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ABSTRACT. Collective flow of protons and pions was studied at the momenta of 4.2, 4.5 and 10 AGeV/c
for different projectile-target combinations, specifically, p(C, Ta) and He(Li, C). The data were obtained
from the SKM-200-GIBS streamer chamber and from Propane Bubble Chamber systems utilized at
JINR (PBC-500). The method of Danielewicz and Odyniec has been employed in determining the directed
transverse flow of particles. The collective effects are studied with respect to the reaction plane, which is
defined by the impact parameter vector and the beam direction. The values of the transverse flow parameter
F = d< PX>/d(y) and the strength a2 of the anisotropic emission were defined for each interacting nuclear
pair. The directed flow of protons and pions changes with increase of the energy and the mass numbers
of colliding nucleus pairs. The elliptic proton flow points out of the reaction plane and also strengthens
as system mass increases. The pion flow is in the reaction plane, as the proton one for the lighter
(pC, He(Li, C)) systems, and in the opposite direction for the heavier (pTa) system. The pC system is the
lightest studied one, and the pTa is extremely asymmetrical system in which collective flow effects
(directed and elliptic) have ever been detected (for protons and pions). The information about them in
interactions of light and medium projectile nuclei with various target nuclei is very limited and the
results obtained in this paper will bring a new light on the nature of the flows. The obtained results
provide very important information on the mechanism of nucleus-nucleus interactions at high energies,
as well as on characteristics of the produced nuclear matter. © 2015 Bull. Georg. Natl. Acad. Sci.
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One of the central goals of the high-energy heavy-
ion collision research was the determination of the
properties of nuclear matter at densities high com-
pared to that in the ground-state nuclei and at tem-
peratures high compared to energies per nucleon in
the ground-state nuclei.  The flow produces

asymmetries associated with the reaction plane, in
the particle emission patterns. Theoretically, those
asymmetries can be linked to the fundamental prop-
erties of nuclear matter and, in particular, to the equa-
tion of state (EOS) [1, 2]. Two types of asymmetries
were identified. One was the directed flow [3] in the
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reaction plane, associated with the matter “bounc-
ing-off” within the hot participant region of overlap
between colliding nuclei.  The other was the squeeze-
out of the hot matter moving perpendicular to the
reaction plane within the participant region. When
energy increases into ultrarelativistic values the
squeeze-out turns into an in-plane elliptic flow.

Regarding investigative strategy, the reaction
plane is the plane within which the centers of initial
nuclei lie, separated in transverse direction by the
impact parameter b. Spatial asymmetry in the initial
state, associated with the reaction plane, gives rise
to asymmetries in the particle emission patterns.
Within the method of analysis of those asymmetries,
proposed by Danielewicz and Odyniec [5], those
asymmetries are used to estimate the direction of the
reaction plane and the asymmetries themselves are
assessed in relation to the estimated reaction-plane
direction. In an experiment, the determination of the
impact parameter b is not possible and therefore in-
stead of b, vector sum of transverse momenta of pro-
jectile and target nuclear fragments or participant pro-
tons are used. The fragmentation region of projectile
and target nuclei is not acceptable for experimental
set-ups in some experiments and therefore the reac-
tion plane is defined by the second approach. The
second approach is preferable also for the light nu-
clear systems, because the multiplicity of the partici-
pant protons is larger than the number of detected
fragments.

By now, the collective flow effects were investi-
gated over a wide range of energies, from tens of
MeV/nucleon to 7 TeV/nucleon in the center of mass.
Having determined the reaction plane it is possible
to find quantitative properties of the flows. At low
and intermediate energies the average projection of
particles momentum on the reaction plane is used
quite frequently, as well as a slope of its dependence
on the particle rapidity. Coefficients of the Fourier
decomposition of particle azimuthal distributions are
very popular at high energies. For example, the ellip-
tic flow was explored by many collaborations at AGS
[6, 7], GSI [8], NA49 [9], CERN/SPS [10, 11] by means

of the second harmonic coefficient of Fourier analy-
sis of the azimuthal distributions - v2.

