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Background: Simultaneous description of major outgoing channels for a nuclear reaction by coupled-channels
calculations using the same set of potential and coupling parameters is one of the difficult tasks to accomplish in
nuclear reaction studies.

Purpose: To measure the elastic, inelastic, and transfer cross sections for as many channels as possible in
"Li + 'Sn system at different beam energies and simultaneously describe them by a single set of model
calculations using FRESCO.

Methods: Projectile-like fragments were detected using six sets of Si-detector telescopes to measure the cross
sections for elastic, inelastic, and 1-nucleon transfer channels at two beam energies of 28 and 30 MeV. Optical
model analysis of elastic data and coupled-reaction-channels (CRC) calculations that include around 30 reaction
channels coupled directly to the entrance channel, with respective structural parameters, were performed to
understand the measured cross sections.

Results: Structure information available in the literature for some of the identified states did not reproduce the
present data. Cross sections obtained from CRC calculations using a modified but single set of potential and
coupling parameters were able to describe simultaneously the measured data for all the channels at both the
measured energies as well as the existing data for elastic and inelastic cross sections at 44 MeV.

Conclusions: Non-reproduction of some of the cross sections using the structure information available in the
literature which are extracted from reactions involving different projectiles indicates that such measurements are
probe dependent. New structural parameters were assigned for such states as well as for several new transfer

states whose spectroscopic factors were not known.

DOI: 10.1103/PhysRevC.95.034615

I. INTRODUCTION

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 [1]. For such direct
reactions, the dynamics of the interactions are often governed
by structural parameters of the participating nuclei, which
determine the coupling to the entrance channel and influence
the resulting cross sections of all open channels. Simultaneous
description of such dominant outgoing channels by the same
coupled channels calculations using same 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. In the
present study, differential cross sections for elastic and inelas-
tic scattering and one-nucleon transfer reactions have been
measured for "Li + '*°Sn at 28- and 30-MeV beam energies,
and a simultaneous description of these channels has been
attempted by means of explicit coupled-reaction-channels
(CRC) calculations in the distorted-wave Born approximation
(DWBA) limit, with a consistent set of potential parameters
as well as coupling parameters. The motivation is to extract
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realistic energy-independent structural information for the
dominant nonelastic channels with the same set of model
calculations that are important for characterizing also the other
reaction channels of a system, for instance, fusion. Studies with
similar reactions with weakly bound unstable nuclei, e.g., ' Be
or MLi [2-6], where coupled-channels effects are an issue,
are of tremendous interest. Measurements with weakly bound
stable nuclei, with better understood structures, are relatively
easier, due to the higher beam intensities. The understanding
of the reaction mechanisms for these projectiles acts as a
reference for studies with unstable projectiles that are expected
to be of similar complexity.

Inelastic transitions in a nucleus are caused by electro-
magnetic and/or nuclear interactions with another nucleus. As
shown in Ref. [7], the transition amplitude for nuclear inelastic
scattering is closely analogous to the electric multipole
operator, EA, where A is the multipolarity of the excitation,
except that the former involves the matter density while the
latter is sensitive only to the charge density of the nucleus [8,9].
The quantity

B(EAJi — Jp) = [T IEAi)] ey

2J;i +1
is the reduced electromagnetic transition probability related
to Coulomb deformation of the nucleus, commonly measured
via y-ray transitions from nuclear excited states, and the rate
of very forward-angle (or low-energy) Coulomb excitation
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reactions depends only on this structural property [10]. Here,
J¢ and J; are the total spins of the final and initial states,
respectively, which define the transition matrix element for
the EA operator. In Coulomb-dominated heavy-ion scattering
processes, B(EX) acts as a reliable structural information
that connects theory and experiment. As smaller distances
are approached (larger scattering angles), the nuclear force
comes into the picture. Consequently, the nuclear amplitude
changes faster than the Coulomb amplitude. Therefore, it
is possible to determine Coulomb and nuclear deformations
separately by measuring the angular distribution at both
forward and backward angles [11]. The characteristics of
the dominant multipole transitions (mainly quadrupole and
octupole) between the low-lying first excited states and the
ground state in '2°Sn have been extensively studied. The E2
(quadrupole) transition probabilities in '>°Sn are found to
be fairly consistent with one another [12—17] with smaller
uncertainties. However, the E3 probabilities have a wide
range with larger uncertainties [ 12,18-20]. For the rotationally
deformed ’Li, transition to the only bound excited state of
the nucleus prior to its breakup threshold has been well
investigated [21-30], with the results for the E2 transition
probability reasonably consistent in each measurement. The
analysis of elastic and inelastic cross sections for 'Li 4+ '2Sn
system at energies around the Coulomb barrier have been
reported previously [31], similar to the present investigation,
though not as extensive, where the main objective was to only
measure the inelastic scattering angular distribution of the ZT
state of '2°Sn for several "Li beam energies and study the
effects of coupling transfer partitions to elastic and inelastic
channels. References [32,33] also report similar inelastic
scattering measurements for this reaction but at an energy
much above the Coulomb barrier and a very limited angular
coverage. The present paper emphasizes on the measurement
of not only the rotational excitation of ’Li but also the two
vibrational states, 2% and 3™, of '?°Sn to probe the B(E2) and
B(E3) strengths.

