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Transitional dissipative mechanisms in the fissionlike decay of medium mass composite systems
have been studied systematically. Fragments produced in the collision of 4-7 MeV/nucleon,
A =19-37 projectiles, with 4 =59-89 target nuclei, were identified by time-of-flight spectrome-
ters. Mass, energy, and angular distributions of the fissionlike fragments have been reproduced by
dynamical model calculations based on the transport theory. Systematics of lifetimes of the inter-
mediate complex systems are given, indicating a clear dependence on the bombarding energy and
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entrance channel mass asymmetry.

I. INTRODUCTION

The study of heavy-ion collisions at bombarding ener-
gies E/ A 510 MeV/nucleon has shown the existence of
two dissipative mechanisms, i.e., fusion and deep inelastic
collisions (DIC). An early interpretation of the observed
phenomena in terms of these competing mechanisms, was
based on a schematic picture of the collision process. De-
pending on the topology of the entrance channel poten-
tial, either attractive forces, leading to a mononucleus, or
repulsive forces, leading to a dinucleus, were considered
to determine the reaction path. However, further experi-
mental results indicated the existence of intermediate re-
gimes (the “fast fission” and ‘‘quasifission” processes),
which suggested that not only the entrance channel po-
tential, but the overall dynamics of the collision process
had to be considered. Actually, in the recent ‘fast-
fission”! and “extra-push”2 models, the collision dynam-
ics is considered explicitly along the whole reaction path,
through the multidimensional space of the relevant col-
lective degrees of freedom of the nuclear system. On the
other hand, different approaches to a dynamical descrip-
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tion of dissipative collisions, based on quantum-statistical
theories, have been successfully employed in reproducing
experimental data obtained from the study of DIC. In
this respect, a recent and refined version of the transport
theory® has stressed the role of angular momentum in the
diffusive relaxation of a dinuclear system by statistical
nucleon exchange between the interacting nuclei.
Experimental evidence of transitional dissipative mech-
anisms in the medium mass ( 4 =100) region has been
found in several studies at the Strasbourg and the Leg-
naro Tandem facilities.* "¢ The fissionlike fragmentation
of composite systems formed at incident energies around
4-7 MeV/nucleon exhibits certain peculiar characteris-
tics which cannot be understood in terms of pure DIC or
fusion processes. Furthermore, such intermediate mech-
anisms cannot be described in the framework of “fast-
fission” or ‘“‘extra-push” models, because the necessary
conditions for their validity (vanishing fission barrier due
to large angular momenta and large fissility, respectively)
are generally not fulfilled in this mass region.” The ob-
served features were explained in terms of a continuous
relaxation process, leading the composite system from the
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entrance channel to more or less equilibrated
configurations, depending on the system lifetime.®

With the aim of attaining a more complete understand-
ing of these phenomena, we report in this work the re-
sults of a systematic investigation on the characteristics
of transitional dissipative mechanisms in the medium-
mass region. To study the dependence of the reaction
mechanism on the entrance channel mass asymmetry,
different projectile-target combinations were chosen to
form a given (Z g, A ) composite system. In these reac-
tions, in order to have comparable experimental condi-
tions, the incident energies were chosen in such a way
that the grazing and the critical angular momenta were
similar for all combinations producing the same compos-
ite system. Furthermore, other reactions were used to in-
vestigate the dependence of the reaction mechanism on
the total mass of the composite system, which can be of
importance as suggested in an earlier study by Oeschler
et al.’ To this purpose, the incident energies were select-
ed to obtain comparable values of the center-of-mass
(c.m.) energy of Coulomb barrier ratios. Systematics of
lifetimes, obtained from data analysis by a dynamical
model,® will be presented. The dependence of lifetime
on the composite system and the entrance-channel
configuration is investigated, with particular emphasis on
possible correlations with the composite system mass and
the entrance-channel mass asymmetry. The resulting
fundamental role of the mass asymmetry in the reaction
mechanism is underlined and discussed.

The experimental procedure is described in Sec. II, re-
sults are presented in Sec. III, data analysis and discus-
sion in Sec. IV, and, finally, conclusions are drawn in Sec.
V.

II. EXPERIMENTAL METHOD

A. General considerations

To investigate the transitional mechanisms in
medium-mass nuclear systems, ten reactions leading to
six different composite systems have been studied. The
aim of these measurements was to observe the behavior
of fissionlike processes as a function of both the
entrance-channel mass asymmetry and the composite sys-
tem mass (A4 cg).

