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Mass and charge distributions have been measured for damped projectile-like fragments in the re-
action *Ge+'%Ho at 8.5 MeV per nucleon bombarding energy. Coincidences were measured be-
tween Z- and A-identified projectile-like fragments and angle-correlated heavy reaction partners in
order to derive the primary mass distribution for projectile-like fragments. Centroids and variances
of the primary and post-evaporative Z, N, and A distributions are presented. The evolution of the
primary N and Z distributions as a function of energy loss is found to deviate from predictions of

the nucleon exchange transport model.

I. INTRODUCTION

Statistical transport models have proven generally suc-
cessful in accounting for many major features of damped
(deep inelastic) collisions between heavy nuclei at near-
barrier bombarding energies.! > For example, the energy
dissipation, angular focusing, and nuclide distribution
properties of these binary reactions are qualitatively
reproduced within the context of these models. During
the past few years, improved experimental techniques
have made it possible to subject the models to more
rigorous tests. Simultaneous measurements of fragment
charge and mass distributions have permitted examina-
tion of the evolution of the nucleon-exchange process as a
function of dissipated energy during the existence of the
dinuclear complex formed in damped reactions.* ' Re-
lated studies have also revealed important insights into
the question of excitation-energy partition between the
primary fragments at the moment of scission.!?~ 16

Direct comparison of model calculations with experi-
mental data for damped reactions between heavy nuclei is
generally obscured by the subsequent decay of the excited
primary fragments following scission of the dinuclear
complex.!” Thus, in order to reconcile the measured
post-evaporative charge and mass yields with the primary
distributions predicted by theory, significant corrections
must be applied to account for modifications due to deex-
citation. These corrections require both a knowledge of
how the excitation energy is partitioned between the two
primary fragments and the application of a reliable
statistical-decay model to relate the primary and ob-
served data. Several inclusive measurements have been

4

performed in which primary fragment Z and A distribu-
tions have been deduced by applying corrections for sta-
tistical decay to the post-evaporative yields.*¢~ 1% These
studies contain a major uncertainty in that they require
a priori assumptions concerning the excitation-energy
distribution of the fragments at scission. Similar prob-
lems affect the reverse approach, i.e., comparison of data
with theoretical predictions that have added statistical
decay to the calculated primary product yields. This
arises because the models do not yield information on the
widths of the excitation-energy distributions and depen-
dence on fragment mass. The results consistently indi-
cate distinct discrepancies between the model calcula-
tions and the data, especially with regard to the magni-
tude and direction of net proton and neutron transfer in
these reactions.’

In order to reduce uncertainties in the determination of
the primary nuclide distributions, we have performed a
kinematic-coincidence measurement between damped
projectile-like and target-like fragments, which permits
determination of both the primary and post-evaporative
fragment mass distributions over a large range of energy
dissipation. These results can then be compared directly
with nucleon exchange transport model calculations.! 3
Furthermore, these data permit examination of several
important questions concerning the partition of excita-
tion energy in damped reactions,'? !¢ a subject that is ad-
dressed in the following paper.!®

The experiment reported here involved the measure-
ment of kinematic coincidences between projectile-like
fragments (PLF’s) and target-like fragments (TLF’s)
formed in the E/A =8.5 MeV 7*Ge+!Ho reaction.
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This projectile-target system possesses several advantages
relative to our previous studies of the Fe+!%Ho sys-
tem:'° (1) the atomic number of the projectile-like
(Z =32) nuclei is sufficiently large to inhibit charged-
particle decay of the excited fragments, thereby providing
a good estimate of the primary Z values in terms of the
measured PLF distributions; (2) both projectile and target
nucleon numbers are well removed from closed shells,
thus minimizing the influence of Q-value discontinuities
in defining the potential-energy surface and in performing
statistical decay calculations; and (3) the greater mass of
"4Ge relative to *°Fe improves the resolution of the pri-
mary masses derived from the kinematic coincidence
technique by reducing recoil effects. At the same time
this projectile-target combination retains significant mass
and N /Z asymmetry, which is valuable in testing the pre-
dictions of the nucleon exchange transport model.!
Furthermore, the low fissility of the damped-reaction
products reduces the number of events in which three
heavy fragments appear in the exit channel.

The procedures followed in the experiment and subse-
quent data analysis are first discussed. We then present
the experimental results for centroids and variances of all
primary and post-evaporative Z, N, and A4 distributions
determined in this work. Finally, a comparison with pre-
dictions of the nucleon exchange transport model for this
system is performed. Monte Carlo simulations related to
the data have been performed and are discussed in the
companion paper. '8

II. EXPERIMENTAL PROCEDURES

A. Detector system

The experiment was carried out at the Lawrence
Berkeley Laboratory (LBL) SuperHILAC with beams of
100-200 enA ’Ge ions incident upon a 205-ug/cm?
1Ho target supported by a 100-ug/cm? carbon foil. The
beam energy was E /4 =8.5 MeV/nucleon. During data
acquisition, the target angle was oriented with the Ho
side facing the heavy-recoil detector at an angle chosen to
minimize energy-loss and multiple-scattering effects for
the Ho-like recoil nuclei.

The mass, charge, energy, and angle of the post-
evaporative projectile-like fragments (PLF’s) were detect-
ed at a central angle of 26.5° with a time-of-flight AE-
AE-E telescope. Time-of-flight information was obtained
with a pair of microchannel-plate fast-timing detectors
separated by 130 cm. Position, charge, and total energy
were determined with an x-y position-sensitive AE-AE
gas-ionization counter operated with CF, at 35 Torr, fol-
lowed by a 900-mm? silicon surface-barrier E detector.
The solid angle acceptance was 2.38 msr. Further details
concerning the detector system can be found in Ref. 19.

