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Nuclear Reactions
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ABSTRACT
TErepra— 1 By Hhowsiby The reaction mechanisms involving weakly bound stable nuclei has been
w. V| «"| investigated using_particle;particle and particle-y-ray coincidence
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measurements were carried out to understand various breakup reaction
- = -/ | channels, while particle-y-ray coincidence measurements is utilised to
E® Mousid © ~fE2) © % understand the origin of the large o particle production and incomplete fusion
) o ] reactions channels. The t-capture mechanism is found to be dominant ~70%.
lllustration depicting (a) direct-cluster Proper choice of kinematical conditions allowed for the first time a significant
transfer and (b) breakup followed by population of the region accessible only to the direct triton stripping process
fusion of one of the cluster fragments and not to breakup followed by the capture of the “free” triton (from the three-
for ‘Li(or+t)+target reaction. body continuum). This result, clearly establishes the dominance of the direct
cluster-stripping mechanism in the large alpha production.

KEYWORDS: Direct nuclear reaction, weakly bound nuclei, fusion, cluster in nuclei

*Author for Correspondence: S. K. Pandit
E-mail: sanat@barc.gov.in

May-June 2025 BARC Newsletter 23



Frontiers in Heavy-ion Research and Accelerator Technology

Introduction

Exploring the properties of weakly bound stable and unstable
nuclei with a+x cluster structure, e.g., **He, ®’Li, and "°Be, is a
topic of current interest [1,2] and also a focus of the next
generation of high intensity isotope-separation online (ISOL)
radioactive ion beam facilities. Apart from elastic scattering
and fusion, due to the low breakup threshold of such nuclei, the
population of the continuum is probable and consequently a
large coupling effect is expected at energies around the
Coulomb barrier. This may take place directly through inelastic
excitation of the projectile (prompt or resonant breakup) or by
nucleon transfer leaving the ejectile in an unbound state
(transfer breakup) [1-15]. Another reaction channel, breakup
followed by capture of fragments (only part of the projectile
fuses) known as incomplete fusion is an important reaction
and interestingly it is dominant over fusion at energies below
the Coulomb barrier.

The origin of the observed large inclusive a-particle
production cross sections compared to that of the
complementary fragments is also important to understand.
Different reaction mechanisms, e.g., breakup (direct and
sequential), nucleon transfer followed by breakup, cluster
transfer, incomplete fusion and compound nuclear (CN)
evaporation, contribute to the a-yield.

It is difficult to separate the contributions of these
individual reaction mechanisms from an inclusive
measurement. Exclusive measurements are therefore needed
to disentangle the different reaction processes, discussed
above. In this investigation, we aimed to disentangle different
reaction channels utilising exclusive measurements and
quantum mechanical coupled channels calculations.

Experimental Details

Allthe measurements were carried out at the Pelletron-
Linac facility, Mumbai, with 'Li beams of 24, 26, 28, and
30 MeV. A self-supporting **Nb foil of thickness ~1.75 mg/cm®
was used as a target. For the measurements of breakup
reaction channels, the requirements of high granularity to
detect low-lying resonant states and large solid angle to
measure low cross-section events were achieved using
segmented large area Si telescopes of active area 5 x 5 cm”.
The AE-detectors (50 pym thick) were single-sided and the
E-detectors (1.5 mm thick) were double-sided with 16 strips
allowing a maximum of 256 pixels. Two such telescopes, set
30° apart, were mounted at a distance of 16 cm from the target
onamovable armin a scattering chamber. In this geometry, the
cone angle between the two detected fragments ranged from
1° to 24°. The angular range 30°-130° (around the grazing
angle) was covered by measurements at different angle
settings. Three Si surface barrier detector telescopes
(thicknesses: AE ~ (20-50 ym, E ~ 450-1000 uym) were used
to obtain the elastic scattering angular distribution at forward
angles (25°-40° where the count rate is too high for the strip
detectors to cope with. Two Si surface-barrier detectors
(thickness ~300 um) were kept at +20° for absolute
normalization. The detectors were calibrated using the known
o energies from a ***Pu-*Am source and the 'Li+"C reaction at
24 MeV. Breakup fragments in coincidence were measured at
beam energies of 24,28, and 30 MeV.
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Fig.1: Measured inclusive and exclusive cross sections for the "Li+*Nb
system at 28 MeV. (a) Elastic scattering data and the CDCC calculation.
The inclusive cross section for o production is shown in the inset. (b)
Prompt and resonant (from the 7/2 state) breakup of 'Li, shown as
asterisks and filled circles, respectively.

