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SYNOPSIS

Towards the cessation of the 19** century many scientists thought that no new advances
in physics remained to be made. Yet within ten years Henri Becquerel, Pierre and Marie
Curie as well as Ernest Rutherford succeed in marking out an entirely new branch of
physics called radioactivity. In 1911, the famous gold-foil experiment carried out by
Rutherford and his group has laid the foundation of nuclear physics. Later the discovery
of neutron by Chadwick confirmed the composition of nucleus as a combination of proton
and neutron. With the motivation to extract the structural information of nucleus, such
as size, shape, lifetimes etc., first artificial nuclear reaction involving accelerated beam of
projectiles with stationary target was initiated by Cockecroft and Walton in 1932 [1]. After
the invention of artificial accelerators the production of nuclei by fusion became possible
and as a result nuclear landscape has widened greatly. So to quest for the origin of matter
one has to rely on the studies of the nuclear reaction. However, only few nuclei are stable
(around 300), others are unstable. The plot of the neutron number versus proton number
known as Segre Chart distinguishes the stable nuclei from the unstable ones that spread
on bothsides of the stability line. If we go farther away from the stability line, nuclei
become more unstable and instability reaches to a point, where emission of particle starts
to achieve the stability. To understand the whole region of the Segre Chart, the complete
information of stable and unstable nuclei is required. Lots of studies have been done
near the stability line, but the knowledge of nuclei far away from the stability valley is
insufficient, because those nuclei have very short lifetime or radioactive. The properties
of these nuclei also influence explosive astrophysical events such as supernovae. However,
direct measurement of structural properties of these nuclei is not possible because of their
short life times and limited availability. So, one has to search for the indirect methods
in order to obtain the structural information of these rare exotic nuclei. The weakly
bound stable projectiles, like ®"Li and Be, show somewhat similar behaviour (such as

low breakup threshold, core+valence cluster structure, etc.) as that of the exotic nuclei.
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Therefore, by studying the reaction mechanism of %7Li and ?Be, the nuclei which can be
made available easily and abundantly from the stable beam accelerators, one can predict
some of the interesting properties of the weakly bound exotic nuclei. Motivated by this,
the studies chosen for the present thesis work is on the reactions involving weakly bound
projectiles %Li and "Li.

As %7Li nuclei are weakly bound by nature and exhibit cluster structure like a + x,
where z is a deuteron or triton, while moving in the field of the target, they may directly
dissociate into their cluster constituents or may get in-elastically excited to one of the
resonant states (with finite life time) before dissociating into ‘e’ and ‘z’ fragments. Several
measurements involving the above weakly bound projectiles show significantly larger cross
sections for the inclusive alpha particle production compared to the production of the
complementary fragment ‘x’. This indicates that there are mechanisms other than direct
(and resonant) « + x breakup which are responsible for such a large production of alpha
particles [2]. The other processes may include the exchange of nucleons between the
weakly bound projectile and the target forming the intermediate quasi-bound projectile-
like fragments which in turn dissociate into two fragments out of which at least one of
the fragments is o, and this process is known as transfer breakup.

Another interesting observation in the reactions involving weakly bound projectiles is
the suppression of complete fusion cross section at above barrier energies [3,4]. Due to
low breakup threshold, there is a certain probability of breakup of the projectile before
it reaches the fusion barrier of a target nucleus leading to loss of incoming flux. It
may so happen that only one of the breakup fragments gets captured and the other
escapes. So, the chance of complete capture of whole projectile by the target is reduced.
However, the effect on complete capture probability, i.e., on complete fusion cross section,
depends on the location of the breakup associated with the time scale of different states of
intermediate projectile-like nuclei through which the breakup occurs. It may be possible

that both direct as well as sequential breakup processes are responsible for the suppression
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of complete fusion and the enhancement of incomplete-fusion cross-sections. As the heavy
ion transfer reaction is peripheral, the probability of particle pickup/stripping by/from
the projectile observed to be the maximum at the grazing distance. Now, if the states of
intermediate projectile-like nuclei through which the breakup occurs is short lived (~1072
sec.) then the breakup occurs near to the target and only one of the two breakup fragments
gets captured by the target leading to the suppression of complete fusion cross-section.
So, apart from the direct breakup of the projectile to its cluster constituents, the transfer
breakup has also its own importance.

Now, the main motivation of the present thesis work was to measure and find out the
dominant modes of breakup of the projectiles ®7Li and understand the underlying reaction
mechanisms involving weakly bound projectiles. Several measurements involving %7Li
projectiles exist in the literature [5,6,7] where some of these breakup channels have been
studied but the complete reaction mechanism is still far from being fully understood. So,
it is of tremendous interest to study the topic of breakup reactions in the present context.
There are inconsistencies in the existing data of different breakup cross sections leading
to different conclusions on the dominance of various breakup modes. Of course, these
measurements involve different targets and sometimes with same targets but different
energies. So, it is worth looking for the dependence on target as well as beam energy. With
these motivations, we proposed to study the breakup reaction mechanisms in the reactions
involving ®“Li as projectiles and a medium mass target 12Sn, as the experimental data
with medium mass targets are scarce. To study the energy dependence, measurements
have also been done for a particular projectile-target system at two different energies.

Several studies have shown that the resonant breakup is one of the most dominant
breakup channels. For example, in case of °Li+2?"Bi system the breakup of °Li into o+ d
via its 37 resonance state was dominant [6]. Similarly, in "Li+%Cu reaction, the 1n
transfer followed by breakup of °Li into o +d via 3% and 2% resonances has been observed

[5]. It has been well established that the relative angular momentum of @ and d involved
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in the above breakup correspond to L=2 [8]. So, one would expect the breakup of °Li
via all three resonance states with L=2, i.e., 3%, 2 and 17 states should occur. But,
so far there is no measurement available in the literature on the experimental breakup
cross-section of %Li into « + d via its 1% resonance state. So, it would be interesting to
look for such new breakup channels that may help understand the reaction mechanism
better. The search for the 11 resonant breakup state along with the breakup via other well
known resonances and dominant transfer triggered channels will provide deeper insight
to explain large cross sections for inclusive o production.

Similar measurements have also been carried out for “Li induced reactions, namely
"Li+!''2Sn reaction, where we search for the breakup via new resonant states of
"Li, different transfer triggered breakup channels, possible new channels of direct
breakup(“Li—®He+p) and compare their relative cross sections. The cluster structure
of a light nucleus plays an important role in predicting possible breakup channels. The
"Li as a cluster of a and ¢ with a binding energy of only 2.47 MeV is very well known.
Direct breakup of "Li into o+ and sequential breakup via the first resonance state (7/27,
4.63 MeV) of the cluster have been measured in a few systems. But, there is no mea-
surement available on the sequential breakup corresponding to the second resonance state
(5/27, 6.67 MeV). The study of the second resonance state is however very important
as various studies on elastic scattering show a significant effect of coupling of the 5/2~
state of “Li [9,10]. So, the interest was to measure this new channel to understand the
mechanism of « 4 ¢ resonance breakup.

Cluster models of the structure of the light nuclei often provide a rather simple de-
scription of some of the energy levels which are difficult to access in the usual shell model
framework. So far the cluster structure of "Li as « + ¢ and ®Li+n is well established [11].
But "Li may also exist as a cluster of ®He+p, but no experimental observation is avail-
able. So the observation of the direct breakup of “Li into *He and p, i.e., "Li—5He+p,

will provide a direct evidence on the possibility of an additional cluster structure of 7Li
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and help us understand the complete structure of "Li and its energy levels.

Another interesting aspect is the proximity of the projectile breakup to the target
nucleus (related to the timescale of the breakup). If the breakup occurs prior to reaching
or near the fusion barrier, then that breakup which is known as near target breakup is
responsible for CF suppression. On the other hand if the breakup occurs far away from
the target nucleus, known as asymptotic breakup, it would not be responsible for complete
fusion suppression. So to identify the breakup states that are responsible for complete
fusion suppression it is essential to separate out the asymptotic breakup components from
the near target one.

Based on the above mentioned motivations, several measurements were carried out
involving weakly bound projectiles SLi and "Li at a beam energy of 30 MeV (E/Vz~1.35)
using 14UD BARC-TIFR Pelletron-Linac facility. Self-supporting enriched (> 99%) *'2Sn
foil of thickness ~540 ug/cm? was used as target. In order to detect all the desired breakup
channels mentioned above in coincidence, an large array of maximum five-telescopes con-
sisting of ten double sided silicon strip detectors as AE-E have been used. Two Si surface
barrier detectors (M; and Ms) of thickness 1 mm were placed at £20° with respect to
the beam direction for normalization and beam monitoring. In addition, there were five
single telescopes (T4- T5) of silicon surface barrier detectors (with AE ~50pum, E ~1000-
2000 pm) placed on the second rotatable arm of the scattering chamber to measure the
elastic scattering angular distribution covering additional angular range as well as some
overlapping angles for normalizing the elastic counts of the strip telescopes. In addition,
the measurements involving °Li beam has been performed at another energy of 22 MeV
(around the Coulomb barrier) to investigate the energy dependence of different breakup
cross-sections. For the determination of inclusive cross-sections for the production of dif-
ferent charged particle like o, *He, ¢, d and p the measurements have been carried out for
five different energies ranging from 22 MeV to 30 MeV in steps of 2 MeV. The outcomes

of the above measurements are as follows:
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(a) Direct, resonant and transfer breakup in °Li by ''?Sn:

The major projectile-breakup channels observed in the °Li+!2Sn reaction at Ejeqn
= 30 and 22 MeV are (i) direct and sequential breakup of ®Li—a + d, (ii) sequential
breakup via In stripping followed by breakup into a + p, and (iii) sequential breakup
via 1d pickup followed by breakup into o + o [12]. The sequential « 4 d breakup modes
of °Li via its resonant state ‘17" (5.65 MeV) along with ‘27 (4.31 MeV), and ‘37 (2.18
MeV) states in the continuum have been identified for the first time through the relative
energy distribution and the cross-sections for all these breakup channels were measured
[12]. Breakup via the 3" state of 5Li in the continuum, dominates the total a+ d breakup
cross section at Epeqm = 30 MeV. However, at Epeqn = 22 MeV, only direct breakup of °Li
into a 4+ d is observed. The breakup channels proceeding via 1n and 1d transfer reactions
are observed at both the energies. The relative energy spectra show that o 4 p breakup
proceeds via the ground state of °Li (E,4=1.97 MeV) for both the beam energies. For
the a + a breakup channels, the breakup at Epeq,n = 22 MeV proceeds only through the
0" state of ®Be whereas at Epeqn = 30 MeV it proceeds through both 07 (0.092 MeV)
and 2% (3.12 MeV) states of ®Be. Experimental o + d breakup cross sections via three
resonance states of %Li reasonably agree with the CDCC calculations. A comparison of
breakup cross sections at two energies reveals that the cross sections for o+ d breakup for
the present system are more than a+p as well as a+ a breakup. All the breakup channels
observed in the present measurements produce « as one of the two breakup fragments
and contribute to the total inclusive « yield. The additional channels, i.e., o+ x breakup
followed by x capture, and 1p transfer followed by a + n breakup are expected to have
significant contributions in inclusive «.

(b) Direct, resonant and transfer breakup in “Li by '?Sn:

Direct and sequential breakup of the projectile in the "Li+!2Sn reaction has been
measured at a beam energy of 30 MeV. Cross sections for sequential breakup of "Li into «

and ¢ cluster fragments via its second resonant state of 5/2 (6.68 MeV) in the continuum
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have been measured for the first time along with the first resonant state (7/27,4.63 MeV)
[13]. Probabilities of sequential breakup proceeding through -1n and -2n transfer channels,
i.e., ("Li,%Li) and ("Li,’Li) reactions followed by breakup, into o + d and « + p respec-
tively were found to dominate over o + t breakup. Measured cross sections for the above
breakup channels and elastic scattering have been compared with the coupled-channels
calculations to understand the reaction mechanism involving the weakly bound projectile
"Li. Significant cross section for direct breakup of "Li—®He+p has also been measured for
the first time, indicating the importance of the new (“He+p) cluster configuration that
may be necessary to understand the complete structure of “Li and its energy levels [13].

The a — « coincidence data from the above measurements have also been analyzed
to investigate the possible breakup of ®*Be via new resonance states. Relative energy
distribution along with Monte-Carlo simulation in fact confirms the observation of breakup
of ®Be from its 47 (11.35 MeV) resonant state for the first time along with its well-known
0% (92 keV) and 27 (3.12 MeV) resonances [14]. The experimental cross sections for +1p
transfer induced breakup in ("Li,®Be—2a) reaction through different resonance states
of ®Be have been obtained and compared with the coupled channels calculations. The
spectroscopic factors for several new overlaps responsible for ®Be production have been
obtained by reproducing the experimental oo + o breakup cross-sections.

(c) Elastic, inelastic and inclusive alpha cross-sections in ‘Li+!'?Sn system:

The differential cross sections for inelastic scattering and inclusive alpha have been
extracted for ®Li+'?Sn system at a beam energy of 30 MeV. Coupled-channels calcu-
lations are performed to include the effect of projectile breakup and target excitations.
The normalized cluster-folded potential that explains simultaneously the elastic and two
inelastic states are used to calculate the projectile breakup cross sections. The calculated
non-capture breakup cross section of SLi—a + d is found to be very small compared to
the inclusive alpha yield suggesting possible a contributions from various transfer induced

breakup channels [15].
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In order to understand the origin of production of large o particle, the Li+!''2Sn
reaction was studied at near-barrier energies. Angular distributions were performed at
five bombarding energies, namely, 22.0, 24.0, 26.0, 28.0 and 30.0 MeV. The distributions
were characterized by a Gaussian shape, which was integrated in order to obtain « particle
cross sections. The results were compared with previous data [2,16-20] of %Li scattering
on various heavier targets and found to exhibit a universal behaviour. The non-capture
breakup channels of %Li only explains ~25% of the total o and thus indicating that the
d-capture as most dominant channel responsible for such high inclusive o production.
In addition to inclusive a, the angular distribution of other products like 3He, ¢, d and
p are measured for the same energies and it has been observed that the a production
cross-section is much higher than each of the other channels.

To conclude, the present thesis work has looked into the possibilities of the different of
breakup channels of two weakly bound nuclei °Li and “Li. The role of cluster structure of
the projectiles on possible breakup modes has been investigated. Several new results have
been observed for the first time as mentioned above which has advanced the understanding
of the field. Angular distribution of cross-section for different breakup channels were
estimated and compared with the coupled channels calculations. The detailed study of
resonant, direct and transfer induced breakup into two fragments via different resonant
states provides a good foundation towards understanding the reaction mechanisms of total
« production, the sequential modes of projectile breakup and their impact on fusion cross
sections.

The thesis has been organized as follows: In Chapter 1, a brief introduction to the
heavy ion reactions has been given. Reaction mechanism involving weakly bound nuclei
and the current status in the field has been presented along with the general motivation
for the thesis work. Chapter 2 describes the general experimental techniques used for the
detection of breakup fragments in coincidence along with singles measurement of elastic

and inclusive particle. A brief description of the coupled channels formalism used in

xx1



the analysis has been presented in Chapter 3. Chapter 4 highlights the resonant, direct
and transfer breakup of °Li by ''2Sn [12]. In chapter 5, the role of cluster structure
in the breakup of "Li has been discussed [13]. The resonant breakup of ®Be in ''2Sn
("Li,*Be—2a) has also been described here [14]. The inclusive cross section for «, *He,
t, d and p and the production mechanisms of large inclusive « yield have been presented
in chapter 6 [15]. The summary of the thesis along with the future scope of the work is
highlighted in Chapter 7.
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Chapter 1

Introduction

Towards the cessation of the 19'" century, after a few amazing discoveries, many scientists
thought that no new advances in physics remained to be made. Yet within ten years
Henri Becquerel, Pierre and Marie Curie and additionally Ernest Rutherford discovered
an entirely new window of physics called radioactivity. In 1911, the well-known gold-
foil experiment carried out by Rutherford and his group laid the foundation of nuclear
physics. Later the discovery of neutron by Chadwick confirmed the composition of nucleus
as a combination of proton and neutron. With the motivation to extract the information
related to the size, shape, lifetimes etc. of nucleus, first artificial nuclear reaction involving
accelerated beam of projectiles with stationary target was built by Cockeroft and Walton
in 1932 [1]. Advancement in building new accelerators which could efficiently accelerate
these heavy ions (A>4) was initiated by Alvarez in 1940, where he produced 50 MeV 2C6+
ions [2]. By 1950, with the go for creating new transuranic elements, one of the first results
of heavy ion reactions were obtained with 2C and *C beams of energies around ~110-
120 MeV, that were bombarded onto Al and Au to produce **Cl and **At [3]. Since
then a new branch of nuclear reactions induced by heavy ions emerged with the aim of
producing elements heavier than those occurring naturally. After the invention of such
artificial accelerators the production of nuclei by fusion became possible and as a result

nuclear landscape has widened substantially. So to look for the origin of matter one has
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unknown
nuclei
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stable nuclei
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Figure 1.1 The Segre chart.

to depend on the studies of the nuclear fusion reactions. However, only a few nuclei are
found to be stable (around 300). Fig. 1.1 represents the plot of the neutron number(N)
versus proton number(Z) known as Segre Chart distinguishes the stable nuclei from the
unstable ones that spread on both sides of the stability line. If we go farther away from
the stability line, nuclei become more unstable and instability reaches to a point, where
the nuclei can no longer hold any more neutron(neutron drip-line) or proton(proton drip-
line). To grasp the total region of the Segre Chart, the entire data of stable and unstable
nuclei is needed. Lots of studies have been done near the stability line, but the knowledge
of nuclei far away from the stability line is insufficient, because those nuclei have very
short lifetime being radioactive. The properties of these nuclei also influence the results
of explosive astrophysical events such as supernovae. However, direct measurement of
structural properties of these nuclei is not possible because of their short life times and
limited availability. So, one should search for the indirect ways so as to get the structural

data of those rare exotic nuclei. The weakly bound stable projectiles, like ®"Li and °Be,
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show somewhat similar behaviour (such as low breakup threshold, core+valence cluster
structure, etc.) as that of the exotic nuclei. Also, the projectile dissociation of weakly
bound nuclei serves as an input to the determination of radiative capture cross section of
astrophysical interest. In the absence of nuclear or higher order Coulomb effects on the
reaction, the astrophysical S factor can be extracted from the Coulomb dissociation cross-
section for low relative energies. The information of astrophysical S-factor provides an
input to the determination of reaction rate of various nucleosynthesis processes in stellar
burning astrophysical sites. Therefore, by studying the reaction mechanism involving
6711 and ?Be nuclei, which are available easily and abundantly from the stable beam
accelerators, one can predict a number of fascinating properties of the weakly bound
exotic nuclei and understand the elemental abundances of various stars. Attempts have
been made to understand the breakup mechanism of weakly bound nuclei ®7Li, Be but it
is far from being fully understood [4-9]. The present thesis work is in fact fully dedicated
to the detailed investigation of breakup reaction mechanism of %7Li projectile nuclei on
medium mass target 2Sn.

As, the weakly bound nuclei such as %7Li and Be, have a low breakup threshold, the
population of low lying continuum is probable and expected to give a large coupling effect
at energies around the Coulomb barrier. As a consequence, the weakly bound stable and
unstable nuclei exhibit remarkably different features with respect to the tightly bound

ones.

1.1 Interesting features involving weakly bound nu-
clei

A number of unusual characteristics of weakly bound nuclei have already been discov-
ered, such as unusually large radii with some of the valence nucleon(s) forming a halo

structure. For some of the weakly bound nuclei, the mean-field approximations are no
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longer be useful instead the three-body cluster models appear to be much more promising.
One of the fascinating aspects of the weakly bound nuclei is the possibility of studying
nuclei near the neutron drip line. The weakly bound nuclei like He, ''Li etc. also ex-
hibit two-neutron halo “Borromean” type of structure, where three separate parts of the
nucleus are bound together in such a way that if any one is removed, the remaining two
become unbound. These properties are interlinked to other characteristic features such as
low binding energy, large radius and extended density distribution, core-halo oscillation,
extended B(FE)) strength over excitation energies etc.. Because of so many interesting fea-
tures of the weakly bound nuclei as described above, the nuclear physics studies involving
weakly bound nuclei has been drawing a lot of attention in recent years. The detailed
understanding of these features will be useful to understand the low energy capture cross-
sections of astrophysical relevance and to simulate the synthesis of super-heavy element
by fusion of nuclei near drip line.

Some of the interesting features of weakly bound nuclei are discussed briefly in the

following subsections.

1.1.1 Cluster structure

Clustering is a general phenomenon widely observed in everyday aspects such as the
gathering of galaxies in the universe or in complex biological system. In nuclear physics,
the term ‘cluster’ refers to the organization of protons and neutrons in the atomic nucleus
e.g. the « particle consisting of two protons and two neutrons forming the ‘a-cluster’.
The a-cluster structure has been observed in case of tightly bound nuclei e.g., 2C, 190,
20Ne, etc.

