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reported in chapter 5 and 6, respectively. Chapter 7 contains the summary and
conclusions. The future outlook is also included to improve the understanding of

the reaction dynamics involving weakly bound nuclei.



ulated in f-capture and a-capture reactions. The predicted compound nuclear
contribution of a-evaporation from the statistical model calculations account for
10-20% of the a-inclusive cross-sections. The combination of a-production due
to, (a) t-capture, (b) evaporation from compound nucleus, and (¢) breakup and
nucleon transfer followed by breakup, explain almost all the measured a-inclusive
cross-sections for “Li + %Nb system at the measured energy range [15]. A system-
atic behavior of the t-capture and inclusive-« cross-sections for reactions involving
"Li over a wide mass range has also been carried out. The present measurements
along with the systematic study for different systems suggest that the main source
of the a-production mechanism is t-capture. A complete data set together with
the theoretical analysis has been reported in this thesis.

The thesis is organized into seven chapters. In chapter 1 importance of the
study of reaction dynamics of weakly bound stable and unstable nuclei has been
discussed. Present status of this subject, motivation and structure of the the-
sis work is described. Chapter 2 contains the details of experimental procedure
along with a brief description of the Pelletron Linac Facility. The analysis method
to identify different reaction mechanisms, cross-sections and error estimations are
discussed. The details of the Monte Carlo simulations on 3-body kinematics for
breakup fragments to interpret the measured data and efficiency estimation are
documented in third chapter. The chapter 4 includes different nuclear models
used to understand the measured data. Continuum discretized coupled chan-
nels (CDCC), coupled channels Born approximation (CCBA), statistical model
for compound nuclear evaporation along with the classical dynamical trajectory
calculations are briefly discussed in this chapter. The results from the measure-

ments of breakup fragments in coincidence, and particle-v in coincidence have been



events from direct breakup of "Li. Coupled channels Born approximation (CCBA)
and continuum discretized coupled channels (CDCC) calculations were performed
to explain the large number of observables. The mechanism direct transfer to un-
bound states of the ejectile, is responsible for the o+« and o+ d production. The
total a-yields from the three processes is found to be accounted for only ~ 8 % of
the measured inclusive-a.

The fragment-capture reaction mechanism was identified by measuring prompt
~-rays arising from the residue in coincidence with the outgoing particles. The
absolute cross-sections of residues arising from capture of various fragments and
complete fusion reaction have been extracted from the measurements of the char-
acteristic y-ray transitions employing in-beam and off-beam methods. The cross-
sections of the residue that are stable and have even-even nucleons, were obtained
from the yrast ~-ray transitions built on the ground state. In case of odd-even
nuclei, the cross-sections were extracted by adding the ~-ray transitions feeding
directly to the ground state. The [F-unstable residues with reasonable half lives for
decay were identified by measuring the off-beam ~-ray activity. The cross-sections
were extracted following the half lives and intensity of each transitions.

The measured t-capture cross-sections are found to be more than a-capture
cross-sections at all the energies. The present study shows that the t-capture
mechanism is the dominant reaction channel for the production of a-particle and
account for 62-73% of the measured a-inclusive cross-sections. The 2n stripping
(°Li* — « + p) cross-sections along with 1p pickup (*Be* — a+a), inelastic ex-
citation ("Li* — a +t) and 1n stripping (°Li* — a + d) explains ~15% of the
inclusive-a cross-sections. The statistical model calculations were performed to

estimate the compound nuclear contribution in the cross-sections of residues pop-



normalization. The time stamped data were collected using PCI-PXI based digital
data acquisition (DDAQ) system with a sampling rate of 100 MHz.

The off-beam ~-ray counting were carried out using an efficiency calibrated
high-purity germanium (HPGe) detector. Low background was achieved by using
a graded shielding (Cu, Cd sheets of thickness ~2 mm each followed by 5 cm
Pb). Aluminum catcher foils of thickness ~1 mg/cm? were used along with each
target foil to stop the recoiling residues. The target and catcher foil assemblies
were irradiated for ~6 h (beam current ~ 50 nA) at each bombarding energies
and counted together at a distance of 10 cm from the detector. The beam current
was monitored using a CAMAC scaler, which recorded the integrated current in
intervals of 1 min duration.

We now discuss about the different reaction mechanisms studied in the present
work. Various breakup processes, breakup of "Li ("Li* — « +t) together with 1p-
pickup followed by breakup (*Be — « + «) and 1n-stripping followed by breakup
(°Li — « + d) were disentangled by analyzing the data in event by event mode.
The breakup events from direct and resonance states were identified by extracting
the relative energies. A simulation code on 3-body kinematics has been developed
using the Monte Carlo technique to interpret the observables of different breakup
processes and to estimate the efficiency for coincident detection of the breakup
fragments. The energy spectra of each outgoing fragments were reproduced by
simulation. The absolute cross-sections of all the above mentioned breakup pro-
cesses have been extracted. Angular distributions for elastic scattering, neutron
and proton transfer to bound states of °Li and %He, respectively, have also been
measured. The cross sections for a 4+ « events from one proton pickup have been

found to be smaller than those for a+d events from one neutron stripping and a+t¢



energy resolution of individual strips were ~70 keV for the measurements of «-
particles from a 2%Pu-?!' Am-source. Three Si surface-barrier detector telescopes
(thicknesses: AE ~ 20-50 pum, E ~ 450-1000 pm) were also used to obtain the
elastic scattering angular distribution at forward angles (25°-40°) where the count
rate is too high for the strip detectors to cope with. Two Si surface-barrier detectors
(thickness ~ 300 pm) were kept at +20° to monitor Rutherford scattering for
absolute normalization.

Indian National Gamma Array (INGA) consisting 18 number of Compton sup-
pressed clover detectors was used to measure the prompt ~-rays [14]. Each of the
clovers has four n-type high purity germanium crystals kept in a single cryostat.
Each crystal is connected to a low temperature FET coupled with the resistive
charge sensitive preamplifier. The Compton suppressed BGO shield has 16 photo
multiplier. The sum of the 16 photo multipliers is given to a timing filtering ampli-
fier and then to the analogue constant fraction module which generates a NIM logic
signal. This goes as an input to the digital data acquisition system for the veto of
the clover signals. In this particular experiment 18 detectors were arranged in a
spherical geometry with three detectors at 23°, six detectors at 40°, five detectors
at 65°, and four detectors at 90° with respect to the beam direction. The distance
from the target to crystal is 25 cm and the overall photo peak efficiency is around
2% at E, = 1 MeV. The efficiency and energy calibration of the Clover detectors
were carried out using standard calibrated ~y-ray sources °2Eu and '33Ba. Three
Si surface barrier telescopes (thicknesses AFE ~ 15-30 um, FE ~ 300-5000 pm),
were kept inside the scattering chamber at 35°, 45° and 70° for the detection of
charged particles around the grazing angle. One Si surface barrier detector (thick-

ness ~ 300 pm) was kept at 20° to monitor Rutherford scattering for absolute



and complete fusion cross-sections were carried out for “Li+”Nb system by per-
forming two independent experiments on prompt v-ray counting and off-beam
~-radioactivity measurement. Both the measurements were performed at beam
energies of 24, 26, 28 and 30 MeV, in which some of the energies are common with
the measurement on breakup fragments in coincidence. The fragment-capture
mechanism has been studied by performing exclusive particle-gamma coincidences
measurements. Self-supporting **Nb foils of thickness ~ 1.6 mg/cm? were used as
target. Prompt ~-ray transitions were detected using the Indian National Gamma
Array and out going fragments were measured using Si-surface-barrier detector
telescopes. The off-beam ~-activity were measured using a high purity germanium
(HPGe) detector. The details of all the detecting systems are given below.

Silicon strip detectors are widely used for charged particle detection in nuclear
and particle physics experiments. We have used a set up, that consists of two
segmented Si-detector telescopes, at the Mumbai Pelletron Linac Facility. Both
the telescopes consist of AE and E-detector of thicknesses 50 p and 1.5 mm,
respectively. Active area of each of the strip detector was 5 x 5 cm?. The AE
detector was single sided with 16 strips on the junction side and FE-detector was
double sided with 16 strips on each side. These telescopes, set 30° apart, were
mounted at a distance of 16 cm from the target on a movable arm inside a scattering
chamber. In this geometry, the cone angle between the two detected fragments
ranged from 1° to 24°. The angular range 30°-130° (around the grazing angle)
was covered by measurements at different angle settings. Signals from individual
strips were collected using multichannel preamplifier. These detectors were used
to obtain position and energy-loss information. Particles were identified using

energy loss information from AFE and E detectors of the telescopes. The typical



weakly bound projectile “Li on targets around Z=40 N=50. Elastic scattering
and fusion cross-sections have also been studied to get a complete understand-
ing of the reaction dynamics. Origin of the source of large a-production with
"Li having a — t cluster structure has been investigated by considering almost
all the reaction channels contributing to the a-yield. All the experiments docu-
mented in this thesis were performed at Pelletron Linac Facility, Mumbai. (a) To
study the breakup and transfer-breakup reaction mechanisms, breakup fragments
in coincidence have been measured. (b) The fragment-capture reaction has been
studied by measuring ~-rays, emitted from the composite systems in coincidence
with the non captured fragments. In-beam and off-beam methods were employed
to measure the absolute formation cross-sections of the residues populated due
to capture of various fragments and complete fusion reaction processes. Coupled
channels calculations have been performed including bound and unbound states of
different ejectile to understand direct reaction processes [11]. Classical dynamical
trajectory model calculations have been carried out to explain the breakup-fusion
cross-sections [12].

The breakup and transfer-breakup reaction processes were measured for "Li+
9BNb, #Y systems at energies Epeam — 24, 28, and 30 MeV. Self-supporting, **Nb
foil of thickness ~ 1.75 mg/cm? and ®Y foil of thickness ~ 2.0 mg/cm? were used
as target. These two targets were chosen to investigate the role of the nuclear
structure of the target on the various nucleon transfer channels. The breakup
events from low lying states of ejectile lead to a very small relative angle between
the fragments. The cross-sections of these reaction mechanism are also very small
compared to elastic scattering cross-sections. These difficulties were overcome by

using segmented large area Si-detectors. The measurements of fragment-capture



nificant [1, 2, 3]. The complete fusion (CF) cross section (absorption of all the
charges of the projectile) is reported to be suppressed at above-barrier energies
in comparison to the predictions of the barrier penetration model [1, 9]. It has
been shown that the time scale of the breakup processes plays a crucial role in
deciding dynamics of the complete fusion of the projectile with the target [10].
In case of reaction involving weakly bound nuclei with a+x cluster structure, e.g.
68He, 57Li, and "Be, a-particle production is found to be large compared to that
of the complementary fragment. Investigation of the mechanisms responsible for
the large a-particle production cross sections is also a topic of current interest.
Contributions to the alpha yield arising from different reaction mechanisms, such
as breakup, transfer-breakup, cluster transfer, transfer followed by evaporation,
incomplete fusion, compound nuclear evaporation, etc are entangled and it is not
trivial to separate them from inclusive measurements. Experimentally it is chal-
lenging to disentangle these reaction processes, and exclusive measurements are
essential. To understand the experimental observables, several models based on
classical, quantum mechanical, and semi-classical theory have been developed over
the past years. The continuum discretized coupled channels (CDCC) method [11]
provides good results concerning certain observables such as the elastic scattering,
breakup, transfer-breakup and total fusion (TF) (i.e., the sum of CF and ICF)
cross sections. The classical dynamical trajectory model [12]| can explain the ICF
and CF data simultaneously, but does not include the quantum tunneling proba-
bility. Hence in theoretical modeling, there is a strong limitation as a single model
is unavailable to calculate all observables simultaneously.

In the present thesis, extensive study of reactions populating the continuum,

viz, breakup, transfer-breakup and fragment-capture, have been performed with



SYNOPSIS

Exploring the properties of weakly-bound stable /unstable nuclei is a topic of cur-
rent interest |1, 2, 3] and also focus of the next generation of high-intensity isotope-
separator on-line (ISOL) radioactive ion beam facilities. Presence of loosely bound
cluster structure and exotic shapes are the distinct features seen in these nuclei
with respect to the tightly-bound nuclei. Due to the low breakup threshold, pop-
ulation of the continuum is probable and consequently a large coupling effect is
expected in the reactions involving the weakly bound nuclei at energies around the
Coulomb barrier. Continuum states can be populated by direct inelastic excitation
of the projectile (breakup) or nucleon transfer, leaving the ejectile in an unbound
state (transfer-breakup) [1, 2, 3, 4, 5, 6, 7|. The breakup processes occurring
in the nuclear reaction time scale are called direct-breakup or prompt-breakup.
Whereas in case of sequential or resonance breakup, the time scale is relatively
long and depends on the lifetime of the unstable system [8]. Investigation of pro-
jectile breakup—whether direct or sequential— along with the transfer-breakup
is crucial while studying the reaction dynamics of weakly bound nuclei. Another
dominant reaction mode is transfer/capture of one of the cluster-fragment from
bound /unbound state of the projectile to the target nuclei. Capture of a cluster-
fragment from unbound states of the projectile can be looked upon as a two-step
process, breakup followed by fusion (breakup-fusion) or incomplete fusion (ICF).
This process is indistinguishable from the direct stripping of the cluster-fragment.
However, it has been shown that breakup-fusion reaction is dominant over the one
step stripping reaction. The admixture of these two reaction processes is generally
referred to as fragment-capture [7]. Role of the breakup channels on the elastic

scattering angular distribution and fusion cross-sections has been found to be sig-



19.

20.

21.

22.

23.

Shrivastava, V. Nanal, and S. Pal DAE Symp. on Nucl. Phys. vol. 59, 560
(2014).

Measurement of direct breakup and transfer-breakup for "Li+%Y,”*Nb sys-
tems around the Coulomb barrier

S. K. Pandit, A. Shrivastava, K. Mahata, V. V. Parkar, P. C. Rout, C. S.
Palshetkar, I Martel, Abhinav Kumar, A. Chatterjee, and S. Kailas

DAE Symp. on Nucl. Phys. vol. 57, 396 (2012).

Fission fragment angular distributions for 1%1'B+197Au systems

K. Mahata, A. Shrivastava, S. K. Pandit, K. Ramachandran, C. Palshetkar,
A. Chatterjee, and S. Kailas

DAE Symp. on Nucl. Phys. vol. 57, 480 (2012).

Fusion using proximity potentials and effect of projectile breakup

P. K. Rath, S. Santra, N. L. Singh, K. Mahata, R. Palit, S. K. Pandit, A.
Parihari, S. Appannababu, D. patel, B. K. Nayak, S. Kailas

DAE Symp. on Nucl. Phys. vol. 57, 518 (2012).

Universal behaviour of complete fusion suppression factor for “Be projectile
with different targets

V. Jha, V. V. Parkar, H. Kumawat, S. K. Pandit, and S. Kailas

DAE Symp. on Nucl. Phys. vol. 57, 572 (2012).

A protoype FPGA-based digital pulse processing system

J. A. Gore, S. G. Kulkarni, A. Shrivastava, K. Mahata, S. K. Pandit, V.
V. Parkar, A. Chatterjee, P. V. Bhagwat, and S. Kailas

DAE Symp. on Nucl. Phys. vol. 57, 900 (2012).

B 4k

Sanat Kumar Pandit



13.

14.

15.

16.

17.

18.

and S. Kailas
DAE Symp. on Nucl. Phys. vol. 59, 372 (2014).

np pairing correlation study in '°B-+2%Bi reaction
V. V. Parkar, A. Shrivastava, S. K. Pandit, K. Mahata, V. Jha, P. Patale
DAE Symp. on Nucl. Phys. vol. 59, 568 (2014).

Multi-nucleon Transfer Study at above the Coulomb Barrier E.,, /Vo ~ 1.6
B. J. Roy, U. K. Pal, Sonika, A. Parmar, V. Jha, S. K. Pandit, V. V. Parkar,
K. Ramachandran, K. Mahata, A. Pal, , A. Parihari, S. Santra, and A. K. Mo-
hanty

DAE Symp. on Nucl. Phys. vol. 59, 80 (2014).

Analysis of Elastic Scattering Cross Section for ¥0O-+2%Pb in the CRC For-
malism and. Dependence on the Choice of Double Folding Potential

Sonika, B. J. Roy, A. Parmar, V. Jha, U. K. Pal, T. Sinha, S. K. Pandit,
V. V. Parkar, K. Ramachandran, K. Mahata, A. Pal, A. Parihari, S. Santra,
and A. K. Mohanty

DAE Symp. on Nucl. Phys. vol. 59, 314 (2014).

Fusion hindrance for asymmetric systems at extreme sub barrier energies
A. Shrivastava, K. Mahata, S. K. Pandit, V. Nanal, T. Ichikawa, K. Hagino,
C. S. Palshetkar, V. V. Parkar, K. Ramachandran, P. C. Rout, Abhinav Ku-
mar, P. Patale, A. Chatterjee, S. Kailas

DAE Symp. on Nucl. Phys. vol. 59, 338 (2014).

Two-neutron Transfer Reaction Mechanism in **O-+2%Pb below the Coulomb
Barrier: Extreme Cluster Model Calculations assuming Di-neutron Transfer
B. J. Roy, A. Parmar, Sonika, V. Jha, U. K. Pal, T. Sinha, S. K. Pandit,
V. V. Parkar, K. Ramachandran, K. Mahata, A. Pal, A. Parihari, S. Santra,
and A. K. Mohanty

DAE Symp. on Nucl. Phys. vol. 59, 402 (2014).

Fragment emission mechanism in '»13C+12C reactions

S. Manna, C. Bhattacharya, T. K. Rana, V. Srivastava, K. Banerjee, S.
Kundu, P. Roy, R. Pandey, A. Chaudhury, T. Roy, T. K. Ghosh, G. Mukher-
jee, S. Bhattacharya, J.K. Meena, S. K. Pandit, K. Mahata, P. Patale, A.




10.

11.

12.

Ramachandran, A. Kumar, S. Gupta, and P. Patale
DAE Symp. on Nucl. Phys. vol. 60, 1042 (2015).

Understanding Reaction Mechanisms of Multi-nucleon Transfer Reactions in
Deformed Nuclei

B. J. Roy, Anjali Aggarwal, Shivani, Taniya Basu, Sonika, H. Kumawat,
S. K. Pandit, V. V. Parkar, K. Ramchandran, K. Mahata, A. Pal, A.
Kundu, D. Chattopadhyay, S. Santra, T. Sinha, A. K. Mohanty, and K.
Sakizawa

DAE Symp. on Nucl. Phys. vol. 60, 328 (2015).

Reaction Mechanism Studies of Multi-nucleon Transfer Reactions in 2%Ph(10 x)

and comparison with *Pb('0 x)

B. J. Roy, K. Sakizawa, Sonika, Taniya Basu, Shivani, Anjali Aggarwal, H.
Kumawat, S. K. Pandit, V. V. Parkar, K. Ramchandran, K. Mahata, A.
Pal, A. Kundu, D. Chattopadhyay, S. Santra, T. Sinha, and A. K. Mohanty
DAE Symp. on Nucl. Phys. vol. 60, 392 (2015).

Role of fusion fission process on fragment emission mechanism in 325+12C
reaction

R. Pandey, C. Bhattacharya, S. Kundu, K. Banerjee, S. Manna, T. K. Rana,
J. K. Meena, T. Roy, A. Chaudhari, Md. A. Asgar, V. Srivastava, A. Dey, M.
Sinha, G. Mukherjee, P. Roy, T. K. Ghosh, S. Bhattacharya, A. Srivastava,
K. Mahata, S. K. Pandit, P. Patle, S. Pal, V. Nanal

DAE Symp. on Nucl. Phys. vol. 60, 544 (2015).

Complete and incomplete fusion for “Li+Nb reaction

S. K. Pandit, A. Shrivastava, K. Mahata, V. V. Parkar, R. Palit, S. Bhat-
tacharya, V. Nanal, P. C. Rout, A. Kumar, K. Ramachandran, P. Gupta,
S. Biswas, S. Saha, J. Sethi, P. Singh, and S. Kailas

DAE Symp. on Nucl. Phys. vol. 59, 340 (2014).

Study of breakup and transfer breakup reactions in “Li+*Nb system around
the Coulomb barrier

S. K. Pandit, A. Shrivastava, K. Mahata, V. V. Parkar, P. C. Rout, I. Mar-
tel, C. S. Palshetkar, A. Kumar, K. Ramachandran, P. Patale, A. Chatterjee,




A. Chatterjee, S. Kailas
DAE Symp. on Nucl. Phys. vol. 61, 384 (2016).

. Measurement of pre-fission neutron multiplicity for "Li+2%Tl at E* ~43.8
MeV

K. Mahata, K. Ramachandran, P. C. Rout, A. Shrivastava, S. K. Pandit,
V. V. Parkar, Shilpi Gupta, V. V. Desai, A. Kumar, P. Patale, E. T. Mirgule,
B. K. Nayak, A. Saxena DAE Symp. on Nucl. Phys. vol. 61, 398 (2016).

. Fusion hindrance at deep-sub barrier energies in ''B + 9TAu

A. Shrivastava, K. Mahata, V. Nanal, S. K. Pandit, V. V. Parkar, P. C.
Rout, N. Dokania, K. Ramachandran, A. Kumar, P. Patale, A. Chatterjee,
S. Kailas DAE Symp. on Nucl. Phys. vol. 61, 402 (2016).

. Fission Fragment mass distribution for neutron deficient nuclei in A ~200
region

Shilpi Gupta, A. Shrivastava, K. Mahata, K. Ramachandran, S. K. Pandit,
P. C. Rout, V. V. Parkar, G. Mohanto, A. Parihari, A. Kumar, P. Patale, B.
K. Nayak, E. T. Mirgule, A. Saxena, A. Jhingan, P. Sugathan DAE Symp.
on Nucl. Phys. vol. 61, 606 (2016).

. Study of breakup and transfer breakup reactions in "Li+!'%Pt system around
the Coulomb barrier

S. K. Pandit, A. Shrivastava, K. Mahata, K. Ramachandran, V. V. Parkar,
P. C. Rout, A. Kumar, P. Patale, U. Singh, and S. Kailas

DAE Symp. on Nucl. Phys. vol. 60, 396 (2015).

. Study of continuum states of ejectiles in "Li+?*Nb reaction around the Coulomb
barrier

S. K. Pandit, A. Shrivastava, K. Mahata, N. Keeley, V. V. Parkar, P. C.
Rout, I. Martel, C. S. Palshetkar, A. Kumar, K. Ramachandran, P. Patale,
A. Chatterjee, and S. Kailas

DAE Symp. on Nucl. Phys. vol. 60, 398 (2015).

. Digital pulse shape analysis for charged particle identification with a nTD
silicon detector and 1 GHz sampling digitizer
K. Mahata, J. A. Gore, A. Shrivastava, S. K. Pandit, V. V. Parkar, K.




2. Exclusive measurement of direct- and transfer-breakup reactions for “Li+®7Y,”*Nb
systems
S. K. Pandit, A. Shrivastava, K. Mahata, V. V. Parkar, P. C. Rout, I. Mar-
tel, C. S. Palshetkar, A. Kumar, P. Patale, A. Chatterjee, and S. Kailas
International Symposium on Nuclear Physics, vol. 58, 518 (2013)

3. Fusion and transfer studies in “Li+'2*Sn reaction by offline gamma counting
technique
V. V. Parkar, A. Shrivastava, K. Mahata, S. K. Pandit, P. K. Rath, R.
Palit, S. Santra, V. Jha, and P. Patale
International Symposium on Nuclear Physics, vol. 58, 506 (2013)

4. Coupled channel effects in quasi-elastic barrier distributions of '¢'80-208Ph
systems
V. Jha, B.J. Roy, V.V. Parkar, H. Kumawat, U.K. Pal, S. K. Pandit, K.
Mahata, A. Shrivastava, and A.K. Mohanty
International Symposium on Nuclear Physics, vol. 58, 578 (2013)

5. Search for the 2% state built on the Hoyle State
Suresh Kumar, A. Pal, P.C. Rout, Abhijit Bhattacharyya, S.P. Behera,
R. Kujur, Ajay Kumar, K. Mahata, E.T. Mirgule, G. Mishra, A. Mitra,
S. K. Pandit, A. Parihari, S. Santra, A. Shrivastava, and V.M. Datar
International Symposium on Nuclear Physics, vol. 58, 580 (2013)

6. Particle identification using pulse shape discrimination in a nTD silicon de-
tector with a 1 GHz sampling digitizer
K. Mahata, J. A. Gore, A. Shrivastava, S. K. Pandit, V. V. Parkar, A.
Kumar, and P. Patale

International Symposium on Nuclear Physics, vol. 58, 902 (2013)
List of publication in National Conference/ Symposium/ Reports :

1. Study of reactions populating unbound states for “Li+®'Y system around the
Coulomb barrier
S. K. Pandit, A. Shrivastava, K. Mahata, N. Keeley, V. V. Parkar, P. C.
Rout, K. Ramachandran, I. Martel, C. S. Palshetkar, A. Kumar, P. Patale,




18.

