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Molecular resonance and highly deformed fission fragments in28Si¿28Si
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A high-resolution measurement of fragment-fragment-g triple coincidence events in the symmetric and
near-symmetric mass exit channels from the28Si128Si reaction has been undertaken using the EUROGAM
Phase IIg-ray spectrometer. The bombarding energy ofElab(

28Si)5111.6 MeV has been selected to populate
the conjecturedJp5381 quasimolecular resonance in the56Ni dinuclear system. In the28Si128Si symmetric
mass exit channel, the resonance behavior is clearly verified at the chosen energy. The population of highly
excited states in the24Mg, 28Si, and32S nuclei is discussed within a statistical fusion-fission model. Evidence
is presented for selective population of states in the28Si fragments arising from the symmetric fission of the
56Ni compound nucleus. The enhanced population of theKp531

2 band of the28Si nucleus, indicative of an
oblate deformed shape, suggests that the oblate configuration plays a significant role in the resonant process.
Fragment angular distributions for the elastic and low-lying inelastic channels as well asg-ray angular corre-
lations for the mutual inelastic channel (21,21) indicate that the spin orientations of the outgoing fragments
are perpendicular to the orbital angular momentum. This unexpected result, which is different from the align-
ment found for the resonance structures in the24Mg124Mg and 12C 112C systems, suggests a situation where
two oblate28Si nuclei interact in an equator-to-equator stable molecular configuration. A discussion concerning
the spin alignment and spin disalignment for different reactions such as12C 112C, 24Mg124Mg, and 28Si
128Si is presented.
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I. INTRODUCTION

In heavy-ion physics the search for extremely deform
states in light-mass nuclear systems (20<ACN<40) has a
long history @1–3# dating back to the early 1960’s and th
pioneering discovery of nuclear molecules in the12C
112C composite system studied at energies in the vicinity
the Coulomb barrier@4#. Correlated gross and intermediat
width resonant structures in the excitation functions at en
gies well above the Coulomb barrier were subsequently
covered in 12C 112C reactions@1,5# as well as in reaction
with other a-like systems such as12C 116O and 16O116O
@2,3#. In some systems very narrow width~barrier top! reso-
nances were found to coexist with broad~potential! reso-
nances, suggesting different physical processes@2,5#. The
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study of molecular resonances evolved later with the un
pected observation of pronounced, narrow and well isola
resonances in various elastic and inelastic excitation fu
tions measured for medium-mass nuclear systems
<ACN<60) @6#, also at energies well above the Coulom
barrier. The first observation of such high-spin resonance
this mass range was reported by Bettset al. @7–12# in the
elastic and inelastic28Si128Si scattering. Even more pro
nounced resonant structures were reported thereafter in
neighboring24Mg124Mg system@13–17#. Resonance struc
tures were also found in the asymmetric24Mg128Si system
@18,19#. However, the occurence of such resonant structu
is by no means universal, as other studies have revealed
several other nearbya-particle systems lack similar struc
tures. For instance, symmetric systems such as32S 132S
@20# and 40Ca140Ca @11# exhibit structureless excitation
functions, and the non-a-particle systems of28Si130Si and
30Si130Si show no hint of resonant behavior@6#. At the
time, the moleculelike sequences of resonances observe
24Mg124Mg and 28Si128Si with measured angular mo
menta up to L542\ represented some nuclear excitatio
with the highest spins ever observed. The number of o
channels model@21# ~NOC! has been highly successful i
selecting the systems showing resonance behavior. In
model @21#, the main condition for observing a resonan
behavior is associated with surface transparency. Particu
©2000 The American Physical Society07-1
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C. BECK et al. PHYSICAL REVIEW C 63 014607
favorable cases are the24Mg124Mg and 28Si128Si reactions
@22#, where the corresponding optical model~OM! potentials
have small imaginary components at distances correspon
to peripheral collisions. In this paper we will discuss mo
fully the latter reaction which populates the56Ni composite
system.

For the28Si128Si system@10–12#, the intermediate-width
structures@9# ~with very narrow widths of'150 keV), su-
perimposed on series of broad, fragmented structures@7,8#
~with width of '1 –2 MeV), have been observed to b
strongly correlated in angle, for at least five different e
channels@elastic scattering, single 21

1 excitation, mutual
(21

1,21
1) and (21

1,41
1) excitations as well as excitations o

higher states of the outgoing28Si nuclei#. These narrow
structures were clearly shown to be incompatible with sta
tical Ericson fluctuations@12#, and most likely correspond to
quasimolecular states in the compound nucleus~CN! 56Ni at
high excitation energy (ECN* 560–75 MeV) and high angu
lar momenta (L534–42\). These high values of angula
momenta are of special interest since they approach the
(Llimit545\) where, according to the rotating liquid dro
model @23#, the compound system56Ni should disintegrate
spontaneously under the stress of the centrifugal forces
cause of a vanishing fission barrier.

The total back-angle inelastic28Si128Si scattering yield
~with a total averaged cross section of'1 mb/sr measured
at the energy of the 381 resonance@12#! has been found to
be quite large and to have many of the characteristics
complete damping of energy and angular momentum sim
to those expected for fusion-fission~FF! of the excited56Ni
CN @24#. The opening of the fission channel and the deg
in which it affects elastic scattering and other binary ch
nels were examined for the16O 140Ca @25–27# and the
32S 124Mg @28–32# entrance channels, both populating t
56Ni CN. In recent years, extensive efforts have been
voted to the study of the FF dynamics of very light dinucle
systems (40<ACN<60) @24,33,34#. Statistical decay pro-
cesses@24,35# have been demonstrated to influence react
channels that have been previously explored in terms
heavy-ion resonance mechanisms~as is the case for the48Cr
CN @36#!. The FF mechanim is known to play a significa
role at spins slightly below the grazing angular momentu
the nuclear configuration leading to the resonance beha
is only slightly more elongated than that of the nucle
saddle point@33#. It has already been shown@31,35# that the
statistical fission of the56Ni CN and the molecular reso
nances arising from very deformed configurations of t
composite system can occur in the same reaction chann

It is conceivable that a coherent framework exists wh
connects the topics of heavy-ion molecular resonances,
perdeformation, hyperdeformation, and fission shape isom
ism @6,26,37–41#. In particular, shell-stabilized, highly de
formed configurations@as illustrated by the existence o
hyperdeformed second minima in potential energy surfa
~PES! calculated using the Nilsson-Strutinsky model# in 56Ni
have been conjectured@6# to explain the strong resonant b
havior observed at large angles for the28Si128Si reaction
@8#. Bengtssonet al. @37,38# have studied the shell correc
01460
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tions for J540 and find evidence for a PES minimum co
responding to a hyperdeformed, prolate nuclear shape w
3:1 major-to-minor axis ratio. The very striking molecul
resonant structure of28Si128Si was suggested to be possib
correlated to a rather special subset of high-spin states
upon this hyperdeformed minimum and stabilized agai
mixing into the more numerous CN states by some spe
symmetry@6#. These secondary minima can give rise to qu
sistable, shape-isomeric states. In the energy range c
sponding to theJp5381 resonance, the excitation energy
the CN is approximatelyECN* 565 MeV and the density of
J538 states can be estimated to be of several thousand
levels per MeV. Hence, the overlap of resonant wave fu
tions with the normal CN states may be small, inhibiting t
mixing between the two types of states and enhancing
lifetime of the isomer. The hyperdeformed states would
populated by all entrance channels that lead to the56Ni CN
formation, with strengths proportional to the decay width
the shape isomer in the entrance channel. An indication
these features has been given by Dichteret al. @26# who
found that the intermediate-width structures are correlate
both the 28Si128Si and 16O140Ca systems. The strong co
relation suggests that the resonances proceed through
56Ni CN and that they may be the manifestations of sha
isomeric superdeformed or hyperdeformed states in sec
ary minima in the PES. However, the PES calculatio
@37,38# are still far too schematic to enable any detailed co
parison with the data. For example, based on a molec
model @42–46#, a stable configuration of the28Si128Si di-
nuclear system is found to arise from oblate deformed28Si
nuclei in their equator-to-equator configuration, due to
oblate deformed shape of the28Si nuclei@44#. This contrasts
with the prolate configuration suggested by Bengtss
@37,38#. We have proposed that the vanishing spin alignm
in 28Si128Si may be considered as one of the first expe
mental indications of such a triaxial nuclear molecule@47#.
More recently an alternate theoretical approach has been
vanced which favors a description in terms of hyperd
formed quasimolecules formed in the28Si128Si scattering
process@48#.

In this paper, we present the results of particle-g coinci-
dence measurements for the28Si128Si system. The pape
focuses on how the fission yield is distributed among
possible mutual excitations of the fragments in the symm
ric and near-symmetric mass channels. The coexistenc
fission and a separate reaction mechanism correspondin
molecular resonances will be emphasized.

