
PHYSICAL REVIEW C 106, 024602 (2022)

Elastic scattering and boron, lithium, and α-particle production in the 9Be + 51V reaction

H. Kumawat ,1,2,* M. Prasanna,3 V. V. Parkar ,1,2 C. Joshi,4 A. Kundu,5 A. Pal,1 K. Ramachandran,1

D. Dutta,1,2 S. Santra,1,2 and S. Kailas 6

1Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
2Homi Bhabha National Institute, Anushaktinagar, Mumbai 400094, India

3Department of Physics, Rani Channamma University, Belagavi 591156, India
4Department of Physics, The M. S. University of Baroda, Vadodara 390002, India

5Department of Nuclear and Atomic Physics, Tata Institute of Fundamental Research, Mumbai 400005, India
6UM-DAE Centre for Excellence in Basic Sciences, Mumbai 400098, India

(Received 17 March 2022; accepted 21 July 2022; published 4 August 2022)

Background: Experimental and theoretical investigation of breakup coupling effects due to different cluster
structures (8Be +n and 5He +α), relative importance of neutron or 5He/α transfer, and their contribution to α

production are important to understand reaction mechanism in a weakly bound projectile (9Be) near the Coulomb
barrier.
Purpose: Breakup coupling effect on elastic scattering and measurement of angular distributions and energy
spectra of α particles produced through breakup, transfer, and complete fusion processes to disentangle their
relative contributions and to investigate the relative importance of breakup followed by fusion (breakup-fusion)
are compared to transfer.
Methods: Elastic scattering, inclusive α production, lithium, and boron production cross sections have been
measured for the 9Be + 51V system above Coulomb barrier energies. Continuum-discretized-coupled-channels
(CDCC) breakup coupling effect using 8Be +n and 5He +α cluster configurations have been investigated.
Coupled reaction channels (CRC) calculations for 1p, 1d , and 1n stripping and 1p, 1d pickup leading to
8Li + 52Cr, 7Li + 53Cr, 8Be + 52V, and 10B + 50Ti, 11B + 49Ti, respectively, were performed and compared with
the experimental data. Theoretical calculations for the estimation of various reaction channels contributing to α

production have been performed with CDCC and CRC methods using the FRESCO code.
Results: Global optical model parameters for the 9Be projectile describe the elastic scattering data very well and
the optical model fit improves the χ 2 slightly. CRC calculations show a major contribution in the production of
lithium through 1p, 1d stripping and boron through 1p, 1d pickup reactions. α production angular and energy
distributions are obtained, and direct α production is described with contributions from noncapture breakup,
breakup-fusion, and transfer reactions.
Conclusions: Breakup coupling for 5He +α and 8Be +n cluster structures shows a repulsive and attractive
coupling effect on elastic scattering, respectively. The 8Be +n cluster structure also shows a dipole polarization
effect by suppressing the Coulomb rainbow compared to the 5He +α cluster structure. Kinematic analysis of
the α particles energy spectra suggest that α production is dominated by breakup-fusion over cluster transfer.
CRC calculations suggest that 1p, 1d stripping and pickup reactions are a major contributor to lithium and boron
production cross sections.

