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Abstract: This study presents a combined experimental and theoretical investigation of the °Li + '>C nuclear reac-
tion at a laboratory energy of 68 MeV. The reaction products are identified via the standard AE—FE technique. Angu-
lar distributions are constructed for the elastic, inelastic, and deuteron transfer channels by detecting emitted particles
—SLi and o. Elastic and inelastic scattering of °Li off '*C are analyzed using the optical model and coupled channels
approaches, with the interaction described by a double-folding potential. This potential is calculated based on the
three-body wave function of °Li. Pronounced coupled-channel effects that modify the potential and allow accurate
reproduction of the experimental cross sections are observed. The resulting polarized potentials provide a more pre-
cise description of the initial-state interaction for further reaction modeling. The deuteron transfer channel, ?C(°Li, &)'“N,
is studied using the coupled reaction channels method. The coupling between the transfer and elastic channels is im-
plemented using the three-body wave function of SLi. As an alternative, a regular wave function constructed with a
phenomenological Woods—Saxon potential is also employed. Comparison between the calculated differential cross
sections and experimental data reveals a more complex and nuanced reaction mechanism, which supports the cluster
structure of °Li.
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I. INTRODUCTION

With the development of detection systems, increase
in computing power, and emergence of new theoretical
approaches, the study of light nuclei remains a central
topic in nuclear structure research.

In particular, the °Li nucleus is a light nucleus charac-
terized by a well-established cluster structure, typically
modeled as a bound system of an alpha particle and a
deuteron (« +d). This configuration plays a crucial role in
the internal dynamics of the nucleus and distinguishes °Li
from other light systems [1-3]. Due to its relatively weak
binding energy and extended spatial correlations between
constituents, a full three-body description is often neces-
sary to capture its physical properties, as simpler two-
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body models may neglect essential degrees of freedom.
As such, °Li represents a valuable system for exploring
clustering phenomena and few-body interactions in nuc-
lear physics. Recent studies, both theoretical and experi-
mental, provide further evidence of these unique features
[4-7].

The clustered nature of °Li has a significant impact on
its behavior in nuclear reactions, including elastic and in-
elastic scattering and cluster transfer processes. Experi-
mental studies involving °Li beams have revealed fea-
tures that require theoretical approaches to explicitly ac-
count for cluster dynamics. In particular, the use of real-
istic three-body wave functions has been shown to im-
prove agreement with reaction observables [8—10]. Thus,
investigations of °Li reactions provide key insights into
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the interplay between nuclear structure and reaction
mechanisms and serve as a testing ground for modern
few-body and cluster-based theoretical models [11—-14].
In particular, in Ref. [8], tests were performed on the °Li
nucleus to validate the three-body model and the adopted
interactions. The effects of the Pauli principle, various
NN and o—N potentials, and the convergence and struc-
ture of the wave functions were considered. Binding ener-
gies, radii, the component composition of the wave func-
tions in the LS coupling scheme, and the hypermo-
mentum decomposition were calculated.

The internal structure of light nuclei also plays an im-
portant role in shaping nuclear reaction mechanisms
[15—19], especially when one of the colliding nuclei pos-
sesses a well-established cluster structure. In Ref. [20], a
four-body model (target nucleus + a-core + two valence
neutrons) was developed and applied to describe two-
neutron transfer reactions involving Borromean nuclei,
primarily *He, and based on this, data on “He—*He colli-
sions were analyzed. A realistic three-body bound-state
wave function of °He, obtained through expansion over
hyperspherical harmonics with inclusion of #»—n and n—a
interactions, was used in the calculations. The results
showed that the cross sections strongly depend on the in-
ternal structure of ®He; the calculated cross sections indic-
ated that the “dineutron” component—where two neut-
rons are close to each other outside the a-core—gives the
dominant contribution to the transfer, whereas the “cigar-
like” configuration — where the two neutrons are much
farther apart than the a-core — is noticeable only at larger
angles.

Motivated by these findings, we aim to explore the
cluster structure of °Li in the nuclear reaction °Li + '2C at
a laboratory energy of 68 MeV. In particular, our interest
focuses on the deuteron-transfer channels originating
from the °Li nucleus. Based on the well-established
cluster structure, we employ a three-body model of °Li.
This study focuses on two central questions: in what way
the cluster transfer contributes to the nuclear reaction and
how the overall reaction mechanism is affected when the
three-body structure is not considered.

This study is a continuation of a series of studies
[21-23] devoted to the investigation of cluster effects in
nuclear reactions. In this context, the present study ex-
tends previous analyses by focusing on the °Li + '*C reac-
tion at 68 MeV, with particular attention to the deuteron-
transfer channel.

