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The results on the azimuthal correlations of the fragments of colliding nuclei and
relativistic particles in the interactions of 328 with Ag(Br) nuclei at 4.5 GeV/c/nucleon
in the emulsion track detector are summarized in this work. Transverse momentum,
principal vectors and azimuthal correlation function analyses have been performed. Ev-
idence for the collective flow of the projectile fragments has been observed in the case
of noncentral nuclear interactions together with the strong azimuthal correlation in the
emission of projectile and target fragments. The obtained results have been compared
with the results from the interactions of 2*Ne at 4.1 GeV/c/nucleon and °0, 28Si at
4.5 GeV/c/nucleon.
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A3MMYT JIbHbIE KOPpPeJIALMH BTOPHYHBIX 4 CTHI[ BO
B3 mmoneiicTBuax *2S ¢ aap mu Ag(Br) npu 4,5 I'sB/c/HyKion

M.H.A0 moeuu u op.

B p 6ote mpexcT BieHBI pe3yabT THI H JIM3  3UMYT JIBHBIX Koppensauuii ¢p rmeH-
TOB CT JIKUB IOIIUXCA S€p U PENSTHBUCTCKHX Y CTHIl BO B3 uMopeiicTsusx 22S+ Ag(Br)
npu 4,5 I'sB/c/HyKJI0H ¢ IOMOILBIO 3MY/JIbCHOHHOI'O TPEKOBOTO AE€TEKTOpP . BhilosHeH H -
JIM3 TIONIEPEYHBIX UMITYJIbCOB, CyMM DPHBIX BEKTOPOB M 3HUMYT JIBHBIX KOPPETAIHOHHBIX
¢yakuunii. OO6H pyXeH KOJUIEKTHBHBII MOTOK (bp TMEHTOB CH DS B HEIEHTP JIbHBIX
SIEPHBIX COYI PEHHSX BMECTe C CHIBHOH 3HMMYT JIBHOH KOppessuuei B aMHUCCUH (p T-
MEHTOB coyll paiomuxcs suep. [Iposeneno cp suenue ¢ pesynst T Mu 22Ne u 60, 288i
B3 umogueictsuil ¢ Ag(Br) npu 4,1 u 4,5 I'sB/c/HyKIIOH COOTBETCTBEHHO.

P 6or Bbmonnen B JI Gop Topuu BbicokuX sHepruii OMSIH.

1. INTRODUCTION

Collective flow plays an important role in the expansion and decay of compressed and
excited nuclear matter created in heavy ion collisions over a wide range of incident energies.
Accurate measurements of collective flow provide the best possibility to learn about nuclear
matter compressibility and, indirectly, the nuclear equation of state. The collective emission
of nuclear matter was first predicted on the basis of the nuclear fluid dynamical model [1].

Flow was firstly observed in heavy-ion experiments around 1 GeV/c/nucleon at the Berke-
ley Bevalac [2].

Since this experiment the collective flow in heavy ion collisions was measured also at
higher energies. For example, using unique emulsion method the bounce-off of the projectile
spectator fragments was investigated in collisions of ?2Ne [3] beam at 4.1 GeV/c/nucleon,
28Gi [4] at 4.5 and 14.6 GeV/c/nucleon and 3*Kr [5] at 1.55 GeV/c/nucleon with Ag(Br)
nuclei. The results of the systematic study of the collective flow in °7 Au+Ag(Br) interactions
at 11.6 GeV/c/nucleon have been reported by the EMUO1 Collaboration [6].

In this paper we demonstrate the possibilities of emulsion experiments to measure col-
lective flow.

2. EXPERIMENT

Stacks of NIKFI (Moscow) BR-2 nuclear photoemulsions have been irradiated horizon-
tally by 32S beam at the Dubna synchrophasotron. The experimental detailes have been
published in [7].

