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Transverse collective motion in intermediate-energy heavy-ion collisions
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Light charged fragments from the reactions Ar+ 'V at 35 MeV/nucleon and ' C+ ' C at 50
MeV/nucleon have been measured with a 4m array. Transverse collective motion is observed for all
fragment types and increases in strength for the heavier fragments. The transverse momentum is
qualitatively similar for the di6'erent impact parameters selected by the midrapidity charge. The
global transverse momentum analysis includes corrections for correlations due to momentum con-
servation. The results are compared to those at higher energies to investigate whether the same or a

- new reaction phenomenon produces the collective motion. We outline some implications for the ex-
traction of thermodynamic information from the kinetic energy of emitted fragments.

I. INTRODUCTION

Nuclear matter well away from its ground state can be
formed during the collision of two nuclei at intermediate
bombarding energies. Many studies' have attempted to
characterize the properties of this matter; whether it has
reached local or global equilibrium, and if so, whether the
system is describable by its thermodynamic variables, i.e.,
can we assign a temperature and entropy to the nuclear
matter that participates in the collision?

Before reaching a firm understanding of the properties
of nuclear matter, we need to know how the collision pro-
duces the hot matter, and in particular whether the col-
lision dynamics produces any collective motion within
the reacting system. The presence of collective motion
can distort the experimental quantities (e.g., energy spec-
tra) that are traditionally used to examine the thermo-
dynamic properties of the excited nuclear system. For
example, noncentral collisions may produce rotating hot
nuclear matter. There may also exist a directed collective
velocity within the reaction plane. In order to extract the
properties of the hot colliding matter, one must either un-
derstand the effects of the collective motion, or study
classes of reactions where the collective motion is small.

A method to study directed collective motion in the re-
action plane is the global transverse momentum analysis
developed by Danielewicz and Odyniec. Directed col-
lective motion is where the transverse momentum is of
opposite direction for fragments emitted in the forward
and backward hemispheres of the center-of-mass frame.
In this technique, the transverse momentum of each frag-
ment is projected onto an estimated reaction plane for the
event. To remove isotropic motion, one calculates the
average transverse momentum over many events; this re-
veals the presence of any directed collective velocity.

The study of collective motion in these collisions
should also provide key information on dynamical ques-
tions, such as the interplay between the mean-field and
nucleon-nucleon collisions at beam energies between 20

and 100 MeV/nucleon. Several years ago, Molitoris
et al. predicted that at low bombarding energies the
directed transverse momentum would correspond to neg-
ative angle scattering caused by mean-field effects. This
is in contrast to the behavior at higher beam energies
(E )200 MeV/nucleon), where the collective motion is
understood to correspond to positive angle scattering due
to hydrodynamic side-splash effects. Unfortunately, the
global transverse momentum analysis cannot determine
the overall sign of the directed momentum. However, by
examining the results from different beam energies we
may be able to infer from the evolution of the magnitude
of the data some evidence for a change of the reaction
mechanism.

II. EXPERIMENT DETAILS

We have measured light charged fragements from the
Ar+ 'V reaction at 35 MeV/nucleon, and the ' C+ ' C

reaction at 50 MeV/nucleon, with phase I of the MSU 4m.

array. The beams were provided by the K500 cyclotron
of the National Superconducting Cyclotron Laboratory
(NSCL). In the phase I configuration of the MSU 4m ar-
ray there are 45 phoswich detectors in a forward array
between 0=7' and 0=20', and 170 phoswich detectors in
the main detector (the ball) between 8=20 and 8=160.
The solid angle coverage of the device is 85% of 4m. The
gains of the forward array and ball detectors were set to
measure fragments with Z~8 and Z~4, respectively,
with isotopic resolution for Z =1 particles. The dynamic
range for elemental identification is between 15 and 150
MeV/nucleon for the forward array, and 20 to 200
MeV/nucleon for the main detector. The ranges for iso-
topic identification were 15—75 and 20—100
MeV/nucleon, respectively. Charged nuclei with Z ) 1

were assigned A =2Z. Fragments that stop in the AE
part of each detector cannot be firmly identified. Howev-
er, from the AE signal we know the minimum charge of
the fragment. This charge and an approximate energy
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were assigned to the fragment. Such particles were used
to determine the impact parameter but were not used in
the analysis of transverse momentum.

