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Angular, energy, and Z distributions of projectile-like and fission fragments were measured for
the reaction '

Au+ "V at El,b ——447 MeV. With increasing energy loss, the angular distribution
evolves from a focused to an orbiting type, while the nearly Gaussian Z distributions broaden and
drift to larger asyrnmetries. Extensive phenomenological analyses are presented for the angle-

energy and charge-energy correlations. These data are compared in detail with results obtained
from one-body transport model calculations. The effects of angular-momentum-dependent
kinetic-energy fluctuations and of a reduced strength in the "wall friction" force are approximately
taken into account. Good general agreement between data and model predictions is observed with
friction forces of nominal strengths. The cross section for fusion-fission —like events, somewhat
overestimated by the reaction model, is in reasonable agreement with the systematics provided by
the "extra push" model parametrization.

I. INTRODUCTION

Studies of interactions between complex nuclei at en-

ergies of a few MeV nucleon above the barrier have
yielded' a host of experimental information on the mech-
anism operating in damped or dissipative heavy-ion col-
lisions. However, in spite of a considerable number of
data sets available to date, several rather fundamental
questions in regard to the damped reaction mechanism
have remained open. For example, it has not yet been
possible to distinguish experimentally between different
sets of conservative, dissipative, and inertial forces pro-
posed in the literature. ' Although several dissipative
features observed' ' in damped heavy-ion collisions can
essentially be understood in terms of one-body,
exchange-induced transport, ' ' a possible coexistence
of this mechanism with other stochastic' or collec-
tive modes has not been ruled out by experiments
and continues to present a challenging problem. At least
partially, this deficiency in the current understanding of
damped reaction mechanisms can be attributed to the
lack of systematic comparisons of various reaction mod-
els to a large sample of experimental data. In addition,
comparisons of different data have been made to the
models, e.g., the one-body transport model, at different
stages of implementation. For example, fluctuations oth-
er than those associated with mass and charge asym-
metry are still receiving comparatively little attention in
model calculations, although their influence may be no-
ticeable. In addition, the significance of sugges-
tions ' ' that the classical "wall formula, " as used in
the dynamical transport calculations, represents an un-
realistic overestimate of the true (quantal) one-body dis-
sipation rate, needs to be established.

The main purpose of this work is to report on experi-
mental investigations of damped and fusion-fission —like

Au+ 'V collisions at E& b =447 MeV, and to discuss
the implications of the measured fragment angular, ener-
gy, and charge distributions for the transport mecha-

nisms occurring in such reactions. The present data on
damped ' Au+ 'V collisions will be compared to pre-
viously observed ' systematic trends in experimental
charge-energy correlations and be analyzed in terms of
classical phenomenological models. Extensive dynamical
calculations ' employing the one-body, exchange-
induced transport theory proposed by Randrup' ' have
been performed for the ' Au + 'V reaction. The re-
sults of these calculations and the extent to which they
are able to reproduce the data are discussed further
below.

In particular, it will be shown that, at least in a
simplified treatment, the effects of fluctuations in the to-
tal final kinetic energy associated with a given impact
parameter do not appreciably change the degree of accu-
racy of data reproduction by the model. It is also seen
that a sizable reduction in the effective strength of the
"wall friction" force as suggested in the literature
would not provide an improved model description of ex-
perimental angle-energy and charge-energy correlations
observed for the ' Au+ 'V reaction.

The reaction ' Au+ 'V is an interesting candidate
for a study of nuclear reaction mechanisms, for several
reasons. The system is rather asymmetric, providing the
opportunity to study both the damped and the fusion-
fission —like (FL) processes. The latter reaction type
should occur with sizable probability, according to ob-
servations made ' with other systems. At the bom-
barding energy of E&,b

——447 MeV studied in this work,
however, the damped reaction modes are expected' to
dominate the cross section. As will be explained further
below, the potential energy surface influencing the ex-
change of nucleons between the reaction partners
possesses a shell-related minimum near the initial mass
and charge asymmetries whose effect could be discerni-
ble in the charge distributions of projectile-like reaction
fragments and their development with increasing energy
dissipated in a collision. The extent to which mass and
charge transfer between projectile-like and target-like
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fragments in damped collisions at a few MeV per nu-

cleon above the barrier is determined by such details of
the energetics and the ground-state structure of the in-

volved nuclei can be elucidated by comparing experi-
mental results for the ' Au+ 'V reaction with those
obtained for other asymmetric systems. It is of impor-
tant practical consequence that the present reaction in-
volves a heavy, neutron-rich target. For such systems,
the decay of the primary projectile-like fragments is ex-

pected" ' to leave their atomic numbers essentially
unaffected, while neutron evaporation is always a dom-
inant mode of deexcitation of the primary reaction
fragments leading to sizable alterations in the fragment
mass distributions that are difficult to assess without a
knowledge of the multiplicities of the evaporated parti-
cles.

Section II outlines the experimental procedures em-

ployed in the present study. Results are described in
Sec. III. Interpretations of the data in terms of phenom-
enological models as well as comparisons to dynamical
reaction model calculations are given Sec. IV. Section V
contains a summary.

II. EXPERIMENTAL PROCEDURES
AND DATA ANALYSIS

The experiment was performed at the SuperHILAC
accelerator of the Lawrence Berkeley Laboratory. A
beam of E&,b

——447 MeV 'V projectiles was used to born-
bard a 300 pg/cm thick, self-supporting ' Au target.
Damped projectile-like and fusion-fission fragments were
detected in the laboratory angular range, 10'&8&,b&55',
using a solid-state hE —E telescope consisting of a 10.9
pm thick transmission detector and a 100 pm thick stop
counter. The telescope was protected from 5 electrons
produced by the beam in the target, employing a 0.18
mg/cm Ni-foil and rare-earth deflection magnets. Ap-
plication of a high-voltage potential of ) 15 keV to the
target, however, proved to be the most effective means
to suppress such 5 electrons. Two surface barrier moni-
tor detectors were mounted symmetrically to the beam
direction at a forward angle. They provided relative
normalization of the data taken at different angles and
were used to determine the dead time of counting elec-
tronics and computer, as has been discussed previously.
A standard electronic setup was employed, similar to the
one described in Ref. 2.

Energy calibrations of the telescope were performed
using a ThC a source and a precision pulse generator.
They were checked against the energies measured for
elastically scattered beam particles. Typical resolutions
of 1.5% were obtained for the total energy of elastically
scattered projectiles. The procedure suggested by Moul-
ton et al. ' was employed for correcting the apparent
energies of reactions fragments, measured with the stop
detector, for the pulse-height defect. No such correction
was made for the thin transmission detector.

Conversion of the measured energy loss 4E of a reac-
tion product in the transmission detector to an atomic-
number (Z) scale was accomplished, making use of ex-
perimental energy-loss curves for a similar detector, as

reported by Hoover et al. The mass-to-charge ratio of
the projectile, A~/Z~ =2.22, was used in the Z conver-
sion procedure for all damped, projectile-like fragments.
Z resolutions of approximately 1.4 units were obtained
for such products.

Intensities for elastically scattered events were ob-
tained from the experimental fragment energy spectra by
either integrating the elastic peak directly or by fitting a
standard line shape to the spectra measured for angles
near and beyond the grazing angle. This procedure has
been described previously. ' ' Intensities for fusion-
fission events were determined from the two-dimensional
Z-E plots. These diagrams exhibited a broad intensity
component centered in atomic number close to that cor-
responding to symmetric fragmentations ((Z ) =51) and
at an average laboratory energy of (E)=196 MeV.
Fusion-fission-like events were distinguished from
damped reaction products in a somewhat arbitrary
fashion. A boundary between the two types of reaction
products was defined in atomic numbers, as suggested by
a valley appearing in the experimental Z distributions of
events with relatively high energy losses in the region
Z =35—41. Errors quoted for fusion-fission-like cross
sections were estimated from the accuracy with which
the above valley could be defined. In calculating these
cross sections, account was also taken of the tails of the
fusion-fission distribution corresponding to second
kinematical solutions in calculating these cross sections,
which appear at the lowest measured kinetic energies.

Damped reaction events were defined in accordance
with the results of the fits to the elastic distribution and
with the above definition of fusion-fission-like frag-
ments. The experimental distributions were contaminat-
ed by slit-scattering events, especially at forward angles.
Corresponding corrections were made to subtract these
events from experimental spectra, but resulted in sys-
tematical uncertainties in the derived intensities for frag-
ment atomic numbers in the vicinity of Z =23, which
are difficult to estimate accurately. Consistency checks
between the results for cross sections derived in various
independent ways indicate, however, that the applied
procedures did not lead to significant distortions of the
true fragment distributions, as will be illustrated in Sec.
III. Only the data obtained at the most forward angle of
8&,„——10' are contaminated to an extent that introduces
large errors in the determination of the Z and energy
distributions of damped fragments emitted at this angle.

