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I. INTRODUCTION

TRONG interaction processes involving high-energy
particles are, at present, a subject of increasing inter-
est to physicists. It might be said that two factors are
responsible for this. One is the rapid progress of ac-
celerator technique, which is extending the range of
energies accessible to accurate measurement. Another
factor is that the development during the past few years
of new methods different from the usual methods of
quantum field theory has given r ise to some hopes for
ending the long-lasting crisis in the theory of strong
interactions. We have in mind the theoretical trend
based on the use of the most general properties of the
fundamental scattering matrix (S matrix). Among
these general properties, we should include, above all,
the local nature of the interaction, analyticity, and uni-
tarity.* The analytic properties of the S matrix lie at
the basis of the dispersion relations for the scattering
amplitudes. It should be stressed that at the present
time the dispersion relations are the most promising
method of the theory of strong interactions.

The complete system of dispersion relations to-
gether with the unitarity condition could, perhaps, form
a new theory. Thus far, however, such a system has
not been found. Even if it were found, there would still
arise the far from simple questions of the existence
and specific form of its solution. At the present time,
there are only the individual dispersion relations. How-
ever, it has already proved possible to draw conclu-
sions from them on the asymptotic behavior of the am-
plitudes for some high-energy processes (see, for ex-
ample, E2'3^). For this, the so-called double dispersion
relations (over two variables: the energy and the mo-
mentum transfer) introduced by Mandelstam '-*-' were
used.

It is important to note that this theory already leads
to a number of conclusions that can be verified experi-
mentally, in particular, for interactions of particles at
high energies. The aim of the present article is to
analyze the experimental data on high-energy interac-
tions and to compare them with the theoretical predic-
tions, t

*These questions have been considered in greater detail in the
review article, i1]

tThis area of interest has been developing with unusual rapid-
ity. The present article reflects the state of the question up to the
time of writing (August, 1962).

II. BASIC R E S U L T S OF THE THEORY

In t h i s s e c t i o n , w e p r e s e n t t h o s e b a s i c c o n c l u s i o n s

of t h e t h e o r y i n t h e h i g h - e n e r g y r e g i o n w h i c h c a n b e

v e r i f i e d e x p e r i m e n t a l l y ( a t l e a s t , i n p r i n c i p l e ) . We

a l s o p r e s e n t h e r e s o m e r e s u l t s o b t a i n e d f r o m t h e a p -

p l i c a t i o n of o r d i n a r y q u a n t u m f ie ld t h e o r y t o s t r o n g

i n t e r a c t i o n s . T h e s e r e s u l t s r e f e r t o c a s e s i n w h i c h

t h e t h e o r y i s a p p l i c a b l e .

1. P o l e a p p r o x i m a t i o n . A l t h o u g h t h e u n s u i t a b i l i t y

of t h e i n i t i a l m e s o n t h e o r i e s i n t h e r e g i o n of s m a l l

d i s t a n c e s w a s o b v i o u s , t h e h o p e h a s p e r s i s t e d t h a t , a t

s u f f i c i e n t l y l a r g e d i s t a n c e s , t h e o r d i n a r y f ie ld m e t h o d s

w e r e i n a s t a t e t o g i v e a c o r r e c t d e s c r i p t i o n of s t r o n g -

i n t e r a c t i o n p r o c e s s e s . T h i s v i e w w a s r e f l e c t e d i n t h e

m e t h o d of C h e w a n d Low ^ f o r c a l c u l a t i n g t h e c r o s s

s e c t i o n s of a s t r o n g - i n t e r a c t i o n p r o c e s s w h e n t h e i n -

t e r a c t i o n p r o c e e d s t h r o u g h t h e e x c h a n g e of o n e v i r t u a l

p a r t i c l e . In t h i s c a s e t h e a m p l i t u d e A ( t ) , a s a f u n c -

t i o n of t h e s q u a r e of t h e 4 - m o m e n t u m t r a n s f e r t

= (Pi ~Рг)2> n a s a pole* at t = m 2 (m is the mass of
the exchanged virtual particle, p t and p 2 are the 4-
momenta of the particle before and after collision):

A(t) = r^-i + Ab{t), (2.1)

where A2 are nonpole terms which are neglected.
Since t < 0 in the physical region, the position of the
pole will always lie in the unphysical region for t and
the further t lies from the pole m2, the greater the
role played by the nonpole terms in expression (2.1).t

Berestetskii and Pomeranchuk considered inelastic
processes for the conversion of two particles into
three particles and two particles into four particles
at high energies in the one-pole approximation. ^
They restricted themselves to small momentum
transfers 111 & m\. It turned out that if the total
cross section is constant at high energies, the inelas-
tic cross section for the conversion of two particles
into four particles increases logarithmically with the
energy and the cross section for the conversion of two
particles into three remains constant. This is not in
agreement with the initial assumption that the total
cross section is constant. However, no contradiction
arises if it is assumed that the total cross section de-
creases like 1/lnE.

If the cross section actually does remain constant,

*We employ the system of units in which H = с ~ 1.
tWith the aid of this method, we can estimate the cross sections

for peripheral processes (see, for example, [ 6 > e > 2 1]).
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then there are apparently some factors which limit the
applicability of the pole method in the given case.

With the aid of the dispersion relations G r i b o v ^
also arrived at the conclusion that the cross section
behaves like 1/lnE. As regards the applicability of
the pole method to processes at very high energies
(E —* «) , it is worthwhile noting that in E21^ this
method was shown to be in contradiction with the uni-
tarity condition at high energies (the partial cross
section diverges like lnE ).

