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Abstract Motivated by the strong synergy between struc-
ture and nuclear reactions we have performed a phenomeno-
logical analysis using available elastic scattering data for
collisions of tightly-bound ('Be, 1°B, 1°C, !B, 12C, 160),
weakly-bound (6Li, TLi, 8L, 9Be), and exotic (6He, 8B and
"1Be) nuclei on *®Ni and ®Zn targets at energies close to
the Coulomb barrier. After a proper reduction, the cluster
configuration and dynamics effects in the total reaction cross
section are discussed. Also, an approach based on the inter-
action distances is used to investigate static and dynamic
effects in the elastic scattering of light nuclei. A correlation
between the critical interaction distance and binding energy
for a given configuration is observed.

1 Introduction

Elastic scattering is the simplest process which can occur in
collisions of two nuclei. It involves few degrees of freedom
and the cross sections at energies close to the Coulomb bar-
rier are quite large. Over the years, several experiments on
elastic scattering have been performed. Compilation of the
several data set related to these experiments can be found,
for instance, in the EXFOR database [1] and NRV project
[2,3]. The results of the analysis of these experiments have
improved our understanding on the interaction mechanism
between heavy nuclei and their structures. Prof. Hussein had
an important involvement in this endeavor and his strong
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interest in the scattering and reaction theories led him to the
development of the formal complex potential scattering the-
ory [4,5]. Besides these two works, Hussein has an extensive
number of other publications related to the development of
the theory of elastic scattering [6-9]. In nowadays, elastic
scattering experiments are still being used to probe the sur-
face structure of nuclei. In particular, with the possibility of
using radioactive ion projectiles, their static (cluster configu-
ration and deformations) and dynamics (coupling channels)
effects can be investigated [10]. The last contribution of Hus-
sein in the field was a review paper recently published on the
total reaction cross section [11] and a previous review in Ref.
[12].

The investigation of the interplay between structure and
nuclear reactions is still very alive due to the strong syn-
ergy between the configuration and dynamics of the process
involved in reactions induced by exotic and weakly bound
(stable and radioactive) nuclei. The weak binding energy of
the valence or cluster particle for some of these nuclei makes
them easy to break during the interaction with a target, favor-
ing couplings to the continuum [13, 14]. Microscopic theory,
where the projectile is described by cluster model, has been
developed by Descouvemont and Hussein [15]. This micro-
scopic generalization (MCDCC) calculations relies only on
nucleon-target interactions, and therefore the cluster configu-
ration of the projectile plays a quite important role in describ-
ing the elastic scattering process.

The clustering phenomenon is important in nuclei such
as ©8He, 0781 i, 10.12B¢ and 10-12.14C_ Some very weakly-
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bound nuclei, such as °He, 8B, ! Li and ''Be can also form
unusual configurations and are called exotic nuclei. One of
such unusual configuration occurs when a core nucleus is
surrounded by one or more weakly-bound valence nucleons.
If these valence particles are bound to the core in a predomi-
nant s-wave relative orbital, the matter distribution at the sur-
face will form a so-called halo configuration, in which the
loosely-bound valence nucleons are found at much greater
distances from the core. Also, nuclei such as ''Li and ®He
form a borromean system in which the corresponding inert
core and two valence neutrons (core — n — n) are bound
together in such a way that, if one of them is removed, the
remaining two-body subsystems (core —n or n —n) becomes
unbound and breaks apart. With similar characteristics, the
proton-rich carbon isotope '°C is also an interesting nucleus.
This nucleus can be considered to have a 4-body configura-
tion: @ — o — p — p. After removing any one of these parti-
cles, the remaining nucleus also breaks apart. Due to this 4-
body configuration, '°C is the only nucleus supposed to have
a brunnian (super-borromean) structure [16,17], where the
three interactions of the constituent particles can be associ-
ated with four interconnected rings. These halo, borromean
and brunnian structures differ significantly from that of ordi-
nary nuclei which have a well-defined surface. For a review of
the halo structure of exotic nuclei, see for instance Ref. [18]
and references therein. The exotic geometries of these nuclei
(static effects) can strongly influence the dynamics of reac-
tions induced by such systems. The nuclear radii of these sys-
tems therefore do not follow the conventional R = rox A!/3,
with ro &~ 1.3 fm, expression.

Due to its high cross section, when compared with other
direct reactions, the elastic scattering process has been used
to investigate the structure of light radioactive ion projec-
tiles. The description of the cross sections for elastic scat-
tering is very sensitive to the interaction potential between
the projectile and target nuclei and to the structure of the
nuclei involved. Thus, analysis of elastic scattering angular
distributions measured at energies near the Coulomb bar-
rier can provide valuable information on both the static and
dynamics effects of weakly-bound nuclei. In particular, elas-
tic scattering induced by exotic nuclei, at energies close to
the Coulomb barrier, has shown interesting and intriguing
coupling effects. For instance, the unusual cluster configu-
rations of exotic nuclei can produce strong couplings to the
continuum introducing characteristic dynamic polarization
(attractive or repulsive) in the optical potential, which is not
present in the elastic scattering induced by strongly-bound
projectiles.

