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Abstract. In nucleus-nucleus collisions at high energies the collision geometry is very important. The
participant-spectator picture is used to dbtain information onthe wllision dynamics from the experimental
results. In this paper a method to find the contributions of the two regions to the multiplicity distributions of the
negative and charged particles is discussed. The ordinary moments associated to the distribution functionsin the
two regions are used. The cdculations are mmpared with experimental results obtained in nucleus-nucleus
collisions at 4.5A GeV/c. The experiments have been performed at the Syncrophasotron from the JINR Dubra.
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INTRODUCTION

The dynamics of the nucleus-nucleus collisions at high energies is related to the @llision geometry. This
feaure of these wllisons has been evidenced from the beginning of the field [1]. The most used picture for the
collision geometry in nucleus-nucleus collisions at energies higher than 1 GeV/A is the participant-spedator picture
[2].

In this context, it is very important to separate the contributions of the two kinds of regions at the dynamics
of these mllisions. Many experimental results suggest the possible influences of the phenomena from the two
regions on the collision dynamics [3-9]. Among the physicd quarntities reflecting these influences the multi pli city
and the multiplicity distribution are interesting.

A method based on two dfferent unknown dstribution functions for the two kinds of regionsis presented
in the paper. The firgt ordinary non-central moments for the convoluted dstribution function - formed from the
distribution functions that describe eab region - can be cdculated; the cdculations are wmpared with the
experimental results and the antributions of the two regions can be established [10]. This method completes the
phenomenological geometric picture proposed for relativistic nuclear collisions and can ke related to the different
simulation codes, like HIJING, VENUS NEXUSand RQMD [11-13].

The cdculations are mmpared, espedally, with the experimental results obtained at the Syncrophasotron
from JNR Dubra (Russa), in the frame of the SKM 200 Collaboration [4,5,7,14-16].

Themethod presentation

Experimental results on multiplicity, participants, pionic interferometry, angular distributions, momentum
spedra, rapidity spectra suggested a phenomenologicad geometric picture of the collisons a energies of a few
GeV/A [4,5,7,8,17,18]. In the overlapping region of the two colliding nuclei a hot central region is creaed. This
region flows through colder peripheral spedator regions. These regions $ow down the flow and can absorb some
particles creaed in the hat region, espedally those amitted at transverse anglesin center of mass ystem; it seamsto
be important what's happen in the mntact areabetween the two kinds of regions during the flow [10,19].

Some physicd quantities can be cdculated in the phenomendogicd geometric model using the foll owing
working assumptions:

(i) the nucleons are spheres of radii r, , and the nuclel are spheres of radii R= r,AY%;
(i) initially, in the target nucleus a sphericd zone occurs whaose volume depends on the impad parameter b and on
the beam energy;

Lyt Z; . .
(iii ) the ratio ——— remains constant for the hot region;
+

(iv) the spherical zone evolvesinto a hot sphere, the volume remaining the same.
In these assumptions the total number of participant nucleons, Qy, and the number of participant protons,
Q, arecdculated wsing the following relations:
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where: rf,=| RE- (bt Rp )2| , h = 2Rs , with Rs and Ry the radius of the projedile nucleus, respedively, the

radius of the target nucleus.

The spedator regions dow down the flow and can absorb some particles creded in the hot region,
espedally those amitted at transverse angles in center of mass system. Therefore, it is important to know what's
happen in the contact area between the two kinds of regions during the flow and participant region expansion.
Consequently, two types of spectators must be cnsidered: primordial spedators and absolute spedators. The
primordial spedators are thase existing at the initial collison time, defined by the wllison geometry, and the
absolute spedators are those which remain wninvolved in interaction process up to the freez-out. Usually, the
primordial spedators and absolute spedators do not differ significantly for very central and symmetric collisions.
Important differences could appear for lesscentral and asymmetric collisions.

The possble phenomena a the mntad area between the two types of regions and the dsorption, in
spedator regions, of some particles emitted from the participant region can influence the llision dynamics, during
the participant region expansion. Therefore, a method to separate the cntributions of the two regionsis proposed in
thiswork.

Let be f(n,) the distribution function of the dharged particles emitted from the participant region, and let
be f(ny) the distribution function of the diarged particles emitted from the spedator region. Here, n, is the
multiplicity of the charged particles emitted from the participant region and ns the multi plicity of the same kind o
particles emitted from the spedator region.

