
Dynamics of fragment capture for cluster structures of weakly bound 7Li

A. Shrivastava1,a, A. Navin2, A. Diaz-Torres3, V. Nanal4, K. Ramachandran1, M. Rejmund2, S. Bhattacharyya5,
A. Chatterjee1, S. Kailas1, A. Lemasson2, R. Palit4, V.V. Parkar1, R.G. Pillay4, P.C. Rout1, and Y. Sawant4

1Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
2GANIL, CEA/DSM - CNRS/IN2P3, Bd Henri Becquerel, BP 55027, F-14076 Caen Cedex 5, France
3ECT∗, Villa Tambosi, I-38123 Villazzano, Trento, Italy
4DNAP, Tata Institute of Fundamental Research, Mumbai 400005, India
5Variable Energy Cyclotron Centre, 1/AF Bidhan Nagar, Kolkata 700064, India

Abstract.
Role of cluster structures of 7Li on reaction dynamics have been studied by performing exclusive measurements
of prompt-γ rays from residues with scattered particles at energy, E/Vb = 1.6, with 198Pt target. Yields of the
residues resulting after capture of t and 4,5,6He, corresponding to different excitation energies of the composite
system were estimated. The results were compared with three body classical-dynamical model for breakup
fusion, constrained by the measured fusion, α and t capture cross-sections. The cross-section of residues from
capture of α and t agreed well with the prediction of the model showing dominance of the two step process -
breakup fusion, while those from tightly bound 6He showed massive transfer to be the dominant mechanism.

1 Introduction

Correlations among nucleons in case of weakly bound
nuclear systems give rise to strong clustering and exotic
shapes [1, 2]. Recent studies with weakly bound nuclei
have focused on the understanding of the role of these
novel structures in the reaction dynamics [3]. Dominant
reaction modes in nuclei with low binding energies, in-
volve inelastic excitation to low lying states in the con-
tinuum or transfer/capture of one of the cluster fragments
from their bound/unbound states to the colliding partner
nucleus [3–5]. When the capture occurs from unbound
states of the projectile, the process could be looked upon as
a two step process - breakup followed by fusion [6–8]. In
case of well bound nuclei, nuclear reaction related to cap-
ture of heavy fragments by the target has been identified as
incomplete fusion or massive transfer [9] and occurs pre-
dominately at energies ≥ 10 MeV/A. For weakly bound
cluster nuclei such as 6,7Li, the former has been shown to
be important both above and at energies much below the
Coulomb barrier [10, 11]. Earlier studies have found the
process of breakup fusion to be more dominant over one
step transfer in case of 6Li(7Li) for deuteron (triton) cap-
ture reaction [6–8].

Recently a theoretical description of breakup fusion
for weakly bound nuclei has been incorporated in the
three-dimensional classical trajectory model [4], consid-
ering the peripheral nature of the process for predicting
both the spin distribution and sharing of excitation energy.
In contrast to most existing models for incomplete fusion,
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the new approach [4, 5] treats the dynamics of incomplete
fusion and provides a number of differential cross sections
that are critical for understanding exclusive experimental
data. Such a theoretical model now allows for the first
time to interpret data from exclusive experiments, which
was not possible earlier.

In this presentation, study of the process of fragment
capture for the various cluster structures (α + t, 6He+p
and 5He+d) of 7Li, exploiting the above model and using
exclusive particle-gamma coincidences to uniquely iden-
tify reaction channel, is discussed [12]. First section deals
with measurements of integrated cross-sections of com-
pound nuclear fusion, t and α-capture using both off- and
in-beam gamma decay along with yields of the evaporation
residues for different excitation energies of the compos-
ite system. These results are compared with those of the
recent three-dimensional classical trajectory model [4, 5]
in conjunction with the statistical model of compound nu-
cleus evaporation in the second section followed by the
summary.

