News of the National Academy of sciences of the Republic of Kazakhstan

NEWS
OF THENATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

PHYSICO-MATHEMATICAL SERIES
ISSN 1991-346X https://doi.org/10.32014/2020.2518-1726.69
Volume 4, Number 332 (2020), 86 — 94

UDK 539.141/.142
IRSTI 29.15.03; 29.15.19

N. Kalzhigitov!, N. Zh. Takibayev',V.S. Vasilevsky?,
M. Akzhigitova', V.0. Kurmangaliyeva'

!Al-Farabi Kazakh National University, Almaty, Kazakhstan;
2Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine
knurto@mail.ru, venera_baggi@mail.ru, kzo1994@mail.ru

A MICROSCOPIC TWO-CLUSTER MODEL
OF PROCESSES IN °Li

Abstract. Structure of bound and resonance states and dynamics of different processes in SLi are investigated
within a microscopic two-cluster model. The model is an algebraic version of the resonating group method which
correctly treats the Pauli principle and makes use of the oscillator basis to expand a wave function of a two-cluster
system. Within this model the nucleus °Li is considered as two-cluster a + d system. Dynamics of the two-cluster
system is totally governed by a semi-realistic nucleon-nucleon potential. We study interaction of °Li with electrons
and photons. Form factors of elastic scattering of electron are determined for two nucleon-nucleon potentials. We
also study the density distribution of protons and neutrons in °Li. We demonstrate that the model used correctly
reproduces form factors for the ground state of °Li. Our results are compatible with results of other microscopic
models. The capture reaction o + d = °Li + y are investigated in detail. The astrophysical S-factor of the reaction is
obtained at low-energy region.

Keywords: cluster model, light nuclei, capture reaction, density distribution.

1. Introduction. In this paper we consider in more detail the structure of °Li. We will consider the
processes initiated by the interaction of °Li with electrons and photons. Interaction of electrons with °Li
will be represented by a form factor of the electrons elastic scattering from the °Li ground state.
Interaction of photons with °Li will be represented by a cross section of the °Li photodisintegration
vy +°Li = a + d, or by a cross section and the astrophysical S-factor of the radiative capture reaction
o +d = °Li + y. It is well known that the radiative capture reaction o + d = °Li + y is very important for the
astrophysical applications.

To achieve these goals we apply a two-cluster microscopic model. This model is so-called the
algebraic version of the resonating group method formulated in Refs. [1], [2]. The main peculiarity of the
algebraic version is that it employs a full set of oscillator functions to describe the relative motion of the
interacting clusters in bound and continuous spectrum states. In Ref. [3], which includes many important
details of formulation and implementations of the algebraic version of the resonating group, this model
was applied to study the lightest nuclei of the p-shell represented by the dominant two-cluster
configuration. It was shown that this model reproduces the main features of the nucleus “He, °Li, °Li, "Li,
"Be and ®Be. In the present paper we concentrate our attention on some interesting features of °Li which
have not been considered in Ref. [3].

2. Two-cluster model. The total wave function describing the state of two-cluster systems within the
resonating group method can be represented as:

W, = A{[ 91 (A1) 02(A)]Yis (D)}, 1)

where ¢@4(4;) is a wave function describing the internal motion of A; nucleons which comprise the first
cluster, ¢,(A4,) is a wave function describing the internal motion of A, nucleons which comprise the
second cluster. Both functions depend on the spatial, spin and isospin coordinates of individual nucleons.
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And both functions are antisymmetric with respect to a permutation of any pair of nucleons. It is assumed
within the resonating group method that these functions are known. There are some simple methods how
to construct such functions. Contrary to the functions ¢4(A4;) and ¢,(4,), the wave function l/),{ $(§) which
describes the relative motion of two clusters is unknown and has to be determined by solving dynamical
equations of the resonating group method. This function is a function of the Jacobi vector ¢, which
determines the distance between clusters.

Within the algebraic version of the resonating group method, the wave function 1/){5 (q) is
decomposed into an infinite series of the three-dimension harmonic oscillator wave functions ¥, (g, 1p):

Wis(@) = Zong Cor Ynr (4, 70), )

where C,,; is the expansion coefficient, g is the modulus of the vector ¢. The explicit form of the oscillator
functions 1,,(q, 1) can be found in Ref. [3]. As oscillator functions form a complete set of orthonormal
functions, then any wave function of a two-cluster system can be expanded over these functions. In the
framework of the algebraic version of the resonating group method, the wave function (1) of two-cluster
system, by taking into account Eq. (2), can be represented as a generalized Fourier series

W) = Xn=n, Cnr Wnr 3)

it also yields the dynamical equations for the expansion coefficients as a set of the linear algebraic
equations

Z??L= n°[<ﬁL |ﬁ| 171L> -E- (Sn,m] (_:mL =0, 4
where H is the many-particle Hamiltonian of the nucleus, E is the total energy of the nuclear system, and

Ynp, =A{91 (A1) 02(A2) Y01 (q, DY ()} (%)

is the many-particle, cluster oscillator function.

