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Strongly damped exit channels are identified in light-heavy-ion-induced reactions ( Be, ' "B,
"0+ ' "Bat Et.t, ~ 5 MeV/nucleon), and their time scales are inferred from the isotropy of the

angular distributions. These light compound systems seem able to reach statistical equilibrium

within a fraction of a revolution of the dinuclear intermediate configuration. No simple correla-

tion among the inelasticity of the process, mass transferred and "decay angle" is perceived.

Fusion-fission processes and deep-inelastic collisions
(DIC) have been extensively investigated in heavy ion re-
actions. ' These mechanisms are already well character-
ized and understood. Recently, several authors have ex-
tended the investigation, both experimentally and theoret-
ically, to DIC in medium weight heavy-ion systems.
In these lighter systems, the strong Coulomb focusing,
which dominates in heavier systems, is absent and col-
lision trajectories associated with orbiting processes are
allowed, leading to angular distributions da/dQ tx: I/sine
at large angles. This behavior is consistent with the pic-
ture of a long-lived dinucleus, formed during early stages
of collision, acting as a "doorway" to deep inelastic pro-
cesses or leading to a fully equilibrated compound nu-
cleus. Through these studies, it has been established that
the usual correlations found in heavier systems, ' ' among
the inelasticity of the process, the amount of mass transfer
of the isotropy of the angular distributions, and the reac-
tion time scale are still present in these medium weight
heavy-ion-induced collisons. This result may be inter-
preted in terms of the diffusion of nucleons, between the
target and projectile, responsible for the loss of relative ki-
netic energy (TKEL) whose increment will be intimately
related to an increase of the interaction time, leading to an
associated increase of the isotropy of the angular distribu-
tion. The loss of such correlations is expected to occur in
lighter systems where quantal or nuclear structure effects
become increasingly more important, rendering the appli-
cability of a full statistical equilibrium distribution, as
well as the characterization of relaxation phenomena in
"dissipative collisions" questionable.

In this paper, we report on a study of the main charac-
teristics of strongly damped collisions in lighter systems
( Be, ' "B, ' 0+ ' "B)which indicates a partial loss of
the above-mentioned correlations and establishes an
equality in time scale between orbiting and compound nu-
clear decay. This is partly related to the fact that in such
light systems, statistical equilibrium may be reached after
a fraction of a revolution of the dinuclear intermediate
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FIG. l. (a) (insert) Experimental velocity spectrum deduced
from the energy spectrum for the boron elements detected from
the Be+ "B reaction at Hl, h 8'. The solid line represents a
smoothed velocity spectrum predicted by statistical model calcu-
lations (code LtLtTA) for boron evaporation residues. The
dashed line represents a fit to the spectrum resultant from the
subtraction of the theoretical boron velocity spectrum from the
experimental velocity spectrum. (b) Experimental average ve-

locities for Z 5, 6, and 7 for the nonfusion components (i.e.,
dashed line in the inset). The semicircles represent the expected
trajectories for binary processes with indicated Q values and for
the expected average velocity of evaporation residues (dotted
line).
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configuration, and to the important fiuctuations imposed

by nuclear structure on the macroscopic potential-energy
surfaces.

In the experiment, ' "B self-supporting targets were
bombarded by Be, ' "B, ' 0 beams from the University
of Sao Paulo Pelletron Accelerator, with energies 10
MeV & E9~ & 40 MeV, I5 MeV ~ Eg ~ 50 MeV, and 20
MeU ~ E l8p ~ 72 MeV. Light charged reaction products
and evaporation residues were identified by means of a po-
sition sensitive ionization chamber. Angular distributions
were measured in steps of 1' along with excitation func-
tions at five forward angles. Fusion and reaction products
were distinguished by comparing their energy and in-
ferred velocity spectra to those expected for the evapora-
tion residues and the quasielastically scattered particles'0
[see Fig. 1(a)]. The low-energy side of the spectrum,
which is clearly dominated by the compound-nucleus eva-
poration residues, has been used to normalize the calculat-
ed spectra. This procedure decreases the uncertainties in

the subtraction procedure.
Some of the systems investigated present significant

cross sections diverted to strongly damped binary decay
channels. In the case of the ' 0+ ' B reaction, using in-
verse kinematics, a strongly damped component is also ob-
served in the inelastic channels [see Fig. 2(a) and Table
I]. In the particular case of the mass symmetric 'uB+ 'uB

reaction and ' 0+ ' B mass asymmetric reaction, the exit
channels with no charge transfer approximate more close-
ly a I/sin8 dependence indicating an isotropic angular dis-
tribution (see Fig. 2), in contrast to the case of heavy sys-
tems.

