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Abstract

Precise elastic and inelastic differential cross sections have been
measured for the 180 4 3857 90927 92Mo systems at sub-barrier en-
ergies. Irom a coupled channel data analysis, the corresponding “ex-
perimental” bare potentials have been determined. The comparison
of these potentials with those derived from double-folding theoretical
calculations and the high energy (96 MeV /nucleon) elastic scattering
data analysis indicate that the method is a very sensitive probe of the
ground-state nuclear densities in the surface region.

NUCLEAR REACTIONS: 38:(180,160)838r, 90927, (10,150}
90.927r, 92Mo(180,'%0)??Mo, measured elastic and inelastic (21) cross
sections at 43 < Erap < 49 MeV. Deduced optical potentials. Shell
model and double-folding calculations.



I. Introduction

In this work, we present precise elastic and inelastic (2f) differential
cross sections for the %0 + #8Sr,%0927r 92Mo systems at sub-barrier ener-
gies, 43 < Ep,sp <. 49 MeV. The main purpose of the experiment was
to determine the bare ion-ion potentials for these systems through coupled
channel (CC) elastic and inelastic data analyses. Recently, this method has
been successfully applied in a study of the 180 + 58:606284Nj gystems [1, 2].
As discussed in these previous works, it was possible to study the isotopic
dependence of the ion-ion potential for the proton closed shell nuclei (Z=28),
because the coupled channel data analyses at sub-barrier energies are very
reliable due to the small number of open reaction channels. In the present
work, we investigate the isotonic {Z) dependence of the potential for the neu-
tron closed shell targets (N=50) %8Sr, ®Zr and **Mo, and the influence on
the potential due to the two extra neutrons in the ®*Zr nucleus.

In the data analysis, the best fits have been achieved with reasonable
Coulomb and nuclear phonon amplitudes, and the slopes and strengths of
the ion-ion potentials have been determined within 5% accuracy. Through
the comparison of the “experimental” (i.e. extracted from data analyses)
potentials with those derived from M3Y double-folding calculations, it was
possible to probe the ground-state nuclear densities in the surface region
(p ~ 0.01 fm™>). The consistency of these studies has been tested, for the
160 + *°7; system, through the comparison of the sub-barrier elastic data
analysis with that at much higher energy (Erap = 1503 MeV'), in which
an inner region of the nuclear density is probed. In the optical model high
energy data analysis, the non-local exchange effects were taken into account.

The paper is organized as follows: section 2 gives the experimental details
and results. The CC data analysis is presented in section 3. In section 4,
we study the influence on the potentials due to the increasing number of
protons in the 60 + #Sr,%7r *2Mo systems, and also the influence of the
two extra neutrons in the %0 4 %?Zr system. In section 5, we discuss the
role played by the reaction channels with negligible cross sections in the
polarization potential. In section 6, the sensitivity of our method as a probe
of the nuclear densities is discussed. Section 7 contains a brief summary and
the main conclusions. -



II. Experimental Details and Results

The measurements were made using the *0 beam from the Sdo Paulo
8UD Pelletron Accelerator. The detecting system has been already described
in ref. [1]; it consisted of a set of nine surface barrier detectors spaced 5°
apart. The thickness of the carbon (10 ug/cm?) backed ®8Sr, %°Zr,%?Zr,**Mo
targets were about 40 pg/cm?, with a layer of gold (50 ug/cm?) for the
purpose of data normalization. We have estimated the Coulomb barrier for
the 80 4 58Sr, 90927; ®2Mo systems as V& «~ 51, 53, 53 and 55 MeV,
respectively. Data were taken in the bombarding energy range 43 < Epap <
49 MeV, which corresponds to 5 to 8 MeV below the Coulomb barrier for
these systems. Due to the high precision required for the expenimental data,
the following procedures were taken into account in the data aquisition and
reduction: 1) the use of two monitor detectors (frap = £35°) to be sure
that no target deterioration occurred during bombardment; ii) high energy
resolution to allow (see Fig. 1) a complete separation among the elastic,
inelastic (2]) and also the contaminant associated peaks; iii) corrections in
the counting rate related to the elastic and inelastic processes due to the
small background near those peaks.

