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Evidence for 16O¿16O cluster bands in 32S
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Evidence for the existence of the lowestN524 andN528 cluster bands with the16O116O cluster structure
in 32S is shown from the viewpoint of unified description of bound and scattering states of the16O116O
system. The16O1 16O cluster band structure, the gross structure of the 90° excitation function for16O116O
elastic scattering, and the Airy minima are understood in a unified way. The existence of the unobservedN
526 higher nodal band is predicted.
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The concept of clustering in nuclei is very useful a
important. In light- and medium-weight nuclei thea-cluster
model has been very successful@1#. This model describes no
only the spectroscopic properties of bound states but
scattering states in a unified way. In fact, thea-cluster struc-
ture of 44Ti and a-particle scattering from40Ca in a wide
range of incident energy can be described by a deep op
potential @2#. The same picture has been successfully
tended to much heavier nuclei of94Mo and 212Po @3#.

The 16O116O system is the most typical heavier clust
analog to thea1a cluster in 8Be. A large number of inves
tigations @4# have been devoted to the system and16O
116O molecular resonances have been observed in el
scattering, fusion reactions, and transfer reactions. To re
the16O116O cluster structure in32S, many theoretical ap
proaches, such as the microscopic cluster model calculat
with resonating group method~RGM! and generator coordi
nate method~GCM! @5–7#, have been made. Up to now, t
our knowledge, in spite of many efforts, the band struct
with the 16O116O configuration in32S has not been estab
lished. For example, at what energy the lowest16O1 16O
cluster band starts and how many rotational bands exist, h
not been solved yet. The purpose of this paper is to show
the 16O116O cluster bands exist in32S and reveal their prop
erties from the unified description of bound and scatter
states of the16O116O system.

Ikeda’s threshold rule has been a useful guide in know
at what energy the lowest cluster structure appears in nu
However, as for the16O116O cluster structure in32S, ex-
perimentally the cluster band has not been clearly confirm
On the other hand, theoretical studies using GCM and R
located the lowest cluster band at different energies dep
ing on the effective force used. According to Ref.@5#, which
uses Volkov force No. 1, and Refs.@6#, which uses Brink-
Boeker force, each theory gives only one rotational ba
which starts atEc.m.510.36 MeV and 6.6 MeV, respec
tively, and the gross structure of the 90° excitation funct
for 16O116O scattering is due to the band. On the oth
hand, according to Ref.@7#, which uses density-depende
forces as well as Volkov force, its theory gives more th
two rotational bands: the first band starts near the thres
energy and the second one is responsible for the gross s
ture. The energy surface of the GCM calculation@6# or the
equivalent potential of the RGM@7# was consistent with the
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phenomenological shallow potential@8–10# obtained from
the systematic analysis of elastic16O116O scattering. Many
other theoretical models also supported the shallow poten

It was shown in Ref.@11# that the 16O116O elastic scat-
tering and fusion cross sections can be described b
J-dependentdeep real potential withJV5307 MeV fm3,
which is consistent with the RGM result,JV
5306 MeV fm3 @12# ~this belongs to a shallower family a
discussed below!. However, the calculated rms radius of th
potential, 4.45 fm, was inconsistent with the RGM result, 3
fm. ~Kondōet al. @13# also considered the depth of potenti
by taking into account the dispersion relation.! Using the
inversion technique, Ait-Thaleret al. @14# pointed out that
this inconsistency is due to itsJ-dependentcharacter of the
potential. They also suggested that the potential for the16O
116O system must not necessarily haveJ dependence. In
fact, in thea140Ca anda116O systems the global poten
tials did not need anyJ dependence@2#. Therefore it was
important to make clear whetherJ dependence is essenti
for the 16O116O system, unlike thea1nucleus systems, o
a J-independent deep potential can describe the heavy
system in a wide range of energies.

