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A high-resolution measurement of fragment-fragmentriple coincidence events in the symmetric and
near-symmetric mass exit channels from #i8i+28Si reaction has been undertaken using the EUROGAM
Phase lly-ray spectrometer. The bombarding energfEpf(?®Si)=111.6 MeV has been selected to populate
the conjectured™=38" quasimolecular resonance in tA®i dinuclear system. In thé%Si+ 28Si symmetric
mass exit channel, the resonance behavior is clearly verified at the chosen energy. The population of highly
excited states in th&"Mg, 2%Si, and®?S nuclei is discussed within a statistical fusion-fission model. Evidence
is presented for selective population of states in 48 fragments arising from the symmetric fission of the
%6Ni compound nucleus. The enhanced population ofkfie=3; band of the®Si 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 welegsangular corre-
lations for the mutual inelastic channel(2") 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 #dg-+2*Mg and *2C +*°C systems, suggests a situation where
two oblate?®Si nuclei interact in an equator-to-equator stable molecular configuration. A discussion concerning
the spin alignment and spin disalignment for different reactions suck@s °C, 2*Mg+2“Mg, and 28Si

+28Sij is presented.
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I. INTRODUCTION

PACS nunier25.70.Ef, 25.70.Jj, 23.20.En, 27.4&

study of molecular resonances evolved later with the unex-
pected observation of pronounced, narrow and well isolated

In heavy-ion physics the search for extremely deformedesonances in various elastic and inelastic excitation func-

states in light-mass nuclear systems €2-\<40) has a

tions measured for medium-mass nuclear systems (40

long history[1-3] dating back to the early 1960's and the <Ac\y=<60) [6], also at energies well above the Coulomb

pioneering discovery of nuclear molecules in tHéC

barrier. The first observation of such high-spin resonances in

+12C composite system studied at energies in the vicinity othis mass range was reported by Bedtsal. [7-12] in the

the Coulomb barrief4]. Correlated gross and intermediate- elastic and inelastic®Si+ 28Si scattering. Even more pro-
width resonant structures in the excitation functions at enernounced resonant structures were reported thereafter in the
gies well above the Coulomb barrier were subsequently disaeighboring?Mg+2*Mg system[13—17. Resonance struc-

covered in*?C +*°C reactiong[1,5] as well as in reaction
with other a-like systems such a¥’C + %0 and %0+ 10
[2,3]. In some systems very narrow widtbarrier top reso-
nances were found to coexist with brogubtentia) reso-
nances, suggesting different physical proce4ge5s]. The

tures were also found in the asymmetfitvg+ 28Si system
[18,19. However, the occurence of such resonant structures
is by no means universal, as other studies have revealed that
several other nearbw-particle systems lack similar struc-
tures. For instance, symmetric systems such3%&+ %2S

[20] and “°Cat+“°Ca [11] exhibit structureless excitation
functions, and the noa-particle systems of®Si+ 30Si and

*Corresponding author. Electronic address: christian.beck@ Si+>°Si show no hint of resonant behavif8]. At the
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time, the moleculelike sequences of resonances observed in

"Present address: University of Illinois at Chicago, Chicago, IL Mg+ 2*Mg and 28Si+28Sj with measured angular mo-

and Brookhaven National Laboratory, Upton, NY.

*Deceased.

SPermanent address: GANIL, Caen, France.

'Permanent address: Universite Nice-Sophia-Antipolis, Nice,
France.

TPresent address: University of Surrey, Guildford, UK.

menta up to =424 represented some nuclear excitations
with the highest spins ever observed. The number of open
channels modef21] (NOC) has been highly successful in
selecting the systems showing resonance behavior. In this
model [21], the main condition for observing a resonance
behavior is associated with surface transparency. Particularly
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favorable cases are tff8Mg+ 2*Mg and 28Si+ 28Sj reactions ~ tions for J=40 and find evidence for a PES minimum cor-
[22], where the corresponding optical mod@M) potentials ~ responding to a hyperdeformed, prolate nuclear shape with a
have small imaginary components at distances correspondirj1l major-to-minor axis ratio. The very striking molecular
to peripheral collisions. In this paper we will discuss moreresonant structure gfSi+?%Si was suggested to be possibly
fully the latter reaction which populates ti#€Ni composite ~ correlated to a rather special subset of high-spin states built
system. upon this hyperdeformed minimum and stabilized against
For the28Si+ 28Sj systen]10—14, the intermediate-width Mixing into the more numerous CN states by some special
structureg 9] (with very narrow widths of~150 keV), su- Symmetry[6]. These secondary minima can give rise to qua-
perimposed on series of broad, fragmented structfifes sistable, shape-isomeric states. In the energy range corre-
(with width of ~1-2 MeV), have been observed to be sponding to thed"=38" resonance, the excitation energy of
strongly correlated in angle, for at least five different exitthe CN is approximatelfeg, =65 MeV and the density of
channels[elastic scattering, single ;2 excitation, mutual J=38 states can be estimated to be of several thousands of
(27,2)) and (2 ,4;) excitations as well as excitations of levels per MeV. Hence, the overlap of resonant wave func-
higher states of the outgoing®Si nuclei. These narrow tions with the normal CN states may be small, inhibiting the
structures were clearly shown to be incompatible with statisMixing between the two types of states and enhancing the
tical Ericson fluctuation§12], and most likely correspond to lifetime of the isomer. The hyperdeformed states would be
quasimolecular states in the compound nuci&N) 5°Niat  populated by all entrance channels that lead toNi CN
high excitation energyEg,=60-75 MeV) and high angu- formation, with strengths proportional to the decay width of
lar momenta (L=34-424). These high values of angular the shape isomer in the entrance channel. An indication of
momenta are of special interest since they approach the limihese features has been given by Dichéerl. [26] who
(Lyimit=45%) where, according to the rotating liquid drop found that the intermediate-width structures are correlated in
model [23], the compound systerf®Ni should disintegrate both the 28Si+28Si and %0+ “°Ca systems. The strong cor-
spontaneously under the stress of the centrifugal forces beelation suggests that the resonances proceed through the
cause of a vanishing fission barrier. Ni CN and that they may be the manifestations of shape
The total back-angle inelastit®Si+?’Si scattering yield isomeric superdeformed or hyperdeformed states in second-
(with a total averaged cross section-efl. mb/sr measured ary minima in the PES. However, the PES calculations
at the energy of the 38resonancg¢12]) has been found to [37,3§ are still far too schematic to enable any detailed com-
be quite large and to have many of the characteristics oparison with the data. For example, based on a molecular
complete damping of energy and angular momentum similagmodel [42-46, a stable configuration of th&Si+28Si di-
to those expected for fusion-fissi¢RF) of the excited®Ni  yclear system is found to arise from oblate deformigsi
CN [24]. The opening of the fission channel and the degre,ciej in their equator-to-equator configuration, due to the

in which it affects elastic scaéterin% and other binary chanqpate deformed shape of tH8Si nuclei[44]. This contrasts
nels were examined for théO +“0Ca [25-27 and the up the prolate configuration suggested by Bengtsson

32 24 .
S +“"Mg [28-37 entrance channels, both populating the S S
56N CN gln[ recer?t years, extensive efforts ﬁat)/e beegn de£37,3€5|. We have proposed that the vanishing spin alignment

28y 28g; i i i
voted to the study of the FF dynamics of very light dinuclear"" Si+ 7SI may be considered as one of the first experi

systems (46 Ao <60) [24,33,34. Statistical decay pro- mental indications of such a triaxial nuclear moleci4é].

cesse$24,35 have been demonstrated to influence reactiorMore recen_tly an alternate theo_ref[ical _approach has been ad-
channels that have been previously explored in terms Oyanced Wh'c_h favors a descrlp_tlon |n_te2r8m_s of hyPerde‘
heavy-ion resonance mechanistas is the case for thé&cr formed quasimolecules formed in tH&Si+ 28Si scattering

CN [36]). The FF mechanim is known to play a significant Procesg48]. S

role at spins slightly below the grazing angular momentum; N this paper, we present the results of partigleoinci-

the nuclear configuration leading to the resonance behaviglence measurements for ttéSi+?%Si system. The paper

is only slightly more elongated than that of the nuclearfocuses on how the fission yield is distributed among the
saddle poinf33]. It has already been showW81,35 that the  possible mutual excitations of the fragments in the symmet-
statistical fission of the®®Ni CN and the molecular reso- ric and near-symmetric mass channels. The coexistence of
nances arising from very deformed configurations of thisfission and a separate reaction mechanism corresponding to
composite system can occur in the same reaction channelsnolecular resonances will be emphasized.