Figs. 2 to 7 exhibit the elastic and inelastic (target - 21) differential cross
sections for the 160 + #8Sr 20927 92Mo systems. Due to the very small counts
in the peaks related to the inelastic process, the corresponding cross sections
are somewhat “contaminated” due to the background subtraction, and it was
not possible to obtain inelastic cross sections for the 0 + 8881927 systems.
No evidence was found in the energy spectra for population of other excited
target or projectile states with cross sections near those for the 2f state.
The integrated inelastic cross sections vary between 5 to 50 mb in the energy
range investigated. These values are one or two orders of magnitude larger
than those associated to other reaction channels, such as the sub-barrier few
nucleon transfer {3] and fusion [4] processes.

I1I. Data Analysis

In the coupled channel calculations, we have adopted a procedure similar
to that described in the analysis of the sub-barrier elastic and inelastic data
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for the 18Q 4 58:8%62.84N] gystems {1, 2]. The target nuclei have been assumed
spherically symmetric but susceptible to vibrations around their spherical
shapes [5]. For these nuclei, we have considered the contribution of the 27
state. We have used phonon amplitudes according to Refs. [6, 7, 8]. The
value r. = 1.06 fm, obtained from electron scattering experiments [9], have
been assumed for the Coulomb radius. For the real nuclear potential we
have assumed a Woods-Saxon shape with a radius parameter equal to the
Coulomb radius (rg = r, = 1.06 fm). We have used in the CC calculations an
inner imaginary potential {1, 2], which takes into account the small internal
absorption from barrier penetration. No sensitivity in the CC cross section
predictions has been detected related to strength variations of this absorptive
potential. The depth, Vo, and the diffuseness, @, of the real nuclear potential
were searched for the best data fits. In a similar way as reported for the
16() 4 58:6062.64N;] systems [1, 2], for each system and bombarding energy we
have found a family of real potentials, with different diffuseness parameters,
which give equivalent data fits, as illustrated in Fig. 8 for the 0 + %Zr
system at the energies of 46 and 48 MeV . These potentials cross (see Fig. 8}
at a particular radius, Rg, which is usually referred as the strong absorption
radius in the case of higher energy elastic scattering data analysis. At sub-
barrier energies, this radius is related to the classical turning point, and is
energy dependent. Due to the small absorption involved in this case, in this
work we refer to Rg as the sensitivity radius.

'We have used the energy dependence of Rg (see Fig. 9) to characterize the
shape of the real nuclear potential in the surface region. The uncertainties
of the nuclear potential strengths at the sensitivity radius were obtained
as already discussed in Refs. [1, 2]. The shape of the nuclear potential is
quite close to an exponential, represented by solid lines in Fig. 9. Table 1
gives the diffuseness values obtained for the 160 - %851 %0927 2Mo systems.
Within the uncertainties, the diffuseness parameters are compatible with
the average value @ = 0.64 £ 0.02 fm. This diffuseness value is in good
agreement with theoretical double-folding calculations, as will be discussed in
the next section. Using the value a = 0.64 fm for the 1°0 + #Sr,°%9?Zr Mo
systems, we were able to fit all the angular distributions (see Figs. 2 to 7)
with an energy-independent bare potential for each system. Table 1 gives
the CC potential strengths for all the systems investigated in this work at
the interaction radius B = 11 fm, which is near the center of the sensitivity
region.



IV. Double-Folding Calculations

In this section, we present the theoretical calculations with the aim of
evaluating the nuclear lon-ion potential by using the double-folding method
[10] with shell model densities. In such analyses, we have used the well known
nucleon-nucleon M3Y interaction in its standard form [10].

e—-4r —2.5r

— 2134
4r 2.9r

vo(r) = | 7999 + 262 6(F) MeV (1)

In our calculations, the ground-state density of the 0 nucleus was de-
rived from electron scattering experimental results [9], with the assumption
that the neutron (p,) and proton (p,) densities have the sameshape as the
charge density (p.). The total nuclear density is expressed by:

ol

p(r) = pu(r) + py(r) = po [1 + (32] ), )

where v = 1.544, ¢ = 1.833 fm (charge density parameters of Ref. [9]), and
po = 0.1407 to satisfy the normalization condition:

