VOLUME 62, NUMBER 22

PHYSICAL REVIEW LETTERS

29 MAY 1989
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The observed saturations of temperature and of linear momentum transfer per incident nucleon in
intermediate-energy nuclear reactions are studied in the model of promptly emitted particles. We
demonstrate that only with the inclusion of two-body collisions is very good agreement with experimental

data obtained.
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Extensive experimental studies have recently been
made to understand the phenomena of incomplete linear
momentum transfer in fusionlike nucleus-nucleus reac-
tions.' A number of models*® have been used with
varying degrees of success to explain the basic features
of the data like (a) approximate universality of the scal-
ing of fractional momentum transfer with heavy-ion pro-
jectile mass'®'' and (b) apparent saturation of that
momentum transfer in the range of 170-220 MeV/c per
incident nucleon. !''*!3 A recent measurement of nuclear
“temperature” in 60-MeV/4 Ar+Au reactions'® has
also indicated that there may be some kind of dynamical
limitation to the excitation-energy storage and vis-a-vis
temperature in the residual system. A schematic model
prediction? for the linear momentum transfer and de-
tailed Landau-Vlasov calculations for the excitation-
energy storage in the nucleus'> both point to the fact
that the origin of the saturation, either in linear momen-
tum transfer per incident nucleon (P7/A) or in nuclear
temperature (7), may lie in the partial breakdown of
mean-field effects and gradual dominance of two-body
collisions, which is supported by a number of experimen-
tal observations' where fusion cross sections are found to
decrease with an increase in bombarding energy.

To have a simple but transparent understanding of the
importance of two-body collisions in intermediate-energy
fusionlike reactions, we have undertaken a detailed
dynamical calculation of the linear momentum transfer
and excitation-energy deposition in nuclei using a realis-
tic model of promptly emitted particles (PEP’s)!®!7
where the effect of two-body collisions has been explicitly
taken into account. The effects of dynamically changing
momentum distributions due to energy deposition are
also taken care of by simulation of excitation effects
through temperature.'” This model has been quite suc-
cessful in explaining the angular distributions of emitted
nucleons in heavy-ion reactions'” as well as the depen-
dence of velocities of fused residues on entrance-channel
mass asymmetry.'® A similar piece of work done by

Randrup and Vandenbosch'® also highlights the success
of the model.

The basic formulation of the PEP model has been de-
scribed elsewhere'®'” and will be mentioned here in
brief. When two nuclei come closer than some critical
distance, a window is formed between them through
which nucleons are exchanged from one nucleus to
another. Part of the transferred nucleon flux may be
completely absorbed in the recipient due to collisions, the
rest (the attenuation is given by e —dh g being the path
length in the recipient and A being the energy-dependent
mean free path calculated as in Ref. 16) may be emitted
in the continuum provided the energy is sufficient to
overcome the nuclear barrier. These emitted nucleons
that have suffered no collisions along their path are
called one-body PEP’s. The particle absorption may,
however, be reduced, because after the first collision
suffered by the transferred nucleon both the collision
partners or one of them may be emitted in the continu-
um subject to further attenuation (taken as e ™,
i=1,2) and the energy restrictions just mentioned.
These emitted particles are termed two-body PEP’s.
With an increase in bombarding energy, further reduc-
tion of particle absorption as a result of emission from
sequential multiple collisions is possible, but in the ener-
gy range we consider (up to ~60 MeV/A4) it may not be
important and has been neglected here. A competition
between one-body and (one + two)-body nucleon emis-
sions may ultimately lead to saturation in temperature.
We make some further observations. Since momentum
transfer originates from absorption, in the (one
+two)-body PEP picture, momentum transfer is expect-
ed to be comparatively less because of reduced absorp-
tion. On the other hand, the two-body PEP’s are emitted
preferentially around 60°-70° to the beam direction'’
and therefore carry less amount of forward momentum
per particle than that of one-body PEP’s which are emit-
ted mostly in forward directions. These opposing effects
coupled with the gradual dominance of two-body PEP’s

© 1989 The American Physical Society 2589



VOLUME 62, NUMBER 22

PHYSICAL REVIEW LETTERS

29 MAY 1989

over one-body PEP’s with increasing bombarding energy
may lead to the saturation of linear momentum
transferred per incident nucleon. Both of these intuitive
predictions have been found to be justified in the calcula-
tion reported here. The dynamical calculations have
been done as in Ref. 20 with nucleon exchanges simulat-
ed through a Monte Carlo technique and two-body col-
lisions incorporated as in Ref. 17.