Coincident target-like fragments (TLF’s) were mea-
sured with an x-y position-sensitive multiwire proportion-
al counter (MWPC) operated at 3.5 Torr of isobutane.
This detector was collimated to provide an active area of
16.1 cm horizontally by 9.0 cm vertically and was located
27.5 cm from the target. The TLF detector was set at
overlapping angles to span the entire angular range for

heavy recoils, which extended from 28° to 80° on the side
of the beam opposite from the PLF telescope. The exper-
imental full width at half maximum (FWHM) for TLF’s
in the heavy recoil detector was 60 < 1.1°; however, this
function was non-Gaussian, as determined from examina-
tion of elastic recoils. This function summarizes effects
due to (1) intrinsic angular resolution of the MWPC
detector, (FWHM=0.4°); (2) scattering in the wire
planes, gas and foils, as well as the angle of incidence of
the TLF, (3) scattering of the TLF’s in traversing the
finite target thickness, and (4) the beam-spot size. The
TLF resolution was determined experimentally by plac-
ing a 0.1°X0.1° window on "*Ge elastic-scattering events
in the PLF telescope (using the Z, 4, and E FWHM
values already quoted) and measuring the angular corre-
lation function C (61 g) in the MWPC. The elastic TLF
recoils constitute the worst case for determining MWPC
and target resolution effects since these fragments possess
the lowest kinetic energies and largest emission angles
relative to the target normal. Thus, we believe the quot-
ed errors are conservative ones. The experimental func-
tion for C(Or p) was subsequently used as a basis for
determining the TLF resolution in subsequent Monte
Carlo simulations of these data.'’® A total of 1.3X10°
coincident events were analyzed, 300000 of these in the
energy-loss range from 30 to 200 MeV.

B. Detector calibrations

In order to achieve the nuclide resolution required by
the goals of this experiment, a detailed calibration pro-
cedure was followed.*”1%20 Subsequently, Monte Carlo
simulations of the system were performed to evaluate po-
tential sources of experimental and analytical bias (see
the following paper, Ref. 18).

The initial step in the calibration procedure for the
PLF telescope involved normalization of the silicon E
detector with alpha-particle sources, elastically scattered
beam particles, and a precision pulse generator. Correc-
tions for pulse-height defect were included, as well as for
the thickness of all foils in the fragment path and one-
half the target thickness. Next, x- and y-position coordi-
nates were determined from analysis of elastically scat-
tered beam particles observed with a precision machined
mask placed in front of the detector system during a cali-
bration run. Position information was derived from the
output of a time-to-digital converter that received start
and stop signals from the silicon E detector and each
gas-ionization element, AE, and AE,, respectively.

Nonlinearities in each segment of the ion chamber
electronics were corrected on the basis of a pulse-
generator calibration. The absolute energy calibrations
of each gas-ionization chamber element, AE, and AE,,
were obtained from energy-difference measurements of
elastically scattered "*Ge ions in the silicon detector, E si»
recorded at a series of different gas pressures, P;, in the
ion chamber. Using this information, the following func-
tion was minimized with respect to calibration
coefficients a and b:

3 [Esi(P=0)—Eg(P;,)—aAE,(P,)—bAE,(P)} . (1)
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The gas-ionization energy-loss signals, AE, and AE,
were found to be slightly position-dependent due to in-
complete charge collection in some regions of the detec-
tor. Empirical correction matrices were constructed and
corresponding corrections were applied to all events in
order to incorporate this position-pulse-height depen-
dence.'”

Calibration of the dual channel-plate time-of-flight
(TOF) system was performed with elastically scattered
"4Ge ions and a precision time calibrator. Corrections for
variable flight path distances, S(x,y), due to finite solid
angle and tilted secondary emission foils, as well as a
small position dependence of the electron travel time to
the two channel-plate collecting electrodes, At (x,y) =60
ps, were applied to the data. Fragment mass numbers, A4,
were then calculated using the expression

A=2E{[TOF—At(x,y)—T,]/S (x,y)}? . )

Here TOF is the measured time of flight, T, is the time-
of-flight offset due to cable length and electronics propa-
gation delay differences, and E is the energy of the ion
after passing through the carbon foil of the first channel
plate. For fragments with 4 =74, the experimental sys-
tem yielded a resolution (FWHM) of 64 <0.6 u,
8Z =0.6 charge units, kinetic energy 8E < 6.5 MeV, and
50=0.1°.

Position calibration for the heavy-recoil (TLF) detector
was determined from the known wire spacings (2 mm)
and the edges of the machined aperture frame mounted
in front of the detector. In calibration runs with the
coincidence requirements removed, both individual wires
and frame edges were clearly identified. The absolute an-
gles of the frame edges were determined via transit mea-
surements to an accuracy of <0.1°. During production
runs the absolute angle calibration could be readily moni-
tored by the position of the elastic recoil peak.

In Fig. 1 (top) logarithmic cross-section contours are
plotted which demonstrate the dependence of TLF recoil
angle in the multiwire proportional counter as a function
of PLF laboratory energy. One observes a strong peak at
the kinematic angle expected for heavy recoils from the
elastically scattered "*Ge ions. With decreasing PLF en-
ergy, the most probable recoil angle shifts systematically
to lower angles, consistent with expectations of a binary
reaction mechanism. At very large energy losses one ob-
serves a nearly isotropic spreading of the TLF angular
distribution, which we attribute to contributions from
fusion-fission or sequential fission of the ' Ho target.
The dot-dashed line in Fig. 1 (top) is the kinematic locus
of '%SHo recoils from inelastic *Ge scattering with the

corresponding laboratory energy.
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FIG. 1. Top: Logarithmic cross section contours for target-
like fragment angle as a function of projectile-like fragment ki-
netic energy in the laboratory system. The average PLF angle is
26.5°. The dot-dashed line gives the kinematic locus expected
for inelastically scattered '*Ho recoil nuclei as a function of
"Ge energy. The dashed line gives the estimated behavior of
fusion-fission reactions, assuming a total kinetic energy release
given by fission systematics (Ref. 23). Bottom: Smoothed cross
section contours of PLF primary mass as a function of fragment
kinetic energy in the laboratory system.