It is conceivable that a coherent framework exists which The paper is organized as follows. After a description of
connects the topics of heavy-ion molecular resonances, stihe experimental techniques in Sec. Il, the experimental data
perdeformation, hyperdeformation, and fission shape isomenf the fragment-fragment coincidence events and for the
ism [6,26,37—41 In particular, shell-stabilized, highly de- fragment-fragments coincidence events are presented in
formed configurationgas illustrated by the existence of Secs. Il and IV, respectively. Section V contains an overall
hyperdeformed second minima in potential energy surfacediscussion of the preseftSi+ 28Si experimental data which
(PES calculated using the Nilsson-Strutinsky modal >°Ni are compared first with similar results obtained for both the
have been conjecturd6] to explain the strong resonant be- 2C+%C and the?*Mg+ 2*Mg systems, and secondly with
havior observed at large angles for tR8i+25Si reaction  recent theoretical studies 6fSi+2%Si scattering. The paper
[8]. Bengtssoret al. [37,38 have studied the shell correc- concludes with a brief summary given in Sec. VI.
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FIG. 1. Two-dimensional energy spectriifp versusE; of the ~ forward and the backward hemispheres, and 24 Clover Ge
fragments detected by one pair of position-sensitive detectors fodletectors[55] located around~90° relative to the beam
the 28Si+28Sj reaction aE,,=111.6 MeV. The regions labeled 1, axis. The number of Ge crystals at each angle with respect to

2, and 3 are explained in the text. the beam direction watb, 22°), (10, 46°), (24, 71°), (24,
80°), (24, 100°),(24, 109°),(10, 134°), and5, 158°). The

Il. EXPERIMENTAL PROCEDURES electronics used for the PSD’s consisted of VXI germanium

AND DATA ANALYSIS cards from EUROGAM. Events were recorded with the con-

dition that at least one of the two PSD pairs fired in coinci-

The experiment was performed at the VIVITRON Tan- dence(stard with y rays detected in EUROGAM. Doppler-
dem accelerator of the IReS in Strasbourg using the EUROshift corrections were applied to theray data on an event-
GAM phase Il multidetector array49]. The bombarding en- by-event basis[56]. The energy and relative efficiency
ergyE.x(?®Si)=111.6 MeV was carefully chosdA7] so as
to populate thed=38" resonanc¢6,8,9 of this system. The 10000
beam struck a 25ug/cn? thick "¥Si (92% of 8Si) target. ;
The Si target thickness corresponds to a beam energy loss ¢~ 9000}
AE=130 keV, which is smaller than the width of the reso- soooE ot h?
nance [ ,,~300 keV). Additional targets of Au ; 2
(14 pglcn? thick) with a *2C (10 ug/cn? thick) backing 2@ 7000}
were used for calibration, background determination, and'§
normalization purposes. Two pairs of large-area position- 5 6000F
sensitive Si(surface-barriér detectors(PSD were used to &
detect the fission fragments in coincidence using standar
techniqueg50,51. One pair was located in the horizontal = 4000}
plane at azimuthal angles of 0° and 180°, and the other irg :
the vertical plane at azimuthal angles of 90° and 270°. Typi- 3000
cal two-dimensional energy spectra are given in Figs. 1 anc
2, and typical excitation-energy spectra are displayed in Figs
3 and 4. The PSD’s covered the laboratory angular range 22°  1000F
to 73° in both the horizontal and vertical planes with solid :
angles of 114 msr, and an azimuthal angular acceptance ¢ oRet _!, = '1|o' = '1'5' = .2|0. o 215' - '3'0' !
+4°, The mass identification of the two binary fragments, E. (MeV)
displayed in Fig. 5. was done using standard two-body kine- x
matics formulag52,53 leading to a mass resolutiaiM/M FIG. 3. Excitation-energy spectrum for tfSi+ 28Si exit chan-
of about 6%. Angular distributions are shown in Fig. 6 for ne| measured at large angles. Tentative assignments of the resolved
the #°Si+?Si exit-channel. They rays emitted by the frag- and nonresolved peaks are indicated. The bold-line histograms are
ments were detected by the EUROGAM Phase Il multidetecefficiency correctedabsolutg cross sections. The lighter curves are
tor array[49], composed of 54 Compton-suppressed germathe results of the TSM calculations discussed in the text for fission
nium (Ge) detectors with 30 large volume tapered coaxial Gedecay to particle-boundsolid curvé and for all decaygdotted
detectorgfrom EUROGAM Phase [54]) located in both the curve.

L | T T
L}J‘
=)

5000F

2000F
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FIG. 4. Excitation-energy spectrum for th&S +2*Mg exit S
channel measured at large angles. The bold-line histograms are e
ficiency correctedrelative) cross sections. The curves which are <
defined in the same manner as in Fig. 3 have been normalized to th L
experimental cross sections. Elastic (E =0 MeV)
\n\ 01
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- 700 E i 3 FIG. 6. Experimental angular distributions of the elastic, inelas-
80000 |- 00 E En tic 2] and mutual (Z,2]), and higher excitation channel&(
[ 2si =6.7 and 8.7 MeV. The solid lines aré P, (cos#)]? curves for
70000 | 500 3 ER L=238%. The dotted curves correspond to a 1/&ip, behavior. The
o~ - 400 ER x° results as a function df are given in the insert for the elastic
2 i 300 F 9] scattering.
S 60000 - 200 f 31
'c% X 100 F 3 calibrations of the Ge detectors were obtained using standard
~ 50000 [ 0 Bludibiyibivn bbb, A4 y-ray sources located at the target position with the scatter-
e F 10 1528 25 30 35 49 ing chamber in place. The higher energyay region(up to
i = an eV, a double e) was calibrate
G 10000 E,=7630 and 7648 keV, a doublet it{F librated
3 [ with an AmBe source. Above this energy the efficiency was
(o) [ extrapolated, based on the smooth exponential behavior ex-
g 300001 hibited by the calibration at lower energies. Coincidesay
[ . spectra are displayed in Figs. 7, 8, and 9 for three different
20000 |- Mg exit channels.
10000 - lll. FRAGMENT-FRAGMENT COINCIDENCE RESULTS
o L The exclusive data as obtained by the fragment-fragment
T PR PR PR FEETE ST RTETE PR PRres

10 15 20 25 30 40 45 50

Mass

35 55

coincidence measurements are illustated in Fig. 1 by a typi-
cal two-dimensional energy spectrugy-E, of the binary
fragments detected in coincidence with one pair of PSD’s in

FIG. 5. Mass distribution based on the coincident detection ofN€ angular ranges of 23.8°%0;<70.9° and 22.1%0,

the binary fragmenM 3 in region 1 as defined in the tex@) Cor-
responds to thé&®Si+ 28Si exit channel{b) corresponds to products
arising from a reaction of th&*Si projectile on the'®0 contamina-

tion.

<73.3°, respectivelyEs, E,, 05, and 6, are the energies

and positions of the two fragments detected in coincidence.
The symmetry of this spectrum reflects the nearly symmetric
configuration of the experimental setup. Three different re-
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FIG. 7. y-ray spectrum in coincidence with tH&Si+ 22Si symmetric mass exit-channel. Doppler-shift corrections have been applied
according to masM;=28.

gions can be distinguished: these are marked in Fig. 1. Rejon 28Sj on the %0 target contaminant. These contaminant
gion 1 corresponds to binary products arising mainly fromevents have been selected by making use of the compound
the 28Si+28Sj reaction of interestreaction products from system mass deduced from the coincidence measurement.
scattering on lighter-mass target contamination such as O are The reactiorQ-value spectra were obtained for the differ-
also present as is shown more clearly in Fip. 15 this re-  ent binary-reaction channels based on the known entrance-
gion the angular distributions of the low-energy states arehannel parameters, the deduced mass of the fragmignts (
well structured as expected at the resonance energy. Regi@ndM,), the total mass of the compound systelh{), and

2 of Fig. 1 arises from the reaction products®8&i incident ~ the observed fragment angles and kinetic enerffi@s53.

on a heavier-mass target contamingsuch as®Cu), and The Q values were then converped to excitation energies
region 3 corresponds to the light charged partige @)  (Ex) of the binary products usindEx=Qqq—Q*=Qqq
coincidences arising primarily from the fusion evaporation of t Eiao— (Es+ E4) whereQg is the reactiorQ value. Figure

the ®Ni compound system. In the following only the events 2 displays the mass-gateg=28) two-dimensional spec-
belonging to region 1 will be considered for the analysis. Therum of the ejectile energl¢; as a function of the calculated
selection of the different exit channels was done using mas@xcitation energy Ex) for the ?°Si+?°Si symmetric mass
spectra constructed using standard binary kinematics rel&Xit channel. The vertical bands correspond to different ex-
tions [50_53 An examp|e of the fragment mass distribu- cited states in the twé®Si fl’agments, where the regular con-
tions (M being the ejectile magss displayed in Fig. 5. The centrations of yields are due to strongly structured angular
figure shows that region 1 is formed by two kinds of reac-distributions which will be analyzed in Sec. Ill B. The
tions. The first reactiodas illustrated in Fig. &)] corre-  €Xcitation-energy spectra are first presented in the following
sponds to binary products éfSi+2%Sj at the resonance en- Section.
ergy, and shows that the reaction is dominated by %8s

+283j symmetric mass exit channel. This reflects the PSD’s
locations which have been optimized to study this exit chan- Excitation-energy spectra were generated for #i8i
nel. The second reactigsee Fig. Bo)] arises from the reac- +28Si exit channelFig. 3) and the3’S +2*Mg exit channel

A. Excitation-energy spectra
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FIG. 8. y-ray spectrum for thé?S+24Mg near symmetric mass exit channel measured in coincidence®fit fragments. Doppler-
shift corrections have been applied according to nMgs- 24.

