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ABSTRACT. The degree of anisotropy of p mesons emission can be more directly determined by
studying the angular distributions in the CM S of colliding nuclei. From the analysis of angular
distributions of p -mesonsthe anisotropy coefficient a for (p, d, He, C)-(C, Ta) (4.2 and 10 AGeV/c)
collisions was obtained. The anisotropy coefficient is similar for the symmetric (or approximately
symmetric, A, »A;) systems of nuclei and increases slowly with mass numbers of projectile (Ap) and
target (A;) for other systems. At small multiplicities of pions(np_ £< n, > ) the degree of anisotropy
isgreater than at high multiplicities(np ><n, >). The decr ease of the parameter a for more central
events (np ><ny_>) indicatesthat the angular distributions of pions become moreisotropic at small
|mpact parameters (b® 0). Theanisotropy coefficient a increaseslinearly with thekinetic ener gy E/

x (Emax 18 the moximum available kinetic energy in the CMS) and up to 100 MeV, the pions are
emitted isotropically (parallel spectra) for almost all systems. Our resultsagreewith the predictions of
theintranuclear cascademodels. Thedata obtained from the propane bubble chamber (PBC-500) system
utilized at JINR. Thequalitative agreement of our experimental resultswith the predictionsof thequark
gluon gtringand theultrardativistic quantum molecular dynamicsmodels(QGSM, Ur QM D) wasobser ved.
© 2017 Bull. Georg. Natl. Acad. Sci.
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The quest to use energetic heavy ion collisions
to infer properties of infinite nuclear matter, such as
the eguation of state (EOS) under conditions of den-
sity (or pressure) and temperature significantly dif-
ferent from the ground state conditions has proven
to be adifficult task, although an impressive amount

of data was obtained using experimental setups of
increasing sophistication. In particular, the mean free
paths of pions[1], the most abundantly created par-
ticles, withmomentabelow 1 GeV/c are neither large
nor small compared to typical nuclear sizes. There-
fore methods of analysis resting on the validity of
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either of these two extremes in the hope to simplify
the theoretical description are bound to lead only to
qualitative success at best.

An important lesson that was learned in the last
two decades was that definite conclusions on nu-
clear matter properties based on asingle observable
had proven to be premature and/or of limited accu-
racy, aside from not being sufficiently convincing.
Asan example, original hopes[2], to use deficitsin
pion production relative to expectations based on
compression-free scenarios were not supported by
transport theoretical simulations [3]. On the other
hand, transport calculations [4] showed that pion
azimuthal correlations, "flow’, qualify as an observ-
able that could contribute significant constraints on
the EOS.

Our previous results on pion production experi-
ment (cross sections, multiplicities’ rapidities, trans-
verse momenta, intercorrelations between various
characteristics, etc) using the streamer chamber
spectrometer SKM-200 in inelastic and central nu-
cleus-nucleus interactions are published in [5-8]. It
was shown that these particles are produced mainly
inindependent nucleon-nucleon (NN) collisions. The
aim of the present work isto present amore complete
systematics of highly differential pion emission in
heavy ion reactions obtained with the (PBC-500)
device, varying theincident energy (from3.7to 10A
GeV), the system’s size (fromA_+A_ =4+ 1210
12+181, whereA and A, arethe projectile and target
mass number, respectively), in hadron-nucleus sys-
tem’s p(C, Ta) and a new detailed analysis of the
meson angular distributions in these interactions.
Moreover, the degree of anisotropy in pion emission
fromtheanalysisof angular distributionswere deter-
mined and provided for comparison at the different
energies. The dependence of the anisotopy coeffi-
cient o onthe projectile (A)) and target (A ) nucleus
were investigated.

Experimental Data

Thedatawere obtained from Propane Bubble Cham-
ber systems (PBC-500) utilized at JINR.
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The 2 meter long Propane Bubble Chamber (PBC-
500) wasplacedinthemagneticfield of 1.5T.

The procedures for separating out the pC, 2HC,
He C collisionsin propane (C3H8) and the process-
ing of the data including particle identification and
corrections are described in detail in Ref. [9]. The
analysis produced 4581 eventsof 2H C, 1424 of 2HTa,
9737 of HeC, 1532 of HeTa(at an energy of 3.4 GeV/
nucleon), 5882 and 16509 events of pC interactions
at themomentaof 4.2 and 10 GeV/c, respectively, and
2342 eventsof pTa(at 10 GeV/c) collisions.

The protonswith momentum p < 150MeV/c were
not detected within the PBC-500 asfar astheir track
lengths arelessthan 2mm (pC interactions), and pro-
tons with p < 200MeV/c were absorbed in the Ta
target plate (the detector biases). Thus, the protons
with momentum larger than 150MeV/c were regis-
tered in pC interactions, and the protons with
p > 250MeV/c in pTa collisions. In the experiment,
the proj ectile fragmentation products were identified
asthose characterized by themomentump > 3.5 GeV/
c(4.2,45GeV/cIN) or p>7GeV/c(10GeV/c/N) and
angle® < 3.5°, and thetarget fragmentation products
- by the momentum p < 0.25 GeV/c in the target rest
frame. The latter ones are mainly evaporated pro-
tons. After these selection criterions, the remaining
protons are the participant protons. For the analysis
minimum three particles NpmidSzfs wererequired for
the reliable determination of the correlation coeffi-
cients.

