SOVIET PHYSICS USPEKHI

VOLUME 3, NUMBER 5

MARCH-APRIL 1961

INTERACTION CROSS SECTIONS OF HIGH-ENERGY PARTICLES

V. 8. BARASHENKOV

Usp. Fiz. Nauk 72, 53-74 (September, 1960)

1. INTRODUCTION

A considerable amount of new data on the interaction
cross sections of high-energy particles have recently
been obtained, mainly by means of three great acceler-
ators: the Brookhaven cosmotron, the Berkeley beva-
tron, and the proton synchrotron in Dubna. The maxi-
mum energy Emax of the protons accelerated by these
machines is 3, 6.2, and 10 Bev respectively, and the
maximum energy of m mesons produced in the colli-
sions of these protons with target nuclei is approxi-
mately 2.5, 5.5, and 9 Bev respectively. The high den-
sities of the accelerated particle beams make precise
measurements possible.

Only a negligible part of the data have been obtained
in cosmic-ray experiments. The difficulties of such
measurements lead to a relatively low accuracy of the
results obtained. The measured values are, as a rule,
averaged over large energy intervals. However, this
small amount of data is extremely important, since it
provides information on the interaction of particles at
the enormous energies of hundreds and thousands of
Bev. While the proton synchrotron in Dubna enables
us to penetrate into matter down to a distance A
~ 1/E¥? ~ 107! cm, the cosmic-ray experiments
will evidently, for a long time to come, provide the
only means for studying objects with dimensions on
the order of A ~ 1071 to0 10718 cm.

Experimental data on the interaction cross sections
of protons and neutrons with protons at energies E
=(0.01—6.2) Bev were reviewed by Hess.! However,
many new data are now available, especially in the
high-energy range E 2 1 Bev, which permit us to draw
certain important theoretical conclusions. Experimen-
tal results on the interaction cross sections of other
particles are dispersed among many original papers
and are therefore difficult to use.

In the present paper, experimental data on the in-
teraction cross sections of different particles at ener-
gies E = 0.8 Bev, as well as their theoretical interpre-
tation, will be discussed in detail. We shall limit our-
selves to the discussion of the high-energy region; the
phenomena in that region exhibit a number of charac-
teristic features which are common to the interactions
of various particles.

2. EXPERIMENTAL DATA

Various definitions of the interaction cross sections
are being used in the different original papers. Before
discussing the experimental data, we therefore have to

decide how to define the different interaction cross
sections, and introduce the necessary notation.

The total interaction cross section ooy consists of
the cross section for the elastic scattering o plus the
cross section for the inelastic scattering oj:

Oyt =0et+0; .
In turn,
Ge=04+ Opt0e i T Op

where og is the cross section for the diffraction scat-
tering. This component of the elastic scattering is
fully determined by inelastic reactions, and vanishes
for o; — 0.

op is the cross section for the elastic ““potential
scattering.’”” An example of such scattering is the Cou-
lomb scattering of two charged particles, or the scat-
tering of nucleons with a meson exchange. It is essen-
tial that the interacting particles preserve their indi-
viduality, at any moment of time.

Primary particles may also lose their individuality
during the interaction at a certain moment of time,
producing a single compound particle which, in a par-
ticular case, may again decay into the same two par-
ticles. We shall characterize such an elastic scatter-
ing by the cross section og j where the subscript i
denotes its inelastic origin. In certain cases (e.g., in
calculating the decay probabilities of compound par-
ticles), it is necessary to include Og,i In the cross
section for inelastic processes ¢j. In the discussion
to follow, however, it will always be understood what
is meant by the cross sections oo and oj.

0dp is the cross section for the scattering due to
the interference between the diffraction scattering and
that part of the potential scattering coherent with it.

It is clear that elastic scattering with a compound-
particle state is incoherent with diffraction scattering.
The cross section for an inelastic interaction oy
is the sum of the cross sections for all possible in-

elastic reaction channels:

N LD
O’i->j_,0'i.

Special cases of inelastic scattering are the ‘‘charge-
exchange’’ elastic scattering characterized by the

cross section oq, and the spin-flip elastic scatter-
ing with cross section gg. However, in the high-
energy region, all cross sections measured so far

are averaged over the spins of the interacting par-
ticles; in such a case, og is included in the experi-
mental values of the elastic scattering cross section og.
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TABLE 1. pp-interaction

Kinetic energy
: Method of measure-
in th:;::’:;atory ment of ttl;e cross T mb o, mb %ot b
E, Bev section
0.8 Counters!? 21.54-2.0 25.5-4-2.8 4742
0.8 Counters® — — 47.542.2
—1.1
0.81 Diffusion’ chamber* 2442 2442 484-2
0.83 Counters' — — 47 .841.6
—1.2
0.85 ” — — 47.6-+1.7
—1.2
0.91 Counters® — — 46.14-0.5
0.92 Counters® — — 47.743.0
—11
0.925 Emulsion’ 17 43 3343 5046 *)
882 Bubble chamber?® 2522_):{::1)’.9 2Oé8i§'5 47,743 .4%)
. Counters® 261 3+ 494-5
0.97 Diffusion chamber® 25.840.9 20.941.3 46.74-0,5%)
1.0 Countersi? 19.23:3 28.843.2 48,0935
1.03 Counters® — —_ 46.542.0
—0.6
1.075 Counters® — — 48.3+41.6
Counters® —1.1
1.17 — — 46.34+3,2
Counters?® —0.8
1,275 — — 47,541.6
) —1.2
1.295 —_ - 49.4+1.6
Counters® —1.1
1.3 —_ — 45,0+3.0
1.490 Counters® 7,278
. — - 7.24+2.6
Diffusion chamber!! . —1.2
1.5 Counters® 2042 2743 47 45%)
1.7 — — 45.64+1.9
Counters® —0.7
2.0 ounters - - 41.443.2
2.7 Counters® - - 45 11(1)'3
1 005
2.2 Counters ™ 16.94+2.5 - o
; — — 644
. . —1.6
2.75 Diffusion chamber” 15i2 26:t3 41:t5*
2.75 Counters? = = 43.370.6
. —0.5
3,0 Emulsion?* 8.941.0 35.6 44.5
3.47 Comters® = - 42.440.6
44 ountersh 9.04-1.4 — =
gg g{,fﬁ‘;;{g:,f‘“‘““’“"“ 5 1%% 3 26.8-55.5 32.446
6.15 CounterstA? 6.991.0 — —
.2 E 3 17 <
2,2 E::}:;xu 8.8%2 22.6:;%5,3 31.4%5.1
6.2 Not given® 8 — .
8.5 Emulsion?® 8.640.8 — —
9 Emulsion?! 10 £3 21 3143
*See footnote on this page.

