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1 . INTRODUCТION 

Properties of nuclear matter at high temperatures and densi
ties are one of the subjects of interest of theore.tical phy
sics 11 -71.тьe production of strongly compressed and highly 
excited hadronic matter ig one of the most intriguing aspects 
of relativistic heavy ion physics. Possibilities of the phase 
transitiqn of nuclear matt.er into pion condensation/1,2/, abnor
mal nuclear matter /3,4/ and quark--gluon plasma are widely dis
cussed. Several papers devoted to an investigation of the tem
perature and density of nuclear matter in collisions of rela
tivistic nuclei have been puЬlished so far /В,9/. 

In this paper we have ' tried to estimate these values for 
С+С interactions of Р / А = 4.2 GeV/c. 

Our s ample consists of 1394 central events registered in the 
2m propane bubЬle chamber, JINR. As "central" we took events 
with no more than two positive, singly-charged partic1es having 
momenta Plab ~3 GeV/c and. emitted at angles О .S 4° with res
pect to the beam direction/11,12/, In our analysis we used nega
tive pions and protons to determine the temperature and protons 
to estimate the density of nuclear matter. Due to identifica
tion proЬlems, our sample of protons· emitted. outside fragmenta
tion regions of colliding nuclei (Pi a b ~ 300 ИеV/с or Plab .::; 
< З GeV/c and (J > 4°) may contain some misidentified positive 
pions and deuter;ns. Within а momentum interval of 700 Mev·fc S 
.::; Plab .$. 2.5 GeV/c, the admixture of positive pions is about 
20%. The contamination of the sample Ьу misidentified deuterons 
was estimated using the internuclear cascade model (Dubna ver
sion)/JO/ .А possiЬle irtfluence of tfiese admixtured on our re
sults will Ье diseussed in the . next chapterg, 

2. TEl1PERATURE 

The temperature of nuclear matter has been determined from 
. . d3a 1 d2 . . 1nclus1ve spectra Е--=- __ а_ for negat1ve p1ons and protons 

dРз Р dTd{} 
emitted at angles of -90° in the nucleon-nucleon см system. 
Here Р is the momentum and Т is the kinetic energy of particles. 
Taking particles emitted at angles of 90° one can neglect the 
influence of peripheral collisions. In this analysis \-'е have 
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Ь) protons emitted at an angle of 70°.::;. 8 .::;. 110° 
in the nucleon-nucleon c.m.s. The broken line is the 
result of approximation of the experimental data Ьу 
the exponential dependence. 
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ТаЬlе 

Average values of temperature Т0 (MeV) 

Туре of 
Protons 17--mesons * particle 

60° + 1Z0° 195+5 129+3 -
70°+110° 190+6 126+3 -
80° + 100° 186+10 127+5 

* ~pproximation for pions was done without Т cut. 

from angular intervals: 
1) 60°- 120°' 
2) 70°- 110° and 
3~ 80°- 100°. 

1,6 

The admixture of coalescence deuterons in the proton sample 
for these intervals does not exceed 3 .5%, however th'eir pre
sence can lead to increasing the temperature obtained from the 
proton spectra. In Figs.la and lb we present kinetic energy 

distributions for negative pions and protons emitted within 
an interval of 70°- 110° . Fitted curves have been taken in the 
form: 

f(T) ""..!.: ~!'i_"" А ехр (Т / Т0 ) • . 
Р dT . (1) 

The value of т0 is the · average kine·tic ener;gy of considered par
ticles, and it charaeterizes ' the tempe~ature of nuclear .matter 
at the mom~nt of their emissiori. The parameter Т0 is common
ly called an "apparent temperature". Values of Т0 obtained 
for 17- and р emitted within different angular :intervals are 
presented in ТаЬlе 1. The rnean value of То is presented in · 
Fig.2. Approxirnation for protons has been done for Т> · 300 MeV. 
Our ~stirnates have shown that the admixture of positiv~ pions 
in the proton saшple rnight decrease the value of ternperature 
Ьу - 5%. One can notice that the value of Т0 does not vary for 
different angular intervals bp th for protons and pions. The 
ternperature obtained for protons is higher than that for pions 
which rneans that protons are ernitted at the earlier stage of 
expansion of nuclear rnatter than .pions. 

Fig.2. Average values of the 
ternperature of 17--rnesons and 
protons ernitted at an angle 
of 90° in the c.rn.s. for 
interactions of different 
nuclei versus collision kine
tic energy. 
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We would like to call the readers· attention to the fact 
that studying пoninvariant spectra, one can obtain smaller va
lues of Т0 : Т0 "" 163.:!:_ 8 MeV for protons and Т0 = 100+9 MeV for 
pions. 

3. DENSIТY 

The rnethod for estirnating t•he density of the excited nuclear 
rnatter in collisions of re!ativistic nuclei has been proposed 
Ьу S.Nagarniya1 13( It is based on results of searching for two-
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particle small-angle correlations. As is shown in refs/14-:20/_, 
such correlations can give iniorma-tion on the size of th.e par
ticle emission volume. Indepeщlently, one can determine the 
number of interacting nucleons, studying multiplicity distri7 
butions of secondary particles. This allows one to estimate the 
density of the excited ~uclear matter. ~ 

Here we have tried to apply the above metbod to central eэr
Ъon-carbon interactions at Р = 4.2 GeV/c per nucleon. 

