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Effect of breakup processes on the near-barrier elastic scattering of the ’Li + >*?Th systems

Shradha Dubey,!? S. Mukherjee,! D. C. Biswas,>" B. K. Nayak,? D. Patel,! G. K. Prajapati,” Y. K. Gupta,” B. N. Joshi,?
L.S.Danu,?S. Mukhopadhyay,2 B. V. John,? V. V. Desai,? S. V. Suryanaurayana,2 R. P. Vind,? N. N. Deshmukh,!
S. Appnnababu,' and P. M. Prajapati’
'Physics Department, Faculty of Science, M.S. University of Baroda, Vadodara 390002, India
’Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
(Received 7 August 2013; revised manuscript received 25 November 2013; published 15 January 2014)

Elastic scattering angular distribution measurements of the weakly bound ®’Li projectiles on a >3?Th target
have been carried out at different bombarding energies close to the Coulomb barrier. The data have been
analyzed for both systems using the optical model ECIS code with phenomenological Woods-Saxon and Sao Paulo
double-folding forms of the optical potentials. The energy dependence of the volume-type real and imaginary
parts of the optical potentials are derived from the best fit of the experimental angular distribution data. The usual
threshold anomaly has been observed for the “Li + 2*2Th system, whereas there is an indication of a breakup
threshold anomaly in case of the ®Li + 232Th system. Results on total reaction cross sections obtained from the
optical model analysis for both systems have been interpreted to understand the role of projectile breakup on the

reaction mechanism.
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I. INTRODUCTION

The study of elastic scattering around the Coulomb barrier
is important to determine the energy dependence of potential
parameters for the real and the imaginary parts of the nuclear
interaction in order to understand the coupling of intrinsic
degrees of freedom to the relative motion of the colliding
nuclei. From the systematic analysis of elastic scattering
measurements involving tightly bound nuclei, a phenomenon
called the “threshold anomaly” (TA) has been observed in a
number of systems [1-4]. A characteristic localized peak in
the real part and the corresponding decrease of the imaginary
part of the potential are observed as the bombarding energy
decreases below the Coulomb barrier. This has been under-
stood in terms of coupling of the elastic channel to the direct
reaction channels that generate an additional attractive real
dynamical polarization potential, which results in a decrease
of the Coulomb barrier and enhancement of the fusion cross
section.

There has been renewed interest in elastic scattering studies
using weakly bound projectiles, with the observation of the
rapid variation of the optical potential parameters with energies
around the Coulomb barrier. The study of the TA has become
one of the tools to investigate the influence of the breakup and
other reaction mechanisms on the elastic and fusion channels
[5]. In the case of elastic scattering for the "Li projectile on
different targets such as ¥Co [6], 3°Se [7], '3¥Ba [8], and
208pp [9], the conventional TA has been identified. In these
measurements, an increase in the real part of the potentials at
energies around the Coulomb barrier was observed, indicating
the presence of the usual TA. The TA situation is not clear
in the case of the °Li projectile, which has no bound excited
state and breaks up into « + d at 1.48 MeV, whereas Li has
one bound excited state at 0.48 MeV and breaks up into o + ¢
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at 2.47 MeV. A different type of energy dependence from
that of the TA is observed for the scattering of loosely bound
projectiles; this has been known as the “breakup threshold
anomaly” (BTA) [10,11]. In the case of the BTA, a repulsive
polarization potential is generated due to the coupling of
breakup channels to the elastic scattering, which causes an
increase in the imaginary potential and corresponding decrease
in the real part. Several earlier works on the elastic scattering
of ®Li on various targets such as >’ A1[12], %Ni [13], %*Zn [14],
80Se [71, °Zr [15], '161128n [16], '*®Ba [8], '*4Sm [17],2°8Pb
[9], and 2®Bi [18] have indicated that results are compatible
with the absence of the conventional TA. In these cases it has
been observed that there are small increases in the imaginary
part of the optical potential rather than decreasing to zero at
energies below the Coulomb barrier, indicating the absence
of the normal TA. Contradictory results have been reported
for *®Ba [10] and 28Si [19] targets, where the BTA has been
observed for both %7Li projectiles. However, this observation
must be supported by more experimental data. In particular,
there is a lack of data with heavy targets, where the strong
Coulomb field may induce different behavior than with lighter
targets. The motivation of the present work is to investigate
the TA and the BTA by elastic scattering measurements using
a heavy target (>*’Th), where the Coulomb effects will be
more pronounced. The present data for ®’Li 4+ >*Th reactions,
supported by those available in the literature [5—18], can help
to understand the overall trends in the TA and the BTA for
loosely bound nuclei.

