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Airy minima in the scattering of weakly bound light heavy ions
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We reanalyze the existing °Li 4 '>C elastic scattering angular distributions for incident energies ranging from
a few MeV to 318 MeV within the frame of the optical model. Despite the important breakup effects expected
in the scattering of such a fragile projectile, the system is found to display a surprising transparency. Indeed the
barrier-wave/internal-wave decomposition of the elastic scattering amplitude reveals that a substantial part of
the incident flux that penetrates the nuclear interior reemerges in the elastic channel, and typical refractive
effects, like Airy minima, are clearly identified in the angular distributions. Coupled channel calculations
performed on '>C(°Li,°Li’)!?C*(J™ = 2%, E, = 4.44 MeV) angular distributions extending through the whole
angular range confirm the existence of an important internal-wave contribution in the backward hemisphere.
A similar transparency is observed in other systems of this mass region, such as "Li + '2C or °Li + '°O. Finally,
we examine recent ®He + '2C elastic scattering data obtained at 18 MeV by Milin et al. [Nucl. Phys. A730, 285
(2004)] and extending up to ., =~ 85°, and we suggest additional measurements that could ascertain whether

some transparency persists in the scattering of this radioactive projectile.
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I. INTRODUCTION

Impressive advances in the field of radioactive nuclear
beams (RNB) have made possible precise and reliable mea-
surements of elastic, inelastic, and transfer cross sections of
loosely bound projectiles such as ®He. The '2C(°He,’He)
elastic angular distribution has recently been measured at
18 MeV for c.m. angles extending up to 85° [1]; in this angular
range, the experimental angular distribution is very similar
to that obtained for the neighboring '>C(°Li,°Li) system at
comparable incident energies.

For systems involving fragile projectiles such as °He (and,
to a lesser extent, °Li), breakup effects are expected to play an
important role in the scattering mechanism; in fact, a strong
reduction of the real part of the folding model potential has
been found necessary to describe the SLi experimental data
[2—4], whereas more strongly bound projectiles such as “*He
do notrequire such a renormalization. Breakup is also expected
to be responsible for a strong enhancement of the imaginary
part of the optical potential. The influence of breakup effects
on °Li scattering has been intensively investigated by several
authors [5-7].

Strong absorption effects usually dominate the scattering
of many light and heavy ions, making the scattering angular
distributions only sensitive to the far tail of the interaction
potential. However, several systems—such as o + 'O and
o +%Ca [8], or 'O +'°0 and '°0 + '2C [9-13]—display
enough transparency to make the scattering sensitive to the
interaction at distances smaller than that of the nuclear
surface. At low energy, this transparency manifests itself by
the now classical anomalous large angle scattering (ALAS)
phenomenon [8], which consists in a spectacular enhancement
of the cross section at back angles, accompanied by strongly
energy-dependent interference phenomena [8,10,12]; at higher
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energy, the angular distribution turns into a distinctive rainbow
pattern [8,11,13], preceded at intermediate angles by one or
several broad oscillations, which have been interpreted in terms
of an Airy mechanism [9-19].

In the case of the much studied °Li+ '2C system, such
a behavior, indicative of an incomplete absorption, has
paradoxically been observed for a long time but seems to
have remained largely unnoticed; indeed the low-energy data
display a strong ALAS behavior, clearly seen, for example, in
the old 30.6-MeV data of Chuev et al. [20], which extend over
the whole angular range. The same phenomenon is observed
at 29.8 MeV in the neighboring SLi+ 0 system [20], for
which the data also extend up to large angles. Still, at that
time, the significance of this backward rise was overlooked,
and the analysis of Bassani et al. [21] concludes that “Of
behaves as a strongly absorbed projectile.” These data are well
described within the optical model (OM), if use is made of a
moderate absorption; and a semiclassical decomposition of the
elastic scattering amplitude into its so-called barrier-wave and
internal-wave (B/I) contributions [22] confirmed later, in an
unambiguous way [23], that the °Li+ 'O system displays a
surprising transparency: Indeed, the backward enhancement
is completely dominated by that part of the incident flux
that crosses the potential barrier and reemerges in the elastic
channel after penetrating the nuclear interior. In fact the
transparency of the system is so high that in the 29.8-MeV
160(°Li,°Li) angular distribution the influence of the internal-
wave component can be felt at angles as small as 50°!

