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Radial sensitivity of elastic scattering at near barrier energies for
weakly bound and tightly bound nuclei
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The radial sensitivity of elastic scattering for weakly bound (6Li, 7Li, 9Be) and tightly bound projectiles (12C,
16O) on light and heavy targets (28Si, 58Ni, 118Sn, 208Pb, 209Bi) is sought at barrier energies, taking into account a
Woods -Saxon potential and a BDM3Y1 interaction. The results are discussed in terms of the potential anomaly
at the coulomb barrier.
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Coupled channel effects have been a popular subject for
several decades. Today, the subject is again of particular
interest for the case of weakly bound nuclei involved in
reactions at the barrier. The potential threshold anomaly is an
effect with consequences on the reaction channel mechanisms
in this energy region. The term “threshold anomaly” [1,2] was
invoked to describe, for tightly bound nuclei, the rapid energy
variation of the real and imaginary part of the potential in the
region around the Coulomb barrier; this variation is visualized
as a peak in the real part associated with a sharp decrease with
falling energy in the strength of the imaginary potential. For
weakly bound systems, however, the situation, which has been
recently outlined in [3,4], is more complicated.

The quantities obtained in the above studies are the real
and imaginary potentials as a function of energy in the vicinity
of the barrier. It is customary to obtain such quantities at
the strong absorption radius. As discussed in [4], however,
the radial region of sensitivity may change with bombarding
energy for lighter systems. Additionally, as pointed out in
[5–7], the reduced interaction distance of the closest approach
for the systems 6He+208Pb and 6,7Li+28Si is ∼2.2 fm instead
of ∼1.65 fm, a value which has been obtained for several
stable systems [7,8]. It is therefore important to know what
radial region of the nuclear potential can be considered to be
well mapped by the analysis of elastic scattering data.

In this context, we have studied several weakly bound and
tightly bound projectiles, elastically scattered by light and
heavy targets, in order to determine the radial region of the
potential sensitivity.

We adopt the technique outlined, e.g., in [9] taking into
account a Woods-Saxon potential. The radius of sensitivity
is searched by fitting V0 and W0 at different diffusivities in
the region αV (W ) = 0.40 to 0.80 and by fixing the reduced
radii r0V (W ) at previously found best values. The elastic
scattering of the following systems is considered at near
barrier energies: (6Li, 7Li, 9Be) and (12C, 16O) on light and
heavy targets (28Si,58Ni, 118Sn, 208Pb, 209Bi). Data are taken
from [3,4,10–21]. As an example, some results for the real
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part of the potential of the systems 6Li+208Pb and 16O+208Pb
are presented in Figs. 1 and 2 for various energies. The best
fit parameters for the barrier energy are given in Tables I
and II. The phenomenon outlined in these figures is that at near
barrier energies [Figs. 1(b)–(1)d and 2(b)–2(d)], the tightly
bound projectiles, in principle, probe a unique radius of the
potential, which is almost equal to the strong absorption radius
(details can be found in Ref. [23]), that is, the radius at the point
where the ratio of elastic scattering to Rutherford scattering
drops to 0.25. For the weakly bound projectiles, the behavior
is slightly different. The probed radii are located in the vicinity
of the strong absorption radius, but these values are larger by
∼9% than the strong absorption radius for heavy targets and
by ∼19% for the light ones. Radii of the potential sensitivity
for 6Li+208Pb and 16O+208Pb are compared in Fig. 3, with two
extreme radii: the strong absorption radius and the interaction
distance at the point where the above ratio drops slightly from
unity to 0.98. The latter ratio is chosen so as to comply with
previous definitions in publications [5–7]. The analysis for the
interaction distances is done according to [5]. A table, with the
sensitive radii and strong absorption radii and radii at the ratio
0.98, for all the systems considered in this work, is given in
Ref. [23]. It should be noted that for the imaginary potential,
crossings occur at smaller separations and occasionally are
not well defined. The same result is also reported by other
authors [21].

