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Abstract. Some aspects of clustering phenomena in nuclear structure
and reactions are reviewed. Particular emphasis is placed on the
relationship between cluster-like states and shape-isomeric states
which arise as a result of shell effects in deformed potentials,

Some recent evidence in favour of this connection is presented and
discussed.

The notion of clustering in nuclei dates from the earliest days of
nuclear physics following the observation of the spontaneous emission of
a-particles from heavy nuclel and the theoretical investigations of this
phenomenon by Gamow (1930). The idea of a cluster model of light nuclei
was first proposed by Hafstad and Teller (1938) and the structure of
many light nuclei has subsequently been interprated in terms of well
defined cluster configurations (Morinaga 1956). This concept has an
obvious apreal as a simplification of the nuclear many-body problem and
the idea of well-defined clusters of nucleons interacting via some

effective cluster-cluster interaction is part of our picture of many
aspects of nuclear structure.

The experimental evidence supporting these general ideas is abundant.
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Examples of states possessing unusually large overlaps with nuclear '5_._;
clusters are found in both resonance scattering studies populating =
unbound states of the final nucleus and cluster transfer reactions to ;
bound and unbound states. Perhaps the classic example is found in the =
nucleus Ne sfgdied by reactions such as a-particle resonance =
scattering on 0 and a-particle transfer reactions, A spectrum =
{Anantaraman 1979) of the 0(°Li,d) o-transfer reaction is shown in >
Fig. 1. The reaction is highly selective, showing strong %)pulation of =2
relatively few levels despite the known complexity of the ““Ne level =2
scheme above 6 MeV of excitation. Particularly noticable is the m;’_‘é
population of the ground-state rotational band (O+ 0.0; 2+, 1.63; 4+, E st
4.25; 6%, 8.78 and 8%, 11.95 MeV) as well as the K"=0" band beginaing =
with the 5.79 MevV J"=1" level. This splitting between the positive and =
negative parity bands indicates the importance of the microscopic - ~
structure underlying such cluster states which in the extreme cluster =
model should lie on the same rotational sequence, é

The location of K"=0" bands fn 20

Ne with large reduced widths for decay
into an a-particle and

O in its ground and excited states are shown in

E
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Fig. 2. K"=0" cluster bands in 2ONe (Hindi 1983). The location of the
lowest 10+ states (Allcock 1986) is indicated by open circles.

Fig. 2. Also indicated are the proposed dominant shell-model configura-
tions assoclated with each of the bands (Hindi 1983). Of considerable
interest in this respect has been the search for higher spin members of
these rotational bands and, in particular, the location of the lowest
J™10% level. If the extent which the cluster exists 1s determined by
the shell model sub-space from which its wavefunction is composed, each
rotational band should terminate at the maximum spin that can be
constructed for an 5=0, T=0 cluster within the sub-space. In this case,
for the (sd)” ground-state rotational band, we expect J,,,=8. Much
effort has been devoted to this problem over the years aﬁﬁ in a contri-
bution te this conference (Allcock 1986) a search for 10V states decay-
ing to the ground-state of 165 ig reported. No =10t states are found
below 23 MeV but strength is found in a narrow peak near 23,2 MeV and in
a broad peak centered at 27.4 MeV -- both these results are in accord
with earlier work (Artemov 1977). The location of these two states are
shown in Fig. 2. It is clear that they do not lie on any reasonable



extrapolation of the ground-state rotational band, but are most likely
members of higher lying bands whose shell model configurations allow
them to have spin 10 members, It thus appears that the ground-state
band of Ne does in fact terminate at J=8 indlcating the Iimportance of
the shell structure in these apparantly highly clustered bands.

