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The fully energy-damped yields for the36Ar 1 12C and20Ne1 28Si reactions atEc.m.547.0 MeV and 45.5
MeV, respectively, are explored using particle-particle-g coincidence data. These reactions reach a similar
excitation energy ofECN* 559.5 MeV in the48Cr compound nucleus as was obtained in an earlier particle-
particle coincidence study of the24Mg 1 24Mg reaction. The overall mass and total kinetic energy distributions
of the fission fragments are found to be well reproduced by statistical-model calculations. These calculations
are also found to reproduce structure seen in the excitation-energy spectra for the20Ne 1 28Si and 24Mg 1
24Mg exit channels for all three reactions. In previous excitation-function measurements, strong heavy-ion
resonance behavior has been observed in elastic and inelastic cross sections for the24Mg 1 24Mg system.
There has been speculation that peaks observed in the corresponding excitation-energy spectra at more nega-
tive Q values may also be a consequence of this resonance phenomenon. The observation of very similar
behavior with the asymmetric-mass entrance channels makes it less likely, though, that the peaks arise from
any special configuration of the compound system. Instead, an analysis of theg-ray data and the results of
statistical-model calculations support the conclusion that most of the observed high-lying structure can be
accounted for in terms of statistical fission from a fully energy- and shape-equilibrated compound nucleus. For
the 24Mg 1 24Mg entrance channel, however, comparisons with the statistical model indicate a reduction of
high-angular-momentum partial cross sections, leading to the24Mg 1 24Mg fission channel. For the first time,
we are able to deduce the nature of the competition between the resonance and statistical-fission mechanisms
in this mass region.@S0556-2813~96!03109-3#

PACS number~s!: 25.70.Jj, 24.60.Dr, 25.70.Gh
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I. INTRODUCTION

The systematics of fusion followed by fission in the ma
40 <ACN<80 region have been well established~see Refs.
@1,2#, and references therein! and it is interesting to explore
how this process competes with other mechanisms that re
in binary yields. The 48Cr nucleus provides a good
system with which to explore such competition. Th
24Mg(24Mg,24Mg! 24Mg reaction@3–5# is known to involve
a resonance mechanism which has an important influence
yields at lower excitation energies (&8 MeV!. Although the
correlations among the energy spectra for different mutu
excitations are not as strong, the20Ne(28Si,24Mg! 24Mg reac-
tion @6# is also known to exhibit resonance behavior involv
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ing the low-lying states of 24Mg. Furthermore,
peaks are observed in excitation-energy spectra for
24Mg(24Mg,24Mg! 24Mg reaction up to energies where sec
ondary a-particle emission from the fragments starts t
dominate the spectra, thereby obscuring any spectrosco
details. It is not clear if this peak structure has any relatio
ship to the resonance behavior. Many of the observed pe
are, however, located at energies near to mutual excitatio
of members of the24Mg ground-state rotational band. It is
believed that this band may play a special role in the res
nance behavior as a consequence of its associated pro
deformation@5#.

In order to examine the question of competition betwee
the resonance and statistical fission processes, an earlier
periment was done@7# in which the compound48Cr* system
was populated by way of the24Mg 1 24Mg entrance channel
with Ec.m.544.4 MeV, corresponding to a48Cr* excitation
energy of 59.4 MeV. In addition to cross sections and ener
distributions for all of the major fission channels, high
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1250 54K. A. FARRAR et al.
TABLE I. Summary of characteristic energies and angular momenta for the the three syste
The grazing angular momental gr are based on optical model calculations for the respective cha
nels. The critical angular momenta for fusionl cr are based on the fission transition-state calcula
tions. These values lead to the best reproduction of the observed fission yields.VC is the calculated
Coulomb barrier height.

System Elab ~MeV! Ec.m. ~MeV! ECN* ~MeV! Ec.m./VC l gr (\) l cr (\)

36Ar 1 12C 187.7 47.0 59.5 2.59 30.2 24.4
20Ne 1 28Si 78.0 45.5 59.8 1.98 31.2 27.9
24Mg 1 24Mg 88.8 44.4 59.4 1.89 30.5 30.4
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resolutionQ-value spectra were obtained for the24Mg 1
24Mg and 20Ne1 28Si exit channels. Each of these chann
showed pronounced structure at high (*10 MeV! excitation
energy. Because of the large number of possible mutual
citations, with already about 30 per MeV at an excitati
energy of 10 MeV for the24Mg 1 24Mg exit channel, it was
not possible with the data from that experiment to assoc
the observed peaks with unique channels in the final st
Moreover, an analysis based on the assumption of a sta
cal population of the fragment states was in good qualita
agreement with the data.

In this paper we report on measurements of fission
yields where the 48Cr system is populated using th
asymmetric-mass36Ar 1 12C and 20Ne1 28Si reactions. A
comparison of these results with those from the symme
entrance channel and with the predictions of a statisti
model calculation is presented. These results illustrate
important role of statistical fission in the general behavior
this system, as well as its role in the population of levels
symmetric and near-symmetric decay channels. In particu
comparison of the mutual-excitation spectra shows that
existence of peaks at high energies is not specific to
entrance channel, but is characteristic of compound-nuc
decay. Theg-ray information obtained in these measur
ments also supports the conclusion, suggested by the m
calculations, that much of the yield in these peaks can
understood in terms of a statistical population of the ene
levels in the fragments where high-spin levels are favore

Some of the characteristic energies and angular mom
for the 36Ar 1 12C and20Ne1 28Si systems are summarize
in Table I. This table also includes the corresponding inf
mation for the earlier study of the24Mg 1 24Mg reaction@7#.

Instead of calculating the compound-nucleus spin dis
bution leading to fission within a model space, it is possi
to deduce this distribution based on the observed excitat
energy spectra by assuming a spin-weighted population
reaction fragments. The fission spin distribution can then
determined without knowledge of the fusion spin distributi
and without calculation of the competition between ligh
particle evaporation and fission. Considering the24Mg 1
24Mg exit channel, for the36Ar 1 12C and 20Ne 1 28Si
entrance channels, the deduced centroids and widths o
corresponding fission spin distributions are consistent w
those calculated with the statistical model. Comparable
sults for the24Mg 1 24Mg entrance channel, however, ind
cate an average spin value significantly lower than predic
by the model calculations. This suggests competition
tween the fission and heavy-ion resonance mechanisms
is the first direct evidence in this mass region that the hea
ls
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ion resonance process influences the statistical propertie
compound-nucleus decay.