19.

20.

21.

Fusion reaction studies for the °Li + “°Zr system at near-barrier energies
H. Kumawat, V. Jha, V. V. Parkar, B. J. Roy, S. K. Pandit, R. Palit,
P. K. Rath, C. S. Palshetkar, Sushil K. Sharma, Shital Thakur, A. K. Mo-
hanty, A. Chatterjee, and S. Kailas

Phys. Rev. C 86, 024607 (2012).

Complex-fragment emission in low-energy light-ion reactions

S. Kundu, C. Bhattacharya, K. Banerjee, T. K. Rana, S. Bhattacharya,
A. Dey, T. K. Ghosh, G. Mukherjee, J. K. Meena, P. Mali, S. Mukhopadhyay,
D. Pandit, H. Pai, S. R. Banerjee, D. Gupta, P. Banerjee, Suresh Kumar,
A. Shrivastava, A. Chatterjee, K. Ramachandran, K. Mahata, S. K. Pandit,
and S. Santra

Phys. Rev. C 85, 064607 (2012).

Systematics of pre- and near-scission a-particle multiplicities in heavy-ion-
induced fusion-fission reactions

Y. K. Gupta, D. C. Biswas, R. K. Choudhury, A. Saxena, B. K. Nayak,
Bency John, K. Ramachandran, R. G. Thomas, L. S. Danu, B. N. Joshi, K.
Mahata, S. K. Pandit, and A. Chatterjee

Phys. Rev. C 84, 031603(R) (2011).

Investigation of cluster structure of °Be from high precision elastic scattering
data

S. K. Pandit, V. Jha, K. Mahata, S. Santra, C. S. Palshetkar, K. Ra-
machandran, V. V. Parkar, A. Shrivastava, H. Kumawat, B. J. Roy, A. Chat-
terjee, and S. Kailas

Phys. Rev. C 84, 031601(R) (2011).

List of publication in International Conference/Symposium:

1.

Measurement of evaporation residue cross sections for ""B+'%"Au system
K. Mahata, A. Shrivastava, S. K. Pandit, V.V. Parkar, P.C. Rout, N. Doka-

nia, and V. Nanal

75-years of Nuclear Fission: Present status and Future Perspectives, 63
(2014)



12.

13.

14.

15.

16.

17.

jee, P. Roy, R. Pandey, V. Srivastava, A. Chaudhuri, T. Roy, T. K. Ghosh,
G. Mukherjee, J. K. Meena, S. K. Pandit, K. Mahata, A. Shrivastava, and
V. Nanal

Phys. Rev. C 94, 051601(R) (2016).

Multinucleon transfer study in **°Pb('®O,x) at energies above the Coulomb
barrier

Sonika, B. J. Roy, A. Parmar, U. K. Pal, H. Kumawat, V. Jha, S. K. Pandit,
V. V. Parkar, K. Ramachandran, K. Mahata, A. Pal, S. Santra, A. K. Mo-
hanty, and K. Sekizawa

Phys. Rev. C 92, 024603 (2015).

Understanding the two neutron transfer reaction mechanism in 2*Ph(**0,'°0)2*Ph

A. Parmar, Sonika, B. J. Roy, V. Jha, U. K. Pal, T. Sinhab, S. K. Pandit,
V. V. Parkar, K. Ramachandran, K. Mahata, S. Santra, and A. K. Mohanty
Nucl. Phys. A 940, 167 (2015).

Elastic scattering and « production in the YBe +* Y system

C. S. Palshetkar, S. Santra, A. Shrivastava, A. Chatterjee, S. K. Pandit,
K. Ramachandran, V. V. Parkar, V. Nanal, V. Jha, B. J. Roy, and S. Kalias
Phys. Rev. C 89, 064610 (2014).

Complete fusion in “Li+*!%2Sm reactions

P. K. Rath, S. Santra, N. L. Singh, B. K. Nayak, K. Mahata, R. Palit,
K. Ramachandran, S. K. Pandit, A. Parihari, A. Pal, S. Appannababu,
Sushil K. Sharma, D. Patel, and S. Kailas

Phys. Rev. C 88, 044617 (2013).

High spin spectroscopy of 2°1T1

S. Das Gupta, S. Bhattacharyya, H. Pai, G. Mukherjee, Soumik Bhattacharya,
R. Palit, A. Shrivastava, A. Chatterjee, S. Chanda, V. Nanal, S. K. Pandit,
S. Saha, J. Sethi, and S. Thakur

Phys. Rev. C 88, 044328 (2013).

Exploring the breakup and transfer coupling effects in °Be elastic scattering
V. V. Parkar, V. Jha, S. K. Pandit, S. Santra, and S. Kailas
(Phys. Rev. C 87, 034602 (2013).)




10.

11.

Deep-inelastic multinucleon transfer processes in the '*O-+27Al reaction

B. J. Roy, Y. Sawant, P. Patwari, S. Santra, A. Pal, A. Kundu, D. Chattopad-
hyay, V. Jha, S. K. Pandit, V. V. Parkar, K. Ramachandran, K. Mahata,
B. K. Nayak, A. Saxena, S. Kailas, T. N. Nag, R. N. Sahoo, P. P. Singh, and
K. Sekizawa

Phys. Rev. C 97, 034603 (2018).

Fusion hindrance at deep sub-barrier energies for the "'B-+197Au system

A. Shrivastava, K. Mahata, V. Nanal, S. K. Pandit, V. V. Parkar, P. C.
Rout, N. Dokania, K. Ramachandran, A. Kumar, A. Chatterjee, and S.
Kailas

Phys. Rev. C 96, 034620 (2017).

Fragment emission mechanism in the 32S + '2C reaction

Ratnesh Pandey, S. Kundu, C. Bhattacharya, K. Banerjee, T. K. Rana, S.
Manna, G. Mukherjee, J. K. Meena, A. Chaudhuri, T. Roy, Pratap Roy, Md.
A. Asgar, V. Srivastava, A. Dey, M. Sinha, T. K. Ghosh, S. Bhattacharya,
S. K. Pandit, K. Mahata, P. Patle, A. Shrivastava, and V. Nanal

Phys. Rev. C 95, 064603 (2017).

Deformed band structures at high spin in 2°°T1

S. Bhattacharya, S. Bhattacharyya, S. Das Gupta, H. Pai, G. Mukherjee,
R. Palit, F. R. Xu, Q. Wu, A. Shrivastava, Md. A. Asgar, R. Banik, T. Bhat-
tacharjee, S. Chanda, A. Chatterjee, A. Goswami, V. Nanal, S. K. Pandit,
S. Saha, J. Sethi, T. Roy, and S. Thakur

Phys. Rev. C 95, 014301 (2017).

Evolution of fusion hindrance for asymmetric systems at deep sub-barrier
energies

A. Shrivastava, K. Mahata, S. K. Pandit, V. Nanal, T. Ichikawa, K. Hagino,
A. Navin, C. S. Palshetkar, V. V. Parkar, K. Ramachandran, P. C. Rout, Ab-
hinav Kumar, A. Chatterjee, and S. Kailas

Phys. Lett. B 755, 332 (2016).

Survival of cluster correlation in dissipative binary breakup of 2+2Mg*
S. Manna, T. K. Rana, C. Bhattacharya, S. Bhattacharya, S. Kundu, K. Baner-



LIST OF PUBLICATIONS

—

. * Probing transfer to unbound states of the ejectile with weakly bound "Li
on »*Nb
S. K. Pandit, A. Shrivastava, K. Mahata, N. Keeley, V. V. Parkar, P. C.
Rout, I. Martel, C. S. Palshetkar, A. Kumar, K. Ramachandran, P. Patale,
A. Chatterjee, and S. Kailas
Phys. Rev. C 93, 061602(R) (2016).

2. * Investigation of large a-production in reactions involving weakly bound "Li
S. K. Pandit, A. Shrivastava, K. Mahata, V. V. Parkar, R. Palit, N. Keeley,
P. C. Rout, A. Kumar, K. Ramachandran, S. Bhattacharyya, V. Nanal, C. S.
Palshetkar, T. N. Nag, Shilpi Guptal, S. Biswas, S. Saha, J. Sethi, P. Singh,
A. Chatterjee, and S. Kailas
Phys. Rev. C 96, 044616 (2017).

3. * Study of reactions populating unbound states of ejectile with weakly bound
Lion Y
S. K. Pandit, A. Shrivastava, K. Mahata, N. Keeley, V. V. Parkar, P. C.
Rout, I. Martel, C. S. Palshetkar, A. Kumar, K. Ramachandran, P. Patale,
A. Chatterjee, and S. Kailas
Phys. Rev. C (to be submitted).

4. Investigation of complete and incomplete fusion in the "Li+!?*Sn reaction
near Coulomb barrier energies
V. V. Parkar, Sushil K. Sharma, R. Palit, S. Upadhyaya, A. Shrivastava,
S. K. Pandit, K. Mahata, V. Jha, S. Santra, K. Ramachandran, T. N.
Nag, P. K. Rath, Bhushan Kanagalekar, and T. Trivedi
Phys. Rev. C 97, 014607 (2018).

5. Particle identification using digital pulse shape discrimination in a nTD sili-
con detector with a 1 GHz sampling digitizer
K. Mahataa, A. Shrivastavaa, J.A. Gore, S. K. Pandit, V.V. Parkar, K.
Ramachandran, A. Kumar, S. Gupta, P. Patale
Nucl. Instrum. Methods Phys. Res., Sect. A in press (2018).

*This thesis work is based on these papers 1



Chapter 1: Introduction

along with corresponding error are discussed. The chapter 3 is devoted to differ-
ent theoretical models, which have been used to understand the measured data.
Continuum discretized coupled channels (CDCC), coupled channels Born approx-
imation (CCBA), statistical model for compound nuclear evaporation along with
the classical dynamical trajectory calculations are briefly discussed in this chapter.
The chapter 4 includes details of the Monte Carlo simulations of 3-body kinematics
for breakup fragments to interpret the measured data and to estimate coincidence
efficiency. The results obtained from the measurements of breakup fragments in
coincidence are given in chapter 5. The study of various breakup processes along
with the theoretical descriptions are reported. The investigated results from the
study of fragment-capture reaction mechanisms are included in the chapter 6. A
simultaneous description of breakup, incomplete fusion, and complete fusion, from
classical dynamical trajectory calculations is also given. Chapter 7 contains the
summary and conclusions. The future outlook is also included to improve the

understanding of the reaction dynamics involving weakly bound nuclei.
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Chapter 1: Introduction

residue formed due to the capture of the complementary fragment is required. In
theoretical description, the use of a full quantum mechanical formalism is ideal.
However, no such model currently exists. The only available classical dynamical
trajectory model is based on semi-classical theory. In this view, the detail study of
fragment-capture reaction is crucial for the complete understanding of the reaction
dynamics of weakly bound nuclei.

Another interesting unresolved problem in this context is the large a-yield
compared to that of the complementary fragments. Most of the reaction mecha-
nisms, which are mentioned above, along with the compound nuclear evaporation
contribute to the production of a-particle. To understand the role of different re-
action processes in the a-production and to get total accountability of the a-yield,
simultaneous measurements of all the reactions channels are required.

The present thesis work aims to study the reaction dynamics involving weakly
bound nuclei “Li in view of all the important points mentioned above. The moti-
vation of the thesis are simultaneous understanding of all the reaction mechanism,
their relative importance, the role of cluster structure in reaction dynamics and

the total accountability of the large a-yield.

1.5.1 Plan of the thesis

The thesis is organized into seven chapters. The present chapter discuss about the
importance of the study of reaction dynamics of weakly bound stable and unsta-
ble nuclei. Present status of this subject, motivation and structure of the thesis
work is described. In chapter 2, the details of experimental procedure along with
a brief description of the Pelletron Linac Facility are documented. The analysis

method to identify different reaction mechanisms and estimation of cross sections
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Chapter 1: Introduction

well as theoretical calculations are required to understand the interplay between
them. Among the limited exclusive measurements aimed at studying different
breakup processes, very few data on absolute cross sections are available for direct
breakup [23, 37, 38, 39, 10, 45], while for transfer-breakup absolute differential
cross sections are only available for the neutron transfer channels at energies close
to the Coulomb barrier [23, 39].

Among the processes discussed above, investigation of the two-step reaction
mechanism, viz., one nucleon transfer followed by breakup, is of current interest
for the weakly bound stable nuclei ®"Li and “Be [23, 41, 42, 43, 44, 46, 49]. This
complex process needs the simultaneous understanding of both the breakup and
transfer reactions. In an earlier measurement of the "Li+5%Cu system [23], it was
observed that 1n-stripping leading to SLi in its unbound 3] excited state is more
probable than inelastic excitation of “Li to its resonant states. In recent measure-
ments with "Li [11, 12|, the importance of 1p-pickup over the direct breakup of the
projectile was highlighted while explaining the suppression of fusion at energies
above the Coulomb barrier. Hence, understanding the mechanism of projectile
breakup—whether direct or transfer breakup—is crucial while studying the reac-
tion dynamics of weakly bound nuclei.

The fragment-capture reaction is an equally interesting reaction channel. As
mentioned in Sec. 1.3.3, the complexity in the study of the fragment-capture re-
action is that, the two-step process breakup-fusion is indistinguishable from the
direct stripping of the cluster-fragment. To understand the relative importance of
the one step and two step processes, extensive effort is required in both experimen-
tal side and theoretical modeling. From experimental point of view, the coincident

measurements of the outgoing fragments with the prompt ~-rays arising from the
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1.4 Theoretical models

Several models based on classical, quantum mechanical, and semi-classical theory
have been developed over the past years to understand the reaction mechanisms
involving weakly bound nuclei. Here, the most challenging task is the inclusion
of the continuum states in the analysis. In the continuum discretized coupled
channels (CDCC) method [35], the continuum states are included in the calcula-
tions. The CDCC frame work is one of the successful formalism to describe the
elastic scattering, breakup, transfer-breakup and total fusion (TF) (i.e., the sum
of CF and ICF) cross sections simultaneously. In this model calculation CF and
ICF can not be estimated separately. The recently developed classical dynamical
trajectory model [31, 36| can explain the ICF and CF data simultaneously. The
main limitation of the dynamical trajectory model is that, the quantum tunneling
probability is not included in the calculations. Hence, there is a strong limitation
in theoretical modeling, as a single model is unavailable to calculate all observables

simultaneously.

1.5 Motivation of the thesis

Presence of loosely bound cluster structure and exotic shapes are the distinct
features seen in these nuclei with respect to the tightly-bound nuclei. As discussed
in Sec. 1.2 and 1.3, due to the low breakup threshold, population of the continuum
is probable and consequently a large coupling effect is expected at energies around
the Coulomb barrier [1, 5, 23, 25, 37, 38, 30, 40, 41, 42, 43, A4 A5 46, A7,
18]. Exclusive measurements are essential to disentangle the reaction processes

listed in Sec. 1.3. Also, complete measurements of different reaction channels as
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the cluster-fragment. However, it has been shown that breakup-fusion is dominant
over the one step stripping reaction [28, 29, 30]. The admixture of these two

2]

reaction processes is generally referred to as fragment-capture [27, 28, 29, 30].

1.3.4 Complete fusion

In case of weakly bound nuclei, fusion of the two colliding nuclei forming the
compound nucleus, can occur in two different ways. The complete fusion involves
the capture of the whole projectile by the target. The breakup followed by complete
fusion (BCF) is the process when breakup does occur followed by the capture of
all the fragments |1, 31]. From the experimental point of view, these two processes

can not be separated.

1.3.5 Large a-yield

One of the interesting observation in case of reactions involving weakly bound
nuclei with a + z cluster structure, e.g. ®®He, 57Li, and “*Be, is the large a-yield
compared to that of the complementary fragments [3, 1, 5, 32]. Investigation of
the mechanisms responsible for such large inclusive a-particle production cross
sections is of current interest [33, 34]. Different reaction mechanisms, e.g. breakup
(direct and sequential), nucleon transfer followed by breakup, cluster transfer,
incomplete fusion (only part of the projectile fuses), and compound nuclear (CN)
evaporation, contribute to the « yield. It is difficult to separate the contributions
of these individual reaction mechanisms from an inclusive a-particle spectrum.
Exclusive measurements are therefore needed to investigate the origins of the large
a production and to study the role of the weakly bound cluster structure in the

reaction dynamics.
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scattering and fusion reactions [3, 6, 22].

1.3.2 Transfer-breakup

There are two types of transfer reactions, which are the stripping reaction and
pickup reaction. In case of stripping reaction, part of the incident projectile is
stripped away and enters the target nucleus. Whereas, in pickup reactions, the
outgoing emitted particle is a combination of the incident projectile and one or
more target nucleons. The breakup of an ejectile following transfer reaction is called
transfer-breakup, which is a two step process [0, 23, 24, 25|. The study of transfer-
breakup process is crucial for the understanding of transfer form factor. Transfer-
breakup reaction mechanism is a good probe to choose the best configuration
in the projectile wave function [25]. A limit on absolute cross section of two-
step process n-transfer followed by breakup of °Li via its 3% state was reported
for "Li+!TAu system from coincidence measurement [25]. A detailed study of
this two step reaction mechanism from coincidence measurements together with
theoretical modeling, was carried out for “Li+5 Cu system |23]. 1p-peakup followed
by breakup has been reported for “Li+#°Ca system at energies much above the

barrier [20].

1.3.3 Fragment-capture

Another dominant reaction mode is transfer /capture of one of the cluster-fragment
from bound/unbound state of the projectile to the target nuclei. Capture of a
cluster-fragment from unbound states of the projectile can be looked upon as a
two-step process, breakup followed by fusion (breakup-fusion) or incomplete fusion

(ICF) [27, 28, 29, 30]. This process is indistinguishable from the direct stripping of
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1.3.1 Non-capture breakup

Breakup is a reaction process where the projectile splits into two or more fragments,
due to the Coulomb and/or nuclear interactions with the target [0, 21]. The non-
capture breakup processes are those where none of the breakup fragments are
captured by the target. When the target remains in its ground state, such non
capture breakup processes are referred as elastic breakup. The target nucleus
remains spectator during the elastic breakup process. The breakup of the nuclei
could be possible from the continuum states as well as from the resonance states.
A typical strength distribution of breakup from continuum and resonance states is

shown in figure 1.5.

Resonances
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Figure 1.5: A typi-
cal strength distribu-
tion of breakup from
continuum and reso-
nance states.

Intensity

Continuum

Excitation energy

The breakup processes occurring in the nuclear reaction time scale are called
direct-breakup or prompt-breakup. Whereas in case of sequential or resonance
breakup, the time scale is relatively long and depends on the lifetime of the unstable

system [21]. There is a strong coupling effect of the breakup channels on the elastic
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(3) Nucleon transfer leading to the unbound state of the ejectile,

(4) Mechanism of fragment capture reaction, where part of the projectile is cap-

tured by the target nuclei,

(5) Time scale of the breakup processes, etc.

Some of the possible dominant reaction processes in case of reactions involving low

energy weakly bound nuclei with only two clusters are shown in Fig. 1.4. Now we

discuss the details of the reaction mechanisms displayed in the figure.
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Figure 1.4: Some of the possible dominant reactions induced by low energy weakly

bound nuclei.
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nucleus is compared with the heavier nuclei in Fig. 1.3(b). The rms matter radius
of 1Li is as large as that of “®Ca, and the radius of the halo neutrons as large as for
the outermost neutrons in 2°Pb |15, 20]. In this context, nuclei having same mass
but different charges such as °He, 5Li; ''Li, 'Be etc. are the suitable candidates

to study the isospin dependence in the nucleon-nucleon interaction [18].

35F © He -
r ® Li @ Pb
30 A Be "
i A A -
) - Pt .
S 25 @/1 B
B &
2.0 N ///
:// 48Ca
15[ ® (a)
i | | ) | |
4 8 12 16

A

Figure 1.3: (a) Measured interaction radii of He, Li and Be isotopes. The line is

corresponding to Ry = 1.2A3. (b) Comparision of spatial extention of 'Li nucleus
with #8Ca and 2°*Pb nuclei.

1.3 Reactions involving weakly bound nuclei

To understand the reaction dynamics of the weakly bound nuclei at energies near
the Coulomb barrier, the topics required to be discussed are:

(1) Coupling effects due to the population of the low lying continuum on elsatic
scattering and fusion,

(2) Role of cluster structure of the nuclei involved in the reaction,
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Figure 1.2: Schematic illustra-
tion of the He nucleus with o +
n + n Borromean structure.

also display the properties of the Borromean nuclei. The nucleus ®He is also known
as double Borromean, as its one of the constituent cluster He is a Borromean nu-
cleus [16]. The nucleus ®He, having the highest N/Z ratio, is a suitable candidate

to study neutron correlations at low densities [17].

1.2.3 Extended matter distribution

The measured charge and matter radii of nuclei are nearly equal for nuclei near
the line of stability. Both the radii show 1.245 fm dependence. Surprisingly the
scenario is not same for some of the weakly bound nuclei. The extracted matter
radius of He, Li and Be isotopes from the interaction cross sections are shown in
Fig. 1.3(a) [7, 18]. A deviation from R = 1.245 behaviour is clearly observed for
ULi and “Be nuclei [19]. It suggests the existence of a large deformation and /or of
a long tail in the matter distribution due to the weakly bound nucleons. A nucleus,
having a core surrounded by a "halo" of orbiting protons or neutrons, which makes
the radius of the nucleus appreciably larger than the root mean square (rms) radius

of the nuclei, is called halo nucleus. For an example, the spatial extension of ''Li

15



Chapter 1: Introduction

formation has also been observed.

Some of the weakly bound nuclei e.g. %8He, %7Li, and "?Be have predominant
a-+x cluster structure. The breakup threshold of the predominant cluster structure
for these nuclei is tabulated in Table 1.1. In addition to the predominant cluster
structure of a+t (Ey, = 2.47 MeV) the "Li nuclei may also be considered as ‘He + p,
Li + n, and *He+d cluster configurations with relatively large breakup thresholds
of 6.03, 7.25, and 9.52 MeV, respectively |12, 13]. The breakup threshold of °Li
is 1.47 MeV and 3.70 MeV for °Li— o + d and SLi— a + p + n breakup mode,

respectively. The °Li isotopes has SHe + ¢ cluster structure [14].

Table 1.1: Breakup threshold of the predominant cluster structure for some of the
stable and unstable weakly bound nuclei.

nuclei He 64 i "Be Be
Cluster structure | o +2n | a+d | a+t | a+°He | 8Be + n

Breakup threshold
Fu (MeV) 0.98 1.47 | 2.47 1.59 1.66

1.2.2 Borromean structure

Borromean structure is also an equally interesting phenomenon observed in light
weakly bound nuclei [15]. In analogy to Borromean rings, Borromean nuclei con-
sists of three clusters in such a way that if any one is removed, the remaining two
become unbound. The lightest Borromean nucleus is ®He, which has oo +n +n
configuration as shown in Fig. 1.2. The possible combination using any two among
«, n and n are "He(*He+n) and dineutron (n + n) are unstable. The nucleus “Be
is the lightest stable nuclei with o + a +n Borromean structure. Here SHe(a + n)

and ®Be(a + ) are unbound. Similarly, "'Li (°Li +n +n) and ®He (°He + n + n)
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typical comparison of the energy levels of tightly and weakly bound nuclei is shown
in Fig. 1.1. The nucleon separation energy for tightly bound nuclei is ~8 MeV,
whereas in case of the weakly bound nuclei breakup threshold is relatively very
small (~1 MeV). Now we will discuss some of the special features of the weakly

bound nuclei.

