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We suggest that the transparency displayed by some light heavy-ion systems, such as16O+16O, 16O+12C, or
12C+12C, which manifests itself by the emergence of Airy structure in the elastic scattering angular distribu-
tions and excitation functions, could also have observable consequences in some inelastic channels. Indeed
benchmark calculations for thea+40Ca light-ion system, where a similar mechanism dominates elastic scat-
tering at low energy, reveals the persistence in inelastic scattering of the interference mechanism between the
barrier-wave and internal-wave components of the scattering amplitude which underlies the Airy structure in
the elastic channel. These calculations seem to point to new phase rules between the elastic and inelastic
angular distributions.
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I. INTRODUCTION

Elastic scattering data for some light heavy-ion systems,
such as16O+16O, 16O+12C, or 12C+12C, display distinct re-
fractive features[1]. For example, the 90° excitation func-
tions display gross structure, and/or the angular distributions
show a series of broad humps separated by deep minima; at
sufficiently high incident energy the differential cross sec-
tions decrease exponentially at large angles[2–11].

The refractive features of the data have often been inter-
preted within a semiclassical framework; for example, the
high-energy exponential falloff of the cross sections at large
angles is interpreted as a nuclear rainbow, while the deep
minima seen in the excitation functions(and in some differ-
ential cross sections) are associated with Airy minima. The
discussion of these phenomena is generally carried out in
terms of the classical concept of deflection function: the
nuclear rainbow is associated with the existence of a(nega-
tive angle) extremum in the deflection function, and interfer-
ence between the two branches of the latter accounts for the
Airy minima [12].

Optical model(OM) analyses of these data show that they
can be described consistently only if the strength of the
imaginary part of the optical potential is moderate, in con-
trast with the situation encountered for most heavy-ion sys-
tems where the scattering is governed by strong absorption.
An important consequence of this incomplete absorption is
that the scattering becomes much more sensitive to the inter-
action at small internucleus distances, and as a matter of fact
this sensitivity has made possible an unambiguous determi-
nation of the real part of the potential, well within the strong
absorption radius. Contrary to what had been assumed for
many years, the real part of the light heavy-ion optical po-
tential is deep; more precisely, its volume integral per

nucleon pair Jv=JV/A1A2 assumes values of some
350 MeV fm3 for incident energies of about
10 MeV/nucleon[3,8].

Recently, we have proposed an interpretation of the elastic
scattering Airy minima using the so-called barrier-wave–
internal-wave(BI) decomposition of the elastic scattering
amplitude [13,14]. In this approach, which was originally
introduced by Brink and Takigawa within a semiclassical
framework[15,16], it is assumed that the effective potential
displays an internal pocket for all the active partial waves—
which, for the deep potentials discussed here, is guaranteed
up to about 10 MeV/nucleon incident energy; the scattering
amplitude can then be decomposed into a contribution corre-
sponding to the part of the incident flux which is reflected at
the barrier of the effective potential, and a contribution of the
part of the flux which passes the potential barrier and re-
emerges after reflection at the most internal turning point
(despite the incomplete absorption multiple reflection
remains negligible). We have shown that interference
effects between the barrier-wave and internal-wave
subamplitudes—which behave smoothly as a function of the
angle in the angular region where the Airy minima are
observed—account for the Airy structure observed in elastic
scattering, and that the two subamplitudes can be associated
with each of the branches of the classical deflection function
[13,14]. The appearance of Airy minima in the cross section
thus requires the existence of a sizeable internal-wave con-
tribution, which in turn confirms in an intuitively obvious
way the exceptional transparency of the systems under inves-
tigation.

Inelastic or transfer processes have rarely been discussed
along these lines; still evidence for the existence of similar
phenomena in light heavy-ion nonelastic channels have been
presented in the literature. For example, broad structure,
similar to that observed in the elastic channel, has been un-
covered in the excitation function for the single and mutual
excitation of 12C in 12C+12C scattering between 30 and
60 MeV center of mass energy, with peak to valley ratios and
energy spacings comparable to those seen in the elastic data
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[17]; it has been speculated that this structure could have the
same physical origin in the entrance and exit channels
[18,19]. The purpose of this paper is to demonstrate that the
same interference mechanism can indeed persist in the in-
elastic scattering angular distributions and excitation func-
tions.