(Fig. 4), respectively, by setting mass gates with=28 and  quite high spins is_consiste_n_t with a simple_sticki_ng picture
32 (24) while requiring a calculated total mass f;=56.  Of the deep-inelastitDI) collision proces$24] in which the

The detection efficiency for the two mass channels was deWo colliding “*Si nuclei have adhered to each other, rotated,
termined on an event-by-event basis from a simple simula@nd then separate_d again. This process transforms_orbltal an-
tion program of the fragment-fragment coincidence arrangedular momentum into fragment spin with a substantial loss in
ment [52]. The resolution in the experimental excitation- the kinetic energy associated W|th_ relative motion. In othgr
energy spectra and, in particular, the resolving powetWordS’ the large angle cross sections suggest the formation

; : - B £ and decay of a long-lived dinuclear systéne., a nuclear
provided by they rays in determining thé®Si final states moleculg which scissions at quite large deformations. The

has_ already been described in our previous Rapid COmmunéilternative explanation involves a FF origin in which the
cation[47]. e system forms an equilibrated CN before its subsequent bi-
The excitation-energy spectrum for t,HéShL Si Sym-  nary decay[24]. It has been previously shown for tH8S
metric mass exit channel, displayed in Fig. 3, exhibits a very, 24\g reaction[31] that much of the structure seen in the
striking and well structured behavior up to high excitation excitation-energy spectra can be understood in terms of the
energy Ex~15 MeV). The low excitation-energy peaks statistical population of levels in the fragments. Thereafter
correspond to the elastic scattering and inelastic scattering e same statistical model calculation will be used to gener-
low lying states of?®Si (mainly the 1.78 MeV 2 state, and ate an excitation-energy spectrum to be compared with the
the weaker 4.62 MeV # state which yields the shoulder of present data. The large cross sections associated with low
the 2" peak. The strong peaks observed at more negafive excitation energies, however, appears to be of a nonstatistical
values more likely arise from mutual excitations. The levelorigin and most likely reflect the resonant nature of the sys-
assignments for the highdfy peaks are speculative, al- tem. This will be discussed in more detail in the analysis of
though the locations of these peaks are consistent with muhe y-ray coincident results in Sec. IV.
tual excitation of yrast states in both fragments, as suggested For the 32S+2*Mg exit channe[56] the more pronounced
previously[9,50]. The observation that both fragments havestructures are observed at higher excitation energies
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FIG. 9. y-ray spectrum for thé?S+2*Mg near symmetric mass exit channel measured in coincidence®@tfragments. Doppler-shift
corrections have been applied according to nidss- 32.

(6 MeV=Ey=<10 MeV), as seen in Fig. 4. Previous mea- teristic of the scattering of strongly absorbing particles.
surements for the®Si+ 28Si—32S+24Mg reaction have not These features are readily described in a variety of OM cal-
shown evidence for resonancelike behavi@l]. Our culations. A typical OM analysis of thé®Si+28Sj elastic
excitation-energy spectrum is in qualitative agreement withscattering has been performed at the bombarding energy of
this observation as very little strength is seen in the low-E,;,=120 MeV using a strongly absorbing potentia].

lying states. The observed yield to these states may be attritFhe results of the comparison can be found in REF$6]. At

uted to a fusion-fission mechanism. A comprehensivehe largest angles, however, the present data show an abrupt
statistical-model analysis of both exit channels will be giventransition to the highly oscillatory behavior associated with

in Sec. V. weak absorption, in accordance with NQ21,22 predic-
tions. The elastic cross sections observed in this angular re-
B. Angular distributions for the 283i+28 Sj exit channel gion are from one to three orders of magnitL(dBar Ocm

The angular distributions, shown in Fig. 6 for the =90°) larger than those obtained from OM calculations us-

symmetric-mass exit channels, have been deduced from pré?g standard strongly absorbing potential paramefté57]
jections onto theE; axis with excitation energy gates as which give a good account of the data forward &f,
defined by the states of Fig. 2. The elastic, inelasfic and ~ =70°. This behavior suggests the presence of a significantly
mutual inelastic (£,2]) channels display strongly oscilla- slower reaction mechanism than the direct and multistep pro-
tory angular distributions at backward angléetween 70° cesses which dominate at more forward angleg
<6.,=<110°). The angular distribution of the elastic scat-<70°).

tering data[6] at a bombarding energy corresponding The present back-angle, high-quality elastic and inelastic-
roughly to twice the Coulomb barrier, shows at forwardscattering data, with good angul@osition resolution and
angles a typical transition from Coulomb scattering throughhigh statistics, are well described byPd(cosé, ,) angular
nuclear-Coulomb interference, to a steep and smooth fall offlependence with =38, in agreement with the older data of
beyond the grazing angled{,,~44° as deduced from a Betts et al. [8]. This behavior can be understood if these
quarter-point analysis of the elastic scatterib@]), charac- distributions are dominated by a single partial wave, or by a
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few partial waves that are in phase. The analysis of angularith the observed yield. It should be noted that FF models

distribution data for resonance parameters can lead to amHi33,34] do not include a resonance contribution. The signifi-

guities when the nonresonant “background” amplitudes arecantly enhanced yield at low excitation energy in tHSi

not fully known. To explore this issue, a phase-shift analysis+ 28Si exit channel as compared to FF calculations may re-

[58] of the present elastic scattering data is carried out sepdlect in part contribution to the yields of an additional reso-

rately. Still, the elastic data shown in Fig. 6 strongly suggeshance component.

anL =38 assignment for the resonant state. To summarize this analysis, the angular distribution data
For the mutual inelastic (2, 2;) channel, the regular show that the measured back-angle yields for the three low-

and periodic oscillations still persist in the angular distribu-lying states are characterized, to a large extent, by a reso-

tion data. Again, the analysis suggests that the largest comance behavior. The FF process is believed to dominate the

tribution is fromL =38, with possibly smaller contributions Yields at higher excitation energieE{=6 MeV), as dis-

of L=36 and 40, as discussed in our earlier Rapid Commucussed further in Sec. V with respect to the TSM calcula-

nication[47]. The small shifts of the oscillation maxima may tions.

be explained by the larger nonresonant backgrounds in this

channel due to FF and/or DI orbiting contributions. The V. FRAGMENT-FRAGMENT-GAMMA COINCIDENCE

dominance of the orbital angular momenturs=38 in the RESULTS

three resonant channels implies that the projection of the |, this section we will focus on the analysis of the

final channel spin along the direction perpendicular to theTragment—fragmenty coincidence data for the®Si+ 28sj

ment” is confirmed by the analysis of the angular correlationsymmetric exit channel.

of the y-rays, as presented in R¢#7] and summarized in
Sec. IV C.

It should be noted that the angular momenta valfresn A. Coincident y-ray spectra
364 to 40n) suggested by the data are significantly larger
than the critical angular momentum for fusion. Based on the
available ?8Si+28Sji complete fusion(CF) data[57,59, a The y-ray spectrum measured in coincidence with both
valueL .~ 35% is obtained. The grazing angular momentum 28Sj fragments, without any condition on the angles between
Lgra7~38-40% is obtained from a quarter point analysis of the particles, is displayed in Fig. 7. Since it is not possible to
the elastic scattering daf®7]. At such high angular mo- know which of the two?®Si fragments emits the detected
menta the®®Ni CN is near the point where the fission barrier ray, both Doppler corrections were applied by using the
vanisheq 23], highlighting the large deformations which are method developed in Reff31,36. Some Doppler broaden-
induced during the scattering process. ing of the y-ray lines is still present due to the finite angular

The angular distribution of the mutual excitation statesacceptance of the Ge detectors and finite position resolution
(41, 2]) at an excitation energfx~6.7 MeV is not as of the PSD’s. They-ray peak width, for example, changes
strongly structured as the lower-energy channels. This is prédrom ~10 keV at 1779 keV(the broad peak beneath the
sumably due to a larger number of contributing partial1779 keV y-ray transition is due to the wrong Doppler cor-
waves. The angular distribution, also displayed in Fig. 6, forection to ~32 keV at 5110 keV. Some of the stronger
mutual excited states {4 4;) has a shape comparable to transitions are labeled by their energy in keV, and by the

1. Feeding of?8Si states

1/siné, ,,, suggestive of the emission of the tv8Si frag-  initial and final levels, spins and parities.
ments in a fully relaxed process such as FF and/or DI orbit- In order to investigate the resonant effects on the feeding
ing contributions. of the 28S;j states, and to search for possible highly deformed

In the back-angle region, the elastic scattering channel ibands in?’Si, we have generated spectra for two different
relatively weak as compared to the inelastic and mutual inangular regions of the particle angular distribution shown in
elastic channels, as seen in Fig. 3. These excited channdfgy. 6. The first region, with 73.2 ¢, ,,<105.6°, is where
show the same general angular behavior as the elastic chatfte angular distributions oscillate strondgee Fig. 6. In the
nel; namely, a forward angle dependence of the cross-sectidnllowing this is refered to as the “large-angle region.” The
characteristic of Coulomb and nuclear scattering with strongecond region is defined as the “directlike region” and is in
absorption(see the complete angular distributions measuredhe 56.8% 6., <67.6° angular range. The majnrray tran-
at E;p,=120 MeV [11] and unpublished data aE,, sitions in ?Si, as observed in the “large-angle region,” are
=112 MeV from Bettset al.[2]), and a back-angle behavior listed in Table I, with their relative intensities. The feeding
suggesting the presence of a process with much longer timef the known 28Si stateg60—64 in both the “large-angle
scale. The total cross section for tR&i+28Si exit-channel region” and the “directlike region” have been deduced fol-
can be estimated from the excitation energy spectra and iswing the procedure proposed in RE31], where a detailed
found to be 723 mb, i.e., approximatively 1% of the total level scheme of thé®Si nucleus, including its complete band
CF cross sectionn57,59. FF calculations using either the structure, is presente@ee Fig. 15 of Ref{31]). The y-ray
transition-state moddl33] (TSM) or the extended Hauser- transitions observed in th&Si and ?’Al (not listed in Table
Feshbach methofB4] predict approximatively 5—6 mb for 1) nuclei confirm that the mass identification provided by
the symmetric-mass fission cross section, in good agreemehtg. 5 was not perfect.
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TABLE I. y-ray transitions observed in coincidence with two
28sj fragments detected in the “large-angle region.” Initial and

final spins, and the excitation energies of the levels emittingythe
ray are given in the first columns. The efficiency correcjethy
yields (given by their relative intenisti@sneasured in the “large-
angle region” and in the “directlike” region, respectively, and nor-
malized to the 7 —0; 1778.9 keV transition, are given in the last
two columns.
ES® y-ray _