Two independent experiments were carried out for in-beam
and off-beam y-ray counting. Both the measurements were
performed at beam energies of 24, 26, 28, and 30 MeV, some
of which are common to the exclusive measurement of
breakup fragments.

Prompt y-ray transitions were detected using the Indian
National Gamma Array (INGA) [16], consisting of 18 Compton
suppressed high purity germanium (HPGe) clover detectors. In
this particular array configuration, the detectors were arranged
at six different angles with three detectors each at +40°, —-65°,
and —23° two detectors at +65° and four detectors at 90°.
Three Si surface barrier telescopes (thicknesses: AE ~15-30
um, E ~ 300-5000um), were placed inside the scattering
chamber at 35° 45°, and 70° for the detection of charged
particles around the grazing angle. One Si surface barrier
detector (thickness ~300 pm) was fixed at 20° to monitor
Rutherford scattering for absolute normalization purposes.
The time stamped data were collected using a digital data
acquisition system with a sampling rate of 100 MHz [16].
Efficiency and energy calibration of the clover detectors were
carried out using standard calibrated *“Eu and “**Ba y-ray
sources.
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The off-line y-ray counting was carried out using an
efficiency calibrated high-purity germanium (HPGe) detector.
Low background was achieved by using graded shielding (Cu,
Cd sheets of thickness ~2 mm each followed by 5 cm of Pb).
Aluminum catcher foils of thickness ~1 mg/cm’ were used
together with each target foil to stop the recoiling residues. The
target and catcher foil assemblies were irradiated for ~6 h
(beam current ~50 nA) at each bombarding energy and
counted together at a distance of 10 cm from the detector.
A CAMAC scaler which recorded the integrated current in
intervals of 1 min duration was used to monitor beam current.

Data Analysis and Results (A)

Detected particles were identified from energy loss
information and tagged by kinetic energy (E), identity (A, Z), and
scattering angle (8, ¢) with respect to the beam axis. The
relative angles (6,,) between the fragments were calculated
from the measured scattering angles (6,, ¢,; 6,, ¢,). The
fragments’ mass, kinetic energy (E,, E,), and 0, were used to
calculate their relative energy (E,,). The excitation energy of the
ejectile prior to breakup was obtained by adding the breakup
threshold to the measured E,. The E,, spectra for a+a, a+d,
and o+t exhibit peaks at 0.092, 0.71, and 2.16 MeV that
correspond to the breakup of °Be (g.s.), °Li (2.18 MeV, 3"), and
"Li(4.63 MeV, 7/27), respectively.

The excitation energy of the target-like nuclei was
determined using the missing energy technique. For the
transfer reactions, this was found to peak around the energy
E*=Q,—Q.,» as expected from the semi classical theory of
trajectory matching [17]. Here Q, and Q,, are the ground state
and optimum Q values, respectively.

opt

The efficiency for the detection of fragments in
coincidence was estimated using the Monte Carlo technique,
taking into account the excitation of the target as well as the
ejectile, the Q value of the reaction, the energy resolution, and
detection threshold. The efficiency depends on the velocity of
the ejectile prior to breakup as well as the relative velocity of
the fragments [18,19]. The scattering angle of the ejectile prior
to breakup was assumed to be isotropic. The scattered energy
of the ejectile was calculated using kinematics. The breakup
fragment emission in the rest frame of the ejectile was also
considered to be isotropic. The velocities of each fragment in
the rest frame of the ejectile were calculated using energy and
momentum conservation laws. These velocities were added to
the velocity of the ejectile prior to breakup to get their velocities
in the laboratory frame. It was checked whether both
fragments hit two different vertical and horizontal strips.
Events satisfying this condition were considered as detectable
events for estimation of the efficiency. The conversion of the
energy and scattering angle from the laboratory frame to the
c.m. frame of the target-projectile in event-by-event mode
automatically takes care of the Jacobian of the transformation.

