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INTRODUCTION
- The temperature and density of nuclear matter are among the main parameters -

of equation of state determining the phase transition mechanisniL To obtain the

" temperature of secondary hadrons in the experiment one usually estimates the value

of the inclusive spectrum slope. Generally, different criteria to select samples of
secondaries for analysis have been used. So, in paper [1] the particles emitted at 90° in
the center -of- mass system (CMS) of Ne + NaF interactions at 2.1 GeV/ nucleon were
investigated and the value of negative pion temperature E, = 102 MeV was obtamed
later at the same experimental conditions for Ar + KCl at 1.8 GeV/nucleon [2] the
apparent temperature of 58 MeV was determined for 95% of the /pijon total yield and
110 MeV for the remaining 5%. On the other hand the kinematically forbidden region
was studied in paper (3] and the temperature of 50 MeV has been obtained [4] for.
negative pions produced at 180° in the collisions of deutrons with idifferent nuclei at
3.36 GeV/ nucleon. As it could be expected such kind of restrictioris allows to obtain
actual information about the initial stage of the multiparticle production process (the
extremely compressed matter) and to separate different mechanism contributions. In
addition, the transverse motion in nuclear collisions is an effective probe [5] to test
the validity of theoretical models. The axralysis must be performed ;for different kinds
of secondaries and selection criteria used at the equal experimental conditions.

. The detailed analysis of the transverse negative pion spectra ai.nd determination
of pion temperatures is the main goal of the work. We have investigated the depen-
dence of temperature on 7~ mesons rapidity and on "centrality” of the interactions.

* We have used the approximation of the transverse momentum invariant spectra
of secondaries obtained in the statistical bootstrap model in papers [6,7} in order to

obta.m the temperature values :

o1 d(dN/dy) \/2__—; pl+m2 ’
21er_ _L tm Z K 1 (1)
where T is the temperature, m = m, for pions and K;- modlﬁed Bessel functions
(Macdonald functions). One can also determine the temperature based on the average

value of transverse momentum of secondary hadrons as it was done in paper [6] .
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SOME FEATURES OF THE QUARKQGLUON STRINC MODEL
In pre\nous pa.pers [8] a good a.greement of the Dubna cascade model calculations
(DCM) [9] with expenmental data on inclusive chara.cterlstlcs and correlatlons of
" secondaries was shown. In this work we have used the next generation of DCM - the

quark-gluon stnng model (QGSM) [10].

In pa.pers (10, 11] the model i 1s presented in deta.lls To descrlbe the evolution’

of the hadron and quark-gluon pha.ses a coupled system of Boltzmann- hke klnetlc

_equatlons has been used in the model. The nuclear collision is treated as a mixture

of mdependent interactions of the projectile and target nucleons, stable hadrons and .

X short-hvmg resonances. A resonant 7 + N — A reactions and pions absorbtion by
NN- quasi-deuterOn pairs as well as ¥ + 7 — p reactions are taken into account.
The formation time of hadrons is a‘.lso/included in the model. The quark-'gluon string
model [10] ha.s been extra.pola.ted to the range of intermediate energy (\/3 < 4 GeV )
to use it as a , basic process dunng the generation of ha.dron-ha.dron colllslons

The included processes are illustrated

N in Fig.1 for the case of NN interactions. Si-
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corresponds to quark rearrangement without direct particle emlssion in the string
decay. This reaction predominantly results in production of resonances (for instance,
ptp—ont A'H') ‘which are the main source of plons The angular dependence for re-
; a.ctlon (1a) can be parameterized as do/dt = exp( bt), where b(s) = 2.54+0.7- ln(a/2)
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and ¢ is the four-momentum transfer. The comparable contributions to inelastic cross

- section decreasing with pi.p growing come from diagrams corresponding to the "un-

developed” cylindrical diagrams (1b) and from the diffractive (1¢c,d) processes. The
pion transverse momenta produced in quark-gluon string fragmentation processes in
the mentioned reactions are the product of two factors. These factors are: a string
motion in the whole as a result of transverse motion of constituent quarks and qq
production in string breakup. Transverse motion of quarks inside hadrons was de-
scribed by Gaussian distribution with variance o? =2 0.3(GeV/c)? The transverse
momenta kT of produced qq pairs in CMS of the string follows the next dependence:
W (kr) = 3b/n(1 + bkZ.)%. ' '