The paper is organized as follows: In Sec. II the expe
mental arrangement is described and in Sec. III the expe
mental results are presented. In Sec. IV the statistical mo
used to describe the excitation-energy spectra is discus
and comparisons are made to the experimental results. I
also shown how the fission spin distributions can be deduc
from the experimental spectra, based on the statistical-mo
calculations. Finally, Sec. V presents a summary of the pr
cipal results.

II. EXPERIMENTAL ARRANGEMENT

The 36Ar 1 12C and 20Ne 1 28Si measurements were
carried out with beams from the ATLAS accelerator at A
gonne National Laboratory using the Argonne-Notre Dam
BGO g-ray facility @8#. The experimental procedures em
ployed for both entrance channels were similar to those d
scribed previously for a particle-particle-g coincidence mea-
surement of the32S 1 24Mg reaction@2#.

For the 36Ar 1 12C experiment, we used a 187.7 MeV
36Ar beam incident on an isotopically enriched12C target of
areal density 75mg/cm2. Six Si@surface barrier~SB!# detec-
tors were located at nominal laboratory angles of 16°, 8
4°, 24°, 26°, and210°, with the sense of the angles a
indicated in Fig. 1. Unit mass resolution was obtained wi
these detectors up toA536 using the time structure of the
ATLAS beam for time-of-flight measurement. The Si~SB!
detectors were used to obtain cross section normalizations
determine the fission and evaporation-residue energy and
gular distributions, and to determine the angular offset of t
beam through the chamber (.0.1°). A Bragg curve spec-
trometer~BCS! @9# was located at an angle of 21° relative t
the beam and at a distance of 111.7 cm from the target. T
detector was used to determine theZ and energy of fission
fragments at large angles, yielding better than unit nucle
charge resolution@see Fig. 2~a!# and. 1% energy resolu-
tion. Scattering yields off197Au targets were used for energy
calibrations in the Si~SB! detectors and the Bragg curve
spectrometer. Additional energy calibration information wa
obtained with an241Am a-particle source.

Two 20 cm 3 20 cm active-area, position-sensitive
parallel-grid avalanche counters~PGAC’s! @10# were used
for the particle-particle coincidence measurement. A det
mination by these counters of the positions and relative tim
of arrival of the two fragments from binary events is suffi
cient for an event-by-event determination the fragme
masses@see Fig. 2~b!# and the reactionQ values. These de-
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54 1251FISSION DECAY OF48Cr AT ECN* '60 MeV
tectors were nominally positioned 69 cm from the target
622° relative to the beam. PGAC2 was operated as a tra
mission counter backed by the BCS and Si1. The detect
efficiency of the PGAC’s, as a function of the mass of th
detected particle, was determined with Si1 and by assum
reflection symmetry about the beam direction. The positi
and relative timing resolutions for these detectors we
.2 mm and,480 ps, respectively.

Data from theg-ray array were taken in coincidence with
the particle measurements. The complete array involves
Compton-suppressed Ge detectors~CSGD’s!. For the36Ar 1
12C and20Ne1 28Si experiments, however, the forward fou
detectors were removed to allow room for a large scatter
chamber. The remaining eight CSGD’s were located 2
above and below the horizontal plane at angles of690° and
6145° to the nominal beam axis. The energy calibration w
determined with 88Y, 60Co, and PuC@11# sources. The
energy-dependent absolute efficiency calibration was o
tained with 60Co, 152Eu, and PuC sources of known activi
ties. Additional efficiency information was obtained by usin
182Ta and 56Co sources for relative efficiency calibrations
For each calibration, the source was placed in the target
sition with the scattering chamber in place. The efficien
data were fitted with a four-parameter version of the equat
suggested by McNelles and Campbell@12#. For energies
above the 6.1 MeV line of PuC, this fit was used to extrap
late the efficiency calibration. The total efficiency for th
eight Ge detectors falls off approximately exponentially fro
0.39% atEg51000 keV to 0.10% atEg55000 keV and
0.040% atEg515000 keV.

The 20Ne 1 28Si measurement was done with an expe
mental arrangement very similar to that used for36Ar 1
12C, with a 78.0 MeV20Ne beam incident on a28Si target of

FIG. 1. Scale drawing of the scattering chamber showing t
arrangement of particle andg-ray detectors for the36Ar 1 12C
experiment.
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areal density 8mg/cm2 backed by a 10mg/cm2 carbon foil.
In the coincidence measurement, contaminant reactions w
the C backing could be separated from reactions with th
28Si target through differences in the respective two-bod
kinematics. Again, energy calibrations in the Si~SB! detec-
tors and the BCS were achieved by measuring scatteri
yields off 197Au targets and by use of an241Am source.

The scattering chamber andg-ray detector array combi-
nation used for the20Ne 1 28Si measurement was the same
one used for the36Ar 1 12C measurement, although the
placement of the particle detectors was different. Fou
Si~SB! detectors were located at nominal laboratory angle
of 27°, 213°, 219°, and225°. In addition, four Si~SB!
detectors were nominally located at64° and 4° above and
below the beam. This arrangement was used to help in d
termining the angle offset of the beam through the chamb
(.0.4°). The BCS was located at242° at a distance of
116.8 cm from the target. The two PGAC’s were positione
79 cm from the target at647° relative to the beam. In this
case PGAC1, located in front of the BCS, was operated in
transmission mode. The position resolution obtained in th
PGAC’s was somewhat better (,1.5 mm! than was achieved
in the 36Ar 1 12C measurement, leading to better than un
mass resolution.