Attention was focused on heavy fragments (A
> As/2), since their observation at forward angles is re-
lated to a particular experimental condition which selects
events corresponding to the decay of long-lived compos-
ite systems (i.e., those surviving for at least half a rota-
tion). In the case of a small mass transfer between the in-
teracting nuclei, this condition can be simply illustrated
as in Fig. 1. It is seen that, depending on the interaction
time At (i.e., the time interval over which nuclear forces
are effective), the emission angle for the heavy fragment,
60X, varies from a backward angle (2 — 6%, for At =0) to

gr
a forward angle (for longer At), according to

A0=wAt=7+6L—0F (1

where A6 is the rotation angle, w the (/ averaged) angular
velocity, 6; and 9; the grazing angles for the projectile-
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like and targetlike fragments, respectively, so that
05+ 64 =m. By similar considerations, in the case of
projectilelike fragments emitted at 8- < Gé}, the above re-
lationship reads AG:G;—B?. The use of these formulas
to estimate the interaction times for the emission of pro-
jectilelike and targetlike fragments at 6; =10° from the
32§ + 3°Co reaction at 5 MeV/nucleon incident energy
yields At =3x 1072 s and 2 X 102! s, respectively.

In Table I the projectile-target combinations studied in
the present work are listed, together with some relevant
information on the composite systems. In particular, the
entrance-channel mass asymmetry, y=(4,—A4,)/(4,
+ A » ), the compound-nucleus ﬁssility10

e Z%s/Acs
50.88{1—1.7826[(Nes—Zcs)/Acs ]}

(2)

and the c.m. energy to Coulomb barrier ratio, E_ , /Bc.
Measurements corresponding to the lower range of in-
cident energies (E/ A <5 MeV/nucleon) have been gen-
erally performed at the Legnaro Tandem facility, while
for the higher energy measurements the Strasbourg Tan-
dem accelerator was employed. Some of the reactions re-
ported in Table I were studied previously and the results
are published in the listed references,

B. Experimental details

The experimental setup, described in more detail in
Refs. 4 and 6 consisted of time-of-flight (TOF) telescopes
employing microchannel plate start detectors and silicon
surface-barrier stop detectors. Additional silicon
surface-barrier detectors were placed at forward angles
for beam monitoring and normalization purposes. Coin-
cidence TOF energy measurements were performed at

At.o

At> 7w/ o

FIG. 1. Center-of-mass scattering geometry for a dissipative
collision.
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TABLE 1. List of the reactions studied in the present work with relevant parameters: the entrance-channel mass asymmetry (y),
the compound-nucleus fissility (x), the c.m. energy to Coulomb barrier ratio (E_ ,, /B). E,; is the laboratory incident energy.

Reaction CN y X E; (MeV) E.. /B Ref.

328 4+ %Co NTc 0.30 0.40 126,140,154,168 1.5-2.0 6

128,143,158,178,198 1.5-2.3 5
2Si + %Cu 91Tc 0.38 0.40 134,148,158,169,190 1.8-2.5 a
32§ 4 9Cu %Rh 0.33 0.42 126,140,154,168 1.4-1.9 6
335C1 + %Cu 100pg 0.30 0.42 200 2.1 a
3C1 + %Cu 102pg 0.27 0.41 145,185 1.5-1.9 a
8Si + Ge 102pg 0.45 0.41 137,151,170 1.7-2.2 a
328 + %Ge 108Cq 0.41 0.43 158,178,198,218,225 1.7-2.5 4
YF 4+ 8y 108¢cd 0.65 0.43 155 2.9 a
328 + BRb 1y 0.45 0.48 170 1.7 9
85i + ¥y "y 0.52 0.48 148,161 1.6-1.8 a

#Present work.

