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Mechanism of large production rates of α particles in reactions involving weakly bound projectiles
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To investigate the mechanism of α-particle production, energy-angle correlations of the emitted α particles
have been measured for the 6Li + 93Nb system at energies around the Coulomb barrier. Results of three-body
Monte Carlo simulations for breakup are in good agreement with the measured experimental energy-angle
correlations. This is in contrast to the observation involving 7Li projectile, where breakup simulation failed
to reproduce the experimental data. Comparison of the data with two different semiclassical prescriptions
for the optimum Q value leads to conflicting results, so no firm conclusion could be extracted from this
comparison. Instead, fully quantum-mechanical calculations, employing the continuum-discretized coupled-
channels (CDCC) method for the elastic breakup component and the Ichimura-Austern-Vincent (IAV) for the
nonelastic one, reproduce the present experimental data rather well. The present study highlights the complexity
of weakly bound projectile interactions and emphasizes the importance of more such studies for a comprehensive
understanding.
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I. INTRODUCTION

Reactions with weakly bound stable/radioactive nuclei and
the influence of breakup on elastic scattering and other reac-
tion channels have received a great amount of attention in
nuclear physics in recent years [1–5]. In addition to weak
binding, nuclei away from the β-stability line exhibit exotic
excitations and features like extended matter distribution, neu-
tron skin, etc. Reaction studies with these nuclei are essential
for modeling of nuclear reactions relevant to nuclear structure,
reaction mechanisms, and nuclear astrophysics [6]. Due to
limited availability and quality of radioactive ion beams, one
can study the effect of weak binding with stable weakly bound
nuclei very precisely and develop models to understand the
role of other exotic features [7–14].

Stable weakly bound nuclei like 6,7Li, 9Be have breakup
threshold energies less than 2.5 MeV, much lower than
the usual average binding per nucleon of 8 MeV for sta-
ble nuclei. Various inclusive and exclusive breakup studies
have been performed with these stable weakly bound nuclei
[15–34]. Reactions with weakly bound α-cluster nuclei are
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characterized by large α yields compared to the com-
plementary fragment, suppression of complete fusion, and
a commensurating incomplete fusion, indicating common
underlying mechanism(s) [5,15,16,18,19,35]. However, the
mechanisms and their relative importance have not been de-
termined unambiguously. The yield of noncapture breakup,
where both fragments escape, was found to be small compared
to the total α yield. Thus, breakup fusion and cluster transfer
are considered to be the main contributors of the above obser-
vations. Because the end products are the same, it is difficult
to distinguish these two processes experimentally. Theoretical
distinction is also not very clear. In many theoretical stud-
ies breakup fusion is treated as transfer to the continuum
[36–38]. As the measured α energy distributions are often
observed to peak around an energy that corresponds to the
velocity of the elastically scattered particle, many studies have
concluded the dominance of breakup-fusion mechanism. In
a recent work [39], a novel proposition was put forward to
distinguish between cluster transfer and breakup fusion. In
case of one-step cluster transfer, the reaction Q value is shared
among the ejected fragment (α particle) and the recoiling
targetlike nuclei. However, in case of two-step breakup fusion,
the ejected fragment produced in the first step should not
have access to the Q value of the complementary fragment
capture by the target nuclei in the second step. Based on
this logic, it was shown that a sizable portion of the mea-
sured α spectra for 7Li + 93Nb reaction was not accessible
to the breakup-fusion process. Further, the comparison of the
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FIG. 1. Photograph of the experimental setup showing five seg-
mented Si strip-detector telescopes (ST1–ST5), and two SSB detec-
tors (M1, M2) used for beam monitoring and absolute normalization.

experimental energy-angle correlations with results of three-
body breakup simulation, transfer calculation using semi-
classical and distorted-wave Born approximation (DWBA)
approaches has clearly demonstrated the dominance of cluster
transfer in the large production of α particle and incomplete
fusion in that reaction. Similar observation was also reported
for the 7Li + 209Bi system [40]. These studies, involving in
both cases 7Li as projectile, have demonstrated that energy-
angle correlations constitute a powerful tool to pin down the
underlying reaction mechanisms. However, there are no such
studies for 6Li, which has a breakup threshold significantly
lower than that of 7Li. More studies with various projectile-
target combinations are required to understand the intricate
nature of the interactions involving weakly bound projectiles.

