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Analyses of transverse momentum spectra in central C¿C and C¿Ta interactions at 4.2A GeVÕc
beam momentum within a collective flow model and a boundary model
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The transverse momentum spectra of secondaryp2 mesons and participant protons in central C1C and
C1Ta interactions at 4.2A GeV/c beam momentum have been analyzed within a collective flow model and a
boundary model. All the particle spectra within a collective flow model at a given beam energy can be
reproduced with a single set of intensive parameters for the initial state of fireball. As typical freeze-out
parameters in this beam energy region we find a freeze-out temperatureT5(55–100) MeV, and an average
transverse expansion velocity at freeze-out^b&50.30–0.39. The pion spectra within a boundary model includ-
ing the quantum mechanical effects can be described well. To fit the proton spectra well, within a boundary
model, one will need to introduce the transverse collective expansion.

PACS number~s!: 25.75.Ld, 24.10.Jv
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I. INTRODUCTION

Relativistic heavy-ion physics is at the interface betwe
nuclear and particle physics. The aim is to create hadro
matter under extreme conditions where the quarks and
ons ‘‘are liberated’’ and quark-gluon-plasma is expected.
experimental question remains whether the appropriate
ditions can be achieved in heavy-ion collisions.

Here we present a study of the experimentalp2 mesons
and participant protons spectra from central C1C and C1Ta
collisions at a beam momentum of 4.2A GeV/c within a
collective flow model and a boundary model. The goal is
find a simple, but realistic parametrization of the freeze-
stage in these collisions. In order to reach this goal an ex
sive experimental program has been done through stud
heavy-ion collisions at various beam energies@1–6#.

The extracted freeze-out parameters, temperature and
transverse flow velocity, will be compared with other col
sion systems and with collisions at different energies. O
results could be interesting because the beam energy in
experiment takes place between SIS and AGS energies.
should help to understand the collision dynamics at ultrar
tivistic energies.

II. EXPERIMENTAL DATA

The experimental data have been obtained using a
propane bubble chamber placed in a magnetic field of 1.
The chamber was exposed to beams of light relativistic
clei from the Dubna synchrophasotron. Three 1 mm th
tantalum plates were mounted inside the chamber. The
eral characteristics of the interactions and specific meth
of data processing were published earlier in papers@7#.

*Present address: Max Planck Institute, Munchen, Germany.
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About 90% secondary charged particles emitted in 4p total
solid angle have been detected in the chamber@8#.

When scanning, all negative particles, except identifi
electrons, were considered asp2 mesons. The contamina
tions by misidentified electrons and negative kaons do
exceed 4% and 1%, respectively. The average minimal
mentum for pion registration was about 70 MeV/c and mo-
mentum resolution̂ Dp/p&.(5210)%. The loss of slow
p2 mesons vary about 5% for C1C to 10% for C1Ta in-
teractions.

The protons and heavy nuclear fragments with the m
mentum value less than 0.2 GeV/c were not detected be
cause of the short path in propane. The protons and pos
pions were separated effectively up toplab;0.5 GeV/c
comparing the visible ionization density and path values.
the whole, the admixture ofp1 mesons among the proton
was estimated as 10%. The problem of the misidentificat
can be resolved using the method of experimental spe
subtraction. Based on the isotopically symmetry of C1C col-
lisions, the spectra of protons in the inelastic nuclear int
actions were corrected for to satisfy the following express
np5nuz5112np1(p,0.5 GeV/c)2np2(p.0.5 GeV/c!,
wherenuz511 is the number of single charged positive pa
ticles ~when the momenta,p, of these particles were mea
sured they were considered as the protons!. The similar
expression was applied to the proton spectra
C1Ta interactions np5nuz5112np1(p,0.5 GeV/c)
20.85np2(p.0.5 GeV/c), where the factor of 0.85 reflect
the deficiency of protons in the tantalum nucleus. The
tained spectra has to be modified also taking into account
losses of particles emitted at small angles relative to the c
era optical axes and the particles absorbed by the tanta
plates. So, for C1Ta interactions the total corrections of th
proton multiplicity were estimated to be about 14% a
about~5–7!% for C1C collisions. The values of the proto
©2000 The American Physical Society02-1
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momenta were corrected calculating the average en
losses of the particle inside the tantalum plate. An aver
error of the proton momenta was obtained to be^Dp/p&
.11%.

