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Abstract

An analysis that does not require the determina-
tion of reaction plane on an event - by - event ba-
sis and involves only azimuthal correlation func-
tion of the projectile fragment pairs, has been
employed to measure the collective flow of nu-
clear matter. Using this technique, we study the
flow of projectile fragments of charge Z > 2 pro-
duced in ®7Au induced - emulsion reactions at
10.6A GeV. The collective flow is observed to be
the most pronounced in semicentral collisions.
The results are compared with those of 23S at
14.5A GeV, 238U at 0.96A GeV, 8*Kr at 1.52A
GeV and %°Fe at 1.7A GeV.

PACS #: 24.60Ky, 25.70.Np, 25.75+7
According to the predictions of hydrodynamic

models [1], a strong azimuthal correlation of par-
ticles produced in relativistic heavy-ion collisions

1

is considered as a measure of the fluidlike behav-
ior of nuclear matter [2]. This strong azimuthal
correlation of particles is manifested into two col-
lective effects [2] both occurring in the reaction
zone: (i) an azimuthally asymmetric emission of
participant particles, the so called “side splash”
of nuclear matter and (i) a sideward deflection
of spectator fragments, the "bounce off” due
to transverse communication with the reaction
plane. The coliective flow has been unambigu-
ously established on an event - by - event basis in
experiments involving 4w detectors such as the
plastic ball [3] and streamer chamber [4].

The collective flow can be studied experimen-
tally with the help of conventional transverse
momentum analysis [5] in which the reaction
plane Q is determined for each particle sepa-
rately from the remaining particles in an event:
Qi = 3, wiA; Py, and pf = P Qi/[Qil,

where Py, represents the transverse momentum
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of particle i, w; = 1, 4; is the mass of particle |
and pf /A is the transverse momentum vector of
the particle | projected onto the reaction plane.
Using this analysis of transverse flow [5], we ob-
served the collective flow effects in emuision at
LBL energies [6]. In Ref. [7], a new method of
flow analysis that avoids the cumbersome pro-
cedure of determining the reaction plane on an
event -by - event basis and also circumvents the
problem of finite dispersion in the estimation of
the reaction zone, has been presented. This
technique has been motivated by the prospect
that such studies may provide new insights to-
wards the solution of some ambiguities in low
density nuclear equation of state (EOS). In this
paper, we use this method for the first time to
investigate the collective flow of nuclear matter
in Y7Au induced - emulsion collisions at 10.6A
GeV from the Alternating Gradient Synchrotron
at Brookhaven National Laboratory (BNL) and
compare these results with those obtained from
four additional data samples: (i) 14.5A GeV 8Si
ion from the BNL and (ii) 2381 at 0.96A GeV,
84Kr at 1.52A GeV and *®Fe at 1.7A GeV from
the Lawrence Berkeley Laboratory (LBL). An at-
tempt has also been made to study the collective
flow phenomenon on the basis of event centrality
at BNL energy.

As discussed in Ref. [7], the collective flow can
be parametrized in terms of azimuthal angle dis-
tributions of particle pairs provided the effects of
the Coulomb interaction and quantum statistics
of identical particles with small relative momen-
tum are neglected. Under these assumptions,
the probability of observing two particles having
azimuthal angles ¢; and ¢ can be expressed as:

d’c
d¢dos

where, A is a constant as defined in Ref. {7, 8].
The value of X is a measure of the azimuthal
anisotropy observed in a given data set and its
magnitude may throw some light on the nuclear
equation of state. The larger the value of A is,

= A*(1 4+ Acosp1)(1 = Acoséa), (1)

S

the larger is the magnitude of the collective flow.
The probability distribution P(¢) of the angle ¥
between the transverse momenta of two corre-
lated particies is, then, given by

P() = A%(1 + 0.5X% cos 9). (2)
By employing the approach of interferometry
analysis [9], the azimuthal correlation function

C(4) is defined as

Pco‘rr(w)

C(@/)) = m,

(3)
where, P, (1) represents the distribution of
for the correlated particle pairs occurring in the
same event and P,pcorr (1) is obtained from the
distribution of uncorrelated particle pairs gen-
erated by the mixing of events such that each
member of a pair is randomly chosen from a
different event with the same multiplicity. If
C(¥) > 1 at small values of ¥ and C(y¥) < 1
at large values of ¢, then it is an indication of
the collective flow phenomenon. The magnitude
of an observed flow can be determined from the
best fit value of A in Eq. (2) for a particular data
set. For a flat distribution of C{#), A = 0 and
consequently there is no collective flow effect.
In Experiment No. 875, conducted at the
Brookhaven AGS during the year 1993, we ex-
posed three stacks of Fuji nuclear emulsion to a
beam of °TAu ions at 10.6A GeV. The stacks
were exposed to these nuclei in a horizontal ori-
entation so that a great majority of the individual
197 Ay ions was confined in a single emulsion pel-
licle. The primary tracks of 1°7Au ions were fol-
lowed by along - the - track scanning technique
and about 1500 inelastic nuclear interactions
were recorded within the first few cms. In each
event, charges (Z) of the projectile fragments
(PFs) were determined by exploiting several con-
ventional methods as discussed elsewhere [10].
For the present analysis, a unique kind of data
sample was selected such that each event had
at least three PFs of charge 2 < Z < 17 and



