a HECKOIBKO
CTOJIETHI CBOETO CYIIECTBOBAHNS MOHACTBIPCKUI KOMIUIEKC HEOJHOKPATHO PEKOHCTPYHUPOBAJICS, B TO BpeMs
KaKk JOKyMEHTallMs, BKJIOYas TMOITaXHbIE IUIaHBI 37JaHWH, Obuta Oe3BO3BpPAaTHO  yTpadeHa.
MiooHorpaguueckoe 00cie0BaHHE MOHACTBIPCKUX 3[JaHUH M TEPPUTOPUM MOHACTHIPS C UCIIOJIb30BAaHUEM
MIOOHOB OBLJIO TIPEAHA3HAYEHO JJIs1 OOHAPYKEHHS BOBMOKHBIX CKPBITHIX HEOJTHOPOIHBIX 30H. Y UUTHIBAs, YTO
BO3MOXHOCTH JIJISl PACKOIIOK B MOHACTHIPE, KOTOPBIH sIBIsieTCS 00BEKTOM (ellepalbHOro 3HaYeHHUs, OUeHb
OrpaHUYEeHbI, IPUMEHEHNE HEMHBA3UBHOIO METOa MIOOHOIpadUH SIBJISIETCS] €JUHCTBEHHO BO3MOXKHBIM.
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B xoze aTOr0 sKcniepuMenTa ObUTH M3y4deHbI 31aHust 1iepkBu [ToxBaner boxueir Matepu u iepksu Beex
CBATHIX, TEpPUTOPUS MEX Ty HUMU (pHC. 1).

Pucynok 1. Teppuropust Cesto-Tpourkoro JlaHniaoBa MOHaCTBIpSL.

a)[{udpsr Ha kpacHOM (oHE yKa3bIBAIOT MecTa HccienoBanus: (1) 3aMypoBaHHBIE ITOBANEI 30aHKs 1epkBy [ToxBansl boxunei
Marepu u puiteraroniasi TeppuTopust; (2) BO3MOKHBIE OCTATKH JpeBHEro (yHAaMeHTa 31aHus HepkBu Beex CBATHIX; (3)
TEeppUTOpHS MEXIy HepkBsamu; (4) Tpourkuii codop.

0) Heckosipko 0OHapyKeHHBIX 00BEKTOB Ha TeppUTOPHH MOHACTHIPA: (1,3,4) -OA3eMHBIE TTOJIOCTH — KPUITHL, (2) KEJbsl MEXKIY
TIOJIBAJIOM U TIEPBBIM 3TAXXOM LEPKBH, (5) MOIKIETH (B 3aMypOBaHHOM To/Bae), (6) 3aMypOBaHHBIA BO3IYXOBOJ (B IOABANE).

B 0o01meit ci10’)kHOCTH B 9TOH SKCIO3UIIUK OBLTH UCTIONB30BaHbI 21 SMYJIbCHOHHBIN ETEKTOP: JeCATh Ha
mepBoM a3Tare dkcrepuMenTa (¢ Hosops 2020 roga mo deBpans 2021 roma) u 11 Ha BTOpoM dTane (Tpu
JeTeKTopa UCMoNb30Bamuch ¢ jaekaOps 2020 roma mo ampens 2021 roma W BOCeMb JAETEKTOPOB
9KCIUTyaTUPOBAJIMCH C MIOHS 10 ceHTI0ps 2021 roaa).

IToce oKOHYAHUS SKCIIO3UIUU B MOHACTBIPE MPOSBICHHBIE (POTOAIMYJIBCUH OBUIM OTCKAHHUPOBAHBI C
MOMOIIBIO BBICOKOTEXHOJOTUYHBIX aBTOMATH3UPOBAHHBIX MHKPOCKOIIOB HW3MEPHUTEIBHOTO KOMILIEKCA
PAVICOM [9]. KoopauHatsl Havyajia ¥ KOHIIA KQXKJIOTO 0OHAPYKEHHOTO MIOOHHOTO TPeKa ObLIN 3allMCaHbl B
pexxume owniaiH. [locnenyromas oOpaboTka ObLia MpOBeJACHA JJi TPEKOB MIOOHOB B JIMAIla30HE YIJIOB
HakJIOHa +45° 10 OTHOIIEHHIO K HOPMaJIX K TNIOCKOCTH JAETEKTOpA.

[lony4yeHHsle paHHBIE OBUTH 00pabOTaHBI C WCIONB30BaHWMEM mporpamMmHoro mnaketa FEDRA
(Framework for Emulsion Data Reconstruction and Analysis) [10], KOTOpbIii TO3BOJISIET PEKOHCTPYHUPOBAThH
MIPOCTPAHCTBEHHOE PACIPEAeNICHHE TIOTOKOB MIOOHOB. PEKOHCTPYKLIMSI TPEKOB C MOMOILBIO IPOTPAMMHOIO
obecriedenusi FEDRA Bkimouaer B ce0si HECKOJIIBKO omepanuid (puc. 15): 3amuchIBarOTCS KOOPAMHATHI
obHapykeHHbIX MUKpoTpekoB MT1 u MT2 (Micro Track- ato ¢hparmeHT Tpeka, 00HapyKEHHBII B OTHOM CJI0€
IMYJIbCHN).; 0a30BbIi Tpeku BT pekoHcTpyHpyeTtcs Ha ocHOBe 1ByX MTs ( Base Track- ato hparmeHTsI Tpeka,
KOTOpBIE MPOXOAAT depe3 00a ciosl HIMYJIbCUU OAHOM M TOW e MJIACTUHBI); W, HAKOHEI, TpeK MiooHa VT
pexoHcTpynpyeTcs B obbeme merekropa (Volume Track) ma ocmoBe BTs. IIporpaMMHBIN anroputm
pEKOHCTpYKIIMHU Tpeka cBsizbiBaeT MTs ¢ BT, BoipaBHMBAET KOOPIMHATHI AMYJIbCHOHHBIX IIJIACTUH C IOMOIIBIO
BT, unentupunupyer VT u “crmaxuBaer” ero ¢ nomoupto ¢uisrpa Kanmana. Bonee mompoOnyro
nHpOpMaLUio 0 padboTe IporpaMMbl MOXKHO HaiTu B [9].

B 3amypoBaHHbIX moaBayiiax Iepkeu [loxsanbl bokuelni Matepu Obuin oOHapyxkeHbl (puc.10) aBe
ITyCThIE KOMHATHI ¥ YYaCTKH 3HAYUTEIHHO OOJIBIIEH TUIOTHOCTH (CTEHBI M MIEPErOPOJIKH) 110 HAIPABICHUIO K
TJIABHOMY BXOJly B MOHACTHIpb. Hen3BecTHBIN BO3IyXOBO] ObLII 0OHAPYKEH Ha YPOBHE MEPBOT0 3TAXKAa IIEPKBU
IToxBanbl boxxueit Matepu. Ha Tepputoprn MOHACThIpst Mex 1y 31aHusIMU 1iepkBU [ToxBansl boxkueit Marepu
1 1epkoBbI0 Beex CBATHIX ObLTHM OOHApYXKEHBI MyCTOTHI, MPOUCXOXKICHUE W HAa3HAYCHHE KOTOPBIX MOTYT
MIPEICTaBIISITh 3HAYUTEIBHBIA UHTEPEC IS NATBHEUIIINX apXeOJIOTUISCKIX UCCIIeIOBAaHUN (JJPEBHUE CKIICTIBI?
BO31YyXOBOBI?).

3.2 Mioonozpaghus newep xpama Ceamo-Ycnenckozo Ilckogo-Ileuepckozo monacmuipsa

B Hacrosmiee BpeMsi METOJOM MIOOHOTpaduy BBITIONHEHO HCCIIEOBaHNE ABYX OOBEKTOB MELIEPHOTO
xpama Cearo-Y cnerckoro [IckoBo-Ilewepckoro monacTeips (pucyHok 2a). MoHacThIpb, OCHOBaHHEIHN B 1473
I., pactioyio’ket B T. [Tedopsr [IckoBcKoit 001acTH B eCTECTBEHHOM YITyOJICHHH Ha XOJIMe U3 Tiecyanuka. [log
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XOJIMOM PAacIONOKeHa CHCTEMa TeIep MPEAIOIOKHUTEIHLHO TPUPOIHOTO MporucxoxkaeHus («borom 3nanHbie
Memepe», pucyHok 26). CaMbIM IPEBHUM XpaMOM MOHACTBIPSI SIBISICTCS Y CIIEHCKAs HelepHast IepKOBb, Ha
dacane KOTOpO cleBa pacrojokeH BXOJA B MOJA3EMHbIE IeEIIepHble raneped. Vcnonb3yemble co BpeMEH
OCHOBAHHMS MOHACTHIPS KaK HOA3EMHBII HEKPOIIOJIb, CEMb MENEPHBIX TaJIepeii UMEIOT OOIIYI0 IPOTSHKEHHOCTD
6onee 200 M 1 HaxoAATCS HA rIyouHe oT 3 10 15 M.

Pucynok 2. a) O6muii Bug Cssito-Y cieHckoro [IckoBo-ITedepckoro MOHACTHIPS, CTPEIIKOIT ITOKa3aH BXOJ B ITEIIEPHBIN XpaM;
0) pacroJIo)KeHne M3BECTHBIX MOJ3EMHBIX Tayepeil Ha IutaHe MOHAcThIps. L{udpaMu 0003HAYEHBI «yIHIBD MEMEpHOro XpaMa: 1-
I'maBHast; 2 — Crapues; 3 -XpamoBasi; 4 — bparckast; 5- Tpounkas. M1300paxeHus1 OJy4eHbI ¢ TOMOIIBIO COBPEMEHHBIX I'€0Ie3MIECKHX
METOJIOB.

Jns mpuBSI3KM IPOCTPAHCTBEHHOTO IMOJIOKEHUS YCTAHOBJICHHBIX JETEKTOPOB K EIMHON CHCTEME
KOOpJMHAT OblJIa TPOBE/ICHA T'e0e3udecKas U JUJAapHas ChbeMKa, YTO MO3BOJWIO ONPEACTUTh MOJI0XKECHUE
JIETEKTOPOB C CAHTUMETPOBOM TOYHOCTHIO, HEOOXOAUMOM JUISl MHTEPIIPETAIINY TTOYIeHHBIX TaHHBIX. [11].

Bpemst 5Kcrio3ury OCHOBHBIX IETEKTOPOB OBLIIO YCTAHOBJICHO HA OCHOBE JIAHHBIX KOHTPOJIBHBIX CIOEB
SIIEPHON AMYJIBCUM, MTOMEIEHHBIX Ha HEKOTOPBIX JeTekTopax. Ha ocHOBE aHanm3a KOHTPOJBHBIX JTaHHBIX
OBIIO YCTAaHOBJICHO, YTO 3a BpeMs oOmydeHus oT 3,5 10 4 MecsleB saepHbIe SMYJIbCHH CMOTYT HaOpaTh
HEOOXOMMYIO JIJIsl aHaju3a CTAaTHCTHKY IO MOTOKaM MIOOHOB. Uepe3 112 aHel ¢ naThl YCTAaHOBKH BCE
JETEKTOphl OBUIM JEMOHTHUPOBAHBI, Pa300paHbl, SMYJIbCUOHHBIC IUIACTHHBI MNpOsiBICHBL. I[IposiBieHHBIE
SMYJIbCHOHHBIE TIacTUHBI ckaHnupoBanuch Ha [IABUKOM, tpeku pukcupoBanucs B Auana3zoHe yriaoB +45°.
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BrimonHeHHbIE WcceoBaHUA ABYX OOBEKTOB TemiepHoro xpama B CBsaTo-YcmenckoM IlckoBo-
[leuepckoMm MoHacThIpe (CKIIENa 3a CTEHOM Ha BXOJE B XpaM M MIPOCTPAHCTBA 33 TYMUKOM TPOHUILIKOHN YIIHIIBI)
BBISIBUJIM HEU3BECTHBIE paHee MOJIOCTH 3HAUUTENBHBIX pa3MepoB. OIleHKa pa3MepoB CKJIENa Ha BXOJE B XpaM
~2.5X2.5 Mmerpa, MpOAO/DKAIONIUICS U3 CKICHAa HOBBIM, HEM3BECTHBIM paHee, MOA3CMHBIA KOPUIOP HMECT
mupuHy oT 1 1o 3 MeTpoB, MHY ~12 METpOB M BBICOTY ~2-3MeTpa. B mom3eMHOM MPOCTPaHCTBE MEKTY
Bbparckoit m Tpouukoil ynuuel BbIABIEHa MOJIOCTh. BbIcOTa 3TOM MOJOCTHM MOpsaKa 2 METPOB, a
reOMETPUYECKHE Pa3Mepbl B TUIOCKOCTH OK0J0 3*6 merpoB. [lomyueHHbIe pe3ynbTaTbl CBUAETENHCTBYIOT
TaK)Xe O TOM, 4TO MoA3eMHas TpouIKas yiauma NpoAoKaeTCs JANbIIe 3a TYIIHKOM C aJITapeM.

4. BpIBOABI

PazpaboranHble aBTOpaMH METOJOJOTMYECKHE TOAXObI, WH)XCHEpHBbIE pEIleHHs, OCHOBAaHHBIE Ha
HCIOJIb30BaHUU SMYJIbCUOHHBIX IETEKTOPOB CICKEHHSI, U IKCIIEPUMEHTAIIbHbIE PE3yJIbTaThl UMEIOT OTPOMHOE
3HA4YEHUE AJsl AaJbHEHIIEro BHEIPEHUs 3(PQPEKTHBHOIO, SKOHOMHYHOTO M 3KOJIOTHYECKH 0e301acHoro
METOAa MIOOHOTpaUH B apXeoJOrHH, ['EOJIOTUH, aTOMHOM SHEPreTHKe, BYJIKAHOJIOTHH, HEepa3pyIIaroleM
KOHTpOJIE U T.1. MeTox mpencTaBiaseT 3HaunuTeIbHbIN HHTEpEC U1 00CIEeIOBAHUS U COXPAHEHHUSI OOBEKTOB
KyJbTYPHOTO HAaCIequsl, Ul pa3pab0oTKH CHCTEM MOHUTOPHHIA OIIACHBIX OOBEKTOB € LIEJIBIO ITPEJOTBPALLICHUS
BO3MOXXHBIX MPHPOJHBIX M TEXHOTEHHBIX aBapHil, TMpPEeACTaBAIOMINX YIpo3y s HaceJeHHd,
UHPPACTPYKTYPHI U OKPY’KAIOIIEH CPeIIbl.
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BJIMAHUE MAJIBIX IIOTOKOB TEIJIOBBIX HEUTPOHOB HA IEJBbHYIO KPOBb
YEJOBEKA METOJ0OM HH®PAKPACHOU CIIEKTPOCKOIINHU
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Taoorcuxcruti HayuonanwbHolil yHusepcumem, np. Pyoaxu 17, 734025, [ywarnbe, Tadscuxucmar,
* E-mail: matrobov.mehrob@gmail.com (asmop).

AHHOTAIINA

B oannou pabome, memooom HK-cnexmpockonus, nposoounacs ucciedos8anue MoaeKyIapHOl
CMPYKMYPbl YENbHYIO KPO8b YeN08eKA NPU GIUAHUE MATLIX HOMOKOG MENnlosblx Heumponos. M3 cpasnenus
CNEeKMPANbHBIX ~ XAPAKMEPUCIIUKY — 0OIYHeHHO20 —00pa3yamu ¢ HeoOnyYeHHbMU —obpasyamu  ObvlLio
VCMAHOBNEHO, YMO USMEHEHUSI UHMEHCUBHOCNb U CMeujenue No0C NOSIOWEHUs. UHPPAKPACHBIX CHEKMPO8
YenbHOU KpOBU HAOTIOO0AIOMCA 8 HEKOMOPbIX OUANA30H OJIUHA 80IH U 3AGUCAT OM ONPEOeNIeHHO20 3HAYECHUS
Man020 HOMOKA MeNioGbIX HEUMPOHOE.

Knwouesvie cnosa: TennoBbie HEUTPOHBI, LIENbHAS KPOBb, PEakys paJAuallHOHHOTO 3axBaTa, d(dKekT
«MaJbIX 103», XapaKTePUCTHKAa HHTEHCUBHOCTH, HH(PpaKpacHas CIEKTPOCKOIHS, MAKPOMOJIEKY.

1. BBenenne

Hayunblii nHTEpec K HEHTpOHAM M TPOTOHAM, ABYM (YHIAaMEHTaJIbHBIM YacTHUI[AM aTOMHOTO SIpa,
BO3POC B OCIEIHHUE FOJIbI IO MEPE Pa3BUTHS TEXHOJIOTUI MUPHOT'O UCIIOIb30BAaHUS aTOMHOM sHEpruun. Takon
HHTEpPEC BO3POC €II€ U MOTOMY, YTO B KOCMHUYECKOM IPOCTPAHCTBE BCTPEYAIOTCS KAaK HEHTPOHBI, TaKk U
npoToHbl. OIHAKO JUIIL HEABHO CTAJO0 BO3MOMKHBIM TINATEIbHOE H3y4YeHHe Ouonormueckux 3¢QekToB
HEHTPOHOB 1 NPOTOHOB B pe3yJIbTaTe IMporpecca B GU3NIECKUX U3MEPEHUSIX A03bl palualli, MOTI0MEeHHON
OMOJIOTHYECKUMH 00BEKTaX.

HeitTpoHbsl MOTYT B3aMMOJEHCTBOBATH C ATOMHBIMH SIIPaMH TOCPEACTBOM YIPYTOrO pacCesHHs,
HEYNpYyroro paccesHuss M 3axBaTa HEUTPOHOB (TEIIOBOTrO). M3BECTHO, YTO ceueHHe 3axBaTa TEIJIOBBIX
HEHTPOHOB sApaMH aTOMOB HAaMHOTO BBIIIE, Y€M HEHTPOHOB OoJbIIMX 3Hepruu. IlosTomy, BeposTHOCTH
HEHTPOHHO-CTUMYJIMPOBAHHBIX CTPYKTYPHBIX MPEBPALICHNH B OMOIOTNYECKUX 00BEKTaX 3aBHCUT OT CEUCHHUSI
3axBaTa HEWTPOHOB Pa3IMYHBIMU SIPAMH aTOMOB JIaHHOTO BemiecTBa. C 3TOW TOYKH 3pEHUS, U3TYUYCHHUE
BJIMSIHUSL TEIUIOBBIX HEMTPOHOB Ha CBOMCTBAa OMOJIOTMYECKMX OOBEKTaX SBISICTCS MHTEPECHONM HAy4YHOMH
3aayeii.

OnauM u3 3((DEeKTUBHBIX CIIOCOOOB H3yuUeHHS (PU3UKO-XUMHUECKHUX CBOMCTB OHOJIOTMYECKHMHU
oObektax sBisercst WHPpakpacHas crekrpockornus (MK). MK cnekrpockomusi mMo3BOJSIET BBISBUTH
TOHYAWIINE HM3MEHEHHS B COCTaBE M CBOMCTBAaX H3y4aeMbIX OOBEKTOB U SIBISICTCSA OAHUM H3 CaMBIX
pacmnpoCcTpaHeHHBIX METO/IOB, KOTOpasi OCHOBaHA Ha PErHCTPallid YacTOT MOTJIONIeHus KBaHTOB cBeta VK-
JIaIia30Ha OIpeJIeICHHBIMU CTPYKTYPHBIMHE TPYIIIIAMU M CBSI3SIMHU BEIIECTB.

2. MaTtepuaJibl M MeTO/IbI MCCJIE0BAHUSA

B pamkax ganHoH paboThl B KauecTBe OMOJIOTMYECKOr0 00beKTa ObuIa BhIOpaHa 1ebHask KpoBb. KpoBb
W3 OJIHOM NapTHH pa30MBaIOCh HA CEMb YacTel 1 00IyJalich TeIUIOBBIMU HeliTpoHamu oT PU-Be- ncroununka
MIPU Pa3IMYHBIX TOTOKOB MaJbIX TIOTOKOB TEIUIOBBIX HEHTPOHOB. 3aTe€M LENBbHYIO KPOBU BBHICYLIMBAIH IPH
temmepatype 60 °C. M3mepenus CneKTpoB MPOBOIINCH Ha MH(ppakpacHoM criekTpodoTtomepe IRATfinity-1
¢ npeobpasosanreM Pypwe B auanazone yactor 4000400 cm™.

3. Pe3yabTaThl B 00CYyXKIeHUS

Jiist 3KCIIepUMEHTANBHOTO M3YYEHHUS Mpolecca BIUSHUA MaJIbIX TOTOKOB TEIJIOBBIX HEHTPOHOB Ha
CHEKTPATLHBIX XapaKTEPUCTHKHU IIEIbHOW KpoBH ucmoib3oBaniock Meron MK crnekrpockormuu. CHavana
MPOBOJIMITA QHAIH3 CIIEKTPAIBHBIX XapaKTEPUCTHK HH(PAKPACHOTO CIEKTpa HEeOoOJIy4eHHBIX 00pasloB, a
3aTeM MOBTOPSUIM TaKHe paOOTHI I 00Iy4E€HHBIX 00pa3LaMH.

[Tocse 00JIyYeHHsl MAJIOTO MOTOKA TEIUIOBBIX HEWTPOHOB B auanaszoHe 3600-3007 cm™ naGmonaercs
IIMPOKas MoJioca TMOTJIOMICHNs, KOTopasi cBsizaHa ¢ BaneHTHhIMU KojiebannsmMu OH m NH. MHTeHCHMBHBIE
nosnocsl morsomenus 2960 cmt, 2936 cml, 2870 cm?, 2860 cmt u 2850cM™? 00ycIIOBIEHB! BaJEHTHBIMH
xoneGanusimu  C-H-cBsism MeTuneHoBbix rpymnm. Ilosoca Ha wactore 1652 cm?, 1541 cm? sBnsercs
pe3ynbTaToM BaseHTHBIX Konebanuii — C=C, C=0 cBs3u, a nonoca 1456 cM™, mo-BuaumMoMy, npeacTaBiseT
nedopmaroHsbie kojae0anus ¢z NH. OOHapy KeHbI 110JI0CH MaJIOH HHTCHCUBHOCTH Ha yacToTax 1240 cm™
11165 cm?, 1085 cm?, 624 cm, koTopele mpuHamIeKaT BaJeHTHBIM Koiebanus rpymmsl C-O-C u
nedopmarronHbsM Koste6anus CN. 3 3TuxX pe3ynbTaToB cieayer, 9To ocHoBHBIe n3MeHeHus B K - cnexrpax
MPOUCXOAT AJISI OJIOC, cBA3aHHBIX KoseOanusamu C=N-rpynm u BanenTHsIME Konebannsvu C=0 rpyni.
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Bumumo, 3TO CBfi3aHO € TPOTEKAaHWEM SIEPHOM peakluu PaAWaldOHHOTO 3aXBaTa TETUIOBBIX
HeiirponoB. [IpeBpamenne sapa N14 Ha sapo C14 mpuBOAMT K yXYAIICHHIO CBOMCTB OOMEHa BEILECTB B
OuoJornveckux cpenax. BepostHocTh mpotekanus siepHoit peakuuu 14N (n, y)15N mo cpaBHeHHIO €
peakiueii 14N (n, C14)p, mpu MajbIX MOTOKaX TEIUIOBBIX HEUTPOHOB, OyaeT MeHbIie. C yBeTMISHHEM ITOTOKA
TEIJIOBBIX HeWTpoHOB posb peakiu 14N (n, C14)p Bospacraer. Ilpu yBeTMYCHHH BEIUYHHBI MOTOKA
MOJYYUM OOPATHBIH 3P QEKT.

4. BoiBoabBI

CpaBHEHHSI CIIEKTPAIBHBIX XapaKTEPUCTUKN OOIydeHHOT0 00pa3aMu ¢ HeOOIydeHHBIMH 00pa3inamMu
OBUIO yCTAaHOBJIEHO, YTO HM3MEHEHHMS HHTEHCHBHOCTb W CMEIICHHE TMOJIOC MOTJOMICHUS HWH(PPAKPACHBIX
CHEKTPOB LIENBbHONW KPOBU HAOIIONAIOTCSI B HEKOTOPBIX JUANa30H JUTMHA BOJH M 3aBHCAT OT OINPEIeSIEHHOTO
3HAYEHHs] MaJIOTO MOTOKA TEIUIOBBIX HEHUTPOHOB. M3MeHeHHs XapaKTepUCTHK MHTEHCHBHOCTH M CMEIICHHE
WH(pPAKPACHOTO CIIEKTpa OONyYeHHBIX OO0pasloB TPH B3aWMONEHCTBUS C MajbiM IMOTOKOM TEILUIOBBIX
HEUTPOHOB CBSI3aHBI C peaKLUEl PaMallMOHHOIO 3aXBaTa.
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AHHOTALINA

DKCnepumMenmanvuble 3HAUeHUs dHEPUL COCMOAHUL upacm-nonoc 0na uzomonos ***2°Fm
uzeecmmuul 6nioms 0o cnuna 18 u 22*, coomeemcmeentno. B dannoii pabome snepauu upacm-noaoc
ObLIU BLIYUCTIEHDL, UCNONL3YA O8yXnapamempudeckyio gopmyny Xappuca. Bviuucnennvie snauenus
9Hep2UU CPABHUBAIOMCSL C IKCNEPUMEHMANbHIMU U BbIMUCTEHHBIMU 8 paMKax ¢heHomeHono2uu MBH1.

KiroueBble ciioBa: sHEprus, sIpo, CIUH, HPacT-ToJIocC.

B obmactu smep A< 180 -pacman BRICOKOCITMHOBBIX M30MEPOB JOCTATOYHO HEIUIOXO0 M3ydeH [1,2],
Yero Henb3sl cKa3aTh OTHOCUTENBHO simep ¢ A > 220. Ilockonbky mpu f§-pacmane CIUH siipa MEHSIETCs
HE3HAYUTEIbHO, TO BBICOKOCIIMHOBBIE M30MEPHBIE COCTOSHUS 3aCENAI0TCA B JOUEPHEM YETHO-YETHOM Spe
[I0CJIE COOTBETCTBYIOLIETO S-paciiafia BHICOKOCIIMHOBBIX M30MEPOB B HEUETHO-HEUETHBIX siapax [1-5]. 3arem
[ocjae OJHOTO WM JABYX ) -IIEPEXOJOB M3 3TOr0 HM30Mepa COOTBETCTBYIOIIME COCTOSIHHS HMPacT-TIONOCHI
3aCeNSAI0TCS B IOUEPHEM YETHO-YETHOM SIJIpe.

CrHeKTpocKonusl Ha ITy4YKaxX TsDKEJIBIX HOHOB MO3BOJIMIIA HIACHTU(HUINPOBATh JJITUHHBIE POTALMOHHBIE
MOJIOCHl Uil OOJNIaCTH TPAaHCYPAaHOBBIX fAAEP. AHAIN3 AMHAMHYECKMX MOMEHTOB HMHEPLUH OT YacTOTBHI,
MPOBENCHHBIN IJIs1 psijia TAKUX SIAEP, MOKA3bIBACT, YTO BILIOTH O MPEACIBHO U3MEPEHHBIX CIIMHOB HE HAaOII0-
naetcs obpatHoro 3armba [1]. OTcyTcTBHE OSKOSHAMHIA O3HAYACT, YTO HE MPOMCXOJUT MEPECCUCHUs
OCHOBHOM TIOJIOCHI KOJJIGKTUBHBIX COCTOSSHUM C COCTOSHUSIMH, COJEPXKALIMMU BBICOKOCIIMHOBBIE
KBa3MYaCTUYHBIE NApHI.

Hst psima uzotonoB Pu, Cm, Fm, No u3BeCTHBI SKCIIEpUMEHTAIbHBIC 3HAUCHISI YHEPTHU COCTOSHUHN
UpAcT-NOJIOC BILIOTH 10 crmHa 32, kak B ciayuae ¢ 2Cm. YHUKaIbHBIM SBISETCS TO, YTO BCE COCTOSHHUS
OYEHb JUIMHHBIX M0JIOC B PACCMOTPEHHBIX SIIPAX OCTAIOTCS YMCTO KOJJIEKTHUBHBIMU. KOJIEKTUBHOCTD 1OJIOC
MPOSIBIISIETCSI B TOM, YTO JHEPTHM IOJIOC BOCHPOM3BOMATCS C BBICOKOM CTEMEHbIO TOYHOCTH B paMKax
(dhenomenonorun MBB1[6]. DHepruu ypoBHE#H UpacT-MIOJIOCHI YaCTO U3BECTHBI U3 SKCIIEPUMEHTOB, & B UETHO-
yeTHbIX sapax Obun paccumtanbl A.Jl.EdumoBsiM m W.H.M30CMMOBBEIM ¢ HCHONB30BAaHHUEM MOJIENN
B3aMMOJIeHCTBYIOMMX 0030HOB [3,4]. [lapaMeTpoB UCITOTE30BaHHON MOJIENIM YMEHBIIAETCS IPU COOTIOACHUN
TAKOTO yCJOBUS, 4YTO TNyOMHA dHepruum jaedopMmanvyd, TOJYYCHHAass Ha OCHOBE pPEaTHMCTHUYECKHX
B3aMMOJCHCTBUI, JOIDKHA pPaBHATHCA TINyOMHE OHHEpru JedopManmuyd O BHYTPEHHEMY COCTOSHUIO,
BBIYMCIICHHOM C HallICHHBIMU NapaMeTpaMu ramuiibToHnana MBB1.

B namnoli paGoTe MPOBENEHBI PACUEThl JHEPTMU MPACT-TIONOCH M30TOMOB “*2°FmM  mcnonb3ys
JIByXIapaMerpuueckyro Gopmyny Xappuca [7]:

1(1+1) = S0, (1) + F,05, (1) O

1. 3~
Erot(l) :E‘Sowfot(l)+2‘51(’)?ot(l)

r1e orot(l) -yriioBas yactoTa BpaIaromerocsi 0CToBa; Jo U J1-WHEPIUOHHBIE TAPaMETPhI OCTOBA.

DTOT MeToA HaMHu ObLT HCIOJb30BaH B paborax [8-11] s ompesaeneHus HHEPIMOHHBIX
apaMeTpoB OCTOBa Jo M I1 YETHO-YETHBIX JC(POPMHUPOBAHHBIX sIIIEp, HCIONB3YS SKCIEPUMEHTAJILHBIE
SHEPriH OCHOBHOM mosockl 110 [ < 8h. 3neck mapamerpsl I U I1 onpenessuinch 1o Gpopmysie Xappuca (1),
HCTIONB3YS HKCIEPUMEHTAJIbHbBIC SHEPIHH MPACT-TIOJIOCHL, 1T0 METOJY HAUMEHBIINX KBaJPaTOB U3 yCIOBHUS
HaWIYYIlero Coracys BbIYMCIIEHHBIX 3HAUCHUH S3HEPTHU C SKCIIEPUMEHTOM.

B tabnuue npuBeneHbl 3HAYCHUS! HHEPLIMOHHBIX TApaMeTpoB Jo M J1, MOTYUYEHHBIE TIPU pacdeTax
SHEPrUU UPACT COCTOSTHUH.
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A To 31
h?/MeV h*/MeV3
248 65.11 225.60
250 67.25 283.88

Ha pucyHke nmpuBeieHO CpaBHEHUE BBIUMCIICHHBIX 3HAYCHHI SHEPruu (Teop.2) ¢ 3KCHEPUMEHTOM U
TaK)Ke BhIYMCICHHBIME B pamkax MBB (teop.1) [4] . Kak BumHO pacueTHbIC JaHHBIC XOPOIIO COTIACYIOTCS C
JKCIIEPHIMEHTOM.

E,xoB
i 250
100 FM
3500
E 2 I -
3000 - 248
100 FM
i 20—— _ _
2500
| 18— - - 18— —_ —_—
2000
] 16 —— J— J— 6 o _
1500 14 — —_— —_ 14
| 12 _ I
1000 12
| 10— e e 10 — _ _
500 8 — — — 8 — N i
6— —_— —_— 6— —_ —_—
4— — — — — —
0 2— — —_— —  —
9KCH.  Teop.] Teop.2 skcn.  teop.l  Teop.2
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Abstract

A peak detector-based multichannel analyzer (MCA) is a commonly used instrument in nuclear physics
and radiation detection applications. It is designed to measure the energy of particles or radiation emitted
from a sample or produced in a particle interaction. In the context of registering proton-induced reactions
using the Energy-Energy (4E£-E) method, a peak detector-based MCA can be employed to analyze and record
the energy spectra of the reaction products. The 4E-E method aims to measure the energy of the reaction
products in two independent detectors simultaneously [1]. The advantage of using STM32 microcontrollers
is their fast analog-to-digital converters (ADCs) and memory buffer. Each pulse is converted into a digital
signal by the ADC, and the resulting digital value represents the energy of the reaction product. The digital
values are then stored in the memory buffer[2][3][4].

In this work, we used the stm32f407 discovery board which has 192 Kbytes SRAM and ADC with the
speed of 2.5 million samples per second to acquire spectra from the alpha source of radium 226. STM32 EXTL
trigger pins are allowed to use an external trigger signal from the coincidence scheme which triggers ADC
and signals from detectors can be acquired and written in DMA. For signal peak detection two method are
used: digital peak detection method and analog precision peak detector circuit are used. Acquired data then
send via USB to PC in the form of txt file. Values of charge from txt file then analyzed to draw scatter plot as
in AE-E method scatter plots and histograms of spectra.

This study was funded by the Ministry of Energy of the Republic of Kazakhstan (BR09158499)
Key words: Multichannel Analyzer, STM32 microcontroller, alpha particle identification.
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Abstract

In recent years, when discussing the future of global energy, an important point has been the problem
of efficient disposal of spent nuclear fuel. As an alternative and promising way to solve this problem, the
leading world powers have begun to seriously consider the use of electronuclear systems (Accelerator Driven
Systems - ADS in international terminology). The ADS implements a harder neutron spectrum than the fission
one, which “burns” natural uranium and thorium to produce energy, and also transmutes the spent fuel of
classical nuclear power plants.

The technical implementation of such a nuclear power system is associated with the need to obtain a
large amount of accurate nuclear data. According to the physical scenario of ADS operation, high-energy
protons, when interacting with the nuclei of structural elements and reactor fuel, as a result of spalling
reactions, generate a spectrum of secondary particles (neutrons, protons, deuterons, helium nuclides *He, “He,
etc.) which, in turn, are capable of lead to the formation of tertiary particles through direct and non-
equilibrium (pre-equilibrium) reactions, etc.

The results presented in this paper are a continuation of studies on the determination of doubly
differential and integral cross sections for reactions initiated by hydrogen and helium nuclides with the
formation of secondary light-charged particles on a number of structural elements of nuclear power systems
being designed. Experimental data were obtained on the extracted beams of the U-150M isochronous
cyclotron at the Institute of Nuclear Physics. The cross-sections were measured with a standard two-detector
system based on the AE-E method of charged particle identification. The systematic errors in the cross sections
are due to errors in determining the target thickness, calibrating the current integrator, and the solid angle of
the spectrometer, and did not exceed 10%. An analysis of the data within the framework of the exciton model
of preequilibrium decay is presented.

The work was carried out within the framework of program-targeted funding of scientific, scientific, and
technical programs of the Ministry of Education and Science of the Republic of Kazakhstan, grant
BR10965174

Key words: ADS, cyclotron, inclusive cross section, EXFOR
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Abstract

According to theoretical predictions, the mixed phase of "excited hadronic matter"”, including both free
quarks and gluons, and protons with neutrons, should be formed in the energy range from 4 to 11 GeV per
nucleon. Experiments performed with colliding beams have significant dead zones in which secondary
particles and fragments of interacting nuclei are not detected. In this regard, there is not enough information
about the initial state of the interaction. In this work, studies of the interaction of relativistic nuclei were
carried out using a photoemulsion technique. This method (irradiation of a fixed target in a track detector)
makes it possible to obtain the parameters of secondary particles and fragments of interacting nuclei in the
entire spatial range. The analysis was carried out using experimental data obtained at the BNL synchrotron.
NIKFI BR-2 emulsion plates, including light (HCNO) and heavy (AgBr) nuclei, were irradiated with a Au-197
beam with an energy of 10.6 AGeV. In this work, we have jointly studied multi-particle pseudorapidity
correlations of secondary particles and fluctuations in the distributions of fragments of interacting nuclei
based on event-by-event analysis to search for non-statistical clusters of secondary particles and taking into
account the geometry of a nucleus-nucleus collision. To study correlations, we applied the method of
correlation curves of Hurst. All events were divided into four types: uncorrelated, with jet-type correlations,
with cluster-type correlations, and with mixed-type correlations. Events of different types differ significantly
in the fragmentation of the projectile nucleus, the multiplicity of secondary particles, and the pseudorapidity
distribution. Mixed-type events have an "anomalous" distribution of pseudorapidities: two groups of
secondary particles are formed with significantly different pseudorapidities. The events mainly correspond to
the central interactions of heavy Au nuclei with light CNO nuclei.

The study was financially supported by the Ministry of Education and Science of the Republic of

Kazakhstan (grant no. AP14869032).
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«KOCBEHHO ONPEJAEJISIEMBIE» AHK TYTOCBSI3AHHBIX COCTOSIHUI IPOTOHA B
SITPAX 2C, 28Si I3 PEAKIIM (d,n) U1 (He,d)

N.51.Con?, C.B. Apremos?, C.b. Uramos*?, O.P. Toxuoes’, ®.X. Iprames’, C.b. Cakyra®

YUncmumym aoepnoii pusuxu AH PY3, Tawxenm, Yzbexucman;

2Tawxenmckuti puruan Hayuonanprozo ucciedoamenscko2o a0epro2o ynueepcumena Mocko6cko2o undicenepHo-
Qusuuecko2o uncmumyma;

SHayuonanvuwiii uccnedosamenscxuti yenmp «Kypuamoeckuti uncmumymy, Mocxea, Poccusi;

*Uncmumym adepnoii pusuxu MO PKas, Aimamer, Kazaxcman.

Hccnenopanue peakuuii nepenaun nportona (d,n), (*He,d) na nerkmx sgpax u oOpaTHBIX B IPAMOil 1
WHBEPCHOM KHHEMATHKE IPUBJIEKAIOT B HACTOSIIEE BPeMs IMOBHIIIIEHHOE BHUMaHue. B wacTHOCTH, 3TO CBSI3aHO
C BO3MOXHOCTBIO M3BJICUCHUS W3 aHanmuza auddepeHumanbHbix cedennid (AC) sTtux  peakuuid
(heHOMEHOIIOTHYECKNX, T. Ha3bIBAEMBIX «KOCBEHHO W3MEPEHHBIX» 3HAYCHHHA aCHMITOTHYECKHX
HOPMHPOBOYHBIX KodhdummentoB (AHK) mst pacueToB S-hakTopoB pagudallmOHHOTO 3aXBaTa IMPOTOHA IPH
TeMIIepaTypax 3BE3IHOM Cpeibl, OCKOIBKY HeoOxomumble /uis aHanu3a 3HaueHus AHK cBs3u mporoHa B
anpax ’D u *He olieHEHBI TEOpETHYECKH U XOPOIIO M3BecTHHI [1]. OpHAKO TH peakluu MOIyT ObITh He
nepudepuiHBl ¢ TOYKH 3peHUsA (hopMaim3mMa OOBIYHOTO MeToaa HMcKakeHHBIX BoiaH (MUEB), ocobenHO B
CIIy4yae CHJIBHO CBSI3aHHBIX COCTOsSTHUM npoToHa, 1 u3BnedeHue AHK u3 JIC cTaHOBUTCS HEKOPPEKTHBIM.

B nmamHOW paboTe CTaBWIOCH TIENBIO BBIICHHTH, HACKOJIBKO 3aBHUCHMa OIICHKA CTEIEHU
nepudepuitHOCTH TpoIiecca mepenadyn MpoToHa u n3Binekaembix 3HadeHnii AHK ot mpubmmkennit MUB mpu
aHaJM3e SKCIIEPUMEHTANBHBIX IaHHBIX, B TOM yrcie 3¢ ¢dekTa pa3Bana qeHTpoHa, HEIOKATEHOCTH ONTHYECKHX
MOTEHIIMAIOB U TIOTCHIUAJIA CBSI3U MMPOTOHA, 4 TAK)KE MEXaHU3Ma CBsI3M KaHaJIo0B peakuuu. Llenbio 010 Takke
Haiitu 3HaueHns AHK cBsi3u poToHa ¢ y4eTOM MONpaBOK Ha BEIIIEYKa3aHHbIE d()(EKTHI.

Bbu1 BoinonHeH peananus nutepatypusix JIC peakumii (d,n) u (*He,d) na sapax !B, Al (Bkmouas
Hamu Oosiee panHue uccnenopanus peakuun B(PHe,d)?C [2]) ¢ 06pazoBaHHEM TYrOCBA3aHHBIX KOHEYHBIX
anep 2C u %®Si B OCHOBHBIX M BO30YXIEHHBIX COCTOSHUSX B pamkax moaupuuuposanHoro MWB [3] u
aanabatmueckoro nmoaxoza [4]. [IpoBeneHo comocraBieHne ONEHOK Mepu(pepuiHOCTH Tiepeadyn IPOTOHa U
m3BnekaeMbix 3HaueHuit AHK B stmx momxomax. Ilokazano, 4ro, HECMOTpsS Ha CYIIECTBEHHYIO pOIb
HenepuQepritHOCTH Mpoliecca B 001acTH yriloB riiaBHoro Mmakcumyma JIC 1st iepeiadu NpoTOHA B HIDKHUE,
CHIIFHO CBsI3aHHBIE cOCTOsiHMSA, 3HaueHnss AHK 3 pasHbIX peakiuii XOpolmo KOppeaupyroT APYT ¢ IPyrom
MIPU «CTAaHJAPTHBIX» 3HAYEHUSIX TE€OMETPUIECKUX NapameTpoB Byc-CakCOHOBCKHX IMOTEHIHAIIOB.

[Monyuennsie 3naueHus AHK rutaHupyeTcst HCIoiib30BaTh B pacueTax acTpOpU3NIECKUX S-(PaKkTOPOB.
Jlutepartypa
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THE SYNTHESIS OF SUPERHEAVY ELEMENT Z=119: FUSION AND EVAPORATION
RESIDUE CROSS SECTIONS

Kayumov Bakhodir!®*, Nasirov Avazbek?3, Ganiev Orifjon'?, Yuldasheva Guzal®

INew Uzbekistan University, 100007 Tashkent, Uzbekistan
2Joint Institute for Nuclear Research, 141980 Dubna, Russia
3Institute of Nuclear Physics, Uzbekistan Academy of Sciences, 100214 Tashkent, Uzbekistan

Abstract

A combination of the dinuclear system (DNS) model and statistical model KEWPIE2 to calculation of
the evaporation residue were used to investigate the possibility of creating a superheavy element (SHE) with
an atomic number of 119 through the fusion of >*Cr and #**Am. The accuracy of this calculation method has
been confirmed by comparing it to experimental measurements of evaporation residue cross sections in the
“®Ca+2Am reaction.

Key words: dinuclear system, compound nucleus, complete fusion, evaporation residue.
1. Introduction

In modern nuclear physics, the fusion of massive nuclei is one of the main research topics due to the
great motivation in the synthesis of new superheavy elements (SHEs). Recent progress in the synthesis of
SHEs has been achieved using the 48Ca projectile with the transactinides. Many theoretical and experimental
investigations have been carried out to study the nuclear fusion process of the formation of SHE is aiming at
two main aspects: the first reason is to find out and analyse the mechanism of the synthesis of SHE, the second
one is to search for the best projectile-target combination and a suitable incident energy for obtaining new
SHEs and their isotopes. In particular, the evaporation residue (ER) cross section strongly depends on the
incident energy and the projectile-target combination. Therefore, the study of such dependencies is interesting
and especially useful when trying to synthesize a new SHE with Z > 118. This is important due to the fact that
the ER cross section for the heaviest SHE is very small, and its excitation functions are very narrow. This
circumstance causes extreme difficulties in experiments of the synthesis of SHE with Z > 118.

The formation of SHEs is a result of the complicated dynamical process with the multinucleon transfer
between interacting nuclei. Therefore, it is very important to better understand the peculiarities of different
steps of the reaction mechanism at the SHE formation. Form the theoretical point of view, the SHE synthesis
process can be divided into several reaction stages. A schematic diagram of the stages preceding the formation
of evaporation residues is shown in Fig. 1.

The capture of incoming projectile-nucleus by target-nucleus is necessary condition for their complete
fusion. It is full momentum transfer process leading to formation of dinuclear system (DNS) consisting of
projectile and target nuclei: the relative kinetic energy of nuclei is damped being transformed into excitation
energy of nucleons and deformation of nuclei. Due to the strong attractive nuclear forces the nuclei are not
destroyed but their states are changed by deformation and intensive nucleon exchange between them. The full
kinetic energy relaxation (full momentum transfer) is a main characteristic of the quasifission (QF) reactions.
This means that QF takes place only after the capture of the projectile by the target nucleus. Although, QF has
generally been understood to occur on short time scales of 1072° s. Where in fusion-fission reactions occur on
longer time scales, from 1072 s to 1071 s. Measurement of fission times can give a definitive signature of
fusion-fission.
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Figure 1. Schematic diagram of the reaction mechanisms causing hindrance at formation of the superheavy nuclei in heavy-ion
collisions. The multinucleon transfer reactions and fission (I-1V) leading to the formation of binary or fission-like fragments, which
compete in the way to the ER formation (superheavy nuclei).

2. Cross sections of the capture and complete fusion

The dynamics of heavy ion collisions at low energies is determined by the peculiarities of the nucleus-
nucleus interaction and shell structure of the interacting nuclei [1]. The landscape of potential energy surface
(PES) U(Z, A, R) plays a main role in an estimation of the complete fusion probability in competition with
quasifission (see Fig. 2). Here R and Z (A) are intercenter distance between mass centers of the DNS fragments
and charge (mass) number of its lighter fragment, respectively. It is calculated as a sum of the reaction energy
balance (Qgg) and the nucleus-nucleus potential (V' (Z, 4, R)) between interacting nuclei [2]:

U(Z,AR,D) = V(Z,AR,1) + Quq(Z A) 1)

The intrinsic fusion barrier, B}us(Z, A,?) is determined as the difference between the maximum value
of the driving potential between Z = 0 and Z = Z, and the initial charge value (can be seen in Fig.3),

B;us(z' A, ) = Ugr (Zmax» Amax: t) — Uar(Zp, Ap, £) 2

where | is an orbital angular momentum of collision; Z,(Ap) is charge (mass) number of the projectile
nucleus; Z,, 4 is charge (4,,4,) Number of the DNS fragment corresponding to the maximum value of driving
potential.

The driving potential is determined with the values of the PES U(Z, A, R) taken at values R=Rn
corresponding to the minimum of the potential well of the nucleus-nucleus interaction potential V(Z, A, R, 1)
[2]. PES is changed from the initial shape due to the nucleons exchange between the DNS nuclei, which leads
to the evolution of DNS as a function of proton and neutron numbers. The charge distribution between
fragments of DNS and yield of reaction products are calculated by solving the transport master equation [2].
Nucleon exchange leads to the change of the DNS excitation energy (E7).
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Figure 2. Potential-energy surface as a function of the Figure 3. The results of the driving potential for the DNS formed
relative distance between the interacting nuclei and in the >/Cr +**Am reaction versus the charge number of its
fragment charge number for the 54Cr +243Am reaction fragment for the head-on collision: £ = 0.
leading to CN 297119,

The DNS excitation energy is determined by the collision energy in the system of the center of mass
E. . and charge-asymmetry of a DNS configuration (Z, Z;,: — Z) is calculated by formula:

Ez =Ecm —V(Z,Ry) + AQgg(Z) 3)
In this case, the yield of decay fragments is calculated by formula:
Y,(E;, £,t) = Py(E5, £, 0)AY, (4)

where P,(Ez,4,t) is the probability of population of the configuration (Z,Z;,; —Z) at E; and £. The
evolution of Y; is calculated by solving the transport master equation:

d _ . \
—P2(Ez,£,0) = 2D Py (B 0,0) + AP Py (B3 2, 0) — -

—(F + 87 + AP (Ez 40), for Z=23,..., Zior — 2.