III. EXPERIMENTAL RESULTS

It is usually a good assumption for heavy-ion reactions t
take the total fusion cross section as being the sum of t

he

FIG. 2. ~a! Typical Z spectrum obtained with data from one of
four quadrants in the BCS. The yields observed at low values
Z were limited by the detection efficiency of PGAC2 which gener
ated the trigger for the BCS.~b! Mass spectrum obtained from the
coincidence measurement. The abscissa corresponds to the mas
the particle detected in PGAC1.
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evaporation-residuesER and fissionsfis cross sections. In
heavier systems these two processes involve well-separ
mass distributions and are therefore easy to distinguish
perimentally. For lighter systems, where the fission proce
favors the mass-asymmetric breakup of the compound s
tem, there is no clear demarcation between the masses a
ciated with the two processes, although it is common to ta
‘‘fission’’ as being associated with decay to masses grea
than that of the alpha particle. In attempting to model t
compound-nucleus decay to evaporation-residue and fiss
channels, knowledge of the total fusion cross section is u
ful by helping to constrain the normalization of th
compound-nucleus spin distribution.

In this section, measurements of the evaporation-resid
and mass-dependent fission cross sections for the36Ar 1
12C reaction are first presented. Similar results were not o
tained for the20Ne 1 28Si measurement since reactions o
of the carbon target backing and artifacts in the identificati
spectra resulting from slit scattering prevented a reliable e
traction of singles yields. The particle-particle coinciden
data, which allowed for high-resolution excitation spectra
be obtained for the near-symmetric-mass breakup of b
incident channels, are then presented, followed by a disc
sion where the additionalg-ray data are used to help under
stand the nature of the peaks observed in these spectra.

A. Evaporation residue measurement

For the36Ar 1 12C reaction, the total evaporation-residu
cross sectionsER was obtained with singles measuremen
using the Si~SB! detectors. The programPACE @13# was used
to calculate the evaporation-residue angular distributi
ds/du for A>38, adjusting the value of the fusion critica
angular momentuml cr to achieve the best agreement with th
corresponding experimental distribution. This mass region
expected to be relatively free of fission yields. ThePACE
results were used to extrapolate theA>38, evaporation-
residueds/du values observed at each angle to their corr
sponding mass-inclusive values. The resulting values
ds/du and a curve representing thePACE distribution are

FIG. 3. Evaporation-residue angular distribution for the36Ar 1
12C reaction. The error bars show the statistical uncertainty ass
ated with the data points. The solid line represents a distribut
calculated with the programPACE scaled to the cross sections de
duced from the experimental data.
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shown in Fig. 3. The magnitude of the extrapolation range
from 7% of the measured value for the 4° Si~SB! detectors to
37% for the 10° Si~SB! detector. Based on the fission calcu
lation presented in Sec. IV, thetotal fission cross section for
4,Afragment<10 is estimated to be,21 mb. If this is distrib-
uted withds/du 5 const, as expected for the binary deca
of a long-lived, high-spin system, then we obtain
ds/du<6.7 mb/rad. For 44.A>38, sER was calculated
with PACE to be 850 mb.

The PACE distribution was integrated to obtain
sER512156676174 mb. The first quoted uncertainty is the
standard deviation of thePACE distribution from the experi-
mental values, and the second is an estimate of the unc
tainty associated with extrapolatingds/du outside of the
experimental angular range. This second uncertainty w
taken asDsER5s(u lab.10.4°)10.25s(u lab,3.9°).

B. Fission singles measurement

Cross sections were determined for the dominant36Ar1
12C fission decay channels fromA56 to A524, with the
exception of the8Be channel, using data from the Si~SB!
detectors at 8°,210°, and 16°. Since8Be isa-particle un-
bound, it could not be identified in this measurement. Be
cause of low counting statistics, yields for mass channels
the rangeA513–15 were combined. For theA520 and
A524 channels, the range of angular coverage was extend
with Z510 andZ512 data from the BCS. The yields in
these channels are dominated by20Ne and 24Mg, as estab-
lished by the simultaneous measurement of mass and cha
for particles detected in the BCS and in coincidence wit
particles detected in PGAC1. This is in agreement with wh
has been observed in other light systems@14,7# and with the
overall systematics of fission in these systems@1# where the
4n, ‘‘alpha-particle-like’’ channels are found to be strongly
populated. The average total kinetic energy^ETKE& in the
center-of-mass frame was calculated for each mass chan
by using the centroid of the observed energy distribution an
by assuming two-body kinematics.

For all decay channels of the36Ar 1 12C reaction,
ds/du and ^ETKE& were found to be independent of the
center-of-mass angle in the range measured, correspond
to decay from a fully energy-damped, long-lived intermed
ate complex. Assumingds/du 5 const, the fission mass
distribution shown in Fig. 4 is obtained. The measure
^ETKE& values are shown in Fig. 5.

C. Excitation-energy spectra

Experimental excitation-energy spectra for the24Mg 1
24Mg and 20Ne 1 28Si exit channels were obtained for all
three entrance channels using data from particle-particle c
incidence measurements. In each case, Monte Carlo simu
tions were used to determine the coincidence efficiency
the respective experimental geometries, assumingds/du 5
const for the binary fragments. The efficiency-correcte
ds/dE spectra are shown as thick-line histograms in Figs.
and 7. As a consistency check, ads/dE spectrum was also
obtained with the singles data from the BCS and PGAC2 fo
the 12C(36Ar, 24Mg! 24Mg reaction, using the same code to
extrapolate outside of the experimental angular acceptance
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54 1253FISSION DECAY OF48Cr AT ECN* '60 MeV
used for the coincidence efficiency calculation. The spectru
was integrated over all energies and the resulting24Mg cross
section was found to be 0.3060.04 mb. This is in excellent
agreement with the equivalent cross section deduced fr
the Si~SB! detector data of 0.2960.04 mb.

In both exit channels, the peaks in the spectra are see
occur at similar mutual excitation energies for each of th
three entrance channels. For low excitation energies, wh
the density of possible mutual excitations is small, this sim
larity between spectra is expected. At higher energies, wh
the level density increases, the common peak structure
comes significant and indicates that the mechanism wh
produces these peaks is not entrance-channel dependen

D. Particle-particle-g measurement for 12C„36Ar, 24Mg…24Mg

To explore the origin of the peaks observed at high
excitation energies in the20Ne 1 28Si and 24Mg 1 24Mg
exit-channel spectra,g-ray data taken in coincidence with
the particle-particle coincidence yields for the36Ar 1 12C

FIG. 4. Observed~solid symbols! and calculated~histogram!
mass distributions for the fully energy-damped yields. Mass
13–15 are represented by their average cross section. The c
sections for mass 8 are not included since this channel was
experimentally accessible. When not shown, uncertainties
smaller than the symbol.

