LBL-17054

Q g\
UNIVERSITY OF CALIFORNIA RE
C El v/ g
BERKELF%ﬁiﬁQﬁEATO
. ABORATORy
} Feb 21 1994
i .
ARY a
DOC ' \ND
: LMEN SECTioN
‘ Presented at the Seventh Oaxtepec Meetlng on
{ Nuclear Physics, Oaxtepec, Mex1co,»
January 3- 6, 1984
FROM PION PRODUCTION TO THE NUCLEAR MATTER
EQUATION OF STATE
J.W. Harris and R. Stock
January 1984
j
q;
" @
[ (\
{
~J
o
» O
Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 Y _A



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-17054

Presented at the Seventh Oaxtepec Meeting on Nuclear Physics,

Oaxtepec, Mexico, January 3-6, 1984

"From Pion Production to the Nuclear Matter Equation of State"

J. W. Harris and R. Stock

This work was supported by the Director, Office of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear
Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098.



"From Pion Production to the Nuclear Matter Equation of State"
J. W. Harris and R. Stock -
Gesellschaft fur Schwerionenforschung, D-6100 Darmstadt, West Germany
and
Lawrence Berkeley Laboratory, University of California,

Berkeley, California 94720 USA

Abstract:

~ Equilibrium rate calculations are used to show that thermal and
chemical equilibrium are approached during the high density stage in
central nucleus-nucleus collisions. The total pion multiplicity is
established as a probe of the high density stage. The observed pion
multiplicities are compared to predictions of a hadrochemical model
with Rankine-Hugoniot compression. Assuming a partition of the
internal energy per nucleon into thermal and compressional energy
fractions, a nuclear matter equation of state is found which is very
similar to that derived using an independent intranuclear cascade

approach.



The primary objective for.studying relativistic nucleus-nucleus
collisions is to determine the response of nuclear matter under extreme
conditions of‘pigh temperature and compression to densities several times
that of normal nuclear .matter. This information in the form of the
nuclear matfer equation of state is important for testing field

1

_ theoretical approaches to nuclear matter and to the understanding of

. the formation and collapse o_f'superngv:ae2

~and. the stability and
structure of neutron stqrs,3v The equation of state at high densities
can be derived from central relativistic nucleus-nucleus collisions only
if observables exist which transcend the final expansion stage of the
-reaction without considerable change, thus retaining information on the
intermediate high density stage. During expansion the system relaxes and
the compressional energy_develqpedxin the initial compression stage
:retu(ns to kinetic energy consistingvof_f]ow and thermal motion. The
A:tqta1,pion multiplicity, strange particle yields and distributions,
cluster production yields, and global variables of the nucleon momentum
flux have been proposed as observables that are sensitive to the high
_density stage of the collision.,

In the present study we will show that thermal and. chemical
egui]ibrium”are;close1y apprpached during the high density stage and that
the. pion plus delta-particle abundance freezes-out at the.end of this
: intermediate St§99“°f-th¢ reaction to become the final, observed total
pion multiplicity. This chemical freeze-out must be distinguished }rom
the thermal freeze-out which occurs at latter times during the expansion

near ground state nuclear matter density o It is at these later

oc.



times that the pion and nucleon temperatures and the pion emission source
sizes are determined. Furthermore, the times af which the yields and
distributions of strange particles and nucleon cluster abundance are
determined will be addfessed, The consequences of the time scales on the
ability of various.observabies to probe the high density stage will be

