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Angular-momentum dependent interaction times for damped heavy-ion reactions are deduced from
experimental angular distributions. The angular momentum I is related to the experimental kinetic-energy
loss assuming the energy loss to increase monotonically with decreasing l and the experimental cross section
to be given by the sharp cutoff model. Although the analysis depends on the moment of inertia of the
intermediate double-nucleus system, rather short interaction times are obtained ranging from 10 " to several
times 10 " sec. Assuming this time scale, nucleon diAusion coefficients are deduced from experimental
fragment charge distributions.

NUCLEAR REACTIONS Deduced angular-momentum dependent interaction times
and nucleon diffusion coefficients for reactions between very heavy ions.

INTRODUCTION

I.ittle information is available on the interaction
time scale on which heavy-ion collisions occur
with various degrees of kinetic energy damping.
A knowledge of these interaction times is essen-
tial for an understanding of the mass, kinetic en-
ergy loss, and angular distributions of the reaction
products from heavy ion collisions. 'This article
is a report on angular-momentum dependent inter-
action times of heavy-ion reactions deduced from
the cross section and the angular distributions
measured as a function of the total kinetic energy
loss. In addition, by assuming the validity of a
diffusion model for nucleon transfer, diffusion
coefficients are extracted from the measurements
of Z distributions of the reaction fragments.

The experimental angular distributions inte-
grated over mass (M) and total kinetic energy
(TEE) of fragments from heavy-ion reactions de-
pend markedly on the projectile-target combina-
tion and the bombarding energy. ' " Correlations
between mass, reaction angle, and kinetic energy
of the fragments are exhibited in contour maps of
(1) d'o/d8 dE on the E and 8 plane, " (2) d'cr/dM d8
on the M and 8 plane, and (3) d'o/dM dE on the M
and E plane.

Mass and angular distributions are found to de-
pend on the degree of energy damping. '" Small
energy losses lead to angular distributions which
are sideways peaked near the quarter-point angle
and to narrow mass distributions, whereas events
with large energy losses are characterized by
forward-peaked or relatively flat angular distri-

butions and wide mass distributions. The apparent
correlation between the shape of the angular dis-
tribution and the fragment charge (or mass)" "
is a consequence of the degree of energy damping.
Fragments with charges near that of the projec-
tile have on the average small kinetic energy loss
and angular distributions characteristic of very
short lifetimes. If, however, fragments with Z
similar to the projectile and large kinetic energy
losses are chosen, these have angular distribu-
tions which correspond more nearly to those many
Z units away from the projectile. " Hence, the
important criterion for determination of the angu-
lar distribution is the kinetic energy loss. Ex-
perimental evidence'" on fragment-mass dis-
tributions suggests that during the time the two
constituents of the intermediate double-nucleus
system interact with each other, a mass equili-
bration process proceeds which is accompanied
by a damping of the relative kinetic energy into
other degrees of freedom. Since the equilibration
processes are not completed during the short in-
teraction times encountered in collisions between
the very heavy ions under consideration, the
amount of kinetic energy lost signifies the stage
of evolution of the system and, hence, the total
interaction time experienced. This view is sup-
ported by classical dynamical calculations"'"
which show that the energy l,oss is a monotonic
function of the initial angular momentum and the
total interaction time. Associated with each inter-
action time is a Z distribution which is charac-
terized by a variance o'~'.
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II. CLASSICAL MODEL FOR INTERACTION TIMES

Depending on the charge product 2~Z&and the
incident energy above the Coulomb energy, the
ridge of highest cross section in a contour plot of
type 1 may move forward, backward, or stay con-
stant in angle as a function of kinetic energy loss.
This latter behavior has been referred to as
"strong focusing" of the angular distribution"'
and suggests an angular-momentum dependence
of the interaction time since many impact param-
eters lead to the same reaction angle. "'" The
present analysis assumes a monotonic increase
in the total kinetic energy (TKE} loss with de-
creasing values of the impact parameter. For
simplicity we employ a sharp cutoff model where
the cross section for angular momenta up to l,. is
given by o, = vk'(l, . + 1)'. Using experimental re-
sults" on the heavy-ion reaction cross section as
a function of TKE loss, do/d(TKE loss), the angu-
lar momentum is related to the TEE loss by
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where 4o, &= o,. —o, is the cross section in a TKE
window E,~ TEE ~ E~.