FIG. 5. Observed and calculated average c.m. total kinetic e
ergies. The symbols represent the data and the line connects va
obtained from the model calculation.
m

om

n to
e
ere
i-
ere
be-
ich
t.

er
reaction were analyzed, focusing on the contributions of th
24Mg ground-state rotational band.
The Doppler-corrected g-ray spectra for the

28Si(20Ne,24Mg! 24Mg and 12C(36Ar, 24Mg! 24Mg reactions
gated on excitation energy from 7.5 MeV to 18 MeV ar
shown in Fig. 8. The spectra are plotted with a logarithm
energy scale so that the Doppler broadening of peaks appe
constant@2#. Since it is not possible to know which of the
two reaction fragments a giveng ray originates from, each
g ray is corrected for both possible Doppler shifts, with tw
different energy bins in the histogram incremented for
given event. To avoid the phantom structures that can res
from this procedure when there is a strong transition, th
complementary Doppler corrections were suppressed for
dominant 21

1→g.s. and 41
1→21

1 transitions. Within the lim-
its imposed by the statistics, the experimental spectra app
to be similar, although with possible differences in the yield
for specific transitions. A statistical model calculation tha
appears to be in qualitative agreement with these results
presented in Sec. IV B. The intrinsic resolution of the G
detectors was found to be. 0.1%, although Doppler broad-
ening limited the observed resolution to. 0.5%.
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FIG. 6. The 24Mg 1 24Mg mutual-excitation spectra for the
three different entrance channels. Spectra derived from experim
are indicated by the thick-line histograms. Spectra obtained fro
the model calculation are indicated by the thin-line histograms a
for each channel have been scaled by the ratio of experimenta
calculated cross section. The five horizontal bars in~a! mark the
energy ranges used in theg-ray analysis. The vertical lines in~d!
mark the mutual excitations below 18 MeV involving the ground
state rotational band and all yrast states.
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To examine whether the peaks at higher energies in t
excitations-energy spectra result from ‘‘special’’ structure i
the compound system leading to the enhanced populations
specific mutual excitations, such as, for example, the sele
tive population of mutual yrast excitations, theg-ray data
were gated on the five excitation-energy ranges indicated
Fig. 6~a! and closely inspected for evidence of yrast trans
tions. Although the counting statistics were low, the goo
intrinsic energy resolution of the Ge detectors and the know
g-ray intensities made it possible to positively identify sev
eral transitions and to infer the absence of others. If stru
tures in the excitation-energy spectra are in fact based
mutual excitations of levels in the ground-state rotation
band of 24Mg or yrast levels, in general, then one expects
see some specific relative strengths among associatedg-ray
transitions. A detailed analysis was made of the data for ea
of the five energy ranges~see Ref.@15# for details!, and it
was found that for the entrance channel considered here,
high-lying peaks in the24Mg 1 24Mg mutual-excitation
spectrum at these energies are not dominated by simple
citations exclusively involving levels in the ground-stat
~g.s.! rotational band.

IV. DISCUSSION

A. Fission model description of mass
and total kinetic energy distributions

Over the past few years it has been shown that the fiss
process in light nuclear systems can be successfully d
scribed using the same transition-state formalism that h

FIG. 7. The20Ne1 28Si mutual-excitation spectra for the three
different entrance channels. Spectra derived from experiment
indicated by the thick-line histograms. Spectra obtained from t
model calculation are indicated by the thin-line histograms and f
each channel have been scaled by the ratio of experimental to
culated cross sections.
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become the standard description of fission in heavier sy
tems. This model assumes the formation of a fully equili-
brated compound nucleus that subsequently breaks apart in
two fragments. The probability of the breakup to a given
mass channel is governed by the phase space available at
most restricted point in the breakup process, the so-calle
‘‘transition point.’’ Since the free energy in the fissioning
system has its minimum value at the saddle point of th
macroscopic energy surface, this is usually taken as the tra
sition point.

Assuming spinless particles in the entrance channel, th
cross section for a reaction with entrance channela and exit
channelb can be expressed using the Hauser-Feshbach fo
malism with

sab5(
J

sJ~a!
GJ~b!

(
l

GJ~l!

, ~1!

wheresJ(a) is the partial cross section for forming the com-
pound nucleus with spinJ, GJ(b) is the decay width to chan-
nel b, andl is an index that ranges over all possible decay
channels. The decay channels are usually grouped in term
of g-emission, light-particle evaporation and fission chan
nels. Schematically, the total decay width can be expresse
as

are
he
or
cal-

FIG. 8. ~a! Experimental and~b! model-calculatedg-ray spectra
for the 12C(36Ar, 24Mg!24Mg reaction.~c! Experimental spectrum
for the 28Si(20Ne,24Mg!24Mg reaction. All three spectra correspond
to range in excitation energy of 7.5–18.0 MeV. The insets allow a
comparison of the low-lying transitions that are otherwise off scale
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54 1255FISSION DECAY OF48Cr AT ECN* '60 MeV
(
l

GJ~l!5GJ
g1GJ

ER1GJ
fis , ~2!

whereGJ
g , GJ

ER, andGJ
fis are the sum of the decay widths fo

the respective processes at a compound-nucleus spinJ. The
particle widths can be expressed in terms of transmiss
probabilitiesTJ(l) and the compound-nucleus level dens
rCN, with

GJ~l!5
TJ~l!

2prCN~ECN* ,J!
. ~3!

