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3KCTpeMailbHble YCilOB~R, AOCT~raeMble 8 RAepHbiX 
coyAapeH~Rx np~ BbiCOK~x 3Hepr~Rx 

Ha OCHOBe KaCKaAHO~ MOAeil~ o6cy~Aa~TCR Bei1~4~Hbl C~aT~~ 
~ TeMnepaTyp, AOCT~raeMbiX np~ 4eHTpailbHbiX CTOilKHOBeH~RX RAep 
8 np~IlO~eH~~ K 803MO~HbiM ~a30BbiM nepeXOAaM RAePHO~ MaTep~~ B 
COCTORH~e rr-KOHAe~CaTa ~ B KBapK08y~ ~a3y, noKa3aHO, 4TO 
~Me~~~eCR y~e Ce~4aC B ~y6He ~ 6epKI1~ ny4K~ TR~eilbiX ~OHOB 
npeACTa8IlR~TCR nepcneKT~BHbiM~ AilR no~cKa c~rHanoe He06b14HbiX 
COCTORH~~ RAepHO~ MaTep~~ B na6opaTOpHbiX YCilOB~RX, 

Pa6oTa 8blnOI1HeHa B na6opaTop~~ TeopeT~4eCKO~ ~~3~K~ 
01-1-R 1-1. 
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Extreme Conditions Reachabl e in High-Energy 
Heavy-lon Col! is ions 

Based on the cascade model, we discuss the value s of 
compressions and temperature s attainable in head-on heavy­
ion collisions in application to the problem of possible 
phas e transitions of nuclear matte r into the " -condensate 
stat e and qua r k phase. 

Th e investigaiion has been pe r formed at th e Laboratory 
of Th eoretical Physics , JINR. 

Preprint of the Joint Inst i tute for Nuc lear Research. Dubna 1979 

Hig h e n e r gy collisions of two nuclei provide a possibi­
lity for the study of hot and highly compressed nuclear mat­
ter . . Under such conditions, the excitation of pion and 
quark degrees of freedom seems to be important. In particu­
lar, the theory predicts that at not very high temperatures 
and for nuclear matter compressed two-three times as large 
as the normal nuclear density, a transition to " -conden­
sate and even the formation of the density isomer are pos­
sible 11-41. At higher compressions and temperatures a tran­
sition into a quark phase may occur 15

- 6 1 . The search and 
identification of such phenomena raise many problems. In 
this work we try to clarify only one of them: Whether it 
is possible with available beams of accelerated ions to 
attain extreme conditions under which the phase transitions 
in question can be realized. 

The answer appeals to the study of space-time evolution 
o f the compressed zone and temperature field. In principle, 
this information may be gained by using the hydrodynamic or 
kinetic approach. The ratio of characteristic parameters 
(like the range of NN-interaction, mean free path of a 
particle in a nucleus, nuclear sizes)which describe the 
dynamics of nuclear interaction is small but not much 
smaller than unity as necessary for the conditions of "pure" 
application of either approach. Therefore, it is impossible 
a priori to justify a choice of one of them. Moreover, both 
the approaches give rise to similar results for a number of 
measured characteristics 17 1. The results listed below are 
found in the framework of the kinetic approach realized by 
means of the Dubna version of the cascade model of nuclear 
reactions 181. The model describes the simultaneous develop­
ment of intranuclear cascades in both colliding nuclei. It 
takes into account the processes of production and pion 
absorption, depletion of the nuclear matter in the course 
of the intranuclear cascade, the Pauli principle, effects 
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of the relativistic contraction. The model is presented in 
detail in paper 18 1. 