Although some advances have been achieved in the under-
standing of the nuclear interaction induced by weakly-
bound and/or exotic nuclei, the influence of the breakup and
dynamic effects is still not completely known. We have con-
tributed to these issues by performing several experiments on
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elastic scattering with ®He [19], 8Li [20], "Be and 3B [21],
108 [22], B [23], 1?B [24,25], and '°C [26] nuclei as pro-
jectile on “®Ni targets. All these elastic scattering data have
been analyzed in terms of coupled-channel calculations, as
reported in their specific papers. However, systematic anal-
ysis within the same framework, involving a combination of
several data set, can be a powerful tool to investigate general
behavior and, at the same time, emphasize particular proper-
ties. A systematic analysis on the static and dynamic features
in the elastic scattering of the boron isotopes, 8B, 1B, !B and
12B on *8Ni target, was performed showing that the different
cluster configuration of the boron isotopes lead to a differ-
ent prevalent effect in elastic scattering [27]. For instance, the
proton-rich nucleus 8B has a very low proton binding energy,
Sp = 0.138 MeV, for the "Be+p decay, while "B is quite
tightly-bound with binding energy of S, = 8.664 MeV. The
10B in its turn, is a well deformed nucleus, with the largest
spin (3) among boron isotope chain, while '?B nucleus is
radioactive with a low deformation and low spin.

An alternative approach to investigate the influence of
the direct reactions on the total reaction cross section is
the comparison of different systems containing data for both
tightly and weakly bound nuclei. However, since the cross
sections are also influenced by trivial factors like geometry,
energy, atomic and mass numbers of the collision partners,
some reduction procedure is necessary before the compari-
son of the cross sections is performed. This reduction can be
obtained by considering some expression to transform colli-
sion energies and the total reaction cross sections in a such
way that the dependence of the reduced data on the system’s
masses and charges becomes very weak.

In the present work we performed a phenomenological
systematic analysis based on the total reaction cross sections
and interaction distances, using elastic data of light projec-
tiles available in the literature on ®Ni and %*Zn targets. This
paper is organized as follows. In Sect. 2 we introduced the
reduction method used for the total reaction cross section,
emphasizing the importance of direct reactions. In Sect. 3
we developed the analysis based on interaction distance nor-
malized by the distance of closest approach, while in Sect. 4
we have the summary.

2 Total reaction cross section

The total reaction cross section, og, i a very important quan-
tity in collisions of heavy nuclei (see, e.g., Ref. [11]). It may
contain information about the size, geometry, deformation,
of the colliding partners as well as on the open channels in the
collision. Measurements of the cross sections for the individ-
ual channels, that compose the total reaction cross section,
although very desirable, is very difficult and it is still a chal-
lenge for experimentalists. It would require different setups
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to measure the products from different reactions. This has
been achieved for very few systems such as *He +2%Bi [28]
and 8B +8Ni [29].

Fortunately, the total reaction cross section can be obtained
from optical model analyses of experimental angular distri-
butions of the elastic scattering. Therefore, comparison of
the total reaction cross section data for different systems may
bring some insights about the influence of nuclear structure
or projectile configuration in the reaction mechanisms. How-
ever, to perform a systematic comparative studies of total
reaction cross sections it is necessary to remove the contri-
bution from the trivial properties of the colliding partners
such as masses, charges and sizes. This can be achieved by
reducing the total reaction cross sections according to some
procedure. A reduction method was proposed by Canto et
al., which is based on Wong’s analytic expression for fusion
cross section, see Refs. [30-32].

The Wong’s equation is derived considering barrier pene-
tration at energies near and below the Coulomb barrier and it
has been applied to fusion excitation function. The potential
barrier is fitted by a parabola with maximum Vp located at
Rp, and with a curvature parameter Ziw. In this approxima-
tion the 1-dependence of the effective potential is assumed to
have the same radius and curvature parameter. This reduction
method has been extended and applied to the total reaction
cross section as well [33]. As discussed in Ref. [33], all the
proposed reduction methods have some limitation, and, in
principle, they would not work well for total reaction cross
sections for systems with very different mass range of the col-
liding partners. However, if we apply this reduction method
for a restricted number of systems with projectiles of similar
mass and on the same target, we may be able to extract some
general properties.

In this qualitative procedure, the Wong’s equation for

fusion is given by:
E—Vp
. 1
ho )i| M

Based on this equation the energies and total reaction cross
sections were transformed according to the following equa-
tions:

h
or(E) = %R% x In |:1 + exp (271

E -V
Ecp —x=—m_7F 2)
hw
and
or(E) > F = —— X E 3
R(E) (x) rokC oRr(E) 3

where o has been replaced by og.
When the reduction method is applied to the Wong cross
section itself, one gets:

Fo(x) = In[1 4+ expRmx)] 4)

The Fy(x) should represent the fusion contribution of the
collision partners and can be used as benchmark, as stated
in Refs. [30,31]. The Fy is also called universal fusion func-
tion (UFF). The UFF is valid to describe fusion cross sec-
tions under the approximations used in the Wong ‘s formula.
Wong’s formula may fail to describe fusion at the deep sub-
barrier energies, but at near barrier energies, deviations can
be interpreted as due to channel coupling effects.

Here we have applied this reduction method to the total
reaction cross sections for several light projectiles on the
38Ni and %*Zn targets. The data for the systems used in the
present analysis have been extracted from EXFOR database
[1] and are listed in Table 1 with their corresponding refer-
ences: ®He [19], °Li [21,34,35], "Li [35,36], 8Li [20], "Be
[21], % 10-11Be [37], 8B [21], 9B [22], 1B [23], 2B [24,25],
10C 126], 12C [38] and '°0 [39]. The experimental total reac-
tion cross sections were obtained from the original paper.
For those indicated by asterisk in Table 1 the total reaction
cross sections were obtained by optical model calculation
considering Wood-Saxon potential and the searching option
(Sfresco) of the Fresco code [40]. The reduced total reaction
cross sections (F'(x)) as a function of the reduced energy
(x) plot for these systems is shown in Fig. 1. The param-
eters of the potential, Vp, Rp and fiw, used in the reduc-
tion, were obtained with the Akyiis-Winther Potential [41].
These parameters are listed in Table 1. A discussion on how
this potential works in the one-dimensional WKB (Wentzel,
Kramers, Brillouin) barrier tunneling model related to fusion
and optical model can be found in Ref. [42].

