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SYNOPSIS

The nucleus is a mesoscopic system that exhibits features from both quantum and
macroscopic domains, consisting of ~ 1 — 300 strongly interacting nucleons, namely
protons and neutrons. Recent attempts try to model the interactions between the
nucleons based on their respective fundamental internal quark compositions [1] and
involve different degrees of many-body terms. Given these considerations, one would
expect the structure and interactions of the nucleus to be chaotic and complicated.
However, empirical data on level schemes of stable even-even nuclei reveal a different
observation: the low-lying excited states are often found to exhibit a pattern that
repeats in different regions of the nuclear chart. A survey of the spin-parity of first
excited states in even-even nuclei shows that they are predominantly 2% [2]. Also,
the first negative parity state in a vast majority of even-even nuclei is 37. The study
of nuclear structural properties is an exploration of the symmetries and degrees of
freedom that define such a system, and different approaches have been established
for the same. For nuclei near closed shells, the shell model is capable of a good
description, provided that the underlying single-particle energies and interactions
are known. Nuclei farther from closed shells exhibit characteristic features that can
be described by the phenomenon of collectivity, which arises from a coherent motion
of the nucleons, a phenomenon that can be observed in numerous even-even nuclei
across the nuclear chart. A theoretical framework for the description of collectivity
was introduced by Bohr and Mottelson [3], treating the nucleus as a shaped object of
either spherical or cylindrical symmetry, which can be subject to excitations of vibra-
tional and rotational character, respectively. The deformed nuclear shapes and sizes
depend on dynamic deformations of both neutron and proton distributions within
the nuclei. A measurement of their individual contributions provides an important
tool for understanding the relative importance of valence and core contributions

to the low-lying collective modes. The competition between valence and core con-
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tributions is of particular interest in single-closed-shell nuclei, where the low-lying
excitations can be expected to be composed exclusively of the valence neutrons or
protons, if the closed core were truly inert. In such scenarios, the question of their
relative participation in low-lying collective excitations is of considerable interest.
This can be best evidenced by exclusively determining neutron and proton transition
matrix elements involved in an excitation. The ratio of the neutron and proton tran-
sition matrix elements, M, /M,, has often been used to identify any inhomogeneity
between their respective transition strengths, in comparison with the homogeneous
value of M, /M, ~ N/Z. While proton transition matrix element can be obtained
from electron scattering or Coulomb excitation measurements, the determination
of neutron transition matrix element requires nuclear interactions, which are more
complex and subject to nuclear models. The validity and applicability of theoretical
models which describe the different phenomena of collectivity rely largely on exper-
imental signatures of accessible quantities that are characteristic of the collective
excitations in nuclei. Such observables can be relative quantities like decay branch-
ing ratios or y-ray multipole mixing ratios. However, absolute quantities, such as
transition probabilities, allow for more substantial interpretations of experimental
data. The experimental identification of characteristic features of collectivity has
often been subject to investigating the same nucleus under different experimental
probes and techniques to combine the results for conclusive information. The ex-
periments can be classified into two major categories, (i) those that measure the
shape of the nuclear potential and (ii) those that measure the shape of the charge
distribution in the nucleus. One of the most suitable experimental techniques is
inelastic scattering in heavy-ion collisions, governed by the combined influence of
both Coulomb and nuclear forces. Using this method in combination with contem-
porary accelerators and improved charged-particle and v detector arrays opens new

possibilities in this field of study. It is the purpose of this thesis work to demonstrate
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the ability of this approach to systematically address crucial aspects of nuclear col-
lectivity on an absolute scale along an isotopic chain of stable semi-magic even-even
nuclei within single experiments.

Excitations in heavy-ion collisions are often induced by energetic ions not too far
above the barrier; contributions from Coulomb and nuclear processes become com-
parable, leading to a distribution of scattered (excited) nuclei over a large angular
range. The shape of the angular distribution is characterized by a Coulomb-nuclear
interference (CNI) pattern, governed by the multipolarity, A, of the transition and
allows a simultaneous determination of charge and mass (or potential) deforma-
tion lengths, 65" and 6. These quantities are sensitive to deviations in charge
(proton) and mass (neutron + proton) distributions from equilibrium shape during
an excitation. However, such measurements are often found to be discrepant and
probe-dependent [4]. In the course of this work, several experiments, using different
probes, focusing on the signatures of vibrational collectivity have been performed
on the stable even-mass semi-magic Sn nuclei. Complicated avenues of excitation
are included by means of the coupled-channels (CC) calculations.

The tin isotopes (Z = 50) constitute the longest chain of semi-magic nuclei with
15 even-even isotopes between the 1°Sn (N = 50) and *2Sn (V = 82) double-shell
closures. Seven of these isotopes, 12114116,118,120,122,124GQy “5r6 stable. These features
have made the tin isotopes a prototypical benchmark of extensive microscopic the-
ory and experiment. This is reflected in the large number of studies investigating
the low-lying 2] and 3, excited states of the even-mass tin isotopes in the past few
decades, by means of Coulomb excitation, nuclear resonance fluorescence, level life-
time measurements, and inelastic scattering of electron, proton, a-particle and heavy
ions. The transition characteristics are, however, usually inferred only through the
B(E) values, which, in principle, are related to the charge contributions to the

excitation, and do not include the contributions due to the matter distribution, that
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are contingent on the nuclear interactions. The existing experimental as well as
theoretical estimates of the B(E2) [5-10] and B(FE3) [11-15] values for the Sn iso-
topes have a wide range and there are inconsistencies in the existing data leading to
different conclusions on the collectivity of the excitation modes. In the light of such
discrepancies, unambiguous quantitative assessments of collective properties for the
21 and 3; states in the stable Sn isotopes, is necessitated. Extensive measurements
and understanding of the basic collective phenomena in low-lying transitions along
an isotopic chain of stable neutron-excess nuclei, with better understood structures,
could act as a reference for improved experimental and theoretical studies with un-

stable isotopes that are expected to be of similar complexity.

The main motivation of the present thesis work is to measure the charge and
mass transition probabilities of the dominant low-lying A = 2, 3 transitions in the
112,116,118,120,122,124 Gy pyclei, compare them with existing estimates and understand
the underlying contributions from the neutron and proton densities. To verify the
existence of probe dependence, measurements are carried out with a projectile with
no spin and isospin ('2C) as well as another projectile with non-zero spin and isospin
("Li). There also exists an experimental analogy between the excitation spectra of
nuclei obtained by pure electromagnetic decay from the excited states, and by direct
interactions such as the inelastic scattering of nuclear particles. However, the num-
ber of configurations which take part in the excitation and the interaction operator
are different in the two cases. Thus one would expect some quantitative differ-
ences. In this context, the B(FE2) value for the most-abundant '?°Sn isotope has
been determined by a measurement of the y-decay lifetime of the 2] state, using up-
dated methodologies. The result has been compared with the values deduced from
heavy-ion scattering measurements. The importance of realistic estimation of struc-

tural parameters and deformation characteristics of the dominant low-lying states
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in nuclei is realised through investigation of their effects on reaction dynamics in nu-
clear collisions, by demonstrating a simultaneous description of the elastic scattering
channel along with the inelastic scattering and one-nucleon transfer channels in the
"Li + 29Sn reaction system, at two bombarding energies. Further, as an extension
of this work, it has been shown that inelastic couplings can couple to the relative
motion between colliding nuclei and significantly affect predictions of fusion cross
sections, particularly in systems involving weakly bound projectiles, where different
model calculations lead to different conclusions about suppression/enhancement of

complete fusion.

Based on the above-mentioned motivations, measurements were carried out at the
14UD BARC -TIFR, Pelletron-LINAC facility at Mumbai. Self-supporting enriched
Sn foils were used as targets. In order to detect all the desired projectile-like frag-
ments generated by heavy-ion collisions, arrays of maximum ten telescopes consisting
of silicon surface barrier charged-particle detectors (AE — E) have been used. In
addition, measurements of the ~-ray spectra from the decay of the dominant ex-
cited states in 2°Sn have been carried out using an array of HPGe clover detectors,
to determine the mean lifetime of the states involved. The outcomes of the above

measurements and subsequent analyses are as follows:

I. Low-lying quadrupole and octupole collective excitations in

112,116,118,120,122,124 gy

Systematic measurements of the differential cross sections for the A = 2, 3 inelastic
scattering of the 112:116:118,120,122,124Qp pyclei have been carried out with two heavy-
ion probes — “Li [16] and '2C [17], at bombarding energies E. ., /Vg 1.3, and the data
have been compared with explicit CC calculations. For the "Li-induced excitations,

the effect of projectile breakup for the weakly bound "Li nucleus is incorporated
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among other couplings. Reliable angular momentum transfer assignments can be
made based on the shapes of the differential cross sections, and the magnitudes
(strengths) are related to nuclear structure. Structural deformation parameters of
Sn nuclei are found to be probe-dependent, significantly for the A = 3 transition. The
05h and 05" values are nearly similar when measured with either probe. Considerable
disagreement is found between 65" and 65" values measured with the "Li and the '*C
probe. Under the phenomenological approximation that neutron and proton tran-
sition densities scale as N/Z in collective excitations, the two sets of measurements
lead to discrepant M,, /M, ratios for all the Sn isotopes. Similar results are obtained
on using a phenomenological optical potential, as well as a fundamental microscopic
double-folded potential. This implies that nature of probe-target interactions have
inconsequential effects on the extracted mass (potential) deformation lengths from
inelastic scattering analysis. The root cause of probe-dependence lies elsewhere. It
is observed that such measurements are highly dependent on the choice of interac-
tion radius parameter that depends on the size of the probe. The experimentally
observed mass deformation lengths are intricately convoluted over the finite size of
the projectile radius and the optical potential governing the interaction between the
colliding nuclei. The intrinsic M,, /M, ratio for each Sn isotope can be deduced by
removing the effects of probe size in the extraction of nuclear potential shapes [18].
The results indicate that neutron collectivity is the dominant contribution to the
2 and 3] excited states in the Sn isotopes, as may be expected in proton-magic

nuclei.

II. Measurement of lifetime of 2] state in '>°Sn : Enhanced B(E?2)

The mean lifetime of the 2] state in '*’Sn (E, = 1171 keV) has been determined
using updated techniques by means of the Doppler Shift Attenuation Method, and

the corresponding B(F2) value is deduced [19]. Levels in Sn have been popu-
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lated by inelastic collisions with 32S projectile, at Ej,, < V. The corresponding
decay by 7y-emission in flight leads to a Doppler-broadened lineshape, whose struc-
ture is sensitive to the level lifetime. Over the years, independent measurements of
Coulomb excitation cross sections and 2{ lifetimes of the stable Sn isotopes have
reported discrepant transition probabilities and collective properties. The frame-
work of analysis in this work relies on simulations for the slowing-down process and
the consequent velocity profiles of scattered 2°Sn recoils traversing a thick stopping
medium, using experimentally-benchmarked stopping powers. The extracted result
gives an improved estimate of the 2] level lifetime in '°Sn. This leads to an en-
hanced B(E2) value that suggests significant collectivity for this excitation. This
value is in excellent agreement with the results obtained earlier from scattering of
heavy ions "Li and '2C at above-barrier energies. An attempt has also been made to
also extract the lifetime of the 4, state, which feeds the 2] level. The corresponding
B(E2;4] — 27) is in compliance with an existing estimate from Coulomb excitation

measurement.

III. Elastic, inelastic and one-nucleon transfer channels in "Li 4+ '*°Sn system

The comparison of experimental and theoretical values of structural parameters of
excited states provides a test for the validity of nuclear models. The calculation
of elastic scattering and fusion cross section, as well as all intermediate reaction
channels, is largely dependent on coupling effects of the relevant bound/unbound
peripheral channels. The dominant effect arises due to coupling of the low-lying
excitations in the colliding nuclei to the relative motion coordinate for the reaction
system. In conjunction with the previous measurements of differential cross sections
for elastic and inelastic scattering in the "Li + '2°Sn system at beam energy of
28 MeV, new set of measurements have been undertaken at 30 MeV energy. In

addition, several states corresponding to the dominant 1-nucleon transfer channels
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have been measured at both 28 and 30 MeV [20]. CC calculations are performed to
simultaneously describe the major direct reaction channels and incorporate the effect
of projectile breakup couplings. The stripping reactions transfer a single nucleon
to one of the empty states in the target nucleus and are thus useful for the study
of single particle excitations. Realistic structural information such as one-nucleon
spectroscopic factors are deduced by coupling around 30 reaction channels to the
entrance channel. New structural parameters have been assigned for transfer to a
few of the states in the residual nuclei, whose spectroscopic factors were not known.
Cross sections obtained using a single set of potential and coupling parameters
are able to simultaneously explain the measured data for all the channels at both
bombarding energies, as well as the existing data for elastic and inelastic cross

sections at 44 MeV.

IV. Systematic model dependence of complete fusion — influence of inelastic

couplings

The coupling effects of dominant inelastic scattering channels is seen to sensitively
influence the computation of fusion cross sections in heavy-ion collisions. Existing
complete fusion cross sections for several reactions involving weakly bound projec-
tiles ©7Li are compared with different sets of CC calculations [21]. The contribution
due to target inelastic couplings, which constitute the dominant reaction modes
in a system, towards overall fusion suppression/enhancement over that due to an
uncoupled barrier, has been specifically calculated. This allows one to isolate the
contribution due to breakup and/or transfer effects which are essentially signifi-
cant for systems with %7Li projectiles. The different CC models lead to contrasting
results, owing to the differences in their respective theoretical framework. A con-
clusion on enhancement or suppression and their relative fractions of experimental

fusion with respect to theoretical calculations becomes model dependent. The exer-
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cise was repeated for a system with tightly bound 'O projectile to focus essentially
on inelastic couplings, and similar differences could be seen. To accomplish the
task of having a realistic and model-independent prediction of fusion enhancement
or suppression, one should measure and simultaneously describe the major reaction
modes in a system, such as inelastic excitations and particle transfers, with realistic
coupling parameters, that would possibly explain both extremes: elastic scattering
and fusion. This is prohibitive for some common CC models.

To conclude, the present thesis work is primarily dedicated to the investigation of
collectivity and associated properties for the low-lying 2] and 3| states in the sta-
ble Sn isotopes using “Li and '2C probes, and give an estimate of the intrinsic mass
deformation lengths and M, /M, ratios for the transitions. Further, to support the
validity of the structural information deduced from heavy ion scattering, an inde-
pendent measurement for the lifetime of the 2] state in ?°Sn has been carried out to
compare with the B(F2) value from “Li and '>C scattering. The independent roles
of neutron and proton distributions of the Sn nuclei in collective excitations have
been investigated, which is expected to advance the understanding of the nature
of excitations in proton shell closed nuclei. The detailed study of elastic, inelastic
and transfer channels provides realistic coupling parameters for understanding the
reaction mechanisms in a projectile-target system, and their subsequent impact on

fusion cross sections.

The thesis has been organized as follows: In Chapter 1, an introduction to heavy-
ion inelastic collisions and the current status in the field has been presented along
with the general motivation for the thesis work. Chapter 2 describes the general
experimental techniques used for the detection of charged particles emitted during
nucleus-nucleus collisions as well as for v-rays emitted during nuclear de-excitations.

A description of the coupled channels formalism used in the analysis has been pre-

XX



sented in Chapter 3. Chapter 4 highlights the determination of deformation lengths
and related properties of 12116:118,120,122,124Gyy By ipelastic collisions with Li and
12C. In Chapter 5, a measurement of the lifetime of the 2] state in 2°Sn has been
discussed. The importance of unambiguous determination of deformation charac-
teristics of nuclei is emphasized in Chapter 6 where (i) a simultaneous description of
elastic, inelastic and transfer channels is attempted to assign new spectroscopic fac-
tors for several states populated by 1-nucleon transfers, and (ii) a theoretical study
of the model dependence of the effect of dominant inelastic couplings on fusion cross
sections is presented for several projectile-target systems. The future scope of the

work is highlighted in Chapter 7.
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Chapter 1

Introduction

The nucleus is a mesoscopic system that exhibits features from both quantum and
macroscopic domains, consisting of ~ 1 — 300 constituents (nucleons), namely pro-
tons and neutrons. It can be regarded as a quantum many-body system with strong
interactions between the constituents, with pronounced statistical regularities. At
the same time, individual quantum states can be also studied, both experimen-
tally and theoretically. Recent attempts try to model the interactions between the
nucleons based on their respective fundamental internal quark compositions [1] and
involve different degrees of many-body terms. Given these considerations, one would
expect the structure and interactions of the nucleus to be chaotic and complicated.
However, empirical data on level schemes of stable even-even nuclei reveal a dif-
ferent observation : the low-lying states are often found to exhibit a pattern that
repeats in different regions of the nuclear chart. Owing to nucleon pairing, there is
no uncompensated intrinsic angular momentum in the ground state of an even-even
system, and a J = 07 ground state is expected for such nuclei. A survey of the
spin-parity of first excited states in a vast majority of even-even nuclei shows that
they are predominantly 2% [2]. Also, the first negative parity state is often found to
be 37. Transitions to excited states in nuclei can be of electric, magnetic, isoscalar,

isovector, or mixed character. The study of nuclear properties, such as energies and
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nature of excitation of the various states, is an exploration of the symmetries and
degrees of freedom that define such a system, and is one of the principal pursuits
in nuclear physics measurements. Different approaches have been established for
the same. One model of the nucleus, the liquid drop model, likens the forces acting
between the nucleons to those between molecules of a low-viscosity liquid. Another
model, based on the shell structure of the nucleus, likens the forces to those between
particles in an elastic solid. For nuclei near closed shells, the shell model is capa-
ble of a good description, provided that the underlying single-particle energies and
interactions are known. However, no single model could accurately predict all the
excitation modes in a nucleus. Nuclei farther from closed shells exhibit characteris-
tic features that can be described by the phenomenon of collectivity, or a coherent
motion of the nucleons, a phenomenon that can be observed in numerous even-even
nuclei across the nuclear chart. A very successful theoretical framework for the
description of collectivity was introduced by Bohr and Mottelson [3], treating the
nucleus as a shaped geometric object that can be subjected to excitations of vibra-
tional or rotational character. Transitions to excited states are commonly expressed
in terms of dynamic deformation of the equilibrium shape - such as an irrotational
flow motion for statically deformed nuclei with cylindrical symmetry, or as surface
oscillations for nuclei with spherical symmetry. For axially-symmetric shape de-
formations, one thinks of a neutron-proton fluid undergoing homogeneous isoscalar
excitations about the equilibrium, with their respective transition densities in the
ratio of N/Z. The measurement of the neutron and proton contributions provides
one of the most important tools for understanding the relative importance of valence
and core contributions to the low-lying collective transitions. The competition be-
tween valence and core configurations is of particular interest in single-closed-shell
nuclei, where the low-lying excitations can be expected to be composed exclusively

of the valence neutrons and/or protons, if the closed core were truly inert. The



ratio of the neutron and proton transition matrix elements, M, /M, is a measure of
their relative contributions, and has often been used to identify any inhomogeneity
between their respective transition strengths, in comparison with the homogeneous
collective model prediction of M, /M, ~ N/Z [4].

Collective modes play an important role in a number of nuclear phenomena, the
best known of which is the need for effective charges [5] for valence nucleons in shell
model calculations of nuclear moments and transition rates. These effective charges
account for polarization and virtual excitations of the core nucleons, the transitions
of which are excluded in the shell-model space. The study of such structural charac-
teristics of excited states requires knowledge about dynamic deformations, induced
by an external field, of both neutron and proton distributions within the nuclei.
Quantum mechanics describes the arrangement and motion of nucleons by means
of the wave function. A nucleus has a stationary wave function in its ground state,
with an equilibrium density distribution. When excited to higher energy states, the
relative configurations of the nucleons in the nucleus give rise to distinctive defor-
mations in the equilibrium shape. The arbitrary deformed shapes are commonly
characterized by a multipole expansion of the nuclear density, with the different
excitation modes characterized in terms of the number of units of orbital angular
momentum, A, transferred in the process, namely monopole (A = 0), dipole (A = 1),
quadrupole (A = 2), octupole (A = 3), and so on. The nomenclature represents
the shape of the nuclear density distribution during a particular transition. For
example, the distribution of protons in a nucleus undergoing quadrupole electric
(magnetic) transitions give rise to an oscillating electric (magnetic) field that repre-
sents the field generated by four point charges (poles). The validity and applicability
of theoretical models rely largely on experimental signatures of accessible quantities
that are characteristic of the collective excitations in nuclei. Such observables can be

relative quantities like decay branching ratios or y-ray multipole mixing ratios. How-
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ever, absolute quantities, such as transition probabilities and deformation lengths,
allow for more substantial interpretations of experimental data. Investigation of
such observables involves placing the nucleus in an excited state and detecting the
corresponding scattered energy, or the particle and v emissions released in the pro-
cess. The measurement of characteristics of excited states, specifically spin, parity,
and level-lifetime, combined with their interpretation through theoretical models,
allows for the reconstruction of the nuclear shape and the underlying microscopic

configurations of the corresponding states.

1.1 Transition Probabilities

The transition probability, for a transition of multipolarity A, is proportional to the
square of the nuclear matrix element, .2 (Mg, M;) = (J;M;|Ox,]J; M), where Oy,
is the quantum mechanical operator describing the mode of the transition. Here, J
and .J; are the total spins of the final and initial states, respectively, which define
the matrix element for the ﬁA,\u operator, with ff = A+ J: The dependence of
A (My, M;) on the projections, M; and My, of the initial and final total angular
momenta on the quantization axis, can be factored out using the Wigner-Eckart

theorem [6], leading to,
M (My, M;) = (JiIAM;p| Ty My) <Jf H@A}AH Ji> (1.1)

where the quantity (.J;||€,]|.J;) defines the reduced matrix element, and is invariant
under a rotation of the coordinate system. For transitions in nuclei induced by an
electromagnetic field with vector potential A and current density ¢, the operator
ﬁA,\M is either an electric multipole operator (EA,\M), or a magnetic multipole operator
(MM)- An electric transition is said to have occurred when the charge/proton

density undergoes dynamic deformations under the effect of an electric (Coulomb)
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field. A magnetic transition takes place when the intrinsic spin is flipped. The
nucleonic spins possess a natural frequency, 19; when a nucleus is excited at this
frequency by an external magnetic field, spin-flip transitions are induced, with hi
as the energy difference between the spin-up and spin-down states. The average
behaviour of many spins results in a net magnetization of the nucleus (nuclear
spin).

The transitions are characterized by investigating the electromagnetic transition
probabilities, B(FA) and B(M\), which are commonly obtained from rates of ~-
decay in nuclei. A ~-photon emitted by a nucleus carries with it an oscillating
electromagnetic field, with decay energy typically of the order of MeV, and typical
de-Broglie wavelength ~ 100 fm. Although the wavelength of a y-ray is smaller than
the other forms of electromagnetic radiation, namely, visible or ultraviolet light, it
is large with respect to nuclear dimensions. As a result, the field associated with a
~v-photon is nearly uniform across the nucleus. Hence, there is little overlap between
the wave functions of the photon and the nucleon(s) responsible for the emission.
Consequently, v-decay is a slow process in nuclear timescales (~ 10712 — 107!* ).
Other contributing factors are the relatively weak strength of the electromagnetic
force compared to that of the strong force between the nucleons, and the requirement
that the photon carries away atleast one unit of angular momentum (XA > 1). The
transition, thus, involves some degree of nuclear reorientation, and the y-rays are not
sensitive to the details of the nuclear radial wave functions. A connection between
the electromagnetic transition probability and the transition matrix element can
be established using time-dependent perturbation theory [7], wherein, for a system
in the state yo(r) at time ¢ = 0, the transition probability per unit time to a state
X7(r), under the effect of a Hamiltonian H' = —%ff/, is given by the Fermi golden
rule [7],

2
T=—
|

O (r) [H' xo(h) | i,y (1.2)
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where the constant pg, is known as the density of states at energy Ey. The per-
turbation H' comes from coupling between the nuclear and electromagnetic fields,
and the density of final states is a product of the number of nuclear and electro-
magnetic states per energy interval at Ey. A suitable multipole expansion of the
radiation field, A(7,t) = 37, Ap(r)e™™" = 37, Ay (7, t) defines two different com-

ponent fields,

Apu(EN 1) = —%v X (1 X V) (a(kr)Yau(0, 8)) (1.3)

Ana(MAT) = (1 % V) (G (kr) V3,0, 6)) (1.4)

In the long-wavelength limit of y-decay, the spherical Bessel function reduces to
galkr) =~ (kr)*. Since the electric charge in a nucleus primarily consists of point
charges carried by individual protons, and the magnetization currents are due to the
magnetic moments of individual nucleonic spins and the orbital motion of proton,

one obtains the electric and magnetic components of the Hamiltonian H' as,

A
H =By, =) er}Yy(0;,6:) (1.5)
=1
. A 2l;
HY = =3 |ouss + i)y ] 95 (2930000.09) (16)
i=1

with e as the electronic charge of the proton, and g, and ¢; as the spin and orbital
gyromagnetic ratios of the nucleons (defined in terms of the nuclear magneton, g y).

The transition rate in Eqn. 1.2 can be expressed as,

8 +1) (E7

22+1 1

with 7 as the mean lifetime of the decaying state. The rate is observed to reduce

with an increase in the multipolarity. The transition probability, B(O'X; J; — J), is
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written in terms of the reduced matrix element of the multipole operator, for either

electric or magnetic transition,

. 1 .
B(OX T, = J;) = T M| G| M2 = JH@’HJZ- 1.8
(OX: T = Ty) %'” O IMP = 5o (s || 6| ) (1)

2Jf+1
2J; +1

B(OX, J; — Jp) = B(ONJr— J)  (1.9)

in units of e*fm* for X = E\, and of p3fm?* 2 for &)\ = M \. Here, it may be em-
phasized that for the same decay energy and multipolarity, the magnetic transition
rates are weaker than the electric transition rates by a factor of ~ 100 (% R 1O2>.
For the reduced matrix element to remain invariant under the inversion of coordi-
nates, the forms of the electric and magnetic transition operators define the parity
selection rules as I;IT; = (—1)* for the electric transitions, and IL;IT; = (—1)***
for the magnetic transitions. Thus, electric and magnetic transitions of the same
multipolarity cannot both occur between a given pair of nuclear states. However, if
both EX and M(A+1), or, MA and E(A+1), modes are allowed for a given pair of
nuclear states, the transition is largely dominated by the electric component for the
former case, while the latter transition is often found to have a mixed character.

A calculation of transition probability requires a knowledge of both the initial and
final wave functions. As the first step toward establishing an average, some as-
sumptions can be made about these wave functions so that a reasonable estimate
can be made without reference to the specific states involved in a transition [7].
For this purpose, an extreme independent particle picture is adopted where nuclear
transitions are considered to be taking place when a nucleon moves from one single
particle orbit to another, without affecting the rest of the nucleus. This approach
facilitates to (i) make an estimate of the sizes of B(&'\) that can be expected on an

average, and (ii) have a basis with which some conclusion could be drawn on exper-

imentally observed values. A deformation of nuclear shape is commonly described
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Figure 1.1: Schematic [8] of single particle transitions in a nucleus from the completely
filled particle-hole valence space to the empty orbitals across the Fermi level.
as a coherent superposition of several single particle-hole states, forming a collective

(vibrational or rotational) excitation.

1.1.1 The single-particle model

A nucleus is said to be in its ground state when energy levels are filled up to the
proton and neutron Fermi levels - the particle-hole ground state. If a particle in the
state |@;,) = |niliji), of the closed shell, is excited to the state [¢;.) = |nslzj) of
the next shell, a particle-hole state, th> = ‘¢jf¢;i1>’ is said to have been created.
Thus, transitions can be viewed as exciting a particle from the particle-hole valence

space into the empty orbitals across the Fermi level. These single particle estimates

are commonly known as the Weisskopf estimates [9], given by,

2

1 s .
Bsp(ﬁ)\; Ji — Jf) = 57 +1 ‘<nflf]f Hﬁ)\anlZ]Z>

(1.10)

where the single particle wave function of a spherically-symmetric potential for a nu-
cleon with spin 1/2, in a shell with orbital angular momentum [, can be expressed as

Inljm) = R (r){Y1(0, #) X x1/2}jm- For electric transitions, the multipole operator
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of Eqn. 1.5 leads to the single particle matrix element,

o0
<nflfjfmf ‘er/\YA‘ nilijimi> = e/o :zflf (r)r* 2 Ry, (r)dr

X <{Y2f(97 ¢) X X1/2}jfmf |Y)\#| {}/21(97 ¢) X X1/2}jimi>
(1.11)

For an approximation, the nucleus is assumed to be a sphere of uniform charge
density, with radius R, = 1.2A4Y3. Also, the matrix element involving the angular

momenta is evaluated as an average over the angular dependence around the value

1

- Thus, the reduced transition probability becomes,

2\ +1 3 \°
Bsp(E)\;JZ-—>Jf):eQ< 4: ><A+3> R (1.12)

The single particle picture works well if shells are nearly full or empty. A demerit
of this approach is that the states of different .J, excited between a pair of shell
model orbitals involved in proton or neutron excitations, are considered to be de-
generate, with the excitation energy given by the shell gap. Additionally, existing
measurements of electric transition probabilities show enhancement over the Weis-
skopf estimates by multiple times across the nuclear chart for even-even nuclei. In
a microscopic description, although y-decay only involves the transition of a single
nucleon, since a photon only interacts with one nucleon, a transition matrix element
can be considerably larger than the single particle estimate through a superposition
of terms in the matrix element [10]. This could be qualitatively explained if several
particle-hole components participate in a transition, which manifests as a shape os-
cillation or deformation of the nucleus. This leads to a quantitative description of

nuclear shape in terms of collective variables, beyond the realm of the shell model.
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1.1.2 The collective model

As a consequence of the Pauli principle, the 27 4+ 1 nucleons of a completely filled
orbit nlj in even-even nuclei couple to a total angular momentum of J = 0. There-
fore, the properties of the nuclear structure are determined by the nucleons in par-
tially filled orbits, called valence nucleons and the residual interactions among them.
Valence nucleons of the same kind in the same orbit nlj undergo coherent superpo-
sition, and can couple to different total angular momenta .J, whose degeneracy is
broken by the residual interaction between them. A figurative example of such an
interaction is the surface delta interaction [8], which essentially models the short-
range part of the nucleon-nucleon interaction. With an increase in the number
of valence nucleons, the long-range part of the pairing forces become more impor-
tant. This manifests as a shape oscillation, or in the formation of an increasingly
deformed shape, which cannot be described by shell model, whose wave functions
were obtained using a spherically symmetric potential. Such a configuration mixing
of states, or coupling, leads to a collective state. Collective excitations of many
body systems can be phenomenologically understood as fluctuations around a state
of equilibrium. These may be fluctuations in the density or shape. The type of
collective excitation strongly depends upon the composition of the system and the
manner in which its components interact with each other. For example, particle-hole
states, with 1~ spin and parity can be generated by transitions between different
pairs of single particle states, |¢;,) and |¢;,), with [j; — j;| < 1 < |j; + js|- Be-
tween the Op and Od — 1s shells as seen in Fig. 1.1, the possible particle-hole states
are ‘(0d5/2)(0p3/2)_1>, (1s1/2)(0pss2)™") | (0ds)2) (0pss2) ™) [ (Ls1/2) (Opij2) ™) and

|(0d3/2)(0p12)~"), and such states can exist for both proton and neutron excita-

tions. The number of nucleons per shell is larger in heavy nuclei, and the number of
particle-hole states is accordingly greater. The 1P" states, N in number, are eigen-

states of the unperturbed shell model Hamiltonian Hj, and the residual interactions
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among them, either attractive or repulsive, are given by V;; = <1/);’h |Vies| wf’h>. The
pairing correlations for the full Hamiltonian, Hy 4+ Vs, define N new states, one
of which manifests itself as a coherent sum of all the (allowed) particle-hole states.

