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1. Introduction

The study of inelastic interactions of elementary particles
is important in order to understand the dynamics of strong
interactions. In the last few years much experimental data were
obtained regarding these interactions. Now it is important to
investigate the creation of particles in the interactions with
nuclei. Such works are important for checkirng the theoretical
models. For. example, it is essential to pay attention to the
intranuclear cascade model /?/ to explain existing inclusive
experimental data. In addition to this the practical applications
(calculation of protection against the high energy radiations,
beams of secondary particles in accelerators etc.) are of great
- significance.

The problem is tackled on the following way: from the known
data on the elementary particle interactions, the characteristics
of secondary particles produced in nuclei are calculated. The
interaction is considered as a successive two-particle intra-
nuclear collision (usual cascade model). The corresponding
- calculations are very complicated and are carried out on large
computers by the Monte-Carlo method. ;

The intranuclear cascade model was used for the description
of some average characteristics of particle production in emul-
. sions/2,3/ _But the emulsion experiments have some ambiguities
(compllcated structure of emulsion, small statistics of events,
etc.). It is interesting to verify the model by experiments with
large statistics in order to find some fine features of the
interaction mechanism.

“In the present paper we consider the interactions initiated
by 7 “mesons at 40 GeVincarbonnucleifrom the propane bubble
chamber /4/. 1t is shown that the cascade model agrees qualita-
tively with the experiment. The possibility to improve the-
intranuclear cascade model has also been discussed. For comp-
leteness we have reported the results of calculations at/a/lgwer
energy of 17.2 GeV. We have used the program from ref./%/ with

some modifications /3/.



2. Method of Calculations

We have used the Fermi-gas model for ndclei. The distribu-
tion of the nuclear density was described by

=P, /[ 1+ expl (r—c)/él], @

where parameters c¢ and a were taken from the experiments
concernmg electron scatterings with a = 4.2 x 1074 cm and
=2.3x1077 em//,
The nucleus was divided into series of spherical zones with
constant density.. The momentum distribution of nucleons in the
zones was assumed to be

2 .
dN = p“dp. o )

Before the simulation of every new cascade the coordinates
of nucleons were defined in an accidental form. The distance

between the centres of nucleons was considered to be greater

than twice the radius of the ’’core’’ (0.8 x 10 =73 cm). Processes
like elastic, inelastic, charge exchange and absorption of pions
were taken into account. The interaction cross-sections
of particles used for simulation were taken from the experl-
ment /6/,

We assume that the particle may 1nteract with any nucleon

met along its trajectory with the distance <rs+A. The probability,

?f the .interaction with the nucleon in the nucleus is given

il

'p,. =p(1—p) o, - - (3).
wh'ere - ‘ ) .
P =exp[—al l Ja(r +/\)2] . @

= (1.3-1.4)1073cm. and A is the wavelength of the incoming
partlcle If -the nucleon was produced in the final state with
a momentum less than

. 2 1/3 ) )
P @Ba"p) 5)

the interaction could not proceed.

We supposed that the fastest particle interacted first on
eech stage of ‘the intranuclear cascade developmeni and the
ejecled nucleon became the usual cascade particle. In the space
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occupied by the  hit nucleon, a hole was created inside.the
nucleus. Since the velocities of intranuclear nucleons are much
smaller than those of cascade particles, the hole once created
remained empty during the entire development of the cascade.
Hence the particles moving after the fastest particles met less
number of nucleons on their way (trailing effect /5~8/ ).

3. Simulation of the Intranuclear Cascade /2,3,5-7/

In order to calculate the particle interactions with nuclei,
one proceeds in the framework of different-models from the
particle interaction amplitude with the nucleon. The elastic
scattering amplitude is given by

. 2
-B(Tya*/2 ) 6)

For inelastic interactions -with many-particle production
the amplitude of the process depends on a large number of
variables. It is impossible to write the amplitude on an analytical
form with parameters defined from experimental data. In the

f(9=A(T)e

. present paper we have used a parametrization of the experimental

data on the inclusive reactions of the = -production (we have
neglected the production of strange particles-and antinucleons).

This approach is very restricted, of course, but the available
experiments do not allow a more detalled analysis to be made.
However, such consideration permits one to get some important
consequences about average characteristics of the nuclear
interactions (the multiplicity distributions, the angular dlStI‘lbu-
tions, the energy distributions, etc.).

For the calculation of any characteristic x by the Monte-
Carlo method one defines a random number ¢ uniformly distri-
buted m the interval (0-1): K

c=0fW(y)dyz OIW(y)dy, - N OR

where W(y) is' the differential diStribution.of x. In our case it

 is convenient to obtain x from the approximation of a function

- F given by
X:F(f)al ;32 ,'.;.,'aﬂ .), . , o (8)
where a;,a,,... a, are the numbers obtained by comparing

the calculated dlstrlbutlon with the experimental data.
The productlon of leading particles is a feature of inelastic
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interactions at high energies 7 >10 GeV. This effect is usually
taken into account by introducing the coefficient of-inelasticity
k , which is a part of total energy spent in the production of
particles, i.e.

k~E/E_. . 9)

The distribution of the coefficient of 1nelast1c1ty has been
approximated with the expression

1
=a[2ae s =3 e g™ . (10)
. n=0 N
The values of a,, are given in Table I.
It is assumed that in inelastic » -N interactions in c.m.s.
there are two leading particles, i.e. the = 7 -meson and the

nucleon with energies

E,, =(1-k)E /2, E ,-E_~E_-~E [()))
where Eg =kE_

There is no. information about the angular distribution of
leading particles. It is known that the primary particle moves
at a very small angle in the forward direction and the nucleon -
in the opposite direction. We assume that the leading »-meson
moves at an angle ¢ ~ 0° and the nucleon at 6 ~180°. A more
accurate definition of the leading particle angular distribution
will not change the theoretical results appreciably.