Continuum
resonance _
E Continuum
th —>

resonance
b.s.
<« Eth
b.s.
g.S. — —_ . gs
Tightly weakly
bound bound

Figure 1.1: A typical comparison of energy levels of tightly and weakly bound
nuclei.

1.2.1 Cluster structure

Clustering is a general phenomenon that is observed over a wide range of physical
scales and in diverse fields such as the aggregation of galaxies in the universe or
the existence of gene clusters in complex biological systems [1, 5, 9]. In the nuclear
domain, clustering observed in light nuclei elucidates on their structure that leads
to a greater understanding of the underlying correlations of nucleons. The a-cluster
structure has been observed in case of tightly bound stable nuclei e.g. '2C, 0,

2ONe, 21Si, etc. [10, 11]. In case of weakly bound stable nuclei, other type of cluster
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The conditions of these methods are only suitable with the weakly bound nuclei.
The radioactive ion beam (RIB) facilities provide a scope to study the new
features e.g. extended matter distribution in halo nuclei, and the effect of those
features on reaction dynamics [3, 5, 6, 7, 8]. The study with RIB is important, as
some of the observables which are not visible in case of tightly bound nuclei, may
get magnified and provide a more correct description of nucleon-nucleon interac-
tion. In studies related to RIB, special care in experimental methods as well as
in theoretical formulations are required. The available RIB facilities are very less
in number worldwide and the beam current of such radioactive nuclei is also very
low. Hence, it is wise to develop the required measurement techniques by studying
the weakly bound stable nuclei, that are easily available with respect to the beam
current and energy resolution. The similar kind of physics is expected from weakly
bound nuclei due to the low breakup threshold. The measured various observables
involving weakly bound nuclei in the context of continuum states, can be used to

develop, modify and constrain the theoretical models also.

1.2  Weakly bound nuclei

Exploring the properties of weakly bound stable/unstable nuclei is a topic of cur-
rent interest [3, 1, 5, 6] and also a focus of the next generation of high-intensity
isotope-separator on-line (ISOL) radioactive ion beam facilities. Due to the low
breakup threshold of such nuclei, population of the states in continuum is prob-
able and consequently a large coupling effect is expected at energies around the
Coulomb barrier. The weakly bound stable (%"Li and ""Be) and B-unstable (e.g.
68He, 3711Li, 'Be etc.) nuclei have exhibited remarkably distinct features with

respect to the tightly bound nuclei owing to the low lying continuum states. A
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1.1 Preamble

In recent times, the study of reaction dynamics of weakly bound stable nuclei has
received much attention due to its implication on research related to exotic nuclei
and astrophysics [1, 2, 3, 4, 5, 6]. The understanding of the nucleosynthesis of
chemical elements is required to explain the relative elemental abundances of our
planetary system [I, 2|. The nucleosynthesis processes in stellar burning astro-
physical sites depends on the radiative capture reactions in light nuclei at very low
relative energies. However, the measurements of radiative capture cross sections
at such low energies under laboratory conditions are very difficult. The difficul-
ties are not only due to the required sensitivity for very low value of cross section
measurements, but it is almost impossible to collide two nuclei at such very low
relative energies as well. As a consequence, the cross sections of radiative capture

processes at energies of astrophysical interest can only be determined from the in-

direct methods. Those are surrogate method and Trojan Horse Method (THM) [1].
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2.9.4 Possible uncertainties and their estimation

In case of cross section extraction from the in-beam and off-beam method, the
possible sources of uncertainty in addition to those discussed in Sec. 2.8.4 are
(a) detection efficiency of y-ray and (b) available spectroscopic information of the

residues. Both of them have also been included in the uncertainty estimation.
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to the normalization constant, the diffuseness of the J distribution, and the value
of J at which o.,(J) becomes a/2, respectively.

For the odd-even and odd-odd nuclei, due to fragmented transitions, the decay
scheme is complicated [79]. In this case, the cross sections have been obtained by

adding the ~-ray transitions, feeding directly to the ground state.

2.9.3 Cross section extraction from off-beam measurements

The nuclei, which are not stable and have measurable half life (T',), were iden-
tified by measuring the characteristic «-ray transitions employing the off-beam
~v-counting method. The cross sections of each residue have been obtained using

the formula
Y A

= —1 2.15
7T Nee, Lk (2.15)
where
k — Z I"(]_ _ e)\tstep)(€_>\[tl+(n_1)t5tep] _ 6—)\[1‘52+(n—1)t5tep])’ (2.16)
n=1

In Eq. 2.15, Y, is the yield of the 7-line of interest; A is the disintegration
constant of the nuclei of interest; N; is the number of target nuclei/cm?; e, is the
efficiency of the detector for that ~-line; I, is the absolute intensity of that ~-line;
t1 and ty start and stop times of counting for the irradiated samples; and g, is
the step size in which the current was recorded in the scaler. In Eq. 2.16, [, is
the current recorded by the scaler at the n'” interval, and m is the total number

of intervals of irradiation.
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The function used to fit the efficiency is f(z) = a + bE, + (¢/E,). The x* min-
imized values for a, b, and ¢ are found to be 0.000415641, 2.43215, and -139.545,

respectively.

2.9.2 Cross section extraction from in-beam measurements

The cross sections for the even-even residues were extracted from the yrast -
ray transitions built on the ground state. Individual cross sections for each ~-ray
transition of the cascade, were extracted using the relation

Y, (J)dQy

o,(J) = Yo doy, (2.14)

€y

where, Y. (J) is the yield and €, is the absolute efficiency of the y-ray transition.
Y and d€2,, are yield and the solid angle of the monitor detector respectively. do,,
is the Rutherford cross section estimated at the angle of the monitor detector (6,
= 20°). To extract the cross sections, the o, (J) values were extrapolated up to the
value corresponding to J = 0 using the expression, o,(J) = a/{1 + exp[(J - Jo

)/b]}, as discussed in references [57, 58]. In this expression a, b, and Jy correspond

o6



Chapter 2: Experimental Aspects

< S0f

T 40 [

o - Figure 2.15:  The

E) 3.0 ¢ efficiency (e¢) of the

é 2.0 N INGA setup having 18

D 1.0 - clovers detectors used
i for in-beam ~-activity

measurements.

300 600 900 1200 1500
EY (keV)

having energies in the range 81 keV to 1408 keV and used for in-beam ~-activity

measurements.
10* -
10° 7
£z 3 . g- T Figure 2.16: The
= pt S
2102 1 ¥ s measured v-ray spec-

trum of a calibrated
152Ey source in HPGe
detector.

1212.9
1299.1

| !Iliwnluwl dld 1

0 300 600 900 1200 1500
Ey (keV)

The efficiency of the HPGe detector, which was used for offline y-activity mea-
surements, has been carried out by keeping the calibrated mixed source at distance
of 10 cm, 5 cm and on face of the detector. The measured calibrated energy spec-
trum of '°?Eu source is shown in Fig. 2.16. The energy resolution the HPGe
detector was ~1.5 keV for E, = 778 keV and ~ 1.9 keV for E, = 1408 keV. The

efficiency values at a distance of 10 cm from the detector are shown in Fig. 2.17.
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2.9.1 Calibration and efficiency measurements

The efficiency and energy calibration of the Clover detectors and HPGe detector
were carried out using standard calibrated '»?Eu and '*3Ba 4-ray sources. The
calibrated energy spectrum of the mixed source measured in INGA setup is shown
in Fig. 2.14. The typical energy resolution of a single crystal of a Clover detector

was ~1.9 keV for E, = 778 keV and ~2.3 keV for E, = 1408 keV.

1089.7,1085.9
11121
1408.0

Figure 2.14: A typical
add-back ~-ray spec-
trum of a calibrated
Eu-Ba mixed source

” l from INGA setup.

\ ‘ \ ‘ \
600 900 1200 1500

The total efficiency of INGA setup having 18 Clover detectors is shown in

Fig. 2.15 and has been fitted by the function
f(x) =a+bE, + (¢/Ey) + (d/E3) + (e/ ES), (2.13)

where, a, b, ¢, d, e are constants. After x? minimization, the constants were
found to be a=1.3138, b=-0.000351238, ¢=988.734, d=-69027.1, and e=638824.

The fitted function was used to estimate the efficiency of the setup for the ~-rays
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(b) The uncertainties arise due to the target thickness, beam current fluc-
tuation and the dead time in the acquisition system were eliminated by
normalizing the yield by the corresponding yield of the monitor detec-

tors.

(c) Uncertainty in the measurement of beam energy is negligible as the

pelletron energies are well calibrated.
(d) Uncertainty due to the loss of the energy in the target.
(e) Uncertainty due to extraction of the yield by fitting the peak area.

(f) Uncertainty in the estimation of the positions and angles of the detec-

tors.

In our results, all these errors were taken into account.

2.9 Analysis method to study fragment capture
mechanism

In this section, we will discuss the analysis method for both in-beam and off-beam
measurements. In case of in-beam measurement, the acquired time-stamped data
were first aligned in increasing time format and then any firing in any crystal of
the 18 clover detectors or the silicon detectors within the 200 ns time interval were
considered as the part of a single event. All the crystals were calibrated using
standard calibrated ~-ray sources and discussed in the next Sec.2.9.1. The gain
drift throughout the experiment was checked and corrected. In a single event, if
more than one crystal of the same clover detector were fired, those signals were

added up to get an add-back spectrum of that detector.
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2.8.4 Possible uncertainties and their estimation

The estimation of the uncertainty in any measured observable is essential to deter-
mine the accuracy of the measurement. There are two types of uncertainty possible

in this kind of measurements. Those are discussed below.

1. Statistical uncertainties : The statistical uncertainties arise from random
fluctuations in a measurement. These random fluctuations of an experi-
mental setup are directly related to the repeatability of the measurements.
Statistical uncertainties are described by the normal distribution. These un-
certainties for a large collection of normally distributed measurements can
be estimated by calculating the standard deviation o. The statistical uncer-
tainty goes as /n, where n is the total number of events detected by the
detector. In the present cross section measurements three parameters, yields
(Y) of the reaction process, corresponding elastically scattered counts in the
monitor detector (Y;,), and the detection efficiency estimated by Monte Carlo
simulation, contribute to the statistical uncertainty. The contribution from
the last one was minimized to negligible relative to the others by running
the simulation code for a large number of events. In the estimation of the

uncertainties, only the contribution from Y and Y, are taken into account.
2. Systematic uncertainties :

(a) Uncertainty involved in measurements of distances from the target and
diameters of the collimator lead to uncertainty in the detector solid an-
gle. In our present measurements, the solid angles of all pixels were
measured accurately by measuring the elastic scattering from 2*“Bi tar-

get, details are discussed in the chapter 4.
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where, N is the target thickness, in terms of number of target nuclei per unit area
and Np is the number of incident nuclei. The elastically scattered yields (Y;,) in

the monitor detector having the solid angle df2,, is

Y (60,) = dc;%“h (0,) X Np x Ny x d,, (2.9)

where, 0 gy is the Rutherford cross section. The monitor detector kept at angle 6,
such that the corresponding elastic cross section will be equal to Rutherford cross
section. Using equation 2.8 and 2.9 the relation for the cross section extraction

obtained as follows:

dO' 0) — dY daRuth de

S - A T2 ‘gm 21
¥ = a0 ) x5 (2.10)
dO' dY ZPZT 9 1 de
—(0)=—=(0) x 1.2 2.11
do dY ZPZT 9 1.296 1
—(0) = —(0 — 2.12
a0 =75 0) x (—¢ )Xym(em)xK (2.12)
. Om,
where, K = %ﬁ?) is a constant of this measurement setup. The value of K

was obtained from the elastic scattering cross section measurements for “Li+2%Bi
system as discussed in chapter 4 and found to be 25.3. The relation is given in
Eq. 2.12 for the extraction of the cross section, automatically remove the uncer-
tainty arises due to beam currents, target thickness, energy loss in target thickness

and dead time in the data acquisition modules.
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2
Q= Exr(1+23) — Bl — 2 = 2 (m) Bayms Bs) V2cos(6s),  (2.5)

my my my

where, mj3 is the mass of the ejectile (mg = my + my) prior to breakup, my is the
mass of the target like nuclei, Ej,p, is the energy of the incident projectile, and 65
is the scattering angle of the ejectile prior to breakup. The excitation energy of

the target like nuclei were determined from the relation
E:arget = Qgg - :jectile - Q? (26)

2.8.3 Extraction of cross section

The yields (Y) of reaction products for a selected channel were obtained as a
function of c.m. angle (0..,.), considering event-by-event mode of analysis as shown
in Fig. 2.12. The detection efficiency (solid angle) of that corresponding reaction
channel was estimated as a function of 6. ,, using a Monte Carlo technique of three
body kinematics. The angular distribution of the events related to that particular

reaction was extracted by taking the ratio of these two quantities as

dy . _ dY 0

=G (27)
The cross section of the corresponding reaction channels were obtained as
do dy 1
- = S 2.
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Figure 2.13: Measured energy correlation spectra of breakup fragments in coinci-
dence for "Li + %Y reaction at Ey;, = 27.7 MeV and 6, = 60°. (a) 1p-pickup
followed by breakup of ®Be leading to two a-particles. (b) 1n-stripping followed
by breakup of 5Li leading to a and d-particles.

Exy = B+ Ey — B, (2.3)
:jectile - Erel + Eth; (24)

The excitation energy (E

wiectile) Of the ejectile prior to breakup was obtained

by adding the breakup threshold to the measured E,. The 8Be nuclei is particle
unbound and breaks into two « particles from its ground state itself. Where as
the breakup threshold (Ey,) of °Li— a +d and "Li— o+t are 1.47 and 2.47 MeV,

respectively. The reaction Q-value calculated using the relation
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other side of the detector. Taking care of those events is suppose to improve the
statistics but could lead to more uncertainties in terms of spurious coincidences.
We have rejected those events and same was taken care in the simulation to ex-
tract absolute cross sections. The spurious coincidences may also occur due to (i)
random coincidences of true events with detector noise or an elastically scattered
event, (ii) cross-talk across adjacent sectors, and (iii) charge sharing of a scattered
projectile that hit the inter-strip partition. Contributions to the source (i) were
removed by applying cuts in the singles energy spectrum as well as 2-dimensional
gate in energy-energy correlation spectra. Sources (ii) and (iii) can only originate
from coincidences within a single detector, and to remove them always correlated
events detected in adjacent strips were rejected.

In the Fig. 2.13, the measured correlation spectra of the energies of the a-a
and a-d coincidence events for the "Li + #7Y reaction at Fj, = 27.7 MeV and 6y,
= 60° is presented.

The relative angles (6,¢1) between the fragments were calculated from the mea-

sured scattering angles (61, ¢1; 0o, ¢2) using the relation

Ore1 = cos(0y)cos(0s) + sin(0,)sin(0s)cos(py — da), (2.1)

The relative energy (Ey) between the fragments was calculated from their

masses (mq, my), kinetic energies (E7, Fy) and 6, using the relation

Mol +mi By — 2(my EymyFy)Y2cos(0,e)

Erel =
mi + Mo

: (2.2)

The kinetic energy Fk g and the excitation energy E

ejectile of the ejeCtﬂe prior

to breakup were calculated using the following relations
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Figure 2.12: The flow chart for the analysis using event by event method.
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2.8.1 Energy calibration

In order to get the accurate energy information of the reaction products, the energy
signals of AE and E detectors are first gain matched and added to get E;qa. All
the strips of both AE and E detectors are calibrated using the known « energies
from a 23?Pu-?! Am-source and the "Li + 2C reaction. A typical AE vs. E;ya1 plot
for "Li + '2C reaction carried out using 18 MeV "Li beam is shown in Fig. 2.11(a).
The projection of the a-band of the figure is shown in Fig. 2.11(b). The identified
various discrete states of ">’N* are labeled, which are used for the calibration. This
leads to a calibration of the a-particles for an energy range of 5-22 MeV. The

calibrated energies have been used for further analysis.

2.8.2 Identification of reaction channels

A flow chart for analyzing the coincidence data on an event by event basis, to
identify various reaction channels is given in Fig.2.12. The scattering angle (0,
¢) of the detected fragment was extracted from the vertical and horizontal strip
numbers of the double-sided £ detector. Detected particles were tagged by ki-
netic energy (F), mass number (m) and scattering angle (6, ¢). The energy and
scattering angle were converted from laboratory frame to the c.m. frame of the
target-projectile in event-by-event mode. By this method of analysis, the Jacobian
of the transformation was taken care automatically. The pairs of particles observed
in the coincident events were a-a, a-d and a-t. The a-a event rate was found to be
highest and that for a-¢t was lowest. Identification became complicated only when
the coincident pair hit the same strip of a given detector. These events could have

been recovered by matching their energy to the sum of signals measured on the
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the essential part of the measurements. The accurate distances of the detectors

from the centre of the target have been measured from the angle information of the

centre, left and right edges of the detectors obtained using a theodolite and rotating

the arm, on which they were mounted. The exact distance and the dimension of

the detectors were used to get the exact angles of the pixels. The method of energy

calibration is discussed in the next subsection 2.8.1.

AE (arb. units)

Counts

500

400

300

200

100

500

400

300

200

100

I
?Li+12c
E,, =18 MeV |
g, =68

a-band

400 600 800 1000
E ., (arb. units)
(b) ’_l-\ _;__"‘ | T | T T
E‘]_ Q i T 1412
LS E & _ Li+!2C |
% o \"éf: Aé g E =18 MeV
1 e tf E\i A :":’ elab =68 —
~ T~
Wy~ ~ Wy
=5 81 S .
==l g &
- = =
s
mno ol ool
11 14 17 20 23
E (MeV)
[+

Figure 2.11: (a) A
typical gain matched
two dimensional AE
vs. Biotar plot for Li
+ 12C reaction at 18
MeV, showing the dif-
ferent reaction prod-
ucts of Z = 1 and 2.
(b) The projected en-
ergy spectra of the a-
band of (a).
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time stamp will be latched and the event header information will be written. All

the modules are required to synchronize clocks for the coincidence measurement.

2.8 Analysis method for breakup fragments in co-
incidence

Particles were identified using energy loss information from AFE and E detectors.
A typical two dimensional spectrum of AE vs Ei. for "Li on *Nb at beam energy
Epearn=28 MeV and 6),, = 60° is shown in Fig. 2.10. A good charge and mass
resolution has been achieved which allowed the separation of all the isotopes of Z

=1, 2, and 3 nuclei.

Figure 2.10: A typical
two dimensional spec-
trum of AFE vs E;; for
"Li on ?Nb at beam
energy Epeam=28 MeV
and Hlab = 60°.

Eiota1 (MeV)

To extract the accurate information, the energy and the angle calibration are
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Figure 2.9: Block diagram for the digital DAQ for 16 Compton suppressed clover
detectors, 3 telescope consists of Si AFE and E detectors, and one single Si detector.
It has six Pixie-16 modules, two LVDS level translator modules and one controller
arranged in a single compactPCI/PXI crate.

a trigger through a fast filter for total multiplicity computation in the on board
FPGA. The fast trigger is generated when the fast trapezoid filter output crosses
the defined threshold. The fast triggers generated from any of the 16 channels
of a Pixie-16 module can be distributed to its adjacent modules through the PXI
back plane for generation of global trigger. In the present configuration, of the
six cards in a single crate one card named as Director receives and distributes the
triggers among all the channels. The Director computes the multiplicity and opens
the coincidence window with a defined length. The veto signal of the BGO shield
is given via the front panel LVDS I/0O port. A valid fast trigger is generated in
absence of the veto pulse in a specific time window. For a given channel the fast

trigger validated by the external trigger and not vetoed by channel veto signal, the
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2.7 Electronics and data acquisition for the mea-
surements of particle-y in coincidence

The signals from each crystal of the clover detectors were amplified by a low tem-
perature FET coupled with the resistive charge sensitive preamplifier. The pream-
plifier has a gain of 200 mV/MeV and the decay time constant of the output is 50
ms. The Compton suppressed BGO shield has 16 photo multiplier and operates at
950 V. A NIM logic signal was generated by amplifying the sum of the 16 photo
multipliers using a timing filter amplifier and a analog constant fraction module.
This logic signal was used as veto to the signals from the clover detectors. The
signals from silicon detectors were amplified by a low noise preamlifier. All the am-
plified signals of clover and Si detectors using respective preamplifier were acquired.
PCI-PXI based digital data acquisition (DDAQ) system was used to acquire the
data. The DDAQ consists of six Pixie-16 modules, two LVDS level translator mod-
ules, and one controller arranged in a single compact PCI/PXI crate. The crate
is connected to a windows PC via a MXI-4 PXI-PCI optical bridge. Each Pixie-
16 card has 16 channels. The block diagram of the system is shown in Fig. 2.7.
Elaborate technical information about digitizer Pixie-16 modules can be found in
Ref. [56].

Only, the complex triggering capability of the Pixie-16 modules adopted for the
present experimental set-up will be briefly described in the following. The clover
produces four signals from the core of the four crystals. Therefore, each Pixie-16
card supports four clover detectors. The preamplifier signal is digitized with a 12-
bit 100 MHz Flash Analog to Digital Converter (FADC). The digitized data stream

of the incoming analog pulse enters the signal processing circuitry. This generates
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Figure 2.8: Electronics block diagram for the measurements of breakup fragments
in coincidence.

The width of the busy signals was kept 6-12 us, depending on count rates.
Data acquisition is based on VME standard cards, manufactured by Caen SpA,
peak-sensing analog-to-digital converters (mod. V785), time-digital- converters
(mod. V778) and digital counters/latching-scalers (mod. V830). All these cards
are daisy-chained connected and fired simultaneously by the actual master. This
trigger is also used for starting the analog-to-digital conversion, the time-to-digital

conversion process, and the general system data readout.
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Gmbh & Co. KG. These compact modules are having 16 channels, specially de-
signed and suitable for segmented silicon detectors. Signals from detectors were
taken outside the chamber using suitable detector adapters, vacuum cables and
vacuum feedthrough of socket-socket type. These signals were fed to the MPR-
16, sixteen channel preamplifier. The output signals from MPR-16 modules are
differential. The advantage of the differential signal is that by further processing,
the noise can be reduced. The output signals from MPR-16 module were pro-
cessed by MSCF-16 amplifier. MSCF-16 is a shaping / timing filter amplifier with
constant fraction discriminator and multiplicity trigger. The shaper output signal
that contain the energy information, were digitized by CAEN-v785 peak sensing
analog to digital converters (ADC). The multiplicity trigger signals were used to
make the master gate as discussed in the next paragraph. The signals from silicon
surface barrier detectors have been processed using the MSI-8 module, which is a
compact 8-channel preamplifier shaper box with integrated timing filter amplifiers.
This module gives preamplifier as well shaper outputs. The shaper outputs were
digitized. The common timing signal was used to generate the master gate.

The block diagram of the electronic setup is shown in Fig. 2.8. The multiplic-
ity trigger output from MSCF-16 module, corresponding to the front side of the
E-detectors, was used to make the master gate. The value of lower multiplicity
threshold was kept one and two for singles and coincidence measurements, respec-
tively. While the value of upper multiplicity threshold was set to infinite. The OR
of these multiplicity trigger output and the common timing signals from MSI-8
module were stretched to 6 ps by using gate and delay generator module. This
signal is specified as raw-master. The busy signals from ADCs were stretched and

used to VETO the raw-master to generate actual master.
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ments with regard to purity, composition, thickness etc. Many techniques are used
for target preparation. These include (a) chemical techniques: Electro-deposition,
electrophoresis, vapour deposition, electrical discharge, electro-polishing etc. (b)
Mechanical techniques: compacting, rolling, settling of powders from suspension.
(c) Physical techniques: Direct deposition using an isotope separator, electrospray-
ing, sputtering and high vacuum deposition.

For our experimental measurements, we have used four targets %Y, %Nb, 12C,

and 2Bi which were made in the following ways:-

1. The target of Y and *Nb were made by rolling technique using respective
natural metallic foils. The thickness of ~ 2.0 mg/cm? of ¥Y and ~ 1.75

mg/cm? of *Nb were used in experiment.

