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Abstract: The nuclear potential stands as a cornerstone in the study of nuclear structure and reaction. Research on
the real part of nuclear potential has been well described by various models, while the imaginary part of nuclear po-
tential remains insufficient. In this paper, a novel method is proposed to extract the imaginary nuclear potential from
the high-precision excitation function of backward quasi-elastic scattering. The typical systems 1©0Q+152154gm,
184,186 W with deformed target nuclei were analyzed. Nuclear imaginary potentials were obtained successfully by fit-
ting the excitation functions within the single-channel and coupled-channels frameworks, respectively. A good re-
production at the energy range between sub- and above-barrier energy regions was achieved. Results show long-
range imaginary part potential at a wide energy region covering the Coulomb barrier, consistent with the strong ab-
sorption for the well-deformed systems. This work is a preliminary attempt to bridge the gap between fusion and

scattering and to extract the deformation parameters in the whole energy range. The subsequent systematic analysis

needs to be further improved.
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I. INTRODUCTION

The nucleus-nucleus interaction potential is a funda-
mental physical quantity in the study of heavy-ion nucle-
ar reactions, mainly consisting of the repulsive Coulomb
potential and absorptive nuclear potential:
U(r) = Ve(r) + Vy(r) [1]. The nuclear potential is a crucial
component, serving as a construct to account for the
many-body interactions between the protons and neut-
rons in the two interacting nuclei that are not explicitly
included through channel couplings. Unlike the good cal-
culation for the Coulomb potential, the nuclear potential
is not well described till now.

The commonly used nuclear potential is the optical
model potential (OMP), written as Vy(r) = V(r)+iW(r),
consists of an attractive real part and an absorptive ima-
ginary part [2]. The real part and imaginary part optical
potential parameters have been generally extracted from
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the analysis of elastic scattering data [3, 4]. Because of
the strong absorption in heavy-ion reactions, the angular
distributions for elastic scattering are most sensitive to
the tail region of the potential. Therefore, the optical po-
tential extracted from fitting the elastic scattering angular
distribution is not unique, exhibiting Igo ambiguity [5]. In
order to avoid Igo ambiguity of the optical potential para-
meters, the real part optical potential can be well calcu-
lated using microscopic methods, such as the folding
model potential [6] or the proximity potential [7, 8], but
the imaginary part, such as obtained by complex G-mat-
rix [9], is often difficult to be satisfied. Therefore, the
imaginary part of the phenomenological optical potential
is generally used instead.

The optical potential can also be extracted from other
reaction channels, such as transfer [10, 11], fusion [12,
13, 14] and quasi-elastic scattering [15]. Extracting the
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optical potential parameters using the transfer channel
can make up for the shortcomings of the elastic scatter-
ing method that is not sensitive to the low energy region,
but for the systems with obvious coupling effects, the
shortcoming is calling for complex coupled reaction
channels (CRC) calculation [10]. For systems with obvi-
ous coupling effects, under the incoming wave boundary
condition (IWBC) approximation [16], the real part of the
optical potential can be extracted from the fusion data us-
ing barrier tunneling [12], but the imaginary part of the
nuclear potential is not introduced in this approximation.
It is essential to recognize that the analysis and conclu-
sions through fusion reaction could only be achieved fol-
lowing the measurement of precise experimental fusion
data [17], which is experimentally difficult.

Backward quasi-elastic scattering (QEL) has been
shown to be a valuable way to study the nuclear potential,
particularly since backward quasi-elastic scattering exper-
imental data are easier and more efficient to be measured
compared to fusion experiments [18]. QEL is defined as
the sum of elastic scattering, inelastic scattering, and nuc-
leon transfer process. Thus, backward quasi-elastic. scat-
tering and fusion are complementary to each other. In
general, a short-range imaginary potential with W =30
MeV, row = 1.0 fm, and ay = 0.4 fm was used to simu-
late the compound nucleus formation [19]. It was men-
tioned [20] that the calculated results were insensitive to
the parameters of the imaginary part of the potential as
long as it is strong enough and well localized inside the
Coulomb barrier. However, this choice for the paramet-
ers of imaginary part potential is somewhat arbitrary and
can not fit the data in the higher energy region. The fit to
the experimental data was not improved even if varying
the depth, the radius and the diffuseness parameters of the
real part potential as well as the deformation parameters
[20]. The discrepancy between the experimental data and
the theoretical calculation for the quasi-elastic excitation
function is due to the effect of nuclear distortion with de-
creasing distance for the two reactants.