Cluster models of the structure of weakly bound nuclei frequently provide a rather
simple description of some of the energy levels which are difficult to access in the usual
shell-model framework. Weakly bound nuclei, such as ®He, %7Li, “Be have predominant

a + x cluster structure with low breakup threshold as shown in Fig. 1.2. Apart from the
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Figure 1.2 Dominant cluster structure of weakly bound nuclei.

well-known o + « cluster, °Li, “Li also exhibit some additional cluster structures, such as
SLi exhibits 3He-+t with breakup threshold ~ 16 MeV and “Li shows ®Li+n and He+p

structures with breakup threshold 7.25 and 9.97 MeV respectively.

1.1.2 Borromean structure

The weakly bound nuclei such as He, ''Li, °Be, etc. with three body clusters exhibit
an important characteristics, where the three separate parts of the nucleus are bound
together in such a way that if any one is removed, the remaining two become unbound.
This structure is known as “Borromean”, originated from the Borromean Rings consist
of three topological circles which are interlinked [10]. The lightest Borromean nucleus is
®He with a+n+n cluster structure with very short half-lives(~ 807 ms). The possible
combination using any two among «, n and n are He and dineutron(n-n), both are

unstable. After ~ 807 ms %He is converted to °Li via 3~ decay process. If one consider
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SLi as a superposition of a, p and n, then the possible combination of forming the binary
subsystems using them are *Li(a+p), "He(a+n) and deuteron(p-n). Though °Li and *He
are unstable, but deuteron is weakly bound stable nucleus, hence the Borromean structure
does not exist in °Li. The nucleus ?Be is the lightest stable nuclei with a+a+n Borromean
structure. Similarly, " Li(°Li+n+n) and *He(°He+n-+n), which are radioactive, also have
the Borromean structure. 22C, another radio-active element, is the latest and heaviest
known Borromean nucleus with cluster structure 2?C+n+n having breakup threshold of
~ 0.035 MeV. The breakup threshold of some of the weakly bound nuclei with Borromean

structure are shown in Table 1.1

Figure 1.3 Schematic representation of Borromean structure of *He [11].

Table 1.1 Breakup threshold of the Borromean structure of some of the weakly
bound nuclei.

Nuclei | Borromean structure | Breakup threshold
Eth (MGV)
“He a-+n-+n 0.98
Be ata+n 1.57
U145 9Li4+n+n 0.37
8He SHe+n+n 2.13
14Be 2Be4n+n 1.27
"B BB4n+4n 1.39
B "B+n+n 0.09
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Figure 1.4 Density distribution of 'Li nucleus [12].

1.1.3 Extended density distribution

The drip-line nuclei are weakly bound in nature and exhibit core+valence(neutron(s) or
proton(s)) structure. Though the measured charge and matter radii of stable nuclei are
nearly equal and has the 1.2A'/3 dependence, the scenario is different for loosely bound
halo nuclei. As the halo nucleon(s) is(are) situated at a larger distance (distances) from the
core, the radii of those nuclei are appreciably larger than 1.2A'/3 values. This suggests
the existence of large deformation along with a long tail in the matter distribution as
shown in Fig. 1.4. One example of a halo nucleus is 'Li, which has a half-life of 8.6 ms.
It contains a core of 3 protons and 6 neutrons, and a halo of two independent and loosely
bound neutrons. It decays into 'Be by the emission of an anti-neutrino and an electron.
The RMS matter radius of 'Li is as that of *®Ca, and the radius of the halo neutrons as

large as for the outermost neutrons in 2°Pb [13,14]. The comparison of the size of the

ULi with them is shown in Fig. 1.5.
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- - -

Halo=12 fm

Figure 1.5 Comparison of the size of the MLi and its two neutron-halo with

stable nuclei [15].

3-5 I I I

Figure 1.6 Comparison of RMS radii of Li isotopes [16].
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The interaction cross-section at very high energy can be written as:

o =7 (R, + R,)’ (1.1)

where, R, and R; denotes the radius of the projectile and target respectively. If halo
nucleus is used as projectile, the 7, would be comparatively larger. Hence, the interaction
cross-section would be enhanced as expected from the equation 1.1. The comparison of

the RMS radii of Li isotopes shown in Fig. 1.6 reveals the halo characteristic nature of

HLi

1.1.4 Synthesis of super-heavy element

Uranium with proton number Z=92 is the heaviest unstable element found in nature.
All elements with proton numbers larger than that Uranium have to be produced ar-
tificially through nuclear reactions. While elements up to Z=100 can be reached via
neutron capture process with subsequent [-decays. The elements with Z>100 are cre-
ated via the heavy-ion induced nuclear fusion reactions. But with the increase in proton
number, the Coulomb repulsion between the projectile and target increases, consequently
the production cross-section of super-heavy elements goes down. The production cross-
section of super-heavy element with element number is shown in Fig. 1.7. Instead, if one
uses the neutron rich isotope as projectile to form the same super-heavy element, then
the production cross-section might increase. So to form the super-heavy element with
higher cross-section, the high intensity neutron rich RIB(radioactive ion beam) is needed.
It is estimated that around 5000 to 7000 bound nuclei should exist, out of which only
1500 nuclei are observed. New territory can be explored with next-generation rare iso-
tope facilities. Investigating the properties of weakly bound nuclei like 7Li and *Be will
complement studies using the next generation of high-intensity isotope-separator on-line

(ISOL) radioactive ion beam facilities as they show somewhat similar behaviour as that
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Figure 1.7 Variation of Super-heavy production cross-section with element num-

ber [17].

of neutron-rich radioactive ion beams. Hence, the complete understanding of the breakup
mechanism of weakly bound nuclei will be useful to simulate the synthesis of super-heavy

clement(SHE) by fusion near neutron drip line.

1.1.5 Soft dipole resonance

Weakly bound halo nucleus exhibits core+valence cluster structure, where the core is
surrounded by the valence nucleon(s) which is(are) at large distance(distances) from the
core. Consider the case of 'Li nucleus, which has a “Borromean” structure. Here two
neutrons are weakly bound to a core, and located at large distances from it. The extended
density tail of the halo might give rise to a ‘soft electric dipole mode’. Thereafter, a novel
phenomenon was proposed whereby the oscillation of the halo neutrons and the core might
lead to low-energy soft dipole resonance states [18].

The soft dipole resonance is a phenomenon occurring only when the nuclear surface has

an appreciably large neutron-proton density difference [18]. Therefore, it is different from
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Figure 1.8 Schematic of soft dipole resonance(SDR) and giant dipole reso-
nance(GDR) modes of halo nuclei [19].

the standard giant dipole resonance, where protons and neutrons collectively oscillate with
respect to each other. Soft dipole resonances located slightly above the neutron threshold
can have impact on the neutron capture rates in r-process nucleosynthesis [18]. The
excitation of soft dipole resonance is expected to be ~1 MeV as compared to the standard
giant dipole resonance where the excitation energy is ~ 15-20 MeV. The schematic of soft
dipole resonance along with excitation energy curve is shown in Fig. 1.8. However, it is
still debated whether the small bump like structure is caused by the soft dipole resonance

or due to the complicated nuclear structure of 'Li [19].

1.1.6 Astrophysical interest

The determination of capture cross section involving charged particle reactions at very
low energies is of particular importance in astrophysics. Reaction rates serve as input
to various astrophysical models such as primordial nucleosynthesis or stellar evolution.

Ideally cross sections are measured directly in experiments, however, in most cases a
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direct measurement is very difficult or even impossible at the relevant low energies since
cross sections become very small because of Coulomb repulsion of the interacting particles.
Often one has to rely on the extrapolation of the cross section to low energies. Alternative
methods have been proposed where the considered reaction is not studied directly but a
closely related process can be measured in the laboratory.

In the case of radiative capture reactions the Coulomb dissociation method has been
used successfully as an indirect method in recent years [20]. Here, the inverse reaction
of radiative capture i.e. the breakup of the nucleus produced in the capture process, is
studied during the scattering on a highly charged target, which supplies the necessary
photons through its Coulomb field. From the dissociation cross section the astrophysical
S factor of the capture reaction can be extracted with the help of nuclear reaction theory.

In view of the above discussions, it is essential to understand the breakup reactions

mechanism of weakly bound nuclei in details.

1.2 Breakup reactions mechanism

With the condition that the impact parameter is close to the grazing distance (b, ), the
breakup reactions are said to occur with typical collision time scale ~10722 sec.. Hence,
breakup reactions can be classified as direct and peripheral. If the projectile has low
breakup threshold then while moving in the field of the target nucleus it may break up
into its cluster constituents directly or get excited into a resonant state above the breakup
threshold followed by its breakup. These two processes are known as ‘direct breakup’ and
‘resonant breakup’ respectively. For weakly bound projectile such as °Li, "Li and *Be the
transfer reactions may sometime lead to the formation of quasi-bound state of the ejectile
of very short life time resulting in its breakup into a4 x pair where, x is the breakup frag-
ment complementary to a. This breakup process is known as ‘transfer-triggered breakup’.
Because of breakup, the projectile is splitted into two or more fragments. Therefore, the

simplest two body kinematics is no longer be appropriate to predict the reaction kine-
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matics involving breakup reaction, rather one need to understand at-least the three body
kinematics. If we assume the binary breakup of projectile, then the total reaction Q-value

for each breakup event can be obtained by using the following relation [9]:

Q = El + E2 + Eloss + Erecoz'l - Ebeam (12)

where, F; and F, are the laboratory energies of the two breakup fragments, Fpean is
the beam energy, Fi. is the energy loss in the target calculated at half-thickness and
Erecon 18 the recoil energy of the residual target nucleus in the laboratory frame. If the
reconstructed Q-value is found to be less as compared to the )y, during breakup process,
then the reduction in )y, will provide the information regarding the excitation energy
associated with the target like nucleus.

In order to get the information of excitation energy of the intermediate projectile-
like fragment through which the breakup occurs one need to reconstruct the kinematical
quantity, named ‘relative energy’. The relative energy between the two breakup fragments
will depend on the fragment mass, kinetic energy and relative angular separation between
them. Mathematically this quantity is expressed as [21]:

maoEy + my Ey — 2¢/myma B Escosba

E.q= 1.3
: my + Mo (1.3)

The experimental two dimensional event by event plot of E.. versus Q-value highlights
the excitations of target like fragment associated with the excitations of projectile-like

fragment through which the breakup occurs.

1.2.1 Direct breakup

Direct breakup of nucleus is a reaction process where the projectile splits into its con-
stituent fragments. This breakup occurs directly from the free continuum states i.e. it is

one-step process. Both the Coulomb and nuclear fields experienced by the projectile in
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the vicinity of the target are responsible for this process. Direct breakup may occur prior
to reaching the fusion barrier. In such cases only the Coulomb interaction between the
projectile and target is responsible as the nuclear interaction is short ranged. Breakup
of projectiles induced by the differential Coulomb field of heavy nuclei are of consider-
able interest since they provide valuable informations regarding the electromagnetically
induced interactions of the projectile constituents. Coulomb breakup processes also pro-
vide interesting possibilities for studies of astrophysical aspects. If none of the breakup
fragments produced from the direct breakup process gets captured by the target, then the
process is called as ‘non-capture direct breakup process’. During this breakup process, if
the target remains in the ground state, then such non-capture breakup process is referred
as ‘elastic breakup’. The typical time scale of the breakup process is ~ 10722 sec, hence
sometimes the direct breakup process is also referred as prompt breakup process. The
schematic of direct non-capture breakup process is illustrated in panel (a) of Fig. 1.9,
where the projectile °Li breaks into fragments « and d in the field of the target and none

of the fragments are captured by the target.

1.2.2 Sequential breakup

Sequential breakup is basically two-step process, where the projectile is first in-elastically
excited to its one of the resonant states having finite width or exchange nucleon(s) with
the target before decaying into respective two or more fragments. The former process is

known as ‘resonant breakup’ and the latter one is referred to as ‘transfer breakup’.

1.2.2.1 Resonant breakup

The life-time of the ‘resonant breakup’ process depends on the life-time of the resonant
state. Hence, the resonant breakup process is slow process as compared to the direct one.
The life-time of the resonant state decides the location of the breakup. If the resonant

state through which the breakup occurs is narrower, then the mean life-time of that
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state would be relatively longer, that suggests that the breakup will occur far away while
receding from the target. Hence, the breakup from that state has no role on incoming
flux loss but the coupling of that channel may affect the elastic scattering as well as fusion
cross-sections. The panel (c) of Fig. 1.9 represents the resonant breakup of °Li into its

cluster constituents « and d.

1.2.2.2 Transfer breakup

Transfer-triggered breakup is a two-step peripheral collision process, the projectile must
transfer a few nucleon to or from the target, leaving the projectile-like fragment in an
unbound state which results into the breakup into its constituent fragments. These pro-
cesses are respectively known as ‘stripping-followed by breakup’ and ‘pick-up followed
by breakup’ as shown in panels (d) and (e) of Fig. 1.9 respectively. The probability
of transfer-triggered breakup depends on the transfer probability which again depends
on the structure of both the projectile and the target. After transfer of nucleon(s), if
the projectile-like fragment produced is of quasi-bound type, then it will immediately
break into its constituent fragments. In-fact, some of the quasi-bound nuclei may also
exhibit resonant structure. If the transfer product is stable but of weakly bound in na-
ture, then the breakup of that projectile-like fragment will still occur if it is formed with
excitation energy above the breakup threshold. Hence, along with direct and resonant
breakup, transfer-induced breakup is equally important for weakly bound projectiles(°Li,
"Li and Be) to understand different modes of projectile breakup and their consequences
on a-particle production, fusion cross sections, and other observables. In addition to
understanding the breakup reaction mechanism, the cross sections for the individual
transfer-induced breakup channels provide correct coupling strengths required for real-
istic coupled-channels calculations to find their effects on elastic as well as fusion cross

sections.



1.2 Breakup reactions mechanism 17

1.2.3 Fragment capture or Incomplete fusion

Another dominant reaction mode is the partial capture of the projectile by the target,

known as ‘incomplete fusion’. It occurs when the breakup of the projectile occurs prior
ZpZt€2 [1
2E.n

1
to the distance of closest approach d = + —9] [22] resulting into the

sint
2

possibility of capture of one of the fragments by the target. The breakup location plays a

crucial role while understanding the phenomenon of incomplete fusion. The partial cap-
ture of the one-of the cluster fragment of projectile may also be originated from the direct
transfer of the cluster fragment to the target. It is very difficult to separate out the contri-
butions of breakup followed by capture from the direct transfer of cluster fragment from
projectile to target leading to incomplete fusion. If the breakup occurs asymptotically far
away while receding from the target then it has no role on incomplete fusion, however if it
occurs close to the target then it may have a role to play on incomplete fusion. In addition
to the direct and resonant breakup, near target transfer-triggered breakup also plays an
important role in deciding the total incomplete fusion cross section. The breakup followed

by capture of one the fragment is schematically represented in panel (b) of Fig. 1.9.

1.2.4 Complete fusion

Complete fusion occurs at small impact parameter b < b,,.. Here, whole of the projectile
is captured by the target forming the compound nucleus (with the attainment of the com-
plete thermodynamic equilibrium), which is hot. This compound nucleus then deexcite
either by fission or by particle evaporation leaving the evaporation residue. The typical
life-time of compound nucleus ~ 1071¢ sec. It may also happen that, after breakup both
the fragments may get captured by the target and this process is known as breakup fol-
lowed by complete fusion. It is very difficult experimentally to disentangle the process so
called breakup followed by complete fusion from the normal complete fusion process. The

panels (f) and (g) of Fig. 1.9 represent the breakup followed by complete fusion and pure
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complete fusion processes respectively.

1.3 General Motivation of the thesis

In light of the above discussions, this thesis has several key motivations:

I. As already discussed that apart from the direct breakup, transfer breakup also has
its own importance. Now, it will be of our interest to investigate which of the above
breakup processes are dominant in reactions involving ®7Li as projectile i.e. whether the
majority of the breakup comes through one step process or multi-step processes. Luong
et al. have observed a few prominent breakup channels for &7Li+2°72%8Ph 299Bj reactions
and "Li+!Sm reactions at sub barrier energies [4]. Different breakup modes of ®7Li were
identified through the relative energy [21] distributions. They have found that breakup
of SLi into o + p is greater than the breakup into o + d for all the targets, though the
In stripping Q-Value is different for different target. It was also observed that 1p pickup
by 7Li followed by the breakup into o + « is the most preferred breakup mode for all
the systems. For “Li+!'%*Sm, breakup triggered by 2n stripping was also found to be
dominant. However, Santra et al. [5] have observed the dominance of resonant breakup
of SLi into a + d via its 37 state over the transfer triggered breakup by 1n stripping. For
"Li+%Cu, Shrivastava et al. [6] found the dominance of breakup triggered by 1n stripping.
So to investigate whether, the breakup phenomenon is dependent on target properties or
not, the breakup reaction mechanism of %7Li is further probed with a medium mass target
1281 for the present thesis work. To find the energy dependence of various breakup modes
if any, the measurements for °Li+!'2Sn were carried out at two energies, one at above
barrier and another at sub barrier energy.

I1. Several studies show that the breakup of °Li into o +d occurs predominantly via its
resonance states with L=2 [23,24]. Since the g.s. of ®Liis 17, it can have three resonance
states with L=2, i.e, 3%, 2" and 1*. So one would expect the resonant breakup of °Li into

a+d via all its 37, 27 and 17 states [23,24]. However, measurements exist in literature
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only for 3" and 2% states. Since the excitation energy and width of the ‘177 state is very
large, the cross section is expected to be less compared to the other two (2 and 3T)
resonance states. Also, since the relative energy of the breakup fragments proceeding via
this resonance state is large (4.18 MeV), the detection cone angle [8] is expected to be
large requiring a bigger detector system. So far there is no study available in the literature
on the experimental breakup cross-section of °Li into v + d by its 17 state. From earlier
studies it was observed that the breakup cross-section of %Li into a + d is less than that
of inclusive a.. The failure of explanation of inclusive « yield makes the subject essential
to search for new breakup channels like breakup via new resonant states or through new
transfer channels that are responsible for the high yield of « .

ITII. The “Li as a cluster of o and ¢ with a binding energy of only 2.47 MeV is very
well known. The breakup of “Li into « + ¢ can take place through all possible resonance
states corresponding to L=3 [23] i.e., via 7/27 (4.63 MeV) and 5/2 (6.67 MeV) states.
Direct breakup of "Li into o+t and sequential breakup via the first resonance state (7/27,
4.63 MeV) of the cluster have been measured for several systems. However, there is no
measurement available on the sequential breakup corresponding to the second resonance
state (5/27, 6.67 MeV). The study of the second resonance state is however very important
as various studies on elastic scattering show a significant effect of coupling of the 5/2~
state of "Li [25,26]. So, it would be interesting to measure this new channel to understand
the mechanism of « 4 ¢ resonance breakup deeper.

IV. Cluster models of the structure of the light nuclei frequently provide a rather sim-
ple description of some of the energy levels which are difficult to access in the usual shell
model framework. The model described in Ref. [27] is used to study the low-lying energy
levels of the nucleus “Li, whose structure is treated as a superposition of the cluster struc-
tures ‘a+t’ and ‘“Li+n’ with binding energies of 2.47 and 7.25 MeV respectively. When
both cluster structures are considered simultaneously, the optimal separation between the

clusters a and t and the separation between the clusters °Li and n in the ground state are
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equal to the corresponding separations (~ 3.5 fm) in the excited state and the minimal
energy of “Li is lowered by 1.96 MeV [27]. Other possible cluster structure like SHe +p
was not considered into the model because of its high binding energy (~ 9.96 MeV) [27].
Investigation on the breakup channel “Li—5He+p will shed light on the possibility of the
another cluster structure of 7Li.

V. The importance of the 2« cluster structure of ®Be at its ground state (07) as well as
other two resonance states at 3.12 MeV (27) and 11.35 MeV (47) is well reflected by the
values of the spectroscopic factors for <®*Be|a 4+ a > overlaps: S(g.s.)=0.84, S(2)=0.83,
and S(47)=0.75 [28]. Since the third resonance state (41), like other two states, has a good
overlap between two a-particles in the cluster [29], the breakup of ®Be into two « via this
state is also possible at favorable excitation energies. However, there is no experimental
evidence reported so far on the observation of ®Be breakup via the 4% resonance state.
So it would be interesting to investigate experimentally the existence of 8Be breakup via
its third resonance state and compare with the breakup probabilities via its 07 and 2%
states.

VI. Another interesting aspect of the breakup process is the vicinity of the breakup
to the target that is related to the time scale of the intermediate projectile-like fragment
via which the breakup takes place. If the breakup occurs prior to reaching the fusion
barrier(near target breakup), then that breakup is accountable for incoming flux loss. On
the other hand if the breakup occurs a long way far while receding from the target nucleus,
called asymptotic breakup, it would no longer be responsible for incomplete fusion cross-
section. Thus to identify the breakup states responsible for incomplete fusion it is essential

to separate out the asymptotic breakup components from the near target one.
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Experimental methods

The detection and identification of the particles originated from the collision of two nuclei
are fundamental tools to study different aspects of nuclear reactions. The identification
corresponds to the details of mass, charge, kinetic energy and the emission angle of the
particle. If in a nuclear reaction, the outgoing channel consists of two particles, then one
can reconstruct the kinematic details of the reaction by just detecting and identifying one
of the particles. But the situation becomes more complex if there are three particles in the
outgoing channel. Breakup, nucleon transfer followed by breakup, etc., are the examples
of these types of reactions. For a reaction involving three particles in the outgoing channel,
one needs to detect at least two of them in coincidence in order to extract the kinematical
information about the reaction. As the principal goals of this thesis are (i) to study the
mechanism of breakup of Li and Li projectiles by a medium mass target 1'2Sn and (ii)
measure the breakup cross-sections to understand the contributions of break-up channels
to total reaction, it is very very important to detect the charged particles produced from
the breakup reaction in coincidence with high efficiency. Study of these reactions involves
the generation and acceleration of projectile followed by the detector setup, electronics
and data acquisition system. The details of each of the components are described in the

following subsections.

