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Abstract. This work is devoted to studying light nucl&é-*'Li. The proba-
bility density for the ground states 6f'Li nuclei is calculated by Feynman’s
continual integrals method. The dynamical approach basgdenumeric so-
lution of the time-dependent Schrodinger equation isiaggb the description
of dynamics of outer neutrons in the reactidhi + 2®Si and to the calculation
of total reaction cross sections.

1 Introduction

The study of nuclear reactions involving neutron-rich wgélound nuclei makes
it possible to obtain information on the structure of thesistigated nuclei (clus-
ters, neutron halcgtc.) and its manifestation in reaction$]| It also provides
an opportunity for testing various microscopic models. ©hthe criteria for
the limits of applicability and the degree of accuracy ofttetical models is the
guantitative agreement between the values of the calclitatd the experimen-
tally measured total cross sections of nuclear reactions.

The results of experiments on measuring total cross seiwhe’Li + 28Si
reaction as a function of energy showed that in the energyersih— 20 A MeV
the values of the total cross section are much larger thasetfus the'Li + 28Si
reaction P, 3]. In [2], it was assumed that the reason for the observed behav-
ior was related to the properties of the shell of weakly boextgrnal neutrons
and their adiabatic and diabatic rearrangement in the psooEcollision with
the target nucleus. In thELi nucleus, the external neutrons are even more
weakly bound, which determines interest in studying reastiinvolving this
nucleus. In Refs.4, 5], it was shown experimentally that the total cross sec-
tions for reactions involving weakly bourftHe and!'Li nuclei can be rep-
resented in the formag (“He) ~ og (*He) + 0_3, (°He) andog (*'Li) ~
or (°Li) 4+ o_2, (*'Li), respectively. In this work, calculations of the total
cross sections for th€'Li + 28Si reaction are based on the model of thei
nucleus as a system of’&i core and two neutrons. The evolution of the wave
functions of external neutrons is calculated using a nuraésolution of the
time-dependent Schrodinger equation. The initial cood# for the wave func-
tions are obtained based on the shell model calculatiorts tvéée parameters
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providing neutron separation energies close to the exgariah values as well
as results of calculations of probability densities usiegriman’s continual in-
tegrals methodd-g].

2 Structure of 7211Lj Nuclei

2.1 Feynman’s continual integral method for studying ground states of
few-body nuclei

For studying the structure df!''Li nuclei in the few-body model, we used
Feynman’s continual integrals methd T]. It provides a mathematically more
simple possibility for calculating the energy and the piulity density for the
ground states ofV-body systems compared to other approackes, hyper-
spherical harmonics method][ because it does not require expansion of the
wave function into a system of functions. Feynman'’s corginiotegral B, 7] is

a propagator — the probability amplitude for a particle &wél from the pointg

to the pointy in a given timet
K (ganit) = [ Datt)exp {55101} = (oo (-3 71)

HereS[q(t)] and H are respectively the action and the Hamiltonian of the sys-
tem, andDq(t) is the integration measur8][ For a time-independent poten-
tial energy, transition to the imaginary time= —ir yields the propagator
Kx(q, g; ) with the asymptotic behavior

qo> e

Eot
K (0057) = (o) exp (=527 ) 7 o0 @
or
hInKg (q,q:7) = h|Wo(q)|* — Eor, 7 — 0. (3)

Expression §) can be used to obtain the ground-state endig\as the slope
of the linear part of the graph representingi’s(q, ¢; 7) as a function ofr.
The squared modulus of the ground-state wave fundtlaig)|? in the points
q of the finite region corresponding to finite motion can be duired based
on (2) at r values in the linear part of the graph representing the digee
In Ki(q, ¢; 7). The approach to calculation of the propagatas(q, ¢; 7) using
Monte Carlo method and NVIDIA CUDA technology was proposedidrks [7,
8]. Parallel calculations were performed on the Heterogea&duster of LIT,
JINR.

2.2 Structure of “Li nucleus

In the our model, neutrons) and protonsy) in the nuclei interact with each
other by nucleon-nucleon potentials with repulsive cores

3
Von(r) = Vp(ivp) (r) = Z uj, exp(—rQ/bﬁf)7 4)
k=1
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Figure 1. The probability density for tHe i nucleus in the modety + p + n + n with
regular triangle configuration of nucleons and the vectarg, z in the Jacobi coordi-
nates; nucleons ang-core are denoted as small and large spheres, respeciieynost
probable configuration is + triton.

