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Quasiparticle dynamics, a computer simulation for nuclear reactions, is'used to investigate reac-
tion plane memory in intermediate-energy heavy-ion collisions. In particular, extensive simulations
involving the generation of more than 20000 events are performed for N +1Sm at 354 MeV.
The gamma-ray circular polarization, as a function of trigger mass, energy, and angle, is'shown to
be a measure of the correlation between the trigger plane and the reaction plane. Calculations of
the inclusive particle spectrum, as well as the polarization, are compared with experiment. The
dependence of the calculated observables on the assumed in-medium nucleon-nucleon cross section

is also investigated.

1. INTRODUCTION

“Experimental studies of the space-time history of a nu-
clear reaction are complicated by many factors: for ex-
ample, the initial conditions involve an average over im-
pact parameter, and the observed products are the result
of a time integration over the collision history. A consid-
erable amount of effort has gone into finding experimen-
tal observables that are sensitive to the impact
parameter—both its magnitude and direction. One as-
pect of this problem is the determination of the reaction
plane, defined by the impact-parameter vector and the
beam direction. In intermediate-energy reactions, ob-
servables such as fission-fragment correlations and
gamma-ray polarizations have been used as reaction
plane indicators.

In one such study,>? the circular polarization of gam-
ma rays emitted in coincidence with a light fragment was
measured for two heavy-ion reactions at intermediate en-
ergy. It was found that the polarization generally tended
to increase with trigger fragment mass and energy. With
a few simple assumptions, the data were interpreted as
showing that for a range of fragment masses and ener-
gies, particle emission tended to occur in a direction op-
posite to the direction of the impact-parameter vector.

The space-time histories of nuclear reactions are fur-
ther complicated by decay processes, which have a much
longer time scale than the initial reaction time scale.
Hence, it is important to- determine how good an
observable’s “memory” is of the initial variable of in-
" terest. Computer simulations have proven to be an im-
portant tool in this evaluation. Simulations allow one to
follow the time evolution of a reaction from specified ini-
tial conditions, and investigate how an observable
changes during the collision process. They also allow one
to vary quantities otherwise beyond the experimentalist’s
control, such as the strength of the nuclear force, and ex-
amine the role of such quantities in determining the out-
come of a collision.

The polarization experiment mentioned earlier has
been analyzed®® through the use of a simulation of the
one-body distribution of nucleons. The simulation,

41

known as the Boltzmann-Uchling-Uhlenbeck (BUU)
model,* incorporates both a nuclear mean field as well as
a stochastic nucleon-nucleon (NN} collision term. A
number of assumptions must be made in order to extract
fragments from the one-body distributions,. and, a pro-
cedure must be adopted for predicting the gamma-ray
emission from these fragments. The simulation was used
to predict the polarization for nucleon triggers, as well as
the dependence of the polarization on the assumed in-
medium NN cross section. *

In the time since the original calcula‘uons were per-
formed, a considerable amount of effort>~7 has gone into
developing simulations for many-particle distributions.
These simulations include correlations between nucleons,
and so incorporate fragment emission without further as-
sumiptions. One such model is the Quasiparticle Dynam-
ics model® (QPD), which is Hamiltonian-based, yet in-
cludes a stochastic NN collision term.

In this paper, QPD will be used to simulate the polar-
ization experiment of Refs, 2 and 3 for the reaction
N+Sm at 354 MeV. QPD allows the examination of
several effects that could not be included in the original
simulation:

) QPD is a many-body model in which the correla-
tions between nucleons do not need to be incorporated in
a model-dependent fashion.

(2) In BUU-like models the combined effects of the col-
lision term and numerical integration procedure may lead
o “ground-state’ nuclei that are unstable on the time
scale of a few hundred fm/c. Hence, one has to stop the
simulation {at 100200 fin/c) to avoid possible evapora-
tion of the nuclei. In QPD, the nuclei are true ground
states of the Hamiltonian governing their equations of
motion and this allows the rection to be followed for
1000s of fm/c (the need for this property was emphasized
in Ref. 7). Hence, much longer time frame effects can be
evaluated with QPD.