Fission usually occurs early in the decay chain of the co
pound system, where theg-decay width is small compared t
the particle branches. For the evaporation channels, the tr
mission probabilities are found by optical-model calculatio
and the sum over channels can be expressed as an int
over the energy-dependent level densities in the residual
clei. For fission, the transmission probabilities are taken
unity for energetically allowed paths and zero otherwi
Here, the number of channels is then assumed to be give
the level density above the saddle-point configuration~i.e.,
the transition state!. In light systems, the spin and ma
asymmetry dependence of the saddle-point energy mus
explicitly considered. Effects resulting from the finite ran
of the nuclear interaction and the diffuseness of the nuc
surface also have an important influence on the macrosc
energies calculated for these systems. Explicit express
for the appropriate fission widths for lighter systems can
found in Ref.@1# and are based on the Sierk fission barrie

Saddle-point configurations in light systems are believ
to have the shape of two touching spheroids separated
relatively narrow neck region. As the system passes over
saddle point, towards greater deformation of the compo
system, the neck eventually breaks at the scission point.
though there can be additional energy damping as the sy
progresses from the saddle to scission configurations, the
ergy difference between these two shapes is expected t
small in low-mass systems. Consequently, the total kin
energy of the final fragments can be related to the sum of
relative nuclear, Coulomb, and rotational energies of the
spheroids which comprise the saddle-point shape. The r
tive radial velocity of the two fragments at the saddle po
can lead to an additional kinetic energy component for
final fragments, but the weighting of the fission decay wid
by the saddle-point phase space leads to a preferential d
to channels where this latter energy is small.

The fission mass distribution obtained from the transitio
state calculations is compared to the experimental results
the 36Ar 1 12C reaction in Fig. 4. For this comparison, th
fission model predictions have been corrected for secon
light-particle emission using the codeLILITA @16#. ~Second-
chance fission from the reaction fragments is expected
occur at!1% of the secondary light-particle emission rat!
The calculated values for the total kinetic energy of the fr
ments^ETKE&, after correcting for the influence of seconda
light-particle evaporation, are shown in Fig. 5. The sa
parameter values are used in the calculations as have
found to successfully describe the fission yields for
24Mg 1 24Mg reaction@7# and, more generally, have bee
found to result in a global description of the fission proce
r
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in light systems@1#. A Wigner-energy correction is applied
to the saddle-point energies to achieve the preferential pop
lation of the 4n nuclei, as seen experimentally@1#. The
agreement between experiment and the results of the mo
calculations is quite good, especially when one considers t
macroscopic nature of the model. In order to achieve th
agreement between the model calculation and experime
seen in Figs. 4 and 5, it was necessary to assume a to
fusion cross section of 1000 mb, resulting in a calculated E
cross section of 970 mb. This value is at the low end of th
experimental limit given in Sec. III A. The most significant
disagreement between the model calculation and the36Ar 1
12C results occurs for the calculated mass asymmetry, whi
is less than that indicated by the data. This is in contrast
the earlier analysis@7# of the 24Mg 1 24Mg reaction where
good agreement between the calculated and experimental
sults was achieved. The discrepancy in the36Ar 1 12C re-
sults may be a consequence of an additional deep-inelas
orbiting contribution associated with the entrance-chann
mass partition. A similar result has been observed in th
47V compound system which has been studied with the nea
symmetric 23Na 1 24Mg and asymmetric35Cl 1 12C en-
trance channels@17,18#. There, the model calculation was
found to be in agreement with the results from the nea
symmetric measurement. However, for the asymmetric e
trance channel leading to the same compound-nucleus ex
tation energy, the calculation predicted a less mas
asymmetric distribution than observed and overpredicted t
observed fission cross sections unless a relatively low fusi
cross section was assumed.

B. Excitation-energy spectra

It has been shown for the32S 1 24Mg @2# and 24Mg 1
24Mg @7# reactions that much of the structure seen at high
energies in the excitation-energy spectra can be understo
in terms of the statistical population of levels in the frag
ments. In these cases, the model calculation used to desc
the experimental results was based on an extension of
ideas of the Hauser-Feshbach and transition-state picture

In order to describe the structure observed in excitatio
energy spectra it is necessary to predict how specific mutu
excitations will be populated in the fission fragments. This i
feasible in the light systems being studied since the ener
levels of the final fragments are known to relatively high
energies fromg-ray spectroscopy anda-particle scattering
studies. Unfortunately, the standard transition-state pictu
follows the decay of the compound nucleus to the sadd
point, but says little about the subsequent stages of the dec
process. In particular, the model fails to account for th
population of specific mutual excitations in the fragments
An alternative description of the binary breakup in terms o
an ‘‘extended Hauser-Feshbach’’ method treats the fissi
channels of Eq.~1! in a manner analogous to the light-
particle evaporation channels@19#, thereby allowing for the
fragment levels to be explicitly incorporated in the calcula
tions. It is still not clear, however, how to calculate the trans
mission probabilities for the fission channels within this for
malism. These probabilities should, presumably, reflect th
macroscopic energy surface underlying the decay path fro
the compound nucleus to the final fragments. Although th
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extended Hauser-Feshbach model is still under developm
@20#, at presentad hoc transmission probabilities are use
that are based on the experimental fission systematicsAb
initio calculations based on the macroscopic energy surf
have not yet been developed, although sufficient systema
have been established to allow for reasonable predicti
based on this model.

In order to retain the system independence of
transition-state calculations, where realistic saddle-po
shapes and energies are explicitly incorporated into the
sion decay widths, a procedure has been developed to ca
late the population of specific mutual excitations in the fra
ments based on the level densities at the saddle point.
assumption is made that a thermal distribution of states
maintained at the saddle point and that these states d
with statistical weightings to the final fragment excitation
Within the transition-state method, the saddle-point lev
already correspond to a commitment to fission into a parti
lar mass partition. The transmission probabilities are the
fore taken as unity, independent of the particular fragm
states populated. The cross section for populating a spe
mutual excitation (b1 ,b2) is then given by

s~b1,b2!5(
J

s ff~J,h!

(
l out

@b13b2#J,l outP~h,J,e !

(
l1 ,l2 ,l out

@l13l 2#J,l outP~h,J,e!

,

~4!

wheres ff(J,h) is the partial cross section for producing th
compound nucleus at spinJ that subsequently fissions into
mass partitionh, @l13l2#J,l out represents the sum of th
possible spin couplings between the two fragments in sta
l1 andl2 with orbital angular momentuml out and coupling
to compound-nucleus spinJ, andP(h,J,e) is the probability
of the compound nucleus of spinJ to fission with mass
asymmetryh and radial kinetic energye. It should be noted
thatP(h,J,e) depends implicitly onl out throughe.