DOI: 10.1103/PhysRevC.106.024602

I. INTRODUCTION

Experimental and theoretical studies of the reaction mech-
anism with weakly bound nuclei have been done in the last
several years [1,2]. Weakly bound halo nuclei, such as 6,8He,
11Li, 11Be, have a very high probability of breakup and have
diffused density distributions. Weakly bound stable nuclei,
i.e., 6,7Li, 9Be, mimic similar behavior in reaction mecha-
nisms, like rare ion beams (RIB), and are easy to study due to
higher beam intensities. Because of the loosely bound nature,
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breakup coupling to a continuum suppresses fusion above
barrier energies and enhancement in the fusion cross section is
seen below the barrier due to coupling to bound channels
which leads to lower fusion barrier [3–14]. In the case of
9Be, the prompt and delayed noncapture breakup are difficult
to identify experimentally due to two similar α particles as
breakup fragments. The complete fusion suppression for 6,7Li
is reported to be independent of the target mass except for a
lighter mass region where CF and ICF are difficult to sepa-
rate [15,16]. The suppression factor is inversely proportional
to the breakup threshold energy above the Coulomb barrier
and the enhancement below barrier energies has an effect of
target structure [13].
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There are three types of measurements to investigate a
reaction mechanism with weakly bound nuclei: a) elastic scat-
tering for the study of potential behavior near the Coulomb
barrier, b) complete fusion (CF) and incomplete fusion (ICF)
studies to investigate fusion suppression or enhancement,
and c) inclusive and exclusive α production to investigate
contributions of direct reaction channels. The reaction cross
section and optical potential parameters are deduced from
elastic scattering measurements. The parameters are used
to calculate the cross sections for the transfer and breakup
channels and coupling effects on elastic and fusion measure-
ments. The continuum-discretized-coupled-channels (CDCC)
method is successfully used to study the breakup coupling
effect on the reaction mechanism. The9Be projectile has very
close breakup thresholds for 9Be → 8Be +1n, 1.67 MeV and
9Be → 5He + 4He, 2.46 MeV channels. Due to its Borromean
structure 9Be can also break into 2α + n (1.57 MeV). Three-
and four-body CDCC calculation methods are used to de-
scribe the elastic scattering and breakup data [17,18]. A large
number of studies were performed with 9Be, weakly bound
projectile, to have a better understanding of the breakup in-
fluence on elastic scattering [4,9,11,19,20]. While no breakup
influence was observed for light and medium mass targets [9],
a repulsive nature for 5He + 4He breakup and an attractive
nature was reported for the 8Be +1n breakup coupling [14,21]
for medium mass targets. A dipole polarization effect on elas-
tic scattering was reported by Alvarez et al. [22] for 6He, 9Be,
11Li, and 11Be projectiles.

Large α production cross sections are observed due to ICF,
transfer, and breakup in weakly bound projectiles [23,24].
Integral α production cross section, angular, and energy dis-
tributions provide challenges to present a reaction theory to
disentangle different sources of α production. The exclusive
particle-γ measurements have a strong dependence of coinci-
dence efficiency on detector geometry [25]. The coincidence
measurements between particle and γ rays from residues help
to understand CF and ICF contributions. The minor channels
are difficult to measure in exclusive measurements. The esti-
mation of ICF contribution is not free from model calculations
as in many cases the same residue is populated by CF and ICF
channels. It becomes further complicated as ICF residues can
emit particles if populated to higher excited states. The inclu-
sive spectra measure full production cross sections comprised
of major and minor channels. The direct α cross sections are
not free from model parameters as the compound nuclear con-
tribution is based on model calculations, although the model
parameters are fixed by measuring α spectra at large angles
where the compound nuclear contribution is dominated. The
inclusive spectra give us a chance to calculate minor channels
to supplement exclusive measurements in understanding the
reaction mechanism.

The energy spectra of projectile-like fragments and, in
particular, α particles can reveal a lot about their origin. Apart
from noncapture breakup, breakup fusion and transfer are
major sources of α particle production. If the positive Q value
is shared with the outgoing α particle then it contributes to
high energy α production (cluster transfer) but in the case of
breakup fusion (breakup followed by fusion), the α particles
do not get extra energy from the positive Q value and peak

