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Forward-backward analysis of fast and slow hadrons in the interactions of°Li
and emulsion nuclei at 3.A GeV
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A thorough theoretical analysis of fast and slow hadrons emitted in the forwas®@°) and backward
(#=90°) hemispheres in the interactions &fi (3.7A GeV) with emulsion nuclei is made with a modified
FrITIOF model (which allowance is made for secondary interactjoarsd a typical cascade model. It is found
that, while the cascade model applies well in the region of limited cascaBmckward hemisphergsit
becomes less applicable in the forward hemisplieteere cascading becomes more brangh&le modified
FRITIOF model, on the other hand, could reproduce the experimental observations in both hemispheres.
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[. INTRODUCTION resonances decay. Particles taking part in the primary colli-
sions are allowed to rescatter with other particles by using
Recent results from experiments on relativistic light andprescription(ii) above.
heavy ion collisions elucidate the importance of the rescat- This model(referred to as the modifiegRITIOF mode)
tering and cascading of particles in the spectator part of thwas developed ifi10,11,] and was recently applield] to
nucleus 1-8]. The nucleons participating in the process playan analysis of the general characteristics of particles pro-
an important role in the latter evolution of the collisions. duced in the interactions of Au and emulsion nuclei at
Models that are quite successful in explaining particle pro—lo-7A GeV.

duction in the region where the projectile and target nuclei ©On€ of the predictions of the modifie@RITIOF model is
overlap normally fail when describing particle yields in frag- th€ Size(@nd chargeof the spectator part of the residual

mentation regions, unless additional assumptions about ﬂpeucleus. The latter is normally excited. The deexcitation pro-

later stages of the collisions are made. In order to increasg.>> of th_e _excr[ed residual nucleus is treated using the
our knowledge of the mechanisms involved, it is evidently of5|mple statistical decay mpd@DM) [14]. .

. : . Thus a two-step model is employed; namely, the modified
interest to collect precise data on the production of fast angR

o . . ITIOF model for the first fast-stage process is incorporated
slow projectile-target associated particles. in the SDM

Recently[7,8], data on the multiplicity distributions of In this paper, we systematically apply the modified
charged particles and their correlations were studied in theg 110r model and a typical intranuclear cascade model
backward hemispher@HS) (9=90°) as well as in the for- (1cm) [15,16 (which is basically different from the modi-
ward hemispher€FHS) (6<90°) for °Li (3.7A GeV) with  fied FriTIOF model in the way of treating secondary interac-
the use of nuclear emulsiowhere ¢ is the emission angle tions and the excitation energy given to the residual nugleus
with respect to the beam axisThe importance of this study to the yields of forward-backward hadrons resulting from the
is for our understanding of multiparticle production in theseijnteractions ofLi (3.7A GeV) with emulsion nuclei and
two different regions, as the emission of hadrons in the BHSjiscuss which elements in the two models are crucial for
is kinematically restrictedlimited cascadingas compared describing the production of these hadrons.
with the emission in the FH8nore branched cascading The paper is organized as follows: In Sec. Il the basic

In this work, collisions between light ions are investigatedingredients of the ICM, modifie@riTioF model, and SDM
with a simplified cascade picture which contains two mainare defined. In Sec. lll, a comparison is made between the
ingredients:(i) the distribution of the nucleons knocked out models calculations and the experimental results of forward-
by hard collisions(the “wounded” nucleons based on a backward charged particles produced in the interactions of

classical Glauber picturgd], and(ii) the description of sec-  6Lj with emulsion nuclei at 3& GeV. Finally Sec. IV
ondary interactions by soft procesg&eggeon interactions closes with a few conclusions.

[10-12, which basically amounts to a cascade in the two-
dimensional impact parameter space.

In the first casglhard processesthe colliding nucleons Il. DESCRIPTION OF THE BASIC MODELS
become excited strings as in theiTior model[13]. If the
mass of the excited strings is below some critical vakug.,
1.2 GeV for nucleons the string is considered a nucleon. In this subsection we outline the basic ideas of the ICM
Mesons are produced after a certain time when strings anahd summarize the most important features.

