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Entrance-channel mass-asymmetry dependence of compound nucleus formation time
in light heavy-ion reactions

A. Szanto de Toledo
Instituto de Fsica da Universidade de 8aPaulo, Departamento de §ica Nuclear-Laboratorio, Pelletron,
Caixa Postal 66318-05389-970 @®aulo, Brasil

B. V. Carlson
Departamento de Bica, Instituto Tecnolgico da Aeronatica, Centro Tenico Aerospacial, 12228-900 6dosedos Campos, Brasil

C. Beck
Centre de Recherches Nuaiees, Institut National de Physique Nualee et de Physique des Particules-Centre National de la Recherche
Scientifique/Universitéouis Pasteur, Baé Postale 28, F-67037 Strasbourg Cedex 2, France

M. Thoennessen
National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy,
Michigan State University, East Lansing, Michigan 48824
(Received 28 June 1996

The entrance-channel mass-asymmetry dependence of the compound nucleus formation time in light heavy-
ion reactions has been investigated within the framework of semiclassical dissipative collision models. The
model calculations have been applied successfully to the formation dfAh€ompound nucleus as populated
via the °Be+2°Si, B+ 27Al, 1%C+2?%Mg, and °F+ '°F entrance channels. The shape evolution of several
other light composite systems appears to be consistent with the so-called “Fusion Inhibition Factor” which has
been observed experimentally. As found previously in more massive systems for the fusion-evaporation pro-
cess, the entrance-channel mass-asymmetry degree of freedom appears to determine the competition between
the different mechanisms as well as the time scales invo[\#&@2b56-28136)03812-5

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

The occurrence of an asymmetrical fusion-fission processompetition between the fusion process and other faster
has been identified in light heavy-ion reactions involving di-mechanisms may be more important. As a matter of fact,
nuclear systems as light asd shell nuclei[1,2]. For such large time differences have been observed in the formation
light composite systems, statistically equilibrated compoundf the ®*vb CN as populated by the asymmetric system
nuclei (CN) may be expected, if specific phase space condi<60+1485m (7~10"2! seq or by the more symmetric system
tions are fulfilled[3], to coexist with o}!nuclear |nter_m,fad|at_e 64Ni+1%Mo (7~10"2 se9 at EX,=49 MeV [10]. These
configurations which lead to binary "deep inelastic” colli- e gifferences are large enough to induce significant diver-
sions with strong and fully energy dampitagbiting), and/or ences in the characteristic features of the CN decay. Very
quasimolecular resonant states. Both processes may Ieadr cently[11], similar time differences also have been found

very inelastic exit channels with “isotropic” angular distri- . : L : . i
butions in the reaction plane. This coexistence has been ob. the |nvest|gat|on_s ofa Ilghter mass reglcmc(\, i 110. I.t o
served experimentally in the formation of tH&2Ne [4] was, thergfore, qp|te tempting to investigate this possibility
%8| [5], °Ar [6], “°Ca[7], **V [8], and *Cr [9] dinuclear " 8Ven lighter dinuclear systems.

systems. In these studies, most of these dinuclear systems 't IS generally believed in the case of light dinuclear sys-
were formed via different entrance channels, in order to asttMs(Acy < 50) that due to the smaller number of nucleons

certain whether the CN was playing a key role in the reactiorivolved (subsequent smaller moment of ineyténd, due to
mechanism. the typical value of the relaxation tinjé2], the time scales
Systematic investigations on the entrance-channel depeff the different binary processes involved are strongly com-
dence and eventually on the different time scales involved@ressed. One of the more illustrative examples can be found
for those strongly damped processes may shed some light dn the fusion systematics which has been proposed in this
these ambiguities. However in the case of heavier system®ass regiofil3]. In the discussion of this fusion systematics,
(Acnys<160 for which noticeable time differences a fusion inhibition factorFIF) has been defined and a clear
between the direct component£10~2!seg and compound correlation between this factor and the entrance-channel
component(7~10~16 seg have been observed, it has beenmass-asymmetry parameter has been establigt@d The
shown [10] that, depending on the entrance-channelFIF reflects the fact that the reaction flux which, after pen-
mass-asymmetry parametes;=|(Arger Aprojeciiid /(Ararget  €rating the fusion barrier at a radiugsRnd a barrier height
+Aprojectid |, the time needed for the composite system toV g is diverted to other reaction channels than fusion depend-
evolve until an equilibrated CN has been formed, may varnjing on the target plus projectile combination. The FIF which
significantly. In this case, for long CN formation times, theis derived from the reduced fusion cross sectiopy =
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may not resolve the doubt whether or not the CN character-
1 0z o istics keep the memory of the entrance channel properties.
3 L R R S S e — As a consequence, it is still an open question whether the
’ Bohr hypothesis is valid for very light heavy-ion fusion re-