4

discussed. In a previous publication” an approach to the equation of

state was taken by assuming a partitioning of . the internal ehergy per

5 as is the case

nucleon into "cold" compressional and thermal fractions
in the hydrodynamical model.6 The thermal energy during the high
'density stage was then determiﬁed by fitting the intrénuc]ear cascade
mode]7 to the = + A abundance observed experimenta]jy as the total
pion mu]tip]icity in central collisions. The cascade model exhibits a
constant = + A abundance throughout tﬁe expansion stage resulting in the
proposal to use the final pion yield, which is identical to the
m + A abundance at high density, as a thermometer for the thermal energy
content of that phase. In the present study we wii] eliminate thé use of
the cascade model, replacing its predictions for the = + a content per
baryon and for the compressibn during the high density phase by use of a
hadrochemical model for the thermaf part of the equation of state, and the
Rankine-Hugoniot relation for tﬁe compression._ U§1n§ an iterative
procedure, a fe]ationship'between the pion mu]tip]icity; the thérma] and
compfessional energies, éhd the denéity will be established. This will
again result in a determination of the compressional energy of nuclear
métter as a function of density. |

A mixture of nucleoné, deltas, and pions will approath equilibrium

through successive collisions on the microscopic level dUkinQ the



€

| with oy = 390—, and  <ov> = 1.5 x 10

interpenetration of two co]Tiding nuclei. The rate of ‘approach toward -
thermal equilibrium is governed by the total cross sections for =N and
NN collisions which are above 25 mb at the energies of interest. On the
other hand, chemical equilibrium ‘is determinederom the inelastic cross
sections for vNN > Na > NNw. These vary rapidly with the c.m. energy and
are thus dependent upon the temperature of the system which falls off
during-expansion. For a mixture of N, A, and = gases the build up of

the a ‘chemical abundance” is:described by

eyl €QUe oAty - ~ ' -
pp(t) = o (T - e7™7) : (1)
with
2
oN’ |
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€QU are the A densities at time. t and in

where pA(t) and o,

equilibrium, respectively. A .is the rate constant which is proportional

to the thermal energy average <§°NN<§NAV:> of the inelastic cross

section " INN<sNA times the relative pair velocity -v. For a first
estimate of the extent of chemical equilibrium in the collision of an

equal mass system at 1 GeV/n, we take representative values for the high

o
23_ﬁm3s'1.

density stage from Ref. 8: at. T =100 MeV, = 0.2 py = 0.6 x p

The reaction time

1

constant is T.= A7 . .Thus the time it takes.the system to reach a value

of p,(t) = 0.63p§qu- issT=6 X 10f24s.;'A similar estimate can be

made for thermal equilibrium using the even larger total cross sections

which results in a shorter T. Hence, chemical and thermal equilibrium



will be reached at the end of the high density stage if T is shorter

than the duration vtpma of the high density stage of the reaction.

X
This is in fact the case for central collisions of Ar + KC1 where
tpmax = Zf and 139La + 139, where tpmax = 3.5t as will be shown
be]ow. |

Once equilibrium of N,' A, and r 1is established near the end of
the high densjfyfstage, the effects of éxpansion must_be,considered.
’Expansion can inlprincip]e occh along any path'between isoergic and
 isentrop1c; During-isbefgic expansfon,‘which is‘assdmed in the,fifeﬁa]l
mddel;g the = + A abundance will increase and the femperature will
slowly decrease if equilibrium were maintained. On the other hand, for
isentropic expansion thefsystem‘wi11 Shrink ih.mbmentum'spéce commensurate
to its growth in position sbaceuand the-temperatuke.wi11 drop kapid]y'with
chaotfc kinetic:energy being converted into radial flow. It has been
shown that the cascade model 1ééds.to near isentropic expansion_,10 which
is éssumed in hydkodyngmica] models.. An isentrobic expansion will be
assumed -in order to estimate whefher chemical'equilibrium among N, A,
and = can be maintained ddrihg_the expansion stage. For 1 GeV/n
incident energy the system will haye a temperature of T =60 MeV at a
time correspondihg to b = 0.5 bo just before'interaéfions‘cease.- From

Ref. 8 the equilibrium delta density will be described by oS3 =

0.08 py = 0.04 g5, <ov> = 10%%fm s

, and the equilibration
timejwi11vbe T =2 x 107%%, This time is fbo long -for chemical
equilibrium to be maintainéd as the éxpansion of the system from p to
p/2  occurs in ~10'23s _fbr Ar + KC1 and 139La_,'+ 139La at 1 GeV/n.