The remainder of this paper is organized as follows.
In Section II, we describe the experimental procedure,
measurement conditions, and methods used to obtain and
process the data. Section III introduces the three-body
wave function employed in this study and outlines the
procedure used to derive the nuclear matter density distri-
bution of °Li, which serves as input for the subsequent re-
action calculations. Section IV is devoted to interpreting

the calculated results for elastic and inelastic scattering in
comparison with the experimental cross sections. Section
V focuses on the analysis of the experimental data for the
deuteron-transfer reaction and its correlation with the
three-body structure of °Li. Finally, the main conclusions
and outlook are summarized in Section VI.

IO. EXPERIMENTAL PROCEDURE

Experiments with a °Li beam on a '“C target were
conducted at the Flerov Laboratory of Nuclear Reactions,
Joint Institute for Nuclear Research, Dubna, Russia. A °Li
beam with an energy of 68 MeV was accelerated by the
U-400 cyclotron and directed to the reaction chamber of
the high-resolution MAVR [16], spectrometer. The mag-
netic optics of the U-400 cyclotron, combined with a sys-
tem of diaphragms, formed the beam profile. A profilo-
meter installed upstream of the reaction chamber con-
firmed a beam spot of approximately 5Smmx5mm on the
target, with a typical current of 30 nA. The beam charge
was monitored using a Faraday cup and cross-checked
via elastic scattering measurements.

The beam was incident on a self-supporting '*C foil
with a thickness of 5 um and purity greater than 99%. No
contaminant isotopes were observed in the energy spec-
tra.

Particle identification was performed using the AE—F
technique, measuring energy loss in the first two detector
layers and the residual energy in the third. Four three-lay-
er silicon telescopes were employed with thicknesses of
50 um—100 pm-3200 um for forward angles and 12
pum—700 pm—-3200 pm for backward angles. The solid
angle and angular acceptance were approximately 0.03
msr and 0.35° for forward-angle telescopes and 0.2 msr
and 0.9° for backward-angle telescopes, respectively.
This configuration enabled clear identification of reac-
tion products over a wide energy range, from helium to
boron isotopes.

Examples of particle identification matrices obtained
with one of the telescopes are shown in Fig. 1, demon-
strating excellent separation of all detected species. By
selecting appropriate gates on the particle loci in the iden-
tification matrix (Fig. 1), energy spectra for various reac-
tion channels were extracted. Figure 2 (a) presents the en-
ergy spectrum for outgoing °Li particles, showing peaks
corresponding to elastic scattering from the '*C ground
state and inelastic scattering to its excited states. Simil-
arly, Fig. 2 (b) shows the excitation energy spectrum for
the C(°Li, &)"*N transfer reaction, where the ejectiles are
a particles. The spectrum reveals several populated states
in the residual '*N nucleus, though the present analysis
focuses only on ground-state transition.

The energy spectra and angular distributions were
measured using an inclusive method. The overall energy
resolution was primarily influenced by the intrinsic en-
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Fig. 1. (color online) Typical two-dimensional particle iden-
tification spectrum (AE—E) for the reaction products of the °Li
+ "2C reaction, measured at a laboratory angle of 6y, =26°.
The data were obtained using one of the silicon telescopes.
The loci corresponding to different isotopes, including “He,

SLi, and "Li, are clearly separated.

ergy spread of the °Li beam and uncertainties in energy
loss within the '*C target. The resulting energy resolution
was approximately 500 keV for ejectiles with Z=1-3
and approximately 1 MeV for those with Z = 4-6.

III. THE THREE BODY MODEL

In this study, the °Li nucleus is modeled as a three-
body system consisting of one a particle, proton, and
neutron. The quantum state of this system is described by
the wave function W/"(x,y), where J is the total angular
momentum, and M is its projection. The wave function is
constructed using the Jacobi relative coordinates x and y,
which eliminate the center-of-mass motion. The coordin-
ate configuration is illustrated in Fig. 3 (a). The three-
body wave function is constructed based on pairwise in-
teractions in the a—N and N-N subsystems. Specifically,
the a—N interaction is modeled using a parity-dependent
potential fitted to reproduce scattering data [24]. This po-
tential accurately reproduces phase shifts for proton—a
scattering up to 20 MeV. The N-N interactionis de-
scribed using the Reid soft-core potential [25]. It is worth
noting that the a—N system contains a forbidden state in
the S-wave channel. This issue is addressed using the or-
thogonalising pseudo-potentials technique [26], which
projects out the forbidden state during the variational cal-
culation.