To construct matrix elements of Hamiltonian and other operators of physical importance we employ
the technique of the generating functions [4]. The generating functions of two-cluster system is the Slater
determinant constructed from single-particle Brink orbitals. A single-particle Brink orbital is connected
with Gaussian functions:

p(ri. R)) = exp {—(r: — R;)"/ (2b%)}. (©6)

where r; is a coordinate of the ith nucleon (i = 1, 2, ..., 4) and R; (j = 1, 2) is a generator parameter

representing center of mass of jth cluster. After elimination of a wave function of the center of mass
motion, we obtain the translationally invariant generating function of 4 nucleons system. We denote this
function as ®(R), where R is the generator coordinate associated with relative position of clusters in the

space and equals
A A
R= [ Ri— Ry, (7)

By using properties of the determinant functions, we can easy calculate the kernel of the Hamiltonian
(or the generating matrix elements of the Hamiltonian)

(R|H|R) = (@(R) [H| @(R)), ®)
the norm kernel

(RIR) = (®(R)|®(R)) )

and the generating matrix elements of other operators.
The important feature of the generating function ®(R), as was shown in Ref. [4], is that it generates
an infinite set of cluster oscillator functions (5)

SR = D" an R Yy (R, (10)

n=0 LM




News of the National Academy of sciences of the Republic of Kazakhstan

To extract the necessary cluster oscillator function {,; from the generating function we use the
following procedure

1 1 d 2n+L = .
U = = (5) S ARV (RSB o, (11)
Thus we need to integrate over the unit vector R with the weight Y}, (ﬁ’) and then differentiate 2n + L

times with respect to R. After differentiation we have to put R = 0. Such a projecting procedure can be
applied directly to the matrix elements of the kernel of the Hamiltonian

2n+L
d

—~ 1 1 - -

1 1 d 2m+L - - o
«— e iar) [ AR (R) RIAI R o

We use this procedure to construct matrix elements of proton and neutron form factors and operator
of electromagnetic transitions, which we need to calculating cross sections of the capture reactions or
photodisintegration reactions.

3. Definition of form factor and density distribution. The proton and neutron form factors are
determined as the matrix elements

By (@) = (g jn| By [Wg ), (13)
FE.(q) = (¢E}"|F;L|¢EJ"): (14)

calculated with a wave function g ;= describing a bound states of a nucleus. Here the operators I% and F,
are

A
-1 _ .
F=5 ) (1+5) expliar)}, (15)
i=1
L&
F=5 ) (-5 expliar)}, (16)
i=1
and the operators %(1 + 7,,) and %(1 —T,,) are projection operators on proton and neutron state,
respectively.
The proton and neutron density distribution are determined as

Dp(r) = (W] T4 (1 +5) 80 = 1)y, (17

(1= 80 —1)

L Wer) (18)

To calculate F,(q), F,(q), D,(r) and D, (r), one needs to perform in Egs. (13), (14), (17) and (18)
integrations over all spatial, spin and isospin coordinates.

For numerical calculations of properties of the °Li nucleus, we selected two nucleon-nucleon
potentials: the Minnesota potential (MP) [5] and the modified Hasegawa-Nagata [6, 7] potential (MHNP).
This is done in order to study the dependence of calculated quantities of °Li on the shape of selected
nucleon-nucleon potentials.

Here, we are not going to discuss the wave function of the ground state of °Li as it was discussed in
Ref. [3]. And we will not present wave functions or phase shifts of the elastic scattering of deuterons from
an alpha particle as they were presented in Ref. [3]. It is necessary to note that phase shifts of the elastic
a + d scattering and the parameters of resonance state are in a good agreement with the experimental data.

Dy(r) = (‘PE]" -
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4. Form factor and density distribution. Within the two-cluster model used, the total isospin T = 0
for °Li, thus the neutron form factor coincides with the proton form factor. This can be deduced from the
definitions of the proton and neutron form factors Egs. (13) and (14). And this is why the proton, neutron
and mass density distributions are also identical. Thus we display only the proton form factor and proton
density distribution. The proton density distributions D(r) obtained with MP and MHNP are display in
figure 1. There is a substantial difference in the proton density distributions for these potential at small
distances r. The proton density distribution in the ground 1* state of °Li calculated with MP and MHNP.
The proton form factor F(g) for elastic scattering of electrons from the 17 ground state of °Li are shown in
figure 2. As we can see, the first minimum of the form factor are in the same point of the transferred
momentum ¢ for both potentials. As it is well known the range of small values of q associated with the
root-mean-square radius of °Li, which has approximately the same value for MP and MHNP [8, 9].

