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c© Società Italiana di Fisica / Springer-Verlag GmbH Germany, part of Springer Nature, 2018
Communicated by P. Woods

Abstract. We have surveyed a series of elastic scattering measurements from the literature involving tightly
bound (9Li, 10Be, 12C, 16O, 19F), weakly bound (6Li, 7Li, 8Li, 8He, 9Be, 17F), and exotic (6He and
11Li) nuclei on a 208Pb target at energies close to the Coulomb barrier. The corresponding data were
then converted and analyzed in terms of the interaction distance, where critical-interaction and strong-
absorption distances were extracted. Larger values were obtained for the exotic 6He and 11Li nuclei, as
compared with both weakly bound and tightly bound projectiles. The influence of long-range nuclear
interactions and Coulomb dipole polarizability are discussed. A correlation between the critical interaction
distance and binding energy for a given configuration is observed.

1 Introduction

The investigation of the structure and reactions involving
light exotic nuclei has attracted much attention in the last
two decades. The interest in such nuclei is due to their
quite different properties when compared with those for
ordinary nuclei. One of the unusual configurations found
in light exotic nuclei occurs when a core nucleus is sur-
rounded by one or more weakly bound valence nucleons.
If these are weakly bound to the core the system will have
a very diffuse matter distribution at the surface, form-
ing a so-called halo configuration in which the loosely
bound valence nucleons are found at much greater dis-
tances from the core. The nuclear radii of these systems
therefore do not follow the conventional R = r0 × A1/3,
with r0 ≈ 1.25 fm, expression. For a review of the halo
structure of exotic nuclei see for instance ref. [1] and ref-
erences therein.

Nuclei such as 11Li and 6He form Borromean systems
in which the inert core and two valence neutrons are bound
together in such a way that, if any of these objects is
removed, the remaining two-body subsystem (core-n or
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n-n) is unbound. The expression originates from the in-
terlocking Borromean rings [2]. Both halo and Borromean
structures differ significantly from that of ordinary nu-
clei which have a well-defined surface. These geometries
(static effects) can strongly influence the several reaction
mechanisms induced by such nuclei. The synergy between
the structure (static effect) and dynamics (reaction mech-
anism) is also important. For instance, the weak binding
energy of such nuclei makes them easy to break up dur-
ing the interaction with a target, favoring couplings to the
continuum (a dynamic effect) [3,4]. For a review of fusion,
breakup and elastic scattering induced by light exotic nu-
clei see refs. [5–7].

Elastic scattering is the simplest process which can
occur in the collision of two nuclei. At low energies, it
is a surface process and therefore very useful to investi-
gate the peculiar surface properties of weakly bound ex-
otic nuclei. Analysis of elastic scattering angular distri-
butions measured at energies near the Coulomb barrier
can provide valuable information on both the static and
dynamics effects of exotic nuclei. Although some progress
has been achieved in microscopic reaction theory [8–10], a
phenomenological approach, in which the interaction be-
tween colliding nuclei is represented by an appropriate
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optical-model potential, is still a very reliable and prac-
tical method to analyze angular distribution data for an
elastic-scattering process, and such an analysis can give
information about the structure of exotic nuclei.

For ordinary, stable nuclei at energies close to the
Coulomb barrier, the elastic scattering is purely Ruther-
ford at forward angles (σ/σR ≈ 1). As the scattering an-
gle increases, a typical Fresnel oscillatory diffraction pat-
tern may appear due to the interference between partial
waves refracted by the Coulomb and short-range nuclear
potentials. At still larger angles, the absorptive compo-
nent of the optical-model potential exponentially damps
σ/σR. For lighter projectiles, the Coulomb force is smaller
and the diffractive pattern changes from Fresnel to Fraun-
hofer oscillations, whose period is related to the grazing
angular momentum of the collision.

