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The energy dependence of rapidity distributions and flow effects was studied in central Ar+Pb
collisions at 400, 800, and 1800 MeV /nucleon using a streamer chamber. Rapidity distributions for
protons and pions are found to have a Gaussian shape whereas those for deuterons exhibit a two-peak
structure at the two higher energies. The average in-plane transverse momentum per nucleon and
per event shows saturation of flow around 800 MeV /nucleon for this asymmetric system. The aspect
ratio of the sphericity tensor is closely correlated with the flow angle. This correlation appears to be
independent of beam energy. The number of participating nucleons in central collisions varies from
213 at 400 to 135 at 1800 MeV /nucleon indicating that at the lowest energy almost the entire target

nucleus participates in the collision.
PACS number(s): 25.75.4r

I. INTRODUCTION

The bulk properties of nuclear matter are the subject of
intense studies both experimentally and theoretically. In
astrophysics, the collapse of stars into neutron matter or
their explosion into supernovae can be understood only if
the behavior of nuclear matter under such extreme con-
ditions is known. This implies the understanding of soft
hadronic interactions and their connection to the equa-
tion of state (EOS) of nuclear matter. The freeing of
quark and gluon degrees of freedom at high temperature
or density would reveal itself as a phase transition in
the EOS. The resulting efforts to determine the equation
of state of nuclear matter and the more general aspect
of producing high-energy densities over extended regions
have led to a series of experiments to study collisions
between relativistic heavy ions at the Synchrophasotron
in Dubna and at the Bevalac in Berkeley. One of the
main results of these investigations was the discovery of
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the hydrodynamical response of nuclear matter to col-
lision shocks evident in the transverse flow of nuclear
fragments [1]. The behavior of nuclear matter in such a
hot and compressed phase was studied by Chapline et al.
and Scheid et al. [2] as early as 1973/74. Since then, a
large number of experimental results from various groups
and research facilities has confirmed and supplemented
the early findings. However, no quantitative theoretical
picture of the bulk properties of nuclear matter at high
densities has evolved. The complexity of the macroscopic
and microscopic models, which include among others the
effects of the nuclear equation of state [3], has increased
rather than given way to a universal picture of the pro-
cess of compressing and heating nuclear matter. In order
to constrain the various parameters and verify the dif-
ferent assumptions and approximations in the models,
systematic experimental studies are needed which pro-
vide quantitative information on the transverse flow and
the nuclear stopping power as a function of beam energy
and projectile/target mass.

In this paper, measurements of central Ar+Pb colli-
sions at 400, 800, and 1800 MeV /nucleon will be pre-
sented. These measurements combine data-acquisition
efforts of both the Riverside and GSI/LBL Streamer
Chamber groups. Results on nucleons and nuclear frag-
ments at 1800 MeV /nucleon will be given for the first
time, whereas the measurements at 400 [4] and 800
MeV /nucleon [5] were the subject of earlier work. The
energy dependence of rapidity distributions and trans-
verse flow will be presented in this paper. The rapidity
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distributions of pions, protons and deuterons provide in-
formation about thermalization and the stopping power
of nuclear matter. The transverse momentum analysis
method [6] is used to determine the double-differential
rapidity and transverse momentum dependence of the
mean in-plane transverse momentum of all protons.

Our analysis shows that the pions have a nearly Gaus-
sian rapidity distribution which is broader than the ra-
pidity gap between target and projectile, and that is
centered at the participant center-of-mass rapidity. The
large widths are in particular expected for pions from
A(1236) decays [7]. As for the nucleons, different be-
haviors are observed for the free protons than for those
bound in clusters. The rapidity distributions of the for-
mer reflect the asymmetry of projectile and target masses
with little impact parameter dependence. Their widths
are compatible with the assumption of a thermal source
of protons. Overall the distributions are slightly asym-
metric and exhibit no structure. Deuterons, however,
develop a two-peak structure at intermediate impact pa-
rameters above 4 fm. This, with the absence of a similar
structure in the proton distributions, may be understood
in conjunction with collective flow: coalescence is sup-
pressed in those regions of phase space where the motion
is mainly chaotic (close to the c.m. rapidity) whereas nu-
clear fragment formation is favored in the low-entropy
domain of ordered motion.