2 Identification and cross-section
measurement for fragment capture
reaction:

Experiments were performed at the 14UD pelletron-
LINAC Facility, Mumbai for measurement of the (a) exci-
tation function for fusion, t-capture and α-capture and (b)
measurement of the prompt γ-rays from the heavy residues
in coincidence with various light particles α, t, d and p.
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Figure 1. (Color online) Integrated cross-sections for
compound-nuclear fusion (199−202Tl), t-capture (198−200Au) and α
-capture (199−200Hg). The dashed lines are to guide the eye.

The measurement of the cross-section of the residues
resulting from the process of fusion and t-capture were
performed with beams of 7Li in the range of 22 to 45
MeV incident on self supporting foils of 198Pt target fol-
lowed by an Al catcher foil. Two efficiency calibrated
HPGe detectors with Be window were used in a low back-
ground counting setup with graded shielding for off-beam
gamma ray measurements. The residues in case of fu-
sion (199−202Tl) were identified by using KX-γ-ray coin-
cidence of the decay radiations from the irradiated sam-
ple with detectors placed face to face. The γ-ray yields
for residues formed after t-capture (198−200Au) were ex-
tracted from inclusive γ-ray measurements. The cross-
section of the residues, 199Hg and 200Hg from α-capture
were deduced by performing in-beam method using four
efficiency calibrated clover detectors at beam energies of
29 and 45 MeV. Further details of the setup can be found
in Refs. [10, 12]. The excitation function for fusion and
fragment capture are plotted in Fig. 1.

The measurements for exclusive in-beam γ decay of
the residues were performed using a 7Li beam of energy
45 MeV, incident on 198Pt. Four telescopes (∆E∼25-30µm
and E∼1mm) at 50◦, 60◦, 120◦ and 130◦ (covering the re-
gion near and away from the grazing angle) were used to
measure the charged particles. Four efficiency calibrated
Compton suppressed clover detectors, operated in an add-
back mode, were placed at 14.3 cm from the target at an-
gles of 35◦, -55◦, 80◦, and 155◦. A coincidence between
any charged particle recorded in the ∆E and a γ-ray in any
clover detector or a two fold γ-ray coincidence between
clover detectors was used as the master trigger. The reac-
tion products arising from different channels were identi-
fied by their characteristic γ-ray transitions in coincidence
with the outgoing particles. In the following we discuss
the γ-ray spectra obtained by selecting different ejectiles
recorded in the telescopes placed at 50◦ and 60◦ that cover
region around the grazing angle. At backward angles, the
contribution from fragment capture reaction was verified
to be negligible.
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Figure 2. (Color online) (a) Prompt γ-ray spectra obtained in
coincidence with outgoing t (α-capture) having an energy 10
to 20 MeV (b) Residue cross-sections as a function of excita-
tion energy (E∗) of the primary composite system formed after
t-capture. The E∗ in 202Hg, corresponding to kinetic energy (Eα)
of the surviving α- particle is calculated from the classical trajec-
tory model of breakup-fusion - platypus.

Plotted in Fig. 2a is the γ-ray spectrum gated by the
outgoing tritons with kinetic energy between 10 to 20
MeV, showing peaks from the residues of the compos-
ite system, 202Hg, corresponding to capture of α-particles
by the 198Pt target. In case of 199Hg, the γ-ray transi-
tions feeding the long lived isomeric state (13/2+, T1/2 ∼

42.8 min), known from an earlier study in α +198Pt system
are labeled. The triton spectrum from the two telescopes
was further divided in to smaller energy bins (2.5 MeV) to
study the variation in population of the residues as func-
tion of triton energy and is shown in Fig. 2b. The relative
population of 200Hg corresponding to each bin of the tri-
ton spectrum were estimated from the efficiency corrected
yields of γ-ray transition to the ground state. A similar
procedure was followed for 199Hg for transitions above the
isomeric state, 13/2+ at 532 keV.