For exotic projectiles, the elastic-scattering angular
distribution will show different features. The low bind-
ing energy of the valence nucleon(s) may favor breakup
during the interaction, due to the Coulomb field of the
target and/or possibly a long-range component of the nu-
clear potential, called the dynamic polarization potential
(DPP), which reflects the properties of the long tail of
the halo-nucleon wave function. The overall effect of this
long-range polarization potential is to reduce or eliminate
the Fresnel peak and damp the elastic scattering angular
distribution at all angles for which the effect of the interac-
tion is felt (see refs. [11–13] for more details). Long-range
absorption, responsible for the loss of elastic flux, could be
the combination of effects related to both the nuclear and
Coulomb interactions, and/or interference between them,
depending on the particular structure and/or configura-
tion of the projectile/target. The origin and characteristics
of this long-range component is yet to be fully understood.

Distances and radii play important roles in the phe-
nomenological analysis of elastic scattering data. For in-
stance, studies of the threshold anomaly (the relation-
ship of the energy variation of the imaginary and real
well depths of the potentials in the vicinity of the bar-
rier [14]) are usually performed at the strong-absorption
radius where the elastic scattering is most sensitive to the
optical-model potential. For stable and ordinary nuclei,
this radius may be defined at to the point where the ratio
of elastic scattering to Rutherford drops to 0.25, desig-
nated by ds. The angle at which σ/σRuth = 0.25 (θ1/4)
is the “grazing angle”. For weakly bound and exotic nu-
clei, with a very diffuse surface, the region of strong sen-
sitivity to the potential is not as easily defined. A previ-
ous attempt to map the radial sensitivity was performed
by Cramer and deVries [15], by introducing a localized
perturbative term in the potential which could be varied
as a function of the relative distance of the colliding nu-
clei. A similar method was applied by MacFarland and
Pieper [16]. These two works confirmed that heavy-ion
scattering at energies close to the barrier primarily probes
the nuclear surface region.

To contribute to this discussion, we have surveyed a
series of elastic scattering measurements from the litera-
ture involving tightly bound (9Li, 10Be, 12C, 16O, 19F),
weakly bound (6Li, 7Li, 8Li, 8He, 9Be, 17F), and exotic

(6He and 11Li) nuclei on a 208Pb target at energies close
to the Coulomb barrier. The choice of 208Pb as a target is
suggested by the fact that it is a spherical, doubly magic
nucleus for which very low collectivity is expected. The
data were converted and analyzed in terms of the interac-
tion distance, in order to investigate the influence of static
and dynamic effects on elastic scattering.

The outline of this paper is as follows. In sect. 2, the
procedure to extract the critical interaction distance is
described. The values obtained for some nuclei are given
in sects. 2.1 and 2.2. In sect. 2.3 we present a discussion
about the correlation of critical interaction distance and
binding energy of the nuclei. A final discussion and con-
clusions appear in sect. 3.

2 Critical interaction distance

Static and dynamic effects in the elastic scattering pro-
cess at low energies can be investigated in a semi-classical
approach by plotting the ratio of the elastic cross section
to the Rutherford value, dσ/dσR, as a function of the dis-
tance of closest approach D on a Rutherford trajectory,
which is related to the incident energy and scattering an-
gle in the center of mass (c.m.) frame as

D =
1
2
D0

[
1 +

1
sin(θc.m./2)

]
, (1)

where

D0 =
1

4πε0

ZP ZT e2

Ec.m.
(2)

is the distance of closest approach for a head-on collision,
with ε0 as the dielectric constant in vacuum.

This classical orbit description can be justified if we
consider that the distances D are larger than the De
Broglie wavelength for projectiles at energies close to the
barrier. In this paper, we consider the dσ/dσR plot as
a function of the “reduced” distance of closest approach
given by

d = D/
(
A

1/3
P + A

1/3
T

)
. (3)

Here and above, [ZP , AP ]([ZT , AT ]) correspond to the
charge and mass numbers of the projectile (target).