Investigation of the existing '>?C(°Li,°Li) data confirms the
transparency of the system up to high incident energies; in
particular rainbow scattering is observed above about 60 MeV,
with the occurrence of a well-marked Airy minimum (Al).
This transparency has recently been rediscovered by Carstoiu
et al. [24], who identified what they call an “exotic feature”
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in the data around 50 MeV, consisting of the appearance of a
broad plateau at intermediate angles [25]. This plateau is in fact
the small-angle side of a broad dip, which is nothing but the
A1 Airy minimum at that energy; this minimum progressively
moves to smaller angles as energy increases.

The purpose of this paper is to reanalyze in a systematic
way the existing °Li + >C elastic scattering data for incident
energies ranging from a few MeV to 318 MeV, having
in mind the investigation of the surprising transparency
displayed by this system; the semiclassical techniques of the
nearside/farside (N/F) and B/I decompositions [22,26] will be
heavily relied upon for this purpose. An important point of
the study will be to identify the various Airy minima that
appear in the angular distributions as energy increases—a
crucial ingredient in the unambiguous determination of the
interaction potential. Finally, the new ®He + '2C data will be
revisited in the light of the results obtained for its companion
system.

The paper is organized as follows. In Sec. II, we subject
the whole available set of °Li+ '2C experimental elastic
scattering data to a global OM analysis. Although several
phenomenological global analyses of the data have been
proposed in the literature [25,27-29], it is worth repeating
them since some encounter serious difficulties in reproducing
the data at large angles, whereas others report discontinuities
in the energy dependence of the parameters or the need
to include additional phenomenological devices such as a
J-dependent absorption. In Sec. III, the energy dependence
of the elastic scattering angular distributions is investigated,
with an emphasis on the identification of the Airy minima
for this system; the few available 2C(OLi,SLi)'*C*(J™ =
2%, E, = 4.44 MeV) angular distributions extending over the
whole angular range are also investigated within the frame of
coupled channel calculations and subjected to a B/I analysis.
Section IV is devoted to a brief discussion of the refractive
effects observed in the neighboring °Li + '°O and 7Li + '2C
systems. Finally, we analyze in Sec. V the newly available
®He + 2C elastic scattering data [ 1], and we suggest additional
measurements that could provide decisive arguments in favor
of a possible transparency for that system; a summary and our
conclusions can be found in Sec. VI.

II. OPTICAL MODEL ANALYSIS

Many SLi+ '2C elastic scattering angular distributions
are available for incident energies between a few MeV and
318 MeV [20,24,25,27-35], some of them extending over
the whole angular range; these data have been analyzed
by several groups within the frame of the optical model,
either in a purely phenomenological way and/or within the
frame of the folding model using various nucleon-nucleon
effective interactions [6,21,24,25,27-37]. In the latter case, it
has generally been found that, contrary to what is observed
for more strongly bound light ions, the real part of the
folding model potential has to be reduced by multiplying
it by a factor Ng equal to about 0.6, an effect attributed
to the breakup of the soft °Li projectile whose separation
energy into o + deuteron does not exceed 1.5 MeV. A closer
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investigation of the breakup mechanism indicates that the
associated dynamical polarization potential (DPP) cannot be
represented by a simple renormalization of the bare potential,
and indeed the very detailed folding model investigation of
Khoa et al. [37] between 60 and 318 MeV, using one of the
best density-dependent nucleon-nucleon effective interactions,
locates in the surface region the (repulsive) spline correction
that has to be added to the real part of the folding potential to
describe quantitatively the data.

Most of the existing folding model analyses have been
restricted to medium to high energies, and the analyses of the
low-energy data—or the global analyses including low-energy
data—have generally been carried out in a phenomenological
framework, using conventional form factors of the Woods-
Saxon type. The global analyses [25,27-29] have often
suffered from several defects, such as a poor reproduction of
the large-angle data at low energy, or the need for introducing
a discontinuity in the shape of the potential used as energy
increases; the effect of, for example, a spin-orbit interaction
[25,27] or of a J dependence of the imaginary part of the
potential [25] have sometimes been invoked or introduced in
the analysis.