C. Primary mass and energy-loss determination

In order to determine primary mass and charge distri-
butions, the data were analyzed with the assumption of a
two-body primary reaction mechanism followed by iso-
tropic light-particle evaporation from fully equilibrated
fragments.'%?! The measured fragment angles and PLF
time of flight for each event completely determine the ki-
nematics of the primary reaction, when averaged over a
large number of similar events, thus determining the
masses of the primary fragments, A’, prior to light-
particle evaporation. (Hereafter, primed quantities refer
to primary yields and unprimed quantities to the post-
evaporative yields.) When neutron multiplicities deter-
mined with this technique are compared with directly
measured values?? for the ®Fe+'Ho system they are
found to be in good agreement.'®

For each event we have calculated the primary mass by
the equation:

Aprg = A,v, /vp p[cosOp g+ (sinbpy )(cotOry g)(cosdpLg) /cOsPrr] (3)

where A, is the projectile mass and v, and vp f are the
projectile and PLF velocities, respectively. Correspond-
ing scattering angles for the PLF and TLF in the labora-

tory system are given by 6 and ¢ in polar coordinates. In

[

Fig. 1 (bottom) logarithmic cross-section contours are
shown for the primary PLF masses deduced in this way.
The intrinsic nuclide resolution has been smoothed in this
plot for visual representation of the average trends of the
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data and to derive average parameters of the distributions
using a two-dimensional Gaussian fitting function.*?
The most probable PLF mass values remain essentially
the same as that of the projectile, with a slight decrease in
mass observed with increasing energy loss. For very
large energy losses, a spreading of the mass distribution
toward symmetry occurs due to a growth in the fission
component. The dashed line in this figure gives the pre-
dicted kinematic behavior for fusion-fission fragments,
assuming fission fragment kinetic energy release systemat-
ics.?

The kinetic energy for each primary PLF was approxi-
mated by

Ep p=Ep pApr/ ApLr » (4)

where A’ and A refer to the reconstructed (primary) and
measured (post-evaporative) masses, respectively. The to-
tal kinetic energy loss, E|,, was then calculated using
the reconstructed PLF primary mass and kinetic energy
and the measured PLF angle.

Fragment primary charges, Zp; p, and excitation ener-
gy, Ef g, were derived via an iterative event-by-event
analysis based on statistical-model predictions of the
PACE-II code.?* Details of this procedure can be found in
the following paper and in Ref. 10. The primary and
measured charge distributions are found to be nearly
equivalent for this system. These calculations indicate

945

that (AZp ) =(Zp ) —(Zpp)=0.2 charge units at
an energy loss of 150 MeV.

Monte Carlo simulations have been performed on these
data, taking into account all experimental resolutions and
the charge and mass distributions of the fragments (see
the following paper'®). These simulations indicate a mass
resolution § 4’ (FWHM) for the primary fragments that
is approximately 8 4’~1.3 u for elastic PLF’s and varies
thereafter according to a function of the form
84'=1.6X107% E}*+1.3. In addition, these studies
demonstrate that the centroids of the primary kinetic en-
ergy distributions of the fragment and E, are well
reproduced by our event-by-event method. The same
conclusion holds for the centroids and variances of the
mass and charge distributions.

III. FRAGMENT NUCLIDE DISTRIBUTIONS

A. General features

In order to gain a qualitative overview of the nucleon
exchange and N /Z equilibration processes, it is instruc-
tive to examine the general evolution of the measured
fragment nuclide distributions as a function of atomic
number, mass number, and energy loss.

In Fig. 2 the measured (post-evaporative) isotopic dis-
tributions for Z =27-35 fragments are shown for the
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FIG. 2. Isotopic distributions for several PLF atomic numbers, as indicated on the figure. Centroid of beta stability is indicated by
an arrow for each case. Data span the energy-loss range 30-200 MeV.
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energy-loss range E,,,=30-200 MeV (i.e., quasielastic
and fission-like events are excluded). The bulk of the
cross section is concentrated in the Z =30-33 yields. It
is noted that the centroid of each distribution relative to
the N /Z ratio corresponding to the line of beta stability
(indicated by arrow) depends sensitively on whether nu-
cleons are gained or lost during the interaction and subse-
quent decay. For atomic numbers lower than the projec-
tile (Z <32), the isotopic distributions become increas-
ingly dominated by neutron-excess isotopes. Higher
atomic numbers exhibit the opposite behavior, i.e., the
yields favor neutron deficient isotopes. Since proton de-
cay is relatively unimportant for these data, the results
suggest that the excitation energies of the PLF’s with
Z >32 are significantly larger than those for Z <32
(thereby enhancing neutron decay). This observation
concerning the N /Z ratios and the approximately Gauss-
ian shape of the isotopic distributions have important im-
plications for the synthesis of exotic and neutron-rich iso-
topes by means of low-energy damped collisions such as
these. For PLF’s, only elements with Z <Z; will pop-
ulate neutron-rich nuclei with meaningful probabilities.
For TLF fragments with Z >Z, neutron-deficient
products will be favored, thus populating those nuclei
that can be readily reached via more conventional reac-
tions. Further, as discussed in the following paper,'® the
excitation-energy distributions behave in such a way as to
inhibit the observation of exotic species formed by mul-
tinucleon pickup reactions. It is only the rather broad
variances of all these distributions that permit observa-
tion of rare nuclei in damped collisions.?

Figure 3 presents the post-evaporative mass distribu-
tions as a function of energy loss for 20-MeV energy-loss
bins that extend from the quasielastic region to nearly
fully damped events. The systematic broadening of the
mass distributions as a function of energy loss, charac-
teristic of the damped collision process,®” is clearly illus-
trated in these data. As the energy loss increases, the
mass centroid of each distribution shifts to lower A4
values, reflecting the combined effects of nucleon ex-
change from the projectile to target and the decay of the
excited primary fragments. The narrow, Gaussian-like
behavior of the yield curves at low E |, values becomes
increasingly skewed toward heavier masses at the largest
energies due to the growth in importance of long time-
scale mechanisms such as fission.

The evolution of the full nuclide distributions with en-
ergy loss is shown in Fig. 4 for representative energy-loss
bins (5 MeV) that span the full range of events where
damped collisions dominate the cross section. Here,
cross-section contours in the N vs Z plane are presented
for the post-evaporative fragments, where N =4 —Z.
The solid dots represent the projectile N and Z values.
At E, . =30 MeV, where little energy is available for de-
cay of the primary fragments, it is apparent that the net
transfer of one neutron and/or proton from projectile to
target is much stronger than transfers in the opposite
direction. With increasing energy loss the contours
broaden due to the combined effects of nucleon exchange
and statistical decay of the primary fragments. Most no-
ticeable in the evolution of these distributions is the

strong preference for proton transfer from projectile to
target with increasing energy, and the gradual alignment
with the N/Z ratio corresponding to the line of max-
imum beta stability. This behavior is similar to that re-
ported previously for several lighter systems.*%” A two-
dimensional Gaussian fitting procedure has been applied
to these distributions (described more fully in Refs. 4, 7,
and 20). From a least-squares fit centroids ((Z ), (N ),
and ( 4)), variances (0%, 0%, and 0%), and neutron-
proton correlation coefficients (py,) were generated.
These fit values are summarized in Table I for the mea-
sured data and Table II for the reconstructed primary
data. Additionally, conditional variances 022(N ), afv(Z ),
and 0%( A) were generated from the data. Tables III and
IV present these results in terms of the parameters of a
two-dimensional Gaussian fitting function.?