Another dominant peripheral reaction channel is the trans-
fer process. 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. Significant mixing may
also occur between different simple configurations that all
have the same spin and parity and about the same (unmixed)
energy. As a result, such a single-particle state produced by a
nucleon orbiting the core of the target, in an otherwise vacant
orbital, will be mixed with other nuclear states of different
structures. The state of the composite contains components
of many single-particle states coupled to all possible core
states, with each having a definite coefficient of fractional
parentage (spectroscopic amplitude) [10,34]. The strength or
probability of the population of each state depends on the
intensity of this single-particle component, essentially known
as the spectroscopic factor, SZ;IJ,J”, i.e., 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
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by comparing the measured differential cross sections and
those calculated for a pure single particle state. For such a
transfer process involving a single nucleon, the initial target
and final recoil states have definite isospin associated with
them. Consequently, the spectroscopic amplitude is multiplied
by an isospin Clebsch-Gordon coefficient, C [10,35]. The
experimental and calculated cross sections are related as

d 2J 1 d
(_a) = Lc{gtcﬂsp(_(y) , )
a2 expt 2J; +1 d2 ) e

where, in the case of the present system, CZS,, and C2S,
correspond, respectively, to the projectile-stripping and target-
pickup overlaps ('Li|°Li + n) and ("*°Sn + n|"?'Sn) for the
("Li,°Li) reaction, and ('Li|°He + p) and (**Sn + p|'>'Sb)
for the ("Li,°He) reaction. Studies of heavy-ion induced
single-nucleon transfer reactions also reveal strong J and Q
preferential selectivity in the relative cross sections, which
primarily depends on the type of projectile and the orbit
from which the transfer occurs [36—38]. In the present study
as well, among the large number of known levels in the
residual nuclei, up to ~17 MeV excitation energy each in
121Sn and '*'Sb, only some groups of levels are found to be
enhanced that are favored by the selectivity conditions. Earlier
measurements also exist on the population of states in '2!'Sn
and '2!Sb by means of light-ion bombardment, for instance
1208n[(r,d),(d, p)] [39-41] and '*°Sn[(*He,d),(«,1)][42-44]
reactions, respectively. In contrast to such light ion nucleon
transfer reactions where the proton-neutron orbit has an s state
for its initial bound orbital, the initial nucleon orbit is p3/»
each for the ("Li,®He) and ("Li,°Li) reactions. As a result, the
present reactions populate states in recoil nuclei with different
strengths, based on the kinematic selection rules. Following the
prescription given in Ref. [36], higher spin states are favored
for the more negative Q values of the present reactions, as
compared to the earlier measurements. Certain groups of states
are enhanced over others, and the information about structural
parameters of all such dominant states is essential to ascertain
the validity and energy independence of their simultaneous
description.

All current approaches to the extraction of realistic cou-
pling parameters, like deformation parameters from inelastic
excitations and spectroscopic information from heavy-ion
transfer reactions, are based on the DWBA analysis of the
CRC framework, the success of which is well established for
energies above Coulomb barrier, to exploit the features of these
reactions.

The paper is organized as follows. In Sec. II, the details
of the experimental setup used to obtain the differential cross
sections is described. The methods of analysis used to arrive
at the experimental results are highlighted in Sec. III. The
CRC calculations, via FRESCO, that represent the experimental
data, along with relevant structural parameters, are described in
Sec. IV, and finally, the results are discussed and summarized
in Sec. V.

