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1, Detailed calculations showed that the inelastic pion- and nuc

leon -nucleus interactions are well accounted for by the mechanism 

of intranuclear cascades in the whole range of the. pr,imary particle 

energies T from a few dozens of MeV to a few GeV, Som~ exam -

pies illustrating the agreement between theory and experiment in -this 

energy range are . given in Figs, 1, 2 and in 'Table I,· . ,. 

Good agreement of the cascade calculations with experiment 

is obtained not ,_only for interactions of elementary J)articles with nuc

lei but also for int~ractions of deuterons with nuclei (see e,g, Fig,3), 

. Discrepancies with experiment at T ~ 1 G_eV indicated in some 

papers are due to shortcomings of particular versions of the cascadq 

models rather tpan to the violation of the cascade mechanism itseif/lJ 

However, attempts to extend directly the intranuclear cascade 

model to the energy range T > 10 GeV lead immediately to an es

. sential disagreement with experiment which increases with increasing 
T 

Our aim is to 'consider at what energtes the usual cascade 

mechanism changes, and in what characteristics these changes are. 

revealed most strongly. We would like aslo to discuss the causes 

of such changes, 
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2. One of the most serious difficulties encountered in calculat, 

ing the intranuclear cascades is the necessity to, introduce detailed , 

information on inelastic particle interactions at different energies into 

the computer. This imposes high requirements to the computer area 

storage and in many case, especially in the energy range when the 

multiple-particle production is of importance , turns out to be com

pletely impossible owing to the absence of necessary -experimental· 

data~ 

The calculation becomes essentially simpler when as the initial 

information for the ~imulation of the picture of an elementary act one 

uses instead of the elementary distributions their t::olynomial approxi

mations. 'To find such approximations a laborious .numerical analysis 

of a large number of experimental data is. needed. However, the ap:

proximations obtained in such a way can be used in. calculating the 

cascades in various nuclei and at various energies. 

It should be noted that the energy dependence of the characte

ristics of elementary interactions turns out to be in this 'case con

tinuous which considerably improves ·the accuracy' of calculations. 

It order to obtain the approximation mentioned one should use 

instead of . the differential angular and momentum distributions in the 

c.m.s we (rose ) and w p ( p) the corresponding integral distributions 

X I y I 

We(x)= f we(2z-1)dz/Jwe(2z-1)dz, IV (y)= fw (p ·z)dz/jw (p ·z)dz. 
0 P 0 P IDdX P max 

:md bear in mind that the inverse quantities 
-I 

X=We (~) :and 
-I 

y = w ~: (-~) 

are monotonously increasing functions of a randof!l number ~ uni-

formly distributed over the interval LO, 1 J • 'These functions ex-

pressed in terms of the polynomials in ~ read: 
!11 N n N' N+l 

ros8=2~ !~an~ +{1-~an),; l-1, 
n:O n::{) 

l1 N n . 1f N.,-1 

P = P max~ • l ~ b n ~ + ( 1- ~ a n ) $ l , 
n=O n:O ,·,·-;. 
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where the maximum momentum 

tion and' the coefficients a n 

p max 

and b 
n 

....... ~ 

' .;..::~·· 
X 

in the experimental distribu

depend· on thE• type of the 

reaction considered and on the colliding particle energy. The energy 

dependence of these quantities can also be represented in the poly

nomial form 

M k 

an ,;, k a k T 
k=O n 

M k 

k b nk T 
kdl 

M k 

P max= k Ck T 
· k=O 

The detailed calculations showed that within the accuracy of the pre..: 

sent-day .experiments the approximation by the polynomials of fourth 

.. degr~e (i.e, N = 3, M =·3 .... - ) appears tc/be optimum, Such polynomials 

are simple for calculations and at the same time well approximate the 

available· experimental data (see, for example, Figs, 4 and 5) • 

. The tables o( the coeffi~ients a nk , b nk and ck are given 

in ref/2bf 

The polynomial approximation can be used not only fo':' inelastic 
channels but 

particles (the 

ing angle), 

also for the angular distribution of elastically scattered 
. . 

particle energy is unambiguously defined by the scatter-

Another fact which essentially influences the accuracy of cas-

cade calculations is the necessity for the energy and momentum con

servation laws to be satisfied when each act of inelastic TT- N or 

N -N interaction. is.· simulated hy the Monte-Carlo method, In order 

to calculate the integral average quantities like the average multiplicity 

and the average energy of secondaries it is sufficient to take inf;o 

account these laws only statistically; i.e, on the average over a large 

b f ' t. t' f3- 5f I d . bta' 't d num er o 1n erac tons • n so otng one o tns qut e goo re-

