Chinese Physics C Vol. 48, No. 1 (2024) 014001

™

Reactions induced by 30 MeV *He beam on ’Be : cluster transfer reactions*

. A. Urazbekov'*® T. Issatayev'**'@® S. M. Lukyanov* A. Azhibekov*** A.S. Denikin*® K. Mendibayev>*

D. M. Janseitov>*’ Yu E. Penionzhkevich* K. A. Kuterbekov' T. K. Zholdybayev>’

'Gumiliyev Eurasian National University, 2 Satpayev Str,Astana, Kazakhstan
’Institute of Nuclear Physics, 1 Ibragimov Str, Almaty, Kazakhstan
’Bogolubov Laboratory of Theoretical Physics, JINR, 20 Joliot Curie Str, Dubna, Russia
“Flerov Laboratory of Nuclear Reactions, JINR, 20 Joliot Curie Str, Dubna, Russia
Korkyt-ata State University, 29A Aiteke-Byi Str, Kyzylorda, Kazakhstan
°Dubna State University, 19 Universitetskaya Str, Dubna, Russia
Al-Farabi Kazakh National University, Almaty, Kazakhstan

Abstract: An experiment was conducted for studying the cluster structure of Be induced by 3He ions at an en-
ergy of 30 MeV. As results of the nuclear reaction *He + °Be, the differential cross sections for the exit channels —
elastic, inelastic, o + *Be, *He + ®Be, °Li + °Li, and 'Be + “He — were measured. Elastic and inelastic scattering data
were treated within both the optical model and coupled channel method. A new set of optical potentials was con-
sidered for the elastic scattering. The deformation parameter d, was established for the transition 3/2 — 5/2. Cluster
transfer reactions were analyzed via the coupled reaction channel method. The nuclear reactions with the exit chan-
nels *He + °Be, °Li + °Li, and "Be + He were complemented by two-step transfer mechanisms. The contribution of
each reaction mechanism were shown and compared with the findings of other authors.
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I. INTRODUCTION

In most cases of light nuclei, with A <12, the nucle-
ons may form a group. The group in nuclear physics is
often termed as the cluster. The relative motion of such
structures determines general characteristics and proper-
ties. In this manner, analyzing the cluster structure of
light nuclei has emerged as a primary task in nuclear
physics, both in terms of theoretical studies and experi-
mental investigations.

Nucleus ’Be is an attractive nucleus due to its many
internal properties. Specifically, experimental data points,
such as the low binding energy of the p-shell neutron
—-1.66 MeV (e.g., see [1]), large quadrupole moment of
+53.3 iza mb [2, 3], and positive parity in the first excited

state 3 at 1.684 MeV (e.g., see [1], indicate its unique

structure. Therefore, in the cluster model framework, the
nucleus can be supposed to have the configurations, such
as 2a+n, o + °He, *Be + n, and others.

The cluster structure of *Be has been extensively stud-
ied within the various approaches [4—9]. In recent studies
from Refs. [10, 11], the elastic scattering data of a-
particles and of d on ’Be have been treated within the

cluster models a+ *He and *Be +n. The authors demon-
strated, using the example of elastic scattering, that the
interaction potentials of projectiles can be analyzed using
the cluster folding model within various configurations
such as o+ °He and ®Be +n. Furthermore, at backward
angles, the spectroscopic amplitudes have been determ-
ined through calculations of elastic transfer reactions.

It is interesting to note an analysis of the two-neutron
transfer in the nuclear reactions induced by "Be radioact-
ive beam on the target nucleus *Be [12]. The two-nucle-
on spectroscopic amplitudes were derived using the shell
model framework and applied to the elastic transfer chan-
nel. The authors successfully accounted for the experi-
mental data on excess cross sections using Coupled Reac-
tion Channel (CRC) calculations that integrate both elast-
ic scattering and elastic transfer mechanisms. This sug-
gests that the nucleus ’Be may also possess a cluster
structure similar to "Be +2n.