also the number of singly charged shower parti-
cles (N,) was > 50. These stringent selection
creteria reduced our sample to 166 events. In
some of the events, more than 300 shower par-
ticles were observed. The polar angles of all the
particels produced in an event were determined
very accurately from the vector directions of the
emitted tracks with respect to a noninteracting
beam track selected in the vicinity of the inter-
action vertex (the relative primary method) [11].
The xyz coordinates of all the tracks, including
the vertex and the relative primary track, were
subjected to three-dimensional track reconstruc-
tion programs to compute the polar angles. In
emulsion, it is customary to categorize events on
the basis of target size: light targets with N < 7
and heavy targets having V), > 8, where N,
stands for the number of black and grey tracks
produced from the target nucleus of emulsion.
In order to facilitate the comparison, three addi-
tional data sets consisting of 108 events of 238Y
at 0.96A GeV, 275 interactions of 83 Kr at 1 52A
GeV and 158 events of “°Fe at 1.7A GeV from
the experiments carried out at LBL [10] and one
data sample composed of 142 events of 285 at
14.5A GeV from BNL {11] were also used.

The number of singly charged shower par-
ticles N, produced in an interaction can be
conveniently considered as a measure of event
centrality [12]. Consequently, we divide 166
events of 1°7Au into three subgroups: peripheral
events with N, < 125, semicentral events having
125 < N, < 225 and central interactions with
N, > 225, In Fig. 1(a), 1(b) and 1(c), we depict
variation of azimuthal correlation function Cly)
as a function of ¥ for PFs of charge Z > 2 for
these three subsamples of events in °7Au beam.
The errors shown are of statistical origin in each
case. Clearly, magnitude of the correlation func-
tion C(4) is more than unity at small values of
¥, and is always less than one for large values of
Y. This indicates the presence of the collective
flow of nuclear matter at BNL energy. The solid
curve in these figures represents a minimized x?

fittings to each of the data set used in the present
analysis. The best fitted value of X along with its
error for each of three subgroups is given in Ta-
ble I. The values of C{¥) for midcentral events
as shown in Fig. 1(b) are the highest at lower
Y values and the magnitude of the flow is char-
acterized by the value of )\ which is higher for
Fig. 1(b) than for Fig. 1(a) or Fig. 1(c). There-
fore, the collective flow effect at BNL energy is
observed to be the maximum for the midcentral
subsample.

Now, we investigate the collective flow effect
on the basis of identical and nonidentical PFE
pairs. This is achieved by taking the whoie data
set of 1°7Au interactions involving all emulsion
targets, Nj > 0: (i) by considering events with
at least three PFs (Npp) of charge Z > 2 (non-
identical PF pairs) and (ii} by selecting those
interactions in which at least three alpha parti-
cle tracks (N,) with Z = 2 were seen (identi-
cal PF pairs). The outcome of such an anal-
ysis is diagramatically shown in Fig. 2(a) and
2(b) for events with Npp > 3 and Ny > 3, re-
spectively. Once again, the collective flow has
been observed in both the data sets by using the
above mentioned creteria of C(v¥) and A values.
The best fitted value of A is also given in Ta-
ble |. Within statistical errors, the values of )
obtained for nonidentical and identical PF pairs
are nearly equal. This proves that the current
analysis, within statistical errors, is insensitive to
the PF identity and corroborates the findings of
Ref. [7]. To compare the above resuits with an-
other heavy - ion beam form BNL, we present
the data of ?8Sj beam at 14.5A GeV in Fig. 2(c)
for events with Npp > 3 and Ny, > 0. This
data set also indicates the presence of flow effect.
The value of X is given in Table |. In comparison
to °7Au data with Npp >3 and Ny > 0, 285
data show a larger value of A. Using the conven-
tional transverse momentum technique [5], the
collective flow has been observed to be larger for
the PFs of charge Z > 3 and such like asym-
metry is attributed to strong flow effects in the



reactions involving heavier fragments [12]. The
present technique of analysis, within experimen-
tal errors, is not sensitive enough to detect this
effect.