The binary nature of the channels has been clearly es-
tablished in the vt vs v~ plots shown in Fig. 1(b) for the
Be+ "Bsystem, allowing the extraction of experimental

Q values (see Table I). The determination of these Q
values demands the knowledge of the mass (A) of the re-
action process. However, due to the fact that only their
atomic number (Z) was identified, the relation A 2Z
has been used for this purpose. In order to estimate un-
certainties in the calculated Q values, the values of A were
varied up to 2 units, leading to differences in the Q
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FIG. 2. Angular distributions for targetlike and projectilelike

components for the reactions investigated. The solid curves rep-
resent fits to expression l. (a) '80+ 'OB reaction at E('80) 49
MeV (solid circles) and E(' 0) 64 MeV (opened squares).
(b) Nitrogen and carbon angular distributions measured for the
"B+"Breaction at E("B) 48 MeV (left-hand side) suggest
the contribution of two different processes: A forward peaking
indicated by the dashed line and a more isotropic one indicated
by the solid line. Components produced in the ' B+ ' B reac-
tion at E('OB) -48 MeV (right-hand side) are also shown. The
boron exit channel is negligible in the "B+"B reaction. For
the ' B+ ' B system the angular distribution for a 1-MeV wide
bin (centered at the most probable Qs value) is also shown (Ref.
10) (open circles). (c) Reaction products for the Be+ "B re-
action (left-hand side) and 9Be+ 'OB reaction (right-hand side).
To illustrate the dependence of a as with the bombarding ener-

gy, an angular distribution for boron ejectiles from the Be+ "B
reaction at E(9Be)-16 MeV (open circles in the lower right-
hand side) is also shown. The vertical arrows indicate the value
of the entrance channel grazing angle Hg.
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TABLE I. Values obtained for the rotational period T of the dinucleus, estimated lifetime ~I- of the

compound nucleus, "life angle" a determined from the data, maximum values for the total kinetic ener-

gy loss (TKEL),„=Ec,m Vcs which, compared to &Q&, indicates the degree of inelasticity, and ex-

perimental average Q values for the significant exit channels (uncertainties are estimated to be ~ 1

Me V).

Systems
E(,b (Mev)

18P+ 10B

E(1'0) 64

10B+ 10B

E(' B) 48

1 1 B+ 1 IB
E("B) 48

Be+ "B
E('Be) 37

9B + 10B

E('Be) -37

T
(lO " s)

2.3

2.3

2.2

1.8

2.0

(= l.s)

(=l.2)

(=l.s)

(= l.2)

(=o.9)

Observed
exit

channel

B
C
N

Li
Be
B
C

Li
Be

N

B
C
N

B
C

a (deg)

& 180
& 180

25

80
45

& 180
40

& 180
50
50
80
40
35
30
40
45

(TKEL),„
(Mev)

=15

=18

=19

=15

(Q& (MeV)

-14
—10
-14
-16
-16
-17
—12

-15
-16
-10
—15
-8.1

~7 3
-5.0
—6.6
-6.3

values up to +' 1 MeV. These uncertainties will not affect
the conclusions drawn in the present work.

The associated orbiting characteristic of these reaction
channels can be further confirmed by the Wilczynski dia-
grams2 for the energy relaxed components which describe
the angular evolution of the total kinetic energy (TKE)
available in the exit channel and displays a ridge which
converges, at large angles, to TKE values equivalent to the
outgoing channel Coulomb barrier, suggesting scattering
to negative angles. This behavior is characteristic of a
strongly damped process. ' A typical example can be
found in Fig. 3.

The experimental angular distributions for all the reac-
tion products were fitted within the framework of the
Regge-pole model

a/ro and its rotational period T 2'//co are to be com-
pared to the compound-nucleus lifetime zr t'i/I where I
represents its decay width. Value for I, estimated on the
basis of empirical expressions, '2 are confirmed by several
measurements quoted in the literature'2' for similar
light systems (see Table I).

It is interesting to observe, that although the nuclear
systems under study in the present work are quite light,
the time scale arguments commonly used to assess the ap-
plicability of statistical equilibrium description are still
valid. This requires that the time interval between forma-
tion and decay of the compound nucleus is long enough to
allow it to reach thermal equilibrium. The typical z&

values, listed in Table I, have to be greater than the
characteristic time z„ for the nucleonic degree of freedom

da
dQ sin8, I

c. m.
exp — +exp

COt

2& —ec.m.

