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Classical model for strongly damped collisions in heavy-ion reactions*
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A classical model with nuclear stretching under the influence of a repulsive conservative force and a
dissipative radial force is proposed to explain the observed kinetic energy spectra and angular
distributions of very heavy-ion reactions. The model is applied to the strongly damped collisions in the
' 'Bi + "Kr reaction.

NUCLEAR REACTIONS Classical model with dissipative forces for very heavy
ions.

I. INTRODUCTION

The purpose of this paper is to suggest a clas-
sical model to interpret recent experimental. re-
sults concerning reactions induced by very heavy
ions, and in particular by Kr. Attention is focused
on strongly damped collisions, that is collisions
in which a large amount of kinetic energy in rela-
tive motion is transformed into internal excitation
energy. It is assumed that after the target and
projectile touch, a neck is formed and the ions
remain in contact as they stretch out to the snap-
ping distance. According to the model, strong
dissipative forces operate as soon as the nuclei
touch and play a significant role as they stretch
apart.

Our model is motivated by observing the behav-
ior of inelastic collisions between liquid drops.
In particular we consider the asymmetry between
the entrance and exit channels in a collision be-
tween liquid drops. As soon as the drops touch
they start to interact at a distance corresponding
approximately to the sum of their radii. As the
drops separate, a neck is formed and energy is
dissipated until the system snaps at a distance
which is considerably larger than the touching
distance. Similarly it has been observed that the
loss of kinetic energy in strongly damped colli-
sions, or deep inelastic transfer reactions, is so
large that the measured kinetic energy corre-
sponds to the Coulomb potential. energy for charge
centers separated by a distance much larger than

the sum of the radii. ' ' Furthermore, there is a
prominent gap in the energy spectrum of the pro-
jectile-like particle between strongly damped col-
lisions and elastic collisions or collisions corre-
sponding to ordinary few-nucleon transfer.

Additional evidence for a large snapping distance
is found in the size of the relative cross sections
for multinucleon transfer reactions. In order to
explain the multinucleon transfer cross sections
with a statistical model one has to use an effective
barrier based on a radial parameter ro, equal to
or greater than 1.5 fm. ' Although this evidence is
indirect and subject to possible modification due
to sequential particle decay, ' it supports the idea
that the system stretches before snapping. In ad-
dition, the motion described here is very similar
to the motion of a fissioning nucleus before scis-
sion.

Strongly damped collisions are observed in reac-
tions induced by very heavy ions such as Ar and
Kr. The complete fusion or compound nucl. eus pro-
cess which is dominant for ions with A& 40 is still
significant for Ar induced reactions. However, for
Kr induced reactions the major fraction of the
cross section is accounted for by strongly damped
collision processes. The latter process is char-
acterized by (1) nucleon transfer yielding frag-
ments with masses in the vicinity of the target
and projectile masses (aithough if the target mass
is large enough the excited heavy fragment will
sequentially fission), (2) strong damping of the
energy of relative motion of the fragments result-
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ing in final fragment kinetic energies which corre-
spond to Coulomb energies for charge centers of
highly deformed fragments, and (3) angular distri-
butions which have features characteristic of a
direct reaction. The strongly damped collisions
for the Kr induced reactions have a peak in their
angular distributions near the grazing angle,
whereas there is some evidence for orbiting in
the Ar induced reactions. 9 "

ical distance R,.; the amount depending on the mag-
nitude of R,. or the degree of penetration.

From the value of the angle 8~oc (for the defini-
tion of the angles see Fig. 2) at which the angular
distribution peaks for the strongly damped colli-
sion process we estimate the strength of the radial
friction for the region R,.&r&R&. This angle is
written as

6 sD~ = ~ —~q —~2 —~3

II. CLASSICAL MODEL

According to the classical picture, we assume
that nuclei approach each other on a trajectory
determined by the conservative and dissipative
forces. We assume that for very large initial.
orbital. angular momenta projectile and target
fail to reach a critical distance R,. at which .hey
interact strongly and; therefore, elastic scatter-
ing or few-nucleon transfer occurs. For initial
angular momenta smaller than the limiting value

l»c, projectile and target reach a distance where
the motion is highly damped due to strong dissipa-
tive forces. For simplicity we assume that as
soon as the distance R, is reached the dissipative
forces are so strong that almost all radial kinetic
energy is suddenly dissipated. In addition, rota-
tional kinetic energy is dissipated to the maximum
allowed by angular momentum conservation corre-
sponding to the sticking condition. Hence, in the
following discussion we assume that the radial
kinetic energy and angular momentum are lost so
quickly that the colliding nuclei do not rotate sig-
nificantly during the initial impact. At this point
a neck develops and the system continues to rotate
while stretching under the influence of a repulsive
conservative force and a retarding radial friction.
The angular velocity decreases slightly as the sys-
tem stretches because the moment of inertia increas-
es. Finally, as the distance between the charge cen-
ters reaches the snapping distance R&, where Rf & R, ,
the fragments separate and move apart under the in-
fluence of the repulsive conservative force. For a
fixed bombarding energy we show schematically in