The partial capture cross-section oc(ﬁg, (Ec.m {B;}) is determined by calculation of the capture probability

?C(,fg, (E..m., {B;}) of trapping the curve presenting the dependence of total kinetic energy on the time dependent

internuclear distance into the potential well of the nucleus-nucleus interaction:

(6)
ol Bem, (B = 1= (ze + DR Eem, (B
The partial capture cross section will contrlbute the following terms:
0 Ecm, B) = 02 Ecm. B + 0 ir Eem. B + 012 Ecn, (Bi). O
The partial fusion cross section is determined by the product of capture cross section

C(fg,(Ec m B2, B3, ar, ap) (for simplicity we use ac(g;,(EéN, {B;})) and the fusion probability Py of DNS for

the various excitation energies by using the formula:

0 Ecoms (B = PenEems £, (BN e Eerm, (B)- (8)

The fusion probability Pcy (Ecm., £, {B;}) is calculated as the sum of contributions to complete fusion
from the charge symmetric configuration Z;,,,,, of DNS up to configuration corresponding to the maximum

value of the driving potential Z,,,,:

Zmax

PonEem, &8 = ) Po(B5, RS (B3, £,8) )

Zsym
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where E is calculated by formula and the weight function P,(EZ, £) is the mass and charge distributions
probability P,(EZ, ¢, t) in the DNS fragments is determined by solution of the transport master equation (5);

the fusion probability Pc(f,)(A) from the charge (Z) and mass (A) asymmetry configuration of the DNS is

calculated as the branching ratio Pc(ﬁ) (Ez, ¢; {a;}) of widths related to the overflowing over the quasifission
barrier B,((Z) at a given mass asymmetry, over the intrinsic barrier B, s(Z) on mass asymmetry axis to
complete fusion and over By, (Z) in opposite direction to the symmetric configuration of the DNS

3. Calculation of the evaporation residue cross section

In the DNS framework the partial cross sections of the CN formation are used to calculate evaporation
residue (ER) cross sections at given values of the CN excitation energy E¢y and angular momentum £ by the
advanced statistical model

ogr(Ex, €) = 0gr(Ex—1, %) - Weir (B, ©). (9)
Obviously
o5R (B, ©) = opus(Een, 0). (10)

The theoretical results of this work [2] are compared with the experimental data obtained in Refs. [3—
5]. The comparison of the experimental data and theoretical results of the ER cross sections, as well as the
theoretical results obtained in this work for the complete fusion, quasifission, and fast fission processes, are
presented in Fig. 4.

The excitation functions of the 2n, 3n, and 4n deexcitation channels are presented in Fig. 5. The
maximum of the evaporation residue cross section predicted around the excitation energy of compound nucleus
E;y = 32 — 35 MeV and the 3n channel of the evaporation residue events dominates. The maximum value of
its cross section is about 25 fb, and the corresponding events can be observed at the Superheavy Element
Factory (DC-280 cyclotron) of the Flerov Laboratory of Nuclear Reaction (JINR, Dubna).
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Figure 4. Theoretical cross sections of the quasifission (dashed black curve), complete fusion (solid blue curve), and fast fission (dot-
dashed green curve) and ER formation in 2n (thin dot-dashed violet curve), 3n (thin wine dotted curve), and 4n (thin short dashed red
curve) channels, as well as the experimental data of the ER formation in the same channels as a function of the CN excitation energy:
the 2n channel data labeled by solid and open circles have been obtained from Refs. [2,3], respectively; the 3n channel data shown by
the open up and down triangles were obtained from Refs. [1,3], respectively; and the 4n channel data shown by the square and
diamond were obtained from Refs. [1,2], respectively.
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Figure 5. Theoretical cross sections of the quasifission (dashed black curve), complete fusion (solid blue curve), and fast fission (dot-
dashed green curve) and ER formation in 2n (thin short dashed black curve), 3n (thin dash-double dotted red curve), and 4n (thin
dotted green curve) channels cross sections calculated in this work as a function of excitation energy for the 3*Cr+243Am reaction.

4. Conclusion

In the DNS framework the partial cross sections of the CN formation are used to calculate evaporation
residue (ER) cross sections at given values of the CN excitation energy E:y and angular momentum £ by the
advanced statistical model. The results of calculation have shown that the quasifission is a dominant channel
of the capture events for both reactions. It has very large cross sections for the 5*Cr +2**Am reaction. The
probability of the observation of the new superheavy element Z = 119 is small enough, and the chance of the
synthesis of the element Z = 119 is near the border of experimental possibilities.
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Abstract

The reaction mechanisms in the heavy ion collisions of at energies around the Coulomb barrier has
been considered. Motivation of this study is related with the synthesis of new superheavy nuclei in reactions
with the massive nuclei. The syntheis of superheavy nuclei is occured if the complete fusion of the colliding
nuclei takes place. The hindrance in complete fusion appears due to the competing mechanisms as quasifission
and fast-fission of the interacting system. The mechanisms of these last two processes and yield their products
are considered. The theoretical results have been compared with the measured data for the reaction
“Ca+2pp reaction.

Key words: heavy ion collisions, complete fusion, quasifission, fast-fission, potential enery surface.

1. Introduction

Fusion of nuclei in heavy ion collisions is a very complicated process. As a result of the collision, a
binary system consisting of two nuclei is formed. The dinuclear system (DNS) can evolve to form a new
compound nucleus (CN) due to nucleon transfer without or with a weak hindrance if the colliding nuclei are
relatively light. The study of the CN formation by the structural changes during of the fusion of nuclei is of
great importance in the production of new extremely heavy chemical elements with the help of accelerators,
which has been one of the urgent issues of nuclear physics for many years.
2. Process in heavy ion collisions at the Coulomb barrier energies.

If the DNS formed in the collision of heavy ions its transformation to the complete fusion meets a
hindrance at the reaching intrinsic fusion barrier which is related with the structural effects in the DNS
configuration. There is a possibility of the DNS splitting before reaching the CN state, which is called a
quasifission process. Both of these processes take place during very short time, i.e. 10721 ~ 10720 5 [1].
Therefore, the properties of these processes can be studied only by analyzing the mass and energy distributions
of the resulting products, and the angular distributions in space. One of the modern theoretical methods of
studying the nuclear processes occurring in the collision of heavy ions is the DNS approach.

To estimate the probability of the competition between complete fusion and quasifission we need to
calculate the potential energy surface (PES) for the given interaction system. This surface depends on
quantities such as charges, mass number, binding energy, collision and orbital angular momentum (L=lA) of
the reacting nuclei:

UZ,ALR) =V(Z,ALR)+Qgy — Vi, (1)

V(Z,ALR) = Veou(Z, A LR) + Vyue(Z, A, LR) + Vyor (Z, A, L R), (2)

here V¢pqy; and V. are Coulomb and nuclar potentials of interaction between nuclei, Z = Z; and A =

A;;methods of calculation of these potentials can be found in Ref. [2]. The rotational potential of the reacting
nuclei is calculated by formula

R21(1+1)

Ja+Jz2+uR? ®)

where J; and J; are the moments of inertia of the DNS nuclei; R is the distance between centers of nuclei;

U= % is given mass, the energy balance of the reaction Q44 = By + B, — B¢y Where By, B2 and Ben are
1 2

binding energy of the colliding nuclei and compound nuclei, respectively. Their values are obtained from the
tables of binding energies extracted from the measured data or calculated by advanced models (for citations
see [2,3]). The calculated potential energy surface for the “°Ca+2%Pb reaction in Fig. 1 has a characteristic
landscape. When the projectile in the entrance channel approaches the target nucleus and passes through the
Coulomb barrier, it falls into the potential well due to the dissipation of the part of the total energy of the
relative motion, the process called trapping. As a result, the full momentum transfer of the relative motion to
the intrinsic degress of freedom occurs. The future development of the binary system depends on the PES

Viot =
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peculiarities. The driving potential Uqg (Z;,A4;,1) is the values of the PES U(Z;, A;,LR,,) at R=Rn
corresponding to the minimum value of the potential range. The dependence of Ug-on | arises from the fact
that V,.,, depends on the angular momentum. The peculiarities of PES plays an important role during the DNS
evolution.
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Figure 2. Driving potential (U) and quasifission barrier (B¢) for the reaction “°Ca+2%pPb as a function of the
charge numbers of the DNS fragments.

Due to the dependence of the excitation energy on the internal structure of nuclei, its value increases
when Z and A-Z are equal to nuclear magic numbers. This is related with the fact that absolute values of the
binding energy of such nuclei is large, the driving potential decreases: E"pns=Ecm-VmintAU; AU is the change
in the internal energy of nuclei. In the experiment, the two products of the fission process were registered in
coincidence by the method of simultaneous recording on two detectors of the setup CORSET. Naturally, the
products of the both processes corresponding to different angular momentum of the DNS can arrive to the
same detector with different probability. But it impossible to separate them as products of two different process
by the experimental methods. It is important to establish theoretically contributions in the yield of the reaction
products from the different mechanisms. Considering this situation, contributions coming from the decay of
the DNS is calculated by the expression:

0-qf(Ec.m.) = iio 0-cap(Ec.m.: l)YZ(EBNS' l)' (4)
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where o¢ap (Ecm., 1) is the capture cross section and Y, (Epys, 1) is the probability of the yield of the fragment
with the charge number Z in the collision with energy E. ,, and orbital angular momentum I.
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Figure 5. Comparision of experimentally obtained [4] and theoretically calculated results

The mass distributions of the quasifission and fast-fission products are pesented in Figs. 3 and 4,
respectively, which depicts the energy dependence of the fragment yields. The minima of the drivingpotential
causes the increase of yield of the corresponding fragments with the charge and mass numbers providing the
minimum of the driving potential. The minimum at the charge number Z=26 in Fig. 2 leads to increase the
yield of fragments with the mass number A=62 in Figs. 3 and 4. Comparison of the results in Fig.3 and Fig.4
shows that the yield of quasifission products is more intense than the yield of fast-fission products. Because
the reaction time for the fast-fission is less than the reaction time for quasifission. Unlike quasifission, fast-
fission is observed at large I. This reduces the barrier depth for fast-fission. Fig. 5 shows that the experimental
data and theoretical results obtained for the beam energy E;,;, = 225 MeV are qualitively well in the middle
part of the field [3]. From the result of this comparison, we come to the conclusion that the DNS model allows
us to describe well the experimental data.
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FEATURES OF BETA DECAY IN EXOTIC NUCLEI
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Abstract

The probability of the p-transition to the nuclear level with excitation energy E is proportional [1] to
the product of the lepton part described by the Fermi function f(Q — E) and the nucleon part described by the
[-decay strength function Sg(E). Sg(E) governs [1-3] the nuclear energy distribution of elementary charge-
exchange excitations and their combinations like proton particle (zp)—neutron hole (vh) coupled into a
momentum 1 [ap & vh]I" and neutron particle (vp)—proton hole (mh) coupled into a momentum I* : [vp &
7h)]I". The strength function for g-transitions of the Gamow-Teller (GT) type describes excitations /zp &
vh]I" or [vp ®mh]1*. At excitation energies E smaller than Qg (total p-decay energy), Ss(E) determines the
characters of the p-decay. For higher excitation energies that cannot be reached with the S-decay, Ss(E)
determines the charge exchange nuclear reaction cross sections, which depend on the nuclear matrix elements
of the p-decay type.

It was shown [2-5] that the high-resolution nuclear spectroscopy methods give conclusive evidence of
the resonance structure of Sz(E) both for GT and first-forbidden (FF) p-transitions in spherical, deformed, and
transition nuclei. The splitting of the peaks in the Ss(E) for the GT */EC-decay of the deformed nuclei into
two components was demonstrated [3-6]. Resonance structure of the Sg(E) for p-decay of halo nuclei was
analyzed in [7-9]. It was shown that when the parent nucleus has nn Borromean halo structure, then after
Gamow-Teller (GT) - decay of parent state or after M1 y-decay of Isobar Analogue Resonance (IAR) the
states with np tango halo structure or mixed np tango + nn Borromean halo structure can be populated.

In this report the fine structure of Sg(E) is analysed. Resonance structure of Sg(E) for GT and FF f-
decays, structure of Sz(E) for halo nuclei, quenching [9] of the weak axial-vector constant ga°", splitting of the
peaks in Sg(E) for deformed nuclei connected with the anisotropy of oscillations of proton holes against
neutrons (peaks in Ss(E) of GT B*/EC-decay) or of protons against neutron holes (peaks in Sg(E) of GT B~ —
decay), and Sg(E) for the high-spin isomers [10] f-decays in heavy and superheavy nuclei are discussed.

Key words: beta decay, strength function, exotic nuclei
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CEYEHMS 3AXBATA, CJIUSIHUSI U OBPA3OBAHUSI OCTATKOB UCITAPEHMS
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AHHOTALINA

Iposedenvt pacuemvt ceuenus 3axéama u ciusnus O1a peaxyuu 3oCa + 233Th. Beposmuocmo
3aX6aMA GbIYUCTIEHA pPeuleHUeM OUHAMUYECKUX YPAGHeHUl O0GUIICEHUs. Ol OMHOCUNETbHO20 PACCMOSIHUS
Mmedncoy yenmpamu s0ep 0eouinou sdeproti cucmemvl ([AC). Crusnue s0ep paccmampusaemcs Kax
osyxamanuwitl npoyecc:1) oopazosanue/[A1Ce pezyriomame 3zaxeama s0pa cHapsaoa AOPOM-MUULEHbIO;2)
nepexoo Kk cmabuibHOM) COCMABHOMYAOPY Kak ocodwlil kanan seonoyuu J{AC (noinoe crusnue).

Ceuenue noaHo2o CrusHUSL YCMAHOGIEHO PEUWEHUeM MPAHCHOPMHO20 MACmep YPABHEHUs Oisl
onpeodenenus: 3apsao08020 U Macco8o2o pacnpedeneruti 8 ppaemenmax JAC. Tem camvim yuumoiéaemcs 6kiao
KAHAN08 CIUAHUSL U3 PA3TUYHBIX KOHueypayuil cucmemsvl, xomopwvie 3zacensiomcs 6 seomoyuu JAC,
CA3AHHOU C HENPEPLIBHbIM 0OMEHOM HYKIOHaMu mexcoy eé (pasmenmamu 00 eé pacnada no KaHaumy
keaszudenenust. Beposmuocmo pacnada onpedensemcs evicomoul bapvepaBy(Z)s0po-s0eproco nomeyuana u
6EPOAMHOCTNG  CIUSHUA ONpeOelsiemcs. 6vlcomotll eHympenne2o bapvepa Bpys (Z)ons oannoti 3apsdosot
kongpueypayuu  JJAC ¢ onepeueti 6036yncoenus Ey = El, — Vipin(Zp) + AU(Z) , Elp. - omepeus
cmoakHogenusi 6 cucmeme yeuwmpa macc, Vi (Zp)Munumanvuoe 3uauenue nomeHyuarbHou amuvl 10po-
A0ePHO20 83aUMOOeUcmEUsoNs 6x00Ho20 Kanana (Z=2Zp) ; AU(Z) -usmenenue snepeuu 60306ysncoenus JAC
npu uzsMenenuu ee 3apsadoeoii Konguzypayuu. Beposmuocme ciusnus Plyonpedensemesa no JAC modenu,
npusedennoti ¢ cmamvsx[l] ¢ uzeecmuvimu snauvenusmu  Ez, Bg(Z) u B}“us (Z2). Bce smu eenuuunvi

onpeoensomcs ¢ 0COOEHHOCAMU HOBEPXHOCMU HOMeHYuanrbHol sHepeuu. I[lonnoe ceuenue causHus
onpeodensiemcsi popmynou:

A lg ! !
Ufus(Ecm , l) = ;leo(ﬂ + 1)Pcap(Ecm ) Pey (1)
20e A — Onuna 601nbl Oe Bpotinsa 6x00H020 Kanana. ly A615emces MakCuUManbHbiM 3HAYEeHUEM OpOUMAIbHO20

V208020 MOMEHmMA, NPUBOOAWUM K 3AX6AMY UHAXOOUMCSL peuleHueM YPAGHeHUll Oas OMHOCUMETbHO2O
osudcenus cmankugarouuxcs aoep [1].

550 Puc 1. 3asucumocmvceuenus — 3axeama,

500 ®Ca + P27n gvluucnennoe ons peakyuu 39Ca + 232Thom suepauu
20 90
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Abstract

The process of fission is very complex. To study it mass and energy distribution of fission fragments of
2py* nuclei, formed in the reaction 23U(a.f) at incident alpha energy of 24 MeV were measured. 24
MeV is below the coloumb barrier for this reaction so the shell effects would be more pronounced. The
experiment was carried out by 2E method at U-150M accelerator at the Institute of Nuclear Physics,
Almaty city, Kazakhstan.

Key words: fission, fission fragments, shells, closed shells, deformed shells, mass distribution, energy
distribution, Thorium, alpha particles, fission mode
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Abstract

Mass and energy distribution of fission fragments of 236U* nuclei, formed in the reaction 232Th(a,f) at
incident alpha energy of 24 MeV were studied to reveal the influence of shell effects. 24 MeV is below the
coloumb barrier for this reaction so the shell effects would be more pronounced. The experiment was carried
at U-150M accelerator at Institute of Nuclear Physics, Almaty city. Fission fragments were registered by 2E
method. Acquired experimental data was decomposed into yields of separate shells, including deformed shells,
assuming that the mass yield of a shell has the form of gauss distribution. The presence of deformed shells
N84, 752, 7236, Z38 was revealed.

Key words: fission, fission fragments, shells, closed shells, deformed shells, mass distribution, energy
distribution, Thorium, alpha particles, fission mode

1. Introduction

Fission of nuclei by low energy light charged particles allows to study wide range of compound nuclei
with diverse nucleon composition and big range of excitation energies. Both of these ranges are inaccessible
by neutron-induced or spontaneous fission. Shell effects are most pronounced at low excitation energies and
vanish with the increase of excitation energies. This is the reason we chose incident alpha particle energy of
24 MeV as it is below the coulomb barrier for o-+232Th reaction.

During the fission the process of evolution of pre-fragments is influenced by liquid droplet effects and
by shell effects. The influence of these effects is described by the model proposed in [2]. According to this
model there are several key fission modes: mode S which corresponds to liquid droplet effects with peak yield
at Acn/2, mode S1 which is formed by the influence of closed nuclear shells Z50 and N82 in heavy fragment,
mode S2 which is formed by the influence of deformed nuclear shell N88 in heavy fragment, and mode S3
which is formed by the influence of closed nuclear shells of N50 and Z28 in light fragments. That model was
used as a basis of modal analysis conducted in this paper, additional deformed shells N84[3], Z36 [4,5] and
Z38[5], Z52 [3] were used to enhance agreement between experimental data and model data. The shape of
mass yield of a separate shell was assumed to be a gauss distribution to increase sensitivity of a model, average
total kinetic energy of fission fragment and variance of that average was included in the analysis.

In this work we show the results of study of 2*2Th(a,f) reaction at incident alpha particle energy of 24
MeV. The measured mass and energy distributions were decomposed intro the yields of separate fission modes
assuming the shape of each mass yield to be a gauss distribution. Manifestation of probable deformed shells
N84, 52 [3] and deformed shells Z36[4,5], Z38[5] was found.

2. Experimental setup

The experiment was conducted at U-150M accelerator at the Institute of Nuclear Physics, Almaty city,
using Dinode experimental chamber. The incident energy of alpha particles was 24 MeV. The measurements
were carried out using a pair of PIPS semiconductor detectors, the detectors were located at 90° to the beam
axis from both sides. The target consisted of a layer of 232Th with 40 mcg/cm2 with 50mcg/cm? thick Al.Os
backing. "True" events selection was carried out by the pulse rise time and pulse length [6,7]. The electronics
setup was such that only fission fragments from the same fission event were counted. Fragment identification
was carried out using the 2E method. The effects of neutron evaporation were not taken into account. Since
semiconductor detectors were used it is important to take into account Pulse Height Defect due to plasma
effects in the detectors [8]. To compensate for it the methodic described in [9] was used.

3. Experimental results and analysis
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Experimental results are shown with black color on figure 1. Experimentally measured mass yield Y(m)
was normalized to 200% and is shown in linear and in logarithmic scales, average total kinetic energy
<TKE>(m) and it's variance o<tke> (m) are shown in linear scales. It can be seen that asymmetric yields are a
major part of the total mass yield, the yield of symmetric fragments is lower and the final shape of the mass
yield is formed mostly by the influence of shell effects. The peak of measured mass yield is located near
Mu~138 a.m.u, the peak of measured average total kinetic energy is near My~132 a.m.u. which corresponds
to double magic nuclei *32Sn, the peak of variance of measured average total kinetic energy is near Mpy=130
a.m.u.

To decompose experimental yields into yields from separate fission modes the shape of a mass yield
of a separate shell was assumed to be a gauss distribution. To evaluate goodness of the decomposition a y?
criteria was chosen and minimized to improve the accuracy of decomposition [11]:

2 _ (Yexp(m)_ytot(m))z (<TKE>exp(m)—<TKE>tot(m))2 (GETKE>exp(m)_oéTKE>tot(m))2.

X = Zm Yerr(m)? Zm <TKE>grr(m)? Zm

_(m-mp?
Yi(m) = Agnxe *7im |
2
<TKE >; (m) = A * (1= (1= 2% 22) )« (1 by + (1 — 25 75)?);
T cn

O—ETKE>i(m) = p; *< TKE >} (m);

Yior(m) = X; Y;(m);

< TKE >;ot (m) =Y,; < TKE >; (m) *

2 1]
O<TKE>err (m)?

Yi(m) .

Ytot(m),y( )

(m

UETKE>M("1) = YL m) * 03TKE>i(m)
~ Lot

N Z Yi(m) +Y;(m)
77 Y5 (m)

where m - mass number, Yexp (M) - experimentally measured mass yield, Yer (M) - error in measurement
mass yield, Yot (M) - mass yield from decomposition, <TKE>e, (M) - experimentally measured average total
kinetic energy of fission fragments, <TKE>., (m) - error in measurement of average total Kinetic energy,
<TKE>i: (M) - average total kinetic energy from decomposition, c?<rkesexp (M) - Variance of experimentally
measured average total kinetic energy of fission fragments, 6’<rkeserr (M) - error in variance of experimentally
measured average total kinetic energy of fission fragments, o<rkestwt (M) - variance of experimentally measured
average total kinetic energy from decomposition, Yi (m) - mass yield of a separate fission mode, Aim - height
of a peak of mass yield of a separate fission mode, m; - position of a peak of mass yield of a separate fission
mode, o%m - width of peak of mass yield of a separate fission mode, <TKE>; (m) - peak average total kinetic
energy of a separate fission mode, Airke - height of a peak of an average total kinetic energy of a separate
mode, Acn - mass number of a composite nuclei, b; - coefficient of deviation from quadratic dependency due
to shell effects, at bi = 0 - the dependency is quadratic, o?<tke-i (M) - variance of average total kinetic energy
of a separate fission mode, pi - coefficient of proportionality between an average total kinetic energy of a
separate mode and its variance[11].

Assuming certain shape of mass yield allows to decrease the number of parameters for decomposition
(in contrast to the methodic proposed in [7]). Since variance of average total kinetic energy depends non-
linearly on the difference between the averages of total kinetic energy it allows the current method to be very
sensitive to even a small change in average total kinetic energy and allows to detect previously overlooked
small yields from deformed shells.

The model proposed in [2] was used as a base for this analysis. Said model includes the following fission
modes: mode S which corresponds to liquid droplet effects with peak yield at Acn/2, mode S1 which is formed
by the influence of closed nuclear shells Z50 and N82 in heavy fragment, mode S2 which is formed by the
influence of deformed nuclear shell N88 in heavy fragment, and mode S3 which is formed by the influence of
closed nuclear shells of N50 and Z28 in light fragment. This base have been improved. In the paper [10] it was
shown that often instead of a closed shell Z50 a deformed shell Z52 takes its place. Using the current
assumption about the shape of mass yield of a separate shell it is not possible to fit the experimental results
using this standard model. The main source of disagreement between experimental data and decomposed data
is the variance of average total kinetic energy which is the source of increased sensitivity pointing to the role
of additional shells in the formation mass and energy yields of fission fragments. To rectify this disagreement
and allow good fit between experimental and decomposed data additional shells were introduced in the
decomposition of experimentally measured mass and energy yields. The review of the literature allowed to

* (K TKE >; (m) —< TKE >; (m))?,i < j;
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link these additional shells to some theoretically predicted deformed shells and to some previously found in
other reactions deformed shells after the finish of the decomposition.

The results of decomposition analysis is shown in figure 1. In the area of fission mode S1 three gauss
shapes were used to describe the experimental results: for closed shell Z50 - position at My=130.5 a.m.u. and
peak height of Ain=0.45 %, for deformed shell Z52 - position at My~133.4 a.m.u. and peak height of Ajn=0.405
%, for closed shell N82 - position at My~134.5 a.m.u. and peak height of Ain=0.095 %. Width of a peak for
shell Z50 was ¢%m=3.8 a.m.u., for shell Z52 was ¢*in=3.45 a.m.u., for shell N82 was ¢%n=3.4 a.m.u. Close by
position in mass shells Z52 and N82 were described by the same yield of peak average total kinetic energy of
<TKE>=194.5 MeV, separate peak average total kinetic energy value was used for Z50 shell equal to
<TKE>=171.6 MeV. For all these shells bi=0. For Z50 p;=0.0015, for Z52 and N82 both p;=0.00133. Variance
of average total kinetic energy is higher for shells Z52 and N82 than for shell Z50. Deformed shell N88 (fission
mode S2), using unchanged charge density hypothesis should be around My=144.2 a.m.u. for 2*2Th(a,f)
reaction, however experimentally measured data shows that the peak yield of heavy fragments is located near
Mu~137-138 a.m.u. Using the same hypothesis this position corresponds to deformed shell N84[3] in heavy
fragment and deformed shell Z38 in light fragment [5].
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Figure 1. Experimentally measured mass and energy distributions of fission fragments of composite nuclei 236U*, formed in
232Th(a,f) reaction at incident alpha particle energy of 24 MeV (in black) and decomposed into yields from separate fission modes (in
colour).

This is why fission mode S2 is described as the sum of two gauss shapes: 1st shape with position at
My=138.7 a.m.u., peak height of Ain=4.0 % and width of a peak ¢*in=6.3 a.m.u. corresponding to deformed
shell N84[3] in heavy fragment and deformed shell Z38 in light fragment [5], 2nd shape with position at
My=144.6 a.m.u., peak height of Aim=0.71 % and width of a peak ¢%n=6.05 a.m .u. corresponding to
deformed shell N88 in heavy fragment [2] and deformed shell Z36 in light fragment [4,5]. Both shapes of
deformed shells were described by the same values of peak average total kinetic energies <TKE>=175.05
MeV, bi=0, pi=0.0027. Fission mode S3 was also described as sum of two gauss shapes: 1st shape with position
at M ~82.95 a.m.u., peak height of Ain=0.02 %, width of a peak ¢%m=3.5 a.m.u., peak average total Kinetic
energy <TKE>=191.4 MeV, bi=0, pi=0.0021 corresponding to closed shell N50 in light fragment [2], 2nd
shape with position at M ~76.9 a.m.u., peak height of Ain=0.011 % and width of a peak ¢*m=4.1 a.m.u., peak
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average total kinetic energy <TKE>=173.4 MeV, bi=0, pi=0.0022. The difference between position of Z28 in
decomposition (M =76.9) and position of Z28 from unchanged charge density hypothesis (M ~71.8) could be
explained by the location of this shell at the edge of range of sensitivity of experiment. Liquid droplet effects
which are described by fission mode S were described by a single gauss shape with position at M=118 a.m.u.,
peak height of Ain=1.15 %, peak width of ¢*»=11.8 a.m.u., peak average total kinetic energy <TKE>=159.5
M5B, bi=0, pi=0.00377.

4. Conclusion

Mass and energy distributions of fission mass and energy distributions of fission fragments of composite nuclei
236y*, formed in 2*2Th(a,f) reaction at incident alpha particle energy of 24 MeV, which is below the coulomb barrier of
that reaction, were measured. The experimental data was decomposed into yields from separate fission modes using the
assumption that mass yield of each shell has a gauss shape. That assumption and the usage of average total kinetic energy
and its variance allowed to substantially increase sensitivity of the analysis and reveal the manifestation of previously
predicted deformed shell. This method could be used in the future for the analysis of other reactions.
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ASYMPTOTIC NORMALIZATION COEFFICIENT FOR ?*Mg+p—%Al

E.Sh. Ikromkhonov! and K.I. Tursunmakhatov?

YInstitute of Nuclear Physics, Tashkent, Uzbekistan
2Gulistan State University, Gulistan, Uzbekistan

The angular distributions of the #Mg(’Li,®He)?Al one proton transfer reaction leading to the ground
state of Al were measured at energy E 7,; =34 MeV and they used to extract the spectroscopic factors of
ZMg+p—2Al with the Distorted-Wave Born Approximation (DWBA) analysis [1].In the present work, the
analysis of the differential cross sections of the above mentioned proton transfer #Mg(’Li,®He)?Al reaction
has been performed within the modified DWBA [3] to obtain the “experimental” values of the asymptotic
normalization coefficients (ANCs) for #Mg+p—2Al(0.0 MeV). To determine the absolute values of the ANC
in 5Al, the ANC for "Li—®He+p was used the value of the asymptotic normalization coefficient, C; 6o =

5.76 ¥ 0.17 fm, recommended in Ref. [2]. All calculations were carried out with the code DWUCKS5 [4].
It was shown that the proton transfer Mg (’Li,’He)?*Al reaction atenergy E 7,; =34 MeV was peripheral

and the weighted mean value of the extracted ANC was found to be 5.82F0.71 fm™* for #Mg+p—2Al(0.0
MeV).The uncertainty involves the error arising because of a change of the R(E ,6; b24p4) function at

variation of the free parameter b 24, ,, Where b,z4y,, = b )24, (19, @) in Which r, and a are the geometry

parameters of the Woods-Saxon potential, the uncertainty of the ANC for 'Li—®He+p and the experimental
errors for the differential cross section. The different optical potentials also were used in the calculation for
estimation of the values of ANC for #Mg+p—2°Al(0.0 MeV) and their uncertainty.

The weighted mean value of the extracted values of the asymptotic normalization coefficients can be
used for calculation of the astrophysical S factor of the 2#Mg(p,y)*Alreaction.
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REGULAR SOLVABILITY OF THE MIXED PROBLEM FOR AN INTEGRO-
DIFFERENTIAL EQUATION WITH THE QUADRATE OF THE SHRODINGER OPERATOR
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Abstract

The problems of single-valued regular solvability and the construction of the solution of a mixed
problem for nonlinear integro-differential equations that contain the square of the Shrédinger operator are
studied. The method of a Fourier series based on the separation of variables is used. A countable system of
nonlinear integral equations is obtained. Sufficient coefficient conditions for the unique regular solvability of
the mixed problem are established. The method of successive approximations combined with the method of
compressing mapping are applied.

Key words: mixed problem, nonlinear integro-differential equation, fourth order equation, square of
the Shrodinger operator, regular solvability.

The problems faced in mechanics often turn out to be initial-boundary (mixed). Mixed problems in the
theory of elasticity arise in the calculation of various machine parts and structural elements that are in
interaction, in the calculation of foundations and foundations of structures [1]. Many mixed problems arise in
hydrodynamics when solving problems of hydroelasticity.

In [2, 3], mixed problems for second-order linear differential equations of parabolic and hyperbolic
types were studied. In works [4-9], mixed problems for nonlinear differential equations of the second and
fourth orders were studied.

In the present paper, we consider questions of classical solvability and construction of a solution to a
mixed problem for a nonlinear differential equation with a square of a Shrédinger operator. Differential and
integro-differential Schrédinger equations occupy an important place in the study of problems in nuclear
physics and elementary particle physics.

So, in the domain Q= (0,T)x(0,1) we consider

(i%—%) U (t,x) = f[t,x,HK(s,y)U(s,y)dyds] 1)
with initial
U0, x)=¢(X), U, (0,X)=0,(x) )

and boundary Dirichlet conditions
u(0)=U(l)=U,,(t0)=U,,((I])=0, (3)
where f (t,x,u)eC(QxR), ¢(X)eC(Qy), 0<K(tX)eC(Q), ¢ (0)=¢ () =¢/(0)=p(1)=0, =12,
Q=0Q.xQ,, Q =[0,T], @ =[01], 0<T <o, 0<l <o, i isimaginary number.
Problem. It is required to find a function that satisfies the differential equation (1), initial conditions
(2) and boundary conditions (3). Task. It is required to find a function that satisfies the differential equation

(2), initial conditions (2) and boundary conditions (3).
We are looking for a solution to the problem (1)-(3) in the form of a series:

UE0=Yu0-400, X, (4)
where un(t)=.l|.U(t,y)l9n(y)dy, gn(x)zﬁsinznx,/ln:”l—”, n=1,2,..

Substituting the Fourier series (4) into differential equation (1), we obtain the following countable
system of nonlinear integral equations:

5O =w,0)+ ] [P0 5, () dyds, teo,, (5)
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where  Qa() =30, 8,00, W, 0)=[p +t( 120y, +05,)]- €, P,(t,5)=(t-s)-e ",

Qf = f[s,y,HK(ﬁ, z)Qa(e)dzdeJ.

Substituting countable system of nonlinear integral equations (5) into Fourier series (4), we obtain a formal
solution to the mixed problem (1)-(3):

U (t, x) =il9n(x){wn(t) +j.an(t,s)Qf 3 (y)dyds |

In this work, the existence and uniqueness of a solution to the mixed problem (1)-(3) in the classical
sense are proved.
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Abstract

The correlations among parameters of the thermodynamically consistent Tsallis distribution and
Hagedorn function with embedded transverse flow, obtained from combined analysis of the experimental
midrapidity transverse momentum spectra of the charged pions and kaons, protons and antiprotons as a
function of the average charged-particle multiplicity density, (dN ., /d n), measured by ALICE Collaboration
at the LHC, have been analyzed in p+p collisions at (s)Y2= 7 and 13 TeV.

Keywords: proton-proton collisions at the LHC; transverse momentum distributions of hadrons; Tsallis
distribution; effective temperature; non-extensivity parameter g; QCD-inspired Hagedorn function; Hagedorn
function with embedded transverse flow; transverse flow; Kinetic freeze-out temperature; exponent parameter
n; onset of deconfinement phase transition; Quark-gluon plasma (QGP)

1. Introduction

High-energy heavy-ion collisions at the Large Hadron Collider (LHC, CERN, Switzerland) and
Relativistic Heavy-ion Collider (RHIC) at Brookhaven National Laboratory (USA) were used to produce the
plasma of nearly free quarks and gluons, called Quark-gluon plasma (QGP). This hot and dense QGP matter,
with extremely short life time of the order of 102 s, was deduced to behave almost as a perfect fluid with very
low viscosity [1-4]. The produced QGP decays very rapidly into many hadrons via the process called
hadronization. Then, the still hot and dense system of produced hadrons expands and cools down, going very
swiftly through the chemical and kinetic freeze-out stages. At the chemical freeze-out, the hadrons stop
interacting inelastically and the abundancies of different particle species get fixed. The temperature of the
system at the chemical freeze-out, Tcn, and the corresponding chemical potential, z, are extracted from analysis
of the ratios of yields of various particle species using the thermal or statistical hadronization models [5-8]. At
the final kinetic freeze-out, the particles of a fireball stop interacting elastically and their kinematical properties,
such as their (transverse) momenta and energies, get “frozen”, not changing any more, followed by a free-
stream of the final particles towards detectors. Therefore, the measured transverse momentum, py, distributions
of the final particle species are analyzed to extract the thermodynamic and hydrodynamic properties of a
system at the moment of kinetic freeze-out.

The present work [9] is an extension of our recent papers [10] and [11], which were devoted to
investigation of evolution of the collective properties of p+p collisions at (s)?= 7 and 13 TeV with a change
in the average charged-particle multiplicity density, (dN,;/dn), through combined minimum 42 fits of the
midrapidity p: distributions of the charged pions and kaons, protons and antiprotons, measured by ALICE
Collaboration [12, 13], using the thermodynamically consistent Tsallis distribution and Hagedorn function
with embedded transverse flow. In Refs. [10] and [11], the (dN_,/dn) dependencies of the extracted
parameters of the Tsallis distribution and Hagedorn function with the embedded transverse flow have been
analyzed and interesting results on possible onset of deconfinement phase transition in p+p collisions at (s)?
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=7 and 13 TeV obtained. The (dN_; /dn) values for possible onset of deconfinement phase transition and
corresponding energy densities have been estimated and the dependence of the effective temperature, T, on
(dN_y /dn) established in these collisions [10, 11]. However, the correlations among extracted parameters of
the Tsallis distribution as well as Hagedorn function with embedded transverse flow have not been studied in
these works [10, 11]. Such correlation analysis is extremely important to establish relationships between
different parameters, including those, which characterize the collective properties of a system produced in
high-energy proton-proton collisions. In present work [9], we investigate the correlations among parameters
of the Tsallis distribution as well as Hagedorn function with embedded transverse flow, extracted recently in
p+p collisions at (s)V2= 7 and 13 TeV in Refs. [10] and [11].

2.Analysis and results

To study the correlation between two sets of parameters x and y, we calculate the Pearson correlation coefficient
as follows:

Z_{l:1(xi_<x>)'(J’i_<y>) (1)

Tky = — — ; y
JERGrim <) B, 0rim<y>)

where < x > = %xl and <y >= % are the mean values of the parameters x and y. The Pearson

correlation coefficient, ry, being a statistical measure of a linear correlation between two sets of data, varies
from —1 to +1. The values Iy = £1 imply that the relationship between x and y is perfectly described by a linear
equation, and all data points (xi, yi) are lying on a line in XY plane. The value ry, = 0 denotes an absence of a
linear correlation between x and y. The positive and negative values of ry, mean the positive and negative
(linear) correlation, respectively, between x and y.

To estimate the uncertainty in the obtained ry, values, we calculate the standard error of Pearson correlation

coefficient as
1—12
S = {s &

The formula in Eqg. (2) is obtained from an assumption that the data are normally distributed and with the null
hypothesis that there is a zero correlation between x and y.

As an example, Fig. 1 displays the dependencies of non-extensivity parameter, g, for the charged pions and
kaons, protons and antiprotons on effective temperature parameter, T, of Tsallis function in p+p collisions at
(s)¥>=7 and 13 TeV. As seen from orientations and shapes of 1-sigma confidence ellipses (correspond to 68%
confidence level) and r.y values in Figs. 1(a) and 1(b), the parameter q for the charged pions is strongly
anticorrelated with parameter T with ryy, being close to —0.9 in both p+p collisions at (s)=7 and 13 TeV. This
result is consistent with a strong negative correlation found in Ref. [14] between temperature, T, and (q—1) for
negative pions in p+p, d+Au, and Au+Au collisions at (s.)?=200 GeV at the RHIC. Quite strong negative
correlation between Tsallis function parameters T and g for the charged pions in Au+Au collisions at the RHIC
and Pb+Pb collisions at the LHC at wide energy range (sn)*?=62—-5020 GeV was obtained in Ref. [15]. Figures
1(c) and 1(d) show quite weak correlation between parameter g for kaons and temperature parameter, T, in
case of p+p collisions at (s)¥?=7 TeV and almost no correlation with ry, ~ 0 in case of p+p collisions at (s)*?=13
TeV. It follows from Figs. 1(e) and 1(f) that the character of a correlation between q for protons and antiprotons
and T is totally opposite to that between the parameter q for the charged pions and T in Figs. 1(a) and 1(b). As
observed from Figs. 1(e) and 1(f), the parameter q for protons and antiprotons is strongly positively correlated
with parameter T with ryy ~ +1 in both p+p collisions at (s)¥2=7 and 13 TeV.
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Fig. 1. The dependencies (®) of non-extensivity parameter, g, for the charged pions (a and b) and kaons (c and d), protons
and antiprotons (e and f) on the effective temperature parameter T of the Tsallis distribution function in p+p collisions at
(s)¥2=7 and 13 TeV. The corresponding 1-sigma confidence ellipses are plotted. The corresponding Pearson correlation
coefficients, ryy, along with the standard errors are: —0.83+0.20 (a); —0.93+0.13 (b); —0.24+0.34 (c); +0.07+0.35 (d);
+0.98+0.08 (e); +0.99+0.05 (f)

3. Summary and conclusions

We analyzed [9] the correlations among parameters of the thermodynamically consistent Tsallis
distribution and Hagedorn function with embedded transverse flow, obtained from combined analysis of the
experimental midrapidity (|y|<0.5) transverse momentum spectra of the charged pions and kaons, protons and
antiprotons at ten groups of (dN.;, /d ) in inelastic p+p collisions at (s)2=7 and 13 TeV, measured by ALICE
Collaboration at the LHC. The correlations were studied by calculating the Pearson coefficient of a linear
correlation, ryy, between given two parameters and plotting the corresponding 1-sigma confidence ellipse,
which covers a 68% confidence level.

We observed strong anticorrelation between the non-extensivity parameter, g, for the charged pions and
effective temperature, T, of the Tsallis distribution with the corresponding Pearson correlation coefficient, ryy,
being close to —0.9 in both p+p collisions at (s)*>=7 and 13 TeV. The correlation between parameter q for the
charged kaons and T proved to be weak both in p+p collisions at (s)?=7 and 13 TeV. In case of p+p collisions
at (s)¥?= 13 TeV the correlation was almost absent (ryy ~ 0), being weaker than that in p+p collisions at (s)"/?=7
TeV. In contrast with the strong anticorrelation between parameters g and T for pions, the q for protons and
antiprotons proved to be strongly positively correlated with T with ry, ~ +1 in both p+p collisions at (s)¥2=7
and 13 TeV.
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A significant positive correlation between the q for the charged pions and q for the charged kaons was
obtained in both p+p collisions at (s)*2=7 and 13 TeV. The positive correlation was significantly larger in p+p
collisions at (s)¥2=7 TeV compared to that at (s)}?=13 TeV. The q for the charged pions was strongly
anticorrelated with g for the protons and antiprotons in both collisions.

The significantly different behavior of the q (n) versus (d N, /dn) dependencies in regions (d N, /d ;)
<6-7 and (dN_, /dn) > 67 was obtained for all studied particle species in both p+p collisions at (s)¥?=7 and
13 TeV.

The strong positive correlation between g for the charged pions and kaons and (dN,, /d ;) was obtained
in region (dN,, /dn) < 6. In contrast with this, the q of these two particle species and (d N, /dn) was strongly
anticorrelated with ry, ~ —1 in region (dN, /d 1) > 6 in p+p collisions at (s)}2=7 TeV. The observed totally
opposite correlations between g (pions and kaons) and (dN_p, /d7) in regions (dN.,/dn) < 6 and (dN_ /dn)
> 6 are consistent with the finding of Ref. [34] suggesting the possible onset of deconfinement phase transition
at (dN.,/dn) ~ 6.1£0.3. Contrary to the behavior of q versus (dN.,/dn) dependencies of pions and kaons,
the non-extensivity parameter g for protons and antiprotons demonstrated a strong positive correlation with
(dN,p /dn) with ry being close to +1 in both (dN_;, /d#n) < 6 and (dN.,/dn) > 6 regions in p+p collisions at
(s)¥?=7 TeV.

The correlation between exponent parameter n (for the charged pions and kaons) and (dN.,,/dn) was
significantly negative in region (dN_, /dn) <6 ({(dN.,/dn) < 7) and strongly positive in region (dN., /dn) >
6 ((dNy/dn) > T7) in p+p collisions at (s)¥?=7 TeV ((s)*?=13 TeV). The observed opposite correlations
between n (for pions and kaons) and (d N, /dn) in regions (dN.,/dn) <6 ((dN.,/dn) < 7) and (dN.,/dn)
>6 ((dN./dn) > T7) are consistent with and support the finding of Ref. [34] (Ref. [35]) suggesting the possible
onset of deconfinement phase transition at (dN.,/dn) ~ 6.1+0.3 ((dN.,/dn) = 7.1£0.2) in p+p collisions at
(s)¥2=7 TeV ((s)V?=13 TeV). In contrast with the behavior of n versus (d N, /d ) dependencies for pions and
kaons, the exponent parameter n for protons and antiprotons was strongly anticorrelated with (dN., /dn) in
both (AN, /dn) <6 ((dN.,/dn) <7)and (dN., /dn) > 6 ((dN,,/dn) > 7) regions in p+p collisions at (s)V/?=7
TeV ((s)V2=13 TeV).

Completely opposite correlations between g (n) (for pions and kaons) and {(dN., /d ;) observed in two
regions of (dN,;, /dn), preceding and following the estimated (d N, /dn) for a possible deconfinement phase
transition, could possibly indicate a significant change in mechanisms of hadron production taking place at a
probable crossover phase transition from a gas of hadrons to QGP state in both p+p collisions at (s)¥?=7 and
13 TeV.

Quite strong positive correlation between exponent parameter n for the charged pions and n for the
charged kaons was obtained in both p+p collisions at (s)¥2=7 and 13 TeV. This result proved to be consistent
with the significant positive correlation observed between parameter ¢ for the charged pions and g for the
charged kaons. This could be due to similarity of mechanisms of production of pions and kaons, which have a
similar structure consisting of one quark and one antiquark, in high-energy collisions.

The substantial differences in the characters of parameter correlations observed for protons and
antiprotons, on the one hand, and pions and kaons, on the other hand, could be due to significant differences
in the quark structure and corresponding mechanisms of production of baryons and mesons in high-energy
collisions.
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Abstract

The experimental spectra of the average transverse momentum, <p:>, versus the average number of
participant nucleons, <Nyat>, dependencies of the identified charged particles at midrapidity in Au+Au
collisions from the Beam Energy Scan (BES) program at the RHIC in (Sw)Y?= 7-39 GeV energy range have
been described very well with the proposed simple power model function. The results have been compared
with those obtained earlier in Au+Au and Pb+Pb collisions at the RHIC and LHC in (sn)Y?= 62-5020 GeV
energy interval.

Keywords: Heavy-ion collisions at the RHIC; average transverse momenta of particles; flattening of
the average p:; mechanisms of particle production; onset of deconfinement phase transition;mixed phase of
QGP and hadrons

Introduction

In present work we study the particle species and collision energy dependencies of an important variable
— the average transverse momentum (<p>) of identified charged particles in Au+Au collisions from the BES
program at the RHIC in (sm)"?=7-39 GeV energy range. This variable was first proposed by Van Hove [1] to
identify the deconfinement phase transition in high energy proton-antiproton collisions with an anomalous
behavior — a plateau-like structure of the average transverse momentum as a function of multiplicity of hadrons.
Van Hove suggested [1] that the observed flattening of dependence of the experimental average transverse
momentum at midrapidity versus the particle multiplicity per unit rapidity should indicate the deconfinement
phase transition (the growth of entropy density at constant temperature) in a system with high energy density.
Initially Van Hove’s idea was suggested to investigate the correlations between <p>> and hadron multiplicity
in high-energy proton-antiproton collisions [1,2]. Nowadays we can analyze such correlations in high-statistics
heavy-ion collisions at the RHIC and LHC energies [3-7].