We shall now survey the existing experimental data.

2.1. Interactions of Nucleons

Experimental data on the interaction cross sections
of nucleons, taken from references 1 to 30, are shown
in Tables I to IIL*

The cross sections for pn interactions found from
direct measurements of the interaction of neutrons

*The errors in the total cross section, 8oy, if not otherwise
specified by the author, were assumed to equal the sum of the abso-
lute errors of the cross sections o; and ge. The errors So; and Soe
were calculated in an analogous way (provided the experimental
etrors of two other cross sections were known). The errors calcu--
lated in this manner are denoted in the tables by an asterisk.

with protons were obtained only at 1.4 and 4.5 Bev.

All other cross sections were obtained by the differ-
ence method from experiments with deuterium and
hydrogen. It was assumed that the absorption or scat-
tering of the incident proton by a nucleon of the deu-
teron decreases if this nucleon falls within the shadow
region of the other nucleon (screening effect).’* In
the energy range E ~ 1—3 Bev, the corresponding
corrections increase the total cross section for the pn
interaction otoi(pn) = Oior(pd) — oiot(pp) by approxi-
mately 20%, varying somewhat with the choice of the
deuteron wave function. The values of o(pn) are
shown in Table II with the screening correction already
applied.
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TABLE II. pn-interaction*

Kinetic ener-
gy in the lab-| Method of measure- o, ., mb
oratory sys- ment of the tot
tem E, Bev cross section
0.8 Counters® 32.5
0,9 Counters® 39.243.1
0.97 Diffusion chamber® | 37.643.9
1.1 ” 34.4
1.3 " 38.8
1.4 Counters?? 42.4+4+1.8
1.5 Counters® 408
2.0 ” 40.9
2.6 ” 37.4
45 Counters® 33.641.6
*For energies E > 0.8 Bev, the only
known values of o, and o; are ¢, = 15.5
+ 3 and o; = 22 £ 3 mb, measured by means
of a diffusion chamber at E = 0.97 Bev.'°

TABLE III. pN-interaction

Kinetic energy in the
aboratory system Range in
E emulsion L, % mb %ot mb
m:gee'gé Mean ener- cm*
Bev ’ gy E, Bev
— 45 = — — 3543
— 5.7 1 | 37.645.3 — 29116
—17
— 6.2 34.743.4 35-+13.5
— 6.5
— 6.2 17.28 >36.4 — >3
— g .22 | 37.3+4+0.3 — 30+ 0.5
>9 ~20 2 — — 32410
0.92-34 20 — - 3233
9858 37 9 — 2814 =
55—121 77 — 21+-4 —
124—387 178 3o — 25-4-18
—7 _
— 200 73 42410 — 22424
13
*As was shown by comparative calculations, the
mean free paths in the emulsions NIKFI-R and Ilford
G-5 are practically identical (see Appendix).

The values of oot and oj, averaged over pp- and
pn interactions and obtained by the reduction (using
the optical model) of the experimental values for the
mean free path of protons in photographic emulsions
and the experimental values of the cross section for
the interaction of protons with nuclei, 22830 ape shown
in Table III (see Appendix).* The mean energy for
each of the three intervals listed last in the table is
calculated taking the energy spectrum of protons in the
atmosphere into account. It can be seen that the result-
ing cross sections are in good agreement with the val-
ues of oyt and oj in Tables I and II.

For better visualization, the basic experimental
data are summarized in Fig. 1. The curves shown in
this figure can be used for interpolation of the experi-
mental data.

Considerations of charge symmetry and of the in-
variance with respect to charge conjugation lead to the
" *The errors shown in Table ITI correspond to experimental errors

in the values of the mean free path and in the interaction cross sec-
fions of protons with nuclei.
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equality of the cross sections*

o(pp)=o(nn)=a(pp)=0(nn), o(pn)=c(pn)

independently of the type of cross section (oto¢, 0y,
or ge).

It can be seen from the experimental data presented
above that, with increasing energy, the cross sections
for pp interactions tend towards the constant values
Otot ~ 30 mb, ¢j ~ 22 mb, and 65 ~ 8 mb. As shown
by cosmic-ray measurements, the nucleon-interaction
cross section remains constant, within the limits of
experimental error, up to energies of the order of sev-
eral hundred Bev. An analysis of experimental data on
extensive air showers shows that the cross sections
apparently remain constant up to E ~ 10° Bev.