We make the hypothesis that the distribution function of the dl charged particles emitted in a llision
event, has the foll owing form:

f(nch) = fp(np) + fs(ns) : (3)

The following relationship between the three aerage multiplicities is expected: <ng,> = <ny> + <ng>. Takinginto
acourt the absorption in spedator regions negative values of the average multiplicity <ng> could be expeded.
With this distribution function we can cdculate the ordinary non-central moments, using the standard
methods [20,21]. Distinct summetions for the two regions are cnsidered.
The zeoth order moment, namely the aeaunder curve, used to normalise & the unit, has the following
form, if al callision events are mnsidered:

m,=3 f(a) =3 F,(0,)+ 3 f(n) . @

with Z f,(n))=F, ad Z f<(n,) = F, . Inthese notations the equation (4) can be written asfoll ows:
np s
m,=F +F, . (9

The next two ordinary non-central moments can be cdculated without additional assumptions. They have
the following forms:

m, = Z Nen f (Nen) = Z(np + nS)[fp(np) +f (n,)] =< n, > Fp+ <n,>F, , (6

m', = Z ni f(ng) = z (n, +n)°Lf,(n,)+ f,(n)] = (02+<n, >2)F, +(02+<n, >*)F,.

Np.Ng

@)
In the last equation the foll owing relation is used:
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withi = p, respedively, s. Here, <ny> and <ng> are mean values, and ap2 and o2 are dispersions.
To cdculate the third non-central ordinary moment the following assumption is made:

Z(n_ni)3 fi(ni):O )

where i = p, respedively, s. In this assumption the symmetric distributions are @simed. The third moment has the
following form:
v 2 3 2 3
m,=@3<n,>0.+<n >)F +(3<n,>0;+<n >")F . (10
Thefourth arder non-central ordinary moment can be cdculated in the assumption:

Z(n—ni)“fizai“Fi . (1)

Now, the form of this moment is the following:
m,=(<n, >* -02)?F, +(<n, >* -0)’F, . (12

Because the last two non-central ordinary moments are alculated in some redtrictive assumptions, for
simplicity, two methods to solve the system are considered. This smplification could affed the results of the
interactions between the amitted particles, as well as those with the two types of regions.

First of them uses all these moments and the assumption g, = 0; = 0, restrictive, also.

The second method uses the moments up to the second order, as well as the relationship with the centra
ordinary moments, namely:

k . .
m = Gl ()’ L@
J:

- k!
where my are the cantral moments, and Ck' =
(k= ]!
In the first approach the foll owing notations are introduced:
Fp
a=—— , (149
Fp +F,
F
b=1-a=——=— . (@15
Fp +F,

Using previous equations - namely, (5)-(7), (10) and (12) - the following relations for normalised ordinary non-
central moments are obtained:
ml
m,=—t=<n,>at+t<n >.(-a) , (16
m [0}

ml
M, =—2=(g?+<n, >*)a+(0*+<n,>*).1-a) , @7
m

(o]
ml
m,, =—>=@B<n,>0’+<n >)a+@<n >0c’+<n >%).(1-a) , (1)

n 1

m

(o]

oy _ 2 2

m,,=—*=(<n,>-0%)a+(<n,>-0°).(l-a) . (19
o

From this equation system the values for the variables <n,>, <ns>, 0 and a can be obtained using the

experimental values of the normali sed ordinary non-centra moments, my,, i = 1,4. It isimportant to stress here the

following fad: the first method involves few redtrictive assumptions. The experimental results do not present,
422
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usudly, symmetry for multiplicity distributions. This observation is confirmed by the skewness parameter
experimental values [19,22]. Therefore, the seaond method, method that uses only the non-central and centra
moments up to the second order, without restrictive assumptions, seems more useful to analyze experimental results.
The analysis methods proposed here can be used for different kinds of charged particles, too, becaise they have
similar behaviours [3-10,19,22]. By the using of a and b quarntities the absorption in the spectator regions and the
phenomena a the contad areabetween the two region types could be mnsidered as included.

Experimental resultsand discussons

The cdculations presented previously have been compared with experimental results obtained in nucleus-
nucleus collisions at 4.5 A GeV/c. The considered experimental results present the alvantage that all are obtained in
the same experimental conditions, namely, the mnditions offered by the SKM 200 Spedrometer from the JNR
Dubna (Russa) [3-10,14-16]. This spedrometer presents the alvantage to deted both central and periphera
(inelastic) collisions, too. A disadvantage of the SKM 200 Spedrometer is related to the limited posshilities to
identify different particles [5,6,23]. Therefore, in this work we present experimental results for negative pion
multiplicity and its multiplicity distribution [3-10,19]. The negative pions with momenta smaller than 50 MeV/c
have been negleded to separate them on aher lighter particles [3-10,14-16].

The eperimental values of the non-central ordinary moments obtained in periphera collisons are
included in the Table |. The similar experimenta results for central collisionsareincluded inthe Tablell.