The analysis of p meson angular
distributions

In our experiment a detailed analysis of =~ meson
production in awide range of interacting nuclei with
masses A, (4-24), A, (6-207) [5, 6] and interesting
investigation about the mechanism of pion produc-
tion was performed from the analysis of angular dis-
tributions[7, 8].

The degree of anisotropy in pion emission can be
more directly determined by studying the angular
distributionsinthe CM S of colliding nuclei. Our aim
was to study cos®” distributions of =~ mesonsin A,
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Fig. 1. cos®" distributions (in the CMS) of n -mesons in experimental (-) and UrQMD generated (%) pC (4.2 and 10
GeV/c) collisions. The curves are the result of an approximation using eguation (1).
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Fig. 2. cos®” distributions (in the CMS) of © -mesons in experimental (-) and QGSM generated (%) C(C, Ta) (4.2 A GeV/c)
collisions. The curves are the result of an approximation using equation (1).

(p,d,He, C)A_ (C, Ta) interactions (@ istheemission
angleinthe CM Sof colliding nuclei). The experimen-
tal distributionswe have approximated by the ansatz
[10]:

dN/dcos®’ = const(1+o.cos’®), (1)
were o isthe anisotropy coefficient. The studied cos®”
distributions of = mesonsin experimental and gener-
ated (QGSM, UrQMD) p-C(4.2and 10 GeV/c), C(C,
Ta) (4.2AGeV /c) interactions are presented on Figs.
1, 2. InTable 1 theresults of approximation by (1) for
variouspairsof nuclei arelisted. Onecan see(Table 1),
the parameter o.issimilar for symmetric (or approxi-
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mately symmetric, A_~ A,) systems of nuclei and
increases slowly with mass numbers of projectile(A,)
and target (A,) for other systems. That may be the
result of asymmetry of the colliding interactions.
The dependence of o on kinetic energy E'/E__
(E, isthe maximum availablekinetic energy). nuclei
sysem (A, «A,). For NN — NN the parameter is
greater than 3[10]. The nucleus-nucleuscallisonsthus
provide amoreisotropic source of pions at these ener-
gies, thaninthenucleon - nucleusenergy) in CM S, was
sudied (Table 1.). It is shown that the anisotropy coef-
ficientincreaseslinearly withE'/E,__". Upto 100 MeV,
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Table 1. The number of events and p-mesons, the anizotropy coefficient a of p -mesons in verious range
of multiplicities and of E -kinetic energy in pC (4.2 and 10 GeV/c), (d, He, C) (C, Ta) (4.2 A GeV/c) and
pTa (10 GeV/c) experimental and generated collisions (the result of the approximation of cosQ

distributions using equation (1), see text)

o ~ f(EY)
Ap+ A :
PraT Neven / Npion o 0.05£E*<0.20 0.02£E*<0.44 0.45€ E* <0.08
exp|  5882/4698 0.04+0.11 045+013 1504025  196+0.58
pC 4.239g/c
UrQMD| 16143 /13500 0.8440.06 030£008  093+0.11  2.48+0.34
exp.|  16509/17362 1.07+0.06 0174006  1.12+011  4.00x0.44
pC 10p9g/c
UrQMD|  50191/30676 1.77+0.05 0.60£005 1.73+0.08  4.63+0.31
exp.|  4581/3452 0.71+0.09 045:0.15 143+023 3.35:132
dc
UrQMD| 27502 /23210 1.05+0.04 0.24+0.04 1.23+008 3.33+0.25
exp|  9739/2898 0.82+0.07 0504011 1324016  4.13+1.20
HeC
UrQMD|  31716/37790 1.04+0.04 0174004 1424010 4.01+0.31
exp.| 15962 /25410 0.94+0.05 032+0.05 1.20+011  262+0.32
cc
QGSM|  50000/85030 1.07+0.02 033:002 173+005 3.83+0.22
exp.|  2342/3147 1.33+0.13 057+0.14 1574028  2.40+0.61
pTa
UrQMD|  7230/12238 1.36:0.07 048+007 071+0.17 2.31+0.21
exp.| 2956 /3337 0.94+0.11 0.64+013  1.46+0.27  1.77+0.66
(d,He)Ta
UrQMD|  17629/29886 0.96:+0.04 1.05:0.04 074+006 1.27+0.21
exp.| 2469 /6092 1.18+0.09 0824011 201%026  2.49+0.59
CTa
QGSM|  9130/48110 0.99+0.03 0.48+0.03 1444012  151+0.07

the pions are emitted isotropically for amost al sys-
tems and the decrease of the anisotropy parameter
may be caused by an increase in the number of NN
collisons. Low-energy pions might be emitted at a
later stage of collisions than highly energetic ones
[11]. Thedopeissimilar for light, symmetric pairsand
the asymmetric, heavier systems. For the heaviest
pairsof nuclei (CTa) thedopeislarger.

