PHYSICAL REVIEW C

VOLUME 38, NUMBER 6

DECEMBER 1988

Computational model for nuclear reaction studies: Quasiparticle dynamics

David H. Boal and James N. Glosli
TRIUMEF, Vancouver, British Columbia, Canada V6T 243
and Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada V54 156
(Received 25 July 1988)

A computation medel for nuclear reaction studies which is based upon a momentum dependent
interaction between quasiparticles is extended to include collisions between the nucleons. The mod-
el s first used to examine the time scales involved in fragment formation at intermediate energies,
both as a function of bombarding energy and impact parameter. The distribution of excitation ener-
gies and angular momenta of the reaction products is also investigated since the model possesses
stable ground states, Several reactions are chosen as examples: Ar+C at 124 MeV, and Ca+Ca at
254, 504, and 1004 MeV. The time scale for changes in mass distribution, etc., is discussed and

the need for an afterburner scheme is established.

L INTRODUCTION

Recently, we' proposed a computational model for nu-
cleon interactions that incorporated some of the effects of
antisymmetrization through the use of a. momentum
dependent potential. The motivation for this approach
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where R;(#) and P;(r) are the expectations of the position
and momentum of the ith particle at time ¢ and N, is the
normalization factor of the ith particle. The isospin and
spin wave functions are labeled by ¥’ and y°. In this
model, the degrees of freedom necessary to describe the
system are reduced to the set of phase space coordinates
R;,P;. The evolution of the system of nucleons is
represented by a collection of quasiparticles obeying clas-
sical equations of motion. -

The form of the momentum dependent potential was
arrived at by evaluating the kinetic energy of a pair of
identical particles with antisymmetrized Gaussian wave
functions. The candidate potential has the form
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and ¥, is.a parametér. This potential, when applied pair-
wise to a many-body system has the interesting property
that the ground state changes from a zero Kinetic energy
state at low density to a finite kinefic energy state as the
density is increased. This behavior arises because the po-
tential is always repulsive and the length scale of the po-
tential is the separation of the particles in phase space.
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was to be able to replace a completely antisymmetrized
many-body wave function with a simple product state of
single-particle wave functions. We choose Gaussian
wave packets with a fixed width parameter for the
single-particle states, such that the many-body wave
function is represented at all times as
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Hence, the closer the quasiparticles are placed in position
space the more they will be forced apart in momentum
space.

The ground-state properties of nuclei were investigated
by adding to the Pauli potential a density dependent po-
tential representing the nuclear interaction. In Ref. 1 it
was shown that the binding energies and rms radii of the
computational nuclei agreed with the observed values
over a wide mass range af the level of a few tenths of an
MeV per nucleon and a few tenths of a Fermi, respective-
ly. ]

In Ref. 1, it was not necessary to determine the dynam-
ics of the quasiparticles, since the nuclear ground-state
properties depend only on the Hamiltonian of the system.
In this paper, we wish to formulate a prescription of the
dynamics so as to be able to apply the model to reactions.
We will refer to this quasiparticle model, including the
collision prescription, as Quasiparticle Dynamics or
(QPD). The purpose of the following section of the pa-
per, then, is to obtain a method of incorporating the dy-
namics which has some aspects of quantum mechanics,
yet at the same time conserves angular momentum. In
Sec. I, the model is used to study the time scales in-
volved in the thermalization stages of intermediate ener-
gy reactions, as a function of both bombarding energy
and impact parameter. Because QPD contains proper
ground states, it can be used to investigate excitation en-
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ergy and angular momentum disiributions, and this is
done in Sec. IV. This section alsc establishes the need for
an afterburner code to follow evaporative decays if de-
tailed comparisons are to be made with experiment.

