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In this paper the results of measurements of the total cross sections for the !'Li 4+ 2Si reaction in the beam
energy range 7A-25A MeV are presented. The experimental cross sections were obtained by registration of the
prompt gamma and neutron radiation accompanying the interaction of ''Li nuclei with *Si nuclei. The total
cross sections for the ''Li + *Si reaction are calculated based on a numerical solution of the time-dependent
Schridinger equation for the external weakly bound neutrons of the projectile nucleus !'Li. The calculated total
reaction cross sections are in good agreement with the experimental data.
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I. INTRODUCTION

The study of nuclear reactions involving neutron-rich
weakly bound nuclei makes it possible to obtain information
on the structure of the investigated nuclei (clusters, neutron
halo, etc.) and its manifestation in reactions [1]. Reactions
with Li isotopes are of considerable interest from several
points of view. Nuclei ®~''Li with the ratio of the number
of neutrons to the number of protons varying from 1 to 2.67
and, therefore, with a significantly different structure provide
a unique opportunity for testing various microscopic models.
One of the criteria for the limits of applicability and the degree
of accuracy of theoretical models is the quantitative agreement
between the values of the calculated and the experimentally
measured total cross sections of nuclear reactions.

The results of experiments on measuring total cross sec-
tions or(E) for the °Li + 28Si reaction as a function of the
beam energy in the range £ = 5A — 50A MeV performed by
us earlier [2] showed that for the °Li + 28Si reaction in the
energy range E = 10A — 20A MeV the values of the total
cross section are much larger than those for the "Li + 28Si re-
action [3], which was not explained by the theoretical models
existing at the time. In [2], it was assumed that the reason for
the observed behavior was related to the properties of the shell
of weakly bound external neutrons and its evolution in the pro-
cess of collision with the target nucleus. In the "1 i nucleus,
the external neutrons are even more weakly bound, which de-
termines large interest in studying reactions with this nucleus.
In particular, in Refs. [4,5] it was shown experimentally that
the total cross sections for reactions involving weakly bound
%He and ''Li nuclei can be represented in the form or (°He) ~
or(*He) + 0_5,(°He) and or ("'Li) =~ ogr CLi) + o_5, ('Li),
respectively. When the nuclei with low neutron separation
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energy break up, a significant fraction of neutrons fly into the
forward angles. In [6], differential cross sections for neutron
emission in reactions of ''Li with Au, Ni, Be targets at the
beam energy 29A MeV were measured. It was shown that the
emission of neutrons is strongly anisotropic with a maximum
yield in a narrow range of forward angles.

This paper is devoted to measurements and calculations
of the total cross sections for the ''Li 4 28Si reaction. Most
experiments using the method of direct measurement of total
cross sections of nuclear reactions can be divided into two
groups: the beam transmission methods and the beam attenu-
ation methods, first used in [7] and [8], respectively.

In the present work, to study the ''Li 4 28Si reaction the
transmission method was used. Section II describes the exper-
imental setup and the experimental procedure. Section III is
devoted to determining the efficiency of detection of gamma
quanta of different multiplicities by the spectrometer used.
Section IV describes the procedure of analysis of experimen-
tal data for reactions with the ®He and *!'Li nuclei taking into
account anisotropy of neutron emission from weakly bound
projectile nuclei. The measured total cross section for the
reaction with the ®He nucleus was normalized to data obtained
earlier in other studies. The dependence of the corrections
from neutron emission anisotropy on the separation energy
of one and two external neutrons of the ®He nucleus was
determined; the correction for 'Li was determined by linear
extrapolation. Section V describes the shell model for the
SULi nuclei. Section VI presents calculations of the total
cross sections for the ''Li + 28Si reaction based on the model
of the ''Li nucleus as a system of a °Li core and two neutrons
and description of the evolution of the external neutron wave
function using a numerical solution of the time-dependent
Schrodinger equation. Section VII is devoted to the com-
parison of the obtained experimental data with theoretical
predictions.

©2019 American Physical Society
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FIG. 1. Three-dimensional scheme of the experimental setup (a)
and its section with the dimensions (b): (1) polyethylene plates for
reducing the energy of the beam particles; (2) scintillation detector
AC1; (3) position-sensitive Si detector AE (16X:16Y); (4) start AE,
Si detector; (5) scintillation detector AC2; (6) target AEt Si PIN
detector; (7) CsI(TI) scintillation y spectrometer; (8) window for the
output of the beam (stainless steel foil).

II. EXPERIMENT

Experiments on measuring the energy dependence of the
total cross sections for the ''Li + 28Si reaction were carried
out by the transmission method using the CsI(T1) y spectrom-
eter. The experimental setup and the method for measuring
total reaction cross sections by the detection of prompt n, y
radiation are described in Ref. [3]. The experiment was carried
out at the accelerator U-400M of the Laboratory of Nuclear
Reactions, JINR, on the channel of the achromatic fragment
separator ACCULINNA [9]. The primary N beam with
energy 49.7A MeV was focused on the producing *Be target.
The secondary beam of fragmentation reaction products was
formed and purified by the magnetic system of the fragment
separator. At the exit of the last dipole magnet of the separator,
the beam entered the straight section of the ion conductor,
where the system for measuring the time of flight Trop
consisting of two scintillation detectors A Etor;, A Etor Was
located. Polyethylene plates were installed behind the detector
AEtor; to reduce the energy of the beam particles. The
scheme of the setup is shown in Fig. 1.