In Ref. [6] the experimental spectra of <p&> versus the average pseudorapidity multiplicity density,
average number of binary collisions (<Ni>), and the average number of participant nucleons (<Npa>)
dependencies of the identified charged particles at midrapidity in Au+Au and Pb+Pb collisions at RHIC and
LHC in (sm)"?= 62-5020 GeV energy interval were reproduced very well with the proposed simple power
model function. The degree of flattening of < p; > of the charged pions and kaons, protons and antiprotons in
heavy-ion collisions at RHIC and LHC in (sn)"*=62-5020 GeV energy range were investigated from analysis
of the dependencies of the extracted exponent parameter a of the simple power function on the particle species
and collision energy (sa)"?. The coincidence of the parameter a for pions and kaons in Pb+Pb collisions at
(san)'?=5.02 TeV, reflecting practically identical shapes of < p, > versus the average pseudorapidity
multiplicity density, < N,y >, and < Npq,+ > spectra for pions and kaons in these collisions, was obtained.
This result was interpreted as being due to the creation of the highly thermalized QGP, where the difference
between u, d, and s flavors almost disappears, which results in the similar mechanisms of production of pions
and kaons in Pb+Pb collisions at (syn)"?=5.02 TeV.
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In present work we have performed the minimum x2 fits of the experimental dependencies [7] of the
average transverse momentum ( <p; >) on < Ny, > of the charged pions, charged pions, and
protons+antiprotons, produced at midrapidity (|y| < 0.1) in Au+Au collisions at (sm)">=7.7, 11.5, 19.6, 27, and
39 GeV, with the proposed simple power model function:

< pr >= C- < Npgre >, €))

where « is the exponent parameter, C is the fitting constant, and <N is the average number of

participant nucleons.

Analysis and results

The minimum X2 fit curves along with the experimental < p; > versus < Npq,s > dependencies,
obtained [7] by STAR Collaboration at midrapidity in Au+Au collisions from BES program, are shown in Fig.
1. As seen from Fig. 1, the simple power function in Eq. (1) reproduces very well all the studied experimental
< p¢ > versus < Npgre > dependencies.

Figure 2 shows the collision energy, (sm)'?, dependencies of the power parameter a for the charged
pions, charged kaons, protons+antiprotons produced at midrapidity in AutAu collisions at BES energies,
extracted in present work. The corresponding results, obtained in Ref. [6] from analysis of the experimental
< p; > data of STAR Collaboration for midrapidity Au+Au collisions at (sy)"?=62.4, 130 and 200 GeV, and
those of ALICE collaboration for midrapidity Pb+Pb collisions at (su)>=2.76 and 5.02 TeV, are also presented
in Fig. 2 for a comparison. As observed from Fig. 2, we have a(pion) < a(kaon) < ¢((anti)proton) inequality
in the whole BES energy range. A similar hadron mass dependence for the parameter « of the simple power
function was obtained in Ref. [6] from analysis of the experimental < p, > data of STAR Collaboration for
midrapidity Au+Au collisions at (sn)"?=62.4, 130 and 200 GeV, and those of ALICE collaboration for
midrapidity Pb+Pb collisions at (sy)"?=2.76 and 5.02 TeV. Since the degree of flattening of the spectrum rises
as exponent ¢ approaches zero, the largest degree of flattening is observed for the pion spectra — hadrons with
the lowest mass, and the lowest degree of flattening is obtained for (anti)protons — hadrons with the largest
mass among the studied particles. As observed from Fig. 2, the o values (and corresponding degree of
flattening) of kaon spectra are located in between those for pions and (anti)protons at the BES energy range.
As stated in Ref. [6], the power parameter o should contain the combined information for both the degree of
thermalization and particle production mechanism(s). Then we can understand that the pions, hadrons with the
lowest production threshold energy, should have the largest degree of thermalization and thermalize at the
significantly smaller system temperature (smaller energy density) compared to kaons and (anti)protons, which
are characterized by the significantly larger production threshold energies. This can be seen from the observed
higher degree of flattening, reflected by the smaller « values, of the charged pion spectra in Fig. 1 compared
to those for the charged kaons and (anti)protons.
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Fig. 1. Minimum x2 fits (solid curves) with the simple power model function (Eq. (1)) of the experimental average
transverse momentum, <p,> , versus < Npq. > dependencies for the charged pions, charged kaons,
protons-+antiprotons produced at midrapidity (]y| < 0.1) in Aut+Au collisions at (sa)"?=7.7 (a), 11.5 (b), 19.6 (c), 27 (d),
and 39 (e) GeV. The vertical errors are combined systematic and statistical errors (added in quadrature). The combined
errors are dominated by the systematic uncertainties.

Figure 2 shows the clear dependencies of the exponent « on collision energy, (sm)"?, for the charged pions,
charged kaons, and (anti)protons in Au+Au collisions at BES energy range, (sm)"? = 7-39 GeV. Generally, the
power parameter « for the charged kaons, and (anti)protons shows a noticeable decreasing behavior with
increasing collision energy from (sm)"?= 7 to 39 GeV. For the charged pions, as observed from Fig. 2, the
exponent parameter « decreases quite weakly in range (sm)'>=7-19 GeV and then remains constant within
uncertainties in region (sm)">= 19-39 GeV, and further up to 62 GeV. It is necessary to mention that in Ref. [7]
STAR Collaboration obtained a linear increase in pion yields as a function of collision energy, (sm)"?, in range
up to around 19.6 GeV with a subsequent kink structure seen at about 19.6 GeV. It was interpreted [7] as a
substantial change in particle production mechanism in Au+Au collisions at (sm)"?~ 19.6 GeV. The energy
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dependence of pion yields has changed a slope: the slope below 19.6 GeV is significantly different from that
above 19.6 GeV [7]. It agrees with the significant change of the (sm)'?> dependence of the power parameter o
for the charged pions obtained at (sw)"?~ 19.6 GeV in Fig. 2 in present work.
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Fig. 2. The dependence on collision energy (sm)"? of the exponent parameter « for the charged pions, charged kaons,
protons+antiprotons, extracted in present work from minimum 2 fits by < p; >= C- < Npgre >* (Eq. (1)) function of
the experimental midrapidity < p, > versus < N, > dependencies of the charged pions and kaons,
protons+antiprotons in Au+Au collisions in (su)>=7—39 GeV energy range. The corresponding results, obtained in Ref.
[6] from analysis of the experimental < p, > data of STAR Collaboration for midrapidity Au+Au collisions at
(Smn)?=62.4, 130 and 200 GeV, and those of ALICE collaboration for midrapidity Pb+Pb collisions at (sn)">=2.76 and
5.02 TeV, are presented for a comparison. For guiding the eyes, the spectra are fitted (solid curves) by a linear function
y = Ax + B. The straight lines appear as the solid curves because of the logarithmic scale on the horizontal x axis.

Even though the exponent « demonstrates generally a decrease with an increase in (snn)"? energy for
both charged kaons and (anti) protons in (sm)"? = 7-39 GeV energy range, the small kinks are observed in
regions 19—27 GeV and 11-19 GeV in Fig. 2 for (anti)protons and the charged kaons, respectively. Figure 2
demonstrates that the power parameter o for (anti)protons does not change within uncertainties in the wide
energy range (sm)"? = 62-5020 GeV. In present work we observe that parameter « for the charged kaons
increases substantially in region (sm)"?>= 39—62 GeV after an overall decrease in range (sm)">= 7-39 GeV,
which can also reflect a significant change in production mechanism(s) of the charged kaons in Aut+Au
collisions at (sm)>~ 39-50 GeV. We observe the anticorrelated behavior of the parameter « for the charged
pions and charged kaons in regions (sm)"? = 62—130 GeV and (sm)"?~ 62—130 GeV: in these two regions an
increase of the parameter « for one particle species goes along with a decrease of the « for the second particle
species, and vice versa.

Figure 2 shows that with an increase in (snn)'/? in region (sm)"? > 200 GeV, the exponent « for charged
kaons approaches that for charged pions, with the parameter a for kaons coinciding with that for pions at the
largest collision energy (sm)"?=5.02 TeV. The coincidence of the power parameter a for pions and kaons,

produced at midrapidity in Pb+Pb collisions at (sm)"*=5.02 TeV, reflecting practically identical shapes of <
Nch

d
dan

pe > versus < Npgpp >, < >, and < N_,;; > spectra for pions and kaons, was obtained in Ref [6]. This
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result was interpreted [6] as being due to production of the highly thermalized QGP, in which the difference
among u, d, and s flavors practically disappears, which leads to the similar mechanisms of production of pions
and kaons in Pb+Pb collisions at (smn)"?=5.02 TeV at the Large Hadron Collider.
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It is one of the main goals of the modern experiments at the RHIC (Relativistic Heavy lon Collider,
Brookhaven, USA) and LHC (Large Hadron Collider, CERN, Switzerland) to produce in collisions of high-
energy heavy ions and investigate in detail the Quark-Gluon Plasma (QGP) - the plasma state of almost free
guarks and gluons. Initially produced QGP expands hydrodynamically at extremely high speed, reaching, one
after the other, the chemical and kinetic freeze-out stages, respectively, which fixes the hadron abundances
(yields) and final momenta of hadrons, respectively. Because of extremely short lifetime of QGP, it is
impossible to detect and measure its properties directly. Therefore, to extract precious information on QGP
and its evolution with changing collision energy and centrality, one has to analyze the yields, properties and
transverse momentum or/and (pseudo)rapidity spectra of the final particles with the help of efficient theoretical
and phenomenological models. Pions, kaons, and (anti)protons account for the predominantly largest part of
the final particles produced in high-energy collisions at the RHIC and LHC. Therefore, production of these
particles, consisting of light (u, d, and s) quarks, has been studied quite extensively to deduce valuable
information on the evolution and properties of produced hot and dense matter, and mechanisms of particle
production at high energy collisions.

In Refs. [1,2] we have analyzed successfully the midrapidity transverse momentum (p) distributions of
the charged pions and kaons, protons and antiprotons, measured by ALICE Collaboration at various centrality
classes of Xe+Xe collisions at (sn)?=5.44 TeV and Pb+Pb collisions at (sn)*?=5.02 TeV, applying combined
minimum y? fits with the thermodynamically non-consistent as well as thermodynamically consistent Tsallis
function with transverse flow. We have estimated the threshold border values of (N4, ), (dNcp/dn), and (B;)
for a crossover transition from a dense hadronic state to the QGP phase (or mixed phase of QGP and hadrons)
in Xe+Xe collisions at (sm)Y?=5.44 TeV and Pb+Pb collisions at (Sm)Y?=5.02 TeV. The ratio (1.61+0.24) of
the estimated border values of (Ny,q,¢) in Pb+Pb collisions at (sm)Y?=5.02 TeV and Xe+Xe collisions at

(sn)Y?=5.44 TeV has coincided with the ratio (1.59+0.24) of the corresponding (dN,j,/dn) in these two

collision types, and with the ratio of the mass numbers of the corresponding 2°Pb and **2Xe nuclei equal to
A(208pp)

A(132xe)
(collision centrality) for all studied particle species in both Xe+Xe and Pb+Pb collisions at the LHC, implying
an increase in system thermalization with increasing centrality of heavy-ion collisions at high energies. The
gap between g(mesons) and g(baryons) decreases with an increase in collision centrality, and g(mesons)
practically coincides within uncertainties with g(baryons) in central Xe+Xe and Pb+Pb collisions with large
(Npar¢) Values at the LHC. This could indicate quite large degree of equilibrium and thermalization of QGP
produced in central Xe+Xe and Pb+Pb collisions with large (N, ) values.

The work has been supported by the Agency of Innovative Development of the Ministry of Higher
Education, Science and Innovations of Uzbekistan within the fundamental project Ne F3-20200929146 on
analysis of open data on heavy-ion collisions at the LHC.

~ 1.58. The non-extensivity parameter q demonstrates a systematic decrease with increasing (Np gt )

Keywords: Heavy-ion collisions at the LHC; system thermalization and equilibrium; chemical and
kinetic freeze-out; phase transition from dense hadronic matter into Quark-gluon plasma (QGP)
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UucaoM mNepBUYHBIX BHYTPUSACPHBIX CTOJIKHOBEHUH OTJIMYAIOTCS LEHTPAJbHOCTh WM HE
LEHTPaJIbHOCTh aAPOH M SAPO —SIACPHBIX B3aUMOIEHCTBHN. B LIeHTpanmbHBIX B3aMMOAEHCTBHAX IOJIKHA
MIPOMCXOIUT KOHLUEHTPALUS HyKJIIOHOB-YYaCTHUKOB B LIEHTPAJIbHOM 00JIaCTH OBICTPOT M3-3a MHOT'OKPATHBIX
paccesHUl HYKJIIOHOB BHYTPU $pa, T.€. MOXKHO OXHIATh IPEUMYIIECTBEHHOE POXIEHHE HYKIOHOB B
obnactiax ¢parmentanuu saep. C yMeHbIIEHHEM MapaMeTpa ylapa YBEIHIHBAETCS KOTMYECTBO IEPBUUHBIX
CTOJIKHOBEHMH M YMCJIO KacKaJHBIX B3aUMOJCIHCTBUH B AQpax-OCTaTKax M MOATOMY BBIXOJ] HYKJIOHOB B
o0acTax ¢yparMeHTanui saep 10IbKeH ObITh MUHUMATBHBIM. [ToaTomy cornmacao KUM nomkHO TPOUCXOIUTh
n3MeHeHne GpopMbI CIICKTPOB HYKJIOHOB B 00J1acTsIX GparMeHTaiuu siuep. PacueTsl, npencrapieHnsie B [1-2]
MOJATBEPXKIAIOT 3TO paccykieHue. OmHaKo B DJKCIEpUMEHTe HaOrogaeTcs oOpaTHas KapTHHA — C
YBEJIIMUEHUEM LEHTPAJbHOCTH COYAAPEHUH OTHOCHTENIFHO BO3PACTAET BBIXOA NMPOTOHOB B LEHTPAJIbHOMN
obnacty, a He B o0macTsax gparmenranuu siaep. [103ToMy HHTEpEeCHO M3Y4YHUTh BBIXOIOB SIACPHBIX PEAKIIUM
MIPU Pa3HBIX HHTEPBAJIaX OBICTPOT BTOPUYHBIX aJJPOHOB.

OKCNepUMEHTAIBHBIA MaTepHall MOJyYeH C MOMOIIBI0 ABYXMETPOBOW MPOMAHOBOM ITy3bIPbKOBOM
KaMepsl, 00JTy4eHHBIH My4kaMu saep aeiirpona (?H), o -gactun u yrepona (Y2C) ¢ ummynscom 4,2 I'3B/c Ha
HYKJIOH Ha cuaxpodazorpona JIBD OUSAN. Ouu BriIr04atoT B ce0st MHPOPMAIIHIO O TUTIAX BTOPHUYHBIX YACTHIL
U UX KHHEMaTH4eCKHX XapaKTepuCTHKaX. MeToauyeckue BOIPOCHl IKCIEPUMEHTa paccMOTpeHbl B [3].
OKcIepUMEHTAIBHBINA MaTepHall CUCTEMaTUIECKH CPABHEHB! C MOJEIbHBIMY IPEACTABICHUSIMU [TOTYyYEHHBIX
B PaMKax KBapK-TNII0OOHHOH cTpyHHOU Mozenu (KI'CM), ananTupoBaHHOI K TPOMEKYTOUHBIM SHEPTUSIM.

ITomyueHsl cpefHIE MHOXKECTBEHHOCTH OTPHULIATENbHBIX THOHOB M MIPOTOHOB-YYaCTHHUKOB, a TaKKe
CpeHUE 3HAYCHHSI OBICTPOTHI U TOMEPEYHOr0 UMITyJibca T -Me30HOB B C-, CC- u CTa-CTONKHOBEHUSIX MTPU
4,2 I'3B/c Ha HYKJIOH, Ha0JIFO1aeMbIe, KaK B dKcniepuMeHTe, Tak U B KI'CM.

CpaBHeHHE ObICTPOTHBIX PACTIPEIeICHUIT OTPHIIATEIbHBIX MTMOHOB, 00pa3zoBaHHbIX B dC-, CC- u CTa-
CTOJIKHOBEHHSIX NIPU UMITyJibce 4,2 '9B/C Ha HyKIIOH, TOTyYeHHBIX B OKCTIIEpUMEHTe U u3 pacueToB 1o KI'CM
MOKa3bIBAET, YTO OBICTPOTHOE paclpelesieHHe OTPULATeNbHbIX TMOHOB B CC-CTONIKHOBEHUSIX CHUMMETPUYHO
OTHOCHUTEIBHO CpeaHE 00JIacTH 3HA4YeHUH OBICTPOT Yeuw = 0, KaK U OXHUIACTCSA, Ui CHUCTEMBI C
OJIMHAKOBBIMU SAPAMU CHapsi/ia U MUILEHH.

[Honyuyennsie pesynbTaThl 11t CC- m CTa-CTOJKHOBEHHMM COBHANAlOT C AOJSMH LEHTPAIbHBIX U
nepudepuitHBIX COOBITHH COYJapEeHWH, OIIeHKa KOTOPHIX IMpOBeJeHa B paboTe [2] Ha 3HaYMTENhHO Oosiee
Hu3koi cratuctuke CC- u CTa-cToNKHOBEHUI 11O CPAaBHEHHUIO C COOTBETCTBYIONICH CTATUCTUKOW HACTOSIIETO
aHaJIN3a.

Jlutepatypa

1. Toneev V.D., Gudima K.K. Nuclear Physics. 1983. VV.A400. p.385.

2. SimicLj., et al., Phys.Rev.C. — American Physical Society (USA), 1995. — Vol.52.-p.356.
3. A W.Boupapenko,P.A.boumapenko .OMAN, P1-2000-138,1y6oHa,2000r.
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MHOKECTBEHHBIE XAPAKTEPUCTHUKHU dC-B3AMMOJENCTBUM TP UMITYJIbCE
4,2 I'9B/C B3ABUCUMOCTHU OT CTEHEHU HEHTPAJIBHOCTHU COYIAPEHUS

Kocum Osumos?, Paxmaryiiia Bekmupsaes?, Mamanaau Cyaranos®, Cyxpo6 FOanames?,
Yexposza bepkunopa’, Xo:xxuakoap Typaros?

Y@usurxa —mexnuuecxuii uncmumym, AH PY3, Pecnybnuku Y36exucman, Tawkenm.
2Dicusaxckuti 20cyoapemeennblii nedazo2udeckutl ynusepcumem, Jlicusax.
SCamapranockuii apxumexmypro-cmpoumenvwiil ynusepcumem, Camapramo.
ACamapranockuii 2ocydapcmeennviii yuusepcumem, Camapkano.

B pabore mpencraieH noaApoOHbIM aHATIN3 MHOKECTBEHHBIX XapPaKTEPUCTHK BTOPHYHBIX 3aPSKECHHBIX
gacTuil (p,n*) IPH Pa3INYHbIX 3HAYCHHUSIX MPUIIETEHOTO APAMETpPa COyIapeHHil ICHTPOHOB C SAPOM yriieposa
pu uMmmynece 4,2 ['3B/c Ha HyKITOH.

DKCIIepIMeHTaIbHBIN MaTepHall MOyIeH Ha OCHOBE 00paboTKku cTepeodororpaduii ¢ IByXMETPOBO
My3bIPbKOBOI mpomnanoBoi kameps! JIBD OUAU (r.[lyona,P®d), nomemennoit B Marautaoe nose 1,5 Tn, u
00JTyueHHOH B MydKke JeHTPOHOB ¢ uMmyiabcoM 4,2 I'9B/c na Hyknon. Beigenenne dC-coOBITHI M3 TOTHOTO
aHcaM0J1s1 B3aMMOJIEHCTBUI JEUTPOHOB C MPOMAHOM HCIOJIb30BATINCh METOJUKA U KPUTEPHH, OIIMCAHHbBIE B
paborax [1-3].

3a Mepy crenenn neHTpanbHocTH (C-B3amMopeicTBuii Obina mpuHsATa ‘“Net” sapsm Q, koTopas
oTpenessoch Kak Q=n:-N.-Np*- N, rae N+ U N.- YUCII0 OXHO3APSIAHBIX TOJIOKUTEIBHBIX U OTPULATEIBHBIX
YacTuil B COOBITHH, N,® W Np' —YKCIIO MPOTOHOB CTPHIIMHIOB W3 SApa CHApsAAa M W3 sApa MUILIEHH,
COOTBETCTBEHHO. JIist Np® MPHHATO YacTUIbI-crieKTaTophl ¢ P>3 I'5B/c u yrinom Beuieta 0<3’. CriekTaTopHbIE
MPOTOHBI U3 Apa-MUIICHU cuuTaimuch npoToHbl ¢ P<0,3 [3B/c. Benmuunna Q paBHa cymMapHOMY 3apsiay
YacTUI B COOBITHM, AKTUBHO YYAaCTBYIOIIMX BO B3auMoaedcTBuH. OHa KOppeJupyeT C BEIMYHHOM
NpUIIeTbHOTO napaMeTpa b coynapenus crankuarommxcs siaep. CTeneHb HEeHTPaIbHOCTH B3aUMO/ICHCTBHS
BO3pacTaeT ¢ pocToM Q, T.€. C yBEIMYEHHUEM YHCIIO YYACTBYIOUIMX YaCTHUI] IIPH CTOJIKHOBCHHUH.

[Tonmy4enHsle pacnpeneseHus 10 MHO)KECTBEHHOCTH BTOPUYHBIX YacTHL, 00Opa30BaHHBIX B HEYNPYTHX
B3aMMOJCHCTBUSX Apa ACUTPOHA C AAPOM YIiepoa MOKa3bIBaeT, YTO HAaHOOJBIIOE YMCIIO 3apsUKEHHBIX 16,
YHCIIO IPOTOHOB YYaCTHUKOB — 8, @ YMCIIO ME30HOB - 6. [loy4eHbl cpeiHre MHOKECTBEHHOCTH BTOPHUYHBIX
vactull 171st Bcex dC-B3auMOISHCTBUI | ISl CEMH IPYIIT COOBITHI C PA3JIMYHON CTENEHBIO IIEHTPAIBHOCTH,
oTpeneieMoi BeITMUMHOM Q, pecTaBIeHsbl.

W3 mony4eHHBIX JaHHBIX MOXHO CJIeNlaTh BBIBOJ, 4TO mepudepuueckre B3aumojercTeus (Q < 2)
coctaBisioT He 6onee 40 % oT Bcex Heynpyrux dC-e3ammoeiicTuii. J{oms Hanboee nenTpanbusix (Q > 4)
Mana u coctasisiet Bcero 21 %. B 3Toit obnacTu coynapeHuid cpeHssl YMCI0 MPOTOH YYAaCTHUKOB OoJIblie
JBYX U TIOCTOSTHHO YBEJIMYHMBAIOTCS ¢ pocToM Q. Bo B3anMOAeHCTBHAX MPOTOHOB C SIIPOM yTiepoJa Mpu TOH
e dHepruu, HabmromaeTcs oOpaTHas kaptuHa [4]. YUnciio mpoTOHOB-YYaCTHUKOB, IIPU 00OMX BBIJACIICHHBIX
CJIy4aeB, OUY€Hb YyBCTBHUTEJICH CTEIICHN LIEHTPAIILHOCTH COYAApEHUI U Koppenupyercs co 3HaueHusM Q.

U3 paccmoTrpeHue cpelHUMX MHOKECTBEHHOCTEH T-ME30HOB MOKHO BHAEThH, YTO NpPU HEpexone OT
nepuepuIecKux B3aUMOACHCTBHN K IEHTPaIbHBIM 3HAYUTEIBHO BO3PACTAIOT CPEeIHUE MHOXKECTBEHHOCTH
OTpHULATEIbHBIX MHOHOB. CpenHss YUCIO OTPULATEIbHBIX MHOHOB NpH Q > 4 CylIeCTBEHHO NpEBBIIIAET
AQHAJIOTHYHOE 3HAYEHHE IIOJIOKUTEIbHBIX MHOHOB M 3TO MOXXHO OOBSCHHTH C OOJNBLIMM KOJIMYECTBOM
JIMCCOIMAIIMNA HEWTPOHOB MPH BBICOKHX TeMIepaTypax B3auMmojencTBuil. CpelHre MHOKECTBEHHOCTH T -
ME30HOB MaJla YyBCTBHTENILHBI K BeJIMUrHE Q 4eM OTpHUIIATEIILHBIX THOHOB.

Br100op rpaHMYHOTO MMIYJIbCA MEXKIY CIIEKTPaMU COXPAaHHMBIIMXCS M MUILIEHHBIX IPOTOHOB CJlIEJIaH C
nomomtsio Mozenu FRITIOF ¢ A-uzobapamu [5]. Ilo Moaenn ObUTH ompeneneHsl CeKTPhl COXPAaHUBILIUXCS
MIPOTOHOB M MIPOTOHOB —()parMeHTOB siapa yriepoaa. [1o HuM Obia BeIOpaHa onTuMalbHas rpaHuna P=1,4
I'sB/c. MHOXeCTBEHHOCTh MPOTOHOB ¢ MMIyJbcoM P>1,4 I'3B/c He 3aBUCAT OT cTeNEeHU LEHTPAIBHOCTH
COyJapeHU.

Jluteparypa

[1.] P.H.Bekmup3aes u np. Coobuennss OUSIU, P1-83-481, /1y6na,1983.
[2.] E.H.Knaguuikas, C.}O.Cusokinokos. Coobrmrenust O, P1-88-412.
[3.] A.U.bonnapenkon np. Coobmenust OMSU, P1-98-292, [ly6na,1998.
[4.] A.C.T'anosu u ap. OUSIN, P1-2002-54. JTyona, 2002.

[5.] b.T'anxysr, B.B.Yxunckuii . Cooomenns OUAN, P1-97-315.
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OBPA30OBAHMUE A’-U30BAP B IEHTPAJIBHBIX p**C- U d*“C-COYJIAPEHUSIX ITPU 4.2 4

I'B/C

Kocum Oummos!, Paxmarymina Bekmupsaes?, Mamagaaum Cyaranos®, Cyxpo6 IOagames®,
®apxoa Tyranos?, Moxunyp 3usiBHIIMHOBA’

Ydusura —mexnuueckuii uncmumym, AH PY3, Pecnybauxu Ysbexucman, Tawxenm. olimov@uzcsi.net
2Dicusaxckutl 20cyoapemeentblil nedazo2udeckutl ynueepcumen, Jxcusax

3Camapranockuii apxumexmypro-cmpoumensuwiii ynusepcumem, Camapkano
*Camapranockuii 2ocyoapemeennviii ynusepcumem, Camapkano.

B macrtosmelr pabore IpeacTaBIICHBI
xapaktepuctukax A’-u306ap, 06pa3oBaHHBIX B HeHTpanbHbBIX pi?C- u d*2C-coynapenusx npu 4.2 4 ['B/c.

HOBBIC OKCIICPUMCHTAJIBHBIC JAaHHBIE O Pa3IMYHBIX

[TockompKy, 9TO B 000MX COYJApPEHUSAX CPEIHEE YHCIIO MPOTOHOB OKAa3ainochk O61u3kh K 1 (cM. Tadim.), K
LEHTPaIbHBIM CcOyJapeHusM oTHocumuch Te pl?C- m d'2C-coymapeHusi, B KOTOPBIX YHCJIO IIPOTOHOB-
yuactaukoB >3. Ha puc. 1 u 2 mpuseneHs! MaccoBble criekTphl A’-u300ap B paccMaTpuBaeMbIX
COyJIapeHsIX, COOTBETCTBEHHO.
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YEHMPATbHBIX
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KpuBble Ha pHUCyHKax — pe3yibTaT ammpoKCUMAalUH SKCIEPUMEHTAIBHBIX CHEKTPOB 3P (PEKTHBHBIX
Macc MpPOTOH W 7T map M(mp) mo pensTuBUCTCKoW Qopmyrne bpeiita-Burnepa [1]: PesymbraTs
anmnpoKCUMAaNXy NPUBEACHbI B Ta0. 1.

Taonuya. 3nauenue maccot M4 u wupunvt maccoeozo cnekmpa I' A°-uzoéap

Tun coynapenunit Cpennee umcio | Ma, MaB I', MaB ¥2/9uC.CTET.CBOO.
MIPOTOHOB-
Y4aCTHUKOB

p*C 0.91+0.01 1235+3 51+6 0.69

d?C 1.12+0.01 1234 +2 44.9+3.8 0.54

Kak BunHO 13 Tabn. 1 mmpuna mMaccosoro cnekrpa A’-u3o6ap, B

ApyT ApyTy.

Jlutepatypa

[1.] D. Higgins, Phys. Rev. D 19, 731 (1979).

000MX THUHAax coyAapeHui OI3KO K

108



Meowcoynapoonas xougepenyus « DynoamenmanbHvle U NPUKIAOHbBIE NPOOIEMbI COBPEMEHHOU PUUKU
19-21 oxmsops 2023 2.

BBICTPOTHBIE CIIEKTPBI IT-ME30HOB B DC-, CC- 1 CTA-CTOJIKHOBEHUSAX ITPAU
4.2 I'9B/C HA HYKJIOH

Xycuuaaun Oummos!, Paxmaryina Bexkmupsaes?, Mamanaan Cyaranos®, I'ynom Homupos®,
Bapuunoii Mymappadosa®

Y@usurxa —mexnuuecxuii uncmumym, AH PY3, Pecnybnuku Y36exucman, Tawkenm.
2Iicuzaxcrutl 20cy0apemeennblil nedazo2udeckutl ynusepcumen, Jlicusax.
3Camapranockuii apxumexmypro-cmpoumenshuoiii ynusepcumem, Camapraro.

OCHOBOH 3KCIIEpUMEHTATIBHOTO W3YUEHUS CBOMCTB pa3nMyHBIX MPOLECCOB B3aUMOJCHCTBHS YaCTHIL
SIBIISIETCS. M3MEPEHHE HMITYJIbCHBIX XapaKTEPUCTHK OOJBIIMHCTBA YacTHI], y4YacTBYIOIIMX B IIpoIlecce.
Pacnpenenenue BTOpMYHBIX YacTUI] IO OBICTPOTE, IOIY4YEHHOE B pe3yibTare 0OpabOTKM M aHauu3a
HaOIIOMaeMbIX COOBITMH  ONpPEAETICHHOIO THIA, SBIAETCS IEPBOOCHOBOW IIPOBEPKH  PA3IUYHBIX
TEOPETUYECKUX MOJeJed JMHAMHUKKA B3auMoJiciicTBus. B  nmanHoi paboTe wu3ydeHa OBICTPOTHBIC
XapaKTepUCTUKH 3apsiKeHHBIX MHOHOB B dC-, CC- 1 CTa-CTOIKHOBCHUSIX.

CraTucTrka SKCIIepUMEHTAIBHBIX JTAHHBIX, POAHAM3UPOBAHHAS B TaHHOU pabote, coctout u3 7071,
20528 u 2420 cobertuii Heynpyrux dC-, CC- u CTa-cTOIKHOBEHHH, COOTBETCTBEHHO, IPUYEM MPAKTHIESCKH
BCE BTOPUYHBIC 3apsHKEHHBIE YacTUIIBI 0OHApYKEHBI B 41 reoMeTpHd. Il CHCTEeMaTHYECKOTO CPaBHEHHUS C
JKCIIEPUMEHTATBHBIMY TaHHBIMH, B PaMKaX KBapK-TIIFOOHHOU cTpyHHOU Mozenu (KI'CM), agantupoBanHON
K MPOMEXKYTOUHBIM dHEeprusiM, Mbl pasbirpanu 30000 coobituii Heynpyrux dC-, CC- cronkHoBeHuit npu 4,2
IB/c Ha Hyknon u 6000 cobwituii Heynpyrux CTa-cronkHoBeHu# npu 4.2A I'3B/c. ns MonenupoBaHus
PeaNBHBIX AKCIIEPUMEHTAIBHBIX ycioBuid, coObiTrst KI'CM mpoxonnmu gepe3 ¢uibtp. B pesynbprare sToit
npouenyps! GUIbTpayy, ObUTH UCKIIOUYEHB! BCE MEUICHHbBIE YaCTUIbI, KOTOPBIE MOTJIOMIAIOTCS B 2-MM CJI0€
MPOTaHa U B TAHTAJIOBOH (oybre. MeToIuKa MoTyueHHsT SKCIIEPUMEHTAIBHBIX IAHHBIX U KPaTKOE CBEJCHHE
o mozenu KI'CM wu3noxena B padorax [1-3].

Taﬁﬂuua 1. Cpeéﬁue MHOHCECMBEHHOCU OMPUYANENbHBIX NUOHO6 U NPOMOHOB-YUACMHUKO6, d mMaKaice cpedHue
3Hauenust Oblcmpomol u nonepeuno2o umnyavca m-me3onos 6 dC-, CC- u CTa- coyodapenusx npu 4,2 I'>B/C na nyxion.
CpeodHnue 6vicmpompl paccyumvléaromcesi 6 C.Y.M. HyKIOH-HYKIOHHbIX cmoakHogenull npu 4,2 I'3B/c. B oannou mabauye
ue ma@zuuax, I/lpu6€()€HHblx HUuace, npuse()eHbl MONBLKO CMAMUCMUYECKUe OUUDKL.

Turm B3auMO/I. < Np- > < Nparepr> < Yem(@™) > <p(m7) >
(I'>B/c)

dC,  sxkcmep. 0.66+0.01 1.95+0.02 -0.12+0.01 0.252+0.003
KI'CM 0.64+0.01 1.86+0.01 -0.1740.01 0.222+0.002

CC, JKCIIED. 1.45+0.01 4.35+0.02 -0.016+0.005 0.242+0.001
KI'CM 1.59+0.01 4.00£0.02 0.007+0.005 0.21940.001

CTa, okcmep. 3.50£0.10 13.3+0.2 -0.3410.01 0.217+0.002
KI'CM 5.16+0.09 14.4+0.2 -0.3+0.01 0.191+0.001

B T1abn.1, mpencraBieHbl CcpegHHE MHOXKECTBEHHOCTH OTPHUIATENBHBIX IMHOHOB M TPOTOHOB-
YYaCTHHMKOB, a TAK)KE CPETHHUE 3HAUCHHsI OBICTPOTHI U MIOMIEPEYHOTO UMITYJIbca T -Me30H0B B dC-, CC- u CTa-
cToiKHOBeHMsX Tipu 4,2 ['9B/c Ha HyKIIOH, HaOJI0JaeMBbIe, KaK B SKCIIepuMeHTe, Tak 1 B KI'CM.

[TostyueHbl OBICTPOTHBIX paclpeeIeH i OTPHUIATEILHBIX THOHOB, 00pa3oBanHbiX B dC-, CC- u CTa-
CTOJIKHOBEHHMSIX IIpu ummyisce 4,2 ['3B/C Ha HykIIOH B 3KkcniepumenTe u u3 pacuetoB 1o KI'CM.

JlutepaTtypa

[1.] Sultanov M.U. etal., International conference Nuclear Science and Its Application. Samarkand, Uzbekistan,
September 25-28, 2012. p.131-132.

[2.] Tanosta A.C. et al., [Tucema B XKKOTD, 2007, Tom 86, Beimtyck 10,718-721.

[3.] R.N.Bekmirzayev et al. Physics of Atomic Nuclei, 2022. Vol.85, No. 6, pp. 1011-1016.
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CONTRIBUTION OF UZBEK SCIENTISTS TO THE NRDC IN RECENT TWO YEARS
F. Ergashevi, S. Artemov?, N. Otsuka?, M. Kadyrova!

Unstitute of Nuclear Physics, 100214 Tashkent, Uzbekistan

*E-mail: ergashev@inp.uz (corresponding author)
2Nuclear Data Section, Division of Physical and Chemical Sciences, Department of Nuclear Sciences and

Applications, International Atomic Energy Agency, A-1400 Wien, Austria

Abstract

Uzbekistan’s first step to join to IAEA was made in 1995 by International Nuclear Information System
(INIS) and after that Uzbekistan became a member of INIS (https://inp.uz/en/pages/uzbekistan-national-inis-
center). Thanks to IAEA granting of Technical Cooperation project UZB/0/002 “Creation INIS Center” (1997-
1999) on the basis of Scientific-Technical Information and International Relations Department (STI and IR)
under the direction of senior scientific officer A.D.Avezov, the National INIS Center of Uzbekistan was fully
equipped/upgraded and came into operation at INP AS RU. Nowadays the representative of Uzbekistan at the
INIS is Kadyrova Makhtuba (kadyrova@inp.uz).

Since the time INP was founded, a number of nuclear experiments have been made and charged-particle
induced nuclear reaction data were obtained. During the years, the obtained experimental data have been
published in domestic and international journals. In order to save those data for future needs, they needed to
be added to some database. Those works have been performed by members of the International Network of
Nuclear Reaction Data Centres (NRDC). At the time of those works were carrying out, some problems
appeared related to the correspondence with the domestic authors of the articles. To solve those problems, the
members of the centers decided to contact with scientists of domestic institutes and request them to contact
with authors, collect experimental data from them.

The next step toward to join to IAEA was participation in the 4™ Asian Nuclear Reaction Database
Development Workshop (AASPP) which was held in Almaty, Kazakhstan (23-25 October, 2013). Researchers
from Uzbekistan participated in this workshop. As a continuation of this Workshop, educational training was
carried out. The purpose of the educational training was to provide the Workshop participants with knowledge
and skills in working with the database. The training was conducted by N. Otsuka. As a result of the training,
one young scientist from each country was selected and the scientist was expected to include in the EXFOR
database the experimental results obtained by the scientists of this country and published in domestic and
international journals. This task was entrusted to F. Ergashev for data measured in Uzbekistan. Since this
year, F. Ergashev has been participating in several workshops and improving his knowledge, including the
5th AASPP Workshop organized in 2014 at the BARC located in Mumbai, India, and the 6th AASPP Workshop
organized at the Hokkaido University located in Sapporo, Japan in 2015. The new EXFOR entries in recent
two years prepared by Uzbekistan are shown in Table 1.

Table 1. New EXFOR entries prepared by the Uzbekistan group

Entry # First author Article Lab. Status
31847 F.Kh. Ergashev J,APP/BS,14,849,2021 4UZ UZB Compiled
31848 S.R.Palvanov J, PPN/L,18,672,2021 4Uz UZB Compiled
D8053 F.Kh. Ergashev J,APP/B,53,9-A5,2022 4UZ UZB Compiled
G0083 S.R.Palvanov J, PPN/L,18,672,2021 4UZ UZB Compiled
31859 F.R. Egamova J,APP/BS,14,727,2021 4Uz UZB In progress
31860 S.R.Palvanov J,APP/BS,14,827,2021 4UZ UZB Planned
31861 S.R.Palvanov J,APP/BS,16,2-A7,2023 4UZ UZB Planned
G0092 F.R. Egamova J,APP/BS,14,727,2021 4Uz UZB In progress
G0093 S.R.Palvanov J,APP/BS,14,827,2021 4UZ UZB Planned
G0094 S.R.Palvanov J,APP/BS,16,2-A7,2023 4UZ UZB Planned
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TPU AAEPHO-®U3NYECKHNE OCHOBBI U151 PA3BUTUSI GDH3T HA BA3E PEAKTOPA
BBP-CM UsI® AH PY3

Iaiipatynna Kynaonyanaes, 'asna AoaynnaeBa, Anapeit Kum, xacyp FOanames

Hnemumym aoeprnou pusuxu AH PY3, yn. V. I'aghyposa 1, n. Yayeoex, Tawxenm
(e mail: gkulabdullaev@inp.uz)

[epBoii snepHo-hu3mueckoit ocHoBol pa3BuTs H3T MeTOAMKHU SBISETCS MCTOYHUK HEHTPOHOB C
TpeOyeMbpIMU TlapaMeTpaMu g nmydeBoi Tepammu. [lo TpeGoBanmio MAI'ATD k mydkam HEUTPOHOB,
npumensieMbix i H3T, HykeH NMOTOK HEHTPOHOB B 3HepreTndeckoMm auamnazoHe 0,5 sB<E<10 x3B) c
MHTEHCHUBHOCTBIO TT0TOKa He MeHee 2-10° n/cm?-¢ [1, 2]. B kauecTBe HEHTPOHHBIX HCTOYHHKOB HCIIONb3YIOTCS
KaK CIIELMaJbHO H3rOTaBIMBACMbIC YCTAaHOBKH (YCKOPHUTENH), TaK CYILECTBYIOIIHME HCCIIEI0BATEIbCKUE
peaktopsl. [ passutws meroauku H3T Hamu TuTaHHpOBANOCH MCTIONB30BaTh peakTop BBP-CM UAD AH
PY3 momrnocThio 10 MBT. 15 BOCTOKEHUS 3TOM 11€7TK ObLTIO HEOOXOAMMO ITPOBECTH LIEBIH KOMILICKC padoT
[0 MOJAETIMPOBAHHIO MMEIOIIMXCS IIyYKOB peakropa. B pabote [2] u3noxeHbl pe3yabTaThl MO HOITYUYEHHUIO
Iy4Ka SIUTEIUIOBBIX HEUTpoHOB Ha peakTope BBP-CM MA® AH PVY3 ¢ xapakTepucTukamu, OTBEYAIOLIUMU
BceM TpeOoBanusM MATATD nans paseutus uccnenoBanmii mo H3T. IlomyueHHass MHTEHCHUBHOCTH
SMMTEMIOBOTO0 HEHTPOHHOIO ITyYKa Ha BBIXOJE 9 TOPH3OHTAIBLHOrO KaHajia cocTaBui 5,5x10° m/cm’cek.
[IpoBeneHsl pacu€Thl MO MPOEKTUPOBAHMUIO M CO3JAHMIO MOMEIEHHS—OOKCa, IUIsI MPOBEICHHUS HAay4HBIX
uccnepoBannii mo H3T, ans GezomacHON paboOTHI ¢ BHIBEIECHHBIM ITyYKOM STHTEIUIOBBIX HEHTPOHOB 9 —
TOPU30HTAJIBHOIO KaHaa.

Bropoii snepHo-usndeckoit ocHoBoi pasButus H3T MeTomukn siBIsieTcss HYKIHI, TIPU OOITyYSHHUN
KOTOPOTO C HEUTPOHAMU 00pa3yIoTCs BTOPUYHBIC YACTHUIIBI, IEHCTBHE KOTOPBIX SBJISIFOTCS I'YOUTEIbHBIMU AJIS
OIYXOJNIEBBIX KIETOK. Ilocie oOmyuenus HelTpoHamu °B cranoButcs HecTabunbHbiM !B, KOTOpHI
HPOIOJDKAET PACIIa/l CBOEH SHEPIUH M M3JIydaeT 9acTulbl otaaur (*He) u ’Li, Beiienss 6oab1oe KOIu4ecTBO
9HEPIMM U HeOOJBIIOE KONWYECTBO TramMma-iyueil BO BpeMsl peakiud. B OCHOBHOM KJIMHUYECKUE
uccnenosanus no H3T npoBOAWIMCH M NPOBOAATCA C NPUMEHEHHEM IIPENapaTtoB Ha ocHoBe B,
[IpoBeneHHbIe uccieaoBanus noka3anu 4ro: 1) meronq BH3T mo3BosiseT BHIOOPOUHO MOCTABUTH BBICOKYIO,
JIOKAJIbHYIO PaIMallMOHHYIO 103y B OIYXO0JIb, C HAMHOTO 00Jiee HU3KOH 40301 B JIOXKE OIMyXO0JIH (B 30POBBIX
TKaHsX). DTO BaxkHass 0ocoOeHHOCTb, kKoropas naenaer BH3T ocobeHHO mpuBIeKaTeNbHOM Ui Tepamnuu
CriaceHusl MalMeHTOB, PE3UCTEHTHBIX K CTaHAapTHOMY (OTOHHOMY OOIydeHHI0; 2) y 3TOr0 METoJlia eCTh
noteHuuan aus O6onee 3()(EKTUBHOrO MPULETUBAHUA K MHOTOOYAroBBIM OIYXOJISIM, Y€M BO3MOXKHO CO
CTEPEOTAKTUYECKOH pafuoXupyprueil mepBUYHbIX U METACTATHYECKUX OITyXOJIeH TOJIOBHOIO MO3ra. 3) XOTs
3TO MOXKET OBITh TOJBKO MAITMATUBHBIM 3()(EKTOM, HO 3TOT METOJ MOXKET MPOU3BOJUTH MOPaKAIOIIUE
KJIIMHUYECKHUE OTBETHI, KaK CBUJETEILCTBYET OIBIT HECKOJIBKHUX TPYIII B JICYEHUH MAIIEHTOB C PEIIUIUBHBIM,
TEPANEeBTUYECKH HEBOCHPUUMYMBBIM pPAaKOM TOJOBbl M 1ien [3-7]. Jns [ganpHEHIIero yirydiueHus
pe3ynbratoB Meroga BH3T Tpebyercs: 1) pa3paboTka HOBBIX areHTOB JOCTaBKM Oopa B OMMyXOJb, IS
ONTUMH3ALMN KOHIIEHTPALMHN OOpa B OMYXOJIH, UX PETHCTPAIHS JJIsl KIMHUYECKUX UCTIBITAHUHN, N3yUYeHHE X
OuopacnpeneneHus, 2) (HOKyCHpOBaHHME HAa COBMECTHBIX YCHWIMAX [0 CPaBHEHHIO M HOPMAaJIM3ALMH
NPEANUCAaHUs 1036l MEXIY OHKOJIOTMYECKHMH LIEHTPAaMH, TaKUM 00pa3oM oOecrieunBasi UCCIEIOBaHUE Ha
0O0JIBIINX MOMYJISNHUIX MAIMEHTOB W BO3MOXKHO O0OJierdasi IpOBEACHNE UCTIHITAHIM BO MHOTHX MHCTUTYTax
WIK PaHAOMHU3HPOBAHHBIX KIMHUYECKUX HCHBITAHUH; 3) yCOBEpLICHCTBOBAaHHE METOJOB ONpEACICHUs
KonpyecTBa Oopa, IOCTAaBISIEMOTr0 K OCTaTOYHOMY OOBEMY OIyXOJM M Ha MAaKpPOCKONHMYECKHX M Ha
MUKPOCKOITMYECKUX YPOBHSIX, YTOOBI IIO3BOJIUTH O0Jiee TOYHYIO OIIEHKY JI03bI B OITyX0JH. Bee 3T mpobiiemMbl
BH3T oTHOCATCS K TOKa HEMOCTATOYHOW CO37aBaeMOil  paJMaIlMOHHOW /03¢ B HEKOTOPHIX BHIAX
3JI0Ka4eCTBEHHBIX omyxojei. Kak mokas3bIBarOT MpeablayIIne pe3ybTaThl, IpU 00paboTKe TaKuX OIMyXoJei
CYIIIECTBYIOT CJIO’KHOCTH C JIOCTABKOM U yJIepKaHUEM JIOCTATOYHOTO KOJIMUYECTBA IperapaTa B oy xoiu. TpeOyroTcst
MIperapaTsl, KOTOPBIE C BRICOKUM IPaIUEHTOM HAKAIUTUBAIOTCS B OMTyXOJH 110 OTHOIIEHHIO K 3JJ0POBOM TKaHU
U C 3IIEMEHTaMH, UMEIOLIMMU OOJIBIIOE CeUEHHE 3aXBaTa HEHTPOHOB.

