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We have compared the results of calculations and the experimental data on extensive-air-
shower distribution in number of electrons and muons and on the energy spectrum of nuclear-
interacting particles, on the spectrum of showers accompanying high energy nuclear-interact-
ing particles, and on the shower composition. It is shown that in order to explain the entire
set of experimental data on superhigh-energy cosmic rays it is necessary to assume the ex-
istence of an additional mechanism for energy transfer from nucleons with energies above

4 x 10'% eV to the electron-photon component. The primary cosmic-ray spectrum also
changes at the same energy at which the new process appears.

THE study of phenomena associated with cosmic
rays with energy above 10%% eV is complicated by
two circumstances. On the one hand, the high en-
ergy and low intensity of these particles prevents

the setting up of unique, direct experiments. On the

other hand, in interpreting the experimental re-
sults and describing the elementary processes in
the energy region > 101 ev, it is necessary to take
into account a large number of frequently undeter-
mined parameters. These difficulties lead to arbi-
trariness in interpretation of the results of inde-

pendently performed experiments and to pessimism

im evaluating the use of cosmic rays in general and

extensive air showers (EAS) in particular to clarify

the situation relating to interaction of superhigh-
energy particles with matter.

The only means of overcoming these difficul -
ties is to analyze the largest possible set of exper-
imental data. In this article we have attempted to
show how such a set of ‘‘strange’’ results of the
experiments of different investigators in the cos-
mic ray energy region 102 —10'® eV leads to the
necessity of assuming the existence of an addi-
tional process in which nucleons with energy
2 4x 1013 eV, in addition to the inelastic nuclear
interaction process observed in the low energy
region, bypassing pionization,“ transfer a large
part of their energy to the electron-photon com-

DFor a definition of ‘“pionization,’’ see N. L. Grigorov
and V. Ya. Shestoperov, Bull, Acad. Sci. USSR, Phys. Ser. 28,
1668 (1964) — Translator.

ponent with a cross section Ao = 0.30pyc- Along
with the increase in the total cross section for in-
elastic interaction in collisions of nucleons with
energy < 4 X 101 eV, the exponent of the primary
cosmic-ray energy spectrum also increases by an
amount Ay = 0.5.

Let us enumerate the ‘‘strange’’ results cited
above, which do not agree with the idea of con-
stancy of the basic nucleon interaction processes
over the entire energy range 10°-10% eV and
which require for their explanation additional as-
sumptions involving a change in the nature of
nucleon-nucleus collisions at energies of 1013-
1014 eV. The experimental results being enumer-
ated were obtained by various workers several
years ago, and have been published, reported,
and discussed at the international and all-union
conferences on the physics of cosmic rays. In
this connection it is desirable to discuss here once
more their degree of reliability.

1. The nonmonotonic nature of the dependence of
the total number of nuclear-interacting particles on
the number of electrons in EAS,“’ 2} \which it is
impossible to explain without introducing additional
assumptions regarding the interaction of primary
particles with energies of ~ 10!* eV with nuclei in
the atmosphere (Fig. 1).

2. The difference in the role of the nuclear-
intgracting component in large and small showers,
which is evident also from the absorption in dense
matter of showers with different numbers of parti-
cles at the level of observation®®’ (Fig. 2).
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FIG. 1. Total number of nuclear-interacting particles in a
shower (Nj,,c) as a function of the number of electrons (Ne):
1 — primary protons with energy ~4 x 10** eV, 2 — primary oxy-
gen nuclei with energy ~4 x 10'* eV/nucleon (protons —
6 x 10" eV).
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FIG. 2. Relative number of shower particles under an ab-

sotber of 230 g/cm?, as a function of the number of electrons
in the shower; dashed line — cascade theory.
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FIG. 3. Energy spectrum of y rays in the stratosphere,
Solid points and stepped lines — according to [**], straight line
and hollow points — according to [*].

3. The change[“ in the v -ray spectrum at an
energy of 2 X 10 eV (Fig. 3).
4. The change[el in the spectrum of nuclear-

NIKOL’SKII

Nihue., rel. un,

1072
+ [ ]
_’%—J—*‘f‘“—k N
3
\+

10751

107 0 0

Enuc. eV

FIG. 4. Number of nuclear-interacting particles at 3860 m in
the Pamirs, referred to the number of primary nucleons with
energy above a given value, as a function of energy.

interacting particles at mountain altitude at (2—-3)
x 101 eV (Fig. 4).