Using these experimental results contributions of the spedator and participant regions have been
evauated. For the three central collisions the average values of the negative pion multipliciti es from the participant
region are the following: <n,>"one = 7.72, <N>Pcau = 9.00, <n>Pom, = 14.45. The average negative pion
multiplicities from the spedator region are the following: <n;>one = 2.81, <N>°cou = 2.45, <n>%opy = 2.62. The
ratios between the average negative pion multipliciti es from the spectator, respedively, participant region are the
following: (<n,>%<n>P)one = 0.36, (<N>7<N>P)ca, = 0.27, (<N>%<n>P)om = 0.18. The values of the ratio
suggest that the absorption in the spedator regions is higher for the lower particle source velocities, in agreement
with our geometric model and previous experimental results [4,5,7,8,17,18].

Firgt of al, the negative pion absorption can be related to both types of regions: participant and spedator.
The negative pion absorption in the participant region is related to its spacetime caraderistics, generation point
inside the participant region. In the spectator region can be asorbed, espedaly, the negative pions emitted from the
participant region on the transverse diredion in comparison with the beam diredion. To estimate the participant
nucleon rumber in a given collision dfferent methods could be used [4,7,8,24]. Taking into account these aspects it
isimportant to know the nucleon numbersin ead region[24].

Usudly, the participant nucleons are those outside of the Fermi’'s gpheres for the fragmentation of the
colliding nuclei [8,24,25]. For the SKM 200 Spedrometer the participant proton number is established with the
foll owing relation:

Q = Nep - 2nr5 - (nsl + nr+ + nR+ + r]p>pF) . (20)
Here, ny, is the charged particle multiplicity and ny. is the negative pion multiplicity. ng is the multiplicity of the
particles with momenta higher than 35 GeV/c, generated in an angular range acording to the triggering mode of
the streamer chamber, n,* is the number of positive fragments with ionisation greaer than 1 - minimum ionisation -
which have the length of the trac chord smaller than r, ng" is the number of positive fragments with ionisation
greaer than 1 which have the length of the track chord between r and R, with r<R; n,¢ is the number of positive
fragments with ionisation greaer than 1 which go out and have momenta p smaller than the Fermi’ s momentum pe.

The problem of the participants in the nucleus-nucleus collisons a high energy is related to some
interesting directions in the study of the dynamics of these @llisons. In a few previous works different methods to
obtain the number of participant protons, few relationships of this number with the number of participant nucleons,
as well as some methods to establish the number of participants from the projedile and target nuclei have been
presented [8,24].

The average number of participant protons from the projectile nucleus can be etablished - from the
experimental data - using the following relationship [26,21,22]:

Zp
<Q, >=Z,—<ny, > ZZW(Z) , (21

where W(Z) is the distribution of the stripping fragments of the projedile nucleusin relationto its charges.
The average number of participant nucleons from the target nucleus are given by the next relation:

<Q{ >=(<Q>-<Q, >)% . (2
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Using the phenomendogicd geometric model [4,5,7,8,17,18] the total number of participant nucleons, Qy [Eq.(1)],
and the number of participant protons, Q [Eq.(2)], are calculated. For inelastic collisions sems to be useful to take
as a starting point the geometricd relation for cross sections [24,25]. The geometric aoss section for two colliding
nuclei is.
— 2
o6=Tri( A+ AF®) . ()

The cross gdions (areas) of the two colliding niclel are: gp = T[r(z) A,%B and g1 = T[rg A%B, respedively. The
number of participant protons from the projedile nucleus, respectively, from the target nucleus shoud be
proportional with the ratios between areas and the geometrical cross gdion, as well aswith the aomic numbers. As
proportionally constants are suggested a fador 1/8 - for projedile nucleus - and a fador 1/y - for target nucleus.
Here, d is the parameter that takes in consideration the "softness' of the surfacelayers of the nuclei, and vy is the
Lorentz fadtor for nucleon-nucleon collisions relative to the catter of mass ystem. The value of the parameter & is
given by the fit of the dl inelastic cross sections for nucleus-nucleus collisons at 4.5 A GeV/c total momentum,

obtained by the SKM 200 Coll aboration; thisvalueis 8=0.65 [4,5,7,8,24,25]. Thefinal relations are;
2/3

_ Zp Ar
S S ry @
2/3
<Q,>= Z1 Ae , ()

T AP AT

The number of participant protons from the overlapping region o the two colliding nuclei is.
<Q>=< Qp>+ <Q,>. (20
A complete andlysis of the experimental values and the caculated values for the participant protons, as
well as the @lculated values and the estimated values for the total number of participant nucleons, obtained in 11
central collisons at 4.5A GeV/c total momentum, in the T(2,0) triggering mode, have be done [8,24,26]. A
satisfadory agreement between the experimental results and cdculations has been observed. Previous, for

symmetricd and quasi-symmetrica collisions has been considered proper the approximation Qg5 =2 < Q >,

and for non-symmetricd collisions the gproximation Qﬁ2_5: 2.5< Q>% [2]. The asumption (iii) is justified.
Similar results are obtained for more central collisons. Good agreements are observed [8,24,26]. For a given

projedile nucleus that collide different target nuclei a change in behaviour is observed for % = 1.5. with the
P

increase of the mass number of the projedile nucleus increases the role of the mntad areas and the role of the
fedures of the nuclea surfaces.