The barrier-wave–internal-wave decomposition has, to the
best of our knowledge, never been attempted in nonelastic
channels. One probable reason is that the transposition to
nonelastic scattering of the semiclassical three-turning point
problem is not straightforward. On the other hand for heavy-
ion systems systematic measurements in nonelastic channels
are scarce; moreover, global optical potentials describing in a
precise and detailed way, on broad angular and energy
ranges, the elasticand inelastic data within the distorted
wave Born approximation(DWBA) or coupled channel ap-
proaches, are largely lacking.

We therefore decided to test these ideas on a light-ion
system which attracted much attention in the past, and for
which most of these ingredients are available—that is,a
+40Ca between 24 and 166 MeV; it is also relevant to return
to this system since many of the concepts which are cur-
rently used to interpret the light heavy-ion data were intro-
duced in earlier studies devoted to this light-ion system
[20,21].

II. AIRY STRUCTURE IN ELASTIC AND INELASTIC
a+40Ca SCATTERING

One of the striking features of thea+40Ca elastic scatter-
ing data is the observation of a strong backward rise at large
angles, called ALAS(anomalous large angle scattering) be-
cause this behavior contrasts with that of many neighboring
systems which are conveniently described in terms of strong
absorption models. It was shown[20], after many specula-
tions on the mechanism underlying this phenomenon, that—
as it proved later to be also the case for the light-heavy ion
systems investigated here—this feature is connected with an
unusually weak absorption; this incomplete absorption
makes possible the emergence of a sizeable internal-wave
component, which accounts in a quantitative way for the
backward angle behavior at low energy. Moreover, it was
shown that a consistent OM description of the energy evolu-
tion of the data and, in particular, of the emergence of rain-
bow scattering at high energy, can only be attained if the real
part of the potential is deep(with volume integrals per
nucleon pair of about 350 MeV fm3). Finally, some broad
minima observed in the angular distributions at low and in-
termediate energy could be understood in terms of an inter-
ference between the barrier-wave and internal-wave contri-
butions; they thus have the same physical origin as the Airy
minima observed in the light heavy-ion systems investigated
here. Thea+40Ca elastic scattering data are described in a
very satisfactory way between 24 and 166 MeV by the glo-
bal optical potential of Delbaret al. [20], whose parameters
vary smoothly and systematically with incident energy.

In addition to numerous precise elastic scattering data,
most of which extend on the whole angular range, there exist
several interesting inelastic angular distributions for this sys-

tem. For example, the excitation of several states of40Ca,
including the Jp=0+, Ex=3.35 MeV and Jp=3−, Ex
=3.73 MeV states, has been measured on the whole angular
range at 29 MeV[22], and angular distributions for excita-
tion of the Jp=3−, Ex=3.73 MeV state, partly presented in
Ref. [20], are available in the backward hemisphere for en-
ergies ranging from 40 to 62 MeV[23] ; finally one angular
distribution for the excitation of theJp=0+, Ex=3.35 MeV
state is also available at 40 MeV in the backward hemisphere
[23], and there exists a nearly complete angular distribution
for excitation of theJp=3− state atEa=100 MeV[24]. Some
of these data have been analyzed successfully in the past
within the DWBA approximation[20,25], but they were not
subjected to any decomposition, e.g., of the barrier wave–
internal-wave type.

Some of these inelastic angular distributions exhibit fea-
tures which resemble those observed in the elastic channel:
for example, at 29 MeV incident energy, the angular distri-
bution for excitation of theJp=0+, Ex=3.35 MeV state dis-
plays a backward enhancement very similar to that seen in
the elastic data, and around 45 MeV incident energy the
backward angular distributions for the excitation of theJp

=3−, Ex=3.73 MeV state present a minimum at an angle not
far from an Airy minimum seen in the elastic angular distri-
butions at the same energies. And atEa=100 MeV, both the
elastic and theJp=3− inelastic angular distributions display
an exponentially decreasing behavior at large angles, with
comparable slopes.