5. The simplest explanation of the breaks in
the spectrum, due to items 3 and 4—assumption of
a change in the primary-nucleon spectrum in the
interval 10!3-10!* eV —is not sufficient to describe
the passage of nucleons through the atmosphere,[”
according to the data on EAS accompanying high-
energy nuclear-interacting particles.

The spectrum of EAS accompanying nuclear-
interacting particles with energies of ~ 2 x 10'% eV
at mountain altitude agrees with theoretical calcu-
lations based on interaction of nucleons with nu-
clei at 101-10!2 eV. The spectrum of EAS accom-
panying 2 X 108-ev particles corresponds to an in-
crease in the fraction of the primary-nucleon en-
ergy transferred to the electron-photon component
(Fig. 5).

6. The shape of the EAS spectrum at sea level
has led to the conclusion that there is a change in
the primary cosmic-ray energy spectrum at
~ 5% 10" ev.'8) The sharp nature of the change
in the shower spectrum for a complex composition
of the primary cosmic rays greatly complicated
the interpretation of the experimental data, but it
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FIG. 5. Spectrum of EAS accompanying nuclear-interacting
particles of a given energy at the level of observation (Ng is
the number of particles in the shower for a fixed energy of the
nuclear-interacting particles). The broken line shows the re-
sults of calculations in which the inelasticity coefficient is
taken as K = 0.5 and in which the complex composition of the
primary cosmic radiation and the different fluctuations in the
number of nucleon interactions and in the development of the
shower have been taken into account.
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is completely impossible to explain the shift in the
break point of the shower spectrum to the region
of smaller number of particles with increasing al-
titude of observation. Explanation of the break in
the shower spectrum as a break in the primary
energy spectrum without additional assumptions
of a change in the nature of the elementary event
unavoidably leads to a shift in the break point in
the number-of-particle spectrum of the showers,
on going from sea level to mountain altitude, to-
ward the region of higher number of particles[g]
(Fig. 6).

This list can be continued, for example, by the
increase in the fraction of multicore EAS in the
transition to showers with 10°-10% particles at the
observation altitude,[ﬂ’ 15 the indication of the
rapid development of showers in the upper part of
the atmosphere,““ and the contradiction between
the varying exponent of the primary cosmic-ray
spectrum and the constancy of the composition ob-
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FIG. 6. Spectrum of EAS at different altitudes. At sea level:

I — according to [*°], II — according to [*'], IIl — according
to [*?], at mountain altitude: IV — according to [*], V — accord-
ing to [**], VI — according to [**].
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tained from analysis of fluctuations in the muon
flux and Cerenkov radiation in showers of a given
energy.[ trd

Many assumptions[ 16, 18-20] have been advanced
to explain these peculiarities. Some of the assump-
tions advanced contradict each other in their de-
tails and explain only part of the experimental re-
sults. In the present discussion it is not expedient
to make a critical-historical review of these hy-
potheses, but more useful to note the features of
the assumptions currently being discussed of a
change in the primary cosmic-ray energy spec-
trum together with appearance of a new additional
process of energy transfer from nucleons to the
electron-photon component.

A. The energy of ~4x 108 ev per nucl&}g at
which the new process of energy transfer to the_
electron-photon component is added to the inelas-
tic nuclear interaction process well known for
lower energies, is less than the threshold energy
given in most of the previously published studies.
However, these studies did not usually consider in
detail the complex composition of the primary ra-
diation, and evaluated the energy of the primary
particles, not the primary protons or nucleons
which constituted the complex nuclei.

Here we are considering the case of a sharp en-
ergy threshold of ~ 4 x 1013 eV for appearance of
the new process. This sharpness is not a neces-
sary condition for agreement of the theoretical cal-
culations with the experimental data, but only facil-
itates the analysis, which is in effect a first approx-
imation. However, the condition of a rapid change
in the cross section in the energy interval 10—
10" eV from a value Ao $0.03 oy to a value
A0 &~ 0.30p,c is necessary for a consistent de-
scription of the entire set of data.

B. The rapid increase in the cross section and
the preferential (~ 70%) energy transfer to the
electron-photon component, on the one hand, and
the necessity of assuming the preservation, with
approximately the same parameters, of the proc-
esses of pionization and the isobar mechanism of
pion generation in inelastic collisions at energies
2 10% eV, on the other hand, indicate uniqueness
and novelty of the process, and not a change in the
inelasticity coefficient. In order to emphasize the
predominance of the energy transferred to the
electron-photon component and to compare this new
additional process to pionization, it is perhaps ap-
propriate to call it ‘‘gamma-ization,’’ without im-
plying by this terminology any details of the mech-
anism or particles involved in this preferential
energy transfer to the electron-photon component.