3
Vp—n(r) = Z ug exp(—r2 /b?). (5)
k=1

The nuclear part of the-nucleon potentials used féHe, SLi, °Be nuclei
(see [, 8]) has a repulsive core for excluding the forbidden (intérda state
in these nucleie.g.,

3

Van(r) =Y Uil +exp((r— Ri)/a;)] " (6)

i=1

The values of parameters of potentialy{(6) are given in Ref.§]. An example

of the probability density for the ground state @fi in the 4-body model is
shown in Figurél. The most probable configuratiorist triton, and the neutron
separation energies frofhi nucleus and triton equal to close values: 7.25 MeV
and 6.3 MeV, respectively. These values for outer neutroag Ine obtained in
the shell model of deformed nuclelisi.

It is well known that the/Li, ?Li, ''Li nuclei are deformed; the experimen-
tal values of the quadrupole deformation paramgsteare from —0.9 to —1.5 for
“Li, from —0.6 to —0.8 for’Li, —0.6 for ''Li [9, 10]. Calculations in the shell
model of the deformed nucleus by the method of R&1] with nonspherical
Woods—Saxon potential from RefLZ] provided the energies of the upper oc-
cupied levels of the nucled4.i approximately equal to the experimental values
of the neutron separation energy taken with the opposite. sithe obtained
neutron-level diagram is shown in Figu2a. Two neutrons and two protons at
deep lower levels corresponding to the leve| , of the spherical nucleus with
the projection of the total angular momentum on the axis ofiregtry of the
nucleusm;| = 1/2 belong to a nuclear core similar to arcluster. In the few-
body model, the two external neutrons of fié nucleus on the sublevel with
the projection of the total angular momentum on the axis ofiregtry of the
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Figure 2. Schemes of neutron levels for the nuéldi(a), °Li (b), and '*Li (c) in the
shell model of the deformed nucleus and in the shell modei@pherical nucleus Li

(d).

nucleus|m;| = 3/2 corresponding to the levélps,, of the spherical nucleus
can be considered quite strongly bound to the triton cluster

2.3 Structure of °Li nucleus

The obtained neutron-level diagram for the nucleus is shown in Figurgb.

In the °Li nucleus, the neutron separation energy for sublévg| = 3/2 is
noticeably lower than in théLi nucleus, and for the higher-lying sublevel with
|m;| = 1/2 the separation energy is 4.06 MeV. Thus, for the four exterea-
trons of the’Li nucleus, the bond with tha-cluster core is weakened. In col-
lisions with heavy nuclei, the probability density distriton for these neutrons
can change more significantly than for the two external o@stof theLi nu-
cleus pJ.

2.4 Structure of ''Li nucleus

The separation energies of one and two outer neutrons frenh'th nucleus
are very low, 0.40 MeV and 0.37 MeV, respectively, thereftine ' Li nucleus
is considered as a system ofki-core and two neutrons. An example of the
probability density for the ground state GiLi in this 3-body model is shown in
Figure3. The outer neutrons forming spread weakly-bound dineutnay be
considered as independent particles in the shell model.

The level scheme for the neutrons of the defornhid nucleus is shown
in Figure2c. The energies of the sublevels wjth;| = 3/2 and|m,;| = 1/2,
corresponding to the levelp;,, of the spherical nucleus, turn out to be close.
This makes it possible, with sufficient accuracy, to use geescal shell model
for the ''Li nucleus with three filled neutron shellgs, /» (the a-cluster core
shell), 1p3» (the inner skin shell), antlp, /, (the outer halo shell).
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Figure 3. The probability density for tHéLi nucleus (configuratiofiLi + n+ n) and the
vectors in the Jacobi coordinates; neutrons Hriecore are denoted as small empty cir-
cles and large filled circles, respectively. The most prégabnfigurations aréLi + di-
neutron (1) and the cigar configuration (2).