Experimental Z-E fragment distributions resulting
from the above procedure were then converted into the
center-of-mass system, assuming a common mass-to-
charge ratio of A /Z =2.22 for all fragments. The
change in the average laboratory kinetic energy intro-
duced by the evaporation of neutrons from the primary
reaction fragments has been taken into account in the
transformation, postulating, for the sake of calculating
this correction, an equal partition of the dissipated kinet-
ic energy among all nucleons of the system. Although a
variation with energy loss of the primary 3 /Z value of
fragments has been observed by Breuer et al. in the
case of Fe-induced reactions, this variation is only of
the order of 10% or less, too small to affect the average
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results of the transformation of the present data to a
significant extent. Transformed data for the cross sec-
tion o(Z, O, ,E), obtained as a function of Z of the
projectile-like fragment, its center-of-mass scattering an-
gle 8, , and the final total kinetic energy E in the
center-of-mass system, were stored in a three-
dimensional array. Various projections and subdivisions
of these data are discussed in Sec. III.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Elastic scattering

Although the process of elastic scattering of two com-
plex nuclei is of considerable theoretical interest for a
determination of nucleus-nucleus interaction potentials
and the evaluation of the validity of various semiclassical
pictures of the scattering process (see, e.g., Ref. 1), it is
investigated for the present ' Au + 'V reaction only in
a cursory fashion, with the aim of deriving independent
estimates of the total reaction cross section and of relat-
ed quantities. The total reaction cross Oz can be writ-
ten as a sum over partial waves 1, i.e.,

oa ——mK g(2l+1)T( .
I

(3.1)

Here, the quantity K is the deBroglie wave length for the
relative motion, and TI denotes the transmission
coefficient describing absorption out of the elastic chan-
nel. The Fresnel model and its extension have
been found' to give generally a good account of elastic-
scattering angular distributions for heavy systems. In its

simplest version, the Fresnel model is based on a sharp-
cutoff model for the transmission coefficients TI, where

TI ——1 for 1 values smaller than the grazing angular
momentum lg, and TI ——0 for larger 1 values. For the
generalized Fresnel model, a smooth transition is as-
sumed for the transmission coefficients, varying from
TI ——1 to TI ——0 over a region in 1 space around 1 =lg,
characterized by a width parameter 51. In this general-
ized model,

'2

W=[(l + —,')/(m sinO, q4)]'~
~

8—8)g4 ~

(3.4)

The function F appearing in Eq. (3.3),

F[bi (8&&4—8)]=mbl(8&&4 —8)/sinh[mhl(8&&4 —8)],
(3.5)

~ s~ =
k [+csc(

2 8& y4) l
1 (3.6)

which represents the distance of closest approach for
such a trajectory. In Eq. (3.6) the quantities g and k
stand for the Sommerfeld parameter and the inverse
wave number, respectively.

Experimental results for the differential elastic scatter-
ing cross section, normalized to the calculated Ruther-
ford cross section, are represented as circles in Fig. 1,
plotted on logarithmic scale versus center-of-mass
scattering angle 8, . One observes an angular distribu-
tion typical of a heavy system. At forward angles, up to
about 8, =40', there is little deviation of the experi-
mental elastic cross section from the Rutherford formu-
la, while the experimental cross section drops very rapid-
ly at larger angles corresponding to smaller distances of
closest approach. From interpolation of the experimen-
tal angular distribution, one obtains a quarter-point an-
gle of 8,&4

——44. 5' in the center-of-mass system, corre-
sponding to a strong-absorption radius of Rs~ ——13.4 fm.
These values, which agree well with the systematics' es-
tablished for other reactions, are included in Table I, in

IO

represents the Fourier transform of the elastic reflection
function.

The angle 8,&4 appearing in the above equations is
termed "quarter-point angle, " since for 8=8,&4, do„/
d cr R„,h ——4. Assuming a Coulomb trajectory for a
grazing-type collision leading to a scattering angle of
8= 8& &4, this angle can be related to the characteristic
strong-absorption or interaction radius

cr„=~K (l, +-,') 1+2
g+2 g+2

(3.2)
I.O—

The angular distribution der, ~/dQ of the differential
elastic-scattering cross section, given relative to the
Rutherford cross section doR„,h/dQ, can be expressed
as

do, )(8}
do R„th(8)

=-,' I [-,' —S( W)]'+ [—,
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In Eq. (3.3), the quantities S and C denote the Fresnel
sine and cosine integrals, respectively, to be taken for the
argument

FIG. 1. Experimental ratio der, &/dcrR„, h of the elastic to
Rutherford cross section is plotted vs center-of-mass scattering
angle. The curves drawn through the data correspond to cal-
culations using the generalized Fresnel model for widths in an-
gular momentum space of 51 =0 (dotted-dashed), Al =7
(solid), and 51 =15 (dashed).
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TABLE I. Reaction parameters for the system ' Au+ "V
at Elab 447 MeV.

E»b

E,
Ol /4(lab)

0]/4(c. m. )

JM(red. mass)

E„(wave number)

g(Coul. param. )

R sA (Fresnel)

l~(Fresnel)

o & (Fresnel)

o z (expt. )

Vc(RsA)
EO=E .m.

—Vc(RsA)

[E, —Vc(RsA)]/p
o (FL)

Icrit

IRLDM

E, /Vg

(Z /A), ff

=447+2.9 MeV

=355+2.3 MeV
=35.7'+0. 5'

=44. 5'+0. 5'

=40.51 u

=26.67 fm

=96.36

=13.4+0.2 fm

= (236+3)A
=2.7+0.2 b

=2.8+0.4 b

=195 MeV

=160 MeV
=3.95 MeV/nucleon

=0.61+0.05 b
= (115+8)R
=54k
= 1.84

=35.35

=0.5996

which global reaction parameters of interest for the sys-
tem ' Au+ 'V are collected. Most of the indicated er-
rors have been estimated from uncertainties in the fits of
the elastic cross section.

The experimental angular distribution of the elastic-
scattering cross section is compared in Fig. 1 with the
predictions of the Fresnel model for various width pa-
rameters hl of the transmission function. As can be
seen from this figure, the sharp-cutoff model yielding the
dotted-dashed curve does not reproduce the data well at
backward angles. At forward angles, it leads to oscilla-
tions in cross section not observed in the data. These os-
cillations dampen out when bl is increased to 7 or 15.
The corresponding theoretical angular distributions are
represented in Fig. 1 by the solid and dashed curves, re-
spectively. Obviously, a satisfactory description of the
experimental distribution is obtained for 61=7. Ac-
cording to Eq. (3.2), this width corresponds to a total re-
action cross section of o.z ——2.7 b, in reasonable agree-
ment with the direct integration of the measured reac-
tion products, as discussed below. The range of width
parameters bl found to be compatible with the experi-
mental elastic-scattering angular distribution for the

Au+ 'V reaction is consistent with values obtained
from an analysis of the ' Ho+ Fe reaction. It con-
tributes an error of -+10% to the uncertainty in es-
timating the total reaction section from the Fresnel-
model analysis of elastic scattering of 'V on ' Au at
Eiab =447 MeV.

One should note that, in the above, an operational
definition of the total reaction cross section was ern-
ployed, as given by the adopted method of subdivision of

experimental data into elastic and inelastic events. Obvi-
ously, due to the limited energy resolution of the detec-
tor, it was not possible to isolate ground-state —to-
ground-state transitions and, hence, the events classified
here as elastic include Coulomb and inelastic excitations
associated with relatively small absolute Q values. To
this extent, the figure o.z obtained in this work for the

Au + 'V reaction has to be considered an approxima-
tion to the total reaction cross section which, however,
serves the present purpose well. '

B. Fusion-Sssion-like processes

do (8, )/d 0, cc (sin8, ) (3.7)
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FIG. 2. Differential FL cross section do/dQ, vs center-
of-mass reaction angle 8, . The dashed line represents a
(sin8, ) '-type curve; the dotted-dashed curve reproduces the
angular distribution of FL fragments expected from the statisti-
cal scission model.