In the present work, elastic scattering angular distribution
measurements have been carried out for ®’Li + 23>Th systems
at energies from 25% below the Coulomb barrier (Viy, =
32 MeV) to approximately 40% above the barrier. The total
reaction cross sections for these systems have also been derived
to understand the role of projectile breakup on the total reaction
cross sections. The present article has been organized in the
following way. The experimental setup is described in Sec. II.
Data analyses using both the Wood-Saxon potential (WSP)
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and double-folding Sao Paulo potential (SPP) to determine
the energy dependence of potential parameters is discussed
in Sec. III. The dispersion relation (DR) analysis is discussed
in Sec. IV. In Sec. V, a systematic study of the total reaction
cross section for 7Li + 2*?Th systems is discussed. In
Sec. VI, a summary and conclusions of the present work are
reported.

II. EXPERIMENTAL DETAILS

The experiment was performed at the 14UD BARC-TIFR
Pelletron Accelerator Facility at Mumbai using beams of ®’Li
in a wide energy range around the Coulomb barrier, i.e., 24,
26, 30, 32, 35, 40, and 44 MeV for the "Li + 2*2Th system and
26, 30, 32, 35, 40, and 44 MeV for the °Li + 2*2Th system.
The observed uncertainty in the beam energy was about 1% for
all the selected energies. A self-supporting 1.6 mg/cm? thick
232Th target was placed at the center of the general purpose
scattering chamber and the elastically scattered ®7Li particles
were detected by AE-E telescopes mounted on a movable
arm of the chamber. Four telescopes of thicknesses 77 with
AE =25 pm and E = 300 um, 7, with AE =15 yum and
E = 1500 um, T5 with AE = 15 um and E = 1000 pm, and
T, with AE =15 pum and E = 1000 um were used in the
experiment. The detector telescopes were placed at an angular
separation of 10° and two 300-um-thick monitor detectors
were mounted at fixed angles of +15° with respect to the beam
direction for absolute normalization and beam monitoring.
The angular distributions were measured in steps of 5° in
the angular range from 20° to 170°. The uncertainty on the
angular range of each telescope was +0.68°. A typical bi-
parametric A E-E, spectrum for the Li 4+ 23*Th system at
Ep = 44 MeV and 6, = 60° is plotted in Fig. 1, showing
the isotopic separation of the reaction products. In the inset of
Fig. 1, the projection onto the E. axis for the Z = 3 events
has been plotted. For angular distribution studies, the area of
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FIG. 1. (Color online) A typical two-dimensional AE vs E
spectrum for the "Li + 2*Th system at Ej, =44 MeV and
O = 60°. The projection of the "Li elastic peak of the bi-parametric
AFE vs E. spectrum is shown in the inset.
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the elastically scattered peak was obtained at various angles
for all energies.

III. OPTICAL MODEL ANALYSIS
OF ELASTIC SCATTERING

In this section the procedure for analyzing the elastic
scattering angular distribution data is presented. Two different
types of optical model potential have been used in order to
check whether the results show any dependence on the theoret-
ical models. In Sec. I1I A the analysis with a phenomenological
Woods-Saxon form interaction potential is described, and in
Sec. III B the analysis performed by using the double-folding
SPP is presented [20,21].