B nanHO# paboTe NIpUBOASATCS Pe3yIbTaThl 0 000cHOBaHMIO purogHocTr  “’'Gd s H3T omyxonei.
Kak moxassiBatoT Hamm pe3yabratel  “’Gd MOXHO HCIONB30BaTh Kak TpeOyembrii mykmum it H3T.
Obpazyemble 4acTUIB! (Y-KBaHTHI, 3JIEKTPOHBI BHYTpEHHEW KoHBepcuH, OKe 3JIeKTPOHBI, PEHTT€HOBCKHE
u3nydeHus) npu obmydeHun — °““Gd ¢ HEWTpOHAMH JIOCTATOYHBI Uil TYyOMTENBHOrO JICHCTBHS Ha
37I0KauecTBEeHHbIE OmyXoiu. C Ipyroil CTOpoHbI CIIOCOOHOCTH € OOJIBIIMM I'PaJAMEHTOM HaKaIUIUBaThCs B
omyxoiu Gd-DTPA, a Taxke u Ipyrux COeAUHEHHMI ¢ TaI0THHUEM, UCTIONIE3YEMBIX B KAU€CTBE KOHTPACTHOTO
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BemectBa Uit SAMP  nuarHoctuku [8], M MX OTHOCHUTENBHO HEBBICOKAas CTOMMOCTb JENAlT HX
npuBnekarenbHbIMu 1 H3T.

VYcmex nydeBOM Tepaluy 3aBUCUT OT TOYHOCTH OIPENENICHUS IOIVIOLIEHHOW JO03bl B OIYXOJISIX.
ITosTOoMy TpeTheil OCHOBOM sBIIsieTCS pa3paboTKa U MpUMEHEHHE COOCTBEHHOI'O METO/a BBIYMCIICHUE 03Bl U
IUTAHUPOBAHUS TEPANIEBTHUECKOTO O0IyUSHHS IPU MCIIOJIb30BaHUEM BBIUMCIUTEIBHBIX IIPOIPAaMM HA OCHOBE
Metona Monte Kapino. B nannoii pabore mpuBeaeH CBOW MeTOA pacuéTa 103 C YYETOM BIUSHHS TPeX
(aktopos [9].

KiroueBble cjioBa: HEHTPOH 3axBaTHas Tepanus, OOp, raJOJIMHUM, HOIJIOUIEHHAasl 1033, METOA
Moure Kapio, 3mokauecTBeHHas OIyXOJIb
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AHK CBSI3AHHBIX COCTOSIHUAM BN—¥C+p, 50—5N+p, PFF-80+p, 2S3P+p

9. T. Py3ues, C. B. Apremosn
Uncmumym sioepuoii ¢usuxu Axkademuu Hayk Pecnybauxu Y30exucman, 100214 Tawkenm, Y30exucman

M3ydeHue saepHbIX PeaKiyii, MPOMCXOASAIINX TPU EPBHYHOM H B 3BE3IHOM HYKJICOCHHTE3CSIBIISCTCSI
BaXHOW dacThl0 sepHOii actpodusukm.Tak, peakuus *C(n,y)®C wurpaer cymecTBeHHy pOIlb B
HEOTHOPOIHBIX MOACIIAX OONBIIOTO B3phIBa [1,2], ABISACH YICHOM IIEITOYKH TPOIIECCOB:

"Li(n,y)°Li(e,n)*B(n,y)*B(B)**C(n,y)*C(n,1)**C(ny)**C

I[Ipu stom peakims “C(p,y)°N sBasercs koukypupyromei mis  peakuun *C(n,y)*C, pons kotopoii
HeoOxoauMo oneHuth. Peakims PN(p,y)*O unanuumpyer yreuxy u3 nepsoro nukiaa CN 3B€31HOTO TOpEHUs
Bogopora B gapyrue 1wmkiael  CNO. Iloteps KaraquTHYecKOro MaTepualia 4epe3  peakiUro
BN(p,y)**Onopoxaer  moclaem0BAaTENbHOCTE  PeaKiuil %0(p,y) 'F(e*ve)'O(p,a)**N,  koTopas
BOCCTaHaBIuBaeT MaTepual nukia CN uinu reuepupyeT Apyrou myTh:

190 (p,7) F (6"V) O (p1) F (67ve) O (p.1) F (p,) N,

KOTOPBI TPUBOJHUT K OOpa3oBaHUIO OoJiee TsOHKENBIX 3ieMeHTOB [3]. Peakuus paguaiiMoHHOTO 3axBara
80 (p,y)* F Baxna ¢ acTpopu3MIECKOM TOUKH 3peHus IIs u3ydeHus npoueccos B AGB-3Be3nax [4]. OtmeTnm
TaKKe BaKHOCTh HEPE30HAHCHOTO 3aXBaTa MPOToHa B peakuuu >P(P,y)*?S, npourcxoasimeii Ha Gosee MO3IHAX
CTaMsAX TOPSHUS BOIOPOJIA.

Bkiag Hepe3oHaHCHOW KOMIIOHEHTHI B CEUCHHS, WIN acTpduindeckue S-GakTopbl paguanioOHHOTO
3axBaTa MMPOTOHA PACCUUTHIBACTCSA Yepe3 aCHMITOTHIeCKre HopMupoBouHble Kodddunmentsl (AHK) cBs3u
NpoTOHA B 0Opasyromuxcs sapax. B padote [5] moka3aHo, 4TOHAISKHBIM HHCTPYMEHTOM JUIsl OTIPEACICHUSI
AHKnpu sueprusx ~10 MaB yo6HbI peakiuy nepenauu npotona tuma (d,n), (d,*He), (n,d), (He,d).

Lenpro nanHO# paboTh! siBisieTcst HaxoxaeHue 3HadeHnin AHK cBsi3u MpOTOHAB OCHOBHBIX COCTOSTHHSIX
agep N, %0, F, 32S, o6pasyrommxcs B BbIIIEYKa3aHHBIX acTpodusnmueckux peakumsax (P,y) mis ux
WCTIONB30BaHMUS B pacdeTax COOTBETCTBYIOHIMX S-(akTopoB. s 3TOro HamMu ObUT BBITIOJIHEH aHAN3
JIUTEPATYPHBIX IKCIIEPUMEHTATBHBIX U depenuuansubix ceuennii (JIC) peakuuit (n,d) Ha sapax C, N,
80 u 3P B pamkax MoauduuupoanHoro Merox Hckaxennsix Boan (MMUB) [6] Ge3 ydera u ¢ yueToM
pasBana jeiitpona. JHepruu cBs3u npotona s aaep °N, 80, 1°F, 325, papubie coorBeTcTBeHHO 10.207 M»B,
12.127 MaB, 7.994 M5B, 8.864 M3B, nocTaTo4HoO BeJUKH, U TIepUEPUIHOCTD IIpoIiecca Iepeayu MPOTOHA,
HEeoO0X0/IMMast JUisl TPUMEHEHHUS! aHaJIN3a, CTAHOBUTCSI HEOUCBUIHOM.

Oco6oe BHUMaHHKE OBLIO yIeTICHO KOPPEKTHOMY NO00pY onTHdeckux noteHuanos (OI1) Bo BXOAHOM U
BBIXO/IHOM KaHaJlaX peakKinii, HeOOXOIMMbIX B aHAJIN3E.

Juast aroro mapamerpel OIl Bo BxomHoMm KaHane (TIyOHMHBI M T€OMETPHYECKHE IapameTphbl
JCHCTBUTEIBHON W MHHMOH dYacTedl SIEpPHOr0 MOTEHIMAJa)BapbHPOBAIUCHCIIOMOLIBIO [TPOrPAMMBI
(NuclearReactionVideo) [7]. noaroukoi pacuethbix JIC k sxcnepumenTtanbubiM [IC ynpyroro paccesHus
HeliTponos Ha sapax °N [8], 0 [9-10], °F [11-12] u **S [13] npu sueprusx ~ 14 MaB. OaHOBpeMEHHO

KOHTPOJIHPOBAJIOCH COBIAACHUC PACYCTHBIX IMOJIHBIX CEUYCHUM B3aPIMOZ[CﬁCTBPIfI HeﬁTpOHOB GtOt C sapamMu

a30Ta, KUCJIOpoaa, GTopa U CephICU3MEPSHHBIMU HAMU 110 OPUTHHANIbHOM MeTouKe [ 14,15] 3HaueHUIMHU otot
U UMEIOIIUMHUCS TUTepaTypHbiMU JaHHBIMU. OII 17151 BBIXOAHOIO KaHalla UCIIOJIb30BaHbl U3 JIUTEPATYPHBIX
JAHHBIX.

C wucnonb3oBanuem Haigenusix OIl, Bemonnen anamu3 MMUB snepusix peakumii "N(n,d)'*C [16],
%0(n,d)"°N [17], F(n,d)'*0 [18], *S(n,d)*'P [19]. Yuer pa3Baia AeHTpOHA BHINOIHAICS C HCIIONB30BAHUEM
nporpamMmbel NLAT [20]. ITonydennsie 3Hauenus kBagparos AHK C? ¢BS3aHHBIX COCTOSHHMI IpoToHa B — A
+ p npuBenens B Tabmuie 1.Bo BTopoM cTonbiie nprBeieHbI 3HAYESHUS TIIABHOTO KBAHTOBOTO YUCIIA 71, & TAKKE
opOuTaNbHOTO / M MOJHOTO j MOMEHTa IepeJaBaeMoro IpoToHa B siipe MuiieHd. B 3-m cronOue naHbI
3HaueHus, paccunTannsle o nporpamme DWUCKS Ge3 yuera pa3Bana gedTpoHa, B 4-M U 5-M CTOIOIAX TaHBI
3Ha4YeHUs, paccuntanabie s tokanbHoro (LOK) u HemokansHOro (NLOK) moTeHInanoB B3anMoIeHCTBUS B
JNEHTPOHHOM KaHaJjie B auadaTHIeCKOM IPUOIMKESHUH.

BunHo, 4uto Bo Bcex ciydasx Bkiaj d¢deKkTa pa3Baia ASUTPOHA B BEIXOAHOM KaHase CJIa0o BIMSET Ha
n3BiekaeMoe 3Hauenue AHK.
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Ta6auna 1.35auenns AHK 1 ocHOBHEIX cocTostHui saep ©°N, 120, 1F, 325,

. C3(DWUCK), C?(LOC), C3(NLOC),
Peaxius nlj oyt o o
BN(n,d)*C 1pie 47+10 49+9 45+11
160(n,d)**N 1p1e 218+25 205+23 216424
¥F(n,d)!®0 2512 105+16 115+17 108+15
323(n,d)3!P 2512 1960+145 20224148 2200+159

Onnaxo ananus B pamkax MMMB mnokaszan, uto peakuuu “N(n,d)"*C, °O(n,d)"°N, “YF(n,d)'*0,
32S(n,d)*'P e pasopoc R(B) cuibHO Gomblie SKCepuMeHTanbHbIX ook JIC ne nepudepuiiabl. Jus Hux
snadenns AHK ObuIM paccuMTaHbl TIPU  «CTAHAAPTHBIX» 3HAYCHHMAX T'€OMETPHYECKUX MapaMETPOB
norennuana Byaca-CakcoHa Uit CBSI3M TiepeqaBaeMoro mpoToHa, 7o=1.25 ¢m u a=0.65 ¢wm. [lostomy ans
HPOBEPKHU MONYYEHHBIX 3HAYEHHUIT ObLI Takyke BhinonHenbonenkn AHK u3 aHanusa IuTepaTypHbIX JaHHBIX
o peakuusaM(*He,d) Ha siapax '“C [21], "N [22],'%0[23] u 3'P [24], a Taxxe (d,’He) na sapax "N [25],'°0
[26, 27], °F [28]u *2S [29], kKoTopble OKa3aauch Gonee nepupepUiHBIMA. BBUIO YCTaHOBIEHO, YTO OHH BO
Bcex ciiyyasix B npenenax ~ 20 — 25% comacyrorcs ¢ JaHHBIMU U3 peakuuid (n,d).
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OIIMEKHA B ONPEJEJIEHUA D®PEKTUBHON MACCHI
nip - TAPBI YACTHUIL OT PACHIAJIA S,,-PE3BOHAHCA

Amutpuii Apséaos’ u 3adpap Uramky.os?

LO6wedunennwiii uHcmumym s0epHuix uccireoosanuu, Poccus, 141980, Mockoeckasa obracme, 2. [youa, yi.
Konuo- Kropu - 6,
*E-mail: drd@yandex.ru (asmop, omeemcmeaennoiii 3a Repenucky)

Annomayusn

B cmamve npusoodsmces pacuemvl K1a006 8 OUUOKY 60CCMANABTUBAEMOU IPHEKMUBHOU MACCHL TTP-
napuvl om pacnaoa Si1 - HyKIOHH020 pe3oHanca. [anHulii pe3onanc poxcoaemcs 8 aopax muwenu Hyxiompona
npu Ux 63aUMOOElCMEUU C HATeMaloWumMu A0pamu YCKOPUmess (npu onpeoeienHblx YCa08UsIX peakyuu Ha
muwenu). J{ns noucka n - Me30HHbIX s0ep mpebyemcs pecucmpayus ©p - napvl yacmuy om pacnada Sii
HYKIOHHO20 pe3onanca, paziemarowuxcss noo yenamu ~I180°. Pecucmpayus smoii napvr uacmuy
ocywecmensemces 08yxnieuesoll cyunmuasyuonnou ycmaroskou SCAN-2, pacnonosicennol Ha enympenuei
muwenu Hyxnompona (JIOBD OHAH), xomopas npedHasHauena, 8 nepsyrd ouepeov, 01 HOUCKA 1] -
ME30HHbBIX sl0ep.

Knwouesvie cnosa: Ycxopumenv, 6HymMpeHHssE MuuieHb, Si1 — PE3OHAHC, dMA-Me30HHbvle 0pa,
ahpexmuenas macca, IHepeeMuYecKull CHeKmp 4acmuy.

Beenenue

VYxe naBHO OBUTO OOHAPYKEHO, YTO HYKJIOHHBINA pe3oHaHc Sii (1535), KOTOpEIi TEXHUT IyTh BEIIIS
nopora (N+N), IPUBOAKT K CHIILHOMY TPUTSHKEHHIO HU3KO3HEPI€THYECKOrO 1)-Me30Ha K HYKJIOHaM siapa [1].
B pesynbraTe MeaJIeHHBIN 1)-Me30H 3aXBaThIBaeTCA APOM U popMupyet n-sapo. OxxumaeTcs, 4To CBI3aHHOE
COCTOSTHHE 1)-M€30Ha U sipa Oy/IeT MPOsIBIATHCS KaK Y3KHid MUK B dHEpreTnyeckoM crekrpe nN-map (n + N
— S11 — n + N) BOsu3u mopora obpa3oBanus n-mMe30Ha (M, + M= 1486 MaB) [2]. Takum o6pazom MoryT
OBITH MPOBEPEHBI TEOPETUUECKUE TPEACKa3aHus JJIsl BETUYMH dHEPruil cBsi3v v mupuH (M+N) CBsI3aHHBIX
COCTOSTHUH.

IlepBoe mpensoxeHue MO MOUCKY U MCCIETOBAaHUIO M-A1ep Ha BHyTpeHHeH MmumieHn HykmoTpona
(JI®BD OUANY, r. [lyObHa) ¢ HOMOLIBIO PETUCTPALIMH TP-TIap, BHUICTAIOUINX U3 MUILEHH oyt nof 180° B
71abopaToOpHON cucTeMe OT4eTa, ObUTo omucaHo B padote [3]. st 9Toi 1enu cHayana ObUIO MPEATIOKEHO
HCTIOTb30BaTh JABYXIUIEYEBYIO CIMHTHILIAIHOHHYT0 yeTanoBky SCAN-2 [4, 5] (puc. 1), 1 KOTOpOit yxe ObLT
anmpoOUPOBaH AITOPUTM PEKOHCTPYKIIMHU (hrusndeckoro codbitus [6, 7].

Hcxos U3 pe3ybTaToB HEKOTOPBIX MPOMICIIIHNX SKCIIepuMeHTOB [8, 9], coBpeMeHHbIe Hccie0BaHus
JOJDKHBI MCXOJIUTh W3 IIMPUHBI NMKAa B dHeprerudeckoM crnektpe nN-map mopsiaka 10 MaB u mostomy
JIOJDKHBI TIPElyCMaTpUBATh TOYHOCTh U3MEPEHHSI JHEPTHIA YaCTHIL He Xyxke ~3-5 MdB ¢ TeM, 4ToObl TOYHOCTh
ONpEACIICHUSI CYMMAapHOM SHEPIUM Napbl COCTaBisia HE MeHee 5-7 MaB. B skcnepuMeHnTax 1o moucky m-
sjep Ha BHyTpeHHed mumeHn HykimorpoHa TpeOOBaHUsS Ha TOYHOCTH ONpENENEHHs] SHEPTHHU HECKOIBKO
ociabnensl (mpumepHo B ~1.5 pasza). Oto o0ycioBneHo 3¢ddexkramu ymmpeHus HabII0naeMOro IMukKa B
CIIEKTpE CyMMAapHOM SHEPTUU KOPPEITUPOBAHHOM Maphl, YTO BBI3BAHO Pa3dpOCOM B DHEPTUH BHYTPHSIICPHBIX
HYKJIOHOB, Ha KOTOPBIX NIPOUCXOAWUT AaHHUTWIISAIMS CBA3aHHOTO JTa-Me30HA. YKa3aHHBIH pa3bpoc
JOTIOJTHUTENIBHO YBEIMYMBAET HaOI0AaeMyI0 IIUPHHY MuKa Ha ~20 MaB.

W3 3aKkOHOB COXpaHEHHUS B 3JIEMEHTAPHBIX Mporeccax N+ P >+ P u Sy — ©m + P ¢ nouTH
MOKOSIMIMMHUCST HAYaJbHBIMA YaCTHLIAMH KHHETHYECKHE SHEPIMH, HMITYJIbCHl M CKOPOCTM KOHEYHBIX
MPOTYKTOB MOKHO BBIYMCIUTH MO (POPMYJIaM (C TOUHOCTBIO J10 3PPEKTOB CBSI3H U PEePMU-IABIKEHHS )

Ky = Ex — m; = (W? + m;2 — m\?)/(2W) — my,
Kp = Ep — mp = (W? + mp2 — m:2)/(2W) — mp, (1)
Pr=pp =[E< —mf] 2= [E> ~my?] Y2, Bx=pa/ Ex, Bp=po/ Ep
rne W =m, + my = 1486 MaB/c? uin W = mg1 = 1535 MaB/c?.

XapaKTepUCTHKH MMPOTOHOB U MTHOHOB OT pacmajia Si1 U MPEAONIOKUTEIBHOTO T-/pa MPUBEICHBI B

Tabnuue 1.
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Taoaunna 1. Kunematuaeckue XapaKTECPUCTHUKU NPOTOHOB U ITHOHOB OT pacnagoB.

Pe3onanc(macca) Kp Kz Pp P
(MbB/c?) M>B M5B B B M>bB/c MbB/c
S11(1535) 109 347 0.440 0.96 466 466
NN (1486) 94 313 0.42 0.95 431 431

Puc.1. Cxema sxcniepumenTanbHol yecranoBkn SCAN-

[MocTapaemcst mpoaHANU3UPOBATh BKIIAABI B OIIMOKY OMpPEeNICHHs] SHEPTUH TIP-TIaphl Uil yCTAaHOBKU
SCAN-2 ¢ COOTBETCTBYIOIIMM aJITOPUTMOM BOCCTaHOBJICHHS (PU3HMYECKOT0 coObITHS [6, 7].
[TonHyto ommMOKy B ONpenesIeHNH SHEPTUU Maphl YaCTUIl OT paclaaa Sii pe30HaHca Wi OT pacmazaa
TM-A1pa MOKHO OLIEHUTh KaK COBOKYITHOCTH CIIEAYIOLINX OIINOOK sl KaXKI0H U3 YACTHI] TTaphl:
1. ommOKa, cBsi3aHHAsI C BpEMEHHBIM pa3penIeHreM JeTeKTOPOB (CTaTUCTHYECKas OITHOKA);
2. omuOKa, CB3aHHAsi C HETOYHOCTBIO B OIIPE/ICNICHHUH alllapaTHOTO cMeleHus to (cucremaru-
yeckas oImnoka);
3. ommOKa, CBs3aHHAsA C MHOTOKPATHBIM paccessHueM (CTaTHCTHUECKasl OInOKa);
4. omrnOKa MeTo/1a BOCCTAHOBJICHHUS 3HEPI'HH, CBSI3aHHAs C BBEACHUEM KOPPEKLMHU Ha ObICTPOTY
WJIM DHEPTHIO (CUCTEMaTH4ecKasi OlIMOKa).
BpemeHHOe paspelleHHe JeTEeKTOPOB, BXOMIIMX B COCTaB BpeMs-LposieTHOM cuctemsl, P1 (K1) u
Kaxxaoro anemenTa P3 (Ks) n3Mepsiiock OTIeibHO Ha MOHOYHEPIeTHYHOM JICHTPOHHOM Ityuke. [TosydeHHbIe
sHaueHus it P-ruteua ycranosku SCAN-2 npescrasiieHsl B Tadiuie 2.

Ta0auna 2. BpemeHHoe pa3pelieHue qeTekTopoB P-meyda.

JETEKTOP P: Ps! P4? Ps? Ps*
Pazpemenue (HC) 0.1 0.14 0.15 0.14 0.16

U3 3THX 3HAUYEHUI MoydaeM YCpeAHEHHYIO OMIMOKY ONpeeNieHHs] BpEeMEHH NpoJieTa Ha 3aJ1aHHON
6aze At=10.178 Hc.

B skcriepuMeHTe OTHOCUTENBHYIO CKOPOCTh onpenesiu no gpopmyse S = L/(txc), rne L - miuna
6a3bl C abcomroTHOM morpentHocThio AL = 0.1 cM, t — BpeMs mposieTa Ha 3a1aHHO# 0a3e, C — CKOPOCTh CBETa.
AOCOJFOTHAS TIOTPEIIHOCTh OTHOCHTENIBbHO#M ckopocTu AS(AL, At) Berumcisiercs no Gopmyie:

ALT [ Lxat
AB=|l—| * 77— )]
txc 2xCxt

Ha pucynke 2 mokazaH CTaHJApTHBIM rpaduK 3aBUCHMOCTH pPaccMaTPUBAEMOHN IOTPEITHOCTH
OTHOCHUTEJIBHON CKOPOCTH MPOTOHA OT BEIMYHMHBI CAMOM CKOPOCTH, KOTOPBIH MOXHO allpOKCHMUPOBAThH
MOJIMHOMOB 2-oii cTenenu (B AanHoM ciyuae, P1=0.10375E-04, P2=0.70303E-06, P3=0.15095E-01). B

CpeIHeM, BKJIAIl JaHHOW OMHUOKKM B DHEPTHIO MPOTOHA
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E =11 3)

p 2’
Ji- 5,

KOTOpast BXOJWT B 3P PEeKTHBHYIO MacCy Mmapbl YaCTHIl HIMEHHO OT Paciiajia pe3oHaHca S11, COCTABIISIET
npumepHo 1.75 MeV. Ecnu MBI cuntaeM TakuM ke 00pa3oM Bkiaj B 3G (EKTUBHYIO Maccy OT MHOHA, TO
COOTBETCTBYIOIIAs OIMUOKA JJIs MMOHA COCTaBsieT nmpuMepHo 77 MaB. JlaHHbIC BEIMYMHBI MOKHO YBHJICTh
Ha pHUCYHKeE 3.

Tak kak umnysbe mpotoHa Ha ycraHoBke SCAN-2 BoccTaHaBiuBaeTcsi 0ojee TOYHO, TO SHEPTHIO
MMMOHA TIPEIUIaracTcs CYHMTaTh ITyTEeM TMPUPABHUBAHUS HMMITYJIbCA NHOHA K MMIIYJIBCY NPOTOHA (3TO

CIPaBEIMBO IS CITydasi IByX4acTUYHOTO pacraia MOKOsIIErocs: pe3oHanca). B aToM ciryuae sHeprusi muoHa
cunTaeTcs 1mo GopmyIe:

o VA —mDem;
’ N

a ommOKa YHEPTUH CYUTACTCS TI0 hopMyIIe:

AE, = A, B, (VZ(m2 —m?) +u ),u :\/ﬂj(mﬁ—mi)eri’V: /1_55 (5)

(4)

uxv
"'E-F 0014 :
0.012 / ’
0.01 proton L
0.008 i + H
PP N [ 0 U N . . Puc.2. 3aBUCHMOCTE aGCONMIOTHOI TIOTPEIIHOCTH
L S S R~ N S OTHOCHUTEJBHON CKOPOCTH POTOHA OT BETMYHHBI
o = e e S S CKOPOCTH.
o 0:2 0:3 0E~l 0.‘5 Difn 057 058 010 i
B
= | Z 250
o i i R i
g . ; / g = | / Puc. 3. 3aBECHMOCTE a6COTIOTHON
| - MOTPENIHOCTH SHEPTHH MPOTOHA (JIEBHI
= i / rpaduk) 1 nuoHa (IpaBklil TpaduK) OT HX
; | 100 fo - OTHOCHUTEJBHBIX ckopocTel. CTpenku
i | | COOTBETCTBYIOT CITy4ar0 Pacraja PE30HaHca ¢
05 : : | i * /// Maccoit 1535 MaB/c2.
e : o e

AM

Puc. 4. CrnecTBre BpeMEHHOTO pa3pelIeH s JeTeKTOPOB.
3aBUCHMOCTB aOCOTIOTHOM MOTPEIIHOCTH Y(PEKTHBHOIT
MAcChI Tp-Taphbl OT BETMIUHBI 3G HEKTUBHON MACCHI.

i i i s
1300 1400 1500 1600
V
M, , McV

Tak kak B JaHHOM CJiyda€ BKJIaJlbl B 3(1)(I)CKTI/IBHYIO MacCy OT MNpOTOHA W MHNOHA HE SABIAIOTCA
HE3aBUCHMBIMH, TO OHH/IGKa 3(1)(1)6KTI/IBHOI7[ MAcCChI IMapbl 4aCTHUIl CYUTACTCA KaK CyMMa a6COHIOTHBIX 3HAUYEeHUH
omKOOK SHEPTUU Kaxkaoi n3 yactull. Ha pucynke 4 nokazana ommoOka 3(h(GeKTHBHON Macchl Mapbl YacTHI]
AMeff .

AnnapaTtHoe cMeleHue to

AnnapatHoe cmenienue to, BXozsuiee B popMyITy BOCCTAHOBJIEHHS BDEMEHH MPOJIETA YACTHIIBI MEKITY
nerexropamu P1(K1) 1 Pa(Ks) t = 0.5((tepx™ + tuus™>) = (taepx™* + tuws 1)) + to, BKITIOUAET 3a/IEPKKH HA CUTHAIBI
OT (OTO-DIEKTPOHHBIX YMHOKHTENEH, CyMMapHOE BPeMs MPOXOXKIEHHS CBETA BJOJb CIMHTHILISTOPOB,
3aJIEPKKH, CBS3aHHBIE C DJIEKTPOHMKOM, KaGensMu M T.JI. ANNAapaTHOE CMEIICHUE HAXOMUTCS ITyTEM
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CpaBHEHHMS TIOJOKEHUM TOYEK Ierernda B 3aBUCHMOCTAX dHepropeiaenenus B P3(Ks) or Bpemenu mposera
MPOTOHOB JIJIS CIYYaeB IKCIEPUMEHTATIBHBIX M MOJICTUPOBAHHBIX MaHHBIX [6]. Takue 3aBUCHMOCTH B paiioHe
TOYEK Meperuda ¢ KOpUAOPaMu OIMMOOK MOKHO ITOCMOTPETh Ha PUCYHKE 5.

a
=
= =
= -
528 w0 =
s 5
= )
e z
s27f = 3
Lol
s B =
= ) <
s26[ \
A S 1
BpemMs , HC— : = 18. e 18.4 18.5
—6.33 —6.32 —-6.31 —6.30 BpeMSa , HC

Puc. 5. KOpI/IZ[OpLI OIInO0K JJIsA l"paq)I/IKOB 3aBHUCUMOCTHU SHEPTOBLIACICHUSA IIPOTOHOB B P3 ot BpEMCHU
poJI€Ta MPOTOHOB Ha 6ase P1-P3 JUI CITy4aeB MOJCIMPOBAHHBIX U SKCIEPUMEHTAJIbHBIX JaHHBIX.

OmmoOka B onpenenennu to MoxkeT ObITH orieHeHa Ha ypoBHe 0.038 Hc.

Omudka Koppekuun

Jlns  ompeneneHusl TMOTPENIHOCTH, KOTOpash BO3HUKACT TPU BBEJACHUM HE COBCEM TOYHOM
JIOTIOJTHUTEIEHOW KOPPEKIIMU Ha SKCIEPUMEHTAIBHBIC TAHHBIC NMPH BOCCTAHOBJICHUH PA3IMYHBIX BEIUYHH,
PacCMOTPHUM TIPU UCHOJIB30BAHUU MOJICIIMPOBAHHBIX JTAHHBIX 3aBUCMMOCTh MCTUHHOTO 3HAYCHUS UMITYJIbCca
OT BOCCTAHOBIICHHOTO 3HAYEHHUS WMIyjIbca. Takyl0 3aBHCUMOCTHh I MPOTOHA Pihp(Precp) MOXKHO
anIpOKCHMHUPOBAaTh MOIMHOMOM 4-0ii ctemenu (Ao = 320.74, Ai = - 0.5478, A, = 0.2966x102, Az = -
0.2561x10°, A;=0.8202x10?).

B nanHOM citydae HETOUHOCTH B omnpeneneHn 3pQeKTUBHON Macchl Tp-aphl OT pacnaja pe3oHaHca
TIpeyIaraeTcsi BRIYUCIUTH 1Mo (popmyie:

AI\/Ieff = |:\/m;2) + pti,p +\/m72z + pti,p :|_[\/m[2J + ptzh,p(prec,p) _'_\/m]Z[ + pti,p(prec,p) (6)

= In
= 1 ot 5
. o e,
= o o .
= : . s "

- .“'» ‘.&“.M.,'l

1400 1600 1800 2000
M, , Mev Puc.6. 3aBUCHUMOCTb YCPEAHEHHOM OLIMOKU
E A L s dexTrBHOIT Macchl 0T BeMYUHBI AP HEKTHBHOI
5 1 [t ERT o MAacChl TP-Taphl OT pacraga pe3oHaHca (8epxHull
- el oy 2 ~
5 Ly 2paguk) v Ta xKe 3aBUCHMOCTh, B KOTOPOH OIIMOKK
08 Lovnben el o B o o
B3STHI 10 MOYIIO (Hudichuil epagux).
o 1400 1600 1800 2000

M . Mev

Ha pucynke 6 mokazaHa ycpenHeHHas omMOKa B onpenesneHnd 3GpdeKTHBHON MacChl Mapbl YacTHII.
Buano, uro ommbOka gaet He 6omee 2 MaB. D10 3HaueHHe 1 MOKHO B35Th B KAU€CTBE OLICHKH BKJIaJia JaHHOTO
BUa OMMOKY B 3 (HEKTUBHYIO MacCy.

3akiIoueHne

st skecniepumenTtanbHol yeraHoBKH SCAN-2 Ha BHyTpeHHel Mutienn Hyknorpona (JI®OBD OUSIN,
r. JIyOHa) MBI IPOBENTN aHAIN3 BCEBO3MOXKHBIX OIIMOOK B ONpeieTieHnH 3PEeKTUBHON MacChl Tp-Maphl YaCTUI]
OT pacmaja IOKOsAIIerocsl pe3oHaHca. B mHTepecyromeM Hac nuamna3oHe B HCCIEIOBAaHUM T)-pa oOmias
ommnOka 3¢ ¢dexkTUBHOI Macchl cocTaBisier 7-8 MaB. DTo ynoBieTBOpsieT COBpEeMEHHBIM TpeOOBAaHUSIM Ha
omKOKy 3¢ (EKTUBHOM Macchl Il YCIEITHOTO MTOMCKa M-apa.

Oco00 HYKHO OTMETUThb, uTO ycTaHoBka SCAN-2 He ONTUMH3MpPOBAaHHA ISl PETUCTPALUU H
OTIpEJICNICHNH XapaKTEPUCTHK MMHUOHOB C JIOCTATOYHOM TOYHOCTHIO. JlaHHBIN HemodeT OyJeT WCIpaBlieH B
Oynyuieit TpexiuiedeBoid MaranTHoi yctaHoBke SCAN-3 [5]. B o0pabotke nannbix, nomydeHHbix Ha SCAN-
2, 175l yMEHbIIEHHsI OMOKHU 3 (EKTUBHOM MacChl BBEIEHO YCIIOBHE PaBEHCTBA MOMEHTOB IMMOHA U IPOTOHA.
OTO cHpaBeATMBO AJ MOKOALIETOCS B JIAOOPAaTOPHOHM CHCTEME PE30HaHCa, YTO B cydae T-sapa SBISeTCs
KOPPEKTHBIM ycjoBHeM. [Ipu 00paboTKe IKCIEPUMEHTAIbHBIX JaHHBIX ¢ ycTaHOBKH SCAN-2 HY»)HO 0c000
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YAETUTh BHUMAaHHE Ha YCIIOBUS KOPPENSIUN MHOHA W TPOTOHA, YTOOBI OBITH YBEPEHHBIM, YTO OHHU
00pa3zoBalUCh OT pacmajia OAHOTO U K TOMY e ITOKOSIIErocsl pe3oHaHca.
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Abstract

This message presents the dependences of the control parameters of the Higgs potential, in a system
with two doublets models (2HDMSs) and with aditional singlet of complex scalar fields, on temperature, this
determines the evolution of the potential minima surface, leading to the possibility of the first order strong
electroweak phase transition (EWPT) with a critical temperature of 100 GeV and unobservable light CP-odd
states. We examine parameter regions in CP-violating 2HDMs and find certain areas where multi-step induced
EWPTSs occur. For the self-couplings in Higgs potential, a shift of the RG flows is observed, which is associated
with the presence of an additional phase, the infrared asymptotic behavior of the critical point is determined.
The possibility of an induced electroweak phase transition based on a chain of induced spontaneous symmetry
breaking is considered, the RG flow method is used for analysis.

Key words: temperature Higgs potential, critical temperature, renormalization group flow, induced
electroweak phase transition
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Abstract

We construct a space of classical one-particle dynamical solutions satisfying exact equations of motion
of standard SU(3) quantum chromodynamics (QCD).The gluon solutions provide microscopic
description of QCD vacuum and vacuum gluon condensate which is stable against quantum fluctuations.
It has been demonstrated that obtained solutions possess inherent color symmetry with respect to Weyl
group of SU(3). The Weyl group representations allow to classify gluon solutions and define strict
concepts of gluons as fundamental particles.

The knowledge of full space of dynamical solutions leads to construction of one-particle quantum states
and proper definition of analog of the Hilbert quantum space. Our results represent a new approach to
non-perturbative formulation of QCD based on Weyl color group.

Key words: non-perturbative QCD, stable vacuum, color confinement

1. Introduction

Despite on tremendous progress since invention of quantum chromodynamics (QCD) a strict
non-perturbative theory of QCD has not been constructed so far, and the origin and mechanism of
color confinement, which is the main phenomenon in QCD, remains unclear. The deep insight on the
nature of the color confinement was revealed in 1974-75 by Wilson [1], Kogut and Susskind [2], who
observed that: (i) color confinement is intimately connected to color invariance of the vacuum, and,
(ii) the existence of a non-degenerate vacuum provides the confinement phase. Based on this "t Hooft
conjectured that QCD vacuum structure must be described by Abelian projected QCD [3], since the
Abelian gluons are color neutral and can provide color invariant vacuum. Another crucial observation
was made by Savvidy, who found in 1977, that a non-trivial vacuum was generated due to vacuum
polarization effect [4]. Soon after that Nielsen and Olesen showed that Savvidy vacuum made of
constant chromomagnetic fields is unstable against quantum gluon fluctuations [5].

In search of resolution of the problem of QCD vacuum which must be color invariant, non-
degenerate and stable against quantum fluctuations, led to extensive studies of vacuum models based
on various gluon field configurations. A strict microscopic structure of a quantum stable QCD
vacuum has been obtained in [6], where it has been shown that a stable vacuum is realized by Weyl
symmetric Abelian gluon fields. An important feature is that vacuum is constructed from only one
Abelian gluon field representing color singlet representation with respect to Weyl group, a finite color
subgroup of SU(3), which is the only color group which survives after removing by gauge fixing all
unphysical pure gauge field degrees of freedom. Manifestation of the Weyl group color symmetry in
the vacuum structure in the space of one-particle gluon solutions has deep implications. The Weyl
symmetry allows to construct analog of the Hilbert space of one-particle quantum states in non-
perturbative formalism. This provides strict definition of concepts of fundamental particles, gluons
and quarks, and open a new way to construction of non-perturbative theory of QCD.

In this paper we describe the singlet structure of the space of Weyl symmetric non-Abelian
gluon solutions which lead to the space of one-particle quantum states for gluons. Generalization to
the case of Weyl symmetric quarks is presented as well. Some physical implications of our approach
are discussed.

2. Space of gluon one-particle quantum states
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The main step in formulation of any quantum field theory is construction of the Hilbert space of one
particle quantum states. In general, in non-linear theories a linear superposition principle is absent. Therefore,
it is not possible to define a Hilbert space as a linear vector space. Nevertheless, one should to find a full space
of classical dynamical solutions to define particle content in the theory and construct a space of one-particle
quantum states. In addition, formulation of the quantum theory of QCD must be consistent with the known
hadron phenomenology, in a particular, with color and quark confinement and with generation of non-trivial
vacuum gluon and quark condensates.

Our main idea in constructing non-perturbative QCD is the following: a Weyl group of SU(3) is the only
proper color symmetry group which survives after removing all pure gauge field degrees of freedom, and the
Weyl symmetry determines all color attributes of gluons and quarks.

Other residual color subgroups of SU(3) are inconsistent with the color confinement and generation
of the quantum stable non-degenerate vacuum.

We adopt the following requirements to the classical dynamical solutions:
(i) consistence with quantum mechanical principles implies that at microscopic space-time level the
dynamical solutions must depend on time and admit stationary classical states with a finite
energy conserved inside space domain corresponding to interior of hadrons.
(i1) the solutions must admit localization of particle states inside hadrons.
(iii) the solutions must be exact solutions to exact equations of motion. Using of approximate
solutions like in perturbative approach might lead to incorrect concepts of fundamental particles
and loss of other important physical effects.
(iv) the solutions describing the vacuum condensates and quantum states must be stable against
quantum fluctuations.
(v) solutions must be regular, and possess finite energy density and conserved total energy and
momentum inside hadrons.
Based on these requirements we construct stationary dynamical solutions which provide microscopic
description of the vacuum and color singlet structure of the Hilbert space of one-particle quantum
states.
The main idea of our approach is to find a full space of stationary solutions which are symmetric
under the Weyl group transformations. We construct a proper ansatz in two steps. First, we define
a general Weyl symmetric ansatz for magnetic type gluon solutions. Such an ansatz contains gluon
fields belonging to reducible multi particle Weyl group representations. Second, we will perform
reduction of the general Weyl symmetric ansatz to the ansatz which contains only Weyl singlet
representations.

We generalize a known SU(2) Dashen-Hasslacher-Neveu (DHN) ansatz for static solutions to time
dependent solutions in SU(3) pure gluodynamics. A Weyl symmetric ansatz for SU(3) group is constructed by
applying a generalized DHN ansatz with time dependent fields corresponding to 1,U,V-type subgroups of
SU(3). We define the following non-vanishing field components of the initial vector gauge potential A¢ in
I,U,V-sectors (we use notations: the color index takes values a=(1,2,3...8), the space-time index i=(0,1,2)
denotes space-time indices corresponding to time (t), radius (r) and polar angle (8) (in spherical coordinates),
the full space-time index, denoted as m=(0,1,2,3), includes azimuthal angle (¢))

I: A2=K; A=K,
Us A} =—Q; A3 =04
V: A7 =5S; AL =S5, 1)

where K;, Q;,S; are non-Abelian gluon fields, K,, @,,S, are Abelian fields. Two additional Abelian
fields Afp's = K38 corresponding to Cartan generators 732 can be written as 1,U,V-field components, using

root vectors v (p=1,2,3 or LUV ): 71 = (1,0), r? = (-1/2,v/3/2), 3 = (=1/2,—3/2),
Al =17 AY; @)
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Ansatz (1,2) contains non-Abelian fields K;, Q;,S; forming three reducible 3-dimensional Weyl
representations. Abelian fields K, Q4,S, form reducible 3-dimensional Weyl representation, and Abelian
fields K3, Kg form a 2-dimensional Weyl representation. We impose additional constraints which extracts
singlet 1-dimensional irreducible representations of the Weyl group

Ki=Qi=S;, K= %K Q= (3+DKu Si=(-;-DK. ©)

Finally, one has a final ansatz given by egs. (1,2,3) which describes four Weyl singlet fields K,,,,
(m=0,1,2,3). One can verify that ansatz (1,2,3) is consistent with all QCD equations of motion producing four
independent hyperbolic partial differential equations and one constraint for four independent fields K, [6].
Numerical solutions to these equations have been obtained in [6] where it has been proved that Abelian
solutions described by K5 are stable against quantum gluon fluctuations and provide microscopic structure of
the vacuum gluon condensate. It is surprising that the given ansatz describes two propagating modes K; 3
describing Abelian and non-Abelian gluon solutions, and each of these solutions belongs to singlet irreducible
representation of the Weyl group. This implies that these two modes lead to two one-particle quantum states
for Abelian and non-Abelian gluons of magnetic type. The Abelian gluon solutions are obtained in the absence
of non-Abelian fields K, ; , and describe the density of the vacuum gluon condensate. The Abelian solutions
are presented in a simple analytic form by vector spherical harmonics of magnetic and electric type which
form a complete set of basis functions in the Hilbert space of all Abelian solutions. The space of non-Abelian
solutions is a non-linear space, and it can not be supplied with a vector space structure. However, it can be
shown that space of singlet solutions represents an infinite but countable space of solutions which can be
described by a finite set of integer numbers [6]. An important role of existence of such classification belongs
to the Abelian dominance effect[6], which implies that each non-Abelian solution contains Abelian field
component. This allows to define a Fock space of one particle quantum states for non-Abelian solutions (or
corresponding quantum states) over each selected Abelian state.

3. Confinement of a single gluon, glueball formation

A natural question arises whether a singlet gluon can be observed. We show that a single gluon forms a
bound state localized in a compact space region due to interaction with the vacuum gluon condensate. To
prove this we consider a simple effective Lagrangian based on one-loop effective Lagrangian in a pure
gluodynamics
9°F

) —0) ()

2
AQcep

L1 = —ZF2, — kg2 FA2(Log

where "k,c" are number factors, "g " is a strong coupling constant.

The effective potential corresponding to the one-loop Lagrangian has a minimum at non-zero value of
the vacuum gluon condensate

1

T, 5)

Cc
g°B* = Agepe
We split the field strength FE,,,, into background and quantum parts:

Fnn = Bmn + Qmn (6)

where B,,, = 0, B, -(m<>n) - is the field strength describing the vacuum gluon condensate, and

the quantum part, Q,, = 0,,Qn -(m<>n) , is a field strength defined in terms of Abelian vector

potential describing the single gluon. Decomposing the one-loop Lagrangian around the minimum (5) one
derives an effective Lagrangian for the single gluon interacting with the vacuum gluon condensate

1
Lzeff =2 kgzﬁ (anan)Z ) (7)

where we keep only quadratic terms in quantum field for simplicity. In quasi-classical approximation
the gauge potential for the vacuum gluon condensate is given by the lowest vector spherical harmonic with
orbital number (1=1) and chosen first node v;; = 2.74 ...

B, = N x j;(v11x)sin?0 sin(v;t), (8)
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Jji is a spherical Bessel function, and we use dimensionless variables

r t
x=1 =", 9
Vi Vi1 ()

For the lowest state the vector potential for the single gluon is given by unknown coordinate function
a(x, 8), and temporal phase shift angle ¢,.

One can derive Euler equation from the effective Lagrangian (7) which represents a partial differential
equation in spherical coordinates. For the lowest ground state the gluon potential a(x, 8) is a spherically
symmetric function with only radial coordinate dependence, and the partial differential equation turns into
ordinary differential equation which can be easily solved numerically. The solution and corresponding energy
is presented in Fig. 1.

s (a)

0.5 (b) (d)

0.0 —

\ o
e 0.5 r \\\\\ 1//.’/ > 4
R— c
-1.0 ©
-1.5E : : ¥ i .
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X

Figure 1. (a) Solution f(x) with a unit amplitude (in blue); (b) a corresponding radilal energy density (in red); (c) the first
derivative of the energy density (in violet); (d) the second derivative of the energy density (in green); the solution has a minimal

energy at the phase shift value ¢@g = + g

The solution vanishes on the space boundary given by a sphere with radius x=1 in dimensionless units.
The energy density and its first and second radial derivatives vanishes at x=1 as well. Therefore, the solution
is defined on a compact space corresponding to the interior space of a hadron. The solution describes a stable
ground state for the lightest scalar glueballs with quantum numbers defined in the same way as for two photons
and lead to lightest glueballs 0**,0%. Note that result is model independent, and it can be obtained from a
class of effective Lagrangian functions like a known Ginsburg-Landau model.

We conclude, that due to interaction of the gluon with vacum gluon condensate a localized bound state
is formed which represents a colorless hadron, glueball. So that a single gluon can not be observed as a free
particle

4. Weyl symmetric singlet structure of quarks

Now we consider SU(3) QCD with one flavor quark in the presence of the vacuum gluon condensate.
Substituting ansatz (1-3) into Dirac equation for quark complex fundamental triplet one obtains the following
equation

(V™ 0m —m +£y™ A G +2y™ Ay Q¥ =0, (10)

where G and Q are color charge matrices

wl w3 w? 0 —i i
G=(w3 w?2 wl)] Q=\|i 0o -i), (11)
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andw? = wl +wf, wlg-areweights,and A, = 83Kz, Ay = Sk, (12)

with index values (m=0,1,2,3) and (i=0,1,2). Matrix G has three color eigenvectors u%% with
corresponding eigenvalues A%

1 wiwd + w2(+5 —w?)

ul = <1>, ut = w2wd + wl(+g —wh) : (13)
1 wiw? + w3(+g —w?) + g2

=1, At =+/g.

The color vector u° belongs to irreducible singlet representation of the Weyl group, and two color
vectors uT belong to irreducible 2-dimensional Weyl representation. Decomposing the quark triplet ¥ in the
color vector basis u%* one obtains decomposition of the triplet quark ¥ into the sum of singlet quark ¥° and
two quarks ¥* from 2-dimensional representation

Y=ol ¢+ ptyt +py (14)
With this one obtains from egn. (10) the equations for singlet and doublet quarks
[i y™0,, — m]¥° =0,

[i y™mo, —m+ @ym An |PE=0. (15)

One should notice, that so far we did not take into account the equation of motion for the vacuum gluon
field, assuming that vacuum gluon condensate potential is defined in the absence of quarks. If we consider the
vacuum gluon condensate in the presence of sources, i.e., quarks one finds that equation for gluon field with
the quark source does not admit non-trivial quark solutions implying instead only trivial vanishing solutions
for quarks. Therefore, the presence of quarks leads to vacuum reconstructing, and one should generalize the
Weyl ansatz (1-3) in a consistent way with the original full QCD equations of motion. Even though the above
consideration is valid only in the presence of a given external vacuum gluon condensate, it serves as a direct
indication to possible existence of a singlet and doublet quark representations with respect to Weyl color group.
Indeed, one can find a Weyl symmetric Abelian projection which is consistent with equations of motion of
QCD and leads to decomposition of the initial quark triplet into a direct sum of singlet and doublet irreducible
quark representations [8]. Note, that the existence of a singlet quark does not imply immediately that a single
guark can be observed. As we have shown in [7] a single quark forms a localized bound state, a meson, due to
interaction with the vacuum quark condensates. So that, the gluons and quarks as single particles may not
observed directly due to vacuum polarization effects and interaction with vacuum quark and gluon condensates
resulting in formation of hadrons.

