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A previous study of the strongly damped reaction ' Bi+ "Xe at 1130 MeV has been extended to the
lower bombarding energy of 940 MeV. With the same experimental technique, angular, energy, and atomic
charge distributions and their correlations have been measured. The angular distribution of the reaction
products is sideways peaked, but less strongly focused than at the higher bombarding energy. The energy
spectrum extends far below the Coulomb energy calculated for touching spherical ions, indicating large
deformations of the final fragments. The charge distributions are Gaussians approximately centered around
the initial fragmentation. Examination of the correlations between experimental observables confirms that
the energy-loss parameter is the most suitable quantity to describe the time evolution of the reaction. The
relationship between energy loss and the width of the charge distribution is studied to gain information on
the contribution of the nucleon exchange process to the total dissipated energy. The bombarding-energy
dependence of this relationship suggests that the Pauli blocking of occupied single particle levels is an
important effect, leading to a smaller dispersion of the fragment Z distribution for a given energy loss than
expected from a classical theory. A quantitative analysis establishes the nucleon exchange as the dominant
mechanism for the dissipation of kinetic energy. With the aid of a phenomenological model, a
decomposition of the reaction cross section in partial waves is performed. Classical trajectory calculations
assuming spherical ions are compared to an empirically determined deAection function, energy loss, and
interaction times. These calculations do not provide a consistent description of the experimental results,
since the energy loss is systematically underestimated. From the interaction times and widths of the charge
distributions, an angular momentum dependent proton number diffusion coefficient Dz(1) is derived, which
shows a pronounced saturation behavior for angular momenta less than 2/3 of the grazing angular
momentum. The total probability for sequential fission of the targetlike fragment is determined to be 30%
for all inelastic events. A simple model is presented which allows calculation of this probability on the basis
of known fission properties of heavy elements.

NUCLEAR REACTIONS Bi+ Xe, Eiab =940 MeV; measured a. {O,E,Z);
strongly damped reaction; deduced correlations, interaction times, transport
coefficients; comparison to trajectory calculations; yield of sequential fission.

I. INTRODUCTION

The reaction Bi+ Me has been studied pre-
viously' at a bombarding energy of E„„=1130MeV
as a typical example of a strongly damped reaction.
The use of such a heavy system has several advan-
tages. Strongly damped collisions are by far the
dominant reaction mechanism and allow, there-
fore, the study of the reaction over a wide range
of impact parameters, from grazing collisions to
nearly central impacts. Thus the correlations be-
tween observable quantities such as dissipated kin-
etic energy, reaction angle, and the charge distri-
bution of the final reaction fragments can be stud-
ied much more readily than for light systems,
where only a comparatively narrow window of im-
pact parameters leads to strongly damped events.

It has been shown in the previous study, ' that the
degree of kinetic energy dissipation is the most
useful parameter to characterize the time develop-
ment of strongly damped reactions. Therefore, it
is a natural extension of this investigation to
change the bombarding energy and thus the amount
of kinetic energy available for dissipation. This
paper reports on a detailed study of the system
'Bi+"Xe at a bombarding energy of E»=940

MeV, an energy of 1.4 times the Coulomb energy
of touching spheres.

In the following section, the experimental pro-
cedures are described briefly. Results on elastic
scattering, angular, charge, and energy distribu-
tions for the Xe- and Bi-like reaction products are
discussed in Sec. III. In Sec. IV the i.mplications
of the experimental results for the understanding
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of the reaction mechanism are discussed. Special
attention is given to the importance of nucleon ex-
change as a mechanism of energy dissipation and
to the importance of the Pauli principle for an un-
derstanding of the correlation between the widths
of the element distributions and the degree of ener-
gy damping. In Sec. V a model is presented to cal-
culate the observed yield of sequential fission of
the Bi-like fragments. A summary can be found in
Sec. VI.

II. EXPERIMENTAL PROCEDURE AND DATA
REDUCTION

The experiments were performed at the LBL
SuperHILAC accelerator. . Targets of 235 p, g/cm'

Bi on carbon backings were bombarded with
940-MeV ' Xe ions. 'The beam energy was deter-
mined with four independent detector systems cal-
ibrated with e and "Cf fission sources. The re-
sult was 940 MeV, with a statistical uncertainity
of 12 MeV, allowing for a pulse height defect of 51
MeV according to the procedure of Moulton
et a/. ' ' The reaction products were detected in

two ~E -E silicon surface barrier detector tele-
scopes and one silicon detector. The thicknesses
of the two ~E detectors were 14.3 and 9.6 pm, re-
spectively. The telescopes subtended angles of
0.5 and 1.0 in the reaction plane. Two monitor
counters, placed out of plane at fixed forward
angles monitored the beam intensity and allowed
for dead-time corrections. The beam was defined

by two pairs of slits outside the chamber and one

pair of cleanup slits at its entrance. Permanent
magnets and 160 ~/cm' thick Ni foils protected
the detectors from delta electrons generated by
the beam.

The electronic setup was very similar to the one

described in Ref. 1, and included pileup circuitry
and a system allowing-a determination of the sys-
tem dead time, taking into account the pulsed char-
acter of the HILAC beam. All data were recorded
on magnetic tape in an event-by-event mode.

In Fig. 1 are shown examples of the laboratory
energy spectra taken with the singles detector.
'The spectrum at 8~ =24' shows an intense elastic
peak at S3S MeV, a broad bump of strongly damped
events centered at 600 MeV, and a. second small
bump at 450 MeV which is due to sequential fission
of the heavy, Bi-like fragments, which are also
scattered to forward angles for large negative re-
action Q values. In the two-dimensional AE-E
spectra the two groups of fragments are well sep-
arated.

A& g~ =38' the elastic peak is still dominant and

has a low-energy tail smoothly joining the strongly
damped, Xe-like fragments centered around 550
MeV. The Bi-like fragments show up at this angle
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FIG. 1. Laboratory energy spectra of the reaction
products taken at the angles indicated.

as a bump located around 420 MeV, whereas the
sequential fission events are not distinguishable
from other events in the one-dimensional spec-
trum. At 8~ =43', very close to the quarter-point
angle, the spectrum shows the same components
as at e~ =38'. For larger angles the spectra are
dominated by the recoil nuclei.

Since elastic scattering events were. not resolved
from those with small energy losses, a standard
peak was defined at forward scattering angles and
subtracted from the spectra taken at angles in the
vicinity of the quarter point. This procedure has
been used extensively in the analysis of heavy ion
elastic scatte x'ing. '

The experimental ~E-E distributions were con-
verted into Z-E distributions using the tables of
Northcliffe and Schilling, ' renormalized to the ex-
perimental stopping power of Xe ions in Si. A con-
stant mass-to-charge ratio of A/Z =2.52 was as-
sumed to convert the measured fr agment char ge
into fragment mass, necessary to perform kine-
matical calculations. Since "'Xe and ' 'Bi both
have this mass-to-charge ratio, no change in the

A/Z ratio is expected to occur during the interac-
tion. 'The g-E distributions were transformed into
the center-of-mass system for 26-MeV-wide bins
of the asymtotically measured center-of-mass total
kinetic energy E, using the experimentally estab-
lished fact that strongly damped reactions at low
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bombarding energies are essentially of a binary
nature, ' except for light-particle evaporation from
the highly excited fragments. The reduction in kin-
etic energy of the fragments in the laboratory sys-
tem due to the evaporation of neutrons was cor-
rected for. Details of this calculation can be found
in Ref. 1. Further corrections were applied for
the energy loss in the target and Ni foils and for
the pulse-height defect in the detectors.

