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Insight into the radial sensitivity of phenomenological nucleus-nucleus interaction potentials
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The optical model potential, which reflects an overall feature of the nuclear property and reaction dynamics,
has been widely adopted to describe the nucleus-nucleus interaction phenomenologically. Experimentally,
knowledge of the optical potential can only be learned in the vicinity of a sensitive radius. In this study, the
notch technique was applied to extract the radial sensitive regions of the tightly bound system 16O + 208Pb and
weakly bound systems 9Be + 208Pb and 6He + 209Bi at energies around the Coulomb barrier. It is the first time
that we observed two distinct sensitive regions, corresponding to the inner volume absorption and the outer
surface absorption processes. Strong energy dependence of the sensitive regions was found as well. Based on
this result, we further investigated the interaction property of 9Be + 208Pb and found that the threshold anomaly
was observed in the volume interaction, whereas the abnormal near-threshold behavior was presented in the
surface part.
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I. INTRODUCTION

The optical model potential (OMP) has been extensively
utilized with great success to describe the complicated
nucleus-nucleus interaction phenomenologically. The energy
dependence of the optical potential reflects the dynamic polar-
ization, which originates from the couplings between different
reaction channels. For example, for the systems containing
tightly bound nuclei, the phenomenon of threshold anomaly
(TA) [1] is presented, which is characterized by the sharp
decrease of the imaginary part of the potential as the bombard-
ing energy decreases towards the Coulomb barrier, associated
with a localized peak around the barrier in the real part. The
dispersion relation [2], which is a natural consequence of the
causality principle, connects the real and imaginary potentials.
The situation, however, becomes more complicated for the
systems involving weakly bound nuclei, such as 6He [3–6],
6Li [7,8], and 9Be [9]. For these systems, the breakup and/or
transfer channels may remain largely open at energies below
the Coulomb barrier, and a distinct manifestation of the OMP
was observed, demonstrated as an increasing trend in the
imaginary potential with energy decreasing below the barrier.
Furthermore, the applicability of the dispersion relation for
these exotic systems is a long-standing puzzle [2,4–6,10–13].

It is well known that all the quantities of OMP are based
on the values of the potentials in the vicinity of the sensitive
radius, which is established before any substantial overlap of
the two nuclear matter distributions [14,15]. It is therefore
crucial and necessary to ascertain what radial region of the
nuclear potential can be well mapped before we discuss the
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properties of OMP. One of the frequently used methods to
determine the sensitive region (SR) is to find the crossing-
point radius of the potential [16,17]. Such a sharply defined
sensitive radius, however, is incompatible with the principles
of quantum mechanics, and its value varies with the radial
form factor adopted for OMP [15]. As an alternative, the
notch technique permits an intuitive investigation of the SR
and was developed by Cramer et al. [18]. The principle of
the notch technique is to introduce a localized perturbation
into the radial potential and move the notch radially through
the potential to investigate the influence arising from this per-
turbation on the predicted cross section. Taking the real part
potential as an example, the perturbation Vnotch is expressed as

Vnotch = dV0 fV (R′, a, Rint ) fnotch(r, a′, R′). (1)

V0 is the depth of the real potential, fV (R′, a, Rint ) is the
Woods-Saxon form with a and Rint representing the dif-
fuseness and interaction radius. Rint is expressed as Rint =
r0(A1/3

P + A1/3
T ), where AP and AT denote the mass numbers

of the projectile and target, respectively. d is the fraction
by which the potential is reduced. fnotch(r, a′, R′) denotes
the derivative Woods-Saxon surface form factor, where R′
and a′ represent the position and width of the notch. In our
previous work [19], the sensitivities of the notch technique
to the perturbation parameters as well as to the experimental
data were investigated in detail. Based on these results, we
further applied the notch technique to study the properties of
SRs of 16O + 208Pb [20–22], 9Be + 208Pb [9], and 6He + 209Bi
[3–6,23,24], which are employed as typical examples of
tightly and weakly bound systems as well as halo nuclear
systems, respectively.
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FIG. 1. Sensitivity functions for the real (full circle) and imag-
inary (hallow circle) potentials for 9Be + 208Pb at some typical
energies, with the experimental data taken from Ref. [9]. The vertical
dashed curves denote the positions of RB. The fine structure of the
inner SR of the real potential at E/VB = 1.14 is shown in the inset
of (d).

