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IIFrom Pion Production to the Nuclear Matter Equation of Statell 

J. W. Harris and R. Stock 

Gesellschaft fur Schwerionenforschung, 0-6100 Darmstadt, West Germany 

and 

Abstract: 

Lawrence Berkeley Laboratory, University of California, 

Berkeley, California 94720 USA 

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. 



T~e primary objective for studying relativistic nucleus-nucleus 

collisions is to deter~ine the response of nuclear matter under extreme 

conditions of high temperature and compression to densities several times 
,:. ' : ! .• -'. . 1 

tha~ of normal nuclea.r ,mat~er. This information in the form of the , . 

nuclear matter equation ,of state is important for testing field 

theoretical approaches! to nuclear. matter and.to the understanding of 

the formation ~nd collapse o~ supern~vae2 and. the stability and 

structure of neutron sta.rs.3 The equation of state at high densities 

can be der:ived from central relativistic nucleus-nucleus collisions only 
. , . ". . '.' 

if observables exist which tr:anscend the final expansion stage of the 
~ . - ~ . , 

reaction wjthout consid~rable change, thus retaining information on the 

i,nte"'lediate high densityst~ge. Ouring expansion the system relaxes and 

the compressional energy developed in the initial compression stage 
, '; ,.. 

returns to .kineticenergy consisting of flow and thermal motion. The 
~ , . . . .' . 

,total ,pion multiplicity, strange parttcleyields 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 coll i si on .• , 

I,n the present study \'1e will show t~at .thermal and.chemical 

equilibrium are closely appr,oached duri.ng the high density stage and that 

the, pion plus delta-particle a~undance freezes-out ~t, the. end of this 

intermediate stage of, the reaction to become the final, observed total 

pion multiplicity. This chemical freeze-o~t must be distinguished from 

the thermal freeze-out which occurs at ,latter times during the expansion 

near ;ground state nuclear matter density, Po. It,is at these later 
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times that the pion and nucleon temperatures and the pion emission source 

sizes are determined. Furthermore, the times at which the yields and 

distributions of strange particles and nucleon cluster abundance are 

determined will be addressed. The consequences of the time scales on the 

ability of various observables to probe the high density stage will be 

discussed. I~a previous publication4 an approach to the equation of 

state was taken by·assuming a partitioning of the internal energy per 

nucleon into "cold" compressional and thermal fractions 5 as is the case 

in the hydrodynamical model. 6 The thermal energy during the high 

density stage was then determined by fitting the intranuclear cascade 

model? to the ~ + A abundance observed experimentally as the total 

pion multiplicity in central collisions. The cascade model exhibits a 

constant ~ + A abundance throughout the expansion stage resulting in the 

proposal to use the final pion yield, which is identical to the 

~ + A abundance at high density, as a thermometer for the thermal energy 

content of that phase. In the present study we wi 11 el iminate the use of 

the cascade model, replacing its predictions for the . ~ + A content per 

baryon and for the compression during the high density phase by use of a 

hadrochemical m6del for the thermal part of the equation of state, and the 

Hankine-Hugoniot relation for the compression. Using an iterative 

procedure, a relationship between the pion multiplicity, the thermal and 

compressional energies, and the density will be established. This will 

again result in a determination of the compressional energy of nuclear 

matter as a function of density. 

A mixture of nucleons, deltas, and pions will approach equilibrium 

through successive collisions on the microscopic level during the 
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interpenetration of two col"iding nuclei. The, rate of approach toward 

thermal eq un i bri urn i sgoverned by the total cross sect i oriS for 1TN and 

NN collisions which are' above 25 mb at the energ;-es of interest. On the 

other hand, chemical equilibrium :js determined'from the ine'lastic cross 

sections for NN ~ NA ~ NN1T. These vary rapidly with the c.m. energy and 

are thus dependent upon the temperature of the system wh i ch fall s off 

during expans'ion •. For a mixture 'of' N,A, 'and 1Tgases the build up of 

the A 'chemical abundanceS is 'described by 

, (1) 

with' 