The secondary charged particles involved in the analysis are:

e projectile fragments (PF) with charges Zppr > 1,

o target fragments (TF) — the so-called h particles, consisting of fast g particles, mainly
recoil protons with kinetic energies 26 < 7" < 400 MeV, and slow b particles, target
fragments with energy T < 26 MeV/nucleon.
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For all particles their polar (1) and azimuthal (¢)) angles with respect to the direction of
primary nucleus have been measured.

For the present analysis we selected events of inelastic interactions of the projectile
nucleus with Ag(Br) target nuclei at medium impact parameter. The selected events are
characterized by the number of target fragments Ny > 8 (representing an Ag or Br target)
and the number of projectile spectators Npr > 4. Using these criteria we selected 247
325 + Ag(Br) interactions (36% of all inelastic interactions with Ag(Br) target nuclei).

3. EXPERIMENTAL RESULTS

There are many methods which are ideally suited to study emission patterns and event
shapes in relativistic nuclear reactions. We used the conventional transverse momentum
approach [8]. In the transverse momentum analysis the reaction plane is defined by the
direction of the incident nucleus and the plane vector @, which is constructed individually
for each ¢th PF from the transverse momenta P;j of all remaining PFs in the same event as

Npr
Qi= Y. AP, i=12,.,Npp, (1)
j=1,j#i
where A; is the mass number of projectile fragment, and 13,57 ; 1s the transverse momentum of
fragment j.

dN/dy In order to remove autocorrelations, C,jz is calculated
60 F from the transverse momenta ﬁt,j of all fragments in the
event except the ¢ one.
50t Assuming that each projectile fragment ¢ has the same
20 1H FJJL ﬁ 1 U4 longitudinal momentum per nucleon, P, as the incident pro-
o i} UH_F H I jectile nucleus, the transverse momentum per nucleon of the
301 M ith fragment is given by P, ; = Pitand;.
] The distribution of PFs in the azimuthal angle in Fig. 1
20 32S + Ag(Br) is uniform with x2/ndf = 1.24
10¢ To study the bounce-off of the projectile fragments the
‘ ‘ ‘ transverse momenta of the projectile fragments 13“ were
0 100 200 300 v projected onto their reaction plane by
o o ) o
ig. 1. The distribution of the Poi=PF, —= i=1,...,Npp. 2)
azimuthal angle of the projectile | Qi |
fragments

The experimental Py distribution is presented in Fig. 2a
(solid histogram). The average transverse momentum per
nucleon in the reaction plane < Pg > would be equal to
zero if P, ; is randomly distributed in the azimuthal plane and it will differ from zero if a
directed flow deviates from the zero-angle direction. The measured value is < Py >= 18.4+
+2.1 MeV/c/nucleon.

To investigate if the obtained value represents a significant flow of transverse momenta,
the same procedure has been applied to mixed events. The mixed events have been generated
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from the original total sample of fragments randomly distributed in the new events [5]. Thus
mixed events should possess no correlations in the reaction plane. The mixed events Pg
distribution is shown in Fig. 2a as the dashed histogram. The mean value is < Py >y p=
= 1.3 £ 0.7 MeV/c/nucleon.
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Fig. 2. (a) The transverse momenta of the projectile fragments projected onto the reaction plane, where
EXP - this experiment and ME — mixed events, () the transverse momenta of the projectile fragments
projected onto the reaction plane as a function of P;

The dependence of < Pg > on F; is shown in Fig. 2b. One observes that our data
significantly differ from the zero and display the bounce-off of the projectile fragments as
predicted by Stocker [9]. The randomized events do not manifest this bounce-off effect.

The mean values of < Py > and < Py >uyE for experiments with other projectiles
at Dubna energy [10] [11] [12] are shown in Tabl. 1. (The original DST of the former
Dubna Emulsion Collaboration was used for calculations.) Using the above selection crite-
ria, 190 160 + Ag(Br) interactions, 441 22Ne + Ag(Br) interactions and 246 28Si + Ag(Br)
interactions at medium impact parameters have been chosen for the present analysis.

