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FUSION-FISSION IN LIGHT NUCLEAR SYSTEMS

S.J. Sanders

Argonne National Laboratory, Argonne, Illinois 60439 U.S.A. / ;

ABSTRACT The fission process, which has been largely
ignored for reactions involving light nuclear systems, will be
shown to play a significant role in the s2S+24Mg reaction at
energies greater than about 1 1/2 times the Coulomb barrier
energy. The magnitude of the fusion-fission cross section
and its fragment mass dependence are found to be consistent
with newer estimates of the fission barriers in lighter
systems. The presence of the fission mechanism has
significance for understanding the limitation to fusion at
higher energies and has implications for comparisons of
model calculations of evaporation-residue and associated light-
particle yields with experiment.

1. INTRODUCTION

The fusion process in light nuclear systems (A<80) is generally

viewed in terms of the formation of a compound nucleus which subse-

quently decays by light-particle emission (n, p, a). It is only in heavier

systems that Fission decay is seen to compete with light-particle emission,

with its absence in lighter systems taken as an indication of the

predicted high Fission barriers for these masses. In this talk I would like

to suggest that this picture may be too simplistic and that fission is

indeed a signiFicant process even towards the beginning of the periodic

table—one which needs to be investigated if we are to develop an

understanding of the dynamics of reactions involving these systems at

higher energies.

Fission, for all masses, is one of the more dramatic of nuclear

processes as it involves the large-scale breakup of the nucleus. Its study

teaches us about nuclear dynamics and the structure of nuclei which are

fleetingly created under extreme conditions of temperature and spin. An

obvious connection exists in heavy-ion reactions between fission and the

time-reversed process of fusion, with the absence of a Fission barrier at

higher spins possibly being responsible for the limitation of fusion seen at

higher energies. Detailed studies of the Mission process can be used to

test calculations of the macroscopic nuclear potential energy surface. This

is of topical interest because of the newer calculations which extend the



rotating liquid drop model by incorporating diffuse-surface and finite-
nuclear-range effects1) (corrections which are greatest for lower masses).

For the fission of light systems we can expect significant differences
in behavior to that observed with heavier masses stemming in part from
differences in the mass-asymmetry dependence of the saddle-point energies,
but also from the extended nature of the saddle-point configuration and
the near degeneracy of the saddle and scission configurations. The latter
differences account for why we would not expect an "extra push" to be
needed for the fusion of these systems. Heavier systems are stable
against asymmetric decay and, at least at energies where shell corrections
to the macroscopic energy surface can be ignored, symmetric fission is
both predicted and observed. For lighter masses, below the Businaro-
Gallone point, the asymmetry dependent fission barriers favor the
asymmetric breakup of the compound nucleus, a feature which has been
established in the fission decay of 110In as populated through the
sHe +nfttAg reaction2). The occurrence of asymmetric decay suggests
that perhaps the best way to study fission in these light systems is by
starting with a mass symmetric entrance channels, and then looking for
the fission yield in the asymmetric mass channels. Deep-inelastic
processes, which would be oxpocted to peak near the entrance-channel
mass partition, are also discriminated against in this manner.

Fiasion-like yields have been observed in a number of studies of
reactions reaching the mass A~50-60 region^-?), but in general these
studies have either been at sufficiently high an energy that processes
involving incomplete momentum transfer complicate the analysis, or the
fission yields are only observed in singles where it is not possible to
correct for secondary light-particle emission from the fission fragments.

In this talk I will first discuss a coincidence measurement of the
fission yields in thf 32S + 24Mg reaction8.9), showing that the breakup of
the 56Ni compound nucleus does favor the more mass asymmetric fission
channels. This result confirms an earlier, singles measurement of the
fission-like yields from the 16O+40Ca reaction5 (reaching the same 56Ni
compound nucleus) where asymmetric fission was suggested, but where
only the more symmetric fission yields could be identified. I will then
show that the observed behavior can be understood within the context of



statistical decay of the compound nucleus using newer estimates of the

macroscopic energy surface.

