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We examine a variety of methods for determining both the impact parameter and the direction of
the impact vector in symmetric nuclear collisions at intermediate energies. Two quantities, the par-
ticle multiplicity and the midrapidity charge, retain their dependence on the impact parameter after
filtering through the acceptance of a typical 47 detector. By gating on these quantities we can select
four ranges of impact parameters. There is some overlap of these ranges. It is noted that this is
dependent on the model used to simulate the collisions. The midrapidity charge has the advantage
that it integrates over the final fragments and should be less sensitive to how the collision zone
disassembles. The angle of the impact vector is well reproduced with the method developed by
Danielewicz and Odyniec. The difference between known and determined reaction plane has a
half-width at half-maximum of less than 70°. Some comparisons are made to experimental data.

I. INTRODUCTION

To unravel the complex processes that occur during
nuclear collisions it is necessary to have a reaction mech-
anism filter; one that separates the central collisions from
the grazing collisions, with some differentiation for the
midimpact collisions. By gating on the impact parame-
ter, one can begin to answer questions such as how do the
thermodynamic properties of the collision zone depend
on the violence of the collision. Some quantities of in-
terest also require a measurement of the direction of the
impact vector. For example, the measurement of the col-
lective flow produced in collisions' requires a determina-
tion of the reaction plane; i.e., the plane defined by the
impact vector and the beam axis.

The aim of this paper is to study how well the impact
vector can be determined experimentally in intermedi-
ate-energy heavy-ion collisions. For these energies this
can be done by two distinct methods. The first relates the
folding angle of fission fragments to the impact parame-
ter, while the second utilizes global variables.

In the first method,? > a light projectile bombards a
heavy target whose residue fissions after the collision pro-
cess. The folding angle of the two fission fragments de-
pends on the linear momentum of the parent targetlike
nucleus. This momentum is transferred during the col-
lision and is expected to increase the more central the
collision. Thus one can infer the impact parameter from
the measured folding angle. The direction of the impact
vector is deduced from the azimuthal angle of the fission
fragments. The fission products are preferentially emit-
ted perpendicular to the angular momentum vector of the
parent. This vector, in turn, is perpendicular to the im-
pact vector. Note that this means that the sign of the im-
pact vector is undetermined. There are several problems
with this reaction filter: (1) its use is restricted to targets
whose residues will fission and (2) as the beam energy in-
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creases the probability of the target residue fissioning into
only two fragments decreases.® There are no simulations
in the published literature that show how accurately this
method determines the impact vector.

In the second method, one measures as many of the re-
action products as is possible. Quantities derived from
the measured products such as the multiplicity, or
momentum distribution, may be sensitive enough to the
impact parameter to be used as a reaction filter. Ideally
such quantities should not depend on the fine details of
the model used to calculate the reaction. This technique
has been used by the Plastic Ball group’ for higher energy
collisions. For the Plastic Ball and other data,
Danielewicz and Odyniec® have demonstrated that the
direction of the impact vector can be determined from
the momentum distribution of the reaction products.
This method is subject to fluctuations due the presence of
thermal energy generated during the collision and due to
the finite multiplicity of the particles.

It is this second method of finding a reaction filter that
we investigate here. In Sec. II the various derived quanti-
ties are introduced and then used in Sec. III as we consid-
er symmetric collisions of 4=40 nuclei. In Sec. IV we
compare some of our results to experiment and in Sec. V
we present our conclusions.

II. IMPACT-PARAMETER-DEPENDENT
QUANTITIES, MODEL CALCULATIONS,
AND DETECTOR SIMULATION

We have simulated heavy-ion collisions with the sta-
tistical event generator FREESCO.° The code uses a
modified fireball prescription to generate four thermal
sources, the size of which depend on the impact parame-
ter. There are two equal size participant sources with op-
posite transverse momenta, and two spectator sources
also with some transverse momenta and some thermal en-
ergy acquired from the participants. The FREESCO pa-
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rameters xg, yg, Zg, and Y govern the excitation energy
and momenta of the sources and are explained in Ref. 9.