i e actions. Therefore, a clear understanding of the dynamics of
the collision is still lacking in this mass region. A detailed
study of the shape evolution of the dinuclear system before
scission within a fusion-fission process or involving orbiting
and quasimolecular mechanisms is highly desirable.

i In this paper we will propose a simple investigation of the
4! shape evolution of light dinuclear systems as a function of
1 os time for selected incoming angular momenta and given
1 0 entrance-channel mass-asymmetry parameters. Results are
12 interpreted in terms of a semiclassical dissipative collision
1% model[10,15.

The curve of Fig. 1a) showing the experimental FIF val-
ues[13,14] has been drawn to guide the eye. Its dependence
has been defined ir13] by simple calculations of an average
s “configuration lifetime” based on proximity potentia[d.6]

6 and on the liquid drop modélL7]. This behavior indicates
14 that the entrance-channel mass-asymmetry degree of free-
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dom is relevant to establish a dependence of the fusion bar-

g rier and “driving potential” to asymmetric configurations.
038 This very qualitative result is in quite good agreement with
n the conclusions reached by Thoennesseral. [10,11] for
heavier compound systems involving equilibration times
FIG. 1. (a) (Lower) Experimental values for the fusion inhibi- which differ, however, to a larger extent with the initial pro-
tion factor (FIF) as defined in the texteft scale for 1°F induced  jectile + target combinations.
reactions and for thé®Ar CN fusion reactions. The solid curve A more complete and sophisticated approach is based on
dependencéright scal@ of the “configuration lifetime” defined in ~ Swiatecki’s dissipative dynamical modéi8] which assumes
Ref. 13 also is given as a function of the mass asymmetry to guidéull one-body dissipation. This semiclassical model has been
the eye.(b) (Uppen Time scales predicted by HICO(see textfor ~ applied by using a particle exchange model code HICOL
the 19+ 19F, 2C+26Mg, B+ ?Al, and °Be+ 2°Si entrance chan-  written by Feldmeief15]. This code[15] is used to follow
nels to reach the CN equilibrated shape. The dashed and solighe evolution of the system towards equilibrium in its collec-
curves(drawn to guide the eygsepresent the cases for+ 0 and  tive and thermodynamic degrees of freedom. We assume that
L = 157, respectively. the system has reached equilibrium in the shape degree of
freedom as soon as its deformatigndoes not vary signifi-
0E¢m | mRg?, is determined from its deviation from the cantly as a function of time.
linear behavioto,.¢=(E.m—Vg). The tangent of the devia- The results for the four different entrance channels lead-
tion angle, defined as the fraction of the flux which pen-ing to the 3Ar CN (at 55 MeV excitation energyare pre-
etrates the fusion barrier, but does not lead to CN formationsented in Fig. 2 for L= 0, 5, 104, and 1%, respectively.
is defined as the fusion inhibition factor. It has been showrAll these partial waves contribute to the CN formation. It is
clearly (see Fig. 10 of Ref[13]) that FIF can be fairly well shown that the most asymmetric entrance channels reach a
correlated with the entrance-channel mass-asymmetry. Sygiven stage of equilibrated deformation faster than the sym-
tems with larger initial symmetries show larger fusion inhi- metric ones, independently of the choice of the impact pa-
bition. Figure 1a) displays the experimental FIF valuésft rameter (angular momentuin Furthermore, it is observed
scale of the lower part of the figurdor light systems that the asymptotic value expected for the deformation
[13,14. It has been suggested that this behavior might bg3 (t —) is, in magnitude, larger with increasing angular
related to the larger time scale needed to reach the equilmomentum, as expected from the Rotating Liquid Drop
brated CN configuration, allowing faster processes to bdélodel (RLDM) (Ref.[17]). In order to compare the results
competitive, although the linear relation is purely suggestiveof the HICOL calculations with that of the crude estimations
As soon as lighter dinuclear systems are considered, thef the diffusion time and FIF values given in Fig(al, we
spread in time between the several possible processes is bave calculated the time)(which is needed to reach a given
much reduced that a time measurement might not be sengleformation8 (estimated to 80% of the final equilibrium
tive enough to distinguish among them. Therefore time scaldeformation, starting from a given entrance-channel massas-
measurements in the casesafl shell composite nuclei as in  ymmetry (with L = 0 andL = 154) as shown in Fig. (b).
the cases of thé®B + 0, B + Y0, and *°F + °Be It is concluded that the angular momentum does not play a
reactions for which the energy damped binary yields are promajor role in determining the relative drift time of the system
duced dominantly by CN mechanisms or in the case of thend that in the case of a symmetric entrance channel, the
2C + '2C and *?C + %0 reactions which are capable of system evolves initially very fast, generating a neck and then
showing resonant processes of a quasimolecular ngBlye drifting more slowly. This might not be due essentially to the
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FIG. 2. Time evolution of the nuclear deformati@ estimated
to 80% of the final equilibrium deformation, for th&F+ °F,
12c+2%Mg, MB+27Al, and °Be+2°Si entrance channels as pre-