To understand nuclear interaction potentials in the en-
ergy region around the Coulomb barrier for the systems
160 with heavy and well-deformed nuclei '52'3*Sm and
184186W, we propose a novel method that to extract the
nuclear potential from the high-precision excitation func-
tion of backward quasi-elastic scattering. In the previous
works, the real part potentials are well described, the
parameters may be constrained by requiring that the cal-
culations are consistent with fusion measurements and
quasielastic scattering [21, 22]. They may also be taken
from systematic parameterizations [7] of fits to elastic
scattering data. However, the description of imaginary
potential is insufficient. Therefore, we tried to extract the
imaginary part potential from backward quasi-elastic ex-
citation function in the case of fixed real part potential in

this work. The bare potential can be extracted in coupled-
channels (CC) calculation, and the effective potential can
be extracted in single-channel (SC) calculation. It should
be noted that the bare potential extracted here by using
CC calculation is an empirical bare potential. In practice,
it is not possible to include all conceivable couplings in
CC calculations. For the well-deformed nuclei, the coup-
ling of deformation is explicitly emphasized in CC calcu-
lation. Transfer channels might also play an important
role in backward quasi-elastic scattering [23]. Unfortu-
nately, including transfer channels in CC calculations is
quite challenging. Therefore, in this paper, we try to in-
corporate the strong absorption effect within the imagin-
ary potential by adjusting the parameters of the imagin-
ary potential.

The, organization of this paper is as follows. We
briefly explain the coupled-channels formalism for back-
ward quasi-elastic scattering in Section 2. The results of
CC and SC calculations are given in Section 3. We sum-
marize the paper in Section 4.

II. COUPLED-CHANNELS FORMALISM FOR
BACKWARD QUASI-ELASTIC SCATTERING

This section provides a brief description of coupled-
channels approach (CCFULL [24]) used in the present
study. The coupled-channel model CCFULL has been de-
tailed described in [19, 25].

The total Hamiltonian used in the coupled-channels
formalism by taking into account the intrinsic excitations
of the colliding nuclei is given

2

h
H= —ivz + V(1) + Ve(r) + Hexet + Veoup(t,€p,67), - (1)

where r represents the coordinate for the relative motion
between the target and the projectile nuclei, u is the re-
duced mass and &; and &p are the coordinate of the in-
trinsic motion in the target and the projectile nuclei, re-
spectively. V\ isthe bare nuclear potential. It is as-
sumed to have a Woods-Saxon shape and consists of the
real and imaginary parts,

V() = Vo(r) — iWo(r)
_ -Vo N —iw
" 1+expl(r—Ro)/al = 1+exp[(r—Ry)/aw]’

2

where Vj, Ry, and a are the depth, radius, and the diffuse-
ness parameters of real part potential; W, Ry, and ay are
the depth, radius, and the diffuseness parameters of ima-
ginary part potential, respectively. V(r) is the Coulomb
potential, given by [26],
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where Zp and Z; are the projectile and target charge num-
ber, Coulomb radius R = re(AY* +A}°%) with Ay and Ap
are the mass number of the target and projectile nuclei,
respectively. He describes the excitation spectra of the
target and projectile nuclei, whereas Vo, (r,&p,&r) is the
potential for the coupling between the relative motion and
the intrinsic excitations of the target and projectile nuclei.