One example of such a plot is presented in fig. 1(a) for
the 16O + 208Pb system, where angular distribution data
measured at five different incident energies (ELab = 78,
80, 82, 84 and 86MeV [17]) have been considered. No
deformation-induced effects are expected for this spher-
ical and strongly bound projectile, and dσ/dσR is close
to unity for larger distances but falls off rapidly at short
distances due to strong absorption of the elastic flux into
non-elastic channels (mostly fusion for this system).

From the σ/σR versus reduced distance of the closest
approach, d, plot we can extract the critical interaction
distance, dI , which is the distance where the nuclear in-
teraction begins to be felt and the cross-section ratio starts
deviating from unity. The idea of extracting the interac-
tion distance from elastic scattering measurements dates
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Fig. 1. Ratio of the elastic cross section to the Rutherford
value, dσ/dσR, as a function of the reduced distance of closest
approach d for the (a) 16O+208Pb [17] and (b) 12C+208Pb [20]
systems, at the energies indicated.

to the 70s, when Christensen et al. [18] fit straight lines
to the two asymptotic regions of dσ/dσR as a function of
reduced distance of closest approach. The distance where
these lines crossed was defined as the critical interaction
distance. Here, we adopt a definition of the critical dis-
tance 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. A similar definition
was firstly proposed by Pakou and Rusek (ref. [19]), ex-
cept that they chose a cross-section ratio of 0.97 rather
than 0.98.

To more precisely and reliably determine the reduced
critical interaction distance, dI , the procedure of Pakou
and Rusek [19] is adopted, where a Boltzmann exponential
function is used to fit the cross section data. However,
differently from Pakou and Rusek, we consider only three
free parameters

y = p1 ×
[
1 + e−p2(d−p3)

]−1

, (4)

where y = dσ/dσR, d is the reduced distance of the clos-
est approach, and p1, p2 and p3 are adjustable parameters
used to fit the data. While this expression has no real
physical meaning, it does provide a good fit to the data
in the region of interest and therefore enables the extrac-

tion of the critical interaction distance, dI , and reduced
strong-absorption distance, dS , in a consistent and uni-
form manner.

This fitting procedure was applied to the 16O +
208Pb [17] and 12C+208Pb [20] systems with the results il-
lustrated in figs. 1(a) and (b), respectively. The data from
the literature were converted from dσ/dσR as a function
of angle for a given energy to dσ/dσR as a function of
the reduced distance of closest approach, without any ad-
ditional normalization. It is important to emphasize that
we considered only data taken at energies close to the
barrier, where a smaller contribution from Fresnel oscilla-
tions is expected. The list of the data considered in the
present analysis is shown in table 1. The values for the
barrier for each system as calculated with the São Paulo
Potential [21] are also given. Some data were taken from
EXFOR database [22] and some from NRV (Nuclear Re-
actions Video) database [23] as indicated.

To extract the reduced critical interaction, dI , and re-
duced strong-absorption, dS , distances we applied eq. (4).
All three parameters were free to vary during the fitting
procedure. The values obtained for the 16O+208Pb system
were p1 = 1.018(2), p2 = 31.15(8) and p3 = 1.5333(2). The
parameter p1 in eq. (4) is actually the asymptotic value of
y for large distance d. This parameter is associated with
the asymptotic value of the dσ/dσR data, which should
be close to unity for large values of distance d. This pa-
rameter is then related to the normalization of the data
at forward angles, where the elastic scattering should be
purely Rutherford. The values obtained for the parame-
ter p1 for each of the systems investigated here are also
listed in table 1. From the result of the fit we could extract
the reduced critical interaction distance, dI , for which the
dσ/dσR ratio is 0.98. This procedure takes into account
several cross sections obtained from angular distributions
measured at different energies. The quality of the data,
related to the uncertainty and in the fluctuation of the
cross sections, are also taken into account. Considering
this procedure, the reduced critical interaction distance
obtained for 16O + 208Pb is dI = 1.64(1) fm, correspond-
ing to a distance DI = 13.85(8) fm. The uncertainty in
dI was taken to be one-half of the difference from where
the ratios are 0.97 and 0.99. For the other strongly bound
system, 12C + 208Pb, shown in fig. 1(b), the reduced crit-
ical interaction distance is dI = 1.66(1) fm, which is the
equal within uncertainty as for 16O. We also derive the re-
duced strong-absorption distance, dS , for which dσ/dσR