near projectile velocity. Do these energy spectra depend on
the specific projectile, target, or excitation energy? Several
reports [21,26] have done exclusive and inclusive measure-
ments to find the solution of this open question of various
contributions to inclusive α production. In the case of the 6Li
(E = 2.4Vb) + 197Au system, α-γ coincidence measurements
suggest at least 13% contribution coming from a transfer
reaction where the Q value was shared but a major peak
was observed at projectile velocities [27]. Theoretical studies
could explain α production from the breakup-fusion mech-
anism for the 7Li case [23,28]. The α energy spectrum from
an exclusive measurement for the 7Li(E = 1.3Vb) + 93Nb sys-
tem [29] and 7Li(E = 1.2Vb) + 209Bi [30] observed that the
cluster transfer is dominant (≈70% for 93Nb) and peak energy
is much higher than projectile velocities while other studies
have suggested a mechanism of breakup fusion to be more
important [31]. Another, exclusive and inclusive measurement
for 7Li(E = 3Vb) + 159Tb observed that the α particle energy
spectra peak around projectile velocities. There were differ-
ences in target mass (93Nb is lighter mass target) and projectile
energies in these measurements. Is the difference due to target
mass or energy? The inclusive measurement for lighter mass
target (7Li(E = 3.4Vb) + 58Ni [32]) reported the major peak
at projectile velocities, hence no conclusion can be drawn for
its dependence on mass and energy. The measurement for
9Be(E = 1.7Vb) + 28Si [10] observed a major peak around
projectile velocity.

In the present work, the elastic scattering, energy, and
angular distributions of inclusive α, angular distributions of
lithium and boron for the 9Be(E = 1.6 − 1.7Vb) + 51V sys-
tem are reported. Kinematic analyses of α energy spectra were
performed to understand the dominant processes. Theoretical
calculations for breakup and various transfer channels are per-
formed to interpret the experimental data. The results manifest
contributions from breakup and transfer channels. The article
is organized as follows. Section II is dedicated to experimental
details. Section III describes the data reduction procedure for
α energy and angular distributions. Kinematic analysis for
the origin of α particles by different processes is discussed
in Sec. IV. Theoretical analysis using the statistical model,
CDCC, CRC calculations for 1n, 1p, and 1d stripping, and 1p,
1d pickup using FRESCO are described in Sec. V. Summary is
given in Sec. VI.

II. EXPERIMENTAL DETAILS

An experiment was performed at the 14 UD BARC-TIFR
Pelletron-Linac accelerator facility, Mumbai, India with a
9Be4+ beam at energies of 26 and 28 MeV. The beam was
incident on a self-supported 51V target of thickness 1.17
mg/cm2. Beam energies were corrected for the energy loss in
the half-target thickness and the corrected energies were 25.3
and 27.3 MeV, respectively. The detection system consisted
of a set of ten solid state silicon surface barrier telescope
detectors in �E + E arrangement and two monitors at ±10◦
for absolute normalization. The angles covered by telescope
detectors were 10◦ to 70◦ in the laboratory frame. The data
were recorded using the Linux based data acquisition system,
LAMPS [33]. A typical measured �E − Etot two-dimensional
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FIG. 1. The typical biparametric �E − Etot plot for the
9Be + 51V system at Elab = 27.3 MeV, θlab = 40◦.

plot at Elab = 27.3 MeV and θlab = 40◦ is given in Fig. 1
which shows α, lithium, 9Be, and boron bands. The counts
for lithium and boron were very small and statistical errors
were from 15% to 40%. The particle identification (PI) plot
suggests 7,8Li and 10,11B in the lithium and boron bands but it
was not possible to resolve them due to low statistics so total
counts for lithium and boron are extracted to get the angular
distributions.

III. EXPERIMENTAL ENERGY AND ANGULAR
DISTRIBUTIONS

The elastic scattering angular distributions were measured
and shown in Fig. 2. A monitor detector was used for normal-
ization and to get the ratio with Rutherford cross sections. The
elastic angular distribution data were used to get α energy and
angular distributions as explained below. The α particles were
produced by 9Be noncapture elastic breakup, 8Be breakup
following neutron transfer, α/5He transfer, ICF, and CF pro-
cesses. The energy spectra from θlab = 20◦ to 65◦ (grazing
angles ≈41◦, 46◦), are shown in Fig. 3 for 27.3 and 25.3 MeV
energies. The experimental energy spectra include α particles
originating from both direct and compound nuclear reactions.
The energy spectra show a dominant contribution from direct
reactions compared to the compound nuclear reactions near
grazing angles.