30 op
0 |
2.0 4 D, MHNP r |
—_—— DMP F MHNP
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Figure 1 — The proton density distribution in the ground Figure 2 — The proton form factor F(q) from the °Li ground
1" state of °Li calculated with the MP and MHNP state. Results are obtained with MP and MHNP

5. The capture reaction a + d = °Li + y. The cross section and astrophysical S factor of the reaction
o +d =°Li + vy are calculated by employing the quadrupole transitions only. It has been repeatedly shown
that the quadrupole transitions from continuous spectrum states to the ground state of °Li dominates in the
low energy region. Having calculated wave functions of the ground state of °Li and continuous spectrum
states in the channel o + d, we then easily calculated the quadrupole transitions and cross section of the
capture reaction. The explicit formula for calculating the cross section of the capture reaction can be
found, for example, in Ref. [10, 11]. It is worthwhile noticing that the quadrupole transitions connect the
ground 1” state with three states of the continuous spectrum, namely, J* = 3", J* = 2" and J* = 17, Within
the present model, the total spin S is a good quantum number and S=1. Thus, the total orbital momentum
L is also a good quantum number. For the ground state L = 0, and for the scattering states J* = 3", J* = 2"
and J* = 17 the total orbital momentum L = 2. The spin-orbit interaction splits the state with the total
orbital momentum L = 2 on three states with the total angular momentum J* = 3", J*=2"and J*= 1", As
the total isospin of °Li T=0, then the dipole transitions are forbidden in the long-wave approximation. It is
well-known, that the dipole transition operator in the long-wave approximation contains only the isovector
part, thus the dipole transitions are allowed for the nuclei with total isospin T > Y.

In table 1 we show the energy and width of the J* = 3", J* = 2" and J* = 1. These resonance states, as
we can see later, play an important role in the capture reaction. It was shown in Ref. [3] that these
resonance states have a great impact on the cross section of the elastic o + d scattering. The energy E of
the resonance states are measured from the a + d threshold. Results of our calculation with the MP and the
MHNP are compared with the experimental data [12-14]. There is a fairly good agreement between the
theoretical and experimental data. As we can see, the MHNP provides more correct description of the 37,
2"and 1" resonance state, than the MP.
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Table 1 - Experimental and theoretical values of the parameters of resonance states of °Li

Potential L;J" E (MeV) I' MeV)
MHNP 2;1% 4.100 2.357
2; 2% 3.063 1.013
2;3% 0.763 0.019
MP 2;1% 5.174 6.33
2; 2% 4.288 3.005
2;3% 0.848 0.028
Experimental data 2; 1% 4.176+0.050 1.5+0.2
[12,13] 2; 2% 2.838 +£0.022 1.30 £ 1.00
2;3% 0.712 +0.002 0.024 £ 0.002

As was indicated above, all resonances in the °Li nucleus mentioned in Table 1 have the total orbital
momentum L = 2, which indicates the presence of a centrifugal barrier in these states. The effective barrier
in the o + d channels is complemented also by the Coulomb barrier. The spin-orbital forces increase the
effective attraction between clusters in the 3" state and thus generates a very narrow resonance at low
energies. At this energy range, the width of the barrier is large which difficult to penetrate. This stipulates
the appearance of a very narrow (long-lived) resonance state. In the 17 state, the spin-orbital forces,
contrary to the 3" state, reduce the interaction of the alpha particle and the deuteron and push the
resonance state to a relatively larger energy, where the effective barrier is small. The spin-orbit forces
have small effect on the 2"state, as the consequence the resonance width is less than in the 17 state, but
larger than in the 3" state.

In figures 3 and 4 we display the partial and the total astrophysical S factors of the reaction
o +d = Li +y as a function of the energy E of relative motion of clusters alpha-particle and deuteron. One
can immediately notice a peak below the energy E = 1 MeV. This peak is associated with the narrow
3" resonance state. The contribution to the partial and total S factors of wider 2* and 1" resonance states is
not so prominent. By comparing Fig. 3 and Fig. 4, we see explicitly how the astrophysical S factor of the
capture reaction a + d = °Li + y depends on the shape of the nucleon-nucleon potentials used in our
calculations. It is important to note, that the transition from the 3" continuous spectrum states to the ground
state dominates at the low energy range 0 < E < 1 MeV. At the higher energies, the transition from the
2" continuous spectrum states to the ground state is more prominent than the other transitions.
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Figure 3 — The astrophysical S-factors generated by the
quadrupole transitions. Results are obtained with the
modified Hasegawa-Nagata potential

Figure 4 — The astrophysical S-factors of reaction
o +d = SLi + y generated by the quadrupole transitions.
Results are obtained with the potential of Minnesota

The astrophysical S factor of the capture reaction a + d = °Li + y obtained by the theoretical or
experimental methods usually is approximated by the three terms expression:

S(E)=So+ S|E + S,E* . (19)
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For this aim we selected the energy interval 0 < £ < 0.2 MeV. In Table 2 we display parameters of
the three terms fit to the calculated astrophysical S-factor of the capture reactions o + d = °Li + v. In the
table we show partial astrophysical S-factors S (E; J* = ]}T) and the total S-factor

Sr(E) = ) S(E: JF = JF), (20)

It

In our calculations this sum involves three partial astrophysical S-factors.