Thérefore, the system will not readjust its =« + A abundance at such late

ey



~ ture

expansion times.  Contrary to.the assumption made in the fireball and

911 the pion yield will

‘hydrodynamical mode} studies on pion production,
‘not freeze-out at: p ~.0.5 - 1.0 Py but: rather at higher densities near
the onset of -expansion. . After this occhs-and”expansionibegins, the.
system becomes undercooled with:respect to the: = + A .abundance:. Thermal
équi]ibrium, on the other hand, is maintained until much 1ater'times due
-to the large «N > A cross:section resulting in <:°nN<>AV:; =
1024fm3s'1v”Which is .approximately 100 times larger than '<:°NN<§NA<>NNV>> at
eXpansioﬁ temperatures of T =60 MeV. Therefdre, the pion spectral tempera-

12 13 seen in 2x-interferometry refer to late

“and the pion source size
“:times, but the total « yield which is unaltered by the pion number
conserving interchange N ¢> A" is established by the .« + A" abundance
at chemical freeze-out and will rémain only slightly altered during
expansion.

The above observation that-thermal and chemical equilibrium of certain
‘reaction ptoddc%é do "not necessarily coincide in time is important also
for other observables which have been:suggested as "primordial probes."

- Deuteron formation, -for example,. can only occur: during the brief
expansion time. interval from o =-§“p0 to b =-§'p0 ‘where all.
collisions cease. ‘At densities above about;-g‘po, no localized
“clustérs exist in nuclear matter. The appropriate cluster chemical

- equilibration time-,8 T.= 10'235,1 is comparable to the time required for

2 .1 0.3 Al/3
expansion fPGm"j-po- tO-gva, t = —fEVS;—— ‘where A . is the fireball
R

‘baryon -number and’ <y>pe its radial expansion velocity. With light
nuclei in noncentral collisions and for energies above ~ 1 GeV/A "the cluster

‘abundance should ‘not equilibrate.” The strange particle yield, as another



example, will never reach equilibrium at Bevalac energies as the appropriate

225, exceeds the duration of the high

equilibration time constant, T » 10~
density stage even for the heaviest nuclei. The strange particle yield will
therefore be established primariTy in direct NN reaction processes'during

~ the early compression stage where conditions near equilibrium are not yet
attained. '

A dynamical model is necessary to investigate whether theveffeCt of a
finite system 6f colliding nuclear matter leads to drastic departures from the
rate considerations given aBove. The intranuclear cascade COde7 will be
used for this purpose.” The microscepic processes governing the N, a, and
n abundances are the reaetions NN ¢ Na and A > Nn. NN e Na mediates
the prbduction and ébsorption rate of the = + A vabundance.l The Na < NN
absorption:ié related to the production cross section by.detailed balance.

The 6ther ﬁmpbrtant process A <> Nr is treated according to:the isobar
mode]14 and the finite 1ifetime of -the a. The time dependence of various
quantities is shown in Fig. 1 for the ,1_GeV/h'139La + 139, readtiqnfbr impact
parameters b ;[3.4 fm. Shown in ng;“1a”isithe‘density of baryons observed '
in a sphere of 3 fm diameter about the origin of the c.m. rest frame. A
broad plateau is'observed from a time of t =10 fm/c,--correSpondihg to the
classical interpenetration time for two La nuclei at this relative c.m.
velocity, to approximately t = 16 fm/c. Thus, the density ‘s relatively
stationary for app}oximately 2 x ib°23s,' Thereafter;'the'density decreases
heak-exponentia11y. The numbek of baryon-baryon_co]]isions per fm/c is
displayed in Fig. 1lb. Apprbximately 200 of the»total 278 nucleons of the
system are involved by the time t = 14 fm/c. In the high density stage thefe