Throughout this work we use the default parameters of
—V/E__N/125 MeV
x0=0.2, yo=e V/ EperN /125 Me , 20=0.2, and y=1. The

four sources then de-excite via explosion and evapora-
tion. The dynamics of this model may be somewhat
inadequate at the bombarding energies considered here
(E =100 MeV/nucleon), but the main advantage of
FREESCO is that it provides the full range of possible frag-
ments. Other models contain more detailed dynamics but
can only produce nucleons or test particles, e.g., the
Vlasov-Uhling-Uhlenbeck model (VUU).!® FREESCO pro-
vides an event-by-event simulation of the nuclear col-
lisions, and from the final fragments we can construct
several observables that are likely to depend on the im-
pact parameter.

(i) Particle multiplicity. As the impact parameter is re-
duced, more kinetic energy will be transferred to the
internal energy of the colliding system. With high inter-
nal energy, the system is likely to disintegrate into more
fragments. The physics of this disassembly is not fully
understood, which means that the particle multiplicity is
dependent on the fine details of the assumed model.

(ii) Backward and forward particle multiplicity. Back-
ward is here defined to be 6),,>20° and forward is
01, <20°. Peripheral collisions are expected to produce
very few particles at large angles, compared to more cen-
tral collisions. Recently Tsang et al.!! have shown that,
for asymmetric collisions, the forward multiplicity does
not correlate with the folding angle of fission fragments.
A correlation was observed for the backward multiplici-
ty.

(iii) Beam direction diagonal component of the quadru-
pole momentum tensor (Q,,). Recently'? this quantity has
been proposed as a measure of the impact parameter.
For central collisions Q,, is zero since the momentum
distribution is symmetric in the center-of-mass frame. It
is predicted to monotonically increase with increasing
impact parameter.

(iv) Total perpendicular momentum (P,). This quantity
is often used in high energy collisions. It is the total
transverse momentum of all the particles in the event and
is thereby related to the removal of kinetic energy from
the beam direction. From high energy work, we expect
P, to increase with smaller impact parameters.

(v) Midrapidity charge. In symmetric collisions one ex-
pects the participant volume to increase with decreasing
impact parameter. Integrating the charge of those parti-
cles that have rapidities y between 0.75Xy2HE and
0.75XyP™ could provide a measure of the collision zone.
Because of the integration, the midrapidity charge is ex-
pected to be relatively insensitive to how the participant
zone disassembles. This quantity is similar to the baryon
charge multiplicity used in the Plastic Ball experiments.’

The angle of the impact vector b can be found using
the method developed by Danielewicz and Odyniec.® As-
suming there exists some collective transverse momentum
in the reaction plane, then the vector Q

Q= 3 o,p; (1)
v=1

will lie in the reaction plane. The sum runs over all the
fragments, w, is a weighting factor that has an opposite
sign for particles emitted in the forward and backward
hemispheres in the c.m., and p. is the fragment’s perpen-
dicular momentum.

If the dynamics of the reaction cause the collective
transverse momentum to resemble repulsive scattering,
then Q will be parallel to b. If the dynamics are dominat-
ed by attractive scattering then Q will be antiparallel to
b. The weights o, can be chosen to optimize the accura-
cy with which the reaction plane is determined. The
original work® used weights of £1 for fragments emitted
in the forward and backward hemispheres in the c.m., re-
spectively. In addition to this choice, we will also use the
beam direction component of the fragment’s c.m.
momentum (p?) as the weighting factor »,. We will com-
pare in Sec. III how accurately these weighting schemes
reproduce the reaction plane.

Each of the impact parameter quantities and the direc-
tion of the impact vector were calculated for the full
events as predicted by the simulation (both neutrons and
charged particles). These events were then filtered by the
response of a 4 array and the quantities recalculated.
As a representative of such an experimental device, a
software replica of the 47 array at Michigan State Uni-
versity (MSU) (Ref. 13) was used to filter the events. The
device has 45 phoswich detectors in a forward array be-
tween 0=7° and 6=20°, and 170 phoswich detectors in
the ball between 6=20° and 6=160°. The solid angle
coverage of the device is 85% of 47. The software filter
includes the low-energy thresholds (=12 MeV/nucleon
for the forward array and =~20 MeV/nucleon for the ball
detectors), the finite angular resolution of the device, the
rejection of multiple hits within one detector, the known
gaps where particles would not be detected, and shadow-
ing due to the target mechanism. The forward array and
ball detectors can measure particles with Z <8 and Z =4,
respectively, and both can provide isotopic resolution for
Z=1 particles. Higher charged nuclei are assigned
A =2XZ. Particles within these Z ranges that stop in
AE of each detector can be assigned a Z and an approxi-
mate energy. These particles are only used to calculate
the multiplicity and midrapidity charge. For the filtered
simulations we can add a pseudoparticle which consists
of the mass, charge, and momentum that was not detect-
ed. This pseudo particle will be used for the evaluation of