Table 2 - Parameters of three-term fitting of the calculated astrophysical S-factor of the reaction o+ d = °Li +y.

Potential Transition So M S,
MHNP 3F=> 17 3.092x101 10.923x10710 7.455%107°
2F= 17 2.035x107" 7.878%10710 4.370x107°
"= 1" 1.214x1071 4.716x10710 2.593%107°
Total 6.341x10°1 23.517x10710 14.418%x10°°

The total astrophysical S factor obtained in our model is in a fairly good agreement with the available
experimental data and is also compatible with results of other theoretical two- and three-cluster models.

6. Conclusions. We have applied a two-cluster microscopic model to study structure of the nucleus
SLi. This nucleus was represented as a two-cluster configuration a + d, which determines the main
properties of °Li at the low energy region. Two well-known nucleon-nucleon potentials were employed to
study properties of °Li and their dependence on the shape of the potentials. The present model correctly
reproduced the main features of bound and scattering states in °Li.

We have calculated the form factor of the elastic scattering of electron from the ground state of °Li. It
was shown that at region of the small values of the transferred momentum q the form factor F(q) slightly
depends on the shape of the nucleon-nucleon potentials, however for large values of the momentum q the
shape of the potentials has the large impact on the form factor. As for the proton density distribution D(r),
the shape of the nucleon-nucleon potentials has noticeable impact at the region of small distances r.

We have also studied the dynamics of the capture reaction o + d = °Li + y at small energy region
which is of a great importance for the different astrophysical applications. We have calculated the partial
and total astrophysical S factor S(E) of the reaction. We have demonstrated how the low-lying resonance
states 37, 2" and 1" contribute to astrophysical S factor of the capture reaction. It was shown that our model
provides a satisfactory description of the S factor in the range of energy 0 < £ < 1 MeV.
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'O-Dapabdu areingarsl Kazak yaITThIK yHUBEpCHTETI, AnMaThl, Kazakcran;
2Boromo60B aThIHAAFEI TEOPUAIBIK (U3nKa MHCTUTYTHI, Kues, Ykpanna

SLI-IET'T MUKPOCKOMUSJIBIK EKIKJIACTEPJIK YJEPIC YJITICI

Annoranusi. JKyMmpicTa GailTaHBICKAH XXOHE PE3OHAHCTHI KYWIEPHiH KypBUIBIMBL, COHBIMEH Oipre °Li-meri
OpTYpiai YIepic AMHAMHKACHI MHUKPOCKOIMSUIBIK EKIKJIACTEpIiK YITi asChlHAa 3epTTeireH. byn TocinmiH Herisi
abinitio >kKoHE EKIKJIIACTEPINIK JKYHEeHIH TONKBIHABIK (QYHKIWSIAPBIH OCIIUUIATOPIBIK HETi3Ae JKIKTey YIIiH
KOJIJIAaHATBIH PE30HAHCTH TOI OmiciHiH anreOpanblk Hyckachl (PTOAH). °Li mocemecin kapacTelpy GacTamKsl
HyKJIEOCHHTe3 Ke3eHinge SLi INbIFyBIHBIH HETi3ri peakuuschl CAHANATHIH PAJAMANMIBIK KAPIY PEAKIHACHI
TYPFBICBIHAH TybIHAANHABL. OChl MOCENETe eKi KO3KApACThl KOJNJIAHY OTe KakeT, oiTkeHi °Li panmanmsibik Kaprmy
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PEaKIISIChIHIA aNTHl ©3apa 9PEKETTEeCeTiH HyKIOHAap 06ap, oJap CoMKeciHIne anThl JeHe KaThICAThIH KYPAETi ecemnTi
tynsipaabl. PTOAH kypannapsl Oy mMoceneHi exi qeHe eceOiHe: anb(a-0eleK o )KoHe CyTeri H30TOIbI AeUTepuid
d-re azaiita ananpl. [laynu npuHIUIIIH )KOHE aHTHCHUMMETPHU3ALMSHBI €CKEpPMEil, ©3apa opeKeTTeCETIH KilacTepiepaiH
TOJIKBIHABIK (DYHKIMSCHIH TAPMOHUKAIBIK OCLHMIUISTOP (PYHKUMSCHIHBIH Oa3ucTep >KUBIHTHIFBI OOMBIHIIA JKIKTEyre
MYMKiHIIK Oepeni. Byn €3 keserinme ecenteyli eoyip KEHUIIETYre JOHE JKYMBIC COHBIHIA TKIPHOETiK
MOJTIMETTEp HETi31H/Ie COMKEeC HOTMKENIepre KOJI )KEeTKi3yre MYMKIHIIK Oep/ii.