If the transverse momentum analysis is used to de-
termine the center of mass, the effective number of nu-
cleons participating in the collision is highest at 400
MeV /nucleon and approaches the minimum value as
given by clean cut geometry for central collisions at 1800
MeV/nucleon. The total transverse momentum trans-
fer from the projectile to the target hemisphere reaches
a maximum at intermediate beam energies indicating a
saturation of flow effects. This is also seen in the mean
in-plane transverse momentum of protons.

The experimental procedure is described in the follow-
ing section. Section III contains the results and the dis-
cussion.

II. EXPERIMENTAL PROCEDURE

Details of the experimental procedures and data-
acquisition techniques have been presented in previous
publications. In this section we characterize the three
data samples and describe the three different and com-
plementary methods of particle identification. Semicen-
tral collisions of °Ar projectiles with Pb3O4 targets were
recorded with the Bevalac Streamer Chamber facility.
The target thicknesses were 1.17, 1.13, and 1.17 g/cm?
for 400, 800, and 1800 MeV /nucleon, respectively. A for-
ward particle veto trigger together with an off-line multi-
plicity cut in the number of participant protons was used
to reject °Ar+4160 events as well as all peripheral colli-
sions. This selection corresponds approximately to a trig-
ger cross section of 1 b and has resulted in 158, 958, and
925 analyzed events at 400, 800, and 1800 MeV /nucleon,
respectively.

The momenta of charged particles were measured in
the streamer chamber operating in a magnetic field of

1.3 T . Mass identification by energy loss measurements
was possible only in limited regions of phase space:
50 < plap < 350 MeV/c for pion-proton separation and
800 < plab < 1700 MeV/c for proton-deuteron sepa-
ration (I). Since knowledge of the complete four vec-
tor of all (charged) particles is necessary, two additional
procedures were developed to assign masses to individ-
ual particles. Composite particles could be identified,
if their magnetic rigidity lied outside the proton phase
space (II): i.e. tritons with laboratory momenta pj., >
2Pbeam /nucleon and deuterons (including a 10% admix-
ture of 3He and tritons) with ppeam/nucleon < piap <
2Pbeam/nucleon. Remaining ambiguities were resolved
using a Monte Carlo procedure (III) by assigning masses
to individual particles on the basis of the observation [4]
that coalescence coeflicients are independent of momen-
tum and angle. The coalescence coefficients for deuterons
and tritons were derived from the data in the region
where procedure I or II are applicable. The last method
provides correct identification on the average but cannot
be applied on a particle-by-particle basis. In order to illu-
minate the corresponding bias we note that, if composite
particles are mistaken as nucleons, a high transverse mo-
mentum and consequently a high contribution to the flow
will be observed. On the other hand, a nucleon which is
treated like a composite particle will be assigned a too
low transverse momentum. Since these over- (under-) es-
timates are not correlated with the event plane, they will
smear out and reduce the flow effects. As a result of the
particle identification and mass assignment procedures
the deuteron sample at the two higher beam energies is
nearly bias-free for pjap, > 1000 MeV /¢, whereas the pro-
tons are contaminated by up to 20% deuterons from lower
rapidities. Both yields have a systematic uncertainty of
7%. Below pjap, = 1000 MeV/c masses were assigned to
fragments on a statistical basis only with a deuteron-to-
proton ratio of d/p=0.5. The contamination of baryons
by positively charged pions is negligible. No attempt was
made to identify particles with Z > 1. There i1s some con-
tamination of the deuteron sample from tritons and 3He.
However, distortions in rapidity and in-plane transverse
momentum caused by 3H and 3He are approximately the
same but opposite in sign. The resulting systematic error
in the mean in-plane transverse momenta is estimated to
be approximately 5%. “He particles (5% contamina-
tion) are also contained in the deuteron sample but are
treated correctly in the variable momentum per nucleon,
since they have the same Z/A ratio as deuterons. Only
the number of participating protons is slightly underesti-
mated by treating *He as deuterons. Heavier fragments
can be completely neglected above rapidities of approx-
imately 0.4, since their abundance is below the 1% level
outside the target fragmentation region in central col-
lisions. At the lowest beam energy only procedures II
and III were used [4] and the small contamination from
positively charged pions (0.03 pion per proton) was ne-
glected.