/OO drp(r)rtdr = N + Z = A. (3)
0

For the target nuclei we have used densities from shell model calculations,
assuming, for the ®8Sr,%Zr and 92Mo nuclei, the N = 50 neutron closed shell
and the (2pasa, 1frs2, 2p1/2, 1gos2)?7 %8 proton orbital configuration. For the
927r nucleus, we have considered the (1frja, 1fs/2, 2pas2)® (2p1/2, 1gaje)?
proton and the (1go/2)' (1g7/2, 2ds/2, 2dasa, 3s1/2)? neutron orbital config-
urations. The shell model calculations predict level schemes for these nuclei
which are in reasonable agreement with those derived from experiments up
to excitation energies of about 3 MeV (see Fig. 10).

Fig. 11 presents the proton (dashed lines) and neutron (solid lines) den-
sities for the ®8r,°°927r and *Mo nuclei. For these nuclei, the number of
protons is significantly smaller than the number of neutrons, thus the pro-
ton densities are somewhat more internal as compared to the corresponding



neutron ones. We have calculated the folding potential contributions of the
proton and neutron target densities according to the following expressions:

VlR) = [ g (7)o

p

R — 7 +73|) pplr3) di dr, (4)

() = [ v (7)o

R — 7} +73|) pu(s3) dr} dr, (5)

Ve(R) = Vy(R) + Va(B) = [ po (7i)oul

B =i +73)) pr(3) dr di3,  (6)

where p, is the total 10 density; p,, p» and pr are the proton, neutron and
total target densities, respectively; and V,, V, and Vr are the correspond-
ing proton, neutron and total folding potentials. These folding potentials
are shown in Fig. 12. As expected, due to the neutron and proton den-
- sity features (see Fig. 11), the neutron potential contribution in the surface
interaction region is significantly more important in comparison to the cor-
responding proton one.

Since the neutron densities for the (N = 50 closed shell) #¥Sr, *97r and
Mo nuclei are quite similar in the surface density region (see Fig. 13),
“the corresponding ®0 + #8r,%°7r,**Mo systems present, as expected, sim-
ilar double-folding potentials for large interaction distances (see Fig. 14
bottom). The neutron density for the two extra neutron **Zr nucleus, as
indicated in Fig. 13, is shifted by about 0.1 fm in the surface region in
relation to the other target nuclei. Since this value is of the same order
of magnitude of the potential diffuseness (a ~ 0.6 fm), the double-folding
theoretical calculations predict for the 0 4 %27Zr system a bare potential
which is about 20% greater in the surface region as compared to those for
the '°0 + 85r,%9%r,%?Mo systems (see Fig. 14). We point out that the
180 + 271, Mo systems present different surface folding potentials in spite
of the same nucleon number in the target and projectile. The comparison of
the potentials extracted from CC data analyses {Fig. 14 top) and those from
double-folding calculations (Fig. 14 bottom) indicates clearly that all our
expectations about the isotopic and isotonic dependence of these potentials
are reasonably met. A similar result was obtained for the isotopic depen-
dence of the nuclear potential for the 180 4 53606264Nj gystems, as reported
earlier [2]. Nevertheless, the strengths of the “experimental” potentials are



about 40% greater than the folding predictions (see Table 1). Again a similar
result was found for the 160 4 58606264Nj gystems. Possible sources of such
discrepancy will be discussed in the next sections. -

Table 1 gives the “diffuseness parameters” (a) obtained from the slopes
of the folding potentials, calculated in the surface region by Eq. (7). The
folding diffuseness values are similar for all systems and close to the average
“experimental” one (0.64 fm). A similar result has been obtained for the
180 4 58.60.6264N1 gystems, and an average value of 0.59 fm has been found
(1, 2]. These results indicate that the heavy-ion system potentials have a
“universal” shape in the surface region rather independent of the “size of the
system”. As we will discuss in section 6, the features of the folding potential
in the surface interaction region are dependent on the nuclear densities in
the nucleus surface region. Since the electron scattering experjments [9] have
shown that the heavy nuclei have similar charge diffuseness values, one should
expect the potential diffuseness to be similar for different heavy-ion systems.