II. NN COLLISIONS

In previous studies? of the dyramics of heavy-ion reac-
tions, it was found that the collisionless Boltzmann equa-
tion underestimated the magnitude of the cross section.
That is, replacing the nuclear interaction by a simple den-
sity dependent mean field resulted in nuclei with too
much transparency at intermediate bombarding energies.
The incorporation of a collision term in this kinetic equa-
tion appears to provide a much better description of the
reaction dynamics. ‘

In Ref. 1, a density dependent potential was used along
with the Pauli potential to determine the energetics of
nuclear binding. Because the quasiparticles are station-
ary in the ground state, collisions will not effect ground—
state propertles and so we made no attempt to incorpo-
rate collisions in Ref, 1. However, to apply the model to
nuclear reactions, it is likely that a collision term must be
included in it just as in the Boltzmann equation’ap-
proach.

We begin our discussion of the collision term with a
description of one of the techniques commonly uvsed for
incorporating it in the Boltzmann equation approaches
[which we refer to as Nordheim-Uehling-Uhlenbeck® or

(NUU)]. Two ingredients are needed: a definition of
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when the collision occurs, and a prescription for deter-
mining the new momenta of the pair of interacting parti-
cles after scattering has occurred. The distance of closest
approach is often used to define the collision point. The
new momenta are then chosen stochastically according to
a distribution governed by the observed scattering cross
section. This procedure can be made to conserve energy
and linear momentum, but not necessarily angular
momentum. The difficulty with angular momentum con-
servation lies in the fact that the relation between impact
parameter and scattering angle has been given up in
adopting the stochastic scattering procedure.

We wish to introduce scattering into our model in
terms of stochastic hard-sphere scattering between quasi-
particles. Sirice the quasiparticles behave as classical par-
ticles, if they scatter, their change of momentum can be
calculated from the conservation laws and is unique.
This change needs to be calculated numerically because
of the momentum dependent potential in our model.

Computationally, we can solve for the new momenta of
the colliding particles, say particles 1 and 2 in the follow-
ing way. From conservation of linear and angular
momentum we can write that

=P, +AX ), P’2=P2—Afilz ; : 3)

where P; is the old momentum, P/ is the new momentum,
Xu is the unit vector along the X, —X, direction and the
scalar A is to be determined from conservation of energy.
From conservation of energy we can write that the
change of energy must vanish:
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Notice that Eq. (4) has at least one solutmn, the trivial solution A= 0 To ﬁnd the nonzero roots of (4) weuse the secant

method to solve the equation,
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using as an initial guess for the solution the value of A for
scattering without the Pauli term.

In general, it takes less than 10 iterations to ﬁnd the
solution. Obvieusly, if the procedure fails to yield any-
thing other than the trivial solution because of the pres-
ence of the Pauli potential {the nuclear potential energy
does not change since it is position dependent only), then
the collision is rejected. ‘

To make the scattering nondeterministic we choose
stochastically between the scattered and unscattered state
at each time step in the calculation. The stochastic
scheme involves assigning one test particle to each quasi-
particle according to the Gaussian density distribution of
the quasiparticle. If the distance between test particles
associated with a quasiparticle pair falls below a given
value the trial scattered state is accepted and new test
particle positions are assigned to the scattered quasiparti-
cle pair,
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V(P,P,,...,)]=0, : (5)

The magnitude of the radius used to set the threshold
for test particle scattering we determine from the total
NN cross section, which we take to be equal to 28 mb for
both identical and nonidentical particle pairs.* (We ar-
rived at this value in an analysis of data summarized in
Ref. 4.) The observed differential cross section is roughly
isotropic. In the limit when the wave packet width pa-
rameter @ goes to infinity, that is the wave packets be-
come pointlike, then this procedure reproduces hard-
sphere scattering. For small @, the predicted angular dis-
tributions are no longer isotropic, however, even though
the total cross section remains the same. For a=0.5
fm !, the value that we chose in Ref. 1, the predicted
differential cross section for NN scattering is shown in
Fig. 1. The ragged shape to the cross section arises from
the integration procedure: The differential cross section
was simulated at 0.5 fm steps in the impact parameter,
with 4000 events per impact parameter. Because of the
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FIG. 1. Associated total NN cross section in the modet for
=0,5 fm~’. The cross section was ealculated by taking the
simulated differential cross section at each angle and assuming
isotropy. The full curve is from the scattering term only, while
the dashed curve includes the scattering term plus the nuclear
potential.

multiple scattering present in the reactions of imterest to
us, the deviation from isotropy associated with this
prescription is of little significance.