In the 1990s, rainbow scattering of16O116O scattering
was measured systematically and higher-energy data c
solve the discrete ambiguities of the deep potential. Syst
atic analysis of the higher-energy data betweenEL5124 and
1120 MeV by Khoaet al. @16# showed clearly that the angu
lar distributions can be described well by a folding-type d
fuse deep potential~no J dependence! with the family of
JV5340 MeV fm3. Recent Strasbourg data of16O116O
elastic scattering betweenEL575–124 MeV @15# also
showed that this potential was successful. Thus, the glo
potential for the16O116O system has been uniquely esta
lished. This situation is very similar to the one for thea
140Ca in the 1980s where the unique global potential h
been determined from the systematic analysis of elastia
scattering from40Ca: the potential was also shown to d
scribe the fusion data as well. The unified description
bound and scattering states of thea140Ca system predicted
the existence of theN513, K502 a-cluster band@2#,
which is a parity doublet partner of the ground band of44Ti
and was observed later in thea-transfer experiment@17#.

However, for the 16O116O system, different from the
44Ti case, the ground state of the composite system32S,
which is 16.54 MeV below the16O116O threshold, does no
©2002 The American Physical Society01-1
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have the 16O116O configuration. Furthermore, the lowe
band with the 16O116O configuration has not been con
firmed in experiment. This situation seems to have hampe
attempts to try to unify bound and scattering states of
16O116O system to reveal the cluster structure in32S. How-
ever, recent understanding of the Airy oscillations@15,16,18#
observed in16O116O elastic scattering urges us to stu
whether the viewpoint of unified understanding is applica
to 32S like 44Ti and 20Ne or not. This is a very importan
long-standing problem to be solved because if it is shown
be successful in this typical system, it means that this un
cation cannot be limited to the16O116O system only and
could be applicable to other heavy-ion systems such as
16O 1 12C cluster structure in28Si.

To see how the potential obtained in the energy range
Ec.m.537.5 MeV (EL575 MeV) to 560 MeV (EL
51120 MeV) can describe the low-energy data betwe
Ec.m.512.5 MeV and 31.5 MeV, which have been usua
described by shallow potentials or aJ-dependent deep poten

FIG. 1. Comparison of the calculated angular distributions
16O116O elastic scattering with the data@9#.
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tial @11#, we have analyzed the16O116O scattering starting
from a potential determined by Nicoli @19# at
Ec.m.537.5 MeV (V05412 MeV, RV53.97 fm, aR

51.492 fm), which has a Woods-Saxon squared form fac
for real and imaginary parts. The calculated angular distri
tions are shown in Fig. 1 in comparison with the experime
tal data. The potential parameters in Table I do not cha
very much from the original one atEc.m.537.5 MeV @19#
and belongs to the same family. This shows that the d
potential is valid up to the very low energy near the Coulom
barrier.

In order to know the properties of the resonances a
bound states supported by this deep potential, the com
scaling method@20# has been used. In Fig. 2 the ener
levels calculated with the potential atEc.m.537.5 MeV are
shown in comparison with the experimental data. TheN
524 band, which is located about 8 MeV below the thres
old, is the lowest Pauli-allowed band. The rotational const
k estimated from the lowest spin to the highest one isk
552 keV. The secondN526 rotational band withk
555 keV, which starts from about 3 MeV, has a width
less than 5 keV. TheN528 band withk559 keV, which
starts from about 10 MeV, has a width of 0.19–1.7 Me
The threeN524, 26, and 28 bands have almost the sa
rotational constant. TheN530 band withk568 keV starts
near the Coulomb barrier and is in broad resonance with
width of several MeV. TheN532 band has a width of abou
10–20 MeV.