It canalso be seen from Tables Ito III and from Fig.
1 that, with increasing energy, the total cross sections
for pp and pn interactions become equal. One might
think that the cross sections ¢ and ¢e would also be
equal at high energies. The measurements of Brenner
and Williams® have shown that, in the 28 — 387 Bev
energy range, the cross sections for the inelastic in-
teraction of protons and neutrons with iron nuclei do
not differ, within the limits of experimental error
(~30%). This confirms the equality of the inelastic
cross sections for pp- and pn interactions at these
energies.

2.2, Interactions of Pions with Nucleons

Experimental values of the cross sections for 7N
interactions are presented in Tables IV to VI. The
main results are summarized in Fig. 2. The values
of otot in Table VI are calculated, according to the
optical model, from the experimental values of the
mean free path of 7 mesons in emulsion (see footnote
to preceding column).

From considerations of charge symmetry and of the
invariance with respect to charge conjugation, the fol-
lowing equations apply for the cross sections oyt, 0,
and og:

o (' p) =0 (x°n) = o (xp) =0 (x'),

6 (np) =0 (n'n) =0 (7' p) = o (wn),

6 (1°p) = 0 (a’n) = o (n°p) = o (n’n),

0 (1°n) = 0 (n°p) = 6 (n%r) = ¢ (79P).
Moreover,

Ge(M9D) = Oce(17P) = Oce (NN} = Oce (noﬁ)

= 00e(1'7) = Oce (' p) = Oce(1N) = 0ce(n'n).

It can be seen from Tables IV to VI and from Fig. 2
that the cross sections for 7*p and 7 p interactions
already become practically equal, and independent of

energy, for E ~ 2 —3 Bev. Moreover, within the limits
of experimental error, the limiting value of oyt coin-

*[t is understood that we neglect the electromagnetic interac-
tions, which is certainly not correct for extreme peripheral colli-
sions leading to small-angle scattering, However, such collisions
contribute very little to the cross sections oy, 0y, and oe.
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5

FIG. 1. Interaction cross sections of nucleons.
O ~cross section oyt (pp) and oe(pp); A -0i(pp);
® gyt (pn) and og(pn); » — o 1ot(pN) calculated
from experimental interaction cross sections of
protons with nuclei.

1 [ L ] i 1
4 5 [ 7 8 9 E, Bev
TABLE IV. 7 p-interaction
Kinetic
energy in -
the labora- Meth;gnc:fo?ei;:ure O, mb Oe+ mb o;, mb¥* Oyopr Wb
tory system cross section
E, Bev
-
Counters

0.8 Bubble chamber®* 16,47 7.3 24.6 41
0.8 Countaratt 211 10 23415 380424
0,819 v — — — 47.94-1.9
0.84 Counters® — - — 54,6421
6.86 Comtoro - — - 40+1.3
0.868 | % - — - 58.612.4
089 | mieraci . _ - - Ny
019 | Qiffusion chamber™ | 4843 | 1043 [27.543 .43
88 Counters®? _ - _ 48:511.3
0.915 Bubble c;\lamber“ 19.8 . _ D

A Counters’ | =

0.918 — — — 54.51+2.4

c 32 ]

0%, | Comters - - = bodios
0.95 Bubble chamber’ 119 141§ 2642.5 454-3"

0.96 Diffusion chamber'® | 3043 815 26,342 46.34-2.7
0.97 Counters’ — — — 45.142.7
0.97 Counters': — — - 49.540.9
0.972 Counters?! - — — 44,7922
1.0 Counters®® — — — 464-3

1.014 Counters®? — — — 39.64-2.0
1.03 Counters®? — — — 40.540.9
1.076 Counters®? — — — 35.942.0
1.08 Counters®® — — — 36.31-2.6
1.08 Counters®? — — — 37.54+0.9
1.12 ” - — — 35009
1 . 15 Counters®! - — — 35 gsj:g .0

A7 ” _— _ . ;
1.25 Counters®? — — — 29.24-3.7
1.3 Bubble chamber®? 104+0.8 — 19 -
1.35 Counters®® it — _ " 30. 1.j:28
% gg Diffusion“chamber" 10.040.8 - 20.343.4*) ggg’:'_t% g

. Counters — - - . -
i . 2 Emulsion® 183:; 741 2—4 —

. Not given* -2 - —
1.47 ” — — — 31.441.8
15 , — — - 30.0F2.0
1.67 " — — — 31.413.9
1.85 Diffusion chamber*® {11.112.3 — 20.34-3 31,445.3 %*%)
1.9 Counters®® - — — gél;:jé;g
4.3 Counters*? — — — . .
4.4 Counters*® — — — 30+£5
23 Ematsion 4.25 o 24.53;22.4 29£2.6

. Not given?s . = =
5 Diot‘ft;.;iv:: chamber | 4.7+10 — 19,742 #%%) [24,54-2, 4 #++%)
5.2 Not given*” — — — 29.14-2.9
6.8 Bubble chamber* 5.540.5 — — 305
14 Counters®® - - - 3314

and 33.

**¥See footnote on p. 690.

*++*The value oce = 2 mb is taken from reference 44.