For angles up to the quarter point, the heavy, Bi-
like fragments could easily be distinguished from
the light fragments, because they occupy a well
defined region in the g-E plane. For larger an-
gles, Xe-like fragments with very large g transfer
merge with the Bi-like fragments, and the separa-
tion between the fragments is not quite as unam-
biguous. However, the uncertainty in the reaction
cross section introduced by this overlap is not
large. Since a sizable fraction of the heavy frag-
ments is expected to undergo sequential fission,
the yield of Bi-like reaction products is of inter-
est. Because there is no simple way to discrimin-
ate the elastic recoil events from heavy reaction
products, due to insufficient Z and E resolution,
the elastic recoils were accounted for by deter-
mining the cross section of elastically scattered
Bi from the measured Xe angular distribution and
subtracting it from the total yield of heavy frag-
ments.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Elastic scattering and the reaction cross section

The elastic scattering was investigated in order
to obtain information on the bombarding-energy de-
pendence of the total reaction cross section oR, the
strong absorption radius gsA, and an optical-mod-
el potential suitable to describe the scattering.

Figure 2 shows the ratio of elastic-to-Rutherford
cross section in the center-of-mass system. Com-
pared to the experiment at 1130-MeV bombarding
energy, the quarter-point angle is shifted back-
wards to 8,.~. = 70.1', and the slope of the angular
distribution at the quarter point is smaller.

he data were analyzed using two models: the
semiquantal model of Fresnel scattering and a
one- channel optical model. The reaction param-
eters deduced are compiled in Table I. In a simple
version of the Fresnel model the transmission co-
efficients are approximated by a step function:
=1 for I ~ $ and T, =0 for $& &, , where $, repre-
sents the grazing angular momentum. Since this
sharp-cutoff model is known to produce large os-
cillations of the ratio go„y'doR„,h forward. of the
quarter-point angle, it was refined' by introducing
a finite transition region in E space of width ~E.
The broken curve in Fig. 2 indicates the prediction
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FIG. 2. The experimental ratio do, ~ /do R„th of the
elastic-to-Rutherford cross section as a function of the
center-of-mass scattering angle is compared to cal-
culations using the generalized Fresnel model (dashed
curve) and an optical model (solid curve).

of this model for g)=16. Although the overall
agreement with the data is reasonable, the rela-
tively gradual falloff of the data cannot be repro-
duced by the Fresnel model, regardless of the

Quantity 940 MeV 1130 MeV Units

E&&b

0„4 (lab)

8(g4 (c.m. )
p (reduced mass)
k„(wave number)
q (Coulomb parameter)
R,„t (Fresnel)
E~ (Fresnel exp 0&~4)

0~ (Fresnel exp &&~4)

oz (exp)
R~& (optical model)

0= E, —vc +&.t)
[E, Vc (R...)]/p,
Peak in do+dA (lab)
Peak in (c.m. )

940
569
43.5'
70.1'
82.4
47.37

268.4
15.5

383
2.06
2.09

15.5
416
152

1.86
39.5'
64.5'

1130
684
33'
54'
82.4
51.94

244.8
15.1

480
2.70
2.80

15.2
428
256

3.11
30'
50 0

MeV
MeV
deg
deg
u
fm-'

fm

b
b
fm
MeV
MeV
Mev/u
deg
deg

TABLE I. A comparison of the reaction parameter
for the system Bi + ~ Xe at two bombarding energies.
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width ~$ chosen. It is not too surprising that the
Fresnel model does not fit the present experiment-
al data at 940 MeV as well as the data taken at
1130MeV, because it is known' that diffractive
models lose their validity for bombarding energies
close to the Coulomb barrier.

Nevertheless, the present experiment still allows
extraction of a meaningful value for the grazing
angular momentum )„where the transmission co-
efficient assumes the value —,', via the relation

g,&, =2 arctan[q/(l + —', )] (3.1)
and of the total reaction cross section

E +2 3 $ +2

(3.2)
H ere, g is the Coulomb paramete r and A the asy-
mptotic wave number. The values obtained are ),
=383 and 0~ =2.2 b, very similar to the results de-
rived from the simple version of the Fresnel mod-
el (l, =383, os =2.1 b). From these values an inter-
action radius of R. , = 15.5 fm is deduced. This ra-
dius is slightly larger than that deduced for the
same system at 1130-MeV bombarding energy
(15.1 fm). An optical-model calculation was per-
formed to check the dependence of the deduced in-
teraction radius on the type of analysis made. A

standard Woods-Saxon nuclear potential was used
to generate the elastic angular distributions with
the optical-model code GENOA. "

A set of parameters which fit the 1130-MeV data
very well produced results which missed the ex-
perimental quarter point by several degrees. A

two-parameter search on the radii determined val-
ues which are considerably larger than the starting
values. The strong absorption radius g s„defined
by

Similar to the 1130-MeV experiment, the cross
section is focused around an angle slightly forward
of the quarter-point angle. The integration of the
data yields an experimental total reaction cross
section of aR = (2.1 +0.1) b, in good agreement with
the analysis of the elastic scattering data. To-
wards forward and backward angles the cross sec-
tion drops quickly, and the data are consistent with
vanishing cross section at 9 =0', indicating that no
negative-angle scattering (orbiting) occurs. This
is not surprising since orbiting should become less
pronounced with decreasing bombarding energy and

increasing product Z~ Z~.'"
In Fig. 4 the angular distribution is shown in the

center-of-mass system for all events with a total
kinetic energy E between 260 and 546 MeV. Since
elastic scattering corresponds to an energy of 569
MeV, most of the quasielastic events have been ex-
cluded. Compared to the 1130-MeV experiment,
the angular distribution is skewed and extends fur-
ther backwards, indicating that the nearly perfect
angular focusing at 1130 MeV is not an intrinsic
feature of the reaction Bj+ Xe, but has to be
viewed as the coincidental result of a delicate bal-
ence between nuclear, Coulomb, and centrifugal
forces, which is destroyed at other bombarding en-
ergies.

The Z distribution of the Xe-like fragments is
shown in Fig. 5, integrated over the same range of
total kinetic energies. The weak asymmetry is due
to a slight shift bf the centroid of the Z distribution
towards higher Z for decreasing energies. 'The

bump around Z =41 is caused by a weak contamina-
tion with sequential-fission products of Bi-like

kR,„=q [q+'+ l,(l, +1)j'~ (3.3)

was found to be 15.5 fm, which is consistent with
an increase of the interaction radius at the lower
bombarding energy. There is some confirmation
of this tendency from other analyses of heavy ion
elastic scattering. "'

These findings illuminate the well known diffi-
culty in defining a unique and energy independent
optical potential for very heavy ion reactions.
Therefore, no further attempt was made to search
for a set of more suitable optical-model param-
eters. For the further analysis the grazing angular
momentum as extracted with the modified Fresnel
model was employed in order to be consistent with
Ref. 1.
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B. Angular, charge, and energy distributions of the Xe-like
reaction fragments

The angular distribution of the light reaction pro-
ducts in the laboratory system is shown in Fig. 3.

QH „(degj
PIG. 3. Laboratory angular distribution of the light,

Xe-like reaction products. The curve is to guide the
eye.
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TABLE II. The angular distribution of the Xe-like fragments in the c.m. system, inte-
grated over all Z and all E values between 260 and 545 MeV. This accounts for 80% of the
reaction cross section. The unit of the table entries is mb/sr.
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80'
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121
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408
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240
112
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149
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783
276
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fragments, which could not be separated complete-
ly from the highly damped events. 'The correlation
of the g distribution with the energy-loss param-
eter will be discussed later.

In Fig. 6 the energy-loss spectrum is shown for
the two bombarding energies under study. The ar-
rows indicate the initially available kinetic ener-
gies above the Coulomb barrier as calculated as-
suming spherical ions separated by the strong in-
teraction radius. The data show clearly that a
large fraction of the reaction cross section cannot
be explained without assuming strong deformations
of the fragments at the time of breakup. This is
especially important at the low bombarding energy
where 800 mb (or 4(P/& ) of the total reaction cross
section corresponds to final kinetic energies below
the Coulomb barrier, as compared to 500 mb (or
2F/q) for the 1130-MeV experiment.

It should be pointed out that the cross section for
very low-energy losses (below 20 MeV) is not very
well known due to insufficient experimental energy
resolution. It was not possible to determine wheth-
er the cross section rises monotonically in the
quasielastic region, or reaches a maximum around

&o-MeV energy loss. In the present paper, a
monotonic increase of der/dE~„, with decreasing en-
ergy loss has been assumed in the quasielastic
region.