II. APPLICATION OF THE NOTCH TECHNIQUE
AND DISCUSSION

According to the results reported in Ref. [19], the values
of d and a′ were fixed at 1.0 and 0.05 fm, respectively. The
Woods-Saxon radial form factor was adopted for the nuclear
potential. The reduced radius r0 and the diffuseness parameter
a were fixed at 1.25 and 0.65 fm for 16O + 208Pb, 1.24 and
0.63 fm for 9Be + 208Pb. For 6He + 209Bi, r0 = 1.02 fm and
a = 0.70 fm for the real potential, while, for the imaginary
part, r0 = 1.25 fm and a = 0.95 fm [4]. The depths of the
real and imaginary potentials were then extracted by fitting the
elastic scattering angular distributions. All the optical model
(OM) calculations in the present work were performed with
the code FRESCO [25].

The derived radial sensitivities of 9Be + 208Pb at some
typical energies are shown in Fig. 1. As references, we also
labeled in the figures the radius of the Coulomb barrier RB,

which is derived by the global Broglia-Winther potential [26].
One can find that the nuclear interior (less than the interaction
radius Rint, which is about 10 fm), where the two nuclei have
begun to overlap appreciably, cannot be probed [18]. With
energy decreasing, SR moves toward the outside and becomes
broader and broader, demonstrating that the sensitivity of
the experimental data to the details of the nuclear potential
becomes weaker. That is mainly because of the overwhelming
effect of the Coulomb repulsion between the target and the
projectile at the lower energies. It can be further confirmed by
the variations of the relative χ2 values, which become larger
as the energy increases. The relative χ2 values also indicate
that the data are more sensitive to the imaginary potential.
Moreover, compared with the real potential, a larger sensitive
radial region is observed for the imaginary potential.

Furthermore, from Fig. 1 one can find that two distinct
peaks are presented in both the real and imaginary parts within
the above barrier energy region. The amplitude of the inner
peak decreases rapidly with the energy going down to the
subbarrier, especially for the real part, and it is too small to
be recognized at lower energies. The position of the inner
peak almost stays fixed, having no obvious dependence on the
energy; for the real part, the inner peak lies slightly inside
of RB, while that of the imaginary part locates around RB.
Therefore, the inner peak is expected to be responsible for the
process of the volume interaction, i.e., the inner peak of the
real potential corresponds to the resonance scattering process,
and that of the imaginary part arises from the fusion reaction.
With the energy decreasing towards the barrier, the probability
of the barrier penetration reduces exponentially, leading to a
rapidly damped inner peak. The outer peaks, however, locate
away from RB. Thus they are mainly responsible for the
surface interaction, i.e., the direct interaction processes: the
shaping scattering for the real part and direct reactions for
the imaginary part.

The energy dependence of the center of the radial SR
derived by using the Gaussian fitting is shown in Fig. 2,
where the error bars denote the width (sigma) of SR. For
the neutron-halo system 6He + 209Bi, in addition to the elastic
scattering data, the notch technique was also applied to the
transfer reaction 208Pb(7Li, 6He) 209Bi [4–6] to extract SR of
6He + 209Bi in the exit channel, as the star symbols displayed
in Fig. 2(c). Since it is difficult to recognize the SR of the
volume absorption of 6He + 209Bi, only the results of the
surface interaction are shown. As a comparison, the strong
absorption radius (Rsa) and the closest approach of a head-on
collision in the Coulomb field D0 are also presented, as shown
by the triangles and solid curves, respectively. Rsa, at which
the observed elastic scattering cross section has fallen to one-
fourth of the Rutherford value, was derived experimentally.
It can be seen clearly that, in the above barrier region, the
surface interaction (SRsur) locates around Rsa. In the sub-
barrier region, however, the behavior of SRsur is consistent
with D0, as shown by the solid curve.