To compare the results with data at higher energy we made the same analysis for
325+Ag(Br) interactions at 200 GeV/c/nucleon (EMUO1 Data Pool used in calculations).
The experimental details can be found in [7]. We obtained < Py >= 25.9 £ 2.9 and
< P >me=28%0.9.

The accuracy of the reaction plane determination method has been tested by the following
procedure [13]. The projectile fragments in each event were randomly divided into two parts
with equal numbers of fragments and the reaction planes have been estimated for these
subevents.

The width of the distribution of the differences between the azimuthal angles W of the
two constructed reaction planes serves as a measure for the resolution of the reaction plane
after division by factor 2, see [13]. Using this method, a reaction plane resolution of 24.6°
was achieved. The resolution obtained in these studied emulsion experiments (Tab. 1) is
about 25° which is comparable to the accuracy reported for other experiments [14], [6].
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Table 1. The mean values of < Py >, < Py >ue and obtained resolutions of the reaction plane
for studied experiments

Primary nucleus %0 | 22Ne | 28si 828 828
Momentum [GeV/c/n] | 4.5 4.1 4.5 4.5 200
(Pg) 12.8 | 16.1 6.1 18.4 | 25.9

[MeV /c/n] +2.8 | £2.6 | £2.3 | £2.1 | £2.9
(PQ)mE -0.7] 08 0.1 1.3 2.8

[MeV /c/n] +0.9 | £0.8 | £0.7 | £0.7 | £0.9

o [°] 26.1 | 25.6 | 24.8 | 246 | 24.6

The azimuthal angle distributions 41 of projectile and target fragments relative to the
reaction plane constructed from projectile fragments are shown in Figs.3a and 3b.
The curves which overlay the histograms in the figure are fits with the function [15]

dN

20 = A(1 + Acosdy), 3)

where A is the normalization constant and A is a measure of the strength of the collective
flow. The values of the correlation constants Apr and App are given in Tabl. 2.

We observe the preferential emission of projectile fragments in the direction of the
reaction plane and target fragments opposite to this direction.
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Fig. 3. (a) The distribution of the azimuthal angle of projectile fragments and (b) target fragments
relative to the reaction plane

Similar results have been obtained using the other methods. In the flow angle analysis
proposed by Heckman [16] the unit vectors in the direction of emission of PFs and TFs
are summed to give their principal vectors Vpp and Vrp, respectively. These vectors are
assumed to be in the direction of their sources with respect to the beam direction.
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Table 2. The values of \pr, A7r, (©pF), (AUpr_rr) and A in the studied interactions

Primary nucleus 160 22Ne 28si 328
Momentum [GeV/c/n] 45 4.1 4.5 4.5
A\pr 0.21 £0.05 0.22 £0.03 0.15 £0.04 0.34 £0.04
ATF —0.09£0.03 | —0.07£0.02 | —0.12+0.02 | —0.07 & 0.02
©pr) [°] 0.68 £ 0.03 0.91 £ 0.04 0.58 £ 0.02 0.64 £ 0.02
(AUpr_7r) [°] 103 +4 96 + 3 107 £3 103 +£3
A 0.62 £ 0.09 0.53 £ 0.06 0.39 £0.10 0.54 £ 0.06
x? (0.37) (1.39) (1.05) (0.23)

The distribution of the flow angle © pr (polar angle of the vector Vpr) from 328+Ag(Br)
interactions is presented on Fig.4a compared with the mixed events © pr distribution. The
corresponding mean values of Opp for studied experiments are listed in Tabl. 2. One
observes that © pr significantly differs from zero in all experiments. The average angles
(©pr) present in the studied experiments are higher in comparison with °7Au induced
collisions with Ag(Br) nuclei at 11.6 GeV/c/nucleon [6] and smaller than in 84Kr + Ag(Br)
interactions at 1.55 GeV/c/nucleon [5], where the values (O pr) = 0.31°+£0.02° and (O pp) =
1.89° 4+ 0.07°, respectively, have been measured. In [17] it was also shown that the mean
value of © pp decreases with increasing energy. On the other hand, the increase of the (O pp)
with decreasing impact parameter was seen for different beam and energy combinations.