. suits also for the total angular and energy distributions, 

Fig,6 shows the distribution of the difference of the total particle 

energies befo~e and after interaction, f\ E . , for various kinds' and 

energies of projectiles, The mean value of f\ E does •not practically 

differ from zero however the dispersion turns out to be surprisingly 

large a;td the "tail" of1 the distribution goes up to f\ E=T /6/, This may 

lead to noticeable errors in characteristics such as the rumber of 
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particles in a fix 9d energy interval, the particle spectrum at a fixed 

angle and so on. The excitation energy of the residue ·nucleus and, 

\consequently,· the number of black prongs in the· ~tar are found to 

be espeCially vulnerable, 

A· rather effective method of simulating the inelastic elementary 

particle interactions ~ith exact account of the energy and momentum 

conservation laws has. recently been developed in our laboratory 

(the histograms in Figs. 4 and 5 were obtained by just this method). 

3~ From Fig. 7 it is seen that the th~oretical- average multiplici

ties ; g and llh in proton-nucleus collisions which are in good 

agreement with experiment at T < 5 Ge\Ldo not reflect the experi

mentally observed "saturation" at higher energies. The calculated ~ .. 
values are very close to the experimental ones up to T ~ 20 . GeV 

where there appear noticeable disagreements. 

Similar results were obtained for pion-nuclear interactions. But 

here it is difficult to speak of the diffe renee between theoretical and 

experimental it .. - values since the measurements are performed as 

yet only at T < 20 GeV. 

The difference between theoretical and experimental characteris

tics is · revealed more clearly in considering the particle correlations. 

It is seen from Fig.8 that at T < 5 GeV the dependence of n"' on 

the. number of h -prongs in the star is in good agreement with experi

ment while at higher energies the calculated histograms differ noti

ceably_ from the measured ones. 

As to the dependence of the average number of grey tracks on 

tl':le number of s-particles, at T~5 GeV it is i~possible to speak· 

of even qualitative agre.ement with. experiment (Rlg,9)' . At less higher. 

energies there are no direct measurements howeve_r:, the char~cter 

of the correlations at .T = ~.2. GeV in proton-nuclear interactions· 

is about the same as in " - -meson -nucleus collisions at T = 1,87 

GeV, vvhere Ofle observes a decrease of the average number of 

g -prongs with increasing n.. 171. 
The analysis of the energy characteristics of secondaries .. ,.~;; 

showed that the disagreement between the calculated and experimental 
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average multiplicities is accompanied by a softening of the energy 

spectrum of g -particles (F'ig.lO) although the s ·-particle spectra. 

are .reproduced quite satisfactory. 

It should be noted that the deflection of the energy and especi,.. 

ally of 'the angular characteristics from the experimentally observed 

on~s is noticeably smaller. than for the multiplicity. For example, the· 

difference of the experimental and theoretical n g by .more than a 

factor of two in proton-nuclear. interactions' at .T = 22.5 GeV is accom

panied by only a -~5"(o discrepancy in the average g -particle energies. 

The difference in the· angular particle distributions is found to be 

even smaller. ·- ; ... ~ 

The experimentally observed "saturation" of the number of g -
and h -particles which may be considered as the "saturation"- of 

the number of recoil nucleons and the excitations energy of the re

sidue-nucleus allows one to explain qualitatively also some other 

·important facts concerning fragmentation, spallation and fission of 

nuclei. 

If the fragments are assumed to. be nucleon associations 

knocked out of the nucleus by cascade nucleons or produced by 

evaporating from a excited residue-nucleus then the -increase of 

their · production cross sections slows down at T "' 5 GeV (for 

the avet•age emulsion nucleus). This has been observed in experi

ment.. 

Next, since the h -particles carry away the main: part o~ 

the_ mass lost by the target-nucleus then the parameters charaterji.. 

sing the. mass dlstribution as a function of energy T must also tend 

to the "saturati-on" at energies of the order of a few GeV. The ana

lysis of the radiochemica 1 measurements for nuclei. in the middle 

of the Mendeleev Table confirms this conclusion/8/ • 

. At. ene_rgies higher than several hundreds of MeV, with further 

increasing T , the growth of the .excitation energy compensates 

only part~ally the increase of the fission barrier which is due to 

still deeper spallation of nuclei. This leads to a decrease of the 

fission cross section a r with increasing 'I' • However at energies 
; 
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of the order of a few GeVand higher this decrease must slow down. 

The results of .recent ~measurements confirm this conclusion too/9/, 

None of the effects just mentioned is explained by the usual, 
. j . 

cascade model. 