21
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2.1 Generation and acceleration of the projectile

The study of low energy nuclear reaction generally involves projectiles having energies of
the order of few tens of MeV /nucleon. This can be obtained by accelerating the projectiles.
All the measurements reported in this thesis were carried out using the BARC-TIFR 14UD
Pelletron-LINAC facility at Mumbai.

The ion source named SNICS (Source of Negative Ions by Cesium Sputtering) has
been attached to the top of the accelerator, which produces negative ions of the desired
projectile. The negative ions are initially accelerated to low energies (150-250 KeV) in
short horizontal section till they reach the injector magnet. In injector magnet the ions
are mass analyzed by the 90° bending magnet to remove the impurities before the entry
into the vertical accelerator column. The injected negative ions are then accelerated by
the high voltage terminal situated at the center of the accelerator and thus gain an energy
equal to the amount of terminal voltage (V7). The high voltage at the terminal is obtained
by continuous transfer of charge to the terminal by means of the chain of steel pellets,
hence the name Pelletron accelerator. Inside the terminal, the ions are passed through the
carbon stripper foils where they lose their electrons due to the charge exchange collision
with the stripper material. As a result positive charge state ‘q’ is obtained by the ions
after passing through the stripper section. The ions are then repelled by the high voltage
terminal and thus accelerated with energy V7 till they reach the analyzing magnet.
Thus, the energy gained by the ions in the two stage acceleration is (q+1)V7 . Analyzing

magnet is used to bend the ions according to [31]

VmE
B =720.76 Y~ (2.1)

q

where, ‘B’ is the magnetic field in Gauss and ‘m’ is the mass of the ion in a.m.u. and ‘E’
is the energy of the accelerated ion in MeV. The magnet is also used to extract out the

desired charge state of the ion. After extraction of the desired charge state, ion beam can
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be taken to one of the five beam lines by using switching magnet. There are five beam
lines 0°, 15°N, 15°S, 30°N, and 30°S in the Pelletron beam hall, three beam lines 15°,
30°, and 45° in LINAC Hall-1, and three beam lines 15°, 30°, and 45° in LINAC Hall-2.
LINAC is used to boost the energy of the Pelletron beam. In the present study the energy
delivered by the Pelletron was sufficient and LINAC booster was not used and hence not
discussed.

All the measurements of the thesis involving the breakup and transfer-breakup reac-
tions have been carried out at 30° beam line in LINAC Hall-1 using the general purpose

scattering chamber [32].

2.2 Interaction of charged particle with matter

Since the electromagnetic interaction has long range, it is not necessary for the light or
heavy charged particle to always make a direct collision with an atom. When a charged
particle enters the detector, it will interact mainly with the orbital electrons of the material
of the detector by the Coulomb field. While passing through the detector, the particle
will transfer its energy to the atom. Depending on the incident energy, the charged
particle may able to excite the atoms into higher levels or remove electrons from the
atom. Interaction between the particle with orbital electrons leads to the energy loss of
the particle.

The energy loss of the incident particle inside the detector increases with decrease in

dE  MZ?

energy and is given by the Bethe-Bloch formula [33]: e X g
x

energy, M is the mass and Z is the atomic number of the particle. This is the principle

, where E is the incident

of energy loss which is used in AE — F telescope configuration for particle identification.
The AFE detector is a thinner detector where the particle loses some of its energy and
then while passing through the thicker one i.e. through F detector it will lose all of its
energy and get stopped. The plotting of the energy loss in AF with E creates different

band for different projectile-like fragments and thus helps to identify the fragments.
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2.3 Semiconductor detector for charged particle de-
tection

Now-a-days, semiconductor detector is being extensively used for nuclear reaction studies,
because of its several advantages, such as,

(i) because of the small band gap (~1 eV), the generation of electron-hole pair is easier
in semiconductor detector as compared to the gas detector,

(ii) semiconductor detectors are compact in size.

The semiconductor detector is basically a reversed biased p-n junction diode. When a
p-n junction diode is operated in a reverse biased mode, the depletion depth is increased
with the bias voltage and ultimately makes the detector fully depleted of free charge
carriers. So when an energetic charged particle enters into the semiconductor detector, it
will create ionization in the depletion region, generating electron-hole pairs and drift of
these charge carrier produces an electrical signal. The amplitude of the signal is directly
proportional to the deposited energy by the incident particle.

The semiconductor detectors used in our experiments are silicon surface barrier detec-

tors and silicon strip detectors.

2.3.1 Silicon surface barrier detector

Generally, n-type silicon wafer is oxidized on one side and then coated with thin layer of
gold to form the p-n junction. Slight oxidation before evaporation of gold layer plays an
important role in the properties of the surface barrier. The junction is then mounted in
an insulating ring with metalized surfaces for ohmic contacts. The detectors fabricated
using this way is known as silicon surface barrier detector (SSB) as the barrier is formed
at the surface of the crystal. SSBs can be made with varying thickness and depletion
region. For the transmission type of detector, the depletion region is extended entirely

into the thickness of silicon wafer makes them efficient to measure the energy deposition
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Figure 2.2 The typical configuration of a silicon surface barrier detector.

by the particle. Typically, this technology allows production of such transmission type of
detector having thicknesses ranging from 10 pym to few mm [34]. The typical configuration

of a silicon surface barrier detector is shown in Fig. 2.2.

2.3.2 Silicon strip detector

To fulfill the demand of detectors with large solid angles for measuring low cross sections
using coincidence technique, now-a-days segmented large area Si strip detectors are being
used. They are constructed with segmented p-side and n-side contacts and widely used
in nuclear and particle physics experiments. Both single and double-sided detectors are
available. In all experiments of this thesis, double-sided silicon strip detectors are used to
obtain position and energy loss information. The typical energy resolution of individual
strips are ~50 KeV. The front side of a typical Micron-make W1-type silicon strip detector

is shown in Fig. 2.3.

2.4 Experimental setup

In all experiments relevant to the thesis, the main focus was to detect the binary breakup

fragments in coincidence. The breakup fragments are emitted at particular cone angle [8],



2.4 Experimental setup 27

Figure 2.3 The front side of a typical Micron-make W1-type silicon strip detec-
tor.
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Figure 2.4 The schematic diagram of the experimental setup showing strip de-
tector array, single telescopes and monitors inside the scattering chamber.



28 Chapter 2 Experimental methods

Figure 2.5 The photograph of double-sided silicon strip detector array along

with surface barrier telescopes at BARC-TIFR Pelletron-LINAC facility, Mum-

bai, India.
depending on the excitation energy of the projectile like fragment(PLF) before breakup
as well as the kinetic energy(K.E) of PLF. As we were interested to detect the different
dominant direct, resonant and transfer breakup channels, an array of maximum five sili-
con telescopes with large angular coverage was used for all our experiments. Each strip
telescopes consists of two Si strip detectors (Micron semiconductor W1 type), with typi-
cal thickness of ~60 pum and ~1500 pum respectively. Each detector has 16 vertical strips
in its front side and 16 horizontal strips in its back side (with 256 pixels) covering an
active area of 50 mm x 50 mm, with length and breadth of each strip 50 mm and 3.1 mm
respectively. Five such sets of strip telescopes placed side by side cover a total angular
range of about ~93°. Two Si surface barrier detectors (of thicknesses ~1000 pum) kept
at £20° were used to monitor the incident flux by measuring the Rutherford scattering.
In addition, there were five single telescopes (T;1-Tj) of silicon surface barrier detectors
(with AE~50pm, E~1000-2000um) placed on the second rotatable arm of the scattering
chamber to measure the elastic scattering angular distribution covering larger angular
range. The schematic diagram of the experimental setup is shown in Fig. 2.4 and the

actual picture is dispalyed in Fig. 2.5.
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2.5 Electronics for signal processing and DAQ

Any electrical signal produced from the detector has two branches, the energy branch
and the timing branch that needs to be processed through the electronic circuit in order
to extract the desired information. The energy branch of the signal is processed through
preamplifier, amplifier and then ADC whereas in order to extract the timing information of
the signal one needs TFA, CFD, LOGIC-UNIT, GDG etc. The typical schematic diagram
is shown in Fig. 2.6. For signal processing from the segmented Si-strip detectors, MPR-
16 preamplifier and MSCF-16 shaping time filter modules were used. Both MPR-16 and
MSCF-16 modules were developed by the Mesytec Gmbh and Co. These compact modules
are having 16 channels, designed specially for segmented silicon detectors. Signals from
detectors were taken outside the chamber using suitable adapters, cables and feed-through.
These signals were then fed to the 16 Channel preamplifier MPR-~16. The differential
output signals from MPR-16 is further processed by MSCF-16 modules. MSCF-16 is a
shaping and timing filter amplifier with constant fraction discriminator and trigger output.
The shaper output signal of the module MSCF-16 contains the energy information that
were digitized by peak-sensing ADC(Analog to digital converter). In all experiments,
CAEN v-785 modules were used as peak sensing ADC. The signals of silicon surface
barrier detectors are processed through MSI-8 modules, which serves as preamplifier as
well shaping amplifier. The shaper outputs were then digitized via the ADC CAEN v-785.

The trigger signal of the front side of E-detector was taken from the trigger output
of MSCF-16. When one of the strip is fired, then trigger output gives signal. The OR
of these trigger output for different strip telescopes and the common timing signals from
MSI-8 module were stretched to 4us by using gate and delay generator module. This
signal is known as raw-master. The busy signals from ADCs were used to VETO the
raw-master to generate actual master. Signals from the DAQ were collected using an
in-house data collection program (LAMPS) developed by Chatterjee et. al [35]. For

offline processing, the data were characterized through ROOT [36] format using newly
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written scripts. ROOT is an object oriented data analysis framework, written in C++

and developed by CERN.

2.6 Analysis method for breakup fragments in coin-
cidence

Electrical connections from AEfmont - Eiront and Eb® are taken from strip telescope. The
AETmt and E/momt together helps to identify the different charged particle through the
energy loss formula given by Bethe-Bloch [33]. The E/™™ and E"* detector together
gives the information of the position of the hitted particle. So combinedly AE (means
AET") and E (means E/™" and E"*) detectors help us to identify the particle and
give us the energy as well as position information.

The typical inclusive two-dimensional energy-calibrated spectrum of AFE versus Fioal
obtained from a strip telescope as shown in Fig. 2.7 shows a good separation of the par-
ticles with different masses (A=1-7) and charges (Z=1-3) produced by different reaction
mechanisms for the "Li+!''?Sn system. It was observed that an o detected in one pixel
can be in coincidence with any of ¢, d, p and « particles in another pixel indicating the
presence of direct or resonant, -1n transfer, -2n transfer and +1p transfer breakup, respec-
tively. The -1n and -1p transfer reactions that survive post breakup produce °Li and °He
respectively. However, both °Li and °He can also be produced from the direct breakup of
"Li into SLi+n and ‘He+4p fragments respectively.

Experimentally, the vertical strip number in E/™" detector and the horizontal strip
number in E* detector where a particular particle hits were identified in event by event
mode. Say, the central position of the strip detector is at a distance dy from the target
center and assigned as the origin (0,0) in the (x,y) plane and also assume that the central
portion of the strip detector is at angle 6y with respect to the beam direction. Now if the

particle hit is recorded at some i vertical strip and j** horizontal strip then the associated
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Figure 2.7 Typical two-dimensional (AE versus Fiu.1) energy-calibrated spec-
trum acquired in one of the vertical strips at § = 70° for a beam energy of 30
MeV. The inset shows the total coverage in 6 and ¢ by the strip detector array,
and the intensity represents the number of « particles detected in coincidence
with ¢, d, or p in any two vertical strips.
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Figure 2.8 Schematic of co-ordinate transformation.

pixel position co—ordinate(x/,y/) with respect to the central position of the detector can

be determined by the equation:

z = (i —8.5) % dd (2.2)

’

y =(j—8.5)*0dd (2.3)

Where, dd is the inter-pixel distance and for our case it is 0.312 c.m. The central position
of the hitted vertical strip is say at an angle of " with respect to the beam direction.
Then,
0 =0, —do (2.4)

One can further simplify the above equation to:

i

0 =6, — tcm_l(x—) (2.5)
do
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Now, the distance between the central position of the hitted strip and the target center

can be found out from the relation :

d=/d?+z? (2.6)

By knowing d and 6, one can easily able to find out the position information:

!

z =dcos(0) (2.7)
x = dsin(0) (2.8)
y=y (2.9)

By co-ordinate transformation one can find out the (r,0,¢) from the following relation:

r=+/z?+y?+ 22 (2.10)

0 = cos’l(g) (2.11)
¢ = tan‘l(%) (2.12)

The data analysis of the events gathered in our Double Sided Silicon Strip Detector array
is to associate each event in a pixel with the above coordinate (r,0,¢) on the sphere. All
the kinematic reconstruction relies on these co-ordinates.

Using the laboratory detection positions of two breakup fragments of each coincident
event, the values of ‘0, ¢’ of outgoing "Li (for o + t breakup and ®He+p breakup) or °Li

(for o + d breakup) or °Li (for o + p breakup) have been obtained. The inset of Fig. 2.7
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shows the effective range of 0(~ 51° — 142°) and ¢(~ £7° — £11°) coverage of the strip
detector array used in the present setup. The distribution of events shown in the inset
figure correspond to the number of « particles detected in coincidence with either ¢ or d

or p in any two vertical strips out of all five strip-telescopes.

2.7 Coincidence efficiency of Double Sided Silicon

Strip Detector (DSSD) array

Consider a primary two body reaction A(a,b)B, where projectile ‘a’ is incident on target
‘A’) forming ejectile ‘b’ and recoil ‘B’. The laboratory and center of mass of frame for
this two body reaction is labeled as LAB and C.M respectively and presented in Fig. 2.9.
Assume that the nucleus ‘b’ is quasi-bound, that means it will subsequently decays into
say particle ‘¢’ and ‘d’, which are emitted in opposite direction in the center of mass
frame of projectile like fragment(PLF) ‘b’ isotropically. Their velocity vectors constructs
a center-of-mass breakup sphere that is prescribed by the dashed circle in the Fig. 2.9. The
mean lifetime of the quasi-bound nuclei decides the location of the breakup that means
whether the breakup is far away from the nuclear interaction region or not. Depending
on the location, the breakup is referred to as asymptotic breakup or near target breakup.

For isotropic distribution of breakup in the center-of-mass frame of PLF, the magni-

tude of the velocity of the fragment ‘d’ is given by,

vd = Lmd) (2.13)

md(l +

M

and, then v¢, can be found out from the following relation

Ve, = M vg_m (2.14)
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R

Figure 2.9 Velocity diagram displaying the laboratory and center-of-mass frames
for decay of projectile-like fragment [37].

From the velocity vector diagram, it is clear that

72%3 =V s+ 75% (2.15)

d cd  cd d o cd  cd
Now, 7%4 = {vf , 05 vy } , where v7"%, vy, v5 are the x, y and z components of

the vector 72%. We considered isotropic breakup b — ¢+ d in center of mass frame and
randomly selected the breakup direction 6, ¢ for ‘c’, such that € lies between [0,7] and
¢ lies between [-m,7], then automatically the conservation of linear momentum suggests
that the direction of ‘d” will be m — # and ¢ + 7 for each trial. The velocity vector of
products ‘¢’ and ‘d’ in the lab frame U'¢ ,; and %, are then reconstructed from the
equation 2.15 for each possible values of 0% , 5, ¢4 45, Q-value and E,.; . The intersection
points of the two vectors with the detector plane were then determined. A trial was
treated as unsuccessful when (i) any of the two intersecting points (IP) lies out of the
detector boundary, (ii) both IP are found to lie on a same vertical strip and (iii) any of
the energy for ¢ and d lies below the detection threshold. The efficiency thus provides

the no. of successful events out of total no. of events. The conversion of the energy and
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Consider a reaction: A(a,b)B

!

‘b’ can be either a*(above bu. th.) or quasi bound results b— c+d

!

(0,0 ) of PLF is taken same as detector coverage.

!

Eb (6) from two body kinematics for each tgt. ex.

!

Isotropic emission of breakup fragments ‘c’ and ‘d’ in the rest
frame of ‘b’ for each 0y, v, Q-value and E

!

Rest frame of PLF— LAB frame;
Construction of rotation matrix

!

For 100000 trials, at given tgt. ex., and for each relative energy,
Record Ec, Eq, Oc, @c, 04, Od

l

If ( B¢, @c, 04, @a) 1s inside the detector coverage event is
treated as success.

If (E. or Eqor both) < detection threshold} Reject

events

If two hits are on the same vertical strip.

!

Efficiency= no. of successful events/ total no. of events.

Figure 2.10 The flow chart for the simulation of 3-body kinematics using Monte
Carlo technique.



38 Chapter 2 Experimental methods

scattering angle from the laboratory frame to the c.m. frame of the projectile-target in
event-by-event mode automatically takes care of the Jacobian of the transformation.

The estimated detection efficiency of different coincidence events depend on relative
energy of the breakup fragments, energy of the projectile-like fragment prior to breakup,
mass asymmetry of the breakup fragments, detection threshold, and geometric solid angle
of the detection setup. Since the energy of the projectile-like fragment prior to breakup
depends on the reaction Q-value and the loss of kinetic energy due to the excitation of
the target, detection efficiency will also be affected by these parameters.

The data reduction procedure and results are presented in following chapters.



Chapter 3

Coupled reaction channels formalism

3.1 Introduction

When a projectile approaches towards the static target in LAB frame, the interaction
between them takes place in several ways. If we assume that they are nothing but the
cluster of nucleons, then mainly their primary interaction results from the two-body inter-
nucleon force. However, this assumption is not true always, one or more rearrangement
process may take place during collision. Elastic scattering as well as several non-elastic
interaction will take place as a result of their interaction. Depending on the time-scale of
interaction, the interaction of nuclear process is categorized into two sub parts: (i) direct
reaction process and (ii) compound nuclear process. When a nuclear reaction takes place
directly from the initial state to the final state without the forming of intermediate nucleus
within a time scale of ~10722 sec., the reaction process is known as direct reaction process.
Now if the nuclear reaction takes place through the formation of intermediate nucleus(i.e
complete equilibration) then that process is known as compound nuclear process with
typical time scale of ~107!¢ sec.. As the time scale of direct reaction process is fast
compared to the compound nuclear process, only a few modes(degrees of freedom) are
involved in direct nuclear process. So one can assume that direct reaction process to be

peripheral.

39
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For instance, inelastic excitations may happen, when either of the nuclei are deformed
or deformable. As a result, higher-energy states of the nuclei may become populated.
Single-particle excitations are another kind of inelastic process, when a particle in one of
the nuclei is excited during the reaction from its initial bound state to another state which
may be bound or unbound. Inelastic excitations of the projectile to the unbound state
above breakup threshold leads to the dissociation into its cluster components. Nucleons
may likewise exchange from one nucleus to the other, either independently, or as the
concurrent, exchange of two nucleons as a particle cluster. Sometimes it may also happen
that after transfer the quasi-bound nucleus is formed resulting into breakup. These kinds
of reactions fall into the category of direct reaction process.

In this chapter the main focus is to understand the direct reaction process involved in
a nuclear collisions and to portray the method of determination of cross-section associated
with each process. Before going to start the discussion on nuclear model involving direct
reaction channels, let us emphasize some of the important features of a nucleus. As this
thesis deals with the collision of two nuclei near the Coulomb barrier, the kinetic energy of
the projectile is negligible as compared to its rest mass energy, leading to the assumption
of non-relativistic approach to be able to describe the nuclear reaction. But if we look
deep inside, the scenario will be different. The estimated velocity of such nucleon will
be ~0.3c¢ and corresponding de Broglie wavelength will be ~4.0 fm, which is comparable
to nuclear radius ranging from 1.2 fm to 1.4 fm, leading to the fact that quantum effect
must have to be incorporated in case of nuclear interaction. So in order to get the
information regarding direct reaction channels, the framework of the theory will be based
on Schrodinger equation. But one can not separately solve the Schrodinger equation for
each channel, as there is effect due to the other channels also. In the following section I
will discuss the framework where one can solve the equation for different reaction channels

simultaneously to get the reaction cross-section for each individual channel.
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3.2 Coupled-channels method

During any nuclear collision, many reaction channels are opened up. Each reaction chan-
nel can be represented by their basis states. The total wave-function can then be written
as a superposition of the basis states.