Reactions between heavy nuclei resulting in fusion-
fission-like (PL) distributions of symmetric final frag-
mentations and total kinetic energies constitute a topic
of active current research. ' The intermediate com-
posite system produced in such a reaction with consider-
able spins is, according to the rotating-liquid-drop mod-
el (RLDM), inherently unstable against fission. The
limiting angular momentum of stability, beyond which
the RLDM fission barrier for ' Au + "V composite
vanishes, is predicted to be lRzDM

——54%, significantly
lower than the critical angular momentum, l„;,=(111
+8)i)i'derived in this work for the cross section for
fusion-fission-like events. Such events were dis-
tinguished from damped ' Au + 'V collisions, as de-
scribed in Sec. II. In Fig. 2, the angular distribution of
the difFerential cross section der/dQ is plotted versus
center-of-mass reaction angle 8, , as obtained in the
present measurements. The relatively large errors shown
at the data points reflect the systematical uncertainty as-
sociated with the distinction of FL reaction fragments.
The dashed curve representing the functional form
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is observed to yield an excellent reproduction of the ex-
perimental data within the angular range explored in the
measurements.

The theoretical expression of Eq. (3.7) applies to the
classical situation of a fissioning system with a large spin
I, aligned with a plane perpendicular to the beam direc-
tion. ' lt implies that transport mechanisms' '

operating during the collision are not effective t:nough to
yield appreciable fluctuations in the alignment (tilting) of
the fission axis of the intermediate system. The present
measurements have not been carried out to angles for-
ward enough to allow a distinction to be made between
various models of fission fragment angular distributions.
However, it is worth pointing out that the anisotropy of
the angular distribution of fission fragments from the

Au + 'V reaction is considerable and strongly contra-
dicts a picture in which a nearly spherical intermediate
nucleus in statistical equilibrium decays with statistically
oriented fission axes. This is in support of observations
made56, 62 —68 with other heavy systems.

In a more realistic "statistical scission model (SSM)"
approach to FL reactions of heavy systems, Rossner
et al. assume that the angular distributions of FL frag-
ments are determined by statistical fluctuations as they
exist at the instance of scission of the intermediate
double-nucleus system. The predictions of this model,
employing the set of parameters suggested in the study
of Rossner et al. , is represented by the dotted-dashed
curve in Fig. 2. This curve coincides with the 1/sin8, m

distribution, within the measured range.
Extrapolating the measured angular distribution of FL

fragments with the 1/sin8, curve shown in Fig. 2
yields an integrated cross section of cr(FL) =610+50 mb,
included in Table I. This uncertainty encompasses the
cross section suggested by the SSM fit to the data. This
integrated cross section agrees well with the predictions
of parametrizations' of FL excitation functions based
on Swiatecki's ' "extra push" model that yield 660 mb
for this quantity. For orientation, some of the parame-
ters used in this "extra push" calculation are included in
Table I, such as the effective Z /A ratio, the effective
fissility x„and the bombarding energy expressed in units
of the fusion barrier V~. Dynamical calculations de-
scribed in Sec. IV slightly overestimate the FL cross sec-
tion for the present ' Au + 'V reaction by approxi-
mately 100-150 mb.

C. Damped reactions

In the following, properties of damped ' Au + 'V
collisions are discussed, as manifested in angular, energy,
and atomic-number distributions, derived from the mea-
surement of the projectile-like reaction partners. Vari-
ous correlations between experimental observables that
have proven characteristic of the microscopic reaction
mechanisms will also be considered. Interpretations of
the observed features in terms of quantitative models
will be given in Sec. IV.

l. Integral fragment distributions

The laboratory angular distribution of the differential
reaction cross section do. /dO is plotted in Fig. 3 versus
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FIG. 3. Angular distribution do/dQ of the projectile-like
reaction products vs reaction angle 8&,&, excluding fusion-fission
events. The solid line is drawn to guide the eye; the dashed
line represents an estimate of the angular distribution at for-
ward angles.

reaction angle 0&,~, as measured for damped projectile-
like fragments with atomic numbers in the range
6(Z (40, integrated over final total kinetic energy. As
can be observed from this figure, a considerable fraction
of the damped reaction cross section is focused into a
narrow angular range, somewhat forward of the labora-
tory quarter-point angle of 35.7'. This focused com-
ponent is superimposed on a broad, forward-rising cross
section distribution. At the most forward angles, the an-
gular dependence of the cross section is relatively uncer-
tain, due to a large systematical error of the point at
0»& ——10', for which the data were significantly disturbed
by slit-scattering contaminations. A curve is drawn
through the data points in Fig. 3 to guide the eye. Its
dashed part indicates the estimated continuation at for-
ward angles.

The angular distribution shown in Fig. 3 is typical' for
medium-weight systems, where the Coulomb repulsion is
not suSciently strong to dominate the effective interac-
tion potential for all values of initial angular momentum
I. Hence, an l band exists for which the total entrance-
channel potential has a minimum. Apart from a
significant magnitude for the cross section for fusion-like
events, such a property of the effective potential leads
one to expect negative-angle scattering or orbiting to
occur. The actual significance of orbiting-type processes
depends ' on the relative strengths of conservative and
dissipative forces. Hence, the angular distribution ob-
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served for a reaction offers a valuable opportunity to test
friction-type reaction models. From early systematic
studies, ' one expects orbiting to be dominant for a reac-
tion when the modified Sommerfeld parameter

10',
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N
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E
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bD
IO
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0 0
I
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0

I
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0
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FIG. 4. Z distribution of projectile-like fragments, integrat-
ed over the indicated angular and total kinetic energy ranges.

g'=e ZpZr I @I[2k (E, —Vc }]I'~2

assumes values much smaller than g'=150. Here, Zz
and Zz are the atomic numbers of projectile and target,
respectively, p stands for the reduced mass of the sys-
tem, while E, and Vc denote the center-of-mass bom-
barding energy and the Coulomb energy at the strong-
absorption radius, respectively. For the reaction

Au+ 'V studied in this work at E&,&
——447 MeV, the

modified Sommerfeld parameter turns out to be g'=144
and, hence, a strong orbiting component is expected for
this system.

Integrating the curve drawn through the data in Fig.
3, with a linear extrapolation to 0', yields a value of
0& ——2.2+0.4 b for the damped cross section. The con-
siderable error in this value is largely due to the uncer-
tainties of the experimental cross section at 0&,&

——10' and
of its continuation to yet more forward angles. Combin-
ing damped and fusion-fission —like events yields a value
of oz ——2.8+0.4 b for the total reaction cross section
determined by such a direct integration of the corre-
sponding angular distributions. This figure is in reason-
able agreement with the value for the reaction cross sec-
tion deduced from the analysis of elastic scattering dis-
cussed earlier. It lends confidence to the adequacy of
the most important corrections made of the data, since
these corrections have a drastically different effect for
the evaluation of elastic and inelastic events.

The total charge distribution of projectile-like damped
reaction fragments is plotted in Fig. 4 as da /dZ versus
fragment Z, integrated over the measured angular and
final total kinetic energy (E} ranges indicated in the
figure. A concentration of a large fraction of the cross
section is noticeable in the Z distribution about Z values

of 23, the projectile charge, and below. A broad tail of
cross section extends towards the region of symmetric
charge fragmentations. This latter feature is due to the
onset of fusion-fission-like processes and other very
strongly damped events.

The total kinetic energy loss (E„„}distribution, deter-
mined from the measurement of projectile-like frag-
ments, is represented by the histogram displayed in Fig.
5. The data are integrated over the charges of the light
reaction partners in the range 6&Z &40. The dashed
histogram differs from the solid one in that an estimate
has been made for the former distribution with respect
to the contribution of data for angles of 8&,& ——10' and
below, for which experimental results are ambiguous or
lacking. In the energy loss distribution of Fig. 5, one ob-
serves a quasielastic peak at small values of E&„„fol-
lowed by a broad spectrum of damped events that ex-
tends to energy losses significantly higher than the kinet-
ic energy, EO=E, —Vz ——160 MeV, available in the
entrance channel. The cross section is seen to peak ap-
proximately at this energy Eo, which is indicated by the
arrow in Fig. 5. Hence, a substantial fraction of the
products emerge from the ' Au + 'V reaction in a
highly deformed state. Although large amounts of ki-
netic energy can be dissipated in the reaction, the cross
section diminishes rapidly, as final total kinetic energies
characteristic of asymmetric fission are approached.
This feature, which has also been observed' for other
systems, could have its origin in the finite tensile
strength of nuclear matter, precluding deformations of
the intermediate system beyond a certain limit. Typical
large deformations observed for the ' Au+ 'V reaction
correspond to equivalent Coulomb repulsions of spheri-
cal fragments with surface separations of 5-10 fm.
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FIG. 5. Energy loss distributions for the damped events in-
tegrated over fragment angle and charge. The dashed part of
the figure represents the estimated contribution of data for an-
gles 8&,&(10'. The arrow indicates the available kinetic energy
in the entrance channel, Eo =E, —Vc(R sA ).

