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Results are presented for the damped reaction '~Sm+ ' Kr at laboratory energies of 470, 595,
and 720 MeV, corresponding to 1.2, 1.6, and 1.9 times the Coulomb barrier energy, respectively.
Correlations between angle, kinetic-energy loss, and charge of the projectile-like fragments are dis-

cussed. A probability for orbiting is observed at all bombarding energies, with fragment kinetic en-

ergies indicative of large exit-channel deformations. This study shows that energy dissipation (up to
=100 MeV) and charge exchange are correlated in a manner which appears to be independent of in-

itial relative ion velocity. The results are compared with a classical dynamical transport model.

NUCLEAR REACTIONS ' Sm(' Kr~), Ebb ——470, 595, and 720 MeV; mea-

sured cr(O, E,Z) damped reaction products for projectile-like fragments; com-

pared with transport model calculations.

I. INTRODUCTION

The relative influence of conservative and dissipative
forces in damped heavy-ion reactions can be studied by
examining the bombarding energy dependence of the
product charge, energy, and angular distributions. The
deflection of the reaction products away from pure
Coulomb trajectories is an important feature of these reac-
tions which is sensitive to the damping of the radial and
orbital motion during the interaction. For medium-mass
nuclei and kinetic energies a few MeV/nucleon above the
Coulomb barrier, systematics of the damped reaction
mechanism predict angular distributions focused slightly
forward of the grazing angle, with a transition to orbiting
or negative-angle scattering as bombarding energy in-
creases. '

A second important feature of the damped reaction is
the conversion of kinetic energy into internal excitation
energy. This kinetic energy loss, E~„„coupled with the
product scattering angle, has been used to derive estimates
of the lifetimes of the dinuclear complex. The widths of
the product charge distributions have been shown to in-
crease smoothly with E~„s and hence interaction time,
providing clues to the role of nucleon exchange in
kinetic-energy dissipation. ' A wide variety of theoretical
models has been proposed to interpret various features of
the experimental data. ' ' ' However, there is still no
clear consensus as to which approach gives the most com-

piete description of all aspects of the damped reaction
mechanism. The availability of experimental data for a
wide variety of systems, as a function of bombarding ener-

gy, is important in elucidating the dissipative mechanisms
operating in damped heavy-ion collisions.

In the present study, the ' Sm + Kr reaction has been
investigated at laboratory bombarding energies of 470,
595, and 720 MeV, corresponding to 1.2, 1.6, and 1.9
times the entrance-channel Coulomb barrier, evaluated at
the strong-absorption radius. ' Reactions induced by Kr
projectiles are of interest for heavy-ion studies because
they represent approximately the lightest projectile for
which nearly the entire reaction cross section is accounted
for by the damped collision mechanism. The energy
dependence of the Kr-induced reactions on a heavy tar-
get nucleus, Bi, has been studied previously. ' ' The
present study focuses on a lighter target, ' Sm, which is
spherical and highly neutron deficient (N/Z = 1.32).
Similar studies of the energy dependence of Kr-induced
reactions have been carried out with a ' La target,
which is also spherical but is neutron rich (NIZ =1.44),
and with Er, which is a deformed, neutron-rich
(N/Z =1.47) nucleus. Intercomparison of these results

may yield a qualitative understanding of the influence of
nuclear deformations and X/Z ratios on the effectiveness
of nucleon exchange as a dissipation mechanism.

The experimental results reported here include energy,
charge, and angular distributions of the projectile-like

29 158



29 BOMBARDING ENERGY DEPENDENCE OF THE ' Sm+ '4Kr. . . 159

fragments, as well as correlations among these observ-
ables. The data are interpreted both in terms of a simple
nucleon-exchange calculation ' and the more detailed
predictions of a dynamical transport model, 9' based on a
theory emphasizing the exchange of independent nucleons
between the reaction partners as the dominant source of
energy loss in damped heavy-ion reactions. The latter
model introduces a minimum of free parameters to ac-
count for all features of the fragment distributions, the
principal assumptions relating to the family of shapes
characteristic of the intermediate dinuclear system and the
calculation of the Coulomb interaction potential.

The experimental procedures are surnrnarized in the
next section, followed by a discussion of the results in Sec.
III. In Sec. IV, the data are interpreted in terms of both
macroscopic and microscopic models with the salient con-
clusions of these studies presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the Lawrence Berke-
ley Laboratory Super-HILAC. Beams of Kr at energies
of 470, 595, and 720 MeV were used to bombard isotopi-
cally pure 150-pg/cm ' Sm-oxide targets. Beam intensi-
ties varied from 20- to 60-charge nA on target. Three
solid state b,E-E detector telescopes were used simultane-
ously to measure the charge and energy of projectile-like
reaction products. The hE transmission detectors ranged
in thickness from 16.3 to 20 pm. These were backed by
100-pm thick E detectors. Electropolished rectangular Ta
apertures minimized slit scattering and defined an accep-
tance angle for each telescope of +0.4' in the reaction
plane and +0.8 out of plane. The telescopes were pro-
tected from delta electrons by 132-pg/cm Ni foils placed
over the apertures. In addition, rare-earth alloy magnets
placed on each side of the apertures were used to defiect
the electrons away from the detectors.

Two monitor detectors at fixed angles out of the reac-
tion plane, one on each side of the beam direction, provid-
ed a check of the beam stability by the relative intensities
of their elastic peaks. Dead time correction was provided
by a pulser which was triggered by a differential discrimi-
nator which was gated by elastic events in the monitor
detectors. The pulser signal was then added to all elec-
tronic parameters simultaneously. This also served as a
monitor of the electronic gains throughout the running
penod.

The measured laboratory angles were chosen to obtain
complete angular distributions of the projectile-like prod-
ucts at intervals of 1'—2'. The angular range extended to
approximately 20' back of the center-of-mass quarter-
point angle. This corresponded to a range in laboratory
angles of 8' to 40 at 720 MeV, 8' to 45' at 595 MeV, and
14' to 56' at 470 MeV.

The solid-state detectors were individually calibrated
for energy using alpha sources and Cf fission frag-
ments. The resulting energy resolution of the elastically
scattered Kr ions was typically 1.5%, with the absolute
beam energy known to -2%. Charge identification of
the products was achieved by employing a relationship be-
tween the hE signal in the transmission detector and the

total kinetic energy of the particle. To obtain a calibra-
tion curve, aluminum degraders of varying thicknesses
were placed in the beam. The experimental energy-loss
curve for s Kr over an energy range of 2 to 8.5
MeV/nucleon was compared with the tables of North-
cliffe and Schilling. A calibration function was derived
which adjusted the calculated tables to agree with the
measured data. Using the assumption that the same
correction function applied to neighboring charges, cali-
bration curves for Z identification of all .projectile-like
fragments were obtained by correcting the energy loss
curves of Northcliffe and Schilling. The resulting reso-
lution was —1.5 charge units for the Kr-type fragments.