If there are N reaction channels, one can write the total wave-function as:

N
Wy >= Z ail; > (3.1)
i=1

The total space of the complete wave-function can be assumed as a combination of direct
reaction space and compound nuclear reaction space. As our focus is on direct reaction
channels, in order to get the information regarding the different direct reaction channels
one has to project out the complete wave-function on to direct reaction space.

If we construct the projection operator P responsible for projecting out the total

wave-function on to model space(contain the channels of interest), then

N

PlW e >= 0 >= Y ailéi(Qxil(R) > (3.2)

i=1

where, |¢; >=|pip0ir >, ¢ip and ¢; are the states(bound or continuum) of the projec-
tile and target respectively for the i** channel and Xz(ﬁ) represents the wave-function
depending on the relative separation between them for that channel.

For a complete Hamiltonian H and total energy E, Schrédingers equation [H —

E]|Wp >= 0 becomes [H — E]|¥ >= 0 in the model space with [38]

H=PHP - PHQ QHP (3.3)

QHQ — E — ie

where () = 1— P and € is a positive infinitesimal quantity whose presence ensures that the
excluded channels have a time-retarded propagator, and hence only remove flux from the

model space. The second term as a whole describes the effects of the excluded channels
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on the model subspace PV,;,;. So in order to get the information about the direct reaction
channels on model space one has to construct the effective Hamiltonian from equation
3.3.

If our interest is only on the elastic channel, then P contains only elastic channel and
all other inelastic channels will be absorbed in ). In elastic scattering both the projectile
and the target remain in their ground state. Depending on the bombarding energy and
charges of the interacting nucleus, the scattering process can be of different types.

(i) Rutherford scattering (F is well below the Coulomb barrier).

(ii) Fresnel Scattering (F is around or near the Coulomb barrier).

(iii) Fraunhofer Scattering (E' is well above the Coulomb barrier).

The total Hamiltonian of the system in the model space can then be written as:
H=Tz+U (R), where U(R) is the optical model potential that represents the effective

projectile-target interaction.

U(R) = Upue(R) + Ueour(R) (3.4)
where,
Z,7Z,e?
;Tff(?,}zg — R?) when,R <R,
Ucoul(R) - CZ 7 62 (35)
Pt when, R > R,
R
1% W
Unue(R) = V(r) +iW(r) = — e o - (3.6)
1+ exp( o ) 1+ exp( - “)

The optical model potential has two parts, the real part represents the elastic scattering
and the imaginary part describes the all other non-elastic channels.

From Schrodinger equation, one can write:
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The total wave-function \If(ﬁ) can be written as a superposition of incident and scattered
waves.
oiKR

U(R) =B F L wH(F) o5 B F 4 A0

- (3.8)

Where, A(0) is the scattering amplitude and it is related to the differential scattering
cross-section as :
do

= AP (3.9)

So, in order to get the differential cross-section one has to calculate the scattering ampli-
tude.

Now if we decompose the wave-function into the radial and spherical harmonics part,
then:

_ LM fL(R) D
U(E) = LXA; CHM Yy (R). (3.10)

fE(R) is the radial part of the wave-function and can be found out by the solving the

equation:

G +l(l+1)h2
21 dR? 2412

+U(R) — E} fE(R) = 0. (3.11)
Analytical solution of f“(R) is very difficult to find out, therefore one has to rely on the
numerical procedure. In general, to get the complete solution, one has to integrate the
radial wave-function f(R) up-to infinity. But it requires large computation time. As
we know that Coulomb field is proportional to 1/R, therefore at large distances its effect
decreases and also the nuclear field being short ranged, at large distances, there would
be no effect due to nuclear field. Keeping that in mind one has to fix a matching radius,
R,,, up-to which the fL(R) should be integrated. R, should be sufficiently large such
that beyond R,, the field is incapable to change the wave-function practically. Hence, in
order to solve the eqn. 3.11 one need to impose the following boundary conditions:

(i) The wave-function should be finite at R — 0, so Iéirré.fL(R) = 0.
H

(ii) f¥(R)|r=r,, — IL(R) — SLOL(R) where, Sy, is the scattering matrix. I, and Oy,
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are the ingoing and outgoing waves respectively.

I(R) = (KR)h* (KR) ox ¢~ (KR-nlog2KR) (3.12)

-

1 .
%(KR)hL(KR) oc ¢l B—nlog2KR) (3.13)

S is the coefficient of the scattering matrix. S is related to the phase shift o, by

OL(R) =

S; = e*9.. One can notice that

i) When U(R) = 0 then, V,,,=V;, = S, =1 = ;.=

(

(i) U real = |SL| =1 = ¢, real.

(iii) U complex = |S| < 1 = §;, complex.
(

iv) For very very large L i.e when L > 1, then S, — 1.

The total wave-function can then be written as,

_ wr fH(R) 5 v LL(R) — S10L(R)] 5
V(R) = LXA; CM LY (R) - LXA; C e Yiu(R).  (3.14)

In presence of Coulomb and nuclear potential, the expression of scattering amplitude A(6)
is given by:
1

=5 > (21 +1)[e*™ — 1) Py(cost) (3.15)
=0

Here, 7, is the phase-shift corresponding to the combined Coulomb and nuclear potential.

So, nr, can be written as:

nL = or +0g (3.16)

Where, o, represents the phase shift corresponding to the Coulomb potential only and

01, is the op-subtracted phase shift.
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The above expression of A(f) can be algebraically split as:

1 — [~
=— ) (204 1)[e*"* — 1]P(cosh) + ——§ (20 + 1)e*r[e* — 1] Py(cost) (3.17
5% 2 + 1] Py(cosb) ik 2 + e |Pi(cosh) ( )

Once A(#) is known one can able to find out the differential scattering cross-section with
the help of the eqn. 3.9.

Suppose let us consider our model space consists of two channels, say « and o are
opened during the reaction.

Then the corresponding Hamiltonian would be:

H:~ﬁW+h)+w§@ (3.18)

Where, R and ¢ are the co-ordinates representing the inter-nucleon separation and the
internal states of the nucleus.

The internal wave-functions are the solutions of the following equation:

h({)9a(C) = €ada(C) (3.19)

where, €, represents the internal energy of the nucleus.

So the model wave-function can be written as:
U(F,0) = 6a(Oxal B) + 00 (O (F) (3.20)
Then, the required Schrodinger equation is given by:
W(E, )= EU(R,C) (3.21)

From the eqn. 3.21 after some mathematical treatment, one can reach up-to the coupled
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equations:
(V2 = Unao + 2] [xal B) >= Uy |xor (B) > (3.22)
and,
(V2= Uy + k2] I (B) >= Uy xal B) > (3.23)
Where, Uij = 2/;—2‘/; and k’z = W

One can write the eqn. 3.22 as:

V2 — (Uaa + U, |X0/(ﬁ) >> - ki] yxa(ﬁ) >=0 (3.24)

’Xa(jz) >

The above eqn. can be written like:
[V? = Uets + kg Xa(H) >=0 (3.25)

Where, U.sy is the effective potential which is the sum of the bare potential plus the
dynamical polarization potential. The dynamical polarization potential part originates
through the inclusion of other channel. Therefore the effect on elastic scattering because of
the other channel can be attributed with the polarization potential. As we are interested
to find out the differential cross-section which depends on the interaction potential, our
task is to find out the effective interaction potential. But for that case the complete
solution of | Xa(ﬁ) > and |y, (ﬁ) > is required. One of the method of solving the above
equations are iterative method.

First set the term |x (ﬁ) >=0in eqn. 3.22 and solve ‘Xa(ﬁ) > and afterward putting
that ]Xa(ﬁ) > in eqn. 3.23 in order to get the solution of |x, (ﬁ) >. Again inserting
this |y, (ﬁ) > in eqn. 3.22 to get modified |Xo¢(ﬁ) > and putting that |Xa(ﬁ) > eqn.
3.23 will give corrected | Xa’(ﬁ) >. This process will continue until the convergence is
reached. This method is known as iterative method used to solve the coupled channel

equations.
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. / " 1
Now, If the model space consists of several channels e.g., o, @, a , a  etc., then one

can write the equation 3.22 as:

V2 — Upo + k2] |v( B Z Ixa ) > (3.26)
o' #a
If all the matrix elements U,/ are known, then only one can solve these coupled equations
and get a complete set of description of the reaction. However, it is very difficult to solve
these equation exactly as there are infinite no. of reaction channels, so one has to make an
approximation. The approximation is to truncate the infinite no. of channels into a few
channels those are expected to be strongly coupled known theoretically or experimentally
and neglect the rest of the channels or represent their effect by complex optical potential .
This approximation is sometimes known as strong coupling approximation or the coupled
channel method.
But though the above approximation is useful for inelastic scattering cross-section but
are not well suited for rearrangement collisions [39]. So one has to search for the other

methods like Born approximation.

3.3 Born approximation and DWBA method

The scattering of particle by a center of force can be written as:
V2 + KX (H) >= U(R)x(R) >= F(R) (3.27)
When |, the potential V' = 0, this becomes the equation for the free particle of energy E,

V2 + k2 xo () >=0 (3.28)
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_>
whose solution is plane wave, Xo(ﬁ) ~ exp(ik ﬁ) The presence of the interaction
potential V' introduces scattered waves in addition to the incident plane wave.

The general solution of the Schrodinger equation mentioned in eqn. 3.27 takes the

form [39]: -
_>
- 1 iK[R-F| - =
WK, By =" B _ o /  URNK,R)R (3.29)
m) R -F|

Simplifying the above solution for large R, one may get

.
large R — ik~ﬁ = = — B —
WE B DGR E 647TR /e—“f FURE WK, B)dR (3.30)

So, the scattering amplitude can have the form:

A=
,R)dR (3.31)

fea(0,0) = —— [ e FU(R)e (3.32)

The above approximation is known as Born Approximation.

The Born Approximation is not true always for the real case as the interaction potential
V' consists of the potential due to elastic scattering part and non-elastic part. So it is
better to write the potential U as a sum of U; + U, and suppose we know the scattering

solution for Uy, then on can write the above equation of scattering amplitude as:

fowna(®,0) = 116.9) - - [ <AOE BGEITF B >R (333

This approximation can be generalized to inelastic and rearrangement collisions. If one
chooses U; as the potential for elastic scattering then f; would be the elastic scattering

amplitude, Us would represent the interaction of non-elastic interaction. The validity of
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the DWBA then depends upon elastic scattering which being the most important event
so that other events can be treated as perturbation. Therefore, for a reaction A(a,b)B

one can write the transition amplitude as:

X (ke Ra) > dRadR; (3.34)

1 Ay Sl 4 o
fowna(0.6) =~ [ <@ RIS

The function y, describes the elastic scattering in the a = a + A entrance channel arising
from an optical potential U, , while xg describes the elastic scattering in the 5 =b + B
exit channel emerging from the optical potential Ugz. The potential Uz which causes the
non-elastic transition depends upon the type of reaction and the model chosen to describe
it.

The number of nodes N and orbital angular momentum L of the center of mass motion
are related by the oscillatory energy relation by, 2(N —1)+L = > 2(n; — 1) +1;, where
n. is the number of particles in the cluster, (n;, ;) corresponds to the quantum numbers of
the individual transferred nucleons. Then one can reconstruct the differential cross-section

as:

do Hatts Kp 1 2
= — —5 0 3.35
<dQ>DWBA 20h? Ko (2J, + 1)(2J4 + 1) D> _|fowsa(0,9)] (3.35)

The equation 3.34 is a six dimensional numerical integral over R, and Rg. In case of
zero range (ZR) approximation, the particle ‘b’ is assumed to be emitted at the same
point at which particle ‘a’ is absorbed. The zero range approximation is valid only if the
momentum(Ak) carried by the transferred particle is too weak to give recoil momentum.
The finite range (FR) approximation (six-dimensional integration) is more accurate. A
comparison between the experimentally measured cross section and the calculated cross
section using DWBA for a transfer reaction between two well-defined states gives ‘Spec-

troscopic Factor’ giving the structural information of the nucleus studied.
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The experimental cross-section is related to theoretical cross-section by

(S0) = (SN (3.36)

where, the factors (C?S); and (C?S), describes the overlap of initial and final bound state
wave functions in the projectile and target respectively. We have used the code FRESCO

for finite range DWBA calculations.

3.4 Continuum Discretized Coupled Channels

method

Now a days, the study of breakup reactions is very popular methods to get the cluster
structural information of exotic nuclei. Because of multi-step effects the phenomenon
of breakup can not be treated perturbatively. A non perturbative method that treats
breakup to all orders, and includes Coulomb and nuclear effects on equal footing is the
Continuum discretized coupled channel method (CDCC). From our knowledge of Quan-
tum mechanics, it is known that the bound states are discrete, finite and normalizable
whereas unbound states are continuous, infinite and non-normalizable. In order to get
the solution for unbound states, one has to replace the true continuum by discretized
continuum such that wave-function becomes normalizable.

This can be done by: (i) the inclusion of continuum in Coupled channel calculations.
and, (ii) represent the continuum by a finite set of square-integrable states.

One of the most popular method of continuum discretization is the bin method, where
square-integrable states are constructed from scattering states.

Let us consider a reaction p+t — v+ c+t, where an initial bound state of projectile p
breaks into v and ¢ under the influence of the target t. In Fig. 3.1 the relevant co-ordinates

are (7,?) the Jacobi co-ordinates, where, 7 is a vector that connects the centre of mass
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Figure 3.1 Jacobi-Coordinate used in CDCC method.

between v and ¢ and ﬁ connects the centre mass of the target and (¢ + v) system.

The three body Hamiltonian can be written as:
Hyy =Ty + T + Vi + Vi + Vi (3.37)

Where, ﬁ and T\R are the kinetic energy operators. V,. represents the binding potential
between v and ¢ and that describes the different scattering states of the projectile, hence
V,e is real. But as V,; and V,; represents the fragment-target interaction potential, hence
they contain real as well as imaginary part.

The three body wave-function can be written as a superposition of bound state wave-

function and continuum scattering wave-function:
%
DR T) = Pl E) + [ dF op(Pep(R) (3.39)

%
Where, k is the momentum between the internal motion of (¢ + v) and it is related
to the momentum [—g between the projectile and the target through energy conservation.

As the three body wave-function involves an integral over a continuous variable to infin-
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ity, as well as sums over angular momenta fooo dk ", LI, ....,the solution of the Schrodinger
equation is impractical. That’s why discretization of continuum wave-function into a finite
set of square integrable basis is required. In the average method, the radial functions for

the continuum bins w,(r) (with p > 1), are a superposition of the scattering eigenstates

- /WN / o(r)dk (3.39)

Where, w,(k) is the weight function and N, is the normalization constant so chosen

within a bin [k,_1, k).

that wu,(r) form an orthonormal set.

Now the total wave-function can be written in terms of the wave-function of each bin:
N ~
_>
ﬁ ) :Z¢ T Xp (3.40)
p=0

where, p = 0 refers to the bound state and p > 1 represents the scattering states.

Now, one can solve Schrodinger wave-function and by wusing partial wave-
decomposition and proper boundary condition will able to get the S-matrix elements.
The cross-section for exclusive breakup channels can be obtained from the S-matrix ele-
ments.

The methods described in the above chapter have been used for the theoretical calcu-

lations in this thesis work.



Chapter 4

Direct, resonant and transfer

breakup of °Li

4.1 Introduction

The study of nuclear reactions involving weakly bound projectiles has been drawing
tremendous interests due to the observation of many new features compared to the ones
involving strongly bound projectiles. Suppression in complete fusion (CF) cross sec-
tions [40], breakup threshold anomaly in the optical potentials obtained from elastic
scattering [41] and high yield in « particle production [42] are some of the interesting
features. The presence of projectile breakup channels in addition to other non-elastic
channels and their coupling to the elastic channel are the prime factors behind the above
differences. Several measurements in the literature have focused on identifying different
breakup channels and estimating their cross sections.

In a systematic work by Pfeiffer et al. [43], it has been observed that the yield of a-
particles measured in reactions involving a °Li beam with several targets (°Ni, 1181208

and 2°8Pb) is unexpectedly large and the production cross section at an energy normalized

to the Coulomb barrier is independent of the target. The observation of smaller cross sec-
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tions for deuteron compared to « particles suggested the existence of other competing pro-
cesses with «a particles in the exit channel, such as transfer reactions leading to a-unstable
°He or °Li or excitation of quasi-continuously neighboured states by multi-nucleon trans-
fer. It was also concluded that these additional processes are more important at sub-
and near-barrier energies than anticipated. Particle-particle correlation measurements in
SLi+298Pb [44] and °Li+''®¥Sn,?*®Pb [45] reactions at near barrier energies confirmed the
presence of not only the direct breakup of 5Li— a -+ d but also the sequential breakup via
one of its resonance states [i.e., °Li—5Li*(37) — a + d] and transfer induced breakup like
®Li—°Li— o + p and Li—®*Be— o + . In a detailed investigation by Castaneda et al.
for the SLi+'TAu reaction [7], the sequential breakup via first resonant state of SLi (i.e.,
3T, 2.18 MeV) and 1n transfer followed by breakup (i.e., SLi—°Li— a + p) was again
observed. A similar observation was made by Signorini et al. [8,46] in °Li+***Pb reaction.
In reactions "Li+'*TAu [47] and "Li+%Cu [6], 1n stripping transfer followed by breakup
of %Li via its first resonance state (3%, 2.18 MeV) was observed. While, in the case of the
Li+5%°Cu reaction [6], the breakup of SLi via its first (37, 2.18 MeV) as well as second
resonance (27, 4.31 MeV) states were observed. These studies show that the probability
of breakup of the clustered projectiles or projectile like fragments such as %7Li into two
or more fragments proceeding through their resonance states is quite large. Therefore, for
the 511 case, one can expect its breakup through all three resonance states corresponding
to L =2, 1.e., (3%, 2.18 MeV), (21, 4.31 MeV) and (17, 5.65 MeV) [23,24].

So far there is no study available in the literature on the experimental breakup cross
sections for %Li via its 17 resonance state. Since the excitation energy and width of this
state is very large the cross section is expected to be less compared to other two (27 and
3%) resonance states. Also, the relative energy of the breakup fragments proceeding via
this resonance state being large (4.18 MeV) the detection cone angle is expected to be
large requiring bigger detector system. However, it would be interesting and challenging

to measure the breakup cross section via this state along with other two states using a
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detector setup covering a large solid angle and find their relative contributions.

In a recent study on breakup reactions in “Li+%Nb system [48], at energies around
the Coulomb barrier, the importance of transfer breakup, viz. 1p pickup and 1n stripping,
to unbound states of the ejectile followed by its breakup compared to direct breakup of
the projectile have been explored. In the measurements by Luong et al. [9] for °Li +
208ph 299Bj reactions at sub-barrier energy it has been observed that the probability of 1n
transfer followed by breakup, i.e., °Li—°Li— o + p, is always greater than the inelastic
breakup, i.e., °Li—%Li*(37) — « + d, for both the reactions. These breakup phenomena
can be further probed involving %Li as a projectile with a different target ( ''2Sn) to
confirm the target independence if any. It would also be interesting to see the energy
dependence of these breakup probabilities.

This chapter presents the results of exclusive measurements of different breakup chan-
nels in the °Li+!''2Sn reaction at two beam energies. Continuum-discretized-coupled-
channels (CDCC) and coupled-reaction-channels (CRC) calculations are performed to
understand the experimental cross sections for both direct as well as sequential breakup
(through resonance states of °Li and transfer reactions). Experimental and/or theoretical
cross sections have been compared to disentangle the individual contributions to inclusive

a production and understand the underlying reaction mechanism.

4.2 Identification of breakup modes : Relative en-
ergy distribution

In the event by event mode off-line analysis, the coincidence yields in any two strips with
« particles in one strip and dominant fragments like deuteron or proton or « particles in
any other strip have been extracted independently by employing two-dimensional gates
in respective particle bands obtained from the strip telescopes. The coincidence spectra

have been built as a function of relative energies of two breakup fragments as defined in
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Ref. [21] and shown in Fig. 4.1(a), (b) and (c) in order to find out excitation energies above
the breakup threshold of the intermediate projectile like particles like °Li, 5Li, *Be, etc.
The breakup vield of ‘Li— a + d at Fpean=30 MeV is found to peak at relative energies
equal to excitations corresponding to the resonance states of °Li (see Fig. 4.1 (a)). This
confirms not only the dominance of sequential o + d breakup but also the observation
of breakup via the 17 resonance state of °Li along with its 37 and 27 resonance states.
For ®Li—5Li— a+p breakup, as shown in Fig. 4.1(b), the yield has a broad peak for a-p
relative energy E,, ~ 1.97 MeV which is equal to the g.s. Q-value in °Li— a+ p breakup.
In the case of SLi—®Be— a + «a breakup, as shown in Fig. 4.1(c), the yield is maximum
at Fae=0.092 MeV (the g.s. Q-value in 8Be— a + « reaction). A small peak in the o+ «
breakup yield at E,, ~ 3.2 MeV corresponds to the excitation energy due to breakup
via the first excited state (21) of *Be.