2. Method of complex orbital angular momenta.
Considerable interest has been shown recently in an
approach to strong interactions based on the study of
the properties of the amplitudes as functions of the
orbital angular momentum I in the complex plane I.
The initial work in this direction was done by Regge.'-9-'
Regge studied the analytic properties of the solution
to the nonrelativistic Schrodinger equation in the com-
plex plane I and showed that the behavior of the scat-
tering amplitude at high momentum transfers is deter-
mined by the position of the pole of the partial wave
amplitude in the plane of the angular momentum I. The
amplitude then has the form f(s)r<>, where s = (Pi+qi) 2

and Zo = lQ{t) is the position of the pole.* Further
workt 1 0» 1 1 ! showed that in the relativistic case, the
partial wave amplitudes are also analytic functions of
the angular momentum I and a situation similar to
nonrelativistic theory can arise for the asymptotic
behavior at large s, i.e., it was shown that the asym-
ptotic behavior of the amplitude at high energies is
given by

Im A (2.2)

The obtained asymptotic behavior does not correspond
to the ordinary diffraction picture, t 1 0 . 1 2 ] j n the classi-
cal diffraction picture, the scattering amplitude has the
form

A(S,t) = sf(t). (2.3)

A study of the analytic properties of the amplitude on
the basis of the Mandelstam representation showed
that the asymptotic behavior of the form (2.3) is diffi-
cult to reconcile with the conditions of unitarity and
analyticity ( G r i b o v ^ ) . At the same time, as was
shown by Froissart, ^13^ it follows from the unitarity
condition and the Mandelstam representation that

\A(s, 0)\<Cs\n2s, (2.4)

which, by virtue of the optical theorem bn A(s, 0)
= scr, imposes the following restriction on the asym-
ptotic behavior of the total cross section:

o(s)<C\n2s. (2.5)

By virtue of (2.2), we find that Z0(0) s 1. Setting Z0(0)

*The quantity s is the square of the total energy of the particles
in the center-of-mass system, i.e., s ~ Eo, where Eo is the energy
of the incident particle in the laboratory system.

= 1, which corresponds to the assumption that the total
cross section is constant, we can obtain for small t < 0
an expression for the imaginary A t ( s , t ) and real
D(s, t ) parts of the amplitude (t и - 1 / l n s ) :

Аг (s, t) = Cse* l n 8,

(2.6)

Such an asymptotic behavior of the amplitude leaves
the total cross section for high-energy interactions
constant, since A t (s, 0) = Cs. At the same time, the
diffraction peak shrinks like 111 « 1/lns, and the
elastic scattering cross section tends to zero like
1/lns (see [ 1 2 ^ ) . * The cross section for inelastic
processes then tends to the constant limit

(2.7)

where a is a constant. In this picture, the behavior
of the partial amplitudes aj(s) as functions of the en-
ergy also considerably differs from the diffraction
picture. In ordinary diffraction, we have aj(s) « 1
for sufficiently small I (I < p/m), but for I > p/m,
the amplitudes aj(s) drop rapidly. In the picture
outlined above, the amplitudes decrease like aj(s)
» 1/lns for I & (p/m)(Ins) 1 ' ' 2 and drop rapidly for
I > (p/m )(lns )^ 2 . We obtain a picture in which the
effective radius of the particles increases with the
energy, while the particles become more transparent. '-10-'

3. Relations between the cross sections. Nuclear
cross sections. The unitarity condition obtained by
Gribovdo] for complex I permits us to write certain
relations between the cross sections for various proc-
esses in which strongly interacting particles take part.
Thus, it was shown in ^14^ that for spinless particles
we have the relation

<УлК = ( 2 . 8 )

where cr^, сгкк> and (Т7ГК a r e ^ n e total cross sections
for interactions between pions, between kaons, and be-
tween pions and kaons. Relations of this type can also
occur for particles with spin, for example,

(2.9)

M o r e o v e r , t h e f o l l o w i n g g e n e r a l t h e o r e m i s v a l i d :

(2.10)

These relations have not yet been verified experimen-
tally, since all strongly interacting particles apart from
the nucleon are unstable. However, as was shown in
'-14-', we can obtain in the same way a similar relation
between cross sections for photons and nucleons:

GyN = GyyONN, (2.11)

which can, in principle, be verified experimentally.
The foregoing relations between cross sections of

strong processes were also obtained in ^ 1 5 ] with the

*See a l s o H .
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a i d o f s c a t t e r i n g - m a t r i x t h e o r y . I t w a s s h o w n t h a t

t h e f o l l o w i n g r e l a t i o n h o l d s f o r t h e t o t a l c r o s s s e c -

t i o n s o f n u c l e o n - n u c l e o n s c a t t e r i n g C T N N , n u c l e o n -

n u c l e u s s c a t t e r i n g C T N A . a n d n u c l e u s - n u c l e u s s c a t t e r -

i n g ° A A a t h i g h e n e r g i e s :

ONNGAA = ffjvA- ( 2 . 1 2 )

It i s c l e a r t h a t t h i s r e l a t i o n i s i n c o n t r a d i c t i o n w i t h a

d e p e n d e n c e o f t h e c r o s s s e c t i o n s o n t h e a t o m i c n u m b e r

A o f t h e f o r m

«TiVA = АУз a n d a A A oc A4'.

A s w a s m e n t i o n e d a b o v e , h o w e v e r , i t i s a l s o p o s s i b l e

t o h a v e a p h y s i c a l p i c t u r e w h e r e b y t h e n u c l e o n r a d i u s

a n d t r a n s p a r e n c y b o t h i n c r e a s e w i t h t h e e n e r g y . T h e n

a t v e r y h i g h e n e r g i e s , w e w o u l d e v i d e n t l y h a v e t h e l a w

Table I

aNA <xi and (2.13)

which agrees with (2.12). This asymptotic behavior of

the nuclear cross sections should occur at much higher

energies than in the case of the asymptotic behavior of

the cross sections for "elementary" particles.

The asymptotic behavior of the nuclear cross sec-

tions was also investigated by Gell-Mann and Udgaon-

kar. ^163 They assumed that at sufficiently high ener-

gies ( » 1 GeV), the nucleon-nucleus interaction can

be considered quasi-classically, where the incident

nucleon interacts independently with the individual

nucleons of the nucleus; their motion in the nucleus

is neglected. In the case of a complex nucleus, the

total c r o s s sect ion t u r n s out to be сг^д = ACT^N m i n u s

the so-cal led " s h a d o w " correct ion, which turns out to

be proport ional to 1/lns, i .e., tends to z e r o with i n -

c r e a s i n g energy.