2. The target of '2C having thickness of ~ 50 ug/cm? was prepared by the

carbon arc method.

3. The target of ***Bi was made by vacuum deposition (evaporation) technique.

The thickness of ~ 500 pg/cm? of 2'Bi was monitored by the quartz crystal.

These targets were then mounted on the target ladder of scattering chamber.

2.6 Electronics and data acquisition for measure-
ments of breakup fragments in coincidence

The processing of the signals from the segmented Si-detectors was carried out by
MPR-~16 multichannel preamplifier and MSCF-16F shaping-timing filter amplifier
modules. Both MPR-16 and MSCF-16 modules are manufactured by Mesytec
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5% at E, = 1 MeV. INGA at Mumbai, is having a PCI-PXI based digital data

acquisition (DDAQ) system.

2.4.3 High purity germanium detector (HPGe)

A high-purity germanium (HPGe) detector with a graded shielding (Cu, Cd sheets
of thickness ~ 2 mm followed by 5 cm Pb) shown in Fig. 2.7 was used for the
off-beam v-ray measurements. The energy resolution of the HPGe detector was ~

1.5 keV for £, = 778 keV and ~ 1.9 keV for £, = 1408 keV.

Figure 2.7: Low background off beam ~-ray counting setup with the shielded HPGe
detector.

2.5 Target preparation

Target preparation is often crucial to the success of an experiment and it is there-

fore of the utmost importance that the target confirms to the experimental require-
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Figure 2.6: Indian National Gamma Array, consists of 18 clover detectors.

Centre, UGC-DAE-Consortium for Scientific Research, and many Universities in
India [56]. INGA consists of a large number of Compton suppressed clover detec-
tors. Each of the clovers consists of four n-type high purity germanium (HPGe)
crystals kept in a single cryostat. Each crystal is connected to a low-temperature
FET coupled with the resistive charge sensitive preamplifier. The sum of the 16
photo multipliers is given to a timing filtering amplifier and then to the analog
constant fraction module which generates a NIM logic signal. This goes as an
input to the digital data acquisition system for the veto of the clover signals. The
detector array is designed for 24 Compton suppressed clover detectors arranged
in a spherical geometry with six detectors at 90° and three detectors each at 23°,
40°, 65°, 115°, 140° and 157° with respect to the beam direction. The distance

from the target to crystal is 25 cm and the overall photo peak efficiency is around
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Figure 2.5: Schematic diagram of the scattering chamber used for fragment capture
measurements. Three Si surface barrier telescopes (thicknesses AE ~ 15-30 pm,
E ~ 300-5000 pm), were kept inside the scattering chamber at 35°, 45° and 70°
for the detection of charged particles. One Si surface-barrier detector (thickness
~ 300 pm) was kept at 20° to monitor beam current for absolute normalization.

intersecting areas of both side’s segments form pixels. Single sided detectors are
having segments only in the junction side. Signals from individual strips were col-
lected using multichannel preamplifier. These detectors are used to obtain position
and energy-loss informations. Particles are identified using energy loss informa-
tion from AFE and E detectors of the telescopes. The typical energy resolution of
individual strips are ~70 keV for the measurements of a-particles from a ?*°Pu-

24 Am-source. Si-surface-barrier detectors have also been used in the experimental

setup.

2.4.2 Indian National Gamma Array

Indian National Gamma Array (INGA) is a collaborative research facility of Bhabha
Atomic Research Centre, Tata Institute of Fundamental Research, Inter University

Accelerator Center, Saha Institute of Nuclear Physics, Variable Energy Cyclotron
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Figure 2.4: Schematic diagram of the 1.5 m diameter scattering chamber used
for the measurements of the breakup fragments in coincidence. (a) Outer view
of the chamber. (b) the inner view of chamber: two telescope consists of Si-
strip detectors, three telescopes consists of Si-surface barrier detectors, and target
ladder.
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cation without interrupting beam using ferrofluidic seals and PLC (Programmable
Logic Controller) are available. The schematic diagram of scattering chamber is
shown in Fig. 2.4.

The fragment capture measurements have been carried out in a scattering
chamber of diameter 24 cm. This chamber was designed very compact and made
of aluminum alloy, to reduce attenuation of the ~-ray flux. This chamber contains
the charged particle detectors and a target assembly. Before its entry into the
scattering chamber, the beam was defined by two square collimators of 3 x 3 and 2
x 2 mm?, respectively, separated by a distance of 1 meter. The target was located
1.9 meter downstream from the last collimator. A schematic illustration of the

experimental setup is shown in Fig. 2.5.

2.4 Detection setup

The details of the detection techniques for the charged particles and gamma-rays

are discussed in the following sections.

2.4.1 Silicon strip detector telescope

The requirements of high granularity to detect low-lying resonant states and large
solid angle to measure low cross section events have been achieved using segmented
large area Si-telescopes of active area 5 x 5 cm?. Silicon strip detectors are widely
used for charged particle detection in nuclear and particle physics experiments.
They are constructed as large area silicon detectors with segmented p-side and
n-side contacts. Both single sided and double sided detectors are available. In

case of double sided detectors, both junction and Ohmic sides are segmented. The
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and are therefore accelerated to the ground potential. This results in an energy
gain of ¢V MeV for an ion with charge q. Thus, the total energy gain of the ions
becomes F = (q + 1)Vr MeV. At the end of the accelerating tube, an analyzing
magnet is placed which serves the purpose of charge and energy selection of the
ions. The energy of the analyzed ions of mass number A and charge state ¢ in
this accelerator is given by the relation B = 720.76@. Where B is the magnetic
field in Gauss and F is the energy in MeV. This analyzed beam of ions is then
transported to the experimental setup with the help of 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. The pictures of Linac Beam Halls are shown in Fig. 2.3.
The breakup and transfer-breakup reaction measurements have been carried
out at 30° beam line in LINAC Hall-1 using a 1.5 general purpose scattering
chamber. The measurements of fragment-capture reactions were performed at 15°
beam line in LINAC Hall-2 using the Indian National Gamma Array setup. For off-

beam v-activity measurement, targets were irradiated in a small chamber situated

at 30°N beam line in the Pelletron beam hall.

2.3 Scattering chamber

The exclusive measurements, to detect the breakup fragments in coincidence, have
been carried out in a 1.5 meter diameter general purpose scattering chamber. The
scattering chamber has been installed in 30° beam line of LINAC Hall-1. This
chamber has two independently rotatable arms to mount detectors and a target
ladder with the provision to mount 6 targets. Facility of rotation of the detectors

arms and rotation as well as height adjustment of target ladder from a remote lo-
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Figure 2.3: A schematic layout of Mumbai Pelletron Linac Facility.
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used for the basic research in the fields of nuclear, atomic and condensed matter
physics as well as accelerator based applications. The main purpose of the LINAC
is to boost the energy of the heavy ion beams so that the scope of research in
nuclear physics can be extended to heavier projectile which is unexplored by the
Pelletron energy. Fig. 2.2 shows the schematic layout of the Mumbai Pelletron
Linac facility (PLF). PLF has a 14 UD Pelletron tandem accelerator procured
from NEC, USA [53] and an indigenously developed superconducting linear ac-
celerator (LINAC) [51, 55] based on lead plated copper quarter wave resonators.
The source of negative ions from cesium sputtering ‘SNICS’ situated at the top of
the accelerator tower generates negative ions, which are initially accelerated to low
energies (150-250 keV) in a short horizontal section. These low energy negative
ions are then mass analyzed using a 90° magnet (injector magnet) before entry
into the vertical accelerator column. These injected ions get accelerated towards
the positively charged high voltage terminal situated in the middle. Due to this
acceleration, negative ions gain an energy of Vr MeV, where Vr is the terminal
voltage in MV (million volts). For the present accelerator, the maximum terminal
voltage is 14 M'V. This high electric potential at the terminal is achieved by means
of the chain of steel pellets separated by insulators and hence the name pelletron
accelerator. This method leads to more uniform charging compared to moving
charging belt and hence less ripple on the HV terminal. Inside the terminal, the
ions pass through a thin carbon foil (~ 5 ug/cm?) or a small volume of a gas,
where they lose several electrons resulting in a distribution of positively charged
ions.

This distribution depends on the type and velocity of the ions. These positively

charged ions at the terminal are repelled by the positive voltage at the terminal
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have been measured from inclusive y-ray counting method.

2.1.3 Off-beam ~v-activity measurement

Residues, that have isomeric states and incomplete knowledge of decay scheme,
can not be measured using in-beam ~v-ray counting method. The cross sections
of those nuclei were measured using off-beam ~-activity method. This method
is only applicable for S-unstable nuclei having suitable half-lives. The excitation
functions for a-capture and 2n-stripping reactions have been carried out using this
method. Irradiation of **Nb foils have been carried out using “Li beam of energies
By, = 23.6, 25.6, 27.7 and 28.7 MeV [52]. Aluminum catcher foils of thickness
~1 mg/cm? were used along with each target foil to stop the recoiling residues.
The target and catcher foil assemblies were irradiated for ~ 6 h (beam current
~ 50 nA) at each bombarding energies and counted together at a distance of 10
cm from the detector. To monitor beam current, a CAMAC scaler was utilized
which recorded the integrated current in intervals of 1 min duration. The offline ~-
ray counting was carried out using an efficiency calibrated high-purity germanium
(HPGe) detector. Low background was achieved by using a graded shielding (Cu,

Cd sheets of thickness ~ 2 mm each followed by 5 cm Pb).

2.2 Pelletron Linac Accelerator Facility

All the experiments documented in this thesis have been carried out at Pelletron
Linac Facility (PLF), Mumbai. The PLF is a joint collaborative project between

BARC and TIFR. Since the commissioning in 1988, these accelerators have been
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Si surface-barrier detectors (thickness ~ 300 pm) were kept at £20° for absolute

normalization.

2.1.2 Measurement of prompt v-rays: inclusive and in coin-

cidence with non captured fragment

The fragment capture reaction mechanisms have been studied for "Li+*Nb sys-
tem. In the reactions involving 7Li, due to the predominant o + ¢ cluster struc-
ture, a-capture and t-capture are the main fragment capture reaction mechanisms.
For the present system "Li+%Nb, a-capture and t-capture lead to the composite
system “"Tc and “*Mo, respectively. Exclusive particle-y coincidences have been
carried out to uniquely identify the various fragment capture mechanisms. Prompt
~-ray measurements have been carried out at energies Ej,, = 23.6, 25.6, 27.7 and
28.7 MeV, of which some are the overlapped energy of the breakup and transfer-
breakup measurements [52]. Self-supporting **Nb foils of thickness ~ 1.6 mg/cm?
were used as targets. The in-beam ~-ray measurements have been performed us-
ing Indian National Gamma Array (INGA). In this particular array configuration,
the detectors are arranged in six different angles with three detectors at 23°, six
detectors at 40°, five detectors at 65°, and four detectors at 90° with respect to
the beam direction. Three Si surface barrier telescopes (thicknesses: AE ~ 15-30
pum, E ~ 300-5000 pm) were kept inside the scattering chamber at fixed angles
352, 45°, and 70° for the detection of charged particles. One Si surface-barrier de-
tector (thickness ~ 300 pm) was kept at 20° to monitor Rutherford scattering for
absolute normalization. The time stamped data were collected using a digital data
acquisition system with a sampling rate of 100 MHz. The absolute cross sections

of most of the residues populated in the t-capture and complete fusion reactions

28



Chapter 2: Experimental Aspects

complete fusion.

2.1.1 Measurement of breakup fragments in coincidence

Measurements of cross section of the breakup and nucleon transfer followed by
breakup (transfer-breakup) reaction have been carried out for "Li + %Y system at
energies [y, — 22.6, 27.7 and 28.7 MeV, and for "Li + “*Nb system at energies
Ehp, = 23.6, 27.7 and 28.7 MeV [50, 51]. Self-supporting ®Y foil of thickness ~ 2.0
mg/cm? and *Nb foil of thickness ~ 1.75 mg/cm? have been used as targets. The
breakup events from low lying states of ejectile lead to a very small relative angle
between the breakup fragments. The cross sections of these reaction channels are
also very small compared to the elastic scattering cross sections around the grazing
angle. These difficulties are overcome by using highly granular and segmented large
area Si-detectors. The active area of these Si-detectors is 5 x 5 cm?. Particles are
identified by energy loss technique using Si-telescopes consisting of AFE and E
detectors. The thicknesses of the AF and the E detectors used in the experiment
are 50 um and 1.5 mm, respectively. The AFE detectors are single-sided and the
E detector are double-sided with 16 strips allowing a maximum of 256 pixels.
Two such telescopes have been used in the experiments. These telescopes, set 30°
apart, were mounted at a distance of 16 cm from the target on a movable arm in
a scattering chamber. In this geometry, the cone angle between the two detected
fragments ranged from 1° to 24°. The angular range 30°-130° (around the grazing
angle) was covered by measurements at different angle settings. Three Si surface-
barrier detector telescopes (thicknesses: AFE ~ 20-50 pm, E ~ 450-1000 pm) were
used to obtain the elastic scattering angular distribution at forward angles (25°-

40°) where the count rate is too high for the strip detectors to cope with. Two
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Figure 2.1: Nuclear reactions: (a) two particles in the outgoing channel, (b) three
particles in the outgoing channel.

2.1 Experimental Details

A complete measurement of the breakup, transfer-breakup and fragments capture
reaction channels along with elastic scattering and fusion reactions have been car-

ried out in this thesis work. Two sets of measurements have been performed.

(a) To study the breakup and transfer-breakup reaction mechanisms, breakup

fragments have been measured in coincidence.

(b) The fragments capture mechanism has been studied by measuring ~-rays,
emitted from the composite systems in coincidence with the non-captured frag-
ments. Inclusive measurements employing in-beam and off-beam methods have

been performed to obtain cross sections of the residues from fragment capture and
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The detection and identification of the particles and ~-rays originating due to
collision of two nuclei are basic tools to study various aspects of nuclear reactions.
Here identification corresponds to the details of mass, charge, energy, and angle
of scattering of the particle. In case of nuclear reactions, as shown in Fig. 2.1(a),
that have only two particles in the outgoing channels, the kinematic details of the
reaction process can be extracted by identifying any one of the particles. The
situation becomes complicated when more than two particles are emitted in the
outgoing channels. Breakup, nucleon transfer followed by breakup etc. are the
example of these type of reactions. Reaction processes that have three particle in
the outgoing channels, as shown Fig. 2.1(b), can be studied by measuring atleast
any two of the particles in coincidence. From the experimental point of view,
coincidence method is very sensitive to the excitation energy of the ejectile prior

to breakup and therefore to the state involved in the two-step processes.
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formalism and Monte Carlo procedure. This follows the decay of individual com-
pound nuclei in an initial ensemble by Monte Carlo technique until the residual
nucleus can no longer decay by fission, particle emission or gamma decay.

In this thesis work, the statistical model code PACE (Projection Angular-
momentum Coupled Evaporation) has been used to do the statistical model cal-
culations [78]. This code has been used to understand the measured cross sections

of the residues populated due to compound nuclear reactions.
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Py (Ruin) = 2 / h PL,(R)AR = Aexp(—aRyy) (3.48)
Runin

where, A and « are the amplitude and slope of the breakup probability func-
tion. The location (R) of the breakup are determined by Monte Carlo sampling
of the breakup function up to Rmax (typical value of Ry, = 50 fm). The angular
momentum L are also sampled between zero and maximum value (Ly.y) using
Monte Carlo method. In this model, the excitation energy E* of the projectile
(Bmin < E* < Epax), the distance of separation between the fragment and their
orientations, are also Monte Carlo sampled. In common practice, the F,;, is con-
sidered as equal to breakup threshold FEj,. In the model framework, ICF occurs
when any of the breakup fragment penetrates the Coulomb barrier between the
fragment and the target and CF occurs when the entire projectile or both the
fragments get captured inside the interaction barriers.

The code PLATYPUS is the available computer code for the classical dynamical
trajectory model calculation. The code calculates (i) integrated complete and
incomplete fusion cross sections and their angular momentum distribution, (ii)
the excitation energy distribution of the primary incomplete-fusion products, (iii)
the asymptotic angular distribution of the incomplete-fusion products and the
surviving breakup fragments, and (iv) breakup observables, such as angle, kinetic

energy and relative energy distributions.

3.5 Statistical model

In the statistical model calculation for compound nuclear evaporation, the decay

sequence of an excited compound nucleus determined using the Hauser-Feshbach
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Figure 3.7: The modeled continuum and resonance states used in CDCC formalism.

3.4 Classical dynamical trajectory model

The continuum discretized coupled channels (CDCC) method [35] provides good
results concerning certain observables such as the total fusion (TF) (i.e., the sum
of ICF and CF), the elastic, breakup and transfer-breakup cross sections. This
method can not separate the CF and ICF. A three-dimensional classical dynam-
ical reaction model with stochastic breakup has been developed to estimate the
relative contribution of CF and ICF [31, 36]. In the model calculations, the weakly
bound projectile is considered to have a two body cluster structure. The classical
trajectories of the projectile prior to breakup are calculated by numerical solution
of the classical equations of motion in the presence of the Coulomb and nuclear
potentials between projectile and target. The breakup probability P4, (R), cor-
responding to the incident particle of energy Fy and angular momentum L, are

calculated using the function
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of the bound and continuum states wave functions of the weakly bound nuclei
simultaneously. The ground state spin and parity of the core is coupled with spin
and parity of the valence particle using a suitable relative angular momentum to
reproduce the exact spin and parity of the ground state as well as continuum states
wave functions. The Woods-Saxon type of potential is used as binding potential
and well depth is adjusted to reproduce the binding energy.

The continuum is discretised into a series of momentum bins with respect to
the momentum Ak of the core-valence relative motion as shown in Fig. 3.7. In the
coupled-channels calculations, each momentum bin shown as dashed lines in the
Fig. 3.7, are treated as the excited state with excitation energy E*:h;—l’jz. Here p
is the reduced mass of the core-valence system. The wave function ¢(r, k) for the

continuum bins are averaged over the bin width A% and normalized to unity using

the definition
1

vV NAE Jak

where N is the normalization factor and r is the radial separation between the

W(r) = o(r, k)dk. (3.47)

core and valence.

In this thesis work, the CDCC, CCBA, DWBA calculations have been carried
out using the code FRESCO, which was developed by I. J. Thompson for coupled
channel calculations [35]. This code is capable to calculate the cross sections of
elastic scattering, inelastic scattering, total fusion, nucleon transfer, breakup, and
transfer-breakup. In addition to the measurable quantities, the code also provide

the polarization potential due to the couplings.
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Figure 3.6: Schematic sketch of the weakly-bound projectile P composed of two
cluster a and b interacting with the target 7'

other loosely bound nuclei, such as %7Li, “Be etc. Several formalisms have been
developed to account for the effects of the coupling to breakup channels on reaction
observables |35, 71, 72, 73, 71, 75, 76]. One of the difficulties in CDCC formalism
is dealing with more than two bodies. Even though weakly bound nuclei may
consist of more than two clusters, for simplicity we concentrate in weakly bound
nuclei composed of a core plus a valence particle as shown in Fig. 3.6. In this case,
the interaction between target and projectile are usually calculated using cluster
folding model [76, 77]. According to the cluster folding model, the interaction

potential can be calculated as

Vor(R) = (W(r) [ Va(ra) + Vi(rs) | Wi(r)) (3.46)

where, V, and Vj, are the individual interaction potential of cluster ¢ and b with
the target 7.

Another challenging task in the CDCC formalism is the precise construction
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belonging to P channels. The states that belong to PV can be written as

PU =0(P) = i \i®; (3.43)

where ®; are the intrinsic bound states of the system and y; are the wave
function describing relative motion. There are N number of finite set of square-
integrable basis states, which lead to a finite set of equations coupling the channel
wave functions ;. For several mass partitions the wave function W(P) can be

written as

0= > X0Py + ) XDy (3.44)
o i

and the solvable coupled equations are
(Ey —T, —U,) ZU, XY (@ [ Vo= Ua | x5 PPy (3.45)
ﬁ,
The coupled equation can be solved by N-step DWBA approximation or by

iteration approaches given in Ref. [37].

3.3.5 Continuum Discretized Coupled Channels (CDCC) for-

malism

In case of weakly bound and unbound nuclei, reaction dynamics are influenced by
continuum or positive-energy states. Collisions of these systems with stable nuclei
will also be influenced by the coupling to the unbound states. This effect was

first noticed in deuteron-induced reactions and later observed in the scattering of
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Figure 3.5: Reduced coupling scheme of the CCBA calculation for 1n-stripping
followed by breakup ("Li,’Li— « + d) reaction.
coupling scheme in the entrance and exit partitions is shown in Fig. 3.5 for 1n-

stripping followed by breakup (7Li,*Li— a + d) reaction.

3.3.4 Coupled Reaction Channels (CRC) formalism

The CCBA formalism can be used for the cases, where transfer processes are very
weak relative to the inelastic transitions. Whereas, for strong transfer processes
the CCBA is inadequate and coupled reaction channels (CRC) formalism is use-
ful. In this section, we will discuss the CRC approximation. The CRC model of
direct reactions in nuclear physics proceeds by constructing a model of the system
wave function, and solving Schrédinger’s equation as accurately as possible within
that model space [35, 65, 66, 67, 69]. As mentioned in Sec. 3.1, the Eq. 3.5 con-

tains all the information required to calculate transitions probability among states
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Toa = (U5 | Vs = Ua | X)) = (6 | Vs — U5 | BLD) (3.38)

This is an exact result. Now, if X(ﬁf) is the solution of Schrédinger equation

containing U!, then
(E—Hs— Ty — UDKS (x5, B,b) =0 (3.39)

and

X5 (5, B, b) Zxﬁ( ) /(B, b)) (3.40)

where, the superscript in Xg, denotes the original state of the system as being
the channel § of the partition B+b, and the subscript 3 denotes the possible other
channels in the same partition. The state corresponding to 3 can be reached by the
interaction Us. The CCBA transition matrix can be obtained solving the inelastic
transitions within the « and g partitions from coupled channels frame work and

DWBA prescription for transfer process. The CCBA transition matrix will be

T5ms =3 00 Ve = Us [ X572, (3.41)
o' g
and
Tsimtey = D00 [ Vo= Ua | X2 00,) (3.42)
o/ﬁ

The CCBA calculations have been carried out for 1n-stripping followed by
breakup (“Li,’Li— « + d) and 1p-pickup followed by breakup ("Li,*Be— a + «)

reactions. A pictorial description of the CCBA calculations employing a reduced
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Figure 3.4: Various types of multi-step processes.

element of V. The number of arrows included equals the number of steps in this
multi-step contribution. The first arrow 1 corresponding to the Born approxima-
tion is described above. However, A* can also be populated by de-exciting back to
the ground state A and re-exciting to A* (arrow 1 and arrow 2 followed by arrow
3), which is a three step process. The de-excitation step to the ground state A
represents a second-order contribution to the elastic scattering. If the diagonal
matrix-element (A*|V|A*) is non vanishing, this leads to a second-order contribu-
tion to the inelastic scattering. This is known as re-orientation. Another type of
multi-step processes is shown in Fig. 3.4(b). In this processes, inelastic excitation
of the projectile or target could take place before the transfer reaction. The trans-
fer process could be sufficiently weak for the DWBA description, but the inelastic
events could be strong and have to be calculated by solving the corresponding
coupled equation. This method is known as coupled channel Born approximation
(CCBA) [65, 66, 67].

The non elastic part of Eq. 3.26 and 3.27 can be expressed with operator form

of optical potential U, and Uy as
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to the corresponding experimental separation energy. Now, from Eq. 3.14, 3.15

and 3.34 the DWBA formalism leads to the cross section of the transfer reaction

do 1 memy Ky 9
dQ a To-_2\9 1. a 0 3.36
<dQ)DWBA (2J, +1)(2J4+ 1) Z (277%)2 kg | Toa(0)] (3.36)

MoMaMyMp

Here, k, and kj, are the relative momenta of the entrance and exit channels, respec-
tively. A comparison between the experimentally measured cross section and the
DWBA calculated cross section for a transfer reaction between two well-defined
states gives the factor called ‘ Spectroscopic Factor’ which is a structural property
of the nucleus studied. The experimental cross section is related to the calculated

cross section by,

(%) ~esyes) () )

where the factors €25, and C?S, describes the overlap of initial and final bound
state wave functions in the projectile and target respectively. Here, the S’s are
the spectroscopic factors and the C’s are the relevant isospin Clebsh-Gordan co-

efficients. We have used the code ‘FRESCO [35] for the Finite Range DWBA

calculations.