C. The energy of the primary cosmic-ray par-
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ticles at which the exponent of the integral energy
spectrum increases from y =1.6 to y =2.1 is

~ 4 x 10" eV/nucleon, and not ~ 5 % 10'® eV/nucleon
as has been suggested by Khristiansen.' ! The co-
incidence of the energy of the break in the primary-
proton energy spectrum and the energy threshold
for a change in the nature of the elementary event
may indicate a direct connection between the shape
of the primary energy spectrum and the nuclear
lifetime of heavy cosmic-ray nuclei in the uni-
verse. If a preferential acceleration of heavy nu-
clei occurs, we might expect that the energy spec-
trum of the lighter nuclei and protons will be simi-
lar to the spectrum of heavy nuclei of an energy-
per-nucleon scale. However, a quantitative connec-
tion between the rise in the interaction cross sec-
tion and the change in the primary cosmic-ray en-
ergy spectrum exponent cannot be justified without
additional assumptions regarding the acceleration
mechanism and the propagation of cosmic rays in
the universe, and corresponding calculations, all
of which are beyond the scope of this work. Here
we note the possibility of such a connection as some
justification for the coinciding values of energy
threshold for ‘‘gamma-ization’’ and for the change
of the primary cosmic-ray energy spectrum expo-
nent, although the assumption of sharpness of the
energy threshold for change of the primary spec-
trum only simplifies the calculations and is not in
any way required by experiment.

It is evident from Fig. 7 that even with the as-
sumed sharp energy threshold of ~ 4 x 10!3eV/nu-
cleon the spectrum of all primary cosmic-ray par-
ticles changes over a wide energy region from
4% 10! to 2 x 10! eV. Therefore the theoretical
results reported in this article would not be greatly
changed if we assume that the smooth change in the
primary cosmic-ray spectrum in the energy re-
gion 10"-10!% eV due to diffusion of cosmic rays in
the magnetic fields of the Galaxy accidentally coin-
cides with the presence of the additional ‘‘gamma-
ization”’ process at E, = 4 x 10'% eV,

D. The assumption of the ‘‘gamma-ization”
process, even if with a low probability, at an en-
ergy E; <10' eV can be compared with the con-
clusions of Grigorov”” on the occurrence of 7°-
meson production events in which the meson car-
ries away nearly all of the primary-particle en-
ergy. In any case, the ‘‘gamma-ization’’ process
should lead to appearance of individual events sim-
ilar to so-called young atmospheric showers! !
at a primary-nucleon energy E, 2 4 x 10!3 V. In
this connection we must emphasize the difference
of the ‘‘gamma-ization’’ process from the assump-
tions of Grigorov and his co-workers. %% 281 The
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FIG. 7. Integral energy spectrum of primary cosmic radia-
tion FCE)NE,/10'%)'*: 1 — primary-proton spectrum proposed in
the present work, 2 — combined spectrum of all primary parti-
cles, 3 — spectrum from [**], 4 — spectrum of Khristiansen,[*°]
5 — spectrum of Clark, [*?] 6 — spectrum of Linsley, [**]17 —
primary-proton spectrum according to Smorodin’s approxima-
tion, [**] 8 — spectrum of Wolfendale, [**] 9 — photo-emulsion
data.[**]

probability of production of 7% mesons carrying
away 79-90% of the incident nucleon energy was
assumed by these authors to be independent of the
nucleon energy. The probability of ‘‘gamma-iza-
tion’’ rises sharply in a narrow energy interval.
Grigorov et al. assumed equally probable produc-
tion of pions with different charges. In the addi-
tional process being discussed here, a preferen-
tial energy transfer to the electron-photon com-
ponent is accomplished on the average, which ex-
cludes the ordinary pionization process.

Let us compare the assumed primary-particle
spectrum with a sharp change of exponent from
v = 1.6 to ¥ = 2.1 at an energy E; = 4X 10 eV/nu-
cleon with the conclusions of other investigators
(Fig. 7). At an energy E; = 102 eV the primary
particle intensity a particle intensity according to
the assumed spectrum agrees with the intensity
obtained by Smorodin and co-workers'?? from
analysis of the variations of the nuclear component
of cosmic rays at airplane altitudes, and is some-
what less than the intensity estimated by Wolfen-
dale?? from the high-energy muon flux at sea
level. The primary-particle intensity determined
by means of photoemulsions in the stratosphere[zel
is considerably higher than follows from the spec-
trum being discussed. Although the primary-
nucleon spectrum has a sharp break at a nucleon
energy of 4 X 103 eV (in contrast to the approxi-
mation given by Yu. A. Smorodin), the primary-
particle spectrum varies smoothly in the interval
4x108%-2.5 x 10%° ev.