This is commonly known as the collective state,

|the) = \/Lﬁi::% ‘T/)Eh> (1.13)

The coherent superposition of the amplitudes implies that the transition probability
is enhanced for the collective state, and otherwise small, for the additional N — 1
states, which will add incoherently. The eigenenergy of the collective state is found to
be shifted w.r.t. the unperturbed shell model energies [11]. In the case of attractive
residual forces (Vies < 0), a low-lying collective state is formed, which, as experiments
show, is either vibrational or rotational. In the case of repulsive forces (Vies > 0), a
high-energy collective state is formed, usually called a giant resonance. In addition,
the residual interactions also break the degeneracy between the N —1 single particle

orbitals.

1.1.3 Vibrational & Rotational excitations

Despite the very complex interplay of nucleons and forces present in the nucleus, a
geometrical picture of the nucleus explains in a simple way the basic features of the
collective behavior. Near closed shells, nuclei preferentially have a spherical shape,
and can be excited to perform oscillations around this equilibrium shape, while in
mid-shell regions, deformed shapes develop, which allow the nucleus to undergo ro-
tational motion. The deformed shapes are expressed as a change in the nuclear
radius, the change depending on the relative orientations of the radius vector to the
intrinsic orientation of the nucleus.

The vibrational modes and frequencies observed in a system reveal about the na-
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ture of forces acting within. In the early years of the study of atoms, an analysis of
vibrational motion was notably important in the understanding of atomic structure.
Similarly, on a far smaller scale, a richly varied spectrum of vibrations exists for the
nucleus of an atom, which is a major source of information on nuclear structure and
coupling effects of channels present in a reaction system [12]. The most accurate
and sophisticated description of nuclear vibrations is given by the time-dependent
mean field theory, wherein, the forces acting on the nucleons are calculated from the
quantum-mechanical motion of the particles themselves. In general, nuclear vibra-
tions are excited by bombarding target nuclei with high-energy y-photons or other
high-energy nuclei (projectiles with virtual photons). The vibrations are detected
by observing how the projectile is absorbed or diffracted by the nucleus. The first
vibration to be reported via such a measurement was the dipole vibration that could
be excited by simply bombarding the target nuclei with photons having energy equal
to that of the dipole mode. In this scenario, the field around the photon exerts a
force on the positively charged protons, moving them away from the electrically
neutral neutrons. However, to maintain the centre of mass of the nucleus at rest,
the neutrons get displaced in the opposite direction. The restoring force of the
vibration arises from the attraction between the protons and neutrons, mediated
by the charge-independent strong nuclear force. The discovery of the dipole mode
depended only on the availability of sources of mono-energetic high-energy photons,
of the likes of bremsstrahlung from electron accelerators. However, unlike the dipole
vibration, it was difficult to excite the higher modes with absorption of ~-rays as
they interact with the nucleus through the electromagnetic force, and given their
wavelength, can accelerate protons in only one direction. The next vibration to be
reported, by means of nuclear scattering, was the quadrupole vibration which is a
shape oscillation. A nucleus vibrating in the quadrupole mode is distorted to have

ellipsoidal oscillations about the mean spherical shape.
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Vibrational modes of multipolarity A are expressed in terms of a departure from the
equilibrium radius Ry. The distance from the center of the nucleus to the surface at

angles (0, ¢) and time ¢ is given by,

R(0, ¢, 1) 1 +Z Z Bru(t)Y5:,(0, 0) (1.14)

A=2 p=—-X\

with /3y, being the collective shape coordinates, and Y, being the spherical harmon-
ics characterizing the shape of the nucleus. In Eqn. 1.18, the term corresponding to
A = 0 has been neglected since it describes a nucleus that changes its volume while
retaining the basic spherical shape. Such an excitation, called the breathing mode,
often occurs at very large energies (unlike the low-lying collective states). Also, the
A = 1 mode is excluded since it corresponds to a translation of the nucleus as a
whole (without any changes in the internal structure), and not a shape deformation.
The modes for A > 2 are described in terms of a quantum harmonic oscillator model,

for small-amplitude vibrations, with the Hamiltonian [7],

V1b — B/\ Z ‘dﬁ)\u

C
+ 5 Lo (1.15)

with oscillation frequency wy = C/B,. Therefore, excitations can be imagined as
mediated by phonons of angular momentum A, with hw as the quantum of vibra-
tional energy. Vibrational modes can be of one-phonon, or multiphonon nature.

With increasing distance to the closed shells, nuclei start to exhibit increasingly
non-spherical or deformed equilibrium shapes, on account of the interplay between
the short-range nuclear force, long-range repulsive Coulomb force, and centrifugal
stretching. The residual interactions among the valence nuclei become dominant and
determine the nuclear properties. In particular, the long-range component of the
nucleon-nucleon interaction favours non-spherical configurations even in the ground

state of several even-even nuclei [13]. In classical mechanics, one can distinguish
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whether a spherically symmetric body rotates or not, but in quantum mechanics,
all directions are equivalent and the body appears to be at rest. For a sphere, the
square of its wave function is, by definition, independent of angles - it appears to
be the same from all directions. As a result, the wave functions before and after
a rotation cannot be distinguished. Therefore there is no rotational energy associ-
ated with degrees of freedom corresponding to a spherical symmetry. In contrast,
rotational motion of a deformed object, such as an ellipsoid, may be detected, for
example, by observing the changes in the orientation of the axis of symmetry with
time. For rotational excitations, the nuclei have to have a preferred axis - not a
signature of nuclei with 0" spin. The physical .J = 07 state is, therefore, interpreted
as the deformed intrinsic state averaged over all directions. In other words, nuclei
which are intrinsically deformed in their ground state exhibit rotational excitations,
wherein, the nucleus is described in terms of a deformed object with moment of
inertia, Z. It has been observed that the effect of the rotational motion seems to be
different for different ground-state structure; highly deformed, stable nuclei simply
rotate, so that the moment of inertia is almost independent of angular velocity. Un-
stable and less deformed nuclei show a tendency to become more deformed as they
rotate faster. One of the earliest models assumed the nucleus to be analogous to a
rigid rotor, with the Hamiltonian given by [7],
n? h?

H5Ot _ _(JZ o JZ) 4

= 2 1.1

97,7
If K represents the projection of J along the symmetry (z) axis in the intrinsic
frame, the expectation value of the Hamiltonian in the body-fixed system is then
a function of J(J + 1) and K, which are the expectation values of J? and .J,. A
nucleus in a given intrinsic state can rotate with different angular velocities in the
laboratory. A group of states, each with a different total angular momentum .J but

sharing the same intrinsic state, forms a rotational band, i.e., transitions between
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two members of a band can take place by a change in the rotational frequency and,
hence, the spin .J, without any modifications to the intrinsic state. Since the only
difference between these states is in their rotational motion, members of a band are
related to each other in energy, static moments, and electromagnetic transition rates.
For K = 0 in an even-even nucleus, parity transformation rules for the rotational
wave function define the ground state rotational band as J = 0", 2%,4%, 6", 8" and
so on, connected by a cascade of electric quadrupole (E2) transitions, with quantum
mechanical rotational energy given by,
52

Bt = 22 1(1 +1) (1.17)

The nuclear deformation can again be described by using the parametrization of the

nuclear surface as,

R(0, ¢) = 1+Zf32u (0, 0) + Bap Y7, (0, 6) + ... (1.18)

With the onset of deformation, the charge distribution in the nucleus exhibits a
quadrupole moment, ()y. The size of the E2 transition matrix element is also related

to the deformation of the intrinsic state, characterized by g, with,
5
B(E2; J; — J;) = F62Q§<JiK2()|JfK>2 (1.19)
s

For axially symmetric collective vibrational /rotational deformations in a nucleus,
an adequate parametrisation of the radius, R(6) = Ry [1 + Y, froYyy(0)], defines a
quantity 0, = FxoRo, known as the intrinsic deformation length, characterizing the
degree of deformation. Such a shape parametrisation is often a starting point for

theoretical calculations.
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The experimental identification of characteristic features of collectivity has often
been subject to investigating the same nucleus under different experimental probes
and techniques to combine the results for conclusive information. The experiments
can be classified into two major categories, (i) those that measure the shape of the
nuclear potential and (ii) those that measure the shape of the charge distribution in
the nucleus. The experiments all measure transition probabilities between excited
states and the ground state, or between two excited states, since these probabilities
are sensitively predicted by the nuclear shape in the vibrational/rotational model.
One of the most common experimental techniques is measurement of Coulomb ex-
citation cross section, when a nucleus is excited from the ground state solely via
the time-dependent electromagnetic field generated by an interaction with another
nucleus. A complementary approach involves measurement of mean lifetimes of nu-
clear excited states, which are related to the underlying microscopic configurations
of the corresponding states. As the rate of the decay of an excited nuclear state is
proportional to the square of the matrix element of the transition operator between
the initial and final state wavefunction, measured lifetimes provide a very sensitive
fingerprint of the relevant nuclear models. Another approach, though not widely
used, is nuclear resonance fluorescence/resonance scattering that involves absorp-
tion/scattering of photons from nuclei. This method eliminates the need to know
the usual geometrical and yield factors common to scattering experiments and is
therefore inherently free of several sources of systematic errors. However, the frac-
tion of y-rays that possess the correct energy for nuclear excitation, is in most cases
very small, and the difficulties of achieving reasonable statistics offset the advantages
of the method. From such a variety of measurements employing electromagnetic in-
teractions, a large volume of information is present about the distribution of charge
(primarily, protons) in nuclei. Estimates of the neutron distribution require nuclear

interactions. A suitable approach to probe nuclear excited states is inelastic scat-
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tering in nucleon-nucleus and nucleus-nucleus collisions (light-ion /heavy-ion scatter-
ing), under the combined influence of both Coulomb and nuclear forces. Different
shape modes can be selectively excited, and the scattering process is governed by
two-body kinematics, leading to accurate determination of excitation energies and

states of both the species.

1.2 Heavy-ion inelastic scattering

Heavy-ion scattering offers a spectroscopic tool for the excitation of high spin states
of stable as well as unstable nuclei. The dominant feature which provides the key
to understand such scattering phenomena is the strong surface absorption of heavy-
ions; most of the elastically or inelastically scattered projectiles are predominantly
involved in a direct peripheral interaction and are generally insensitive to the inter-
action in the interior region. In events of high-energy nuclear collisions involving
hadrons/light-ions, the principal interaction is mediated by the strong nuclear force,
and scattering phenomena can be understood by considering the wave nature of the
incident particles. A collimated beam (thickness ~ few mm = 10'>x nuclear size),
passing through the target material, can be thought of as a plane wave envelop-
ing a target nucleus. Depending on how the wave interacts with the nucleus, the
outcome is a characteristic diffraction pattern [12]. After such an interaction, each
small area of the nuclear surface acts as the origin of secondary wavelets, which
propagate outward and undergo interference, either constructively or destructively,
depending on their relative phase values at that point. Wavelets that originate from
outward-moving surface areas have the same phase, whereas wavelets that arise from
inward-moving surface areas have the opposite phase. The nature of the diffraction
pattern can be understood by considering a plane downstream from the target nu-
cleus and perpendicular to the beam axis. The wavelets diffracted to the centre

of the plane along the beam axis would all travel the same distance, and hence,
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arrive in phase. The resulting constructive interference would create a region of
large wave amplitude in the center of the plane (analogous to a bright central spot
formed during diffraction of a light wave by a black sphere). When the incident
wave stimulates, say a quadrupole vibration, the wavelets originating from the elon-
gating sides are initially 180° out of phase with the wavelets originating from the
contracting sides. As a consequence, there is destructive interference in the centre
of the plane. At some other points in the plane, where the distances to an elongat-
ing region and a contracting region differ by half-a-wavelength, the wavelets arrive
in phase, interfering constructively. This leads to an angular distribution with an
oscillatory pattern. In heavy-ion collisions, the diffractive (near-side and far-side)
scattering from Coulomb and nuclear fields often become comparable at energies
above the Coulomb barrier. The secondary wavelets emanating from the deformed
nuclear surface are generated by a combined effect of the repulsive Coulomb and
absorptive nuclear interactions at each point. At large distances between incom-
ing projectile and target nucleus, Coulomb scattering to forward angles connects
theory and experiment. As smaller distances are approached, the nuclear ampli-
tude changes (and increases) rapidly causing scattering to backward angles. The
oscillatory structure is gradually attenuated due to increasing opacity of the nuclear
surface (surface absorption of heavy-ions), and thus, the differential scattering cross
sections are commonly found to exhibit distinct patterns that are best described
solely on account of Coulomb-nuclear interference (CNI) [14] effects.

The scattering amplitude for inelastic scattering depends on the multipolarity of the
transition, with demarcated regions where (i) the Coulomb field dominates, (ii) the
nuclear field dominates, and (iii) the Coulomb and nuclear fields interfere. Their
combined effect, and individual strengths, govern the overall shape of the angular
distribution for a particular A and reveals important structural information about

the nucleus. Therefore, it is possible to determine Coulomb and nuclear deformation
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characteristics separately by measuring the distribution of scattered nuclei over a
wide angular range. In the semi-classical approximation, the inelastic scattering

cross section can be expressed as [15],

<dggel> - (?1051> Fex(0) (1.20)

where, P..(6) oc |C + N|? is the probability for a nucleus to be excited when the

incoming particle is scattered into the angle #, and C' and N are the scattering
amplitudes due to Coulomb and nuclear potentials, respectively. Using this method
in combination with contemporary accelerators and improved charged-particle and
v detector arrays opens new possibilities of pursuit in the field of nuclear research.
Complicated avenues of excitation are included by means of theoretical calculations
in the coupled-channels framework.

Heavy-ion inelastic scattering is also closely analogous to an electric multipole radia-
tive transition, and will show similar collective enhancement, which varies with the
scattering angle [16]. However, magnetic transitions are not affected, the enhance-
ment being found exclusively in the spin-independent electric transition amplitudes.
For inelastic scattering of a nuclear projectile from a target, the transition amplitude
on a direct interaction model, for excitation of the target from the ground state 7 to
an excited state f, when the relative motion before and after excitation is described

by waves x, is given by T}; = (f|N|i), with the nuclear transition operator as,
N = /dﬁ)x*(_)(kf,rg)V(F— A (ks 7o) (1.21)

A multipole expansion of the waves corresponding to asymptotic initial and final
momenta, k; and ky, as well as of the interaction potential V', leads to a general
form of the operator,

N)\ X j)\(q’I“)Y/\M(Q) (122)
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A and

with ¢ = |k; — k| as the recoil momentum. For low-lying transitions, jy ~ r
Eqn. 1.22 has a form analogous to the electric multipole operator (see Eqn. 1.5),
except that the sum here is over all nucleons, whereas in the electric radiative tran-
sition operator, the sum is only over the protons. Correspondingly, the angular
distribution of the inelastic scattering is given by |T};]? o< | (x(gr)) [>. It is expected
that this condition will be satisfied by all projectiles inelastically scattered into the
first (forward) peak of the differential cross section, and the structural characteristics
of the target excited states obtained from scattering of the nuclear projectiles should
be in compliance with those obtained from radiative decay of the state. Scattering

through angles much larger than this may show significant variance compared to an

electric transition, when nuclear field comes into the picture.

The understanding of peripheral heavy-ion collision processes in general, and elastic
and inelastic scattering in particular, is an important part of an overall understand-
ing of heavy-ion reactions. It is the purpose of this thesis work to demonstrate
(i) the ability of this approach to systematically address crucial aspects of nuclear
collectivity on an absolute scale along an isotopic chain of stable even-even nuclei
within single experiments, (ii) the compliance between the results of heavy-ion scat-
tering and conventional techniques, such as level-lifetime measurement, and (iii)
the effects of dynamic structural couplings in heavy-ion collisions that influence the
cross sections of all reaction channels in a system. In the course of this work, dif-
ferent experiments focusing on the signatures of vibrational collectivity have been
performed on the stable even-mass Sn nuclei, which constitute the longest chain of

semi-magic stable isotopes.
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1.3 The Sn isotopic chain

The tin isotopes, with a closed proton shell of Z = 50, constitute the longest chain of
single-shell-closed nuclei with 15 even-even isotopes between the '°°Sn (N = 50) and
1328n (N = 82) double-shell closures, each with intrinsic g.s. spin 07. Seven of these
isotopes, '12114116,118,120,122,124GQyy  are stable and the rest are unstable. These fea-
tures have made the tin isotopes a prototypical benchmark of extensive microscopic
theory and experiment and a rich arena for investigating residual nucleon-nucleon
interactions. This is reflected in the large number of studies, both experimental
and theoretical, of the transitions populating the low-lying 2] (see Fig. 1.2) and 3,
(see Fig. 1.3) states of the stable isotopes in the past few decades. These levels are
normally classified as 1-phonon quadrupole and octupole vibrational states, which
is also supported by quasiparticle calculations [17]. From electromagnetic measure-
ments, these excitations are known to possess electric character and the transition
characteristics are usually inferred only through the B(E\) values, which, in prin-
ciple, are related to the charge (proton) contributions to the excitation (the core is
not truly inert), and do not include the contributions due to the matter (proton +
neutron) densities that are known to have extended distributions for the neutron-
excess Sn nuclei [18]. The Weisskopf estimates for the B(E2) and B(E3) values for
the stable Sn isotopes are listed in Table 1.1.

Measurements of electric transition strengths only determine the proton transition
matrix element, M,, and are oblivious to the neutron transition matrix element,
M,,, which is particularly of significance for the Sn isotopes that have only neutrons
as the valence particles. The existing B(E2) and B(E3) values for the Sn isotopes,
measured by means of Coulomb excitation, level-lifetime determination, and inelas-
tic scattering of electron, proton, o and heavy-ions, are found to be subtantially
enhanced compared to the values given in Table 1.1, and are consequences of virtual

excitations of the proton core, polarized by the valence neutrons. However, these ex-
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Table 1.1:  Weisskopf single particle estimates of the B(E2) and B(E3) values for low-
lying A = 2 and A = 3 excitations in the Sn isotopes.

Nucleus B(FE2;0;, —2)s, B(E3;0}, = 37)s

(e2fm?) (e2fm?)
112G 160.05 5204.56
114Gy 163.89 5390.85
1165 167.94 5594.11
118Qn 171.64 5780.12
1209 175.52 5977.29
1229 179.47 6180.05
124Gy 183.36 6382.11

isting estimates have a wide range and there are inconsistencies leading to different
conclusions on the strength of collectivity of the excitation modes. Large inconsis-
tencies also exist among measurements with the same probe at different incident
energies [19-24]. Older theoretical estimates for excitations in '2713Sn based on
single j-shell exact seniority model [25], as well as large-scale shell model calcula-
tions involving proton-core excitations for an N = Z = 50 core [26] suggest highly
collective A = 2 transitions in the Sn isotopes, with a symmetric decrease in B(E2)
as the neutron number varies from the midshell 'Sn nucleus on either side, follow-
ing a parabolic behaviour. This trend has been verified for the isotopes with mass
A > 116 by exclusive Coulomb excitation measurements [27]. However, for A < 116,
the measured B(FE2) values are found to increase first from '%Sn to '2Sn and stay
nearly similar upto '%Sn within experimental uncertainties, thereafter decreasing
towards '%Sn [28,29]. Ref. [30] has shown that the interaction between nucleons
in spin-orbit partner orbits, £ 1 (1) = ¢+ (—)3, could strongly modify the effective
single particle energies. For any two nucleons, 1 and 2, the ¢; 1 —/5 | interaction
is found to be strongly attractive, particularly between neutrons and protons, while
the ¢; T —/¢5 1 and ¢ | —/5 | interactions are repulsive. In measurements of single
particle energies of "Ar (Z = 18) and *Ca (Z = 20) [31], the location of the 2ps

and 2p, /2 orbits were found to be at higher energies (~ 875-keV larger) in **Ca com-
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pared to “"Ar. This was suggested to be due to removal of two protons from 1d
and 2s) 5, causing a weakening of the N = 28 shell closure. An analogous argument
has been drawn for the Sn-isotopes [32], where the proton 1gg/, orbit is expected
to become less bound with decrease in the number of neutrons in the 1g;7/» orbit,
towards the proton-rich side of the Sn chain. This would enhance the probability
for core-proton excitations across the Z = 50 shell gap, leading to an increase in the
B(E?2) values for the neutron-deficient isotopes. A seniority truncated shell-model
calculation using Zr as an inert core [26] predicts such an increase in transition
probability as proton-core excitations are included. Newer relativistic quasiparti-
cle random phase approximation (RQRPA) calculations [33] have been successful
in justifying the observed B(FE2) trend for both the neutron-deficient as well as
neutron-rich isotopes. However, the RQRPA results are suppressed by up to 30%
for the stable '27124Sn isotopes compared to the adopted values.

Lately, a series of Coulomb excitation experiments on '?7'2*Sn, based on either
direct estimation of 7,+ [34,35], or direct measurement of B(E2; 04, — 27) [36,37],
have been reported with discrepant results. The B(FE2) values deduced from the
level lifetimes reported by Jungclaus et al. [34] are considerably lower than the
adopted values across the Sn isotopic chain, showing a departure from collectivity
and with a shallow minimum at ''%Sn. These results have been much disputed later
by Allmond et al. [37] and Kumar et al. [36]. Though the overall mass dependence
of the B(E2) values is similar in both these measurements, they report markedly
different absolute values for the neutron-rich 12%122124Gy isotopes. The B(E2) re-
sults of Kumar et al. [36] are apparently prone to normalization uncertainties as
these quantities have been estimated relative to the B(E2) value of the excited **Ni
projectile used in this measurement, chosen to be equal to 0.065 e*b?, which is less
than both the adopted value [38] as well as the average value from a recent com-

pilation [39] of results of Coulomb excitation and electron scattering measurements
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Figure 1.2: (a) Existing experimental (Coulomb excitation) and theoretical estimates of
the B(E2) values for the Sn isotopic chain. The inset shows the estimates for the stable
isotopes. (b) E2 excitation energies for the stable isotopes.

on *®Ni. On the other hand, Allmond et al. [37] report a robust measurement of the
B(E2) values, along with the static electric quadrupole moments and the magnetic
dipole moments for all the stable Sn isotopes, to a high degree of precision in an
inverse kinematics experiment. The B(FE2) results are in good agreement with the
adopted values and predict an overall enhancement of collectivity.

There have been theoretical studies directed towards explaining the trend of low
B(E2) values, with a shallow minimum at "'®Sn, from the lifetime results reported
by Jungclaus et al., (i) employing two sets of effective charges across the Sn isotopic

chain (for A > 116 and A < 116) for a shell model Hamiltonian with quadrupole-
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quadrupole interaction between valence neutrons [40], and (ii) a schematic two-level,
generalized seniority scheme concerned with the order of filling of the j-orbits in the
Sn isotopes [25]. However, to reproduce the aforementioned trend, these calculations
predict B(E?2) values further smaller by ~ 15 — 25%, particularly for the *4~120Sp
isotopes.

Similar discrepancies exist for the E3 (A = 3) transition probabilities of '2-124Sn,
where, existing measurements form a wide range of the B(FE3) values with large
uncertainties, and disagreements among theoretical estimates as well. The B(E3)
values obtained by the Coulomb excitation method (with less uncertainties) by N.
G. Jonsson et al. [23] are much smaller than the ones obtained by D. G. Alkhazov et
al. [24] by the same method, thereby causing an apparent discrepancy. Moreover, it
has also been observed that the values obtained by inelastic scattering of o particles
are much less compared to the ones obtained by scattering of protons [41,42] or

electrons [22]. Different sets of theoretical estimates [43,44] based on quasiparti-
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Figure 1.3: Existing experimental and theoretical estimates of the B(E3) values for the
Sn isotopes. The inset shows the FE3 excitation energies for the stable Sn isotopes.
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cle calculations with an octupole pairing force predict significantly different values
among each other, and also contradict the trend of the results from a quasiparticle
calculation involving a Gaussian force [45]. However, these results are at variance
with a newer set of RQRPA calculations [17] that predict enhanced collectivity. In
the light of such discrepancies, unambiguous quantitative assessments of collective
properties for the 2] and 37 states, particularly in the stable Sn isotopes, is necessi-
tated. Extensive measurements and understanding of the basic collective phenomena
in low-lying transitions along an isotopic chain of stable neutron-excess nuclei, with
better understood structures, could act as a reference for improved studies with

unstable isotopic chains, that are expected to be of similar complexity.

1.4 General motivation of the thesis

In light of the above discussions, the present thesis work has several key motiva-
tions. The primary motivation is to measure the transition probabilities, B(E\),
of the dominant low-lying A = 2, 3 excitations by means of heavy-ion scattering on
the H2116,118,120,122,124Q)) j5otopes, compare them with existing estimates and under-
stand the underlying contributions from the neutron and proton densities. Since
descriptions of heavy-ion reaction mechanisms are sensitive to the choice the nu-
clear potential, such measurements are known to be dependent on the choice of the
projectile used as the probe. To conclude about the existence of probe dependence,
and effects thereof, measurements are carried out with a tightly-bound projectile
with zero spin and isospin (2C), as well as another weakly-bound projectile with
non-zero spin and isospin ("Li). An analogy is also expected between the excitation
spectra of nuclei obtained by pure electric decay from the excited states, and by
direct interactions such as the inelastic scattering of nuclear particles (as discussed
in §1.2). However, the number of configurations which take part in the excitation

and the total interaction operator are expected to be different in the two cases, on
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account of the spin and isospin dependence of the nuclear interaction. An important
difference also arises in the form of the (short) wavelengths of the colliding nuclei
compared to the (longer) photon wavelength. Thus one would expect some quan-
titative differences. In this context, the B(E2) value for the most-abundant '*°Sn
isotope has been determined by a measurement of the y-decay lifetime of the 27
state, using updated methodologies. The result has been compared with the values
deduced from heavy-ion scattering measurements, as well as with existing lifetime
measurements. The importance of realistic estimation of structural parameters and
deformation characteristics of the dominant low-lying states in nuclei is realised
through investigation of their effects on reaction dynamics in nuclear collisions,
specifically by demonstrating a simultaneous description of the elastic scattering
channel along with the inelastic scattering and one-nucleon transfer channels in the
"Li + 29Sn reaction system, at two bombarding energies. Further, as an extension
of this work, it has been shown that inelastic channels can couple to the relative
motion between colliding nuclei and significantly affect predictions of fusion cross
sections, particularly in systems involving weakly-bound projectiles, where different
model calculations lead to different conclusions about suppression/enhancement of

complete fusion, compared to measured data.

The experimental details and outcomes of the above measurements and subsequent
analyses, as well as the theoretical formalisms for investigating reaction dynamics,

are discussed in the following chapters.
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Experimental methods

The experiments associated with the present thesis involve the detection and identi-
fication of charged particles and v rays, and their energies emitted during the events
of heavy ion collisions, over wide angular ranges. These are some of the major fun-
damental tools to study different aspects of nuclear reactions. The identification
corresponds to the details of (i) the mass, charge, kinetic energy and emission an-
gle of the charged particles, and (ii) the energy, angle of emission, multipolarity,
nature of decay (electric or magnetic character), and Doppler shift/broadening, if
any, for the v-rays. In a typical binary heavy-ion collision measurement, where the
outgoing channel consists of two broad categories of particles - the projectile-like
fragment and the recoiling target-like particle, such as in inelastic scattering or nu-
cleon/cluster transfer processes, one can reconstruct the kinematic details of the
reaction by detecting and identifying one of the particles. Such two-body reactions
are often accompanied by ~-decay events from excited states of either or both the
participating nuclei. The study of the reaction kinematics in such scenarios con-
ventionally involves a particle-y coincidence technique to identify the direction of
emission of radiation w.r.t. the source of the decay. The angular distribution of
~-rays is known to be sensitive to the spin and parity of the excited state. In the

absence of coincidence techniques, one obtains an inclusive y-yield from all possi-
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ble directions of emission. The principal goals of this thesis are to investigate the
structural properties (i) of the low-lying 2] and 3, excited states in the stable Sn
isotopes by means of heavy-ion scattering with "Li and ?C projectiles, and (ii) of the
27 state in 1?°Sn by means of level-lifetime measurement from radiative transitions.
So, it is important to detect and identify, with precision, the scattered charged par-
ticles as well as y-rays, using dedicated setups. Study of these reactions involves the
generation and acceleration of the projectile, followed by the experimental arrange-
ment of the relevant detector systems, associated electronic equipments and a data

acquisition system. The details of each of the components are described hereafter.

2.1 Generation and acceleration of the projectile

The study of low/intermediate energy nuclear reactions generally involves projectiles
having energies of the order of few MeV /nucleon. This can be obtained by accel-
erating the projectiles under an electric potential. All the measurements reported
in this thesis have been carried out using the 14UD BARC-TIFR Pelletron-LINAC
accelerator facility at Mumbai, a schematic of which is shown in Fig. 2.1.

An indigenously developed ion source, named MC-SNICS (Multi-Cathode Source
of Negative Tons by Cesium Sputtering) is connected to the top of the accelera-
tor, which produces negative ions of the desired projectile, with high intensity and
low emittance. The negative ions are initially accelerated to low energies (150-250
keV) in a short horizontal section until they reach the injector magnet. Here, the
ions are mass-analyzed by the 90° bending magnet to remove any impurities before
transport into the vertical accelerating tube. The injected singly-charged negative
ions are then accelerated towards the high voltage terminal situated at the center
of the column, and thus gain an energy equal to the amount of eVy, with Vi as
the operational terminal voltage. The high voltage at the terminal is attained by a

continuous transfer of positive charge, through electromagnetic induction, by virtue
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Figure 2.1: A schematic layout of the 14UD Pelletron-LINAC accelerator facility at
Mumbai, India. The plot shows the available energy from Pelletron (red, circles) and
LINAC (blue, triangles) as a function of mass number of ion. The different experiments
pertaining to this thesis work have been carried out at the beam-lines marked with red
asterisks.
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of a chain of steel pellets; hence the name Pelletron accelerator. Inside the termi-
nal, the singly-charged negative ions are passed through Carbon stripper foils, of
thickness ~ 5 pg/cm?; or a small volume of a gas, where they lose, say Z, electrons
due to the charge exchange collision with the stripper material. Consequently, a
positive charge state, Ze, is obtained for the ions after passing through this sec-
tion. These positive ions are then subsequently repelled by the high voltage positive
terminal and accelerated with energy ZeVy, until they reach the analyzing mag-
net. Thus, the energy gained by the ions in the two stage tandem acceleration is
Epen = (Z+1)eVy. Though positive ions of different charged states arrive up to the
analyzing magnet, ions of only a particular charged state are selected and extracted.
The desired charged state of the ion can be transported to the LINAC stage for a
further boost in the kinetic energy, based on requirement. Thereafter, the ion beam,
with energy spread < 2 keV, can be taken to one of the several beam-lines by using
a switching magnet.

The desirability of having higher energy heavy-ion beams for certain experiments
requires energy boosters. Most of the boosters already in operation at some lab-
oratories are based on the technique of radio-frequency acceleration using cavity
resonators made of both normal and superconducting materials. For the Pelletron
at Mumbai, a superconducting linear accelerator is employed as the booster; the
accelerating elements being lead plated quarter wave resonators [46]. The LINAC
booster has a modular design with seven cryostat modules connected by a magnet
system, each accommodating four quarter wave resonators, operating at 150 MHz.
The optimum velocity acceptance for the cavities is v/¢=0.1. Operational charac-
teristics provide an average energy gain of ~ 0.4 MV per charge state per cavity,
corresponding to 80% of the design value. Typically, beam transmission at target

after collimation is known to be ~ 50% of that at the entry to the LINAC.
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There are five beam-lines in the Pelletron beam hall, namely 0°, 15°N, 15°S, 30°N,
and 30°S, three beam-lines in LINAC Hall-1, namely 15°, 30°, and 45°, and three
beam-lines in LINAC Hall-2, namely 15°, 30°, and 45°. The heavy-ion scattering
measurements on the Sn isotopes, reported in this thesis work, have been carried
out in the region of the Pelletron energies for "Li and 2C probes, at the 0° Pelletron
and the 30° LINAC Hall-1 beam-lines, respectively. The level lifetime measurements
on '2°Sn have been carried out with 32S projectile at a LINAC-boosted bombarding
energy, at the 30° LINAC Hall-2 beam-line. These measurements primarily aim at
the detection of energetic heavy charged particles scattered from the g.s. as well as
excited states of the Sn targets, or y-rays emitted from the decay of excited states in
120Sn. Different experimental arrangements and associated tools are used for these

purposes, which are elaborated in the following sections.