In the elastic channel, it is possible to circumvent the
difficult semiclassical calculations(location of complex turn-
ing points, calculation of several action integrals in the com-
plex plane) needed to isolate the barrier-wave and internal-
wave contributions to the scattering amplitude[15,16];
indeed it has been shown[26] that the relevant information
can be obtained in a reliable way by performing several con-
ventional OM calculations with modified versions of the
original optical potential. For example, the BI decomposition
can be carried out by analyzing the response of the elasticS
matrix to perturbations of the potential in the internal region
[26]. More simply, the barrier component of the scattering
amplitude can be obtained by enhancing significantly the ab-
sorption in the internal region, which has the effect to sup-
press the internal contribution; the latter can then be ex-
tracted by subtracting the barrier contribution from the full
scattering amplitude.

The second method must be used with some caution,
however, because the strong and short-ranged extra absorp-
tion needed to suppress the internal component can in some
cases produce unwanted spurious reflection; the quality of
the results obtained can, however, be checked relatively eas-
ily: different parametrizations of the additional absorptive
term should lead to nearly identical results. More directly,
one can check the validity of the calculations in the elastic
channel against full semiclassical calculations. Because of its
simplicity this method can hopefully be extended to the in-
elastic channels; this should especially be the case for calcu-
lations carried out within the DWBA approximation: indeed
one expects that calculations carried out with distorted waves
obtained by using this extra absorption should provide the
barrier contribution to the inelastic transition matrix, and
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thus to the inelastic scattering amplitude; again a simple sub-
traction should in a second step provide the internal contri-
bution to these quantities.

In the case of thea+40Ca system, we first applied this
scheme to the excitation of theJp=0+, Ex=3.35 MeV state at
29 and 40 MeV incident energies. At 29 MeV, the global
optical potential of Delbaret al. [20] correctly describes the
main trends of the elastic scattering data[27], but a fine-
tuning of the real and imaginary wells parameters results in a
more quantitative agreement(for example, the 29 MeV data
are better described when the parameters of the Woods-
Saxon squared real and imaginary parts of the Delbar poten-
tial are tuned to the valuesU0=190.2 MeV, R=4.622 fm,
a=0.645 fm, andW0=19.4 MeV, RW=5.025 fm, andaW
=0.649 fm; with a volume integral per nucleon pair of
356.0 MeV fm3, this potential is close to the original Delbar
potential—the volume integral of the latter at 29 MeV is
365.2 MeV fm3). At 40 MeV the optical potential used in the
calculations is the global potential of Delbaret al. [20].

Here and in the following, use was made of the coupled
channel codeECIS [28] and of a standard vibrational(real)
collective form factor. Such a form factor isa priori inap-
propriate for describing the transition to theJp=0+, Ex
=3.35 MeV state—as would also be the popular volume1
surface term used to describe, e.g., the excitation of the giant
monopole resonance[29]. Indeed this state is known to be a
4p-4h deformed state, with ana+36Ar cluster structure, on
which is built aKp=0+ rotational band, comprising theJp

=2+, Ex=3.90 MeV andJp=4+, Ex=5.28 MeV states. An ad-
equate coupling form factor should thus, in principle, be de-
rived from some microscopic approach; this lies clearly out-
side the scope of this work. However, as one of the main
results of the present study is to reveal a sensitivity of the
inelastic a+40Ca cross sections to the interaction at small
distances, similar to that found in the elastic channel, thea
+40Ca system provides a unique opportunity to compare the
merits of the inelastic coupling form factors supplied by vari-
ous microscopic models on a broad radial range. We would
like to note that, because we describe elastic scattering using
a Woods-Saxon squared potential—which has a shape
closely approximating that of the folding model potentials—
the vibrational form factor used here is not so sharply located
at the nuclear surface as those derived from conventional
Woods-Saxon potentials. This is illustrated in Fig. 1, where
the inelastic form factor of the present calculation is com-
pared with that derived from the Woods-Saxon potential of
Gaul et al. [30], a potential which is unable to reproduce
ALAS but describes satisfactorily elastica-particle scatter-
ing from “normal” targets in theA=40 mass region.

