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Macroscopic features of light heavy-ion fission reactions
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Global macroscopic features observed in the fully damped binary processes in light dinuclear systems, such
as limiting angular momenta, mean total kinetic energies, and energy thresholds for fusion-fission processes
~‘‘fission thresholds’’! are presented. Their deduced systematics are consistent with that obtained for heavier
systems and follow a fusion-fission picture which can be described by a realistic rotating liquid drop model
considering diffuse-surface and finite-nuclear-range effects.
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In recent years, light heavy-ion collisions have been
tensively studied over a wide range of low bombarding
ergies (Elab < 10 MeV/nucleon! for various target
1projectile combinations, thus well establishing that t
fusion-fission~FF! process inlight dinuclear systems@1–7#
~in the A < 60 mass region! has to be taken into accoun
when exploring the limitations of the complete fusion~CF!
process at high excitation energies and large angular
menta. The main extracted properties of the fully ene
damped processes for these light heavy-ion reactions h
been well explained with several different statistical desc
tions ~based for example either on the saddle point pict
@5# or on the scission point formalism@4#!, indicating that FF
is significant in this mass region. In particular FF calcu
tions @4–7# have been found successful to describe exp
mental observables, such as mass, charge and energy d
butions of the fully damped yields of most if not all th
studied systems. However a more systematic understan
of the total fusion process is still needed as soon as the
yield is found non-negligible due to a lowering of the fissi
barriers. By using the basic hypothesis of the rotating liq
drop model @8# ~LDM !, diffuse-surface @9# and finite-
nuclear-range effects have been found to be of crucial imp
tance@5,10,11# to account for experimental FF cross sectio
within the framework of the early steady-state theory of Bo
and Wheeler. We will show in this work that a global ma
roscopic description of the main features of FF needs a
these effects to be incorporated forlight nuclei.

In the so-called first regime of the fusion process~region
I!, near the Coulomb barrier, the fusion cross section is
termined by the barrier penetration probability and, for in
dent energies up to around twice the Coulomb barrier ene
the reaction cross section is mainly dominated by the
yield. At higher incident energies~in region II!, the CF yield
tends to saturate due to the activation of other compe
mechanisms such as deep inelastic~DI! collisions. Heavy-
ion resonances and DI orbiting processes have also b
shown to occur for partially damped and large near-graz
partial wave components of the incident flux@12# at incident
energies higher than the bending energy where the CF c
section begins to saturate. The DI processes can lead the
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interacting nuclei to form a dinuclear complex, from wh
they can either fuse into a compound nucleus~CN! after
complete equilibration of all the degrees of freedom, or
cape from the ion-ion potential well, producing a dam
orbiting process. The interplay between the nuclear pote
and the friction forces, which control the damping of b
the kinetic energy and the angular momentum, will de
mine whether fusion or faster binary decay processes
occur. It has been also shown that the degree of compe
between these two classes of processes is correlated
number of open channels~NOC! available for the decay o
the dinuclear system@12,13#. Large NOC tend to favor th
occurrence of statistical processes with regard to fa
mechanisms which retain the memory of the entrance c
nel in sharp contrast to the theory of Bohr and Wheeler

In region III, at higher bombarding energies, the surv
probabilities of both the target and the projectile are dra
cally suppressed during the collision and consequently
incomplete fusion components become significant. In
energy regime the measured CF cross sections show a
decrease which corresponds to an experimental limiting
gular momentum. The compiled limiting angular mome
have been taken from@14# or extracted from more recent C
excitation measurements@15–20# which have all shown
critical angular momentum limitation. These maximum
gular momentum data, due to a general instability of
composite system against fission, lie systematically wel
low the LDM angular momentum limit@8# ~dashed line o
Fig. 1! for which the fission barrier vanishes. The data
found, however, in agreement with the predictions of a m
fied version of LDM@10# which includes finite-range corre
tions of the nuclear interaction by means of a Yukawa-p
exponential attractive potential@9# and diffuse-surfac
effects @10#. The finite-range corrections produce for e
angular momentum a lowering of the fission barrier du
the attractive forces between surfaces of the two nas
fragments at the saddle point. The magnitude of the re
tion in fission barriers which increases with decreasingA is
one of the main reasons why FF has been recently inv
gated forlight dinuclear systems. The vanishing fission b
riers displayed in Fig. 1 have been calculated for the b
1989 © 1996 The American Physical Society
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stable nuclei~solid line! using the finite-nuclear-range LDM
~FRLDM! extended to rotating nuclei by Sierk@10#. In this
model @10# the attractive force of finite range was permitte
between the nascent fragments at the saddle point in orde
reproduce the experimentally deduced angular moment
dependent barriers@10,11#. The increasing discrepancy with
increasing mass number~in the vicinity ofA<100 where the
Businaro-Gallone transition is expected to occur! is observed
in Fig. 1 and interpreted by the possible occurrence,
heavier systems@20#, of fast-fission and quasifission mecha
nisms~considered as an equivalent to a DI orbiting proce
for lower mass number! competing with the statistical FF for
the highest partial waves. In this high-energy domain, t
compound system is formed at very high excitation ener
and high angular momenta inducing quite large deformati
effects in the evaporative cascade. In addition to the eva
ration of neutrons, protons, and alphas, the fused system
this region may undergo binary decay through the emiss
of complex fragments and intermediate mass fragments@21#
and/or an asymmetric fission process@5#. Finally in the in-
termediate energy regime (Elab > 40 MeV/nucleon!, the
nuclear system before its complete dissassembly~multifrag-
mentation! is capable of reaching an upper limit for the tem
perature at which a ‘‘vaporization mechanism’’ into light pa
ticles may occur.

