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Abstract. Recently, experimental measurements of elastic scattering angular distributions
for the system "Li+°®Ni at ten different energies around the Coulomb barrier were made by
the Heavy-Ion Group. The measurements were made at the Tandem Van de Graaff Particle
Accelerator Laboratory in the National Institute for Nuclear Research (ININ) in Mexico. In this
work, preliminary elastic scattering angular distributions for five energies (Eiqp = 12.0, 12.5,
13.0, 13.5 and 14.22 MeV) are presented. The preliminary experimental data were analyzed
using the Sao Paulo Optical Model Potential (SPP) which is based on a double-folding potential,
reproducing very well these data. A comparison is made with old data reported back in 1973
and in 2012. Further analysis is in progress in order to fully understand this particular system,
specially because "Li is known to be a weakly bound nucleus.

1. Introduction
In nuclear physics, elastic scattering experiments are of great importance since valuable
information on the properties of the nucleus can be obtained through them. A clear and
specific example of the relevance of elastic scattering experiments is the discovery of the atomic
nucleus in 1911, made by Ernest Rutherford. Lately, many experiments and theoretical analyse
have been performed using radioactive beams as projectiles to produce a nuclear reaction
1, 2,3,4,5,6,7 8,9, 10, 11, 12, 13, 14, 15, 16]. It is well known that in general experiments
with halo nuclei are difficult to carry out, mainly because of the low intensities of the respective
beams. It is also known that halo nuclei (cluster-type nuclei) have a relative small separation
energy which means that the probability of breakup is important in the presence of the force
field produced by the target. With this in mind, information on the effect of coupling to the
breakup channel becomes essential when dealing with radioactive beams of this kind. This effect
can first be investigated using stable weakly bound beams which have much higher intensities
than radioactive beams. The suitable stable nuclei for this kind of study are ?Be, 6Li and “Li
with separation energies of 1.57, 1.47 and 2.47 MeV, respectively.

Recently, many experiments of elastic scattering between heavy ions, using strongly bound
nuclei, at energies near the Coulomb barrier have been performed. The analysis of these
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experiments present a systematic behaviour of the energy dependence of the interacting optical
potential known as the Threshold Anomaly (TA) [17]. Basically, the threshold anomaly implies
a rapid variation of the optical potential (real and imaginary part) extracted from the analysis of
the experimental data when the energy decreases towards the Coulomb barrier. For the real part
of the potential there is a localized peak (bump) at the barrier energy, whereas there is a sharp
decrease of the imaginary part of this potential. The decrease of the imaginary potential can
be understood as the closure of the non-elastic channels at energies below the Coulomb barrier
[18, 19]. For weakly bound nuclei the breakup channel is expected to be a relevant reaction
channel even at energies below the Coulomb barrier. Since the coupling to the breakup channel
produces a repulsive polarization potential then there is a big probability that the threshold
anomaly may dissapear. It has been suggested that a new type of anomaly is present in the
scattering of weakly bound nuclei, named as breakup threshold anomaly [20]. In this anomaly
the strength of the imaginary potential increases as the incident energy decreases, at energies
below the Coulomb barrier.

For ®Li projectiles, it has been shown that the threshold anomaly does not appear irrespective
of whether it is incident on a heavy or light target [19, 20, 21, 22, 23, 24, 25, 26, 27, 28]. As for
"Li the conclusions seem to be different since it has been shown that the behaviour does depend
on the mass of the target. This point has been discussed with detail elsewhere [19, 21]. As
already mentioned, elastic scattering measurements of weakly bound nuclei at energies around
the Coulomb barrier are of great importance. For doing theoretical analyse, such as an analysis of
the threshold anomaly or breakup threshold anomaly, a good set of data points, that is, complete
elastic scattering angular distributions at several energies are always helpful. In this context, it
came to our attention that the information existent on elastic scattering angular distributions
covering a wide angular range for “Li on medium targets at energies below the Coulomb barrier
is very scarce. Most of the measurements reported correspond to energies near but above the
Coulomb barrier; "Li+®Ni [29], "Li+%"Co [26], "Li+%4Ni [21]. In addition, the measurements
reported for energies near but below the Coulomb barrier for “Li+°®Ni are not full angular
distributions as reported by Zerva K et al. [30], where the elastic backscattering technique is
used. With this in mind, recently the Heavy-lon Group made full experimental elastic scattering
measurements for the system “Li+5Ni at ten different energies around and below the Coulomb
barrier (V, = 14.0 MeV in the laboratory frame of reference). The measurements were made
at the Tandem Particle Accelerator Laboratory in the National Institute for Nuclear Research
(ININ) in Mexico. In this work, we present preliminary angular distributions of Li elastically
scattered from °2Ni for five out of the ten energies measured. Preliminary calculations using the
optical model potential (OMP) are also reported as well as a comparison with data reported by
Pfeiffer K O et al. [29] and by Zerva K et al. [30].