On the other hand at the barrier [Figs. 1(a) and 2(a)],
two crossings are observed at two distinct radii. The first is
associated with high absorption and corresponds to a small
radius, while the second is associated with low absorption and
corresponds to a large radius. We claim that the first crossing
is due to farside scattering; the second, to nearside scattering.
We also claim that the appearance of two crossings is due to a
possible “decoupling” of the nearside scattering, dominated by
the Coulomb repulsion, and the farside scattering, due to the
strong attractive nuclear potential. By “decoupling” we mean
that at these low energies, the farside scattering is so weak
that no observable interference effects occur with the nearside
scattering.

In order to support the above argument, we proceed
with the following analysis. In a first step, we take as
example the 6Li+208Pb elastic scattering at barrier energy
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FIG. 1. (Color online) Radial sensitivity for the system 6Li+208Pb
at various energies near the Coulomb barrier with the crossing
technique. Real potential V (r) is plotted as a function of the reduced
radius r0. Coulomb barrier energy EC.b. is calculated according to
Broglia and Winther [22] and is 30.35 MeV.

(E/EC.b. = 0.96) and we decompose the angular distribution
for the best fitted Woods-Saxon potential [Fig. 1(a)] in two
parts. One originating from nearside scattering and one from
farside scattering. The results are presented in Fig. 4(a). As
expected, the farside scattering is almost negligible for the
more forward angles, more specifically for angles up to the
point where the ratio of the angular distribution to Rutherford
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FIG. 2. (Color online) Same as Fig. 1, but for 16O+208Pb and
EC.b. 76.05 MeV.

TABLE I. Best fit parameters for the 6Li+208Pb potentials at
E/EC.b. = 0.96, appearing in Fig. 1(a) with rV = rW = 1.34 fm.

V0 (MeV) W0 (MeV) αV = αW (fm) χ 2/ν

114.03 123.24 0.40 2.21
49.93 75.55 0.45 2.02
24.66 48.37 0.50 1.83
13.67 32.46 0.55 1.67
8.59 22.72 0.60 1.53
6.16 16.47 0.65 1.42
5.02 12.29 0.70 1.34
4.54 9.38 0.75 1.29
4.41 7.29 0.80 1.26

drops to ∼0.60. On the other hand, near the barrier at
E/EC.b. = 1.12, the farside contribution starts to grow, and
interference effects can be stronger [Fig. 4(b)]. As a second
step, we perform an analysis of the barrier energy angular
distribution, selecting data at the forward angles, starting
with the more forward ones, and subsequently increasing the
angular range. It is found that up to the angle where the ratio of
elastic to Rutherford scattering drops to 0.60, only one crossing
occurs, which is associated with the large radius and small
absorption. Therefore, according to our calculations presented
in Fig. 4(a), this corresponds mainly to nearside scattering.
This analysis is repeated for all the systems considered within
this work. The two-crossing effect at the barrier is obvious for
all the projectiles, weakly and tightly bound, on heavy targets.
The results on light targets are, however, less convincing.
Unfortunately, the lists of data that we possess do not contain
systematic data at very backward angles, or the quality of the
fits is not always good enough to isolate also the crossing of
farside scattering. We have, however, attempted to do it with
the system 6Li+208Pb, where the quality of the data is excellent
and the number of data points is large. The results are presented
in Fig. 5. Note that the analysis including data only at the
forward angles probes only one crossing, which corresponds
to low diffusivity and the large radius. The analysis including
data only at the backward angles also probes only one crossing,
but which now corresponds to high diffusivity and the short
radius.

TABLE II. Best fit parameters for the 16O+208Pb potentials at
E/EC.b. = 1.013, appearing in Fig. 2(a), with rV = rW = 1.20 fm.

