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The fully energy-damped vyields for ti8Ar + 2C and?’Ne + 2%Si reactions aE ,=47.0 MeV and 45.5
MeV, respectively, are explored using particle-partigleoincidence data. These reactions reach a similar
excitation energy oE%,=59.5 MeV in the*®Cr compound nucleus as was obtained in an earlier particle-
particle coincidence study of tt#éMg + 2“Mg 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 fONéhe 28Si and **Mg +
2Mg 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?fdtgthe 2*Mg 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 gfrthedata 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 Mg + 2*Mg entrance channel, however, comparisons with the statistical model indicate a reduction of
high-angular-momentum partial cross sections, leading td#g + 2*Mg 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.S0556-281®6)03109-3

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

. INTRODUCTION ing the low-lying states of 2Mg. Furthermore,
peaks are observed in excitation-energy spectra for the
The systematics of fusion followed by fission in the mass>Mg(*"Mg, **Mg)**Mg reaction up to energies where sec-
40 <Ac\=80 region have been well establishee Refs. ondary a-particle emission from the fragments starts to
[1,2], and references thergiand it is interesting to explore dominate the spectra, thereby obscuring any spectroscopic

how this process competes with other mechanisms that resu.ﬂﬁ'.taiis' tlk: Is not clear ifbthri]s peak'vsltructufr?hhasbany re(ljationl-(
in binary vyields. The “8Cr nucleus provides a good Ship o the resonance behavior. viany of the observed peaks

: - - are, however, located at energies near to mutual excitations
system with which to explore such competition. The .~ ’ " i . .
24Mg(2*Mg, 2Mg) Mg reaction[3—5] is known to involve of members of the?*Mg ground-state rotational band. It is

- ) . . believed that this band may play a special role in the reso-
a resonance mechgm;m Wh'Ch.haS an important influence nce behavior as a consequence of its associated prolate
yields at lower excitation energiess@ MeV). Although the deformation[5].

correlations among the energy spectra for different mutual' |y grder to examine the question of competition between
excitations are not as strong, tAitNe(**si,**Mg) **Mg reac- the resonance and statistical fission processes, an earlier ex-
tion [6] is also known to exhibit resonance behavior involv- periment was dong7] in which the compound®Cr* system
was populated by way of th&Mg + 2*Mg entrance channel
with E. ,=44.4 MeV, corresponding to 4Cr* excitation
"Present address: School of Physics and Space Research, Univerergy of 59.4 MeV. In addition to cross sections and energy
sity of Birmingham, Birmington B15 2TT, England. distributions for all of the major fission channels, high-
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TABLE I. Summary of characteristic energies and angular momenta for the the three systems.
The grazing angular momentg are based on optical model calculations for the respective chan-
nels. The critical angular momenta for fusigp are based on the fission transition-state calcula-
tions. These values lead to the best reproduction of the observed fission VYigidghe calculated
Coulomb barrier height.

SyStem EIab (MeV) Ec.m. (MeV) EEN (MeV) Ec.m./VC Igr (ﬁ) Icr (h)

s6ar + 12C 187.7 47.0 59.5 2.59 30.2 24.4
2ONe + 28gj 78.0 455 59.8 1.98 31.2 27.9
Mg + *Mg 88.8 44.4 59.4 1.89 30.5 30.4

resolution Q-value spectra were obtained for tféMg + ion resonance process influences the statistical properties of
24Mg and 2Ne + 28Sj exit channels. Each of these channelscompound-nucleus decay.
showed pronounced structure at high 10 MeV) excitation The paper is organized as follows: In Sec. Il the experi-
energy. Because of the large number of possible mutual exnental arrangement is described and in Sec. Il the experi-
citations, with already about 30 per MeV at an excitationmental results are presented. In Sec. IV the statistical model
energy of 10 MeV for thé*Mg + 2*Mg exit channel, it was used to describe the excitation-energy spectra is discussed
not possible with the data from that experiment to associatand comparisons are made to the experimental results. It is
the observed peaks with unique channels in the final stat@lso shown how the fission spin distributions can be deduced
Moreover, an analysis based on the assumption of a statistirom the experimental spectra, based on the statistical-model
cal population of the fragment states was in good gualitativeealculations. Finally, Sec. V presents a summary of the prin-
agreement with the data. cipal results.

In this paper we report on measurements of fissionlike
yields where the *®Cr system is populated using the Il. EXPERIMENTAL ARRANGEMENT
asymmetric-mass®Ar + °C and?°Ne + 28Si reactions. A
comparison of these results with those from the symmetric The 36Ar + '%C and ®Ne + 28Si measurements were
entrance channel and with the predictions of a statisticalcarried out with beams from the ATLAS accelerator at Ar-
model calculation is presented. These results illustrate thgonne National Laboratory using the Argonne-Notre Dame
important role of statistical fission in the general behavior ofBGO y-ray facility [8]. The experimental procedures em-
this system, as well as its role in the population of levels inployed for both entrance channels were similar to those de-
symmetric and near-symmetric decay channels. In particulagcribed previously for a particle-partichecoincidence mea-
comparison of the mutual-excitation spectra shows that theurement of the’?s + Mg reaction[2].
existence of peaks at high energies is not specific to the For the **Ar + 2C experiment, we used a 187.7 MeV
entrance channel, but is characteristic of compound-nucleu®Ar beam incident on an isotopically enrichééC target of
decay. They-ray information obtained in these measure-areal density 7ag/cm?. Six S{surface barriekSB)] detec-
ments also supports the conclusion, suggested by the modieirs were located at nominal laboratory angles of 16°, 8°,
calculations, that much of the yield in these peaks can hé°, —4°, —6°, and—10°, with the sense of the angles as
understood in terms of a statistical population of the energyndicated in Fig. 1. Unit mass resolution was obtained with
levels in the fragments where high-spin levels are favored. these detectors up &= 36 using the time structure of the