Starting with l and zero TKE loss, a deQec-
tion function is constructed from the experimental

FIG. 2. Same as Fig. 1, but for the reaction SBi
+ 136X

data for a range of the higher l values. Examples
of such deflection functions are shown as solid
lines in figs. 1 and 2 for the "'Ho+ "Kr (E„b
= 714 MeV) and '~Bi+ "'Xe (E„,= 1130 MeV) re-
actions, respectively. The plotted angles repre-
sent the angles where the cross section is at a
maximum for a particular kinetic energy loss. In
the above figures the kinetic energy lass has been
converted to an angular momentum scale. For the
first reaction the emission angle of the lighter
fragment decreases as l decreases, whereas for
the second reaction the emission angle is almost
independent of L For each reaction the energy
damping and the variance in the Z distribution
both increase as l decreases.

The angular momentum dependent interaction
time is calculated with the expression" "

10- r(f) = n.e(f)s(f)/I t, (2)
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HG. 1. DeQection functions for the reaction ~~Ho

+ 4Kr. The dashed curve is the Coulomb deQection func-
tion, calcu1ated for the NS condition. The curve e~(l)
is the deflection function generated from experimental
data (so1id line) and extrapolated into an I+gular region
where no data exist gong-short dashed line). 48 (E) is
the angle through which the intermediate double-nucleus
system rotates during the interaction.

where n, H(l} is the difference between the Coulomb
deflection angle ec(f} and the actual reaction angle

e„,(l), and s(l) is the moment of inertia of the
double-nucleus system. The evaluation of ~(f) re-
quires the adoption of a collision model. Here we
present the results of calculatians with two rather
different models which are labeled as "nonstick-
ing" (NS) and "sticking" (S) collisions. A sticking
collision is defined by rigid rotation of the double-
nucleus system as a whole. By a NS collision we
specify that the entrance and exit channel orbital
angular momenta are the same (f~= l, ) and the
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moment of inertia 8„z = pR', where g =M,M,/
(~, +Af, ), and R is the contact radius of the double-
nucleus system (in the calculation the strong ab-
sorption radius" Rz„ is used). In contrast to a.

nonsticking col1ision the interaction time for a stick-
ing coBision is calculated with8» and the final orbital
angular momentum where l~ = (8»/8, ) I, and 8, =8„,
+ —,

' (M,R,'+ M,R,'). In the calculations presented,
any variation in8» with angular momentum or time
is neglected. 'The Coulomb deflection function is
estimated by Hc (I,) = 180 —$, (I,) + P, (l, ) —gz(l~)
+ P~(l~), where the symbols have been defined pre-
viously. " In Figs. 1 and 2, Coulomb deflection
functions are shown for the "nonsticking" (NS)
model for the '8'Ho+ "Kr (E„,= 714 MeV) and
'o'Bi+ "'Xe (E„~=1130 MeV) reactions, respec-
tively.

Such a definition of the deflection during the
reaction implies that no kinetic-energy loss due
to dissipation or dynamical deformation effects
occurs at separation distances larger than the
strong-absorption radius ASA. 'The agreement of
realistic deflection function calculations" with ex-
perimental angular distributions for the heavy
systems considered here suggests that the devia-
tion of the trajectory with /=/ from a pure
Coulomb trajectory is small. Hence, for l &l
the difference between Coulomb and observed de-
flection is used to evaluate the angle through which
the intermediate system rotates during the nuclear
inter action.

It should, however, be realized that it is impos-
sible in principle to characterize the reaction
between very heavy ions by a single deflection
function. For such systems there are many in-
trinsic degrees of freedom coupled to the collec-
tive motion, and many different reaction paths
may lead to similar values of a given experimen-
tal observable. Therefore, selecting a certain
value of one experimental variable leads to a dis-
tribution of values of another variable fluctuating
around its mean value. In this sense, the deflec-
tion functions derived above represent only aver-
age experimental deflection functions.

A relationship between experimental values of
the total kinetic energy loss and the variance 0~'
of the fragment charge or Z distributions for
very heavy-ion damped collisions has been re-
ported previously. " This relationship in conjunc-
tion with the experimental cross sections as a
function of total kinetic-energy loss" for various
heavy-ion reactions is used to calculate angular
momentum dependent values of the variance &z'(I).
The value of oz'(I) is related to the interaction
time v(I) by application of a transport theory to
multinucleon transfer processes. Assuming the oc-
cupation probabilities P(Z, r) to be given by a Fok-

ker-Planck equation with constant coefficients
leads to"

oz'(I) = 2Dz(I)~(I) . (3)

The interpretation of the experimental fragment
Z distributions in terms of Eq. (3) is subject to
similar observations as made above for the con-
struction of an experimental deflection function.
The experimental variance a~' of the Z distribu-
tion is an average value determined by the range
of l waves contributing to a. given TKE window.
A factorization of o'z' according to Eq. (3) into
mean values of Dz and r applies only if Dz(I) is
a slowly varying function of both Z and l, because
the above analysis suggests that the total interac-
tion time ~(l) is a rapidly varying function decreas-
ing exponentially with increasing l. This require-
ment on Dz(l) seems, indeed, to be fulfilled as
indicated by model calculations of Ayik, Schur-
mann, and Norenberg" and an experimentally ob-
served small drift coefficient V~, which is related
to the diffusion coefficient according to the Ein-
stein relation

Vz(l) = — Dz —
Z

U—, (Z) . (4)

Here, T is the temperature of the system and

U, (Z) is the potential energy for a fragmentation
Z, both of which are slowly varying with Z and l.