As we can observe in Fig. 1, the systems with exotic (°*He,
8B and '!Be) projectiles, with binding energies of less than
1.0 MeV, follow a different trend than those with tightly
and weakly-bound projectiles. However, the difference in the
trends for the tightly and weakly-bound projectiles is small.
The solid curve in the Fig. 1 corresponds to the universal
fusion function (UFF). To better identify the difference for
the weakly and tightly-bound systems we performed a fit-
ting procedure considering the data of some systems with a
modified Wong’s Equation given by:

(E) = p x ho o
o — _
Pr>ogts

xIn |1+ exp |27 -2 Q)
hiw

This modified Wong’s equation was applied to the tightly-
bound (1B, ''B, >C and '°0), weakly-bound (°Li, ’Li, 'Be,
9Be) and exotic (°He and 8B) projectiles reduced cross sec-
tions. The parameters p; and p, have no physical meaning
and are introduced just to generate curves for exotic, weakly
and tightly bound projectiles and guide the eyes for their dif-
ferent behaviors. These parameters were free to vary in the
best fitting procedure. The results of the fittings are listed in
Table 2 and the corresponding curves are indicated in Fig. 1
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Table 1 Systems considered in the present analysis with the corresponding parameters of the Coulomb barrier, energies and references. For the
systems indicated by asterisk symbol (*), the total reaction cross-sections were obtained in the present work

System Vg Rp 18] energies References
(MeV) (fm) (MeV) ELa (MeV)
6He +8Ni (*) 8.2 9.17 3.43 16.5,21.7 Morcelle-14 [19]
OLi +8Ni 12.7 8.89 3,90 12.1, 13.0, 14.0 Aguilera-09 [21]
OLi +28Ni (%) 12.7 8.89 4.02 12.0, 14.0, 18.0, 20.0 Pfeifer-73 [34]
TLi +8Ni 12.4 9.07 3.60 12.0,12.5,13.0, 13.5, 14.2 Valenzuela-17 [36]
8Li +78Ni 12.2 9.24 3.38 26.1 Santos-19 [20]
"Be +38Ni 16.9 8.87 4.20 17.1,18.5,19.9,21.4 Aguilera-09 [21]
8B +38Ni 21.1 8.88 4.57 20.7,23.4,25.3,27.2,29.3 Aguilera-09 [21]
10B 138Nj () 20.5 9.15 3.85 23.0, 24.0, 25.0, 35.0 Scarduelli-17 [22]
1B 138N (*) 20.2 9.39 3.73 23.0, 24.0, 25.0, 35.0 Deshmukh-15 [23]
12B 128Ni 20.1 9.39 3.64 30.0, 33.0 Zevallos-19 [24,25]
10¢C 438N; (*) 24.9 9.02 4.46 353 Guimaraes-19 [26]
12C +38N;j (%) 24.3 9.26 3.90 27.0,27.5,28.0, 28.5 Gasques-02 [38]
160 438 Ni (*) 31.8 9.44 3.96 40.0, 42.0, 44.0, 46.0, 48.0 West-75 [39]
OLi +%4Zn 13.4 9.04 4.24 17.0, 20.0, 22.0 Gomes-05 [35]
TLi +%Zn 13.1 9.21 3.58 20.0, 22.0 Gomes-05 [35]
°Be +%Zn 17.3 9.31 3.72 27.9 Di Pietro-10 [37]
10Be 4-647n 17.1 9.45 3.56 28.3 Di Pietro-10 [37]
11Be 4+-647n 16.9 9.57 3.44 28.7 Di Pietro-10 [37]
10° F T A% mes Table 2 Parameters for the modified Wong ‘s equation
i % Y ] . :E}:ﬁ: Projectiles P P x4
s 1| @ TBe+ N
r 1@ fLivni ®He, B 1.09 (4) 5.25 (42) 4.54
10'F 45w 6Li, 7Li, "Be, °Be 1.193) 5.05 (4) 19.1
= 5 / 1l : :Tgi:ﬁ log, 11, 12¢, 160 1.09 (2) 1.50 (7) 223
= Ly [ M
10 3 Ao i
i Eg ] g :;lcfj‘zzi fer). The small difference, in terms of trends, for the weakly
I % ] M :T:::;: and tightly-bound nuclei, prevents us to draw any strong con-
10 11 - I o = 2\0 ‘ 3\0 ‘ 4‘ - gthFuy Clusi'on about dire'ct rea(.:tion c'ont'ribution. We also l}ave? to
: x = : DT eakly consider that the inelastic excitation (target and projectile)

Fig. 1 Reduced cross section F (x) as a function of reduced energy for
the systems indicated. The black solid line corresponds to the bench-
mark curve of UFF while the dashed colored curves are for tightly,
weakly and exotic system as described in the text

by the dashed blue, violet and red curves, respectively. As
can be observed in the figure, the reduced cross sections are
larger than the UFF curve for all systems. Considering that
the UFF curve can be attributed to the fusion (absorption),
the dashed curves indicate that direct reaction contributions
are present for all the systems. For exotic nuclei (°He and
8B), the reduced cross section is much higher indicating a
strong contribution from direct reaction (breakup and trans-
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can also contribute to the total reaction cross section.