observation angles within the 6; =5°-40° range. The
TOF time resolution (AT =200 ps FWHM) and energy
resolution (AE /E < 1%) for fissionlike events allowed the
fragment masses to be measured with a resolution
AA/A=4. Target thicknesses were typically =~ 100
ug/cm? Absolute cross sections were obtained by means
of a normalization procedure, which exploited the elastic
scattering data measured by the TOF telescope and the
monitors. This procedure is estimated to introduce a
scale uncertainty in the absolute cross sections of about
10%. The fragment production cross sections were eval-
uated in the c.m. system by transporting the events of
energy-mass scatter plots from the laboratory to the c.m.
Data are presented in mass bins of 3 to 4 amu in order to
have statistical errors generally not larger than 10%. As
explained in Refs. 4 and 6, data were corrected for angu-
lar straggling effects, telescope detection efficiency, and
light particle evaporation. These corrections were gen-
erally small (less than 5%), and the corresponding errors
negligible. As the present analysis is focused on frag-
ments having masses 4 > 4g/2, the events under con-
sideration are not contaminated by products of reactions
induced by the beam on carbon target backings or on
light target contaminants.

III. RESULTS

The class of fissionlike events under study is seen to lie
on a locus in the mass-energy plot (see, e.g., Fig. 2) corre-
sponding to the Coulomb repulsion of two charged
spheres. For all the incident energies and observation an-
gles of the present measurements, the fragment kinetic
energies are found to correspond to a two-body Q value
ranging between —20 and —70 MeV. Selection of data
within this Q-value range, in addition to two-body kine-
matic constraints, allows discrimination against the bulk
of the evaporation residue events.

A. Mean total kinetic energies of the fissionlike fragments

Previous coincidence measurements of fissionlike prod-
ucts from the *2S + °Ti (Ref. 11) and *2S + %°Co (Ref. 5)

reactions have shown the binary nature of the fragmenta-
tion process in the medium-mass region at incident ener-
gies in the MeV/nucleon range. Under this assumption,
the mean total kinetic energies (TKE) of the fissionlike
events in the present study were evaluated in the c.m. us-
ing two-body kinematics. Selected TKE distributions, as
a function of fragment mass, are presented in Figs. 3 and
4 for the 8Si + ®Cu and 2%Si + "*Ge systems, respective-
ly. Experimental fragment masses and energies were
corrected for neutron evaporation and y-ray emission,
according to the procedure of Ref. 4.

For all the reactions investigated, the fragment TKE
are almost independent of incident energy and observa-
tion angle. Furthermore, the TKE corresponding to
symmetric mass division are in close agreement with the
predictions of Viola’s systematics?® for fission processes.
These features, generally found in the study of other
fissionlike reactions in the medium-mass region, indicate
that full relaxation of the kinetic energy of the composite
system has occurred before scission time. To get further
information on the system configuration at scission, the

ELASTIC SCATTERING

E(MeV)

! FISSION-LIKE PRODUCTS

FUSION-EVAPORATION
RESIDUES

FIG. 2. Mass-energy spectrum for the 2Si + **Cu reaction at
6, =20° and E, = 158 MeV.
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experimental TKE were compared to theoretical values where R |,R, are the projectile and target nuclear radii,
calculated according to Z, and Z, the atomic numbers, / the exit-channel aver-
TKE=E +E age angular momentum evalgated in the sticking limit, u

Coul rot the reduced mass, and d a distance parameter. This last

=Z,Z,e*/(R,+R,+d) quantity, accounting for the deformation of the compos-
5 ) ite system at scission (i.e., for departures from tangent-
+[#A1(1+1)])/[2u(R,+R,+d)*], (3)  sphere configuration), was adjusted to reproduce the ex-
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FIG. 3. Total kinetic energies of fissionlike fragments, as a function of fragment mass, for the 2Si + ®*Cu reaction (dots) and
widths of the kinetic energy distributions (bars). Theoretical values, computed by use of Eq. (3), are displayed as solid lines. Predic-
tions of the Viola’s systematics for a fission process are indicated by arrows. Dashed lines correspond to half the composite system
mass.
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perimental TKE. The best-fit values were found to in-
crease with incident energy so that the ratio
(R{+R,+d)/(R|+R,) varied from =1.3 to =1.5 for
most of the systems investigated over the energy domain
considered.