*Cross section 0 ¢ is included in ;.
ot is obtained by interpolating data from reference 31. Corresponding
cross sections are 0, 0¢e, and g;, calculated from the data of references 32
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TABLE V. 7*p-interaction

Kinetic Kinetic
energy in Method of energy in Method of
the labora~ measurement %ot’ mb the labora- | measurement %ot’ mb
tory system | of the cross tory system | of the cross
E, Bev section E, Bev section

0.8 Counters*? 1741.3 1,46 Counters®® 38.54+1,4
0.827 Counters® 21,3640.81 1.50 Counters’? 35.332.5
0.847 ” 22.424-0,83 1.58 Counters 38.241.2
0.872 " 21.854-0.86 1.60 Counters® 35.84+0.9
0.95 Counters*®? 21.5£1.3 1.67 Counters®? 32.6F+1.8
1.0 Counters®’ 23.5+1.4 1.67 Counters® 3640.7
1.07 27.34-3.7 —1.4
1.1 Counters®? 27.541.3 1.73 Counters® 30.140.5
1,10 Counters3? 31 3j:1 7 1.89 ” 284i0.6
1.23 Counters® 30+1.3 2,05 ”? 27.840.6
1.25 Counters® 38.842.5 2.47 ” 29.04-0.6
1,28 Counters*® 33+1.2 2.76 Counters®® 2844
1.33 »” 34,9411 2.97 Counters® 29.240.5
1,36 »” 37.241.4 3.58 ” 29.2-40.4
1.38 Counters®® 41.443.0 4.00 ’» 29.340.4
1.4 Counters® 39.,44+0.6 4.3 Counters*? 28144 !
1.46 ” 39.14-0.8 14 Counters®® 26+4 “

TABLE VI. n~ N-interaction

Kinetic energy Range in
in the laboratory emulsion %tot’ mb
system E, Bev L, cm*
1.0 o 38+3 2946
—5
15 52,58 3541 35425
3 1 35.545 347185
—11
4.2 iz 38.743.5 | 2748
)
4.3 W 33.744.7 | 39421
—12
5.7 s 416 24411
6.8 2 <40 >25
7.5 0 3812 2074
50 ” 3746 30%20
—8
*Average over the range 1-200 Bev ¢

cides with the corresponding one for NN interactions;
the limiting value of og is evidently somewhat lower,
and the limiting value of ¢j higher, than for NN inter-
actions. Measurements of greater precision will be
necessary in order to draw final conclusions.

&+

FIG. 2. Cross sections for the interaction of
m mesons with nucleons. o —cross sections
otot (7 p) and oe(n7p); A—oi(n™p) and oce(np)
80— et (77p); * =010t (7 N), calculated from the
mean free path of 7 mesons in emulsion,

At the present time, there are no direct experimen-
tal data on the interaction of 7° mesons with nucleons
at high energies. However, the total cross section for
this interaction can be determined from charge-sym-
metry considerations:

0 tot (10P) = 5 [0 ot (1TP) +0 gor (wP)].

It can be seen from Fig. 2 that at high energies this
cross section is very close to the interaction cross
section of charged m mesons with nucleons. From
theoretical considerations concerning the weak isotopic
spin-dependence of high-energy interactions (see below),
one should expect that the corresponding cross sections
oi(m%) and Ge(7r°p) will also be close to the corre-
sponding cross sections for the interaction of 7t mes-
ons with protons.

2.3. Interactions between Nucleons and Antinucleons

Experimental data on the interactions between anti-
nucleons and nucleons are poorer than those available
on NN and 7N interactions, and are limited to the en-
ergy range E < 2 Bev. Presently-available values for

T
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TABLE VII. pp-interaction
eﬁ;‘:g“in Method of
the labora- measurement I, mb Teer mb o * mb LA i
tory system of thet.cross
E, Bev section
0.81 | counters’ 3745 742 6747 +*) 10546
0.95 | » 333 8¥2 6445 *=) 9613
1.0 Not given’ 33 ] 69 10243
1.07 Counters® 3043 741 6544 +*) 964
1.25 Not given®? — 8 — 9043
2.0 g 23 7 60 8313
*0 e is included in the cross section oj. 1
**See footnote on p. 690.

the cross sections of pp interactions®% are shown in
Table VII and in Fig. 3. From charge-symmetry con-
siderations we have, of course, o (pp) = ¢ (nii).

The measurements® show that, in the E = 0.5 —1.1
Bev energy range, the total cross section for the inter-
action of antiprotons with deuterons remains approxi-
mately constant and equal to 170 — 180 mb. Hence,
neglecting the nucleon screening effect in the deuteron,
we have o1ot(Pn) = oot(Pd), otot(Pp) ~ 70 — 80 mb.
If the corrections for screening are taken into account,
the value increases by 10 to 20%. The cross sections
otot(Pp) and oiot(pn) are then close to each other.

It can be seen from the above data that, at energies
of several Bev, the cross sections for the pp interac-
tion are considerably greater than the cross sections
for NN interactions. This can be explained as follows:

Since the antinucleon is, in many respects, similar
to the nucleon, it, just like the nucleon, can be repre-
sented as consisting of a hard core and a relatively
soft meson shell. Using this model, it is natural to
assume that the annihilation occurs in the collision of
the cores of a nucleon and an antinucleon. Such a col-
lision will be characterized by strong absorption and,

o, mb
05
af NG

sl
ar
m—\’\H

&l T TTT—

0

=
s

L 1 1
! 1,5 2 E, Bev

FIG. 3. Cross sections for the interaction of antiprotons with
protons. O, ®, A, A-cross sections for oy (p, p), oi(pp), Z<(pPp),
and o.¢(pp), respectively.

consequently, a larger cross section than in the case
of NN interactions. In the collision of cores with a
peripheral meson cloud, elastic or inelastic nucleon
and antinucleon scattering occurs with the accompany-
ing production of new particles, similarly as for NN
collisions. For energies not greater than several hun-
dred Bev, such a model of NN collisions corresponds
to an interaction potential which, at distances r > 2a
(where a ~ H/Mc ~ 2 x 10" ¢m is the characteristic
radius of the core), differs only in sign from the un-
known NN potential of Gartenhaus, Signell, and Mar-
schak,’® and which is characterized by strong absorp-
tion at small distances r < a.* The estimates of Koba
and Takeda,®! and the more accurate calculations of
Ball, Chew, et al.®® show that the experimental data
are well explained by such a phenomenological theory.