C. Angular distribution of the Bi-like fragments

In contrast to the experiment at 1130 MeV, it
was possible in the present experiment to observe
the heavy Bi-like fragments simultaneously with
the light fragments over a wide angular range.
The heavy fragments appear as a well separated
island in the ~E vs E distributions for all. but the
largest angles, where the fringes of the light and
heavy fragment & distribution start to overlap. It
was not possible to make a reliable Z identification
for the slow Bi-like fragments and, therefore, no
conversion into the center-of-mass system was
performed. However, the angular distribution of
the inelastically scattered heavy fragments was ob-
tained indirectly. This was done by subtracting the
number of elastically scattered Bi ions, as deter-
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FIG. 4. Center-of-mass angular distribution of the

reaction cross section for events with total kinetic
energies in the indicated range. This distribution ac-
counts for 80 of the total reaction cross section.
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FIG. 5. The Z distribution of projectile-like frag-
ments integrated over the indicated angle and TKE
range. The lowM wing of the distribution is slightly
affected by incompletely removed events from sequential
fission of the heavy fragment.
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TABLE III. The charge distribution of the Xe-like fragments, integrated over artgle 40
& 100', and E values between 260 and 545 MeV. The units of the table entries are

mb/2 unit. The (*) indicates contamination with sequential fission events.
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mined from the measured angular distribution of
the Xe ions, from the total number of Bi-like frag-
ments for a given angle.

The resulting angular distribution of the Bi-like
reaction products in the laboratory system is
shown in Fig. 7. The pronounced asymmetry is
due to a kinematic effect. The light reaction frag-
ments are strongly focused into a narrow angular
region, but with rising energy loss the correspond-
ing heavy fragments are scattered to smaller an-
gles. The long tail towards forward angles is,
therefore, due to very strongly damped events.

'The integrated cross section of the Bi-'like frag-
ments is only (1.5 +0.4) b, which is 3F/q smaller
than the reaction cross section deduced from the
light fragments. This difference can be explained
by subsequent fission of the Bi-like reaction frag-

ments in 30% of all nonelastic events. A discussion
of this number with respect to known fission prop-
erties of elements near Bi is deferred to Sec. V.

D. Qualitative correlations of observables with fragment
charge and kinetic energy loss

In Ref. 1 the importance of the energy-loss pa-
rameter E~„,=E,.m. -E is discussed in detail for the
description of the strongly damped reaction be-
tween ~"Xe and ' Bi at 1130MeV. A knowledge of
the energy loss determines the associated angular
and Z distributions, whereas a selection of either
Z or the scattering angle does not determine uni-
quely the other observables. This significance of
the energy loss as a parameter characterizing the
reaction is confirmed in the present experiment.
In Fig. 8 the double-differential cross section d'o/
dZdE is plotted on a logarithmic scale versus the
total kinetic energy of the fragments. The events
are sorted into three-Z-unit-wide bins, the cen-
troids of which are indicated at the spectra. The
arrows indicate Coulomb energies calculated for
spherical reaction products, assuming spheres
touching at the strong absorption radius. It is ob-
vious from Fig. 8 that multiple proton pickup and
stripping reactions lead to rather similar energy-
loss spectra, confirming that the charge of the
light fragment is certainly not a suitable quantity

L to-

209 . &36
Bi+ Xe

E = 940 MeV
L

Heavy Fragments

0„=15b

0
0 100 200 300 400

ELoss (Mev)

FIG. 6. The energy-loss spectrum of the 9Bi+ 36Xe

reaction for 940- and 1130-MeV bombarding energy.
The energy loss E~~„ is defined as the difference between
the center-of-mass asymptotic kinetic energies in the
entrance and exit channels. The arrows indicate the
available kinetic energy in the entrance channel.

20 30

8( ~
{deg)

40 50 60

FIG. 7. Laboratory angular distribution of the heavy,
target-like reaction products. The curve is intended
to guide the eye.



134 W. W. WILCKE et al. 22

209 '"Xe
Bi+ "Xe

1 I

EL ——940 MeV

260 & E & 546 MeV

00 10

10

10 10

N 10—

E

p 10
U

~ 10'-

10

10

10

10 10

E, 10'—
x 5

I

500
I

400
I

500 1 I

TOTAL KINETIC ENERGY (MeV)

FIG. 8. Center-of-mass energy spectra for three Z-
unit-wide bins. The centroid of each bin is indicated for
each curve. The arrows represent Coulomb energies
for spherical fragments. The curves are arbitrarily
displaced along the ordinate.

to characterize a given strongly damped event.
(The small difference in the shape of the spectra
for the Z =42 and the Z =63 bins is at least partly
due to the contamination of the former bin with se-
quential fission events. ) A variation from the re-
sults of the experiment at 1130 MeV, however, is
represented by the relative positions of the maxima
in the spectra relative to the calculated Coulomb
barriers. Whereas the maximum of the yield is al-
ways located at energies above the Coulomb bar-
rier for 42 ~ Z ~ 63 at 1130-MeV bombarding ener-
gy, this is a feature not corroborated for most Z
bins in the present experiment. This emphasizes
even more strongly the importance of considering
deformations or neck degrees of freedom in under-
standing the low-energy data.

Similar to the energy-loss distributions, the
angular distributions depend strongly on the atomic
number of the fragment, but the correlation is not
unique. This is shown in Fig. 9, where the double

50 60 70 80

Hc.m. {deg)

90 100

FIG. 9. Angular distribution of the damped reaction
cross section as a function of the fragment Z.

differential cross section d'o/dQ, dZ is plotted
for the same Z bins as in Fig. 8. The angular dis-
tributions of fragments near the projectile Z are
strongly peaked, but the spectra for either very
low or very high Z valises of the light fragments
look similar. In contrast to the findings obtained
in the 1130-MeV experiment, the maxima of the
angular distributions do not remain centered
around 80.m. =64, where the quasielastic cross
section has a maximum, but are shifted steadily to
larger angles with increasing magnitude of the
charge transfer. A discussion of these results will
be given in Sec. IV.

Since a large net charge transfer is related to a
large energy loss, it is expected that the maxima
in the double-differential cross section d'o/dQdE
move to larger angles with increasing energy loss.
This can indeed be seen in the Wilczynski plot"
(Fig. 10), showing contour lines of the cross sec-
tion in the E vs L9, plane. The ridge of damped
events, starting out at g 0. =64', moves back-
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FIG. 10. Double-differential cross section d~o/d EdQ
plotted as a contour diagram (WQczynski plot) in the TKE
versus scattering-angle plane.

wards with decreasing E, whereas it was found to
be parallel to the E axis in the 1130-MeV experi-
ment. Qualitatively, this result is due to the lower
angular momentum for a given impact parameter
in the 940-MeV experiment. The Coulomb deflec-
tion towards backward angles is more pronounced,
and the rotation towards forward angles during the
nuclear interaction time is less for smaller angu-
lar momenta.

'The angular distributions integrated over all Z
for a given E bin, i.e. , cuts of the %ilczynski plot
parallel to the 9, axis, are shown in Fig. 11.
The reaction cross section is sideways peaked for
all E values, and no indication of orbiting, such as
enhancement of the cross section at forward ang-
les, is visible. 'The dominant feature of the angu-
lar distribution is the increase of its width with in-
creasing energy loss, suggesting that longer reac-
tion times are associated with higher energy los-
ses.

The charge distributions d'g/dEdZ of the Xe-like
fragments as a function of the final total kinetic
energy are shown in Fig. 12. It is obvious that the
data can be described rather well by Gaussian
distributions as indicated by the solid curves. The
width of the Z distribution is seen to increase
strongly with increasing energy loss, suggestive
of a diffusion mechanism where the time available
for the diffusion process increases monotonically
with increasing energy loss. ' The width of the
558-MeV bin is mostly due to the experimental Z
resolution of about three Z units. The following
analysis accounts for this intrinsic width by as-
suming an additive law of the variances g~'.