In this article, we present the results of energy-angle cor-
relations of emitted α particles over a wide angular range
in reaction of 6Li with 93Nb target at energies around the
Coulomb barrier. To elucidate the nature of the underlying
reaction mechanisms, the experimental data are compared
with kinematical calculations for transfer, three-body Monte
Carlo simulations for breakup, and quantum-mechanical cal-
culations based on the inclusive breakup model of Ichimura,
Austern, and Vincent (IAV).

II. EXPERIMENTAL DETAILS

The experiment was performed at the BARC-TIFR Pel-
letron LINAC Facility (PLF), Mumbai, by bombarding 6Li
beam of energies 25 and 35 MeV on self-supporting 93Nb
foil of thickness ≈2 mg/cm2 in a 1.5-m diameter general
purpose scattering chamber. Energy-loss corrections are made
at half the target thickness for both beam energies. Typi-
cal beam current, which was recorded using high-precision
current integrator, was about 10 nA. The experimental setup
consisted of 10 Si strip detectors (Micron Semiconductors)
arranged as telescopes (ST1–ST5) along with two silicon
surface-barrier (SSB) detectors (M1, M2). A photograph of
the experimental setup is shown in Fig. 1. Si strip-detectors
telescopes (ST1–ST5) are of active area 5 × 5 cm2 (thick-
nesses �E ≈ 30–50 µm, E ≈ 1.0–1.5 mm). Four of these
telescopes were placed on one arm and one detector telescope
along with three Si surface-barrier detector telescopes placed

FIG. 2. Typical particle identification spectrum of �E vs Etot for
6Li + 93Nb at Ebeam = 35 MeV and θlab = 56◦.

on the other arm for measurements of charged particles. �E
detectors were single sided with 16 strips on the front face
which were aligned vertically with respect to beam direction,
the E detectors were double sided with 16 strips each on the
front and rear faces aligned horizontally and vertically, re-
spectively. Width of each strip is 3.14 mm. The strip-detector
telescopes, each having approximate angular coverage ±8◦,
were mounted at angles 35◦, 55◦, 85◦, 105◦, and −55◦ at a
distance of 18.5 cm from the target. Two Si-surface barrier
detectors (thicknesses 300 µm) kept at ±20o were used to
monitor Rutherford scattering. The data were collected in an
event-by-event mode, using a VME data acquisition system.
The triggers for the strip telescopes (ST1–ST5) were taken
from the Mesytec make MSCF16 modules of the E detectors,
which correspond to “OR” of all 16 strips. Final master gate
was generated as the “OR” of the triggers from the strip
telescopes, SSB (monitor) detectors. The detectors were cali-
brated using the known α energies from a 229Th source and the
6Li + 12C reaction at 25 MeV. Figure 2 represents typical �E
vs Etotal spectrum for 35-MeV beam energy for strip detector
telescope 2 at 56◦. As can be seen from Fig. 2, excellent
particle identification could be achieved in the present mea-
surement. The phenomenological analysis of the measured
elastic-scattering angular distributions and the comparison of
the measured inclusive α production cross sections with the
literature data are published earlier [41].

III. RESULTS AND DISCUSSION

A. Energy-angle correlation of inclusive α particles

Measured energy-angle correlations are shown in Fig. 3.
In order to interpret the experimental results, a Monte Carlo
simulation code incorporating three-body kinematics was de-
veloped. The code, which was validated by reproducing the
simulated data for 7Li projectile [39], was used to calculate
the energy-angle correlations of α particles from breakup
for the present case. Emission of the ejectile in the laboratory
frame and the fragments in the ejectile rest frame were as-
sumed to be isotropic. The scattered energy of the ejectile was
calculated using kinematics taking into account the Q value of
the reaction and the excitation energies of the target as well as
the ejectile. The excitation energy of the ejectile or the relative
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FIG. 3. Measured energy-angle correlation spectrum of inclusive
α particles in the 6Li + 93Nb at (a) Elab = 24.6 MeV and (b) Elab =
34.7 MeV. Colored contours are results of breakup simulation.
Energy-angle correlation spectrum is compared with kinematical line
calculated using optimum Q value (Qopt1 [42] and Qopt2 [43]) (see text
for more details).