It has repeatedly been pointed out [8] that the usual
Woods-Saxon form factor does not approximate the shape
of the folding model potential in a satisfactory way and
that alternative form factors like the Woods-Saxon squared
potential are better suited for that purpose. Before embarking
in more complicated calculations, we therefore investigated
the possibility of reproducing the existing data within the
OM, using a Woods-Saxon squared form factor for the real
part of the potential; our aim is to obtain a good quality,
global description of the data, embodying all the salient
features of experiment. After performing individual fits at
selected energies, it proved possible to obtain an adequate
representation of the data using a real potential with a Woods-
Saxon squared shape having a fixed geometry; the imaginary
part of the potential is also of Woods-Saxon squared shape, and
we use a Coulomb potential of the point-sphere type with a
radius R. = 1.3(6'/3 4 12!/3) = 5.3 fm. The optical potential
used thus reads

Ur)y=V@)+iW(r)
= Ve(r) = Vof(r;Rg,ar) —iWo f(r; Ry, ap), (1)
where

1

TR @) = el = Ryj2al

@

The radius and the diffuseness of the real part of the
potential are fixed to the values Rgx = 3.20 fm and ap =
0.7 fm; the remaining parameters, that is, the depth Vj
of the real part of the potential and the three imaginary
potential parameters, were adjusted independently at each of
the energies where an angular distribution covering most of the
angular range—or extending well beyond the rainbow angle at
high energy—was available, that is, at 13 [28], 24 and 30 [29],
59.8[30],99 [31], 124 [32], 156 [33], 168.6 [32],210 [34], and
318 MeV [35]. The results obtained are plotted in Fig. 1, and
the extracted parameters are displayed in Table I, where we also
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FIG. 1. Global optical model description of the
experimental °Li+ '2C elastic scattering angular
distributions for incident energies between 13
and 318 MeV [25,27-35]. (The 13-MeV curve is
normalized correctly, and each successive curve is
displaced by a factor of 100 with respect to the
previous one.)
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give the volume integrals per pair of nucleons jy = Jy /72 and
Jw = Jw/72 of the real and imaginary parts of the potential;
these quantities are known to be generally better determined
than the individual parameters of the potential and will be
useful for comparison with earlier work. As there is a large
gap in energy in the available complete angular distributions
between 30 and 60 MeV, Fig. 1 and Table I also include the
incomplete 50-MeV angular distribution [25]; at that energy
the geometry of the imaginary potential was fixed somewhat
arbitrarily by comparison with the neighboring energies to
the values R; =5 fm and a; = 0.85 fm, and the real and
imaginary well depths were the only parameters to be adjusted
to experiment.

Although the agreement with experiment is not always
perfect, Fig. 1 shows that the main trends of the data

180

are satisfactorily reproduced by this very simple potential.
At low energy (especially at 24 MeV) the disagreement with
the phasing of the data at large angles could be due to interme-
diate structure effects, which for example persist in the o + 1°0
case up to about 30 MeV [38,39]. And at higher energy (30—
60 MeV) the DPP associated with °Li breakup cannot possibly
be incorporated satisfactorily within the simple form factor
used here [37]. Still the model describes well the energy
dependence of the position of the broad minima seen in the
data up to 60 MeV incident energy. A look at Table I indicates
a smooth evolution with energy of the real and imaginary parts
of the potential; the most significant quantities, that is, their
volume integrals per nucleon pair jy and jy, are plotted in
Fig. 2 as a function of the c.m. energy of the system. These
volume integrals are in reasonable agreement with those of the
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TABLE 1. Parameters of the global optical potential (with Rz =
3.20fm, ag = 0.70fm and R, = 5.3 fm) describing the experimental
12C(°Li,°Li) elastic scattering data between 13 and 318 MeV [25,28—
35], together with the volume integrals per nucleon pair jy and jy
of the real and imaginary parts of these potentials. (Energies are in
MeV, lengths in fm, and volume integrals in MeV fm?3.)

Ep Vo Wo R; ap Jv Jw
13 248.5 4.72 6.23 0.35 402.9 514
24 245.7 11.4 5.03 0.49 398.3 60.6
30 235.1 14.7 4.65 0.94 381.1 70.0
50.0 220.0 17.0 5.00 0.85 356.7 93.7
59.8 211.4 44.0 4.05 0.84 342.7 140.7
99 178.1 472 4.03 0.77 288.6 142.5

124 178.0 48.6 4.10 0.79 288.5 155.3

156 172.7 65.3 3.75 0.69 280.0 156.2

168.6 174.5 65.1 3.60 0.85 282.9 157.9

210 175.6 90.0 3.27 0.81 284.7 169.4

318 167.9 70.3 3.85 0.68 272.2 178.7

folding 4 spline analysis of Khoa et al. [37] and of the double
folding model analysis of Carstoiu et al. [24].