A. Analysis with phenomenological Woods-Saxon potential

The optical model fits to the elastic scattering data have been
performed using the ECIS code [22]. The phenomenological
Woods-Saxon form of the interaction potential with only
volume terms has been used in the analysis. To obtain the
starting parameters, a global best-fit procedure for all energies
was performed, using the three parameters characterized by
the real and imaginary depth of the potential, reduced radii
(r,), and the diffuseness (a, and a,, ). Thereafter, in order to
avoid a fit procedure with too many parameters, the real and
imaginary reduced radii were fixed at 1.06 fm for both &7
Li + 22Th systems, which is similar to the value used earlier
[16]. This analysis procedure has been successfully adopted
in the past by several groups [8,12,13,16,17,19,23]. By using
this radius, and varying the diffuseness parameters a, and
a,, (real and imaginary, respectively) within the interval from
0.67 fm to 0.75 fm, an attempt was made to obtain the best
possible parameters for the optical potential to describe the
elastic scattering angular distribution. In the present work, the
best possible fitted values were obtained for a,, a,, = 0.71 fm.
The real and imaginary radius parameters (r, = 1.06 fm) and
diffuseness parameters (a,, a,, = 0.71 fm) were fixed for all
energies. The depths of the real and imaginary potentials were
varied to obtain the minimum value of x 2 for both %7Li +3?Th
systems. The potential parameter values for the best fit and the
total reaction cross section are listed in Table I and Table II for

TABLE 1. Optical model parameters obtained by fitting the
experimental elastic differential cross section data using the ECIS
code (with a, = 0.71 fm and r, = 1.06 fm) and SPP calculations for
the "Li + 23>Th system.

Ey Wood Saxon potential Sao Paulo potential

(MeV) V, (MeV) V; (MeV) £ og (mb) Np N, £ g (mb)

24 70.200 13.70 1.66 0.129 0.81 0.36 1.66 0.114
26 85.000 19.70 1.66 0.919 0.94 0.45 1.57 0.807
30 95.220 30.70 272 20.07 1.55 0.55 2.01 18.90
32 360.00 5854 0.38 260.8 2.00 0.56 0.36 260.6
35 15790  73.62 1.11 470.7 0.88 0.61 1.19 4719
40 14742 7834 273 967.7 0.83 0.60 2.82 959.7
44 11580  67.66 2.66 1215 0.66 0.53 2.89 1213
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TABLE II. Optical model parameters obtained by fitting the
experimental elastic differential cross section data using the ECIS
code (with a, = 0.71 fm and r, = 1.06 fm) and SPP calculations for
the SLi + 23Th system.

Ey Wood Saxon potential Sao Paulo potential

(MeV) V, MeV) V; MeV) £ g (mb) Nx N; £ og (mb)

n n

26 105.6 90.00 2.33 3.884 0.72 1.06 1.92 3.57
30 263.3 167.7 1.70 1054 141 1.72 2.08 107.0
32 2159 394.6 237 4044 1.29 3.68 2.64 3984
35 130.2 183.5 1.02 561.2 0.82 1.52 1.45 550.6
40 97.69 136.0 2.39 970.6 0.87 1.09 2.71 963.6
44 128.8 1447 0.68 1336 0.80 1.24 0.51 1335

Li 4 232Th and °Li 4 2*2Th systems, respectively. The best-fit
optical model parameters show significant energy dependence
as reflected from Table I and Table II, which is a characteristic
feature of elastic scattering. Figures 2 and 3 show the best
fit of the experimental data for the elastic scattering angular
distributions for "Li 4+ 2>Th and °Li + 2*Th systems.

Very good fits to the data were obtained, and expectedly it
was found that several families of optical potential describe the
angular distributions equally well. To reduce the ambiguities
of the best-fitted parameters for the optical potential, the strong
sensitive radii Rg, and Rg; corresponding to the real and
imaginary potential were determined. For this purpose the
radius parameters were kept fixed and the depth parameters
of the real and imaginary potentials were fitted by varying the
diffuseness from 0.67 to 0.75 fm, in steps of 0.02 fm for all the
energies of ®’Li + 23>Th systems. The strong sensitive radii
[24] were determined by where the real and the imaginary
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FIG. 2. Experimental elastic scattering cross section (og;) nor-
malized to the Rutherford cross section (ogry) as a function of 6. ;.
for the 7Li + 2**Th system (solid circles) (suitably scaled up for
each energy) and their best fits from optical model calculations (solid
lines). The curves correspond to the best fits obtained by using the
ECIS code.
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FIG. 3. Experimental elastic scattering cross section (og;) nor-
malized to the Rutherford cross section (orup) as a function of 6.,
for the °Li + 232Th system (solid circles) (suitably scaled up for
each energy) and their best fits from optical model calculations (solid
lines). The curves correspond to the best fits obtained by using the
ECIS code.

