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Nucleon exchange and heat partition in damped collisions
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Mass and charge distributions have been measured for damped projectile-like fragments in the
reaction Ge+ ' Ho at 8.5 MeV per nuc1eon bombarding energy. Coincidences were measured
between angle-correlated reaction partners in order to derive the primary mass distribution and
the excitation energy distribution for projectile-like fragments. The evolution of the primary N
and Z distributions as a function of energy loss is found to deviate significantly from predictions
of the nucleon exchange transport model. The fraction of excitation energy residing in the
projectile-like fragment is shown to depend both upon energy loss and the direction of the nucleon
flow.

Direct comparison of dynamical calculations with ex-
perimental data for damped reactions between heavy nu-
clei is generally obscured by the subsequent decay of the
highly excited primary fragments following scission of the
dinuclear complex. Thus, in order to reconcile the mea-
sured postevaporative charge and mass yields with the pri-
mary distributions predicted by theory, significant correc-
tions must be applied to account for modifications due to
deexcitation. ' These corrections require both a knowl-
edge of how the excitation energy is partitioned between
the two primary fragments and the application of a reli-
able statistical-decay model to relate the primary and ob-
served data. In the present experiment we have performed
a kinematic-coincidence measurement between damped
projectile-like and target-like fragments which permits
determination of both the primary and final fragment
mass distributions over a large range of energy dissipa-
tion. These results can then be compared directly with
nucleon exchange transport model calculations, which
have proven successful in accounting for energy dissipa-
tion and angular distributions in damped reactions.
Furthermore, these data also permit examination of
several important questions concerning the partition of ex-
citation energy in damped reactions. ' Foremost
among these is the apparent result that the excitation en-
ergy tends to follow the direction of nucleon transfer.

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 reaction Ge+ ' Ho at 8.5 MeV per nu-
cleon. This projectile-target system possesses several ad-
vantages relative to our previous studies of the Fe
+ ' Ho system: ' (1) The atomic numbers of both

projectile-like and target-like nuclei are su5ciently 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 distributions; (2) both projectile
and target nucleon numbers are well removed from closed
shells, thus minimizing the infiuence of Q-value discon-
tinuities in defining the potential-energy surface and in
performing statistical decay calculations; and (3) the
greater mass of "Ge relative to sFe improves the sensi-
tivity of the kinematic coincidence technique. At the
same time this projectile-target combination retains
significant mass and N/Z asymmetry, which is valuable
in testing the predictions of the nucleon exchange trans-
port 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; no con-
tribution from such sequential fission processes is observed
in the data for energy losses ~ 250 MeV.

The experiment was carried out at the Lawrence Berke-
ley Laboratory (LBL) Super HILAC with beams of
100-200-nA (electric) Ge ions incident upon a 200-
pg/cm ' Ho target supported by 100 pg/cm of carbon.
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 eA'ects. The mass,
charge, energy, and angle of the postevaporative projec-
tile-like fragments were detected at a central angle of
26.5 with a time-of-fiight hE-hE-1 telescope. " Time-
of-Aight information was obtained with a pair of
microchannel-plate fast-timing detectors separated by 130
cm. Position, charge, and total energy were determined
with a two-element gas-ionization counter operated with
CF4 at 35 Torr, followed by a 900-mm silicon surface
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barrier detector. Coincident target-like fragments were
measured with an x-y position-sensitive multiwire propor-
tional counter operated at 3.5 Torr of isobutane. This
detector was collimated to provide an active area of
16.1x9.0 cm 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 80.0 on the side of the beam opposite from
the PLF telescope. A total of 300000 coincident events in
the energy-loss range from 30 to 200 MeV were analyzed.
Further details of the detection system and data analysis
procedure can be found in Refs. 4 and 10-12. For
projectile-like fragments with A =74, this system yielded
a resolution [full width at half maximum (FWHM)) of
BA «0.6 u, BZ«0.6 charge units, kinetic energy BE
«6.5 MeV, and angular resolution of B0=0.1 . The an-
gular resolution for TLF's in the heavy-recoil detector was
« 0.4 .