Figures 1 to 3 demonstrate to what extent the cascade 
theory agrees with experiment in inclusive distributions of 
particles for the main reactions discussed in what follows. 
The model predicts correctly general trends of distributions 
and the order of magnitude for cross sections. The excess 
in the calculated number of protons with energy T r. so MeV 
is due to the neglect of the final state interaction of 
nucleons, leading to the emission of fast complex particles. 
For the incident beam energy T0 =0,25 and 0.40 GeV/nucleus, 
when rr-meson production can be neglected, the agreement 
with experiment is, in general, the same as for other ver­
sions of the cascade model. (cf. ref. 17 1 ). The inclusive 
proton spectra from relativistic (T0~ 2.1 GeV/nucleon) heavy­
ion collisions have not been considered in the frame-
work of the cascade model. The comparison of our model with 
experiment for other characteristics is given in refs/8 • 11 · 1 ~ 1 
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Fig . 1. Inclusive spectra of protons produced in the 
Ne . U reaction at To=0.25 GeV/nucleo n. The histograms 
are calculated Whthin the cascade model. The points are 
from experiment !l , !O . 
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Fig. 2. Inclusive proton spectra for the Ne 1U collisions 
at T0 = 0.4 GeV/nucleon. Notation is the same as in Fig.1. 

No w let us turn to the discussion of the dynamics of nuc­
lear interaction. The cascade model is based on a Boltzmann 
type equation. Its solution by the Monte-Carlo technique in 
the lab. reference frame defines the one-particle distribu­
tion function f( r", p ,t). So, the particle number density in 
the lab. frame is 

.., 3 -+ ' 
p(r,t)= fd pf(r,p,t). 

Because of the specific nature of the Monte-Carlo method, 
the solution obtained should be averaged over some volume 
element ~V around the point r. We shall consider only the 
head-on collisions of nuclei. Then the problem possesses 
the cylindrical symmetry, and the whole range of interac­
tion may be divided into the cells with step ~z along the 
axis of nuclear collision z , and cylindrical surfaces with 
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Fig. 3. Inclusive proton spectra for the Ne · U collisi ­
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step~R along the radius. The details of this procedure are 
described in ref . . 14 ' . The same paper presents the analysis 
of s pace-time evolut i on of the compressed zone (i . e . , the 
behaviour of the function f' l r'. t )) formed in inelastic nuc­
leus- nucleus collision . 

However , to find a " true " compression ratio , it is ne­
cessary to pass to the rest system of every volume e]ement. 
Therefore , for each s - th cell we defined the current four ­
V!"!ctor j s IPs (r ·.I). i's ( r'. I ) ( . and then go to the s ystem with 
j s \i sl's ·· 0 , i.e . , .i, l u s (r,l), 0 t. The particle- number density 
in the rest system , 11 ( r' . I ) is related to I' t r'. I) by 1 he welJ 

~ ~ 

known fo·rmula 

11 . (r'. t) I' ( r ·. t )I )· . s s s 

where 
)" 

and s 
v 

s 

~ 
\ 1 - v s 

_j __ 1 d :lp v f( r', p. t ) 
ps(r',l) i\vsl 

is the velocity of the volume element ~Vs (inte~rntion runs 
over the momenta of all particles of the selected cell in a 
given " sample" ). Like the function I' l t. I) (see ref . 11 ) the 
compression ratio n(r'.t)/ u

0 
(here n

0
= 0.175 fm a) with in­

creasing interaction time reaches a maximum, 11 "'"x , at some 
point and then rapidly decreases: the expansion stage of 
interaction. It is interesting to note that for a fixed com­
bination of colliding nuclei the dependence of the maximal 
compression ratio for nucleons , 11 ~ax;l1 

0
, on kinetic energy 

T 0 is saturated as early as To-1 GeV . Such a behaviour is 
a direct consequence of the depletion effect . Experimentally, 
this manifests itself in the "saturation" of the energy de­
pendence of the mean multiplicity of g -particles ( in terms 
of the photoemulsion works) . A similar regime for hadron­
nucleus interactions sets in at considerably higher energies 
T 0_3-5 GeV ' 5 . The 11 1~ax ;n 

0 
in the saturation regime grows in 

magnitude with increasing the projectile size , and for heavy 
(A-100) targets amounts to about 2 . 5:3.0:3 . 4:4 . 0 , respecti ­
vely, for a -particles, oxygen , neon and argon ions . 