In agreement with the 1130-MeV experiment, the
centroids of the charge distributions stay close to
the charge of Xe and drift only very slowly towards
mass symmetry. Experimental results for the
cross section, the variance 0~', and the centroid
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& 104—
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x 1Q4
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Q2

50 60 70 80

ec.m(deg)
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90 100

FIG. 11. Angular distribution for 26-MeV-wide TEE
bins integrated over the Z range indicated. The centroid
energy for each bin is. given at each curve.

(Z) of the fragment charge distributions are col-
lected in Table IV for 26-MeV-wide E bins.

'The relationship between the variance g~' and the
energy loss is plotted in Fig. 13 for the two bom-
barding energies. For energy losses up to 100
MeV the two curves are indistinguishable within
the experimental errors, but then the energy loss
rises less fast for a given increase in 0 ~ at the
lower bombarding energy. 'This is to be expected
since there is much less kinetic energy E&~. —V~
available at the lower bombarding energy. How-
ever, it is surprising that this energy limit, cal-
culated assuming spherical nuclei and indicated by
the horizontal arrows, does not show up more dis-
tinctly in the experimental data. This fact can
again be interpreted as an indication of a strong
dynamical deformation of the system, evolving
continuously wi$h increasing interaction time.

The dominant role of the energy-loss parameter
is made obvious by Fig. 14, where the full width at
half maximum FWHM of the charge distributions
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I spherical systems may be seen in the fact that the
center of the distributions for large positive charge
transfers (aZ &6) is systematically at higher TKE
values than for the corresponding negative charge
transfers. In addition, the total cross sections for
the positive charge transfer is systematically
somewhat higher because the Z distribution is
slightly skewed to large Z values (Fig. 5) due to
the weak drift towards charge equilibrium.

10
N

x ]Oy
IV. IMPLICATIONS OF THE BOMBARDING-ENERGY

DEPENDENCE FOR THE REACTION MECHANISM
OF STRONGLY DAMPED COLLISIONS

10E
N
0

10b

)06

&O5

10

10

10

10 38 46 54 62 70 78

Z (ATOMIC NUMBER)

FIG. 12. Fragment Z distributions plotted as a func-
tion of the total kinetic energy indicated at the curves.
The TEE bins are 26 MeV wide. The curves represent
Gaussian fits. The distribution at the bottom corres-
ponds to elastically scattered Xe ions and illustrates
the experimental Z resolution. The arrow labeledEE
indicates contamination with sequential fission of tar-
get-like fragments.

is plotted as a function of energy loss and scatter-
ing angle. The horizontal lines represent the fits
to the angle-integrated data as shown in Fig. 12.
It is obvious that there is no correlation between
the scattering angle and the width of the charge
distribution for any given energy loss.

Figure 15 shows the contour lines of d'o/dZdQdE
in a series of Wilczynski plots for 3-Z-unit-wide
bins. Since the statistical accuracy of triple-dif-
ferential cross sections is not very high, one has
to assign large uncertainties to the contour lines,
especially for the Z bins far away from Xe. As
can be seen from Fig. 15, positive and negative
charge transfers lead to approximately the same
shape of the Wilczynski plot. However, a slight
influence of the Coulomb barrier calculated for

A. Correlations between total kinetic energy loss
and mass diffusion

The understanding of the mechanism of strongly
damped collisions of a few MeV/u ha, s progressed
to a stage where the gross features of the reac-
tion are well established. Strongly damped colli-
sions are basically binary processes, where the
orbital angular momentum /,. in the entrance chan-
nel is the governing parameter for the evolution of
a particular collision.

The mean values of the kinematic observables
for a given f,. (such as scattering angle, energy
loss, and angular momentum) follow the laws of
classical mechanics assuming conservative poten-
tials and phenomenological friction forces."'
The second moments of the observables can be de-
scribed in terms of quantal" "and statistical fluc-
tuations, " the latter ones arising from the ex-
change of nucleons between the two colliding nu-
clei. This microscopic flux of nucleons, responsi-
ble for the observed charge and mass transfer,
can also account for a considerable fraction of the
observed energy loss because of the momentum
transfer" by the nucleons crossing the boundary
between the moving heavy ions.

The dissipation of kinetic energy by this mech-
anism may be described by a friction force F,
which in a classical model can be written as

F =J(28„e„+Ste(), (4.1)

where u„and u, are the radial and tangential com-
ponents of the relative volocity u of the two collid-
ing nuclei, and j is the one-sided mass flux of ex-
changed nucleons. For a completely open window
of area A permitting an unrestricted flux of par-
ticles, j is given by j=n A, where ~ =pv/4 is the
static one-sided bulk flux, v is the average volocity
of nucleons, and p is the mass density of nuclear
matter. Here and in the following paragraphs it is
assumed that the magnitude of u is small compared
with v.



BOMBARDING-ENERGY DEPENDENCE OF THE. . .

TABLE IV. Bi + Xe at Ez, ——940 MeV (E, ~ = 569 MeV). The first E window is 23 MeV
wide, all others 26 MeV. The variance oz is corrected for the experimental & resolution.
The total cross section accounted for amounts to 1.96 b. e~ is the angle where do/dO, ~
has its maximum in the c.m. system for each & bin.

Bin
no.

(E)
MeV MeV Oz

2 &z&

d(r/dE
mb/Me V

~m~
deg

12
11
10

9

7

5

2
1

558
533
507
481
455
429
403
377
351
325
299
273

12
35
61
87

113
139
165
191
217
243
269
295

0.4+ 0.2
1.2+ 0.3
2.3 + 0.4
3.6 + 0.4
5.7+ 0.8
9.7 + 1.5

13.0+ 2.5
19.9 + 3.3
29 +7
39 + 15

54 + 0.1
54.3 + 0.3
54.5+ 0.5
55.1 + 0.5
55.6 + 0.7
55.9 + 0.7
56.0 + 1.0
56.3+ 1.0
56.8+ 1.0
57.0 + 1.5

14.2
10.4
7.1
6.1
6.3
7.2
7.8
7.1
5.2
3.1
1.7
0.9

64
64
66
67
68
69
70
72
72
76
76

The exchange of nucleons gives rise to a finite
width of the mass and charge distribution due to the
statistical nature of this exchange. The random-
walk theory relates the variance o„' of the mass
distribution to the total number N of exchanged nu-
cleons by

I I

Xe

o~ =N, (4.2)

where N is given by the time integral of the total
particle flux (left and right) 2j/m integrated over
the interaction time 7 associated with the collision.

'
In the same way, the total energy loss is given by
a time integral of the kinetic energy-loss rate

dT jdt:-

300—

EL 1130 MeV ' dT
E)pgg =—

0
(4.3)

E~m- Vc
~

~

L
——940 MeV

&o98i + ~38Xe EL = 940 MeV
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4.

)L )g

E(MeV)
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558
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2
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FIG. 13.Experimental correlation between &~~ and
the variance 0 z of the fragment charge distribution for
two bombarding energies. The insert shows the same
data on a larger scale.

I

50
I I

60 70

0, (deg)

I

80 90

FIG. 14. The width (FWHM) of the fragment Z dis-
tribution is plotted versus the reaction angle for vari-
ous bins of the total kinetic energy. The horizontal
lines represent fits to the angle-integrated Z distribu-
tions as shown in Table IV.
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where the mass and charge variances have been
related by
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(4.7)

H ere, g- = 1 and ~ = 2 represent the extre me as-
sumptions of totally uncorrelated and totaHy cor-
related proton and neutron exchange, " respective-
ly. 'These terms refer to the distribution of reac-
tion products in the Ã-g plane. The contour lines
of constant cross section are circles in the former
and straight lines in the latter case.