The data presented in this paper have been separated
on an event-by-event basis into three impact-parameter
groups; central, midcentral, and midperipheral collisions.
We have used the midrapidity charge (Z, ) as an impact
Alter, where Z, is the sum of the charges of those frag-
ments that fall within the rapidity window
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and y is the fragment's rapidity in the center-of-mass
frame of the nuclei. The midrapidity-charge gates that
we have used, along with the estimated median impact
parameter to which each gate corresponds, are listed in
Table I. In Sec. III we show that a further cut on the
data improves the determination of the reaction plane.
The cut corresponds to selection of only those events
with at least three fragments above the low-energy
thresholds of the device, one of which must be in the
backward center-of-mass hemisphere. Different on-line
multiplicity triggers are combined in order to lower the
statistical errors for the more central events.

III. ANALYSIS

Application of the transverse momentum analysis
presumes that the dominant correlation between the
fragment's transverse mornenta is caused by collective
motion within the reaction plane. Under these cir-
cumstances, the average correlation of momenta between
any two fragments in the event can be written

(p'(y, )/&, p'(y, )/&, &

=(p"(y, )/&, &&p (y, )/A, &, (2)

where p (y)/A is the fragment's transverse momentum
per nucleon, (p (y)/A & is the average transverse
momentum per nucleon within the reaction plane, and y
is the fragment's rapidity. For nuclear reactions between
lighter systems (A ~ 40), the collective motion may not be
dominant and the correlation [Eq. (2)] may be distorted
by the restraint of momentum conservation. Danielewicz
et al. have shown that momentum conservation
modifies Eq. (2) to yield

FIG. l. A contour plot of (p'(y, ) p (y, ) ) /
( (pi (y, ) ) (pi(yz ) ) ) for midcentral C+ C collisions as 50
MeV/nucleon. The dashed lines represent negative contour lev-

els, while the solid lines correspond to positive levels.

(p'(y )/& p'(y, )/&, & =(p'(y, )/&, &(p (y, )/3, &

(3)

where a is of the order 1/(M —2), M being the multipli-
city of emitted fragments. In the cases where M is small
or the dynamic collective effects are weak, then the corre-
lation will be negative throughout most of the (y„yz)
plane.

We have evaluated the scalar product on the left-hand
side of Eq. (3) for data obtained in the reaction ' C+' C
at 50 MeV/nucleon. The effect of detector biases (energy
thresholds, angular granularity, etc. ) is minimized by di-
viding Eq. (3) throughout by

(p'(y, )/&, &(p'(y, )/&

In the resulting contour plot of the midcentral data (Fig.
1), the average scalar product is negative throughout
most of the rapidity space, with the exception of a posi-
tive region when both fragments have rapidity
y = +y~„,. Guided by Eq. (3), this contour map indicates
that the correlation of transverse momenta is influenced
by momentum conservation. The positive region indi-
cates the presence of some weak collective effects.

Danielewicz et al. use Eq. (3) to determine the aver-

TABLE I. The gates on midrapidity charge (Z, ) used to select impact-parameter ranges. The mean
impact parameter is given in units of R „„-+R„„.

Reaction

C+C 50 MeV/nucleon
C+C 50 MeV/nucleon
C+C 50 MeV/nucleon

Gate

central
midcentral
midperiph eral

Zmr

Z~8
5+Z &8
2~Z&5

Mean impact
parameter

0.25
0.4
0.6

Ar+V 35 MeV/nucleon
Ar+V 35 MeV/nucleon
Ar+V 35 Mev/nucleon

central
midcentral
midperipheral

Z&13
8&Z &13
3~Z&8

0.25
0.4
0.6
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age projected transverse momentum (p "(y)/A ) by solv-
ing a set of three coupled equations. An alternative
method is to modify the standard, event-by-event, trans-
verse momentum analysis by correcting for the effects of
momentum conservation. In the standard analysis, the
projected transverse momentum for fragment i is given
by
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means that the system used to evaluate Q' has no net
transverse momentum. Equation (5) becomes

In these equations m is the mass of the emitted fragment
and m, , is the sum of the projectile and target masses.

The calculation of the average transverse momentum
with Eq. (4) combined with either Eq. (5) or (7) is studied
in the following with the data of deuterons emitted in
midperipheral collisions of ' C+' C at 50 MeV/nucleon.
Figure 2 shows the average transverse momentum per
nucleon without the correction for momentum conserva-
tion [Eq. (5)]. The shape as a function of rapidity is simi-
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The weights co. must have opposite signs for forward and
backward going fragments. The system that determines
the reaction plane (Q') is moving in the transverse direc-
tion with momentum p = —p, . Applying a boost (vb) to
each fragment j,

c.m.