We have chosen three systems for our study, namely
20Ne+ Fe, S+ %Z7r, and *N+ “°Ca for both normal
and inverse kinematical reactions. The calculations are
done only for those dynamical trajectories which lead to
incomplete fusion. For energies =20 MeV/A, this cor-
responds to central and near central conditions (max-
imum impact parameter by.x~3.0 fm) for the systems
considered. The results reported here have been found to
be not very sensitive to these impact parameters. There-
fore, in the following we present results for a representa-
tive impact parameter b =0.25 fm. The fractional linear
momentum transfer p (=Pr/P;, P; and Pr being the in-
cident momentum and momentum transferred, respec-
tively) is plotted in Fig. 1 as a function of (E.,/A4) ' for
finite-temperature one-body and (one+two)-body calcu-
lations. The values of p obtained from zero-temperature
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FIG. 1. Fractional linear momentum transfer p as a func-

tion of (Ew/A) "2 for the systems "“N+ “Ca, Ne+ Fe, and
32S+%Zr for both normal (lower half) and inverse kinematical
reactions (upper half). 1-BODY corresponds to a one-body
calculation at finite temperature; 7=0 and (1+2)BODY cor-
respond to zero-temperature and finite-temperature calcula-
tions, respectively, where possible particle emission due to
two-body collisions has explicitly been taken into account.
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(one+two)-body calculations are also displayed. For
normal kinematical reactions (lower part of Fig. 1), it is
found that p obtained from one-body calculations satu-
rates to a limiting value of ~0.8 with an increase in en-
ergy. This is quite inadequate to reproduce the trend of
the experimental data as indicated by the Viola system.
However, with the inclusion of two-body collisions, the
theoretical values are found to be in very good agree-
ment with the Viola systematics. Even the results ob-
tained from the zero-temperature calculation agree fairly
well with the phenomenological systematics. The results
obtained for the inverse kinematical reactions (shown in
the upper half of Fig. 1) also show a similar trend as ob-
tained for the normal systems but for the fact that they
are not in agreement with the Viola systematics. Similar
results have been obtained in calculations reported in
Ref. 6. This is indicative of the fact that the Viola sys-
tematics does not hold well for all types of target-
projectile combinations and a more general systematics
is needed to explain the whole range of data.

The effect of two-body collisions on linear-momentum
transfer is displayed in more detail in Fig. 2, where the
linear momentum transferred per incident nucleon has
been plotted as a function of E,p/A4. It is clear from Fig.
2 that the calculations in the one-body picture do not
lead to any saturation in Pr/A. However, when the
two-body collision is switched on, P7r/A is found to satu-
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FIG. 2. Linear momentum transferred per incident nucleon
(Pr/A) as a function of incident energy per nucleon (Eu/A4)
for the systems '“N+%Ca, 2Ne+ °Fe, and 2S+°Zr for
both normal (lower half) and inverse kinematical reactions
(upper half). The notations 1-BODY, 7=0, and (1+2)-
BODY are explained in Fig. 1.
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rate at ~180 MeV/c (~220 MeV/c for the inverse
kinematical systems). A zero-temperature calculation
also shows similar saturation in Pr/A4 at a somewhat
higher value of ~200 MeV/c, which can be easily un-
derstood from the fact that PEP emission and momen-
tum carried by them are more at finite temperatures; this
lowers the value of Pr/A. These limiting values of Pr/A4
are in very good agreement with the experimental
data.'?'3 Saturation in Py/A is found to occur at
around 30-40 MeV/A incident energy. It is interesting
to note that the incomplete-fusion (ICF) cross sections,
as measured experimentally,! decrease sharply in this en-
ergy range. The sharp fall in ICF cross sections reflects
the weakening of the mean-field effects in the sense that
a large number of nucleons can now no longer be trapped
in the one-body potential.! This is in accordance with
our calculations which clearly demonstrate that the gra-
dual dominance of two-body collisions ultimately results
in saturation in Pr/A.