Knowing the product charge, the measured kinetic en-
ergy was then corrected for the pulse-height defect in the
detectors using the procedure of Kaufman er al. A
more recent parametrization by Moulton et al. suggests
that the former procedure may underestimate the pulse-
height defect of high-energy heavy ions. However, the use
of either procedure requires extrapolation to ion energies
considerably higher than those on which the parametriza-
tions are based. The value used for the elastically scat-
tered 720-MeV Kr was -5 MeV. Adding the energy
loss of the products in the target and Ni foil calculated us-

ing the tables of Northcliffe and Schilling, the total
correction for pulse-height defect and energy loss in the
target and Ni foil was typically 10—12 MeV.

The internal excitation energy of the primary reaction
products is dissipated mainly through the emission of
light particles. Experiments have shown that at beam en-
ergies below 10 MeV/nucleon for heavy projectiles, sta-
tistical evaporation of nucleons from the fully accelerated
primary fragments dominates the light-particle spec-
tra. s 0 The measured energy spectra must therefore be
corrected for nucleon evaporation to obtain the energy
spectra of the primary fragments. Since the X/Z ratio of
the target is somewhat larger than that of the projectile,
these corrections were performed assuming only neutron
emission. This was done in an iterative procedure in
which the total kinetic energy loss in the center-of-mass
system was used to calculate the average number of neu-
trons emitted. The recoil energy owing to the undetected
neutrons was then added to the initial laboratory kinetic
energy and the procedure repeated until the kinetic energy
converged. Throughout the calculation the excitation en-

ergy was assumed to be divided between the fragments ac-
cording to the fragment masses, using the global 2/Z ra-
tio to obtain average product masses from measured prod-
uct charges.

The results presented in the following sections were
converted to absolute cross sections by normalizing the
forward-angle elastic scattering intensity to the Ruther-
ford cross section. The elastic and slit-scattering contri-
butions were subtracted from the remainder of the data
using a standard spectrum obtained in a small-angle run
where elastic events predominated. The elastic scattering
component was separated from the quasielastic events by
employing the peak shape observed at small angles,
corrected for kinematic broadening. To deduce the elastic
peak intensity in spectra measured near the grazing angle,
the standard peak was positioned according to the calcu-
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lated elastic energy and normalized to the high energy
portion of the observed data. The errors quoted in deter-
mination of the grazing angle and subsequent derived
quantities are primarily owing to the uncertainty in dif-
ferentiating elastic from quasielastic events in the vicinity
of the grazing angle.

made in the subtraction of quasielastic events could lead
to systematically larger 8~&4 and hence smaller derived in-
teraction radii.

An estimate of the total cross section has been made us-

ing the generalized Fresnel model formulated by Frahn.
In this approximation

III. RESULTS

A. Reaction cross section

8&&4——2arctan[g/(lg+ —,
'

)] (3.1)

to a grazing angular momentum lg. By analogy to the
sharp cutoff Fresnel model, lg is usually identified withl,„, the maximum l value leading to a reaction. In Eq.
(3.1), applicable to Coulomb trajectories, the quantity
g=ZzZTe /A'v is the Sommerfeld parameter, Zp and ZT
are the projectile and target charges, and v is the relative
ion velocity. The experimental quarter-point angle can
also be used to obtain an estimate of the interaction radius

R;„„=(g/k„)[1+csc(—,
' 0»4)], (3.2)

where k is the asymptotic wave number. The experi-
mental values of O~~q and the derived quantities lg and

R;„, are tabulated in Table I for the three bombarding en-

ergies studied. The interaction radii for the 470- and
720-MeV beam energies are in good agreement, but that
obtained from the 595-MeV data is much smaller. Errors

Two methods have been employed to estimate the reac-
tion cross section for the system ' Sm+ Kr. The two
approaches, analysis of the elastic scattering and integra-
tion of the measured product distributions, are comple-
mentary, each subject to different experimental uncertain-
ties. An elaborate optical model analysis of elastic scatter-
ing data of the quality obtained in this work did not ap-
pear warranted or instructive. It has been shown ' that
the desired information can be accurately determined
from an interpretation of the elastic-scattering angular
distributions in terms of the Fresnel diffraction model.

In the Fresnel model for heavy-ion scattering, the ra-
tio of (do/dQ), ~»„, to (do'/dQ)a«~, ~„d falls to 0.25 at
the quarter-point angle, 0&«, which can be related by

2bl m' Al

(lg+2) 3 (lg+2)

2

(3.3)

The parameter Al is an angular momentum width over
which the transmission coefficient decreases smoothly
from 1 to 0, the effect of which is to dampen the oscilla-
tions obtained from the simple Fresnel diffraction pattern
and to adjust the slope of

(do /d Q,)„„,)/(der. /d QR«h, ~~,d)

versus 6 at angles beyond the quarter point. The reaction
cross sections derived from Eq. (3.3) and quoted in Table I
were obtained using a value of Al =5 for all energies. The
error estimates correspond to an error in b, l of +5.

An alternative method of determining the total reaction
cross section is integration of the measured projectile-like
product distributions. This requires that all the
projectile-like reaction products be detected or that accu-
rate estimates be made for the undetected cross section.
Assuming the reaction cross section is owing to either
binary damped events or fusion fission, the total angular
distributions shown in Fig. 1 for 20&Z &49 have been
angle integrated and the resultant cross section compared
with that obtained by integration of the E~», spectra in
Fig. 2. Since Z =49 is half the charge of the combined
target-projectile system, the fusion-fission component is
included in the distribution. Products with Z &20 have
been omitted, but charge distributions indicate that there
is very little cross section in this region.

The major uncertainty in the integration of angular dis-
tributions arises from the extrapolation of the data to un-
measured angles. In this experiment the nature of the
contour plots of total kinetic energy versus 8, , discussed
in Sec. III C, has served as a guide to estimate the shapes

TABLE I. Reaction parameters for the system ' Sm+ Kr.

E»b

Ol/4 (laboratory exp)

0~/4 (c.m. exp)

p (reduced mass)
k (wave number)

g (Coulomb parameter)

R;„, (Fresnel)

Ig (Fresnel expOl/4)
o.z (Fresnel exp01/4)
0.~ (exp)
I „(exp)
R,A (exp)

(MeV)
(MeV)
(deg)
(deg)

(u)
(fm ')

(fm)
(W)

(b)

(b)

(&)
(fm)

470
297
49.2 +0.3
75.4 +0.4
53.05
27.45

148.6
14.3 +0. 1

192 +1
1.63+0.09
1.45 +0. 15

186 +6
14.1 +0.2

595
376

34.1 +0.3
53.2 20.4
53.05
30.88

132.1
13.8 +0. 1

264 +2
2.39+0.15
2.64+0.20

283 +8
14.4 +0.2

720
455

24.5 +0.2
38.5 +0.3
53.05
33.97

120.0
14.3 +0. 1

344 +3
3.32+0.10
3.3 +0.3

348 +10
14.4 +0.2
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fashion. The large errors quoted for the experimental re-
action cross sections in Table I are primarily a result of
the uncertainties in the forward-angle extrapolations. At
each beam energy, the total cross section for angles greater
than the measured region was estimated using the dif-
ferential cross section measured at the largest detection
angle. Since this angle was well back of the grazing angle
in all cases, this procedure can be viewed to give an upper
limit for a fusion-fission-like contribution. The contribu-
tions from unmeasured high-energy-loss events were es-
timated from Fig. 2 to be about 50 mb at each bombard-
ing energy.