}

PllJlocked= ff,l(r:P)PocCupied(f’,p)daFd:;p
=Q2ahi)* 3, 8y 855 [ F1(rp)filr.p)d rd’p

izl
=3 8,855, exp] — (R~ R,

FES |

Likewise, we can calculate the blocking probability,
Pllocreqs Tor the scattering of the other member of the
scattering pair, particle 2. The probability that a col-
lision is accepted is then the probability that particle 1
and particle 2 are not blocked, or

P ={ 1‘—Ptlr}ocked J I—Pl%bcked ). - (10)

accept

Because of the approximations made in this calcula-
tion, we do not reproduce the Fermion probabilities com-
pletely faithfully. In particular, this procedure may lead
to configurations in which phase space ‘saturation is ex-
ceeded (a problem which this model shares with NUU
models). If Pyooeq exceeds unity due to the oversatura-
tion we artificially set it to unity in the calculation.

The test particle method is not the only one ¢ come to
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One new momenta have been chosen for the scattering
pair, a test is made for Pauli blocking. To determine the
probability that the collision is not Pauli blocked, Wigner
transforms® are used to go over to a phase space descrip-
tien of the system, The phase space distribution of a sin-
gle particle is given by

f[altr—nf P+ip+P, 2/ A]

Jilnpl= (6
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The density function for particles of a specific: [, §' com-
bination is given by [consistent with Eq. (I)];

FPtnpy= E f}("P)SI,Iias,si . "
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Now econsider the scattering of particle-I' where: £} is:its
new phase space distribution after scattering. K we
divide phase space into cells of volume (2m#)* then the
collision will be Pauli blocked if particle I is: seattered
into a cell occupied by a particle with the same quantum
numbers I,S.

The probability that a cell is occupied by some particle
other than particle 1 but sharing the same f and S as par-
ticle 1 is

Poccupied(rﬂp)z(zﬂﬁp(f%‘s_f‘l‘) » (8)

where we have assumed that fr—
phase space in the vicinity of r,p:.

The probability that the seattering of particle 1 is
blocked is then given by

£y is slowly varying in

+(P{—P,) /') . )

.
mind for handling the cellision term, of course. Other
possibilities include:

(i) using the same test particle technique as outlined
earlier but generating a new set of test particles after each
time step instead of after each collision.

(ii) avoiding test particles completely by comparing
quasiparticle separations at each time step with an algo-
rithm which determines (in a stochastic manner) whether
a collision takes place.

We felt that neither of these approaches was simpler to
implement than the one chosen here. Probably a more
important extension to the algorithm we propose would
be to replace the hard-sphere geometry of the test parti-
cle interaction with a different geometrical shape: that is,
make the scattering radius depend on impact parameter.
This would allow one to more accurately reproduce the
differential cross section in free NN scattering, although
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we doubt that this would make any significant difference
to the simulation of heavy-ion reactions.