(keV) transition Ef, (keV) 11219 (%) 197 (%)

1275.5 295 1273.3

1289.2 5, —4; 9702.3 1.080.29

1364.3 2Mg 1368.7

1534.0 4;—-3; 8413.3 6.090.60 8.522.4)

1594.2 295 1595.3

1778.9 2] 07 1778.9 1001.00 100(1.76

1875.0 6;—5; 11576.8 3.400.87)

2026.3 295 2028.2

28239 5;,—3; 9702.3 0.540.15

2837.2 47 =27 4617.8 21.40.73 22.100.97

3199.8 0; —2; 4979.9 1.280.26 1.460.38

33108 5,—3; 10189.6 0.600.28 0.330.1H

3925.4 6] —4] 8543.5 4.140.49 4.360.72

44957 37 —2f 6276.2 2.580.32 1.3000.449

4596.9 2527 7380.8 0.660.22

4623.0 65 —45 11509.1 0.48.33

49151 05 —2; 6691.4 0.210.05

5084.0 5] —4] 9702.3 0.360.09

5101.2 3] —2; 6878.7 1.000.17) 1.400.23

5107.3 45 —2] 6887.6 3.470.18 3.890.2H

6476.1 27 —2] 8258.7 0.290.10

6631.4 47 —27 8413.3 1.290.12 0.4600.17

6879.4 37 —0; 6878.7 5.900.5)) 4.280.74

71239 1727 9929.2 0.290.07) 0.470.19

7380.3 25 —0;] 7380.8

7385.6 45 —2; 9164.6 2.120.42

74150 2307 7416.3

7922.7 5] —2] 9702.3 0.240.04

7938.7 2;—0;] 7933.4 0.870.39

The comparison of the measured feeding?%8i states in
the “large-angle region” and the “directlike region” is il-

lustrated in Figs. 10 and 11, respectively. The feeding of thes”
K7™=3] and 5 oblate bands is found to be stronger in the 5"

“large-angle region,” in contrast to that of th€™= 3] pro-

late band. A quantitative comparison is summarized in Table&

II, where the relative feeding oK™ bands are defined as
follows:

R(K™)= _AKD (1)
AK™=0])"

where A(K™) is the feeding of &™ band of 28Si.
The results presented in Fig. 10 indicate that #e&
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FIG. 10. Comparison between measured feedings and calculated
(diamonds and trianglesfor states in?%Si as populated in the
“large-angle region.” The calculated feedings have been obtained
with the TSM (histogram for a statistical FF process described in
the text.

tion of the 4 state. The population of the 6.88 MeV collec-
tive 3~ state, which was not apparent in the present
fragment-fragment coincidence data of Fig. 3 nor in previous
high resolution studie§8,9,50, is quite strong. This is an
indication that the’®Si nucleus has an oblate deformed shape
when the resonant features are present. Model predictions
[73] applied to the?®Si+ 28Si elastic scattering, in which the
excited states of the individual interacting surfaces, including
the 3~ excitation of 28Si, constitute the vibrations, support
also the association of the resonance with nuclear molecule
formation[73].

As previously found in a study of th&Mg(3?S,28Si)?8Si
reaction[31], states belonging to the second excited band
K™=05 appear to be strongly populated. A comparison of
the observed population with that expected based on the sta-
tistical population of?®Si states within the framework of the
transition-state moddITSM) is presented in Sec. V A.

The population of the ground stat€™=0; band indi-
cates that the mutually excited states are more intensily fed

L o o o e S By e e e o

Si States
S&\

eedin;

fif if
I T N A Y I A IV S - -
L5 % 4 316 4 2 015 4 316} 45 25 0310125 2

TirT=3 i k"=07 | k"=37i k"=0f i

43i States in Direct-like Region

FIG. 11. Experimental feedingsliamond$ for states in?3Si as

=3, band is strongly fed as indicated by the strong populapopulated in the “directlike region.”
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TABLE II. Relative feedings(in percentageof K™ bands[ R(K™)] for states in?8Si populated in the
“large-angle region” and in the “directlike region,” respectively.

K™ 57 37 07 37 05 05

Kind of large oblate oblate oblate prolate large prolate prolate
deformation deformation deformation deformation deformation deformation deformation
R(K™)

“large-angle region” 2.%x04 8.2:0.7 100 4405 58-1.1 1.2:0.4
R(K™)

“directlike region” 0.7:0.3 6.740.8 100 4504 1.1+0.7 1.3t04

than the singly excited states (0 0y), (2;, 0y), and the incorrect Doppler-shift correction of thé 2+ g.s. tran-
(47, 07). This high degree of selectivity in the population sition of the %2S (**Mg) recoil.
of mutually excited yrast states in boffiSi fragments con- Remarkably, they-ray spectrum of?*Mg (Fig. 8) shows
firms the early findings of Bettst al. [9]. exclusively y-ray transitions between positive-parity states,
The strong populations found for th€"=3;, 5; , and  with no transitions observed between negative-parity levels.
0; bands implies that®Si is dominated by oblate deforma- This property may be linked to the specific nature*dflg
tion. Perhaps more interesting are the observations that thhich, in its ground state, has a prolate shape. wg .
K™=0; band, corresponding to the large prolate deformanucleus appears to be populated primarily through its first
tion, is more strongly populated in the “large-angle region”
than in the “direct-like region” by a factor 6, and that the _ TABLE IV. y-ray transitions in coincidence witdS in the
K7=5; band corresponding to the large oblate deformation’ S+ Mg exit channel. The efficiency correctegiray yields

is three times more strongly fed in the “large-angle region.” (given by their relative intensitigs normalized to the 2
—072229.7 keV transition, are given in the last column.

2. y-ray spectroscopy of th&*Mg and 32S nuclei

ES? (keV) y-ray transiton ~ E, (keV) I, (%)
The y-ray spectra observed in coincidence with tislg T
and 3%S fragments at high excitation-energyEy 12482 02 =2, 37783 0.610.1)
>10 MeV) are displayed in Figs. 8 and 9. The maimay ~ 1614.3 4y —3; 6621.1 3.480.6)
transitions in®*Mg and 3°S are listed in Tables Ill and IV, 17555 5, —3; 6761.7 11.2.0
respectively. Again, since it is not possible to determinel969.9 SoAr 1970.4
which of the two fragments emits thg ray, both Doppler- 2161.3 4y — 4] 6621.1 2.490.9
shift corrections have been applied. Figure 8 assumes th@@29.7 2, —0; 2230.3 1001.0
the y ray is emitted from thé*Mg nucleus, whereas Fig. 9 2229.7 47 27 4458.9 1001.0
assumes emission from tHéS nucleus. The large bump ob- 2303.1 5] —4; 6761.7 1.060.2)
served atE,~2100-2400 keV(1250-1450 keY for the = 2392.5 43 —4f 6852.0 1.57.5
2%Mg (32S) y-ray spectrum of Fig. 8Fig. 9 corresponds to  2569.7 4723 6411.0 3.960.6)
2701.2 77 —57 9463.7 5.080.7)
TABLE Ill. y-ray transitions in coincidence witfMg in the 2774.8 31 —2] 5006.2 18.21.4)
325+29Mg exit channel. The efficiency correcteglray yields 29449 4, 3] 7950.0 0.58.1)
(givzin by their relati_v_e intensi_ties _normalized to the 2 3107.3 57 4, 7567.0 0.720.3
—0;1368.6 keV transition, are given in the last column. 3182.3 3IHZI 5413.0 3.580.6)
+ +
EZP (keV) y-ray transition  Ef,e (keV) I, (%) 22;21 23:23 :2323 gggg
1368.3 ZIr—>OIr 1368.6 1002.5 3994.4 2[—»21+ 6224.3 0.880.4)
1769.8 4523 6010.3 0.820.2) 4180.7 45 2 6411.0 1.260.5)
2753.4 4Ir—>21r 4122.8 3.922.3 4282.2 22+—>Ol+ 4281.5 6.98L.5
3510.5 65 —45 9528.0 4.170.7) 4693.0 1707 4695.4 0.880.3)
3866.7 SIHZI 5236.1 6.671.1) 4776.5 1]?*)41— 9236.1 1.120.9)
3989.2 67 47 8113.0 8.221.2) 5002.4 3, —0; 5006.2 0.720.3)
4235.9 25 —0; 4236.4 4.080.9 5323.2 65 —4; 9783.5 1.710.4
4639.8 4;—>21r 6010.3 5.541.0) 5796.8 11’—>01+ 5797.9 1.300.5
5230.2 SIHOI’ 5236.1 0.6%0.2 6245.1 13_H21’ 8494.0 ?
5412.1 6;—>4Ir 9528.0 1.180.9 6245.1 Oef—>21+ 6245.0 ?
7350.3 2507 7347.9 0.740.2 7429.3 1, —-0; 7434.0 1.910.5)
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FIG. 12. Excitation-energy spectra of the
285j+ 285 exit channel measured with npray
condition (histogram$ and as gated by the fol-
lowing y-ray transitions in?8Si (shaded histo-
grams: (a) 2y —0; (E,=1778.9 keV),(b) 4
—27 (E,=28385 keV), (c) 45—2; (E,
=5110.0 keV), and (d) 3;—0; (E,
=6879.6 keV).