(3} Because the nuclei are true ground states in QPD
then it is straightforward to determine the quantities such
as excitation energy distributions and follow their time
evolution.

As will be shown later, the QPD results qualitatively
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support the earlier BUU calculations, even though many
of the assumptions necessary in the earlier work are not
required in QPD. However, the polarization is found to
be quantitatively larger than was calculated previously,
and larger than is observed experimentally.

The paper is organized as follows: Section IT contains
a very brief review of the QPD model and some technical
issues that are relevant to the numerical work that fol-
lows. Section INI contains a comparison of the QPD pre-
dictions for inclusive cross sections of the N+4Sm reac-
tion at 354 MeV with the experimental data. Since there
is some question regarding the magnitude of the effective
in-medium NN cross section to be used in the simula-
tions, results will be shown for two choices of the cross
section: 28 and 60 mb (the lower cross section is what
was used in the original formulation of the model). A
limited comparison will be made in this section with re-
sults from a recent BUU simulation® of the N-+Sm reac-
tion at 354 MeV. .

The polarization results are presented in Sec. IV. This
section contains a comparison with the data and an inves-
tigation of the relationship between the polarization and
the orientation of the reaction plane with respect to the
trigger plane. Section V contains a discussion of our
findings and of the effects of long time frame decays.

II. NUMERICAL DETAILS

In the Quasiparticle Dynamics model, ‘each nucleon is
represented by a Gaussian wave packet of characteristic
size 1/c in coordinate space. Computer time limitations
do not permit us to evolve the widths with time; they are
assumed to be fixed. The degrees of freedom for the
equations of motion are then taken to be {x) and {p),
the expectations of the individual wave packets. Hence,
each nucleon is represented by a quasiparticle whose
phase-space coordinates R and P are (x) and {(p), re-
spectively,

However, these wave packets are not used to form an
antisymmetric wave function. Instead, a momentum-
dependent potential acting pairwise between the quasi-
particles is used to incorporate many of the effects on the
fermions” energies arising from antisymmetrization. This
potential between quasiparticles ¢ and b has the form

VP(XQ,,)=VSL2%;—X’”— , (1)
2mie ®—1)
where
X =1[e* (R, —R, P+(P,—P, ) /(#a)*] , )

and m is the nucleon mass. The two parameters in Egs.
(1) and (2) are fixed by the demand that in the absence of
other interactions, a system of quasiparticles obeying Eq.
{1) has the energy of an ideal gas of fermions over the
range of densities of interest. The complete Hamiltonian
of the system also includes terms representing the (isospin
dependent) nuclear interaction as well as the Coulomb in-
teraction. Hamilton’s equations are then used to govern
the time dependence of R and P for each quasiparticle.
This dynamics is supplemented by the use of a stochas-

tic coilision term between nucieons. In many BUU-based
models, the collision term is handled in the following
manner: an in-medium NN cross section & yy is used to
define a classical radius Ry such that if the distance of
closest approach of two approaching nucleons is less than
this radius, a collision is tentatively assumed to have oc-
curred {subject to Pauli exclusion principle considera-
tions). The directions of the nucleons’ momenta after the
collision is randomly selected from a predetermined dis-
tribution (usually assumed to be isotropic in the c.m.
frame at these collision energies). The magnitudes of the
momenta are determined from conservation of energy
and momentum, :

In such a prescription, there is no relationship between
the impact parameter of the NN collision and the pair’s
relative momentum after the collision; the procedure does
not conserve angular momentum. In simulations of one-
body distributions, it does not matter whether angular
momentum is conserved on an “event-by-event” basis so
long as the distribution determined by averaging over
events does conserve angular momentum. In QPD, each
event is taken to be an independent realization of a nu-
clear collision. Nonconservation of angular momentum
then has catastrophic consequences; cold nuclei spon-
taneously acquire angular momentum. Hence, in QPD a
collision algorithm is adopted that is both stochastic and
conserves angular momentum. In essence, what happens
is that the collision point is randomly chosen from a
predetermined distribution, but all conservation laws are
then applied to the collision. Further details on the form
of the interaction and the collisicn term can be found in
Ref. 6. ’

The equations 6f motion of the quasiparticles are in-
tegrated using a Runge-Kutta procedure. We find that
the momenta and excitation energies of the reaction
products stabilize by about 150 fm/c elapsed time in the
reaction where the collision begins about 20 fm/c after
the simulation is started. Each event is propagated for a
total of 250 fin/c elapsed time and takes about 4 opu
minutes to execute on an IBM 3081 computer. The gen-
eration of the event sample and its analysis took approxi-
mately 1000 cpu h to execute.