In particular, the reduced total reaction cross sections for
the 1Be+%Zn and ! Be+-%4Zn systems are found to be quite
high. The total reaction cross section for ! ' Be is twice that for
the '“Be [37]. The strong elastic scattering absorption, and
consequently, the higher total reaction cross sections, for the
1Be is attributed to its halo configuration and weak binding
energy of neutron valence particle. The combination of these
two effects induces a high breakup probability. The coupling
of the breakup channel with the elastic scattering has been
investigated by the continuum coupled channel calculation
(CDCC), which actually reproduced the elastic scattering
angular distribution [37]. In a recent paper, Di Pietro et al.,
found that the '°Be core-excitation might be not so important
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Fig. 2 Ratio cross section. a Difference between the reduced cross
sections and Fy. The colored dashed curves correspond to the calculated
ratio for exotic, weakly and tightly-bound nuclei. b Difference between
the reduced total reaction and absorption cross sections

as a coupling channel to describe the ''Be elastic scattering
but it is quite important to describe the breakup angular dis-
tribution [43]. The strong core-excitation is due to the large
deformation of the '°Be, which might also be responsible for
the enhancement of the total reaction cross section for this
nucleus. Although °Be is a well bound nucleus, its reduced
cross section lies very close to the red dashed curve desig-
nated for the exotic nuclei, most probably due to the strong
absorption of the elastic flux by its large deformation.

The influence of direct reactions in the total reaction cross
section can be better investigate by removing the fusion con-
tribution from the experimental F(x) values. This, actually,
can be done in two ways: (1) by assuming that the UFF rep-
resents the contribution of the fusion reaction and removing
it from the reduced total reaction cross section; (2) by con-
sidering the absorption cross section, calculated by a short
range imaginary potential, and remove its contribution from
the reduced total reaction cross section.

By considering that the UFF would represent the fusion
cross section we can remove its contribution from the F(x)
and obtain the ratio:

Ry = 0 = Foo) ©
F(x)

This procedure has been already applied by Pakou et al.,

in Ref. [44]. In the present work we extend this procedure

to several other systems. The values of R(x) for the systems
listed in Table 1, as a function of the reduced energy are
shown in Fig. 2a. The large difference between the different
groups, tightly, weakly-bound and exotic projectiles can be
now observed. This plot gives an indication of the contri-
bution of direct reactions in the total reaction cross section.
Therefore, it is clear that for exotic nuclei, direct reactions
(breakup and transfer) are strong processes enhancing by
quite a lot the total reaction cross section, in particular for
energies very close and below the Coulomb barrier (x < 0).
For the B projectile, there is an indication that the direct
channel would practically exhausts the total reaction cross
sections for energies below the barrier [45], where the cross
section for the breakup process, calculated by continuum dis-
cretization coupled channel (CDCC) calculation, gives the
same value as the obtained total reaction cross section. Actu-
ally, this large predominance of direct reaction channel below
the barrier has been corroborated by a recent experiment for
the $B+208pp system, where the breakup was measured at
a deep sub-barrier energy [46]. The predominance of direct
reactions at energies below barrier has been also observed for
the ®He +2%° Bi system [47]. It would be interesting to see
whether this effect holds also for the neutron-rich nucleus
IIBe (S, = 0.501 MeV). The R(x) value for this nucleus is
quite large even for energies above the Coulomb barrier. New
measurements at different energies would be very welcome.
It is important to mention that the effects of direct reaction
channels on R (x) might be overestimated for x < OinFig.2a
as soon as the total fusion (TF) might be enhanced by these
direct reaction channels at this energy regime. At energies
above the barrier the effect of direct reaction channels on TF
is usually very small.

The dashed curves in Fig. 2a corresponds to ratios given
by Eq. 6 but using the fitted modified Wong’s equation for to
the tightly-bound (!°B, ''B, 12C and '°0), weakly-bound
(°Li, 7Li, "Be, ?Be) and exotic (°He and ®B) projectiles
reduced cross sections. It is clear in Fig. 2a that the contri-
bution of direct reactions is higher for weakly-bound nuclei
compared to those for tightly-bound nuclei, in particular at
energies close and below the Coulomb barrier. Although this
might seem obvious, some other parameters such as defor-
mations and cluster configuration would play important roles
in the direct processes. This seems to be the case for the
10B¢ and '°C projectiles, which have the (o« + o + n + n)
and (0 + o + p + p) cluster configurations, respectively.
As already mentioned, the reduced total reaction for 10Be
is quite high, very close to the red-dashed curve for exotic
nuclei. '°C nucleus is not as tightly bound as '°Be but it nei-
ther can be considered weakly bound nucleus. Its reduced
total reaction cross section, however, is similar to those for
the weakly bound ®Li nucleus at the same reduced energy.
Strong absorption due to the cluster configuration has been
observed for the 'C+8Ni system [26], and more recently

@ Springer
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for the 1°C 4+-298Pb system [48]. Forthcoming study of the
deformation and cluster configuration on the elastic scatter-
ing induced by these projectiles would therefore be quite
interesting. However, to consider a more realistic description
of these projectiles 5-body calculations would be required,
which is still a challenge for the theoreticians.