The solution of the differential equation (4.6) is
given by

\e ee en»
w

500—
bC

400—

300 aZ= -9
~ we a

e

500—

400—

2=44-46

—0.02~ 005

2=41-43

I
~oar o «a+ 2=62-64

tLZ= +9
I I

0.03
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mace«e e
I

2 =65-67

0.03

~0.00~

300—
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l
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&2=+12
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with

=F(t) u(t) =j(t)(2u„'+ u,'),

FIG. 15. Triple-differential cross sections
d3g/dZd&dE plotted as contour diagrams with the atomic
number of the fragment as parameter. 4Z =Z —54 is the
difference bebveen the centroid of each Z bin and the
atomic number of Xenon.

m~A"
ln(T /T) = —

j
—cr

p, (Z (4.8)

where T, =E, —V, and T =E, —V, -E„„,are the
kinetic energies in the entrance and exit channels.
'Thus this model predicts a linear relationship be-
tween ln(T, /T) and gss, with a slope given by (m/
,LL)(A/Z)". In Fig. 16 the experimental data. are
shown for the reaction at 940 and 1130MeV. It is
seen that the data indeed follow straight lines for
both bombarding energies and not too high energy
losses. This experimental observation may be re-
garded-as an indication for energy dissipation and
the proton exchange to be of statistical nature and
to occur on the same time scale. The above simple
classical model, however, fails to explain the ob-
served bombarding-energy dependence of the slope,
and the value for the slope as given by Eq. (4.8) is
too small compared to the experimental results,
as can be seen from Table V. It has been sug-

where T = —,
'

p, u' is the instantaneous kinetic energy
of the relative motion of the nuclei in the center-
of-mass system and F(t) is the friction force de-
fined in Eq. (4.1}. For peripheral reactions the
radial component of the velocity u is much smaller
than the tangential component. Thus one may ne-
glect u„and write

(4.4)

Differentiating Eq. (4.2) with respect to t gives

2

1

0 MeV

m A"
lope = ——

Z

dN do„' 2j(t)
dt dt m

(4.5)
0

10
2

Gz

I

20

dT(t) m, m A 'l'
do~ = —

~

dosT(t) p,
"

ILL &)
(4.6}

Thus one can express 4't in terms of do„', as has
been suggested by Schroder eg al. '

Inserting Eq. (4.5) into Eq. (4.4) results in the
differential equation

FIG. 16. The variance 0.
& of the charge distribution

is plotted versus the logarithm of the ratio To/T of the
available kinetic energy in the entrance and exit chan-
nel. The slope of the resulting linear dependence is a,

measure for the contribution of the. momentum transfer
by nucleon exchange to the total observed kinetic en-
ergy loss.
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1 ab

(MeV)

Experimental
slope

{see Fig. 16)

C1ass ical Quanta1,

slope slope
x=1 x=2 - x=1 x= 2

TABLE V. Comparison of experimenta1 and theoreti-
cal slopes (m/p) Q/&)"& from the linear relation of
ln(T/T0) vs Og for the 2 SBi+ Xe reaction at bombard-
ing energies of 940 and 1130 MeV. This slope is a mea-
sure of the fraction of energy loss associated with nu-
cleon exchange. The quantity p, /m is the reduced mass
number of the dinuc1ear system To —E, ~ —V~ and T
=E, Vc E& . The values of x=1 and x=2 repre-
sent extreme assumptions of uncorrelated and corre-
lated proton and neutron exchange, respectively. For
the classical model o'= 1 I.see Eq. (4.8)]. For the quan-
tal model {see text) o' is calcuIated approximately by
Eq. (4.9}and a1ways has a numerical value larger than
one.

MeV, in accordance with experiment. A more
quantitative comparison of the quantal theory with'

experimental data has to await a complete dyna-
mical calculation taking into account the velocity-
dependent blocking and has, in addition, to account
for the correlation between neutron and proton ex-
change.

An estimation of the reduction of the flux, how-

ever, can be made by considering the displacement
of two Fermi spheres of equal radius k~ by the
momentum 0, corresponding to the relative motion
of the two nuclei. If one a.ssumes k~ »k, a simple
geometrical calculation of the ratio e of the total
volume occupied by nucleons in 4 space to that
where the two spheres do not overlap yields the
relation

940
1130

0.25
0.11

0.03
0.03

0.08 0.09
0.08 0.07

0.23
0.17

j./2

3 k 3 m(E~ —V) (4.9)

gested by Randrup 8 and Schroder et a). ' that
the effect of the Pauli principle plays an important
role in the calculation of nucleon exchange. Only
those nucleons close to the Fermi surface can par-
ticipate in the exchange, and thus the flux of nu-

cleons through the window is reduced by a factor
I/e as compared to the classical value. Accord-
ingly, the variance o~' of the mass distribution,
which is given by Eq. (4.2), is reduced by the Pauli
principle. It can be proven, 2' however, that the
total energy-loss rate is not affected by the reduc-
tion of the flux, since each transferred nucleon
carries on the average a larger amount of momen-
tum than in the classical case, since only fast nu-

cleons close to the Fermi surface can be ex-
changed. It has been shown' that drift coefficients
including both the rate of energy loss and the net
mass transfer are not affected by the inclusion of
the Pauli principle in a theory which is based on

one-body transition operators.
Since the quantum-mechanical treatment leads to

a variance o„' that is smaller than the value ex-
pected classically, but does not affect the energy-
loss rate, the classical expression for the slope
ha.s to be multiplied with the factor e to account
for the quantum-mechanical. reduction of the nu-

cleon flux. Moreover, the importance of the Pauli
blocking is expected to depend strongly on the rel-
ative velocity of the two ions, since the relative
momentum displaces the Fermi momentum spheres
of the two nuclei in Q space and opens up otherwise
inaccessible parts of the phase space, thus reduc-
ing the impact of the Pauli principle on the mass
dispersion for higher bombarding energies.

herefore, the slope for a bombarding energy of
1130 MeV is predicted to be smaller than for 940

Here T~=37 MeV is the Fermi kinetic energy in
nuclear matter and p, /m is the reduced mass num-
ber of the dinuclear system. Since nucleon ex-
change is restricted to those parts of phase space
where the two Fermi spheres do not overlap, Eq.
(4.9) gives approximately the reduction of the flux
from its classical value and, therefore, also the
increase of the slope as compared to Eq. (4.8). In-
serting the parameters from 'Table I for the 940
and 1130MeV experiments into Eq. (4.9), one ob-
tains theoretical values of e =3.0 and 2.3, respec-
tively. In Table V, the experimental values for the
slopes are compared to the predicted ones, as-
suming either totally correlated or uncorrelated
nucleon exchange. It can be seen from this corn-
parison that the assumption of correlated nucleon
exchange [i.e. , o„'= (A/g) 'g~'] and introduction of
Pauli blocking leads to a reasonable agreement
with the experimental data. This simple calcula-
tion of the blocking, however, leads to a bombard-
ing-energy dependence of e that is too weak com-
pared to the data. For a more realistic calcula-
tion, such effects as the variation of the wave num-
ber along a trajectory, the influence of a nonzero
nuclear. temperature and of the driving forces in
the A-g plane have to be included. It was the aim
of this discussion, however, to demonstrate that
the experimental data indicate the importance of
Pauli blocking in nucleon exchange processes. "
In addition, it should be pointed out that further
simultaneous measurements of the mass and
charge distributions would be very helpful to dis-
entangle the effects of the proton-neutron correla-
tions from those due to the Pauli blocking on the
function o~'(E„„). Only then will it be possible to
decide whether the nucleon exchange process alone
can account for the large energy losses observed
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or if additional energy dissipation mechanisms
such as shape degrees of freedom have to be in-
cluded. A recent experimental study" of the reac-
tion "'Pb+"'Xe at a very low bombarding energy
(E, —P', =40 MeV) indicates that for this system
the correlation between p„' and oz' is given by the
correlated limit (~=2). If this result holds also
for the system ' 'Bi+ "Xe at the higher bombard-
ing energies studied here, then most of the ob-
served energy loss up to 150 MeV can be accounted
for by the nucleon exchange mechanism. This
point will be further discussed in Sec. IVC.