B. Mass distributions of the fissionlike fragments

Center-of-mass  double-differential cross sections
(d%0/d0d A), ,, of the fissionlike events, as a function of
fragment mass, are presented in Figs. 5-10 for the
ZSSi + 63CU, 35Cl + 65Cll, 37Cl + GSCU, ZBSi 4 74Ge,
g 4 89y 28Gi 4+ 39Y reactions, respectively. For some
incident energies and observation angles, the fragment
mass spectra clearly exhibit memory of the entrance-
channel mass asymmetry, showing pronounced peaks
around the target mass. This indicates that in these cases
no substantial mass drift occurred during the interaction
time, as is frequently observed for fragment mass (or
charge) distributions relative to DIC. However, a con-
tinuous evolution is seen with the observation angle. The
mass spectra broaden progressively as the observation an-
gle decreases, exhibiting shapes more symmetric around
haf the composite system mass. In general, this trend is
more pronounced at lower incident energies, since for
higher energies the cross section for symmetric splitting
is approximately equal in magnitude to the targetlike
production cross section. Such a behavior of the mass
spectra is indicative of a mass asymmetry relaxation pro-
cess and implies a characteristic time comparable to the
rotation period of the composite system (=~10~%'s). A
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remarkable exception to this trend is found for the
328 + Ge, Si + ¥Y, and "F + ¥Y reactions. In the
first reaction, no angle dependence was observed for the
mass distributions, which exhibit maxima around half the
composite system mass as in a fusion-fission process.*
For the second and, to some extent, for the third system,
which have the highest mass asymmetries considered in
the present study, two distinct components are present in
the mass distributions: an isotropic component, peaking
at half the composite system mass, and an angle-
dependent one, peaking at the target mass.

The evolution of the mass distributions with the total
mass of the composite system appears in good agreement
with the trend observed for the first time by Oeschler
et al.,’ namely narrow and symmetric (around A.g/2)
distributions that broaden progressively as the system to-
tal mass decreases, peaking around the target mass in the
case of the lightest systems.

C. Angular distributions of the fissionlike fragments

As typical examples, c.m. double-differential cross sec-
tions (d’c /dOd A), ,, as a function of 6, , are report-
ed in Figs. 11 and 12 for the 28Si + ®*Cu and 2%Si + "Ge
reactions, respectively. At lower incident energies, the
cross sections tend to increase with the observation angle,
a behavior which is more obvious for fragment masses
close to the target mass. As the incident energy in-
creases, the angular distributions are seen to flatten, in
agreement with (d?0/d0dA)_, =const., as is observed
in fission decay. However, this effect is somewhat at-
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FIG. 4. Same as Fig. 3 for the 2Si + *Ge reaction.
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FIG. 5. Center-of-mass double-differential cross sections of the fissionlike events, as a function of the fragment mass, for the

83i + Cu reaction. Dashed lines correspond to half the composite system mass and to target mass. Solid lines are the predictions
of the dynamical model described in Sec. IV A.
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tenuated for the targetlike component, which still tends
to increase with observation angle.

The characteristics of the fissionlike processes for the
medium-mass systems investigated in the present study
can be summarized as follows.

(i) For each composite system, the fragment mean ki-
netic energies are independent of the incident energy and
observation angle. They can be reproduced by the sum of
the Coulomb and the rotational energy. Moreover, the
mean TKE corresponding to symmetric mass division are
consistent with the predictions of Viola’s systematics for
fission processes.

(ii) The fragment mass distributions generally exhibit
an evolution with the observation angle: from distribu-
tions peaking around the target mass (at large angles) to
more symmetric (around A4g/2) shapes at forward an-
gles.

(iii) The fragment angular distributions vary as a func-
tion of the fragment mass. They are generally compatible
with a 1/sinf_, behavior except for fragment masses
close to the target mass, for which an increase with the
observation angle is observed.
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IV. DATA ANALYSIS AND DISCUSSION

The features of the fissionlike processes observed in the
present study indicate that the necessary conditions for
compound-nucleus (CN) fission (i) fully relaxed fragment
energies, (i) fragment mass distributions symmetric
around Ag/2, and (iii) fragment angular distributions
proportional to 1/sinf_ , are only partially fulfilled by
the present data.