2. EXPERIMENTAL RESULTS

To establish the full mass dependence of the fission yields from the
32S+2*Mg system, both reaction fragments were detected in coincidence at

Einb(S2S) = 121.1 and 141.9 MeV.8-9) With the coincidence measurement,

it is possible not only to determine clearly the full mass dependence of

the observed binary reaction fragments, but also to deduce the primary

mass distribution prior to secondary light particle evaporation from these

fragments. Five Si(Surface Barrier) detectors were located on one side of

the beam covering angles between 8° and 48°. By measuring the particle

energy and time-of-flight with respect to the ATLAS rf timing signal, it

was possible to determine the velocities and masses of the detected

fragments. On the opposite side of the beam were located two

8 cm x 9 cm position-sensitive, multiwire proportional counters (MWPC)

from which the velocity of the recoiling fragments could be determined.

In two settings the proportional detectors covered the full angular range

between 6° and 96°. In addition an array of seven, closely spaced,

rectangular Si (SB) detectors were located behind the rear MWPC which

could be used for ^Be identification through the detection of the

coincident a-particles from the 8Be decay.

The fission yields are characterized by full energy damping (i.e.

angle-independent total kinetic energies) and angular distributions which

have a l/sin0 dependence9), as expected for isotropic decay in the plane

perpendicular lo the spin vector. The measured fission folding angles are

found to be centered at the angles corresponding to full momentum

transfer. In this regaid, these results do not support the analysis of

Moro et al?) where fully-energy-damped yields for the 3OSi+3OSi reaction
a t Eiab(2SSi) = 120 MeV are interpreted in terms of an incomplete fusion

mechanism. In that measurement, however, the folding-angle distributions

were not measured.

From the measurement of the two fragment velocities it is possible

to deduce the primary-mass distribution. If no secondary light particles

are emitted, momentum conservation gives for the masses (labeled 1 and

2) M[(2) of the reaction products
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where the velocities are in the compound-nucleus center-of-mass system
(two-body kinematics are assumed). The effect of light-particle

evaporation is to broaden the mass distributions derived from the velocity

measurements, but, under reasonable assumptions concerning the light-

particle decay, the average values of the deduced masses will not be

changed.

The bold histograms in Fig. 1 show the primary mass distributions

deduced from the coincidence measurement for different observed masses

in the Si surface barrier detectors with 12£AobservedS28. These data were

obtained at Ec m =60.8 MeV and at 8iab=28°. For the lower observed

masses, Aobserved=l2, 16, and 20, the deduced primary, pre-evaporation

mass distributions are found to be symmetric and centered with

Apre-evaporation = Aobse rved . This indicates that the mass identified

fragments arise from the primary decay of the 56Ni compound system.

The broadening of the distributions is understood in terms of the

statistical emission of light particles from the recoiling fragment prior to

its detection in the MWPC. For the heavier observed masses there is a

clear indication that a fraction of the events correspond to cases where

the detected fragment has emitted of a light particle.
ANL-P-18,694

Figure 1. Pre-evaporation mass
distributions derived from the
measured fragment velocities for
different regions of the observed
wass spectrum at 8x^-28.1° (bold
histograms) and the corresponding
mass spectra obtained from the
Monte-Carlo simulation described in
the text (shaded histograms).
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These distributions, along with the observed velocity spectra, were
simulated using the Monte Carlo statistical evaporation code LILITA10).
From thi6 simulation it was possible to determine the pre-evaporation
mass distributions at the two beam energies. The procedure used was to
iterate on an assumed primary mass distribution for the binary decay
and try to obtain the best fit to the observed velocity and mass
distributions. The lighter, cross-hatched histograms in Fig. 1 indicate the
results of this LILITA simulation for the pre-evaporation mass spectra
leading to specific final masses. Fig. 2 shows both the observed mass
distributions and the corresponding distributions corrected for light-particle
evaporation. KHL PHfl.96*

Figure 2. Observed mass
disiribution (open
histograms) and the
corresponding deduced pre-
evaporation mass
distributions (solid
histograms) for the fission
component of the
3 2 S + 2 4 Mg reaction at
Ecm=51.9 and 60.8 MeV,
respectively.
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It is clear that after the correction for secondary particle emission is
applied, there remains little, if any, memory of the entrance channel in
these distributions. Rather, the data suggest purely asymmetric mass
distributions. These results are in direct contradiction with any deep-
inelastic, "orbiting" picture which views orbiting as an entrance-channel
phenomenon.

In the coincidence geometry the experiment is insensitive to 8Be
decay since these fragments will immediately break up into two a-par-
ticles. However it is possible to obtain an estimate of the 8Be cross



sections, albeit without the coincident detection of the recoiling fragment,

using the Beven, closely spaced Si (surface barrier) detectors arrayed

behind the back proportional counter. The two-alpha hit pattern for these

detectors at Ecm=51.9 MeV is shown in Fig. 3 by the solid bars.

