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A review is given of the results of experimental studies of interactions between high-energy particles
(E5220GeV) and nuclei. It is emphasized that experiment shows a very weak dependence of many of the
important parameters of multiple production on the number of nucleons in the nucleus. Observed
phenomena can be understood either within the framework of the hydrodynamic (classical) approach or
within the framework of the quantum-mechanical, field-theoretical approach (parton model). Suggestions
are outlined for further studies that might throw light on the mechanism of space-time development of the
interaction processes. The references cover the period up to May 1, 1976.
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INTRODUCTION

Cosmic-ray and accelerator experiments performed
in the course of the last few decades have demonstrated
a very striking property of interactions between high-
energy particles and atomic nuclei.

Specifically, if we confine our attention to hadrons
formed during the collision time, we find that their pa-
rameters exhibit a very weak dependence on the mass
number A of the target nucleus, which is at rest in the
laboratory frame (L system), and on the type of incident
particle.!’ For a given energy release in the center-of-
mass frame (C system) of the colliding particles, the
distribution of secondary particles with respect to multi-
plicity, the invariant cross section Ed3c/dp®, the rapid-
ity distribution dn/dy, the distribution over the trans-
verse momenta dn/dp, and the abundance of the resulting
hadrons are very weakly dependent on A and on the type
of incident particle. Occasionally, to within experi-
mental error, there is no dependence at all, Examina-
tion of the primary-particle parameters indicates that
the inelasticity coefficient shows a weak dependence on
A when the primary particle is a hadron,

We note at once that we shall confine our attention to
primary-particle energies greater than or of the order
of E, 2 20-30 GeV, where E, is the energy in the L sys-
tem.

I'we shall assume that the dependence is weak if it is of the
form ~A® with @ <<2/3. We recall that A*® represents the
geometric cross section.
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Unfortunately, the volume of experimental data avail-
able at such high energies is as yet insufficient to en-
able us to derive unambiguous conclusions, This limita-
tion is particularly characteristic for processes involv-
ing the participation of leptons. There are two reasons
for this, Firstly, there are the methodological diffi-
culties of studying interactions with nuclei (see[”, Chap.
1) and, secondly, collisions with nuclei have tended to
be neglected because they involve a process that is more
complicated than a collision between two hadrons. The
simple logic of this argument is that onetries toachieve
an understanding of the simpler phenomenon, namely,
the collision between two hadrons, and then proceeds
to more complex processes., This argument is valid,
in general, but can hardly be justified in the present
context, Thus, we note, first of all, that our level of
understanding of multiple processes occurring during
collisions between two hadrons is quite high.?! In fact,
the theory of multiple processes has now crystallized
and has been reasonably rigorously formulated in its
general outline, On the other hand, studies of colli-
sions with nuclei have posed the clear question as to the
reason for the above weak dependence on the mass num-
ber. If we attempt to provide a rough formulation of
the basic problem of multiple processes (we shall return
to this question in Chap, 2), we find that it reduces to
the question of the description of the virtual phase, At
present, the two main approaches, i.e., multiperiph-
eral and statistical-hydrodynamic, suggest that this
phase has a finite (nonzero) space-time size, From the
standpoint of the quantum-mechanical approach (multi-
peripheralism), this phase is described by diagrams;
in the classical description, it is reduced to statistical
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FIG. 1. Energy dependence of {n,) in emulsion,!6:22}

hydrodynamics.

These two approaches are considered in detail in
Chap, 2. Here, we confine ourselves to a brief an-
nouncement, Its aim is to facilitate the understanding
of certain diagrams representing simultaneously both
experimental data and their theoretical interpretation.

The classical approach reduces to the formation of a
cluster which does not include the leading particle (Secs.
2.6 and 2. 8).

In the parton version of the multiperipheral model
(Sec. 2.9), a fast hadron dissociates into partons during
the time of the virtual phase, Partons of high energy
(but short wavelength) freely leave the nucleus and then
assemble again into hadrons, The interaction is exe-
cuted by low-energy partons, The nucleus is an object
of large spatial size which increases with the number
A of nucleons in the nucleus. One might therefore rea-
sonably expect that detailed studies of interactions with
nuclei will facilitate the elucidation of the space-time
development of the process. Here, we have to distin-
guish two axes, i.e., the longitudinal and the trans-
verse, In processes developing in the longitudinal di-
rection, we see manifestations of the properties of hy-
dronic material, whereas processes developing in the
transverse direction depend on the properties of nuclear
matter (see Sec, 2.1).

It is already clear that experimental data obtained by
studying collisions occurring at high energies (weak de-
pendence of parameters on A) are in conflict with the
description involving successive collisions between the
incident particle and the quasifree nucleons in the nu-
cleus. If this were not so (see Sec. 2.5), the depen-
dence on A should be strong., Experimental data indi-
cate the essential validity of the above theoretical ap-
proaches, On the other hand, the possible universal
character of interactions of leptons and hadrons may
be an indication that the final phase of multiple processes
plays a determining role, and this imposes an essential
restriction on the possible range of theoretical models.

We note one further important feature of interactions
with nuclei, At energies E; 2 100 GeV, some of the pa-
rameters of multiple processes cease to depend on E,.
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This we shall refer to as the asymptotic state, The
aim of the present paper is to review existing informa-
tion on interactions hetween high-energy particles and
nuclei, and to formulate certain problems that can be
usefully solved in this part of physics.

1. EXPERIMENTAL STUDIES OF INTERACTIONS
BETWEEN HIGH-ENERGY PARTICLES AND NUCLEI

In this section, we review some of the experimental
results on multiple production during interactions of
hadrons and leptons with nuclei. Lack of space prevents
our examining in detail the very diverse experimental
material, Partial justification for this is provided by
the fact that there are published reviews (for ex-
ample, "%’} and monographs' ¢’ in which these ques-
tions are reviewed up to 1972, We have confined our-
selves largely to new experimental data on interactions
with nuclei at primary energies £, & 20 GeV, and have
paid particular attention to the asymptotic properties of
the multiple production process which begin to manifest
themselves at such energies. In selecting the experi-
mental data for review, we tried to emphasize those
data which, at least in our view, provide a good illustra-
tion of the basic problem in the interaction between ele-
mentary particles and nuclei, namely, the weak depen-
dence of many of the parameters on the mass number A.

1.1. Multiplicity of secondary particles

The multiplicity of secondary hadrons in the final state
state is an important criterion for verifying the predic-
tions of theoretical models,

In the ensuing review, the products of a nuclear inter-
action will be classified in terms of the notation adopted
in the analysis of data obtained with nuclear emulsions,
The multiplicities will be designated as follows: shower
particles n, (8>0.7), strongly ionizing particles N, (8
<0.7), gray tracks n, (mainly protons), and black tracks
ny (N =ng +1,).

Experimental data on multiplicity at present cover
primary-particle energies up to ~10 TeV. In this sec-
tion, we consider the data that characterize certain def-
inite features in the behavior of n, as a function of the
primary energy E, and the mass number A of the target
nucleus,

The mean value (n,) increases monotonically with in-
creasing primary energy. It increases by a factor of
two between primary energies of about 20 and 200 GeV
(Fig. 1 and Table I). At higher energies, the rate of
increase of (n,) is lower. The role of the target nucleus
in the development of the multiple production process
becomes more obvious if we consider the ratio R, =(n,)/
(ns)u, where {n,)y is the mean multiplicity of shower
particles during the collision between a hadron and a
nucleon at the same primary energy E,. The ratio R,
is sometimes referred to as the normalized mean multi-
plicity.

Figure 2a shows R, for an emulsion (4 ~65) as a func-
tion of E;, These data are taken from'™. It is clear
that the experimental data are not inconsistent with the
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TABLE I. a) Mean multiplicities at different energies (photo-
graphic emulsion data)
Primary momentum ight - All
Po» GeV/e (n) xl;fxgclllei CNO AgDr nuclei Ref.
n-, 17, emulsion ng 14.240.4] 41104 5.740.3 5.3+0.3 17
ng [0.6+0,1]0,45+0.04 | 2.0+0.3 1.540.2
ny 12,9+0.3] 1.91+0.3 6.51+0.4 5.0+0.4
n~, 17,5, emulsion ny 6.740.2 18
ng 3.740,2
ny 7.8+0.2
Np 11.540.5
n, 40, emalsion ng 6.98+0.04 33
x, 60, emulsion ng {8.0+0.6| 7.440.5 9.3+0.2 17
ng |1,0+0.2] 0,78+0.06 | 3.2+0.1 2.61+0.2
ny |2.6+0,2| 1.9F70.1 5.840.2 4.7+0.2
n1, 60, emulsion ng 9.940.2 | 9.23%0.07 | 18
ng 3.840.2
ny 7.840.2
Np 11.6+0.3 | 7.02+0.05
p, 21, emulsion n, |5,4+0.4| 4.1%£0.3 6.240.2 5.840.2 17
ng [0.9%0.4] 0,701 3.9%0.2 2.940.2
ny |2.710.2| 2.240.1 5.970.3 4.64+0.2
p, 21,5, emulsion ng 6.284+0.11 21
P, 60, emulsion ns 168.720.4| 6.410.5 8.91+0.5 12
ng |0,840.1| 0.63+0.07 | 3.4+0.2
ny, [2.740.1] 2.0+0.2 4.940.6 .
p, 67, emulson | n, 16,740.6| 6.3£0.7 | 10.1+0.4 8.840.3 17
ng 10.8+0.4| 0.640.1 3.410.2 2.540.1
ny 12,4%40.10 1,504 6.240.3 4.7F0.2
p, 67, emulsion ng 10.740.3 18
ng 3.740.2
ny 7.6+0.3
Np 11.34+0.3
p. 69, emulsion n, 11.08+0.18 | 2t
P, 200, emulsion ny 11.0+0.3 | 15.44+0.3 {14.53+0.22 | 21,22
13.9+0.2
ng 0.0040.05 | 3.2910.10 | 2,4840.08
ny 1.80+0.08 | 6.36+0.16 | 4.79+0.12
v 2.61+0.08 | 9.9240.17 | 7.404+0.43
“Th 2.70+0.11 | 9.66+0.24 | 7.26+£0.19
p, 300, emulsion ng 16.0F1.5 9

b) Mean multiplicity of relativistic particles as a function of
energy.

Target | Primary i Target | Primary
nu- momentum, (g Ref. SJ nu- momentum, {ng) Ref.
cleus | GeV/e | cleus | GeV/e
i
CH, p. 70 10| 2l ~ 690 12.040.7 10
170 A p, 160 12.2510.89
00 260 13.21+1.16 | 10
C o 40 8 520 16.05+2.490
p, 8 13 || Cu p. 70 8.0F0.6
190 13 170 12.241.1 1o
173 ~ B 15.7+1.3
379 Sn p, 160 13.314+1.13
Al P, 10 1o 260 15.14+1.40 13
160 13 521) 17.05+3.60
Im 10 Ph p, 169 14.75+1.41 13
L o 260 15.61+1.54
L .
|

very important conclusion that R, is independent of en-
ergy for EqR 70 GeV. The limiting value of R, for an
emulsion is close to 1.7. There is experimental evi-
dence for the fact that the asymptotic behavior sets in

Ry
2.4
£
20l - d
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FIG. 2. a) Energy dependence of R, = (n,)/{ng)y for emulsion
nuclei;!”! b) dependence of Ry ={nEy))/{ndEq))y on the number
N, of highly ionizing particles in a star. Photoemission data
taken from!20),
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TABLE II.

Ey, GeV 3 d v R, a
6.2 | 0.9140.03 0.0940.03 0.7240.048 | 1.2740.02| 0.05
~21.0 | 0.8240.03 0,18%0.03 0.4630.17 1.54%0.03 | 0.10
27.0 | 0.75%0.04 0.2530.04 0.60%0.24 1.61%0.03 | 0.13
67.0 0.7410.03 0.26+0.02 0.3510.10 1.80%0.05 | 0,14
200.0 | 0.70%0.02 0.3040.02 0.3150.08 1.87%0.03 | 0.15

~ 1000 0.7% 0.26 = 1.7940.26 | —
~ 3000 0.7440.17 0.3140.06 0.18+0.25 1.88%0.30 | 0.17

earlier for light nuclei than for heavy nuclei. '8

Here and henceforth, the phrase “asymptotic behav-
ior” will be used to indicate the tendency of a physical
quantity toward a simple functional dependence (in par-
ticular, a constant) above a certain value of the primary
energy E,.

An important property of the ratio R, is that it is a
slowly-varying function of the mass number of the tar-
get nucleus, If we suppose that R, =A%, then it turns
out that o increases from 0 at £,=10 GeV to about 0.12
at 68 GeV. At primary energies above 200 GeV, the
exponent & remains practically constant (@=0,13-
0.15).""%" According to'™, @=0,131+0.005 when E,
=200 GeV.

The weak dependence of @ on the mass number has
been confirmed by cosmic-ray studies™® in which R,
was represented by R, = 841/3, For Al, Cu, Ag, and
Br, and energies in the range 50-3000 GeV, the experi-
mental data can be described by this formula (see
also'*’) with 8=0.41+0,04. If we suppose that A=1,
then it again turns out that R, ~A%?,

In general, the exponent @ is very dependent on the
type of approximation used for R,.

The linear dependence of R, on A'/% hasbeenanalyzed
in detail in''?! using nuclear-emulsion data for protons
with primary energies between 6.2 and 3000 GeV., Anal-
ysis shows that the experimental data can be described
by the formula R, =c +dAY/®, where ¢ and d (and, con-
sequently, R,) are independent of the primary energy
for E, 250 GeV, Using this result and the data for E,
=67 GeV and E, =200 GeV, Babecki®’ showed that ¢
=0.716+0,018 and d=0,283+0.015. Healso considered
the possible parametrization of the more general ex-
pression R, =¢ +dAY, Data for A =1, 14, and 95 were
used and the results are summarized in Table II, The
last column of Table II gives the values of @ in the for-
mula R, = BA® (the coefficient was also varied). It is
clear that the value of @ remains very small (~0.1-0,2)
in a broad range of primary energies E, (see Secs. 2.6
and 2.9).

Experimental data obtained for particular nuclei are
of particular interest for studies of the dependence of
R, on the mass number. Vishvapath and Bussian®®!
have investigated multiple production on C, Al, Fe, Sn,
and Pb at primary energies between about 80 and about
600 GeV. The experiment was carried out in cosmic
rays in which the primary flux consisted of about 70%
protons and about 30% pions. The dependence of R, on
the mass number, obtained at about 160 GeV, is shown
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FIG. 3. Mean normalized
multiplicity of shower parti-
cles as a function of mass
number 4.13! Open circle
represents emulsion data.
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in Fig. 3. When these data are approximated by R,
=A%, it is found that @=0.129+0,004. Thus, to within
the limits of statistical precision, the quantity R ()
turns out to be independent of primary energy for E,

2 160 GeV.

The dependence of R, on 4 in the case of pions inter-
acting with C, AL, Cu, Ag, Pb, and U was obtained in‘!4’
for two values of E;, namely, 100 and 175 GeV. Com-
parison shows that, for a given value of 4, the quantity
R, for primary pions is somewhat lower than for pri-
mary protons, However, both data can be described
by a single formula if they are represented as functions
of the quantity v=Ao,/0,, where oy and o, are the in-
elastic cross sections for a hadron on a nucleon and a
nucleus, respectively. The quantity v represents the
mean number of collisions between the primary hadron
and nucleons in the nuclear interior. The dependence
of R, on v turns out to be almost linear, It is noted
in"157 that this fact confirms the expression R, =c +dA!/3
since o,~A%7 (see Sec, 1.4).

Thus, we must emphasize once again that R, and,
consequently, the mean multiplicity (n,) as well, are
slowly-varying functions of the mass number A of the
target nucleus.

The multiplicity distribution can be characterized by

. the values of its moments. The variance D={n.)? - (?),
(second central moment) of the distribution in hadron-
nucleus collisions behaves itself as a function of n; in
the same way as the variance of the distribution of multi-
plicity in hadron-nucleon collisions. Figure 4a shows
the experimental results for {D{{z),) obtained with nu-
clear emulsions, '™ To within experimental error,
there is a linear relationship between /D and ,. This
is similar to the result obtained for pp interactions,
namely, VD =a{s,)+b, where a turnsouttobe close tothe
value a,,=0.6. Thus, forallthe interactions considered
in'™, it turns out that =0.64+0.02, Figure 4b shows
the function M = {»,)/\/D for a number of nuclei at differ~
ent energies Ey. ' Inall cases, this ratio turns out to
be close to 2 (as in pp collisions) and is practically in-
dependent of E,. These properties indicate in particular
that n, doés not follow the Poisson distribution for which
one would expect M ~«/Zn—s>.