Assuming a sharp cutoff model, the experimental reac-
tion cross section can be related to a maximum angular
momentum l,„ leading to a reaction by

0.0 20 40 60
~cm(deg)

t ~

80 I00

FIG. 1. Center-of-mass angular distributions of products

with charge Z between 20 and 49 (solid curve) and with Z =39
{dashed curve). The experimental quarter-point angles are indi-

cated by the arrows.

I I

Sm+ Kr

of the unmeasured portions of the spectra. While the 595-
and 470-MeV cases appear to have reached plateaus at
forward angles, the angular distribution at 720 MeV is
still decreasing at the most forward angles measured. For
estimating the cross section, it was assumed that the dis-
tribution extended to zero deg in a smoothly decreasing

0~ =(~/k „)(l,„+—,
'

)

The strong-absorption radius RsA can also be estimated
from

~ sA = I/k „t g+ [rl'+ l,„(l,„+I ) ]
' '

I .

The reaction parameters derived from the experimental re-
action cross sections are listed in Table I and are in good
agreement with those obtained from the quarter-point
analysis. However, the average interaction radius of 14.3
fm is considerably larger than the value of 13.6 fm which
has been calculated from reaction systematics. ' Grazing
angles and maximum angular momenta calculated using
this latter radius do not agree well with the reaction data
quoted in Table I. The quarter-point results from ' Ho
and ' Sm targets taken at the same time also give interac-
tion radii which are 0.4—0.6 fm larger than predicted.
Such deviations from the average trend of the systematics
are not uncommon.

15-

—IO-

E

~ IO-
US

720 MeV

~ O ~ ~ - ~ ~
/O ~ ~ O ~ O ~ O ~ ~~ ~ ~ ~ &OO ~ ~ ~ X~w

~ ~

595 MeV

~ O
~ O ~ ~ O

X

~ W

Oy

IO- ~ iO ~ N&
~ gO

~ g~w

Oy

470 MeV

5000 200

ELoss(MeV)
FIG. 2. Total kinetic energy spectra expressed in terms of to-

tal kinetic energy loss, E~ „for products with Z between 20 and
49. The points are the result of integrating the cross section
over the measured angular range presented in Fig. 1. The
dashed curves include cross section estimates for angles less than
20 deg. The arrows indicate the Coulomb barrier for touching
spheres at the experimental interaction radius of 14.3 fm.

B. Angular distributions

The angular distributions for medium-mass systems
have been predicted to peak near the grazing angle for in-

cident projectile energies near the Coulomb barrier and
evolve toward progressively more forward-peaked distri-
butions with increasing bombarding energy. ' The
energy-integrated, center-of-mass angular distributions for
the projectile-like fragments from the ' Sm+ Kr system
at the three energies studied here are shown in Fig. 1. The
solid curves are the results obtained from integrating over
product Z with 20(Z(49. The data include products
from quasielastic, damped, and fusion-fission processes.
Owing to experimental limitations, it was not possible to
obtain complete charge distributions at the most forward
angles (8, &20'); hence, these charge-integrated dif-
ferential cross sections have been omitted. The grazing
angles, determined from the elastic-scattering data by the
quarter-point method, are indicated as arrows in each
case. All distributions are peaked slightly forward of their
respective grazing angles, with considerable yield extend-
ing forward of 20'. This latter feature is generally con-
sidered indicative of the onset of negative-angle scattering
or orbiting. However, the 595- and 470-MeV data exhibit
plateaus at small angles, which become more pronounced
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for product Z's away from that of the projectile, as is
d onstrated by the dashed curve for Z =39. As will be

ofshown later, this component is correlated with events o
large energy loss and accounts for an increasing fraction
of the elemental cross section as the product charge be-
comes further removed from that of the projectile. It is
important to note that very little cross section extends
back of the grazing angle, thus setting a limit on the con-
tribution from fusion-fission events, which are expected to
have a constant contribution at all angles in the do/d8
plot.

35 P —F44

250—

l50—

550—

I I

470 MeV

595 MeV

C. Energy spectra

The conversion of projectile kinetic energy into internal
excitation of the target-projectile system is an important
feature of the damped reaction process. It is frequently
expressed in terms of the total kinetic energy loss, Ei„„
calculated as the difference between the initial center-o-
mass kinetic energy, E, , and the measured total kinetic
energy (TKE) corrected for neutron emission (see Sec. II).
Figure 2 shows the energy loss spectra der/dEI„, for the
three bombarding energies studied. The dots result from
integration over the angular regions displayed in Fig. 1,
while the dashed curves reflect the addition of estimated
contributions from 0' to the minimum angle measured.
The quasielastic events at low energy losses are clearly
separated from the broad distribution of damped events.
As the bombarding energy decreases, an increasing frac-
tion of the events has kinetic energies below the entrance
channel Coulomb barrier evaluated at the experimenta
strong-absorption radius, Rs& (see Table I), indicated by
the arrows in Fig. 2. This suggests highly deformed
geometries in the exit channel.

Additional insights into the dynamics of the reaction
are obtained when the contours of constant cross section
d cr/d8dE are plotted as a function of the total kinetic
energy of the system (TKE) and the center-of-mass
scattering angle 8, (Wilczynski plot). Such contour
plots for 470-, 595-, and 720-MeV Kr are shown in Figs.
3—6. Figure 3 includes data from product charges
20&Z &49, while in Figs. 4—6 the product charge has
been integrated over three Z units, as indicated. The
quasielastic and partially damped events are concentrated
just forward of the grazing angle and correspond to prod-
ucts near the projectile charge of Z =36. In the 595- and
720-MeV cases, the cross section ridge moves continuous-
1 forward in angle with decreasing TKE (increasingy orwa
E ). This behavior could be indicative of nuclear orbit-Ioss

~ ~

ing. A deflection function with nonorbiting characteris-
tics consistent with these data should produce a rainbow

Systematics predict that, as the bombarding energy de-
creases, the cross section contours become more focused in
angle. ' Thus, at 470 MeV a strongly focused angular
distribution is expected. This is observed, however, only
for the partially damped component. The fully relaxed
events are distributed over a broad angular range forward
of the grazing angle, quite in contrast to heavier sys-
tems, where the cross section ridge extends to larger an-
gles. This plateau persists for all product Z's and is even

