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Experimental data on inelastic collisions of nucleons, pions, and nuclei in the energy range 1-106 TeV have
been used for analysis of the dependence of the multiple production of hadrons on the energy of the incident
hadron. The general pattern of inelastic hadron collisions is characterized by approximate scale invariance in
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observed at accelerator energies in a number of the mean parameters, such as the multiplicities and
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1. INTRODUCTION
Cosmic rays enable us to look into the future of re-

search in elementary-particle physics with accelera-
tors. This possibility is the consequence of the single
indisputable advantage of cosmic rays over accelera-
tors—the presence in the cosmic-ray flux of particles
with energy much greater than the particle energy at-
tainable either.in contemporary or in future accelera-
tors. However, the many deficiencies of cosmic-ray
experiments, due primarily to the low intensity, which
falls off rapidly with increase of energy, have the con-
sequence that the anticipatory nature of the investiga-
tions becomes preliminary. The results of cosmic-ray
experiments for the most part bring out only the main
characteristic features of inelastic collisions of had-
rons but do not provide a detailed quantitative descrip-
tion of a multiple-production event.

It is hardly possible to give a complete review of the
existing experimental data on hadron interactions above
2 TeV. It is also unreasonable to restrict the discus-
sion to any given period of time. It is more appropriate
to give a subset of experimental data which describes
the general picture of inelastic hadron processes at ul-
trahigh energies. In view of the incompleteness of the
experimental information such an approach can turn out
to be subjective. It is permissible only because there
are no sufficiently complete theoretical predictions re-
garding the characteristics of an inelastic collision and
multiple production in the expected energy region.

Since the analysis and interpretation of many of the
experimental results involves the characteristics of the
energy spectrum and the composition of the primary
radiation, at the beginning of the article we have given
a summary of the principal data on primary cosmic
rays. In the subsequent description of the experimen-
tal results on study of inelastic collisions of hadrons
and, correspondingly, multiple-production processes,
two groups of questions will be distinguished. First we
shall discuss to what degree and up to what energies it
is possible to speak of approximate scale invariance of
the characteristics of hadron inelastic collisions. Sec-
ond, what essentially distinguishes multiple-production
processes in hadron collisions in the energy region
above 100 TeV and processes in the energy region si
TeV which have been studied in detail in accelerators.

The concentration of attention of processes in the en-
ergy region near 100 TeV is determined by two circum-
stances. First, the results of cosmic-ray investiga-
tions from the earliest studies permit us to speak of
energies ~100 TeV as certain limiting energies at which
the general pattern of the multiple-production process
changes. This may be one of the main results obtained
in cosmic rays during the last twenty years. Second,
the energy region 102-103 TeV will in the very near fu-
ture become the region of investigation in the colliding
beams at CERN and other centers of high-energy phys-
ics research. Therefore it is quite timely to outline
the picture of inelastic collisions corresponding to ex-
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periments in cosmic rays in just this energy range.

2. EXPERIMENTAL APPARATUS FOR STUDY OF
COSMIC RAYS WITH ENERGY OF 10-104 TeV

Experiments intended for study of hadron interactions
in cosmic rays must take into account two features of
the cosmic radiation: the low intensity and the broad
energy spectrum of the hadrons.

The low intensity limits the choice of radiation detec-
tors and is the reason for the popularity of x-ray emul-
sion chambers: a special type of x-ray film permits
year-long exposures and relative economy for use in
large areas (up to 1000 m2).

The wide energy spectrum of the incident hadrons
forces us to provide for measurement of the energy of
the interacting particle. The best method of determin-
ing the energy of the primary particles which have pro-
duced an interaction in a target or in the atmosphere is
the calorimetric method, employing ionization and
scintillation calorimeters, and also the method of
Cherenkov radiation of extensive air showers in the air
above the level of measurement. Other methods of se-
lecting interactions on the basis of the energy of the
primary particles contain major a priori assumptions
and are less accurate.

Examples of x-ray emulsion chambers1'2 are given in
Fig. 1. Inelastic collisions of hadrons in the atmos-
phere or in the target material lead to appearance of
neutral pions. The photons from decay of the ir° mesons
initiate electron-photon cascades which, developing in
lead, leave a blackened spot on a special x-ray film
pressed against the lead. For a cascade energy above
1 TeV near the maximum of the shower development,
such spots can be seen by the unaided eye. Photometry
permits determination of the cascade energy; the ac-
curacy in measurement of the coordinates of the spot
depends on the energy and amounts to ~10 Mm. The up-
per layers of x-ray film, which are interleaved with
layers of lead every 2-4 radiation lengths, record
electron-photon showers which develop from photons
and electrons which hit the apparatus from the atmos-
phere. The electrons and photons coming from the at-
mosphere can be separated from hadrons which inter-
act in the material of the x-ray emulsion chamber on
the basis of the depth of formation of the cascade, with
use of the large difference between the radiation length
(~6.4 g/cm2) and the range for hadron collisions (~200
g/cm2) in lead. For more efficient separation of had-

rons, under the upper x-ray emulsion chamber is
placed a layer of carbon-containing material in the
form of a target in which electron-photon cascades de-
velop only weakly. The thickness of the target is from
one-third of the interaction range in the experiments at
Chacaltaya1 to a thickness equal to the range in the ex-
periments in the Pamirs.2 Under the target is placed
an x-ray emulsion chamber for detection of the elec-
tron-photon cascades produced by hadrons in the ma-
terial of the upper chamber, the target, and the lead
below the chamber. Between the carbon target and the
lower chamber in the Chacaltaya experiment there is a
free space in which secondary particles originating in
interactions in the upper part of the apparatus can
spread out in space and become resolvable in the lower
chamber. In the Pamir experiment there is no such
space. In addition to the x-ray film, in part of the ex-
periments to reduce the energy threshold for detection
of electron-photon cascades, nuclear emulsions were
used. The areas of these installations amount to tens of
square meters at Chacaltaya and hundreds of square
meters at the Pamirs.

The Tien Shan comprehensive installation3 for study
of extensive air showers and hadron interactions is
shown in Fig. 2. Extensive air showers consist of a
large number of electrons, photons, muons, and had-
rons which have multiplied as the result of a cascade of
interactions of hadrons, electrons, and photons with the
nuclei of the atoms of the atmosphere when high-energy
cosmic radiation hits the top of the atmosphere. The
electrons, photons, and muons of low energy are scat-
tered to large distances from the shower axis (the ex-

FIG. 1. X-ray emulsion chambers used in study of electron-
photon and hadron cascades with initial energy 10—10* TeV.
1—layers of lead and x-ray film, 2—carbon target, 3—air
space between upper and lower blocks.

FIG. 2. Tlen-shan comprehensive installation for extensive
air showers.3 The central part of the apparatus consists of:
1—ionization calorimeter, 2—"carpet '• of scintillation coun-
ters, 3—scintillation counters for determination of relative
time of arrival of particles, 8—spark chambers and ioniza-
tion calorimeter for study of high-energy muons and of the
cores of large showers. Scintillators 4 and 5 and spark coun^
ters 6 measure the flux of the electron-photon component of
the shower at distances 30-200 m from the shower axis,
7—detectors for Cherenkov flash in the atmosphere, 9—coun-
ter hodoscope for measurement of muon flux at various dis-
tances from the shower axis. The complex is controlled by
scintillation detectors 2 and 3 (the shower axis at the center)
and scintillation detectors 5 (the shower axis at a distance
50-70 m from the detectors of muons with energy ^5 GeV in
the central part of the Installation).
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tension of the primary-particle trajectory). Use of
shower-particle detectors separated by hundreds of
meters permits recording of extremely rare extensive
showers produced by primary particles with energy of
106-10a TeV. However, for study of inelastic collisions
of high-energy hadrons, more valuable information is
contained in the central part of the shower, the core,
where there is a concentration of the high-energy par-
ticles which best reflect the picture of the first interac-
tions in the shower development. Thus, it is just the
central part of the apparatus (see Fig. 2) with its ioni-
zation calorimeter which determines the luminosity of
the apparatus. The area of the ionization calorimeter
of the installation shown in Fig. 2 is 36 m2. The calor-
imeter is used to measure the energy of the electron-
photon and hadron components of the shower core, and
the structure of the core and the central part of the
shower is brought out with resolution of multiple cores,
jets, and individual hadrons which are separated by
more than 0.3 m. Scintillation counters above the cal-
orimeter serve to determine the coordinates of the
shower axis on the basis of the total flux of the elec-
tron-photon component. The accuracy in determination
of the axis is of the order of the distance between the
closest detectors. Scintillation counters located at a
distance ~20 m from the center of the apparatus, in ad-
dition to measuring the electron flux density at the cor-
responding distances, on the basis of the difference in
time of arrival of the particles at these detectors per-
mit determination of the location of the shower front
and from this the zenith and azimuthal angles of the
shower axis. The possibility in each shower with a pri-
mary energy above 102 TeV of knowing the flux of elec-
trons at all distances from the core up to ~70 m is ex-
tremely important for analysis of the data, since at
these distances the greater part of the total number of
particles at the level of measurements is concentrated.
This number is an excellent classification parameter and
physical parameter of the shower. Hodoscopic counters in
atunnel under an earth layer of thickness about 20 m of
water equivalent (mwe)are intended for determination of
the flux of muons with energy above 5 Ge V in the shower.
The ratio of the fluxes of muons and electrons in an exten-
sive air shower is sensitive to the nature of the primary
particle which produced the shower. Although detectors
of Cherenkov radiation arising in the atmosphere in
passage of the shower are effective only about 10% of
the time of operation of the apparatus, since measure-
ments are possible only on clear, moonless nights,
their role is important, since the Cherenkov radiation
above the level of observation reflects the energy loss
by the shower electrons above the measurement level.
This energy amounts to more than half of the energy of
the particle which produced the shower, which permits
evaluation of the energy of the primary particle with
extremely weak assumptions regarding the model of the
strong interaction. Spark chambers and an ionization
calorimeter in the underground laboratory are used for
study of high-energy muons in the cores of extensive
air showers. It should be noted that the large ionization
calorimeter in combination with the shower-particle
detectors provides the possibility of studying interac-
tions of protons of the primary radiation by distinguish-

ing hadron cascades in the calorimeter without accom-
paniment by a shower in the atmosphere on the basis of
the absence of shower particles in the scintillators and
hadoscopic counters above the calorimeter.