For the reaction N+-Sm at 35 4 MeV, a total sample of
14720 events is generated over the impact-parameter
range 0.5-7.5 fm in 1 fm steps. The number of events
per impact parameter is determined by its areal weight-
ing. This large sample has a value of oy of 28 mb. A
second data set of 6400 events is also reported for o an of
60 mb. These comparatively large event samples are re-
quired because of the trigger condition used in the experi-
mental studies; we wish to be able to study the inclusive
spectra as well as the polarization as a function of trigger
fragment mass, energy, and angle.

HI. SINGLE-PARTICLE INCLUSIVE SPECTRA

The single-particle spectra are calculable in a straight-
forward manner. Each initialization in the simulation is
propagated for 250 fm/c, at which time a cluster search is
made over all nucleon positions. Tn the search, nucleons
which are less than 3.5 fm apart are linked together to
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form clusters. The clusters that are produced by this
definition are not usually in their ground states at this
point in the reaction sequence. However, they are stable
on the time frame of 1000 fm/¢c, a fact to which we will
return later. In other words, the clusters retain their in-
tegrity over a longer time frame than that for which it is
computationally economical to run the simulation.

The question that is addressed in this section is how
well does the simulation agree with the single-particle in-
clusive measurements? The predicted spectra show the
usual behavior: in the lab frame there is a roughly ex-
ponential falloff with emission energy at fixed angle, and
a decrease with angle at fixed energy. An example of a
comparison of the predictions with experiment is shown
in Fig. 1. The spectra shown are for proton emission at
30° and 60°. These two angles are the ones used in the ex-
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FIG. 1. Comparison of data (from Refs. 2 and 3) with QPD
predictions for proton emission in N-+Sm at 354 MeV. The
data are shown as the circles, while the predictions are the his-
tograms (dashed curve for o yy=28 mb and solid curve for 60
mb).

periment and are representative of the data set of the
simulation. The predictions are indicated by the histo-
grams; the dashed curve is for oy =28 mb, while the
solid curve is for 60 mb. At wide angles, the two in-
medium cross sections give similar results, while at for-
ward angles, the larger in-medivm cross section yields a
smaller inclusive cross section at proton energies of the
order of the beam energy per nucleon.

This dependence on oy is found not just for proton
emission, but for clusters as well. In Figs. 2 and 3, com-
parisons are made of the predicted and measured in-
clusive deuteron and triton spectra, respectively. While
the statistics are not as good as the proton spectrum, nev-
ertheless the smaller o yy corresponds to the larger in-
clusive cross section at forward angles and fragment ki-
netic energies per nucleon of the order of the beam ener-
gy per nucleon. However, the energy integrated angular
distributions do not show a particularly strong depen-.
dence on the in-medium cross section. This can be seen
from Table 1, in which the differential cross sections from
Figs. 1-3 (plus the alpha-particle spectrum) are integrat-
ed to give a fragment multiplicity as a function of angle.
Results are shown for both 28 and 60 mb cross sections.

It should be pointed out that this particular depen-
dence of the inclusive cross section on ¢ yy may be pecu-
liar to this energy range. In simulations that we have
performed for zero impact-parameter La+La collisions
at 2504 MeV we find that the wide angle cross section in-
creases with op,y. The magnitude of the increase de-
pends on target and projectile mass: the effect is much
less pronounced for Ag+ Ag than for La+La.

These results may appear to be somewhat surprising,
taken at face value. What appears to be happening is
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FIG. 2. Similar to Fig. 1 but for deuteron emission.



