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EoraUKBII lt.r •• EnHceee C,/1' •• 3HHOBbeB r.M. E2 · 10172 
KnacTepHaH Moaenb aapoHHwx B3BHMoaeilcTeHA H po~aeHHe 
HyKnOHOB cpeOHHX 3HeprHil Ha 11apax 

V!ccneayeTCII B03MO~<HOCTb npH~teHeHHII KnacTepHoil MOaenH aapoHHb!X 
B3BHMOaei!CTBHil K HHTepnpeTBUHH aaHHbiX no p8CC9HHHIO aapOHOB HB SI.QpaX 
npH BbiCOKHX 3Hepl"HHX, 0co6oe BHHMBHHe yaeneHO ponH BTOpH'IHb!X HyKnO­
HOB cpeaHHX 3Hepl"Hil (g -'IBCTHU) B M9X8HH3Me aapoH-SI.QepHOI"O B38HMO­
aeliCTBHIIo noKaaaHo, 'ITO He eceraa yaaeTCR oaaoepeMeHHO cornacoeaTb c 
3KCnepHMeHTOM 31JSpreTH'IeCKH9 H yrnOBble pacnpeaeneHHII g -'IBCTHUo 

Pa6oTa BbrnonHeHa e Jla6opaTOpHH TeopeTH'!ecKoil ¢H3HKH 011HI1. 

flpenpMHT 06be!lMHeHHOrO MHCTMTyTa R,LiepHbiX MCCJie,LIOBaHHit 

,.Qy6Ha 1976 

rogatskaya I.G., Eliseev S.M., 
Zinovjev G.M. 

Clustering Effect in Hadron Collisions 

E2 · 10172 

and Production of Intermediate Energy Nucleons 
from Nuclei 

A possibility is investigated to interpret the recent 
data on hadron-nucleus scattering at high energy(2 100 GeV) 
applying the cluster model of hadronic interactions. Spe­
cial attention is paid to the role of secondary nucleons 
with intermediate energies (g-particles). In looking for 
the mechanism of the hadron-nucleus interaction the impor­
tance of simultaneous fitting the data with both energy 
and angular distributions of g-particles is shown. 
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The results of phenomenological descrip­
tion of multiple generation occurring in 
hadron-nucleus interactions at high energies 
(~ 100 GeV) essentially depent on the assum­
ption about interaction of the initial par­
ticle with nucleon in nucleus/1 •2/. Believing 
that the first collision results in produc­
tion of particles (asymptotical states) and 
that nucleus can be treated as a set of 
sufficiently independent nucleons one arri­
ves at the model of intranuclear cascade 
which is in a serious contradiction with 
the experimental data /3, 4/. The most essential 
disagreement can be seen in the fact that 
the predicted average multiplicity exceeds 
essentially the observed one and that the 
dependence of the multiplicity distribution 
on initial energy and mass number of a tar­
get nucleus deviates strongly from the ex­
perimental behaviour. Much more successful 
in describing the data seem to be the mo­
dels reducing the treatment of the hadron­
nucleus collision to the study of a certain 
coherent hadron system propagating through 
the nucleus. These models assume that the 
first collision in nucleus results in for-
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mation of the excited hadron system (cluster, 
fireball, etc.) which passes through the 
nucleus and after that serves as a source 
of secondary particles/2,5,6/. Different mani­
festations of clusterization in hadron pro­
cesses can be thought of as a serious argu­
ment in favour of such models. The propa­
gation of a cluster through a nucleus natu­
rally gives rise to some specific effects. 
Studying the latter we can gain an important 
information on space-time picture of hadron 
interactions. 

Before passing to the detailed exposition 
of our results we think it useful to remind 
the reader the main features of hadron-nucle­
us scattering established in experiments 
at high energies. Secondary particles pro­
duced in hadron-nucleus interaction are 
usually referred to three classes: i) rela­
tivistic or shower particles ( s -particles) 
with f3=v/c> 0.7. This class is mainly com­
posed of pions with momenta P > 0.14 GeV/c; 
ii) particles of intermediate energies 
(or cascade particles) - g-particles having 
0.34< {3<0.1. The overwhelming majority of 
these particles makes protons with the 
momenta 0.3 GeV/c<P< 1 GeV/c; iii) slow 
particles ( b-particles) with f3 < 0.3 being 
the protons, deuterons, and heavier frag­
ments evaporated from the nucleus. This 
classification is adopted in the experiments 
using nucleus emulsion technique providing 
the bulk of data on hadron-nucleus inter­
action. 