II. EXPERIMENTAL DETAILS

The angular distributions for elastic, inelastic, and transfer
cross sections were measured at the BARC-TIFR Pelletron
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Monitors

FIG. 1. Schematic of experimental setup

accelerator facility, Mumbai. A self-supporting enriched
(~99%) target of 12081 (thickness ~280 ug/cm?) was used.
Six telescopes (AE — E) of Si-surface barrier detectors,
T1-Tg, each placed 10° apart at a distance of ~21 cm from
the center of the scattering chamber, were used to detect the
projectile-like fragments in the angular range of 25° to 140°.
Two single Si-surface barrier detectors (monitors), fixed at
20° and 30° with regard to the beam at a distance of ~39 cm
from the center of the scattering chamber, were used for flux
normalization. The detector thicknesses were typically 25 to
50 pm for AE and ~1000 pm for the E detectors. A schematic
of the setup is shown in Fig. 1.

From a typical gain-matched two-dimensional spectrum of
AE vs E 4+ AE shown in Fig. 2, the projectile-like fragments
with different Z(= 1-3) and A(= 1-8) are clearly identified.
Typical energy resolution of a telescope was ~60 keV. The
one-dimensional projection spectra corresponding to 'Li, SLi,
and ®He particle bands with respect to their reaction Q values
are shown in Figs. 3(a), 3(b), and 3(c) respectively. In Fig. 3(a),
the elastic peak along with several inelastic states of projectile
and target are observed. The inelastic states corresponding to
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1024 | -
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FIG. 2. Typical two-dimensional gain-matched spectrum show-
ing the outgoing projectile-like fragments at 6},, = 60°.
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FIG. 3. Typical 1D spectrum showing Q-value distribution of
states identified in (a) elastic and inelastic scattering, (b) 1n stripping
transfer, and (c) 1p stripping transfer processes at 6}, = 60°.

first quadrupolar rotational state of 'Li (0.478 MeV) and 2f
quadrupole and 3| octupole vibrational states of 1208n (at 1.17
and 2.40 MeV respectively) were found to be dominant. The
mutual excitation of the first excited states of Li and '*°Sn,
at a Q value of —1.65 MeV, was also detected, though with
low statistics. Figure 3(b) corresponds to the projection of
SLi produced in 1-neutron stripping reaction, i.e., (7Li,6Li),
with ground-state Q value of —1.0809 MeV. In addition to the
ground state, three more 1n transfer states corresponding to
the excitations (1.10, 2.63, and 2.95 MeV) of the residual
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FIG. 4. Experimental cross section and CRC calculation for the
elastic channel (relative to Rutherford).

nucleus '2'Sn with their respective Q values of —2.181,
—3.701, and —4.031 MeV are identified and their yields are
extracted for obtaining the cross sections. Similarly, Fig. 3(c)
corresponds to the projection of *He band produced in 1-proton
stripping reaction, i.e., ("Li,°He), with a ground-state Q value
of —4.185 MeV, and several excitations of the residual nucleus
121Sb with Q values in the range of —4.735 to —6.885 MeV
could be identified.

III. DATA ANALYSIS AND RESULTS

In the analysis, the yields for the elastic, inelastic, and all
the identified states of the transfer partitions were extracted
separately for evaluating their respective experimental differ-
ential cross sections. While the inelastic peaks could be clearly
identified corresponding to particular excitations of projectile
and target, for the case of the densely populated transfer peaks,
each centroid could contain contributions from more than one
state that may be embedded within a background of other
nuclear levels, owing to the existence of several closely spaced
neighboring states in both the residual nuclei. Few groups of
states are found to be enhanced over others.

All the angular distributions were first obtained in the lab-
oratory frame, and then translated to the center-of-mass frame
using the prescription described in Ref. [45]. The experimental
differential cross sections in the center-of-mass system for
elastic, inelastic, 1n stripping, and 1 p stripping reactions have
been shown as open (filled) circles for Epeam = 28 (30) MeV
in Figs. 4, 5, 6, and 7 respectively. The statistical errors on the
elastic scattering cross sections are typically 1-2% over the
entire angular range, except at extreme backward angles, where
it ranges between 4 and 5% for both energies. The error bars
remain within the size of the data points, except for a few points
at backward angles. The inelastic cross sections corresponding
to the excitations of (i) "Li (1/2~, 0.478 MeV), (i) '*’Sn (2,
1.17 MeV), (iii) "Li (1/2, 0.478 MeV) + '2Sn (2*, 1.17
MeV) together, and (iv) 12081 (37, 2.40 MeV) are respectively
plotted in Figs. 5(a)-5(d) for 28 MeV and in Figs. 5(e)-5(h)
for 30 MeV. The lines in Figs. 4 and 5 represent the results of
coupled-channels calculations described in Sec. IV.
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FIG. 5. Experimental cross sections (open circles) and respective
calculations (solid lines) for inelastic scattering processes in 'Li +
1209 system at 28 MeV for (a) quadrupole excitation in "Li, (b)
quadrupole excitation in '°Sn, (c) mutual quadrupolar transitions in
"Liand '?°Sn, and (d) octupole excitation in '?°Sn. The corresponding
experimental data (filled circles) and calculations (dashed lines) for
30 MeV are shown in panels (e), (f), (g), and (h), respectively. Dotted
lines in panels (e)—(h) represent calculations for Epe,,m = 30 MeV
using modified but equal Coulomb and nuclear deformation lengths.