B. Centroids and variances

In Fig. 5 the centroids for the Z, N, and A distribu-
tions are plotted, along with the {N)/{(Z) ratio, as a
function of energy loss. The circles represent the primary
A’ and N’ distributions reconstructed from the coin-
cidence data; squares show the measured (post-
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FIG. 3. Mass distributions as a function of energy loss, as in-
dicated on figure. Dashed line is 4 =74.
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TABLE 1. Parameters of measured post-evaporative yield distribution for projectile-like fragments for the E/A =8.5 MeV
“Ge+ '*Ho reaction.

Eloss
(MeV) (Z) (N) ol o Prz

4 31.83+0.06 41.83+0.09 0.193+0.022 0.549+0.081 —0.224+0.086
8 31.8410.06 41.74+0.08 0.203+0.018 0.741+0.082 —0.081£0.077
12 31.831+0.05 41.67£0.08 0.233+0.015 0.87+0.066 —0.001+0.056
16 31.81+0.05 41.57+0.08 0.278+0.018 1.01£0.068 0.088+0.048
20 31.7610.06 41.45+0.10 0.377£0.022 1.16£0.075 0.102+0.044
24 31.69+0.06 41.22+0.10 0.520+0.067 1.54+0.16 0.136+0.075
28 31.55+0.06 41.10£0.09 0.832+0.071 1.71£0.16 0.175+0.058
32 31.48+0.06 40.92+0.09 0.956+0.085 1.70+0.14 0.191+0.057
36 31.41+0.07 40.77£0.09 1.0610.096 1.97+0.16 0.2411+0.057
40 31.4210.07 40.6310.09 1.27+0.10 2.07£0.14 0.280+0.050
44 31.33+0.07 40.45+0.09 1.38+0.10 2.21£0.15 0.3051+0.047
48 31.26+0.07 40.32+0.09 1.47£0.10 2.55%+0.16 0.360+0.043
52 31.23+0.07 40.16+0.09 1.55+0.10 2.5810.17 0.408+0.041
56 31.19+0.07 39.99+0.09 1.64£0.11 2.821£0.18 0.425+0.041
60 31.12+0.07 39.83+0.09 1.87+0.13 3.08+0.20 0.456+0.040
64 31.04£0.07 39.67+0.09 1.89+0.13 3.18+0.21 0.4851+0.040
70 30.98+0.07 39.44+0.09 2.13+0.12 3.53+0.19 0.517+0.031
80 30.85+0.07 39.08+0.09 2.45+0.13 4.04£0.22 0.582+0.027
90 30.7410.07 38.75+£0.09 2.82+0.15 4.85£0.25 0.640+0.023
100 30.62+0.07 38.391+0.09 3.231+0.16 5.72%0.27 0.7101+0.018
110 30.4210.08 38.01+0.11 3.84%0.30 6.8610.53 0.732+0.026
120 30.27+0.08 37.6610.11 3.9410.28 7.461+0.54 0.761+0.023
130 30.13+0.09 37.29+0.12 5.01+0.38 9.17£0.69 0.821+0.019
140 30.09+0.09 37.21£0.12 5.92+0.41 10.5£0.71 0.848+0.015
150 29.91+0.10 36.8610.13 7.00+0.48 12.3£0.86 0.867+0.013
160 29.88+0.10 36.731£0.14 8.39+0.56 15.5£1.0 0.894+0.010
170 30.01+0.11 36.81+0.15 10.2+0.71 18.7+1.3 0.913+0.009

180 30.64+0.12 37.53+0.17 15.8£1.0 29.0+1.8 0.941+0.005
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evaporative) results. Primary Z' values were obtained
from fitting the difference between the primary and
secondary masses using the PACE-II statistical evapora-
tion code.?* The experimental primary distributions in
Fig. 5 demonstrate that the net transfer of protons from
the PLF to the TLF is favored in this reaction; in con-
trast, the net neutron transfer is small. The result is a
weak drift toward mass asymmetry. This behavior is in
general agreement with the trends observed in several
other inclusive measurements of PLF nuclide distribu-
tions from mass-asymmetric projectile target sys-
tems.*~%2% In fact, the magnitude of both the proton
and neutron drifts is quite similar to the behavior of
the ®*Ni+2®U system’ at this energy; ®Ni and 7*Ge
have nearly identical N/Z values. The average
neutron/proton ratio for the primary fragments gradual-
ly increases with increasing energy loss and evolves to-
ward, but does not reach, the N /Z of the composite sys-
tem (%33Es: N/Z =1.41). Data beyond E, = 180 MeV
are not given for the centroids due to the increasing con-
tributions of fission-like events, which cannot be fully in-
cluded due to the upper Z and A values accepted by our
detection system (Z, ~38; 4. ~85).

The variances of the Z, N, and A distributions are
presented in Fig. 6 for both the primary and measured
values. The variances, which are related to the total
number of nucleon exchanges in statistical transport
models, are found to increase monotonically for all distri-
butions as a function of increasing energy loss and are

distinctly broader for the primary distributions relative to
the experimentally observed values. This narrowing of
the distributions during nucleon decay is imposed by the
potential energy surface of the PLF’s, which focuses the
decay products toward the valley of beta stability. For
highly damped events, the variances increase rapidly,
consistent with expectations for a system that has nearly
reached full thermal equilibrium. When compared with
data for similar heavy targets at bombarding energies
near E/ A =8.5 MeV, the variances for the *Ge+ 'Ho
reaction are systematically larger than those for lighter
projectiles and smaller than those for heavier projectiles
at the same energy-loss values.*~ 7%’

Figure 7 (top) presents the ratio of the neutron-to-
proton variances as a function of energy loss. For reac-
tions which involve more than about 30 MeV of energy
damping, this ratio is nearly constant for both primary
and post-evaporative fragment yields. In the quasielastic
region a marked increase in the 0% /0% ratio is observed.
This behavior can be attributed to the negative Q values
for transfer of protons from projectile to target in this re-
action, while neutron transfer is not similarly inhibited in
either direction. Hence, the larger number of available
channels for neutron transfer relative to those for proton
transfer leads to larger neutron variances in this region of
limited available excitation energy.