The second option to remove the contribution of fusion
reaction from the reduced total reaction cross sections is
by considering the absorption cross section. The absorp-
tion cross section can be obtained by considering a short
range imaginary potential in the optical model analysis. In
the present work we adopted a short-range potential with
Woods-Saxon shape and with the parameters: W = 50
MeV, r, = 1.06 fm, and a,, = 0.2 fm, where r, is the
reduced radius which should be multiplied by the mass term
(AIIJ/ ’ +A1T/ 3) to give the actual radius of the potential, and
ay, is the diffuseness parameter. Ap and A7 are the mass num-
bers of projectile and target, respectively. This potential has
been discussed in Ref. [42] and also has been used in several
other works where coupled channel calculations have been
performed [22-24,26,48]. For the real part of the complex
potential we adopted the Akyiis-Winther Potential [41].

To remove the contribution of the fusion from the total
reaction cross section we have applied the same reduction
for both total reaction and the absorption cross section and
calculated the ratio R4 ps as:

F(x) — Faps(x)
Raps(x) = T Fa) )

Actually, the reduced absorption cross section, Faps,
included also the contribution of the low-lying excited states
of the *3Ni and ®Zn targets evaluated by coupled channel
(CC) calculations. The states included in the level scheme of
the couplings are listed in Table 3 and where obtained from
NNDC databases [49]. In this case, the effect of the enhance-
ment of the TF for x < 0 due to the coupling to the inelastic
scattering of the targets is considered in the CC calculations.
This ratio for the same systems listed in Table 1, as a func-
tion of x, is plotted and shown in Fig. 2b. The conclusions
are more or less the same as those drawn for the results of
Fig. 2a. The group of exotic nuclei (°He and ®B) have higher
ratio, meaning a much stronger influence of direct reactions,
followed by weakly-bound nuclei (°Li, "Li, "Be and °Be)
and then the tightly bound- nuclei ('°B, ''B, '2C and !°0).
One important difference between the results from removing
UFF and absorption cross section is related to the 10 +8 Ni
system. In Fig. 2a the cross section ratios for this system are
together with those for the group of weakly-bound projectile,
while in Fig. 2b, they are closer to those for tightly bound
projectiles. This might be an indication on the importance
of the inelastic channel, which is taken into account in the
absorption cross section. In Fig. 2b also, the ratio for !'Be is
exceptionally large, while for '°Be is about the same as the

@ Springer

Table 3 Spin-parity and energy of the states in Ni and %*Zn, from the
NNDC database [49], considered in the coupled-channel calculations

8N 647,

J E (MeV) JT E (MeV)
0t g.s. ot g.s.

2+ 1.454 2+ 0.992
4+ 2.459 2+ 1.799
2+ 2.775 0r 1.910
ot 2.942 4+ 2.307
3= 4.475

exotic nuclei group. The ratio for 8Li is found to be also large,
probably due to the strong coupling of the neutron stripping
reaction with the elastic channel. The influence of the single
neutron transfer was investigated in the 8Li +7Zr system
and it is reported to be quite important to describe the elastic
scattering [44].

3 Distance of interaction

Another phenomenological approach which can be used to
investigate static and dynamic effects in the elastic scattering
of light nuclei is based on the analysis of distances. Distances
and radii play important roles in the analysis of elastic scatter-
ing data. For instance, potentials parameters in optical model
analysis are more sensitive at the strong-absorption radii. To
analyze the elastic scattering in terms of distances we plot
the ratio of the elastic cross section to the Rutherford value,
do/doRruth, as a function of the reduced distance of closest
approach d on a Rutherford trajectory. We are, thus, assum-
ing that the systems follow Rutherford trajectories, and thus,
the distance of closest approach can still be used for a gen-
eral discussion in terms of systematic behavior for elastic
scattering at energies near and above the Coulomb barrier.
In this work we are performing such systematic phenomeno-
logical analysis for several systems involving light projectile
on *8Ni and %4Zn targets, and analyze their behavior in terms
of distances.

The distance of closest approach depends on the incident
energy and scattering angle in the center of mass (c.m.) frame
as:

1 ZpZré? 1
D=-xZ2P2TC 1y — ), (8)
2 Ec.m. sin (ec.m./z)

In its turn, the reduced distance of closest approach is
given by:

d=p/(A)f +ai) ©)
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Fig. 3 Ratio of the elastic cross section to the Rutherford value,
do /doryt, as a function of the reduced distance of closest approach
d for the '°0 +38Ni system [56]

where [Zp, Ap]l([Z7, AT]) correspond to the atomic and
mass numbers of the projectile (target), respectively.

A sample of the plot do/doryn as a function of the
reduced distance of closest approach d is shown in Fig. 3
for the 10 +38Ni system. In this plot the elastic cross sec-
tions were measured at 175° (back-scattering) from Ey o =
31.0 to 45.0 MeV. The '°0 projectile and the *®Ni target can
be considered strongly-bound nuclei with no static defor-
mation. In this case, the do /dory ratio is close to unity for
larger distances and starts to fall off rapidly at short distances,
due to strong absorption of the elastic flux into non-elastic
channels (mostly fusion for this system).

From such plot we can extract the critical interaction dis-
tance, dy, which is the distance where the interaction between
the two colliding nuclei begins to be felt and the cross-section
ratio starts deviating from unity. In this work we adopt a def-
inition of the critical distance as the point where the ratio of
elastic scattering to the Rutherford value is 0.98 or, in other
words, when the absolute value of the S-matrix is 0.99. This is
the distance where the flux from elastic scattering starts being
absorbed. Another distance which can be obtained from this
plot is the strong-absorption distance, dg, where the ratio of
elastic scattering to Rutherford drops to 0.25. Actually, the
angle at which do/dor = 0.25 (61/4) is called the “grazing
angle”, and it corresponds to the distance where the elastic
scattering is most sensitive to the optical-model potential.