Yet in early papers a conjecture was made 
that this distribution of particles into 
three groups could reflect the existence of 
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different modes of their generation12( In 
hadron-nucleus processes shower particles are 
produced by a fast object traversing the 
nucleus. The development of the process in 
nucleus gives rise to the g-particles. Their 
characteristics reflect the way in which 
the nucleus participates in the generation 
of relativistic particles. The peculiar 
feature of the g-particles is the fact that 
their mean multiplicity, momentum and angular 
distributions show the weak dependence on 
initial energy if the latter exceeds several 
dozens of Gevi'7- 101.The mean number of cascade 
particles (protons) is n g:: 3. It is also 
worth noting that g-particles are much less 
collimated in the lab.system than shower 
particles. 

In this paper we want once more accentuate 
the fact that the investigation of different 
characteristics of g-particles may turn out 
to be important for the determination of 
the mechanism of multiple generation in 
hadron interactions. At the same time we 
show that reliable conclusions can be made 
in the framework of cluster models only in 
the case of compatible description of angu­
lar and momentum spectra of g-particles. 

Thus, we assume that the interaction of 
the incident hadron with the nucleon that 
belongs to the nucleus results in the for­
mation of cluster. The recoil nucleons 
appearing because of the multiple scattering 
of the cluster in the nucleus initiate an 
intranuclear cascade that in its turn gives 
rise to g-particles which are observed in 
experiment. Considering kinematics of this 
process one obtains 
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2 2 2 2 'h 2 2 'h 
M =m -2[<P +m) +m ][(P +m ) -m ]+2P

1
Pcos0, 

1 N N N 
( 1) 

where mN, P , 0 are mass, momentum and angle 
of a scattered nucleon, m, P 1 and M, P2 
are masses and momenta of clusters in the 
initial and final states, resp. (see Fig.l). 
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Fig. 1. Kinematically allowed regions of an­
gles of the nucleon escape and of their mo­
menta (in the lab. system) in the cluster­
nucleon interaction. Signs e and e stand for 
the regions corresponding to the decrease 
and increase of the cluster mass in the 
final state. Notations are given in the left 
upper part of the figure. 
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Using relation (1) one can easily prove 
that the requirement of limited momenta 
of scattered nucleons at fixed m and P1 
implies the existence of kinematically for­
bidden domains in (P, cosO) plane (see Ei.g_!-1) 
and, hence, a significant asymmetry of cosO 
distribution. In particular,one can see 
from Fig.l that a large number of recoil nuc­
leons should fly forward. However, this 
asymmetry can, in principle, be essentially 
smoothed by subsequent rescatterings. 

Performing calculations we estimated the 
probability of cluster formation in the 
first collision using the model of Jacob 
and Slansky/11/ which provides a good fit 
to experimental data on hadron-hadron colli­
sions. According to paper /11/ a cluster of 
mass m having transverse momentum kT is 
produced with the probability 

2 2 2 ( ) p(m,kT)"' exp[-{:V<m- mJ-Bk.f]/(m- mp) 2 

)
-2 

with B = 6 (GeV/c , {3 = 2 GeV, andmp 
is the proton mass, and the momentum distri­
bution of the secondary particles in the 
cluster rest frame is taken in the form 

2 2 
dD q L+ qT 

----ocexp(---) (3} 
2 2 ' 

dqL dq T Q 
where QL and QT are the longitudinal and 
transverse momenta of pions, and Q = 
= 0.35 GeV/c. The longitudinal momentum of 
a cluster kL in the c.m.s. of colliding 
particles is defined from the relation 

7 

l ____________________________ __ 



11 2 2 2lh 2 2lh 
P =!!..(k (m +q +qT) +g(m +kL) ], (4) 

L mLrr L L 

where PL is the longitudinal momentum of the 
pion in the c .m. s. Relations ( 2)- ( 4) were 
used for simulating characteristics of clus­
ters in first hadron-nucleon interaction. 

