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Projectile-like fragments have been studied with high A and Z resolution for the damped reac-
tions U+ Ca, Ca, s Ni, and ~Ni at 8.5 MeV/nucleon. These dinuciear systems exhibit
widely different driving forces. Qualitative agreement between experiment and dynamical
nucleon-exchange transport theory is obtained for the Srst and second moments of the fragment
atomic (Z) and neutron (N) number distributions. However, systematic differences exist be-
tween the experimental and theoretical average values of Z and N suggesting the need for more
realistic driving forces.

The dependence of mass and charge exchange in
heavy-ion collisions on the amount of kinetic energy dissi-
pated into intrinsic degrees of freedom is a subject of
great interest. '2 Current reaction theory, 34 successful in
explaining a number of damped reaction features, predicts
a complex dependence of the fragment A (mass number)
and Z (atomic number) distributions on the static
potential-energy surface (PES). The present series of
high-resolution experiments were designed to study the
role of the PES in the nucleon exchange process. In par-
ticular, the gradient of the PES is examined in terms of its
inffuence on the driving force affecting the first moments
in the proton and neutron number distributions of
projectile-like fragments. The second moments, although
essential to the description of these distributions, are less
sensitive to the PE$. The reactions 23sU+Ca, 5 Ni,
~Ni, and 4sCa, at a bombarding energy of 8.5
MeV/nucleon, were chosen for a detailed study of systems
with similar mass asymmetry, but very different PES.
The N/Z (where N is the neutron number) values of the
above projectiles, which reffect directly the gradient in the
PES, are very different, namely, 1.00, 1.07, 1.29, and
1.40, respectively. Comparison between experimental re-
sults and theoretical predictions have been facilitated by
recent advancements in the understanding of the parti-
tioning of excitation energys between primary fragments.
The present experiments were designed to explore a much

wider difference in potential-energy surfaces than earlier
such studies of several targets bombarded with 5sFe pro-
jectiles."

The experiments were conducted at the Lawrence
Berkeley Laboratory's SuperHILAC accelerator where
beams of Ca, 4sCa, 5sNi, and ~Ni at Ei,b/A 8.5
MeV/nucleon bombarded monoisotopic U targets of
thicknesses ranging from 0.5-1.2 mg/cm2. Channel
plates, silicon detectors, and ionization chambers were
used in the different measurements. Identification of the
atomic and mass numbers of the reaction products was
performed using a A&-E and a time-of-ffight (M'-E-
TOF) technique, respectively. These experimental
methods have been described in detail elsewhere. 7 s The
experimental resolution achieved was 0.4 to 0.7 units full
width at half maximum (FWHM) in Z and 0.6 units
(FWHM) in A. The simultaneous measurements of A
and Z were made at laboratory angles just forward of the
corresponding grazing angles. In addition, to ascertain
that the data were not biased by the limited center-of-
mass angular region spanned by the TOF detector, angu-
lar distributions of all elements were measured for each
reaction studied.

A representation of the drift in the average proton num-
ber (Z) of the projectile-like fragment as a function of en-
ergy loss is given in Fig. 1 for all four systems. The quan-
tity ((Z) —Zp) represents the difference between the
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FIG. l. Proton drift (average measured atomic number
minus the atomic number of the projectile) as a function of en-
ergy loss for the U+~'~Ca and U+ ~Ni reactions at a
bombarding energy of 8.5 MeV/nucleon. The experimental
data sets (points) and theoretical predictions (lines) are
identi6ed in the legend. The predicted primary distributions are
corrected for particle evaporation with the statistical evapora-
tion code PACE (Ref. 9). The systematic errors are approxi-
mately +'0.3 Z units.

differences in their potential-energy gradients. For exam-
ple, the 23sU+ Ca system has a strong driving force
(hV/A& 8 MeV) to transfer to the target-like fragment
(TLF) whereas the 23sU+4sCa system experiences an
insignificant driving force to effect net charge transfer.
The 5s~Ni systems represent intermediate cases in the
expected order. As seen in Fig. 1, at an E~ of 100 MeV,
the z3sU+ ~Ca and 23 U+ 4sCa systems have transferred
on the average 3.6 and zero protons to the TLF, respec-
tively.