QZZ °
III. °Ca+*Ca COLLISIONS

We have simulated *°Ca on *°Ca collisions at bombard-
ing energies of 40, 70, and 100 MeV/nucleon with the
program FREESCO. Approximately 30 000 collisions were
simulated for each energy. The results are shown in Figs.
1-6, where the error bars represent the one standard de-
viation width of the distribution for each impact parame-
ter bin, b, and b0 =7 i T Frarget -

Figure 1 displays the impact parameter dependence of
the predicted multiplicity and the filtered multiplicity
after passing through the detector’s acceptance. Both the
predicted and filtered multiplicity increase with bombard-
ing energy and are monotonically dependent on the im-
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FIG. 1. The dependence of particle multiplicity on the impact parameter for “°Ca+*’Ca at 40, 70, and 100 MeV/nucleon. The top
and bottom panels correspond to the unfiltered and filtered results, respectively. The data points represent the mean values and the
error bars represent the one standard deviation width at each impact parameter.
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FIG. 2. The dependence of backward particle multiplicity on the impact parameter for ‘“°Ca+%Ca at 40, 70, and 100
MeV/nucleon. Backward is defined to be 6,,, > 20°.
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FIG. 3. The dependence of forward particle multiplicity on the impact parameter for “*Ca+*Ca at 40, 70, and 100 MeV/nucleon.
Forward is defined to be 6,,, < 20°.
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FIG. 4. The dependence of Q,, on the impact parameter for *°Ca+“Ca at 40, 70, and 100 MeV/nucleon.
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FIG. 5. The dependence of the total perpendicular momentum (P,) on the impact parameter for “’Ca+*Ca at 40, 70, and 100
MeV /nucleon.
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FIG. 6. The dependence of midrapidity charge on the impact parameter for “Ca+*°Ca at 40, 70, and 100 MeV/nucleon.
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FIG. 7. The percentage of events within each midrapidity
charge gate (see Table I) that have a given impact parameter.
The system is “°Ca+*Ca at 70 MeV/nucleon after filtering
through the acceptance of a 47 detector. The lines through the
points are to guide the eye and have been found by a three-point
smoothing algorithm.

80
60}

40

Percentage

20

0 0.2 0.4 0.6 0.8 1

b/bmax
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tem is *°Ca+4°Ca at 70 MeV/nucleon after filtering through the
acceptance of a 4 detector.
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after filtering through the acceptance of a 47 detector.
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TABLE I. The gates on midrapidity charge (Z) used to select
impact parameter ranges (*°Ca-+*°Ca).

Energy (MeV/nucleon)

Gate 40 70 100
1 Z=11 Z>12 Z>13
2 75Z<11 8<Z<12 9<Z<13
3 25Z<7 2<Z<8 2<Z<9
4 0<Z<2 0<Z<2 0<Z<2

pact parameter. This dependence flattens out for small
impact parameters, especially for the lowest beam energy
considered here.

The qualitative behavior for the backward multiplicity
(Fig. 2) is similar to the total multiplicity but with a
larger spread in the distribution for each value of b. The
filtered backward multiplicity at 40 MeV/nucleon is in-
dependent of b for 0.0 <(b/b,, ) <0.5.

The dependence of the forward multiplicity as a func-
tion of b is shown in Fig. 3. Before filtering there is a
stronger dependence than for the backward multiplicity,
although the width of the distribution is somewhat
larger. After filtering this dependence is significantly
weakened and there are large fluctuations because of the
small number of particles detected.