dNId® . ANIAAY py:
35 [
N 50| b
3o asfF
F : S +Ag(Br)
25 40
20f 35 “
g 30F
15 i S I R .
25 Er- + :
10f g
! ot
5¢ 15
C 1 10 E i 1 1
0 0,5 0 50 100 150
A¥pp rps

Fig. 4. (a) The distribution of the flow angle of projectile fragments, (b) the distribution of the difference
of the azimuthal angles of the projectile and target plane vectors

Figure 4b presents the difference AV pp_rp of the azimuthal angles of the plane vec-
tors constructed separately for projectile and target fragments in the same event compared
with the difference resulting from the mixed events. The corresponding mean values are
<A\I/PF7TF> = 103° £ 3° and <A\IIPF7TF>ME =90° & 1°.

The mean values (AV pp_rp) in the studied interactions are given in Tabl. 2. A strong
correlation is present here, favoring the opposite directions of the projectile and target plane
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vectors. These results confirm our previous conclusion about bounce-off detection. The mean
values of (AVpr_7r) obtained in collisions of 8 Kr + Ag(Br) at 2.1 GeV/c/nucleon [18],
139La + Ag(Br) at 1.8 GeV/c/nucleon [19], and °7Au + Ag(Br) at 11.6 GeV/c/nucleon [6]
are 106° £ 4°, 115° 4+ 5°, and 107° % 3°, respectively.

To avoid event-by-event estimate of the reaction plane

C(y) we also tried an azimuthal correlation function analysis.

Then the collective flow can be parametrized in terms
1.3¢ 328 + Ag(Br) of azimuthal angle distributions of projectile fragment
1.2 pairs. Following [15], let us assume that the probabil-

ity distribution P(%)) of the angle ¢ between the trans-
verse momenta of two correlated fragments is P(y) =
A%(1 + 0.5A 2costp), where A is a normalization constant.
The azimuthal correlation function C(v) is defined by
C(¥) = Peorr(¥)/ Puncorr (1), wWhere Peor (1) represents
the distribution of the angle v for correlated fragment pairs
07k occuring in the same event and Pypcorr (1)) i8 obtained from
0 40 80 120 160 the distribution of the uncorrelated fragment pairs gener-
y,° ated by event mixing. If C(¢)) > 1 at small values of
¢ and C(¢) < 1 at large v, then it is an indication of
Fig. 5. The dependence of az- collective flow. The magnitude of the observed flow can
imuthal correlation function on the be characterized by the value of A obtained from a fit of
azimuthal angle between the trans-  A2(1 + 0.5A%cos)) to C() with A = 1.
verse momenta of two fragments The fitted values of A for all studied experiments given
in Tabl. 2 indicate the presence of the collective flow of
nuclear matter. In 34Kr collisions at 1.55 GeV/c/nucleon and '°”Au at 11.6 GeV/c/nucleon
with Ag(Br) the values 0.48 + 0.04(x? = 0.58) and 0.41 + 0.02(x? = 1.20), respectively,
have been obtained for the same event selection criteria. Within the errors the values of A
seem to be independent of the projectile mass and momentum.
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1

0.9

0.8

4. CONCLUSION

The investigation of 32S induced nuclear interactions and comparison with 0, 22Ne and
28Gi induced interactions at (4.1-4.5) GeV/c/n have been made using the unique emulsion
track detector.

The methods of transverse momenta, principal vectors and azimuthal correlation functions
have been applied.

The bounce-off effect of the fragments of the projectile nuclei in their collisions with
Ag(Br) target nuclei at middle impact parameters has been observed. The back-to-back
correlation of the projectile and target fragments in the azimuthal plane has been obtained.

The mixed events which do not comprise collective effects did not reproduce the observed
effects. It shows that the nucleus-nucleus collision cannot be represented as a superposition
of the individual nucleon-nucleon collisions.
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