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Energy dependence of phenomenological optical model potentials for the "Li + !'B reaction
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Angular distributions of "Li + ''B elastic scattering were measured at E,,("Li) = 9.85, 13.3, 18.3, 23.3, and
28.3 MeV within the angular range of 6, ,,, & 15°-80°. Optical model potentials have been extracted from these
angular distributions and the data available in the literature at E},,("Li) = 34 MeV and Ep,,(''B) = 44 MeV to
study the gross influences of intricate coupling effects varying with the reaction energy. With fixed geometrical
shapes, the strengths of both real and imaginary potentials show a linear decrease with increasing energy, which

is different from previous observations.
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There is great interest nowadays in exploring the nuclear
interactions of exotic nuclei by means of radioactive ion
beams (RIBs). Recently, some progress has been made in
RIB experiments; e.g., in Refs. [1-6] rather accurate data
have been reported. However, owing to the limits of the
beam intensity and quality, the reaction systems as well as
the reaction energies studied with RIB are still limited. In
view of this fact, instead of RIB, beams of weakly bound
but stable projectiles like ®’Li and *Be have been widely
utilized to obtain some useful information [7-9]. The nucleus-
nucleus interaction potential is a basic element in the study
of nuclear reactions. The phenomenological optical model
potential (OMP) is widely adopted in practice, because it can
be easily extracted by fitting the angular distribution of elastic
scattering.

There now exists a large number of data on the elastic
scattering of %Li projectiles over wide ranges of mass number
(A = 6-208) of the target and energy (E = 5-156 MeV)
[10]. A complete compilation of ®’Li OMP parameters using
Woods-Saxon potentials is given in Ref. [11]. However, great
variation exists in the parameters and it is very difficult to
determine a systematic trend from this compilation, because
the OMP is sensitive to the nuclear structures of projectile
and target, especially for lighter reaction systems. Besides the
phenomenological method, the microscopic double-folding
model is another way to obtain the nucleus-nucleus interaction
potential. However, it could not describe *7Li elastic scattering
successfully [12]. According to the Feshbach theory of the
microscopic OMP [13], the dynamic polarization potential
should be taken into account. Unfortunately, an accurate
calculation of the dynamic polarization potential is rather com-
plicated and requires detailed knowledge of the spectroscopic
structure of two colliding nuclei [14-16]. A cluster model
using double-folding technique may be an effective method to
consider the structures of light and medium nuclei [17-22].
However, the double-folding procedure is constrained to the
real part of the potential, while the imaginary potential still
needs to be obtained by a phenomenological method.
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PACS number(s): 24.10.Eq, 24.10.Ht, 25.70.Hi, 25.70.Bc

In this work, the "Li + !'B system was selected because it
is a quite special system: both the projectile and the target are
odd- A nuclei and have large ground-state quadrupole moments
as well as presumable cluster structures. The angular distribu-
tions of elastic scattering have been measured at bombarding
energies of Ej,,("Li) = 9.85, 13.3, 18.3, 23.3, and 28.3 MeV
within the angular range of 6., ~ 15°-80°. These angular
distributions along with the data on Eip("Li) = 34 MeV
[23,24] and Ejp(''B) = 44 MeV [25] were analyzed with
the optical model. The phenomenological OMPs extracted
from these data sets reflect the overall feature induced by the
coupled-channel effects, the breakup and its subsequent effects
of weakly bound 7Li. Therefore, this method could avoid the
complicated calculation of the dynamic polarization potential
and provide a chance to understand the effects mentioned
above as well as their overall changes with the reaction
energy.