The beam was focused on a position-sensitive two-layer
strip AE Si detector with a thickness of 300 um (detector
16X:16Y; see Fig. 1) located in the focal plane of the frag-
ment separator. In the experiment, this detector was used for
preliminary tuning of the beam parameters (intensity, profile,
as well as isotopic composition).

The scintillation detectors AC1 and AC2 were installed in
such a way that the trajectories of particles passed through
the sensitive region of the target detector AEt (natural Si,

243-pum thick) and exit window 8 without touching their
holders. The AE, Si detector (380-um thick) was used to
generate the start signal for the information acquisition system
for each event of entering of the beam particles into the AE)
detector as well as for subsequent offline identification of the
beam particles by their ionization losses AE, and time of
flight Trop. The resulting time resolution was 2140 ps.

The target was located in the reaction chamber which was a
thin-walled vacuum cylinder of stainless steel. On the outside,
the cylinder was surrounded by the gamma spectrometer of
six CsI(T1) scintillators [see Fig. 1(a)] which were prisms with
the base in the form of a regular hexagon. From the end, each
scintillator was optically connected to the photomultiplier
(PMT) and surrounded on the outside by a reflective coating
consisting of three layers of Cd, Pb, and Cu plates (each 1-mm
thick) for protection from the background gamma quanta.
Other detectors were located outside the sensitive zone of
the y spectrometer, which provided a minimum level of
background triggering for the y detectors. The spectrometer
with the reaction chamber was located inside a lead cube with
a wall thickness of 5 cm, the outer sides of which were covered
by plates of 10-cm-thick boron-containing polyethylene.

The target was installed in the center of the sensitive zone
of the spectrometer, so that the solid angle covered by the
CsI(TI) detectors was 2 = 4mng, where 1y ~ €0S Omin,> Omin
is the minimum angle between the axis of the setup and
the direction of emission of a y quantum or a neutron from
the center of the target with the entry into the volume of
scintillators CsI(T1). For the setup shown in Fig. 1, 6, =~ 30°,
which, under the condition of isotropic emission of y quanta
and neutrons, yields the geometric efficiency of their detection
no ~ 0.85. The emission of neutrons in a nuclear reaction is,
in general, anisotropic. To take into account anisotropy of
neutron emission in a nucleus-nucleus collision and others
factors, one may introduce the correction 7. With the relative
yield of neutrons exceeding the isotropic one in the angular
range Opyin < 6 < 7 — Omin, the resulting detection efficiency
with the correction will be lower than the geometric efficiency,
n < no. In the experiments with the target, neutrons and y
quanta in narrow forward and backward solid angles, the
sum of which was (1 — )4, were not detected by the
spectrometer. The measurement result is the lower boundary
6r of the total reaction cross section or and 1 = 6Rr/0OR.
In the collision ''Li + 28Si, weakly bound neutrons, after
separation from the ''Li nucleus, fly with a somewhat high
probability at small angles relative to the direction of the
initial movement of the projectile nucleus [6]. Therefore, in
this case, it is possible that the actual detection efficiency is
reduced in comparison with the geometric one. To estimate
the correction from neutron emission anisotropy n = &g /oR,
the lower boundaries 6 of the total reaction cross sections for
the °Li and ®He nuclei with the values of the external neutron
separation energy 4.06 MeV and 1.87 MeV (0.98 MeV for two
neutrons) [10,11], respectively, were measured at the same
facility and compared with the values of the total reaction
cross sections or obtained in a number of other studies.

Each measurement session for a certain energy of the beam
was conducted both with the target and without the target. The
irradiation time was chosen in such a way that the number
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FIG. 2. (a) Two-dimensional spectrum AE, Tror used for iden-
tification of secondary beam particles consisting of SHe and ''Li;
the ionization losses of particles in the AE, detector are along
the ordinate axis; the time of flight of the beam particles at the
distance of the time-of-flight base Ltor = 8.5m is along the ab-
scissa. (b) The two-dimensional spectrum Tac; Tacz used to select
the events of *He and ''Li particles incident on the central spot
of the target. The times Txc; and Taco of arrival of the signals
from the detectors AC1 and AC2 relative to the start time from the
AE, detector are plotted along the abscissa and the ordinate axes,
respectively. Events marked by points inside the contours on the
spectra AE( Tror and Tac; Tac, form a set of events corresponding
the beam particles incident on the central spot of the target.

of events in both cases was approximately the same. The
experimental information from all the detectors was recorded
on a storage disk for subsequent offline analysis of each event
of flight of a beam particle through the start AE, detector,
regardless of the reaction in the A Et detector. To reduce the
effect of possible superposition of pulses in AEy and AET
detectors, the beam intensity was limited to 10> s~!'. The
beam energy was varied without significant loss of intensity
by the magnetic system of the fragment separator in the
range 20A-30A MeV and by polyethylene plates in the range
7A-20A MeV.

The two-dimensional spectrum A Ey Ttor for identification
of secondary beam particles is shown in Fig. 2(a). It can
be seen from the identification matrix that the isotopes He
and ''Li of the beam particles form well separated regions,
which makes it possible to reliably select a certain group of
particles for subsequent offline analysis. Detectors AC1, AC2
were used as active collimators and served for selecting the
events of flight of beam particles in a given solid angle with
the axis at the center of the target. Figure 2(b) shows the
two-dimensional correlation spectrum Tac; Tac. Points in

the central region of the two-dimensional spectrum indicate
events corresponding to the signals from both detectors AC1,
AC2 in a narrow time interval, i.e., the events of flight of beam
particles through both detectors.