In order to find the beam energy dependence of the direct and sequential breakup
contributions, the above measurements were repeated at another beam energy, Epeam=22
MeV, around the Coulomb barrier. The relative energy spectra for a + d, o + p and
a + « breakup for both the beam energies i.e., 22 and 30 MeV, have been compared
in Fig. 4.1. It is interesting to observe that the breakup of °Li— a + d at Epeam = 22
MeV now proceeds only through direct breakup. No sequential o + d breakup peak is
observed. This may be due to lower beam energy (22 MeV) which is slightly higher than
the Coulomb barrier (V, ~ 21 MeV) but less than the breakup threshold. In the case of
a + p breakup, as shown in Fig. 4.1(b), the shapes of the relative energy spectra at two
beam energies are similar, implying that this channel proceeds through the same ground
states of 5Li at both energies. Finally, for the a + « case, as shown in Fig. 4.1(c), the
breakup of ®Be at 22 MeV is found to proceed mainly through its ground state (07).
However, at 30 MeV, the breakup proceeds through both the ground state as well as the

first excited state (2) of ®Be.
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4.3 Breakup cross sections

4.3.1 Determination of experimental breakup cross-section from

coincidence spectra

Experimental cross sections for the breakup channels were obtained by strictly following
the formulations described in the review article by R. J. de Meijer and R. Kamermans, [21]
and the article by H. Fuchs, Nucl. Instrum. Methods [49]. The generalized expression for
cross section in center-of-mass frame can be obtained as follows.

Consider the breakup reactions,
a+A—>14+2+3 (4.1)

as well as,

a+A—=12"+3—=1+2+3 (4.2)

Where, ‘a’ is the weakly bound nucleus (°Li) and ‘A’ is the target nucleus ('2Sn). The
projectile ‘a’ while moving in the field (Coulomb as well as nuclear) of the target may
either directly break into fragments ‘1’ and ‘2’ or before breaking, it may either get excited
to some resonant state 12*, or exchange nucleon(s) with the target. The nucleus ‘3’ is the
corresponding residual in each case.

When a particle is detected in a detector of solid angle df) in singles mode, then the
yield (count) corresponding to the particle energy in the range of £ and F + dFE can be
obtained using the relation,

d*c

}/coin = NpNtmdeE (43)

Where, N, is the total no. of incident projectiles, N; is no. of target nuclei/unit area
d2

dQdE

and represents the double differential breakup cross-section in the lab frame. The
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energy bin for these spectra is denoted by dE.
When two particles ‘1" and ‘2’ are detected at detector ‘D’ and ‘Dy’ of solid angles
d€2; and d€),, respectively in coincidence, then the coincidence yield corresponding to the

fragment particle energy between E; and F; + dE;, where i=1 or 2, can be written as,

3o
Y = NyNy— 40, d%d E; 4.4
P AQ A dE; (4:4)
h P00 d0dE ts the triple differential break tion i
ere, — ; represents e triple 1rrerentlia reaku Cross-section 1
w " A0 dLdE, 1a3 42 P p p

the lab frame. The energy bin for these spectra is denoted by dF;. In our calculation the
bin size (dF; = dE,) was taken to be 60 KeV.

As usual, the values of N,N; can be found from the yield of the monitor detector M
which is fixed at an angle ;= 20° in the present case. The monitor yield Y}, is given by

the relation

do,ruth
Yy = N,Ni———dS2 4.5
M piVt dQM M ( )
Ruth
where, d{2y; represents the solid angle subtended by the monitor and is the dif-
M

ferential cross-section for Rutherford scattering at given 6,, which is calculated from the

following relations:

" 2
doftuth (ZpZtGQ) 1 (4.6)
A

dQy 4F (9M>
St 7

Therefore, one can find out the triple differential breakup cross-section in lab frame using

the Equations 4.4 and 4.5.

o ~ Yeoin do™h dQy,
dO0dOodE; Y dQy dQdQydE;

(4.7)

This is the general procedure to convert raw spectrum of ‘coincident counts versus energy’
Ao
d$2,dQdd E;

into absolute triple differential cross section in terms of "in laboratory frame

at a particular detector angle.
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Now, the above laboratory cross-section is transformed into center-of-mass frame using
the formula as described in Ref. [21] ,
3o Ao

= 4.
dQldQQdEl Jng,_lngl_QdE ( 8)

Where d€2;_, is the solid angle of the relative motion of fragments ‘1’ and ‘2’ with respect
to their center-of-mass and df23_15 the solid angle for the center-of-mass system ‘12’, with
respect to the center-of-mass system ‘123’ of the total reaction.

Here, de represents the differential of the relative energy (€) between breakup fragments
‘1" and ‘2"

The Jacobian for this transformation is given by Fuchs [49] ,

8(93_12, o, 6) o Ji

S M B D (4.9)
where,
Jy = m1moImspi P2 (4.10)
H1-2/3—12P1-2P3—12
and,
J2:m2+m3+m2(pq—13).p—§ (4.11)

Here, 1115 and p3_1o are the reduced masses and pi9, p3_12 are the associated momenta
for 1-2 and 3-12 systems respectively, p; and p, are the momenta associated with the
breakup fragments ‘1’ and ‘2’ respectively and P is the total momentum. Assuming the
isotropic emission of breakup fragments in their own center of mass system, eqn. 4.8 leads

to
s Ar &’
dQ3—12d€ n J dQldQQdEl

(4.12)

The desired breakup cross section in the center-of-mass frame can now be obtained as
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(see Eqn (2.14) of Ref. [21]),

do 2 4 Ao
S B A 413
A 1 / J A0, d0dE, (4.13)

1

where, €; and €y are, respectively, the lower limit and the higher limit of the desired
relative energy range for a particular breakup process, e.g. for the 3% resonant state of
°Li (breakup into a + d) with relative energy peak at 0.71 MeV, the lower limit is chosen
as €; as 0.65 MeV and the higher limit €5 as 0.75 MeV, in accordance with experimental

observation.

4.3.2 Reconstruction of emission angle of projectile like frag-

ment

Once the energy and angle information of the breakup fragments are known, then one can

reconstruct the emission angle of projectile like fragment from the following relations:

Orap, = tan™! (9—a) (414)
Oy
Where,
0, = p1sin(6y) + pasin(6s) (4.15)
and,
0y = prcos(6y) + pacos(6s) (4.16)

Where,p; and py are the momentum associated with breakup fragments ‘1’ and ‘2’ respec-
tively and #; and 0y are the azimuthal angle of the fragments.

Now 6., can be converted from 6., from the following relation:

O = Orap + sin~ " (wsin(Oiq)) (4.17)
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where, © = E.,, is the center of mass energy and () represents the

4.3.3 Direct and Resonant breakup of ‘Li— o + d

Similar to the observation earlier [5], the yields of the two peaks [7,45] corresponding to
the sequential a+d breakup through a particular resonance state of °Li* are also found to
be asymmetric for the present reaction. The a-d coincidence yields under the two peaks
corresponding to the same relative energy have been used separately to calculate the
differential breakup cross sections in the center-of-mass system at various angles using
the formulation discussed above. The two peaks in each of a or d coincident spectra
correspond to two center-of-mass angles of SLi* [7,45] which are slightly different in the
case of 37 and 27 resonant breakup. An average of the cross sections obtained from the
two (low and high energy) peaks of particular coincidence spectrum has been obtained

for each of 3% and 2 breakup and the results are shown in Fig. 4.2.
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However, for 11 breakup, the cross sections obtained for each of the two coincidence
peaks have been plotted independently as the difference in center-of-mass angles corre-
sponding to two peaks is large (12°-22°). Differential cross sections for sequential a-+d
breakup via 3", 2, and 17 resonances shown in Fig. 4.2 are represented by squares,
triangles, and circles, respectively. Although the resonant breakup cross sections via 3%
and 27 states of °Li in reactions involving a few targets have been measured and de-
scribed earlier, the cross section for 17 state is measured for the first time in the present
reaction. The lines plotted in the above figure, representing theoretical calculations as
described in chapter 3, explain the experimental cross sections very well and thus support
the observation of above resonant breakups.

Using the same formulation and assuming isotropic emissions of the fragments, the ex-
perimental differential cross sections for direct breakup of °Li— o +d have been extracted
and shown in Fig. 4.3(a) and (b).

At Fheam = 30 MeV, the coincident v + d breakup yields with relative energies in the
range of F,; = 0— 2 MeV, excluding the contributions of sequential breakup of the reso-
nant states, are used. For Eyc.m = 22 MeV, no significant contribution from the resonant
states has been observed experimentally. So, the o + d breakup yields covering the mea-
sured range of relative energies i.e., E,q = 0 to 1.4 MeV, have been considered for direct
breakup cross section estimations. The results of FRESCO calculations including projec-
tile inelastic excitations up to the same limit as measured in the experiment, represented
by solid lines, explain the experimental data very well. Calculations for direct breakup
with ad excitations up to a maximum of 8 MeV which is included in full CDCC calcula-
tions are represented by dashed lines for both beam energies. The elastic scattering cross
sections calculated simultaneously using the same cluster-folded potential with breakup
couplings, represented by dash-dotted lines are also compared with the experimental data
(diamonds) in Fig. 4.3(c) and (d) for 30 and 22 MeV respectively.

The CDCC method was used to calculate the cross sections for elastic and breakup



64 Chapter 4 Direct, resonant and transfer breakup of ®Li

S @ SLi= atd (direct) | (b) 6L(i)9a+d (direc), 22 MeV | _
6/ \ E|,p=30 MeV ] Expt :
/ N o Expt ~ fresco (Ey<1.4 MeV)

/ \\ fresco I /—V\/fr—e\s\co (Ex<8 MeV) 1 1.0

\ (E,<2 MeV)|| 7

\
~— fresco I+
N (Ey<8 MeV)];

do/dQ (mb/sr)
~

L
~

e —

30 MeV | (d) Elastic, 22 MeV

* * * ‘ 0.0
100 _@%@%\%(c) Elastic,
s

<&

= — 60%090: 1100
Z 10} Ty : %o
o 0% ~
o) <& Expt O~.. %%
° 107 —-- fresco Sy ¢ Bt 0%
— - fresco ]
L 107!
20 40 60 80 100 120 30 60 90 120 150 180
0..m. (deg) 0¢m. (deg)
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results of CDCC calculations (dash-dot-dotted lines) are shown in (c) and (d).



4.3 Breakup cross sections 65

channels with the code FRESCO [50]. °Li was taken as a cluster of a + d for its bound
as well as continuum states. The breakup of the projectile into its fragments (« and
d) is considered to be caused by inelastic excitations to different partial waves in the
continuum, induced by interactions of the projectile fragments with the target by Coulomb
as well as nuclear forces. For °Li, couplings to the 37 (Ex = 2.18 MeV), 27 (Ex = 4.31
MeV), and 11 (Ex = 5.65 MeV) resonant states as well as couplings to the non-resonant
continuum were included. The continuum up to an excitation energy of 8 MeV with ad
relative momentum L = 0, 1 and 2 was included in the coupling. For s and p waves,
the continuum was discretized into 10 bins of equal width in the energy of ad relative
motion. In the presence of resonances for d-waves, the discretization of the continuum was
slightly modified in order to avoid double counting. Three resonant states, with widths
corresponding to 0.1 MeV, 2.0 MeV and 3.0 MeV, respectively, were also treated as energy
bins, but with finer steps.

The couplings of the ground state to the continuum as well as continuum to continuum
have been included. Reorientation coupling, i.e., the coupling of the quadrupole term of
the projectile fragment-target potentials was also incorporated. No target excitation was
included in the CDCC calculation.

The CDCC calculations were performed using cluster-folded (CF) interaction [51],
where a-target (V,1s,) and deuteron-target (V;,g,) optical potentials were evaluated at
E, ~ gEﬁ ; and By ~ %Eﬁ i respectively. Once a certain set of potential parameters for
Viasn and Vgyg, are chosen, there is no free parameter remaining in the model, except
a possible overall renormalization factor. The cluster-folded (CF) interaction with Vg,
potential from [52] at Fpeam = 19.5 MeV and V., g, potential at Epeqn, = 10 MeV from
the global fit [53] have been used. The real part of the of (a+Sn) potential have the
Woods-Saxon volume form and the parameters are: vy = 163.30 MeV, ry = 1.281 fm,
ap = 0.664 fm, and the imaginary part have both the volume and surface term and the

parameters are : w=9.70 MeV, r,=1.57 fm, a,,=0.618 fm and W,;=8.00 MeV, r;=1.49 fm,
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aq=0.372 fm. Similarly, for V;,g, potential, with real parameters are vy = 96.136 MeV,
ro = 1.1530 fm, ag = 0.7780 fm, and the surface imaginary parameters are wy = 10.524
MeV, rq4 = 1.366 fm, ay =0.825 fm. The spin-orbit potential also have the Woods-Saxon
form, the parameters are: V, ,=3.557, r,,=0.972 and a,,=1.011.

The o+ d binding potential in Li was also of Woods-Saxon shape and the parameters
were taken from [23]. The a — d binding potential parameters are: V,,,=78.46 MeV,
ro=1.15 fm, ap= 0.7 fm for the g.s and for the continuum the depth of the potential
is suitably modified to 80.0 MeV to reproduce the resonances. The o — d spin orbit
interaction potential are V,,=2.5 MeV, r,,=1.15 fm and a,,=0.7 fm. Results of the
CDCC calculations for two beam energies, 30 and 22 MeV, are shown in Figs. 4.2 and
4.3. In Figs. 4.3(c) and 4.3(d), the calculated elastic scattering angular distributions
(lines) reproduce the experimental data (diamonds) well. The breakup cross sections
calculated for three resonant states (37, 2%, and 1%) shown,respectively, as solid, dashed,

and dash-dotted lines in Fig. 4.2 explain the experimental data very well.

4.3.4 Transfer breakup

As observed in Fig. 4.1 , the two major channels of transfer reactions followed by breakup
are °Li—°Li— o + p and °Li—®Be— o + a. The yields in a-p and a-a coincidences
are of the same order as that of a-d coincidence for any particular energy. Thus these
two breakup channels along with the o + d channel are expected to have significant
contributions to the total alpha particle production in the reaction. Assuming isotropic
emission of the breakup fragments in the center-of-mass frame and using the formulation
of Ref. [21], experimental cross sections for a4+ p and « + « breakup have been extracted
and shown in Fig. 4.4(a) and (b) respectively.

Coupled reaction channels (CRC) calculations using FRESCO for 1n stripping and 1d
pickup reactions have been compared with the measured a + p and a + « breakup cross

sections. The ejectiles °Li and ®Be formed in the above transfer reactions being unstable
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Figure 4.4 Differential cross sections in center-of-mass frame for sequential
breakup of (a) °Li — 5Li — a + p, and (b) °Li — ®Be — a + a measured
at Epeam = 30 MeV and 22 MeV. Lines represent CRC calculations.

to the above breakup channels, the transfer cross sections are assumed to be equal to
breakup cross sections. For the entrance and exit channels of CRC calculations, the
real potential obtained from the fit to measured elastic scattering was used. But the
imaginary potentials were of short range and Woods-Saxon square form. In the case of
the 1n stripping reaction, the ground state of °Li and ground plus six excited states of
113Sn have been included. Spectroscopic factors for <!*2Sn+n |13Sn> corresponding to
seven states (£, = 0—1.556 MeV) of ''?Sn are taken from Ref. [54]. Spectroscopic factors
for <®Li[°Li+n > is assumed to be 0.56 to reproduce the experimental data. Results are
shown in Fig. 4.4(a) as solid and dashed lines corresponding to 30 and 22 MeV respectively.
In the case of the 1d pickup reaction, the possibility of both single step transfer as well
as double step (1p followed by 1n or vice-versa) transfers have been considered. The 0
and 2% state of ®Be and ground plus first two excited states of 11°In have been coupled.
These are only a few representative states out of many excitations of 1*°In . Spectroscopic
factors for <SLi+p |"Be> are taken to be the same as <%Li+n |"Li> [55] and those for

<™MSn+n |M2Sn> are taken from Ref. [56]. The other overlaps which are not available
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Table 4.1 Experimental and calculated cross sections for various channels at
Epeam= 30 and 22 MeV.

Reaction channel 030(mb) 092(mb)
(expt.)  (theory) (expt.) (theory)
Inclusive breakup-« 592435 - 309+16 -
°Li* — a + d (resonant) 3444 34.6 - 15.2
6Li— o+ d (direct) 124200 12 610 6.1°
25.9¢ 9.3¢

SLi— o + d (total) 46+4.5  60.5 6410 24.5
SLi* > "Lisa+p 281440 192  68+1.0 7.9
SLi* — ®Be— a+a 42408 479 23405 275

Reaction 1364420 1344  521+15 493

in the literature are assumed to be 1.0. Calculated cross sections with only g.s. (dash-
dot line) and ground plus excited states of 1°In (dash-dot-dot line) shown in Fig. 4.4(b)

reproduce the peak positions of the experimental data.

4.4 Summary and conclusions

In summary, the major projectile-breakup channels observed in the °Li+!2Sn reaction at
Fheam=30 and 22 MeV are (i) direct and sequential breakup of SLi— «a +d, (ii) sequential
breakup via 1n stripping followed by breakup into « + p, and (iii) sequential breakup via
1d pickup followed by breakup into o + « [57]. Sequential o + d breakup cross sections
of °Li via its resonant state ‘1" along with ‘2%, and ‘3" in the continuum have been
measured for the first time. Breakup via the 3% state of %Li in the continuum, dominates
the total a+d breakup cross section at Fyeam = 30 MeV. However, at Fpeam = 22 MeV,
only direct breakup of 5Li into a +d is observed. The breakup channels proceeding via 1n
and 1d transfer reactions are observed at both the energies. The relative energy spectra
show that a + p breakup proceeds via the same excitations at both the beam energies.
However, for the a 4+ « channel, the breakup at Epcam = 22 MeV proceeds only through
the 0 state of 8Be whereas at Fieam = 30 MeV it proceeds through both 0 and 27

states of ®Be. Excellent agreement between CDCC calculations and experimental o + d
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breakup cross sections via three resonance states of °Li further confirms the observation
of sequential breakup via the resonance state of 17 along with 37 and 2% states. A
comparison of breakup cross sections at two energies reveals that the cross sections for
a+d breakup are more than a+p as well as o+« breakup at above barrier energies but at
around barrier, the cross-sections are of similar order. All the breakup channels observed
in the present measurements produce « as one of the two fragments and contribute to
total inclusive « yield. Two additional channels, i.e., a4+ d breakup followed by d capture
and 1p transfer followed by a + n breakup are expected to have significant contributions
in inclusive a.

The elaborate set of experimental data and theoretical calculations presented here
on different breakup channels including the newly found resonant breakup via 17 state
provides a deep insight of the reaction mechanisms involving a weakly bound projectile
like °Li. Understanding the above reaction mechanisms is an important step in exploring

similar reactions involving light radioactive ion beams from upcoming facilities.



Chapter 5

Direct, resonant and transfer

breakup of 'Li

5.1 Introduction

In the previous chapter, a systematic measurement on direct as well as sequential breakup
cross sections for different outgoing channels in a reaction involving °Li with a medium
mass target 1'2Sn are discussed. In addition to several well known breakup channels, a
new breakup channel for 5Li breaking into o and d via its third resonance state (1%, 5.65
MeV) was observed [57]. The use of large detector array with wide angular coverage has
made it possible to measure the higher resonance states. With similar motivations and
using even a bigger detector array, a reaction involving the same '2Sn target but with a
different weakly bound projectile i.e., 'Li was chosen for the present work.

The cluster structure of a light nuclei plays an important role in predicting possible
breakup channels. The Li as a cluster of o and ¢ with a binding energy of only 2.47
MeV is very well known. Direct breakup of 7Li into o + ¢ and sequential breakup via
the first resonance state (7/27, 4.63 MeV) of the cluster have been measured for several

systems. But, there is no measurement available on the sequential breakup corresponding
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to the second resonance state (5/27, 6.68 MeV). The study of this state is however very
important as various studies on elastic scattering show a significant effect of coupling of
the 5/27 state of "Li [25,26]. So, it would be interesting to measure this new channel to
better understand the mechanism of « + ¢ resonance breakup.

Cluster models of the structure of the light nuclei frequently provide a rather simple
description of some of the energy levels which are difficult to access in the usual shell
model framework. The model described in Ref. [27] is used to study the low-lying energy
levels of 7Li, whose structure is treated as a superposition of the clusters ‘a4t and
‘6Li+n’ with binding energies of 2.47 and 7.25 MeV respectively. Other possible cluster
structures like ®He +p were not considered because of its high binding energy (~ 9.96
MeV). Investigation of the breakup channel "Li—®He+p will shed light on the possibility
of an additional cluster structure of "Li.

In addition, the transfer breakup channels are known [42] to play a very important
role in understanding the large cross sections for inclusive a particles. Apart from o +
t breakup, the « particles can be produced in several sequential breakup, mainly the
transfer followed by breakup, reactions. For example, the transfer reactions of 1n stripping
("Li,SLi), 2n stripping (“Li,’Li), 1p pickup ("Li,*Be) and 1d stripping ("Li,’He) followed
by breakup into a+d, o+ p, @+ a and a +n can contribute individually to the inclusive
alpha production. The importance of the 2a cluster structure of ®Be at its ground state
(07) as well as other two resonance states at 3.12 MeV (2%) and 11.35 MeV (47) is well
reflected by the values of the spectroscopic factors for <®*Be|a+a > overlaps: S(g.s.)=0.84,
S(27)=0.83, and S(4%)=0.75 [28]. Since the third resonance state (47), like other two
states, has a good overlap between two a-particles in the cluster [29], the breakup of ®Be
into two « via this state is also possible at favorable excitation energies. However, there
is no experimental evidence reported so far on the observation of ®Be breakup via the 4
resonance state. So it would be interesting to investigate experimentally the existence of

8Be breakup via its third resonance state and compare with the breakup probabilities via
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its 07 and 27 states. Secondly, if the breakup via 41 state exists, finding its proximity to
the target nucleus at the time of dissociation would be important to understand its effect
on complete and incomplete fusion cross sections.