The observation of asymmetric mass distributions
could suggest the occurrence of an asymmetric fission
process, if one considers that the fissility parameters of
the lightest systems (see Table I) are very close to the
Businaro-Gallone limit'? (xp;=0.4). However, in this
case one would expect no evolution of the mass distribu-
tion shapes with the observation angle, since the CN life-
time is much longer than the rotation periods of the com-
posite systems considered. Furthermore, it must be not-
ed that, according to the predictions of the rotating
liquid-drop model (RLDM),"* the Businaro-Gallone limit
is expected to shift to lower values as the CN spin is in-
creased. For CN spins =~ 607 reached in the reactions of

Ei =200 MeV

. m (%A) (mb/rad-nucleon)

FIG. 6. Same as Fig. 5, for the **Cl + %Cu reaction.



the present study, the RLDM yields x35=0.3, a value
which is out of the range of fissilities spanned in this
work. As a consequence, the Businaro-Gallone limit can-
not be an explanation for the present data.
Compound-nucleus formation implies that the inter-
mediate system decays after having reached full statisti-
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cal equilibrium in all of its degrees of freedom. In the
present case, some degrees of freedom, like the kinetic en-
ergy, are fully equilibrated, while others like the mass
asymmetry are not, as indicated by the evolution of the
fragment mass and angular distributions. The mass
asymmetry in particular is equilibrated in a time scale

Ei=185MeV
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FIG. 7. Same as Fig. 5, for the 3'Cl + ®Cu reaction.



2116 P. BOCCACCIO et al.

E1=137 MeV Ei=151 MeV Ei=170 MeV
T T T T
} | |
05 | [N l ! o l l i [N
|
i ! ' ! ! 2. F ' ' i |
10° ! 10° |
i
03 |+
! 05 [ \
! "l
o1 f 10
§ T 2.r
Sos o5
<
g r 1. F
_‘E_o.a 3 10t T
3 2. |
bﬁ-m - 05
P = Lr
o5 | T
10 + 2. r
03 |
05 1
a
l 1
A A A
FIG. 8. Same as Fig. 5, for the 2!Si + "*Ge reaction.
comparable with the system rotation period. This implies Ei=1565 MeV

that the mass distributions measured at different angles
reflect different stages of the mass-asymmetry equilibra-

tion process. 08 r ?L
The relaxation of the composite system proceeds faster 06 150

along the energy coordinate than along the mass asym-

metry coordinate, in close agreement with recent results 04

on dissipative collisions.'* According to the considera- 02 | + * |

tions of Sec. IT A, the detection of fragments at very for-
ward angles is expected to reflect later stages of the mass
equilibration process. This is confirmed by the observa-
tion of fairly equilibrated mass distributions in the for-
ward direction. The existence of long-lived and short-
lived components in the fragment production cross sec-
tion is also seen in the angular distributions. They are
nearly flat for fragment masses not too close to the target
mass, whereas the targetlike components tend to increase
with observation angle. Such different behaviors can be
understood by assuming that the targetlike fragments
originate from earlier stages of the mass transfer process,
while longer interaction times are required to bring the
composite system to more symmetric configurations.
From the above considerations, it results that the
fissionlike events presently studied originate from dissipa-
tive collisions in which the composite systems live long
enough to allow most of the relevant degrees of freedom
to be completely equilibrated, except for the mass asym-
metry. This latter relaxes on a time scale comparable to
the system rotation period. In this respect, both the reac-
tion mechanism and the time scale appear intermediate
with respect to the ones characterizing CN and DIC. FIG. 9. Same as Fig. 5, for the °F + *Y reaction.
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A. Data analysis with a dynamical model based
on transport theory

As shown in previous studies,®’ transitional dissipative
mechanisms are predicted, according to the fast-fission
and extra-push models, to occur essentially in the heavy-
mass region. We checked that, also in the present mea-
surements, the necessary conditions for the above-
mentioned models were not generally fulfilled. Therefore,
following the procedure outlined in Ref. 6, data were ana-
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lyzed with a dynamical model based on the transport
theory. It is assumed that at the beginning of a nucleus-
nucleus collision, a rotating dinuclear system is formed
and undergoes progressive relaxation in its relevant de-
grees of freedom. According to the results of recent stud-
ies of dissipative collisions,'* different characteristic times
are associated with the relaxation of different degrees of
freedom of the composite system. This means that, at the
time of scission, the system may have reached full equi-
librium only in some degrees of freedom (i.e., in those

Ei=161 MeV

FIG. 10. Same as Fig. 5, for the 8Si + ®°Y reaction.
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having shorter relaxation times). Relaxation is assumed
to proceed by statistical nucleon exchange between the
colliding nuclei during the system interaction time. The
recent formulation of the transport theory by Norenberg®
is employed to evaluate the relaxation of the mass asym-
metry attained by the system as a function of the interac-
tion time. A statistical distribution of decay times is in-
troduced according to Ref. 15, by stating that the proba-
bility of survival for the dinuclear system at a given time ¢