(I)
which describes the decay of a rotating dinucleus with an
angular velocity ro hl/(pR ) where p represents the
system reduced mass, I its angular momentum [which has
been set equal to the critical angular momentum for
fusion (1,)], and R represents the distance between the
two centers of the dinucleus. Small values of the "life an-
gle" a-coz are associated with the occurrence of a fast
process, leading to forward peaked exponential angular
distributions, whereas large values, comparable to the
dinucleus rotation period T, reAect the tendency towards
orbiting, and leads to decay probabilities which are isotro-
pic in the reaction plane and are represented by angular
distributions do/d0 cx: I/sin8. Experimental values of the
life angle a, extracted in the present study, " are indicated
in Fig. 2. The inferred lifetime of the dinuclear system
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FIG. 3. The %'ilczinsky diagram for the boron products in
the 'OB+ 'OB reaction at 48 MeV (contours represent constant
cross sections values as indicated in units of mb/sr MeV). The
dotted line describes the ridge trajectory and the dashed line in-
dicate the asymptotic energy for the ' B+ ' B system which is
equal to the Coulomb barrier, V&&.
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to come to equilibrium. This time r„represents the time
needed by nucleons to suffer a sequence of collisions be-
fore kinetic energy is distributed among all the nucleons in

a random way. According to the temperature dependent
relation proposed by Bertsch, ' values of the order of
r„-2 x10 s are obtained, satisfying the relation
r& & r„Fu. rthermore, many examples can be found in the
literature' confirming the adequacy of the statistical
model in the description of the decay, via emission of light
particles, of equilibrated compound nuclei as light as the
ones investigated in the present work. The fact that in

some cases rr~ T indicates that statistical equilibrium

may be reached within one or a fraction of a revolution.
From the above discussion it is possible to visualize the

dinucleus acting as a doorway to both processes observed,
i.e., complete fusion and strongly damped binary process-
es 16, l 7

e

As far as the correlations in observables seen in DIC
mentioned earlier are concerned, experimental values for
the life angle, listed in Table I, indicate that in some cases,
higher values of a are associated with exit channels with
less mass rearrangement in contrast to the case for heavier
systems (see Fig. 2). This can be clearly seen in the beryl-
lium and boron exit channels in the B+B reactions and in

the boron and carbon exit channels in ' Q+ toB reaction
which show isotropic angular distributions. On the other
hand, ejectiles originating from a larger mass transfer
can present an exponential angular distribution with
a-30'-40' leading to reaction times of the order of
5x 10 s.

The simple diffusion models' relate the average mass
transfer (hM) to the reaction time (t) according to the
following expressions: '

2 (g) rlo) (~target+ ~projectite) (2)
and

Dv'(g)r
go T

where g)0 corresponds to the entrance channel mass asym-
metry, V'(gT) represents the corresponding "driving

(3)
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therein. The derivation of Eq. (1) involves basically three
steps: (i) a near/far decomposition of the transition ampli-
tude, (ii) the assumption of the dominance of a single Regge
pole (orbiting) in the partial wave S matrix, and (iii) the
neglect of the near/far interference term upon averaging the
cross section.

sM. Sato et al. , Phys. Rev. C 27, 2621 (1983).
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force, " T the nuclear temperature, and D the diffusion
coefficient. These models describe satisfactorily strongly
damped processes in heavy-ion collisions and are based on
smooth shell corrected liquid-drop potentials V(rT). '
For light systems, however, these potentials describe only
average behaviors, neglecting the very important fluctua-
tions, imposed by the nuclear structure, which give rise to
important modifications in the configurations transition
rates (along the mass asymmetry degree of freedom).

Due to the fact that the transition rates can fluctuate
significantly from one mass to the next, a light dinucleus
can evolve along the mass asymmetry axis in a manner
that deviates qualitatively from the behavior expected in
heavier systems.

A more precise treatment of the mass transfer would re-
quire returning to the original discrete mass and charge
master equation ' ' ' from which the diffusion equa-
tion was, in principle, derived. '

In summary, we have identified in this work strongly
damped exit channels in light-heavy-ion-induced reactions
characterized by orbiting trajectories. The small equili-
bration time necessary to distribute the relative energy
among the few nucleons which constitute the composite
systems, allows a statistical equilibrium to be reached
within a fraction of a revolution. In contrast to the situa-
tion for heavier systems, no simple correlation was found
among inelasticity, the mass transfer, and reaction time.
It is suggested that the explicit consideration of the fluc-
tuations of liquid-drop potentials may lead to the under-
standing of these dissipative processes in light-heavy-ion-
induced reactions.

Furthermore, the present work establishes an equality
in time scale between orbiting and compound nuclear de-
cay which may stimulate a conceptual discussion of
fusion-fission processes in such light systems.
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