B. Angular momentum decomposition

400-

300-

0~ 200-

IOO-

2o9Bi + ~36Xe
~ EL =1130MeV

D EL = 940MeV

—= mp. '(2l+1)T
dl

(4.10)

between cross section and angular momentum, a
one-to-one relationship between the experimental
energy-loss spectrum do/dE„„and do/dl can be
established. " The transmission coefficients T,
may be taken either from the sharp-cutoff model
or the optical-model fit to the elastic scattering
data. In the following analysis the latter were
taken. The results of this analysis are shown in

Pig. 17 and the first three columns in Table VI.
As can be seen, there is a nearly linear relation-
ship between ) and E„„for both bombarding ener-
gies.

The above I scale is used in conjunction with the
angle 8, giving the location of the cross-section

A procedure described in Ref. 1 was used to ex-
tract an angular momentum scale from the data.
For this purpose, a monotonic relationship between
the angular momentum in the entrance channel and

the total kinetic energy loss was assumed, neglect-
ing fluctuations predicted" to be of particular im-
portance for central collisions. Using the relation

100 200 300 400
i;(~)

500

FIG. 17. Correlation between the angular momentum
in the entrance channel and the loss of total kinetic en-
ergy. The decomposition of the cross section into par-
tial waves assumed a monotonic relation between an-
gular momentum and kinetic energy loss.

maximum (cf. Table IV), to construct an experi-
mental deflection function 8(f). The results for the
two bombarding energies are shown in Fig. 18. As
was already obvious from the Wilczynski plot, the
ridge of maximum cross section for the 940-MeV
data moves to larger scattering angles with de-
creasing impact parameter, qualitatively similar
to a Coulomb deflection function. However, there
is still a considerable angle &(9, by which the
double-nucleus system rotates to forward angles
before it breaks apart, '4 as can be seen from a
comparison with the sum 6)' of the Coulomb deflec-
tion angles in entrance and exit channels. Details
of the calculation ean be found in Refs. 1 and 25.
The labels NS and S indicate the extreme cases of

TABLE VI. The results of the angular momentum decomposition.

Bin no.
(E )
MeV

Nonsticking model
(I; ) 2 8 Dz
I deg 10- sec 1p ~ sec-1

Sticking model
(l~) 68 7' Dz

«g 10 sec 10 sec ~

12
11
10
9
8

6
5
4
3
2
1

12
35
61
87

113
139
165
191
217
243
269
295

376 7.5
340 13.6
314 16.8
294 20.3
273 24.4
249 29.4
219 36.5
184 46.9
150 60.6
122 66.4
102 73.3
-90

1.2
2.4
3.1
4.0
5.2
6.9
9.8

14.9
23.7
31.9
42.1

0.17
0.26
0.37
p,44
0.54
0.70
0.67
0.67
0.61
0.61

288 14.9
261 21.2
241 24.4
225 27.9
209 31.8
191 36.6
168 43.1
141 52.9
115 65.7
94 70.6
78 76.8
69

3.8
6.0
7.5
9,1

11.2
14.2
19.0
27.7
42.2
55.8
72.6

0.05
0.10
0.15
0.20
0.25
0.34
0.34
0.36
0.34
0.35
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FIG. 18. The average experimental deflection func-
tions for 940 and 1130 MeV is compared to the sum of
the Coulomb deflections in the entrance and exit channels
for the nonsticking and sticking models at 940-MeU
bombarding energy.

a nonsticking and sticking contact of the nuclear
surfaces during the interaction time. In the latter
case 23%%u~ of the angular momentum l, in the en-
trance channel is converted into intrinsic spin of
the colliding nuclei. In the nonsticking case, the
final orbital angular momentum lf is the same as
in the entrance channel. The interaction time is
calculated as

r(l,.) =~e(l, )S(l,.)i@1, (4.11)

and 0 represents the appropriate moment of inertia
for the nonsticking and sticking case, for which the
following values were taken:

2
&Ns P&ut (4.12)

(4.13)

The interaction times thus deduced as a function of
E,. are given in columns five and nine of Table VI.
The results for the nonsticking model are shown
in Fig. 19. At both bombarding energies the inter-
action times increase approximately exponentially
with decreasing orbital momentum. Thus the life-
times can be parametrized as

1.53 &10 "exp(-l, j80) sec, E~ =940 MeV
r(l, ) =

2.18X10 2O exp(-l, /84. 8) sec,

E~ =1130MeV . (4 14)

A s can be seen, the slopes are comparable for both

FIG. 19. The angular momentum dependent interac-
tion times for 940- and 1130-MeV bombarding energy.

bombarding energies, but for a given ),. the inter-
action time is about twice as long for the higher
bombarding energy. For a given impact param-
eter, the interaction times are nearly the same
for both energies.

C. Classical trajectory calculations

The phenomenological analysis presented in the
previous section allowed the extraction of the scat-
tering angle 9, , the total kinetic energy loss
E„„,and the interaction time 7 as functions of the
angular momentum $, The same quantities can be
obtained as the result of classical dynamical cal-
culations. In the following, a model" with four de-
grees of freedom is discussed. 'The time-deperi-
dent distance r of the centers of the spherical nu-
clei, the angle 8 between the line connecting them
and the beam axis, and the angles of rotation I9~

and 8~ of the two spheres were determined by the
following equations of motion:

-~ ~c + pre f„(r)r, -
8'v er

pr'e =I,= 1)-J~-~p
(4.15)

2

f, (r)[c,(e, —e)+c~(e, —e)],
+Ca

2i =-c,
l I fe(r)[c (e —e)+c (e e)). —
AC~+ C~)
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Here l;, Jz, , and J~ are the orbital angular momen-
ta in the entrance channel and the spins of the tar-
get and projectile, respectively. The quantities p,
C~, and Cp are the reduced mass of the system and

the radii of projectile and target, as taken from
Myers' systematics. " In order to solve the above
equation, the Coulomb potential P~, the nuclear
potential V„, the radial friction form factor f„(r),
and the tangential friction form factor fz(r) have to
be specified. The Coulomb potential proposed by
Bondorf, Sobel, and Sperber' for heavy ions was
taken for all calculations. For the nuclear poten-
tial, the proximity potential, ' a modified version
of the proximity potential, ' and the Krappe-Nix
potential" were chosen. In the modified version of
the proximity potential derived from the consider-
ation that the maximum nuclear density is limited
to the nuclear bulk value, the repulsive hard core
of the normal proximity potential is absent. The
proximity potentials were used in conjunction with
the proximity friction force given by Randrup, "
which is essentially due to the mechanism de-
scribed in Eq. (4.1). The Gross friction force"
with radial and tangential strength parameters of
k„=2.5&&10 and j'j, =10 ' sec fm'MeV ' was used
in connection with the Krappe-Mix potential.

Figure 20 shows the results of the classical cal-
culations solving Eqs. (4.15) in comparison with the
data (full symbols) obtained from the partial-wave
analysis. The lowest part of Fig. 20 depicts the
deflection function. The general trend of a Cou-
lomb-dominated behavior is reproduced about cor-
rectly, but the theoretical calculations show too
much structure due to the Coulomb and nuclear
rainbows, and the modified proximity potential
leads. to fusion for l,. ( 150, which appears to be
unphysical.

The uppermost part of Fig. 20 shows the inter-
action times as a function of $, . Here the interac-
tion time in the calculation is defined as that period
of time where the distance between the centers of
the two is smaller than the interaction radius. The
calculations using the soft proximity and the Krap-
pe-Nix potentials qualitatively reproduce the re-
sults of the phenomenological analysis, whereas
the hard core of the standard proximity potentials
yields much shorter interaction times for $,.& 250.

The middle part of Fig. 20 shows E„„asa func-
tion of ),. It is obvious that all three calculations
fail to reproduce the large energy losses ob-
served. To a large extent this is due to the fact
that no shape degrees of freedom were incorpor-
ated into the calculations, so that the available en-
ergy above the Coulomb barrier is an upper limit
for the energy which can be dissipated. The im-
portance of deformations is demonstrated by the
fact that events with a total kinetic energy as low

30
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FIG. 20. The experimentally deduced deflection func-

tion, total kinetic energy loss, and interaction time as
a function of the angular momentum are compared to
classical trajectory calculations, using potential and
friction form factors as indicated. No deformations
are taker. into account.

as 270 MeV have been observed. This energy cor-
responds to the Coulomb repulsion of two spherical
Bi and Xe ions 23.6 fm apart and is close to the
lowest E value (280 MeV) observed at 1130 MeV
bombarding energy and comparable to the pre-
dicted" mean kinetic energy (300 MeV) released
by fission of a fictitious compound system lXe
+Bi}. This may indicate that the highest energy
losses occurring in a strongly damped collision
are not determined by the details of the reaction
mechanism, but by the same properties of nuclear
matter which govern the snapping of the neck in
fission.