Information on states with large cluster decay widths involving other
than «-particles came with the beginnings of the study of heavy-ion
reactions. In some of the very first studies of the energy dependence
of heavy-ion scattering and reactions evidence was found for the
existence of long-lived resonance states with large overlaps with
iig'mp%zex nuclear clusters, I refer of course to the experimeats on
“C+"“C and other light systems by Bromley, Kuehner and Almquist
(1960). Subsequent to this, similar phenomena have been observed in
much heavier systems (Braun-Munzinger 1977, Betts 1984) and, indeed,
whenever accelerator and experimental technology has allowed such
studies in a new reglon of target and projectile mass, evidence has been
found for the formation of long-lived, cluster-like states at high
excitation energy and in many cases at high angular momentum,

%xamfles of this kind of behaviour for the 12c+12C (Reilly 1973) and
60+169 systems (Maher 1969) are shown in Fig. 3 where the the 0 .q=90°
elastic scattering cross-sections are shown ag a function of center-of-

mass bombarding energy. In the case of 164yl 0, the broad structures
observed are generally Interpreted as a series of potential or shape
resonances formed in pockets which occur in the fon-ion potential --
the absorption for the surface partial waves being weak enough to keep
the resonance widths small, Studies of the scattering of l 0+"70 in the
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framework of the Ganerator Coordinate method (Langanke 1981) have led to
the identification of these broad resonances as a rotational band with a
structure closely related to the lowest states allowed by the Paull
principle which can be formed in the compound nucleus S from two 0
nuclei, Consideration of this in rather general terms, according to the
fideas of Harvey (1975), lead to some interesting insights into the
general problem of resonance formation in heavy-ion collisions. 1In this
plcture, the two separated ~~0 nuclel are described by simple harmonic
oscillator wavefunctions as shown in Fig. 4. The two nuclei approach
each other along the z axis which connects the centers of the two

As the two nuclei overlap the x and y degrees of freedom are

The number of oscillator quanta in the z
In

nuclel.
assumed to remain unchanged.
direction, however, has to change to satisfy the Paull principle,
the case of O+ 0 coalescing to form 3 S, this results in the
formation of a state with four particles (2m-2p) in the N=3 shell
outside a ““S1{ core. This so-called "diabatic" configuration is that
which is expected to be formed in the early stages of the collision
process as it represents the configuration reached by applying the
minimum changes to the wavefunctions of the colliding nuclel consistent
with the Pauli principle. (These ideas are supported by investigations
(Norenberg 1985) into the nature of dissipation in collisions of much
heavier systems). It is now interesting to ask to which shape this
diabatic configuration will relax., This may be answered by considering
the distribution of oscillator quanta between the x, y and z directions
and then applying an equilibrium condition (Bohr 1975) to obtain the
For the oscillator configuration shown in Fig. 4

shape,
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the equilibrium condition

then gives

which corresponds to an axially symmetric ellipsoid with r.m.s. axes in
the ratio

X: y: z = 1:l:2

This shape 1s of particular significance in the present case for, as
shown in Fig. 5, this ratio of oscillator frequencies corresponds (Wong
1970) to a deformed shell closure which thus, as can be seen in Fig, §
gives rise to a secondary minimum in the potential energy surface of 328
(Ragnarsson 1981). These ideas, which as outlined above are for angular
momentum zero, can be extended to rotating systems by cranking and, for
not too high rotational frequencies or too large deformations, can be
shown to lead to the same conclusions as is shown in Fig., 6 for spin 8,

The configuration discussed above corresponds to an 160+160 cluster-like
band with 2N+L=24 which has been identified in the GCM calculations of
Langanke, ggademann and Timm (1981) with a rotational band of bound
states in °“S, The observed broad structures are associated with a band
with 2N+L=28 which differs only from the lowest configuration by promo-
tion of four nucleons to the next major_ ghell, We see therefore that
the entrance channel resonances in 0+1% are closely related to
deformed shape isomers in the compound nucleus and may be thought of as
simple excitations based on the lowest state of S in the secondary

minimum with a 2:1 axis ratio.

Returning to Fig. 3, the data for 1264126 show congiderably more
complexity than for 0+1%0, Within the framework of the above
discugsion this can be seen to arise from the non-spherical nature of
the C ground-state which leads to an orientation dependence of the
collision process (Harvey 1975). It is also clear from the potential
energy surface (Leander 1975) for 4Mg shown in Fig, 7 that this too
possesses a richness of structure. Insight into the cluster structure
of the potential energy minima can be obtained by comparing the results
> 80"

Fig. 6. Calculated potential energy surfaces for 323 at spin 0 and spin
8 (Ragnarsson 1981).



of a recent calculation {(Marsh 1986) of qug within the cranked cluster
model, In this calculation, based on the cluster model of Brink (1966),
the positions of six Os a-clusters were allowed to vary without
constraint and local minima in the total energy of the system searched
for., The nucleon-nucleon force used was the Brink-Boeker Bl force
(1967). The density contours of the solutions with large deformations
are shown in Fig. 7 assocliated with the appropriate Nilsson-Strutinsky
minima -- the association having been made using estimates of the
deformation parameters from the cluster calculation density distri-
butions and their shell model configurations. It is important to note
that the stability of these deformed cluster configurations arises as a
congsequence of the shell structure of the deformed mean field and the
spin-1sospin degeneracy of the single-particle orbits and not from any
inherent stability of the clusters themselves.