The similarity with elementary collisions can also be
seen in the distribution of the probability for the produc-
tion of n fast particles, W) =0,/0,, where g, is the pro-
duction cross section for a star with » fast particles.

It is well known that, in hadron-nucleon collisions at
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primary energies of about 50 GeV, this distribution has
a universal character, i.e., (1) W(n) =y(t), where &
=n/(n) (this is the KNO scaling put forward in"'®)), The
verification of this property for hadron-nucleon colli-
sions at high primary energies has been reported by a
number of workers (see, for example, [&%17-181)  Tpe
general conclusion is that there is a universal relation-
ship of the form {(z)W(r) =y(£) although there is some
disagreement about the precise form of the function (&)

It is now clear that the final solution of the problem -
as to what is the precise form of the nuclear scaling
function (&) will require a substantial increase in the
statistical data obtained for different nuclei, The exis-
tence of a nuclear KNO scaling can be regarded as ex-
perimentally verified, in principle. The above-men-
tioned linear dependence of the standard deviation
Vg% — (%) on n, is a consequence of the universality of

B(E).

Here, it is also important to note the following, The
observed similarity between the elementary and nuclear
distribution y(£) may indicate that a large fraction of
the products of multiple production propagates in the
nucleus as one whole with a mean free path comparable
with the nuclear size.

1.2. Angular distributions of secondary hadrons

The angular distributions exhibit characteristic limit-
ing properties that are directly determined by the dy-
namics of the hadron-nucleus interaction and have a
relatively weak dependence on A. Analysis of the ex-
perimental angular distributions of shower particles
shows that, in the laboratory frame (L system), there
is a narrow cone of angle 6,~0.1~0,05 (it is roughly
equal to half the cone angle in the elementary event)

i
%
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g
T T
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T

o~
x =Ly

25t %

20 L Y
15 1‘%

A I S B

7% £,GeV

FIG. 4. a) The variance D ={n,)’ - (n2) as a function of the
mean multiplicity of shower particles {»,) (emulsion data); b)
energy dependence of M= (n)/VD 1%, ¢) dependence of M on the
number of gray tracks in a star for interactions with heavy nu-
clei in emulsion (N, 2 7); primary energy 200 GeV,
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FIG. 5. (a) Mean multiplicity of shower particles as a function of
N, in different angular intervals'?’!; b) mean pseudorapidity

(—A)={(—logtand,;) as a function of N, in different angular in-
tervals,f2!

around the direction of motion of the primary particle -
in which there is no external manifestation of the effect
of the nuclear medium on secondary hadrons. Figure
5a shows the mean multiplicity of shower particles,
{n,), as a function of the number N, of tracks with a
high ionization in different angular intervals, deduced
from data obtained when photographic emulsions were
exposed to protons with momenta of 200 GeV/c. 2 1t
is clear that the multiplicity of particles produced with-
in the internal cone (laboratory angle of emission 6,
£0.1) is not very sensitive to the quantity N, which is
a measure of the excitation of the nucleus [see (2.9)].
The nucleus behaves as if it were transparent to parti-
cles within the internal cone, and the overall rise in
multiplicity turns out to be localized preferentially in
the external cone (laboratory angles of emission
6,20.1).

This property is also illustrated in Fig, 6, which
shows the angular distribution of relativistic secondary
charged particles with x =logtan8; as the independent
variable (the pseudorapidity X is approximately equal to
the rapidity y in the description of inclusive processes;
see™1),2 The data were obtained by exposing emulsions
to protons with momenta of 200 GeV/c. 22281 For com-
parison, we show the angular distributionof shower par-
ticles from pp interactions. For pseudorapidity 1S -2,
the two distributions are practically identical, and this
region may be associated with the fragmentation of the
incident particle. Its size along the X axis is approxi-
mately equal to unity, and has a surprising lack of de-
pendence on the primary energy E, (see also Sec. 1.3).

Another important fact is that, as the population of
the external cone increases, the shape of the angular
distribution of particles within the cone is practically
unaltered. This conclusion is confirmed by Fig. 5b
which shows the mean value (- ) =(~logtané,) asa func-
tion of N, in the internal and external cones,‘?’ For
tan6; =0.08, the value of (}) in the external cone is con-

?}We note that there is no generally accepted notation for
pseudorapidity. We have used the notation employed in the
original paper. ’
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FIG. 6. Distribution of pseudorapidities for interactions be-

tween protons and emulsion nuclei at E; =200 GeV. a) Inte-
grated (normalized)!! (P> 2); b) differential for events with
N, >0 (solid histogram) and for pp interactions (broken curve).
Normalized to the number of interactions,[22!

stant although the quantity (x,) itself increases with in-
creasing N,. The small effect of the degree of excita-
tion of the target nucleus on the angular distribution of
shower particles can also be seen in the integrated dis-
tribution (r,) as a function of the pseudorapidity A
=logtand, (see Fig. 6a). The arrows show the values
of pseudorapidity dividing the total multiplicity in half.
It is clear that the median pseudorapidities correspond-
ing to different values of N, are roughly the same, and
this confirms the weak dependence of the shape of the
angular distributions on N,, The development of the
process inside the nucleus, which is accompanied by

an increase in N,, is indicated by the fact that the multi-
plication tends to shift toward positive pseudo-rapidities,
which corresponds to the target fragmentation region,

The dependence of the angular distributions on the
primary energy E, is shown in Fig, 7, where the dis~
tributions are plotted with the values of 7=~ 1Intan(8,/2)
given along the ordinate axis. The figure also shows
the results of calculations based on the hydrodynamic
model®*' (see Sec. 2.6). It may be concluded that the
target-fragmentation region is fully formed for energies
Ey,2 50 GeV. 1t is clear that, as the primary energy
increases, the development of the process is largely
dependent on the fragmentation of the incident particle,
This ensures that the normalized multiplicity R, is in~

57 28

[ b

. L .
4 2 2% 35 48 b0 2

,“:*Z“.tc—L
7 ¢

2z

FIG. 7. Distribution of drn/dn for collisions between protons
and emulsion nuclei at primary energies of 67 and 200 GeV
(solid histogram—E, =200 GeV). Arrows show the positions of
the centers of gravity during collision with the mean tube.
Solid curve—calculated from hydrodynamic theory.!24]
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FIG. 8. Dependence of the quantity Z =f:mnF(n) dn/f:mnFo(n)
xdn on the pseudorapidity n=—1Intan(8,/2). The functions
Fy(n) and F(n) are the distributions for pN and pA interactions
in emulsions (E; =200 GeV).!*!! 1_[nteractions with heavy nu-
clei (N, 27), 2—interactions with light nuclei (1< N,<6), ny>1
with range R, < 80. Solid curves—calculation,!?"!

dependent of energy (see Secs. 1.1 and 1.3). In gen-

eral, one would expect that R, would fall slightly with
increasing E,, and this is not inconsistent with the ex-
perimental results (see Fig. 2a).

When the angular distributions of secondary relativis-
tic particles are investigated, it is convenient to use
the variable Z = (1,(>n)),/(n,(> M)y, which is the ratio
of the integrated number of shower particles withpseudo-
rapidity greater than 7=~ 1ntan(6,/2), obtained for
hadron-nucleus interactions, and the integrated number
of shower particles with the same pseudorapidity and
originating in hadron-proton interactions. This quan-

tity was first considered int2&3%7,

The experimental distribution over Z, obtained in®%),
is shown in Fig. 8. The solid curves were calculated
from the model given in'2" and, as can be seen, the
calculations are in agreement with experiment,

The angular distributions (distributions over pseudo-
rapidity) show a definite regularity with &, =n,/(1,). The
distributions of the normalized quantity (1/70,)do,/dn
for two values of primary energy (30 and 200 GeV) and
three intervals of values of this quantity were investi-
gated in2®), The data show that there is an analogy with
the results for pp interactions in that the nuclear data
exhibit a peculiar saturation of the angular distribution,
i.e., a scaling in &, which occurs both for the target-
fragmentation region and for the incident-particle frag-

ras FIG. 9. Energy dependence of
Wh), (ﬂ,,), and (”,)-[2“
Curves—calculation based on
cascade-evaporation model,

o T w ww oaw
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FIG. 10. Probability of appearance of stars in emulsion with
number of highly ionizing tracks greater than N,,.”“

mentation region,

1.3. Fragmentation of the target nucleus. Correlations
between secondary particles

The fragments of the nuclear target are characterized
by the quantities N,, n,, and #,.

The mean multiplicity of strongly ionizing particles,
{N,), passes through a maximum near the primary en-
ergy of E;~10 GeV and then decreases at a reducing
rate, For E, 2 20 GeV, it reaches a constant value of
N,=7-8 (Fig, 9 and Table I; see Sec, 2.9). For com-
parison, the figure also shows the results of calcula-
tions based on the intranuclear cascade model (see Sec.
2.5).

The differential distributions of N, #,, and »n, retain
the above stability with respect to E,. The “satura-
tion” of the distributions is manifested, for example,
in the integrated probability of the appearance of stars
with the number of highly ionized tracks greater than
N, [P(2 N, (Fig. 10). This property is also ex-
hibited by the », and », distributions®’ (see Sec. 2.9).

The differential distribution of identified protons from
pion-carbon interactions at primary energies between
4 and 40 GeV was analyzed in'®’, It was shown that,
even at these energies, the distribution of protons does
not vary to within statistical error.

Whilst for primary energies in excess of about 20 GeV
there is an apparent absence of a dependence of the
multiplicity of highly ionizing particles on primary en-
ergy, the dependence on the geometric size of the nu-
cleus for such particles turns out to be very strong.
The multiplicity was investigated in‘®? as a function of
the mass number of the target nucleus, assuming that
it was of the form ~A*. The values of « for dense and
gray tracks and for their sum were found to be as fol-
lows: «,=0.655+0,025; o, =0.672+0.030; a,=0.661
+0.025. It is important to note that the uncertainties
indicated against these results do not take into account
the precision with which the light and heavy nuclei were
separated out in the emulsion. Thus, very approxi-
mately, <Nh>’ <nb>’ <ng> ~A2/s-

The quantities N,, #,, and n, which, as already noted,
measure the response of the nucleus to the perturbation
imposed upon it, are correlated with the parameters of
relativistic particles.
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Characteristic saturation properties can be detected
in the behavior of n, if we consider its correlation with
N,, n, and compare data at different primary energies
(see Sec. 2.9).

The multiplicity ratio for different primary energies
Eg, i.e., Ry =Ny, Eq))/ ®g(Ny, Egp)), plotted asa
function of N, (Fig. 11) shows some striking features.
For primary energies below about 50 GeV, the ratio
Ry depends on the number of highly ionizing particles
in the star, N,, but, at higher energies, this ratio re-
mains constant and—this is particularly important—the
value of the constant is close to the value of this ratio
for elementary collisions (Table Id). Thus, the mean
multiplicity of shower particles ceases to “feel” the
degree of excitation of the target nucleus at high ener-
gies, This property can be written in the form

(nfEo, Np)) = (no(Eo) R a(WVn),

where (n,)y is the mean multiplicity of charged shower
particles in the hadron-proton interaction.

The ratio R, (N,) also shows some interesting prop-
erties, Firstly, for the statistical data available at
present, the results can be represented by the linear
function R, (N,) =a +bN, (see Fig. 2b), where a is close
to unity for primary energies in excess of about 100
GeV. Nuclear-emulsion data'” obtained for protons of
200 GeV/c for events with N, = 2, give a=1,11+0,04,
This value remains constant as the primary energy in-
creases, Emulsion data on cosmic rays were analyzed
int), The mean energy of one group of events was
about 11 TeV, whereas for another group it was E;=0.5
TeV. The quantity R, was estimated by using the ratio
R, =n./¢(E,), where ¢(E,) is the analytic expression for
the multiplicity in pp interactions as a function of pri-
mary energy. The result of this analysis confirmed a
conclusion that ¢~1, and this was independent of pri-
mary energy (the slope b was also independent of ener-
gy). Moreover, this conclusion was practically insen-
sitive to the method used to determine (z,)y. It follows
from Fig. 2b that R, appears to saturate as a function
of E; for any value of N,, These limiting properties of
the multiplicity ratios R; and R, are referred to as nu-
clear multiplicity scaling. 21287 In particular, this re-
sult can be looked upon as a useful empirical rule that
can be used to predict the multiplicity (z,) for pA inter-
actions from given pp data.

It is clear from the results summarized in Sec. 1.2
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that the coefficients a and b depend on the angle of emis-~
sion (pseudorapidity) of the secondary relativistic par-
ticle.

The Cracow group have reported'®®’ an interesting
limiting property of the coefficients in the linear rela-
tionship between the multiplicities »n, and N, for differ-
ent ranges of values of the pseudorapidity 7=—1lntan(6,/
2). They used emulsion data for primary energies of
67, 200, and 3000 GeV (the experimental data were ob-
tained in space). They found that, independently of pri-
mary energy, the region of development of the compo-
nent b, which depends on nuclear excitation, is shifted
relative to the region of development of the component
a by two units of the pseudorapidity . The conclusion
must be that there is always a range An of pseudorapid-
ities which is independent of the target nucleus and of
the primary energy. Along the X axis, the size of this
region is approximately equal to unity (see Sec, 1.2
where it was noted that the hadron-nucleus and hadron-
nucleon distributions of pseudo-rapidities were identi-
cal). This fact remains unexplained. The weak depen-
dence of quantities characterizing the degree of excita-
tion or breakup of the target nucleus onn,, n,, and N,
is also exhibited by the variance D of the distribution of
the multiplicity n, of relativistic particles, Figure 4
shows the experimental dependence of M =n_/{/D on N,
obtained in'®? for a group of interactions between pro-
tons and heavy nuclei in emulsions (Ag, Br). The pri-
mary energy was 200 GeV, It is clear that the depen-
dence is very weak. This fact and the other properties
of the distribution of », (for example, KNO scaling) in-
dicate that the system of particles produced during the
hadron-nucleus collision retains its properties for a
period of time comparable with the time of propagation
of the system in the nucleus,

2

1.4. Total cross sections for the interaction between
hadrons and nuclei

It is now known that the experimental energy depen-
dence of total cross sections for the interaction between
hadrons and nuclei does not exhibit the simple asymptotic
properties that were expected only a few years ago.

Here, we shall confine our attention to the two func-
tions 6,(Eg)a-const @Nd 0;(A)g -const- There are good ac-
celerator data on the energy dependence of the total
cross section up to primary energies of about 300 GeV,

For protons, pions, and kaons of either sign, the
cross section remains constant at primary energies of
about 20-100 GeV in a broad range of values A", The
neutron-nucleus total cross sections at these values of

TABLE III. Nuclear interaction:
p in nuclear emulsion'?!!
R
Eot; Egs, R EH
E (pp inter-
GeV action)
21.5; 6.2 2.03+0.04 1.5040.01
200; 69 1.3140.03 1.30+0.03
300; 200 1,17 1.15
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section. 32

E, continue to fall with increasing energy.