The number Al of reaction events from the number I
of pre-selected events was determined using the logical con-
ditions for registering a y quantum or a neutron at least in
one of the six detectors of the spectrometer. The condition
for registering a y quantum or a neutron in each CsI(Tl)
detector was described by a contour on the two-dimensional
amplitude-time Ec¢g T¢s spectrum.

The uncertainties § g associated with the spread of the beam
energy before the target were determined from the analysis
of one-dimensional spectra A Ey and Trop. The energy losses
E, of the projectile nuclei at the exit from the target were
calculated using the LISE++ program [12]. The spread of
energy losses in the target was determined by the expression
Ag = (Ey— E1)/2 > 5. The value of the cross section was
attributed to the value of energy £y — Ag.

The beam transmission method used in the experiment
consisted in measuring the flux I, of particles incident on the
target with respect to its part Al corresponding to inelastic
reaction channels. The quantity AT is equal to the difference
in the flux Iy of particles incident on the target and the flux 7
of particles passing through the target without interaction,

Al = [h[1 — exp(—nor)], (1)

where n is the number of target nuclei per unit area. In
experiments with thin targets, when the condition Al = Iy —
I < I is satisfied, formula (1) may be reduced to the form,

Al
o I()n.

OR 2

Ideally, a decrease Al of the particle flux Iy correspond-
ing to inelastic reaction channels can be measured by a 4w
detector covering the entire solid angle around the target. In
practice, the solid angle is smaller, and a quantity A = nA[
is measured, where 7 is the correction from neutron emission
anisotropy. The value A7 was determined taking into account
the detection efficiency of y quanta and neutrons by detectors
minus the background.

III. RESPONSE FUNCTION OF GAMMA SPECTROMETER

To determine the detection efficiency P of gamma quanta
with different multiplicities M by the CsI(Tl) spectrometer
(spectrometer response), measurements were performed with
a %°Co calibration source installed instead of the target and
an additional scintillation detector CeBr; of dimensions 51 x
51 x 51 mm?® positioned at the beam axis at a distance of 10
cm from the *°Co source.

After beta decay of 0Co, the excited state 4% of Ni
is formed. With probability 0.988, it emits the first gamma
quantum with energy E, | = 1173 keV in the transition from
the 4" state to the 2% state and the second gamma quantum
with energy E, > = 1332 keV in the transition to the ground
state 0T The lifetime of 27 state is about 0.7 ps.

A set G of events of registration of particles with energy
release 1173 &+ 10 keV in the CeBr; scintillation detector
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was recorded. These events, in the overwhelming number
of cases, correspond to the emission of gamma quantum
with energy E, ; from “Ni. The exceptions are background
events that form a pedestal in the energy spectrum under
the total absorption peak. The total number of events in
the set G, is denoted by n;. According to the ®*Co decay
scheme, these events should correspond to the emission from
the source of the second gamma quantum with energy E, ,.
Taking into account averaging over the angles of emission
of the first gamma quantum entering the CeBr; detector, in
the first approximation, the emission of the second gamma
quantum can be considered isotropic. Events from the set G
correspond to the processes of isotropic emission of a single
gamma quantum with energy E, > from the position of the
target. The experimental detection efficiency P of gamma
radiation with energy E,, and multiplicity M =1 by the
CsI(T1) spectrometer was determined as

M

P(1)= iZN,E”, 3)

n
U k=1

where N]fl) is the number of events from G; in which
detectors of the spectrometer were triggered with energy
release above the threshold (150 keV).

By successive combination of events from the set G; in
pairs 1-2, 34, 5-6, etc., a set G, of events was obtained
corresponding to the emission of two gamma quanta with
energy E, ». The total number of such events is denoted as
ny = n1/2. This way the emission of two gamma quanta with
energy E,, was simulated. The experimental detection effi-
ciency of gamma radiation with energy E, > and multiplicity
M = 2 by the CsI(TIl) spectrometer was determined as

e
P(2)_EZN , “
k=1

where N]fz) is the number of events from G, in which
detectors of the spectrometer were triggered with energy
release above the threshold.

In the general case, a set Gy of events was formed in
which isotropic emission of M gamma quanta with energy
E, > occurred and the number ny of such events and the
number of events N ,SM) from the set G, in which triggering of
at least one of the CsI(T1) detectors with energy release above
the threshold was recorded. Combining events in groups of M,
we modeled the process of emission of M gamma quanta. The
experimental detection efficiency of gamma radiation with
energy E, > and multiplicity M by the CsI(Tl) spectrometer
was determined as

M
1
P(M) = @ZNIEM)’ (5)
k=1

where we restricted ourselves to M < 5 (for explanation, see
the last paragraph of Sec. IV).

The obtained dependence of the experimental detection
efficiency of the spectrometer on the multiplicity M < 5
of gamma radiation with an energy of E,, = 1332 keV is
shown in Fig. 3(a). It is seen that with increasing multiplicity,
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FIG. 3. (a) Detection efficiency of a group of M photons by
the spectrometer (spectrometer response). Experimental results for
gamma energy 1332 keV (filled squares) and GEANT4 [13] calcu-
lations for gamma energies 400 keV (triangles), 1332 keV (empty
squares), and 5000 keV (circles). (b) The relative frequencies w, (k)
of the number of triggered spectrometer detectors in the registration
of M photons.

P(M) — 1; for multiplicity M > 5, the efficiency value is
=>0.96.