The paper is organized as follows. After a description
the experimental techniques in Sec. II, the experimental d
of the fragment-fragment coincidence events and for
fragment-fragment-g coincidence events are presented
Secs. III and IV, respectively. Section V contains an over
discussion of the present28Si128Si experimental data which
are compared first with similar results obtained for both
12C112C and the24Mg124Mg systems, and secondly wit
recent theoretical studies of28Si128Si scattering. The pape
concludes with a brief summary given in Sec. VI.
7-2
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MOLECULAR RESONANCE AND HIGHLY DEFORMED . . . PHYSICAL REVIEW C63 014607
II. EXPERIMENTAL PROCEDURES
AND DATA ANALYSIS

The experiment was performed at the VIVITRON Ta
dem accelerator of the IReS in Strasbourg using the EUR
GAM phase II multidetector array@49#. The bombarding en-
ergyElab(

28Si)5111.6 MeV was carefully chosen@47# so as
to populate theJ5381 resonance@6,8,9# of this system. The
beam struck a 25mg/cm2 thick natSi ~92% of 28Si) target.
The Si target thickness corresponds to a beam energy lo
DE5130 keV, which is smaller than the width of the res
nance (G lab'300 keV). Additional targets of Au
(14 mg/cm2 thick! with a 12C (10 mg/cm2 thick! backing
were used for calibration, background determination, a
normalization purposes. Two pairs of large-area positi
sensitive Si~surface-barrier! detectors~PSD! were used to
detect the fission fragments in coincidence using stand
techniques@50,51#. One pair was located in the horizont
plane at azimuthal angles of 0° and 180°, and the othe
the vertical plane at azimuthal angles of 90° and 270°. Ty
cal two-dimensional energy spectra are given in Figs. 1
2, and typical excitation-energy spectra are displayed in F
3 and 4. The PSD’s covered the laboratory angular range
to 73° in both the horizontal and vertical planes with so
angles of 114 msr, and an azimuthal angular acceptanc
64°. The mass identification of the two binary fragmen
displayed in Fig. 5. was done using standard two-body ki
matics formulas@52,53# leading to a mass resolutionDM /M
of about 6%. Angular distributions are shown in Fig. 6 f
the 28Si128Si exit-channel. Theg rays emitted by the frag
ments were detected by the EUROGAM Phase II multidet
tor array@49#, composed of 54 Compton-suppressed germ
nium ~Ge! detectors with 30 large volume tapered coaxial
detectors~from EUROGAM Phase I@54#! located in both the

FIG. 1. Two-dimensional energy spectrumE4 versusE3 of the
fragments detected by one pair of position-sensitive detectors
the 28Si128Si reaction atElab5111.6 MeV. The regions labeled 1
2, and 3 are explained in the text.
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forward and the backward hemispheres, and 24 Clover
detectors@55# located around;90° relative to the beam
axis. The number of Ge crystals at each angle with respec
the beam direction was~5, 22°), ~10, 46°), ~24, 71°), ~24,
80°), ~24, 100°),~24, 109°),~10, 134°), and~5, 158°). The
electronics used for the PSD’s consisted of VXI germani
cards from EUROGAM. Events were recorded with the co
dition that at least one of the two PSD pairs fired in coin
dence~start! with g rays detected in EUROGAM. Doppler
shift corrections were applied to theg-ray data on an event
by-event basis@56#. The energy and relative efficienc

or

FIG. 2. Ejectile energyE3 versus excitation energyEX two-
dimensional plot of the28Si128Si symmetric-mass exit channel.

FIG. 3. Excitation-energy spectrum for the28Si128Si exit chan-
nel measured at large angles. Tentative assignments of the res
and nonresolved peaks are indicated. The bold-line histograms
efficiency corrected~absolute! cross sections. The lighter curves a
the results of the TSM calculations discussed in the text for fiss
decay to particle-bound~solid curve! and for all decays~dotted
curve!.
7-3
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C. BECK et al. PHYSICAL REVIEW C 63 014607
FIG. 4. Excitation-energy spectrum for the32S 124Mg exit
channel measured at large angles. The bold-line histograms ar
ficiency corrected~relative! cross sections. The curves which a
defined in the same manner as in Fig. 3 have been normalized t
experimental cross sections.

FIG. 5. Mass distribution based on the coincident detection
the binary fragmentM3 in region 1 as defined in the text.~a! Cor-
responds to the28Si128Si exit channel;~b! corresponds to product
arising from a reaction of the28Si projectile on the16O contamina-
tion.
01460
calibrations of the Ge detectors were obtained using stan
g-ray sources located at the target position with the scat
ing chamber in place. The higher energyg-ray region~up to
Eg57630 and 7648 keV, a doublet in57Fe) was calibrated
with an AmBe source. Above this energy the efficiency w
extrapolated, based on the smooth exponential behavior
hibited by the calibration at lower energies. Coincidentg-ray
spectra are displayed in Figs. 7, 8, and 9 for three differ
exit channels.

III. FRAGMENT-FRAGMENT COINCIDENCE RESULTS

The exclusive data as obtained by the fragment-fragm
coincidence measurements are illustated in Fig. 1 by a t
cal two-dimensional energy spectrumE3-E4 of the binary
fragments detected in coincidence with one pair of PSD’s
the angular ranges of 23.3°<u3<70.9° and 22.1°<u4
<73.3°, respectively.E3 , E4 , u3, andu4 are the energies
and positions of the two fragments detected in coinciden
The symmetry of this spectrum reflects the nearly symme
configuration of the experimental setup. Three different

ef-

the

f

FIG. 6. Experimental angular distributions of the elastic, inel
tic 21

1 and mutual (21
1,21

1), and higher excitation channels (EX

56.7 and 8.7 MeV!. The solid lines are@PL(cosu)#2 curves for
L538\. The dotted curves correspond to a 1/sinuc.m. behavior. The
x2 results as a function ofL are given in the insert for the elasti
scattering.
7-4
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FIG. 7. g-ray spectrum in coincidence with the28Si128Si symmetric mass exit-channel. Doppler-shift corrections have been ap
according to massM3528.
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gions can be distinguished: these are marked in Fig. 1.
gion 1 corresponds to binary products arising mainly fro
the 28Si128Si reaction of interest~reaction products from
scattering on lighter-mass target contamination such as O
also present as is shown more clearly in Fig. 5!. In this re-
gion the angular distributions of the low-energy states
well structured as expected at the resonance energy. Re
2 of Fig. 1 arises from the reaction products of28Si incident
on a heavier-mass target contaminant~such as63Cu), and
region 3 corresponds to the light charged particle (p, a)
coincidences arising primarily from the fusion evaporation
the 56Ni compound system. In the following only the even
belonging to region 1 will be considered for the analysis. T
selection of the different exit channels was done using m
spectra constructed using standard binary kinematics r
tions @50–53#. An example of the fragment mass distrib
tions (M3 being the ejectile mass! is displayed in Fig. 5. The
figure shows that region 1 is formed by two kinds of rea
tions. The first reaction@as illustrated in Fig. 5~a!# corre-
sponds to binary products of28Si128Si at the resonance en
ergy, and shows that the reaction is dominated by the28Si
128Si symmetric mass exit channel. This reflects the PS
locations which have been optimized to study this exit ch
nel. The second reaction@see Fig. 5~b!# arises from the reac
01460
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tion 28Si on the 16O target contaminant. These contamina
events have been selected by making use of the compo
system mass deduced from the coincidence measureme

The reactionQ-value spectra were obtained for the diffe
ent binary-reaction channels based on the known entra
channel parameters, the deduced mass of the fragmentsM3
andM4), the total mass of the compound system (MT), and
the observed fragment angles and kinetic energies@52,53#.
The Q values were then converted to excitation energ
(EX) of the binary products usingEX5Qgg2Q* 5Qgg
1Elab2(E31E4) whereQgg is the reactionQ value. Figure
2 displays the mass-gated (M3528) two-dimensional spec
trum of the ejectile energyE3 as a function of the calculate
excitation energy (EX) for the 28Si128Si symmetric mass
exit channel. The vertical bands correspond to different
cited states in the two28Si fragments, where the regular con
centrations of yields are due to strongly structured angu
distributions which will be analyzed in Sec. III B. Th
excitation-energy spectra are first presented in the follow
section.

A. Excitation-energy spectra

Excitation-energy spectra were generated for the28Si
128Si exit channel~Fig. 3! and the32S 124Mg exit channel
7-5
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FIG. 8. g-ray spectrum for the32S124Mg near symmetric mass exit channel measured in coincidence with24Mg fragments. Doppler-
shift corrections have been applied according to massM3524.
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~Fig. 4!, respectively, by setting mass gates withM3528 and
32 ~24! while requiring a calculated total mass ofMT556.
The detection efficiency for the two mass channels was
termined on an event-by-event basis from a simple sim
tion program of the fragment-fragment coincidence arran
ment @52#. The resolution in the experimental excitatio
energy spectra and, in particular, the resolving pow
provided by theg rays in determining the28Si final states
has already been described in our previous Rapid Comm
cation @47#.

The excitation-energy spectrum for the28Si128Si sym-
metric mass exit channel, displayed in Fig. 3, exhibits a v
striking and well structured behavior up to high excitati
energy (EX'15 MeV). The low excitation-energy peak
correspond to the elastic scattering and inelastic scatterin
low lying states of28Si ~mainly the 1.78 MeV 21

1 state, and
the weaker 4.62 MeV 41

1 state which yields the shoulder o
the 21 peak!. The strong peaks observed at more negativQ
values more likely arise from mutual excitations. The lev
assignments for the higherEX peaks are speculative, a
though the locations of these peaks are consistent with
tual excitation of yrast states in both fragments, as sugge
previously@9,50#. The observation that both fragments ha
01460
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quite high spins is consistent with a simple sticking pictu
of the deep-inelastic~DI! collision process@24# in which the
two colliding 28Si nuclei have adhered to each other, rotat
and then separated again. This process transforms orbita
gular momentum into fragment spin with a substantial loss
the kinetic energy associated with relative motion. In oth
words, the large angle cross sections suggest the forma
and decay of a long-lived dinuclear system~i.e., a nuclear
molecule! which scissions at quite large deformations. T
alternative explanation involves a FF origin in which th
system forms an equilibrated CN before its subsequent
nary decay@24#. It has been previously shown for the32S
124Mg reaction@31# that much of the structure seen in th
excitation-energy spectra can be understood in terms of
statistical population of levels in the fragments. Thereaf
the same statistical model calculation will be used to gen
ate an excitation-energy spectrum to be compared with
present data. The large cross sections associated with
excitation energies, however, appears to be of a nonstatis
origin and most likely reflect the resonant nature of the s
tem. This will be discussed in more detail in the analysis
the g-ray coincident results in Sec. IV.