The most detailed examination of the total cross sec-
tion for the interaction between neutrons and nuclei up
to primary energies of 270 GeV is given in®%32!, Pig-
ure 12 shows the total cross section 0,(Eg)4.const, T€-
ported in®?!, It is clear from the figure that the well-
known minimum in the nucleon-nucleon cross section
near about 100 GeV is shifted even for the beryllium nu-
clei in the direction of higher energies. For the nC,
nAl, and nCu cross sections, there is no observable in-
crease with energy up to 270 GeV whereas, for nPb col-
lisions, this cross section continues to decrease., The
increase in the inelastic cross section for hadrons on
light nuclei at primary energies E, 2 200 GeV has been
found in a number of cosmic-ray experiments, There
is an indication that the cross section continues to in-
crease in the primary-energy region between about 1 and
and 10 TeV. More detailed information can be found,
for example, inf®’,

For heavy nuclei, the above property of total cross
sections does not appear to be valid, Thus, for example,
the cross section for the interaction between hadrons
and lead nuclei was investigated in'™!, The final result

TABLE IV.
Primary particles
Ea, GeV - Ref.
ae - K- P r n  |Hadrons
20 0.759+ | 0.738+ | 0.738+ | 0.691+ | 0.635+ 30
+0.006 | +0.004 (40007 | +0.004 |20.010
25 0.742+ 0.629+ 30
40,006 +0.009
30 0.751+ 0,736+ 0,761+ 0,698+ 0.651+ 30
+0.05  |+0.05 [ £0.007 j+0.008 | +v.008
40 0,751+ 170,754+ | 0.754+ | 0,691+ | T0.648+ 20
+0.08 S ng +01,.006 40,004 +0.010
30 0726+ | 0.744+ 0.697+ 30
+0,012 40,00 +0.004
60 0,740+ 0.691+ 20
+0.0M T E£0.005
30—300 - 0.77+ £
+0.01
B 0.72+| 4
+0.12
600-—4000) 0.71+| 2
+0.04
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FIG. 13. a) Exponent 8 in the formula o, =6, A® as a function
of primary energy E, (o, is the total cross section for the in-
teraction between neutrons and nuclei); b) absorption cross
sections for positive pions (1), positive kaons (2), and protons
(3) as functions of the mass number of the target nucleus at
30 GeV/c. Solid lines—power formulas.!3

agrees, to within experimental error, with the conclu-
sion that the hadron-lead cross section is independent
of energy. It would be premature to discuss these facts
at present because the efficiency of systems used in
cosmic-ray studies is a function of the energy and spa-
tial parameters of secondary particles and of their multi-
plicity, This means that different fractions of the in-
elastic cross sections are recorded in different experi-
ments,

Throughout the primary-energy band above 20 GeV,
the measured total hadron-nucleus cross sections are
found to be in agreement with a A?/% dependence, which
indicates that there is a strong screening of the nucleons
inside the nucleus (see Sec. 2.9). The nA cross sec-
tion for E; 2 30 GeV was reported in“*!’ to be of the form
g, ~A%0T:0.0 " Taple IV and Fig. 13a show the exponent
B in the formula o, = 5yA® as a function of primary hadron
energy. It is clear that B remains constant in a broad
energy range, to within experimental error. The func-
tion 0,(4) is shown in Fig. 13b for different primary
particles. The character of this dependence turns out
to be dependent on the primary energy E,. Thus, the
authors oft!%) studied the interaction between pions and
C, Al, Cu, Ag, Pb, and U at the two primary-energy
values E;=100 and 175 GeV. They found that the ab-
sorption cross sections (like the cross sections at lower
energies"”) could be described by the single expression
0,~A%™, The above experimental result is in good
agreement with calculations based on the Glauber model,
taking into account the energy dependence of the total
hadron-nucleon cross sections.

1.5. Coefficient of inelasticity

The coefficient of inelasticity (K) is the fraction of
primary energy transferred to secondary particles dur-
ing an interaction. Existing experimental data suggest
that {K) is approximately constant in a broad range of
primary energies, at least up to £;=10 TeV,

More detailed information can be found in®!, Here,
we shall briefly consider some of the properties of the
coefficient of inelasticity specific for hadron-nucleus
interactions.
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TABLE V.

Target
Primary =L
particle . | CHy A Fe Pb
(K o) Ali hadrons |} 0.22+40.01 | 0.24-0.01 | 0.254-0.02 | 0.26+0.01
(Kﬂo)3 Charged had:ons’ 0.2440.01 | 0,2640,01 | 0.274+0.02 | 0.2840.02
(Kﬂo)" Neutrals { 0.1740.01 | 0.194+0.02 | 0.1940.02 | 0.2140.02
(Kp)n | n-Pioms | 0.33:0.02 | 0.380.04 | 0,3740.05 | 0.3940.04

To begin with, we note that (K) is not very dependent
on the mass number of the target nucleus. This was in-
vestigated in detail using the cosmic ray flux at the
Kum-Bel’ high-altitude station of the Uzbek Physico-
technical Institute. ™ This installation could be used
to determine the partial coefficient of inelasticity,

i, e., the fraction of primary energy expended in pro-
ducing neutral pions, The mean primary energy was
about 400 GeV. The results are summarized in Table
V for a number of values of A, The uncertainties in-
dicated in this table are purely statistical. As can be
seen, (K,o) is only slightly dependent on A. This is
shown more clearly in Figs. 14a and 14b, where experi-
mental results are compared with calculations based on
the successive-collisions model (see Chap, 2). Cal-
culations yield (K,o)~A%%, whereas the experimental
dependence for primary neutrons is {K,q) ~A%060-936
Finally, for all primary hadrons, (K,o)~A%%+%% (see
also's:87),

The conclusion that the coefficient of inelasticity
(K,0) is only slightly dependent on A can also be de-
duced from the results reported in*$%387, An ionization
calorimeter was used in**"’ to determine the partial co-
efficients of inelasticity (K,o) for (CH,), and lead. The
mean energy of primary hadrons was about 400 GeV. It
was found that (K,o)c,,z =0,18+0.04 and (K,o)p,=0.19
+0.04. The coefficient of inelasticity was investigated
- in"®! in the energy range 100 GeV S E, < 1400 GeV.
The results are summarized in Table VI,

The dependence of the resultant coefficient of inelas-
ticity (K) on A for 200-GeV protons interacting with
photoemulsion nuclei was analyzed in*®*!, It was found
that the coefficients of inelasticity for light (CNO) and
heavy (Ag, Br) nuclei were the same to within experi-

mental error: (K)oyxo =0.53+0.03, (K)sen: =0.5620,03.

Ko K
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FIG. 14. Inelasticity (K,) as a function of the mass number

of the target nucleus (a,b).”‘” a) All nuclear-active particles;
b) primary neutrons (solid line—calculated from the successive
collisions model; c) total inelasticity (K) as a function of Ny
for collisions between protons and emulsion nuclei at initial
energy E,=200 GeV.!?3
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TABLE VI.
| ’ ‘
Target Eo, GeV (Kgo) ! Target Eg, GeV (Kno)
i i | Y
f
LiH: 100—500 0.1540.04 Pbh -Cu 300—600 0,1740.02
100—300 0.19+0.03 600-—1400 0.16+0.03
TABLE VII.
A (K)
Cciz 0.65+0.08
Fe30 0.76+0.09
Ph208 0.92+0.11

The weak dependence of the resultant coefficient of
inelasticity on A was also established for collisions be-
tween cosmic-ray nucleons and nuclei (primary energy
Ey~1350 GeV®*), This is shown in Table VII. The
experimental data are described by the empirical for-
mula (&) =(0.51+0.06)A%%0:03  This result was com-
pared in"™®’ with Glauber-model calculations.® The
calculated result, i.e., (K)=0.554%%, is close to that
obtained by experiment.

The coefficient of inelasticity exhibits interesting
properties as a function of the degree of excitation of
the target nucleus., Existing experimental results in-
dicate that (K) has only a very slight dependence on the
state of the final nucleus. This conclusion follows, in
particular, from Fig. 14¢, which shows the experimen-
tal dependence of (K) on the number N, of dense tracks
in a star. These data were obtained by exposing nuclear
emulsions to protons with momenta of 200 GeV/c. %%’
The coefficient of inelasticity was determined from the
angles of emission of secondary particles, using stan-
dard techniques of cosmic-ray physics, i.e., (K)=
=1,5(py ) (cosech,/E,), where it was assumed that (p,)
=0.35 GeV/c. The secondary particle with the smallest
angle of emission was excluded. It was found that, for
N, <7 (for primary energies of 200 GeV, we have (N,)
~17), the coefficient of inelasticity (K) was a monotoni-
cally and slowly increasing function of N,. It is clear
that the leading particle carries off a major proportion
of the energy, The coefficient of inelasticity remains
practically constant (K~0.55) as N, increases further,

1.6. Transverse-momentum distribution of secondary
hadrons

Detailed data on the values of p, in various types of
collision are collected in"*®), We shall confine our at-
tention here to the listing of the most reliably established
experimental features of p,, and will note new and im-
portant facts obtained in recent years. The established
properties are as follows.

a) The mean transverse momentum of shower particles
depends only very slightly on primary energy (see Secs.
2.6 and 2.9),

The Glauber model is briefly reviewed in the Appendix.
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b) The distribution over p, in the case of secondary
particles of a given type is sensitive to the nature of
the primary particles. This property is a reflection of
the conservation of the “leading” particle.

¢) The dependence of {p,) on the nature of the secon-
dary particle has been reliably established. This quan-~
tity increases with increasing mass of the secondary
particle (see Sec. 2.6).

d) The mean value (p,) for shower particles from
hadron-nucleus collisions is not very dependent on the
degree of excitation of the target nucleus,

e) The transverse-momentum distributions are only
very slightly dependent on primary energy in a broad
range of values of E,.

The observed mean transverse momentum of shower
particles ({p),~0.3-0.4 GeV/c) is much smaller than
the value predicted by the model based on the intranu-
clear cascade. The discrepancy is particularly sharp
for energies E, & 100 GeV, where the cascade model
predicts that p, should increase with primary energy
E,, and the calculated data differ from experimental
values by a factor of nearly two. This again confirms
the fact mentioned above, namely, that the dissipation
of primary energy in the nucleus is less intensive than
one would expect from the successive-collision model.

Experimental results on the values of p, for primary
energies E, 2 1000 GeV have been obtained as a result
of studies of cosmic-ray interactions. These data are
subject to considerable uncertainty but, nevertheless,
they do suggest the following new properties of the trans-
verse-momentum distribution:

1) The mean transverse momentum {p,) for primary
energies in the range 10°-10°® GeV increases slowly
(possibly logarithmically) with energy.

2) The cross section for the production of particles
with transverse momenta in excess of 2 GeV/c is al-
ready appreciable at E,=10° GeV.

3) For primary energies between 10° and 10° GeV,
both (p,) and the cross section for the production of par-
ticles with high values of p, continue to increase,

Detailed analysis of hadronic interactions involving
cosmic rays at energies in excess of 10° GeV is given
inl4l
in**-,

The transverse-momentum distribution at large val-
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ues of p, exhibits a somewhat unexpected dependence on
the type of target nucleus. The inclusive cross section
for the production of particles with high transverse mo-
menta at center-of-mass emission angles of 90° to the
direction of the primary proton beam was investigated
in™"! for Ti, Be, and W. The primary momentum was
$0=300 GeV/c. Figure 15 shows the dependence of the
exponent % in the formula Ed3o/dp®~A" on the transverse
momentum, Instead of the expected constant value »n
~2/3 indicated by the total cross section as a function
of A, experiment shows that » increases up to about 1.1
at p,=3 GeV/c.

1.7. Inelastic interactions of photons and leptons with
nuclei

The interactions of photons and leptons with nuclei
contain information on both the mechanism of the ele-
mentary event and, possibly, on the structure of intra-
nuclear nucleons, It turns out that the sensitivity of
measured quantities to different variants of the interac-
tion model is sufficiently high. Thus, if we suppose that
the cross section for the interaction between photons and
an intranuclear nucleon is equal to the corresponding
value in a free collision {o,y~ 100 pb), the mean free
path of a photon in the nucleus, defined by ),=o0} x(den-
sity of nucleons in the nucleus)™, turns out to be much
greater than the nuclear diameter (~ 700 F>>2R). The
photoabsorption cross section should then be proportion-
al to the first power of the mass number A.

It is, in principle, possible that the dependence on A
is weaker still, This possibility (see Sec. 2.8) is
founded on the results of experiments on the photopro~
duction of vector mesons (p, w, @) on nucleons and nu-
clei, which show definite similarity bebtwen photons and
hadrons. This similarity means that the mean free path
of photons may turn out to be comparable with the nucle-
ar size (A,~3F)." The consequence of this will be that the
primary flux in the nucleus will be reduced (screening
of internal nucleons in the nucleus), and this should lead
to o, 4~ A%/? in the limit of very high energies.

The dependence of the total photoabsorption cross sec-
tion on the mass number at given primary energy, and
the variation of this dependence with energy, are impor-
tant criteria for verifying theoretical models.

The most detailed study of the total photoabsorption
cross section as a function of energy and mass number
of the target nucleus is given in"*!), The primary-pho-
ton energy was varied between 4 and 18 GeV, and the
targets were C, Cu, and Pb, The results reported in
this paper are summarized in Table VHI. In this table,
0,4 is the total photoabsorption cross section and A,y
=0,,/0,y. The table shows that the effective mass num-
ber A.4, is independent to within experimental error of
the primary energy, and the nucleon screening effect in
the nucleus is smaller than the corresponding effect for
hadrons. The absorption of photons by nuclei varies
more slowly as a function of mass number than A, and
we thus have an indication that there is a definite simi-
larity between photons and hadrons although the experi-
mental dependence on A4 is stronger than 4%/3, This is
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TABLE VIIIL. TABLE IX.
K o, 0
Eg. GeV | TEC | Tvtes | Oyl d d Ve GeV. c Al Cu Ta
ub ub sb c ‘ cu f Ph ¢ ’ cu ‘ Ph =
| ws S0 Ao . . 2.00 0.896+0.024 | U.H90.028 0.865+0.024 87940.0)
R el ol il Bl Beicyd e Ul bt e 287 | 0960007 | 08SST 028 | 0,037 F0.033 | 0,000, 00
5.050.6| 10 | aae | U BN Lk T R | B 391 | ulgosxo.uns | 0.nTuloog | 0l882F0l030 | 018700.03
IR et ”+'3§r i o I el N il B 4.90 0.914F0.035 1 0.9150.037 | 0.933%0.043 0.900+0.043
6.6+0.8] 1278+ | 50484 | 16760+ | 10,8+ | 30,34 | 142.4+ |89.72{79.3+ |63.5+ 8.45 0.9610.040]  (LO2Bu.044 | 0.81510.042 0.8390.045
=34 4359 [ £1320 | £0.3 |28 +11.3 +2.7 | +4.1 | +5.4
8.4+1.0| 12384 | 3305-+ ] 14930+ [ 0.6+ ]45.7+ | 129.24+ [8B.6+|72. 1+ 102.2+ -
+32 +314 | +1330 | +0.3 | 2.7 | £1.6 | +2.5 | +4.3 3.6
9.8+1.2] 1219+ — — 10,6+ — — 88.2+ — —
+62 +0.5 +4.5
f0.7+1.3] 1218+ — — 106 — - 88.7+ — —
+35 +0.3 +2.8 . N . .
12.5+1.5] Tiet+ | — — s - — leéx| - | - int*?! leads to the conclusion that the screening effect is
+31 +0.3 +2.35 .
13.64-1.6| 1124+ | 5380+ | 12870+ [ 10,0 147.9+ | 115,0+ [83.1+ [ 75.5+ 55.3+ enhanced as the transferred 4-momentum g is reduced
+38 +333 | +2200 (+0.3 | 3.2 | +19.7 | +3.1 | 5.0 |£9.5 N
16.422.0] 1171+ | 53984 | 152404 | T0. 5.4 | 47,0+ | 1375+ | 875+ T4+ |66 1+ (for fixed v,). All the attempts undertaken so far to de-
+30 | 352 [ 1860 [40.J | £82 | £16.9 |26 |20 |28 tect the anomalous muon interaction have yielded a nega-

confirmed by the data shown in Fig. 16, which gives
the experimental function A,,,{(A).

Lepton-nucleus interactions can also yield indirect in-
formation on the photon-nucleus interaction. This is
based on the assumption that the energy-momentum
transfer is achieved in the reaction through a virtual
photon.

Inelastic scattering of electrons by D, Be, Al, Cu, and
Au was investigated in™?! for six values of primary elec-
tron energy in the range between 4.5 and 19.5 GeV. Re-
actions in which the electron energy loss v,= Ey = E, was
between 2 and 14 GeV were recorded (v, is the virtual
photon energy), and this corresponded to the energy re-
gion investigated in™!), The nucleon screening effect
was analyzed in the form o,,/0,y =4, =A%, where o,,,
o,y are, respectively, the inelastic electron scattering
cross sections of the nucleus and the free nucleon, re-
spectively. It was found that, throughout the range of
values of v,, the exponent § was equal to unity with a
high degree of precision. The mean result for all the
energies was (5)=1.0003 + 0. 0009. The conclusion must,
therefore, be that there is no screening effect. This is
in clear contradiction to the results reported in'4!d,
However, the contradiction is removed if we recall that
the experiments were concerned with different ranges of
values of transferred 4-momentum g. In'*'), #=0 for
the real photon and, in**?}, the energy range was
4GeVF> 1 41>0.5(GeVE.

Inelastic scattering of electrons by nuclei at | ¢°( =0, 1
(GeV) was investigated in'*®), The screening factor
A¢/A, obtained in this work for different values of vir-
tural photon energy, is given in Table IX.

