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Vanishing spin alignment: Experimental indication of a triaxial 28Si128Si nuclear molecule
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Fragment-fragment-g coincidences have been measured for28Si128Si at an energy corresponding to the
population of a conjectured resonance in56Ni. Fragment angular distributions as well asg-ray angular corre-
lations indicate that the spin orientations of the outgoing fragments are perpendicular to the orbital angular
momentum. This differs from the24Mg124Mg and the 12C112C resonances, and suggests two oblate28Si
nuclei interacting in an equator-to-equator molecular configuration.@S0556-2813~99!50610-9#

PACS number~s!: 25.70.Ef, 23.20.En, 27.40.1z
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In heavy-ion collisions the observations of unusual mo
of nuclear excitations, such as giant dipole resonances
on excited states, scissors mode vibrations, and quasimo
lar resonances, have led to important insights regard
nuclear and subnuclear degrees of freedom. Most of th
special dynamical modes can be understood as collective
cillations around potential minima in the macroscop
nuclear potential energy surface. These minima, which m
correspond to spherical, deformed, and superdeformed
figurations of the composite system, can allow states wh
are sufficiently long-lived to strongly influence the dynam
of the system. The search for nuclear molecules has a
history @1# starting with the pioneering discovery@2# of the
so-called quasimolecular resonances in the12C112C scatter-
ing in the Coulomb barrier region. Subsequently, interme
ate width resonances were also discovered in the excita
functions of mutual inelastic12C112C scattering yields well
above the Coulomb barrier@1,3#. These latter resonance
were found to be associated with a mutually aligned com
nent @3# suggestive of the formation of a rotating dinucle
complex in an equator-equator sticking configuration@4# be-
cause of the oblate shape of12C. The most intriguing evi-
dence for such exotic excitation modes in dinuclear syste
is the observation of pronounced, narrow, and well-isola
resonant structures in elastic and inelastic excitation fu
tions measured for various medium-mass compound nu
~CN! (40<ACN<60) @5,6#. The observation of resonan
structures in the medium-mass region was first reported
the 28Si128Si reaction@5#, and subsequently for the24Mg
124Mg reaction@6,7#. This resonant structure, strongly co
related in the exit channels, suggested a corresponden
quasimolecular states in56Ni at high excitation energy
(ECN* 560–75 MeV) and high angular momenta (34–42\).
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These large values of angular momenta are of special inte
because they exceed the rotating liquid drop model limit@7#.

Based on the results of Nilsson-Strutinsky calculations
has been suggested@8# that shell-stabilized superdeforme
states may exist in the secondary minima of the adiab
potential energy surfaces for the56Ni nucleus in the region
of high ECN* and large angular momenta relevant to the o
served resonances. The28Si128Si resonances would then b
associated with metastable quasimolecular configurat
with extreme deformations. Spin alignment measureme
@9,10# for the resonant24Mg124Mg system are already
available. Based on these measurements, a deformed
figuration is suggested for the48Cr dinuclear system tha
corresponds to two prolate deformed24Mg nuclei in a pole-
to-pole arrangement@7#. Because of the complexity of th
resonant structure, where several narrow resonances
found to have the same resonance spin, its analysis so
within a static approach is difficult. Dynamical aspects
this dinuclear complex were studied within a molecular a
proach @11,12#. Similar calculations have been applied f
28Si128Si @13# which is, however, an axially nonsymmetr
system arising from the oblate deformation of the28Si
nucleus in its ground state. To explore these differences
to obtain more precisely the triaxial properties of the28Si
128Si resonances, we have performed a high-statistics
perimental study of the28Si128Si collision at an energy cor
responding to a conjecturedJp5381 resonance in56Ni @5#.

In this Rapid Communication we report on experimen
results obtained at the Strasbourg VIVITRON Tandem acc
erator using a28Si beam of energyElab5111.6 MeV. The
analyzing magnet was calibrated before and after the exp
ment with a reproducibility of better than 0.07% to ma
sure that the chosen energy does well populate the reson
@5#. The beam struck a 25mg/cm2 thick natSi ~92% of 28Si)
target. The Si target thickness corresponds to a beam en
loss ofDE5130 keV, which is smaller than the width of th
resonance (G lab'300 keV). In order to check the beam e
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ergy, previous results of large-angle elastic scattering c
sections@14# available at close bombarding energies we
compared with the present experiment. Heavy fragme
were detected in coincidence using two large-area
position-sensitive detectors located symmetrically on eit
side of the beam axis in order to cover the laboratory ang
range from 22° to 73° in the horizontal plane with a so
angle of 114 msr and a vertical angular acceptance
'64°. The g rays emitted from the fragments were d
tected in the 54 Compton-suppressed germanium detecto
the EUROGAM Phase II multidetector array. Data we
taken in both double and triple coincidence mod
fragment-fragment~F-F! and fragment-fragment-g (F-F-g),
respectively.