'At energies T ;;;: 100 GeV the difference between the cascade 

calculations and experiment becomes ·over more essential, For exam

ple, at T. 21 .103 GeV the theoretical s -particle multiplicity is larger 

than the experimental one by about a factor of three; some disagree-

ment is observed in the angular distributions too/4/, . 

4, Thus, the deflections from the ordihary ca~cade theory start 

to reveal first of all in the characteristics of the l~w-energy com

ponent of produced particles at T >,-5 GeV, The .estimates show 

tha.t there are several reasons for such deflections, First, in all 

cascade calculations yet performed one ignores completely the fact 

that, as the cascade develops, a still larger number of intranuclear 

nucleons is ·involved in it, owing to which the low-energy component . . 

of cascade particles meets on its way smaller nuclear density.· The 

number of "evaporation" particles decrease, as well, 

Another important fact which is disregarded in cascade cal

culations consists in that at energies higher than a few GeV reso

nons are intensively produc.ed in rr- N and. N- N collisions which 

are then involved in the intranuclear cascade, From the kinetical 

point of view this is to some extent equivalent to the ?imultaneous 

interaction of several "stuck together" particles with an intranuclear . 

nucleon. 

With further increc;tsing energy T , owing to relativistic con -

traction the· angles of emission of particles·· produced in rr- N and 

N- N -collisions become so small ,that a~y · di~crimination of the 

times of interactions of these particles with an inG'anuclear nucleon 

is meaningless. In othe.r words, there occurs simultaneous scattering 

and absorption of several particles on one nucleon (the absorption 

. of a resonon by a nucleon may be considered as a particular case 

of such multiple -particle interactions), Since at present we know 

nothing about jhe properties of multiple -particle interactions <{MPI) 
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it is advisable to consider the inverse problem: let us attempt to 

obtain some information on these interactions from the analysis of the 

. experimental data of cosmic-ray experiments, We ;Should begin the 

calculation , of course, from the most general assumptions on the 

character of MPI and then should introduce further details only as 

far as it becomes quite necessary for obtaining agreement between · 

the calculation results and experiment, Such. an approach would gua

··rantee against tl;le introduction t~ the theory of unjustified assumptions. 

The location o( intranuclear nucleons was sampled by the 

Monte-Carlo method· for each interaction of a primary. with the nucle

us; this location was considered to be unchanged during the tim~ 

of cascade development. It was assumed that all the particles thf'! 

free paths of which end near the center of the intranuclear nucleon 

at distances shorter than its radius interact simultaneously with this 

nuclear;. The properties of such MPI were supposed to be depen -

dent on only the value of the "free" energy f = y( :£ E1 )
2

- (:£p~ ) 2-~ 
which can be spent for the production of n'ew particles ( E 1 , .p 

1 

M 1 are the total energy, momentum and mass of the i -th par-

ticle absorbed by a nucleon), In inelastic 17- N and N-N colli

sions the energy a,nd momentum conservation laws were taken into 

account o~y statistically, 

It is clear that such a. model ~iyes a rather simplified descrip

tion of the physical process, ·However even in this case ope can · 

draw a ·number of quite definite and rather general conclusions. 

It is seen from Fig.1.1 that even at T ;g 10 Gey the number 

of MPI in the average emulsion nucleus is about 20% and at T, 103 

it reaches 40%. In this case the fraction ·of particles involved in MPI 

increases from 30 to 70o/o, 

It should be however. noted that the large contribution of MPI 

at T;: 10 GeV appears to be due to the fact that in calculations 

the decrease of the nuclear density vvas disregarded and all the def

lections from the usual cascade model were ascribed to the MPI ef

fect, The account, of the decrease in the number of intranuclear 

nucleons ·is a very complicated problem which we have just began 

to solve, 
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With the aid of computers .we have performed several series 

of calculations which differ by the assumptions on the MPI proper

ties. One succeeds in obtaining agreement with experimental data 

over the range T "' 30 - 103 GeV only if the angular and energy distri

butions of par,ticles produced in MPI are chosen in the form given 

in Figs. 13 anc;I 12 and besides the existence of a leading particle 

carrying away 50-70°/o of the total energy is assumed; 

Of course, the details in the distributions in Figs. 12 and 13 

may be considered for the time being only qualitatively. However, the 

fact itself of the existence of MPI and the fact that the characteris

tics of particles produced in such interaCtions are' close to those 

observed . in ordinary two-particle interactions at high energies (in 

particular, the presence of the leading particle and the asymmetry 

character of. the angular distributions of the remaining particles) may 

be considered to be rather reliable • 

Table II and Fig.14 show good agreement between the calcu

lation resultS· taking intc account MPI and experiment. 