The cross sections of hadron interactions were taken from the experiments. Iso-

topic invariance and predictions of additive quark model [12] (for the meson-meson

- cross sections etc.) were used to avoid the data deficiency. The resonance interaction

cross sections were taken equal to the interaction cross sections of the 'stai.blepa.tticle
with the same quark content. Also a real width of resonances was used. A
This model was simplified in some aspects to increase the rate of nucleus-nucleus
generation. In particular, coupling of nucleons inside the nucleus was neglected, the
decay of the excited recoiled nuclear fragments and coalescence of nucleons were not
involved either. So, 15.000 for each of (d,a,C)+C, 6.000 dTa and 3.000 CTa inelastic

interactions were generated using QGSM. Comparison with the model allows one to

_distinguish the kinematically caused effects and permits to interpret the results more

definitely.

- EXPERIMENTAL RESULTS

In the paper we study the transverse momentum invariant spectra of #~ mesons,
produced in the inelastic dC, aC, CC, dTa, aTa and CTa interactions at 4.2 GeV/c
per nucleon. The experimental data have been obtained using a 2-m propane bubble
chamber exposed to beams of nuclei at the Dubna synchrophasotron. Three 1 mm
thick tantalum plates were mounted inside the chamber. General characteristics of
the interactions and specific methods of data processing were published earlier in
papers [8] . Practically all the secondaries emitted in 47 total solid angle have been

detected in the chamber. The average minimal momentum for pion registration was
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a,b’ou_t 70 MeV/c, The,statistics of the experimental samples is presented in Table 1.

TABLE 1. Statlstlcs of mela.stxc nuclea.r interactions.

Pro_]ectlle nuclei d . a C
Number of events (C-target) - 6684 4849 6806
' (Ta-target) - - 1475 1149 1989

Collisions of Light Ions with Carbon Nuclei

The transverse momentum invariant spectrum of negative piéns produced in the
inelastic CC interactions is shown in Fig.2. The usage of approximation (1) gives
the values of parameter T} = (68 £ 4) MeV for 60% of the total pion yield and
Ty = (131 £ 9) MeV for the remaining 40%.

When we obtained p; spectra at dif-

target only one slope;was observed.
Fig.2
‘negative_pions trdnszierse momentum in

the inelastic CC intqractiona. The his-

dashed one includes the account of mo-

gl sorennd oaouud ool 3ot gl g

-mentum resolutio'n).:-‘ Lines on the fig-
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sources in QGSM.

Fig.3 shows the dependence of negative pion temperature on the value of pion ra-

pidity yxr = 0.5-In(E + p, /E - p"). Experimental points are presented for inelastic

dC, aC and CC collisions. The lines reproduce the model calculations for' dC and

CC interactions. The rapidity interval ranging was made due to the statistical con-

siderations. It is seen from Fig.3 that the dependence has a wide maximum at the
range of rapidity corresponding to CMS of nucleon-nucleon interaction (y = 1.1).
Temperatuies for different projectile nuclei are sufficiently close at the same rapidity
intervals. It means that ‘there is no pronounced A-dependence of T' parameter. In

‘the fragmentation region of colliding nuclei the magnitude of T is about 60 MeV and

‘4

ferent rapidity intervals for the carbon

The invariant spectrum of -

ure reproduce the spectra of different pion

tograms show results of the model (the

it increases to 110 MeV in the central region. QGSM reproduces data quite satisfac-
torily in the fragmentation region but in the central region the experimental values

of temperature exceed those of the model for about (10-15)%.

150 T 17 T T T T T T T

B ‘ dC aC CcC o4
s o experiment
GSM

120 + . -

Thus, the observations qua]itatively
agree with the ideas based on the creatien
of a "hot” pion source whose highest de-
gree of compression (in central region) re-

sults in high values of temperature.

T (MeV)

- Fig.3 Negative pion temperature de-
pendence on the pion rapidity in dC, aC

and CC inelastic collisions.The lines. re-
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produce the model calculations.

y The information a.bout the origin of secondary particles generated in QGSM
can help one to understand the observed dependence. As we have mentioned above,
the dominant sources of pions in QGSM at our energies are decays of A and other
resona.nees (p,w,n,n') as well as "direct” reactions. We have marked as ”direct’; a
sample of pions not produced in the resonance decays. For a nucleon-nucleon reaction
at 4.2 GeV/c the relative pion intensities (contributions to the #«~ multiplicity) in
QGSM are: .