The wave function W/ (x,y) used was adopted from
Ref. [13], as it provides a good description of °Li, espe-
cially its low-lying energy spectrum and electromagnetic
properties, which makes it a physically well-grounded
and reliable basis for further nuclear reaction calcula-
tions.

The nuclear matter density distribution of °Li in the
three-body model is written as [27]
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Fig. 2. (color online) (a) Excitation energy spectrum of '*C
obtained from the °Li + '>C reaction at Ej, =68 MeV. The
spectrum displays peaks corresponding to elastic scattering
(g.s. 0") and inelastic scattering to excited states at 4.44 MeV
(2%), 7.65 MeV (0%), 9.641 MeV (37), and 14.1 MeV (4%).
The inset illustrates the peak fitting procedure used to extract
the yields for each state. (b) Excitation energy spectrum for
the “C(°Li, )N reaction channel at Ey, =68 MeV. The
ground state (g.s. 1*), which is the focus of the theoretical
analysis in this study, is clearly identified. The spectrum also
reveals the population of the 3.95 MeV state and several high-
er-lying states. The inset shows a multi-peak fit used to ex-
tract the contributions from individual excited states.

p(r) = pir), (1

where the sum is taken over all the clusters in the system.
For each cluster, the density is calculated as

pi(r) = (¥ e, )l pi 9 (x, ), (2)
where p; is the density operator, defined as

i nucleon

@z{awﬂwx G

Py —yor), for ia particle.

where y, takes the value 5/6 for nucleons and 1/3 for the
a-cluster. In this study, nucleons are treated as point-like,
whereas the a particle is assumed to have an internal
structure described by a Gaussian distribution that repro-
duces the root-mean-square (rms) radius of 1.461 fm
[28]. To facilitate the treatment of nucleons, the Jacobi
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(color online) a) Schematic representation of the three-body model of °Li with relative Jacobi coordinates x and y for the sys-

tem of an a particle and two nucleons. The "7"-type configuration is shown on the left and the "Y"-type on the right. ) Nuclear matter
density distribution functions p(r) for °Li calculated within the three-body model: solid line — total density, dashed line — & cluster, dot-

dashed line — p+n cluster.

coordinate system is transformed from the "7"-type to the
"Y'-type (see Fig. 3 (a)).

The nuclear matter density distribution functions were
calculated with the three body wave function parameters
taken from Ref. [29] and are shown in Fig. 3 (b) in terms
of clusters contributions. In this study, we employed the
S-wave component of the three-body configuration set, as
it accounts for the dominant contribution, approximately
89% of the total weight. A distinctive feature of the ob-
tained results is the extended tail of the density distribu-
tion. This behavior is due to the properties of the valence
nucleons in the three-body system. In particular, the dens-
ity of the a cluster decreases rapidly with increasing radi-
us 7, while the density of the valence nucleons decreases
more slowly. This indicates a stronger contribution from
the p +n-cluster component. Another notable feature is a
local maximum in the nucleon density at r~1.5 fm,
which reflects the fact that the valence nucleons are spa-
tially separated from the center of mass.

Using the obtained nuclear matter density distribu-
tion for °Li, we can estimate its rms radius. The calcu-
lated rms radius is 2.49 fm, which falls within the range
of values 2.54 + 0.03 reported in Ref. [30].

IV. ELASTIC AND INELASTIC CHANNELS

Optical Model

The differential cross sections of the elastic scatter-
ing of °Li from the '*C nucleus at the laboratory energy of
68 MeV are treated within the optical model (OM) frame-
work. The optical potential used in the OM calculations
was taken in the form

UR) = -V(R)—iW(R)+ V(R), @)

where R is the distance between the °Li and '>C nuclei;

V,W are the real and imaginary volume potential terms,
respectively; and V¢ is the Coulomb potential.

The real volume potential V(R) can be obtained with-
in the double-folding model [28]:

V(R) = NxVPI(R) = //drpdrtpp(rp)

X Vyn(R =1, +r)p,(ry), %)

where r, and r, are internal coordinates of the projectile
and target nuclei, respectively; p, and p, are their nuclear
matter density distributions; Vyy is the effective
nucleon—nucleon interaction; and Ny is a free parameter
adjusted to reproduce the observed reaction dynamics. In
this study, the projectile density p, is obtained from the
three-body wave function of °Li (Eq. (1)), whereas the
target density p, is modeled with a parametrized Fermi
distribution for *C, constrained by the experimental rms
charge radius of 2.47 fm (see, e.g., Ref. [31]).