2. Correlations of experimental obseroables

An overview of pertinent reaction features for the sys-
tem ' Au+ 'V is provided by the Wilczynski diagram

20
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displayed in Fig. 6. Here, the double-differential cross
section d o /dQdE is represented in terms of a contour
diagram, plotted versus center-of-mass reaction angle
8, and the final total kinetic energy E. A ridge of
cross section is observed to develop from the elastic and
quasielastic region near the quarter-point angle, moving
to forward angles, with final kinetic energies approach-
ing the entrance-channel Coulomb barrier Vz. A local
cross section maximum is observed at small angles at
this energy. This maximum could be due to the super-
position of the forward-going cross section ridge and its
continuation on the other side of the beam, which, in the
experimental plot of Fig. 6, is seen to extend towards
large backward angles. The above interpolation in terms
of the orbiting picture appears reasonable' in the light of
results of polarization experiments performed for a num-
ber of projectile-target systems. It is also supported by
the dynamical calculations presented in Sec. IV.

It should be emphasized that the contour diagram
displayed in Fig. 6, as well as others to be discussed
below, have been smoothed somewhat, as there is consid-
erable latitude in the way average contour lines of con-
stant cross section can be drawn. Such diagrams serve
here only illustrative purposes to enhance the average
trends observed in the data.

Angular distributions used to construct the
Wilczynski diagram of Fig. 6 are exhibited in Fig. 7.
Here, the double-differential damped cross sections
d o. /dQdE are plotted versus center-of-mass angle, for
various bins of final total kinetic energy. The central en-
ergies (in MeV) and scaling factors are indicated at the
distributions in Fig. 7. From this figure, one observes
that fragment angular distributions are peaked a few de-
grees forward of the quarter-point angle of
8,&4(c.m. )=44.5. As the energy loss is increased, the
distributions broaden significantly. They approach an
approximately exponential distribution which is most

6, (deg)

FIG. 7. Angular distributions d'o. /dQ, dE as a function
of center-of-mass reaction angle. The energy bins are 20 MeV
wide. The data are integrated over 6(Z (40.

clearly defined for energies smaller than E =210 MeV.
In this respect, even the most strongly damped processes
are clearly distinguished from fusion-fission —like reac-
tion associated with I /sin8, -type angular distribu-
tions.

The phenomenon observed for the angular distribu-
tions in Fig. 7 for large energy losses is typical for an or-
biting situation, as discussed by Bondorf et al. ' These
authors consider the angular distribution associated with
1 waves close to the critical angular momentum for
fusion, I„;,. Here, the deflection function 8(l) exhibits a
logarithmic singularity, corresponding to an exponential
angular distribution of the form

do' d/8~2mk l,„;,exp[(8 —8C)/y] . (3.9)

In Eq. (3.9) the quantity y is a measure of the relative
strength of the frictional force assumed in the model
with respect to the conservative force, and Oc corre-
sponds to the sum of Coulomb deflection angles in en-
trance and exit channels. The predicted exponential de-
crease of the angular distribution becomes more gradual
with increasing strength of the friction force, reflecting
an increased lifetime of the intermediate system.

Although in Fig. 7 angular distributions are plotted as
do(8, )/dQdE, rather than do(8, )/d8, , their
dependence is approximately consistent with the general
shape predicted by Eq. (3.9), for intermediate and high
energy losses. It is interesting to note that the slope of
the experimental angular distributions does not depend
on the energy loss for final energies smaller than E =210
MeV. This behavior is quite different from that ob-
served for ' C and ' 0 induced reactions at somewhat
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section d cr/dZ dE plotted vs total kinetic energy E and frag-
ment charge Z, integrated over angle. The dashed curve

represents the Coulomb barrier V& for touching spheres and

for different fragmentations. The dotted-dashed line indicates

the Coulomb energy for elliptically deformed final fragments.

higher energies, for which definite correlations between
energy loss and slope parameters y were reported. How-
ever, such differences are not unexpected, because of the
system and energy dependence of conservative forces
acting in damped reactions.

Of particular interest for a study of transport phenom-
ena in damped reactions are the correlations observed
between fragment Z distributions and the amount of ki-
netic energy dissipated in a collision. Figure 8 shows the
double-differential cross section d O.dZ dE plotted versus
final total kinetic energy E and detected fragment atomic
number Z. The data displayed in this contour diagram,
also known as "diffusion plot, " have been integrated
over all angles and include fusion-fission —like events.
Starting from the atomic number of the projectile and
quasielastic energies, the cross section is observed to de-
velop a ridge which is almost parallel to the energy axis.
As the total kinetic energy is increased, the ridge
broadens and moves slightly to smaller Z values. One
also observes a broad cross section bump centered at
fragment charges corresponding to symmetric splits of
the composite system. It is located at an energy of
about 190 MeV, in agreement with the Viola systemat-
ics of the total kinetic energy release in low-energy
fission. For comparison, the Coulomb energy for spheri-
cal reaction partners touching at their strong-absorption
radius is indicated by the dashed curve in Fig. 8. Also
included in this figure is the Couloinb energy (dotted-
dashed curve) calculated for elliptically deformed final
fragments according to Brack et al. As is apparent
from Fig. 8, there is, in general, no clear correlation of
iso-cross-section contour lines with the Coulomb ener-

gies for spherical or deformed fragments, with the excep-
tion of the region of fusion-fission —like events. For the
most strongly damped events, this observation implies
that deformations of the constituents of the intermediate
system develop as charge is transferred. In particular,
the strong Z dependence of the calculated Coulomb en-
ergy appears to present no barrier that could inhibit pro-
ton pickup by the projectile-like reaction partner.
Hence, the Coulomb interaction energy does not seem to
play a significant role for the charge exchange mecha-
nism operating in damped ' Au+ 'V collisions. This
observation in quite in contrast to conclusions drawn by
Rudolf et al. in their study of the somewhat heavier
system ' Er+ Kr, but agrees with the more general
trends' of many systems.

The importance of the degree of kinetic energy damp-
ing for the evolution of the fragment Z distributions is
illustrated in Fig. 9(a). Here, individual distributions
d o /dZ dE are plotted versus fragment charge, for vari-
ous 10-MeV wide bins of final total kinetic energy. The
distributions have been multiplied by the scaling factors
given on the right-hand side of each data set to effect a
separation along the logarithmic ordinate. It is apparent
from Fig 9 that the energy-differential Z distributions
are rather well described by Gaussian shapes illustrated
by the solid curves representing fits to the data points.
For intermediate and high energy losses, asymmetric
tails develop towards larger Z values, but their relative
cross sections are by more than an order of magnitude
smaller than those corresponding to the main part of
each Z distribution. This minimal deviation from the
basically Gaussian shape of the Z distributions shown in
Fig. 9 for the ' Au+ 'V reaction is remarkable in com-
parison to those observed for other systems such as

Ho+ ' Fe. This is possibly due to the larger initial
asymmetry of the ' Au + 'V system making the region
around the projectile charge numbers less susceptible to
contaminations from the wings of the Z distribution of
fusion-fission —like events. Nevertheless, distributions
corresponding to final energies at or below the entrance-
channel Coulomb barrier are significantly distorted by
fusion-fission —like contaminations. They are, therefore,
omitted from further consideration.

As can be inferred from the Gaussian fits to the Z dis-
tributions displayed in Fig. 9, there is only a weak
dependence of the centroids of these Gaussians on the
amount of dissipated energy. For large energy losses,
the centroids have drifted only by 2 Z units away from
the initial Z value of the projectile towards asymmetry.
A considerable broadening of the Gaussian Z distribu-
tions occurs, however, as the total kinetic energy loss in-
creases.

Differential fragment charge distributions displayed in
Fig. 9(b) represent projections of cuts through the
diffusion plot of Fig. 8 corresponding to constant ener-
gies above or below the Coulomb energy Vc(ZL, ZH ) of
spherical fragments touching at their strong-absorption
radius (dashed curve in Fig. 8). Here, ZL and ZH are
the atomic numbers of the final fragments. The associat-
ed modified energy loss parameter E&'„, is related to the
total kinetic energy loss Eb„according to
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the projectile-like component shown in Figs. 10 and 11
are derived from data integrated over all angles, these
values are representative of the fragment Z distribution
measured for small bins of center-of-mass reaction angle
0, . Figure 12 illustrates the angular independence of
the full width at half maximum (FWHM) of the Z distri-
butions for various selected bins of final kinetic energy.
It is seen from this figure that the widths of the Z distri-
butions for individual angles 8, are well described by
the results obtained from fits to angle-integrated distri-
butions. These latter values are represented by horizon-
tal lines in Fig. 12. This feature, which has also been
found' for a few other damped reactions that were ana-
lyzed in detail, seems to be universal and demonstrates
the dominant role of the energy loss parameter as an in-

dicator of the stage of evolution of a damped collision.
This role is understood in terms of an energy transfer
mechanism mediated by friction-type forces, which re-
sults in increasing energy losses as the interaction time
proceeds. The broadening of angular and charge distri-
butions with increasing energy loss is, in this picture,
simply reflective of increased lifetimes of the intermedi-
ate system available for rotation and mass exchange.