Some of the characteristic energies and angular momentsTLAS beam for time-of-flight measurement. The(SB)
for the 3Ar + 2C and?°Ne + 28Sij systems are summarized detectors were used to obtain cross section normalizations, to
in Table I. This table also includes the corresponding infor-determine the fission and evaporation-residue energy and an-
mation for the earlier study of th#Mg + 2*Mg reaction[7].  gular distributions, and to determine the angular offset of the

Instead of calculating the compound-nucleus spin distribeam through the chamber=0.1°). A Bragg curve spec-
bution leading to fission within a model space, it is possibletrometer(BCS) [9] was located at an angle of 21° relative to
to deduce this distribution based on the observed excitatiorthe beam and at a distance of 111.7 cm from the target. This
energy spectra by assuming a spin-weighted population aletector was used to determine theand energy of fission
reaction fragments. The fission spin distribution can then bdéragments at large angles, yielding better than unit nuclear
determined without knowledge of the fusion spin distributioncharge resolutioisee Fig. 2a)] and = 1% energy resolu-
and without calculation of the competition between light-tion. Scattering yields oft®’Au targets were used for energy
particle evaporation and fission. Considering tHdg + calibrations in the $5B) detectors and the Bragg curve
2“Mg exit channel, for the®®Ar + °C and ®Ne + 28Si  spectrometer. Additional energy calibration information was
entrance channels, the deduced centroids and widths of thabtained with an®*Am «-particle source.
corresponding fission spin distributions are consistent with  Two 20 cm X 20 cm active-area, position-sensitive,
those calculated with the statistical model. Comparable reparallel-grid avalanche countetPGAC'’s) [10] were used
sults for the?*Mg + 2*Mg entrance channel, however, indi- for the particle-particle coincidence measurement. A deter-
cate an average spin value significantly lower than predictechination by these counters of the positions and relative time
by the model calculations. This suggests competition beef arrival of the two fragments from binary events is suffi-
tween the fission and heavy-ion resonance mechanisms awctent for an event-by-event determination the fragment
is the first direct evidence in this mass region that the heavymassegsee Fig. 2b)] and the reactiolQ values. These de-
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FIG. 1. Scale drawing of the scattering chamber showing the Mass (u)
arrangement of particle angl-ray detectors for the®®Ar + %C

experiment. FIG. 2. (a) Typical Z spectrum obtained with data from one of

tectors were nominally positioned 69 cm from the target a our quadrants in the BCS. The yields observed at low values of
+22° relative to the beam. PGAC2 was operated as a tran&. were limited by the detection efficiency of PGAC2 which gener-
r;ission counter backed b. the BCS and Sil. The detectioﬁted the trigger for the BCSb) Mass spectrum obtained from the
efficiency of the PGAC’s );s a function of thé mass of thecoincidence measurement. The abscissa corresponds to the mass of
. ’ . . . ._the particle detected in PGACL1.
detected particle, was determined with Sil and by assuming P
reflection symmetry about the beam direction. The positiorareal density gg/cm? backed by a 12g/cm? carbon foil.
and relative timing resolutions for these detectors werdn the coincidence measurement, contaminant reactions with
=2 mm and<<480 ps, respectively. tzrée_c backing could be separated from reactions with the
Data from they-ray array were taken in coincidence with ~Si target through differences in the respective two-body
the particle measurements. The complete array involves 1ginematics. Again, energy calibrations in theSi) detec-
Compton-suppressed Ge detect@SGD'S. For the3%Ar +  tors and the BCS were achieved by measuring scattering
12C and?Ne + 2%Si experiments, however, the forward four Yi€lds off *’Au targets and by use of aff’Am source.
detectors were removed to allow room for a large scatterin% '!'he scattering Cgambeggamray detector array combi-
chamber. The remaining eight CSGD’s were located 2091ation used for t2386 Ne + 12? measurement was the same
above and below the horizontal plane at angles60° and ~ ©ne used for the™Ar -+ measurement, although the
+145° to the nominal beam axis. The energy calibration Wagl.acement of the particle detectors. was different. Four
determined with 88y, %Co, and PuC[11] sources. The Si(SB) detectors were located at nominal laboratory angles
energy-dependent absolute efficiency calibration was ob2f ~ 7% —13° —19%, and—25°. In addition, four S5B)
tained with ©°Co. 5%Eu. and PuC sources of known activi- d€tectors were nominally located at4° and 4° above and

ties. Additional efficiency information was obtained by using beIO\_N _the tt:eam. I'I'hisffarrar:cgimegnt Wash usedhtoh he'ﬁ in Se'
18213 and %%Co sources for relative efficiency calibrations. [€MiNing the angle offset of the beam through the chamber

For each calibration, the source was placed in the target pc(—:O'A'o)' ']!'he BhCS was Io%ated at42° a,t a distancga_ of
sition with the scattering chamber in place. The efficiency:L6-8 €M from the target. The two PGAC's were positioned

data were fitted with a four-parameter version of the equatior?9 cm from the target ar 47° relative to the beam. In this
suggested by McNelles and CampbBl2]. For energies C2S€ PGACL, located in front of the BCS, was operated in a

above the 6.1 MeV line of PuC. this fit was used to extrapo_transmission mode. The position resolution obtained in the

late the efficiency calibration. The total efficiency for the PGAC’S was somewhat better(L.5 mn) than was achieved

. 36 1 . .
eight Ge detectors falls off approximately exponentially from!n the “Ar + “C measurement, leading to better than unit

0.39% atE,=1000 keV to 0.10% afE.,=5000keV and Mass resolution.

0.040% atE,,= 15000 keV.
Y
The Ne + 28Si measurement was done with an experi- lll. EXPERIMENTAL RESULTS
mental arrangement very similar to that used f8Ar + It is usually a good assumption for heavy-ion reactions to

12c, with a 78.0 MeV?°Ne beam incident on &Si target of  take the total fusion cross section as being the sum of the
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shown in Fig. 3. The magnitude of the extrapolation ranged
from 7% of the measured value for the 4{S8) detectors to
37% for the 10° SiSB) detector. Based on the fission calcu-
lation presented in Sec. IV, thetal fission cross section for

E) 4< Agagmen=10 is estimated to be 21 mb. If this is distrib-
I uted withdo/d# = const, as expected for the binary decay
£ of a long-lived, high-spin system, then we obtain
Sls do/d#<6.7 mb/rad. For 44#A=38, ozg Was calculated

with PACE to be 850 mb.