e 10 15 20 25 30 ot s 10 15 20 25 30
E, (MeV) E, (MeV)

two rotational band&™=0"[2; (1368.7 keV, 4, (4122.9 keV), and 3  —2; (3183.0 keV. This has been checked by
KeV), 65 (8113.4 keV] andK™=2" [2] (4236.4 keV), the inspection of the’S+ Mg excitation-energy spectrum
3Ir (5235.2 keV, 42+ (6010.3 keV), 6; (9528 keVj], which of Fig. 4 when gated by one of theserays. In contrast to
are associated with stable prolate deformations, according t6'™Mg, a large number of the most intenserays listed in
shell model calculation§74]. A selective population of Table IV involve high-spin negative-parity states such gs 3
natural-parity states has been found to be favored in th€5006.3 keV, 4; (6621.1 keV, and 5 (6761.7 keV. The
24Mg-+ 2C orbiting reactior{ 75], with a suppression of the respective measured feedings indicate that, according to their
3, (5235.2 keV and 5 (7812.2 keV states of theKk=2  known branching ratio§63,68, the 3/ state is, indeed, in-
band of 2Mg. In the *2S +2“Mg channel, the 3 state is directly populated. The appearance of low-spin negative-
populated rather strongly. The Sstate, however, is not seen. parity states such as 1(4693.0 keV, 2; (6224.3 keV, and,
On the other hand, decays from even higher-energy 6 possibly I, (8484.2 keVf may reflect am-transfer compo-
(8113.4 keV and 6; (9528 keV} levels fromK™=0" and  nent to the reaction. This is consistent with the predictions of
K™=2" bands, respectively, are visible in the spectrum.  28Si+ « cluster configurations for the low-lying bands ¥8

An interesting result for the’?’S+2*Mg exit channel is  [69]. On the other hand, why the positive parity states are not
found from inspection of the®’S gated spectrum of Fig. 9 as strongly populated is not yet understood. The 8507.8 keV
(see Table 1Y with the possible observation of previous uni- y-ray transition is difficult to assign. However according to
dentified y-ray transitions in the®’S nucleus. Since both the branching ratios of the;1-2; (38% arising from the
spherical and prolate band structures coexist, & spec- 32S deexcitation[52], and despite the very low statistics,
trum is much more complex than ti#éMg one. The spec- there is an indication in our data for the following newray
troscopy of the3?S nucleus is of special interest; with the transition 0"(8507.8 keV)-2;(2230.2 keV).
interplay between collective and single-particle motion at
high spins at high excitation energy, superdeformed shapes
may occur due tar clusterization[65]. Recently, consider-
able effort has been devoted to the study of high-spin states The large number of possible mutual excitations at the
in 32S both experimentallj66,67 and theoreticallj68—-71.  energies corresponding to the high-excitation structures
Thus, they rays associated with th&S fragment, reported (aboveEy~6.5 MeV) apparent in Figs. 4 and 5 makes it
in Table IV, have been established with the aid of previousmpossible to uniquely identify those responsible for the
comprehensive spectroscopic studj€6,67. Most of the data. However, they-ray data can be used to identify the
high-energy states deexcite through one of the three mogfominant components of these structures, as shown by sev-
intense transitions 2—0; (2230.3 keV, 3; —2; (2776.0 eral examples presented in Figs. 12 and 13. The particle

B. Coincident excitation-energy spectra
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FIG. 13. Excitation-energy spectra of tfié5+2*Mg exit chan-
nel measured with ng-ray condition(histogramy and as gated by
the following y-ray transitions(shaded histograms: 27 — 07
(E,=1368.7 keV) in®Mg (a) and 2 —0; (E,=2230.3 keV) in
323 (h), respectively.

excitation-energy spectra of Figs. (&2 12(b), 12(c), and
12(e) have been obtained by gating on thg¢ 207, 4,
—2], 4,2, and 3 —0; , transitions in?%Si, respec-

PHYSICAL REVIEW C 63 014607

tation states (4, 2;) and (4, , 4;), respectively. Al-
though the statistics of Fig. 1@ is very low, in the spec-
trum gated by theE,=6879 keV (3 —0;) y-ray
transition, the yield aEx~8.8 MeV might arise from the
(37, 2;) mutual excited state, with the single excitation
(37, 07) probability being almost nonexistent.

Figure 13 displays the coincident energy spectra gated by
the indicatedy-ray transition in the?’Mg and *2S nuclei,
respectively. For instance, the spectrum of Fig(al3e-
quires the observation of the;2-0; transition in 2*Mg.
Narrow peaks are observed, some of which have high exci-
tation energies and could not be reliably indentified. The
single excitation statd 2Mg(27), %2S(g.s.) is weakly
populated. In each case the data suggest a preferential popu-
lation of high-spin mutual excitations.

To summarize, it can be concluded that the states of mu-
tual excitation are favored. This is in contrast with the pref-
erential population of single excitation states as usually ob-
served for heavier nuclear systems in DI proce$24%

C. Coincident y-ray angular correlations

The spin alignment of the low-lying excited stafsingle
inelastic 2~ and mutual inelastic (2, 27) exit channely
have been deduced based on particle-particigular cor-
relations using EUROGAM. This involves boti'Si frag-
ments being detected in thét’ =90°+7° angular range
(see Fig. &, with very narrow coincident gates set either on
the 2/ peak or on the (2, 2;) peak of Fig. 3. Three quan-
tization axes are defined d8) the beam axis(b) the axis
normal to the scattering plane, atg] the axis perpendicular
to both axes defined ife) and (b). Since the two?®Si frag-
ments are detected in the angular region r&g;=90°, the

tively. We have been able to construct other coincident sped<) axis corresponds approximately to the molecular axis of

tra (not shown obtained with gates on the weaker 3
—2], and 3 —0; y-ray transitions(see Table li. They
indicate significant contributions from th€™=3; band.

the outgoing binary fragments. In Figs. 14 and 15 the results
of the y-ray angular correlations for the single excitation and
for the mutual excitation exit channels are shown. The dis-

It is evident that the populations by the selected mutuaffibutions are presented in terms of the polar angles with
excitations are dominant. Contributions from a single excital®SPect to the three different quantization axes. The analysis
tion, such as the 4 state at 4617 keV, which appears as amethod of then/(6,) data is described in Reff47], in which

small shoulder on the (2, 2;) peak of the inclusive spec-

the process of integration over, requires, due to the geom-

trum of Fig. 3, and which has been identified in previous®!Y Of the EUROGAM spectrometer, some averaging over

works [9,31], appears more clearly in Figs. (&2 when re-
quiring a 2759 keV 4 — 2] transitiony ray in coincidence.
A detailed analysis of Fig. 1B) shows that the main exci-
tations which include th& ,=2838.5 keV (4 —2;) y-ray
transition in their decay chain are the;(40;) single exci-
tation state aEx~4.7 MeV, the (4 , 2;) mutual state at
Ex~6.4 MeV, and the (#, 4;) mutual state atEy
~9.4 MeV. The (4, 4;) and (4, 3;) mutual excited
states may correspond to a small structure lying riear
~12.0 MeV. The (4, 6;) mutual state which is centered
at Ex~14.0 MeV is also clearly visible.

Figure 1Zc) is associated with th&,=5109 keV 4
—2]) y-ray transition and contains a small peak Bt

6,. Our experimental efficiency for particle-particjey de-
tection is low and, consequently, the analysis was done with
the condition of ay multiplicity equal to 1. For the mutual
excitation exit channel, the strong minimum in Fig.(h5at

90° implies that the magnetic substateis equal to zero
(m=0), and, thus, that the intrinsic spin vectors of the 2
states are oriented in the reaction plane perpendicularly to
the orbital angular momentum. The value of the total angular
momentum, therefore, remains close lte- 384, in good
agreement with the angular distributions results. Thege-
ometry of they-ray spectrometer also allowed us to fit the
W(#,) (see the solid curves in Figs. 14 and) 16 obtain
more quantitative information about the contributions from
the different magnetic substates. As proposed in Ref],

~6.9 MeV (single excitation, and more intense peaks at the W(#,) data have been described by an expression of the

Ex~8.5 MeV and 11.5 MeV corresponding to mutual exci-

formW(0,)==,PnWy(6,), where theP, coefficients rep-
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FIG. 15. y-ray angular correlations of the {22]) state of the

FIG. 14. y-ray angular correlations for the {20;') state of the  28g;. 285; exit-channel for the three quantization axes defined in the

?8si+2%si exit-channel for the three different quantization axes de+ext. The solid and dashed curves are fits of the data and molecular-
fined in the text. The solid curves are fits of the data. model predictions, respectively.

resent either the magnetic substate population parameters eeds to be clarified since one might be tempted to attribute
single or mutual 2 inelastic scattering, or the relative inten- these structures to a mechanism other than FF as well. In the
sities of transitions with differenAm for E2 transitions be- following discussion, we first give a comparison of the mea-

tween higher excited states. Since the paramd®erenter  sured excitation-energy spectra and of the feedings of their
the expression as linear coefficients of the pra-func- ~ associated states with TSM calculations. A comparison of

tions W, (6,), the fits were calculated using a simple linear the resonances seen in different nuclear systems is discussed
least squares procedujre7]. The fit produce$47] a signifi- ~ @long with a dynamical description of the resonant behavior
cantm=0 substate population, favored for both quantizationProposed for bottf®Si+?®Si and *Mg+2*Mg in the frame-
axes(a) and (b) but not for(c). The characteristic th=0"  work of a newly developed molecular modédP—-44. Alter-
pattern, observed in Fig. I suggests that the fragment native theoretical approaches of ti&si+?Si resonances
spins|; and I, are indeed oriented in the reaction planeare also briefly presented.

perpendicularly to the total angular momentum. The non-

negligible_ m=+2 contributions_(see Table | of Ref_[4?]) _ A. TSM calculations
are consistent with the analysis of the angular distribution o o o
which contains contributions from= 364 andL = 40%. Ad- A quantitative description of the FF process in light sys-

mixtures of these other smaller contributions do not affecfeéMs has been developed in terms of the transition-state
the observation of the dominant “disalignment” componentM0del[33]. In TSM, where fission competes withray and
consistent with the results of the angular distributions. Sucfight-particle emission in the CN deexcitation, the probabil-
lack of alignments of the fragment spins are unusual in piity for fission is determined by the most restrictive phase

processe$24], but the very long lifetime of the resonance SPace(level density encountered by the fissioning system
may well allow large microscopic fluctuations. between the equilibrated CN configuration and the exit chan-

nel. This “transition state” is usually taken as the configu-
ration at the saddle point where the macroscopic potential
energy surface reaches its maximum value.