Figure 7 (bottom) shows the neutron-proton correla-
tion coefficients, py,, derived from the two-dimensional
Gaussian fits to the data as a function of energy loss.

TABLE II. Parameters of primary yield distribution for projectile-like fragments derived from kinematic coincidences for the

E/A=8.5MeV “Ge+'%Ho reaction.

Eloss
(MeV) (z") (N") o ol pnz
20 31.75+0.06 41.61£0.09 0.36610.038 1.89+0.18 0.115+0.064
24 31.70+0.06 41.60+0.08 0.4621+0.036 1.96+0.14 0.128+0.044
28 31.53+0.06 41.60+0.08 0.8411+0.048 2.391+0.15 0.204+0.038
32 31.47+0.06 41.56+0.08 0.934+0.051 2.6410.15 0.236+0.034
36 31.39+0.06 41.55+0.08 1.04£0.062 2.83£0.15 0.289+0.036
40 31.39+0.06 41.631+0.08 1.29+0.078 3.27+0.17 0.33610.035
44 31.30+0.06 41.5910.08 1.354+0.067 3.32+0.14 0.35310.029
48 31.25+0.06 41.58+0.08 1.45+0.069 3.67+0.17 0.403+0.028
52 31.20+0.06 41.56+0.09 1.52+0.071 4.19£0.20 0.428+0.027
56 31.16+0.06 41.53%0.09 1.64+0.079 4.51£0.21 0.445+0.027
60 31.08+0.06 41.47£0.09 1.82+0.090 4.5610.22 0.487+0.027
64 31.01+0.06 41.39+0.09 1.88+0.097 4.811£0.24 0.475+0.028
70 30.94+0.06 41.38+0.08 2.04+0.081 5.60+£0.22 0.518+0.021
80 30.8010.06 41.35+0.08 2.3610.086 6.351+0.22 0.561+0.018
90 30.71£0.06 41.35+0.09 2.73£0.097 7.61+£0.26 0.605+0.016
100 30.59+0.06 41.36+0.09 3.20£0.10 8.92+0.30 0.651+0.014
110 30.53+0.07 41.24+0.10 4.17£0.19 10.1+£0.47 0.660+0.019
120 30.37+£0.07 41.08+0.10 4.55%£0.21 11.5+0.55 0.704£0.018
130 30.27+0.07 41.00£0.11 5.64+0.28 14.2+0.72 0.733+0.017
140 30.17+0.08 41.06£0.11 6.68+0.34 16.010.81 0.746+0.017
150 30.10+0.09 41.074+0.13 8.43+0.45 19.8+1.1 0.7721+0.016
160 30.10+0.09 41.17+0.14 8.29+0.47 21.0£1.2 0.785+0.016
170 30.374+0.10 41.69+0.15 11.8£0.65 30.2t1.6 0.803+0.014
180 30.79+0.14 42.27+0.20 14.5£1.1 37.3£2.9 0.829+0.016
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Values of pyz >0 correspond to correlated neutron-
proton exchange and are indicative of a statistical
nucleon-exchange mechanism confined by Q-value con-
straints to the valley of beta stability. Values of py; =0
represent uncorrelated exchange. Values of py, <O signi-
fy anticorrelated nucleon exchange, which may be associ-
ated with fast charge exchange mechanisms in the early
stages of the projectile-target interaction.’®?° The data
shown in the lower part of Fig. 7 increase monotonically
from py, <0 at low-energy losses to values near pyz =1
for fully damped events. The slightly negative values of
pnz at very-low-energy losses must be interpreted with
caution due to the small number of species which
comprise the nuclide distributions, which subsequently
complicates the extraction of p .’

Finally, in Fig. 8 the energy-loss dependence of the
conditional variances is presented for the proton distribu-
tion at constant neutron number, 022(N ); the neutron dis-
tribution at constant atomic number, 0%(Z), and the iso-
baric proton distribution, 0'22( A). These values have also
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FIG. 5. Centroids of the Z, N, and A distributions and the
(N)/(Z) ratio for PLF’s as a function of energy loss. Squares
indicate measured post-evaporative values, circles give the pri-
mary values reconstructed from the kinematic coincident tech-
nique, and the solid line is the prediction of the nucleon ex-
change transport model (Ref. 1).
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FIG. 6. Variances of the Z, N, and A distribution for PLF’s
as a function of energy loss. Symbols are the same as in Fig. 5.
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FIG. 7. Top: Ratio of the neutron variance to proton vari-
ance as a function of energy loss; Bottom: neutron-proton
correlation coefficient as a function of energy loss. Symbols are
the same as Fig. 5. Statistical errors are approximately the same
size as the data points.
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been derived from two-dimensional Gaussian fits to the
Z, N, and A distributions. The post-evaporative condi-
tional variances are larger but similar in both magnitude
and E,, dependence to those for lighter systems; i.e., the
values of 0%4(N) and 0%( 4) increase rapidly up to =30
MeV of E,, and remain nearly constant thereafter;
values of 0%(Z) increase more gradually.

IV. COMPARISON WITH TRANSPORT
MODEL CALCULATIONS

Several transport models have been proposed to ac-
count for the experimental observables in damped col-
lisions, each involving somewhat different mechanisms
for energy dissipation.! 3 Here we compare the data for
the *Ge+ '*Ho system with the nucleon exchange trans-
port model of Randrup.! In this model all dissipative and
transport phenomena are attributed to the exchange of
independent nucleons between the reaction partners.
Mutual excitations due to mean-field and collective
effects are neglected. The salient transport coefficients
are calculated in the classical limit from the instantane-

ous condition of the dinuclear complex, assuming the
constituents are always in intrinsic thermodynamic equi-
librium. The reaction variables include the charge Z and
mass A of the fragments. The average values of the mac-
roscopic coordinates and velocities follow the equations
of motion determined by the Lagrange-Rayleigh equa-
tions. The driving forces affecting the evolution of the
collective variables can be separated into static and dy-
namic components.'’