As can be seen in Fig. 2, the use of the inelastic vibra-
tional form factor derived from the Woods-Saxon squared
potential leads to quite a reasonable agreement with the lim-
ited set of data investigated here; the “phonon amplitude”b0
(which is nothing here but a scaling factor) assumes the same
value (0.017) at the two energies. In particular the calcula-
tions reproduce the characteristic behavior of the back angle
data nicely, which is very similar to that observed in the
elastic channel(the oscillations in both channels are nearly in
phase at each energy).

One remarkable feature of the calculated inelastic cross
section is the appearance of deep minima, similar to those

seen in the elastic channel. This is particularly clear at
40 MeV, where two such minima are predicted around
Qc.m.=45° and 90°. Unfortunately no measurements are
available at 40 MeV in the relevant angular region to ascer-
tain the existence of these minima; the second minimum is
close to that observed in the elastic channel at about 85°. At
29 MeV the broad minimum predicted by the calculation
aroundQc.m.=75° falls not far from the experimental sharp
minimum nearQc.m.=85°.

We next attempted to extract the barrier-wave component
from the elastic and inelastic scattering amplitudes by intro-
ducing, as explained above, a strong additional absorption in
the region of the potential pocket corresponding to the graz-
ing angular momentum. This was performed conveniently in
the code ECIS by introducing an additional absorptive term
of the “surface” type, but much stronger and peaking at a
much smaller distance than those used to describe surface
absorption; as an indication, the parameters of the Woods-
Saxon derivative term used for that purpose at 40 MeV are,
in conventional notations,Ws=50 MeV, Rs=3.75 fm, and
as=0.50 fm. The results obtained in the elastic channel do
not depend critically on the parameters used, and they are
very close to those given by a semiclassical code; we there-
fore have every reason to believe that the results obtained in
the inelastic channel are reliable too. The internal-wave con-
tribution to the scattering was obtained in a second step, by
subtracting the barrier-wave contribution from the total scat-
tering amplitude; the corresponding cross sections are also
displayed in Fig. 2.

As in the elastic channel, it is seen that the barrier-wave
contribution dominates inelastic scattering at small angles,
while the internal-wave component explains the oscillations
of the back angle data; and as in the elastic case, both con-
tributions are essentially smooth in the region of the deep
minima, which thus originate from an interference mecha-
nism between these two subamplitudes: in other words the
deep minima seen in the inelastic channel have exactly the
same physical origin as in the elastic channel, and can thus
rightly be termed “inelastic Airy minima.”

FIG. 1. Comparison of the inelastic form factor(arbitrary units)
used in this work to describe the excitation of theJp=0+,Ex

=3.35 MeV state(full line), with the vibrational form factor derived
from the Woods-Saxon potential of Gaulet al. [30] (dashed line).
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It is also interesting to compare the behavior of the elastic
and inelasticS matrices corresponding to the different con-
tributions to the elastic and inelastic scattering amplitudes. A
look at Fig. 3 shows that, as in the elastic channel, the in-
elastic barrier-wave and internal-waveS matrices have very
little overlap in angular momentum space; moreover the lo-
calization in , space of the two components is seen to be
similar in both channels.

We next investigated in the same spirit the excitation of
theJp=3−, Ex=3.73 MeV vibrational state, for which several
complete experimental angular distributions, and many angu-
lar distributions in the backward hemisphere, are available.
The calculations were again carried out within the frame of
the DWBA, using the global optical potential of Delbaret
al.; all the calculations presented correspond to the energy-
independent valueb3=0.22 for the coupling parameter,
which is in good agreement with values extracted from other
reactions(see Ref.[20], and references therein). As can be

seen in Fig. 4, where the optical model elastic scattering
angular distributions at the same energies are also displayed,
the calculations reproduce nicely the data on the whole en-
ergy range. In particular the characteristic evolution with en-

FIG. 2. Barrier-wave–internal-wave contributions to the elastic
and inelasticsJp=0+,Ex=3.35 MeVda+40Ca angular distributions
at 29 and 40 MeV incident energies(thick line: full cross section,
dashed line: barrier-wave contribution, dash-dotted line: internal-
wave contribution; in all the figures, the elastic cross sections are
given as ratios to Rutherford, inelastic cross sections in mb/sr). The
29 MeV elastic data, the 29 MeV inelastic data and the 40 MeV
data are taken from Refs.[27], [22], and[20,23], respectively.