For the32S124Mg exit channel@56# the more pronounced
structures are observed at higher excitation energ
7-6
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FIG. 9. g-ray spectrum for the32S124Mg near symmetric mass exit channel measured in coincidence with32S fragments. Doppler-shift
corrections have been applied according to massM3532.
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(6 MeV<EX<10 MeV), as seen in Fig. 4. Previous me
surements for the28Si128Si→32S124Mg reaction have no
shown evidence for resonancelike behavior@31#. Our
excitation-energy spectrum is in qualitative agreement
this observation as very little strength is seen in the l
lying states. The observed yield to these states may be a
uted to a fusion-fission mechanism. A comprehen
statistical-model analysis of both exit channels will be gi
in Sec. V.

B. Angular distributions for the 28Si¿28 Si exit channel

The angular distributions, shown in Fig. 6 for t
symmetric-mass exit channels, have been deduced from
jections onto theE3 axis with excitation energy gates
defined by the states of Fig. 2. The elastic, inelastic 21

1 , and
mutual inelastic (21

1,21
1) channels display strongly oscill

tory angular distributions at backward angles~between 70°
<uc.m.<110°). The angular distribution of the elastic sc
tering data @6# at a bombarding energy correspond
roughly to twice the Coulomb barrier, shows at forw
angles a typical transition from Coulomb scattering thro
nuclear-Coulomb interference, to a steep and smooth fa
beyond the grazing angle (uc.m.'44° as deduced from
quarter-point analysis of the elastic scattering@57#!, charac-
01460
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teristic of the scattering of strongly absorbing particle
These features are readily described in a variety of OM c
culations. A typical OM analysis of the28Si128Si elastic
scattering has been performed at the bombarding energ
Elab5120 MeV using a strongly absorbing potential@6#.
The results of the comparison can be found in Refs.@2,6#. At
the largest angles, however, the present data show an a
transition to the highly oscillatory behavior associated w
weak absorption, in accordance with NOC@21,22# predic-
tions. The elastic cross sections observed in this angula
gion are from one to three orders of magnitude~nearuc.m.

590°) larger than those obtained from OM calculations
ing standard strongly absorbing potential parameters@6,57#
which give a good account of the data forward ofuc.m.

570°. This behavior suggests the presence of a significa
slower reaction mechanism than the direct and multistep p
cesses which dominate at more forward angles (uc.m.
<70°).

The present back-angle, high-quality elastic and inelas
scattering data, with good angular~position! resolution and
high statistics, are well described by aPL

2(cosuc.m.) angular
dependence withL538, in agreement with the older data o
Betts et al. @8#. This behavior can be understood if the
distributions are dominated by a single partial wave, or b
7-7
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C. BECK et al. PHYSICAL REVIEW C 63 014607
few partial waves that are in phase. The analysis of ang
distribution data for resonance parameters can lead to a
guities when the nonresonant ‘‘background’’ amplitudes
not fully known. To explore this issue, a phase-shift analy
@58# of the present elastic scattering data is carried out se
rately. Still, the elastic data shown in Fig. 6 strongly sugg
an L538 assignment for the resonant state.

For the mutual inelastic (21
1 , 21

1) channel, the regula
and periodic oscillations still persist in the angular distrib
tion data. Again, the analysis suggests that the largest
tribution is fromL538, with possibly smaller contribution
of L536 and 40, as discussed in our earlier Rapid Comm
nication@47#. The small shifts of the oscillation maxima ma
be explained by the larger nonresonant backgrounds in
channel due to FF and/or DI orbiting contributions. T
dominance of the orbital angular momentumL538 in the
three resonant channels implies that the projection of
final channel spin along the direction perpendicular to
reaction plane ism50. This unexpected spin ‘‘disalign
ment’’ is confirmed by the analysis of the angular correlat
of the g-rays, as presented in Ref.@47# and summarized in
Sec. IV C.

It should be noted that the angular momenta values~from
36\ to 40\) suggested by the data are significantly larg
than the critical angular momentum for fusion. Based on
available 28Si128Si complete fusion~CF! data @57,59#, a
valueLcrit'35\ is obtained. The grazing angular momentu
Lgraz'38–40\ is obtained from a quarter point analysis
the elastic scattering data@57#. At such high angular mo-
menta the56Ni CN is near the point where the fission barri
vanishes@23#, highlighting the large deformations which a
induced during the scattering process.

The angular distribution of the mutual excitation sta
(41

1 , 21
1) at an excitation energyEX'6.7 MeV is not as

strongly structured as the lower-energy channels. This is
sumably due to a larger number of contributing part
waves. The angular distribution, also displayed in Fig. 6,
mutual excited states (41

1 , 41
1) has a shape comparable

1/sinuc.m., suggestive of the emission of the two28Si frag-
ments in a fully relaxed process such as FF and/or DI or
ing contributions.

In the back-angle region, the elastic scattering channe
relatively weak as compared to the inelastic and mutual
elastic channels, as seen in Fig. 3. These excited chan
show the same general angular behavior as the elastic c
nel; namely, a forward angle dependence of the cross-sec
characteristic of Coulomb and nuclear scattering with stro
absorption~see the complete angular distributions measu
at Elab5120 MeV @11# and unpublished data atElab
5112 MeV from Bettset al. @2#!, and a back-angle behavio
suggesting the presence of a process with much longer
scale. The total cross section for the28Si128Si exit-channel
can be estimated from the excitation energy spectra an
found to be 763 mb, i.e., approximatively 1% of the tota
CF cross section@57,59#. FF calculations using either th
transition-state model@33# ~TSM! or the extended Hauser
Feshbach method@34# predict approximatively 5–6 mb fo
the symmetric-mass fission cross section, in good agreem
01460
ar
bi-
e
s
a-
t

-
n-

-

is

e
e

r
e

s

e-
l
r

t-

is
-
els
an-
on
g
d

e

is

nt

with the observed yield. It should be noted that FF mod
@33,34# do not include a resonance contribution. The sign
cantly enhanced yield at low excitation energy in the28Si
128Si exit channel as compared to FF calculations may
flect in part contribution to the yields of an additional res
nance component.

To summarize this analysis, the angular distribution d
show that the measured back-angle yields for the three l
lying states are characterized, to a large extent, by a r
nance behavior. The FF process is believed to dominate
yields at higher excitation energies (EX>6 MeV), as dis-
cussed further in Sec. V with respect to the TSM calcu
tions.

IV. FRAGMENT-FRAGMENT-GAMMA COINCIDENCE
RESULTS

In this section we will focus on the analysis of th
fragment-fragment-g coincidence data for the28Si128Si
mass-symmetric exit channel and for the32S 124Mg near
symmetric exit channel.

A. Coincident g-ray spectra

1. Feeding of 28Si states

The g-ray spectrum measured in coincidence with bo
28Si fragments, without any condition on the angles betwe
the particles, is displayed in Fig. 7. Since it is not possible
know which of the two28Si fragments emits the detectedg
ray, both Doppler corrections were applied by using t
method developed in Refs.@31,36#. Some Doppler broaden
ing of theg-ray lines is still present due to the finite angul
acceptance of the Ge detectors and finite position resolu
of the PSD’s. Theg-ray peak width, for example, change
from '10 keV at 1779 keV~the broad peak beneath th
1779 keVg-ray transition is due to the wrong Doppler co
rection! to '32 keV at 5110 keV. Some of the strong
transitions are labeled by their energy in keV, and by
initial and final levels, spins and parities.

In order to investigate the resonant effects on the feed
of the 28Si states, and to search for possible highly deform
bands in28Si, we have generatedg spectra for two different
angular regions of the particle angular distribution shown
Fig. 6. The first region, with 73.2°<uc.m.<105.6°, is where
the angular distributions oscillate strongly~see Fig. 6!. In the
following this is refered to as the ‘‘large-angle region.’’ Th
second region is defined as the ‘‘directlike region’’ and is
the 56.8°<uc.m.<67.6° angular range. The maing-ray tran-
sitions in 28Si, as observed in the ‘‘large-angle region,’’ a
listed in Table I, with their relative intensities. The feedin
of the known 28Si states@60–64# in both the ‘‘large-angle
region’’ and the ‘‘directlike region’’ have been deduced fo
lowing the procedure proposed in Ref.@31#, where a detailed
level scheme of the28Si nucleus, including its complete ban
structure, is presented~see Fig. 15 of Ref.@31#!. The g-ray
transitions observed in the29Si and 27Al ~not listed in Table
I! nuclei confirm that the mass identification provided
Fig. 5 was not perfect.
7-8
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The comparison of the measured feeding of28Si states in
the ‘‘large-angle region’’ and the ‘‘directlike region’’ is il-
lustrated in Figs. 10 and 11, respectively. The feeding of
Kp531

2 and 51
2 oblate bands is found to be stronger in t

‘‘large-angle region,’’ in contrast to that of theKp531
1 pro-

late band. A quantitative comparison is summarized in Ta
II, where the relative feeding ofKp bands are defined a
follows:

R~Kp!5
A~Kp!

A~Kp501
1!

, ~1!

whereA(Kp) is the feeding of aKp band of 28Si.
The results presented in Fig. 10 indicate that theKp

531
2 band is strongly fed as indicated by the strong popu

TABLE I. g-ray transitions observed in coincidence with tw
28Si fragments detected in the ‘‘large-angle region.’’ Initial a
final spins, and the excitation energies of the levels emitting thg
ray are given in the first columns. The efficiency correctedg-ray
yields ~given by their relative intenisties! measured in the ‘‘large-
angle region’’ and in the ‘‘directlike’’ region, respectively, and no
malized to the 21

1→01
11778.9 keV transition, are given in the la

two columns.