Complementary to the (Z) -ZP data, plots of the mea-
sured values of (N) -NP are shown in Fig. 2 as functions
of El for the four reactions studied. Interpretation of
these data in terms of neutron exchange must account for
the sizable amount of neutron evaporation from the excit-
ed primary fragments. Even so, there is an evident
difference in the behavior of systems with the neutron-rich

rojectiles 4sCa and ~Ni and the projectiles ~Ca and
sNi. In the case of the latter projectiles, for example, the

secondary fragments even show a net gain in neutron
number. Potential-energy surface calculations indicate
that the 23sU+Ca system has a strong driving force
(hV/hN —12 MeV) for transfer of neutrons to the
projectile-like fragment (PLF) whereas the 23sU+4sCa
system has no driving force to effect net neutron transfer.
While a direct correlation exists between the experimental
proton drift and the N/Z value of the projectile, a similar-
ly systematic behavior is not rigorously observed for the
neutron drifts. In Fig. 2, an inversion in the expected or-
der of (N) -NP is observed for 4sCa and ~Ni at all ener-

measured average charge of the projectile-like fragment
and the atomic number of the projectile. Fission events
have been eliminated from the data sets. The experimen-
tal data reffect the combined effect of two different pro-
cesses, proton exchange between the two heavy ions dur-
ing the collision, and subsequent charged-particle eva-
poration from the excited primary fragments. While the
particle evaporation process can only lower the charge of
the projectile-like fragment, the nucleon exchange process
can, in principle, cause the projectile-like fragment to ex-
perience a net proton loss or gain. Calculations with the
PACE code show that the effect of charged-particle eva-
poration is small, 0.5 unit for the highest energy losses.
Hence, the observed decrease of (Z) -ZP with increasing
energy loss for the different systems is a direct measure of
the primary proton exchange process.

The proton drifts, as observed in Fig. 1, correlate
strongly with the projectile N/Z values. Previous results7
obtained with 5sFe projectiles agree with these systemat-
ics. The magnitudes of the proton drift reffect the gra-
dients in the liquid&rop potentialwnergy surface (PES)
with shell and proximity corrections. This surface is cal-
culated for classical trajectories as a function of angular
momentum for all binary fragraentations of the dinuclear
system. The four systems discussed here show striking
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FIG. 2. Neutron drift (average measured neutron number
minus the neutron number of the projectile) as a function of en-

ergy loss. See caption of Fig. 1. The systematic errors are ap-
proximately ~0.4 N units.



EVOLUTION OF MASS AND CHARGE ASYMMETRY IN DAMPED. . . 1785

gy losses. If one assumes the number of evaporated neu-
trons, at an E~ess 100 MeV, to be the same for the
23 U+~Ca and 3 U+ sCa systems, the first system
transfers approximately three more neutrons to the PLF
than does the second system.

The behavior of the variances in the charge and neutron
number distributions with respect to E~ is demonstrated
in Fig. 3. The variances and the correlation coefficient are
needed together with the first moments to describe the
evolution of the reaction product distribution in the N vs
Z plane with increasing kinetic energy damping. 7 The
variances shown for the experimental data are also
affected by the sec uential decay of the excited primary re-
action fragments. o Although in most cases the distribu-
tions are narrowed by the evaporation process, whether
evaporation narrows or broadens the initial distributions
depends on the 'excitation energy division and the width of
the primary distribution relative to the curvature of the
beta stability valley.