~250 — «

LLI
M l50—
I—

450 =
20 MeV

550—

250--

«2»
I I

150-
I

4020 60
ec.rn. (c(eg j

FICx. 3. Contours of constant cross section d cr/dOdE in
mb/radMeV for products with Z between 20 and 49. The
dashed curves are the results of the microscopic transport-model
calculations described in Sec. IV C.
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g, iii
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FIG. 4. Contours of constant cross section d o./d0dE in

units of 0.1 mb/rad MeV, for the 470-MeV bombarding energy.
The data are summed over three Z units, as indicated.

apparent at 720 MeV for products farthest removed in Z
from the projectile. Fusion-fission and fission-like pro-
cesses can be ruled out as dominant mechanisms on the
basis of the low cross sections observed for these processes
at backward angles.
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barding energy.
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FIG. 7. Total kinetic energy loss spectra, averaged over three Z units and integrated over all measured angles. The arrows indi-
cate Coulomb barriers for deformed fragments with the average charge of each spectrum.
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The energy loss spectra corresponding to the contour
plots in Figs. 4—6 are shown in Fig. 7. Except for the
quasielastic energies associated with charges near the pro-
jectile, the energy loss curves are approximately Gaussian
in shape. In general, the centroids move to higher energy
losses with increasing distance of the fragment Z from the
projectile. The arrows indicate exit-channel Coulomb en-

ergies for highly deformed elliptical fragments, calculated
according to Brack et al. for fragments with a ratio of
minor to major semiaxes a/b of 0.65. The absolute cross
sections for large values of EI„,vary little as a function of
Z, suggesting broad charge distributions at all three bom-
barding energies. A more complete discussion of the
charge distributions as a function of EI„, is found in the
following subsection.
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D. Charge distributions

The evolution of the charge distributions of the
projectile-like fragments with total kinetic energy is illus-
trated in the contour plots of constant cross section
d o/dE dZ as a function of TKE and Z shown in Fig. 8.
For all incident beam energies, the maximum of the Z
ridge remains close to that of the beam (Z =36), while the
widths of the charge distributions increase smoothly with
decreasing TKE. At low TKE a slight skewing of the
cross section to Z values greater than 36 is observed for
the 470-MeV beam energy, while a drift to Z & 36 is ob-
served for the 720-MeV beam energy. However, even at
720 MeV, a high Z asymmetry in the distribution is ap-
parent.

There has been a great deal of discussion concerning the
most valid parameter for characterizing charge distribu-
tions from reaction data. Three parameters which have
been proposed are the following: (1) constant TKE," (2)
total kinetic energy above the Coulomb barrier (TKE*),
and (3) constant angular momentum. In this section

FIG. 8. Contours of constant cross section in the TKE-Z
plane d cr/dEdZ in mb/MeV-Z, integrated over the measured
angular range.

constant TKE and Coulomb barrier parametrizations will
be discussed and the results compared. A discussion of
angular momentum effects is deferred to Sec. IV A.

For a dissipative process, energy loss increases with
time. Defining charge distributions in terms of TKE (and
hence EI„,) therefore implies a relationship to the interac-
tion time. Cuts in the Z-TKE plane at constant TKE,
corresponding to a constant reaction Q value, are model
independent, although arguments have been made that
TKE alone may not be the relevant parameter.
Representative charge distributions obtained by the TKE
method are shown in Fig. 9 for data averaged over 10-
MeV wide TKE bins. The curves have been labeled by
their corresponding mean value of EI,» and only every
fourth bin has been shown for clarity (every second bin for
the 470-MeV data). The distributions obtained for low
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FIG. 9. Sample charge distributions obtained by averaging over 10-MeV-wide bins in TKE are shown as the points. The curves

represent Gaussian fits to the data. To avoid superposition, the data and calculated fits have been multiplied by the factors indicated
to the right of the data. The energy assigned to each bin is the total kinetic energy loss of the central energy of the bin.
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Efos, =E, —[TKE"+EP',"„'i""'(Z=36)j, (3.4)

where E, is the elastic TKE. At small values of E~'„,
the charge distributions deviate little from those obtained
binning by constant TKE. At higher values of E~'„, the
yield of charges greater than 36 is reduced and the yield of

E~„, are approximately Gaussian, centered near the pro-
jectile charge of Z =36. As energy loss increases, a high-
Z tail becomes increasingly important. In reference to the
contour plots of Figs. 3—6, these events are distinguished
from those near the projectile Z by broad angular distribu-
tions extending forward to 8, ~ 20'.

The widths of the charge distributions were derived
from Gaussian fits to the data. The error minimization
criteria for obtaining the best fits were applied within the
limits of +2 standard deviations of the mean. This pro-
cedure emphasized the central portion of the data and de-
creased the effects of asymmetric high-Z tails. The resul-
tant Gaussian fits to the data are shown in Fig. 9 by the
solid curves. The asymmetric, high-Z component was
very important in the 470-MeV data, making Gaussian
fits difficult at E~,» & 60 MeV.

An alternative parametrization used to obtain charge
distributions requires defining a total kinetic energy above
the Coulomb barrier, TKE*, for each possible two-body
breakup of the composite system. However, there seems
to be no basic physical justification for such a distinctive
role of the Coulomb energy as compared to other collec-
tive energies. In addition, this procedure introduces an
ambiguity in the calculation of the Coulomb barrier. As
demonstrated by the energy spectra shown in Figs. 2 and
7, the kinetic energies of the fully damped products corre-
spond to exit-channel Coulomb barriers of highly de-
formed fragments. These events are characterized by a
broad range of products Z's, extending well into the re-
gion of symmetric (Z,~m=49) charge fragmentation. In
contrast, reactions associated with small values of E~„,
give narrow charge distributions centered near the projec-
tile charge. In these reactions large deformations presum-
ably do not have time to develop and spherical Coulomb
barriers are probably more appropriate.

The Coulomb barriers calculated as a function of Z are
plotted in Fig. 10 for both spherical'" and deformed frag-
ments. The deformed barriers were calculated as
described in Sec. III C for a/b =0.65. An experimental
average TKE for fully relaxed products has been estimat-
ed by the average TKE of products measured at angles
greater than the grazing angle. These are shown by the
open circles. They fall between the spherical and de-
formed calculations and exhibit a relatively weak Z depen-
dence.

The charge distributions obtained by averaging the data
over 10-MeV-wide bins in TKE above the spherical
Coulomb barrier, TKE', are shown in Fig. 11. Since the
Coulomb barrier is a function of Z, using such a pro-
cedure results in an energy loss which is also a function of
Z. The convention used to obtain an energy loss for
which results can be compared to constant TKE cuts is to
define an energy loss relative to the projectile charge
Z =36. Hence,
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FIG. 10. The TKE calculated as a function of charge Z. As-
suming the limit of infinite radial friction, Eq. (4.S) has been
used for two values of initial angular momentum, 1=100 and
300. The dotted curves correspond to the nonsticking limit and
the dashed curves to the sticking limit. Both have been calculat-
ed assuming spheres in the entrance and exit channels. The
thick and thin solid curves represent the Coulomb barriers for
spherical and deformed fragments, respectively. The deformed
case was calculated using a/b =0.65. The open circles have
been derived from the data in Fig. 6 as the mean TKE of the
cross section ridge which remains back of the grazing angle.

charges below 36 is enhanced relative to the constant TKE
cuts, thus giving a more Gaussian shape to the resultant
charge distributions. These effects are most prominent
for final energies near the Coulomb barrier. A similar re-
sult is obtained for kinetic energy cuts relative to the
Coulomb barrier for deformed fragments, since the curva-
tures of the two barriers with respect to Z are not drasti-
cally different (Fig. 10).