The stripping protons and charged fragments with the m
mentum of plab.3 GeV/c and the emission angle ofu
<4°, were excluded from the analysis as the projectile sp
tators, also the protons with the momentum ofplab
,0.3 GeV/c, were excluded from the analysis as the tar
spectators. The remaining protons were considered as
participants.

The admixture of deuterons~d! and tritons~t! to the sec-
ondary protons was studied in Ref.@9# in detail. The admix-
ture does not alter the transverse momentum spectra and
not taken into account in the presented analysis.

III. ANALYSIS OF THE EXPERIMENTAL RESULTS
WITH THE COLLECTIVE FLOW MODEL

The expanding fireball model@10# was developed earlie
to describe the transverse momentum invariant spectr
secondary hadrons. The radial expansion of thermal fire
with a radially increasing expansion velocity was conside
in the model and this spherical fireball picture failed to d
scribe the longitudinal momentum distributions at the S
energies@10#. So, this model had been improved upon
previous analysis and the flow model with cylindrically sym
metry was presented@11#.

We have tested both of the models to see which of th
was appropriate for Dubna energies. It was quite import
since two and three dimensional phase spaces look quite
ferent.

First, we have carried out analysis based on the exp
mental determination of the reaction plane. This was done
means of the event shape. For each event the longitud
momenta of protons were Lorentz-transformed into the
frame of participant protons. The reaction plane was de
mined for each event and rotated by azimuthal anglef in
such a way that the individual reaction planes coincided w
the x-z plane, where thez axis is the beam one. In othe
words, the reaction planes were superposed for all even
is seen from Fig. 1 that the contour plotpL* 2pT reaction
plane exhibits a clear elyptic shape which helps to clarify
question of whether the cylindrical model is more approp
ate for our energies.

FIG. 1. Projection onto the reaction plane of the momenta
participant protons in the c.m.s. of participants in C1C collisions
with Np.9 ~a! and C1Ta interactions withNp.25 ~b!.
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Second, the rapidity distribution from spherical flo
model fails to describe experimental rapidity distributio
Fig. 2~a!. Much wider experimental rapidity distribution i
an indication for much stronger flow occurring along t
beam axis than in the transverse direction and again requ
the cylindrical model, as Fig. 2~b! proves.

According to the cylindrical flow model@11#, the follow-
ing expression was proposed to approximate thepT spectra:

dN

pTdpT
5N0ApT

21m2E
0

R

rdrK 1

3~gApT
21m2!I 0S g~r !b~r !pT

T D , ~1!

where y50,5 ln@(E1pL)/(E2pL)#, g(r )51/A11b2(r ) and
N0 is a normalization factor.K1 and I 0 are the modified
Bessel functions. The velocity profile in the transverse co
dinate r for the expanding fireball isb(r )5bs•(r /R)n,
wherebs is the surface velocity andn fixes the shape of the
profile. Using values ofn51/2 or 2, better fit of our data wa
obtained with n52. As freeze-out values ofR we used
RCC5RCTa;3 fm obtained by the interferometric analys
@12# for the radius of secondary particles emission region

The data are from the most central events which w
selected by the participant protons multiplicityNp @13#. The
statistics of selected events was 902 C1C interactions with
Np.9 and 378 C1Ta collisions withNp.25. In these sub-
sets thepT spectra ofp2 mesons and participant protons
a narrow midrapidity interval were analyzed. For the p
sented data midrapidity corresponds toylab51.1 in C1C col-
lisions andylab50.6 in C1Ta collisions.