Liir
.0.43 :

Ia-
0.35 :

O P AT P A &

2
0.12 : 0.03 : 0.02 : 0.02 : 0.02 : 0.01 ®

A solid histogram in Fig.2 represenfs QGSM calculations for the invariant trans-

verse momentum spectrum of negative pions produced in the inelastic CC interac-

tions. The dashed one shows the result of correction of the pion momentum values
due to expenmenta.l uncertainties Ap/p'= (5 — 10)%. The account of expenmental
resolutxon improves the agreement with'the data for small values of p.1 and is negli-
g]ble for high values of transverse momentum. In paper [13] two different approaches
were applied to the analysis of the pion transverse spectra from ultrarelativistic col-
lisions of ions. Decays of resonances were also treated as the main source of pions.

Both: the chemical equilibrium model and the statistical string fragmentation model
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of the mltla.l hadronic abundances descrnbe qulte well the data only for p 1> 0.2
GeV/c but not for sma.]l P1.

The lines in Fig.2 reproduce smoothmg spectra of the mentioned s sources in the
QGSM for CcC mela.stxc colhsxons We obtain in the model the followmg relative

intensities of the sources :

Ia- ¢ Loz Jae t Lot Lo i Lo : I : Iy
043: 026: 017: 006: 004: 002: 001: 001

Within ~ (10-20)% the ratio (3) remains constant for different pion rapidities. The
influence of secondary processes going from NN reactions (2) to CC interactions
results in changing a relative contribution of direct reactions. The ratio of the pion
yieldsis I,5 : Iair = 1.1 : 1 for NN reactions (2) and 2.3 : 1 for CC ixrteracfions. For
tantalum target this ratio is growing up to 3.1 : 1. The calculations shown in Fig.2

demonstrate also different slopes of the spectra. Using approximation (1) we have

obtained the values of negative pion temperature for each source presenfed in Table

2‘.".The‘magniti1de of T changes in the range from 50 till 11‘0 MeV similar to those
in the experiment for different pion rapidity (see Fig.3). :
TABLE 2. Pion temperature from different édu'rces in Q‘GSM;"'l

( CC inelastic collisions )

Source A~ direct Ac P, 0% w 7,7
. reactlons ‘ .
Temperature(MeV) 68 110 73 106 50

Fig.4 shows rapidity dependence of pion temperatures obtained in the model for -

two dominant sources —~A~ decays and direct reactions. The pion temperature in .

delta decays is systematically smaller than those in the direct reactions, probably, due

to different phase space available for delta decays and direct reactions. In general, the

temperature behaviour obtained in the mode! for different sources replicates those :

observed in the experiment.

*Typical errors of the parameter T obtained in the model have not exceed a few MeV ol

and were not mentioned in the text.

®
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| CC—QGSM ] Fig.4 Tempefatum dependence on
150l °- g"e‘:t 1 rapidity of negative pions from A~ de-
- i ¢, . 4 cays and direct reactions in CC inelastic
g 100} * 7 collisions (QGSM calculations).
= ] T . | _
sol- : x - Fig.5 presents relative contributions
B 1 of the sources (normalized to unit) to dif-
o5 og — 1_'1 —t 2.'0 ‘¢ ferent intervals of transverse momenta
oo T o, obtainedin QGSM for CC inelastic inter-

actions. For high values of p; the relative

contribution of delta decays decreases.

At the same time the influence of direct
Fig.S Dependence of the relative

contributions from different sources fo

relative contrinutions

pion multiplicity in QGSM on the value

-~ A0 . ) ) .
o1 L~ Tresonic 8" | of pion transverse momentum for CC in.-
resonances .
elastic collisions. Polynomial approzima-
0.0 1 1 1 1 ! 1 L t 1 1
0.0 1.0 tions were used for the spectra smoothing.

0.5 -
- p1 (GeV/c)
production mechanism becomes significant while p; growing.