parts of different optical potentials that fitted the data cross
each other, as shown in Fig. 4(a) and 4(b) at 44 MeV for the °
Li + 22Th system. For the "Li + 2%Th system the real
sensitive radii values are observed to be in the range of 12.6
to 9.5 fm with an average of Rg, = 11.5 fm and the imaginary
sensitive radii values range from 12.7 to 8.5 fm with an
average value of Rg; = 11.05 fm. A mean sensitive radius
of Ry = 11.27 fm for the "Li + 2*Th system (the average
between Rg, = 11.50 fm and Rg; = 11.05 fm) was obtained
to derive the energy dependence of the real and imaginary
potentials. Similarly for the °Li 4 232Th system, the average
sensitive radius was R; = 12.14 fm (the average between
Rg, = 12.05 fm, and Rg; = 12.23 fm). The values of radius
parameters for the real and imaginary parts were kept fixed at
1.06 fm for all the calculations for ®Li + 232Th systems in
the analysis. A similar fitting procedure can also be found in
the literature [8,15,16].

B. Analysis using the double-folding Sao Paulo potential

The SPP [20,21] is an optical potential that has been
successfully used to describe a large variety of systems in
a wide energy range, including fusion excitation functions
and barrier distributions of weakly bound nuclei [25,26].
This potential is based on the Pauli nonlocality involving the
exchange of nucleons between the projectile and the target.
For a limited range of energy, as in the present work, it can be
considered as the usual double-folding potential based on an
extensive systematization of nuclear densities extracted from
elastic scattering data. The imaginary part of the interaction
is assumed to have the same shape as the real part, with one
single adjustable parameter N; related to its strength. The
data-fit procedure is performed with only two free parameters,
the normalization factors for the real and the imaginary parts,
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FIG. 4. (Color online) Several potentials that produce similar fits of the data, for 44 MeV. The crossing point are the derived real (a) and

imaginary (b) sensitivity radii.

Npg and N;. The energy-dependent normalization coefficients
Ny and N; take into account the effects of the dynamical
polarization potential due to direct channel couplings. These
dynamical polarization potentials are directly related to a
dispersion relation. The present elastic scattering angular
distribution analysis with the Sao Paulo potential follows the
prescription given by Gomes et al. [10]. The curves resulting
from the best fits using the SPP overlap with the calculations
of the Wood-Saxon potential and therefore are not shown in
Figs. 2 and 3. The resulting fits of the normalization parameters
are listed in Tables I and II for 'Li + 2*’Th and °Li +
232Th systems, respectively. It can be observed that the energy
dependence (Fig. 6) follows the results from previous analysis
similarly. So, our conclusions concerning the behavior of the
optical potential energy dependence do not change when either
of the potentials is used.

IV. DISPERSION RELATION ANALYSIS

An elastic scattering dispersion relation analysis has been
carried out for ®’Li + 232Th systems in order to qualitatively
understand the experimental results on the energy dependence
of the real and imaginary potentials. In the study of the
dispersion relation, the optical potentials are fixed and only
the depth parameters are varied so that it is valid at all radii. The
dispersion relation for the optical model of elastic scattering
is given as [1,2,27,28]

P /ﬂo WE) g (1

AV(E)= —

7J. E—E

where P denotes the principal value. Equation (1) allows us to
evaluate AV, the dispersive contribution to the real part, from
knowledge of empirical values of the optical model absorption
term W (FE) at sensitive radius.