In the iso-centrifugal approximation [24, 27, 28],
where the angular momentum of the relative motion in
each channel is replaced with the total angular mo-
mentum J, the coupled-channels equations derived from
the Hamiltonian (1) is obtained to be

B A2 JJ+ DR
“aadR T o POV —Ete, | u(n)
+ Z Vﬂmum(r) = O’ (4)

where ¢, is the eigenenergy for the nth channel. V,,(r)
are the matrix elements for the coupling potential Veoyp.
The intrinsic coordinates &, and &7 in the coupling
potential, Ve, is replaced with the dynamical operators
Op and O;. In this way, the coupling potential is given by

Veoup(r;Op, O1) = Ve (r,0p,00) + Viy(r,0p,01),  (5)

. A -V,
Vn(r,O0p,0r) = — =
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In order to avoid double counting, we have subtrac-
ted V() in Equation (6).
For deformed target nucleus,

Or = BoR1 Yoo +B4R1 Y4 (7

is used for rotational coupling, where the target radius
R = rTAlT/ 3, Yy is the spherical harmonics and 3,, B8, are
the quadrupole and hexadecapole deformation paramet-
ers of the target nucleus, respectively. These deformation
parameters quantify the deviation from spherical sym-
metry and are critical for describing rotational excita-
tions in well-deformed nuclei. The coupling matrix ele-
ment between the |n) =|I0) and |m) = |I’0) states of the
ground rotational band of the target is given by [25]

2
A 24+ DRI+ D)2 +1 I a1
Op 237 |/ BLEDCIE I ”ﬁ,lRT(O . 0>.

1=24
)

and O satisfies

Ola) = A,a). )

The nuclear coupling matrix elements are then evalu-
ated as

nm

= (nlaXa |m)V (r,2) =V (")opm.  (10)

VI =V (r,0p,0r) Im) = VY (1)S1m,

The last term in this equation is included to avoid the
double counting of the diagonal component.

For the Coulomb interaction of the deformed target,
the matrix elements are then given by

ra i ZPZT€2 ( r >/l
—_— }"<RT
000 ro \Ry
> (11)
ra i ZPZT€2 (IQT>/l
— r> Ry,
0 0 O r r

The total coupling matrix element is given by the sum
of V™ and V(<.

The coupled-channels equations, Equation (1), are
solved with the scattering boundary condition for u,(r)
[19]
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where S/ is the nuclear S-matrix. H”(k,r) and H'"(k,r)
are the incoming and the outgoing Coulomb wave func-
tions, respectively. The channel wave number &, is given

by \/2u(E -¢€,)/h* and k; = \/2uE/h*. The scattering an-

gular distribution for the channel # is then given by

do—n kn
o = 1 Or (14)
with
' _ 2J+1)
- (6) = iloj(E)+0 1 (E—€n)] (
£:(6) Z Vo

=2ir

X YJO(G) \/W(SZ - 6?1,71,-) + fC(H)én,n;’ (15)

here o,(E) and f-(0) are the the Coulomb phase shift and
the Coulomb scattering amplitude, respectively. The dif-
ferential quasi-elastic cross section is then calculated to
be

d O.QEL
dQ

do,
dQ

(16)

One will apply this formalism to perform the coupled-
channels analysis for the backward quasi-elastic scatter-
ing of all systems.

III. THEORETICAL CALCULATIONS AND ANA-
LYSIS

In this section, we present the results of our detailed
coupled-channels analysis for large angle quasi-elastic
scattering data of '°Q+1215#Sm, 134186W gystems. The
experiment was performed at the HI-13 tandem accelerat-
or of the China Institute of Atomic Energy. More details
can be found in [15].

Differential cross section for quasi-elastic events at
each beam energy was normalized with Rutherford scat-
tering cross section. The center-of-mass enerey (E..)
was corrected for centrifugal effects at each angle as fol-
lows [23]:

2w
~ (1+cosec(bm /2)’

(17)

Eeff

The quasi-elastic barrier distribution Dqg (Ee) from
the quasi-elastic function was determined using the rela-
tion [23]:

Dqer (Eefr) =

d {daQEL(Eeff)} , (18)

" dEeyr L dog(Een)

A point difference formula [29] is used to evaluate the
barrier distribution, with the energy step AE.s about 2
MeV.