The importance of surface degrees of freedom
(vibrations" or forming of a neck") is less obvious
for more peripheral collisions. Figure 20 shows
that calculations for spherical ions underestimate
the energy loss as compared with phenomenological
analyses for all $ values. Inclusion of a neck de-
gree of freedom strongly enhances the energy loss
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even for large impact parameters, but it appears
premature to conclude from this comparison that
deformations are important for peripheral colli-
sions.

209Bi + ~36Xe
~ EL =&'t30 MeV

& EL = 940 MeV

D. Transport coefficients derived from the
phenomenological model

In the framework of a diffusion model, " the time
evolution of an observable g such as the charge
transfer ~Z =Z —Z0 in the reaction is governed by
the Fokker-Planck equation

1.0—
I

U
Q
O)

N~ 0.5-

(4.16)

where v„and D, are the drift and diffusion coeffic-
ient, respectively. For constant transport coeffic-
ients the solution of Eq. (4.16) is a Gaussian

~(x, t} = (4zD„~) '~' exp[-(z- v.t)'/(4D. t)],
(4.17)

where the variance and the centroid of the distri-
bution are given by 0„'=2&)„tand @0=v„t, respec-
tively. As discussed in Sec. IVA, however, there
is no reason to expect the transport coefficients to
be time independent, since the exchange of nucle-
ons certainly depends strongly on the relative di:s-
tance between the two nuclei. 'Time-dependent
transport coefficients still lead to Gaussian solu-
tions, however, if they do not depend explicitly on
the variable g. The experimental Gaussian shape
of the Z distributions shown in Fig. 12 indicates,
therefore, only that the charge drift coefficient v,
and the diffusion coefficient Dz are very weakly
dependent on the fragment charge Z. The experi-
mentally measured variance can then be written as

T

oz =2 Dz(t)dt= 2Dz7'
0

(4.18)

where a time-averaged diffusion coefficient Dg has
been defined by introducing the interaction time v.
Since the latter has been extracted from the data
using the phenomenological procedure described
in Sec. IVB, it is possible to determine the experi-
mental value of the time-averaged diffusion coef-
ficient Dz. Since the interaction time 7 as well as
the width Oz' are strongly dependent on the impact
parameter, it is expected that these diffusion coef-
ficients are functions of the angular momentum in
the entrance channel: Dz=Dz(&, ). Assuming the
nonsticking model for the derivation of the interac-
tion times, the two curves shown in Fig. 21 aPe
obtained using Eq. (4.18). For both bombarding
energies, the diffusion coefficient rises quickly

0
0

I

0.2 0.6

x;ixg
0.8 ].0

FIG. 21. Average proton number diffusion coefficients
g)z(l~) as a function of the angular momentum for two
bombarding energies. The curves are to guide the eye.

az ~z& 1 &
( )

az 2Dz 7 2& 8Z
(4.19)

The model-independent experimental ratio d,Z/oz'

with decreasing l for angular momenta close to the
grazing l, but reaches a plateau for intermediate
and low l values. As has been pointed out in Ref.
1, this behavior might be attributed to the presence
of the conservative and radial friction forces,
which limit the interpenetration depth of the two
colliding ions over a wide range of l values. Thus
the size of the window between the ions which lar-
gely determines the flux of nucleons and hence the
diffusion coefficient remains rather constant for
l «.'7l, .

The saturation values of the diffusion coefficients
are 1.1&&10' sec ' and 0.6&10" sec ' for the

high and low bombarding energy, respectively. It
is not surprising that for the lower energy Dz is
smaller, since the Pauli blocking of nucleon ex-
change is more effective and, in addition, the tra-
jectories for a given impact parameter penetrate
less deeply, thus reducing the size of the window
for nucleon exchange.

An inspection of Fig. 12 shows that the centroids
of the charge distributions drift slightly towards
symmetry with increasing energy loss. Drift and
diffusion coefficients are related by the Einstein
relation to the driving force s U/BZ and the nuclear
temperature 9:
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is approximately constant and equal to 0.21 +0.1
for energy losses up to 120 MeV and decreases
steadily beyond 120 MeV. If the temperature V is
given by the intrinsic temperature of the nucleus, "
which is related, in a Fermi gas model, to the tot-
al excitation energy E* by

aV' =a* =E (4.20)

83 A'a2q*= (y2 y')=
2m ' ~ m

(4.21)

The ratio of the volume of this shell to the total
volume is equated to 1/n, where a is determined
by Eq. (4.9), giving

4nk 'zk 3
4vk~'/3 2 k~

(4.22)

and yielding ah= —,
' k. Inserting Ak into Eq. (4.21)

defines an "effective temperature" V'* for intrin-
sically cold nuclei colliding with a relative momen-
tum jp per nucleon:

where p is the level density parameter of the com-
bined system, then the magnitude of the right hand

side of Eq. (4.19) is large for grazing collisions,
which are characterized by a small loss of kinetic
energy provided the driving force is not too small.
'Therefore, a very fast, nondiffusive energy-loss
mechanism has been postulated" which would heat
the system to a high temperature before the diffu-
sion starts and thus explain the experimentally ob-
served small drift.

The inclusion of the Pauli principle in the de-
scription of the nucleon exchange processes, how-
ever, gives a better account of the experimental
ratios AZ/oz', without the necessity to introduce
additional dissipation mechanisms. The quantum-
mechanical treatment'0 reveals that the quantity E
entering in Eq. (4.19) is merely a measure of the
phase space available for nucleon exchange and

equal to the nuclear temperature only in a certain
limit. As has been discussed in Sec. IVA, the rel-
ative motion of the colliding nuclei opens other-
wise inaccessible parts of the phase space and

has, therefore, similar effects as a nonzero tem-
perature. To estimate which intrinsic temperature

is equivalent to a given relative momentum A. ,
one may assume that a spherical shell of thickness
2V'* and mean radius kz with Tz =h'kz'/2 m con-
tributes to nucleon exchange between two hot nu-
clei at rest. This shell has a thickness zA =k, —k,
in 4' space related to 27* by

sions. A calculation using the model by Randrup"
leads to the same value.

In order to compare this result with the experi-
ment, it is necessary to obtain an estimate of the
static driving force s U/sZ I.t can be calculated
for spherical nuclei approximately from the liquid-
drop masses of the two fragments and the Coulomb,
centrifugal, and nuclear potentials. Evaluating the
total potential at the strong-absorption radius for
grazing collisions yields a driving force of about
—1 MeV/Z unit, depending somewhat on the details
of the calculation. Inserting this value and the ef-
fective temperature into Eq. (4.19), one obtains a
theoretical value of 0.14 for sZ/o~'. This value is
in qualitative agreement with the experiment;
therefore, the inclusion of the Pauli principle
readily explains the low value of the drift measured
in these experiments without the necessity of in-
troducing an additional energy loss mechanism.

It should be noted that nucleon exchange is a fast
mechanism in the sense that most of the energy
loss associated with nuc1eon exchange happens dur-
ing the approach phase of the reaction, where the
relative momentum P is high and therefore the en-
ergy-loss rate is large. Thus there is less of a
qualitative discrepancy between models with high
initial energy loss, such as the one proposed by
Gross eg gI. ,

" and the diffusion model than is fre-
quently assumed.