FIG. 3. Barrier-wave–internal-wave contributions to the modu-
lus of the a+40Ca elastic and inelasticsJp=0+,Ex=3.35 MeVd S
matrix at 40 MeV incident energy(thin lines: elastic, thick lines:
inelastic, full lines: fullS matrix, dashed line: barrier-wave contri-
bution, dash-dotted line: internal-wave contribution).

FIG. 4. Elastic(left) and inelastic( Jp=3−,Ex=3.73 MeV, right)
a+40Ca angular distributions between 28 and 100 MeV, showing
the evolution with energy of the position of the A1 and A2 Airy
minima; each successive angular distribution is shifted downwards
by one or two decades(data at 29 MeV, from 40 to 62 MeV, and at
100 MeV from Refs.[22], [20,23], and[24], respectively).
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ergy of the backward rise of the data is well accounted for.
Most noticeable in this context is the presence in the in-

elastic angular distributions of two minima whose position
changes with incident energy; whereas the minimum at
smaller angles cannot be seen in the incomplete available
experimental data, the second one is clearly seen experimen-
tally from 44 to 50 MeV. A barrier-wave–internal-wave de-
composition of the inelastic scattering amplitude, similar to
that performed for theJp=0+, Ex=3.35 MeV state, reveals
again that, although several matrix elements now contribute
to the scattering for each angular momentum, interference
effects between the two subamplitudes are still responsible
for these broad dips; this decomposition is presented forEa

=50 MeV in Fig. 5, which demonstrates clearly how the
presence of an internal component is crucial to create the
observed Airy pattern. Figure 4 revealed the close parallel in
the energy behavior of these interference phenomena in the
elastic and inelastic channels: this allows us to identify the
inelastic minima with the same labels as in the elastic chan-
nel. At high energy, where a BI decomposition is no more
feasible because of the disappearance of the pocket in the
effective potential curves near the grazing angular momen-
tum, the elasticand inelastic angular distributions turn to a
characteristic rainbow pattern.

The strong correlation between the elastic and inelastic
Airy minima is still better displayed in Fig. 6, where we
present excitation functions at 90° for the three channels in-
vestigated here. Beyond the similarity between the three
curves, the most noticeable feature here is the systematic
shift towards higher energy of the Airy minima in the inelas-
tic excitation functions. It can be seen that this shift is con-
nected with the finite excitation energy of these states: in-
deed repeating the same calculations within the adiabatic
approximationsEx=0d now locates the inelastic minimum at

virtually the same energy as in the elastic channel(Fig. 6). It
is interesting to point out that such a correlation was re-
marked long ago by Marty[18], and recently emphasized by
Nicoli et al. [19] in the case of the12C+12C system; indeed
these authors speculated that the minima seen in the inelastic
channels corresponding to the single and to the mutual exci-
tation of 12C to its Jp=2+, Ex=4.43 MeV rotational state
could be ghosts of those seen in the elastic channel, but
shifted towards thelower energies by once or twice the ex-
citation energy of12C; the results reported here point to a
similar result, except that the sign of the shift found is oppo-
site to that reported in Refs.[18] and [19]. The explanation
of the energy shift reported here seems rather natural: indeed
after an inelastic transition, the system haslost kinetic en-
ergy, and it requires a higher incident energy to recover the
same kinematical conditions.

III. AIRY STRUCTURE IN INELASTIC LIGHT
HEAVY-ION SCATTERING

We finally return briefly to the case of light heavy-ion
scattering. Since Airy minima, connected to the exceptional
transparency of some systems, have clearly been observed
experimentally, and since the interference mechanism which
is responsible for their appearance does, as is supported by
the present calculations, survive in some inelastic channels,
we believe that such a mechanism has a chance to be also
observed in several light heavy-ion systems. In Fig. 7, we
present tentative calculations, performed for the16O+16O

FIG. 5. Barrier-wave–internal-wave contributions to thea
+40Ca inelastic angular distribution for excitation of theJp

=3−,Ex=3.73 MeV state at 40 MeV incident energy(thick line: full
cross section, dashed line: barrier-wave contribution, dash-dotted
line: internal-wave contribution); the arrows point to the two inelas-
tic Airy minima, which are seen to result from an interference be-
tween the barrier-wave and internal-wave contributions to the in-
elastic scattering amplitude.