5. Discussion:

The most simple non-perturbative quantization can be performed by the known quantization scheme
based on functional integration with using backround field method. The original gauge potential is decomposed
into two parts

Al = B + Qna, (16)

where Q% - is a quantum potential describing vurtual quantum gluon fields corresponding to gluons in
internal lines of Feynman diagram. These gluons are arbitrary and one has to perform functional integration
over all possible field configurations. The field By, describes on-shell singlet gluon interacting with vacuum
gluon condensate function, so that B% should be defined as a wave function of glueball. Certainly such
quantization left the problem of full integration over all quantum fields over loops. This problem remains
open.

A new principal idea of our approach is that the Weyl group as a finite color subgroup of SU(3) plays
an important role in definition of concepts of one-particle quantum states for fundamental particles in QCD,
and the Weyl singlet structure of gluon solutions provides the existence of color invariant non-degenerate
vacuum which is a necessary condition for existence of color confinement phenomenon as it was observed in
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[1-3]. Another physical manifestation of Weyl symmetry as an inherent color symmetry of gluons is
demonstrated by the structure of the one-loop effective potential which implies that a deepest non-degenerate
vacuum is realized by singlet gluon field, whereas the 2-dimensional Weyl representation of Abelian gluon
fields realizes degenerate vacuums which is inconsistent with color confinement [7]. Generalization to the case
of QCD with quarks has been considered in details in a recent work [8].
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Abstract

Isomeric nuclei, exotic states of atomic nuclei with extended lifetimes, have become invaluable assets in
the realm of nuclear engineering. This abstract explores the diverse and vital practical applications of isomeric
nuclei, shedding light on their contributions to nuclear reactor design, fuel development, safeguards, waste
management, and beyond.

Nuclear Reactors: Isomeric nuclei play a pivotal role in nuclear reactors by facilitating the study of
nuclear reactions and capture processes. These investigations enhance our understanding of nuclear fuels and
materials, thereby influencing reactor design, safety measures, and fuel optimization.

Nuclear Fuel Development: The behavior of nuclear fuels, including their stability, fission properties,
and radiation resistance, is scrutinized through isomeric state nuclei. This knowledge informs the development
of advanced nuclear fuels, enhancing both performance and safety.

Nuclear Cross-Section Measurements: Accurate measurements of neutron cross-sections, facilitated by
isomeric nuclei, are vital for predicting neutron interactions with reactor materials, thus ensuring reactor
safety and performance.

Nuclear Data Libraries: Data associated with isomeric nuclei populate nuclear data libraries, serving
as essential references for reactor simulations, radiation shielding calculations, and nuclear system design.

Nuclear Fuel Cycle Analysis: Isomeric nuclei underpin the analysis of nuclear fuel cycles, optimizing
the production and consumption of fissile materials, ultimately reducing nuclear waste generation.

Neutron Sources: Isomeric nuclei with suitable decay properties serve as valuable neutron sources for
applications such as neutron radiography, activation analysis, and scattering experiments, significantly
advancing materials testing and characterization.

Materials Testing: Isomeric nuclei are instrumental in materials testing and radiation damage studies,
providing insights into material performance when exposed to radiation in nuclear environments.

Key words: nuclear engineering, isomeric nuclei, fuel cycle, nuclear reactor
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Abstract

The final goal of the proposed work is the correct calculation of the astrophysical S-factor S;2c—115+,(E)
of the ™'B(p,y)**C radiative capture in the low energy range, including E=0, as well as the rate of this reaction
at stellar temperatures using the values of the squares asymptotic normalization coefficients (ANC) C12¢—.115+p
for bound proton configurations of the *2C nucleus. The objectives presented here are to obtain the accurate
ANC values for the **B+p—*2C configurations from the analysis of the measured differential cross sections
(DS) for the *'B(**B,°Be)**C proton transfer reaction at energies slightly above the Coulomb barrier, where
the transfer process is assumed to be peripheral.

The DS of the *B(*°B,’Be)?C reaction were measured at the energy E1,s=41.3 MeV on the beam of the
U-200P heavy ion accelerator at the University of Warsaw. The targets were thin self-supporting boron films
up to 100 pg/cm? thick (with °B enrichment up to 90%). A two-dimensional AE-E analysis system was used to
identify the type of the resulting reaction products. The angular distributions of the proton transfer reaction
for the ground (0%), first (2%, 4.439 MeV), and third (37, 9.638 MeV) excited states of the **C nucleus were
measured in the range of angles of 9-65 degrees in the center-of-mass system. The systematic error of the
experimental DS did not exceed 15%. This was caused by errors in determining the target thickness,
inaccuracies in measuring the beam current and the solid angle of the 4E-E spectrometer. The statistical
errors of the measured DS are about 1-5% for small angles and increase at large angles, but do not exceed
10%.

To analyze the DS of the *'B(*°B,°Be)*?C reaction, the formalism of the modified distorted wave Born
approximation (MDWBA) was used [1-3]. The evaluation of the peripherality of the proton transfer process
over the range of angles within the main interference maximum was performed using the introduced test
Sfunction p(bi2c—118+p), the deviation of which from unity with a change in the geometry of the Woods-Saxon
proton binding potential characterizes the degree of peripherality. It has been found that its values vary within
+1%, +6% and +2% during proton transferring to the ground, first and third excited states of the *2C nucleus,
accordingly. These values are within the experimental error, hence the reactions can be considered peripheral,
and MDWBA analysis of the DS can be performed to extract the "experimental™ ANC values.

As a result, the values of the ANC squares of the proton binding were found for the ground (0%), as well
as the first (2*) and third (3") excited states of the **C nucleus. The found ANC values for the *C—"B+p
system will be used to calculate the S-factor Sioc—115+,(E) of *'B(p,y)**C radiative capture in the low-energy
range, including E=0 MeV.

This work is funded by the Ministry of Science and Higher Education of the Republic of Kazakhstan
(Grant No. AP14870964 “Research on the interaction of protons and *°B ions with B nuclei for
thermonuclear and astrophysical applications”).
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Studies of the relative probabilities of excitation of isomeric and ground states of the final nucleus in
nuclear reactions are of fundamental and applied importance. Of great importance is the study of the formation
of isomeric states of nuclei in nuclear reactions with various bombarding particles, which make it possible to
obtain information on the mechanisms of nuclear reactions and on the properties of excited states of atomic
nuclei [1, 2]. Especially interesting is the study of nuclear reactions of the type (n, 2n) and (y, n) in the results
of which the same nucleus is formed.

In this work, we studied the cross sections for the excitation of isomeric states in the reactions (y, n), (n,
2n), and (n, y) on tellurium isotopes in the energy range 13-35 MeV. The experiments were carried out on the
NG-150 neutron generator and the BBP-CM nuclear reactor of the Institute of Nuclear Physics Academy of
Sciences of Uzbekistan [3]. The data for photoneutron reactions were obtained from the atlas of gamma
spectra obtained at an electron accelerator.The gamma rays emitted in the ®™Br decay and by calibration
gamma-ray sources were measured using a HPGe detector with efficiency 15% and energy resolution 1.8 keV
at the energy of 1332 keV of the ®°Co. To obtain the absolute values of the cross sections of the ground and
isomeric states, we used the methods of comparing the yields of the studied and monitor reactions. As a monitor
reaction, we used ?’Al (n, ) **Na (T1/2 = 15 h, E, = 1368 keV), the cross section of which is: om = 121.57 +
0.57 mb at E, = 14.1 MeV [4].

The energy dependence of isomeric ratios of yields in the energy range 12-35 MeV was obtained for the
first time. The excitation functions (y,n) - reactions were obtained from experimental isomeric ratios and total
cross sections of the photoneutron reaction on [4]. The cross section was calculated by the Penfold — Liss
method with a step of 1 MeV [5]. The energy dependence of the reaction cross sections is approximated by
Lorentz curves.

To evaluate and compare the experimental results, we calculated the reaction cross section using the
TALYS-1.6 software package [6]. The results obtained are compared with the results of the calculation carried
out within the framework of the statistical model.

Key words: cross sections, ground and isomeric states, neutron generator
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AHHOTANUA

Hccenedosanvi cpednue MHOICECMBEHHOCMU, CPEOHUE 3HAYEHUSI NOTIHO20, NHONEPEeUHO20 UMNYIbCO8,
maxoice NAPYUATBLHBIX KOIDQUYUEHMOE HeynpyeoCmil 3apsdiceHHbIX NUoHOS, obpazyrouuxca 6 PrC-
coyoaperusix npu 9.9 I'3B/C. U3yuenvt 3a8ucumocmu CpeoHUX MHONMCECHBEHHOCEN 3APANCEHHBIX NUOHO8 U
NPOMOHO8 OM  HPOOOILHO2O UMAYILCA JUOUPYIOWUX NPOMOHO8. DKCHepUMEHMANbHble Pe3yibmanibl
cpasHusaiomces ¢ npedckazanusmu moouguyuposannou modeau FRITIOF. Cpeonue muoocecmeennocmu u
CpedHue 3Hauenus NOTHO20, NONEPEeUHO20 UMNYIbLCO8, d MAKIICE NAPYUATbHBIX KOIppuyuenmos neynpyeocmu
3APSIJICEHHbIX NUOHO8 6 Npedenax CMAamuCmu4eckux nocpeuwtHocmerl CO8nRAOAIOMm ¢ HPeOCKA3aHUIMU
mooupuyuposannoi.  modenu  FRITIOF.  Mooenv  maxoice  yoosremeopumenvno  onucvisaem
IKCHEPUMEHMATLHYIO 3A6UCUMOCHb CPEOHUX MHOINCECBEHHOCIEN 3APANCEHHBIX NUOHO8 O NPOOOTbHO2O0
UMNYIbCA TUOUPYIOUUX NPOMOHOB.

Knwouesvie cnosa: cpennne MHOKECTBEHHOCTH, MOJHBIM U MONEPEYHBIH WMITYJIbChI, NapLUaIbHbIE

KO3 PHUIMEHTHI HEYPYTOCTH, JIUAUPYIONIHE TPOTOHBIL.

1. Beeoenue

X0opouIo U3BECTHO, YTO MUOHBI SABJSIOTCA Hanbojee 4acTo 00pa3yroIIUMUCA YacTHULAMHU B agpOH- U
SIIPO-SIACPHBIX  COYAAPEHHMSIX TMpH  BBICOKMX dHeprusx [1,2]. AHanmu3 3aBHCHMOCTEH  CpEeIHUX
MHOXECTBEHHOCTEH 3apsDKEHHBIX ITHMOHOB M HPOTOHOB OT MPOAOJBHOTO M IONEPEYHOI0 HMITYJIbCOB
JUIUPYIOIIEr0 MPOTOHA IMO3BOJSIET TONYYUTh BaXHYI0 MHGOpMALMIO O JAWHAMHKE CHJIBHOTO
B3anMo/ieiicTBus. CpaBHEHHE TAKHX AKCIIEPUMEHTAIBHBIX JAHHBIX C MPeACKa3aHUsIMA MOAU(DUIIMPOBAHHON
monienin FRITIOF mo3BonsieT BBISIBUTH, KaK B HEH YUYHTHIBAIOTCS 3aKOHBI COXPAaHEHHS dHEPTHH-UMITYJIbCA
(knHEMaTHKa) U KOPPEISALMH (IMHAMHKA) MEKIY Pa3IMYHBIMU XapaKTEPUCTHKAMU BTOPHYHBIX YACTHUI[ U3
oOjacTu (parMeHTanMy MHIIECHH W CcHapsjga. Hacrosimas paboTta mMOCBsilieHa HCCIEAOBAaHUIO CpeaHEH
MHOXECTBEHHOCTH M CPEHUX 3HAYEHUH MOJTHOTO0, MOMEPEYHOT0 UMITYJIECOB, TAPIHATBHBIX KOI(PPHUINEHTOB
HEYNIPYTOCTH 3apsKEHHBIX TMOHOB, 0Opasyrommxcs B Pr2C-coynapenusx npu 9.9 I'>B/c. Crenyer oTMeTHTS,
YTO NPEACTaBIIEMbIE HIDKE JaHHBIC ABIISIFOTCS COBEPIIEHHO HOBBIMM, TaK KaK 3KCIIEPUMEHTAIbHBIA MaTepral
[0 CTOJIKHOBEHMSM IPOTOHOB C SJIpaMU YIJIepoja BIIEPBHIE TIATEIBHO pa3JieNieH U3 B3aMMOAEHCTBUN 3THX
MIPOTOHOB C MOJIEKYJIOH MpoIMaHa U BBEICHBI HECKOJIBKO IONPABKH, TAKHE KaK BOCCTAHOBJICHUE HMITYJIbCOB
YacTHUIl C JJIMHOM MpoeKIuy B paboueM oO0beMe KaMepbl MEHbLIE 4 CM M NPUMEHEH METOA pa3/eeHUs
obicTpeIX (p > 750 M3B/c) mpoTOHOB U T*-ME30HOB.

2. DKcnepumeHmanvHblil Mamepua

OKCIIEpUMEHTAIBHBI ~ MaTepHall IOJIY4YeH C [OMOIIbI0 2-METPOBOM  IPOIAHOBOM
nmy3bIpbkoBOi Kamepsl JlaGopaTopun BbicOkux sHepruit OO0benuHenHoro MuctutyTa SnepHbix
Uccnenoanuit (OUAN) (y6na, Poccus), momMenieHHOW B MarHUTHOE TI0JIe HANPSKEHHOCTHIO 1.5
Tn u obirydeHHast My4koM MPOTOHOB ¢ umIyibcoM 9.9 I'3B/C Ha JlyOHeHckoM cuHXpodazoTpoHe
OUSU. JIns ot6Gopa cobwitmii Heympyrmx P2C-coymapeHmii W3 B3aHMOMAEHCTBHI MPOTOHOB C
nponanoM (CsHg) MBI wHcmonp30Bajii KpUTEpUM, NpuBeAECHHBIe B paborax [3, 4, 5]. Bce
OTPHULATENILHO 3apSKEHHbIE YACTHUIIBI MPUHUMAINCH 32 T -ME30HBI. JTO CBS3aHO C T€M, YTO INPHU
HAIlIUX SHEPIUAX CTOJKHOBEHUH OTPUIATEIbHBIE MMOHBI COCTABIISIIOT OCHOBHYIO 1010 (60see 95%)
Cpenu OTPUIIATEIBLHO 3apsOKEHHBIX dYacTuil. [luoHel ¢ ummynscom wmenee 50 MboB/C He
PETUCTPUPOBAIUCH U3-3a UX MAJIOT0 ITpodera B IpOMaHOBOM My3bIpbKOBOM Kamepe. CpenHsis omuodka
U3MEpEHHUsl YIVIOB BBUIETA 3apsDKEHHBIX IHOHOB cocraBwia okono 0.8 rpamyca. Cpennss
OTHOCHUTEJIbHAS NOTPEIIHOCTh U3MEPEHUSI UMITYJIbCA 3apsDKEHHBIX MMMOHOB cocTaBmia okoiio 11%.
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AHanu3upyeMmas CTaTUCTHKA SKCIIEPUMEHTA COCTONT 13 22724 Heynpyrux P 2C-cToIKHOBEHHMI IpH
9.9 I'3B/C, n3MepeHHBIX B YCIOBUAX MOJHOM T€OMETPHH.

Crneayer ormeTuTh, 4YTO MOmuduipoBannas wmoxaenb FRITIOF [6-10] ymoBieTBOpUTEIbHO
ONMCHIBAET CPEIHUE MHOKECTBEHHOCTH, CPEIHHME 3HAYEHHUs] IIOJIHOTO M TOMEPEYHOr0 HUMITYJIECOB
3apsKEHHBIX THOHOB, 0Opasyromuxcs B p*2C-, d?C-, a*?C- u 2C*2C-coynapennsx npu 4. 2 A I'5B/c, oqnako
OHa HEJIOOIICHUBACT BHICOKOMMITYIHCHBIC YaCTH PACTIPEICIICHUN MTOHOTO U TIOTIEPEYHOT0 UMITYJIbCOB [8,11-
14]. Jlnst cpaBHEHHUS 3KCIEPUMEHTAIbHBIX MaHHBIX ¢ mpeackazanusmu FRITIOF momenu, He usmMenss
3HAUYCHUSI €€ IMapaMeTpOB, MPHUBEICHHBIX B padorax [6-10], Obutn creHepupoBaHbl 50 ThICSY COOBITHH IS
p*2C-coynapennii pu 9.9 I'5B/c.

3. AHanu3 IKCnepumMeHmanbHulX Pe3yibmanos

OKCIIepUMEHTANbHBIE CPEAHNE MHOXKECTBEHHOCTH, CpPEeJHHE 3HAa4YeHHUS MOJHOTO W IMOMEPEYHOro
HUMITYJIBCOB, & TAaKKe MapIaibHOr0 Ko3Q(dUIeHTa HEYIPYTroCTH 3apsXKEHHBIX MHOHOB, 00pPa30BaHHBIX B
p'?C-cronkroBenusx mpu 9.9 ['3B/C BMecTe ¢ COOTBETCTBYIOIIMME PACYETAMH B PAMKAX MOIM(HUIUPOBAHHOM
mozaenu FRITIOF [6-10] mpeacraBnensl B Tabmune.CpenHue 3HAYCHUS MMOJHOTO UMITYJIbCA 3apsKEHHBIX
NMUOHOB B Tabi.l paccumTaHbl B JIaOopaTopHO# cucteme. IlpuBeneHHBIE B TaOJUIE CPEIAHUE 3HAUCHUS
MapIUaIbHbIX KOAQPUIMEHTH HEYPYTOCTH 3apsHKEHHBIX MTHOHOB PACCUYUTHIBATUCH KAK OTHOIICHUE CYMMBI
WX TIOJTHOHM SHEPTUHU B KaXKIOM COOBITHH, K KHHETUUECKON SHEPrHH HAJIETAIOIIETO IPOTOHA!

K(m)=Zi(Ei/To)
rae Ei — monHas sHeprus 3apspKCHHBIX MHOHOB (T WIM TT°) B COOBITHH, a To — KHHETHYECKAs SHEPTHsI
HAJICTAOIIETO MPOTOHA.

Kax BUJHO U3 Ta6J'H/IHI>I, OKCIICPUMCHTAJIbHBIC 3HAYCHUA Cpe,I[HCI\/'I MHOXCCTBECHHOCTHU, CPCIAHCTO
3HAYCHUS TOJIHOTO HWMIIYJbCa, a TakkKe MapuualbHOro Kod(h(GUIMEeHTa HEYNmpyrocTd B Tpeaenax
CTATUCTUYCCKUX TOTPEITHOCTEH COBMAJAIOT C PACUCTHBHIMU 3HAUCHHSAMHU MO MOJU(PUIMPOBAHHOW MOJCTH
FRITIOF [7-10]. ITocnemHee 0OCTOATENLCTBO, MO-BUAMMOMY, YKa3bIBA€T HA TO, YTO B MOJCIH KOPPEKTHO
YYTEHO pacIpeleiCHUE NEPBUYHON 3HEPrUM, BHOBb POXKJICHHBIM 3apsUKCHHBIM NHoHaMm. M B Mozenu, U B
JKCIIEPUMEHTE CPEIHIE MHOKECTBEHHOCTH TOJIOXKUTENHHBIX THOHOB Ha BenuunHy 0.29 — 0.30 Gospire, gem
OTPHIATENBHBIX, YTO CBSA3aHO C JIOTIOJHHUTEIBHBIM OOpa3oBaHUEM TIEPBBIX 3a CUET HEYNPYTrol peakiuu
mepesapsiakid (p — N + @) mportona-cHapsma. CpeaHue 3HAYEHHS TOJHOTO M IMOMEPEYHOTO HMMITYIBCOB
MOJIOHUTENBHBIX MUOHOB U B MOJICIIH, U B 9KCIIEPUMEHTE B cpefiHeM Ha 3-4% Ooblile, YeM Y OTPUIATEIBHBIX
MUOHOB, YTO TAK)KE CBS3aHO C YKAa3aHHOUW BBINIE PEaKIUeH HEYNpyroi mnepesapsakd UCXOJHOTO MPOTOHA.
Hexoropoe pasnormacue (B mpeaenax 5-6%) Mexay SKCIIEPUMEHTOM W MOJENH HAOMIOMAaeTCsS B CPETHHX
3HAYCHUSX MOMEPEYHOr0 HMMITYJbCa 3apSHKCHHBIX MMHUOHOB, YTO, MO-BHIAMOMY, B MOJEIH HEOOXOIUMO
YYUTHIBATh (XOTS Cla0yr0) 3aBUCHMOCTh CPEIHETO 3HAYCHUSI MOTIEPEYHOTr0 UMITYJIbCa 3apsHKEHHBIX MTHOHOB
OT IIEPBUYHOU SHEPIUH.

Ta6auna.l. CpenHsist MHOXKECTBEHHOCTb, CpPEIHIE 3HAU€HHs IIOJHOTO U MONIEPEYHOr0 UMITYJIbCOB, & TAKXKe IaplUalbHbIX
K03 QHUIMEHTOB HEYTIPYTOCTH 3apsKEHHBIX THOHOB, 00pa3oBaHHbEIX B Pr2C-cToskHOBeHUAX npu 9.9 IHB/C.

<n(m)> <P> MeV/c <P:>, MeV/c <K>
HUcTounuk - " = n - n - T
/4 Y Y Y Y Y I I
Okcmepum. | 0.974£0.01 | 1.26+0.01 | 927+6 | 987+6 | 291+1 | 302+1 | 0.102+0.001 | 0.141+0.001

FRITIOF 0.95+0.01 | 1.25+0.01 | 943+4 | 994+4 | 276+1 | 284+1 | 0.101+0.001 | 0.140+0.001

B pabote [15] Hamu OBbLIM M3yYeHBI 3aBHCUMOCTH CPEIHIX MHOKECTBEHHOCTEH 3apsKEHHBIX THOHOB
Y IIPOTOHOB OT IIPOOJILHOTO M MONEPEYHOr0 UMITYJIbCa IMAUPYIOILEro MpoToHa B pi?C- u n*2C-coynapenusx
npu 4.2 T3B/c. DkcniepuMeHTaNbHbBIE PE3yIbTaThl OBLIH CPABHEHBI C TPEICKA3aHUSIMUA MOJIUPUITMPOBAHHON
mozaenn ®PUTUO® [6-10]. beuto moka3aHo, YTO MOJENb KA4eCTBEHHO OMHCHIBAET 3aBUCHMOCTH CpeIHEH
MHOKECTBEHHOCTH 3apsDKEHHBIX IMTUOHOB M MPOTOHOB OT MPOAOIBHOTO UMIYJbCA JTUAUPYIOLIETO MPOTOHA.
Takast 3aBHCHMOCTb, CKOPEE BCETO, SIBIISIETCS CIIEACTBUEM 3aKOHA COXPAaHEHUs SHEPTUU M UMITYJIbCa, T.€. OHA
HE CBSI3aHa C TUHAMHKOW CHIIBHOTO B3auMo/ieicTBrsl. OHAKO MOJIENb CHIIBHO IIPOTHBOPEYMIIAa 3aBUCUMOCTH
CPEIHUX MHOXKECTBEHHOCTEH 3apsKEHHBIX MUOHOB OT IMONEPEUYHOT0 MUMIYJbCA JIUAUPYIOLIETO MPOTOHA.
Takoe npoTHBOpeYHME MOIEIH C SKCIHEPUMEHTOM OBLIO WHTEPIPETHU-POBAHO OTCYTCTBHEM B MOCIH
KOPpEISIIIAA MKy CHApSJIOM M 3apsHKCHHBIMH ITHMOHAMH, OOpa3oBaHHBIMH B 00NacTd (yparMeHTAIUU
MumieHd. B manHo# pa®oTe MBI MPOBEIH TaKWe jK€ UCCIEAOBAHUS IS 3apsHKEHHBIX MTHOHOB M IIPOTOHOB B
p*C-coynapenusx npu 9.9 I'5B/c. IIpoToH cuMTancs IMAUPYIONIMM, €CIM OH CPEAU OCTAaIbHBIX MPOTOHOB
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MMEET MaKCHMAJIBHBII NPOJONBHBII HMIYJIbC W €ro 3HAUYCHHE IIPEBBINIAECT Pa3HOCTb CYMMapHOIO
MPOIOJILHOTO UMITYJIbCA BCEX 3apsHKEHHBIX YaCTUIl M MIEPBUYHOrO MMITyJbca. PaccmarpuBaince cOOBITHS, B
KOTOPBIX MPOJIOJBHBII UMITYJIBC JIMAMPYIOIIEr0 NPOTOHA MO nepeMenHol Peitnmana (x = pi/2sY?) npesbimaer
0.45. 3geck BenMuMHA S SABISIETCS KBAagpaTOM IIOJHOM SHEPrMHM B CUCTEME ILIEHTPAa WHEPLUM INPOTOH-
IIPOTOHHOTO COYJapeHUsI.

Ha puc. 1(a, 6) u 2 npuBeneHb! 3aBUCUMOCTH CPEAHUX MHOKECTBEHHOCTEH 3apsDKEHHBIX MUOHOB U
BTOPUYHBIX IPOTOHOB OT DEHHMAaHOBCKON NMEPEMEHHON Xmax JTUAUPYIOLIETO IIPOTOHA.

Kak BuznHO 13 puc. 1 u 2 cpeqHre MHOXKXECTBEHHOCTH 3apsDKEHHBIX TMOHOB M BTOPUYHBIX IIPOTOHOB
KaK B MOJIENH, TaK U B SKCIIEPUMEHTE IUIaBHO MaJal0T C POCTOM BEIHYMHBI Xmax, YTO CBS3aHO C 3aKOHOM
COXpaHCHUsl SHEpruu-umirysibca. MomudunupoBanHas moaeabr OPUTHUOD [6-10] ymoBiaeTBOPHUTEIBHO
ONHCBHIBAECT JKCIEPUMEHTANBHYIO 3aBHCHMOCTh CPEJHHUX MHOXECTBEHHOCTEH OTPHULATENBHBIX M
MIOJIO)KUTENBHBIX IMHOHOB OT Xmax JIAJUPYIOIIETO MPOTOHA. Takylo K€ 3aBUCUMOCTb [UId CpeAHen
MHO)KECTBEHHOCTH BTOPHYHBIX MNpPOTOHOB (puc. 2) MomudummpoBanHas Mmozaeiab DOPUTUOD [6-10]
KayeCTBEHHO OIMCBHIBAET SKCIEPUMEHT. OJTO, IO-BHIMMOMY, CBS3aHO C TE€M, YTO B MOJIEJIU CPEIHSsI
MHOECTBEHHOCTb IPOTOHOB Ha 20% 6o0JIbliIe, YeM B SKCIICPUMEHTE.
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Puc. 1. 3asucumocmu cpedHUx MHOICECMEEHHOCIE OMPUYAMENbHBIX (&) U ROONCUMENbHBIX (0) NUOHO8
(3axpoimole kpyaicku) om Deiinmanoeckoti nepemennoti uoupyouezo npomona Xmax 6 P2C-cmoaxnosenusx npu 9.9 IB/C.
Omxkpoimble KpYscKU — npedckazanus Moouguyuposannou mooeau PPUTHOD [6-10].
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Puc. 2. 3aBucHMOCTS CpeHel MHOXKECTBEHHOCTH BTOPUYHBIX IIPOTOHOB (3aKPHITHIE KPYKKH) OT DeHHMaHOBCKOH NepeMeHHON
JIUUPYIOIIETO TTPOTOHA Xmax B P2C-cTonkHOBeHUsX Tipu 9.9 T'3B/C. OTKPHITHIE KPYKKH — MPEICKA3aHUS MOU(DHITAPOBAHHON
monenn ®PUTUOD [6-10].

4. 3axnwouenue

HccnenoBanbl cpeqHsas MHOKECTBEHHOCTh M CPEIHHE 3HAUEHUS MOJHOTO W TOMEPEYHOr0 MMITyJbca
3apsKEHHBIX TIMOHOB U POTOHOB, 00pasytomuxcs B p'?C-coynapenusx npu 9.9 I'sB/c. Onpenenens cpeanue
3HAYEHHUs] MapUUAIBbHOrO KO3(pQHUIHMEHTa HEYNPYrOoCTH 3apsHKCHHBIX MHOHOB. M3y4eHBl 3aBUCHMOCTH
CPEeIHUX MHOYXECTBEHHOCTEH 3apsHKEHHBIX MHOHOB M BTOPHYHBIX MPOTOHOB OT MPOAOIHHOTO HMMITYJIbCA
JUIUPYIOIIEr0  IMPOTOHA. OKCIEPUMEHTANbHBIE Ppe3yJbTaTbl CUCTEMAaTHYECKH CPaBHUBAJIUCH C
npenckazanusMu MoauduipoBanHoi Moaenu @PUTUO® [6-10]. YcTaHoBieHO, 4TO MOIUDUITU-POBAHHAS
Mozens PPUTHUO® [6-10] y1oBIEeTBOPUTENBHO OMMUCHIBAET CPEAHNE MHOKECTBEHHOCTH U CPETHUE 3HAUCHNUS

132



Meowcoynapoonas xougepenyus « DynoamenmanbHvle U NPUKIAOHbBIE NPOOIEMbI COBPEMEHHOU PUUKU
19-21 oxmsops 2023 2.

TTOJTHOT'0, TIOTIEPEYHOTO UMITYJIILCOB M TAPIHAITILHOTO KO3 PHuImeHTa HeyIpyrocTH 3apsKeHHBIX THOHOB. OHa
TaKKEYJOBIETBOPUTEIBHO BOCIPOU3BOJUT 3aBUCUMOCTH CPEAHUX MHOKECTBEHHOCTEN 3apsSyKEHHBIX MHOHOB
OT TPOJIOJIBHOTO UMITYJIECA JTUAUPYIOMIETO MPOTOHA Xmax, YTO, CKOPEE BCETO, CBS3aHO C 3aKOHOM COXPAHCHUS
SHEPTUH W UMITYJIbCa. AHAJIOTHYHYIO 3aBUCUMOCTD IS CpelHEeNl MHOKECTBEHHOCTH BTOPHUYHBIX ITPOTOHOB
mozenb [6-10] BocpoM3BOAMTKAYECTBEHHO. B Momenu mpu BceX 3HAYEHHSX MPOIOJIHLHOTO HMITYJIbCa
JUIUPYIOLIETO IPOTOHA CPEAHSISI MHOKECTBEHHOCTh BTOPUUYHBIX MTPOTOHOB B cpenHeM, Ha 20% mpeBbImiaeT
9KCIIEPUMEHTAIBHYIO, YTO, MO-BHIUMOMY, CBSI3aHO C OOJBIIMM YHCIOM BHYTPHUSJCPHBIX COyAapeHHN B
[IEPBOM 10 CPABHEHHUIO CO BTOPBIM.
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Mot usyuunu, ymo daunnvie BAK ons npoyeccoe cmanoapmuoii moodenu (CM) oxeamwigarom
OUEHb WUPOKULL KUHeMAMUYECKULl OUANA30H, OOCIYN K NONEPEeUHbIM UMNYTIbCAM U Maccam nopsoxka ToB u
eblute. JIsi MOUHO20 NOHUMAHUSL 8 MAKUX Macumabax Heobxooumo ywumwvieams snexmpociadvie (OC)
nonpasku bonee 8blCOK020 NOPAOKA 6 OOnoHeHue k nonpaskam KXJ].

Hanusie CM, nonyuennsie npu 7 T5B u 8 TaB, ¢ ux Heborbuumu crmamucmuyecKumy NO2peuHoCmamu
U YMEHbUAIOWUMUCS (C MeYeHUeM 6PeMeHU) CUCMEeMAMUYECKUMU OWUOKAMU, NOJe3Hbl He MONbKO O0JA
NpoGepKU Meopemuyeckux NpoSHO308, HO U 8 Kayecmee 6X0OHbIX OaHHbIX Osl 2100aNbHOU pyHKyuu
pacnpeoenenust napmornog (PDF).

Knrouesvie cnosa: ¢pynxyuu pacnpeoenenue napmonos (PDF), pA — npomon-sdpo, KXJ[ — keanmosas
xpomoounamura, NLO — psdom ¢ éedywum nopsoxom nonepeuroe ceuenue.

BBenenue. Cpenu pa3imdHBIX MEXaHU3MOB 0Opa3zoBaHus 0o30Ha Xwurrca (H) B pamMkax craHmapTHON
MOJIENIN TIFIOOH-TNII0OHHBIH crHTe3 (GGF) uepe3 BUpTyanbHYO METIIO M3 TOM-KBapKOB UMEET HauOoOJbIIee
nonepevHoe cedenne Ha bonpmom agporrom komtaraepe (bAK). Xots npsiMpie m3MepeHus CBOMCTB 0030HA
Xwurrca B 3TOM KaHase, 0e3 IPUMEHEHUS KaKUX-JIM00 OrpaHNYeHUH Ha JOMOJHUTENIBHBIEC CTPYH, 3aTPYIHEHbI
n3-3a 6osbimoro ona KX/I, TouHbie TEOpETUYESCKUE MPOTHO3bI JUIS aCCOIMUPOBAHHOTO 00pa3oBaHus 0030Ha
Xwurrca u crpyii B GGF BakHBI 110 HeckoJbkUM acrniekTaM. C OJHOM CTOPOHBI, BO3MOXKHOCTh HaCKHOU
OLIEHKHU TEOPETUYECKOH HEONPEAEICHHOCTH IIPY HAJI0XKEHUH BETO Ha JUKET B 3HAYUTEIILHON CTEIICHU 3aBHCUT
OT 3HAHMS WHKIIO3UMBHBIX M HCKIIOYAIOIIMX IIONEPEYHBIX CeueHWi oOpa3zoBaHusi 0030Ha Xurrca Hu
JIOTIOJTHUTENBHBIX CTPYH, ¢ IPYroi CTOPOHBI, 00pa3oBaHre 0030Ha XUTTca BMecTe ¢ AByMs cTpysimu B GGF
SIBJISIETCS. OZTHUM M3 OCHOBHBIX HETPUBOJAMMBIX MPEANOCHUIOK AJISl HOJTy4eHus: 6030Ha Xurrca. o0pa3oBaHue
0030Ha Xurrca npu BeKTOpHOM cimsiHuu 0030H0B (VBF), koTopoe nmo3BosisieT HermocpeICTBEHHO UCCIIE0BATh
CBsI3b 0030HA XUITCa C APYTUMH JICKTPOCIa0bIMU 0030HAMHU.

Bxkunax Benymiero nopsiaka (LO) B o6pa3oBanue 6030Ha Xurrca B coueTaHuu ¢ AByms crpysmu (H+2-
CTpyH) 1 TpeMs cTpysamu (H+3-ctpyn), coxpaHsonIni MOTHYI0 3aBUCHMOCTh MAaKCUMAITbHOM Macchl (My), ObLT
BBIYKCJICH COOTBETCTBEHHO B CChUIKaX. [1]. DT pacueThl moKa3ajiu, 4TO MPUOJIMKEHHE OOJBIION BepXHEH
Macchl (My — 00) CIpaBeIIMBO BCAKUN pa3, KOrja Macca 4acTHIbl Xurrca u PT CTpyi HEHaMHOTO OOJIbIIe
Macchl BEpXHETro KBapKa. B peacTaBieHHbBIX 31€Ch Pe3yIbTaTaXx Mbl IPUHUMAEM 3TO NPUOIMKEHNE U BBOIUM
Ha00p P PEKTUBHBIX BEPILNH, KOTOPbIE HEMOCPEACTBEHHO CBS3BIBAIOT YACTHILy XHUITCA C ABYMS, TpeMs U
YETBIPHEMS TJIFOOHAMH [2].

PesysabTaTbl. Mbl HauHeM Haile OOCYXAEHHE C NPEICTaBICHHUS HECKOJNBKHUX MpPEICKa3aHWH s
pacrnpeneneHust ckopoctu 6030Ha Xurrca Ha puc.l. Ha Bcex Tpex maHemsx 3Toro pucyHka Mbl IIOKa3bIBaeM
omuH U ToT ke nporuo3 NLO mnst npousBojcTBa H+3-ctpyit (kpacHble THHAW) U CPABHUBAEM €T0 Ha JBYX
JIEBBIX TMaHENSIX C JBYMsl pa3IMYHBIMH NporHo3amMu touHoctd LO mis H +3-ctpyit (cuane nunmun). Mol
Habmonaem 6onbmme, O (50%), mooKUTEIbHBIE MOMPAaBKH, KOTOPBIE paclpeiesieHbl IIOUYTH PAaBHOMEPHO 110
BCEMY JMaIa3oHy CKOPOCTH H; OHM YBETMUMBAIOTCS B IIPSIMOi/00paTHOM obsacTi. Ha kpalinel jjeBoi naHenu
o6a mporao3za LO u NLO 6putn momydensr u3 oxuoro u toro ke nHabopa NLO PDF, to ects CT10nlo. Kax
BUHO Ha CpeJHEN aHes !, UCTIpaBJIeH!s yMeHbLIatoTces Ha ~ 20%, eciu B KauecTBe 00pabOTKH UCTIONB3YETCs
MOPSIIOK, KOTOPBIH cornacyercs mexny PDF-daiinamu u BerauciaenusMu Ha yposae parton. Toraa nonoBuny
a¢dexra MOXKHO MPOCTO OTHECTH K Oosbinemy 3HaueHuio as(MZ) mapamerpusanuu Cteq6ll, koropoe mbl
WCTIONB30BAIN JUTsl BhIYMCIEHUs pesynbrara LO Ha cpennedl maHenmu. MaciitaOHble HEOIPEIeeHHOCTH
LEHTPaJbHBIX MPOTHO30B MOKA3aHbl COOTBETCTBYIOIIMMH KOHBEPTAMHU TOTO ke I1BeTa. [1oBbImas TOYHOCTh
ormcanus 10 NLO, Mbl 00HapyXnBaeM yMEHBIIIEHHE 3TUX omKO0oK ¢ £50% 10 menee yem 30% 1o MosyIio,
YTO TaKXKe 03HAYaeT, YTO IMOJIOCHI M3MEHEHHUsl MaciiTaba M3 JIOBOJIEHO CHMMETPUYHBIX IMPEBPAIAOTCS B
JIOBOJIFHO OZJHOCTOPOHHHUE.
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3TO CIIEICTBUE YCTAaHOBKU LEHTPAIBHBIX IIKAJ/IIKAT M0 YMOJIYAHHI0O UMEHHO TaM, IJIe HaXOJUTCS
mIockoropbe nonepednoro cedenus NLO.
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Puc.1: Pacnpedenenusi ckopocmeii 0030108 Xueeca u ux HeonpeoeieHHocmu 6 macuimabe uR,F (noxasamv
noaocamu nacmeavHozo yeema) npu oopaszosanuu H+3-cmpyii na FAKE Ecm = 8 T5B. Ha o0syx epaghuxax cresa
nokasauo cpasuerue npocrozos NLO (kpacuwuiii) u LO (cunuii), 20e pesynemam LO na nesoii nanenu Ovln nonyyet c
ucnonvzoganuem moeo e PDF-gaiina, umo u ona eviuucnenus NLO. Ipagpuku coomuowenus Hu3y U3yanusupyom
usmenenue K-gpaxmopa 6 Ouanazome cxopocmeii 603onma Xueeca. Ha camoii npagoii namenu cpagHuéaomcs
pacnpeodenenusi YH obpaszyos NLO ¢ 3-ms cmpysmu (kpacnas) u 2-ms cmpysmu (cunsis) (mpebyemcs moivko 0ee
Maprupylowjie Cmpyu), a 8 HUMCHel 4acmu noKa3aHo ux ouggepenyuanvhoe coommouieHue nonepeyHsvlx ceyeHul.

I'paduk crpaBa ot puc.l npeacraiseT co00l MpsAMoOe CpaBHEHHE paclpeaeIeHUH YH, TOTYyYCHHBIX B
ob6pasiax NLO ¢ 2 crpysimu (cunmii) u 3 ctpysmu (kpachbiii). Konebanus maciuraba npusoast k O (20%)
HEOTPEIETICHHOCTSIM B JOBOJIEHO IMIMPOKOM Anarna3zoHe YH. Xots ase Beioopku NLO otnudarotcs Ha mOpsAaoK
as, CBSI3aHHbIC C HUMH MacHITaOHbIe HEOIPECIICHHOCTH COIMOCTaBHMBI 110 Pa3Mepy W JIMIIb HECKOJIBKO
MeHblie 11st cryyast H+2-jets. [Tockonbky Ham He TpeOyeTcst 00IbliIe ABYX MapKUPYIOIIUX CTPYit, muHus H+3-
CTpYH Ha HWKHEM rpaduke GakTUIECKH BU3yaTH3UPYET KOIMYECTBO 3/2 mo-pa3sHOMY B 3aBUCHMOCTH OT YH.
OHO HE3HAYMTEIBHO BapbUPYETCS B Mpejenax BKIIOYUTENbHO,-0,3 3HaueHHs, MPHUBEICHHOTO B TaliuIe
Boie. uddepennmanbHoe COOTHONIEHHE TaKXkKe IMOKa3bIBaeT, 4YT0 0Opa3oBaHie 0030HOB XHrrca B o0Opasie
¢ 3 cTpysAMU 3aHHMaeT HECKOJIBKO OoJiee EHTpaIbHOE MECTO, YeM B oOpasiie ¢ 2 cTpysamu [3].

CocpenoTounB BHUMaHKE HA MTONIEPEYHBIX UMITYJILCAX U CKOPOCTAX CTPYH Pr, Hji (J1eBbie cTONOLEI) U Viji
(mpaBble CTONOIBI), KaK MOKa3aHO JJISl TPeX CaMbIX CHJBHBIX CTPYH Ha pHUC.2, MBI 3aMedaeM, YTO OHH
JEMOHCTPHPYIOT OYEHb IMOXOXKHE XapaKTEPUCTUKU HM3MEHEHHs MacliTada W YMEHBIICHHE OIIMOOK, Kak
o0cyxaoch Uit criekTpoB YH, mpencrasnenHsix Ha puc.l. Ananornuno a1t nonpaBok NLO Ha ckopoctu
CTPYH, MBI CHOBa HaxOJHMM, YTO OHH JJOBOJILHO XOPOIIO OIUCHIBAIOTCS MOCTOSHHBIMH TOJOXKHUTEIbHBIMU
CABUTaMH, KOTOpBIE 37ech cocTaBisaoT mnopsaka 20%, cm. puc.2. B omiamume OT 3TOro, Bce
muddepenunancasie K-ko3duuueHTrl, cBA3aHHBIE C paclpelesieHHsIMU Py B CTPYSAX Ha 3TOM DPHUCYHKE,
MOKa3bIBAIOT CHW)KEHUE B CTOPOHY OOJBIIMX 3HAueHWH Pr. [Apyrumu cioBammu, gaxke HECMOTPS Ha TO, YTO
CKOpOCTh 00pa30BaHus CTPYH, CBSI3aHHOM ¢ Xurrcom, ysenuuusaercst ipu NLO, pr-XBOCTBI TEPSIFOT TBEPIOCTh
[P OPUHATHM OTHOCUTEIBHBIX Mep. DTO MPOUCXOIUT W3-3a JOMOJHUTEIHLHOIO M3yYeHHsI, YHOCUMOTO U3
CHCTEMBl YETBEPTOil CTpyed, KOTOpasi CMEIIAeT CIEKTPbl BCEX OCTAJbHBIX CTPYyH K OoJjiee HHU3KUM
3HaYeHHSIM[4].

3akaoueHue. Bocmonp30BaBIIMCE HENABHUMH pPa3pabOTKaMH B 00JAaCTH aBTOMATH3MPOBAHHOTO
Beruucnenus npeackasanuii NLO, mbr cooburmnu o pesynsratax KX/ NLO B nogoonom ATJIACY ananuze
WHKITIO3UBHOTO 0030Ha XHUITCA IUTIOC 2-CTPYHHBIE U 3-CTpyHHBIE KOHEYHBIE COCTOSHUS.

AMIITUTYIBI KOHTYPOB ObUIM CTEHEPUPOBaHbI ¢ TOMOIIbI0 GOSaM U BBIYHCIIEHBI C UCTIOIB30BaHHEM
HOBOH pa3paboTKM B 00JACTH METONOB YMEHBIICHHS IOJBIHTETPAIbHBIX BHIPaKEHHH, OCHOBAaHHOW Ha
paznoxenun Jlopana u peanmsoBanHHoi B koje Ninja. [ns vHTerpanuy amMIuIMTyJ] HAa YPOBHE JepeBa U
¢a3zoBoro npoctpaHcTBa Mbl Mcnosb3oBaau Sherpa u MadGraph/Dipole/Event framework.
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npumepHo 1o 15%. PaccmaTpuBas nuddepeHnmanbHbie pacpeeNeHns, Mbl HAOII0IaeM, YTO pacIpeIeIIeHuUs
CKOpocTei it 0030Ha XUrrca M MEPBBIX TPEX CaMbIX CHJIBHBIX CTPYH MOJyYalOT TMOJIOKHUTEIBHBIA CIBUT
npumepHo Ha 20%, YTO SBISETCS TOBOJBHO TOCTOSHHBIM BO BCEM KHMHEMAaTHYECKOM Jauana3oHe. Bmecto
3TOTO JIJIsl OTIEPEYHBIX PAacIpe/IeTICHUH UMITYJIbCa CTPYH MbI Ha0It01aeM yMeHbleHne K-gpakropa B CTOpoHy
OOJIBIIMX 3HAYCHUH Pi, TOra KaKk B ONEPEYHOM paclpe/IelICHIH UMITYJIhca 0030Ha XUTTCAa 3TO YMEHBIIICHUE
MPOUCXOTUT OYCHb MeUIeHHO. [n(depeHnanbHble COOTHOIICHUS 372 ISl CKOPOCTEH TOBOJBHO IJIOCKHE U
HHUKOTJa He TpeBbIManT 35%, 0JJHaKO B CIydac MOMEPSYHOTO PACIpECICHHUS UMITYJIbCOB OHU JIOCTUTAIOT
50% nis Bemyieit ctpyu u 6030Ha Xurrca. 9To MOKa3bIBaeT, 4ToO BKIaA0oM H+3-cTpyii Henb3st mpeHebperath
NPY UHKITIO3UBHOM aHAIIU3€, YyBCTBUTEIBHOM K JABYM CTpYsiM. [Ipyroii Habmro1aeMoli BETMYUHOM, B KOTOPO#t
nompaBk NLO k H+3-cTpysim urpaiorT BakHylo poiib, siBseTcs pacnpeaenenue Pt B cucreme Higjo.
dakTHYECKH, BIIEPBEIE pacipenencHne omucano ¢ Tounoctsio NLO ms pr > 2p (jet) t, min = 60 I'3B.

bbuto Obl MHTEpecHO M3y4nTh BiMsiHKE monpaBok NLO, mpelcTaBIeHHBIX 3/1€Ch, IPH MPUMEHEHUH
TUnU4HBIX cokparienuii VBF. CoBpemeHHbie HHCTpYMEeHTH MoHTe-Kapiio mo3BosisioT, KpomMe Toro, u3ydyarhb
9TH IOTIpaBKH B cornacoBannoi cucteme NLO mrroc parton shower framework, o6beuaeHHO# ¢ IpOrHO3aMu
MEHbIIEH KpaTHOCTH. MBI OTKIIabIBACM TH UCCIICIOBAHUS JI0 OyayIIeH myOInKaIiH.
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HOBBIE YPOBHHU BO3BYXXJIEHHUSA SIIPA KHUCJIOPOJA B JU®PAKIIMOHHOM
B3AMMOJIEMCTBUU  0'® + p—0'® + p'> 4a + p’ B IY3BIPLKOBOM KAMEPE C
SHEPTMEM 3.25 r38 HA HYKJIOH SI/IPA KUCJIOPOJA

Baaaumup B. JIyrosoiil”, Xycuuaaun K. Oaumos'?, Kaasip I'. T'yaamos!,
Kocum Osumon?, Bynson A. Cunaapos’ u Anmumep K. Osiumos?