P. BOCCACCIO et al. 38

is proportional to exp(—t /7), where 7 is the system life-
time. It is worth noting that 7 is the only free parameter
in the present calculations, its value being adjusted (for
each reaction) so that a unique 7 value is employed to
reproduce all the mass distributions measured at a given
incident energy. The relaxation of kinetic energy, angu-
lar momentum, and deformation degrees of freedom are
evaluated by use of exponential functions of time, follow-
ing Ref. 3. From the assumed probability distribution of
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FIG. 11. Center-of-mass angular distributions of different masses ( 4) of fissionlike fragments, for the 2#Si + ®Cu reaction. Solid
lines are the predictions of the dynamical model described in Sec. IV A.
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FIG. 12. Same as Fig. 11, for the %Si 4+ "*Ge reaction.

decay times, the angular distribution of the fragments is
computed by means of the angle-time correspondence

a6= [ Mot ndt , )

where w(l,t) is the angular velocity and / the angular
momentum [see also Eq. (1)]. The time evolution of the
mass asymmetry is computed by solving the Fokker-
Planck equations for each involved partial wave in time
steps of =107 2% s. The resulting probability distributions
for fragment masses are integrated over [/ in the
I, <I<l, interval and then normalized on the basis of
the corresponding “‘geometrical” reaction cross section.
This latter is evaluated from the respective angular
momentum interval, through a smooth cutoff approxima-
tion using Saxon-Woods functions, assuming for the criti-
cal (/) and the grazing (/,;) angular momenta their
semiclassical  estimates.!®  Besides this partially-
equilibrated component (o pg) of the fragment production
cross section, the contribution of (angle-independent)
fragmentation from a fully equilibrated system (i.e., for
7= o) is computed. The cross section of this last pro-
cess (0gg) accounts for the existence of dynamical trajec-
tories for which the system is trapped in a potential-
energy barrier, i.e., for lg_p, </ <l (the I values at
which the fission barrier equals the neutron binding ener-
g, Igr_pn» have been taken from the RLDM estimates'?).
Details of the calculation procedure are given in Ref. 6.
Results are presented in Figs. 5—-12 (solid lines) for the re-
actions of the present study (for the 32S + *°Co and
32§ 4 83Cu reactions see Ref. 6; for 32S + "5Ge see Ref. 7).
The corresponding lifetime values, as well as the ratios
ope/(0pg + Ogg), are reported in Table II. As can be
realized by considering the magnitude of these ratios, al-
most 80% of the total fragment production cross section

is exhausted by nonfusion processes. This may explain
why unreasonably low fission barriers have to be con-
sidered if one tries to reproduce such fissionlike data by
statistical model calculations, assuming CN only as the
fragment source.*

The experimental mass distributions are generally
reproduced correctly both in shape and in absolute mag-
nitude. This is true even for the cases where a noticeable
evolution with angle or incident energy is observed. In
particular, the expected mass drift is found to be correct-
ly evaluated for all the systems studied. A further result
is the ability of the present model to reproduce quantita-
tively the fragment mass and angular distributions origi-
nating from the decay of several nuclear systems span-
ning an ample range of mass asymmetry. Actually, ex-
perimental fragment charge (or mass) distributions for
the 12C+%Y,7 12C 4 %Mo,7 3254 T8 and
“0Ca + *Ni (Ref. 19) reactions were also correctly repro-
duced, and the extracted lifetimes have been included in
Table II. The present analysis indicates that medium-
mass composite systems, characterized by moderate
asymmetry, have relatively long lifetimes (i.e., compara-
ble to rotation periods) so that a substantial equilibration
of the mass asymmetry can be observed. On the con-
trary, for very asymmetric systems, the short lifetime sets
a limit on the attainable equilibration of the mass asym-
metry. This yields fragment mass (charge) distributions
which normally exhibit two distinct components, namely
projectilelike (targetlike), and fusion-fission-like com-
ponents, both having angle-independent centroids.

B. Lifetime systematics

The general trend of lifetime, as a function of both the
c.m. energy and the mass asymmetry, for the composite
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systems of the present study, is displayed in the tridimen-
sional plot of Fig. 13. Lifetimes appear to increase with
E. ., while they drop by an order of magnitude as the
mass asymmetry varies from =~0.2 to =<O0.8. The 7
dependence on the incident energy suggests that the mass
equilibration rate is determined by the amount of kinetic
energy and of angular momentum dissipated. This can be
expected if one considers, in particular, the expression of
the mass-drift coefficient® adopted in the present analysis,
which depends explicitly on the excitation energy and the
angular momentum of the system.