FIG. 6. Elastic and inelastica+40Ca excitation functions at 90°;
for the inelastic excitation functions, the dashed lines give the result
of DWBA calculations carried out within the adiabatic approxima-
tion sEx=0d.
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system at 124 MeV, using the optical potential of Nicoliet
al. [31], and using the DWBA approximation to describe the
transition to the first two excited states in16O, which are
physically similar to those we considered in thea+40Ca
case: the 4p–4h, Jp=0+, Ex=6.05 MeVa+12C cluster state,
and theJp=3−, Ex=6.13 MeV vibrational state; as no experi-
mental data are available in this case, the calculations were
performed using an arbitrary phonon amplitude, and the in-
elastic cross sections of Fig. 7 are thus presented in arbitrary
units.

The calculations were repeated in the adiabatic approxi-
mationsEx=0d to investigate further the role of the excitation
energy in the building up of the inelastic Airy minima; these
calculations confirm our earlier findings, that is, the appear-
ance of Airy minima similar to those seen in the elastic an-
gular distribution, but shifted towards larger angles when the
excitation energy of the state is taken into account. Some
higher order Airy minima, which are not seen in the elastic
angular distribution at small angles, are even more apparent
in the inelastic channel; note, however, that the angular dis-
tributions presented here have not been symmetrized, and
that minima far fromQ=90° are not expected to be easily
detected in experimental angular distributions. In the case of

the Jp=3−, Ex=6.13 MeV state, the situation seems to be
less favorable: indeed if Airy minima are clearly apparent in
the calculation carried out withEx=0, they tend to be washed
out when use is made of the physical excitation energy. An
additional problem is that these two states are nearly degen-
erate and thus difficult to disentangle experimentally; how-
ever, evidence for the predicted Airy minima could possibly
persist in the incoherent sum of the two cross sections, and
thus show up in the unresolved angular distributions or ex-
citation function for the two states.

IV. CONCLUSIONS

In conclusion, the calculations reported here suggest that
the transparency seen in some light heavy-ion systems—
which manifests itself in the form of Airy structure in the
elastic scattering data—could have observable consequences
in some inelastic channels as well: a very comparable
mechanism, that is, an interference between barrier-wave and
internal-wave components of the inelastic scattering ampli-
tude, should produce a similar structure, with a shift in en-
ergy comparable to the energy of the state excited.

In the adiabatic approximation, the elastic and inelastic
Airy minima observed at intermediate angles are found to be
located at closely similar angles, which suggests the exis-
tence of a kind of new “phase rule;” preliminary calculations
indicate that the latter does not seem to depend on the spin of
the state excited. The same calculations also indicate that the
minima of the inelastic internal-wave contribution at large
angles are in phase with those seen in the elastic channel,
whatever the spin of the excited state—another phase rule
which contrasts with the familiar Blair phase rule observed at
small angles in the context of strong absorption[29]. These
interesting effects will be investigated further in a forthcom-
ing publication.

The transparency implied by the existence of a sizeable
internal contribution to inelastic scattering opens the possi-
bility to investigate, when more comprehensive data become
available, the shape of the inelastic coupling form factor in
more detail—not only for the nonstandardL=0 and L=1
monopole and dipole cases, but also for higher multipolari-
ties, as suggested by the recent work of Khoa and Satchler,
where the limits of the use of the conventional deformed
potential were pointed out[32]. Whereas this structure has
possibly already been observed in the single or mutual exci-
tation of 12C in 12C+12C scattering, it could also manifest
itself in systems such as16O+16O or 16O+12C, or even in a
system such as16O+40Ca, which has not been thoroughly
investigated at the energies and angles of interest but also
seems to be a promising candidate.
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FIG. 7. Nonsymmetrized elastic and inelastic16O+16O angular
distributions at 124 MeV calculated using the potential of Nicoli
[31] ; the inelastic cross sections for excitation of theJp=0+,Ex

=6.05 MeV andJp=3−,Ex=6.13 MeV states were also calculated
within the adiabatic approximation(dashed lines).
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