To check the correctness of the obtained detection ef-
ficiency, a computer simulation of the isotropic emission
of gamma quanta of various multiplicity with energies of
400 keV, 1332 keV, and 5000 keV was performed using the
GEANT4 code [13]. The results are also presented in Fig. 3(a).
It can be seen that the obtained experimental detection effi-
ciency for energy 1332 keV is close to the result obtained
using the GEANT4 simulation. The experimental efficiency
obtained with %°Co is slightly lower than that obtained with
GEANT4 because of the presence of a pedestal under the total
absorption peak of the 1173-keV line in the energy spectrum
of the CeBrj; detector. Events corresponding to the pedestal
correspond to the registration of background gamma quanta
by the CeBr; detector, which leads to an overestimation of
the denominators in formulas (3)—(5). GEANT4 calculations
performed for a wide energy range from 400 keV to 5 MeV
showed that the dependence of the efficiency on the energy of
gamma quanta is weak, which is an additional justification
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TABLE L. The numbers N, of triggering of k detectors, the coefficients 8 and their uncertainties §8; for several energies E and fluxes [,

of the >!'Li and He nuclei with exposures without the target.

Nucleus E I N Nj N N N,
(A MeV)
Li 7.8 24 840 26 10 4 1 0
11.2 74 936 45 20 6 2 0
14.9 74 155 55 16 9 3 1
22.9 103 239 81 30 14 2 1
26.3 139 013 99 47 17 7 2
Br 7.24 x 1074 3.01 x 10~ 1.2 x 1074 3.78 x 1073 1.09 x 107
8Bk 8.94 x 1073 591 x 1073 2.44 x 1073 1.79 x 1073 5.7 x 107
oLi 36.2 283 729 227 41 17 6 0
Bk 8 x 107 1.4 x 1074 6.0 x 1073 2.1 x 1073 0
°He 39.1 213213 191 53 19 6 3
B 9x107* 2.5 x 1074 8.9 x 1073 2.8 x 1073 1.4 x 1073

for the applicability of the obtained experimental detection
efficiency when analyzing the data.

The relative frequencies wy, (k) of the number of triggered
spectrometer detectors in the registration of M photons were
determined as

wy (k) = —- (6)

The results are shown in Fig. 3(b). The probability of the num-
ber k of triggered y -spectrometer detectors in the registration
of M photons is equal to P(M)w (k).

IV. ANALYSIS OF RESULTS OF MEASUREMENTS

Sessions without the target were used to measure the back-
ground. Let N; be the number of triggering of k detectors for
measurements without the target. The relationship between
the number N, and the flux I, can be approximated by a linear
dependence,

N; = Ngi + Bilo. 7

The values of the coefficients B; and their uncertainties § S
can be determined using linear regression. In practice, the
values of the parameters N, are small in magnitude, so we
will use a simpler expression,

= Bilo, (8

with the coefficients f; found by the least squares method
from the results of m measurements,

m

2o Toj Nk
m 2

i ly;
The numbers N| of triggering of k detectors, the coefficients
B, and their uncertainties §8; for several energies E and
fluxes Iy of the >!''Li and ®He nuclei with exposures without
the target are given in Table .

The result of measuring the reaction cross section was
determined taking into account the numbers of triggering
of detectors in the following order. Let M photons and/or

neutrons be emitted in the reaction with a probability I'(M).
Then the probability of registration, after the reaction, of k

Bx = &)

photons and/or neutrons (with triggering of k detectors) is
equal to

5
> TP M)y (k). (10)

M=1

For the total number of interactions Al = Iyogrn, the es-
timated number of their registrations with triggering of k
detectors will be

5
I D(M)P(Mywyy (k)
M=1

5
= Ipnorn Y T(M)P(M)wy (k). (1)
M=1
Denote N; the number of registered events with the triggering
of k detectors. From the condition of equality of the number
of registered events Ny — N, = Ny — Bi 1 to their calculated
value,
5
Ionorn Y T(M)P(M)wy (k)
M=I
5
= Ionn Y oru P(M)wy (k), (12)
M=1

N — Bilo =

follows a system of linear equations,

5
S arw P k)~ P — 3
M=1 or

for the unknowns &g yy = nor y = norI'(M).

Because the coefficients of system (13) are determined
with uncertainties, its exact solution may yield nonphysical
values 6gr y < 0. Therefore, it is more correct to find these
values from the condition that the sum of the squares of the
left-hand sides is minimum,

F(6Rr1,...,0R5)

5
= Z [Z &rm P(M)wpy (k) —
=1 1

2
,3k oi| (14
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under the constraint 6g 3; > 0. The total reaction cross section
can be found as

op = %, (15)
n
5
OR = Z ORM- (16)
M=1

The uncertainty in A6y resulting from the uncertainty 3 B
of the coefficients B, was calculated by the formula,

~ ~ (+ ~(—
Ay = |6x" — 63 1/2, (17
where 53" and &3 are the values for the set of parameters

Br + 6Bk and By — 8B, respectively. The values of the rel-
ative &, and absolute Aor uncertainties were calculated by
formulas,
AG A
b= 8y 20 (18)
OR n
AO‘R = OREs - (19)

The correction n can be estimated by comparison of the
lower boundaries of the total cross sections for the °Li + 23Si,
®He + 28Si reactions with the known data from other studies.

For the reaction °Li + 23Si [see Fig. 4(a)], the correction
n was taken to be equal to ny = 0.85. It makes the experi-
mental point as close as possible to the total reaction cross
section smoothed by splines without exceeding the geometric
efficiency 71y. This may be an indication of isotropic emission
of gamma quanta and neutrons.