41 COMPUTER SIMULATION OF REACTION PLANE MEMORY VIA . .. 121

106 v T T v T T
N+SmATS5A MoV
TRITON SPECTRA
=-~- Oyy=28mb
qu......'. — Oyn =B80mb
Cre, « =DATA
- ..
1 R |
..
-
N - ‘e
o ? ;—‘ ‘___': L]
> 1
Ela -
= i
\; 011 -1
P
Sls T T
o|w
o
.
“ 600
ir .c. ]
* -0
]
* 3
ol
01 !

0 20 40 60 80 100 120 140
KINETIC ENERGY (MeV)

FIG. 3. Similar to Fig. 1 but for tritium emission.

that the motion of the nucleons is becoming more
thermalized at higher values of ¢y, as one would ex-
pect. In other words, the population of nucleons with ki-
netic energy in the range of the beam energy per nucleon
is being reduced by scattering. Further, these nucleons
are trapped in excited residual nuclei that do not decay
on the time scale of the simulation.

To investigate the magnitude of the excitation energy
of the residual reaction products, we first examine the
mass distribution of the products. This is shown in Fig. 4
for oyy=28 mb. The distribution is averaged over im-
pact parameter, integrated over fragment emission ener-
gy and angle, and normalized to unity over the mass
range shown (there is very little change in the probabili-
ties if the nermalization condition is removed). There is
an obvious peak in the mass distribution at a value
greater than the target mass of 4 =154, meaning that
some of the mass of the projectile has been transferred to
the target. .

Suppose now we take a particular nucleus near the
peak of the distribution and evaluate its average excita-

TABLE 1. Differential multiplicities of the trigger fragments
at different combinations of emission angle and in-medium NN
cross section. :

Angle oy (mb) P d : “He
0 28 0.44 0.097 0.020 0.015
kins 60 0.41 0.089 0.014 0.011
60° 28 0.19 0.048 0.017 0.015
60° 60 0.19 0.044 0.018 0.011
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FIG. 4. Predicted heavy nucleus mass yields for N+Sm at
354 MeV, averaged over impact parameter and integrated over
fragment energy and angle. The yields are calculated after an
elapsed time of 250 fm/¢c. The distribution is normalized to uni-
ty over the fragment mass range shown.

tion energy. As an example, we choose the computation-
al '"Ho nucleus, whose ground-state energy is —8.34
MeV (this must be calculated separately; see Ref. 6 for
methodology). The fractional distribution in excitation
energy for this nucleus is shown in Fig. 5, where the
same integrations, averages and normalization are chosen
as in Fig. 4. Clearly, there is a spread in excitation ener-
gies, with the peak in the distribution falling below 2.4
MeV. We find that the average excitation energy is 1.85
and 1.984 MeV for oyy=28 and 60 mb, respectively.
Hence, we conclude that there is still a substantial
amount of excitation energy in the residual systems and
that the larger in-medium cross section leads to some-
what greater thermalization of the bombarding energy.

Figures 1-3 are encouraging in that the predictions of
the simulation are generally within a factor of 2 of experi-
ment. Given the approximations of the model, and that
long time evaporative decays are not included in the
model, the agreement is as one would expect. However,
the experimental data do not necessarily favor one partic-
ular value of oyy. Although the 28 mb predictions ap-
pear to be in better agreement with the data for high-
energy particles emitted at forward angles, this kinematic
region may be one in which the internal Fermi momen-
tum of the projectile nucleons plays a role. The model
was not designed to calculate the high momentum com-
ponents of the nuclear wave function, and so we prefer
not to use this comparison as a test of the in-medium
cross section. -
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FIG. 5. Predicted fractional distribution of excitation energy
for the '“Ho nucleus calculated from the simulation of N+Sm
at 354 MeV, as in Fig. 4. The excitation energy is calculated
after an elapsed reaction time of 250 fm/c.