The imaginary part of the optical potential can be rep-
resented by a Woods—Saxon form [32]:

Wo
1+exp<R_RW) (6)

aw

W(R) =

where W, is the depth of the potential, Ry is the radius
parameter, and ay is the diffuseness parameter; the Cou-
lomb interaction is taken as the interaction of a point-
charge with a uniformly charged sphere,

21Z2€2 ( Rz)
3—— ), for R<Rg,
2Re R or ¢

Z1Z262
R

VE(R) = (7

for R> R.
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The double-folding (DF) potential is obtained using
the Python-based code BiFOLD, which implements the
nuclear density functions mentioned above and the nucle-
on—nucleon interaction of the CDM3Y-6 type reported in
Ref. [33]. The resulting DF potential is then used to ana-
lyze the elastic scattering channel within the OM using
the FRESCO code [34]. The imaginary part of the DF po-
tential is fitted by x> minimization, with the initial global
parameters taken from Ref. [35] and listed in Table 1.

The results of numerical calculations within the OM
for the elastic scattering reaction “C(°Li, °Li)"’C at a
laboratory energy of 68 MeV are compared with the ex-
perimental data in Fig. 4. The DF potential used within
the OM reproduces the experimental data well, except in
the angular region beyond 90°. The good agreement at
forward angles confirms the validity of the modeled inter-
actions between the colliding nuclei based on the three-
body structure of the °Li nucleus.

Coupled channels

One specific feature of the results is the remaining
discrepancy at backward angles in the elastic scattering
channel. Indeed, when the coupled channels (CC) ap-
proach is employed together with the coupling scheme
shown in Fig. 5, which also includes backward couplings
in addition to the Distorted Wave Born Approximation
(DWBA), the calculated differential cross sections repro-
duce the experimental elastic scattering data even at
backward angles, providing a more accurate overall de-
scription. Detailed analyses have shown that a strong CC
effect arises primarily from the inelastic scattering chan-
nel at 4.44 MeV, which leads to an increased elastic scat-
tering cross section at angles beyond 90°.

Electromagnetic transition strengths for Coulomb ex-
citation coupling were adopted from Ref. [36]. The de-
formation length for the transition in '*C from the ground
state to the first excited 2* state at 4.44 MeV reproduces
the experimental differential cross sections well when
taken in the range of 1.75+0.15 fm. The obtained de-
formation length lies within the values reported for ‘He
projectiles [37], namely, 1.95 fm at a laboratory energy of
139 MeV and 1.37 fm at a laboratory energy of 65 MeV.
Particular interest is also associated with the deformation
length for the octupole transition in '*C, i.e., from the

ground state to the excited state at 9.64 MeV. The
coupled—channels analysis shows that the value of
0.70+0.07 fm provides a good description of the experi-
mental cross sections. Indeed, this value is consistent
with the results obtained using the deformation paramet-
er B3 =0.26 [38], which generates the deformation length
03=03-1243=0.71 fm. These results were obtained
within the CC method with the same projectile at laborat-
ory energies of 60 and 77 MeV.

The CC model provides a satisfactory reproduction of
the experimental data, except at angles beyond 90° for the
channel with 4.44 MeV excitation and beyond 60° for the

T T T T T T T T T T T T T T T T T T

10%} 2C(°Li, °Li)"2C"
E, =68 MeV

4
E ,

o | ] II... \\

<) 4.44 MeV " i an
S 104t 7.65 MeV .
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Fig. 4. (color online) Experimental angular distributions of
elastic (circles) and inelastic scattering at excitation energies
of 4.44 MeV (squares), 7.65 MeV (diamonds), and 9.67 MeV
(triangles) resulting from the °Li + '2C* reaction at Ej, = 68
MeV, shown in comparison with different model calculations:
solid line — CC method, dashed - DWBA, dash-dotted — OM.

Table 1. Optical potential parameters used in the OM, CC, and CRC calculations.
Ng Vo/MeV r“’/)/fm ay /fm Wo/MeV ré‘),/fm aw/fm rz)/fm X*IN
SLi+"C 0.61 - - - 2335 1.528 0.773 1.67 741
0.69% 15.31»
a+"N - 187.7 0.880 0.875 35.0 0.516 1.313 1.35 8.32
176.6 © 50.09

D = R,-At_]B; b) used in the CC and CRC; © used in the CRC.
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(color online) Coupling scheme used in the CC calculations for '*C(°Li, °Li")'>C* inelastic scattering and in the CRC calcula-

tions for '’C(°Li, @)'*N. Double-headed arrows indicate EA transitions, backward-pointing arrows indicate spin-reorientation, and

double-lined arrows indicate reaction transitions.

channel with 9.67 MeV excitation. This discrepancy
likely arises from omitted couplings to higher-lying states
in the CC coupling scheme.