Although the FF cross section in light heavy-ion reactio
represents only a small fraction~less than 5–10 %) of the
total reaction cross section, several systems were inve
gated in detail@1–7# and characteristic macroscopic feature

FIG. 1. Experimental~points! and calculated LDM@8# ~dashed
line! and FRLDM @10# ~solid line! limiting angular momenta for
fusion as a function of the CN mass numberACN of beta-stable
nuclei. The solid points have been previously compiled in@14#. The
open points correspond to the following reactions~compound sys-
tems!: 10B19Be (19F! and 10B110,11B (20,21Ne! taken from@15,16#,
28Si112C,40Ca (40Ca,68Se! from @17,18#, 16O140Ca (56Ni! from
@19# and, 40Ca140Ca (80Zr! from @20#.
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were clearly established@5#. The statistical origin of the ob-
served fully damped fragments has been recently establishe
for several light dinuclei such as19F and 20,21Ne ~investi-
gated by means of the9Be,10,11B1 10B reactions, respec-
tively @15,16#! 27,28Al ~investigated by means of the16O1
11B, 17O1 10,11B, 18O1 10B, and 19F1 9Be reactions, respec-
tively @7#!, 47V ~investigated by means of the35Cl1 12C,
31P1 16O, and 23Na1 24Mg reactions@6#! and 48Cr ~investi-
gated by means of the24Mg1 24Mg, 36Ar1 12C, and
20Ne1 28Si reactions@22#! as populated by different entrance
channels having very different mass asymmetries, thus ver
fying whether the Bohr hypothesis is fulfilled or not. In other
cases for which this has not been experimentally possible
the experimental data have been compared to FF prediction
@1,5#.

Generally all of the observables, including the fragment
total kinetic energies~TKE’s!, obtained in these experiments
@1,5–7,22# are very well described by a FF picture using the
statistical model@4,5#. We have compiled in Fig. 2 the mean
TKE values, of the symmetric fission fragments produced in
light heavy-ion systems. The systematics due to Viola@23#
~dashed lines!, which predicts a linear dependence of TKE
with the Coulomb parameterZ2/A1/3, is capable of describ-
ing the data set available in the literature@23,13#, but fails in
the case of lowZ fissioning nuclei as shown by the insert of
Fig. 2. Due to the diffuse nature of the nuclear surfaces o
light nuclei and the associated perturbations of the neckin
degree of freedom consistent with both the droplet mode
@25# and FRLDM@10# calculations, a change in slope at low

FIG. 2. Most probable mean TKE release in fission as a function
of the Coulomb parameterZ2/A1/3 of the fissioning nucleus. Open
triangles have been taken from previous existing compilations
@23,24#. Experimental solid points have been compiled from the
data given in@3–7,15,16,19,20#. The dashed lines are the result of
the Viola systematics@23# whereas the solid lines are the result of
the fitting procedure discussed in the text.
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values ofZ2/A1/3 ~see insert of Fig. 2! leading to vanishing
TKE values asZ approaches zero may be expected. Th
effect is illustrated by the solid curves drawn in Fig. 2 whic
has been calculated by the following formula:

TKE5Z2/~aA1/31bA21/31cA21!,

where the values of the parameters area59.65 MeV21,
b5258.1 MeV21, and c5188 MeV21, respectively as a
result of a simple weighted least-squares fitting procedu
The mass dependence of this formula is justified by the fa
that for spherical nuclei the extension of the charge distrib
tions around their centers has this type of dependence
required by the droplet model@25# to take the diffuseness
into account in LDM@8#. Although second-order effects such
as nuclear structure~mainly shell effects! and pairing effects
have not been taken into account, this new simple univer
expression of TKE, valid for a very wide range of fissionin
systems extended to the lighter ones, appears to be q
useful for its prediction capabilities.