Figures 3 and 4 represents the transverse momentum
variant spectra of thep2 mesons and participant protons
C1C collisions withNp.9 in rapidity interval 0.6,y,1.6
@Figs. 3~a! and 4~a!# and in C1Ta interactions withNp.25
and 0.2,y,1 @Figs. 3~b! and 4~b!#.

The solid line at Figs. 3 and 4 shows a fit with functio
~1!. The fit was made forpT.50 MeV/c for p2 mesons
and a satisfactory agreement with the experimental dat

f

FIG. 2. Rapidity distribution for participant protons from centr
C1C collisions. The theoretical spectrum uses the parameters f
spherical model~a! and from cylindrical model~b!.
2-2
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C1C collisions is observed. In C1Ta interactionspT spec-
trum for p2 mesons was fitted withx2/NDOF;2.

Also the fit for participant protons was made forpT
.300 MeV/c in C1Ta interactions. In C1Ta interactions
pT spectrum for participant protons was fitted wi
x2/NDOF;3. It could be seen that the fits satisfactory rep
duced the participant protons transverse momentum spe
in C1C collisions.

The results of the fit~1! are listed in Table I. The value
of the x2/NDOF are written among values of parametersT
and bs . The proton spectra consistently yield, as could
seen from the Table I, a greater temperature and lower tr
verse expansion velocity than the same for pions.

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS WITH
THE BOUNDARY MODEL

As could be seen from Figs. 3 and 4 a very interesting
feature exhibited by the data is the increase in pion and
ton yields at large transverse momentum, particularly for
pion distribution from the C1Ta system and for the proto
distributions from both systems. This increase cannot be

FIG. 3. Invariant transverse momentum spectra of negative
ons in C1C collision with Np.9 ~a! and C1Ta interactions with
Np.25 ~b!. Approximations by Eq.~1!: T andbs are free param-
eters~solid line!.

FIG. 4. Invariant transverse momentum spectra of particip
protons in C1C collision with Np.9 ~a! and C1Ta interactions
with Np.25 ~b!. Approximations by Eq.~1!: T and bs are free
parameters~solid line!.
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isfactorily explained by the flow model used in the prese
analysis. Also the proton distribution from the C1Ta system
within flow model was fitted forpT.300 MeV/c.

In order to explain this feature we have done calculatio
based on the effects of a boundary with the assumption
thermal equilibration@14#.

Figures 5 and 6 represents the transverse momentum
variant spectra of thep2 mesons and participant protons
C1C collisions withNp.9 in rapidity interval 0.6,y,1.6
@Figs. 5~a! and 6~a!# and in C1Ta interactions withNp.25
and 0.2,y,1 @Figs. 5~b! and 6~b!#.

The solid line at Figs. 5 and 6 shows a fit with functio
from boundary model@14#. The fit was made forpT
.50 MeV/c for p2 mesons and for the wholepT region for
protons in both interactions.

The results of the boundary model fit: The temperatu
and correspondingx2/NDOF are written in brackets in Table
I. The obtained temperatures from boundary model fit,
could be seen from the Table I, are consistently higher t
the same from the collective flow model.

We found that boundary fit works well for pions, but fo

i-

t FIG. 5. Invariant transverse momentum spectra of negative
ons in C1C collision with Np.9 ~a! and C1Ta interactions with
Np.25 ~b!. Approximations by boundary model:T is free param-
eter ~solid line!.

TABLE I. Approximation results ofpT spectra forp2 mesons
and participant protons in central C1C and C1Ta interactions. Val-
uesT and correspondingx2/NDOF in brackets obtained by boundar
model.