The variances of the charge distributions obtained from
the Gaussian fits to the data shown in Figs. 9 and 11 are
plotted in Fig. 12 for the three bombarding energies. The
results have been corrected for the experimental charge
resolution, which typically required a subtraction of
0.4—0.7 from the measured variances, depending on bom-
barding energy. Below 100 MeV, the two methods of en-
ergy cuts yield variances which are indistinguishable. At
large energy losses the Coulomb cuts (filled symbols) give
distributions slightly broader than those obtained from the
constant TKE cuts (open symbols). These results are con-
sistent with previously studied systems. ' ' It is in-
teresting to note that, while the distributions become very
broad near the respective Coulomb barriers, widths for en-
ergy losses that are small in relation to the available ener-
gy above the barrier are very similar, varying little with
bombarding energy. This feature will be further addressed
in terms of the theoretical models discussed in Sec. IV.
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IV. DISCUSSION

A. Phenomenological macroscopic
interpfetat1on of data

An estimate of the angular momentum associated with
a given damped reaction is central to an understanding of
the dynamical evolution of the resulting dinuclear com-
plex. Gamma-ray multiplicity studies"-" have shown
that the angular momenta associated with processes of
low El„, are consistent with the nonsticking limit for the

lI ——l;INs (Z) /Is (Z), (4.1)

is approached. The moment of inertia Is(Z) corresponds
to the two reacting nuclei rotating as one rigid body. The
quantities INs and Is for touching spherical nuclei in the
entrance and exit channels are defined by

moment of inertia, INs, with the initial and final angular
momenta, I; and lI, being equal. As the interaction
proceeds and kinetic energy is damped into internal exci-
tation, the sticking limit, characterized by a final angular
momentum lI given by

1 I I I l I I l I
l

I I I I l I l I I

INs(Z) =Pzl'z

Is(Z) =INs(Z)+0. 4(mzRz+mz Rz ), (4.3)
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FIG. 12, The correlation between the variances of the charge
distributions and the total kinetic energy loss. The open symbols
are from TKE cuts (E~„,) and the filled symbols are from
Coulomb cuts (E~~, ). The Coulomb cuts have not been included
at low E~„,since the points rvould be superimposed on the TKE
cuts. Inset is an expanded plot of the variances for the initial
energy losses.

where pz and rz are the reduced mass and radial distance
between the fragment centers, respectively. The quantities
mz, mz, Rz, and Rz are the atomic masses and radii of
the individual fragments such that Z+Z' equals the total
charge of the composite system.

It remains to determine the angular momenta, I; and lI,
from experimentally measured quantities. In this work
the sharp cutoff approximation has been made and ap-
plied to both TKE and 8, variables. Referring to the
contour plots of constant cross section as a function of
TKE and 8, (Fig. 3), the forward orbiting cross-section
ridge is observed to be better defined by TKE at small
El„, and by 8, at large El„,. Equating the grazing an-
gular momentum to the maximum TKE (or the grazing
angle), the I; values are assigned to each bin in TKE (or
8, ~ ) on the basis of the cross section in that bin. The re-
sults of such an I unfolding are shown in Figs. 13 and 14
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for the three bombarding energies. The solid points corre-
spond to TKE cuts and the open points to 6, cuts.
There is a smooth transition between the two methods, al-

lowing utilization of the forward plateau of cross section
observed in the 595- and 470-MeV cases, where the aver-

age TKE associated with a given 0, changes little with
decreasing 0,

It is interesting to compare these results to the total ki-
netic energy calculated for the system assuming infinite
radial friction. The TKE for a given 1 and Z fragment
can then be expressed as the sum of the centrifugal energy

E„,(Z, I) and the Coulomb energy Ec,„i(Z)

TKE(Z, I)=Ec,„i(Z)+E„,(Z, l),
with

A' If(Z, l)
E„,(Z, l) =

NS

(4.4)

(4.5)

Using the Coulomb energy evaluated for spherical frag-
ments, Fig. 10 shows the resulting TKE for l; =100 and
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FIG. 13. The initial angular momenta derived from the sharp
cutoff model are shown by the symbols. The filled symbols em-

ployed TKE cuts and the open symbols 6I, cuts. The solid
curve is the TKE calculated for spherical fragments using Eq.
{4.4) and assuming a charge of Z =36. The dashed curve is the
same calculation as applied to deformed fragments in the exit
channel.

300 in the sticking and nonsticking limits. The assump-
tion of a monotonic relation between angular momentum
and final TKE appears reasonable for small and inter-
mediate energy losses, which are of interest in the present
context.

The relation between TKE and initial I value derived
for spherical fragments in the nonsticking limit and for a
separation distance equal to the experimentally deter-
mined strong absorption radius Rsz is plotted as the solid
line in Fig. 13. It is clear that this defines an upper limit
for the TKE. The dashed line has been obtained by allow-
ing for ellipsoidal (a/b =0.6S) deformations of the frag-
ments in the exit channel. These results suggest that
there is a clear transition from spherical to deformed
shapes with increasing Eh„(decreasing TKE and decreas-
ing I;). The transition to the sticking configuration has
little effect on the deduced final TKE at low angular mo-
menta (see Fig. 10), where small TKE values require large
deformations of the dinuclear complex at breakup.

A major uncertainty in this phenomenological deter-
mination of I; is the determination of the cross section at
low TKE values and forward angles. Here it is not possi-
ble to separate the shorter-lived, positive-angle component
from the longer-lived, negative-angle component. The
qualitative effect of attributing all of the cross section to
positive-angle scattering, as done in this work, is that de-
rived angular momenta are too low. This effect is partly
compensated for by the fact that the average TKE as-
signed to each reaction angle 0, is probably also low,
thereby preserving the trend of the curves in Fig. 13. The
phenomenologically derived deflection functions, shown
in Fig. 14 as a function of relative angular momentum
I/lg, clearly exhibit the strong orbiting tendencies. Ac-
counting for orbiting in the analysis would associate the
larger deflections away from Coulomb trajectories with
higher I/lg values than indicated in Fig. 14. This uncer-
tainty should be considered when comparing the experi-
mental results to theoretical calculations.