For 1n stripping, i.e., '**Sn(’Li,’Li)!*'Sn reaction, the
differential cross sections have been obtained from the yields
under four different peaks with different excitation energies
of the residual nuclei. For all the four cases, °Li is in its
ground state but '2!Sn is in ground as well as excited states.
The first peak from the right in Fig. 3(b) with a Q value of
—1.081 MeV corresponds to the ground states of both Li
and '?!Sn along with 6- and 60-keV excitations of '>!Sn. The
second peak with observed excitation energy of 1.10 MeV
(Q value = —2.181 MeV) corresponds to the combination of
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FIG. 6. Experimental cross sections (open circles) and respective
CRC calculations (lines) for 1n transfer process ('Li,°Li) at 28 MeV
for different excitations of the recoiling nucleus are shown in panels
(a)—(d). Solid lines represent total contributions from experimentally
unresolved multiple states with individual cross sections shown
by dotted, dash-dot-dotted, and dashed lines. The corresponding
experimental data (filled circles) and calculations (lines) for 30 MeV
are shown in panels (e)—(h). The structural information of the states
included in the model calculations for each centroid energy are listed
in Table III.

three close-by excited states of 1218 with (7/2%,0.925 MeV),
(3/2%, 1.101 MeV), and (5/2%, 1.121 MeV). The third
peak with observed excitation energy of 2.63 MeV (Q
value = —3.701 MeV) corresponds to the combination of
three close-by excited states of '>'Sn with (7/2~, 2.589 MeV),
(3/27, 2.666 MeV), and (7/27, 2.690 MeV). Similarly, the
fourth peak with observed excitation energy of 2.95 MeV (Q
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FIG. 7. Experimental cross sections (open circles) and CRC
calculations (lines) for 1p transfer process ('Li,®He) at 28 MeV
for different excitations of the recoiling nucleus are shown in panels
(a)—(g). Solid lines represent total contributions from experimentally
unresolved multiple states with individual cross sections shown by
dotted and dash-dot-dotted lines. The corresponding data (filled
circles) and calculations (lines) for 30 MeV are shown in panels
(h)—(n). The structural information of the states included in the model
calculations for each centroid energy are listed in Table I11.
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FIG. 8. Coupling scheme used for the CRC calculations by FRESCO.

value = —4.031 MeV) corresponds to the combination of two
close-by excited states of '>!Sn with (3/2%, 2.999 MeV) and
(7/27, 3.028 MeV). The respective experimental differential
cross sections are shown as open circles in Figs. 6(a)—
6(d) for 28 MeV and filled circles in Figs. 5(e)-5(h) for
30 MeV.

Similarly, for 1p stripping, i.e., *°Sn("Li,°He)'*' Sb reac-
tion, the differential cross sections have been obtained from
the yields under seven different peaks with observed excitation
energies of 0.0, 0.55, 1.41, 1.74, 2.12, 2.37, and 2.70 MeV.
These excitations correspond to the states of '2!Sb with (i)
(5/2%, g.s.) + (7/21, 0.037 MeV), (ii) (3/2%, 0.507 MeV)
+ (1/2%, 0.573 MeV), (iii) (5/2F, 1.407 MeV) + (11/27,
1.426 MeV), (iv) (3/2%, 1.736 MeV) + (5/2%, 1.758 MeV),
(v) (5/27F, 2.120 MeV) + (11/27, 2.129 MeV), (vi) (7/2F,
2.362MeV) +(9/27,2.407 MeV), and (vii) (5/27F,2.72 MeV)
with ®He in its ground state for all the cases. The respective
experimental differential cross sections are shown as open
circles in Figs. 6(a)-6(g) for 28 MeV and as filled circles in
Figs. 5(h)-5(n) for 30 MeV.

The lines plotted in Figs. 6 and 7 represent the results
of coupled-channels calculations described in the following
section.