Fig. 1 the potentials and reaction paths for two differ-
ent initial angular momenta. It can be seen for
l& lsD(- that the nuclei fail to reach the interaction
region characterized by R, Hence, for these or-
bital angular momenta elastic scattering or few-
nucleon transfer occurs. As soon as the initial
angular momentum is sufficiently small, target
and projectile touch and the motion between R,
and Rf is highly dissipative corresponding to con-

siderablee

ener gy transpor t to other degrees of
freedom. For even smaller angular momenta,
some energy is also lost before reaching the crit-

where 6}, and 0, are thedef lection angles associated
with Coulomb orbits for & x & R, and Rf & x & „
respectively, and 6}, is the angle of deflection dur-
ing the sticking for R,. & r& Rf . The deflection an-
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FIG. 1. Schematic representation of the energy for the
strongly damped collision process, For l & lsDc, the
projectile and target fail to reach a distance R; at
which they interact strongly and, therefore, elastic
scattering or few-nucleon transfer occurs. For angular
momenta l,, & l & iso~, projectile and target reach &;
where the radial and rotational kinetic energies are sud-
denly dissipated. At this point the system sticks and a
neck develops during rotation and stretching under the
influence of a repulsive conservative force and a re-
tarding radial friction. The sketches in the lower part
of the figure indicate the shape of the system as the
strongly damped collision develops in time.
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gle for a Coulomb orbit is given by

1 K,. +R,
8, = +are cos ——arc cos -' ' (for j = 1 a.nd 3)

E~

proportional. to the velocity so that

In Eq. (2) the parameters e and K are determined
by

2El'I'
e=

g (Z,Z,e')' z
(3a)

l2@2

p, Z~Z28
(3b)

In Eq. (4) the moment of inertia S is approximate-
ly,

s=;M~A~ +-, MQ, '+gx', (5)

where M, and M, and 8, and A, are the masses and
radii, respectively, of the two nuclei, p. is the re-
duced mass of the system, and r the distance be-
tween the centers of the two nuclei. The conserva-
tive and frictional forces are represented by F,
and F&. We assume that the frictional force is

The angular velocity during stretching is given by

d0, lh
dt

The conservative force F, is derived from the po-
tential energy by

av
C (7a)

where

V= Vc-i+ V-. + V (7b)

ch F
dt

Combination of Eqs. (4) and (8) leads to

(8)

A Saxon-Woods form of the nuclear potential
with parameters (ro=1.17 fm, d=0.75 fm, and

V, = —99.9 MeV) consistent with the liquid drop
model" is used in the above equation. Such a
nuclear potential resembles closely the proxim-
ity potential. " However, such a potential is for
spheres and does not include neck degrees of free-
dom. In this sense the model is inconsistent inso-
far that the necking is included for the friction in
the exit channel but not for the nuclear potential.
For simplicity we assume that the friction is suf-
ficiently strong so that the radial velocity reaches
its asymptotic value very soon and is given by

(9)

In order to evaluate k„we associate 0;D& with a
range of l values. Let o»~ be the total cross sec-
tion for strongly damped collisions, then

vsnc = xX (lsoc —l„), (10)

FIG. 2. Schematic diagram of the relevant angles in
the strongly damped collision process. The angles 0&

and 03 are the deflection angles associated with Coulomb
orbits for ~&r &R~ and R~&r&~, respectively, and ~&

is the angle of deflection during the sticking for
R; & r & R~. The angles g~ and Q& (where j = 1 and 3) are
given by arcos 1/e& and arcos f. (E&+ R&)/e& R&], respec-
tively, where &;=/& —

Q& and ~& and K& are defined by
Eqs. (3a) and (Bb). The angle OSD~ is the observed scat-
tering angle for a particular / wave for the strongly
damped collision process.

where l values in the range l „., & l & l SDC contribute
to the strongly damped collisions. The value of
the critical angular l,, for the reaction ' Bi+ Kr
is small (we assume l,, =75 for a bombarding en-
ergy of 600 MeV). The values of l»c are approx-
imately 150 and 250 for bombarding energies of
525' and 600' MeV, respectively. The correspond-
ing values of 6»~ are 95 and 58', respectively.
The value of k„ is determined from Eq. (9) where
the integral is evaluated numerically and 8, is
calculated from Eqs. (1) and (2). In the calcula-
tion of 8, we assume that 0»~ is independent of l
and has a single value given by the peak of the an-
gular distribution. Since the full width at half-
maximum of the angular distribution is approx-
imately 25, this assumption introduces an uncer-
tainty of approximately 50% in k„. Values of k,
for l values of 240, 200, and 160 are shown in

Fig. 3 for the ' %i+ Kr reaction' at a bombard-
ing energy of 600 MeV. The value of Af is kept
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FIG. 3. Experimentally determined values of the
frictional constant 0„ for l values of 160, 200, and
240 for the reaction IBi+ Kr at a bombarding energy
of 600 MeV. The values of k'„and &„c (where & is the
velocity of light) are plotted as a function of the assumed
initial radial. distance R;. The snapping distance 8&
is kept fixed at 17 fm. The values of k„depend on I"~
[see Eq. (9)] and, hence, are slightly model dependent.

constant at 17 fm. It can be seen from the results
plotted in Fig. 3 that if A,. is assumed constant,
0„ increases as l decreases. On the other hand a
constant value of k„ is consistent with 8, decreas-
ing with decreasing l. The values of k„plotted in
Fig. 3 depend on F, [see Eq. (9)] and, therefore,
are slightly model dependent. This follows be-
cause both the conservative and dissipative forces
are assumed to act in the whole interval A,. & ~&Af.
However, for large values of x near Af, the pres-
ent model. predicts that the dominant part of the in-
tegral IEq. (9)j comes from the Coulomb and cen-
trifugal forces.