In this chapter, the results of experimental investigation on the existence of (i) 7Li
breakup into a+t via its second as well as first resonance state along with its direct breakup
and (ii) the direct breakup “Li into °He+p are discussed. In addition, the breakup induced
by (i) +1p transfer channel i.e., i 28Be— o + o breakup via three resonance states
of ®Be, (ii) -1n transfer channel i.e., "Li—%%Li— o + d breakup via three resonance
states of °Li and (iii) -2n transfer channel i.e., TLi—25Lios o + p breakup are also
investigated. Experimental differential cross sections for the above breakup channels

have been compared with the results of coupled-channels calculations.

5.2 Identification of breakup modes

5.2.1 Relative energy distributions

The relative energy ‘E,.;” of two breakup fragments and ‘Q-value’ of each reaction event
were reconstructed using the measured energies and positions of two breakup fragments.
The corresponding efficiencies of the detector array have been obtained by a Monte-Carlo
simulation. The relative energy distribution between two breakup fragments infer about
the excitation energy of the projectile-like nuclei above their break-up threshold through
which the breakup occurs. The relative energy between the fragments of masses m; and
mso has been calculated from their individual energies E; and F, and the opening angle
of their velocity vectors 615, using the expression given in Ref. [21].

Monte Carlo simulations have been performed to find the efficiency of detecting two
breakup fragments detected in coincidence by any two strips of the present strip detec-
tor array as a function of E,j. The breakup fragments were assumed to be emitted

isotropically in the rest frame of outgoing cluster particle which was broken. In simula-
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tion, the events with two breakup fragments falling on the same strip has been rejected.
The relative energy and efficiency of the detector have been determined event by event.
This efficiency distribution was applied to the raw data to obtain the efficiency corrected
relative energy distribution.

For 7Li breaking into a and ¢, the relative energy distribution without efficiency cor-
rection, the relative energy dependent efficiency of the detector array and the relative
energy distribution with efficiency correction have been shown in Fig. 5.1(a), (b) and (c)
respectively. In the relative energy distribution of a + t breakup, it is interesting to ob-
serve that, in addition to the direct breakup at low energy, there are two dominant peaks
at ~ 2.23 and ~ 4.28 MeV which correspond to first and second resonance states at 7/2~
(4.63 MeV) and 5/27 (6.67 MeV) respectively. The comparison of the peak positions
and widths of resonance states with literature values in Table 5.1 actually confirms the
observation of "Li breakup into o + ¢ via its 5/27 resonance state for the first time along
with 7/27 resonance and direct breakup [58]. Similarly, the relative energy, efficiency
and efficiency corrected relative energy for a + « is displayed in Fig. 5.2(a),(b) and (c)
respectively. It is observed from the efficiency corrected relative energy distribution that
the breakup yields of ¥Be—a + « peaks around 0.09 MeV, 3.5 MeV and 11.3 MeV cor-
responding to 0, 27 and 4% states of 8Be respectively. The observed peak positions and
widths of all the three resonances (0", 27 and 47) obtained by Gaussian fits (dotted lines)
are in reasonable agreement with the ones from the literature values [59] as compared in
Table 5.1. Although the breakup modes of ®Be through its 0% and 2% states were ob-
served [57,60], the breakup via its 47 resonance state is observed for the first time in the
present measurement [61].

Using the same procedure as above, the efficiency corrected relative energy distribu-
tions have been obtained for a+d, o+ p and “He+p breakup as shown in Fig. 5.3(a), (b)
and (c) respectively. It can be observed that the probability of 1n stripping followed by

breakup i.e., TLi— 61— a+d, the breakup mainly proceeded with three relative energies
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Figure 5.1 (a) Relative energy distribution without efficiency correction, (b)
efficiency of the detector array and (c) efficiency corrected relative energy distri-
bution corresponding to a + ¢ breakup.
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Table 5.1 Comparison of the observed energies and widths of the resonance peaks
in relative energy distributions with the ones available from the literature [24,59].
State Present work Literature
Erel I Erel r
(MeV) | (MeV) | (MeV) | (MeV)
Ti(7/27) | 2.23 0.20 2.16 0.09
Li(5/27) 4.28 1.20 4.20 0.88

5Be(0T) | 0.09 | 0.05 | 0.092 | 0.0057
Be (27) | 3.5 22 | 312 | 1.513
SBe(47) | 11.3 | 35 | 11.35 | 35

SLi(3%) | 0.68 | 014 | 071 | 0.024
SLi(2%) | 293 | 1.06 | 2.84 | 1.30
SLi(1%) | 450 | 1.29 | 418 | 1.50

SLi(3/27) | 215 | 150 | 1.97 | 123

around 0.71 MeV, 2.84 MeV and 4.18 MeV which actually correspond to three resonances
(3%, 27 and 17 states) of SLi (see Table 5.1). In the relative energy distribution shown in
Fig. 5.3(b) corresponding to 2n stripping triggered breakup, i.e.,("Li,°Li— a+p) reaction,
it was observed that the breakup has proceeded only with F,, ~ 1.97 MeV which is equal
to the Q-value of °Ligs — a+p reaction. The measured positions and widths of the peaks
in relative energy distributions corresponding to the breakup of “Li, ®Li and °Li have been
compared with the literature data [24] as shown in Table 5.1 to identify the respective
resonance states.

Despite a very high breakup threshold (~ 10 MeV) for "Li—°He+p channel, it was
interesting to observe a significant number of ®He-p events in the present measurement
as shown in Fig. 5.3(c). For this breakup channel, the relative energy distribution does
not have any well defined peak and hence it can be taken as a direct (non-resonant)
breakup. The "Li structure as a cluster of *He+p is not well investigated. However, there
is evidence of this structure in the observation of transfer or capture of 5He from “Li by

the target nuclei [62]. So, the present exclusive measurement of ®He in coincidence with a
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proton that provides direct evidence of He+p cluster structure of “Li is very important

in understanding the possible cluster structures of 7Li.

5.2.2 Q-value distributions

Next, to find out the excitations of the residual target nuclei, the Q-value distributions
corresponding to each of the above breakup reactions were also obtained. The Q-Value

for each event has been obtained by using the following relation [9],

Q = El + E2 + Eloss + Erecoil - Ebeam (51)

where, E; and F, are the laboratory energies of the two breakup fragments, Fycam is
the beam energy, Fls is the energy loss in the target calculated at half-thickness and
Erccon is the recoil energy of the residual target nucleus in the laboratory frame. Two
dimensional plots of E.. versus Q-value can reveal the excitations of both projectile-like
and target-like nuclei as shown in Fig. 5.4 for a+ p, o+t and *He-+p breakup, in Fig. 5.5
and Fig. 5.6 for « + a and a + d breakup respectively. The plot gives the information
about the excitations of target-like fragment associated with the particular breakup mode
of projectile like fragment. In case of o + t breakup and SHe-+p breakup, most of the
events are centered around Q-value equal to ~ —2.5 MeV and ~ —10 MeV respectively,
corresponding to the ground state of ''2Sn. However, for a + p breakup, there are two
distinct peaks at ~ 7.1 MeV and ~ 5.8 MeV in Q-value distribution corresponding to
ground state and first excited state (27, 1.3 MeV) of 1*Sn followed by a broad peak at
Q~4.3 MeV corresponding to an average excitation of ~ 3 MeV of "4Sn due to many
closely spaced energy levels of '4Sn in this region. The relative energies for these a-p
events with different Q-values are all centered around 1.97 MeV which is same as the
energy released in 5Lig.s_ — a + p breakup. It has been observed from the Fig. 5.5 that

for a + a, 07 and 27 states are associated with target excitations up-to 14 MeV but the
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Figure 5.3 Efficiency corrected relative energy distributions corresponding to
(a) a + d breakup, (b) a + p breakup and (c) He+p breakup respectively. The
relative energy bin size in the histogram (c) is 0.1 MeV which is double of that
in (a) and (b).
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Figure 5.4 Two dimensional plot of E, versus Q-value for a+p, o+t and *He+p
breakup reactions showing the distribution of events with different projectile-like
and target-like excitations.

47" state is associated only with the ground state and low lying excited states of residual
target like nuclei.

In case of a+d breakup (see Fig. 5.6), the maximum events were observed at ) ~ —1.0
MeV corresponding to the ground state of *Sn accompanied by three resonance states
(3%, 27 and 1) of SLi. However, there are events with excitation of "3Sn up to 11 MeV
which are accompanied by only the 3 resonance excitation of Li. In addition there are
direct (non-resonant) breakup with relative energies in the range of 0—0.5 MeV and '3Sn
excitation up to ~ 10 MeV. The breakup via 2t and 1" resonances are found to occur
only with 3Sn in its ground state.

For "Li—%He+p breakup, since the breakup threshold is very high (~ 10 MeV) the
number of breakup events was found to be small and they primarily occur with no exci-

tation of target-like nuclei.
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5.3 Determination of breakup cross-section

The differential cross sections for each of the measured breakup channels have been ob-

tained as follows. Consider the following reaction:
a+A—b+B—c+d+B (5.2)

Where, ‘a’ is weakly bound nucleus moving into the field of target ‘A’. ‘b’ represents
the inelastic states of ‘a’ above the breakup threshold or the intermediate quasi-bound
projectile-like fragment formed through the exchange of nucleon between projectile and
target. Using events reconstruction for a particular breakup channel c+d, a distribution of
events corresponding to different @, ¢ of the outgoing cluster particle just before breakup,
i.e., ‘b’ was generated. Now, for each 6(b) bin, the efficiency corrected relative energy

distribution (Y;'/(#) = Y% (0)/¢;) was obtained by summing over all ¢(b) coverage of

i
detector array corresponding to same (b) bin. Here, Y/ () represents the yield of ‘/*"
bin of the relative energy between ¢; and ¢; + de; without efficiency correction and ¢; is
the efficiency of the detector array for the same relative energy bin. For a particular 6
bin, the coincidence yields under the peaks corresponding to resonances in relative energy
distribution have been extracted individually by integrating Y;ef f (0) in steps of de; over

the respective relative energy range (Ae = Nde;). Differential breakup cross-sections for

each of the resonance states is extracted from the following relation,

dob" B Zz]\il Y;eff(g) doc!

) Ya(0) dQ (6)

(5.3)

where, Y,(0) is the yield of elastic scattering in the solid angle corresponding to the

el

element AG(b), Ap(b) and C;UQ

latter was obtained by normalizing (i) Y;(#) to the monitor yield Y;,(6,,) corresponding

(0) is the differential elastic scattering cross section. The

to Rutherford scattering and (ii) their solid angles.
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5.3.1 Direct and resonant breakup of “Li

The differential breakup cross sections for “Li— «a + t breakup proceeding through 7/2~
and 5/27 resonance states of Li have been obtained using the formulation mentioned
above and shown as hollow circles in Fig. 5.7(a) and (b). The cross section for the
direct breakup of “Li— « +t with relative energy in the range of 0 — 0.5 MeV is shown in
Fig. 5.7(c). Although the breakup cross-section via 7/2~ resonance has been measured and
described earlier using different targets, the cross section for 5/2~ resonance is measured
for the first time.

Breakup cross-sections for "Li — « + ¢ have been calculated by the same continuum
discretized coupled channels (CDCC) method using FRESCO [50]. Here, “Li is assumed to
have a two body cluster structure of o + ¢ with the breakup threshold of 2.47 MeV. The
continuum above this breakup threshold was discretized into momentum bins of widths
Ak = 0.2 fm '(up to k = 0.8 fm™!) for each of the o — ¢ relative angular momentum L

=0, 1, 2, 3, where hk denotes the momentum of their relative motion.
21
k= ?Ex (5.4)
The quantity E, is the excitation energy of “Li above the a + ¢ breakup threshold and s

is the reduced mass of the o + ¢ cluster system. The cluster wave functions ¥ (rk) in a

bin were averaged over the bin width Ak and normalized to unity according to [63]

xp(r,k):\/iﬁ [ i kjar, (5.5)

where, N is a normalization factor and r is the a-t separation. Each bin was then
treated as an excited state of "Li represented by a wave-function W¥(r) at an energy corre-
sponding to the mean energy of the bin and having spin ? and parity (—1)%. The angular

— —
momenta 7 and L are related by 7: L +?, where & is the spin of the valence triton
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Table 5.2 The states of the projectile “Li included in the model space of the
CDCC calculations. FE,, Fu, and E.. respectively represent the mean, mini-

mum and maximum excitation energies of a particular bin state above the a-t
breakup threshold.

L Im E:v Ernin Enax
(MeV) (MeV) | (MeV)
01]1/2% 0.2421 0.0021 | 0.4821
0]1/2" 1.2103 0.4841 | 1.9365
0|1/2" 3.1470 1.9365 | 4.3570
0|1/2" 6.0520 4.3570 | 7.7460
1]3/27 | -2.4700 (ground state) - -
1|3/2- 0.2421 0.0021 | 0.4821
1|3/2” 1.2103 0.4841 | 1.9365
1|3/2” 3.1470 1.9365 | 4.3570
1|3/2” 6.0520 4.3570 | 7.7460
1| 1/27 ] -1.9900 (bound inelastic) - -
1|1/2 0.2421 0.0021 | 0.4821
1|1/27 1.2103 0.4841 | 1.9365
1|1/2° 3.1470 1.9365 | 4.3570
1|1/2” 6.0520 4.3570 | 7.7460
2 | 5/2* 0.2421 0.0021 | 0.4821
2 | 5/2F 1.2103 0.4841 | 1.9365
2 | 5/2F 3.1470 1.9365 | 4.3570
2 | 5/2F 6.0520 4.3570 | 7.7460
2 | 3/2* 0.2421 0.0021 | 0.4821
2 |3/2* 1.2103 0.4841 | 1.9365
2 |1 3/2F 3.1470 1.9365 | 4.3570
2 1 3/2F 6.0520 4.3570 | 7.7460
3|7/2° 0.2421 0.0021 | 0.4821
3| 7/2° 1.272 0.4840 | 2.0600
317/27 2.1600 2.0600 | 2.2600
317/27 3.2900 2.2600 | 4.3200
315/27 0.2421 0.0021 | 0.4821
3|5/2” 1.2103 0.4841 | 1.9365
3|5/2” 2.3200 1.9370 | 2.7100
3|5/2” 4.2100 2.7100 | 5.7100
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_>
and L is the relative angular momentum of the o 4t cluster system. The binning of the

7
continuum with L = 3 has been suitably modified to include the resonance states 5 and

g with average excitation energy of 2.19 MeV and 4.21 MeV, and width of 0.2 MeV and
3.0 MeV respectively. The model space of Li that includes the discretized states with
mean excitation energy F,, minimum to maximum excitation energy (‘Epin’ t0 ‘Fiay’) of
the corresponding bin are enlisted in Table 5.2.

The CDCC calculations were performed using cluster-folded (CF) interaction, where
Sao-Paolo potentials [64] multiplied by 0.65 were used as the real parts of the fragment-
target (a+'"%Sn and t+''?Sn) potentials. The imaginary potential for a+1%Sn was taken
from Ref. [?] including both volume and surface terms, and for ¢+''2Sn it has been
calculated from global optical model [65] considering only the surface term. The a-t
binding potentials of Ref. [66], suitably modified for resonances, have been used.

The width of the 5/2~ state being much larger (~1.2 MeV) than for the 7/2~ state
(~0.2 MeV), the yield under the 5/27 peak can have some contributions from non-resonant
breakup with the same relative energies but different L values. In addition, the contribu-
tion from another 5/2~ resonant state at 7.46 MeV [24,67], though small, could be present.
In fact, a larger cross section for the 5/27 state than for the 7/27 state has also been
observed in the case of resonance scattering of *He from *H by Spiger and Tombrello [68]
and Ivanovich et al. [69].

Similarly, the differential cross sections for direct breakup of “Li into *He and p, which
is again measured for the first time has been shown in Fig. 5.7(d). The cross section for
the ("Li,He) transfer reaction corresponding to Qg = -6.9 MeV has also been shown as

an inset to Fig. 5.7(d), and found to be much larger than for the ®He + p breakup.

5.3.2 -1n and -2n transfer breakup of "Li

The differential cross-sections for -2n transfer followed by immediate breakup i.e.,

TLi—2%5Li— « + p breakup via the ground state (3/27) of 5Li are shown in Fig. 5.8(a).
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Figure 5.7 Differential cross sections for (a,b) sequential breakup of “Li— a + ¢
for its 7/27 and 5/2~ resonance states respectively, (c) direct breakup of "Li—
a+t and (d) direct breakup of "Li—%He+p. The lines represent the results of
CDCC calculations.
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Similarly, the differential cross-sections obtained for 1n stripping followed by breakup into
a+d through 3%, 2% and 17 resonance states of °Li are shown in Fig. 5.8(b), (c) and (d)
respectively. The elastic scattering angular distribution that was used for cross section
normalization and for obtaining potential parameters required for coupled-channels cal-
culations has also been shown as an inset of Fig. 5.8(b). The lines in Fig. 5.8 represent
the results of the coupled-channels calculations described in the following section.

For -1n and -2n transfer induced breakup channels, the coupled reaction channel
(CRC) calculations using FRESCO have been compared with the measured o + d and
a + p breakup cross sections, respectively. After 1n stripping from the projectile Li to
the target '2Sn, when SLi is formed in an excited state above the o — d breakup thresh-
old, it immediately breaks up into an « — d pair. So only the resonance states of °Li
were considered. For the entrance channel of the CRC calculation scheme, the real and
imaginary potentials of the Woods-Saxon volume form with Vo = 25.33 MeV, 1y = 1.185
fm, ag = 0.75 fm, W = 25.38 MeV, ryy = 1.17 fm, and ay, = 0.787 fm, obtained from the
fit to the measured elastic scattering, were used. For the exit channels, the real potentials
are the same as above but the imaginary potentials were taken to be of short-range and
Woods-Saxon square forms. The 3% state of °Li was coupled to the ground plus six ex-
cited states of 1'3Sn, whereas the 2+ and 17 states of °Li were coupled only to the ground
state of '3Sn because experimentally it was observed that the breakups of 2+ and 1%
states are accompanied by only the ground-state excitation of ''3Sn. The spectroscopic
amplitudes for <2Sn + n|''¥Sn> corresponding to seven states of '3Sn with Ex = 0-
1.556 MeV are taken from Ref. [54]. Spectroscopic amplitudes for <"Li|%Liy gp7ev+ n> |
<"Li|°Lig 31070y + n> , and <"Li|®Lis g5p7¢p+ n> are optimized at 0.605, 0.905, and 1.205,
respectively, to reproduce the experimental cross sections.

For dineutron stripping, the ejectile °Li being a quasi-bound nucleus breaks into o
and p. Hence, the cross section for -2n transfer calculated from CRC calculations is equal

to the a4+ p breakup cross section. From the Q-value distribution it was observed that a
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Figure 5.8 Differential cross sections for (a) sequential breakup of TLA—2%5 iy

a + p and (b-d) sequential breakup of "Li—%6Li— a + d through 3*, 2+ and
1" resonance states of 5Li respectively. Solid lines represent the results of CRC
calculations.
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one-step transfer process is dominating, so only direct stripping of 2n from “Li has been
considered in the calculations. Again, the entrance and exit channel real potentials are the
same. The imaginary potential in the exit channel is short ranged. In the couplings, the
g.s. of °Li and g.s. plus first excited state of 1**Sn have been included. The spectroscopic
amplitudes <"Li|’Li 4+ 2n> and <'*Sn|?Sn + 2n> are taken to be 1.0. The calculations

represented by solid lines in Fig. 5.8 reproduce the experimental data reasonably well.

5.3.3 +1p transfer breakup of "Li

The differential breakup cross-sections thus obtained for 07, 2 and 4T states of ®Be
includes the events corresponding to all possible target excitations and are shown as filled
circles in Fig. 5.9(a), (b) and (c) respectively. The breakup cross sections for 07, 2% and
4" states are in decreasing order as expected. Although the breakup cross-section via 0
and 2% states of ®Be have been measured and described earlier, the cross section for 4+
state is measured for the first time.