Physical-Technical Institute of Uzbekistan Academy of Sciences, Chingiz Aytmatov str. 2°, 100084 Tashkent,
Uzbekistan, *E-mail: lugovoil95713@mail.ru (corresponding author)
2National University of Science and Technology MISIS (NUST MISIS), Almalyk branch, Almalyk, Uzbekistan

AHHOTALIUA

B 600opoonoii kamepe ucciedosanvt 43 peokue (c eeposmuocmoio nosenenus 0.0046) oupppaxyuonnvie
peaxyuu  0'° + p—> 0" + p’'—> 4He? + p’  npespawenus 6036yxcoennozo aopa xuciopooa 01%* ¢ 4
a0pa 2enus npu dHepeuu Haremaowezo aopa kuciopooa 3.25 I'5B ua nyxnon. Iloxkazano, umo npoyecc
evibusanus. npomonom s0ep He? (a — wacmuy) us sopa 0*Cuckmouaemcs, max xax ¢ smom ciyuae nem
coanacus Mexcoy IKCnepuMenmaibHblMu U meopemuyeckumy pacnpedenenusmu saoep He? no nonepeunvim,
nPOOOILHBIM, Y2N0BbIM PACHPEOeNeHUSIM UMNRYIbCA U PA3TUYHBIM KOppenayuam medxicdy Humu. M naobopom,
npeocmasieno xopoutee coanacue 0718 U30MPONHO20 (8 cucmeme nOKOsL pacnaoaruecocs A0pa) pacnaoa no
Oesamu Kananam kax npamozo pacnaoa 0°*na vemwvipe He?, max u ¢ obpazoeanuem npomedxcymounvix
68030yoHCcOeHHbIX A0ep yenepooa, bepuinus. Aneopumm becnapamempuueckozo Mownme-Kapno pacuema
onucwigaemes. Mzomponus pacnada obocrnogvieaemes. ObHapysicennbie YposHU dHep2ull 6030yHcOeHUs 10pa
Kuciopooa npeocmaeienvt ¢ mabauye, 20e ypoenu Hudice 40.10 MeB coenacyromesn ¢ yposusmu, pamee
onyonukoganuvimu opyeumu asmopamu. Ocmanvuvie ypoeuu, om (40.10+4.01)M>B oo (99.69+9.97)M>B,
pauee He HAOIOATUCD.

Key words: siapo kucnopona, nudpakiius, HOBble ypOBHH BO30YKaeHH s, OecriapameTpudeckas MoHTe-
Kapmo mogens PACS Nos.: 25.10.+s, 27.20.+n

1. Beenenue

Bo30yxeHHbIe sIpa KHCI0po1a MOTYT pacnalaTbCs Ha pa3inuHble CTA0OMIIbHBIE M HeCTaOMIIBbHBIE Apa
[1-3]. HauBbicuiyro SHEpPrur0 CBSI3M MUMEIOT HYKJIOHBI siipa Telusi-4, Ha3bIBaeMble TAKKE 0-4aCTHUI[AMHU.
MHorounciieHHble HaOII0IeHHS 32 paclajioM siJiep Ha (-4aCTHIIbI IPUBEIH K MOSBICHUIO THIIOTE3Hl O TOM,
410 OoJiee TsHKeNbIE SApa MOTYT UMETh CTPYKTYPY, COCTOALIYIO u3 o-yactul [1-3]. Bececroponnss nposepka
TaKOW THITOTE3bl MOTJIa ObI UMETh OOJIBIIOE 3HAYEHHUE JUIsl CO3J[aHMsI KaK TEOPHH SACPHOTO pacraja, Tak u
TEOPUU TEPMOSIEPHOTO CHHTe3a Oosiee JIETKUX siaep (HampuMmep, 0-4acTHil) B Tsokenbie sapa [1-3].
[Ipenyaraemplii HAaMH MEXaHU3M pacnajga BO30YXKIEHHOTO sIpa MOXET OBITh MPOBEPEH CTATHCTUYECKUM
METOJIOM, a UMEHHO MojenupoBanneM Monrte-Kapmo [4]. 3xeck (1 B [5]) MBI mpexacTaBisieM (4TO OYEHBb
Ba)KHO) OecrapaMeTpuyecKyro Moaens MouTe-Kapiio, y4uThIBaromIyto TOJIbKO SHEPTeTUYECKH pa3pelieHHbIe
KaHalbl pacnajga BO30YKIEHHOro sipa Kuciopofa-16 Ha deTblpe o-dacTuubl. CTaTucTHYecKue
pacrpeeseHust A5 pa3dYHbIX KHHEMAaTHYECKUX XapaKTePUCTUK MOACIMPYEMBIX (i-4aCTHI] CPAaBHUBAIIUCH C
AHAJIOTHYHBIMHA PACTIPECTICHUSAMH JUIsI 3KCIIEPUMEHTANIBHBIX 0-9aCTHIl, OOpa3yIoUIMXCsl B KUCIOPOI-
IIPOTOHHBIX B3auMojeicTeusx, 016 + p— 01%* + p'— 4He? + p’, npu ummnyssce 3,25 I'B/C Ha HyKIOH
KHCIIOpOJia B CUCTeMe TOoKosl mpotoHa [6-11]. B [11] mokazaHo, 4to 3Ta crienuduydeckas peakius UMeeT
NU(pPaKIMOHHYIO TIPUPOLY M HU3KYKO BEPOSTHOCThH MOSBIEHHSA. A MMEHHO, cedeHMe Heympyroil 016 —p
peaxiuu coctapiseT (334 + 6) MuLMOapH, TOr/a Kak ceueHue n3ydaeMoii peakuuu 016 + p— 4He? + p’
coctasisieT (1.42 4+ 0.25) MuumbapH, 4To TPUBOJUT K MaJioi BeposiTHOCTH e€ nosiBiieHust, pasHoi 0.0046.
A yBumenu Mbl 3T penkue 43 peakuuu 016 +p—01%* + p’— 4He? + p’ motomy, uTO B HalleMm
JKCIIEpUMEHTE HccaenoBaiochk oomee 10 000 coObITHiA.
2. llpeanosaraemas (pusnyeckasi KapTUHA Mpolecca
B pesynbTate au(PaKIMOHHOTO B3aMMOJEHCTBHA Mexkmy cHapsgoM (sgpom 016) u mumensio
(npotonom) sapy 0'° mepenaercsi YeThIpeXMEpHBIH HUMITYJIbC, TIPHBOJAIIMN K BO3OYKICHHUIO S1pa, T. €.
YBEITHUCHHUIO €T0 MHBAPHAHTHON MacChl Ha BEJIMUNHY TUCKPETHBIX YPOBHEH, MpuBeeHHBIX B [12]. B pa3aene
2 paboTsl [5] Mompo6HO ONMMCAH aNTOPHTM BBIOOPA KAK Macchl HeCTaOMIBHBIX snep 016, C12* Be® [12-14],
Tak ¥ KaHaIoB pacmaga 01®* — 4q, B KOTOPHIX MOSBISIOTCA 3TH HecTabmibHBIE sapa C12* Be®. Hama
Monrte-Kapno mozens reHepanuu Macchl sapa 016" um ero pacmama He mMeeT cBOGOIHBIX MapaMeTPOB
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IOTOMY, Y4TO B HHX HET HEOOXOAMMOCTH. A MMeHHO, Macca 016* remepupyercs 1o PKCIEPHUMEHTAILHOMY
pacnpezieieHuI0 WHBapHaHTHOW Macchl 4-x a —dactun (cMm. Puc.l). [lamee, MBI mcmonb3yeM 9 KaHaIoOB
pacmana 016* :

0% > 4q : 0% - 2a + Be ooy yev— 4, 0% > 2a + Bedy, yev— 4a,
16" 8 8 16* 8 8

0 *—)390.092 mev T Begooz mev = 4, 0" —Be3 o4 mev + Bes3 o4 Mev = 4a,

0% 5Bef 19, mev + BeS o4 mev — 4, 0% 5o + €% 5 4aq,
0% 5a +C'% a + Beloguyey + @ 4, 0% 5a +C? 5a + Bed o, oy + a— 4a,

I/Ie HIOKHAN WHIEKC YKa3bIBA€T MAcCy YaCTHIIbI.

Bri6op kanana B Hameii MonTe-Kapio Mogenu omnpezaensieTcsi TOH JIOTUKOW, YTO MPHUPOJa BHIOUpaeT
HanboJiee SKOHOMHBIN MYTh Pa3BUTHUS MpoOIEcca, TO €CTh pealu3yercsl TOT KaHall pachaja, IS KOTOpOro
sHeprus BhIxoja (Macca 0'®* MuHyc Macca JoYepHMX YacTHI[ peakuuu) Hambosee ONM3KAa K JHEPrUH
BO30Y>KIeHHs pachafaromierocs sapa (016*). Ta xe moruka paboTaeT B PeakIUy pacmaia IPOMeEKyTOIHOI
gactuisl C12*Ha oYepHHe YaCTHIIE, U TAK Jaee.

U, nakonen, Monte-Kapno reHepamuss KakKIOro W3 YKa3aHHBIX BBIIIE PAcHaloB MPOHCXOAUT
H30TPOITHO, B CUCTEME TIOKOSI PACTIaIAI0IICHCs YaCTHIIBI U TUKTYETCS TONBKO 3aKOHAMH COXPAHEHUS SHEPTUu
¥ HUMIOyIbhca C OTHOCHTENbHOM TouHOCThIO Bhrumcienums 10710 (cm. [5],[15]). Hsorpomms pacmana
000CHOBBIBaeTCs clieayronum oopa3om. CoriacHo [12-14] pacmagaromiascs 4acTUIa MOKET UMETh OOJIBIIYIO
Maccy 1 00mbInoi ciivH. CoriacHo 3aKOHa COXPAHEHHS MOMEHTA, 3TO MOXKET MPUBECTU K TEHIICHIINN pa3yieTa
JOYESPHHX YaCTHUI] B TUTOCKOCTH, MEPICHANKYJIIPHON K BEKTOPY CITUHA pacrnajarorieics yactuipl. OHaKo, B
WHKJTIO3MBHOM aHcaMmOJe pacmajioB, caM 3TOT BEKTOp CIHMHA PacTafarolleiics YacTHIBI UMEeT N30TPOITHOE
pacrpe/eneHre, 4YTo SKBUBaJICHTHO H30TPOITHOMY pachaay MaTepUHCKON YacTHIIBI B CHCTEME €€ TIOKOS, YTO
MBI U fenaeM B Monte-Kapio Mmogenu.

3. CpaBHenne Monte-Kapio pacuera ¢ 3KCIepUMEHTAJLHBIMU JAHHBIMHU

st mpoBepku PU3MUYECKOH JTOTHKH, KPAaTKO M3JI0KEHHOW BbIIE, ObUTO creHepuposano 1000 Monte-
Kapno cobwituii. Ha puc.2-12 (N = 1000, n —4mcno 4acTuil) NpeACcTaBIeHO CPABHEHHE TCOPETHUSCKUX U
SKCIIepUMEHTANBHBIX 3HAYEHHI 1 XapakTepucTuk suep He? (@ —yacTum).

1,54
*
. i 7
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< * kK o 4
S o004 P
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o
0,5 /T
ek * Ak *
0,02+’ 3 rmd
0,00 -ttt it i sy oo+ T y y i"-‘
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4. 3aki0oueHue

BuzyanbHo pucyHku 2-12 NeMOHCTPUPYIOT XOpOIIEE COIIACUE€ SKCIEPUMEHTANbHBIX INAHHBIX C
MomnTe-Kapiio pacuerom, 4To MOATBEPXKIAETCS U PACICTOM )(2 kputepus [5],[16],[17]. Beé aTo roBopur B
TIOJIb3Y TE€X, EPEUNCICHHBIX BBIIIE, (U3NIECKUX THIOTE3, KOTOPHIE JIeXKAT B OCHOBE anroputMa MoHTe-
Kapmo pacgera. B wdactHOCTH, 3TO, TMycTh W OOOCHOBaHHas, HO BCE K€ THIOTE32 O TOM, UYTO
SKCIICPUMEHTAIBHO HaOJII0IaeMbIe YEThIPE (@ —YaCTHUIILI SIBJIIOTCS MPOIYKTaMH HM30TPOITHOIO pacraja
BO30YKIEHHOTO sijipa Kuciopoaa. OaHako, B IPUHITUIE, MOKET IPOU30UTH U allbTEPHATUBHBINA MPOIECC —
BEIOMBAaHUE MPOTOHOM Q — YACTHI[ W3 sIpa KHCIOpojga. B 3TOM cilydae HHKAaKoro BO30YXIEHHOTO
COCTOSIHMS SIJIpa KHCIOPO/ia He 00pa3yeTcs, a @ —4aCTHUIlbI JICTAT aHU30TPOITHO B CHUCTEME IIEHTPa Macc 4X
a —uactuil. [Tpu 3TOM pacrpee/ieHie HHBAPUAHTHON MAacChl 4X @ —YaCTHII BIIOJIHE MOXET OBITh TaAKUM
ke, kak Ha Puc.l. Jlns nmpoBepku 3TOM TUIOTE3bl, MHBapUaHTHas Macca 4X @ — 4YacTHll OISTh
reHepupoBanack corimacHo Puc.l, HO BMECTO H30TPONMHOTO pacmaja MOJEIHPOBAICS IPOIECC
AQHU30TPOITHOTO BBIOMBAHUs. DTO MPHBOIWIO K CYIICCTBEHHOMY Pa3pyIICHUIO COTJAcHs pe3yJIbTaTOB
Momnre-Kapiio pacuera ¢ SKCIEPUMEHTAIBHBIMM JaHHBIMH. [Ipu 3TOM, YeM OoOJbllie BBOJHIOCH
aHU30TPOIINH, TeM 0O0JIbIIIe OBLIO pa3HOTIIACHE.

Mp1 moaraeM, 9to BCE 3TO TIOKA3bIBAET BEPHOCTH TUIIOTE3BI O TOM, YTO B UCCIIEMYEMBIX peIKuX 43X
COOBITHAX 06pa3yrOTCs BO30YKIEHHbIE COCTOSHUS sapa Kucaopoaa 016* ¢ maccamu, npecTaBIeHHBIME Ha
Puc.l. Ecnm w3 3THX 3HAaYeHWI BBIYECTh MacCcy HEBO30YXKICHHOTO sjpa KHUCIOPOa, TO MOIydaTcs
oOHapy>KeHHbIE 3HaYEHsI YPOBHEH BO30YKIeHHS sapa kuciaopoaa. OHu npeacrasiensl B Tadmure 1.

Taonuya 1. Ilepeuenv yposreti 6030yscoenus (6 MaB) s0pa kuciopooa, HailOenHbie 6 HAUWUX IKCHEPUMEHMATIbHBIX OAHHBIX
(43 3nauenus). Owubra =~ 10%.

1591 | 19.83 | 20.18 | 20.80 | 21.69 | 21.96 | 22.05 | 22.49 | 23.29 | 23.92

26.23 | 26.32 | 29.25 | 29.61 | 30.32 | 31.39 | 3228 | 32.72 | 34.32 | 36.10
37.61 | 40.10 | 43.39 | 43.84 | 44.19 | 4535 | 4588 | 46.24 | 46.42 | 48.37
48.64 | 50.51 | 51.49 | 53.53 | 58.16 | 59.05 | 67.67 | 68.30 | 70.43 | 85.82
90.44 | 92.22 | 99.69

CpaBHuBas 3HaueHus ypoHed B TaOmune 1 u ypoBHeW B030ykJeHHs W3 paboThl [12], MOXKHO
BHIIETh, 4YTO, B TIpeaenax ommbok, ypoBHu HIke 40.10 MeB cormacyroTcss ¢ ypoBHAMH, paHEe
oryONMKOBaHHBIMU ApyruMu aBtopamu [12]. Ocranbnabie ypoBHH, oT (40.10 + 4.01)MsB  no
(99.69+9.97)M»1B, panee He HAOMIOAATHCH.

[TommydenHsie pe3ysbTaThl MOTIH ObI OBITH WCIOJB30BAaHBI HE TOJBKO JUISI TEOPHH SIEPHOTO
pacmaza, HO TaKKe | JUIs aHaJIi3a TEPMOSIIEPHOTO CHHTE3a 00JIee TSKEIBbIX 3JIEMEHTOB.
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,HHQ)PAKHHQHHbIﬁ PA3BAJI SIJIPA KUCJIOPOJA HA YETBIPE o-YACTHUILBI B *Op-
B3AUMOJIENCTBUSAX ITPU 3.25 A I'3B/e

A.K. Onumos, K.I'. I'ynramos, K. Oaunmos

Qusuxo-mexnuueckuil uncmumym Axademuu Hayk pecnyoauxu Yzbexucman, yiuya Yuweuza Aummamosa,
26,100084, 2. Tawkenm, Yzbexucman,

E-mail: olimov@uzsci.net

AHHOTAIUA

Bnepevie uzyuen pasean a0pa Kuciopooa Ha uemvlpe O-4ACMUYbl 80 83AUMOOEUCMBUAX C
npomonamu npu 3.25A I'>B/c. Ha ocnosanuu anaiuza cnekmpa npomoHO8-omoadu no Keaopamy
NnoOnepeyHo20 UMNYIbCa onpeoeier paouyc npomona-muuieny, komopuiii okazancs paguvim 0.84%0.05
¢@m, umo coenadaem c IKCHEPUMEHMATLHO HaUOeHHbIM dnekmpudeckum paduycom (0.831£0.012 pm).
Haiioeno ceuenue ougpakyuonnozo paszeana s0pa KUciopooda HA Hemwvlpe O-4acmuybl, KOMopoe
okazanoce pasHvim 1.42 £0.25 mo.

KiroueBbie cioBa: spo KUCIIOpoJa, NPOTOH, AUGPAKIUS, CEUCHUE, PAINYC, MOMEPEUHbIH
UMITYJIbC, TIEPEIaHHbBIA YeTHIPEX-MEPHBIH UMITYJIbC, TApaMeTp HAKIOHA.

1. BBeaenue

B snmepHBIX coymapeHUsX IpH BBICOKAX DHEPTHSIX CYIIECTBYET OCOOBIM Kiacc AM(PaKIMOHHBIX
B3aMMOJCHCTBUI, B KOTOPBIX OAHO M3 SIAEP MCHBITHIBACT pa3Ball, a APYroe COXPaHAETCs, MOydasl TOJIbKO
KaKOH-TO YETBIPEXMEPHBIH UMITYJIbC; KAKUEe-TH00 KBAaHTOBbIE YHCIIA MEXTY SIIPAMH IIPU 3TOM HE NIEPEAat0OTCs
[1]. B paborax [2,3] HamMu ObUIM H3YyY€HBI pEakIMM pa3Baja sjpa KHCIOpoJa Ha JBYX3apsaHbIC U
HIecTU3apsAHbIC, a TAKXKe Ha OJIHO- U CeMH3apsIHbIe pparMeHThl BO B3aUMOJICHCTBUSX € MPOTOHAMH 1pH 3.25
A I'3B/c n onipenienieHbl BKIagbl pa3IMUHBIX MEXaHU3MOB PEAKLIUH 10 yKa3aHHBIM TOIIOJIOTHSIM. Y CTaHOBJICHO,
4TO pasBall AApa KMCIOPO/a Ha 0-9acThIly M Sapo ?C oCyIecTBISETCs M0 KaHaly JM()PaKIMOHHON PEaKIuy
¢ nonepeunbiM cedenrneM 3.01 = 0.36 MOH W KaHaJdy KBa3HyIypyroro BbIOUBAaHHS MPOTOHOM-MHIIEHBIO
OJIHOTO M3 0-KJacTepoB spa °0 ¢ monepeunsiM ceuennem 1.12 + 0.12 m6H. [Tonepeunoe ceyenne KaHana
nU(pPAKIMOHHOTO pa3Baia sapa KMCIopoaa Ha sapo °N 1 mpoToH-(parMenT okazanock pasaeiM 1.90 + 0.30,
a Ha aapo N u geiirpon — 0.76 = 0.18 MOH.

B nHacrosimielt paboTe MBI IpeCTaBUM HOBBIE SKCIIEPUMEHTANIbHBIE JaHHBIE 0 AU(PAKLINOHHOM pa3Bajie
siipa KUCIOpO/ia Ha YEeThIPEe (-YaCTHIIBI BO B3aUMOIEHCTBHAX ¢ MpoToHamu 1ipu 3.25 4 I'3B/c.

2. JKcnepuMEeHTAJIbHBIH MaTepHaJl

OKCIepUMEHTATLHBIN MaTepral TOMydeH ¢ MOMOIILI0 1 M BOJOPOIHON My3BIpEKOBOI KaMmepsl JIBD
OUAN, obnydeHHOW pENIATUBUCTCKUMHU SiApaMU KHcIopoaa ¢ umityiscoMm 3.25 A I'aB/c nHa JlyOHeHckoMm
cuHxpodazoTpoHe U cocTouT u3 10690 MONTHOCTBIO U3MEPEHHBIX HEYNPYTUX 0p-coObITHii. DKCIEPUMEHT
MO3BOJISIET C BBICOKOM TOYHOCTHIO MJCHTU(HUIMPOBATH (PparMeHTHI sipa KHCIOpoJa Mo 3apsay. Beicokas
TOYHOCTH U3MEPEHUS UMITYJIbCOB (parMeHToB (<Ap/p> = 3.4 + 0.1% npu AaMHE NPOEKUUH Tpeka GpparMeHTa
B pabodeM o0beMe KaMmephl 0ojiee 35 cM) MO3BOJISIET AOCTATOYHO HAAEKHO UACHTU(HUIMPOBATH UX MO Macce.
Paznenenne ¢parMeHTOB MO Macce MPOBOJMIOCH IO MX 3apsly M MMITYJIbCY: OJHO3aPSTHBIA (parMeHT C
umnynbeoM 1.75 <p< 4.75 I'3B/c cunrancs npoTroHOM-(hparMeHTOM, IBYyX3apsIHbIH pparMeHT ¢ UMITyJIbCOM
p < 10.75 IB/c otnocuncs k *He, a ¢ ummymnscom p > 10.75 I9B/c — k *He. Jlpyrue meToandeckue
0COOCHHOCTH IKCIIEPUMEHTA NIPUBE/ICHBI B paboTax [3-5].

3. AHAJIM3 IKCIIEPUMEHTAJIBHBIX Pe3yJbTATOB

WmnynbcHBIN CIEKTp ABYX3apsIHBIX (PParMeHToB sifjpa KMUCIOpoaa B COOBITUAX Tonojoruu (2222) Bo
B3aMMOJIEHCTBUSX ¢ TpoToHamu Tipu 3.25 A T'3B/c npusenen Ha puc. 1.
BunHo, 9TO HMITYIBCHBIN CIEKTP ABYX3apsAHBIX (ParMeHTOB MUMEET JBa MAaKCUMyMa — OJTUH IIUPOKUH B
obnactu ummysbcoB 9.5 < p < 10.5 ['3B/c, a Bropoii B o0mactu p = 13 I'3B/c. IlepBblit MakcuMyM CBsI3aH €
obpazoBanueM szep *He, a BTopoii — cOOTBETCTBYeT 06pasoBanuio sapa “He. Uncno coObITHii ¢ TONOIOTUE
(2222) oxazanoch B HaIIeM dKcriepuMeHTe paBHBIM 106. B cOOTBeTCTBHM ¢ HAIIMME KPUTEPUSIMH 0TOOpa
nons anep *He okaszanock pasroit 13.7 + 1.9%, a nons snep “He, cooTBeTcTBEHHO, paBHOii 86.3 + 4.5%.
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Puc. 1. immysnecHOE pactipesie/ieHue AByX3apsIHbIX (HparMeHTOB B COOBITHSX TOIIOJIOTHU

(2222).
JI1s1 BBIIENIEHHST COOBITHIT TM(BPAKIMOHHOTO Pa3Baia s/[pa KUCIOPO/Ia Ha YETBIPE 0-4aCTHUIIBI TUITA
¥O+p—da+tp (1)

Kak U B pabote [3] OyzseM BBOAWTH OTpaHHUYCHUS HA YTOJ BBUIETa IPOTOHA oTAa4u 6 > 70° 1 Ha ero UMITYJIbC
p < 0.4 I'3B/c. Ilocne BBeieHHs TaKMX OTPaHMYCHUIN Ha UMITYJIBC U YTOJI BbUJIETa IPOTOHOB OT/IA4U OCTAJIHCh
43 coOwiTus B peaknnd (1), KOTOPBIX MOKHO CUMTATh KAHIUAATAMHU B COOBITHS MU PAKIIMOHHOTO pa3Baia
SIApa KUCIIOPOa Ha YeThIpE 0-4acTULbL. Teneps paccMOTPUM paclpeneieHUe IPOTOHOB OTAAYH MO KBaApaTy
WX TIOTIEPEYHOT0 UMITYJIbCa, MPAKTUYECKH PaBHOTO NIepeJaHHOMY YEeThIPEXMEPHOMY UMITYIIBCY SIPY
KHCJIOPOJA IS THX COOBITHH.

Ha puc. 2 nokazano uHTErpajipHOE pacrpeesieHie 0 KBaapaTy MonepeyHoro UMIyjibca IpOoTOHA
OTJa41 B TabopaTOpHOM cucTteMe KoopauHaT. KpuBas Ha puc. 2 — pe3ynbTaT annpoKCUMaIluu
9KCIIEPUMEHTAITBHBIX JTaHHBIX (OPMYIIOit

F(>qf) = a-exp(-bas). 2

0,02 004 006 008 0,10 012 014 0,16
2 2
P, (IsB/c)

Puc. 2. HTerpansHoe pacrpe/ieseH e Mo KBapary MonepevyHoro HMITyJibca IPOTOHA OTIa4YH B 1abOpaToOpHOil cucteme
KOOPJIUHAT B COOBITHSIX TOTONIOTHH (2222).

Hawnyuiiee onucanvie 3KkcriepuMeHTa TIOIY4EHO TP CIIeIYIONINX 3HaYeHUAX apametpon: a = 1.42 + 0.06,
b=18.0+0.7 (I'B/c)? u y*/4.c.c. = 0.15. U3BecTHO, 4TO npy AU(PaKIUK HAJETAIOMIETO SA1pa Ha HEKOTOPOH
MHUILEHH KBapaTHBII KOPEHb U3 3HAUECHU [TapaMeTpa HAKJIOHA JOJKEH PaBHATHCS PaguyCy MHUILIECHH, B
HallleM cilydae paauycy npotona. OTciona 1is paauyca MumeHd umeeM 18Y2:0.19733 ¢m = 0.84 = 0.05 ¢,
YTO B IpeJiesiaX CTATUCTUIECKUX MOrPEITHOCTEH COBIAIAET C IKCIIEPUMEHTANBHO HAWJICHHBIM 3HAUCHHEM
panuyca nportoHa, pasaoro 0.831 = 0.007 + 0.012 ¢wm [6].

B pa6ore [7] mpoBOAMIOCH UCCIIE0BAHKE KOTEPEHTHOM auccotmanuu sapa °0 Ha ueThipe o-dacTuipl
npu uMmysbee cHapsia 4.5 ['9B/c Ha HyKJIOH. DKCIIEPUMEHT BBITIONTHSUICS B SJCPHON IMYJILCHH, B KOTOPOH,
KaKk Hu3BecTHO, uMmerorcs Tpu rpymmsl snementoB H, CNO u AgBr. Ycinosus skcnepumenTta, a UMEHHO
MPOCMOTpa, OBUIM TAKOBBI, YTO COOBITHSI HAa BOAOPOJE SMYJIbCHHM OBUTM HMCKIIOUEHBI. TakuMm oOpaszom,
paccmarpuBanack aucconnanus saep kuciopoga Ha sapax CNO um smpax AgBr. ITockoiabKy MMITYIIBCHI
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YaCTHI B OTOM JKCIICPUMEHTEC HE USMEPAINUCH, IJIA aHaIn3a UMITYJIbCHBIX paCHpe,Z[eJIeHI/Iﬁ HUCIIOJIB30BAJINCH

uX yriossle oneHku. OKas3anock, 4To B 3TOil paboTe pacnpeieleHue 0 nepeJaHHoMy sSapy kuciopozaa 0

YCTBIPCXMEPHOMY UMITYJIBCY, OICHNBACMOMY Ha OCHOBEC YIJIOB BbIJIETA BTOPUYHBIX YaCTHUI, B (l)OTOBMyJ'H)CI/H/I

(T.€. OT ABYX Pa3HbIX €€ KOMIIOHEHT) YIOBJIETBOPUTEIBLHO OIUCHIBAETCSA CYMMOM IBYX I'ayCCOBCKUX ()YHKIIMIA:
F(>a¢) = aexp(-a:10¢)+(1-a)-exp(az0’) 3

CO 3HAYEHUAMH mapameTpoB a1 = 19 + 2 (IB/c) 2, a =4.2 + 0.4 (IB/c)?ma = 0.66 £ 0.06.  Cnemyer
3aMETHTh, YTO MOJYYCHHOE B 3TOM OJKCIIEPUMEHTE 3HAau€HHE BEIMYMHBI @1 B paMKax CYIIECTBYIOIIHX
MpeJCTaBICHUI COOTBETCTBYET PaAnycy MPOTOHA, B TO BpeMs KaK BEJIMYMHE 82 TPYIAHO JaTh KaKylo-IuOO
Takyto uHTEepnperanuro. [Ipencrasnsercs, 4To MOTy4YeHHBIE B paboTe [7] pe3yibTaTsl MOTYT OBITH MOHATHI,
€CIIM y4ecTb OTCYTCTBHE B DJKCIIEPUMEHTE HMIIYJIbCHBIX W3MEPEHHH BTOPUYHBIX YacTHIl, a TaKkKe TO
00CTOSITENILCTBO, YTO HAa TSHKETBIX sApax (OTOIMYJIHCHH MOXKET AOMHHUPOBATH HE MTUPPAKIUOHHBIN, a
9JIEKTPOMArHUTHBINA MEXaHU3M pa3BaJia MaJarolero sapa KUCIopoaa.

CpenHee 3HaueHHE IONEPEYHOTO HMITYJIbCA O-YaCTHIl B CUCTEME IOKOS (PparMEHTHPYIOLIETO siapa
KHUCJIOPO/a 0Ka3aoch paBHbIM <P >=121 £ 6 M>B/c, uT0, KCTaTH, COBNAAAET CO 3HAUYEHUEM, MOTyIEHHBIM B
pa6ote [7] (<P{>=121 + 2 M»sB/c).

Takum 00pa3oMm, MOXKHO 3aKJIIOUUTh, YTO paccMaTpuBaeMble Hamu 43 coObITHs 00pa3oBaiuch B
pe3yabTate TUPPaKUOHHON JUCCOIMAINH SApa KHCIOPO1a Ha YEThIPE (l-4aCTHIIBI.

3Has yncno coObITuil Tomosyoru u (2222), paBHoe 106, U BeNWYMHY TONEPEUYHOTO CEYCHHUS ITON
torostoruu (3.51 £ 0.31 MOH [8]), MBI MOXEM JIETKO BBIYHCIHUTH MONEPEYHOE CeueHHe MUGPAKITHOHHON
JUCCOITUAITNH SIpa KUCIOPOAa Ha YeThIpe o-9acTuipl: o(audp.) = 3.51-43/106=1.42 + 0.25 M0H.

4. 3aka04eHue

Mpbl npencTaBUIM HOBBIH SKCHEPUMEHTAJIBHBIA Marepuail O IUGPakUHOHHOMY pasBaly sapa
KHCIIOPOJIa Ha YeTHIPE O-9acTUIBI BO B3aMMOJEHCTBHAX ¢ mporoHamu mpu 3.25 A I'»B/c. Brepseie Ha
OCHOBaHWM aHalM3a CHEKTpa MPOTOHOB OTAA4H 1O KBaJIpaTy MONEPEHHOr0 HMITYJIbCa OIMpPEICIeH Paauyc
MPOTOHA MUIIIEHH, HA KOTOPOM MPOUCXOAUT AU(PAKIIMOHHBINA pa3Ball sipa KUCIOPOa Ha YETHIPE 0-UaCTUIIBL.
Pamuyc mporoHa-mumienn oxkasancs paBHeIM 0.84 £+ 0.05 ¢M, KOTOpHI yAWBHUTENHHO COBMHANAET C
9KCIEPUMEHTAITFHO HalIEHHBIM 3JIeKTprueckiM panuycom mnpotoHa (0.831 £ 0.012 ¢m). Haiigeno ceuenne
T paKOHHOTO pa3Baja sijipa KHCIOPOaa Ha YEThIPE (i-4aCTHIIBI, KOTOpOe OKa3anoch paBHbIM 1.42 £ (.25
M0. B cucreme mokos sapa Kuciopoia HaHIEHO CpeAHee 3HaYeHHE MOINEPEeYHOr0 MMITYJIbCa MPOAYKTOB
I paKIOHHOTO pa3Balia spa KUCIopoJa — 0-4acTHL, KOTOpOe OKa3ayoch paBHeIM 121 + 6 MaB/c.
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OBPA3OBAHUE A% U A*-M30BAP BO B3AUMOJIEMCTBUAX JEMTPOHOB C SIJIPAMHA
YIJIEPOJA TIPU 4.2 T3B/c HA HYKJIOH

K. Onumos?, A.K. Oaumos?, A.U. CyBanos!, M.Paxmary.iaesa’

Ydusuxo-mexnuueckuii uncmumym Axademuu nayx pecnybruxu Ysbexucman, ymuya Yuneuza Atimmamosa,
26,100084, 2. Tawxenm, Y36exucman, E-mail: olimov@uzsci.net
2 Tawxenmckuii ynusepcumen un@OpMayuoHHbIX MeXHON02ULl

AHHOTANUA

Ipedcmasnen HObIIL IKCNEPUMEHMANbHbL Mamepuan no obpazosanuio A°- u A**-uzo6ap 6o e3aumo-
Oelicmeusx 0eiumporos ¢ sopamu yeaepooa npu 4.2 A I'3B/c. Obpazosanue 3mux u3006ap ucciedo8ano, He
paszoensis ooaracmetl hpasmenmayuy 10pa MUUEHU U CHAps0a u 0moeibHo 6 amux ooaracmsx. Ilokazano, umo
He3aeucumMo om oobnacmei GpacMeHmayuy WUPUHbL MACCOB020 CNEKMpPA MUX Uu300ap OKA3AIUCH
cognadarowumu opye ¢ opyeom. LLlupuns maccoeoz2o cnekmpa smux uzobap 6 odracmu gpacmenmayuu 10pa
MUWEHU OKA3auch, 6 cpeonem, 2.3 pasa MeHvuie, ueMm, MAKOGbIX A-pe30HaHcos, 00pa306aHHbIX 6
CMOJIKHOBEHUSX C8000OHBIX HYKIOHO8. Ycmanoeneno, umo obpazosanue A-uzobap npoucxooum npu
NepPeUHOM COYOAPEHUU HYKIIOHO8 HALEeMAIowe20 Oeimpond.

KiaroueBble cioBa: s1po, HYKIOH, A-u300apa, IIUPUHA MAcCOBOTO CIEKTpa, 00JacTh
(dparmeHTanny sAApa, 006JIaCTh (PparMeHTAINH CHapsIa

1. BBenenue

B HacTosimee BpeMsi SKCHEPHUMEHTANbHBIX JaHHBIX MO 00pa3oBaHHIO A-n300ap B aIpoH- U AOpO-
SIIEPHBIX COYAAPEHUSAX MIPHU BBICOKUX YHEPTUSIX OUCHb Mo, UMEIOTCS JIHIIb HECKOJIBKO padot [1-6]. B aTtux
paboTax nmokasano, 4to mupuHa Macchl A%-u306ape1 Ha 20-25% menbiie (I' = 85-95 MaB) yem Takoas (I' =
120 M»sB) ans u300ap, poXkIEHHBIX B HYKIOH-HYKJIOHHBIX WM THOH-HYKJIOHHBIX COYAapeHHUsX. DTOT
PE3YJIbTAT, Ha CAMOM JIEJIE, SBJISETCS YCPEMHEHHBIM 3HAYEHUEM IIMPHHBI MACCOBOTO CrieKTpa A’-pe3oHaHCOB,
00pa3oBaHHBIX B 00MacTH ()parMeHTalMu sApa-MUIIEHM M CHapsjga. Brepseie B paGore [7] B n'?C-
coynapenusx npu 4.2 I'>B/c npoBoauiock uccienosanue obpazosanus A’-pesonanca oTaenbHO B 061acTH
¢parMenTanmu MuteHn u obnact Gpparmenrtanuu cHapsaa. [llupuna Maccer A%-n306apbl, 06pa30BaHHON B
obyacTy (parMeHTalMy MUIIIEHU OKa3aiach paBHOU 47 £ 2 MaB, uro B 2.5 pa3za MeHbIlIe IHUPUHBI JEIbTA
pe3oHaHca, 00pa30BaHHOTO B CTOJIKHOBEHHSAX CBOOOJHBIX HYKJIOHOB. J[JIs HHTEpHIpeTauu 3TOro pe3ynbraTa
Obula BBIABMHYTA TUIIOTE3a O TOM, YTO BHYTPH sIpa MUILEHH SACPHBIN MOTEHIMAI HE MO3BOJIET U300ape
pacracThes 10 MOMEHTA TIOKHMIAHHS MM sIEPHOTO MoTeHmana. MM 6bUT1o mokasaHo, uTo Bpems Ku3Hu Al-
n300apbl, 00pa30BaHHON BHYTPH Spa MHUILIEHH COCTOUT U3 JIBYX YacTel: BpeMs MPOXOKACHU uepes SaApo U
BpeMsi pacmajga cBobGomHoM A’-n300apel. B CBA3M € OTMM IIPEICTAaBISET ONpENEIEHHbI HMHTEPEC
uccnenosanus oopasosanus A% um A**-pe3oHaHCOB OTHENBHO B OOJACTH SApa-MHUIIEHH M B OOJNAcTH
cuapsanad?C-coynapennii mpu 4.2 A I'3B/c.

B mHacrosimeir pabore TmpeicTaBiIeHbl HOBbIE JKCIIEPUMEHTANBHBIC JIaHHBIE O Pa3InYHBIX
xapaktepuctikax A%~ u A**-u3006ap, 06pa3oBaHHBIX BO B3aMMOJIEHCTBHUAX JISHTPOHOB € APaMy yIJIEpO/a Py
umnynbce 4.2 A I'3B/c He pazgensist obnacteil pparMeHTaluy U OTIENIBHO B 0071acTH (PparMeHTalui MULICHU
Y cHapsaa.

2. JKcnepuUMeHTANbHBIH MaTepua U npoueaypa BoiaejieHust A-u3obdap

OKcIepuMEeHTAIBHBINA MaTepHrall MOJIyYeH ¢ MOMOILBIO 2M MPONaHOBOH Mmy3bIpbkoBoii Kameps! (A TIIK-
500) Jlabopatopuu Bbicokux sHepruii OMSN (lyona, Poccus), 00mydeHHOW IMydKoM sifiep JEHTpOoHA MpH
nmnynbce 4.2 [B/c Ha HykiioH Ha JlyOHEHCKOM CHHXPO(a30TPOHE H COCTOUT M3 MOJIHOCTHIO U3MEPEHHBIX
7071 d*?*C-coGbITHid.

Bce oTtpumnarensHble Y4aCcTHIBI CUMTAINCh T -Me30HaMH. [Ipumecu smektpoHoB M K'-Me30HOB He
npeBbImaoT 4% OT O0LIero YKcia OTPHUIIATEIbHBIX YaCTHUI], OTHECCHHBIX K 7 -Me30HaM. [IpoToHbl U T'-
ME30Hbl BH3YaJIbHO HICHTU(QHUIMPYIOTCS A0 HMIIYJILCOB NMPOTOHOB p <750 M»sB/c. HwkHHMe rpaHUIBI
perucTpanry NpoToHOB u 3apsbkeHHbIX THoHOB B I TIIK-500 coctaBmnstoT, coorBercTBenHo 140 MaB/c u 55
MbB/c. B skcriepuMeHTe cpeHsis OTHOCHTENbHAS HOTPEITHOCTh U3MEPEHHS IMITYJIBCOB 3apsKEHHBIX THOHOB
He npesbimaeT 11%, a mporoHoB — 5%.
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Jlins pasmeneHust OBICTPBIX MPOTOHOB M 7T'-Me30HOB (p> 750 MbaB/c) MBI HCIIOIB30BAIH MPOIEAYPY,
npuBeAeHHYO B [8,9]. Paznenenue obnacreil pparmenTanyiu Ha 00iacTb pparMeHTaliy MUILIEHH U 001aCTh
(¢parMeHTanMu CHapsila MPOBOAWIOCH IO HMMITYJIbCY HPOTOHOB. [l HaXOXAEGHWS HIDKHEW TpaHMIBI
MMITyJIbCa TPOTOHOB, 00pa30BaHHBIX B 00JacTW (hparMeHTalMH CHapsAga HCIONB30BaM TOT (aKT, YTO
CpeAHee 4YHCIIO COXPAaHMBIIMXCS NPOTOHOB YHUCICHHO HIOJDKHO paBHATBCA 0.64, ompenensieMoMy Kak
<Neoxp>=1-K, rme kK — koapunment neynpyroii nepesapsiaiku HykiaoHa, paBHbiit 0.36+0.01 [10,11]. Takas
rpaHuLa IJisl UMITyJbca MPOTOHA OKa3anach paBHOU p=>1.25 [5B/c. Takum 00pa3om, eciar HMIYJIbC MPOTOHA
Menbpire 1.25 IBB/c, To oH oTHOCWICS K 0OjacTh ¢parMeHTAMd MUIIECHH, W HA00OpOT — K oOiactu
(parMeHTannyu cCHapsa.

W3mepeHHbIE UMITYJIBCHI TPOTOHOB M MUOHOB OBUTH MCIIOJIB30BAHBI AJISl pacueTa HHBAPHAHTHON MacChl
(M) pt -mraps1, KOTOpast OnpenemsaIach H3 COOTHOIICHUS:

MZ:{Ep+E”Y—(Pp+PRY(D

rie E, —E_— P_—, P_—5ueprus u umMnynnsc npotona u 3apsykeHHOTO MHOHA, COOTBETCTBEHHO.
p V4 T

P

W3BecTHO, YTO B aIpOH-AACPHBIX B3aUMOJCHCTBUIX NPU BBICOKUX SHEPIHAX HEBO3MOXKHO BBIIENATH
A% umu A**-u300apbl ¢ TOMOILIBIO CTAHJAPTHON METOAMKM alNpOKCHMAIUKM Pa3sHOCTH HOPMHPOBAHHOTO
(OHOBOTO M IKCTIIEPUMEHTAIBHOTO CIIEKTPOB MHBAPUAHTHOM MacChl P + T WM p + T -Tapbl PeIsITUBHCTCKOI
tdbopmynoit bpetit-Burnepa. [lo-Bumumomy, 3TO CBSi3aHO C OONBIIMM YHCIIOM JIOKHBIX KOMOWHAIUH M
3aBUCHUMOCTBIO (DOPMBI UMITYJIBCHOTO CIIEKTpa MPOTOHOB OT MX YMCIAa B COOBITMH. B CBSI3M ¢ 3TUM 175
soienenns A% uwin A**-uzobapel B dY?C-coynapenusx npu 4.2 A I'sB/c MBI MCIONB30Baly MPOLEAYPY,
MpuBeNeHHYO B [12].

HW3BectHO, uTO TpH pacnane A-n300apbl Ha JETY yrojd ¢ MEXIY BBUICTAIOMIAM IPOTOHOM M MTHOHOM
B JIaDOPATOPHOM cHCTEME KOOPJUHAT OINPEAENAETCS COOTHOLICHUEM:

2 2 2
cosa =~ EpE,,—NIA M™% =M% ) @)
PP, 2

rae P, —u P,—MMIysIbCH NPOTOHa M mHoHa, E, —u B —nxsueprum, u M = 1232 MaB/c?. Dto

3HAYeHUE OBUIO CPAaBHEHO C KOCHHYCOM SKCIHEPUMEHTAJIBHO HM3MEPEHHOro yria B MeXIy BEeKTOpaMHu
MMITYJIbCOB IPOTOHA U T -ME30HA

PP
p

p p pﬂ'

Jlasnee sKcHepHMeHTAIbHOE paclpejeleHne 0 UHBApHaHTHOH Macce map (pm uwau pr'*) dn/dM

ITOCTPOUITH, UCTIONb3YS KPUTEPHIA:
Ae = |cosa —cos B, 4)

rje & — mapameTp oOpe3aHus, TeopeTuUecku Jiexamuii B uarepsaie [0, 2]. [Ipu atom, uem TouHee

M3MEPEHBI UMITYJIbCHI TIPOTOHA U TTHOHA, TEM HUXKE JTOJDKEH OBITh BEPXHUM MPeEJIeNl STOT0 HHTEpPBaa.
OKCIepUMEHTAJIbHBIC PACIPEICICHUs ObUTH IOJyUYEHBI, KCIOJbB3Ysl YKA3aHHOI'O BBIIIC KPUTEPHS,

IMyTeM KOMOWHUPOBaHUS MPOTOHOB M MUOHOB B KAKIOM OTACIHLHOM COOBITUH. (DOHOBBIC pacIpeesieHus
CTPOMIIOCH IO TEM K& KPUTEPHSAM, YTO W IKCIEPUMEHTAILHBIC PACIpeNeiIeHrs, HO KOMOWHHPOBAIUCH
MIPOTOHBI U TTHOHBI, TIOI0OpaHHBIC CITyYaltHBIM 00pa30M U3 pa3HbIX COOBITHIH. [l ydaeTa BIUSHUS TOTIOJIOTHH
COOBITUH TIpU TONYYCHUH (POHOBBIX paclpeieicHuii KOMOWHUPOBAIMCH COOBITUS C PaBHBIMHU
MHOKECTBEHHOCTSIMH TPOTOHOB. UWcCio pa3birpaHHbIX (DOHOBBIX KOMOMHAIMN MO KAXKIOMY H3y4aeMOMY
pe3oHaHCy Obul0O B IsATh M Ooliee pa3 Ooibllle, YeM COOTBETCTBYIOIEE YHUCIO KOMOWHANWK B
9KCIIEPUMEHTAILHOM pacrpeneieHud. [0 CpaBHEHHIO C 3KCHEPUMEHTAJIbHBIMU CIEKTpaMH, (POHOBBIE
pacnpezieieHuss HOPMHPOBAIMCh HA YHCIO KOMOWHAIMK B 3KcrepuMeHTe. UTOObI TOIYYUTH MacCOBOE
pacnpeznenenue A-pe3oHaHca, OBUIO TPOAHATMIUPOBAHO PpACHpPENENIEHHE Pa3HOCTH MEXAY CIEKTpaMH
3KCIIEPUMEHTAIBHBIX U (JOHOBBIX MHBAPHUAHTHBIX MacC, JaHHOE COOTHOILICHHEM

cosf = (3)

rJie & —ATO HOPMUPOBOYHEIH (haKTOP.

dn dn®
—a

D(M):dTVI d7M 5)
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UzBecTHO, 9TO OmMMOKM B omnperelcHHd S(PQPEKTUBHOW MacChl BIHMSIOT HA DKCIEPUMEHTAIBHO
HaOmomaeMy0 (GopMy W MIUPUHY PE30HAHCHOM KpUBOH. Y4YeT BBI3BAHHBIX JKCHCPUMEHTAIBLHBIMU
MTOTPEITHOCTSAMHU UCKaKEHUH B TEOPETHYECKOI KPHBOIi, OMMCHIBAIOIIECH pe30HaHCa, OBLT OCYIIECTBIICH ITyTeM

WHTETPUPOBAHUS 3TOW KPUBOM ¢ (PyHKITHEH pa3pemeH1/m B BHJIe KpuBoH ["aycca:

(M -m)~ m)?
BW (M) = @jm BW(m)ﬁexp( i )) (6)

rae BW(M) — pensitusuctckas dopmyina bpeiit-Burnepa [13], kotopast uMeer Bu

I'MM
BW(M):(MZ—MzA)ZiFZMZA ()

rae May —u I' — macca u mmmpuHa A-u300apHI.