The PAcCE distribution was integrated to obtain
ogr=1215+ 67174 mb. The first quoted uncertainty is the
ol Lo L L L L . standard deviation of theacke distribution from the experi-

] 2 4 8 8 10 12 . )
O (deg) m_ental valugs, and _the second is an estlmatg of the uncer-
tainty associated with extrapolatindo/dé# outside of the

FIG. 3. Evaporation-residue angular distribution for fiar + experimental angular range. This second uncertainty was
12 reaction. The error bars show the statistical uncertainty assocfaken asA ogg= 0 (fjap>10.4°)+0.2507(6,<3.9°).
ated with the data points. The solid line represents a distribution
calculated with the prograrpace scaled to the cross sections de- B. Fission singles measurement
duced from the experimental data.

-
'S

Cross sections were determined for the dominiar +
_ _ o _ 12C fission decay channels from=6 to A=24, with the
evapprat|on—re3|duerER and fissionaoyg cross sections. In exception of the®Be channel, using data from the(SB)
heavier systems these two processes involve well-separate@iaciors at 8°—10°. and 16°. SincéBe is a-particle un-
mass distributions and are therefore easy to distinguish eX5,nqd. it could, not i)e identified in this measurement. Be-
perimentally. For lighter systems, where the fission procesgyse of low counting statistics, yields for mass channels in
favors the mass-asymmetric breakup of the compound SY$he rangeA=13-15 were combined. For the=20 and

tem, there is no clear demarcation between the masses ass0- 54 channels, the range of angular coverage was extended
ciated with the two processes, although it is common to takeih, 7—10 andZ=12 data from the BCS. The yields in
“fission” as being associated with decay to masses greateh ose channels are dominated Hpe and 24Mg as estab-
than that of the alpha particle. In attempting to model. th.ehshed by the simultaneous measurement of mass and charge
compound-nucleus decay to evapor_atlon-resmue and_fls&%r particles detected in the BCS and in coincidence with
channels, kn_owledge of the _total fusion cross section is usepiarticles detected in PGAC1. This is in agreement with what
ful by helping to constrain the normalization of the has been observed in other light systdih4,7] and with the

compoqnd-nugleus spin distribution. . ., overall systematics of fission in these systdilswhere the
In this section, measurements of the evaporation-residu n, “alpha-particle-like” channels are found to be strongly

and mass-dependent fission cross sections fortae +

12C reaction are first presented. Similar results were not Ob&anter-of-mass frame was calculated for each mass channel
tained for the?®Ne + 28Si measurement since reactions off

of the carbon target backing and artifacts in the identificatio by using the centroid of the observed energy distribution and

. ) ; ; rby assuming two-body kinematics.
spectra resulting from slit scattering prevented a reliable e

. ) ) . . e X"" For all decay channels of thé®Ar + 2C reaction,
traction of singles yields. The particle-particle comudencedald& and (Eqg) were found to be independent of the

data, which allowed for high-resolution excitation spectra to,, . ¢ acs angle in the range measured, corresponding
_be_obtalned for the near-symmetric-mass breakup of_ bot decay from a fully energy-damped Iong-liv,ed intermedi-
incident channels, are then presented, followed by a d|scu%{te complex. Assuminglo/dg = con’st the fission mass

sion where the additiona}-ray data are used to help under- distribution shown in Fig. 4 is obtained. The measured
stand the nature of the peaks observed in these spectra. (Erxe) values are shown in Fig. 5

A. Evaporation residue measurement C. Excitation-energy spectra

For the3®Ar + 12C reaction, the total evaporation-residue  Experimental excitation-energy spectra for thMg +
cross sectionrgr was obtained with singles measurements®Mg and ?®Ne + 28Sj exit channels were obtained for all
using the SiSB) detectors. The prograrnce[13] was used three entrance channels using data from particle-particle co-
to calculate the evaporation-residue angular distributionincidence measurements. In each case, Monte Carlo simula-
do/dé for A=38, adjusting the value of the fusion critical tions were used to determine the coincidence efficiency of
angular momenturh, to achieve the best agreement with the the respective experimental geometries, assurdinggld =
corresponding experimental distribution. This mass region igonst for the binary fragments. The efficiency-corrected
expected to be relatively free of fission yields. Thece  do/dE spectra are shown as thick-line histograms in Figs. 6
results were used to extrapolate the=38, evaporation- and 7. As a consistency checkda/dE spectrum was also
residuedo/d@ values observed at each angle to their corre-obtained with the singles data from the BCS and PGAC2 for
sponding mass-inclusive values. The resulting values ofhe 2C(*°Ar, **Mg)?*Mg reaction, using the same code to
do/d6 and a curve representing tiacEe distribution are  extrapolate outside of the experimental angular acceptance as
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used for the coincidence efficiency calculation. The spectrum 4 D0 D m T mrm yrast
was integrated over all energies and the resultitg cross NEEE I 111 1] es.
section was found to be 0.3M.04 mb. This is in excellent N TUNS PUREINTY FUWE FRTE FETE PETE RN ST RS T
agreement with the equivalent cross section deduced from -2 0 2 4 6 8 10 12 14 16 18 20 22

the S(SB) detector data of 0.290.04 mb. Ex (MeV)

In both exit channels, the peaks in the spectra are seen to
occur at similar mutual excitation energies for each of the FiG. 6. The Mg + 2*Mg mutual-excitation spectra for the
three entrance channels. For low excitation energies, whetfree different entrance channels. Spectra derived from experiment
the density of possible mutual excitations is small, this simi-are indicated by the thick-line histograms. Spectra obtained from
larity between spectra is expected. At higher energies, where model calculation are indicated by the thin-line histograms and
the level density increases, the common peak structure béer each channel have been scaled by the ratio of experimental to
comes significant and indicates that the mechanism whichalculated cross section. The five horizontal bargainmark the

produces these peaks is not entrance-channel dependent. energy ranges used in theray analysis. The vertical lines i)
mark the mutual excitations below 18 MeV involving the ground-