Due to the lifetime dependence on the incident energy,
any trend which can be found for lifetimes as a function
of the composite system mass and mass asymmetry is ob-
viously biased by the choice of the particular incident en-
ergies considered. Nevertheless, unbiased information
can be acquired provided that data are analyzed in a suit-
able energy-independent representation. Among the pos-
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sible choices, the simple scaling f(r)=7/l, was con-
sidered because of its effectiveness. As can be realized
from the data in Table II, for each composite system the
reduced 7 values are scattered around a mean value, with
a rms deviation of typically =~10% of the mean value.
Moreover, there is no obvious monotonic dependence of
7/l on E_ , throughout the investigated range.

The reduced lifetimes are displayed as a function of
mass asymmetry in Fig. 14 for the reactions listed in
Table II. In this figure both the mean value and the rms
deviation of the 7/l distributions are reported (a rms
deviation of 20% of the mean value was estimated for
data taken at only one incident energy). The reduced life-
times are seen to decrease in quite a linear fashion as the
mass asymmetry increases. The large amount of data ex-
hibiting the present tendency indicates this as a ‘“‘univer-
sal” feature of the transitional dissipative mechanisms.
Reduced lifetimes of Table II were least-squares fitted to

TABLE II. Results of data analysis performed with the dynamical model described in Sec. IV A: the lifetime (7), the reduced life-
time (7/1,) and the ratio between the partially (opg) and the partially plus the fully equilibrated (0pg+0g) components of the
theoretical fragment production cross section are reported for each reaction and incident energy.

Reaction E; (MeV) T (1072 ) 7/l (1072 ) ope/(Ope+0gE) Ref.
328 4+ 0T 131 7.9 0.141 1.00 18
166 12.3 0.171 0.97 18
328 4+ %Co 126 6.3 0.123 1.00 6
140 6.9 0.115 1.00 6
154 11.5 0.171 1.00 6
168 12.3 0.165 0.87 6
28gj + 63Cu 134 7.6 0.123 0.98 a
148 9.4 0.136 0.93 a
158 10.9 0.149 0.93 a
169 9.2 0.118 0.89 a
190 9.8 0.113 0.83 a
328 4 83Cu 126 7.2 0.142 1.00 6
140 7.6 0.128 1.00 6
154 10.2 0.151 0.94 6
168 11.4 0.152 0.93 6
3Cl + %Cu 200 13.7 0.153 0.80 a
2C 4+ ¥y 197 0.94 0.011 0.99 17
3C1 4 %5Cu 145 9.4 0.146 0.55 a
185 10.8 0.130 0.87 a
85i + *Ge 137 7.2 0.108 0.86 a
151 7.2 0.097 0.86 @
170 9.4 0.112 0.85 a
40Ca + “Ni 182 12.3 0.166 0.91 19
328 4 76Ge 218 14.4 0.139 0.78 4
F 4 ¥y 155 2.7 0.034 0.94 a
2C 4+ %Mo 107 0.86 0.015 1.00 17
197 1.1 0.013 0.99 17
8si 4 8y 148 5.3 0.074 0.90 a
161 6.8 0.085 0.80 a

#Present work.
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FIG. 13. Mass asymmetry-energy scatter plot of lifetime
values obtained from data analysis with the dynamical model
described in Sec. IV A.

polynomial functions of y. The normalized chi square
was found to be minimized (X?/n=1.09) by the linear
function 7/1,,=0.224—0.276y.