For higher energies, no theory exists so far which
would make it possible to calculate the cross section
for the interaction of nucleons with antinucleons. How-
ever, one should expect that, wit~l‘1 increasing energy,
the cross sections for NN and NN interactions will
become equal (see Sec. 3.2). One of the reasons for
this is the fast increase with energy of the number of
possible inelastic channels in the collision of two nu-
cleons (in other words, the increase in the ‘‘opacity’’
of the nucleon core).

2.4. Interactions of K Mesons with Nucleons

The experimental interaction cross sections of
charged K mesons with nucleons are presented in
Tables VIII to X and in Fig, 4.%80

The interaction cross sections of K* mesons with
neutrons are obtained by the difference method from
measurements of the interactions of K* mesons with
deuterium and hydrogen. The values of the cross sec-
tions presented in Table IX do not take the correction
for the nucleon screening in the deuteron into account.
However, this correction is small. The curves in
Fig. 4, which approximate the cross sections oyot(K*p)
and 0y,t(K™p), are taken from the paper of Alvarez.®

From considerations of charge symmetry and in-

*It should be mentioned that the 7-meson charges of nucleons
and antinucleons differ in sign. Therefore, in the exchange of an
odd number of » mesons, the signs of the potentials for NN and
NN interactions also differ in sign.
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TABLE VIIL
K*p-interaction

Kinetic Method of
energy in | measurement|
the labor- of the %ot mb
atory sys- [cross section|
tem E, Bev
|
0.9 | Counters® | 18.8--0.8
1.1 ” 16.4-40.7
1.1 Counters®ox| 17.5F1.3
123 | Gonnter=se | 18.310.8
1.28 | Gountore® | 19.5%1.3
1,45 Counters® | 19.71+0.7
145 | Gountera® | 18.7510.6
1.6 Counters® | 15.5+1.1
l.6 Counters® | 18.3+0.8
1.76 P 18.340.8
1,95 % 131
195 | Sounters | 15.43°0.6
2.26 o 1541,50
2,42 . 13.13:0.8
*[t is not known to us
whether there is a connection
between the data obtained in
reference 59 and in the re-
view paper by Alvarez.®°

TABLE IX.
K*n-interaction
Kinetic Method of
energy in {measurement
‘the labor- | of the cross| %tot’ ™P
atory sys- section
temE, Bev
0.9 ‘Counters®™ | 16,442
1.2 " 16.8+£3.7
1.4 ” 18.2+4
1.9 " 12,54-3.5
TABLE X.
K™ p-interaction
Kinetic ! Method of
energy in | measurement o
the labor- of the tot’
atory sys- cross section mb
tem E, Bev
0.9 Counters®® 5249
0.94 Counters® 3645
iég Bubble chambers® Zgii)
. Counters® 9
1.4 S0 3645
107 Ccn::xters e
2.8 ”» 2045

variance with respect to charge conjugation, the total
cross sections, as well as the cross sections for elas-
tic and inelastic interactions, should be:

6 (K*p)= o (K°n) = o (K D) = o (K°n),

6 (K'n) =0 (K°p) =0 (K"n) = o (K°P),

o (K p) =0 (K°n) = o (K*p) = 0 (K°n),

(K n)=c{K°p)=0(K'n)=0 (K).
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FIG. 4. Total cross sections o, for the interaction of K me-
sons with nucleons. 0, ®, A—cross sections for oy (K+p),

+ — .
oot K1), and oyt (K™p), respectively.

At high energies, the charge symmetry and invariance
with respect to charge conjugation have not been tested
experimentally for K mesons, but their validity is very
probable.

It can be seen from the above experimental data that
the cross sections for the interaction of K* and K® me-
sons with protons for energies E 2 1 Bev are the same
within the limits of experimental error, which indicates
a weak isotopic-spin dependence of the interaction. At
high energies, the interaction cross sections of K* and
K™ mesons with protons also become similar. The
cross sections are smaller by roughly one third than
the corresponding cross sections for NN and 7N inter-
actions. It is, however, not clear whether this cross
section will change substantially at energies E > 2.5
Bev.

2.5. Interactions of 7~ and K Mesons with v Mesons

Information concerning these interactions can at
present be obtained only from an analysis of indirect
experimental data.

The phase analysis of 7N and NN interaction shows
that the value of the cross section for the w7 interac-
tion is close to that of the cross section for 7N and NN
interactions. The analysis of the angular asymmetry
of particles produced in the collision of fast ™ mesons
with nucleons®! leads to the same result, as does the
study of multiple-particle production in cosmic rays
at very high energies.®

These results can be illustrated by the following
very qualitative considerations. Let us write the cross
sections for inelastic NN and #N interactions in the
form:

o (NN) = 4nrk,

At high energies, where the wave length of the inter-
acting particles is very small (X < rp, ry), the quan-
tities ry and r; can be considered as the effective
dimensions of the nucleon and the meson. Since o (NN)
=~ o (7N) for E > 1 Bev, we have ry = ry, and the

o (aN)=n (ry+ ra)?.
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cross section for inelastic 7r interactions is
o (nn) ~ 4nry ~ o (V).

The cross sections for elastic scattering will also be
close to each other, og ~ gq. (It should be noted that
the differential scattering is fully determined by in-
elastic processes.)