(i) Initially, the positions of the nucleons of the two col-
liding nuclei are sampled according to oscillator densities
*Electronic address: KHELWAGD@FRCU.EUN.EG distribution forA<14 (whereA is the mass number of either

A. Intranuclear cascade model
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the projectile or targetand the Woods-Saxon density for
heavier nuclei. In each nucleus, the nucleon momenta are
sampled according to zero-temperature Fermi distributions.
(ii) The nuclei are given their initial momenta by Lorentz
boosting. Their shapes are accordingly Lorentz contracted.
(iii) The collision proceeds via elementary interactions

betweemp andn; nucleons from the projectile and target, FIG. 1. (@) An enhanced diagram, which represents the interac-
respectively. The values, n,, andn, are sampled according o of a projectile hadrorsolid curve with two target nucleons

to Glauber’s multiple scattering formalism using the Monte sojig curves through Reggeon splittingwavy lines into two.
Carlo (MC) algorithm of Ref.[9]. The nucleons which par- solid circles represent Reggeon interaction verti¢es.An en-
ticipate in the interaction accept momentum and begin tthanced diagram of the “fan” type.

move in the nucleus. A nucledrfrom nucleusA is assumed

to move in a straight line through the other nucle®,( teractions for each projectile-target combination. In compari-
making an interaction whenever it comes close enough to 80on with the experimental data we applied the same defini-
nucleon;j: tions and conditions.

It should be noted here that the above model applies to the
situation where binary scattering is important and is recog-
nized as the best model applied for smaller projectiles inter-
actions with heavy nuclei in the intermediate energy range

1-10)A GeV) [19,20.
whereb, , and x; ;,y; ; are the components of the impact ¢ A gl a

parameter vector and the coordinates of the pair, respec-
tively. R is the strong interaction range (1.3 fm) axg is o
the de Broglie wavelength of the projectile nucleon. In Refs.[10-12, we have shown that the description of

(iv) The time evolution of the system is determined bythe cascading of particles can be achieved in the framework
considering many independent simulations of the collisior®f Régge theory. Each interaction of the incident hadron with
process and taking averages over the values of those quanfiucleons of a target nucleus is assumed to initiate a cascade
ties calculated in each run. All the collisions that take place®f Reéggeon exchanges. This picture is taken into account in
in the closest time interval are independently processed. ,&Zegge t'heory. In this theory the Interactlon'of secondary par-
nucleon involved in the interaction is treated as a cascadtcles Wwith a nucleus is described by cuttings of enhanced
particle as soon as it undergoes its first interaction. diagrams, i.e., diagrams with an interaction between

(v) The momenta of the colliding particles are determinedR€ggeons. It was sh_own that inelastic rescatterings occur for
randomly according to the experimental differential cross@ny secondary particles, both slow and fast ones, and the
section. After the first nucleon-nucleob i) collision has ~ Yiéld of enhanced diagrams leads to the enrichment of the
been completed, straight line motion is resumed and the nexPectrum by slow particles in the target fragmentation re-
possible collision follows in a similar manner and so on. The9!oN-

process continues until all moving particles either escape AS in Ref.[21] we shall assume that the Reggeon inter-
from the nucleus or are absorbed. action vertices are small. Therefore of the full set of en-

Following the completion of the cascade process, thd1anced diagrams the only important ones will be those con-
masses of residual nuclei are determined by product nucld@ining vertices where one of the Reggeons splits into
ons that have not escaped from the nuclei but which have n&€veral, which then interact with different nucleons of the
been involved in the interaction. Product mesons that havBucleus[Fig. 1(&)]. In studying interactions with nuclei,
not escaped from the nuclei are taken into account in deteflOWeVer, it is convenient, in the spirit of the Glauber ap-
mining the charges of residual nuclei. The excitation energyProach, to deal not with individual Reggeons, but with sets
of a residual nucleus is given by the sum of the energies off them interacting with a given nucleons of the nucleus

particles absorbed by the corresponding nucleus and the eHfig- 1(0)]. Unfortunately, the Regge method of calculating
ergies of holes formed in this process. the sum of the yields of enhanced diagrams in the cabe\of

In addition to this picture, several features are added@nd nucleus-nucleusA) interactions is not developed for
First, pion production is introduced by considering the in-Practical tasks. Hence a simple model of estimating Reggeon
elastic NN cross section. Second, the Pauli principle anac@scading irhA andAA interactions is proposed0].
energy-momentum conservation are obeyed in each intra- 1he Yield of the enhanced diagram of Figbllis given by
nucleon interaction. Third, the so-called trailing efféetar- Voo R
ranging the densibyis included; when, for example, a target Yczgj df’dzb’FNw(B—b’,Y— I3
nucleon is scattered as a result of being in a collison with the €
projectile, the whole target density is depleted by one - - .
nucleon. XF (b —s1,&")Fon(b' —57,87), D