The excitation-energy (EX) spectrum corrected for F-F
detection efficiency in the28Si128Si exit-channel is shown
as histograms in Fig. 1. The cross sections have been
tained after integration over the range of scattering ang
61°<uc.m.

FF <114°. The spectrum is dominated by peaks c
responding to transitions to large negativeQ values and to
mutual inelastic excitations with large spins. ForEX
<10 MeV the identification of most of the states based
their g decay is straightforward and spin assignments of
lowest energy peaks are given in the figure. Their peak yie
are in very good agreement with previous elastic, 21, and
(21,21) cross sections data@5,15# taken at the 381 reso-
nance energy ofElab5112 MeV. An analysis of the result
of Ref. @14# taken at three bombarding energies 111, 1
and 113 MeV, which span the resonance in the same ang

FIG. 1. Excitation-energy spectra for the28Si128Si exit channel
in the angular region 61°<uc.m.

FF <114°. The efficiency corrected
F-F data~histograms! and the TSM calculations~dashed line! are
integrated cross sections. Theg-ray efficiency corrected F-F-g
spectrum gated by the 2839 keV (41→21) g-ray transition is pre-
sented as shaded histograms.
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range 90°61.8°, gives the ratios of the mutual to single 21

excitations ass(21,21)/s(21)51.4560.01, 1.6460.02,
and 1.2460.01, respectively. The present data yie
s(21,21)/s(21)51.6560.01 indicates that the
VIVITRON beam energy chosen for this work was close
the resonance energy of 112 MeV. The dashed line in Fig
shows the results of statistical-model calculations accord
to the transition-state model~TSM! for fission decay using
standard parameters for56Ni CN @16#. At high excitation en-
ergies (EX>10 MeV), where the number of possible mutu
excitations is large, the TSM calculations are in qualitat
agreement with the data and suggest the importance of
fission decay in this energy region. For discrete low-lyi
states (EX<4 MeV) a resonant, nonstatistical behavior
known to dominate the yields of these exit-channels a
consequently, as shown in Fig. 1, it is not surprising that
TSM calculations fail to describe these yields.

In order to investigate the resonant effects and to de
mine their most favorable angular momentum, we extrac
the F-F angular distributions~AD! by selecting excitation
energy ranges corresponding to different states of the
28Si fragments@17,18#. For the low-lying states, the variou
~elastic, 21,21-21) exit-channels were found to displa
strongly oscillatory AD at backward angles in the center-
mass~c.m.! range 68°<uc.m.

FF <111° as shown in Fig. 2. Al-
though very weak at backward angles the elastic cross
tions are some 2 to 3 orders of magnitude above opt
model predictions@8#. The 21

1-21
1 group could not be re-

solved from the much weaker excited 41
1 level in the F-F

data alone. However, the F-F-g data were used to determin
the position of the 41

1 state and to set a narrow 21
1-21

1 co-
incidence gate in Fig. 1 accordingly to minimize the 41

1 con-
tribution @17,18#. Theg-ray efficiency corrected F-F-g spec-
trum gated by the 41

1 to 21
1 g-ray transition (Eg

52839 keV) @17# ~shaded histograms! shows that only a
very small fraction of the 21

1-21
1 peak~it can be estimated to

be less than 5%! correspond to a contribution of the 41
1 state

in the F-F spectrum of Fig. 1. Similarly narrowQ-value
gates were chosen for the elastic and single 21 peaks~a
Gaussian fit of the 21 peak would suggest a contribution o
less than 6% to the mutual peak!. The regular oscillations are
periodic and thus rather well described by the solid curves
Fig. 2 calculated with@PL538(cosu)#2 ~the dashed and
dotted-dashed lines have been calculated withL536 andL
540, respectively!. Despite the possible contamination
more direct reaction mechanisms and the admixture
smaller angular momenta,L538 gives clearly a superior fi
~at least for the elastic and single inelastic channels! in good
agreement with previous elastic measurements@5,14#. The
21