As has been mentioned,72 the lower limit for the
interaction cross section gj(7w) > 5 mb can be obtained
if we consider ™ mesons as consisting of a point
(“‘bare’’) nucleon and a point antinucleon. If we take
the effective dimensions of these virtual particles into
account, the cross section cj(wr) increases several
times.%®

Using the double-dispersion relations, Mandelstam
and Chew®? have recently succeeded in formulating a
system of equations determining the amplitude of elas-
tic nm scattering up to energies E ~ 0.5 Bev. How-
ever, the solution to this system of equations has not
as yet been published.

Available information on the interaction between =
and K mesons is even more meager. The very exist-
ence of such an interaction is at present problematic.

It has been shown®% that, if we take the interaction

Hyp= M (K'K* 4 K°K°) (n*a” -+ a-n* 4 2,

into account, where 7, K, and K are operators of the
corresponding particle fields and A is the coupling
constant, we can explain a number of experimental
facts concerning the interaction of K mesons with
nucleons and nuclei at low energies.

If K* and K° mesons have different parity, then a
triple interaction of the form Hjpt = AK7K is, in prin-
ciple, possible.

In the high-energy region, we can expect to obtain
information on the interaction between K and m me-
sons from the study of peripheral interactions of fast
K mesons with nucleons,66 and also from the analysis
of the angular distribution of particles produced in
collisions of very fast 7 mesons with nucleons.f! The
interaction between m and K mesons should, in the
latter case, lead to a definite angular asymmetry of the
strange particles that are produced. Preliminary re-
sults obtained by Wang et al.®? at an energy E = 6.8 Bev
indicate the presence of such asymmetry, although the
interpretation of such preliminary results is, of course,
still very problematic.

III. THEORETICAL INTERPRETATION OF THE
EXPERIMENTAL DATA

3.1. Constant Value of the Interaction Cross Sections
at High Energies

From the experimental data listed above, it can be
seen that the cross sections o4y, 04, and o, remain
constant at high energies, at least for NN and 7N
interactions.
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It should be mentioned that this conclusion is cor-
rect only within the limits of experimental error, es-
pecially since only a limited energy range is access-
ible to either theoretical or experimental investiga-
tion.

There is, at present, no exact theory that could
explain the behavior of the cross sections even at
those high energies that are accessible to modern ex-
perimental procedure. Moreover, the fact that the
interaction cross sections remain constant for E
>» 1 Bev seems to contradict the contemporary field
theory in which, when calculating many physical quan-
tities (particle masses, magnetic moments, etc. ), it
is necessary to make various assumptions to suppress
the interactions at high energies. It is, however, pos-
sible to cite examples (e.g., reference 68) in which
even very weak interactions lead to large cross sec-
tions, for increasing energy. The weakening of the
interactions can, in that case, compensate for the in-
crease in the interaction cross section. It is possible
that an analogous situation prevails in the general case.

The theoretical analysis of the properties of the
propagation functions using the local field theory yields,
under very general assumptions, the following limiting
estimate for the energy dependence of the cross sec-
tion for the interaction of 7 mesons with nucleons in
the laboratory system®?

constl

o < Otet (£) < E-const.

This does not contradict the experimental results.

3.2. Equality of the Interaction Cross Sections of
Particles and Antiparticles

Assuming that the interaction cross section of pro-
tons is constant at high energies, one can demonstrate
the equality of the total cross sections for pp and pp
interactions. An analogous conclusion holds for the
total cross sections for the interaction of 7~ and 7*
mesons with protons, for the total cross sections for
the K*p and K™p interactions, etc., and in the general
case, for interactions involving alternatively a particle
or the corresponding antiparticle.™

In order to prove this theorem, let us consider the
dispersion relation for the elastic scattering amplitude
A (E) for the angle 6 = 0:

E—E,)
Re 4(F) = E 0o
¢ ar 7 tot (E") G tot (£
AT (=8 s+ @ T ) ot bF:

where a and b are constant coefficients,” * is the
nucleon wave length, and E; an arbitrary energy value.*

*For simplicity, we shall not take the spin- and isotopic-spin
dependence of the amplitude A(E) into account. All arguments can
easily be repeated for the general case also. We shall also neglect
electromagnetic interactions, which contribute only small corrections.
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It is significant that the dispersion integral always in-
cludes the interaction cross sections both for particles
Otot and for antiparticles Gioy.

For E — «, we obtain, keeping only the largest

terms,
dFE’ [
L’

where the energy & is chosen so that & » E, and, for
E = €, otot(E’) = opot(©), Giot(E’) = Got(=). Evalu-
ating the integral, we find

0 tot () | O tot (o0) 7

!
IR R AN

Re 4 (E) ~ F2p

For"38

1)

However, the inelastic scattering amplitude A (E)
cannot increase as E In E. In fact, at high energies,
where I > 1,

Re A (E) ~ EIn E[0 44, (00) — 0 yop ()]

i

am)i=|4 S ern t-2hl<p
1=0

< in (@
X g edo {1 e (i)) | < E-const,
0

@)

since®?

+~E

and
i fQ
H(1—eE) <o,
Clearly, the relations (1) and (2) are compatible only if
(3)

It is sometimes maintained that Eq. (3) results only
from the properties of the dispersion relations. How-
ever, from the proof given above, it is evident that Eq.
(3) has been obtained by means of the equivalent as-
sumption that the interaction cross sections remain
constant for E — o, If Eq. (3) is considered as the
basic one, then, from the dispersion relations, we find
that the cross sections oot and Oty are constant for
E — o *

T tot (90) = 0 g0t (o).