The inelastic channel with 7.65 MeV excitation also
deserves special attention, as it corresponds to the well-
known Hoyle state. The coupling does not proceed dir-
ectly from the ground state due to the forbidden EO trans-
ition (see Fig. 5) but rather through the intermediate ex-
cited state at 4.44 MeV. As a result, the definition of the
deformation parameter with respect to the ground state
loses its physical meaning. This most likely explains why
the present model is insufficient to reproduce the overall
angular distribution for this transition. The analysis
clearly indicates the involvement of an additional inelast-
ic mechanism, whose interference with the considered
channels would provide a more complete description. For
a more accurate and comprehensive treatment of this
state, a more advanced modeling framework is required,
one that explicitly incorporates the 3« cluster structure.

Explicitly implemented within the CC framework, in-
elastic channels lead to noticeable coupled-channel ef-
fects. These effects cause a 13% increase in the depth of
the DF potential and 28% reduction in the depth of the
imaginary part of the optical potential (see Table 1). The
modified (or polarized) potential represents how the inter-
action between the colliding nuclei is effectively changed
by the coupling to inelastic excitation channels. Such po-
tentials yield a more accurate representation of the initial-
state interaction and are consistent with previous find-
ings in Refs. [21, 39-40].

V. DEUTERON TRANSFER CHANNEL

Coupled Reaction Channels

The nuclear reaction "*C(°Li, a)'*N is analyzed with-
in the framework of the coupled-reaction-channels (CRC)
approach [34]. The coupling scheme employed in the
CRC framework is shown in Fig. 5. In the analysis, the

initial-state interaction is chosen to be the polarised
double-folding (DF) potential, while the final-state inter-
action is represented by the Woods—Saxon potential for
both the real and imaginary parts. The parameters were
adjusted to reproduce the experimental differential cross
sections for a + "N elastic scattering at a laboratory en-
ergy of 54 MeV [41]. The real part is expressed as fol-
lows:

Vo

ﬁ’ (8)

V(R) =
1+exp (
ay

while the imaginary volume potential has the same shape
as that used for the °Li + "°C system (Eq. (6)).

In the calculations, the coupling potentials were con-
structed using the prior form. The potential of the final-
state interaction was chosen to be the core-core potential
in the remnant part, as this type of potential is observed to
be more dependent on the projectile than the target nuc-
lei.

Two-nucleon spectroscopic amplitudes for the target
overlaps ("N |!2C) were calculated using the KSHELL
code [42] utilizing the effective nucleon-nucleon interac-
tion [43]. The results of the calculations are summarized
in Table 2. To incorporate the calculated amplitudes into
the reaction model, they were transformed into the corres-
ponding cluster coupling scheme (e.g., see Ref. [34]).

The relative-motion wave functions were generated
using a Woods—Saxon potential (Eq. (8)) with a radius
parameter of 1.25 fm and diffuseness of 0.65 fm, while
the depth was adjusted to reproduce the experimental
binding energy.

For the projectile overlaps, the relative-motion wave
function of the a+d system was obtained by projecting
the internal s-state of the deuteron onto the three-body
wave function as follows:
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Table 2. Two-nucleon spectroscopic amplitudes, ASM, used in the CRC calculations for the overlaps (“N(J,)['>C(J;)). The transferred
proton and neutron are assumed to occupy the shells nlj(p) and nlj(), respectively, and are coupled to the total angular momentum J.