The energy integrated α particle yields were obtained at
different angles and angular distributions were obtained using
the following equation [34]:

dσα

d�
= Yα

Yel
× dσel

d�
. (1)

FIG. 2. Elastic scattering angular distribution for the 9Be + 51V
system. The global optical model calculations are shown by solid
lines, optical model fitted values are shown by dash-dotted lines,
breakup coupling effects using CDCC for α + 5He and n + 8Be
clusters are given by dashed and dotted lines, respectively.

Here, Yα , Yel are α particle and elastic scattering yields,
dσel/d� is the elastic scattering cross section, as given
in Fig. 2. The α cross section is comprised of direct and
compound nuclear reactions. Direct α cross sections can
be obtained by subtracting the compound nuclear contribu-
tion from the total measured α cross sections. The total
α-production angular distributions are shown in Fig. 4 along
with compound nuclear, breakup, and transfer induced α par-
ticles. It is clear that well above grazing angles the cross
sections are dominated by the compound nuclear or CF re-
action whereas breakup and transfer following α particles
peak near grazing angles. The angle integrated direct α cross
sections at projectile energies were obtained by fitting the
Gaussian shape to (dσ/d�) × 2π sin θ distributions. Thus α

cross sections were deduced using the equation

σα =
∫ 2π

0
dφ

∫ π

0

dσα (θ )

d�
sin θdθ. (2)

The deduced experimental direct α cross sections along with
errors are given in Table I. The errors were obtained due to fit-
ting errors in the three parameters (strength, mean, and width)
of the Gaussian distributions. Maximum and minimum cross
sections were obtained by adding these errors to the mean
values of the parameters, and thus mean errors were deduced
in the cross sections. A similar procedure was adopted to
get experimental cross sections for Li (σ exp

Li ) and B (σ expB )
production and there were no contributions of compound
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FIG. 3. Energy spectra of α particles at Elab = 27.3 and 25.3
MeV from θlab = 20◦ to 65◦ for the 9Be + 51V system. The ex-
perimental data for total (direct + compound) α production are
presented.

nuclear reactions from PACE predictions for these channels.
The average energies at Elab = 27.3 MeV for lithium were
≈20, 17, 16.5, and 16 MeV at θlab = 30◦, 40◦, 50◦, and 60◦,
respectively, and for boron ≈24 and 21 MeV at θlab = 30◦,
40◦, respectively.

IV. KINEMATIC ANALYSIS OF α PARTICLE
ENERGY SPECTRA

Kinematic analysis of the α particle energy spectra was
carried out and energy centroids (Eα = Ec.m. + Qopt) in the
c.m. system were calculated using kinematics for different
processes and are given in Table II. A leading order expres-
sion proposed by Schiffer for Qopt was used which is given
as Ec.m.(Z3Z4/Z1Z2 − 1) [35], where Z1, Z2, Z3, Z4 are the
atomic numbers of the projectile, target, ejectile, and residual
nucleus, respectively. The energy centroids of the elastic or
noncapture breakups 8Be(2α) + n and α + 5He(α + n) are
close to the beam velocities as the breakup threshold energies

FIG. 4. Angular distributions of total α production cross-
sections at Elab = 27.3 and 25.3 MeV along with compound nuclear
(dash-dotted lines), 1n-transfer (solid lines), n + 8Be (dashed lines)
non-capture breakup, α + 5He (dotted lines) non-capture breakup
contributions.

are very small. The breakup cross sections were calculated for
resonant and continuum states using FRESCO and are given in
Table I. Neutron transfer followed by the breakup of 8Be also
gives two α particles and the calculation details are given in
Sec. V.