Eg
exp

~keV!
g-ray

transition Elev* (keV) I g
larg ~%! I g

dir ~%!

1275.5 29Si 1273.3
1289.2 51

2→41
2 9702.3 1.05~0.29!

1364.3 24Mg 1368.7
1534.0 41

2→31
2 8413.3 6.09~0.60! 8.52~2.41!

1594.2 29Si 1595.3
1778.9 21

1→01
1 1778.9 100~1.01! 100~1.76!

1875.0 61
2→51

2 11576.8 3.40~0.87!
2026.3 29Si 2028.2
2823.9 51

2→31
2 9702.3 0.54~0.15!

2837.2 41
1→21

1 4617.8 21.4~0.73! 22.1~0.97!
3199.8 02

1→21
1 4979.9 1.25~0.26! 1.46~0.38!

3310.8 52
2→31

2 10189.6 0.61~0.28! 0.33~0.15!
3925.4 61

1→41
1 8543.5 4.14~0.44! 4.36~0.72!

4495.7 31
1→21

1 6276.2 2.59~0.32! 1.30~0.44!
4596.9 22

1→21
1 7380.8 0.66~0.22!

4623.0 63
1→42

1 11509.1 0.48~0.33!
4915.1 03

1→21
1 6691.4 0.21~0.05!

5084.0 51
2→41

1 9702.3 0.36~0.09!
5101.2 31

2→21
1 6878.7 1.00~0.17! 1.40~0.23!

5107.3 42
1→21

1 6887.6 3.47~0.18! 3.89~0.25!
6476.1 25

1→21
1 8258.7 0.29~0.10!

6631.4 41
2→21

1 8413.3 1.29~0.12! 0.46~0.17!
6879.4 31

2→01
1 6878.7 5.90~0.51! 4.28~0.74!

7123.9 11
2→21

1 9929.2 0.29~0.07! 0.47~0.19!
7380.3 22

1→01
1 7380.8

7385.6 43
1→21

1 9164.6 2.12~0.42!
7415.0 23

1→01
1 7416.3

7922.7 51
2→21

1 9702.3 0.24~0.04!
7938.7 24

1→01
1 7933.4 0.87~0.34!
01460
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tion of the 42 state. The population of the 6.88 MeV colle
tive 32 state, which was not apparent in the prese
fragment-fragment coincidence data of Fig. 3 nor in previo
high resolution studies@8,9,50#, is quite strong. This is an
indication that the28Si nucleus has an oblate deformed sha
when the resonant features are present. Model predict
@73# applied to the28Si128Si elastic scattering, in which the
excited states of the individual interacting surfaces, includ
the 32 excitation of 28Si, constitute the vibrations, suppo
also the association of the resonance with nuclear mole
formation @73#.

As previously found in a study of the24Mg(32S,28Si)28Si
reaction @31#, states belonging to the second excited ba
Kp503

1 appear to be strongly populated. A comparison
the observed population with that expected based on the
tistical population of28Si states within the framework of th
transition-state model~TSM! is presented in Sec. V A.

The population of the ground stateKp501
1 band indi-

cates that the mutually excited states are more intensily

FIG. 10. Comparison between measured feedings and calcu
~diamonds and triangles! for states in 28Si as populated in the
‘‘large-angle region.’’ The calculated feedings have been obtai
with the TSM~histograms! for a statistical FF process described
the text.

FIG. 11. Experimental feedings~diamonds! for states in28Si as
populated in the ‘‘directlike region.’’
7-9
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TABLE II. Relative feedings~in percentage! of Kp bands@R(Kp)# for states in28Si populated in the
‘‘large-angle region’’ and in the ‘‘directlike region,’’ respectively.

Kp 51
2 31

2 01
1 31

1 03
1 02

1

Kind of large oblate oblate oblate prolate large prolate prolate
deformation deformation deformation deformation deformation deformation deforma

R(Kp)
‘‘large-angle region’’ 2.160.4 8.260.7 100 4.460.5 5.861.1 1.260.4
R(Kp)
‘‘directlike region’’ 0.760.3 6.760.8 100 4.560.4 1.160.7 1.360.4
n

-
t t

a
’’
e
io
.’

,
in

th
9
-

s,
els.

rst
than the singly excited states (01
1 , 01

1), (21
1 , 01

1), and
(41

1 , 01
1). This high degree of selectivity in the populatio

of mutually excited yrast states in both28Si fragments con-
firms the early findings of Bettset al. @9#.

The strong populations found for theKp531
2 , 51

2 , and
01

1 bands implies that28Si is dominated by oblate deforma
tion. Perhaps more interesting are the observations tha
Kp503

1 band, corresponding to the large prolate deform
tion, is more strongly populated in the ‘‘large-angle region
than in the ‘‘direct-like region’’ by a factor 6, and that th
Kp551

2 band corresponding to the large oblate deformat
is three times more strongly fed in the ‘‘large-angle region

2. g-ray spectroscopy of the24Mg and 32S nuclei

Theg-ray spectra observed in coincidence with the24Mg
and 32S fragments at high excitation-energy (EX
.10 MeV) are displayed in Figs. 8 and 9. The maing-ray
transitions in24Mg and 32S are listed in Tables III and IV
respectively. Again, since it is not possible to determ
which of the two fragments emits theg ray, both Doppler-
shift corrections have been applied. Figure 8 assumes
the g ray is emitted from the24Mg nucleus, whereas Fig.
assumes emission from the32S nucleus. The large bump ob
served atEg'2100–2400 keV~1250–1450 keV! for the
24Mg (32S) g-ray spectrum of Fig. 8~Fig. 9! corresponds to

TABLE III. g-ray transitions in coincidence with24Mg in the
32S124Mg exit channel. The efficiency correctedg-ray yields
~given by their relative intensities!, normalized to the 21

1

→01
11368.6 keV transition, are given in the last column.

Eg
exp (keV) g-ray transition Elevel* (keV) I g ~%!

1368.3 21
1→01

1 1368.6 100~2.5!
1769.8 42

1→22
1 6010.3 0.82~0.2!

2753.4 41
1→21

1 4122.8 3.99~2.3!
3510.5 62

1→42
1 9528.0 4.17~0.7!

3866.7 31
1→21

1 5236.1 6.67~1.1!
3989.2 61

1→41
1 8113.0 8.22~1.2!

4235.9 22
1→01

1 4236.4 4.05~0.9!
4639.8 42

1→21
1 6010.3 5.54~1.0!

5230.2 31
1→01

1 5236.1 0.65~0.2!
5412.1 62

1→41
1 9528.0 1.13~0.4!

7350.3 23
1→01

1 7347.9 0.74~0.2!
01460
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the incorrect Doppler-shift correction of the 21→ g.s. tran-
sition of the 32S (24Mg) recoil.

Remarkably, theg-ray spectrum of24Mg ~Fig. 8! shows
exclusivelyg-ray transitions between positive-parity state
with no transitions observed between negative-parity lev
This property may be linked to the specific nature of24Mg
which, in its ground state, has a prolate shape. The24Mg
nucleus appears to be populated primarily through its fi

TABLE IV. g-ray transitions in coincidence with32S in the
32S124Mg exit channel. The efficiency correctedg-ray yields
~given by their relative intensities!, normalized to the 21

1

→01
12229.7 keV transition, are given in the last column.

Eg
exp (keV) g-ray transition Eg (keV) I g ~%!

1548.2 02
1→21

1 3778.3 0.61~0.1!
1614.3 41

2→31
2 6621.1 3.48~0.6!

1755.5 51
2→31

2 6761.7 11.2~1.0!
1969.9 36Ar 1970.4
2161.3 41

2→41
1 6621.1 2.49~0.5!

2229.7 21
1→01

1 2230.3 100~1.0!
2229.7 41

1→21
1 4458.9 100~1.0!

2303.1 51
2→41

1 6761.7 1.06~0.2!
2392.5 43

1→41
1 6852.0 1.57~0.5!

2569.7 42
1→22

1 6411.0 3.96~0.6!
2701.2 71

2→51
1 9463.7 5.05~0.7!

2774.8 31
2→21

1 5006.2 18.2~1.4!
2944.9 42

2→31
2 7950.0 0.58~0.1!

3107.3 51
1→41

1 7567.0 0.72~0.3!
3182.3 31

1→21
1 5413.0 3.55~0.6!

3319.1 23
1→21

1 5548.9 0.65~0.4!
3886.1 61

1→41
1 8346.0 2,29~0.5!

3994.4 21
2→21

1 6224.3 0.85~0.4!
4180.7 42

1→21
1 6411.0 1.26~0.5!

4282.2 22
1→01

1 4281.5 6.93~1.5!
4693.0 11

1→01
1 4695.4 0.85~0.3!

4776.5 11
2→41

1 9236.1 1.12~0.4!
5002.4 31

2→01
1 5006.2 0.72~0.3!

5323.2 62
1→41

1 9783.5 1.71~0.4!
5796.8 11

2→01
1 5797.9 1.30~0.5!

6245.1 13
2→21

1 8494.0 ?
6245.1 03

1→21
1 6245.0 ?