2.2 Semiconductor radiation detectors

One of the most important advancements in nuclear instrumentation has been the
development of semiconductor radiation detectors. Single crystals of semiconduc-
tor materials, such as Silicon (Si) and Germanium (Ge), are extensively used in
nuclear reaction and structure studies. The small gap between their valence band
and conduction band (~ 1.1 eV for Si and ~ 0.72 eV for Ge) facilitates the gener-
ation of a large number of electron-hole pairs, which improves signal quality. The
energy required to produce electron-hole-pairs is also very low (~ 3 eV), compared
to that required to generate charge carriers in gas detectors (~ 30 eV). As a result,
the statistical variation of the pulse height is smaller and the energy resolution is
higher. A semiconductor detector is basically a reversed biased p-n junction diode,
wherein, the important characteristic which is of consideration is the active volume
of the detector, determined by the thickness of the depletion region. Characteris-

tics of ionizing incident particle/radiation is measured by virtue of the number of
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charge carriers liberated in this active detector volume that is arranged between
two electrodes. If Si or Ge of normal semiconductor purity is employed, the maxi-
mum achievable depletion depth is of a few mm, even at bias voltages close to the
breakdown level. Therefore, the intrinsic crystal lattice of the material is generally
doped with controlled amounts of suitable impurities (n-type/p-type) that enhance
the overall conductivity of the material. The depletion width across the junction
is known to increase with an increase in the reverse bias voltage, and a decrease
in the doping concentration. At sufficiently high, and safe, operating voltages, the
detector can be fully depleted of free charge carriers. The impurity concentration
should be of the order of 10'° atoms/cm? in order to realize wide depletion depths.
Based on experimental requirements, the detectors are available in different config-
urations and geometries. The variants used in this thesis work are Si surface barrier
(SSB) detectors and high-purity /hyperpure Ge (HPGe) clover detectors (< 2 x 107
ppb doping impurity). While detector-grade Si cannot be thicker than a few mm
for bias voltages within safe limits of breakdown, HPGe can have a depleted, sen-
sitive thickness of few cm at operating voltages of 2-3 kV, and therefore present a
larger volume for total absorption of incident radiation. Hence, Si is mainly used

for detecting charged particle, while Ge is widely used for vy-ray spectroscopy.

2.2.1 SSB detector for charged particles

Typical SSB detector is commonly made of n-type silicon on which one surface has
been etched prior to coating with a thin layer of gold (~ 40 pg/cm?) that acts as
the p-layer, and the other surface is coated with a thin layer of aluminum (~ 40
pg/cm?) to provide electrical contact. The barrier is thus formed at the surface of
the crystal, and extends over the full thickness of silicon wafer, making the detector
efficient in measuring the energy deposition by the incident particle. SSBs can be

made with varying thickness and depletion widths, ranging from 10 gm to few mm.
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A typical detector with a sensitive area of 300 mm? and 300 pm depletion depth
operates at 100 V reverse bias. The schematic configuration of a SSB detector is

shown in Fig. 2.2.

Au-surface barrier\ nuclear particle detector

Figure 2.2: Schematic

housing output connection configuration of a typical
Si surface barrier detector.

FETTITETTTETTTS

When an energetic charged particle penetrates into the semiconductor detector, it
loses energy by means of electronic (and atomic) collisions and leads to ionization in
the depletion region, generating electron-hole pairs. Since the Coulombic interaction
with the orbital electrons has long range, it is not necessary for the light or heavy
charged particle to always make a direct collision with an atom. While passing
through the detector, the particle will transfer its energy to the atom. The drift
motion of the liberated charge carriers under the external field produces an electrical
signal with amplitude proportional to the energy deposited by the incident particle.
The energy loss of the incident particle varies with its total energy FEi,, mass M,
and atomic number Z. In a region of detector thickness Az, the energy loss, AE
is commonly expressed in terms of the Bethe-Bloch formula [47], given by ﬁ—f =
K %, where K is a constant. A plot between the quantities AF and E, aids in
particle identification; different species of charged particle lie on different hyperboles
proportional to the product MZ2. This principle of energy loss is employed in
nuclear reaction studies, with a AE — E,. configuration, commonly known as a
telescope, composed of two SSB detectors - a thinner AFE where partial energy is

deposited, and a comparatively thicker E,.s where the residual energy is deposited,



2.2 Semiconductor radiation detectors 35

and the particle comes to rest.

2.2.2 HPGe clover detector for v-radiation

HPGe detector is commonly used as a total absorption detector for v-rays, with en-
ergy up to a few MeV, which have multiple interactions with matter, unlike charged
particles. However, in order to achieve maximum efficiency, the detector must be op-
erated at liquid nitrogen temperature (77 K) to prevent thermal excitation of charge
carriers at the room temperature, owing to the low band gap. A clover configura-
tion consists of four coaxial n-type HPGe crystals, mounted in a common cryostat.
This geometry further enhances the active volume of the detector. The schematic
configuration of a HPGe clover detector is shown in Fig. 2.3. There are three key
interaction mechanisms of ~-rays with the detector material, (i) photoelectric ef-
fect, (ii) Compton scattering, and (iii) pair production. The predominant mode of
interaction depends on the energy of incident photons and the atomic number of
the detector material. At low energies and with high Z materials, the photoelectric
effect is main interaction process. At intermediate energies and in low Z materials,
Compton scattering dominates. At sufficiently high energies (£, > 1.022 MeV),

pair production becomes an important interaction process. When the photon col-

Figure 2.3: Schematic

: arrangement of a typical
~ HPGe clover detector, with
four crystals.

TARGET — °
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lides with an atom in the detector, it may impinge upon an orbital electron and
transfer all of its energy to it, thereby ejecting it from the atom. The kinetic energy
the ejected photo-electron receives equals the photon energy less its binding energy
in the atomic shell, and the spectrum is thus populated by discrete photopeaks.
The nucleus undergoes a recoil motion to conserve linear momentum carried by the
incoming photon, and hence, this mechanism of interaction primarily involves the K
or L shell electrons, and is dominant in high-Z materials. Once ejected, the photo-
electron can ionize other atoms along its path, further leading to secondary/tertiary
ionizations.

As incident y-energy increases, inelastic/Compton scattering of a photon from a free
electron becomes competitive. The momentum carried by the incoming photon is
distributed between the recoil electron and the scattered photon. This leads to a
continuous distribution of recoil energy for the scattered electron, which has a short
range and deposits its energy into the detector material, while the scattered photon
is most likely to escape. The signal from the recoil electron is recorded as a contribu-
tion to the baseline, since its energy is lower than the y-energy. HPGe detectors are
commonly used with associated components for Compton suppression, to improve
precision and accuracy for isotope identification and reduce spectral interferences.
In a Compton-suppressed arrangement, the scattered photons are detected by sur-
rounding the clover with shields, commonly made of Bismuth-Germanate (BGO)
detectors. If both the HPGe and the BGO detectors record an event within a spe-
cific time interval, that event is rejected, and correspondingly, the baseline of the
Compton continuum being recorded by the HPGe gets drastically reduced. If the
scattered photon, however, is detected by another crystal of the HPGe clover, the
signals are then added to enhance photopeak efficiency. This process is known as
add-back, where the charge collected by each of the crystals is summed, and used

to determine the energy of the incident ~-ray.
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As incident ~y-energy further increases, spontaneous annihilation of radiation leads
to the production of an electron-positron pair. Transformation of energy into mass
occurs in presence of the electric field of the nucleus. The incident energy is divided
into the rest mass energy and kinetic energy of the pair.

Another interaction mode, though not dominant in aspects of radiation detection,
is coherent elastic scattering of photons. The incident photon is scattered by an
atom in the detector material and is diverged from its original direction of motion,
without any change in its energy. The electrons in the atom oscillate under the
effect of the electromagnetic field carried by the photon, and radiate energy at the
same frequency as the incident wave. Such a scattering event occurs primarily with
very low energy photons and in materials with high atomic number. This effect can

only be detected in narrow beam geometry.

2.3 Experimental setup & associated electronics

An electrical signal generated from a radiation detector has two branches - the
energy branch and the timing branch. These need to be processed through suitable
electronic circuits in order to extract the desired information for particle/~ energies

and timing correlations. The energy branch of the signal is processed through,

e a charge-sensitive preamplifier (CSP), to integrate the current signal from the
detector and generate a voltage pulse with an amplitude proportional to the
incoming input charge. It also acts as an impedance bridging network to
prevent loss of signal voltage from the detector, with low output impedance,

to the next stage, which is

e a gain amplifier/shaper, with high input impedance. The voltage signal is
amplified to optimize the signal-to-noise ratio, and processed through pulse

shaping filters. This stage is followed by
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e an analog-to-digital converter (ADC) that converts, by sampling, the

continuous-time and continuous-amplitude analog voltage signal to a discrete-
time and discrete-amplitude digital signal/number representing the magnitude
of the voltage. ADCs are generally sensitive to the peak of the voltage pulse,

which characterizes the energy of the incident particle.

In order to extract the timing information of the signal, one needs

e a timing filter amplifier (TFA), which is a fast (rise time ~ few ns), variable RC

filter that generates amplified, filtered outputs for optimal timing. Pulses are
generally measured by their arrival time, when the signal exceeds a specified
threshold. Consequently, the time resolution in such scenarios is compromised
on account of a spread in the measured times (timing jitter) due to pulse height
variations. This can affect the instrument response function. The contribution

of pulse height distribution can be minimized with the use of

a constant fraction discriminator (CFD), which essentially splits the signal
into two parts - one part is delayed by half the pulse width and the other is
inverted. When the two parts are recombined, the zero-crossing point is nearly
independent of the pulse height, with a jitter of < 50 ps. Additionally, one

may use

a time-to-digital converter (TDC), which assigns timestamps to the processed

signals with fast rising edges. The pulses are also processed through

logic units, where the signals are ORed or ANDed, to decide event multiplicity

and trigger rates, and

a gate and delay generator (GDG) that generates logic pulses with precise
widths and delays (to compensate for intrinsic delays elsewhere in the system,

such as cable delay or electronics delay) for triggering, syncing, delaying and
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gating events. It provides electronic timing of a single event or multiple events

w.r.t. a common timing reference/window.

Each of the aforementioned components can be used either in an analog data acqui-

sition system (DAQ), or a digital data acquisition system (DDAQ).

2.3.1 Heavy-ion scattering measurements

In the heavy-ion scattering experiments relevant to the thesis, the main focus has
been to measure the electric transition probability to the low-lying collective states
in the Sn isotopes. Self-supporting enriched (>95%) targets of ''»116,118,120,122,124 G,
of thicknesses ~ 540 ug/cm?, 1.45 mg/cm?, 320 pg/cm?, 280 pg/cm?, 85 ug/cm?
and 290 pg/cm?, respectively, have been used for the measurements, mounted se-
quentially on a movable ladder inside an high-vacuum scattering chamber. The
prerequisite for choosing each target foil was to identify well-resolved excited states
of the nuclei involved in the collision, without compromising on the counting statis-
tics. However, foils of different thickness have been used in this work since they were
prepared at different laboratories, which had certain limitations at their respective
fabrication facilities. The targets have been bombarded with projectile beams of “Li
and '2C ions at kinetic energy F,, = 28 MeV and 60 MeV, respectively, sufficiently
above the Coulomb barrier for each system. The measurements have been carried
out in two sets, using arrays of telescopes (AE — Eys), distributed on two arms of
the scattering chamber, each placed 10° apart from its neighbouring telescope, at
a distance of &~ 21 cm each from the target centre. The scattered projectile-like
particles (ejectiles) are emitted over a wide angular range as permitted by two-body
kinematics for elastic and inelastic scattering, with a change in kinetic energy cor-
responding to the ()-value of the process. The angular distribution for inelastic
scattering is sensitive to the structural information of the excited state of the re-

coiling target. In addition, projectile-like fragments formed as a result of reactions
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Monitors

Figure 2.4:  Schematic diagram of the experimental setup for the study of
7L, 112,116,118,120,122,124G ) renctions.

involving transfer of one or more nucleons, or light-charged particles originating from
the projectile/ejectile breakup or fusion evaporation processes, are also detected.
For the reactions induced by the "Li probe, six such telescopes (T;-Tg) have been
used to detect reaction fragments in the angular range of 25° to 140°. The detector
thicknesses were 25 to 50 pum for AE and ~ 1000 pm for the E..s detectors. Two
single Si-surface barrier (monitor) detectors fixed at 20° and 30° with respect to
the beam at a distance of ~ 39 cm from the centre, have been used to measure the
Rutherford scattering cross section for flux normalization. A schematic diagram of
the setup is shown in Fig. 2.4.

For the measurements with the 12C probe, ten telescopes (T;-Tyg), have been used
to detect projectile-like fragments in the angular range of 20° to 110°. The detector
thicknesses were 15 to 25 pm for AE and = 300 to 1000 pum for the F, detectors.
Two monitor detectors are mounted on the chamber wall at +£20° with respect to
the beam at a distance of & 72 cm from the center. A schematic diagram of the

setup is shown in Fig. 2.5.



2.3 Experimental setup & associated electronics 41

Monitors

BEab = 60 MeV

Figure 2.5:  Schematic diagram of the experimental setup for the study of
1234 112,116,118,120,122,124 Gy pea ctions.

Signal Processing

Electrical connections from AFE and FE, are taken from each telescope to identify the
different charged particles, along with the current pulses generated by the monitor
detectors. For signal processing, compact 8-channel modules, Mesytec MSI-8, are
used, which have CSPs, gain amplifiers, shapers, with integrated TFA units. The
shaper voltage signals, containing energy information from the AF and E detectors,
were then fed to CAEN V785 peak-sensing ADC units for pulse digitization. The
ADCs modules are set to an active BUSY state during the conversion process to
prevent accumulation of data and reduce the dead-time for the DAQ system. The
trigger/timing signals, from the E detector of each telescope, as well as the monitor
detectors, were processed through ORTEC 935 CFD modules, and the outputs were
ORed in a Phillips 755 logic unit. This ORed trigger signal was stretched to ~ 4 us by
using Phillips 794 GDG module. This signal is known as raw-master/trigger signal.
The BUSY signals from ADCs were used to veto the raw-master, and generate
the gate for triggering the acquisition system. A schematic of the analog signal
processing system is shown in Fig. 2.6. A LINUX based advanced multi-parameter

data acquisition system, LAMPS [48], was used to acquire on-line list mode data.
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Figure 2.6: Schematic diagram of the analog signal processing-based data acquisition
system for the Si surface barrier detectors.

2.3.2 Level-lifetime measurements

For level-lifetime measurements on the 2°Sn nucleus, low-lying excited states have
been populated with the heaviest-available spherical projectile at the facility, 32S,
by means of the 2°Sn(*2S, #25")120Sn* reaction at kinetic energy Ej,, = 120 MeV
(to ensure larger recoil momentum; see Chapter 5). The target comprised of an
enriched '°Sn foil of thickness ~ 6.4 mg/cm?, with a '""Au backing of thickness
~ 6.2 mg/cm?. Emitted y-rays from the recoiling ?°Sn nuclei were detected using
a segment of the Indian National Gamma Array (INGA) [49] spectrometer setup,
then consisting of eleven Compton-suppressed segmented clover HPGe detectors,
mounted at a distance of 25 cm from the target placed inside a small evacuated
chamber. The anti-Compton shield of BGO material was placed in an aluminium
housing, to prevent direct hit of y-rays from the source/reaction centre to the BGO

shield. Each clover also comprises of a heavy metal collimator, composed of tungsten
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Figure 2.7: Schematic diagram of the experimental setup showing arrangement of the
HPGe clover detectors.

material. The clovers were distributed in the backward hemisphere w.r.t. the beam
direction at different angles, namely 6 = 90° (three at ¢ = 60°, 120°, 300°), § = 115°
(two at ¢ = 90°, 330°), & = 140° (three at ¢ = 0°, 120°, 240°) and 6 = 157° (three
at ¢ = 60°, 180°, 300°). A schematic diagram of the setup with the arrangement of

the clovers w.r.t the reaction plane is shown in Fig. 2.7.

Signal Processing

The decay events were recorded with a DDAQ system, consisting of Pixie-16 digitizer
modules, developed by XIA LLC [50], each able to support four clover detectors. A
12-bit 100 MHz flash ADC (FADC) was used to digitize the preamplifier (CSP) sig-
nal produced by the crystals of each clover detector. The BGO signals were used for
veto-ing the individual channels. A valid fast trigger was generated in the absence
of the veto pulse in a specific time window. A typical schematic of the digital signal
processing is shown in Fig. 2.8. Each analog input from the detector has its own
signal conditioning unit that functions to adapt the incoming signals to the input

voltage range of the FADC, which spans 2 V. The processing applies digital filter-
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Figure 2.8: Schematic diagram of the digital signal processing-based data acquisition
system for the HPGe clover detectors.

ing to perform essentially the same action as a shaping amplifier. The important
difference is in the type of filter used; in DDAQ), trapezoidal filters are commonly
used. The FADC is not peak sensing, rather acts as a waveform digitizer. The pulse
processing runs independently in every channel. For a given channel, fast trigger
validation is done and the time-stamped event header information was written. The
resulting time-stamped spectroscopic data was sorted into spectra and E,-E, ma-
trices using the multiparameter coincidence search program MARCOS [51], based on
the mapping of DDAQ channels to different crystals of the detectors in the array.
The matrices were both symmetric as well as angle dependent asymmetric ones for
lifetime analysis. The latter had the 90° detectors on the X-axis, with detectors at

one of the other angles (157°, 140°, 115°) on the Y-axis.

The detailed analyses and results of the different measurements are presented in

the following chapters.



Chapter 3

Theoretical Framework : Coupled
Channels Method

Heavy-ion collision processes are typically characterized by the presence of many
open reaction channels. Depending upon the time-scale of interaction, the reaction
modes are classified into (i) direct reaction processes and (ii) compound nuclear
processes. When a reaction proceeds directly from the initial state to the final state
without the formation of an intermediate nucleus, a direct reaction is said to have
occurred (faster). A reaction that proceeds through the formation of intermediary
nucleus is referred to as a compound nuclear reaction (slower). Many features of
low-energy heavy-ion collisions are well understood by considering classical orbits
of projectiles in the field of the targets, for various impact parameters. When the
impact parameter is large, minimum interaction occurs and the projectile is only
slightly deflected from its path. As impact parameter reduces with increase in bom-
barding energy, the orbit approaches the target more closely; the force of interac-
tion increases, and so does the scattering angle. Consequently, the differential cross
section for heavy-ion reactions progressively increases with increase in scattering

angle. At energies around the Coulomb barrier, the dominant channels are elastic
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scattering, inelastic excitations of directly populated low-lying states of projectile
and/or target, transfer of nucleon(s), and the fusion process. When the projectile
orbit intersects the target nuclear surface (grazing configuration), the cross sections
for direct peripheral reactions like inelastic scattering and one/few nucleon transfer
channels attain their maxima. If the projectile is weakly bound, then additional
channels due to breakup of the projectile into two or more fragments also play an
important role. If impact parameter reduces further, the projectile penetrates the
target surface and complex processes of absorption come into the picture, thereby
reducing the cross sections for surface reactions. A competition thus ensues among
the several possible reaction modes, and a semi-classical approximation may not be
realistic. Over several years, a comprehensive outlook in the form of the coupled
channels (CC) framework [52] has evolved in which one seeks to describe all the main
reaction processes simultaneously. The CC model calculations take into account the
effect of dynamic coupling of different direct reaction channels on the two extremes
- fusion and elastic scattering. Some of the CC calculations can also describe the
cross sections of the different intermediate non-elastic channels, in concurrence with
those of the elastic scattering and fusion channels.

In this chapter, the main focus is to understand the direct reaction processes involved
in nuclear collisions and to portray the method of determination of cross-sections
associated with each process in the realm of nuclear models. As this thesis work
deals with the collision of heavy ions around the Coulomb barrier energy, the kinetic
energy of the projectile is expectedly negligible as compared to its rest mass energy,
leading to a non-relativistic approach to describe the nuclear reaction modes. How-
ever, the estimated velocity of the nucleons is ~ 0.3c, and the corresponding de
Broglie wavelength ~ 4 fm, which is comparable to the nuclear radius parameter.
This emphasizes the need to incorporate quantum effects into the nuclear interac-

tions. Consequently, the framework of the theoretical CC models are based on the
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effective solutions of the Schrodinger equation for the different channels belonging

to the reaction system.

3.1 Generalized CC Model

When two nuclei approach each other in a collision process, they are deflected by
the field generated from the mutual interactions of all nucleons in one nucleus with
those of the other, both before and after any specific interaction leads to exchange of
energy or nucleons between them. This amounts to a quantum many-body scattering
problem, whose solutions are tedious. An alternative approach is to introduce an
effective potential that depends only on the relative coordinate between the two
nuclei participating in the reaction.

In a nuclear collision, all possible reaction channels are affected by couplings among
the various degrees of freedom available to the collision partners. Various CC models
are available that predict the cross sections of different reaction channels. There are
several uncertainties in such analyses, in the nuclear interaction between the ions,
the structural parameters of the participating nuclei, and in truncation of the CC
calculations. A consistent set of coupling parameters is of utmost importance to be
able to give realistic estimates for elastic scattering, fusion, as well as all channels
in between, over a wide energy range. But this is prohibitive for some models that
are unable to include all major channels that have an effect on fusion as well as the
scattering observables of interest. While elastic scattering and other direct reaction
channels are sensitive mostly to interaction form factors at peripheral distances
(large radial separations), fusion is primarily sensitive to these quantities inside and
around the barrier region. the choice of nucleus-nucleus potential is highly crucial.
When the relative motion in the entrance channel couples to the intrinsic degrees of
freedom, such as nuclear intrinsic excitations, static deformations, particle transfers

and so on, the single one dimensional barrier for the system is split to form a
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multidimensional distribution of barriers. The entrance flux is split among all such
channels, each of which confronts a different barrier, depending upon its coupling
strength [52].

For a pair of interacting nuclei, let r be the coordinate of relative motion and &
define the intrinsic motion coordinate. The total Hamiltonian for the system can
be written as a sum of the Hamiltonians of relative motion, K (r) 4+ V (r), intrinsic
motion, Hy(§), as well as the coupling interactions, Veoup (7, £), of the internal degrees

of motion with the relative coordinate.
H(r,&) = Hy(§) + K(r) + V(r) + Veoup(r, §) (3.1)

The intrinsic wave-function, for an arbitrary internal degree of freedom o/, is the so-
lution of the equation, Hy(§)®@q (€) = € Py (§), where €, represents the internal en-
ergy of the nucleus. The collision between the two partners can open up a multitude
of reaction channels, each described by a wave function, . (r,&) = ®u (§)xar (7).
The total wave function is a linear combination of all such square-integrable basis

states. Therefore, one may write the set of coupled equations for this system as,

> [Ho(€) + K (r) + V(1) + Veoup(r,€) = EJtbar (r,€) = 0 (3.2)

al

This set of infinite equations can be decoupled by projecting on a particular channel

a, and subsequently, integrating over &,

[(PaHo(E)|Pa) + K(r) (Pa|Pa) + (Pa|V(r) + Veoup (7, §)[Pa) — E (Pa|Pa)Xa(r)

3.3
+ 3 (@alV(r) + Vioup (r, )|ar) Yo (1) = 0 (3.3)
aFta’
[5a —+ K(T) + Vaa(/r) — E] Xa(’f') + Z Vaa’ (T)XO/ (7‘) — 0 (34)

aFa!

Eqn. 3.4 is the basic CC equation. The matrix element of the bare potential, Vi (),
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depends only on the relative coordinate between the collision partners. In general,
it is chosen such as to describe the elastic scattering process accurately. The direct
reactions are thought of as perturbations on the elastic scattering, as their typically
observed cross sections are comparatively much smaller. An underlying assumption
here is that the bare potential in every exit channel (that which accounts for the
elastic scattering cross section in each channel) is same as the entrance channel

potential, Vo, (), and is expressed as a sum of the nuclear, Coulomb and centrifugal

terms as,
ZpZrper L+ 1)h?
_ 170 paT
Vaa(r) = Vy(r) + , + 2 (3.5)
The matrix element of the coupling interaction is Vou(r) = (®,|V(r) +

Veoup(7, &) |®or).  For dynamic couplings to the intrinsic degrees of freedom that

usually have finite spin, the coupling interaction can be expanded into multipoles,

Veoup(r,§) = Z f/\(r)Y/\u(f)T/\u(f) (3.6)

A>0

On decomposing each basis state into its constituent orbital (¢), intrinsic (I) and

total (J) angular momentum components, one arrives at

Vaar (r) = Vi o (r) = Y () (LImem TM| Y, (F) T (€) |€ T'mpmyp M) (3.7)
A>0

Here f\(r) defines the coupling form factor corresponding to multipolarity A\. With

the aid of the well known Wigner-Eckart theorem [6], the matrix elements of spheri-

cal tensor operators acting on a basis of angular momentum eigenstates, Y} and

T, can be factorized into an angular momentum addition coefficient (Clebsch-

Gordan/Wigner 3-j) and a reduced matrix element independent of the angular

momentum orientation. With the addition properties of spherical harmonics, one
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arrives at the explicit form of the coupling matrix element,

" AT
Vitor(r) = (=1)Hm0y 7 (r)v2l 41 (TIITA ][ T)

A>0 mr @ —my
5 (3.8)

X\/(2)\+1)(2£+1)(2€’+1) (PN
Am 000

This formalism defines an effective (barrier) potential encountered by the flux in

every channel coupled to the incoming channel.

At very low bombarding energies, charged nuclei can only scatter elastically. As
the energy is raised, other reaction channels (both direct and compound) open and
consequently, some flux is removed from the elastic scattering channel. At suffi-
ciently high energies, the direct reaction mechanism dominates and the compound
nucleus formed at that energy will decay with vanishing probability to the low-lying
levels of the product nuclei, owing to the competition among the various open chan-
nels. This leads to a large removal of flux from the entrance channel. Different CC
models simulate these effects in varied ways. In some simplified models (e.g. CC-
FUS [53], CCDEF [54], ccMOD [55]), the interaction matrix for the set of decoupled
equations (eigenchannels) is diagonalized to yield a spectrum of barriers across the
different channels. However, these approaches are plagued by demerits such as (i)
only two channels are solved at a time, (ii) structures of the colliding nuclei are not
disturbed until fusion occurs inside the barrier region, (iii) influence of deformed
nuclear shapes is taken into account within the sudden-limit approximation, where
orientations in space are regarded as frozen throughout the collision (relative mo-
tion of the nuclei is fast and densities of the colliding nuclei remain constant), and
(iv) under the assumption that incident relative energy is much higher than intrin-

sic energies and coupling strengths, the coupling form factors are assumed to have
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same spatial dependence for all channels. Some exact CC models (e.g. CCFULL [56])
employ rigorous numerical solution of the coupled equations subject to an Incoming
Wave Boundary Condition (IWBC) to simulate fusion. In others (e.g. FRESCO [57]),
Vaa(r) is taken to be a complex potential, since a real potential conserves flux. The
addition of a negative imaginary potential leads to absorption of flux from the en-
trance channel, which is attributed as the fusion process. These reaction models are
largely sensitive to the dynamic coupling interactions incorporated into the model

space.

3.2 Coupling Interactions

Along with scalar nuclear attractions and scalar Coulomb repulsions, if either nucleus
has spin J # 0 in its intrinsic state, then there exist higher order interactions that
couple the spin and orbital motion, giving rise to interaction potentials of non-central
character, such as those pertaining to (i) inelastic excitations, or (ii) particle/cluster
transfers. Inelastic excitations populate the higher-energy states of nuclei. Single-
particle excitations are another kind of inelastic process, when a particle in one of
the nuclei is excited during the reaction from its initial bound state to another state
which may be bound or unbound. Inelastic excitation of a weakly bound projectile,
to an unbound state above the breakup threshold, leads to its dissociation into
cluster components. Nucleons may likewise be transferred /exchanged between the
two nuclei, either independently, or as the concurrent exchange of nucleons as a

particle cluster.

3.2.1 Inelastic excitations

Inelastic potentials arise when nuclei have either permanent deformations, or are

vibrationally deformable, or when one of the nuclei can be decomposed into core
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+ valence structure, where the ground state of the composite can get reoriented,
or the valence particle can be excited into higher energy eigenstates. Satchler [58]
had performed perturbative calculations on the effects of ground state reorientation,
showing that the nuclear level couples to itself, except that the magnetic substate
is changed in the transition. The torque due to the long range Coulomb force
reorients the deformed nuclei and subsequently alters the barrier distribution. The
static/dynamic deformations of mass and charge distributions in nuclei modifies both
the nuclear and Coulomb interaction potentials in events of nuclear collisions. In the
geometrical collective model [3], the radius of a deformed nucleus is parametrized as
R(0,0) = Ro |1+ 3_,, BnuYy,(0,8)|. The deformed charge and mass densities can

be approximated by this expansion, with respective radii Ry = R, and Ry = R,,.

Coulomb deformations :

Inelastic excitations in a nucleus (say, target, with charge density p;) under the
influence of the Coulomb interaction with another nucleus (projectile) are governed

by the interaction potential of the form,

Z.7e
Velr) = [ @t 22 ()
7.7 ir Y (39
— prt + /d3TIZpZte pt(Tl) Z 3\ 1 Vil N (T )Y/\/w*(r)
N£0
M/

For a sharp density distribution, the electric multipole operator (see Eqn. 1.5), upto

first order, for the deformed nucleus with charge radius R, is defined as [59]:

~ - ’ ~ 3e
By = /dgr'ZtePt(?",)?“A Yyu(r') = EZtRé\hB)\M(S/\M,XM' (3.10)

The diagonal matrix elements of the Ek’u’ operator define the electric multipole

moments, such as the static quadrupole moment, for statically deformed states in
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nuclei (expectation value of E,\:,, in those states), with A = 2,4.... This is commonly
known as the reorientation coupling, i.e., coupling to magnetic substates, m, for a
state .JJ. The off-diagonal matrix elements define the dynamic/transition rates and
moments.

The Coulomb potential can then be written in the form,

A
Rch

Z, ZT€2 37, ZT62 % /A
P + Z PigMYA#(r) S (3.11)

Ve(r Br) = 2\ + 1

The first term on the right side is the bare Coulomb interaction, and the second

term is the Coulomb component of the coupling Hamiltonian.

Nuclear deformations :

The nuclear interaction is sensitive to the matter distribution of the nucleus as a
whole. In the collective model, the nuclear interaction is assumed to be a function
of the separation distance between the surfaces of the colliding nuclei. For small

deformations, the linear coupling approximation leads to,

VN (Ta 6)\#) - VN(T - Rm Z ﬁAuY/\*;L (f)) (312)
1
R\%
= Vn(r) — Rmd—;v %; B, (7) (3.13)

The first term of the right-hand side is the bare nuclear potential in the absence
of the coupling, while the second term is the nuclear component of the coupling

Hamiltonian.