In the study [13], the nuclear reactions resulting from
3He + ’Be at an energy of 63 MeV have been analyzed.
The elastic channel as well as the exit channels 'Be +
SHe, °Li + °Li were calculated within the CRC method.
For these channels, all the possible transfer mechanisms
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were supposed. In particular, the two-step transfer mech-
anisms beginning with n pick-up effectively enhances the
underestimated cross sections for the channels 'Be + “He
and °Li + °Li. It shows that the p-shell neutron is loosely
bound, and, in turn, the nucleus °Be has the cluster struc-
ture *Be+n.

The same experimental study with nuclear reaction
*He + ’Be was performed, but at the laboratory energy of
30 MeV [14]. Pure optical model and DWBA calcula-
tions performed in this study require more sophisticated
theoretical models. Therefore, our aim is to analyze the
experimental data [14] within the cluster model of ‘Be
and to probe all possible transfer mechanisms. We focus
on the internal structure of °Be, presenting fresh data
missing in Refs. [14, 15], and on the data in more accur-
ate processed form.

This paper is organized as follows. The first section
offers detailed information about the experimental meth-
odology. The second section focuses on both elastic and
inelastic scattering. A discussion of the cluster transfer
channels is presented in the subsequent section. Finally,
the main findings and conclusions are summarized.

II. EXPERIMENTAL PROCEDURE

The experiment on the nuclear reaction *He and *Be at
a laboratory energy of 30 MeV was conducted at the
Nuclear Physics Institute (NPI), Rez, Czech Republic.
During the course of the experiment, an average beam
current was maintained at 10 enA. The self-supporting
’Be target with a thickness of 11 um was developed with
a foil, which was highly purified up to 99%. The reson-
ances of the contamination by the carbon and oxygen iso-
topes were not detected in the energy spectra.

Particle identification was based on the AE-E method,
i.e. measurements of the energy-loss AE and residual en-
ergy E,. Four Si-Si(Li) telescopes consisting of detectors
AE,, AE, and E, were mounted to register scattered ions
with the thicknesses of 10 um, 100 pm, and 3 mm, re-
spectively. The acceptance angle of each telescope was
~0.6° in the scattering plane, and their solid angle was
~ 0.2 msr. The good energy resolutions of both AE and
E, detectors provided unambiguous identification of A
and Z of each product. The over-all energy resolution was
150 — 200 keV.

The excitation energy spectra for *Be, °Be, °Li, and
°He are shown in Fig. 1. The ground and excited states of
the nuclei *Be, °Be, °Li, and *He were identified in the
following reaction channels: °Be (‘He, *He) ’Be (see pan-
el a), Be (*He, *He) °Be (b), Be (*He, °Li) °Li (c), and
°Be (*He, 'Be) *He (d). The energy calibration of AEs and
E, detectors was performed considering well-known
states, which are strongly excited in the spectra. The cal-
ibration appeared to be practically linear. This allows us
to determine the positions of all excited states in the spec-

tra. The total energies were calculated as the sum over the
calibrated energy losses AE, and the residual energy E,.
The excitation energy spectra were constructed as E,
(position) - E\gy.

The peaks were identified using a fitting procedure
that employs standard Gaussian decomposition. Utilizing
the established energy calibration, the positions and
widths of the peaks were fixed in line with widely recog-
nized experimental data. It is important to note that the
width of each state in the spectrum may encompass sever-
al factors: the natural width, apparatus width of the set-
up, and energy spread. The latter is caused by the emit-
ting particles, which may originate either at the begin-
ning or at the end of the target foil. Additionally, the
background areas are delineated in Fig. 1. They are
mainly due to the phase volumes which depend on the
threshold energy in the following break-up processes:

e ‘Be —®Be + n (see Fig. 1, panel a, red dashed
curve) or “He + “He (a, blue dot-dashed);

e ‘Be —*He + 2p (b, red dashed) or Li + p (b, blue
dot-dashed);

e °Li — “He+ d (c, red dot-dashed) or “He + p + 7 (c,
blue dashed);

e °He — *He+ n (d, red dashed).

The absolute error in measuring the cross section is
confined to no more than 15%. This error predominantly
arises from several factors: inaccuracies in peak decom-
position, statistical errors in the count of events in the
subtracted peak, errors in determining the target's thick-
ness, inaccuracies in solid angle values, event losses, and
errors in current measurement.