Figure 4 is a plot of Q,, vs the impact parameter. Be-
fore filtering there is a monotonic relationship that is not
retained after filtering. This is because the low-energy,
low-Z thresholds of the detectors exclude a significant
portion of the target residues. Similarly, many projectile
residues are excluded because of the Z threshold and be-
cause the detector does not span very small angles
(O =7°).

As may be seen in Fig. 5, the dependence of P, on the
impact parameter is weak even for the unfiltered events.
Some sensitivity to b is observed for the highest energy
considered here.

The dependence of the midrapidity charge resembles a
step function for the unfiltered data (Fig. 6). For col-
lisions with b <0.7Xb_,,,, the projectile and target spec-
tators lose sufficient center-of-mass kinetic energy to fall
within the midrapidity window. The array’s Z and E
thresholds reduce the effect of these spectators, leaving a
dependence on b that is likely to be caused by the chang-
ing size of the participant zone. The filtered midrapidity
charge increases more steeply as a function of b than the
total multiplicity, although the width of the distribution
is correspondingly wider.

In the analysis of an experiment, gates that are placed
on either the midrapidity charge or the multiplicity will

TABLE II. The gates on multiplicity (M) used to select im-
pact parameter ranges (*“°Ca+“°Ca).

Energy (MeV/nucleon)

Gate 40 70 100
1 M=9 M=11 M=12
2 T<M<9 8<M<11 I9ISM<12
3 3I=M<7 3=M<38 3<M<9
4 1=SM<3 1=M<3 1=M<3
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were w,= =1, and the impact parameter bin (b /b, ) is given in the upper left corner.
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select out events that span a range of impact parameters.
The gates listed in Table I for the filtered midrapidity
charge produce the sampled impact parameter ranges
shown in Fig. 7 for 70 MeV/nucleon. The behavior is
similar for the other two energies. This figure shows the
percentage of events within each gate that have a given
impact parameter. The range sampled is due to the
width of the midrapidity charge dependence on impact
parameter, weighted by the probability for a collision of a
given impact parameter. This probability is proportional
to b.

Figure 8 shows the sampled impact parameters for the
filtered multiplicity at 70 MeV/nucleon. The gates are
listed in Table II and the distributions for 40 and 100
MeV /nucleon are similar. The impact parameter ranges
sampled are nearly identical to those obtained for the
midrapidity charge. Requiring events to simultaneously
satisfy both the midrapidity charge and the multiplicity
gates slightly narrows the distribution of sampled impact
parameters. This is shown in Fig. 9 for 70 MeV/nucleon.

In FREESCO the angle of the impact vector is known
and the collective transverse momentum is directed such
that the collisions resemble repulsive scattering. There-
fore if Q (defined in Sec. II) accurately reproduces the re-
action plane it will lie parallel to b. In Fig. 10 we plot the
difference in angle between the vectors b and Q for
40Ca+4Ca at 70 MeV/nucleon before filtering. The
weights used for Q were w,==*1 as described in Sec. IIL.
For midimpact parameters and peripheral collisions the
difference between these angles has a maximum at O°.
For small impact parameters FREESCO produces less col-
lective transverse momentum and the thermal motion of

the fragments from the hot sources destroys the memory
of the already weakly defined reaction plane. As seen in
Fig. 11, the weights ®,=p? more accurately reproduce
the direction of b. We will use this weighting throughout
this work.

After filtering through the 4#’s acceptance, the
difference in angles between Q and b still has a maximum
at 0°. The width of this distribution varies for the
different impact parameters and is never greater than a
half-width- at half-maximum of 70° for b >0.25Xb_,,.
This is seen for 70 MeV/nucleon in Fig. 12. The results
are similar for 40 and 100 MeV /nucleon.

IV. COMPARISON TO EXPERIMENT

It is not possible to directly compare the impact depen-
dence of the quantities described in this paper with exper-
iment. However the inclusive experimental yield of a
quantity should reflect whether it is well modeled over
the full range of impact parameters. This is demonstrat-
ed in Fig. 13 where we plot the yield of midrapidity
charge for the system *°Ar+°'V at 35 MeV/nucleon.
The experiment was performed with the MSU 47 Array
using a beam from the National Superconducting Cyclo-
tron Laboratory’s (NSCL) K500 cyclotron, and full de-
tails will be given in a later publication.'* The calcula-
tion shown in Fig. 13 uses the code FREESCO and the 4
filter described in Sec. II. The agreement between data
and theory is reasonable.