A. Fitting data

The CC and SC calculations were preformed with a
modified version of the code CCFULL [24] for quasi-
elastic scattering with an energy-independent nuclear po-
tential of Woods-Saxon form. The analysis process in-
volves the following steps:

(1) Initialization of the input radius and coupling
parameters;

The, radius parameter for the projectile (rp) was used
to be 1.2 fm'in the coupled channels Hamiltonian. The
Coulomb and nuclear parts for both quadrupole and hexa-
decapole deformations of the target nuclei were kept at
same values. The used Coulomb radius parameter is roc =
1.1 fm, which has little influence on the cross section.
The coupling parameters of the target nuclei for all the re-
actions studied here are summarized in Table 1. For the
rotational target nuclei, the deformation parameters were
taken from [30] with rr = 1.16 fm. In the SC calcultions,
when N, =0, other parameters were consistent with
those used in the CC calculations.

Excitations in '®O are not explicitly taken into ac-
count in the calculations, as they simply renormalize the
potential due to the large excitation energies [25]. This
effect can be included in the potential and will not be
considered explicitly in the CC calculations.

(2) Initialization of the real potential parameters
(fixed via the Akyliz-Winther potential [7]);

For the real part potential used in the CC and SC cal-
culations, we use the proximity potential type Akyiiz-
Winther potential (labeled as AW95) [7], derived from a
least-squares fit to experimental elastic scattering data. It
was revealed [8] that the fusion cross sections are well
explained by AW9S5 potential at energies below as well as

Table 1. Coupling parameters used in the calculations. E,
denotes the energy of the first excited state (2*) of the ground-
state rotational band [31]. (8., B4) denotes the deformation
parameters [30] within the rotational models, respectively.
Niot 1 the number of rotational states considered in the
coupled-channels calculations.

Nucleus E, [MeV] B2 B Nrot
152gm 0.122 0.237 0.097 5
150§ 0.082 0.270 0.105 5
184y 0.111 0.232 -0.093 5
186\ 0.122 0.221 -0.095 5
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1 +exp(r 0 (19)
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with Vj = 167TRP’:r ;T ya, (20)
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[ ! } fm 21)
a= s
1.17(1 +0.53(A5" + A7)
NP_ZP)(NT_ZT):|
=70 |1—k, ( , 22
y=yo 1=k (M) (R (2)

where y, = 0.95 MeV/fm? and k,=1.8, and Ry =Rp+Ry.
Here radius R; has the form

R; = 1.20A!” —0.09 fm. (23)

For all the systems, the corresponding parameters of
real potential and uncoupled barrier parameters are listed
in Table 2.

(3) Iterative optimization of the imaginary potential
parameters W, ry, and ay through a y* minimization pro-
cedure, and thus the value of W, ry, and ay giving the
best fit to the data.

The parameter optimization was-implemented via the
popular Minuit minimization program [32], combined
with Differential Evolution (DE) algorithm [33] for glob-
al search in the hypersurface of the y? function. DE al-
gorithm was first employed to explore the parameter
space (W, ry and ay) across multiple CPU cores, gener-
ating initial guesses near the global minimum. This paral-
lelized approach reduced computational time compared to
traditional grid searches. Subsequently, the Minuit pro-
gram refined these parameters via gradient-based minim-
ization. This hybrid strategy effectively balanced explora-
tion and exploitation, mitigating the risk of local minim-
um traps.

For each combination of W, ry and ay, the value of

x? was calculated between the experimental QEL excita-
tion function and the theoretical calculations:

qgel

N
[O'i
XZ(W,"W,(IW) = Z

i=1

—oi(W, "W,Clw)]2
2

24

60’,‘

where §o; is the uncertainty of the data, and o(W, ry,aw)
represents the CCFULL calculation corresponding to a
particular combination of W, ry and ay. The y? function
(Equation (24)) was minimized to determine the best-fit
parameters.

L.

152154 Sm target nuclei

Samarium nuclei have long been a popular subject for
studying nuclear properties due to their permanent de-
formation [34, 35, 36]. The best fit results for the CC and
SC calculations of O +2154Sm system are shown in
Figure 1'(a) and (b), respectively. The specific values are
shown in Table 3. It shows a long-range peculiarity. It
can be seen that the results using imaginary part paramet-
ers in CC (solid line) and SC (dash-dot-dotted line) calcu-
lations well reproduced the experimental data with the
theoretical deformation parameters and the real part nuc-
lear potential. The result using the short range imaginary
part potential (dashed line) in [19] already deviates from
the experimental data at the energy region near the Cou-
lomb barrier, and the peak position of the barrier distribu-
tion is shifted towards high energy region.