Jr Ji nlj(p) nlj(m) J ASM Jy Ji nlj(p) nl j(n) J ASM

1* o7 0p1/2 0p12 1 0.58269 1 2t 0d3/> 0ds 3 0.00407
1+ 03 Op1/2 Op1y2 1 0.62634 1+ 2+ 0ds/2 Lsi2 1 0.06353
1t of 0p1/2 0p3/2 1 0.08622 1+ 2+ 0ds/2 Lsip2 2 -0.00157
1+ 03 Op1/2 Op3j2 1 -0.04502 1+ 2+ 0ds > 0d3 /2 1 —0.13446
" o7 Op3/2 0p1y2 1 -0.08623 1+ 2+ 0ds > 0d3/2 2 0.04508
1" 03 0p3/2 Op1y2 1 0.04508 1+ 2+ 0ds/» 0d3/2 3 -0.00406
1+ of 0p3/2 0p3)2 1 —-0.09427 1+ 2+ 0ds > 0ds > 1 0.09096
1* 03 0p3)2 0p32 1 0.02279 1+ 2+ 0ds > 0ds > 2 0.00001
1+ of 0ds/2 0d3/2 1 0.03725 1+ 2+ 0ds/» 0ds2 3 -0.00022
1* 03 0d3/2 0d3/2 1 0.01689 1" 2t 0ds/» Lsiy 2 0.00025
1t o7 0d3 0ds > 1 0.03982 1" 2t 0ds Lsi2 3 —0.00586
1+ 03 0d3 /2 0ds > 1 0.01663 1+ 2+ Lsi2 0d3 /2 1 -0.06353
1+ of 0ds/2 Ls1)2 1 0.02205 1+ 2+ Lsip2 0d32 2 —-0.00156
1+ 03 0d3/2 Isi2 1 0.01008 1+ 2+ Isi2 0ds /> 2 —-0.00023
1t o7 0ds 2 0d3/2 1 -0.03981 1" 2t Lsiy2 0ds 3 —0.00587
1+ 03 0ds )2 0d3/2 1 -0.01662 1+ 2+ Ls12 Lsi2 1 0.12143
1" of Ods 0ds> 1 0.00526 1+ 3 0p12 0d3/> 2 ~0.00874
1+ 03 0ds 2 0ds > 1 0.00847 1+ 3- Op1/2 0ds > 2 -0.02594
1" of Lsij 0dt3)2 1 -0.02204 1+ 3 0p12 0ds 2 3 ~0.04672
1+ 03 Ls12 0d3/2 1 -0.01008 1+ 3- 0p3/2 0d3 /2 2 0.03579
" of Lsij Lsij 1 -0.04015 1* 3- 0p3/2 0d3/> 3 ~0.00462
1* 03 Lsiy2 Lsi2 1 -0.03097 1+ 3- 0p3/2 0ds2 2 0.02006
1+ 2+ 0p1/2 0p1)2 1 -0.20164 1+ 3- 0p3)2 0ds > 3 0.00563
1" 2+ Op1/2 0p32 1 -0.62738 " 3- 0p3)2 0ds > 4 -0.01783
1+ 2+ 0p1/2 Op3/2 2 —0.44890 1+ 3- 0p3)2 Isi2 2 —-0.01519
1" 2+ 0p3/2 0p1)2 1 0.62744 1+ 3- 0d3/2 Op1)2 2 -0.00874
" 2+ Op3/2 0p1)2 2 -0.44895 1+ 3- Od3 )2 0p3)2 2 -0.03579
1" 2+ 0p3/2 0p32 1 -0.31358 1+ 3- 0d3 /2 0p3)2 3 -0.00461
" 2+ Op3/2 0p3)2 3 -0.04167 1+ 3- 0ds > 0p1y2 3 -0.04673
1* 2+ 0d3 /2 0d3/2 1 0.00777 1t 3- 0ds /2 Op3/2 2 0.02004
" 2t Od3 2 0d3 /2 3 0.00194 1+ 3- 0ds > 0p3)2 3 -0.00560
1* 2+ 0d3 /2 0Ods /2 1 0.13445 1t 3- 0ds /2 Op3/2 4 -0.01783
1* 2+ 0d3/2 0Ods /> 2 0.04508 1t 3- Isi2 0p3/2 2 —-0.01519

6 () = (xa®) | P(x,¥) ), ) derived using the previously defined wave function as
follows:

where y,(x) is the deuteron wave function, which can be
numerically calculated using the RSC potential [25]. The A3 = / dy p(y).,, (10)

wave function ¢, exhibits an asymptotic behaviour of

the form exp(—kr)/r, where k= \/2uE,/h*, u=4/3, and
the binding energy is E, = 1.474 MeV. The spectroscopic where the integration is performed over the relative co-
amplitude associated with deuteron removal from °Li is ordinate y of the a +d system.
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The angular distribution results from the CRC calcu-
lations are shown together with the experimental cross
sections in Fig. 6 (a). It can be seen that the CRC calcula-
tions reproduce the experimental data well, except at
angles beyond 50°. We suggest that other reaction mech-
anisms, such as knock-out or breakup processes, may
contribute in this region and are not explicitly included in
the CRC model. Nevertheless, the overall shape of the
calculated cross section follows the experimental data, in-
dicating a reasonable description of the reaction dynam-
ics.