Due to so many closely spaced low lying energy levels of the residual target nucleus
H1Tn, it is possible to have the 2 breakup events associated with large number of target
excitations, particularly for 0% and 2" breakup. But, it is difficult to identify the events
corresponding to individual excitations. It is also difficult to include so many target ex-
citations in the coupled reaction channels (CRC) calculations due to the computation
limitation leading to difficulty in comparing the experimental total 2o breakup with the
theory. However, the events corresponding to ‘no target excitation’ are identifiable. So,
the breakup cross sections for these events have been extracted separately as shown as
hollow circles in the respective figures. Dashed lines represent the results of CRC calcu-
lations (described in the next section) corresponding to the target being in the ground
state. In order to compare the shape of the experimental total breakup cross sections
with theory, a few representative states of low lying target excitations have been included

in the CRC couplings. Solid lines represent the sum of the cross sections corresponding
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Figure 5.9 Differential cross sections in center-of-mass frame for sequential
breakup of "Li—®*Be—a + «a corresponding to (a) 0%, (b) 2% and (c) 4™ states of
¥Be along with (d) the elastic scattering, measured at Epeam = 30 MeV. The hol-
low circles in (a), (b) and (c) represent 2« breakup cross sections corresponding
to no target excitation, whereas, the filled circles represent total breakup cross
sections corresponding to both ground state as well as excited states of the target
like nuclei. Lines represent the results of the CRC calculations using FRESCO.
Dashed lines represent theoretical cross sections only for g.s. to g.s. transition
and solid lines represent total cross sections for g.s. and excited states of *In.
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to the ground state and all the excitations of the target that have been included in the
calculations. The measured elastic scattering angular distribution has been shown as open
diamonds in Fig. 5.9(d). The solid lines in Fig. 5.9(a)-(d)represent the results from CRC
calculations. The details of the CRC calculations have been given below.

Coupled channels calculations using FRESCO (Version2.9) [50] have been performed
to understand the above experimental breakup cross sections of & — a. Two sets of
calculations have been carried out. First, only the CRC calculations have been made
where no projectile breakup coupling is considered. However, the optical model potentials,
obtained from the fit to the measured elastic scattering angular distribution, has been used
for the entrance (elastic) channel. This may be considered as the local equivalent potential
(i.e., bare+polarization potential) that has taken care of the effect of couplings of breakup
and other direct reaction channels on elastic.

In the second case, both the continuum discretized coupled channels (CDCC) as well
as the CRC calculations have been carried out using a bare potential in order to find the
effect of couplings of breakup and other direct reaction channels on elastic and perform
a simultaneous analysis of projectile breakup and transfer channels. Details of these

calculations have been described in two separate sections as follows.

5.3.3.1 CRC calculation:

In the present CRC calculations, only two mass partitions (with "Li and ®Be as ejectiles)
have been considered. In the elastic-inelastic mass partition, both “Li and '!2Sn have
been considered to be in ground state. The second mass partition corresponds to 1p
pickup, i.e., ("Li,*Be) reaction. In this mass partition, the outgoing channels included in
the couplings correspond to 07, 27 and 4" states of ®Be, and the ground state (9/27)
plus twenty five excited states of ''In as listed in Table 5.3. When ®Be is in g.s., all the
target excitations have been assumed to be possible. But, for 2" and 4" excitations of

8Be only the g.s. plus two excitations of 1*!In have been considered. The details of the
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Figure 5.10 Experimental and theoretical cross sections for sequential breakup
of "Li—+®Be—a + a corresponding to (a) 07, (b) 27 and (c) 4% states of ®Be
corresponding to no target excitation. Dashed and solid lines represent the re-
sults of FRESCO calculations using ‘CRC only’ and ‘CDCC+CRC’ formalisms
respectively.
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states coupled including the spectroscopic information and the spectroscopic amplitudes
for the overlaps <®*Be|"Li+p > and <''2Sn|'""In+p > used in the CRC calculations are
given in Table 5.3.

The real and imaginary potentials of Woods-Saxon volume form with V(=25.33 MeV,
ro=1.185 fm, ag=0.75 fm, Wy=25.38 MeV, r,,=1.17 fm and a,,=0.787 fm, obtained from
the optical model fit to the measured elastic scattering angular distribution have been
used for the elastic-inelastic mass partition. For the transfer mass partition, the real part
of the optical potential was same as that of the entrance channel mass partition but the
imaginary part was taken to be of short range Wood-Saxon square form with Wy=10.00
MeV, 1,=1.00 fm and a,=0.4 fm. The binding potentials for p+'Li are taken to be
real and also of Woods-Saxon volume form with V(=50.0 MeV, ro=1.15 fm, ag=0.57 fm,
Vo=5.5 MeV, 1,,=1.15 fm, a,,=0.57 fm, where the subscript ‘so’ corresponds to the spin-
orbit term. The depth is automatically varied to reproduce the binding energy. Similarly
the binding potential parameters used for p+1In are Vo=50.0 MeV, ry=1.23 fm, aq=0.65
fm, V,,=6.0 MeV, r,,=1.23 fm, a,,=0.65 fm.

Due to the presence of so many closely spaced low lying excited states of ''In within
the measured energy range the cross sections corresponding to each of the target excita-
tions could not be extracted. Also, in CRC calculations it was not possible to include all
these excitations. So, the measured total 2o breakup cross sections corresponding to all
these states cannot be compared with the calculations that have included only a limited
number of excitations. However, the breakup yields corresponding to 07, 2% and 4" states
of ®Be with no target excitation being reasonably clean, the corresponding cross sections
have been extracted separately and compared with the CRC results. The dashed lines in
Fig. 5.9 represent the calculations assuming target in the ground state and they reproduce

the experimental data reasonably well.
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5.3.3.2 CDCC-CRC calculation:

To investigate the effect of projectile breakup and other direct reaction channels on elas-
tic scattering simultaneously, the CDCC as well as CRC calculations using FRESCO have
been carried out. Both, the transfer channels and the inelastic (bound and unbound)
excitations of the projectile have been coupled simultaneously. For transfer mass parti-
tions, the real potentials of Woods-Saxon volume form with V(=25.33 MeV, ry=1.185 fm
and ag=0.75 fm, obtained from the optical model fit to the measured elastic scattering
angular distribution, have been used. Whereas, the imaginary potentials used were of
Woods-Saxon square form with Wy=10.0 MeV, r,,=1.0 fm and a,,=0.63 fm. For the +1p
transfer mass partition, the number of outgoing channels included in the couplings is now
reduced compared to the previous ( CRC only) calculations due to the limitation in total
number of channels that can be included at a time. These channels now correspond to 07,
27 and 4T states of ®Be, and ground state (9/27) plus four excited states i.e.,(1/27, 0.537
MeV), (3/27, 0.803 MeV), (1/27, 1.187 MeV) and (5/27, 2.212 MeV) states of "'In. The

spectroscopic amplitudes used are same as those given in Table 5.3.

5.4 -1n and -1p transfer cross-section of "Li

Apart from the dominant breakup channels, -1n and -1p transfer reaction cross-sections
has also been measured. A simultaneous description of elastic, -1n transfer, -1p transfer
and +1p transfer channels have also been attempted using the same set of potential and
coupling parameters using the CDCC-CRC approach via FRESCO [50]. For the -1n and
-1p transfer mass partitions, the number of outgoing channels included in the couplings
are seven and six respectively. The details of these two transfer channels including the
spectroscopic amplitudes and structure information on the states included in the couplings
are given in Table 5.4.

Typical -1p transfer cross sections calculated from the CDCC+CRC calculations (solid
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Figure 5.11 Experimental cross sections for 1p stripping corresponding to g.s.
of “He and (a) g.s., (b) 1st excited state and (c) 2nd excited state of '*3Sb. Solid
lines represent FRESCO calculations using ‘CDCC+CRC’ formalism.
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Table 5.3 Structure information and spectroscopic amplitudes for the overlaps
A = C + x corresponding to different states of the nuclei A, C' and x used in the
CRC calculations for ("Li,*Be) reaction.

Nucleus C z | BE |nljx)| SA
(4) (MeV)
"Be(0") Ti(g.5,3/2 ) p | 17.255 | 1pss | 1.00
¥Be(21) i(g.s.,3/27) p | 14.135 | 1ps;p | 1.00
SBe(4™) "Li(g.s.,3/27) p| 5905 | 1fs | 0.80
*Be(4™) i(g.s.,3/27) p| 5905 | 1f72 | 0.80
128n(01) Hn(g.s.,9/27) p| 7.560 | lggs | 0.87
1280 (0%) | MIn(0.537 MeV,1/27) | p | 7.023 | 2pis | 0.87
12Sn(0%) | "MIn(0.803 MeV, 3/27) | p | 6.757 | 2p3n | 0.87
128 (07) | MIn(1.185 MeV,1/2%) | p | 6.375 | 3s1 | 0.87
1280 (07) | MIn(1.217 MeV.,5/2%) | p | 6.343 | 2dss | 0.87
1280 (0+) | Un(1.279 MeV.,5/2%) | p | 6.281 | 2fs | 0.87
1280 (0+) | WIn(1.345 MeV, 3/2%) | p | 6.215 | 2d3 | 0.87
1280 (0%) | M In(1.500 MeV, 7/27) | p | 6.060 | 1grs | 0.87
1280 (0%) | M In(1.610 MeV, 9/27) | p | 5.950 | 1gess | 0.87
1280 (07) | WIn(1.752 MeV, 9/27) | p | 5.808 | 1gess | 0.87
1280 (07) | MIn(1.866 MeV, 1/2+) | p | 5.604 | 3s155 | 0.87
1280 (0%) | MIn(1.919 MeV, 3/2%) | p | 5641 | 2dsj | 0.87
1280 (0%) | MIn(2.085 MeV, 1/2%) | p | 5475 | 35155 | 0.87
1280 (07) | MIn(2.200 MeV, 5/2+) | p | 5.360 | 2ds | 0.87
1280 (07) | Wn(2.202 MeV, 3/2%) | p | 5.268 | 2dss | 0.87
128n(0%) | MIn(2.361 MeV, 9/27) | p | 5.199 | 1gg/2 | 0.87
1265 (0+) | 1In(2.520 MeV, 5/2) | p | 5.031 | 2dss | 0.87
128 (0+) | WIn(2.616 MeV, 3/2%) | p | 4.944 | 2dy | 0.87

lines)corresponding to g.s., 1st excited state and second excited state of 13Sh, have been
shown in Fig. 5.11 (a), (b) and (c) respectively. Similarly, for -1n transfer reactions the
cross sections obtained from the CDCC+CRC calculations (solid lines) have been shown
in Fig. 5.12 (a) and (b) corresponding to g.s. and 0.738 MeV excited state of ''3Sn
respectively. The calculations are found to reproduce the measured data (hollow circles)
reasonably well. It implies that the parameters used in the coupled channels calculations

are realistic using which it has been possible to describe elastic scattering and several

transfer channels simultaneously through a single coupled-channels calculation.
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Table 5.4 Structure information and spectroscopic amplitudes for the overlaps

A = C + x corresponding to different states of the nuclei A, C' and x used in the

CRC calculations for ("Li,%Li) and ("Li,®He) reactions.

Nucleus C z | BE |nlj(x) SA
(4) (MeV)

i(3/27) Ligs | n| 7.251 | 1pisp 0.690

Li(1/27) | Ligs |n| 7739 | Ipin | 0657
13Gn(1/2+) | M2Sn,, | n | 7.744 | 3sy | 1077 [54]
13Gn(7/2+) | 128n,, | n | 7.667 | lgrs | 0.556 [54]
13Gn(5/24) | 12Sn,, | n | 7.334 | 2dsp | 0.387 [54]
"3Sn(3/2%) | "*Sny, | n | 7.245 | 2d3 | 0.866 [54]
1SN (11/27) | Y280, | n | T.005 | Thiys | 1.140 [54]
13Gn(5/2+) | "2Sny., | n | 6.725 | 2dsss | 0.130 [54]
13Gn(5/2+) | "2Sn,, | n | 6.183 | 2dss | 0.230 [54]
TLi(3/27) | He,. | p| 9.980 | 1pss | 0.768 [70]

Li(1/27) | ®Hey. | p | 10458 | 1py | 0.768

13Gh(5/2+) | 1280, | p | 3.050 | 2ds | 0.920
U3Gh(1/21) | M28n,, | p | 2.405 | 3sy, | 0.920
U38h(7/27) | "2Sn,, | p | 2236 | lgrn | 0.920
13Gh(5/2+) | M28n,, | p | 2.032 | 2ds, | 0.920
111;3Sb(9/2+) 128y I p | 1793 | lgosp | 0.920
Sb(11/27) | M2Sn,, | p | 1.702 | 1hyye | 0.920

5.5 The effect of breakup and transfer couplings on
elastic scattering

Along with the CDCC calculations that includes the projectile excitations described
above, the CRC calculations have also been performed simultaneously to include not
only the 1p pickup ("Li, ®Be) channel but also some of the one-nucleon transfer channels,
viz., (i) -1n transfer i.e., (“Li, °Li) reaction and (ii) -1p transfer i.e., ("Li,5He) reaction
channels.

The projectile being weakly bound, the direct and resonant breakup of "Li into o

and t may play an important role on elastic scattering which in turn will affect on the
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Figure 5.13 Measured (circles) elastic scattering cross sections have been com-
pared with the FRESCO calculations (lines) showing the effect of coupling of direct
and resonant breakup and transfer channels.

+1p transfer channel that we are interested in. The effect of these breakup channels
corresponding to different v — t relative angular momenta on elastic scattering has been
demonstrated in Fig. 5.13. The elastic scattering angular distribution calculated using
bare CF potential without any breakup or transfer coupling is represented by the dotted
line. The calculations with breakup (BU) couplings corresponding to o — t relative angu-
lar momentum (i) L=0 (short-dashed line) (ii) L = 0 and 1 (dash-dot line) (iii) L=0, 1
and 2 (medium dashed line) and (iv)L=0, 1, 2 and 3 (dash-dot-dot line) show that each
of these v — t breakup couplings has reduced the elastic scattering cross sections notice-
ably at backward angles with respect to the uncoupled cross sections (dotted line). It
implies that the couplings have generated a repulsive polarization potential contributing
to the effective potential for elastic scattering. Comparison between the results with full
couplings, i.e., breakup+transfer couplings (solid line) and the ones with all the o + ¢

breakup channels (dash-dot-dot line) shows that the effect of transfer coupling on elastic
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scattering is unnoticeable. The calculations with full couplings (solid line) provide a good
reproduction of the measured elastic scattering angular distribution which is necessary
and important while describing the cross sections for non-elastic channels simultaneously

using the same set of potential and coupling parameters.

5.6 Proximity of breakup to target

To distinguish the breakup events occurring near or far from the target nuclei, two new
distributions of the coincidence events have been generated as prescribed by Simpson et
al. [60]. A direct mapping between the difference of fragment energies |E — Es| with their
relative energy FE.. and the correlation between the opening angle of the fragments ;5 and
the orientation of their relative velocity of their center of mass § has helped understand
the proximity of breakup with respect to the target center. If breakup occurs far from
the target both the quantities, i.e., |y — Es| versus E,. and 6015 versus ( well defined
distributions. Any characteristic deviation in the measured distributions compared to the
ones expected from these asymptotic behaviors can be utilized to distinguish the breakup
events occurring near the target from the ones far from the target. An attempt has been
made to investigate the proximity of the breakup for 2a from different resonance states
of ®Be* to understand the role of transfer breakup on complete fusion suppression and

enhancement of incomplete fusion.

5.6.1 Distribution of |F; — Es| versus E,q

If two breakup fragments have same mass then the maximum difference in energy between
the fragments occurs when their relative velocity is aligned with the velocity of their center

of mass, such that 615 = 0° or 615 = 180°. This quantity is given by [60]:

|Ey — Ey| < 2v/Epo(EBy + By — By (5.6)
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Figure 5.14 The variation of coincidence events of o —« with respect to |Ey — Es|
versus F,.. . The curved lines represent maximum allowed energy difference
|Ey — FE5| as a function of relative energy (see text for details). Inset shows the
intensity distribution of 07 state in the range of |E; — Es| = 0 to the maximum
allowed |E; — Eo|"** ~ 3.4 MeV.

If the breakup occurs asymptotically far from the target, the distribution will run from
zero to this E,, dependent maximum. Also, if the decay is isotropic then the intensity of
the events is independent of |E; — FEs| for a given relative energy.

The event distributions for |E; — Es| versus F,. has been generated from the ex-
perimental data and shown in Fig. 5.14. The solid curved line in the figure represents
maximum allowed energy difference |E; — Es| calculated from Eq. 5.6 as a function of
relative energy corresponding to E; +F5 with a minimum recoil energy and no excitation
of residual target nuclei for both the cases. In Fig. 5.14, the dashed line corresponding to
|Ey — E5|=18.0 MeV represents the detection threshold due to detector thickness beyond
which no count is expected. From the Fig. 5.14 it is observed that the ground state of
8Be , with E,, ~ 0.092 MeV, appears in the bottom left corner of the plot and reaches
the limiting value of |E; — E5| and the intensity of these events seems to be independent

of |Ey — E5|. Therefore, it can be concluded that the decay of ®Be into 2« from its ground
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state is isotropic and asymptotically far away from the target. For slightly higher value
of relative energies it is observed from both the figure that the intensity is no longer con-
stant with |E) — Es| for a given E,... For E,. in the ranges of ~ 2-5 MeV and ~ 9-13
MeV, the intensity is increasingly focused towards |E; — F2|=0. As explained in Ref. [60],
these events are likely to be from the breakup near the target. Since these F,. ranges
correspond to 27 and 4 resonance states of ®Be, one can conclude that the breakup of

8Be into 2« from its two resonance states occurs near the target nuclei.

5.6.2 Distribution of 3 versus 6

To further probe the proximity of the breakup events of ®Be, the correlation between
the orientation of the relative velocity [ with respect to the opening angle 615 has been
derived. For a fixed excitation energy E*, there is a direct mapping between 615 and

S [60,71],

’U1U28in012

sinf = (5.7)

VvsuZ + v3ud + 2uiugvivacostiy
where, v; and vy are the velocities in laboratory frame deduced from the measured energies
E, and E,. The fragment velocities in the rest frame of ®Be are u; and us, and they can
be deduced from the relation E,. = %,u(ul + u9)? and the conservation of momentum,
where p is the reduced mass of the breakup fragment pair.

For 5 = 90°, the opening angle 65 is maximum and E is equal to F, leading to the
symmetric distribution of breakup of ®Be into two a, and these events are expected to
occur near the target [60,71]. The smallest ;5 is generated when 5 = 0° or 5 = 180° and
for that case the difference of energies |F; — Es| is maximum.

The experimental fragment angular correlation between 5 and ;5 has been shown in
Fig. 5.16. It shows three distinct intense bands corresponding to the events of breakup of
8Be into 2« via its ground, 27 and 4% states with 6,5 values in increasing order for any
particular  value. The lines plotted in the same figure represent the respective angular

correlations obtained from 5.7 assuming F; = FEs, without considering the post Coulomb
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Figure 5.15 Diagram of orientation of fragment velocities.

acceleration. At smaller 5, the band corresponding to the ground state decay of ®Be is
very close to the asymptotic behavior (shown as a solid line) as expected from 5.7.
However, the second and the third intense bands in the Fig. 5.16, corresponding to 2"
and 4% states, do not follow the asymptotic trends of disintegration represented by dashed
and dotted lines respectively. The experimental distributions are found to peak at 5 ~ 90°.
The spread in 61, values corresponding to 2% state can be understood in terms of multiple
excitations of residual target-like nuclei. As suggested in Ref. [60], the contribution in the
above spread can also come from (i) different breakup locations relative to the target-like
recoil, (ii) the width of the 2% resonance and (iii) different angular momenta. The long
and short dashed line represent expected asymptotic behavior corresponding to g.s. and
excited state (14 MeV) of residual target-like nuclei respectively and they cover majority
of the second intense band. Thus, the deviation in 615 values for 2" state due to post
Coulomb acceleration if any seems to be smaller compared to the above spread.
However, for 4% state distributions, the 615 values (~ 60°) corresponding to majority
of the events are smaller than the ones expected from asymptotic breakup (dotted line).
Another group of events corresponding to 4T state, though with small intensity, is observed

to have 615 values (~ 60°) larger than the ones expected from asymptotic breakup. Such a
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Figure 5.16 Experimental 3 versus 5 distribution for the breakup of ®Be into
2 . The lines represent theoretical correlations assuming E; = Fs.

large deviation, i.e., decrease as well as increase, in 15 values compared to the asymptotic
values are apparently due to the post Coulomb acceleration of breakup fragments for
near target breakup events. This is another indication that the breakup of ®Be via its 4
resonance state is occurring near the target, where post Coulomb acceleration is modifying
the asymptotic correlation. The above deviations visible in the experimental fragment
angular correlation from the expected asymptotic behavior makes it an important tool to
find the effect of post breakup Coulomb acceleration and distinguish the breakup occurring
near to and far from the target.

To understand the experimental events distribution on § further, a Monte-Carlo sim-
ulation was performed assuming asymptotic breakup of ®Be and residual target nuclei at
ground state. The fragment angular correlation [ versus 615 obtained from the simulation
for the present detector setup has been shown in Fig. 5.17 for reaction "2Sn("Li,*Be —
a + «). The projection of the events on f corresponding to 0%, 27 and 41 events from
the simulation has been compared with the experimental data in Fig. 5.18. The smooth
continuous line represents a sine curve fitted to the experimental -distribution. For both

experimental and simulated events, the intensity pattern was found to vary as sinf as
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Figure 5.17 A Monte-Carlo simulation on 3 versus 6, distribution for the
breakup of ®Be into 2a assuming asymptotic breakup for the “Li+!''?Sn reac-
tion, corresponding to the present detector setup.

expected from asymptotic breakup. However for 2% events, the experimental intensity
pattern does not follow sing relation but it peaks sharply around 5 ~ 90°. Due to limited
detector coverage for 47 events, a very small overlapping region of 615 could be compared

for theory and experiment leading to no definite conclusion on their difference.