3. ENERGY SPECTRUM AND COMPOSITION OF
PRIMARY COSMIC RADIATION

The interval of energies of the primary cosmic radia-
tion which is important for the questions considered in
the present article extends from one up to 105 TeV per
nucleon or, with allowance for the nuclear composition
of the primary particles, approximately up to 106 TeV
per particle. In the initial part of this energy interval
the only direct measurements of the intensity of the
primary cosmic radiation are measurements in the
Proton satellites,4 and reliable data on the composition
exist only at the lower energy limit.5 However, this
energy interval as a whole is investigated by indirect
methods, mainly by study of extensive air showers
arising on entry of primary protons and nuclei into the
atmosphere.

In Fig. 3 we have shown the principal experimental
data on the energy spectrum of the total flux of primary
cosmic radiation in the range of energies 1-106 TeV.
The intensity of the flux of particles with energy above
a given value •?"(>•£) is multiplied by Ez for better rep-

, resentatton of the data at different energies, which dif-
fer in the values of the particle flux by more than 1010

times. As can be seen from the figure, the experimen-
tal data are fairly well fitted by the relations

F (> E) = 7.2- 10-2£-'-6s 1(1+ 10-" £)-<>•»

- BA (1 + 2

I E'F(>f), m'2

)-"-"] (m-2 sec-1 si-1 ),

(3.1)

!0° C, TeV

FIG. 3. Energy spectrum of primary cosmic radiation. The
quantity E'iF(> E) is plotted along the ordinate. The experimental
data on the total flux of particles (1) were obtained In balloons4

and satellites.4 The data on extensive air showers are as fol-
lows: 2—Ref. 15, 3—Rets. 7 and 8, 4—Refs. 9 and 10, 5—
Ref. 11. The dot-dash and dashed fits correspond to a change
of the energy spectrum of all particles at a. given magnetic
rigidity (the formula in the text and in the review of Ref. 12);
as in the curves of the partial spectra, the solid line corres-
ponds to the assumptions of Ref. 13. The data on the fluxes
of Fe nuclei and of the group H, CNO, and a particles and on
the primary photons have been taken from Refs. 5, 14, and 16.
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F (> £) = 8.6 • 10--JE"1-1" [(I r 5• lO^B)-"-*1

-IflA(l+3.10-2£/i-I)-0-3il(m-2 sec'1 sr'1);

(3.2)

here E is the energy of the primary particle in TeV and
BA is the flux of nuclei with atomic weight A > 1 at £ = 1
TeV relative to the flux of protons of the same energy.
The summation is carried out over all A> 1.

The contemporary experimental data do not permit
choice of the fit to the primary-particle energy spec-
trum closest to reality among those given in Fig. 3.
From the^point of view of their practical use, they are
close together. This is determined by the principal ex-
perimental results which have been taken into account
in selection of the parameters of the formulas. All the
approximations connect the results of measurements of
the absolute intensity of the primary-particle flux in
three energy regions: in the energy interval 1-10 TeV
at the edge of the atmosphere,4'8 and in the regions of
energies 10s and 10" TeV on the basis of the Cherenkov
radiation of extensive air showers.7'15 In addition, the
change in the energy spectrum of the primary particles
in the transition from energies below 103 TeV to ener-
gies above 104 TeV observed in the spectra of extensive
air showers on the basis of the number of particles at
sea level has been taken into account.11

The difference in the formulas is due to the assump-
tions regarding the reasons for the change in the energy
spectrum in the energy region 103-104 TeV. The for-
mula (3.1) and those from our 1975 review12 correspond
to the assumption of a relation between the observed
change in the spectrum and a dependence of the diffu-
sion coefficient for cosmic rays in the magnetic fields
of the Galaxy on the energy of the particles. In this
case changes in the primary-particle spectra for dif-
ferent A values should be expected at the same magne-
tic rigidity.

Equation (3.2) describes the energy spectrum in the
case in which the cause of change in the spectrum is
the energy loss by protons and nuclei in collisions with
photons.13 The energy threshold for photoproduction of
pions from protons is 10-20 times higher than that for
photodisintegration of nuclei. This has the result that
the changes in the energy spectrum of the a particles
and a large part of the nuclei of the primary cosmic
rays occur at lower energies than in the spectrum of
primary protons.

The various assumptions regarding the cause of the
change in the energy spectrum imply also differences
in the composition of the primary cosmic ratiation. In
Table I we have given the percentage content of protons
and groups of nuclei with various A values in the pri-
mary cosmic radiation, corresponding to Eq. (3.1
and (3.2) at energies of 103 and 10s TeV if the direct
experimental data5 on the composition of the primary
cosmic radiation at energy £1 TeV are used. The table
also gives the results of an investigation of the compo-
sition of primary cosmic rays by analysis of the fluc-
tuations of the number of muons in extensive air show-
ers with a given number of electrons.14'16

TABLE I. Composition of primary cosmic radiation for a
given energy of the particles, in %.

A

B, TeV
1

103

103

10s

10s

10«

l

40
36
46

41±4

25
51

-'»

19
19
12

9±7

15
9

i;

14
15
12

15±6

16
11

:< ! si

15
16
16

17±6

22
14

12
14
14

18±5

22
15

Measurements of Ref. 5
Formula (3.1)
Formula (3. 2)
Analysis of fluctu-

ations14'16

Formula (3.1)
Formula (3.2)

Concluding this section, we should note that all the
still existing uncertainties in the energy spectrum and
composition of the primary cosmic radiation do not
prevent a quantitative analysis of the interactions of
hadrons in the atmosphere and of'cascade processes
arising in passage of cosmic rays with energy of 10-105

TeV through the atmosphere.

4. INELASTIC COLLISIONS OF NUCLEONS WITH
NUCLEI IN THE ENERGY REGION 1-102 TeV

The energy interval 1-102 TeV is interesting as being
immediately adjacent to the accelerator region of inter-
acting-nucleon energy which is being investigated at the
present time. It is accessible for investigation in cos-
mic rays by various methods. Obviously first of all we
must check here to what extent it is possible to extra-
polate the relations which have been established for in-
elastic collisions of hadrons in accelerator experi-
ments. The possibility of such extrapolation from low-
er energies to higher energies in cosmic rays has been
known for a long time. This appears in the constancy
of the average inelasticity coefficient of nucleons (the
fraction of energy carried away by the nucleon with the
highest energy after a nucleon-nucleon or nucleon-nu-
cleus interaction), and in the long known approximate
similarity of the energy spectra of the different compo-
nents of cosmic rays in the interior of the atmosphere
to the energy spectrum of the primary radiation. It is
natural to consider these properties as the manifesta-
tion of scale invariance (scaling)—a property of the
interaction which was subsequently established in ac-
celerator experiments. Regarding strict scale invari-
ance of multiple-production processes in inelastic col-
lisions of hadrons, there is apparently nothing which
can be said at any energy. Already in the accelerator
region a rise is observed in the effective cross section
for inelastic collisions of nucleons with increase of
their energy, and also increased multiplicitly, in com-
parison with that expected on the basis of scaling, in
the pionvzation part of the energy spectrum of secon-
dary particles for an incident-nucleon energy ^1 TeV.
As will be seen from the description which follows of
the experimental results obtained in cosmic rays, the
same pattern of processes associated with inelastic
collisions of hadrons is preserved up to 50-100 TeV.
In a qualitative sense we can speak of "quasiscaling",
understanding this to mean that over the entire energy
interval considered there is a preservation of the peri-
pheral nature of hadron interactions, preferential pro-
duction of pions among the secondary hadrons, practi-
cal constancy of the transverse momenta, and so forth.
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The cross section for collision of protons with the nu-
clei of atoms of the atmosphere increases with energy,
and this increase, when converted to the effective cross
section for proton-proton collisions (if we take as a
basis the Glauber method,17 supplementing it with in-
clusion of inelastic screening18), leads to

a,p = 38.4 +0.5 lir--JL{mb).

The experimental data which we have used here for in-
elastic collisions of protons with the nuclei of the at-
mosphere were obtained by measurement of the inten-
sity of the flux of primary protons of various energies
which have reached a given depth of the atmosphere
without interactions with nuclei of air atoms (Fig. 4)
The energy of the protons was determined by means of
an ionization calorimeter. Events which were not ac-
companied by an extensive air shower were taken to be
cases of primary protons travelling down to an atmos-
pheric depth of ~700 g/cm2. The experimental depen-
dence obtained by this means for the effective cross
section for interactions of protons with air nuclei:

i g < r >

o«pair = 265 [i +0.016 (in <mb)

gives in the accelerator energy region values about 13
mb less than those measured directly. This is ex-
plained by the fact that in cosmic-ray measurements
diffraction excitations of the nucleons of the target nu-
cleus with a small energy loss by the incident proton
are not recorded.19 The experimental data in the pro-
ton-energy interval E- 1-30 TeV are compared in Fig.
4 with the formula given above and also with other ap-
proximations which are used for analysis of experimen-
tal data over a wide range of energies. The limitations
on the value of the cross section at energies ~105 TeV
were obtained by study of fluctuations in the develop-
ment of extensive air showers.