The three gross structures of the 90° excitation function
Ec.m.520–30 MeV in Fig. 3, which was assigned as theN
524 band resonances in Refs.@5,6# and theN526 band
resonances in Ref.@7#, are found to be due to the 141, 161,
181 resonances of theN528 band. As indicated in Fig. 3
the peaks of the 90° excitation function@9,21# are assigned
as follows: 121 (17.5 MeV), 141 (21 MeV), 161

(24.5 MeV), 181 (29 MeV), 201 (33.5 MeV), 221

(38 MeV), 241 (43 MeV), 261 (51 MeV), and 281

(57 MeV), which show theJ(J11) behavior with k
550 keV and correspond well to ourN528 band as seen in
Fig. 2. The lower spin states observed in transfer reacti
~also in precise elastic scattering! @22,23#, 21 (9.7 MeV),
41 ~10.7 MeV!, 61 (11.3 MeV), 81 (12.0 MeV), and 101

(15.8 MeV), correspond well to our band~Fig. 2!. It is sur-
prising that the calculated energies of theN528 band corre-

f

air.
TABLE I. Optical potential parameters in the standard notation and volume integrals per nucleon p

Ec.m. V0 RV aR JV W0 RI aI JW

~MeV! ~MeV! ~fm! ~fm! (MeV fm3) ~MeV! ~fm! ~fm! (MeV fm3)

12.5 410 4.03 1.35 332 95 3.10 0.275 4.2
14.0 410 4.03 1.25 325 95 3.10 0.275 4.2
15.5 410 4.03 1.35 332 95 3.10 0.275 4.2
20.5 408.5 3.99 1.552 340 90 3.15 0.275 4.2
24.5 410 3.99 1.55 341 90.5 3.65 0.275 6.7
29.5 410 4.08 1.2 333 90.5 3.28 0.365 4.6
31.5 410 4.08 1.2 333 85 3.63 1.62 14.9
1-2
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spond very well to the experimental data without any adju
ment. Although the band head 01 state has not been reporte
in experiment, it seems that there is an indication of a pea
the experimental 90° excitation function ne
Ec.m.59.6 MeV @22#. Because our calculation predicts th
band head 01 state around this energy region, 10.1 Me
we hope that it will be searched for in experiment.

It is reminded that in 40Ca and 44Ti the observed
a-clusterN513 K502 band states and the higher nodalN
514 band states are fragmented@17,24#. The fragmentation
will become more significant in heavier systems like t
16O116O bands. In fact many states, which are considere
have the16O116O molecular resonances, have been repor
@25#: 101 ~14.35, 14.57, 14.79, 15.1, 15.2, 15.8, 15.83, 15
16.32, 17.31, 17.67 MeV! 121 ~16.9, 17.3, 17.9 MeV!, and
141 (19.8 MeV). Recently, Curtiset al. @26# observed new
states: 16.42 MeV (101 or 121), 18.15 MeV (121 or 141),
19.10 MeV (121 or 141), 21.01 MeV (141 or 161), and
21.78 MeV (141 or 161). The centroids of the above 101,
121, and 141 states are located on theN528 band and agree
very well with the corresponding resonance energies mar
in Fig. 3. The observedk542–49 keV is in agreement with
that of theN528 rather than that of theN530 band. The
molecular states, 101, 121, 141, and 161 observed by Cur-
tis may be fragmented from theN528 band.

In Fig. 3 the deep Airy minima (A2–A6) caused by the
interference between far-side internal wave, to which
high-spin members of theN530 andN532 bands contrib-
ute, and far-side barrier wave are clearly seen.A6 is the
highest order for the16O116O system andA1 is located at
100 MeV. The mechanism of this Airy structure is discuss

FIG. 2. 16O116O cluster bands calculated in the complex sc
ing method~circles! are compared with the experimental data~tri-
angles! of Refs.@22, 23, 27, 28# and the marked resonances in Fi
3. See also the text.
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in detail in Ref.@18#. We notice in Fig. 3 that below theA3
Airy minimum at 62 MeV, where both theN528 andN
530 bands are involved, the broad peaks are fragmented
the spacing between the peaks becomes narrower. Becau
widths too large, the calculated states of theN530 andN
532 bands in Fig. 2 are difficult to be seen as a clear pea
the excitation function. The excitation function calculat
with the potential atEc.m.537.5 MeV @19# ~with reduced
W0525 MeV) is shown. This fixed ‘‘average’’ potentia
without any energy dependence both for real and imagin
parts describes the essential structure of the experime
data.