Rough n u m e r i c a l approximations for the asymptot ic

l imit of the inelast ic c r o s s section^ 1 6 ^ yield the values

presented in Table I.

As is seen, even for light nuclei, a very high energy

is requi red before the i n c r e a s e in the ine las t ic c r o s s

section is readi ly observed. However, Gell-Mann and

Udgaonkar ^ believe that for c o s m i c - r a y energ ies the

effect can be considerable and pred ic t that a j ^ for

a i r in the 10 1 5 eV region is 25% higher than at 10 GeV.

However, the assumption concerning the independence

of the individual nueleons in the nucleus is quest ion-

able. Hence, the m e c h a n i s m for the t r a n s i t i o n from

the < T N A oc A2^3 dependence to the a N A oc A dependence

i s not yet fully explained.

4. P o m e r a n c h u k ' s T h e o r e m . One of the important

achievements of the theory of high-energy p r o c e s s e s

proved to be the t h e o r e m formulated by Pomeranchuk

I-17-] concerning the comparat ive behavior of the total

c r o s s sect ions of p a r t i c l e s and ant ipar t ic les at high

e n e r g i e s . It was shown that the total c r o s s sect ions

for p a r t i c l e s and ant ipar t ic les become equal at suffi-

ciently high energ ies . It was as sumed that the total

c r o s s sect ions tend to a constant l imit .

4 = 12

4 = 216

£lab> GeV

„in ,_D2

O N A / Я Д А

10

0,98

1,05

10 s

1,10

1.14

10»

1.22

1,24

10»

1,23

1,32

Asymptotic limit

2,29

6

H o w e v e r , t h e e n e r g y a t w h i c h t h e a s y m p t o t i c r e g i o D

b e g i n s a n d t h e w a y t h e c r o s s s e c t i o n s a p p r o a c h t h e i r

l i m i t r e m a i n u n c l e a r .

R e c e n t l y , i t h a s b e c o m e p o s s i b l e t o s a y s o m e t h i n g

a b o u t w h a t i s c a l l e d t h e " r a t e " a t w h i c h P o m e r a n -

c h u k ' s t h e o r e m i s f u l f i l l e d a s a f u n c t i o n o f t h e e n e r g y .

A s w a s s h o w n a b o v e , t h e a s y m p t o t i c b e h a v i o r o f t h e

c r o s s s e c t i o n s i s d e t e r m i n e d b y t h e R e g g e p o l e Z 0 ( t ) ,

w h i c h h a s t h e g r e a t e s t v a l u e o f R e Zo. C h e w a n d

F r a u t s c h i s h o w e d t-18^ t h a t i n t h e r e l a t i v i s t i c t h e o r y

t h e u n i t a r i t y c o n d i t i o n i m p o s e s a n u p p e r l i m i t o n t h e

v a l u e o f t h i s p o l e , s o t h a t Z o m a x ( ° ) = !• H e n c e , t h i s

p o l e , c a l l e d t h e v a c u u m p o l e b y C h e w a n d F r a u t s c h i

( s i n c e t h e s t a t e i t d e t e r m i n e s c o r r e s p o n d s t o t h e

q u a n t u m n u m b e r s o f t h e v a c u u m ) , s h o u l d , r o u g h l y

s p e a k i n g , d e t e r m i n e t h e a s y m p t o t i c b e h a v i o r . H o w -

e v e r , t h e r e a l s o e x i s t o t h e r p o l e s c o r r e s p o n d i n g t o

d i f f e r e n t p a r t i c l e s a n d r e s o n a n c e s w h i c h h a v e t h e

q u a n t u m n u m b e r s o f t h e r\, p, u>, a n d ir m e s o n s , e t c .

S i n c e t h e v a c u u m p o l e h a s t h e m a x i m u m v a l u e IQ(0),

e n s u r i n g t h e c o n s t a n c y o f t h e t o t a l c r o s s s e c t i o n a s

E —• «о, t h e r e m a i n i n g p o l e s d e t e r m i n e c o r r e c t i o n s

f o r e n e r g i e s E < ° ° . If t h e i n v e s t i g a t e d p r o c e s s w h e n

c o n s i d e r e d i n t h e c r o s s e d ( a n n i h i l a t i o n ) c h a n n e l i s

c h a r a c t e r i z e d b y t h e s a m e q u a n t u m n u m b e r s a s t h e

p o l e s li, t h e n t h e a s y m p t o t i c c r o s s s e c t i o n w i l l h a v e

t h e f o r m

a ~v, const - ( 2 . 1 4 )

w h e r e E i s t h e e n e r g y of t h e p a r t i c l e i n t h e l a b o r a t o r y

s y s t e m a n d i i s a n i n d e x d e n o t i n g p o l e s o t h e r t h a n t h e

v a c u u m p o l e . T h u s , c o n s i d e r i n g i n t e r a c t i o n s b e t w e e n

p i o n s a n d p r o t o n s , w e o b t a i n

" » * P ~ r r i f 5 ! . (2-15)

w h e r e lp i s a p o l e c o r r e s p o n d i n g t o t h e p m e s o n . W e

c a n o b t a i n o t h e r r e l a t i o n s f o r v a r i o u s c r o s s s e c t i o n s

a s w e l l : ™

^£t-iAiJC<0)

( w h e r e ^ABC *S * п е P ° ^ e c o r r e s p o n d i n g t o t h e r e s o -
n a n c e o b s e r v e d b y B o o t h e t a l ^ 2 0 ^ ) ; a n d a l s o

l-'o(O)
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g

where Z ,̂ lu, and Zp are poles corresponding to the
7Г, w, and p mesons; c, d, e, f, g, i, I, and m are
certain constants. In this way, we obtain an interest-
ing relation for the dependence of the cross sections
for interactions of particles and antiparticles with
nucleons as a function of the energy and position of
the poles corresponding to elementary particles
(resonances). The values of these poles can be found
with the aid of the experimental data on the cross sec-
tions.