IV. CRC CALCULATIONS

CRC calculations in DWBA limit were performed by
including the major direct reaction channels (as many as 30
significant channels) that couple to the entrance channel (see
Fig. 8), and the results are compared with the experimental
data for both energies. Simultaneous description of elastic,
inelastic, and one-nucleon transfer has been attempted by using
the same set of potential as well as structural parameters.
The attempt here was to utilize the structure information
(deformation parameters for inelastic states and spectroscopic
factors for the transfer partitions) already available in the
literature and predict the cross sections for all identified
states, consistently at both energies. However, for a few of the
channels, these structural parameters were either unavailable
or had to be varied to obtain optimum representation of
experimental data.

The coupling of all possible open reaction channels to the
entrance channel is essentially manifested into the elastic scat-
tering cross section. From the phenomenological optical model
analysis of elastic scattering data (normalized to Rutherford),
the nuclear potential employed was of Woods-Saxon form,
whose depth was adjusted to simultaneously fit the elastic,
inelastic, and transfer cross sections for all observed states at
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TABLE I. WS potential parameters for entrance channel used in
OM fit and CRC calculation.

Model Vo o ao Wo Ty a,
calculation (MeV) (fm) (fm) MeV) (fm) (fm)
OM fit 24.7 1.243  0.695 57.7 1.138  0.678
CRC 35.1 1.243  0.695 57.7 1.138  0.678
both energies. The total potential is defined as
Vo Wo
U(r) = Ve(r,re) — 3)

1 +exp (52) 1+ exp (=22)

aop ay

Here, V.(r,r.) is the Coulomb potential due to a uniformly
charged sphere of radius R, = r(.(A;,/ S AIT/ 3), with r. fixed
at 1.2 fm and Ap and A7 are the mass numbers of projectile
and target, respectively. The optical model (OM) fit to the
elastic scattering data (not shown in the figure) at both
energies was first carried out by varying all six parameters
of the nuclear potential of Woods-Saxon volume form. The
potential parameters used for OM fit of only elastic scattering
data without any coupling are listed in Table I. However,
by including the coupling of nonelastic channels to elastic
channel, the final CRC calculations that provides the best
description of elastic as well as nonelastic channels required a
modified depth of the real potential as given in the Table I. The
enhanced strength of the real potential in CRC calculation was
required to take care of the effect of coupling of the inelastic
and transfer channels.

As 'Li is a weakly bound projectile, the coupling to
its continuum (i.e., breakup channels) along with bound
inelastic states of projectile and target and transfer channels
is ideal. However, due to the limitation of coupled-channels
code FRESCO, the simultaneous coupling of both target
inelastic states as well as projectile continuum channels is
prohibitive [31]. So, the present calculations include only the
bound inelastic and transfer channels and no breakup channel
is considered. Similarly there could be some transfer channels
which are left out due to computational limitation. Since every
single nonelastic channel could not be incorporated into the
calculations, a volume absorptive imaginary potential with
the parameters given in Table I was used to account for flux
lost from elastic channel into those nonelastic direct channels
that had been excluded from the calculations, like breakup,
multinucleon transfer, etc. This volume imaginary potential
also accounts for the compound reaction in the entrance
channel.

In addition to the elastic channel, the same phenomeno-
logical real potential has been used for the identified direct
reaction channels in CRC calculations to explain the exper-
imental differential cross sections and subsequently extract
the relevant structural parameters from each. The inelastic
states were treated as collective vibrational and rotational
states, for the target and projectile, respectively. A short-ranged
imaginary potential of Woods-Saxon square form, given by
Vo = 10.00 MeV, ryp = 1.00 fm, and ay = 0.40 fm, has also
been used in the exit channels of the transfer partitions to
account for the absorption of flux from these channels at

PHYSICAL REVIEW C 95, 034615 (2017)

short range. The potentials binding the transferred particles
were of Woods-Saxon volume form, with radius 1.25A'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 energies (separation energies) of the
particle-core composite system. Integrating the radial wave
functions up to 40 fm in steps of 0.25 fm and summing over 100
partial waves were found to be adequate to attain convergence
of the calculations for the current angular range of interest.