The parameters of the ICM model were determined as a hereG is the three R Ins is th
result of an analysis of hadron-nucleusA) interactions WHereG is the three Reggeon vertex constaigzIns is the

[17,18. We do not change these values in our calculations@Pidity of the projectile hadrong is the cutoff parameter,

The remaining details of the model can be foundlfif]. The  Fan is the amplitude ofrN elastic scza}teringﬁ is the impact
sample of generated events consists of 5.0 thousands of iparameter of incident hadros; ands, are impact coordi-

(a) ®)

(by+ %= X))+ (by+Y; = ¥)) < (Rine+ Ap)?,

B. Modified FRITIOF model
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(3) At a given impact parameter, the primary interacting
or “wounded” nucleons of the nuclei were identified by
Glauber approximatiof9].

(4) Target and projectile spectator nucleom., those
nucleons which have not been involved in the interagtion
are then followed. If thé™" spectator of nucleus is at bj;
=J(x—x))?+(yi—y;)? distance from thej™ wounded
nucleons ofA, thei" nucleon is regarded as a participant of
the collisions with probabilithce*bﬁ, c=0.25.

(5) If the number of newly involved nucleons is not zero,
then step(4) is repeated; otherwise, stéf) is carried out.

(6) The number of spectator nucleons,{) and the sum
of all charges Z,.J are determined. These quantities were
FIG. 2. Reggeon “cascade” ihA scattering in the impact pa- identified as the mass number and charge of the nuclear resi-

rameter plane. The position of the primary interacting nucleon idU€. _ _ _
marked by an open circle, the positions of nuclear nucleons by Basically, this model differs from models that incorporate

closed circles, the set of individual Reggeon exchanges by smaffascading(e.g., [3, 16, and 2D by secondary collisions,
straight lines, and the square points are the coordinates of thwhich in the latter correspond to the rescattering of the
Reggeon interaction vertices. “wounded” nucleons(i.e., the nucleons which suffer elastic
or inelastic scatterings in the first impaat ordinary (three-
— , dimensional space on a basis of a collision cross section and
nates of two nuclear nucleons, ani &' are coordinates of \ean free path picture. From the Regge approach the cas-
Reggeon sphttmg vertices in the impact parameter-rapidity. g qe of Regge exchanges occurs in two-dimensional space
space. Using Gaussian parametrization ey [Fzn  (on the plane of impact parametef the target nucleugsee
=exp(~|b|¥R%y)] and neglecting its dependence on energy Fig. 2). Thus we expect that the Regge cascade will be more
we obtain restricted than it is in the usual cascade models.
In the originalFRITIOF model, the primaryNN collisions
R2 are determined using the Glauber approximation. When two
_ _ 57N _rR_/2 .2 2/2p2 hadrons collide, momenta are exchanged and two longitudi-
Vo= G(Y=2€)7=exp ~[b=(s1+52) 2]/ 3Rz} nally excited objects are created. Th(ga:j excited objectg had-

ronize independently according to the Lund model of jet

X ex] — (51— 5,) 2 2R% ], (2)  fragmentation. The hadronization is assumed to take place
outside the nuclei and thus no intranuclear cascading is con-
) ) ) ) sidered.
whereR , is the radius of ther N interaction]Formula(2) In order to include cascading in tRRITIOF model, the

assumes that the nuclear size is much greater than the ranggmary interacting nucleons are allowed to rescatter through
of hadron-nucleon interactiojsAs seen from Eq(2), Y. is Regge cascadingas outlined abovye The combination of
independent of the longitudinal coordinates and the multixg10e primary NN scatterings and Regge cascading will be
plicity of the produced particles; that is, cascading occurs ineferred to as the modifieeRITIor model.