The constancy of the loss of energy by the incident
proton in formation of secondary particles in inelastic
collisions with lead nuclei can be deduced from the en-
ergy dependence of the threshold inelasticity coefficient
Kr, which is the fraction of the incident-proton energy
transferred after the collision into an electron-photon
cascade. This occurs mainly by means of the genera-

10° 1C' !0* !H3 10* 10s !0f f.TeV

FIG. 4. Effective cross section for production of secondary
particles In collisions with nuclei of air atoms as a function of
the energy of the Incident protons. Experimental data: 1—
from Ref. 18, 2—from Refs. 20 and 21. The solid line is a fit
with the formula in the text, the dot-dash line shows the fit
from Ref. 22, and the dashed line the fit in the calculations of
Ref. 23.

X,g/cm

igl

wo sea
b)

sto
X> a/cm

FIG. 5. Schematic representation of the ionization at various
depths in the lead of the ionization calorimeter, a) Averaged
curve for interactions at depth X= 0. Crosshatched part — ion-
ization from electron-photon cascades after the first interac-
tion. b) Example of an Individual nuclear cascade shower.

tion and decay of neutral pions. The use of lead as an
absorber in an ionization calorimeter has turned out to
be extremely effective for analysis of the characteris-
tics of multiple -production events on the basis of the
shape of the nuclear cascade curve in lead. The 30-fold
difference in the nuclear interaction length and the ra-
diation length permits separation in cascade curves,
averaged over many events, of the initial part of these
curves associated with the electron-photon cascade af-
ter the primary interaction of the nucleon in lead. The
possibility also appears of distinguishing in individual
cascades the ionization from the first interaction and
that from subsequent interactions of the particle which
is leading in energy of the secondary hadrons (Fig. 5).

In Fig. 6 we have shown the dependence on the inci-
dent-particle energy of the partial inelasticity coeffi-
cients (Kr) for primary protons (hadrons without ac-
companiment of an extensive air shower) and for a mix-
ture in unknown proportion of nucleons and pions (all
hadron interactions spatially resolved in the calori-
meter). M From these measurements it follows that the
quantity

10° 10' !0!

f,TeV

FIG. 6. Partial Inelasticity coeficient as a function of energy
for interactions of protons with lead nuclei (2) and of a mix-
ture of protons and pions with lead nuclei (1).
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averaged over many events is independent of the energy
of the incident hadron up to energies ~30 TeV. Here cr
is the effective cross sections for production of secon-
dary particles at an incident-particle energy E0 and x 0

= E/E0 is the relative energy of the rr° mesons generated
with an effective cross section dfff0/dxr0. The quantity
(Ky) in pion-nucleus collisions is larger than in nucleon-
nucleus c ollisions. The value of (Ky) for a mixture of nu-
cleons and pions is consistent with the fact that the par-
tial inelasticity coefficient (Ky) in pion collisions with
lead nuclei amounts to 0.3, and correspondingly the
total inelasticity coefficient in such collisions is close
to unity.

The result of measurement of the partial inelasticity
coefficient in proton-nucleus collisions is significantly
more definite. Its value averaged over the entire en-
ergy interval is {tfr) = 0.18 ±0.01. The constancy of this
value, together with the constancy of the total inelas-
ticity coefficient, reflects the identity of the composi-
tion of the greater part of the secondary hadrons over
the entire energy region studied.

The total inelasticity coefficient can also be deter-
mined independently in a different way by analysis of
the set of individual nuclear cascade showers in the
lead of the ionization calorimeter. As the starting point
of this analysis it is assumed that the main secondary
peak in an individual distribution of ionization in the
calorimeter is due to the interaction of the secondary
nucleon which is leading in energy. The experimentally
observed distribution of the relative values of the en-
ergy of interactions of particles responsible for the
main secondary maximum is shown in Fig. 7. The in-
itial assumption that the main secondary maximum is
necessarily due to interaction of the leading nucleon is
only a first approximation. For example, one of the
most energetic secondary pions can give a maximum in
the cascade curve which is no smaller than that from
interaction of the leading nucleon. There is a proba-
bility also that the interaction of the leading nucleon
will occur close to the point of the primary interaction
of the nucleon in the ionization calorimeter. These and
other less important corrections are introduced by

o o.z o.i o.s a.t i.o

FIG. 7. Probability of appearance of a leading nucleon with
a relative energy x= E/E0« 1 - fe for collisions of protons with
lead nuclei at an energy <£„) = 7 TeV. The circles are the
measured ratio of the energy of the principal secondary Inter-
action to the total energy, and the crosshatched band is the re-
sult after corrections.

successive approximations in modeling of the nuclear
cascade curves by computer. Here the analysis is car-
ried out according to the same program as for the data
obtained experimentally. The corrected inclusive
spectrunj of leading nucleons (P+A=N+. . .) at an in-
itial proton energy of 5-10 TeV is shown in Fig. 7 by
the cross-hatched band.25 The average value of the to-
tal inelasticity coefficient obtained from the distribu-
tion presented is 0.63 ± 0.02. The difference of this
value from 3 (#,,) = 0.54 ±0.03, if one sets aside the in-
dicated error, is explained by the production in an in-
elastic collision of hadrons of a given energy, in addi-
tion to pions, of other particles, which is observed
also at accelerator energies.

Unfortunately, experiments with lead as a target do
not provide an answer as to what processes are respon-
sible for and what energy loss by the interacting hadron
is involved in the rise of the effective cross section
•with increasing energy of the incident particle in colli-
sions with light nuclei. In complete correspondence
with measurements of the energy dependence of the ef-
fective cross section in light nuclei and with the Glau-
ber theory, the increase of the effective cross section
for collisions of protons with lead nuclei in the energy
interval 0.1-10 TeV does not exceed 10%. The experi-
mental results agree with such estimates, but it is not
possible to analyze how the inclusive spectra of sec-
ondary particles change with this insignificant increase
of the cross section. It should be noted only that at an
energy of 7-10 TeV diffraction processes in collisions
of protons with lead nuclei have an effective cross sec-
tion which is no smaller than at low energies (this is
evident from the rise of the curve in Fig. 7 as x— 1).

The dependence of the inclusive spectrum of secon-
dary particles in the fragmentation region on the ener-
gy of the nucleon which collides with light nuclei can be
deduced from the energy spectra of hadrons, y rays,
and muons in the interior of the atmosphere. They are
determined first of all by the energy spectra and com-
position of the primary cosmic radiations, second — by
the energy dependences of the effective cross section
for inelastic collision of nucleons and pions with air
nuclei, and third — by the inclusive spectra of secondary
hadrons, where a substantial role is played by the frag-
mentation part of these spectra. The latter is due to
the fact that for the intensity of particles of a given en-
ergy in the interior of the atmosphere the following
quantity is important:

The exponent of the primary energy spectrum y = 1.7
enhances the role of high energies, i.e., of the frag-
mentation part of the secondary-particle spectrum. A
similar analysis has been carried out by many auth-
ors,22'28"30 who reached somewhat differing conclusions
regarding the presence or absence of scaling in the
fragmentation part of the secondary -particle spectrum
for incident-hadron energies 1-100 TeV. The causes
of the discrepancies are due to inaccuracies and some-
times also contradictions of the experimental data and
to the fact that comparison of experiment and theory is
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carried out only on the basis of one of the components
of cosmic radiation. For example, the observed en-
ergy spectrum of muons can be obtained with approxi-
mately equal success theoretically with use of both a
rising and a constant effective cross section for inelas-
tic collisions,22 on the assumption of scaling, and with
an inclusive secondary-particle spectrum which de-
pends on the primary energy.27 In Fig 8 we have given
a comparison of calculations29 on the basis of different
models of an inelastic collision (for interaction param-
eters which are considered reasonable at the present
time). It follows from the comparison that in this case
the experimental errors and especially the differences
between various experimental arrangements do not per-
mit the values of the parameters of the elementary
event to be improved. On the other hand, this weak
sensitivity of the muon energy spectrum to the param-
eter values being discussed permits us to use the in-
tensity of muons of various energies to establish the
energy spectrum of the primary nucleons.

Let us consider a more complete set of data on the
intensity of cosmic rays in the interior if the atmos-
phere. The energy spectrum and compooLtion of the
primary cosmic radiation in the energy interval 1-103

TeV have been determined by direct measurements, by
analysis of data on extensive air showers, and from the
energy spectrum of muons. The effective cross section
for inelastic collisions is established from the penetra-
tion of the primary protons into the depth of the atmos-
phere without interactions. Consequently the energy
spectra of hadrons, photons, and electrons in the in-
terior of the atmosphere can be used for analysis of the
dependence of the inclusive spectra of secondary had-
rons on the energy of the incident particle in multiple-
production events in collisions of nucleons and pions
with air nuclei.