3 Calculation of Total Reaction Cross Sections

As in Refs. {4, 5], we consider two main groups of reaction channels, those th
are the consequence of the interaction of thelike core of the!!Li nucleus
with the 22Si nucleus and the consequence of neutron loss from the sheér
lpf/2 of the!'Linucleus. The loss of one neutron (with some probabiligds

to a subsequent loss of the second neutron by the unb@aucleus. The
independent probabilities,... of the reaction due to the interaction with the
9Li-like core of the!lLi nucleus andP,.. of the neutron loss from the outer shell
can be determined as functions of enefgyand the impact parametgiin the
semiclassical modelP...(b, E'), Pioss(b, E). The total reaction cross section
or can be expressed in terms of these probabilities. The pildpath absence
of the reaction involving the core is equallto- P....(b, F), the probability of
absence of loss at least one neutroflis Pioss(b, E)]Q. The probability of the
reaction involving the core or due to the loss of a neutromftioe outer shell of
the''Li nucleus is equal to

Pi(b,E) =1 —[1 = Pere(b, E)] [1 — Pioss(b, E)]°. 7)

In the semiclassical approach, the total cross sectiorhfot'Li + 28Si re-
action is represented by an integral over impact parameters
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=271 | Pa(b, E)bdb. 8)

The semiclassical expression for the total cross sectitimeafeactior!Li + 28Si
=27 / Peore(b, E)bdb 9)
0

corresponds to the sum over the orbital angular momentaeimtiantum ap-
proach

T o0
= Z (20 + 1) Peore(1, E) (10)
=0

taking into account the relatioh~ kb, wherek is the modulus of the wave
vector. The calculation of the total cross sectignfor the reactior?Li + 28Si
and the probability?.... (I, E) in the optical model with the energy-dependent
optical potential was performed in ReR][based on the solution of the time-
dependent Schrodinger equation for the external neuwbtise °Li nucleus.
The comparison of the results of calculations with the expental data is
shown in Figured4a. The dependence of the probabiliti&s,..(b, E) =
Pcore(kb, E) onb is shown in Figuretb. An increase in the cross section of
the reaction is most noticeable in the energy range at whiehdlative velocity
of the nuclei is close in magnitude to the average velocitgxaérnal neutrons
in the investigated weakly bound nucl@j.[

For calculation of the probability’,ss of neutron loss from the outer shell,
we use a time-dependent approach with a quantum descripinautrons in

2200 Lit®si (@) 1Opmmwmasssy "Li+”si (b) ]
. theory 0gh YR - 50.6AMeV |
£ 2000 e [235]1 g Vi —--- 123 AMeV
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Figure 4. a) The total cross section for thie + 2®Si reaction: filled circles are the
experimental date?] 3,5]; the curve is the result of calculations in the optical mowi¢h
the energy-dependent optical potent@l [b) ProbabilitiesPeore (b, E) = Peore (Kb, E)
depending on the impact parametefor energies 2.5 A MeV (solid line), 5 A MeV
(dashed line), 12.3 A MeV (dash-dotted line), 50.6 A MeV {ddtline).
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Figure 5. An example of the evolution of the probability dgnfor external neutrons of
the 'Li nucleus in the collision with thé®Si nucleus at energf = 12.6 A MeV. The
location of the panels a) — d) corresponds to time.

combination with motion of the centers of colliding nuclérg classical tra-
jectories 11,13 14]. The two-component spinor wave functidr(r, t) of each
of the two independent neutrons with the radius vectand the initial state
1p1 /2 was calculated by numerical solution of the time-depen&ehtodinger
equation (TDSE) taking into account spin-orbit interactjg, 15, 16]. The lat-
tice spacing in the TDSE method is 0.15 fm, which is substélptsmaller than
0.8 fmin a typical time-dependent Hartree—Fock calcutaliy]. The colliding
nuclei are enclosed in a box of typical dimensionsc36x40 fm®. An exam-
ple of the evolution of the probability density of externautrons of the''Li
nucleus in the collision with thé®Si nucleus is shown in Figurg It can be
seen that at energiesl0 A MeV the external neutrons lost by théLi nucleus
are transferred to the target nucléSi or leave both nuclei with energy in the
continuous spectrum with comparable probabilifigsand P., respectively.