D. Particle-particle-y measurement for 22C(3Ar, 24Mg)2“Mg state rotational band and all yrast states.

To explore the origin of the peaks observed at higherreaction were analyzed, focusing on the contributions of the
o L 0 28 24 24 '
exqta‘uon energies in théNe + 28Sj e}nd 'Mg' + Mg. 2ipg ground.state rotational band
exit-channel spectray-ray data taken in coincidence with .
the particle-particle coincidence yields for tR8ar + 2C The  Doppler-corrected y-ray spectra for the
285j(20Ne,>Mg) >*Mg and *°C(%°Ar,?*Mg)?*Mg reactions
gated on excitation energy from 7.5 MeV to 18 MeV are

Sl TN B B B LA B shown in Fig. 8. The spectra are plotted with a logarithmic
s ] energy scale so that the Doppler broadening of peaks appears
30 | - . o . :
r ] constant{2]. Since it is not possible to know which of the
Sk 3 two rgaction fragments a giveﬂ.ray originates from, faach
§ . v ray is corrected for both possible Doppler shifts, with two
~ 20 - different energy bins in the histogram incremented for a
g : + ] given event. To avoid the phantom structures that can result
B 15F + . from this procedure when there is a strong transition, the
E + ; complementary Doppler corrections were suppressed for the
or E dominant 2 —g.s. and 4§ —2; transitions. Within the lim-
5 T T T T its imposed by the statistics, the experimental spectra appear
4 8 12 16 20 24 28 to be similar, although with possible differences in the yields
Afragment for specific transitions. A statistical model calculation that

appears to be in qualitative agreement with these results is
FIG. 5. Observed and calculated average c.m. total kinetic enPresented in Sec. IV B. The intrinsic resolution of the Ge

ergies. The symbols represent the data and the line connects valudetectors was found to e 0.1%, although Doppler broad-
obtained from the model calculation. ening limited the observed resolution 40 0.5%.
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FIG. 7. The®™Ne + 28Si mutual-excitation spectra for the three ?
different entrance channels. Spectra derived from experiment are i . .
indicated by the thick-line histograms. Spectra obtained from the 1000 2000 4000 6000 10000
model calculation are indicated by the thin-line histograms and for Ey(keV)
each channel have been scaled by the ratio of experimental to cal- .
culated cross sections. FIG. 8. (a) Experimental angb) model-calculated/-ray spectra

for the 2C(%Ar,2“Mg)2*Mg reaction.(c) Experimental spectrum
) , .. for the ?8Si(®**™Ne,?*Mg)?*Mg reaction. All three spectra correspond
To examine whether the peaks at higher energies in thg, ;ange in excitation energy of 7.5-18.0 MeV. The insets allow a
excitations-energy spectra result from “special” structure incomparison of the low-lying transitions that are otherwise off scale.
the compound system leading to the enhanced populations of

specific mutual excitations, such as, for example, the seleG;e e the standard description of fission in heavier sys-

tive population of mutual yrast excitations, theray data  omg This model assumes the formation of a fully equili-
were gated on the f|v_e excitation-energy ranges 'nd'cated_'Brated compound nucleus that subsequently breaks apart into
Fig. 6@ and closely inspected for evidence of yrast transi-, fragments. The probability of the breakup to a given
tions. .Although the counting statistics were low, the goodmass channel is governed by the phase space available at the
Intrinsic energy resolutlc_)n of th_e Ge detec_:t_ors a_nd th_e KNOWR, st restricted point in the breakup process, the so-called
y-ray intensities made it possible to positively identify Sev-wangition point.” Since the free energy in the fissioning
eral transitions and to infer the absence of others. If Strucéystem has its minimum value at the saddle point of the
tures in thg excitation-energy spectra are in fact basgd 0 acroscopic energy surface, this is usually taken as the tran-
mutual excitations of levels in the ground-state rotationalg;; point

band of*'Mg or%(rastlle\./els, n ger;]eral, then one expects to Assuming spinless particles in the entrance channel, the
see some specific relative strengths among associatest s section for a reaction with entrance charnehd exit
transitions. A detailed analysis was made of the data for eac annelB can be expressed using the Hauser-Feshbach for-
of the five energy rangesee Ref[15] for detailg, and it malism with

was found that for the entrance channel considered here, the

high-lying peaks in the?Mg + 2*Mg mutual-excitation T'y(B)

spectrum at these energies are not dominated by simple ex- Tap=2 03(@) ————, 1)
citations exclusively involving levels in the ground-state ’ > TN

(g.s) rotational band. A

IV. DISCUSSION wherecd;(«a) is the partial cross section for forming the com-

pound nucleus with spid, I";(8) is the decay width to chan-

nel B8, and\ is an index that ranges over all possible decay

channels. The decay channels are usually grouped in terms
Over the past few years it has been shown that the fissioaf y-emission, light-particle evaporation and fission chan-

process in light nuclear systems can be successfully deaiels. Schematically, the total decay width can be expressed

scribed using the same transition-state formalism that haas

A. Fission model description of mass
and total kinetic energy distributions
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ER s in light systemq1]. A Wigner-energy correction is applied
; Ly =T3+T57+ T, (2)  to the saddle-point energies to achieve the preferential popu-
lation of the 4 nuclei, as seen experimentalfjt]. The
whereI'?, FJER, andl“ﬁs are the sum of the decay widths for agreement between experiment and the results of the model

the respective processes at a compound-nucleuslsfine calculations is quite good, especially when one considers the

particle widths can be expressed in terms of transmissiof’@croscopic nature of the model. In order to achieve the

probabilitiesT,(A) and the compound-nucleus level density 2dréement between the model calculation and experiment
pen, With seen in Figs. 4 and 5, it was necessary to assume a total

fusion cross section of 1000 mb, resulting in a calculated ER
T5(\) cross section of 970 mb. This value is at the low end of the
3 experimental limit given in Sec. Ill A. The most significant
disagreement between the model calculation and*tAe +