The value 7 (I) entering Eq. (3) is the mean value
of the time during which the nucleon diffusion
mechanism operates. In this analysis it is as-
sumed that 7'(I) is the total interaction time eval-
uated by the procedure outlined above. However,
it is conceivable that nucleon diffusion occurs only
during a part of this time although there is pre-
sently no experimental evidence for such a division
of the total interaction time.

Values of 7 (I) and oz'(I) determined for the
"'Ho+ Kr (E„~=714 MeV) and the '"Bi+ '"Xe
(E„,= 1130 MeV} reactions are plotted in Figs.
3 and 4, respectively. The two different sets of
values of 7 (I) for each reaction in this figure are
based on the above NS and S models. The inter-
action time corresponds to that period where the
two heavy nuclei are in a cl.ose enough proximity to
suffer a loss of kinetic energy and to exchange
nucleons. The diffusion coefficient Dz(l) = oz'(I)/
2v(l) is rather independent of I for a particular
choice of model, as illustrated by the lines drawn
through the points in Figs. 3 and 4. However, for
the sticking model (S) the points for the large an-
gular momenta do not fall on a line through zero,
indicating on the basis of Eq. (3) an initial increase
in Dz(l) as I decreases The valu. es of the dif-
fusion coefficients for three heavy-ion reactions
determined by the slope of the line fitted to the
&rz'(I) vs r(l} data are given in Table I for each
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FIG. 3. The variance az2 of the experimental frag-
ment-charge distribution plotted as a function of the in-
teraction time & for the reaction SHo+ 84Kr. The two
sets of results correspond to the assumption of non-
sticking (NS) or sticking (S) of the two ions during the
interaction.

of the above two models. The proton number dif-
fusion coefficient does not refer to proton diffus-
ion alone, but to mass diffusion measured by the
number of transferred protons. Assuming a con-
servation of the equilibrium Z/A ratio, the proton
number (Dz) and mass number (D„) diffusion coef-
ficients are related by De = (Z/A)'D„.

The present diffusion coefficients, based on an
angular momentum dependent interaction time,

100 20 30 40
T'(X) (l0 sec)

FIG. 4. Same as Fig. 3 but for the reaction Bi + 8Xe.

III. DISCUSSION

The results of the present analysis pose a num-
ber of questions with respect to the nature of the

are smaller (when comparisons are made for the
same contact radius) than those reported by
N5renberg. 23 However, the difference is under-
stood insofar that deflection functions were not
employed in Ref. 23 and their resulting angle 4(9
is too small. The value of Dz for an average l
value of 1605 for the '"Au+ Kr reaction deduced
by Moretto and Schmitt" at a laboratory energy
of 620 MeV is comparable to our values for ~Kr
projectiles. The latter authors assume a sticking
model and a Gaussian distribution of interaction
times, the centroid of which varies linearly with
l.

TAB LZ I. Proton number {Dz) and mass number (Dg diffusion coefficients in units of 102

sec for Kr- and Xe-induced reactions. The proton number diffusion coefficient does not
refer to proton diffusion alone, but to mass diffusion measured by the number of transferred
protons; hence, Dz = g/A) Dg for a constant &jA ratio. The diffusion coefficients listed in
this table are calculated from the slopes of lines drawn through plots of Oz2(l) vs &(l) over
a range of l values. In the case of the sticking model, for example, the points for the highest
l waves do not lie on a line which passes through the origin (see Figs. 3 and 4). Individual
values of Dz(l) for the sticking model are l dependent and increase initially as l decreases.
The Kr- and Xe-projectile energies (lab) are 714 and 1130 MeV, respectively. The errors in
the diffusion coefficients are of the order of 30%. However, the values scale with the contact
radius tace Eqs. (2) and (3)3 which for the reported values is assumed to be the strong absorp-
tion radius Rs~ (Ref. 20).

Reaction
Sticking model

Dz D~
Nona ticking model

Dz D~

209B ~ + i36X

209Bi + 84K

"~Ho+ 84Kr

0.75 4.8
0.52 3.7
0.55 3.2

1.1
0.87
0.74

7.0
5.3
4.3
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reaction mechanism:
1. Is there a unique energy loss mechanism con-
nected with nucleon transfer, or is the interaction
time deduced a sum of successive time periods
during which different processes take place' ?

