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Analyses of transverse momentum spectra in central €C and C+Ta interactions at 4.2A GeV/c
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The transverse momentum spectra of secondarymesons and participant protons in centrat € and
C+Ta interactions at 4& 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 tempefatuie5—-100) MeV, and an average
transverse expansion velocity at freeze<q8it=0.30—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 numbd(is): 25.75.Ld, 24.10.Jv

[. INTRODUCTION About 90% secondary charged particles emitted in tétal
solid angle have been detected in the chamiBgr
Relativistic heavy-ion physics is at the interface between When scanning, all negative particles, except identified
nuclear and particle physics. The aim is to create hadronielectrons, were considered as mesons. The contamina-
matter under extreme conditions where the quarks and gluitons by misidentified electrons and negative kaons do not
ons “are liberated” and quark-gluon-plasma is expected. Anexceed 4% and 1%, respectively. The average minimal mo-
experimental question remains whether the appropriate connentum for pion registration was about 70 Me\dnd mo-

ditions can be achieved in heavy-ion colllisions; mentum resolution{ Ap/p)=(5—10)%. The loss of slow
Here we present a study of the experimental mesons - eq0ns vary about 5% for€C to 10% for G+ Ta in-
and participant protons spectra from centraiCand C+Ta teractions.

CO”'S'O.nS at a beam momentum of A2GeV/c within a The protons and heavy nuclear fragments with the mo-
collective flow model and a boundary model. The goal is to

. : L 2 {nentum value less than 0.2 GeVivere not detected be-
find a simple, but realistic parametrization of the freeze-ou : .
cause of the short path in propane. The protons and positive

stage in these collisions. In order to reach this goal an exten-, ted effectivel 05 GeVk
sive experimental program has been done through studyingj'cmS were separated elfectively up Mt~ 0. €
heavy-ion collisions at various beam enerdies6]. omparing the visible ionization density and path values. On

The extracted freeze-out parameters, temperature and tifa® whole, the admixture of* mesons among the protons
transverse flow velocity, will be compared with other colli- Was estimated as 10%. The problem of the misidentification
sion systems and with collisions at different energies. Oufan be resolved using the method of experimental spectra
results could be interesting because the beam energy in ogkbtraction. Based on the isotopically symmetry ef©col-
experiment takes place between SIS and AGS energies. Thisions, the spectra of protons in the inelastic nuclear inter-
should help to understand the collision dynamics at ultrarelaactions were corrected for to satisfy the following expression
tivistic energies. Np=n|,-,1—n,+(p<0.5 GeVk)—n,-(p>05 GeVp),

wheren|,— , ; is the number of single charged positive par-
Il EXPERIMENTAL DATA ticles (when the momentap, of these particles were mea-
sured they were considered as the protorihe similar

The experimental data have been obtained using a 2-rexpression was applied to the proton spectra in
propane bubble chamber placed in a magnetic field of 1.5 TC+Ta interactions np:n|z=+l—nﬁ+(p<0.5 GeVk)

The chamber was exposed to beams of light relativistic nu— 0.8t ,-(p>0.5 GeVk), where the factor of 0.85 reflects
clei from the Dubna synchrophasotron. Three 1 mm thickhe deficiency of protons in the tantalum nucleus. The ob-
tantalum plates were mounted inside the chamber. The gemained spectra has to be modified also taking into account the
eral characteristics of the interactions and specific method®sses of particles emitted at small angles relative to the cam-
of data processing were published earlier in paféfls  era optical axes and the particles absorbed by the tantalum
plates. So, for @ Ta interactions the total corrections of the
proton multiplicity were estimated to be about 14% and
*Present address: Max Planck Institute, Munchen, Germany.  about(5—7% for C+C collisions. The values of the proton
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FIG. 1. Projection onto the reaction plane of the momenta of
participant protons in the c.m.s. of participants ir-C collisions y y
with N,>9 (a) and C+Ta interactions witiN,>25 (b). @) (b)

FIG. 2. Rapidity distribution for participant protons from central
C collisions. The theoretical spectrum uses the parameters from
gpherical mode(a) and from cylindrical mode(b).

momenta were corrected calculating the average energy
losses of the particle inside the tantalum plate. An averag
error of the proton momenta was obtained to (dep/p)
=11%. - o .
Th((e) stripping protons and charged fragments with the mo- Second, the rapidity distribution from spherical flow
mentum of p,>3 GeV/c and the emission angle of model fails to describe experimental rapidity distribution,
o & : o Fig. 2(a). Much wider experimental rapidity distribution is
=4°, were excluded from the _anaIyS|s as the projectile specéng inzék):ation for much sr,)tronger flow poccﬁrrin along the
tators, also the protons with the momentum pfy, 9 9