Plots of do/doRrum versus the reduced distance of closest
approach, d, can be obtained from the direct conversion of the
angular distributions (do /doryh as a function of angle) for a
given energy. In this way we can combine several angular
distributions in one plot. This is of particular importance
for data involving radioactive ion beam projectiles since the
cross sections are measured at few angles for each energy.

To more precisely and reliably determine the reduced dis-
tances we are adopting the same procedure as from Ref.

[50], where a Boltzmann exponential function, with three
free parameters, is used to fit the cross section data.

P1
Y = I e m@—py (10)
where y = do/doru, d is the reduced distance of closest
approach, and pp, p2, p3 are adjustable parameters, used to
fit the data.

We should emphasize that this expression has no real phys-
ical meaning and it just has been used to provide a good fit to
the data and to enable us to extract the distances of interest
in a consistent way. Therefore, it is valid only for the lim-
ited range of distances of interest. Also, this expression is
not useful to fit data with strong Fresnel peak in their elastic
scattering angular distributions, as the case for >"1°Be +-%4Zn
[37] and 19-11B 438N [22,23] systems and any of the other
systems at energies much above the Coulomb barrier.

All parameters in Eq. 10 were free to vary during the fit-
ting procedure. The parameter p; in Eq. 10 is associated to
the asymptotic value of y for large distance d. This param-
eter is then intrinsically related to the normalization of the
data, which should be close to the unity for large values of
d. Pakou et al. [51] and, more recently, by Guimardes et
al. [50], used this method to determine the critical interac-
tion distances and strong interaction distances in collisions
of different projectiles on 28Pb.

The obtained parameters and the corresponding sze 4 from
the fits are listed in Table 4. The small reduced sze 4 Obtained
for some system, such as 8B and °C are due to the large error
bars, while the large sze 4 obtained for the 12C 4+58Ni system
is due to the very small uncertainties in the cross sections.

The result of the fitting applied to the spherical '°0 4+8Ni
system is shown in Fig. 3. The data from the literature
were converted from do/doryn measured at 175° (back-
scattering) as a function of energy to the do/dorum as a
function of the distance of closest approach, without any
additional normalization. The energies considered for this
system were not so far from the Coulomb barrier. At these
backward angles, the influence of the Fresnel peak is not
expected to be important and the critical interaction distance
can therefore be reliably determined. Both critical interaction
distance and strong absorption distance were then obtained.

The reduced critical interaction distance obtained for
160 +38Ni is d; = 1.80 & 0.01 fm, which corresponds to
a distance D; = 11.50 = 0.10 fm. The reduced strong-
absorption distance is found to be dg = 1.565 + 0.002
for this system, corresponding to Dg = 10.00 £ 0.01 fm,
which is a little further from the classical grazing distance
R =13x (A}J/3 + AIT/3) = 8.30 fm for this system. The
uncertainties in d; and dg were taken to be one-half of the dif-
ference between distance where the ratios are 0.97 and 0.99,
and, 0.24 and 0.26, respectively. It is important to mention
that the final uncertainties reflects the data quality in terms of

@ Springer
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Table 4 The reduced critical interaction distance, d;, and the reduced strong-absorption distance, ds (at which do/dog,:, is 0.98 and 0.25,

respectively), for the systems indicated

System Configuration B.E. dy dy 1 P2 p3 X rze o  References
(MeV)  (fm) (fm)
®He+8Ni  “He+2n 0973  293(13) 1.522(15) 1.005(12) —3.38(15)  1.849(28) 1.12 Morcelle-14 [19]
°Li+Ni  “He+d 1.474  2.22(6) 1.600(7) 1.002(4) —7.99(36) 1.745(4) 023  Aguilera-09 [21]
TLi+%8Ni  “He+t 2467  2.19(5) 1.582(7) 1.006 (3) —7.74(13)  1.725(16) 1.28  Valenzuela-17 [36]
SLi+®Ni  7Li+n 2032 2.2303) 1433 (10) 1.055(50) —4.68(29)  1.682(28) 0.32  Santos-19 [20]
TBe+¥Ni  “He+’He 1.587  2.17(6) 1.603(6) 1.001 (20) —8,81(54) 1.728(8)  0.26  Aguilera-09 [21]
8B+78Ni "Be+p 0.138  250(10) 1.625(10) 0.999(4) —578(27)  1.814(10) 0.22  Aguilera-09 [21]
10B438Ni  ®Li+a 4461  1.92(3) 1.574 (10) 1.008 3)  —13.28(24) 1.657(11) 1.76  Scarduelli-17 [22]
UBBNi  10B4n 8.664  1.88(3) 1.587(4)  1.007(2) —16.16(20) 1.656(8) 241 Deshmukh-15 [23]
2B18Ni MB4n 3370 1.90(3) 1.556(4)  1.029(7) —13.18(80) 1.637(5) 2.66 Zevallos-19 [24]
OC8Ni ad+a+p+p 3729 256(16) 1.412(12) 0997 (10) —4.53(60)  1.652(30) 0.53  Guimaraes-19 [26]
2C8Ni ata+a 7275  1.83(3) 1.570(3)  1.004(1) —1831(17) 1.629(7) 150 Gasques-02 [38]
160498N;  12C+a 7.162  180(2) 1.572(2) 1.007(4) —20.97(38) 1.624(10) 3.50 Christensen-73 [56]
‘He+%Zn  “He 228(5) 1.423(11) 1.027(4) —489(5) 1.655(4) 1.93  Ornelas-04 [52]
®He+%Zn  “*He+2n 0973  2.60(12) 1.598(12) 1.019(17) —4.35(18) 1.856(18) 0.41 DiPietro-04 [53]
6Li+%Zn  “*He+d 1474 227(5  1.592(8)  1.005(1) —7.06(3) 1.747 (10)  3.25  Zadro-09 [54]
Be+%Zn  a+a+n 1574 211(5)  1.596(7) 1.012(20) —8.82(4) 1721 (1) 73  DiPietro-10 [37]
andMoraes-00 [55]
Be+%7Zn  Be+n 0.502  271(13) 1.756(10) 0997 (2) —531(19) 1.961(8)  19.0 DiPietro-10 [37]

