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The strong interaction described by quantum chromodynamics may be studied under conditions of
high parton temperature and high energy density, using relativistic heavy ion collisions. High energy
heavy ion collisions aim to recreate the conditions which existed a few microseconds following the big
bang, and determine the properties of this super-dense matter. The density of produced hadrons is very
high, at energy densities of 200(130) GeV/fm3. The quark-gluon plasma produced at high temperature
and high energy density studies thermodynamic model for heavy ion collision at different energies. One
of the main objective of thermodynamic model is to observe the quantum chromodynamics phase
transition of hadron matter to quark-gluon plasma. Central collisions of two gold nuclei at the top
energy of the relativistic heavy ion collider (RHIC) at Brookhaven National Laboratory produced
thousands of charged particles. These are the largest particle multiplicities generated in man-made
subatomic reactions. The hope is that these complex systems may reveal evidence of the creation and
decay of a quark-gluon plasma, where quarks and gluons are allowed to explore a volume larger than

that of typical hadrons.
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INTRODUCTION

One of the most remarkable results to emerge from
relativistic heavy-ion collisions over the past years is the
striking regularity shown by particle yields at all beam
energies. From the lowest silicon integrated system (SIS)
up to the highest RHIC energies, all results on particle
multiplicities are consistent with the assumption of
chemical equilibrium in the final-state fireball produced
after heavy-ion impact (Braun et al., 2004). The particle
yields are found to be described, with remarkable
precision, by a thermal-statistical model that assumes
approximate chemical equilibrium (Braun-Munzinger et
al., 2004; Cleymans and Satz, 1993; Becattini et al.,
2001; Braun-Munzinger et al., 1995; Braun-Munzinger et
al., 1999; Cleymans et al., 2005; Braun-Munzinger et al.,
2002; Becattini et al., 2004; Cleymans et al., 1999;
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Abbreviations: RHIC, relativistic heavy ion collider; QGP,
quark-gluon plasma.

Becattini et al., 2001; Averbeck et al., 2003; Kraus, 2005;
Broniowski et al., 2002; Baran et al., 2004). For a given
Bravina et al.,, 2002; By STAR Collaboration, 2005;
collision energy, the thermal-statistical model with only
two parameters, the temperature (T) and baryon
chemical potential (uB), provides a very systematic
description of particle yields.

In the next few years, the BNL-RHIC (Au-Au collisions
at Vs=200 GeV per incident nucleon pair) and the CERN-
LHC (Pb-Pb collisions at \'s = 5.5 A TeV) accelerators will
provide the opportunity to study a new phase of matter,
namely the so-called quark-gluon plasma (QGP)
(Proceedings of 14th International Conference, 1999).

The evolution of the QGP towards (local) equilibrium
can be studied by solving transport equations for quarks
and gluons with all the dynamical effects taken into
account. Obviously, the first problem one always
encounters is the correct computation of the initial
conditions needed to solve the transport equation. This is
because one cannot calculate the parton production in all
range of momentum from perturbative QCD (pQCD).
There are also coherence effects (MclLerran and



Venugopalan, 1994; Kovchegov and Mueller, 1998) that
play an important role in the early stage of the nuclear
collision at very high energy. For small x and large nuclei,
the QCD based calculation performed by Kovner et al.
(1998) predicts the existence of a coherent field in a
certain kinematical range. That field may play an
important role in the equilibration of the plasma.

THE THERMODYNAMIC MODEL

Let us consider the collision between a target nucleus T
and a projectile P at a given impact parameter b, the
collision goes through sequential stages. The first is a
compression of the nuclear matter due to the high energy
interaction, forming a fireball with diffusive surface,
contrary to standard fireball model assumptions (Hussein
et al., 2000; Gosset et al., 1977) which support the
concept of participant and spectator nucleons with pure
cylindrical cut in the nuclear matter. The nuclear matter is
then treated as a heterogeneous thermodynamic system.
Multiple nuclear collisions occur inside the fireball,
increasing the energy density and allowing the formation
of quark gluon plasma state. This leads to creation of
new particles and expands the system which gradually
approaches the equilibrium state.