3.3.3 Coupled Channels Born Approximation (CCBA)

Till now we have discussed the calculations for interaction with weak coupling
potential and DWBA description is good enough to explain the measured data.
Whereas for sufficiently strong couplings, only the first order consideration is in-
adequate and the coupled-channel formalism is required. For an example, inelastic

scattering A(a,a*)A* shown in Fig. 3.4(a), where each arrow indicates a matrix
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A+(b+x)—> (A+x)+hb
H—/ _Y_/
a B

Figure 3.3: Vector diagram relating the position vectors which are involved in
the DWBA amplitude. The projectile ‘a’ is described as composed of the core ‘b’
and the transferred nucleon ‘z’ separated by the vector r,,. The residual nucleus
‘B’ is described as composed of the target ‘A’ and the transferred nucleon ‘z’
separated by the vector 7,,. The displacement vector in the incoming channel
joins the centre-of-mass of ‘A’ to that of ‘a’ and in the outgoing channel, joins the
centre-of-mass ‘B’ to that of ‘b’.

‘7ba = /dra/drbxg)_)*(kbyrb) <Bb | V | Aa> X((J,—i_)(kavra) (3.34)

where,

(Bb |V | Aa) = / LDV B 4D dE (3.35)

Here, V is the interaction potential responsible for the transfer of the nucleon
and £ represents all the coordinates independent of r, and r,. The Eqn. 3.34 is
a six-dimensional numerical integral over r, and 7,. 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, so that r, = (Ms/Mp)r,. The finite range (FR)
approximation (six-dimensional integration) is more accurate. The bound state
wave functions are usually calculated assuming the transferred nucleon both before

and after the transfer, bound in a Woods-Saxon well with a binding energy equal
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TEWEA — (x| Us | ba)0as + (X5 | Vs — Us | XiP) (3.30)
and
TEWEA = (Xa | Ua | X§V005 + (X5 | Vo = Ua | X§7) (3.31)

These two terms J1 7 and J20 P2 are the post and prior form of the
distorted wave Born approximation. It can be easily shown that the post and
prior terms are equal to each other. Hence, any one of the approaches can be

considered to calculate the transition matrix. In case of nonelastic amplitudes, the

first term of Eq. 3.30 and 3.31 are absent and the jDWBA and jDWBA) can be

Ba(post) Ba(prior
written as
T = 05 1 V= Us | X5 (3.32)
and
Titoiay = (5 | V= Ua | XS7) (3.33)
(+

The wave functions yq ) and XE;) are separable in terms of internal coordinates
and relative coordinates.
Let us now calculate the \7[3 DWBA for a transfer reaction shown in Fig. 3.3. The

distorted wave Xg )is a function of T4, displacement of ‘a’ from ‘A’ and Xb_ is a

function of 7y, displacement of ‘b’ from ‘B’ (see Fig. 3.3). The wave functions P
and X,()_) are generated from optical model potentials which are chosen to give a

best fit to the observed elastic scattering data in the entrance and exit channels

respectively. The Eq. 3.32 in terms of r, and r, is written as,
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Using the Eq. 3.16 and 3.25, the T-matrix in terms of distorted waves x can

be written as,

Toa = {05 | Vo = Vot Ua | XED) +T5 [ Va = Ua [XSD) (3:26)
In similar way using the [(-partition of Eq. 3.18, it can be shown that

Toa =5 | Va =V +Us | 0a) + (x5 | Vs — Us | B) (3.27)

The results derived above is true for the potential U, which can reproduce
the elastic and inelastic scattering angular distribution. In general when U is

considered as optical potential then the Eq. 3.26 and 3.27 can be rewritten as

Tsa = (XS | Ua | $a)0as

O 1 (3.28)
. V - - - rr ., - a « (+)
071 Vs = Us) + (Vi = Up) e (Va = Ua) | 1)
In similar way using the (-partition of Eq. 3.18, it can be shown that
jﬁa = <¢o¢ | Ua | X&—H)éaﬂ
O 1 (3.29)
- _ _ - - _ (+)
07 | (Va = Ua) + (V= Ug) e (Ve = Ua) [ X7

The approximation made by neglecting the second and higher-order terms in
Eq. 3.28 and 3.29 is known as the first distorted wave Born approximation. In case
of second order distorted wave Born approximation upto second-order terms are
considered in the calculations. The first order distorted wave Born approximation

simplified the Eq. 3.28 and 3.29 to
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corresponds to a rearrangement of terms in the Hamiltonian and does not exist

with the auxilliary Hamiltonians that contains only optical potential U
H+Hy+T,+U,# Hsz+15+ Us (3.19)
Let us assume Y, is the distorted wave solution to
(E— Hy =T — Un)Xa = 0 (3.20)

It can also be written

(E— Hy — Ty — Vo)W =0 (3.21)

From Eq. 3.20 and Eq. 3.21,
(E—Hy =Ty, — Vo)V =(E—Hy— Ty — Uy Xa (3.22)

Now, using V,, = U, + (Vi - U,) and rearranging we can write

(E—H,—Ty —Uy)Vy= Vo —Uy)Vo+ (Ea — Hy, — To, — Uy) Xa (3.23)

1
T — ) V.~ U w) 94
oy 7y s e AL A (3:24)

here an infinitesimal small term ie is added to maintain the boundary condition of

the outgoing waves at infinity. The Eq. 3.24 can be further simplified to

— Ua)xsV (3.25)

e
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3.3.2 Distorted Wave Born Approximation (DWBA)

The Distorted Wave Born Approximation (DWBA) is the most useful formalism
to describe the direct nuclear reactions [65, 66, 67, 68, 69]. In the DWBA formal-
ism, the direct nuclear reactions are assumed as being caused by weak interaction
that induces a transition to occur between two channels. The relative motion of
incoming and out going nuclei are described by optical potential. The principal

assumptions in DWBA formalism are
1. The transition takes place directly from the initial to final states.

2. Most of the nucleons of the projectile as well as the targets remain effectively
passive. For an example, all the nucleons except those actually transferred
are assumed to remain in their original states for the calculations of nucleon

transfer reactions.

3. The reaction is assumed to be sufficiently weak that it can be treated in

lowest order.

The interaction potential is separated into two parts V = U + (V — U) such
that the optical potential U is responsible for the elastic and inelastic transitions.
This part of the problem can be solved exactly using the Gell-Mann-Goldberger
transformation [70]. The remaining interaction (V' — U) is regarded as weak and

responsible for direct reactions e.g., nucleon transfer. In this formalism the equality

H=H,+T,+V,=Hs+15+Vjs (3.18)
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spin of orientations of ejectile and target like nuclei are not measured. The spins
of the nuclear states of all the nuclei a, A, b, and B are suppose to contribute to
the total cross section. Hence, the cross section is an average of the preceding one
over the initial angular momentum projections of J, and J4, and a sum over the

final projections of J, and Jg. The average cross section

do 1 do
A9~ 2.+ D)(2J4+1) 2. (d_Q)Ua (3:15)

MoMaMyMp

The T matrix of Eq. 3.14 can be derived as,
Too = (5 | Vs | UD) (3.16)

where, ¢5 = ®zelksT9) is the outgoing total wave function in the -partition,
and U4 is the asymptotic form of ¥,, which is defined in Eq. 3.9-3.12. It is not
possible to calculate the exact value of 1" matrix due to the presence of unknown
complete wave function \IIEJL) in the expression of J3, in Eq. 3.16. However, this

problem can be solved after considering certain approximations. The available

mathematical models along with respective approximations will be discussed now.

3.3.1 Plane Wave Born Approximation (PWBA)

In the plane wave Born approximation (PWBA), the effect of the scattering is
considered as negligible. Hence, from the Eq. 3.9-3.12 the wave function can be

assumed as WS ~ B0 = Ppel™ ) and consequently

Tsa = (05 | Vi | Ba) (3.17)
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K e(ik’oﬂ"a)
Ty = By el 1 £ (0) —], (3.10)

e(ikalra/)
\Ilme - D f (0 —_—, 11
0= Perferal)— (3.11)

a #a
€
\Iltransfer = zq)ﬁfﬁa(‘g) s (312)
B

where, ®°, k', and 1’ are the intrinsic bound states, momentum vector, and
relative coordinate between the two nuclei, respectively for the corresponding par-
titions. The summation in Eq. 3.11 and 3.12 are to take into account all possible
inelastic and nucleon transfer reaction processes. The function f(6)® are ampli-
tude of the scattered waves in the corresponding partition. The differential cross
section of particles scattered in the direction 6 is defined as the flux of scattered
particles through the area dA = r2d() in the direction 6, per unit incident flux [67].
From the quantum mechanical current it can be shown that, the differential cross

sections at rg — 00

o) _Maks o g2
<%)m = 2o )10 0) (313

where, m,, mg, ko, and ks are the reduced masses and relative momenta of the

corresponding partition a and 3, respectively [67]. In terms of 7" matrix,

do _ Mmamg @ 9
(7). = o Tm o) (3.11)

This is the differential cross section for the transition o — (. In a typical

measurements, the projectile is unpolarized and the target is unaligned. The final
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a particle cluster. In the following sections, the theoretical formalism to calculate
the cross sections of the direct nuclear reactions are discussed.

In the direct reaction, the incident particle interacts with the target nucleus
only several times at most. Therefore the change produced in the target must be
a simple rearrangement of one or several nucleons or collective degrees of freedom.
Because of the conservation laws, the change produced in the nucleus must be
reflected in the energy and angular momentum carried by the outgoing particle [65,
66, 67].

The possible direct nuclear reactions due to collision of two nuclei a and A can

be divided into three parts to solve the problems in simpler way.

a+ A — a+ A, elastic scattering and labeled as a-partition
a+ A — a* + A*, inelastic scattering and labeled as «o'-partition

a+ A — b* + B*, transfer reaction and labeled as (-partition

The complete wave functions ¥, must contain the description of all the above

discussed events. Hence, ¥, can be written as

\I]a - \Ijel + \Ilinel + \I]t'ransfer (39)

where, the three terms correspond to the elastic, inelastic, and transfer channels,
respectively. The exact knowledge of W, is very important for the estimation of
cross section of any reaction channels. For a large relative coordinate in any two-
body partition, the behavior of the three terms for large value of r — oo can be

expressed as
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reactions. In such small time interval only few degrees of freedom are excited and
the other degrees of freedom of the many-body system remain effectively passive.
At the opposite extreme are compound nuclear reactions, for which the reaction
time scale is almost 100 times more than the time scale of the direct reaction
processes. In case of the compound nuclear reactions, the incident particle interacts
successively with a number of nucleons of the target nuclei until most of its energy
has been shared among many nucleons. In this case a large number of degrees
of freedom get excited. Hence, different types of model frame work is required
to understand the direct and compound nuclear reactions. A nuclear interaction
with a given impact parameter b, which is defined as the perpendicular distance
between the center of the colliding nuclei at infinity, will experience different regions
of the inter-nuclear interaction as the nuclei approach and recede. Hence, different
reaction outcomes can occur, depending on b, which is illustrated in Fig. 3.2(a).
The typical cross section of direct and compound nuclear reaction as a function of

angular momentum are shown in Fig. 3.2(b).

3.3 Direct nuclear reactions

Inelastic scattering, nucleon transfer, breakup etc are few examples of the direct
nuclear reactions |65, 66, 67]. Inelastic excitation may occur, for example, when
one or both of the nuclei are deformed or deformable, with the result that higher
energy states of the nuclei may become populated. Single particle excitation is
another kind of inelastic process, where a particle in any one of the colliding nuclei
is excited during the reaction from its initial bound state to another state which
may be bound or unbound. Nucleons may also get transferred from one nucleus to

the other, either singly, or as the simultaneous transfer of more than one nucleons as
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coefficients that enter the statistical model of compound nucleus evaporation, the
distorted wave functions that are used for the description of direct inelastic scat-
tering to discrete states as well as in evaluations of multi step direct transitions to

the continuum and nucleon transfer channels.

Elastic

Inelastic
Transfer

Fusion

@) (b)

Figure 3.2: (a) Schematic illustration of different processes as a function of impact
parameter b. (b) Reaction classification by angular momentum (¢). Schematic
decomposition of total cross section into the cross section of compound nuclear
formation (ocy) and direct reaction (0p) along with the elastic scattering (opy,).

3.2 Direct and compound nuclear reaction

As discussed in the previous section, the cumulative contribution of all the non-
elastic reaction channels can be accounted using the absorbing imaginary potential
in the optical model [65, 66, 67]. The non-elastic reactions channels can be divided
into two categories on the basis of the reaction time scales. The reaction processes

that have time scale of the same order of the nuclear reaction time are called direct
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where,

1
Vop.
(E — Hog +ie) °F

¥V =Vpp + VPQ (3'7)

If our interest is only on the elastic channel, P contains only elastic channels
and all other inelastic channels will be absorbed in ). The complicated potential

in Eq. 3.7 can be represented by a complex mean-field potential U(r):

U(r) = (Vo +iWo) f(r) (3.8)

where f(r) = [1+exp(=£)]~! and Vi, Wy, R and a are the optical model parame-

a

ters [60, 63, 64]. The purpose of using this type of potential is to divide the reaction
flux into two parts, one of them representing the elastic scattering and the other
one describing all competing non-elastic channels. The real part V[ represents the
strength of potential which causes the elastic scattering and the imaginary part W)
gives the strength of absorptive potential through all non-elastic channels. The so-
lution of Schrédinger equation with this complex potential gives the estimation of
the elastic scattering angular distribution and total reaction cross sections, which
accounts for the loss of incident flux. This absorption may be of different kinds
depending upon the energy and the structure of the interacting particles. In some
cases, the absorption is of surface type while in other cases of volume type or a
combination of both. The other two parameters R and a are called as half value
radius and the diffuseness respectively.

This model is useful to predict the elastic scattering angular distribution for
energies and nuclides for which no experimental measurement data exist. The op-

tical model is useful to evaluate the various non-elastic channels, e.g. transmission
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(E—H)(P+Q)T =0 (3.1)

Projecting from the left with ) leads to

(B — Hgq)(QU) = Hop(PU) (3.2)

where, Hop = QHP and Hgqg = QHQ. The solution of Eq. 3.2 can be written as

1
(E — HQQ + ie)

Q) = Hop(P) (3.3)

where, as usual, i€ yields the asymptotic boundary condition on the Green’s func-
tions that there are outgoing waves. Now, projecting from left side of Eq. 3.1 with

P

(B — Hpp)(PV) = Hpo(QW) (3.4)

Substituting Eq. 3.3 in Eq. 3.4 leads to

1
(£ — Hgg + ie)

[E— Hpp — Hpg Hop] (PU) =0 (3.5)

The above equation is satisfied by that part of ¥ in which we are only inter-
ested, namely, PW. It contains all the necessary information required to calculate
transitions probability among states belonging to P. Now, considering Hpp = H,

- T - Vpp, the Eq. 3.4 can be written as

(E—Hy—T —%)W(P) =0 (3.6)
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energies near the Coulomb barrier and non-relativistic formalism is good enough
in this energy zone. Hence, the discussion on theoretical formalism will be limited
to only non-relativistic treatment in this thesis work.

A nucleus represents a finite self-bound fermionic many-body quantum me-
chanical system. In priciple, all possible mutual two-body interactions should be
considered to understand the properties of nuclei. At the same time it has been
observed that, similar to the atomic physics, many properties such as spin, parity,
nucleon separation energies, etc depend only on the outer shell nucleons. Eventu-
ally this leads to the concept of mean field theory, where all the individual two-body
interactions are replaced by an average or mean-field potential. The models, used

in this thesis, are based on the mean field approximation.

3.1 Optical model

The optical model is a very useful method to estimate the scattering as well as
absorption cross sections simultaneously. The concept of the optical model has
come from the similar approach of treatment used for the scattering of light by
a refracting and absorbing medium. The optical model has been developed using
the unified nuclear reaction formalism of Feshbach [60, 61]. In the unified nuclear
reaction theory, the direct interaction treatment of elastic and inelastic scattering
with an n-state approximation for compound nucleus effects are combined [62].
Two projection operator P and @ are defined such that, P +Q — 1, P?¥ — PU,
Q*V = QV¥, and PQV = QPV — 0. P¥ asymptotically contains only the P
channels, which are opened and resolved channels. Similarly, the projections QW
leads to the () channels, which are referred to the unknown or unresolved channels.

The Schrodinger’s equation can be written as
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The nucleus-nucleus interaction is a very complex phenomena. To understand
this subject requires dealing with many body problem. At the same time normal
statistical mechanics is not applicable as nuclei consist of very less number of
nucleons (max ~ 300). There are certain number of models available to interpret
the measured observables. Before going to start the discussion on different nuclear
models, let us look at some of the features of a nucleus. The average binding
energy of a nucleon in stable nuclei is ~8 MeV and the kinetic energy ~40 MeV,
while the nucleon mass is mc? ~ 938 MeV. Hence, the kinetic energy is negligible
compared to the mass, leading to the assumption of non-relativistic theory to be
able to describe the nucleus. But the scenario will be different, if we look deep
inside. The estimated velocity of such nucleon will be 0.3c and corresponding de
Broglie wavelength will be ~4.5 fm, which is not small compared to nuclear radius
whose range is from 1.2 fm up to 8 fm, leading to the fact that quantum effect
must not be negligible in case of nuclei.

In this thesis, the collision of two nuclei have been studied at the bombarding
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of & — « events. The asymmetry arises due to the different kinematic focusing
for the coincident fragments. It is also found that the asymmetry depends on the
difference in mass of the two fragments, relative energy, relative angle and the
scattering angle of the ejectile. The asymmetry is defined as the ratio of yields of
the high energy (forward going) and low energy (backward going) groups of the
fragment. The dependency of asymmetry as a function E,q and 6, are shown in
Fig. 4.6(a) and (b), respectively for the breakup of “Li in "Li+°Nb reaction at Ej.;
= 28 MeV. The validity of the simulation has also been checked by reproducing

the asymmetry of o — d coincidence events for °Li + 2%Bi reaction of Ref. [39].
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4.1.4 Asymmetry of yields in correlated energy spectra

Depending on the orientation of the breakup relative to the velocity of the ejectile
prior to breakup and detection conditions, two types of coincidence events of high
(low) energy «(d) and low (high) energy «(d) have been observed, as shown in
Fig. 2.13(b) and Fig. 5.3. The yields corresponding to the high and low energy
« particle are found to be asymmetric. Such an asymmetry was also observed
in Ref. [39] and different cross sections for the high and low energy fragments
were reported. However, in the present work, the observed asymmetry has been
reproduced by the simulation and consequently consistent cross sections for the

high and low energy « particles have been obtained.

1.50 - (a) — (b
1.40 -
2130 + =
[}
g L
= 1.20 - -
< L
1.10 Li— a+t |[ i —a+t
1.00 B, = 10° - Eo1=2.16 MeV
[ ! ‘ ! ‘ ! ‘ ! ‘ I R BRSNS SR AR
0.5 1.0 1.5 2.0 4 6 8 10 12 14
Epel (MeV) 0,1 (degree)

Figure 4.6: Simulated asymmetry of o — t events due to the breakup of "Li in
"Li+?Nb reaction at Ej, — 28 MeV. Dependency of asymmetry as a function of
(a) Erel and (b) Grel.

The simulated energy spectra of breakup fragments oo —d, a—t, and a— a, due
to the breakup of °Li, "Li, and ®Be, respectively are shown in Fig. 4.5. Although the

asymmetry is observed in o« —d and o« —t events, it is not present in energy spectra
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Simulated energy

rel —

10°.

rel

(c) Ey vs. Eqn("Li— a+t) corre-
sponding to 0% —

15°.

rel

Figure 4.5: The simulated energy
spectra of each of the breakup
fragments for "Li+*Nb at B}, =
28 MeV. The energy spectra of
the two « particles due to the
1p-pickup followed by breakup of
®Beys. are shown in (a) and (b).
(¢), (d) and (e), (f) correspond to
the direct breakup of "Li,: and
In-stripping followed by bi‘eakup
of SLis+, respectively.
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~ 107
z Figure 4.3: The estimated
L . .
2 103 detection efficiency of a-a,
= a-d and a-t events as a func-
tion of relative energy.
104 E

fragments, correlation of relative energy and energy of individual fragment, and
energy angle correlations have been reproduced considering different excited states
of the target like nuclei and other parameters discussed above. The detail inter-

pretation of the measurements for “Li + %Y, “>Nb systems has been discussed in

chapter 5.

4.1.3 Correlated energy spectra

The simulated energy correlation spectra for various breakup processes are shown
in Fig. 4.4. The relative energy between the breakup fragments are plotted as a
function of energy of the outgoing a-particle, for the the breakup of ®Be, "Li and
°Li in Fig. 4.4(a), (b) and (c), respectively. For all the three cases the correlation

follows a parabolic trend.
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4.1.2 Interpretation of the measured observables

In this thesis, three types of coincidence events, a-a, a-d and a-t have been studied
with reaction involving “Li nuclei on %Y and ?*Nb targets. To explain the a-o
and a-d coincidence events, two step processes 1p-pickup and 1n-stripping reaction
mechanisms followed by breakup of 8Be and °Li have been considered, respectively.
Whereas the a-t events have been reproduced from the direct breakup of "Li due
to inelastic excitation to the continuum and resonance states. The ground state
(Q)-value (Qg) and the breakup threshold (Eyy,) for all the three coincidence events
are tabulated in Table 4.1 for both the system. The efficiency corresponding to
these events are shown in Fig. 4.3 as a function of the relative energy of the breakup
fragments. The sharp fall of the efficiency is due to the insufficient energy of any

one of the breakup fragments to pass through the AE detector.

Table 4.1: Ground state Q-value @y and breakup threshold ERV of the different
coincident events.

Coincident Reaction Qe | EL°
events mechanism MeV) | (MeV
(

. SNb("Li,*Be*) | 11.21
aa Ip-pickup 89Y((7Li 8Be*)) w018 | Y

. SNb("Li,°Li*) | -0.02
a-d 1n-stripping 89Y((7Li 6Li*)) 0.39 1.47

93N (7T 3 7T 1%

a-t inelastic excitation 891\1\2(751’751)) 88 2.47

The measured energies of the breakup fragments corresponding to the differ-
ent states of the ejectile prior to breakup have been reproduced using simulation.

Details are discussed in Sec. 5.1. The measured energy correlations of breakup
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4.1.1 Determination of normalization constant

To extract the absolute cross sections of the various breakup processes, the nor-
malization constant K is an important parameter, discussed in Sec. 2.8.3. In case
of pure Rutherford scattering, the Eq. 2.12 can be simplified and value of K can

be estimated as

o Yu(0) sin'(5)
T dQ Y, (6,)

(4.1)

We have chosen "Li+2%Bi system, for which Coulomb barrier is ~30 MeV. The

measurement of elastic scattering at Fpeanm=28 MeV can be considered as absolute

)
Rutherford scattering in the measured angular range. The measured %&@f}:(;ﬁ

is plotted in Fig. 4.2. The x? minimised fitted value is found to be 25.3, which
is the value of normalization constant K for the measurement setup and used to

extract absolute cross section.

C strip detector telescope-1 @
40 [ strip detector telescope-2 @
K=25.3

Q|2 Figure 4.2: Mea-
e %30 8 sured ratio of elas-
F P - — tic yields to monitor
S| 20 yields for “Li on 2*Bi
N ISR at Fyeam = 28 MeV,
© 0 - The value of K = 25.3

i correspond to the fit-

I T R ted value.
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.