5.7 Summary and conclusions

In summary, exclusive measurements for various breakup channels consisting of both
direct and sequential modes have been carried out using a large strip detector array for
"Li+!2Sn system at a bombarding energy of 30 MeV. The sequential breakup of “Li into
a+t through its second resonance state (5/27) has been measured for the first time along
with its first resonance state (7/27). Exclusive measurement of +1p transfer breakup
channel confirms the observation 4% resonance breakup state of ®Be into 2« for the first
time along with the well known 0% and 27 states.

The measurements of differential cross sections for two more dominating sequential
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modes proceeding through transfer channels (i) TLi—%0Li— a + d and (ii) TLi—2%5i—
a+p, where one of the breakup fragments is «, show that these channels are very important
while calculating the total cross section of the projectile breakup as well as inclusive a.
Thus, the results on (i) direct and resonant breakup of "Li into « + ¢ including the one
through the new resonant state (5/27) of "Li, (ii) —1n transfer followed by breakup
into a + d, (ili) —2n transfer followed by breakup into a + p and (iv) +1p transfer
followed by breakup into o + « presented here provide a good foundation towards the
comprehensive understanding of the reaction mechanisms of the projectile breakup as
well as the production of large inclusive « in a reaction involving a weakly bound stable
or unstable light projectile.

Further, the observation of direct breakup of “Li into ®He and p for the first time
provides direct evidence of a He+p cluster structure for “Li. The present result will
initiate refined theoretical modeling by including an additional cluster combination to
understand the complete structure of “Li and its energy levels.

A simultaneous description of elastic, -1n transfer, -1p transfer and +1p transfer chan-
nels have also been attempted using the same set of potential and coupling parameters.
The effect of a + ¢ breakup and transfer couplings on elastic scattering have been inves-
tigated. The o + t breakup channels corresponding to the states with the a — ¢ relative
angular momentum L (=0, 1, 2, 3) are found to increase the elastic scattering at back-
ward angles, though the effect of L=3 is most dominant. The effect of transfer coupling
on elastic scattering is found to be negligible. The results of the coupled channels cal-
culations using the CDCC+CRC formalism are found to reproduce simultaneously the
experimental cross sections for elastic scattering, transfer and breakup reactions.

An attempt has been made to find out the proximity of +1p transfer induced breakup
to understand the role of transfer breakup of complete fusion suppression and incomplete
fusion enhancement if any. From the distributions of ‘|E;-FEs| versus Fy" and ‘S versus

015°, it was observed that the breakup of ®Be into 2« via its 07 state occurs far away
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from the target-like nucleus whereas the breakup via 2% and 4™ states occurs close to the
target-like nuclei as expected from the lifetime or resonance width of these states [59].
So, it may be concluded that the breakup of ®Be through these two states may play
a role in CF suppression or ICF enhancement as their occurrences are near the target-
like nuclei as well as their breakup time scales are smaller than the collision time scale
between the projectile and target. On the other hand, the timescales of breakup through
0" state being larger and their occurrences are far from the target the incomplete fusion
cross sections may not get affected, however, the complete fusion cross section can still

be affected depending upon the effect of coupling of this state on interaction potential.



Chapter 6

Understanding alpha particle

productions in °Li+112Sn reaction

6.1 Introduction

The phenomenon of break-up of weakly bound light nuclei with o + x cluster structures
into its cluster constituents o and = while moving in the field of a target nucleus is well-
established [5,9,37,48,57,58,60,71]. It has been observed that the yield of « particles
in such reactions is much higher compared to that of the complementary fragment .
In an exclusive breakup reaction, a + A — (b + z) + A, the state of the three outgoing
fragments (b , x and A ) is fully determined. But when one or more fragments are not
specified, the reaction is said to be inclusive with respect to the unobserved particle(s).
The large production of inclusive « particles compared to x implies that apart from the
process of breaking up of the projectile into two cluster constituents there must exist
several additional processes leading to a productions. However, it is a challenging task
to disentangle different reaction channels responsible for such a high yield of inclusive «.
Several attempts [7,8,72] have been made to understand the origin of such a large a cross

section but it is far from being fully understood. In the present work, the inclusive «
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cross sections for °Li+!''?Sn reaction have been made at several energies and an attempt
has been made to disentangle different reaction channels responsible for such large in-
clusive cross sections by (i) comparing experimental data of different exclusive breakup
channels with one of the breakup fragments being o and (ii) calculating the cross sec-
tions for remaining possible a-producing channels (which are not measured) by the help
of the coupled-channels calculations. Another important motivation of the present work
is to investigate whether the inclusive-a cross sections for 5Li+!'2Sn system follow the
same energy dependent systematics as that of the other reactions involving °Li projectiles
measured earlier. The inclusive cross-sections for other projectile like particles, i.e., He,
t, d and p have also been measured. In order to have a consistent coupled-channels cal-
culation with realistic potential and coupling parameters it is desirable to have measured
cross sectional data on elastic, inelastic and as many direct reaction channels that can be

described simultaneously.

6.2 Data analysis and discussion

6.2.1 Elastic and inelastic scattering

Typical differential cross sections for the elastic scattering angular distributions normal-
ized to the Rutherford cross sections at Epeam=30 MeV are shown in Fig. 6.1(a). The
inelastic cross sections corresponding to "?Sn(2%, 1.256 MeV) and '2Sn(3~, 2.355MeV)
for the same beam energy are shown in Fig. 6.1(b) and (c) respectively. The optical model
(OM) analysis using SNOOPY code [73] has been made to fit the elastic scattering data to
obtain a total reaction cross section. To include the effect of breakup coupling, continuum
discretized coupled channels (CDCC) calculations using the code FRESCO [50] have been
performed using cluster-folded (CF) potential in the same way as done in chapter 4. The
coupled-channels calculations have been done in two steps to incorporate the effects of

both the projectile continuum states and target inelastic excitations. First, the CDCC
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Figure 6.1 Experimental differential cross sections for (a) elastic scattering
and (b, c) inelastic scattering corresponding to (2%, 1.256 MeV) and (37, 2.35
MeV) excited states of 12Sn respectively. Solid lines correspond to the results of
coupled-channels calculations using FRESCO.
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Figure 6.2 A typical two-dimensional raw spectrum of a telescope placed at 105°
and Fyeam = 30 MeV.

calculations are performed. Next, CDCC generated polarization potential is added to
CF potential to get an effective potential which in turn is used in the coupled reaction
channels (CRC) calculations by FRESCO including the elastic and target inelastic states.
The coupling parameters available in the literature [74, 75] have been used for the two
inelastic states. The results of the fresco calculations along with the measured data are
shown in Fig. 6.1 as solid lines. These data on elastic and inelastic scattering cross sec-
tions [76] have been used as constraints in the detailed CRC calculations that provide
the theoretical estimates of different transfer triggered breakup channels contributing to
inclusive o production. The description on the measured inclusive « cross section and a

study on possible origins of these a particles are described in the following subsections.
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6.2.2 Inclusive «

The experimental inclusive « cross sections are derived from the measured o spectra.
Fig. 6.3 shows typical 1D projections of a-spectra measured at near the grazing angles for
several incident beam energies. It can be observed from the Fig. 6.3 that the measured
a-spectra show peaks around two-third of beam energies. This implies that the above
particles are mainly produced by projectile breakup mechanisms [7]. A statistical model
calculation using PACE shows that the spectra of o evaporation from complete fusion may
contaminate the above spectra but their contributions are much smaller and peak at lower
energies as shown by red lines in Fig. 6.3. Yields of « particles under these peaks have
been used to obtain the angular distribution of inclusive « for five different energies (22,
24, 26, 28 and 30 MeV) as shown in Fig. 6.4 respectively.

The measured angular distribution data are first fitted with arbitrary functions by 2
minimization as shown by lines in Fig. 6.4. The fitted curves are used to obtain the angle
integrated cross-sections which are then compared with the total reaction cross-section
obtained from the fitting of elastic data using FRESCO. It shows that inclusive breakup «a
is one of the major reaction channels at energies near and above the Coulomb barrier. So
it would be highly interesting to estimate the a contribution from all possible channels in

order to understand the origin of such a large inclusive-a for the present system.

6.2.3 Disentangling o contributions

To disentangle the production of such a large cross-section of ¢/, the coupled-channels
calculations have been performed as described in chapter 4. As the coupled channel
calculations successfully explains the experimental breakup data, hence the same set of
parameters were used for the other energies to extract the cross-sections of dominant
breakup channels that are responsible for high a production. The contributions of the
dominant breakup channels responsible for inclusive a production are shown in Fig. 6.5. It

was identified that the major channels producing « particles due to non-capture breakup
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Figure 6.5 Inclusive « (circles, present data) and a contributions from different
transfer and breakup channels for different beam energies.

are (i) direct and resonant break-up of °Li — « + d (ii) 1n stripping (°Li,’Li) followed by
break-up i.e., 5Li — a+p (iii) 1d pickup (°Li,*Be) followed by break-up i.e., 8Be — a + «
(iv)1p stripping (°Li,’He) followed by break-up i.e., "He — « + n. The contribution from
In pick-up followed by breakup into a-+t is found to be negligible. Apart from the above
mentioned channels the inclusive-a can also be produced from the decay of compound
nucleus produced by the complete fusion, i.e., ‘Li+'2Sn — M8[* — subsequent decay.
The contribution of evaporated a has been estimated with the help of statistical model
code PACE4 [77]. The comparison of the cross-sections for different beam energies are
shown in Fig. 6.5 and also in Table 6.1.

It has been observed that the total breakup « produced by all the above channels
along with the evaporated a explains only 24% to 27% of the total inclusive-o. Hence,

there are other channels responsible for the production of such a large inclusive-a.. One of
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Table 6.1 Calculated cross-sections for various channels producing a at Eyegrm =
22—30 MeV.

B | ofnec| gp | ggne| gcne | gene | gore | opice

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

30.0 1344 | 592 60.5 19.2 4.79 31.2 42.0
+35

28.0 1175 | 584 55.9 17.65 | 4.77 26.0 41.0
+32

26.0 978 527 47.8 15.96 | 4.72 20.75 | 37.0
+28

24.0 698 392 34.4 13.88 | 4.49 15.52 | 31.0
+21

22.0 493 309 24.5 10.32 | 3.43 10.45 | 24.0
+16

c(a+d)
c(a+p)
c(a+a)
o(c+n)
c(Ev. a)
Possibly
c(d-capture)

LT

Figure 6.6 The individual contribution of different breakup channels leading to
inclusive a for 30 MeV beam energy.
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the major contributions can also come from the breakup of °Li into a+d followed by the
capture of the fragment d by the target as observed in [42]. The individual contribution
of different breakup channels leading to inclusive « for 30 MeV beam energy is depicted

in Fig. 6.6 via the pie-chart.

6.2.4 Systematics of inclusive breakup «

To test the universality of the inclusive breakup a production in the reactions involving the
weakly bound °Li projectile and targets with different masses and atomic numbers such
as (1)0Li + 28Si [78] (ii) SLi + 59Co [79], (iii) SLi + 2°Zr [80], (iv) Li + °8Ni, 181208 [43],
(v) SLi + M2Sn (present data), (vi) °Li + 2%Pb [46] and (vii) °Li + 2*Bi [42], the
corresponding inclusive alpha cross sections have been compared in Fig. 6.7 as a function
of normalized energy ‘EC,m_/[Zlet/(A}l,/3 + Ai/g)]’. Here Z, (Z;) and A,(A;) are atomic
number and atomic masses of the projectile (target), respectively. Interestingly, it is
observed that the inclusive « cross section with reduced energy for all the above systems
follow a universal curve as observed in Refs [42,78,80].

Assuming the o production to be the dominant direct reaction mechanism, in other
words all the channels producing a particles to be the dominant direct reactions, the
difference between the total reaction cross section o,¢q. obtained from the OM analysis and
inc ;oo w incl»

a L€y "Oreac =0,

the inclusive alpha cross section o should be equal to complete fusion
cross section. The above quantity for three different systems i.e., SLi+2%Bi, %9Zr *°Co,
have been derived and shown in Fig. 6.8 as hollow circles, which indeed found to be
close to the experimental complete-fusion cross-sections(filled circles). It suggests that «
production channels are indeed the main contributors to the total direct reaction cross

sections.
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Figure 6.7 Inclusive breakup a cross sections involving %Li projectile with several
different targets including '?Sn (present data) as a function of reduced energy.
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6.2.5 Cross-section of inclusive *He, ¢, d and p

From the two dimensional(AE versus E;y,;) plot as shown in Fig. 6.2 it is observed that
3He, t, d and p are also produced during the interaction of °Li and '2Sn. The particles
have also been found to have produced in ¢t , d , p can also come in coincidence with a by
the direct or sequential breakup processes. If the breakup processes are non-capture type
then both the breakup fragments can be detected in coincidence. It may also happen that
after breakup, the fragment « is getting captured by the target yielding only ¢, d and p
in outgoing channels.

The dissociation of °Li into 3He-+t can be responsible for both *He and ¢ production.
It may also happen that the 3He is produced through the direct transfer of ¢ from 6Li
to the target, similarly ¢ can also be produced from the direct transfer of *He from
SLi to the target. It is very difficult to distinguish between the breakup followed by
capture and the direct transfer process. As the breakup threshold of °Li into *He+t is
large(approximately 16 MeV) as compared to the fragment-capture, so the production of
3He and ¢ are presumed to be from cluster transfer-process [7].

The angular distribution of cross-section for different ejectiles i.e *He, t , d and p are
shown in Fig 6.9 (a), (b), (¢) and (d) respectively. The solid lines are the best fitted curve.

The angle integrated cross-sections have been given in Table 6.2.

6.3 Summary and conclusions

The differential cross sections for elastic, inelastic and inclusive a, *He, t, d and p have
been measured for Li+!'2Sn system at a beam energy of 30 MeV. Coupled-channels cal-
culations are performed to include the effect of projectile breakup and target excitations
and transfer channels. The normalized cluster-folded potential that explains simultane-
ously the elastic and two inelastic states are used to calculate the projectile breakup cross

sections.
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Figure 6.9 Inclusive (a) *He, (b) ¢, (c) d and (d) p cross-sections at energies
Epeam =22-30 MeV.



122 Chapter 6 Understanding alpha particle productions in ®Li+'2Sn reaction

Table 6.2 Experimental integrated cross-sections for *He, ¢ , d and p at Epeqm =
22—30 MeV.

E o(3He)| o(t) |o(d) | o(p)
(MeV) | (mb) | (mb) | (mb) | (mb)
30.0 8.3 15.8 178 414
+0.7 | £0.6 | £12 £21
28.0 5.9 12.6 156 326
+£0.6 | £1.2 | £11 +16
26.0 4.9 10.7 126 302
+£0.5 | £1.1 | £9 +16
24.0 2.8 6.34 88.8 222
+0.3 | £0.6 | £6 +15
22.0 2.2 4.82 46.4 189
+£03 | £0.5 | £4 +13

Inclusive breakup « cross sections for °Li+12Sn reaction have been measured at several
additional energies (22, 24, 26 and 28 MeV) around the Coulomb barrier. The cross section
for the inclusive a was found to be a significant fraction of the total reaction at all the
energies, and at sub-barrier energies it exhausts almost whole of the reaction cross section.

It has been observed that the total breakup « along with the evaporated « explains
only 24% to 27% of the total inclusive-a. This implies that the the dominant contribution
may originate from d-capture reaction as observed in [42].

A systematic of inclusive o cross section for several reactions involving °Li as a pro-
jectile with different targets reveals that they fall on a universal curve as a function of

normalized energy.
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Summary and future outlooks

The reaction dynamics involving weakly bound nucleus %7Li, populating the non-resonant
and resonant continuum states, has been investigated. In the first part of the investigation,
we have studied the non-capture breakup reaction processes of °Li, where none of the
breakup fragments are captured by the target and can be detected in coincidence. In the
second part, an investigation similar to the first part but involving 7Li as the projectile has
been studied. In the third part, an attempt has been made to understand the sources of
large inclusive « cross section in the °Li+!2Sn reaction at several energies by comparing
all the experimental breakup cross sections (where « is one of the breakup fragments) that
are measured in the first part of the present thesis work and the theoretical estimations

of the remaining possible reaction channels contributing to the a-yield.

7.1 Summary

The present thesis work deals with the understanding of breakup reactions of weakly
bound stable projectiles 7Li by medium mass nuclei '?Sn. Since %7Li nuclei have very
low breakup threshold, similar to some of the exotic nuclei near drip lines, the study of
the reaction mechanism involving these nuclei will be very useful to understand some of

the important features of the reactions involving exotic nuclei. From the present study,
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it is observed that °Li ("Li) not only breaks into its cluster constituents a + d(t), but
also exchange some nucleons with the target before forming the quasi-bound nuclei which
subsequently break into a+y particles, where ‘y’ can be an «, d, p, etc. In order to capture
all the breakup fragments a large area silicon strip detector (telescope) array has been
setup and used for the experiments at BARC-TIFR Pelletron-LINAC Facility, Mumbai.
A Monte Carlo Simulation Code has been developed in C++ to find out the efficiency of
the strip detector array. A simulation using GEANT4 has also been performed for the
same purpose. Several kinematic correlation techniques are used to identify the breakup
fragments in coincidence and compared with the simulation.

Exclusive measurements of all the dominant breakup modes producing charged par-
ticles in the outgoing channels have been made. Several interesting results are observed
for the first time in the measurements involving both the systems, i.e., SLi+!2Sn and
"Li+!2Sn. For the first time, we have observed a + d breakup through the 17 resonant
state of SLi [57], a+t breakup through 5/2~ resonant state of "Li [58], and « + « breakup
through 4% resonant state of ®Be [61]. Also, we have observed the breakup of “Li into
SHe+p for the first time suggesting the possibility of another cluster structure of “Li as
®He+p apart from its well-known a + ¢ cluster [58]. The cross-section for each breakup
process is evaluated with the help of simulation code and also by using the Jacobian
and the results have been compared with the theoretical cross sections calculated using
the standard coupled-channels code FRESCO. The detailed study of resonant, direct and
transfer induced breakup into fragments via different resonant states provides a good
foundation towards understanding the reaction mechanisms of total o production, the

sequential modes of projectile breakup and their impact on fusion cross sections.

7.2 Future outlooks

In near future it will be interesting to stretch out the present study to explore the other

reaction channels that could not be investigated in this thesis work. The investigation



7.2 Future outlooks 125

of these channels may require enhanced detection system. Some of the possibilities are
listed below:

(i) Breakup processes leading to neutron in the outgoing channel:

The breakup of projectile-like fragment into neutron + x (e.g. *"He—a + n, ‘He—a +
n+n, Li— ®Li+n, 8Li— "Li4+n ) are of particular interest. These reaction processes can
be studied from a coincidence measurement between the out going neutrons and charged
particles using the segmented large area double sided silicon strip detector array along
with the neutron detector array.

(ii) Study of nuclear astrophysics using breakup study:

The determination of cross section for charged particle reactions is of particular im-
portance for nuclear astrophysics. Reaction rates serve as input to various astrophysical
models such as primordial nucleosynthesis or stellar evolution. Ideally cross sections are
measured directly in experiments, however, in most cases a direct measurement is very
difficult or even impossible at the relevant small energies since cross sections become very
small because of Coulomb repulsion of the interacting particles. Often one has to rely
on the extrapolation of the cross section to small energies. Alternative methods have
been proposed where the considered reaction is not studied directly but a closely related
process can be measured in the laboratory.

In the case of radiative capture reactions the Coulomb dissociation method has been
used successfully as an indirect method in recent years. Here, the inverse reaction to
radiative capture i.e. the breakup of the nucleus produced in the fusion process, is studied
during the scattering on a highly charged target, which supplies the necessary photons
through its Coulomb field. From the dissociation cross section the astrophysical S factor
of the capture reaction can be extracted with the help of nuclear reaction theory.

We have performed an experiment recently using %7Li as projectiles to find out the
astrophysical S factor from the breakup of °Li and “Li in the Coulomb field region and

also to find out the relative abundances of °Li and “Li in order to understand the 7Li



126 Chapter 7 Summary and future outlooks

puzzle in Big Bang nucleosynthesis.

(iii) Study of nuclear reaction using RIB

We know that the weakly bound stable projectiles; like 7Li and ?Be, show somewhat
similar behaviour (such as low breakup threshold and core+valence cluster structure) as
that of the exotic nuclei. So the detection system along with kinematic correlation used
for the identification of different resonant states will be useful to in the present thesis
work probe the exotic nuclei like He, ®Li, 1'Li. The direct study of breakup mechanism
of these exotic nuclei with enhanced detection system along with Monte Carlo simulation
will further shed light into the possibility of additional cluster structures, new resonances,

etc., and provide better understanding of the detailed reaction mechanisms.
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