The triaxial minimum (e=1.26, y=42°) shows a distinct planar structure
in which can be clearly discerned two triangular groups of three
clusters. This structure of three is the same structure found for the
l'C ground-state in this model before parity projection, and we
therefore expect this configuration to have a large overlap with two 12C
auclei in their ground-states and, when rotating, two ““C nucleil in the
excited 2t state with the spins aligned parallel to the rotation axis.
This connection has been pointed out by Mosel ({981) who noted the
effects of the relative orientation of the two 2C nuclei on the
potential calculated in a two-center shell model (Chandra 1978). It was
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Fig. 7. Potentlal energy surface for zaMg (Leander 1975) together with

density contours for the stable cluster configurations (Marsh 1986).
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further noted by Mosel that d¥nam1ca1 coupling effects in the entrance
channel tended to align the 1 C nuclei in the appropriate fashion and
thus enhance the population of the triaxial isomeric shape. This
configuration may therefore be associated with the band of broad
resonances observed {Cormier 1915, }378) in the elastic and single and
mutual {nelastic scattering of C+""C, data for which is shown in Fig.
8, and which have been seen to decay with the spins of both '“C nuclel
aligned (Komnerth 1985) as suggested above and as displayed in Fig. 9,

0f particular interest is the prolate minimum with €=1.0, y=0° and
€4=0.3. The cluster model also predicts this minimum to be reflection
asymmetric -- the density contours shown are those obtained after parity
projection. This minimum lies somewhat below the triaxial minimum in
energy and from the density contours and_shell model configurations
appears to have a structure based c¢n a C nucleus in its ground state
together with ancther in the chain-like excited 0" state. A similar
shape has been found in (Umar 1986) Hartree-Fock calculations and
studied (Strfxer 1984) in Time-Dependent Hartree-Fock calculations of
Cc(g.s.) + C(O{). The energy of this minimum suggests that this
configuration be identified with the narrow resonances observed (Bromley
1960, Erb 1980) in 2ct!2c in the vicinity of the Coulomb barrier (Fig.
10). Two questions arise, however, as a result of this interpreta-
tion, Firstly, the proposed cluster configuration has no obvious

overlap with two "“C nuclel in their ground states which leaves the L2

c
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width of the barrier resonances to be accounted for and secondly, the
maltiplicity of observed resonances in this energy region (see Fig., 10)
require additional degrees of freedom beyond the simple rotation of this
shape. A resolution of the first question comes from the work of
Takigawa and Arima (1971) who found that, in order to_reproduce the
electromagnetic decay properties of these states imn Ct a 207 mixing of
the exclted 0' chain configuration was required in the C_ground-state
which would then give the barrier resonances the desired "“C decay
properties. The question of other degrees of freedom coupled to the
rotation of this configuration has been addressed in the Hartree-Fock
calculations of Umar and Strayer (1986) who find a low frequency
isoscalar monopole vibrational mode (hw = 5 MeV) corresponding to the
vibration of the excited 12C through the l C in its ground-state as
shown in Fig. 1l. A similar resuit is obtained in the cranked cluster
model, The energy of thi{s mode agrees well with that extracted from a
vibration-rotation model fit (Erb 1981) to the spectrum of barrier
resonances shown In the lower portion of Fig. 10 and it can therefore be
concluded with reasonable certainty that the observed complexity results
from the coupling of this vibrational mode to the rotation.



Fig. 11, 1Isoscalar demsity contour% obtained in a TDHF calculation of
the time evolutlion of a 12C(g.s.)+l C(OT) configuration (Strayer 1984).