III. RESULTS

The effective trigger cross section for the event sam-
ples at all beam energies was ~ 1 b. This corresponds



45 COLLECTIVE MOTION IN Ar+Pb COLLISIONS AT BEAM . .. 301
T L] T Lf T T ] T T
p 0.4 GeV/ nucl. wl P ++++ 08Gev/nuc. | oL p ++ 18GeV/nucl
30 1
+N (a) I A (b) 1 - f +++ (c) 1
25 B
+ > 30 + 1 30 + E
> o }
= -~ + >
- 2} 15 - } 12 - t .
c
° + ¢ c $ }
} > 20 F 4 4% 20} t ,
15 | 12 4
> =z ++ t
@ + - t > ty
= — o + —4 @ - + -
= 10} t t § ¢ = . .
10| ¢ 1= 10} .
¢ + ¢
5t ¢ § + ’
+ Foo¢ ¢ 7 i * 1
[} 0. . .'.
1 ! 1 o* 1 1 1% 20° 1 1 Pas
-05 0.0 0.5 1.0 1.5 -05 0.0 0.5 10 15 05 0.0 05 10 1.5
Y/Ybeum YIYbeum Y/Ybeum
FIG. 1. Rapidity distribution of protons in central Ar+Pb collisions at 400 MeV /nucleon (a), 800 MeV /nucleon (b), and

1800 MeV /nucleon (c). The vertical scale gives the number of particles per unit rapidity per event; the abscissa is the rapidity

normalized to beam rapidity.

to the most central 28% of all inelastic collisions. In a
geometrical model this cross section can be related to the
impact parameter range 0.0 < b < 5.5 fm with an average
b of 3.7 fm. Complete overlap of the projectile with the
target occurs for b < 3 fm. The assumption of straight
lines for the trajectories of the colliding nucleons leads to

an average of less than four projectile spectator nucleons
per event. Thus, the present data sample consists on the
average of central Ar+Pb collisions with less than two
projectile spectator protons. This small number will be
neglected in the determination of the number of partici-
pating nucleons from the experimental data. The mean
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FIG. 2. Rapidity distribution of deuterons in central Ar+Pb collisions at 400 MeV /nucleon (a), 800 MeV /nucleon (b), and

1800 MeV/nucleon (c). At the two higher energies low (LOM) and high (HIM) multiplicity events are analyzed separately.
The vertical scale gives the number of particles per unit rapidity per event; the abscissa is the rapidity normalized to beam
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number of participating protons, either free or bound
in composite nuclei, was determined by excluding pro-
ton spectators with laboratory momenta of less than 280
MeV/c. It was found to be 40, 46, and 53 at the three en-
ergies 0.4, 0.8, and 1.8 GeV/nucleon, respectively. These
will be called participant protons and represent a lower
limit for the true number of protons participating in the
collision.

The rapidity distributions of protons, deuterons, and
pions and the result of a systematic flow analysis will be
presented below. The choice of rapidity to represent the
longitudinal degree of freedom ensures scale invariance
under Lorentz transformation. However, a comparison
of rapidity distributions measured at different incident
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FIG. 3. Rapidity distribution of negatively charged pi-
ons in central Ar+Pb collisions at 800 MeV /nucleon (a) and
1800 MeV /nucleon (b).

energies may be misleading, since it is unclear whether
the moments of the distributions should be independent
of energy or scale with the available rapidity interval.
The first would be the case, if the distributions resulted
from a thermalized system at constant temperature. The
second would be the result of a simple scaling behavior.
For the sake of simplicity we have chosen to normalize
rapidity to beam rapidity (ybeam). It should be noted,
however, that so far this choice is not justified by any
physics argument.