(7)

& =

dV/dR

V(R) |

V. Contributions to the Polarization Potential

As discussed in the previous section, a difference of about 40% between
the folding potential strengths in the surface interaction region and the cor-
responding “experimental” values from CC data analysis was found for the

16() .+ 88Gy 90,927, 92Mo systems (present work), and also for the ‘60 - 58:60828INj

systems {Refs. [1, 2]). We have performed the following studies in order to
explain this discrepancy: i) in this section, we intend to investigate how much
of such difference is connected to contributions to the polarization potential
arising from couplings of reaction channels with negligible cross sections,
which were not included in our CC calculations at low energies; ii) in the
next section, we will discuss the effects on the folding potential associated
with different models assumed for the nuclear matter densities.

Referring back to the *Q 4 Ni studies, an extensive and rather com-




plete coupled channel calculation, that included both inelastic excitation and
transfer processes, was performed by Keeley et al. [11] for the 0 + 5362Nj
systems, and an “average” polarization potential was extracted through the
solution of the coupled equations. Table 2 contains some results extracted
from that work for the *0Q 4+ %8Ni system at Ecp = 28 MeV, since this
energy is in the energy range in which we have extracted the “experimental”
nuclear potential for that system [2]. We point out the following features of
the CC calculations: i) the contribution of the coupling for the O 3~ state
(which has a large phonon amplitude) is about 50% of the full polarization
potential (which corresponds to all coupled channels); ii) the polarization
potential due to this 3~ state is about 8% of the folding potential indepen-
dent of the interaction distance considered. These results indicate that the
polarization potential should not change significantly the shape (diffuseness)
of the total (folding + polarization) potential in comparison to the folding
potential. Another important point is that the strength of the full polariza-
tion potential is only about 17% in comparison to the folding potential. This
result indicates that the polarization potential should be responsible for less
than half of the observed discrepancy (40%) between the “experimental” and
the folding potential strengths found in our previous work [2]. In principle,
as discussed by Keeley et al. [11], the source of that discrepancy could be
other possible couplings such as that for the '®0 37 state. Nevertheless, re-
cent comparison [12] between the predicted fusion cross sections of this full
CC analysis and precise fusion data for the %0 + *%Ni systems indicate
that such CC calculations overpredict the data at energies below the fusion
barrier (see Fig. 3 of Ref. [12]). The inclusion of other reaction channels in
the CC calculations certainly would worsen the fusion cross section predic-
tions. Thus, we believe that the strengths of the couplings are not so strong
as considered in such calculations and the polarization potential strength
should be even less significant in comparison to the bare potential.

We have also performed coupled channel calculations for the *0 + %°Zr
system including the 10 37 and %°7Zr 37 states, besides that for the ®°Zr 27
state. For the nuclear potential, we have adopted the “experimental” CC
potential according to Table 1. Fig. 15 shows the predicted elastic cross
sections for Erap = 48 MeV, considering: no couplings (solid line}, only the
907y 2F coupling (also solid line because the difference is negligible}, both
couplings %°Zr 2F + 9% 37 states (dashed line) and *°Zr 2F + '°0 37 states
(dotted line). The couplings do not have much effect on the elastic scattering
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cross sections. In order to fit the data considering the coupling for the *°0O 37
state, it is necessary to reduce the “experimental” potential strength by about
7% and the diffuseness parameter persists changeless. These results are very
similar to those found for the 0 + Ni systems. Therefore, we consider that
also for the systems studied in the present work, 60 + #885r,%0927r 92Mo, the
polarization potential is far from being capable of accounting for the detected
difference between the folding and the “experimental” potential strengths.