Some observations are relevant to future experiments seeking to confirm
the above speculations., The wavefunction of the proposed configuration
for the barrier resonances has an g-particle in the (sd) shell and an
a-particle in the (fp) shell outside a closed "0 core -- in agreement
with that obtained in the Harvey prescription for a ““C(0)) incident
along the symmetry axis of the oblate 12C(g.s[g. This configuration has
not only an obviously large overlap with the "0 ground-state and “Be
but also the relationship befgeen the 12C+ C barrier resonances and the
various rotational bands In ““Ne now becomes clear, In particular, we
would expect to see enhanced a-decays to the ground-state, 0, and OZ
rotational bands which are thought to be based on configurations which
would have large overlap with the above C+1 C isomer. This
expectation is qualitatively in agreement with the suggestions of Cosman
(198{% a?g Ledoux (1984) who, however, assigned the triaxial minimum to
the ““C+ “C barrier resonances. Finally, the reflection asymmetric
shape found in the Nilsson-Strutinsky and cluster model calculations
raises the question of the existence of negative parity members of the
bands built om this cogfi%uration. These wouid not, of course, have
been observed in the 126+12¢ entrance channel due to the spin zero
nature of 12¢ pyue could, for example6 be o?gergable via non-symmetric
entrance and exit channels such as Neta+" "0+ Be,

The extremely deformed minimum at €=1.25, y=0° {in the Nilsson Strutinsky
calculations also appears as an a-particle chain structure in the
cluster model calculations. Similar structures apfear in all A=4n
nuciei. 1Ia aﬁg this structuyre should decay into ¢ nuclei in the
chajn-like excited 0' state with subsequent decay into three a-particles
thus giving rise to "jet" like events. The location of these states
will involve the kinematic reconstruction of a multiparticle final state
and their investigation is an exciting experimental challenge.
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Qne lmportant questlon ilnvolves the
‘relationship of these extremely
deformed states with the less
deformed "normal" states of QMg.
Obviously the mixing between the
two must be rather small in order
to preserve the observed narrow
widths. Some new insight into this
question has come from studles of
the "fission" of ZAMg following
inelastic excitation., In one of
these, the results of which are
shown in f g. 12, the decay of
into two "“C nucleil following
inelastic excitation by a-particles
was measured (Lawitzki 1986). The
data show some correlation with
fragments of the glant quadrupole
resonance seen in the inelastic
scattering singles sgsctr m and 24
with the results of ,Y )< Mg
radiative capture (Nathan 1981)

24Mg

o-scattering on " 'Mg wit?
cofgcidence events for “C(g.s) which must also proceed through 2t
+ ““C(g.s.) and with tEe states in the continuum. Looking
radiative capture of at the Nilsson-Strutinsky diagram
(Lawitzki 1986). in Fig. 7 we can see that this
200; P
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Fig. 13.

nuclei following inelastic scattering[

for AMg fissloning into "“C{g.s.) +

(a) Total energy spectrum for fission of ““Mg into two

12,

(b) Excitation energy spectrum
2c(g.s.) (Fulton 1986).
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reaction may proceed elther through
the K=0 component of the GQR via
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0.28 .: N 6 the prolate deformed minimum or
024; /* o through the K=2 component which
SN : might mix with the oblate minimum
0.20 w‘}'}a A} at c=1,23, y=60°. These questions
0_1q£ Y ,w; (" remain to be explored in morte
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- b, studying this connection hag
0.12 "'/ i A recently been reported, A “Hg
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Coincident ~“C nuclei were then
detected at forward angles and each
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and fts future pursuit should prove
most profitable, especially as it
might then prove possible to study
deformed configurations which are
otherwise inaccessible.