7429.3 12
2→01

1 7434.0 1.91~0.5!
7-10
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FIG. 12. Excitation-energy spectra of th
28Si128Si exit channel measured with nog-ray
condition ~histograms! and as gated by the fol
lowing g-ray transitions in28Si ~shaded histo-
grams!: ~a! 21

1→01
1 (Eg51778.9 keV),~b! 41

1

→21
1 (Eg52838.5 keV), ~c! 42

1→21
1 (Eg

55110.0 keV), and ~d! 31
2→01

1 (Eg

56879.6 keV).
g
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two rotational bandsKp501@21
1 ~1368.7 keV!, 41

1 ~4122.9
KeV!, 61

1 ~8113.4 keV!# and Kp521 @22
1 (4236.4 keV),

31
1 ~5235.2 keV!, 42

1 ~6010.3 keV!, 62
1 ~9528 keV!#, which

are associated with stable prolate deformations, accordin
shell model calculations@74#. A selective population of
natural-parity states has been found to be favored in
24Mg112C orbiting reaction@75#, with a suppression of the
31

1 ~5235.2 keV! and 51
1 ~7812.2 keV! states of theK52

band of 24Mg. In the 32S 124Mg channel, the 31 state is
populated rather strongly. The 51 state, however, is not seen
On the other hand, decays from even higher-energy1

1

~8113.4 keV! and 62
1 ~9528 keV! levels fromKp501 and

Kp521 bands, respectively, are visible in the spectrum.
An interesting result for the32S124Mg exit channel is

found from inspection of the32S gated spectrum of Fig. 9
~see Table IV! with the possible observation of previous un
dentified g-ray transitions in the32S nucleus. Since both
spherical and prolate band structures coexist, the32S spec-
trum is much more complex than the24Mg one. The spec-
troscopy of the32S nucleus is of special interest; with th
interplay between collective and single-particle motion
high spins at high excitation energy, superdeformed sha
may occur due toa clusterization@65#. Recently, consider-
able effort has been devoted to the study of high-spin st
in 32S both experimentally@66,67# and theoretically@68–71#.
Thus, theg rays associated with the32S fragment, reported
in Table IV, have been established with the aid of previo
comprehensive spectroscopic studies@66,67#. Most of the
high-energy states deexcite through one of the three m
intense transitions 21

1→01
1 ~2230.3 keV!, 31

2→21
1 ~2776.0
01460
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keV!, and 31
1→21

1 ~3183.0 keV!. This has been checked b
the inspection of the32S124Mg excitation-energy spectrum
of Fig. 4 when gated by one of theseg rays. In contrast to
24Mg, a large number of the most intenseg rays listed in
Table IV involve high-spin negative-parity states such as1

2

~5006.3 keV!, 41
2 ~6621.1 keV!, and 51

2 ~6761.7 keV!. The
respective measured feedings indicate that, according to
known branching ratios@63,68#, the 31

2 state is, indeed, in-
directly populated. The appearance of low-spin negati
parity states such as 11

2 ~4693.0 keV!, 21
2 ~6224.3 keV!, and,

possibly 13
2 ~8484.2 keV! may reflect ana-transfer compo-

nent to the reaction. This is consistent with the predictions
28Si1a cluster configurations for the low-lying bands of32S
@69#. On the other hand, why the positive parity states are
as strongly populated is not yet understood. The 8507.8
g-ray transition is difficult to assign. However according
the branching ratios of the 13

2→21
1 ~38%! arising from the

32S deexcitation@52#, and despite the very low statistic
there is an indication in our data for the following newg-ray
transition 01(8507.8 keV)→21

1(2230.2 keV).

B. Coincident excitation-energy spectra

The large number of possible mutual excitations at
energies corresponding to the high-excitation structu
~aboveEX'6.5 MeV) apparent in Figs. 4 and 5 makes
impossible to uniquely identify those responsible for t
data. However, theg-ray data can be used to identify th
dominant components of these structures, as shown by
eral examples presented in Figs. 12 and 13. The par
7-11
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excitation-energy spectra of Figs. 12~a!, 12~b!, 12~c!, and
12~e! have been obtained by gating on the 21

1→01
1 , 41

1

→21
1 , 42

1→21
1 , and 31

2→01
1 , transitions in28Si, respec-

tively. We have been able to construct other coincident sp
tra ~not shown! obtained with gates on the weaker 31

1

→21
1 , and 31

1→01
1 g-ray transitions~see Table II!. They

indicate significant contributions from theKp531
1 band.

It is evident that the populations by the selected mut
excitations are dominant. Contributions from a single exc
tion, such as the 41 state at 4617 keV, which appears as
small shoulder on the (21

1 , 21
1) peak of the inclusive spec

trum of Fig. 3, and which has been identified in previo
works @9,31#, appears more clearly in Figs. 12~b! when re-
quiring a 2759 keV 41

1→21
1 transitiong ray in coincidence.

A detailed analysis of Fig. 12~b! shows that the main exci
tations which include theEg52838.5 keV (41

1→21
1) g-ray

transition in their decay chain are the (41
1 , 01

1) single exci-
tation state atEX'4.7 MeV, the (41

1 , 21
1) mutual state at

EX'6.4 MeV, and the (41
1 , 41

1) mutual state atEX

'9.4 MeV. The (41
1 , 42

1) and (41
1 , 31

2) mutual excited
states may correspond to a small structure lying nearEX

'12.0 MeV. The (41
1 , 61

1) mutual state which is centere
at EX'14.0 MeV is also clearly visible.

Figure 12~c! is associated with theEg55109 keV (42
1

→21
1) g-ray transition and contains a small peak atEX

'6.9 MeV ~single excitation!, and more intense peaks
EX'8.5 MeV and 11.5 MeV corresponding to mutual ex

FIG. 13. Excitation-energy spectra of the32S124Mg exit chan-
nel measured with nog-ray condition~histograms! and as gated by
the following g-ray transitions~shaded histograms! : 21

1→01
1

(Eg51368.7 keV) in24Mg ~a! and 21
1→01

1 (Eg52230.3 keV) in
32S ~b!, respectively.
01460
c-
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tation states (42
1 , 21

1) and (42
1 , 41

1), respectively. Al-
though the statistics of Fig. 12~d! is very low, in the spec-
trum gated by the Eg56879 keV (31

2→01
1) g-ray

transition, the yield atEX'8.8 MeV might arise from the
(31

2 , 21
1) mutual excited state, with the single excitatio

(31
2 , 01

1) probability being almost nonexistent.
Figure 13 displays the coincident energy spectra gated

the indicatedg-ray transition in the24Mg and 32S nuclei,
respectively. For instance, the spectrum of Fig. 13~a! re-
quires the observation of the 21

1→01
1 transition in 24Mg.

Narrow peaks are observed, some of which have high e
tation energies and could not be reliably indentified. T
single excitation state@24Mg(21

1), 32S(g.s.)# is weakly
populated. In each case the data suggest a preferential p
lation of high-spin mutual excitations.

To summarize, it can be concluded that the states of m
tual excitation are favored. This is in contrast with the pr
erential population of single excitation states as usually
served for heavier nuclear systems in DI processes@24#.

C. Coincident g-ray angular correlations

The spin alignment of the low-lying excited states@single
inelastic 21

1 and mutual inelastic (21
1 , 21

1) exit channels#
have been deduced based on particle-particle-g angular cor-
relations using EUROGAM. This involves both28Si frag-
ments being detected in theuc.m.

FF 590°67° angular range
~see Fig. 6!, with very narrow coincident gates set either o
the 21

1 peak or on the (21
1 , 21

1) peak of Fig. 3. Three quan
tization axes are defined as~a! the beam axis,~b! the axis
normal to the scattering plane, and~c! the axis perpendicula
to both axes defined in~a! and ~b!. Since the two28Si frag-
ments are detected in the angular region nearuc.m.

FF 590°, the
~c! axis corresponds approximately to the molecular axis
the outgoing binary fragments. In Figs. 14 and 15 the res
of theg-ray angular correlations for the single excitation a
for the mutual excitation exit channels are shown. The d
tributions are presented in terms of the polar angles w
respect to the three different quantization axes. The anal
method of theW(ug) data is described in Ref.@47#, in which
the process of integration overfg requires, due to the geom
etry of the EUROGAM spectrometer, some averaging o
ug . Our experimental efficiency for particle-particle-g-g de-
tection is low and, consequently, the analysis was done w
the condition of ag multiplicity equal to 1. For the mutua
excitation exit channel, the strong minimum in Fig. 15~b! at
90° implies that the magnetic substatem is equal to zero
(m50), and, thus, that the intrinsic spin vectors of the 21

states are oriented in the reaction plane perpendicularl
the orbital angular momentum. The value of the total angu
momentum, therefore, remains close toL538\, in good
agreement with the angular distributions results. The 4p ge-
ometry of theg-ray spectrometer also allowed us to fit th
W(ug) ~see the solid curves in Figs. 14 and 15! to obtain
more quantitative information about the contributions fro
the different magnetic substates. As proposed in Ref.@17#,
theW(ug) data have been described by an expression of
form W(ug)5(mPmWm(ug), where thePm coefficients rep-
7-12
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resent either the magnetic substate population paramete
single or mutual 21 inelastic scattering, or the relative inten
sities of transitions with differentDm for E2 transitions be-
tween higher excited states. Since the parametersPm enter
the expression as linear coefficients of the pure-Dm func-
tionsWDm(ug), the fits were calculated using a simple line
least squares procedure@17#. The fit produces@47# a signifi-
cantm50 substate population, favored for both quantizat
axes~a! and ~b! but not for ~c!. The characteristic ‘‘m50’’
pattern, observed in Fig. 15~b! suggests that the fragmen
spins I1 and I2 are indeed oriented in the reaction pla
perpendicularly to the total angular momentum. The n
negligible m562 contributions~see Table I of Ref.@47#!
are consistent with the analysis of the angular distribut
which contains contributions fromL536\ andL540\. Ad-
mixtures of these other smaller contributions do not aff
the observation of the dominant ‘‘disalignment’’ compone
consistent with the results of the angular distributions. S
lack of alignments of the fragment spins are unusual in
processes@24#, but the very long lifetime of the resonanc
may well allow large microscopic fluctuations.

