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1. INTRODUCTION

In traversing atomic nucleus, fast projectile deposits its
energy in the intranuclear matter. The mechanism leading to
projectile energy deposition and nuclear matter excitation
has intensively been discussed recently/1.2.3/, Various aspects
are considered: stopping power, thermal equilibrium, formation
zone, collective flow, high densities and temperatures, jet
and plasma formation and many others. Experimental trends are
mainly directed to highest projectile energies and heaviest
target nuclei. The results, gained so far, point out however
at the similarities between hadron~nucleus and nucleus-nucle~
us collisions; the latter seem to be a superposition of many
hadron-nucleus constituents’/#58/ | Nucleus-nucleus interactions
can be considered as a sort of different impact parameter had-
ron—nucleus collisions., It is useful therefore to have some
reference information taken from hadron-nucleus data when
searching for a new phenomena in nucleus-nucleus collisions.,

The aim of our investigations is to get data on incident
particle energy deposition and nuclear matter excitations at
a given value of impact parameter. We would like to pursue a
smooth transition from peripheral collisions to the central
ones. The xenon nucleus seems to be a/ﬁ°°d example of nuclear
matter laver; (Z=54, <A>= 131, <™ V& 4.8 fm - where Z, A
and <r2>123re respectively, charge, mass and rms radius of
the xenon nucleus). We apply the number of emitted protons as
an indicator of the impact parameter. The inclusive distribu-
tions of neutral pions are used to find the main features of
the investigated process.

2. EXPERIMENT

A sample of 6301 minimum bias events of »~ -Xe collisions
at 3.5 GeV/c incident momentum has been collected. All events
were recorded on the photographs of 180 litre xenon bubble
chamber of ITEP, Moscow. The details of data analysis are
described in our earlier papers /8:7/, Here, we consider two
kinds of secondary particles: protons and neutral pions.
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We accept as protons all the particles stopping within
the chamber and showing track length greater than 5 mm. This
track length corresponds to the proton kinetic energy of
22 MeV. The admixture of positive pions in this class of par-
ticles is negligible as their decays in the chamber are simp-—
1y recognizable. The chamber operated without magnetic field
and some negative stopping pions could be taken as protons.
This fraction was estimated to be no more than 27. The admix-
ture of deuterons and heavier nuclear fragments should not
exceed a few percent as most of them produce shorter tracks.
The momentum range of detected protons extends between 200
and 800 MeV/c. The protons of momenta less than 600 MeV/c are
identified in full 47 geometry while some of faster protons
leave the chamber without stopping. The corresponding loss
should not exceed 47%.

Neutral pions are detected and identified through the gam-—
ma quanta conversion pairs and electron-photon showers regis-
tered in the chamber. The efficiency of gamma quantum regist-—
ration is more than 90% and does not depend essentially on the
energies and multiplicities of gammas. In the predominant part
of events gamma quanta occur in even numbers. It was found
that neutral pions are the main source of the gammas observed;
n° decays and others are in a few percent only. For identified
7° mesons the energy correction was done under the condition
that effective mass of corresponding gamma quanta pair coin-
cides with the mass of #° meson., The mean accuracies of ener-
gy and angle determination are 9.37 and |.9 degrees corres-
pondingly; mean »° meson weight equals,18.

. It is significant for the present data analysis that neut-
ral pions are registered with very high efficiency in4s geo-
metry conditions and in full energy range, including zero
kinetic energy and up to the highest possible,

3. INCLUSIVE #° DISTRIBUTIONS IN LABORATORY FRAME

It is well established that the number of emitted protons
in high energy hadron-nucleus collisions can be used as an
indicator of the number of collisions between the incident
particle and the target nucleons at a given impact parame-
ter 78/ or, in other words, it measures the thickness of the
nuclear matter layer involved in the interaction process’/%/,
In the emulsion experiments the number of grey particles is
applied in the sense mentioned above. In the present analysis
we consider the inclusive distributions of neutral pions de-
pending on the number of emitted protons. First, we perform
the analysis in laboratory reference frame.
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The investigated reaction is:
:;‘+Xe-,ﬂ°+Np+X, m

where N_ is the number of emitted protons, X stands for the
rest ofpoutgoing particles.
The invariant distribution function is defined as:

3 2
(T, ) = & o _ 1 4 (2)

o ddp 2nop dTdcosd

where p, T and # are »° momentum, kinetic energy and emission
angle, respectively; ¢ is the cross section of considered re-
action. For each selected reaction and given angular Pnterval
the distributions were approximated by the exponential func-

tion, or by the sum of two exponents in the form:

£(T) = £ (T) + £, () = Alexp(-T/Tol)Jr Azexp(-—T/Toz Y (3)

where A, Ay, T°1’ T02 are fitted parameters. The values of Tgr
T, characterize the average kinetic energy of emitted pions
2

and are often considered as a temperature of nuclear matter
at the moment of pion emission. Although this parametrization
implies the thermal concept and we call these parameters =-
"temperature", it is introduced as a convenient way to desc—
ribe the form of experimental spectra, and to reveal their
main peculiarities.