Comparison of Tables VIII and IX with the results

Aeﬁ'[
FIG. 16. Effective number
Agg of nucleons as a function
of the mass number A in the
case of photoabsorption in nu-
clei.f*!! The data are aver-
aged over primary energies
in the range 3.7 GeV<E,
<18.3 GeV.
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tive result. This enables us to explain the nuclear in-
teraction of muons within the framework of only photo-
nuclear reactions. Unfortunately, there is very little

experimental material in this field,

The interaction of 12-GeV/c positive muons was in-~
vestigated on the Stanford linear accelerator, using an
optical spectrometer based on a spark chamber, [ The
targets were C and Cu. The main conclusion of this
work is that, for effective energies of the intermediate
photon in the L system, which lead to an observed final
state in the range E,, <3 GeV [E,, - v, - (| ¢#| /2m) and
m is the nuclear mass], the reaction involves the par-
ticipation of the entire volume of the nucleus. When
Agge=0,,/0,y, it is found that 0,./0,y=11.0+0.4,
Oucu/0.y=63.1£2,2, so that ¢,, = 0,yA%%0-%1 The
transferred momentum is in the range 0.25|41<0.3
(GeV/cF. It is shown in™] that the screening effect is
determined by the simultaneous influence of the trans-
ferred four-momentum and the virtual energy of the pho-
ton, i,e., its mass, The data were obtained by mea-
suring the inclusive scattering of positive muons with
mean energy of 7.2 GeV on C, Al, Cu, Sn, and Pb., It
was found that screening was absent for x=¢?/2mv, >0.1
(m is the nuclear mass)., For x<0.1, the experimental
data indicate that A,,, = A%-963:0.006_

Cosmic muons interacting with nuclei were investi-
gated in a number of papers. %47 The experimental
techniques were different, and the only common feature
of this work is the method used to record and measure
the energy of the nuclear showers. The cross section
for the nuclear interaction of muons is deduced from ex-
perimental spectra through comparison with calculations,
but there is always an arbitrariness in the choice of the
parameter values that are introduced a priori into the
calculations. The dependence of the muon photoabsorp-
tion cross section on the mass number A cannot be es-
tablished in a pure form from these experimental re-
sults for a fixed effective energy E,, of the intermediate
photon because only one material was used in each ex-
periment as the target. Moreover, different experi-
ments cannot be compared either, because of consider-
able experimental uncertainties., Nevertheless, certain
definite conclusions on the dependence of the interaction
mechanismon A and on the energy E,,canbe established
by reducing different experimental data to a common
scale (Fig. 17). In actual fact, analysis of the experi-
mental spectra yields the quantity o,, = 0,5 Asif, and the
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. l FIG. 17. Nuclear photo-
150 - }l{“ ‘ absorption cross section
] . o, 4/AT, (AT =0.224
w L fi}\ T H!‘H ﬁ ; +0.784%®) ag a function
at+ i l | of energy.

energy dependence of this parameter reflects both the

energy behavior of o,, and the shielding of nucleons in
the nucleus. Figure 17 shows the experimental depen-
dence of the quantity

U‘IA/AII‘I' = UvNA:’r‘rp/AIm

on the virtual photon energy, where AT}, =0.224
+0,784%% 1t is clear that, for primary energies E,
between 10 and 1000 GeV, the interaction mechanism is
essentially independent of energy. If we suppose that the
cross section for the interaction with the intranuclear
nucleon remains constant in this region, we must con-
clude that the screening of the nuclear volume does not
increase with increasing energy.

1.8. Coherent and noncoherent production of hadrons
on nuclei

Hadron-nucleus collisions with a fixed number of par-
ticles in the final state exhibits new and important fea-
tures that are directly connected with the mechanism of
multiple production and have forced a reconsideration of
some of the theoretical ideas about this mechanism,

The problems involved in the study of such interactions
are quite complicated and varied. They have been re-
viewed in detail in a number of excellent publications, (4%}
It will be convenient to note here some of the main facts
relating to the space-time development of the process

in the nucleus (see Secs. 2.2-=2.4).

The most complete investigation of the coherent pro-
cess 7 A~ 3(5)7A was carried out on the proton synchro-
tron at CERN, using the spark chamber spectrome-
ter.“®? A study was made of the reaction for primary-
pion momenta of 9.9, 13, and 15.1 GeV/c, using Be, C,
Al, 8i, Ti, Cu, Ag, Ta, and Pb targets. The distribu-
tions over the 4-momentum transfer were obtained in
these recent experiments with a very high precision and,
as usual, contained two components, i, e., the coherent
and the noncoherent reaction sums for the individual
nuclear nucleons. The total cross sections for coherent
production, obtained by subtracting the shallow nonco-
herent part from the differential distributions, increased
with increasing mass number of the target nucleus, as
expected from the optical model. The calculated total
cross sections contained the total cross section for the
interaction between the system of pions and the intra-
nuclear nucleon as a paramieter, and this was deter-
mined in'?? by fitting the coherent cross section to the
experimental dependence on the mass number A, The
final values for the different effective masses of the
created system are listed in Table X. The errors indi-
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TABLE X.

Process n —~ 3% Frocess « -+ 5w,
pliahad 15.1 GeV/e
Mass range 6, mb ‘rMmmge b
GeVie! 15.1 GeV/e| 13GeV/e] 8.9GeV/e| Geyrer |~
1,0—1.2 231+1.5 2742 2742 1,6—1.9 1745
0.9—1.1 26+1.5 3242 20%2
1.1—1.3 2041.5 2212 23325 1.5—1. 7107
1.3—1.5 17+2.0 15+3 5;2'
1.§—1.7 201+3.0 2847 - 1.7—1.9 10410
1.7—1.9 9¥2.0 | 18%8

cated in this table represent only the statistical uncer-
tainties.

The data in Table X lead to the following important
conclusion: the cross section for the interaction be-
tween the system of pions and the nucleon does not ex-
ceed the cross section for an individual hadron (see also
Secs. 2.2=2.4).

An analogous result was obtained in'*?? as a result of
a study of the coherent interaction between 11.7-GeV/c
positive pions and nuclei. This work was carried out on
the proton synchrotron at CERN, using the heavy-liquid
bubble chamber filled with a mixture of propane and ’
bromine containing freon. This meant that neutral pions
could be directly detected. The Glauber approximation
was used to extract the cross section for the interaction
between the triplet 27"7 and a nucleon, and it was found
that, for effective masses of the triplet 27"7 in the
neighborhood of the mass of the A; meson, the cross
section was o,y = 22232 mb.

The overall conclusion that the interaction inside the
nucleus is small turns out to be independent of the quan-
tum numbers of the primary particle. This is confirmed
by the following examples, The coherent process K'A
~ K 71 A was investigated in**!? with a hydrogen-neon
bubble chamber and a propane-freon chamber for nega-
tive kaon momenta of 5.5, 10.0, and 12.7 GeV/c and
nuclei with A~20, The cross section ogy for the inter- |
action between the system @ =K r'r and an internal nu-
cleon was determined by fitting the experimental total
cross sections to the calculated values obtained in the
Glauber approximation (ogy appears as a parameter),
The zero-angle production cross section obtained in ex-
periments with free protons was employed. For pri-
mary momenta of 10 GeV/c, this fit gave ogy =20.8:7:3
mb for effective masses My,,<1.5 GeV/c, and the re-
sult for primary momentum of 12.7 GeV/c was Ogn
=20:%:9 mb. If we take the mean total cross sections for
the K'p~ and K'n” reactions, oxy, as a measure of the
interaction with the free nucleon, experimental data
show that R=o0g,/0xy=0.98::%. Thus, the cross sec-
tion for the interaction between the system of particles
and an intranuclear nucleon again does not exceed the
cross section for a single hadron. In accordance with
the quark model, one would expect R = 2 for uncorre-
lated K* and 7. The experiment reported in‘*3! was con-
cerned with the transition p — prr on a neon target for
primary-proton momenta of 28 GeV/c and it was found
that 0,y < O(preyn S 1. 8o,y t0 Within experimental error.

There is experimental evidence that the suppression
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FIG. 18. Effective number Z, of protons for the reaction

7 +Ag—~m+A, (1) and T +Az—ny+ Az, (2) for E)=48 GeV.!%!
The curves are calculated from the Glauber model for second-
ary-particle absorption cross sections of 10 mb (upper curve)
and 21 mb.

of the interaction between hadronic systems inside the
nucleus is not a property specific only for coherent pro-
cesses. An example is provided by studies of inelastic
charge-transfer processes between negative pions and .
7° and 7° on nuclei for primary pion momenta of 48
GeV/c.'™) This work was carried out on the Serpukhov
accelerator, using a spark chamber spectrometer in-
corporating lead plates (the 7° -2y and 7° - 2y decays
were investigated). The targets were Li, C, Al, and
Cu. Reactions were isolated in which, in the final state,
there were no additional charged particles with high en-
ergies or any other neutral particles apart from the re-
corded ° and 1. The state of the target nucleus was not
determined, but it was known that the amount of energy

taken up by it was relatively small, The interaction of
secondary particles in the interior of the nucleus can be
described by the effective number of protons in the nu-
cleus on which the charge-transfer process takes place,
and this is defined by Z,,, =0,,/0,5. The cross section
for the interaction of a secondary particle in the nucleus
is present in Z,,, as a parameter. It was determined by
fitting the experimental values of Z,,, to calculations
based on the Glauber multiple-scattering model, using
different assumptions about the density distribution in
the nucleus. A comparison of the experimental data
with the calculations is shown in Fig., 18. It is clear
that, for the light nuclei Li and C, the experimental re-
sults are in agreement with the pion absorption cross
section in the nucleus o,y~ 10 mb. For heavy nuclei,
the cross section o,y turns out to be greater by a factor
of two (~ 25 mb). Figure 19 shows the reaction cross

sections as functions of the mass number of the target
nucleus,

FIG. 19. Reaction cross
section as a function of Z.
The notation is the same
as in Fig, 18.
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FIG. 20. Coherent production cross section for the system
2777 in the state JP =0" on nuclei. Primary pions with E;=8.9
and 15.1 GeV.!¥ Curves—calculated from optical model. For
E,=8.9 GeV, the absorption cross section is o3my =60 mb;

037y =47 mb for E;=15.1 GeV.

Returning now to the results reported in%®’, we note
the observed dependence of the degree of absorption of
the multipion system (37) on its quantum numbers J7.
Phase-shift analysis can be used to isolate different spin
and parity states, and this has shown that the cross sec-
tion for the interaction of the 37 system in the J2=0"
state with an internal nucleon exceeds the resultant
cross section (Table X) by a factor of two or three.
Figure 20 shows the cross section for the coherent pro-
duction of the 37 system in the 0" state as a function of
the mass number A of the target nucleus for effective
masses in the range 0. 95 <M,, <1, 25 (GeV/cF. The fig-
ure also shows optical model calculations, The selected
values of the 37-nucleon interaction cross section were
found to be o%,, - 60+ 30 mb at 8.9 GeV/c and o3;, =47
+20 mb at 15,1 GeV/c. The J¥=1" state, which pre-
dominates at these energies, is absorbed to a much
lesser extent: ¢l,y=23+1.5 mb,

The above dependence of the absorption cross section
on J¥ is confirmed by data on coherent reactions at low-
er energies. ™ Estimates show that as the primary en-
ergy is reduced, the degree of absorption of the created
system in the nucleus increases, and this can be ex-
plained by the increase in the relative contribution of
states with lower spins and parities (including J¥=0").
In other words, as the energy is reduced, the properties
of secondary particles inside the nucleus approach those
in the free states.

Finally, we emphasize once again that we have not
tried to achieve the impossible and provide a complete
review of the experimental situation in the field of inter-
actions with nuclei at high energies. The choice of the
material was dictated largely by the possibilities of
clear interpretation of experimental data and, to some
extent, by personal tastes of the authors. It cannot,
therefore, be regarded as reflecting the relative im-
portance of the various topics. Several questions
in relativistic nuclear physics that are undoubtedly
of great importance for the future (including, above
all, cumulative production of nuclei and the asso-
ciated phenomenon of nuclear scaling™%J)) have not
been touched upon. In our view, they require a
separate review.
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2. MODELS OF THE INTERACTION BETWEEN HIGH-
ENERGY PARTICLES AND NUCLE!

2.1. General remarks

At the present level of understanding of interactions
occurring at high energies, it is convenient to establish,
to begin with, at least a very rough classification of ex-
isting extreme points of view in relation to these phe-
nomena,

One approach is to suppose that the interaction be-
tween hadrons and nuclei is either a one- or two-stage
process. ") The former view is adopted, for example,
in the multiperipheral model, and the latter is used to
describe the production and the subsequent decay of ha-
dronic clusters. At the very least, this classification is
not altogether satisfactory. Thus, the multiperipheral
model and its parton treatment (see'?? and the discus-
sion below) can hardly be regarded as involving a one-
stage process: this model clearly separates the differ-
ent stages of the interaction process, namely, the decay
of the hadron into virtual (or real) groups of hadrons
(partons), the interaction between slow particles in this
group and the target hadron, and the production of sec-
ondary hadrons resulting from the collection or fragmen-
tation of virtual particles (partons). Again, the cluster
model can hardly be reduced to a two-stage process be-
cause the formation of the cluster and its subsequent de-
cay develop in space-time, and the properties of the
cluster may be substantially different at the different
stages of its evolution,

Nor is it useful to separate processes into “instanta-
neous” and “extended” in space-time when we are deal-
ing with the large number of particles (and, possibly,
interactions) involved in collisions with nuclei.

In our view, the most reasonable approach at this
stage of development of the theory is to classify existing
ideas in accordance with the degree to which they take
into account the collective character of the interaction
with nuclei. The extreme points of view are then as fol-
lows: 1) all phenomena involving the interaction of par-
ticles with nuclei can be reduced to elementary interac-
tions with quasifree nucleons and 2) the interaction with
the nucleus cannot be subdivided even into two succes-
sive collisions, i.e., the primary collision results in the
formation of a single hadronic system (cluster), the de-
cay of which leads to the formation of the secondary par-
ticles.

The classical example of the first point of view is the
simple model based on the intranuclear cascade (see,
for example'®),), An equally classical example of the
second point of view is the hydrodynamic model, in which
the interaction process is regarded as being purely col-
lective. We note that even this classification is not en-
tirely satisfactory. Nevertheless, it appears to be more
suitable than the others for the analysis of the complex
phenomena which we have to face below.

Undoubtedly, the choice between the different theoret-
ical alternatives is, in the first instance, dictated by
agreement or otherwise with experimental data (see
Chap. 1). Experiments indicate that many important
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1
characteristics of hadron-nucleus collision processes,

such as the inelasticity coefficient K (see Sec. 1.5 and
Fig. 14), the mean multiplicity (n) (see Sec. 1.1 and
Fig. 3), the distribution of secondary hadrons over ra-
pidities y (Sec. 1.2 and Fig. 6) and over transverse mo-
menta p,, and the abundance of secondary particles are
slowly-varying functions of the number A of nucleons in
the nucleus. The total cross section for the interaction
between hadrons (real photons) and nuclei, on the other
hand, is very dependent on A (g, ~ A%, a~2/3) (see also
Sec. 1.4 and Fig. 13). It is precisely these features of
processes occurring on nuclei that must, in our view,
be understood first.

Among the numerous theoretical models, we shall
confine our attention to those that, in addition to ex-
plaining the main experimental facts (which is insuffici-
cient for an unambiguous choice of model) are the sim-
plest and, at the same time, sufficiently general. The
last criterion will ensure that the model will be able to
explain, at least qualitatively, a broad range of phenom-
ena (including the characteristics of elementary hadronic
collisions) for a relatively small number of adjustable
parameters. The most important of these are the hy-
drodynamic approach (collective interaction) and the
parton version of the multiperipheral model (field-the-
oretical approach). At this junction, we encounter an
important point: although the interaction of particles
with nuclei is a single process, it can conveniently and
usefully be divided into two phenomena which manifest
themselves in the longitudinal (relative to the momentum
of the incident particle, p,) and transverse*’ directions.
Processes occurring in the longitudinal direction appear
to have essentially different physical meaning than those
occurring in the transverse direction.

Since (p,) is bounded, new particles will be produced
in the longitudinal direction. In other words, the de-
velopment and subsequent decay of virtual states that
are responsible for the production of new particles take
place in the longitudinal direction,

In the transverse direction, the momentum is trans-
ferred to the nucleus A and is distributed among its nu-
cleons. The processes ‘associated with this are deter-
mined largely by the properties of nuclear matter and its
excitations. The development of the process in the lon-
gitudinal direction determines the properties of the sys-
tem of », shower particles whilst, in the transverse di-
rection, it determines the system of N, highly ionizing
particles.