These results are useful in studies on some thermodynamic and hydrodynamic charaderistics of relativistic
nuclea collisions (nuclea density, size of the fireball, flow of the fireball) [10,17,19,27-29].

An additional analysis for non-symmetric nucleus-nucleus collisions has been considered [26]. The excess
of neutron number from the target nucleus, Q;", has been estimated wsing the following relationship [24,26]:

Q =%Q;+Ap . (@7

where the proton participant number from the target nucleus, QpT, has been cdculated asfollows:

Q,=Q-Z, , 28
Here, asin the previous relations, Apt, respedively, Zp+, are the mass numbers, respedively, atomic numbers, of
the projedile and target nuclel.

To adbtain information on the collision dynamics from the multiplicity distribution and momentum spedra
it isimportant to take into acaunt the possble pion interadions in the fina state. It isimportant, too, to establish the
region from which the pion is generated [10,19]. Significant subthreshdd pion production is possible, too [30].
Therefore, a spectator region could be mnsidered, taking into acourt the absorption in spectator regions and the
phenomena & the mntact areas between participant and spedator regions, as a possible source for relative slow
negative pion, too. Generadly, the pion multiplicity cen be crrelated with the therma energy per baryon and
compresson energy, taken as half from the available energy [31,32].

424
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The pion production can be possble by dired processes, as well as by the baryonic resonance production
and deca. An important decgy channd is the following: A — T8N [22,26,33]. Some cdculations based on the
intranuclea cascade models [34,35] indicated that the equilibrium among nucleons, pions and A resonances is
established in the first 8-10 Fm/c &ter collison. The RQMD simulations confirm these results. After thistime, in
nucleus-nucleus collisons a 4.5 A GeV/c a behaviour like-saturation appeas. This equilibrium suffers me
modifications during the fireball expansion, and different pion production mecdhanisms could be reflected by the
momentum spedra.

The first systematic studies on the pion generation in symmetric collisions have been evidenced some
charaderistic feaures [36-38]. The mogt interesting are: pion multiplicity increases with the proton participant
number and the available energy per nucleonfor thermalization in center of mass ystem; linea correlation between
multiplicity and thermal energy available in the center of mass ystem is presented from the beam energies higher
than 100 A MeV. This linea correlation is presented for different nucleus-nucleus collisions at energies - in
laboratory system - up to 4.5 A GeV [4,7,8,16,26,39]. For non-symmetric collisions an enhanced pion absorption in
participant and spedator regions is expeded. Experimental results obtained in asymmetric and very asymmetric
nucleus-nucleus collisons at 4.5 A GeV/c indicated a behaviour like-saturation for pion multipli city dependence on
the nucleon participant number [4,7,8,26,40]. Such behaviour can be related to the pion absorption in massve
spedator regions, aswell as on the deaease of the thermal energy per participant.

The thermal energy avail ablein CMS can be etimate using the foll owing relationship [26]:

ETh = ECM _QN my . (29

with Qy given by the Eq.(1) and my the bound nucleon mass (931 MeV/c?).
The available energy in CM S, Ecy, has been estimated as follows:

Ecwm :\/(EP+ET)2_p2 , (30)
where p is momentum per nucleon of the projedil e nucleus multiplied by the @omic massof the projedil e nucleus.
For arest target nucleus the next relation has been used to cdculate the available energy:
E, =Q\m, . (31
with Q" the nucleon rumber from the target nucleus [8,24].

Taking into account previous experimental results related to the dmost complete stopping of the projedile
nucleus in the target nucleus [19] and the phenomendogicd modd for these wlli sions [4-10,17,19,24,25,27] we
cdculated the negative pion multiplicity and compared the cculations with experimental results. For a few
asymmetric nucleus-nucleus collisions at 4.5 A GeV/c ahigher cdculated pion multiplicity in comparison to the
experimental pion multiplicity has been observed [26].

The difference between caculations and experimental results could be higher if the asumption that the
target nucleus spedators take afradion from the incident energy. Thereis nat asimple way to take into acount this
energy transfer. It is expeded that the difference between cdculations and experimental results be higher if dl types
of pions are taken into acmurt. The behaviour of the ratio Tt/1" and the isospin asymmetry in the pion production
mechanisms [6,39,41-43] could offer an additional support for the asumption of pion absorption in the spedator
regions.