Analyzing in detail the characteristics of diﬂ'ererrt pion sources in QGSM, we
have obtained the pion temperatures for two groups of pions emitted in the direct
reactions:

- for pions produced in primary and secondary NN collisions (e.g. NN — NNn=);
- for 77 mesons emitted in the interactions of secondary pions and resonances

(e.g. pPN = N7 ).

The yields of pions in these groups of reactions are related as 1.4:1.0. The pion
temperatures for the two samples are T = 107 MeV and T = 119 MeV, respectively.
About 10% of directly emitted pions were later scattered elastically. This results in
temperature increasing to 140 MeV and 153 MeV, respectively.

A similar temperature dependence has been also observed for pions emitted

in the decays of delta resonances. So, approximately 20% of pions from A° were

7



scattered ela.stlcally The temperature value for this sample of pxons is T =84 MeV

and for non-mteractmg pions T' = 69 MeV.

A satlsfactory agreement of the quark-gluon strmg model calculations for pion

temperatures proves the assumption that the values of temperature observed in the

experiment reproduce a complex superposition of different source slopes.

Interactions with Tantalum Nuclei
Transverse momentum invariant spectrum of negative pions produced in the
‘inelastic CTa interactions is presented in Fig.6. Generally, the model reproduces

the inclusive spectrum observed in the experiment. The varieties of pion momenta

accordxng to the expenmental resolution do not change sxgmﬁcantly thep, spectrum ‘

calculated in the model. There is some excess of high p, pions in the experiment
similar to light nuclei collisions. The usage of approximstion (1) gives the values of
’ ' (49 £+ 2) MeV for 49% of the tota.l pion yield and T; = (113 + 5)
MeV for the remaining 51%.

parameter T1

»’I\'he total transverse momentum spectra for CTa inelastic collisions and those

sﬁeetré in different rapidity intervals show a bend at p; = 0.5 GeV/c.

reactions. In paper [15] this effect was qualitatively explained taking into account
the finiteness of the number of partlcles in the statistical ensemble a.nd the resonant '
absorbtion mechanisms. '

Flg T shows the behaviour of temperatures in the available region of rapidity
for negative pions emitted in the inelastic dTa, aTa and CTa collisions. The lines

correspond to QGSM calculations. The model ztgrees with the data. Only one slope

¥ ¥ T T T T T L ¥ T T T T ¥ T T T 1 ¥ T ¥ T T ¥V 17 17

dTa ala )
160 |- m O aa— experiment -~ CTa — — QGSM .
) QGSM . .

v

t
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i
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Temperoture, T (MeV)
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1.4

24

1

- T T3 This important feature of spectra
?’o‘ 10 -'S cte .fg)gseh;imer.“ | -: distinguishes CTa interactions from col-
é 0 _'E_ 1 lisions oi: light nuclei and displays the ap-
>~ ? § - pearance of one more slope of spectra cor-
%lé 10 4? g responding to the high value of tempera-
_If}‘ 10 -0; : ture. No satisfactory approximation -
FI: 16*; ‘z Fig6  The invariant spectrum of
3 j negative pion transverse momentum in
10 ;g 3 CTa inelastic interactions. Notation is ’

was found using only one T' parameter. A good agreement with the experimental
data was obtained for two parameters T and T;. Usually one interprets it as mani- -

festation of two sources of pions with different temperatures. In paper [14]

Ps. (GeV/ c)

the same as in Fig.2.

temperature” shape of transverse momentum invariant spectrum was explained due

to different contributions of deltas produced at early and late stages of heavy ion = -’

DR

a "two- '

Fig.T Negative pion temperature dependences in the inelastic dTa, aTa and

CTa interactions. The lines correspond to QGSM calculations.

in spectra of w~ mesons from dTa and aTa interactions is seen both - in experiment
and in the model. In the central rapidity region in dTa and aTa collisions the
additional slope reveals but the contributions to corresponding invariant spectra are
not remarkable. In CTa inelastic interactions two slopes are seen in the whole rapidity
region. The value of temperature T} remains almost ¢onstant (=240 MeV) for different
rapidities and coincides with T, parameter for dTa and aTa collisions in the central
region.. The behaviour of temperature of the additional "hot source” is similar to
that observed in the light nuclei interactions. The temperature values for different
projectile nuelei do not significantly distinguish from each other at the same rapidity
intervals.

