CONY - CA0RG (L ~ - {p

Froceedings of 1982 Nordic Meeting on Nuclear Physics,
Fuglspgcentret, Djursland, Denmark, Aug 16-20 1982

CONF-520896--6

DE83 007800

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employces, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or uscfulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence hercin to any specific commercial product, process, ar service by trade name, trademark,
manufacturer, or otherwise docs not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

HIGH-SPIN RESONANCES IN HEAVY-ION COLLISIONS®

R. R. BETTS AND S. SAINI

ARGONNE NATIONAL LABORATORY

ARGONNE, ILLINOIS 60439

U.S.A.

The ¢ i ipt hes been d
by a conmwactor of the U.S5. Government
under contrsct. No. W-31-109-ENG-38.
Accordingly, the U. 5. Government ratains 8
nonexclusive, rayalty-free licanse w publish
ar regroduce the published form of this
contribution, or slow others to do 50, for
U. S. Governmaent purposss.

MASTER

ASTRBY i s -

[



ABSTRACT

Excitation functicns for elastic scattering and reactions

28

2BSi + Si show evidence for the existence ©¢f narrow

of
(I = 100-200 keV) high-spin (J ~ 40 h) resonances. The

interpretation of these resonances as high-spin fissioning
shape isomers is discussed with reference to data for the

2851 + 30Si and 3OSi + 30Si systems.



It was initially supposed that the energy dependence of
heavy-ion interactions would be dominated by the effects of
barrier penetration and absorption and thus contain only
information on the gross properties of the colliding nuclei
and the composite system. Contrary to this expectation, the
earliest detail=d measurements [1,2] of the energy dependence
of 12C + 12C elastic scattering and reactions revealed a
number of narrow resonances. These are illustrated in Fig.

12C + 12C, obtained

l where the total fusion cross-section for
from measurements of y-rays from the residual nuclei [3,4],
divided by a smoothly varying penetrability factor is shown
plotted versus bombarding energy. Spin assignments are in-
dicated for a number of resonances. The level density in

the compound nucleus 24Mg at excitation energies corresponding
to this bombarding energy range (17-24 MeV) is much larger
than the observed number of resonances. This, together with i
the large partial widths of the resonances for decay into

two 12C nuclei, has suggested an interpretation in terms of

a number of highly deformed states of 24Mg, perhaps akin to
fissioning shape isomers or nuclear molecular states.
X 12 12
For many years it was assumed that the C + C
system was unique in exhibiting resonant behavior but subsequent

investigations have revealed a much wider occurence of this

phenomenon than was previously thought likely, although



in many cases the evidence that the structures observed in
excitation functions are isolated resonances is rather weak.
In this contribution we present the results of a detailed
study of the 28Si + 28Si system and demonstrate the existence
of a number of narrow very high spin resonances which are to
a certain extent gualitatively similar to those observed at
low spin in much lighter systems. The hypothesis that these
narrow resonances correspond to high spin fissioning shape

56Ni is discussed with reference to preliminary

28 i+ 30 3osi + 3081 systems.

isomers in

results for the S Si and

Excitation functions at ecm = 90° for elastic and in-

2881 + 28

elastic scattering [S5] of Si are shown in Fig. 2.
The data points are spaced by 1 MeV and the target thickness
corresponded to an energy loss of +0.5 MeV. Instead of the
smoothly falling cross-sections expected for the elastic and
inelastic scattering of strongly absorbing heavy ions we
observe dramatic fluctuations in all channels. There seem
to be both structures of width several MeV and alsc much
narrower structure although the spacing of the data points
and the energy averaging in the target make this last obser-
vation rather uncertain. The structures observed in the
single angle excitation functions persist when the elastic
and inelastic yields are integrated over a relatively large
angular range as shown in Fig. 3 and a qualitative picture

of a series of broad structures perhaps fragmented into a

much narrower structure emerges.



To further investigate the narrow structure these
measurements were repeated using a much thinner target and
bombarding energy steps of 100 keV. The angle-integrated
yields resulting from these measurements [6] are shown in
Fig. 4. The narrow structure suggested in the earlier data
is now clearly visible and appears not only in the exci-
tation functions of individual channels but also in the
summed yield of elastic and inelastic scattering. An analysis
of the correlations between the narrow peaks in the various
channels leads to the conclusion that the structure of width
100-200 keV does not arise from statistical Ericson fluctuations
and must therefore correspond to relatively long lived
states of the composite system at very high excitation

energies (70 MeV),

In order to try and determine the angular momenta
associated with these resonances, measurements of the elastic
scattering angular distributions were made. At very forward
angles, the behavior of the elastic scattering is dominated
by Coulomb repulsion and strong absorption. At large
angles, where the cross-sections show resonant behavior, we
might expect to observe angular distributions characteristic
of the resonant spin. These measurements were made [7]
using a novel technique which allowed the determination of

the angular distribution over a 30° angular range in a

single measurement. The result of one of these measurements



is shown in Fig. 5. The energy of 118 MeV corresponds to

one of the peaks in the elastic scattering excitation function.
The three curves show the behavior of Pga(cosa), Pio(cose)
and Pzz(cosa) respectively - the data clearly favoring an
angular momentum of 40 Ir for this resonance. Within each
broad structure the shape of the elastic scattering angular
distribution is characterized by the same angular momentum.
Each of the broad structures is, however, characterized by a
different angular momentum - the sequence of which varies
with energy as the grazing angular momentum. This result is
then consistent with the view of the broad structures arising
from a series of elastic scattering potential resonances

each of which is fragmented by mixing with more complex

excitations.