V0 (MeV) W0 (MeV) αV = αW (fm) χ 2/ν

757.55 532.83 0.40 1.38
342.17 254.33 0.45 1.93
186.68 136.54 0.50 2.62
117.40 80.31 0.55 3.43

82.12 50.94 0.60 4.34
62.33 34.19 0.65 5.32
50.39 24.01 0.70 6.35
42.80 17.48 0.75 7.40
37.76 13.11 0.80 8.45
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FIG. 3. Reduced sensitive radii (grey bars
with diagonal lines) for the 6Li+208Pb,
6Li+28Si (top figures) and 16O+208Pb,
16O+28Si (bottom figures) potentials as a
function of reduced energy are compared
with reduced interaction distances at the
point where the ratio of elastic scattering to
Rutherford scattering drops to 25% (strong
absorption radius, white bars with diagonal
lines) and at the point where the above ratio
drops to 98% (black bars). Note that the sensitive
radius at the barrier was taken as the mean of
the two separations corresponding to the two
observed crossings.

Another interesting point which should be noted is that
for the weakly bound projectile 6Li, the small separation
corresponds to the strong absorption radius and is associated
with high absorption (farside scattering), while the larger

separation (nearside scattering) corresponds to an interaction
distance at a point where the elastic scattering drops slightly
from the Rutherford scattering and is associated with low
absorption. In contrast, for tightly bound nuclei and the less
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FIG. 4. (Color online) Elastic scattering an-
gular distributions for 6Li+208Pb (a) at barrier
and (b) near barrier energies. Curves are optical
model calculations with a Woods-Saxon poten-
tial (best fit solid line). Decomposition of the
farside (dashed line) and nearside (dotted line)
scattering is also shown.
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FIG. 5. (Color online) Presentation of the two-crossing effect due
to a possible decoupling of farside and nearside sacttering. Data
at backward angles (a) probe the short radius connected with high
diffusivity; data at forward angles (b) probe the large radius connected
with low diffusivity. Potential lines with low diffusivity (a) and high
diffusivity (b) do not converge in a crossing and were omitted.

weakly bound 7Li and 9Be, the small separation goes even
deeper than the strong absorption radius, while the large
separation lies beyond but closer to the strong absorption
radius.
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FIG. 6. Same as Fig. 1, but with the notch technique. Relative χ2

change is plotted vs reduced radius.
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FIG. 7. Same as Fig. 2, but with the notch technique. Relative χ2

change is plotted vs reduced radius.

Similar results are obtained by using the density-dependent
BDM3Y1 interaction [24] and the notch technique [25,26].
A dip with a width of 0.2 fm is formed in the potential
at a radius r = R by multiplying the potential by 0.8.
Then the dip is moved across the potential, and the relative
change of χ2 is plotted as a function of the reduced radius
r0. The results plotted in Figs. 6 and 7 show that for the
weakly bound nuclei, the sensitive region extends well into
the surface up to a reduced radius of 2 fm, with the most
sensitive region close to the strong absorption radius. For the
stable nuclei, the sensitive region moves even deeper than
the strong absorption radius, while it extends weakly to the
surface up to 1.7 fm. Note that for light targets the situation is
the same for both tightly bound and weakly bound projectiles
and follows the behavior of the weakly bound nuclei on heavy
targets.

In conclusion, then, with respect to the potential anomaly
at the Coulomb barrier, to make meaningful comparisons
between tightly bound and weakly bound nuclei, it is necessary
to plot the potential at the appropriate radius. In this work
we found that for the tightly bound nuclei, the appropriate
radius is the strong absorption radius, whereas the same does
not hold for the weakly bound ones. In the latter case, the
sensitive radius is ∼9% higher than the strong absorption
radius for scattering on heavy targets and ∼19% higher
for scattering on light targets. Therefore, it is necessary to
perform a radial sensitivity analysis in advance of plotting the
potential.

We also addressed a two-crossing effect at the barrier,
which may be attributed to a possible decoupling of farside
and nearside scattering. More calculations and/or experiments
are necessary, however, in order to fully explore and prove this
argument.
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