Taking into account the experimental energy dependence
of the total cross section for the reaction °He + **Si smoothed
by splines and uncertainties of experimental points [Fig. 4(b)],
we obtained the upper and lower boundaries of the confidence
interval for the total reaction cross section and an interval
estimate for the correction n = (n) &+ An, where (n) = 0.78,
An = 0.04.

The numbers N; of triggering of k detectors, the lower
boundaries 6g of the total cross sections, the total cross
sections og, and the correction n for one value of energy E
and flux I of the ®He and °Li nuclei in exposures with the
target are given in Table II.

The dependence of 1 on the separation energy of one
and two external neutrons for the °Li and ®He nuclei is
shown in Fig. 5. It can be seen that it correlates with the
separation energies of external neutrons, so the extrapolation
of this dependence for the binding energy of one 0.396 MeV
and two 0.369 MeV [10,11] external neutrons of the 'Li
nucleus makes it possible to obtain an interval estimate of

P
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FIG. 4. Experimental (symbols) and smoothed by splines
(curves) energy dependence of the total cross sections for the re-
actions °Li + 2Si (a): filled circles (Sobolev 2017 [3]), filled trian-
gles (Penionzhkevich 2017 [2]), empty triangles (Warner 1996 [5]);
(b) SHe + 2Si: empty circles (Warner 1996 [5]), filled triangles
(Penionzhkevich 2017 [2]), filled circles (Sobolev 2005 [14], Ugryu-
mov 2005 [15]); the results of this work: empty stars are the lower
boundaries of the total reaction cross sections &g, filled stars are the
total reaction cross sections oy for correction n = 1y = 0.85 (a) and
n = 0.78 £ 0.04 (b). The dashed lines (b) are the upper and lower
boundaries of the confidence interval for the total reaction cross
section.

the correction (1) = 0.73, An = 0.03 for the reaction ''Li +
28Si. The obtained value of the correction 1 < 1o for the
reaction ''Li + 28Si may be an indication of neutron emission
anisotropy and breakup of the ''Li nucleus without emission
of gamma quanta.

The numbers N; of triggering of k detectors for different
energies E and fluxes Iy of the ''Li nuclei in exposures with
the target are given in Table III. Analysis of the results of
measurements with the beams of the 'Li nuclei using the
value of the correction = (.73 yielded the values of the total

TABLE II. The total reaction cross sections oy and the corrections for one value of energy E and flux I, of the SHe and °Li nuclei in

exposures with the target.

Nucleus E 1() N1 N2 N4 N5 5’R OR n

(A MeV) (mb) (mb)
®He 38.8£0.3 244 884 315 122 16 6 1267 1624 + 121 0.78 + 0.04
oLi 359+£03 300 366 399 143 37 14 1497 1761 £+ 46 0.85
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FIG. 5. The dependence of the correction n on the separation
energy of one (empty circles) and two (filled circles) external neu-
trons for the °Li and ®He nuclei. Solid line is the result of linear
interpolation.

reaction cross section given in Table IV and shown in Fig. 6.
For comparison, Fig. 6 also shows data for the ''Li + 28Si
reaction obtained in other studies and data for the *Li + 28Si
reaction.

It is evident that the data obtained are in agreement with
the results of Refs. [5,16,17] and also cover the previously
unexplored range of low energies. The cross section for the
"Li 4 28Si reaction was measured in the energy range 7A—
25A MeV where a maximum is observed reaching a value of
about 3 barns, which is much larger than the values of the
cross sections for the reactions ®He + 28Si and °Li + 28Si [2].

Because the experimental results for the reactions SHe, °Li,
Li 4+ 28Si given in Tables I-III reveal a sharp decrease of the
numbers of triggering of k detectors with the increase of k
both in exposures with the target N; and without the target
N ,i we restricted ourselves to M < 5.

V. MICROSCOPIC DESCRIPTION OF NEUTRONS
IN "Li NUCLEI

It is well known that the 7Li, 9Li, 1T i nuclei are deformed,
the experimental values of the quadrupole deformation param-
eter B, are from —0.9 to —1.5 for "Li, from —0.6 to —0.8 for
°Li, 0.6 for ''Li [11,18]. Calculations in the shell model of
the deformed nucleus by the method of Ref. [19] provided the

TABLE III. The numbers N, of triggering of k detectors for
different energies E and fluxes Iy of the !'Li nuclei in exposures
with the target.

E I Ny N, Ns N:  Ns
(A MeV)

6.9+ 1.0 21 149 23 18 16 3 1

10.5+0.7 86 525 122 87 53 21 7
143 +0.6 72927 107 62 33 19 6
225404 148057 201 140 66 44 10
254+04 135552 180 120 66 21 9

TABLE IV. Experimental values of the total cross sections for
the reaction ''Li + *Si as a function of energy E.

E OR
(A MeV) (mb)
6.9+1.0 2144 £ 296
10.5 £ 0.7 2849 + 408
143 £0.6 2695 £ 391
225+04 2520 £ 384
254£04 2297 + 386

energies of the upper occupied levels of the nuclei ’Li and
9Li, approximately equal to the experimental values of the
neutron separation energy taken with the opposite sign. The
obtained neutron-level diagrams are shown in Figs. 7(a)-7(c).
The used values of the quadrupole deformation parameters S;,
the parameters of the Woods-Saxon potential,

U(r,cos0)
= —Uy(1 +exp{[r — Ry fg(cos)l/ay})™",  (20)

with the expression for fg(cosf) from Ref. [20] and the
dimensionless spin-orbit strength A [21] for neutrons in the
"Li, °Li, ""Li nuclei are given in Table V.