Input: (Reaction details) Incoming, intermediate and

outgoing particle, E*__ , E*

< -
Isotropically distributed (0,¢) of Ejectile in laboratory frame

E, (BU)

ejectile’

E(0) calculated using Energetics in laboratory frame

4 =
E@) and E = FE’

-E, (BU)

ejectile

Shared by fragments according to kinematics

=

Direction of breakup isotropic in rest frame of ejectile

momentum of both the fragments calculated in lab frame

< -

Both the fragments simultaneously hit two different horizontal and

vertical strips of the the detector

And having sufficient energy to pass through the AE detector
L -

yes

(]

Detected events increased by one

g

4*pi*(detected events)

Efficiency(0) =
total number of events

Figure 4.1: The flow chart for the simulation of 3-body kinematics using Monte
Carlo technique.
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two different vertical and horizontal strips of the AFE-detector and have sufficient
energy to pass through. It was also confirmed that the residual energy after the
loss in AFE detector is more than the detection threshold of the E-detector. In
the second step, it was checked whether both the fragments hit two different ver-
tical and horizontal strips of I/ detector. Events satisfying these conditions were
considered as detectable events for estimation of the efficiency for coincident de-
tection of the breakup fragments. Misalignment in AE and E detector was also
taken into account. The conversion of the energy and scattering angle from the
laboratory frame to the c.m. frame of the target-projectile in event-by-event mode
automatically takes care of the Jacobians of the transformation.

The estimated detection efficiency of different coincidence events varies due to
kinematic focusing, which is found to depend on relative energy of the breakup
fragments, energy of the ejectile prior to breakup, mass asymmetry of the breakup
fragments, detection threshold, and geometric solid angle of the detection setup.
Since energy of the ejectile prior to breakup is decided by the incident beam energy
of the projectile, @-value of the reaction, loss of kinetic energy due to the excitation
of the ejectile as well as target like nuclei, detection efficiency is also affected by
these parameters.

This code has also been used to get the efficiency for singles measurement
by applying the conditions of zero breakup threshold and limiting the detection
condition for a single fragment. The estimated efficiency was matching with the

geometric solid angle calculated by the analytic formula.
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statistical uncertainties for a limited data. In this thesis, we have also developed
a Monte Carlo simulation code to interpret the observables of different breakup
processes and to estimate the efficiency for coincident detection of the breakup

fragments.

4.1 Monte Carlo simulation for coincidence effi-
ciency using 3-body kinematics

The efficiency for the detection of fragments in coincidence was estimated using
the Monte Carlo technique. The algorithm of the simulation is presented by a
flow chart shown in Fig. 4.1. The scattering angle of the ejectile prior to breakup
was generated by an isotropic distribution in a spherical coordinate system. The
scattering angle # and ¢ in centre of mass (c.m.) frame were generated by taking
the cosine of a random number having values in between -1.0 to 1.0, and a random
number having values in between 0.0 to 27, respectively. The scattered energy
of the ejectile was calculated using kinematics taking into account the @-value of
the reaction and the excitation energies of the target as well as the ejectile. The
coincidence efficiency depends on the velocity of the ejectile prior to breakup as
well as the relative velocity of the fragments [21|. The breakup fragment emission
in the rest frame of the ejectile was also considered to be isotropic. The velocities
of each fragment in the rest frame of the ejectile were calculated using energy and
momentum conservation laws. These velocities were added to the velocity of the
ejectile prior to breakup to get their velocities in the laboratory frame. Check-
ing of the events to be registered as ‘the detected event’ was carried out in two

steps. In the first step, it was checked whether both the breakup fragments hit
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In case of nuclear reactions involving three particles in the exit channel, coincidence
measurements are unavoidable as discussed in chapter 2. Consequently, knowledge
of accurate coincidence efficiency of the detection setup is crucial to deduce the ab-
solute cross sections from the measured yields. Coordinate transformations and the
resulting transformations of the cross sections using Jacobians are trivial and has
been discussed for reactions with three particles in the exit channels by Fuchs [79].
Whereas, from an experimental point of view Monte Carlo simulation method is
preferable over the Jacobians method [80]. A Monte Carlo simulation of the ex-
periment is essential, not only to estimate the detection efficiency accurately for
the extraction of cross sections, but also to account for detection threshold, energy
and angular resolution of the detector, beam emittance, beam energy resolution,
and multiple-scattering in a thick target foil etc. Although the results from both
coordinate transformations with Jacobians and Monte Carlo method are expected
to be same, it is not so obvious that the two methods lead to the same rest frame

cross sections. In Ref. [30], authors show the equivalence of the two methods within
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The calculated angular distributions from both CCBA and DWBA formalism
along with the measured data are shown in Fig. 5.12. Although the shape of the an-
gular distribution from both the formalism is found be similar, the estimated cross
sections from CCBA calculations give better agreement with the measurements.

The p-stripping cross section is estimated through DWBA calculations. The
entrance channel optical potentials used the global “Li parameters of Ref. |33]
which give a satisfactory description of the elastic scattering data. The exit channel
potentials employed the global Li parameters of Ref. [38], the comparative study
of Ref. [98] suggesting that for a Mo target at these energies the °Li optical
potentials should describe ‘He elastic scattering equally well. The ("Li | He + p)
overlaps are calculated with the transferred p bound in a Woods-Saxon well of
radius 1.25 x 6% fm and diffuseness 0.65 fm with a spin-orbit term of Thomas
form and depth 6 MeV, the depth of the central part being adjusted to give the
correct binding energy. The spectroscopic factor is taken from Ref. [93]. The
(*Mo | %*Nb + p) overlaps are taken from the “*Nb(*He,d) study of Ref. [99] and
transfers to all the %Mo states in Table VIII of that work are included in the
calculations. The estimated cross sections for p stripping are ~ 2 mb at the incident
"Li energies studied here. This value will be something of a lower limit since the
optimum (@ value for this reaction is about —8 MeV, favoring population of **Mo
levels at about 6.5 MeV, whereas the maximum excitation energy of the ‘Mo
states included in the calculations is ~ 3 MeV. We may estimate the actual values

to be around a few mb (i.e. less than 10 mb).
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agreement with the data. The calculated 0" (g.s.) and 27 (1.836 MeV) cross sec-
tions are shown in Fig. 5.8(a) and (b) respectively. The cumulative cross sections
of 2% (3.220 MeV), 17 (3.488 MeV) and 27 (3.634 MeV) states are compared with
data in Fig. 5.8(c).

For "Li + ?Nb system, the 07 (g.s.), 5= (2.45 MeV) and 4~ (2.74 MeV)
states of ?2Zr are included in the calculations. The spectroscopic factors for the
(3Nb|?2Zr + p) overlaps are obtained by fitting the “*Nb(d,>He) data of Ref. [07],
yielding values of C?S = 1.4, 1.0 and 1.0 for the 0%, 5~ and 4~ states, respectively
(N.B. the value of 10.8 in Ref. [97] for the 0T state appears to be an error, since
it is inconsistent with the data plotted on their Fig. 8). The results are compared

to the data in Fig. 5.9 (b).

5.4.3 Distorted wave Born approximation (DWBA)

Distorted wave Born approximation (DWBA) calculations have also been per-
formed to analyze the 1n-stripping **Nb("Li,%Li*)**Nb reactions. The cross sections
have been estimated using the same optical potential and spectroscopic factors used

in CCBA calculations and discussed in Sec. 5.4.2.

z 1'0; Figure 5.12:  Comparison
‘g of estimated 1n-stripping
% cross sections for the
8 o "TLi+?Nb system at Ejp, =

27.7 MeV from CCBA and
DWBA formalisms.

30 40 50 60 70 80 90 100 110
O¢.m. (degree)
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of the 17 ground state is omitted due to the very small quadrupole moment of
this state. The exit channel optical potentials employed the °Li global parameters
of Ref. [38] with real and imaginary well depths adjusted to recover the same
elastic scattering angular distributions at the appropriate energies when the °Li
excitations are included. Spectroscopic factors for the ("Li|%Li + n), (*Y|?°Y + n)
and (“"NDb|?Nb + n) overlaps are taken from Refs. [93], [94] and [95], respectively.
In case of “Li + 3Y system, transfers between the "Li 3/2~ ground state and the
°Li 17 and 37 states, the Li 1/27 state and the °Li 1] state, plus 27 (g.s.), 3~
(0.203 MeV), 0~ (1.221 MeV), 1~ (1.376 MeV), 57 (1.962 MeV), 61 (2.245 MeV)
and 2 (2.475 MeV) states of Y are included. The cumulative cross sections of
27 (g.s.) and 37 (0.203 MeV) states are shown in Fig. 5.7(a) by dotted, dashed,
and solid lines for energies 22.6, 27.7, and 29.7 MeV, respectively. The added cross
sections of the remaining states are shown in Fig. 5.7(b). For "Li + %*Nb system,
a total of eight states in “'Nb (the most strongly populated according to Ref. [95])
are considered in the calculations. The results are compared to the data in Figs.
5.9(a).

Similar CCBA calculations have been performed for the a-+a coincidence data
considering the %Y (7Li,®Be)®Sr and **Nb("Li,*Be)?Zr 1p-pickup processes. En-
trance channel potentials are as described above. Exit channel optical potentials
used “Li global parameters [38] since no ®Be potentials are available. In case of "Li
+ 89Y system, pickup to the 0.0 MeV 0] resonance of ®*Be and the 07 (g.s.), 27
(1.836 MeV), 27 (3.220 MeV), 17 (3.488 MeV) and 27 (3.634 MeV) states of %8Sr
are included. The spectroscopic factor for the (*Be|’Li + p) overlap is taken from
Ref. [93] and those for the (¥Y|®¥Sr + p) overlaps are obtained from Ref. [96]. The

calculated 07 (g.s.) cross sections are normalized by a factor of 0.35 to get a better
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continuum bins are of width Ak = 0.1 fm ! with kyax = 0.8 fm ! and a-+t relative
angular momenta of . = 0—4 and couplings up to multipolarity A = 4 are included.
The a + %Y (Nb) and ¢ + %Y (?*Nb) optical potentials required as input to
the Watanabe-type folding potentials are taken from the global parameterizations
of Refs. [36] and [87], respectively. To obtain the best fit to the elastic scattering
data the real and imaginary depths of these potentials are renormalized by factors
of 0.47 and 0.6, respectively for ‘Li + #7Y system. In case of “Li + ?3Nb system,
normalization factors of 0.6 and 0.8 are used for the real and imaginary depths,
respectively. The results are compared to the elastic scattering and breakup data

in Fig. 5.10 and Fig. 5.6, respectively.

5.4.2 Coupled channels Born approximation (CCBA)

The a+d coincidence data have been analyzed with CCBA calculations for the
In-stripping *¥Y ("Li,5Li*)?°Y and *Nb(7Li,°Li*)%Nb reactions. In addition to the
transfer couplings, inelastic excitations of the "Li(1/27) and the SLi(3]) excited
states are included in the entrance and exit partitions, respectively. The entrance
channel optical potentials are based on the global "Li parameters of Ref. [35] with
real and imaginary depths readjusted to fit the elastic scattering data after the
inclusion of the "Li couplings. The 3/27(g.s.) and 1/27(0.478 MeV) states of "Li
are treated as members of a K = 1/2 rotational band. The B(E2;3/2~ — 1/27)
is taken from Ref. [39] and the nuclear deformation length d, = 2.4 fm obtained
by fitting the inelastic scattering data of Ref. [90]. The Li B(FE2;1] — 37) is
taken from [91] and the nuclear deformation length d = 1.9 fm obtained by fitting
the sequential breakup data of Ref. |[92]. The SLi 17 and 3] states are assumed

to be members of a K = 1 rotational band, with the exception that reorientation
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Figure 5.11: Measured angular distribution of a-particle yield for the (a) "Li+3%Y
and (b) "Li+?Nb systems. The lines are corresponding to the Gaussian fit for
respective energies.

o(°Hey ) is found to be larger than the 1p-pickup cross section o(*Begs ) by an

order of magnitude.

5.4 Coupled channel calculations

Two sets of calculations have been performed to analyze the data. Calculations for
elastic scattering and direct breakup are carried out within the CDCC formalism
using the cluster folding model of "Li. The CCBA formalism is employed for
transfer-breakup processes, using potentials that describe the elastic scattering

data. The code FRESCO [35] has been used in all cases.

5.4.1 Continuum-discretized coupled-channels (CDCC)

The "Li — o+t breakup data at Fj,, — 27.7 MeV for both the system are analyzed

with CDCC calculations, similar to those described in Ref. [35] except that the
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Figure 5.10: Measured elastic scattering angular distribution for the (a) "Li+3Y
and (b) "Li+%Nb systems. The lines are corresponding to the CDCC calculation
for respective energies.

Fig. 5.11. In this figure, the lines correspond to the Gaussian fit of the data to
extract the angle integrated cross sections at respective energies. The integrated
cross sections are tabulated in Table 5.1. The total exclusive cross sections for
alpha production form a small fraction of the inclusive cross section, indicating
that the main alpha production mechanism is due to other processes, most likely
t-stripping/capture.

The differential cross sections of the production of ‘He, due to 1p-stripping
and °Lig s due to 1n-stripping have been measured. The shapes of both the cross
sections are found to be bell shaped with peaks at grazing angle of the respective
beam energies. The angle integrated cross sections are tabulated in Table 5.1.
The measured cross section values of 1p-stripping reaction is found to be of similar
order for both the systems.

The total 1n-stripping cross section o(°Ligs) + o(°Liz+) is found to be largest

among the other nucleon transfer cross sections. The 1p-stripping cross section
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kinematical matching condition [33, 84]. The total single particle strength for
(*Y,°Y) and (%*Nb,%Nb) are of same order due to the similar order of kinemati-
cal mismatch condition (optimum @-value and angular momentum). Whereas, the
less number of fragmented levels in *°Y than *Nb nucleus, drives to more cross sec-
tions of *'Y("Li,’Liz+ )Y than **Nb("Li,’Liz)*'Nb reaction for the consideration
of excitation energy of the target like nuclei upto 1 MeV. The total 1n-stripping
cross sections (0(°Ligs) + o(°Lizy)) for Li+*Y system is found to be ~5 mb
more than that for "Li+?Nb system.

Similarly, 1p-pickup reactions is also interesting as %°Y has a 1p hole and **Nb
has one extra proton relative to closed shell nucleus *°Zr. 1p-pickup ("Li,*Begy)
cross sections are found to be of similar order of magnitude for both the systems
for excitation energy of the target like nuclei upto 15 MeV. Which is also expected
from the kinematical matching conditions. The E* (@) — (Q)opt) are similar for both

the systems.

5.3 Measured inclusive cross sections

Elastic scattering angular distributions have been measured at much above the
Coulomb barrier (Vp ~18 MeV) to constrain the optical model potentials, which
are required for the calculations to understand the measured exclusive data. The
measured elastic scattering angular distribution at different energies for 7Li +
89Y,%Nb systems are shown in Fig. 5.10(a) and (b), respectively. The plotted lines
in this figure are corresponding to the CDCC calculations, details are given in
Sec. 5.4.

The angular distributions of the inclusive-a have also been measured for both

the systems "Li + %Y, %Nb. The angular distribution of 92 (6, ., )sin(fc.m.) is shown
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Table 5.1: Cross sections for various channels in the "Li + %Y %Nb systems; o
denotes the results of CDCC ("Li*(7/27)— « + t) and CCBA calculations for

In-stripping and 1p-pickup reactions (see text).

Li+*Y
By 22.6 MeV 27.7 MeV 29.7 MeV
Oexp Ocal Oexp Ocal Oexp Ocal
Channel (mb) | (mb)| (mb) | (mb) (mb) (mb)
a-inclusive 280 + 34 325 4+ 40 354 + 46
8Beg_s.(cv + Od)JFSSSI"g.S. 0.06 &+ 0.02 | 0.07 | 0.08 £+ 0.03 | 0.08 0.10 &+ 0.03 | 0.10
*Beg s (o + ) +8Sr*
(E* — 1.8 MeV) 0.28 £ 0.03 | 0.26 | 0.27 £ 0.03 | 0.29 0.28 + 0.02 0.29
*Beg s (a0 + ) +%8Sr*
(2.5 <E* <5 MeV) 1.2 +0.3 1.10 1.3 4+ 0.3 1.15 1.3 4+0.3 1.16
*Beys (o + a)+58Sr*
g.s.
(E* <15 MeV) 1.8 +0.4 1.9+ 0.5 20+ 04
OLiz, (a4 d)+"Y
3+
(B <1 MeV) 9.1+ 0.8 8.1 9.8 £ 0.9 9.0 10.3 £ 1.0 9.2
°Liz, (a + d)+%°Y
3+
(B <4 MeV) 11.1 146 £ 1.3 13.9 15.6 £ 1.5 14.4
6Lig,s.qLQOY 18.6 156 £ 1.4 17.0 16.1 + 1.7 16.5
i, - +%Y 3.5 +£0.3 3.9
6Heg.sﬂ—QOZr 7.8 £ 1.0 94 +1.2
o-reaction 856 1252 1368
Li+%Nb
Lab energy 23.6 MeV 27.7 MeV 29.7 MeV
Oexp Ocal Oexp Ocal Oexp Ocal
Channel (mb) | (mb)| (mb) | (mb) (mb) (mb)
a-inclusive 273 + 40 321 + 48 340 + 52
*Beg s (@ + a)+%2Zr*
(B <3 MeV) 0.5 +£0.1 0.36 0.7 £ 0.1 0.56 0.6 £0.1 0.53
SBeg s (@ + a)+%Zr*
(B <15 MeV) 1.5+ 0.2 2.0+ 0.3 2.3+ 0.3
6Tix (a+ d)+94Nb
3+
(E* <1 MeV) 5.2 + 0.5 5.5 58 £ 04 6.2 6.2+ 04 6.2
°Li%, (o + d)+%"Nb
3+
(B <4 MeV) 98 £ 1.1 13.8 1.4 147+ 14
6Lig,s#g‘*Nb 99+ 1.0 9.8 11.0 £1.2 10.9 11.2 +£1.5 10.3
"Li; - +7Nb 3.3+ 0.6 2.9
6Heg;.s_qtg‘ll\/lo 7.2 4+ 0.9 86 £ 1.0
o-reaction 1121 1310 1489
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tions for a+d events from the breakup of °Li formed after 1n-stripping are larger
than those for a+t events from the resonant breakup of “Li. These results show
the dominance of the n-stripping followed by breakup over the direct breakup of
"Li from the %Jr resonance state, in agreement with the results reported in earlier
studies with "Li+%Cu system [23].

A comparative study of 1n-stripping reactions for "Li+%Y and “Li+%Nb sys-
tems is expected to be interesting as %Y (N=50) is neutron closed nuclei and
9Nb (N=52) has two valance neutron. As shown in Table 5.1, the measured 1n-
stripping (7Li,6Li31+) cross sections for the "Li+%Y reaction are found to be about
~2 times compared to that of "Li+“3Nb reaction for excitation energy of the tar-
get, like nuclei upto 1 MeV. However, after the consideration of the full excitation
energy spectra of the target like nuclei, the cross sections are of similar order of

magnitude for both the systems. This obsevation could be understood from the
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energies up to 3.0 MeV, as information on the spectroscopic factors is available
only in this energy range [50].

The measured angular distributions for both the reactions 1n-stripping fol-
lowed by breakup of 6Li3;r and 1p-pickup followed by breakup of ®Be, are bell
shaped with peaks at the respective grazing angles for the different beam ener-
gies. A comparisons of cross sections for "Li + 8°Y ,?3Nb systems are presented in
Table 5.1. Integrated cross sections listed in that table are obtained assuming a
Gaussian shape of the angular distribution. The errors on the data points are due
to statistics and the fitting of the angular distribution while obtaining the inte-
grated cross section. For both the system, the cross sections for 1p-pickup (with
a large positive ()gy) are smaller than those for 1n-stripping at all energies, which

could be attributed to poor kinematical matching [33]. The differential cross sec-
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Figure 5.7: Cross sections for the 1n-stripping %Y ("Li,%Li*)?Y* reaction at 22.6,
27.7 and 29.7 MeV. (a) Excitation energy of °Y up to 1.0 MeV is shown. (b)
Corresponding to the excitation energy of Y 1.0< E* <4.0 MeV. In both panels
the dotted, dashed, and solid lines correspond to the CCBA calculations at energies
22.6, 27.7 and 29.7 MeV, respectively.

8Sr, which is populated due to 1p-pickup 8°Y("Li,*Be)®¥Sr* reaction (Fig. 5.5(a)).
The two low energy peaks are corresponding to the g.s. and 1% excited state of
8Sr. The higher energy peak is the admixture of the other excited states. The
angular distribution of 1p-pickup leading to the ®Be(g.s.) are shown in Fig. 5.8(a),
(b), (c) for the three range of excitation energy of ®8Sr.

In case of "Li+"Nb system, due to the closely spaced states in **Nb and *?Zr,
the different excited states are not resolved in the measured excitation energy
spectra as shown in Fig. 5.5(d) and (e). The 1n-stripping cross sections for a+d
breakup events from the °Li 3] (2.18 MeV) state are shown in Fig. 5.9(a). Excited
states of ““Nb up to 1.0 MeV are considered due to lack of knowledge of spectro-
scopic factors beyond this energy. The cross sections of 1p-pickup leading to the

®Be(g.s.) are shown in Fig. 5.9(b). These data are restricted to 2Zr excitation
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Figure 5.6: Prompt and resonant (from the 7/27 state) breakup of "Li, shown as
asterisks and filled circles, respectively for (a) "Li+%Nb and (b) "Li+Y systems
at Fy, — 27.7 MeV. The CDCC results for prompt and resonant breakup are
denoted by solid and dashed lines, respectively.

the system and are found to be order of magnitude smaller than the resonant
breakup. The angle integrated cross sections obtained assuming a Gaussian shape
for resonant breakup are 3.5 £ 0.5 mb and 3.3 £ 0.6 mb for "Li+*Y and "Li+?3Nb
systems, respectively. The cross sections for prompt breakup are not quoted here
as the peak positions are not known from the present measurement.

In case of 1n-stripping Y ("Li,%Li*)®°Y* reaction, the cross sections for a-+d
breakup events from the %Li 3] (2.18 MeV) state are extracted. In the excitation
energy spectra of “°Y, as shown in Fig. 5.5(b), two distinct peaks are observed.
The low energy peak is expected to be an admixture of the g.s. (27) and 1%
excited state (37). The extracted cross sections shown in Fig. 5.7 (a) and (b) are
corresponding to the excitation energy £* < 1.0 MeV and 1.0 < E* < 4.0 MeV,
respectively. The angle integrated cross sections are tabulated in Table 5.1.

Three distinct peaks are found in the measured excitation energy spectra of
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Figure 5.5: Measured excitation energy spectra of target like products for "Li+8%Y,
9Nb reactions at energy Ey;, — 27.7 MeV. The excitation energy spectra of 3¥Sr
(92Zr), 2°Y (*ANb), and ¥Y (®*Nb) nuclei populated due to 1p-pickup, 1n-stripping,
and inelastic excitation reactions, respectively, are presented.

5.2 Measured exclusive cross sections

The angular distribution of "Li* — a-+¢ breakup via the 2 state (resonant breakup)
and the continuum (prompt breakup) below this resonance for “Li + %Y, %Nb sys-
tems at energy FE., = 27.7 MeV are shown in Fig. 5.6. The errors on the data
points are due to statistics.

The cross section of breakup from 7/2~ resonance state, as shown in Fig. 5.6 (a),
has a peak around ~55° for "Li+8°Y system. Whereas, in case of “Li+”Nb system,
there is an indication that, the angular distribution has a maximum around ~60°,
which is expected from the grazing angle concept. In case of prompt breakup

(Eva < 1.7 MeV), no peak is observed in the measured angular range for both
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The correlation plot of the measured energy of a-particle E, vs. the relative
energy FE,; spectrum is shown in Fig. 5.4(a) for 0, = 15°. The corresponding
projections of the a-particle energy are denoted by the shaded area in Fig. 5.4(b).
In this case, only the high energy o events could be detected. The low energy
« particles are stopped in the AE (~50 pum) detectors. The arrow on the x-axis
indicates the detection threshold of a-particle energy in case of AE detector of
thickness 50 pum. The simulated kinematical curves corresponding to excitation
energy E*(Nb) = 0, 1, and 2 MeV shown as dashed, solid, and dotted lines,

respectively in Fig. 5.4(a) well explained the data.