It is interesting to note that the contribution of the
higher excited channels in the °Li + '2C* system plays an
important role in shaping the cross sections. This contri-
bution becomes evident when the couplings from °Li +
2C* to a + "N are included, compared to the direct
DWBA transition from °Li + "*C to a + "N (see Fig. 6).
A particularly noticeable contribution originates from the
®Li + '2C(2*) channel, which can be interpreted as a con-
sequence of the slightly larger shell-model spectroscopic
amplitude, ASM =0.63, compared to the value ASM =0.58
for the ground-state channel °Li + '2C,, (see Table 2). In
the case of the "C(°Li, a)"'N reaction, the effects of
strong CC interactions are clearly manifested and are
shown to be significant contributors to the formation of
the cross section. Similar effects have been reported for
other nuclear reactions in various studies, such as Refs.
[21, 3940, 44].

Correlation of the three-body structure

It is well known that the °Li nucleus exhibits two dif-
ferent spatial configurations, which can be clearly seen in
the plot of the probability density function

W(x,y) = [P(x,y)Pay. (11)

10 T

a)
| 12C(°Li, o) “N
E(°Li) = 68 MeV
0.100

é

g 0010 0000 0 ©

=] o0

3

0.001

_4
10 CRC
DWBA
10-5 s s ‘ A ‘
0 20 40 60 80 100 120 140
6cm . degree

Fig. 6.

These two configurations — the "dumb-bell (DB),"
characterized by a larger distance in the y coordinate than
in x, and the "cigar-like (CIG)," where the x coordinate is
much larger than y — are shown in Fig. 7(a). To isolate the
DB configuration from the three-body wave function, we
apply the operator (see, e.g., in Ref. [20])

A 1

Ppp=——————, 12

P27 T exp(é/6) (12)
while the corresponding operator for extracting the CIG
configuration is given by

1
1 +exp(=¢/&)’

Pog=1-Ppg =

(13)

where & = (yx—y)/+/1+%? and its parameters are taken
as & =0.2 fm and y = 0.60.

Using the relative-motion wave functions of the @ +d
system (Eq. 9) and applying the two different projection
operators (Eq. 12 and 13) to the three-body wave func-
tion ¥(x,y), we estimated the individual contributions to
the reaction cross section within the CRC. As mentioned
above, only the S-wave component of the three-body con-
figuration was used, as it contributes most significantly.
The results of the CRC calculations with the two differ-
ent spatial configurations are presented in Fig. 6(b). The
DB configuration dominates the angular distribution
across nearly the entire range, indicating that °Li predom-
inantly behaves as an a@+d cluster structure. The CIG
configuration contributes less overall but still important
to consider. At forward angles, where its contribution is
strongest, its weight becomes comparable to that of the
DB configuration, indicating that, in this region, the
transfer predominantly occurs in the surface-localized
part. At larger scattering angles, the CIG contribution

10 T

b)
1 2C(°Li, o)"“N
i E('Li) = 68 MeV
01008 DB + CIG

do/dQ, mb/sr

I I
120 140

0 20 40 60 80 100
Bcm » degree

(color online) Experimental cross-section data for the nuclear reaction *C(°Li, &)'*N compared with those obtained with vari-

ous reaction models. (a): Cross sections calculated within the CRC approach (solid line) and DWBA approach (dashed line). (b): The
same CRC cross sections as in (a) but shown in terms of contributions from two different structural configurations of °Li: DB (dashed

line) and CIG (dot-dashed line).
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gradually diminishes. Nevertheless, despite their differ-
ent behaviors and oscillations in the calculated cross sec-
tions, the interference of these two configurations
provides a good overall description and reproduces the
experimental data reasonably well, supporting the valid-
ity of the chosen structural model of °Li.

By splitting the relative-motion wave function ¢%,
into two components, it becomes possible to explain the
dominance of the DB configuration. In addition to the
greater height of the DB structure in the density distribu-
tion function (see Fig. 7 (a)), this dominance is reflected
in the relative-motion wave function of the a+d system,
as illustrated in Fig. 8 (a). It can be clearly seen that the
DB structure accounts for approximately 80% of the in-
tegrated area [ dy |¢(y)l, while the remaining 20% corres-
ponds to the CIG structure.

The wave function ¢, used in the CRC calculations
appears to have a slightly more compact shape compared
with the phenomenological wave function ¢, , construc-
ted using the Woods—Saxon potential. This tendency is

visible from the position of the node being slightly closer
to zero and is also reflected in the rms radii, which are
2.49 fm for ¢, and 2.54 fm for ¢%5,. The spectroscopic
amplitude calculated with Eq. (10) is A% = 1.07, whereas
the phenomenological wave function gives AWS =0.97.
The three-body spectroscopic amplitude is therefore in
closer agreement with the value of ASM =1.06 obtained
within the framework of the translation-invariant shell
model in Ref. [45] and ASM =1.09 calculated with
KSHELL.