4NL-P-I9.022
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g 3. Experimental (solid histograms) and simulated (open histograms)
"hit" patterns for the detection of two coincident a-particles from &Be
decay. J

The open bars show the result of a Monte Carlo simulation where it was

assumed that the energy and angular distributions of the 8Be fragments

follow the same general behavior as found for the heavier mass frag-

ments. A mixture of ground state and first-excited state Sfie population

is assumed with the relative proportion set by the simulation of the hit

pattern and the observed sum-energy spectra. The greater frequency of

finding coincident alpha particles in adjacent detectors can be understood

in terms of the maximum opening angle for the decay of Sfie in its

ground state—at the energies found in this experiment and for our

experimental angular acceptance, only adjacent detectors can be struck

for ground state 8Be decays. From this analysis 8Be c r o S 8 6 e c t i o n s o f

ff(8Be) = 70 mb at Ec.ra.=51.9 MeV and 100 mb at Ec m =60.8 MeV are
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3. STATISTICAL CALCULATION

To see whether these results can be understood in terms of a
fusion-fission mechanism it is necessary to first calculate the fission
barriers as a function of spin and mass asymmetry for the 56Ni
compound nucleus. These calculations, which incorporate diffuse-surface
and finite-range effects, were performed following closely the work of
Krappe, D ies, Nix, and SierkM1). The resulting saddle-point energies
are shown in Fig. 4.

AKL-P-I9.OI9

Figure 4. Asymmetric
saddle-point energies for
the 5Q ft i compound
system. Several of the
calculated saddle-point
shapes are shown.

ASYMMt'TRIC SAfXXE ENERGIES

For the limiting case of fission to a massless particle the saddle-point
energy is taken as the equilibrium energy for 56Ni at the appropriate
spin value, as tabulated by Sierk1). Some interpolation was necessary
between this extreme and the minimum mass asymmetry for which the
calculations converged, usually corresponding to a fragment mass of
j4-fragment~12. The fission barrier at a given mass asymmetry and spin
then corresponds to the difference in energy between the equilibrium
value and the corresponding saddle-point energy. From inspection of Fig.
4, one sees that cnly the higher partial waves are likely to contribute to
heavier-mass fission—for the lower partial waves the fission barriers
increase rapidly for more symmetric mass channels and no substantial
competition can be expected with light-particle evaporation.

The 6addle-point energies shown in Fig. 4 have been incorporated
into the statistical evaporation code CASCADE12), where the probability



of fissioning into a given mass partition is assumed to be proportional to
the level density above the generalized saddle point (the "ridge" line in
Moretto's notation13). Since the observed mass distribution shows
evidence of shell effects (the cross section for every fourth mar is
enhanced), a correction was introduced in the calculation by adjusting
the mass-asymmetric, saddle-point energies by a term given by the sum
of Wigner energy terms for the two fission fragments. This correction,
which does not affect the barrier energies used for the decay to two,
even-even nuclei, places an energy penalty against the decay to channels
containing even-odd or odd-odd combinations. The results of th 'se
calculations are compared with experiment in Fig. 5. (The experimentally
derived 8Be cross sections, obtained using a different technique, are not
shown, although they would be well off scale.) Reasonable agreement is
achieved for Afragment,£l2 using a ratio of the level density parameters for
fission as compared to light-particle evaporation of af/an = 0.76. It is
interesting to speculate that this observed ratio, indicating a hindrance in
the fission channels, may result from the effect of compound-nucleus
deformation on the light-particle emission as suggested by Blann14).

ANL-P-19,225

Figure 5. Mass distributions
predicted by the Hauser-
Feshbach calculation described
in the text {solid histograms)
compared to the experimental,
pre-evaporation mass dis-
tributions (open histograms) at
Ec m-51.9 and 60.8 MeV,
respectively.
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The calculated cross sections in the 8Be channel is substantially less
than observed. To better understand this, in Fig. 6 the cross sections
observed at every fourth mass with 8iAfragmentS28 are shown as well as



the corresponding CASCADE calculations. The breaks in the calculated

curves between mass 4 and 8 correspond to where the calculations change

from assuming a post-scission phase space for the l ight-part icle
evaporation channels to a saddle-point phase space for fission decay. The
8Be results indicate that this transition region is probably not being
properly treated in this model and a more consistent picture placing
light-particle evaporation and fission on the same framework is needed.
The smooth decline with increasing fragment symmetry suggests a picture
where fission and light-particle evaporation are seen as manifesting the
same basic physics of statistical compound-nucleus decay.