dicted by HICOL, for the head-on I= 0 collision, and for the 12316 (=493 1812 128 (=155

L=>5%, L=104, andL= 15k more peripheral collisions.
intrinsic diffusion time, but possibly to the available surface O
energy at this early stage of the collision.
The shape evolution of thé®Ar composite system, pre-
%Cted ?3/ HICOL is depicted in F'g-g for both the symmetric  giG. 3. Time evolution of the nuclear shapes for the symmetric
F + F and the asymmetri€Be+ *Si entrance channels. 1%+ 19 system and for the most asymmetric investigated system
We observe that the equilibrium shape, which for these sys®Be+ 29Sj for L=15%. The time scalet) is indicated in units of

tems is attained within a fraction of a revolution, can be10 22 sec.
reached even faster for the asymmetric system. Another con-

troversial point in these calculations is that for frontal colli- degree of freedom is expected to be equilibrated only within
sions ( =0), nucleons drift from the light to the heavy frag- a fraction of a revolution as observed [ui]. As for heavier
ments. As soon as angular momentum is introduced into thgyclear systems of thAcy ~ 110 and 160 mass regions
system, it tends to be symmetrically equilibrated. This fea{10,11], the entrance-channel mass-asymmetry degree of
ture can be well understood in terms of transport phenomengeedom is found to play a key role in the time scale of the
as described, for instance, in the model of the pioneer Worlfusion process and may determine the degree of Competition
of Randrup[19] which was based on the same physical pic-hetween fusion and other more peripheral binary processes
ture. More recently an alternative one-body dissipationsych as the deep-inelastic orbiting mechanism. Experimental
model including shell effects has been proposed by Bonasergtempts to measure the fission time scales involved in this

[20]. It is, however, still difficult to understand thg21,22  |ight-mass region will be soon undertaken.
from other transport treatments of a similar approach, con-

tradictory conclusions have been advanced in the case of
more massive dinuclear systemi@2]. Subsequently, the This work has been partly supported by CNRS of France
problem that is still open is how in the light dinuclear sys-and CNPq of Brazil within the framework of a CNRS/CNPq
tems the driving forces are overcome by the centrifugal termcooperation program 910106/94-0. One of(@sB.) would

In conclusion, we have shown qualitatively in this Brief like to thank Y. Abe and R. M. Freeman for enlightening
Report that for light heavy-ion fusion reactions, the shapealiscussions and for a critical reading of the manuscript.
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