Equation (1) indicates that, at energies where the absorption
increases rapidly, the real part of the potential gets more
attractive (i.e., AV is negative) than in the regions where
the absorption remains constant or changes gradually [29].
This behavior has indeed been observed at energies near the
top of the Coulomb barrier, where the rapid variation in the

strength of the empirical real part has been called the threshold
anomaly. According to the dispersion relation formulation, this
variation in V(E) is related to the rapid changes occurring in
the imaginary term due to the opening of reaction channels as
the Coulomb barrier is surpassed. In this work, the dispersion
relation has been applied as a function of E at the sensitive
radius (Ry) to the phenomenological optical model potentials,
determined at each energy between 24 to 44 MeV for both
67Li 4+ 2%2Th systems. The linear segment model proposed
in Ref. [30] was used in the imaginary part in order to get
the real part. In the 'Li + 2*Th system, three sets of the
real potential V(E) were obtained by numerical integration
of Eq. (1) using three sets of different line segment fits of
the imaginary potential W(E) [29]. Similarly, the energy
dependence of the real and the imaginary parts of the SPP
are shown in Fig. 6. Ny, is obtained by means of the dispersion
relation using the same procedure as in the case of the
phenomenological potential previously described. One can
observe results similar to those from the WSP approach. In
the past, several studies were carried out in order to observe
the energy-dependent behavior of the real and imaginary parts
of the optical potential in the dispersion relation calculations
near and below the barrier energies [8,10—12,15-18]. However,
in some recent studies [8,10], important differences in the
interpretation of the dispersion relations of the two lithium
isotopes around the barrier energies have arisen. Figure 5
shows the energy dependence of the potential parameters for
both systems ®7Li 4 232Th. The solid points represent the
values of the real and the imaginary potentials derived by using
the sensitivity radius using the Wood Saxon optical potential.
The solid and the dashed curves represent the analysis using
the dispersion relation. Similarly, Fig. 6 shows the energy
dependence of the normalization factors Nx and N;, for the
real and the imaginary potentials with the SPP (solid points).
The solid and dashed curves indicate the behavior of N and
N; with the dispersion relation. In the case of the "Li + 23>Th
system, both analyses show similar trends (Figs. 5 and 6). It
can be clearly seen that the real potential first increases and
then decreases below the barrier, while the imaginary part
of the potential decreases below the barrier. This behavior is
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FIG. 5. (Color online) Energy dependence of the real and imag-
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represent various fits of imaginary potential W (E); the corresponding
curves for real potential V(E) were obtained from these by using
the dispersion relation. Panels (a) and (b) correspond to the real
and imaginary potential curves for the ’Li + 23>Th system, whereas
(c) and (d) represent the °Li + 232Th system.
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FIG. 6. (Color online) Energy dependence of the normalization
factors Ng and Ny, for the real and imaginary potentials, correspond-
ing to the Sao Paulo potential with two free parameters, for the °Li +
232Th and "Li 4 2>Th systems. The lines represent possible behaviors
of N and N, that are compatible with the dispersion relation [2,10].
Panels (a) and (b) correspond to the real and imaginary potential
curves for the Li + 2*2Th system, whereas (c) and (d) represent the
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supported by the analysis of the dispersion relation that fits the
data appreciably well. Thus it may be concluded that elastic
scattering of the 'Li + 23>Th system has the usual threshold
anomaly, as indicated by a characteristic localized peak in the
real part and a corresponding decrease of the imaginary part
of the potential as the bombarding energy decreases toward
the Coulomb barrier. The present inferences are in agreement
with that reported by others in the literature [8,16,31].

For the °Li 4+ 2’Th system, the imaginary part of the
potential shows an increase, although limited to one point
only, and then it decreases as the bombarding energy decreases
toward the Coulomb barrier. On the other hand, the real part
of the optical potential slightly increases and then shows
a decreasing trend below the barrier energy. This trend is
definitely in contrast to what has been observed in the case
of the "Li + 232Th system. This is an indication of the absence
of a normal TA in the °Li + ?3?Th system. This is obvious
because, in the reactions with the ®Li projectile, breakup is
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FIG. 7. (Color online) The total fusion cross sections (oy,) cal-
culated by CCFULL and total reaction cross sections (og) for the
%7Li 4 232Th systems obtained by using (a) the ECIS code and
(b) the SPP calculation, plotted as a function of the bombarding
energy. The total fission cross sections (oygs) [33] and the total fusion
cross sections for the ®’Li + 23>Th systems are plotted in (c).
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the dominant channel, unlike in the case of the "Li projectile
where the breakup channel is far above its first excited state.
Similar results for the TA and the BTA have also been reported
for ®7Li 4 89Se systems [7]. This indicates that the °Li 4+ >**Th
system shows the presence of a BTA, whereas the "Li 4+ >3Th
system shows a normal TA.