At an energy of 6 X 10'* eV the assumed spec-
trum agrees with the primary-particle intensity
determined experimentally from the energy bal-
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ance in EAS.'?} In the energy region above 10'% eV
the assumed spectrum differs sharply from the
spectrum obtained from the intensity of EAS at sea
level by Khristiansen' !’ and lies between the
spectra of Linsley““ and Clark'®7 at energies
above 107 eV. Here it is necessary to have in
mind that errors are more probable which bring
the last two spectra together, and in the absolute
primary cosmic-ray intensity determined on the
basis of the intensity of showers with a given num-
ber of electrons at sea level; in the opinion of
Khristiansen'!"? a three-fold error is not excluded.

For a particle energy of ~ 10®” eV the spectrum
corresponds to the intensity given by Greisen in
his review at the London conference. However,
the spectrum shown in Fig. 7 is more than fifteen
times greater thanthe intensity of the primary cos-
mic-ray flux with energies 2 6 x 10!* eV which fol-
lows from the extrapolation given by Grigorov in
his report on the preliminary results of studies
with the satellite Proton 1.[1%°! A substantial error
in the intensity value for showers with a given num-
ber of particles at the level of observation is im-
possible; this intensity has been studied by many
authors by different methods. If we assume that
the spectrum reported by Grigorov[”] is correct,
then the primary-particle energy is related to the
number of electrons at the level of observation by
the relation E; = 0.42 N [BeV]. The extent to which
the coefficient 0.42 is too small can be seen from
the fact that the energy dissipated by a shower at
the level of observation is determined from the
Cerenkov radiation to be more than two times
greater, and the combined energy of all particles
in the shower at the level of observation is 1.5
times greater than given by this coefficient.

Finally, we can pose this question: How can we
obtain N electrons at the observation altitude
from a primary nucleus or nucleon with energy
~ 10! eV in such a way that the relation E;=0.42N
[ BeV] is satisfied ? Without using anything except
rather well tested cascade theory, we can deduce
that, in order for this relation to be satisfied, the
primary nucleons and nuclei must transfer all of
their energy to y rays or electrons with energies
of ~4x10° eV at an elevation of 1-2 km above the
level of observation. This is an incomparably
more extreme assumption than that discussed in
the present work. Therefore the primary cosmic-
ray energy spectrum given in Fig. 7 is a better ap-
proximation to reality than the spectrum based on
the preliminary measurements in the satellite
Proton 1.

A smooth variation of the exponent of the EAS
spectrum follows, at first,glance, from the smooth
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variation of the exponent of the total primary-
particle energy spectrum. This is confirmed by
calculations. We calculated the expected number of
EAS at a depth of ~ 700 g/cm? in the atmosphere
for the primary particle energy spectrum given
above, taking into account fluctuations in the height
of production of the showers and the complex com-
position, varying with energy, of the primary radi-
ation. The so-called two-fireball model calculated
by Dedenko'®? was used as a model for the produc-
tion and development of the shower. This shower-
development model gives good agreement of the
theoretical and observed shower parameters. How-
ever, in this case the choice of the model affects
only the absolute intensity and not the width of the
region of variation of the shower-spectrum expo-
nent. We can see from Fig. 8 (lower curve) that
the number-of-particle spectrum of the showers
has an exponent » varying smoothly from 1.44 to
1.75 in the hundredfold interval of N from 10% to
108,

A different result is obtained if we take into ac-
count an additional process of primary-nucleon
energy transfer to the electron-photon component
of the shower. In accordance with the assumptions
stated above, it was assumed that 70% of the pri-
mary nucleon energy is transferred to ten vy rays in
a single event with a cross section of 0.30 yye. The
result of the calculation is characterized by a sharp
break in the number-of-particle spectrum of the
showers: The exponent » varies from 1.44 to 1.75
for threefold variation of the number of particles
in the shower—from N =2 X 10° to N =6 X 10° (up-
per curve of the figure). It is easy to understand
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FIG. 8. Integral spectrum of EAS at 3400 m altitude above
sea level (0 — experimental data of [*]).
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why inclusion of the new process raises and cor-
rects the number-of-particle spectrum of the show-
ers. Experimental determination of the relation be-
tween the number of particles per EAS at mountain
altitude and the primary-particle energy gives the
expression E; = AN, where A =1.7 X 10° eV for

N = 3.5 X 10°, while calculations of the nuclear cas-
cades for the same showers give A =2.4 x10%eV,
and for an electron-photon shower beyond the peak
in the development (s = 1.2)—A~1.1 X 10° eV.