V. DISCUSSION

Before any attempt is made to understand the occure
of a strong resonance component for the low-energy sta
the observation of relatively narrow structures~less than 1.5
MeV! in the excitation energy spectra aboveEX510 MeV

FIG. 14. g-ray angular correlations for the (21
1,01

1) state of the
28Si128Si exit-channel for the three different quantization axes
fined in the text. The solid curves are fits of the data.
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needs to be clarified since one might be tempted to attrib
these structures to a mechanism other than FF as well. In
following discussion, we first give a comparison of the me
sured excitation-energy spectra and of the feedings of t
associated states with TSM calculations. A comparison
the resonances seen in different nuclear systems is discu
along with a dynamical description of the resonant behav
proposed for both28Si128Si and 24Mg124Mg in the frame-
work of a newly developed molecular model@42–44#. Alter-
native theoretical approaches of the28Si128Si resonances
are also briefly presented.

A. TSM calculations

A quantitative description of the FF process in light sy
tems has been developed in terms of the transition-s
model@33#. In TSM, where fission competes withg-ray and
light-particle emission in the CN deexcitation, the probab
ity for fission is determined by the most restrictive pha
space~level density! encountered by the fissioning syste
between the equilibrated CN configuration and the exit ch
nel. This ‘‘transition state’’ is usually taken as the config
ration at the saddle point where the macroscopic poten
energy surface reaches its maximum value.

Calculation of fission cross sections in the statisti
model is based on the Hauser-Feshbach formalism@24#. For
a CN of spinJ, populated with a partial fusion cross sectio
of sJ , the partial fission cross section is given in terms of t

-

FIG. 15. g-ray angular correlations of the (21
1,21

1) state of the
28Si128Si exit-channel for the three quantization axes defined in
text. The solid and dashed curves are fits of the data and molec
model predictions, respectively.
7-13
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ratio of the fission decay widthGJ
fis to the total decay width

for this spinGJ
tot , by

sJ
fis5

GJ
fis

GJ
tot

sJ . ~2!

The fusion partial cross section for formation of a CN of sp
J from projectile and target nuclei of spinsJp andJt , respec-
tively, at a center-of-mass energyEc.m. is given by

sJ5p|2
2J11

~2Jp11!~2Jt11! (
S5uJp2Jtu

Jp1Jt

(
l 5uJ2Su

J1S

Tl~Ec.m.!

~3!

with

s fus
tot5 (

J50

`

sJ . ~4!

A simple and commonly used method of representing
fusion transmission coefficient is to take

Tl~Ec.m.!5
1

11exp$@ l 2 l cr~Ec.m.!#/D%
, ~5!

wherel cr is the critical angular momentum for fusion andD
is the diffuseness of the fusionl distribution. The critical
angular momentum for fusionl cr can either be obtained from
fusion model calculations@33# or by adjusting its value to
achieve consistency with measured ER cross sections@34#.
Most of the calculations for the lighter systems have be
performed by using a rather sharp valueD51\ for the dif-
fuseness parameter.

For the calculation of the total decay widthG tot , it is
assumed that the CN deexcitation occurs through the e
sion of neutrons, protons,a particles,g rays, and/or fission
fragments. Under these conditions, the total widthG tot can be
written as

G tot5Gn1Gp1Ga1Gg1Gfis . ~6!

Here, the partial widthGx for particlex(x5n, p, or a) of
spin sx to be emitted from the CN with excitation energ
ECN* and spinJCN to form an evaporation-residue nucleus E
of excitation energyEER* and spinJER is given by

Gx5E rER~EER* 2Deff ,JER!

2prCN~ECN* 2Deff ,JCN!

3 (
S5uJER2Sxu

JER1Sx

(
l 5uJCN2Su

JCN1S

Tl
x~«x!d«x . ~7!

The integral is over all kinetic energies of the emitted lig
particle «x , and rCN and rER are the level densities of th
CN and resulting ER, respectively. The parameterDeff deter-
mines the zero point of the effective excitation energy, w

Deff~MeV!5EB~Z,A!2EB
macro~Z,A!. ~8!
01460
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HereEB is the measured binding energy of the nucleus a
EB

macro is the corresponding macroscopic energy@31#. For
ER’s the transmission probabilitiesTl

x(«x) are obtained from
optical-model calculations with average parameters. For
the transmission coefficients are taken as unity for energ
cally allowed paths and zero, otherwise.

To calculate the level densities of the CN and the sadd
point configurations, a Fermi-gas formula@31,33,36# is used.
For ER, the level-density parameterax5an . The saddle-
point densities are calculated withax5af andJ5JCN. Most
of the calculations done for light systems have usedan
5AER/8 andaf5ACN/8.

In light nuclear systems, the fission breakup of the C
occurs often to final fragments where the density of state
low. This can result in considerable structure in the exc
tion spectra of the fission fragments. To explore the popu
tion of states in the final fragments while retaining t
saddle-point as the ‘‘transition’’ state, a procedure has b
developed@31# to calculate the population of specific mutu
excitations assuming a stochastic process. Within
transition-state method, population of a given saddle-po
level already corresponds to a commitment to fission int
particular mass partition. The partial cross section for
population of the CN with spinJ that subsequently under
goes fission to mass asymmetryh is taken assFF(J,h) and
is calculated using TSM based on the saddle-point ph
space. The cross section for populating a specific mu
excitation (b1 ,b2) is then given by

s~b1 ,b2!5(
J

sFF~J,h!

(
l out

@b13b2#J,l out
P~h,J,«!

(
l1 ,l2 ,l out

@l13l2#J,l out
P~h,J,«!

,

~9!

where@l13l2#J,l out
represents the sum of the possible sp

couplings between the two fragments in statesl1 and l2
with orbital angular momentuml out and coupling to CN spin
J, and P(h,J,«) is the probability of the CN of spinJ to
fission with mass asymmetryh and radial kinetic energy«.
This probability depends implicitly onl out through«.

The radial kinetic energy« can be expressed in terms o
the characteristic energies of the reaction with

«5Ec.m.1Qo2Vrel~ l out,h!1d2Ex . ~10!

Here,Ec.m. is the center-of-mass energy in the entrance ch
nel, Q0 is the ground-stateQ value,Vrel( l out,h) is the rela-
tive energy of the two spheroids that comprise the sad
point shape,d is the energy loss that occurs in moving fro
the saddle to scission configurations, andEx is the mutual
excitation of the final fragments. In light systemsd is ex-
pected to be small, and a value ofd52.5 MeV was used in
all the calculations to be consistent with the saddle and sc
ion configurations being similar. The parameters used to
termine partial cross sections to specific mutual excitati
were the same as those discussed in Ref.@31#. The l cr value
was obtained so as to reproduce the measured CF cross
7-14
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MOLECULAR RESONANCE AND HIGHLY DEFORMED . . . PHYSICAL REVIEW C63 014607
tion @57,59# ~the adoptedl cr535\ value assumes a total fu
sion cross section of 1160 mb, leading to a calculated
cross section of 1028 mb at 111.6 MeV, to be compared w
the experimental value of 1003625 mb measured by Di
Cenzoet al. @57# at 110 MeV!. The spin weighting was de
termined by the level schemes for the24Mg, 28Si, and 32S
fragments known from compilations found in the literatu
@31,36,60–64,66#. Further details of the calculations can b
found in Ref.@31#.

Figures 4 and 5 compare the results of this calculat
with the observed excitation spectra for both the28Si(28Si,
28Si)28Si and 28Si(28Si, 32S)24Mg reaction channels. The
bold-line histograms represent the experimental results.
solid line of Fig. 3 shows the predicted spectra using
know levels in 28Si up to the 14.339 MeV excitation. Th
dotted line is the predicted spectrum for only the partic
bound levels. Since the experimental results were obta
using a kinematic coincidence technique that discrimina
against excitations where one or both of the populated st
subsequently emits a light particle, the thin-line histogra
are expected to more faithfully represent the experime
situation. The calculated spectra for particle-bound states
found to reproduce the observed structures quite well, in p
ticular in the EX'9 –17 MeV region. The structure ob
served at higher excitation energies (10<EX<15 MeV) can
be attributed to groupings of mutual excitations with hi
channel spins. The calculations are less successful in re
ducing the yields at yet higher energies (EX>15 MeV) for
the two channels, possibly because of the incomplete kno
edge about states at high excitation energy in the fragme
The observed structure in the low-energy region is v
badly reproduced by the calculations, which significantly u
derestimate the cross section for the low-lying states exc
in the 28Si128Si exit channel. This result is consistent wi
the states being dominated by another reaction process
heavy-ion resonance behavior.

The essential validity of the predicted population patte
was confirmed by the measurements of theg rays in coinci-
dence with the fission fragments. Figure 10 shows the c
parison between the experimental feedings~diamonds and
triangles! for states in 28Si populated in the ‘‘large-angle
region’’ and the theoretical feedings~histograms! predicted
by the TSM. The feedings for states populated in24Mg and
32S were not compared to the TSM predictions first beca
of their rather low statistics and, secondly, because of
41

1→21
1 and 21

1→01 transitions have almost the sam
g-ray energy. We can remark that the TSM does not rep
duce the experimental data on the feeding of the 01

1(Kp

501
1), 21

1(Kp501
1), 43

1(Kp503
1) and 41

2(Kp531
2) states

of 28Si well. The disagreement between experimental d
and model calculations for the feeding of the 01

1 and 21
1

states of the28Si ground band is expected to be due to re
nant effects. The strong population of the highly deform
prolate bandKp503

1 in the ‘‘large-angle region’’ confirms
what has been previously observed in the32S 124Mg reac-
tion @31#. A satisfactory explanation for the disagreement
the feeding of the 43

1(Kp503
1) and 41

2(Kp531
2) states is

more difficult to provide as it may reflect aspects of t
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nuclear structure that cannot be described by the statis
picture. In the following subsections, the excess of reson
yields for the low-lying states, which could not be explain
in terms of a statistical process by the TSM, will be cons
ered as due to resonant effects, and tentatively discusse
the framework of resonance models.