In the case of transfer reactions, if breakup followed by
fusion takes place then energy from the Q value is not shared
with the outgoing fragments like 8Be, α, or 5He for neutron
and 5He or α transfer, respectively. The centroid energies in
Table II are given for the cluster transfer where the energy
from the Q value is not shared with the outgoing fragment.
Qopt for neutron transfer is taken as zero. In the case of
the sharing of the Q value with the outgoing fragments, the
following possibilities exist for the present study at 27.3 MeV

(a) Neutron transfer: after neutron transfer, the emitted
8Be breaks into 2α particles which would peak around

TABLE I. Deduced experimental direct α production (σ Direct
α ), Li and B production cross sections (σ exp

Li , σ
exp
B ) obtained from integral of

measured angular distributions, calculated cross sections for noncapture breakup (σ NCBU
α+5He

and σ NCBU
n+8Be

), 1n stripping (σ tr
−1n), 1p stripping (σ tr

−1p),

1d stripping (σ tr
−1d ), and 1p, d pickup cross section by σ

pickup
+1p,d , CF cross sections from PACE are represented by σCF

PACE.

Elab σ Direct
α σ

exp
Li σ

exp
B σ NCBU

α+5He
σ NCBU

n+8Be
σ tr

−1n σ tr
−1p σ tr

−1d σ
pickup
+1p,d σCF

PACE

MeV (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb)

27.3 576 ± 45 3.4 ± 0.7 1.0 ± 0.4 28 38 93 0.21 1.7 0.5 944
25.3 460 ± 58 1.7 ± 0.4 27 36 89 0.20 1.4 0.4 850
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TABLE II. Kinematic parameters for the α transfer channel for
the 9Be + 51V system. Qgg represent the transfer to ground state, the
optimum Q value (Qopt) is calculated at leading order according to
Ref. [36], centroid energy of the direct α for the respective channels
in the c.m. system (Eα = Ec.m. + Qopt). 8Be → 2α and 5He → α +
n are assumed to be broken by giving α particles. The energies of
breakup constituents are calculated as per mass ratio.

Ec.m. n trans. α(5He) trans. 1n + 8Be α + 5He
(MeV) (MeV) (MeV) (MeV) (MeV)

23.2 Qgg 5.6 5.6(13.6) −1.66 −2.46
Qopt 0.0 −10.6
Eα 11.6 10.7(12.6) 9.6 9.3

21.5 Qopt 0.0 −9.8
Eα 10.7 10(11.7) 8.8 8.5

14 MeV. It is shown by a dashed line in Fig. 5. The
relative area around this peak energy under the direct
α curve was obtained and angular distribution was
extracted to get the integral cross section. The area was
divided by factor of two as there are 2α in this channel.
The cross section comes out to be 87 ± 11 mb which
is close to the calculated value.

(b) α transfer: the resulting 5He breaks into the neutron
and α particles which would peak around ≈18 MeV.
In Fig. 5 this possible process is shown by dotted lines.
The integral cross section by relative area around this
peak was deduced and it was 8 ± 6 mb.

(c) 5He transfer: the resulting α particles would peak
around ≈25 MeV. Such high energy α particles are not
observed.

V. THEORETICAL ANALYSIS

A. Statistical model calculations

The contribution from the compound nuclear reaction for
an α production cross section was calculated using the sta-

FIG. 5. Direct α energy distribution at Elab = 27.3 MeV for
various measured laboratory angles. Positions of breakup, neutron
transfer and α transfer is shown by solid, dashed and dotted lines,
respectively.

tistical model code PACE [37]. The Ignatyuk prescription [38]
of the level density with parameter (ã = A/10 MeV−1, A =
mass number) was used which is similar to 6Li + 51V [39] and
9Be + 93Nb [21] systems. Variation in ã from A/8 to A/11
MeV−1 changes the relative evaporation of particles but not
the position of the peak energy. The uncertainty in the deduced
direct α-cross sections due to PACE predictions is less than
10% and included in the experimental deduced values. The
angular distributions of α production due to the compound
nucleus evaporation reaction are given in Fig. 4. The com-
pound nuclear angular distributions show a resemblance well
above grazing angles with the experimental data. The direct
contributions peak near grazing angles ≈41◦ and 46◦ at 27.3
and 25.3 MeV, respectively.