). = 

andpequ are the A deosities at time, t 
A 

(2) 

and in 

equilibrium, respectively. )., is the .rateconstant which is proportional 

to the thermal energy average <aNN~~NAv> of the inelastic cross 

section aNN~~NA times the ,re,lative pair.ve.locity v.' For a fit:'st 

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 

density stage,from Ref. 8: at T = 100 MeV, p:qU = 0.2 PN = 0.6 x Po 
with PN = 3pO' and <av> = 1.5 x 1Q

23t:m3s-1• The reaction time 

con'stant is T~,.).-l. ,Thus th,e time it tak.es,the system to reach a value 

of PA(t) = O.6lp:qU i5"T= 6 x 10-24s.A similar estimate can be 

made for ,thermal equilibrium u~ing the even larger total cross sections 

which results in a shorter T. Hence, chemical and thermal equilibrium 
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will be reached at the end of the high density stage if T· is shorter 

than the duration t of the high density stage of the reaction. pmax 

This is in fact the case for central collisions of Ar + KCl where 

t pmax = 2T and 139La + 139La where t pmax = 3. 5T as wi 11 be shown 

below. 

Once equilibrium of. N, A, and w is established near the end of 

the high density stage, the effects of expansion must be. considered • 

. Expansion can in principle occur along any path between isoergic and' 

isentropic. Duringisoergic expansion, which is assumed in the fireball 

mode 1,9 the.w + A ,abundance wi 11 increase and the temperature wi 11 

slowly decrease if equilibrium were maintained. On the other hand, for 

isentropic expansion the system will shrink in momentum space commensurate 

to its growth i,n position space and the temperature wi 11 drop rapidly with 

chaotic kinetic energy being converted into radial flow. It has been 

shown that. the cascade model leads to near isentropic expansion,10 which 

is assumed in hydrodynamical models.· An isentropic expansion will be 

assumed in order to estimate whether chemical equilibrium among N, A, 

and w can be maintained during the expans;'on·stage. For 1 GeV/n 

incident energy the system will have a temperature of T =60 MeV at a 

time corresponding to p = 0.5 Po just before ,interactions cease. From 

Ref. 8 the equil i bri urn delta dens i tywi 11 be descri bed by p :qU = 
0.08 PN= 0.04 PO' <ov> =1022fm3s-1 , and the equilibration 

time will be T = 2 x 10-22s.· This time is too long for chemical 

equil i bri urn to be mai ntai ned as the expansion of the system from P to 

p/2 occurs in -1O-23s for Ar+ KCl and 139La + 139La at 1 GeV/n. 

Therefore, the system wi 11 not readjust its w + A abundance at such late 
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expansion times. Contrary to ,the assumption made in the fireball and' 

hydrodynamical model studie~on pionproductidn~9,11 the pion yield will 

not freeze-out at' P- 0~5 - 1.0 p6 but; rather at higher densities near 

the onset of expansion. After this occ~rs and "expansion :begins, the 

system becomes uDdercooled with,respect to the' 1T + tJ. abundance~ Thermal 

equilibrium, on the other hand, is maintained until much later times due 

to the large 1TN'~~tJ. cross ',section resulting in <a1TN~~tJ.v>:: 

1024fm3s-~ ,'which is apprOximately 100 times larger than <aNN~~NA~~NNv> at 

expansion temperatures of T =60 MeV'. Therefore, the pion spectral tempera

turel2 ; andthe'pion sourCe size13 seen in 21'r-interferometry refer to late 

,times~ but the total 1T yield Which is unaltered by the pion number 

conserving interchange 1TN ~~ tJ.' is established by the1T + tJ. abundance 

at chemical freeze-out and will remain only slightly altered during 

expansion. 

The above observation that,ther~al and' chemical equilibrium of certain 

reaction products dO'not'necessarilycoincide in time is important also 

for other observables ~hichhave been'suggested as "primordial probes. ri 

Deuteron formation, ,fotexample" can only occur during the brief 

expansion time- interval from P = j Po to P= j Po where all 

collisions cease. ;At densities above about,j PO' no localized 

. clusters exist in, nuclear matter. The appropriate cluster chemical 

equilibration time;8 

expansion from '~ Po 

'T ,= 10-23 s, is comparable to the time required for 
1 

to l' PO; 

baryon, number and <v> R" its 

1/3 
t'= 0.3Awhere Ais the fireball 

<v>R 
radial e~pansionvelocity. With light 

nuclei in hdricehtral collisions and for energies above- 1 GeV/Athe cluster 

abund~n~e should not equiltbrate.~ The strange particle yield, as another 
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example, will never reach equilibrium at Bevalac energies as the appropriate 