The radial kinetic energye can be expressed in terms o
the characteristic energies of the reaction with

e5Ec.m.1Q02Vrel~ l out,h!1d2Ex . ~5!

Here,Ec.m. is the center-of-mass energy in the entrance ch
nel,Q0 is the ground-stateQ value,Vrel(l out,h) is the rela-
tive energy of the two spheroids that comprise the sadd
point shape,d is the energy loss that occurs in moving fro
the saddle to scission configurations, andEx is the mutual
excitation of the final fragments. For the present work,d is
taken equal to zero, consistent with the saddle and scis
configurations being similar. Further details of the calcu
tion can be found in Ref.@2#.

The results of this calculation are shown by the thin-li
spectra in Figs. 6 and 7. The spin weighting was determi
with the known level schemes for20Ne @21#, 24Mg, and
28Si @22–28#. For comparison with experiment, the calc
lated spectra were generated by assuming Gaussian
shapes for the discrete excitations, with the Gaussian w
set to be consistent with the experimental resolution.
though both particle unbound and bound states were
cluded in the calculations, the calculated spectra shown
ent
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the figures correspond to particle-bound states only. This i
appropriate since the experimental data was required to sa
isfy a coplanarity condition that discriminates against event
involving secondary particle emission.

The calculation successfully reproduces the positions o
the peaks seen in the experimental spectra. In order to em
phasize differences in relative magnitudes of the peak cros
sections, the calculated spectra have been normalized to t
energy-integrated experimental cross sections. The relativ
cross sections in each of the peaks are reproduced fairly we
with most of the large discrepancies occurring for low exci-
tation energies. The24Mg(24Mg,24Mg! 24Mg reaction has a
known resonance component near the beam energy. A
though such behavior cannot be accounted for by this pure
statistical model, it is clear that the model can account quali
tatively for the peak structure at high excitation energies a
well as for most of the cross section going to this structure
The overall agreement between the calculated and observ
spectra, and the appearance of essentially the same struct
in both exit channels for all three entrance channels, suppor
the conclusion that most of the structure and yields seen i
these mutual-excitation spectra can be understood in terms
statistical fission from a compound nucleus.

Figure 8 shows the experimental and calculatedg-ray
spectra for the12C(36Ar, 24Mg! 24Mg reaction gated on exci-
tation energy from 7.5 MeV to 18 MeV. As with the excita-
tion spectra, the model calculation is in good agreement wit
the experimental results. Also shown is the correspondin
experimental spectrum obtained with the
28Si(20Ne,24Mg! 24Mg reaction. In each case a Gaussian
smoothing function has been applied to facilitate the com
parison of the low-statistics spectra. The width of the peak
in the calculated spectrum is set comparable to that of th
experimental results to aid in comparing these spectra. Th
calculated spectrum is also based on the same energ
integrated particle yield as found experimentally.

The insets in Fig. 8 show that the ratio of the 41
1→21

1 and
21

1→g.s. transitions is well reproduced by the calculations
indicating that the calculation correctly accounts for the frac
tion of the yield that goes into high-spin states of the frag-
ments ~which decay predominantly through the 41 level!.
Closer inspection of the details of the experimental and ca
culated spectra also indicates that the general behavior
reproduced, although significant differences between the ca
culated and observed yields for specific transitions are ob
served. An exploration of these differences will require mea
surements with better statistics.

C. Deduction of fission partial cross section distribution

Although the model calculation is in good agreement
overall with the experimental excitation-energy spectra ob
tained from the particle data, there are significant discrepan
cies in the relative yields for a few specific peaks. We can
group the possible reasons for these discrepancies into thr
categories. The first category can be described as incorre
input to the model and includes several possibilities. The
partial cross section distribution used for fusion can affec
the calculated results, yet is poorly determined. Also, the
incorrect assignment of the spin of a state or incorrec
branching ratios for a state used in the calculation can have
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significant influence on the calculated mutual-excitatio
spectra. Here, uncertainties in the available level structu
data are a primary limitation. The second category includ
second-order details not included in the model itself. The
might consist of, for example, effects of the microscop
structure of the compound system on the fission barriers.
the third category we include yields from all processes whi
the model, by design, does not describe. This includes
mechanisms which do not proceed through statistical fiss
of a compound nucleus and statistical population of fragme
excited states.

Imperfections in the model calculation as a result of th
limitations found in the fusion spin distribution or fission
barriers would affect, among other things, the calculated fi
sion spin distributions ff~J,h). Although relatively small, the
disagreements between the observed and calculated fis
cross sections for individual mass channels suggest that s
imperfections are significant.

To explore this possibility, we fitted the calculated spect
to the corresponding experimental spectra by varying the
sumed fission spin distribution. This analysis was done
parametrizing the spin distribution and then doing a lea
squares fit of the calculated spectrum to the experimen
spectrum, adjusting this distribution. The experimental spe
tra were fitted over the full range of excitation energy fo
which events involving secondary evaporation could be i
nored. This limited the fitting region to maximum excitatio
energies of 18 MeV for the36Ar 1 12C entrance channel and
17 MeV, 20 MeV, 17 MeV, and 19 MeV, respectively, fo
the asymmetric and symmetric exit channels of the20Ne 1
28Si and 24Mg 1 24Mg entrance channels. Each spin con
tributes to a large range of excitation energies, as shown
Fig. 9 where excitation spectra calculated for compoun
nucleus spins of 32\ and 16\, respectively, are displayed.
The constraints afforded by the experimental data were
sufficient to obtain unique descriptions of the complete fi
sion spin distribution and several functions were found
give equally good fits to the excitation spectra. A paramet
zation based on a Gaussian shape was adopted because

FIG. 9. Mutual-excitation spectra for particle-bound states, ca
culated by assuming a 50mb partial cross section at compound
nucleus spins of~a! 32\ and ~b! 16\.
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simple form and minimal number of parameters. Example
of calculated and fitted fission spin distributions are show
for the 12C(36Ar, 24Mg! 24Mg and 24Mg(24Mg,24Mg! 24Mg
reactions in Fig. 10. The shape of these distributions is re
resentative of all of those which we have examined.

