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RESONANCES IN HEAYY SYSTEMS

R. R. BETTS
Argonne National Laboratory
Argonne,-I11inois 60439

The experimental situatior for the study of resonances in
heavy-ion collisions 1is reviewed, with emphasis on the
heaviest systems. New data are presented which show some
of the systematics of this phenomenon. The narrow re-
sonance structures are established as a feature of the
nuclear structure of the composite system rather than a
purely entrance channel effect.

1.  INTRODUCTION

The advent of a new generation of precision heavy-ion
accelerators such as the large tandems and superconducting
linac boosters opens up many new possibilities for the de-
tailed study of heavy ion interactions. One area of re-
search which is greatly extended by the characteristics of
these new machines is that of resonances in heavy ion
reactions, the study of which requires a wide variety of
beam species with both excellent energy resolution and
easy enerqgy variability.

For many years now, resonances of width 100-200 keV
have been known to exist in elastic scattering and
.reaction cross-sections for systems such as !2¢ + 12¢,
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12¢ + 169 etc., but only very recently have apparently
similar structures been observed in much heavier systems
such as 2%Mg + 2“Mg and 28Si + 285i,1 The observation of
such narrow states at high excitation energies in the com-
pound nucleus points to these resonances possessing some
special structure or quantum numbers which inhibits their
mixing with the many times more numerous compound nuclear
states. In addition, the resonances observed in the
heavier nuciear systems appear to have extremely high
angular momenta and are among the highest spin states
directly observed in any nucleus. The further study and
characterization of this phenomenon is therefore of great
current interest and it is likely that its understanding
will have impact, not only on our views of heavy ion
reaction meghanisms, but also on nuclear structure at high
spin and large deformations.

2.  EXPERIMENTAL SIGNATURES OF RESONANCES

2.1. General Features of Angular Distributions

The early studies of heavy ion elastic scattering at
energies not too far above the Coulomb barrier indicated
the dominance of the effects of barrier penetration and
strong absorption, leading to angular distributions which
are well accounted for by simple optical model parametri-
zations. More detailed studies have shown, however, that
at large angles there are dramatic departures from this
simple picture. An elastic scattering angular distri-
bution for 283 + 28S{ at a bombarding energy of 120 MeV
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(twice the Coulomb barrier) is shown in Fig. 1. These
data show a smeoth fall off in angle beyond the grazing
bump, interrupted at o, = 60° by a transition to an
oscillatory behavior. The period of the angular
oscillations is close to that of Pg(cose) with L equal to
the grazing angular momentum at this energy (40 4). The
cross sections observed in this angular region are from
one to several orders of magnitude larger than those ob-
tained from optical model calculations using a strongly
absorbing potentia]3 (V=37.5 MeV, r, 1.172 fm, a =
0.624 fm, W 24.1 MeV, ro = 1.090 fm, a' = 0.659 fm)
which gives a good account of the data forward of 60°.
The magnitude of the predicted large angle cross-section
can be brought into agreement with the data by reducing
the value of the imaginary diffuseness. This procedure,
however, produces angular oscillations forward of 60°
which are manifestly not present in the data.

Similar behavior is observed 1in data®
trangitions as shown in Fig. 2. The fall off beyond the
grazing angle is again replaced by an almost isotropic or
oscillatory behavior. At large angles the cross-sectiecns
for inelastic scattering are dominated by transitions at
quite negative Q-values as shown in the spectrum displayed
in Fig. 3. The average Q-vaiue of -10 MeV corresponds
roughly to that given by sticking mod2ls of deep inelastic
scattering which, together with the angular behavior of
these cross-sections, may suggest their explanation in
terms of some long-lived orbiting phenomenon.

for inelastic
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2.2. Excitation Functions

A further indication of the origin of these anomalous
cross-sections comes from excitation function measure-
ments. Figure 4 shows the elastic scattering cross-
section? integrated over the angular range o., = 60°-90°
plotted as a function of bombarding energy. The target
thickness corresponded to an energy loss to the beam of
500 keV. We observe a number of broad structures each of
width aE., = 1-1.5 MeV. For the broad bump near E ,p =
118 MeV there is some indication of a much narrower struc-
ture which is more fully reveaied in the data5 shown in
Fig. 5 which were measured in 100 keV steps using a target

6
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only 70 keV thick to the beam. These data show that each
of the broad structures in the elastic scattering yields
is indeed fragmented into a number of much narrower pezks
with widths of 100-200 keV. These same narrow peaks
appear in virtually all the resolved inelastic channels as
well as in the sum of the resolved transitions together
with the many unresolved states at higher energy in the
spectrum (Fig. 3). Analysis of the correlations between
the narrow peaks rules out an interpretation in terms of
statistical fluctuations and we therefore conclude that we
are indeed observing more or less isolated resonances of
the system.