The results of FRESCO calculations for elastic scattering
angular distributions using the above potentials, shown as
solid lines in Figs. 4(a) and 4(b) for 28 and 30 MeV,
respectively, reproduce the experimental data well. The dashed
lines represent the results without any coupling. In order
to compare the calculations using above phenomenological
potentials with some universal potential, the CRC calculations
have also been carried out using Sao Paulo potential (SPP) [46]
with both real and imaginary parts. It was observed that the
uncoupled calculations using SPP are able to reproduce
the experimental elastic scattering reasonably (not shown in
the figure). However, the full CRC calculations including
dominant inelastic and transfer channels require the real part
of the SPP to be increased by a factor of 1.4 in order to
explain the measured elastic scattering. The results of the
elastic scattering cross sections using SPP with increased real
potential have been shown in Fig. 4 as dash-dotted and dotted
lines corresponding to calculations with and without coupling
respectively.

The results of CRC calculations for elastic, inelastic,
and transfer angular distributions discussed in the following
sections and shown in Figs. 5, 6, 7, and 9 have been obtained
using the phenomenological potentials described above.

A. Inelastic cross sections

For the inelastic scattering, the upward reduced electric
transition probabilities quoted in the literature with various
probes could not effectively reproduce the experimental data
throughout the angular range, thereby indicating a qualitative
probe dependence (static and dynamic effects) of the collective
nature of such transitions, particularly beyond the Coulomb-
nuclear interference region. This was particularly significant
for the octupole collectivity in '2°Sn. For the quadrupolar
transition in '2°Sn, the electric transition probability extracted
from the Coulomb deformation parameter (8¢ ) in the forward
region is consistent with already available measurements; also,
the previously measured values of ground-state quadrupole
moment (reorientation coupling) as well as upward transition
probability to the bound excited state for ’Li could reasonably
reproduce the corresponding forward angle data extracted
from the present measurement. These parameters could also
effectively reproduce the mutual excitation of the first excited
states in both projectile and target in this region, thereby
emphasizing their validity. However, by keeping the charge
and matter deformation lengths same, the nuclear contribution
to the scattering could not be reproduced (in the region
beyond the minima position); i.e., the electric transition
probabilities used so far are unable to explain the data over
the complete angular range. As a consequence, while the
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FIG. 9. Available data at Ey.,,, = 44 MeV, for (a) elastic scatter-
ing and (b) inelastic scattering corresponding to the 478-keV excita-
tion of ’Li from Ref. [32] and (c) inelastic scattering corresponding to
the 1.17-MeV state in '?°Sn taken from Ref. [33]. The lines represent
the model calculations.

B(E\) values that primarily depend on the proton transition
matrix element [8,47] could be suitably used to generate
optimum representation of experimental data in the forward
region, they may fail to reproduce the cross sections over
the entire angular range, and a different multipole parameter
may be required [48,49] to account for the effect of the
nuclear field and its interference with the Coulomb field. The
nuclear deformation parameters (8y) obtained by normalizing
to the data for each excitation were found to be lower than
their respective Coulomb counterparts, thereby leading to a
difference between the charge and matter distributions for the
same nucleus under consideration. For the case of the octupole
transition in '2°Sn, the highest value of B(E3; 1209 (O;r —
37)) =0.159 e’b’ quoted in literature [19] could not explain
the population of this excited state even in the forward region,
while normalizing to the data in the nuclear region gave a value
of the nuclear (matter) deformation parameter as 0.0957(56).
This indicates the existence of significant projectile-target
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TABLE II. Deformation parameters from inelastic excitations.

Nucl.  E, A Bc BN BcRc By Ry
(MeV) (fm) (fm) (fm)

i 048 2 1.718(61) 0.885(52) 3.944 (141) 1.993 (107)
1208n  1.17 2 0.112(6) 0.107(7)  0.662(29) 0.624 (35)
1208n 240 3 0.161 0.0957(56) 0.953 0.556 (29)

structure-dependent effects, particularly into the excitation of
the octupole state in the target. These transition probabilities
offer a test for nuclear structure effects involved in these
scatterings, as they involve the wave functions of the initial
and final states. The parameters were optimized to represent
both the energies and the optimum values deduced from the
present work give reasonable representation of the data: B(E?2;
"Li(3/27 — 1/27)) = 8.39(26) ¢ fm*, with ground-state in-
trinsic quadrupole moment for ’Li as 20.56(81) e fm?, and
B(E2; '°Sn(0] — 2])) = 0.213(8) e*b’. These extracted
values are consistent to within 5-6% with literature-quoted
values. The nuclear and Coulomb deformation parameters for
each nucleus are compared in Table II.