Before any attempt is made to understand the occurence Calculation of fission cross sections in the statistical
of a strong resonance component for the low-energy statesjodel is based on the Hauser-Feshbach forma|&sh For
the observation of relatively narrow structur@sss than 1.5 a CN of spinJ, populated with a partial fusion cross section
MeV) in the excitation energy spectra abokg=10 MeV  of o, the partial fission cross section is given in terms of the

V. DISCUSSION
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ratio of the fission decay widthS to the total decay width HereEg is the measured binding energy of the nucleus and

for this spin['®™, by Eg®is the corresponding macroscopic enef@l]. For
ER'’s the transmission probabiliti§(e,) are obtained from
fis rfs optical-model calculations with average parameters. For FF
o :F—totUJ- (2)  the transmission coefficients are taken as unity for energeti-
J

cally allowed paths and zero, otherwise.
To calculate the level densities of the CN and the saddle-
point configurations, a Fermi-gas formyli,33,3§ is used.
For ER, the level-density parametag=a,. The saddle-
point densities are calculated with=a; andJ=Jcy. Most
, 2J+1 Jptdp  J+S of the calculations done for light systems have usgd
oy=1AX T,(E =Agr/8 anda;=Ac\/8.
’ (2Jp+1)(23:+1) S=%:*Jtl '=%:*S\ (Eem) In light nuclear systems, the fission breakup of the CN
3 occurs often to final fragments where the density of states is
low. This can result in considerable structure in the excita-

The fusion partial cross section for formation of a CN of spin
J from projectile and target nuclei of spidg andJ,, respec-
tively, at a center-of-mass ener@y. ,, is given by

with ) .
tion spectra of the fission fragments. To explore the popula-
o tion of states in the final fragments while retaining the
o= > oy. (4)  saddle-point as the “transition” state, a procedure has been
=0

= developed 31] to calculate the population of specific mutual
. excitations assuming a stochastic process. Within the
Sransition-state method, population of a given saddle-point
level already corresponds to a commitment to fission into a
1 particular mass patrtition. The partial cross section for the
T(Ecm) = , 5 population of the CN with spild that subsequently under-
(Fem) 1+expl[l =l (Ecm) J/A} © goes fission to mass asymmetpyis taken asoee(J, ) and
is calculated using TSM based on the saddle-point phase
space. The cross section for populating a specific mutual
excitation (3;,8>) is then given by

fusion transmission coefficient is to take

wherel, is the critical angular momentum for fusion and
is the diffuseness of the fusiondistribution. The critical
angular momentum for fusioly, can either be obtained from
fusion model calculation§33] or by adjusting its value to
achieve consistency with measured ER cross secf{igis 2 [B1X B2ls1 P(5,d,¢)
Most of the calculations for the lighter systems have been Hout
performed by using a rather sharp valve- 1% for the dif-
fuseness parameter. R le [N XNy, P(7.3,8)
For the calculation of the total decay widlh,, it is e ou ©)
assumed that the CN deexcitation occurs through the emis-
sion of neutrons, protons particles, y rays, and/or fission  where[X ;X \,];,__ represents the sum of the possible spin
fra_gments. Under these conditions, the total wibil can be couplings betweéun the two fragments in stakgsand X,
written as with orbital angular momentury,,; and coupling to CN spin
=t Tyt T o+ T 4 T 6) J qnd P(j;,J,g) is the probability of t'he FZN .of spid to
fission with mass asymmetry and radial kinetic energy.
Here, the partial widtH, for particlex(x=n, p, or «) of  This probability depends implicitly oh, throughe.
spin s, to be emitted from the CN with excitation energy  The radial kinetic energy can be expressed in terms of
E%, and spinJcy to form an evaporation-residue nucleus ERthe characteristic energies of the reaction with
of excitation energyEg and spindgy is given by

out

a(ﬁl,ﬂz>=§ ordd,7) ,

e=Ecm+ Qo— Vielllout, 7) + 6— Ey. (10
Efn—Ag,d . .
= f per(Ber™ Acr. Jer) Here,E. , is the center-of-mass energy in the entrance chan-
2mpen(EEn— Aetr s Jen) nel, Qo is the ground-stat® value,V,e(l oui, ) is the rela-
" . tive energy of the two spheroids that comprise the saddle-
JerT S« JentS ; h i< th | h . g f
% > T¥(e,)de, . 7) point shapeg is the energy loss that occurs in moving from

S=|Jgr-S 1=13cn—S| the saddle to scission configurations, dadis the mutual
excitation of the final fragments. In light systemsis ex-
The integral is over all kinetic energies of the emitted lightpected to be small, and a value 2.5 MeV was used in
particle ,, and pcy and peg are the level densities of the all the calculations to be consistent with the saddle and sciss-
CN and resulting ER, respectively. The parametgf deter-  ion configurations being similar. The parameters used to de-
mines the zero point of the effective excitation energy, withtermine partial cross sections to specific mutual excitations
were the same as those discussed in [Bf]. Thel,, value
Ac(MeV)=Eg(Z,A)—Eg*1Z,A). (8)  was obtained so as to reproduce the measured CF cross sec-
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tion [57,59 (the adopted =354 value assumes a total fu- nuclear structure that cannot be described by the statistical
sion cross section of 1160 mb, leading to a calculated ERIicture. In the following subsections, the excess of resonant
cross section of 1028 mb at 111.6 MeV, to be compared witfyields for the low-lying states, which could not be explained
the experimental value of 10825 mb measured by Di- in terms of a statistical process by the TSM., will bg consid—.
Cenzoet al.[57] at 110 MeVj. The spin weighting was de- ered as due to resonant effects, and tentatively discussed in
termined by the level schemes for théMg, 2%Si, and3s  the framework of resonance models.

fragments known from compilations found in the literature

[31,36,60-64,6p Further details of the calculations can be B. Comparison with different nuclear systems

found in Ref.[31].

Figures 4 and 5 compare the results of this calculatio For a general understanding of the resonant behavior in

. o . . rheavy-ion scattering, it is of interest to compare the reso-
with the observed excitation spectra for both t8i(*°Si, - 2 " Lo s medium-mass systems, such as the

?%Si)?si and ?’si(**si, *?S)*Mg reaction channels. The 2ag;’ 2sg; [7-12 and the 2Mg-+2%Mg [13-17 systems
bold-line histograms represent the experimental results. Th\?/ith those occurring in a lighter system such ¥&+ 120’
solid line of Fig. 3 shows the predicted spectra using all[l 4,5,76. The broad structures in th&Si+28Si and the

know levels in **Si up to the 14.339 MeV excitation. The 2%Mg+2“Mg excitation functions are essentially the same as

dotted line is the predicted spectrum for only the partlcle-,[ho‘,:)e reported for theC +12C system at energies well

bound levels. Since the experimental results were obtained, .0 '~01omb barrié,5,76. While the narrow struc-

using a kinematic coincidence technique that discriminate§ure seems confined to one region of energy in S

against excitations where one or both of the populated state; 2Si  (E,=100-130 MeV) and *Mg+2Mg (E
lab™ - lab

subsequently emits a light particle, the thin-line histograms_ 70-100 MeV) systems, it is much more widely spread in

are expected to more faithfully represent the experiment Ihe 12C +12C system. A common feature, however, seems

situation. The calculated spectra for particle-bound states are

found to reproduce the observed structures quite well, in part-0 be the disappeareance of the narrow structures at the high-

ticular in the Ex~9-17 MeV region. The structure ob- est energies where strong {absorptlon effects are expected
. L : based on NO€21,27 calculations. In all cases the sequence
served at higher excitation energies €&By<15 MeV) can ; . ;
. . e . . of spins follows closely that of the grazing partial wave and,
be attributed to groupings of mutual excitations with high 28e: | 28 . .
. ) . thus, “°Si+“°Si does not seem to be appreciably different
channel spins. The calculations are less successful in repr

= l 12 . e . .
ducing the yields at yet higher energids,&15 MeV) for from 12c +12C, However, there are significant differences in

the two channels, possibly because of the incomplete knowf—he pattern of their respective resonance widths. For ex-

B B - . 28 - .
edge about states at high excitation energy in the fragmentgwae:ﬁélthii ;tJarELaalmvw%trr:l fogg?ﬁ:yo'ggrtﬁsi; gf' (terlsaSttlgtal
The observed structure in the low-energy region is very ypically only 0

badly reproduced by the calculations, which significantly un'r?c?grna%r?cesvrr\?gltlre],r ?ﬁ;ﬁu{ﬁi Ir(:c)trhrzs“tgerzgitrlg@. z]tlisallsw(i:gtrﬁ for
derestimate the cross section for the low-lying states excite y P gp

; 1 12 ; S
in the 28Si+28Sj exit channel. This result is consistent with &y INto the'”C +1%C elastic channel, which is a large

. X Tan
the states being dominated by another reaction process: tﬁgiﬂzr}io;tt:; ;Otsatleﬁzo?haentcci;;'ﬁgﬁ] ;%2' rlgsgggﬁgilé can
heavy-ion resonance behavior. 9 y '

The essential validity of the predicted population patternbe accounted for in _experlmentally measureq channels,
. ; .~ whereas for the heavier systems only approximately one
was confirmed by the measurements of theays in coinci-

dence with the fission fragments. Figure 10 shows the Comt_hlrd of the total width is observed in binary reaction chan-

. . o nels. In this case the width of decay to excited states plays a
parison between the experimental feedifgeamonds and U : AT !
: g ) P much more significant role in th&Si+ 2Sj system than in a
triangles for states in*'Si populated in the ‘large-angle lighter one such as$’C+%C. The most surprising difference
region” and the theoretical feedinghistogramg predicted 9 ' b 9

by the TSM. The feedings for states populatecfivg and ![i;hzgsﬁg%%;eirgac;c;mplexny of the inelastic decay channels in
**S were not compared to the TSM predictions first because The observatioﬁ of spin alignment was first made for the

of their rather low statistics and, secondly, because of thqzC 12G )
47 —2] and 2/ —0" transitions have almost the same **°C molecular resonances by a group in Munizs].