Table | presents the results of approximations for diffe~
rent selected reactions. The examples of some distributions
are shown in Fig. ! and Fig. 2. Strong dependence of fitted
temperatures upon the number of emitted protons and upon the
angle of pion emission is observed. This dependence is dis-
played in Fig. 3 where the results are collected for compa-
rison, In all the cases (with the exception of one distribu-
tion) two exponents are necessary to obtain reasonable x% valu-
es. The fitted temperatures are well separated and their va-
lues decrease with increasing N_ number and with the growth
of pion emission angle. Strongest dependence occurs for smal-
lest angles of pion emission. The dependence upon N_ is non-
linear and their character differs in different angular in-
tervals. The detailed discussion of these dependences will
be .performed in the next section.
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Fig. 1. Inclusive spectra of

Table 1

Statistical data and results of approximationsg of
inelusive pion spectra in laboratory reference frame.

Fig. 2. Two examples of pion inclusive spectra
for smallest and greatest numbers of emitted

protons. The curves show the results of appro-

ximations with the formula (3). (lab) - labo-
ratory reference frame.

N Number of To., MeV T,., MeV ¥*/ND
P events L 2
0 1309 302 + 17 85 ¢+ 13 37.4/35
1 1119 270 t 186 72 + 8 30.89/35
2+3 1634 233 + 11 63 + 6 30.4/34
4+-6 1553 198 + 12 57 + 5 26.1/25%
2 7 686 187 + 31 54 + 8 12.6/18
> O 6301 261 £ 7 66 + 3 49.7/386
1;{} F N W 0N L Fig. 3. The temperatures, fit—
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w’%+aé e different numbers of emitted
_ protong and different angular
200} } oo et bl tervals in the Laboratory
_%, reference frame.
m'+ 4 ‘ %_—
* —— + + e |
R N N N N N
le np g

4, INCLUSIVE DISTRIBUTIONS IN THE MOVING SYSTEM

The observed features of pion inclusive spectra seem to be
rather complicated and, at first sight -~ unclear - like epi~
cycles created by Ptolemy. Following Copernicus, let us
look for a more suitable reference frame.

It was pointed out by T.Siemiarczuk/10/ that the reference
frame of projectile hadron - target nucleon "moves too fast"
when considering hadron nucleus collisions. System of symmet-
ric pion emission was proposed instead/10:1Y | Similar appro-
ach was used by J.Bartke et al. for nucleus-nucleus collisi-



We have investigated the rapidity and angular distributi-
ons of »° mesons depending on the number of emitted pro—
tons/13/, Some conclusions will be useful for the purpose of
present analysis.

1. It was shown that rapidity and angular distributions
of neutral pions depend much on the number of fast protons
emitted N . '

2. For given number of emitted protons the reference fra-
me can be defined in which the angular and rapidity »° distri-
butions show forward-backward symmetry. We denote this sys—
tem - (sym).

3. For smallest N, number the velocity of this system in
laboratory corresponds to the velocity of the ¢ms system of
incident pion and target nucleon. With increasing N,, the
velocity of this moving system decreases systemarlcally ap-
proaching values close to zero, that corresponds to symmet-
rical pion emission in the laboratory frame.

The above observations are consistent with the assumption
that pions are emitted from the systems moving in the labo-
ratiry with the velocities depending on the number of emitted
protons or, in other words, on the nuclear matter involvement
in the interaction process. Considering this assumption as a
working hypothesis we transformed the longitudinal pion mo-
menta to the systems moving in laboratory with the velocities
defined as:

Bs= QM]KY>NJ’ (%)
where <y >N, is the mean value of neutral pion rapidity for
given number of emitted protons.

The B¢ values, computed according to the formula (4), are
plotted in Fig. 4. The extend of these values covers full
range of possible velocities,
from the cms system velocity of

~ T T T T T T . . .
B 4 incident pion and target nuc-
08wy
ﬁs@ﬂ leon and down to zero, that
ost ° . $e>=055*000 | corresponds to laboratory frame.
L
04 vy 1 . .
') Fig. 4. Dependence of the pion
02t $ 1 source velocity on the rumber
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0 C o] indicates the cms system veloci-
. X A i i i i i

ty of incident pion - target
np nucleon.