It is relevant to compare these volume integrals with those
obtained for the « + '®0 system, which involves a light,
strongly bound projectile and for which breakup effects are
negligible; the values obtained for that system are also plotted
in Fig. 2 as a function of the c.m. energy, using the global
potential of Ref. [39], which describes quantitatively the data
between 32 and 146 MeV. For the o + '°0 system, the real
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FIG. 2. Energy dependence of the volume integrals per pair of
nucleons of the real and imaginary parts of the °Li+ '>C global
optical potential of the present work (dots), as compared with that
obtained for the a + '°0O system at comparable c.m. energies [39]
(triangles).
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volume integral behavior is adequately represented by the
following linear prescription [39]:

Jy /64 = 418.1(1 — 0.00196 E,) MeV fm°. 3)

At low and high energy, the real volume integrals are seen
to take comparable values for both systems, but at intermediate
energy the %Li+ '>C volume integral is substantially smaller
than its o + '°0 counterpart. The difference is maximum
around E., ~ 70 MeV (Ep ~ 100 MeV), that is, at an
incident energy where the DPP associated with ®Li breakup
is found to be maximum [37]. However, the imaginary
volume integral is substantially larger in the SLi case, but
as will be seen in Sec. III absorption remains nonetheless
incomplete, and strong refractive effects, which dominate
o + 190 scattering at low and intermediate energy, do indeed
survive in the ®Li 4 'C system.

III. INVESTIGATION OF REFRACTIVE EFFECTS
IN 2C(°Li, °Li) SCATTERING

At low energy the o+ '°O elastic scattering angular
distributions display a vigorous ALAS behavior, which tends
to subside as energy increases: Beyond about 50 MeV incident
energy the backward enhancement is progressively replaced by
the exponential decrease characteristic of rainbow scattering at
large angles [39]. A comparison of Fig. 1 of the present paper
with Fig. 1 in Ref. [39] reveals striking similarities between
the SLi+ '2C and the « + '°O systems; in particular broad
minima, shifting progressively to smaller angles as energy
increases, are apparent in both sets.

Semiclassical approaches have successfully been invoked
to interpret this type of complicated scattering patterns. In the
most popular one, the so-called nearside/farside approach [26],
the elastic scattering amplitude is split into two contributions
corresponding to classical trajectories with a positive/negative
deflection angle; this decomposition can be incorporated easily
in any OM code [26]. In this picture, the broad minima seen in
the angular distributions are carried by the farside component
of the amplitude; this is, for example, the case for SLi+2C at
30 MeV incident energy [Fig. 3(a)] where a broad minimum
is observed around 100°. The presence of minima in the
farside contribution to the scattering amplitude can only be
explained in terms of an interference between (negative-angle)
trajectories with different impact parameters [9,14—19]. The
presence of these minima in the farside component is by itself
an indication of a particular transparency of the system, since
an increase of absorption washes out the interference structure;
these minima are often called Airy minima [9,16—19], although
recent studies indicate that their origin is different from that of
their meteorological counterpart [40]. The minimum around
100° must in fact be labeled A2, since as will be shown below
an additional broad minimum appears at large angles at higher
energy, just before the onset of rainbow scattering. Another
minimum is also observed in the farside contribution at
30 MeV around 50° (and in the full angular distribution as
a depression in the diffractive oscillations) and must thus be
labeled A3.
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FIG. 3. Optical model and experimental [25,29] elastic ®Li+ '?C scattering angular distributions between 24 and 50 MeV: (a)
Nearside/farside contributions (thin lines) and (b) barrier-wave (dashed line)/internal-wave (dash-dotted line) contributions to the OM elastic
scattering cross section (thick line) at 30 MeV; (c¢) and (d) farside (thin line), barrier-wave (dashed line), and internal-wave (dash-dotted line)
contributions to the OM elastic scattering cross section (thick line) at 24 and 50 MeV.