III. ELASTIC AND INELASTIC CHANNELS

Elastic scattering

The differential cross section of the elastic scattering
of *He from the nucleus *Be was treated within the optic-
al model framework. Numerical calculations were con-
ducted by means of the FRESCO code [16]. The optical
potential used in the OM calculations was considered in
the form:

U(R) =-V(R)—iW(R)+ V5°(R)1-0) + VE(R), )]

where R denotes the distance between *He and °Be, and
VY, WY denote the real and imaginary volume potential
terms, and V59 and V¢ denote the spin-orbit and Cou-
lomb potentials. The volume potentials may represent the
Woods-Saxon (WS) potential [17]:
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Fig. 1.

(color online) Excitation energy spectra of *Be (a), °Be (b), °Li (c), and He (d) for the nuclear reaction >He +°Be at Ejy, = 30

MeV measured at 6, = 12°. The total fit for each spectrum and subtracted peaks are shown. The background was fitted considering the
three-body and four-body breakup processes (For more information, please refer to the text).
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where V,, denotes the depth of the potential, r, denotes

the average distance, and a, denotes the diffusion para-

meter. The spin-orbit term can be expressed in the fol-
lowing form:

n

2
1

VSO(R) — VgO ( ) d
my;c

R @fRsoaso(R)» 3

while the Coulomb term was considered as the interac-
tion of a point-charge with a uniformly charged sphere as
follows:

Z,Z,€* R?
121?26 (3 - RT) N for R < Rc,
VER) = c v fe @)
leze
R for R > Rc.

As a staring point for the seeking optical potential, we

considered global optical parameters from Ref. [18]. The
elastic scattering cross section was fitted on the meas-
ured experimental data. It was performed viaSFRESCO
[16]. The obtained potential parameters are listed in Ta-
ble 1.

Given that the spin reorientation is not forbidden, e.g.
3/2—3/2 or 5/2 — 5/2, it was also considered in the CC
calculations. The calculated CC results are presented in
Fig. 2. Specifically, OM and CC calculations are almost
identical. Explicit consideration of the coupling between
the inelastic channel and the spin reorientation leads to
modifications in the optical potential. Hence, the real part
of the optical potential becomes deeper, whereas the
depth of the imaginary part decreases (see mOP, Table 1).

The role of the inelastic channel, 5/2 — 3/2, in the
elastic channel turned out to be non-negligible. The ef-
fect of spin reorientation is one magnitude lower than the
OM estimation. The extrema point of SR coincides with
the extrema of mOP. This feature is a typical characterist-
ic of spin reorientation effects. A similar pattern was also
reported in Ref. [13].

Inelastic scattering

The differential cross sections for the inelastic scatter-
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Table 1. Potential parameters used in the optical model and CRC calculations.
Vo/MeV 7 /fm ay/fm Wo/MeV r9) /fm aw/fm Vi/MeV 7 /fm a;/fm 9 /fim
*He + °Be 101.9 0.700 0.777 30.81 0.854 0.817 2.59 0.708 0.720 0.767
103.9” 23.81Y
"Be + °He 258.516 0.588 0.726 18.0 0.773 0.6 45.49 0.566 0.843 0.734
SLi+°Li 114.0 0.64 0.859 45.6 0.831 0.807 0.649
"Li+°Li 114.0 0.606 0.853 38.448 0.82 0.809 0.588
a+°Be 121.0 0.252 1.01 17.0 1.38 0.34 0.724
10¢ * °Be(®*He, *He)’Be ) N CC
E,, =30 MeV 1000 7oy mOM
\ 5/2—3/2
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Fig. 2. (color online) Theoretical cross sections for the elastic scattering *Be(’He,” He)’Be in comparison with measured cross section
data at Eyp, =30 MeV. Left panel: Calculated cross sections are provided in ratio to the Rutherford scattering and conducted within the
coupled channels (CC, x> = 28.3) and optical model (OM, x? = 14.85) methods. Right panel: the same CC cross section in absolute
unit, but presented in terms of the optical model cross section with modified potential parameters (mOM), the contribution of inelastic

channel (5/2 — 3/2) and the spin re-orientation effect (SR).

ing of *He on *Be with the excitation 2.43 MeV is calcu-
lated in the framework of coupled channels (CC) method
[16]. For the CC calculations, the mOP potential was
used.