1-21
1 channel might also contain the contribution ofL

536 but theL540 cannot be completely ruled out eithe
The AD’s measured for the four lowest energy states
consistent with AD results obtained at the resonance ene
for the same channels@15#. The fact that the measured AD’
correspond to shapes characterized by the same angula
pendence indicates that the resonant behavior is favore
the partial wave associated withL538\. Although this is
not a firm spin assignment, it does suggest that this migh
3-2
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FIG. 2. Experimental F-F AD of the elasti
(EX'0 MeV), inelastic (EX'1.7 MeV), mutual
inelastic (EX'3.6 MeV), and higher excitations
(EX'6.7 and 9.7 MeV). The dashed, solid, an
dotted-dashed curves represent squared Lege
polynomials with L536, 38, and 40, respec
tively. The dotted curve corresponds to a
sinu c.m.
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the spin value of the resonance in accordance with the
vious claims@5,15#. Since the total angular momentumJW

5LW 1SW ~where SW represents the total channel spin of t
fragments! is conserved andL538\ is the most favorable
partial wave in the three resonant exit channels, this imp
that the projection of the fragment spins along the direct
perpendicular to the reaction plane corresponding to
magnetic substatem50. For higher excitation energyEX
>6 MeV, the identification of the dominant excited stat
(41

1, 21
1) and (41

1, 41
1) shown in Fig. 1 was verified by usin

the F-F-g data @17,18#. In Fig. 2, the AD for the mutual
excitation states (41

1, 21
1) at an excitation energyEX

'6.7 MeV is not as strongly structured as the AD for t
low-lying states, whereas the AD for the mutual excit
states (41

1 , 41
1) has a shape comparable to 1/sinu c.m.

FF indi-
cating that the major part of the yields might have a dom
nant statistical fission origin as predicted by the TSM pred
tions ~see Fig. 1!.

The following analysis is focused on the F-F-g data in the
28Si128Si exit channel with both28Si fragments being de
tected in uc.m.

FF 590°67° ~see Fig. 2! with a very narrow
04130
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coincident gate set on the 21
1-21

1 peak of Fig. 1. Three quan
tization axes have been defined as follows:~a! the beam axis,
~b! the axis normal to the scattering plane, and~c! the axis
perpendicular to~a! and ~b! axes. Since the two28Si frag-
ments are detected in the angular region 83°<uc.m.

FF <97°, the
~c! axis corresponds approximately to the molecular axis
the outgoing binary fragments. The experimental results
the g-ray angular correlationW(ug) ~the polarug and azi-
muthal fg angles being defined relatively to each of t
quantization axes! for the 21

1-21
1 exit-channel are shown in

Fig. 3 by points. The mutual excitation channel is here p
sented rather than the single excitation channel since
known to induce more spin alignment in resonant syste
such as12C112C @3# and 24Mg124Mg @10#. The analysis
method of theW(ug) data is described in Ref.@7#, 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 F-F-g-g detection is
low and, consequently, the analysis was done with the c
dition of a g multiplicity equal to one. The strong minimum
in ~b! at 90° impliesm50 ~see the following discussion! and
3-3
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thus that the intrinsic spin vectors of the 21 states are ori-
ented in the reaction plane perpendicularly to the orbital
gular momentum. The value of the total orbital angular m
mentum therefore remains close toL538\, in good
agreement with the AD results. The 4p geometry of the
g-ray spectrometer also allowed us to fit theW(ug) ~see Fig.
3, solid curve! to obtain more quantitative information abo
the contributions from the different magnetic substates~see
Table I!. As proposed in@7#, the W(ug) data have been de
scribed by an expression of the formW(ug)
5(mpmWm(ug), where Pm represent either the magnet
substate population parameters in single or mutual 21 inelas-
tic scattering, or the relative intensities of transitions w
different Dm for E2 transitions between higher excite

FIG. 3. Experimental F-F-g angular correlations of the mutua
inelastic channel (21

1, 21
1) in the angular region 83°<uc.m.

FF <97°
for the three quantization axes defined in the text. The solid
dashed curves are fits of the data and model predictions, res
tively.
04130
-
-

states. Since the parametersPm enter the expression as linea
coefficients of the pure-Dm functionsWDm(ug), the fits were
calculated using a simple linear least squares procedure@7#.
The fit values given in Table I show a significantm50 sub-
state population, favored for both quantization axes~a! and
~b! but not in~c!, consistent with the spin vectors oriented
the reaction plane perpendicularly to the total angular m
mentum. The significant contributions ofm562 are consis-
tent with the AD analysis of the 21

1-21
1 which contain con-

tributions from L536 and 40. Admixtures of these othe
smaller orientations do not affect the observation of
dominant ‘‘disalignment’’ component consistent with th
AD results.