The angular distributions of elastic scattering, projectile
breakup, and transfer followed by breakup for the ‘Li+*Nb
system at 28 MeV are shown in Fig.1. The elastic scattering
data are presented in Fig.1(a). The errors on the data points are
due to statistics. The "Li*— o + t breakup via the 7/2 state and
the continuum below this resonance are shown in Fig.1(b). The
cross sections for 1p pickup leading to the *Be(g.s.) are shown

in Fig.2(c). These data are restricted to *’Zr excitation energies
up to 3.0 MeV, as information on the spectroscopic factors is
available only in this energy range. For 1n stripping, the cross
sections for o + d breakup events from the °Li 3" (2.18 MeV)
state are shown in Fig.2(c). Excited states of 94Nb up to
1.0 MeV were considered. The differential cross sections for
o+d events from the breakup of °Li formed after 1n stripping
are larger than those for a+t events from the resonant breakup
of "Li, while those for a+a events due to 1p pickup forming *Be
aresmaller[20, 21].

Data Analysis and Results (B)

The residues populated by t-capture, complete fusion
(CF), and nucleon(s)-transfer identified by detecting their
characteristic y-rays. The a-particle gated y-ray spectrum, were
obtained, which shows the major reaction processes
contributing to the a-particle yield. The relative yields of y-ray
transitions from the residues of t- capture (***>Mo) are found to
be greater than the others. The other reaction mechanisms
contributing to the o yields, namely, 1p pickup ('Li,’Be —
o + o) *Zr, inelastic excitation ('Li,"Li* — o + t)*Nb, 1n stripping
('Li,°Li* — o + d)*'Nb, and 2n-stripping ('Li,’Li — a+p)*°Nb were
alsoidentified.

The cross sections for the residues from the t-capture
mechanism, ****Mo, were extracted. For **Mo, the yrast y-ray
transitions built on the ground state up to the J" = 10" excited
state was considered. The cross sections for 95Mo were
obtained by adding the y-ray transitions feeding directly to the
ground state. The *Mo nucleus has a 21/2" isomeric state at
E..=2.425 MeV with half-life T, , = 6.85 h. The cross section for
*"Mo was obtained by following the radioactive decay of the
isomeric state. The uncertainty in the measured cross sections
were estimated considering (1) statistics, (2) y-ray detection
efficiency, and (3) available spectroscopic information of the
residues. For off-beam measurements uncertainty in the
target thickness was also included.

The a-capture and 2n-stripping mechanisms lead to ****Tc

and *Nb. These nuclei are radioactive with reasonable half-
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Fig.2: The measured cross sections for t-capture, a-capture, CF, inclusive-
are denoted by filled triangles, open squares, filled circles, and filled
squares, respectively. The blue line is the estimated a-evaporation cross
section from the statistical model calculations. The calculated reaction
cross sections are also shown by the black line.
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lives for decay from their ground states [T,,(*Tc) = 20.0 h,
T,.("Tc) = 4.28 d, T,,("Nb) = 34.99 d] as well as from
metastable states [T,,(*Tc) = 61d, T, ,(*Tc) =51.5m, T, ,(*Nb)
= 3.61 d]. The y-ray transitions corresponding to decay of ****Tc
and *Nb were identified. The cross sections were extracted
following the half-lives of each transition. The complete fusion
of 'Li with ®Nb forms the compound nucleus (CN) **Ru, which
decays predominantly by neutron and proton emission. The
characteristic prompt y-ray transitions of the evaporation
residues (ERs) ****Ru and *'Tc were also identified. The cross
sections of ***Ru and *'Tc were obtained using the in-beam
method. The cross sections for “Ru were also extracted using
the off-beam y-ray counting method and found to be consistent
with the in-beam measurements and with the values reported
in Ref.[22].

The cross sections of individual residues from « and
t-capture were corrected for the contribution from the
compound nucleus. The t-capture, a-capture, and complete
fusion cross sections were obtained by taking the sum of
individual residue cross sections and are presented in Fig.2
[23]. The cross sections for t-capture are found to be larger
than those for a-capture at all energies, in agreement with the
results reported in earlier studies with "Li projectiles [24-26].
The estimated «-particle evaporation and the extracted
reaction cross sections are also plotted in Fig.3.