<0.3 GeVck, were excluded from the analysis as the target?heea?yﬁﬁéiiig?%'gggf ;r:rllzsig]/e(ras)ep(rzlcl)r\;a::on and again requires

spectators. The remaining protons were considered as the According to the cylindrical flow moddti1], the follow-

participants. . : . )
The admixture of deuteror(gl) and tritons(t) to the sec- ing expression was proposed to approximategaapectra:

ondary protons was studied in Rg®] in detail. The admix-

ture does not alter the transverse momentum spectra and was dN _ —~—— (R
not taken into account in the presented analysis. prdpr =Novpr+m 0 rdrky
lll. ANALYSIS OF THE EXPERIMENTAL RESULTS ——.. [ Y(N)B(r)py
WITH THE COLLECTIVE FLOW MODEL X (yVprtmo)l O( T ’ @

The expanding fireball mod¢lL0] was developed earlier
to describe the transverse momentum invariant spectra ofhere y=0,5I{(E+p)/(E-py)], y(r)=1/y1+p(r) and
secondary hadrons. The radial expansion of thermal firebalNo is & normalization factorK; and |, are the modified
with a radially increasing expansion velocity was consideredessel functions. The velocity profile in the transverse coor-
in the model and this spherical fireball picture failed to de-dinate r for the expanding fireball is8(r)= s (r/R)",
scribe the longitudinal momentum distributions at the SPSvhereps is the surface velocity and fixes the shape of the
energies[10]. So, this model had been improved upon aprofile. Using values ofi=1/2 or 2, better fit of our data was
previous analysis and the flow model with cylindrically sym- obtained withn=2. As freeze-out values oR we used
metry was presentegd 1]. Rcc=Rera~3 fm obtained by the interferometric analysis

We have tested both of the models to see which of theni12] for the radius of secondary particles emission region.
was appropriate for Dubna energies. It was quite important The data are from the most central events which were
since two and three dimensional phase spaces look quite digelected by the participant protons multiplichy, [13]. The
ferent. statistics of selected events was 902 C interactions with

First, we have carried out analysis based on the experN,>9 and 378 G-Ta collisions withN,>25. In these sub-
mental determination of the reaction plane. This was done bgets thep; spectra ofr~ mesons and participant protons in
means of the event shape. For each event the longitudinal narrow midrapidity interval were analyzed. For the pre-
momenta of protons were Lorentz-transformed into the ressented data midrapidity correspondsy/fg=1.1 in C+C col-
frame of participant protons. The reaction plane was deterlisions andy,,,=0.6 in C+Ta collisions.
mined for each event and rotated by azimuthal anglen Figures 3 and 4 represents the transverse momentum in-
such a way that the individual reaction planes coincided withvariant spectra of ther™ mesons and participant protons in
the x-z plane, where the axis is the beam one. In other C+C collisions withN,>9 in rapidity interval 0.6<y<1.6
words, the reaction planes were superposed for all events. [[Figs. 3a) and 4a)] and in CtTa interactions witiN,>25
is seen from Fig. 1 that the contour plpf —py reaction and 0.2y<1 [Figs. 3b) and 4b)].
plane exhibits a clear elyptic shape which helps to clarify the The solid line at Figs. 3 and 4 shows a fit with function
question of whether the cylindrical model is more appropri-(1). The fit was made fopr>50 MeV/c for #~ mesons
ate for our energies. and a satisfactory agreement with the experimental data in
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FIG. 3. Invariant transverse momentum spectra of negative piC +C Np=9 103= 18 1.43 0.49= 0.09
ons in C+C collision withN,>9 (a) and C+Ta interactions with 0.6<y,<16 (1472 (1.49
C+Ta N,>25 70+ 9 3.37 0.57= 0.08

Np>25 (b). Approximations by Eq(1): T and 8, are free param-

eters(solid line). 0.2<y,<1.0 (114=x 2 (4)

C+C caollisions is observed. In €Ta interactiongp1 spec-
trum for w~ mesons was fitted withy?/Npop~ 2.

Also the fit for participant protons was made fpg
>300 MeV/c in C+Ta interactions. In &Ta interactions
pt spectrum for participant protons was fitted with
x?INpoe~ 3. It could be seen that the fits satisfactory repro-
duced the participant protons transverse momentum spect];
in C+C collisions.

The results of the fitl) are listed in Table I. The values
of the xy%/Npor are written among values of parametdrs
and B5. The proton spectra consistently yield, as could b
seen from the Table |, a greater temperature and lower tran
verse expansion velocity than the same for pions.

isfactorily explained by the flow model used in the present
analysis. Also the proton distribution from thetTa system
within flow model was fitted fop+>300 MeV/c.

In order to explain this feature we have done calculations
based on the effects of a boundary with the assumption of
germal equilibratiorj 14].