For an axially symmetric dynamic deformation, the dependence on the orientation

of angular momentum vanishes, and only p = 0 survives, leading to the effective
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coupling potential,

dVN 3ZpZT62 Rg\h % /A
‘/;ZOUp(,ra )\) = <_Rm dr + N+ 1 pAtl z)\:ﬁ/\ﬂy/\o(r) (314)

In analogy with Eqn. 3.6, one obtains Th(§) = [0, and the term within the brackets
represents the form factor for the inelastic excitation. The corresponding coupling
matrix element for the cumulative effect of the the Coulomb and nuclear interactions,

Voo s 18 expressed as,

dVy  ArZye 1
(r) =— — V/B(EX)—— 1
Voo (7) PrBrn ar o +1 ( )\)r/\“ (3.15)

The matrix element is related to the well-known deformation parameters, 3, =
(J70]Bxrol7;0). The quantity B(EX) = (%)2 is commonly defined as the
electric transition probability (as introduced in Chapter 1), and is the primary ob-
servable in scattering measurements. The charge and mass distributions are often
found to have different deformation characteristics, leading to,

mwdVn 37,7 R
Vaa’(r) = —5)\ d’r’ + 6)\ 2)\ + 1 7')\+1

(3.16)

where 67" = B R,,, and 65" = 3" R, are the multipole transition parameters, known
as the mass and charge deformation lengths, respectively, and they characterize the
changes in the charge and mass radii of the nucleus at which the coupling potentials
are evaluated. In the scope of this discussion, the couplings are demonstrated only
upto the (dominant) first order in order to illustrate the coupling scheme. However,

higher order terms in the coupling matrix are often found to be important.
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3.2.2 Transfer processes

Transfer interactions have different particles in the incoming and outgoing channels
and correct treatment of the effect of recoil and finite range of the binding potentials
is of utmost importance. The dynamical details of the transfer processes, ¢/(a, ¢)B,
arise from matrix elements of the Hamiltonian for the three bodies involved - the
initial and final cores, ¢ and ¢/, and the valence particle, x, with a = ¢ + 2 and
B = ¢ + x. The Hamiltonian is expressed as,

H=K; , + K,

cx

+ ‘/;I(ch) + VB(F:EC’) + Ucc’(Fcc’) (317)

Here, V,(7.;) and V(7 ) are the binding potentials of the valence particle/cluster
with the cores ¢ and ¢/, and U, (7,~) is the core-core optical potential. The binding
potentials are usually fitted so that the eigenenergies agree with the experimental
separation energies. If the interaction is weak, it is sufficiently accurate to define
a first-order matrix element between entrance and exit channel wave functions, to

evaluate the reaction amplitude, given by

T = [ [0 ) (BelV e ) )i (3.18)

where XSer)aX(i) are the wave functions that describe the relative motion of the

pair of nuclei ¢ — a before the interaction, and of B — ¢ after the interaction, with
associated angular momenta ¢, and /., and asymptotic wave numbers k, and k.,
respectively. The non-local coupling matrix element between the internal states for

the transition is expressed as,

<BC|V|CIQ> = <’¢}B (gc’ngZ)d}c(gc) |V(T_i)| Ve (gc’)d}a(gch""l» (319)

Here, the form of V' (r7) is analogous to that defined in Eqn. 3.6, with the orbital
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Figure 3.1: Radial coor-
dinates showing arrangement
of nuclei in a transfer pro-
cess for the c/(a, c)B reaction,
where z is the transferred par-

ticle/cluster.
I ac /

angular momentum of relative motion, A, transferred from the entrance channel to
the exit channel governed by a Clebsch Gordan coefficient, (¢.m.Ap|lam,). The
interaction is assumed to depend only on the separation between ¢ and x, and not
on any internal coordinate. Eqn. 3.19 defines the effective interaction/form factor,
as a function of r; and ry, for the transition between the states Xff) and X(_)- It
contains all information on nuclear structure, angular momentum selection rules
and the type of reaction being considered. A single nucleon transfer reaction can
populate certain category of states in a very selective manner that have a structure
predominantly given by the parent nucleus as a bound core, with the transferred
nucleon in an orbit around it, populating any of its vacant higher levels to give rise
to corresponding states of the residual nucleus, by coupling to the core ground state.
The residual interactions between valence nucleons, of ¢ and ¢ with x, will produce
multiple configurations and the final nucleus will have the single particle overlap
amplitude split between all the contributing component states. Each state of the
composite nucleus is a superposition of many single particle states of x, coupled

to all possible core states of ¢ and ¢/, each with a definite coefficient of fractional

parentage, called the spectroscopic amplitude, v/S. The internal coordinates can
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thus be eliminated by,

'QZ}B (gc’gaﬂb) = \/E % (gc’)@bx(&ﬂ“?) (320)
Ya(Ecbar) = V/Sa Ve(E)u(Earr) (3.21)

The intensity of each single particle component, known as the spectroscopic factor,

Jid;
Sésj )

defines the probability of finding the nucleon in a single particle state ¢, s, j
(spin Jy) coupled to the core with spin J;. Experimentally, it is extracted by taking
the angular distribution of differential cross section that is calculated for a pure single
particle state and comparing it to the angular distribution that is measured. For the
transfer of a nucleon with isospin quantum numbers ¢, ¢,, the initial target and final
recoil states have definite isospin associated with them (7; and 7). Consequently,
the spectroscopic amplitude is multiplied by an isospin Clebsch-Gordon coefficient
57], C = (T; Ty t t,|T Ty).

From the coordinate diagram of the transfer process shown in Fig. 3.1, 7w = 7 +
m;

7 and r.p = 7+ m—BFZ. These relations can be used to express the wave functions

mec
Mg

as a function of any pair of these vectors. In order to simplify the evaluation of the
reaction amplitudes, either the vector dependence of the integrand in Eqn. 3.18
may be expanded, or the wave functions may be expanded in a basis that permits
separation of variables. This gives rise to several approximations :

I. No-recoil approximation : The transferred particle is restricted to a line between
c and ¢ (local interaction), with no change in its linear momentum, and the distances
Twe and 7w p are neglected. This may hold good only for some light-ion reactions.

Under the assumption 7.p ~ 7, ~ 73, the reaction amplitude is reduced to,

mer * (= - — — — - 1.
TR = /Xz() (mB r3> Vi — 1)V (7)) he (7)) xS (7)) dry dr (3.22)
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The transferred orbital angular momentum of relative motion is restricted by the
condition (£.0A0[¢,0). This approximation breaks down as the energy increases and
the two cores approach each other.

II. Zero-range approximation : The vector dependence of the integrand is ne-

glected, with V(7). (r7) = Vod(r1), leading to,

mcl g L a4 — —
Tt = / VAR (m r3> U (7)) Vox S0 (7)) dry (3.23)

B

This approximation is justified only when the potential is very short-ranged (nearly
zero), and the projectile is in an s-state, leading to the generation of ¢ at the same
point at which a is absorbed.

III. Local energy approximation : For interactions of small range (non-zero) and

(+)(

projectile in s-state, a first-order Taylor expansion of the wave functions, ya' ' (Fue)

and XZ(_)(FcB), leads to a reaction amplitude of the form,

mer

TCIZE = / (Bc|V|c'a) exp(ﬁ.OA)Xz(*) ( F2> X,(;“)(FQ)dﬁng (3.24)

mp

The amplitude is determined from the local energy in the entrance (¢« — ¢ + x)

and exit (¢ +x — B) channels, with the gradient operator, O = V, + eV, The

m
convergence becomes rapid if 77 is of short range.

IV. Finite-range transfer : The finite range of the interaction, as well as exact
treatment of the recoil effects are taken into account. The form factor, given by
Eqn. 3.19, is expanded into multipole terms that correspond to the transfer to a
nuclear orbit of definite angular momentum, j. If @ and ¢ have spins s, and s., and

the target and residual nuclear spins are J. and .Jg, then, the form factor of the

interaction depends on the nuclear quantum numbers for the transferred particle,
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defined by j = Jp — Ju, s =S4 — Se, L = j — s and m = my + me — mg — my, [60].

TPR =N " V/20 +14/S,Sp(=1)%" (J, j my mp —me|Jp mp)
lsj (325)

Im

X (€ 5 m mg —me|j mp —meg) (Sa Sc Ma — Me|Sa — Me) By

The expansion given above has the convenience that the different values of /s, j
contribute incoherently to the reaction amplitude, and often, only one value is al-
lowed, thereby simplifying the calculation. Here, Bzm defines the partial /reduced

amplitude given by,
V20 +1 f;n - /dﬂdﬁxz()(k; FcB)flsgm(Tac’a TCB)X (kaa Tac! ) (326)

where figjm (o, Tep) X (Lclg Mm — M|€m>Y[:7M(ch)}Q*;’m_M(facz) is the radial form
factor for the transfer of the £sj multipoles. The problem of finite range interaction

is thus reduced to evaluating 3“", which describes the dynamics of the reaction.

sj
All current approaches to the extraction of realistic structural information, like de-
formation parameters from inelastic excitations and spectroscopic information on
overlaps from transfer reactions, are based on the different variations of the gener-
alized CC model. In most CC calculations of fusion, a real and energy-independent
potential is used, and all couplings are explicitly included to solve for the channel
wave functions. For analysing scattering data, one couples the dominant reaction
channels and employs complex optical potentials (energy-dependent polarization po-
tentials), where the imaginary part is used to simulate the effect of absorption into
the excluded channels. However, incorporating a multitude of coupling interactions

is prohibitive for some nuclear models.
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3.3 CCFULL Model

When many channels are coupled in an interacting intrinsic system, a spectrum of
barriers (a multidimensional potential barrier) is generated for the incident flux;
some of these values may be higher than the uncoupled barrier and some may be
lower [61,62], decided by the coupling mechanism. CCFULL exclusively couples the
relative motion of the colliding nuclei to the nuclear intrinsic motions like inelastic
excitations, and relies on the assumption that fusion occurs due to quantum tun-
neling across the barriers [56,63]. Nuclear coupling matrix elements are evaluated
by using the matrix diagonalisation method once the physical space has been de-
fined. The couplings are considered to act only when nuclei overcome the barrier
and inter-penetrate. The coupled Schrédinger equations (Eqn. 3.4) are rigorously
solved by means of numerical integration upto full order. The model employs an in-
coming wave boundary condition (IWBC) that corresponds to the case where there
is a strong absorption in the interior region of the barrier, at a suitable position
where the Coulomb pocket has a minimum, so that the incoming flux never returns.
It relies on the assumption that the fusion process is predominantly governed by
quantum tunneling over the Coulomb barrier. The corresponding radial solutions of

the coupled wave equations are expressed as:

YXa(r) = T¢ exp (—z/ ka(r')dr'> y T < Toin (3.27)
Xa(r) = HI™ (ko) 8ao + Ra H™ (kar), > Fme (3.28)

where T? is the transmission coefficient for the /** partial wave across the barrier,

and ko (r') = \/2—*; (E — 4 — Vaa(r") — £(0 + 1)23% is the local wave number for

the channel a. In order to ensure only incoming waves at r — 7,,;,, CCFULL solves
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Figure 3.2: In-
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the CC equations outward from r,,;, by imposing the conditions

d )
Xa(Tmin) - 17 aXa(rmin) - _Zka(Tmin) (329)
d
Xa’(rmin) - 0; d_Xa’ (Tmm) = 0, Vo 7é o (330)
r

Since the first derivative at r,,;, is specified, the wave functions, x4 (7min + h), with
h being the radial mesh to integrate the equations, are obtained numerically, and
the full CC set is solved numerically from 7,,;, + h t0 7z, to obtain the inclusive
penetrability (where the intrinsic degree of freedom emerges in any final state ) of
each partial wave, given by Py(E) =3 %ﬁ”””Tﬂ?. The fusion cross section then
depends on the tunneling coefficient for each partial wave across the barriers [56].
However, this model is best-suited for systems with a small number of channels that
couple to the ground state/entrance channels. Loss of potential pocket at high ¢
values limits fusion as it applies IWBC at r.,;,. For deeper nuclear potentials, the
pocket remains upto high ¢ values, and high energy fusion data can be represented
by ccruLL. However, such potentials may be unrealistic if they do not reproduce

scattering data and related observables.
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3.3.1 Isocentrifugal approximation

For a nucleus with intrinsic spin I, the total angular momentum is written as J =0+
I, with ¢ = |J—1|, ..., |J+1]. Since relative motion does not, destroy intrinsic parity,
hence, for every I, there are I +1 allowed values of /, i.e., allowed sub-channels. The
dimension of the full CC physical space becomes intricate and is reduced under the
assumption that the orbital angular momentum of relative motion, ¢, is conserved
during intrinsic excitations. The isocentrifugal approximation considers all the /¢
sub-channels to be equally affected by couplings of roughly the same strengths.
Consequently, an average centrifugal potential is defined with £(¢ + 1) — J(J + 1).
Thus, only one value of £ = .J (one partial wave) is considered per I channel. This is
effectively analogous to solving the CC equations for a spin-less intrinsic system, with

Vaa(r) = Va(r)+ prTeQ + (‘;::2) Under this approximation, CCFULL considers all

nuclei to have zero spin (I = 0) in their ground state. The assumption of spin-zero
intrinsic systems allows one to choose the z-axis along the centre-of-mass distance,
7, with 7 = 2. This conserves the magnetic quantum number of the intrinsic spin,

and only the components of the coupling interaction with y = 0 survive, leading to,

Vw6 = 3 AR OTE = /2 nnmie 631)

A>0 A>0

The net fusion cross section through the coupled multidimensional barrier is then

expressed as:

o SCFULL () = 2 Z(zj +1)Py(F) (3.32)

This approximation in unrealistic for several nuclei with finite g.s. spin. The calcu-
lations are truncated at the angular momentum, .J, whose contribution to the cross
section is less than 10~* times the total fusion cross section. Another demerit of
this model is the limited number of inelastic channels that can be coupled to the in-

coming channel. Also, the transfer channels can be coupled only in an approximate
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way, without incorporating finite range and recoil effects.

3.4 FRESCO Model

This model constructs a comprehensive theory for fusion that is consistent with
the major direct reactions, particularly, elastic scattering. It is essentially based
on the Feshback framework of direct reaction theory. FRESCO explicitly solves the
Schrédinger equation (Eqn. 3.4) for all the included channels, and involves imaginary
potentials to model how flux is lost from the physical space to other channels. The
fusion cross sections are calculated by imposing specific boundary conditions on the
incoming channel and outgoing coupled wave functions of each channel, governed by
an imaginary potential and accounts for the bulk of the flux which is lost from both
entrance channel and direct reaction channels to the fusion channel. The flux that
is lost from the entrance channel goes to either direct reaction channels or fusion
channel giving rise to total reaction cross section [57]. So, the fusion cross section
is taken as the difference between the total reaction cross section and the sum of all

direct reaction cross sections.

3.4.1 Effective Interaction

The manifestation of the fact that one deals with a many-body scattering prob-
lem is seen from a straightforward derivation of the coupled equations that leads
to an infinite set. A generalization involves a reformulation of the problem of solv-
ing an infinite set of equations to one which involves solving a finite set with a
modified /effective interaction - the dynamic polarization potential, added to the
bare potential. A model of the system wave function is constructed by project-
ing the complete wave function, |1), onto a product of accessible projectile and

target states (either bound states or discrete representations of continuum levels)
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Dy = (ap X Par, With x4 (rs) describing their relative motion. This projection can
be defined as the action of an operator P, that represents the set of open channels
that can be well-resolved - a portion of the available Hilbert space known as the

model space, such that P |i;) asymptotically contains only the P channels. Thus,

N
p|¢}t0t> ~ |’¢model>: Zq)aXa(Ra) (333)

Similarly, from the Hamiltonian, H, of the entire system, one obtains the effective
Hamiltonian, H, satisfying P[H — ]| |[t1ot) = [H — F]|tmoae) = 0. Introducing
a complementary operator, (), where Q|¢wt> projects onto the subspace of the

excluded and/or closed channels, with Q =1- f’, leads to

PHP(P [01)) + PHQ(Q [thiot)) = EP |01 (3.34)

Here, PHP defines the matrix element connecting model space wave functions and
PHQ(Q |tho;)) introduces effects of the excluded channels into the model space.

Similar to Eqn. 3.34, one can write

QHP(P [thor)) + QHQ(Q [th101)) = EQ [101) (3.35)
~ 1 ~ NN
= Q|wtot> - E— QHQ—FiE QHP(PW)tot» (336)

where € is a positive infinitesimal quantity which is purportedly introduced to ensure
that the excluded channels only remove flux from the model space. Substituting

Q |thtor) into Eqn. 3.34, the effective Hamiltonian is constructed as,

1
E — QHQ + ic

H =PHP + PHQ QHP =PHP + O (3.37)

The Hamiltonian involves an effective interaction, O, taking into account the dy-
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namic couplings between the P and () subspaces. The arbitrary matrix O can be
decomposed into Hermitian and anti-Hermitian components, and Eqn. 3.37 can be

written as,

(B H|0) = (D] PHP [B0) + 5 (D] (0 +01) [B) + £ (@] (0~ O1) |,)

(3.38)
The second term on the right side contributes a small correction term, say Vj,
to the matrix element of the Hermitian operator, PHP (that also includes the
kinetic energy operator), while the expectation value in the third term leads to
a negative imaginary potential, denoted by Wj, that accounts for loss/outflow of
flux from the incident channel (probability density is not conserved). This defines
the optical model equation, [H — E] [thmoqet) = 0, for the system, with Vy + il
as the optical potential. The basis states in |¢yeqe) do not form an orthogonal
set. Transitions from non-fusion channels into fusion channels, via an intermediate
compound stage, occur only when two nuclei overlap and interact strongly. So,
the absorptive imaginary potential should ideally have a short range (such as a
surface potential). However, due to computational limitation, several direct reaction
channels could be excluded from the model space. To account for effects of such
peripheral channels onto the P space, a long range (volume) imaginary potential is
often employed. It is widely recognized that the cross sections to only few of the
many open channels in a typical cyclotron/tandem accelerator experiment can be
effectively resolved. This limits the amount of information that can be extracted. For
a large number of such competing channels, it becomes cumbersome to solve the CC
equation exactly. A reasonable approximation is to truncate the infinite number of
channels to a few major channels (the P-space) those which are expected/known to

be (either theoretically or experimentally) strongly coupled, and represent/simulate

the effect of the others (the @-space) by the complex optical potential.
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An important remark should be made at this point : IWBC is not the limit of
Wy — oo, as there would also be some finite reflection due to Wy, which will
then have to be neglected. The concepts of IWBC and W; belong to the realm of
completely different models. In FRESCO, the choice of the strength of the imaginary
potential should be such that the mean-free path of the projectile inside the barrier
is much smaller than the dimensions of the potential [64], and the flux entering
into the chosen short range (within the Coulomb pocket) spherical region must get
absorbed satisfying the boundary condition.

Couplings deform the real and imaginary optical potentials. It can be said that
the imaginary couplings only redistribute the flux, already penetrated through the
barrier, among the elastic and non-elastic channels. The distribution of flux, before
and during barrier penetration, among the several channels is determined largely by
the longer ranged real couplings. Each pair of projectile and target excited states is a
distinct channel with its own scattering wave function and boundary conditions. The
entrance channel specifies an incident plane wave; all exit channels have outgoing
(scattered) spherical waves. For systems with tightly bound nuclei, the calculation is
done by means of the Coupled Reaction Channels (CRC) approach, while for those
involving a weakly bound partner, the approach of Continuum Discretized Coupled

Channels (CDCC) is employed.

Common approximations :

The solutions of the CC equations often employ some approximation techniques that
neglect higher order effects for weaker couplings, which can be treated perturbatively.
During the collision, the incident (plane) wave will be distorted due to interactions
with the target nucleus and, after the collision, at sufficiently large distances, the

projectile and target emerge in any of their (kinematically allowed) eigenstates. For
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the entrance channel o, one can write,

. . eika-ra ) eika/.ra/
¢a(raa ga) - (Doz (ga)eZka-ra_F(I)a (ga)yaa(rom ka) r + Z (I)a’ (ga’)yaa’ (roz’a ka) r
« o' #a o
(3.39)

where the coefficient .%,, defines the elastic scattering amplitude of the outgoing
wave, and %, define the inelastic scattering/reaction amplitudes. For a particular
channel, o, the solution of Eqn. 3.4 for the scattered wave function xo/ (74/), in the

asymptotic limit, integrated over the internal coordinates &,, is expressed as,

ezka/ Tl

<(I)a’ (ga’) |7/)a’ (ra’; 5a’)> = Xo (7"0/) ~ eika~7‘a 5(104’ + fg.oza’ (7';/, ka)i (340)

Tt

For the outgoing wave in the reaction plane, Z, (1o, ko) = #(0) is given by,

Ko ik, 1.1 1
yaa' (9) = - 27Th2 <e Fal Ta q)a’ (5a’)|‘/;:0up(ra’,§a/)|1/)a(Taa ga)> (341)

where i is the reduced mass in the channel o/. From a knowledge of the exact
form of v,, one can extract the scattering amplitude from the asymptotics of ..
An approximation commonly used, known as the Born approximation, treats all
interactions as weak perturbations to the incident wave, and the relative motion
before and after collision is assumed to be described by plane waves, i.e., 1, (s, &a) &
P, (£,)eR> T The motion at large radii is considered to be described by undisturbed
plane waves. However, since elastic scattering and absorption can both occur in a
reaction system, a plane wave is not an ideal solution for Schrodinger equation. In
an alternative approach, if some local/non-local couplings to the entrance channel
are weak, they can be treated as successive perturbations to the elastic channel,
iteratively. The relative motion between the nuclei is described by waves distorted
by elastic scattering, and such an approach is known as the Distorted Wave Born

Approximation (DWBA). These distorted waves are generated from optical model
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potentials that are chosen to explain the elastic scattering in the entrance and exit
channels, and the reaction channels are treated as weak transitions between the

elastic states, with,

eika Ta

yDWBA(e) — Ko/ <eika"ra’(1)a, ‘/;:Oup @aeik“'r“ + q)a:g.aa(e)

ac 9rh2

> (3.42)

Ta

DWBA is most useful for reactions that probe the surface region of nuclei, i.e., reac-
tions that probe only the asymptotic tails of the wave function in transfer/inelastic
scattering processes.

When inelastic scattering channels are strongly coupled (i.e., when the iterative
scheme fails to converge), an exact solution for elastic and inelastic scattering states
becomes imperative for convergence of the solution set. These channels are blocked
together and treated as a single unit during iterations, while solving the couplings
within the block by the exact method. The distorted elastic waves in Eqn. 3.42 are
replaced by the solutions of a CC problem that includes both elastic as well as the
inelastic waves. The transfer channels are still treated to first order. Such an ap-
proximation is known as the Coupled Channels Born Approximation (CCBA). With
the dominant S inelastic channels coupled to the entrance channel, the scattering

amplitude for a weakly-coupled channel o’ becomes,

‘/COup

ao 2mh2 Ta

3 i ika T ikg.r
FOCBA (g)—_ Ha! <e“caf-w o Boeiho ro LDy Foo (0) oo TE LS BaFap(0) fB B> (3.43)

where %4, #a5 are determined by numerically solving the CC equations for the
corresponding channels exactly.
The approximations discussed above are often employed in the different nuclear

models, and significantly reduce computation time for attaining convergence.
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3.4.2 Coupled Reaction Channels (CRC) Formalism

In the CRC framework, elastic scattering is described using a complex optical poten-
tial, where the imaginary part implicitly accounts for the flux lost to other reaction
channels. Transfer reactions and directly populated inelastic excitations are then
often considered to be perturbations on the elastic scattering in the DWBA limit
(for weak excitations). The estimated total reaction cross section, oye,c, is usually
identified with the expectation value of the imaginary potential in the entrance chan-
nel. The fusion process, at an energy F, is described as the multi-step absorption

through the potential barrier in each channel,
O-E‘RESCO(E) - Uabs + O-;rll)il + Uabs + .. = Oreac — Z Uiir (344)

dir th

where o{" corresponds to the cross section for o' reaction channel. For a
reaction system with n mass-partitions, a channel « is abbreviated as a =
{npt, (£J,)J Jy; Jior }. With diagonal optical potential V,,, , and centrifugal potential

Une,, the full CRC equation is expressed as,
[Ea,n - Ka,n - Vaa,n - Unloc Xa n rn Z Zl, aa N Tn)on n(Tn)

+ > i 4/ et it (T ) X (T )

o n#£n’

(3.45)
where Vo () governs local coupling interactions within a partition (such as in-
elastic excitations), and Via nn (74, ) defines non-local coupling interactions that
arise from particle transfers. Once all coupling matrices are specified, the equation
set is solved, either exactly (CCBA) or iteratively (DWBA), depending upon the

local /non-local coupling strengths, satisfying specific boundary conditions for each
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Jtot(: (E + Jp) + Jt)a given bYa

Xa(rn) ~ rfl“, rp — 0 (3.46)

Ya(rn) = H (karn) 6aa + S

Jtot

Yot H' ) (kgrn),  7n — 00 (3.47)

aa!

with HF,:Z and H§;i as the incoming and outgoing Coulomb waves, and S7'" as

14

the asymptotic S-matrix element. The factor i* ¢ ensures that the wave functions

revert to the Coulomb functions in the absence of a nuclear potential in the model.
The scattering amplitude for the outgoing waves in a reaction channel, such as

inelastic excitation or particle rearrangement, is commonly defined as Fnn ,(0) o

D talordpad s Yeama (Ta) Yo m:, (70) ot which governs the differential cross section for
mam g J Jtot

a channel « as,

1
an(0) = Fow () 3.48
T 1 2
= Oan = 75 2J0 1 SJtO/t 3.49
o 32 (2 + 1) (210 + 1) UZJ( ot S 38

[0}

If a large number of partial waves are involved, the CRC equations are solved for
every Jio at fixed intervals (small intervals for grazing partial waves, and larger for
Coulomb-dominated peripheral processes), and the intermediate ones are interpo-

lated.

3.4.3 Continuum Discretized Coupled Channels (CDCC)

Formalism

For nuclei with low binding energies, additional dynamic channels are introduced
into the reaction system on account of their breakup into fragments/clusters. Be-

cause of multi-step effects involved, the phenomenon of breakup is not treated as
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a perturbation to the elastic scattering waves. The CDCC framework is a non-
perturbative approach that treats the breakup (into two fragments) process as inelas-
tic excitation to unbound states (continuum), upto all orders, and includes Coulomb
and nuclear effects on equal footing. However, the continuum wave functions do not
decay to zero as r — oo sufficiently fast as to have square norms. For the infinite
unbound non-normalizable continuum excitations, the range of energies/momenta
is, therefore, discretized into a finite number of square-integrable bin states (con-
tinuum states averaged over a range of energies), constructed from the scattering
states.

For a projectile composed of two loosely-bound particles/clusters, ¢ (the core cluster)
and v (the valence cluster), the scattering event from a target (¢) can be described
by the ¢ + v + t three-body system. Fig. 3.3 is an illustration of the three-body
system and coordinates among the three nuclei. The vector, 7 ({ = ¢, v) defines the
relative coordinate between ( and ¢, while 7" is a vector that connects the centres of
mass of v and ¢, and R connects the centre of mass of ¢ to the (¢ + v) subsystem.

The Hamiltonian for the system is expressed as,

Hapoay = K (r) + K(R) + Uey(r) + Ver(re) + Vir (1) (3.50)

Here, U., represents the binding/interaction potential between v and ¢ that de-
fines the different bound and unbound states of the projectile, while V,;(V,) is the
fragment-target optical potential of the scattering of ¢(v) on t. The total three
body wave function 1 is expanded by the complete set of eigenfunctions of the in-
ternal Hamiltonian of the projectile, K(r) + U, (r) of the (¢ + v) subsystem, and
the eigenfunctions are written in terms of both bound and continuum states, ¢;(r).
The continuum states are characterized by the orbital angular momentum, L, and
the linear momentum, k, of the (¢ + v) subsystem, and they are suitably truncated

as L << Lpax and k << kpax [65]. In terms of the bound states and the infinite
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Figure 3.3: Radial coordi-
nates showing three-body sys-
tem of the core (c), valence
(v) and target (¢) nuclei in the
event of a projectile breakup
process.

k-continuum,

o0
B R) = du(r R+ [ kS ) () (3.51)
L

where the coefficients y(R) describe relative motion between the projectile in state
¢, and the target ¢, with relative momentum, K.

As Eqn. 3.51 involves an integral over a continuous variable to infinity, summed
over L, attempting to arrive at a solution of the Schrodinger equation becomes
impractical. A discretization of the k-continuum into a finite set of square integrable

basis states is required, where the radial functions for the continuum bins are defined

as a superposition of the scattering eigenstates within a bin k; | < k < k;, given as,

bi(r) = /W'?Vi /k w;(k)dp(r)dk (3.52)

with w;(k) as a weight function and N; = fkkl_l |w;|*dk as the normalization constant

so chosen that ¢;(r) form an orthonormal set.

A model space, P’, thus constructed is described as P’ = ZZ]\LO|¢ZZ>(¢ZZ|, with
Yepee = Py = E?LU ¢i(r)xi(R). Here, i = 0 refers to the ground state and
1 > 1 represents the scattering states. This construction can be easily gener-

alised to give coupled-channels bin wave functions for the model space equation
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P'Hapoay |¢0) = EP' ). This leads to a set of coupled equations,

N

(B — K=& xi(R) = ) (i Varlre) + Viu(r)| 6) x5 (R) (3.53)

where ¢; are the energies of the (c+wv) subsystem. Solving the CDCC equations with
the regular boundary condition, one can get the S-matrix elements of the elastic scat-
tering and the projectile-breakup reactions. Additional couplings to the entrance
channel due to the excitations of the target nucleus, or exchange of nucleons with
the projectile (prior to breakup) can also be incorporated into the framework. Such
an interplay of different reaction modes is commonly defined as the CDCC + CRC

formalism.

The various nuclear models described in this chapter have been used for the theo-

retical calculations and subsequent analyses in this thesis work.



Chapter 4

Low-lying collective excitations in

112,116,118,120,122,124Sn isotopes

A transparent approach to probe collective properties of dynamic nuclear deforma-
tions would involve independent excitations of the proton and neutron densities, at
the same energy. Inelastic transitions triggered by nucleus-nucleus collisions, such
as heavy-ion scattering, occur under the combined influence of Coulomb and nuclear
interactions, and could be a reliable alternative for a simultaneous study of deforma-
tions of charge and mass densities in nuclei during excitations. The electromagnetic
forces are principally the Coulomb forces coupling to the charges of the protons,
while the nuclear forces may be central, or couple to individual spins of the nucle-
ons. However, such measurements are subject to the choice of the probe/projectile
that induces the excitations. The intrinsic deformations of nuclei can be deduced
by removing the effects of probe-size and nature of probe-target interaction in the

extraction of intrinsic deformed nuclear shapes.