are approximately 90 collisions per fm/c and each participant interacts once



every 5 x 10'245

- At the mean relative energy of this stage, one inelastic
collision per participant occurs. every 1Qf23$3‘ The geometry and surface
_effects, density inhomogeneities,gand‘dther effec;s of a finite nuclear system
thus tend to somewhat lengthen the chemica] equi]fbratipn time. However,
within the high density stage, abput.two inelastic and three elastic z
collisions per participant occur andjthe system shou]d closely approach
equilibrium. The time. dependence of the = + A abundance is shown in Fig.
1lc. The final = + a yield ié es;ablished near the end of the high density -
~stage .and remains constant thfoughout expansion. Also plotted as a bar in

8 of the = + A

Fig. lc is the N, a4, =« chemical equilibrium estimate
abundance. The‘Va]ues agree remanxqb1y"we1]. Therefore, the relatively

_stationgry conditions during,the‘high density stage observed in the dynamics

of the cascade mode]l and.theipredicﬁedﬁrapid chemical gqui]ibration time at

these high densities strongly suggest this stage as the only suitable time

interval for N, 4, and = chemiqﬁl‘equilibrium. The rapid fall-off in the
collision rate with the onset of expansion, as seen in Fig. 1lb, is the

principal reason for the survival of the = + A to participant ratio to late-
expansion times.

The degree of thermaibequilibrium in the system can be investigated in the
cascade model and is expressed by_thg rafiovof transverse to longitudinal
temperature or, equivalently, the rafio of the mean transverse to mean
1ongitydinal momentum."This is rebresented by the ratio R = (2/n)<:|pll>>/ <:|q||>
' Wherev‘R =1 fépreﬁent; a necéséafy c;nditfon, up to first moments of the
distribufions, for thérmal equi]ib?iﬁm; VFdr @hé baryons in the 3 fm dia-
meter test sphere fixed iﬁ thé c.m. syétem originbfor 1 GeV/n La + Laat

b <3.4 fm, R = 0.9V at the end of the high density stage indicating only a



small preponderance of longitudinal motidn. Thus, thermal equilibrium is
incomplete to within 107 for the finite nuclear system.

We have thus demonstrated that central collisions of medium- to heavy-
mass nuclei lead to a near equilibrium & + A chemical abundance at the end
of the high density stage and that the chemical freeze-out of this abundance
occurs with the onset of isentropic expansion. Furthermore, the finite
nuclear systém was shown to approach thermal equilibrium to within 10% at.
Bevalac energies. The measured pion multip]icity which is the = + A
abundance after A » aN decay can now be used to determfne the thermal energy
content of the system at the end of the high density stage. To accomplish
this, the idealization of complete equilibrium at the end of the high density
stage will be assumed, keeping in mind‘the possible uncertainty estimated to
be. *]15% due to the nonequilibrium aspects of the finite nuclear system. The
thermodynamical model will be used to relate the thermal energy content of the
system at high density to the observed pion multiplicity. In this model the

total excitation energy per baryon in a system at temperature T and density

p 1s given by5’8’9
N_ 2 ’
E-mc <n_> . <n,>
—— = 3T+ —g={e,T) X E(T) * —{p,T) x (mh - mb)c?
+ F_(B_’_;_-’ﬁ)_+ Ef]OW(p) (3)

where the left-hand side is simply the beam kinetic energy per baryon in
the c.m. frame. The first three terms on the right-hand side describe the
thermal excitation energy (per barydn) contained in baryons, pions, and

in A mass excess. The fourth term is the ground state (T = 0)

compressional energy per baryon and the last term is the flow kinetic



‘ enehgy;’bbth at density 0. These'iast two tehms rephesent the nonthermal
response of the nuclear medwum to compress1on At the time of maximum
‘dens1ty when the f1na1 p1on mu1t1p11c1ty is estab11shed the compressional
energy is a maximum and there is not yet kinetic flow energy wh1ch will
appear as the system expands The first three terms constitute the
specific heat of theFSystem."Thus, at the time of:maximum density Eq. 3
can be written in a Sihpiified form o | |