Thus, production of the same number of elec-
trons at the level of observation in the case of
transfer of a large fraction of the energy to the
electron-photon component requires a consider-
ably smaller primary-particle energy than in the
case of the ordinary nuclear-cascade scheme of
development. This calculation of the shower spec-
trum at mountain altitude is not very sensitive to
the multiplicity of production of the particles by
means of which the primary-particle energy is
transferred to the electron-photon component, and
reflects mainly the fraction of the energy trans-
ferred by the primary particle to the electron-
photon component.

A similar situation exists in interpretation of
the dependence of the number of nuclear-interact-
ing particles per EAS on the number of electrons.
Calculations of this dependence, based on a con-
stant or weakly varying pattern of the elementary
event, yield an approximate proportionality between
the number of nuclear-interacting particles and the
primary-particle energy. Consequently a relation
of the type Nyye ~ N8 should exist between the
number of electrons and the number of nuclear-
interacting particles. It is evident in Fig. 1 that,
beginning with showers of ~ 2 X 10? particles, a
deviation is observed from the N°-8 dependence.

If we use a rough conversion coefficient from the
number of electrons at mountain altitude to the
primary-particle energy, we obtain a primary-
particle energy of just ~ 4 X 1013 ev. Starting at
this energy, first the primary protons and then
also the heavier nuclei transfer an ever increasing
fraction of their energy to the electron-photon
component, bypassing pionization. Correspondingly,
the relation between the number of electrons and
the number of nuclear-interacting particles varies
in favor of the electrons up to the point where the
effect of the new process is felt on the development
of a large fraction of the showers. The second
break in the dependence is associated with showers
produced by primary particles of which more than
60% have an energy greater than 4 x 103 eV/nu-
cleon.

The dependence of the number of nuclear-inter-
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FIG. 9. Diagrammatic representation of the number of nu-
clear-interacting particles in a shower as a function of the
primary-particle energy. Curves 1-3 are explained in the text.

acting particles in EAS on the primary energy can
be considered from the point of view of energy bal-
ance. The conversion from the number of electrons
at the level of observation to the primary-particle
energy can be accomplished, on the average, by
comparison of the primary particle spectrum with
the intensity of showers with more than the given
number of particles at the level of observation. A
diagrammatic representation of the number of
nuclear-interacting particles in a shower as a func-
tion of the primary-particle energy is shown in
Fig. 9: The straight line 1 is the expected depend-
ence, normalized at an energy Ey ~ 4 X 10" eV;
curve 2 is the experimentally observed depend-
ence, with the change in the nature of the primary
particle interaction taken into account in the con-
version from the number of electrons to the pri-
mary-particle energy; curve 3 is the experimen-
tally observed dependence, but with conversion
from the number of electrons to the primary-par-
ticle energy by means of the two-fireball model of
shower development.[%] The difference in energy
for curves 2 and 3 for a number of nuclear-inter-
acting particles Npuc ~ 10 is ~ 30%.

As we have already noted, the effect of the ad-
ditional process for energy transfer to the elec-
tron-photon component reduces, in the first ap-
proximation, to a redistribution of the energy be-
tween the electron-photon component and the re-
maining components of the shower, If there were
no such additional transfer, then, as we can see
from Fig. 9, the energy carried at the level of ob-
servation by nuclear-interacting particles, muons,
and neutrinos would be increased by 0.3E;. Analy-
sis of the experimental data’®? on the energy flux
in EAS produced by particles with an energy of
~ 10" eV has also led to a value of ~0.3E, for the
energy flux carried by muons, neutrinos, and
nuclear-interacting particles. Thus, in the absence
of an additional transfer of energy to the electron-
photon component, the energy flux carried by the
remaining components of the shower would be
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doubled, which would lead to doubling of the num-

ber of particles. The expected (line 1) and observed

(curve 2) numbers of nuclear-interacting particles
also differ by just a factor of two. The energy of
the nuclear-interacting component of a shower, es-
timated from the absorption of the shower in a
graphite-aluminum absorber, also differs by a fac-
tor of two for showers with N $ 10° and N 2 10°
particles.