III. REACTION TIME SCALES

In a previous work,® we began an investigation of the
different conditions produced in central versus peripheral
collisions. The only observable we were able to predict
was the mass yield curve, which showed significant im-
pact parameter dependence. The limiting feature of the
semiclassical equations of motion (SCEOM) model used
in that investigation [which also applies to other models
in the same class as SCEOM, for example, the quantum
molecular dynamics (QMD) model’] is that the initial
configurations used for the nuclei are not true ground
states of the interaction used to propagate them. Unlike
the molecular dynamlcs simulations used in the study of
argon droplets® for example, these models cannot be used
to calculate excitation energles or angular momenta of
the fragments produced in a reaction. This may be par-
ticularly important for the study of low-energy, peri-
pheral or proton induced reactions which only involve
small excitation cnergies. The QPD model does not
suffer from these difficulties. )

In order to investigate the time scales involved in
different reaction processes, several sample systems were
simulated. The Ca-+Ca reaction at 254 MeV and im-
pact parameter, b, equal to 0, 3, and 6 fm and the Ca+Ca
reaction at 50 and 1004 MeV and b =3 fm, were chosen
to span the intermediate energy region. For comparisen
with processes in the fusion regime, the Ar—+C reaction’
at 124 MeV and b =2, 4, and 6 fm was simulated. A
sample of 500 events per impact parameter was generated
for the Ca reactions, 250 events per impact parameter for
the Ar+C reactions. On an IBM 3081 processor, a
Ca+Ca event took approximately 1 cpumin to execute,
for a reaction time of 250 fin/c. The execution time
scales roughly with linearly with the reaction time, but as
the square of the number of particles. The reader is
directed to Ref. 1 for further details of the procedures
used.

We begin with the Ca+Ca reaction at 254 MeV.
Every 10 fm/¢c, the positions and momenta of the nu-
cleons were written out to storage, and- these were later
run through a cluster search routine, which linked to-
gether nucleons which were separated in space by less
than 3.5 fm. The time dependence of the cluster yield is
shown in Fig. 2 for three mass bins: 1-10, 3140, and
71-80. The upper part of the figure shows the resuits for
b =0 while the bottom half is for b =6 fm.

In the peripheral collision, one can see that the nuclei
join to form a large system, but this system does not fuse.
The mass 31-40 bin, which initially contains two nuclei
corresponding to the projectile and target, empties as‘the
mass 71-80 bin fills. However, this large system subse-
quently breaks apart into a pair of nuclei very close in
mass to Ca, with little exchange of energy, on the aver-
age, between the partners. This can be contrasted with
the behavior of the central collision, where a highly excit-
ed system of nucleons is formed. This system decays with
time, but does not break apart as the large system did in
the peripheral collision. Further evidence on the relative
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FIG. 2. Time dependence of the fragment mass distribution
in the Ca+Ca reaction at 25 4 MeV for b =0 fin (top) and b =6
fm (bottom). Three mass bins are used in the figure, 1-10,
31-40, and 71-80 mass units.

excitation of the system can be found by examining the
light fragment yield at the two impact parameters: There
are five times as many light fragments and nucleons pro—
duced at 5 =0 fm than there are at b =6 fm.

This conclusion can be strengthened by examining the
time dependence of the rms radii of the group of nucleons
which emerge as a fragment. The technique is the follow-
ing: As with Fig. 2, the positions of the nucleons are
stored every 10 fin/c in the simulation. Then a cluster
search is made over the final positions after an elapsed
time of 150 fm/c and it is determined which nucleons be-
long to what clusters. The rms radius of a given cluster is
determined by tracing its constituent nucleons through
the reaction. The time scale of 150 fm/c was chosen so
that 4-=80 systems were still present in the peripheral
collision.

The results are shown in Fig. 3 for the same reactions
as in Fig. 2. Turning first to the peripheral collision in
the lower part of the figure, the rms radii are displayed
for several different cluster masses. The radius of the
A =76 system is necessarily large at first, since its nu-
cleons are spread over both the projectile and the target,
The radius shrinks as the nuclei approach and touch,
then increases as they pass by each other. In contrast, in
the central collision the increase after contact is much
slower and tends towards a constant. The fact that there
is little thermalization ‘in the peripheral collisions can
also be seen by looking at systems near A4 =40. Here,
one expects few nucleon transfer to be important and this
is what the simulation indicates. Nucleons which emerge
in a fragment slightly larger than 4 =40 must be at least
partly spread over the projectile and target (yielding a
larger initial rms radius), while those which emerge in a
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FIG. 3. Time dependence of the rms radii of nucleon posi-
tions for the Ca+Ca reaction at 254 MeV for b =0 fm (top}
-and b =6 fm (bottom). Three masses are chosen for display: 36,
44, and 76. See the text for a description of how the radii were
determined.

system somewhat smaller than 4 =40 are predominantly
in one nucleus initially.