2. Can one draw any conclusion from Figs. 3 and
4 as to whether the moment of inertia of the
double-nucleus system stays constant during the
interaction or not?
3. Is the diffusion coefficient really independent
of the angular momentum and, hence, of the de-
gree of interpenetration of the two ions?

Examination of the available data" shows a re-
latively high rate of energy loss at small kinetic-
energy losses and this rate drastically decreases
with increasing energy loss (i.e., decreasing f).
However, the width of the fragment-charge dis-
tribution increases continuously with energy loss,
starting from very small energy losses. Con-
sequently, if there is a very fast energy dissipa-
tion mechanism, independent of mass transfer,
it must be acting during only a short fra,ction of
the total. interaction time in order to allow a nu-
cleon diffusion process to evolve in such a con-
tinuous fashion. Furthermore, it must be less
important for high l values. In this analysis, only
the total interaction time is deduced, assuming
the total energy loss is a monotonically decreasing
function of l. 'The presence of a fast energy dis-
sipation mechanism woul. d not markedly change the
time scale derived in the present analysis.

In Fig. 5 is plotted the ratio of the total kinetic
energy (TEE) loss to the average number of nu-
cleons exchanged as a function of the total kinetic
energy loss. In a random walk process the aver-
age number of nucleons exchanged or the number
of steps is given by a quantity related to the vari-
ance of the charge distribution, namely, (A/Z)oz'.
Hence, the ordinate in Fig. 5 is equivalent to the
average kinetic energy loss per nucl. eon exchanged
which we define as 4. It is, of course, important
to differentiate between the total number of nu-
cleons exchanged and the net nucleon transfer
which gives the final mass distribution. One sees
from the results plotted in Fig. 5 that the average
kinetic energy loss per exchanged nucleon decreas-
es linearly as the total kinetic energy loss in-
creases. Although these experimental energy-
averaged values of & are not directly comparable
to the excitation energy dependent theoretical quan-
tities estimated by Ayik et al."'"the values for
small excitation energy, where the comparison is
allowed, are of the same order of magnitude.

Questions (2) and (3) are connected to each other,
since they both refer to the fact that the experi-
mental points follow a straight line when plotted
as a oz' vs v graph. Although this result is con-
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FIG. 5. Dependence of b,P/leV/amu) on the total kinetic
energy (TKK) loss. The values of 6, are calculated by
dividing the total kinetic energy loss by g/Z)crz~. Adopt-
ing a diffusion model, this ratio is equivalent to the av-
erage energy lost per exchanged nucleon.

sistent with the view that the moment of inertia
8 is constant during a significant part of the in-
teraction and that the diffusion coefficient D is
independent of l, other interpretations are not
excluded. A change in 8 would also imply a change
in 48(f) [see Eg. (2}] leading, in general, to a
nonlinear function oa'(r) and an l-dependent dif-
fusion coefficient. However, the results for the
NS and S models exhibited in Figs. 3 and 4 re-
present two extreme situations, of which the NS
model is more appropriate, at least for a portion
of the highest l values. However, as l decreases,
the NS model may become less applicable. A
transition from a NS model for large l to a 8 model
for the smaller l analyzed here leads to a decrease
in Dz with decreasing l.

In summary, interaction times increasing with
decreasing angular momentum l are deduced for
very heavy-ion reactions using a simple classical
reaction model and assuming the kinetic-energy
loss to decrease with increasing l. An alternate
procedure would be a full trajectory calculation
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including a frictional force." The resulting in-
teraction times turn out to be rather short, of the
order 10 ' to several times 10" sec, indicating
that caution has to be exercised in applying statis-
tical models to the shorter lifetime processes.
'The l dependence of the interaction time is inter-
preted to be due to the delicate balance between
repulsive Coulomb and attractive nuclear forces,
which depends on the penetration depth of the tra-
jectory and, hence, on the E value. This view leads
to a natural understanding of the phenomena en-
countered in damped heavy-ion reactions. The an-
gular distribution of the reaction cross section
for a given projectile-target system viewed in a
Wilczynski plot of d'o/dedE is expected to show
the following dependence on the bombarding ener-
gy: The ridge of maximum cross section as a

function of energy loss will move more forward
in angle with increasing bombarding energy for a
given l wave, since the interaction times become
longer with increasing penetration depth. The
above model explains the variety of shapes of the
angular distributions observed for a given system
at different bombarding energies, including the
occurrence of "angular focusing" at a particular
energy. In this picture, negative-angle scattering
or "orbiting" is anticipated for any system at a
high enough bombarding energy. One concludes
that, in general, a wide range of interaction times
contributes to events at a particular reaction angle.
The procedure which is outlined in this article
represents a way to decompose experimental an-
gular distributions with respect to the interaction
time.
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