the impact parameter plane, and not in the three-dimensional g5cp primary inelasticNN collision proceeds in the

space of the nucleus. This is the main difference betweepg 110r model as followsa+b—a’ +b’. wherea’ andb’
Reggeon cascading and the usual cascading. Schematicallyte the excited states of the two hadroasahd b). In the

the process can be represented as in Fig. 2. center-of-mass system light cone variables are used,
At largeb, the first exponent of Eq2) can be considered
(in a crude approximatignas an effective amplitude of the P,=E+p, and P_=E-p,,

interaction of the projectile hadron with the first nuclear
nucleon. In this case the second exponent on the right-ha
side of expressiofi2) has to be treated as the probability of
involving the second nucleon in the interaction. Having in
mind the weak dependence of tA&\-interaction character-
istics on the form of thé\N elastic scattering amplitude, we
neglect the difference between tiNN amplitude and the
effective one. ) .
In line with these considerations, an algorithm which dp* dp°

nf((j)r a hadron moving along the z and — z axes, respectively
(the z axis is taken as the collision axisE and p, are the
energy and the longitudinal momentum component for each
hadron. The probability distribution for the total transfer can
be written as

makes allowance for generating the Reggeon exchange dia- dw a b " ©)
grams was formulatefLO] as follows. P- P+

(1) Nucleon coordinates of the two colliding nuclei were o ]
simulated according to a Gaussian distribution/st 14 and In order to take the excitatiofincreasing mass of the
a Woods-Saxon distribution fok> 14, whereA is the mass String object and deexcitation(decreasing mass of the
number of either the projectile or target nucleus. string processes into account, the variabRés and Pﬁ’ are

(2) The impact parameter is simulated according®b allowed to vary in the intervals
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[Ea—Paz VSap—My]  and [Ep— PpysSap— Mal- whered=0.05. This distribution is defined by fitting the av-
(4)  erage emission angle of evaporated singly and multiply
charged nuclear fragmentblack particles [24—26. The
Expressions(4) are calculated at/s,, = Say=Ea+Ep  value ofp;, (q;,) is simulated according to
=E,+E,, my=m,, andm, =m,. After the collision, the

masses of the two excited hadrons are calculated by A A
dP~]] e(pizi/<pf>5<2 Pi. |dpiL, (13)
P.P_=m=m?+pZ+p;. (5) =t =t
The two longitudinally excited objects are given an averagdvhere(pf)=0.05 (GeVk)>. _ o
square of transverse momentum equa| to 0.3 (@W/ The sum of transverse momenta gives Fermi motion to
The Fermi motion of the nucleons in the nucleus is takerfhe nucleons of the nucleus (B). _ _
into account using the algorithm 23] and energy- As for the wounded nucleonsvhich are determined ei-

momentum conservation is enforced in primary collisions. ther from+the Glauber approach or Regge cascadimgval-
In the case of two nucleA and B, the it" constituent ues of[x;" ,p;. ] and[y; ,q;, ] are simulated using the dis-
nucleon of nucleug\ is fully characterized by the variables tributions (10) and (11) at (p?)=0.3 (GeVk)? and d

=0.21.
. Eitp; To calculate the excitation energy of the nuclear residuals,
T W and p;, ) it is assumed11] that each spectator nucleon placed at a
A distance less than 2 fm from a wounded nucléaxperienc-
and thej™ constituent nucleon of nuclew® by ing either a primary or secondary collisjoreceives an en-
ergy distributed as
_ Ej+ay
y,=———= and qj, (7) 1 [ -E,
Wg F(Eex) = =0 = | (12

whereW, =31 (E;+p,;) andWg =3P, (E;+q,;). Here o

Ei (E}) and p; (q;) are the energy and the three- whereE is the average energy p&N collision. The most
momentum of theé™™ (j' constituent fromA (B). By using  recent result§27] obtained from an analysis of Au on Au
these variables and applying the energy-momentum conseand Cu at 608 MeV show that the experimentally deter-

vation laws mined excitation energies are close to the mean binding en-
A 5 ergy of nuclei(between 8 and 10 MeVAs in[12] we fix the
S E+D E=E2+EQ value of E at 8 MeV. The sum of the energies transferred to
= e A ' the spectator nucleons gives the excitation energy to the re-

sidual nucleus.
A B It should be noted that the same values of parameters have
2 pzit E 0zj=Pzat UzB, been used ifl] when discussing the production of particles
=1 =1 from the interaction of Au and emulsion nuclei at

and 10.7A GeV.

C. Statistical decay model

i=1 i=1 At the end of the first fast stage of the reaction, the ICM

_ and modifiederRITIOF simulations yield residual nuclei which
we obtain are normally excited. The excited residues are allowed to
) emit nucleons and light fragments if the excitation energy of

D, — ( Wt — miy ) /2 ®) the residual nucleus is higher than the separation energy.