The experimental data along with calculations for all these
states are shown in Fig. 5. The solid (dashed) lines in Fig. 5
represent the results of FRESCO calculations for inelastic cross
sections at Epe,m = 28 (30) MeV using unequal nuclear and
Coulomb deformation lengths. With optimized deformation
parameters, the peaks of inelastic scattering shifts to lower
scattering angle, with higher magnitude, for the higher of the
two energies. Typical calculations for Epe, = 30 MeV using
modified but equal Coulomb and nuclear deformation lengths
(BN Ry = BcRc) are also shown by dotted lines in Fig. 5 to
show the difficulty in explaining both forward and backward
angle maxima of the experimental data simultaneously.

B. One-nucleon transfer cross sections

On the other hand, the transfer angular distributions are
peaked in the vicinity of the grazing angle for the collision at
each energy. For '°Sn(’Li,®Li)!?! Sn and '*°Sn(’Li,%He)'?' Sb
reactions, the transferred neutron and proton, respectively,
come from the p3,, orbit of Li. The structures 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 2d5/2, 1g7/2, 3S1/2, 2d3/2, and 1]’111/2 to the
low-lying excitations of the Sn cores [50].

The amplitude for the overlaps (Li|°Li 4+ n) and
(7Li|6He + p) are taken as 0.948 [51] and 0.768 [52], respec-
tively. Comparisons between calculations and experimental
data fix the quantum numbers of the final states of the
residual nuclei as well as the spectroscopic factors denoting the
overlap between initial and final states. In the limit of detector
resolution, due to mixing of indistinguishable closely spaced
neighboring states in both recoils, the angular distribution for
each peak was represented by a group of kinematically allowed
states in the calculations around that particular reaction Q
value. For some of the states included in the calculations,
whose total angular momenta are unknown, they were assigned
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TABLE III. Particle-core spectroscopic factors for the 1n and 1p
transfer states in residual nuclei.

Nucleus E, E, State  C2S,; Ref. C?Sy;
(expt.) (calc.) (n¢j) (present
(MeV)  (MeV) work)
1218n g.s. 0.00 2d;;, 0439 [40]
0.006 1hy,, 0.488 [40]
0.060 3s,, 0315 [39]
1.10  0.925 1g;, 0.049 [39]
1.101  2dsy;,  0.0125  [39]
1121 2ds;,  0.066  [39,41]
262 2589 2f;, 0052 [39]
2.666  2fy,  0.119 [39]
2.690 2f;,  0.185 [41]
295 2999  2ds, 0.151(12)
3.028  2fy,  0.041 [40]
1215p g.s. 0.00 2ds;, 0915 [43]
0.037 1gyn 1.13 [44]  1.277091)
055 0507 2ds, 0.295 [431  0.375(17)
0573 35,2 0379 [43]  0.484(33)
141 1407 2dsp, 0183 [42,43]
1426 1hy, 112 [44]  1.021(69)
174 1736 2d3 0.143(10)
1.758  2ds) 0.152(12)
212 2120 2ds;, 0.085 [43]
2129 1hyp 0.648(51)
237 2362 g 0.504(42)
2407 lgop 0.522(48)
270 272 2ds;,  0.185 [43]  0.348(31)

the highest spin possible for the known angular momentum
transfer, in accordance with kinematic selection rules for this
system. While most of the spectroscopic factors are taken from
literature [39—41,43,44], some have been adjusted to reproduce
the data, with the majority agreeing to within 20-30% with
the existing values, and few have been extracted exclusively in
the present work. Extracted spectroscopic factors are obtained
primarily by normalization in the region of the grazing angle.
For the angular distribution represented by more than one
excited state of the residual nucleus, the state with the
higher cross section is assigned a higher value of modified
or new spectroscopic factor. The channels included in the
calculations are listed in Table III, with respective structural
information.

The angular distributions of experimental data along with
CRC calculations are shown for 1n transfer in Fig. 6 and for
1p transfer in Fig. 7. The solid lines represent the 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. Details of the constituent states corresponding to
each of the experimental peaks are given in Table III.
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C. Calculations for existing data at 44 MeV

In order to further verify the extracted set of potential and
coupling parameters, an attempt was made to reproduce exist-
ing data, if any, on elastic, inelastic, and transfer cross sections
for the "Li + '2°Sn system at different energies. There are
only a few measurements available in the literature [31,32,53]
for this system. Sousa et al. [53] have measured the angular
distributions for the quasielastic scattering in the present
system. The data includes, in addition to elastic channel,
the contributions from inelastic scattering corresponding to
the excitations of "Li*(1/2~, 0.478 MeV) and '2°Sn*(2*,
1.17 MeV) and the transfer reaction 12OSn(7Li,6Li)121Snglx..
So, comparison of this data with CRC calculations is unex-
pected to yield any meaningful information. In the paper by
Zagatto et al. [31], the available data are elastic scattering
and one inelastic scattering corresponding to the 2 excited
state of '?°Sn at around barrier energies. Although the elastic
scattering data could be well reproduced using the same set
of potential coupling parameters and the coupling scheme as
used in the above coupled-channels calculations, the inelastic
scattering cross sections were overpredicted compared to
the experimental data. It may be noted that the inelastic
scattering angular distributions in Ref. [31] were obtained from
the coincidence yields of de-excitation y rays and scattered
projectile-like fragments, a method different from the present
work.