74
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4.1 Probe-dependence in heavy-ion scattering

Excitations in heavy-ion scattering are often induced at bombarding energies not
too far above the Coulomb barrier; contributions from Coulomb and nuclear pro-
cesses become comparable. An experimental analogy between the inelastic excitation
probabilities obtained by pure Coulombic interactions and by nuclear interactions
is thus expected. This can be qualitatively observed when the 0f, — 27 (A = 2)
and 0f; — 37 (A = 3) excitations of doubly even spherical nuclei are studied in
the framework of a collective vibrational model - the charge and mass deformation
lengths are of the same order of magnitude. However, the number of configurations
which take part in the excitation and the explicit interaction operator may be dif-
ferent in the two cases, thus one would expect some quantitative differences. One
of the most widespread approaches to this problem is based upon the use of an
optical potential for the description of the elastic scattering of two heavy ions [59].
In addition to the Coulomb potential, Vi, between the colliding nuclei, scattering
phenomena are described in terms of an optical potential, V}y, whose shape, owing
to the short range of the nuclear force, is of the same general form as that of the
nuclear density distribution. The CNI effect allows a simultaneous determination
of charge and mass deformation lengths, §§" and 6% from the angular distribution
of the measured scattering cross section. These are sensitive to deviations in charge
and mass distributions from the equilibrium shape of the nucleus. Since the de-
formed nuclear shapes and transition amplitudes depend sensitively on the chosen
matter (or, potential) radius and rely on the interaction potential Vy(r), it is not
surprising that these quantities extracted from scattering of different projectiles are
systematically different and indicate discrepant transition rates. A scaling relation
proposed by Blair [66], 05" = 6%, However, this prescription does not remove all
discrepancies. A long-standing difficulty in the comparison between 6§* and §%* has

been due to the different radii that characterize the two types of interactions. The
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mechanism of Coulomb excitation is well understood and the charge radius has been
accurately measured by electron scattering to be about 1.2A4'/3fm for a suitably dif-
fuse radial charge distribution, where A is the atomic mass of the target nucleus.
On the contrary, the optical potential radius characterizing the matter distribution
may vary from 1.25A'/3 for collisions with tightly bound probes, to 1.55A4"/3fm with

weakly bound probes.

The characteristics of the low-lying Ogs_ — 27 and Ogs_ — 3| transitions in the
stable even-mass Sn isotopes have been extensively studied with a variety of probes,
with contrasting results. Additional information about the structure of the 2] and
3] states can be extracted by studying the ratio of the multipole neutron and proton
transition matrix elements, M, /M,. Bernstein et al. [4,67] have reviewed various
methods for determining proton and neutron matrix elements. Since M, can be ac-
cessed through electromagnetic measurements, isospin conservation is a convenient
approach to deduce M,,, with M,,(N,Z) = M,(Z, N) [4]. However, this is predomi-
nantly applicable for light nuclei and their mirrors. Similar studies for heavier nuclei
generally involve the comparison of measurements of a transition using two exper-
imental probes with different sensitivities to proton and neutron contributions. In
such scenarios, the question of the relative participation of neutron and proton den-
sities is of considerable interest. Comparing pure Coulomb scattering with heavy-ion
scattering data is considered as one of the most transparent approaches. However,
to avoid large experimental uncertainties of M, /M, due to normalization error of
heavy-ion cross sections, a simultaneous determination of charge and mass transi-
tion probabilities, for which M, /M, is not affected by normalization uncertainties,
may be achieved by heavy-ion scattering across the CNI region.

The present work focusses on the extraction and interpretation of nuclear size and

shape information for the excited 2;" and 37 levels in the stable 112:116:118,120,122,124Gy,
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isotopes from the study of heavy-ion inelastic scattering using two different probes,
"Li and '?C, separately at bombarding energies F. ., /Vg ~ 1.3. The shape of the
differential cross section across a wide angular range allows simultaneous quantita-
tive assessments of 0" and 0%, from which, the ratio of M, /M, is deduced uniquely
for a given probe. The complex reaction mechanisms are expected to be reflected
in probe-dependent characteristics. This is particularly important for exciting dis-
crete collective states with an isoscalar (N = Z = even) nucleus such as '*C, as
the projectile-target interaction is devoid of any isospin dependence. As a result,
such ions probe the matter distribution of the nucleus as a whole. On the other
hand, the complementary probe “Li is a weakly-bound nucleus with unpaired nu-
cleons, and the projectile-target interaction is expected to show spin and isospin
dependence. The objective is to investigate the probe dependence and subtract its
effect, if any, to conclude about intrinsic M, /M, ratios for the low-lying A = 2,3
excitations in the Sn isotopes. To understand the inelastic scattering mechanism,
model calculations have been attempted by simultaneously coupling several major
direct reaction channels to the entrance channel, in the framework of explicit CDCC
and CRC formalisms, the success of which is well documented for energies above

Coulomb barrier.

4.2 "Li-induced excitations

A schematic diagram of the experimental setup is shown in Fig. 2.4 of Chapter 2.
From a typical gain-matched spectrum of AFE versus Ejga(= Fres + AFE) shown for
the "Li + '22Sn system in Fig. 4.1, fragments with different Z (=1-3) and A (=1-7)
are clearly identified. Typical energy resolution of a telescope was ~ 65 keV. Along
with the elastic scattering peak, the yields of projectile and target excited states
corresponding to first quadrupolar rotational state of “Li (0.478 MeV), and the 2]

and 3; vibrational states of ''%!16.118,120,122,124Gpy were found to be dominant (shown
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Figure 4.1: Typical (AE versus Fioa) gain-matched spectrum showing the outgoing
projectile-like fragments at 6j,,=60° in the “Li + '?2Sn system. Inset: 1D spectrum
showing Q-value distribution of states identified in elastic and inelastic scattering.

in inset of Fig. 4.1). In addition, several states corresponding to 1-neutron stripping
("Li,Li) as well as 1-proton stripping ("Li,%He), with subsequent excitation of the
respective residual nuclei could be identified. The background-subtracted yields
for the elastic scattering and excited (2] and 3, ) states of target were extracted
separately for evaluating their differential cross sections. They were then translated
to the centre of mass frame, where the experimental cross sections retain little
information about any experimental constraints or impacts of the laboratory angles.
Since the same number of particles get scattered into the solid angles d€2,, and

dQec. ., with d¢pa, = déem. , this leads to

do B |1+ v cosbem| do
dQcm. (1 + 724 27c080cm.)3? dQuab
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where v = \/Zifﬁe (EEmTer), for a reaction involving projectile p and target ¢, lead-

ing to an ejectile e and residual r, of masses m,,, m;, m., m, respectively. E.,, and
(@ represent the energy available for the reaction and the ()-value for each excitation
channel.  The experimental cross sections for scattering to the 2 excited state
for each Sn isotope are shown as open squares in Fig. 4.2(a)-4.2(f), with the elastic
scattering angular distributions in the inset (open circles). The average statistical
errors on the elastic scattering cross sections are typically 1-2% over the entire angu-
lar range, except for extreme backward angles where it is 4-5%. The A = 2 transition
is found to be dominant in the forward region where Coulomb field is expected to
have greater influence than nuclear field. Fig. 4.3(a)-4.3(f) shows the experimental
differential cross sections for excitation to the 3] state (triangles). The lines in all

figures represent the results of the calculations described in §4.2.1 and §4.2.2, carried

out in the CRC as well as CDCC-CRC formalisms.

4.2.1 CRC Calculations

CRC calculations were performed by coupling the major direct reaction channels to
the entrance channel in the DWBA limit, (since the couplings to the direct channels
were not found to significantly alter the calculation of the elastic scattering cross
section). The target excited states were treated as collective vibrational states. To
constrain the set of potential and target structural parameters, inelastic excitation
of "Li to its only bound excited state %_ at 478-keV was coupled into the model
space. In addition, some of the dominant low-lying states corresponding to one-
nucleon stripping processes with residual excitation, upto ~ 1.5 MeV, were included
with available spectroscopic factors (C?S). The states for which the spectroscopic
factors were not available were included with C?S = 1.0. The coupling scheme for
one of the systems is shown in Fig. 4.4. The distorted waves were generated from

a phenomenological optical potential of Woods-Saxon (WS) volume type, whose
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Figure 4.2: Experimental cross sections (open squares) and the results of the

CRC calculations (solid lines for WS potential, dash-dot-dot lines for DFM poten-
tial) for A = 2 inelastic scattering processes corresponding to the target excitations in
TLi+4112:116,118,120,122,124Q) gygtems. Inset: Experimental elastic scattering angular distri-
butions (circles) with calculation using WS potential (dashed lines).
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Experimental cross sections (filled triangles up) and the results of the

CRC calculations (lines) for A = 3 inelastic scattering processes corresponding to the
target excitations in TLi4!12%116,118,120,122,124G, gystems. Calculations using WS potential
with 65" values from existing Coulomb excitation measurement [23] (solid lines), electron
scattering [21,22] (dashed lines) and proton scattering [41] (dash-dot lines) are shown. Also
shown are calculations using DFM potential with 05" from Coulomb excitation (dash-dot-

dot lines).
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Figure 4.4: Coupling scheme of the "Li+'2°Sn system used for the CRC calculations in
FRESCO.

parameters were determined by reproducing the measured elastic scattering data
for each system. This may be considered as the local equivalent potential (i.e., bare
+ polarization potential) that has taken care of the effect of couplings of breakup
and other excluded reaction channels on the elastic channel. The total potential in

the entrance channel is defined as:

Vo Wy
I+exp(=Le) 14 exp(Ere)

ag (437}

V;otal(r) - V;(T’, Tc) -

(4.2)

Here, V.(r,r.) is the Coulomb potential due to a uniformly charged sphere of radius
R, = TC(A};./?’ + A;/?’), with charge radius r. fixed at 1.20 fm and Ap and Az are the

mass numbers of projectile and target, respectively. The mass radius is calculated



4.2 "Li-induced excitations 83

Table 4.1: WS potential parameters for entrance channel used in CRC calculations for
TLi4!12:116,118,120,122,124Gy, gystems at Fl,, = 28 MeV. Values of 7y and ag have been kept
fixed at 1.243 fm and 0.695 fm respectively.

Target Vo W Tw Ay

(MeV) (MeV) (fm)  (fm)
H2gy 26.05 55.30 1.134 0.620
H6GQH 29.25 59.50 1.166 0.575
18Gp 33.66 54.20  1.147 0.605
120G 35.06 57.71  1.138 0.678
122G 32.05 59.20  1.157 0.571
124Qp 31.45 58.70  1.165 0.605

as an average of ry and r,. The depth of the real part was adjusted to optimize
the simultaneous fit to elastic and inelastic scattering cross sections in each system.
The volume absorptive imaginary part accounted for flux lost into the excluded
nonelastic channels, as well as compound reaction in the entrance channel. To
arrive at a consistent set of nuclear potential parameters across the Sn isotopic
chain, two of the six parameters (1o and ag) were kept fixed and the ranges of the
others were restricted. The exit channel real potential was kept to be same as that
of the entrance channel, with a short range imaginary potential of WS squared form.
The final potential parameters are listed in Table 4.1. Integrating the radial wave
functions up to 50 fm in steps of 0.25 fm and summing over 100 partial waves are

found to be adequate to attain numerical convergence.

4.2.1.1 Effect of projectile excitation

The calculation for projectile excitation has been done assuming that the ground
state and 478-keV states are members of the K = 1/2 rotational band and the
transition is of quadrupole nature, with " = 3.944 fm (obtained using ground
state spectroscopic quadrupole moment -4.06 efm? and B(E2;3/2~ — 1/27) = 8.3
e*fm*) and 6™ = 1.993 fm. This mass deformation length is consistent with the one

obtained from an earlier measurement on "Li+!'B,!3C systems [68]. However, it may
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Figure 4.5:  Experimental cross sections for inelastic scattering in "Li+2°Sn system
corresponding to (a) bound excited state of "Li, and target excited states (b) 2] and (c)
3, . The lines show CRC calculations for different pairs of §* and 6™ values : (i)6" =
3.944 fm , 6™ = 1.993 fm (solid), (i) = §™ = 2.0 fm (dash-dotted) and (iii) CDCC-CRC
calculations (dashed) with B(E2; (3/2~ — 1/27)) = 8.39 e2fm*. Calculations for (i) and
(iii) are found to suitably agree with the data and these parameters are used for complete
theoretical modelling in the CRC and CDCC-CRC frameworks.

be important to note that in the work of Ref. [68] the relative heights of the maxima
observed in the differential cross section could not be reproduced with the parameters
™ = 6" = 2.0 fm. In the present work, the nuclear contribution to the inelastic
excitation of this state is found to be smaller compared to the Coulomb contribution,
ie., 0™ < 6" A similar feature of larger Coulomb amplitude is also observed
in [69]. To find the suitability of the values of §°" and 6™ for the bound excited
state of "Li, different sets of calculations with unequal as well as similar charge and
mass deformation lengths are compared with experimental data (symbols) in for the

"Li+'?%Sn system in Fig. 4.5(a). The solid line represents the CRC calculation with

unequal deformation lengths for mass and charge densities, whereas, the dashed
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line corresponds to the CRC calculations using equal deformation lengths. The
dash-dotted line corresponds to the result of CDCC calculations described later in
§4.2.2. The effects of such a variety in projectile couplings on the target excited
states are also shown in the adjoining Figs. 4.5(b)-4.5(c) for each set of projectile
coupling factors. Since the solid and dashed-dotted lines reasonably reproduce the
experimental data, the respective parameters for "Li excitation have been used for
CRC and CDCC calculations. The results indicate that the effect of projectile

excitation is not much pronounced, particularly for the 3; target excitation.

4.2.1.2 Target structural parameters

The calculations made use of independent adjustments of 6§* and 6" to reproduce
the first and second peak respectively, in Figs. 4.2(a)-4.2(f) and Figs. 4.3(a)-4.3(f),
as well as angular position of the minimum between them. For the A = 2 transition
in each isotope, 65" is consistent with existing Coulomb excitation measurements of
B(E2) by Allmond et al. (shown as circles in Fig.1.2) while 65" differs by ~ 5%.
For the A\ = 3 transition, however, existing 5§h’m values measured with different
probes, employing either pure Coulomb or nuclear fields, could not reproduce the
data throughout the angular range. Also, the calculations beyond the minimum
between the two major peaks in the CNI pattern were found to be less sensitive
to 5", Modest fits for 1121181201248y are obtained by using 65" values from an ex-
isting systematic measurement of Coulomb excitation by Jonsson et al. (shown as
circles in Fig.1.3), which are fairly closer to the data compared to other B(E3) es-
timates. The 65" values for 16122Sn are suitably adjusted for a better reproduction
of the experimental data and to obtain a uniform set across the isotopic chain, as
Ref. [23] reports much larger values for these two isotopes compared to their neigh-
bours. The charge deformation lengths, however, were found to overestimate the

cross section beyond the CNI region. For obtaining the best fit, this was remedied
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Figure 4.6: Minimum-y? estimates of 65" and 0% for the '2°Sn isotope.

Table 4.2: Experimental deformation lengths for the low-lying A = 2, 3 target excitations
in TLi 4 12116,118,120,122,1248)) ugpoms.

Target A=2 A=3

57 (fm) oy (m) 1oy (fm) oy (fm)
"28n  0.702(35) 0.698(35) 0.738(103)  0.581(51)
16Sn  0.651(41) 0.656(38) *0.745(101)  0.542(52)
8Sn  0.645(33) 0.651(33) 0.753(108)  0.570(48)
1208n  0.660(29) 0.642(41) 0.717(129)  0.556(30)
122Gn  0.615(31) 0.611(42) *0.655(103)  0.477(41)
124Sn  0.569(26) 0.563(41) 0.632(087)  0.458(33)

! From Coulomb excitation measurement [23]
* Modified

by keeping 07" << 5" in the present calculations. The CRC calculations reflected
a strong correlation between 67" and 5" (i.e. a small reduction in 45" had to be
compensated by a similar increase in §3"), whereas 05" was found to be nearly in-
dependent of fluctuations in §§". However, these values are lower than the range of
those previously observed over the years. The first maximum of the differential cross
section could not be well reproduced, and different sets of calculations are shown in
Figs. 4.3(a)-4.3(f) keeping %" fixed and using 65" measured via Coulomb excitation
(solid lines) [23], electron scattering (dashed lines) [21,22] and proton scattering

(dash-dotted lines) [41], wherever available.
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To test the parametric fit of the deformation lengths, a x? test has been carried
out. The minimum-x? estimate of §% for each isotope is arrived at by keeping the
value of §§" unchanged, and vice-versa, as typically shown in Fig. 4.6 for the A\ = 2
excitation of the '2°Sn nucleus. The extracted 65"™ values for the different isotopes
are presented in Table 4.2.

The chosen parameter set for the nuclear potential governing these interactions,
given in Table 4.1, is not unique. There are various such sets which reproduce
the data equally well. However, once a consistent description of elastic and inelastic
scattering channels is attained, it is observed that the combination of real and imag-
inary radii required to explain the data always led to 6}* similar to those reported

in Table 4.2.

4.2.1.3 Sensitivity of interaction potential

The traditional interpretation of elastic (inelastic) scattering in the framework of the
usual optical model (deformed optical model) is highly phenomenological and does
not incorporate the more microscopic aspects of the reaction and excitation mech-
anism, where one seeks to describe the scattering of the projectile from a nucleus
in terms of fundamental interactions between the nucleons. The basic justification
for using potentials of the Woods-Saxon shape for nucleus-nucleus scattering, for
example, is the knowledge that a nuclear density distribution is effectively constant
in the nuclear interior with a diffuse surface. When this distribution is folded with
a short-range nucleon-nucleon interaction, the result is a similar shape with a more
diffuse surface. In order to compare the calculations using the phenomenological po-
tential with a universal potential, the CRC calculations were repeated with density
dependent double folding model (DFM) nucleus-nucleus potential calculated for sys-

tems with atleast one spin-less nucleus, as a function of centre-to-centre separation,
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r, as

Vora(r) :/drl/er [vis(psx + 12 —11).(Af + A5,) (5, + P57 »
43

+orv(p, T+ 12— 1.5 = p8))-(0n — p5;)]

with ry and ry as the radial vectors of the projectile (1) and target (2). Here, v;g and
vry are the effective isoscalar (spin and isospin independent) and isovector (isospin-
dependent) components of the fundamental microscopic nucleon-nucleon interaction.

The radial dependence is parametrized in the M3Y-Paris forms [70], as

e—4r e—2.5r
= 11061.62 — 2537. 4.4
vrs(r) = 11061.625—— — 25375 — (4.4)
6747‘ —2.57
= 313.625 223.5 4.5
vrv(r) 4r + 2.5r (45)

The associated density dependence is chosen to be of the DDM3Y1-type [70], with
p = p1(r1) + pa(rz). The shapes of the proton and neutron ground state densities
P%;,ﬁ) of “Li and each Sn isotope were taken to be analogous to their ground state
charge density distributions obtained from existing electron scattering measure-
ments, with their r.m.s. radii consistent with the measured neutron skin thickness of
the "Li [71] and Sn nuclei [18,72]. The r.m.s. radii for the point-matter distributions
for all nuclei are deduced from their measured charge r.m.s. radii, by unfolding the
charge distribution of the proton as well as a minor, but important, contribution
from the charge distribution of the neutron, with (r2) = (r3) — 0.722 + (%) 0.115
fm?. Here, the mean square charge radius of the proton is 0.722 fm? (consistent
with electron scattering [73] and muonic hydrogen Lamb-shift measurements [74])
and mean square charge radius of the neutron is —0.115 fm? (from measurements of
neutron-electron scattering length [75]). The contribution to the r.m.s. radius of the
point-matter distribution from the neutron form factor is of the order of 0.02—0.03

fm. A complex form of the bare DFM potential has been used in the full CRC calcu-
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lations with adjustable normalization factors for the imaginary part. This potential
is suitably deformed by introducing structural parameters that govern the inelastic
excitations of the collision partners. Interestingly, the analysis using DFM potential
generates optimum description of elastic scattering and target excited states with
the same set of deformation lengths as given in Table 4.2, and the calculations are
in good agreement with those of the WS potential. This implies that the extracted
structural parameters are independent of the method of scattering analysis. The
calculations have been shown by dash-dot-dot lines for the 2 state in Figs. 4.2(a)-
4.2(f) as well as for the 3] state in Figs. 4.3(a)-4.3(f).

4.2.2 CDCC-CRC Calculations

To further investigate the role of the weakly bound nature of the projectile (if any),
another set of calculations in the CDCC-plus-CRC framework that include a simul-
taneous analysis of projectile breakup (into a+ t), target collective excitations and
transfer processes, have also been carried out. The coupling of direct and resonant
breakup channels of “Li, which is known to affect the elastic scattering, may in turn
affect the target excitation channels of interest. In addition, direct coupling of the
projectile breakup channels with the target excitations may also affect the inelas-
tic scattering cross sections. Simultaneous inclusion of both projectile breakup and
target inelastic channels has been made by first calculating the cluster folded (CF)
bare potential [76] from the fragment-target interaction potentials. Then, this CF
potential has been read in to calculate the additional potentials contributed by the
target deformations corresponding to different excitations.

The projectile excitations corresponding to the bound excited state (0.478 MeV,
1/27), unbound resonant states at 4.63 MeV (7/27), 6.67 MeV (5/27) and non-
resonant continuum above the a-t breakup threshold (Ey, = 2.468 MeV) up to an

excitation energy of about 8 MeV of "Li were included, where it has been assumed
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Table 4.3: The states of the projectile “Li included in the model space of the CDCC-CRC
calculations. F,, Fnin and Fny.x represent the mean, minimum and maximum excitation
energies, respectively, of a particular bin above the a-t breakup threshold, Eiy,.

L J" Em Emin Ena,x
(MeV) (MeV) (MeV)
0 1/2* 0.2421 0.0021 0.4821
0 1/2* 1.2103 0.4841 1.9365
0 1/2* 3.1470 1.9365 4.3570
0 1/2* 6.0520 4.3570  7.7460
1 3/2- 22,468 (Ey) ; ;
1 3/2° 0.2421 0.0021 0.4821
1 3/2° 1.2103 0.4841 1.9365
1 3/2° 3.1470 1.9365 4.3570
1 3/27 6.0520 4.3570  7.7460
1 1/27 -1.990 (bound inelastic) - -
1 1/2- 0.2421 0.0021 0.4821
1 1/2- 1.2103 0.4841 1.9365
1 1/2- 3.1470 1.9365 4.3570
1 1/2 6.0520 4.3570  7.7460
2 5/2* 0.2421 0.0021 0.4821
2 5/2* 1.2103 0.4841 1.9365
2 5/2* 3.1470 1.9365 4.3570
2 5/27F 6.0520 4.3570  7.7460
2 3/2°F 0.2421 0.0021 0.4821
2 3/2°F 1.2103 0.4841 1.9365
2 3/2* 3.1470 1.9365 4.3570
2 3/2* 6.0520 4.3570  7.7460
3 7/2° 0.2421 0.0021 0.4821
3 7/2° 1.2720 0.4840  2.0600
3 7/2 2.1600 2.0600  2.2600
3 7/2 3.3080 2.2600 4.3200
3 5/27 0.2421 0.0021 0.4821
3 5/27 1.2103 0.4841 1.9365
3 5/27 2.3200 1.9370  2.7100
3 5/27 4.2100 2.7100  5.7100
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to have a cluster structure of o + ¢. The Watanabe-type folding model is assumed
for the structure of "Li as an o+t two-body cluster. This calculates the Coulomb as
well as nuclear transition strengths among the excited states of “Li from the result-
ing wave functions. The transition potentials are calculated by folding the a and ¢
optical potentials over the "Li cluster wave functions for the initial and final states,
in a similar way to the deformed diagonal potentials as in a conventional collective
model calculation. This narrows down to the target structural factors as the only
adjustable parameters in the model. The corresponding calculation for excitation
to the 0.478 MeV state of “Li with established B (E2; 3/2,, — 1/2[;.478Me\/) =8.39
e?fm?, is shown as dashed lines in Fig.4.5. The continuum of the a-t cluster of “Li
at excitation E, (w.r.t. Ey,) has been discretized with respect to the a-t relative
momentum of ik into several momentum bins, in steps of Ak = 0.2 fm !, up to k
= 0.8 fm~" [77]. Each bin beyond Fj, has been treated as an excited state of the
a-t cluster with excitation energy equal to the mean excitation value for that bin
(shown in Table 4.3). The spin of each excited state, J™, has been obtained as the
vector sum of the a-t relative angular momentum L and the spin of the triton S. All
possible states with L = 0,1,2,3 have been included. The binning of the continuum
with L = 3 has been suitably modified to include the resonances 7/2~ and 5/2~
with average excitation energies (above Eyy,) of E, = 2.16 and E, = 4.21 MeV, and
widths of 0.2 and 3.0 MeV respectively. The a-t binding potentials are of Gaussian
form as given in [78], but suitably adjusted (shown in Table 4.4) to reproduce the
ground state quadrupole moment and B (E2; 3/2;5_ — 1/25.478Mev> for "Li, as well
as generate resonance criteria (phase shift) at correct excitation energies.

A standard entrance channel projectile-target cluster-folded (CF) interaction was
generated, where Sao Paulo potentials [79] were used as the real parts of the
fragment-target, a+Sn and ¢4Sn potentials, evaluated at F, = %Elab and F;, =

%Elab. The imaginary potentials were of Woods-Saxon form with short ranged vol-
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Figure 4.7: Experimental cross sections (filled triangles up) and the results of the CDCC-
plus-CRC calculations (solid lines) for A = 2 inelastic scattering processes corresponding
to target excitations in TLi+!12116,118,120,122,124Gy, gygtems.
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Figure 4.8: Experimental cross sections (filled triangles up) and the results of the CDCC-
plus-CRC calculations (solid lines) for A = 3 inelastic scattering processes corresponding
to target excitations in 7Li4'!2116:118,120,122,124G), qystems. Inset: Experimental elastic
scattering angular distribution (circles) with calculation under CDCC-CRC formalism
(dashed lines). The calculations for inelastic scattering with reduced values of 0" but
equal to 05" are also shown (dashed lines).
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Table 4.4: -t binding potentials of the form V = —Voe "% + Ve /%0 for the TLi
projectile used in CDCC+CRC calculations.

State(s) Vo ag Vo Qs
(MeV)  (fm) (MeV) (fm)
g.s.+non-resonant  83.780 2.590  2.006  2.590
bound inelastic 83.557 2.570  2.006  2.570
7/27 83.404 2.520 4.012  2.520
5/2 78.810 2.520 4.012  2.520

ume and surface terms. The quadrupole and octupole target excitations were then
coupled to the bound and unbound excitations of the projectile by deforming the
entrance channel Coulomb and CF interactions with the §" and 6" parameters,
respectively, from Table 4.2. Few dominant 1-nucleon transfer channels have also
been coupled. The strongly coupled elastic, breakup and inelastic scattering chan-
nels were solved exactly and blocked together to be treated as a single unit during
iterations. The weaker transfer couplings were treated as successive perturbations
iteratively, with the same exit channel potentials and couplings as mentioned in
Sec. 4.2.1. The fragment-target Sao Paulo potentials were normalized suitably to
reproduce the elastic scattering angular distribution for each system.

The inelastic scattering data and resulting calculations for the 2] and 3] excitations
are shown in Figs. 4.7 and 4.8 with a good agreement between them in the regions
of the valley and the second maximum. The fit to elastic scattering data has also
been reproduced for each system (insets of Fig. 4.8). Interestingly, the data could
again be well reproduced with the same set of 5f\h’m as obtained from the CRC anal-
ysis described earlier in section 4.2.1. It may be safely surmised that the explicit
effect of projectile breakup channels on the target excitations is inconsequential. In
addition, calculations were also performed with lower values of d5" but equal to the
respective values of 65" as shown by dashed lines in Fig. 4.8(a)-4.8(f). However, the
latter calculations lead to larger disagreement between experiment and theory in the

region of the first maximum. These tests put emphasis on the validity of the realis-
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tic coupling parameters and structural information, particularly mass deformation

length, extracted using the model calculations for the present systems.

To establish the existence of probe-dependence in extracting target structural infor-
mation, another set of measurements have been carried out with a different projec-
tile, 2C. Intermediate energy scattering using an isoscalar probe like 2C can be a
useful spectroscopic tool for exciting discrete collective states as such nuclei are sen-
sitive to nuclear matter distributions and the projectile-target interaction is devoid
of any spin and isospin dependence. Such probes are complementary to those with

unpaired proton(s) or neutron(s).

4.3 12C-induced excitations

A schematic diagram of the experimental setup is shown in Fig. 2.5 of Chapter 2. A
typical gain-matched spectrum of AE versus Eioa (= E + AE) is shown for the C
+ M28n system in Fig. 4.9(a), where projectile-like fragments with different Z(=2-
7) and A(=4-14) are identified. Energy resolution of a telescope is in the range
~75—100 keV (=170—200 keV for the thicker foil of '°Sn), sufficient to resolve the
different excited states of interest. Along with the elastic scattered peak, the yields
of projectile and target excited states corresponding to the 2 and 3] vibrational
states of M2IEII20,122124Gy a9 well as the first excited state of 12C (4.438 MeV),
are found to be dominant (Fig. 4.9(b)). In addition, few states corresponding to one-
neutron pickup (**C,'*C) as well as one-proton stripping ('*C,''B), with subsequent
excitation of the respective residual nuclei, could be identified. All these channels
are included into the theoretical modelling of the reaction system to constrain the
calculations and lead to realistic potential and coupling parameters.

Similar to the analysis procedure described in §4.2, the differential cross sections for

the elastic scattering and transitions to the excited 2] and 3, states of the targets
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are extracted in the centre of mass frame. The elastic-to-Rutherford ratio angular

distributions are shown as hollow circles in Fig. 4.10(a)-4.10(f). The experimental

cross sections for the A\ = 2 transition in each Sn isotope are shown as squares

in Figs. 4.10(g)-4.10(1), and, for the A = 3 transition are shown as triangles in

Figs. 4.

10(m)-4.10(r). The lines in all figures represent the results of theoretical

calculations described in §4.3.1.
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Figure 4.10: Experimental angular distributions and results of CRC calculations (solid
lines for WS potential, dash-dotted lines for DFM potential) for (a-f) elastic-to-Rutherford
cross section ratio, and (g-1) target inelastic scattering to 2] (squares) and (m-r) 37
(triangles up) states in 2C+112116:118,120,122,124Qy) gygtems at Ejap= 60 MeV.
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4.3.1 CRC Calculations

CRC model calculations for elastic and inelastic scattering angular distributions
have been performed by coupling the major direct reaction channels to the entrance
channel, in the CCBA limit. For the 2C-induced excitations, the DWBA formalism
was found to be inadequate to explain the strongly-coupled excited states. In addi-
tion, the first excited state of the 2C projectile at 4.438 MeV, and a few dominant
channels identified in the one-neutron pickup and one-proton stripping processes,
corresponding to low-lying states of the respective residual nuclei, are also included
with available spectroscopic factors. The coupling scheme for one of the systems

is shown in Fig. 4.11. Since the coupling effect of all open reaction channels to
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Figure 4.11:  Coupling scheme of the 2C+'22Sn system used for the CRC calculations
in FRESCO.
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the entrance channel is manifested in the elastic scattering cross section, the wave
functions for the different model space channels are generated from a phenomenolog-
ical optical potential of Woods-Saxon (WS) form, whose parameters are determined
by reproducing the measured elastic scattering data for each system. Generally, if
all dominant reaction channels are coupled in a heavy-ion collision involving sta-
ble, tightly-bound nuclei, only a short range imaginary potential in the entrance
as well as all outgoing channels would suffice to calculate the net fusion cross sec-
tion and simultaneously predict proper elastic scattering cross section. Accordingly,
the present calculations included the dominant projectile and target inelastic states
and few low-lying one-nucleon transfer channels as seen in Fig. 4.9(a), which were
coupled by an optical potential with long range real part and an imaginary part
of shorter range (WS square form). These couplings, however, failed to adequately
explain the elastic scattering data, even with variations of the potential depths (not
shown in the plots). This could be the consequence of non-inclusion of some of the
higher excitations in the projectile or target, as well as some multinucleon/cluster
transfer channels in the couplings, due to computational limitation. To account
for the loss of the incident flux, associated with the population of the channels
excluded from the model space, a volume absorptive optical potential of WS type
with a long range imaginary part is finally used. The total potential is defined by
Eqn. 4.2. The final potential parameters used in the CRC calculations that provide
optimum simultaneous description of elastic as well as non-elastic channels are listed
in Table 4.5.

