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Selective population of states in fission fragments from the 32S+24Mg reaction
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The symmetric and near-symmetric mass fission yields from the 32S+?*Mg reaction have been
studied in a particle-particle-y coincidence measurement. Evidence is presented for a selective
population of states in ?®Si fragments arising from the symmetric fission of the *®Ni compound
nucleus. A statistical-model calculation of the expected strength to specific mutual excitations of
the fission fragments is presented and compared to the experimental results. This calculation is
found to describe the structures observed at high excitation energy in the fission Q-value spectra
quite well. Analysis of the y-ray spectra indicates, however, that a specific set of states in 28Si,
corresponding to a highly deformed prolate band, is populated more strongly than expected based
on a purely spin-weighted, statistical decay of the compound nucleus. It is suggested that the
population pattern of states in the fission fragments may reflect nuclear structure effects at the

point of scission.

PACS number(s): 25.70.Jj, 25.70.Gh, 24.60.Dr

I. INTRODUCTION

The fission-like decay of light compound nuclei (Acn <
60) formed through heavy-ion reactions at center-of-mass
energies near and above the Coulomb barrier has been the
focus of a number of experimental [1-16] and theoretical
studies [17-19]. One of the principal questions concern-
ing these yields has been whether there are two (or more)
distinct processes involved in their production. In all
of the systems studied, there is a fully energy-damped,
binary-decay component that can be understood in terms
of the statistical fission of the compound nucleus. How-
ever, in some systems there appears to be an additional
component in the binary yields. This component, which
is generally at more positive @ values than expected for
fission, is not easily encompassed in the fission picture.
Two alternative mechanisms have been suggested. The
first is that these yields result from a dinucleus orbit-
ing process [1,17]. A second possibility is that they arise
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from trapping of the composite system within a shell-
stabilized, secondary minimum of the nuclear potential-
energy surface. The latter was first suggested [20] in
connection with the strong resonance behavior found in
the energy dependence of the large-angle elastic and in-
elastic scattering yields of some of these systems [20-22].
There is considerable uncertainty as to how the fission,
orbiting, and resonance processes are related. To help
disentangle the fission reaction components from those
resulting from the other processes, there is a need to de-
velop a more complete understanding of the fission pro-
cess. In particular, the details of how the fission yield is
distributed among different decay channels, including the
distribution of energy and spin in the fission fragments,
needs to be established. The role of nuclear structure on
the decay process also needs to be delineated.

Several measurements have recently been performed to
gain a better understanding of the fission process in light
systems and to explore the relationships among the dif-
ferent reaction mechanisms. In this paper we focus on a
particle-y coincidence measurement of the 325+24Mg re-
action. The average energies and cross sections for the bi-
nary yields of this reaction have been previously found to
be well described by the transition-state model for fission
[8,9]. A comparison of the heavy-ion resonance behavior
for the 32S+-24Mg and 28Si+28Si elastic and inelastic scat-
tering yields indicates an elastic resonance strength in the
former system that is only about 4% of that observed in
the latter [23], consistent with the damped, binary de-
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cay of the 32S+24Mg system arising largely through the
fission mechanism. In this context we use fission to re-
fer to the decay of the compact, equilibrated compound
nucleus into two heavy fragments. We view this as a pro-
cess distinct from the binary decay of a compound sys-
tem trapped in a more deformed configuration, as sug-
gested by various orbiting and resonance models. The
present work involves a study of how the fission yield
is distributed among the possible mutual excitations of
the fragments in the symmetric and near-symmetric mass
channels. In particular, the influence of nuclear structure
at the scission point on the population of states in the
fragments is explored. In a companion paper we will de-
scribe a measurement of the 2¢Mg+24Mg reaction where
there is an additional component to the binary yields that
cannot be easily understood in the context of a fission
process [24]. That paper will emphasize the coexistence
of fission and a separate reaction mechanism correspond-
ing to heavy-ion resonance behavior.

We note that the fission of light nuclei is restricted to a
relatively narrow range of partial waves near the critical
angular momentum for fusion. High barriers prevent sig-
nificant fission competition for lower spin values. Since
most of the rotational energy at scission is expected to
contribute to the relative energy of the fragments, with
a lesser amount leading to their excitation, it is possible
for both fragments to be formed at energies where their
respective level structures are known. These fragments
may then carry information about the structure of the
nuclear composite at the point of scission.

We have measured the excitation-energy spectra
for the 2*Mg+32S and 28Si+28Si channels from the
3254 24Mg reaction at E. ., = 51.0 and 54.5 MeV. The
difference in these two energies was chosen to be some-
what larger than the typical width of the gross struc-
ture observed in excitation functions for the 28Si+28Sj
and 325+24Mg systems. The associated y-ray yields were
also measured at the lower energy. This low energy leads
to relatively little secondary light-particle emission from
the 28Si fragments in the mass-symmetric fission chan-
nels. The 28Si fragments are particle bound up to 10
MeV and, on average, are emitted with an excitation en-
ergy of 6.5 MeV. The population of specific states in the
fragments, which is stronger than expected on the basis
of the statistical decay of the compound nucleus, would
indicate that nuclear structure at the scission configura-
tion has an influence on the fission process. A calcula-
tion of the expected excitation-energy and related v-ray
spectra based on the transition-state model of fission is
presented and compared with the experimental results.
Although the calculation is found to reproduce the main
features of the data, including the observation of struc-
ture in the excitation-energy spectra of strongly damped
yields, comparisons of the calculated and measured ~-
ray yields suggest that the intrinsic structure of the frag-
ments has an influence on which states are populated
following fission.

The paper is organized as follows. In the next section,
the details of the experimental arrangement and separate
discussions of the particle-particle and particle-particle-
v coincidence measurements are presented. A calcula-
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tion of the excitation-energy spectra, which is based on
the transition-state model for fission, is presented in Sec.
II1. The results of this calculation are used in Sec. IV
to highlight both those features of the data that can be
readily understood within a statistical fission model (for
instance, the excitation-energy spectra), as well as the
observations that suggest the importance of specific nu-
clear configurations (from the analysis of the y-ray spec-
tra). A summary of the results is presented in Sec. V.

II. EXPERIMENTAL RESULTS

The experiment was performed using the Argonne-
Notre Dame BGO +y-ray facility at Argonne National
Laboratory [25]. Beams of 120.9 MeV and 129.0 MeV
323 particles from the ATLAS accelerator were incident
on a self-supporting, isotopically enriched 24Mg target of
300 pg/cm? areal density. The corresponding beam ener-
gies at the center of the target are 119.1 and 127.2 MeV,
with 32S+24Mg center-of-mass energies at the target cen-
ter of 51.0 and 54.5 MeV, respectively. Additional self-
supporting targets of Au (60 pg/cm?) and carbon (100
pg/cm?) were used for calibration, background determi-
nation, and normalization purposes.