In Randrup's dynamical reaction model3 4 the transport
of mass, charge, and energy is mediated by the exchange
of nucleons between the two partners in the dinuclear sys-
tem. The corresponding transport coefFtcients are calcu-
lated from the instantaneous condition of the dinuclear
complex, the constituents of which are always considered
to be at their individual thermodynamical equilibrium.
The reaction variables (q;) include the charge Z and mass
A of one of the fragments. The average values (q;,q;) of
the macroscopic coordinates and velocities follow the
equations of motion determined by the Lagrange-
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FIG. 3. The neutron variance a$ and proton variance e$ as a
function of energy loss. The solid lines represent the theory un-
corrected for particle emission. See caption of Fig. 1. The ar-
rows indicate the direction and magnitude of the correction to
the theoretical variance due to the particle emission.

P(N, Z, t) -—
Bt

8 8 8
Nv+ yZ

vz+ 2 DNN

2

2Dzz P(N, Z, t) . (2)

describing the time dependence of the joint probability
distribution P(N, Z, t) for finding N neutrons, Z protons
at time t in one of the reaction partners. Drift and
diffusion coefFtcients, v and D, respectively, have been cal-
culated microscopically by Randrup.

The above dynamical transport calculation predicts the
first and second moments of the proton (Z) and neutron
(N) number distributions, as well as the excitation ener-
gies of the primary reaction fragments. To make a valid
comparison with experimental data, the predicted primary
distributions are subjected to a statistical evaporation cal-
culation with the code pAcE based on the fragment excita-
tion energy division calculated within the transport model.

The results of the theoretical calculations, corrected for
particle emission are shown in Figs. 1-3. The magnitude
of the theoretical proton drift towards the TLF agrees
well with the data for the 23sU+4sCa reaction. For the
other three reactions, the observed direction of the proton
drift agrees with theoretical expectations. However, its
magnitude is underpredicted ( [ (Z) -Zp

~
is too small) by

approximately 1.4 Z units at an E~~ of 100 MeV. The
direction of the neutron drift is again predicted correctly
for all four reactions. In the case of the projectiles Ca
and ssNi the driving force hV/~ is large for neutron
drift to the PLF. On the other hand, for the neutron-rich
projectiles, 4sCa and ~Ni, there is a negligible driving
force, hV/~ =0, and the experimental drift is dominat-
ed by neutron evaporation. At E~als 100 MeV, the mag-
nitude of the deviations in ~(N) —Np~ between theory
and experiment is slightly larger than one neutron for all
four reactions. The theory overpredicts the difference
(N)-Np for the 2 sU+ sCa reaction and underpredicts
this quantity for the other three reactions.

The experimental and theoretical neutron and proton
variances shown in Fig. 3 are on the whole in good agree-
ment. Hence, the theory describes the infiuence of restor-
ing forces on the fiuctuations from the average trajectory
reasonably well. At energy losses larger than 40 MeV, the
experimental values of erg/re are essentially constant
with energy loss and somewhat smaller for the neutron-
rich projectiles, ~Ca and ~Ni, than for the projectiles

Rayleigh equations,

'd a e' eL — . F,
dt eq; ~q; aq;

where the subscript i runs over all reaction variables. The
quantity L is the Lagrangian and F is the Rayleigh dissi-
pation function describing the conversion of kinetic energy
of relative, tangential, and neck motion into intrinsic heat
energy. The driving forces affecting the evolution of the
collective variables can be separated into static and dy-
namic components.

In this model, the fiuctuations in N and Z about the
average values are predicted by a Fokker-Planck equation
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~Ca and 5sNi.

In conclusion, the first and second moments in the pro-
ton and neutron-number distributions of projectile-like
fragments have been measured for four reactions where
the gradients in the potentialwnergy surfaces vary mono-
tonically over a wide range. The variances in the N and Z
distributions are reasonably well reproduced by a dynami-
cal reaction model; however, remaining discrepancies re-
quire improvements in the model parameters. Except for
the inversion in the expected order of (N) -Nt for +Ca
and Ni, the observed trends in the neutron and proton
drifts with energy loss are understood in terms of the
potential-energy gradients when account is taken of parti-
cle evaporation. However, the magnitudes of the predict-

ed proton drifts are too small, indicating that the model
underestimates the strength of the driving forces. These
data demonstrate the need for a more quantitative theory
for nucleon transport in damped reactions.
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