1 1 In this case the correlation between the spin orientations of
y-ray energy. We can remark that the TSM does ?Ot '€PTO%he two 12C nuclei in mutual inelastic scattering was deduced
ducs the+ exgermlental da:;[a on the feedlrlg of K™ from the directional correlations of the particle-coincident
=0218),_ 2; (K™=0yq), 43(K7=03) and 4 (K"=3,) statés  ,_ray measured with the Darmstadt-Heidelberg crystal ball
of “*Si well. The disagreement between experimental datgetector. The resonant behavior in the excitation functions
and model calculations for the feeding of th¢ @nd 2 \as found to be nearly uniquely associated with the mutually
states of the?®Si ground band is expected to be due to resoaligned component. The series of stroféC+%C reso-
nant effects. The strong population of the highly deformedhances[1,5] (both the correlated gross and intermediate-
prolate bandK"=03 in the “large-angle region” confirms width structures in the excitation functionsere systemati-
what has been previously observed in 8 +2*Mg reac-  cally reproduced quite well by the band crossing mda@é|
tion [31]. A satisfactory explanation for the disagreement for(BCM). Similar results are observed in other systems such as
the feeding of the 4(K™=0;) and 4 (K™=3]) states is the °C+ %0 and '®0+1%0 systems. In the BCNI77], it is
more difficult to provide as it may reflect aspects of theassumed that only a few channel components with aligned
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spin coupling contribute significantly to the feeding of the more configurations available as based on NOC calculations
resonant states. This is consistent with the partial widths anf21,22. It is possible that the large number of available con-
spin alignments, as measured in the inelastic charfiiéls  figurations allows for the formation of coherent or collective
Although some aspects still remain to be fully understoodstates. This explains the sharp resonances which decay into
the characteristic points are that about one half or more ofmany inelastic channels. In th&C +*°C system, such co-
the total width is exhausted by the partial widths to a fewherent effects may not be allowed to develop. In this case the
relevant channels and that the spin alignments are enhancaddividual configurations may be observed. This situation
Shortly after the first observation of the spin alignment incorresponds well to the BCM calculatiofig7] which predict
the *°C+'%C molecular resonancdg6], Wuosmaaet al.  enhanced excitations of states where both nuclear spins and
[15,17] measured the single and correlated magnetic-substathe orbital angular momentum are aligned perpendicularly to
population parameters for thg 2and 2" — 2" excitations in  the scattering plane. Actually, th@Si+’Si data as well as
the prolate-prolate?’Mg+2*Mg system. These measure- the 2"Mg+ ?*Mg data both show that the resonances are well
ments were performed in the region of two strong resonancegorrelated among many inelastic channels, suggesting that
observed atE.,=45.70 and 46.65 MeV in the inelastic the interaction is effectively strong, and the resultant reso-
scattering data. Both thg-ray angular correlation and the nance states include many componep@rtial widths over
angular distribution measurements were performed using thée available reaction channels. This is in contrast to the
Oak Ridge Spin Spectrometer. A similar experiment wagSituation in the lighter'’C +*2C system. Therefore, older
also carried out by the Munich grolig6]. Both sets of data ésonance models such as the BEKY] may not be ad-
have provided spectroscopic information relatively free fromeduate to describe th€Si+*°si and *Mg-+*Mg systems
nonresonant amplitudes, and allow a spin assignmedf of accurate_ly. A more appr_oprlate description of these syst_ems
=36" for at least the first of the two resonances. The angula ay be in terms of quasibound molecular states as pre_dlcted
correlation data for the mutual*2inelastic scattering chan- Y the molecular modgH2-44,78-80,82,43This model is

nel suggested a dominant angular momentum valué of presented in the following section.
=34# for both resonances. The spin alignment data for this
channel confirm the partial alignment of the fragment spins
with the orbital angular momentum. The relatively high spin ~ Although the present paper remains essentially an experi-
values suggest a resonance configuration in which the tweental study, it is of interest to briefly present the main ideas
24Mg nuclei interact in a pole-to-pole configuration, allow- contained in the molecular model developed simultaneously
ing the system to sustain a large amount of angular momerfy Uegaki and Abg42—-44 on the one hand and by Maass

tum. This hypothesis was corroborated by a molecular modéi"d Scheid[78-80 on the other hand. When two nuclei
[42] which is described in the following subsection. form a nuclear molecule by touching each other only in their
The presen®Si+28Si data show, for the first time in a surface zones, a rich variety of new collective modes of ex-

heavy-ion collision, a vanishing spin alignment. Therefore citations, such as the so-called butterfly, the antibutterfly, and

the comparison between the three symmetric syst&t@s }Ee ?heg)gdj;gg;;ygf;g];ig}oﬁg)rntsﬁergzysast‘;%nlg SO\I/\i/-
+12C, 2%Mg+2“Mg, and 28Si+28Si shows an interesting |9 9 y Y

trast in th 4 entati ‘ o5, T brational degrees of freedom of the individual nuclei are also
contrast in the spin orientation at resonance energies. r]ﬁcluded in the calculationg2]. Although for light systems,

results indicate that,thé_SSi’,LZSSi oblate-oblate system iS o girect experimental investigation of these dynamical
characterized by spin disalignment in contrast to the spifnes is a formidable task, such a model helps to understand
alignment observed for both thEC +*2C system(oblate-  pow the complexity of the®Si+23Si resonancef’—17] can
oblatg and the *Mg+2"Mg system (prolate-prolate As e different from that of the*Mg-+2%Mg resonance§13—

will be shown in Sec. V C, molecular-model calculations are17]. Most of the molecular model predictions have been de-
able to explain the vanishing spin alignment in the oblatevoted to the prolate-prolat&Mg+2*Mg system[42,43,78—
oblate 28Si+ %Si system[47], where both nuclear spin vec- 80], and, more recently, to the oblate-to-oblate systems
tors are perpendicular to the orbital angular momentum lying?®Si+ 28Sj [44] and *2C +12C [82] systems. For thé*Mg

in the reaction plane. The question of why the spin orienta-+2“Mg system both available versions of the molecular
tions in the two oblate-oblate system&Si+28Si and 2C  model consider various, but different excitation modes with
+12C are so different is still unclear. However, it can be respect to the favored equilibrium configuration. As a result,
also noted that the weak coupling picture of the BCRT| both models identify a number of quasibound molecular
appears to be adequate for th&C +'°C system while the states with level densities, energies, and decay widths in
strong coupling picture of the molecular model appears tajualitative agreement with the measured resonances. The
reproduce the?®Si+28Sj results better. Differences in the most recent theoretical developments of the molecular
interactions between the constituent nuclei may play a keynodel, as applied to thé®Si+28Sj reaction, will be pre-
role. For example, there is a remarkable difference in thesented elsewhere by Uegaki and Ad€]. However, prelimi-
available molecular configurations in the excitation spectranary calculationgd35,47,53,56 of the 28Si+28Sj scattering

of the 2C and ?%Si nuclei. In *2C +1°C there are few mo- with the molecular model predict an oblate-oblate dinuclear
lecular configurations, located at the energies associated wigystem with an equator-to-equator stable configurdtizh,

the observed resonances, whileisi+ 28Si there are many whereas the resonancelike structure observed %tig

C. Molecular model predictions

014607-16



MOLECULAR RESONANCE AND HIGHLY DEFORMED. . .. PHYSICAL REVIEW (3 014607

(a5,B5). The two anglesy; and a, are combined intd;
=(a1t ay)/2 anda=(a1— @,)/2. The generalized coordi-
nates €;)=(61,6,,63,R,a,B1,B5), have been defined with
6;'s being the Euler angles of the molecular frame with four
internal variables. Consistent with the chosen coordinate sys-
(b) tem, a rotation-vibration type of wave function such#s
~Dy(0) xx(R,a,B1,82), Where x« describes internal