By keeping the target size fixed, we now study
the flow effects as a function of the projectile
mass and its energy. For this purpose, the above
analysis is repeated by imposing a cut on the tar-
get size in such a way that all the data samples
chosen involve events with N > 8and Npp > 3
of charge Z > 2. The highest energy 10.6A GeV
197Au data are presented in Fig. 3(a). To inves-
tigate the mass dependence under exactly similar
experimental circumstances, we present the re-
sults of three different heavy ions accelerated at
LBL with energy in the range from 0.96 - 1.7A
GeV, viz., 38U at 0.96A GeV, 5'Kr at 1.52A GeV
and %®Fe at 1.7A GeV, in Figs. 3(b), 3(c) and
3(d), respectively. in all the cases, the collective
flow effect is also evident as reported in Ref. [6].
The value of A for each case is given in Table I1.
Within error bars, the A value seems to be inde-
pendent of the projectile mass at LBL energies,
and consequently, the magnitude of the collec-
tive flow appears to be the same for these three
projectiles. To support our findings on °%Fe at
1.7A GeV, we may cite a recent work of Wang et
al. [6] in which the collective flow has been ob-
served for * Ar+ KCl and *Ar— Bal, reactions
at 1.2A GeV from LBL. This is further supported
by our former study with “®Fe ion at 1.7A GeV
and *"Ar beam at 1.8A GeV from LBL, using the
transverse momentum technique [5]. When we
compare our results of Ay beam from BNL
and %8 ion from LBL, an apparent difference
in value of A can be noticed. This may an energy
effect: 1%7Ay ion has energy more than 28U ion
by a factor of 10, althogh both ions have almost
the same mass. As a consequence, *°7Au ion ex-
hibits a stronger collective flow of nuclear mat-
ter. To perform this analysis for the target and
PF sizes fixed, we select the events with N;, > 8
(heavy targets) and N, > 3 (Z = 2) for these
four projectiles. The collective flow just like be-

fore is again observed at BNL as well as at LBL
energies and this is shown in Figs. 4(a), 4(b),
4(c) and 4(d) for 1°7Au, 228U, B*Kr and S6Fe,
respectively. The value of ), as obtained from
these figures, is listed in Table Il. Again, the col-
lective flow effect is observed to be the maximum
with 197Au jon at BNL energy. *®U, ¥*Kr and
56Fe beams accelerated at LBL have the same
magnitude of A showing a behavior that does
not depend upon the PF mass.

By using an azimuthal correlation function
analysis, we find an evidence of the collective
flow effects at BNL and LBL energies. The mag-
nitude of the collective flow is observed to be the
maximum in midcentral collisions of 1°7Au ion at
10.6A GeV and is comparable with that of 28Si
data with Npp > 3 and N > 0 from BNL
[Table i]. With the present technique, the flow
effect appears to be the same, within the statis-
tical errors, for the projectile fragments at the
low energy (= 1 - 2A GeV) [Table I}.
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Figure Captions

1 Azimuthal correlation function C() vs.
¥ of for three subgroups shower particles:
(a) peripheral events (N, < 125), (b) mid-
central events (125 < N, < 225) and (c)
central events (N, > 225) in *7Au induced
emulsion reactions. Filled circles show the
experimental data and solid curves are the
best fittings to data according to Eq. (2)
with 4 = 1.

2 Azimuthal correlation function C(¢) vs.
Y for the 97Au data with: (a) Npp > 3
of charge Z > 2 and (b) N, > 3 with
Z =2.(c) Thesameasin Fig. 2(a), but for
the 28Si ion at 14.5A GeV from BNL. Filled
circles represent the experimental data and
solid curves are the best fittings to data in
accordance with Eq. (2) having 4 = 1.

3 Same as in Fig. 2, but for the events
with Ny > 8 and Npp > 3 of charge Z >2
for: (a) °7Au at 10.6A GeV, (b) 238U at
0.96A GeV, {c) Sk at 1.52A GeV, and (d)
%°Fe at 1.7A GeV.

- 4 Same as in Fig. 2, but for the events

with Ny, > 8 and N, > 3 of charge Z = 2
for: (a) ®7Au at 10.6A GeV, {(b) %Y at
0.96A GeV, (c) 84Ky at 1.52A GeV, and (d)
%6Fe at 1.7A GeV.



Table |. The best fitted value of A in Eq. (2) and the minimized x? value for the data on 10.6A
GeV 97Au and 14.5A GeV *5Si events with N > 0. Here, N,, stands for the number of events
used.

lon Ny Event type A %
TAy 67 N, <125 0.662 = 0.081 0.49
B7ay 68 125 < N, <225 0.990+0.120 1.09
PTAu 31 N, > 225 0.748 + 0.134 0.69
9TAu 166 Npp >3 0.770 £ 0.059 0.43
97Au 156 Na>3 0.690 = 0.055 1.10
s 142 Npr >3 0.988 £0.083 1.05

Table . The same as in Table | for the data of 1°7Au, 238U, 34K and °°Fe induced emulsion events
with N, > 8.

lon Events with A x* Events with A x?
Nprp >3 No >3

97 Ay 70 0.911 = 0.109 0.52 67 0.853 = 0.104 1.18

38 108 0.655 — 0.063  0.19 108 0.655 = 0.063 0.57

81Ky 275 (L7768 = 0.047 2.66 207 0.766 = 0.053  2.19

S0Fe 158 0.787 = 0.063 1.27 105 0.675 = 0.066 0.49
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