distribution of the data and the uncertainties in the individual
cross sections. The difference between the reduced critical
interaction and strong-absorption distances, Ad = dj — ds,
which is 0.23 fm for '°0, corresponds to a region of the pre-
dominance for direct processes (inelastic excitation, breakup,
transfer etc.) as the main source of absorption of the elastic
flux.

The aim of the present work is to compare the reduced
critical interaction and strong-absorption distances for dif-
ferent projectile types (exotic, weakly- and strongly-bound,
stable and radioactive light nuclei) on the medium mass tar-
gets *¥Ni and ®Zn and see if there is any correlation between
these distances and, for instance, the binding energies of the
projectile. The systems used in the present analysis are listed
in Table 4, where the main configuration and the correspond-
ing binding energy are also listed. In the present analysis we
are including data on elastic scattering induced by tightly-
bound (!'B, '2C and !90), weakly-bound (°Li, "Li, "Be, 3Li
and ?Be) and exotic (°He, ®B and ''Be) nuclei. The '°B, 1B
and '°C nuclei, also considered in the present analysis, have
binding energies lying between 2.5 and 4.0 MeV and can be
classified as intermediate between tightly and weakly-bound
nuclei.

The elastic scattering data for systems listed in Table 4
were extracted from the EXFOR database [1] but they are
from: *He [52,53], ®He [19,53], °Li [21,54], "Li [36], 8Li
[20],7Be [21], °Be [37,55], ' Be [37], 8B [21], '°B [22], ''B

@ Springer

[23], 12B [24], 1°C [26], '2C [38] and '°0 [56]. The cross
sections in the angular distribution as a function of angle were
converted to distance and the fitting procedure, using Eq. 10
was applied. From the results of the fit the reduced critical
interaction distance, dj, and the reduced strong-absorption
distance, dgs could be obtained and they are listed in Table 4,
together with the values obtained for the parameter p;. As
already mentioned the parameter p; is related to the asymp-
totic value for large distance and it should be close to one if
the cross section ratio to the Rutherford, do/dorym, is well
normalized. The only data set which needed an extra normal-
ization was the data for the ®He +%* Zn system measured at
Erqp = 28.7 MeV by Di Pietro et al. [37].

In Figs. 4, 5 and 6 we show data for the projectile pairs
®Li—5He,¥B—!'B and '°C—'2C on>®Ni target and in Figs. 7
and 8 for the projectile pair ''Be —Be and *He—°He on %*Zn
target. The dashed curves in the figures are the results of the
fits using Eq. 10, and the obtained distances of interaction and
strong-absorption distance for each projectile are indicated.

Some conclusions can be drawn by inspecting the reduced
distances indicated in the Figs. 4, 5, 6, 7 and 8 and listed in
Table 4. The average reduced strong-absorption distances
for exotic, weakly and tightly bound projectiles are dg =
1.58 £0.15 fm, 1.56 + 0.07 fm and 1.57 = 0.01 fm, respec-
tively. Although they are about the same, within the error
bars, the average strong-absorption distance, as well as the
individual strong-absorption distance, is better evaluated for
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Fig. 4 Ratio of the elastic cross section to the Rutherford value,
do /doru, as a function of the reduced distance of closest approach
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Fig. 5 Ratio of the elastic cross section to the Rutherford value,
do /doryth, as a function of the reduced distance of closest approach
d for the 8B +°3Ni [21] and "B +8Ni [23] systems

the tightly bound nuclei, as can be observed from the stan-
dard deviation associated to each value. The largest deviation
from the average value is obtained for the exotic ! ' Be nucleus
with dg = 1.76(1) fm and for '°C with dg = 1.41(1) fm.
About the reduced critical interaction distances, the aver-
age value for the systems with weakly-bound projectiles °Li,
7Li, 8Li, "Be and °Be is d; = 2.18(49) fm, while for the
tightly-bound system the average value is d; = 1.87(1) fm,
where the uncertainty associated to each value is actually
the standard deviation. For the exotic projectiles, °He, 3B
and ''Be, the reduced critical distances are much lager and
are in the range of d; = 2.5 to 3.0 fm. The larger values
observed for these exotic nuclei are primarily associated with
the peripheral nature of their breakup process. Due to the
extended matter density (static effect) (associated with lower
breakup threshold, and stronger couplings to the continuum),
the effect of nuclear forces is felt beyond the classical range
of these forces, hence resulting in an early deviation of the