III. CROSS SECTIONS FOR THE INTERACTION OF
PIONS AND NUCLEONS BETWEEN 2 AND 28 GeV

In this section, we compare the data obtained in ac-
celerator experiments with the theoretical predictions
presented in the preceding section. We shall make use
here of accelerator experiments performed in 1961-
1962. Earlier data are contained in a number of r e -
view articles (see, for example, ^ 2 3 ^).

1. Total cross sections for interactions of particles
and antiparticles with protons. Recent measurements
of the total cross sections for interactions of particles
and antiparticles with protons employed mainly two
techniques: a) counter arrangements, b) bubble cham-
bers. The first method permits the accumulation of
much larger statistics than the second, and we shall
therefore use the data obtained by the first method.

Figure 1 shows a typical arrangement taken from
'-24-' (similar arrangements were used in all the r e -
maining experiments). A beam of secondary particles
produced in an internal target of the accelerator is
momentum-analyzed with the aid of a deflecting mag-
net and is focused by quadrupole lenses (not shown in
the figure) at the center of a Cerenkov counter C. The
Cerenkov counter separates particles of a given mass.
The secondary particles produced in the walls of the
collimator, in air, and in the Cerenkov counter are
cleared from the beam by the bending magnet B2. The

н
1

S6 sb

t 1 1
PIк_

ж.

10 m
. . , , I . , . . I

quadrupole lenses Q3 and Q4 then focus the beam on
counters S4—S6 located behind a liquid-hydrogen tar-
get. The (SjS^CSj) coincidences (where i = 4, 5,
and 6 denote the counters placed after the target) and
(Si^E^C) coincidences are recorded. To take into ac-
count the number of interactions produced in the walls
of the liquid-hydrogen vessel, measurements are also
made of coincidences when the hydrogen target (H2)
is replaced by steel plates simulating the walls of the
vessel ("empty" target). Hence, in such an experi-
mental arrangement, we measure the fraction of par-
ticles traversing the hydrogen target without interac-
tion, except for cases of scattering by small angles.
To introduce a correction for such events, the depend-
ence of the number of coincidences on the solid angle
obtained by means of counters S4, S5, and S6 is ex-
trapolated to zero angle. The angles subtended by the
counters are chosen to be sufficiently small so as to
permit a linear extrapolation of the differential cross
section dcr/dfi to zero solid angle.

To illustrate the mass resolution given by a Ceren-
kov counter, Fig. 2 shows the mass spectrum of nega-
tive particles of momentum* 8 GeV obtained in a simi-
lat arrangement. ^ The fraction of kaons and anti-
protons is between 0.5 and 2% in the 3—10 GeV mo-
mentum interval.

To obtain the absolute values of the total cross
section, it is necessary to introduce several correc-
tions (apart from those mentioned above):

a) Correction for Coulomb scattering of beam par-
ticles in the target; this correction is most important
for the smallest measured momenta (thus, for exam-
ple, at 4 GeV the correction is « 1%).

b) Corrections for the contamination from particles
of another mass [ for example, muons («2—3%) and
electrons (~ 1%) in the pion beam ].

п39г Q994 O.99B U998 WOO V

FIG. 2. Negative particle mass spectrum. The velocity of par-
ticles of 8-GeV momentum is given on the abscissa axis.

FIG. 1. Arrangement for determination of proton total cross
sections. *We recall that c = H = 1.



254 N. G. B I R G E R , e t a l .

c) In the case of the measurement of <rK±, it is nec-
essary to introduce corrections for the change in the
number of decays in flight connected with the ionization
losses in the target.

d) Other possible e r rors in the absolute c ross -
section measurements can be due to the uncertainty
in determining the effective length of the target, cali-
bration of the "empty" target, etc.

It should be mentioned that most of the systematic
er rors enumerated above, except for (b), do not affect
the difference between the particle and antiparticle
cross sections.

A. (jpp and (Tpp. The principal results were ob-

tained in £24,26] _ xhe 7r"-meson contamination in the

antiproton beam was « 1% at small momenta and

» 0.2% at a momentum of 20 GeV.
Figure 3 shows data for Opp and Upp in the 2—24

GeV momentum interval. For app, we have data up to
28 GeV.[27^ The er rors shown in the figure include
both the statistical and systematic e r rors enumerated
above.

Table II

w
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30

Л
л
iki

\\M{*

-
-

\ •

1 1 1

г 4 в в ю гг 14 № w го гг <?•*
Р, GeV

interactions. <rpp

CTpp: p-dataof
1

FIG. 3. Total cross section for p-p and p-p
V-data of [M], *-data of M , Д -data of M ; p p

M, «-data of M , о - data of t " ] , •_dataof["1 .

The values of the total cross sections and the dif-
ference Д = Opp — сгрр for various momenta are shown
in Table II. In the 10—20 GeV momentum interval, the
value of (Tpp has been measured in intervals of 1 GeV.
The cross section remained constant within the limits
of e r ror («2.5%) and proved to be

20 GeV
10 GeV

= (39,5 ±0,3) mb.

This also holds up to 28 GeV with somewhat poorer
accuracy («4%). At the same time, in the 6—20 GeV

<J. mb

CTpp
Д

P, G e V

6

6 5 ± 4

4 1 ± 1 . 5

2 4 ± 4 . 2

10

5 8 ± 4

3 9 . 5 ± l , 0

1 8 . 5 ± 4 , 1

2 0 , 3

4 8 ± 4

3 9 , 5 ± 1 . 0

8 . 5 ± 4 , 1

momentum interval, the difference in the cross sec-
tions for protons and antiprotons decreases with in-
creasing momentum like A/p, where А и 170 mb-GeV.
If such behavior with the energy is also maintained at
larger values of E, then Pomeranchuk's theorem for
protons and antiprotons should be fulfilled to an accu-
racy of s» 1% at energies of RJ 1000 GeV.