B. Phenomenological optical model calculations

An optical model analysis of the elastic scattering differen-
tial cross-section data has been performed using the SFRESCO

module of the FRESCO code version FRES 3.3 [40]. The Woods-
Saxon forms were used for both the real and imaginary parts
and imaginary surface part of the optical potentials. Optical
model calculations were performed with the global optical
model potential parameters [41] which reproduces the data
very well as shown in Fig. 2. The obtained reaction cross
sections are given in Table III. These global potential param-
eters [41] were taken as initial parameters to obtain improved
χ2 values. In the first case, radius parameters (rR, rV , rS)
were fixed but diffuseness (aR, aV , aS) and strength (VR, WV ,
WS) parameters were adjustable and in the second case, the
strength (VR, WV , WS) parameters were adjustable and others
were fixed. In both cases, the fit improves slightly and reaction
cross sections vary ≈5%. The global, fitted parameters and the
corresponding reaction cross sections are listed in Table III.
The calculated elastic angular distributions using global and
fitted parameters are shown in Fig. 2 with solid and dash-
dotted lines.

C. Continuum discretized coupled channel calculations

The noncapture or elastic breakup cross sections are calcu-
lated with CDCC using the code FRESCO version 3.3 [40,42].
The 9Be nucleus was assumed as a two-body α + 5He and
1n + 8Be clusters [14,21]. The continuum above the breakup
threshold of 9Be −→ α + 5He (2.46 MeV) and 1n + 8Be
(1.66 MeV) were discretized into momentum bins of width
�k = 0.1 fm−1. The cluster resonant states were adopted
from Ref. [43]. The continuum momentum bins were trun-
cated at εmax = 7 MeV. Each continuum or resonance state
was further binned into 100 equal k bins. The relative or-
bital angular momentum L = 0, 1, and 2 were included in
the calculations. In addition, the 7/2− (6.76 MeV) resonance
for α + 5He with experimental width was also included. The
discretization is suitably modified to avoid double counting
due to the resonances. The binding potential for the α + 5He
clusters were taken from Ref. [44]. The ground state of 9Be
was constructed by taking the relative angular momentum
L = 0, 2 between the 5He (3/2) core and α (0+) cluster.
The L = 2 component is taken in order to account for the
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TABLE III. Global optical model parameters and best fit optical potential parameters for the 9Be + 51V system from elastic scattering data,
where the radius is given by Ri = A1/3

T fm, R, V , S denote the real volume, imaginary volume, and surface type potentials, and N represents the
number of data points

Elab VR rR aR WV rV aV WS rS aS σR

MeV MeV fm fm MeV fm fm MeV fm fm mb χ2/N

Global parameters
27.3 262.48 1.301 0.726 10.77 1.64 0.60 48.74 1.20 0.843 1267 2.0
25.3 262.94 1.301 0.726 10.20 1.64 0.60 48.99 1.20 0.843 1152 3.1

Best fit parameters
27.3 268.4 1.301 0.694 1.0 1.64 0.50 18.81 1.20 1.0 1293 1.2
27.3 270.4 1.301 0.726 1.0 1.64 0.60 46.46 1.20 0.843 1246 1.3
25.3 271.1 1.301 0.703 8.8 1.64 1.00 1.25 1.20 1.0 1070 1.3
25.3 267.3 1.301 0.726 1.0 1.64 0.60 34.81 1.20 0.843 1065 2.1

reorientation of the highly deformed (β ≈ 1.3) 9Be nucleus
as given in Refs. [14,21]. The binding potential was allowed
to adjust for the reproduction of the binding energy of the
9Be nucleus. The cluster folding potentials for α + 51V and
5He + 51V at respective energies per mass (4/9 of Elab for α

and 5/9 of Elab for 5He) were generated from Ref. [45] and
are given in Table IV.