More direct evidence for the transparency of the system
is provided by the barrier-wave/internal-wave decomposition
of the scattering amplitude, which separates cleanly the two
interfering components of the amplitude responsible for the
Airy structure [14,15]. Although this approach was initially
introduced within a semiclassical context [22], it is in most
cases possible to avoid the difficult semiclassical calculations
and to perform the B/I decomposition using an ordinary OM
code [23]. The barrier-wave and internal-wave components of
the amplitude have an intuitively very simple meaning: They
correspond, respectively, to the part of the incident flux that
is reflected at the effective potential barrier and to that which
crosses the barrier and reemerges in the elastic channel after
reflection at the most internal turning point. When absorption
is strong this last component has no chance to survive and

the angular distribution is dominated by the barrier-wave
contribution on the whole angular range; the observation of
a substantial internal-wave contribution thus also points to the
transparency of the system under investigation. We note that in
contrast to the N/F decomposition, which can in principle be
carried out at any energy, the B/I decomposition is restricted
to energies lower than the critical energy where the effective
potential pocket disappears at the grazing angular momentum,
which as can be seen in Fig. 4 is about 30 MeV in the c.m.
for the present system (corresponding to a critical angular
momentum of about 127).

The B/I decomposition of the 30-MeV °Li+ '>C OM
angular distribution, obtained using the simplified technique of
Ref. [23], is presented in Fig. 3(b). One sees that the
forward part of the angular distribution is dominated by the
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FIG. 4. Effective potential curves calculated for £ = 0(2)16 from
the real part of the global potential of the present study with V, =
230 MeV.

barrier-wave component, whereas the internal-wave compo-
nent accounts for most of the back-angle region. At inter-
mediate angles, where the two components have a similar
magnitude, a strong destructive interference is observed, which
accounts for the experimental broad Airy minimum around
100°. On the left of this minimum is a broad plateau, resulting
from the interference of the B and I components, which
has now become constructive; at still smaller angles the
interference turns again to destructive, with the appearance
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of the A3 minimum, which is not very conspicuous at this
energy. The A3 minimum is, however, observed at 24 MeV
around 70°; it is clearly seen in the farside contribution and is
again accounted for by the same B/I destructive interference
mechanism as at 30 MeV [Fig. 3(c)]. A similar situation is
again encountered at 50 and 54 MeV; this time the Airy
minimum observed at 50 MeV near 100° is A1, and on its left
side one finds a plateau similar to that observed at 30 MeV and
that is due to the same interference mechanism [Fig. 3(d)]. The
A2 minimum is also seen at 50 MeV around 45° and is clearly
identified in the farside contribution [Fig. 3(d)]. The plateau
observed at 50 and 54 MeV is the “exotic feature” correctly
identified by Carstoiu et al. [24] as a refractive phenomenon; it
is in fact not a novel feature, since it is clearly seen, and has the
same physical origin, in, for example, « + '°O scattering at
39 MeV [39], in several @ + “°Ca angular distributions below
60 MeV [41], and in '®O+1'60 and '°0 4+ '2C scattering
between 5 and 10 MeV per nucleon [10-15].

To summarize the situation, it is useful to plot the location
of the Airy minima of various orders as a function of the
incident c.m. energy; this is presented in Fig. 5, together
with the results obtained from the global o 4+ '°O potential
of Ref. [39]. At a given angle the passing of these minima
as energy increases produces broad minima in the excitation
function measured at this angle. Such a structure was observed
by Vineyard et al. [29] in the excitation functions measured
at 98° and 120° between 20 and 36 MeV. Figure 6 shows that
the experimental structure is well reproduced by the present
global optical potential; the curves were generated by using
parameters linearly interpolated from Table 1. The observed
minima are essentially due to the passing of the A3 and A2
Airy minima at these angles. The excitation function at 37.2° is
also well reproduced by our calculation (Fig. 6), but the broad
minimum observed around 27 MeV at this smaller angle is
simply due to the passing of a Fraunhofer diffraction minimum
(see Fig. 1).

140
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Li+ °C
16
100 | at 0
o0 A2
% 80 FIG 5. Evolut.ion W.itl.l energy of .the angular
— position of the Airy minima of various orders
D observed in the °Li + '2C (dots) and o 4 '°O (tri-
60 angles) elastic scattering angular distributions.
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FIG. 6. Comparison of the experimental °Li+ '2C excitation
functions between 20 and 36 MeV at 37.2°, 98°, and 120° [29] with
the predictions of the global optical potential, and identification of
several Airy minima contributing to the observed structure.