It sЪould Ье noted tha_t two-particle interferometry giyes 
no information on the radius of the sphere on which particles 
become free of any interactions (decay of resonances, scatter
ings from other hadrons). In this connection it is convincing 
to determine . the size of the emission region from ~orrelations 
between· particles which have а smaller mean free path as they 
should escape to excited volume at the earlier 'stage o·f its 
expansion. In our case such particles are protons. The sample 
under study co'nsists of 14421 protons emitted Qutside fragmen
tation regions of colliding nuclei. As mentioned in the pre
vious chapter, our sample may contain some misidentified posi
'tive pio.ns and deuterons. А possiЬle influence of these conta
minations will be . discussed below. The РР correlation function 
can Ье defined as а normalized ratio: 

RPP ( qт• ~ о, V, r0 , r) = D ( q Т' q0 , V, r0 , r) 1 D Backgr. ( qт• q 0 , V, r
0 

, r) , (2) 

where D(qт,q0 ,V,r 0 ,r) is the density of protonpairs in the 
phase space and D Backgr, ( qт• q0 , V, r

0 
, r) is the corresponding 

density obtained Ьу mixing together particles from different 
events. 

The kinematical quantities used in formula (2) are defi~ed 
as: 

-+ -+ 
... ... -+ _.... ... 
qт=q-n(q.п), 

-+ Pl + Pz 
n = --.:.----

... -+ 

1 pl + р2 .1 

-+ -+ -+ 
q= Pr - Pz , 

-+ -+ 

qo=IEr -Е21' 
V = ~I_P;...r _+_P..:.z...;..l . 

El + Е2 
The parameters r0 and т characterizing the space-time size of 
the radiation region were introduced assuming that the sources 
of parti ~ le emission are distributed according to the Gaussi an
type distribution 

... r2 - t2 ( ) р ( r , t ) - ехр (- ---- - --) • 3 
2r 2 2 r2 

о о 

All the values are defined in the nucleon-nucleon СМ system. 
Because of limited sta tistics, we have been аЬlе to ·study 

only one-dimensional distributions (integrated over q0 and V. ). 
... 

j 

Fig.3. The qт distributions 
for proton pair.s emitted at 
angles of 30° .$ (;) ,$150° and 
for proton pairs at Р/ ~ 
~ · 500 MeV/c. 
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· The theoretical рр correlation function has been calculated 
according to formula given in ref ,/ 20/ assuming q~ = 10 MeV, 
V = О. 6 and r = 1 fm. As shown in this paper, the values of r0 

weakly depend on the choice of otl1er parameters. In Fig. 3 we 
present the qт distributions for pairs of protons together 
with ~he fitted curves. One can n~tice that for qт < 15 MeV/c 
the behaviour of the рр correlation function is different from 
that predicted Ьу theory which is probaЬly caused Ьу the conta
mination of the sample Ьу misidentified positive pions. This, 
however, should not change our conclusions because this part of 
the рр correlation function is mainly determined Ьу Coulomb 
repulsion which does not depend on the size of the radiation 
region. In order to avoid the influence of this admixture on 
the results of the fit, we have neglected · the first point of 
the distribution in our fitting procedur~. 

А contamination of the proton sample Ьу misidentified deute
rons should not seriously affect the height of the maximum of 
the рр correlation function(according 1 to our estimates Ьу -14% 
for а 30% admixture), but it should lead to an appreciaЬle 
shift of the position of this maximum towards higher values 
of qт· As this is not observed, we infer that the contamina
tion of our sample Ьу misidentified deutero~s should Ье negli
giЬle. 

The results of the fit for different kinematical selections 
are presented in ТаЪlе 2. ' 

The decrease of values of. r0 with increasing P.l could Ье 
explained Ьу the thermodynamical concept. 

А higher value of P.l corresponds to а higher temperature, 
so, taking such particles into account, we can observe the 
excited volume at the earlier stage of its expansion. 

The value of р(О) in ТаЬlе 2 defined as 

< > ... р(О)=-- v __ _ (4) 
( 2ттr 2) 3/2 . о 

is the maximum of the density distribution of nuclear tnatter. 
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ТаЬlе 2 

r0 , fm r.m.s . radius p(O),fm-3 p(O)I/orm.(O) 
1 R, fm 

30° ~е ~150° 2.5+0.2 4.1+0.3 0.08+0.02 0.5+0.1 

ба·о ~ е ~ 1;2оо 
- -

2.2+0.1 3.9+0.2 0.10+0.03 0.6+0.2 -
P.L ~ · 300 MeV/c ). 7+0.1 2.9+0.2 , 0.23+0 .07 1.4+0.4 -
P.L ~ soo меv/с 1.5+0.2 2.6+0 . 4 0.31+0.08 1.8+0.5 

The value of <v> is the average number of nucleons taking 
part in the collision, and it can Ье determined from the multi
plicity distributions of secondary particles: 

< v > = 2( < n ch >- 2.< n_>) ' (5) 

In our case <v> = 17.29+0.5 . 
The maximum of the density of nuclear matter in normal nuc

leus, pnorm.(O ),was assumed to Ье equal to 0 . 168 fm- 3 • Angle е 
was taken with respect to the beam direction. As already men
tioned, this method does not allow one to study the very early 
moment of the collision (as far as we determine the reaction 
size from correlations of hadrons) a~d the obtained values of 
the ratio p(O) / pnorm.(Q)should Ье considered as а lower bound 
of the compression of nuclear matter. Despite of this, the 
fact that it reaches а value of a·bout 2 at а rather late stage 
of expansion might provide some interesting information. 
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4.CONCLUSIONS 

The temperature and density of 
nuclear matter have been estimated 
in central carbon-carbon colli
sions at Р/А = 4.2 GeV/c(Fig.4) . 
Our results show that at energies 
of about 4 GeV per nucleon it is 
possiЬle to reach the transitio
nal region between hadronic matter 
and quark-gluon plasma . The results 

Fig.4. Diagram of phase transi
tions. 
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could Ье however more convincing if one use·s heavier ions than 
carbon. In conclusion the authors express ,their gratitude to 
the Collaboration for experimental data processing. 
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