The exit channel real potential is kept to be same as that of the entrance channel,
with a short ranged imaginary potential of WS square form, given by Wy = 10.00
MeV, r, = 1.00 fm and a, = 0.40 fm. Integrating the radial wave functions up
to 20 fm in steps of 0.10 fm and summing over 100 partial waves are found to be

adequate to attain numerical convergence.
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Table 4.5: Entrance channel WS potential parameters used in CRC calculations for 2C
+ H12,116,118,120,122,124 Q) gystems at F,p, = 60 MeV. Values of g and r,, were fixed at 1.175
fm and 1.150 fm, respectively.

Target Vo ao Wo Ay
(MeV)  (fm) (MeV) (fm)
112Gy 49.70  0.725 23.13 0.670
16Gp 52.85  0.702  26.50 0.613
18Gp 63.75 0.705 38.32  0.620
120G 56.65 0.675 37.81 0.551
122Qp 50.45 0.712  39.60 0.595
124GQp 58.85 0.702 40.44 0.612

4.3.1.1 Effect of projectile excitation

Among the various nonelastic channels, the coupling of the first excited 2% state
of 12C is found to have considerable influence on the elastic scattering angular dis-
tribution. Several studies in the past report an oblate nature of the deformation
of ?C nucleus in its 2% state, confirmed by exclusive measurements [80,81] of the
spectroscopic quadrupole moment (reorientation coupling), @s(27), in the range of
0.06-0.07 eb. This translates to an intrinsic quadrupole moment of —0.21 eb in
the body-fixed frame, which supports a substantial oblate deformation. A compila-
tion [82] of the deformation length for this excitation in '*C obtained from several
existing measurements with a variety of probes shows scattered values, ranging from
—1.42 fm to —1.76 fm. The values extracted from '2C+'2C inelastic scattering at
energies above 100 MeV vary from —1.15 fm [83] up to —2.1 fm [84].

In the present work, the deformation lengths are suitably adjusted, and kept same
for the Coulomb potential and the real and imaginary parts of the nuclear potential.
The reorientation coupling is also defined, which is found to be crucial in order to
reproduce the elastic data at the extreme backward angles. The extracted values,
§h = §m = —1.38 fm, B(E2; 07 — 2T) = 29.5 *fm* and Qs(2%) = 0.05 eb (intrinsic

quadrupole moment of —0.17 eb), lead to an optimum agreement between the calcu-
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Figure 4.12: Experimental differential cross sections (diamonds) for inelastic excitation
of 12C in (a) "2C+'8Sn and (b) '2C+'?2Sn systems. The lines show CRC calculations for
: (1)0°" = 6™ = —1.38 fm; Qg = 4+0.05 eb (solid), (ii)6" = 6™ = +1.38 fm (dashed), and
(iii) 6°* = +1.38 fm and 6™ = +0.90 fm (dash-dotted). Calculation with parameter set
(i) is found to suitably agree with the data and these parameters are used for complete
theoretical modelling in the present systems.

lated (solid lines) and measured (symbols) cross sections as shown in Fig. 4.12(a,b)
for the '2C* (4.44 MeV)+'181228n gystems. The results are in good agreemnt with
existing value of B(E2; 07 — 27) = 38.6 e?fm* [85]. The calculated cross sections
are found to be highly sensitive to the sign of the deformation lengths for the 2C
excitation. One fails to reproduce the angular positions of the maxima by consid-
ering prolate deformations, with §* = §™ = 1.38 fm, or with unequal values, §°"
1.38 fm, ¢ = 0.90 fm (as shown with dashed and dash-dotted lines in Fig. 4.12).

The angular distribution obtained from heavy ion inelastic scattering is, therefore,

a sensitive tool for identifying prolate or oblate nature of an excitation.

4.3.1.2 Target structural parameters

The calculations require independent adjustments of §§" and §7*. For the A\ = 2
and 3 transitions in each isotope, values of 45" and 65" are nearly consistent with

the results reported from "Li-induced excitations (given in Table 4.2). However, &5
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and 65" values measured with the "Li probe could not satisfactorily reproduce the
data throughout the angular range. The mass deformation lengths, thus, remain
free parameters for each target nucleus, and a characteristic probe-dependence is
evidenced. New values are determined from the present data. While 65" is found to
be correlated to and larger by about ~ 5-7% than 65" | the 65" values are completely
independent of 5", and are slightly lower, with the calculations beyond the minimum
region less sensitive to the §$" parameter. The calculations for A = 2 and A = 3
excitations are shown by solid lines in Figs. 4.10(g)-4.10(1), and Figs. 4.10(m)-4.10(r),

6ch,m

respectively. The minimum-x? estimates of 05" are reported in Table 4.6.

Table 4.6: Experimental deformation lengths for the low lying A = 2, 3 excitations in
Sn isotopes in the 12C 4 112:116,118,120,122,124Q) gygtems.

Target A=2 A=3

05" (fm) 03" (fm) 05" (fm) 03" (fm)
H28n  0.709(39) 0.760(45) 0.742(109) 0.707(46)
16Sn  0.651(33) 0.687(42) 0.763(083) 0.720(62)
"8Sn  0.649(25) 0.715(37) 0.757(092)  0.692(51)
1208n  0.665(39) 0.697(47) 0.720(115) 0.665(41)
1228n  0.615(28)  0.655(36) 0.677(076) 0.621(49)
1248n  0.572(36) 0.614(41) 0.655(107)  0.610(43)

The values reported in Table 4.6 are independent of the choice of potential pa-
rameters once a consistent description of elastic and inelastic scattering channels is

attained.

4.3.1.3 Sensitivity of interaction potential

In order to compare the results with those using a microscopic potential, the CRC
calculations are repeated with the DFM potential calculated as a function of centre

to centre separation, r, as

Voru(r /drl/er Voo(r + 1y —11). (Pm +P ) (an +P )] (4.6)
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Here, vy is the fundamental isoscalar interaction parametrized in the DDM3Y1-
Paris form given by Eqn. 4.4. The shapes of the proton and neutron ground state
densities for 2C and “Sn are calculated following the prescription in §4.2.1.3. For
the 2C nucleus, the neutron and proton distributions are considered to be equal [86].
A complex form of the bare DFM potential is used in the full CRC calculations to
generate optimum description of elastic scattering, with adjustable normalization
coefficient for the imaginary part. DFM analysis using the deformation lengths
given in Table 4.6 leads to adequate representation of elastic and inelastic scattering
data for all states concerned. The calculations have been shown by dash-dotted lines
for the 2] state in Figs. 4.10(g)-4.10(1) as well as for the 3, state in Figs. 4.10(m)-

4.10(r), and are in good agreement with the results of the WS potential.

4.4 Neutron & proton transition matrix elements

From the study of "Li- and '2C-induced excitations in the Sn isotopes, the probe-
dependence of structural parameters, particularly mass deformation lengths, is es-
tablished. However, the results obtained using the phenomenological potential are
in excellent agreement with those of the microscopic potential for all the aforemen-
tioned reaction systems. It can be seen from the basic folding formulas that this
model generates the first-order term of the microscopic optical potential that is de-
rived from Feshbach’s theory of nuclear reactions [87]. This draws attention to the
need for exploring the root cause of the probe-dependence. From the experimental
information of 63" and §5", as reported in Tables 4.2 and 4.6, the microscopic neutron
and proton deformation lengths, 6&"”’ ), can be disentangled as described in Refs. [4].

The corresponding neutron and proton multipole transition matrix elements are
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commonly written as [88],

o0
Moy = / P20 g (4.7)

where the phenomenological transition densities are derived using Bohr-Mottelson
prescription [3], given by pEZ’f) = —6&7”’ )#. This leads to the collective model
ratio, M, /M, = Zé:iiiigg, which acts as a tool for identifying the relative participa-
tion of neutrons and protons in a surface vibration. Here, the underlying assumption
is that proton and neutron densities are proportional to each other with Z and N
factors, and the radial moments <r’\_1>n’p are taken over the g.s. densities. If the
transitions are homogeneous mass vibrations, neutron and proton densities are ex-

n

pected to have the same radial shape and one would obtain 6% = 5. Any deviation

may imply inhomogeneity in a transition. Empirically, it is assumed that 6§ ~ 5sh

Zbp6% + Nb,, 8}

m ~o
and 0} ~ TN

, where b, are microscopic bare interactions of the external
field/probe with the neutrons (protons) of the target. The net transition matrix
element for an excitation can be commonly defined as M = b,M,, + b,M,. The
quantity b,/b, defines the ratio of the neutron and proton field strengths. As dif-
ferent probes have different sensitivities to proton and neutron contributions in the
target nuclei, the b,/b, ratio is expected to be the source of discrepancy between
the mass deformation lengths extracted using different probes.

For the interactions with the "Li probe, the ratio b, /b, is deduced from the DFM
calculations for the isoscalar and isovector parts of the effective nucleus-nucleus
potential (defined in Eqn. 4.3), as Z—: = % This ratio is found to be ~ 1 for
the present case, with a much smaller isospin-dependent interaction compared to the
isoscalar part. Using the results of 5§\h’m from Table 4.2, the 657 and M,,/M, values

have been determined for the different Sn isotopes, as summarized in Table 4.7.

For the interactions with the 2C probe, the ratio b,/b, is taken to be unity (no
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Table 4.7:  Experimental values of 67, 6} and M, /M, corresponding to A = 2,3 excita-
tions in Sn isotopes, for the 7Li 4 '12:116,118,120,122,124 Q) gygtems.

A=2 A=3

Target &) 8y Mn/M, B(E2) B(IS2) fgh 8" My/M, 'B(E3) B(IS3)

(fm) (fm) (e%0?) (e%?) (fm) (fm) (e2b3) (263
125, 0.702(35) 0.694(69) 1.25(12) 0.239(9) 0.241(28)  0.733(103) 0.453(93) 0.79(13) 0.087(12) 0.058(11)
165y 0.651(41) 0.659(70) 1.36(15) 0.207(6) 0.211(18)  *0.745(101) 0.392(71) 0.73(10) *0.095(11) 0.053(08)
118gy 0.645(33) 0.655(65) 1.41(09) 0.205(7) 0.214(18)  0.753(108) 0.434(95) 0.82(15) 0.097(14) 0.059(10)
1205 0.660(29) 0.629(73) 1.38(10) 0.215(9) 0.209(21)  0.717(129) 0.439(99) 0.91(15) 0.090(17) 0.057(11)
1226y 0.615(31) 0.606(73) 1.46(11) 0.191(4) 0.189(15)  *0.655(103) 0.353(66) 0.82(11) *0.077(12) 0.043(08)
1245, 0.569(26) 0.558(68) 1.51(08) 0.165(4) 0.166(14)  0.632(087) 0.338(65) 0.85(13) 0.073(10) 0.040(07)

! From Coulomb excitation measurement [23]
* Modified

isospin dependence in the probe-target interactions). Using the results of 5§\h’m from
Table 4.6, the corresponding 6" and M,, /M, values have been determined for the
different Sn isotopes and are summarized in Table 4.8.

Owing to the negligible differences between the b,/b, ratios for the “Li- and '2C-
induced excitations in the Sn isotopes, it may be said that the effect of probe-target
interactions are effectively inconsequential on the extracted deformation lengths

from inelastic scattering analysis. The origin of probe-dependence lies elsewhere.

Table 4.8: Experimental values of 67, 6} and M, /M, corresponding to A = 2,3 excita-
tions in Sn isotopes, for the '2C + 112116,118,120,122,124 Q) gygtems.

A=2 A=3

Target  o6F 8% My/Mp, B(E2) B(IS2) oF st M,/M, B(E3) B(IS3)

(fm) (fm) (e2b?) (e2b?) (fm) (fm) (e26%) (e213)
1281 0.709(39) 0.804(69) 1.41(18) 0.242(23) 0.251(25)  0.742(109) 0.684(093) 1.19(17) 0.087(12) 0.081(17)
16sy 0.651(33) 0.693(72) 1.45(19) 0.206(20) 0.211(28)  0.763(083) 0.662(101) 1.21(21) 0.098(13) 0.090(19)
1830 0.649(25) 0.744(65) 1.58(16) 0.208(16) 0.246(31)  0.757(092) 0.617(095) 1.16(24) 0.097(17) 0.087(19)
1208y 0.665(39) 0.718(63) 1.56(22) 0.217(28) 0.242(38)  0.720(115) 0.625(094) 1.29(28) 0.090(14) 0.082(16)
1228y 0.615(28) 0.682(67) 1.63(18) 0.191(17) 0.216(30)  0.677(076) 0.584(085) 1.33(23) 0.082(14) 0.074(18)
2450 0.572(36) 0.621(71) 1.67(22) 0.167(20) 0.185(29)  0.655(107) 0.541(102) 1.31(32) 0.073(11) 0.067(14)

For strongly absorbed heavy-ion probes, only the surface region of the Sn nuclei con-

tributes to the direct reaction processes so that the scattering cross section in the
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regions of the Coulomb and nuclear fields is proportional to the respective matrix
elements. The electric transition probability is directly related to the charge defor-
mation, and in turn, the proton transition matrix element as B(E\)=|M,[*. An
analogous quantity related to homogeneous mass deformation of the nucleus is often
defined, known as the isoscalar transition probability [67], assuming that neutrons
and protons maintain their equilibrium density ratio of N/Z,

B(IS)\) = <§> 2 | M, + M,|? (4.8)

Using the present results of M, /M,, the B(E)) and B(IS\) values have been de-
termined for the Sn isotopes and are reported in Table 4.7 for the “Li-induced
transitions and in Table 4.8 for the '2C-induced transitions. It is noteworthy that
the B(E2) and B(E3) values are found to be enhanced, by factors of ~ 9-15, and
~ 11-18, respectively, over the standard Weisskopf single-particle estimates for the
Sn isotopes (see Table 1.1), thereby indicating collective excitations. The probe-
dependence of the M, /M, values is also shown in Fig. 4.13. The errors on all the
above quantities are assigned by propagating the errors on the corresponding §§"
and 0} values extracted from the model calculations. Since the Sn isotopes are
proton-shell-closed and the A\ = 2,3 transition probabilities are found to be sub-
stantially enhanced over the single-particle estimates, it is conventionally expected
that the excitations would be strongly dominated by the neutron collectivity and
its consequent polarization of the proton core, thereby leading to large M, /M, ra-
tios, at variance with the phenomenological homogeneous N/Z trend (represented
by the solid line in Fig. 4.13). With the 2C probe [90], both the A =2 and A = 3
transitions are observed to closely follow, within errors, the N/Z trend with nearly
similar B(EX) and B(IS\) values. For A = 2, the M, /M, ratios (triangles up) are
slightly enhanced over N/Z - an enhancement in neutron collectivity is observed.

For transition to the 3] state in each Sn isotope, the ratios are found to be sup-
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Figure 4.13: The M, /M, ratios for low-lying A = 2 (triangles up) and A = 3 (triangles
down) excitations in Sn isotopes probed by '2C nucleus. The hollow squares and circles
represent the corresponding results with the “Li projectile [89]. The solid line shows the
homogeneous value of N/Z.

pressed compared to the N/Z line, shown as triangles down. Results obtained using
the complementary probe having an unpaired nucleon, "Li [89], show a significant
deviation in M, /M, from N/Z for the A = 3 transition (hollow circles) in all Sn
isotopes. This hints at a possible inhomogeneity for the octupole excitation in Sn
when probed using “Li. For the A\ = 2 transition in each isotope, nearly similar
neutron collectivity is observed with both the probes. In a nutshell, under the ap-
proximation that neutron and proton transition densities homogeneously scale as

N/Z, the two sets of measurements predict different M, /M, ratios for all the Sn

isotopes.

4.5 Intrinsic deformation lengths

In the previous section, it has been seen that the ratio Z—" for the Sn isotopes is not
P
grossly different between the heavy-ion probes "Li and '2C. Consequently, the spin

and isospin dependence of probe-target interaction is expected to weakly affect the
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structural information derived from heavy-ion scattering measurements. Since the
net effects of all couplings are manifested in the optical potential, the size (radius
parameter) and shape of which are the result of a convolution of projectile and
target sizes and properties, the effect of probe-size is another factor that is expected
to contribute towards the discrepant transition rates observed in Sn isotopes. The
reduced value of 6" may reflect the finite size of the projectile smearing out the
deformation of the target nucleus.

For nuclear inelastic scattering from statically-deformed nuclei, Hendrie [91] sug-
gested a simple procedure for removing the effects of finite projectile size in the
extraction of nuclear potential shapes. This model leads to geometric relationships
that have immediate application. The prescription can also be extended to nuclei
with vibrational modes of excitations. Here, the underlying assumption is that the
probes and the targets interact only at their mutual sharply defined surfaces. With
the centre of mass at the origin of the body-fixed frame and an axially symmetric
shape, the edge of a spherical nucleus of radius R, deformed by quadrupole and

octupole vibrations can be written as:

R(0) = Ry [1 + B20Y20(0) + Ba0Y30(0)]

= Ro[1 +¢(0)]

When a projectile of size (radius) A probes the dynamically deformed target surface,

the locus of the center of the projectile describes a surface with radius [82,91],

7(0) = 1o + 62(A)Ya0(0) + J3(A)Y30(0) (4.10)

Here, ry characterizes the spatial extension of the optical potential, and defines the
potential radius for the target nucleus in its ground state. The quantities J(A)

are the experimentally determined deformation lengths for target excitation of mul-
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Figure 4.14: Geometric
quantities as described in the
— text [91]. R(#) defines the nu-
z clear edge, and A is the radius
of the probe.
—
a
[
?}\30
i\a\
2]
P 08

tipolarity A. From the construction of Fig. 4.14, differential geometry leads to

~R'(00) _ —£'(bo)
R(Qo) - 1+8(90)7

tana = where « defines the angular difference between the di-

rection of R(6) and the normal to the nuclear surface at 6. Using trigonometric

relations, r2(A) = R%(0y)+A2+2AR(6y) cos a, and 2220 — S;?gg“, and to lowest order

in the deformation parameters, one obtains a = £/(fy) = £'(f) and A0 ~ —2£'(6).

Ro+A
This leads to
1 RoA
0) = 0) + A+ = '(0)? 4.11
r(0) = Ry + Roc(0) + +2R0+A8() (4.11)
On comparing Eqns. 4.10 and 4.11,
1 RoA
S\ (A) =6 - Yyoe'(0)%dQ 4.12
A8 =800 + 5 [ Ve 0) (4.12)

where 0, (0) = By R defines the intrinsic nuclear deformation length. The quantities
A and Ry are considered to be measures of the point-matter radii for the probes

and the targets, respectively.
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For the vibrational Sn nuclei, the 2 and 37 states have been studied with a variety
of projectiles for which the deformation lengths can be written as functions of the

probe size A,
RoA
Ry + A

(0.27083, + 0.75633,) (4.13)

RyA

93(A) = d5(0) + ot A

(0.505520/330) (4.14)

Combining the results for dy(A) of the present work using Li, 2C probes with
the ones from the existing measurements using other probes such as p [41], d [92],
*He [93], v [20], ®Li [94] and '°B [95], a systematic analysis has been made over a
range of A values. Since the transition characteristics in the Sn isotopes usually have
been inferred only by determining the B(E)) or 5" values, for such measurements
that do not explicitly report mass (or potential) deformation parameters, a value of
0T (A) ~ 0§"(A) has been assumed. Using eqns. (4.13) and (4.14), the parameters
92(0) and 63(0) are obtained as the unweighted averages from the best-fit curves
to the experimental values of do(A) and d3(A), respectively, and provide probe-
independent intrinsic A = 2 and A = 3 matter deformation lengths for the Sn isotopes.
The results are summarized in Table 4.9 and in Fig. 4.15.

With same radial shape for the intrinsic neutron and proton density deformations,
one can write the ratio of their corresponding transition matrix elements as:

M,  6x(0) N
A (1 + ?> —1 (4.15)

with 0§" taken from Table 4.2. The results are shown in Table 4.9 and also in
Fig. 4.16 as circles and squares for the A = 2 and A\ = 3 transitions, respectively. This
approach shows that neutron collectivity is the dominant contribution to the 2 and
3, target excited states, as may be expected in proton-magic isotopes. Interestingly,

the evolution of these ratios shows that the trend of core-proton collectivity (as given
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Nuclear inelastic scattering deformation lengths for the (a-f) A = 2 and

(g-1) A = 3 excitations in Sn isotopes as a function of probe size A. The measurements
are with a variety of probes such as p (hollow circles) [41,42], d (hexagons) [92], *He
(filled circles) [93], a (squares) [20], SLi (filled triangles down) [94], "Li (diamonds) [89],
0B (filled triangles up) [95], and '2C (stars; present work). The curves are best fits to

equs. (4.13) and (4.14).
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by the B(E2) and B(E3) values in Tables 4.7 and 4.8) differs from the neutron one.
Clearly, the two transition densities do not simply scale as N/Z as often assumed
in the homogeneous collective model, and this has quantitative consequences as
reflected in the much larger M, /M, ratios. It may be surmised that the effect of
probe size is apparently the major factor leading to discrepant deformation lengths.
The present results for the A = 2 transition are found to be in good agreement
with those obtained from a systematic study of M, /M, for single-closed-shell nuclei

reported in Ref. [4].

Table 4.9:  Intrinsic nuclear deformation lengths and M,, /M, ratios for the A = 2,3
transitions in the Sn isotopes.

Nucleus A=2 A=3

5,(0) (fm) M, /M, 55(0) (fm) M, /M,
126n  0.840(102) 1.67(24) 0.945(201)  1.84(38)
168y 0.743(068) 1.69(17) 0.952(172) 1.88(31)
18Sn  0.731(083) 1.67(20) 0.917(148)  1.85(29)
12060 0.718(096) 1.62(22) 0.844(121)  1.82(25)
12280 0.677(059) 1.68(14) 0.810(122) 1.91(28)
24Gn  0.644(078) 1.76(18) 0.777(134)  1.92(30)

The results have been compared with microscopic calculations employing quasi-
particle random phase approximation (QRPA) [96] within the quasiparticle-phonon
model [97] (dashed and dash-dot-dotted lines in Fig. 4.16) that account for the col-
lectivity in Sn isotopes as largely caused by the neutrons. In this approach, each
orbit is treated a mixture of particle and hole degree of freedom, recognized by an
occupation number : a quasiparticle state. Vibrational modes are treated as transi-
tions between states generated via between coherent combinations of quasiparticle
excitations. The QRPA approach leads to larger ratios for the A = 2 transition as
neutron number increases, while the trend is in decent agreement with the extracted

intrinsic ratio for the A\ = 3 transition.
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Figure 4.16:  Intrinsic M, /M, ratios for low-lying excitations in Sn isotopes corre-

sponding to A = 2 (circles) and A = 3 (squares) transitions. The solid line shows the
homogeneous trend of N/Z. The dashed and dash-dot-dotted lines represent the results
of QRPA calculations for 2] and 3] transitions, respectively [96].

Effective charges for neutron and proton

A precise estimate of the intrinsic M,, /M, ratio allows the determination of neutron
and proton effective charges to be used in shell model calculations for transition
rates and related observables. The value of the effective charges is dependent on
the size of the shell model space describing the transitions and the type of effective
interaction that operates within this space. In single-closed-shell nuclei such as the
Sn isotopes, effective charges reflect the strength of the coupling between the motion
of the valence nucleons and the virtual excitations of the core nucleons. The matrix
elements M, and M, can be written in terms of valence-space matrix elements, M,

and M), and the core-polarization contributions, as [5]

M, = M\(1+6™) + M!5™ (4.16)

M, = ML5™ + M. (1 + &) (4.17)
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Here, 0, defines the core-polarization parameter corresponds to core z’s polarized
by valence y’s. It essentially accounts for the coupling of nucleons y to the virtual
excitations of the core nucleons x. By convention, 6?7 = ¢"". These core-polarization
parameters are connected to the electromagnetic effective charges as e, = 0" and
e, = 14 0PP =14 0". Since Sn isotopes have no valence protons, this leads to

M, =0, or
M, 146, 1436
_ 10 _1H 0 & (4.18)
Mp 6pn 5pn €n

From the results reported in Table 4.9, it may be surmised that a value of proton
effective charge approximately a factor of nearly two larger than the neutron effective
charge in shell model calculations is expected to satisfactorily accord for both A =
2,3 excitations along the Sn-isotopic chain. A recent work on Monte Carlo shell
model calculations for the '°0=!38Sn isotopes [98] gives an adequate reproduction
of the measured B(E2) trend with e,/e, = 1.7, in good agreement with the value

proposed from the intrinsic M, /M, ratios above.

4.5.1 Quantifying the effect of probe-target interaction

The cumulative effect of probe-size and probe-target interaction is contained in the
Oy values extracted in each measurement with a different projectile. Once the effect

of the projectile size is eliminated, and the proton and neutron distributions are

considered to have same radial shape in collective vibrations, the ratio % N —
defined in §4.4, is expected to accentuate the effect of solely the nature of interaction
between the probe and the target, surmised by the corresponding b, /b, ratio. For the
proton induced reactions, Ref. [4] puts b, /b, =3, while for the isoscalar projectiles
such as «,"2C, one obtains b, /b, =1. Using the veritable M, /M, values for the Sn
isotopes as reported in Table 4.9, one obtains a difference of mere ~ 5% between the
% ratios, and a corresponding difference of ~ 10% between the %nh ratios, from the

proton and heavy-ion induced excitations. Thus, for the projectiles considered in the
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present study, the crucial factor for the extraction of intrinsic deformation lengths
of the Sn isotopes is the removal of finite probe size. Thereafter, one observes that

the effect of the nature of probe-target interaction is rendered insignificant.

4.6 Summary & Conclusions

A systematic study of the characteristics of the 2{ and 3] excited states in
112,116,118,120,122,124Gy) j5 presented, by means of heavy-ion inelastic scattering using
two different probes “Li and '*C, at E.,, /Vs ~ 1.3. The deformation lengths and
transition probabilities are extracted via extensive CDCC as well as CRC calcula-
tions employing the collective model approach. Under the phenomenological ap-
proximation that neutron and proton transition densities scale as N/Z in collective
excitations, disagreements are seen between the results of "Li- and '2C-induced ex-
citations in all the Sn isotopes. A prescription to remove the effects of projectile
size is used to deduce the intrinsic mass deformation length for each isotope. The
results indicate that neutron collectivity is the dominant contribution to the 2 and
3, excited states in the Sn isotopes, as may be expected in proton-magic nuclei. The

effect of size of the probe is the dominant factor that leads to discrepant transition

rates; the effect of the nature of probe-target interaction is secondary (and meagre).



Chapter 5

Measurement of the 2? level

lifetime in '?'Sn

In the previous chapter, systematic measurements of the low-lying quadrupole and
octupole transitions in the 11216:118,120,122,124Qy) jsntopes, induced by heavy-ion in-
elastic collisions, have been discussed. The corresponding B(E2) and B(E3) val-
ues are found to be significantly enhanced over the single-particle estimates. Even
though the Sn isotopes are proton-magic, the enhanced B(E\) values are suggestive
of polarization and virtual excitations of the shell-closed proton core, induced by
the valence neutrons. In a complementary approach, the B(E\) values can also be
determined if the spin and parity of the states involved, the y-decay branching ratio
and the mean lifetime, 7, of the excited state are known.

It has been suggested that the matrix elements for excitation in a direct interaction
model of heavy-ion scattering are closely analogous to those for electric multipole
radiation between the same two states (see §1.2). In this regard, the transition
probabilities reported in the previous chapter are in satisfactory accord with those
measured by Allmond et al. [37] from Coulomb excitation cross sections. However,

existing estimates for 27 level lifetime in the Sn isotopes indicate reduced collectivity,

116
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with discrepant results, remarkably for the most abundant 2°Sn isotope. In addition
to the measurements reported by Jungclaus et al. [34], few other measurements exist
for the lifetime for 2°Sn. Sie et al. [99] measured y-rays emitted from excited levels
of 2°Sn in coincidence with backscattered 33Cl projectiles, leading to Tyt ~ 1 ps,
and report that a comparison of their lifetime with values inferred from absolute
Coulomb excitation cross sections indicated a discrepancy, with their value being
longer. An older measurement of Tyt = 1.26 ps by nuclear vy-ray resonance absorption
method [100] also puts the B(FE2) value in the region of much lower collectivity. This
result is in contrast to a complementary measurement [101] of angular distribution of
photon scattering cross section that reports a very high B(FE2) for '**Sn. To address
the large disagreements among a series of existing measurements and at the same
time, verify the validity of the electric transition probabilities deduced from heavy-
ion induced scattering in this thesis work, a revisited measurement of level lifetime
of the 2 state in '2°Sn with updated techniques is thus warranted. The exercise
is expected to facilitate concluding on the lifetime of the 2] state and, thus, the
B(E2,0/, — 2{) value determined therefrom. Existing estimates put the lifetime
of the 2] state in the sub-picosecond region, and hence, needs to be probed with a

suitable technique that optimizes the conditions required for accurate measurement.

5.1 The Doppler Shift Attenuation Method

Nuclear excited levels exhibit a range of lifetimes that can be probed by different
experimental techniques. In the us to ns range, or even higher, the lifetimes are
usually measured with electronic-timing techniques. For short lifetimes in the range
of < us to ps, Doppler-shift methods are commonly used. These techniques utilise
the fact that after a nuclear reaction has occurred, the velocity of a recoiling nucleus
in an excited state may be obtained, at the moment of the y-ray decay of the state, by

measuring the Doppler shift of the photopeak energy. For even shorter lifetimes, < 1



118 Chapter 5 Measurement of the 21 level lifetime in '*°Sn

fs, x-ray coincidence techniques are commonly used, which compare the timescale
of the nuclear decay process to the time taken by the nucleus to traverse an atomic
spacing in a crystal. Over several years, the Doppler Shift Attenuation Method
(DSAM) has been customarily adopted for measuring lifetimes of short-lived levels in
the sub-picosecond regime [102,103], and is one of the most prolific nuclear lifetime
techniques. The level lifetime, 7, is compared with the slowing down/stopping
time, 7yop, Of the recoiling nucleus in the backing media, typically of the order of
1072—10"™ s over a range of materials. If the lifetime is long compared to the
stopping time, the nucleus emits after coming to rest and one does not observe any
Doppler effect. As the stopping time competes with the level lifetime, one typically
measures an ‘attenuated’ Doppler shift characterized as either (i) a partial shift
in the peak (centroid) energy (for 7 < Tyop), or (ii) a peak at the actual energy
with an accompanying lineshape (for 7 ~ 74op). This method has found extensive
use in studies of light nuclei where the principal experimental goal has been the
measurement, of y-ray centroid shifts. With heavy-ion induced reactions facilitating
high recoil velocities, combined with usage of high resolution Ge-detectors with small
instrumental linewidths, this method has been employed to investigate the detailed
shapes of Doppler-broadened 7-ray lines in heavier nuclei.