equilibration time constant, T ~ 10-22s, exceed~ the duration of the high 

density stage even for the heaviest nuclei. The strange particle yield will 

therefore be established primarily 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 the effect of a 

finite system of colliding nuclear matter leads "to drastic departures from the 

rate considerations given above. The intranuclear cascade ~ode7 will be 

used for this purpose. The microscopic processes governing the N, A, and 

.w abundances are the reactions NN ~~ NA and A ~~ Nw. NN ~~ NA mediates 

the production and absorption rate of the w + A abundance.. The NA E~ NN 

absorption is related to the production .cross section by detailed balance. 

The other important process A E~ Nw is treated according to the isobar 

model 14 and the finite lifetime of the A. The time dependence of various 

quantities is shown in Fig. 1 for the 1 GeV/n . 139La + 139t.a reaction for impact 

parameters b ~ 3.4 fm. Shown in Fig. la is the 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, corresponding to the 

classical interpenetration time for two La nuclei at this relative c.m. 

velocity, to approximately t = 16 fm/c. Thus, the density is relatively 

stationary for approximately 2 x 1O-23s~ Thereafter, the density decreases 

near-exponentially. The number of baryon-baryon collisions per fm/c is 

displayed in Fig. lb. Approximately 200 of the ·total 278 nucleons of the 

system are involved by the time t = 14 fm/c. In the high density stage there 

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

6 
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every 5 x 10-24 s. At the mean relative energy of this stage, one inelastic -. - . ~ \ ' .. ' ; 

collision per parti~ipant Qccurs, every 10-23s~ The geometry and surface 

,effects, density inhomogeneities,,, and other effects of a finite nuclear system 

thus tend to somewnat l,engthen the chemical equilibration time. However, 

within the h-igh density stage, about two inelasti~ ,and three elastic 

collisions per participant occur and,the system should closely approach 

equilibrium. The time dependence of the '11' + fl" abundance is shown in Fig • 
. ". j 

1c. The final '11' t fl yield is es:tablished near, the end of the high density < 

stage and remains constant throughout expansion. Also plotted as a bar in 

Fig. 1c is the N, fl, '11' chemical ~quilibrium estimate8 of the '11' + fl 

abundance. The values agree rema~~ably "well. Therefore" the relatively 

stationary conditions during t~e high density ~tage observed in the dynamics 

of the ca~cade model and the, predicted rapid chemical equilibration time at 

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

interval for N, fl, and '11', chemi,cal equilibrium. The rapid fall-off in the 

collision rate with the onset of expansion, as seen in Fig. 1b, is the 

principal reason for the survival of the '11' + fl to participant ratio to late' 

expansion times. 

The degree of thermal equilibrium in the system can be investigated in the 

cascade model and is expressed by the ratio of transverse to longitudinal 

temperature or, equivalently, the ratio of the mean transverse to mean 

longitudinal momentum. This is represented by the ratio R = (2/'I1')<lp1 1>/ <I~II> 

where R = 1 represents a necessary condition, up to first moments of the 

distributions, for thermal equilibrium. For the baryons in the 3 fm dia

meter test sphere fixed in the c.m. system origin for 1 GeV/n La + La at 

b .s 3.4 fm, R :: 0.9 at the end of the high density stage indicating only a 
\ .. 
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small preponderance of longitudinal motion. Thus, thermal equilibrium is 

incomplete to within 10% for the finite nuclear system. 

We have thus demonstrated that central collisions of medium- to heavy

mass nuclei lead to a near equilibrium w + 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 system was shown to approach thermal equilibrium to within 10% at 

Bevalac energies. The measured pion multiplicity which is the w + A 

abundance after A ~ wN decay can now be used to determine 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 is given by5,8,9 

B 
3 <n > . <no.> N 2 

= ~ T + ~(p,T) x EW(T} + --i-(p,T} x (m~ - mo}c 

+ W(p,~=O) + Eflow(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 baryon) contained in baryons, pions, and 