In order to study the characteristics of nucleus-
nucleus interactions, the collective flows of protons,
pions and  hyperons have been previously investi-
gated by the authors of the paper [12-15]. It is worth
to mention, that the values of the elliptic flow excita-
tion function v2 obtained by us for protons corre-
spond to quite interesting energy region. According
to the investigations in Au-Au  collisions at AGS
[16], an evolution from negative (v2 < 0) to positive
(v2 > 0) elliptic flow was observed in energy interval
of 2.0  Ebeam  8.0 GeV/nucleon and an apparent
transition energy Etr ~ 4 GeV/nucleon was pointed.
Therefore, the results obtained by us seem to be in-
teresting from the viewpoint of enrichment of the
existing results in the above mentioned energy re-
gion.

The collective flows are well established in colli-
sions of heavy nuclei. The information about them in
interactions of light and medium projectile nuclei with
various target nuclei is very limited. We believe that
the results obtained in the paper will bring a new
light on the nature of the flows.

In this paper, we present collective flow results of
protons and pions at the momenta of 4.2, 4.5 and
10 AGeV/c for different projectile-target combina-
tions. The data were obtained from the Propane Bub-
ble Chamber of JINR at Dubna. Moreover, character-
istics of protons and pions, emitted from those colli-
sions, were determined and provided for comparison
at different energies.

The protons with momentum p < 150 MeV/c were
not detected within the PBC-500 (as far as their track
lengths l < 2 mm) and protons with p < 200 MeV/c
were absorbed in Ta target plate (the detector bi-
ases).

Experimental Data

The data were obtained from the SKM-200-GIBS
streamer chamber and from Propane Bubble Cham-
ber systems (PBC-500) utilized at JINR.

The SKM-200-GIBS setup is based on a 2 m
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streamer chamber placed in the magnetic field of
0.8 T and on a triggering system. An inelastic trigger
was used to select the events. The streamer chamber
was exposed to a beam of He nuclei accelerated in
the JINR synchrophasotron to the momentum of
4.5 AGeV/c. The thickness of Li and C solid targets
(in the form of a disc), were 1.5 and 0.2 g/cm2, corre-
spondingly.  The analysis produced 4020 events of
HeLi and 2127 of HeC collisions.

The 2 meter long Propane Bubble Chamber
(PBC-500) was placed in the magnetic field of 1.5 T.
The procedures for separating out the pC collisions
in propane (C3H8) and the processing of the data
including particle identification and corrections were
described in detail in [17, 18]. The analysis produced
5882 (10775 events in C3H8) and 16509 (28703 events
in C3H8) events of pC at the momentum of 4.2 and 10
AGeV/c, correspondingly and 2342 of pTa (10 AGeV/c)
collisions. In the experiment, the projectile fragmen-
tation products were identified as those characterized
by the momentum p > 3.5 GeV/c (4.2, 4.5 GeV/c/N) or
p > 7 GeV/c (10 GeV/c/N) and angle < 3.5°, and the

target fragmentation products – by the momentum p
< 0.25 GeV/c in the target rest frame. The latter ones
are mainly evaporated protons. After these selection
criterions, the remaining protons are the participant
protons. For the analysis minimum three particles
Nparticles3 were required for the reliable determination
of the reaction plane.

Directed Flow of Protons and Pions

We investigated the directed flow of protons and pions
in various nucleus systems p(C, Ta) and He(Li, C). To
determine the directed transverse flow of particles we
employed the method of  Danielewicz and Odyniec [5].
Most of the data below 4 AGeV in the literature were,
in fact, analyzed by the following method. The ad-
vantage of that method is that it can be employed
even at small statistics, which is typical for film de-
tectors. The method relies on summation over trans-
verse momenta of selected particles in the events.
The participant protons of the reaction plane defini-
tion were applied for the flow effects study.

The analysis was carried out in the laboratory

Fig. 1. The dependence of <PX(Y)> on the rapidity Y for protons and  pions in pC collisions at the momenta of 4.2 AGeV/c and
of 10 AGeV/c:  – protons and  – pions. Straight lines stretches represent the slope of data at midrapidity, obtained by fitting
the data with 1-st order polynomial  within the intervals of the rapidity (see text). The curved lines guide the eye over data.
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system. To eliminate the correlation of the particle
with itself (autocorrelations), we estimated the reac-
tion plane for each particle, with contribution of that
particle removed from the definition of the reaction
plane. The reaction plane is spanned by the impact
parameter vector b and the beam axis. Within the trans-
verse momentum method, the direction of b is esti-
mated event-by-event in terms of the vector con-
structed from particle transverse momenta:

1
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i j
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

j iQ P , (1)

where i is a particle index and  i is the weight factor,
i = yi – yc, yi is the rapidity of i-th particle, yc is the

average rapidity of the participant protons in each
nucler systems [19]. Projection of the transverse
momentum of each particle onto the estimated reac-
tion plane is:
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The dependence of the projection on the rapidity
y was constructed for each interacting nuclear pair.
For further analysis, the average transverse momen-
tum in the reaction plane, ( ) ,X jP' y   is obtained by
averaging over all events in the corresponding inter-
vals of rapidity (Figs. 1, 2). In Table 1 the values of
flow parameter F are given, which are the slopes of

AP AT pC 
4.2 AGeV/c 

pC 
10 AGeV/c 

HeLi 
4.5 AGeV/c 

HeC 
4.5 AGeV/c 

pTa 
10 AGeV/c 

Nevent/Nev.cut 5882 / 2258 16509 / 6553 4020 / 1136 2127 / 880 2342 / 1513 

Fprot. (MeV/c) 129.2  6.2 90.2  4.6 83.6  8.9 88.7  7.8 76.8  4.9 

Fpion. (MeV/c) 18.2  5.1 13.5  2.8 14.0  3.4* -14.7  4.5 

 

Table 1. The values of flow for protons and pions in the measured events, including event numbers before
and after the multiplicity cut (Nevent/Nev.cut).

* He-Li and He-C collision events are combined in order to increase statistics.

Fig. 2. The dependence of <PX(Y)> on the rapidity Y for protons and pions in He(Li, C) (4.5 AGeV/c) and Ta (10 AGeV/c)
collisions. Straight lines stretches represent  the slope of data at midrapidity, obtained by fitting the data with 1-st order
polynomial within the narrow intervals of the rapidity (see text). The curved lines guide the eye over data.
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<Px(y)> at its midrapidity cross-over. The matter is
that the component Px of a particle in the true reac-
tion plane is systematically larger than the compo-
nent XP '  in the estimated plane. The angle  be-
tween the true and estimated reaction planes was
defined. Thus, the correction factor k = 1/<cos >,
where <cos >  is determined from the ratio [5, 20-
24]:
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where n is the particles, multiplicity in an event. It
should be mentioned that corrections were made
qualitatively differently in this case. Events with k >
10 are not included in the analysis because they in-
troduce significant distortions of the distributions.

Figs. 1, 2 show the rapidity dependence of the aver-
age in-plane transverse-momentum component for
protons and pions in p(C, Ta) and He(Li, C) colli-
sions. In view of the strong coupling between the
nucleon and pion, it is interesting to know, if pions
also have collective flow behaviour in that presented
nuclear systems and how the pion flow is related to
the nucleon flow. As seen, the flow F parameter’s
value changes with the increase of the momentum
and of the mass numbers of projectile AP and target
AT nuclei (Table 1). Interestingly,  proton and pion
collective flow parameters in He-C collisions of SKM-
200-GIBS with the clear, solid thin targets have been
further compared to those collisions from C3H8 (PBC-
500, our earlier results) [13, 15]. Both results are in
good agreement within errors.

There are no auto-correlations for pions, because
the reaction plane is determined by protons. It is ap-
parent that the pions and protons flow in the same
in-plane directions, in the forward and backward hemi-
spheres of pC (4.2, 10 AGeV/c) and He(Li, C) (4.5
AGeV/c) collisions. As one can see from the Table 1
and Fig. 1, 2 the situation with the directed flow of
pions is different than with the flow of protons. The
maximum transverse momentum and the flow param-
eter are smaller for pions than for protons.

The reduced magnitude of average pion momen-
tum component compared to protons was seen be-
fore at Bevalac [25, 26], GSI-SIS [27] and CERN-SPS
[10, 11, 28]. Historically, the pattern of pion emission
relative to the reaction plane has been first studied at
the Bevalac by the Streamer Chamber Group [26] and
later by the EOS collaboration [29] at Saturne by the
Diogene group [30]. The Diogene group investigated,
in particular, collisions similar to ours where one nu-
cleus, in their case the projectile Ne, was fixed while
the counterpart target nuclei were varied. In the in-
vestigations at Bevalac and Saturne, projection of
pion transverse momentum onto the reaction plane
was examined. The direction of pion flow opposite to
proton flow, so called anti-flow, was seen before in
either asymmetric [30] or symmetric [10, 11, 29, 31]

Fig. 3. The azimuthal distributions of the participant protons
with respect to the reaction plane in pC collisions at two differ-
ent momenta per nucleon:  – 4.2 AGeV/c and  – 10 AGeV/c.
The curves are the result of the approximation by dN/d=
a0(1+a1cos+a2cos2).
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systems. However, we are unaware of an observa-
tion of the pion anti-flow in strongly asymmetric sys-
tem such as our p-Ta.