The surprising transparency displayed by °Li+ '2C scat-
tering, which on account of breakup effects could have
been expected to be dominated by strong absorption, can
also be illustrated by looking at the scattering reflection
coefficients. These are presented in Fig. 7 at 13, 30, and
50 MeV, together with their barrier-wave and internal-wave
components; whereas the barrier-wave contribution has a
characteristic strong absorption profile [42] and is negligible at
low ¢ except at the lowest energy, the internal-wave reflection
coefficients attain values of the order of 0.1, not very different
from those observed in the case of the very transparent & + '°O
system at comparable energies [39].

It is interesting to inquire whether the transparency ob-
served in elastic scattering data persists in some inelastic
channels. Indeed it has recently been shown by the present
authors within the frame of the distorted-wave Born approxi-
mation (DWBA) that for light-ion and light heavy-ion systems
displaying incomplete absorption, a substantial internal-wave
component can survive in the backward hemisphere in some
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inelastic channels as well, causing a B/I interference pattern
similar to that observed in the elastic channel [43].
12C(°Li,5Li’)'?C* scattering has been measured at 24 and
30 MeV by Vineyard et al. [44] for the excitation of the
JT=2% (444 MeV), 0" (7.65 MeV), and 3~ (9.64 MeV)
states of 1>2C up to about 170° in the c.m. We investigated
the angular distributions corresponding to the excitation of
the J™ =27 rotational state of '>C within the frame of a
coupled channels (CC) approach; the agreement with the
data of the DWBA and CC calculations reported by Vineyard
et al. [44] for this state is qualitative at best at intermediate
and large angles. To avoid “parameter fiddling,” we decided
to restrict ourselves to a minimal analysis: Starting from the
OM parameters listed in Table I, we simply readjusted the
real and imaginary well depths V, and W,, and adjusted
the (real) deformation parameter $; to the elastic and inelastic
angular distributions at 30 MeV, using the coupled channel
code ECIS [45]. Good agreement in the two channels was
obtained for parameter values Vy=210.3 MeV, W, =
12.7 MeV, and B, = —0.55. The sign of the real and imag-
inary potential changes is compatible with the polarization
potentials arising from nuclear inelastic scattering—which are
predominantly attractive and absorptive, respectively [46].

The agreement with the elastic scattering data is comparable
to that reported in Figs. 1 and 3 and is not illustrated here; a
comparison of our results with the inelastic data is presented in
the lower part of Fig. 8. The deformation parameter extracted
is compatible with the values quoted in the literature [47].
Although phasing with experiment is not perfect at large
angles, the agreement obtained is very satisfactory, especially
if one takes into account the fact that '>C is strongly deformed
and that a more precise calculation should take into account
its hexadecapole deformation; in addition, explicit coupling to
the 0" (7.65 MeV) and 3~ (9.64 MeV) states should also be
considered.

At 24 MeV, we simply used the same deformation param-
eter and the same potential as at 30 MeV, except for the
imaginary potential depth, which was tuned to the smaller
value Wy =10.5 MeV. As can be seen in the upper part of
Fig. 8, an excellent agreement is obtained over the whole
angular range. In particular, the change of slope observed
in the experimental data around 80° is quantitatively well
reproduced by the calculation. We also note that the theoretical
curves display some oscillations in the backward hemisphere,
whereas the data are practically structureless; a damping of the
oscillations in the CC curve is, however, expected to appear
when additional channels are explicitly coupled to the entrance
channel.

