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Investigation of the threshold anomaly for the "Li + **Tb system
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Elastic-scattering angular distributions were measured for the "Li + '*Tb system at various energies; namely,
24,26, 28,30, 35,40, and 44 MeV. The optical-model analysis was performed to investigate the energy dependence
of real and imaginary potentials, employing a Woods—Saxon form of potential. The dispersion-relation analysis
were also carried out to check the consistency of real and imaginary parts of the potentials. The energy dependence
of real and imaginary potentials does not follow the trend of conventional threshold anomaly but rather represents
unusual behavior of the increase of imaginary part of the potential and corresponding decrease in real part
of the potential near the Coulomb barrier energy. The effect of breakup coupling on elastic-scattering angular
distributions was studied by a continuum-discretized coupled-channels (CDCC) calculation. The behavior of
dynamic polarization potentials obtained due to the breakup coupling is discussed. The total reaction cross
sections for the present and various other systems are also compared involving "Li projectile on different target

nuclei in the mass range A = 16 to 232.
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I. INTRODUCTION

The study of interaction of loosely bound nuclei at near
barrier energies has achieved considerable interest due to
the availability of radioactive nuclear beam in the past few
years [1,2]. In particular many efforts have been devoted to
search for the fingerprints of the expected influence of their
weak binding properties on the various reaction channels that
occurs at near barrier energies, such as inelastic scattering,
transfer, breakup, and fusion. The study of any particular
behavior of the optical potential that describes the elastic
scattering under the influence of these absorption channels
is a key doorway. The most important features of the elastic
scattering between heavy ions at energies close to the Coulomb
barrier is the peculiar behavior of the optical potential, known
as the “threshold anomaly” (TA) [3]. In brief, at higher energies
the real and imaginary parts of the optical potential remain
energy independent; however, as the energy is lowered toward
the Coulomb barrier, the imaginary part of the optical potential
sharply decreases while the real part presents a localized
peak. The “TA” may be ascribed mainly to the coupling of
the elastic scattering to other reaction channels that produces
an attractive polarization potential AV, leading to the real
potential V =V, + AV, where V, is the real potential at
higher energies. The behavior of the imaginary potential is
associated with the closing of nonelastic peripheral channels at
energies near and below the barrier. The TA is well established
for the scattering of tightly bound nuclei. However, there
are presently some speculative arguments and contradictory
conclusions about the influence of the breakup (BU) of weakly
bound nuclei which might affect the known behavior of TA. For
systems in which at least one of the interacting participants is
a weakly bound nucleus, the rapid decrease of the fusion cross
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section does not imply the closing of all the reaction channels at
the subbarrier energies. As a consequence of large peripheral-
reaction cross section at these energies, the imaginary part of
the optical potential does not necessarily decrease and the TA
may disappear. Recently, it has been shown that the breakup
(BU) channel does not diminish so fast in the vicinity of
the Coulomb barrier; rather, it can have some magnitudes.
It has been suggested that the effect of coupling of the BU
channel to the continuum may produce a repulsive polarization
potential that affects the overall dynamic polarization in such
a way that the usual TA may vanish [1]. This fact has been
taken as the possible explanation of the absence of usual TA
for the systems involving the weakly bound nuclei ®Li or
°Be. There have been many measurements and theoretical
studies for understanding the presence or absence of TA. In
the case of tightly bound nuclei, the existence of TA is well
understood that is due to the role of strong inelastic couplings.
For example, in the elastic scattering of 67Li on ¥’ Al [4-6],
8Si [7,8], ¥Co [9], 3°Se [10], ''®Sn [11,12], *®Ba [13],
144Sm [14], 28Pb [15], and 2*?Th [16] for "Li projectile,
TA has been observed except for the target masses A = 27,
28, 116, and 144. On the contrary, for 5Li projectile, some
of the systems show the breakup threshold anomaly (BTA)
with a possible explanation of its lower breakup threshold
(~1.46 MeV) in comparison to ’Li (~2.47 MeV). Because the
breakup (BU) cross section does not decrease significantly in
the vicinity of the Coulomb barrier, this is no longer the thresh-
old of the closing of the reaction channels. The systematic re-
sults from the back scattering method has shown unique energy
dependence for different targets but the same projectile, possi-
bly due to the involvement of different reaction mechanisms,
therefore different polarization potentials [17,18]. Considering
the above discussion one may conclude that a systematic study
for the behavior of optical-model (OM) potentials for such sys-
tems which involve weakly bound nuclei are required to have
qualitative understanding of reactions with radioactive nuclei.
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The observation of TA or BTA certainly depends on breakup
threshold energy of respective weakly bound nuclei and the
presence of bound inelastic states, if any. These may produce
the net polarization potential consisting of competing attractive
and repulsive parts. The target structure also plays an important
role, because it may produce a strong polarization potential,
and the relative importance of the Coulomb breakup (BU)
depends on the target mass.