A second comparison to experiment is to examine the
kinetic energy spectrum of a particle gated on the impact
parameter. The contribution of the projectilelike source
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TABLE III. The gates on midrapidity charge (Z) used to
select impact parameter ranges ('2C+ 2C).

Energy (MeV/nucleon)

Gate 50
1 VA
2 5<Z<7
3 22Z<5
4 0<Z<2

should be strongest for the peripheral gate and should di-
minish with the centrality of the collision. The reaction
12C+12C at 50 MeV/nucleon has been measured with the
MSU 47 array'* and Fig. 14 shows the kinetic energy of
Z=2 particles at 0,,,=7°. The inclusive yield and the
most peripheral gate (gate 4) show a projectilelike peak
below 200 MeV. This peak diminishes in strength for
gates 3 and 2, and is not present in the central collisions
(gate 1). The midrapidity charge was used as the impact
filter with the gates given in Table III.

To check the method used to find the reaction plane,
we have divided each event from the C+ C data into two
halves and calculated the angular difference between the
Q vectors of each half. In Fig. 15 we plot the distribution
of this angular difference, where we have used the weight-
ings w,=p?. This distribution has a maximum at 0°
which demonstrates® that the method for finding the re-
action plane works at these low energies. The correction
factor that is used in the global transverse momentum is
taken from half the width of these distributions. For
these data it corresponds to {cos(¢)) ~0.6.

V. CONCLUSIONS

We have examined a variety of quantities that are re-
lated to the impact parameter and the direction of the
impact vector in symmetric nuclear collisions at inter-
mediate energies. We have considered the test case of
“Ca+*Ca at 40, 70, and 100 MeV/nucleon and have
used the code FREESCO to simulate the events. This
renders our analysis model dependent; a problem that
might be remedied by performing similar calculations
with a different model which also produces real frag-
ments. We have compared the impact parameter depen-
dence of the multiplicity, its backward and forward com-
ponents, the beam direction diagonal component of the
quadrupole momentum tensor (Q,,), the total perpendic-
ular momentum, and the sum of the charge of particles at
midrapidities. Two quantities, the particle multiplicity
and the midrapidity charge, retain their dependence on
the impact parameter after filtering through the accep-
tance of a typical 47 detector. By gating on these quanti-
ties we can select four ranges of impact parameters.
These are distinct enough to serve as a reaction filter.
The four gates produce distributions which have peaks at
0.35, 0.5, 0.7, and 1.0 b/b_,,,. The midrapidity charge
has the advantage that it integrates over the final frag-
ments and may be less sensitive to how the collision zone
disassembles. For the three different energies considered
here, the -midrapidity charge gates sample similar
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impact parameter ranges, making this quantity a filter
that is suitable for excitation function experiments.

The angle of the impact vector is well reproduced with
the method developed by Danielewicz and Odyniec. It
was found that the weights w,=p? give the smallest
difference between the known and the found reaction
plane. After filtering this difference has a half-width at
half-maximum of less than 70°.

" Three indirect experimental comparisons with these
simulations were performed. The experimental yield of
the midrapidity charge compares well to the filtered cal-
culations of FREESCO for the system “°Ar+35'V at 35
MeV/nucleon. This demonstrates that our modeling of
this quantity over the full impact range is reasonable.
The kinetic energy spectrum of Z=2 particles for peri-
pheral collisions exhibits a projectilelike peak in the
2C+12C reaction at 50 MeV/nucleon. When the midra-

pidity charge gates were applied to the data, the impor-
tance of this peak diminishes with increasing centrality.
This demonstrates that a simple physics expectation is
borne out when this gating scheme is used. The angle of
Q was_calculated for two halves of each event for the
>C+!2C data at 50 MeV/nucleon. The distribution of
the difference between these angles has a peak at 0°,
which demonstrates that this method will successfully
find the reaction plane for the full event.
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