To explicitly track the couplings, we opted not to use
a rotational model but instead employed a more general
approach. In this scenario, the strength of the coupling
factor is determined by:

RDEF(A,J = J") = (=))W IN2] + I(JKAO K)o,
)

where J and J’ denote the spins of initial and final states,
and K denotes the projection. The deformation length
may have the following form:

J-J
oy =

=T R, (6)

Here, 8,7 denotes the deformation parameters, and R;
denotes the interaction radius.
The calculated differential cross sections for the in-

elastic scattering channel with *Be excitation at 2.43 MeV
are shown in Fig. 3. The spin re-orientation, i.e., the
transition 5 - 5
ling scheme.

The calculated cross section for the excitation pro-
cess initially falls short of matching the experimental
data. Nevertheless, when the spin re-orientation effect is
factored in, it boosts the cross section, aligning the com-
bined results closely with the experimental observations.
However, an exception occurs in the cross section data
starting from 65 degrees, likely attributable to the influ-
ences of other excitation modes not explicitly incorpor-
ated in the CC calculation.

In this study, the best agreement of theoretical ana-
lyses with data is obtained if one uses the deformation
length 672 =1.97 fm. In the study dedicated to the
scattering of a-particles on *Be in Ref. [19], the length is
1.61 fm. On the contrary, deformation length of 2.63 fm
is obtained in Ref. [20] in reactions p + *Be. Our results
on the deformation length occupy an intermediate posi-
tion when compared to values presented in other sources.
Generally, the structure of *Be should not be influenced

has also been implemented in the coup-
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by the dynamics of nuclear reactions. However, this vari-
ance can be attributed to the distinct nature of the interac-
tions between the projectiles and the protons and neut-
rons in the target nucleus [21]. Consequently, the deform-
ation lengths derived directly from inelastic scattering
caused by various projectiles may also differ.

In terms of the Eq. (6), the values of the deformation
parameters vary due to the ambiguity in the interaction
radius. If the radius parameter of the optical potential
mOP is considered as r=0.7 fm, the deformation para-
meter corresponds to 0.8. This reproduces the results of
the previous study in Ref. [22] with the same experiment-
al data and applied theoretical method.

IV. CLUSTER-TRANSFER REACTIONS

A. "Be+He channel

In this study, reaction *Be (*He, "Be) “He is supposed
to have both one-step and two-step transfer mechanisms,
which are demonstrated schematically in Fig. 4. The one-
step mechanism occurs by transferring a-particles, while
the two-step mechanisms may have n- *He, *He -n, d-d.
Moreover, we find that the transfer of 2n cluster is also
possible at the backward angles of scattering. Therefore,
the CRC calculation covers all mentioned transfer mech-
anisms, and the resulting differential cross section for the
reaction “Be (*He, "Be) *He is represented as

dor @) 1

2
AQ Q2L+ D2+ 1) 1@+ fu @, (7)

‘He 7Be ‘He SHe
a 2n
B e —_1
Be SHe ‘Be ’Be
‘He o 7Be ‘He °Be "Be ‘He S5Li "Be
n | 3He 3He! n d d
°Be $Be SHe °Be SHe SHe °Be 7Li SHe

Fig. 4. (color online) Reaction schemes for transfer mechan-
isms in *Be (*He, 'Be) °He :
(dashed) mechanisms.

one-step (solid) and two-step

where the amplitudes of the one-step fi(6) and two-step
Jfu(0) transfer mechanisms are as follows:

ﬁ(e) zfa (9)+f2n(9_7r),
ﬁI (9) :f;l—3He (9) + ﬁHe—n (9) + fd—d (9) . (8)

The optical potential mOP is selected as the potential for
the entrance channel. For the exit channels, we utilized an
optical potential with the global optical parameters from
Ref. [23].

