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FROM SUPERDEFORMATZON TO CLUSTERS

R. R. Betts

PhysJ.cs Division, Argonne National Lab., Argonne, IL 60439

Much of the discussion at this conference has centered on the

topic of sup erdefoL_ed states in nuclei, and their study with the

exquisitely precise tool of gamma ray ,pectroscopy, carried out with
state-of-the-art detector arrays, In the usual way in which

superdeformed states are populated, via compound nucleus formation
and evaporation, gamma decay is the last process to occur in the

decay chain. In some other sense, it is also the last to occur in

the meaning of least likely. Fisure 1 illustrates schematically the

_d_L_310

NORMAL SUPERDEFORMED

I, E_r

.......t

,v

OEFORMATION

Fig. 1. Schematic representation of the potential energy of a
nucleus as a function of deformation. The different

contributions to the decay widths of quasl-stab:e states in

the superdeformed minimum are indicated.

potential energy surface of a nucleus as a function of deformation
showin 8 the quasi-stable st, ares which exist in the secondary

superdeformed minimum at large deformations. Several components
contribute to the total decay width of states in this secondary
minimum. They are, respectively; F_, the ganwna decay width; Ff, the
fission or particle decay width and'F c, the width for decay into
states of normal structure. The natural units which set the scale

for each of these components are_ for F_, the Weissk_opf unit which,

for a 1 MeV E2 transition in a mass 150 _uclei gives [7 -" 4 x 10 "5
eV and for Fr, the Wigner limit which, roughly_ for symmetric
breakup gives values o£ several keV. Thus, we see that, in order
for gamma decay of superdeformed states to occur, not only must the
gamma decay width be tremendously enhanced by the collective
rotation og the system, but the fission decay width must be
enormously suppressed by penetration through the outer part of the

two-humped fission barrier. This, of course, is obviously the case
in those nuclei in which we have been able to observe gamma-decaying

states, but there is an implication that a much wider area of study

for super deformation may be available with modes other than gamma
decay.



The first evidence for superdeformatton came from the
observation of isomeric fissioning states in very heavy nuclei,.
These superdeformed states were populated via the compound nucleus
formed in, neutron capture, which then couples to the superdeformed

mini=_m throush F c, and fissions through Fr. The exact details of
this process depend on the relative values of F c and Ff and on the
level densities of normal and superdeformed states. One case which
is of interest in the context of the present discussion is, perhaps
prophetically, mentioned in Bohr and Hotteleon Vol, II I)

corresponding to the situation where Ff >> F c when the total, width
of the superdeformed states is much larger than the average width of
normal states. In this situation; "The broad type II (Juperde/ormed)
state would _tvongltt mani/e.t ita¢l/ in the h_lpothetic_ fig, giOn [ragment
tcG_eving protess." This is the subject of this talk.

Fission fragment scattering may be thought of as the ultimate
radioactive beam experiment. The fission fragments from heavy
nuclei are produced in highly excited states and therefore any
attempt to observe superdeformed states via the inverse of their
fission decay might seem fruitless. This is emphasized in Fig. 2,
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which shows the systematics of fission fragment kinetic energies

plotted as a functlon of Z21A I13 due to Viola2), compared with the

Coulomb energy fc_' touching spher'es of mass A/2. For heavier

systems, the difference between the fragment kinetic energies and
the spherical Coulomb barrier reflects the large deformations of the

fission fragments at scission and underlines the essential

i_osslbillty of mimicking the time-reversal fission process through

collision processes. For much lighter systems, however, the

fragment kinetic energies lie much closer to the spherical Coulomb

barrier, reflecting nhe shape transition predicted by the liquid

drop model 3) to a scission point configuration close to two touching



spheres. In these cases, therefore, we expect that scattering
processes may indeed be s£milar to inverse fission of the compound
nucleus. This observation opens up the possibility of studying
regions of superdefcrmation predicted to occur for Z < 40, A < 80
which _:an be accessed via a variety of scattering channels.