The method presented here gives such support, too. The geometric model alows caculate the fireball
velocities at different moments from its evolution, in laboratory system [4-10,17,19,23,24,44]. The initid velocity
values, respedively, the velocity values of the fireball at the negative pion emission are, for the three mentioned
collisions, the following; vio™ = 0.455¢, vi°™ = 0.437c, vi°™ = 0.397c, respedively, v,> = 0.380c, v,c™ = 0.374c,
v,2% = 0.352c. These results could be related to the asumption that a better consideration of the free expansion of
the fireball is from the moment when the @ntad between the participant and spedator regions ceases [4-
10,17,19,23,24,44].

For the six periphera collisions the average negative pion multiplicities from the spedator region are the
following: <n,>%ai = 1.09, <n>%ec = 1.24, <n>%hae = 114, <n>hen = 1.19, <n>Siecy = 1.35, <n>Siepp =
1.44. A weak increase with the mass number of the target nucleus can be observed. The @rrespondng average
negative pion multiplicities for participant region have the values: <n,>Puqi = 1.94, <n>Puec = 2.29, <n>Pugne =
2.28, <n,>Puen = 2.52, <n;>Phecy = 3.00, <n>Phem, = 3.31 In this case the ratio between the average negative pion
multiplicities from the spectator, respectively, participant region takes values between 0.56 (for He-Li) and 0.43 (for
He-Pb). The influence of the fireball velocity remains (initial velocities between 0.382c and 0.386c, fireball
velocities between 0.323c and 0.382c). The increase of the ratio between the negative pion multiplicities from the
two types of regionsin He-At peripheral collisions in comparison with the centra colli sions could be related to the
next aspeds: higher asymmetry of the two colliding nuclel, decrease of the fireball flow velocity, colli son geometry.
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The experimental results obtained in centra and periphera nucleus-nucleus collisions at 4.5 A GeV/c
suggest an important contribution d the spedator regions at the allision dynamics. The importance of the wlliding
nuclei asymmetry, collision geometry and flow velocity is evidenced, again.

These results can refledt better the behaviour of the 7i/7 ratio in dfferent nucleus-nucleus collisions,
being an additional support for the previous conclusion. The preliminary results obtained for stopped charged
particles in the streamer chamber of the SKM 200 Spedrometer are promising [6,42,43]. Taking into acount the
observed flow of the nuclea matter in nucleus-nucleus collisions at 4.5 A GeV/c [27,28,44-47], as well as the
reported effeds of the flow on the strangeness production [43,48-51], an analysis of the <1i>/<1i"> ratio in the
interesting collisionsis useful.

Before to present the experimental values for this ratio a short discussion on the identification methad is
necessary.

The identification method tekes into account the charged particles gopped in the streamer chamber
having the same minimum ionisation as the negative pions. Two seledion criteria ae important: ionisation and
momentum. Therefore, only the trads of the particles having minimum ionisation and momentum higher than 50
MeV/c have been considered, to avoid the presence of the dedronsin the samples chosen [3-10,14-16)].

The main stepsin the identification are the following;

(i) seledion, by scanning, of the dharged particles with minimal ionisation, positive and negative; eledrons
have been negleded;

(i) calculation, in the reconstruction program, of the zcoordinate of the end d the considered particle,
using the next relation:

Zom] = {(27.8*PARmn Y[ (B[ cm /K + (PARmm]/10)]} - 66 , (32)

where PAR is the paralax between the ends of the cwnsidered particles on two projedions, B is the basis of the
stereo-photographic system, and K is the reduction coefficient; for this experiment B = 39.1 cm, and K = 180 cm/L,
[em], with Ly, the distance between the extreme fiducial marks on the scanning table;

(iii) seledion of the stopped particles in the streamer chamber, taking into consideration the target z-
coordinate (zr = - 23.0 cm) and the height of the streamer chamber (60.0 cm); therefore, z = 0 cm is the upper limit,
and z = - 60 cmisthe lower limit for the ends of the tharged particlestrgjedories;

(iv) cdculation of the ratio range-momentum using the values of the quantities from the remnstruction
program;

(v) identification of the particles; the range-momentum ratio and the scde invariance of the different types
of particles which move with the same vel ocity in a certain substance ae used.

Cumulative [52] and non-complete stopped particles (z-coordinate in the proximity of 0.0 cm or -60.0 cm)
have been negleced.

The geometricd chamber dimensions and the position o the target in the chamber alow establish the
maximal range of a particle in the dhamber, namely 225 cm. The maximum momentum corresponding to the
mentioned maximum range is related to the nature of the particle; for example: p, = 275 MeV/c, px = 750 MeV/c,
Pp = 1750 MeV/c, py = 3500 MeV/c. To obtain these values the following rel ations have been used [6,39,40]:

Lac = K{[ (% + hA/4h]*[arcsin(@Ib/(12 + h))]} , (33
r=K%8h , (34)
p[MeVic] = 300 r[m]*B[T] , (35)

with | and h the length o the cord, respedively, the sag of the trad for the wnsidered particle; here r is the
curvature radius, B isthe magnetic field, p isthe momentum and L, is the range of the stopped particle.