The optical potential of the intermediate channel a +
Be has been preferred to a potential, which reproduces
the experimental cross sections of *Be (*He, a) *Be in the
exit channel. The bound state wave functions have been
built on the Woods-Saxon shaped potential, with the
depths fitted on the binding energies. However, the reson-
ance states were considerd as the quasi-bound states, i.e.
taken by means of the same procedure, but with the bind-
ing energy of 0.01 MeV. Spectroscopic amplitudes were
considered from Refs. [12, 13, 24] and presented in Ta-
ble 2.

All CRC calculations have been performed using the
FRESCO code [16]. The two-step transfer reactions have
been calculated using the N-step DWBA iteration neg-
lecting the back couplings. The prior and post modes
were used for the first and second couplings, respectively,
aimed at avoiding the non-orthogonality term. The res-
ults of the CRC calculations are shown in Fig. 5. The op-
tical potentials used in these calculations are given in Ta-
ble 1.

The direct transfer of the a-particle obviously pre-
vails on other transfer mechanisms (see Fig. 5, left panel).
It is interesting to note the different contribution of the
transfer of system n + *He. It turns out that system n +
He easily transfers in the way of n- *He rather that *He -
n. The reason for this may lie in the p-shell valence neut-
ron, which is loosely bound to *Be. Next contributor to
the cross section is 2n transfer at the backward scattering
angles. Starting from 60°, it provides only o-transfer.
However, starting from 90°, the transfer mechanism 2n
may stand as a main contributor. To validate this hypo-
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Table 2. Spectroscopic data used in the CRC calculations for Composite (4) comprising Core (C) and Valence particle (v) with con-
figuration nlj. Most of spectroscopic amplitudes (SA) were obtained from Refs. [12, 13, 24].