The lowest Pauli-allowed cluster band withN524 ap-
pears at 7.5 MeV below the threshold, i.e.,Ex59.0 MeV in
excitation energy. Experimentally, the band has not been
tablished. In Ref.@27# three 16O116O quasimolecular band
with k591–109 keV, which show theJ(J11) behavior,
were suggested inEx511–17 MeV. Thek552 keV of our
N524 band disagrees with the ones extracted from the d
Also, theory cannot give threeK501 bands with the16O
116O configuration in this energy region. In Ref.@27# it was
argued that the band obtained in the RGM could corresp
to the observed band because the calculatedk
560–70 keV by Andoet al. @7# is not far from the experi-
mental data: However, as mentioned already, we know
the RGM calculation@7# adopted an interaction that belong
to a wrong, shallower family, givingJV5302 MeV fm3 at
EL /A510 MeV for its equivalent local potential@12#.
Kondōet al. @11# have discussed the possibleN524 band of
Ref. @27# using aJ-dependent real potential, whoseJV of the
equivalent J-independent local potential ranges fro
291 MeV fm3 to 326 MeV fm3 @14#. However, it is difficult
to reconcile thek with the J-dependent potential.

How one can reconcile thek591–109 keV of the experi-
mental data with the present cluster model prediction?
notice that many 01, 21, 41, and 61 states have been ob
served in this energy region@28,27#: 01; Ex5 8.507, 9.983,
10.457, 10.787 MeV~centroid 9.93 MeV!: 21; Ex5 8.690,
8.861, 9.464, 9.711, 9.992, 10.104, 10.510, 10.520, 10.6

-

FIG. 3. Candidates of theN528 band are indicated to the ex
perimental data~open circles, Ref.@9# and filled circles, Ref.@21#!
of 90° excitation function for16O116O elastic scattering. Excita
tion function calculated with the fixed potential atEc.m.537.5 MeV
@19# is shown by dotted lines.
1-3
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10.757, 10.792, and 10.827 MeV~centroid 10.131 MeV!:
41; Ex59.065, 10.276, 11.70, and 13.04 MeV~centroid
11.020 MeV!: 61; Ex512.76, 13.76, and 15.20 MeV~cen-
troid 13.91 MeV!. ~In Fig. 2 the centroids are plotted b

TABLE II. Calculated energyEc.m. ~MeV), rms radii~fm!, and
B(E2:J→J22) (e2 fm4) values of theN524 band.

Jp Ec.m. A^R2& B(E2:J→J22)

01 27.50 4.41
21 27.10 4.41 482
41 26.26 4.40 682
61 25.02 4.39 735
81 23.40 4.36 741
101 21.39 4.33 721
121 0.99 4.29 680
141 3.77 4.23 622
161 6.94 4.16 547
181 10.53 4.08 459
201 14.56 3.98 358
221 19.01 3.87 245
241 23.90 3.75 126
et

02130
triangles.! As for the 81 state, only one is observed a
14.81 MeV @27#. The derivedk533–64 keV ~averagek
549 keV) for the centroid of the observed states agr
well with the present predictionk552 keV. The observed
states may be considered to be fragmented from theN524
16O116O cluster band in Fig. 2. In Table II,B(E2) values
and rms radii for theN524 band calculated in the bound
state approximation are given. The band has a cluster st
ture and shows antistretching as seen in20Ne and 44Ti. The
B(E2) values are enhanced very much and it is desirabl
observe the strong cascade transitions. TheN526 higher
nodal band is inevitably predicted between theN524 and
N528 bands, just above the threshold energy. As no exp
mental counterpart has been observed, observing the ba
highly desired.

To summarize, we have shown that the bound and s
tering states of the16O116O system can be described in
unified way by using a deep potential, which describes hi
energy rainbow scattering as well as low-energy scatte
near the Coulomb barrier. It was shown that the lowestN
524 and theN528 16O116O cluster bands in32S exist in
experiment being fragmented. The existence of the un
servedN526 higher nodal band was predicted. This uni
cation may be applicable to other heavy-ion systems.
ys.
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