Explanation of the energy spectrum of nuclear-
interacting particles observed at mountain altitudes
also does not require detailed description of the
additional process for energy transfer to the elec-
tron-photon component. In addition, the accuracy
of the experimental data is not very great and al-
lows the simplest explanation relating the change
in the exponent of the nuclear-interacting particle
spectrum at mountain altitude to the change in the
exponent of the primary-nucleon spectrum. Fig-
ure 10 compares the calculated nucleon spectrum
at the altitude of the Pamirs with the observed
spectrum of nuclear-interacting particles. Both of
the spectra refer to an arbitrary primary-nucleon
spectrum with a constant exponent vy over the en-
tire region being considered. In comparison of
theory and experiment it is necessary to have in
mind that the experiment detects not only nucleons
but also pions. A characteristic result of the the-
ory is the small shift in the location of the break
(less than a factor of three). Allowance for the in-
crease in the cross section is complicated by the
fact that in addition to the greater absorption of
nucleons in the atmosphere it is necessary to take
into account the increase in the efficiency for their
detection in the apparatus, both because of the in-
creased cross section and because of the change
in the energy transfer to the electric-photon com-
ponent. The experimental data are still too poor
at the present time for analysis of different ver-
sions of the theory.

As we noted at the beginning of the article, the
possibility of a very simple interpretation of the
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FIG. 10. Comparison of calculated nucleon spectrum with
the nucleon and pion spectrum observed at altitude 3860 m.
The broken line shows the estimate of the effect of the change
in the combined cross section.
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FIG. 11, Comparison of observed spectrum of EAS accom-
panying nuclear-interacting particles for an energy E = (0.5-1)
x 10** eV at the level of observation, with calculations assum-
ing similarity of the interactions of nucleons and nuclei over
the entire energy interval of interest (dashed line) and assum-
ing additional energy transfer to the electron-photon compo-
nent (dot-dash line).

break in the nuclear-interacting particle spectrum
as the result of a corresponding break in the pri-
mary-nucleon spectrum was the occasion for com-
parative analysis of the spectrum of EAS accom-
panying nuclear-interacting particles of various
energies at mountain altitude. The observed spec-
trum for showers accompanying nuclear-interact-
ing particles with energies of ~ 10!3 eV at the alti-
tude of observation turned out not to agree with the
calculated spectrum, if the pattern of an inelastic
collision event is assumed identical for all ener-
gies. This can be seen in Fig. 11 where the exper-
imental data for nuclear-interacting particles with
energies of ~ 0.7 X 10 eV are compared with the-
oretical calculations made previously.[” Also
shown in that figure is a theoretical result assum-
ing an additional transfer of 25% of the nucleon en-
ergy to the electron-photon component, bypassing
pionization. A tendency towards improved agree-
ment is visible, but it should be noted that the cal-
culations made in "' assumed transfer of a smal-
ler fraction of the energy to the electron-photon
component than in the hypotheses considered here.
Like the case of the nuclear-interacting particle
energy spectrum, the experimental data on the in-
crease of the y -ray spectrum exponent can be ex-
plained by a single assumption of appropriate
change in the primary cosmic-ray spectrum. How-
ever, if, simultaneously with the change in the
primary-nucleon energy spectrum, we assume an
increase of the energy transfer to the electron-
photon component, then the explanation of the in-
crease in the exponent of the spectrum of individual
v rays requires a large dissipation of energy, and
not transfer of this energy to one particle. This is
an essential detail of the additional process for en-
ergy transfer to the electron-photon component. If



542 S. I.

this process could be traced to transfer of a large
fraction of energy to several y rays, this would
mean that everything could be explained by one or
two pions. In this case the unequal probability of
appearance of 7%, 77, and 7% mesons would not be
surprising, and in general the entire question would
reduce to the probability of production of mesons
with energies comparable with the primary-nucleon
energy.