Figure 6. Mass dependence
of the cross sections for the
stronger fission-decay channels
in the 32S+24Afg reaction at
Ec m = 51.9 and 60.8 MeV.
The curves indicate the results
of the IIauser-Feshbach calcu-
lation discussed in the text.
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4. DISCUSSION
From the 32S+24Mg measurements substantial fission competition is

found even at relatively low energies. If 8Be is included as a fission
channel, the total fission cross section for the 32S + 24Mg reaction is
90 mb at E c m . = 51.9 MeV and 160 mb at 60.8 MeV, or 9% and 16%
of the total fusion cross sections, respectively. (For decay to fragments of
mass A£12, the fission cross sections are 18 mb and 59 mb at the lower
and higher energies, respectively.) From the previous discussion of Fig. 4



it is clear that these yields arise from the higher partial wavee which
contribute to fusion. This is further emphasized in Fig. 7 where the
partial wave distributions suggested by the CASCADE calculation for
both fusion (solid curve) and fission (dashed curve) are shown, as derived
for the 82S+2*Mg reaction at ^.,,,.=60.8 MeV. Fission decay is seen to
dominate above the peak of the fission t distribution at £-36fr. The
grazing angular momentum for this system is around 42ft. It ih clear
that any discussion of the fusion process in these relatively light systems
at higher energies must consider the role of fission, rather than simply
equating fusion and evaporation-residue cross section.

AM P 19,05!
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Figure 7. Partial wave
distributions for fusion
(solid curve) and fission
(dashed curve) for the
^25 + 2 4 Mg reaction at
Ecm=60.8 MeV.
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Above a spin value of 44ft the fission barrier vanishes and the
compound nucleus looses all stability against fission decay. This limit on
the compound-nucleus spin value may be responsible for the falloff in
evaporation-residue cross sections seen in studies of these yields for high-
energy 16O+40Ca scattering15"17). Such a limit should also be manifested
as a saturation of the total complete-fusion-fission cross section at higher
energies, and some evidence for this has been found in the 1 6O+4 0Ca
system by Beck et al.17) for the more symmetric fission fragments
(20SAS28). Similar behavior has also been observed in the ^C+^OCa
system by Grotowski et a/.5), although again over a limited mass range.
For a conclusive experimental test of the predicted limiting compound-
nucleus angular momentum, it will be necessary to carefully unravel the
complete fusion and incomplete fusion contributions, where substantial



fission yields are likely to be present in both.

The large 8Be component in the
reaction yields has implications for model
comparisons with the observed evaporation
residue and light particle cross sections.
This is seen in Fig. 8 where the
measured angular d i s t r i bu t ions for
evaporation-residue cross sections in the
three strongest mass channels for the
32s+24Mg reaction at Ecm.=60.8 MeV are
compared with LILITA calculations (solid U
curves) which have been scaled to the f
data. The dashed curves indicate the ,,
cross sections which are predicted by
LILITA in the A=43 and 46

2000-
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1000-

Figure 8. Measured evaporation residue cross

sections, and corresponding LILITA predictions

(solid curve). The contribution from

decay are indicated by the dashed curves.

channels for the 8Be recoil (48Cr) after secondary light-particle emission
and assuming a 8Be cross section of 100 mb. The 8Be contributions are
found to peak at larger angles and have broader distributions than for
light-particle evaporation. The o-particle spectra should also be influenced
by the significantly different kinematics for 8Be decay and a-particle
decay. Although the present, measurement was not done with sufficient
"tatistics to see these effects, their expected magnitude are sufficiently
large as to be seen experimentally. At higher energies, where the
evaporation-rosidue yields shift to lower masses, competition with even
heavier-mass, more symmetric fission products should occur.



5. CONCLUSIONS
The fission process is shown to play a significant role in 32S+MMg

reactions at energies above 1.5 times the Coulomb barrier. The
magnitude and mass asymmetry dependences of the observed fission cross
sections are well reproduced by statistical model calculations which
include newer estimates for the 58Ni fission barriers, with the fission
yields found to originate from the higher fusion partial waves. Since in
light systems the fission process favors asymmetric mass channels, both
fission and light-particle evaporation residues yields can be expected in
some mass channels, although with each shovving quite different energy
and angular dependences
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