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Unexpected transparency in low energy90Zr „a,a0… scattering and a-cluster structure in 94Mo
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We show that incomplete absorption in90Zr(a,a0) scattering is responsible for the spectacular dip observed
in the backward excitation function at low energy (Ea. 25 MeV!, which we interpret as a destructive
interference effect between the barrier and internal wave contributions to the scattering amplitude. Because of
this transparency, an optical potential, which is in line with the higher energy data, can be extracted with good
accuracy. The real part of this potential is found to support several rotational bands; the properties of the states
of the first Pauli-allowed band, withN516, in particular the electromagnetic transition rates between the first
states, are in good agreement with those of the states of the experimental94Mo ground state band, suggesting
that a-cluster structure is still an important feature in theA590 region.

PACS number~s!: 21.60.Gx, 24.10.Ht, 25.55.Ci, 27.60.1j
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a-cluster structure is a dominant and unmistakable fea
of the spectroscopy of light nuclei. In particular, many i
truder states appearing in the low energy spectra of th
nuclei can be understood in a simple and pictorial way
terms ofa-particle clustering@1#. Whether this concept ca
be usefully extended to heavier mass nuclei is a matte
great interest@2,3# and has been a key issue in several rec
papers@4–6#. In this Rapid Communication, we present ne
arguments in favor of the persistence of alpha-cluster st
ture in theA590 mass region.

a clustering is now known to persist at least up to t
sd-shell closure and the beginning of thef p shell @7,8#. For
example, the ground state band in44Ti, which is thef p-shell
analog of the20Ne ground state band—whose description
terms ofa-cluster structure is well established@1#—can, like
the latter, be understood in terms of ana particle orbiting an
unexcited closed-shell core. This interpretation was first
forward on the basis of local potential model~LPM! calcu-
lations @9,10#, similar to those performed earlier by Buc
Dover, and Vary@11# for investigatinga-cluster structure in
20Ne. This picture was considerably reinforced in a sub
quent study@7,12#, where the real part of a unique glob
optical model~OM! potential, fitting the40Ca(a,a0) differ-
ential cross sections down to about 20 MeV incident ener
was shown to automatically locate the states of the44Ti
ground state band at the correct absolute energy, with e
tromagnetic properties in good agreement with experime

The validity of the~seemingly simplistic! LPM approach
is now well understood in more microscopic terms. In p
ticular, the local potential equivalent to the strongly nonlo
resonating group method~RGM! interaction was shown@13#
to depend weakly on angular momentum and to be deep;
potential supports a number of bound states, which have
same quantum numbers as the so-called forbidden state
the RGM, and which have thus to be discarded, while bou
quasibound, and scattering states with higher quantum n
bers are physically allowed. In the LPM calculation of Re
@7,12#, bound states with a principal quantum numberN
52n1 l less than 12, which correspond to the RGM forb
den states for thea140Ca system, were discarded; the sta
0556-2813/2000/61~4!/041601~5!/$15.00 61 0416
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of the 44Ti ground state band, with even spins ranging fro
0 to 12, correspond in this interpretation to the allowed sta
with N512 @7,12,14–16#. An extension of the LPM ap-
proach to several nuclei of thesd-shell closure region sug
gested thata-clustering could be an important ingredient f
understanding the low energy nuclear properties in this m
region@17#. A recent account of the present status ofa clus-
tering in medium-weight nuclei can be found in Ref.@3#.

Because of strong absorption, the OM potential is rar
determined precisely on the whole radial range, especial
use is made of data extending on a restricted angular ra
However, it has been shown that the OM potential can
traced with good accuracy down to low energies, provid
absorption is mild enough to allow part of the incident flu
which passes the Coulomb barrier and penetrates the nu
interior, to survive the scattering in the elastic channel and
bring back information on thea-nucleus interaction at much
smaller distances than usual; if this ‘‘internal’’ information
missing, which is the case if absorption is strong and/or if
data are restricted to too small an angular range, the
potential can be determined only beyond the barrier rad
around the so-called strong absorption radius. This adm
tedly rather exceptional situation—which has been term
incomplete absorption@18#—has up to now been encoun
tered for several targets around thep- and thesd-shell clo-
sures@8#; in these cases, the internal contribution to the sc
tering manifests itself at large angles as an anomal
enhancement of the elastic cross section, which is then do
nated at these angles by the internal contribution to the e
tic scattering amplitude@19#.