B. Interaction time

~(l; ) =b,8(l; )I (l; ) /irilf, (4.6)

The time scale of a reaction is of fundamental impor-
tance to the determination of the mechanisms involved.
Since the interaction time ~ is not a directly measurable
quantity, a reaction model must be chosen for its calcula-
tion. In the present work, it is assumed that the interac-
tion time is a function of the angle b,8 through which the
intermediate dinuclear complex rotates during contact.
This rotation angle is a function of the angular momen-
tum in the entrance and exit channels, l; and lf, respec-
tively. For a constant moment of inertia I=I (1; ), the in-
teraction time is given by

0
04 I.O

with

FIG. 14. The deflection angle in degrees plotted for the three
incident bombarding energies in terms of relative angular
momentum I/Ig. As in Fig. 13, the filled and open symbols are
derived from TKE and 0, cuts, respectively.

(4.7)

The sum of the Coulomb deflection angles in the entrance
and exit channels, Oc, is calculated analytically. The in-
teraction times ~Ns and ~s calculated using the nonsticking
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the nonsticking (NS) and sticking (S) limits, plotted as a function
of relative angular momentum. The symbols are as described in

Figs. 13 and 14.

z =2Dz&2 (4.8)

is obtained in the approximation of constant transport
coefficients. Adopting this simplified relation, the coeffi-
cient Dz corresponds to the slope of crz vs r plots, depict-
ed in Fig. 17, which compares the NS and S cases for the

and sticking assumptions for If derived in the sharp cutoff
approximation are shown in Fig. 15 as a function of l/lg.
Note the change in time scale by a factor of 2 between rNs
and v.s. As in Figs. 13 and 14, the filled and open symbols
represent results of binning with respect to constant TKE
and O, m, respectively. At a given I/ls the interaction
times increase sharply with decreasing bombarding ener-

gy, even near the grazing angular momenta. This result is
different from that obtained for the heavier, more focused

Bi+ ' Xe system, where very similar interaction
times were obtained for different bombarding energies.
Viewing rs as a function of EI„„Fig.16 shows that the
large plateau of cross section centered at approximately
constant E»„ is responsible for the longest interaction
times observed.

Of particular interest are the relative time scales of
mass exchange and energy relaxation processes. In the ap-
plication of the Fokker-Planck equation to nuclear
dynamics, the relationship
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FIG. 17. The charge variances are plotted as a function or"

the nonsticking (filled circles) and sticking (open circles) interac-
tion times for the 720-MeV bombarding energy. The sticking
interaction times for the 595- and 470-MeV bombarding energies
are shown as the squares and triangles, respectively.

720-MeV data and the S case at all three bombarding en-
ergies. Since this approximation is certainly unjustified,
the absolute values of Dz derived from Fig. 17 are not
very meaningful, and more detailed treatments are avail-
able. ' ' Qualitatively, neither the sticking nor non-
sticking correlations represent a linear relationship. The
change in average slope observed around oz-6 reflects a
similar feature at an energy loss of —100 MeV in the data
shown in Fig. 12. This may reflect a transition between
nonsticking and sticking correlations. However, no con-
clusions can currently be drawn.

C. Microscopic interpretation of data

2. Simple nontrajectory model
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FIGe 16. The interaction times calculated in the sticking limit

as a function of E~„, for the three incident bombarding energies.

The symbols are as described in Fig. 13.

In a phenomenological model described in previous
works ' ' ' use was made of the microscopic time scale
provided by the nucleon-exchange mechanism to derive a
kinetic energy dissipation rate with respect to the number
of nucleons exchanged, X,„.

=a(m/p)T,dT
ex

(4.9)

where X,„was related to the measured variances, o.z or
og. In Eq. (4.9),

~ =Ec.m. ECoul Eloss

is the available relative kinetic energy above the Coulomb
barrier Ec,„~, m is the nucleon mass, and p is the reduced
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mass of the dinuclear system. The coefficient a conveys
information on the character of the dissipation mecha-
nism.

Application of a model developed by Randrup, leads
to the derivation ' ' ' of the relation

1/2

, zz "2 3m m~F ~n+~z W(g)

O' X(g)

(4.10)

IO
LLI

I

l44S +84K

E I,b= 720 MeV

between T and oz, which is approximately valid for peri-
pheral collisions and symmetric systems. The assump-
tions underlying Eq. (4.10) have been discussed previous-
ly. ' The quantity To refers to the entrance channel and
is evaluated as E, —Ec,„', where Ec,„' for the present
reaction is assumed to be equal to 240 MeV, the value of
the Coulomb barrier for spherical fragments evaluated at
the strong-absorption radius suggested by systematics. '

The quantity in the angular brackets represents the ratio
of the dimensionless form factors for the friction coeffi-
cients 4 and the mass transport coefficients X, as a func-
tion of the surface separation g. A Fermi energy of
T'=37 MeV is used in the evaluation of Eq. (4.10).
Model calculations of (o~+oz)/oz for the

Sm+ Kr reaction are shown in Fig. 18 for the bom-

barding energies of 720, 595, and 470 MeV. For energy
losses greater than about 20 MeV, this ratio is essentially
constant at approximately 2.6 for all three bombarding en-

ergies. However, the parameter (%(g)/X(g)) (I is ex-

pected to vary with angular momentum or energy loss.
Hence, it is difficult to estimate its value without detailed
trajectory calculations. It is, therefore, regarded here as a
phenomenological parameter.

The experimental values of the square root of the avail-
able energy T are plotted as a function of the Z variance,
O.z, in Fig. 19 for the ' Sm+ Kr reaction at bombarding
energies of 720, 595, and 470 MeV. The solid points
represent the data, while the straight lines are calculated
with Eq. (4.10) assuming values of (%(g)/X(g)) of 0.58,
0.74, and 1 for the bombarding energies of 720, 595, and
470 MeV, respectively. As discussed previously for other
reactions, ' Eq. (4.10) gives a reasonable representation
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FIG. 18. Results of transport model calculations for the ratio
(o.~+o.z) laz as a function of energy loss.
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FIG. 19. Correlation of the available kinetic energy T with

oz. The solid lines represent the results of a simple model cal-
culation [cf. Eq. (4.10)].

2. Dynamical calculations

The discussion given in the preceding subsection per-
tains to a simplification of a reaction model proposed by
Randrup, in which transport phenomena occurring in
damped reactions are derived solely from the fundamental
microscopic mechanism of the exchange of independent
nucleons between the reaction partners. Unlike the above
phenomenological approach, which employs adjustable
parameters and somewhat ad hoc assumptions, in the
transport model of Randrup, transport coefficients are
calculated microscopically from the instantaneous condi-
tions of the interacting system. These are specified in
terms of macroscopic coordinates, such as radial separa-
tion distance, neck radius, angles of orientation, and mass
and charge asymmetries of the constituents of the inter-
mediate dinuclear system, as well as the corresponding ve-
locities. The intrinsic system is assumed to be in thermo-
dynamic equilibrium.