energy (Erel) of the fragments was randomly chosen according
to the available experimental Erel spectrum [26]. Energy and
momentum conservations were used to obtain velocities of
the fragments in the ejectile rest frame. Fragment velocities in
laboratory frame, vector sum of fragment velocity in the ejec-
tile rest frame, and ejectile velocity in the laboratory frame
were used to calculate the energy and emission angle of the
fragments in the laboratory frame. The simulated α-particle
energy-angular distributions were normalized to match the
simulated energy-integrated angular distributions to the ex-
perimental distributions (Fig. 6) at each angle. The measured
energy-angle correlation spectra of inclusive α particles are
compared with the results of the simulations (contours) and
kinematical line using optimum Q value (Qopt1) in Fig. 3.
The semiclassical calculations of Qopt1 are based on Schiffer’s
prescription [42]. The value of “d” (difference in the distance
of the closest approach in the initial and final trajectories) was
taken as 1 fm based on the estimated shift of the center of
mass before and after the transfer. The results are found to
be less sensitive to the choice of d . When the value of d is
changed by 0.5 fm (50%), value of Eα was found to change
by ≈1.5% at forward angle (35◦) and ≈6% at backward
angle (105◦). Another kinematical line (Qopt2) is calculated
using the optimum Q value derived from Brink’s matching
conditions for transfer [43], assuming that the transfer process

TABLE I. The breakup threshold (Eth) and d/t-transfer Q value
are compared.

Eth Q value for d/t-transfer
Projectile (MeV) Target (MeV)

6Li 1.47 93Nb 12.16
209Bi 5.84

7Li 2.47 93Nb 14.06
209Bi 4.59

takes place at the distance of closest approach for a Coulomb
classical trajectory for each scattering angle. The optimal Q
value becomes a function of the scattering angle.

As can be seen in Fig. 3, the experimental energy-angle
correlations match well with the breakup simulation in the
case of the 6Li + 93Nb reaction, whereas they do not match
with the kinematical line calculated using the optimum Q
value (Qopt1) based on Schiffer’s prescription. By contrast,
the kinematical line calculated with Brink’s formula (Qopt2)
explains the data quite well. In the case of the 7Li + 93Nb
reaction [39], the experimental energy-angle correlation was
in good agreement with the transfer calculation, but differed
significantly from the simulated distribution from breakup
process. It should be noted that good agreement between the
experimental data in case of 7Li projectile [39,40] and the
results of kinematic calculations based on Schiffer’s prescrip-
tion was considered as a signature of dominance of cluster
transfer. However, the present study indicates that the simple
kinematical calculations may not be sufficient to identify the
underlying reaction mechanism.

The above observation highlights the strong dependence of
the reaction mechanism on the projectile in reactions involv-
ing weakly bound projectiles. The breakup threshold and the d
(t)-transfer Q values for 6,7Li projectiles with 93Nb and 209Bi
are compared in Table I. In the case of the reactions induced
by 7Li on 93Nb and 209Bi targets, the difference in t-transfer
Q value is very large. However, in both cases the dominance
of cluster transfer was observed. Thus, the breakup threshold
might play a crucial role rather than the transfer Q value in
deciding the reaction pathways.

B. Quantum-mechanical analysis of elastic scattering
and α-particle production

In this section, we present fully quantum-mechanical
calculations for the elastic scattering and inclusive α-
particle production in the 6Li + 93Nb system. We employ
the continuum-discretized coupled-channels (CDCC) method
[44] for the elastic breakup (EBU) component, in which 6Li
dissociates into α + d while the target remains in its ground
state, and the Ichimura-Austern-Vincent (IAV) model [45]
for the nonelastic breakup (NEB) component, in which the
unobserved deuteron undergoes a nonelastic interaction with
the target (absorption, transfer, etc.). Below, we first describe
the theoretical framework and input parameters, then present
detailed comparisons with the experimental data.