VI. The Missing Potential Strength: Probing
the Nuclear Density

~ As discussed in the previous sections, the ion-ion potentials extracted
from low energy CC data analyses are about 40% greater th%n the theo-
retical double-folding predictions for the 16Q 4 5860.62,64Nj 88Gy 90,927, 920\
systems, and the polarization potential that arises from couplings to reac-
tion channels with negligible cross sections can only account for part of this
difference. We have investigated if the source of such discrepancy is related
to the models adopted to describe the ground-state nuclear densities. Since
this discrepancy is approximately target independent, we have investigated
the projectile density. We have studied which region of the ®Q density
contributes significantly to the nuclear potential in the surface region. In
order to perform such a study, we have taken the *°Zr as the target nu-
cleus and we have included a spline with gaussian shape, according to Eq.
(8), on the nuclear density of the ®0 nucleus. We have characterized the
sensitivity region of the density by varying the position of the perturba-

tion (£,), and calculating the percentage difference (100 x VA—VM) in the
unperturbe

strength of the folding potential at the interaction distance B = 11 fm
(AV = Vierturbed — Vinpertursed). The results of such calculations are shown
in Fig. 16. The low energy sensitivity region (LESR) for the O density lies
at radius around 4 fm, a value about 1.3 fm greater the root-mean-square
(RMS) radius of the '®O charge distribution [9]. Double-folding calculations
show that an increase of about 30% in the 60 density in this surface region
(roughly 3 < r <5 fm) could explain the theoretical-experimental potential
strength discrepancy previously discussed. We point out that nuclear density
calculations for the '°0 nucleus based on different models give similar density
values in the region near the RMS radius, and predict quite different results

o0



in the surface region, which differ from each other by about 30% (see Fig.
17). On the other hand, we have not observed such behavior for the targets
studied in this work, as illustrated in Fig. 18.

pperturb.ed(r) = Punperturbed(r)

1+ 0.13'(%&) } (8)

The low energy data analysis for the 10 + %88r,90%27 92Mo systems have
shown that the elastic scattering cross sections are sensitive to an interaction
distance region around 11 fm, which corresponds to a region of sensitivity
for the nuclear densities about 1.5 fm larger than the RMS radius. For much
higher energies, inner distances are probed by elastic scattering cross section
data analysis. Such measurements have been performed for the *0 + *°Zr
system at Epsp = 1503 MeV [15]. In this case, the elastic scattering cross
sections are sensitive to the nuclear potential in an interaction distance re-
gion around 8 fm [15], and our analysis indicate that the corresponding
density sensitivity region is near the RMS radius. At such high energies and
such internal interaction distance region, as discussed in Refs. [16, 17], the
polarization potential from reaction channel couplings (Feshbach nonlocal-
ity) contributes mainly to the imaginary part of the optical potential, while
the effects of nucleon exchange (Pauli nonlocality) are important to the real
part of the nuclear interaction. Recently, a model [16]-[18] that takes into
account the Pauli non-local nature of the nuclear interaction was developed
with the aim to describe the nucleus-nucleus collision at low and high ener-
gies. The model is based on the Perey and Buck prescription [19], with the
non-local parameter range (b) given by the Jackson and Johnson theoretical
prediction [20], b = b2 (by = 0.85 fm, po is the nucleon mass and u is the
reduced mass of the system). In the model, the parameter free non-local real
nucleus-nucleus interaction is expressed by

- ‘ _( A=\
V(R,R')zvfo;dmg<R+R ) ! (”) (9)

C
2 ) w !

and the corresponding energy-dependent local equivalent potential i1s ex-
pressed approximately by



1— \/ 1~ 44 Violding ( R)e 1B~ Vo]

VLE(R, E) o~ 27

; (10)

where 7 = ub?/24%.

For an interaction radius near the barrier radius and energies close to the
Coulomb barrier, the local equivalent potential is quite close to the folding
one, Vig(R ~ Rg, E ~ Vg) ~ Visding( R), and the effect of the nonlocality
is negligible. Fig. 19 shows the folding potential (dashed line) and the local
equivalent potential at Frap = 1503 MeV (solid line) for the 60 + *°Zr
system. In Fig. 20, the elastic cross section data [15] for the same system
and energy are shown. Also the corresponding optical model predictions,
either considering the folding potential (dashed line) or the local equivalent
potential (solid line), are shown in the same figure. In the dwta fit proce-
dure, as reported in Ref. [17], only the Woods-Saxon imaginary potential
parameters were allowed to vary. The elastic scattering cross section predic-
tions are quite similar considering any density model of Fig. 17 for the %0
nucleus. The parameter free local equivalent real potential provides a good
data prediction (see Fig. 20) without any normalization of the folding po-
tential included in Eq. (10). This result should be compared to the required
normalization of 40% in elastic scattering data fits at sub-barrier energies.
We again point out that the density sensitivity regions probed at low and

high energies are rather different. We stress that different models usually

give similar density results in the region close to the RMS radius, and very
different density values in the surface region (LESR). Therefore, the low en-
ergy elastic scattering data provide a test for different density models which
give similar high energy data fits.