3aBUCHMOCTD JUCIIEPCUI OT MACChI OMPEACIISIACH BHIPAKCHUEM:
o(m)=6.32+0.073*(m-m,-m;)
€M, — MM, — Macca IPOTOHA U T - WK 7T -ME€30Ha. 3/1€Ch 3HAYEHHsI MHBAPUAHTHON MACChl M ¥ MACChI
YgacTull — Mpu M, OepyTes B MbBax.
Ha6op pacnpenenennii D(M) mis pasnuuneix 3HaueHuil mapameTpoB & W @ (urupoBascs

BbIpakeHHEeM (6) W 3Ha4YeHHue ;{2 Obulo Halimeno s Kaxgoro ¢ura. Ilapamerpsr M, u I' Gbum

oIIpeesieHbl MyTeM MUHUMH3aUuH pa3HocTy (5). bout HalineHn HaOop U3 ABYX MapaMeTpoB & M a U1 KaKAOTO
9KCHEPUMEHTAIBHOTO CHEKTpa, IOIYYEHHOTO NpPU HX Pa3IM4YHbIX 3HaueHMsAX. Hawmmydmme 3HadeHus

2
NapamMeTpoB € U @ ObUIM ONpe/eNieHbl U3 aHaiu3a noseaends GpyHkuun ¥ (£,8) myTeM HaxoKIeHUs ee
MUHHMYMA.

3. DKCcnepuMeHTAIbHbIE Pe3yJIbTATHI U UX AHAJIU3

Ha puc. 1 moka3saHsl CIIEKTPBI HHBAPUAHTHBIX Maccn p(a)- u n'p(6)-nap B d?C-coynapenusx npu 4.2
A I'sB/c He pa3nesnsis npoTOHOB Ha 001aCTh CHapsAa U 001acTh pparMeHTanny MuiieHH. CIUIOIHbIE KPUBBIE
— pe3yiabTaThl AaNMpPOKCHUMAIMK SKCICPHUMEHTAIBHBIX CIEKTPOB HHBAapUAHTHBIX MacC T p-U T p-Tap
dbopmyiioit (7). Kak BuaHO 13 puc. 1 corjacue 3KCIEPUMEHTAIBHBIX CIIEKTPOB U TEOPETHUCCKUX KPHUBBIX
JOBOJIHO XOpoIIee.

Haiinennsle 3Ha4eHns: Macc ¥ IWUPUHBI Macc A-1300ap, X CpeaHssI MHOKECTBEHHOCTb, & TAKXKE JI0JIU
3apsOKEHHBIX TMOHOB, POXKICHHBIX OT paciaia 3TUX n300ap mpuBeneHbl B Ta0. 1. TaM ke moka3aHa U CTeleHb
corylacys SKCIIEPUMEHTA C alnpokcuMupyroeil gpyuxuuneit (7)

Kak BumHo u3 Tabn. 1 Bce xapakrepuctuku A%~ m A**-u300ap B mpemenax IOrpemIHOCTEN HX
Olpe/ieNieHUsT COBMaAaloT. Takoe e COBMNajeHWe HaOmogaeTcs W JUIsl JOJeld OTpULATENbHBIX |
MOJIOKUTENBHBIX MUOHOB, 00pa30BaHHBIX OT paclaja 3TUX u300ap. Macchl U MUPUHBI Macc 3TUX U300ap B
Mpeienax MorpelrHoCTel COBNAAAIOT ¢ TaHHBIMU padoT [1-6]. Takum 006pa3oM HaIIM pe3ynbTaThl MO IUPUHE
Macc paccMaTpUBaeMbIX A-pPe30HAHCOB TakKXKe IMOATBEP)KIAIOT YMEHBIIEHHS IIHMPHHBI Macc A-u3o0ap,
POXIEHHBIX B aIpOH-SACPHBIX COYAAPEHHSIX MO0 CPABHEHHIO C TAKOBOW /ISl A-pe3oHaHCcOB, 00pa30BaHHBIX B
CTOJIKHOBEHHUSIX CBOOOJHBIX HYKJIOHOB.
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Puc.2. CrieKTphl HHBApHAHTHEIX Mace T +p(a) 1 wH+p (6) map B d*2C-coyaapenusx npu 4.2 A T'3B/c
mpu 3HadeHnsix mapameTpoB € = 0.25, a=0.67 u ¢ = 0.30,a= 0.50, coorBeTcTBeHHO. CILIOIIHBIC KPUBBIC —
Ppe3yNbTaThl alIPOKCUMALIMN KCTICPUMEHTATIBHBIX CIICKTPOB (hopmydoi (7).

Taoauua 1. 3HadeHHEe Macchl, IIMPUHBL U CPEAHHE MHOKeCTBeHHOCTH A(A**)-u306ap, obpasoBanHbIX B d'2C-
coynaperusx npu 4.2 A I'5B/c, 1011 0TpUIaTeTbHBIX (MOJ0KHUTEIBHEIX ) THOHOB W, POKIEHHBIX OT Pacra/ia 3THX Pe30HaHCOB,
a TaKKe CTENeHb COTNachs SKCIIEPUMEHTA C allpOKCUMUpYTomeil QyHKImeit

Tun u306apst Ma, MaB | T, M3B <ny> W(%) y?/u.c.c.
A° 12331 89+3 0.19+0.01 30.0+£0.8 0.53
AT 1232+ 1 902 0.20+0.01 31.2x0.8 0.20

Temneps paccCMOTPHM HACKOJIBKO BIIMSIET SAPO-MHIIEHb Ha IMUPUHY Macchl A-u300ap. s sToit nenu
aHAIN3UPYEM CHEKTPbl HMHBAPHAHTHON Macchl A-pe30HAHCOB, POXKIACHHBIX B 00yacTu (parMeHTanuu spa-
muiieHd. Ha puc. 2 moka3aHsl ClIieKTpbl MHBAPUAHTHOI Macchl T p(a)- u wp(0)-map B obsactu pparMeHTanum
azpa yriepona B d?C-coynapenusx npu 4.2 A I'>B/c.

250
300
0)

200 [ 2) »= 250 F
= ~
S =
= < 200 F
g 150f E
= O
© s 150
Z S
QS 100 + <
& o 100F
o =
=
13 Q
g sof S s0f
o =2

0 L L]
5 120 12 130 13s 110 115 120 125 130 135 140 145
- +
M(xp), B M(n'p), I'aB

Puic.2. CriekTpbl HHBApHAHTHBIX Macc T p(a)- u n*p (6)-map B obnacTu pparmMenTanuy sapa Munienu d*2C-
coynapenuii npu 4.2 A I'3B/c npu 3HaueHusx napamerpoB € = 0.24, a = 0.5 u ¢ = 0.30, a = 0.45, cCOOTBETCTBEHHO.
CIUIOIIHBIE KPUBBIE — PE3yJIbTAThI APOKCHMAIINH IKCIIEPHMEHTAIBHBIX CIIEKTPOB (Gopmyioit (7).

HatinenHble 3HaUeHUS Macc U IMUPUHBI MACCOBOTO CIieKTpa A-U300ap, UX CpeaHssI MHOKECTBEHHOCTD,
a TaxKe JIOJM 3apsHKEHHBIX MTMOHOB, POKICHHBIX OT pacmajia 3TUX u300ap B 00nacTu ()parMeHTanuu sjapa
MUIIICHH MTPUBECHBI B Ta0I. 2. Tam e Nmoka3aHa v CTENeHb COTJIACHSI AKCTIEPIMEHTA C alllPOKCUMUPYIOIIEH
dbyuxmoueit (7).
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Ta6auna 2. 3HaUEHUE MACCHI, IUPHHBI U CpelHAE MHOMKeCTBeHHOCTH A%(A**)-M3062ap, 06pPa30BAHHBIX B 0ONIACTH
¢parmentamuu sapa mumenn d2C-coymapennit mpu 4.2 A T'5B/c, 0714 OTPHUIATENBHBIX (MOJOKHUTENBHEIX) MHOHOB W,
POXIEHHBIX OT paclaja 3TUX PE30HAHCOB, a TAKXKE CTETIEHb COTJIACHs SKCIIEPUMEHTA C alllPOKCUMHUPYIOIIEH GyHKIueH

Tun u306aps! My, MaB | T, MaB W(%) <np> ¥?/a.c.c.
A° 12321 51%2 15405 0.10+0.01 0.58
ATt 12352 52+3 16.6 £ 0.6 0.11+0.01 0.75

Ha puc. 3 npuBemeHs! CIEKTPHI HHBAPHAHTHON Macchl T p(a)- U n'p(0)-map B obnacT pparMeHTanm
cnapsna d2C-coymapennii mpu 4.2 A I»B/c. CIUIOIIHBIE KPHMBBIE — pE3yJbTaThl aNMPOKCHMALMK
IKCIIEPUMEHTAIBHBIX CIIEKTPOB MHBAPUAHTHBIX Macc T p(a)- u ' p(0)-map.

Kak BumgHO u3 pmc. 3 corjacuwe dKCIIEpHMEHTa C ammpoKcuMupyromed ¢ynknuei (7) xoporree.
Haiinennrsle 3HaueHWs Macc W MIMPHHBI Macc A-m300ap, MX CPedHSS MHOXKECTBEHHOCTb, a TaKXe JOJU
3apsDKEHHBIX MHOHOB, POXKACHHBIX OT pacmaia 3THX H300ap B o0macTh ¢parMeHTaluu sapa MUIICHH
mpuBeeHBI B Ta0I. 3. TaM e moka3aHa v CTeNeHb COrNIacHsl IKCIIEPUMEHTA C alllIPOKCUMUPYIOIIEeH pyHKIen

().

120 160 |

0)

100 | a) 140 -
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100 |
80 |
40 + 60T

40
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Yucno koMOUHALMI
Yuciio koMOMHAIAN

20 F
L

1
1.40

0 1 1 1 1 1 1
1.15 1.20 1.25 1.30 1.35 1.40

M(np), 2B

1 1
1.30 1.35

M(n'p), I'>B

0 1 1 1 1
1.10 1.15 1.20 1.25

Puc.3. CrieKkTphl HHBApHAHTHBIX Macc 7 p(a)- u n*p (6)-nap B o6nactu dpparmenTamuu cHapsaaa d?C-
coynapenwuii npu 4.2 A ['3B/c npu 3Hauennsx napamerpoB € = 0.1,a=0.52 m € = 0.2, a = 0.6, COOTBETCTBEHHO.
CIuIomHbIe KPUBBIE — PE3yIbTATHI AIPOKCUMAIINH SKCIIEPUMEHTAIBHBIX CIEKTPOB (opmytoi (7).

Tabauua 3. 3HaueHUe Macchl, IMUPUHBI ¥ cpeaHue MEOKecTBeHHOCTH A%(A**)-u306ap, 06pa3oBaHHEIX B 061aCTH
(parmentanuu cHapsga d2C-coyaapennii npu 4.2 A T'aB/c, 1011 OTpULATENBHBIX (OJOKUTENBHBIX) TTHOHOB W,
POXKICHHBIX OT pPacrajia 3THX PE30HAHCOB, a TAK)Ke CTENeHb COrIACHS SKCIIEPUMEHTA C allpOKCUMHUPYIONIEH (yHKIHeH

Tun My, MaB T, W( <np> y’/a.c.
n300apbl MsB %) c.
A° 12 11 14, 0.09+ 0.32
34+2 85 5+0.6 0.01
A" 12 11 14. 0.09+ 0.55
25+3 7+8 5+0.6 0.01

Kak BugHO n3 Tabi. 3 Bce xapakrepuctuk A%- u A*"-u306ap B npeenax MorpemHocTeil onpeaeneHus
MIPEACTABICHHBIX BEIMYMH COBIanaroT. Kpome Toro, camoe riaBHOE, MIUPHUHBI dTUX M300ap B mpesenax
CTaTHCTUYECKHUX IMOTPEITHOCTEH COBMAAIOT C MUPUHONW A-pE30HAHCOB, 00Pa3YIOMUXCS B CTOJIKHOBEHUSX
CBOOOIHBIX HYKJIOHOB. CpaBHEHUS MaHHBIX Tabi. 2 u Tabil. 3 MOKa3bIBAET, UTO B MPEIEIax CTATUCTUICCKUX
TIOTPEITHOCTEH COBIMAAET JOJS 3apsHKEHHBIX IMHOHOB (CpEeIHHE MHOXKECTBEHHOCTH A-pE30HAHCOB),
00pa30BaHHEIX OT pacnaaa A-u300ap, POXKACHHBIX B 00JIACTH ()parMEHTANNHU Spa MHUIICHU U CHapsaaa. ITo
TaK)Ke YKa3bIBaeT Ha TO, YTO 00pa3oBaHue A-u300ap MPOUCXOAUT, B OCHOBHOM, IPY IIEPBUYHOM COYIapPCHUU
HYKJIOHOB sIJipa CHaps/Ia.
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4. 3akiroueHue

Mbl BHepBble IPEICTABHIIM SKCIEPMMEHTANIbHBIE JaHHble N0 obpaszoBanuio A’- u A**-uzobap, He
pasnensas oOnactei (parMeHTalMM M OTACIBHO B 00jacTH (parMeHTalM MHUINCHH W B OO0JIACTH
(pparmentanuu cHapsga. Ilupuasl Maccosoro cmektpa A%~ m A**-m306ap B mpemenax CTaTHCTUYECKHX
MOTPEIIHOCTEH HEe3aBHUCUMO OT 00JIaCTH MX 00pa3oBaHMs cOBNanaroT. [IIMpUHBEI MaccoBOTO CHEKTpa STHX
PE30HAHCOB B 00JIACTH (pparMEHTAI[UN MUILICHU — si/ipa yriiepojia B cpeHeM 2.3 pa3a MEHbIIE, YeM IIUpUHA
MaccoBOIro crekTpa A-u300apel, 00pa30BaHHOW B CBOOOJHBIX HYKIIOH-HYKJIOHHBIX CTOJKHOBECHUSX. 3a
YMeHBIIIEHNE IIMPUHBI MACCOBOTO CIIeKTpa A-n300ap, 00pa3o0BaHHBIX B 00JacTH (pparMeHTAINH SIIpa MUIIIEHU
OTBETCTBEHEH SIICPHBII MOTCHIIMA, KOTOPBIA HE MO3BOJIACT UX PACIIACThCS MMOKAa OHM HE TOKHIAIOT cepa
BO3JICHCTBHSI ATOrO MoTeHInana. CoBMaicHUe MUPUHBI MacC A-pEe30HAHCOB, POKIACHHBIX B 00J1aCTH CHapsaa
U B CBOOOJHBIX HYKJIOHHBIX CTOJNIKHOBEHUSX, MO-BHIMMOMY, YKa3bIBaeT Ha TO, YTO HYKJIOHBI CHapsa
B3aUMOJICHCTBYIOT C HYKJIOHAaMH sSIIpa MHIICHH He3aBHCHMO Jpyr oT npyra. CoBHaJeHHE CPEeTHHX
MHOECTBEHHOCTEH 3THX M300ap B o0nacTu (pparMeHTanuu siapa MUIICHW W B o0yacTé (hparMeHTAIUu
CHapsi/ia yKasblBaeT Ha TO, 4TO oOpa3oBaHHE A-pPE30HAHCOB MPOUCXOJUT B OCHOBHOM, NMpPU TMEPBHYHOM
COyIapCHUH.
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Abstract

We study the discrete Schrodinger operators corresponding to the Hamiltonians of a system of three
arbitrary particles on the three-dimensional lattice, where the particles interact pairwise via zero-range
attractive potentials. The discrete spectrum of the Schrodinger operators corresponding to the system of
particles, where two of them are of an infinite mass, is shown to posses some distinct properties not observed
for finite mass particles.

Key words: Schrddinger operator, dispersion functions, zero-range pair potentials, discrete spectrum,
essential spectrum

1. Introduction

The study of systems of three particles of various masses and interaction energies has always been of
particular interest both in physics and mathematics. Three-particle systems have some distinguished physical
features not observed for systems of two particles. One of them is Efimov’s effect [1], when three identical
bosons can have bound states despite the interactions between any two of the particles are not enough to form
a pair. Consequently, under particular conditions, there may exist infinitely many eigenvalues for the three-
body Schrodinger operators accumulating at the boundaries of the essential spectrum. The first thorough
mathematical proof of this phenomenon was presented by D. Yafaev [2] using Faddeev’s integral equations,
and further proofs were provided in the works [3, 4, 5, 6]. Efimov’s theoretical predictions remained
experimentally unproven for several decades, until a group of researchers demonstrated the existence of a
bound state in ultracold gas of caesium atoms [7].

The presence of Efimov’s effect for the three-particle discrete Schrédinger operators, lattice counterparts
of the continuous Schrédinger operators, can also be naturally expected due to similarity of the spectra in the
lattice and continuous cases [2]. This was shown using the physical methods in [8]. Later, S.Lakaev [6] proved
the existence of the effect for a system of three bosons on a three-dimensional lattice, which is represented by
a discrete Schrodinger operator parametrized by the so-called quasi-momentum. It was shown that Efimov’s
effect occurs for specific values of the quasi-momentum only.

Spectral properties of the discrete Schrodinger operators H(K), K € T® on lattices have been
intensively studied in recent years (see e.g., [13] and references therein). According to the boundedness of the
operator H(K), K e T2, its essential spectrum consists of a union of at most countably many bounded
segments (see [9, 14]). In this case, Efimov’s effect may appear not only at the threshold of the essential

spectrum, but also at the edges of the gaps between those segments (see [10]).
In this paper, we study the spectrum of the discrete Schrodinger operator H (K) corresponding to a

system of three particles of masses m, =m, =oco and m, < oo, which interact via short-range pair potentials

on the three-dimensional lattice, Z°.

It is proven that the discrete spectrum of the Schrédinger operator H is infinite (Theorem 4.2s).
Moreover, it is shown that for certain values of the interaction energy, infinitely many eigenvalues may appear
in the gaps of the essential spectrum. This reveals some properties of the three-particle system with two of the
particles being of an infinite mass, not specific for the case where all particles have finite masses (see e.g.,
[15]). In the recent works of [11] and [12], the infiniteness of the discrete spectrum were demonstrated in the
one-dimensional space, and in the two-dimensional case. In the three-dimensional space, the problem becomes
rather challenging due to the possibility for the convergence of the considered three-dimensional integrals over

T2, and the existence of the threshold resonances of the operator H , in addition to the eigenvalues.

2. Three-particle discrete Schrodinger operator on the lattice 7°
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In the momentum space, on the lattice Z*, three-particle discrete Schrodinger operator H (K),
K e T? is of the form

H(K) = Hy(K) =V, -V, -V,.
In the coordinates (p,(q) , the operators H,(K) and V., are defined on the Hilbert space L,((T%)%)

by
(Ho(K)F)(p.a) = E(K; p.a) f(p,a), f eL,((T%)?),
Vv, f)(p,q)= ”“3 If(p,q)dq, fel,((T°)?%),ae{1,2,3},
(272') 3
where

E(K; p,a) = &(p)+&,(k,) +&(K-p-q),
where the real-valued continuous functions ¢, (@ =1,2,3), called the dispersion relation of the & -th normal
mode associated with the free particle « , is defined as

3
£.(p) = mis(p), e(p) =Y A-cosp?), p=(p®,p®, p) T, (3.0)
o j=1

3. Two-particle Schrédinger operators
The two-particle Schrodinger operator corresponding to the subsystem {3, 7} of the three-particle system

defined by
h,(k)=h’(k)-v,, keT®
The operators h? (k) and v, are defined on the Hilbert space L,(T®) as
() F)(P) =E(p)f(p), fel*(TY),
where
E”(P)=¢,(p)+5,(k—p), peT?, (32)
and

(v, F)(p) = = [ f(a)da, fel’(1°),peT?

Ha
@7y’
3.1 Spectral properties of the two-particle discrete Schrodinger operators when m, =m, = oo
and 0<m, <oco. With m =m, = oo and 0 <m, < oo and the equality (3.1), the functions (3.2) can be
written as
EX(p)=ek-p)/m, EP(p)=ek-p)/m, EP(p)=0, peT®
Consequently, since the potentials v, o =1,2,3, have a convolution type property, all three two-
particle Schrédinger operators depend on the quasi-momentum k € T*, formally, and moreover
h:=h(k), h:=h(k), h:=hy(k) and h=h, if =yzn,.
Then, the operators h_ (k), @ =1,2 and hy(k) actat f e L*(T*) as
h, (K)f () = &(p) f (P)— (v, F)(P)x =12, hy(K)f(p) = ~(v; F)(P).
As v is a finite rank operator, according to the Weyl theorem, the essential spectrum o, (h, (k))

of the operator h,_ (K) in (2.2) coincides with the spectrum o (h?(k)) of the non-perturbed operator hY (k).
More specifically,
0 (D, (K)) = [Ein (K), Eqx (K)],
where B (k) =minE, (), E)(K) = maxEL (p).
3

peT peT
Therefore,

o (N (k) = o (h(k))=[0,6/m,] and o (h(k))={0}.
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Since the non-perturbed part of h,(k) is zero, we define a Fredholm determinant associated with the
operator h (k) and h, (k) as

. M ds _
A (2)=1-—~ , 2eC\[0,6/m,], =1,2.
.(2) (2”)31 ooz 1sC\ps/ml a

T3

Set to = [1/(2@3 | 1/53(s)ds] .

Lemma 3.1 Let a=1,2. (a) If i, > p,, then there exists a unique simple eigenvalue z = 22 of
h, (k) in the interval (—0,0),i.e. A_(z2)=0.Moreover, z° does not depend on k € T°.

(b) If 0< p, < 14, then h_(K) has no eigenvalues in the interval (—,0).

Proof. (see Refs. [15]).
Now we can summarize the result of this section
Lemma 3.2

, if O<u, <u,
O-disc(ha (k)) = { - ° )
.y >,
0,6/ m,], if O<u <u,
{z3y0[0,6/m], if u, >u

e (M (K)) = {2} and  o(hy(k)) = {1} {0}.
4. The essential spectrum of H(K) when m, =m, =o0 and m, <o

One of the remarkable results in the spectral theory of multi-particle continuous Schrédinger operators
is the description of the essential spectrum of the Schrédinger operators in terms of cluster operators (the HVZ-
theorem).

Lemma 4.1 For every 7\ the essential spectrum o, (H(K)) of H(K) is the union of the spectra of
the channel operators H,, (K) = H,(K)- ¢ V,, «=1,2,3,i.e,

Proof. The proof of Lemma 4.1 can be found in [14] and [15].
The structure of the essential spectrum of the operator H (K) ca be described by the following lemma.

Lemma 4.2 Let 4, >0, =1,2, and g, >0. For the essential spectrum of the main operator
H(K), we have
s (H(K)) = [0’6/ mS]U(Al VA, U[_Iuavﬁ/mz _:Ua]),
where

a=1,2.

| 9, if 0<u, <u,
Uy u >,

Moreover, we have
0. (H(K)) :(Alqu)u[—ySﬁ/ms], if 0<u,<6/m,,
O (H(K)) = (A, UA, U[—,,6/ M, — 11,])[0,6/m;], if 1, >6/m,,
Proof. Lemmas 3.2 and 4.1 imply the proof.
4. The discrete spectrum of H(K) when m, =m, =coand m, <oo

For any fixed n e Z?, the function

1 ei(n,t)
dn(z) = 3
@) ) a2

dt, zeC\[0,6/m,]
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is positive and monotonically increasing in the interval (—oo,0) as a function of z, and the following limit
exists

1 ei(r‘l,t) d
t
(272')3 13 €3 (t)-0

The operator H(K) has property like a similar convolution-type operator, and it allows us to get
lemme

d,(0) = limd, () =

Lemma 4.1 The number z € C\ o, (H(K)) is an eigenvalue of the operator H*(K) if and only if
D(z) =0, where

D(z) = [ |D.(2),

neZ3

. 1M H 2
with D, (z) =1 NOING) d-(2).

Note that z) exists iff 4, >, @ =1,2 (see Lemma 2.2). Let z] and z) be the zeros of the
functions A,;(z) and A,(z), respectively, in the interval (—oo,0). Without loss of generality, we assume
) <z2,ie u, < whenever z) and z exist.

Forany neZ>\{0}, let us introduce hyperbolas

H,:=H, («,)=0 and H.:=H.(zx,,)=0
on the 4 - 14, -plane as the solutions of the equations

H, (14, 16,) = Dn(0) =1—(t + 11,) | pty + gyt (11 125 — 0, (0)°),

and
H. (14, 16) = 1= (a4 + 1) | gt + sty (U pig =) =0,
respectively, where
d. = sup d,(0), x,=1/d,(0).
nez3\{0}
The illustration of the hyperbolas can be seen in Fig. 1.
Remark 4.1 H_ is well-defined for n=0¢€ 7?2, but then it represents a straight line of the form

1- (o + 1) 1y = 0.

A i fioh
Ha :
!
|
!
l.
|
\
\.\ G
o A \\‘-‘_____‘_”___E[n(ﬂla .U'2) =0
,u — e ——— Ho 1
0 \\\ i N\ E) G]
- Go ¢ |
¥ o
1\'( ! M1 Ho Hq
Figure 1: Hyperbolas Figure 2: The connected components

We can see that the equation of the hyperbola H,,n e 7>\{0} is equivalent to the equation of the
hyperbola

(yl_lun,oo)(/"z _,Un,oo)—jfn =0
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with the asymptotes s, = sy / (1—(10,(0))*)  and the vertices (,un,w— Vn,ﬂn,w_\/Z)v

(oo 4Vt +[70 ) where 7, = (1150, (00 /(1= (1250, (0))).

Hyperbolas H,, H. and the half lines (the asymptotic axes) 4 = 1, and w, = y, divide the first
guadrant of the plane into several connected components (see Fig. 2):
Go ={(t )l >4, > O g+, < g} By ={(a4 )10 < 1y < 15,0 < sty < gy, i + 1, > i}
Gy ={(t, )0 < g <ty pty < p) - oF - (0< 4 < g, 11y < 1)},

Fo={(w )| 1, 1, > 5, Ho (i, 1) <O}, G, ={(aay, 1) 1445 1, > g1y, H(ty, 11,) > 0%
The set

P.={meZ*\{0}| d,(0)=d.}
has finite elements, since d,(0) — 0 as N — oo (see limit (4.5)).
The following lemma describes the behaviour of the eigenvector of H(K) in the linear space H,

Lemma 4.2 (a) If z4 + 11, < 14, i-e. (24, 44,) € F,, then H(K) has no eigenfunctions in the space
H, forany 4 >0.
(b) If 24+ 14, > 14y, then H(K) has a unique eigenfunction in the space H, for any z, >0, and the
corresponding eigenvalue lies below —y4, .

Let 77 be an eigenvalue of H(K) inthe space H,. The following theorem follows from Lemmas 4.1
and 4.2.

Theorem 4.1 (a) Let (g4, 1,) €G,, then oy (H(K)) = Q.
b  Let  (muweR . then o (HK)= _ {zyolr . where

A = Ay, 11,) ={n € Z* | Dx(0) < 0} is a finite set and non empty.
(c) Let (14, 45,) € G, then oy (H) = Unezs{zn}u{ﬂ}
(d Let (u,)eR , then o, (H(K))= Unezg{zn}uUnE&{g’n}u{n} ,  Where
B.:=B(z, 1,) ={n€Z*| Dn(0) > 0} is an infinite set.
(0 Let (14, 1) € Gy  then e, (H(K) =, sz, 3o, s oG} oA

Remark 4.2 Theorem 4.1 reveals that the numbers z) and z are independent of zz,, and according
to Lemma 3.2 they may lie either in the essential spectrum of H(K) or in the gaps of the spectrum if —zz, < zg
.For example, if —g, <70 <—p,+6/m, (resp. —u, +6/m, <z} <0),then z liesin o, (H(K)) (resp.
in the gap of the essential spectrum).

In these cases, according to Theorem 4.1, the operator H(K) can produce an infinite number of
eigenvalues belonging to either the essential spectrum or its gap.

Theorem 4.2 () Let (14, 4,) € G, UF, UG, . Then [imz, = Z,.

Nn—o0

(b) Let (14, 1,) € F, UG, . Then lim¢, = Z.

n—o
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RADON IN WORKPLACES AND DWELLINGS OF THE UZBEKISTAN
Abdisamat Vasidov

Institute of Nuclear Physics, Tashkent, Uzbekistan,
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Abstract

The main aims of this study is to carry out of seasonal radon measurements in workplaces and dwellings
to estimate the annual effective doses and to find out hazardous radon exhales of building materials and
soils by using CR-39 detectors. The results of measurements have given the following: the seasonal
mean values of radon activities are varied from 41.0 t01400 Bq m™ in workplaces and from 62.1 to 446
Bg m™ in dwellings. An appropriate values of annual effective dozes were within 1.67 - 27.6 mSv y™.
The values of radon exhalation rate were determined in the 11.2 - 26.0, 0.054 - 0.445 and 0.078 - 0.234
Bg m?h™ for soils, building materials and walls, respectively.

Keywords: radon in workplaces and dwellings, CR-39 detectors, radon exhalation rate, building
materials, annual effective doses
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3 M2B DHEPTHSUIA DJIEKTPOHJIAP OKUMHUJIA HYPJAHTUPAIITHUHI KPEMHUI
KPUCTAJNJTAPUHUHI DJIEKTPOD®U3UK XOCCAJIAPUT'A TABCUPHU

LI.A. Maxmyoos, H.T. Cynaiimanos, A.A. Cynaiimonos, A.K. Paghuxos, C.2K. Paxmanos

Hnemumym aoeprou ¢pusuxu AH PY3, o. Tawxenm, Y36exucman

e-mail: rafikov@inp.uz

AHHOTAUA

Yoy uwoa 3 MaB snepeusnu 21ekmponiap oKUMUOA HyPAAHMUPUUHUHE KPEMHUN KPUCHAIIADUHUHE
INEKMPOPUIUK XOCcanapuea mavbCupuHu maokux Kuiuwl Hamudicanapu keuxmupuineau. Hypaawmupuiean
HAMYHAHUHZ HYPAAHUW MABCUPUOd XOCUL OYNeaH HYKCOHIAPU Kidcmep Munued Kupuuiy QHUKIAHEAH.
Conuwimupma  Kapuwuiukiapu Oup  xun — 0yIMazaH  KpeMHUuti  HAMYHANAPUHUHZ — IeKmpopu3ux
XApaxmepucmrailapuru HypaaHuul 003acueda O0nuKIusy maoKux KUIUHEAH.

Kagur cy3aap.
MoHoKpHCcTaT KpeMHUH, HYKCOHJIAp, 3JEKTPOHJIAp OKUMHIA HYPIAHTHPHUII, YTKA3yBYaHIUK, 3apsy
TallyBUWJIap XapaKaT4yaHJIWI'v, BaKaHCHUsA, 3aps TallyBUHJIap.

Kupum

3aMOHAaBHH KATTHK JKHCMJIAp DJICKTPOHHMKA COXacHia SPUMYTKA3THWIAPHUHT 3JIEKTPOPU3UK
napamMeTpyIiapuHi YyKyp SHEpPrus caTxJlapd XOCHJ KWIyBYM apajamManapiad Qoiinananran xonaa,
muddysusutam  kapaéHnapu €praMufia MaTEpPHATHWHT XYCYCHATIAPUHH OOIIKAPUII SHT HMCTUKOOIUIH
yCyJulapuiaH Oupuaup. 3aMOHAaBHU 3JIEKTPOHUKAHUMHI acOCUH MaTepuald KPEeMHHMIMHHU JISTHpIIaliia
KApUTWIAETran apanamma Typura (IoHop, akuenTop €ku amdorep) Kapal, JerupiaHraH KPUCTAJUTHUHT
napameTpJiapy Ba XyCyCHUsITIapH y3rapaau, Oy 3ca yHUHT (JOTOCE3TUPIIUTH, TEPMOCE3TUPIIUTH, e opMarusira
CEe3yBYAHJIMTH Ba pajuanusra 6apJONUTHINTY Kabu MyXUM XyCYCHSTIAPHUHT PUBOKIIAHUILIUTA OTHO KeTaau
[1-5].

SpuMyTKa3rHwIapHU  DJEKTPOHJAP OKMMHUAA  HYpJIAHTHpHUII, OOIIKAa IOKOPUM  DHEPrUsUIn
3appavaj]apHUHI TabCUPHIaH QapKIr YIapoK, KpUCTAUT NAaHKapaHUHT KaM Japaxaaa Oy3wINIIN Ba KaTTHK
MOJIJTAaHUHI KUMEBUN TapKUOWHUMHT y3rapMmaciuru OwiaH TaBcuduaHaau. byHnalt xonjga, MHIYKIMsUIAaHTaH
HYKCOH MapKas3JIApUHUHI KOHLEHTPALUsICH HUcOaTaH KMYUK Ba HAMYHAHMHI OYTYH XaXMHu Oyitnald 1oKopu
Oup XWUIMK OWJaH TakCcUMJaHagw, Oy sca Oapya TypAard yiyaml HaTHXKaJapUHUHT HINOHYIMJIUTHHU
omwupanu [4-9]. LyHuHr y4yH SpuUMyTKazrHwiapja paaualusBUi HYKCOHJIAPHUHT XOCHJI OYIWIIMHU
YpraHui y4yH KeHI WHTEpBaJUIM 3HEPTUsUIapAa dJEKTPOHJIAp OKUMHUAA HYPIAHTHPHUII KYN KYIJIaHWIaIN.
IOxopu sneprusuin (>1 MsB) anekTpoHiap OKUMHAA HYPJIAHTUPHIL XaM OAJUA HYKTaBUI HyKCOHJIAPHHH,
SThHU — BaKaHCHsUIAp, TYT'YHJIap Opacuaard aToMjap Ba yJIapHUHT KOMIUIEKCIAPUHU XOCHJ OYIHuIInra ojud
kenamu. Kam sueprusiu (< 1 MaB) anekTpoHiap oKuMuJia HypIaHTHPHUII OWJIaH HYKCOH MapKa3JlapuHHHT
KOH(UTYpauusICHHN aHUKJIAII Ba TYPIM OMIJUIAP TabCUPHA yJapAard XaTTU-XapaKaTIapUHUHT TaOuaTHHU
Ky3aTHII UMKOHUHM Oepanu. LllyHuHraek, MOAIaHUHT aTOMJIapU YYyH HYKCOH XOCHJI OYJIMII SHEPrUsICHHU
aHMKJamra uMKoH Oepanu (Eq), spHN 3appavanuar Openken xydimru (OYI ol Ba TyryHIap opacuaaru
aTOM) HU XOCHJI KWJIMII YUYH SIPUMYTKa3rud MaTpULACUTa Y3aTHILIHN Kepak OyaraH MUHUMa SHeprus [2].

Taxpuda MeToAUKACH Ba HATHKAJIAPH

Taxpuba Yoxpamsckwmii ycynuaa YCTHpWwIraH N Ba [P -TUIDIM MOHOKPHCTAIUT KPEMHUHHUHT
(conumTpMa KapUuimiukiapy Moc pasuiiaa 15, 150 Q-cm Ba 10 Q-cm, 13 kQ-cM) HamyHanapua OaXKapuyim.
Kupumma pomuit auddysus ycymuaa (BYII-4 yckyHacuma) KuUpUTHAT@H. YJIapHUHT BIIEKTPOPHU3HK
napamerpiapu Xoin Kypunmacuga (Emperian HMS-700) ymuanau. DieKTpoHiap OKUMHIA HYPIaHTHPHIL
“Onextpornka Y-003” tesmarrmumga (3 MoB, mmmynsc maBomuitnumru 2-10° ¢) amanra ommpwinn.
Tesnmartruunap 3appadaiap SHEPTUACHHUHT KEHI JWaNa3oHWAa 3apsiijlaHraH  d3JeKTpOH  3appadaiap
HYpJIApUHUHT MaHOayapy xaMm OYJIMIIM MyMKHH. YJap KHCKa BaKT MYHMJIAa KaTTa MUKIOPJA 7032 TAbCUPUHHU
TYIJIall WMKOHWHU OepanmyM Ba OYHUHT HaTWKacuia HYPJIAHTHPWITAH MOHOKPHCTAT KPEeMHHUHWHT
XyCyCHSITIIapura Te3fa TabCcup Kuiaau. HypmaHuImHUHT TypH Ba SHEPTUACHHU MyXOKaMacHra TyXTaJIMacAaH,
LIYHH TabKUJJIAII KEPaK-KU, OMp XHUJI HypJIaHHII 103acuAa HypJaHWII HHTEHCUBIIUTH APUMY TKa3rnUJIapHHHT
xXoccajlapura TabCUp KHJIHIIIA MyXuM poit VitHaiinm [3,4,5,6].

Hypnautupuin »xapaéHuna MaTepuaiapaa cogup Oyiaaaurad skapaHiaap HIapTIM KeTMa-KeTIHMKIa
npoJaNaHUIIN MyMKHH. Xap Oup OOCKUYHMHT aHWK JaBOMHHJIMTH IOKOPH DHEPTHSUIM 3appadya €Ky ramma-
HYpJIApUHUHT OOLUIAHFUY DHEPrUsICH Ba Maccacura, 3appajap OpacHaard y3apo TabCHp IMOTCHLMAIUra
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OOFIIMK Ba KaTTAJIHMK TapTHOHMIA Y3rapyId MyMKUH, ITYHUHT Y49yH Oy OOCKHYIapHH aKpaTHO TypaJnuraH BakT
OpATUFUHYI TAXMHUH KHJIUII MyMKHH.

Pagmnanust TabcUpUHUHT OMPUHYN OOCKUYM — aTOM OpOUTaNapuia MeKTPOHIAPHHUHT FadaéHIaHUIINAA
HypJIaHHUII SHEPIUACHHMHT aTOMJIAPTra JIacTHK YTUIIHN, aToMIap Ounan TykHanrys BakTu 107°-102° cexynuu
Tamku Kunagu [4]. Ypraua sHeprus Ba uMImysicra sra Gyiran aToMap Ba 3IeKTPOHIAP MOIAHHUHT GOIIKA
aTOMJIapU Ba DJIEKTPOHJIApH OWIaH ¥3apo Tabcupiallaau, OYHUHT HaTWKacuaa SHEPTUusHU HyKoTunanu. by
0ocKu4 OupiIaM4M Ky3FaTyBuW 3appada OWJIaH dHEprus aIMallMHYBH Ba KBa3U-MYyBO3aHAT XOJaTHUIa YTHILIN
ne0 aranaan. DHeprus aIMalliHyBY MOJIafiary aToMIap OOFIaHUIIN YHEPTUACHHUT KUIIMaTUIa MOC KEeJIaaH,
AbHM Oup Heda 5B sHeprus Ky a Te3 anMalmuHiIanad. Atomaapapo Macodanapaa Oy BakT Taxmuaan 1074-10"
13 cekyHIHM TAIIKUI KMIIaIM.

Keiiuaru 6ockuyaa, KpucTajuiapiaru aToMmiap Ba 3J€KTPOHIap TOMOHHUIAH KaOyll KWIMHIAH OPTHKYA
SHEPIUSHUHT PEaKcalsicl, aToM TeOpaHUIUIApH JaBpUra Xoc Oyirad BakTaa coaup Oynaau, SbHU KaTTHK
xuemnap yayH 10-10" cexynnnu Tamkun kunaau. Acivaa, 6y 60CKMuIa pesaKcanus TA3UMHH SHT Kam
9PKHMH JHEPrusuId OOIIIaHFMY XOJIaTHra KaiTapagu Ba Typiad XWJI MeTacTaOWia OupramMuu paguanusiBUil
HYKCOHJIApUHHM IIAKJJIAHUIIUTa 00 Kenanu. byHnan Tamkapy KaTTUK XKUCMIIapaa aTOMJIAPHUHT UCCHUKIIMK
XapaKaTUHUHT POJIM CE3UIIapiu Oyiau.

Hypnanum Ounan Ky3raTHITaH TH3UM TYpJIU KBa3H-MYBO3aHAT XoJjaTiapulIaH yTaad Ba OMpIaMuu
pazuanysBUi HYKCOHJIADUHM KalTa THUKIAHWIM coaup Oynaau. VKKMHYMCHHHMHT TE3JWUIH 3KCIIOHEHTAJ
paBuIia Xapoparra OOFIUK, Oy *apa€H BaKT YTUIIM OWJIaH OPTHUIIM MYMKHH. XOHa XapopaTuaa 0apkapop
OyNraH MKKUJIaMYH paJralysIBIi HyKCOHIApH XOCWII Oynaan. Y IapHUHT NIaKJUIAHUIIN OUpiIaMyuy Hy pJaHHII
HYKCOHJIApUHM (BaKaHCHSJIAp Ba TYTYHJIapapo aToMJIap) Ba HYpJIAaHHUILAAH OJAWHTY HaMyHajapaa MaBxKy.I
Oyiran KMMEBUI apalalmManapHy ¥3 wuura ojaand. Ymoy Oockuuna auddysus xapa€Hiapu Ba OupiIaMyuu
HYKCOHJIapHU Macodaiapra TakCUMIIAHUIIIA MyXUM PoOJl YHHANIH.

[yHuHr yuyH ymly HITHUHT Makcaad HYKCOH XOCHJI OYJIMIIM 3JeKTPOHIap OWilaH HypJIaHTUPHUITaH
xamga gauddys3us ycynuaa pOOMM  KUPUTWITaH MOHOKPHCTAI KPEMHHWHHUHT  3JIEKTPOQH3HUK
XYCYCUSTIAPUHUHUT Y3rapuIlid KOHYHUSATIAPUHY YPraHUIIIHP.

JKcnepuMeHTA KapaéH Ba HATILKAJIAp

Hamynanap Jona xapoparuga “Onektponuka ¥Y-003" snektponnap te3natruunaa 3 MsB nu sHeprus
Ounan Hyprnantupwiny. Hypnaatupuin no3acu Kyiunaru ¢Gopmylia OpKaiu aHUKJIaH/Ix:

D:6.25-1012><§, (1)

Oy epna | - ypraua Tok (MKA), t — BakT (CeKyHM), S — HYpPJIAHTUPHUII COXACUHHMHT KYHIQJaHT KECUMH
103acH (cm?)

Taxpuba HaTWKaJapUAH KYPUHUO TYpUOAMKM 3apsj TalIyBUWJIAPHUHT O3JICKTP YTKa3yBUaHJIMIH
Kyhuaara Gpopmysia OpKajau aHUKJIaH/IU:

(2)

1
o=—
yo,

OnexTponnap OWiIaH HYpIAHTHPWITAH MOHOKPHUCTAJUT KPEMHHH HaMyHAJIapUHHUHT SJIEKTPOPU3NK
napametpiapuHu yiauad Oopunau. byHra xypa HypiaaHTUpWITaH HaMYHAJIAPHUHT JIEKTP YTKayyBUaHIUTH
HypAaHTHPHO J03acura OOFIUKINTH 1-pacMa TacBHUpIIaHTaH.

1-pacMaH IIyHM aiiTHII MYMKHH-KH DJIEKTP YTKasyBuanauru | Hamynana 5-10% snexrp./cm? raga Ba
2,3 mamynanapua 5-10%° snexrtp./cM? jo3araua y3rapMaraHJMIMHM Ba YHIAH KeWMH Katta (apk Ouian
y3rapaéTralyiuriHi - Xamjaa 4 HaMyHa HYPJIAHTUPUII J03acd OpTHO OOpraH capud YHHHT 3JEKTp
VTKa3yBYaHIUTH XaM Karta (apk OwiaH KaMaWTaHJINTHHU KYpUIl MYMKHH. | HaMyHaja OdJeKTp
YTKa3yBUaHIMIMHM KaTTa Jo3araya y3rapMaralJIMI'MHU HamMyHaJaruHu OyHIAru 3J€KTp YTKa3yBUaHIMKIA
WIITUPOK 3TaETraH KOBAaKJIap COHM JJIEKTpoHJap coHugan 100 MuHT Mapra Kyn Oynranimura cabadiu
kenaéTraH 3JeKTpoHIap Oupiamuu Ba ukkuiamud, [llortku Ba ®peHken HykcoHyiapu xocun Oynamu. By
Kapéun 5-10% snmektp./cM? raua seKTpoHNAp OWIaH HYpPJIAHTUPHITYHYA JaBOM JTajau. ByHma KoBakmap
acoCHi 3apsia TauryBud OYiraHauru cababiy CONMMINTUPMA KapIIMIUTKM KHYUK OYIraH HaMyHara ce3uiapin
Japakaza TabCUp 3TMaiIu.
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1-pacm. Monokpucmann KpeMHUlIHURE DAEKMP YMKA3YGUAHIUSUHU IAEKMPOHAAD HYPAAHMUPULL 003acua
bonukuk epagueu.
1.n-Si 15Q-cm, 2. n-Si 140 Q-cm, 3. p-Si 10 Q-cm, 4. p-Si<Rh> 1,3-10* Q-cm.
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2-pacm. Monokpucmann kpemuuii 3apsa0 mawysuunap XapakamuaHaueuny 91eKmpoHaap HypAaHmupuul
dozacuea 602nuUKIUK epaguei.
1.n-Si 15 Q-cm, 2. n-Si 140 Q-cm, 3. p-Si 10 Q-cm, 4. p-Si<Rh> 1,3-10* Q-cm.