Finally, we subjected the inelastic scattering amplitude
to a B/I decomposition, using the same technique as that
introduced in Ref. [43] within the frame of the DWBA.
Thus we added a strong, narrow absorptive term in the
calculation, located at the minimum of the real effective
potential curve at the grazing angular momentum, to cancel the
internal-wave contribution to the scattering. In a second step
the barrier-wave inelastic amplitude obtained in this way was
subtracted from the full inelastic scattering amplitude, which
provided us with the internal-wave contribution. To perform
this decomposition, use was made in the ECIS calculation of
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dominated by the internal contribution. In particular, the
-~ 100 continuous rise observed at 24 MeV beyond 80° is entirely
= i due to the internal component and is thus associated with
'E deeply penetrating trajectories; the surprising transparency
B 10 \u/ A\ observed in °Li 4 '>C scattering is thus not restricted to the
\\ 7\ OB | elastic channel.
102 ¢ Yot
. \\J{ IV. REFRACTIVE EFFECTS IN NEIGHBORING SYSTEMS
Airy minima are clearly seen in the elastic angular distribu-
E . =30 MeV tions for neighboring systems such as °Li 4+ '°O or "Li 4+ '*C;
10! a this shows that the puzzling transparency observed in 6Li + '2C
scattering is not restricted to this system, but seems to be char-
T 10 B acteristic of this project.ile/target mass range. Unfortunately for
= ' ’ these systems there exist no systematic measurements on the
g Oy ~Y/N\ full angular and energy ranges comparable to those available
o 107 \ \ for °Li + 12C, and it is thus difficult to identify unambiguously
(S the order of the observed Airy minima.
102 L Op 7 The °Li+ '°O angular distribution at 29.8 MeV incident
\\ <~ / energy [20] is remarkably similar to the °Li+ '2C 30-MeV
N/ angular distribution; it turned out to be easily reproduced
10° g ; : : : within the OM, using potential parameters close to those used
b 30 60 N 120 150 150 for °Li + '2C at 30 MeV. The diffuseness of the real part of
Br.ml (deg) the potential was fixed to the value obtained for the SLi+ 12C

FIG. 8. Comparison of the experimental '?C(°Li,°Li’)!?C*(J™ =
2%, E, = 4.44 MeV) inelastic scattering data of Vineyard et al. [44] at
24 and 30 MeV with the results of coupled channel calculations (full
line); the barrier-wave and internal-wave contributions to the inelastic
angular distributions are presented as dashed lines and dash-dotted
lines, respectively.

case, that is, ag = 0.7 fm; the other parameters derived from
the fit assume the values Vp = 316.2 MeV, Rz = 3.319 fm,
Wo =11.5 MeV, R; =5.822 fm, and a; = 0.613 fm, to
which correspond volume integrals per nucleon pair Jy /96 =
420 MeV fm? and Jy /96 = 70.7 MeV fm?. The fit corre-
sponding to these parameters is presented in Fig. 9, together
with the barrier-wave, internal-wave, and farside contributions
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10!

*Li + %0 29.8 MeV

10°

10

c/og

102

1073

10!
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FIG. 9. Farside (thin line), barrier-wave
(dashed line), and internal-wave (dash-dotted line)
contributions to the °Li+ 'O OM cross section
(thick line) at 29.8 MeV, together with the experi-
mental data of Ref. [20].

(a) 13 MeV (b) 25.7 MeV

10°

10!

c/og

102

103

FIG. 10. Comparison of the
predictions (see text) of the 29.8-
MeV °Li+ 'O OM potential at
13, 25.7, 36, and 48 MeV (thick
line) with the experimental data of

10°

10!

c/og

102

103

Refs. [28,29,48,49], and farside
(thin line), barrier-wave (dashed
line), and internal-wave (dash-
dotted line) contributions to the
OM cross section.
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108
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1071 6 12

He + °C 18 MeV

102 |—
—
%
:E FIG. 11. Comparison with the 18-MeV
] 10" - ®He + '2C elastic scattering data of Milin
— et al. [1] of the OM predictions of the potential
(- . OM1 of Trcka et al. [25] (thick line), together
:E 10% = with its barrier-wave (dashed line) and internal-
b wave (dash-dotted line) components, and of the
= o Woods-Saxon squared potential of the present

1 study (dotted line).
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to the scattering. The comments concerning the transparency
of the ®Li 4 '2C system can evidently be repeated here.

As few experimental data are available for this system we
tested the predictive power of this potential by simply rescaling
Wy at each energy. This proved to provide a good overall
representation of the data at 13 [28], 25.7 [29], 36 [48], and
48 MeV [49] (Fig. 10), using the values W, = 7, 10, 13.5,
and 16 MeV, respectively, at these four energies. In particular
the potential predicts correctly the shift of the Airy minimum
from about 100° to 80° when energy increases from 29.8 to
36 MeV; the present potential interprets this minimum as A2.
The calculation predicts a further shift of this minimum to
about 60° at 48 MeV, and the appearance of another minimum
at about 100° at this energy, which the potential used here
interprets as Al. Likewise the minimum seen around 50°
at 29.8 MeV (A3) is correctly predicted to shift to 70°
when energy decreases to 25.7 MeV (Fig. 10). To confirm
these attributions, additional measurements of the °Li+ O
angular distributions, extending over a sufficient angular
range, are needed at higher energy; continuity arguments with
the description of the °Li+ >C system, however, make us
confident that the present attributions are the correct ones.