The experiment was performed at the HI-13 tandem
accelerator of the China Institute of Atomic Energy. A natural
boron (80% ''B) target about 55 11g/cm? thick evaporated onto
a 10 ug/cm?'’ Au foil was bombarded with a ’Li beam with
a typical current of about 50 pnA. The Coulomb scattering on
197 Au was used to normalize the elastic scattering on ''B. In
addition, a Faraday cup was used for the absolute measurement
of the beam current. These two normalization methods are
consistent within error. A detector array including three Si(Au)
surface barrier detectors and four AE — E Si(Au) telescopes
at an interval of 10° was mounted on a rotatable arm to detect
scattering particles. The thickness of the A E detectors was in
the range of 20-30 um. The other two Si(Au) detectors at +10°
were used to monitor the current quality. The typical energy
spectrum obtained by the single Si(Au) detector is shown in
Fig. 1(a). The !'B elastic peak can be clearly separated from
the '°B one and others. Figure 1(b) shows a typical AE — E
spectrum and the quasielastic area (shown by a square) is
projected onto the energy scale, as shown in Fig. 1(c). There are
almost no elastic scattering events of ’Li on '°B at that angle.
Energy spectra were fitted by the sums of Gaussian functions
with the peak positions fixed to the corresponding kinetic
energies, as shown by the solid curves in the figure. Finally,
the angular distributions of "Li + ''B are shown in Fig. 2. The
errors include statistical errors and fitting uncertainties.
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FIG. 1. (a) Typical energy spectrum for "Li + ''B at E},,("Li) =
18.3 MeV and 6, = 21.2°. Peaks marked with an asterisk are from
target contaminants. (b) Typical AE — E spectrum at Ep,("Li) =
28.3 MeV and 6),, = 49.6°. (c) Projection energy spectrum from the
selected square in (b). Solid curves show the results of Gaussian
fitting.

The OMP can be written as the sum of the real and
imaginary nuclear potentials as well as a Coulomb potential:

U(r)==Vfr(r) —iWfi(r) + Vc(r). ()

The most widely used shape for the form factors fz(r) and
f1(r) is the Woods-Saxon function. The spin-orbit term is not
included in the potential because the polarization data were not
available in this experiment. Large variations in the Coulomb
radius can be compensated by minor variations in the real
potential [26] without appreciable change in the quality of the
fit. Thus the reduced radius, roc, was kept constant at 1.30 fm
throughout the analyses.

The angular distributions of the "Li + ' B elastic scattering
were fitted with the PTOLEMY code [27], which can be used
for heavy-ion direct reactions to extract the OMP parameters
{X; =V,rov,ay, W, row, aw}; here, V and W stand for the
real and imaginary parts of the volume potentials, respectively.
For each angular distribution, the “goodness-of-fit” quantity
was described by x2 analysis. The code then automatically
varied the potential parameters to minimize the x2. First,
a grid search on these six potential parameters was carried
out, to obtain the best fit to the angular distributions at
different bombarding energies, and the OMP parameters of
"Li+ "B were obtained and are listed in Table 1. Then the
average geometry parameters roy = 0.93 fm, ay = 0.51 fm,
row = 1.21 fm, and ay = 0.90 fm were extracted from
the best-fit results and kept fixed to re-search the potential
depths V and W. The extracted radius and diffuseness of the
imaginary potential are obviously larger than those of the real
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FIG. 2. Angular distributions of elastic scattering for the "Li +
1B system. Open circles represent the experimental data. Best-fit
results are shown by solid curves, and dashed curves show the fit
results with the adopted potential shape.

potential. This might relate to the large quadrupole moments
and the breakup effects, leading to absorption processes
taking place at a larger distance with greater diffuseness. In
Fig. 2 the theoretical angular distributions of elastic scattering
with the best-fit parameters (solid curves) and the adopted
geometry parameters (dashed curves) are compared with
the experimental data. One finds that, although the results
calculated with the adopted parameters are not as good as
the best-fit results, they still describe the experimental angular
distributions satisfactorily.

Besides our data, data sets taken from the literature [23,24]
at Epn("Li) = 34 MeV and the literature [25] at Ejp(''B) =
44 MeV were also analyzed using the same procedure. The
analysis of these two data sets was limited to the forward
angle range (6.m. < 80°), but results over the whole angle
range are shown in Fig. 3. The best-fit parameters are also
listed in Table I. As shown in Fig. 3, the data taken from
the literature [23-25] can be fitted satisfactorily for forward
angles of 6., < 60°. For backward angles, the calculated
cross sections are quite oscillatory, whereas the experimental
data rise smoothly towards 180°. This may be an indication
of the coupling of quadrupole excitation with the entrance
channel [23]. The coupled reaction channel theory could fit the
entire angular range if elastic as well as inelastic scattering,
reorientations of ‘Li and ''B, and the most important one-
and two-step transfers were taken into account in the channel-
coupling scheme [25].
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TABLE I. Best-fit parameters and adopted shapes of the OMP for ’Li + ''B elastic scattering.