Roughly speaking, processes developing in the lon-
gitudinal and transverse directions can be ascribed the
characteristics shown in Table XI.

In general, the coupling between processes develop-
ing in the two directions is so weak that these processes
can be discussed independently. This important point
requires further elucidation. It is possible that the size
of the virtual phase exceeds substantially the linear di-

$)we are concerned here with directions for which the angle of

emission in the center-of-mass system is 6,5, S 1.
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TABLE XI.

Longitudinal motion Transverse motion

INew particles appear New particles are practically not
formed

Relativistic motion of Motion of matter nonrelativistic

matter

?\dotion almost one~dimen-

sional at all stages

Ultrarelativistic equation

of state

Motion isotropic during final
stage

Equation of state corresponds to
the nonrelativistic form of mo-
tion of nuclear matter

mensions of the nucleus at high energies (this is the case
in the tube and parton models described below). Any
correlation between the longitudinal and transverse pa-
rameters [for example, n{N,)] will therefore be deter-
mined only by the magnitude of the momentum trans-
ferred to the nucleus during the virtual phase, and by
the properties of nuclear matter. It is quite possible
that here we have the key to the puzzle of the asymptotic
property N,{Eg) =const (see Sec. 1.3). The mean mo-
mentum transferred to the nucleus in the transverse di-
rection is independent of E;! We shall be interested
largely in “longitudinal” processes connected with main-
stream high-energy physics. ¥’

2.2. Interaction between hadrons in nuclear matter and
coherent production of hadrons on nuclei

Consider the following hadron production processes
in hadron (photon)-nucleus collisions:

a+A—>b+A, (1)
a+A—c+ A, (2)

where ¢ is the incident hadron (photon), 5 is the second-
ary hadron or a system of secondary hadrons with in-
ternal quantum numbers identical to the quantum num-
bers of the incident particle a, possibly with the excep-
tion of spin and parity, A is the target nucleus, cis a
hadron or a system of hadrons with arbitrary quantum
numbers, and A’ is the residual nucleus, nuclear frag-
ments, and nuclear excitation products.

Process (1), in which the nucleus does not change its
state, is called a coherent production process.
to the exchange of states with vacuum quantum numbers
(vacuum reggeon or pomeron P) or w-meson quantum
numbers (w-reggeon). The quantum numbers of the re-
sulting system & then satisfy the semiempirical Gribov-
Morrison selection rule, (5859

Pu=Pb(_1)ASubs (3)

where P, and P, are the internal parities of the hadron
a and the system b, and AS,,=S,~ S,is thedifference be-
tween the total spins of ¢ and .

The charge, isospin, and strangeness of the system %
are the same as for the particle a¢. The G and C parities

5)We come across here the profound question of the connection
between high-energy physics and nuclear physics.
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It is due |,

do not change in the course of pomeron exchange, but
change sign on w-reggeon exchange. Only coherent pro-
duction processes due to pomeron exchange take place
at high energies. The cross sections for processes in-
volving w-reggeon exchange fall off as E;!, where E, is
the energy of the particle ¢ in the laboratory system

(L system). Processes such as (2), which involve a
change in the state of the nucleus A as a result of the in-
teraction, are called noncoherent production processes.
Here, we have, at least in principle, the possibility of
exchange of any quantum numbers and the creation of
the states ¢ with arbitrary internal quantum num-
bers,

The theoretical description of coherent and noncoher-
ent production of hadrons on nuclei is based on the
Glauber method'®? (see, also'®!'®1), Comparison of
experimental data, obtained during the last few years,
with the theoretical prediction has led to a number of
very important qualitative and quantitative results with
regard to the behavior of hadrons and hadronic systems
inside nuclear matter (see Sec. 1.8). Our main aim
here is to discuss, from the theoretical point of view,
some of the experimental information in this area (see
Sec, 1.8).

We recall that the Glauber method can be applied to
the square of 4~-momentum transfer ¢ to the nucleus and
the effective mass m, of the hadronic jet b (or c¢) in or-
der to determine the connection between the differential
cross sections for processes (1) and (2), do,/dtdm,,
and the differential cross sections do/dtdm, of the pro-
cesses

a+ N —>b+ N, (4)
a4+ N—>c+ N, (5)

on free nucleons. If we know the parameters of pro-
cesses (4) and (5), we can calculate do,/dtdm, for pro-
cesses taking place on nuclei. The approximate results
obtained in this way are as follows:

For coherent production (# < R™)

d20 4 d%0x 2 :
ar’ dmbz ar dmg {r=0 NCOh A s Oppprt ) - (6)

For noncoherent production (' > R™?)

420 4 20y

dt’ dmy  di’ dmy

Nnoncoh(A- qAN'ch)’ (7)

where t=—=¢>0, ¥ =t=t,1y tmis iS the minimum value
allowed by the conservation laws governing the square
of the 4-momentum transfer between particle ¢ and the
system b, tn,=(m5—=n)/4p2 for p,> m,, m,, p, is the
momentum of the particle ¢ in the L system, R=ral/?
is the nuclear radius, and 7y=1.1 F is the size of the
nucleon. The quantities N, and N_,.., are the effective
numbers of nucleons participating in coherent and non-
coherent production.® These quantities can be mea-
sured through direct comparison of data for nuclei with

®A simple derivation of the formulas for Ny, and Nyggeen in the
optical approximation is given in the Appendix and inf®1,
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data for free nucleons.” Calculations based on the
Glauber method show that the effective number of nucleons
inanucleus depends on the cross section g,y for theinterac-
tion between the primary particle « and the nucleon, and
the cross section for the interaction between the second-
ary hadrons from the system b(c) and nucleons. We
have used o,y and g_y to denote the cross sections for
the interaction of all the j hadrons from system 4(c) with
nucleons in the nucleus: o,y ={o,,1N; ceo} o,,J.N}, and sim-
ilarly for g,5. The appearance of the dependence on

O.xs Ty and o,y in (6) and (7) has a simple physical in-
terpretation: the Glauber method takes into account the
absorption of the incident and emergent hadronic waves
in nuclear matter (see Appendix).

Analysis of experimental data based on the Glauber
method can be used to obtain important and interesting
information on hadron-nucleon cross sections in an ex-
tended nuclear medium. In particular, this method has
been used to determine the cross section for the inter-
action between the unstable hadronic resonances p, w,
@5 f r,°, K*, on the one hand, and nucleons, on the
other (see Sec. 1.8). This information cannot be ob-
tained in any other way. Henceforth, we shall be inter-
ested in multiparticle processes of the form

a L A — 3a(dn, Tx,etc)+4, (8)
K - A — 22K (3nK, etc)+A, (9)

P4 A > aN (22N, ewc)+A, (10)

and so on.

Studies of processes of this kind have led to unex-
pected and interesting results (see Sec. 1.8).

2.3. States of hadrons created in the nucleus

It would appear at first sight that if a collision be-
tween an incident particle a and a nucleon in the nuclear
interior results in the creation of a number of hadrons
inside the nucleus, then during their subsequent motion
inside the nucleus the secondary hadrons would interact
with the internal nucleons independently of one another,
For example, if three pions are created, then by com-
paring experimental data with theoretical formulas such
as (6), it should be possible to establish whether the ab-
sorption of secondary pions in the nucleus results in a
reduction in their number leaving the nucleus. Since,
in this approach, the pions are assumed to interact in-
dependently of one another, the observed cross section
for the absorption of the 37 system in the nucleus should
be equal to three times the cross section for the inelas-
tic 7N interaction, i.e., 0;3,4= 30,y. Similar considera-
tions applied to a system of five pions should yield the
result og,y~ 50,y.

However, experimental data (see Sec. 1.8) show that
these predictions are incorrect. Experiment shows that
O3en = Opny Osen= Opn/2, and oy, y~ ogy. This unexpected
result requires careful analysis of the physical meaning
of the observed phenomenon. The observed effect shows

"'The neutron cross sections are obtained from experimental
data for deuterium targets.
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that hadrons in nuclear matter (at least, at distances of
the order of the nuclear radius R) behave quite differ-

~ ently as compared with the rare collisions with protons

in the hydrogen bubble chamber, where the mean dis-
tance between the protons is ~ 107 cm.

One gains the impression that, for some very basic
reasons, the cross section for hadron-nucleon interac-
tions in the nuclear interior is smaller than the cross
section for “the same” collision in vacuum. There is
another approach to this apparently paradoxical situa-
tion: we could suppose that hadrons created in the nu-
clear interior form a single hadronic system (conden-
sation or cluster) for some intermediate period of time
(of the order of the time taken to transverse the nu-
cleus), which is similar to an individual hadron or a
quasistable (due to time dilation) resonance in the sense
that it interacts with nucleons inside the nucleus as one
whole with a cross section of the order of, or even less
than, the ordinary hadron-hadron interaction cross sec-
tion.

However, there is an essential difference between a
resonance and a cluster: the latter does not have fixed
quantum numbers, It is also important to emphasize
that, so far, there is no unified definition of a cluster
and this inhibits the understanding of models based on the
cluster assumption, (The uncertainty in the concept of
clusterization is discussed, for example, in the review
paper'®’ and the monograph!®),) It is possible that the
two solutions (reduction in interaction cross section and
formation of clusters) are not mutually exclusive ideas.
Since we have no other alternative “languages” at our
disposal, we shall consider both approaches to the solu-
tion of the problem.

2.4. Regeneration of hadronic states®’

A classical example from electrodynamics was quoted
in™), This involved the process of bremsstrahlung
from a fast electron during large-angle scattering for
which it is possible to investigate rigorously the change
in the structure of the electromagnetic field of the elec-
tron throughout the entire interaction time. It was shown
that, for a certain period of time, called the regenera-
tion time, the electron that had instantaneously changed
the direction of its motion behaved as if it were partial-
ly “stripped” or “semibare.” This graphic terminology
is meant to suggest that virtual photons are absent for a
certain definite period of time from the electromagnetic
field of the scattered electron within a certain frequency
band. A finite time is necessary to ensure that the field
of the electron is reestablished to its normal level and
the electron is capable of emitting photons in this fre-
quency band in the new direction of motion. The essence
of this effect is that the rearrangement of the field of the
scattered electron cannot take place instantaneously.
There is no field in the direction transverse with re-
spect to the new electron momentum p at a distance r,

Z k2 m} for a time 7.~ p/m.k, (m, is the electron

81n this section we follow!%6:671,
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FIG. 21. Illustrating the differen-
tial generation of a deuteron with
wave function ¥, on a nucleus A,
Impact parameter p<R;—radius of
deuteron; ¥;—“truncated” wave
function for the deuteron after scat-
tering; l,,—regeneration length.

mass, k, is the transverse momentum of the brems-
strahlung photon emitted into a cone around the direction
of p). If the time elapsed after scattering is t<7,,, the
field due to the electron and the field of the bremsstrah-
lung radiation along p are not separated in space and in-
terfere destructively in a certain frequency band. It is
only for {2 7., that this nonequilibrium system decays
into the bremsstrahlung photon and the “normally clad”
electron, It is clear that, for {<7,,., the semibare elec
tron cannot emit bremsstrahlung photons in a certain
range of momenta even if it again undergoes scattering
within this period of time., Such bremsstrahlung photons
can be emitted only after time {27

reg®

The above effect is observable and plays an important
role in multiple electron scattering in a medium at high
energies, in transition radiation, and so on, %8

This example enables us to understand, at least qual-
itatively, the process that might be involved in the case
of hadrons created in the interior of a nucleus. The ob~
served reduction in the hadron cross section inside the
nucleus may be due to similar reasons, i.e., the finite
time necessary for the reestablishment of the mesonic
field of hadrons, For a certain period of time, the had-
rons produced inside the nucleus turn out to be “bare”
or “semibare,” so that their interaction with internal
nucleons is much weaker than between hadrons clad by
the normal field.

However, qualitative analysis of hadron-nuclear in-
teractions is complicated by the absence of a rigorous
theory capable of describing the development of the in-
teraction process in time. One must therefore turn to
models and qualitative analogies. Thus, the authors
0of186:67) haye given an example that can be used to follow
the phenomenon of regeneration of hadronic fields during
the interaction of hadronic systems. They have con-
sidered the diffractional dissociation of the deuteron on
a perfectly absorbing nucleus with a sharp edge. Figure
21 illustrates the collision of a deuteron 4 with a nucleus
A, 88871 gypnose that the deutron approaches at a dis-
tance p <R, from the edge of the nucleus (R, is the deu-
teron radius), and that it is known that the nucleus re-
mains unexcited. It is clear that the necessary condi-
tion for this is that the neutron and proton in the deu-
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teron must approach one another quite closely. Con-
sequently, the wave function for the final state of the
deuteron, ¢;, differs from the normal wave function ¥,
by the fact that the probability of finding the proton and
neutron at a short distance » <R, from one another in

the final state is greater than in the initial state. The
final state is thus a nonequilibrium situation and can be
represented as a superposition of the normal state of the
deuteron with states corresponding to the free motion of
the proton and deuteron y;:

Ya="Coba+ /2 Crip,
IColz+;lctl’=1- (11)
However, these wave functions are not separated in
space at the initial time: the nucleons can separate in
the transverse direction to a distance »> R, not earlier
than the time > R,/v, where v is the relative velocity

of the nucleons in the deutrons (v~0. 15 sec). In the
laboratory system, the “truncated” deuteron with wave
function y; will traverse during this time a distance

1~ E4R,/mqv, where E, is the initial deuteron energy and
m, is the deuteron mass. If the next nucleus is at a dis-
tance <! from the first, one would expect that the in-
teraction cross section of the “truncated” deuteron and
the nucleus would not be greater, and most likely be
smaller, than the normal cross section.

Let us now consider the diffractional dissociation of
a nucleon (10), assuming that the “normal” hadron size
is ~ u™}, where y is the pion mass. After collision with
the nucleus, the wave function ¢} for the state which de-
scribes the secondary excited nucleon has an analogous
form to that given by (11):

Y= Colx+ 2 Cxobna+ 2 Caxbaxt+ & Crpnbrant---»  (12)
N* N KKN

where Py, Py*, ¥.xy and Yzxy are the wave functions for
the normal states of the nucleon, the isobars, the sys-
tems 7+N, K+ K+N, and so on. The coefficients C; de-
termine the decay probabilities for the state i} into the
corresponding hadronic states. These hadronic states
can separate out in space in the transverse direction to
distances p~ p”! only after a time 7,,,~ E,/um,, where
n1, is the mass of the resulting hadronic system, This
means that, during the time ¢{<7_, after the collision,
the size of the hadronic system and, consequently, its
cross section for the interaction with internal nucleons
may turn out to be smaller than for the initial hadron a.
One further far-reaching hypothesis was put forward
in'®"), namely, it was suggested that the formation of the
hadronic system with a large mass was accompanied by
a considerable deformation of the field of the initial par-
ticle, If this hypothesis is correct, the subsequent in-
teraction of the heavier hadronic condensations with in-
ternal nucleons must be characterized by a smaller
cross section than for light condensations,

Let us estimate the regeneration time for the case
where the effective mass of the 37 system formed by
coherent production is m, ~ 2 (GeV/cy for an initial pion
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energy of 15 GeV. This is given by 7,,~7.5 p1. %

This means that, for the 37 system, the free path as-
sociated with the interaction with internal nucleons will
exceed the normal free path by a factor of three [the
range in the nucleus of a hadron h for which o,,~20 mb
is I~ (paom)'~2 p7').

During the motion of the hadronic condensation inside
the nucleus, the cross section for its interaction should
increase due to the formation and decay of normal had-
rons into which the initial condensation decays.

It will be interesting to analyze existing and future ex-
perimental data with allowance for the space-time de-
velopment of hadronic systems formed during collisions
between hadrons and intranuclear nucleons, especially
in heavy nuclei. This can be based on the following for-
mula put forward in®"+88J;

Oy =2 Gpe ™ " reg | 0y (1 — ™/ reg), (13)
where z is the distance traversed by system b inside the
nucleus, oy is the pN interaction cross section at the
time of formation of system b, o, is the bN interaction
cross section for z -« when system b has decayed to
normal hadrons, and v is the velocity of system b,
whose magnitude is given by v=/1= (m,/E,\.