Two neutrons and two protons at deep lower levels cor-
responding to the level 1si;, of the spherical nucleus with
the projection of the total angular momentum on the axis of
symmetry of the nucleus |m ;| = 1/2 belong to a nuclear core
similar to an alpha cluster. The two external neutrons of the
"Li nucleus on the sublevel with the projection of the total
angular momentum on the axis of symmetry of the nucleus
|m ;| = 3/2 corresponding to the level 1p3,, of the spherical
nucleus can be considered quite strongly bound to the nuclear
core: their separation energy is 7.25 MeV. In the °Li nucleus,
the neutron separation energy for this sublevel is noticeably

3500 T . . : . .
Hy . | 28q. M this work
+
Li Si @ Warner 1996
3000, O Villari 1991
@ < Li Chen 2007
=, 2500t '
o)
g 2000r T
a2 i
o 1500F T a—
8 0 28 A Penionzhkevich 2017
L 'Li+ ~Si ® Sobolev2017 i
1000 ) A‘ Warner 1996 ) )

0 10 20 30 40 50 60
Energy £ (MeV/nucleon)

FIG. 6. Experimental energy dependence of the total cross sec-
tions for the reaction ''Li + 28Si: filled (red) squares are the results
of this work. The remaining data for 'Li: filled diamonds (Warner
1996 [5]), empty circle (Villari 1991 [16]), and empty diamonds (Li
Chen 2007 [17]). Data for °Li + 28Si: filled circles (Sobolev 2017
[3]), filled triangles (Penionzhkevich 2017 [2]), and empty triangles
(Warner 1996 [5]).
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FIG. 7. Schemes of neutron levels for the nuclei "Li (a), °Li (b),
and '"Li (c) in the shell model of the deformed nucleus and in the
shell model of the spherical nucleus ''Li (d).

smaller, and for the higher-lying sublevel with |m ;| = 1/2 the
separation energy is 4.06 MeV. Thus, for the four external
neutrons of the °Li nucleus, the bond with the alpha-cluster
core is weakened. In collisions with heavy nuclei, the proba-
bility density distribution for these neutrons can change more
significantly than for the two external neutrons of the 'Li
nucleus.

The level scheme for the neutrons of the ''Li nucleus with
the quadrupole deformation parameter 8, = —0.6 is shown in
Fig. 7(c). Because the '°Li nucleus is unbound, two external
neutrons in the ''Li nucleus are bound only by pairing forces.
In the deformed nucleus ''Li, the energies of the sublevels
with |m;| =3/2 and |m;| = 1/2 corresponding to the level
1p3/2 of the spherical nucleus, turn out to be close. This
makes it possible, with sufficient accuracy, to use the spherical
shell model for the ''Li nucleus with three filled neutron
shells: 1s1,, (in the alpha-cluster core), 1ps3/, (the first inner
shell), and 1p » (external halo shell). Thus, the Woods-Saxon
potential had the form,

U(r) = —Up{l +exp[(r — Ry)/ayl} ™", 1)

with the parameters given in Table V.

The spherical shell model is poorly applicable for descrip-
tion of the nucleons in the target nucleus 2*Si, because the
proton probability density distribution in it, as a result of
the states with the nonzero orbital angular momentum 1 pg‘ /20
1p? /20 1d56/2, is essentially inhomogeneous and does not agree
with the experimental charge distribution [2,11]. The result
of averaging over all possible orientations of the symmetry
axis of the charge distribution in a nonspherical nucleus

TABLE V. Values of the parameters of the shell model.

Nucleus /32 U() ro RU = r0A1/3 ay A
(MeV)  (fm) (fm) (fm)

Li -1 38.7 1.3 2.49 095 21

°Li —-0.7 32 1.3 2.70 095 21

I B —0.6 29.4 1.3 2.89 095 21

L B 0 33.3 1.25 2.78 0.65 35

28gi 0 54 1.17 3.54 0.8 30

with a negative quadrupole deformation parameter is close
to the experimental charge distribution [2,11,18]. To describe
the influence of the target nucleus on the external neutrons
of the projectile nucleus at the initial stage of penetration
of the projectile neutrons into the target nucleus, we can
use the result of averaging of the potential of the deformed
nucleus over the isotropic distribution of the orientation of the
symmetry axis. The values of the parameters of the potential
for neutrons in the 28Si nucleus are given in Table V.

VI. CALCULATION OF TOTAL REACTION CROSS
SECTIONS IN TIME-DEPENDENT APPROACH

As in Refs. [4,5], we consider two main groups of reaction
channels, those that are the consequence of the interaction of
the °Li-like core of the ''Li nucleus with the 28Si nucleus
and the consequence of neutron loss from the outer shell
1p3), of the ''Li nucleus. The loss of one neutron (with some
probability) leads to a subsequent loss of the second neutron
by the unbound '°Li nucleus. The independent probabilities
P.ore Of the reaction resulting from the interaction with the
Li-like core of the ''Li nucleus and Pjos Of the neutron loss
from the outer shell can be determined as functions of energy
E and the impact parameter b in the semiclassical model:
Peore(b, E), Pyss(b, E). The total reaction cross section or
can be expressed in terms of these probabilities. The proba-
bility of absence of the reaction involving the core is equal to
1 — Peore (b, E), the probability of absence of loss of at least
one neutron is [1 — Py (b, E )]2, and the probability of none
of these events is equal to