In this model, the fluctuations in N and Z about the
average values are predicted by a Fokker-Planck equa-
tion,

d d d 9’
—_ = | — —— —_——— - +___._
atP(N,Z,t) [ aNVN 3Z vz aNzDNN
82
+'a72'DZZ P(N,Z,t) , ()

describing the time dependence of the joint probability
distribution P(N,Z,t) for finding N neutrons and Z pro-
tons at time ¢ in one of the reaction partners. Drift and

TABLE III. Two-dimensional Gaussian-fit parameters of the measured post-evaporative yield distri-
bution for the *Ge+ '*Ho system. The parameters a’ and b’ represent the minor and major axes of the
ellipses representing the two-dimensional N vs Z distributions; k gives the slope of the major ellipses
axis with respect to the N axis. These parameters permit calculation of all possible variances and corre-
lation coefficients according to relationships given in Ref. 20.

Eloss
(MeV) a’ (obs) b' (obs) k (obs)

4 5.59+0.61 1.774+0.263 —0.197+0.077
8 4.97+0.43 1.3461+0.149 —0.058+0.056
12 4.30+0.27 1.149+0.0871 —0.001+0.039
16 3.63+0.23 0.983+0.0663 0.064+0.035
20 2.69+0.15 0.856+0.0553 0.086+0.038
24 1.97+0.25 0.6421+0.0704 0.117£0.065
28 1.271+0.11 0.567+0.0546 0.225+0.075
32 1.13£0.10 0.5631+0.0485 0.297+0.088
36 1.05+0.09 0.477+0.0395 0.34140.080
40 0.938+0.078 0.438+0.0309 0.45010.082
44 0.891+0.070 0.403+0.0281 0.490£0.078
48 0.8821+0.068 0.3441+0.0223 0.4911+0.061
52 0.906+0.068 0.329+0.0215 0.552+0.059
56 0.87210.067 0.301+0.0197 0.547+0.056
60 0.814+0.061 0.267+0.0180 0.592+0.054
64 0.842+0.067 0.2561+0.0167 0.597+0.057
70 0.800+0.051 0.22610.0126 0.62110.040
80 0.800+0.050 0.190+0.0104 0.655+0.036
90 0.79310.047 0.155+0.0081 0.659+0.030
100 0.848+0.047 0.128+0.0062 0.671+0.023
110 0.769+0.063 0.106+0.0083 0.676+0.035
120 0.822+0.068 0.0981+0.0071 0.661+0.029
130 0.868+0.076 0.0767+0.0058 0.694+0.027
140 0.872+0.069 0.06531+0.0044 0.714+0.023
150 0.848+0.064 0.0549+0.0038 0.721+0.020
160 0.869+0.064 0.0438+0.0029 0.709£0.017
170 0.874£0.067 0.0359+0.0025 0.718+0.015
180 0.82610.058 0.0228+0.0015 0.726+0.012
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FIG. 8. Conditional variances as a function of energy loss.
The top figure shows charge variance at fixed neutron number;
the central figure is neutron variance at fixed charge, and the
bottom figure gives charge variance at fixed mass number. Sym-
bols are the same as in Fig. S.

diffusion coefficients, v and D, respectively, have been cal-
culated microscopically by Randrup.! The preceding
dynamical transport calculation gives the first and second
moments of the proton (Z) and neutron (N) number dis-
tributions, as well as the temperatures of the primary re-
action fragments.

The results of these calculations are shown as solid
lines in Figs. 5-10. Comparison of the centroids of the
experimental primary distributions in Fig. 5 with calcu-
lated centroids based on the nucleon exchange transport
model reveals a significant deviation. The model calcula-
tions predict very little net proton transfer over nearly
the full energy-loss region, accompanied by the net pick-
up of neutrons by the PLF. This produces a mass drift
toward mass symmetry. In contrast, the data reveal that
proton transfer from projectile to target dominates the
net exchange of nucleons, while little net neutron ex-
change occurs. This produces a mass drift toward asym-
metry. The experimental and calculated centroid ratios,
(N)/{Z), in Fig. 5 agree rather well, despite the
discrepancies between the measured and predicted cen-
troids.

This discrepancy between experiment and theory is il-
lustrated more transparently in Fig. 9 where the evolu-
tion of the centroids of the nuclide distributions in the N
versus Z plane is plotted for successive energy-loss bins
up to 180 MeV of energy loss. The squares represent the
post-evaporative measured data; open circles are the
kinematically reconstructed primary data. The dash-
dotted line shows the valley of beta stability in this re-
gion; the dotted line is the N /Z ratio of the composite

TABLE IV. Two-dimensional Gaussian-fit parameters of the primary nuclide distributions derived
from kinematic coincidences yield distribution for the "*Ge + '*Ho system, as described in Table III.