The resulting fitted spectra~thin line! are shown, along
with the experimental spectra~thick line! in Figs. 11 and 12.
The mean and standard deviations for each of the corr
sponding fission spin distributions are given in Table II. Al
though these moments are obtained from the Gaussian
other functional forms for the distribution were found to re
sult in similar values. Based on the dependence ofx2 on
changes in̂ l & we estimate the precision of^ l & obtained from
the fitting procedure to be approximately~1–1.5!\. Consid-
ering the simplicity of the model, the fitted spectra do
remarkably good job of reproducing the experimental spe
tra. In the following discussion we focus on the discrepan
cies and some of their possible sources.

1. 24Mg 1 24Mg exit channel

Of the three entrance channels examined, the model b
reproduces the mutual-excitation spectra obtained with t
36Ar 1 12C entrance channel. In this case@see Fig. 6~a!#
there is only a slight excess in the four peaks seen betwe
9.0 and 16.5 MeV. The fitted spectrum@Fig. 11~a!# is in
excellent agreement with experiment, showing only a sma
excess yield in the 9.5 MeV peak.

For the 20Ne 1 28Si entrance channel, the largest differ-
ences occur in both the calculated@Fig. 6~b!# and fitted spec-
tra @Fig. 11~b!# at the 1.4 and 2.7 MeV peaks. These peak
correspond, respectively, to the 01

1121
1 and 21

1121
1 mutual

excitations. The fit shows a small excess yield for the pea
near 13.5 MeV and a small deficiency in yield for the pea
near 12 MeV. For each of these two peaks, the fitted spe
trum is not dominated by any single mutual excitation. Also
in each case the specific levels involved in the three excit

l-
-

FIG. 10. Calculated~thick-line! and fitted~thin-line! fission spin
distributions for the~a! 12C(36Ar, 24Mg!24Mg and ~b! 24Mg(24Mg,
24Mg!24Mg reactions. In~b! the thin-line histogram results from the
fit to the experimental excitation spectrum, and the dotted histogra
results from the fit to the estimated nonresonant excitation spe
trum.
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1258 54K. A. FARRAR et al.
tions with the largest cross sections have well-establish
spin assignments.

The 24Mg 1 24Mg entrance channel has its largest di
crepancies between the fitted@Fig. 11~c!# and experimental
spectrum at peaks near 4, 5.5, 8.3, and 13.5 MeV. Both
fitted and calculated spectra underpredict the yield in t
peak near 13.5 MeV. Again, this peak is not dominated by
single mutual excitation in the calculation. Unlike the oth
two entrance channels studied, where there was no sign
cant difference in calculated and fitted fission spin distrib
tions, for this entrance channel the distribution obtained fro
the fit had a mean value 3\ less than that obtained from the
calculation~see Table II!. The 24Mg(24Mg,24Mg! 24Mg reac-
tion is known @3–5# to involve a nonstatistical, resonanc
mechanism which contributes to yields at lower mutua
excitation energies. Since the model cannot account for s
effects, the excitation-function data shown in Fig. 1 of Re
@3# was used to obtain an estimate for the nonresonant c
tribution to peaks below 6.2 MeV, assuming that the fissi
and resonance mechanisms occur on sufficiently differ
time scales so that the interference is incoherent. Fig
11~d! shows the spectrum obtained using this estimate a
the corresponding fitted spectrum. If the resonance a

FIG. 11. ~a!–~c! Fitted ~thin-line histograms! and experimental
~thick-line histograms! 24Mg 1 24Mg mutual-excitation spectra for
the three different entrance channels.~d! Same as~c! except that
below 6.2 MeV the spectrum~thick line! is an estimate of the non-
resonant contribution. The fit to this spectrum is shown as the th
line histogram.
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statistical-fission processes interfere coherently, somew
larger nonresonant yields might be indicated. The resulti
fission spin distribution, obtained by fitting the resonanc
subtracted spectrum and shown by the dashed line in F
10~b!, has^ l &525\ with a standard deviation of 1.8\. This
amounts to a considerably smaller value for the mean of t
spin distribution, as compared to the calculated value
30\. The result is particularly significant since there is goo
agreement between the fitted and calculated distributions
tained for the two asymmetric entrance channels.

Competition between the resonance and fission proces
provides the most likely explanation for the observed fissio
spin distribution. The resonance configuration can be en
sioned as a simple ‘‘doorway’’ state through which flu
passes in going between the compound nucleus and asy
totic binary channels. In general, this state can be a feature
either the entrance or the exit channel@29#. Also, a doorway
state can be classified as being either ‘‘strong’’ or ‘‘weak,
depending on how much of the flux corresponding to a giv
partial wave passes through it. The success of the transiti
state method in describing the main features of the24Mg 1
24Mg fission yields, using the same parameters as also fou
appropriate for the20Ne 1 28Si and 36Ar 1 12C entrance
channel, suggests that a strong entrance-channel door
configuration is unlikely. Such a configuration, if it existed
would be expected to have a strong influence on t
compound-nucleus spin distribution leading to fission an
therefore, would affect almost all of the fission-channel o
servables. An exit-channel doorway in the near-symmetr
mass breakup channels of the compound nucleus would
plain the experimental observations. In this scenario, t
higher-spin states of the compound nucleus that would n
mally contribute to the symmetric fission channel are d
rected into the resonance mechanism, reducing the contri

in-

FIG. 12. Fitted~thin-line histograms! and experimental~thick-
line histograms! 20Ne1 28Si mutual-excitation spectra for the three
different entrance channels.
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TABLE II. Mean and standard deviations for each of the fission spin distributions obtained
the model calculation and fits to the experimental mutual-excitation spectra.

Reaction ^ l &calc ~\! s( l calc) ~\! ^ l &fit ~\! s( l fit) ~\!