VII. Summary and Conclusions

In summary, we have performed coupled channel analysis of elastic and
inelastic angular distributions for the 180 + %¥8r %027 **Mo systems at the
sub-barrier energies 43 < Epap < 49 MeV. The data are well reproduced
with energy-independent nuclear bare potentials, which are real and have an
exponential shape in the surface region. These CC potentials have the same
diffuseness parameter, @ = 0.64 fm, defined within an accuracy of 5% for all
systems. The slope of the resulting CC potentials is well reproduced by the
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M3Y double-folding calculations using shell model densities for the targets.
The isotonic and isotopic dependence of the CC potentials are also reasonably
described by the double-folding potential. Very similar results had already
been obtained for the 10 + 58:80:6264Nj gystems. All these results are closely
related to the nuclear density features of the collision partners.
Nevertheless, for both sets of systems the strengths of the sub-barrier CC
bare potentials are about 40% greater than the corresponding values from
M3Y folding potential calculations. Based on a previous extensive and rather
complete coupled channel analysis for the 10 4 °#52Ni systems, we have con-
cluded that the contributions to the polarization potential associated to other

‘reaction channel couplings only account for part of such discrepancy. Our

studies indicate that the discrepancy is connected mainly to the 0 nuclear
density model adopted in the folding calculations. The predictions of the low
energy elastic scattering cross section are very sensitive to the nuclear matter
densities in the surface region. In the high energy case, in which the effects
on the nuclear interaction due to the non-local nucleon exchange are very
important, the sensitivity region for the densities is somewhat more internal

than the corresponding region for the sub-barrier case. Thus, a consistent

low and high energy elastic scattering data analysis has been demonstrated
to be a powerful tool to probe ground-state nuclear densities.
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FIGURE CAPTIONS

Figure 1. Energy spectrum for the %0 + 92Mo system at Epqp = 49 MeV
and frq = 160°. The molybdenum isotopes **Mo, **Mo, %Mo, *"Mo and
100Mo are the main contaminants in the ®*Mo target.

Figure 2. Elastic scattering angular distributions for the 80 + ®8r sys-
tem at the bombarding energies Er.; = 43, 44 and 45 MeV. The solid lines

~ correspond to coupled channel calculations (see details in the text).

Figure 3. The same as in Fig. 2, for the %0 + *°Zr system at Epa =
46, 47 and 48 MeV.

Figure 4. The same as in Fig. 2, for the 0 + **Zr system at Ep. =
45, 46, 47 and 48 MeV. A

Figure 5. The same as in Fig. 2, for the 180) + Mo system at Erqp =
48, 48.5 and 49 MeV.

Figure 6. The inelastic (2] target state) angular distributions for the
180) + 97; gystem at Frq = 46, 47 and 48 MeV. The solid lines in the
figure correspond to coupled channel calculations (see text for details).

Figure 7. The same as in Fig. 6, for the 0 + “*Mo system at Er.p =
48, 48.5 and 49 MeV. :

Figure 8. Determination of the nuclear real bare potential at the sensi-
tivity radius (Rs) for the *0 + ®Zr, as obtained from CC analysis of the
experimental data (Er, = 46 and 48 MeV) considering different values of
diffuseness and potential depth parameters.

Figure 9. The nuclear real bare potential as a function of the sensi-
tivity radius for the %0 4 388r %927y and %*Mo systems. The solid lines
in the figure represent the CC potentials with the same diffuseness value
(@ = 0.64 fm) for all the systems.

Figure 10. Energy level scheme predictions from shell model calculations
for the 85S¢ 29927 and *2Mo nuclei. For comparison purpose, the correspond-
ing experimental schemes were included in the figure.