Similar events are observed in photoemulsion.
It is sufficient to mention the case quoted by Schein
at the Moscow International Conference,[32] in
which an electron-photon cascade with an energy of
2.4 x10'% eV was observed after a primary-proton
interaction with a low multiplicity (16), while the
energy of the secondary interaction of one of the
particles of the narrow cone was estimated as only
5 x 10! eV and, aside from the angular distribution,
nothing indicated the high energy of the primary
proton. However, many experimental data on the
properties and structure of EAS unambiguously in-
dicate the softness of the energy spectrum of the
particles responsible for energy transfer from the
nuclear-interacting component to the electron-
photon component. The data obtained by the group
led by Yu. A. Smorodin on the high intensity of
vertical EAS in the stratosphere““ are a striking
experimental result showing large dissipation of
energy in the first interactions of primary cosmic-
ray particles with energy > 10% ev, Interpretation
of these data without assumptions of a large energy
dissipation by the interacting particles is simply
impossible.

The EAS intensity observed at 12 km altitude is
greater by factors of ten than the value expected if
the primary cosmic-ray spectrum and the model
of the elementary interaction are consistent with
the experimental data on shower intensity and the
relative fraction of muons contained in showers in
the lower part of the atmosphere. To increase the
expected shower intensity in the stratosphere it is
necessary to increase substantially the multiplicity
in the elementary event (the Heisenberg model), to
increase the fraction of heavy nuclei in the pri-
mary radiation, and to increase the flux of primary
particles. However, each of these changes by it-
self, as well as the entire set, leads to contradic-
tion between theory and experiment in the lower
part of the atmosphere.

Thus, assumption of an enrichment of the pri-
mary spectrum by heavy nuclei, even for the mul-
tifireball model'®*! which gives a minimum num-
ber of muons in the pionization process, leads to
a discrepancy of a factor of two between the ex-
perimental and theoretical numbers of muons in
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showers with a total number of particles > 10,
Interpretation of EAS by an elementary interaction
model with pionization corresponding to formation
of a single fireball (Heisenberg) leads to exaggera-
tion by a factor of three of the number of muons in
showers at mountain altitude and at sea level.!%’

The assumption of higher intensity ot the pri-
mary radiation encounters contradictions with the
intensity of EAS at mountain altitudes. The con-
version from the number of particles in a shower
at mountain altitude to the energy of the primary
particle is practically independent of the shower-
development model assumed. With very extreme
assumptions, for example, assumption of a passive
state of the nucleon after the first interaction,”“
the estimate of the energy of the primary particles
producing a shower of a given energy at an altitude
of 3—5 km above sea level cannot be increased by
more than a factor of two.

The monotonic variation of the total energy
spectrum of the primary cosmic radiation and the
assumption of a single model of inelastic nucleon
collisions over a wide energy interval should lead
to a monotonic variation of the number-of-electron
spectrum of EAS at sea level. Figure 12 shows the
number-of-electron spectrum of showers at sea
level calculated with assumption of a multifireball
model.'®! The smooth variation obtained for the
spectrum is difficult to reconcile with the experi-
mental data.'?’

The result of taking into account the additional
process of energy transfer to the electron-photon
component, bypassing pionization, depends on the
degree of subdivision of the energy. The greater
the subdivision, the lower the intensity of EAS with
N = 10°-10° at sea level and the more the break in
the number-of-particle spectrum of the showers
(broken line in Fig. 12) is displaced to the right.

The existence of a large number of low-energy
muons in EAS is the result of pionization processes
in collisions of pions and nucleons with nuclei. The
large penetrating ability of muons results in the
total number of muons beyond the peak in a
nuclear-cascade shower being almost proportional
to the energy transferred to all charged pions in
the initial stage of shower development. There-
fore, the numbers of muons in a shower at sea
level differ, for example, by a factor of 1.7 for
calculations according to the one-fireball model
and according to a multifireball model of the event,
although the multiplicity of pion production in the
first interaction differs by more than fifty times'%!
for these models. This feature of the muon flux in
a shower is favorable for analysis of the primary
cosmic-ray energy spectrum and the fraction of
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FIG. 12. Theoretical spectra of EAS.

primary-particle energy transferred to charged
pions.

A calculation of the EAS number-of-muon spec-
trum for muons of energies above 10 BeV was made
in three different versions.

1. The energy spectrum and composition of pri-
mary cosmic radiation are taken in accordance
with the assumptions of the present work. The so-
called two-fireball model'®? was used as a model
of the shower development, but the multiplicity of
pion production in pion-nucleus events was de-
creased by 1.5 times.'3®) This change in the model
reduces the number of muons in the shower and is
evidently an extreme case, if we take into account
only the number of secondary charged particles
observed experimentally in photoemulsions and
cloud chambers in investigation of interactions in
the energy region 10'1-10'® eV. The theoretical
result is shown in Fig. 13 by the broken line.

F(>/V/u), hr' m™ sr7!