If a variation of the cross section (e.g., a slow de-
crease) should occur only for extremely high energies
of E > 1001000 Bev, then this will introduce only a
small correction to the dispersion relations for lower
energies, and all the above arguments, and in particu-
lar Eq. (3), will remain approximately correct for en-
ergies E & 100 — 1000 Bev.

3.3. Isotopic Spin Dependence of the Cross Sections

At energies E < 1 Bev, the particle interactions
depend markedly on their isotopic spin. This can be
seen from Figs. 5 and 6, where the energy dependence
of the experimental cross sections of T mesons and
nucleons is shown for states with definite values of
isotopic spin.

*D. V. Shirkov has first drawn the author’s attention to this
problem,
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FIG. 6. Total cross sections for the interaction of 7 mesons
with nucleons in the state with isotopic spin T = 3/2 (solid
curve), and in the state with isotopic spin T = 1/2 (dotted curve’
The dotted curve denotes the cross section oot (°p).

With increasing energy, however, the number of
possible inelastic-reaction channels increases rapidly,
while the cross section ¢j — const., or at least does
not increase. Moreover, the cross section for each of
the inelastic channels, including the charge-exchange
scattering oce, becomes constantly smaller: opq/0¢
— 0.* In other words, the contribution of interactions
involving the reorientation of the isotopic spin of col-
liding particles becomes negligibly small. This leads
to the result that the high-energy cross sections be-
come independent of the isotopic spin.

We shall illustrate this on the example of m-meson
and nucleon scattering on nucleons.™

If F; and F; are the amplitudes of m-meson scat-
tering on protons in states with isotopic spin T = 1/2
and T =%, respectively, then the differential cross
sections for m-meson scattering can be written as

*[t is of course assumed that the charge-exchange cross section
shows no resonance at high energies. This agrees with present
views on the mechanism of particle interactions at energies E > 1
Bev.”#"?



g, =c(Up—>np)=|F,f,

g, =0 (a°p —>np) =-;—]2F3+F1 i
g, =0 (n°p —>n’n)=%]F3ﬂFllz,

- - 1
oy=0(@p—>n P)=§lF3+2F1l2v
g5 =0 (n"p-—>n’n) =0,

From the condition that the charge-exchange cross
sections vanish, o3 =05 = 0, it follows that F; =Ty,
i.e.,

01%0'2% Oy.

@)

As can be seen from Figs. 2 and 6, the cross sections
already become independent of the isotopic spin at en-
ergies of 2 — 3 Bev, within the limits of experimental
error.

Since, at high energies, Eq. (4) is satisfied for any
scattering angle 9, the corresponding scattering-
amplitude phase shifts ne are also found to be equal:

AB) == D 2+ 1) (1 —¢*™) P, (cos 0) %).
1=0
This leads, in particular, to the equality of the cross
sections oj and oyq¢.

For the case of scattering of protons on nucleons,

the differential cross sections can be written as

o,=o0(pp—>pp)=|F, ",
0 = 0 (pn—>pn) = | Fy+ Fo

i
0y = o (pn—>np) = 5| F;— F, %,

where F; and F, are the scattering amplitudes of
states with isotopic spin T =1 and T = 0 respectively.

From the condition o3 = 0, it follows that Fy =~ Fy,
i.e.,

Also, the phases of the elastic scattering amplitude
Ne, and the cross sections o; and otot, become equal.
From Figs. 1 and 5 it can be seen that, within the
limits of accuracy of the experiment, the isotopic-spin
dependence of the interaction cross section disappears
at energies E > 5 —6 Bev. This energy is approxi-
mately twice the corresponding energy for the case

of 7N interactions.

Similarly, one can also consider the interaction of
other types of particles. For the interaction of anti-
nucleons with nucleons, the isotopic spin dependence
apparently becomes negligible for somewhat higher
energies than for the NN interaction. For E = 2 Bev,

*This can easily be seen if Eq. (4) is written for the scattering
amplitude multiplied by the Legendre polynomial P;(cos §), and in-
tegrated over all values of cos € from ~1 to +1.

It should be noted that Eq. (4) can lose its validity in the region
of very small angles 6 ~ 0, where there is a contribution from dis-
tant peripheral collisions with a small energy transfer. However,
this contribution diminishes rapidly with increasing energy.
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the charge-exchange cross section (pp — nn) still
amounts to about 30% of the elastic-scattering cross
section.

As can be seen from Fig. 4, there is no marked
isotopic spin dependence of the interactions of K*
mesons with nucleons at energies E R 1 Bev.

3.4. Dependence of the Cross Sections on the Spins
of Colliding Particles

At high energies, where the main role is played by
the orbital quantum numbers I > 1, the phase of the
elastic-scattering amplitude depends only on the en-
ergy and on the total spin of the colliding particles S,
since

J=|1-8...;|i+Sl~land I'=|/—S|;..;|J
+S|~T =~
T (E; J; S) =~ (E; S).

In the energy range E R 1 Bev, not a single experi-
ment with polarized particles is known to have been
performed up to the present. We therefore have no
experimental data on the spin dependence of fast-
particle interactions. We can, however, assume that
the interactions will be practically spin-independent at
energies E > 1 Bev.

For the interactions of particles of various types,
e.g., ™ or K mesons with nucleons, this can be ex-
plained by similar considerations as for isotopic spins.
The spin-flip scattering cross section og will then de-
crease rapidly with increasing energy.

Similar considerations apply to the interactions of
nucleons, where there are no transitions between sin-
glet and triplet states, and og = 0.* However, accord-
ing to present views on the mechanism of inelastic
interactions at high energies (the compound particle
model,? and the statistical theory of central and pe-
ripheral collisions® ), one should expect that also
in this case 7;(E; S) = n(E). (It should be remem-
bered that, for E > 1 Bev, 0g = oq and is fully deter-
mined by inelastic processes.)