В. сгтг-р and (Ттг+р. The principal results belong to

two groups as in the case of the proton and antiproton
cross-section data. The full interval of measured mo-
menta is 4.5—20 GeV. С25,28,2Э] T h e d a t a f o r b o t h

groups, including data at smaller momenta, are shown
in Fig. 4.

Table III lists the values of Сттг±р and the difference
Д for various momenta averaged over the data of
[25,28,29]

It is seen from Table III and Fig. 4 that in the mo-
mentum interval under consideration, a dependence on
the momentum is observed both for tr^ip and Д.

If the experimental data on the total cross sections
in the 4—20 GeV momentum interval are analyzed by
the x2 method, a best fit to the function of the form [ 2 9 : 1

ffjrip = ах + Ъ^р'Р is obtained with the values /3 = 0.7,
(Too = 22.48 mb, b" = 22.10 mb- (GeV)0-7, b + = 14.37
mb-(GeV)0-7.

For such a momentum dependence of oytp, the dif-
ference in cross sections will tend to zero in accord-
ance with the law

where

A = Cji-p — <т я*р =

a=8 m b - ( G e V ) 0 - 7 .

If in the case of тг* mesons at higher energies the
same energy dependence is preserved for Д, then
Pomeranchuk's theorem will be fulfilled to an accu-
racy of the order of 1% at an energy of ~ 100 GeV.

As was shown above (Sec. II.4), the way in which
the antiparticle and particle cross sections for inter-
actions with nucleons tend to zero is determined by
the values of the Regge poles at the point t = 0 corre-
sponding to the quantum numbers of the known par-
ticles or resonances:

w h e r e E i s t h e e n e r g y i n t h e l a b o r a t o r y s y s t e m a n d

l p i s t h e R e g g e p o l e w i t h q u a n t u m n u m b e r s o f t h e p

m e s o n ( T = 1 , G = 1 + ) . F r o m c o m p a r i s o n w i t h e x -

p e r i m e n t a l d a t a , w e o b t a i n l p ( 0 ) ~ 0 . 3 .
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30

3 p, GeV

FIG. 4. Total cross section for rr~-p and 77+-P inter-
actions. o-*-v: I - d a t a o f t 2 5 ' 2 9 ] , o - d a t a o f M , Д -
d a t a o f t 4 ' ] ; CT7T + p : + - d a t a of t 2 5 ' " ! , « - d a t a of 0 8 ] ,
л - d a t a of M .
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T a b l e III

an-p

Д

30

27

2

4 , 5

• 2±0
.6±0
.6±0

.4

.3

.5

7

28,4±0
26, l±0

2,3±0

.4

.3

.5

10

26.7±0
25.1±0

1.6±0

P, GeV

.35

.4

.55

26
24

1

14

.0±0

.7±0

.3±0

.2

.3

.35

25
24

1

17

.8±0.3

.3±0.3

.5±0.4

20

25.5±0
23.8±0

1.7±0

.4

.4

.6

C. crjj-p a n d c r ^ + p . F i g u r e 5 s h o w s t h e d a t a f o r t h e

K " - p a n d K + - p t o t a l c r o s s s e c t i o n s . ' - 2 5 ' 3 0 ' 3 1 - ' T h e r e

i s n o i n f o r m a t i o n o n t h e v a l u e s of t h e s e c r o s s s e c t i o n s

a t t h e p r e s e n t t i m e .

F o r m o m e n t a > 5 G e V , a s l o w d e c r e a s e i n (Tjffcp i s

o b s e r v e d w i t h i n c r e a s i n g e n e r g y . T h e d i f f e r e n c e i n t h e

cross sections Д does not change, within the limits of
experimental error, in the 8—13 GeV momentum in-
terval and is equal to 5 ± 2 mb, which is ^25% of
a K - p at 13 GeV.

Hence, for all strongly interacting particles whose
total cross sections for interactions with protons have
been measured up to momenta of 20—30 GeV, Pomer-
anchuk's theorem is not strictly fulfilled. However,
both the dependence of the total cross sections on the
energy and the change in the difference of the cross

sections for antiparticles and particles display a ten-
dency to fulfill this theorem at high energies ( £ 100 GeV).

2. Elastic scattering of protons and pions. Elastic
scattering of protons and pions on nucleons is investi-
gated mainly by three techniques: 1) counter measure-
ments, 2) bubble chambers, 3) nuclear emulsions.

The greatest statistics can be obtained by the first
method, but until now this method has been used to ob-
tain data only on p-p scattering, owing to the necessity
of identifying the nature of the particles when тг-N
scattering is studied. All techniques make use of the
kinematic relations between the momenta and angles
of the scattered particles to distinguish elastic scat-
tering from inelastic processes.

A. p-p scattering. Analyses of the data on p-p
elastic scattering have been made by several authors,
for example, ^ 3 2 3. We consider only the experimental

FIG. 5. Total cross section for K~-p and K+-p in-

teractions. <тк-р: Л - data of M , о - data of ["];

<*KV « - d a t a o f ["I, A - d a t a of M
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data that can be analyzed from the viewpoint of the
theory discussed in Sec. II.2.

Using formula (2.2), we write the dependence of the
angular distribution for elastic scattering in the for-
ward direction on the energy s and the square of the
momentum transfer t; for s —• °° and t « s, we have

1- ( з л )

Here, t = - 2 k 2 ( l - c o s в), к is the wave number, and
в is the scattering angle, do^ydfi is the differential
cross section for scattering into an element of solid
angle (dfi = 2тг sin0d0) in the center-of-mass system.