5.1.4 Measured excitation energy of target like nuclei

The excitation energy of the target-like nuclei is determined using the missing
energy technique. The measured excitation energy of the target-like nuclei ®8Sr,
0V and ¥Y produced due to 1p-pickup, 1n-stripping, and inelastic excitation in
i + %Y reaction at Eyp, = 27.7 MeV and 6,, = 60° are presented in Fig. 5.5 (a),
(b), and (c), respectively.

In case of "Li + %Nb system, 1p-pickup, 1n-stripping, and inelastic excitation
lead to target like nuclei 92Zr, “*Nb, and ?*Nb nuclei, respectively. The excitation
energy spectra of 22Zr, %Nb, and *Nb nuclei are shown in Fig. 5.5 (d), (e), and (f),
respectively. For transfer reactions, the excitation energy of the target like nuclei
should peak around E* = Qgg —Qopt, according to the semi-classical theory [83, 84].
Here Qge and Qo are the ground state and optimum ()-values, respectively. For
1p-pickup E*(*?Zr) and E*(*¥Sr) peak ~3.5 MeV and for 1n-stripping E*(*Nb)

and E*(°Y) peak ~0.0 MeV, following the semi-classical theory.
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energy E*(?'Nb) = 0.0, 0.5, and 1.0 MeV are plotted as dashed, solid, and dotted
lines, respectively in Fig. 5.3(a). The yields corresponding to the high and low
energy «a particle are found to be asymmetric. The observed asymmetry has been
reproduced by the simulation and consequently consistent cross sections for the

high and low energy a-particles have been obtained.

5.1.3 «a-t coincidence events

Direct inelastic excitation of "Li* followed by breakup to a-t events are also seen.

From the efficiency corrected E,. spectrum, as shown in in Fig. 5.2(b), the promi-

nent peak at F,.q — 2.16 MeV reveals that, breakup of "Li is mostly occurring from

the resonance state g_ (4.63 MeV) state. The maximum possible relative angle

between o and t-particles for *Nb("Li,"Lit = — a-+t) is ~ 26° at energy Ej;, —
3

27.7 MeV.

Figure 5.4: Measured energy cor-
relation spectra of a-t for "Li on
BNb at Ep, = 27.7 MeV and
O, = 60°. (a) Ey vs. E4 corre-
sponding to 0% = 15°. The kine-
matical curves plotted as dashed,
solid and dotted lines correspond
200 - { (b) (LiLiY) | to EX(™*Nb) = 0, 1, and 2 MeV.
(b) The shaded distributions cor-
respond to projections of the a-
particle energy for the data in (a).
E, resulting from Monte Carlo
simulations is shown as solid line

(see text for details).

Eqt MeV)
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OLi is also observed in "Li on **Nb system. The peak at 710 keV in the E.y spectra
of a-d as shown in Fig. 5.2 confirms the breakup of 5Li from 37 (2.16 MeV) state.
The breakup threshold Ei, of °Li* — o + d reaction is 1.47 MeV. The maximum
possible relative angle between a and d-particles for ®Nb("Li,’Li}, — a-+d) is
~ 22° at Fy,, — 27.7 MeV. The measured energy of a-particle E, vs. the relative
energy E,4 spectrum is shown in Fig. 5.3(a) for "Li+%Nb system corresponding to
01 = 10° at energy FEy,, = 27.7 MeV and the center of the detector at 0;,, = 60°.
The corresponding projections of the a-particle energy are denoted by the shaded

area in Fig. 5.3(b).

Figure 5.3: Measured energy cor-
relation spectra of a-d for "Li
on “Nb at Fi, = 28 MeV and
O, = 60°. (a) E, vs. FEyq corre-
sponding to 624 = 10°. The kine-
matical curves plotted as dashed,
solid and dotted lines correspond
I LiSLiY | to E*(*Nb) — 0.0, 0.5, and 1.0
200 I i MeV. (b) The shaded distribu-

tions correspond to projections

Eqg (MeV)

300 -

Counts

100 - a-d of the a-particle energy for the
data in (a). F, resulting from

e o ———L 1 Monte Carlo simulations is shown

8 12 16 20 24 as solid line (see text for details).

Eq (MeV)

The measured spectra shown in Fig. 5.3 are understood using the Monte Carlo
simulation. Considering the relative energy distributions as a Gaussian centered
at 710 keV, simulated energy of a-particles shown as histogram in Fig. 5.3(b) well

explained the data. The simulated kinematical curves corresponding to excitation
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Figure 5.2: (a) The extracted relative energy spectra, (b) efficiency corrected rel-
ative energy spectra of a-a, a-d and a-t for the "Li+?3Nb system at Ey,;, — 27.7
MeV and 6,,, = 60°.

tion. For the simulation of ®Be, s breakup into two a-particles, the relative energy
distribution is considered as Gaussian centered at 92 keV. The kinematical curves
plotted as dashed, solid and dotted lines in Fig. 5.1 (a) correspond to E*(%?Zr) =
1, 3, and 5 MeV. The yields corresponding to the high and low energy « particle

are found to be symmetric for a-a breakup as expected from the simulation.

5.1.2 «-d coincidence events

The presence of the two step process can be seen from Fig. 2.13(b) which shows
the o + d coincidences for the "Li+%Y system. Two clear peaks are seen in the
deuteron vs. alpha energy correlation plot, indicating a breakup of ®Li formed after
one neutron stripping (Q = -0.39 MeV) of “Li and clearly not the direct breakup

of "Li into o+ d + n (Q = —8.73 MeV). The 1n-stripping followed by breakup of
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Figure 5.1: Measured energy cor-
relation spectra of a-a for “Li on
BNb at L, = 27.7 MeV and
O, = 60°. (a) E, vs.E,, corre-
sponding to 6% — 3°. The kine-
matical curves plotted as dashed,
solid and dotted lines correspond
to E*(2Zr) = 1, 3, and 5 MeV.
(b) The shaded distributions cor-
respond to projections of the a-
particle energy for the data in (a).
E, resulting from Monte Carlo
simulations is shown as solid line
(see text for details).

Eqq MeV)

Counts

Eq (MeV)

to a-particles moving in the forward and backward direction in the rest frame of
the ®Be prior to breakup. It is apparent from Fig. 4.6 that the difference between
energies of the forward and backward moving fragments reduces as the relative
angle between them increases. For this reason the two distinct peaks observed in
the Fig. 5.1 (b), merge into a single peak for 6, > 5° in the present measurement.

The measured relative energy spectra for a-a events is shown in Fig. 5.2(a)
by green histogram. It has been shown in Sec. 4.1.2, that detection efficiency is
highly dependent on the relative energy of the breakup fragments. The relative
energy spectra after efficiency correction is plotted in Fig. 5.2(b). The rising trend
in the spectrum peak above the E, = 2.0 MeV is a part of the 2 (E* = 3.0 MeV)
state [32].

The measured observables kinetic energy, relative energy, ()-value of the reac-

tions etc for each coincident event are interpreted using the Monte Carlo simula-
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5.1 Correlation spectra of breakup fragments

The results obtained from the measurements of breakup fragments in coincidence
are reported in this section. The experimental details are discussed in chapter 2.
In the exclusive measurement three types of coincident events a-a, a-d and a-t
are observed. The a-a event rate is found to be highest and that for a-t is lowest.
The reaction mechanisms, which are responsible for those coincident events, are
identified and understood from correlation spectra, relative energy of the fragments

and excitation energy of the target like nuclei.

5.1.1 «-«a coincidence events

The occurrence of the two step process can be seen from the measured energy
correlation spectra of -« events for "Li+®Y system shown in Fig. 2.13(a). The
correlation plots indicate that, the source of the a-« events is due to the breakup
of ®Be, which could be formed after 1p-pickup. To identify the mechanism of 1p-
pickup followed by breakup of ®Be, the energy of any of the o particle E, vs. the
relative energy E,, is plotted and shown in Fig. 5.1(a) for "Li+%NDb system at
energy Fy,, = 27.7 MeV and with the center of the detector at 6,;, = 60°. Most of
the events are localized to E.q = 92 keV, indicating the breakup of ®*Be from ground
state. The breakup threshold of ®Be* — a-+a is zero but the Q-value is 92 keV,
which is emerging out as relative energy. The maximum possible relative angle
between the two a-particles for Nb("Li,®Beys — a+a) is ~ 8° at By, = 27.7
MeV. The data shown in Fig. 5.1 correspond to 6, = 3°. The projections of the
a-particle spectrum of Fig. 5.1 (a) is shown as the shaded areas in Fig. 5.1 (b).

The two peaks at high and low energy in the E, spectra in Fig. 5.1 (b) are due
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The two step processes, inelastic excitation followed by breakup and nucleon trans-
fer followed by breakup of the ejectile are the topic of current interest. In case of
reaction involving weakly bound nuclei these processes play a key role on elas-
tic scattering as well as fusion reactions. The two step mechanisms, namely direct
breakup and transfer-breakup are studied using coincidence measurements together
with coupled channels calculations. In this chapter, we will discuss the above
mentioned mechanisms for "Li+3Y, *Nb systems. The exclusive cross sections
of different breakup mechanism 1p pickup followed by breakup (®Be* — a+a),
In stripping followed by breakup (°Li* — « + d) along with inelastic excitation
followed by breakup ("Li* — « + t) are reported. The angular distribution of
elastic and inclusive-a along with the cross sections of 1n- 1p-stripping leading to
0Lig s and ®Hey s are presented. Coupled channels Born approximation and con-
tinuum discretized coupled channels calculations, carried out to understand the

large number of observables, are also reported.
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This conclusion also agrees with the direct stripping calculations discussed in
Sec. 5.4.3. Although, estimation of the d-stripping cross section is not possible
in the DWBA formalism due to the lack of suitable nuclear structure information
concerning the (¥Mo | ®*Nb + d) overlaps. The estimated p-stripping cross section
is less than 10 mb agrees with the measurement (see Table 5.1). The d- and -
stripping cross sections are expected to be smaller than that for p stripping, from
the semi-classical trajectory matching conditions. Thus, neither process is expected
to contribute significantly to the observed Mo residue cross sections. Breakup of

Li followed by capture of the ¢ is the main mechanism for the t-capture reaction.
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function of excitation energy (E*) of the composite system “Mo. The calculated
E* and the corresponding breakup fusion cross section as a function of spin (o (J)
vs. J) have been given as input to the statistical model code PACE for the calcu-
lation of the evaporation residue cross sections from decay of “*Mo formed after
t-fusion. The calculated cross sections of %Mo residues are plotted as solid and
dashed curves in Fig. 6.12(a), respectively. In a similar way, the cross sections of
95,96 ¢, which are populated in a-capture reactions are also estimated and shown

in Fig. 6.12(b) by dashed and solid lines, respectively.
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Figure 6.12: The cross sections of (a) %Mo and (b) %>%Tc nuclei populated
due to t-capture followed by 1n, 2n evaporation and a-capture followed by 1n,
2n evaporation channels are shown, respectively. The solid lines represent the
estimated cross sections for those nuclei using the codes PLATYPUS and PACE.

The energy dependence of formation of the residues *»?*Mo and *%Tc agrees
well with the dynamical model calculations combined with statistical model es-
timation. The simultaneous description of breakup, complete fusion, t-capture,
a-capture, and the individual residue (%Mo and “*Tc) cross sections from the
dynamical reaction model with stochastic breakup indicates the dominance of two

step breakup fusion mechanism over the one step stripping reaction.

133



Chapter 6: Fragment-capture

6.10 Breakup-fusion vs direct cluster stripping

The excitation energy E* of the composite system *~%Mo and °"Tc, due to the
capture of p, d, t, and o by “*Nb, have been listed in Table 6.5. The estimated E*
of composite system for direct stripping and breakup followed by fusion reactions
are given. As apparent from Table 6.5, the formation of composite system via
both the processes, direct stripping and breakup followed by fusion, lead to similar
excitation energies. Hence, only the residues cross sections are not sufficient to
allude on the capture mechanisms.

Table 6.5: Excitation energies £ of the composite systems due to the capture of p,
d, t, and o« for "Li+%Nb system at lab energy 28 MeV. The E* are given for both
the possible reaction mechanism, namely, direct stripping and breakup followed by
fusion (ICF).

Captured | Composite | Eg, e | Elor
particle system (MeV) | (MeV)

a 9Te 16.9 17.0

t %Mo 22.3 27.4

d %Mo 12.3 18.9

» 91 Mo 6.8 11.1

To get further insight into the mechanism of fragment capture, the measured
cross sections of the residues %Mo have been compared with the predictions
of the statistical model calculations (PACE) for ¢-capture followed by 1n and 2n
evaporation channels, using the angular momentum distribution and excitation
energy of the primary composite system obtained from PLATYPUS, as discussed in
Ref. [30]. The energy spectrum of the outgoing a-particles, after capture of the
complementary fragment (), represents the cross section for breakup fusion as a

function of the kinetic energy of the a-particles (E,). This can be expressed as a
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Table 6.3: Wood-Saxon potentials used in the PLATYPUS calculations for "Li +
9Nb reaction.

Mass Partition | Vo (MeV) | ro (fm) | ag
"Li + 93Nb -109.2 1.33 | 0.81
a + 93Nb -100.0 1.25 | 0.77

t + 93Nb -110.0 1.20 | 0.72
t+ « -18.2 1.28 | 0.63

t + 9Tc -110.0 1.20 | 0.72
a + Mo -100.0 1.25 ] 0.77

the inter nuclear distance. The amplitude and slope of the breakup-probability
function @ = In(A) = 27.5 and « = 3.0 fm !, respectively, have been obtained by
reproducing the integrated cross sections of breakup, complete fusion, and incom-
plete fusion (sum of ¢- and a-capture) simultaneously. Location of the breakup of
"Li into a and t was determined by Monte Carlo sampling of the breakup func-
tion up to R = 50 fm. The initial excitation energy (E* < 6 MeV) and angular
momentum (up to 4%) of the "Li nuclei have also been generated using Monte
Carlo method. The cumulative cross sections of a- and t-capture have been calcu-
lated using a sharp cut-off in angular momenta. The convergence of the calculated
cross section are ensured by including projectile-target partial waves up to 507,
for a sample of 1000 projectiles per partial wave. The comparison between the

calculation and the measured values are shown in Table 6.4.

Table 6.4: The calculated CF, t-capture, a-capture, and breakup cross sections
from code PLATYPUS for “Li + %*Nb reaction are given along with the measured
values.

t-1CF a-ICF CF BU
Elab Oexp Ocal Oexp Ocal Oexp Ocal Oexp Ocal
(MeV) (mb) (mb) | (mb) | (mb) (mb) (mb) | (mb) | (mb)
29.7 | 210 £35| 177 |88 £ 14| 65 | 833 £ 73| 742 |46 5| 52
277 206 £33 | 171 |71 £ 9| 57 | 742 £65| 616 |45+ 4| 56
25,6 [ 202 £37| 156 |53 £ 7| 46 |S587 £49| 497 |41£5] 59
236 [ 199 £34| 126 |41 £ 6| 30 |491 £40| 391 |40£5| 62
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obtained after fitting oy_c,p is re-plotted in Fig. 6.11(b) as the solid line and is

CN

o as well. This observa-

found to explain the general trend observed for o™ — o,

incl

tion also suggests that the main contribution to o7,

iS 0y_cap- For the light mass
targets 12C, 27Al, and 28Si [115, 116, 117], there is a substantial contribution from
a-particle evaporation from the compound nucleus. However, for the heavier tar-

gets the t-capture mechanism is the main source of a-particle production. For °Li

d-capture is reported to be the dominant mechanism of a production [, 24, 33, 37].

6.9 Classical dynamical trajectory model calcula-
tion for fragment-capture reactions

A three-body classical dynamical trajectory model calculations have been carried
out to do a consistent analysis of breakup, incomplete fusion, and complete fusion
processes. The calculations have been performed using the PLATYPUS code [31, 36].
A brief description of the code is given in Sec. 3.4. In the calculations "Li was
considered as « + t cluster, having a binding energy of 2.47 MeV. The pre- and
post-breakup Coulomb and nuclear interactions between the participants ("Li +
9SNb, a + %Nb, t + BNb, t + a, t + YTc and o + %Mo), have been taken as
those between a point charge and a spherical distribution for the heaviest fragment
(=1.2A'3). The nuclear interaction has been parametrized by a Woods-Saxon
potential as given in Table 6.3.

The entrance channel interaction potentials used the global "Li parameters of
Ref. [88] which give a satisfactory description of the measured elastic scattering
data. The ¢ + « interaction potentials is taken from Ref. [30]. The breakup-

probability is calculated using the function Ppy(R)=Aexp(-aR), where R denotes
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are the beam energy in the center of mass frame, "Li and target atomic numbers,
"Li and target mass numbers, respectively. The o, .., are found to follow the
Wong formula [113], slightly modified to obtain a better fit at energies above the

Coulomb barrier:

Ol—cap = % In [1 + exp {%(d — b) tanh (Z—:z) H (6.2)

where x = ER, and a, b, ¢ and d are adjustable parameters.
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Figure 6.11: (a) t-capture and (b) inclusive a-production cross sections after
the subtraction of the compound nuclear contribution, for “Li projectiles inci-
dent on several targets including ®*Nb (present data) as a function of Er =
Eem./|Zp7/ (A" + A'/3)]. The solid lines represent the best fit to the t-capture
data.

The inclusive « cross sections (") after subtraction of the compound nu-
clear component (oSN) estimated using the statistical model code PACE for the
"Li+2%Pb [114], "Li+'¥¥Pt [51], "Li+'®Sn [24], "Li+%Nb [50], "Li+%Cu [23],

"Li+8Ni [24], and "Li+28Si [115] systems are presented in Fig. 6.11(b). The curve
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Table 6.2: The cross sections of all possible reaction mechanisms contributing to
the a-particle yield. t-capture: oy_cap, 2n stripping ("Li,’Li — a + p)?Nb: ¢27P,
inelastic excitation ("Li,"Li* — o + t)%Nb: 027t 1n stripping ("Li,°Li* — o +
d)¥Nb: 024, 1p pickup ("Li,*Be — a+a)??Zr: 62, and a-particle evaporation

from the compound nucleus estimated using the code PACE: oSN are presented.

The cumulative contribution ¢'°*? along with the inclusive « yield (o) are also
given.
Eiap 23.6 MeV | 25.6 MeV | 27.7 MeV | 29.7 MeV
reaction o (mb) o (mb) o (mb) o (mb)
t-capture 199 £ 34 | 202 £ 37 | 206 &£ 33 | 210 + 35
2n-stripping ("Li,°Li — a+p) | 17.3 £3.0 | 17.5 £2.8 | 20.1 £2.5 | 18.8 £3.0
inelastic ("Li,"Li* — a+1t) | 15.1° £1.4 [ 15.9° £1.4 | 16.8 1.2 | 18.0° £1.2
In stripping ("Li,°Li* - a+d) | 5.2 £0.5 | 5.5° £0.5 | 5.8 £0.4 | 6.2 £0.4
1p pickup ("Li,®Be — a-+a) 2.0 £0.2 2.2 £0.2 | 2.6 £0.2 3.0 £04
a-particle evaporation 27 39 53 69
measured total Ug?tal 266 =39 | 282 442 | 304 £ 38 | 325 £+ 41
measured inclusive o 273 £ 40 | 296° + 50 | 321 + 48 | 340 + 52
R (79) o7 95 95 96

“Extrapolated
bInterpolated
measured reaction processes and estimated CN contribution are also tabulated in

Table 6.2, which explain ~95% of the measured "¢

a .

6.8 Systematic study on t-capture and inclusive-a

A systematic study of the t-capture and inclusive « cross sections have been carried
out for reactions involving "Li over a range of lighter to heavier targets including the
present system. The measured o, ., for the "Li+%Nb (present work), "Li+?*Bi
[106], "Li+"7Au [108], "Li+ '8Pt [30], "Li+'%*Ho [109], "Li+"Tb [110], "Li+'**Sn
[111], and "Li+5INi [112] systems are presented in Fig. 6.11(a). The z-axis in Fig.
6.11 is defined as Fr = Eem./[ZpZ:/(Ap"? + A3, where Eow, Zp, Ziy Ay, Ay
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results reported in earlier studies with “Li projectiles [30, 106, 107]. The estimated

a-particle evaporation cross sections are also plotted in Fig. 6.10 as well as the

calculated reaction cross sections from coupled channels calculations.

------------------------- é _
103 | ® g o Figure 6.10: The measured
@ o) CF, t-capture, a-capture,
K TF, and a-inclusive are pre-
- E . sented by open circles, filled
o y
5 i N Py A R oF triangles, open boxes, filled
§ — A tcap circles and filled squares,
102 F i O a-cap respectively. The dot-
@_; — : aig dashed, dotted, solid, and
[ ) ,@/—,‘.:—;’/ et Oeeva dashed lines are correspond-
I _/;_:—:’/ -------- O-rec ing to the estimated «-
T OE'EZP evaporation, total reaction,
P t-capture, and «a-capture
| L | | | . .
o 26 58 10 2 cross sections, respectively.
Ejgp MeV)

6.7 Sources of large inclusive-a yield

The cross sections of all important reaction mechanisms contributing to the a-
particle yield (as seen in Fig. 6.3(a)) from the present thesis work are listed in

Table 6.2 for comparison. The statistical model predictions for a-particle evap-

CN
@

oration (o$") from the compound nucleus are also given. The t-capture process
is found to be the dominant reaction mechanism, which accounts for ~62-73% of
oinel whereas the combined contribution of the breakup and nucleon transfer fol-

lowed by breakup channels is ~15%. The cumulative contributions from all these
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6.5 Correction of CN contribution to the residues
of fragment-capture reactions

The compound nuclear contribution to the cross sections of ?3~%°Mo and %%Tc
residues have been estimated. The same statistical model parameters, which ex-
plain the evaporation residues discussed in the Sec. 6.4, are used. The calculated
cross sections for %Mo are found to be smaller by an order of magnitude relative
to the measured cross sections at all energies, as shown in Fig. 6.6. The cross sec-
tions of %47 Mo and ?>%Tc residues after the subtraction of CN contribution are
shown in Fig. 6.12. This observation suggests that the dominant reaction mecha-
nism responsible for production of **~?*Mo nuclei is not compound nuclear fusion
but t-capture. Similarly, the predicted cross sections for *Tc are also found to be
far smaller than the measured values as shown in Fig. 6.8, implying that %>%Tc

nuclei are produced mainly due to the a-capture mechanism.

6.6 Total cross sections of t-capture, a-capture and
complete fusion

The cross sections of individual residues from « and t-capture are corrected for the
contribution from the compound nucleus. The t-capture, a-capture and complete
fusion cross sections have been obtained by taking the sum of individual residue
cross sections and are presented in Fig. 6.10. The cross sections of t-capture and
a-capture reactions are tabulated in Table 6.4. The cross sections for t-capture are

found to be larger than those for a-capture at all energies, in agreement with the
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Figure 6.9: ER cross
sections of 2n, 3n, 4n,
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4 % 28 10 1 4 counting method. The lines
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(PACE) estimations of cor-
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6.4 Statistical model calculations for compound nu-

clear decay

Statistical model calculations have been carried out using the code PACE [78] to
estimate the contribution from complete fusion to the residues resulting from «
and t-capture. The angular momentum distribution obtained from the coupled-
channel code CCFULL [105] is used as input at each energy to obtain the cross
sections of the decay channels. The level density parameter a = A/9 was used in
the calculations. The estimated ER cross sections explain the measured values as

shown in Fig. 6.9.
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Table 6.1: List of identified residues in the offline gamma ray measurement for
the “Li+%Nb reaction along with their radioactive decay half-lives (T/s), y-ray
energies and intensities following their decays.