2. Experimental setup

The experiment took place at the particle accelerator laboratory in the National Institute for
Nuclear Research in Mexico. This particular accelerator, used during the experiment, is a
Tandem Van de Graaff with a nominal maximum operational voltage of 6 MV and is the only
one in Mexico that produces stable beams of heavy ions (from hydrogen to carbon) at energies
around the barrier, of great interest depending on the system. The "Li beam current, produced
by the particle accelerator, had intensities from 10 to 20 pnA depending on the energy. Two
different targets were used, one of them was a gold foil (" Au) with an approximate thickness
of 1.11 mg/cm? and the other one was an enriched (99.9%) 58Ni foil with a nominal thickness
of 0.259 mg/cm?. The gold target was used for solid angle determination. The measurements
were made in a 70 cm diameter scattering chamber (experimental line of 30°), at ten different
energies being 9.0 and 14.22 MeV (laboratory frame of reference) the lowest and highest energy,
respectively, with steps of 0.5 MeV between 10 and 13.5 MeV. Inside the chamber (27 geometry),
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a circular table and a target holder are located, and both of them can be rotated to any desired
angle. The detectors can be placed on the circular table at different angular positions. The
size of the beam was defined by a set of vertical and horizontal slits placed on the wall of the
chamber with an aperture of 3 mm x 3 mm.

The scattered particles were detected with six silicon surface-barrier (SSB) detectors. Four of
them were placed at forward angles and two at backward angles with respect to the beam axis
as shown in figure 1. In a first experimental setup (configuration) the position of the normal
to the target was set at 10° with respect to the "Li beam axis, and the positions of each of the
six detectors were 35° (det. A), 45° (det. B), 55° (det. C), 65° (det. D), 155° (det. E) and
165° (det. F), respectively. After the measurements were made with this first configuration, the
circular table and target holder were rotated to a second configuration, leaving the target at 40°
and the detectors at 65° (det. A), 75° (det. B), 85° (det. C), 95° (det. D), 120° (det. E) and
135° (det. F) with respect to the beam axis, respectively. This procedure was repeated for all
the energies measured. The solid angles subtended by the detectors at the target center were
2.25, 5.69, 2.03, 1.90, 7.26 and 3.3 msr for detectors A, B, C, D, E and F, respectively.

Figure 1. Scattering chamber showing the experimental setup.

3. Results and discussion

The preliminary elastic scattering angular distributions measured at the energies of 12.0, 12.5,
13.0, 13.5 and 14.22 MeV in the laboratory frame of reference are shown in figure 2. The total
error reported considers the statistical and systematic errors which in some cases are smaller than
the symbols as shown in the figure. These preliminary angular distributions were normalized
to Rutherford scattering at the lowest angle measured to allow the determination of deviations
from pure Coulomb scattering.

The experimental data were analyzed using the double-folding Sao Paulo Potential (SPP)
[31, 32] for the real part of the nuclear interaction, and a standard Woods-Saxon (WS) shape
for the imaginary part. The values of the potential parameters obtained for the imaginary part
are indicated in table 1, where W is the depth, R; is the radius and a; the diffuseness of the
potential. The respective calculations are represented by the curves shown in figure 2. For
all five energies it was possible to fit the data using the same value for the parameters of the
imaginary part of the potential, as shown in table 1. It can be seen from figure 2 that the
calculations obtained in this work describe very well the preliminary experimental data for the
"Li+?8Ni system. All x?/N values reported here refer to x? per point. The total reaction cross
sections (oR) for each energy are also given in table 1.
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Figure 2. Preliminary elastic scattering

angular distributions for “Li+°Ni at the five
energies indicated. The curves correspond
to optical model calculations using the Sao
Paulo Potential (SPP) for the real part and
a Woods-Saxon shape for the imaginary part
(the parameters are shown in table 1).

Table 1.

calculated total reaction cross sections for each energy.
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Figure 3. Comparison of the elastic

scattering angular distribution for E;,; =
14.22 MeV between data reported in the
present work and those by Pfeiffer K O et
al. [29]. The curves (black solid line and
red dashed line) correspond to optical model
calculations using the SPP for the real part
and a Woods-Saxon shape for the imaginary
part for each set of experimental points (the
parameters are shown in table 1).  The
red solid line corresponds to optical model
calculations reported in Ref. [29], see text for
further information.

Optical-model potential obtained for "Li+°®Ni from the present data and the

The SPP is used for the real part

and a Woods-Saxon shape for the imaginary part.

Eiap w R,  a X*/N or
(MeV)  (MeV) (fm) (fm) (mb)
12.0 60 1.2 0.56 0.18 32 + 13
12.5 60 1.2 0.56 0.46 58 £+ 12
13.0 60 1.2 0.56 0.75 96 + 12
13.5 60 1.2 0.56 1.06 148 4+ 12
14.22 60 1.2 0.56 0.56 239 + 13
14.22* 60 1.2 0.60 0.08 281 + &84

* experimental data reported by Pfeiffer K O et al. [29]