Figures 5 and 6 represents the transverse momentum in-
variant spectra of ther™ mesons and participant protons in
C+C collisions withN,>9 in rapidity interval 0.6<y<1.6
e[Figs. Ha) and Ga)] and in C+Ta interactions witiN,>25
g_nd 0. y<1 [Figs. 8b) and Gb)].

The solid line at Figs. 5 and 6 shows a fit with function
from boundary model[14]. The fit was made forp;
>50 MeV/c for m~ mesons and for the whofg; region for
protons in both interactions.

The results of the boundary model fit: The temperatures
As could be seen from Figs. 3 & a very interesting and corresponding?/Npor are written in brackets in Table
feature exhibited by the data is the increase in pion and prd- The obtained temperatures from boundary model fit, as
ton yields at large transverse momentum, particularly for thecould be seen from the Table I, are consistently higher than

pion distribution from the @ Ta system and for the proton the same from the collective flow model.
distributions from both systems. This increase cannot be sat- We found that boundary fit works well for pions, but for

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS WITH
THE BOUNDARY MODEL
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FIG. 4. Invariant transverse momentum spectra of participant FIG. 5. Invariant transverse momentum spectra of negative pi-
protons in C+-C collision with N,>9 (a) and C+Ta interactions  ons in C+C collision with N,>9 (a) and C+Ta interactions with
with Np>25 (b). Approximations by Eq(l): T and 85 are free  N,>25 (b). Approximations by boundary modeT. is free param-
parametergsolid line). eter(solid line).
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protons, the temperature is quite high for our energy. If we FIG. 7. Energy dependence of the temperature and average
want to describe the system consistently as a single source gfnsyerse expansion velocity.
temperature, then we will need to introduce the transverse
collective expansion. The effect of the transverse expansiofe achieved—one of the predictions of hydrodynamics with
is small for pions, but is much more important for protons. 5 phase transitiofil6,17.
Hence, the neglect is tolerable for pions but not for protons.

This problem has been analyzed recently by Ayatlal. VI. CONCLUSIONS
[15]. They applied the formalism with simultaneously expan-
sion and boundary effects in a phenomenological calculatiog0
of pion spectra in relativistic heavy-ion collisions. They
found a very good agreement with data on centrak-Au

The transverse momentum spectra of secondaryme-
ns and participant protons in centrak-C and C+Ta
interactions at 4 & GeV/c beam momentum have been ana-
lyzed within a cylindrical collective flow model. The values

reactions at 11.6 Gew . . ... . of freeze-out temperaturé=(55-100) MeV, and an aver-
Our further calculations with transverse expansion within . .
age transverse expansion velocity at freeze-qu)

the boundary model will be discussed in an upcoming work.” 0.30-0.39 have been determined as the free parameters

from the fit. The proton spectra consistently yield a greater
V. SYSTEMATICS OF FLOW temperature and lower transverse expansion velocity than the
same for pions. The fits satisfactorily reproduced the trans-
A few interesting things can be learned from a systemati¢/erse momentum spectra in+C collisions. The extracted
study of flow for different collision systems and bombarding freeze-out parameters, temperature, and the transverse flow
energies. The summary of the available data in the energye|ocity were compared with other collision systems and
range from 0.15-16(A GeV is presented in Fig. 7. Our yith collisions at different energies and satisfactory agree-
results are shown in comparation to data from FORIEOS  ment with general trend was found.
[2], AGS[3], and SP$4]. Plotted are the average transverse The transverse momentum spectra of secondaryme-
velocities and the accompanying temperatures that are oRyns and participant protons in centrak-C and C+Ta
tained from the collective flow model fit. Figure 7 shows thatjnteractions at 4.8 GeV/c beam momentum have been ana-
the freezeout temperature rises continuously as the bombar@—zed within a boundary model.
ing energy is increased. The temperatures obtained by col- The boundary model including the quantum mechanical
lective flow model follow the general trend found by other effects can describe the pion spectra well. However, to fit the
experimentalists in a wide range of beam energies. proton spectra, one needs to use a higher temperature, and
The average transverse expansion velocities obtained g{ere is a need to introduce an additional degree of freedom
our energy are the same for the” mesons in GC and  gych as the transverse collective flow if one wants to have

tons obtained the average transverse expansion velocities are

the same in both interactiong3)~0.30 within the statistical
errors. The average transverse expansion velocities are rising
from 0.JA GeV to AGS energies and maximum is reached The authors would like to thank Professor C. Y. Wong for
at energies between SIS and SPS. The average transvetsgpful discussions and suggestions and for helping us with
velocities seem to be limited t98)<0.5. A maximum is the calculation of the boundary function. The authors are
expected, where the lifetime of the system is largest such thafrateful to the colleagues from JINR for their assistance in
a high degree of collectivity in the subsequent expansion cafilm taking and data processing.
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