In Fig. 3a, the γ-ray spectrum obtained in coincidence
with α-particles shows contribution arising from differ-
ent reaction channels. The main γ-ray transitions in the
spectrum arise from 198,199Au (residues due to t-capture).
Shown in Figs. 4a,b are the γ-ray spectrum in coincidence
with the deuterons and protons respectively. Comparing
these spectra with Fig. 2a, it can be noticed that more neu-
tron rich residues (due to capture of the heavier comple-
mentary particle), are populated in going from spectra in
coincidence with t to p. In the γ-ray spectrum gated by the
deuterons, the peaks arise mainly from the residues that
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Figure 3. (Color online) Same as Fig.2 but for t-capture

can be attributed to decay of 203Hg arising from the cap-
ture of 5He (Fig 4a). The known γ-ray transitions from
200,201Hg could be identified. The dominant peaks ob-
served in Fig. 4b are from the 201,202Hg residues, of the
composite system 204Hg formed after capture of 6He. The
γ-ray transitions from 199,200Pt, corresponding to one and
two neutron transfer reactions are observed in the α, d and
p gated spectra resulting from neutron transfer followed
by breakup reactions [13].

The peaks at 366 keV and 241 keV in Fig. 4b could not
be identified among the known transitions of 200,201,202Hg
and 200Pt. A probable candidate could be from the decay of
states above the 13/2+ isomer in 201Hg. No spectroscopy
information of the prompt gamma transition above this
state is presently available in literature. Change in γ-
ray intensity of these transitions as compared to transi-
tions from 202Hg was studied with different energy bins of
the scattered proton, further confirming this assignment to
201Hg. This observation shows advantage of the breakup
fusion reaction for studying nuclear states at higher spin,
not accessible by the compound nuclear fusion, earlier
demonstrated in Ref. [14].

2.1 Analysis with Classical Trajectory model

The platypus calculations were carried out considering 7Li
as α + t cluster, having a binding energy of 2.47 MeV.
In this calculation breakup fusion occurs when any of the
breakup fragment (α or t) penetrates the Coulomb bar-
rier between the fragment and the target. Complete fu-
sion occurs when the entire projectile, 7Li or both α and
t get captured inside the interaction barriers. Parametriza-
tion of the Coulomb and nuclear potential was same as in

Figure 4. (Color online) In beam γ-ray spectra in coincidence
with outgoing fragments (a) d and (b) p. The gamma transitions
from the residues populated from capture of 5He and 6He are
indicated in (a) and (b) respectively. The γ-rays arising from 1n
and 2n-transfer (199,200Pt) are also labeled.

Ref. [4]. Parameters necessary for the breakup-probability
function [A exp(−βR)], where R denotes the internuclear
distance] were obtained by reproducing the measured in-
tegrated cross-section of t-capture and α- capture and the
complete fusion for 7Li + 198Pt (Fig.1). The calculations
were found to be in agreement with the shape of the mea-
sured energy spectrum of surviving α-particles and t.