2l A ' Though many sophisticated decay codes have been pro-
posed so far, we use here the simple model of light particle
2 )/ evaporation. We consider only, p, d, t, *He, and *He

2,

(9)  evaporation.
The evaporation probability for a particle of typg)(
massm;, spins;, and kinetic energ¥ is given by

qQzi=—

wherem?, =m?+pf,, u? =puf+qf;, andm; () is the
mass of thei™ (j') constituent nucleon from nucleus (2s;+1)m; p¢(Us)
A (B). It can be seen from Ed8) that a choice of X;") Pj(E)dE= 253 Tinv pi(U))
close to zero corresponds to a particle moving in the back-

ward direction, i.e.~z direction. The value ok{" (y;) IS  wherep's are the nuclear level densitiép;(U;)] for the
chosen according to the distribution final nucleusp;(U,) for the initial one,U; is the excitation
A A energy of the evaporating nucleud; of the final one, and
dP~H e (4 — 1/A)2/d25( 1— E xﬁ)dxi* . (10 o 1S the inverse cross section for the inverse process.
i=1 i=1 We use the following simple form fos(U) [28]:

EdE, (13
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p(U):CeZ"m, TABLE I. The values of the average multiplicities of the emit-
ted particles in the forwarfup) and backwarddown) hemispheres
with a=A/8 Mevfl_ The inverse reaction cross section hastf the interactions OFLI with emulsion nuclei at 3.& GeV. Re-
been parametrized in a simple way so that expresgi@p  Sults of the modifiedriTIoF model and ICM(given in parenthesgs
can be analytically integrated and used for MC sampling. @' compared with daf/,8].
The excitation energyl{) in Eq. (13) is given by

Forward (N5 (Ng) (NFy
U=EeE-Q, (14 Experiment 5.7+0.15  2.08-0.08  2.84-0.09
where E,, denotes the excitation energy of the residualModified FRITIOF (5.61) (2.67) (2.27)
nucleus calculated from Eq12). Q is the Q value of the [CM (4.56) (3.16) (1.79)
reaction. X X ]
The energy spectrum of the emitted particles is obtainedackward (Ng) (Ng) (Np)
by integrating the available energy of H43) as Experiment 04%002 098005 2.19-0.07
e Modified FRITIOF (0.48) (0.62) (1.83)
N(E;)dE;= JT2 | o- (ErUf)/TjdEj ’ (15 IcM (0.30) (1.05) (1.43)

i

. 2_ C C : .
with aTj'=E,,—Uj—Q; andUj is the Coulomb barrier of ith fractions corresponding to the emulsion composition
the particlej. The statistical decay process is simulated by,;seq in the experiment. Furthermore, we apply the defini-
making use of the Monte Carlo model until no more particlesions for “shower,” “gray,” and “black” as given by the

can be emitted. experiment. Shower particles are predominately charged
pions with an admixture of kaons and protons, having kinetic

lIl. RESULTS AND DISCUSSION energy>400 MeV. Gray particles are protons, pions, and

kaons with kinetic energy between 26 and 400 MeV. Black
particles are singly and multiply charged nuclear fragments

There are only a few experiments known to us in Whichhaving lower energies than the gray particles.
targets associated particles with nuclear projectiles are inves- From the analysis of the above results one notices that the
tigated. The most detailed results are obtained in experimentg/erage values afandg particles in the FHS are higher than
using emulsion targets. the corresponding values in the BHS. In the casé gfr-

The major constituents of the nuclear emulsion are hydroticles these values are nearly the same in both hemispheres,
gen (39.5%), carbon (17.7%), nitrogen (4.96%), oxygeryeflecting the isotropic nature of the system emittingar-
(11.9%), bromine (12.9%), and silver (12.9%). The per-ticles.
centage given after each element is the reaction percentage in As seen from the table, the average values phrticles
°Li (3.7A GeV) induced reactionf7,g]. emitted in the FHS (N{)) and BHS (N&)) are reproduced

Hadrons produced iAA interactions at high energy may g by the modifiedFriTIOF model. The(N;(b)) according

originate from two mechanisms. They may participate onlyy, the |CM calculations is about 22% below the experimental
in the primary reaction and leave the overlap region of proy,cervation.