V. POSSIBLE REFRACTIVE EFFECTS
IN 2C(°He, *He) SCATTERING

The remarkable transparency displayed by the SLi+ '>C
and °Li + %0 systems, despite the importance of breakup ef-
fects, opens the possibility of observing a similar phenomenon

in collisions involving weakly bound, radioactive projectiles,
such as the recently investigated ®He + '2C collision. We thus
conclude this study by returning to the new data obtained
recently by Milin et al. [1] for '?C(°He,°He) scattering at
18 MeV incident energy. These data, extending to about 85°
in the center of mass, have been correctly fit by Milin et al. [1]
by using one of the Woods-Saxon potentials (OM1) used by
Trcka et al. [25] to describe °Li+ 12C scattering at 20 MeV
(Fig. 11). In Fig. 11 we have also plotted the barrier-wave and
internal-wave contributions corresponding to this potential.
One sees that in the range spanned by the experimental
data, scattering is completely dominated by the barrier-wave
component, except for the very last data points; the effect
of the internal-wave contribution reveals itself only by weak
interference effects with the barrier component. At larger
angles the converse situation is observed: The internal-wave
component predicted by the OM1 potential dominates the
large-angle data, and at intermediate angles (6., =~ 100°) a
well-marked, broad interference minimum is observed.

We also obtained an excellent OM fit to these data by
using a Woods-Saxon squared potential with a geometry for
the real part similar to that used in the present '>C(°Li,°Li)
analysis. The extracted parameters are Vy = 256.5 MeV, Ry =
3.079 fm, agr = 0.645 fm, Wy = 17.0 MeV, R; = 4.0 fm,
and a; = 1.20 fm; the real volume integral per nucleon pair,
Jv /72 = 361.3 MeV fm?, is comparable to that obtained for
OLi + '2C.Itis interesting to point out that in the angular region
where no data are available the predictions of that potential are
remarkably similar to those obtained from the Trcka potential
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(Fig. 11), although no constraint was introduced in the fit for
that purpose; the B/I contents of the scattering amplitude is
nearly identical for the two potentials. One can tentatively
interpret this result by assuming that the last data points,
and perhaps also the exact amplitude of the experimental
oscillations, contain sufficient information about the (small)
internal-wave contribution to constrain the potential fit toward
this particular solution. This point can, however, only be
settled by carrying out additional measurements extending
somewhat beyond the angular range of the presently available
data; if confirmed this result would eventually point to a
transparency of '>2C(°He,®He) scattering comparable to that
seen in °Li + '?C. We consider that the observation of the broad
interference minimum predicted around 100° would provide
strong evidence for this transparency.

VI. SUMMARY AND CONCLUSIONS

The central result of the present paper is to have shown
that the remarkable transparency displayed at low energy by
several scattering systems involving strongly bound (light-ion
or light heavy-ion) projectiles and targets, such as o + 'O
and a +%Ca, or '°0 +'°0 and '°0 + '2C, clearly persists
in systems such as °Li+ '2C or °Li+ '°O: Despite breakup
effects, fragile projectiles like °Li thus have a significant
chance to survive a close encounter with the target. Our
analysis suggests that this surprising transparency could
even be observed in more exotic systems involving weakly
bound, radioactive projectiles such as 5He; however, additional
measurements are needed to settle the issue.

PHYSICAL REVIEW C 72, 054601 (2005)

On the theoretical side we think that calculations investigat-
ing the importance of breakup effects in these fragile systems
are urgently needed at low energy to shed some light on this
unexpected transparency: Indeed, most of the existing studies
have been restricted to energies greater than or equal to about
10 MeV per nucleon. It is also important to point out that
some of these calculations, which connect the reduction of the
real part of the folding potential with a strong positive (repul-
sive) real component of the dynamical polarization potential
associated with SLi breakup, obtain a negligible imaginary
component of the DPP in the peripheral region. However,
these calculations assume a strong absorption regime for the
scattering, which is thus supposed—in contradiction with the
present findings—to be insensitive to the potential at small
distances, and accordingly the DPP was only estimated for
angular momenta larger than the grazing angular momentum;
we think it is important to extend these calculations to the full
radial range to test the general compatibility of the underlying
models with the experimental evidence.
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