FICx. 3. The same as for Fig. 2 but including the recoil
correction.

lar to that observed in higher-energy data, but the data
are not symmetric in the forward and backward hemi-
spheres. The correction for momentum conservation
event by event produces the transverse momentum distri-
bution in Fig. 3. This plot is similar to that in Fig. 2 but
displaced vertically in the forward hemisphere by 3.5
MeV/c, equivalent to a 35% change in the magnitude of
the forward hemisphere plateau. The remaining asym-
metry is due to the low-energy thresholds of the 4~ array.
This causes an incomplete coverage of the transverse
momentum distribution near and below y, =0, which
biases the calculation of average quantities. This effect is
reduced when calculating the fraction of the fragment's
perpendicular momentum that lies in the reaction plane,
i.e., (p /p').

We have generated Monte Carlo events without any
collective effects in the reaction plane, but constrained by
momentum conservation. These were filtered through a
software replica of the 4m. array, and produced a Hat, but
negative transverse momentum when no corrections were
used [Eq. (5)]. Application of the event-by-event momen-
tum correction [Eq. (7)] produced a Aat and zero trans-
verse momentum within statistical errors.

To find a optimum weighting factor co, we have ran-
domly divided every event into two halves and calculated
the vector Q for each half,

—25—
—50—
—75—

—100 —0.8 —0.1 0 0.1 0.2

C.ZIl.

FICx. 2. The average transverse momentum per nucleon as a
function of center-of-mass rapidity for deuterons emitted in
midperipheral C+C collisions at 50 MeV/nucleon. The trans-
verse momentum has been calculated without the recoil correc-
tion.

In Fig. 4 we plot the distribution of azimuthal angle be-
tween the two half-event vectors Q for ' C+ ' C midperi-
pheral events, where at least one fragment from the event
is in the backward center-of-mass hemisphere. The dis-
tribution has a peak at 0, which testifies to the presence
of some collective motion in the reaction plane. The re-
moval of the requirement that at least one fragment is in
the backward hemisphere broadens the distribution; a re-
sult consistent with the inhuence of momentum conserva-
tion.

Figure 4 is the optimized distribution of the azimuthal
angle with the weights co chosen to be
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Keane. The event-average total transverse momentum
per fragment within the found reaction plane is
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FIG. 4. The distribution of the difference between azimuthal
angles for the two half-event g vectors for C+C midcentral
events at 50 MeV/nucleon.

co =m. if y )0

M
Q'= g ~;p'; Q' (10)

Where Q' is found using Eq. (7). The event-average total
transverse momentum per fragment within the true reac-
tion plane can be estimated from Q

1/2

where M is the average multipliticity of the events. The
average size of the vector Q is given by

P1J 1f gj & 0 ~~true
M(M —1)

where m is the mass of the fragment. It is expected that
the dispersion (b,P) of Q with respect to the reaction
plane should be half the width of this distribution. Such
a dispersion dampens the measured transverse momen-
tum by approximately cos(b,P). This factor is often deter-
mined from plots such as Fig. 4 and then used to renor-
malize the measured transverse momentum. However,
when the collective efFects are weak the method is likely
to be inaccurate. A better comparison to theory may be
made by insisting that theoretical calculations determine
the transverse momentum with the found, instead of
known, reaction plane.

In the next section we present only nonrenormalized
results. For completeness we calculate an estimated re-
normalization factor using a method first introduced by

Taking the ratio of Eqs. (9) and (11) provides an estimate
of the renormalization factor.

IV. RESULTS

A. ' C+' C at 50 MeV/nuc1eon

Figure 5 shows the in-plane fraction of transverse
momentum as a function of center-of-mass rapidity for
protons, deuterons, tritons, He, and Li fragments emitted
in central, midcentral, and midperipheral C+C collisions
at 50 MeV/nucleon. Transverse collective motion is ob-
served for all fragment types. It is weakest for protons
and increases in strength with the mass of the fragment.

TABLE II. The mean of the in-plane fraction of transverse momentum and the projected transverse
momentum per nucleon for C+C at 50 MeV/nucleon. The mean is taken over the rapidity intervals in-
dicated in the text. For each quantity the error represents the standard deviation from the mean, while
the last column is the systematic uncertainty for that fragment type. The estimated renormalization
factor is given for each impact parameter bin.