In the second cluster structure of 9Be → n + 8Be, the bind-
ing potential was taken from Ref. [46]. The resonant states,
5/2− (2.43 MeV), 1/2− (2.78 MeV), 5/2+ (3.05 MeV), and
3/2+ (4.70 MeV) were considered along with continuum
bins. The n + 51V potential was taken from Ref. [47] and
the 8Be + 51V potential was taken similar to 9Be + 51V [41]
for scaled energy per mass and are given in Table IV. The
breakup cross sections at different energies are given in Table I
and angular distributions are plotted in Fig. 4. The α + 5He
coupling poorly describes the data at higher angles and the
coupling generated an overall repulsive effect. In the case of
n + 8Be clusters, the coupling produces an attractive effect
and describes the data better at large angles. n + 8Be coupling
suppresses the Coulomb rainbow while in the case of α + 5He
coupling a Coulomb rainbow is present. The Coulomb dipole
polarization effect was also shown by Alvarez et al. [22] for
various weak and exotic nuclei.

D. 1n stripping

The 1n transfer followed by the breakup of 8Be ⇒ 2α can
contribute to α production. The CRC calculations of 1n trans-
fer resulted in a considerable contribution to inclusive α cross
section by the reaction 51V(9Be, 8Be) 52V. The Woods-Saxon

form factors were used with reduced radii r0 = 1.25 fm and
diffuseness a = 0.65 fm, for projectile as well as target bound
state potentials. The spin-orbit interaction was included with a
depth of 6 MeV. The depth of the real potential was allowed to
vary to reproduce experimental neutron binding energies. The
finite range transfer approximation in FRESCO [42] was used
for the calculations in the post form. Full complex remnant
terms were used with a two-way coupling scheme. The other
important parameter, the spectroscopic factor for the projec-
tile, was taken from Ref. [46]. The 2+(3.03 MeV) resonance
state was considered with the spectroscopic factor taken as
one. The spectroscopic factors for the target were incorporated
from the work of Karban et al. [48]. The calculations were
performed for single n transfer to the 2p3/2, 1 f5/2, 2p1/2,
and 1g9/2 orbits of available model space of 52V with the
assumption of closure of the 1 f7/2 subshell in the ground state.
The cross sections of 1n stripping are given in Table I.

E. 1p, 1d stripping

In order to study the 1p stripping contribution of the
reaction 51V(9Be, 8Li) 52Cr, CRC calculations have been per-
formed. The calculations were performed for single p transfer
to the 1 f7/2, 2p3/2 orbits in the model space of 52Cr. The
spectroscopic factors for the target were taken from Ref. [49].
The 9Be/8Li overlapping spectroscopic factor was taken from
Ref. [50] and the optical potential for 8Li was similar to
the 7Li global optical potential [51]. The 1p transfer cross
sections are mentioned in Table I.

The CRC calculations have been performed for 1d strip-
ping or transfer contribution through the reaction 51V(9Be,

TABLE IV. Interaction potentials with the 51V target for CDCC calculations. Radius is given by R = (A1/3
P + A1/3

T ) fm. R, V , S denote real
volume, imaginary volume, and surface type potentials.

VR rR aR WV rV aV WS rS aS σCDCC
R,27.3

Fragment MeV fm fm MeV fm fm MeV fm fm mb σCDCC
R,25.3

α 137.9 0.927 0.656 5.4 0.938 0.50 21.8 1.064 0.455 1278 1167
5He 130.0 0.930 0.637 8.7 0.917 0.50 17.5 1.040 0.455
n 51.1 1.194 0.670 0.34 1.194 0.670 6.0 1.283 0.536 1453 1342
8Be 263.2 1.301 0.726 9.9 1.640 0.60 49.1 1.20 0.843
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FIG. 6. Lithium production angular distribution for the
9Be + 51V system at (a) 27.3 MeV and (b) 25.3 MeV projectile
energies. The 7Li, 8Li production by 1p, 1d stripping CRC calculated
values are represented by solid and dashed lines, respectively. The
calculated values have a major contribution from 7Li production.