It is worthwhile making a comparison between the
QPD predictions and those obtained in a recent BUU cal-
culation® of the same reaction. We begin with the
summed proton and-neutren cross sections. BUU calcu-
lations do not give the free nucleon spectrum directly; an
assumption must be made to extract it from the one-body
distribution of nucleons in phase space. A common pro-
cedure is to evaluate the local coordinate space density in
a region to determine the strength of the nuclear mean
field, and from this extract the fraction of nucleons in
that region that are unbound. This procedure will give a
higher number of free nucleons than what is observed in
the QPD) simulation, since there is still substantial excita-
tion energy in the residual nuclel at the time when the
QPD simulation is stopped. What we find is that while
the cross sections predicted by the two models are similar
in shape, the QPD results are about a factor of 2—3 lower
in magnitude. A similar effect is noticed in the mass yield
of heavy residual nuclei: the QPD heavy nucleus mass
yield at 250 fin/c is peaked at several mass units higher
than the BUU one. Given the difference in the definition
of the observables in the two codes, the agreement is in
the range expected. Lastly, the BUU results for the in-
tegrated nucleon cross section do not show strong sensi-
tivity to oy in the 20—41 mb range, similar to what is
found in QPD.

IV. POLARIZATION CALCULATIONS

The QPD model itself does not include a mechanism
for dealing with gamma-ray emission. What it provides

us with are the positions, momenta, excitation energies,
and angular momenta of clusters at any time during the
collision. In ‘order to calculate the polarization, we use
the model advanced in Ref. 2, in which gamma emission
is assumed to be 100% stretched E2 transitions of the
heavy residual nuclei. Such transitions have a gamma-
ray multiplicity of M y=J/2 for a nucleus with angular
momentum J. For each simulation event, there is gen-
erally only one large residual nucleus present, and its an-
gular momentum vector is used to calculate the charac-
teristics of the emitted gammas.

The labeling convention for the vectors involved in the
polarization calculation is as. follows: The momenta of
the trigger fragment and the beam are used to define a
trigger plane. The initial reaction plane, defined by the
beam direction and the impact-parameter vector b lies at
an angle & with respect to the trigger plane. That is, we
have adopted the convention that if b points in the same
direction as the transverse component of the trigger
momentum then 6 vanishes.

Experimentally,” the polarimeter to measure the
gamma-ray polarization is located with its axis perpen-
dicular to the trigger plane, and it subtends a solid angle
Q@ with respect to the target position. A gamma ray with
momentum k is emitted from the residual nucleus with
an angular distribution given by ¥Y(B), where
cos(B)=k-J/kJ. The circular polarization is defined as
P (B) for a gamma emitted at angle 8. The dependence of
Y and P on S is given by

Y(B)=1—cos' ) (3)
and
2cos(f)
P(p)=—""""""—, 4
® 1+cos?(B) @

The polarization measured with a trigger fragment at an-
gle and energy 8, E is given by

(M [aaPpy(B)
P(6,E)=
(M [doy @)

, (3)

where the average is taken over those events satisfying
the trigger conditions. The details of the angular in-
tegrals can be found in Refs. 2 and 9. -

We begin with an overview of the behavior of the cal-
culated polarization. In Fig. 6 we show the dependence
of the predicted polarization on fragment trigger mass’
and kinetic energy. The trigger angle is fixed at 30° and
oy is chosen to be 28 mb. For clarity, only a few
representative error bars are shown on the figure. One
can see two trends: the polarization increases with
trigger energy and mass. These trends are qualitatively
similar to what is observed experimentally. The very
large error bars at low trigger energy are the result of the
small event sample in that kinematical region.

The dependence of the polarization on trigger angle is
shown in Fig. 7 for oy =28 mb. For proton triggers,
there is little change in the polarization from 30° to 60°
(we do not have sufficient statistics to come to any con-
clusion at wider angles) and the trigger energy depen-
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FIG. 6. Predicted trigger mass and energy dependence of po-
larization for trigger fragments observed at 30°. An in-medium
NN cross section of 28 mb is used in the calculation. The results
are for the reaction N-+Sm at 354 MeV, and are averaged over
impact parameter.
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FIG. 7. Predicted trigger emission angle dependence of po-
larizaticn for proton (a) and deuteron {b) iriggers at both 30°
and 60°. Other conditions are as in Fig. 6.

dence is simifar at both angles. For deuterons, the angu-
lar dependence is more pronouced; the polarization in-
creases with angle. Again, these observations are qualita-
tively the same as what is seen experimentally.