Table 2

Results of approximations of inclusive pion
spectra in the moving system

N Toy» MeV Tog » MeV x /ND
0 155 ¢ 5 71 4 23.7/23
1 175 + 16 65 + 17 20.7/21
2:3 161 + 15 75 + 15 27.1/26
4+-6 160 %+ 13 56 ¢+ 8 26.5/20
y 7 164 + 29 53 + 9 4.7/15

> 0 164 ¢+ 5 61 + 6 28.5/29

After performing transformations we repeated the procedure
applied for pion inclusive distributions in laboratory system,
The distributions were again approximated with the formula (3).
Table 2 contains the results of approximations performed for
different numbers N_. These results can be directly compared
with those in Table 1. In Fig. 5 these results are plotted
together for comparison., After the transformation we obtain
also two, well separated temperatures, but their values do
not depend on the number of emitted protons (with the excep-
tion of one point for N_ =0),
Figure 6 shows similar compari-

son for different angular in-
300} ¢ -
Toe: 0-lab, m-sym terva}s. Strong dependence,
TgMeV ¢ seen in laboratory system, va-
nishes after transformation.
Slight opposite tendency is

I T i ¥ ¥ T

Tor o-lab, e-sym

200t even seen for lower temperature.
+++%J;\:
Pig. &. Dependence of the fit-
100} WQ? ted temperatures on the number
% $k of emitted protons for two dif-
== =4*:=:: ferent reference frames. (lab) -
laboratory reference frame,
Oni PN S TR {sym) — moving system of sym-
0 2 4 6 8 10 metric pion emission.
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Fig. 6. The values of fitted

3001 — == Lab: a-Ty,0-Tea temperatures for three diffe-
' ”‘*#“1 T oT. rent pion angular intervals.
To, MeV A (lab) - laboratory ref. frame,
(sym) - system of symmetric
np»0 pton emission.
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+ I To shed some light on the

L properties of #° distributions
after transformation we compar-—
ed the shapes of pion spectra
100:-4fn.ﬂ corresponding to smallest and

L greatest N_ numbers (Fig. 7).
‘ The slope of both distributions,
giving the values of higher

( ) , temperature, equals each other.
0 60 120 930 For N_ =0 does not exist practi-
@Vz() cally the lower temperature

component however. (One point located highest gives the value
of very low temperature, as it is seen in Fig. 5). The ques-
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Fig. 7. Two examples of pion inclusive spectra
for smallest and greatest numbers of emitted
protons. The curves show the results of appro-
ximations with the formula (3). (sym) - sys-—
tem of symmetric pion emission.

=3

tion arises therefore: how much is the fraction of lower tem
perature component in the total inclusive cross section and
how does it depend on the number of emitted protomns. This
fraction can be computed as:

- 3
R fET(, (M) d% ’ o
IE-—rlr(T)dsp

where f2(T) corresponds to the lower temperature component of
the fitted function. In Fig. 8 this fraction is plotted in
dependence on the number Ny Systematicall growth is seen with
the increase of the number of emitted protons,
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total tnelusive cross section
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5. NONINVARIANT INCLUSIVE DISTRIBUTIONS

It was pointed out’! that thermodynamical models /14.15/
predict the exponential slope of noninvariant inclusive dis-
tributions. As we have mentioned above, we use the exponen—
tial parametrization as a convenient method to describe our
experimental spectra. By obtaining good fits for invariant
inclusive distribution we can, in principle, visualize the
deviations from characteristic thermalized pion emission.

We have obtained good fits with two-exponential formula
and reveal some regularities in the invariant pion distribu~
tions., The same procedure was applied then for noninvariant
spectra of neutral pions. It turns out that the same depen-
dencies are seen in this case as well. Main results are gi-
ven in Table 3. The temperatures listed there correspond to



Pable 3

Results of approximations with the formula (3) of
nontnvariant pton spectra in the moving system for
different numbers of emitted protons and in diffe-
rent pion angular intervalsg

aJangular To, » MeV Ty, MeV x%/¥D
interval 1 *
0°¢B8< B0° 149 + 6 46 + 7 28.2/27
80° < B <120° 117 + 5 48 + S 14.8/20
120° < B <180° 127 + 10 55 + S 18.6719
N, To,» MeV Tg, MeV x¥ND
0 142 + 16 75 + 14 25.1/21
1 143 + 11 S7 + S 21.6/21
2+3 130 + 8 57 + 'S 25.1/23
6 128 + 8 47 + 4 25.2/21
> 7 128 + 16 43 + S 4.2/15
% O 135 + 4 52 + 3 29.6/29

the moving systems is described by the formula (4). Two tempe-—

ratures are necessary as well

10

but their values are systemati-
cally less than in the case of
invariant distributions, Obtain-—
ed ¥ values show sufficiently
good quality of approximations
and the temperatures are distinc-
tly separated. The attempt to fit
these distributions with one
exponent function does not give
reasonable results. It can be
seen from Table 3 that there is
no significant dependence of the
fitted temperatures upon the

Fig. 9. The total noninvariant

- piton distribution in the moving
reference frame.