Protons
Deutero ns
Tritons
Z=2
Z=3
Renormalization

Central

0.076+0.004
0.064+0.010
0.10+0.04
0.21+0.02
0.25+0.11

1-7+0.2

Midcentral

(p "/p' &

0.078+0.003
0.081+0.006
0.13+0.01

0.199+0.005
0.22+0.02

2 0+

Midperipheral

0.072+0.002
0.087+0.004
0.126%0.007
0.171+0.003
0.24+0.01

2' 3+0.4

Systematic

0.004
0.004
0.01
0.04
0.05

Protons
Deutrons
Tritons
Z=2
Z=3
Renormalization

8.5+0.6
7.9+1.2

13.3+4.0
15.6+0.9
20.2+6.0

1 ~ 7+0' q

(p "/2 ) (MeV/c)
8.6+0.4
9.4+1.2

14.2+1.0
14.6+0.3
16.0+2.5

2 0+0.4

8.2+0.3
10.1+0.7
13.5+0.6
12.1+0.2
17.2+0.4

2I 3+0 4

0.4
0.4
0.5
2.5
3.5
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The collective motion is similar for each of the impact-
parameter groups. Due to the low-energy thresholds and
the coarse angular acceptance of the detectors, the slope
of the distribution at y, =0 is not the most reliable
quantity to extract from our data. Instead, we introduce
the quantities (p "/p ) and (p "/2 ) which are the
means of the corresponding distributions in the rapidity
range 0.3yb„&y &yb„. This region is indicated by ar-
rows in Fig. 5. The results for C+C are listed in Table
II. The error in each column is the standard deviation
about the mean value, while the error in the final column
is the systematic error. The latter have been estimated by
using different ranges of rapidities in calculating the aver-
ages. - An additional error is included for the Z =2 and
Z =3 groups due to the lack of isotopic identification.
For completeness, we have included an estimate of the re-
normalization factor found from the ratios of Eqs. (9) and
(11). Qualitatively similar results for the dependence on
the emitted fragment were found when the data were ana-
lyzed without the correction for momentum conserva-
tion.

B. Ar+ 'V at 35 MeV/nucleon

In Fig. 6 we plot the in-plane fraction of transverse
momentum for Ar+V collisions at 35 MeV/nucleon.
There is no statistically significant collective motion ob-
served for the protons and deuterons. Collective motion
is observed for tritons and is present to a greater extent
for helium and lithium fragments. There is no significant
evidence that the collective motion is different for the
three impact-parameter bins. The results for the Ar+V
collisions are summarized in Table III. Qualitatively
similar results for the dependence on the emitted frag-
ment were found when the data were analyzed without
the correction for momentum conservation.

V. COMPARISON TO OTHER WORK

As mentioned in the Introduction, a transition between
negative angle scattering and positive angle scattering is
expected to take place in heavy-ion collisions at some
beam energy below 200 MeV/nucleon. Such a change of
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FIG. 5. The in-plane fraction of transverse momentum as a function of center-of-mass rapidity for fragment s emitted in C+C col-
lisions at 50 MeV/nucleon. The columns correspond to central, rnidcentral and midperipheral collisions, respectively. The rows cor-
respond to protons, deuterons, tritons, Z =2 and Z =3 fragments, and the arrows correspond to the rapidity ranges used to calculate
average quantities.
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TABLE III. Same as for Table II but for Ar+ V at 35 MeV/nucleon.

Protons
Deuterons
Tritons
Z=2
Z =3
Renormalization

Central

0.004+0.005
0.006+0.006
0.03+0.02

0.054+0.010
0.057+0.008

3 4+o.6

Midcentral

(p "/p' &—0.001+0.002
0.002+0.004
0.031+0.006
0.052+0.005
0.069+0.008

3' 3—0.7

Midperipheral

—0.006+0.002
0.001+0.003
0.020+0.004
0.046+0.004
0.061+0.006

6+0,9

Systematic

0.002
0.004
0.005
0.012
0.013

Protons
Deuterons
Tritons
Z=2
Z=3
Renormalization

1.1+0.6
1.6+0.8
4.1+1.9
4.4+0.9
5.9+0.8
3-4+o.6

(p "/A ) (MeV/c)
0.4+0.3
0.6+0.5
3.9+1.0
4.2+0.4

. 6.7+0.9
3 3+0.7

—0.3+0.3
0.4+0.3
2.5+0.5
3.9+0.3
6.0+0.5
6+0.9

0.1

0.4
0.6
0.9
1.1

reaction mechanism might be observed if we examined
the magnitude of the transverse momentum at different
beam energies. In Fig. 7 we plot the reduced quantities