R. R. BETTS

T H { i i T J T 1
| ;‘lﬁ%.& TOTAL
2k ; ML LN
R T G
fpatd v
thody 2t T H ! ﬁd
O i TS 1
¥R
% :
o | “ + + -t
2 u‘ﬁ‘ W‘“ “‘k M,{,& % L M 4*2
¥
a 2 | i ”N P4
o L ot i
' (LW
1 WMHMHH 22"
2_ X‘ | i R
ko, w 4‘%’#4“&»
w'\'i%!#% . i
ﬁ”
I- : W iﬂ‘#q’;qfﬁ 2*7
. i
oAk } ﬂﬁh&#w fhr :
?}H ¢ Hm t N
“.'?Q“?"akv ¢ h’fﬁlh!, :‘ "‘w‘r‘ i:i O+
L& w”ﬁ',g',«f,,},ﬂm‘ Vi,
W23 5 s ®
Egy(MeV)
Figure 5.

2.3. Resonance Spins

Although at the present time there are no firm spin

_assignments for the resonances observed in the
there are strong grounds for believing that they
Elastic scattering angular

system,

have extremely high spin.

288§ + 285§
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distributions4 over the argular range
1] Ocq ~ 70°-90° have been measured in
{11 Mev steps from E pp = 100 to 130 Mev
3- corresponding to the data points
j shown in Fig. 4. Some of these
i angular distributions are shown 1in
iFig. 6; the energies correspond to
peaks in the angle integrated yield.
A ; As. can be seen, particularly at the
.d higher energies, the data are well
gidescribed by pure Pf(cose) shapes
;'(solid lines), as would be expected
i for the angular distributions of
Y isolated. resonances. The experiménta]
T angular distributions do not change
;.appreciably within the confines of
| each broad structure, and only in the
7 minima between broad bumps do we find

Zook il
i '

R

ﬁ more complex argular distribution
1 shapes, The sequence of angular
| momenta obtained from the experimental
e % angular distributions agrees quite
Figure 6. closely with that for the grazing
partial wave, suggesting a strong connection between the
observed broad resonances and a series of potential
scattering resonances.

Preliminary calculations in which resonance ampli-
tudes are added to an S-matrix obtained from a strongly
.absorbing potential indicate that it is possible to obtain
extremely good agreement over the whole angular range with

the elastic scattering data shown in Fig. 1. . Were data of
9
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such quality available over a range of energies in fine
energy steps it is l1ikely that a parametrized phase-shift
analysis would lead to some more definite spin assignments
as have been made in lighter systems.

In any case, based on the present data, it is clear
that the resonances observed in 28Si + 28Si have spins
which range up to as high as 42 fi and are therefore among
the highest spin excitations directly observed in any
nuclear system.

2.4. Systematics as a Function of N and Z

In an attempt to establish the systematics of occurrence
of these high spin resonances we have measucred excitation
functions in 100 keV steps for a number of systems neigh-
boring 2837 + 28Si namely, 28Si + 305i, 305 + 30gj§
and 2%Mg + 2%Mg.

The results for the Si isotopes are summarized in
Fig. 7 where the angle-integrated summed elastic, in-
elastic and transfer cross-sections® for 28Si + 28gj, 283§
+ 305i and 39Si + 30Si are shown nlotted as a function of
compound nucleus excitation energy. These data show a
complete disappearance of the narrow structure, so promi-
nent in the 28Si + 28Si data, leaving only a hint of broad
oscillations for 285 + 30Sj, The disappearance of the
narrow structure is aiso accompanied by a decrease in the
cross-section by a factor of ~2 between each of the
systems.

10
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In contrast, the data7 for 24%Mg + 2%Mg is even more
striking than for 28Si + 285§,  These data, shown in
Fig. 8, snow several clearly isolated narvow structures
which are very strongly correlated in essentially all the
measured channels. Angular distribution data for the
narrow structures near E., = 46 MeV favor spins of J = 34
or 36 for all three which, surprisingly, is 2-4 f larger
than the grazing angular momentum at this energy.

A picture therefore emerges of resonances only
appearing in a-particle systems - consistent with the
observations for much lighter systems. In the present
czases it is unlikely that this disappearance of resonances
in non a-particle systems has anything to do with the
compound nuclear level densities, which are quite similar
for all the systems investigated here. The influence of
transfer channels, the effective number of which increases
with the addition of neutrons, remains to be investigated.

11
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3. COMPOUND STATES OR ENTRANCE CHANNEL PHENOMENON?

