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Abstract: The model of transport theory is exten-
ded to include the formation of composite
particles through thermodynamics. First results
obtained are encouraging and show the signifi-
cance of non-equilibrated components in the
inclusive spectra.

1. Introduction

In high-energy nucleus-nucleus collisions, a
variety of light particles is produced over a wide
kinematical region. These particles range from
nucleons, deuterons, tritons and alpha-particles to,
at sufficiently high energies, pions, kaons and lamb-
das. The corresponding inclusive production cross
sections have been measured at several incident
energies per nucleon for various projectile-target
combinations (cf. ref./i/ for a comprehensive review).
It seems that already in inclusive data there is enough
information on the possible formation of hot and dense
nuclear matter contained. In this context /2/, the
measurement of the apparent temperatures of the vari-
ous species produced as well as their relative
abundances, as functions of the incident energy per
nucleon, appears to be of particular importance .
Clearly, the simultaneous description of all the
particles produced in a specific nucleus-nucleus
collision by a unified theoretical model is not an
easy task, and there is at present no model avai-
lable which describes all aspects of the corresponding
inclusive spectra sufficiently well. Models based on
thermal and chemical equilibrium like fireball and
firestreak have been most frequently used, for the
description of the inclusive spectra. (For an over-
view as well as a comparison with other simple

approaches we refer to /3/). These models overesti-
mate the pion production rate, and even more so
the kaon production rate /A-/. In addition, they do
not reproduce the shapes of the spectra very well.
Evan in the simple case of proton production they
fail to explain the shoulder-arm feature obsarved
at forward angles. Recently, in a hydrodynamical
approach the formation of composites has been in-
sluded /5/» and the importance of their inclusion
has been emphasized /6/. This approach has, how-
ever, difficulties with a quantitative description
of inclusive cross sections, especially for non-
central collisions. Multiple collision models
like intranuclear cascade/7/ have so far only been
applied to nucleon inclusive spectra because
composite formation is very difficult to incorpo-
rate in this framework. Simplified approaches
to include simultaneously non-equilibrium features
and the formation of composite particles are there-
fore needed. A first attempt has been made in
ref./8/ where the primordial nucleon distributions
are calculated in the simple two-component model
"direct plus thermal", and then are coupled to a
phenomenological final state interaction model
("coalescence" model) to obtain the final nucleon
as well as composite inclusive cross sections.
This -admittedly oversimplified- procedure ex-
hibits a pronounced effect of the non-equilibrium
("direct"J component on the inclusive spectra at
forward angles curing some of the deficiencies
of thermal models in this kinematical region.
An approach similar in spirit, though on a much
more sophisticated level, was pursued in ref./9/.
There, nucleus-nucleus collisions are described
by a relativistic Boltamann equation reduced to
a multiple collision series based on independent
nucleon-nucleon collisions. The direct production
of fast nucleons is decoupled from their final
state interactions. In this second step, the
formation of composites is related to Hagedorn's
statistical thermodynamical approach of strong
interactions /10/. The results obtained /9c/ are
compared with experimental data at 250 and 400
MeV per nucleon for various projectile-target
combinations. The agreement for the proton spectra
is satisfactory, but the deuteron spectra at for-
ward angles are overestimated. In such a complicated
numerical approach it is difficult to trace the
reason for such deviations. In general, to study
various scenarios for composite production, a more
transparent and flexible approach is needed which
in addition also allows for the inclusion of pion
production.
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In the present work we discuss an approach which
is very much in the spirit of ref./9/ but possesses
the desired transparency, by employing the model
of transport theory of ref./11/. This model belongs
to the category of simplified , near-analytical
multiple collision models, which are realistic enough
to permit a meaningful comparison with experimental
data. The model and its extension are briefly des-
cribed in section 2, and first results and their
discussion are given in section 5. For simplicity,
we confine ourselves to identical colliding nuclei
throughout.

2. The mod. of transport theory and its extension

to include composite particle production

The primary nucleon inclusive cross section is
assumed to be given by an incoherent superposition
of multiple scattering contributions,

dLV_- C
Here, f>* and 6* are the momentum and the observation
angle of the outgoing nucleon in the fireball rest
frame, A is the projectile and target mass number,
the geometrical weights C-* are the integrated
Glauber-Mattbiae factors /12/, and f* and 1J,T
(2> « beam. T = target) are the momentum distributions
for fast and slow nucleons, respectively, after VL
collisions. The distributions P, are calculated in an
extended impulse approximation /'13/ and hence they
are non-statistical whereas the distributions ?,* ,»•'»• a.
are assumed to be the solutions of a Fokker-Planck
type transport equation /11/,

with the mass t*\ of the test nvcleon, the friction
constant (i and the temperature V of the equilibrated
host medium (fireball). (For a justification of the
assumption of a heat bath cf. /11a/).