Phenomena similar to_ thogse observed
in systems such as ““C+ °C have
also been seeam in muci heavier
systems such as 24Mg+zaﬂg (Zurmiihle
1983) and 285142851 (Betts 1979,
1981, 198la). An example is

shown in Fig. 14, where

gzcitiéion functions for the angle-averaged large-angle scattering of
Mgt““*Mg are shown. The observed narrow structures appear in a
correlated fashion in all the reaction channels and have been shown
(Saini 1984) to be inconsistent with statistical fluctuations and thus
correspond to more or less isolated resonances in the composite

system, In one case (Betts 1986) a series of measurements of elastic
scattering angular distributions over one of the narrow 24Hg+24Hg
resonances has been made which together with a constrained phase shift
analysis, leads to a spin assignment of J=34., These results imply that
the observed resonances correspond to a set of rather high szén states
lying somewhat above the yrast line of the compound nucleus "Cr. A
theoretical discussion along the lines of that presented above for
120412¢ 44 60+160 indicates that for two prolate “*Mg nuclei incident
end on end the diabatic configuration has an equilibrium shape which is
close to the 3:1 shape for which the deformed oscillator potential has a
shell gap for 24 nucleons. The effect of this shell gap on the
adiabatic potential energy surface (Ragnarsson 1984) of Cr i3 shown In
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Fig. 15. Potential energy surface for 480r at spin 32 (Ragnarsson

1984),
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Flg. 15 which clearly displays the deformed minfmum, Again it is ﬁikely
that entrance channel interactions play an important role in aligning
the two colliding nuclei thus enhancing the formation of the isomerﬁc
configuration. The experimental evidence that the two 4Mg nucleil are
aligned in this way comes primarily from the energy spectra (Safni 1986)
at large angles, an example of which is shown in Fig. 16. The spectrum
1s dominated by peaks corresponding to single and mutual excftations of
high spin states which, if their spins are aligned perpendicular to the
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Fig. 16. Energy spectrum of inelastically scattered 24”g+24Hg measured
at large scattering angles (Saini 1986).
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reaction plane, are favoured by simple
kinematic matching conditions, More
definitive evidence on this point comes
from some preliminary results on direct
measurements of the fragment spin
alignment (Mattis 1985).

the

are
orbiting
Namely,

Many of the features observed in
resonance data for heavy systems
similar to those of fully-damped
or "deep-inelastic" collisions,
complete damping of the entrance channel
kinetic energy together with the formation
of a relatively long-lived intermediate
complex which subsequently decays, the
fragments emerging with energies
characteristic only of the Coulomb
repulsion and orbital angular momeatum of
the system, These kind of processes have
been studied over the range of target and

ty

projectile combinations but only recently
has the detailed energy dependence of such
collisions been studied (de Rosa 1985,
Cardella 1986, Lucas 1986). Some of these
data are shown in Fig. 17 in which
excitation functions for different Z
fragments produced in the 288L+6 Ni
reaction are plotted. These data show a
number of broad structures which appear in

123

€, (MeV)
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Fig. 17. Excitation func-

tlons for different 2 Egag-

ments produced in the “~Si+
Ni reaction (de Rosa

1985). a similar fashion in the excitation
functions for several different Z
fragments, It thus appears that resonance phenomena and therefore the

existence of cluster-like deformed states may occur over an even wider
range of nuclei. It is an open question as to whether the diabatic
approach discussed above for light systems or the adiabatic approach
familiar from fission will be more appropriate for the heaviest
systems. The fact that the most recent evidence for fluctuating cross-
sections comes from studies of damped collisions, however, does suggest

that the former may be more correct.

In summary, the connection between cluster states and shape isomeric
states which arise as a consequence of shell effects in the deformed
single particle potentials has been discussed. It appears that many of
the features observed Iin the resonance scattering of heavy lons can be
understood in terms ofthe interplay of reaction dynamics and the
formation of deformed shape-isomers_ in the compound nucleus. This
discussion leads us to assign the 2C + "°C barrier resonances to a
fgflection afxmmefric configuration which has a large parentage with
C(g.s.) + "“c(0)) and the broad hl%ger energy resonances to a
configuration similar to two oblate C nuclel lying in the same
plane. These results, we believe, firmly establish resonances seen in
heavy-ion collisions as a feature of the nuclear structure of the

composite system.

This work has been supported by the U. S. Department of Energy, Nuclear
Physics Divislion, under Contract in part W-31-109-Eng-38.



References

Allcock S et al, 1986 contributed paper to this conference.

Anantaraman N et al. 1979 Nucl. Phys. A313 445,

Artemov K P et al, 1977 Sov. J. Nucl, Phys. 26 4.

Betts R R et al, 1979 Phys. Rev, Lett., 43 253.

Betts R R et al. 1981 Phys. Lett. 100B 117.

Betts R R et al 198la Phys. Rev, Lett. 47 23.