The highest value of the red length chord, L = Kl, is 177 cm, and the highest associated sag, H = Kh, is60
cm. For each quantity the standard deviation has been cdculated, using the formulae for the aror propagation
[20,21]. Only the measurements with o(Ly¢) /Lac = 13 have been used to increase the mnfidence in the
experimental results.

For the same reason, the increase in the confidence in the obtained experimental results, the “survival”
probability of a particle having amassM and amean life 1, moving on adistanceL,., has been cdculated [6,42,43):

P = exp[-(MLarc*10™%)/3m] . (36)

426



Spedator and participant regions to the particle production 427
Therefore, 12 particle types can be wnsidered, namey: u*, T, K*, p, =*, Q, =, d. For muons, protons and
deuterons this probability is 1.

Theratio between the charged particle range, L4, and the momentum p of the same particle, aswell asthe
scdeinvariancerelation for particles with charge g = +1 have been used to identify finally the stopped particles. An
identification program has been created.

It isimportant to stress here the fad that the ebsolute aror in angleis congtant for all angles (2.2°), andthe
relative aror in momentum is constant, too (5%) [4-10,42,43]. Taking into acount the fad that the identificaion
method used only stopped charged particles emitted at angles higher than 2, and the range-momentum
dependencies, the rapidity ranges for different kinds of identified particles are the following: (i) pions: y (-
0.51,+1.43); (ii) kaons: yx 0(-0.57,+1.20); (iii) protors. y,[1(-0.60,+1.38); (iv) deuterors. y4[1(-0.60,+1.38). In
average, for al types of particles, the rapidity range is between -0.5 and 15. The average transverse momenta, for
the same types of identified particles, in O-Pb central collisions, are: <p;™ = 183+11 MeV/c, <p;> = 212+15
MeV/c, <pi> = 234 MeV/c, <p™> = 253+10 MeV/c. These values reflect the streamer chamber geometry and the
T(2°,0°) central triggering mode of the detedtion system in these llisions.

The aceptance of the 2 m streamer chamber for stopped charged particles must be dore. The dharged
particles emitted at the badkward and transverse agles, in the laboratory system, have smaller spaceto stop. In
these cases the maximum range is about threetimes snaller that for the particles emitted in the forward dredion
(maximum range is about 76.0 cm). These behaviours are very well refleded in the range-momentum plots: after a
80 cm range the aror increases becaise of the experimental data statistics deaeasing. Taking into acourt this
behaviour and the experimental observation of the events pictures (multiplicity of the charged particles emitted in
different diredions) a stopped charged particle dficiency of 0.20 for the streamer chamber have been obtained. This
cut in the range for charged particles emitted at badkward and transverse angles could explain the small dependence
of the transverse momentum on the particle type [6,42,43].

Two numbers for stopped pion multiplicities can be cnsidered, namely: the number of stopped pions
withou the consideration of the “survival” probability (36), n; , and the number of stopped pions taking into
consideration the “survival” probability (36), n,. To establish the average multiplicity we @an consider 5 situations,
namely: (a) the total number of charged particles investigated, N, (3105 - for O-Pb, 1429 - for C-Cu, 370 - for O-
Ne); (b) the number of charged particles considered initially as gopped, N4 (1614 - for O-Pb, 752 - for C-Cu, 182 -
for O-Ne); (c) the number of stopped charged particles, Ng (1434 - for O-Pb, 571 - for C-Cu, 159 - for O-Ne); (d)
the number of stopped positive particles, Ng* (1172 - for O-Pb, 531 - for C-Cu, 149 - for O-Ne), or, taking into
acourt the two charge types, the number of stopped negative particles, Ny (262 - for O-Pb, 40 - for C-Cu, 10 - for
O-Ne); (e) the number of stopped positive particles with “survival” probability P>0.5, Ng™ (1107 - for O-Pb, 507 -
for C-Cu, 109 - for O-Ne), respectively, the number of stopped negative particles with “survival” probability P>0.5,
Ng " (234 - for O-Pb, 32 - for C-Cu, 7 - for O-Ne) (seeTables |1l and V). Similar situation isin the kaon production
case.

In O-Pb central collisions a 4.5 A GeV/c 434 positive pions have been identified as gopped. Their
“survival” probabilities have values between 0.5 and 1.0. Taking into account the 5 different ways to cdculate the
average multiplicity of the charged pions we have the following values: (a) 0.140+0.007; (b) 0.269+0.014; (c)
0.302+0.016; (d) 0.370+0.021; (€) 0.392+0.022.