The objective of the present work is to measure very
precise and complete angular distribution at energies starting
from below the Coulomb barrier to approximately twice
this value, for the "Li 4 '*Tb system. The behavior of the
optical potentials have been studied by optical-model analysis
and the effect of breakup coupling is investigated by a
continuum-discretized coupled-channels (CDCC) calculation.
The dynamic polarization potentials (Vpo1, Wpol), generated
from breakup coupling have also been studied as a function
of bombarding energy. In order to investigate the role of the
breakup processes, the total reaction cross sections for the
present system and several other systems are compared, which
involve "Li projectile but different target nuclei in the mass
range A = 16 to 232.

In Sec. II, the experimental details have been given.
Section III presents an optical-model analysis and interpre-
tation of the energy dependence of the optical potentials by
using a Woods—Saxon form of the nuclear potential. Section [V
describes the study of a coupled-channels calculation in terms
of the CDCC formalism. The polarization potentials are also
discussed in this section. Total reaction cross sections in the
interaction of "Li projectile with different target nuclei are
compared in the Sec. V. Finally, Sec. VI gives the summary of
the present work and the main conclusions.

II. EXPERIMENTAL DETAILS

The experiment was performed at the BARC-TIFR Pel-
letron facility in Mumbai, India. The beam of "Li was delivered
by the 14UD Pelletron accelerator covering the energy range
from below to nearly twice the Coulomb barrier, i.e., 24,
26, 28, 30, 35, 40, and 44 MeV. The beam current during
the entire experiment ranged from 20 to 40 nA. The beam
was bombarded onto a self-supported enriched >°Tb target of
thickness 1 mg/cm? and the elastically scattered "Li ions were
detected by four solid-state silicon surface barrier detector
telescopes. The detector telescopes were of thickness (77) with
AE =25 pm and E = 300 um (73) with AE = 15 um and
E = 1.5 mm, (T3) with AE =15 um and £ = 1 mm and
(Ty) with AE = 15 um and E = 1 mm. The telescopes were
placed on a rotating arm inside a 1 m scattering chamber at
an angular separation of 10° between consecutive telescopes,
and M, and M, were placed at 15° and 20°, respectively.
The measured statistical error in the data was less than 5% in
the forward angles and less than 8% in the backward angles.
Figure 1 shows a typical biparametric A E-E spectrum for the
"Li+ Tb system at Ej,, = 40 MeV and 6 = 40°. The inset
of Fig. 1 shows the corresponding projection for the Z =3
event. The measured elastic-scattering angular distributions
normalized with Rutherford cross sections are shown in Fig. 2.
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FIG. 1. (Color online) A typical biparametric AE-E spectrum
for the "Li + °Tb system at E},, = 40 MeV and 6 = 40°.