In Fig. 9 we have given a comparison of the experi-
mental data on the flux of high-energy electrons and
photons at mountain altitudes with a calculation with
various assumptions regarding the inclusive spectra of

10" ,TeV

FIG. 8. Differential energy spectrum of the vertical flux of
muons according to experimental data and calculations from
Ref. 29. Dashed curve—on the assumption of scaling, dot-dash
—with a secondary-pion spectrum of the Bose-Planck type.
Experimental data: 1—from Ref. 31, 2—Ref. 32, 3—Ref. 33,
4—Ref. 34, 5—Ref. 35, 6—Ref. 36. The ordinate gives the
spectrum multiplied by (E /O.I TeV)2-76.
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FIG. 9. Differential spectrum of electrons and photons in the
atmosphere. Calculation29 for a depth of 600 g/cm2 on the as-
sumption of scaling (solid curve), for a secondary-hadron
spectrum of Bose-Planck type (dot-dash). Calculations37 on
the assumption of scaling violation in the pionization part and
a rapid rise of the effective cross section (dashed curve). Ex-
perimental data: 1—depth in atmosphere 550 j^/cm2 from the
data of Ref. 38, 2—-depth 596 ?/cm2 from Ref. 39, 3—depth
700 g/cm2 from the data of Ref. 40, 4—depth 650 g/cm2 from
the data of Ref. 41.

secondary hadrons.29 In the case of preservation of
scaling for the fragmentation part, the entire increase
of the effective cross section was assigned to genera-
tion of secondary particles in the pionization region,
and in the fragmentation part it was assumed that x&a/
dx = const. The variant without strict scaling, both in
the pionization part and in the fragmentation part of the
spectrum, is described by inclusive spectra of the
Bose-Planck type. In the accelerator energy region
these spectra, within experimental error, can be con-
sidered to be quasiscaling.42 In analyses of data on ex-
tensive air showers this model has been used for a long
time and is known as the Cocconi-Koester-Perkins
(CKP) model with a dependence of the secondary-parti-
cle multiplicity on energy of the form «~JE0<25. As can
be seen in Fig. 9, the calculations with a nonscaling be-
havior of the inclusive spectra of secondary particles,
both in the fragmentation part and in the pionization
part, are close to the experimental data.

It should be noted that there have been many attempts
to reconcile the experimental data with calculations on
the assumption of preservation of scaling, and first of
all that the fragmentation part of the secondary-particle
energy spectrum is independent of the incident-hadron
energy. The calculations of Ivanenko et al.22 assumed
for this a rapid increase of the effective cross section
for inelastic interactions of nucleons with the nuclei of
air atoms, more rapid than follows from measurements
of the intensity of primary protons in the depth of the
atmosphere.18 The effective cross section for pion-nu-
cleus interactions in these calculations is also overes-
timated. Dunaevskii et al.K propose to bring the calcu-
lations closer to the experimental data by assuming a
decrease with increasing energy of the role of diffrac-
tion processes with small energy loss by the incident
nucleon. This assumption does not correspond to the
data25 on interaction of protons with lead nuclei (see
Fig. 7). Finally, taking into account that the flux of y
rays, electrons, and hadrons with a given energy in the
depth of the atmosphere is produced by primary parti-
cles with energy 20-100 times greater, one can suggest
an influence on the intensity of y rays and hadrons with
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energy ~10 TeV of features of the interactions of had-
rons at energies ~103 TeV.30 This variant deserves at-
tention also because it will be shown below that there
are new processes in the energy region above 102 TeV.
Thus, summarizing the results of the study of multiple
generation in hadron interactions at energies 1-100
TeV, we can state that the violations of scale invari-
ance observed in this region reduce to the facts known
from accelerator experiments of the rise in the effec-
tive collision cross section and the particle multiplicity
in the pionization part of the inclusive spectrum. The
inelasticity coefficient of nucleons and correspondingly
the fragmentation part of their inclusive spectrum do
not change with increase of the incident-nucleon ener-
gy. Changes of the fragmentation part of the inclusive
spectra of secondary pions, if they exist, are insigni-
ficant. The composition of the secondary hadrons is for
the most part constant both in number and in the energy
flux: pions, kaons, and nucleons. The fraction of ka-
ons, determined26 from the angular distribution of mu-
ons to be ~15%, agrees both with the accelerator data
and with the difference noted above in the values 3(Kr)
and (K).

5. CAN THE OBSERVED CHARACTERISTICS OF
THE MULTIPLE-PRODUCTION PROCESS BE
EXTRAPOLATED TO THE ENERGY REGION Itf-IO5

TeV?

The rise of the effective cross section corresponding
to the limiting case for proton-proton collisions <7PI> = a
+ b In2s, and the inclusive spectra of secondary parti-
cles, which change with increase of the energy of the
interacting particles in accordance with the CKP model
which has long been used for analysis of extensive air
showers, —all this information forces us to adopt a con-
servative approach in extrapolation of the characteris-
tics of the hadron multiple-production process from the
region of energy below 100 TeV to the energy region
102-105 TeV. However, in cosmic rays, which have
their own unique uncertainty in interpretation, the con-
tradictions between experiment and the expected result
are more informative than the absence of such contra-
dictions would be. Therefore it seems preferable to
take into account first of all those new aspects of mul-
tiple-production processes which come to light at en-
ergies ~100 TeV and above.

The features of the pattern of inelastic collisions of
nucleons and nuclei at energies above 100 TeV were
noted quite long ago in analysis of the results of inves-
tigations of the composition of extensive air showers.
Qualitatively, the disproportions in the various compo-
nents of the shower reduced to disproportions in the en-
ergy transferred to the various components of the show-
er in comparison with the expected distribution for a
nucleon-pion composition of the nuclear cascade. The
preferential formation of the electron-photon component
has been arbitrarily called gammanization.43

The difference from the expected behavior in the for-
mation of the electron-phonon component and the muons
in a shower can be seen in the fact that the dependence
of the secondary-particle multiplicity on the energy of
the primary particle which produced the shower turns

FIG. 10. Multiplicity of secondary pions as a function of the
energy of the colliding hadron according to data on the height
of the maximum of the development of the electron component
of extensive air showers (points with error bars) and on the
basis of the number of muons in a shower with a given number
of electrons at the level of observation (cross-hatched bands).
The lower curve was fitted on the assumption of scaling, and
the straight line—on the assumption n~

out to be different for different means of its experimen-
tal determination. If this dependence is determined on
the basis of the number of muons in showers with dif-
ferent numbers of electrons at a given level of observa-
tion, then it has to be close to n~E1/4. However, if the
secondary-pion multiplicity is estimated from the
height of the maximum of the electron-photon compo-
nent of the shower, then the experimental data corre-
spond best to a dependence of the type n~ E1'2 (Fig. 10).
In order to remove this contradiction it is necessary to
assume that the number of neutral pions in a multiple-
production event is not equal to half of the number of
charged pions or that there are other channels of trans-
fer of energy from the primary nucleons to the elec-
tron-photon cascade of the shower.

The qualitative nature of the change in the pattern of
the multiple-production process with increase of the
energy of the colliding hadrons can be seen in the
change of the average transverse momentum of the sec-
ondary particles. The energy region below 100 TeV is
characterized by a weak dependence of the value of
transverse momentum on energy. This result, which
has been established in many experiments, may be due
to the peripheral nature of inelastic collisions and to
the large role of pions in the final stages of the emis-
sion of clusters. In the energy region above 100 TeV
various authors44'45 show, by analysis of the lateral
distribution of hadrons in extensive air showers, not
only that there are large values of the average trans-
verse momenta of the secondary hadrons, but also that
these values have a further substantial increase with
increase of the colliding-particle energy (Fig. 11). The

, GeV/c

ro° if
a)

FIG. 11. Average transverse momenta of secondary hadrons
as a function of the energy of the colliding nucleon: a) from
Ref. 44, b) from Ref. 45.
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transverse momenta will be described in more detail
in the next section.

The energy threshold of the qualitative change in the
secondary-particle production process appeared clear-
ly in experiments on the absorption of hadronic cas-
cades in lead for various initial energies.46 Since the
average absorption of the energy of the nucleon com-
ponent in a hadronic cascade is characterized by an
absorption range SA./K=2A, and in an inelastic colli-
sion of pions two-thirds of the energy remains in the
pionic shower, the absorption of the hadronic cascade
on the whole is determined by the absorption of the pi-
onic shower with a range L« A'/0.33 = 3A'; here A' is
the range for interaction of a pion in lead. This sim-
plified discussion emphasizes the fact that the absorp-
tion range of a hadronic shower for any initial energy
is limited by irreversible energy losses in production
of the electron-photon component of the shower if the
nucleon-pion nature of the nuclear cascade is pre-
served. Actually there are a number of complicating
factors. The rapid degradation of the energy of the pi-
ons in a shower has the result that the absorption can-
not be described by an exponential. A significant part
of the energy of a hadronic shower is expended in nu-
clear disintegrations. Kaons also take part in the nu-
clear cascade.

Since the role of these factors depends on the initial
energy of the shower, the absorption of a shower will
depend on the initial energy and will change with the
depth of the absorber in which the shower develops.
The main feature of showers which permits a rather
reliable analysis of their absorption for different initial
energies is related to the fact that all hadrons of the
shower have energies less (and most of them much
less) than the energy of the nucleon or pion which pro-
duced the shower. Thus, the properties of the particles
which compose the shower are known. The preserva-
tion or change of these properties with increase of the
energy of the nucleons and pions is traced by succes-
sive analyses of showers with ever increasing initial
energies.