In the present work, the 2 level in 2°Sn (E, = 1171-keV) has been populated by
means of inelastic excitation by the 32S projectile. Once populated, the state remains
excited for a mean lifetime Tyt A more common decay process that competes with -
decay of any multipolarity is emission of conversion electrons. The probability of this
process is proportional to the density of electrons in the element, and thus, is more
important for higher-Z nuclei. Further, since the process competes with ~-decay,
levels in which the lifetime is long are more likely to decay by electron emission.
Therefore, for low-energy or high-multipolarity transitions, the conversion process

will be large and may be the dominant decay mode. The 2§ — 0 (A = 2) decay is
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known to have nearly 100% ~-branching [104]. A scattering event induced by a heavy
beam facilitates a large momentum transfer, and substantial Doppler-broadening of
the measured ~y-energies. The broadening of the y-rays emitted in-flight depends on
the direction of emission of radiation, ®, = (6., ¢,), relative to the recoil direction,

and on the instantaneous recoil velocity (fre.) at the moment of emission as,
E,(®,) = EJ (1 + Brec(t) cos ) (5.1)

where ES is the unshifted decay energy (1171-keV). The cardinal component of such
an analysis is the simulation of the slowing down process for the recoils of interest
in the target and/or the backing media. The trajectories and velocity profiles of
the recoiling nuclei are used to reconstruct the observed Doppler shift/shape, which
is sensitive to the interplay between the level-lifetime and the recoil stopping time.
This requires calculation of the corresponding stopping powers and the same has
been identified as one of the principal uncertainties in the extracted lifetime in
DSAM. In fact, it may be stated that the level lifetimes can be determined only
as accurately as the stopping powers; a precise estimation of the average value of
Tstop l€ads to reduced ambiguities in optimizing the value of the lifetime, 7, from the
Doppler analysis method. Traditionally the method is pursued with a thin target
for production of nuclei of interest, on a thick elemental backing material wherein
the entire slowing down process is perceived to occur. The present work uses an
aberrant thick target, which contributes both to the production of the recoils as
well as their subsequent slowing down. All current approaches to the extraction
of realistic lifetime information from inelastic excitation of '2°Sn ions recoiling in
thick media are based on the framework of energy losses of ions in matter and
the subsequent Doppler-broadened lineshape modelling and analysis, the success of
which has been well documented, particularly for fusion-evaporation reactions in

the domain of simulating the stopping process by incorporating the fine details of
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nuclear reaction kinematics and energetics [105,106].

w2 >X
(Beam)
197Ay
backing

Figure 5.1: Schematic representation of inelastic scattering '2°Sn(32S, 325")!29Sn* pro-
ducing '2Sn recoils in their 2] excited state. The recoils emit in-flight during the slowing-
down process, leading to Doppler-affected y-rays.

5.2 ~v-decay from excited levels in ?’Sn

A schematic diagram of the experimental setup is shown in Fig. 2.7 of Chapter 2.
The detectors were calibrated in energy and efficiency using standardized **Ba-
1%2Eu source. A resolution of ~ 2.6 keV was obtained at an energy of 1408 keV.
Beam energy (Ej., = 120 MeV) below the Coulomb barrier (Vg ~ 123 MeV) was
chosen on the basis of coupled reaction channels calculations (i) to minimize the
contribution of the nuclear field in the excitation process, (ii) to have substantial
inelastic scattering cross section for the excitation of the 2] state in 2°Sn, (iii) to
suppress the excitation of higher energy states (such as higher multipolarities and /or
multiphonon excitations) that could feed the nuclear level of our interest, and (iv) to
minimize contamination from other reaction channels such as transfer of nucleon(s)
and fusion (op < 1 mb). Thus, inelastic scattering process in a binary reaction

system facilitates to optimize the conditions required for accurate measurements of
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the transition characteristics. The excitation was governed by well defined two-body
kinematics and energetics, and predominantly mediated by the Coulomb interaction

between the collision partners.

5.2.1 Distribution of inelastically scattered '*’Sn nuclei

From kinematic considerations of an inelastic scattering event in a binary collision
between a projectile, P, and stationary target, T, (see Fig. 5.1), momentum and en-
ergy conservation constraints lead to the laboratory kinetic energies of the scattered

projectile, E', and recoiling target nucleus, E,ec, as,

1 2
, M} P M_:Zr MpQ ElabtQY) 2 2
B = Grpratr) (COS&PJFKM}% (1+MT(E1ab+Q))( Ealy ) sin”0p (5.2)
1 2
— MpMrpE MpQ Blgp+Q) . 2 )
b = (et (14158 20) (R ) (6

Here, sin ... = ,/% sin fp, with the scattered projectile covering the angular
range 0° < fp < 180°. This restricts the angular distribution of the excited recoils
to the range 0° < 0 < 90° (extended range of y-decay positions).

Ideally, one prefers that the nuclei recoil in one specified direction with a unique
velocity (or in a narrow cone centred on the beam direction with a small spread
in velocity). The average value of cos 8., will be zero if the emission of outgoing
particles is symmetric about 90° in the centre-of-mass system. Reactions which pro-
ceed via compound nucleus formation (a statistical process) satisfy this condition,
but inelastic scattering does not. This is often remedied by detecting the outgoing
projectile-like particle in coincidence with the emitted ~-rays, which fixes the re-
coil velocity in the laboratory frame. However, one must compromise on counting
statistics in such an experimental setup, owing to the low detection efficiency of
Ge-detectors. It is therefore desirable to design experiments that make use of direct

(singles) spectra from Ge-detectors, without coincidence requirements. The present
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work attempts to decipher the lifetime of the 2 level from the inclusive singles
mode, by incorporating the complete spread in recoil velocity across a wide angular
range. The relative number of recoils scattered in a particular direction and with
particular kinetic energy depends on the probability of such a directional scattering
event - expressed in terms of the differential inelastic scattering cross section. The
analysis of Doppler shapes following y-ray measurements in singles mode, where
the angular distribution of the recoiling ions is given by inelastic scattering theory,
bears the advantage of improved counting statistics when compared to a coincidence
measurement for Fj,, < Vg, where the spectra are less populated. Nordhagen et
al. [107] and Stokstad et al. [108] have successfully demonstrated the measurement
of lifetimes of several levels in *Co,%3Cu,'"Nd and !%2Sm by means of lineshape
analysis on direct singles gamma radiation spectra, to be in good agreement with
those from independent measurements.

In the direct singles spectra as shown in Fig. 5.2, a distinct structure of y-ray line-
shape for the E2 transition in '*°Sn was observed from the de-excitation of the 2
state, with photopeak energy 1171 keV. Owing to wide angular coverage of ?°Sn re-
coils as permitted by kinematics (see inset of Fig. 5.2), each HPGe detector recorded
an inclusive decay spectrum for scattering at all possible recoil directions. The conse-
quent Doppler-broadened lineshape extends to both higher and lower energies in the
vicinity of the stopped peak, on account of a wide distribution in 6., (see Eqn. 5.1).
The 7-rays are emitted in-flight, with the recoiling °Sn nuclei in relative motion
with respect to the detectors in the array, and thus, exhibit Doppler effect as ex-
pected. The heavy 32S beam facilitated large excitation probability of the target,
and imparted substantial recoil velocity (vec/c > 2%) to the scattered nuclei. This
manifested into larger Doppler-broadening of the emitted gamma rays, thereby re-
ducing the uncertainty in predicting the lifetime from lineshape analysis based on

the modelling of the slowing-down process of the recoils in the target-plus-backing
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Figure 5.2: Raw v-ray spectra recorded in HPGe clovers at different angular positions
in the lab frame, for the 3S+12°Sn system. The most dominant transition corresponds to
the decay of the 2f excited state of 2Sn at 1171 keV. Inset shows the calculated angular
distribution of the scattered 2°Sn nuclei in the centre-of-mass frame (the moving source
for the decay), at Fj,p= 120 MeV.

material.

The decay peak had a stopped component at the actual energy and a pronounced
accompanying shape, which confirms that the lifetime being probed is comparable
with the slowing down time of the Sn recoils in the target/backing material. As S is
a spherical nucleus with well defined excited states beyond 2 MeV, any contaminant
~v-energies in the spectra, arising from projectile excitation, are avoided.

The origin of the additional stopped peaks observed along with the E2 lineshape from
1208n (Fig. 5.2) are ascertained from coincidence analysis of a symmetric E, — E.,

matrix for the detector array. These v-energies could be ascribed to the de-exciting
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residues produced in the fusion-evaporation reaction of the 32S beam with oxygen
present in the partially oxidized '2°Sn target. The dominant products of such a
reaction include 3K, #2Ca, #3Sc etc., as indicated in statistical model calculations
with the PACE [109] code as well as in experimental data on the decay of the same
compound nucleus (**Cr) [110] at nearly overlapping excitation energies. The 1227
keV peak, for instance, is presumably from the decay of residual nuclei *Ca and
13Sc, while the most probable source for the 1130 keV energy can be attributed to a
long lived state (7 ~ 12 ps [111]) in K. Most importantly, the 1157.3 keV stopped
peak riding on the lineshape of the E2 transition from '2°Sn is confirmed to be from
the decay of a long-lived state (7 &~ 8.1 ps [112]) of *3Sc, with no contribution to the
observed low energy tail of the shape corresponding to the E2 decay from in '2°Sn,
and is not expected to affect the subsequent analysis or the results therefrom. The

absence of any other rogue y-peak under the lineshape is also verified.

5.3 Lineshape Modelling

Lifetime analysis of the 2] state in ?°Sn has been carried out using the developments
by Das et al. [105] in conjunction with the LINESHAPE [113] package. The analysis
principally incorporates the trajectories of the scattered (12°Sn) nuclei traversing in
the target and the backing media wherein additional considerations consequent to
the use of thick target are appropriately imbibed. This involves (i) the kinematics
of the excitation process in the reaction plane, (ii) the structure of the thick target
and backing foils, (iii) the evolving energy of the beam, and the consequent angular
distribution of the inelastic scattering cross section along the target depth, and (iv)

the energy-angle distribution of the recoiling nuclei.
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Figure 5.3: Typical calculated relative population distribution of the scattered '2°Sn

recoils in their 2;“ excited state as a function of laboratory scattering angle 95;,‘2}3 and

kinetic energy Fhec, in the 32S + 20Sn system at Fj,;, = 120 MeV.

5.3.1 Evolution of the 0;, — 27 scattering cross section

along the target depth

An estimate of the scattering cross section for inelastic excitation of 2°Sn nuclei
to their 2] state in the 32S+'?'Sn system is determined in the framework of the
CRC model using FRESCO [57]. The calculations have been performed by coupling
the major direct reaction channels to the entrance channel, such as (i) the low-
lying 2] and 37 states of 12°Sn at excitation energies 1.171 MeV and 2.401 MeV,
respectively, treated as collective vibrational one-phonon states with B(E2;0f, —

) Vg.s.

27) = 0.21 e?b? [37,89,90] and B(E3;0f, — 3;) = 0.09 b3 [23,89,90], (ii)

)y Vg.s.

the first-excited 2% state of *’S lying at 2.231 MeV, with B(E2;0/, — 2{) =
0.033 e?b? and static quadrupole moment Qg(2]) = -0.20 b [114], and (iii) transfer
channels corresponding to pickup of neutron(s), (3*S,*3S) and (32S,2*S), with unit

spectroscopic factors. The coupling effects of excited states of 2Sn with higher



126 Chapter 5 Measurement of the 21 level lifetime in '*°Sn

multipolarities or of multiphonon nature on the excitation probability of the 27
state are also found to be negligible. For instance, the excitation probability of
the 41 state at Fy, = 2.194 MeV, coupled as a double-quadrupole phonon state, is
found be be very poor. The projectile-target interaction is governed by the Coulomb
potential as well as an optical nuclear potential of Woods Saxon form, with a short
ranged imaginary part to account for the fusion cross section. The effect of nuclear
coupling on the excitation of the 2] state in °Sn is found to be inconsequential,
and the angular distribution of the scattering cross section is primarily governed
by the Coulomb interaction. Subject to the calculated differential scattering cross
section, the relative population distribution of the recoils along the reaction plane
is estimated, as shown in Fig. 5.3.

Given the substantial thickness of the '2°Sn foil that leads to appreciable energy
loss of the incident beam, and the energy dependence of scattering cross sections in
heavy ion collisions, the evolution of the cross section with decreasing beam energy
along the thickness of the target has been calculated. The CRC model predicts a
rapid decline of the Og_s_ — 21 cross section as the beam energy reduces beyond
95 MeV in the inner layers of the target foil. Hence, it may be safely surmised
that ~ 3.2 mg/cm? of the target foil facing the beam is the effective production
thickness that contributes to the population of 2°Sn recoils in their 2 excited
state. The remaining thickness of the target, along with the Au backing, operate

only as stopping media for the energetic recoils.

5.3.2 Stopping simulations of recoiling nuclei

One of the key inputs, as well as a significant source of uncertainty, in DSAM anal-
ysis is the simulation of trajectories and the time-dependence of the velocities of
the recoiling nuclei of interest, traversing the target and backing media. Strongly

dependent on the stopping power of these media, obtained from a knowledge of the
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interaction of the atoms and ions with the moving nucleus, the trajectories are typ-
ically represented by the velocity (fr) and the direction (direction cosines) of the
recoiling nuclei, in uniform time steps. The slowing down is due to two physical pro-
cesses : (i) electronic stopping (dominates for .. & 2-2.5%, with no change in recoil
flight direction), and (ii) nuclear stopping (becomes significant towards the end of
the recoil path, when S < 0.5%, leading to large-angle deviations in flight direc-
tion) [115]. There have been several approaches for determining the stopping powers,
principally through theoretical modeling based on available experimental data. One
of the early developments in this domain to determine the time-dependent velocity
of an ion in a multiple-scattering medium was put forth by Blaugrund [116], which
makes use of the theory of electronic and atomic collisions proposed by Lindhard et
al. [117], based on the Thomas-Fermi model of the atom, to calculate specific energy
losses of recoiling ions. The accuracy of the Doppler-affected shapes calculated by
this formalism relies on the accuracy of stopping power calculations, which is es-
timated to be accurate within 20-25% [117], with large over-estimations of nuclear
stopping powers. This is of significance in the present context since the analysis
of Sie et al., leading to Tyt ™~ 1 ps, is entirely based on Blaugrund’s formalism.
Later developments in the stopping power modeling include those by Northcliffe
and Schilling [118] as well as Ziegler [119], which are essentially based on the proton
stopping data (under the assumption of smooth variations between the points mea-
sured for different stopping materials) and « stopping data (showing a pronounced
shell structure which becomes weaker with increasing energy), respectively. These
employ different semi-empirical scaling algorithms for heavy-ions, and the results
therefrom have been identified as inadequate at low kinetic energies [120]. These
models have been adopted in the lineshape analyses of Refs. [34,35] as reported by
Jungclaus et al.

A more rigorous approach incorporating Monte Carlo calculations in the treatment
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of nuclear scattering was demonstrated by Currie [121] to be superior to an analysis
using Blaugrund’s formalism. The corresponding y-ray shapes were accompanied by
lower uncertainties. However, the weakest point continued to be the uncertainties in
absolute stopping powers. This can be remedied with the use of the contemporary
SRIM + TRIM [119] packages, involving a database of updated and experimentally-
benchmarked electronic as well as atomic stopping powers for heavy-ions in a wide
variety of media, with an uncertainty of a modest ~5% [122] and known to be highly
reliable in the kinetic energy range of 0.001-1000 MeV /nucleon [120]. A compar-
ison of the stopping powers of the '2°Sn recoils in the 2] state, as calculated by
different models of the slowing-down process, is shown in Fig. 5.4. The difference is
significant, particularly at lower kinetic energies of the recoiling ions, when atomic

collisions become important for evaluating the trajectory.

For the description of the slowing-down process in the present work, the stopping
simulations for a series of 12°Sn recoils have been carried out via simulations of
recoil paths in TRIM, with stopping powers from SRIM, as implemented in the
methodology developed by Das et al. [105]. The production thickness of the target

has been binned into six divisions representing the changing beam energy, and the
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Figure 5.5:  Schematic representation of the decreasing beam energy accompanied by
evolving yield of the 2°Sn recoils along the target depth. The evolution is represented by
up to six bins in the present analysis, as detailed in the text.

evolving excitation cross section of the scattered '?°Sn nuclei in the 2] state and
corresponding energy-angle distribution therein (see Fig. 5.5). This changes the
number of scattered recoiling nuclei produced at varying target depths, that would
have different starting points as well as different initial energy-angle distributions for
their respective trajectories. The default trajectories from the TRIM simulations
in each bin are made to corroborate with the corresponding reactions kinematics
and energetics by distributing the origin of the trajectories across the production
thickness. For each recoil, the origin of the trajectory and the direction of entry into
the stopping medium (following inelastic scattering) w.r.t. the beam axis is suitably
modified in accordance with the energy-angle distribution of the respective bin.
Subsequently, from the trajectory information in the form of energy and coordinates,
the corresponding velocity profile, (), is extracted in uniform time steps of 0.002
ps. From the TRIM trajectory simulations, it is expected that the stopping power
of the thick 2°Sn medium is most likely to keep a vast majority of the recoiling

ions confined within itself, and only ~ 20% nuclei are expected to penetrate the
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Au backing medium, where the slowing down process is expected to be faster. For
this small fraction of recoils that escape the target foil, the TRIM calculations are
separately executed in the region of the " Au backing to extract the corresponding

velocity profiles. The resulting velocity profiles from both media are then combined.
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Figure 5.6: Experimental Doppler-broadened v spectra and the results of the LINESHAPE
calculations (solid lines) for the 2 — 04 5. decay in 12080, at Ex = 1171 keV. The dashed
and dotted lines represent the deconvoluted fit of the additional stopped peak (from the
decay of a long lived state in *3Sc) and the linear fit of the background, respectively.

5.3.3 Generating Doppler-broadened lineshapes

For each time step, the simulated energy and direction histories of the recoiling
nuclei, obtained using the prescription stated above, have been converted into the

time-dependent velocity profile as seen by each clover detector at a certain angle
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in the array, using the HISTAVER routine of the LINESHAPE package. This incor-
porates the target-detector distance, the detector radius, the detector positions -
0, ¢, and, for each detector, its relative efficiency. The LINESHAPE code calculates
the broadened shapes using these velocity profiles and assumed initial values for the
lifetime, Tyt OF the transition quadrupole moment, (g2, for the observed transition
and similarly, also for unobserved feeder transitions. These lifetimes (and other pa-
rameters such as normalizations, backgrounds, and impurity peak areas) are varied
for each clover by several minimization routines to produce the best least-squares
calculated fit to the data lineshapes [113]. In the current analysis, single detector
(clover) spectra at the eleven different (6, ¢) angles were fitted simultaneously as
per the standard procedure [106]. Figs. 5.6(a)-5.6(d) illustrate typical fits of the
y-ray peak of interest, 1171 keV from 2°Sn, represented by continuous curves. The
calculation incorporated the 1157 keV peak riding on the Doppler shape of 1171
keV. The lifetime value of the 2" state in '*’Sn obtained from this analysis is 7,+ =
0.86370 032 ps. The quoted uncertainties were derived from x? analysis of the fitted
values and do not include the systematic effect of the uncertainties on the stopping
powers. However, given that these were from the SRIM code, it may be emphasized
that the accompanying uncertainties are known to be ~5% [122] and significantly
lesser than the earlier models (~ 20%) used in conventional analysis.

Another uncertainty in lifetime analysis, following DSAM, pertains to (side) feeding
from states above the level of interest. If these cannot be accounted appropriately,
the lifetime result on the state of interest is, at best, an upper limit of the same. As
per the partial level scheme of ?°Sn (see Fig. 5.7), the 2] state can be fed by E2
decays from (i) the 4] state via 1023 keV, (ii) the 05 state via 704 keV, (iii) the 25
state via 926 keV, and by an E1 decay from (iv) the 3] state via 1229 keV. These
can be modelled in the LINESHAPE code by a set of transitions with independently

variable lifetimes. They are, however, not expected to impact the aforementioned
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Figure 5.7:  Level scheme
+ of 129Sn showing the low-lying
0 g.s. excited states [123].

lifetime of the 2] state since the CRC calculations predict rather low excitation
probabilities for these levels at the chosen below-barrier bombarding energy in this
work. Also, most of these states are long lived ones [104] and feeding therefrom
is expected to be insignificantly Doppler affected. The feedings were nevertheless
incorporated into the analysis, with intensity ~ 10% for the expectedly strongest
47 — 27 branch at the chosen bombarding energy, and observed to cause a varia-
tion in the lifetime result of the 2] level within the quoted uncertainties. The side
feeding from the 37 state (Ex = 2401 keV), through 1228 keV transition, has been
found to be insignificant in this case. In fact, the statistics on the 1171 keV peak,
with gate on 1228 keV transition in the angle-dependent matrices, is rather sparse

for any conclusive analysis.
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Figure 5.8:  Systematic plot of B(E2;05 — 277) values for the stable even-mass Sn

isotopes using the data obtained from measurements carried out in this thesis work, coma-
pared with values deduced from recent measurements of the 2, level lifetime [34,89,90].

5.4 Enhanced B(E?2; Ogs_ — 27)

From the measured lifetime, the transition probability for the 2 — 045, decay with

Eg = 1.171 MeV can deduced, using Eqn. 1.7, as follows,

1
B(E2;2{ — Oé*_s_)

= 1.225 x 10° (E)" s (5.4)

With B(E2;2{ — 0/,) = (§) B(E2;0}, — 2), the results of the lifetime, transi-
tion quadrupole moment and the transition probability are summarized in Table 5.1.
It may be emphasized here that the results of 7, and B(E2) are not grossly dif-

ferent from the existing values. This affirms that while the degree and nature of

target oxidation could not be established, the partial oxidation of the production
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thickness of the target foil may not have been veritable enough to significantly affect
the stopping power (compared to that of elemental Sn), and a vast majority of the
excited Sn recoils are slowed down in the enriched Sn medium. The consequent
uncertainty, if any, is presumably covered within the statistical uncertainty of the
lifetime result. As a case study, Ref. [106] reports a measurement on the level life-
times in 2P populated in a reaction involving an oxidized target. In the absence
of absolute quantification of oxide phases in the target, a large deviation from the
expected value is shown for the lifetime of the 1755 keV state in 2P with variations
in assumed density of the target foil. In comparison, the partial oxidation in the
present work can be expected not to have affected the density of the thick target foil
in the region where the slowing down occurs, thereby leading to a realistic lifetime
numbers of worth and reason. Given the accuracy of the methodology adopted in
the present work, with lower uncertainty on the stopping power, the present result

is an improved estimate of the 2] level lifetime in '*°Sn by the DSAM method.

Table 5.1:  Lifetime 7 and transition probability B(E2) for the A = 2 excitation in '2°Sn.

EY Tot Qo2 B(E2;0/, — 2)
(MeV) (ps) (eb) (e’b?)
1.171  0.86370058  1.4687 0033 0.21570:90%

The result from lifetime analysis confirms enhanced collectivity in the 2 excita-
tion in '°Sn, with B(E2)/B(E2)s, ~ 12.3, with B(E2)g, from Table 1.1. From
Fig. 5.8, it is noteworthy that the present result, reported in Ref. [124], is in excel-
lent agreement with the B(E2) value measured by Allmond et al. [37], and also with
the results from heavy-ion scattering measurements with “Li and '2C projectiles, as
reported in the previous chapter, as well as in Refs. [89,90] as part of this thesis

work.
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5.4.1 The 47 — 2{ feeding transition

Traditionally, the analysis of the Doppler shapes/shifts should preferably be carried
out with coincident spectra corresponding to a gate set on a transition above the
transition of interest in a cascade. Such an implementation eliminates the effects of
any feeding, other than the gating one, and facilitates in improving the accuracy of
the measurement. As far as the current measurement is concerned, the 1023 keV
transition from the decay of the 4] state could have qualified for the purpose and
the lifetime analysis of the 2 level could have been pursued with gated spectra

of the 1023 keV transition. However, as it as been brought out in the preceding
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text, the feeding from the 4 level is rather insignificant and the corresponding
coincidence spectra, with gate set on 1023 keV transition, are plagued with dearth
of sufficient statistics for reliable fitting. Also, it is worth noting that the 4] level,
as per the existing literature [104], is long-lived (7 ~ 2 ps) compared to the 2 state.
Consequently, only a part of this feeding population will contribute to the Doppler
shape of the 1171 keV transition, de-exciting the 2] state, further vexing the analysis
in the top-gated spectra (contribution is primarily to the stopped component at 1171
keV).

To verify this claim, the Doppler shape analysis could be pursued for the 1023-keV
transition in the coincident spectra with gate on 1171-keV and lifetime of the 4] state
be extracted therefrom. Fig. 5.9(a)-5.9(c) illustrate the representative fits obtained
from asymmetric angular matrices, with 90° detectors on one axis and one of the
backward angles (157°, 140°, 115°) detectors on the other axis, with gate set on the
1171 keV transition at the 90° detectors. The corresponding lifetime, Tyt = L77H00%
ps, translates into a B(E2;4 — 2{) = 0.04170003 e’b?, in compliance with the
previously published [23] value of 0.035(11) e?b?. Since the lifetime analysis of the
47 state has been carried out with a gate set on a transition below the transition of
interest, it may be argued that Tyt is actually an upper limit on the same. However,
realistically speaking, the excitation reaction used herein, has tenuously populated
the states that are still higher up in the excitation scheme of '?°Sn, following which
the aforementioned value of Ty can be perceived as its actual, at least within the
purview of the present analysis. It may thus be concluded that the contributions
from the dominant feeder levels to the broadened shape of the 1171 keV peak is
insignificant and the result of Tyt = 0.86370:929 ps is equivalent to the mean lifetime

of the 2] state.
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5.5 Non-zero moment of inertia for the 2] state

In the course of this thesis work, the B(E2) value for the 2 state in **Sn has
been unambiguously measured and corroborated from measurements of heavy-ion
inelastic scattering as well level lifetime. The corresponding (Qgs is reported in
Table 5.1. The comparison of experimental and theoretical values of structural
parameters of excited states provides a test for the validity of nuclear models. The
first excited 27 states in even-even nuclei are predominantly found to be of collective
vibrational or rotational nature. The low-lying 2 states in rare earth even-even
nuclei with cylindrical symmetry in their body-fixed frame, depopulated by enhanced
E2 (2§ — 0/ ) transitions and with large intrinsic quadrupole moments, have been
recognized by Bohr & Mottelson [125] as the missing levels of g.s. rotational bands
with characteristic moments of inertia. On the other hand, such g.s. rotational
bands are not found in even-even nuclei with spherical symmetry in their body-fixed
frame. But theoretical estimates [126] as well as several measurements of non-zero
static quadrupole moments for the 2/ states in nuclei with spherical symmetry are
at variance with the near-harmonic vibrational model of excitations. This provides
evidence for anharmonic vibrations (rotational-vibrational coupling). Although the
accuracy of determination of static quadrupole moments in nuclear excited states
is not appreciable (50—100%) as that for transition quadrupole moments (2—10%)
[127], a conclusion can be drawn about the existence of a nonvanishing moment
of inertia, IQ;F # 0, in excited 2] states of spherical nuclei. The static electric
quadrupole moment of 2] state of '°Sn has previously been determined by means
of the reorientation effect [123,128] and is found to be small, 0.094+0.10 eb, but
non-zero.

With the failure of the rigid rotor model [129] for describing rotational charac-
ter in even-even nuclei (due to internal structure of nuclei, such as alignment of

single-particle angular momentum), Bohr-Mottelson proposed a hydrodynamical
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model [130] for the correlation between the transition quadrupole moment for the
E2 excitation, (Qu2, and the associated moment of inertia of the nucleus character-
istic of an irrotational flow motion, Z, that is expected to reproduce the excitation
spectra as,

;2

E; = ﬁJ(J +1) = BJ*(J +1)? (5.5)

with the nucleus-specific constant B representing rotation-vibration coupling, in
analogy with molecular spectroscopy. However, a detailed analysis of the measured
energies and lifetimes of 2] states in several such nuclei by Sunyar [131] leads to
the conclusion that the moments of inertia deduced from the E21+ values are 4 to 5
times larger than those predicted by the hydrodynamical model.

The characteristics of both the g.s. (intrinsic) deformed as well as g.s. spherical
nuclei have been successfully unified with the idea of nuclear spin-dependent moment
of inertia for a wide range of even-even nuclei by means of the semiclassical variable
moment of inertia (VMI) model [132] that defines an energy spectrum of states
exhibiting rotational character,

1 1
E;(Z;) = 50(13 —-I) + Q—ZJJ(J +1) (5.6)

The parameters C' and Z; are the restoring force constant and the g.s. moment of
inertia, respectively. The equilibrium condition 0E;(Z;)/0Z; = 0 determines Z; as
the moment of inertia (in units of A?) for a state .J. For a nucleus with spherical
ground state, the above prescription of Eqn. 5.6 can be rewritten in the limit of
Ty — 0 as,

3J(J+1)

E;(Zy) = i1, (5.7)

VMI model proposes an empirical relationship [132,133] between the 2 — 0/

transition quadrupole moment, (Qy2, and transition moment of inertia, Zyo, for nuclei
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g.-8

| +I?2T> [133]. The correlation between
intrinsic transition quadrupole moments from Ref. [134] and moments of inertia
given by the VMI model [132] is shown in Fig. 5.10 for several even-even nuclei
with atleast some states of rotational character. The curve represents the best-fit
to Eqn. (5.8).

With the 2 state at E,+ = 1171 keV in '*Sn, a value of Z,+ ~ 0.00384 keV~" is
obtained. The ()gy value from Table 5.1 is plotted against the VMI model-predicted
T2, as shown by the filled symbol in Fig. 5.10. The symbol falls on the best-fit
curve. This confirms presence of anharmonicity in the 07, — 21 intrinsic excitation
is 120Sn, suitably explained by the existence of a nonvanishing angular momen-
tum dependent moment of inertia. Measurements of level lifetimes and transition

quadrupole moments can thus be an important tool to test nuclear models.
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5.6 Summary & Conclusions

The mean lifetime of the 2 level in '°Sn (F, = 1171 keV) has been exclusively
determined using DSAM implemented through updated methodologies, and the cor-
responding B(E2;0;, — 27) value is deduced therefrom. An enhancement in col-
lectivity for the 2] state is confirmed, following an improved determination of the
level lifetime with reduced uncertainties. The present result is in excellent agree-
ment with the results obtained from heavy-ion inelastic scattering [89,90] discussed
in the previous chapter. The framework of analysis in this work relies on stopping
simulations for the velocity profiles of recoils traversing a thick stopping medium,
generated using the contemporary SRIM + TRIM packages. Such measurements
are not limited to the conventional DSAM approach of a thin target backed by a
high-Z element, in a particle-y coincidence setup. As an additional test, the lifetime
of the 4 level has also been estimated and is in compliance with existing estimate of
B(E2;4f — 27). This establishes the fact that the velocity profile is the most sen-
sitive part of this analysis, and with lower uncertainties (~ 5%) on stopping powers,
compared to the uncertainties with earlier calculations (~ 20%) for similar analy-
ses, this methodology leads to modest fits of the inclusive decay spectra to arrive
at veritable lifetime numbers (even with possible contaminations or unincorporated
feeding statistics).

A precise measurement of level lifetime also reduces uncertainty in the estimation of
the proton transition matrix element, which, in conjunction with the neutron tran-
sition matrix element obtained from light /heavy ion scattering experiments, would

allow the determination of proton and neutron effective charges to be used in new

shell model calculations for transition rates.



Chapter 6

Importance of inelastic couplings

in reaction dynamics

In the previous two chapters, the focus has been directed towards determining tran-
sition probabilities/deformation lengths for the low-lying excited states in the Sn
isotopes under study. The transition probability between two nuclear states de-
pends sensitively on their structural paradigm. In binary heavy-ion interactions,
the reaction dynamics are governed by the couplings between the relative motion
coordinate and the internal degrees of freedom of the participating nuclei. Inelastic
couplings pertaining to the low-lying surface modes are among the most dominant
reaction channels in events of nucleus-nucleus collisions. Knowledge of accurate
deformation/structural properties is of fundamental importance to determine the
coupling effects on the entrance channel that influence the resulting cross sections of
all channels between the extremities of elastic scattering and fusion. To that effect,
the direct comparison of experimental and theoretical values of structural quantities,

or of their effects on other observables, provides a test for nuclear models.