In another work, Tungate et al. [32] have measured the
angular distributions, at 44 MeV beam energy, for elastic
scattering and inelastic scattering corresponding to "Li*(1/2",
0.478 MeV) excitation. While the inelastic data for excitation
to the 2,+ state of '°Sn(E, = 1.17 MeV) are available in
Ref. [33], at the same beam energy, though with limited
angular coverage. These measurements at 44 MeV for the
elastic and two highly dominant direct channels of this system
could be effectively reproduced with the same set of potential
and structural parameters and coupling the same number of
reaction channels as done for 30 and 28 MeV. The results are
depicted in Figs. 9(a)-9(c) as solid, dash-dotted, and dashed
lines respectively for elastic scattering and inelastic scattering
corresponding to 7Li*(l/Z‘, 0.478 MeV) and 120Sn’*‘(2+,
1.17 MeV) excitations. This puts emphasis on the validity
of the realistic coupling parameters extracted in the present
study.

V. DISCUSSION AND SUMMARY

Differential cross sections for elastic, four inelastic, and
eleven nucleon-transfer channels in the "Li + '°Sn system
have been measured at two beam energies at 28 and 30 MeV.
A simultaneous description of the experimental cross sections
with realistic structural parameters has been attempted through
a single coupled-channel formalism by coupling around 30
exit channels to the entrance channel within the DWBA limit.
For the inelastic scattering, the Coulomb deformation param-
eter, associated with B(EL), characterizes the shape of the
deformed charge distribution of the nucleus when transitions
of multipolarity A take place. On the other hand, the nuclear
deformation parameter contains the mass (protons + neutrons)
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contributions to the excitation. It will be equal to its Coulomb
counterpart if protons and neutrons contribute in the ratio
Z /N [8,54]. For the excitations in both projectile and target,
differences are observed between the Coulomb and nuclear
deformations. The neutron and proton collective contributions
are different, indicating different transition densities. While
pure Coulomb excitation probes proton matrix elements,
heavy-ion scattering like in the present study is sensitive
to both proton and neutron degrees of freedom and gives
realistic deformation parameters over the entire angular range
(range of impact parameters). The B(E?2) values for A = 2
excitations in 'Li and '*°Sn were found to be consistent with
existing measurements. However, the wide range of B(E3)
values available in literature for 2°Sn could not reproduce
experimental data at both energies.

The nuclear deformation parameter for all transitions was
found to be significantly smaller than the charge deformation
parameter for both projectile and target excitations. The net
effects of all these couplings are manifested in the optical
potential, the size and shape of which are the result of a
convolution of projectile and target properties, and the reduced
value of nuclear deformation may reflect the finite size of the
projectile smearing out the deformation of the target nucleus
and vice versa [11]. When sufficient overlap is present between
masses of projectile and target, wave functions get damped
quick enough owing to strong absorption, so that matter
contributions to the scattering processes reduce [54].

For the transfer processes, the centroids of each of the
identified states are represented by groups of states that may
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be mixed owing to the large density of neighboring states in
the recoil nuclei. From the Q-value distribution, it is revealed
that both the 1n and 1p transfer processes proceed mainly
from the projectile and target ground states, and contributions
from complex configurations involving target and/or projectile
excited states are absent. The overlap amplitudes for the
projectile-ejectile core-composite systems were taken from
literature. While most of the target-residual spectroscopic
factors could reproduce the experimental data at both energies,
some had to be modified, with the majority agreeing to within
~30% of existing information, and some were assigned in
this work for the first time. Realistic structural information is
required for all inelastic and transfer channels for the system
under consideration in order to test the validity of the model
calculations.

To summarize, simultaneous description of elastic and
several inelastic and transfer channels has been made for
"Li + 12°Sn system at 28 and 30 MeV and realistic structural
information has been extracted for each channel, with a unique
set of potential and coupling parameters at both energies. The
spectroscopic factors for few states populated by 1-nucleon
transfer have been exclusively assigned in the present work.
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