In the weak-coupling limit, on which the transport
model is based, average values of macroscopic coordinates

Iq;, q;I follow classical Lagrange-Rayleigh equations of
motion determined by conservative, dissipative, and iner-
tial forces:

of the experimental data. However, the assumptions on
which Eq. (4.10) is based are not adequately fulfilled,
especially for the more highly dissipative events, which
may not be peripheral in character. Hence, it is not
surprising that the experimental points begin to deviate
from the fit curves for large energy losses. On the con-
trary, it is quite surprising that this simple parametriza-
tion works so well for a considerable range of energy
losses, as has also been noticed in simplified analyses of
other heavy-ion reactions. ' '
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aF

Bq;
(4.11)

aI'„
P(N, Z, r)—=

BN

aV, a'D„„
BN'

~'Dzz
P(N, Z, t),az2

(4.12)

for the time evolution of the probability distribution
P(N, Z, t) describing the joint probability of finding N
neutrons and Z protons in one of the fragments. Drift
and diffusion coefficients, V and D, respectively, are de-
rived in Randrup's microscopic model. In the calcula-
tion discussed below, the drift coefficients are expanded
either to zeroth (uncorrelated case) or first (correlated
case) order around the average trajectory IN(t), Z(t) I.
This procedure yields linear coupled equations of motion
for the first and second moments of P which are integrat-
ed numerically along the average system trajectory. Fur-
ther details of the reaction model have been reported pre-
viously. '

Results for the average correlation between reaction an-

gles 8, and the final total kinetic energy as obtained by
the model calculations are represented by dashed curves in
Fig. 3 and are compared to experimental data showing the
Wilczynski diagrams d o./d 8 dE for the reaction

Sm+ Kr at E~,~ ——720, 595, and 470 MeV. As can be
seen from the figure, the observed cross section features
are reasonably well reproduced by the model trajectory for
the two higher bombarding energies. Starting from the
elastic energy, the cross section ridge moves forward in
angle with increasing energy loss or decreasing final total
kinetic energy. In agreement with the data, the calcula-
tions suggest a rate of forward deflection that increases
with increasing energy loss. For large energy losses, where
the initially available kinetic energy is completely damped
and the fragments emerge with energies characteristic of

Here, I. =T—V is the Lagrangian, and I' is the dissipa-
tion function. Kinetic-energy terms in T are evaluated for
two spherical interaction partners. The potential energy V
is determined from the liquid-drop model surface energy
of a dumbbell-like dinuclear shape, the proximity interac-
tion of juxtaposed surface elements outside the neck re-
gion, the liquid-drop binding energies of the two frag-
ments, and their Coulomb interaction potential. The
dissipation function I' describes the conversion of kinetic
energy of relative motion owing to the recoil momentum
and the change in the binding energies induced by nucleon
exchange processes, as well as the damping of the neck
motion as given by the "wall formula. " ' The time evolu-
tion of the neck radius and of average mass and charge
asymmetries is assumed to be overdamped by the corre-
sponding strong one-body friction forces, such that
dynamical driving forces for these coordinates are given

by the balance aL, yaq, =aP ya j;.
In the model, the equations of motion [cf. Eq. (4.11)]

are coupled to a Fokker-Planck equation

the Coulomb repulsion of spherical or deformed nuclei,
the model predicts an onset of orbiting. This behavior is
consistent with a second cross section ridge observed to
extend back to angles greater than the quarter-point angle
and corresponding to Coulomb energies of highly de-
formed fragments. The exact position in energy of this
"orbiting" ridge is only qualitatively reproduced by the
calculations, which are unable to describe accurately the
large deformations acquired in strongly damped collisions
in terms of a dumbbell-like dinuclear shape. In this
domain, the ca1culations suggest interaction times exceed-
ing 1X10 ' sec, which are sufficiently long for the
development of deformations of the individual fragments.

In contrast to the reasonable agreement between data
and calculations for energy-angle correlations obtained for
the ' Sm+ Kr reaction at E&,& ——720 and 595 MeV, the
theory is clearly at variance with experiment in the case of
the lowest bombarding energy of 470 MeV. Here, the
cross section ridge is missed by the calculation already for
very small energy losses. This is consistent with a
disagreement between the experimental quarter-point an-
gles and those predicted from reaction systematics, '

which are approximately reproduced by the calculations.
This discrepancy is greatest in the 470-MeV case (see
Table I). Whereas the cross section peak for weakly
damped events is located some 5' forward of the respective
quarter-point angle predicted by systematics' in the cases
of E„b——720 MeV (8,&4,

——41.3') and 595 MeV
(8&&4——54.0'), at E~,q ——470 MeV this peak is approximate-
ly 12' forward of the calculated quarter-point angle of
0~~4

——83.7'. However, it should be noted that the experi-
mental quarter-point angle is only 75.4'. From studies of
other Kr-induced reactions, ' ' one would have expected
a more uniform relative forward shift of the weakly
damped cross section peak, less dependent on the bom-
barding energy, such that the cross section pattern
displayed at the top of Fig. 3 would have corresponded to
a bombarding energy of 493 MeV rather than 470 MeV.

'However, such a large systematic error in the beam energy
is unlikely.

In Fig. 20 the experimental correlations between energy
loss (or negative reaction Q value) and variances oz of the
fragment charge distributions are displayed for the

Sm+ Kr reaction at the three incident energies stud-
ied. The data are the results of Gaussian fits to the exper-
imental Z distributions shown in Fig. 12. As discussed in
Sec. III, only for small energy losses are the data we11

described by Gaussians centered around Zz ——36, whereas
high-Z tails develop with higher energy losses. The effect
is most obvious for the lowest bombarding energy, as
shown in Fig. 9, where considerable systematic uncertain-

ty has to be ascribed to the experimental variances for en-

ergy losses greater than -50 MeV. These errors are con-
siderably smaller for the 720- and 595-MeV data. This is
verified by the small width differences between the vari-
ances derived from TKE cuts and those derived from the
more symmetric Coulomb energy cuts, as shown in Fig.
12.

The transport calculations, assuming a simplified
description of the fragment probability distribution
P(N, Z, t) in terms of a two-dimensional Gaussian, yield



BOMBARDING ENERGY DEPENDENCE OF THE ' Sm + '4Kr. . . 171

250 60 -
I I I I I

POTENTIAL ENERGY LD+ SC

200— 50—

I50—

O

l00—

(f)
V3 50-

0 i

I
I

I
I ~I ~

l44S + 84K

EXPERIMENT
THEORY
CORREL AT E D

———UNCORRELAT EO

E I,b
= 720 MeV

40—

Zl
60

l =500

40—

l00—

~ 50-
O

E Iab 595 MeV

I 00—

50-
Wp

qTp

0
0

E Ipb 470 Mev
I I

20IO

average values Z and variances oz as functions of the2

amount of energy dissipated in a collision. The results are
plotted in Fig. 20 as solid and dashed curves. The solid
curves are obtained using an expansion of the drift coeffi-
cients to first order in the difference of fragment proton
and neutron numbers from the corresponding average
values. These calculations reflect the underlying potential
energy surface, shown in Fig. 21 in the form of contour
diagrams plotted versus N and Z of one of the fragments
for orbital angular momenta l =0 and 300. The potentials
are derived from the liquid-drop binding energies correct-
ed for shell effects and the nuclear, Coulomb, and centri-
fugal energies of two spherical fragments touching at the
systematic strong-absorption separation distance RsA. '

For small energy losses ( &50 MeV), comparison be-
tween the model predictions shown in Fig. 20 and the ex-
perimental data suggests an adequate description of the re-

50
Oz

FIG. 20. Total kinetic energy loss plotted versus variance oz
of charge distributions corresponding to cuts in TKE. The
dashed and solid curves, respectively, represent model calcula-

. tions neglecting or accounting for macroscopic correlations in
the nucleon exchange mechanism induced by the curvature of
the driving potential. Arrows indicate the initially available to-
tal kinetic energy above the entrance channel Coulomb barrier.