Interac- Selection
tions criteria T ~MeV! x2/NDOF bs

p2 mesons
C 1 C Np.9 73 6 7 0.91 0.696 0.09

0.6,yp,1.6 ~98 6 3! ~0.88!
C 1 Ta Np.25 556 1 2.23 0.696 0.03

0.2,yp,1.0 ~62 6 4! ~2.4!
participant protons

C 1 C Np.9 1036 18 1.43 0.496 0.09
0.6,yp,1.6 ~147 6 2! ~1.49!

C 1 Ta Np.25 706 9 3.37 0.576 0.08
0.2,yp,1.0 ~114 6 2! ~4!
2-3
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S. BACKOVIĆ et al. PHYSICAL REVIEW C 62 064902
protons, the temperature is quite high for our energy. If
want to describe the system consistently as a single sourc
temperature, then we will need to introduce the transve
collective expansion. The effect of the transverse expan
is small for pions, but is much more important for proton
Hence, the neglect is tolerable for pions but not for proto

This problem has been analyzed recently by Ayalaet al.
@15#. They applied the formalism with simultaneously expa
sion and boundary effects in a phenomenological calcula
of pion spectra in relativistic heavy-ion collisions. The
found a very good agreement with data on central Au1Au
reactions at 11.6 GeV/c.

Our further calculations with transverse expansion wit
the boundary model will be discussed in an upcoming wo

V. SYSTEMATICS OF FLOW

A few interesting things can be learned from a system
study of flow for different collision systems and bombardi
energies. The summary of the available data in the ene
range from 0.15–160A GeV is presented in Fig. 7. Ou
results are shown in comparation to data from FOPI@1#, EOS
@2#, AGS @3#, and SPS@4#. Plotted are the average transver
velocities and the accompanying temperatures that are
tained from the collective flow model fit. Figure 7 shows th
the freezeout temperature rises continuously as the bomb
ing energy is increased. The temperatures obtained by
lective flow model follow the general trend found by oth
experimentalists in a wide range of beam energies.

The average transverse expansion velocities obtaine
our energy are the same for thep2 mesons in C1C and
C1Ta interactions,̂ b&50.39. Also for the participant pro
tons obtained the average transverse expansion velocitie
the same in both interactions,^b&;0.30 within the statistical
errors. The average transverse expansion velocities are r
from 0.1A GeV to AGS energies and maximum is reach
at energies between SIS and SPS. The average trans
velocities seem to be limited tôb&<0.5. A maximum is
expected, where the lifetime of the system is largest such
a high degree of collectivity in the subsequent expansion

FIG. 6. Invariant transverse momentum spectra of particip
protons in C1C collision with Np.9 ~a! and C1Ta interactions
with Np.25 ~b!. Approximations by boundary model:T is free
parameter~solid line!.
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be achieved—one of the predictions of hydrodynamics w
a phase transition@16,17#.

VI. CONCLUSIONS

The transverse momentum spectra of secondaryp2 me-
sons and participant protons in central C1C and C1Ta
interactions at 4.2A GeV/c beam momentum have been an
lyzed within a cylindrical collective flow model. The value
of freeze-out temperatureT5(55–100) MeV, and an aver
age transverse expansion velocity at freeze-out^b&
50.30–0.39 have been determined as the free param
from the fit. The proton spectra consistently yield a grea
temperature and lower transverse expansion velocity than
same for pions. The fits satisfactorily reproduced the tra
verse momentum spectra in C1C collisions. The extracted
freeze-out parameters, temperature, and the transverse
velocity were compared with other collision systems a
with collisions at different energies and satisfactory agr
ment with general trend was found.

The transverse momentum spectra of secondaryp2 me-
sons and participant protons in central C1C and C1Ta
interactions at 4.2A GeV/c beam momentum have been an
lyzed within a boundary model.

The boundary model including the quantum mechani
effects can describe the pion spectra well. However, to fit
proton spectra, one needs to use a higher temperature
there is a need to introduce an additional degree of freed
such as the transverse collective flow if one wants to h
the same temperature for pions and protons.
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FIG. 7. Energy dependence of the temperature and ave
transverse expansion velocity.
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