2. 8BS igrget nuclei

Tungsten nuclei are of interest because they lie in the
region where the deformed rare-earth nuclei begin the
transition toward the spherical nuclei near 2%Pb.
152154Qm, 184186\ all have positive B,, but Sm isotopes
have positive 8, while W isotopes have negative B, for
the ground-state rotational band. The comparison
between the CC and SC results performed using the ima-
ginary part potentials obtained from the best fit and the
experimental data is presented in the Figure 2. Similar to
the Sm case, it can be seen that the CC (solid line) and
SC (dash-dot-dotted line) calculation results also repro-
duce well the experimental data for the theoretical de-
formation parameters and the real part nuclear potential.
The results obtained with the short-range imaginary part

Table 2. The real part potential parameters Vg, ro and a using AW95 [7] and corresponding uncoupled barrier parameters.

System Vo [MeV] ro [fm] a [fm] Vg [MeV] Rp [fm] hiw [MeV]
160+1529m 62.42 1.18 0.65 60.96 10.97 4.42
160+154S5m 62.53 1.18 0.65 60.79 11.01 4.40
164184y 63.99 1.18 0.66 70.55 11.33 4.59
1604186y 64.07 1.18 0.66 70.38 11.36 4.58
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E.& (MeV)

Fig. 1.

E; (MeV)

(color online) Comparison of the experimental data with the fit results using the CC and SC calculations of 160 +152154Sm

systems and the calculation using the short range imaginary part potential in [19]. The dashed line is the calculation using the potential
in [19], the solid and dash-dot-dotted lines are the calculations using the CC and SC fit result, respectively.

Table 3. Best imaginary parameters W, ry and ay extracted from the CC and SC calculations, together with x? per degree of free-
dom of the best fit.
System Method W[MeV] rw [fm] aw [fm] XV
160+1529m cC 5:927+0.707 1.495+0.005 0.147+0.011 2.37
SC 115.52+31.29 1.308 +£0.009 0.317£0.009 5.46
160+1545m cC 4.566+0.218 1.525+0.004 0.058+0.012 1.44
SC 91.84+21.49 1.325 +0.008 0.319+£0.008 4.17
1604184y cC 5.703+£0.343 1.508 +£0.004 0.011+0.001 0.87
SC 48.35+20.47 1.415+0.007 0.219+£0.007 3.10
16Q+186yy cC 6.107 £0.388 1.509 +0.004 0.064+£0.013 0.98
SC 60.44 +28.24 1.402+£0.010 0.236+0.008 4.47

potential (dashed line) in [19] have deviated from the ex-
perimental data in the energy region near the Coulomb
barrier, and the peak position of the barrier distribution
has shifted to the high-energy region.

The specific values are shown in Table 3. The fit res-
ultsfor both Sm and W are shallow long-range imaginary
part potentials. It can be seen that the contrary sign of 34
for Sm and W does not introduce obvious difference for
the imaginary potential.

B. Parameters results and errors

The imaginary part parameters W, ry and ay ob-
tained from the best fits, with and without couplings are
summarized in Table 3. The uncertainties in imaginary

part potential parameter were calculated according to the
following procedure [37]. Using the x? minimum value
(x%;,) corresponding to the best fit value of the imagin-
ary part parameters, the quantity

Pv=x%,/v+UP (25)

was calculated, where UP =3.53 for three-parameters fit
[37], v denotes the number of degrees of freedom. In the
cases where y?/v exceeded 1.5, the uncertainties on W,
rw and ay were multiplied by /x2../v [14].

It can be seen from Table 3 that SC fits to the quasi-
elastic scattering data give large imaginary part potential
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depth errors up to 30 MeV, while coupled channels ana-
lyses lead to values for ¥ in the narrower range of the er-
rors less than 1 MeV. Taking '°*O+52Sm as an example,
the variation of the SC calculation results with varied W
within its error are shown in the Figure 3/'by the shadow
grey area, with the fixed imaginary part potential para-
meters ry and ay. It can be seen that the SC calculation
result is not sensitive to the depth of the imaginary part
potential.