This sifuation can be contrasted with that which pre-
vails at lower energies. The time evolution of the mass
distribution in the Ar+C reaction at 124 MeV is shown
in Fig. 4. The peripheral reaction (lower part of the
figure) shows the same behavior as the Ca+ Ca reactions
of Fig. 2: the projectile and target link together to form a
loose system which rapidly splits. However, the more
“central” collisions lead to excited systems which fuse
and then lose a few particles. Further, the relative yields
do not have a strong impact parameter dependence {(on
the time scale of a few hundred fm/c¢) for b <4 fm. This
general behavior is what one expects in this energy re-
gime (see Ref. .10 and references therein, for example) al-
though this model should not necessarily be expected to
be a good tool for investigating fusion processes.

To complete our investigation of the time scales of
these processes, we turn to characterizing nucleon emis-
sion. The quantity of interest is the particle emission
rate. There are several possible definitions of emission
time which could be used; the procedure which is used
here is to follow the local density in the environment of a
nucleon and find when it first falls below a fixed thresh-
old, chosen to be 0.07 fm ™%, The time dependence of the
emission rate so defined is shown in Fig. 5. For both of
the impact parameters shown (Ca+Ca at 254 MeV,
b =0,6 fm) the emission rate increases as the nuclei over-
lap and then decays exponentially after the time of max-
imum overlap. The integral of the emission is rate is ob-
viously higher for the central collision, corresponding to
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FIG. 4. Time dependence of the fragment mass distribution
in the Ar+C reaction at 124 MeV for =2 {top), 4 {middle)
and 6 (bottom) fin. Thre¢ mass bins are used in the figure,
31-40, 41-50, and 51-60 mass units.

the larger multiplicity expected with greater energy depo-
sition.

Further, if one takes the slope of the semilog plot to
determine an emission lifetime, one sees that there is a

-
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FIG. 5. Time dependence of nucleon emission rates for the
two reactions of Fig. 2. A nucleon is considered to be “‘emitted”
when the average local density around it falls below 0.07 fm™
for the first time.
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short lifetime component (3X107% sec} associated ‘with
the central collision which is not present in the peripheral
one. There is also a longer lifetime component (9 X 1075
sec) present in both reactions, although this compenent
does not correspond to evaporation. This is basically
what one expects intuitively: possible rapid emission of
particles during the transit phase of the reaction followed
by quasiequilibrium emission as the system separates, fol-
lowed by statistical emission on a much longer time scale
than the code has been run for here.

To summarize, we have established time scales for
several processes which we expect to occur during the
transit and separation phases of reactions at low and in-
termediate energies. From the computational point of
view in particular, Figs. 2 and 4 show that the equilibra-
tion processes are largely complete by 250 fm/c after the
reaction commenced, and it is not economical to continue
evolving the reaction by this method beyond that time.
Further, stopping the evolution at 150 fm/c is probably
premature in that some of the reaction products may still
be highly excited. Of course, this does not mean that the
products are all in their ground states after 250 fm/c, an
issue to which we will now furn.

1V. EXCITATION ENERGIES

As was empbasized earlier, one of the advantages of
the QPD approach is that the nuclear ground-state prop-
erties are given by the same Hamiltonian which is used to
study their time evolution. This allows the calculation of
excitation energies and, because the collision term con-
serves angular momentum, the spin distributions of reac-
tion products. We begin with a discussion of the latter.