196 negative pions have been identified as dopped, in the same allision. All have the “survival” probability
between 0.7 and Q9. Their average multiplicities are the following: (&) 0.063+0.004; (b) 0.121+0.009; (c)
0.137+0.010; (d) 0.748+0.070; (€) 0.837+0.08L.
Using the previous values of the average multiplicities for negative and positive stopped pionsin O-Pb collisions at
45 A GeV/c the followings values for <m>/<mi> ratio are obtained: () 0.450+0.036; (b) 0.450+0.041; (c)
0.454+0.041; (d) 2.022+0.221; (€) 2.135+0.239.

The last two ratios refled the situation for stopped pions. Their maximum momentum is 270 MeV/c, as we
mentioned previously. Our experimental results refled the isobar model predictions [53] and the isospin asymmetry
[54-56]. For O-Pb collisions the predictions of the isobar model suggest 2.04, and the isospin asymmetry is 2.31.

In C-Cu centra collisions at 4.5 AGeV/c 201 stopped positive pions, with “survival” probabilities between
0.5 and 1.0, and 27 stopped negative pions, with “survival” probabili ties between 0.6 and 0.9, have been identified.
Using the same procedure & for O-Pb, the foll owing experimental values for <ri>/<1t"> ratio have been obtained:
(a 0.134+0.030; (b) 0.135+0.028; (c) 0.133+0.028 (d) 1.786+0.468; (€) 2.130+0.583. The increase of the errors on
the experimental values of the <ri>/<rt"™> ratio is related to the significant decrease of the statistics for negative
pions in C-Cu central collisions. The relative @rors in <ri>/<1t> ratio do not exceel 30 %. For this collision the
predictions of the isobar model suggest 1.37, and the isospin asymmetry is 1.83.

The experimental values of this ratio, for the two interesting situations, in O-Ne central collisonsat 4.5 A
GeV/c ae 1.292+0.724, respedively, 1.386+0.814. The low satistics, espeddly for stopped negative pions,
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increases very much the experimental errors.

An interesting problem is that if these experimental results are in agreement with those obtained for this
ratio in different nucleus-nucleus collisions at different beam energies.

At GSI Darmstadt, in Au-Au central collisonsat 1 A GeV, for low momenta region of the spedrum, a
global <mt>/<"> ratio of 1.94+0.10 is reported, and, for pions with very low momenta, p<200 MeV/c, a higher
experimental value of thisratio is reported, namely: 2.80 [35,54]. In the same wlli sion, Au-Au, but at higher energy,
namely 10.7 A GeV, in an experiment performed at the AGS from BNL the <mt>/<rt"> ratio for pions with low
transverse momenta aglobal experimenta value of 1.5 isreported [56]. In other asymmetric collisions, Ar-Pb, a 2.1
A GeV, in an experiment performed at LBL the experimental value of the <m>/<rmi™> ratio is 1.47+0.05 [39)].
Interesting results are reported in experiments performed at CERN. In symmetric and asymmetric collisions, Pb-Pb
at 158 A GeV and S-Sat 200 A GeV, respedively, S-Pb at 200 A GeV, only in Pb-Pb collisons at 158 A GeV, for
pions with very low momenta, significant increase of the <rmi>/<m'> ratio can be observed [57-59]. The
experimental results obtained in “’Ca-*°Ca wllisions at 1.05 A GeV refled the same behaviour of the <1t >/<mt">
ratio, for low pion momentum (p<350 MeV/c), at different angesin laboratory system [60].

Taking into account our experimental results, as well as the other experimental results we can observe that
the <1 ">/<1t"> ratio decreases with the decrease of the number of participant protons. In the three central collisions
at 4.5 A GeV/c the experimental values of the <1t >/<7i"> ratio - in the two interesting cases - are in the proximity of
the ratio between the atomic number of the target nucleus and the number of participant protons (2.07, 1.48,
respedively, 1.04). These values are in the proximity of the ratio between the sum of the aomic numbers of the two
colliding nuclei and the number of participant protons (2.27, 1.78 and 1.54), too. The experimental results on the <1t
>/<1t"> ratio, as well as me experimental results obtained by pionic interferometry and some estimations [61,62],
suggest influences of this ratio on the pionic source size and the nuclea matter flow. The increase of the particle
sourcevelocity (which increases with the beam energy) invalves the dearease of the <TT™>/<TT"> ratio, too [35,54].