The guestion of the nuclear structure underlying these
narrow high-spin states which have a large overlap with the
symmetric entrance channel is clearly a very interesting
one. Various interpretations of the low energy 12c + 12C
resonances have been put forward which may be relevant to
the present results. A number of these interpretations
share the common feature that the narrow excitations are
described in a basis of states formed by coupling the rotations
of a di~-nuclear molecule to the vibrational excitations of
the constituent nuclei. The coupling of the elastic scattering

potential resonance to these "molecular" states then gives

rise to the observed fragmented gross structure [8]. In the



present case it remains to be seen whether calculations of
this type can reproduce the experimental observations -

particularly the extremely small widths of the resonances.

An alternative picture which may prove useful in the
288i + 28Si case is provided by the results of calculations
[9] of shell effects in nuclei at large deformations and
high angular momenta. Calculations of single particle
orbits at angular momenta of approximately 40 I show a large
shell gap at N and 2=27 for deformations of the order
62=0.9. When these single particle levels are used to
calculate shell corrections to the liquid drop potential
energy surface for 56Ni the result is a significant second
minimum just inside the fission barrier, as shown in Fig. 6.
We may then hypothesize that the narrow resonances observed
in 285i + 2881 reactions correspond to states in this second

minimum and may therefore be qualitatively described as

high-spin fissioning shape isomers.

Given this gqualitative description of the narrow reso-
nances there are then several consequences, independent of
the details of any specific calculation, which can then be
tested experimentally. One of these is the expected behavior
of the second minimum which should become much shallower as
particles are added to the system. This should lead to a

disappearance of the narrow structure. To test this idea we



have measured [10] excitation functions for 28Si + 305i and

30Si + 3oSi reactions. The grazing angular momenta and

excitation energies in the compound nucleus for these two

28 28

systems are zuite similar to those of the Si + Si system.

The summed angle-integrated elastic and inelastic scattering

cross-sections for the three systems are shown in Fig. 7.

28Si + 2881 data

3055

The narrow structure, so prominent in the

28

has completely disappeared in the Si + 30

i and +

3031 data leaving only the hint of: broad oscillations for

30Si. The disappearance of the narrow structure is

2855 +
also accompanied by a decrease in cross-section of a factor
of 2 between each of the three systems. This result is

consistent with the fission isomer hypothesis but does not

necessarily exclude other interpretations. Further experiments

which may confirm or deny the fission isomer hypothesis such

56

as an attempt to observe the Ni resonances via the 16O +

40Ca entrance channel, are under way. It is c¢lear, nevertheless,
that the final understanding of the mechanism responsible
for the existence of such narrow states in the continuum

will contribute in a significant way to our understanding of

nuclear behavior.
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FIGURE CAPTIONS

1 1

1. Total fusion cross-section for ~2C + 2C obtained

by measurements of y-rays from residuél nuclei. The data

have been divided by a smoothly varying penetrability factor

and are presented as a relative nuclear structure factor.

Spin assignments are indicated for a number of the resonances.
2. Excitation functions for elastic and inelastic

285i + 285i measured at ch = 90°. The

scattering of
data points are spaced by 1 MeV and the target was approxi-
mately 500 keV thick to the beam.

3. Angle-integrated cross-sections for 2851 + 285i
elastic and inelastic scattering plotted as a function of
bombarding energy. The data were integrated over an angular

range from ch N 60° to 920°.

284 28

4. Angle-integrated cross-sections for Si + si

elastic scattering and reactions measured in 100 keV steps.
The angular range over which the data were integrated is

the same as for Fig. 3.
28

5. Elastic scattering angular distribution for Si +
28Si measured at a bombarding energy of 118 MeV. The

three curves are Pi (cos8) for L = 38, 40 and 42 as
indicated on the figure. For the sake of clarity only

the last lobe of the L = 38 and 42 curves is shown.



56

6. Potential energy surfarce for Ni at I = 40 shown

plotted as a function of deformation B and mass-asymmetry

M. = M/56 where M is the mass of one of the fragments.

For details of the calculation see Ref, 9.

7. Summed elastic and inelastic scattering cross-

sections for 28Si + 28Si, 2851 + 30g3 and 3055 & 3°si
plotted versus compound nucleus excitation energy. The

cross-sections are averaged over a cm angular range of

approximately 30°.
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