A schematic drawing of the experimental arrangement
is shown in Fig. 1. For the present measurements,
the forward-angle Compton-suppressed Ge spectrometers
(CSG) and some of the BGO array elements of the y-ray
facility were replaced by a particle scattering chamber
in which two 20 cm X 20 cm position-sensitive, multi-
gridded avalanche counters (MGAC’s) [26] were mounted
for the coincident detection of binary reaction fragments.
These detectors were centered at +35° with respect to
the beam axis and each was located ~51 cm from the
target. To establish the normalization of the product
of beam current and target thickness, two Si (surface-

Scattering
Chamber

FIG. 1. Schematic drawing of the experimental arrange-
ment. Note that the BGO array of the Argonne-Notre Dame
v-ray facility is not shown for clarity.
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barrier) detectors were positioned at 8.1° and 88 cm and
10.2° and 87 cm where strong elastic yields could be com-
pared to cross sections obtained from optical-model cal-
culations. Four additional Si (surface-barrier) detectors
were located behind the gas counters and were used to
help calibrate these counters and establish their thresh-
old behavior for detecting less ionizing particles.

Excitation-energy spectra were obtained for the sym-
metric and near-symmetric fission channels at both beam
energies. For the measurement at E. ,, =51.0 MeV, more
detailed information about the decay process was ob-
tained through the detection of v rays in coincidence with
the fission fragments, using the CSG spectrometers of the
Argonne-Notre Dame array. Eight CSG spectrometers
were used, mounted above and below the reaction plane
at approximately £90° and +145° to the beam axis. Be-
cause of the large number of transitions leading to high
energy v rays in the fragments being studied, the gain
of the Ge detectors was set to allow detection of ~y rays
up to 10 MeV. Energy and relative efficiency calibrations
of the CSG spectrometers were obtained using 243Am,
56Co, 152Eu, and 82Ta sources at the target position.
The strength of the ®Co source was known, allowing for
an absolute efficiency calibration. The highest calibra-
tion energy, using a PuC source [27] of known strength,
was 6.1 MeV. Above this energy the efficiency was ex-
trapolated, based on the smooth exponential behavior of
the calibration at lower energies.

A compact 39-element BGO array (not shown in Fig.
1) surrounded the target for angles 6y,, > 65°. Although
only restricted information was obtained from this sum-
energy/multiplicity array (because of the limited energy
resolution of the array elements and the low multiplicity
of many of the decay chains in the light systems studied),
the high efficiency of the array for detecting high-energy
~ rays proved useful in resolving some of the ambigui-
ties resulting from unresolved vy-ray transitions in the Ge
data.

A. Particle-particle coincidence measurements

Identification of binary reaction products was achieved
by measuring the scattering angles and the difference in
arrival times of the particles at the MGAC’s. A mass res-
olution of about one mass unit (FWHM) was obtained,
as shown in Fig. 2 for the coincidence data at E. ,, =51.0
MeV. The greater strength observed in the 4n channels
with Afragment = 16, 20, 24, 28, and 32 has been ob-
served in earlier measurements and can be attributed to
preferential fission decay to channels comprised of the
strongly bound “a-particle-like” nuclei 180, 2°Ne, 2*Mg,
28Gi, and 328 [9,28]. In these earlier measurements, it
was also established that the fission of the 56Ni com-
pound nucleus favors more mass-asymmetric channels.
The greater strength observed in this measurement for
the symmetric and near-symmetric 28428 and 24+32
channels can be attributed to a rapid falloff of the coinci-
dence detection efficiency for the more asymmetric mass
channels. The lack of symmetry about mass 28 results
from the decrease in efficiency of one of the MGAC'’s for
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FIG. 2. Mass distribution based on the coincident detec-
tion of binary fragments in the multi-gridded avalanche coun-
ters. The data shown were obtained for E. ,, =51.0 MeV.

detecting lower mass (and, correspondingly, lower ioniza-
tion) fragments. This ionization threshold behavior was
not found to be a significant factor for the 2#Mg+32S and
283i+28Si channels.

A coplanarity condition was imposed on the data to
discriminate against events with secondary light-particle
emission from the reaction fragments. The product
k - (U3 x ¥2) was generated from the fragment velocities
¥, and v, where k is directed along the beam axis. This
product should vanish for binary events that are copla-
nar with the beam direction, although multiple scattering
in the target and the finite detector position resolution
weakens the selectivity. Based on a Monte Carlo simula-
tion of the experimental response, to be discussed further
below, it is expected that about 80% of events involving
secondary light-particle emission are suppressed by this
condition.

Reaction Q-value spectra were obtained for the dif-
ferent binary-reaction channels based on the known
entrance-channel parameters, the deduced mass of the
fragments (as determined from Fig. 2), and the observed
fragment angles. Assuming the dominance of N = Z
fragments in the 4n channels, as supported by the co-
incident ~y-ray yields, the Q-value spectra can be con-
verted to excitation-energy spectra, as shown in Figs. 3
and 4 for the 2*Mg+32S and 28Si4-28Si channels, respec-
tively. Data at both E. ;,, =51.0 and 54.5 MeV are shown
to facilitate comparisons of the spectra at the two ener-
gies. Pronounced structures, common for both energies,
are observed in these spectra at high excitation energies.
Since the number of possible mutual excitations becomes
very large above 10 MeV in these channels, the observa-
tion of high-energy structures might suggest the impor-
tance of fission fragments of specific nuclear structure. It
will be shown, however, that the observed peaks are ac-
tually consistent with a spin-weighted population of the
states in the final fragments.

The detection efficiency for the different mass chan-
nels at the two bombarding energies was determined by a
Monte Carlo simulation of the coincidence arrangement.
This simulation was also used to determine the various
contributions to the experimental mass and Q-value res-
olutions. A 1/sinf. ,, angular dependence was assumed
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FIG. 3. Excitation-energy spectra for the 2*Mg(3?S,
24Mg)32S reaction at (a) Ec.m.=51.0 and (b) Ec.m.=54.5 MeV.
The dashed lines are to aid in comparing the peak structure
at the two energies.

for the primary fission fragments, in agreement with an
earlier study of this reaction [9]. Included in the simula-
tion were effects resulting from multiple scattering in the
target, the position and time resolutions of the MGAC'’s,
the finite beam-spot size, and the recoil effects from ~
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FIG. 4. Excitation-energy spectra for the 2*Mg(®?S,
2851)?8Si reaction at (a) Ec.m.=51.0 and (b) Ec.m.=54.5 MeV.
The dashed lines are to aid in comparing the peak structure
at the two energies.

emission from the fragments. The Monte Carlo simu-
lation was used to generate a file of pseudo-events that
could be replayed using the same data analysis programs
and incorporating the same criteria for event selection
as used for the replay of the experimental data. These
calculations, which were in good agreement with the ob-
served mass and excitation-energy resolution, indicate
that the dominant contribution to both the mass and
Q@-value widths is the angular spread resulting from mul-
tiple scattering in the target. To determine the effect of
secondary light-particle emission on the coplanarity and
mass distributions, a separate calculation was performed
where it was assumed that a 9 MeV « particle was emit-
ted isotropically from one of the fission fragments.