III. OPTICAL-MODEL ANALYSIS OF ELASTIC
SCATTERING

The elastic-scattering angular distribution data are analyzed
by using a phenomenological Woods—Saxon form of potential
(WSP). The optical-model fits to the elastic-scattering data are
performed using the ECIS code [19]. The WSP is an optical
potential that has been successfully used to describe a large
variety of systems in a wide range of energy, including fusion
excitation functions and barrier distribution of weakly bound
nuclei. In the fitting procedure, radius parameters were initially
allowed to vary with fixed depths and diffuseness parameters
for both the real and imaginary parts. In the next step,
the diffuseness parameters were allowed to vary, but depths
and radius parameters were fixed. The fitting procedure was
repeated with constant radius » = 7.7702 fm [ro(A},/ Ty A[1 / 3),
where o = 1.06 fm] and varying the diffuseness parameters
from 0.66 to 0.74 fm in steps of 0.02 fm. A reasonably good
fit to the data is obtained, but as usual several families of
optical potential parameters are observed that describe the
angular distributions equally well. To reduce the ambiguities
with a different set of potentials, the radii of sensitivity Rj,
and Ry;, corresponding to the real and imaginary parts, are
determined, where different curves of potentials have the same
value [20,21]. The curves resulting from the present analysis
using the WSP are shown in Fig. 2. Figure 3 shows different
set of potentials that intersects at a common radii of sensitivity
for 40 MeV laboratory energy. The average sensitive radius is
~11.5 fm (average between R;, and R;; at different energies),
along with the mean diffuseness a, = 0.70 fm. The resulted
fitting parameters from this analysis are listed in Table 1.

In order to study the energy dependence of the real and
imaginary potentials, the potential parameters are extracted at
the radius of sensitivity (~11.5 fm) for the "Li + '*Tb system
as shown in the Fig. 4. The related error bars in this figure
represent the range of deviation of the potential corresponding
to x 2 variation of one unit. It can be observed that, as the energy
decreases, the imaginary potential first increases and then
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FIG. 2. Experimental elastic-scattering cross sections normalized to the Rutherford cross sections as a function of 6., and its best fit
from optical-model analysis for the ’Li + 'Tb system. The curves corresponding to best fit are obtained by using the Woods—Saxon potential

(WSP).
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FIG. 3. Sensitivity radii based on the crossing of the (a) real and
(b) imaginary parts of the WSP potential at E},, = 40 MeV. The real
and imaginary diffuseness, a, and a;, are varied in steps of 0.02 fm
between 0.66 and 0.74 fm.

starts decreasing to zero, except for the lowest incident energy.
The corresponding real potential more or less remains energy
independent at near barrier energy. The present characteristics
of real and imaginary potentials contradict the well-known
behavior for the usual threshold anomaly which was observed
for tightly bound systems. The dispersion-relation analysis
also was carried out to check the consistency of behavior of
the optical potentials as a function of energy. This study was
done by using the expression that relates the real and imaginary
parts of the potential [22]:

P [ W@ E)

V(ir,;E)=— dE'. 1
rE)=— [ Z— (1)

TABLE I. Optical-potential parameters and total reaction cross
sections obtained from the optical-model (OM) analysis by using a
Wood-Saxon form of potential (WSP) with a, = 0.70 fm and r =
7.7702 fm [ro(A!/* + A;*), where ry = 1.06 fm] for the 'Li + '*'Tb
system.

Ecm. V, (MeV) W, (MeV) X[fﬂn/N or (mb)

22.99
24.90
26.82
28.73
33.52
38.31
42.14

187.09
139.37
8.68
13.97
116.13
124.98
87.28

19.11
1.61
168.7
386.4
71.51
226.76
64.54

2
4.7
4.92
2.27
1.58
34
1.83

50
106
532

1008
1150
1761
1614
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FIG. 4. (Color online) Energy dependence of the (a) real and (b)
imaginary parts of the optical potential obtained for the "Li + '*Tb
system at an average radius R; = 11.5 fm. The energy V), of the
Coulomb barrieris ~26.6 MeV in the center-of-mass frame calculated
using the Bass formula.

40.4

Also,
V@ E)=V.(r; E) + AV (r; E), (2)

where P is the principal value, and AV (polarization potential)
and V, are rapidly and smoothly varying functions with respect
to energy. In this analysis two and three linear segments for
imaginary potential are tried to calculate the corresponding
real parts, as shown in Figs. 4(b) and 4(a), respectively.