Eloss

(MeV) a’ (primary) b’ (primary) k (primary)
20 2.77+0.28 0.525+0.0500 0.062+0.035
24 2.21+0.17 0.505+0.0361 0.080+0.028
28 1.26+0.072 0.408+0.0272 0.180+0.033
32 1.1610.065 0.367+0.0218 0.207+0.030
36 1.08+0.068 0.337+0.0190 0.260+0.032
40 0.929+0.060 0.286+0.0153 0.315+0.034
44 0.9101+0.048 0.279+0.0124 0.336+0.028
48 0.899+0.045 0.249+0.0116 0.363+0.026
52 0.87610.042 0.218+0.0106 0.35410.024
56 0.83210.041 0.201+0.0095 0.3671+0.024
60 0.810+0.040 0.194+0.0097 0.42310.026
64 0.767+0.040 0.185+0.0092 0.408+0.027
70 0.75610.031 0.15810.0063 0.409+0.019
80 0.710+0.027 0.136+0.0049 0.44010.016
90 0.672+0.027 0.112+0.0040 0.451+0.014
100 0.6431+0.023 0.094610.0032 0.473+0.013
110 0.518+0.027 0.08061-0.0038 0.522+0.019
120 0.53610.028 0.0702+0.0034 0.527+0.017
130 0.478+0.025 0.0562+0.0029 0.541+0.018
140 0.428+0.024 0.048910.0025 0.562+0.018
150 0.379+0.021 0.0390-+0.0022 0.581+0.017
160 0.40010.024 0.0372+0.0022 0.559+0.017
170 0.306+0.018 0.0258+0.0014 0.563+0.016
180 0.28410.018 0.0207+0.0016 0.572+0.019
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system (*°Es), and the solid line is the result of the nu-
cleon exchange transport model' for the corresponding
energy-loss range. Figure 9 demonstrates that for this
particular system, the direction of net neutron and pro-
ton drift for the experimental data is nearly opposite that
for the model calculations. This discrepancy between ex-
periment and theory has been previously observed on a
less pronounced scale for lighter projectiles®’ ! such as
40,483Ca, SFe, and *%Ni. However, in these cases the pri-
mary A’ values were derived from evaporative correc-
tions to the secondary data. The present results examine
the model predictions with experimentally determined
primary A’ values that do not rely on any assumptions
other than that of a binary reaction mechanism and iso-
tropic emission of emitted particles during deexcitation.
Nonetheless, the results determined here confirm previ-
ous conclusions that net nucleon exchange in damped
collisions is not adequately accounted for by current
transport model calculations. It should be recalled, how-
ever, that the net nucleon drift represents a small
difference between two large opposite currents of nu-
cleons.

In Fig. 10 the nuclide evolution in the N versus Z plane
is compared for the ®Ni+2*¥U, ®Ni+ 23U, Fe+ '**Ho,

and *Ge+'Ho systems. For the two reactions with
165Ho, primary data are derived from the kinematic coin-
cidence technique; for the two Ni-induced reactions, pri-
mary data were obtained from evaporation corrections to
the primary data, assuming excitation energy division as
given by the nucleon exchange transport model. For
reference we have also included the vector indicating the
direction and the magnitude of the gradient of the poten-
tial energy surface for each of these systems at the injec-
tion point. The length of each gradient vector is indica-
tive of the strength of the potential gradient. Calculation
of the potential energy surfaces were performed accord-
ing to the relation

V= VIﬁII?F +Vile+Vn+VL— Ve, (6)

where VP is the liquid-drop (LD) binding energy with
shell corrections but suppression of pairing effects of the
PLF and TLF, as calculated from Myers.*® The nuclear
potential ¥ was also based on the liquid-drop model
with the modified proximity potential of Swiatecki.’! The
effective centrifugal potential, ¥;, and the Coulomb po-

tential, ¥, were those assumed in the transport model of
Ref. 1.
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FIG. 9. Evolution of the centroids of the nuclide distributions in the N-Z plane as a function of energy loss. The target-projectile
injection point at zero-energy loss is indicated by the cross (x). Energy damping proceeds sequentially in 4-MeV steps up to 64 MeV
(solid points) and in 10-MeV steps from 70 to 180 MeV of energy loss thereafter. Measured distributions are indicated by squares,
primary distributions by circles and theoretical predictions (Ref. 1) by the solid line.
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Here we assume the sticking condition for calculation
of V.. The total potential was normalized to zero at the
injection point. The gradients shown in Fig. 10 were cal-
culated for angular momenta just below the grazing value
for a projectile-target distance

These gradients depend only slightly on the interaction
radius; for example, for the half-density radius r =R,
or r =R ,, the magnitude of the gradient vector changes
only about 10%. Comparison of the four systems in Fig.
10 reveals that for the *®Ni+ 238U system’ (where the gra-
dient is strongest), the evolution of the neutron and pro-
ton centroids as a function of energy loss follows the gra-
dient in the potential rather closely. For the *Ge+ !®Ho
system, proton exchange is considerably stronger than
predicted by the gradients.

In all cases the model indicates preferential neutron
transfer from target to projectile and relatively little pro-
ton exchange. The difference between the direction of the
gradient and that of the model appears to be largely due
to the dynamical driving forces in the nucleon exchange
transport model. Thus, these results suggest the need to
reexamine this aspect of the theory. Recent Monte Carlo
transport calculations of Tassan-got et al.,*? which in-
clude temperature and angular momentum equilibration

terms, provide an improved description of the experimen-
tal mass drift toward asymmetry. However, detailed
agreement with the data is still not found.

Comparison of the second moments of the distribu-
tions (Fig. 6) reveals that the model calculations under-
predict the variances by a significant amount, especially
for the neutron variances. This behavior is in contrast
with data with lighter projectiles, for which the agree-
ment is relatively good. In Fig. 11 the ratios of the exper-
imental to calculated variances of the primary charge
distributions at 100 MeV of energy loss are plotted
versus a target-projectile mass asymmetry parameter
(Ar—A4,)/(A,+ Ay) for several projectiles incident on
heavy targets (A= 120). The systems included here all
were measured at a bombarding energy of E/A ~=8.5
MeV and were selected from studies where the primary
fragment properties could be estimated without major
uncertainties due to evaporative corrections, or from
heavy systems in which the primary and post-evaporative
charge variances should be nearly identical.*>3373% This
analysis suggests that for relatively asymmetric systems,
the calculated and measured variances agree rather well.
For more symmetric reaction partners, the experimental
widths grow more rapidly than the calculated values,
thus leading to a ratio greater than unity. Similar
discrepancies—particularly at high-energy loss values—
are observed in Figs. 7 and 8 for the ratio of the vari-
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FIG. 10. Evolution of net nucleon exchange as a function of energy loss for four systems, as defined on figure. Symbols are the
same as in Fig. 9. Dot-dashed lines show the line of maximum J stability and dotted lines show the N /Z ratio of the composite sys-
tem for the respective systems. The direction and magnitude of the gradient of the potential-energy surface for the projectile-target
system at contact is shown by dashed arrow. Data for **Ni and **Ni are from Ref. 4; data for **Fe are from Ref. 10.
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ances, the neutron-proton correlation coefficients and the
conditional variances.