CDCC framework. The CDCC method provides a three-
body quantum-mechanical description of the α + d + 93Nb
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system by discretizing the α-d continuum into a finite set
of bins. The calculations include s-wave (Jπ = 1+), p-wave
(Jπ = 0−, 1−, 2−), and d-wave (Jπ = 1+, 2+, 3+) continuum
states. For the d-wave states, we adopt a finer binning scheme
to accurately capture the resonant states of 6Li at excitation
energies of 2.186 MeV (Jπ = 3+), 4.31 MeV (Jπ = 2+), and
5.7 MeV (Jπ = 1+). The α + d ground state is described
using a Woods-Saxon potential with parameters V0 = 78.46
MeV, r0 = 1.83 fm, absolute radius R = 3.32 fm, and a =
0.7 fm [46]. For the p- and d-wave states, we use a modi-
fied Woods-Saxon potential with V0 = 80.0 MeV, r0 = 1.83
fm, a = 0.7 fm, supplemented with a spin-orbit term of the
standard Woods-Saxon derivative form, featuring Vso = 2.5
MeV, rso = 1.83 fm, and aso = 0.7 fm, to properly position
the d-wave resonances. The calculations employed the code
FRESCO [47]. The CDCC calculation provides observables
with respect to the excitation energy and center of mass of
the projectile, which are then transformed to triple differential
cross sections with respect to the angles and energies of the
individual fragments (α and d) using the formalism and codes
developed in Ref. [48].

For the fragment-target interactions, we utilize global
optical-potential parameters for the d + 93Nb and α + 93Nb
systems from Refs. [49] and [50], respectively. This two-
cluster (α + d) model for 6Li has been widely applied in
CDCC calculations for various 6Li-induced reactions. How-
ever, to achieve agreement with the elastic-scattering data,
such calculations typically require a reduction in the imag-
inary part of the fragment-target interactions [21,51–53], to
mitigate the overestimation of absorption effects inherent in
the two-body approximation [54]. Accordingly, we reduce the
surface term of the deuteron-target imaginary potential by
half.

IAV model. For the NEB component, we employ the IAV
model [45], which provides a quantum-mechanical frame-
work for calculating inclusive breakup cross sections. In this
formulation, the inclusive breakup process a(=b + x) + A →
b + B∗ is expressed in terms of the expectation value of the
imaginary part of the x-A optical potential and a source term
containing the entrance-channel wave function projected onto
the internal states of the projectile and target [55]. Here b
(α) is the observed fragment and x (d) is the unobserved
one that undergoes any nonelastic process with the target.
The present calculations employ the DWBA form of the IAV
model [55–57], where the entrance-channel distorted wave
is generated using the 6Li + 93Nb optical model potential.
This is in contrast to the full CDCC-IAV formulation [58], in
which the complete three-body CDCC wave function is used
to describe the entrance channel. For weakly bound projectiles
such as 6Li, the DWBA form has been shown to approximate
well the full CDCC-IAV results [58], thus justifying its use
in the present analysis. The fragment-target optical potentials
are kept the same as in the CDCC calculation for consistency.
The 6Li + 93Nb entrance-channel interaction is modeled using
the São Paulo potential (SPP) [59,60], with standard renor-
malization factors NR = 1.0 and NI = 0.78 for the real and
imaginary parts, respectively. The spectroscopic factor (SF)
for the α + d clustering in 6Li is taken as SF = 0.83, consis-
tent with the range 0.75–0.85 reported in Ref. [61]. The total

FIG. 4. Elastic-scattering angular distribution for 6Li + 93Nb at
Elab = 24.6 MeV and 34.7 MeV. Solid lines correspond to results of
optical-model calculations using São Paulo potential (SPP), whereas
dot-dashed lines correspond to continuum-discretized coupled-
channels calculations (CDCC).

inclusive breakup cross section for the observed α particle is
then obtained as (NEB + EBU)×SF.