A. Rapidity distributions

The proton rapidity densities per unit of rapidity are
presented in Fig. 1 as a function of normalized rapidity
¥ = Y/Ybeam for the three incident energies. The dis-
tributions are similar and asymmetric with respect to
y'=0.5 due to the asymmetry of the projectile/target
configuration. Translating the width of the proton ra-
pidity distribution into a temperature leads to 50, 85,
and 150 MeV at the three energies. The deuteron rapid-
ity densities are presented in Fig. 2 for the three incident
energies. Their shapes exhibit a more complicated struc-
ture than those of the protons. A clear structure forward
from y'=0.25 develops at the higher energies. This ef-
fect is centrality dependent. We have, therefore, applied
an additional off-line selection on multiplicity, for the
800 and 1800 MeV /nucleon data, selecting impact para-
meters below [open symbols in Figs. 2(b) and 2(c)] and
above = 3.5 fm [solid dots in Figs. 2(b) and 2(c)]. The
two-peak structure is clearly less pronounced for central
collisions and leads to a d/p ratio which coincides with
the well-established ratio of =~ 0.5 at low rapidity and
rises to d/p=1 near projectile rapidities. We have veri-
fied that the dip is not caused by our particle identifica-
tion method. In fact it comes about because deuterons
with low transverse momentum are suppressed around
y'=0.35. The dip appears at rapidities where the least
flow is detected (see below). The structure is most pro-
nounced at 1800 MeV/nucleon and disappears at 400
MeV/nucleon. At the lowest energy, the particle iden-
tification method smears out any fine structure in the
rapidity spectra. No signal of an appreciable amount of
proton or deuteron spectators is visible in these semicen-
tral collisions at any energy.

The pion rapidity distributions are presented in Fig. 3.
Only the two higher energies were analyzed due to the
small number of produced pions near threshold in the 400
MeV/nucleon data. The distributions are nearly sym-
metric with respect to the participant nucleons c.m.s.
and have Gaussian shape. The widths are broader than
those from the nucleons and are in qualitative agreement
with the assumption that most of the pions originate from
A(1236) decays. Alternatively the pion temperature can
be estimated from the widths of the y’ distributions by
fitting the form exp(—m_ coshy/T) to the rapidity distri-
bution dn/dy withm; = /m? + pJ_i being the transverse
mass and T the temperature. We find 45+ 20 and 66+ 20
MeV at 800 and 1800 MeV /nucleon, respectively. All ra-
pidity distributions have a narrow dip at y’'=0.0 due to
particle absorption in the target.



B. The transverse momentum analysis

The systematics of flow effects in Ar+Pb collisions
have been studied as a function of beam energy using the
transverse momentum method. In earlier work, the ex-
perimental data at 800 MeV /nucleon were analyzed for
deuterons only [5]. Here we have included all protons,
whether free or bound in clusters (mainly d, ¢, He). The
results of the analysis are presented in terms of the mean
in-plane transverse momentum as a function of rapidity
and pr. Averaging has been done either per nucleon or
per event and per rapidity /pr interval.

The dependences of the mean in-plane transverse mo-
mentum per nucleon (p;) and per event dP,/dy on ra-
pidity are shown in Fig. 4 for the three energies. The
behavior of (p:)(y) (upper row) differs from the common
S shape because of the asymmetry in the collision geom-
etry. The intercept of the curve at (p;) = 0.0 can be
identified with the rapidity of the center-of-mass frame.
This intercept is shifted to low rapidities with respect to
the nucleon-nucleon c.m. at ¥’=0.5 . Thus the forward
hemisphere of the c.m. frame covers a large fraction of the
total rapidity interval. Below y'=0.25, the flow observ-
ables are less reliable due to lack of mass identification on
a particle-by-particle basis, as described above. The rise
of (p;) with rapidity becomes more pronounced with in-
creasing beam energy, with (p;)max exceeding 150 MeV /¢
at the highest energy.