Figure 11. The ground-state proton (dashed lines) and neutron (solid
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lines) densities derived from shell model calculations for the #Sr, ®Zr, %*7r
and ¥?Mo nuclei.

Figure 12. Proton (dashed line}, neutron (solid line), and total (dotted
line) double-folding potentials for the *¥Q + 3831 %0927r and Mo systems,
using shell model dexsities for the target nuclei and charge distribution shape
density (Eq. 2) for the projectile (see text for details).

'Figure 13. Comparison between ground-state proton (a) and neutron (b)
densities in the surface region, for the ®Sr, %Zr, ®2Zr and *?Mo nuclei.

Figure 14. Comparison between the bare potentials from CC data analy-
ses (top) and double-folding calculations (bottom), for the 0 + %851 90927¢
and Y*Mo systems (see text for details).

Figure 15. Comparison between the experimental elastic scattering an-
gular distribution for the '*0 + *°Zr system (Erq, = 48 MeV) and different
CC calculations which include: a) no reaction channel (solid line), b) only
the 0Zr 27 state (also solid line), c) the 2f and 37 states of the **Zr nucleus
(dashed line), and d) the 27 and 37 states of the ®®Zr and %0 nuclei, respec-
tively (dotted line).

Figure 16. a) The charge distribution shape nuclear density for the 0
nucleus (Eq. 2), indicating the “low energy sensitivity region (LESR)” in the
determination of the bare potential through sub-barrier elastic data analysis.
b) The percentage difference (100 x m—2Y—) in the strength of the folding

Vunperturbed

potential at B = 11 frn for the °0 + *°%Zr system (see text for details).

Figure 17. Different 'O nuclear density predictions considering: a) the
charge distribution shape of Eq. 2 (solid line}, b) shell model calculations
from Ref. [14] (dashed line), and c) Hartree-Fock calculations from Ref. [21]
(dotted line). In the figure are indicated the root-mean-square radius (RMS),
and the “low energy sensitivity region” in the determination of the CC po-
tential (LESR).

Figure 18. Comparison between proton and neutron densities for the *°Zr
nucleus considering shell model (this work) and Hartree-Fock (Ref. [21]) cal-
culations. In the figure are indicated the root-mean-square radius (RMS) and
the “low energy sensitivity region” in the determination of the CC potential
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(LESR).

Figure 19. The local equivalent potential (solid line) for the %0 + *°Zr
system at the bombarding energy Er.; = 1503 MeV. The dashed line rep-
resents the corresponding double-folding potential (Eq. 1).

Figure 20. Optical model elastic scattering data fits for the *0 + *°Zr
systemn at the bombarding energy Er,, = 1503 MeV, considering for the
nuclear interaction: a) the double-folding potential (dashed line), and b) the
local equivalent potential (solid line). In the data fits only the Woods-Saxon
imaginary potential parameters were allowed to vary.
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TABLES

Table 1: The diffuseness values from CC (a) and double-folding () cal-
culations, and also the strengths of the CC (Ve¢) and double-folding (Vo)
potentials at the interaction distance R = 11 fm.

nucleus | a{fm) | a(fm) | Voo (MeV) | Viga (MeVY | Voo Vieu
®Sr [0.71+£0.05] 0.584 | 0.90 +£0.03 0.628 1.43 £0.05
*7r | 0.634£0.03] 0.586 | 0.97 + 0.02 0.675 1.44 £0.03
P7r 10.61£0.05]| 0.607 | 1.20 £0.04 0.787 1.52 £0.05
Mo |0.63+0.06 | 0.587 | 0.98%0.02 0.716 1.37 £ 0.03

Table 2: Double-folding potential (Vi) and polarization potential con-
tribution corresponding to the coupling for the '°0 37 state only (V2]) and
also to all reaction channels included in the CC calculations (Vf ﬂ”) for the
180 + 38Ni system at Ecp = 28 MeV. These values were extracted from

Refs. [15, 2] at three different surface interaction radii.

R (fm) | V3] (MeV) v?;;;*“ (MeV) | Vi (MeV)
10.0 0.08 0.16 0.91
10.5 0.03 — 0.37
11.0 0.006 —— 0.064
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