jeCtI|e. andt targe;c1 \;]wtgout further mteract;}ons. I? emulsion The ICM average value af particles in the BHS((NB))
experiments such hadrons are seen as shower tragiar is in good agreement with the measured value. As for the

ticles), havingv/c=0.7. Or they may be involved in the ; f )
rescattering process by knocking out further nucleons Wh“%\;erage value of the forwarg particles (N,)), the calcu

: . ed ICM value is in excess of the measured one. Although
penetrating through the spectator parts of the nuclei. Th .
! . : . e ICM underestimates the number of forward-produced
intranuclear cascade is responsible for knocking out casca earticles(low value 0f<Nf>) there is a more branched cas.
protons and neutrons of the nuclear remnants. Most of th s/

; f
cascade protons have energies typical for the so-called grégrde(nigh value of(Ng)). , ,
prongs @ particles, having 0.3=v/c<0.7. In the modifiedFRITIOF model, increasing the number of

Both primary and secondary interactions contribute to thd€C0il protons gives rise to a softening proton spectrum in the
excitation of the residual nuclei. In peripheraA interac-  laboratory system oNN collisions. As one can see, the
tions the deexcitation of the residual nuclei proceeds vidnodifiedFRITIOF calculations agree with the measur@d),
evaporation of nucleons and light fragmefds®H, 3He, a) but predict lesgNg) than that experimentally measured.
until a stable configuration is reached. In emulsion such par- The modified FRITIOF average values of forward-
ticles are seen as black trackb particles, having v/c  backwardb particles (Nf) and(Np)) are the nearest to the
<0.3. experimental results while the ICM underestimates the aver-

Table | gives the experimental average values,af, and  age value of N[(®) (in spite of the fact that the mechanism
b particles in the forward and backward hemispheres for thef decay of the residual nucleus is the same, both using the
interactions of®Li with emulsion nuclei at 3& GeV to- same SDM.
gether with the predictions of the modifigakiTioF model Figure 3 represents the normalized experimental multi-
and ICM. plicity distributions ofs, g, andb particles in the forward

Our results are superposition of multiplicities obtainedand backward hemispheres f6Li (3.7A GeV) interac-
with hydrogen and light and heavy nuclear targets weightedions with emulsion nuclei along with the results obtained by

A. Multiplicity distributions
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the ICM and modifiedFrITIOF model. In both calculations It should be noted that in both calculations the probabili-

we have normalized the distributions to unity and applied theies of interactions with different components of emulsion
previously given definitions for forward and backwasdg,  are determined according to the Glauber approach. Hence the
andb particles. difference in models predictions is governed by different
Figure 3a) shows that the multiplicity distribution 0§  mechanisms of the multiparticle production process.
particles in the BH$P(N2)] is reproduced by both models.  The dashed curves in Figs(a3 and 3b) represent the
The multiplicity distribution ofs particles in the FHS modified FrRITIOF calculations by setting,,=p,,=0 in Eq.
[P(N;)], Fig. 3b), is described well by the ICM calculations (4), corresponding to maximum string excitations. In the
except for the high multiplicity tail, where the yield pre- modified FRITIOF model, maximum excitations of the strings
dicted by the ICM is smaller than that observed. The modi-are achieved by increasing the number of collisions until the
fied FRITIOF model gives a good description of the whmé two colliding string objects come to rest in their center-of-
distribution. mass frame. As seen from Fig(a the effect of the pro-
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cesses appears for Iargti values, indicating interactions
with heavy target components. The deexcitation processe
result in an excess number of pions in the whisf distri-
bution[see Fig. &)]. 0
Figure 3c) illustrates that the multiplicity distribution of <
g particles in the forward hemisphe[ré’(Ng)] calculated by K
the ICM is in qualitative agreement with the experimental .
one for Ng<10. According to the ICM,g particles are <
mainly produced at the fast stage of the interaction. As seer
from the figure, the ICM affords an essential breakup of the
heavy target nucleil‘q;> 10) at the fast stage of the interac-

tion, which is due to the great number of intranuclear colli- °<; : o S 00’ ‘ e )
sions. The modifie§RITIOF model gives a better description N°g Nb
of the Njj distribution. .