There is more energy deposited in the reaction region
as the bombarding energy -increases. Hence, one might
expect that the fragments produced in higher-energy re-
actions would have greater average spin than those pro-
duced at lower energies. To investigate this possibility,
we plot in Fig. 6 the angular momentum per nucleon for
light clusters produced in ‘the Ca+Ca reaction at 25, 50,
and 1004 MeV. The spins were determined after an
elapsed reaction time of 250 fm/c. We do not find a par-
ticularly strong dependence of the angufar momentum on
either the impact parameter (not shown) or bombarding
energy, even though the average kinetic energy of the
clusters does increase with bombarding energy. We only
claim this observation to be true at a time of 250 fm/c;
once one includes the decays of excited states the con-
clusion may change. Whether final-state decays are im-
portant can be investigated by calculating excitation en-
ergies.

In order to calculate excitation energies, it is first
necessary o construct a table of ground-siate energies
over the mass range of interest. This is a compute inten-
sive task which can become quite onerous for heavy nu-
clei for two reasons:. The valley of beta stability is in-
creasing in width as the mass increases and the execution
time for the simulation is increasing like the square of the
mass number. The computational mass table which we
have prepared thus far extends only up to mass 110, but
is more than adequate for our purposes here. For cach
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FIG. 6. Angular momentum per closter for light fragments
observed after an elapsed time of 250 fm/c for the reactions
Ca+Ca at 25, 50, and 1004 MeV and b =3 fm.

value of A, up to 15 isobaric nuclei are simulated, some-
what more heavily weighted to the neutron rich side.

For light fragments, the excitation energies basically
follow the same behavior as is observed in Fig. 6 for the
angular momenta, namely, that there is little dependence
on impact parameter and bombarding energy. What is of
greater interest is how much energy is left in. the residual
systems. This is shown in Figs. 7 and 8.

The resulis for Ca+Ca at 254 MeV and =0 and 6
fm are shown in Fig. 7. For the peripheral collision, we
would expect the lowest excitation energies to be found in
systems close to 4 =40, and this is indeed observed. Nu-
clei with mass greater than 40 must be formed in few nu-
cleon transfer reactions and would be expected to have a
higher excitation energy, as is predicted by the simula-
tion. In the central collision, a large system is formed.
When this system has a mass equal to that of the com-
bined projectile and target, its excitation energy must be
equal to a quarter of the lab frame bombarding energy.
This can be seen in Fig. 7 as well. Of course, such sys-
tems are not likely to be long lived, as was seen in Fig. 2,
and they will lose excitation energy through particle
emission. The trend shown in Fig. 7 is then what one ex-
pects for b=0: the excitation energy decreases with
mass. The rate of change is 0.11 MeV per nucleon per
mass unit, which, for a mass 70 system corresponds to 7.7
MeV. This is just what one expects on the basis of bind-
ing energy considerations.

Turning to the lower-energy Ar-+C reaction at 124
MeV, one would expect less impact parameter depen-
dence over much of its range, then substantial changes in
excitation energy for peripheral collisions. This behavior
can be seen in Fig. 8. There is not a large difference be-
tween the b =2 and 4 fm reactions, but » =6 fm is sub-
stantially different. For the peripheral reactions, far less
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FIG. 7. Excitation energy per nucleon for heavy fragments
emitted in the reaction Ca+Ca at 25 and b =0,6 fm. The exci-
tation energy is measured after a reaction time of 250 fm/ec.

energy is deposited in the mass 40 system.