It is expected that 0,~3,0;5, Where o,y is the cross
section for the interaction between a hadron in system
b and a free nucleon, 187:881

The foregoing account enables us to put forward the
following very probable hypothesis: for a certain period
of time, comparable with that taken by a particle to tra-
verse the nucleus, the particle partially “loses” its
field. The field quanta and the remaining “semibare”
particle subsequently interact with the nucleus indepen-
dently of each other. In the first approximation, we can
consider the superposition of the primary particle tra-
versing the nucleus and “all the other” accompaniments.
These ideas have been used as the foundation for a num-
ber of empirical models, 12788

In addition to diffractional production processes, there
are also other facts supporting the idea that the states
of hadrons inside a nucleus are modified as compared
with states in a vacuum. In particular, it has long been
known that, during an interaction with a nucleus, the
mean inelasticity K(A) for a leading particle (nucleon) is
a slowly-varying function of A (see Sec, 1.5 and Fig. 14),
This has led to the proposal that the cross section for the
interaction between the primary nucleon and an intra-
nuclear nucleon is reduced after the first collision in the
nuclear interior,

The model put forward in'®®’ is based on two funda-
mental assumptions: 1) the interaction between the lead-
ing particle and nucleons in the nucleus is independent
of the states of the remaining secondary particles and
2) the nucleus is looked upon as a structureless liquid,

9 Experimental data on the behavior of this system inside the
nucleus are discussed in Sec. 1. 8.
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the properties of which are such that the free path »; of
the leading particle up to the first interaction, and the
free path up to the second interaction, are related by the
inequality »;> ).

This model is essentially based on the above-men-~
tioned possibility of separating the motions of the pri-
mary particle and “all the rest.” Here, we investigate
the motion of the primary particle in the nucleus in the
language of free paths (or cross sections). Comparison
with experimental data on leading particles then shows
that their free paths inside the nucleus are substantially
greater (by factors of 3-5) than one would expect on the
basis of measured cross sections for the interactions be-
tween hadrons and free nucleons.

A further and more complicated phenomenological
model has also been put forward. ‘?”! In this approach,
the first interaction event is accompanied by the appear-
ance of a leading hadron and a certain hadronic cluster
which subsequently interacts with the internal nucleons
quite independently, The initial size of this cluster is
assumed to be 1! and the cluster subsequently expands
isotropically with velocity approaching the velocity of
light. When the density falls to the critical value ~ u*,
the cluster begins to decay. The cross section for the
interaction between the cluster and the nucleons is as-
sumed to be substantially smaller than the hadron-nucle-
on cross section. We shall not be able to discuss all
the details of this complicated model here and will mere-
ly note that some of the postulates upon which the model
is based'?”! are in the spirit of the statistical theory with
an expanding volume!™’ and the hydrodynamic theory
{see below). The model is successful in explaining a
number of experimental results (for example, see Fig.
8). It is not clear, however, whether the secret of its
success is that it incorporates a large number of adjust-
able parameters.

2.5. internal cascade mode!

It is clear from the foregoing that the simple variant
of the cascade model, based on the hypothesis of succes-
sive and independent collisions between primary and sec-
ondary particles with intranuclear nucleons, with inter-
action cross sections equal to those in the case of quasi-
free nucleons, is, at the very least, too naive and must
be abandoned. Doubts about the validity of the model
were expressed as far back as 1954["! because the weak
dependence of the multiplicity of secondary particles on
A could not be understood within the framework of this
model. The model is also in conflict with the weak de-
pendence of other parameters on A, namely, the inelas-
ticity K(A), {p.), and so on {(see Chap, 1 and, especial-
ly, Fig. 14). To “save” the internal cascade model,
one must introduce the following two ad hoc assumptions.

a) The cross sections for the interaction between sec-
ondary hadrons and intranuclear nucleons is substantial-
ly smaller than the corresponding cross section for free
nucleons.

b) Cascade processes involve only a small fraction
of secondary particles produced in the first interaction
event. The remaining particles interact collectively.
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t=0 a FIG. 22. Hadron-nucleus interaction
p=feaf) o "7 in the hydrodynamic interpretation:
% a—initial instant of collision of had-
%é 5 ron with tube of nuclear matter; b—

- - propagation of shock waves in the ha-
LAY dronic fluid; c—end of shock-wave
//%%///A- propagation and beginning of outflow
c of hadronic fluid into vacuum, d—
o simple rarefaction wave propagates
FJ through nuclear matter,

T

The first assumption is equivalent to the assumption
of a local reduction in the density of nucleons in the nu-
cleus as the hadronic shower traverses the latter, (77!

Monte Carlo calculations for this case can be used to
obtain agreement with experiment up to primary-proton
energies of E,<70 GeV, 773

The second assumption is similar to the model involv-
ing a leading particle and a cluster showing a weak in-
teraction with nuclear matter, ?”! which was discussed
above, In the first approximation, this assumption
leads to an incorrect dependence of multiplicity on A,
namely, (#(A))~ A3,

More detailed calculations!™? lead to a still stronger
dependence. Of course, the cascade model parameters
can always be adjusted to achieve agreement within
some restricted energy interval, so that experimental
results can be described. It is, however, still totally
unclear which particular assumptions and how many
parameters will have to be introduced into the theory in-
order to describe the experimental data, if only quali-
tatively, throughout the range of energies that has been
examined so far,!®

However, the more fundamental point is quite differ-
ent: the two assumptions that are necessary to “cor-
rect” the cascade model are essentially equivalent to
the introduction of an extended virtual phase. It is
therefore better, from the physical point of view, to
treat the virtual phase in space-time directly.

2.6. Interpretation of the interaction of hadrons with
nuclei

Without going into the history of the problem, and
leaving to one side the mathematical formalism of the
hydrodynamic theory of multiple production, "1 we
recall its basic assumptions in relation to the hadron-
nucleus collision;!™!

1) It is assumed that the interaction of the incident
hadron takes place collectively with the nucleons lying
along the path of the hadron in the nuclear material.
The primary hadron, in effect, cuts out a cylindrical
tube of radius of the order of u™ inside the nucleus (u™

107 gimilar discussion of the cascade model and of the results
of numerical calculations corresponding to its various modi-
fica[tions are given in the monograph“;l and the review pa-

751
per*’.
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is the effective size of the interaction region in the
transverse direction) and height equal to the longitudinal
size of the nucleus in the reference frame in which the
collision between the hadron and the tube takes place,

2) The tube of hadronic material is assumed to be
structureless and, in this sense, can be regarded as an
individual particle of mass equal to the total mass of
nucleons in the tube.

3) At the initial time of the collision process, the had-
ron and the tube are compressed disks, in accordance
with the Lorentz contraction of longitudinal dimensions
in reference frames moving relative to the laboratory
frame.

4) The collision between the hadron and the tube is
analyzed in the system in which the velocities of the had-
ron and of the tube are in opposite directions and are
equal in absolute magnitude (equal-velocity frame).

5) The two disks come into contact at the initial time
(Fig. 22a) and, thereafter, shock waves begin to prop-
agate through the hadronic fluid with speeds D in both
directions away from the contact plane. The material
between the waves remains at rest {shaded part of Fig.
22b). After a certain time t~#,/Dy (ry~ 1! is the size
of the hadron in the rest system and y is the Lorentz
factor), the shock wave reaches the “boundary” of the
hadron (Fig. 22c). The flow of the hadronic material
from the left~-hand part of the system into the vacuum
begins at this time, and a simple rarefaction wave runs
through the nuclear medium (Fig. 22d) with the velocity
of sound ¢,. When ¢,> D, and the number of nucleons
in the tubeis 7, >4, the simple wave will catch up with
the shock wave and, after reflection from it, will give
rise to the first reflected wave. The shock wave moving
to the right eventually reaches the edge of the tube and
this instant marks the beginning of the outflow of the
material into vacuum whilst a rarefaction wave is sent
out to the left. The hydrodynamic outflow continues un-
til the density of the hadronic material falls to ~ u*, i.e.,
the characteristic density of hadronic matter, At this
time, the hadronic material begins to decay into real
hadrons, in accordance with the laws of statistics or
thermodynamics, provided the number of secondary par-
ticles is large.

We emphasize that assumptions 1)-5) do not form
a set of independent postulates of the hydrodynamic mod-
el. Apart from the hypothesis involving the collision
with a tube of nuclear matter, these assumptions are a
consequence of two fundamental hypotheses, namely,
the formation of the Lorentz-contracted volume in which
the “classical” fluid is at rest, and the establishment of
a local statistical equilibrium over the entire extent of
the hydrodynamic outflow. We note that, during the
initial stages of the hydrodynamic outflow, quantum cor-
rections may possibly play a role in this process. A
discussion of this point can be found int™,

Essentially, if we use the modern jargon, the hydro-

dynamic model corresponds to the one-dimensional
separation of two clusters moving in opposite directions
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(see, for example, "), The interrelation between the
clusters appears through the conservation laws. It is
important, however, to emphasize that the formation,
separation, and decay of clusters are described within
the framework of this model on the basis of relatively
general postulates.

In the specific solution of hydrodynamic equations, it
may be necessary to take into account dissipative pro-
cesses (viscosity), but we have neglected these pro-
cesses for simplicity (this question is discussed in""),

We now note two further points. Qualitative analy-
sis'" shows that, in the hydrodynamic model, the lead-
ing nucleons should not enter the compound system if
they obey the laws of relativistic hydrodynamics. Be-
cause of the operation of Pauli’s principle, the nucleons
should be ejected to the periphery of the hadronic ma-
terial. '™ These ideas are so qualitative they are best
regarded as additional postulates of the theory and this,
unfortunately, is the weak point of the model. Thus, in
hydrodynamic models, the entire hadronic system auto-
matically decays into two hadronic clusters, which obey
the laws of hydrodynamics, and leading particles. The
characteristics of a leading particle are the adjustable
parameters of the theory. The hydrodynamic model
thus presupposes the separation of the interaction pro-
cess into three main stages, namely; 1) the initial for-
mation of a condensation of hadronic matter in some
initial volume; 2) hydrodynamic outflow of hadronic ma-
terial; and 3) decay of hadronic material into real had-
rons.

But there is still one further important point. The
characteristic ranges of the elements of the fluid prior
to their decay are substantially greater than the Lo-
rentz-contracted nuclear dimensions. Thus, for slow
particles, this distance is ~7, whereas, for fast par-
ticles, it becomes ~7,VE,/M (see'?’), Thus, the sys-
tem largely decays into real particles outside the nu-
cleus. The characteristics of multiple processes in
the hydrodynamic model depend in different ways on the
specific physical content of the above stages of the pro-
cess. Comparison of the model with experiment may
therefore throw light on the validity of the hydrodynamic
description at different stages of the process. [’

Let us consider this statement in greater detail. The
choice of the initial volume will largely determine the
behavior of the mean multiplicity (n(E,)), as a function

_of primary energy E, and the number A of nucleons in
the nucleus. Hydrodynamic outflow determines the dis-
tribution of secondary particles over the rapidities,
i.e., dn/dy. The final stage determines the shape of
the distribution of secondary particles over the trans-
verse momenta, dn/dp,, and their abundance. Studies
of the various characteristics will, therefore, essen-
tially “verify” the different stages of the hydrodynamic
approach.

Let us now summarize the main quantitative predic-
tions of the hydrodynamic theory for c¢Z=1/3, which
corresponds to a perfect ultrarelativistic gas. It is
precisely for this equation of state that the theory is in
good agreement with experiment. {7
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a) The multipiicity of secondary particles is given
by[80] - .

(n (Eo)) 4 ~ ELiAe, (14)

where a=0,15-0, 20,
b) The distribution in the rapidity y* in the center-

of -mass system for ny,, <3. 7" is;
d _ 2
G=mean) Pep[ - LL ], (15)
£=056In50 161 Muwetl )¢ (16)
2

where (n)=(n,) is the mean multiplicity (largely shower
particles), ny, i8 the number of nucleons in the tube
and is given by 7y, ~A'/3, M is the nucleon mass, and
E, is the nucleon energy in the laboratory system.

¢) When 7, >3. 7, the angular distributions of the
secondary particles should be asymmetric in the cen-
ter-of -mass system. This occurs because of the
agsymmetry of the initial conditions (mass of tube M.,
~MAY3% M), On average, more particles are emitted
in the direction of motion of the tube (region of frag-
mentation of the nucleus) as compared with the direc-
tion of motion of the primary nucleon. The velocity v,
of the center-of-mass system relative to the equal-ve-
locity system in which the emission is symmetric is
given by!62]

ve=th [125_#"'“'*'4'2‘5 Aty e 1)] . (1
' Miube t 1

7+4V3

Therefore, the y* distribution for s, >3. 7 has the
form

S =m 2n)" 2 exp [ — W] (18)

y. = Arth v,. (19)

d) The p, distribution is determined largely by ther-
mal motion., For E;& 10" ev, this assumption is fully
justified®? and, if it is, then

7’% ~§(:t 1yt K,[r]/1+(”Tl)z]. (20)

In this expression, K,(x) is the Bessel function of an
imaginary argument and the positive and negative signs
correspond to fermions and bosons, respectively. When
the three-dimensional character of the hydrodynamic
outflow is taken into account, this leads to the appear-
ance of a weak dependence of the mean transverse mo-
mentum {p,) on E;:

(o) ~ E}''. (21)
e) The abundance of secondary particles for 7> 1
174 is frequently assumed that &~ 0,19, but this estimate is
obtained as a result of averaging over all the collision pa-
rameters (including the periphery of the nucleus). This pro-

cedure is not, however, good enough to enable us to calcu-
late o to better than 0. 01,
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(7 labels the type of particle) is determined by statisti-
cal thermodynamics (see, for example, '84}):

(rz) 1 (ng) @ (n5) 22 1: 0.4 :0.01, (22)
When (n,)<«< 1 (i=K, )
(r;) ~ (ng (23)

f) Conservation laws clearly show that the tube model
implies the existence of pions (hadrons), the velocity of
which in the center-of-mass system exceeds the velocity
of nucleons in the nucleus (or of the incident hadron).

We are now in a position to compare the predictions
of the model with experimental results (see Chap, 1).

The dependence of (z,) on A is not inconsistent with
(14) (see Sec. 1.1 and Fig. 3). The y* distribution is
satisfactorily described by (15) and (18) (see Sec. 1.2),
This agreement has been demonstrated in'®*! (see Fig. 7).

The p, distribution depends only very slightly on the
primary energy of incident and generated particles, in
accordance with hydrodynamic theory; the quantity (p,)
increases with increasing mass of the secondary par-
ticle (see Sec. 1.6). Experiment reveals the presence
of pions with energies exceeding the center-of-mass
energy per nucleon in the nucleus.

The emission of secondary hadrons exhibits an asym-
metry. There are more hadrons in the nuclear frag-
mentation region than in the region of fragmentation of
the incident particle (see Sec. 1.2).

Within the framework of the hydrodynamic picture,
the number of secondary nucleons is determined by the
total transverse momentum transferred to the nucleus
and by the properties of nuclear matter. Since the value
of mype i8 practically independent of E;, the number N,
should not depend on E,, and this appears to be in agree-
ment with experimental data (see Sec. 1.3 and Fig. 9).

The most important characteristics of hadron-nucleus
interactions at high energies are thus satisfactorily de-
scribed by the tube model in its hydrodynamic interpre-
tation, *¥’

We note in conclusion that the above comparison with
experiment was carried out for sound velocity ¢,=1/V3,
At present, experimental data are not accurate enough
to exclude possible changes in ¢, by 0.1 (see, for ex-
ample, [24]).

2.7. The Gottfried model

A somewhat unusual hydrodynamic-type model has
recently been put forward'? for the hadron-nucleus in-
teraction, It can be described as “inverted hydrodynam-

12)ye note that it is stated in'6! that the tube model is in con-
flict with experimental data. This conclusion is based on a
misunderstanding because the comparison carried out int6!
corresponds to energies E; $10 GeV for which this model is
definitely unsatisfactory.
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ics.” The starting points in this model are the experi-
mental data on (n(E,)) = (n,) and drn/dy. It is assumed
that, at high energies, (n,)~Ins/M? and dn/dy =const.
The hydrodynamic approach is adopted in this model to

. deduce the development of the interaction with the nu-

cleus along the time axis. It is assumed that the ele-
ments of the hadronic fluid move along classical tra-
jectories, in accordance with the equations of relativis-
tic hydrodynamics, and the initial conditions for this
motion are chosen so that the above behavior of (n,) and
dn/dy is satisfied.