(p "/»
pproj /A

for a variety of systems at different beam energies. The
scaling factor, p „„/A, is the momentum per nucleon of
the projectile in the center-of-mass frame of the nuclei.
Our data have been extracted from midcentral collisions,
averaged over all fragment types detected, and have been
renormalixed by the factors in Tables II and III. The
other data shown are from experiments performed by the
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FIG. 6. The same as for Fig. 5 but for Ar+ V collisions at 35 MeV/nucleon.
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FIG. 7. The reduced transverse momentum per nucleon for a
variety of systems over a range of bombarding energies. The
two lowest-energy points are our data presented in this paper;
the solid square is from C+ C and the cross is from the Ar+ V
data. The error bars include both systematic and statistical er-
rors. The crosses at higher energies are from Ar+KCl, and
Ca+Ca reactions performed by two GSI/LBL groups (Refs. 2,
6, and 9). The solid diamonds represent Ne+Nap collisions
(Ref. 10), the open squares Au+Au collisions (Ref. 9), and the
open diamonds La+La collisions {Ref. 6). The lines join the
data for each system and are drawn to guide the eye.

Streamer Chamber and Plastic Ball groups. ' ' ' There
exist other data down to 200 MeV/nucleon;" however,
the published results only provide the slope of the trans-
verse momentum at zero rapidity (the "liow"). From Fig.
7 it is apparent that our Ar+ V data are consistent with
the transverse motion observed at higher energies. The
fact that the C+C data show somewhat stronger collec-
tive effects than the Ar+V data possibly indicates that
the transverse momentum has a different projectile mass
dependence than that observed at higher energies. It is
clear that a more systematic study (difFerent systems at
several beam energies) is needed before we can ascertain
whether a change of mechanism has occurred.

VI. DISCUSSION AND CONCLUSIONS

We have measured the reactions Ar+ 'V at 35
MeV/nucleon and ' C+' C at 50 MeV/nucleon with the
MSU 4m array. The observed correlations between the
fragment's transverse momenta are affected by the con-
straint of momentum conservation with some evidence
for weak collective effects. The global transverse momen-
tum analysis was therefore modified to include a recoil
correction.

With the event-by-event recoil correction, transverse

collective motion has been observed for all fragment
types detected. The data have not been renormalized to
account for the inaccuracy in determining the reaction
plane, because the standard technique for doing this leads
to large systematic errors when the collective effects are
weak. It is also argued that for our data (p /p ) is
influenced

less by the detector thresholds than is
(p /A ). Similarly, (p /p ) is less inAuenced by the
coarse angular acceptance and low-energy thresholds
than the "Aow" at zero rapidity.

The values of (p /p ) indicate that the collective
effects are stronger for heavier fragments. The transverse
momentum is similar for each of the impact-parameter
groups. The collective motion in C+C is stronger than
in Ar+V.

The nonzero directed transverse momentum implies
that the emission of fragments is nonisotropic in the
transverse direction. We therefore cannot represent the
reaction as producing a single source at equilibrium,
since a source with relaxed kinetic degrees of freedom
would produce an isotropic distribution of fragments. In
many thermodynamic analyses of heavy-ion reactions,
the slopes of measured kinetic energy spectra are used to
deduce an apparent temperature of the emitting source.
These spectra are a complicated superposition of thermal
and collective motion in the source. On the basis of our
results, a large fraction (up to 25% for heavier fragments)
of the fragment's perpendicular momentum appears to be
collective in nature. This collective component should be
subtracted in some way from the energy spectra before an
apparent kinetic temperature can be deduced.

A future comparison of our data with the predictions
of microscopic dynamical models (Vlasov-Uhling-
Uhlenbeck' and quantum molecular dynamics' ) should
provide insight into the reaction mechanism that pro-
duces the collective motion. Such a comparison may
help determine how accurately these models describe nu-
clear collisions. In the meantime, a comparison with
higher-energy results indicates that the projectile depen-
dence of the transverse momentum may be different at
low energies. However, more systematics are needed be-
fore we can ascertain whether the collective motion is
due to attractive mean-field effects or related to the hy-
drodynamic phenomena studied at higher beam energies.
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