In Fig. 12 we have shown a comparison of experimen-
tal data on the absorption of showers for various initial
energies with a calculation in which the specific exper-
imental conditions47 have been taken into account. The
decrease of the absorption of hadronic showers for in-
itial hadron energies ^100 TeV signifies a substantial
change in respect to energy of the composition of the

LIE), g/cm

FIG. 12. Absorption range of a hadron shower in the lead of
the ionization calorimeter as a function of the initial energy of
the hadron shower. Curve 1—expected dependence, 2—ex-
perimental data on single hadrons, 3—cores of large showers.

secondary particles produced in inelastic collisions of
hadrons with lead nuclei for increase of the energy up
to 100 TeV. A minimum estimate of the energy car-
ried away by "new" particles can be made on the basis
of the observed excess of ionization in the depth of the
calorimeter in comparison with that calculated for the
usual nucleon-pion composition of the shower. The val-
ue obtained in this way amounts to >15% of the energy
of the hadron which produced the shower. It is difficult
to suppose that the concentration of energy in one sec-
ondary particle exceeds 50% of the primary hadron en-
ergy. Accordingly the effective cross section for pro-
duction of new particles is estimated to be >0.3cr,
where a is the effective cross section for an inelastic
collision of the hadrons with nuclei. To explain the ob-
served slow absorption of the showers it is necessary
to assume that the new particles have a several times
smaller effective cross section for inelastic collisions
with lead nuclei and (or) a lower inelasticity coefficient.
Of the known particles such properties can be assumed
for charmed particles.48

The production of new particles with a large effective
cross section essentially distinguishes inelastic colli-
sions in the energy region 2100 TeV from hadron inter-
actions at lower energies.

6. DEPENDENCE OF THE TRANSVERSE MOMENTA
OF THE SECONDARY HADRONS ON THE ENERGY
OF THE COLLIDING PARTICLES

As we have already mentioned, a wide range of energy
of inelastic collisions of hadrons is characterized by a
very weak dependence of the secondary-particle trans-
verse momenta on the incident-particle energy. Exper-
imental indications of the presence of a significant
number of events with large transverse momenta in
interactions at energies ~103 TeV were obtained in
studies of the structure of the central part of extensive
air showers.49>5° Experiments showed that a fraction of
extensive air showers have not one core corresponding
to a maximum concentration of the particle flux around
the shower axis, but two or more cores separated by
distances of the order of 1 m. It is easy to estimate
that, if the distance between the cores is assumed to
result from the separation angles of the neutral pions
or nucleons in the initial event at an elevation ~20 km
above the level of observation, it is necessary to as-
sume an appreciable probability of appearance of trans-
verse momenta ~10 GeV/c. Of course, subsequent
interactions are superimposed on the deviations of the
leading, most energetic hadrons of an extensive air
shower from the axis. Here the hadron energy becomes
insignificantly smaller, but the distance to the level of
observation at which for a given particle-emission anr
gle the deviation from the shower axis is observed also
becomes smaller. An extremely thorough analysis of
the experimental data and a comparison with theory led
a group of Australian physicists to the conclusion that
the only possible explanation of the observed pattern of
multicore showers is the assumption that high trans-
verse momenta appear in interactions of nucleons at
energies ~103 TeV and that the transverse momenta in-
crease with increase of the primary particle energy.51
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However, although about ten years have passed since
these authors drew this conclusion, which is reflected
in Fig. 11, the problem of the dependence of the trans-
verse momenta on the energy of the interacting parti-
cles remains in dispute. The objective difficulties in
use of experimental data on multicore showers reduces
to two experimental uncertainties: what energy must
be assigned to each core, and what are the criteria for
identification of multicore showers? The criteria for
a multicore shower depend to a large degree on the ex-
perimental method and, depending on the characteris-
tics of the apparatus itself, the fraction of multicore
showers in various experiments differs by a several-
fold factor. As a consequence of the change in the
fraction of multicore showers, the estimates of the ef-
fective cross section for production of particles with
large transverse momenta also change.

The first of the difficulties noted is determined by the
relation between the number of electrons in the shower
core at a radius of several tens of centimeters and the
energy of the primary y ray which produced the core.
It depends greatly on the path in the atmosphere. De-
termination of the age of the shower within the distances
indicated is also unreliable. The energy concentrated
in the core of an electron-photon shower amounts to a
small part of the energy of the total flux of particles at
the level of observation and a still smaller part of the
energy of the primary particle. All this is complicated
by the presence in the shower of high-energy hadrons
•which can generate electron-photon cascades near the
level of observation. The flux of energy and particles
in such cascades can be concentrated in a circle of
small radius, and if such cascades are erroneously tak-
en as the core of an electron-photon cascade which has
arrived from a great height, the error in the initial en-
ergy can amount to more than a factor of ten. A non-
uniform distribution of matter above the apparatus, as-
sociated with the construction of the building where the
apparatus is housed, also helps to produce such errors.

The difficulties described above are less character-
istic for studies of the deviation of high-energy hadrons
from the shower axis. The larger emission angles of
hadrons, compared to the electromagnetic angles, in
the production events and the multiple nature of the
production result in the fact that hadrons of a given en-
ergy are efficiently recorded in interactions from small
heights above the level of observation, and the greatest
contribution to the deviation of the hadron from the
shower axis is from its emission angle when it is pro-
duced. The sum of the deviations of the preceding
interactions in a transverse-momentum distribution
which does not depend on energy does not exceed 50%
of the total deviation from the shower axis. Experi-
mental studies45 of the lateral distribution of hadrons in
extensive air showers has shown that the data on had-
rons with energy SO.2 TeV are consistent with a sec-
ondary-hadron transverse-momentum distribution
which is independent of the primary-particle energy.
This means, with allowance for the remark regarding
the role of the last collision and the energy of the ob-
served hadrons, that there is an independence or a
weak dependence of the average transverse momentum

in the range of energies of the hadron interacting with
the nucleus of an air atom 0.2-10 TeV. The experi-
mental data on the lateral distribution of hadrons with
energy above 1 TeV require for their explanation the
assumption of a rise of the average transverse momen-
tum, as is shown in Fig. 11. A clear explanation of
this result, as of the presence of an energy threshold
for the observed rise in the transverse momenta, can
be obtained from Fig. 13 of Ref. 52. One should expect
a decrease of the average product of the deviation of the
hadron from the shower axis R and the hadron energy
E with increase of the intensity of the shower (i.e., the
energy of the primary particle). In fact, hadrons of a
given energy are produced at greater depths in the at-
mosphere, the higher is the energy of the primary par-
ticle. In contrast to the predicted dependence, mea-
surements show a rise of the product (ER) beginning
with a primary-particle energy ~100 TeV/nucleon.

In addition it must be noted that it would be premature
to conclude from Fig. 12 that there is an ever increas-
ing value of the average transverse momentum with in-
crease of the primary energy, since the complex com-
position of the primary cosmic radiation broadens the
region of the threshold effects in which an ever in-
creasing fraction of the primary particles which have
produced a shower with a given number of electrons
have an energy ^100 TeV/c nucleon.

The distribution of transverse momenta has been in-
vestigated more directly by means of nuclear emulsion
and x-ray emulsion chambers. In Fig. 14 we have given
the results of measurements in nuclear emulsions for
interacting-hadron energies ~20 TeV (Ref. 53) and in
x-ray emulsion chambers1 for families of y rays with a
primary energy ~100 TeV. All distributions of trans-
verse momenta have been multiplied by exp(6p1), where
/>A is the value of the transverse momentum. The sim-
ilar curves, which are ~^±exp(-5/)1), correspond to the
distribution of transverse momenta at an incident-pro-
ton energy of ~0.2 TeV obtained by means of a bubble
chamber.54 A comparison shows that in the range of
transverse momenta from 0.2 to 2 GeV/c for a change
of the primary energy from the accelerator region ~0.2
TeV to energies ~100 TeV no significant changes are
observed in the distribution of transverse momenta of
the secondary pions. Analysis of the data of the Pamir
experiment led to the conclusion that for high energies
(-1000 TeV) no appreciable rise in the transverse mo-
menta of the y rays is observed.55

w1-

to"

FIG. 13. Average product (fR) as a function of the number of
electrons Ng in the shower. Here E is the energy of the hadroa
and R is its distance from the shower axis. The curve shows
the jxpscted dependence. The primary energy of the particle
which produced the shower is B0 ~2 • lCT3JVe TeV.
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FIG. 14. Distributions of transverse momenta for incident-
hadron energies £0«20 TeV (1) and £0 «100 TeV (2) without
additional selection. Data with additional selection criteria
corresponding to H-quanta, SH-quanta, and UH-quanta for
£0 ss 100 TeV are shown by (3) in the same sequence.

We might discuss the contradiction between the re-
sults of study of secondary-hadron transverse momenta
by the method of extensive air showers and the results
of x-ray emulsion chambers, if the x-ray emulsion
chambers themselves did not give indisputable cases of
the recording of multiple-production events with large
transverse momenta of the secondary particles. The
best case of the class of events which are called cen-
taurs has a generation altitude of 50 ±15 m above the
level of observation. The average transverse momen-
tum of the hadrons (presumably nucleon-antinucleon
pairs) is estimated1 as (pi) = Q.35/K GeV/c, where K
a 0.2-0.33. In the exposure of an x-ray emulsion cham-
ber on Mount Fuji an event was recorded with a group
of hadrons with total energy 24'103 TeV (Titan).56 The
transverse momenta between the hadrons of the group
amount to 1.7-2 GeV/c. The French-Japanese group of
investigators of inelastic hadron collisions by means of
x-ray emulsion chambers observed in an aeroplane
flight a case of hadron interaction in the construction
materials of the aeroplane at a distance of 2.2 m from
the chamber.57 Here the secondary particles are
grouped into four groups. The distance between them
corresponds to transverse momenta greater than 1
GeV/c. In the experiments on Chacaltaya among the set
of y-ray families cases are identified of pairs of gene-
ticially related families, so-called twin (geminion) and
binocular events.58 The transverse momentum between
the jets responsible for such events exceeds 10 GeV/c.
Analysis of the azimuthal distribution in y-ray families
on the basis of the data of the Pamir experiment shows
a jet structure in part of the families with values of
transverse momentum between jets of several GeV/c.59

The enumeration of all these separate and greatly
varied cases of detection of groups of y rays and had-
rons with large transverse momenta could be continued.
Their combined frequency of appearance exceeds 10%
of the effective cross section for inelastic collision of
hadrons with nuclei of air atoms. Whether this is suf-
ficient for interpretation of the experimental data45'52

on large transverse momenta of hadrons in extensive
air showers is hard to say without special calculations.