The contribution ratio of the sources in QGSM for. CTa inelastic collision is

appfox:imately the same as for CC interactions:

9




Ia- : Lgor : Iae I : Ip- = - L, : I, In'

(4)
045: 020: 017: 008: 007: 00l: 001: 001

Ratio (4) is almost constant in different ranges of pion rapidity. Table 3 presents cor-
responding values of temperature. They have not changed significantly in comparison
with CC collisions.

TABLE 3. Pion temperature from different sources in QGSM.

( CTa inelastic collisions )

Source A direct A° p,P%w 7,7
reactions
28 : .
Temperature(MeV) 66 128 64 95 57

The same conclusion is also valid for

relative contributions of the sourcestop

0.6 T T T T T
spectrum which is shown in Fig.8. The

influence of the direct production mech-
< anism increases also with p, while the

relative contribution of delta decreasing.

Fig.8 Dependence of the relative

relative contributions

contributions to pion multiplicity from

different sources in QGSM on the value

~— AQ
s R mesonic A
a1+ resonances -

1 of pion transverse momentum for CTa
collisions. Notation is the same as in
\ Fig.5.

Fig.9 presents temperature dependence obtained in QGSM on rapidity for pions

0.5
pL (GeV/c)

produced in the direct reactions and A~ decays. For every rapidity interval the
shapes of the invariant spectra are considerably dilferent. In comparison with the

decay mechanism the spectra of the directly produced pions obviously show two

slopes. And corresponding temperatures 77 and T> remain almost constant within

their error bars.

10
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Fig.9 Temperature dependence on

250 — T
CTa - QGSM: 7 -
2ool| x — A :: E}direct- rapidity of negative pions from A~ de- =
v ‘ cays and direct reactions in CTa inelaatic
s ‘15(') - 4 ' * * + 1 collisions (QGSM calculations).
2 ‘ ‘ The. d1rect reactions were cla.ssxﬁed
= 0o . 1 into two groups for CTa collisions in the -
sol- x t ) . same manner as for cC mteractlons But
\a * e . t l in this case we observe quite another ratlo
oL ) 0,3 \ Y”.. 1 12 L X of pion yields in the groups. The number

of ¥~ mesons cm.ltted in’ the lnteractlons,

of secondary plOnS and resonances “with nucleons in QGSM is almost four tlmes e

~ greater than that in primary : and secondary NN reactlons For both groups of plons"v :

we have observed the "two- temperature shape of transverse momentum spectra. :

The correspondmg values of temperatures and relative contnbutlons to the total plon '

yield are T} = 26 MeV (22%),Tz = 128 MeV (78%) for the first group of plons ({rom‘ :j '
N N-reactions) and T; = 28 MeV (53%), > = 129 MeV (47%) for the second one, Y

So, the additional slope (Tz) in direct reactions is ma.mly related to the mteractlons s

of secondary plons and resonances with nucleons.

The temperature behav:our for pions produced -in delta decays in the generated
CTa collisions is similar to the generated CC interactions. In CTa inelastic COl].l510ns
about one third of negatlve pions produced in A° decay was scattered elastxcally
Thxs results in temperature mcreasmg from 61 MeV up to 68 MeV The model allows
one to reconstruct kinematical characteristics of the parent deltas usmg momenta of
daughter pions and protons (neutrons). So, one can obtain the transverse momenta
mvanant spectrum of A resonances and the correspondmg value of delta tempera-
ture: Th- = 120 MeV. Basing on the results shown in Flg 9 we can also get pxon
temperature dependence on the mass of parent resonance. The results for 7~ mesons
from A~ decays in QGSM presented in Fig.10 agree with the calculations of paper
e]. |

Thus, the main features of transverse momentum invariant spectra of negative

pions produced in light relativistic nuclei collisions both with the carbon and tantalum

11



nuclei can be described in framework of the quark-gluon string model.

8 T T T Fig.10 Temperature dependence of

CTa-QGSM negative pion from A~ decays on the

Reln { - mass of delta in QGSM for CTa inelastic

v% interactions. Closed cycles are the result

\2.’ 70k 4 of calculations and the solid line 'ia‘poly-
= . * { nomial approzimation.