3epTTenin XKaTKaH XYHe IMHAMHUKACHI TOJBIFBIMEH HYKIOH-HYKJIOH/BIK MOTCHIMAIBIMEH aHbIKTAIAbl. HoTrxke-
CIHJIE SAPOJIBIK dcepiiecy i CHMaTTay YIIiH €Ki HyKJIOH-HYKJIOH/BIK TOTEHIMAN KOJJaHbIIIbL: MOIU(UKAMIaHFaH
XaceraBa-Harara motennumansr (MXHII) sxone MuHHecoTa moTeHIuansl. MoanpukanusiianFad XaceraBa-Harara
NOTEHUHUANbl JKYIl HYKIOH-HYKJIOHIBIK dcepiiecy YLIIH ajblC apaKallbIKTHIKTapAa TapTBUIBICTEI JKOHE >KaKbIH
apaKamIBIKTBIKTapAa TeOUTICTI JKaKchl IMIBIFapael. Byl TOTeHIMam KenTereH jXardaija, atam aWTKaHda, KESHLT
SAAPOJIAPABIH SHEPTUSHBIH KEH AWalla30HbIHAA MIAIIbIpay MOJIMETTepiH CHIATTayza, JIEKTPOMArHUTTIK Kachet-
TEPIiH JKOHE JKEHLIT SIIPOJIAPbIHBIH KATBHICYBl aPKbUIbI OTETIH YJepicTep/l cHMaTTay YIIiH KojjaHasl. MUHHecoTa
MOTEHIINAJIBI CIIMH-OPOUTAIIBIK KOMIIOHEHTI O6ap yIII Taycc (yHKIHUACHIMEH aHBIKTaJIabl.

JKYMBICTBIH HETi3ri MakcaThl — SKCIEPHUMEHTANIbl TYP/E€ PE30HAHCTHI KYHIlepi OaKblIaHFaH, acTPOMH3UKAIBIK
5 MbaB sHeprusira >KakbIH TOMEHTT SHEPTHSUIBI HHTEpBaNIA *Li JKEHIT SIpO peakUsITapbIHAAFbL SIPOIIBIK KYIITEPIiH
acepl MeH TabuFraThiH 3epTTey. JKacairaH *KyYMBICTBIH MaKCaThl OChIHAAN PE30HAHCTHIK KYI/Ii TEOPHUSJIBIK €CeITey.

Knacrepnik ynriHiH apThIKIIBUIBIFBL, 3€PTTEIIN JKaTKaH OeJIIeKTep, onapablH KYpbUIBIMBI KeHOip *arnainapia
Ha3apJaH ThIC KaJdybl MYMKIH HYKJIOHAApIbIH SIPOJIBIK YaKbITBIHBIH KOHIJIOMEpAalMsuIapbl OJIeMi TypiHIe
yceiHbULIEL. COHBIMEH KaTap, 3epTTelreH sapoiap Oipkarap KbI3BIKTHI CHIIATTaManiapra ue Oonipl. Paamanusibik
Kapiy peaknuschiHaarbl °Li sSIpOCHIHA V33K TOJKBIHAAP/BIH JKAKBIHAAYBIHA OANTAHBICTE JUIOIBIIK AYBICYHI
MYMKIiH 0OJIMaJbl, COHABIKTAH TEK KBAJAPYIOIABIK ayBICYHI VIIiH 3epTTEYIep KYPri3iimi.

HlIpenunrep TeHIeyJIepiH MIENIyAe KOIJaHbUIAThIH MEeKapaJIbIK IapTTapAbl eHI131M, OCHUUIATOPIBIK (QyHKIH-
JTapAblH GasucTepi OOMBIHIIA KJIACTEPIIK KO3FAJIBICIEH CAaJbICTHIPMANbl TYPAEri TOJKBIHIBIK (YHKLIUSIAPIBI
anreOpaiiblk Gopmana xikTeyre Kypaeil uHTerpanibl-auddepeHInanibK ecenteyiepai KenTipin, ®eHuT sapoiap-
JIbIH OaiiJIaHBICKAH JKOHE KBa3MOaWIaHBICKAH KYWIEPIH €CenTey YIIiH PEe30HAHCThI TONTAp OMICIHIH aareOpabik
HYCKachl KOJIaHbUIABL. OHBIH OPTYPJIi HYKIOH-HYKJIOHJBIK TOTCHIUAIBIH KOJJIaHY apKbUIBl aCTPOQPHU3HKAIIBIK
S-dakTopaapsl MeH mansipay (aszaiapbl Typaibl MOTIMETTEP aIbIH/IbI, OJlap KeHIHHESH OHICIII

Pe3zonaHcThl TOmTap 9MiciHIH anreOpaiblK HYCKAChIH KOJIIAHY apKbUIbl allbIHFaH S-(akropiiap TypiHmeri
TEOPUSUIBIK HOTWKENEp TOKIPUOENIK MONIMETTEPMEH CANBICTBIPBIIIBI, COJAH KEHiH oHiC TeH JSKCIEePUMEHT
HOTHOKENEPI )KaKChl COUKECTI.