Anti-correlation of nucleons and pions was ex-
plained in [32] as due to the effect of multiple N
scattering. However, in Refs. [33-35] it was shown
that the anti-correlation is a manifestation of the nu-
clear shadowing of the target and projectile-specta-
tors through both pion re-scattering and re-absorp-
tions. Quantitatively, the shadowing can produce in-
plane transverse momentum components compara-
ble to the momenta itself and, thus, much larger than
components due to collective motion for pions [36].
In our opinion, our results indicate that the flow be-
haviour of pions in light systems is due to the flow of
 resonances, whereas the anti-flow behaviour in a
heavier system (pTa) is the result of the nuclear shad-
owing effect.

Proton Elliptic Flow

We have studied the proton elliptic flow in pC (4.2
AGeV/c, 10 AGeV/c), He(Li, C) (4.5 AGeV/c) and pTa
(10 AGeV/c) collisions. The azimuthal  distributions
of the protons were obtained and presented in Figs
3, 4, where  is the angle of the transverse momentum
of each particle in the event with respect to the reac-

tion plane (cos = PX/P). The azimuthal angular dis-
tributions show maxima at = 90° and 270° with re-
spect to the event plane. The maxima are associated
with preferential particle emission perpendicular to
the reaction plane (squeeze-out). To treat the data in
a quantitative way, the azimuthal distributions were
fitted with the Fourier cosine-expansion (given the
system invariance under reflections with respect to
the reaction plane)

0 1 2/ (1 cos cos 2 ).dN d a a a     (4)

The squeeze-out signature is the negative value
of the coefficient a2  and this coefficient is the meas-
ure of the strength of the anisotropic emission.

The elliptic anisotropy, quantified in terms of the
a2 coefficient (a2 = 2v2) (Table 2) extracted from the
azimuthal distributions of the protons with respect
to the reaction plane at mid-rapidity (Table 2). Ac-
cording to the investigations in Au-Au collisions at
AGS [16], the sign of the elliptic flow changed at an
apparent transition energy of Etr ~ 4 GeV/nucleon. It
should be mentioned that, no change of the sign of
the elliptic flow was observed in p-C and pTa colli-
sions at 10 AGeV/c.

The elliptic flow was investigated by various
groups for different systems. Comparison of the el-
liptic flow measurements of charged hadrons in CuCu

Fig. 4. The azimuthal distributions of the participant protons with respect to the reaction plane in He-Li, He-C and p-Ta
collisions. The curves are the results of the approximation by dN/d= a0(1+a1cos+a2cos2).
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and AuAu collisions at NNS = 62.4 and 200 GeV by
PHOBOS Collaboration did not exhibit any depend-
ence on (AP·AT)

1/2 [see Ref. [37] Fig. 2 a, c]. The ALICE
group has found about a 30% increase in the magni-
tude of v2 from NNS = 200 Gev (AuAu) to 2.76 TeV
(PbPb) (see Ref. [38] Fig. 4).

Conclusions

The directed transverse collective flows of protons
and – mesons and elliptic flow of protons emitted
from pC (4.2 AGeV/c, 10 AGeV/c), He(Li, C) (4.5 AGeV/
c) and pTa (10 AGeV/c) collisions have been studied.
It were observed:

1) The pC system is the lightest studied one,
and the pTa is extremely asymmetrical system in
which collective flow effects (directed and elliptic)
have ever been detected for protons and pions. As
shown, the pions exhibit directed flow consistent
with that for protons in the (p, He)C and HeLi colli-
sions. On the other hand, for the pTa interactions,
the pion flows turn into anti-flow with the pion av-
erage in-plane momenta becoming opposite to those
for protons.