Several factors may be responsible for the observed
differences between the data and the transport model cal-
culation. The diabatic dissipative dynamics model of
Norenberg? and the Schrddinger dynamical flow model of
Griffin® provide two alternative approaches to the nu-
cleon exchange model. Both stress mechanisms other
than nucleon exchange in the early stages of the collision,
which subsequently influence the evolution of the system
in the direction of the experimental data. Moretto®’ and
Schmidt®® have suggested that the static and dynamic
driving forces in damped collisions must be mediated by
the necessity to equalize the temperatures of the two frag-
ments as the system equilibrates. Thus, a feedback mech-
anism between nucleon transfer and temperature equili-
bration develops during the interaction time. This mech-
anism becomes particularly important in cases where the
gradients in the potential energy surface are relatively
weak.’® This situation favors—on the average—the
transfer of nucleons from the higher-temperature to the
lower-temperature partner. For example, if excitation
energy is equally shared in the initial states of nucleon ex-
change, the temperature (E*/4)'/? of the lighter frag-
ment (PLF) will be preferentially higher than that of the
heavier fragment (TLF) due to the fragment mass asym-

metry. Hence, nucleon flow will be induced from the
lighter to heavier subsystem in order to cool the system
most efficiently.

In the early stages of the reaction the ratio of the total
number of exchanges, N, =o?%, to the net nucleon
transfer from projectile to target, N, = A4,— Apf, is
relatively small, whereas as the damping increases, this
ratio gradually increases, as shown in Fig. 12. Thus, ini-
tially a strong driving force exists for this feedback mech-
anism that favors the development of mass asymmetry
between the fragments. As this force diminishes, the
drift toward mass symmetry, as dictated by the potential
energy surface, eventually dominates the mass flow. The
possible importance of this relationship between net nu-
cleon exchange and thermalization is further reinforced
by studies of excitation-energy partition in damped col-
lisions, which suggest a correlation between net nucleon
exchange and heat transfer (see Refs. 10, 13, 15, 16, and
18).

Other possible considerations for the observed effects
include the gradients of the potential-energy surface,
which have a strong influence on the drift direction in the
transport model. Since these gradients must be deter-
mined at each stage in the energy dissipation process, it
may be necessary to incorporate the evolution of the PES
as a function of interaction time in a more realistic way.
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FIG. 11. The ratio of the experimental primary variances for proton exchange 0%, to the variances calculated with the nucleon ex-
change transport model at E,,, =100 MeV. Data are plotted as a function of the target-projectile mass-asymmetry parameter
(Ar— A,)/( Ar+ A,) for reactions with heavy target nuclei. For projectiles heavier than }3Ge, we assume the primary and post-
evaporative charge distributions are identical. Sources of data are: (A) *Ni and (A) *Ni (Ref. 7); (W) **Ca and (0) **Ca (Ref. 6); (0)
Fe+2%U (Ref. 4); and (M) **Fe+'Ho (Ref. 4); (#) *Fe+'2Sn (Ref. 5); (+) '*Xe+2Bi (Ref. 33); (X) ¥Kr+ '“Er (Ref. 34); and

(@) ¥#*Kr+2Bj (Ref. 35).
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Such effects could be especially important if nonstatistical
processes are important in the very early stages of damp-
ing, for example, giant resonances®® or charge ex-
change.”” Another possibility is that the neutron and
proton mobilities used in the model may need adjust-
ment. A lower mobility for neutron would improve the
agreement with the centroid data; however, this would
further lower the variances, which are already too low
(Fig. 6).

Finally, the necking degree of freedom itself may need
further refinement. For example, the larger variances for
the *Ge+ '$*Ho system relative to those for **Fe+!*Ho
may be due to a larger neck overlap region for the former
case. This is suggested by the relationship between the
ratios of experimental to calculated variances shown in
Fig. 11. Here one observes that for relatively light pro-
jectiles, the model fits the data well. With increasing pro-
jectile size (i.e., greater overlap), the experimental vari-
ances significantly exceed the calculated values. If a
significant neutron skin exists for '*Ho, then the neck re-
gion that develops during the early stages of contact may
be highly neutron rich. Because the surface neutron den-
sity for the *Ge projectile is considerably smaller than
for the '*Ho target, there will be a stronger isospin driv-
ing force for protons from the projectile to flow into this

region relative to proton flow in the reverse direction.
Such a mechanism, which is not contained in the model,
may provide an alternative means of explaining the
charge drift toward asymmetry commonly observed in
damped collisions.

V. SUMMARY

Both primary and post-evaporative fragment mass dis-
tributions have been measured for projectile-like frag-
ments emitted in damped reactions between E/ A4 =8.5
MeV 7Ge ions and '*Ho. The results of this kinematic
coincidence study permit a more microscopic examina-
tion of the nucleon exchange transport model, which has
proven successful in accounting for many of the first-
order features of damped collisions. The centroids of the
distributions demonstrate a gradual evolution in the N/Z
ratio of the PLF toward that of the composite system, al-
though this value is never reached, even for fully damped
events. The most striking conclusion to be drawn from
this study is that the experimental and calculated cen-
troids of the fragment nuclide distributions evolve in al-
most opposite directions. Experimentally, the direction
of net nucleon drift favors transfer of the protons from
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the projectile to the target, whereas the net neutron drift
is nearly zero. The net effect is a slight drift toward mass
asymmetry. On the other hand, the nucleon exchange
transport model predicts transfers to be dominated by
neutron drift from target to projectile, with little net pro-
ton drift. The predicted net mass flow thus leads toward
symmetry. Similar discrepancies between data and the
calculations are observed for the variances, neutron-
proton correlation coefficients and conditional variances
of the distributions.

Comparison with other systems shows that the direc-
tion of net nucleon drift is roughly correlated with the
gradient of the potential-energy surface at the injection
point. The stronger the gradient, the stronger the corre-
lation. Thus, it appears that nucleon exchange transport
models require additional physics input in order to pro-
vide a more quantitative description of the experimental
data. The concept of a feedback mechanism between nu-
cleon exchange and thermalization offers one possible ex-
planation of the observed deviations and provides the ad-
ditional advantage of explaining the dependence of heat
partition on net mass transfer. Details of the early stages

of the interaction and/or the subsequent influence of nu-
cleon exchange on the potential energy surface should
also be examined. Finally, the necking degree of
freedom—both in terms of window-size and
neutron/proton densities in the region—may require fur-
ther investigation.
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