The cascade model neglects the final - state interaction 
between cascade particles , i . e., pions and fast nucleons are 
treated as a mixture of the ideal relativistic gas of Boltz­
mann particles which is not, in general , at thermodynamic 
equ ilibrium . Us i ng the same procedure of the subdivision , 
one can estimate the four - vector of energy- momentum I "Ef:, P I 
for the cell s , where 
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. 1 3 ~ • 
G;(r,t) . J d pEf(r,p,t) 

P 8 (r. t) lAv I 
s 

,)· . 1 3 • . • 
·, (r,t) ----;-- J d ppf(r,p,t). 

P s (r · t) I 1\ v s I 

Gojng into the rest system for given eel~, we find the ave­
rage energy per one particle, ' ·· Y s ( & - v' ,~' However, in order 
to relate ' with temperature r r(r ,t), it is necessary to 
admit the existence of local statistical equilibrium at 
instant t . Then, by using the relativistic Boltzmann dist­
ribution 

f ( r', p, t) 2 " • n exp(-', p : m- / r(r,t)) ---------------
4 ;r m 2 r ( r', t) K / m I r ( r , t)) 

one can obtain the temperature in a given volume by solving 
the equation 

--~ NmN . ~R (~~~) 
n 1 n ' N rr 

n 77 r~ 

n N' n77 

~ ( ~~ -,->. 

where ~Jl(x) ~ 3 /x • K 1 (x) / K 2 ( x), Ki(x) is the second-order Bes­
se l function, mN and m77 are, resp., nucleon and pion masses. 

.To have imagination on the order of magnitude, we show 
in Fig. 4 the time dependence of temperature for the 
system Ne • U. The averaging was performed over the whole 
interaction range, and hence, the temperature corresponds 
to all the cascade particles regarded as a unique excited 
system (fireball) . It is seen that £ -.::..0 at energies T

0
.-_ 0. 25 

and 0.4 (;ev/nucleon, and one can speak about an approximate 
establishment of tne statistical equilibrium in the system. 
In this case, the equilibrium value of r calculated within 
the microscopic approach, is close to that one following 
from the phenomenological (macrosc opic) model of the nuc­
lear fireball ' 16 ' . For To 0.8 GeV/nucleon the system tem­
perature changes essentially during the interaction time 
and its final value -differs greatly from the value calcu­
lated within the fireball model. An attainment of the sta­
tistical equilibri ttm in high-energy nuclear collisions is 
considered in more detail in paper ·· 17 1. Here we would like 
only to note that for all the considered combinations of 
colliding nuclei the formed system is heated (locally) ve­
ry quickly and achieves the maximum temperature before the 
time moment when the maximum compression ratio for nuclear 
matter is reached. 
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Fig. 4. The time dependence of temperature in the sys­
tem formed in head-on Ne : U collision at the projectile 
energy T0 . The values of temperature estimated within 
the phenomenological fireball model ' 16 ' are shown by 
arrows . The time moment corresponding to the coince­
dence of the centers of colliding nuclei is shown, as 
well. 

So , the based upon the cascade model calculation scheme 
presented allows us to trace the evolution of the compressed 
zone and temperature field when the projectile travels the 
target-nucleus. Local values of compression and temperature 
provide an estimate for hov: the realized conditions are 
close to the critical point for a phase transition. As an 
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example , we show in ~ig . 5 the phase diagram for the tran­
sition to the r. -condensate state . Among two theoretical 
curves for the dependence of the critical temperature of 
the 11 -condensate on the baryon density liB. the curve 1 ,.(n 8 ) 

calculated by ~unatyan 1n seems to be more reasonable . 
Though it takes into account a lot of extra factors as com­
pared to earlier work 1" the main difference in the final 
results is due to the fact that in paper 18 ' the form fac ­
tor of meson-nucleon scattering is put uni~y . From the dy­
namical phase curves • ' ( n \'!"x. 1) drawn in the same diagram, 
it is seen that the increase of the projectile energy from 
0 . 25 to 2 GeV/nucleon does not improve substantially the 
condition for the 11 -condensate: Some <Jairr in the compres­
sion value is counterbalanced by a noticeable increase in 
temperature. Ho wever , the use of the argon - ion beam avai ­
lable at Berkeley ill l ows us to "look in" the region of the 
n -condensate restri<·Lrd by the more strong conditions of 

I3unatyan 1"' 'l'o for111 tlw n-condensate it is important 
that the time to fi nJ o ut: the system in this phase 1\ 1 . would 
be large enouqh as compared to the relaxation time , IR . Accor-
d . f 11l I I 0 :.:! II II,. 1ng to re . R·· ·--- .. ->; Gal itskii and Mishustin esti -
mated I H- 1.2 . 10 :!:! s if thc

11 rel~tive exceeding in density over 
the critical value n, . is larger th<:m 0. 2 :!