It follows from formula (3.1) that the diffraction
peak shrinks with increasing energy of the scattered
particles. With an increase in t, the difference in the
cross sections dcre*/dt at different energies increases,
so that l(t) should, according to the theoretical pre-
dictions, decrease with increasing t U 0 (0) = 'omax
= 1 ]; at small t the quantity d(xevdt weakly depends
on t. Since the experimental data agree qualitatively
with the dependence of do^'/dt on s predicted by the
theory, the authors of ^33^ determined the values of
the function l(t). For this, they used data yielding
the best statistical accuracy for the angular distribu-
tion and the broadest interval of measured values of t
(0.2-2.5 GeV2) and s (7.7-5.4 GeV 2). [ 3 4> 3 5 ] In C 3 4 ] ,
both scattered protons were recorded; in '-35^, the mo-
menta of the fast protons scattered at a fixed angle
were measured. Figure 6 shows the obtained angular
distribution. The value of d a e v d t at t = 0 was deter-
mined from the optical theorem under the assumption
that the real part of the scattering amplitude at these
energies is zero; a was taken equal to 40 mb for all
energies. Using the data of Fig. 6, we can determine
the numerical values of the function Z0(t). From for-
mula (3.1), we obtain

(3.2)
—log «a)

70'
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FIG. 6. Differential cross section for p-p elastic scattering as
function of the square of the momentum transfer t. • — 3.04 GeV,

from ["]; +-5.25 GeV, from M ; x - 7 . 0 2 GeV, from ["]; •-from

T h e f u n c t i o n Z 0 ( t ) i s s h o w n i n F i g . 7 .

F i g u r e 8 p r e s e n t s t h e d a t a o n t h e t o t a l c r o s s s e c t i o n

f o r e l a s t i c s c a t t e r i n g c r e ' a s a f u n c t i o n o f t h e e n e r g y .

[34,36,40] I t i s s e e n f r o m t h e f i g u r e t h a t , w i t h i n t h e l i m -

i t s o f e x p e r i m e n t a l e r r o r , 0 е * d o e s n o t c h a n g e i n t h e

e n e r g y i n t e r v a l b e t w e e n 4 a n d 2 4 G e V . T h e s t a t i s t i c a l

a c c u r a c y o f t h e r e s u l t s d o e s n o t m a k e it p o s s i b l e t o e x -

c l u d e t h e l o g a r i t h m i c d e p e n d e n c e o f <r e ' o n E i n t h i s

i n t e r v a l , w h i c h i s p r e d i c t e d b y t h e t h e o r y ( S e c . I I ) .

B . 7T-N s c a t t e r i n g . T o v e r i f y t h e c o r r e c t n e s s o f t h e

t h e o r e t i c a l p r e d i c t i o n s , i t w o u l d b e v e r y i m p o r t a n t t o

f i n d i n d e p e n d e n t l y t h e f u n c t i o n Z 0 ( t ) f o r t h e c a s e o f

7T-N s c a t t e r i n g , s i n c e Z 0 ( t ) i s a u n i v e r s a l f u n c t i o n d e -

s c r i b i n g t h e f o r w a r d s c a t t e r i n g o f a l l s t r o n g l y i n t e r -

a c t i n g p a r t i c l e s .

О Q5 I 15

FIG. 7. The function /0(t). о - p - p scattering; »_j7-N scatter-
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FIG. 9. Differential cross section for п-N elastic scattering as
function of the square of the momentum transfer t. и - 2 . 8 GeV,
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F i g u r e 9 s h o w s t h e r e s u l t s of t h e d e t e r m i n a t i o n of

d c r ^ / d t a t d i f f e r e n t p r i m a r y e n e r g i e s t 4 1 " 4 5 ! [ 6 < s

< 28 ( G e V ) 2 ] . A s i s s e e n f r o m t h e f i g u r e , t h e i n t e r v a l

of i n v e s t i g a t e d m o m e n t a t i s m u c h n a r r o w e r t h a n f o r

p - p s c a t t e r i n g [ m o s t of t h e d a t a w e r e o b t a i n e d f o r

t < 0.5 ( G e V ) 2 ] , w h i l e t h e e r r o r s i n t h e m e a s u r e d dif-

f e r e n t i a l c r o s s s e c t i o n a r e m u c h l a r g e r t h a n f o r p - p

s c a t t e r i n g . T h i s d o e s n o t p e r m i t u s t o o b t a i n lo(t)

from ir-N scattering at the present time, but the nu-
merical values of Z0(t) determined from тг-N scatter-
ing for two values of t do not appear to be inconsistent
with the data for p-p scattering, within the limits of
very large errors (see Fig. 7 ).

IV. PION-NUCLEUS AND NUCLEON-NUCLEUS CROSS
SECTIONS AT VERY HIGH ENERGIES

1. Special features of cross-section measurements
in cosmic-ray interactions. In this section, we present
data on the cross sections obtained in the study of cos-
mic rays. The cross-section measurements for cos-
mic-ray particles have the following characteristics:

a) The charge of the target nucleus is always greater
than unity, and in some cases as, for example, in nu-
clear emulsions, which are of very complex composition,
it cannot be determined.

b) The energy of the incident particles is estimated
only approximately, while the degree of approximation
depends on the method of registration. Usually, the en-
ergy of the cosmic-ray particles is determined to an
accuracy of a factor of и 2. The most accurate method
of determining the energy with the aid of an ionization
calorimeter t5 4^ appears to give an error of as 30—50%

c) It is always the inelastic cross sections that are
measured in cosmic-ray experiments. Moreover, none
of the existing techniques permit the recording of events
with small inelasticity coefficients. Hence, these data
give a lower limit of the cross section.

Although the foregoing features make difficult an
unambiguous interpretation of the events, it should be
stressed that they cannot have an important effect on
the final conclusions. For example, the uncertainty
in the measurement of the energy is not important
(since very large energy intervals are usually con-
sidered).

2. Determination of the cross sections in air based
on measurement of the absorption of the nucleon com-
ponent. We consider the experimental data on interac-
tions of nucleons and pions in the energy interval from
« 10 to 104 GeV with nuclei of air. In Table IV, we list
the data on the attenuation length for the nuclear-active
particles. A considerable fraction of these particles
are apparently nucleons. In fact, from the available
data on the multiplicity and distribution of energy be-
tween nucleons and pions in an elementary collision,
it follows that in the energy interval of interest to us,
less pions should be present than nucleons.