It was observed that the calculated real potentials do
not describe the experimental data points, when the energy
dependence of imaginary potential is segmented into two linear
parts as in the case of tightly bound systems. However, the
consideration of the flat, increasing, and then decreasing trend
of the imaginary potentials at above, near, and below barrier
energy, respectively, can explain the nature of real potentials.
This suggest that the conventional threshold anomaly cannot
be confirmed from the present unusual observation for the
energy dependence of real and imaginary potentials. Similar
observations were reported in the past for the reaction of
"Li projectile with 2’Al [4-6], 28Si [7,8], ''%Sn [12], and
1448m [14] systems. The normal threshold anomaly, however,
was reported for target masses such as 80Se [10], 29%Pb [15],
and 22Th [16]. It may be concluded that, in the case of "Li
projectile, the presence of the conventional threshold anomaly
does not hold for all the target masses possibly due to the
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occurrence of strong competition among breakup, transfer,
and other nonelastic reaction channels.

IV. CONTINUUM-DISCRETIZED COUPLED-CHANNELS
CALCULATIONS

With an aim to investigate the projectile breakup effect on
elastic-scattering angular distributions, continuum-discretized
coupled-channels calculation has been done by using the
code FRESCO [29], version FRES 2.8. The method of coupled-
channels calculations using the CDCC formalism has been
widely studied in reactions which involve weakly bound
nuclei [30-33]. The "Li (projectile) was considered as an
a + 1t cluster and the continuum part was discretized in
small momentum bins of finite width of Ak =0.20 fm~!
for the nonresonant part and the resonant part was treated
differently to avoid double counting. The bound excited state

(%_, 478 keV state) of "Li also was incorporated in the present
calculation. The scattering wave functions in the solution
of the coupled-channels calculations were integrated up to
140 fm in steps of 0.05 fm and the relative angular momentum
was taken up to 110A4. The maximum excitation energy was
taken up to ~9 MeV. The cluster-folded potentials for the
"Li + '9Tb were adjusted to obtain the optimum description
of the elastic-scattering data and were fixed at 113.96 MeV
with ro = 1.2 fm, a, = 0.72 fm and at 123.93 MeV with
r. = 1.245 fm, a, = 0.770 fm for ¢ + °Tb and « + °Tb,
for all energy. The imaginary potentials were W, = 50.0 MeV,
ro =1.06 fm, and a, = 0.4 fm. The binding potentials
between the o + ¢ cluster for bound and resonant states of
"Li projectile that calculates the bin wave functions were
taken from the Ref. [30]. In addition to the breakup channel,
the target inelastic states were also included in the calcu-

lation. The transition strengths [B(E2)] from (g.s., %+) —

(0.058 MeV, §+) and (0.1375 MeV, §+) are (2.8013 &
0.1458)e?b?> and (1.4736 £ 0.2047)e*h?, respectively, are
taken from Ref. [34].

In the Fig. 5, the curves show the results of calculation with
(solid line) and without (dashed line) breakup coupling. A
reasonable description of the elastic-scattering data is obtained
by the CDCC calculations. The breakup coupling effects
are visibly small on the elastic-scattering cross section at
energies above the barrier and it reduces as the barrier energy
is approached. The polarization potentials also are obtained
to investigate their behavior as a function of radius R, as
shown in Fig. 6. It is observed that, as the projectile energy
approaches the Coulomb barrier, the real part of the DPP
(Vapp) increases, showing the repulsive nature of the potential
which is consistent with the observed behavior of the potential
parameters from the OM analysis (Fig. 4). The corresponding
imaginary part of the DPP (W,,,) becomes more attractive as
the energy decreases except the lowest incident energy. The
real and imaginary parts of the dynamic polarization potentials
(DPPs) that are obtained from the CDCC calculation, at a
radius of sensitivity (~11.5 fm) for different energies, are
shown in the Fig. 7. It may be noted that the observed imaginary
parts of the DPP (Wg,,) have larger values in comparison
to the real parts of the DPP (V,,,) for the bare potentials
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FIG. 5. (Color online) Experimental elastic-scattering cross sections normalized to the Rutherford cross sections as a function of 6. , for
the "Li 4+ '*Tb system. The results of the CDCC calculation with and without including breakup couplings are shown by continuous and