The above ideas provide a useful vehicle for discussion of some
featu_res of a wide variety o£ data on scattering and reactions of
light nuclei. One striking example 4) of this is shown in Figs. 3-5.
In Fig. 3, the angular distribution of elastic scattering of 28Si +
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Fig. 3. Angular distribution of elastic scattering of 28Si + 28Si
at a bombarding energy of 120 MeV.

28Si at al bombarding energy of roughly twice the Coulomb barrier is
shown. At forward angles, the data show a typical transition from
Coulomb scattering through nuclear..Coulomb interference to a steep

: fall-off characteristic of the scattering of strongly absorbing
particles. These features are readily described with a variety of
optical model calculations. At the largest angles, however, the

: data show mn abrupt transition to a highly oscillatory behavior
s'Imilsr to that of a pure Legendre polynomial squared of order L =
40 which, in this case, is the grazing angular momentum. In the
large-angle region, the elastic scattering channel is relatively
weak as demonstrated by the spectrum shown in Fig. 4 which shows
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Fig. 4. Spectrum of 28Si + 28SI at large angles measured at a
bombarding energy of 120 MeV.

strong excitation of inelastic and mutual inelastic channels. These
channels show the same general angular behavior as do the elastics

as displayed in Fig. 5. Namely, a forward angle dependence of the
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cross-sectlon characteristic of Coulomb and nuclear scattering with

stron_ absorption, and a large-angle behavior euggestlng the

presence of a much longer time-scale process,

-



The demonstration of the long time-scale involved in the large
angle cross-sections comes from the data 5) shown in Fig. 6 which
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Fig. 6. Excitation functions for elastic and inelastic scattering
of 28Si + 28Si showing many correlated structures of width
100-200 keV.

displays the energy dependence of the large angle cross-sections
measured in center-of-mass energy steps of 50 k_.V. The narrow
structures observed in this cross-section have been demonstrated 6)

to correspond to a complex pattern of Isolated resonances in the

composite system with anEular momenta, obtained from elastic

scattering angular dlstrlbutions 7) , ranging from 35-40 _. These
resonances, which appear with an average spacing of 300 keV lle in a

region of excitation energy and angular momentum from which the
level density of the compotmd nucleus, 56Ni, is calculated to be
several thousand per HeV. Conversely, their decay widths into the
symmetric channel (28SI + 285i) are on the order of keV whereas the

average compound nuclear state has a statistical decay width into

these channels of only eV. It is clear therefore, that these
resonances correspond to a rather special subset of states
stabilized against mixing into the more numerous compound nucleus

- states by some special s3_netry.
Information on the origin of this special stability comes from

+ data 4) for 28Si + 30Si and 30Sl + 30Si shown in comparison with 28Si

+ 28SI in Fig. 7. The addition of neutrons not only results in a

-
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Fig. 7. Total large-an_le cross sections for scattering and
reactions of _°Si + 28Si, 28SI + 30Si and 30Si + 30Si as a

function of compound nucleus excitation energy.

disappearance of the prominent narrow structures, but also in a

suppression of the total cross-sections by factors of two and four

respectively. The general behavior of these cross-sectlons, as well
as the mass distributions are quite consistent with the origin of

these processes being fission of the compound nucleus. In which

case, the disappearance of the narrow structures may be associated

with the disappearance of a shell-stabilized secondary minimum which
occurs with the addition of neutrons. These data, therefore,

provide evidence for superdeformatlon in the mass 56 region.
I_. should be hoped that one could proceed from these

observations to a spectroscopy which would then further test the

hypothesis. The pattern of resonances is, however, extremely

- complex and we lack evidence for unifying features of the data such
as rotational bands which appear in such a direct way in the gamma-

ray studies. For other systems, such as 24H@ + 24Hg8) shown in Fig.
8 there is an apparently simpler tlehavior, with similar groups of
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resonances appearing for each spin 8,9). lt is therefore of interest
to look at some models to see if any such features appear in a
simple way. In this case, the deformed harmonic oscillator provides
a useful starting point which may have some validity in these light
nuclei. Note here, that Nilsson-Strutinsky calculations 10) using
deformed oscillator shell corrections predict a 3.1 hyperdeformed
minimum for 48Cr at angular momenta appropriate to the 24M8 + 24Mg
scattering data.