Betts R R 1984 Proc. Sth Adriatic Int, Conf. on Nucl. Phys. ed. N.
Cindro et al. (Singapore:World Scientific) pp. 33-52,

Betts R R 1986 Proc, Second Int., Conf. on Nucleus-Nucleus Collisions

" Nucl., Phys. A447 257c.

Bohr Aa and Mottelson B 1975 Nuclear Structure (Reading, Mass:Benjamin)
p. 77.

Bromley D A et al, 1960 Phys., Rev. Lett. 4 365,

Braun-Munzinger P et al. 1979 Phys. Rev. Lett, 38 944.

Brink D M 1966 Proc, Int, School of Phys. "Enrico Fermi" XXXVII ed. C.
Bloch (New York:Academic) pp. 247-277.

Brink D M and Boeker E 1967 Nucl. Phys. A91 1.

Cardella G et al. 1986 contributed paper to this conference,

Chandra H and Mosel U 1978 Nucl. Phys. A298 151.

Cormier T M et al. 1977 Phys, Rev, Lett. 38 940.

Cormier T M et al. 1978 Phys. Rev, Lett. 40 924,

Cosman E R et al. 1981 Proceedings of Symp. on Resonances in Heavy Ion
Reactions ed. K A Eberhard (Berlin:Springer) pp. 112-128,

de Rosa A et al. 1985 Phys. Lett. 160B 239.

Erb K A et al. 1980 Phys. Rev, C22 507.

Erb K A and Bromley D A 1981 Phys. Rev. C23 2781.

Fulton B R et al. 1986 Proceedings of Symp. on Many Facets of Heavy ion
Fusion, Argonne National Laboratory and contribution to this
conference,

Gamow G A 1930 Proc. Roy. Soc. Al26 632.

Hafstad L R and Teller E 1938 Phys. Rev. 54 681,

Harvey M 1975 Proc, 2nd Int, Conf, on Clustering Phenomena in Nuclei ed,
D A Goldberg et al., (Springfield:U.S. Dept. of Commerce ORO-4856-6)
pPp. 549-564.

Hindi M et al. 1983 Phys. Rev, C27 2902,

Konnerth D et al. 1985 Phys. Rev. Lett. 55 588.

Langanke K et al. 1981 Phys. Rev. C24 1023.

Lawitzki S et al. 1986 Phys. Lett. 174B 246.

Leander G and Larsson S E 1975 Nucl. Phys. A239 93,

Ledoux R J et al. 1984 Phys. Rev. C30 866.

Lucas R et al, 1986 contributed paper to this conference.

Maher J V et al, 1969 Phys. Rev. 188 1665. '

Marsh S and Rae W D M 1986 Phys. Rev. Lett. (in press).

Mattis A et al. 1985 Beschleunigerlabor Miinchen Annual Report p., 4.

Morinaga H 1956 Phys. Rev. 10l 254.

Mosel U 1981 Proceedings of Symp. on Resonances in Heavy Ion Reactions
ed. K A Eberhard (Berlin:Springer) pp. 358-371,

Nathan A M et al. 1981 Phys. Rev. C24 932,

Norenberg 1985 Proc. 2nd La Rabida Summer School on Nuclear Physics ed.
M Lozano and G Madurga (Singapore:World Scientific) pp. 492-530.

Ragnarsson I et al, 1981 Physica Scripta 24 215.

Ragnarsson I 1984 (private communication).

Reilly W et al. 1973 Nuoro Cimento 13A 897.

Saini S and Betts R R 1984 Phys. Rev. C29 1769.

Saini S et al. 1986 (to be published).

Strayer M R 1984 Proc. 5th Adriatic 1lnt, Conf. on Nucl. Phys., ed. N




Ciandro et al. (Singapore:World Scientiflc) pp. 95-108.
Takigawa N and Arima A 1971 Nucl. Phys. Al68 593,
Umar A S and Strayer M R 1986 Phys. Lett., 171B 353.
Wilczynski J et al. 1986 LBL Preprint No. 21415.
Wong C Y 1970 Phys. Lett. 32B 668
Zurmihle R W et al. 1983 Phys. Lett. 129B 384,




R (fm)

[0

| T=600

| Te180

T-?l)o '