The t-capture reaction can arise due to either direct
stripping of a cluster from a bound state of the projectile or
fusion of one of the “free” fragments after breakup of the
projectile, i.e., so called breakup-fusion [23]. These two
mechanisms were disentangled by proper kinematic
conditions. The o-particle energy spectrum at 35° gated with
the characteristic y-rays of °***Mo shows a substantial
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Fig.3: Measured energy-angle correlation spectrum of inclusive « particles
in the "Li+*Nb reaction compared with the kinematical line for Q,,, (dot-
dashed line) and the DWBA calculations (dashed line) for t stripping. Mean
values of the measured a-energy at three different laboratory angles in
coincidence with prompt y rays are shown as filled circles along with the
width (FWHM). The results of a breakup simulation are shown as contours
(see text for details). The energy of the triton calculated from the mean
energy of the inclusive o spectra assuming breakup followed by capture of
a triton by the target is shown by the dot-dot-dashed line. The arrow
indicates the position of the Coulomb barrier between the triton and *°Nb.
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population of E, >20.5 MeV. From Q-value arguments of free-t-
fusion, the a-particles (E, >20.5) must be exclusively due to
direct t-cluster stripping from bound states of Li to bound
states (with respect to triton emission) of 96Mo, allowing us to
putalower limit of ~30% on this contribution [27].

The energy-angle correlations of the a-particles were
analyzed for further investigation. The experimental
correlations obtained from the inclusive and exclusive
measurements are compared with those estimated as due to
direct stripping and breakup in Fig.3. The measured inclusive
and exclusive correlations exhibit similar characteristics. While
the experimental correlations are in good agreement with both
the kinematical curve using the optimum Q-value and DWBA
calculations for t-stripping over a wide angular range (25°-
125°), the result of the breakup simulation has very different
characteristics. This further demonstrates that breakup does
not make a significant contribution to the a-particle production
and ICF. The energy of the triton (E) deduced from the
measured mean values of E, assuming the a-t breakup
mechanism is found to be less than the Coulomb barrier
between the t-fragment and **Nb (indicated by the arrow) over
the whole angular range. This also indicates that, due to the
fusion barrier, breakup followed by fusion of the triton is very
unlikely. This systematic investigation establishes the
dominance of cluster stripping over breakup-fusion as the
main source for the large a-yields and ICF.

Summary and Conclusion

In summary, the present work reports for the first time a
detailed study of the various breakup mechanisms, 1p pickup
and 1n stripping to unbound states of the ejectile and direct
breakup, for the same system at energies close to the Coulomb
barrier. The absolute cross sections for t-capture, o-capture,
and 2n stripping along with the complete fusion were also
measured using the in-beam and off-beam y-ray counting
methods. The present study shows that the t-capture
mechanism is the dominant reaction channel for the
production of o particles and accounts for 62-73% of the
measured inclusive o cross sections. The 2n stripping (°Li —
o+ p) cross sections together with earlier data on the 1p pickup
(®Be — o + o), inelastic excitation ('Li* — o + t), and 1n
stripping (°Li* — o + d) explain ~ 15% of the inclusive o cross
sections. The statistical model predictions of the compound
nuclear contributions from a-evaporation account for 10-20%
of the inclusive o cross sections. With proper choice of
kinematical conditions, it has been possible for the first time to
populate with significant strength the part of the spectrum
accessible to triton cluster stripping only and not to breakup.
This provides direct experimental evidence for the dominant
role of the stripping process and also allows a meaningful
comparison with theoretical models. CDCC, DWBA and CCBA
calculations were performed to analyze a comprehensive data
set comprising elastic scattering, direct breakup, transfer
breakup and t-stripping reaction channels.

This unique comprehensive dataset offers a test-bench
for further development of state-of-the-art theoretical
formalisms (e.g. [28-30]) for reactions involving weakly bound
stable/radioactive nuclei, which are also used to simulate
nucleosynthesis.
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