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 isotro-
pic light-particle evaporation from fully equilibrated frag-
ments. ' ' The measured fragment angles and PLF time
of flight for each event completely determine the kinemat-
ics of the primary reaction, when averaged over a large
number of similar events, thus determining the masses of
the primary fragments, 3', prior to light-particle evapora-
tion. ' ' (Hereafter, primed quantities refer to primary
yields and unprimed quantities to the postevaporative
yields. ) Monte Carlo simulations of these data indicate a
mass resolution BA' for the primary fragments that varies
from about 0.9 u at 40 MeV to 2.7 u at 180 MeV of ener-
gy loss. In addition, the primary and measured charge
distributions are nearly equivalent for this system, as sub-
stantiated by statistical decay calculations with the PAcE-
11 code. ' These calculations indicate that (AZ) =(Z')
—(Z) =0.2 charge units at an energy loss of 150 MeV.
Fragment excitation energies were derived on an event-
by-event basis from the difference between the kinemati-
cally reconstructed primary fragment mass and the mea-
sured secondary fragment mass, hApLF =ApLF ApLF,
using a statistical decay calculation' to reproduce these
differences. '

In Fig. 1 the evolution of the centroids of the nuclide
distributions in the N vs Z plane is plotted for successive
energy-loss bins up to 180 MeV of energy loss. Here we
define N(N') =A(A') —Z(Z'). The squares represent
the postevaporative measured data; open circles are the
kinematically reconstructed primary data. The dash-
dotted line shows the valley of P stability in this region,
the dotted line is the N/Z ratio of the composite system
( Es), and the solid line is the result of the nucleon ex-
change transport model for the corresponding energy-loss
range.

The experimental primary distributions in Fig. 1 dem-
onstrate that the net transfer of protons from the PLF to
the TLF is favored in this reaction; in contrast, the net
neutron transfer is small. The result is a weak drift to-
ward mass asymmetry. This behavior is in general agree-
ment with the trends observed in several other inclusive
measurements of PLF nuclide distributions from mass-
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asymmetric projectile target systems, ' ' ' In fact, the
magnitude of both the proton and neutron drifts is quite
similar to the behavior of the Ni+ U system at this
energy; Ni and Ge have nearly identical N/Z values.
Comparison of the centroids of the experimental primary
distributions with calculated centroids based on the nu-
cleon exchange transport model reveals a significant
disagreement. The model calculations predict very little
net proton transfer over nearly the full energy-loss region
accompanied by the net pickup of neutrons by the PLF,
producing a mass drift toward symmetry. This discrepan-
cy between experiment and theory has been previously ob-
served on a less pronounced scale for lighter projec-
tiles' ' such as ' Ca, Fe, and ' Ni. However, in
these cases the primary A' values were derived from itera-
tive evaporative calculations invoking only the secondary
data, a procedure which also requires assumptions about
excitation-energy division between the fragments. ' The
present results examine the model predictions with experi-
mentally determined primary A' values that do not rely on
any assumptions other than that of a binary reaction
mechanism and isotropic emission of emitted particles
during deexcitation. Nonetheless, the results determined
here confirm previous conclusions that net nucleon ex-
change in damped collisions is not adequately accounted
for by current transport model calculations. However, it
should be recalled that the net nucleon drift represents a
small difference between two large opposite currents of
nucleons.

In Fig. 2 the average PLF-to-total excitation-energy ra-
tio (E HALF/EToTAL) is plotted as a function of energy loss.

FIG. 1. Evolution of the centroids of the nuclide distributions
in the W vs Z plane as a function of energy loss for the
E/A =8.5 MeV Ge+ ' Ho reaction. The target-projectile in-

jection 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 predic-
tions (Ref. 5) by the solid line. Arrow shows the gradient in the
potential energy surface of the initial system.
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The dotted lines correspond to equal fragment tempera-
tures (EpLF/ETQTAL =ApLF/ATQTAL), based on simple
Fermi gas model assumptions with the level density pa-
rameter a A/const; the dot-dashed line indicates
equipartition of the excitation energy. The lower part of
the figure shows these data averaged over all mass values.
These data confirm previous observations (Refs. 7-10)
that at low energy losses, excitation energy is partitioned
approximately equally between PLF and TLF. With in-
creasing energy loss, the relative amount of heat received
by the PLF decreases in the direction of equal fragment
temperatures (defined above); however, on the average
this latter value is never reached by the data. Also shown
in the bottom portion of Fig. 2 is the result of nucleon ex-
change transport models calculations (solid line). The
agreement between data and the model calculation is rela-
tively good.