The different behaviours of the <1t >/<Ti"™> ratio suggest the importance of the Coulomb effedsin nucleus-
nucleus collisions at high energies [54,63]. Taking into acmunt the dependence of this ratio on the pion momentum
some @nnedions with the spedfic conditions (p,T) of the nuclea matter at the pion emisson could be obtained.
The pions with low momenta could be related to lower values of the density and temperature, as well as to the
formation o the resonance matter [19,33]. The presence of significant percent of A resonance in nuclea matter
formed in relativistic nuclea colli sions could explain the high component of low momentum of the negative pion
spedrum. Receant experimental results obtained in Ni-Ni collisions at energies between 1 and 2 A GeV indicate a
10% upto 20 % proportion d the A resonance[64]. In Si-Pb collisions a 14 A GeV values between 30% and 40 %
higher are reported [65]. In ou collisions values between 10% and 20% are obtained [23,33]. The formation d the
resonance matter could be related to some strange particle production medhanisms in nuclear matter, too. It is
important to stresshere that the resonance formation probability increase with the beam energy, and the presence of
the resonances modify the temperature of the nuclear matter, espedally [22]. These facts could change the aiticd
parameters for different phase transitions.

These experimental results could help to a better explanation of the nucleus-nucleus collisions dynamics at
high energy, refleding the role of the Coulomb interaction, nuclea matter flow and resonance matter formation. The
importance of the flow effeds in the understanding of the experimental signals of the different phase transitions is
stressed [66]. A competition among dfferent particle production mechanisms was observed [28,67]. Therefore, it is
important to continue the efort to find explicit formulaefor the distribution functions included in the equation (3).
These formulae ould be in agreement with the results of different smulation codes. The ésorption in spectator
regions of some particles emitted from the participant region and the phenomena a the wntact aress between
spedator and participant regions can influencethe wllison dynamics. There are differences between primordia and
absolute spedators, especialy for asymmetric collisions and lesscentral collisions.
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Table1
Experimental results for non-central ordinary moments obtained in peripheral nucleus-nucleus collisonsat 4.5 A
GeVl/c
ada He-Li He-C He-Ne HeAl He-Cu He-Pb
M 0.85£0.02 1.05+0.05 1.14+0.05 1.33+0.05 1.65+0.08 1.87+0.08
Mexp 1.57+0,05 2.14+0.13 2.59+0.17 3.35+0.19 4.67+0.30 5.82+0.31
M3 3.63+0.18 5.46+0.44 7.46x0.67 10.73+0.87 16.37+1.43 | 22.01£1.54
Mo 10.29+0.77 16.42+1.79 25.76£3.14 41.28+5.07 67.22+8.04 | 95.65+8.58
Nev 4026 1099 988 1239 804 1048
Tabd 2
Experimental results for non-central ordinary moments obtained in central nucleus-nucleus collisonsat 4.5 A
GeVl/c
As-Ar O-Ne O-Pb C-Cu
N 290 2693 100
Miew 4.91+0.22 11.83+0.25 6.55+0.24
Maexy 27.69+0.33 150.13+£3.36 48.83£3.44
Moo 168.90+15.98 2009.62+49.15 401.53+42.11
Mo 1091.40+96.85 28073.4£756.7 3572.6£502.2
Table 3

The number of stopped charged particlesidentified, with dfferent probabilities (eq.(5)), for Lact0(Lac), in O-Pb
central collisonsat 4.5 A GeV/c
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P Nr p | |Z|le|=|d |m K' | K d Ty I
(%] part ’
<10 75 |- |s0 |1 3]z |- |- |- |- - - -
2 0

(10,20 6 |- |3 |2|-|2/- |- |- |- . . -
(20,30] T T 15 Ts ] ] ]
(30,40] s .. - 11T 1 T3 |3 ] ) -
(40,50] o - 1. -1 1 17 13 ] ] ]
(50,60] a1 T 1 15 T ] ] ]
(60,70] 63 |- |- |- |-1|-1]4 |- |8 |s - - -
(7080 484 |- |- |- |- |- |60 |8 |38 |- - - -
(090 |35 |- |- |- |- |- |230|10]|18 |- - - -
(901000 {402 |- - |- |- |- |97 |- 5 |- - - -
100 613 |4 |- |- |- |- |- |- |- 136 |41 |14

2
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Table 4

The number of stopped charged particles identified, with different probabilities (eq.(5)), for Lact0(Lac), in C-Cu
central collisonsat 4.5 A GeV/c

p NClp |2 s e |2 |7 | |kO|K |d u
(%] part *
<10 %6 |- |20 |4 |1 |1 |- - . - .
1020 | _ . 1 . 1 ) ] B ]
@30 |, . 1. 1. 1. 1. |. ) T 1. |- ]
@40 |, . . . - - 1 - I 1 @
ZEEC I I A D D R N ] . 11 |- ]
(50601 | » . . |- |- |- |20 |- 2 |- |- -
60701 139 |- |- |- |- |- |24 |8 6 |1 |- -
(7080 |4 |- |- |- |- |- |20 7 9 1 |- -
®090 |05 |- |- |- |- |- |8 |12 |5 |- |- -
(®0100) | 41 |- - |- |- |- |40 |- 1 |- |- -
100 287 |23 |- |- |- |- |- - . - e |1
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