Comparison of the fitted potentials and the potential
used in [19] for '*O+!8W is shown in Figure 4. Accord-
ing to Figure 4, the imaginary part potentials obtained by
both SC and CC fit are longer-range than that used in
[19]. The imaginary potential of CC extracted in the
present work is different from that of SC. The imaginary
potential extracted by CC is shallower and longer-range,
and the coupling channel effect shows absorption, which
corresponds to the enhancement of fusion cross sections
below the barrier [21].

Love et al [39] proposed that the strong couplinge ef-
fect could also be explained in terms of a long-range pre-
fominantly imaginary dynamic polarisation potential
(DPP) induced by the Coulomb coupling which, when
added to a conventional optical model potential, provided
a good description of 8O+ W elastic scattering experi-
mental angular distribution data at 90 MeV. For de-
formed nuclei, the long-range DPPs arise from the effect
of the long-range Coulomb excitation of a rotational
band, which is performed by a strongly depleted elastic
scattering cross section [40, 35]. This also corresponds to
the long-range imaginary part potential obtained in this

(color online) The same as Figure

E.& (MeV)

1 but for 10OQ+184186W reactions.

]()O+ISZSI.H

v Expt.
02 b — We=115.52, r,=1.308, a,=0.317 i
We=115.52431.29, r,=1.308, a,=0.317
OO 1 " 1 " 1 L | L 1
48 52 56 60 64
E  (MeV)
Fig. 3. (color online) Comparison of the experimental data

and SC calculation for *O+32Sm. The solid line and shadow
gray area are the SC calculations using the best fit result of 17,
and its confidence level (10).

work.

Since deformation is emphasized during fitting, a crit-
ical advantage of the extracted long-range imaginary po-
tential lies in its ability to provide the possibility to ex-
tract deformation parameters across the whole energy
range (sub- to above-barrier regions). The traditional
short-range imaginary potential [19] is limited to the low
energy region, where the Coulomb interaction is stronger
and more sensitive to Coulomb deformation. In the previ-
ous work [22], the Coulomb deformation is usually
treated as the same as the nuclear deformation, but in fact
the Coulomb deformation is slightly larger than the nuc-
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Fig. 4. (color online) Comparison of our fitted potentials and
the potential used in [19] for 'O+18W. The dashed line is the
potential used in [19], the solid and dash-dot-dotted lines are
the fitted potential using the CC and SC fit result, respect-
ively.

lear deformation. Reproducing the backangle quasi-elast-
ic excitation function over the whole energy region by the
long-range imaginary part potential will help to extract
the deformation parameters over the whole energy region,
and can more realistically reflect the deformation of the
nuclear material distribution. The systematic analysis of
more deformed systems to obtain an appropriate imagin-

ary part potential still needs to be completed, and the
present work is only a preliminary attempt. It may
provide a method to extract the deformation parameters
for heavier systems that through the appropriate choice of
imaginary potential.

IV. SUMMARY AND CONCLUSIONS

The imaginary part potential parameters were extrac-
ted from the quasi-elastic scattering of O +12154Sm,
184186 W using CC and SC calculations. It was found that
the long range imaginary potential for the systems with
well-deformed nuclei is needed for describing the experi-
mental quasi-elastic scattering excitation function data in
near-barrier energy region using CC calculations. Com-
pared to the short-range imaginary part potential used in
[19] for the sub-barrier data, the present results show that
a long-range imaginary part potential is needed for back-
ward quasi-elastic scattering at a wide energy region cov-
ering the Coulomb barrier. Considering the deformation
effect, the long-range imaginary part potential obtained
here reflects the strong absorption effect of the large de-
formation systems. In previous works, only a few effort
[41, 42, 43, 44] have been made to reproduce simultan-
eously elastic scattering and fusion experimental data us-
ing the same potential. This finding is helpful to bridge
the gap between fusion and scattering descriptions for
well-deformed systems. Further systematic and more de-
tailed studies with different projectile-target combina-
tions from light to heavy systems are needed.
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