However, the magnitudes that we predict for the polar-
ization are higher than what is observed experimentally,
unless the in-medium cross section is very large. In Fig.
8, we show a comparison between data and the simula-
tion for proton triggers. Predictions are shown for two,
angles (30° and 60°) and two choices of ¢ yy. Clearly, the
larger value for the cross section gives a lower predicted’
polarization. This is what one would expect: more col-
lisions tend to reduce the angular momentum alignment
of the residual nucleus. The effect of increasing o yy is
also seen in deuteron and triton triggers. These results
are shown in Fig. 9 for deuterons. Again, even the
@y =60 mb prediction shows a larger polarization than
is seen in the data. ;

Let us now use the simulation to examine the micro-
scopic dynamics of the collision process. The fact that
the simulation has predicted large values for the gamma-
1ay polarization leads us to expect that there is a strong
correlation between the trigger plane and the reaction
plane. We begin our investigation of this question by ex-
amining the distribution of impact parameters for a given
trigger energy and angle. The trigger plane is used to
define the x and z axes of a Cartesian coordinate system;
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FIG. 8. Comparison of simulation and experiment for proton
triggered events at 30° and 60°. Two values of o yy Were used in
the simulation : 28 and 60 mb. Data are from Refs. 2 and 3.
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FIG. 9. Similar to Fig. 8 but for dewteron triggers.

the z axis is defined by the beam direction and the posi-
tive x axis is the direction in which lies that component
of the trigger momentum that is perpendicular to the
beam. The impact-parameter vector then lies in the x-y
plane, perpendicular to the beam.

A scaiter plot of the impact parameter for proton
triggers at 30° is shown in Fig. 10. The plot contains
three sections, corresponding to proton kinetic energies
of 20-30, 40-50, and 60-70 MeV. The results are taken
from the simulation with 28 mb for the NN in-medium
cross section. In generating the scatter plot, we have
shifted the magnitude (but not the direction) of the
impact-parameter vector randomly by up to 0.5 fm. This
procedure is necessary because the impact parameters
used in the code are taken to be 0.5, 1.5, 2.5. . . fm, which
results in the data points falling in concentric circles.
Hence, we spread the points out in order to more clearly
display their density.

At low proton trigger energy, there is a very pro-
nounced enhancement for impact parameters in the op-
poiste side of the beam from the trigger momentom.
There also appears to be a small enhancement on the
same side as the trigger momentum. The tendency for
the trigger to emerge on the opposite side of the beam

. from the impact-parameter vector becomes stronger with
increasing trigger energy, as one can see in comparing
parts (aj—(c) of Fig. 10. A more quantitative representa-
tion of this effect is presented later. ]

The tendency for the trigger to emerge on the opposite
side of the target from the projectile is not- simply
confined to proton triggers. Shown in Fig. 11 is a similar
scatter plot for deuteron triggers. The conditions are the

PROTONS FROM I + Sm AT 35 AcMeV
0=30% Oy =28mb

{b) 45 MeV

{c) 85 MeV

FIG. 10. Distribution of impact-parameter b for proton
triggers emitted at 30° and a range of energies. The acceptance

tange of each energy shown is +/— 5 MeV. Cross marks are

placed on the axes every 4 fm.

DEUTERONS FROM N+ SmAT 35 A MeV
9=30°%  Oyy=28mb

(a) 25 MeV () 45 MeV

{€) 85 MeV () 85 MeV

FIG. 1. Similar to Fig. 10 but for deuteron triggers.



same as those used in Fig. 10, except that four kinetic en-
ergy ranges are shown: 20-30, 40-50, 60—70, 80-90
MeV. The figure demonstrates that the higher the trigger
energy, the stronger the tendency to scatter to the oppo-
site side of the projectile. For both trigger masses, the
simulations show that the path of the beam nucleus is
bent around the target nuclens as they interact; there is
usually some mass transfer to the target and it gains an-
gular momentum. The beam does not, on average,
“bounce off”’” the target at these energies. Similar con-
clusions to this were reached in Refs. 2 and 3.