Lo, 5 B) + 550, = 0) (@)

§ -l
where € is the‘1nc1dent c m. beam energy EF represents the thermal
Sexc1tat1on wh11e E _represents the compressional degrees of freedom.
jherehmed1dm effects on‘the therna] baryon spectrum such as the softening
-of the pionic‘excjtation node in dense nuclear matter are ignored. The
_mediumiisiassdmed to exert its infiyence through the compressional energy
only. The entire thermodynamjca} ansatz of Eq. 3 is also used in present
hydrodynamical mode]é.‘ . .

“In the chemicat and eascade mode]s only the thermal excitation energy
ET, 1s cons1dered wh1]e the nontherma] fraction ~Ec is ignored. The
tota] mta mu1t1p11c1ty d1rect]y ref]ects the available thermal energy
ET' The presence of compression simply offsets the thermal energy scale
with re§bect to the beam energx €. The total pion multiplicity
determined from experiment at an energy € Twi]] specify E; and
‘thereby determine E.(e) = ¢ - Er. The resulting compressional energy
35 Ec(e) = e - ¢' where e' =Ep is the energy, input into the

chemical or cascade model, which is required to fit the experimental pion



multiplicity. Since the cascade is a dynamical model it also determines
the density o which is required to p]of, Ec(e) as a function of o.
The chemical model will need further dynamics to determine p as will be
shown below. | |

Displayed as solid circles in Fig. 2a is the experimental total pion

n+a

impact parameter collisions of Ar + KC1 as a function of the beam c.m.

mu]tip]icity per participanf nucleon <n__, >/A extrapolated to zero .
energy. The negative'pion md]tip]icity was measured in the streamer
chamber as a function of participant proton;number in the minimum bias
trigger mode at incident lab energies of 566, 772, 977, 1180, 1385, 1609,
and 1808 MeV/n at the Bevalac. The techniqueé employed in the analysis
have been described previous]y.15 The prediction of the intranuclear
cascade model of Cugnon is displayed as a dashed line in ng. 2a. Also

shown as triangles for comparison are two points from the Yariv-Fraenkel
16

sections used by Cugnon. These cascade predictions are indeed offset in

cascade™" .after implementation of the most tecent experimental cross

energy as expected from Eq. 4. These offset values, represented by the

length of the arrows in Fig. 2a, are simply 'Eé(e) = g: - et

j i
where the cascade model at energy ¢' gives the same <in“+A>>/A
abundance as the experiment at energy e as already described. Ec(e)

is interpreted as the compressional energy'present in the collision at
beam energy e and is shown in Fig. 2b. vThé final step necessary to
derive the equation of sfate function W(p) 1is to use the relationship
between e and p as given by the modelf The values of W(pi) =e; -
e;_- 10 MeV as a function of the density Pis which is taken as the

value at the maximum density plateau in the cascade calculation at energy

10



e', are shown as triangles in Fig. 3. The 10 MeV is subtracted to allow
for the ground state binding energy of mass 40 nuclei. These results are
very similar to those obtained previously in a slightly different analysis;4
‘A “second, independent model approach cah be undertaken to fdentify the
therma] energy fraction associated with the total pion multiplicity and thus -
the functional relationship W(p).. A chemical mode1? which assumes an
equilibrium mixture of N, A, and = 1is used to predict the total pion 7
multiplicity. In order to calculate the density which must be input into the
chemical . model, in-addition to the energy per baryon, the Rankine-

Hugoniot relation!’

ol = Yem ' (5)
1 - 2y

is used where p/p, describes the shock compression in a medium which
is at rest in the center of mass,.and vy is the beam Lorentz factor
with respect to the c.m. frame for .an incident l1ab kinetic energy