The cross section of scattering of the 
cluster on nucleon has been chosen as ac = 
= 25 mb following the well known estimation 
of paper rl2/. Since the momenta of g -partic­
les in the order of magnitude can be com­
pared to the momenta of nucleons due to the 
internal motion inside the nucleus, our 
Monte-Carlo calculations have been perform­
ed taking account of the same basic fac­
tors that are essential at low energies, 
namely: the Pauli principle, momentum 
distribution of nucleons in nucleus, etc / 3• 4/. 

At the point of the cluster interaction 
in nucleus the momenta of the initial nuc-

-+ • -+ • 
leon P 3 and reco1l nucleon P were s1mu-
lated. The momentum distribution of recoil 
nucleons was chosen somewhat harder than 
the observed distribution of g-particles 
(see Fig. 2). Then this distribution was 
varied so that the distribution of nucleons 
leaving the nucleus coincided with that of 
g-particles observed experimentally. Fur­

ther the recoil angle was simulated, and 
taking into account that 

2 2 2 lh 2 2 lh 2 3 2 
M =[E I+<P3 +mN) -(P +mN) ] ~:I p2i 'p2i =Pli+P3i-Pi' 

( 5) 
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Fig. 2. Momentum distributions of g-partic­

les. The solid line is the results of calcu­
lations, the dashed one is the distributions 
over which the recoil nucleon momenta were 
simulated in the cluster-nucleon interaction 
(see the text). Statistical errors are 
2-5%. Experimental data are taken from pa­
pers 17- 101 . 
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. .... 
the mass of cluster M and 1ts momentum P

2 
after scattering on the nucleon were cal­
culated. In relation ( 5) E 1 ,P 1 are energy 
and momentum of cluster before collision, 

=1,2,3 denotes x,y,z -components of the 
momentum in the nucleus frame. In the case 
when the nucleon momentum and recoil angle 
belonged to the kinematically forbidden 
domain, the angle was simulated anew. We 
followed the particles and clusters taking 
part in~the intranuclear cascade up to their 
departure from the nucleus. 

Our approach allowed us to investigate 
the angular distributions of g-particles 
with the momentum distributions being fixed. 
Different angular distributions of recoil 
nucleons have been probed: isotopic in the 
~.m.s., of the form oo/dltl"' exp(-a2Jtl), etc. 
Also the cross sections of cluster-nucleon 
interactions and parameters of the cluster 
model have been varied. We considered the 
incoming protons of 200 GeV impinging on 
the nuclear emulsion. The obtained angular 
distribution of g-particles is plotted in 
Fig. 3 and the corresponding momentum 
distributions, in Fig. 2. 

One can see that the momentum distribu­
tion agrees with experiment whereas the 
angular distribution does not reveal such 
. an agreement. The asymmetry defined as the 
ratio of mean numbers of particles flying 
to the forward and backward hemispheres 
nF/n 8 is equal to 10 whiJe the observed one 
does not exceed 2+3. All the subtleties 
marked above though influencing slightly the 
shape of the angular distribution cannot, 
however, provide agreement of the obtained 
results with experimental data. We guess 
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Fig. 3. Angular distributions of g-particles. 
Notations are the same as in Fig. 2 . 

that the obtained results evidence that the 
congruous description of the angular and 
momentum distributions of g-particles is 
rather sensitive to the choice of the mecha­
nism of the multiple generation in hadron­
nucleus interactions. The study of fine 
structure effects in the mechanism of had­
ron-nucleus interactions requires the com-
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I bined analysis of angular and momentum 
characteristics of secondary particles. 

The authors express their gratitude to 
M.I.Gorenstein, V.G.Grishin, V.S.Murzin, 
L.I.Sarycheva, V.S.Stavimsky and V.D.Toneev 
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