B. Particle-particle-y coincidence measurement

Doppler-shift corrections were applied to the +-ray
data on an event-by-event basis using the measured ve-
locities of the detected fragments. Since it is not possi-
ble to know a priori which of the two fragments emits a
given v ray, both Doppler corrections were applied to the
measured y-ray energies. For mass-asymmetric channels,
each 7 ray was therefore sorted into two spectra corre-
sponding to the masses of the two outgoing fragments.
For the symmetric channel (?8Si+28Si), each v ray was
added to the 28Si-gated spectrum twice, using the two
possible Doppler corrections. Since the Doppler-shift cor-
rections are large, the v rays from a given transition will
tend to be spread out over a large range of energies when
the “wrong” correction is applied, thus adding to the
overall spectrum background, but without significantly
adding to the photopeak structure in the spectrum. For
example, when the “wrong” correction is applied to the
28Si (1779 keV—g.s.) transition, the counts are spread
over 300 keV in the resulting spectrum. Although the
counts are not spread uniformly over this range because
of the limited angular coverage of the particle counters,
the resulting structure is still much broader than the 1779
keV photopeak found using the proper Doppler correc-
tion. < rays falling in one of the strongest peaks, cor-
responding to low-lying transitions (and including the
1779 keV photopeak), were taken as being “known,” and
the complementary Doppler solution was therefore sup-
pressed.

Whereas Doppler shifts could be deduced using the
particle angle and energy information, the Doppler
broadening of the «-ray lines resulting from the finite
detector solid angles was still a significant problem. The
~-ray peak width in the 28Si-gated spectrum, for exam-
ple, changed from 13 keV at 1779 keV to 46 keV at 5110
keV. Because of this energy dependence of the width, it
was found useful to display the ~-ray spectra with a log-
arithmic energy scale. As long as the width of the peak
is proportional to the «y-ray energy, as is the case when
the Doppler broadening effect dominates the resolution,
this scaling leads to constant width peaks over the full
range of energies. A logarithmic energy scaling is used
for all of the v-ray spectra shown in this paper. Figure
5 presents the spectra corresponding to the mass groups
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Afragment=24, 28, and 32. Some of the stronger transi-
tions are labeled, with levels denoted by their spin, parity,
and excitation energy in keV. As expected, the Z = A4/2
channels are found to dominate the fission process in the
near-symmetric 4n channels.

III. TRANSITION-STATE MODEL
CALCULATION OF ENERGY SPECTRA

One of the unexpected results of this measurement
was the observation of relatively narrow structures
(TrwaM = 2 MeV) in the excitation energy spectra above
10 MeV, as seen in Figs. 3 and 4. Similar structures have
been noted in earlier measurements of the inelastic yields
for the 28Si+28Si [28,30] and 2*Mg+24Mg [31] reactions,
but in both of those systems there is also a strong res-
onance component, and one might a prior: be tempted
to attribute these structures to a mechanism other than
compound-nucleus fission. At an excitation energy of 15
MeV in the 288i+28Si channels, for example, the den-
sity of possible mutual excitations of y-decaying states
reaches a level of =~ 45/MeV. It might then be expected
that averaging over such a large number of excitations
would lead to relatively smooth energy spectra, contrary
to what is observed.

To understand better the observed excitation-energy
spectra, we extended the transition-state model calcu-
lations for this system [9] and calculated the expected
spectra, assuming a purely spin-weighted decay of the
compound nucleus. The basis for these calculations can
be discussed in terms of the reaction energy balance,
as indicated schematically in Fig. 6. Starting with an
entrance-channel center-of-mass energy FE. ., and orbital
angular momentum ¥£;,, two interacting heavy ions sur-
mount the entrance-channel barrier to form a compound

scale is used to maintain constant shapes for
the strongly Doppler-broadened peaks.

8000 10000

nucleus of definite spin Jon (=4;y, for spinless particles in
the entrance channel) and excitation energy Eg&y. The
effective excitation energy of the compound nucleus Elg
is determined by locating the zero point of the effec-
tive energy A.g, with Elg = E&y — Aeg- This zero-
point energy can be determined by assuming that the
virtual ground state for the level densities should corre-
spond to the macroscopic-energy ground state [32]. For
the compound nucleus to fission, it must overcome the
spin-dependent fission barrier at the saddle point. The
magnitude of this barrier can be expressed in terms of
the macroscopic energy of the system at the saddle point
Vsaddle and the microscopic shell corrections in this con-
figuration AVipen. The fission branching ratio I'(Zr, AL)
to a channel where the lighter fragment is of nuclear
charge Z;, and mass Ay, respectively, is then determined
by the available phase space above the saddle point, with
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FIG. 6. Schematic illustration of the energy balance in a
fusion-fission reaction.
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emex ot (BN — Aer — Vaadale(JoN, 1) — AVinen(Jon, Zr, AL) — €, JoN)
I'y(Z,AL) = de 1
1(Z1, Ar) ./;:o 27hpeN(Eén — Aesry JoON) W
[

where

Emax = E&n — Aest — Veaddie(JoN, 1)
_AI/shell(JCNy ZL; AL) (2)

In these expressions, py is the level density at the saddle
point, pon is the level density of the compound nucleus,
7 denotes the mass asymmetry at the saddle point, and
the integration variable € can be viewed as the kinetic
energy of radial motion at the saddle point. As the level
density increases rapidly with the effective excitation en-
ergy above the saddle point u 7, most of the contributions
to the branching ratio arise from smaller values of ¢.

Within the transition-state model, it is the phase space
at the saddle point, rather than the available number of
open channels at scission or in the final fragments, that
determines the fission branching ratios. The success of
this model in describing the global fission behavior in the
3254 24Mg system [9], as well as in describing the fission
behavior for other systems in this mass range [19], sup-
ports this assumption. Other models which calculate rel-
ative fission probabilities based on the available states at
the scission point, such as the extended Hauser Feshbach
model [33] and the so-called “Number of Open Channels”
model [15,34], can lead to similar results, but only if they
are devised in such a way that the phase space at scission
mimics that at the saddle point. In any case, the reaction
flux must ultimately be distributed among the states of
the fragments.