E'8/p.  The pressure of the medium,

o2,
p o= of Mol o (6)

can be calculated once W(p) and the temperature T are known. The two
terms are.further constrained by Eq. (4) because ¢ = Ec(e) + Eq,

through the dependence of ‘T on Er. The technique which will be used

to calculate the total pion multiplicity in the chemical model will be one

of iteration:

1



1) Assume a "trial" density dependence p(o)(e) which will be input
into the chemical model.- The trial function. will not matter as long as
the iteration technique converges. In fact, using the trial value

o/po = 2y + 1 the technique did not converge due to the high estihate

of p at small e, p/p0 = 3 independent of e¢. A second steeper
e—dependent "trial® density 'p/po = 2{2-_was used which led to
conQergence. |

2) Using the'dehsity'as an inpUt into the chemical model, the fotal T+ A
multiplicity per participant.nucleon'cén then be calculated as a function
of energy. The result is then plotted-in a plot similar to Fig.'Zé and
compared to the data; A |

3) 'Ané1ogdus to the previous caséade Apﬁroach the compressional enerQy
Ec(e) = e - ¢' can be obtained from the new Fig. 2a as-é function of
energy . | |

4) Using the "trial® ré]ation for o(e) the 1W(p). dependence is found.
5) This trial function W(p) iS input into Eq. (6) é]ong with the
temperathre T, which is obtained from the chémical model for a given
thermal energy fraction E}A= e - E.(e) =¢' and density{ p. The
pressure P is determined and a new value of the density p(l) is -
calculated. .

6) As a test of convergence, lAp| ='|p(i) - p(i+1)[ can be used.

(*1) until  ap converges to zero. If

Return to step 2 using p
|ap|  diverges, return to step 1 where a new trial value of"p(o)(E)
must be implemented. This techniqie converges after 3 iterations for the

trial value 4p(0) = 272.

12



The final results using the above iteration technique for the chemical
model are shown in Figs. 2 and 3. In Fig. 2a the chemical model predicts
a very similar <inﬂ+A>>/A vs. E dependence to the cascade except
at the highest energies. This remaining difference results in a somewhat
lower compressional energy Ec(e) for the chemical model than in the
cascade at most energies as seen in Fig. 2b. The final compressional
energies, as a function of density are displayed as circles in Fig. 3.

In summary, in the collision of two relativistic nuclei the reaction
processes proceed through three distinct stages: namely, a rapid
compression stage,‘a stationary but short high density stage, and finally
a somewhat longer expansion stage. For a mixture of N, 4, and = it
was shown that thermal and chemical equilibrium conditions are approached
at the end of the high density stage. The =« + A chemical abundance
freezes-out and is established at this time and is essentially preserved
through expansion. However, thermai equilibrium is maintained through the
expansion stage with thermal freeze-out occurring much later. The final
pion spectra, angular distributions, and source sizes are determined at
the time of thermal freeze-out. In order to check the effects of the
finite size of nuclear systems on the equilibrium of the N, A, and =
mixture a dynamical model, the internuclear cascade, was enlisted. These
finite size effects were determined to be small of the order #£15% for
central collisions of medium to heavy mass nuclei. By comparison, the
strange particle abundances will never reach equilibrium due to the low
production cross sections at Bevalac energies and will mostly be produced
during the compressional stage under pre-equilibrium conditions. At the

other extreme, the cluster particle equilibrium was shown to have a

13
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delicate window for occurrence, with the calculated equilibration time
being of the order of the expansion volume-doubling time, thereby making
equilibrium tenuous. Thus, the observed d-1ike/p ratios may be lower than
those calculated from edui]ibrium assumptions, particularly for lighter
systems and noncentral collisions. This would result in an overestimate
of the entropy when determined from the eiperimehta1"d/pf'ratios; as has
been ‘observed. 8~