1 
· As is seen from 

Fig . 4, for the rea~tion Ar Ca (0.5 GeV/nucleon) in the least 
favourable case , when for ',. (n 13 J the curve 1.3 is taken, the 
time of the system to be in the 11 -condensate phase 1\ t t H . 

Note that the linear dimensions of the cell are chosen 
to be about 1 fm in accordance with theoretical estimations 
following from the values of the characteristic momentum of 
the pion condensate lK l\J · . Twice increasing of the linear 
dimensions of the cell does not influence practically the 
final results. This estimate does not take into account the 
role of surface effects, while the 77-condensate "germ" is 
formed, which may, in principle, compensate the energy 
gained at the transition of the nucleus into the 71-ronden­
sate phase. 

~ It is noteworthy that the dynamical phase curves, cal­
culated within the hydrodynamical approach, are characte­
rized by a qualitatively different behaviour: The system 
is compressed and heated simultaneously, then the expansion 
stage occurs during which the system is cooled . 
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---/ 
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1 2 3 n8 jn0 

F ig . 5 . The p hase diagram for a transi t ion into the pion 
condensate . The curves A and B are critical temperature 
rc (n B J fr:om, the papers of Ruck-Gyulassi -Greiner / 18 ' and 
Bunat j an 19 resp . Dy namica l p hase t rajec t ories are ca l ­
culated for head-on collisions of nuclei shown in the 
Figure . The time along trajectories are given in units 
of 10 ~:l s. 

In ?ig . 6 the phase diagram is drawn for the transition 
of nuclear matter into the quark phase. One should keep in 
mind that for this phenomena the temperature plays different 
role as compared to the transition into the pion condensate . 
The heating of the system destroys the ordering of the 11 -

condensate . The hadron-quark transition requires a high 
energy density , and this may be achieved by compressing the 
system or by its heating at a fixed vr .lume . Therefore the 
functional dependence '~ ~ 8J is completely different for 
these two phenomena. 
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One should not overestimate the accuracy for calculations 
of the critical temperature of the transition of nuclear 
matter from the nucleon to quark phase. Theoretical semi­
quantitative estimations of t c (n B) are highly sensitive to 
the quark-bag parameters in terms of which the quark state 
of nuclear matter is described (compare two curves in Fig.6) . 
Besides, it is doubtful whether the perturbation theory can 
be applied to the problem under consideration (for detais 
see refs. ' 22 •23 ' ). 

However, in spite of all the uncertainties, it is seen 
that the dynamical phase curve in Fig. 6 for the reaction 
induced ·by the oxygen ions with energy 3.6 GeV/nucleon 
attained at the Dubna accelerator comes rather close to the 
region of phase transition. The conditions for quark-hadron 
transition at the Berkeley energy To ~2 GeV/nucleon will, 
naturally, be less favourable than those at the Dubna energy, 
though the values of the nucleon compression are practically 
the same. This .conclusion differs from the predictions made 
in 1 22 •23 1 that this transition is possible even at To:::1.4-
-2. GeV/nucleon. The difference is mainly due to the fact 
that this work takes into account the finiteness of the jn­
teracting system. 

Therefore, at present there are possibilities for the 
search of signs of unusual states of nuclear matter in la­
boratory conditions. Beams of Ar and Fe ions with energies 
300-500 MeV/nucleon available now at Berkeley seem to be 
more relevant to search the phase transition of nuclear mat­
ter in the "-condensate state. High energies of bombarding 
ions reached at Dubna are hopeful to reveal new phenomena 
c·onnected with the possiple formation of a quark phase of 
nuclear matter. 
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