N Ecm. 14 rov ay w row ay x*/pt
(MeV) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)

9.85 6.02 219.63 0.93 0.51 9.61 1.43 0.90 4.321
13.3 8.13 177.23 0.93 0.51 8.56 1.21 0.95 9.581
18.3 11.18 166.58 0.96 0.51 12.24 1.26 0.84 3.621
23.3 14.24 135.21 0.89 0.56* 11.32 1.11 0.92 13.64
28.3 17.29 103.99 0.93 0.51 11.67 1.28 0.73% 7.828
34 20.78 74.96 1.07¢ 0.51 8.21 1.21 0.90 16.32
44¢ 17.13 117.61 0.93 0.51 8.15 1.21 0.90 3.539
Adopted — 0.93 0.51 — 1.21 0.90 —

*These values were excluded from the calculation of average values owing to their large deviation.
"Experimental data are taken from Refs. [23,24].
°Experimental data are taken from Ref. [25]. E},, is the bombarding energy of projectile !'B.

For OMPs with fixed shapes, the central potential strengths
can be utilized to investigate the possible energy dependence.
Figure 4 shows that the depths of the real [Fig. 4(a)] and
imaginary [Fig. 4(b)] potentials vary with the reaction energy,
respectively. The errors on potential depths were derived by
x? analysis, i.e., determined by x2,, + 1. One finds a concise
relation between potential depth and energy. A linear function
was employed to fit these data with errors as their weights.
The results are as follows:

{V(0) =261.42£9.04 — (8.98 £ 0.46)E. ;mn. MeV,
W(0) =14.62£2.82 - (0.35+0.17)E. n,, MeV.

2

The present results are different from those of Rudchik
et al. [25]. They analyzed the elastic and inelastic scattering
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FIG. 3. Angular distributions of 7Li + !'B elastic scattering at
bombarding energies of (a) Eju(’Li) = 34 MeV [23,24] and (b)
Ein('B) = 44 MeV [25] (b). Solid curves show the fit results with
the adopted potential shape for 6, ,, < 80°.

S

[0

S 10

S

S 5 ;
11B+7Li O . | . | |

of "Li+ "B with the coupled-reaction-channel method to
extract the bare potentials. The energy dependence of all six
parameters were fitted with exponential forms. As mentioned
above, a better fit could be obtained with the coupled-
reaction-channel method over a large angle range, especially
forbackward angles, where the scattering is not pure potential
scattering. However, this feature of the scattering would not
be observed if only forward-angle data were taken [28].
Generally, OMPs for scattering from light target nuclei are
more likely to show fluctuations in the parameters owing to
nuclear structure and channel-coupling effects [28]. In the
present work, the phenomenological OMPs extracted from
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FIG. 4. Depths of (a) real and (b) imaginary potentials vary
with the reaction energy for the "Li+ !'B system. Open circles,
filled triangles, and filled squares represent results extracted from
the present work, data at Ep,("Li) = 34 MeV [23,24], and data at
Eip(''B) = 44 MeV [25], respectively. Solid lines show the results
of linear fits with errors as weights.
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the data at forward angles are not the bare but effective ones,
which include all the coupling effects and related dynamical
effects. Simple linear relations were found between the depths
and the reaction energies when the geometric shapes were
fixed. This is worthy of investigation over a wider energy
range to observe the tendency. Such research may provide a
valuable clue to exploration of the systematics of OMPs for
light-nucleus systems and also for exotic-nucleus systems.

In summary, the angular distributions of ’Li and ''B
elastic scattering at bombarding energies Ej,(’Li) = 9.85,
13.3, 18.3, 23.3, and 28.3 MeV within the angular range
of B.m. ~ 15°-80° were measured. The best-fit parameters
of phenomenological OMPs were extracted and an average
potential shape was adopted to further study the energy
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dependence of potential strengths. Data for ’Li and !'B elastic
scattering at energies of Ej,p("Li) = 34 MeV [23,24] and
Ei('B) = 44 MeV [25] were also analyzed with the adopted
geometrical shape. A concise relation between potential
strengths and reaction energies was obtained; i.e., the depths of
real and imaginary potentials decrease linearly with increasing
energy. A comprehensive investigation is strongly desirable to
obtain the systematic OMPs and a better understanding of the
underlying physics.
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