Elastic scattering. As a first test of the theoretical in-
puts, we compare the calculated elastic-scattering angular
distributions with the experimental data. The measured
elastic-scattering cross sections, normalized to the Rutherford
cross sections, for 6Li + 93Nb at Elab = 24.6 and 34.7 MeV
are shown in Fig. 4. The measured angular distribution ex-
hibits a peak around 43° for Elab=24.6 MeV. In contrast, at
Elab = 34.7 MeV only the falling part of the distribution is
observed within the measured angular range, with the Fresnel
bump expected to appear at forward angles. To understand
the measured angular distribution, two sets of calculations are
performed, viz. SPP and CDCC calculations. The SPP calcula-
tion employs the double-folding São Paulo potential [59,60],
which accounts for the effects of Pauli nonlocality. The CDCC
calculation explicitly treats the coupling to the α + d breakup
continuum as described above. Both calculations provide a
satisfactory description of the elastic-scattering data over the
measured angular range, exhibiting the characteristic Fresnel
diffraction pattern with the rainbow angle shifting to more
forward angles at the higher energy. The agreement between
the two approaches indicates that the phenomenological SPP
effectively captures the effects of breakup coupling on the
elastic channel. This consistency gives confidence in the
entrance-channel optical potential used for the IAV-DWBA
calculation of the α production cross sections.

α-particle energy spectra. α particles can be produced
in the laboratory through direct-reaction processes, such as
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FIG. 5. Double differential cross sections as a function of the
α-particle energy. Numbers in the square brackets represent Elab and
θlab. Open circles and filled circles correspond to the total α and direct
α contributions, respectively. The dashed, dotted, dot-dashed, and
solid lines correspond to results of Ichimura-Austern-Vincent (IAV)
model calculation for nonelastic breakup (NEB), elastic breakup
(EBU), total, and total×SF calculations, respectively. SF is spectro-
scopic factor.

breakup and transfer breakup, as well as through evapora-
tion from the compound nucleus. The measured inclusive
or total α energy spectra at representative laboratory angles
for Elab = 24.6 and 34.7 MeV are shown in Fig. 5, along
with the individual EBU and NEB contributions, their sum
(NEB + EBU), and the total scaled by the spectroscopic factor
(NEB + EBU)×SF. In these plots, the direct α contributions
are obtained by subtracting the estimated compound nuclear
contributions from the measured total α contributions. More
details about the statistical-model estimate of the compound
nuclear contributions can be found in Ref. [41]. Several im-
portant features emerge from this comparison. First, the NEB
component dominates over the EBU at both energies and all
measured angles. It has been also reported that noncapture
breakup, where both the fragments escape, is much smaller
than the total α production [5,24,31]. This indicates that the
α particles are predominantly produced through nonelastic
processes in which the deuteron is absorbed by the target,
consistent with the incomplete fusion picture. Second, the
peak position of the calculated α energy spectrum agrees
well with the experimental data, occurring near the energy
corresponding to beam-velocity α particles, which supports
the breakup origin of the direct α yield. Third, the overall
magnitude and shape of the inclusive α energy spectra are
well reproduced by theoretical calculation, particularly at for-
ward angles where the breakup mechanism is expected to
dominate. At backward angles and at the higher beam energy

FIG. 6. α angular distribution for 6Li + 93Nb at Elab = 24.6
MeV and 34.7 MeV. Open squares and filled squares correspond to
the total α and direct α contributions, respectively. Statistical error
bars are smaller than the symbol size and hence not shown. The
dashed, dotted, dot-dashed, and solid lines correspond to the results
of Ichimura-Austern-Vincent (IAV) model calculation for nonelastic
breakup (NEB), elastic breakup (EBU), total, and total×SF calcula-
tions, respectively. SF is spectroscopic factor.

(Elab = 34.7 MeV), the calculations tend to slightly under-
estimate the data, which may suggest contributions from
processes not included in the present two-body breakup
framework, such as multistep reactions and due to limitations/
uncertainties of the underlying ingredients, such as pairwise
interactions entering the CDCC and IAV calculations.

α-particle angular distribution. The angle-integrated α-
particle cross sections at both energies are compared with
the calculations in Fig. 6. The measured inclusive α data
and the calculated NEB, EBU, NEB + EBU, and (NEB +
EBU)×SF contributions are shown. The measured angular
distributions exhibit a forward-peaked shape characteristic
of direct-reaction processes. The NEB component is the
dominant contribution at all angles, exceeding the EBU by
approximately an order of magnitude, further confirming
the predominance of nonelastic breakup in α production.
The calculated (NEB + EBU)×SF provides a good overall
description of the inclusive α angular distribution at both
energies, successfully reproducing the forward peaking and
the angular dependence. At Elab = 24.6 MeV, the agreement
is particularly good across the entire angular range, while at
Elab = 34.7 MeV some underestimation is observed at the
most backward angles, consistent with the trend observed in
the energy spectra.