The energy levels of an axially deformed harmonic oscillator
are shown in Fig. 9 plotted versus deformation. Shell gaps appear
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Fig. 9. Energy levels of an axially deformed harmonic oscillator
with the degeneracies of the shells which occur at integer
ratios of the frequencies.

at deformations corresponding to integer ratios of the frequencies
along and perpendicular to the deformation axis. Also shown are the
degeneracies of the orbits at these values of the deformation. For
2:1 deformation we see a doubling of the spherical degeneracles0 for

3:1 a tripling and so on. lt has been shown 11) that these sets of

degenerate orbits have the same SU(3) symmetry as do the spherical
shells and a decomposition of the deformed oscillator wavefunctions
at these deformations into "multi-clusters" has been proposed.
These authors were careful to point out that the use of the word
• cluster' was not to be taken in the usual sense, as such true

clusterin 8 would be strongly inhibited by the Pauli principle. A
closer look at the details of the wavefunctions, however, reveals a



possible connection between the deformed oscillator and clustering.
For example, for the 2zl shape, the quantum numbers of the
desenerate orbits fall into two groups,
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This connection between the spherical quantum numbers and those at
the 2.1 shape is precisely that which comes from the evolution of a
two-center shell model into a single center potential, provided that
this evolut_.on takes place adiabatically. The origin of this is
illustrated schematically in Fig. I0 where the evolution of the
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Fig. 10. Evolutlon of the potential, wavefunctions and energies of a
symmetric two center harmonic oscillator.



wavefunctions and energy levels in a two-center model are shown as a

function of separation of the two centers. In the symmetric two-

center case, the requirement that the wavefunction have good parity

results in an initially degenerate pair of states with positive and

negative parity which split as the two centers merge. In this way
the quantum number N of the single center potential wavefunctions

evolves to either 2N or 2N+1, exactly as is the case for the 2_I

oscillator. These ideas may be generalized to the N;1 oscillator
and the N-center shell model and also to cases of non-axial

symmetry° The general conclusion is that states in the secondary

minima created by the degeneracies which occur in the deformed shell
model with rational ratios of axes will, if allowed to do so

adlabatically, naturally evolve into clusters suggested by t}xe SU(3)

symmetries of the deformed shells. Thus, although the overlaps of
the deformed wavefunctions with the clusters may not be large, they

contain the correct symmetries for the dynamical evolution of the

system into many-center states which have complete overlap with the

clusters. In this way° the parentage of highly deformed states can
be identified and selection rules for their decay determined.

The above discussion provides some new insight into the

comparison of the results of a multi-center shell model

calculation 12) of six alpha-particles with a Nil_son-Strutinsky

calculation 13) of 24Mg. The results of these two calculations are

shown in Fig. 11 where the deformed shell model potential energy
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model calculation.
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surface is compared with the density contours of quasi-stable

configurations of six alpha-particles from the many center shell

model calculations. Zt is possible to make a one-to-one

correspondence between the two calculations in a way which gives new

order to the variety of resonance phenomena seen in reactions

leading to 24Hs. The triaxial minimum (_ - 1.1, 7 = 40") is seen to
correspond to a cluster configuration which has the symmetry of two

12C (ground-state) triangles and should therefore be identified with

the family of broad resonances seen in 12C + 12C elastic and

inelastic scattering 14) . The reflection asymmetric minimum (e =

1.0, 7 " 0°, E3 " 0.30) has a rather complex structure, with overlap
with 2ONe +a, 150 + 8Be as well as 12C + 12C channel. This

configuration is the basis of the original 15) 12C + 12C barrier
resonances and has also been recently, and elegantly, studied 16) via

24Mg breakup reactions.