In the literature to date two measures of transverse
flow have been used: (p;)max, and the slope of (p.)(y)
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near p; = 0.0 [8]. The very asymmetric systems Ar+Pb
and Ar+Bal, [9] exhibit the highest flow reported so
far, using either definition, reaching 150 MeV/c for
(Pz)max Whereas in the heavy Au+Au system the Plas-
tic Ball finds (pz)max smaller than 100 MeV/c [10, 1].
The increase of (p;)max With energy is stronger between
400 and 800 MeV/nucleon than between 800 and 1800
MeV/nucleon. This trend is further accentuated in the
mean in-plane transverse momentum per event dP;/dy
(lower row in Fig. 4): both dP;/dymax and Py, the total
momentum transfer per event which is the integral in the
forward hemisphere of the c.m.s. (¥ > ypr=0, see Table
I), are highest at 800 MeV /nucleon.

The intercepts of both (p;)(y) and dP;/dy with the
rapidity axis (see Fig. 4) determine the c.m. rapidity de-
fined by vanishing transverse flow at y. .. This consti-
tutes an independent determination of the c.m. velocity,
which differs by less than 0.2 unit of rapidity from the
result from balancing the longitudinal momenta of all
measured nucleons with transverse momenta above 250
MeV/c (see Ref. [5] and Table I). From the correspond-
ing velocities one can compute the average number of
participating target nucleons provided that all projectile
nucleons interact (i.e., complete geometrical overlap of
the projectile with the target). This latter condition is
nearly fulfilled as mentioned above. We obtain 211, 156,
and 133 participating nucleons from both projectile and
target at 400, 800, and 1800 MeV /nucleon, respectively.
In the simple clean cut geometrical model central colli-
sions lead to approximately 99 interacting nucleons. Di-
rect determination of this number from the proton mul-
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TABLE L.
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Global observables for central Ar+Pb collisions at three beam energies. Intersect denotes the value of rapidity

for which the mean in-plane transverse momentum changes sign and thus vanishes (see text). Total momentum transfer is
to protons in the rapidity region above the intersect. The momentum per nucleon is evaluated from protons with rapidities
greater than 0.1, 0.15, and 0.3 above the intersect for beam energy of 400, 800, and 1800 MeV /nucleon, respectively. In the
definitions of the aspect ratios f; (i=1,3) denote the magnitude of the three main tensor axis.

Beam energy (MeV /nucleor) 400 800 1800
o(reaction) (b) 1.0 1.0 1.0
(Partic. protons) (plab > 280 MeV/c) 40 46 53
Partic. nucleons from clean cut geometry 99 99 99
(Partic. nucleons) from intersect 211 156 133

y of intersect 0.18 0.34 0.58
Ve.m. from Y prong=0 0.34 0.47 0.59
Average in-plane transverse mom. E_)- (MeV/c) T4£7 96 + 4 108 + 4
Total mom. transfer per event P, (GeV/c) 1.27 4+ 0.16 1.89 +£0.10 1.68 £ 0.10
O(flow) (deg) 16.540.8 19.740.9 14.8£0.7
Aspect ratio [r = 2f3/(f1 + f2)] 2.30 +0.03 1.91+0.03 2.274+0.04
Aspect ratio (r31 = f3/f1) 2.46 +0.06 2.10 +£0.06 2.3210.05
Aspect ratio (r21 = f2/f1) 1.14 +0.03 1.20 £ 0.05 1.05 £ 0.04