ratio is 0.25 and with an uncertainty taken to be one-
half the difference from where the ratios are 0.24 and
0.26. The reduced strong-absorption distance is found to
be dS = 1.498(2) fm for 16O + 208Pb, corresponding to
DS = 12.70(2) fm, and dS = 1.491(2) fm for 12C + 208Pb,
corresponding to DS = 12.24(2) fm. Again the reduced
strong-absorption distances are about the same for both
12C and 16O + 208Pb systems. For these tightly bound
projectiles, both reduced strong-absorption and critical
interaction distances are small, being in the range of 1.45–
1.55 fm and 1.60–1.70 fm, respectively. The difference be-
tween these two distances is Δd = dI − dS = 0.14 for 16O
and 0.17 for 12C. Direct processes (inelastic excitation,
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Table 1. The reduced critical interaction distance, dI , and the reduced strong-absorption distance, dS (at which dσ/dσRuth

are 0.98 and 0.25, respectively) for the projectiles indicated. The cluster configuration of the projectile and the corresponding
binding energy are also listed. Δd is the difference between the distances dI and dS .

Reference B.E. (MeV) VB (MeV) dI (fm) p1 dS (fm) Δd

6He S.-Benitez-05 [33](a) 0.973 (4He + 2n) 19.1 2.20(5) 0.999(1) 1.589(7) 0.61

Kakuee-06 [34](a)

8He M.-Duran-16 [35](a) 2.140 (6He + 2n) 18.6 2.24(7) 1.000(3) 1.718(6) 0.52
6Li Keeley-94 [32](a) 1.474 (4He + d) 29.4 1.95(4) 1.007(1) 1.521(5) 0.43
7Li Keeley-94 [32](a) 2.467 (4He + t) 29.0 1.74(2) 1.019(1) 1.491(3) 0.25
8Li Kolata-02 [25](a) 2.032 (7Li + n) 28.7 2.30(7) 0.993(6) 1.651(7) 0.55
9Li Cubero-12 [13](c) 4.064 (8Li + n) 28.3 1.84(3) 1.003(1) 1.522(3) 0.32
11Li Cubero-12 [13](a) 0.369 (9Li + 2n) 27.8 5.16(44) 0.999(2) 1.59(4) 3.57
7Be Mazzocco-17 [26](c) 1.587 (4He + 3He) 39.4 1.86(5) 0.996(3) 1.509(4) 0.35
9Be Yu-10 [29](a) 1.655 (8Be + n) 38.9 1.86(2) 1.005(2) 1.540(4) 0.31
10Be Kolata-04 [27](a) 6.812 (9Be + n) 38.1 1.73(2) 1.012(3) 1.521(2) 0.21
12C Santra-01 [20](a) 7.367 (8Be + α) 57.6 1.66(1) 1.014(3) 1.491(2) 0.17
16O Vulgaris-86 [17](c) 7.162 (12C + α) 76.0 1.64(1) 1.012(4) 1.498(2) 0.14
17F Liang-03 [28](a) 0.601 (16O + p) 85.5 1.69(1) 1.031(2) 1.491(3) 0.20
19F Lin-01 [36](b) 4.014 (15N + α) 84.5 1.63(2) 1.008(5) 1.489(2) 0.14

(a)
Data sets obtained from EXFOR database [22].

(b)
Data sets obtained from the NRV database [23].

(c)
Data sets obtained from the figures of the original papers by the authors of the present paper.

breakup, transfer etc.) are the main cause of flux absorp-
tion from elastic scattering in the region between these
two distances for the 16O projectile, as discussed by Kim
et al. [24].