At the present time all experiments intended for study
of large transverse momenta confirm the existence of

, GeV/c

FIG. 15. Distribution of transverse momenta of y rays. Solid
straight line: ~e~6*1; dashed straight lines: grouping accord-
ing to H-, SH-, and UH-quanta (~e'8/>1, ~e"4*1 :and ~e'2n );
the dotted curve shows a distribution of the form ~p~*.

cases with high momenta (more than 1 GeV/c and even
tens of GeV/c). The distribution of transverse momen-
ta in magnitude can be described60 as ~Pl4. Disagree-
ments in the conclusions43 of different measurements
begin in the attempts to estimate the cross section for
generation of particles with large transverse momenta.
While the exponential distribution observed at trans-
verse momenta <1 GeV/c for pions gradually goes over
at high momenta to a power law ~pl*, the absolute and
relative (as in Fig. 15) effective cross sections for
large values of transverse momenta are small. In this
case the average value of the transverse momentum is
determined by the exponential part of the distribution.
However, it is impossible to explain by these means
either the experimental data of Refs. 45 and 52 or the
events with high transverse momenta observed in x-ray
emulsion chambers.56"59 Evidently the formation of
hadrons with high transverse momenta must be related
to individual cases of the generation of energetically
distinguished particles with large deviations from the
direction of the primary particle, jets, and other spe-
cial events.

7. H-QUANTA, SH-QUANTA, CENTAURS,
GEMINIONS, ETC.

The analysis of a substantial part of the families of
cosmic-ray y rays and hadrons recorded in x-ray
emulsion chambers is carried out from the point of
view of the hypothesis of H-quanta, and in discussing
the experimental data on multiple production at inci-
dent-hadron energies above 100 TeV it is impossible to
avoid mentioning this hypothesis. The idea of H-quanta
was introduced by Hasegawa81 and stood for some inter-
mediate state in the multiple production of hadrons.
The distinction of H-quanta from a fireball is that a def-
inite mass was not assigned to fireballs. The confir-
mation of a fixed mass of the H-quantum was perceived
in the proportionality between ys, which is determined
from the relation lnys = -{in tg 8.), and the total energy
of the y rays in a family Z/jE; (Fig. 16); here Sf is the
angle between the direction of emission of the t-th y ray
and the energy-weighted direction of all y rays of the
family. If we assume that all observed y rays are pro-
duced in a single cluster, then the mass of the cluster
which has gone into y rays is Z/-Ef/ys = 1.3 GeV/c2. The
total mass should be three times larger if we assume
equally probable production of pions with different
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FIG. 16. Lorentz factor yf of the center of symmetric emis-
sion of a y-ray family as a function of the total y-ray energy.6*
(The arrows show the shift of the data on individual families
if it is assumed that the y rays are produced in two clusters.)

charges. However, the fluctuations in the distribution
of energy between charged and neutral pions and the
sample of events for the decreasing energy spectrum
of cosmic rays reduce the mass to 2.6 GeV/c2.82 The
greatest popularity of the hypothesis of H-quanta in ap-
plication to analysis of data on families of y rays in x-
ray films occurred in the period when, as statistics
were accumulated, data appeared on v-ray families of
higher multiplicity and higher total energy. These
families fell outside the previously established propor-
tionality between y, andZ/£, and in this way corre-
sponded to clusters of larger mass (SH-quanta). The
y-ray family of very high energy "Andromeda" ob-
served at that same time83 permitted one to suppose
that even heavier clusters existed, UH-quanta. In the
final analysis the following picture was drawn: H-
quanta, SH-quanta, and UH-quanta with masses 2.6,
30, and 200 GeV/c2 are effectively produced in the cor-
responding intervals of the colliding-hadron energy,
and the transverse momenta of the y rays in these
classes of families are distributed exponentially
[~exp(-/>!//>(,)] with the respective values of the param-
eter p0 125, 250, and 500 GeV/c.

In order to be convinced of the reality of this picture,
it is necessary to establish the quantized nature of the
mass values of the H-, SH-, and UH-quanta with a'
sample of events independent of the transverse-momen-
tum values of the y rays in the family. The mass of
UH-quanta is undetermined, since the few events as-
signed to this class are extremely diverse. The exper-
imentally obtained distribution in mass (in terms of
quanta Mr) for H- and SH-quanta is shown in Fig. 17.
The most important detail of this distribution is the
small number of events with mass 3-4 GeV/c2. How-
ever, neither the statistical reliability of this distribu-
tion nor the accuracy in determination of the cluster

mass in individual events permits the discreteness of
the mass values of the H-, SH-, and UH-quanta to be
considered proved. Furthermore, frequently events
assigned on the basis of their mass to SH-quanta, when
analyzed by the method of Duller and Walker diagrams,
would be assigned to events with observation of two
clusters, rather than one.84

The grouping in mass of analyzed jets of multiple
production was carried out at first on the basis of the
ratio between the Lorentz factor of the center of sym-
metry and the total energy of the y rays. Later the
Shibata relations75 were used, which took into account
more completely the entire existing experimental in-
formation. At the present time the Japanese-Brazilian
Collaboration is using a more convenient separation of
events into H-, SH-, and UH-quanta (Fig. 18). How-
ever, in the right-hand part of the diagram where the
data of different families are best distinguished, the
ordinates are proportional to the product n (p^> where
n is the number of y rays in the family, and after
grouping on the basis of this characteristic, the differ-
ence of the distribution of the momenta p± in H-, SH-,
and UH-quanta cannot be an independent confirmation of
the reality of such objects, since it reflects the criteria
of the sampling. Incidentally, the distributions of the
transverse momenta in Fig. 14 for H-, SH-, and UH-
quanta are characteristic of the fact that the greatest
difference from the general averaged distribution of
transverse momenta is not for UH-quanta, but for H-
quanta with smaller than average transverse momenta.
Perhaps the segregation of H-quanta picks out events
of the diffraction production of pions.

At the same time, an individual analysis of multiple-
production events recorded in x-ray emulsion chambers
has permitted a number of additional interesting cases
of multiple production to be observed at incident-hadron
energies ~1000 TeV. The so-called centaurs have be-
come the best known events. A diagram of the first and
most effective of the observed centaurs is shown in
Fig. 19. The main feature of centaurs is the absence,
in the hadron jet arriving from the atmosphere at the
x-ray emulsion chamber, of neutral pions in the pro-
portion necessary for multiple-production processes.
Several such events have been found (Table II) and this
permits the statement that the features of centaurs can-
not be explained by fluctuations of ordinary multiple
production of hadrons. The absence of T° mesons in the
hadron jet strikingly separates these events from the
background of ordinary fluctuations of the composition
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FIG. 17. Distribution in mass (in terms of y-quanta) of clus-
ters from Ref. 1.

FIG. 18. Means of grouping of y-ray families according to the
classes H-quanta, SH-quanta, and UH-quanta in Ref. 1.
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50 +15 m

FIG. 19. Centaur 7, produced at a height ~ 50 m above the x-
ray emulsion chamber and containing 49 observed hadrons
which undergo collisions, mainly with light nuclei of the carbon
target and of the wood beam under the upper block.1

of the secondary particles; in analysis of the centaur
(Fig. 19) the order of assembly and disassembly of the
x-ray emulsion chamber was specially checked to ex-
clude the suggestion that the recorded jet entered the
x-ray emulsion chamber during the assembly of the ap-
paratus. In addition, the presence in the upper block of
cascades which are continued in the lower block argues
against this assumption.

Table I lists the characteristics of centaurs on the
basis of the experiments.1 The numbering of the events
corresponds to all publications of the data on these
centaurs. The number in parentheses indicated the
number of the x-ray emulsion chamber in the exposures
at Chacaltaya (5220 m above sea level). All electron-
photon cascades, jets produced in the lead of the lowe-r
chamber (see Fig. 19), in the carbon target, and in the
wood construction under it or in the lead of the upper
chamber at a depth of more than 10 cascade units, and
also jets beginning in the upper chamber but having two
maxima in their development with depth, were consid-
ered to be hadrons. The cascades associated with elec-
trons and y rays include both explicit cases of showers
from the atmosphere and a significant portion of the jets
in the upper chamber, of the number which are insuffi-
ciently determined when the jets are not associated with
a hadron interaction in the lead of the upper chamber.

The height of formation of the centaur can be deter-
mined from the divergence angle of the jet only for
event No. 1(15). In the remaining events it has been es-
timated from the lateral distribution of the jets on the
assumption of a single transverse-momentum distribu-
tion for all centaurs, which was found for centaur 1(15)
to have an average value <^) = 1.7 ±0.7 GeV/c. The ex-
pected number of y rays (electrons) from secondary
interactions in the atmosphere is estimated on the as-
sumption of ffie usual observed pattern of production of
y-ray families by hadrons and also on the basis of the
height and the number of hadrons in a given centaur.
The difference between this estimate and the observed
number of y rays from the atmosphere gives the num-
ber of y rays from TT° mesons which have arisen in the
initial event of formation of the centaur above the ap-

paratus. The total number of hadrons in the centaur
production event is estimated on the basis of the ob-
served number of jets in the apparatus with allowance
for the efficiency of detection of hadrons in the x-ray
emulsion chamber and the probability of their interac-
tion in the atmosphere in the path from the production
event to the level of observation. The total energy of
the interaction is determined from the total number of
hadrons and the observed energy spectrum of the had-
rons in the centaur.