SLi smpOCKIH eKIKIACTEPIIK JKyHe PETiHae KapacThIpy Ke3iHIe TyBIHOANTEIH HETI3r MOCENeHiH 6ipi — SIpOHBIH
ANIEKTPOHAAp MeH (OTOHAAp opeKeTTecyiH 3eprTrey. HoTmkeciHAe €Ki HYKIOH-HYKJIOHABIK ITOTEHIMAN YIIiH
CepIiMIl AMEKTPOHBI MAIIBIpayIslH (GopM-pakTopiapsl aHBIKTanAbl. COHIa-aK, SAPOHBIH KYPBUIBIMBIH 3€pTTEY
yurin °Li-zeri mpoToHaap MeH HEHTPOHIAP/IBIH THIFbI3ABIFbIHBIH TAPATYBIH 3€PTTEY KAKET GOIIBL.

Pe3oHaHCTBIK TONTAp 9ICIHIH alre0paiblKk HYCKACHIH KOJIJIaHa OTBIPBII, XKYPIi3UIreH ecenrteyiep HOTHKECiH e
SJIEKTPOHHBIH, CEpIIiMAi marmsipay dhopma koddumenti *Li SapockHBI Herisri Kyiii yimin ecenrenmi. OChIHBIN
canapblHaH, OepluireH ( UWMIyJIbCTiH a3 Iamacekl aiiMarbiHaa F  (q) ¢opm-dakTop HYyKIOH-HYKIIOHABIK
MOTEHLMAJBIHAH QJICI3 TOYeNl eKeHJIr, anaiiia q UMITYJIbCIHIH YJIKeH MOHIHJE IOTeHIHAIABIH (GopMackl (hopM-
takTopeiHa Ke0Oipek acep ere Oactambl. IIpoTOH THIFBIABIFBIHBIH D (r) Tapanysl HYKIOH-HYKJIOHIBIK
MOTEHLHANIAPBIHBIH I' apaKAIIBIKTHIK a3 OOJFaH/a alMaKTa aiiTapJIbIKTail acep eTEeTiHIH KOpCeTTi. AJbIHFaH aKmapar
3€pTTENIN JKaTKaH SAPOHBIH 1IIKI KYPBUIBIMBIH KapacThIPhINT KaHa KolMaii, COHBIMEH Oipre 3epTrey AepeKTepiHje
KOJIIaHBUIAaThIH HYKJIOH-HYKJIOH/IBIK ITOTEHIHAIBIHBIH TAOUFAaThl MEH CUIIaTTaMalapbl Typajbl aKnmapar Oepai.

Tyiiin ce3aep: KIACTEPIiK YITi, )KEHLUT apoJap, KapIry PeaKIusAChl, TAPaTy THIFBI3IBIFHI.

H. Kamkururos!, H. 7K. Taku6aes', B. C. Bacuiesckniiz, . M. Akxkururosal, B.O. Kypmanraauesa'

'Kazaxckuit HAUMOHANBHBIN YHUBEPCUTET MMEHH anb-Dapabu, AnMarsl, Kaszaxcran;
2HMuctutyt Teopetndeckoit ®usnku umenu boromobosa, Kue, Ykpanna