Table IV, Attenuation length of high-energy
nuclear-active particles in air

Energy, GeV

>470

360—5000
= 30
to 1000
= 1000
= 100
= 3000

1000 — 3000

Ln, g/cm2

125

119±1
115

116+.9
131±3
105±16
115±iO

Method of recording
nuclear interactions

Emulsion at different
heights

Counters
Emulsion
Counters

Emulsion

Refer-
ences

52

51
49
50

63

Moreover, the experimental data indicate Св2,7бЦ
low in the atmosphere, half of the cosmic-ray nuclear-
active particles have no charge. This is also evidence
against the suggestion that the nuclear-active compo-
nent contains a large number of pions. From the size
of the attenuation length Ln, we can readily estimate
the cross section for the interaction of nucleons with
nuclei of air. The interaction length Lint is connected
with the quantity L n by the following simple rela-

^ 5 "

(4.1)

where <p(x) is a function of the distribution of the
fraction of energy carried away by the nucleon after
the collision and у is the exponent for the energy spec-
trum, which is well approximated by an exponential
function. The integral in (4.1) depends weakly on the
form of the function <p and is quite well determined by
a mean inelasticity coefficient equal to 0.3—0.5 on the
basis of numerous experimental data.

Assuming that L n = 120 g/cm2 (see Table IV), we
find that L i n t ss 70—80 g/cm2 (330—290 mb).
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Another way of determining the cross sections is
connected with the recording of the high-energy nu-
clear-active shower particles (Grigorov et al. t-67^ and
Zatsepin et al. '-58-'). This method involves the meas-
urement of the nudear-active particle flux without
and with (N 2) an accompanying shower. Assuming
that a particle without an accompanying shower t ra-
verses a path I without interaction, we obtain

where No is the particle flux at the boundary of the
atmosphere. The total number of particles is Ni+N 2

= No exp ( - 1 / L J J ) . Measuring N t and N2 and choos-
ing some definite value of L n (see Table IV), we can
readily calculate No and Li nt; Ljnt turns out to be
и 80 g/cm2.

The cross section for the interaction of fast pions
with air nuclei can be estimated on the basis of data
on the energy spectrum of high-energy photons. If the
depth at which the photons are produced is sufficiently
small, then the recordable у quanta are largely pro-
duced directly from тг° decay. By measuring the en-
ergy spectrum of such photons, we can readily estab-
lish the spectrum of the neutral pions producing them,
and consequently, also the charged-pion spectrum.
Then, by simple calculations, we can obtain the num-
ber of muons at sea level as a function of Lint and
L n . For sufficiently high energies, E > 102 GeV, the
number turns out to be L59-'

N
(4.2)

The results of estimates'-59-' of the muon intensity in
the 100—5000 GeV energy interval at sea level for
values of L n » 125 g/cm2 and L m t = 80 g/cm2 are
shown in Fig. 10, from which it is seen that the calcu-
lated intensity is in good agreement with the value ob-
tained by direct measurements. It should be noted that
the value of Lint determined in this way is essentially
an upper limit of this value, since in our derivation,
we assumed that the pions are the only source of
muons.

3. Determination of the cross sections for interac-
tions of particles at superhigh energies (> 104 GeV).
In this case, the main source of our knowledge is data
on extensive air showers. Estimates of the interaction
cross sections based on analysis of the extensive-air-
shower characteristics have been made by many au-
thors. As a rule, some specific model for shower de-
velopment lies at the basis of the calculation. In C60>61^,
the length L m ^ was determined on the basis of the fol-
lowing model. It was assumed that a) after reaching a
maximum, the shower is absorbed exponentially like
exp (— 1/L) (L is the mean attenuation length range
for an extensive air shower of a given size); b) the
height of the maximum is determined by the expres-
sion D ln(E 0 C) (D and С are constants); c) the num-

5 7 woo г з
S.GeV

5 7ЖЮг 3

FIG. 10. Experimental data on cosmic-ray muon spectrum. • —
Values calculated from data on the photon spectrum at great heights
under the assumption that Lin t = 80 g/cm2. The remaining points
are determined by other methods.

ber of muons in the shower is proportional to the pr i-
mary energy and their spatial distribution is standard
and independent of the energy. * The characteristics
of showers calculated from this model depend on three
parameters (D, Lint, and L). These three quantities
are determined by comparison of the results of the
calculations with three groups of experimental data:
the angular distribution of the showers, their behavior
as a function of the height, and the fraction of muons
relative to the number of electrons in the showers.
The value of Lint determined this way is 70—100
g/cm2 in [ 6 0 ] and 85 ± 5 g/cm2 in [ 6 1 ] . It should be
mentioned, however, that although the assumptions
lying at the basis of the conclusion are natural from
the qualitative viewpoint, their accuracy is difficult to
estimate. The unrestricted approximation of the shower
depth variation by an experiment is doubtful. In fact,
it is clear, for example, that close to the maximum, the
exponential approximation is incorrect. In this connec-
tion, estimates made for extensive air showers with
105—106 particles are correct, i.e., for primary par-
ticles of energy E o s=s 105—106 GeV, since these show-
ers are far past the maximum of their development.
The depth variation of the showers at higher energies
(«107—108 GeV) is better described by a Gaussian
function close to their maximum than by exponential J 6 ^
Therefore, for such energies, it is worthwhile having a
different approach to the estimate of the upper limit of
the Lint- Hence we separate the development of the
shower into two stages: the first is the interaction of
the primary particle with a length L{nt and the second

*Neglect of fluctuations in the muon spatial distribution can
have a significant effect on the estimates of Lint determined by
this method.
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Table V. Attenuation length of extensive a i r showers

a s a function of E o

Method of determination

From barometric effect[64]

From barometric effect ["]

From barometric effect [66]

From angular distribution measured by scintillation
counters [67]

From angular distribution measured by scintillation
counters ["]

Averaged results from barometric effect and angular •
distribution [да]

Comparison of number of shower particles at
sea level and at 3860 m (data from [ w ] )

From angular distribution measured by scintillation
counters [71]

Number of
particles
in EAS^

2-10»
8-103

101

2-10*
104

3-10*
9-10*
3-105
3-105
8-10»
2-10»
5-10»