In the case of very asymmetric systems (y =0.8) how-
ever, 7 values tend to level off around a constant value
which is comparable to the characteristic time for kinetic
energy dissipation (t;=3X10"%2 5).> This departure,
confirmed also for the '>C + ''%Sn (Ref. 17) system life-
time (not reported in Fig. 14), can be understood consid-
ering that the observation of fully relaxed fragment kinet-
ic energies in such reactions!” implies 7> ¢, i.e., a lower
limit for 7. As further evidence, mass asymmetry equili-
bration in such reactions is not observed as one would ex-
pect if the lifetimes of these very asymmetric systems
were 1 order of magnitude shorter than the characteristic
time of the mass equilibration process.
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The dependence of lifetime on the system total mass is
displayed in Fig. 15. For composite system masses
A s <100, reduced lifetimes are seen to be nearly con-
stant within the quoted uncertainties. As A4 g increases
beyond 100, however, this constancy is broken, the 7/ gr
values varying even by factors approximately equal to
3-10. Such variations are also observed for different re-
actions leading to a given composite system (see, for ex-
ample, the 4-5=102 and 108 systems). Since in these
cases the major difference relates to the entrance-channel
characteristics, this reinforces the indication of the fun-
damental role of the mass asymmetry in these reaction
mechanisms. Such an indication, on the other hand, has
also a correspondence in the basic assumptions of dynam-
ical models like the ‘““fast fission” and the “extra push.”
In the former, the mass asymmetry is explicitly intro-
duced as a coordinate of the collective configuration
space, containing the bulk of the information on the reac-
tion. In the latter, the reaction dynamics is modeled on
the geometry of the nuclear configuration, which takes
into account the mass asymmetry.

V. SUMMARY AND CONCLUSION

The results of a systematic experimental investigation
of the fissionlike processes for medium-mass nuclear sys-
tems have been presented. Mass, angular, and kinetic en-
ergy distributions of fragments were measured for ten re-
actions, at incident energies in the E/A=(4-7)
MeV/nucleon range and observation angles 6, =5°-40°.
To study the dependence of the reaction mechanism on
the entrance-channel mass asymmetry, various
projectile-target combinations and incident energies were
chosen to form the same composite systems at compara-
ble angular momenta. The relaxation of the mass asym-
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FIG. 14. Plot of reduced lifetimes, as a function of the mass asymmetry (y), for the reactions of Table II. Solid line shows the re-

sult of a best-fit analysis with polynomial functions of y.
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metry degree of freedom is observed as an evolution of
the mass spectra: they vary from distributions peaking
around the target mass, to more symmetric shapes peak-
ing around half the composite system mass. The frag-
ment angular distributions are generally compatible with
a 1/sinf_ ,, behavior. The fragment mean total kinetic
energies are fully relaxed and consistent with the predic-
tions of Viola’s systematics for symmetric fission. The
observed features cannot be interpreted in terms of deep
inelastic or fusion-fission processes. They indicate that
the mass asymmetry degree of freedom evolves towards
equilibration, after the kinetic energy has been fully dissi-
pated, on a time scale comparable to the system rotation
period. The characteristics of such processes, as well as
the time scale, indicate the existence of a transitional dis-
sipative mechanism of an intermediate type with respect
to deep inelastic reactions and fusion-fission.

The experimental double-differential cross sections are
correctly reproduced both in shape and in absolute value
by the present dynamical-model calculations based on the
recent formulation of the transport theory by Norenberg.
Lifetimes of the composite systems studied in the present
work have been determined by comparing calculated to
experimental double-differential cross sections.

Systematics of lifetimes obtained in the present study
are presented and discussed. For a given system, the life-
time is found to increase with the incident energy, indi-
cating that the mass equilibration rate is determined by

the amount of kinetic energy and angular momentum dis-
sipated. The lifetime expressed in units of the grazing an-
gular momentum exhibits a linear decrease as the
composite-system mass asymietry increases, showing a
universal trend for the transitional mechanisms investi-
gated. No significant trend is found for the lifetime as a
function of the composite-system mass.

A general result of the present analysis is the possibili-
ty of describing the reaction mechanisms of dissipative
collisions for different medium-mass systems exhibiting
various phenomenologies. Such mechanisms are de-
scribed in terms of a continuous relaxation process, lead-
ing the composite system from the entrance channel to
more or less equilibrated configurations, depending on
the system lifetime. At the extremes of this general evo-
lution process, i.e., in the limit of very short or long life-
times, deep-inelastic reactions and fusion-fission are
found, respectively, as characteristic processes exhibiting
the equilibration in only some, or in all, of the relevant
degrees of freedom.

In conclusion, the present data allow a detailed under-
standing of the reaction mechanisms in the medium-mass
region at low incident energy. They help to summarize
and correlate the bulk of existing data relative to these
systems with theoretical descriptions, and suggest new
theoretical developments by pointing out still open ques-
tions.
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