V. TOTAL REACTION CROSS SECTION

The fusion cross sections have been calculated for 7Li +
232Th systems by using the CCFULL code [32]. The energy
range used in the calculation was 24 to 44 MeV, in steps of
1 MeV. In the present work, the total reaction cross sections
derived from the experimental elastic scattering data for %7Li
+ 232Th systems were compared with the calculated fusion
cross sections and measured fission cross section values taken
from the literature [33] as shown in Figs. 7(a), 7(b), and 7(c).
The total reaction cross sections obtained from the optical
model ECIS code and the SPP calculation have larger values
for the °Li + 2*’Th system in comparison to the ’Li + 2*>Th
system, for all energies as shown in Fig. 7. The reaction cross
sections are predominantly enhanced compared to CCFULL
calculations at sub-barrier energies. From Fig. 7, it is also
seen that the fission cross section has a strong enhancement
for the SLi projectile at sub-barrier energies. At above-barrier
energies the fusion-fission process is dominant, but at
lower energies the breakup fusion-fission process becomes
important and hence the fission cross section for the SLi +
232Th system is enhanced at sub-barrier energies. This may be
an indication that the inclusive breakup reaction cross section
is significantly more for SLi compared to the "Li projectile.
These results are similar to the earlier measurements of ®Li on

PHYSICAL REVIEW C 89, 014610 (2014)

288i and 29%Pb [34,35], where the yield of « particles indicates
the breakup contribution in °Li. However, more coincidence
measurements with the reaction products will provide a better
understanding of the enhanced breakup probability for ®Li.
The role of projectile structure in the reaction dynamics and
the influence of the breakup process in the fusion cross sections
at energies near the Coulomb barrier have also been reported
earlier for weakly as well as tightly bound projectiles [36-39].
In order to eliminate the projectile size effects on the reaction
cross sections for ®7Li + 232Th systems, the “reduction”
method was used. This method was proposed by Gomes et al.
[40] and has been well implemented by others [16,41,42]. The
reduced cross section values were calculated at all energies
for both systems. In this method, the quantities og/(A ;,/ Sy
AlT/S)2 versus E¢ . (A}D/3 + AlT/B)/ZpZT are plotted, where P
and T represent the projectile and the target, respectively, and
o is the total reaction cross section. As shown in Fig. 8, it can
be seen that the total reduced reaction cross section for °Li
is larger than that for 'Li, below the barrier. This is again an
indication of higher breakup probability in the case of °Li and
is also in agreement with the earlier observations [7,16,29].

VI. SUMMARY AND CONCLUSIONS

Elastic scattering angular distribution measurements have
been carried out for the ®’Li + 3?Th systems at several
bombarding energies from below to well above the Coulomb
barrier. The experimental data have been analyzed by using
the WSP and SPP double-folding forms of phenomenological
optical potentials. The relevant parameters that give a best
fit to the elastic scattering angular distribution were obtained
through a x2-minimization procedure. The behavior of the
corresponding parts of the potential as a function of energy
is consistent with a situation close to the threshold anomaly
for the "Li + 232Th system. The increasing trend around the
barrier of the imaginary part of the phenomenological potential
as a function of energy indicates the absence of the usual
threshold anomaly for the SLi + 23Th system and this may
be interpreted as evidence of the breakup threshold anomaly.
The enhanced reaction cross sections have been observed at
sub-barrier energies for the °Li 4 2*2Th system in comparison
to the "Li + 2*2Th system. It will be interesting to have more
exclusive measurements in order to understand the higher
breakup probabilities for the °Li projectile.
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