The last stage is the fireball decay. Particle emission
from the fireball is allowed at diffuseness points on the
time scale of the reaction. Light created particles are
expected to be emitted on the early stage in a narrow
forward cone angle, due to the first few collisions. The
higher order collisions draw the system towards the
equilibrium state producing particles in isotropic
distribution in phase space. It is then convenient to
consider the state of equilibrium as a time reference for
the reaction. Drawing back, we may follow the historical
growth of particle emissions on the time scale. Hadronic
matter inside the fireball is partially formed by the fast
projectile nucleons and the slow target ones. The relative
projectile density in this mixture is a very important
parameter. It determines the thermodynamic parameters,
the center of mass velocity, the temperature and the
temperature gradient inside the fireball matter. We use a
Gaussian density distribution (Cleymans et al., 1999) for
nuclei of mass number A< 20, while a Fermi density for
Az 20. Consider a frame of reference which coincides
with the center of the target nucleus in the laboratory
system. Then the relative projectile density p(r, b), at a
given distance r inside the fireball matter and a given
impact parameter b is given by:

p,(r=>b)
p,(r=>b)+ p,(r+b) )

n(r.b) =

We use Woods-Saxon distribution. Here we adopt the
Woods-Saxon formalism, as this is widely used to chara-
cterize measurements of the radial density of charged
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nucleons in a nucleus. The Woods-Saxon distribution is
given by:

p,(A+wr?*/R?)
l+exp((r—R)/a) 2)

p(r)=

Where, r is the radial distance from the center of the
nucleus; R, mean radius of the nucleus; a, "skindepth" of
the nucleus; p, nuclear density constant; W=0.0, Au
nucleus.

The center of mass energy

£ =37 4 Rlm/T)

o kz (m /T) (3)

Where,

E =(M;>+M,” +2M.E,)"* =(N,’M* +N,’M* +2N,MN,1,)*

The average value of the center of mass energy

_ 2 2

gcm: écm — MZ NT +1\]P2 +2Mtl NTNP R
N, +N, (N, +N,) (N, +N,)

E o = m* +2me -]

Local temperature T (r) at a position vector; r is the
solution of the thermodynamic energy conservation.

K, (mIT)

24 2p(1 - 172 =37
[m + 27 ( ﬂ)mt,] +mK2(m/T) @

From Equation 4 one can find T=An(1-n)

Where, A, constant; m, rest mass of the constituent
particle of the nuclear medium under investigation; K1,
K2, McDonalds functions of first and second order
(Hegab et al.,, 1990); f, incident kinetic energy per
nucleon.

Equation 4 is valid for each type of particles forming the
fireball. The temperature is very sensitive to the form of
the nuclear density. The momentum distribution of the
fireball nucleons in the center of mass system is given by
the following relation:

d°N N exp(—E/T)
pidpdQ 4mn’ 2T Im)*K,(m/T)+(T/m)K,(m/T) (5)

The equilibrium energy distribution in the Ilaboratory
system is given by
d*N

- PE ° —— '
fo(E.T) P2dPd Q (6)

The prime letters are defined in the center of mass system
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and relativistically transformed as:

’ = ;/cm (EL - IBL'mPL COSQL)
Where the center of mass velocity . is given by:

Pl +2m)]"”

And y.m is given by:

1

Since particles emission is allowed before approaching
the equilibrium state, and then it is convenient to use the
Vlasov equation 7 to deal with the particle energy spectra
at any time of the reaction. The Vlasov equation has the
form.

i_aiJrﬂv,Uv, f
dt dt m ! 9)
Where, r is the scalar potential acting among the

particles.

Equation 9 may be solved under some approximations.
First, we shall conS|der a pre-equilibrium state where the
time derivative ““may be approximated as

(f_f0)/tc

Where, fois the equilibrium distribution.