The authors of studies of centaurs1'62'65 consider it
possible to interpret these events as heavy fireballs
with a mass ~230 GeV/c2 which decay into baryons and
antibaryons. Here the closeness of the masses of the
centaurs and the UH-quanta permits the authors of this
interpretation to envisage a parallelism in these phe-
nomena and to speak of a difference only in the decay
modes: ordinary pion emission of a fireball in the
case of the UH-quantum and baryon-antibaryon emis-
sion in the centaurs. With this approach the SH-quanta
are placed in correspondence with the so-called mini-
centaurs, which differ from centaurs in a smaller
number of hadrons and a lower total energy. However,
the identification of minicentaurs in a background of
fluctuations in the composition of individual y-ray and
hadron families is less convincing.

The experimental fact of generation of large groups
of hadrons with an extremely insignificant fraction of
y rays (TT° mesons) is very hard to doubt, especially
since such anomalous groups of hadrons have been ob-
served, although with a lower frequency, also in other
experiments.

The question of the interpretation of centaurs is ex-
tremely ambiguous. The parallelism between UH-
quanta and centaurs we shall put aside, since in reality
there is still no confidence in H-, SH-, and UH-quanta.
The identification of centaurs with heavy fireballs is
based exclusively on the analysis of the centaur 1(15),
which is so far the only event in which the height of
generation of the hadrons can be determined without as-
sumptions regarding the characteristics of the produc-
tion event, resting only on the lateral separation of the
observed hadrons. The two jets of centaur 1(15) are
easily followed into the upper and lower blocks of the x-
ray emulsion chamber, and here the distance between
the spots in the lower block is greater by 0.25 ±0.05 mm
than in the upper block. With allowance for the dis-
tances between the blocks and between the jets com-
posing the pair, the height of the point of production of
this pair is found to be 50 ± 15 m. The separations of
the pairs of jets in the lower block of the x-ray emul-
sion chamber is statistically better described but less
accurately measured. The distribution of the heights
of generation h is given in Fig. 20 with allowance for
the accuracy in determination of this height Aft. The
height 50± 15 m is represented only weakly in this dis-
tribution: 9 pairs of jets correspond to a production
height below 25 m and 7—above 90 m. Thus, the as-
sumption that the hadrons observed in the centaur I
event are produced in an isotropically emitted fireball
at a height ~50 m agrees poorly with the distribution in
height of the points of convergence of the hadron pairs
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FIG. 20. Distribution of heights of points of geometrical con-
vergence of pairs of cascade jets, taken as the point of produc-
tion, from the data of the lower block of the x-ray emulsion
chambers for the centaur /. Afc is the error in determination
from a pair of cascades observed both in the upper block and
in the lower block of the chambers.

(see Fig. 20). Also in disagreement with this assump-
tion are the values of the transverse momenta of the
hadrons in the central and peripheral parts of the had-
ron family. If all or most of the hadrons of the family
of centaur I were generated in a single interaction from
an isotropically decaying cluster at a height of 50 m,
then the average values of the transverse momenta near
the center of the family and the periphery would be
identical. Experimentally the hadrons closer to the
center have on the average a factor of two smaller
transverse momentum than the hadrons removed from
the center of the family. This difference means either
a so far unobserved anisotropy of emission in the rest
system of the cluster with a preference in momentum
for particles emitted at large angles to the direction of
the colliding particles, or generation of the hadrons at
different heights.

In concluding our discussion of the question of cen-
taurs it is necessary to mention that the arguments
given above against the interpretation of centaurs as
special decays of heavy fireballs (UH-quanta) further
emphasize the singularity of the observed phenomenon.
The repeated nature of the generation of a group of
hadrons of unusual composition (without TT° mesons)
substantially decreases the probability that such groups
are produced by means of multiple production in had-
ron inelastic collisions. It is more likely that centaurs
are the results of a cascade of decays into baryons and
antibaryons of heavy particles with lifetimes 10"ll-10"12

sec.

Another type of special event observed in x-ray emul-
sion chambers is the so-called binocular event.66 Bi-
nocular events are characterized by the existence of

TABLE II. Number of hadrons observed in XEC (x-ray emul-
sion chamber).

Designation of the event

Numbei of hadions observed in XEC (x-ray emulsion
chamber)

Number of cascades assiciated with electrons and y rays
above the XEC

Height of generation event, m
Expected number of -t rays from secondary interactions in

the atmosphere
Number of 7 rays associated with the initial production of

the centaur
Number of hadrons in the centaur production event
Total estimated energy, TeV
Energy measured in the XEC, TeV

K l 3 >

49

1

50

4

74
33l)
270

11(17)

32

0

80

13

71
370
200

111(17)

37

17

230

30

76
350
270

IV (17)

38

51

500

47

/
90

340
290

V (16)

31

31

400

32

63
350
280

two ordinary families of y rays separated by a distartce
of ~20 cm with a spread of the y rays inside each fam-
ily in the range 1-3 cm. The general pattern of the
events recalls jets with large transverse momenta67 due
to hard scattering of the quarks of the colliding hadrons.
However, the direct transfer of accelerator data on
such jets to this phenomenon cannot explain any appre-
ciable fraction of the binocular events.1 This circum-
stance stimulates the authors of Refs. 1 and 66 in their
search for new interpretations of binocular events to
propose the hypothesis of "twins" (geminions), accord-
ing to which in interactions of hadrons at the energies
considered here some "double" particle with mass 16-
24 GeV/c2 is produced with a probability ~10% and de-
cays with a short lifetime into baryons with a high de-
cay energy, which gives large transverse momenta
(~10 GeV/c) of the baryons. Here the term baryon is
used to exclude the possibility of a fast electromagnetic
decay of the hadrons of a pair. The baryons, undergo-
ing inelastic collisions with nuclei of air atoms at a
height S500 m above the apparatus, form ordinary y-
ray families. These values of the parameters of the
twin hypothesis correspond to the experimentally ob-
served energies of the families and the distances be-
tween families. An indication that single hadrons are
produced in the decay of the initial particle lies in the
individual cases in which a single jet turns out to be
paired with a family of y rays. The case of production
of baryon-twins in the roof above the x-ray emulsion
chamber also serves as an indication of this (Fig. 21).

On the whole the analysis of x-ray emulsion data on
the assumption of production of secondary hadrons in
fireball-clusters puts into schematic form an exclusive
grouping of the events. By this means the authors of
Ref. 1 group almost all hadron multiple-production
events in the super-accelerator energy region.

Small jets—Mirim as they are called in Ref. 65, or
H-quanta—reflect the extrapolation to the high-energy
region of approximate scale-invariant characteristics
of the fragmentation part of the secondary hadrons ob-
served in accelerators. The masses of the H-quanta
are 2-3 GeV/c2, and the secondary particles are pions.
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Large jets, Acu in the terminology of Ref. 65 or SH-
quanta, are characteristic only of energies above a
few tens of TeV, and their appearance reflects the vio-
lation of scaling in the fragmentation part of the inclu-
sive spectrum of secondary hadrons. The mass of the
SH-quanta is 15-30 GeV/c2 and they decay into H-quan-
ta. Minicentaurs and geminions66 have the same mass
but decay into many baryons, respectively.

Finally, the very large jets (Guacu of Ref. or UH-
quanta), like centaurs, have a mass 100-300 GeV/c2.
The UH-quanta decay into H-quanta, and the centaurs
into baryons.

This is the hypothetical picture of multiple processes
in the energy region 10-1000 TeV given by the physi-
cists of the Japanese-Brazilian collaboration.1 Both the
weak aspects of the experimental basis and the arbi-
trariness in its construction, as well as the difficulty in
reconciling it with the details of experimental data
which it was not intended to explain, have been noted in
the course of describing the results of the work.

8. SOME RESULTS OF THE PAMIR EXPERIMENT

The separate description of the results obtained by
this collaboration1' is due to the fact that this work uti-
lizes a fundamentally different approach to analysis of
the experimental data, different both from that set forth
in the previous section, and from practically all other
studies with x-ray emulsion chambers. Here in the
primary analysis of the experimental data and their
statistical grouping, no a priori assumptions are made
regarding the nature of multiple-production processes.
Such assumptions are made in the calculations which
model the experiment, and the conclusions regarding
the real physical processes in inelastic collisions of
hadrons are based on comparison of the calculations
with the experiment. This approach to the analysis of
experimental data has already been described in dis-
cussion of the results of study of the fluxes of the vari-
ous components of cosmic rays in the depth of the at-
mosphere for the energy interval 1-100 TeV. Kere we
shall give data on families of y rays and hadrons in the
energy region 30-10" TeV.

In Table III we compare the observed and calculated
intensities of y-ray families with a total energy of the
y rays observed in the x-ray film £.£,,;» 30 TeV at an
atmospheric depth of 596 g/cm2. The experimental val-
ue of the flux was obtained on the basis of Refs. 68-70.
The calculations according to the scaling and quasiscal-
ing models28 take into account in the former case a
simple extrapolation from the accelerator data in ac-

TABLE III. Calculation on the basis of models of the interac-
tion event.

1J The Pamir experiment is being carried out by a collabora-
tion of several institutes: Physics Institute of the Academy
of Sciences of the USSR, Nuclear Research Institute of the
Academy of Sciences of the USSR, Nuclear Physics Institute
of Moscow State University, Institute of High Energy Physics
of the Kazakh Academy of Sciences, Physics Institute of the
Georgian Academy of Sciences, Physico-technical Institute
of the Tadzhik Academy of Sciences, Physico-technical Insti-
tute of the Uzbek Academy of Sciences, Physics Institute of
the University of Lodz (Poland), and Nuclear Physics Insti-
tute at Krakow (Poland).