tiplicity (given above) and the Z/A ratio of the colliding
nuclei yield 102, 115, and 135 interacting nucleons at the
three energies. These numbers represent a lower limit,
since particles with pja, <280 MeV/c are not included,
and He fragments are treated as singly-charged particles
thus contributing only one proton. Both effects will be
stronger at lower energies. At 1800 MeV /nucleon the
two approaches show good agreement with each other,
while the result of clean cut geometry is low by about
10%. Large differences develop with decreasing energy.
At the lowest energy it seems that the target nucleus
as a whole interacts with the projectile. This may be
attributed to the lower relative velocity of the colliding
nuclei, which allow rescattering of the participating nu-
cleons with the surrounding cold spectator matter at the
lowest energy. The dip in the rapidity distribution of
the deuterons in Fig. 2 occurs at the same c.m. rapidity
as the intercept. Here the directed flow vanishes, the
chaotic motion prevails and coalescence is suppressed.
Away from the c.m. rapidity the directed flow increases
steeply and deuteron formation is favored.

The double-differential distribution of the mean in-
plane transverse momentum (d2?P,/dydpr) is displayed
as function of y/ybeam and (pr/m)/yYveam in Fig. 5.
Its maximum reaches the highest value for the 800
MeV /nucleon data already seen in the projection onto
the longitudinal axis dP,/dy. The position of the maxi-
mum is approximately independent of incident energy. It
should be noted, however, that ypeam increases with in-
creasing incident energy. One may conclude from Fig. 5
that most of the momentum transfer is carried by parti-
cles around y = 0.6Ybeam- This corresponds to rapidities
of 0.6, 0.7, and 1.1 at the three energies, respectively. The
corresponding trend in (pr/m)/ybeam is a slight drop of
the position of the maximum in differential momentum
transfer from 0.4 to 0.35.

C. Discussion

The beam energy dependence of the flow effects is
demonstrated in two observables: (i) the total transverse
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FIG. 5. Double-differential distribution of the net transverse momentum component in the reaction plane as function of
normalized rapidity and normalized pr in central Ar+Pb collisions at 400, 800, and 1800 MeV /nucleon. At the lowest energy
327 events were used for the contour plot to increase the statistics to an acceptable level. No significant difference in this
observable was found by the implicit increase of the impact parameter.
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momentum transfer (from the backward to the forward
hemisphere of the c.m. frame) P, and (ii) the average
transverse momentum per nucleon in the forward hemi-
sphere (p;). Both variables consistently rise faster be-
tween 400 and 800 MeV /nucleon than between 800 and
1800 MeV/nucleon (cf. Table I). At the highest beam
energy P, shows a moderate decline at the two stan-
dard deviations level. This energy dependence of the
flow is summarized in Fig. 6. The (p;) averaged over
the forward hemisphere of the c.m.s. rises monotonically
with Epeam showing a clear tendency to level-off at the
highest energy. Results on central Ar+Bal, [9], Ar+KCl
[5,7,9], Ca+Ca [10], and Ar+V [11] collisions are given
for comparison. For this light symmetric configuration
a linear rise with beam energy from (p;)=30 MeV/c at
400 MeV /nucleon to 95 MeV/c at 1800 MeV /nucleon is
observed. The flow in the asymmetric system Ar+Pb,
presented here, levels off above 800 MeV /nucleon, with
data on an intermediate mass target (Baly) [9] exhibit-
ing a somewhat higher ( p,) at 1200 MeV /nucleon al-
though compatible within two standard deviations with
the Ar+Pb systematics.

The Plastic Ball and Diogene groups have used the
slope of the S-shaped (p,)(y) dependence to present their
flow measurements. The Plastic Ball data [8] are pre-
sented in units of normalized rapidity (y/ycm.)- The
symmetric systems analyzed so far range from Ne+NaF
to Au+Au. A significant increase of the flow with en-
ergy is seen by the Plastic Ball below 400 MeV /nucleon.
In the beam energy interval studied here, the variation
of the flow is small, ranging from 10% in Ca+Ca to
15% in Au+Au. This is in strong contrast to the Py
observable used in the streamer chamber analysis which
shows a factor of 3 increase even for the low-mass system
Ar+KCIl (see Fig. 6). An estimation of the slope param-
eter from streamer chamber data on Ar+KCl at 800 and
1200 MeV /nucleon gives 100 MeV/c in agreement with
the Plastic Ball finding for Ca+Ca at the same energy.