The idea 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 same target.
To do that, we follow and extend the work of Pakou and
Rusek in ref. [19] by analyzing data from several other pro-
jectiles, including tightly bound (9Li, 10Be, 12C, 16O, 19F),
weakly bound (6Li, 7Li, 8Li, 8He, 9Be, 17F) and exotic
(6He and 11Li) nuclei on a 208Pb target. It is important
to mention that the data from the literature were directly
converted from dσ/dσR as a function of angle for a given
energy to dσ/dσR as a function of distance. Also, all the
data were obtained at energies close to the Coulomb bar-
rier where the Fresnel peak is not pronounced, allowing a
fit using eq. (4). Such a procedure allows the combination
of several data set, distributed in terms of angular distri-
bution (dσ/dσR versus Θc.m.), into one data set (dσ/dσR

versus d). For radioactive projectile data, where cross sec-
tions were obtained at fewer angles for each energy but at
several different energies, this procedure has been shown
to be of particular utility, for instance for 8Li [25], 7Be [26],
10Be [27] and 17F [28].

To check for any possible energy dependence in the
extraction of the reduced critical distance, we considered
the data for the 9Be + 208Pb system from Yu et al. [29].
This data set has very good quality and the angular dis-

Table 2. The parameter p1 and the reduced critical interaction
distance dI for the 9Be+208Pb system at the different energies
indicated.

Energy (MeV) p1 dI (fm)

38.0 1.001(3) 1.87(2)

39.0 1.009(3) 1.83(2)

40.0 1.000(3) 1.86(2)

41.0 1.004(3) 1.85(2)

42.0 1.004(3) 1.85(2)

44.0 1.014(3) 1.83(2)

50.0 1.001(3) 1.86(2)

tributions were measured at several energies ranging from
38.0 to 50MeV. Using the procedure described above, we
obtained the critical interaction distance dI considering
data for each angular distribution. The results for the pa-
rameter p1 and for the critical distance of interaction are
listed in table 2. As one can see, the obtained values for
the parameter p1 are close to unity, indicating a good nor-
malization of the data. Also the values for the dI are con-
sistent with each other within error, yielding an average
value of 〈dI〉 = 1.85(2) fm. The energy dependence can be
considered to be negligible for this particular range. The
good quality of the cross-section data obtained at several
angles and for several energies are reflected in the plot
of fig. 2, with small fluctuations in the cross section as
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Fig. 2. Ratio of the elastic cross section to the Rutherford
value, dσ/dσR, as a function of the reduced distance of clos-
est approach d for the 9Be + 208Pb system, at the energies
indicated. The data are taken from ref. [29].

a function of the distance of closest approach. The crit-
ical distance of interaction obtained for the combination
of the data from 38.0 to 42.0MeV is dI = 1.86(2) fm for
this system, which is about the same as the average ob-
tained by considering angular distributions from 38.0 to
50MeV. This value is somewhat larger than that for the
tightly bound nuclei 12C and 16O. On the other hand,
the reduced strong-absorption distance for this system is
found to be dS = 1.540(4) fm, which is in the same range
of 1.45–1.55 fm obtained for 12C and 16O. Considering the
lower binding energy for 9Be, this may be an indication
that direct reactions, such as breakup and transfer, start
playing a role for this system at distances larger than that
for tightly bound nuclei.