At this point it is interesting to note that all the data avai
able for light systems were obtained from FF yields. A
though the TKE values were extracted at the threshold en
gies for the process, a small contribution of the rotation
energy term is included. This contribution is expected to
not very significant in cases where the effective moment
inertia in the double-spheroid approximation of the sadd
point is quite large and the fusion critical angular momentu
at the threshold is rather small. In this context, one has
admit that some of the small discrepancies observed for m
dium weighted nuclei~200< Z2/A1/3 < 500! can possibly
be explained by this additional rotational component prese
in the experimental points. However, it is still relevant to d
the comparison with heavier, more fissile systems data
those previously compiled by Violaet al. @23#.

The measurements of the excitation functions for the to
fission cross sections for the10B1 10B ~@3#!, 18O1 10B
~@7#!, 35Cl1 12C ~@4,24#!, and 16O1 40,44Ca ~@1#! reactions
have shown that the FF cross sections rise rapidly with
creasing bombarding energies and then more slowly
higher energies. When plotted as a function of 1/Ec.m. the
excitation functions present a simple linear relation similar
the case of CF processes in region I~see @17,19# for in-
stance!. This behavior is a characteristic signature of a st
tistical CN emission and well predicted by statistical mod
calculations@1–7#. These calculations start with the CN for
mation hypothesis and then follow the decay of the syste
by first chance binary fission or light-particle emission an
subsequent light-particle or photon emission. Since the LD
@8# predicts too high fission barriers, the mass-asymmet
fission barriers are calculated following the procedure ou
lined in FRLDM @10# in order to incorporate diffuse-surface
and finite-nuclear-range effects. The transition-state meth
has been most notably successful in accounting for many
the observed features of the fission process in thelight di-
nuclear systems@5# as well as for the emission of complex
fragments from heavier compound nuclei@21#.

Based upon the available FF excitation function data~in-
cluding the fully damped yields data for the12C1 24Mg,
28Si, and14N1 28Si reactions taken from@26# and the fission
data for the35Cl1 52Ni reaction@27#!, it has been possible to
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extract experimental values of ‘‘fission threshold’’
(E fission

threshold) which correspond to the intersection of the FF
cross section curve with the~1/Ec.m.) axis. The experimental
data shown in Fig. 3 indicate thatEfission

thresholdhas a linear rela-
tionship with the CN Coulomb parameterZ2/A1/3. The re-
duced values ofEfission

threshold/(Z2/A1/3) for different nuclei rang-
ing from mass 20 to mass 97, plotted as a function ofx the
LDM fissility parameter@8#, appear to be practically constant
within the error bars. Although there exists no simple rela
tionship with the FF macroscopic energies, these ‘‘fissio
thresholds’’ might be possibly associated to fission barrie
after consideration of the contribution of the centrifugal term
~as shown for the TKE systematics! and also that of the
saddle point deformations which might be non-negligible a
these incident energies. The lack of any obvious dependen
from system to system is not yet well understood. This stud
calls for new experimental works in the 0.35<x< 0.50
fissility region for which the Businaro-Gallone transition
from asymmetrical to symmetrical fission is expected to oc
cur. In the meantime a more theoretical approach of the fi
sion barriers in this mass region will surely require mor
detailed excitation function measurements for ‘‘subthresh
old’’ bombarding energies in order to check the ‘‘universal
ity’’ of the complex fragment emission as proposed very re
cently by Moretto @21# for more massive systems.
Experimental studies are being currently undertaken.

In summary, a systematic examination of the main gener
characteristics of the fusion-fission process~limiting angular
momenta, mean total kinetic energies and ‘‘fission thres
olds’’! in light heavy-ion reactions suggests that the rotatin
liquid drop model can be extended for verylight nuclei when
the diffuse nature of nuclear surfaces and finite-nuclear-ran
effects have been explicitly taken into account as previous
proposed for heavier nuclei@10,21#. Although more refined
theoretical studies will have to be undertaken to investiga
second-order effects~such as nuclear structure effects, prox
imity and/or viscosity effects, the temperature dependence
the surface energy, . . .!, this systematic study suggests tha

FIG. 3. Experimental ‘‘fission thresholds’’ divided by the Cou-
lomb parameterEfission

threshold/(Z2/A1/3) plotted as a function of the fis-
sility parameterx for the indicated reactions and compound sys
tems.
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a very crude macroscopic picture of nuclear matter at hi
excitation energy and angular momentum remains a reas
able way to describe the collective nature of hot nuclei
light as the19F and 20Ne nuclei which can be considered a
remnants of liquid droplets.
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