IV. INTERPRETATION OF EXPERIMENTAL RESULTS

A. I-wave decomposition and interaction times

l, =[(1 +1) —her, , /(mK )]'~ —1 . (4.1)

Starting with I&
——I (E, ), i.e., neglecting small energy

losses associated with grazing collisions, one can succes-
sively generate the functions l (E) or E&„,(l).

Results of the above I-wave decomposition of the
damped reaction cross section, measured in the reaction

Au + 'V, are displayed in the bottom part of Fig. 13,
where the average total kinetic energy loss E&„, is plot-
ted versus the centroid of the associated l window. The
errors drawn at the data points reflect the uncertainty in

To understand the dependence of damped reaction ob-
servables on impact parameter and their evolution with
progressing time of interaction is a fundamental goal of
phenomenological analyses. Such analyses are made
with the help of simplified classical reaction models' that
employ correlations between experimental observables
and rely on a minimum of independent assumptions.
They are useful also in emphasizing hidden trends in the
data.

A concept that is often employed in classical or semi-
classical reaction models, viewing the interaction of
complex nuclei in terms of potential scattering under the
influence of classical friction forces, refers to the average
classical deflection function 8(1). Here, 8 is the average
center-of-mass reaction angle and l denotes the
entrance-channel angular momentum. The reaction an-
gle is, of course, an experimental observable, while a
correlation has to be assumed between the unobserved
angular momentum and a measurable quantity. It is
physically appealing, as well as consistent' with current
microscopic reaction models, to assume an average
monotonic relation between initial I value and the
amount of kinetic energy dissipated in a collision. Large
initial 1 values, in the vicinity of the grazing angular
momentum ls, are in this picture associated with negligi-
ble energy losses. The energy loss increases with de-
creasing angular momentum leading to more deeply in-
terpenetrating collisions and longer lifetimes of the inter-
mediate system. For the time being, fluctuations in this
correlation will be neglected. They will be discussed in
Sec. IV C. Assuming further for simplicity that the mea-
sured damped reaction cross section is related to the ini-
tial l value according to a sharp cutoff model, one can
deduce from the cross section ha; measured for a given
total kinetic energy window [E,,E ], a correspondin. g I
window [l;,1~], where



37 ANALYSIS OF DAMPED AND FUSION PROCESSES IN THE. . . 149

30—

20—

IO— t )~4(,

I97A sl
V

E„,=447 MeV

~ NS MODEL
S MODEL

THEORY

40—
20

tD

0
E

-20—
-40—
250—
200—

4) l50-
o IOO-

LIJ 50—
0

IOO

l~
J.

I )1
'&\
L
T

I50 200 250
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determining the grazing angular momentum and the
cross sections in the quasielastic and strongly damped
regions. The character of the deduced relation E„„(I)is
as expected from the shape of the cross section
der/dEh„plotted in Fig. 5. Since

= —m K (2I + 1)(d0 /dEh„) (4.2)

the shape of der/dEh„ is reflected in the integral func-
tion E~», (I) only by a small undulation about a straight-
line correlation. A linear E~», dependence of der/dE~, »
would result' in a constant slope dE,„,/dl of the corre-
lation displayed in Fig. 13.

Having deduced an approximate transformation be-
tween energy loss and angular mornenturn, it is possible
to derive an average deflection angle from the experi-
mental Wilczynski diagram shown in Fig. 6. This is pos-
sible at least for the forward-going cross section ridge,
where a definite correlation exists between average reac-
tion angle and energy loss. The procedure leads to less
well-defined results for the backward-going, orbiting-
type ridge which is almost parallel to the angle axis.
Therefore, a smooth interpolation was made in the re-
gion —42 (8, (+22' between the forward-going and
the orbiting ridge, which was taken to represent negative
scattering angles. The resulting experimental average
deflection function is displayed in the rniddle part of Fig.
13. It is obvious from this figure that for l values close
to the grazing angular momentum the deflection func-
tion is rather fiat. This corresponds to the Coulomb
rainbow, where the differential cross section has a max-

irnurn. As the l value decreases, the reaction angle be-
comes smaller, approaching 0, =0 for l values close
to I = 150. For even smaller angular momenta,
negative-angle scattering sets in. The actual orbiting
singularity should occur in the region of i =100—120,
according to the present estimates of the critical I value
for fusion.

Angular-momentum-dependent interaction times
t;„,(I) were determined, employing a simple classical re-
action model proposed earlier. In this model, the reac-
tion partners are assumed to approach each other on
Coulomb trajectories up to the Rutherford distance of
closest approach or the strong-absorption distance Rs~,
whichever is largest. At this point, the kinetic energy of
radial motion is assumed to have been dissipated, and
the intermediate system rotates under the influence of
the nuclear interaction. The rotation angle 68 is deter-
mined from the difference between the experimental
deflection angle for each l value and the sum of
entrance- and exit-channel Coulomb deflection angles,
which can be calculated analytically. The dinuclear sys-
tem is assumed to break apart and continue on a
Coulomb trajectory at a separation distance consistent
with the measured final kinetic energy. This energy is a
sum of Coulomb repulsion and centrifugal energies. The
interaction time is then estimated as

t;„,( I ) = b,8( I )J/(filf ) . (4.3)

Here, J =pR sA is taken as an effective average moment
of inertia for the orbital motion of the dinuclear system.
Separation distances r both larger and smaller than
r =RsA are expected to occur on each actual trajectory.
The quantity If in Eq. (4.3) denotes the final orbital an-

gular momentum. As the two limiting cases, the sliding
and sticking situations are considered in the evaluation
of the interaction time. In the sliding case, angular-
momentum dissipation is neglected, such that lf ——l. In
the other extreme of a sticking collision, leading to rigid
rotation of the dinuclear system, the orbital angular
momentum is reduced to

lf ——IJ/JRa .

Here, the rigid-body moment of inertia

JRB P~SA+Y~( P P+ r T)

(4.4)

(4.5)

is calculated from the masses, Mz and MT, and the
matter radii, R& and RT, of the projectile and target, re-
spectively.

The resulting l-dependent interaction times are plotted
in the top portion of Fig. 13 versus initial angular
momentum. They are seen to vary from a few times
10 s, associated with near-grazing collisions, to
several times 10 ' s, for the most strongly damped col-
lisions. Sticking and sliding models lead to differences of
the order of a factor of 2 in these estimates. The in-
teraction times deduced for the ' Au + 'V reaction are
of the same order as those derived for other reac-
tions. They are rather short, even as predicted by the
sticking-model analysis. For comparison, rotational
periods of t(b, 8=2m)=(3 —5)X10 ' s can be estimated
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for the range of I values explored in the ' Au + 'V re-
action.

tion factor N(E) .For this latter factor, a systematical
parametrization is offered in the form

B. Systematical features of charge-energy correlations

In order to put the present results on fragment Z dis-
tributions into perspective with observations made for
other reactions, it appears useful to compare the rnea-
sured energy loss dependence of the variance, O.z, in the
Z distribution of projectile-like fragments from the reac-
tion ' Au+ 'V with the results of global fits performed
in the systematical study of Wollersheim et al. ' In
this study, it was found that the dependence of o z on
bombarding energy E, and an effective temperature T
of the system can be cast into the approximate form

(Ap+ A )3~~ T&
oz(T)=exp 3.465

RsA(ApAT)' (E, m
—Vc)'

(4.6)

200
l97A 5IV

I50

Here, Az and AT are the mass numbers of projectile
and target, respectively, and Vz is the entrance-channel
Coulomb energy, evaluated at the strong-absorption ra-
dius Rs~. In Eq. (4.6) the temperature is calculated
from the Fermi gas formula, i.e., T =[8E'/( Ap
+A )]'"

Theoretical relations predicted by Eq. (4.6) are exhibit-
ed in Fig. 14 for two slightly different definitions (solid
and dashed curves) of the temperature parameter in
terms of initial and final total kinetic energies. They are
compared to experimental data for the present

Au+ 'V system (solid dots). One observes from this
figure that the parametrization according to Eq. (4.6) is
able to reproduce the average trend in the experimental
correlation o z(E„„),but fails to account for the quanti-
tative details of the data.