Clearly, all the considerations concerning the spin
and isotopic-spin dependence are also applicable to
interactions with nuclei.?!

IV. CONCLUDING REMARKS. PROBLEMS FOR EX-
PERIMENTAL INVESTIGATION

From the experimental and theoretical data pre-
sented above, a rather clear qualitative picture
emerges of the interaction cross-section behavior of
nucleons, antinucleons, and 7 and K mesons with nu-
cleons in the energy range E =~ 1 —10 Bev. Quantita-
tive data, however, are in many cases still i_nsufficient.
This is especially true for the interaction of antinucle-

*In the case of pp interactions (and, in general, in the case of
the interaction of any two identical particles), o4 = 0 because of
the parity conservation of the identical-particle system, In the case
of pn interactions, o5 = 0 because of charge symmetry.*
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ons and K mesons with nucleons. The interaction of
any particles with neutrons has been poorly investi-
gated, and the interaction of polarized particles rep-
resents a completely blank spot. More exact measure-
ments would, in themselves, be interesting, and would
also be important for a quantitative check of the theo-
retical schemes and models. Any data concerning the
7w interaction, the interactions of = and K mesons,
and the interactions of hyperons, would be of great
interest.

The qualitative picture will most likely remain un-
changed in the energy range up to several tens of Bev.
We can, at any rate, point out two basic problems
of high-energy physics. One is the investigation of up

to what energy, for E — «, the cross sections oot,
oi, and o, remain constant. If experiments should in-
dicate that these cross sections remain constant up to
very high energies, then, in the collisions of very high-
energy particles, showers may be produced in which
the mass of the newly produced particles may attain a
macroscopic size. Figuratively speaking, the stars
that are produced in such a case may not be stars as
the word is understood in the emulsion laboratory, but
as it is used in astronomy.% On the other hand, the
variation of the asymptotic behavior of interaction
cross sections would lead to very important theoret-
ical conclusions.

Cosmic-ray experiments are at present, and appar-
ently will remain in the near future, the only source of
information on particle interactions at extremely high
energies.

The second basic problem is the study of possible
violations of the equality of interaction cross sections
of particles and antiparticles o = 0. Such a violation
would indicate the invalidity or incorrectness of the
dispersion relations and of the principles based upon
them, and first of all, of the causality principle in
small regions of space-time. Important results in
this direction might be obtained at energies attainable
in accelerator experiments.

APPENDIX

MEAN FREE PATH OF FAST PARTICLES IN
EMULSION

In the analysis of fast-particle tracks in photo-
graphic emulsion, the elastic scattering events of
these particles on nuclei are, as a rule, not considered.
Elastic scattering at high energies is almost exclu-
sively diffractive, and is characterized by very small
angles, which are the smaller the greater the dimen-
sions of the nuclei. A special method is necessary in
order to measure small deflections of the tracks in
elastic nuclear scattering.

In all events of interactions of nucleons and 7 me-
sons with photographic emulsions, for which the values
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of the mean free path are presented in Tables III and
1V, only elastic scattering on hydrogen at relatively
large angles has been taken into account, in addition
to inelastic interactions.* The mean free path is, in
that case, given by
1
- {; Nioii +NyO o }

(a)

where Np is the number of hydrogen nuclei per cm? of
the emulsion, Nj is the number of nuclei of other ele-
ments per cm? of the emulsion (see Table XI), oot
is the total interaction cross section of the primary
particle with hydrogen, and o} is the cross section
for inelastic interactions of these particles with other

nuclei.

TABLE XI. Composition of the emulsion
(number of nuclei per cm?, Nj x 10722)

Element 1
H c N o} Br Ag ‘
Emulsion i
i
NIKFI-R 2.9311.39|0,37|1.061.02|1,02
Iiford G-5 3,3711.3610.29|1.02]1.021.02
80
o, mb \
70 ‘
FIG. 7. Variation \
of the mean free path &
L of particles in emul- o \
sion with the total in- \
teraction cross sec- W \\
tion oyt of these par- NG
ti i 1 . -
icles with nucleons b \\\~F_
20

] zpwwﬂmmwyﬂ}mwm

L, cm

At high energies, where the wavelength of the par-
ticle interacting with the emulsion is much smaller
than the dimensions of the nuclei, the optical-model
formula can be applied with success?’»"

@ —2n, { o (VAT as
oii=2ngr[1—e 0
0
where pi(r) is the distribution of matter in the nucleus
of the i-th type, as determined in experiments on the
scattering of fast electrons on nuclei.?” The absorption
coefficient k; = djoy,¢, where

]ar. (B)

="t Ai
§ei(r)de

is the mean density of nucleons in the nucleus with

i

*Those elastic-scattering events on hydrogen where the particles
were emitted at very small angles have, of course, not been mea-
sured, However, as is shown by estimates, the contribution of such
interactions that have not been accounted for cannot change the
magnitude of the mean free path appreciably. At energies E > 10-15
Bev, one should exchange oy for o; in Eq. (A).
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atomic number A;. Equation (B) is correct for ener-
gies E 2 1 Bev. The validity of this equation increases
with increasing energy.

The calculated values of L are shown in Fig. 7 as a
function of the cross section oyy;. As has been shown
by calculations, the difference in the mean free path
L(otot) in the emulsions Ilford G-5 and NIKFI-R is
negligible.’® The curve L (oyot) in Fig. 7 is applicable
for both emulsion types. The values of the cross sec-
tions oyoy shown in Tables III and VI have been ob-
tained by means of these curves.
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