Since we are dealing with a state near equilibrium, so it
is convenient to consider the rate of change of the
function f approximately equal to that of f, So we replace
f by f, in the right hand side (RHS) of Equation 9.
Moreover, let us consider the particles as almost free so
that we neglect the potential U in this stage of
approximation. Equation 9 then becomes,

P o)
fl=f,+t.—V f, = f, +tC—Cosl9—f°
m or (10)
Where, f;, first order approximation of the particle

spectrum; tc, time interval required by the system to
approach the equilibrium state; fo and 6, scattering
angle, the angle between the direction of particle
emission P and the radial direction r.

A second order approximation is obtained by using f1
instead of f in the RHS of Equation 9, so that,

297 f,
or’ (11)

fo

f, = f, +t. —Cos + (¢, icos 6)>
m m

By the same analogy we get the recursion relation for the
nth order approximation as;

o Poosg) 9o
— Z_cosf | =L
f. f0+;(tc mcos j 5

so that the third and fourth order approximations are;

(12)

Yo f,
3

=1 +(tc £cos 9}

Yo',
4

=1 +(tC£cos6’j
m or (14)

RESULTS AND DISCUSSION

The predlctlons of the pre equilibrium model were S)plled
to the P'+P', S¥:0", Au'¥+Au'® and Ne*+U™®
collisions at 20 and 130 A GeV. Assuming a frame of
reference coincides with the center of the target, and that
the projectile is located at a position r, with an impact
parameter b. The relative projectile density n(r, b) is
calculated according to Equation 1. In Figure 1, we
demonstrate n (r, b) averaged over the whole range of
impact parameter. The function n (r, b) shows a peak
value of a height at a different distance, where the
projectile and the target have equal densities. According
to the model assumptions, the nuclei have no sharp
surface density but instead, a diffuseness surface which
extends the range of the nuclear matter to about twice
the sum of the nuclear radii. On the other hand, the
geometrical factor represented by the size of the nuclear
matter has heavy weight near the origin and falls
exponentially with r toward the surface as may be
described by the tail of the Gaussian distribution. In
Figure 2, the temperature shows a peak depending on
the target nucleus, the dlstance increases from Proton to
Uranium, tail seen in O'°+S* collision. The effective
range, where the nuclear matter forming the nuclear
thermodynamic system has appreciable value depends
on the target nucleus. The parameter n has a main role in
evaluating the temperature and its gradient inside the
nuclear matter as seen by Equation 2. Figure 3 shows
the temperature as a function of n for the reactions at 20
and 130 GeV incident kinetic energy per nucleon. The
maximum temperature is found to be 250 MeV. The
proton density function in its equilibrium form is
calculated according to Equation 6 over the effective
range of the thermodynamic system. Figure 7 shows zero
order term of vlassov equation and the differentiation of
first order. The results are shown in Figure 8,11,12,13
and 14 for protons emitted with EL = 30, 120 and 180 MeV
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Figure 1. Relation between relative projectile density n (r) and radial distance for P'+P" collision.
Where, red (doted), S 32+0'®collision; blue (dashed), Au'*"+Au'?’ collision; Black (Solid)& Ne®+U?* collision

Green.
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Figure 2. Relation between temperature (T) and radial distance for 0.4 0.6 0.8 \
P1+P1 collision. Where, red (doted), S32+016 collision; blue

(dashed), Au197+Au197collision; Black (Solid) and
Ne20+U238collision Green. Figure 4. Relation between temperature and nuclear density for
Au'¥+Au"at 20GeV.
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Figure 3. Relation between nuclear density and radial distance Figure 5. Relation between temperature and radial distance for

for Au'¥"+Au'¥at 20GeV. AU +AU'Yat 20GeV.
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Figure 6. Relation between nuclear density with impact
parameter joined for Au'¥’+Au'¥"at 20GeV.
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Figure 7. Zero order term of Vlasov equation and the differentiation of first order.
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Figure 8. The energy spectra of protons produced for Figure 9. The energy spectra of Kions produced for
Au'¥"+Au"¥interactions at 20 A GeV, at emission angle 90°. Au'¥"+Au'¥interactions at 20 A GeV, at emission angle 90°.
First correction term, black, second correction term, red and First correction term, black, second correction term, red and
third correction term, blue with an emission time parameter third correction term, blue with an emission time parameter t =