The angles of secondary particles are given by

! M ; M .
cosf =2¢ g [igodie "y - _izod" )eM‘+I ] -1, 12)

H

M i : C
d = jz‘,o d,t'T, (3)
where the values of d;; are given in Table II.

The kinetic energies of secondary particles in the c.m.s.
are calculated by the formulae )

.‘I:frmax lEb(+(1—-Eb)N”], - 4)
b = zo b en (T+Ty ) 15)
Tmax= 2, ¢ tn ( ToTy )y =~ 5 ~ - (16)

where 7T is the energy of the primary particle in the rest
system of the nucleon and 7, = 10 GeV. The value of coefficients
b,; and c; are given in Table III.

After determining the energies of leading partlcles (egs. 10,
11) and energies and momenta of secondary particles (egs. 12-16),
the energy of the last particle (as permitted by the law of
conservation of energy) is given by

ni

B, =E_-3E -E -E, . - an

The ? count of the law of conservation of energy is given in
refs./10.11/ The angle between the last two particles is defined
by the law of conservation of momentum. The multiplicity
distribution of secondary particles (N =j+ 2) is obtained directly
from the above consideration. It is assumed that the number of
created charged pions is twice theneutral ones and the probability
of having the proton -or the heutron in the final state is equal.

The angles - for elastic scatterings are calculatf(} by eq. 6.
The qu:}ntmes A(T)and (T) are taken from ref. . Resulis
of ref. are used for the calculation of the intranuclear
cascade at 7 < 10 GeV. It may be noted that the coefficients
in- Tables I-1II differ slightly from those used in ref. /2:11/. It is
due to the fact that in this analysis we have much more statistics
to define the elementary interaction precisely.

Figures 1,2 * show the multiplicity and angular distributions

at 40 GeV and 60 GeV » - N interactions calculated by our method

and the corresponding experimental data.

' 4; Resuits of Calculations and Comparison
with Experimental Data :

Fxgures 3-5 show some results of calculatxons and the
experimental data /4/. The multiplicity distributionsof secondary
charged particles are given (all pions and protons having momenta
greater than 550 MeV/c) for pion interactions with carbon
nuclei having different number of slow. protons, i:e.. protons

- with momenta ranging between 160 and. 550 MeV/c Some average

characteristics are presented in Table IV

e — — e — ———————

* All distributions are normallzed to unity.



Figures 6 and 7 show themultiplicity and angular distributions
in the case of"pion interactions with light emulsion nuclei at
17.2 GeV. It is seen that the model satisfactorily explains the
general features of secondary particles up to an energy of
17 GeV. However, we do not have a quantitative agreement when
the model predictions are compared with the experimental data
with higher statistics. For example, the calculation of the average
number of secondaries at 40 GeV, }s equal to 7.99 + 0.04 while
the experiment gives 6.98* 0.04 /4 (The analogous difference
is also for the average number of -quanta). This difference
is obviously larger than errors on the multiplicity distribution
used in the initial data (see fig. 1). It is interesting to note that
the theoretical dependence of N; on N, (Table IV) is more
stronger than the experimental one. T '

In order to improve the theoretical results, one must take into
account such effects like resonance production and many-particle
interactions, i.e. the simultaneous  absorption of several secon-
dary particles with one intranuclear nucleon. These effects de-
crease the number of intranuclear collisions. Many-particle
interaction  is very important at higher energies as most of

secondary particles fly at a very small solid angle. These’

effects will be taken into consideration in our subsequent papers.
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Table I '
Values of the Coefﬁc1ents in Equat1on (10)
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is the

h

e xperimen t/4/
6.47 + 0.06
7.41 + 0,09
7.98 +0.12
7.83 + 0.20
7.44 + 0.30
6.98 + 0.04

y charged particles produced

Table IV

Average multiplicities of secondar
number of slqw protons

model

8.50 + 0.99
8.99 & 0.17
9.84 + 0,34
9.25 + 0.36
7.99 + 0.04

in pion interactions with carbon nucleus at 40 GeV. N
7.40 + 0.05

ol fE -
II

DO .

005\ i g

N NS A T O |
| 2 ¥ 6 8 0 2 # N
Fig. 1. Multiplicity distribution of secondary charged particles
in 7~ N interactions at 40 GeV/c. The solid circles are the
experimental data/72/, the continuous line is due to the theoretical
predictions. The average multiplicities obtained by the experiment
-and theory are N, ,= 5.42* 0.03 and Ny 5.45 % 0.06. ,
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Fig. 2. Angular distribution of pions in the c.m.s. in #- Ninter-
actiops, at 60 GeV. The solid circles are the experimental
dats /3. and the continuous line is due to the {heoretical
predictions .
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Fig. 7. The angular distribution of shower particles produced
in m-CNO interactions at 17.2 GeV in lab. system.
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