V. YIELD OF SUBSEQUENT FISSION

As has been discussed in Sec. IIIC, there is
evidence for sequentia1. fission of the excited Bi-
like fragments in approximately 3(Pjp (f=0.30) of
all nonelastic events. In the following section, a
simple formalism will be discussed which allows
this fraction to be calculated using known fission
properties of heavy elements. The basis of the
formalism is a study of the energy dependence of
the ratio of neutron to fission width, I'„/I'/. As-
suming the evaporation model description for I „
and the Bohr-Wheeler formula for I'&,"and adopt-
ing a Fermi gas expression for the level densities
entering these models, one obtains the following
expression for the excitation energy dependence of
I „/I/:

I'„4A'/'a (&*—8 )
(2g 1/2 (Eg E )1/2 1 )

y exp[2g 1/2(Eg g )I/2

1/2(Eg E )1/2]

Inserting the parameters of Table I yields an ef-
fective temperature of 4.1 MeV for the present ex-
periment (940 MeV) in the limit of grazing colli-

where ko =@2/2mro'= 9.8 MeV, B„is the neutron
binding energy, E& is the effective fission barrier,
a„ the level density parameter at equilibrium, and

g& is the leve. l density parameter at the saddle
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808 —8.9*Z MeV, Z & 91
E+(z) =

6 MeV, Z~ 91. (5.2)

The filled rhomboids indicate measured values for
E „;,.' " It can be seen that there is good agree-
ment between the existi:ng measurements and the
extrapolations. In deducing Eq. (5.2) the depen-
dence of E*„onA has been removed by averaging
over the broad isotropic distribution of a given ele-
ment produced in a strongly damped collision.

The effect of angular momentum on the fission
probability can be taken into account by renormal-
izing the values of E*„(Z)for the angular-momen-
tum-dependent fission barrier and neutron binding
energy. " Hence, the inclusion of a nuclear angular
momentum J leads to a modification of Eq. (5.2),
where the critical energy E~ now depends on both
Z and J.

E,*, (Z)(1 —J'/6400), J ~ 8(a
E*„(z,J) =

0, J&89' .
(5.3)

point. Using a compilation" of values for p„, Ez,
and a„/a& as measured for low excitation energies
E* for 15 nuclei between Lu and U, it is possible to
extrapolate I'„/I"& to the high excitation energies
observed in strongly damped collisions.

Since I'~/I'„shows a very steep, exponential de-
pendence on the excitation energy, it is possible to
associate with the condition I'„=I'z a critical ex-
citation energy E*„, constituting a rather sharp
boundary between the regimes of deexcitation by
neutron emission and by fission. In Fig. 22 calcu-
lated values of E*„are plotted as open circles ver-
sus the atomic number Z. An approximately linear
relationship between E*„and Z results, given by

Alternatively, Eq. (5.3) can be interpreted as a
definition of a critical atomic number Z„(E,J) for
each given excitation energy and spin, such that all
elements with Z &Z„decay by fission.

From the measured charge distribution of the
Xe-like fragments the distribution of the heavy
fragments can easily be deduced assuming that
charged-particle evaporation is not an important
process. 'Thus the centroid of the heavy fragment-
Z distribution is given by

& z)„=z,+z~-(z)~ (5 4)

&oz(E*)
&osF «*)-, (E,)~2„

~-Iz- «) (E*)t'
„(z*) 2oz

(5.5)

and the variances o~'- corresponding to heavy and
light fragments are equal.

In addition, assuming a model for the relation
between E„„and the amount of angular momentum
transferred into intrinsic spin —such as the non-
sticking or sticking models —the two-dimensional
surface Z (E*,J) can be reduced to a one-dimen-
sional function Z„(E*). The excitation energy E*
can be obtained from E„„,since the division of the
available excitation energy occurs approximately
proportional to the masses of the fragments. "'"
For a Gaussian charge distribution, the cross sec-
tion oz„(E*)for sequential fission can then be cal-
culated by integrating the charge distribution from
Z„(E*)upwards:

I

150—

100-

I g I I 1 I I I I 1 l I I I I I 1 I I 1 I I

180 o
FISSION

Ecr)t(Z) = 808 —8,9 Z (J = 0)I
~

In Eq. (5.5) Zo„(E*) is the reaction cross section
for a particular E bin. The total probability f for
sequential fission is obtained by summing ~o» for
all excitation energies. The results are compiled
in Table VII for the nonsticking raodel and for a
more realistic J distribution where J(l,) was para-
metrized by

50-
201

I

Tl

O EXTQAPOLATION
+EXPERIMENT

J($,.) =Jo(I, ) I 1+ exp l; —l (5.6)

NO FISSION

I I I I I I I I I I 1 i I I I i I I I I I I I I

75 80 85 90 95

TABLE VII. Probability f =08F/0~ for sequential fis-
sion of the heavy (Bi-like) fragments.

Z (ATOMIC NUMBER)

FIG. 22. A systematic relationship between the atom-
ic number Z and excitation energy E~, where fission
width I& and neutron width l„are equal. The straight
line is a fit to the data and separates the X-E* plane
into the domains of deexcitation by neutron emission
and by fission, respectively.

Bombarding energy Q/leV}

Experiment
NS model
Realistic J distribution
NS model and charged

particle eva, poration

940

0.30 + 0.15
0.32
0.37
0.27

1130

0.53



W. %. WI LCKE et al. 22

(5.7) 10—

2098j + 136Xe

EL = 940 MeV ~ NS —MODEL

-g- SPIN TRANSFER

drr IdER

Here, Jo is the spin transfer to the heavy fragment
in the sticking limit, and values of $, =283 and g
=45 were estimated from Ref. 30.

The effect of charged-particle evaporation wa. s
studied by reducing (Z)„arbitrarily by one Z unit

before integrating Eq. (5.5). It was seen that the
results are not sensitive to the assumptions enter-
ing the calculatiori, and the theoretical values com-
pare favorably with the experimental result. For
the 1130-MeV data sequential fission of the heavy
fragments is predicted to occur with about 5(P/c

probability. In Fig. 23 the cross section do s„/dE&„,
is shown for sequential fission as a function of E„„
for the 940-MeV data as calculated from Eq. (5.5).

VI. CONCLUSIONS

co
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200
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FIG. 23. The calculated cross section der~/dE for
sequential fission of the heavy-Bi-like fragment as a
function of the total kinetic energy loss at 940-MeV bom-
barding energy. The broken curve indicates the total re-
action cross section daz/dE, as deduced from the Xe-
like fragments.

The study of the reaction 0 Bi+~ Xe at a bom-
barding energy of E&,b = 940 MeV allowed, in con-
nection with a previous experiment performed at
E»=1130MeV, a detailed investigation of the bom-
barding-energy dependence of strongly damped re-
actions and, in addition, confirmed conclusions
drawn from the previous experiment. The angular
distribution of the reaction products is character-
istic for a fast peripheral process and is strongly
dominated by the repulsive Coulomb force, al-
though a considerable rotation of the dinuclear sys-
tem is observable.

The element distributions of the reaction products
for different energy losses are Gaussian and con-
sistent with a diffusion model employing diffusion
coefficients that are independent of the atomic num-

ber Z. These diffusion coefficients are dependent
on the impact parameter for grazing collisions and

constant for more central collisions.
The study of the relation between the dissipation

of kinetic energy and the width of the charge dis-
tribution as a function of the bombarding energy in-
dicates that a classical description of nucleon ex-
change is not valid. Instead, consideration of the
blocking of the nuclear orbitals available for nu-
cleon transfer due to the Pauli principle is essen-
tial for an understanding of this relationship as
well as of the ratio between charge drift and diffu-
sion. In a simple model, the degree of blocking is

inversely proportional to the momentum per nucle-
on of the relative motion and thus most effective
for collisions at low bombarding energies. Fur-
ther, more refined dynamical calculations includ-
ing this blocking effect will be necessary to under-
stand quantitatively the experimental results and
to decide whether or not energy dissipation due to
statistical nucleon exchange can account completely
for the large amounts of dissipated energy ob-
served or if additional energy-loss mechanisms
have to be included. Further simu1taneous mea-
surements of mass and Z distributions at different
bombarding ene rgies of s elected system s will be
helpful because of a strong and characteristic vel-
ocity dependence of these processes.
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