36Ar 1 12C→24Mg 1 24Mg 23 3.6 23 3.8
36Ar 1 12C→20Ne 1 28Si 23 3.6 21 5.9

20Ne 1 28Si→24Mg 1 24Mg 27 3.5 27 3.7
20Ne 1 28Si→20Ne 1 28Si 27 3.5 28 5.1

24Mg 1 24Mg→24Mg 1 24Mg 30 3.4 27 3.8
24Mg 1 24Mg→20Ne 1 28Si 29 3.4 26 2.0
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tion of these partial waves to the fission spin distribution a
thereby shifting the mean of this distribution to a lowe
value. The fission yields corresponding to the asymmet
mass entrance channels may not be as strongly influence
the doorway configuration because the corresponding s
distributions have their maximum values at spins lower th
that of the doorway state. A shell-stabilized, shape-isome
configuration that traps the reaction flux as the system dev
ops along the fission path might account for this behavio

2. 20Ne 1 28Si exit channel

As with the 24Mg 1 24Mg exit channel, the model calcu-
lation @Fig. 7~a!# is in best agreement with experiment for th
36Ar 1 12C entrance channel and the fitted spectrum@Fig.
12~a!# improves on this agreement. The spin distribution r
sulting from the fit shows a slight decrease in^ l & ~see Table
II ! from the initial calculation. This result is different from
what was observed in the symmetric exit channel where
such decrease was observed. In this case (20Ne 1 28Si exit
channel! the small difference in the fitted and model calcu
lated values of̂ l & may be related to an increase in ‘‘con
tamination’’ of the experimental bound-state spectrum
higher excitation energies by contributions from unboun
states. Our discrimination against unbound states is not p
fect and so reactions populating these states will increase
yields observed in the mutual-excitation spectrum at high
excitation energies. Thêl & value obtained by fitting to this
‘‘contaminated’’ spectrum, where only particle-bound stat
are considered in the fitting procedure, will be shifted to
lower value than if the contributions from unbound stat
were not present.

For the 20Ne 1 28Si entrance channel, the most signifi
cant difference between the observed spectrum and the
culated@Fig. 7~b!# and fitted@Fig. 12~b!# spectra is the defi-
ciency in the predicted yield to peaks below 8 MeV. Th
peaks below and including the one near 6 MeV are dom
nated by mutual excitations of the 01

1 , 21
1 , and 41

1 levels in
20Ne and28Si. Assuming that the model calculation is prop
erly describing the statistical decay of the system, the exc
yield relative to the model would suggest a nonstatistic
origin for this low mutual excitation-energy yield. Such a
origin for this yield might be associated with the resona
behavior which has been observed with the20Ne 1 28Si
reaction@6#.

The calculated spectrum for the24Mg(24Mg,20Ne! 28Si re-
action@Fig. 7~c!# only poorly reproduces the observed spe
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trum. The fitted spectrum@Fig. 12~c!# is more successful,
although it clearly underpredicts the yield to the peak near 1
MeV. As with the 24Mg(24Mg,24Mg! 24Mg reaction, the
mean of the fission spin distribution obtained from the fit i
shifted down by 3\ relative to the value obtained from the
calculation. Also, as with the symmetric case, this result ca
be interpreted in terms of competition between a resonan
and a fission process for decay of the high-spin states in t
compound nucleus. It is possible that the spin distribution
shifted to a lower value because the high-spin compoun
nucleus configurations predominately decay through24Mg 1
24Mg resonance channels, although at a slightly higher exc
tation energy, there is evidence for such a correlation b
tween the mass-symmetric and -asymmetric decay chann
in the 48Cr system@30#.

V. SUMMARY AND CONCLUSIONS

The fission decay of the compound48Cr system is studied
at ECN* '60 MeV using the36Ar 1 12C and 20Ne 1 28Si
entrance channels. The results are compared with those fr
an earlier measurement using the24Mg 1 24Mg entrance
channel. Results of a transition-state model calculation a
found to be in good general agreement with the mass a
total kinetic energy distributions obtained from the36Ar 1
12C measurement, although it was necessary to assume
evaporation-residue cross section at the low end of the e
perimental uncertainty.

Three results from the present study support the concl
sion that the narrow structures and most of the yield ob
served at high excitation energy in the mutual-excitatio
spectra can be understood in terms of fission decay of
compound nucleus followed by the statistical population o
excited states in the fission fragments. First, mutua
excitation spectra for the24Mg 1 24Mg and 20Ne 1 28Si
exit channels were compared for all three entrance chann
and it was found that at high excitation energy, where th
density of possible mutual excitations is large, similar pea
structures are present for all three entrance channels. Seco
particle-particle-g coincidence data from the36Ar 1 12C
measurement show that high-energy peaks in the24Mg 1
24Mg mutual-excitation spectrum are not dominated b
simple excitations of levels in the24Mg ground-state rota-
tional band. Third, spectra calculated using a statistica
model calculation are in overall good agreement with exper
mental spectra at high excitation energy. We canno
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however, rule out the possibility that some part of the str
ture seen at high excitation energy in th
24Mg(24Mg,24Mg! 24Mg reaction is related to nonstatistic
processes. Additionalg-ray studies have been planned to r
solve this question.

There are some discrepancies between the observed
calculated spectra in terms of the relative yields to so
specific peaks. These discrepancies may result from on
more causes, including problems with the model descrip
of the fusion spin distribution, microscopic effects not i
cluded in the fission calculation, limitations related to t
level structure data used, and the presence of nonstatis
yields. More work needs to be done to understand these
fects.

Information about the fission spin distribution extract
from fits to the experimental data and from the model cal
lations is consistent with the interpretation that there is s
nificant competition between the fission and resona
mechanisms for the highest-spin states of the compo
nucleus. One possibility is that there exists a shape-isom
configuration in the compound system that results in an e
channel doorway state. As the system progresses along
fission path, it may be possible for flux to become trapped
this doorway configuration, thereby depleting the cross s
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tion, leading to symmetric-mass fission. A strong doorwa
configuration in the entrance channel would be expected
have a stronger overall influence on the fission behavior th
is observed and is therefore deemed unlikely. Still unr
solved is the question of relative time scales between t
resonance and fission processes. Although the resonance
times can be determined from the observed energy widt
there is relatively little experimental evidence concerning th
fission lifetimes. If these two processes result from the sam
compound-nucleus spins, as suggested by this work, a de
mination of their relative time scales would help to establis
the degree of coherence between them.
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