In the systematical studies ' of the dependence of
experimental fragment Z distributions on the final ener-
gy E, it is also suggested that the double-differential
cross section d 0 /dE dZ separates into a Gaussian
charge distribution and an energy dependent normaliza-

N(E)=b(E —Vc' )

=0.0324 Rs~/E, —0. 19 (E —Vc' ) .
MeV

(4.7)

Here, the various quantities are the bombarding energy
E, , the strong-absorption radius R sz, and the
Coulomb energy Vc' of deformed fragments at the scis-
sion point.

The dotted-dashed and dotted lines in Fig. 15 corre-
spond to the general parametrization of Eq. (4.7), where
values for the Coulomb energy Vc' have been estimated
from the fission systematics and from the limiting ener-
gy where in the experimental Wilczynski diagram of Fig.
6 the scattering angle becomes uncorrelated with final
energy, respectively. The associated energies are
VC' ——200 and 185 MeV, respectively. The numerical
value of the slope parameter is predicted by the above
systematics to be b =1.03X10, whereas a fit to the
data points represented by the solid curve in Fig. 15
yields the significantly smaller value of b,„~,=5.9X10

The differences observed in Figs. 14 and 15 between
the experimental energy loss dependencies of differential
cross section and charge variances and those predicted
by systematics may be characteristic of the extent to
which the systematics can be considered universal. They
also reAect the sensitivity of the resulting parametriza-
tions on details of the analysis. These discrepancies,
then, do not imply that the gross reaction features of
damped ' Au+ 'V collisions are substantially different
from those associated with other reactions. The most
general trends of the experimental energy-differential
cross sections and charge variances can be explained'
simply in terms of a damped reaction mechanism occur-
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loss E&„,. The lines result from calculating o.z with Eq. (4.7),
assuming E*=aT =E~„, (solid curve) and E =aT'=Eo —E
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FIG. 15. Gaussian normalization function N(E) vs total ki-
netic energy, as calculated from experimental values of charge
variance o.z(E) and energy loss spectrum do. /dE. The solid
line represents a least-squares fit to the data. The dotted line
indicates the predictions derived from the systematics for
several other reactions, assuming Vc' =185 MeV. The dotted-
dashed line has the same slope as the dotted curve, but corre-
sponds to an energy of V&"——200 MeV.
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ring with a continuous interval of final energies which
decrease from the initial energy E, with decreasing
angular momentum I. However, it is not this gross,
qualitative behavior of the reaction features that allows
one to draw conclusions about the microscopic origin of
the damped reaction mechanism, but the quantitative
characteristics of the functional dependence of experi-
mental correlations that contain this information.
Hence, a significant role in the evolution of mass ex-
change processes in damped reactions can generally not
be attributed ' to the temperature T of the interacting
system or its level density, based merely on a qualitative
reproduction of experimental charge-energy correlations
by systematics such as represented by Eq. (4.6).

d 8
dt g

—'
8 L=-

Bg;

8 F (4.8)

where the index i runs over all reaction variables. In Eq.
(4.8) the quantity L =T —V is the Lagrangian and F is
the dissipation function. The kinetic energy T is calcu-
lated for the two spherical reaction partners, while the
neck is taken into account in calculating the interaction
potential V and the dissipation function. The motion
along the mass, charge, and neck coordinates is assumed
to be overdamped by the strong one-body friction forces,
such that dynamical driving forces for these coordinates
are determined by the balance

C. Dynamical model calculations
BL/Bq; =dF/dq; (4.9)

A major theoretical effort in heavy-ion reaction stud-
ies has been devoted to the development of transport
theories for the description of mass exchange and energy
dissipation. ' The various models differ considerably
with respect to the choice of collective reaction variables
and the microscopic origin assumed of the transport pro-
cesses occurring in damped reactions. In the following,
the data obtained in this work for the ' Au+ 'V reac-
tion at El,b

——447 MeV will be compared to the predic-
tions of the transport theory proposed by Randrup. ' '

In the above dynamical reaction model, transport of
mass, charge, and energy are effected entirely by the sto-
chastic exchange of independent nucleons between the
constituents of the dinuclear complex formed in a
damped collision. The dinuclear system is described in
terms of dumbbell-like shapes determined by the set of
parameters illustrated in Fig. 16. These include the sep-
aration distance r, the neck radius p, the radii Rz and
Rz- of the fragments, their orientation angles 8& and 8&,
the angle 8 describing the overall orientation of the
dinuclear system, mass ( A ), and atomic (Z) numbers of
one of the fragments, and the nuclear temperatures of
both fragments.

Average values I q;, q; I of the macroscopic coordinates
and velocities follow equations of motion given by the
Lagrange-Rayleigh equations

SCATT E RING GEOMETRY

of conservative and dissipative forces.
The equations of motion [cf. Eq. (4.8)] are, in the

model, coupled to a Fokker-Planck equation describing
the fluctuative widths in the N and Z asymmetries. This
Fokker-Planck equation can be written asd»N

P(N,—Z, t) =
dt

»z d Dxx d Dzz
BZ BN' BZ'

XP(N, Z, t) (4.10)

for the time evolution of the joint probability, P(N, Z, t),
for finding N neutrons and Z protons on, say, the
projectile-like fragment at a given time t. Drift and
diffusion coefficients, v, and D, respectively, have been
calculated microscopically by Randrup. ' ' They fulfill
the generalized Einstein relations

U; =D;;F; /7. ,', i =N, Z (4.11)

where F; denotes the dynamical force driving the system
along the coordinate i and r; is a measure of the energy
interval about the Fermi level contributing to the ex-
change of nucleons between the reaction partners. The
quantities ~,

* are usually larger than the thermodynamic
temperature ~ and are strongly dependent on the kinetic
energy of relative motion of the fragments. As a conse-
quence, the one-body transport model' ' predicts, for a
given average displacement of a variable from its origi-
nal value, fluctuations that are significantly larger than
expected from an equilibrium-statistical process.

Equation (4.11) can, in particular, be applied to the to-
tal kinetic energy loss, yielding in an approximate'
fashion

\ /

PROJECTILE f i e,
DEE Eloss + (4.12)

BEAM
DIRECTION

TARGET

FIG. 16. Scattering geometry for the dynamical reaction
model as described in the text.

for the relation between the energy diffusion coefficient

DFF and the average energy dissipation rate E„„.
In the numerical calculations the drift coefficients

have been expanded to first order around the average
trajectory (N(t), Z(t) ), as described previously. This
procedure yields coupled linear differential equations of
motion for the first and second moments of P which are
integrated along the average system trajectory. To ob-
tain an estimate for the fluctuations in energy loss asso-
ciated with each trajectory or impact parameter, Eq.
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(4.12) has also been integrated along the trajectory. The
model calculations have been discussed in some detail
elsewhere. "'

Different cuts through the multiparameter potential
energy surface assumed in the model calculations for the

Au+ 'V reaction are displayed in Figs. 17 and 18.
In Fig. 17 equipotential contour lines for the initial mass
and charge asymmetries are plotted versus the relative
center separation r and the radius p of the neck between
the spherical fragments, given in units of the half-density
radius Cz of the projectile. At any given touching dis-
tance between the fragments, the neck radius is assumed
to be at least as large as the radius of the overlap zone.
Hence, there is a forbidden region of smaller neck radii,
as indicated in Fig. 17. The figures displayed at various
contour lines are given in units of MeV. The potential
energy surface has been arbitrarily normalized to zero at
r =Rs& and p=0.

The potential shown in Fig. 17 for angular momentum
I =0 exhibits a steep gradient resisting decreasing center
separations r and increasing neck radii p. The first prop-
erty is simply due to the strong Coulomb repulsion that
overcompensates for the nuclear attraction, except for
relatively small separations, of the order of 9 fm or less,
where a plateau appears to develop in the surface. The
resistance of the system against the formation of necks
with larger radii is, in the model, due to the disappear-
ance of the proximity attraction between the juxtaposed
surface elements, as the corresponding surface area be-
comes smaller with increasing neck radius.

Several system trajectories are superimposed on the
energy surface of Fig. 17, corresponding to initial angu-
lar momenta of I =130, 170, and 200, respectively. For
the two larger l values, the neck is seen to develop along
the geometrical path of minimum radius until the turn-
ing point is reached, where the radial kinetic energy van-
ishes. In the exit channel, the neck radius stays relative-
ly large, due to the strong damping of the neck motion.
The motion of the neck follows approximately the
steepest gradient of the potential, until it suddenly snaps
at a relatively large center separation r.