In conclusion we would like to stress once more that the study 

of the particle- nucleus interaction mechanism at high and superhigh 

energies. depends essentially on the "transition" energy region T .. 
' ' ',·· 

= 2 - 30 GeV. It is interesting t<;> study not so much integral, average 

characteristics as the differential distributions and correlafions between 

various quantities. Particular attention should be given to the low

energy ·component of produced particles. 

'- ···~ -. 
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Table 1 

Fraction of protons of energy T P higher than 30 
and 100 MeV (in o/o) in stars with different number of 
of black progns nb ; Energy of primary protons 

. . T= 385 MeV 

~ -:::> . .30 MeV . ., Tn "> 100 u~v . 

"'& Theor..z Exnerinum."t ~eo;:r Experiment -
0 98 + Q - - . 82 :!: 1 -
l 86 + ' SJ. + 13 62 + 6 .58! 12 - - -
2 ao t.' 77 +·1.3 '49 :!:. ' 49 +a - -. 
' 7l.:t.4 66 + 12 41 +' 40 + 8 - - • "!0 

4 80 + 6 6l + 12 40 i.' 24 + 7 - -- . ..,.. 

' 40 :t 6 '2 + 12 12 + 8 19 + 1 .... - -. 
6 4.5 +a. 2J + 2 0 12 :!:,11 - -
7 0 1 +· 1 0 0 --

--- ------·----- __ ...... 

- .. ~ -. 

----.. 

"':;;. 

12 
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Table II 

Comparison of the results of cascade calculations taking 
into account multiple particle interactions with experiment 

--
. f,GeV InterO.o- Cha.raot&-· Theory E~C]?erlmant x tion ristios 

.,___ 

100 p+LEm fi, 7.9!.0·4 7.4t0 • .5 
·- -· · -;= G-eV ·.3.l.+0.2 2.9±0 • .3 s., -p+Em V\c: . l0 • .3:!:0.5 a. o;t0.5 

nj .3.6+0.2 5.0+1.6 - -.,.,. ) G-~v 2.8+0.2 2~4;tD.9 -
200 l\-+LEm i\. 9.7+0.4 s.o;to.9 -

9y'l.~ 
0 

6.5;!:0 • .3 6.2+0.4 -'l\--+ ~m ns ll.2;t0.6 l0.8;t0.9 
9vis 

0 
9.ot0,.5 8 • .3+0.6 - . 

1t +Imm n~ l.5.4t_0.7 l4~7:t. 2 .• 0 
ev,; 12.~0.6 ll.o+l.l .... 

,oo · P+~m ns. 18.0+0.9 l.8.8+4.2 - -na .3.7!0.2 4.0±0.8 

103 P+LEm ns. l2.l.-t0~6 9•9!1•4 -:P+Em nil 20 .. .5;tl.l 22.5;!:.3.0 
Y\~--'- .3.6+0.2 4 +1.6. - -

x/ 

For -references see papejs/. 

L Em , Em' , HEm - are ~edium and medium-heavy 
emulsion nuclei respectively; T3 is the mean energy of 
secondaries (except the leading one); . (} '> 

8 
is the angle 

within which half of the s -particles are emitted (lab, system), 
~ . 
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tal data for T = 1.87, 4.2, 10 and 16.1 GeV respectively. 
histograms are the calculation results for T = 1.87, 4.2 ar 
16.1 GeV. 
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Fig.9. Average multiplicity of g -tracks as a function of ·the number 
of s -particles in emulsior;l $tars produced by protons, the 
curves are the calculation results; the numbers near the 
curves are the primary protbn energy in GeV. The circles 
and triangles give the ..,.Winzeler's experimental data for T .= 6,2 
and 22.5 GeV. ' 
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Fig.10 .Energy spectra of g -particles N ( ~ p ) . = f P w ( p) d p from 
proton.-nur.leus collisions at an energy T • The curves are 
the calculation results by, the cascade theory. 
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Fig,12, Energy distribution of pions. (dashed line) 'ned heavy particles 

(continuous lines) produced in inelastic' MPI (in c,:n,a,), 
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Fig,13, Angular distributions of particles produced in inelastic MPI 

-(in c,m.s.), All the notations are the same as in Fig,12, 
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Fig,14. x = fg tg (J distribution of s -particles in emulsion stars 
produced by 11- mesons· at an energy T, 200 GeV. The conti
nuous histograms are the experiment of Gierula; the dashed lines 
are the caclulation results for 'I' = 200 GeV. 
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