Also of interest is the distribution of excitation ener-
gies for a fixed fragment mass. Unfortunately, our limit-
ed statistics do not permit us to examine such distribu-
tions for a wide range of masses, and we are basically re-
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FIG. 8. Excitation energy per nucleon for heavy fragments
emitted in the reaction Ar+C at 124 MeV per nucleon. The
results are shown for three impact parameters: 2, 4, and 6 fm.
The excitation energy is measured after a reaction time of 250
fm/c. :

stricted to light systems and very heavy ones. For the
Ca~+Ca reactions, the distributions are shown in Fig. 9
for *He fragments as observed after an elapsed reaction
time of 250 fm/¢, Although it would be tempting to take
the slope of this plot and extract a temperature from it,
we were unable to do so since we have not determined the
density of states for computational *He. However, there
is some indication from both the average excitation ener-
gy and the relative slope that the fragments emitted in
the central collision come from a more energetic system
than do the ones emitted in the peripheral collision.
Much better statistics will be needed to make this con-
clusion more quantitative.

Figs. 6 to 9 illustrate the necessity of including in the
simulation 2 means of handling long time scale processes.
The excitation energies obtained in the simulation of this
reaction are moderate, of the order of several MeV per
nucleon. Emission of particles from such a system are
likely to involve barrier penetration effects and be on a
much longer time scale than what the simulation is
designed to handle efficiently. Hence, for these energy re-
gions it is more appropriate to use the code to predict the
excitation energy distributions of compound nuclei, and
then use a statistically based code to follow the decays of
these nuclei on the time frame of 10* fin/c.

One final topic which should be addressed before
finishing this section is the impact parameter dependence
of mass correlation functions. Correlations between the
masses of pairs of fragments was shown using the
SCEOM model!! to have significant bombarding energy
dependence for central collisions in the intermediate en-

“ergy range. This change is associated with the transition

from binary breakup through multifragmentation to va-
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FIG. 9. Excitation energy per nucleon for He fragments
emitted in the reactions of Fig. 2. The excitation energy is mea-
sured after an elapsed time of 250 fm/c.
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porization. Because of the unstable ground-state problem
of the SCEOM muodel, no attempt was made to investi-
gate the variation of this correlation function with impact
parameter. Depending on how an event trigger is select-
ed for experiments to measure these correlations,
knowledge of the impact parameter dependence is impor-
tant.

We begin with a discussion of the pair probability dis-
tribution, rather than the correlation function. This is
shown in Fig. 10 for the Ca-+Ca reaction at 254 MeV
for b =0 and 6 fm. The general features of the pair prob-
ability, as measured at 250 fm/c, are very different for the
two impact parameters. In the peripheral collision, the
most likely events are those in which two roughly equal
mass nuclei are produced. In contrast, the central col-
lision produces an excited system which will not decay
totally by binary splits. However, it is clear that the im-
pact parameter averaged data would show an enhance-
ment along the binary split locus.

Further, it is also clear that a decay algorithm is going
to be necessary in order to make a comparison with ex-
periment. This can be illustrated by comparing the pair
probability with the correlation function. The mass
correlation function is constructed in the following
manner. The correlation function C( A4, 4,) is defined
by

N(Ay, A,y)

=Ny — 1
C(A;, Ay} N"N(Al)N(AZ) , (11)

where N( A, A;) are the number of coincident pairs of

T
b=0 fm— Ca+Ca AT 25 AMeV

< PAIR PROBABILITY
32 WX 0.002 - 0.01
2 7 0.01 =041
16 B 01-10

8 16 24 32 40 48 56 64 72
Ay

FIG. 10. Pair probability predicted for the Ca+Ca reaction
at 254 MeV, and b =0 and 6 fm. The distribution was evalu-
ated after an elapsed reaction time of 250 fm/c.
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FIG. 11. Pair probability {top) and pair correlation function
(bottom) shown for the reaction Ca+Ca at 1004 MeV and
b =3 fim. The distributions were determined after an elapsed re-
action time of 250 fm/c. '

fragments with mass A4; and A4,, while N (4) is the num-
ber of fragments with mass A. The constant N, normal-
izes the correlation function to unity. Because of the bin-
ning problems associated with the small samples available
in computer simulations, we evaluate Eq. (11) by an event
mixing technique whereby the number of true coincident
pairs is divided by the number of pairs obtained by ran-
domly selecting fragments from different events (ap-
propriately normalized).