In the BHS, Fig. &d), the modifiedFRITIOF calculations FIG. 4. (a) The correlations between forward-backwargar-

1o , b - ticles (N£,N2) and the backwarg particles (). (b) The depen-
of the probability of backwardy particles[ P(Ng)] rapidly dence of(N!) and(N2) on backwardb particles (NJ) for the reac-

decrease with mcreas'milg as compared with ICM results. tion under study. The error bars denote the experimental data. The

~ The dashed curves in Figs(c3 and 3d) represent modi- pistograms and the solid curves denote ICM and modifdior
fied FRITIOF calculations by neglecting the Fermi motion of cgiculations, respectively.

the nucleons in the nucleus. As seen from Fig),3the ab-

sence of Fermi motion prevents a correct description of the _

emission ofg particles in the BHS. As for the FHSee Fig. could be und%rstood by processes in the spectator parts.

3(d)], the effect reflects only the Iarg‘ég values Ng> 7). Startlng fromNg>4, the interactions on the heavy emu.IS|on
The ICM calculations of the multiplicity distributions of ~ nuclei are weakly connected to the process of hadronic pro-

particles in the forward P(Nf)] and backward P(NP)] ~ duction. ) . o
hemispheres, Figs(& and 3f), provide an inadequate pic- For Ng<4, thg modlflec_iFR|T|0F predlctlon§ compared.
ture of the distributions fONL(b)<7_ The modifiedeRITIOR with ICM calculations are in better accord with the experi-

HPNT . . )
model describes rather well the whdiearticle distributions MeNtalNs (Ng) correlation. This may imply that the hard-
in the two hemispheres. ening of the calculated meson spectrum in the IGMthe

Bearing in mind the fact that both calculations use thef€gion Ng<4) can be achieved when the production and
same SDM, one can conclude that the discrepancy is caus##eractions of resonances are taken into account. Ngpr
by the wrong link of the fast and slow stages of the interac=>4, the modified=RITIOF model and ICM theoretical calcu-
tions. As known, the ICM assumes the average nuclear fieltitions agree between themselves and both underpredict the
to be invariable and the excitation energy of the nuclear resiexperimental data. In the regidﬂg>4, the main contribu-
dues is determined by the Fermi degenerate gas approximten to thes-particles multiplicity is interactions with heavy
tion. Such a picture is seemingly incorrect for interactionsemulsion nuclei. Additional hadron production in this region
accompanied by a strong breakup of the nucleus. Thus owould be achieved by creating extra strings between quarks
model of breakup and excitation of nuclei is more realisticof the colliding hadrons.

than that given by the ICM. In the BHS, the ICM calculations provide a better descrip-
tion for the experimentaIN2) as a function oNg .
B. Multiplicity correlations In the same figure the correlations between the average

. . . f b
In AA interactions, a more sensitive characteristic to un_number ofs particles in both hemispheregN;) and(N))

derstand the mechanism of backward production is the con"i‘nd the multiplicity of backwa@ particles Ng) are pre-
relation between the multiplicities of the different types of sgntgd. In both models, twparticles are related to the ex-
the emitted particles. The BHS is intimately connected to th&itation energy of the nucleuthrough the dependence of the
target fragmentation region, i.e., to that part of the phasé)art!upant nucleon§ of thg t‘,NO colliding nuclei on cascade
space where all single-particle characteristics are most safé@ticles and thus in an indirect way to the evaporated
from being dependent on the projectile mass number. Therdarticles. %Oth models describe rather well (mﬁ)ldepen—
fore, it is convenient to study the correlation between thedence orNy . In contrast to the measured correlations, where
average multiplicities of the different emitted particles andthe (Nf) dependence oNJ is nearly linear, the ICM calcu-
those quantities related to the BHrget fragmentation re- lations show that such a variation is rather weak. The modi-
gion). It is customary to take the multiplicities of; andNp  fied FRITIOF model fairly reproduces theN{) dependence on
as indirect measures of these quantities. NP. Thus, an incorrect calculation of the excitation energy in
The correlations betweegands particles are very impor-  the ICM accounts for the obtained discrepancy offieNp)
tant due to their mutual dependence on the number of struckorrelation.
nucleons. As stated earlier, thg particles multiplicity is directly
It can be seen from Fig. 4 that the average numbes of proportional to the total number of participant nucleons in
particles in the FHS sharply increases with increasing thehe two nuclei. In addition, theg-particles contribute to the
number of backwardy particles up toNg~4. Such a trend excitation of the residual nucleus and are therefore, related
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FIG. 6. On the left hand side, the correlations between forward
(N;) and backward Iﬂg) g particles for the reaction under study.
On the right hand side, the dependence of forwaparticles (\l{,)
on the backward particles (NE}). The notation is identical to Fig.