The present AD andW(ug) results are in contrast with th
alignment found for the24Mg124Mg reaction @9,10#. The
reason why the two systems differ so strongly may be as
ciated with the structure of the dinucleus configuration.
24Mg124Mg, the energetically favored configuration is th
pole-to-pole configuration~see Fig. 1 of Ref.@12#! due to the
prolate shape of24Mg. The system rotates about a minor ax
of the 24Mg nuclei ~perpendicular to the symmetry axis!.
Therefore, the total angular momentum is parallel to
24Mg spins to give rise to alignment. The energetically f
vored configuration of an oblate-oblate dinuclear system
the equator-equator configuration~see Fig. 1 of Ref.@13#!,
with two pancakes touching each other side-to-side (28Si is
oblate in its ground state and the feeding of the bands of28Si
has revealed that this nucleus is dominated by states
oblatedeformation@17,18#!. At a given angular momentum
J, this configuration rotates in a triaxial way approximate
about the axis normal to the plane defined by the two p
cakelike nuclei which corresponds to the largest momen
inertia in the state with the lowest energy@19#. The spins of
the 28Si fragments are thus in this plane (m50) since no
rotation can occur about their symmetry axes. This analy
is consistent with the conclusions obtained from the analy
of the AD data. The molecular-model calculations@13# have
been developed@19# to take into account the fact that th
largest moment of inertiaI x is only slightly larger than the
moment of inertiaI y about the in-plane axis that is perpe
dicular to the relative vector. This means that the total s
tem is slightly axial asymmetric about thez axis and there-
fore, the angular momentum vector is not completely para
to thex axis. To obtain an accurate description of this triax
rotor, as it is well known for polyatomic molecules, we d
agonalize the Hamiltonian of an asymmetric inertia tens
which gives rise to a mixing of theK projections of the total

d
ec-
tization
TABLE I. Magnetic substate population parameters deduced from fits corresponding to each quan
axis of Fig. 3 and from the model predictions discussed in the text.

Quantization Pm50 Pm561 Pm562

axis Fit Model Fit Model Fit Model

~a! 0.3060.08 0.48 0.1660.04 0.17 0.1860.05 0.09
~b! 0.4660.05 0.48 0 0 0.2760.02 0.26
~c! 0.1460.05 0.02 0.1760.03 0.17 0.2660.04 0.32
3-4
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spinJ. In the high-spin limit (K/J'0), the diagonalization is
found to be equivalent to solving a differential equation
the harmonic oscillator with parameters given by the m
ment of inertia@19,20#. With the wave function obtained fo
the lowest energy state we have calculated thePm’s ~given in
Table I! as well as theW(ug) ~dashed lines! for the mutual
inelastic channel~for which the second unobservedg ray is
summed over all possible directions! which are compared
with the data in Fig. 3. The characteristic features of
experiment~points! are in agreement with the molecula
model predictions@19#. A similar theoretical investigation
was independently proposed to describe the12C112C scat-
tering as an oblate-oblate dinuclear system in equa
equator orientations@4#. Although other possible picture
might be equally consistent to explain both the28Si128Si
and 24Mg124Mg scatterings, the present data will put seve
constraints on future attempts with alternate model desc
tions, such as, the double resonance model@21# or other
coupled channel calculations@22#.

In summary, the present high-resolution study
fragment-fragment-g coincidence data collected with a pow
erful 4p g-ray spectrometer for 28Si128Si at Elab
5111.6 MeV, populating a well-known molecular resonan
in 56Ni, does not show as strong evidence of fragment s
v.
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alignment with respect to the orbital angular momentum
found previously for12C112C and 24Mg124Mg. This was
first deduced from the measured fragment-fragment ang
distributions of the elastic 01

1 , inelastic 21
1 , and mutual in-

elastic 21
1-21

1 channels, which appear to be rather well d
scribed by a partial wave withL538\, and was confirmed
by the analysis of the fragment-fragment-g angular correla-
tions for the mutual inelastic channel. These observati
different from that of a spin alignment evidenced for24Mg
124Mg resonances may support the occurence, predicte
the molecular model, of a stable28Si1 28Si oblate-oblate di-
nuclear system in which the equator-equator spin orien
tions result from its triaxial configuration. Similar high
statistics exclusive measurements at energies which do
correspond to a molecular resonance would be very inst
tive.
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