Model comparison and implications. The CDCC+IAV-
DWBA calculations successfully reproduce the main features
of the measured α production in the 6Li + 93Nb system,
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including the energy spectra, angular distributions, and abso-
lute cross sections with the spectroscopic factor SF = 0.83.
The dominance of NEB over EBU establishes that the α

particles predominantly arise from nonelastic breakup, in
which the deuteron is captured by the target. This provides
quantitative support for the breakup origin of the large α

yield observed in 6Li-induced reactions at near-barrier en-
ergies.These quantum-mechanical results are also consistent
with the three-body Monte Carlo breakup simulation dis-
cussed in Sec. III A. While the simulation validates the
kinematics of the emitted α particles against the breakup
scenario, the CDCC + IAV calculations provide a more com-
plete, first-principles description including both the EBU and
NEB components with absolute cross sections. The mutual
agreement between these two complementary approaches
strengthens the conclusion that breakup (elastic and nonelas-
tic) is the dominant mechanism for α production in the
6Li + 93Nb system. However, the present analysis also reveals
limitations. The slight underestimation at backward angles
and higher energy suggests possible inaccuracies of the under-
lying potentials, limitations of the adopted reaction models,
or the presence of additional processes beyond the inclusive
two-body breakup framework, such as multistep mechanisms
or other processes beyond the inclusive two-body breakup
picture. Furthermore, the use of a single spectroscopic factor
to scale both EBU and NEB is an approximation; in princi-
ple these two components may have different sensitivities to
the projectile structure. Nevertheless, the overall agreement
supports the elastic and nonelastic breakup mechanism as the
primary source of the observed α particles. It is instructive to
contrast these findings with the 7Li + 93Nb system [39], where
direct cluster (triton) stripping was identified as the dominant
mechanism for α production. Despite the similar α-cluster
structure of 6,7Li and comparable transfer Q values (Table I),
the measured energy-angle correlation of 6.7Li on 93Nb are
found to be different. This difference can be attributed to
the lower breakup threshold of 6Li (1.47 MeV) compared
to 7Li (2.47 MeV), which favors the breakup channel in the
former case. These findings underscore the sensitivity of the
reaction mechanism to the projectile binding energy and high-
light the need for fully quantum-mechanical analyses, rather
than simple semiclassical prescriptions, to reliably identify
the dominant processes in reactions involving weakly bound
nuclei.

IV. SUMMARY AND CONCLUSION

In summary, energy-angle correlations of the emitted α

particles have been measured in 6Li + 93Nb system at en-
ergies around the Coulomb barrier. Monte Carlo simulation

using three-body kinematics considering direct and sequential
breakup have been carried out to investigate the mechanism
of α-particle production. The measured experimental energy-
angle correlations are found to be in good agreement with the
three-body Monte Carlo simulations for breakup. Compari-
son of the measured energy-angle correlations were found to
be consistent by Brink’s optimal kinematical conditions for
transfer [43], assuming that the transfer takes place at the
distance of closest approach for each scattering angle. By
contrast, comparison with Schiffer’s prescription [42] showed
a larger departure from the data, particularly at the smaller
scattering angles. This is in contrast to the observation in
7Li + 93Nb reaction, where the experimental data was found
to agree well with the kinematic line based on Schiffer’s pre-
scription, and differ significantly from the results of breakup
simulation. It would be interesting to investigate the energy-
angle correlations with a high-Z target like 209Bi with 6Li
projectile as similar variation in d-cluster transfer Q value is
also present in that case. Quantum-mechanical calculations
based on the CDCC method (for the elastic breakup) and
the Ichimura-Austern-Vincent (IAV) DWBA model (for the
nonelastic breakup) were found to reproduce the present ex-
perimental results rather well. The present study highlights
the complexity of weakly bound projectile interactions and
emphasizes the importance of more study for a comprehensive
understanding.
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