I

40
I

50
I

60
I

FIG. 21. Contour diagrams of the l =0 and 300 potential en-

ergy surfaces plotted versus proton and neutron number Z& and

XI, respectively, of one of the products in fragmentation of the
composite system ' Sm+' Kr. The energy is calculated from
the shell-corrected liquid-drop model and the Coulomb potentia1
of spherical fragments touching at the strong-absorption radius.
The fragmentation ' Sm+ Kr (injection point) is indicated by
a cross in each surface.

lation between charge and energy transport in the reaction
Srn+ Kr at all three bombarding energies. For inter-

mediate and large energy losses, the theoretical predictions
underestimate the experimental variances to an extent that
can probably not be accounted for in terms of the non-
Gaussian shapes of the experimental Z distributions.
Similarly, the predicted drifts of the distributions are con-
sistent with the experimental peak positions of the charge
distributions only for small energy losses. For energy
losses exceeding 50—70 MeV, displacements of the distri-
butions towards symmetry by more than 0.5 Z units are
expected from the calculations. The Gaussian fits to the
experimental distributions shown in Fig. 9 are clearly not
in accordance with these expectations, although high-Z
asymmetries of the distributions are observed to develop.
It appears as if the potential energy surfaces displayed in
Fig. 21, and the associated driving forces, do not properly
reflect the dynamical evolution of the driving forces and
their derivatives. In order to be consistent with the data,
these driving forces have to be less dependent on the frag-
ment mass and charge asymmetries than assumed in the
model.

This latter point is illustrated by the dashed curves in
Fig. 20, representing calculations in which the curvature
of the driving potential is neglected. In this case, the driv-
ing forces cannot induce macroscopic correlations on the
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nucleon exchange processes. The larger variances crz re-
sulting from such a simplification are obviously in better

agreement with the data than the more complete calcula-
tions in which account is taken of such correlations.
However, distortions of the charge distributions owing to
charged-particle emission have been neglected in the data
analysis procedure. It has been shown for Fe-induced
reactions that charged particle emission can significantly
distort the fragment charge distributions. Charged-
particle emission has been observed in the ' Au+ Kr re-
action and it is unclear what the effects might be on the
more neutron deficient ' Sm+ Kr reaction.

V. CONCLUSION

The study of the Kr+ ' Sm system at bombarding
energies of 720, 595, and 470 MeV yields several interest-
ing results which are relevant to the understanding of the
mechanisms through which heavy ions interact. While
the partially damped events appear to follow previously
observed reaction systematics, angular distributions show
a plateau of cross section extending from the grazing an-

gle forward in the 595- and 470-MeV cases. This effect
can also be seen in the high-Z component of the 720-MeV
data. These events are associated with long interaction
times and final energies well below the entrance-channel
Coulomb barrier. Similar observations in the ' Er+ Kr
(Ref. 8) and ' La+ Kr (Refs. 22 and 23) reactions sug-

gest a behavior characteristic of these intermediate-mass
systems. The relative contribution of this long-lived corn-

ponent increases as the bombarding energy decreases, em-

phasizing the importance of the inclusion of deformation
in present theoretical models.

Another effect which becomes increasingly important
as the bombarding energy decreases is the tail of high-Z
products observed near Coulomb energies. While the cen-
troids of the projectile-like charge distributions remain
constant at Z =36, or even drift to slightly lower Z values
with increasing E„„,the contribution of a high-Z com-
ponent increases, producing very pronounced asymmetries
in the charge distributions at large Ei„,. This effect is re-
duced somewhat when charge distributions are plotted for
energy bins in terms of TKE above the Coulomb barrier.
However, this should not be construed as a justification
for describing charge distributions in this manner. These
large asymmetries may be characteristic of a separate re-

action mechanism operating at kinetic energies near the
Coulomb barrier. This component appears to have a pro-
nounced drift towards symmetric splits of the composite
system, and is more in keeping with the driving force of
the potential energy surface (Fig. 21) than is the rest of the
data. The fusion-fission-like contributions are limited by
the cross sections observed at the most backward angles
and are much smaller than the forward-ridge cross section
observed in the angular distributions of the high-Z com-
ponents. Thus, while fission-like processes may contri-
bute to the high-Z yield, they alone cannot explain the

elevated cross sections observed at small angles.
The variances of the charge distributions obtained at

the three bombarding energies are remarkably similar for
low energy losses. In this energy range there is no signifi-
cant difference between the results obtained by the TKE
and Coulomb energy (TKE*) parametrizations. As the ki-
netic energy approaches the Coulomb barrier, the TKE*
variances become larger than the TKE variances. This is
largely owing to the incorporation of the high-Z com-
ponent in the Gaussian fit describing the TKE* distribu-
tions.

The reaction cross sections measured in the
Srn+ "Kr reaction are consistently larger than those

predicted from reaction systematics. ' The experimental
quarter-point angles are smaller at all three bombarding
energies than the predicted values, leading to an experi-
mental interaction radius of 14.3 fm as compared to 13.6
fm predicted from reaction systematics. The discrepancy
is the greatest at the lowest bombarding energy, causing a
large difference between the experimental data and model
calculations.

The transport model presented appears to provide a
good general description of the energy-loss process. Mi-
croscopic nucleon exchange is an effective energy-
dissipation mechanism in the initial stages of the reaction.
However, the neglect of fragment deformation for the
strongly damped events is clearly a simplification which
can be corrected through an extension of the adopted fam-
ily of dinuclear shapes assumed during the interaction.

The correlations between moments of the fragment-Z
distributions and the amount of kinetic energy dissipated
in a collision are reproduced by the model at low energy
losses for all bombarding energies. For higher energy
losses, the average correlations imposed on the neutron
and proton exchange processes are weaker than predicted
on the basis of phenornenological liquid-drop driving
forces. This problem is related to the slowness of the re-
laxation of the mass asymmetry degree of freedom
which continues to present a challenge to the current
understanding of heavy-ion transport mechanisms. Fur-
ther experiments where fragment masses and charges are
measured simultaneously, as well as information on par-
ticle emission, are required to further elucidate the effect
of the potential energy surface.
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