ByHpgan KeWiWH YHHMHT CONUINTHPMA KapIIWIATH OpTHO OOopuWImHM KaTTa HYKCOHJIAPHU CTPYKTypa
CUMMETPHSCHHM Oy3MIIM OWIaH M30XJall MyMKHH. 2 Ba 3 HamyHamapaa 5-10%2 smextp./cM? nosaraua
HypJAHTHPWITAH/A YlIapAa XaM YTKa3yBUaHINKKA eTapiy Japa)kaaa Y3rapTHpHUII KUITUII yIyH BaKaHCHATIAp
Ba HYKCOHJAp TabCUp Kypcara oyiMaijau. byHJaH 1OKopM Jo3ajapia 3ca HaMyHaJapHUHT BJIEKTP
VYTKa3yBYAHINTY TYIIUINIWHU 3apsi/i TAllyBYMJIAp TOK TAaIIMIIAAa XOCWUJ OYIraH KPUCTAUIIArd TYPIH XU
OupiamMuu, UKKUJIaM4YH pagualioH HyKCOHJIap, JUCIOKalusiap Ba OOLIKa HyKCOHIAp Tyainm KapIuinKKa
yupaiiy €K TYI-TY OYIMO KOJUIIKM OMIIaH TYHIYHTHPHUII MyMKHH. TaxkpuOanap OpKaau yJIapHHHT SIHAIl
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BaKTJApMHU aHMKJIA0, MablyM BaKTOaH KCHHMH 3JIEKTP VTKa3yBUYAHJIMIHMHH sSHA KalHTalaH KYpHIIl Kepak
O0ynanu. JlekuH OyHra KaTTa BakT Kepak Oynaau (Hypiaantupwirangas cysr 15-20 kyH). Bynnaii xonna ynaaru
acocHii Ba acocHii OyMaraH 3apsj] TallyBUYMIAPHHUHT SIIIAII BAKTUHU aHUKJIAII Ba ylapaard peKoMOUHAaLus,
reHepauusi Jerpajauys XoJUIapMHM Yypranum MyMKuH. 4 HamyHaga (Pomguii artommapu  OumnaH
KOMIICHCHUPJIAHTaH) AJIEKTP YTKA3yBUAHJIMKHI YM3UKIN KaMaiuO Oopuiy Ky3aTuianu. busHuHr pukpummsua,
XOCHII OYna€TraH HyKCOHJAp DJIEKTp YTKa3yBUaHJIHMKIA WINTHPOK ATAIWraH 3apsajapra TabCUp KUIWIIN
ylapHu OujlaH OUpJIaMYM Ba MKKHJIAMUYM HYKCOHJIAp XOCHJ OYJHIIM panuanusira YuAaMIMIHTHIAH 1a1oiaT
OepuIll MyMKHH. YMyMaH OJIaHAa 3JIEKTPOHJap OuinaH HypilaHTUPWITaHda TYTyHJIapapo >XOWIAIraH
atomsiap (ynap DSJEKTPOHJIAD OKMMHUra JacTinald Ayd KeNaJuraH CHUpTAAa XaKMIarumaH Kym Oymann)
TyTyHJIapAaru aToMjaapHu ypuO YuKapuIiv TyQaiian KoBakiap KpucTajulapJard JacTiia0Ky Ba3usATHIAH aHua
Y30KJIamu0 TapTHOH Oy3Wirad coxXa ByKyAra KelnO KOJTaH.

Hamynanapaaru 3apsin TaulyBUMJIapHUHI XapakaTyaHJIWTH JO3aHU OPTTHPUO OopwiraHunaa 3pKUH
Xapakar KwiaéTrad 3apsyyiap TapTHOM Oy3wiraH coxazna TYTWIHO KONWIIM Tygaian nmacaluiiy H30XJail
MyMKHUH (2-pacm). JlozaHu opTTHpHII OUIaH yIapHHU TeMIepaTypara OOFIUKINTY Kypuiraiaa yiapaara Oup
YKUHCITM OYIIMaraniuK JapakaCuHU KYpuO MyMKUH OYmaam.

XyJioca

3 M>5B sHeprusiu 31eKTpOHIap OKMMUAA HYPJIaHTUPUIL N- Ba P-TUIUIM KPEMHUHI KpUCTaIapuaaru
XyCYCHl HYyKCOHJIap[a 3JCKTPOHIAP OKUMH SHEPTUSCHHUHT IOTHIIMIIN XUCOOHra OUp KaTop >Kapa&HiapHU
[o3ara Kentupanu. TyryHjgapapo S>KOMIaliraH aromjap IOTIaH JHEPrUsjapuHU KYUIHW TYTYHJapiaru
aTOMJIADHU CHKMO YHMKapuIlra €K CHpT-CUPTOCTH KaTjlamylapJa BaKaHCHSUIApHU TYJIAWpHIIra capdiamu
MYMKHWH, HAaTWXala KPUCTAJUT TMamKapa OapKapopiurd (MHKPOKATTHKJINK) opTaaw, Oy ¥3 HaBOaTHma
3NEKTPO(PU3UK XOCCATAPHUHT Y3rapuIlIkra 0Jin0 Keiaau. AWHM naiTna poauil OuiaH JerupiaaHral P-TUTLIH
KPEMHHUI/1a 3apsi TallyBUMIIap XapaKkaTyaHIUTHHY 3JIEKTPOHIAp HypJIaHTHPHII Jo3acura OOFIIMK Tap3aa oup
TEKUC KaMainO OOpHUILN KHPUILIMAaIl HyKCOHHUHT Paualisl TAbCUPUra I0KOpH Aapaskaaa OapAOLIIHINTHAAH
napak Oepagu. Xap HKKala TUNJIArd HaMyHanaplaa SJCKTPOHIAp OKUMHIAa HYPIAHTUPHII KpPEeMHUH
MOHOKPUCTAJUIMHUHT MUKPOKATTUKJIUTUHHUHT Y3rapuIli OUPKUHCIHN OYIMACIUTH KypcaTud Oepuiim.
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Pb+Pb 5.02 TeV ENERGIYADA OG‘IR IONLAR TO‘QNASHUVINI IKKI KOMPANENTALI
MODELI TAHLILI

Umarov Q. I.

O zF A Fizika-Texnika Instituti,
E-mail: gobil.umarov.87@mail.ru

ALECE kollabaratsiyada kuzatilgan Pb+Pb 5.02 TeV energiyali to‘qnashuvda zaryadlangan ¥, K£,
p/D adronlar va mezonlarning ko‘ndalang impuls tagsimotini har xil to‘qnashuv markaziyliklarini tavsiflash
uchun ikki komponentali formuladan foydalanildi. ALECE kollabaratsiyada Pb+Pb 5.02 TeV energiyali
to‘qnashuvda olingan ma’lumotlar turli modellar, shu jumladan bir kompanentli modellar hamda ikki
kompanentli modellar yordamida tahlil qilindi. Hagedorn formulasining o‘zgartirilgan versiyasidan
foydalangan holda natijalar Bylinkin, Rostovtsev va Ryskin (BRR) tomonidan taklif gilingan ikki
komponentali modeldan foydalangan holda olingan natijalar bilan taqoslanadi. Og‘ir ionlar to‘qnashuvlarida
o‘Ichangan ko‘ndalang impuls funktsiyasi sifatida zariyadlangan zarralarni hosil bo‘lishi uchun o‘zgarmas
defferensial kesim shakillari tahlil qilindi. O‘lchangan ma’lumotlar so‘ngi nazariy yondashuvga muvofiq
energiya zichligi sifatida ko‘rib chiqildi. Boltsman statistik tagsimotiga o‘xshash model yordamida hosil
bo‘lgan adronlarning butun statistik ansambli olindi. Ushbu eksponensial taqsimotni tafsiflovchi
temperaturaning o‘zgarishi energiya zichligi funktsiyasi sifatida o‘rganildi. ALECE kollabaratsiyasida Pb+Pb
5.02 TeV energiyali to‘qnashuvda ko‘ndalang impuls spektrini tahlil gilishda Bylinkin, Rostovtsev va Ryskin
adronlar gazini va plazma fizikasida gabul gilingan teskari darajali bog‘lanish tagsimotni tavsiflovchi
Maksvell-Boltsman tagsimotini oz ichiga olgan quyidagi formuladan foydalanildi. To‘qnashuv markaziyligi
kamayishi bilan T, hagedorn temperaturasi sekinlik bilan kamadi va Bylinkin, Rostovtsev, Ryskin Tgrg
temperaturasi ham kamayishini ko‘ramiz. Tgrgr temperaturasi T, hagedorn temperaturasidan taxminan ~7
martta ko‘p qiymat chiqdi bu ikki temperaturalarni (0-90 %) markaziyliklar uchun bir-biriga nisbatan deyarli
bir xil tartibda o‘zgarishi aniqlandi.
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BEHAVIOR OF THE ROTATIONAL-VIBRATION EXCITATIONS IN HEAVY EVEN-
EVEN NUCLEI

O.A. Bozarov'” and I. Muratova?

Ynstitute of Nuclear Physics of Uzbekistan Academy of Sciences,, 100214, Tashkent, Uzbekistan.
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Abstract

The role triaxality in the quadrupole shape excitation in even-even heavy nuclei are considered in the
framework the free triaxiality model for dynamic y and 8 variables. In this case, the rotation energy
operator is taken into account with expansion in a power series (y-yo). At values about the triaxial
parameter y,=10° and spin I=10, the band-crossing of the ground and y-bands was found, which
indicates the anomalous behavior of the moment of inertia of the nucleus.

Key words: Hamilton operator; axially symmetric prolate or oblate shapes; rotational-
vibrational bands; triaxial rotator.

1. Introduction

Most of the atomic nuclei are deformed in their ground states and possess axially symmetric prolate
or oblate shapes [1,2]. It is known that the prolate shapes essentially dominate over the oblate ones [3].
However, various theoretical studies suggest for some nuclear regions the possible deformations of each
nuclide have been examined. Have been suggested the possible appearance of non-axial (triaxial) deformations
[1,4-10].

Quadrupole shapes are described by the parameters S, and y for the axial deformation and the
deviation from axiality [4-7,10]. In Ref. [5] was proposed the free triaxialty model, where deformation
parameters 3, and y taking into account are dynamically. In Ref. [7], a comparative analysis of some non-
adiabatic models [5,6,11] was carried out, and it was determined that the free triaxiality model reproduces the
experiment better than other models. In Ref. [10], the free triaxiality model the high-order terms of the
rotational energy operator series were being considered. It is in Ref. [12] leads to improve considerably the
agreement of the results with experimental data. Here we will taken into account full range of variation of the
triaxility parameter y variable (0 < y < m/3).

2. Free triaxiality approximation

In Ref. [7] we considers the possibility of describing the energy levels of the ground-state-band, y-
rotational, and y- and gB-rotational-vibrational bands by the Hamilton operator [5] containing five dynamical
variables.

Hg, = Tg, + Ty + Tror + V(B2 ¥), (1)
here
7 h* 5 w1
Tﬁz B 2Bz ﬁ4 2P, (ﬂz 532) Ty - ZBZ B2sin(3y) ay (3)/) _] (2)

kinetic energy of the 3,- and y-vibrations, respectively, V(5,,y) — potential energy of ,- and y-vibrations. It
is known that simple special solutions of the Bohr Hamiltonian (1), which follow from the exact separation of
variables in the corresponding Schrddinger equation [6], can be obtained when the potential V(B,,y) is
represented as V(S,,y) = V() + V(y). Here we use Davidson potential for V(83,) and V(y) [14].

In the free triaxiality approximation the rotational energy operator has the form

.1 |2
Trot = _; 272_ ! (3)
Tsin?ly——24
(7 3 J
expands into a power series (y-y,):
o 2 OTrO 0%Tro
Trot = Trot(Yo) + . |y =Yo ¥ —vo) + 2 02 . |y=y0 ¥ —vo)’+... (4)
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where y, - the parameter of transverse deformations of the nucleus surface is in the ground state. By taken
into account the corrections to the energy of the excited levels of the ground, g and y bands of the second &;
and third terms &, in the expansion of the rotational energy operator (4) [7,10] the expression for the energy
spectrum takes the following form:

L hw (EOnynBIT Té& + 32)- (5)
where hiw is the energy multiplier and this expression depends on the parameters iw, yo, g, [y -
This approach, in contrast to the work [2,13] allows us to consider the full range of changes iny
variable (0 <y < m/3).
3. Result

In the Table 1 the comparison of theoretical and experimental values [15] for nuclei of rare earth
elements and actinides ratio R ,/,,=E(4)/E(2,), R 0B=E(O g) E(2;1) and R 2y=E(2y)/E(21) are being
presented, respectively. As well as the values of the parameters aw, pg, uy, vo and RMS (in keV). Note that
the triaxial parameter y, takes a value 9° + 14.4° for rare earth elements, 7.8° = 10.6° for actinides. The
quadrupole deformation parameter uz=0.22 +0.39.

Note at 2.7< R4/, <10/3, the collective behavior of the energy spectrum of the levels will be
rotational. And at 2< R4/, <2.4 it will be vibrational [16]. In our case R 4/,=2.93+3.31 i.e. the energy
spectrum of the levels is rotational.

In fig.1 the behavior energy levels (5) ground state band (gsb) [(21)001] and y-band [(21)002 for even
spins, (21+1)002 for odd spins] for values of the parameters y,=10° p,=2 and up=0.3 is being presented.
Note that here we observe bandcrossing at values I=10. This means that at large spins the behavior of the
moment of inertia of nucleus will be anomalous [17,18].

The experimental values of the excited states for the y-band of even-even nuclei are being presented
in [15]. Some even-even nuclei has follownig high spin states in y-band, for example: 156Dy (I,,,,,=13 and

V,=13.99), 1°6Gd (I;q,=13 and y,=10.4%), S*Er (q,=13 and y,=13%), 232Th (I;nq,=12 and ,
=9.2% and 38U (I,,,4,=26 and y,=7.9%). Simultaneously explanation of the excited states of the ground-

state-band and y-band of the above-mentioned nuclei at high spins (I>10) is inappropriate.
Conclusion

In this paper the role triaxality in the quadrupole shape excitation in even-even heavy nuclei are
considered in the framework the free triaxiality model, where y and £ variables are dynamic. The Davidson
potential is used for y and S variables. The bandcrossing ground-state-band and y-band is found.

Table 1: Comparison of theoretical and experimental values [18] for nuclei of rare earth elements and
actinides ratio R 4/, = E(41)/E(24), R oﬁ:E(O p) E(24) and R ; =E(2,)/E(24) respectively. As well as the values of
the parameters fiw, pg, u,, ¥o and RMS (in keV).

Nuclei | REY RS | Ro” RG] RyPRES) ho | ug | by | vo | RMS

150Nd| 2.93 | 3.15 5.18 | 6.07 815 | 9.19 | 369.3 | 0.39 | 1.47 |129| 5.6

154gm| 3.25 | 3.28 | 12.36 | 13.16 | 17.58 | 18.66 | 538.6 | 0.27 | 1.36 |8.9°| 41.6
156py| 2.93 | 3.05 4.9 4.81 6.46 | 6.57 | 349.4 | 0.44 | 0.89 |13.99 64.9
156Gd| 3.24 | 3.27 11.8 | 11.73 | 12.98 |13.45| 5195 | 0.28 | 0.21 |10.4° 98

158py| 321 | 3.26 | 10.02 | 10.79 | 9.57 |10.24| 520.3 | 0.29 | 0.28 [12.6° 75.3
162Gd| 3.3 329 | 1994 | 19.18 | 12.08 | 11.58 | 7129 | 0.22 | 0.98 |11.5° 134
162Er| 323 | 324 | 10.65 | 10.21 | 883 | 8.89 | 524.7 | 0.3 | 0.54 [12.8° 36.82
164Er| 328 | 325 | 13.63 | 1193 | 9.41 | 8.86 | 569.8 | 0.28 | 0.2 |13°| 856
l66py| 3.31 | 3.27 15 13.31 | 11.19 | 9.91 578 0.26 | 0.17 1259 422
168gr | 331 | 3.26 | 1525 | 1241 | 10.29 | 848 | 5739 | 0.27 | 0.2 [13.2° 67.6
168yp| 3.27 | 3.27 | 13.17 | 1295 | 11.22 |11.20 | 567.9 | 0.27 | 0.21 [11.5° 9.9

1684f | 3.11 | 3.18 7.59 | 7.45 7.06 | 745 | 456.8 | 0.35 | 0.2 |13.6° 35.4
1704f| 3.19 | 3.23 8.73 | 8.72 954 | 992 | 4464 | 0.32 | 1.75 |12.2° 32.6
170w | 2.95 | 3.18 6.08 | 7.57 598 | 6.78 | 523.3 | 0.34 0. |14.4° 408
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228Th | 323 3.30 144 | 1564 | 16.78 | 18.7 | 409.7 | 0.25 17 18.9°0 14
230Th | 327 3.27 | 11.92 | 11.32 | 14.67 | 12.63 | 333.7 0.3 | 0.21 [106° 719
232Th| 3.28 3.29 148 | 13.75 | 1591 | 149 | 3565 | 0.26 | 0.22 |9.89| 87.1
232y | 3.29 3.29 1453 | 13.46 | 18.22 |17.76 | 333.4 | 0.26 12 |9.2°| 257
234y | 3.29 3.31 18.62 | 19.34 | 21.3 |22.25| 4083 | 0.22 | 1.03 |83°| 121
236y | 3.3 3.31 20.31 | 20.47 | 21.17 | 21.66 | 4542 | 0.22 | 0.21 [84° 55
238y | 3.3 331 | 20.64 | 1956 | 23.61 |24.44| 4275 | 0.22 | 0.11 |7.9° 44
240py | 3.31 3.3 20.1 | 16.43 | 26.55 |[26.04 | 3729 | 0.24 | 155 |7.89| 104
1000 ~
(21)001
800
>‘ 0
o V=10
Q a
o 600
8a
400 (21)002
(21+1)002
200
0 T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22

Figure 1: Behavior energy levels (5) gsb [(21)001] and y-band [(21)002 for even spins, (21+1)002 for odd
spins] for values of the parameters u,, =2 and uz=0.3. Here 1=1,2,3...
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Abstract

The kinetic energy of the octupole deformed nucleus was obtained firstly in curvilinear coordinates.

Key words: Hamilton operator; Euler angles; rotation and quadrupole and octupole
oscillations; moment of inertia.

1. Introduction

In classical mechanic Hamiltonian can write in any coordinate system. In this paper, we
quantize the Hamiltonian given in the classical Hamilton function in the generalized coordinate
system, first in curvilinear coordinate in the space of five dimensions.

2. Quantization of the deformed nucleus kinetic energy in curvilinear coordinates

A system of orthogonal coordinate axes én¢ associated with the nucleus, whose orientation
relative to the laboratory system is determined by the three Euler angles 6;(i=1,2,3),

R(@, (P) = RO [1 + Z1Z/=—2 avYZ*v (9,' QDI) + Z?n=—3 a,mY3*m(9’l (P’)]: (1)
@ =) @uDik(®), @y = ) Dh(O)a,
u v
where D3, (8) — Wigner function.

Then we choose the system of coordinate axes {n¢ as follows:
a'341=0a'343=0, a'3p=a'3_,
and

! — / . _ ﬁ3SiI‘lT)
a'3p = f3cosn, a'z;=az_, = 7z

where f5 is the octupole deformation parameter, 7 is the octupole deformation asymmetry parameter,
which varies in the interval 0 < n < m.

B3sinn
aszg = P3C0SN, A3p =d3z_p = 3\/7 . (2)

Note that [1] shows that the variables a’; .., and a’; ;3 are not collective variables.
The total energy of quadrupole and octupole deformations has the form
By , 4 . Bz , 3 . h2I
=S (B3 + B3y + 5 (B3 + BN + V(B2 Bavom) + X3a 75 (3)

where J, — moment of inertia (k = 1,2,3). To quantize the classical kinetic energy associated with
rotation and quadrupole and octupole oscillations of the surface of the nucleus, it is necessary to
choose as independent variables the Euler angles 8, 6,, 85 and the internal variables a,,, a,,, as,
and as3. It should be noted that the quantization of the kinetic energy of a deformed nucleus in

curvilinear coordinates for the internal variables a,, and a,, was done in detail in [2]. Here we
perform the same procedure for the variables a5, and a5, i.e. for

B ; .
Tg, = 2 (B3 + B31). (4)
The kinetic energy operator can be written as
__P1s 0 ij 2
I'=-3%2y 9q; (\/Eg 6q,-)' ®)

where G is the determinant of the metric tensor g;;. The expression (5) is used to quantize the
classical kinetic energy (4). The volume element is

dt = |G|dq,..... dqy. (6)

Now choose the generalized coordinates g, (5):
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q1 =030, qz=0a3; q3 =101, qs=0; gs=0s.
Then the expression (4) takes the following form:
T(-S) — _h_z[ 6aso(3a30—a3,) a 0* 3(3a3o—4ajoa3,+16a3,)  d 0? ]
vib 2B; l9a%,-6a%,a2,+16a%, dazy 0a3, 2asx(9ai,—6a3y,a%,+16a3,) das,  2da3,l’
Passing to the variables 5 and n, we obtain:
7O _ _ R [8% 4 8 | 1 9* 24cos®2n—6cos2n cosn @ ] )
vib 2B lap2 * Bz 0Bs  BZOn?  5+5cos2n+8cos?2y sing B2 anl’

The resulting expression (7) is different from a similar expression for quadrupole oscillations
of the nuclear surface.

Conclusion

Thus in this work, the quantization of the kinetic energy associated with the quadrupole
(octupole) oscillations of the surface of the nucleus in curvilinear coordinates was carried out. The
resulting form of the Hamiltonian differs from the previously obtained Hamiltonian for quadrupole
oscillations only by factors in front of the derivatives 0 / 0y and 0/ 0, because the expressions

for the projections of the moments of inertia of the nucleus in the cases of quadrupole and octupole
oscillations are different.
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One of the main problems of nuclear astrophysics is an estimation of the present-day abundances of
light elements [1, 2]. The nuclear fusion processes with elements D, He and Li are important in the Big Bang
Nucleosynthesis (BBN) models. However, a large part of present-day observed Li, Be and B abundances are
due-to contribution of galactic cosmic-ray spallation processes [3]. It is established that less than half of the
present-day ’Li abundance in the Solar system was produced during the BBN processes, and a large part was
synthesized in Stars [4]. At the same time, the present-day observed abundance of the °Li element is almost
exclusively produced by cosmic-ray spallation processes of heavy nuclei [5]. The Spite-plateau for the "Li
primordial abundance, observed in old metal-poor halo Stars does not exist for the ®Li element abundance [6,
7]. The main source of the primordial °Li abundance in the BBN is believed to be a nuclear direct capture
reaction d(a,y)’Li, while the reactions Li(p,a)®He and °Li(p,y)’Be are the most destruction channels [8, 9]. A
precise experimental results for the astrophysical S factor, reaction rates of the d(a,y)®Li direct capture process
and the primordial abundance of the °Li element obtained by the LUNA collaboration in an underground
facility [10, 11] recently have been accurately described within the three-body model [12,13]. The theoretical
model reproduced not only the absolute values but also the energy dependence of the astrophysical S factor
and the temperature dependence of the reaction rates due-to correct treatment of the isospin-mixing of about
0.5% in the final state. However, the primordial abundance of the Li element is still a big challenge for all the
nuclear astrophysics community around the world, since the astronomically observed abundance of this
element is about 3 times less than the present-day BBN estimate.

Thus, the °Li/’Li isotopic ratio is important to specify the lithium production mechanisms either via
cosmic-ray spallation processes [14] or via stellar evolution [15], which modify the primordial ’Li abundance.
For this purpose, an accurate estimation of the astrophysical S factor of the ®Li(p,y)’Be direct capture process
is necessary. The cross section of this process influences many astrophysical scenarios, including BBN and
stellar evolution.
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Figure 1. Astrophysical S factor of the radiative direct capture SLi(p,y)"Be reaction, calculated with the modification
potential in comparison with the available experimental data.

The aim of present work is a detailed study of the ®Li(p,y)’Be astrophysical direct capture reaction at
low energies within a single-channel potential model where a channel spin is fixed by S=1/2. Potential cluster
models can simultaneously describe the properties of bound states and scattering data [7, 16]. They can
reproduce phase shifts, binding energy, and an ANC. The importance of knowledge of ANC in astrophysical
processes was shown in particular in Refs.[12,13]. A realistic potential model is constructed based on the
results of the ANC study of Ref.[17] and the potential models of Refs.[16,18].
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Figure 2. Comparison of the calculated reaction rates in present potential model for the direct 6Li(p,y)"Be capture process.

The astrophysical S factor and reaction rates of the direct capture process SLi(p,y)’Be are estimated

within a two-body single-channel potential model approach. Central potentials of the Gaussian-form in the
2P4, and 2P12 waves are adjusted to reproduce the binding energies and the empirical values of the asymptotic
normalization coefficients (ANC) for the ‘Be(3/2") ground and 'Be(1/2°) excited bound states, respectively.
The parameters of the potential in the most important 2Sy, scattering channel were fitted to reproduce the
empirical phase shifts from the literature and the low-energy astrophysical S factor of the LUNA collaboration.
The obtained results for the astrophysical S factor and the reaction rates are in a very good agreement with
available experimental data sets. The numerical estimates reproduce not only the absolute values, but also the
energy and temperature dependence of the S factor and reaction rates of the LUNA collaboration, respectively.
The estimated ‘Li/H primordial abundance ratio (4.67+0.04)x10%° is well consistent with recent BBN result

of (4.72+0.72)x101° after the Planck observation.
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Abstract

The aim of present work is to study special properties of the *Be energy spectrum associated with
removal of Pauli forbidden states within the 2a+n cluster model. A deep aa-potential of BFW will be
employed which has two Pauli forbidden states in the S wave and a single forbidden state in the D wave. For
the aN-interaction we use the Kukulin et al. potential including a central and spin-orbit terms with forbidden
state in the S-wave. A variational method on Gaussian basis is employed. For the elimination of the three-
body Pauli forbidden states we use the method of orthogonalizing pseudopotentials (OPP) and the direct
orthogonalization method. As a possible origin of non-analytical behavior of the °Be spectrum, consequences
of the quantum phase transition (QPT) will be discussed.

Key words: °Be nucleus energy spectrum, cluster model, Pauli forbidden states.

Structure of light nuclei which consist of alpha clusters ®Be, 1C, 1O present a special interest. The
nucleus °Be is also expected to be described well within the 2a+n cluster model. The most important aspect
of the model is associated with removal of Pauli forbidden states from the three-body functional space. A deep
aa-potential of BFW [1] describes the properties of the alpha-alpha scattering with a high quality. It has two
Pauli forbidden states in the S wave and a single forbidden state in the D wave. For the aN-interaction the
Kukulin et al. potential [2] can be used, including a central and spin-orbit terms with forbidden state in the S-
wave. A variational method on Gaussian basis is a high accuracy tool for describing bound state properties of
guantum many-body systems. For the elimination of the three-body Pauli forbidden states a method of
orthogonalizing pseudopotentials (OPP) [3] and the direct orthogonalization method [4] can be emploied.

Table 1. The energy spectrum of the °Be nucleus with (J7 ,T) = (3_ ,2) in dependence with the projecting
constant 4 in the OPP method

A(MeV) |0 50 100 200 500 1000 | 2000 3000 | 4000

E{(MeV) | -92.032 | -2.734 -2.4561 -2.1909 -1.649 -979 | -.079% |0.379 |0.382

E,(MeV) | -72.471 | 0.3817 | 0.3818 0.3819 0.38206 | 0.382 | 0.3828 | 0.494 | 0.877

E3(MeV) | -71.240 | 1.6183 | 1.62535 1.6312 16391 |1.646 |1.6542 |1.659 | 1.663

In Table 1 a dependence of the energy spectrum of the °Be nucleus with (J*,T) = (g_ ,%) on the values

of the projecting constant A is given. As can be seen from table, the lowest state energy increases without
convergence and a binding is lost when passing from A=2000 MeV to A=3000 MeV. As a result, the second
state becomes the lowest one, while the ground state was lost. The situation is very close to the case of the 2C
bound state properties within the 3o model with forbidden states [5].

For the clarification of the situation, the direct orthogonalization method from Ref. [4] was employed.
The direct orthogonalization method is based on the separation of the complete Hilbert functional space into
two parts. The first subspace Lg, which we call allowed subspace, is defined by the kernel of the complete
three-body projector P. The rest subspace Lp contains three-body states forbidden by the Pauli principle. After
the separation of the complete Hilbert functional space of three-body states into the Lo and Lp Subspaces, at
next step we solve the three-body Schrédinger equation in Lo.

As in the case of the %C ground state, for the °Be nucleus there is a special eigen-state of the three-

body projector with the corresponding eigen-value of €=3.73171E-3. If we include this special eigen-state of
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the projector into the 2a+n functional space for the (J* ,T) = (%_ ,%) states, then the lowest state energy is

about -2.002 MeV, while it is 0.380 MeV, if we exclude this special eigen state. But the experimental ground
state energy is -1.574 MeV.

Thus, we found that there exist a special eigen state of the three-body projector P, which plays a
decisive role for the (J*,T) = (g ,%) energy spectrum of the °Be nucleus. A possible origin of non-analytical

behavior of the °Be spectrum could be a quantum phase transition (QPT), in full analogy with the 12C nucleus
[5] structure studies within the 3o cluster model.

_+_ —
The excited states energy values of the °Be nucleus with (J°,T) = (% ,%) and (J°T) = (g ,%) are

well described and we have a good convergent results with respect to the projecting constant A in the OPP
method. We have obtained the estimates E(%2+) =0.30 MeV and E(5/2" )=0.36 MeV in comparison with the
experimental energy values of 0.11 MeV and 0.86 MeV, respectively. These results mean that one needs small
three-body forces for the exact reproduction of the energy values of the excited states.
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Abstract

Weak interaction rates on neutron-rich nuclei are needed for the modelling and simulation of
presupernova evolution of massive stars. Accurate determination of nuclear structure is a pre-requisite
for reliable estimation of weak rates in stellar matter. Nuclear structure properties and weak interaction
rates of neutron-rich even-even iron (Fe) isotopes (A = 50 -70) are investigated using the Interacting
Boson Model-1 (IBM-1) and the proton-neutron Quasiparticle Random Phase Approximation (pn-
QRPA) model, respectively. In the current study, we investigate the probable effects of nuclear
deformation on stellar rates of even-even Fe isotopes. It is noted that, in general, bigger deformation
values led to smaller total strength and larger centroid values of the resulting Gamow-Teller strength
distributions. This later translated to smaller computed weak interaction rates. The current finding
warrants further investigation, with a bigger pool of nuclei, before it may be generalized.

Key words: Gamow-Teller (GT) Strength, pn-QRPA model, IBM-1 model, Nuclear structure, Nuclear
deformation, Weak interaction rates

1. Introduction

Nuclear weak processes, moderated by the weak interaction, show an important role in nucleosynthesis and
presupernova evolutionary phases of massive stars [1, 2]. The weak interaction process plays a significant role
in different phases of presupernova evolution and production of nuclei in the core of massive stars. After silicon
burning phase, the stellar core comprises mainly of Fe-peak nuclei. Once the mass of Fe-core exceeds the
Chandrasekhar mass limit (~ 1.5 Mo), the collapse of the core becomes eminent. The dynamics of core-collapse
derives from materialistic changes in the entropy and lepton-to-baryon fraction (Y¢) of the core [3]. These
important quantities are determined by the weak interaction rates. The electron capture (ec) and beta-decay
(bd) rates effect the dynamics of core-collapse. The ec rates control the fraction of lepton-to-baryon (Ye), and
also reduce the pressure of electron degeneracy. The bd rates counter this effect. Moreover, the ec and bd are
responsible for production of neutrinos and antineutrinos, respectively. The (anti)neutrinos escape away from
the core for densities pY. < 10 g cm™, carrying along energy and entropy. The energy carried away by
(anti)neutrinos play a crucial role in stellar evolutionary phases and provide useful information about the in-
fall phase, generation and propagation of shock wave and cooling phase of stellar core [1-4].

Reliable estimation of stellar weak rates requires microscopic calculation of ground and excited states Gamow-
Teller (GT) transitions [2, 5-7]. The proton-neutron quasiparticle random phase approximation (pn-QRPA)
model with a separable multi-shell interaction on top of axially symmetric-deformed mean-field calculation
[8] is well-suited to solve this challenging problem. The bargain of introducing a schematic potential results
in access to a large model space (up to 7 major oscillator shells) and orders of magnitude savings in
computational time. The former quality of the model makes it possible to microscopically calculate GT
strength functions and associated weak rates for any arbitrarily heavy nucleus present in the stellar core. The
latter property of huge savings in CPU time is possible because diagonalization of matrix problem is
transformed to solution of algebraic equation of fourth order. This in turn is possible because of using a
separable potential in our Hamiltonian (for more details please see Ref. [8]). An additional advantage of using
the pn-QRPA model is that it does not assume the Brink-Axel hypothesis [9, 10] as employed in most of the
weak rate calculations. This hypothesis assumes that excited state GT strength functions are identical to the
ground-state GT function, displaced only by the excitation energy. The pn-QRPA model, because of access to
a large model space, can calculate ground- and excited-state GT strength functions. This in turn leads to a fully
microscopic calculation of weak rates in stellar matter. The model was used to calculate stellar weak rates of
hundreds of nuclei in the sd-, fp- and fpg-shell by Nabi and Klapdor-Kleingrothaus [5-7].

Weak rates on iron isotopes play a crucial role in different phases of pre-supernova evolution of massive stars.
Nuclei far away from line of stability contribute significantly to weak rates. In addition, weak rates of neutron-
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rich nuclei are important to reproduce the observed r-process abundance curve (e.g. [11,12]). According to
previous simulations of presupernova evolution of massive stars [13, 14], weak rates on Fe isotopes play a
crucial role during post-silicon burning phases. A more recent study for search of key weak interacting nuclei
during presupernova evolution [15] also contained iron isotopes in the list of the top 50 nuclei. Nabi and
collaborators thoroughly investigated nuclear structure properties of key iron isotopes in the past using the pn-
QRPA model [16-20].

In this work, we focused on calculating the nuclear structure properties and stellar weak rates of even-even
isotopes of Fe with mass ranging from A=50 to 70. The IBM-1 model was used to calculate primarily the
nuclear deformation values (B) but also other nuclear structure properties of Fe isotopes. In addition, we used
the measured values of B, wherever available [21, 22]. A third set of  values were adopted from the finite-
range droplet model (FRDM) [23]. Later the pn-QRPA model was used to calculate the weak rates of Fe
isotopes as a function of 3 values.

2. Model Formalism

As stated above, the 3 values were determined using the IBM-1 model whereas stellar rates were calculated
using the fully microscopic pn-QRPA model. In this section, we briefly describe the theoretical framework
used in this project.
2.1 Interacting Boson Model-1 (IBM-1)
Arima and Lachello [24] developed the interacting boson model (IBM) that successfully determines the
collective properties of medium and heavy mass nuclei. The necessary components of the IBM are the s and
the d bosons with angular momenta zero and two, respectively. The simplest version of the model, known as
IBM-1, makes no distinction between proton and neutron bosons. The Hamiltonian used for present study was
chosen as,

H = e g + agPy .P. + a;,0.Q + a, L.L, (1)
where, 74 represents the boson number operator, P and L show, the pairing and angular momentum operators
respectively. The @ denotes the quadrupole operator. The constants of Hamiltonian (&4 ag, a;, a,) were
treated as free parameters and determined using the recent experimental data published in National Nuclear
Data Center (NNDC) [22]. The Hamiltonian in Eq. (1) was used to calculate the energy levels and reduced
electric quadrupole transitions of Fe isotopes. The latter quantity was used to compute {3 values using:

= () ] @

where, B(E2) T represents the reduced electrical quadrupole transitions rates from ground to 1% excited state
[B(E2: 0f - 2f].The Rois the nuclear radius, and the remaining symbols have their usual meanings.
The B(E2) T may be calculated from the B(E2) | values as follows:

B(E2) T = (2”+ ) B(E2) 4, 3)

where, B(E2) | is the transition from 1% excited to the ground state [B(E2: 27 — 07]. For details of the
IBM-1 model and definition of the operators, we refer to [25].

2.2 The pn-QRPA Model:
The pn-QRPA model Hamiltonian was used to determine the GT strength distributions and stellar weak
interaction rates of selected Fe isotopes. The Hamiltonian was written as:

HQRPA = HsP 4 yPair 4 yPR 4 VER, (4) |
where, HSP stands for single particle Hamiltonian. The residual Hamiltonian consists of the pairing (VP2')
and GT (vg;l,v r) forces. The GT forces were considered both in particle-hole (ph) and particle-particle (pp)
channels. The Nilsson model [26] was used to determine the single particles energies and wavefunctions. The
pp and ph GT forces were characterized by interaction strength parameters (x and y), respectively [27]. The
oscillator constant was calculated using Aiw = 45A~/3 — 25A~2/3 MeV for both protons and neutrons [28].
The potential parameter of the Nilsson model was adopted from Ref. [29]. Q-values were taken from recent
mass completion from Ref. [30]. The pairing gaps between like nucleons were computed using:

App= % (—DZHHS,(Z +1L,A + 1) — 25,(Z,4) + S,(Z —1,A - D] (5)

A= 5 (~DAZ*US,(Z,A + 1) = 25,(Z,4) + Su(Z,4 — 1)), (6)
where S, and S, are the separation energies for neutron and proton, respectively. For detailed solution of
Hamiltonian, we refer to [25].

175



International Conference “Fundamental and Applied Problems of Modern Physics ”, October 19-21, 2023

The weak interaction rate from parent state n to daughter state m is given by:

@nm (T,p Ef)
Aym = In z—m)nm L (7

where ¢ are the phase space integrals over total energy and ft values are related with the reduced transition
probabilities of the GT and Fermi transitions. The total weak interaction rates were calculated by using
following relation:

pec/bd/pe/pd =y PiAqu/lbd/pC/pd (8)
The summation was applied to both parent and daughter states until suitable convergence in rate calculations
were achieved. Due to space considerations, details of the formalism are not presented and may be seen from
[6, 71.

3. Results and Discussion:

The deformation parameters (B) and associated structure of *"°Fe isotopes were investigated in this study.
Three different values of 3 were determined using IBM-1 formalism, FRDM [23]

Table 1. Deformation parameters used in the current investigation. Model dependent (FRDM [23] and IBM-1) values of § computed
using potential energy formalism. Measured B(E2) 1 values were taken from [22] and used to calculate the Pexp) values.

Nuclei | Brrom | PiBm-1 Bexp
0Fe 0.194 -0.189 | 0.311
S2Fe 0.118 0.000 0.229
e 0.000 -- 0.198
“bFe 0.117 0.000 0.250
S8Fe 0.173 0.000 0.262
0Fe 0.185 0.000 0.225
62Fe 0.152 0.000 0.229
64Fe -0.084 0.000 --
%6Fe 0.000 0.000 --
68Fe 0.000 0.469 --
OFe 0.128 0.555 --

and measured B(E2) values taken from the Evaluated Nuclear Structure Data File (ENSDF) of NNDC [20,
21]. Table 1 shows the determined values of nuclear deformations Berom, Biem-1 and Bexp. The IBM-1 could
not compute B of **Fe as its number of neutron bosons was zero. It is further noted that no measurement of
B(E2) was available for 4"°Fe. A wide spectrum of determined B values can be noted from Table 1. This wide
range of nuclear deformation values made it possible to study its effect on calculated stellar rates which we
discuss below.

To explore the impact of different  values on calculated stellar weak rates, we employed the pn-QRPA model
and computed four different weak rates, namely B-decay (bd), positron decay (pd), electron capture (ec) and
positron capture (pc), for %-"°Fe isotopes. In Table 2 we present only the dominant decay mode of each iron
isotope for space considerations. A complete set of all four weak rates, on a detailed temperature-density grid,
may be requested from the corresponding author as ASCII files.

Table 2. Positron decay rates of 5052Fe (upper panel) and electron capture rates (lower panel) on 34%8Fe calculated as a function of
deformation values (Brrom, Bexp & Bism-1). The units of Te, pYe and 4 are GK, g/cm? and s, respectively, for selected values of core
temperature and density. The exponents are shown in parenthesis.

Positron Decay (pd) rates A(pd)
oYe=10° oYe = 10° pYe = 107
Nuclei | To| arrom AExp A iBM-1 AFRDM AExp A iBM1 AFRDM AExp A BM-1
2 | 540(-02) | -L.00(-02) | 1.78(-01) | 5.40(:02) | -1.00(-02) | 1.78(-01) | 540(-02) | -L.00(-02) | 1.78(-01)
e [15] 6.72(-01) | 6.74(-01) | 7.06(-01) | 6.82(-01) | 6.84(-01) | 7.16(-01) | 6.94(-01) | 6.96(-01) | 7.29(-01)
20| 8.76(-01) | 9.19(-01) | 8.76(-01) | 8.83(-01) | 9.26(-01) | 8.83(-01) | 9.10(-01) | 9.52(-01) | 9.10(-01)
e | 2| 386(+00) [-4.16(+00) [ -349E(00) |-3.86(+00) | -416(+00) | -34(+00) | -386(+00) | 4.16(+00) | -349(+00)
15| -8.07(-01) | -8.82(-01) | -6.00(-01) | -7.88(-01) | -8.62(-01) | -5.83(-01) | -7.64(-01) | -8.37(-01) | -5.62(-01)
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-4.76(-01) | -5.43(-01) | -1.34(-01) | -4.27(-01) | -4.90(-01)
Electron Capture (ec) rates Aec)
2 | -8.06(+00) | -8.07(+00) - -2.69(+00) | -2.86(+00) -- 2.57(+00) | 2.43(+00
“Fe 15| 1.12(-01) | -2.14(-01) - 3.75(-01) | 5.20(-02) - 2.98(+00) | 2.76(+00

(-
20| 107(+00) | 661(-01) | -~ | 1.19(+00) | 7.77(-01) 3.26(+00) | 2.94(+00
2 | -153(+01) | -L.50(+01) | -1.63(+01) | -9.64(+00) | -9.15(+00) | -L. 27(+ 191(+00) | 1.90(+00) | 1.93(+00

20| 3.08(-01) | 2.79(-01) | 4.66(-01) | 4.25(-01) | 3.96(-01) | 5.83(-01) | 2.71(+00) | 2.67(+00) | 2.84(+00

1) | 2.28(+00

(+00) | 2.43(+00)
(+00) | 2.76(+00)
[l
®Fe |15 -7.41(-01) | -7.50(-01) | -6.15(-01) | -4.71(-01) | -4.80(-01) | -3.46(-01) | 2.47(+00) | 2.43(+00) | 2.54(+00
01 (+00) | 2.67(+00)
(+00) | 1.62(+00)
(+00) | 2.26(+00)
(+00) | 2.52(+00)

1 ( )
(+00)
( ( ( ) (+00)
( 1) [ -1.44(+01) | -L44(+01) | -1.45(+01) | 1.64(+00) | 1.62(+00) | L1.72(+00)
®rg |15 | -1.07(+ 0) | -7.98(-01) | -8.16(-01) | -7.97(-0 2.26(+00) | 2.34(+00)
( 1) (+00)

20| 7.40(-02) | 5.70(-02) | 8.90(-02) | 1.92(-01) | 1.75(-01) | 2.07(-01) | 254(+00) | 2.52(+00) | 2.58(+00

Table 2 shows the dominant pd rates of *54Fe (upper panel) and ec rates (lower panel) of *%8Fe for selected
density (pYe = 104, 108 and 10%° g/cm) and temperature Ty (2, 15 and 20 GK) values of the stellar core. Table
3 depicts the dominant B-decay mode of ®*"°Fe isotopes under the same physical conditions, again as a function
of the nuclear deformation values. The ec and pd rates decrease at high densities because of increase in Fermi
energies. The trend reverses for the calculated bd rates because the available phase space reduces by orders of
magnitude. However, all calculated rates increase as the temperature of the stellar core rises as more partial
rates contribute to the summation in Eq. 8. The dashes seen in Tables (2-3) imply that the corresponding
value needed for calculation of stellar rates was missing. The reasons for missing nuclear deformation values
were already explained above. It is noted from Tables (2-3) that, in general, stellar rates calculated using
smaller B values are enhanced (by a few factors) than the rates computed with bigger magnitudes of nuclear
deformation parameter. It was noted that smaller B values led to lower placement of GT centroid and/or bigger
total GT strength values. A detailed analysis of GT strength distributions could not be presented here due to
space considerations and would be presented elsewnhere.

Table 3. Beta-decay rates of 8- 7°Fe calculated as a function of deformation values (Brrom, Bexp & Bism-1). The units of To, pYe and A
are GK, g/cm? and s™2, respectively for selected values of core temperature and density. The exponents are shown in parenthesis.

Beta Decay (bd) rates Awa)
oY= 10° oY, = 10° oY= 100
Nuclei | Tg | Arrom Aexp MBM-1 AFROM Aexp MBMA1 AFROM hexp MBM-1
2| 6.87(+00) | -6.60(+00) | -8.29(+00) | -0.87(+00) | -0.74(+00) | -8.81(+00) | -2.85(+01) | -2.88(+01) | 2.86(+01)
Fe [ 15| -1.04(+00) | -L10(+00) | -L.05(+00) | -1.08(+00) | -L.15(+00) | L.11(+00) | -3.44(+00) | -3.50(+00) | -3.70(+00)
20| -8.43(-01) | -8.96(-01) | -857(:01) | -8.66(-01) | -0.19(-01) | -8.86(-01) | -2552(+00) | -2.58(+00) | 2.72(+00)
2 [ -2.47(+00) | -2.52(+00) | -2.12(+00) | -3.81(+00) | -4.10(+00) | -3.78(+00) | -2.21(+01) | -2.30(+01) | -2.21(+01)
Fe | 15| -112(:01)| -2.44(-01)| 4.00(-03)| -LA41(-01) | -2.74(-01) | -3.00(-02) | -2.02(+00) | -2.33(+00) | -2.18(+00)
20| 6.10(-02) | 5.90(-02)| 2.32(01) | 450(:02) | -7.60(-02) | 2.13(-01) | -1.28(+00) | -L54(+00) | -L.32(+00)
2 45000)| -~ | -339(01)| 7.62(01)| - | -6.19(-01) | -L67(+01)| - | -162(+01)
“re | 15| 364(01)| -~ | 680(01)| 339(00)| =~ | 656(01)]-152(+00)|  ~ | -113(+00)
0] 416(01)| - | 849(01)| 40101)| - | 835-01)| 039(00)| - | -458(-01)
2[ 218000 - | 418(00)| 27200 - | 272(00) | L26(00)|  ~ | -L26(+01)
Fe | 15| 1.13(+00) 1.13(+00) | L.11(+00) 1.11(+00) | -150(-00) -150(-01)
20| 1.38(+00) 1.38(+00) | 1.37(+00) 1.37(+00) | 4.30(00) 4.30(-01)
2| 7.18(01) 5.20(:01) | 6.08(-01) 3.83(-01) | -L01(+01) 1.03(+01)
Fe | 15| 143(+00) 8.85(-01) | LA1(+00) 8.63-01) | 3.15(-01) 5.60(-01)
20| 1.70(+00) 9.77(-01) | 1.70(+00) 0.65-01) | 8.57(-01) 21.07(-01)
2| 117(+00) 1.01(+00) | 1.10(+00) 9.24(-01) | -6.01(+00) 8.02(+00)
TFe | 15| 140(+00) 1.34(+00) | 1.38(+00) 1.32(+00) | 9.20(02) 7.10(-02)
20| 145(+00) 1.42(+00) | 1.44(+00) 1.41(+00) | 4.55(-01) 4.51(:01)
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4. Summary and Conclusions:

We investigated the effects of nuclear deformation on calculated stellar weak rates of even-even Fe isotopes
in the mass range A=50-70 bearing astrophysical significance. The IBM-1 was used to compute B(E2) and
values of selected nuclei. Later, we performed a microscopic calculation of stellar weak rates of Fe nuclei as
a function of nuclear deformation parameter. It was concluded that smaller  values led to enhanced weak rates
and vice versa. It was further stated that a bigger pool of nuclei is needed before the conclusion may be
generalized.
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