One of the aims of this Rapid Communication is to pro
that incomplete absorption, which had up to now not be
mentioned fora-particle scattering from nuclei heavier tha
aboutA540, persists in fact at least up to theA590 region.
Several optical model or coupled channel studies have b
devoted to thea190Zr interaction@20–22#; more recently,
LPM ~and in particular folding model! calculations have
been reported for thea190Zr system, both in the scatterin
and in the bound state energy regions@4–6#. While the LPM
calculations of Bucket al. @4#, which make use of a modified
©2000 The American Physical Society01-1
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Woods-Saxon potential, are restricted to the bound and q
sibound state properties of thea190Zr594Mo system, the
double folding model potentials of Ohkubo@5# and of Atzrott
et al. @6#, used for predicting the low energy properties
94Mo, were tested against thea190Zr elastic scattering data
in a broad range of energies and angles. Although Ko
et al. @22#, in their folding model analysis, interpret the e
istence of two maxima in the Airy rainbow pattern at 79
MeV in terms of a particular transparency of the potentia
this energy, and the error band on the real part of the po
tial at 40 and 118 MeV is briefly discussed in Ref.@6#, none
of these studies addresses the problem of the possible
tence of an internal wave contribution to the scattering a
plitude at low energy, and thus that of the sensitivity of t
low energy scattering cross section to the potential at sm
distances.

We found that the most convincing evidence for the ex
tence of such a sensitivity is contained in90Zr(a,a0) data of
Wit et al. @23#, which have to this date remained large
unnoticed. This group measureda-particle elastic scattering
excitation functions, and angular distributions extending
the whole angular range between 18 and 26 MeV, for sev
nuclei aroundA590. The most spectacular and unexpec
feature of these data is the appearance of a narrowDE
.0.5 MeV! and deep dip in the excitation functions ne
180° for the89Y and 90,91Zr targets around 23 MeV inciden
energy. This dip is correlated with a deep minimum in t
differential cross section around 180°, a rare phenome
since a maximum is observed at this angle for the vast
jority of the availablea 1 nucleus angular distributions; a
neighboring energies a more classic maximum is indeed
served in90Zr(a,a0). Wit et al. @23# succeeded in reproduc
ing qualitatively their data within an optical model approac
using a simple four-parameter Woods-Saxon potential, b
full understanding of the phenomenon was evidently not
tained. It was shown incidentally by Albin´ski and Michel
@24# that this deep minimum results from an accidental
structive interference between the internal and barrier w
contributions to the scattering amplitude at this energy
angle; however, in the absence of additional physical m
vation this point was not investigated further.

In the present work, we first reinvestigated the proper
of the optical potential which describes the low ener
90Zr(a,a0) data, especially since the potential used by W
et al. @23# has serious deficiencies in the small angle reg
at 23.4 and 25 MeV, where the calculated angular distri
tutions are out of phase with the data.~In Ref. @23# the au-
thors found it impossible to remedy this defect without lo
ing the good description of the backangle phenomeno!
Moreover, we insisted on reproducing the low ener
anomaly using a potential which is in line with those descr
ing higher energy data, in particular at the next energy wh
a complete angular distribution is available, that is, 40 Me
Finally, we searched for a potential belonging to the uniq
potential family which describes the data above about
MeV; the volume integral per nucleon pairj V of the real part
of this potential is about 300 MeV fm3 at 141.7 MeV@21#.
Use was made of the same form factors as those used in
successful global optical model analysis@25# of the
04160
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16O(a,a0) data—which offer one of the most remarkab
cases of incomplete absorption at low energy—between
and 160 MeV, that is

V~r !52V0$11aexp@2~r /r!2#%/$11exp@~r 2RV!/2aV#%2

1VC~r !,

W~r !52W0 /$11exp@~r 2RW!/2aW#%2, ~1!

for the real and imaginary parts of the potential, respective
The form factor used for the real part has more parame
than the conventional Woods-Saxon or Woods-Sax
squared form factors; however, in thea116O case, this ad-
ditional flexibility made possible the reproduction of th
complicated energy dependence of the data with a fixed
of parameters for the real part of the potential, except fora,
which was used to control the real potential strength a
found to vary smoothly on the whole energy range@25#.