Fission usually occurs early in the decay chain of the com- -C results occurs for the calculated mass asymmetry, which
pound system, where thedecay width is small compared to 1S less t_han that |_nd|cated b%/Athe datzil. This is in contrast to
the particle branches. For the evaporation channels, the trarifle €arlier analysi§7] of the Mg + “"Mg reaction where
mission probabilities are found by optical-model calculations300d agreement between the calculated and exp(i:*rlmental re-
and the sum over channels can be expressed as an integPilts was achieved. The discrepancy in t_%‘iAr + 2C_re- _
over the energy-dependent level densities in the residual n§u/tS may be a consequence of an additional deep-inelastic,
clei. For fission, the transmission probabilities are taken a8rbiting contribution associated with the entrance-channel
unity for energetically allowed paths and zero otherwise.zf;ass partition. A S|m|Iar_resuIt has been _obse_rved in the
Here, the number of channels is then assumed to be given byY Compogand system which has been §tu5d|ed W'lth the near-
the level density above the saddle-point configuration, ~ Symmetric *Na + Mg and asymmetric*Cl + 2C en-
the transition state In light systems, the spin and mass france channglﬁl?,l&l. There_, the model calculation was
asymmetry dependence of the saddle-point energy must Hgund to be in agreement with the results from the near-
explicitly considered. Effects resulting from the finite rangeSymmetric measurement. However, for the asymmetric en-
of the nuclear interaction and the diffuseness of the nucleafance channel leading to the same compound-nucleus exci-
surface also have an important influence on the macroscopl@tion energy, the calculation predicted a less mass-
energies calculated for these systems. Explicit expressiorgSymmetric distribution than observed and overpredicted the
for the appropriate fission widths for lighter systems can pebserved f_lSSlon cross sections unless a relatively low fusion
found in Ref.[1] and are based on the Sierk fission barriersCross section was assumed.

Saddle-point configurations in light systems are believed
to have the shape of two touching spheroids separated by a
relatively narrow neck region. As the system passes over the
saddle point, towards greater deformation of the compound It has been shown for thé’S + 2*Mg [2] and ?*Mg +
system, the neck eventually breaks at the scission point. Al?*Mg [7] reactions that much of the structure seen at higher
though there can be additional energy damping as the systeemergies in the excitation-energy spectra can be understood
progresses from the saddle to scission configurations, the em terms of the statistical population of levels in the frag-
ergy difference between these two shapes is expected to lmeents. In these cases, the model calculation used to describe
small in low-mass systems. Consequently, the total kinetithe experimental results was based on an extension of the
energy of the final fragments can be related to the sum of thizleas of the Hauser-Feshbach and transition-state pictures.
relative nuclear, Coulomb, and rotational energies of the two In order to describe the structure observed in excitation
spheroids which comprise the saddle-point shape. The rel@&nergy spectra it is necessary to predict how specific mutual
tive radial velocity of the two fragments at the saddle pointexcitations will be populated in the fission fragments. This is
can lead to an additional kinetic energy component for thdeasible in the light systems being studied since the energy
final fragments, but the weighting of the fission decay widthdevels of the final fragments are known to relatively high
by the saddle-point phase space leads to a preferential decayergies fromy-ray spectroscopy and-particle scattering
to channels where this latter energy is small. studies. Unfortunately, the standard transition-state picture

The fission mass distribution obtained from the transitionfollows the decay of the compound nucleus to the saddle
state calculations is compared to the experimental results fgroint, but says little about the subsequent stages of the decay
the %®Ar + 2C reaction in Fig. 4. For this comparison, the process. In particular, the model fails to account for the
fission model predictions have been corrected for secondagyopulation of specific mutual excitations in the fragments.
light-particle emission using the code.ITA [16]. (Second- An alternative description of the binary breakup in terms of
chance fission from the reaction fragments is expected tan “extended Hauser-Feshbach” method treats the fission
occur at<1% of the secondary light-particle emission rate. channels of Eq.(1) in a manner analogous to the light-
The calculated values for the total kinetic energy of the fragparticle evaporation channdl$9], thereby allowing for the
ments(Erxg), after correcting for the influence of secondary fragment levels to be explicitly incorporated in the calcula-
light-particle evaporation, are shown in Fig. 5. The samedions. It is still not clear, however, how to calculate the trans-
parameter values are used in the calculations as have besrission probabilities for the fission channels within this for-
found to successfully describe the fission yields for themalism. These probabilities should, presumably, reflect the
2Mg + Mg reaction[7] and, more generally, have been macroscopic energy surface underlying the decay path from
found to result in a global description of the fission processhe compound nucleus to the final fragments. Although the

I';(N)=

*

2mpen(Egnd)

B. Excitation-energy spectra
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extended Hauser-Feshbach model is still under developmettie figures correspond to particle-bound states only. This is
[20], at presentad hoctransmission probabilities are used appropriate since the experimental data was required to sat-
that are based on the experimental fission systematios. isfy a coplanarity condition that discriminates against events
initio calculations based on the macroscopic energy surfacevolving secondary particle emission.
have not yet been developed, although sufficient systematics The calculation successfully reproduces the positions of
have been established to allow for reasonable predictionthe peaks seen in the experimental spectra. In order to em-
based on this model. phasize differences in relative magnitudes of the peak cross
In order to retain the system independence of thesections, the calculated spectra have been normalized to the
transition-state calculations, where realistic saddle-poinenergy-integrated experimental cross sections. The relative
shapes and energies are explicitly incorporated into the fiscross sections in each of the peaks are reproduced fairly well,
sion decay widths, a procedure has been developed to calcwith most of the large discrepancies occurring for low exci-
late the population of specific mutual excitations in the frag-tation energies. Thé*Mg(?*Mg,?*Mg)?*Mg reaction has a
ments based on the level densities at the saddle point. THewown resonance component near the beam energy. Al-
assumption is made that a thermal distribution of states ithough such behavior cannot be accounted for by this purely
maintained at the saddle point and that these states decatatistical model, it is clear that the model can account quali-
with statistical weightings to the final fragment excitations.tatively for the peak structure at high excitation energies as
Within the transition-state method, the saddle-point levelsvell as for most of the cross section going to this structure.
already correspond to a commitment to fission into a particuThe overall agreement between the calculated and observed
lar mass partition. The transmission probabilities are therespectra, and the appearance of essentially the same structure
fore taken as unity, independent of the particular fragmenin both exit channels for all three entrance channels, supports
states populated. The cross section for populating a speciftbe conclusion that most of the structure and yields seen in