MUKPOCKOIMUYECKASI JIBYKJIACTEPHASI MOJAEJIb IPOIECCOB B °Li

Annotanusi. CTpyKTypa CBS3aHHBIX M PE30HAHCHBIX COCTOSIHUM, a TaKkKe AMHAMUKA Pa3lIMuHBIX IPOIECCOB B
SLi 6buM WCCNENOBaHBl B JI@AHHOW paboTe B paMKax MHKPOCKONMYECKOM AByXKiacTepHoi Mmomenu. OCHOBOM
JMAHHOTO TOAXOJa SBILIIOTCSA ab initio m anreOpamdeckas Bepcus MeToaa pe3oHupyromux rpymm (ABMPT), garo
UCTIONB3YET OCHWUIATOPHYIO OCHOBY ISl PasloKEHHWS BOJHOBOW (YHKIMM ABYXKIACTEPHOM CHCTEMBI.
Paccmotpenne npoGiembl °Li MPOMCXOAMT ¢ MO3MIMH PEAKIMU PAJMAIMOHHOTO 3aXBara, KOTOpAas SBISETCS
OCHOBHOM peaKImedl NpoucxokaeHuss °Li B MEpHON MEpPBHYHOTO HYKIEOCHHTE3a. VCIONB30BaHME 3THX ABYX
MOJIXO/IOB K JIAHHOMW 3a/1aue KpaiiHe HeOOXOAMMBI, TaK KaK B PEAKIMM PAJUAIMOHHOTO 3axBara °Li mpucyTcTByeT
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IIECTh B3aMMOJCHCTBYIOIINX MEXIY COOOH HYKIIOHOB, YTO CO3MaéT BEChMa CIIOKHYIO 33Jady C y4acTHEM MIECTH
ten. Uactpymentst ABMPI mo3Bosst0T COKpaTuTh TaHHYIO 3a7ady 0 PACCMOTPEHUS IBYX Tell: anb(ha 4acTHIIBI O 1
u3oTomna Bojopoaa nekrepus d. He mpeneOperas npuHimmom 3amnpera [laynu v aHTHCHUMMETpHU3alMe, TaHHBINA
TIOJIXO/]] TIO3BOJISIET PA3JIOKUTh BOJIHOBYIO (DYHKIIMIO B3aUMOICHCTBYIOLIMX KJIACTEPOB 110 HAOOpy 0a3ucoB QyHKIMN
TFapMOHUYECKOT0 OCHIIIATOpa. DTO B CBOIO OYepe]b MO3BOJIMIIO B 3HAUUTENBHON CTENEHU YNPOCTUTh pacueThl U
MOJYYUTH PE3YJIbTAThl, KOTOPBIE 110 OKOHYAHHIO PAOOTHI OBUTH COIMOCTABIICHBI C KCIIEPUMEHTAILHBIMU JTaHHBIMU.

JluHamMKa jke HCCIelyeMOH CHCTEMBI IMOJHOCTBIO OINpEessulach IOJypeaTuCTHYHBIM HYKJIOH-HYKIOHHBIM
MOTEHLMAJIOM. BcnencTBum 3TOro Ajisl ONMUCAHUS SAEPHOTO B3aMMOIEHCTBHS MHCIOJIB30BAJMCH JBa HYKJIOH-
HYKJIOHHBIX TTOTEHIHaa: MOTUGHUIIMPOBaHHBIN moTeHan Xacerasel-Haratel (MITXH) 1 moTeHmman MuHHECOTEHI.
MomndunrpoBaHHBIN MOTEHIMAN XaceraBbl-HaraTel Ui MapHOTO HYKJIOH-HYKJIOHHOTO B3aUMOICHCTBHUS XOPOIIIO
BOCTIPOM3BOAMI NPUTSDKEHUE Ha OONBIIMX PACCTOSHHUSX M OTTAIKMBAHHE HA MAJBIX PAcCTOSHILIX. [Ipumensics
JAHHBIA TMOTEHIAaJl BO MHOTHX CIy4asX, B YaCTHOCTH Ul ONHMCAaHUS NAaHHBIX IO PACCESHHWIO JIETKUX fIep B
IIMPOKOM JHANa30HE PHEPTHH, AJIEKTPOMArHUTHBIX CBOWCTB M IPOIIECCOB C ydacTHeM Jerkux saep. [lorenmman
MHUHHECOTHI B CBOIO O4YEpEe/b ONPEICISeTCs] TPeMsi rayCCOBBIMU (YHKIMSIMHU C IPUCYTCTBUEM CIIUH-OPOUTAIBHON
KOMIIOHCHTHI.

OcHOBOI1 33,1241 JaHHOI pabOThI OBLIO MCCIIEOBAHUE XapaKTepa U BIMSHUS SIIEPHBIX CUJI B PEAKLUSIX JIETKHX
anep °Li, mpu KOTOpHIX B MHTEPBAJ€ HM3KMX JHEPTMA ONU3KOMY K acTpO(GU3MUECKUM SHEPrHsM 10 5 MbdB,
9KCIIEPUMEHTAILHO HAOIIOANINCh PE30HAHCHBIE cocTosIHMA. Llenblo jxe mposenaHHoi paboThl ObUT TEOpPETHUECKHUN
pacder Takoro pe30HaHCHOTO COCTOSHUSL.

[IpenMytecTBOM KITACTEPHOW MOJENH SBISLIOCH TO, YTO HCCIEAyeMble YaCTHIBI TPEICTABIUINCE B BUIAE
JIOBOJIFHO YCTOWYHMBBIX IO MEpKaM SACPHOTO BPEMEHH HYKJIOHHBIX KOHTJIOMEpalui, BHYTpEHHEW CTPYKTYpOi
KOTOPBIX B HEKOTOPHIX CIydasx MOXHO Obuto mpeneOpeus. K ToMy ke mccienyeMbie siapa oONamald PsaoM
MHTEPECHBIX XapaKTEPHCTUK. Tak sapo °Li B peakuum paiualMOHHOTO 3axBaTa W3-3a JUIMHHOBOJHOBOTO
NpUOIMKEHNST HE MOTJIO MMETh JAWIOJNBHBIN MEepexoj], B CBA3HM C YeM HCCICIOBAHMS MPOBOIMINCH JIMIIbL IS
KBaJIpyHOJIBHOTO ITEpPEXoa.