Reaction Residues | Ty | E, (keV) | I, (%)
CF-3n Ru 2.83d ;;ig fgg
CF-a3n/ t-ICF-3n | ™Mo 6.85 h égi; ggg
778.2 99.8

968 T 4.98 d 812.5 82.0

CF-p3n/ a-ICF-n 11269 | 15.2

90T | 51.5 min | 1200.1 11

765.8 93.8

958 T 20 h 947 7 1.95

CF-pdn/ a-ICF-2n 10737 | 3.74
204.1 63.2

95m

Te 61d 835.2 26.6

. %END | 34.99d | 765.8 99.8
2n-stripping BEND | 3.61d | 2357 | 24.8

6.3.4 Complete fusion

The complete fusion of "Li with *Nb forms the compound nucleus (CN) '%Ru,
which decays predominantly by neutron and proton emission. The characteristic
prompt ~-ray transitions of the evaporation residues (ERs) ?~Ru and "Tc are
labeled in Fig. 6.1. The cross sections of “*~%Ru and “"Tc are obtained using the
in-beam method taking the level schemes from Refs. [102, 103]|. The cross sections
for °’Ru are also extracted using the off-beam ~-ray counting method and found to
be consistent with the in-beam measurements and with the values reported in Ref.
[104]. The weighted average values of the cross sections obtained from the in-beam
and off-beam methods are shown in Fig. 6.9. The cross sections for %Ru and

9Tc are plotted in the same figure.
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by filled circles and stars respectively. The decay transitions from the ground state
of %Tc are represented by open circles. The cross sections are extracted following
the same method as discussed for *Mo and are shown in Fig.6.8. The cross sections
of 99 T¢ are obtained by adding the corresponding cross sections of ground state

and meta-stable state.

03 | O-capture o+93Nb— 97Tc Figure 6.8: The mea-
o 9T (1) sured residue cross sections
102 £ . B 96Tcm (1p) of ground state and isomeric
_ " e e = A 9578 (2n) state of 9>%Tc residues for
E10'F N 0 9Te™ (2n) the "Li+%Nb reaction are
o oL »’ shown by filled triangles,
100 & g b open boxes, filled circles,

C us] . *
ol b ! "Li+?3Nb —!Ru and filled boxes, respec-
! - = 96T¢ (p3n) tlvel.y.‘ The lines are the
o s e e e statistical model (PACE) es-
- - - imations of correspondin
24 26 28 30 32 34 t t f p d g

Ejup (MeV) residues.

6.3.3 2n-stripping

The 2n-stripping mechanism leads to *’Nb, which is radioactive with reasonable
half-lives for decay from the ground states (T1/2 = 34.99 d) and from the meta-
stable states (T, = 3.61 d). The 7-ray transitions corresponding to the decay
of Nb are labeled in Fig. 6.7. The cross sections are extracted following the
half-lives and intensities of each transitions. The 2n-stripping cross sections have
been obtained by taking the sum of the ground state and meta-stable state cross

sections.
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and intensity of ~-transitions, which were used to extract the cross sections are
tabulated in Table 6.1. The extracted cross sections for **™Mo are 0.06 & 0.01 mb
and 0.6 £+ 0.08 mb at Ej,p, = 27.7 and 29.7 MeV, respectively. This is much smaller

than the cross sections for 4=%Mo nuclei.

Figure 6.7: The off-
beam ~-ray spectrum for
the Li+%Nb reaction at
Ewp — 27.7 MéV. The ~
transitions from residues
following CF (°"Ru), a-
capture (%%Tc), t-capture
T ey (%mMo) and 2n-transfer
200 400 600 800 1000 1200 (**™Nb) are labeled.

Ey (keV)

counts per 0.5 keV

The formation cross sections of “*Mo is found to be largest relative to the other
isotopes. The radioactive half-life of ground state of **Mo nuclei is T, /2 = 4000
years, and the formation cross section is also expected to be small (~1 mb), the

present setup is not sensitive to measure **¢Mo residue.

6.3.2 «-capture

The a-capture reaction followed by 1n and 2n evaporation leads to %%Tc. Both
95.96T¢ can be populated either in the ground state or the meta-stable state. These
nuclei are radioactive with reasonable half-lives for decay from their ground states
as well as from the meta-stable states. The half lives are T/(**6Tc) = 20.0 b,
T /2("%Tc) = 4.28 d (T4 5(*™Tc) = 61 d, and T /5(**Tc) = 51.5 m. The ~y-ray

transitions from the ground state and meta-stable state of *Tc are shown in Fig. 6.7
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The parameters a, Jy, and b were varied so as to minimize the 2 fit to the data at
each bombarding energy. The same value of b = 1.697 was used for different beam
energies. The filled curves are plotted in Fig. 6.5. The cross sections of **Mo are

presented in Fig.6.6 by filled circles.

103 t-capture +93Nb —%Mo*
° ° ° © %Mo (In)

10% ¢ ® o ® %Mo (2n) Figure 6.6: The cross sec-

~ L E—" 4 93mMo (3n) : 93-95 .
2 0k F1017ls .of N Mo Ill.lClel populated
o B TTTme---l__ in ‘Li+"’Nb reaction are shown.
100 N _ The solid and dashed lines are
i+7Nb =" Ru estimated CN contribution from
107! & == %Mo (an) statistical model code (PACE for

L 9&M? (@2n) an and a2n channels.
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For the odd-even %Mo nuclei, due to fragmented transitions, the decay scheme
is complicated [101]. In this case the cross sections are obtained by adding the
~-ray transitions, feeding directly to the ground state. The cross sections of Mo
are presented in Fig. 6.6 by open circles.

The %Mo nucleus has a 21 /2% isomeric state at E., = 2.425 MeV with half-life
Ty/2 = 6.85 h. The cross section for *™Mo has been obtained by following the
radioactive decay of the isomeric state. The details of the off-beam ~-counting
method are discussed in Chapter 2. A typical ~-ray spectrum obtained after the
end of the irradiation at E,;, = 27.7 MeV for a counting of ~5 h has been shown
in Fig. 6.7. The characteristic y-rays are identified and labeled. The ~-ray tran-

sitions from the decay of ™Mo are also labeled in the same figure. The details

of the method for extraction of cross section is given in Sec. 2.9.3. The energy
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6.3.1 {-capture

Though we have stated that Mo-isotopes can be populated from both the t-capture
and complete fusion reaction, later in this chapter we have shown that the contri-
bution of compound nuclear evaporation is comparably smaller than the t-capture

reaction. We now discuss the measured cross sections of Mo-residues.

Figure 6.5: 'Transition cross
sections for the ground state
rotational band transition
J — J-2 of “Mo populated
in “Li+%Nb reaction at beam
energies 23.6, 25.6, 27.7 and
29.7 MeV respectively. The
solid curves are the fits to the
data by using a Fermi func-
tion o,(J) = a/|l + exp|-(J
- Jo )/b] as described in the
text.

102

E =23.6 MeV

E =25.6 MeV
10!

0y(J) (mb)

102 F

E =29.7 MeV E=27.7MeV
10! F =

In Fig. 6.5, the cross sections upto 107 excited state of **Mo from the yrast
band [100] are shown. As discussed in Chapter 2, to extract the cross sections, the
04(J) values were extrapolated up to the value corresponding to J = 0. The o(J)

values were fitted using Fermi function,

a

EICH A wrar S A VAL (6.1)

Where, a, b, and Jy correspond to the normalization constant, the diffuseness

of the J distribution, and the value of J at which o (J) becomes a/2, respectively.

120



Chapter 6: Fragment-capture
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Figure 6.4: Prompt ~-ray spectrum in coincidence with a-particle with different
energy range for "Li+?Nb reaction at Ei,;, — 27.7 MeV. The energy spectra of the
a-particle measured in coincidence is shown in the inset. The ~-transitions from
9495Mo nuclei due to t-capture followed by 1n and 2n evaporation are labeled.
Unlabeled ~-lines are from residues populated in those reaction processes, which
have a-particles in the outgoing channels.

6.3 Cross sections of residues populated

in the “‘Li+?Nb reaction

In the following sections the extracted cross sections of different residues populated
in the present reactions have been discussed. The compound nuclear contribution
to the residue populated due to different fragment-capture reactions are also esti-

mated to extract the cross sections of a-capture and t-capture mechanisms.
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of 9"Tc (CF followed by p2n evaporation) is maximum. Similar to Mo isotopes,
the observed %%°Tc nuclei could also be populated due to prn-evaporation from

CN and a-capture followed by xn-evaporation.

6.2.1 Prompt v-ray in coincidence with a-particle of

different energy range

The two mechanisms breakup-fusion and direct stripping can not be easily differ-
entiated from particle-v coincidence data, which is presented in Fig. 6.3(a). Thus
a further attempt has been made to do so, which is as follows. Here, the t-capture
reaction that leads to the %Mo of different excitation energy has been studied by
measuring the prompt ~-ray transitions in coincidence with a-particle of different
energy range. The projected energy spectra of the a-particle of Fig. 6.2 is shown
in the inset of Fig. 6.4. Two energy range E, = 9-12 MeV and 19-22 MeV are
shown by green and blue colored shaded area, respectively. The excitation energy
of the “*Mo* is estimated from the kinematics, using the measured energy of the
a-particle, as labeled on the top axis of the inset of the Fig. 6.4. The variation in
population of the residues for the selected energy bin of the a-particle are plotted
in Fig. 6.4. The outgoing a-particle with higher (lower) kinetic energy corresponds
to the lower (higher) excitation energy in ®Mo. As can be seen from the figure
the v-peaks of the residues, which is correspond to the one neutron evaporation
channel (*Mo), are dominant with the higher a-energy bin while those from two
neutron evaporation channel (?*Mo) are dominant with the lower energy bin. Ex-
citation energy dependence of residue cross section for different kinetic energy of

captured triton supports the process of breakup-fusion.
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mechanisms. The reaction mechanisms contributing to a-particle yield, e.g. 1p
pickup ("Li,®Be* — a+a)%Zr, inelastic excitation ("Li," Li* — o + t)*Nb, 1n
stripping ("Li,°Li* — a+d)%Nb, and 2n stripping ("Li,’Li* — a+ p)%Nb are also

marked in Fig. 6.3(a).

L (a) a-gated t-capture (b) Z = 1 band-gated a-capture | ¢
4000 + e ¢ ! X b
i 96\ [o* 97 3
3500 - ’g; 0% | % 97, t+7'Tc* | 500
3000 |- = 927; Mo (In) |- 94\, *9T¢ (1n) 1
[ 9Nb ® %Mo (2n) | ¥ 2°Nb L 99Tc (2n) 1 400
&z 2500 295 % 4
= v 93Nb Nb
§ 2000 |- 2 95N . 300
1500 B 0* 200
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1000 .
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M * 0
(U o R BN HRPRR N ettt iy I NN B SR R 0
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Figure 6.3: Charge particle gated prompt 7-ray spectra for "Li+%Nb reaction
at Fl, = 27.7 MeV. (a) Prompt 7-ray spectrum in coincidence with a-particle
in the outgoing channel. The v-transitions from ?4%°Mo nuclei due to t-capture
followed by 1n and 2n evaporation are labeled. The ~-transitions from target like
nuclei 2Zr, 9949Nb formed due to 1p pickup followed by breakup (8 Be* — a+a),
inelastic excitation followed by breakup ("Li* — « + t), 1n stripping followed by
breakup (°Li* — « + d), and 2n stripping followed by breakup (°Li* — «a + p)
reaction mechanisms having a-particle in the outgoing channels are also labeled.
(b) Particle having Z=1 gated 7-ray spectrum. The ~-transitions from %Tc
nuclei due to a-capture followed by 1n and 2n evaporation are labeled. The photo
peaks of the ~-transitions from the nuclei populated in the other reaction processes
producing p/d/t in the out going channels are also shown.

Gamma-ray spectrum gated with Z=1 band from the two-dimensional telescope
spectrum is shown in Fig. 6.3(b). The photo peaks of the ~-ray transition from the
residues populated due to complete fusion followed by p2n evaporation (°"Tc), -
capture followed by xn-evaporation, and other breakup processes that lead to t,d

and p in the outgoing channels (discussed above) are labeled. It is found that yield
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2n-stripping reactions, respectively, are also labeled.

A typical gain matched AFE vs Fi, spectrum of charged particles, detected
in Si-surface barrier telescope, for “Li+%Nb system at energy Ep, = 27.7 MeV
and 6,5 = 35° is shown in Fig.6.2. This spectrum is generated using the digitized
output of the preamplifier signals corresponding to Si-AFE and E-detectors. The
different Z-bands are well resolved and identified. But isotopic separation of Z=1
band is not achieved here, which is the limitation of the digital data acquisition

system having 12-bit 100 MHz Flash Analog to Digital Converter (FADC).

e
1

'§ 800 A Figure 6.2: A typical
5 i two dimensional spec-
& 600 - \ trum of AE vs E} for

z i g "Li on *Nb at energy
L

Elab = 27.7 MeV and
O, = 35°.

< 400

2000 4000 6000
E arb. unit)

total (

6.2 Particle-y coincidence

The a-particle gated in-beam ~-ray spectra shown in Fig. 6.3(a), gives a snapshot
of the major reaction processes contributing to a-particle yields. It can be seen
clearly, that the relative yields of ~v-rays from %Mo residues are more than the
others. As already mentioned %Mo residues could be populated due to complete
fusion as well as t-capture. This coincidence data inferred that, main sources of

a-production are evaporated a-particles from compound nucleus and t-capture
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6.1 Inclusive y-ray and charged particle spectra

The addback in-beam inclusive ~-ray spectrum measured by INGA-setup is shown
in Fig.6.1. The complete fusion of “Li with **Nb forms the compound nucleus
190Ru, which decays predominantly by neutron and proton emission. The char-
acteristic prompt ~y-rays from CN residues ?%°"®Ru and °"Tc are observed and

labeled in Fig.6.1.

50000 7 inclusive

* 95M0 v 98Ru

> 40000
4 L
S 30000
5
8 |
£ 20000
=
8 L
10000
0 L L ‘
400 600 800 1000 1200
By (keV)

Figure 6.1: Addback in-beam ~-ray spectrum for “Li+%Nb reaction at Fy,, =
27.7 MeV. The v-transitions from ***Mo nuclei due to t-capture followed by 1n
and 2n evaporation along with evaporation residues “*~%Ru and °"Tc are labeled.
The characteristic prompt ~-rays from target like nuclei 92Zr, *3~%Nb formed due
to 1p pickup followed by breakup (®Be* — a-+a), inelastic excitation followed by
breakup ("Li* — « + t), 1n stripping followed by breakup (°Li* — « + d), and
2n stripping followed by breakup (°Li* — « + p) reaction mechanisms having
a-particle in the outgoing channels are also labeled.

The ~-transitions from %Mo nuclei are also observed. The residue %Mo
could be formed either due to complete fusion followed by axn evaporation or t-
capture followed by xn evaporation. The observed photo-peaks of v rays from ??Zr,

93.94Nb and ?Nb nuclei formed by 1p-pickup, inelastic excitation, 1n-stripping, and
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duction cross sections in the reactions involving weakly bound projectiles with
a + z cluster structure, e.g. 58He, %7Li, and ""Be. The observation of large a-
particle yield is interesting because it is large compared to that of the comple-
mentary fragments. If we presume that breakup process is the only responsible
reaction mechanism for a-particle yield, then the yield of complementary fragment
is expected to be of the same order. We have measured the a-production cross sec-
tions for “Li + #Y, “Nb systems arising from various breakup reaction processes,
namely, the breakup of "Li ("Li* — « + t) together with 1p-pickup followed by
breakup (Be — « + a) and 1n-stripping followed by breakup (°Li — « + d). As
reported in the previous chapter, the cumulative contribution of all the measured
reaction channels from exclusive measurements could explain only ~8% of the in-
clusive a-yield for both the systems. For this reason it is interesting to measure
the t-capture reaction, which also contributes to the a-yield. The t-capture and
a-capture mechanisms have been investigated along with the complete fusion.
The Particle-y coincidence measurements were performed to identify the differ-
ent fragment-capture reactions uniquely. The measurements were carried out for
"Li+9Nb system at energies Eiy, — 23.6, 25.6, 27.7, and 29.7 MeV. The details
of the measurements are given in Chapter 2. Due to the predominant a-t cluster
structure, the a-capture and t-capture are the dominant processes. The absolute
cross sections of a-capture, t-capture, and 2n-stripping reactions along with com-
plete fusion have been extracted by employing in-beam and off-beam ~-transitions

counting method.

114



Fragment-capture reaction

In the previous chapter, we discussed part of the investigation on reaction mecha-
nisms populating the continuum states using the weakly bound nucleus "Li. The
study was limited specifically to the reaction channels, where none of the breakup
fragments are captured by the target and could be detected in coincidence. The
breakup of the weakly bound nuclei leads to another dominant reaction mode,
where any one of the breakup-fragments can fuse with the target nuclei. This
process can be looked upon as a two-step process, breakup followed by fusion
(breakup-fusion) or incomplete fusion (ICF). As mentioned in Sec. 1.3.3, direct
stripping of a cluster-fragment from the bound states of the projectile is indis-
tinguishable from the breakup-fusion. In this thesis, the admixture of these two
processes is referred to as fragment-capture mechanism. An extensive effort has
been made to understand the relative importance of the two mechanisms. The
breakup followed by fusion of all the fragments is also a possible reaction process,
which is inseparable from complete fusion of the projectile (without breakup).

Another interesting phenomena is the observed large inclusive a-particle pro-
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Chapter 7: Summary, conclusion and future outlook

tract the relative contributions of the p- d- t-capture processes, which can

not be separated by only particle-v coincidence method.

. Extension of similar studies with exotic unstable nuclei:

The documented analysis method will be useful to study reaction dynamics
involving exotic unstable nuclei (e.g. %®He, 371'Li, "1 Be etc.), for which
beam current is very low. It will be interesting to study the breakup and
fragment-capture reaction processes involving neutron deficient nucleus "Be

(a-+3He), which is mirror nucleus of "Li (a + t).
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Chapter 7: Summary, conclusion and future outlook

standing of the reaction dynamics involving weakly bound stable nuclei. The data
set can be used to improve the existing models as well as to develop a single theo-
retical model for simultaneous estimations of breakup, transfer breakup, complete

fusion, and fragment-capture reactions.

7.2 Future outlook

In near future it will be interesting to extend the present study to reaction channels
that could not be measured in this thesis work. Some of the possible studies along

with the improved detection setup are listed below.

1. Breakup processes leading to neutrons in the outgoing channels:
The influence of transfer breakup processes, where ejectile breaks into the
configuration of neutrons+z (e.g., "He— «a + n, ‘He— a + n + n, *Li—
i + n, etc.) are of interest. These reaction processes can be studied
from a coincidence measurement between the out going neutrons and charged

particles employing the neutron detector array, that is being developed.

2. Efficient Particle-y coincidence measurements:
Implementation of a charged particle detector array together with the ~-
detector array will enable us to investigate fragment-capture processes that
have low cross sections (e.g., capture of ®%He). This information can be
useful for studying nuclear structure of the nuclei formed as >SHe + target

using a ‘Li beam.

3. Particle-y-neutron triple coincidence:

A triple coincidence measurement of particle-y-neutron can be used to ex-
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Chapter 7: Summary, conclusion and future outlook

ments of breakup fragments along with theoretical analysis show unambiguously
that the cross sections of 1n-stripping account for ~ 2 % and 1p-pickup only ~ 0.8
% of the inclusive « yields. Overall, the combination of measurements and calcula-
tions suggests that at most only ~ 8 % of the inclusive « yield can be accounted for
by non-capture breakup processes. To identify the reaction mechanisms respon-
sible for the remaining unaccounted a-particle yields, measurements of prompt
~-rays in coincidence with the a-particle in the outgoing channels have been car-
ried out. The relative yields of ~-rays from residues of t-capture are found to be
more than those from the other processes. The 2n-stripping channel, contributing
to the a particle yield via breakup of the unbound °Li, has also been obtained
by counting the v rays corresponding to radioactive decay of “>Nb. The measure-
ments show that the t-capture mechanism is the dominant reaction channel for the
production of a-particle and account for 60-75% of the measured a-inclusive cross
sections. The estimated a-evaporation cross sections from the statistical model
calculations account for 10-20% of the a-inclusive cross sections. The combination
of a-production due to, (a) t-capture, (b) evaporation from compound nucleus,
and (c) breakup and nucleon transfer followed by breakup, explain ~95% of the
measured a-inclusive cross sections for "Li + “*Nb system at the measured energy
range. For the first time, allmost all the a-yield has been accounted for “Li induced
reaction. A systematic study of the t-capture and inclusive « cross sections for
reactions involving "Li on various targets over a wide mass range has also been
performed.

In the present work, we have measured absolute cross sections for all major
reaction channels dealing with breakup processes. The rather complete nature of

the data set combined with different theoretical calculations improved the under-
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provide an important benchmark.

The fragment-capture reaction mechanism has been studied by measuring prompt
~-rays arising from the residue in coincidence with the outgoing fragments for
"Li+%Nb system. The absolute cross sections for t-capture and a-capture along
with the complete fusion have been measured at energies 23.6, 25.6, 27.7, and 29.7
MeV using the in-beam and off-beam 7-ray counting methods. Statistical model
calculations have been performed to estimate the compound nuclear contribution
to the cross sections of residues populated in ¢-capture and a-capture reactions.
The measured t-capture cross sections are found to be greater than the a-capture
cross sections at all energies.

A consistent analysis of non-capture breakup, t-capture, a-capture, and com-
plete fusion reactions has been performed for the first time at several energies using
three-body dynamical trajectory model calculations [31] to understand whether
the observed fragment-capture is a direct and/or two-step process. The relative
population of different residues due to the fragment-capture reactions has been re-
produced by using the angular momentum distribution and excitation energy from
trajectory model as input to statistical model calculations. The results suggest,
the dominant mechanism for fragment-capture is breakup of 7Li followed by the
capture. In addition, the predicted direct p- d- t-stripping cross sections from Dis-
torted wave Born approximation are negligible relative to measured corresponding
capture cross sections. This result also supports the dominance of the two step
process, breakup followed by fusion, over the one step process of stripping of the
fragment.

The origin of the large inclusive-a cross section has also been investigated for the

"Li+%Nb system at energies around the Coulomb barrier. The exclusive measure-
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has been developed using the Monte Carlo technique to interpret the observables
of different breakup processes and estimate the efficiency for coincident detection
of the breakup fragments. Angular distributions for elastic scattering and nucleon
transfer to bound states have also been measured. From the extensive analysis of
the data along with calculations, it has been shown that the a+d and o+« coinci-
dences mostly result from direct 1n-stripping to the 6Li31+ state and 1p-pickup to
the ®Be, s state, respectively. The cross sections for a-+d events are found to be
larger than those for a+t events due to the breakup of Li T+ These results signify
the dominance of n-stripping followed by breakup over the direct breakup of Li
from the %Jr resonance state, in agreement with the results reported in the earlier
studies with “Li+5Cu system [23]. The breakup probability of "Li from continuum
states are found to be order of magnitude less than the breakup from resonance
state g+. The measured cross sections for 1p-pickup (with a large positive (Qgg)
are found to be smaller than those for 1n-stripping at all energies for both the
systems, which could be attributed to poor kinematical matching [33].

Continuum discretized coupled channels (CDCC) and coupled channels Born
approximation (CCBA) calculations have been performed to analyze a comprehen-
sive data set comprising elastic scattering, direct breakup and transfer-breakup.
The CCBA calculations agree well with the a-+d and a4 « coincidence data, both
in terms of the shapes of the angular distributions and the absolute cross sections.
Population of the SLi, ¢ is also reproduced by the same calculations. Calculations
omitting direct population of the °Li, s confirmed that transfer to the SLi, , state
followed by excitation of the 3] resonance makes a negligible contribution.

In this respect, the rather complete data sets for the breakup and transfer-

breakup mechanisms for a stable weakly bound nucleus plus the theoretical analysis
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The reaction dynamics involving weakly bound nucleus “Li, populating the contin-
uum states, has been investigated. In the first part of the investigation, we have
studied the reaction processes, where none of the breakup fragments are captured
by the target and can be detected in coincidence. In the second part of the investi-
gation, the fragment capture reaction mechanisms have been studied. The source
of large a-production cross section has been investigated by measuring almost all

the reaction channels contributing to the a-yield.

7.1 Summary and Conclusion

The present thesis reports the first simultaneous measurement of absolute differen-
tial cross sections for both 1p-pickup and 1n-stripping followed by breakup of the
ejectile as well as direct breakup of the weakly bound projectile over a wide angu-
lar range. The investigation has been carried out for two different system "Li+%9Y

and "Li+%Nb at several energies near the Coulomb barrier. A simulation code
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