In the upper frames of Fig. 2, the excitation energy ra-
tio for various primary mass bins is shown, revealing a dis-
tinct dependence on PLF mass. Large transfers of mass
from the PLF to TLF (A =65-67 bin) lead to large
amounts of excitation energy being transferred to the TLF
and a relatively cold PLF; this (EpLF/ETQTAL) ratio is
nearly constant, just greater than the equal temperature
value. For increasing mass bins, it is found that the rela-
tive amount of excitation energy in the PLF increases; i.e.,
the excitation energy appears to follow the direction of net
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FIG. 2. Average ratio of excitation energy in PLF to total
available excitation energy as a function of energy loss. Data
are represented by circles (size is proportional to the logarithm
of the cross section); dotted line is equal-temperature limit
(ApLF/AToTAL) where AFLF 74 was assumed for data integrat-
ed over all mass bins; dot-dashed line is for equal sharing of ex-
citation energy; and solid line is the prediction of the nucleon ex-
change transport model (Ref. 5). Primary mass bins are indi-
cated in figure.

mass transfer. Thus, if the PLF gains nucleons, it ac-
quires more excitation energy than the average event; if
the PLF loses nucleons, the TLF acquires excess excita-
tion energy, in agreement with results from Refs. 9, 10,
and 17.

The dependence of excitation energy on PLF mass and
energy loss is demonstrated in Fig. 3, where the excita-
tion-energy ratio for PLF's is shown as a function of mass
for six energy-loss bins ranging from partially damped
events (ELQSS =40-60 MeV) up to the fully damped limit
(ELQss 200-250 MeV). Here one notes that for the
smallest amount of damping (ELQss 40-60 MeV), there
is a very strong dependence of excitation-energy partition
on PLF mass. With increasing damping this slope gradu-
ally fiattens, until for complete damping it corresponds
approximately to the equal-temperature value. In all
cases, however, the lightest observed fragments are found
to be consistent with equal fragment temperatures. The
dependence of (EpLF/ETQTAL& on PLF mass derived in
these studies is not addressed by the current version of the
nucleon exchange transport model. Detailed Monte Car-
lo simulations of these data have been carried out in order
to examine possible instrumental correlations which might
introduce the observed mass-dependent effects. These
studies indicate that the experimental technique and reso-
lution can account for at most 10% of the effect for low

energy loss, increasing up to about 20% at the highest en-
ergy losses. The major contribution to this uncertainty is
associated with neutron evaporation from the PLF recoils.

In summary, we have performed kinematic-coincidence
measurements which permit determination of both pri-
mary and final fragment mass distributions. The data
demonstrate that both N/Z equilibration and excitation-
energy partition are not rapid processes, but evolve uni-
formly on the same time scale as energy loss. Comparison
of the evolution of the fragment Z and W centroids as a
function of energy loss with results of the standard nu-
cleon exchange transport model indicates the need for im-
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FIG. 3. Average ratio of PLF to total excitation energy as a
function of PLF primary mass for various values of energy
damping, as indicated on figure. Symbols are the same as in

Fig. 2.
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provements in the model to account for the net neutron
and proton drifts. These measurements also yield insight
into the partition of excitation energy in damped col-
lisions. Our results confirm previous conclusions that the
excitation-energy partition evolves from equal sharing for
partially damped events to values approaching ApLF/

AToTAL for complete damping. ' Most significantly, the
partition of excitation energy is found to correlate strong-
ly with the direction of net nucleon transfer. This be-
comes increasingly pronounced as the energy loss de-
creases, and joins consistently with data showing similar
eff'ects in quasielastic ' and quasifission processes. '
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