107+
1073}
/0‘5 -

107+

1 1 1
10° 10* 0% 100 Ny

FIG. 13. Comparison of theoretical and observed [*]
spectra of EAS as a function of number of muons.
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2. This version of the calculation is identical
with the preceding one except that we have included
energy transfer from the primary protons and nu-
clei to the electron-photon component of the shower
by the ‘‘gamma-ization’’ process (heavy solid line
in Fig. 13).

3. The energy spectrum and composition of the
primary cosmic radiation are taken in accordance
with the conclusions of Khristiansen,[w] and the
relation N, = 0.2A%2(Ey /1018 was used in deter-
mining the number of muons from a primary parti-
cle with energy E; and a number of nucleons A.
This relation was used for analysis of the number-
of-muon spectrum of showers in the work of Ver-
nov et al.,[35] although in the deduction of this re-
lation*®’ the multiplicity of pion production in the
interaction of pions and nucleons with nuclei was
clearly underestimated. Thus, for example, for an
incident-nucleon energy of 2 x 1013 eV, according
to the assumptions of Dedenko'?®! 5.5 charged
pions are produced in the interaction instead of the
20 observed in experiments with emulsion stacks.
The spectrum calculated for this version of the
theory is shown in Fig. 13 by the thin line.

Direct measurements of the number-of-muon
spectrum of showers, for muon energies > 10 BeV,
have been made by the group of workers at Mos-
cow State University.”sl In the first series of
measurements in 1960-1962, the number-of-muon
spectrum of showers for N, > 10° was studied
without determination of the zenith and azimuthal
angles of the shower axis. In the more recent
measurements with determination of the zenith
and azimuthal angles of the axis of each shower,
the range of values of muon flux studied was 10*
=Ny < 10°. The two series of measurements are
shown in Fig. 13 by the points. The number-of-
muon spectrum of the showers in the region N,
= 10* can be obtained by conversion from the num-
ber-of-electron spectrum of the showers.' ! This
conversion is possible as the result of detailed
measurements of the distribution of the number of
muons in a shower for a fixed number of elec-
trons. " The dispersion of this distribution in
the showers which interest us does not vary with
the number of electrons. The result of the conver-
sion is shown by the crosses in Fig. 13, as a func-
tion of the average number of muons for a fixed
number of electrons. It can be seen from the fig-
ure that the experimental data on the number-of-
muon spectrum of the showers is in good agree-
ment with the main assumptions of this article
(the second version of the calculation).

Thus, to explain from a single point of view a
large aggregate of experimental data on the pas-
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sage of cosmic rays with energy above 1013 ev
through the atmosphere, it is necessary to make
two assumptions.

A. In the collision of nucleons and nuclei of su-
perhigh energy, in addition to the multiple pion
production process well known in the energy re-
gion 101°-10%2 eV, a process exists for transfer of
a large fraction (= 70%) of the nucleon energy to
the electron photon component, bypassing pioniza-
tion. The cross section for this process is
0 < 1 mb/nucleon for an incident-nucleon energy
of E <1018 eV and o~ 15 mb/nucleon for an en-
ergy of ~ 104 eV,

B. The exponent of the primary cosmic-ray en-
ergy spectrum changes by an amount Ay = 0.5 in
roughly the same energy interval 10!3-10'* eV/nu-
cleon.

Unfortunately only a few characteristic features
of the new process are apparent as yet: a sharp en-
ergy threshold, preferential transfer of energy to
the electron-photon component, and dissipation of
energy. The information on the transverse mo-
menta are contradictory. An estimate of the trans-
verse momenta of the y rays in a series gives a
value < 10% eV/c, while an estimate of the trans-
verse momentum on the basis of multicore EAS
leads to a value certainly greater than 10°eV/c.

With such poor information on the nature of the
process, it is difficult to say anything about its
physical nature. The rise of the combined inelas-
tic-interaction cross section in the energy interval
10%-10% ev evidently cannot be associated with
the theory of complex orbital momenta, since it is
not characterized by ordinary pionization. If we
associate the sharp energy threshold with a new
particle, its mass must be ~ 10! eV/c? and its
lifetime < 10711 sec, but the absence in the decay
of a noticeable number of 7* mesons distin-
guishes this anomalously heavy particle from the
alreadyknownbaryons. We maynote in addition that
an energy 2 4 x10% ev corresponds to a length
5107 cm, which is interesting both from the
point of view of weak interactions and from the
point of view of nucleon structure.
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