Bff' { 71 In comparison with the carbon nucleus

the contribution of intranuclear rescat-

60 - 1.1l6 o 1_2|6 tering mechanism in the interact;lons of

2
Ms (GeV/c") the projectile nuclei with the tantalum

target becomes sighiﬁca.nt. It changes the shape of p -spectra and comes in particular
to‘la.ppear‘ance of the additional slope in the transverse momentum spectra of the
pions. It follows that the obtained "temperatures” characterize the slope values of
the invariant spectra and that they reflect the observed dynamical features of tile
multxpa.rtlcle production mechanism. ‘
Influence of Selection Crlterla

'Non-trivia.l propertyies of nuclear matter can be observed as it is expected at
extremely high densities which are accessible in heavy ion central collisions. In papers
[17-19] it is shown that net charge of secondary pa.rtlcles Q is an effective probe of
collision ”centrality”. In the experunent we have analyzed the transverse momentum
invariant spectra of pionsprodupedlin the inelastic nu.cl”éar interactions with different
values of Q and obtained the following results: in the (d, a )+(C,Ta) only one sloi)é
is seen with T' = (80 -+-90) MeV and in CTa collisions - two slopes with T, = (60 70)
* MeV and T = (120 + 150) MeV. No systematical dependence of temperature values
on the impact parameter ila.s been found. This confirms the conclusion of pape;
[20] about weak dependence of the momentum, angular and rapidity distributions of
pioos on the centrality of light ion collisions. L ‘

The invariant spectra of pions emitted at the angles 90° & 10° in center-of-mass
system of CC and CTa inelastic collisions have beeq also ana.lysed. For the equal mass

CC interactions the center-of-mass system is CMS of nucleon - nucleon collisions. For

12

unequa.l mass (asymmetrlca.l) CTa interactions we have used CMS of participating
protons The results are presented in Table 4. The invariant spectra of pions in CTa
collisions show only one slope. The obtained values of pion temperatures comolde
TABLE 4. Temperatures of 7~ -mesons, emitted at the angles 90° :l: 10° in CMS of
CC and CTa interactions. ! |

Interactions CC . : i CTa
- Experiment 118 +3 0102+4
QGSM 103 £ 2 ‘8243

with those observed and calculated in the central rapidity region. The expérimenté.l

_ values of temperature exceed the temperatures in QGSM for about (15+20) MeV.

The magnitudes of parameter T' do not significantly depend on thé selected angular

restriction limits. The marked disagreement takes place due to the 3px<':ess of high py

pions observed in the experiment. j
CONCLUSIONS

The slope parameters of transverse momentum invariant spectra of negative
pions produced in the inelastic (d,a,C)+(C,Ta) interactions at 4.2 GjeV/ ¢ per nucleon
have been analyzed and the values of corresponding temperatures ha?ve been obtained.
For the carbon target in the fragmentation region of colliding nucle% the temperature
is close to 60 MeV and grows up in the central rapidity region till ilO MeV. In CTa
collisions the "two-temperature” shape of the spectrum is observéd; the contribution
of the "hot source” increases in the central region and is weakly seele in dTa and aTa
interactions. “ :

The obtained values of temperature for pions emitted at 90° + 10° in CMS of CC
and CTa interactions are close to those parameters observed in the central rapidity
region of projectile nuclei interactions with the carbon target.

The pion tempei‘atures do not remarkably depend on the centrja.lity of collisions.
No significant dependence of temperature on the atomic weight o:f both, projectile

and target nuclei has been found ..

The experimental results are compared in deta.lls with the ca.lculatlons performed

:in framework of the quark-gluon string model. The model reproduces data quite

13



satisfactory, except the central rapidity region where some excess of high p, pions is
observed. .

Comparisons with the model show that the pion temperatures in all investigated
inelastic nuclear collisions are determined by superposition of partial contributions of
different sources (decays of resonances, direct reactions). Both: the pion temperature
rise in central rapidity region and the appearance of the additional slopé in the
transverse momentum pion spectra in CTa interactions are caused, especially, due to
intranuclear rescattering mechanism of mesons and resonances with direct 7~ meson
production. '

Perhaps, investigations devoted to the analysis of another hadron spectra and

comparison of the results with calculations of "non-cascade” models would be fruitful.
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