B. Comparison with different nuclear systems

For a general understanding of the resonant behavio
heavy-ion scattering, it is of interest to compare the re
nances observed for medium-mass systems, such as
28Si128Si @7–12# and the 24Mg124Mg @13–17# systems,
with those occurring in a lighter system such as12C112C
@1,4,5,76#. The broad structures in the28Si128Si and the
24Mg124Mg excitation functions are essentially the same
those reported for the12C 112C system at energies we
above the Coulomb barrier@1,5,76#. While the narrow struc-
ture seems confined to one region of energy in the28Si
128Si (Elab5100–130 MeV) and 24Mg124Mg (Elab
570–100 MeV) systems, it is much more widely spread
the 12C 112C system. A common feature, however, see
to be the disappeareance of the narrow structures at the h
est energies where strong absorption effects are expe
based on NOC@21,22# calculations. In all cases the sequen
of spins follows closely that of the grazing partial wave an
thus, 28Si128Si does not seem to be appreciably differe
from 12C 112C. However, there are significant differences
the pattern of their respective resonance widths. For
ample, the partial width for decay into the28Si128Si elastic
channel is typically only of the order of 1% of the tot
resonance width, as found in the litterature@6#. This is con-
siderably smaller than the corresponding partial width
decay into the12C 112C elastic channel, which is a larg
fraction of the total resonance width~15–30 %!. In general,
for the lightest systems, the total width of the resonances
be accounted for in experimentally measured chann
whereas for the heavier systems only approximately
third of the total width is observed in binary reaction cha
nels. In this case the width of decay to excited states pla
much more significant role in the28Si128Si system than in a
lighter one such as12C112C. The most surprising differenc
is the apparent complexity of the inelastic decay channel
the 28Si128Si case.

The observation of spin alignment was first made for
12C 112C molecular resonances by a group in Munich@76#.
In this case the correlation between the spin orientations
the two 12C nuclei in mutual inelastic scattering was deduc
from the directional correlations of the particle-coincide
g-ray measured with the Darmstadt-Heidelberg crystal b
detector. The resonant behavior in the excitation functio
was found to be nearly uniquely associated with the mutu
aligned component. The series of strong12C112C reso-
nances@1,5# ~both the correlated gross and intermedia
width structures in the excitation functions! were systemati-
cally reproduced quite well by the band crossing model@77#
~BCM!. Similar results are observed in other systems such
the 12C116O and 16O116O systems. In the BCM@77#, it is
assumed that only a few channel components with alig
7-15
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C. BECK et al. PHYSICAL REVIEW C 63 014607
spin coupling contribute significantly to the feeding of t
resonant states. This is consistent with the partial widths
spin alignments, as measured in the inelastic channels@76#.
Although some aspects still remain to be fully understo
the characteristic points are that about one half or more
the total width is exhausted by the partial widths to a f
relevant channels and that the spin alignments are enhan

Shortly after the first observation of the spin alignment
the 12C112C molecular resonances@76#, Wuosmaaet al.
@15,17# measured the single and correlated magnetic-subs
population parameters for the 21

1 and 21221 excitations in
the prolate-prolate24Mg124Mg system. These measure
ments were performed in the region of two strong resonan
observed atEc.m.545.70 and 46.65 MeV in the inelasti
scattering data. Both theg-ray angular correlation and th
angular distribution measurements were performed using
Oak Ridge Spin Spectrometer. A similar experiment w
also carried out by the Munich group@16#. Both sets of data
have provided spectroscopic information relatively free fro
nonresonant amplitudes, and allow a spin assignment oJp

5361 for at least the first of the two resonances. The angu
correlation data for the mutual 21 inelastic scattering chan
nel suggested a dominant angular momentum value oL
534\ for both resonances. The spin alignment data for t
channel confirm the partial alignment of the fragment sp
with the orbital angular momentum. The relatively high sp
values suggest a resonance configuration in which the
24Mg nuclei interact in a pole-to-pole configuration, allow
ing the system to sustain a large amount of angular mom
tum. This hypothesis was corroborated by a molecular mo
@42# which is described in the following subsection.

The present28Si128Si data show, for the first time in a
heavy-ion collision, a vanishing spin alignment. Therefo
the comparison between the three symmetric systems12C
112C, 24Mg124Mg, and 28Si128Si shows an interesting
contrast in the spin orientation at resonance energies.
results indicate that the28Si128Si oblate-oblate system i
characterized by spin disalignment in contrast to the s
alignment observed for both the12C 112C system~oblate-
oblate! and the 24Mg124Mg system ~prolate-prolate!. As
will be shown in Sec. V C, molecular-model calculations a
able to explain the vanishing spin alignment in the obla
oblate 28Si128Si system@47#, where both nuclear spin vec
tors are perpendicular to the orbital angular momentum ly
in the reaction plane. The question of why the spin orien
tions in the two oblate-oblate systems28Si128Si and 12C
112C are so different is still unclear. However, it can
also noted that the weak coupling picture of the BCM@77#
appears to be adequate for the12C 112C system while the
strong coupling picture of the molecular model appears
reproduce the28Si128Si results better. Differences in th
interactions between the constituent nuclei may play a
role. For example, there is a remarkable difference in
available molecular configurations in the excitation spec
of the 12C and 28Si nuclei. In 12C 112C there are few mo-
lecular configurations, located at the energies associated
the observed resonances, while in28Si128Si there are many
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more configurations available as based on NOC calculat
@21,22#. It is possible that the large number of available co
figurations allows for the formation of coherent or collecti
states. This explains the sharp resonances which decay
many inelastic channels. In the12C 112C system, such co-
herent effects may not be allowed to develop. In this case
individual configurations may be observed. This situati
corresponds well to the BCM calculations@77# which predict
enhanced excitations of states where both nuclear spins
the orbital angular momentum are aligned perpendicularly
the scattering plane. Actually, the28Si128Si data as well as
the 24Mg124Mg data both show that the resonances are w
correlated among many inelastic channels, suggesting
the interaction is effectively strong, and the resultant re
nance states include many components~partial widths! over
the available reaction channels. This is in contrast to
situation in the lighter12C 112C system. Therefore, olde
resonance models such as the BCM@77# may not be ad-
equate to describe the28Si128Si and 24Mg124Mg systems
accurately. A more appropriate description of these syste
may be in terms of quasibound molecular states as predi
by the molecular model@42–44,78–80,82,83# This model is
presented in the following section.

C. Molecular model predictions

Although the present paper remains essentially an exp
mental study, it is of interest to briefly present the main ide
contained in the molecular model developed simultaneou
by Uegaki and Abe@42–44# on the one hand and by Maas
and Scheid@78–80# on the other hand. When two nucle
form a nuclear molecule by touching each other only in th
surface zones, a rich variety of new collective modes of
citations, such as the so-called butterfly, the antibutterfly,
the belly-dancer types of motions, may appear@83#. In solv-
ing the equations of motion for these systems,b and g vi-
brational degrees of freedom of the individual nuclei are a
included in the calculations@2#. Although for light systems,
the direct experimental investigation of these dynami
modes is a formidable task, such a model helps to unders
how the complexity of the28Si128Si resonances@7–12# can
be different from that of the24Mg124Mg resonances@13–
17#. Most of the molecular model predictions have been
voted to the prolate-prolate24Mg124Mg system@42,43,78–
80#, and, more recently, to the oblate-to-oblate syste
28Si128Si @44# and 12C 112C @82# systems. For the24Mg
124Mg system both available versions of the molecu
model consider various, but different excitation modes w
respect to the favored equilibrium configuration. As a res
both models identify a number of quasibound molecu
states with level densities, energies, and decay widths
qualitative agreement with the measured resonances.
most recent theoretical developments of the molecu
model, as applied to the28Si128Si reaction, will be pre-
sented elsewhere by Uegaki and Abe@46#. However, prelimi-
nary calculations@35,47,53,56# of the 28Si128Si scattering
with the molecular model predict an oblate-oblate dinucl
system with an equator-to-equator stable configuration@44#,
whereas the resonancelike structure observed for24Mg
7-16
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MOLECULAR RESONANCE AND HIGHLY DEFORMED . . . PHYSICAL REVIEW C63 014607
124Mg appears to be linked to a prolate-prolate dinucl
system@42# in a pole-pole configuration.

The general concept of the molecular model@42–44# is
based on simple considerations that, at very high spinsL
534\ –46\), the dinuclear configurations tend to have ve
elongated, but stable shapes due to the dominant centrifu
forces. Three typical, equilibrium configurations a
sketched in Fig. 16 for the24Mg124Mg, 28Si128Si, and
12C 112C systems, respectively. The characteristic norm
excitation modes of motion of these configurations may
responsible of the observed resonant structures. The s
configuration of prolate-prolate systems, such as24Mg
124Mg, is shown in Fig. 16~a! and is predicted to be a pole
to-pole configuration, as a consequence of the prolate sh
of the interacting24Mg nuclei. In the case of collisions be
tween two oblate deformed nuclei, as is shown in Figs. 16~b!
and 16~c!, it has been speculated that an equator-equ
touching configuration is favored@72#. The observed mis-
match of the spin vectors in28Si128Si with the orbital an-
gular momentum have tentatively been discussed@35,53# as
a candidate for a butterfly mode of excitation, where
intrinsic spins of the two interacting nuclei couple to zero

The rotating molecular frame of the dinuclear system
been defined~see the schematical view of the Fig. 1 in Re
@44#! to describe quantitively the collective motions of th
intrinsic states. For the sake of simplicity, the constitu
nuclei such as24Mg and 28Si are assumed to have a consta
deformation and the axial symmetry. Still, the dynamic
equations need to be solved with seven degrees of free
@43#. Three degrees of freedom are from the relative vec
R5(R,u1 ,u2). The collective degrees of freedom of d
formed nuclei are the orientations of the symmetry ax
which are described by the Euler angles (a1 ,b1) and

FIG. 16. Equilibrium configurations of three different dinucle
systems :~a! for 24Mg124Mg, ~b! for 28Si128Si, and~c! for 12C
112C.
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(a2 ,b2). The two anglesa1 and a2 are combined intou3

5(a11a2)/2 anda5(a12a2)/2. The generalized coordi
nates (qi)5(u1 ,u2 ,u3 ,R,a,b1 ,b2), have been defined with
u i ’s being the Euler angles of the molecular frame with fo
internal variables. Consistent with the chosen coordinate
tem, a rotation-vibration type of wave function such asC
;DMK

J (u i)xK(R,a,b1 ,b2), where xK describes interna
motions, has been introduced@44#.