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

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

8 
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energy, both at density p. These last two terms represent the nonthermal 
. , 

response of the nuclear medium to compression. At the time of maximum 

density when the final pion multiplicity is established, the compressional 

energy is a maximum and there is not yet kinetic flow energy which will 

appear as th~ system expands. The first three terms constitute the 

specific heat of the syst~m. Thus, at the time of maximum density Eq. 3 

can be written in a simplified form 

where £ is the incident c.m. beam energy. ETrepresents the thermal 

,~xcitation ~hile. Ecrepresents the comp~essional degrees of freedom. 
•• . I • • • 

(4) 

Here medium effects on the thermal baryon spectrum such as the softening 
. (' ' .. 

of the pio~ic excitation mode in dense nuclear ~atter are ignored. The 
-. .-. . . 

medium is assumed to exert its influence through the compressional energy ... 
only. The entire thermodyna~ical ansatz of Eq. 3 is also used in present 

hydrodynamical models. 

In the chemical and cascade models only the thermal exc~tation energy 

ET , is considered while the nonthermal fraction '. Et is ignored. The 
".:"" 

total n + 6 multiplicity directly reflects the available thermal energy 
• 4. '. , • j; "',' . 

ET• The presence of compression simply offsets the thermal energy scale 

~:ith re,spect to the beam energy £. The total pion multiplicity 

determi ned from experiment at an energy £, will spec i fy Er and 

thereby determine Ec(£) = £ - ET~ The resul~ing compressional, energy 

,is EC(E) = £ ~ £1 where £1 = ET- is the energy, input into the 

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

9 



multiplicity. Since the cascade is a dynamical model it also determines 

the density P which is required to plot Ec(£) as a function of p. 

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 

multiplicity per participant nucleon <n
Tr
+

Il
>IA extrapolated to zero. 

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

energy. The negative pion multiplicity 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 techniques employed in the analysis 

have been described previously.15 The pr~diction of the intranuclear 

cascade model of Cugnon is displayed as a dashed line in Fig. 2a. Also 

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

ca'scade16 ,after implementation -of the ~ost recent experimental cross 

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

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

length of the arrows in Fig. 2a, are simply Ec(£) = £i - £i 

where the cascade model at energy £ I gives the same < n
Tr
+

Il
> /A 

abundance as the experiment at energy £ as already described. Ec(£) 

is interpreted as the compressional energy present in the collision at 

beam energy £ and is shown in Fig. 2b. The final step necessary to 

derive the equation of state function W(p) is to use the relationship 

between £ and p as given by the model. The values of W(Pi) = £i 
I _ 

£i - 10 MeV as a function of the density Pi' which is taken as the 

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

10 
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£1, 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 can be undertaken to identify the 

thermal energy fraction associated with the total pion multiplicity and thus .' 

the functiOnal relationship W(p).', A chemical model 9 which assumes an 

equilibrium mixture of N, 6, and ~ is used to predict the total pion 

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 relation17 

. pIp = 
o 

is used where p/PO descrtbes the shock compression in a medium which 

is at rest in the center of mass, .and Ycm . is the. beam Lorentz factor 

with .respect to the c.m. frame for ,an incident lab kinetic energy 

Elab/A. The pressure of the medium, 

( 5) 

p = 2 aW(p) + pT (6) 
p ap 

can be calculated onc·e W(p) and the temperature T are known. The two 

terms are further constrai ned by Eq. (4) because £ = Ec (d + Ep 

through the dependence ofT on Er. The technique which will be used 

to calculate the total pion multiplici~ in the chemical model will be one 

of iteration: 

11 



1) Assume a "trial" density dependence p{o){£) which will be input 

into the chemi cal modeL· The tri a 1 funct i on wi 11 not matter as long as 

the iteration technique converges. In fact, using the trial value 

p/po = 2y + 1 the technique did not converge due to the high estimate 

of p at small £, p/PO = 3 independent of £. A second steeper 
2 £-dependent "t~ial~ density p/PO = 2~ was used which led to 

convergence. 

2) Using the density as an input into the chemical model, the total ~ + A 

multiplicity per participant nucleon 'can then be calculated a~ a function 

6f energy. Th~ result is then plotted in a plot similar to Fig.2a and 

compared to the data. 

3) Analogous to the previous cascade approach the compressional energy 
.: 

Ec{£) = £ - £1 can be obtained from the new Fig. 2a as a function of 

energy t. 