A C v nlj SA A C v nlj SA
OLi 1 He 0.5 t 0.5 2505 -0.943 °Be L5 SHe L5 a 0 2D, -0.530
614 3 3He 0.5 t 0.5 1Dss -0.943 "Be 1.5 OLi 1 p 0.5 1Py -0.657
614 1 3He 0.5 t 0.5 1D; 5 0.943 "Be 15 SLi 3 p 0.5 1Pys 0.738
9Be 1.5 61 1 t 0.5 2Ps -0.192 "Be 15 SLi 1o p 0.5 1Pys 0.147
9Be 1.5 6Li 1 t 0.5 2Ps -0.215 "Be 1.5 L I p 0.5 1Py5 -0.132
9Be 15 oL 3 t 0.5 2P -0.594 "Be 1.5 OLi 1 P 0.5 1Py -0.735
9Be 1.5 oLi 3 t 0.5 1F35 -0.316 Li 1 SHe L5 p 0.5 1Py -0.596
9Be 1.5 6Li 1, t 0.5 2P)s -0.118 OLi 1 SHe 1.5 )2 0.5 1P1s 0.667
9Be 1.5 61 1, t 0.5 1F>s -0.324 SLi 3 SHe L5 p 0.5 1Py 0.500
‘He 0 He 0.5 n 0.5 1805 —0.741 OLi 1 SHe LS5 P 0.5 1Pgs 0.333
9Be 1.5 8Be 0 n 0.5 1Py 5 0.791 SLi 1 SHe 1.5 P 0.5 1Pis 0.298
9Be 25 8Be 0 n 0.5 1Pys -0.816 SLi 15 3He 0.5 d 1 1P 0.456
9Be 2.5 $Be 2 n 0.5 1P1s —0.986 SLi 1.5 SHe 0.5 d 1 1Py 1.021
9Be 2.5 8Be 0 n 0.5 1Pgs 0.242 'Be 1.5 TLi LS5 d 1 28 -0.226
Be 2.5 $Be 2 n 0.5 1Pgs 0.417 Be L5 "Li L5 d 1 1D, 0.111
61 1.0 ‘He 0 d 1.0 28 1.061 ?Be L5 TLi L5 d 1 1D;3 -0.624
6Li 3.0 4He 0 d 1.0 1Ds 1.061 oLi 1 SLi L5 n 0.5 1Pys 0.597
8Be 0 614 1 d 1.0 28, 1.146 oL 1 SLi L5 n 0.5 1Py -0.667
8Be 0 614 1, d 1.0 1Dy 0.112 Li 3 SLi L5 n 0.5 1Py 1.095
8Be 0 61 3 d 1.0 28 0.089 OLi 1, SLi 1.5 n 0.5 1Pys -0.333
8Be 0 61 3 d 1.0 1Dy 0.414 SLi 12 SLi L5 n 0.5 1Py -0.298
8Be 0 6Li 3 d 1.0 1D, -0.477 TLi L5 Li 1 n 0.5 1Py -0.657
8Be 0 61 3 d 1.0 1D; 0.744 TLi 1.5 OLi 1 n 0.5 1Py -0.735
8Be 0 oLi 3 d 1.0 28 0.850 TLi 15 L 3 n 0.5 1Pys 0.738
8Be 2 6Li 3 d 1.0 25, 0.747 TLi 1.5 OLi I n 0.5 1Pgs 0.147
8Be 2 61 3 d 1.0 1Dy 0.079 TLi L5 OLi b} n 0.5 1Py -0.132
8Be 2 6L 3 d 1.0 1D, 0.259 ®He 0 SHe Ls n 0.5 1Pys —0.867
8Be 2 6L 3 d 1.0 1D 0.538 "Be 1.5 %Be 0 n 0.5 1Pys -0.935
8Be 0 6Li 15 d 1.0 28 -0.237 ®He 0 “He 0 2n 1.0 1S 0.909
8Be 0 oL 1 d 1.0 1D, 0.372 8Be 0 %Be 0 d 1.0 180 -1.200
8Be 2 6Li 1, d 1.0 254 0.371 "Be L.5 ‘He 0 3He 0.5 2P -1.091
8Be 2 opi 1 d 1.0 1D, 0.053 $Be 0 SHe 15 3He 05 2P;s -1.102
8Be 2 61 1, d 1.0 1D, -0.356 ®Be 0 3He 0.5 3He 0.5 2805 0.943
8Be 2 61 1, d 1.0 1D; -0.130 °Be L5 %He 0 *He 0.5 2P 5 -0.215
5SHe 15 3He 0.5 2n 0 1P -0.913 "Be 1.5 5Be 0 n 0.5 1Pys -1.091
9Be 1.5 7Be 1.5 2n 0 280 0.247 %He 0 SHe L5 n 0.5 1Py -1.102
9Be 15 "Be 1.5 2n 0 2D, 0.430 "Be 1.5 SLi L5 d 1 25, —0.647
614 1 5He 1.5 P 0.5 1Pgs -0.597 "Be 1.5 SLi LS5 d 1 1D, -0.121
614 1 5He 1.5 p 0.5 1P 5 0.667 "Be 1.5 SLi L5 d 1 1D; 0.647
7Be 1.5 oLi 1 P 0.5 1Pys -0.657 TLi 1.5 SHe 1.5 d 1 1D3 0.647
7Be L5 6Li 1 P 0.5 1Py 5 -0.735 TLi L5 SHe LS5 d 1 28 -0.647
7Be 1.5 61 2 p 0.5 1Ps —-1.095 14 1.5 SHe 1.5 d 1 1D -0.121
TBe 1.5 oLi 1, P 0.5 1Pys -0.632 TLi 1.5 SHe L5 d 1 1D3 0.647
TBe 1.5 6Li 1, p 0.5 1Pys -0.632 "Be 15 SHe 0.5 a 0 2P -0.950
TBe 1.5 3He 0.5 a 2P 1.091 Be 1.5 SHe L5 a 0 380 -0.810
9Be 15 5He 15 o 380 -0.810 Be 1.5 SHe L5 a 0 2D, -0.536
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(color online) Calculated CRC cross sections with the experimental data for the nuclear reaction *Be ("He, "Bey 43) "He.