4,

perimental data at the very small and IarrgE values. The
modified FRITIOF model fairly describes such correlation. As
for Nj (Ng) correlation, both calculations deviate from the
experimental results.

FIG. 5. On the left hand side, the correlations between forward- oM Figs. 5 and 6 we conclude that both models assume
backwardb particles (N ,N2) and the backward particles (). ~ More strong forward collimation af particles than experi-

On the right hand side, the dependence @),(N2)) on back- ment. The yielq ofg particles in the forward region can be
ward b particles (\2) for the reaction under study. The notation is feduced by taking into account the effect of the coalescence

the same as in Fig. 4. of nucleons(i.e., the formation of the light nuclear frag-
ments,d, t, *He, and*He from nucleons that are close in
indirectly to the multiplicity of evaporate particles. Thus a Phase spagewhich is disregarded in the two models used

b TN
study of slow particle production as a function Kf will here. As one can see from t',\% (Np) andNg (Ng) corre-
reveal the impact parameter dependence. lations, the importance of this effect increases with increas-

Figure 5 exhibits the dependence of both the averagi'd the multiplicity of particles in the forward cone.
number ofb particles in the forward (N{)) and backward
((NE}) hemispheres on the number of backwargarticles
(N9). By inspection of the figure one notices the following.  In this work, a comparison of experimental results on

(i) The experimental and calculated values{N{™) in-  vyields ofs, g, andb particles(fast and slow hadronsn the
crease with increasinglg~4, which turns into a saturation forward and backward hemispheres, resulting from the inter-
for Iarger values. The saturation seen(ikj{)(b)> at medium  actions of 6Li with emulsion nuclei at 3.& GeV, is made
and small impacts is a consequence of the finite size of thwith two theoretical models: a typical intranuclear cascade

IV. CONCLUSION

projectile nucleus. model and modifie@drITIOF model. The latter model consists
(i) The ICM adequately describes the saturation seen i®f two main ingredients(i) the distribution of the nucleons
N{(®) (Ng) correlation. knocked out by hard collisions based on a classical Glauber

(iii) For NS<4, the ICM calculations show smaller aver- a@pproach andii) the description of the secondary interac-

age b particles than experimentally observed. Events withiOnS by soft processegReggeon interactions which
NP<4 are dominated by interactions with light nuclei. amounts to a cascade on the plane of impact parameter. Par-

(iv) The modifiedrFrITIOF calculations markedly repro- ticles taking part in the hard processes become excited
duce the(NE) and the(NL) dependence ONS. strings as in theRITIOF model. From such comparison the

: : following conclusions can be drawn.
In the same figure we examine hc(\ML) and(Ng) de- g

b . . (i) The ICM describes the emission of backwargar-
pend onN,,. An increase in the number of backwabar-  yicjes but underpredicts the forwaseparticle emission.

ticles, N, is accompanied by a fast increase in the multiplic- (i) The ICM shows an excess of knocked-out protogs (
ity of forward g particles (Ng)) for the reaction under study. particles in the two hemispheres.

The modifiedFRITIOF calculations are in better accord with  (jii) The ICM underpredicts the emission loparticles in
the experimental data in the case of (PIN%) dependence on both hemispheres for light nuclei.

Np . However, in the case ¢N{) as a function oNp, both (iv) The ICM can describe the correlations between par-
calculations reflect such a dependence in a manner stronggcles emitted in the BHS$except for theNg (NE) correla-
than do the experimental data. tion]. On the other hand, for the correlations between back-

Finally in Fig. 6 the connection between the forward-ward and forward particles, the model can only predict the
backwardg- and b-particle production is illustrated. In the b-particle correlation.
case ofN{) (NB) correlation, the ICM deviates from the ex-  (v) The modifiedrRITIOF model reproduces the multiplici-
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ties and correlations of the emitted particles in the two hemithe experimental data suggests that the Reggeon picture can
spheres. be considered as a plausible alternative to modern ap-
(vi) Neither of the used models can reproduce theproacheg3,22] in describing nuclear cascading.
N{ (Np) andN§ (Ng) dependences.
Thus, even though the present data lie in the range of
applicability of the ICM, there are problems concerning a ACKNOWLEDGMENTS
correct description of particle cascading and the evaluation
of excitation energy given to the residual nucleus. The over- The author acknowledges Professor V.V. Uzhinskii for
all good agreement between the modifieiTior model and  his guidance and continuous help.
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