[1 = Peore(b, EI[1 — Pioss(b, EN*. (22)

The probability of the reaction involving the core or because
of the loss of a neutron from the outer shell of the ''Li nucleus
is equal to

Pr(b, E) =1 = [1 = Peore(b, E)I[1 = Pioss(b, E). (23)

The total cross section for the ''Li+ 28Si reaction in the
semiclassical approach is represented by an integral over
impact parameters,

o0
or =21 / Pr(b, E)bdb. (24)
0

The semiclassical expression for the total cross section of the
reaction °Li + 28Si,

o0
or = 27 / Peore(b, E)bdb, (25)
0

corresponds to the sum over the orbital angular momenta in
the quantum approach,

o0
T ~
OR = k_2 z (2[ + I)Pcore(ly E)v (26)
=0

taking into account the relation/ ~ kb, where k is the modulus
of the wave vector. The calculation of the total cross section
o for the reaction °Li + 2Si and the probability Peore(l, E),

Peoe(l, E) = 1 — |87, 27
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FIG. 8. (a) The total cross section for the °Li + 2Si reaction.
Filled circles are the experimental data from Fig. 4(a) (Sobolev 2017
[3], Penionzhkevich 2017 [2], Warner 1996 [5]); the curve is the
result of calculations in the optical model with the energy-dependent
optical potential [2]. (b) Probabilities P,y (b, E) = P.owe(kb, E) de-
pending on the impact parameter b for energies 2.5A MeV (solid
line), 5SA MeV (dashed line), 12.3A MeV (dash-dotted line), and
50.6A MeV (dotted line).

where S§; is the diagonal element of the S matrix in the
optical model with the energy-dependent optical potential,
was performed in Ref. [2] based on the solution of the time-
dependent Schrodinger equation for external neutrons of the
9Li nucleus. The comparison of the results of calculations with
the experimental data is shown in Fig. 8(a). The dependence
of the probabilities Py (b, E) = P.ore(kb, E) on b is shown
in Fig. 8(b). An increase in the cross section of the reaction
is most noticeable in the energy range at which the relative
velocity of the nuclei is close in magnitude to the average
velocity of external neutrons in the investigated weakly bound
nuclei [2].

For calculation of the probability Pjo of neutron loss from
the outer shell, we use a time-dependent approach with a
quantum description of neutrons in combination with motion
of the centers of colliding nuclei along classical trajectories
[19,22,23]. The two-component spinor wave function W(r, )
of each of the two independent neutrons with the radius vector
r and the initial state 1p;;, was calculated by numerical
solution of the time-dependent Schrodinger equation (TDSE)
taking into account spin-orbit interaction [2,24,25]. On the
Cartesian grid coordinates, the splitting method [26,27]

40 ‘ ‘ ‘
() (b)
=207 *Si
‘e, @
®
20+ Li 1 ]
(© (d)
207
£
. I
20t
20 0 20 20 0 20
x (fm) x (fm)

FIG. 9. An example of the evolution of the probability density
for external neutrons of the ''Li nucleus in the collision with the 2Si
nucleus at energy E = 12.6A MeV. The location of panels (a)—(d)
corresponds to time.

results in the difference scheme of the second-order accuracy.
The time-dependent Schrodinger equation is solved iteratively
in time with the fast complex Fourier transform [27] on a
spatial grid with a plane of symmetry (the collision plane).
The lattice spacing in the TDSE method is 0.15 fm, which is
substantially smaller than 0.8 fm in a typical time-dependent
Hartree-Fock calculation [28]. The colliding nuclei are en-
closed in a box of typical dimensions 90 x 75 x 40 fm>. An
example of the evolution of the probability density of external
neutrons of the ''Li nucleus in the collision with the 2*Si
nucleus is shown in Fig. 9. It can be seen that, at energies
~10A MeV, the external neutrons lost by the ''Li nucleus
are transferred to the target nucleus 2%Si or leave both nuclei
with energy in the continuous spectrum with comparable
probabilities Py and P, respectively.

The probabilities Py(b, E) of neutron transfer to unoccu-
pied bound states of the discrete spectrum in the 2*Si nucleus
determined in the same way as in Refs. [24,25], are shown in
Fig. 10(a) as functions of the distance of the closest approach
Rimin(b, E) between the centers of the nuclei. The probabilities
P, of transfer to the states of the continuous spectrum can be
determined by integrating the probability density outside the
vicinity of the nuclei. As an estimate for P., we can use the
expression,

P. = C max {/ p(r, t)dr}, (28)
D

where D is the spherical layer around the 2®Si nucleus with
boundary radii 7; = Rsi + AR; and r; = Rs; + AR»; Rg; is
the radius of the target nucleus 28Gi: C is a variable (ad-
justable) parameter. It is assumed that the released neutrons
initially appear in the layer D in the form of a compact
three-dimensional wave packet (see Fig. 9) and then gradually
leave it when the packet spreads. The dependence of the
probabilities P. on Ry (b, E) for C =1, ARy =3 fm, and
AR, = 10 fm is shown in Fig. 10(b).
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FIG. 10. The probabilities of neutron transfer to the unoccupied
bound states of the discrete spectrum in the 2*Si nucleus (a) and
the probabilities of transfer to the states of the continuous spectrum
calculated by formula (28) with C =1, AR; =3 fm, and AR, =
10 fm (b) for energies 2.5A MeV (solid line), 6.3A MeV (dash-
dotted line), 12.6A MeV (dashed line), 25.3A MeV (dotted line),
and 50.6A MeV (dash-dot-dotted line). Arrows indicate the position
of the Coulomb barrier.