The dependence of the parameter o on kinetic
energy E" inthe CMSin central ArKCl collisionsat a
momentum of 2.6 GeV/c per incident nucleonfor m -
mesons was studied at the Berkeley streamer cham-
ber [12] and the value a=0.52. In this experiment o
increases with E’, achieves its maximum and then
decreases [12, Fig. 1]. Meanwhile, the calculations
carried out within the framework of the Cugnonintra-
nuclear cascade model [13] for their data, predicts
theincrease of o with E'. Our result isthat the linear
increase of o with E'/E,__ " agrees qualitatively with
the prediction of the Cugnon model.
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Wedivided theinitial eventsinto two subsamples:
1) n_ << n_ >, the events in which the n~ -mesons
multiplicity n - is less than the average multiplicity
<n->2)n_> <n_>, thefraction of the eventsin
which~40%for al pairsof nuclel. We analysed these
two groups of events and obtained the anisotropy
parameter for them. The second group of events, which
corresponds to more central interactions, the param-
eter aissmaller than for the first group. The decrease
of o for theeventswithn _> <n _> indicatesthat the
angular distributions of pions become more isotropic
for more centrd collisions(small impact parameter).

The Dubnaintranuclear cascade model assumes
that a nucleus-nucleus interaction consists of a se-
ries of subsequent hadron-hadron collisions. Each
of the calliding nuclei istreated as a gas of nucleons
moving within a potential well, i.e. nucleons are
bound within a nucleus. The distribution of the nu-
cleon density, kinematics of A isobar formation (but
not the dynamics of their subsequent interactions,
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Fig. 3. The dependence of the anisotropy coefficient on
the (A, *A)¥? for =~ mesons in experimental (o) -
pC (4.2 and 10 GeV/c), pTa (10 GeV /c), (-) - (d, He,
C)(C, Ta) (4.2 AGeV [c) and (%) - generated (UrQMD,
QGSM) interactions. The lines are the result of the
linear approximation of the data.

i.e. it is assumed that isobars decay instantaneously
within the nucleus), and absorbtion of pions by pairs
of nucleons are taken into account. Thus, we can
conclude that our results qualitatively agree with the
predictions of the Dubnaintranuclear cascade model.

In order to increase the accuracy of the results
obtained in these collisions, we also studied the
behavior of the anisotropy coefficient generated col-
lisions. Several theoretical model swere proposed for
nucleus-nucleus collisions at high energy. We used
the Quark Gluon String Model (QGSM) [14, 15] and
Ultra-relativistic Quantum Molecular Dynamics
Model (UrQMDM) [16-18] for comparison with ex-
perimental data. The QGSM is based on the Regge
and string phenomenology of particle production in
inelastic binary hadron collisions. The UrQM D model
isnow widely applied for smulations of particle pro-
duction and flow effects in various nucleus-nucleus
interactions[19, 20], althoughitsoriginal design was
directed towards high energies. We generated CC
(2.65 fm) and CTa (6.53 fm) interactions by QGSM
and dC (2.79 fm), HeC (2.79 fm), dTa(5.31 fm) and
HeTa(5.46 fm) interactionsby UrQMDM, aswell as
50000 eventsfor dC, HeC, CC, CTaand 1000 events
for dTa, HeTacallisions, respectively.
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One can see cos®" distributions (Figs. 1-3) of n~
mesonsinA_ (p, d, He, C)-A_ (C, Ta) interactionsfor
experimental and generated (QGSM, UrQM D) events
i.ethe degree of anisotropy withinerrorsin pion emis-
sion arein good agreement with each other (Table 1).

Concluson

The analysis of cos®" angular distributions of n-
mesons in experimental and generated (QGSM,
UrQMD) pC(4.2and10GeV/c), pTa(10GeV /c), (d,
He, C) (C, Ta) (4.2AGeV/c) collisionswere carried
out. The pC system is the lightest studied one, and
the pTais extremely asymmetrical system in which
differential transverseflow of protonsand pionshave
ever been detected for these particles. The depend-
enceof a.onkineticenergy inCMS, on multiplicity of
pions and on the mass numbers of projectile (A,)
and target (A,) for al interactions were studied:

1. The anisotropy coefficient increses with E’/
E,.. andupto 100 MeV, the pionsare emitted iso-
tropically for almost al systems;

2. At small multiplicities of pions (np7£ <n_ >)
the degree of anisotropy isgreather than at high mul-
tipIiciti&s(np} <n, >), i.e. theangular distributions
of pions become more isotropic for more central
events (at small impact parameters, b — 0).

3. Theanisotropy coefficientissimilar for the sym-
metric (or approximately symmetric, A_~A ) systems
of nuclei and increases slowly with mass numbers of
projectile (A,) and target (A,) for other systems.

4. The QGSM and UrQMDM satisfactorily de-
scribe the cos®” angular distributions of © -mesons
for al systems.
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