dashed lines, respectively.
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FIG. 6. (Color online) (a) Real and (b) imaginary parts of the

dynamic polarization potentials (DPP) extracted from the CDCC
calculation for the "Li + 'Tb system as a function of radius R.
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FIG. 7. (Color online) (a) Real and (b) imaginary parts of the
potential at an average radius R, = 11.5 fm as a function of energy for
the "Li 4+ '**Tb system. The solid circles show dynamic polarization
potentials (DPPs) extracted from the CDCC calculations and the open
circles are the bare potentials which do not include any coupling.
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FIG. 8. (Color online) Comparison of reduced reaction cross sections for the reactions that involve 7Li projectile and different target

nuclei [4,12,15,16,23-28].

which do not include any coupling. The resultant attractive
nature of nuclear potential could indicate the presence of the
threshold anomaly. However, at below the barrier energies the
imaginary part of the DPP (W,),,) shows a sudden increase in
strength and thus becomes less attractive in nature. Also, the
net polarization potential, composed of competing attractive
and repulsive parts, depends strongly on the bound state
of the 7Li projectile, target inelastic, transfer, and breakup
channels.

V. TOTAL REACTION CROSS SECTIONS

A systematic study of total reaction cross sections involving
Li on various targets was carried out in the mass range A = 16
to 232. In order to perform a comparative study of excitation
functions for different systems, it is required to suppress
differences arising from the size and the charges of the systems.
A reduction methodology proposed by Gomes et al. has been
widely used for this kind of study [35]. In this method, the
quantities og/(A)> + A;*) vs Eem (A + A /(2,2
are plotted, where p and ¢ are related to the projectile and
target, respectively, and oy, is the total reaction cross section.
It was suggested that this procedure removes the dependence
on the charge and mass of the collision partners but not on
specific features of the projectile density, particularly when
weakly bound projectile nuclei are involved. The total reaction
cross sections in the case of 'Li projectile and different target
nuclei in the mass range A = 16 to 232 are shown in Fig. 8.
Two sets of data for °0-induced reactions are also shown in
Fig. 8. It is observed that the total reaction cross sections have
target mass dependence at lower energies.

VI. SUMMARY AND CONCLUSIONS

Elastic-scattering angular distributions were measured
at near barrier energies for the "Li+ '"Tb system. The
optical-model analysis using the WSP potential, was carried

out to investigate the energy dependence of the interaction
potential. The obtained behavior of the potential parameters
show unusual energy dependence for their real and imaginary
parts. It was seen that, as the bombarding energy decreases,
the imaginary potential first increases at near barrier energy
and then decreases as energy decreases. No strong conclusion
could be made for the presence of the threshold anomaly
which was confirmed earlier for the tightly bound systems.

Moreover, to investigate the effect of breakup coupling on
the elastic channel, continuum-discretized coupled-channels
(CDCC) calculations with the inclusion of the bound excited
state of ’Li and the target inelastic state, were carried
out. The effects of breakup coupling on elastic-scattering
angular distributions are observed to be small. The dynamic
polarization potentials from the present CDCC calculations
are studied with respect to the radius R as well as bombarding
energies. The imaginary part of the polarization potential
becomes more attractive as the energy decreases; however,
at the lowest incident energy it shows a less attractive nature.
The net effect of real and imaginary polarization potentials are
observed to be attractive in nature, which reduces the barrier
and may be responsible for the enhancement in the fusion cross
sections. However, neither from the optical-model analysis nor
from CDCC calculations could the presence of the threshold
anomaly be confirmed.

A comparative study of total reaction cross sections for 'Li
projectile on different target nuclei in the mass range A = 16
to 232 shows that, at the lower-energy region, the total reaction
cross section reduces as target mass increases.
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