A comparison of the differential cross sections ob-
tained with the two wave functions, ¢22, and ¢35, to-
gether with their corresponding spectroscopic amplitudes,
is presented in Fig. 8 (b). Although the differences in the
calculated cross sections are minor, the use of ¢, yields
a slightly better agreement with the experimental data.
This improvement is likely due to the fact that ¢22 , incor-
porates intrinsic three-body correlations of the °Li system,
whereas the phenomenological ¢S, does not fully in-

clude these correlations and represents the system in a

(color online) 3D plots of the density distribution functions W(x,y) of °Li within the three-body model, as implemented in the

CRC calculations, shown in terms of two different spatial configurations: (a) total density distribution function; (b) DB configuration;

Fig. 7.
(c) CIG configuration.
0.6 —
\,
N
\ ¢"= ¢ (DB + CIG)
04+ '-\ ¢*(DB) == _—
. " (CIG) ==
= 02+ 2 R
.i N \\
- . \“m\
(Y] S— A
'l
4
f
-02+ [ exp(—kr) ... — A
a)
0o 2 4 6 s 1o

r [fm]

Fig. 8.

12C(6Li’ (X)MN
6 1) =
0.100 E(°Li) = 68 MeV
z o
-gh ws
g ¢
8 0010
0.001
b)
0 20 40 60 80 100
6cm » degree

(color online) Comparison of the relative-motion wave functions obtained from the three-body wave function ¢* , with the

phenomenological ¢S : (a) the two spatial configurations (DB and CIG) both exhibit the same asymptotic behavior exp(~kr)/r; (b) im-

a+d*

plementation of the two relative-motion wave functions, ¢ , and ¢,

a+

i 43b WS :
a+din ¢ and ¢)> has been omitted.

WS, in the CRC calculation. For clarity in the figure, the subscript
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more simplified manner. As a result, the three-body wave
function provides a more physically motivated descrip-
tion of the reaction dynamics.

VI. CONCLUSION AND OUTLOOK

In this paper, both experimental and theoretical stud-
ies of the ’C(°Li, °Li)"*C and "C(°Li, &)"*N reactions at a
laboratory energy of 68 MeV are presented. The analysis
was carried out within the OM, CC approach, and CRC
framework, with particular attention to the cluster struc-
ture of the °Li nucleus.

The entrance channel was described using the double-
folding potential based on the three-body nuclear matter
density of °Li, while the exit channel was treated with the
Woods—Saxon potential, whose parameters were adjus-
ted to reproduce experimental elastic-scattering data.
Spectroscopic amplitudes and relative-motion wave func-
tions were obtained for both phenomenological and three-
body models, and their influence on the calculated cross
sections was systematically investigated.

The comparison of wave functions, including the DB
and CIG spatial configurations, showed that the DB con-
figuration dominates over most scattering angles, while
the CIG configuration, though less significant overall,
contributes notably at forward angles where the reaction
is primarily surface-localized. This highlights the intrins-
ic three-body correlation characteristic of °Li, which are
not fully captured by phenomenological models. The
three-body wave function was found to be more compact
and to provide spectroscopic amplitudes closer to values
reported in earlier studies, leading to a more consistent
description of the reaction dynamics.

Coupling effects from higher excited states and in-
elastic channels were shown to be crucial in shaping the
cross sections, especially at backward angles. The inclu-

sion of these couplings in the CRC framework improved
the agreement between calculations and experimental
data, highlighting the necessity of considering both the
internal structure of °Li and strong coupled-channels ef-
fects.

Overall, the results demonstrate that implementing the
three-body model of °Li in CRC calculations provides a
physically motivated and more accurate description of the
reaction mechanisms. The interference between different
spatial configurations and the explicit treatment of coup-
ling effects are essential for understanding the underly-
ing dynamics of light-ion nuclear reactions.

Building on the results obtained for °Li, a natural ex-
tension of this study is to investigate the ‘He + '*C reac-
tion. The He nucleus, with its Borromean structure and
two-neutron halo, presents a more pronounced three-body
character and offers an excellent opportunity to probe the
effects of extended matter distributions and neutron cor-
relations on reaction mechanisms. Its loosely bound
nature is expected to enhance coupling to continuum
states and produce distinct signatures in transfer and
breakup channels. Applying a similar three-body frame-
work to *He would allow a direct comparison of spatial
configurations — particularly the dineutron versus CIG
modes — and their influence on observables. Moreover,
such studies could provide tighter constraints on reaction
models involving weakly bound neutron-rich systems, of-
fering valuable insights into both nuclear structure and
dynamics beyond the stability line.
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