On its way out the test nucleon will, in the
presence of the mean field created by the surrounding
nucleons, undergo final state interactions which may
lead to the formation of a composite particle or a
pion. The explicit treatment of the dynamics of these
processes is very complicated.Therefore we use for their

description the simplified approach of /9b/ based
on the thermodynamics of strong interactions /10/.
(For a justification cf. /9b/). The final momentum
distributions of particles of type i are assumed to
be thermal, i.e.

,eyp
T

with the statistical weight

J;= USc+0(2I;+O (

with spin Si and isospin I- , the temperature
and the chemical potential

for a particle of type i v.ith Ai-2-i neutrons and
Z; protons, /*„ and /»> being the neutron and proton
chemical potentials. The plus-sign refers to fermions,
the minus-sign to bosons. The quantity V denotes the
"freeze-out" volume of the participant zone, i.e.
that volume where the disintegration into the finallly
observed fragments occurs.This volume is a parameter
in the theory, and it is usually taken to be twice
the value at normal nuclear matter density £,= O.17fm"*.
The total number of particles of type i is

|\t. - 9; Vwf T

The average energy of species i is

N; E; = •

C^). co

I'M and IC-^ in equs.(6) and (7) are the modified
Besselfunctions of first and second order. Using
total baryon number-, charge- and energy conservation,

the temperature T and the chemical potentials /<-i,and
/Wvi can be calculated. The final inclusive cross
section for species I is obtained by transforming the



isotropic distributions (3) back to the fireball- or
to the laboratory frame and integrating them over
all impact parameters.

The dynamics of the initial stage described by
transport theory enters at two points in the thermo-
dynamical description of the final stage: (i) to
transform the distributions (3) back to the fireball
rest frame we need to know the average longitudinal
momentum the nucleons have in that frame; (ii) we
have to calculate the total energy £ of eq.(8)
available for thermalization. The required longitu-
dinal momentum is given by

f,, = [E ̂ («J^V ?co,6* f *(j»] / E <V (v) (3 )
(fi,-* _ jo,, for slow nucleons) with the differential
geometrical factors ĉ , (£•) as functions of the
impact parameter. The average energy per nucleon in
the fireball rest frame is

The energy per nucleon in the rest frame of the
(non-equilibrated) participant zone is obtained by

with p. =
Finally, the total energy required for eq.(8) is

where -̂ 'f't) is the number of participants calculated
in the clean-cut participant-spectator geometry of
ref./W.

3. First results and discussion

We have obtained first results from the theory
outlined in section 2. We focus on the reaction
Ar + Ar at 800 MeV per nucleon. The friction constant
(I of eq.(2) is 0.46« 1/2 at this energy /15/. The
freeze-out density we choose to be twice normal
nuclear matter density. The particles included are

nucleons, deuterons, tritons, alpha-particles, and
pions. In Fig.1 we show the variation of the tem-
perature T of these particles, and of the longitudinal
average momentum fptl of eq.(9) with impact parameter.
It is seen that whereas T falls with impact parameter,
ft, rises. This demonstrates the significance of the
non-equilibrium features present in the dynamical
input to the thermodynamical stage for peripheral
collisions. At small impact parameters, i.e. for
central collisions, the fireball rest frame (charac-
terized by T=85 MeV and f« * 0) and the participant
zone largely coincide, since the equilibrated
components dominate in this case.
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FIG.1. The temperatureT of the constituents and the
average longitudinal momentum pH per nucleon in the
fireball rest frame as functions of the impact parameter.
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FIG.2. The proton inclusive invariant cross section
as a function of the proton laboratory momentum.
Full line: results of the model described in the text.
Dashed line: the same but for (3,, = 0.
Symbols: experimental data of ref. /16/.
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FIG.3. The deuteron inclusive invariant cross section
as a function of the deuteron laboratory momentum.
The lines and symbols have the same meaning as in Fig.



The non-zero shift between the fireball- and the
non-equilibrated participant region determines to a
large extent the shape of the inclusive spectra at
forward angles, as can be inferred from Figures 2
and 5- The results based on the theory described in
section 2 are in reasonable agreement with the measured
inclusi/e spectra of ref./16/. But as soon as fn of
eq.(9) is put equal to zero the agreement at forward
angles is destroyed, the shape becoming very similar
to that obtained from the fireball model. We find
these results very encouraging, and we shall present
an extensive comparison with experimental data in a
forthcoming publication /1?/
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