The crucial role played by two-body collisions in ex-
plaining the nonequilibrium phenomena in interme-
diate-energy nucleus-nucleus collisions is further demon-
strated in Fig. 3. Here we have plotted the temperature
(T) of the fused residue as a function of incident energy
per nucleon. The temperature is defined by the relation
E* =aT? where a=A/10, E* and A being the total
excitation energy dumped in the residual system of mass
number As. A simple empirical relationship' predicts
that even if there is saturation in Pr/A, the energy de-
posited in the residual system continues to increase with
energy, so that the excited residual system may ultimate-
ly reach its stability limit. Recent experimental results'*
of 60-MeV/A Ar on Au indicate that the measured tem-
perature (~4-5 MeV) is quite low compared to various
theoretical predictions. The insensitivity of the measured
temperature with charged-particle multiplicity observed
in coincidence'? is indicative of the fact that there may
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FIG. 3. Temperature (7)) as a function of incident energy
per nucleon (E/A).

exist some dynamical limitation to the energy storage in
the system in the form of cooling through particle emis-
sion or collective excitation models. This particular as-
pect of dynamical limitation to energy deposition
through nonequilibrium particle emission can be inferred
from Fig. 3. We find here that consideration of only
one-body effects does not lead to any saturation in tem-
perature. However, with the inclusion of two-body col-
lisions, temperature is found to saturate, its limiting
value being ~6 MeV, which varies slightly from system
to system. This is quite consistent with the results ob-
tained from experiments.'* Incidentally, we may note
that the saturation in nuclear temperature also occurs at
around 30-40 MeV/A4 bombarding energy. The decisive
role played by two-body collisions in the saturation phe-
nomena is thus evident. In Fig. 4, we explicitly show a
typical impact-parameter dependence of the temperature
of the residue for the studied systems at E/A4 =30 and
40 MeV. We find that in the narrow range of impact pa-
rameters leading to fusion, the temperature is almost in-
dependent of impact parameter.

In passing, we note that the violent collisions discussed
here may lead to density fluctuations in the system which
may alter the mean free path and thus influence our re-
sults. It has, however, been observed that at the particle
energies concerned (the transferred particles have on the
average ~—40-50-MeV energy above the Fermi surface
in the recipient system), the mean free path is nearly in-
dependent of temperature and of density?' if the density
is not too far from equilibrium (this is possibly the case??
in the early emission stage which is of importance in the
present context). We therefore do not expect our obser-
vations to be influenced much because of the density
fluctuations. We further note that the energy left in the
composite system after prompt emission (in our calcula-
tion, this occurs in the very early stage of the collision, in
a time ~40 fm/c after contact) or part of it may possi-
bly allow development of a compression mode in the sys-
tem. From Landau-Vlasov calculations, as suggested in
Ref. 14, at E/A=60 MeV, the compression mode devel-
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FIG. 4. The impact-parameter dependence of temperature
shown at E1.n/4 =40 MeV. At 30 MeV, we display results for
only one system; the others show the same behavior.

2591



VOLUME 62, NUMBER 22

PHYSICAL REVIEW LETTERS

29 MAY 1989

ops after ~60 fm/c. During decompression, if the sys-
tem enters the spinodal region, it would develop instabili-
ty towards disintegration and rupture into several frag-
ments. For the systems considered here the excitation
energy per particle is, however, too low (E*/4=T?/
10~3.6 MeV) for such a scenario to occur (for
compression, the onset of fragmentation is found to be at
~6.5 MeV/nucleon in the Landau-Vlasov calcula-
tion?*). Rather the energy involved in the collective
compression mode is later damped to incoherent thermal
energy with subsequent thermal emission. Since we are
interested in the deposition energy that later equilibrates,
the dynamical development after nonequilibrated energy
release through prompt particle emission may possibly
not alter our findings regarding the limiting temperature.

To summarize, we have done a detailed dynamical cal-
culation for the incomplete transfer of linear momentum
and energy in the model of promptly emitted particles.
The effects of two-body collisions have been explicitly
taken into account in the calculation. We find that the
two-body collision plays an extremely important role in
quantitatively explaining the incomplete momentum
transfer data over a wide range of energy. In the (one
+two)-body PEP picture, because of less effective ab-
sorption compared to the one-body PEP picture, the
momentum transfer is less. The observed saturations of
temperature and of linear momentum transferred per in-
cident nucleon follow naturally from the inclusion of
two-body collisions in our calculations and their very
good agreement with the experimental data firmly estab-
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lishes the importance of two-body collisions in

intermediate-energy nuclear reactions.
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