The l =130 trajectory also depicted in Fig. 17 leads to

l.0

0.5

0
lo l2 l3

r(fm)

l5

FIG. 17. Potential energy surface for 1=0 as a function of
reduced neck radius and distance r. Superimposed are trajec-
tories with 1=130fi (dashed), l =17(Hi (dotted-dashed}, and
I =2MHi (dotted) lines.

40

Z, 30

20

25 35
N,

40 45

FIG. 18. l =0 potential energy surface is plotted vs proton
and neutron number of one of the fragments, as calculated
from the liquid-drop model including shell corrections. The
cross marks the injection point, and the heavy line represents
the trajectory resulting from the dynamical model for a range
of l values.

relatively large interpenetrations, forcing the neck to as-
sume a radius approaching that of the projectile. The
corresponding shapes represent limiting cases beyond
which the shape parametrization employed in the calcu-
lations becomes unrealistic. These most compact shapes
accommodated by the model describe a mononucleus,
rather than a dinucleus. Hence, for p/Cz ——1, fusion is
assumed to have occurred, and the numerical integration
is terminated. It appears conceivable, however, that the
mononuclear system remembers the initial mass asym-
metry at even somewhat later stages of the shape evolu-
tion, such that its breakup would not lead to symmetric
mass and charge splits characteristic of fusion-
fission —like reactions. Therefore, the theoretical angular
momenta for which p~C~ is predicted to occur, calcu-
lated in this work, represent only upper limits to the
critical angular momentum for fusion. The slight
overestimate by the model of the experimental cross sec-
tion for fusion-fission —like events could be due to such
an effect. To evaluate this possibility, however, requires
further study.

A different cut through the potential energy surface is
exhibited in Fig. 18, where the sum of fragment binding
energies and of the nuclear and Coulomb interaction po-
tentials is plotted versus atomic number, Z&, and neu-
tron number, X„ofone of the fragments from the reac-
tion ' Au+ 'V. Considered for this plot were spheri-
cal fragments without a neck, on a particular point
along the reaction path, the entrance-channel strong-
absorption distance. The surface in Fig. 18 is normal-
ized to zero at the initial projectile-target asymmetry
identified by a cross mark. Numbers at the individual
contour lines give the potential energy in units of MeV.

The potential energy surface in Fig. 18 has the topolo-
gy of an elongated valley with rather steep walls and a
global minimum at symmetric fragmentations. This
minimum, which is seen to develop on the right-hand
side of the contour diagram, is due to the overall liquid-
drop-model energetics. Of more interest for the
present purpose is the topology of the surface near the
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injection point. Here, a local minimum is observed the
potential, caused by the X =28 shell closure. This shell
minimum is separated from the liquid-drop minimum at
symmetry by a broad Businaro-Gallone saddle. The
characteristic local structure seen in Fig. 18, however,
disappears when the centrifugal energy of orbital motion
is added to this potential, resulting in an effective poten-
tial energy surface exhibiting only a deep minimum at
symmetric fragmentations, or when the separation dis-
tance is reduced substantially.

In comparison with the energetics encountered in the
Au + 'V reaction, the injection point for the
Ho+ Fe reaction is located a few MeV higher on

the slope of the corresponding energy surface and fur-
ther removed from a local minimum than that of the

Au + 'V system. Whereas the nucleon exchange
mechanism in the latter reaction starts to develop close
to the bottom of the shell-related minimum, which is
rather shallow, in the ' Ho + Fe reaction, this process
explores the topology of the energy surface in the vicini-
ty of the Businaro-Gallone saddle. Although the typical
curvatures of the potential energy surfaces are rather
small for either reaction, it has been shown that they
can, nevertheless, introduce significant correlations in
the joint probability distribution for the final fragment
masses and charges. They can, in principle, also
influence the shape of the fragment Z distribution, an
effect not considered in the present implementation of
the transport model.

The actual potential governing the exchange of mass
and charge between the reaction partners depends on
many variables simultaneously and varies dynamically
along the system trajectory. It is interesting to note,
however, from Fig. 18 that the projection of the system
trajectory predicted by the model calculation terminates
in the shell-related minimum of the 1 =0 potential ener-

gy surface. This trajectory, represented by the heavy
curve starting from the injection point on the surface, is
drawn through points (N„Z, ) resulting for the final
fragment average neutron and proton numbers from the
calculations performed for a range of I values from
130&1 &230.

In Sec. IV A an I-wave decomposition of the data was
performed assuming a monotonic (sharp) correlation be-
tween the initial orbital angular momentum I and an as-
sociated average energy loss E&„,. However, due to the
stochastic nature of the energy dissipation mechanism,
fluctuations are expected in the E&„, variable, for each
fixed 1 value. Integrating Eq. (4.12) along the collision
trajectory, one obtains the relation between variance,
oz, of the E&„, probability distribution and average

energy loss E&„„depicted in Fig. 19. Here, the average
energy loss provides an implicit angular-momentum
scale, as illustrated by the bottom parts of Fig. 13. It
can be inferred from Fig. 19 that the energy loss associ-
ated with a given I value is not too well defined. The
widths, FWHM, of the Eb„distributions are usually of
the same order as the average values. From these model
estimates, one would predict a considerable mixing of
different 1 waves in data binned according to E„» or re-
lated quantities.

A quantitative comparison is made in Fig. 20 between
the experimental angle-energy correlation and the pre-
dictions of the dynamical model calculations described
above. The experimental points in this (E,H, ) plot
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FIG. 19. Relation between average energy loss El, and

variance o.z for the damped reaction ' Au + 'V atloss

E),b ——447 MeV.

FIG. 20. Experimental and theoretical (dashed line) correla-
tions between total kinetic energy and reaction angle. The
solid line represents a smooth interpolation of the experimen-
tally derived maximum cross section. The arrow indicates the
Coulomb barrier Vc.
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and the solid curve connecting them are derived from
the experimental Wilczynski diagram of Fig. 6 based on
the orbiting assumption, as discussed in Sec. IV A. The
dashed curve in Fig. 20 represents the model calcula-
tions for the average correlation between final energy
and reaction angle. The solid curves outline a band
defined by the FWHM of the energy loss distribution
predicted for each I value. As can be inferred from Fig.
20, the general shape of the average experimental corre-
lation is well reproduced by the theory, which predicts
negative-angle scattering to occur for a range of initial I
values above the critical angular momentum for fusion.
However, the theoretical locus of maximum cross sec-
tion is consistently forward of the experimental one by
approximately 68, =5', for most 1 values. For rela-
tively small angular momenta leading to scattering to
small positive or to negative angles, this discrepancy in-
creases. This is interpreted in terms of an underestima-
tion by the model of the extent to which the intermedi-
ate system can deform in a strongly damped collision. It
possibly also reflects an inadequacy of the family of
theoretical dinuclear shapes assumed in the model.

A comparison between the width of the theoretical
energy-angle correlation shown in Fig. 20 with the ex-
perimental Wilczynski diagram of Fig. 6 demonstrates
an underestimation of the experimental widths of the en-

ergy distributions, observed as a function of reaction an-
gle 8, , by more than a factor of 2. However, the qual-
itative trend seen in the forward-going ridge of Fig. 6 is
reproduced by the calculations. It is not surprising to
find that the experimental widths of this cross section
ridge cannot be reproduced well in the above simplified
approach assuming the same deflection angle for all
events in the energy loss distribution for a given I value.
Taking proper account of the mutual correlations be-
tween I, E~„„and 0, can be expected to broaden the
theoretical band of Fig. 20.

Further predictions of the dynamical transport model
are compared to experimental data on the correlations
between moments of the fragment Z distribution in Figs.
10 and 11 and to deduced I-dependent quantities in Fig.
13. The confrontation of the empirically derived evolu-
tion of interaction times, deflection angle, and total ki-
netic energy loss with decreasing initial angular momen-
tum with the predictions, exhibited in Fig. 13, illustrates
the predictive power of the transport model.

As can be seen from the bottom part of Fig. 13, the
empirically deduced dependence of the total kinetic en-
ergy loss on angular momentum or impact parameter is
well understood in terms of the strong one-body friction
force assumed in the model, except for the highest ener-

gy losses associated with large system deformations.
Furthermore, the experimental deflection function de-
picted in the middle part of Fig. 13 is well represented
by the solid curve resulting from the calculations, with
the exception taken in the context of the above discus-
sion of Fig. 20. The good agreement observed for both
these correlations implies that the combination of con-
servative and dissipative forces employed in the dynami-
cal calculations has a realistic radial dependence and
overall strength. Furthermore, the predicted interaction

times depicted at the top of Fig. 13 are found to be con-
sistent with the values derived in the simple phenomeno-
logical analysis of data.