2.1 Distances for 6,7,8,9,11Li projectiles

Following the prescription described in the previous sec-
tion, we analyzed elastic scattering data for 9Li and
11Li [13] on a 208Pb target. The cross-section ratios vs.
the reduced distance of closest approach for these sys-
tems are shown in fig. 3. The dashed curves correspond
to the fits using eq. (4), and the reduced critical inter-
action distances obtained for each isotope are indicated.
For the exotic borromean nucleus 11Li the reduced criti-
cal distance is quite large, dI = 5.16(44) fm, when com-
pared to that for 9Li, dI = 1.84(3) fm. The reduced strong-
absorption distances for both 9Li and 11Li are about the
same, dS = 1.522(3) and 1.59(4) fm, and are quite similar
to those for 6He, 6Li, 7Be, 9Be. The difference between
the reduced critical interaction and strong-absorption dis-
tances, Δd, is 3.57 and 0.32 fm, for 11Li and 9Li, respec-
tively. The larger value of the difference between the dis-
tances can be interpreted as due to the combination of
a static effect, the extended matter distribution and bor-
romean cluster configuration of 11Li, as well as dynamic
effects such as a lower breakup threshold inducing cou-
plings to direct channels. The extended direct-interaction
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Fig. 3. Ratio of elastic cross section to the Rutherford value,
dσ/dσR, as a function of the reduced distance of closest ap-
proach d for the 9Li and 11Li + 208Pb systems, at the energies
indicated. The data are taken from ref. [13].

region for the 11Li projectile corroborates the importance
of the long-range Coulomb and/or nuclear interaction for
this exotic projectile, as also observed in the reduction of
the Fresnel diffraction peak in the corresponding angular
distributions [13]. In the case of 11Li, the much larger dif-
ference as compared to any other projectile analyzed here
can be attributed to the much stronger dynamic polariz-
ability of this nucleus which can give rise to a long-range
Coulomb interaction. The effect of this strong polarizabil-
ity, which is almost certain to be due to the presence of
the strong soft electric dipole at low excitation energy [30]
in 11Li, would be to reduce the elastic-scattering cross sec-
tions even at energies well below the barrier [13,31].

For the weakly bound lithium isotopes 6,7,8Li + 208Pb
we used the data for 6Li and 7Li from ref. [32] and for
8Li from ref. [25]. In fig. 4 the plots for the dσ/dσR ver-
sus d for 6Li and 8Li are shown. The obtained critical
interaction and strong interaction distances for these iso-
topes are listed in table 1. The reduced critical interaction
distances are larger for these weakly bound nuclei in com-
parison with those obtained for the tightly bound nuclei
12C and 16O, while the reduced strong interaction dis-
tances are about the same. The large value of the reduced
critical interaction distance, dI = 2.30(7) fm, and reduced
strong-absorption distance, dS = 1.651(7) fm, for the 8Li
projectile is somewhat surprising. However, it has to be
pointed out that the angular distributions for 8Li have
fewer data points and bigger error bars in the region of
the critical interaction distance. It is a radioactive projec-
tile and the statistics of the experiment is much lower than
that for stable weakly bound projectiles like 6,7Li. The dif-
ference between the reduced critical interaction and strong
absorption distances, also shown in table 1, are still in the
range of those for other weakly bound nuclei. The larger
values for the weakly bound nuclei, compared to those
Δd ≈ 0.15 for tightly bound nuclei, are mostly due to the
influence of direct reactions, such as breakup and transfer,
which are important processes that start playing a role at
larger distances.
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2.2 Distances for 6,8He, 7,9,10Be and 17,19F projectiles

Table 1 is completed with results from analyses of data
for several other projectiles such as 6He [33,34], 8He [35],
7Be [26], 10Be [27], 17F [28] and 19F [36].

For the exotic borromean nucleus 6He and the weakly
bound nucleus 8He, the reduced critical distances are
large, dI = 2.20(5) fm and dI = 2.24(5) fm, respectively, as
shown in fig. 5. Considering the difference with respect to
the reduced strong-absorption distance we have Δd = 0.61
and 0.52 fm for these nuclei, respectively. The large dif-
ference for 6He can be attributed to the static and dy-
namic effects including the extended-matter distribution
and lower breakup threshold inducing couplings to direct
channels. Although the binding energy for 8He is not as
low as for 6He, it seems that similar effects are playing a
role for this nucleus as well.