Values of k„similar to those displayed in Fig. 3
are deduced from the ' 'Bi+ 'Kr reaction' at 525
MeV and the ' 'Au+ "Cu reaction' at 365 MeV. It
is interesting also to note that the smaller moment
of inertia for the "'Th+' Ar system is partially
responsible for the orbiting observed' at 388 MeV
bombarding energy.

In order to describe the complete angular distri-
bution one requires a knowledge of the scattering
angles for each l value in the range l„& l & l»~.
It seems reasonable to assume that as l decreases
the interaction between the nuclei increases (e.g. ,
the neck is wider and plays a more significant
role). Therefore, one expects a higher value ot
k„ for lower l values. This expectation is consis-
tent with our finding that for a constant value of
8, , k„ increases with a decrease of l. This has

the effect of bending the trajectories for lower l

values more forward, and focusing them at the
same scattering angle as for the higher / values.
A more detailed study of the angular distribution,
in which not only the position of the peak but also
the width of the peak is determined, requires the
inclusion of charge and mass transfer which is
specially significant for the lower l values.

Having determined the value of the frictional
constant which reproduces the angle of the peak
in the angular distribution, one may ask if this
friction is consistent with the observed energy
loss. According to the present model, the sys-
tem moves apart with a very small kinetic ener-
gy in the regions 8,&r&Af . This condition is
satisfied if the friction is strong enough so that

ol

g 2

'
V(B~)

For the Bi+ ~Kr reaction at 600 MeV and
l =240, the above condition implies that k„c& 200
MeV/fm, a limiting value consistent with the val-
ues deduced for the friction from angular distri-
butions (see Fig. 3). One may ask also if the
friction is strong enough to insure that the veloc-
ity reaches the asymptotic condition early in the
stretching process. The requirement for this con-
dition is similar to the above condition and is ful-
filled. If the sudden impact approximation at x =8,.
(which is assumed in the present model) is re-
laxed, the value of k„calculated from Eq. (9) is
decreased because some rotation of the system
occurs before R is reached. However, the limit-
ing value ot k„ from Eq. (11) is not altered. Ac-
cording to the present model, the loss of kinetic
energy in the exit channel. accounts for only ap-
proximately 50% of the total energy loss. Hence,
a considerable energy loss occurs during the sud-
den impact in the entrance channel. This feature
exhibits the incompleteness of the sudden impact
approximation and the importance of finding a
more detailed description of the energy loss in
the entrance channel. In this connection, how-
ever, degrees of freedom corresponding to de-
formations, which play a role in the kinetic ener-
gy loss, are neglected in the exit channel of the
present simple model. As already mentioned, 0„
may increase due to the deformation dependence
of I', in the exit channel and additional loss in
kinetic energy appears at scission as deformation
energy.

A magnitude of approximately 10 "MeVsec fm '
for the nuclear viscosity, discussed recently by
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several authors, ' ' has been estimated from the
damping of the motion from saddle to scission,
widths of P vibrations and giant dipole resonances"
as well as from the effect of viscosity on fission
fragment kinetic energies. " In the present model
we have assumed that the frictional force is pro-
portional to the velocity in the direction r as de-
fined by Eq. (6). The quantity k„ is identified
as the parameter in the Rayleigh dissipation
function, "'"where we assume that the rate
of energy loss is due to friction alone. Com-
parison of the values of k„shown in Fig. 3
with the above estimates of the nuclear viscosity
can be made through the Rayleigh dissipation func-
tion. However, such a comparison requires a
model for the dissipation of energy by viscosity.

The reaction time" for the strongly damped col-
lision process is given by Eq. (4). This time de-
pends on the angular momentum and is derived
from measurements of the sticking angle 8,. Re-
action times of approximately 0.5&&10 ", 1&&10 ",
and 2&10 "sec are deduced for / values of 240,
200, and 160, respectively, from the ' 'Bi+ Kr

reaction at a bombarding energy of 600 MeV.
These times are comparable to or shorter than
those estimated for the descent from saddle to
scission in nuclear fission" depending on the as-
sumptions (e.g. about the nuclear viscosity) made
for the fission process.

In summary, the present classical model is con-
sistent with the main experimental results ob-
tained with Kr" and Ar' projectil. es and explains
(l) the gap in the energy spectra, (2) the angles of
the peak in the angular distributions for the strong-
ly damped collisions, and (3) the major part of
the energy losses in such collisions.
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