Inspection of Figs. 10 and 11 demonstrates, further-
more, the ability of the transport model to explain the
observed dependence of the average charge of the
projectile-like fragment and its dispersion on the total ki-
netic energy loss. This applies also to the correlations
with respect to the modified energy loss parameter E&„,
describing the dissipated energy above the Coulomb bar-
rier. In these two figures, the solid curves correspond to
calculations neglecting fluctuations in the E„(l)distri-
butions, while dashed curves represent theoretical results
which have been properly averaged over these E&„, dis-
tributions, calculated as described above. The agree-
ment between measurement and either model prediction
is not perfect, but remarkable for a model calculation in
which parameters have not been adjusted to fit the data.
Inclusion of the above energy fluctuations results in a
somewhat better representation of the dependence of the
average charge (Z) of projectile-like fragments on E&„,
og E&'„, and provides also a good description of the
charge variances, except for the highest energy losses.
However, for most of the measured energy loss range,
the two different sets of calculations fit the data with
equivalent accuracy.

The effect of particle evaporation from the primary re-
action fragments has been explored for a few values of
total kinetic energy loss. Model predictions for the dis-
tributions in primary atomic and mass numbers, and for
the average intrinsic excitation energies and spins of
these fragments, have been used as input parameters for
an evaporation calculation employing the computer code
PAcE. These computations indicated a relatively
insignificant change in the model predictions including
or excluding sequential fragment decay, as compared
with the quoted accuracies of the experimental data.

Comparing the performance of the transport model
with respect to fragment charge distributions in the re-
actions ' Au + 'V and &65Ho + 56Fe it is apparent that
the shapes and centroids of these distributions are better
reproduced by the model in the case of the former reac-
tion. The energy-differential fragment Z distributions
for the ' Ho+ Fe reaction are more asymmetric and
exhibit larger shifts in peak position than observed in the
present study, where these distributions are more Gauss-
ian and show less drift with increasing energy loss.
Asymmetric, non-Gaussian distributions, however, can-
not be described accurately within the scheme of approx-
imations made in solving the Fokker-Planck equation of
Eq. (4.10). It seems worthwhile to explore whether
asymmetric fragment distributions such as observed for
the ' Ho+ Fe and other reactions can be reproduced
within the framework of the transport model when the
restriction of the theoretical description of the probabili-
ty distributions P(N, Z, t) in terms of only two moments
is relaxed.

As a final topic of interest in the comparison of the
present ' Au + 'V data with the one-body transport
model, the following discussion will briefly return to the
question ' ' as to whether or not a reduced strength



37 ANALYSIS OF DAMPED AND FUSION PROCESSES IN THE. . . 155

I

40 ~
20 —

OTA +siv

0 — E 447 M

—c„=l.00—-c =027

l5—

IO—

0
23

22
IV

2I—

0
I

50

FIG. 21. E& „dependencies of deflection angle, variance,
and centroids of Z distribution are plotted for the ' Au+ "V
reaction, as predicted for nominal (c~——1.0, solid curves) and
reduced (c~——0.27, dashed curves) "wall friction. "

c~ & 1.0 of the effective "wall friction" is more appropri-
ate than the nominal strength c~——1.0 used in friction
model calculations such as outlined in this section.
From a classical model calculation attempting to repro-
duce the damping of giant multipole vibrations, Nix and
Sierk ' deduced a strength of c~=0.27 for the "wall
friction. " To illustrate the effect of such a reduction on
the model predictions, in the case of the damped

Au+ 'V reaction, theoretical c.m. deflection angles
8, and the first two moments of the fragment Z distri-
butions, (Z ) and crz, respectively, are plotted in Fig. 21
versus Eh„. Predictions are made for ca =1.00 (solid
curves} and ca ——0.27 (dashed curves}. One can infer
from this figure that the maximum possible energy loss
suffered in a ' Au+ 'V collision is predicted to de-
crease by about 25 MeV if the reduced value of c~ is

adopted instead of c~——1.00. For low or intermediate
energy losses, the difference between the two sets of cal-
culations is negligibly small. This is a consequence of
the relatively small contribution of the "wall friction"
associated with the type of neck mdtion considered by
the model. The dominant effect of a finite neck size on
the frictional energy loss is due to the fully open window
inside the neck, facilitating nucleon exchange.

The transport model in its present implementation has
been designed mainly for application to rather peripheral
heavy-ion collisions, where the effect of the "wall fric-
tion" is quite small compared to that of the "window
friction. " Therefore, a comparison between data and the
two sets of calculations for c~——0.27 and 1.00 shown in

Fig. 21 can realistically not be expected to contribute
significant information on the strength of c~. Taking,

however, at face value also the model predictions for en-
ergy losses approaching complete damping, a reduction
c~ & 1.0 leads to theoretical E&„, dependencies of
deflection angle 0, and of the first two moments, (Z )
and o z, of the fragment charge distribution that provide
a poorer representation of the data than the predictions
with c~——1.0. The effect of a reduced "wall friction" on
the fragment Z distributions demonstrated in Fig. 21 is
partially compensated for by fluctuations in the final to-
tal kinetic energies, treated as described earlier. This
can be inferred by comparing the solid with the dashed
theoretical curves depicted in Figs. 10 and 11.

Although the predictions of the transport model for
the very highest energy losses should not be taken too
literally, the above discussion illustrates the general am-
biguity of interpretations of very strongly damped
events. The outcome of such collisions is significantly
influenced by both the strength of the dissipative forces
and the distribution of energy among the various collec-
tive degree of freedom of the system, effects that cannot
be disentangled easily.

U. CONCLUSIONS

Collision phenomena ranging from elastic scattering to
fusion-fission —like processes have been studied for the

Au+ 'V reaction at E»b ——447 MeV. Emphasis has
been placed on the investigation of damped reaction
features reflected in fragment angular, energy, and
charge distributions, as well as in correlations between
observables.

Fragment angular distributions are characterized by a
sideways peaked, partially damped component, superim-
posed on a forward-tending distribution indicative of
negative-angle scattering in very strongly damped col-
lisions. The time evolution of damped reaction processes
is clearly reflected in the dependence of angular and Z
distributions on the amount of kinetic energy dissipated
in a collision. The measured correlations between exper-
imental observables have been used to deduce the
angular-momentum dependence of various reaction pa-
rameters and estimates of reaction times. In contrast to
observations made with similar systems the energy-
differential fragment Z distributions for the ' Au+ 'V
reaction are relatively well described in terms of Gauss-
ian shapes with centroids that drift slightly to larger
asymmetries, as energy is dissipated in a collision. Gen-
eral features of the fragment Z and energy distributions
are found to be in approximate overall agreement with
systematics established from other studies, although
their functional form is not well represented by the pre-
dictions of a global fit to many experimental correla-
tions.

Detailed comparisons have been made between experi-
mental correlations and the predictions of dynamical cal-
culations based on a theory of exchange-induced trans-
port. Satisfactory agreement is observed between data
and calculations. Experimental average angle-energy
correlations are mell approximated by the model, for low
and intermediate energy losses, although there is a sys-
tematic displacement of the theoretical correlation to
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more forward angles than experimentally observed. The
development of the first and second moments of the Z
distributions of projectile-like fragments with increasing
energy loss is quantitatively accounted for by the model.
A similar observation applies to the comparison of
theoretically predicted dependencies of interaction time,
deflection angle, and energy loss on initial orbital angu-
lar momentum, with those deduced from experimental
data. Fluctuations in the correlation between energy
loss and impact parameter have approximately been in-
corporated in the numerical calculations. For low and
intermediate energy losses, their effect on the predicted
first and second moments of the fragment Z distribution
is only of the order of the experimental uncertainties.
Improved calculations, considering the correlations be-
tween kinematical variables in more detail are needed, in
order to provided a better description of the Wilczynski
cross section ridges. It has also been demonstrated in
the present work that the model predictions are not very
sensitive to the absolute magnitude of the "wall friction"
force. In view of the fact that no model parameters have
been adjusted in the calculations to St the experimental
data, an impressive overall agreement of the experimen-

tal fragment distributions and the one-body transport
model is observed for the damped ' Au+ 'V reaction,
lending further support to the dominance of a damped
reaction mechanism in which transport phenomena are
induced by the stochastic exchange of independent nu-
cleons between the collision partners.
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