The absolute value of the directed flow param-

eter |F| for the protons decreases with the increase of
momenta per nucleon and  the mass numbers of pro-
jectile AP and target AT nuclei, while almost no changes
were observed for pions:

protons:
129.2 ± 6.2,  90.2 ± 4.6 (pC, 4.2 AGeV/c, 10 AGeV/c) and
76.8 ± 4.9  (pTa, 10 AGeV/c)

pions:
18.2 ± 5.1,  13.5 ± 2.8 (pC, 4.2 AGeV/c, 10 AGeV/c) and
14.7 ± 4.5 (pTa,  10 AGeV/c)

2) It should be mentioned that, there is no change
of the sign of the elliptic flow in p(C, Ta) collisions at
10 AGeV/c. The absolute value of the proton elliptic
flow parameter a2 increases with momenta per nu-
cleon and almost does not change with the increase
of mass numbers of projectile AP and target AT nuclei:
0.051 ± 0.017, 0.071 ± 0.009  (pC, 4.2 AGeV/c, 10 AGeV/c)
and 0.071 ± 0.015 (pTa, 10 AGeV/c)
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AP AT pC 
4.2 AGeV/c 

pC 
10 AGeV/c 

HeLi 
4.5 AGeV/c 

HeC 
4.5 AGeV/c 

pTa 
10 AGeV/c 

Nevent/Nev.cut 5882 / 2258 16509 / 6553 4020 / 1136 2127 / 880 2342 / 1513 

a2 -0.051  0.017 -0.071  0.009 -0.043  0.018 -0.052  0.019 -0.071  0.015 

 

Table 2. Characteristics of proton elliptic flow for experimental events
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fizika

protonebisa da pionebis koleqtiuri efeqtebis
Seswavla p(C, Ta) da He(Li, C) dajaxebebSi 4,2; 4,5
da 10 AGeV/c impulsis dros

l. CxaiZe*, g. ClaCiZe**, T. jobava*, a. durgliSvili*,
l. xarxelauri*

* iv. javaxiSvilis sax. Tbilisis saxelmwifo universitetis maRali energiebis fizikis instituti,
  Tbilisi
**e. fermis sax. erovnuli amaCqareblis laboratoria, batavia, ilinoisi, aSS

(warmodgenilia akademiis wevris a. xelaSvilis mier)

Seswavlil iqna protonebisa da pionebis koleqtiuri gamodinebis efeqtebi p(C, Ta)
da He(Li, C) sxvadasxva damcemi-samizne birTvuli wyvilebisaTvis 4,2; 4,5 da 10 AGeV/c
impulsis dros. gamoyenebuli eqsperimentuli masala miRebulia q. dubnis birTvuli
kvlevebis gaerTianebuli institutis maRali energiebis laboratoriaSi filmuri
deteqtorebis (magnituri speqtrometrebi SKM-200-GIBS da propanis ormetriani
buStovani kamera PBC-500) saSualebiT. mimarTuli ganivi gamodinebebi (mgg) da elifsuri
gamodinebebi (eg), aRniSnul dajaxebebSi Seswavlil iqna p. danieleviCisa da g. odiniecis
ganivi impulsebis meTodiT (gim). am meTodis mixedviT koleqtiuri efeqtebi Seiswavleba
reaqciis sibrtyis mimarT, romelic aigeba ori veqtoris saSualebiT dajaxebis parametriTa
da nakadis mimarTulebiT. yoveli birTvuli wyvilisaTvis dadginda F=d<PX>/d(y) –
gamodinebis parametrisa da a2 – anizotropiuli gamosxivebis siZlieris sazomis
raodenobrivi mniSvnelobebi. protonebisa da pionebis mimarTuli ganivi da elifsuri
gamodinebebi icvleba energiisa da damcemi-samizne birTvuli wyvilebis masuri ricxvebis
zrdasTan erTad. pionebis gamodinebebi reaqciis sibrtyeSi Tanxvdeba protonebis
gamodinebebs msubuqi birTvuli sistemebisaTvis (pC, He(Li, C)) da sawinaaRmdego
mimarTulebisaa SedarebiT mZime birTvuli (pTa) sistemisTvis. naSromSi koleqtiuri
efeqtebi Seswavlilia sadReisod arsebul yvelaze msubuq pC da yvelaze asimetriul
pTa damjaxebel wyvilebSi. dadginda gamodinebis F da a2 parametrebis damokidebuleba
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damjaxebeli birTvebis  (AP, AT)-sa da energiaze.  miRebuli Sedegebi iZleva saintereso
informacias birTvuli materiis maxasiaTeblebis, kerZod birTv-birTvuli
urTierTqmedebis meqanizmis Sesaxeb.
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