To put these conclusions on a more quantitative foot-
ing, we evaluate the expectation and dispersion of the an-
gle @ between the reaction plane and the trigger plane.
For all cases considered, 8= (#) is close to 180°, as one
would expect. However, the dispersion {(8—&?>)
around the mean may be substantial. It is oberved that
the dispersion decreases with increasing trigger energy
and, correspondingly, with polarization. Shown in Fig.
12 is the behavior of the dispersion as a function of the
polarization for proton and deuteron triggers at 30° and
an in-medium cross section of 28 mb. The figure is con-
structed by evaluating the dispersion and polarization for
the energy bins used in Figs. 6 and 7.

For low values of the polarization, the dispersion tends
towards a distribution of impact parameters that is ran-
dom in the x-p plan. As the polarization increases, the
width of the impact-parameter distribution narrows,
tending to zero as the polarization tends to unity. This is
what one would expect: the more the reaction and
trigger planes are coincident, the more the angular
momentam vector of the residual nucleus is perpendicu-
lar to them. In other words, the simulation shows that
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FIG. 12. rms deviation of the orientation of the reaction
plane with respect to the trigger plane shown as a function of
polarization for both values of o yy in the simulation.
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the polarization is a good indicator of the correlation be-
tween the reaction and trigger planes.

V. DISCUSSION

In the previous sections, comparisons are made be-
tween a simulation based on the QPD medel and the ex-
perimentally observed inclusive cross section and frag-
ment triggered polarization for N+8m at 354 MeV.
The agreement between the data and the simulation is in
the range expected (given the approximations of the mod-
el) for the inclusive spectra. A value of 28 mb chosen for
the in-medium NN cross section gives better agreement
with the data compared to 60 mb, but a hard conclusion
cannot be drawn because of uncertainties that may arise
from effects that are not incorporated in the model.

For example, the collision is only followed for a time of
250 fm/c. This is long enough to ensure that the clusters
are internally thermally equilibrated, but not long enough
for them to decay into their ground states by particle or
gamma emission. Processes such as evaporation have a
much longer time scale than that for which it is practi-
able to run the simulation. Certainly, long time frame
evaporation will boost the yields of light mass particles,
and will bring the oyy=60 mb predictions in better
agreement with the data.

The predicted circular polarizations are in gualitative
agreement with the data in terms of trends with respect
to fragment trigger mass, energy, and emission angle..
However, the predictions are consistently higher than the
data. Again, part of the reason for the discrepancy lies in
long time decays that will reduce the alignment of the an-
gular momentum vector of the residual nucleus.

To see how large an effect this would be.on the time
scale of 1000 fm/c, we take a sample of the '*Ho nuclei
discussed in Sec. III and propagate them for an extra
1000 fm/c. The change in orientation of the angular mo-
menta is observed to be less than 19.. This demonstrates:
(i) that there are few evaporative decays on a time frame
that can be handled by the simulation, and (ii) that the
simulation conserves angular momentum very well.
Hence, we are unable to resolve whether evaporative de-
cays on the time scale of 1071 sec result in substantial
dealignment of the residual system.

Trautmann et al.’® have attempted to assess the effect
of nonstretched transitions on predictions of the gamma-
ray circular polarization. They conclude that a reduction
of the polarization in the 10% range could be expected
for nuclei in the mass 50 range. It may prove to be the
case that this effect along with the dealignment arising
from the evaporative decays will eliminate the discrepan-
cy between our predictions and the data. The resolution
of these issues needs further effort on both the theoretical
side, as outlined earlier, and the experimental side. For
example, an experimental investigation using the gamma
cascade of the residual nucleus to determine its alignment
would provide new information on angular momentum
transfer that could be compared with predictions. -

In spite of the aforementioned, the agreement between
the simulation and experiment is surprisingly good. The
central question that we ask of the simulation is whether
there is a strong correlation between the polarization and
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the distribution of the reaction plane’s orientation with
respect to the collision plane. The simulation shows that
there is indeed a correlation, and that it becomes stronger
the closer the polarization is to unity. Further, the im-
pact parameter tends to point in the opposite direction to
the trigger direction. This indicates that the long-range
nuclear interaction tends to pull the nuclei around one
ancther, although not sufficiently strong enough to result
in an orbiting pair at these bombarding energies.
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