The probability Pj.s of neutron loss from the outer shell
was determined by the expression,

Pioss(b, E) = min {P4(b, E) + P.(b, E), 1}. (29)

The results of calculations of total reaction cross section for
the two values of the adjustable parameter C = 1 and C = 2
for the transition probability to the states of the continuous
spectrum (28) are shown in Fig. 11. It is obvious that the
value of C = 1 corresponds to the use of the lower boundary
for the probability P., which leads to an underestimation of
the calculated total reaction cross section (the dashed curve in
Fig. 11). For a more realistic estimate with the value C = 2
(solid curve), a better agreement with the experimental data is
obtained.

In the theoretical energy dependence of the total cross sec-
tion, a sharp maximum is observed at energies near 5A MeV.
On the lower energy side, it is largely because of a sharp in-
crease in the reaction probability P, of the interaction of the
target nucleus with the °Li-like core of the ''Li nucleus and
an increase in the probability of transfer to the target nucleus
of the neutron from the extended halo shell 1p7, of the ''Li
nucleus. A fairly sharp decrease in the total cross section from
the high-energy side at E & 10A MeV results from the rapid
decrease of the probability of neutron transfer to the target

3500 T T T T T T
U1+ 28gj M this work
@ Warner 1996
~ 3000, O Villari 1991
'g ~ < Li Chen 2007
;125001,' NS :
= | TR
9 f S~as
5 2000 H Tt —— 1
2
8 1500 1
O theory, C =2
- == theory, C=1
1000 L L L L L L
0 10 20 30 40 50 60
Energy E (MeV/nucleon)

FIG. 11. The total cross section for the ''Li+ %Si reaction.
Symbols are experimental data. Filled (red) squares are the results
of this work, filled diamonds (Warner 1996 [5]), empty circle (Villari
1991 [16]), and empty diamonds (Li Chen 2007 [17]). Curves are
the results of calculations for the values of the adjustable parameter
C =2 (solid curve) and C = 1 (dashed curve) with the probability
P, of transition to the states of the continuous spectrum calculated
by formula (28).

nucleus and the decrease of the reaction probability Peore Of
the interaction of the target nucleus with the °Li-like core of
the ''Li nucleus in the region of sharp enhancement of the
total cross section for the °Li + 28Si reaction. The energy
dependence of the probability P is because of the different
interaction time and the influence of the neutron layer (skin) of
the inner shell 1p} /25 1., the redistribution of an appreciable
part of it into the region between the surfaces of the ap-
proached nuclei (see Ref. [2]). The probability P, of transfer
to the states of the continuous spectrum from the extended
halo shell 1 p%/z changes (decreases) with increasing energy
fairly smoothly. This is the reason for the enhancement of the
total cross section for the reaction ''Li + 28Si in comparison
with the °Li + 28Si and "Li + ?®Si reactions (Fig. 6).

VII. DISCUSSION

It can be seen that the results of calculation reproduce
experimental data somewhat well except the point with the
lowest energy. This experimental point may be underesti-
mated because of the cold breakup contribution with neutrons
not detected. Low statistics may also lead to incorrect value
of the cross section. In fact, the uncertainty at this point
must be larger because of low statistics, but it is difficult
to estimate the contribution of statistical error in the overall
error, therefore we did not do it. From the theoretical point
of view, the correction from neutron emission anisotropy may
depend on the collision energy because the ratio of the number
of gamma quanta to the number of neutrons emitted may
depend on the energy because of the different contribution of
various reaction channels for different energies. To determine
the dependence of the correction on energy more experimen-
tal reference points are required (here, we used only one
reference point). In addition, vertical error bars for two low-
energy points almost overlap. It can be concluded that more
precise experimental data at this energy range is necessary.
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VIII. CONCLUSIONS

The energy dependence of the total cross section for the
"Li 4+ 28Si reaction was measured in the beam energy range
7TA-25A MeV by the direct and model-independent transmis-
sion method. An unusual significant wide enhancement in the
total cross sections for the ' Li + ?8Si reaction in comparison
with the °Li 4 28Si reaction was observed in the entire inves-
tigated energy range. The maximum of the measured cross
section was observed at ~10A MeV. The experimental results
have been compared with theoretical calculations. The total
cross sections for the ''Li + 28Si reaction have been calcu-
lated based on the numerical solution of the time-dependent
Schrodinger equation for the external weakly bound neutrons
of the projectile nucleus ''Li. The time-dependent model
proposed in the work shows that the sharp maximum in
the total cross section results from the processes of neutron
transfer from the external halo shell to the target nucleus and
the redistribution of the appreciable part of the inner skin shell

into the region between the surfaces of the approached nuclei.
Such an increase in the cross section of the reaction is most
noticeable in the energy range at which the relative velocity
of the nuclei is close in magnitude to the average velocity of
external neutrons in the investigated weakly bound nuclei. The
enhancement of the cross section for the ''Li + ?®Si reaction
compared to those for the °Li + *8Si and "Li + *Si reactions
in the entire energy range (up to 50A MeV) results from
neutron transfer from the extended halo shell to the states of
the continuous spectrum. The calculated total reaction cross
sections are in good agreement with the experimental data.
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