t=-55(GeV ). -5.5(GeV )™
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60 80 100 120 140 160 Figure 13. The energy spectra of protons produced for
197 Au'¥"+Au'¥interactions at 130 A GeV, at emission angle of 60
and 90°. First correction term, black, second correction term, red
and third correction term, blue with an emission time parameter t

=-5.5(GeV)™.

Figure 10. The energy spectra of pions produced for Au'®’+Au

interactions at 20 A GeV, at emission angle 90°. First correction
term, black, second correction term, red and third correction term,
blue with an emission time parameter t = -5.5 (GeV)™".
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Figure 14. The energy spectra of protons produced for
Figure 11. The second order corrected pre-equilibrium energy Au'¥"+Au""interactions at 130 A GeV , at emission angle
spectra of protons produced for Au'®+Au'%interactions at 20 30 and 90°. First correction term, blue, second correction
A GeV, at emission angles of 30 blue, 60 red and 90 black. term, red and third correction term, black with an emission
time parameter t = -5.5 (GeV ).
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Figure 12. The energy spectra of protons produced for Figure 15. The energy spectra of Kions produced for
Au'¥+Au'¥interactions at 130 A GeV, at emission AU +Auinteractions at 130 A GeV, at emission angle of
angle of 90° First correction term, blue, second 90°. First correction term, black, second correction term, red
correction term, red and third correction term, black with and third correction term, blue with an emission time

an emission time parameter t = 5.5 (GeV )™". parameter t = -5.5 (GeV ).
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Figure 16. The energy spectra of pions produced for Figure 19. Relation between nuclear density with radial
Au'¥+Au"¥interactions at 130 A GeV, at emission angle 90°. distance for S*2+0',

First correction term, black, second correction term, red and
third correction term blue with an emission time parameter t

=-55(GeV)™.
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Figure 20. The energy spectra of protons produced for
0.2 0.4 0.6 G h S%¥+0" interactions at 1 A MeV, at emission angle 90°. First
: : : : correction term, black, second correction term, red and third
Figure 17. Relation between temperature and energy density correction term, blue with an emission time parameter t = -5.5
for $%+0' (GeV)™.
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1 2 3 4 5 6 r Figure 21. The energy spectra of protons produced for

S%+0' interactions at 2100A MeV, at emission angle 90°.
Fi 18. Relation bet t t d radial dist ¢ First correction term, black, second correction term, red and
'gure 16. Relation between temperature and radial distance for third correction term, blue with an emission time parameter t =

32 16
S7+0 5.5 (GeV ).



ENERGY

60 80 100 120 140 160

Figure 22. The energy spectra of protons produced for S*+0'®
interactions at 100A GeV, at emission angle 90°. First
correction term, black, second correction term, red and third
correction term, blue with an emission time parameter t = -5.5
(GeV )™

with emission Lab angle of 30, 60 and 90°. The protons
produced at low energy show anisotropic distribution with
peaks near the origin and the surface of the
thermodynamic system. The position of the two peaks
corresponds to the regions characterized by low n values
and consequently low temperature; the bulk of which
corresponds to high temperature zones. The yield from
the low temperature zones decreases with increase in the
energy of the emitted protons. The spatial variation of the
function f, (r, p) is also studied.

CONCLUSION

We studied thermodynamic model of heavy ion collision
at high energy and compared it with medium and low
energy for different collision. The thermodynamic model
studied the nucleus-nucleus collisions and some
thermodynamic variables, The thermodynamic model
was able to solve Vlasov equation. The results from this
model for P1+P1 collision, S32+016 collision,
Au197+Au197 collision and Ne20+U238 collision at
different energies used the Fire ball model.
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