The basic postulates of the model can be formulated
as follows. The first collision of the hadron with a
nucleon in the nucleus results in the formation of a ma-
terial consisting of several elements which are dis-
tributed over rapidities in the same way as in the col-
lision between a hadron and a free nucleon (in the first
approximation, dn/dy=const). At this time, the emerg-
ing elements are not identical with real particles. They
can be said to be systems similar to the elements of a
fluid in the hydrodynamic model. These elements sub-
sequently interact with the remaining nucleons and the
cross section for this is equal to the cross section for
the interaction between hadrons and free nucleons.

The characteristic parameter of the process is the
Lorentz factor of an element (equivalent to the hydro-
dynamic velocity), i.e., the ratio of the lifetime 7 of
the element in the center-of-mass system to the lifetime
Ty in its own frame. The number of elements increases
with increasing value of 7/7, but is always less than
the number of real hadrons. The next step is that the
elements of the resulting system interact with the sec-
ond, third, and so on, nucleons in the tube. The net
effect is obtained as a result of the superposition of col-
lisions in the tube and averaging over all the chords of
the nucleus.!® This procedure leads to the following
expression:

nis, A=, W[1+50.—1], (24)
where (n(s, 1)) is the mean multiplicity in a hadron-nu-
cleon collision and v, ~A!'/? is the mean number of col-
lisions in the nucleus of mass number A. This formula
is in agreement with experimental data (see Sec. 1.1
and Fig. 3).

We note that the Gottfried model is an ad koc proce-
dure developed to explain the behavior of (n(s, A)). How-
ever, it is based on the conclusion that traditional hy-
drodynamic theory does not provide a correct descrip-
tion of experimental results and this, in turn, is based
on the incorrect expression (seet™!)

(s, A)) = (n (smyype, 1, (25)
which does not take into account the increase in the
mass of the tube as A is varied. The correct expres-
sion given by the hydrodynamic model is (n(s, A))
= (N(S7yypey Myne)), and this leads to (14) instead of the in-

13)5ee!86] for the latest information about this model.
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correct result (n)~ A%, given in'™), The presumption

made in™'%) namely, that the accepted variant of the
hydrodynamic model, summarized in Sec. 2.8, has to
be modified is thus no longer valid. Since the Gottfried
model does not explain the hadron-nucleon interaction
but takes its parameters from experiment or other theo-
retical sources, it is even less general than the Landau
hydrodynamic model. Moreover, the discussion given
in!®? emphasizes that the Gottfried model is not rela-
tivistically invariant (in contrast to the hydrodynamic
model).

2.8. Hydrodynamic interpretation of the interaction of
high-energy photons and leptons with nuclei

The hydrodynamic theory has been successfully used
to interpret the process e*e" =7, ... (see!®®! anqd the
review given inf®¥), There is, therefore, a general
tendency to try and generalize the hydrodynamic ap-
proach to the case of collisions of leptons (I) and photons
(y) with nuclei:

y+A4->h+ X,
l+A4—->1+h+ X,

(26)
2m

where X is the system of “undetected hadrons.” This
approach is based on a certain equivalence between a
real photon y or a virtual photon y* and a hadron (see
Sec. 1.7). Infact,!®® ag a result of virtual transi-
tions, the photon y (or ¥*) spends some of its life in the
form of hadrons, The lifetime of the “hadronic states”
of a photon can be estimated from the uncertainty prin-
ciple

TAE ~ 1, (28)
where AE is the difference between the energies of the
photon and the hadronic system for equal momenta, At
high energies:

AE.,=VE;+m‘z_E.,z2":v, (29)
AEye=V (Epl S mE (P Eyo s T2EQ2 (30)

2E,,

where Q2=-¢%2>0, ¢? is the square of the 4-momentum
transferred to the nucleus (tube), and m is the mass of
the virtual hadronic state.

The time during which the photon behaves as a hadron
(or hadrons) increases with increasing energy:

28,
Riadel
2E,

g

(31)
(32)

If the range of virtual hadrons into which the photon
¥(y*) has decayed is greater than the range of a hadron
in the course of its interaction with nuclear matter, the
photon y (or v2) will efficiently interact with the nucleus
through its hadronic field. In other words, the interac-
tion of the y (or y*) photon can be treated in terms of
the interactions of hadrons. The conditions for the
validity of this approach are defined by the inequalities

22 Sov. Phys. Usp., Vol. 20, No. 1, January 1977

(33)
(34)

2
E. > -
V>P_v

Eys > ’"zif(’z .

The collision between a ¥ (or y*) and a nucleus can
then be looked upon as a collision with a tube with
transverse size u™'. The direction of p (or p,.) is to be
taken as the collision axis.

To begin with, we shall consider real photons. The
most bothersome question arises in the choice of the
initial volume. This is so because, in the case of a yA4
{or y*A) collision, the incident particle (v, e, 1) does
not have a characteristic volume (for the y ray, even
the equal-velocity system is not available).

We shall adopt two alternative assumptions with re-
gard to the initial volumel®!:

(a) The initial volume is equal to the compressed
volume of the tube in the center-of-mass system (as

in the case of %A collisions for n,,<3. 7).

(b) The initial volume is equal to the uncompressed
volume of the tube in the laboratory system (V~mny,
X ). Certainessentially model estimates'™! suggest
this possibility. '¥

Next, let us consider the ambiguity in the choice of
the initial volume. Roughly speaking, the initial volume
determines the function {n/(s, A)), and its shape deter-
mines the functions dn/dy and dn/dp,. The abundance
of secondary hadrons, which is determined only by the
final temperature Tj, is the characteristic that is the
least sensitive to the choice of the initial volume. For
variant (a), we can use all the expressions obtained
previously for 44 collisions [(n,(s, A), (p.(s, A)), etc.].

A different form is obtained for the functions {n(s,
A)) and (p,(s, A)) in the case of variant (b):

(35)
(36)

(ny) ~ S184Y12
(py ) ~ suBp-1s2

where s=2ME,. It is important to note that the val-
ues of (p,) are now very dependent on s. The predic-
tions of the model with regard to /A interactions for
Q25 M? are the same as the prediction for yA collisions
provided E, is replaced by Er. and p, by p,.. Existing
data on interactions of high-energy. photons and leptons
with protons, deuterons, and nuclei (see Sec. 1,7) are
not very voluminous, but they do indicate that {p, ) is
independent of s and the numerical value {f,)~ 350
MeV/c is in agreement with the measured value for

kN and AA collisions. Thus, if the hydrodynamic mod-
el can, in fact, be used to describe /A and yN interac-
tions, this can only be done by adopting assumption (a).
From the point of view of verifying the generality of the
entire idea, the most important is the verification of
the universality of the functional form of

101t is noted in'®! that the longitudinal size of the interaction
region may even increase with increasing energy in the deep-
ly inelastic region.
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Py FIG. 23. Decay of a had-
ron a into partons. The
slow parton with momen-
tum p, ~p,/2" interacts
with the target hadron i
(n, is the number of par-
B tons).
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the abundance, and so on.

2.9. Space-time picture of the interaction with a nucleus
in the parton model

a) Assumptions ot the parton model. The parton
model of hadrons'® %) ig, at present, the foundation
for the qualitative analysis of the deeply inelastic lepton-
hadron interaction and the hadron-hadron interaction
processes. We must recall the basic assumptions of
this model, which are important for the understanding
of our subsequent discussion. In the parton picture, it
is assumed that:

1) A free hadron moving along the 2z axis with high
momentum p, > m, (m, is the hadron mass) undergoes
a virtual dissociation into a system of point particles
called partons.

2) The lifetime of a parton belonging to this fluctua-
tion is 1,~ E,m;%, where E, is the parton energy and m,
its effective mass (m,~1 GeV).

3) The fact that partons are points ensures that the
interaction between them is relatively weak. Only par-
tons with small relative momenta (pt"m,) interact
strongly. The upper limit for the total parton-parton
(or parton-hadron) cross section is determined from
the unitarity condition for the interaction amplitude in
the s state:

o(parton +parton— all) << 4n3.?, (37
P

where X, =(p: )l is the parton wavelength in the center-
of-mass system of the colliding partons and p, is the
parton momentum in this system.

4) Because of the small probability of an interaction
between partons belonging to a given ultrarelativistic
hadron, the parton spectrum for x<«1 is f(x)~dx/x
where x=p;/p¥. Experimental data on deeply inelastic
ep interactions show that, as x-1, the spectrum of par-
tons inside a nucleon decreases rapidly, in accordance
with the expression f(x—1)~(1 — x)*. Partons with mo-
menta p, m,, and partons traveling in the direction op-
posite to that of the momentum oi the hadron to which
they belong, are practically absent from the parton
spectrum of the hadron.

5) The transverse momenta p,, of the partons are re-
stricted by the inequality (p,,) m,, i.e., they do not
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increase with increasing hadron energy.

The interaction between an ultrarelativistic hadron a
and a hadron % at rest can be described graphically
within the framework of the parton idea as shown in
Fig. 23. The hadron a decays successively into two
partons with momenta p,/2 (this value is chosen for
simplicity and is not of any great significance), one of
the resulting partons again decays into two partons with
momenta p,/4, and so on. Only the slowest parton be-
longing to the fluctuation and having momentum p,~ m,
interacts with the target hadron 4 in Fig, 23. The par-
tons can subsequently transform into hadrons (multiple
production) or can again assemble into a hadron a (elas-
tic scattering), but the latter event is of low probabil-
ity. {®1 The model given in Fig. 23 can readily be used
to estimate the number of successive decays. After the
n,-th decay, the parton momentum is p,/2"% and the sub-
division process continues until the momentum of the
slow parton has the order of magnitude p,~ m,, after
which the slow parton interacts with the target hadron
h. Thus, p,/2"~m, and hence

np~ln 2o, (38)

mp

The size of the parton fluctuation in the transverse
direction isf®11!®

py ~mg l/ln :: . (39)

Next, since the reassembly of partons into the initial
hadron, after the interaction of the slow parton with
the target hadron % (elastic scattering), is of low prob-
ability (in agreement with experiment), the question
arises as to how many hadrons can be created as a re-
sult of the transformation of partons into hadrons? It
seems very likely that the mean multiplicity (%) of had-
rons should be proportional to the number of partons in
the fluctuation (see Fig. 23):

() ~np~In ,Z: . (40)
which is in agreement with the predictions of multipe -
ripheral models and is not in conflict with experimental
data.

b) Coalescence of “soft” partons in the nucleus and
deeply inelastic intevactions between leptons and nu-
clei, ¥

We now apply the parton model to the interaction be-
tween hadrons (photons) and nuclei.

The distribution function for partons inside a nucleon
can be determined as a result of experiments on deeply
inelastic eNor v, N interactions. The deeply inelastic
interaction process can be described within the frame-
work of the parton picture as the absorption of a virtual

!9)Fluctuations of virtual particles in the transverse direction
were first discussed in!%6},

16)This and the subsequent sections are based on the results
1, [87=1001
in .
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h hadrons

partons

FIG. 24, Diagram illustrating the absorption of a virtual ¥
photon (emitted by the lepton ) by one of the partons, into
which the fast hadron & has decayed. Lower right-hand side
of the diagram symbolizes the unknown mechanism responsible
for the transformation of partons into hadrons.

¥ (W boson) by a point parton in a nucleon, followed by
the transformation of the system of partons into real
hadrons (Fig. 24).

Since the parton idea is defined in the frame in which
the nucleon momentum is sufficiently high, ') we shall
consider the absorption of the ¥ photon (W boson) in the
frame in which the nucleon has a sufficiently high mo-
mentum p>> M (M is the nucleon mass).

Neglecting the transverse motion of partons, and
denoting the 4-momentum of the primary parton by p,
=xp, where p is the 4-momentum of the nucleon, we
have (p, - q)=p}, where p} is the 4-momentum of the
secondary parton, or

Q* = 2p,q = 2zMv, (41)

where v is the energy of the virtual y photon (or W
boson) in the laboratory system, @%=-g¢2, and ¢ is
the 4-momentum of the y* photon (W).

1t follows from (41) that the ¥ * photon (W boson) is
absorbed by a certain definite parton carrying the fol-
lowing fraction of the longitudinal momentum of the nu-
cleon:

Cz=2 (42)

On the other hand, in the case of an interaction with the
nucleus, we have to establish which particular nucleon
in the nucleus (in the frame in which the nucleus moves
with relativistic velocity) contains the parton which has
absorbed the y* photon (W boson). This can be deter-
mined qualitatively from the uncertainty principle.
Thus, if the longitudinal momentum of the parton is

Dy =x1pt (p is the 3-momentum of the nuclear nucleon),
the parton will, in accordance with the uncertainty prin-
ciple, be localized in the longitudinal direction, as fol-
lows:

Az <zt jp ™. (43)

In the rest frame of the nucleus, the separation between
nucleons in longitudinal and transverse directions is
az%~p™! and Ap;,~ u™, respectively. In the moving
frame, the longitudinal separations are reduced by the
Lorentz factor v(y=|{p|/M), where M is the nucleon
mass and
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Am~ﬁ%. (44)

When Az, < Az (seel®), partons characterized by the
values

z{%, (45)

belong simultaneously to two neighboring nucleons in the
nucleus. Since the relative momenta of these partons
are sufficiently small, they interact relatively strongly,
and this gives rise to the coalescence of the partons.
According to the fundamental hypothesis of the parton
model, a universal equilibrium distribution of partons
belonging to two neighboring nucleons in the nucleus
should then be established for small values of x and
should be of the form'”

dn, (z) ~const--df~. (46)

The coalescence process ensures that the density of
partons with x Su/M turns out to be the same as that
of an individual nucleon. This situation forms the basis
for the application of the parton model to the quantita-
tive analysis of hadron-nucleus interactions. In field-
theoretical language, the simplest variant with interac-
tion Lagrangian Z,, = 1¢° is that in which the parton co-
alescence process can be described as the coalescence
of two parton coalescence of two parton “combs” belong-
ing to neighboring nucleons (Fig. 25) into a single comb,
beginning with a certain value of x=x,~ /M, In Fig.
25, two partons with momenta equal to one unit coalesce
into a parton having a momentum of two units which,
after decay, forms a parton “comb” with smaller val-
ues of momenta, i.e., 1, 1/2, 1/4, and so on.

Thus, the coalescence of parton fluctuations of neigh-
boring nucleons begins for x 5 x,. As x decreases, the
localization of partons in the transverse direction may
exceed the nuclear size: Az< RM/|p}, where R is the
nuclear radius in the rest frame, This will occur for

z & (RM)™ ~ zpA 1R, 47

When this inequality is satisfied, parton fluctuations of
nucleons in the nucleus with the same transverse co-
ordinates will cross in the longitudinal direction. Be-
cause of the parton coalescence process, the density of
any distribution of such partons in x turns out to be the
same as for an individual nucleon.

Let us now calculate the number of nucleons whose
partons have coalesced for x £ x,4"1/3 into a single
comb. The density of nucleons in the moving nucleus is

4n M -1
d~A (_3_ R m) .
The volume of the part of the nucleus in which the par-

ton coalescence has taken place in the longitudinal di-
rection is V~1p?RM/Ip|. Hence, we find that the num-

iD7his distribution is closely related to the hypothesis of scal-
ing invariance (seel®th),
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FIG. 25. Coalescence of
two parton combs. Numbers
indicate relative parton mo-
menta,

ber of nucleons whose partons have coalesced is »
"'pr/r?,, where p, is the transverse size of the parton
fluctuation [see (39)], R=7,A"% and 7,~u™'. The num-
ber of soft partons in the nucleus with x § x,4™1/% is re-

"duced by a factor of 7 as a result of the coalescence
process, i.e., the effective number of nucleons in the
nucleus during the interaction process characterized
by xS %,A°/3 is of the order of!%)

New ~75~A2”, (48)
where p,$ u”!. This means that, for example, the total
cross section for the interaction between a nucleus and
a hadron (photon, W boson) for x S x,A"}/3 is given by
(see Sec. 1.4)

Otot ~ A3, (49)

For xA™Y/3S x S u/M, instead of the effective number
of partons, which is characteristic for the diffration re-
gion (47), the parton model predicts an increase in the
number of partons. Thus, Fig. 25 shows the coales-
cence of two combs and, if the combs were not to co-
alesce, we would have two partons with momenta of one
unit each, The coalescence of two combs results in the
appearance of a parton with momentum of two units
(Fig. 25) which, after decay, produces one further par-
ton with momentum 1 and partons with momenta 1/2,
1/4, and so on. In the final state, there are three par-
tons with momenta 1, and not two, as in the case of two
noncoalesced “combs.” This has been called the anti-
screening effect. %!