7Li) 53Cr. The calculations were performed for single d trans-
fer to the 1 f7/2, 2p3/2 orbits in the model space of 53Cr. The
deuteron cluster was assumed to be in the S = 1 state with
no internal motion (n = 0, l = 0) for these nucleons. The
quantum numbers (N, L) of the cluster in the center-of-mass
motion were restricted to satisfy the harmonic-oscillator en-
ergy conservation relation

2(N − 1) + L =
∑
i=1,2

2(ni − 1) + li, (3)

where (ni, li) are the quantum numbers of the individual nu-
cleons of the deuteron cluster. The initial and final bound-state
wave functions were calculated in a Woods-Saxon potential
well with R = 1.2(Acore + Acluster )1/3 fm, a = 0.65 fm and
the depth of the potential was adjusted to reproduce the
deuteron binding energy. The transition potential is the same
as that responsible for binding the deuteron to the core. Also
included in the calculations are the full “remnant” terms
which are due to the difference in the core-core interac-
tion. The spectroscopic factors for the target were taken as
one. The 1d transfer cross sections are mentioned in Table I
and the angular distribution for 1d and 1p stripping are com-
pared with the experimental data (see Fig. 6). All the CRC
results presented here are without any normalization factor.
The measurement and CRC calculated angular distributions
agree qualitatively.

FIG. 7. Boron production angular distribution for the 9Be + 51V
system at 27.3 MeV. The CRC calculated values for 10,11B production
or 1p + 1d pickup are represented by solid and dashed lines, respec-
tively. The calculated values have a significant contribution for 10B
production.

F. 1p, 1d pickup

The CRC calculations were performed for 1p and 1d
pickup reaction resulting in 10B and 11B as outgoing
projectile-like fragments. The overlapping spectroscopic fac-
tors for 9Be/10B ground and excited states were taken
from [52] and taken as one for the 9Be/11B overlap. Op-
tical potential for 10B + 50Ti and 11B + 49Ti were taken
from [51,53]. The calculated 1d pickup cross section (≈0.03
mb) was negligible compared to the 1p pickup cross sec-
tion (≈0.5 mb at 27.3 MeV and ≈0.4 mb at 25.3 MeV).
Experimentally, it was not possible to separate 10,11,12B hence
boron cross sections are reported in Table I and plotted in
Fig. 7 which are in good qualitative agreement with calculate
values. It was not possible to extract the experimental data at
25.3 MeV.

VI. SUMMARY

In summary, elastic scattering, inclusive α production,
lithium, and boron production cross sections have been mea-
sured for the 9Be + 51V system above the Coulomb barrier
over a wide angular range and large α particle yields were
observed. The global optical potential for the 9Be projec-
tile could reproduce the elastic scattering data, and the
optical model fit improved the results slightly. Statistical
model calculations have been performed to estimate the com-
pound nuclear contributions in the α particle production
to obtain α contributions from direct reactions. Noncap-
ture breakup calculations using the CDCC method and CRC
calculations for n, p, and d transfer calculations were per-
formed to estimate the contribution from these channels to
α production. The kinematic disentanglement of α parti-
cles suggests that the majority of α particles are close to
beam velocity and breakup fusion is dominant compared
to cluster transfer at these projectile energies. Qualitative
agreement for angular distributions for the production of
lithium and boron with CRC calculated values is observed
and mean energies suggest direct stripping and pickup nature
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for these fragments. More experiments with higher statistics
and with other targets are required to better understand these
processes.
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