Several simplifying assumptions concerning the ener-
getics in moving from the saddle to scission configura-
tions were used to calculate the excitation-energy spec-
tra. The asymptotic value of the total kinetic energy
Ek ot is taken as the sum of the radial component of
the kinetic energy at the saddle point € and the relative
potential energy at scission Viel(£out, ). This relative en-
ergy Viel, which depends on the orbital angular momen-
tum in the exit channel £,,, can be determined, for ex-
ample, by approximating the shape of the scission config-
uration by that of two touching, deformed spheroids [19]
and summing their relative nuclear, Coulomb, and rota-
tional energies. Because of the relatively narrow neck in
the saddle configuration for light systems, it is generally
assumed that the energy difference between the scission
and saddle configurations is negligible and, consequently,
we have based the scission geometry on the corresponding
saddle-point shape [19]. To better reproduce the exper-
imental energy spectra, however, it was found necessary
to introduce a parameter 4, which might be viewed as the

[al ® az]JCleout = Z Z

8 m,y,m,,,my

energy transferred to internal degrees of freedom in mov-
ing from the saddle to scission configurations, with the
final total kinetic energy given by Ek tot = Vie1 +€ — 4.
A fixed value of § = 2.5 MeV was used for all of the
calculations reported here.

To calculate the cross sections for populating specific
excitations of the fragments, it was first necessary to
determine the partial cross section o¢(Jcn,n) for pro-
ducing through fusion a compound nucleus of spin Jcn
that subsequently fissions with a final mass asymmetry
1. This was done using the fission widths discussed above
within the context of the transition-state model, as dis-
cussed in Ref. [19], and with the energetics schematically
indicated in Fig. 6. The probability P(7, Jcn,€) for the
compound nucleus of spin Jen to fission with mass asym-
metry 7 and radial kinetic energy € was also determined
using the transition-state calculation. The partial cross
section o(ay, a2, Jon) for the compound nucleus at this
spin decaying to fragment states a; and ay is then

0'((!1, a3, JCN)

Z [al ® az]JCN ylou:P(n’ JCN’ 6)

= o5s(Jon,n) >

ai,az2,fout

[al ® aZ]JCN,loutP(n, JCN:E)

(3)

with the cross section o(a;,az) for populating the mu-
tual excitation a; + ay given by

o(ar, ) = Zd(al,az, Jeon). (4)

JenN

It should be noted that P(n, Jon, €) depends implicitly
on £,,4 through €. As indicated in Fig. 6, for each mutual
excitation E, = EJ* + EZ?, the energy € was obtained
with

€= Ec.m. + QO - ‘/rel(eouh 7’) + d— E:c~ (5)

In principle, one should also expect V; to depend on the
compound nucleus spin, since the shape of the saddle-
point configuration depends on this spin. This depen-
dence is not expected to be strong, however, and has been
neglected in the present calculation. The spin coupling
between the two fragment states and the saddle-point
configuration is expressed in terms of the vector-coupling
coefficients, with

((sl,m,1,32,m,2,| s,ms><s1mueout7ml | JCN1 0))2 (6)
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and with the summations taken so as to preserve parity.
Using the properties of the vector-coupling coefficients,
this reduces to a sum over the channel spin values. After
finding the predicted cross sections for the mutual excita-
tions of the fragments, it was possible to generate spectra
based on these cross sections which could be compared
with the experimental results.

IV. DISCUSSION
A. Excitation-energy spectra

In order to compare the calculated excitation-energy
spectra with the experimental results, the coincidence
efficiencies deduced from the Monte Carlo calculations
were used to express the experimental results in terms
of differential cross sections do/dE. These spectra are
shown in Figs. 7 and 8 for the 4Mg+32S and 28Si+28Si
channels, respectively. Based on these spectra, the inte-
grated cross sections for the two channels at the two ener-
gies are 2.9 mb and 8.0 mb for 2*Mg+32S and 1.9 mb and
5.1 mb for 28Si+28Si at F. ;, =51.0 and 54.5 MeV, respec-
tively. These cross sections are in good agreement with
the systematics observed in the earlier singles measure-
ments [9] of this system, where cross sections of 4.0 mb
and 10.1 mb for Agagment ~24 and 3.0 mb and 13.5 mb for
Afragment ~28 were found at Ec . =51.9 and 60.8 MeV,
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FIG. 7. ?**Mg+3?S excitation-energy spectra for the

3254+2*Mg reaction at (a) Ecm.=51.0 MeV and (b)
E..m.=54.5 MeV. The bold-line histograms are the experi-
mental data. The spectra have been efficiency corrected and
normalized according to the Monte Carlo calculations dis-
cussed in the text. The lighter curves are the results of the
model calculation discussed in the text for fission decay to
particle-bound states (solid curve) and for all decays (dotted
curve).
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FIG. 8. 28Si+28Si excitation-energy spectra for the

32342Mg reaction at (a) FEcm.=51.0 MeV and (b)
E. m.=54.5 MeV. The curves are as discussed for Fig. 7.

respectively. Differences in the measurements, however,
such as the coplanarity condition imposed on the coinci-
dence data, prevent a more exact comparison.

The calculated excitation-energy spectra for the
24Mg+328 and 285i+28Si channels are also shown in Figs.
7 and 8. The parameters used to determine partial
cross sections to specific mutual excitations o(aj,az)
were the same as those discussed in Ref. [19]. The dif-
fuseness of the fusion £ distribution was set to A = 1A
and the level density parameters for evaporation-residue
and fission decay were set to a, = Agr/(8.0 MeV) and
ay = Acn/(8.0 MeV), respectively. For the two energies,
the total fusion cross sections were adjusted to optimize
the agreement with the measured cross sections in the
symmetric fission channels. The resulting predictions of
the evaporation-residue cross sections of 1030 mb and
1065 mb at E. ., =51.0 and 54.5 MeV, respectively, are
in good agreement with the systematics developed for the
325424Mg system [9,35]. The only additional parameter
introduced for the excitation-energy spectra calculations
is the damping parameter §, for which a value of §=2.5
MeV was used in all calculations. The level schemes for
the 24Mg, 28Si, and 328 nuclei were obtained from the
compilation by Endt [36], including levels up to 16.904,
14.339, and 12.488 MeV for the three nuclei, respectively.
The limitation imposed on the calculation from the lack
of information about states above these energies is some-
what mitigated by the unlikelihood that all of the exci-
tation energy will be deposited in a single fragment dur-
ing the decay. Both particle-bound and particle-unbound
levels were used to determine the excitation-energy divi-
sion between the fragments but, because of the condi-
tions imposed on the coincidence measurement, the com-
parison with experiment should primarily involve excita-
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tions where both fragments are created in particle-bound
states. For comparison with the experimental results,
the experimental energy resolutions (I'rwam=1.4 MeV
and 1.1 MeV for the 2Mg+32S and 28Si+28Si channels,
respectively) were folded into the calculated excitation-
energy spectra assuming Gaussian line shapes. Calcu-
lated spectra corresponding to particle-bound states only
and to both particle-bound and particle-unbound states
are shown by the solid and dotted curves in Figs. 7 and
8.