For 6He + 209Bi, SRsur of the imaginary potential lies over
a larger region than that of D0 in the sub-barrier region. It
illustrates that the absorption of flux from the elastic channel
of 6He + 209Bi starts to occur at long distances, as can be
expected for a projectile with the halo structure. The inner SR
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FIG. 2. Energy dependence of SRs for (a) 16O + 208Pb,
(b) 9Be + 208Pb, and (c) 6He + 209Bi. The full and hallow circles
represent the results of the surface interaction of the real (Vsur)
and imaginary (Wsur) parts, respectively. The corresponding squares
denote the volume SRs of the real (Vvol) and imaginary (Wvol)
potentials. The triangles are Rsa extracted from the experimental data,
and the solid curves represent the theoretical D0. SRs of 6He + 209Bi
extracted from the transfer reactions [4–6] are also shown in (c),
represented by the star symbols.

(SRvol), which corresponds to the barrier penetration process,
locates around the Coulomb barrier as discussed above.

Since the SR is the basis to study the OMP, we can move
a further step to investigate the properties of OMP, especially
for the weakly bound nuclear systems. Due to the existence of
SRsur and SRvol, the corresponding potentials, i.e., the volume
and surface potentials, should be included explicitly in the
OMP. In previous studies [12,27,28], the OMPs have been
decomposed into the volume and surface parts to describe the

FIG. 3. Energy dependence of the volume integrals of the real
(a) and imaginary (c) volume potentials, as well as those [(b) and
(d)] of the surface interactions of 9Be + 208Pb. The solid curve in
(c) shows the linear segment fitting for the imaginary potential. The
prediction of the dispersion relation according to the variation of the
imaginary potential is presented in (a) by the solid curve.

fusion and elastic scattering data simultaneously. The results
of the present work offer direct evidence to support this de-
composition approach. To avoid the influence of the variation
of the SRs with energy, we used the volume integrals, J ,
for both the volume and surface interactions, rather than the
potential depths at the center of the SR. The outer limit of the
SRvol was used as the boundary of the integration interval, to
separate the volume and surface regions. The corresponding
results of 9Be + 208Pb are shown in Fig. 3, with the OMP
parameters taken from Ref. [28]. One can find that the TA
phenomenon is presented for the volume interaction, as shown
in Figs. 3(a) and 3(c). The dispersion relation can properly
describe the connection between the real and imaginary parts,
as shown by the solid curve in Fig. 3(a), which is based on the
variation of the imaginary potential with the linear schematic
model [2]. For the direct interaction shown in Figs. 3(b)
and 3(d), however, the abnormal behavior is observed as
claimed in the previous work [9]. Compared with the volume
interaction, such a peculiar near-threshold behavior naturally
associates with the direct reaction mechanisms. Due to the
lack of a complete picture of the imaginary potential, i.e.,
the turning point at which the potential begins to decrease and
the threshold energy where the imaginary potential becomes
to zero, it is difficult to assess correctly the applicability of the
dispersion relation.

III. SUMMARY AND CONCLUSIONS

In summary, the notch technique was applied to study
the radial SR of tightly and weakly bound nuclear systems.
The origins of the peaks presented in the sensitivity func-
tions were identified qualitatively for the first time: the inner
peak arises from the volume absorption process, i.e., the
resonant scattering and the fusion reaction, while the outer
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peak corresponds to the surface interaction, i.e., the shaping
scattering and the direct reaction. Moreover, the volume SR
locates around the Coulomb barrier radius since it relates
to the barrier penetration process, while for the surface SR
strong energy dependence is observed: it varies around Rsa

at above barrier energies, and coincides with D0 below the
Coulomb barrier. According to the volume integrals of the
volume and surface interactions of 9Be + 208Pb, the typical
TA phenomena were observed for the volume part, whereas
the surface potentials present the abnormal behavior, which
apparently is associated with the complicated direct reaction
mechanisms of the exotic nuclear system. The quantities of
the nucleus-nucleus interactions can only be derived within
a specific sensitive region experimentally. Therefore, it is

desirable to further apply the notch technique to investigate
the SR in a wide range of unstable nuclei and to obtain a
global and universal understanding of the properties of the
interaction potentials of the exotic nuclear systems.
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