200 T
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= | l{] ]
X100f * ]
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E1ab (MeV/ nucleon)

FIG. 6. Average transverse momentum per nucleon in the
reaction plane in the forward hemisphere of the c.m. system
as a function of beam energy for various projectile/target
configurations. The Ar+4Balz and Ar+KCl data at 1200
MeV /nucleon are from Ref. [9], the remaining Ar+KCl data
are from (5, 6]; Ca+Ca data are from [10] and Ar+V data are
from [11].
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FIG. 7. Acceptance of the Diogene detector [13] (a), of

the Plastic Ball [22] (b) and of this experiment (c). The
Plastic Ball has full particle identification only in the region
marked ZAE; in the other parts only the charge (Z) and the
velocity(8) are measured. For the flow analysis all detected
particles are used; the most probable mass is assigned when-
ever the energy measurement is not available. In the Streamer
Chamber detector no separation of deuterons from protons is
possible in the region labeled I; in region II all deuterons and
~70% of the protons are identified; at the highest laboratory
momenta (region III) all protons and ~90% of the deuterons
are identified.
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In a recent paper on flow in Au+Au collisions [12] be-
tween 75 and 650 MeV /nucleon, the transverse flow ve-
locity was found to increase strongly with beam energy
below around 300 MeV /nucleon, with saturation above
this energy. Direct comparison of our data with Diogene
results [13] at 400 MeV/nucleon incident energy leads
to good agreement (260410 MeV /c compared to 270+10
MeV/c); only estimated systematic errors due to the un-
certainty in impact parameter and acceptance effects are
given. The shapes of the (p;)(y) dependence at large ra-
pidities are different, which may be due to the exclusion
of fast forward low transverse momentum particles in the
Diogene analysis. Another difference is observed in the
intercept of (pz)(y) with the p,=0 axis. Before and after
acceptance correction the Diogene group finds 0.25 and
0.35, respectively, whereas our analysis gives a value of
0.17 . To our knowledge the Diogene analysis assumes a
(symmetric) Gaussian distribution of the inclusive pro-
ton rapidity spectrum (with respect to the c.m. system).
If, however, the experimental distribution is asymmetric
in asymmetric projectile/target configurations, the ex-
trapolation to full phase space will shift the intercept to
larger values.

In order to illuminate the difficulties of a comparison of
Streamer Chamber, Diogene, and Plastic Ball data Figs.
7(a)-T(c) show the acceptances of the three detectors.
The particles not seen by the Diogene detector at low
transverse momenta are corrected for by extrapolating a
three-dimensional Gaussian distribution, which is fitted
to the triple-differential cross section in the acceptance,
to the blind regions of the detector. The Plastic Ball
has full particle identification only in the region labeled
Z AF; at large laboratory momenta the most probable
mass is assigned to the particles. The Streamer Cham-
ber suffers from lacking particle identification mainly at
low laboratory momenta [region labeled I in Fig. 7(c)],
which affects only marginally the flow analysis in the for-
ward hemisphere of the c.m.s. In region II all deuterons
and ~ 70% of the protons are identified. At the highest
momenta (region III) all protons and ~90% of deuterons
are identified.

The transverse momentum analysis used here and de-
scribed in Ref. [5] allows the determination of the mo-
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FIG. 8. Flow angle in degrees as a function of beam energy

for central Ar+Pb and Ar+KCl [5, 6] collisions.