The dynamical equations of the internal motions ha
been solved around equilibrium, and various normal mod
butterfly and antibutterfly vibrational modes, as well
K-rotational ~whereK is the projection of the total angula
momentum quantum numberJ onto the center axis of the
two separated fragments@81# normally denoted as the
nuclear symmetryz axis! and twisting-rotational modes hav
been obtained@44#. Each vibrational mode has its characte
istic feature with respect to the alignments. For instance,
butterfly mode of excitation, the interacting nuclei move c
herently, therefore the intrinsic spinI 5I 11I 250, while in
an antibutterfly mode, the spins are parallel so as to yield
total spin to be maximum. Molecular model calculations f
spin distributions of the normal-mode motions were p
formed for the mutual inelastic channels for both the28Si
128Si and 24Mg124Mg reactions@35,45,53#. A concentra-
tion of the probabilities for channel spin ofI 50 for the
butterfly motion was found for the28Si128Si reaction. This
is consistent with the angular distribution data shown in F
6, with L5J. The present fragment-fragment-g coincidence
data for the mutual excitation exit-channel, shown in Fig.
for the decay of the 381 resonance, indicate orientations fo
the fragments spins in the resonance state which are bo
the reaction plane. To explain the experimental observatio
the molecular model has been further developed@47# to in-
clude mixing of theK quantum number.

A rotating molecular frame is introduced, with thez axis
parallel to the relative vector of the two interacting nucl
Figure 16~b! illustrates the triaxial configuration of th
oblate-oblate system which rotates around thez axis which is
parallel to the normal of the reaction plane. The scenario
different for prolate-prolate cases such as24Mg124Mg in
Fig. 16~a!, where the pole-pole configuration is axially sym
metric. For the oblate-oblate system, the moments of ine
of the rigid dinucleus configuration isI x5mR21I z

032,
I y5mR21I x

032, I z5I y
0325I x

032, wherem is the reduced
mass,R the relative distance joining the mass centres of t
interacting nuclei, andI i

0 is the moment of inertia of the
fragment around its intrinsici axis, taking the symmetry axis
as the intrinsicz axis. This means thatK is not a good quan-
tum number. The mixing of theK quantum number is calcu
lated by diagonalization of the rotational energy, which
approximately equivalent to solving the harmonic oscilla
in K space in the high spin limit~whenK/J'0). The solu-
tion is a Gaussian function multiplied by an Hermite pol
nomial f n(K)5Hn(K/b)exp@2(K/b)2/2# where the width
parameterb is given byb5(2J2I K /D)1/4, whereI K

215I z
21

2I av
21 and D215I y

212I av
21 with I av

215 1
2 (I x

211I y
21). Since

the K mixing gives the distribution of orientations of th
whole system around the molecularz axis, orientations of the
7-17
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fragment spins~pancakes! have the same distribution. It i
interesting to notice that, for large values ofJ, K50 implies
that the angular distributions of this rotating system appro
the 1/sin(u) angular distribution expected classically for a
isotropic emission. The angular correlation of ag ray emit-
ted from the fragments is calculated with this distribution
the spin orientation forb51.3 ~a value which is consisten
with the dinuclear configuration!, and compared with the
measurements in Fig. 15 for all the three axes~a!, ~b!, and
~c!. The good agreement found for the mutual excitation e
channel is consistent with a strong concentration in ‘‘m50’’
states. Calculations for the single excitation exit channel
in progress@46#.

The observation for the28Si128Si ~oblate-oblate! system
of a vanishing spin alignment may result from a butter
motion and tilting mode. On the other hand, the channel s
probabilities calculated for the24Mg124Mg ~prolate-prolate!
system do not show such anI 50 concentration as found fo
the butterfly mode of excitation, due to a fluctuation in t
small probabilities. The results of the present analysis
encouraging for further investigations of fragment spin alig
ment associated with heavy-ion resonances. These mea
ments promise to develop important new structural inform
tion on the resonance states in24Mg124Mg and 28Si128Si.
The 12C 112C resonances have also been studied rece
within the molecular model framework by Schmidt and S
heid @82#. However, in this case the spin alignement o
served in the experimental data@76# has still to be under-
stood within the molecular picture.

D. Alternative theoretical calculations
of the 28 Si¿28Si scattering

The structural configuration of the molecular resonan
states populated in28Si128Si scattering has also been stu
ied within an orbiting cluster model approach@84#. A gener-
alized moment of inertia expression that applies to the56Ni
dinuclear configuration, rather than a mononuclear one
based on the two-center shell model@2# ~TCSM!. However,
the oblate nature of the28Si nucleus has yet to be include
properly in this model and, thus, more refined TCSM cal
lations are highly desirable. The generator coordinate
resonating group methods have been applied for the28Si
128Si reaction with the double-resonance model by Lan
nke et al. @85# to explain, with some success, both the gro
structure @7# and intermediate structure@8# present in the
experimental excitation functions. Similarly, Thielet al. @86#
have used the nuclear molecular concept to analyze
28Si128Si cross sections on the basis of coupled-channel
culations. They have shown@86# for the first time that the
theoretical concepts of a double-resonance model develo
and applied succesfully@2# for lighter systems can be ex
tended to heavier ones. The broad structures in the excita
functions@7# of the 80° and 90° differential cross section
measured with a 1 MeV step size, for the elastic scatteri
and single excitation to the 21 state in 28Si are well repro-
duced. However, the intermediate-width structures eviden
the 100-keV step size excitation function@9# are not repro-
duced. The angular distributions for the elastic, single a
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mutual inelastic channels have been fairly well reproduce
Elab5120 MeV by these coupled channel calculations~see
Ref. @2#, and references therein! with a potential assuming
barriers located at quite large relative distances~8 fm!. How-
ever, the large oscillations calculated forward of 60° are
present in the data@8#. The large value of the relative dis
tance corresponds to a radius where the charge densit
28Si is reduced to 5% of its maximum value. It reflects t
softness of the28Si nuclei when they touch each other. An
other attempt to account for the low resolution data w
made using projection methods within the framework of t
doorway model@73#. Similar coupled channel calculation
are highly desirable for theJp5381 resonance atElab
5111.6 MeV. Many-particle many-hole calculations@40#
using the Hartree-Fock approach have been carried ou
56Ni, and a highly deformed 16p-16h band has been found
to reproduce the sequence of resonances observed for28Si
128Si between the resonant energies withJ536\ and J
540\, including the 381 resonance. It is thus reasonable
consider associating these molecular resonances with
shape isomers calculated in the Hartree-Fock formalism@40#.

VI. SUMMARY AND CONCLUSIONS

The J538\ resonance observed in28Si128Si data at
Elab5111.6 MeV has been studied by both fragme
fragment and fragment-fragment-g coincidence measure
ments. From the analysis of the particle angular distributio
of the mass-symmetric28Si128Si exit channel, it can be con
cluded that, at the resonance energy, the spin vectors o
28Si fragments do not couple with the orbital angular m
mentum, leading tom50. This result was not anticipate
and is sharp contrast with similar measurements for
12C 112C and 24Mg124Mg systems. The fragment
fragment-g coincidence data demonstrate that for the28Si
fragments, the mutually excited states are the most stron
populated. The population of states of theKp531

2 band ap-
pears to be a rather strong indication of anoblatedeformed
shape for the fragments.

The general overall good agreement between data a
transition-state model calculation at higher excitation en
gies suggests that statistical fission decay is important in b
the 28Si128Si and 32S124Mg exit channels, while the reso
nance behavior appears to involve preferentially the lo
lying states of the mass-symmetric channel. The TSM ca
lations describe both the structures observed at h
excitation energy in the fissionQ-value spectra and the popu
lation pattern of states in the28Si fission fragments. Al-
though the lack of off-resonance data may limit some of
conclusions that can be drawn from this work, the obser
tions do favor the calculations of the molecular model
Uegaki and Abe@44#, which predict a vanishing spin align
ment for the28Si128Si system at the resonance energy. T
calculations are also consistent with the experimentally
served alignment in the24Mg124Mg collisions. Overall, the
results of this paper provide further support for recent th
retical investigations that view the resonances in terms
shape-isomeric states stabilized in hyperdeformed secon
minima. However, a more global understanding will sure
7-18
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require a more fundamental synthesis of the theories wh
describe reaction mechanisms with those describing nuc
structure at high excitation energy and angular momentu

In conclusion, this experimental study develops new e
dence about the precise mechanism~s! involved in the forma-
tion of molecular resonances. The exclusive experiments
are now becoming feasible with largeg-ray facilities, such
as EUROBALL and GAMMASPHERE, will allow precise
determinations of the spins and the molecular structure
the 24Mg124Mg and 28Si128Si resonances. Such knowledg
can be expected to more generally enhance our unders
ing of highly deformed nuclear systems.
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