mutual excitation 31,8,) is then given by these mutual-excitation spectra can be understood in terms of
statistical fission from a compound nucleus.
Figure 8 shows the experimental and calculateday
,Eout [B1XBals /o P (1 €) spectra for the'?C(3°Ar, 2Mg) 2“Mg reaction gated on exci-
o(B1.B2)= EJ: oi(J, 1) » tation energy from 7.5 MeV to 18 MeV. As with the excita-
E [NXN 2y, P(7,d,€) tion spectra, the model calculation is in good agreement with
MoA2 out o the experimental results. Also shown is the corresponding
4) experimental spectrum obtained with the

2820 24 24 . .
whereo(J, 7) is the partial cross section for producing the ~ SIC N&,“Mg)“"Mg reaction. In each case a Gaussian
smoothing function has been applied to facilitate the com-

compound nucleus at spihthat subsequently fissions into a - > )
mass partitionz, [\;X\,];,  represents the sum of the Parison of the low-statistics spectra. The width of the peaks
' out i

ibl in linas between the two fragments in stat in the calculated spectrum is set comparable to that of the
possIDIe spin couplings between the two fragments in state perimental results to aid in comparing these spectra. The

Ay andh, with orbital angular momenturﬁout and coup!ipg calculated spectrum is also based on the same energy-
to compound-nucleus spi andP(#,J, ) is the probability 0416 particle yield as found experimentally.

of the compound nucleus of spid to fission with mass The insets in Fig. 8 show that the ratio of thg-42; and
asymmetryy and radial kinetic energy. It should be noted 27 —g.s. transitions is well reproduced by the calculations
that P(,J, ) depends implicitly onq throughe. i ld' gt: . that the calculation cporrectl acgo nts for the frac—,
The radial kinetic energy can be expressed in terms of n |caf|nk? ield th uiatio hiah yé u £ the f
the characteristic energies of the reaction with tion of t € yie that goes |n_t0 'gh-spin states+o the frag-
ments (which decay predominantly through the" 4evel).
€=Eem+Qo—Vie(Zouts )+ —Ey. (5)  Closer inspection of the details of the experimental and cal-
culated spectra also indicates that the general behavior is
Here,E. ., is the center-of-mass energy in the entrance chanreproduced, although significant differences between the cal-
nel, Q, is the ground-stat® value,V,s(/ 0., 7) i the rela-  culated and observed yields for specific transitions are ob-
tive energy of the two spheroids that comprise the saddleserved. An exploration of these differences will require mea-
point shapeg is the energy loss that occurs in moving from surements with better statistics.
the saddle to scission configurations, dadis the mutual
excitation of the final fragments. For the present watks
taken equal to zero, consistent with the saddle and scission
configurations being similar. Further details of the calcula- Although the model calculation is in good agreement
tion can be found in Ref2]. overall with the experimental excitation-energy spectra ob-
The results of this calculation are shown by the thin-linetained from the particle data, there are significant discrepan-
spectra in Figs. 6 and 7. The spin weighting was determinedies in the relative yields for a few specific peaks. We can
with the known level schemes fofNe [21], Mg, and  group the possible reasons for these discrepancies into three
283j [22—28. For comparison with experiment, the calcu- categories. The first category can be described as incorrect
lated spectra were generated by assuming Gaussian lineput to the model and includes several possibilities. The
shapes for the discrete excitations, with the Gaussian widtpartial cross section distribution used for fusion can affect
set to be consistent with the experimental resolution. Althe calculated results, yet is poorly determined. Also, the
though both particle unbound and bound states were inincorrect assignment of the spin of a state or incorrect
cluded in the calculations, the calculated spectra shown ibranching ratios for a state used in the calculation can have a

C. Deduction of fission partial cross section distribution
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FIG. 9. Mutual-excitation spectra for particle-bound states, cal- FIG. 10. Calculatedthick-line) and fitted(thin-line) fission spin
culated by assuming a 5@b partial cross section at compound- distributions for the(a) *2C(*°Ar,**Mg)?**Mg and (b) *Mg(*"Mg,
nucleus spins ofa) 324 and (b) 164. 2%Mg) 2*Mg reactions. In(b) the thin-line histogram results from the

fit to the experimental excitation spectrum, and the dotted histogram

- . .. results from the fit to the estimated nonresonant excitation spec-
significant influence on the calculated mutual-excitationy,m

spectra. Here, uncertainties in the available level structure

data are a primary limitation. The second category includes. le f d minimal ber of ¢ E |
second-order details not included in the model itself. Thesg'MP'€ TOrM and minimal NUMbEr Of parameters. Examples

. ; - ._of calculated and fitted fission spin distributions are shown
might consist of, for example, effects of the microscopic’ 12~ 136 n . 2dn 3 24 Dl g2 2A . Dlam 2
structure of the compound system on the fission barriers. mor the Z_C(F.Ar’ IOM%)h M% and f l\élg( l\él_g, .ng.) M_g
the third category we include yields from all processes whicH&actions in f'g'" f' h €s z;peho t :Se Istri l_Jt|ogs IS rep-
the model, by design, does not describe. This includes al€S€ntative of all of those which we have examined.

mechanisms which do not proceed through statistical fission 1 N€ resulting fitted spectréthin line) are shown, along

ofa c%mpound nucleus and statistical population of fragmen‘_@/:]tg tr:']zsr)](p;:(;nzgﬁgzlgg‘:ég:;g:? figr Fégasc'hli faphdelczérre—
excited states.