‘. ‘. motions, has been introducgd4].
z The dynamical equations of the internal motions have
been solved around equilibrium, and various normal modes,

butterfly and antibutterfly vibrational modes, as well as
K-rotational (whereK is the projection of the total angular
X 7 momentum quantum numbéronto the center axis of the
two separated fragmentg81] normally denoted as the
nuclear symmetry axis) and twisting-rotational modes have
been obtainef44]. Each vibrational mode has its character-
S istic feature with respect to the alignments. For instance, in a
’ butterfly mode of excitation, the interacting nuclei move co-
herently, therefore the intrinsic spir=1,+1,=0, while in
an antibutterfly mode, the spins are parallel so as to yield the
total spin to be maximum. Molecular model calculations for
FIG. 16. Equilibrium configurations of three different dinuclear spin distributions of the normal-mode motions were per-
systems (a) for 2Mg+2Mg, (b) for 2Si+2sj, and(c) for 2C  formed for the mutual inelastic channels for both tHSi
+17c, +28sj and ?*Mg+2*Mg reactions[35,45,53. A concentra-
tion of the probabilities for channel spin d&=0 for the
1 24\g appears to be linked to a prolate-prolate dinucleautterfly motion was found for thé®si+2Si reaction. This
system[42] in a pole-pole configuration. is cqnsu;tent with the angular distribution data shoyvn in Fig.
The general concept of the molecular mof#2—44 is 6, withL=J. The present fragm(_ant—fragmemtemnudenpe
based on simple considerations that, at very high spins (data for the mutual excitation exﬁ-c_har_mel, sh_own in Fig. 15
=344 -46), the dinuclear configurations tend to have veryfor the decay of t_he 38 resonance, indicate onentatlons for .
elongated, but stable shapes due to the dominant centrifugifl€ fragments spins in the resonance state which are both in
forces. Three typical, equilibrium configurations are the reaction plane. To explain the experimental obseryatlons,
sketched in Fig. 16 for thé*Mg+24Mg, 28Si+28Si, and the molgqular model has been further develop&q to in-
12C +12C systems, respectively. The characteristic normaf!ude mixing of thek quantum number. _ _
excitation modes of motion of these configurations may be A rotating molecular frame is introduced, with taexis
responsible of the observed resonant structures. The stagp@rallel to the relative vector of the two interacting nuclei.
configuration of prolate-prolate systems, such ##ig Figure 16b) illustrates the triaxial configuration of the
+24\g, is shown in Fig. 163 and is predicted to be a pole- oblate-oblate system which rotate; aroundzheis which is
to-pole configuration, as a consequence of the prolate sha;ﬁ’é”a”el to the normal of the reaction plane. The24scenar|o is
of the interacting®*Mg nuclei. In the case of collisions be- d!fferent for prolate-prolate cases .SUCh .%M.gjL _Mg n
tween two oblate deformed nuclei, as is shown in Figgb)16 Fig. ;LG(a), where the pole-pole configuration is axially sym-
and 16c), it has been speculated that an equator-equatd?“etr'c' F_or_ the_oblate-oblate _syste_m, the Tomtzantsoof inertia
touching configuration is favorefi72]. The observed mis- ©f the “g'g dmuclegs congguratlon I$x=uR+1;x2,
match of the spin vectors iReSi+23Si with the orbital an-  ly= #R*+15X2,1,=17x2=1,X2, whereu is the reduced
gular momentum have tentatively been discug85j53 as  mMassR the relative distance joining the mass centres of two
a candidate for a butterfly mode of excitation, where theinteracting nuclei, and{ is the moment of inertia of the
intrinsic spins of the two interacting nuclei couple to zero. fragment around its intrinsicaxis, taking the symmetry axis
The rotating molecular frame of the dinuclear system ha®s the intrinsiz axis. This means that is not a good quan-
been definedsee the schematical view of the Fig. 1 in Ref. tum number. The mixing of th& quantum number is calcu-
[44]) to describe quantitively the collective motions of the lated by diagonalization of the rotational energy, which is
intrinsic states. For the sake of simplicity, the constituentapproximately equivalent to solving the harmonic oscillator
nuclei such ag*Mg and %Si are assumed to have a constantin K space in the high spin limitwhenK/J~0). The solu-
deformation and the axial symmetry. Still, the dynamicaltion is a Gaussian function multiplied by an Hermite poly-
equations need to be solved with seven degrees of freedonpmial f,(K)=H,(K/b)exd —(K/b)?/2] where the width
[43]. Three degrees of freedom are from the relative vectoparameterb is given byb=(2J%1/A)Y* wherel glzlz’l
R=(R,0;,6,). The collective degrees of freedom of de- —I.}' and A~ =1 *—1_} with I.}'=3(1*+1,"). Since
formed nuclei are the orientations of the symmetry axesthe K mixing gives the distribution of orientations of the
which are described by the Euler anglea;(B;) and whole system around the molecutaaxis, orientations of the

(c)

Y
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fragment spingpancakeks have the same distribution. It is mutual inelastic channels have been fairly well reproduced at
interesting to notice that, for large valueslhiK =0 implies  E,;;,=120 MeV by these coupled channel calculatigsse
that the angular distributions of this rotating system approaciRef. [2], and references therginvith a potential assuming
the 1/sin@) angular distribution expected classically for an barriers located at quite large relative distan@#sn). How-
isotropic emission. The angular correlation ofyaay emit-  ever, the large oscillations calculated forward of 60° are not
ted from the fragments is calculated with this distribution ofpresent in the datg8]. The large value of the relative dis-
the spin orientation fob=1.3 (a value which is consistent tance corresponds to a radius where the charge density of
with the dinuclear configuration and compared with the *°Si is reduced to 5% of its maximum value. It reflects the
measurements in Fig. 15 for all the three atas (b), and  Softness of thé®Si nuclei when they touch each other. An-
(c). The good agreement found for the mutual excitation exiother attempt to account for the low resolution data was
channel is consistent with a strong concentration in=0" made using projection methods within the framework of the

states. Calculations for the single excitation exit channel ard00rway model[73]. Similar coupled channel calculations

in progresg 46. are highly desirable for thel™=38" resonance aftEy,
The observation for thé3Si+25Si (oblate-oblatesystem = L11.6 MeV. Many-particle many-hole calculatiop40]

of a vanishing spin alignment may result from a butterfly YN the Hartree-Fock approach have been carried out for

motion and tilting mode. On the other hand, the channel spir?GNi’ and a highly deformed ¥616h band has been found

probabilities calculated for th&*Mg+2*Mg (prolate-prolatg tozgeproduce the sequence of resonances observetfSor
system do not show such &m0 concentration as found for > between the resonant energies witky 364 and J
the butterfly mode of excitation, due to a fluctuation in the=40%, including the 38 resonance. It is thus reasonable to

small probabilities. The results of the present analysis ar§OnSider associating these molecular resonances with the
encouraging for further investigations of fragment spin align-Shape isomers calculated in the Hartree-Fock formaflon

ment associated with heavy-ion resonances. These measure-

ments promise to develop important new structural informa- VI. SUMMARY AND CONCLUSIONS

i 24 28 28c;

O e e g oy, The 338 resonance observed s S| dat
e . =111.6 MeV h n i h fragment-

within the molecular model framework by Schmidt and Sc- lab © as been studied by bot agment

heid [82]. However, in this case the spin alignement ob-

served in the experimental daf@6] has still to be under-

stood within the molecular picture.

fragment and fragment-fragmemt-coincidence measure-
ments. From the analysis of the particle angular distributions
of the mass-symmetrié®Si+ 28Sj exit channel, it can be con-
cluded that, at the resonance energy, the spin vectors of the
) ) ) 285j fragments do not couple with the orbital angular mo-
D. Alternatlvzaz thegget_lcal calculations mentum, leading tan=0. This result was not anticipated
of the * Si+*Si scattering and is sharp contrast with similar measurements for the
The structural configuration of the molecular resonance*”C +°C and ?Mg+2*Mg systems. The fragment-
states populated iR®Si+ 28Si scattering has also been stud- fragmenty coincidence data demonstrate that for tHSi
ied within an orbiting cluster model approa@¥]. A gener-  fragments, the mutually excited states are the most strongly
alized moment of inertia expression that applies to i populated. The population of states of ti€=3; band ap-
dinuclear configuration, rather than a mononuclear one ipears to be a rather strong indication of @slate deformed
based on the two-center shell modig] (TCSM). However, shape for the fragments.
the oblate nature of thé®Si nucleus has yet to be included  The general overall good agreement between data and a
properly in this model and, thus, more refined TCSM calcu-+transition-state model calculation at higher excitation ener-
lations are highly desirable. The generator coordinate andies suggests that statistical fission decay is important in both
resonating group methods have been applied for ¥&  the 28Si+28Si and 32S+2%Mg exit channels, while the reso-
+283j reaction with the double-resonance model by Langanance behavior appears to involve preferentially the low-
nke et al.[85] to explain, with some success, both the grosdying states of the mass-symmetric channel. The TSM calcu-
structure[7] and intermediate structurg8] present in the lations describe both the structures observed at high
experimental excitation functions. Similarly, Thiel al.[86]  excitation energy in the fissidQ-value spectra and the popu-
have used the nuclear molecular concept to analyze thiation pattern of states in thé®Si fission fragments. Al-
28sj+ 285 cross sections on the basis of coupled-channel cathough the lack of off-resonance data may limit some of the
culations. They have show86] for the first time that the conclusions that can be drawn from this work, the observa-
theoretical concepts of a double-resonance model developéins do favor the calculations of the molecular model of
and applied succesfullj2] for lighter systems can be ex- Uegaki and Abg44], which predict a vanishing spin align-
tended to heavier ones. The broad structures in the excitatioment for the?8Si+ 28Sj system at the resonance energy. The
functions[7] of the 80° and 90° differential cross sections, calculations are also consistent with the experimentally ob-
measured wit a 1 MeV step size, for the elastic scatteringserved alignment in thé*Mg+2“Mg collisions. Overall, the
and single excitation to the 2state in28Si are well repro-  results of this paper provide further support for recent theo-
duced. However, the intermediate-width structures evident imetical investigations that view the resonances in terms of
the 100-keV step size excitation functip@] are not repro- shape-isomeric states stabilized in hyperdeformed secondary
duced. The angular distributions for the elastic, single ananinima. However, a more global understanding will surely
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