‘From the previous arguments about the = + a abundance two different
mode]s; the intranuclear cascade aﬁd the ‘chemical model assuming the
Rank ine-Hugoniot pressurE—density'relation, were used fo independently
determine the thermal ehergy fraction of the total energy which goes into
pion production. Neither of these models includes compressiona] degrees
of freedom and both overestimate the total pion mu]tiplicity.' Using the
simple relationship that the thermal plus compressional energies will be
the total conserved c.m. energy, the compressional energy was determined
from the thermal energyknecessary to reproduce the observed total pion
multiplicity in each model. The dynamical cascade model also predicts the
density in the high density stage immediately determining an equation of
state W(p). In order to calculate an independent density for the
chemical model the Rankine-Hugoniot re]ationship for Shpck compreégion was
assumed and the kesu]ting W(p) is almost identical to that found in' the
cascade-data comparison. The présent approach to the equation of state is

closely related to the suggested use of 'entropy,18

as determined from
the d/p ratios, to derive information on the high.denéity stage of the
collision.” Both the = + o abundance and the .entropy remain constant
after the‘onSet of expansion, thereby preserving information about the

high density stage..

14



It should be reiterated that several assumptions have been made in the
two approaches. First, all higher order medium connections19 are
neglected and if present are included in the derived compressiona1
energies. Such effects wquld have a tendency tovéoften the derived
equation of state. Secondly, the cascade model assumes a mean free path
which is not small with respect to the size of the system whereas the
Rankine-Hugdniot relations, used in the chémica1 model approach, assume
zero mean free path for particles in the system. A further assumption of
the Rankine-Hugoniot relations used in the chemicaI model is that we are
dealing with bulk nuclear matter rather than finite nuclear systems.

These two approaches are at exteme ends of the spectrum but yield
drastically similar results for the equatfon of state. Perhaps, this
simply reflects the fact that equilibrium is reached in both approaches
during the high density stage and that the actual chemistry which produces
the total pion yield is similar in both cases and insensitive to the
dynamics of the approach to and recession from the equilibrium state.

In conclusion, we have to note that the application of equilibrium
concepts to calculate reaction rates in order to better understand the
dynamics of relativistic nucleus-nucleus collisions has been developed by

8 over the past ten years. Several authors”’20 have also

others
suggested the sensitivity of the pion yield to the equation of state of
nuclear matter using various theoretical approaches. The present study,
in an aftempt to make a connection between theoretical and experimental
results, introduces a few new arguments about chemical equilibration and
freeze-out and derives informatioh on the equation of state of nuclear

matter under certain assumptions by restating in context many older

concepts.

15
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1.

Figure Captions

Predictions @f the cascade model for 1.0 GeV/n 13%a + 1395 collisions

for impact :parameters b £ 3.4 fm., The time dependence: in .units

of fm/c is shown for (a) the baryon density in units of normal nuclear

density o (b) the number of bdnyoanaryon collisions per unit

0’
time and (c) the instantaneous « + A “abundance (scale is on the
riéht). Also displayed as a bar in (c) is the prediction of the

hadrochemical modeT for the equilibrium abundance at the predicted

- maximum cascade density.

(a) The « + & ‘abundanée per participant nucleon is plotted as a |
function of c.m: energy (lower axis) and laboratory energy (Upper
axis) for Ar + KC1. The solid circles are the experimental results
extrapolated to zero impact parameter. The dashed and dotted curves
correspond to the Cugnon cascade and the chemical model piedictidns,
respective1y, and the triangles are predictions of the Yariv-Fraenkel
cascade. The horizontal arrows represent the values of the
compressiona1 energy per nucleon determfned‘at each experimental point
assuming a'partitioh'of the equation of state into thermal and
compressional energy fractions. (b) The resulting values of the
compressional energy per nucleon derived independently from fhe
data-cascade (triangles) and data-chemical model (open circles)
comparisons.

Values of the compressional energy, minus 10 MeV binding energy,
plotted as a fdnctioh of the density in units of normal nuclear
density | ‘

Po ‘derived using the data + cascade and data + chemical

model (+ Rankine-Hugoniot) techniques described in the text.
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