Fig. 6 Ratio of the elastic cross section to the Rutherford value,
do /dorum, as a function of the reduced distance of closest approach
d for the 1°C +38Ni [26] and 12C +78Ni [38] systems
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Fig. 7 Ratio of the elastic cross section to the Rutherford value,
do /dorum, as a function of the reduced distance of closest approach
d for the 9Be +%Zn [55] and ''Be +%Zn [37] systems

do/doRry ratio from unity, owing to nuclear absorption at
relatively large distance. An interesting effect, observed in
Figs. 4, 5 and 6, is that for distances smaller than the reduced
strong absorption distance, the absorption is stronger for the
more bound projectiles. The small Fresnel peak observed in
the angular distributions for the *He 4% Zn preventing us to
reliably determine the reduced critical interaction distance.
The obtained distance of d; = 2.28(5) seems to be too large.
It is clear, however, that the distance is larger for the SHe
as compared to 4He. Also, as can be observed in Fig. 8, the
reduced strong absorption distance is much smaller for “He,
indicating that this projectile reaches an inner region in the
collision. For distances shorter than the reduced absorption
distance, the absorption is weaker for *He in opposite to what
is observed for the other tightly bound systems investigated
in the present work.
The above discussed effects can be clearly observed in
Fig. 9 where the reduced critical distance of interaction is

@ Springer
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Fig. 9 Reduced critical distance of interaction as a function of the
binding energy for the nuclei indicated. The dashed curve indicates the
trend of the data for the weakly (red) and tightly bound nuclei (blue)

plotted as a function of the binding energy, for the systems
on *8Ni target. Inspecting closely Table 4, and Fig. 9, it fol-
lows that for exotic systems, lower breakup threshold alone
cannot explain larger d; values. One sees that although 8B
has the lowest breakup threshold, it corresponds to a smaller
dj, compared to %He and ! Be. Notice that for the latter two
systems, there is neither Coulomb nor centrifugal barriers
which the valence neutron(s) needs to tunnel through, which
are both present for 8B. One of the effects of this barrier is
to confine the valence proton closer to the core nucleus, thus
reducing the extension at larger distance of the matter den-
sity, which reduces the effect of the nuclear forces beyond
the projectile-target distance. Therefore, these results further
serve to highlight the importance of the ground-state config-
uration in the breakup process.

Also, the extended direct-interaction region for the ‘He
and ' Be projectiles corroborates the importance of the long-
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range Coulomb and/or nuclear interaction for these exotic
projectiles, as also observed in the reduction of the Fres-
nel diffraction peak in the corresponding angular distribu-
tions. The combination of the effect of the large value of
the Coulomb dipole polarizability, as well as the large trans-
fer/breakup probabilities observed experimentally, can also
be the reason for the large value of the interaction distance
for ®He and ' Be.

The critical interaction distance for '°C stands out in the
plot of Fig. 9. As already mentioned this nucleus has the
exotic  — a — p — p configuration and it is the only nucleus
supposed to have a brunnian (super-borromean) structure
[17]. As highlighted in the previous section, a large total reac-
tion cross section has observed for this nucleus, even though
it is quite bound. Although not completely clear, both large
total reaction cross section and critical distance of interaction
can be attributed to the strong absorption of elastic flux due
to a combination of deformation and cluster configuration
[26,48]. Further investigation about the role of deformation
for 19Be and °C projectile in the elastic scattering is on the
way.

Since we are considering the reduced distances, the size
and geometric effect of the projectiles, purely based on the
mass dependence, should be washed out. The remaining size
(geometric) effect would be then associated to deformation,
cluster and halo configurations of the projectile. However, it
is clear from the present analysis that the critical interaction
distances are also influenced by the reaction mechanisms,
which could be related to the binding energy. This is the case
for the halo nuclei °He, 8B and !!Be, where the critical inter-
action distances should also depend on the binding energy of
valence particles affecting the strength of the couplings for
different incident energies. From the Fig. 8 we can see a cor-
relation between the critical distance of interaction and the
biding energy. This correlation is not as smooth as the one
observed for the analysis on a heavier (**®Pb) target [50], but
it is clearly present.

4 Summary

In the present work we performed a phenomenological analy-
sis on the elastic scattering of light projectiles, tightly-bound
(1°Be, !B, 12C, 1°0), weakly-bound (°Li, "Li, 8Li, ?Be),
exotic (°He, ®B and !'Be) plus 10B, 10C and 2B nuclei on
8Ni and 4Zn targets at energies close to the Coulomb barrier.
We considered the total reaction cross section, and distance
of interaction, properly reduced, to infer about cluster con-
figuration and dynamic effects. For the total reaction cross
section, the important question is if the reduction can lead
to a clear separation between tightly bound and stable or
radioactive weakly bound systems. In the present work we
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plot the reduced total reaction cross sections for several light
projectiles and used the Fy(x) (UFF) function as benchmark.
The influence of direct reaction is studied by removing the
fusion contribution (UFF and absorption) from the total reac-
tion cross section. Static and dynamic effects in the elastic 5.
scattering process at low energies could also be investigated
using the semi-classical approach where the ratio of elas-
tic cross sections to the Rutherford value were plotted as a
function of the distance of closest approach on a Rutherford 7.
trajectory. From such plot the critical-interaction and strong-
absorption distances were extracted from elastic data. The
large values of the critical interaction distance for the exotic
nuclei (6H, 8B and !'Be) on medium mass targets (°8Ni and
47n) corroborated the finding for the heavier 28Pb target 9.
[50], where large values were also obtained for exotic pro-
jectile. For medium size target the mechanism seems to be 1
the same, i.e., the combination of the effect of the large value
of the Coulomb dipole polarizability, as well as the large ~ 11-
transfer/breakup probabilities. Although not as clear as for
the heavier 203Pb target, a correlation between the critical
interaction distance and the breakup threshold energy for a 12.
given cluster configuration was also observed for medium
mass targets.
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