As part of the analysis presented in this work, a comparison of the elastic scattering angular
distribution for E;q, = 14.22 MeV between data reported by Pfeiffer K O et al. [29] and the
present work was made, as shown in figure 3. From this figure, it is possible to see that the
preliminary experimental data reported in this work, for this energy, are in good agreement
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with respect to the data reported back in 1973 by Pfeiffer K O et al. [29]. The latter data
were also analized using the SPP for the real part and a WS shape for the imaginary part of
the potential (red dashed line), the respective parameters are also shown in table 1. It can be
seen from the table that the only parameter that had to be modified in order to get the best
fit for these experimental data was the diffuseness (from 0.56 to 0.6 fm). The total reaction
cross section obtained with the SPP for the real part and the WS for the imaginary part of the
potential gives a value of 281 mb while Pfeiffer K O et al. [29] reports a value of 420 mb. In
figure 3, it is possible to observe that the elastic scattering angular distribution fit (red solid
line) reported in Ref. [29] fails to reproduce the experimental data at angles above 80° (center
of mass reference frame), which explains the large difference in the above reaction cross section
values. The red solid curve of figure 3 was directly extracted from figure 4b of Ref. [29]. In
Pfeiffer’s work, a normal volume Woods-Saxon shape for the real and imaginary parts of the
optical potential was used to analyze the experimental elastic scattering angular distributions
(see table 3 of Ref. [29]). The WS parameters reported by Pfeiffer for the energy of 14.22 MeV
were V = 152 MeV, r, = 1.32 fm and a, = 0.79 fm for the real part, and W = 3.65 MeV,
r; = 2.48 fm and a; = 0.49 fm for the imaginary part. Throughout Pfeiffer’s analysis the value
of the radius was calculated as R = ToAtl/ % where A; is the target mass and the value of the
reduced radius used was rg = 1.25 fm. Using these parameter values, we were able to reproduce
the red solid line of figure 3.
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Figure 4. Comparison of the excitation Figure 5. Elastic scattering angular

functions of average cross sections between
160° and 170° for the "Li+°®Ni system. The
experimental data points reported in the
present work and those reported by Ref. [29]
are measurements taken from full angular
distributions.

On the other hand, Zerva K et al

distribution for E;,;, = 14.22 MeV reported
in this work and by Pfeiffer K O et al. [29].
Calculations using the Sao Paulo Potential
(SPP) for the real part and a Woods-Saxon
shape for the imaginary part of the nuclear
potential (black solid line) and data extracted
from Ref. [30] (blue dashed line), see text for

further information.

[30] performed precision elastic backscattering

measurements for the "Li+°®Ni system at energies from 9.0 MeV to 19.0 MeV in the laboratory
frame of reference. In that work, the excitation function of average cross-sections between 160°
and 170° for the "Li+°8Ni system was reported. Since in Pfeiffer K O et al. [29] as well as in the
present work, the full elastic scattering angular distributions for "Li+?®Ni are reported, it was



XL Symposium on Nuclear Physics 2017 (Cocoyoc2017) IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 876 (2017) 012002 doi:10.1088/1742-6596/876/1/012002

possible to extract the excitation function and compare with Zerva’s experimental data. This
comparison is shown in figure 4. For this comparison, a value of Vo = 14.14 MeV (laboratory
frame of reference) for the Coulomb barrier of the "Li+°®Ni system was used, as indicated in Ref.
[30]. When comparing the excitation function from the present work with those from Pfeiffer
K O et al. [29] and Zerva K et al. [30] it is possible to see that the data points are in good
agreement in the small angular range considered (160° — 170°).

In addition, Zerva K et al. compared the elastic scattering angular distributions reported
in 1973 by Pfeiffer K O et al. with optical model predictions using the potentials obtained
via the backscattering barrier distribution technique (see Ref. [30] for details). The mentioned
predictions (blue dashed line) for E;,;, = 14.22 MeV reported by Zerva as well as the experimental
data reported by Pfeiffer and the preliminary experimental data reported in this work are shown
in figure 5. The prediction found by Zerva fails to reproduce Pfeiffer’s experimental data as shown
in figure 5. This in fact is indicated in Zerva’s work, since it is stated that despite several trial
attempts it was impossible to find a potential which described the experimental data reported by
Pfeiffer et al. and that this was a possible indication that new angular distribution measurements
may be necessary. Following Zerva’s statement and as part of the motivation for this experiment,
it can be seen from the same figure that the preliminary experimental data for E;, = 14.22 MeV
reported in this work are well reproduced by the prediction reported in Zerva’s work. At the
same time, the optical model predictions obtained in the present work are also in agreement
with Zerva’s prediction. This can be seen as an indication that the new experimental data,
for the system 7Li+°8Ni, is a reliable set of data points which may be used for analysis of the
threshold anomaly or breakup threshold anomaly.

4. Conclusions

Recently, measurements of “Li elastically scattered from 58Ni at energies near and below
the Coulomb barrier were made. In the present work, preliminary elastic scattering angular
distributions for five out of ten energies were reported. By using the double-folding Sao Paulo
potential for the real part of the nuclear interaction and a Woods-Saxon shape for the imaginary
part, the five preliminary angular distributions were well described. The comparison between
full and partial (160° — 170°) experimental angular distributions for E;q, = 14.22 MeV reported
back in 1973 [29] and in 2012 [30], respectively, are in good agreement with the full preliminary
data reported in the present work. Further analysis is in progress in order to further understand
this particular system.
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