4) Using the "trial" relation for prE) the W{p) dependence is found. 

5) This trial function W(p) is input into Eq. (6) along with the 

temperature T, which is obtained from the chemical model for a given 

thermal energy fraction ET = £ - Ec{£) = £1 and density p. The 

pressure P is determined and a new value of the density p{I) is 

cal c u 1 a ted. 

6) As a test of convergence, lAP I = I (i) (i+l)1 p - p can be used. 

Return to step 2 using p (i+l) until Ap converges to 'zero. If 

'I Ap I diverges, return to step 1 where a new trial value of .. p (o) (E) 

must be implemented. This techniqiJe converges after 3 iterations for the 

trial value' p(o) = 2y2. 

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 < n + > I A vs. E dependence to the cascade except 
1T A 

at the highest energies. This remaining difference results in a somewhat 

lower compressional energy Ec(£) 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, A, and 1T it 

was shown that thermal and chemical equilibrium conditions are approached 

at the end of the high density stage. The 1T + A chemical abundance 

freezes-out and is established at this time and is essentially preserved 

through expansion. However, thermal equilibrium is maintained through the 

expansionst<;l.ge with thermal freeze-out occurring much later. The final 

pion spectra, angular di~tributions, 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 1T 

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 



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~like/p ratios may be lower than 

those calculated from equilibrium assumptions, particularly for lighter 

systems and noncentral collisions. This would result in an overestimate 

of the entropy when determined from the experimental dIp ratios, as has 

been ·observed. 18 ' 

From the previous arguments about the 'II' + fl abundance two different 
i 

models, the intranuclear cascade and the chemical model assuming the 

Rankine-Hugoniot pressure-density relation, were used to independently 

determine the thermal energy fraction of the total energy which goes into 

pion production. Neither of these models includes compressional degrees 

of freedom and both overestimate the total pion multiplicity. 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 energy, necessary 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 relationship for sh?ck compression was 

assumed and the resulting W(p) is almost identical to that found in' the 

cascade-data comparison. The present approach to the equation of state is 

closely related to the suggested use of entropy,18 as determi~ed from 

the dIp ratios, to derive information on the high.density stage of the 

collision. Both the 'II' + fl abundance and the entropy remain constant 

after the onset of expansion, thereby preserving information about the 

high density stage. 

14 
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It should be reiterated that several assumptions have been made in the 

two approaches. First, all higher order medium connections19 are 

negl,ected and if present are included in the derived compressional 

energies. Such effects would have a tendency to soften 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-Hugoniot relations, used in the chemical model approach, assUme 

zero mean free path for particles in the system. A further assumption of 

the Rankine-Hugoniot relations used in the chemical 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 equation 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 

qynamics of relativistic nucleus-nucleus collisions has been developed by 

others8 over the past ten years. Several authors17 ,20 have also 

suggested the sensitivity of the pion yield to the equation of state of 

nuclear matter using various theoretical approaches. The present study, 

in an attempt to make a connection between theoretical and experimental 

results, introduces a few new arguments about chemical equilibration and 

freeze-out and derives information on the equation of state of nuclear 

matter under certain assumptions by restating in context many older 

concepts. 
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Figure Captions 

1. Predictions of the cascade model for 1.0 GeV/n 139La + 139La 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 nonnal nuclear 

density Po' (b) the number of baryon-baryon collisions per unit 

time and (c) the instantaneous 'Ir + t:. 'abundance (scale is on the 

ri ght) • A 1 so di sp 1 ayed as a ba r in (c) is the prediction. of the 

hadrochemical model for the equilibrium abundance at the predicted 

maximum cascade density. 

2. (a) The 'Ir + t:.abundance 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 predictions, 

respectively, and the triangles are predictions of the Yariv-Fraenkel 

cascade. The. horizontal arrows represent the values of the 

compressional energy per nucleon determined at each experimental point 

ass.uming a 'partition of the equation of state into thermal and 

compressional energy fractions. (b) The resul ting values of ,the 

compressional energy per nucleon derived independently from the 

data-cascade (triangles) and data-chemical model (open c; rcl es) 

comparisons. 

3. Values of the' compressional energy, minus 10 ~1eV binding energy, 

plotted as a function 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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