The calculated spectra for particle-bound states are
found to reproduce the observed structures in the
excitation-energy spectra quite well. In particular, the
structures in the excitation-energy range 9-17 MeV of
the 28Si+28Si channel, where the number of possible mu-
tual excitations is quite large, are in good agreement with
experiment. The calculation is less successful in repro-
ducing the yields at higher energies for the two channels,
although part of this discrepancy may result from events
involving secondary a-particle emission from one of the
fragments, in which case the assumptions used in the
mass and Q-value calculations fail. Incomplete knowl-
edge of states at high excitation energy in the fragments,
particularly high-spin states, may also result in an un-
derestimate of the calculated spectrum at high energies.

High-spin states are particularly significant for two rea-
sons. First, these states have higher statistical weight
and are therefore expected to be populated with a greater
relative strength. The second consequence of the high-
spin states is that they compete for the reaction flux
over a wider range of partial waves than low-spin exci-
tations. This can significantly broaden the width of the
excitation-energy spectrum, as can be realized by con-
sidering the average compound-nucleus spin (Jen), the
average exit-channel orbital angular momentum (£,yut),
and the average channel spin (s) as a function of the mu-
tual excitation energy. These are shown in Fig. 9 for all
mutual excitations of the 285i+28Sij channel at E, , =51
MeV with predicted cross section larger than 1 ub. The
range of compound-nucleus spins expected to contribute
to the fission cross section in this channel is approxi-
mately from 29% to 384. The range of orbital angular
momentum, however, is considerably greater, extending
from approximately 217 to 384. This behavior, as well as
the step function behavior of the average orbital angular
momentum, can be understood in terms of the reaction
energetics outlined earlier. The exponential behavior of
the level densities above the saddle point favors small val-
ues of e. Consequently, for a given value of £,,:, a specific
excitation energy will be favored corresponding to € — 0.
The step behavior arises from the discrete nature of the
relative angular momentum. Higher excitation energies,
which correspond to lower orbital angular momenta, are
most easily achieved by an alignment of the orbital an-
gular momentum with a large channel spin.

An alternative explanation for the extent of the
excitation-energy spectra is that the partial cross sec-
tion distribution for fission extends to lower spin values
than assumed, as would result if the mass-asymmetry de-
pendence of the fission barrier energy is shallower than
expected. The success of the fission calculation in re-
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FIG. 9. Average calculated values for the compound-
nucleus spin (Jcn), exit-channel orbital angular momentum
(£out), and channel spin (s) for the 32S4+2*Mg—°°Ni* —28gi*
+28Si* fusion-fission reaction at E. . =51.0 MeV. The calcu-
lated excitation-energy spectrum for particle-bound states is
overlaid for orientation purposes (scale not shown).

producing the fission-mass dependence for this system
[9], however, argues against this possibility. A shallower
mass dependence of the barrier would also lead to a less
asymmetric mass distribution than observed.

There is an intriguing suggestion in Fig. 9 that the
statistical phase space might favor an anti-aligned con-
figuration of the orbital angular momentum and channel
spin at lower excitation energies, with ({,y) greater than
(Jon). A test of this possibility will require a spin align-
ment measurement of the low-lying excitations, as has
been done by Wuosmaa et al. [31,37] in the 24Mg+24Mg
system. Unfortunately, the low cross sections for these
channels makes such measurements very difficult. The
cross section for the ?8Si; ; +28Si, , channel at E. ,, =51
MeV, for example, is =5.7 ub, based on the analysis pre-
sented in the next section. The calculated preferential
feeding of an anti-aligned configuration would also vanish
if the tail of the fusion partial cross section distribution
were allowed to extend to higher spin values. Evidence
supporting the assumed partial cross section distribution
is found, however, in the measured angular distribution
for ground-state population of fragments in the 28Si+28Si
channel, as discussed in the next section.

B. Angular distribution for 2*Mg(%2S,2%Si, ,.)?®Sig,.
reaction at E. ., =51 MeV

The 2*Mg(325,28Siy,.)?8Si,,. spinless, identical-
particle exit channel at E. ., =51 MeV was found to
have a strongly oscillatory angular distribution, as shown
in Fig. 10. This behavior can be understood if the
distribution is dominated by a single partial wave, or
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FIG. 10. Experimental angular distribution for the
24Mg(®?S, ?8Sigs.)?®Sigs. reaction at FEcm=51 MeV

(solid histogram).  Calculated distributions based on a
| Pe(cosBe.m.) |2 angular dependence folded with the detec-
tion efficiency, as discussed in the text, are shown for £ = 38#
(dashed histogram) and £ = 404 (dotted histogram).

by a few partial waves that are in phase, leading to a
| Pe(cosfc.m.) | angular dependence. To determine the
dominant £ value for this distribution, the previously dis-
cussed Monte Carlo calculation of the experimental re-
sponse was modified to use a | Py(cosf.m.) |> angular
dependence, corresponding to a single partial wave, for
the 28Si, 5 +28Sig ;. breakup channel. The resulting lab-
oratory distributions for £ = 38% and 40A4 are shown by
the dashed and dotted distributions in Fig. 10. Although
the best reproduction of the experimental distribution is
found assuming ¢/ = 40A, either angular momentum is
seen to be consistent with the data.

The calculated average angular momentum for the
symmetric-fragment ground-state decay is seen from Fig.
9 to be about 38%4. This value is in good agreement with
the angular distribution measurement and supports the
diffuseness assumed for the fusion £ distribution in the
analysis. The observed angular momentum is also com-
parable with, or somewhat larger than, the grazing angu-
lar momentum in either the 32S+24Mg entrance channel
(£g =~ 35k ) or the 28Si+2?8Si exit channel ({; ~ 38% ),
again highlighting the large deformation associated with
the fission saddle point.

The reduced counting statistics for the E ., =54.5
MeV data prevent a similar analysis for those data. Also,
the data for the 2#Mgg , +32Sgs. channel at Ecm =51
MeV show much less structure than observed for the
symmetric-mass breakup channel, suggesting a more
complicated interference of the participating partial
waves. The apparent simplicity of the 28Sig , +28Sig .
distribution may reflect the identical-particle nature of
this channel where only the even partial waves con-
tribute.