mentum tensor, which characterizes the distribution of
the momentum flow in terms of the average flow angle
and aspect ratio, the latter being a measure of the elonga-
tion of the tensor r = 2f3/(f1+ f2) with f; the lengths of
the three main tensor axis. The results of such a calcula-
tion for central Ar+Pb collisions at the three energies are
presented in Fig. 8 and Table I. We find little variation of
the flow angle with incident energy. Again the strongest
flow effects occur at 800 MeV /nucleon with a modest de-
cline at the highest energy. The Plastic Ball findings for
heavy mass symmetric systems exhibit qualitatively the
same behavior [14], i.e., the flow angle saturates around
800 MeV /nucleon and decreases for higher beam ener-
gies. The Diogene group has preliminary data on Ar+Pb
at 400 MeV /nucleon [13]. Their analysis, along slightly
different lines, is based on two-dimensional fits of trans-
verse momenta in and out of the event plane. The result-
ing flow angles [13] are about twice as large and the as-
pect ratios correspondingly a factor of 2 lower than in the
present experiment for 400 MeV /nucleon data. At least
part of this difference can be attributed to the different
acceptances of the Streamer Chamber and Diogene. Also
shown in Fig. 8 are results for the symmetric Ar+KCl
system. No published data are available for the lowest
energy. Between 800 and 1800 MeV /nucleon, the flow
angle stays essentially constant. The magnitudes of the
flow angle and the aspect ratio depend strongly on the
c.m. velocity which in turn is not uniquely determined
by the experiment. In addition to the aforementioned
intercept of (p;)(y) with (p;)=0, one may use the c.m.
velocity defined by the vanishing sum of all longitudinal
momenta. Our result for the c.m. velocity (computed
from all particles with p; (250 MeV /¢ to exclude specta-
tors) is also given in Table I. At the two lower energies
the differences are large. Our result on flow angles and
aspect ratios is obtained using Yintercept at (pz)=0 which
we believe to be the most adequate. Using the the c.m.
velocity as defined above would result in higher flow an-
gles and lower aspect ratios (21.4, 32.5, 15.8, and 2.04,
1.58, 2.14 at 400, 800, 1800 GeV /nucleon, respectively).
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FIG. 9. Flow angle in degrees as a function of the aspect
ratio r = 2f3/(f1 + f2) for central Ar+Pb and Ar+KCl [5, 6)
collisions at 400, 800, and 1800 MeV /nucleon.
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It is interesting to note that the variation of these flow
parameters with the center-of-mass velocity seem to be
restricted to a universal line in the plane span by the flow
angle and the aspect ratio (r) as given in Fig. 9. A clear
correlation between flow angle and elongation of the ten-
sor emerges: independent of target size and beam energy
the aspect ratio gets large for small flow angles and ap-
proaches 1 for large angles. Both the Diogene [15] and
Plastic Ball [16] groups have reported flow effects per-
pendicular to the reaction plane. Our statistics do not
allow such a detailed analysis, but the measured aspect
ratios given in Table 1 and Ref. [5] are consistent with
the findings of Refs. [15, 16].

The systematic errors of our experimental results are
small enough to allow explicit and direct comparison
with model calculations. In the past the results on
(pz)(y) from deuterons only in the Ar+Pb reaction at
800 MeV /nucleon [5], were compared to the transport
model calculations with a hard equation of state [17, 18]
and momentum dependent interactions [19], with the cal-
culations only slightly underpredicting the data. With
inclusion of protons into the experimental analysis the
average in-plane transverse momenta drop by 20% at the
highest rapidities bringing about closer agreement with
the models. It appears that transport models which use
a hard equation of state but lack the momentum depen-
dent potential satisfactorily explain the data currently

available. In general, the comparison of data with model
calculations should be done at different incident ener-
gies simultaneously for the in-plane transverse momenta
(pz)(y) and rapidity distributions dn/dy [20] (or dP;/dy
[9]). This is, because the collective effects may be en-
hanced not only by the mean field but also by a higher
degree of stopping [21] which in turn affects the rapidity
distributions, particularily in asymmetric systems. So far
studies of collective effects in experimental data and their
comparison with model calculations were mostly done for
symmetric target/projectile systems. We are confident
that the present work, which gives experimental data on
flow and rapidity distributions for protons and deuterons
at three different energies, will supplement the informa-
tion from the symmetric systems and constrain further
the assumptions of the different theoretical approaches.
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