Imperfections in the model calculation as a result of thesponding fission spin distributions are given in Table Il. Al-

limitations found in the fusion spin distribution or fission though the'se moments are ob.talr}ed'from the Gaussian fi,
barriers would affect, among other things, the calculated fisother functional forms for the distribution were found to re-
sion spin distributiors«(J,7). Although relatively small, the sult in S'T“'I'ar value's. Bas;}ad on t.h.e depengehceé%?fon
disagreements between the observed and calculated fissiGAanges ifl) we estimate the precision off) obtained from

cross sections for individual mass channels suggest that suéﬂ? fitting pfoce.d‘%fe to be approximate(lj/.—l.Sﬁ. Consid-
imperfections are significant. ering the simplicity of the model, the fitted spectra do a

To explore this possibility, we fitted the calculated spectra/€Markably good job of reproducing the experimental spec-

to the corresponding experimental spectra by varying the adl® In the following d_|scuss!on we focus on the discrepan-
sumed fission spin distribution. This analysis was done by'€S and some of their possible sources.

parametrizing the spin distribution and then doing a least
squares fit of the calculated spectrum to the experimental
spectrum, adjusting this distribution. The experimental spec- Of the three entrance channels examined, the model best
tra were fitted over the full range of excitation energy forreproduces the mutual-excitation spectra obtained with the
which events involving secondary evaporation could be ig-**Ar + 2C entrance channel. In this cafsee Fig. 63)]
nored. This limited the fitting region to maximum excitation there is only a slight excess in the four peaks seen between
energies of 18 MeV for thé®Ar + 2C entrance channel and 9.0 and 16.5 MeV. The fitted spectrufftig. 11(@] is in

17 MeV, 20 MeV, 17 MeV, and 19 MeV, respectively, for excellent agreement with experiment, showing only a small
the asymmetric and symmetric exit channels of tde +  excess yield in the 9.5 MeV peak.

283 and 2Mg + 24Mg entrance channels. Each spin con-  For the ®Ne + ?8Si entrance channel, the largest differ-
tributes to a large range of excitation energies, as shown iences occur in both the calculatg€lg. 6(b)] and fitted spec-

Fig. 9 where excitation spectra calculated for compoundira[Fig. 11(b)] at the 1.4 and 2.7 MeV peaks. These peaks
nucleus spins of 32 and 16, respectively, are displayed. correspond, respectively, to th¢ 8 2, and 2 +2; mutual

The constraints afforded by the experimental data were naxcitations. The fit shows a small excess yield for the peak
sufficient to obtain unique descriptions of the complete fishear 13.5 MeV and a small deficiency in yield for the peak
sion spin distribution and several functions were found tonear 12 MeV. For each of these two peaks, the fitted spec-
give equally good fits to the excitation spectra. A parametritrum is not dominated by any single mutual excitation. Also,
zation based on a Gaussian shape was adopted because ofrit®ach case the specific levels involved in the three excita-

1. Mg + ?*Mg exit channel
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. ! statistical-fission processes interfere coherently, somewhat
-2 0 2 4 6 8 10 12 14 16 18 20 22 larger nonresonant yields might be indicated. The resulting
Ex (MeV) fission spin distribution, obtained by fitting the resonance
subtracted spectrum and shown by the dashed line in Fig.
FIG. 11. (8)—(c) Fitted (thin-line histogramsand experimental  10(b), has(l)= 254 with a standard deviation of 148 This
(thick-line histogramp*Mg + *Mg mutual-excitation spectra for amounts to a considerably smaller value for the mean of the
the three different entrance channeld) Same agc) except that  spin distribution, as compared to the calculated value of
below 6.2 MeV the spectrurithick line) is an estimate of the non- - 307, The result is particularly significant since there is good
r.eson.ant contribution. The fit to this spectrum is shown as the thinagreement between the fitted and calculated distributions ob-
line histogram. tained for the two asymmetric entrance channels.
Competition between the resonance and fission processes
tions with the largest cross sections have well-establishedrovides the most likely explanation for the observed fission
spin assignments. spin distribution. The resonance configuration can be envi-
The Mg + Mg entrance channel has its largest dis-sioned as a simple “doorway” state through which flux
crepancies between the fitt¢Big. 11(c)] and experimental passes in going between the compound nucleus and asymp-
spectrum at peaks near 4, 5.5, 8.3, and 13.5 MeV. Both thtotic binary channels. In general, this state can be a feature of
fitted and calculated spectra underpredict the yield in thesither the entrance or the exit chanf@9]. Also, a doorway
peak near 13.5 MeV. Again, this peak is not dominated by atate can be classified as being either “strong” or “weak,”
single mutual excitation in the calculation. Unlike the otherdepending on how much of the flux corresponding to a given
two entrance channels studied, where there was no signifpartial wave passes through it. The success of the transition-
cant difference in calculated and fitted fission spin distribu-state method in describing the main features of #g +
tions, for this entrance channel the distribution obtained fron?*Mg fission yields, using the same parameters as also found
the fit had a mean valuefi3less than that obtained from the appropriate for the?®Ne + 28Si and *®Ar + °C entrance
calculation(see Table ). The *Mg(**Mg,?*Mg)**Mg reac-  channel, suggests that a strong entrance-channel doorway
tion is known[3-5] to involve a nonstatistical, resonance configuration is unlikely. Such a configuration, if it existed,
mechanism which contributes to yields at lower mutual-would be expected to have a strong influence on the
excitation energies. Since the model cannot account for suctompound-nucleus spin distribution leading to fission and,
effects, the excitation-function data shown in Fig. 1 of Ref.therefore, would affect almost all of the fission-channel ob-
[3] was used to obtain an estimate for the nonresonant corservables. An exit-channel doorway in the near-symmetric-
tribution to peaks below 6.2 MeV, assuming that the fissiormass breakup channels of the compound nucleus would ex-
and resonance mechanisms occur on sufficiently differenplain the experimental observations. In this scenario, the
time scales so that the interference is incoherent. Figurbigher-spin states of the compound nucleus that would nor-
11(d) shows the spectrum obtained using this estimate anthally contribute to the symmetric fission channel are di-
the corresponding fitted spectrum. If the resonance andected into the resonance mechanism, reducing the contribu-
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TABLE Il. Mean and standard deviations for each of the fission spin distributions obtained with
the model calculation and fits to the experimental mutual-excitation spectra.