C. Comparison with the ?4Si(2%Si,?8Si)?8Sj reaction

It is interesting to compare the 32S(24Mg,28Si)28Si re-
sults to those reported earlier by Betts et al. [20,28,29] for

the large-angle scattering yields of the 28Si(28Si,28Si)28Si
reaction. In those 28Si4-28Si entrance-channel measure-
ments, strong resonance behavior was observed in ex-
citation functions for the low-lying elastic and inelastic
channels. In Fig. 11(a), we show the energy spectrum
obtained at E. ., =60 MeV by detecting the outgoing
fragments in coincidence using two position-sensitive, Si
(surface-barrier) detectors [30]. The measurement was
performed using thin 28Si foils and, consequently, had
excellent energy resolution. To compare the fission cal-
culations for the 28Si4-28Si entrance channel with the ex-
perimental results, the original spectrum of Ref. [30]
has been efficiency corrected based on the geometry of
this measurement, as discussed in Ref. [28]. (The ex-
perimental efficiency is calculated to have changed by
approximately 25% over the range 0 MeV< E, < 22
MeV.) Although the efficiency-adjusted data have not
been converted to cross sections, the scale of Fig. 11(a)
has been adjusted using the experimental cross sections
for low-lying excitations [38] to allow comparison with
the model calculation shown in Fig. 11(b). The res-
onant nature of this reaction leads to an uncertainty as
large as 50% in this scaling procedure, but the qualitative
comparison of the experimental and calculated spectra
should still remain valid. The model calculation uses the
same assumptions as discussed for the 32S+24Mg system.
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FIG. 11. (a) Excitation-energy spectrum obtained by Betts
et al. [28] for the 28Si(?®Si, 28Si)?®Si reaction at Ec.m.= 60
MeV. The data have been efficiency corrected and the ordi-
nate has been scaled to allow for the calculated results, shown
in part (b), to be compared with the data. No scale is shown
because of the large normalization uncertainty, as discussed
in the text. (b) Calculated excitation-energy spectra based
on the fission-model calculation. The solid curve is for de-
cays that populate two particle-bound fragment states. The
dotted curve includes all decays.
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The only reaction-dependent change (other than specifi-
cation of the entrance channel) is the assumption of a
total fusion cross section of 1250 mb, leading to a calcu-
lated evaporation-residue cross section at this energy of
1030 mb (to be compared with the experimental value of
1040+32 mb of DiCenzo et al. [39]).

It is evident from Fig. 11 that while the fission model
calculation is able to describe the more fully damped
cross sections for the 285i4-28Si reaction, including the
structure observed with E, >10 MeV, the model greatly
underpredicts the strength observed in the low-lying
states. The strong resonance behavior observed in the en-
ergy dependence of these excitations suggests that a sepa-
rate mechanism, in addition to the fusion-fission process,
contributes to these yields. Angular distributions for the
2851 (2851,288i, 5.)28Sig 5. Teaction at E. ., =59 MeV and
64 MeV indicate dominant £ values of 40% and 42#A, re-
spectively [28]. The calculated average angular momen-
tum leading to fission to the ground state at E. ., =60
MeV is 42.4h, suggesting competition between the fission
and resonance reaction mechanism. Betts et al. [20,21,30]
have noted that when shell corrections are applied to the
liquid-drop potential-energy surface for *¢Ni, there is a
significant second minimum found just inside the fission
barrier for J = 40k. The present results suggest that the
observed excitation spectrum may be the consequence of
fission from high-spin shape isomers in *6Ni, as previ-
ously suggested, which dominates the lower excitations,
together with the statistical fission of the “normal” com-
pound nucleus, which plays a greater role for the higher
energy excitations.

D. v-ray yields

Based on the particle data, it is impossible to assign
specific mutual excitations to the structures observed
in the excitation-energy spectra of Figs. 7, 8, and 11
at higher energies. This is seen in Fig. 12, where
the calculated cross sections for different mutual excita-
tions are shown as functions of excitation energy for the
24Mg(325,24Mg)*2S [Fig. 12(a)] and 2*Mg(32S,285i)28Si
[Fig. 12(b)] reactions at E. . =51 MeV, and for the
851 (285i,%8G1)28Si [Fig. 12(c)] reaction at E. ., =60
MeV. The experimental spectra are overlaid for orien-
tation purposes. At energies above ~6.5 MeV, a number
of different mutual excitations can contribute to each of
the observed structures in these spectra, and the calcu-
lations indeed suggest that groupings at certain energies
of a number of high-spin excitations contribute to these
structures. The total number of mutual excitations of
particle-bound states for each MeV of excitation energy
is also shown in Fig. 12 for the different reactions. Al-
though this number becomes quite large above 10 MeV,
the dominance of less common high-spin excitations re-
sults in significant structure. The need for great caution
in suggesting a specific excitation for one of the higher
energy peaks is obvious.

The complexity of the higher energy structures is also
apparent in the y-ray spectra obtained in coincidence
with the particle data for the 24Mg(32S,2851)28Si reaction

at F; m =51 MeV. With the modest energy resolution of
this experiment, the peak in Fig. 8(a) that appears to
correspond to the single 4% excitation at 4.617 MeV is
already found to have a significant cross section compo-
nent coming from the excited 0% state at 4.979 MeV. This
conclusion is reached from the detailed study of the y-ray
spectra. By gating on the energy range 4.3 MeV< E, <
5.4 MeV in the particle spectrum, the y-ray yields for
the 21779 —= 07, , 4517 = 2779, and 0559 — 2779 tran-
sitions are found to be 15, 7, and 3 counts, respectively.
After correction for the absolute efficiencies for the three
transitions 2.43 x 1073, 1.71 x 1073, and 1.55 x 10~3, the
total number of events corresponding to each transition
are 6175, 4096, and 1930, respectively. The total num-
ber of events feeding the 2% level is then 6026, in good
agreement with the number of decays from this state.
The ~-ray analysis indicates that 68% of the yield within
the indicated excitation-energy window corresponds to
the 41 excitation, with 32% arising from the excited 0%
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FIG. 12. Calculated fission cross sections (vertical lines) for
single and mutual excitations in the (a) *Mg(*?S, 2*Mg)3?S
reaction at Ec.m.=51 MeV, (b) **Mg(*?S,?Si)*®Si reac-
tion at Ec.m = 51 MeV, and (c) 28Si(?%51,2%Si)2%Si reaction
at Ec.m.=60 MeV. The corresponding experimental excita-
tion-energy spectra have been overlaid for orientation pur-
poses (thin-line histograms; scale not shown). The total
number of excitations corresponding to fission decay to parti-
cle-bound fragments per MeV is shown by the bold histogram
(use ordinate scale at right).
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state. Although there is a large statistical uncertainty in
the 47};,,/04.4, yield ratio, a significant 0* component is
clearly indicated. The calculated cross section percent-
ages for these two single excitations are 90% (4%) and
10% (01).