¢y Multiple production of hadrons on nuclei, The
multiple production of hadrons on nuclei is usually con-
sidered in the laboratory system in which the nucleus
is at rest. We shall follow this tradition but, whenever
necessary, we shall emphasize the relation between the
predicted phenomena and the spatial distribution of par-
tons in the nucleus, which we have previously con-
sidered in the frame in which the nucleus is at rest.

Multiperipheral (multireggeon) models suggest that
the shower particles (n,) are largely fragments of the
incident hadron which are created outside the nucleus
or on its periphery. These particles are formed as a
result of the transformation of partons emitted by the
incident hadron into secondary hadrons.

Such partons have momenta
Pp> lez:"" mpzy ' AP = p - (50)
and can propagate in the longitudinal direction to distances
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Az~"cpc~-g}R. (51)
14

which exceed the size of the nucleus. The shape of the
spectrum of such partons in momentum space and,
correspondingly, the spectrum of hadrons into which
they are transformed, is independent of the nuclear
parameters, and is the same as the spectrum of had-
rons created in collisions with free nucleons. The
cross section for the interaction of partons having mo-
menta given by (50) with nucleons is very small, in ac-
cordance with the basic postulate of the parton model
[see (37)]. These partons correspond in the antilab-
oratory system (in which the nucleus is in motion) to
partons which are common to all the nucleons in the
nucleus in a tube with transverse size p, ~ u"(x
s on'” 3), As already noted, these partons provide the
main contribution to the diffraction mechanism of the
interaction. In this part of the spectrum, the shape of
the inclusive distribution of secondary hadrons is no
different from the spectrum produced during a collision
with free nucleons. Such hadrons (p>p..y) are called
fast shower particles, ¥ If the energy E, of the inci-
dent hadron begins to exceed E ¢~ Poryt, the energy
available to the partons which can strongly interact with
nucleons in the nucleus ceases to increase. This means
that, for E,>E.,;, we should see the onset of a phe-
nomenon which was referred to in'®® as the limiting
fragmentation of the nucleus.!® This is meant to de-
scribe a situation in which the energy spectra of “gray”
and “black” particles, and the distributions over the
multiplicities, the correlations between secondary par-
ticles, and other characteristics of hadron-nucleus in-
teractions cease to depend both on the energy of the in-
cident particle and on its species. This property is
also exhibited by shower particles with momenta
myx3 S P & bersr, Which originate from partons and in-
teract relatively strongly with nucleons in the nucleus,
giving rise to the breakup of the latter. Such particles
can be referred to as slow shower particles. In the
antilaboratory system, slow shower particles are pro-
duced from partons with x, A" 3Sx S x,. For E,> Egpy,
the inclusive spectra of the slow shower particles and
the correlations between their multiplicities and the
multiplicities of gray and black particles with 17Sm,,1»"(,1
cease to depend on E; and on the species of the incident
particle a. This is also valid for the correlations be-
tween the multiplicities of fast shower particles and
“gray” and “black” particles.

Experimental evidence, of which there is very little,
is in general agreement with the above predictions (see
Chap. 1 and Figs. 3, 6, 7, and 9).

We note in conclusion that the main qualitative pre-
dictions of the parton model insofar as the multiple
creation on nuclei is concerned can be summarized as
follows:

18)We note that an analogous term was introduced inf!%!! where
the formation of cumulative protons and deuterons on nuclei
was discussed, i.e., an effect physically different from that
discussed in'®8!,
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1) For energies E, S myx3lAY/*~104'° GeV (x,
~0.05, m,~1 GeV), one should be able to observe the
phenomenon of limiting fragmentation of the nucleus in
the sense defined in™®®, In this region, all the char-
acteristics of the nuclear cascades cease to depend on
energy and on the species of the primary particle, This
prediction is verified by experiment (see Sec. 1.1 and
Fig. 9).

2) The multiplicity of fast shower particles is esti-
mated by

At EqAl/8
(Rss) =~ const - £Z ~const-ln (—’—-) . (52)
p 2 mpg
m_IEq
»

where the constant on the right-hand side of this equa-
tion is, in fact, a universal constant for all nuclei be-
cause the spectrum of soft partons is universal for

x & xA™Y/? for all nuclei in the antilaboratory system.

The shape of the inclusive spectrum of fast shower
particles is the same as the shape of the inclusive spec-
trum on the nucleon target in the region of fragmenta-
tion of the incident particle, i.e., dn,/dy=dn,/dy.

This is also verified by experiment (see Figs. 6 and 7).

3) The multiplicity of slow shower particles'®®) is a
function of A, as follows:

(Rye) ~ 1 ~ const-AY3, (53)

where 7 is the number of nucleons in which the clouds

of partons with g A"/*S x S x, are found to overlap (see
Sec. b) and there is, therefore, enrichment with partons
due to their coalescence. As noted in'®) if we take
into account the interaction between partons in the final
state, the dependence of (x,,) on A may turn out to be
much weaker than indicated by (53).

4) The boundedness of {p,) is postulated right from
the outset in the parton model. The very essence of the
model is that (p,) should not depend on A, and this is in
agreement with existing data (see Sec. 1.6).

5) The parton model predicts that the function {z,(A))
will have a different shape in different regions of the
spectrum in x. According to 2), the multiplicity of fast
shower particles, (z,,), is a very slow (logarithmic)
function of A. The multiplicity of slow shower particles
is {n,,) ~A'/?® according to 3) or, perhaps, an even slow-
er function of A because of the interaction between par-
tons in the final state.'®) On the average, one would
expect in this part of the spectrum a relatively slowly-
varying function {n,(A)), and this is in qualitative agree-
ment with experimental data (see Sec. 1.1 and Fig. 3).

6) We have not discussed in this paper the compli-
cated problem of emission of several parton combs at
once by the primary hadron. This effect should lead to
an increase in the multiplicity of shower particles dur-
ing the interaction between hadrons and nuclei at high
energies. !
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We note in conclusion that the parton model has given
rise to a whole series of problems which will have to
be tackled in the future both theoretically and experi-
mentally. Thus, firstly, the quantity x4, which is crit-
ical for the coalescence of “soft” partons inside the
nucleus, may turn out to be very small (x,=0.03
~0.05%8100)  Most of the effects discussed above will
then appear only at very high energies,

Secondly, existing data on the formation of hadrons
with high p, 2 2 GeV/c suggest that the differential cross
section for the creation of such hadrons on nuclei is in-
variant, Ed’c,/d% ~A"'"'? (see Sec. 1.6 and Fig. 15).
Within the framework of the parton picture, such had-
rons should appear as a result of collisions between
relatively hard partons belonging to the incident hadron
and nucleons in the nucleus. The nucleus is transparent
to such partons, and one would expect Ed’c,/d*p~ A.

The most difficult and, at the same time, the most
important problem is to make the parton model as quan-
titative as possible for hadron-hadron and hadron-nu-
cleus interactions. Some successful attempts in this
direction have already been reported''®? and have dem-
onstrated that it is possible to obtain an approximate
(to within 20-30) description of existing data (see Chap.
1) on the dependence of dn/dy and R , = (n(Eg, A))/

(n(E,, A)) on E, and A for shower particles. !*’

Finally, we note the paradoxical similarity between
the predictions of the hydrodynamic and parton models
which impedes the experimental separation of these pre-
dictions. This is due to the quasi-one-dimensional
treatment of the partons and of the hadronic fluid in
hydrodynamics, and also the Lorentz dilatation of the
lifetime of the elements of the system. In both cases,
T~E/m?.

CONCLUSIONS

Experimental and theoretical studies of the interac-
tions between fast particles and nuclei have led us to a
certain gqualitative picture of the space-time develop-
ment of hadronic fields during the interaction. The
spatial region in which the interaction takes place has
linear dimensions exceeding those of the nucleus. This
leads us to a new kind of physics in the sense that the
nucleus appears as the analyzer of the evolution of the
virtual phase in space-time. This picture is still far
from being complete. Nevertheless, one would hope
that further studies of this question will illuminate im-
portant facets of the strong interaction. With this aim

1997 galculation concerned with the cascade of parton interac-

tions with intranuclear nucleons is reported inf190) 1t ig im-

portant to emphasize that the physics underlying the model
used in'1% is radically different from the traditional cascade
model (see Sec. 2.5). The authors of!19?! estimate the trans-
formation of virtual particles (partons), whose interaction
with nucleons and with one another has nothing in common
with the interaction between real hadrons. However, the
methodology of calculations concerned with the parton shower
is similar to that employed in treating cascades of real had~
rons.
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FIG. 26. Calculations on the interaction between a hadron a
and a nucleus in which a hadron c is produced. Wavy line in-
dicates that hadrons a4 and ¢ are subject to absorption in the
interior of the nucleus. B—point of creation of secondary had-
ron ¢; R—mean radius of the nucleus; O—center of gravity of
the nucleus; b—impact parameter; the z axis is parallel to the
direction of motion of the incident hadron.

in view, we may sketch out the following very prelim-
inary program for further studies:

1. Detailed investigation of the functions (n(E,, A)),
Ed’c/d%p, dn/dy, dn/dp,, and K(A) on different nuclear
targets. In particular, it would be interesting to in-
vestigate dn/dp, (A) for p, 22 GeV/c.

2. 1t is very important to verify the universality of
these distributions (or the absence of this universality)
for different types of incident particle (p,n, 7, K,5,7,1,
etc.).

3. It is very interesting to consider the abundance of
particles produced on different targets and for different
incident particles. For example, a confirmation of an
increase of (p,) with E, would be evidence in favor of
hydrodynamic-type models. Verification of the uni-
versality of the distributions would indicate the impor-
tance of the final stages of the process.

All these questions are beginning to be studied or are
still practically blind spots. When multiple processes
are investigated on nuclei, it is important to employ
methods that are relatively new in this part of physics,
namely, magnetic spectrometers, large bubble cham-
bers filled with heavy materials (Ne, Xe), and so on.

From the theoretical point of view, it will be impor-
tant to develop further the field-theoretical approach
(parton model), to improve the concept of clusterization,
and to carry out more rigorous comparison between
theoretical models (for example, the tube model) and
experimental data.

It seems to us that it is essential, to begin with, to
concentrate our attention on the dependence of the char-
acteristics of relatively fast particles on 4 and on the
energy, bearing in mind that the characteristics of slow
particles are more dependent on the state of excited
nuclear material than on the field of the incident ele-
mentary particles. The properties of nuclear matter at
high pressures are, in themselves, of enormous inter-
est (for example, in the light of the possible excitation
of shock waves in the nucleus®®))  but this is a separate
question which requires separate consideration.
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APPENDIX

INELASTIC INTERACTION OF HADRONS WITH
NUCLEI IN THE OPTICAL APPROXIMATION AND
THE GLAUBER METHOD

We shall now give a simplified derivation of the de-
pendence of the coherent and noncoherent cross sec-
tions for the production of hadrons on nuclei on the
cross sections for the interaction of primary and sec-
condary hadrons with nucleons inside the nucleus. We
shall assume that the nucleus is a continuous nuclear
medium with density Ap(r), where A is the number of
nucleons in the nucleus. This is valid for intermediate
and heavy nuclei when the mean range of a hadron in the
nucleus is A<<R (R is the nucleus radius). Suppose that
the reaction

a4+ N>cd N (A.1)

is characterized by the amplitude f,,(q) (q*=¢') and takes
place on a nucleon inside the nucleus for a certain value
of the impact parameter b at a point with longitudinal
coordinate between 2z and z+dz (Fig. 26). Since, at
high energies, elastic scattering is largly small-angle
scattering, we shall assume that, up to the point where
the reaction (A. 1) takes place, the hadron a moves
along a rectilinear trajectory. Similarly, it is assumed
that the secondary hadron ¢ will also move along a
straight line (Fig. 26). This approach to the interac-
tion with nuclei is commonly called the optical approxi-
mation. Let us consider the coherent production of a
hadron ¢ on the nucleus A, We must sum the ampli-
tudes for the reaction (A. 1) over all the possible impact
parameters and all intervals Az,

We shall have to take into account the fact that the
number of target nucleons lying between z and 2z +dz
and between b and b +db is drn=Ap(b, z)dzdb. The wave-
function amplitude of the incident hadron will be re-
duced as a result of interactions preceding the reaction
(A. 1),

This reduction in the amplitude of the wavefunction
of the primary hadron arriving at the point z and pro-
ducing the reaction (A. 1) is described by??’

z
%q (b, z):exp[—% oan4 \ p b, ) dz’] ) (A. 2)

where ¢,y is the total cross section for the aN interac-
tion,

Similarly, for a secondary hadron ¢ created at the
point z, which subsequently traverses the nucleus, we

“have

% (b, =):GXD[~%0¢_VA fp(h, 2 dz'], (A.3)

2)When the nuclear density is homogeneous for 0< 7 <R, the
formula given by (A.2) leads to the obvious result: «,
=exp(—1/27), where I=vR?— b’ +z is the free path up to the
reaction (A.1) and A=(Apo,)”! is the mean free path of the
hadron 2 in nuclear matter.
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where o,y is the total ¢N interaction cross section.

To calculate the amplitudé for the coherent process

a+A—>ct A (A.4)
on the nucleus, we must multiply the amplitude for the
process (A.1) on a bound nucleon, f,,(q) %" (r is the
coordinate of the nucleon in the nucleus), by factors rep-
resenting the absorption of the incident and departing
waves, #, and »,, and by the number of nucleons in the
element dzdb. Finally, we must integrate over the en-
tire volume of the nucleus. When these operations are
completed, it is found that

Fac @) = 4fuc (@ [ b | ase'™ 0 B, 5) % (b, 5 % b, ). (A.5)
The effective number of nucleons participating in the
coherent process (A. 4) is obviously given by

Neoh= 4 j dbj d2%% p (b, z) %, (b, 3) %, (b, 2). (A.6)
This formula can also be derived within the framework
of the Glauber theory of multiple diffractional scattering
by going to the limit of sufficiently heavy nuclei (A>1,

R>>A)%81 554 by neglecting the real part of the ampli- .

tude for zero-angle elastic scattering of hadrons by
nucleons (i.e., by neglecting the refraction of hadronic
waves in nuclear matter). [611 we emphasize that the
formulas given by (A.2) and (A.3) contain the total cross
sections for aN and cN interactions because even the
elastic scattering process leads to a violation of co-
herence.

We can use the same procedure to consider the non-

coherent production of a hadron ¢ on a nucleus A:
e Ao A, A.7)

where A’ is an excited nucleus or the products of nu-
clear fragmentation in the final state. Since the crea-
tion of a hadron ¢ on nucleons inside the nucleus occurs
in a noncoherent fashion, we must sum not the ampli-
tudes but the cross sections for the creation of the
hadron ¢ between z and 2+ dz and between b and b+ db.
We must then take into account factors representing the
absorption of primary (a) and secondary (¢) hadrons
which are, respectively, x2 and x2. The number of
target nucleons in the elementary intervals dz and db
is, as before, dn=Ap(b, 2)dzdb. When all these factors
are taken into account, it is found that the differential
cross section for the noncoherent process (A.7) is given

61
by ]

Lo 4 %o (oo | amp b, 23 0, 92 0, 9, (A.8)

at ar
where do,./dt’ is the differential cross section for the
process (A.1) on an individual nucleon, It follows from
(A. 8) that the effective number of nucleons inside the
nucleus, which participate in the noncoherent process,
is given by

A?n;nco,',:Aj dbj dzp (b, 2) 3 (b, z) %2 (b, z). (A.9)
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We note, in addition, that the factors », and -, now
contain not the total cross sections but only the inelastic
cross sections for the aN and cN interactions because
elastic scattering does not attenuate the fluxes of inci-
dent and created particles. The formula given by (A.9)
also follows from a more rigorous analysis of the cor-
responding expressions obtained on the basis of the
Glauber method in the approximation of sufficiently
heavy nuclei (A>1, R> ). [0

The effective numbers of nucleons in the nucleus,
Neon and Npgpoon, are thus found to depend on the cross
sections for the interaction between primary and sec-
ondary hadrons, on the one hand, and nucleons in the
nucleus, on the other, and this enables. us to obtain in-
formation about these cross sections from experimental
data on coherent and noncoherent processes. A more
rigorous derivation of the formulas of the optical ap-
proximation, and those of the theory of the Glauber
multiple diffraction scattering with the production of
hadronic resonances or hadronic systems with small
multiplicity, can be found in =541
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