In the absence of a decay scheme, we do not have
sufficient events at 254 MeV to make a comparison be-
tween the pair probability and the correlation function.
Hence, we choose to make the comparison at 1004 MeV
for b =3 fin. The results are shown in Fig. 11. At this
bombarding energy, the collisions no longer lead to any-
where near the same number of binary splits as is ob-
served at lower energies. The enhancement of the corre-
lation function around A~ A4,~35 will very likely be
reduced once the excitation energy has been decayed
away and the pair probability is more uniform. This be-
havior emphasizes that care will have to exercised in us-
ing the mass correlations to investigate the liquid/vapor
phase transition question.

V. CONCLUSION

A quasiparticle model! for computational nuclei based
on a momentum dependent potential to represent an-
tisymmetrization effects has been extended in this paper
to include a collision term. We refer to the dynamical
prescription for the model as quasiparticle dynamics or
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QPD. The collision termis stochastic and yet conserves
angular momentum as well as energy and linear momen-
tum. The properties of this model then allow the predic-
tion of excitation energy and angular momentum distri-
butions of reaction products.

As a first application of the model, the characteristics
of central collisions with high excitation energy are com-
pared with those of peripheral collisions of low excitation
energy. It is shown that many of intuitive features ex-
pected on the basis of the geometrical components of the
reaction mechanism are borne out in the simulation. By
examining the time evolution of the fragment mass distri-
butions, as well as the nucleon emission rates, the natural
reaction time scale of 250 fm/c can be established for the
efficient use of the simulation. It is emphasized that for
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observables sensitive to processes with longer characteris-
tic times (for example, compound nucleus decay) it is
more efficient to couple the predictions of this model with
one better based on the physics of such processes. Lastly,
it is shown that certain observables such as the mass
correlation function may have a strong impact parameter
dependence. Measurements of such observables will not
be easily interpretable without an event filter.

ACKNOWLEDGMENTS

This work was supported in part by the Natural Sci-
ences and Engineering Research Council of Canada. We
also wish to thank B. K. Jennings (TRIUMEF) for helpful
discussions.

ID. H. Boal and J. N. Glosli, Phys. Rev. C 38, 1870 (1988).

2G. Bertsch, H. Kruse, and 8. Das Gupta, Phys. Rev. C 29, 673
(1984); for reviews, see D. H. Boal, Annu. Rev. Nucl. Part.
Sci. 37, 1 (1987); H. Stocker and W. Greiner, Phys. Rep. 137,
277 (1986).

3L. W. Nordheim, Proc. R. Soc. London, Ser. A 119, 689 (1928);
E. A. Uchling and G. E. Uhlenbeck, Phys. Rev. 43, 552
(1933).

*Particle Data Group, Lawrence Radiation Laboratory Report
UCRL-200000NN, 1970.

5N. L. Balazs and B. K. Jennings, Phys. Rep. 104, 347 (1934);
M. Hillery, R. F. O’Connell, M. O. Scully, and E. P. Wigner,

Phys. Rep. 106, 121 (1984).

6G. E. Beauvais, D. H. Boal, and J. C. K. Wong, Phys. Rev. C
35, 545 (1987).

7J. Aichelin and H. Stocker, Phys. Lett. 176, 14 {1986).

5A. Vincentini, G. Jacucci, and V. R. Pandharipande, Phys.
Rev. C 31, 1783 (1985).

9This particular reaction is chosen since correlation data should
be available soon from it. W. Benenson (private communica-
tion) .

105, R. Birkelund and J. R. Huizenga, Annu. Rev. Nucl. Part.
Sci. 33, 265 (1983).

"D, H. Boal and J. N. Glosli, Phys. Rev. C 37, 91 (1988).