= =3

number of emitted pions. The total noninvariant distribution
is shown in Fig. 9. Corresponding values of fitted tempera-
tures are listed in the last row of Table 3,

6. CONCLUSIONS

In this paper we continue our investigations of neutral
pion characteristics with the aim to find the main properties
of hot nuclear matter the fast particles are ejected from.
Using the number of emitted protons as an indicator of im—
pact parameter we select the collisions with different nuc-
lear involvement into the interaction process. We have found
that the characteristics of neutral pions depend strongly on
the number of emitted protons. The majority of »° characte-
ristics become similar when presenting them in the reference
frame moving with the velocity depending on the number N_.
This approach resembles the moving source model, often used
in the experimental data analysis. The results of this work
are similar to those obtained by K.Nakai and co~workers im
the frame of two moving source model/16/ ., There are some dif-
ferencies however between the standard method of data analy-
sis and the approach applied here. We defined the velocity
of moving system using the property of rapidity variable only.
The characteristics of angular and momentum distributions
after the transformation, their shapes, symmetry properties
and others are not imposed by the method of presentation and
reflect the characteristic features of emitting systems,

It turns out that two types of sources can be distinguished.
One of them, with the temperature about 135 MeV appears in
peripheral collisions but its yield diminishes when the nuc~
lear involvement increases. The second one, with the tempera—
ture about 50 MeV, seems to reflect the degree of nuclear mat-
ter excitation, Its yield growth when impact parameter decrea-
ses. The temperature of this source is close to that obtained
for protons earlier 717/,

The authors are grateful to V.G.Grishin and L.A.Didenko
for useful discussions and comments.

This work is performed with the support in CPBP Programme
01.09 in Poland.
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E1-88-450
BosSynpenme AAGDHOR MATEDHM B MMGH™KCEHOH CTONKHOBEHHAX °
npm 3,5 MaB/c. Huxnosvunue cnexTpi HeHTPansHux NHOHOR

MpoaHaNMHPOBaHN MHKIINSHBHME CHEeKTPN HEeATPaNbHMX NHOHOB B p— Xe-B3auMo~
aefcTauax npu 3,5 MaB/c ¢ uenwo nonyueHua gaHHux O nNepegaue AADY IHEprum
vaneTaomel JacTuus v BosGywpeHme npepHOl MaTepuu ANA pasHeX JHaueHMH
napameTpa CTonkHobeHna. PesynwTarw noxkasam, uTO MOMHO BMAGAMTL ABA THNA
MCTOMHMKOB BTOPMUHNX nuoHos. [lepswit, ¢ TemnepaTypod okono 135 HaB, npeob-
NAjaET 8 NEpUPEepUMUECKHX CTONKHOBEHMAX, MO ero 3PPEKTUBHOCTL CHMUMBETCA
¢ yMeHbHeHWEM MapaMeTpa cronxHoseHuAa. Bropol mcTounmk, © Temneparypol
okono 50 M3B, pomuHupyeT B yeHTpanuHuix croqxnoeéﬂunx.

Pafora sunonHeHa 8 naﬁépatopnu BHCOKUX 3Heprui OHAW,

Cooéuwaue()ﬁaquunaunononhcruryva:uununm:nwcaanonnnnm.llyﬁuu1988

Pluta J. et al,
Nuclear Matter fxcltation In Plon-Xenon Colllslons
at 3.5 GeV/c. Inclusive Spectra of Neutral Plons

E1-88-450

Incluslve spectra of neutral plons have been analysed In " «Xe colli-
slons at 3.5 GeV/c In order to obtaln data on Incldent particle energy
depos|tion and nuclear matter excltation at a glven value of Impact para~
meter. The results show that two types of plon sources can be distIngulsh-
ed. The first source, with the temperature about 135 MeV, prevalls In
peripheral calllislons but Its yleld diminishes when the Impact parameter
decreases, The second one, with the temperature about 50 MeV, dominates
in central collistons,

The Investigatlion has been performed at the Laboratory of High
Energles, JINR.
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