Cross sections are shown in terms of each considered transfer mechanism to the ground state of "Be (left panel). The incoherent sum of
cross sections over the ground and first excited 0.43 states of Be are also shown (right panel).

thesis, experiments need to be conducted at energies sig-
nificantly higher than those used in the current study,
namely above 30 MeV. Such higher energies would facil-
itate the identification of particles registered in the rear
hemisphere. In similar experimental studies [12, 13] the
2n cluster transfer from *Be was also explored. In particu-
lar, the transfer of 2n cluster was observed by Umbelino
et al. [12] in the elastic transfer reactions 'Be + *Be. The
transfer mechanism d-d has the lowest contribution
among all of the proposed transfer mechanisms.

As a consequence of low detector resolution, we
could not differentiate the registered 'Be at the ground
and first excited states. Nevertheless, we estimated its
weight to the cross section via CRC calculations. It turns
out that the cross section to the first excited state impacts
less notably than the transfer mechanism n- *He (see Fig.
5, right panel). The calculated CRC cross sections effect-
ively reproduce experimental data, with the exception of
the last few points that have not been described with the
proposed model.

B. °Li+ °Li channel

The transfer mechanisms of cluster ¢ is suggested to
exhibit two-step processes as well, as it was suggested in
Ref. [13]. The direct transfer ¢, and two-step transfer
mechanisms of cluster ¢ (see Fig. 6): n-d, a-p, 2n-p, and
d-n were included in the CRC calculations. Differential
cross sections for these transfer mechanisms are obtained
analogously as in Eq. (8).

CRC calculations for the transfer of the cluster ¢ util-
ized the WS optical potential for the entrance channel,
and a WS shaped potential for the exit channel °Li + °Li.
The potential parameters of the exit channel were determ-
ined by fitting to the experimental data on the elastic scat-
tering of °Li + °Li at an energy of 40 MeV [25]. The ob-
tained optical potential is shown in Table 1.

Apart from the fact that °Li was detected at the

3He ©Li ‘He o °Li
—P—“—V
t n d

B ————

‘Be SLi °Be $Be °Li
SHe 7Be °Li 3He SHe °Li SHe SLi SLi

a P 2n P d n

‘Be S“He °Li ‘Be "Be °Li ‘Be ’Li °Li

Fig. 6. (color online) Same as the caption of Fig. 4but for
the reaction *Be (*He, °Li) °Li.

ground state, there were also two registered resonances.
In the CRC calculations, they were considered through
the coupling with the ground state of °Li.

The calculated differential cross sections for the chan-
nel °Li + °Li at the ground state are presented in Fig. 7
(left panel) with the contributions of each transfer mech-
anisms. The direct transfer of the cluster ¢ dominates at
the whole range of angles. The two-step transfer mechan-
ism n-d is turns out to be less contributor than the trans-
fer mechanism ¢ in contrary to the studies by Rudchik et
al. [13] within the same reaction, however, at the laborat-
ory energy of 63 MeV. In the work the role of the trans-
fer mechanism, n-d prevails over other processes includ-
ing the direct transfer . The cross section of the mechan-
ism n-d has an oscillatory character, and it competes with
the mechanism a-p. The latter transfer mechanisms, i.e.
2n-p and d-n, are insignificantly involved to the reaction.

Contribution order changes when °Li is excited (see
Fig. 7, right panel). The transfer mechanism ¢ remains
unchanged, while a-p corresponds to the next contributor.
Weakening of the mechanism n-d can be interpreted as
the switching value in the spectroscopic amplitudes. In
particular, the amplitude for the overlap (°Li, ;o|*Be) with
the configuration 25,is changed to 0.089. This type of a
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when compared to the calculated CRC cross sections in terms of channel contributions (please refer to the text for more details).

small spectroscopic amplitude would likely result in the
n-d transfer mechanism being significantly less prevalent
than the d-n mechanism. However, the spectroscopic
amplitudes with 1D,,3 have non-negligible values,
0.414, —0.477, and 0.744, that do not allow n-d to disap-
pear in the reaction.

Two resonances at 5.37 MeV and 5.65 MeV are
mixed in the differential cross sections due to the experi-
mental limitations. Therefore, we have included two
channels into the CRC calculations. Calculation results
for °Be (*He, °Li) °Li * with an excitation of 5.65 MeV
are demonstrated in Fig. 8 (left panel) in comparing with
experimental data. The reaction mainly occurs through
the direct transfer of cluster . Two transfer mechanisms,
2n-p and a-p, affect nuclear reaction only up to 30°. Oth-
er transfer mechanisms, i.e., n-d and d-n, almost do not
influence the reaction.