Reaction <|>calc (h) o(lcad (h) <|>fit (h) o(ls) (h)
36Ar + 2C—?%*Mg + Mg 23 3.6 23 3.8
Ar + 2C—20Ne + g 23 3.6 21 5.9
2Ne + 8Si—2"Mg + 2*Mg 27 35 27 3.7
2Ne + 235i—20Ne + 28gj 27 35 28 5.1
Mg + *Mg—2*Mg + ?*Mg 30 3.4 27 3.8
Mg + *Mg—2Ne + 28sj 29 3.4 26 2.0

tion of these partial waves to the fission spin distribution andrum. The fitted spectrunjFig. 12c)] is more successful,
thereby shifting the mean of this distribution to a lower although it clearly underpredicts the yield to the peak near 11
value. The fission yields corresponding to the asymmetrideV. As with the ?*Mg(**Mg,?*Mg)?*Mg reaction, the
mass entrance channels may not be as strongly influenced bayean of the fission spin distribution obtained from the fit is
the doorway configuration because the corresponding spishifted down by & relative to the value obtained from the
distributions have their maximum values at spins lower tharcalculation. Also, as with the symmetric case, this result can
that of the doorway state. A shell-stabilized, shape-isomeribe interpreted in terms of competition between a resonance
configuration that traps the reaction flux as the system deveknd a fission process for decay of the high-spin states in the
ops along the fission path might account for this behavior. compound nucleus. It is possible that the spin distribution is
shifted to a lower value because the high-spin compound-
2. Ne + 28gj exit channel nucleus configurations predominately decay throéftig +
2%Mg resonance channels, although at a slightly higher exci-
tation energy, there is evidence for such a correlation be-
tween the mass-symmetric and -asymmetric decay channels
in the 48Cr system[30].

As with the Mg + 2*Mg exit channel, the model calcu-
lation[Fig. 7(a)] is in best agreement with experiment for the
%Ar + 12C entrance channel and the fitted spectiiffiy.
12(a)] improves on this agreement. The spin distribution re-
sulting from the fit shows a slight decrease(li (see Table

II) from the initial ca_lculation. This _resul_t is different from V. SUMMARY AND CONCLUSIONS
what was observed in the symmetric exit channel where no
such decrease was observed. In this c89&e + 28Si exit The fission decay of the compoutCr system is studied

channel the small difference in the fitted and model calcu- at E&\~60 MeV using the3®Ar + 2C and ?Ne + 25Si
lated values ofI) may be related to an increase in “con- entrance channels. The results are compared with those from
tamination” of the experimental bound-state spectrum atn earlier measurement using tRéMg + 2*Mg entrance
higher excitation energies by contributions from unboundchannel. Results of a transition-state model calculation are
states. Our discrimination against unbound states is not pefeund to be in good general agreement with the mass and
fect and so reactions populating these states will increase thetal kinetic energy distributions obtained from tR%r +
yields observed in the mutual-excitation spectrum at highef?’C measurement, although it was necessary to assume an
excitation energies. Thd) value obtained by fitting to this evaporation-residue cross section at the low end of the ex-
“contaminated” spectrum, where only particle-bound statesperimental uncertainty.
are considered in the fitting procedure, will be shifted to a Three results from the present study support the conclu-
lower value than if the contributions from unbound statession that the narrow structures and most of the yield ob-
were not present. served at high excitation energy in the mutual-excitation
For the ?°Ne + 28Si entrance channel, the most signifi- spectra can be understood in terms of fission decay of a
cant difference between the observed spectrum and the calempound nucleus followed by the statistical population of
culated[Fig. 7(b)] and fitted[Fig. 12b)] spectra is the defi- excited states in the fission fragments. First, mutual-
ciency in the predicted yield to peaks below 8 MeV. Theexcitation spectra for thé*Mg + 2*Mg and ?Ne + 28Sj
peaks below and including the one near 6 MeV are domiexit channels were compared for all three entrance channels
nated by mutual excitations of thg Q 2, , and 4 levelsin  and it was found that at high excitation energy, where the
2ONe and?8si. Assuming that the model calculation is prop- density of possible mutual excitations is large, similar peak
erly describing the statistical decay of the system, the excessructures are present for all three entrance channels. Second,
yield relative to the model would suggest a nonstatisticaparticle-particley coincidence data from thé®Ar + 12C
origin for this low mutual excitation-energy yield. Such an measurement show that high-energy peaks in #iég +
origin for this yield might be associated with the resonant?®’Mg mutual-excitation spectrum are not dominated by
behavior which has been observed with tfiNe + 28Si  simple excitations of levels in thé*Mg ground-state rota-
reaction[6]. tional band. Third, spectra calculated using a statistical-
The calculated spectrum for tféMg(>*Mg,?°Ne) 28Sire-  model calculation are in overall good agreement with experi-
action[Fig. 7(c)] only poorly reproduces the observed spec-mental spectra at high excitation energy. We cannot,
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however, rule out the possibility that some part of the struction, leading to symmetric-mass fission. A strong doorway
ture seen at high excitation energy in the configuration in the entrance channel would be expected to
Mg(**Mg,?*Mg) ?*Mg reaction is related to nonstatistical have a stronger overall influence on the fission behavior than
processes. Additionaf-ray studies have been planned to re-is observed and is therefore deemed unlikely. Still unre-
solve this question. solved is the question of relative time scales between the

There are some discrepancies between the observed apskonance and fission processes. Although the resonance life-
calculated spectra in terms of the relative yields to somgimes can be determined from the observed energy widths,
specific peaks. These discrepancies may result from one @here is relatively little experimental evidence concerning the
more causes, including problems with the model descriptiofission lifetimes. If these two processes result from the same
of the fusion spin distribution, microscopic effects not in- compound-nucleus spins, as suggested by this work, a deter-
cluded in the fission calculation, limitations related to themination of their relative time scales would help to establish
level structure data used, and the presence of nonstatisticéle degree of coherence between them.
yields. More work needs to be done to understand these ef-
fects.
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