To get further insight into the mechanism of fragment-
capture, the measured yields of the evaporation residues
obtained from the particle-gamma coincidence data were
compared with the predictions from platypus + pace2 for
different excitation energies (E∗) of the primary composite
system as discussed below. The spectrum of the surviv-
ing α-particles, after capture of the complementary frag-
ment (t), represents the cross-section for breakup-fusion
as a function of the kinetic energy of the α-particles (Eα).
This can be expressed as a function of E∗ of the composite
system 201Au, by obtaining the E∗ for each value of Eα,
using the dynamical variables at the instant of breakup of
7Li into α+t on an event by event basis. The calculated
E∗ and the corresponding breakup fusion cross-section as
a function of spin (σJ vs J) were given as input to the sta-
tistical model code pace2 [15] for calculating the evapora-
tion residue cross-sections from decay of 201Au formed af-
ter triton-fusion. The calculated values of absolute cross-
sections for the residues, 198,199Au, are plotted as solid and
dashed curves in Fig. 3b. The measured yields of 198Au
from the second bin of α-particle spectrum, were normal-
ized to the calculated cross-section obtained using pace2
for the E∗ = 30 MeV that corresponds to the Eα = 24 MeV
(center of the bin used). The cross-section for 198,199Au
deduced after applying the same normalization to their re-
spective yields in each bin and are plotted in Fig. 3b. The
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errors on cross-sections are only statistical in nature. A
reasonably good agreement is observed with the calcula-
tion. These results suggest that the main mechanism re-
sponsible for t- capture is fusion of t after breakup of 7Li,
as modeled in the platypus code. Following the same pro-
cedure, cross-sections for residues arising from the capture
of α-particles for a given energy (corresponding to outgo-
ing triton energy) were calculated from pace2, using spin
distribution and excitation energy of 202Hg obtained from
platypus and are shown in Fig. 2b. The calculated cross-
section of 200Hg at E∗=27 MeV was used to normalize the
measured yield of 200Hg and 199Hg. In case of 199Hg the γ
-ray transitions only above the (13/2+) isomeric state were
considered hence the measured cross-sections only pro-
vide a lower limit for this channel. The energy dependence
of formation of both the residues agrees well with the sta-
tistical model calculations, showing a similar dominance
of the breakup fusion process. The platypus calculations
indicate that the breakup fusion process is dominated by
breakup events with Erel ≤ 4 MeV, which only includes
prompt breakup. This type of breakup is critical, as the
resonant states have life time larger than the interaction
time [16].

A similar analysis was attempted by modeling 7Li as
a cluster of 6He+p (breakup threshold 9.975 MeV). The
average E∗ of the composite system 204Hg computed us-
ing Platypus is high (42 MeV) due to large positive Q-
value (+12.4 MeV) for 6He fusing with 198Pt. The ma-
jor residue channels predicted at this E∗ and over the
measured range of proton energies are 199,200Hg. The γ-
transitions for 199Hg are not observed while those from
200Hg are found to be populated weakly (with the pro-
ton gate). Multi-nucleon transfer reactions are known to
take place preferentially at an optimum Q-value (Qopt) ob-
tained from the semi-classical trajectory matching condi-
tion [17]. The available E∗ (Qgg-Qopt = 31 MeV) from
transfer of 6He is favorable for populating the residue
channels 201,202Hg, which is consistent with the present
measurement (Fig. 4b). The same is found to be applicable
for the 5He + d cluster structure of 7Li (breakup threshold
= 9.522 MeV, fusion Q value = +6.75 MeV). The average
E∗ calculated from Platypus for this combination favors
residue channels 198,199Hg for which the γ transitions are
not visible in the d gated spectrum. While the lower E∗

estimated from transfer Q-values is more suited for popu-
lating 200Hg, in concurrence with the data (Fig 4a). Based
on these observations it can be inferred that, for the cap-
ture of 5,6He from the well-bound cluster configurations
of 7Li, the large value of the breakup threshold does not
favor the process of breakup fusion, unlike that for the t
and α particles that are weakly bound in 7Li, and massive
transfer from bound states could be the main process.

2.2 Summary

The cross-section of evaporation residues for different ex-
citation energies of the composite system, formed after fu-
sion of t and α particles were successfully explained, by
the classical dynamical model of breakup fusion. This in-
formation can be useful for studying nuclear structure of
the nuclei formed as 5,6He +target or t + target, using a 7Li
beam [18]. A good agreement between the calculations
and the measured quantities suggests, the dominant mech-
anism of capture of the fragments with low binding energy
in 7Li (t and α) after the inelastic excitation of 7Li above
the breakup threshold is breakup followed by fusion. In
case of capture of 5He+d and 6He+p clusters with rela-
tively high binding energy in 7Li, the evaporation residues
are more neutron rich than predicted from the model for
fusion of 5He and 6He after the breakup, suggesting that
the mechanism is not breakup fusion but could be massive
transfer.
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