Given that the transfer of cluster ¢ has been the lead-
ing contributor in the °Li + °Li channel, the channel with
an excitation of 5.37 MeV is calculated only with the
transfer of 7. The differential cross section of the channel
with the 5.37 MeV excited state added incoherently with
the channel at 5.65 MeV. Total cross section resulting
from the CRC calculations are shown in Fig. 8 (right pan-
el). The channel °Li+°Li*, with the excitation of 5.37
MeV, contributes less than the channel at 5.65 MeV. The
calculated differential cross sections effectively repro-
duce experimental data.

C. ‘He + °Be channel

The channel °He + °Be is a unique channel, as the
transfer of system 3# is observed at the forward angles of
scattering. In his case, we suggest three mechanisms of
transfer (see Fig. 9, left panel): the two-step n-2n and 2n-
n, and the one-step transfer of the cluster *He at the back
hemisphere. Differential cross sections are obtained as
well as they are expressed in Eq. (8). The results of the

CRC calculations, detailing cross sections in terms of
contributions from each of the three followed mechan-
isms, are illustrated in Fig. 9 (right panel).

The two-step transfer mechanisms, i.e. n-2n and 2n-n,
compete with each other to provide almost smooth cross
section. Starting from 60°, the most contribution is due to
the transfer of *He. The CRC calculations are in good
agreement with the experimental data.

However, CRC calculations for the channel *He + °Be
were performed using large valued spectroscopic amp-
litudes. For example, the overlaps (°He |a), (°Be | *Be )
exhibit the amplitudes ~ 1.2. On the contrary, previous
studies [26, 27] reported the amplitude for (°He |a)
equals ~ 1.0. This type of difference between spectro-
scopic amplitudes indicates that there may be other pro-
cesses not included in the reaction model. It is plausible
that a one-step transfer of the 3n system may occur in the
’He + °Be channel. However, this issue is a distinct sub-
ject for investigation and cannot be precisely resolved us-
ing the model presented in this study. To obtain more ac-
curate results, employing the four body problem ap-
proach might be beneficial.

V. CONCLUSION

Nuclear reactions involving °Be induced by *He at 30
MeV were investigated. The elastic channel was ana-
lyzed using the optical model, while the inelastic channel
was examined through the CC approach. New paramet-
ers for the optical potential of the *He + °Be system at 30
MeV were derived. Employing this optical potential, the
deformation parameter 6,°”"* = 0.8 was extracted with-
in the CC method, which could reproduce the results
from another source [22].

In the cluster transfer channels, namely 'Be + *He, °Li
+ °Li, and *He + ®Be, all conceivable transfer mechan-
isms were considered. The differential cross sections for
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summed incoherently over 5.65 MeV and 5.37 MeV channels (right panel).
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(color online) Left panel: reaction schemes for one-(solid) and two-step (dashed) transfer mechanisms for °Be (*He, *He) *Be.

Right panel: comparison of the CRC differential cross sections with the experimental data for the same reaction.

these mechanisms were calculated within the CRC frame-
work, employing spectroscopic amplitudes and optical
potentials without modifications. The primary pick-up of
the valence neutron was found to be prominent in the
cluster transfer channels, except in those involving °Li
excitations. This observation highlights the cluster struc-
ture of n + *Be in *Be.

Special interest is drawn to the channel ‘He + ‘Be.
Within the CRC framework, we achieved good congru-
ence between the calculated cross sections and experi-
mental data by proposing two-step transfer mechanisms,
n-2n and 2n-n. Nonetheless, the high values of spectro-
scopic amplitudes used in the CRC calculations suggest

the potential involvement of other processes, such as the
direct transfer of three neutrons.

The investigation of one-nucleon transfer channels,
along with charge exchange reaction channels, is planned
as a continuation of the series of studies focusing on the
reaction *He + *Be at an energy of 30 MeV.
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