Although 8Li and 8He have different cluster configu-
rations, they have very similar reduced critical distances
of interaction, dI = 2.23(6) and 2.25(7) fm, respectively.
The larger value of the reduced critical interaction dis-
tance obtained for 8Li among the lithium isotopes 6,8,9Li
could be explained as the combination of effects due to
cluster configuration and breakup threshold energy. The
valence particle of the 8Li isotope is a neutron, while 6Li
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Fig. 5. Ratio of elastic cross section to the Rutherford value,
dσ/dσR, as a function of the reduced distance of closest ap-
proach d for the (a) 6He+208Pb [33,34] and (b) 8He+208Pb [35]
systems, at the energies indicated.

and 7Li have charged valence particles (deuteron and tri-
ton, respectively). Both 8Li and 9Li have a neutron valence
particle and the larger value of the reduced critical inter-
action distance observed for 8Li could be understood as
the effect of the lower binding energy for 8Li = 7Li + n
(2.032MeV) as compared to 9Li = 8Li + n (4.064MeV).
It should be mentioned that the quadrupole moment for
the 8,9,11Li isotopes are about the same [37].

The comparison of the dσ/dσR versus d plots for 7Be
and 10Be is shown in fig. 6. Although these nuclei have ap-
proximately the same reduced critical interaction distance,
they have completely different cluster configurations and
binding energies. The reduced critical interaction distance
for 7Be is in the same range 1.80–1.90 as the other weakly
bound nuclei, 6Li and 9Be. The data for 10Be constitute a
typical example of the advantage of this procedure, where
we are able to combine several cross sections measured at
relatively few angles but at different energies.

The dσ/dσR versus d plots for 17F and 19F nuclei are
shown in fig. 7. For the 17F projectile we considered the
data taken at 120MeV. Although 17F has a small binding
energy (0.601MeV), its valence proton particle suffers the
influence of a Coulomb barrier plus a higher centrifugal
barrier (l = 2) since it is located in the 1d5/2 orbit. The
data for 19F also suffers from large fluctuations, but the
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Fig. 6. Ratio of elastic cross section to the Rutherford value,
dσ/dσR, as a function of the reduced distance of closest ap-
proach d for the (a) 7Be+ 208Pb [26] and (b) 10Be+ 208Pb [27]
systems, at the energies indicated.

combination of all data sets from the angular distributions
taken at different energies still allows for the analysis to
be made.

2.3 Critical interaction distance and binding energy

Considering the data analyzed here, there is an indica-
tion of a possible correlation between the reduced critical
interaction distances, given in table 1, and the breakup
threshold energy (binding energy of the given cluster con-
figuration) of the projectiles. The plot of the critical inter-
action distances obtained in this work, as a function of the
binding energy for the configuration indicated in table 1,
is shown in fig. 8. First we performed a fit (dashed curve
in fig. 8) considering only the weakly and tightly bound
nuclei, 6Li, 7Li, 9Li, 7Be, 9Be, 10Be, 12C, 16O and 19F. As
can be observed in this figure, the more weakly bound the
projectile the larger the critical interaction distance.

The other nuclei analyzed in this work, 6He, 8He, 8Li,
11Li and 17F, deviate from the phenomenological dashed
curve in fig. 8. First and most obvious is the case of
11Li, which illustrates how strongly the unique structure
of this nucleus influences its reaction mechanisms. Un-
fortunately, there are very few nuclei having a similar
structure to compare with, the obvious choice being 11Be

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
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(b)

Fig. 7. Ratio of elastic cross section to the Rutherford value,
dσ/dσR, as a function of the reduced distance of closest ap-
proach d for the (a) 17F + 208Pb [28] and (b) 19F + 208Pb [36]
systems, at the energies indicated.

(B.E. = 0.501MeV). It would also be interesting to have
elastic scattering measurements at energies close to the
barrier for projectiles with binding energies smaller than
1.0MeV, such as 15C (0.740MeV), and for proton-rich nu-
clei such as 8B (0.138MeV) and 12N (0.601MeV). Mea-
surements for the last two have been proposed.