An excellent agreement with the data at 25 and 40 M
was obtained within this scheme, resulting in the parame
values V0535 MeV, RV57.56 fm, aV50.43 fm, andr
54.93 fm; the imaginary potential parameters were adjus
independently at the two energies. The energy dependen
rametersa,W0 ,RW , and aW take the values 4.748, 17.
MeV, 6.52 fm, and 0.135 fm, respectively, at 25 MeV, a
4.801, 15.2 MeV, 7.44 fm, and 0.251 fm, respectively, at
MeV. These correspond to real volume integrals per nucl
pair j V5346 and 348 MeV fm3 at 25 and 40 MeV, respec
tively.

The parameters obtained at 25 MeV automatically
scribe the 21 and 23.4 MeV data in a very satisfactory w
including the dip around 180° at 23.4 MeV, as can be see
Fig. 1 where the data between 21 and 40 MeV are compa
with the OM calculations; it can be concluded from the go
agreement at 21, 23.4, and 25 MeV that the small an
problem encountered by Witet al. @23# was due to the use o
an inadequate form factor. We also note that the small
crepancy observed at 40 MeV aroundu5100° can easily be
corrected by adding a small surface term in the absorp
potential; since this small modification does not affect t
conclusions of the forthcoming discussion we will in th
following stick to the above version of the potential.

A comparison of the experimental excitation function
176° between 18 and 26 MeV with the predictions of the
MeV potential appears in Fig. 2~a!; it is seen that the spec
tacular dip around 23.5 MeV is accurately reproduced by
calculation. To understand the origin of this dip, it is instru
tive to decompose the elastic scattering amplitudef (u) into
its barrier and internal wave contributions,f B(u) and f I(u),
as defined within a semiclassical context by Brink and Ta
gawa @19#. It was shown by Albin´ski and Michel@24# that
this decomposition can be performed in a fully quantum w
by repeating several optical model calculations using sligh
modified versions of the imaginary part of the optical pote
tial in the internal region, that is, inside of the barrier radi
at the grazing angular momentum. We have performed s
a decomposition at 21, 23.4, and 25 MeV~see Fig. 3!; it is
seen that while the barrier contribution dominates the s
1-2
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tering on the whole angular range at 21 MeV, at 25 MeV
internal contribution becomes dominant at angles near 1
and that—even at 21 MeV—the internal wave contribution
instrumental in the building up of the oscillations observed
the data in the backward hemisphere. The same decom
tion, carried out at 40 MeV, shows that the internal con
bution still dominates the data beyond about 140° at t
energy.

The contributions of the barrier and internal wave comp
nents,sB5u f Bu2 ands I5u f I u2, to the excitation function a
176° between 18 and 26 MeV are displayed in Fig. 2~a!; the
barrier wave contribution decreases steadily in this ene
range, while the internal wave contribution displays the o
posite behavior. In fact, the dip observed in the experime
data is seen to occur not far from the energy where the
contributions become comparable. To better understand
this dip builds up, we have plotted the phases of the the
contributions at 176°,fB5arg(f B) and f I5arg(f I), as a
function of incident energy@Fig. 2~b!#, as well as their dif-
ference. One sees that the latter, as a result of the st
decrease~increase! of the phase of the barrier~internal! con-
tribution ~an effect discussed by Brink and Takigawa@19#!,
increases rapidly with energy. Each time this difference is
odd multiple ofp, the two amplitudes interfere destructivel
this is the case, e.g., around 18.5 and 23.5 MeV. At 1
MeV the dip due to this interference is however weak, sin
the magnitudes of the internal and barrier wave contributi

FIG. 1. Comparison of the experimental90Zr(a,a0) angular
distributions at 21, 23.4, and 25 MeV@23# and at 40 MeV@21#, with
the predictions of the optical potential. The potential parameter
21 and 23.4 MeV are the same as at 25 MeV.
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are very dissimilar; in contrast, around 23.5 MeV these m
nitudes turn out to be comparable and the dip due to
interference is much more spectacular. Similarly the bro
maxima observed in the excitation function around 20 and
MeV are due to a constructive interference between the
amplitudes whose phases differ by an integral multiple op
at these energies.

It is worth stressing that the same interpretation for
occurence of the dip observed in the experimental data c
sistently emerges from the barrier-internal wave decomp
tion of the scattering amplitude, whatever potential is us
for performing this decomposition, provided this potent
reproduces successfully the data; for example, the cr
four-parameter Woods-Saxon potential of Witet al. @23#, de-
spite its imperfections at small angles, provides the sa
picture for the scattering mechanism. We can therefore c
clude that the existence of a substantial internal contribu
to the scattering at large angles is an essential ingredient
quantitative description of the90Zr(a,a0) data at low en-
ergy, a somewhat surprising result for a system which o
would have expected to be dominated by strong absorpt
As a result of this interference, which persists beyond
MeV incident energy, the full elastic scattering cross sect
is a very sensitive function of the optical model paramete
which are thus much better determined than in a strong
sorption context. Another consequence of this sensitivity
that it is not straightforward to obtain a detailed reproduct
of the data in the interference region.