It is worth noting that, in the data of Betts et al.
[30] for the 28Si(?85i,28Si)28Si reaction, there is a small
shoulder on the peak centered at 4.617 MeV that could
indicate population of the excited 0% state. However,
this shoulder is considerably less than expected based
on the calculation for this reaction where a ratio of
4}518/0%570 = 4/1 is predicted. This is consistent with
the suggestion that resonant yields in this reaction result
primarily from excitations of the yrast levels [28].

The next peak in the excitation-energy spectrum is
centered near the yrast 27,,9 + 41;,, mutual excitation
at 6.396 MeV. Based solely on the particle spectrum,
one could be tempted to assign this peak entirely to the
mutual excitation of yrast states. Analysis of the y-ray
spectrum corresponding to the excitation-energy range
5.9 MeV< E;, < 7.3 MeV, however, suggests a more
complicated picture. There are five additional single and
mutual excitations within £0.5 MeV of the 2,9 + 45,7
excitation. To determine the fraction of the yield re-
sulting from these excitations, we used the ~v-ray data
obtained both with the Ge and with the BGO detectors.
Although the limited energy resolution of the BGO de-
tectors generally restricts their usefulness in determining
the population of different levels, in this case there are
relatively few excitations involved, and the data proved
valuable in deducing the relative population of the 355,4
and 4ggeg excitations. The 4lggq state has a 100% de-
cay branch to the 2},,5 level. The corresponding 5109
keV + ray is unresolved in the spectra from the 5100 keV
line arising from the 30% 3gg;9 — 2}, transition. The
3~ level also has a 70% branch to the ground state, but
the high energy of this v ray leads to a low detection
efficiency in the Ge detectors. Within the energy-gated
spectrum, there were three v rays within the region of
the 5100/5109 keV doublet and no v rays observed at
6879 keV (3gg79 — Of, ). However, this higher-energy
transition was clearly seen in the spectrum obtained by
taking the logical or of the individual BGO spectra, with
483 counts observed. Using these data it was possible to
deduce the relative contribution of the 6.879 MeV and
6.888 MeV levels. By deriving a population scheme con-
sistent with both the high-resolution Ge and the BGO
data, we deduce the following percent populations for
the excitations within this energy range, giving the ex-
perimental population followed by the calculated value:
3d276(<5%; 6%), 2f779 + 4417 (46%; 53%), Oggey (10%;
3%), 21779 + 0do79(15%; 8%), 3ggre (18%; 13%), 4gsss
(11%; 16%). Although the calculated percentages are in
reasonably good agreement with the experimental val-
ues, the underprediction of the Ofge; excitation is inter-
esting, since a similar trend is also found at higher en-
ergies where the population of members of the strongly
prolate deformed band with the 0fge; level as the sug-
gested bandhead are consistently underestimated in the
calculations.

The very weak population of the collective 3gg79 exci-

tation in the 28Si(?35i,28Si)28Si reaction data has been
noted by Betts et al. [28] as one of the significant fea-
tures of these data. The significant population of this
excitation in the 24Mg(325,28Si)28Si reaction is then fur-
ther evidence that quite different reaction mechanisms
dominate the low-lying excitations for the two entrance
channels.

For energies with E, > 7.5 MeV, the large number of
possible mutual excitations within the experimental res-
olution of a given energy peak, and the complexity of the
v-ray spectra found by gating on one of these peaks, made
it impossible to uniquely determine the relative popula-
tion of the different excitations. It is still possible, how-
ever, to compare more generally the fission model calcula-
tion with the experimental results even at these energies.
For this comparison, the relative cross sections calculated
for the mutual excitations of the 2¢Mg(32S,28Si)28S;i re-
action at E.,,, =51 MeV, as shown in Fig. 12(b), were
used to generate a model y-ray spectrum corresponding
to an excitation-energy range of 7.6< E, <16.7 MeV.
Within this range the calculated excitation-energy spec-
trum, shown in Fig. 8(a), is in very good agreement
with experiment, and the comparison of calculated and
measured y-ray spectra should be meaningful. The cal-
culated v-ray spectrum is based on the measured branch-
ing ratios for the vy-decaying states of 28Si and takes into
account the Ge detection efficiency. The total number
of symmetric fission events assumed in generating this
spectrum was taken as the measured yield in this energy
range, reduced by 10% in order to take into account in-
stances where different fission channels are involved or
where secondary light-fragment emission occurred from
one of the primary 28Si fission fragments. This correc-
tion was based on the strength of the lines corresponding
to these processes observed in the vy-ray spectrum. It is
assumed that the large angular range of the particle de-
tectors and the range of angles covered by the Ge detec-
tors is sufficient to minimize any effects associated with
angular correlation of the emitted v rays.

The experimental excitation-energy-gated «y-ray spec-
trum is shown full scale in Fig. 13(a) and with an ex-
panded scale in Fig. 14(a). A smooth background has
been subtracted to facilitate comparison of the corre-
sponding calculated spectra, shown in Figs. 13(b) and
14(b), with these results. The various peaks in the cal-
culated spectrum have been folded with Gaussian distri-
butions of the same width as the experimental detector
and Doppler-broadening response. From Fig. 13 we find
that the decay strength from the yrast 2% and 4% levels
are well accounted for by the calculation. Since most of
the decay strength of 28Si passes through the 2,4 level,
the success in reproducing this strength is primarily a
check on the total number of 28Si fragments assumed in
the calculation. The success in reproducing the strength
of the 45,5 — 27177 transition is more interesting, since
the 4% level is primarily fed by transitions from higher
spin, positive-parity transitions. As previously indicated,
the model calculation favors the population of high-spin
states in this excitation-energy range, and so this agree-
ment supports this feature of the calculation.

Closer inspection of the transition strengths, as shown
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FIG. 13. (a) Experimental and (b) Calculated v-ray spec-
tra for the 2*Mg(32S,%8Si)?8Si reaction at Ec...=51.0 MeV
with 7.6 MeV< E, <16.7 MeV. A smooth background has
been subtracted from the experimental yields for this com-
parison.

in Fig. 14 where the stronger transitions are labeled, re-
veals some interesting differences between the calculated
and experimental results. The observed strength for the
64543 — 445, transition within the ground-state band,
for example, is considerably weaker than calculated. This
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indicates that the yrast band does not have any special
significance in producing the structures at higher ener-
gies in the excitation-energy spectrum. Based solely on
an excitation energy measurement, the peak near E, ~
13.2 MeV might be attributed to the mutual 45,5+ 65,43
excitation. The ~«-ray data show that this is not the
case. (Gating more narrowly on the excitation-energy
peak near 13.2 MeV, we observe only 7+4 v rays corre-
sponding to the 65,5 — 4J;,¢ transition. If the net yield
associated with this peak of 28 300 counts is attributed
to the 4,5 + 635,; mutual excitation, we would expect
to observe ~37 v rays for the 65,3 — 41;,5 transition.)