Next is the case of 17F, which is a proton-rich nucleus.
Despite its low binding energy, the reactions of this nu-
cleus are likely being inhibited by the proton Coulomb
barrier and the high angular momentum in its ground
state. Its first excited state, which has low spin and a
much lower binding energy, has been suggested to be a
proton halo system. However, the short mean-life of less
than 0.5 ns would make a study of its reactions very diffi-
cult to carry out. The elastic data for the 17F ground state
were obtained from the work of Liang et al. [28]. In the
same work, they also report a breakup measurement at
the same energy, 120MeV. The authors concluded that,
at this energy, the integrated breakup (BU) cross section
was small (one third of the fusion cross section at the
same energy) and they concluded from calculations that
transfer was negligible at this energy. This conclusion is
corroborated by the small interaction distance obtained in
this work. Similar conclusions about the small effect of BU
and transfer channel on fusion and elastic scattering have



Page 8 of 9 Eur. Phys. J. A (2018) 54: 223

0 2 4 6 8
B. E. (MeV)

0

1

2

3

4

5

6

d I (
fm

)

11
Li

17
F

6
He

6
Li 7

Be
9
Be

8
Li 8

He

7
Li

9
Li

19
F

10
Be

16
O

12
C

Fig. 8. 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 and tighly bound
nuclei in red.

recently been given for the 17F + 89Y system in ref. [38]
supporting the results derived here.

Further there are 6,8He, both of which have been shown
to have a neutron halo structure [1] so their larger inter-
action radii are not unexpected. Finally, there is the case
of 8Li, which shows an unexplained deviation from the
curve. This is quite surprising since its fusion cross section
appears to be normal [39] so the increased interaction ra-
dius, if real, must be due to peripheral reactions. On the
other hand, the total reaction cross section for 8Li on the
medium mass nucleus, 90Zr, was found to be anomalously
high [40]. Forthcoming study of the 8Li + 208Pb system
would therefore be quite interesting.

Although the critical interaction distances obtained
here have some relationship to the size of the nuclei, they
are also influenced by the reaction mechanisms. This is
especially the case for the halo nuclei, where there is a
clear departure from an A1/3 proportionality of the radii.
At distances between critical interaction and strong ab-
sorption the mechanisms are predominantly inelastic and
other direct channels, while distances smaller than strong-
absorption are dominated by fusion. The critical interac-
tion distances can also depend on the nuclear properties,
such as the nuclear radius itself, isospin symmetry, binding
energy per nucleon, and binding energy of valence parti-
cles in a particular cluster configuration, all of which may
affect the strength of the couplings for different incident
energies.

3 Summary

Static and dynamic effects in the elastic scattering pro-
cess at low energies were investigated in a semi-classical
approach by plotting the ratio of elastic cross sec-
tion to the Rutherford value as a function of the dis-
tance of the closest approach on a Rutherford trajectory.
Critical-interaction and strong-absorption distances were

extracted from elastic data for several systems from the
literature involving tightly bound (10Be, 12C, 16O, 19F),
weakly bound (6Li, 7Li, 7Be, 8Li, 8He, 9Be, 17F) and ex-
otic (6He and 11Li) nuclei on a 208Pb target, at energies
close to the Coulomb barrier. Larger values of the criti-
cal interaction distance were observed for the exotic 6He
and 11Li nuclei as compared with the weakly bound 6Li,
7Li, 7Be, 8Li, 9Be nuclei, and even more so when com-
pared with tightly bound projectiles such as 10Be, 12C
and 16O. The significantly larger value obtained for 11Li
can be understood as due to the influence of the large
Coulomb dipole polarizability of this nucleus. The com-
bination of the effect of the large value of the Coulomb
dipole polarizability, as well as the large transfer/breakup
probabilities observed experimentally, can also be the rea-
son for the large value of the interaction distance for 6He
as compared to 6Li. In the present analysis, a correlation
between the critical interaction distance and the breakup
threshold energy for a given cluster configuration was also
observed.
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