The probabilitiesP; (b, E) of neutron transfer to unoccupied bound states
of the discrete spectrum in ti&Si nucleus determined in the same way as in
Refs. [L5,16] are shown in Figur@&a as functions of the distance of the closest
approachR,,i, (b, E) between the centers of the nuclei. The probabiliffe®f
transfer to the states of the continuous spectrum can bendetsl by integrating
the probability density outside the vicinity of the nucléis an estimate foF,
we can use the expressi@ll = CPy.x, Where Py, is the maximum value
of the probability of neutron presence in the sphericaliayearound the?®Si
nucleus with boundary radiiy = Rs; + AR; andrs = Rs; + ARs; Rg; IS
the radius of the target nucled®Si; C is a variable (adjustable) parameter. It
is assumed that the released neutrons initially appeaeitatrerD in the form
of a compact three-dimensional wave packet (see Figuand then gradually
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Figure 6. The probabilities of neutron transfer to the unpéed bound states of the
discrete spectrum in th&Si nucleus (a) and the probabilities of transfer to the state
of the continuous spectrum with = 2, ARy = 3 fm, and AR, = 10 fm (b) for
energies 2.5 A MeV (solid line) 6.3 A MeV (dash-dotted linép.6 A MeV (dashed
line), 25.3 A MeV (dotted line), 50.6 A MeV (dash-dot-dottiéae). Arrows indicate the
position of the Coulomb barrier.

leave it when the packet spreads. The dependence of thehiities P. on
Rumin(b, E) for C = 2, ARy = 3 fm, andA R, = 10 fmis shown in Figuréh.

The probabilityP,.ss of neutron loss from the outer shell was determined by
the expression

Pioss(b, E) = min { Py (b, E) + P.(b, E), 1} . (112)

The results of calculations of total reaction cross sectarthe value of the
adjustable parametér’ = 2 for the transition probability to the states of the
continuous spectrum are shown in Fig@teGood agreement with the experi-
mental data is obtained.

In the energy dependence of the total cross section, a shaxprmuam is
observed at energies near 5 A MeV. On the lower energy side|dtgely due
to a sharp increase in the reaction probabilty,. of the interaction of the
target nucleus with theLi-like core of the!'Li nucleus and an increase in the
probability of transfer to the target nucleus of the neufrom the extended halo
shell 1p§/2 of the''Li nucleus. A fairly sharp decrease in the total cross sactio
from the high-energy side df ~ 10 A MeV is due to the rapid decrease of
the probability of neutron transfer to the target nucleus i@ decrease of the
reaction probabilityP.... of the interaction of the target nucleus with thig-
like core of the''Li nucleus in the region of sharp enhancement of the totaiscro
section for the’Li + 28Si reaction. The energy dependence of the probability
P.ore is due to different interaction time and the influence of tketron layer
(skin) of the inner shellp; ,, i.e., the redistribution of an appreciable part of
it into the region between the surfaces of the approachektinisee Ref. 2]).
The probability P. of transfer to the states of the continuous spectrum from
the extended halo shellbf/2 changes (decreases) with increasing energy fairly
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Figure 7. The total cross section for theLi + 22Si reaction: symbols are experimen-
tal data p, 18,19, curves are the results of calculations for the value ofatipistable
parameteiC = 2 (solid curve) with the probability”. of transition to the states of the
continuous spectrum.

smoothly. This is the reason for the enhancement of thedodak section for the
reaction''Li + 28Siin comparison with théLi + 22Si and’Li + 28Si reactions.

4 Conclusions

The experimental data on the total cross sections forth€Li + 22Si reac-
tions have been compared with theoretical calculations.tdtal cross sections
for the 'Li + 28Si reaction have been calculated based on the numerical solu
tion of the time-dependent Schrodinger equation for theraal weakly bound
neutrons of the projectile nucletitLi. The time-dependent model proposed in
the work shows that the sharp maximum in the total cross@e&idue to the
processes of neutron transfer from the external halo shiefe target nucleus
and the redistribution of the appreciable part of the infkér shell into the re-
gion between the surfaces of the approached nuclei. Suchcasase in the
cross section of the reaction is most noticeable in the gmampge at which the
relative velocity of the nuclei is close in magnitude to threrage velocity of ex-
ternal neutrons in the investigated weakly bound nucleé @ithancement of the
cross section for thé'Li + 28Si reaction compared to those for thiei + 23Si
and’Li + 28Si reactions in the entire energy range (up to 50 A MeV) is due
to neutron transfer from the extended halo shell to the staft¢he continuous
spectrum. The calculated total reaction cross sectiongnageod agreement
with the experimental data.
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