The calculated and experimental transition yields are
compared in Fig. 15. The level scheme of 28Si, as pro-
posed by Glatz et al. [40-42], is shown at the top of
this figure. The branching ratios for the stronger tran-
sitions are indicated. At the bottom of the figure is a
plot of the calculated ~-ray yield for the different tran-
sitions (open diamonds) and the corresponding experi-
mental values (indicated as uncertainty ranges). To help
in associating the yields with specific transitions, the as-
sociated branching ratios are also indicated in the plot of
the yields.

In general the calculated and experimental yields are in
good agreement. Other than for the 63;,, — 4,5 transi-
tion, the only significant overprediction of the transition
strength is for the 3,,6 — 27, decay. The predicted
strengths for the other members of the K™ = 3* band
also tend to be somewhat larger than observed, but are
still within the range of the experimental uncertainties.
The negative-parity bands and the first excited K™ = 0%
are also well described by the calculation.

The transition strengths for the 034;, 43165, and 67500
members of the second excited K™ = 0% are, however,
significantly underpredicted by the calculation. This
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FIG. 15. (a) Band structure of 2%Si as
suggested by Glatz et al. [40-42] (b) Ob-
served (error ranges) and calculated (open
diamonds) transition strengths for states in
288i populated in the 2*Mg+32S fusion-fission
reaction at E.;m =51.0 MeV and with 7.6
MeV< E. <16.7 MeV. The corresponding

branching ratios are shown to help in iden-
tifying particular transitions.
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band has been interpreted as being associated with a
large prolate deformation [40]. Its strong population in
the fission process might then be understood in terms of
the similarity between this prolate shape and the shape
of the scission-point configuration. It should be noted
that the 02'691, 21281, and 47,45 members of this band have
been found to be strongly populated in a **0+!2C radia-
tive capture experiment, supporting the claim of a large
prolate-intrinsic shape. However, the 67,4, state is not
observed in this capture measurement and, as a result,
there is some doubt about its association with the prolate
band [43]. Regardless of the structure of the 67, ., state,
further evidence of the importance of the nuclear struc-
ture at scission on the population of fragment states is
seen by comparing the measured strengths of the 67,33,
and 67,9 levels. These two states are very close in en-
ergy and they are both likely to be fed directly in the
fission process rather than in decays from higher-lying
levels. By taking the number of observed v rays asso-
ciated with the decay from these levels and dividing by
the product of the transition branching ratio and the Ge
efficiency, it is possible to deduce the total number of
particle events corresponding to the population of these
levels. For the 6?1331 level, there is no indication of a -
ray peak corresponding to the 67,53, — 47,5 transition
(81% branch). This places the upper limit on the total

number of events feeding this level at ~20000. Alterna-
tively, 35+£10 v rays from the 61*1509 — 4%4g5 transition
and 27+11 v rays from the 67,509 — 44165 transition are
observed, corresponding to a weighted particle yield of
59200:£14000. Thus the single 61,4 excitation and the
279 + 611509 mutual excitation are seen to be signifi-
cant contributors to the peaks observed in the excitation-
energy spectra near the corresponding energies.

V. SUMMARY AND CONCLUSIONS

The symmetric fission of %Ni has been studied us-
ing the 32S424Mg reaction at E. . =51.0 and 54.5
MeV. Excitation-energy spectra for the 2¢4Mg+32S and
285i4-28Gi fission channels have been measured using a
particle-particle coincidence technique. Structure is ob-
served in these spectra to high excitation energies where
the number of possible mutual excitations becomes quite
large. For each channel, these structures are found to be
common at the two energies.

A simple model calculation is developed to describe the
observed excitation spectra. This calculation extends a
previously developed fusion-fission model based on the
transition state picture. The earlier calculations have
been found to successfully reproduce fission cross sec-
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tions, mass distributions, and average kinetic energies
for light nuclear systems. The model extension involves
following the fission decay from the saddle point to in-
dividual excitations in the fragments, assuming a sta-
tistical weighting of the fragment states. The ability of
the newer model calculations to reproduce the structure
observed in the excitation-energy spectra suggests that
at higher energies these structures are primarily a con-
sequence of the grouping in energy of several high-spin,
mutual excitations.

Support for the compound-nucleus partial cross section
distribution assumed in the model calculation is found
in a measurement of the 28Si, , +28Si, ;. angular distri-
bution at F. ., =51 MeV. This distribution is found to
have a | Py(cosfcm.) |?> angular dependence character-
ized by an angular momentum of =40%, in good agree-
ment with the average angular momentum expected for
ground-state fission of 38%.

In comparing the calculated cross sections for the
symmetric 28Si+28Si fission channel resulting from the
28Gi+288i reaction at E. ., =60 MeV to the correspond-
ing measurements of Betts et al. [20,21,28-30], it is found
that the calculation is able to reproduce the behav-
ior of the excitation-energy spectrum at higher energy,
but significantly underestimates the cross section for the
low-lying states. This result is consistent with a sep-
arate mechanism, presumably that responsible for the
heavy-ion resonance behavior, dominating the low-energy
yields. The dominant angular momentum that has been
deduced for the elastic scattering at larger angles, how-
ever, is in good agreement with the fission-model calcu-
lations. This suggests that the shape of the resonance
configuration may be very similar to that of the nuclear
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saddle point.

The v rays associated with the symmetric-mass fis-
sion channel have also been measured for the 32S+424Mg
reaction at E. ., =51 MeV. The analysis of these data
supports the results of the model calculation, suggest-
ing that the structures observed at higher energies in the
excitation spectra arise from groupings of high-spin exci-
tations. The «y-ray data also indicate, however, that the
fission decay is not solely determined by statistical spin
factors. In particular, there is evidence of an enhanced
role for a highly deformed prolate band in 28 Si. The struc-
ture of the nucleus at scission is seen to have a significant
influence on the details of the fission decay.

This work concentrates on a system where the fully
energy-damped yields have been found, from previous
measurements, to be well described by the fusion-fission
mechanism. By developing the systematics and a more
general understanding of the population of specific states
in fission fragments, we hope to learn more about the role
of nuclear structure in the fission decay process. This
should also help in developing the differences and pos-
sible relationships between the heavy-ion resonance and
compound-nucleus fission processes in light systems.
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FIG. 1. Schematic drawing of the experimental arrange-
ment. Note that the BGO array of the Argonne-Notre Dame
w-ray facility is not shown for clarity.