In view of the relatively weak energy dependence of t
potential expected from the microscopic approaches

at

FIG. 2. ~a! Experimental90Zr(a,a0) excitation function~dots!
between 18 and 26 MeV@23#; predictions of the 25 MeV optica
potential ~full line!, and barrier-internal wave contributions to th
OM cross section~dashed and dash-dotted lines, respectively!. ~b!
Phases of the barrier and internal wave contributions to the sca
ing amplitude~dashed and dash-dotted lines, respectively!, and their
difference~full line! on the same energy range.
1-3
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lighter systems@13# ~and confirmed for lower mass targe
such as16O or 40Ca @8#!, it is not unreasonable to calcula
the location and properties of the bound and quasibo
states supported by this potential around the threshold. In
calculations reported here, the lowest states allowed by
Pauli principle are taken as corresponding toN516, which
complements the sequenceN54,8, and 12 used for the
closed-shell targetsa, 16O, and 40Ca, respectively. Like for
thea116O anda140Ca systems@8#, the first allowed states
are found to group into a quasirotational even-parity ba
with spins ranging from 0 toN, whose bandhead falls a few
MeV below thea threshold. A small renormalization of th
real potential depth, performed by finely tuning the para
etera to the value 4.3675, brings theN516 @26#, l 50 state
in agreement with the94Mo ground state~this value ofa
corresponds to a volume integralj V5329.1 MeV fm3). A
comparison of the experimental values@27# with the spec-
trum obtained in this way appears in Table I; as in simi
calculations for this system@4,5#, the spectrum is too com
pressed at low spin, but the average experimental spacin

FIG. 3. Decomposition of the OM angular distributions at 2
23.4, and 25 MeV~full line! into their barrier~dashed line! and
internal-wave~dash-dotted line! contributions.
-
y
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well reproduced~one should recall in this respect that micr
scopic calculations indicate that the local potential equival
to the RGM nonlocal interaction is only approximatelyl in-
dependent, and that in addition the magnitude of thisl de-
pendence varies with incident energy@13#.! A comparison
with experiment@28# of the calculated electric quadrupo
transition rates between the first states of this band also
pears in Table I; one sees that the calculatedB(E2) values,
which are obtained without any effective charge, are of
right order of magnitude, a remarkable result if one tak
into account the fact that the most elaborate shell-model
culations fall short of the experimental values, even af
introducing a substantial effective charge@29#. Our local po-
tential supports also bands with higherN values which will
be discussed elsewhere.

In conclusion, we have shown that the low energy (Ea
.25 MeV! a290Zr interaction is more transparent than e
pected, and that the interplay between the barrier and inte
wave contributions to the elastic scattering amplitude is
sponsible for the remarkable structure observed in the ela
scattering excitation function around 180° at 23.4 MeV. T
transparency makes possible the extraction of an optical
tential reproducing these data, whose real part is in line w
higher energy results, and in particular which belongs to
family describing the experimental data at energies wh
rainbow scattering sets in. This potential supports sev
rotational bands; the bandhead of the first~positive parity!
band allowed by the Pauli principle, which corresponds
N516, falls automatically near thea290Zr threshold, and
the predicted electromagnetic properties of the first state
the band—which are notoriously difficult to reproduce
shell-model calculations—are in good semiquantitat
agreement with those of the ground state band in94Mo.
These results strongly support the suggestion t
a-clustering might still be an essential ingredient for quan
tatively understanding the properties of nuclei in theA590
region.

S.O. was supported by the Japan Society for the Pro
tion of Science.

TABLE I. Excitation energiesEx and transition probabilities
B(E2) for the 94Mo ground state band~energies in MeV, transition
probabilities ine2 fm4).

Jp Ex B(E2)(J→J22)
Exp. Calc. Exp. Calc.

21 0.87 0.24 39266 244
41 1.57 0.79 6666100 337
61 2.42 1.64 347
81 2.96 2.78 328
101 3.90 4.18 290
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