141



142 Chapter 6 Importance of inelastic couplings in reaction dynamics

6.1 Elastic, inelastic and 1-nucleon transfer chan-
nels in 'Li+'?’Sn system

Heavy-ion peripheral reactions, like inelastic excitations and transfer processes, offer
a spectroscopic tool for the excitation of high spin states of stable as well as unstable
nuclei and complex nuclear configurations such as single-particle states coupled to
core vibrational states. Simultaneous description of such dominant outgoing chan-
nels by the same coupled channels calculation, using a single set of potential and
coupling parameters, is one of the difficult tasks in nuclear reaction studies, and is an
important tool that reveals realistic structural parameters for that projectile-target
system. Systematic analysis of elastic and inelastic scattering cross sections for 7Li
+ 1208n have been reported previously in Chapter 4 at 28 MeV bombarding energy.
From optical model analysis of the elastic scattering data, the net reaction cross
section, Opeac, is predicted to be ~ 1200 mb at this energy. With respect to the CRC
(§4.2.1) and CDCC-CRC (§4.2.2) calculations that explain the measured data for
the different channels, the quadrupole and octupole excitations in ?°Sn constitute
a total of ~ 26 mb of 0,ec. The CDCC-CRC calculations assign an additional ~
21 mb to the breakup of “Li into o 4+ t. The remaining fraction is attributed the
excitation of "Li to its bound inelastic state at 478-keV (21 mb), and to the small
number of 1-nucleon transfer channels coupled into the model space, as well as the
cumulative absorption due to the imaginary potential (~ 1120 mb) that includes
the estimated cross sections for fusion along with those of the excluded channels.
Such a calculation of fusion probability largely relies on the coupling effects of the
dominant peripheral channels. The importance of realistic estimation of the struc-
tural parameters for the colliding nuclei is realized when the same parameters are
used to explain the deformation properties at another bombarding energy, as well as

simultaneously explain several other major direct reaction channels. In this context,
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differential cross sections for elastic and inelastic scattering for “Li + 2°Sn system
have been determined at Ej,, = 30 MeV. In addition, experimental angular distri-
butions for cross sections of one-nucleon transfer channels, *2°Sn("Li,°Li)**!Sn and
1208n(71.i,°He)'?'Sb, have been determined at both 28 and 30 MeV beam energies
for residual excitations up to ~ 3 MeV. A simultaneous description of all reaction
channels has been attempted with a consistent set of potential parameters, as well
as coupling parameters [135].

The schematic experimental arrangement is same as that shown in Fig. 2.4. Along
with the channels studied in §4.2, the yields for the identified states of the one-
nucleon transfer partitions were extracted separately for evaluating their respective
experimental differential cross sections. While the inelastic peaks could be clearly
distinguished, however, for the case of the densely populated transfer peaks, each
centroid could contain contributions from more than one state, embedded within a
background of other nuclear levels, owing to the existence of several closely spaced
neighbouring states in the residual nuclei. Few groups of states are found to be
enhanced over others (see Figs. 6.1(b,c)).

Studies of heavy-ion induced single nucleon transfer reactions reveal strong J and @)
preferential selectivity in the relative cross sections, which primarily depends on the
type of projectile and the orbit from which the transfer occurs [136-138]. Transfer re-
actions between heavy-ions at energies well above the Coulomb barrier have substan-
tial cross-section when certain kinematical conditions are satisfied. These relate the
-value of the reaction to the angular momentum of the transferred nucleon in the
initial and final nuclei. In the present case as well, among the large number of known
levels in the residual nuclei, up to ~ 17 MeV excitation energy each in '2!Sn and
121Sh, only some groups of levels are enhanced that are favoured by the selectivity
conditions. Earlier measurements also exist on the population of states in '2'Sn and

'21Sh by means of light-ion bombardment, for instance 2°Sn[(t,d),(d,p)] [139-141]
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and '2°Sn[(®*He,d),(a,t)] [142-144] reactions, respectively. In contrast to light-ion
nucleon transfer reactions where the initial proton/neutron orbit has an s-state for
its initial bound orbital, the initial nucleon orbit is ps/» (j; = I; + 1/2) each for
the ("Li,%He) and ("Li,°Li) reactions. As a result, the present reactions populate
states in residual nuclei with different strengths, based on the kinematic selection
rules. These conditions govern whether the final nucleon orbital has j; = [y + 1/2
or jr =l —1/2, with [; being the orbital angular momentum of the final shell the

nucleon enters. Following the prescription given in Ref. [136],

lf = lc.m. — m;— (61)

kiR; +m; = kfRf(Q) +my (62)

where Ry (Ry) is the radius of the heavy ion from which (to which) the transfer oc-
curs, and m; and my are projections of the initial and final orbital angular momenta
of the transferred nucleon, [; and [;. The quantity [. . defines the angular momen-
tum due to centre-of-mass motion, with k;R?; and kyR; being the grazing angular
momenta brought into the collision, "Li+'2°Sn, and that carried by the outgoing
relative motion, ®Li+'?'Sn(*He+'?'Sb), with g.s. @-value -1.081(-4.185) MeV.

Even though all the aforementioned reactions (earlier as well as present) populating
states in '?'Sn and '*'Sb have the nucleon originating from j; = [; + 1/2, but for
the more negative Q-values of the present reactions, higher spin states are favoured
that provide the best momentum matching conditions owing to a variety of [; values
possible, as compared to (t,d),(d,p) and (*He,d) reactions. The difference, AL =
\kiR; —k;R;(Q)], governs the final state spin values as given by AL = |7, —1/2—j¢|.
The structure of the residuals are essentially dominated by these single-particle
degrees of freedom coupled to vibrations of the spherical Sn core, i.e; by coupling

the odd proton or odd neutron in the spherical shell model orbitals 2ds /3, 1g7/2, 3512,
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2d3/2, and 1hy1/9 to the low-lying excitations of the Sn cores. Thus, certain groups
of states are enhanced over others. The yields for each group have been extracted to
determine the differential cross section, then converted to the centre-of-mass frame.
In this study, the experimentally observed centroid ()-value has been considered for
computing the transformation factor (see Eqn. 4.1) for each case. The experimental

and calculated cross sections are related as,

do C2Jp+1 o 0 do
(dQ)exm - 2JZ~+10 5175y (dQ)Calc (6.3)

where, C2S, and C?S, correspond, respectively, to the projectile-stripping and

target-pickup spectroscopic overlap factors ("Li|°Li+ n) and ('?°Sn + n|'?'Sn) for
the ("Li,°Li) reaction, and ("Li|°He + p) and (*?°Sn + p|'?!Sb) for the ("Li,%He) re-
action. As the coupling to the continuum demands a high computational capacity,
a complete calculation including not only the continuum but also bound states of
inelastic and several transfer channels becomes very difficult. Hence, the present
calculations have been carried out within the CRC formalism. The coupling scheme
is similar to that shown in Fig. 4.4, with residual excitations up to ~ 3 MeV for the
1-nucleon transfer processes.

CRC calculations in finite range DWBA (FRDWBA) limit have been performed by
including as many as 30 significant channels that couple to the entrance channel, and
the results are compared with the experimental data for both energies. The nuclear
potential parameters as well as the coupling parameters for the inelastic states are
kept equivalent to those reported in Tables 4.1 and 4.2, as well as in §4.2.1.1. The
experimental angular distributions for normalized elastic scattering differential cross
section, and the corresponding calculations are is shown in Fig. 6.2. The dashed
lines represent the results without any coupling. In order to compare the calculations
using the above potential and coupling parameters with another generalized poten-

tial, the calculations have been repeated using the Sao Paulo Potential (SPP) [79]
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Figure 6.2:  Experimental cross section and CRC calculation for the elastic channel
(relative to Rutherford).

with both real and imaginary parts. The full CRC calculations including dominant
inelastic and transfer channels requires the real part of the SPP to be increased by
a factor of 1.4 in order to explain the measured elastic scattering. The experimental
inelastic scattering angular distributions are shown as symbols in Fig. 6.3(a)-6.3(h).
The data (symbols) for 1-n transfer are shown in Fig. 6.4(a)-6.4(h), and for 1-p
transfer in Fig. 6.5(a)-6.5(n). The lines represent CRC calculations. Fusion in the
exit channels of the transfer partitions was accounted for, by defining the total ab-
sorption due to a short-ranged imaginary potential of Woods-Saxon (WS) square
form, given by V5 = 10.00 MeV, ry = 1.00 fm and ay = 0.40 fm. The potentials
binding the transferred particles were also of WS form, with radius 1.25A4'/3 fm and
diffuseness 0.650 fm, with A being the mass of the core nucleus. The depths were
automatically adjusted to obtain the required binding eigen-energies (separation en-
ergies) of the particle-core composite system. The transfer angular distributions are
peaked in the vicinity of the grazing angle for the collision at each energy. The

amplitude for the overlaps ("Li|°Li+ n) and ("Li|°He + p) are taken as 0.948 [145]
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Figure 6.3: Experimental cross sections (open circles) and respective calculations (solid
lines) for inelastic scattering processes in "Li+!2°Sn system at 28 MeV for (a) quadrupole
excitation in "Li, (b) quadrupole excitation in 2°Sn, (c¢) mutual quadrupolar transitions
in “Li and '2°Sn, and (d) octupole excitation in 2°Sn. The corresponding experimental
data (filled circles) and calculations (dashed lines) for 30 MeV are shown in (e), (f), (g)
and (h), respectively.
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Figure 6.4: Experimental cross sections and respective calculations at 28 MeV for 1-n
transfer process ("Li,®Li) for different excitations of the recoil are shown in (a)-(d). The
corresponding data and calculations for 30 MeV are shown in (e)-(h), respectively. The
states included in the model calculations for each centroid energy are listed in Table 6.1
with respective structural information.
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("Li,’He) at 28 MeV for different excitations of the recoil are shown in (a)-(g). The
corresponding data and calculations for 30 MeV are shown in (h)-(n), respectively. The
states included in the calculations for each centroid energy are listed in Table 6.1.
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Table 6.1:  Particle-core spectroscopic factors for the 1-n and 1-p transfer states in
residual nuclei.

Nucleus E, E, State  C?Sy; ref.] C?Sy;
(expt.) (calc.)  (nfj) (this
(MeV)  (MeV) work)
218n g.s. 0.00 2d3;,  0.439 140
0.006  Thiye  0.4838 140

” 110 0925  1grp  0.049
1101 2ds,  0.0125  [139
1121 2ds;,  0.066  [139,141]

[140]

[140]

0.060 3si, 0315 [139]
[139]

]

v 2.62 2580  2f;, 0.052  [139]
2.666  2fr, 0.119  [139]
2.690  2f;, 0185  [141]

K 2.95 2.999  2d3), 0.151(12)

3.028  2frp  0.041

[140]

25}, gs. 0.00  2d; 0915  [143]
" 0.037  lg;, 113 [144]  1.277(93)
” 0.55  0.507  2ds;, 0295  [143]  0.460(21)
0.573  3si, 0379 [143]  0.590(39)
” 141 1407 2ds,  0.183  [142,143] 0.221(15)
1426 1hyy, 112 [144]  1.311(91)
” 174 1736 2ds) - 0.143(10)
1758 2ds - 0.152(12)

" 212 2120  2ds, 0.085  [143]
2129  lhyp - 0.684(56)
” 237 2362  lgrs - 0.504(42)
2407  1goy - 0.518(47)
v 270 272 2y, 0185 [143]  0.414(39)

and 0.768 [146], respectively. By coupling the dominant target inelastic states in
the model space, the same phenomenological potential is expected to reproduce the
experimental differential cross sections for the identified one-nucleon transfer chan-
nels. Comparisons between calculations and experimental data fixes the quantum
numbers of the final states of the residual nuclei as well as the spectroscopic fac-
tors denoting the overlap between initial and final states. The attempt here was
to utilize the existing information on spectroscopic factors for the transfer channels

and predict the cross sections for all identified states, consistently at both energies.
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However, for few of the channels, these structural parameters were either unavail-
able, or had to be varied (to within 20%-30% with the already measured values) to
obtain optimum representation of experimental data. In the limit of detector reso-
lution, due to mixing of indistinguishable closely spaced neighbouring states in both
recoils, the angular distribution for each peak was represented by a group of kine-
matically allowed states in the calculations around that particular reaction @)-value.
For some of the states included in the calculations, whose total angular momenta
are unknown, they were assigned the highest spin possible for the known angular
momentum transfer, in accordance with kinematic selection rules for this system.
Extracted spectroscopic factors are estimated through y2-minimization, primarily
by normalization in the region of the grazing angle. For such an angular distribu-
tion represented by more than one constituent excited state of the residual nucleus,
the state with the higher cross section is assigned a higher spectroscopic factor.
The channels included in the calculations are listed in Table 6.1, with respective
structural information. The solid lines in Figs. 6.4 and 6.5 represent sum of the
theoretical cross sections corresponding to one or more closely spaced states which
were experimentally unresolved. The individual cross sections of the constituent
states have also been shown in the above figures by dotted, dash-dotted and dashed

lines.

6.1.1 Calculations for existing data at 44 MeV

An attempt has been made to reproduce existing data, if any, on elas-
tic/inelastic/transfer cross sections for the "Li+'?Sn system at different energies,
with the same set of potential and structural parameters and coupling the same
number of reaction channels as done for 28 and 30 MeV. There are only a few
measurements available in the literature for this system. Tungate et al. [147] have

measured the angular distributions, at 44 MeV beam energy, for elastic scattering,
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and inelastic scattering corresponding to “Li*(1/27,0.478 MeV) excitation, while the
inelastic data for excitation to the 2] state of 2°Sn (E, = 1.171 MeV) are avail-
able in Ref. [148], at the same beam energy, though with limited angular coverage.
These measurements could be effectively reproduced. The results are depicted in
Fig. 6.6(a)-6.6(c). This lays emphasis on the validity of the realistic coupling and
structural parameters extracted in the present study, which essentially depends on

the interplay among the dominant channels in reaction dynamics.

6.2 Systematic model-dependence of complete fu-
sion cross section

For calculations of fusion cross sections, the coupling between the relative motion

and internal degrees of freedom causes a splitting in energy of the uncoupled fu-
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sion barrier. The resultant distribution of fusion barriers has a shape indicative of
the relevant couplings, and is directly manifested as an enhancement of the fusion
cross section at energies below the uncoupled barrier. For systems involving weakly
bound projectiles, such as ®7Li, presence of additional degrees of freedom owing to
the low binding energies of these nuclei is commonly manifested as a suppression in
the fusion cross section at above-barrier energies. Many measurements on complete
fusion (CF) cross section involving %7Li show suppression by various degrees when
compared to theoretical CC calculations. However, there is no concrete picture at
sub-barrier energies. Some authors have reported an enhancement in experimental
CF cross sections at sub-barrier energies [149-152], while some have reported sup-
pression in CF cross sections [153,154]. The discrepant conclusions can be attributed
to different CC models that often lead to contrasting results. This difference can
be best illustrated by coupling the dominant inelastic scattering channels to the
entrance channel while computing fusion. For example, in a recent work on com-
plete fusion in "Li+'*152Sm system [155], it has been shown that the fusion cross
sections calculated by the two most-commonly used codes, CCFULL and FRESCO,
are different - with the inclusion of only inelastic couplings of target, the results of
FRESCO are much closer to the experimental data in the above barrier region, while
the CCFULL results show quite a large suppression in experimental CF cross section
compared to theory. The conclusion about the enhancement or suppression of fusion
cross sections, thus, becomes model-dependent.

To further explore the above observation in reactions involving ®“Li as projectiles
with different target nuclei of medium to heavy mass, a systematic study [156] has
been carried out by means of CC calculations using both FRESCO and CCFULL.
Here, only those reactions have been considered whose CF cross sections are already
measured, compared with calculations and available in literature. The aim is to

analyze the differences in fusion predicted by the two models of calculations, under
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Table 6.2:  Projectile and target inelastic channels and their corresponding modes of
excitations that are included in the CC calculations.

Reaction [Ref.]  Projectile excitations Target excitations
SLi+0%Ni [149] none 27 (vib)
SLi+2Zr [157] 7 27,37 (vib)
SLi+1*Sm [150] ” 3~ (vib)
SLi+'52Sm [151] ? 27,47 (rot)
SLi+'59TDb [158] 7 2% 47 (rot)
SLi+'97Au [159] ” 17 (vib)
6Li+209Bj [153] ” 3~ 5 (vib)
"Li+%4Ni [160] %_(rot) 2% (vib)
Li+"Sm [155] ? 27,37 (vib)
TLi+1%28m [155] 7 2% 4% (vot)
TLi+'9Tb [161] 7 2% 4% (vot)
TLi+97Au [159] ” 17 (vib)
"Li+2%Bi [153] ” 3~ 5~ (vib)

vib : vibrational coupling

rot : rotational coupling
the coupling effects of the dominant low-lying excitations in the target nuclei. For
each system, the number of coupled inelastic channels, bare potentials and coupling
parameters used are same as given in the original papers. The list of the reaction
systems, inelastic channels and excitation modes are given in Table 6.2. Couplings
with projectile excitations above the breakup threshold and transfer channels are

not included.

6.2.1 Fusion Functions

To compare the fusion data of two different models, a novel reduction method [162]
is used that eliminates the geometrical aspects of each system, such as heights and
positions of the barriers, sizes and charges of participating nuclei as well as the static
effects present in weakly bound nuclei due to their clustered structure, and expresses
the differences only in terms of dynamic effects of channel couplings particularly

around the barrier energy. This allows comparison of any kind of system in the
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same graphic. In this prescription, a parabolic approximation of the fusion barrier
is made, as had been done by Wong [163], and the fusion cross section, corresponding
to capture of the trajectories of different angular momenta (below the critical angular

momentum value, [..), is given by:

% > @+ )T (Ben) (6.4)

sl

wo_
Op =

For the parabolic barrier, in the centre of mass frame, the transmission probability

for I partial wave [163] is:

1
1+exp[ (V 4 MOR —Ecm)]

2mR2

Ti(Fem.) = (6.5)

where Vg, Rp, hw are, respectively, the barrier height, position and curvature at

Rp. This leads to,

h 2 Ecm._
oW = QERB In {1+exp< ul - VB))] (6.6)

Canto et al. suggested reducing the incident energies to a dimensionless form, x =

Ec.m.*VB
hw

When no couplings are involved in a reaction system, o}’ accurately

predicts the fusion cross section and that leads to a general, system-independent
fusion function of the dimensionless variable x, called the Universal Fusion Function

(UFF) given by:
2Ec.m w

UFF(x) = o
hwRy T

=In [1 + exp(27x)] (6.7)

Akin to this prescription, the corresponding experimental fusion cross section leads

to a reaction fusion function, given by

2Ecm ex UW
F(x) = AL P (%) (6.8)

Op
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P incorporates the global effect of couplings to all bound as well as un-

Here, 0%’
bound channels. The term within the brackets is a normalization factor, with o%¢
as theoretical fusion cross section obtained from coupled-channels calculations. This
formalism isolates the effect of relevant bound channel couplings included in the cal-
culations, such as the directly populated inelastic excitations of the projectile and
target, leading to F(x) = UFF(x) [E—zﬁ Any deviation of F(x) from UFF(x) is at-
tributed to dynamic channel coupling effects, and can be effectively used for pointing
out model-dependent differences in fusion within a single system. In the absence of
transfer channels with large, positive ()-values, Canto et al. have suggested that the
deviation may be attributed predominantly to the breakup channels, that have not
been explicitly included while computing o%¢.

In this way, data for different systems (listed in Table 6.1) were compared between
FRESCO and CCFULL directly by calculating function F(x). Figures 6.7 and 6.8
show results obtained using FRESCO and CCFULL, plotted in linear and logarith-
mic scales, respectively. Fig. 6.7 particularly emphasizes the above barrier (x >
0) model- dependence of fusion, while Fig. 6.8 lays emphasis on the below barrier
(x < 0) model-dependence. It is observed that the CCFULL results do not agree
with those predicted by FRESCO, even though the CC calculations by both models
include the same inelastic excitation channels and same bare potentials. Fig. 6.7
shows that the experimental fusion functions F(x) (symbols) for all the reactions
induced by both SLi as well as "Li projectiles are suppressed compared to UFF(x)
(solid line) at above barrier energies, showing a universal behavior independent of
target nuclei. However, the degree of fusion suppression is not only different for
different projectiles but also different for same projectile when F(x) is calculated
using two different CC models. The above barrier average suppression percentages

for the Li-induced reactions, obtained using FRESCO and CCFULL generated re-

sults, are ~ 22% and 29% respectively, and ~ 13% and 23% for the “Li-induced
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Figure 6.7: Experimental fusion functions using the results of FRESCO and CCFULL
p g

calculations for several reactions involving weakly bound projectiles ®7Li. The solid lines
represent Universal Fusion Functions (UFFs) obtained from Eqn. 6.7, and dashed lines
represent re-normalized UFF's to show the average suppression factors in experimental CF
at above barrier energies.

reactions. The suppression is higher in case of CCFULL than FRESCO irrespective of
the projectile. At sub-barrier energies, it can be observed from Fig. 6.8(a,b) that
for all *Li-induced reactions, the experimental fusion functions are enhanced com-
pared to the UFF irrespective of the model used for calculating 0. But the degree
of enhancement in F(x) compared to UFF(x) at sub-barrier energies is noticeably
higher when FRESCO generated o%¢ is used to calculate F(x). For “Li induced fu-
sion reactions, FRESCO predicts a mixed result at below barrier region as seen in

Fig. 6.8(c). For systems like "Li+'2Sm,'™Tb, there is an enhancement while there

is no enhancement /suppression for ‘Li+*Sm,¥7Au,2"Bi systems. On the other
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Figure 6.8: Same as Fig. 6.7, but plotted in logarithmic scale.

hand, according to CCFULL, there is a suppression over the entire energy range as
shown in Fig. 6.8(d). The larger deviations of F(x) from UFF(x) at both sub- and
above-barrier energies observed between the reactions induced by %Li and "Li pro-
jectiles can be understood in terms of the difference in breakup coupling related to
the projectile breakup threshold energy - °Li has smaller breakup threshold energy
(~1.48 MeV) compared to "Li (~2.47 MeV). However, the difference observed in
the results for the same system but obtained from two models is more interesting.
Fusion cross sections (0%¢) calculated using two models are found to be different
despite using same bare potentials, same coupling parameters and inclusion of same
inelastic channels. As discussed in Chapter 3, the theoretical formalisms for two

models are very different leading to a significant difference between the fusion func-

tions calculated by them.
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Figure 6.9: Differences in the effect of inelastic couplings between CCFULL and FRESCO
for (a,c) SLi+'*4Sm and (b,d) “Li+'**Sm reactions plotted in log and linear scale respec-
tively. Calculated fusion cross sections are compared with experimental data taken from
Refs.(Rath2009: [150]) and (Rath2013: [155]) respectively.

To investigate the origin of the above difference, fusion cross sections, o%¢ and
o have been calculated by the two models with and without inelastic cou-

plings, respectively. The results for two typical reactions e.g., ®'Li+'Sm, are
shown in Fig. 6.9. The cross sections, o'"?' obtained from the two models, are
found to be identical. This implies that their theoretical formalisms are equivalent
when the fusion is calculated through a one-dimensional barrier. However, the re-
sults are different when inelastic channels are coupled i.e., when a multidimensional
barrier is introduced. At above barrier energies the fusion cross section obtained

from CCFULL are higher than the uncoupled cross sections. In contrast, the cross

sections obtained from FRESCO with inelastic couplings are smaller than the ones
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without any coupling.
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Figure 6.10: The quantity Fipelastic (z 1— a}ncoupl / U}c;c) derived from the coupled and
uncoupled fusion cross sections calculated using CCFULL and FRESCO.

Further, to amplify the above differences over the entire energy range, a quantity

uncoupl
o p

called Finelastic = <1 - oo ) is derived as a function of energy, and shown in

Fig. 6.10. The Fjpelastic Obtained from CCFULL results was found to be a positive
quantity throughout the energy range for both the systems, while it attains negative
values for FRESCO in the high energy region. In particular, at barrier energies, the
enhancement due to target inelastic couplings in Li+!'**Sm system is ~ 33% for
CCFULL and ~ 16% for FRESCO, while in the "Li+!**Sm system, it is around 44%
for ccruLL and 20% for FRESCO with only target couplings, and around 66% for
cCcFULL and 33% for FRESCO when projectile coupling is also included, as seen in
Figs. 6.10(a) and 6.10(b), respectively. Couplings to the projectile bound excited
state mainly redistribute the flux that has already penetrated the Coulomb barrier
[64]. However, CCFULL, unlike FRESCO, considers the projectiles to be spin-less
in their ground state. With such differences in calculated fusion cross sections
and experimental fusion functions derived using two different models based on two
different theoretical formalisms, one needs to be careful while concluding about

enhancement or suppression of experimental fusion cross sections on comparison
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with either of the two CC calculations.

6.2.2 The case of a tightly-bound projectile

It is often observed that the potential parameters used in simplified CC codes (e.g.
CCFULL) to reproduce experimental fusion cross sections do not reproduce elastic
and direct reaction channels when used as input to FRESCO or other codes that
calculate these cross sections. To this effect, an exercise aimed at using realistic
parameters for potentials and couplings that are capable of explaining simultane-
ously the measured cross sections of elastic scattering, inelastic scattering and fusion
channels, and find the differences in the fusion cross sections calculated by two CC
codes, is undertaken for a reaction system involving a tightly bound projectile, **O
+ 8Sm [164-166]. The target “®Sm being near spherical, the most important
channels to be coupled with elastic channels are the inelastic excitations. In the
coupled-channels calculations using FRESCO, two inelastic channels corresponding
to the low-lying 2+ (0.55 MeV) and 37(1.16 MeV) excitations of "*¥Sm and one pro-
jectile inelastic state (37,6.13 MeV) are included along with the elastic channel. A
real potential of WS volume form with strength, radius and diffuseness parameters
of 76.0 MeV, 1.18 fm and 0.67 fm respectively has been used for the entrance chan-
nel. With FRESCO, considering that all the relevant channels are explicitly included
in the coupling, the fusion cross section is estimated from the absorption by a short
range imaginary potential of WS square form, with strength, radius and diffuseness
parameters equal to 10 MeV, 1.0 fm and 0.4 fm respectively. For inelastic couplings,
the deformation parameters are obtained from Refs. [165,167], assuming 0§ = 57"
The typical FRESCO results for elastic and inelastic scattering, at Ej,;, = 66 MeV,
have been compared with the experimental cross sections in Figs. 6.11(a) and 6.11(b)
respectively. Using the same potential and coupling parameters, fusion cross sec-

tions have been calculated at different beam energies and shown as a solid line in
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Figure 6.11: (a,b) Experimental cross section for elastic (circles) and inelastic scattering
corresponding to 2 (0.55 MeV) state of *¥Sm (diamonds) taken from Ref. (Talon1981:
[164]) are compared with FRESCO results. (c) Experimental fusion cross sections from
Ref. (Leigh1995: [165]) are represented by squares along with the theoretical results for
fusion obtained from both FRESCO and CCFULL are represented by lines. (d) The quan-
tity Finelastic Obtained from the results of CCFULL and FRESCO with (without) projectile
excitation are represented by dashed (long-short) and solid (dash-dot) lines respectively.
Fig. 6.11(c) along with the experimental data [165]. The results of the coupled-
channels calculations using FRESCO reasonably reproduces elastic, fusion and one
of the inelastic channels simultaneously. A small deviation in the calculations from
the experimental data is expected due to (i) exclusion of some of the inelastic and
transfer channels in the coupling and (ii) absence of long range imaginary potential
to simulate these excluded direct reaction channels. On the other hand, cCFULL
does not calculate elastic or any direct reaction cross section. So, only the fusion

cross sections have been calculated using the same parameters as used in FRESCO,

and the results are shown as dashed line in Fig. 6.11(c). Once again, a difference in



164 Chapter 6 Importance of inelastic couplings in reaction dynamics

fusion cross sections calculated with full couplings from two codes is observed. This
difference has been amplified in the calculation of Fj,ejastic as shown in Fig. 6.11(d).
The above calculations have been repeated using both the codes without including
the projectile excitation and the corresponding values for fusion and Fj,gastic have
also been plotted in Fig. 6.11(c) and 6.11(d) respectively. The difference in this case
is mainly prevalent at above-barrier energies. The comparative study in the above
example suggests that one should couple several directly populated excited states
of projectile and target and use realistic parameters for potential and couplings to
explain simultaneously the elastic and all non-elastic channels. And this is possible
when a more generalized code like FRESCO is used and the experimental data for
both fusion and elastic along with as many direct reaction channels are available for

the particular reaction system.

6.3 Summary & Conclusions

The influence of internal degrees of freedom is of fundamental importance in describ-
ing the different phenomena which may occur during a collision - nucleon-transfers,
fusion, etc. The coupling of the low-lying excitations of colliding nuclei to their rela-
tive motion has significant influence on cross sections of elastic scattering, complete
fusion, as well as all intermediate peripheral channels. To this effect, a simultane-
ous description of elastic scattering, inelastic excitations and one-nucleon transfer
channels has been attempted using the optical potential and structural deforma-
tion parameters determined in the previous chapters. New spectroscopic factors
have been exclusively assigned for some states in residual nuclei populated by the
nucleon-transfer reactions. A direct effect of inelastic couplings in calculating the
fusion cross section through a multidimensional barrier is seen to be model depen-
dent. Such a comparison between experimental and theoretical values of reaction

observables can be useful as a test for nuclear reaction models.



Chapter 7

Future outlook

In this thesis work, crucial aspects of nuclear collectivity, on an absolute scale, have
been systematically addressed along an isotopic chain of stable nuclei, by heavy-ion
inelastic scattering with "Li and '2C probes. The elaborate set of experimental data
and theoretical calculations presented here for the low-lying transitions in different
Sn isotopes is expected to provide an insight into the probe-dependence of the basic
excitation mechanisms in nuclei, for deducing the intrinsic deformation characteris-
tics. The present considerations also illustrate the path and problems that would
arise when one discusses the deformation properties, and the exclusive intrinsic con-
tributions of the neutron and proton distributions, for unstable chains of isotopes
from upcoming facilities, exploring such probe-dependent characteristics. Besides
the collective low-lying excitations, such features of probe-dependent inelastic scat-
tering could also be explored for the known quadrupole and octupole resonances
(E; > 5 MeV) in nuclei.

Additionally, the effects of dynamic structural couplings in nuclear collisions that
influence the cross sections of other reaction channels, such as transfer processes
as well as fusion, have been discussed in this thesis, which also act as a test for
available nuclear models. Impending studies of similar reactions with weakly bound

unstable nuclei, e.g. ""Be or ''Li [168-170], where incorporating coupled-channels

165
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effects is an issue, are also of tremendous interest. Such nuclei are known to have
larger radii as well as significantly enhanced reaction cross sections compared to
their stable counterparts. Measurements with weakly bound stable nuclei such as
Li, with better understood structures, are relatively easier, due to the higher beam
intensities. The understanding of the reaction dynamics for such stable projectiles
acts as a reference for investigating (i) the dynamic effects of probe-size and nature
of probe-target interaction, with unstable projectiles, on target structural parame-
ters, that are expected to be of similar complexity as discussed in this thesis, and (ii)
the preferential J and () selectivity of single nucleon transfer processes in populating
different excited states of the residual nuclei, wherefrom, new spectroscopic factors
can be extracted. Such detailed studies with unstable projectiles are expected to
provide a good foundation towards understanding their reaction mechanisms and
the impact on fusion cross sections.

A satisfactory compliance is also reported in the present work between the results
of heavy-ion scattering and level-lifetime measurement, with reduced uncertainties,
for the '2°Sn isotope. In the near future, a similar investigation could be attempted
to explore the lifetime and branching ratio for the decay of the 3, state in '*°Sn
into its E'1 (strong) and E3 (weak) components, with no exclusive measurements till
date, and compare the B(E3;0; — 3, ) value with that from nuclear scattering. In
addition, fresh measurements, employing either the particle-y coincidence technique
(crucial for selecting weak transitions), or from inclusive v yields, for the 2], 37
and 4] level-lifetimes in the other stable and unstable Sn isotopes, with suitable
target-backing combinations, can also be expected to lead to improved estimates, to
address the existing discrepancies between the different measurements of the tran-
sition probabilities. This also draws attention to the need for improved theoretical
calculations to systematically explain the trend of the collective properties ranging

from the neutron-deficient to the neutron-rich isotopes.
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