10'
2-10'

106

10е

10'
1,2-10»

8-10»
1.8-10'
2.7-10'

10'
3-105

8,5-105

•The energy of the primary particle producing the shower was determined

L, g/cm J

138
123
121
114
114
122
94

100
114
110
111
110
106
106
107

98
90

121
111
109

1 4 l ± 1 2

156±22
125+jl
1O7+J5

rom
the relation Eo = kN. The measurements were carried out at sea level, for which
к = 14 GeV.

i s t h e d e v e l o p m e n t o f t h e c a s c a d e s h o w e r t h a t r e s u l t s

f r o m t h i s i n t e r a c t i o n . I n t h e m o s t g e n e r a l c a s e , t h e

c a s c a d e c u r v e c a n b e r e p r e s e n t e d i n t h e f o r m

where | = l-lmax'< n e r e *max i s the depth c o r r e -
sponding to the maximum and A is a constant. The
function { - a £ 2 + /3£3 + . . . } for | = 0 has a single
maximum.

In the general case , it can be shown that

1

Lint dl
(4.3)

where ф i s an essential ly posit ive quantity and E o m j n

is the minimum energy of the p r i m a r y par t ic le p r o d u c -
ing N secondary p a r t i c l e s a t the depth of observation.
If this depth is sufficiently large so that the shower
produced by a par t ic le of energy E o m j n i s pas t the
maximum, then d E o m i n / d Z > 0. In this c a s e , which
pract ica l ly always o c c u r s , we have Lj n t > L. F o r m u l a
(4.3), re la t ing the quantit ies L and L m t , re f lects the
s imple fact that the absorption length for shower p a r -
t ic les is the upper l imit for the interact ion range of
p r i m a r y p a r t i c l e s . Table V l i s t s d a t a on the a t tenua-
tion lengths in a i r for extensive a i r showers obtained
over a very la rge energy interval . F r o m these data,
we note a very dist inct tendency for the value of L to
d e c r e a s e with increas ing s ize of the shower. Thus,
for an energy s 10 8 GeV, the length becomes и 100
g/cm 2 . F r o m formula (4.3), it follows that the d e c r e a s e

in the value of L with increas ing energy i s , perhaps ,
connected with the d e c r e a s e in the second t e r m , which
ref lects the approximation that was m a d e : that at the
given height, the high-energy shower was considered
to be at the maximum of i ts development. There is
a l so another possibil i ty, namely, that the d e c r e a s e in
L by 20% c o r r e s p o n d s approximately to the s a m e in-
c r e a s e in the ine las t ic c r o s s section. Unfortunately,
however, this conclusion is not unambiguous.

In this way, c r o s s - s e c t i o n data for the interact ion
of nuclear-act ive p a r t i c l e s with nuclei of a i r obtained
by var ious methods over a very broad energy interval
(10—10 8 GeV) provide evidence of the approximate
(and, perhaps , s t r i c t ) constancy of this quantity.*

Figure 11 p r e s e n t s the r e s u l t s of the c r o s s sect ion
m e a s u r e m e n t s for interact ions of nuc lear-act ive p a r -
t ic les with var ious nuclei over a very broad energy
range. We consider it m o r e useful to p r e s e n t data on
the c r o s s sect ions for var ious nuclei and not to r e c a l -
culate the data in t e r m s of a nucleon-nucleon c r o s s

*It should be mentioned that the cross section determined from
the analysis of data on extensive showers refers, strictly speaking,
to the primary particles of cosmic rays. In principle, it is possible,
in our view, to put forward the little likely hypothesis that the ap-
proximate constancy of the cross section found by the method de-
scribed above, up to very high energies, reflects a situation in
which the effect of the change in the composition of the primary
component (increase in the fraction of heavy nuclei with increas-
ing energy Eo) is offset by the decrease in their interaction cross
section.
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section, which is inevitably based on some not v e r y
justified assumption concerning the mechanism for
interact ions between nucleons and nuclei. E72>73>23H

It i s seen from the figure that, to an accuracy of
about 20%, the c r o s s sect ion for inelast ic p r o c e s s e s
a N A d o e s n o t с п а п 8 е < * T h e r e exis t two poss ib i l i t ies
for the change in a j ^ with the energy predicted by the
theory: 1) an asymptotic i n c r e a s e in a j ^ s i m i l a r to
that which occurs for nucleon-nucleon interact ions in
accordance with formula (2.7); 2) an increase in с й д
with increasing energy of the type indicated in Sec. 2.3,
which is due to the specific nature of the interaction
with nuclei and the transition with increasing energy
from the dependence <т^А ос A2/3 to the asymptotic de-
pendence o^A cc A as the energy increases. Each of
these possibilities leads to a change of « 20—25% in
the cross section in the 10—107 GeV energy interval.
The available experimental data do not contradict such
a weak increase, however, their accuracy is not suffi-
cient to enable one to state that the increase is experi-
mentally established.

*The most extreme estimate of the lower limit for the quantity
leads to the conclusion that it does not decrease by more than

a third.

1000

FIG. 12. Variation of inelastic cross section with atomic num-
ber. Use was made of results of ["] for Be, C, Al, Cu, Cd, and Pb
at 25 GeV and data from M for Pb,[7S], for Fe,["], for air at pri-
mary particle energies of =(102-104) GeV.

Г^АA s r e g a r d s t h e d e p e n d e n c e o f С Г ^ А
 o n A a t t n e

v a r i o u s e n e r g y i n t e r v a l s , t h e e x p e r i m e n t a l r e s u l t s

( F i g . 1 2 ) s h o w t h a t u p t o a n e n e r g y o f s » 1 0 4 G e V , t h e

c r o s s s e c t i o n i s w e l l d e s c r i b e d b y t h e A 2 ^ 3 l a w a n d

i n d i c a t e t h a t t h e a s y m p t o t i c b e h a v i o r d o e s n o t y e t

a p p e a r a t t h e s e e n e r g i e s .
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