AnreOpanueckasi BepcHsi METOJa PE3OHUPYIOUIMX TPYII HCIOIb30BAIACH MJISl PACUYETOB, CBS3AaHHBIX W
KBa3KCBSA3aHHBLIX COCTOSIHUN B JIETKUX AApax, NpuBoAsA CIO0KHBIC I/IHTeraHI)HO-IlI/I(l)(l)epeHLII/IaIl])H])le BBIYUCJICHUS K
anreOpanyeckor (opMe METOIOM Pa3JI0KEHHS BOJHOBOH (DYHKIIMH OTHOCHUTEIBHOTO JBIDKCHHS KJIACTEPOB IO
0a3ncaM OCHWIIATOPHBIX (YHKIMHA W, BBOAS TI'PAaHWYHBIE YCJOBHs, MO KOTOPHIM OyAeT pelarbcsi ypaBHEHHE
penunrepa. Ero pemenne ¢ MCrogb30BaHUEM pA3IMYHBIX HYKJIOH-HYKJIOHHBIX MOTEHIMAJOB /A0 JIaHHBIE 10
actpodusnyeckuM S-paxkropam U pazam paccestHus, KOTOPBIE B IOCJIEACTBUN ObIIIH 00pabOoTaHBbI.

Teoperndeckne pe3ynbTaThl B BHAEC S-(pakTOpOB, TIONyYEHHBIX ITyTEM pPAacyeTOB C WCIIOJIBE30BaHHEM
anredpamdecKkoll BEpCHH METOa PE30HUPYIOIIUX TPYII CPABHUBAINCH C SKCICPUMEHTANBHBIMA TAaHHBIMH, TTOCIIE
49ero OBIIO MOIYYEHO XOPOIIee COOTBETCTBHE PE3YIbTATOB METO/Ia C SKCIIEPUMEHTOM.

OnHoit W3 OCHOBHBIX 3a1a4 BO3HHKAIOLIEH IIPM paccMOTpeHmu siupa °Li Kak IByX-KIACTEPHOM CHCTEMBI
SBIISICTCS W3Y4YE€HHE B3aMMOACWCTBHUS MAaHHOTO sApa C 3JIeKTpoHamMH u (oToHamu. BcenenctBme sToro OpuH
omnpejeneHbl (opM-(hakTOpbl YIPYroro paccesiHusi NEKTPOHA /s IBYX HYKIOH-HYKIIOHHBIX MOTEHIMAJIOB. Takxke
JUIS MCCIIE0BAHMS CTPYKTYPBI Spa Hy>KHO ObLIO M3YYHTh paclpe/elleHye ITIOTHOCTH IIPOTOHOB 1 HEWTPOHOB B °Li.

B pesynbrare mpoOBOIUMBIX PacdeTOB C HCIOJIb30BAHHUEM ajreOpanvecKkod BEpCHHM METO/a PE30HUPYHOLIHX
rpynn GopM-(aKTop YIPYroro paccesHusi 3JIEKTPOHA BHIYMCIIEH M3 OCHOBHOTO COCTOsiHMA sapa °Li. Benemctsue
3TOrO OBLIO IMOKA3aHO, YTO B 00J1aCTH MaJIbIX 3HAYCHHUU TIepeaHHOr0 uMIyIbea q hopm-dakrop F(q) cmabo 3aBucen
0T (OpPMBI HYKJIOH-HYKJIOHHBIX TOTEHIMAIOB, OJTHAKO IPH OOJBIIMX 3HAUEHHSX UMITyJIbca ( (popMa MOTEHIIHAIOB
cTana UMeTh Ooiblee BIUsHUE Ha GopM-dakTop. Pacmnpenenenue mioTHocTy mpoToHOB D(r) mokasano, 9ro ¢hopma
HYKJIOH-HYKJIOHHBIX TIOTCHIIMAJIOB OKA3bIBAET 3aMETHOE BIFSIHHAE B 00JIACTH, KOT/Ia PACCTOSHIE I' OBIIIO Maio.

[Momyuennas wHbOpPMANKS MO3BOJIIIA HE TOIBKO PACCMOTPETh BHYTPEHHIOI CTPYKTYPY HCCIEAYEeMOTO spa,
HO TaKKe Jajla CBEACHHUS O TMPHUPOJE M XAPAKTEPUCTHUKAX, HCIIONB3YEMBIX B JAaHHBIX HCCIEJOBAHUS HYKIIOH-
HYKJIOHHBIX TIOTEHIIHANIAX.
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