In these recent experiments, a beam of 24Mg bombarded a 12C

target and 12C fragments were detected and identified at forward

angles. From their energies and angles, events corresponding to
breakup in which all three participating 12C nuclei are in their

ground states were selected and the excitation energy of the 24Mg

decaying to two 12C determined. Thus resulting spectrum is shown in

Fig. 12. This spectrum is quite similar to the spectrum of
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Fig. 12. Excitation energy spectrum of 24M 8 states which break up

into two 12C (g.s.). The inset shows the rotational band

formed by these states.

resonances observed in 12C + 12C reactlons 17) in the same excitation

energy region. From the angular correlations of the two breakup 12C

it. is possible to deduce the resonance spins 18) which, as shown in

the inset, lie quite nicely on a rotational band with a moment of
inertia of 60 keV, compared to 94 keV predicted from the multi-

center shell model, and 74 kev from the deformed shell model.

Finally, both the deformed shell model and multi-center shell

model predict the rather exotic configuration with a 6:1 axis ratio

corresponding to a linear chain of alpha-partlcles to be stable.



Phase space and structural considerations lead us to expect that
states of this configuration will split into two three alpha-
particle chains which, in the cluster model, correspond to the 7.65

MeV 02+ state in 12C. The 02+ state in 12C is itself unstable to
decay into alpha + 8Be and we therefore expect the 24Mg chain

configuration to result in six alpha particles produced in a

kinematically correlated fashion via _he above sequential route.
The detection and characterization of a six particle final state is

in itself a formidable challense. A search for this signature of

the chain confisuratlon has been carried out19), usin 8 an array of

double-sided silicon strip detectors which allow the simultaneous

detection of several particles with 8ood energy and spatial

resolutlon 20). A beam of 12C was used to bombard a 12C tarset - the

resultin 8 particles were detected on either side of the beam axis

with two 5 x 5 cm, 256 quasi-plxel, strip detectors. The resultin 8
excitation spectrum c,lculated from events in which three alpha-

particles hit a single detector is shown in Fi 8. 13, showin 8 the
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Fig. 13. Excitation spectrum of 12C for events in which three alpha

particles are detected in one strip detector.

7.65 MeV 02+ in 12C. For events in whic_t three alpha-particles were
detected in each of the strip detectors_ the total excitation enersy

spectrum shown in Fi 8. 14 clearly shows the double excitation of the

02 + channel, the sought after decay mode of the 24M E chain. The
cross-section for this channel is shown as a function of enersy _n

Fig. 15 and exhibits a pronounced broad stru_.ture centered at zME_mg=32.5 MeV correspondin 8 to an excitation enersy of 46.4 MeV in

with a width of approximately 5 MeV. Subsequent detailed

measurements of the angular dlst.ributions over the resonance show
that, whereas the structure is not characterized by a slnsle angular

momentum and therefore corresponds to a number of overlappin 8

resonances, it does appear to be dominated by ansular momenta in the

vicinity of 14-].6 _. Thus, the observed structure lies very close

to the predicted crossin 8 of the rotational band based on the chain
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configuratLon with the 12C + 12C grazing trajectory, as illustrated
in Fig. 16. Further experiments and analysis ares clearly necessary
to substantiate _heee suggestions but the data are quite consistent
with the observation of these extremely unusual configurations of
alpha-particle chains.

In summary, there exists cleat evidence for the existence of
shell effects a_, extreme deformations £n li&ht nuclei studied via
fission and cluster decay. The cormection between the deformed
shell _del and the multL.center shell model can be exploited to

siva insight into the cluster structure of these extremely deformed
states and also give hope for a spectroscopy based on selection
fuzes for cluster decays Which come from this connection. A clear
handicap ts, however, at this stage, our inability to make thi_
spectroscopy more quantitat£ve through calculation of the cluster
decay widths. Pin ally, it in ais'o apparen_ that t'ne _.nt_uduuL_o_ o_
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channel fs indicated by the dashed lines.

a new generation of hfgh se_entation, high resolution particle
arrays has and will have a major _npact on this aspect o£ the study
oX nuclear structure at extreme deformations.

Collaboration and discuosions with Harttn Freer and Alan

Wuosmaa durin 8 the preparation of this talk are gratefully
i acknowledged. Thfo work fs supported by the U.S. Depart_nent o£

F_nergy, Nuclear Physics D£vision, under contract W-31-109-ENG-38.
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