Models used to describe the narrow resonances observed in
heavy ion reactions fall into two basic categories. Those
which attempt to describe the data in terms of coupled en-
trance channel elastic and inelastic potential resonances
and those in which they are des¢ribed as due to some
specific feature of the nuclear structure of the compound
nucleus, such as fissioning shape isomers. In an attempt
to make a distinction between these two ideas we have
studied® the 160 + “0Ca » 285i + 283i reaction over the
compound nucleus excitation energy range in which the
narrow resonances were observed via the 2857 + 28§
entrance channel. The fragments produced in this reaction
were ijdentified using a kinematic coincidence technique
and Fig. 9 shows a scatter plot of the masses observed in
each detector. The mass 28-28 events are clearly visible
and are well separated from other masses. The yield of
mass 28-28 events is shown in Fig. 10, plotted as a
function of compound nucleus excitation energy together
with the 285i + 28Si angle-integrated yields shown
previously. The 160 + “0Ca » 285i + 285§ -data show
several peaks of width 100-200 keV which are extremely
well correlated with the peaks in the 28Si + 28Si entrance
channel data. A preliminary analysis of both these sets
of data in terms of single isolated resonances leads to
the result that the reduced width for decay into the 28Si
elastic channel is approximately a factor of 10 larger
than that for decay into the 180 + *0Ca elastic channel.
The values of these reduced widths are, however, both
considerably larger than estimates of the width for

13
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statistical decay into these channels. This result would
seem to be very difficult to explain in any of the current
entrance channel models which, as formulated, exclude the
coupling of the resonances to channels in which large
amounts of mass are transferred. We therefore conclude
that the narrow resonances originate from a real nuclear
structure effect in the compound nucleus such as, for
example, fissioning shape isomers. In addition, for the
first time, we see some indication of the spectroscopy of
these resonances, the overlap with two 28Si nuclei being
apparently much larger than with 160 + %0Ca,

4. THEORETICAL SPECULATIONS

The idea the the narrow resonances observed in heavy ion
reactions may reflect the existence of extremely deformed
shape isomeric states in th; compound nucleus was first
proposed by Leander and collaborators’ who calculated

14
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potential energy surfaces for a number of 1light nuclei.
Since that time these calculations have been extended to
heavier nucleill and, due to the interest in the behavior
of nuclei at high spin, the effects of rotation of the
system have been inc1uded.11'12 The results of these
calculations indicate that large shell gaps occur fairly
frequently at large deformations and at high spin. The
results of some of these calculationsl! are shown in Fig.

15
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11 for SéNi (1=40), S&Ni (I=40), 6ONi (I=40) and “&Cr
(I1=36). The figures show potential energy contours as a
function of g the deformation and M. the mass-asymmetry
parameters. The shaded regions indicate the locations of
the "superdeformed" minima which occur for shapes with an
axis ratio of approximately 2:1. Well defined minima are
predicted to occur for 56Ni and “3Cr which are predicted
to weaken and disappear as neutrons are added to S56Ni
going to 58Ni and ®ONi. These features of the calculation
are in qualitative agreement with the data. To date how-
ever, there is no unambiguous way of associating the ob-
served narrow resonances with states in such "superde-
formed" minima. In addition, the calculations as
presently performed do not include any residurl inter-
actions which might, through a-clustering effects for ex-
ample, strongly affect the nature of such superdeformed
states. It nevertheless appears that these ideas might
prove a fruitful avenue for further investigations.

5.  HEAVIER SYSTEMS

To date the mass 56 system is the heaviest for which
resonance behavior has been observed. There is, however,
no reason to beljeve that even heavier systems might not
show resonances. Studies of systems such as Ca + Ca and
Ni + Ni are just beginning and although the experimental
problems are somewhat greater it should be possible to
obtain data of sufficient precision. Data for the elastic
scatteringl® of 40Ca + “0Ca are shown in Fig. 12 measured
in 10 MeV steps up to an energy of over twice the Coulomb

16
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barrier. These data are completely consistent with the

predictions of & strongly absorbing potential and we

therefore conclude that it is unlikely that resonances

will be observed in the elastic scattering channel in this

system. A clue as to the reason why this might be so
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comes from an examination of the inelastic scattering and
transfer reaction spectra14 shown in Fig. 13. The
inelastis scattering spectrum shows an almost complete
absence of the mutual excitations which dominate the Si +
Si and Mg + Mg spectra and instead we see extremely strong

18
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one and two particle transfer channels.

probably arises from the different nuclear structure of

19
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%0ca as compared to 28Si or 2*Mg. *0Ca does not possess a
band of collective states built on the ground state but
rather has a number of rather simple particle-hole states
which are more closely related to the transfer degrees of
freedom than to other excited states of “0Ca. We believe
that the further study of data 1ike this will shed light
not only on the mechanism of resonance formation but per-
haps also on some of the more macroscopic features of
heavy ion reactions such as the energy damping process and
orbiting.

6.  SUMMARY

The detailed study of excitation functions and ang-
ular distributions for heavy ion reactions between s-d
shell nuclei has uncovered the existence of extremely
narrow high spin resonances in the composite systems.
These states apparently represent a new class of nuclear
excitation and although the underlying nuclear structure
is not understood at the present time, some systematic
features of the data are beginning to emerge. The exten-
sion of these studies to even heavier systems is an ex-
perimental challenge as is the understanding of this
phenomenon a theoretical one.
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