Calculation on the

Scaling

19

jasis of models of the ii

Quasiscaling

7 . 4

iteraction event

High multi-
plicity

2.2

Experiment,
m"1 y"1 si'1

9 ,+1,6
*• •* - ( ) . 6

cordance with the laws of Feynman scaling, and in the
latter case the entire rise of the effective cross section
for inelastic collisions is assigned to pionization proc-
esses. A model with high multiplicity n~J~E and a
constant effective cross section has been considered in
Ref. 71. Comparison of theory and experiment shows
that it is insufficient to take into account scaling viola-
tion only in the pionization part of the inclusive spec-
trum of secondary hadrons if one is to attempt to ex-
plain the observed intensity of y-ray families.

The change of the secondary-hadron energy spectrum
in the fragmentation part can be seen both in the ener-
gy distributions and in the number of high-energy y
rays in a family. To distinguish the most energetic
portion of the y rays by a means which does not depend
on the energy of the family, we considered y rays with
a relative detection threshold /' = £r/S E'r » 0.04. Only
y rays with/' & 0.04 are included in the sum over E'r.
In Fig. 22 distributions in/' and in the number «£ of
such y rays in families with various total energies of
all y rays are compared with the values expected on the
assumption of scaling in the fragmentation part of the
inclusive spectrum of pions.72 In Table IV we have giv-
en a comparison of (n'r) for y-ray families of various
energies with values calculated for scaling and for the
high-multiplicity model.73

Here it should be noted that breaking up the experi-
mental data into various groups Z/ •£> does not greatly
change the energy of the hadrons which generate these
families, as a result of the very wide representation of
different energies of the primary particles responsible
for a family of y rays of a given energy.

The conclusion which follows from the analysis pre-
sented of the experimental data of the Pamir Collabora-

OA f 5 10 IS n'v i 10 15
b) 7 c(

FIG. 22. a) Number of y rays with f greater than a given value
for families of y rays with total energy 50-100 TeV (1), 100-
200 TeV (2), and 200-400 TeV (3) (the curve shows the expect-
ed distribution on the assumption of scaling in the fragmenta-
tion part of the inclusive spectrum); b and c)distributions in
«r'for families with a total y-ray energy 50—100 TeV and 200—
400 TeV, respectively (the curves are the distribution expected
for scaling).
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TABLE IV.

E, TeV

50—100
100-200
200—400

<»y )

Scaling

10.8±0.4
10.5±0,6
10,8±0.7

High multi-
plicity

13.2±0.4
13,6±0.4
14.3±0,5

Experiment

10.5±0.3
12.0±0.3
14,0±0,4

tion, that there is a high multiplicity of secondary par-
ticles and a large dissipation of energy in inelastic col-
lisions of nucleons with nuclei of air atoms at primary
energies ~103 TeV, was drawn previously on the basis
of an analysis of the development of extensive air show-
ers in the upper part of the atmosphere.74

However, before turning from the Pamir experiment
to the development of extensive air showers in the at-
mosphere, it is necessary to consider an extremely
exotic case of incidence of a family of y rays and had-
rons on the x-ray emulsion chamber of the Pamir ex-
periment, which contained both blocks for detection of
y rays from the atmosphere and blocks under layers of
carbon for measurement of the hadron flux (see Fig. 1).
Among families of y rays with a primary energy above
103 TeV one encounters families in which the entire
central part of the family of area several square milli-
meters or more has an increased background of dark-
ening.64'75'76 There is as yet no unique interpretation of
such events, especially since such a "halo" can occur
also with scale-invariant characteristics of the multi-
ple production of hadrons in inelastic collisions of cos-
mic-ray primary protons at energies of 104 TeV.77 In
the latter case the observed number of events with a
halo amounts to 5% of the expected number, and it is
not clear whether one can consider this fraction as the
fraction of scaling processes of secondary-particle
production.76 The exotic nature of the Tat'yana event78

lies in the fact that in a given family with a y-ray en-
ergy above 103 TeV and total energy above 104 TeV the
halo in an area of ~8 mm is observed at all depths of
the hadronic block without appreciable absorption over
a length of 2.5 hadron interaction ranges or 55 electro-
magnetic cascade units.

The hopes for progress in analysis of the data of the
Pamir experiment are placed on a comparison of y rays

and hadrons in the same families. This work is only
beginning. In Table V data on 20 families of y rays and
hadrons found in an x-ray emulsion chamber with a uni-
form lead absorber are compared with the expected
characteristics calculated on the assumption of scaling
in the fragmentation portion of the inclusive spectrum
and violation of scaling in the pionization region.79 The
photon-hadron families were selected on the basis of y
rays with total energy £r& 30 TeV and with a number of
y rays Wy* 3 at energies Er» 4 TeV within a radius Rr

= 15 cm. The search for hadrons accompanying the y
rays was carried out to distances .ffh = 30 cm from the
center of the y-ray family. Hadrons with energy above
£jjr)» 4 TeV were taken into account (E^} is the hadron
energy transmitted to y rays). Although the average
values of the characteristics of the photon-hadron fam-
ilies in Table V do not reveal explicit differences, one
can see already from these preliminary data a lack of
correspondence of the experiment to the model on which
the calculation was based. This may consist of the sig-
nificantly greater spread in the number of hadrons (a
amounts to 4.5 in the number of hadrons in the experi-
ment, compared to cr=2.6 according to the calculation),
as in the spatial characteristics of the family.

9. DEVELOPMENT OF EXTENSIVE AIR SHOWERS
IN THE ATMOSPHERE

Protons and nuclei of the primary cosmic radiation at
energies above 100 TeV produce hadronic cascades in
passing through the Earth's atmosphere. A large part
of the energy of these cascades, as a consequence of
the production of v° mesons among the secondary par-
ticles, is transferred to the electron-photon component
of extensive air showers. On the other hand, the rapid
development of the electron-photon component of the
shower and the depth of the maximum of the cascade
development in the atmosphere are uniquely related to
the energy spectrum of the y rays (or v° mesons) at the
beginning of the development of the hadronic cascade
and in this way to the characteristics of the multiple-
production process in inelastic collisions of the pri-
mary nucleons with nuclei of air atoms. For just this
reason the observation of a high intensity of extensive
air showers at high altitudes74 was immediately asso-
ciated with a high dissipation of energy in the first nu-
cleon-nucleus collision at the edge of the atmosphere.
In Fig. 23 we have shown these experimental data to-

TABLE V.

Experiment

Model

Experiment

Model

(»,)

9.2±1.6
<T=5,6

7.8+0.2
0 = 5.3

< R V >

30.5±4
a = 13

22.4±1.0
0 = 24

< " h >

4.3±1
0 = 4,5
3.0±0.1
0 = 2.6

< « „ >

91 ±15
o = 60
64±5

a=180

<S>

0.56±0.08
o - 0.36

0.44±0.01
0 = 0.33

<E,V

234 ±25
0=112
170±8
0 : -- 200

/ SE-Y \/ ZEh\
\ ZEV /

0.81±0,22
0 = 1.0

0.93±0.05
0=1.24

«V)V

924±260
0=1180
950±90

0=2200

200 400 600 SCO WOO X,9/cin

FIG. 23. Intensity of extensive air showers in the upper part of
the atmosphere: 1—experiment in aeroplane,74 2—measure-
ments in balloons in 1976,80 3—measurements in balloons in
197S.80 Solid curve—expected intensity for a multiplicity
n~ £o'6; dashed curve—for n~ln£0.
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gether with contemporary data on the intensity of exten-
sive air showers with a number of particles AT>106 at
high altitudes.80 The intensity of showers at sea level
agrees satisfactorily with measurements in the large
experimental installations, which have a high accuracy
in detection of each shower. Observations of extensive
air showers at high altitudes are greatly complicated
by the limitation of the possible size of the apparatus
carried in an aeroplane74 or an automatic balloon.80 As
a consequence there are substantial uncertainties in the
lateral distribution of the particles in the shower, and
in the early experiments also in the zenith angle at
which the shower is observed. However, the differ-
ences in the intensity in the experiment and in calcula-
tions (on assumptions similar in their parameters to a
scaling extrapolation of the accelerator data) are so
great that in its qualitative aspect the conclusion that
there is a high multiplicity in events at a primary-nu-
cleon energy ~103 TeV is convincing.

The dependence of the number of particles in the
shower on the depth of measurement in the atmosphere
can be traced in more detail on the basis of the experi-
ments81 carried out at the Chacaltaya high altitude in-
stallation. The different depth of measurement in the
atmosphere for a fixed location of the measuring appa-
ratus is achieved by selection of extensive air showers
with identical intensity at different zenith angles. If
fluctuations are neglected, this is equivalent to selec-
tion of extensive air showers with a given primary en-
ergy. In Fig. 24 we have shown data obtained in this
way for the number of electrons Nt as a function of the
depth of measurement in the atmosphere for showers
with intensities of 10"8, 1CT9, 1(T10, and
10"11 m~2sec~1sr~1. For comparison in the same figure
we have given other experimental results obtained by
establishing the number of electrons in the shower at
various heights on the basis of the lateral distribution
of the Cherenkov flashes at sea level on passage of the
shower through the atmosphere.82

For analysis of the experimental data, calculations23

are used in which the rise of the effective cross section
for inelastic collisions with increasing energy of the in-
cident particle is taken into account (Fig. 4), and three
types of dependence of the secondary-particle multipli-

100 1000
2

X, g/cm

FIG. 24. Number of electrons in extensive air showers of a
given primary energy as a function of depth in the atmosphere.
The experimental data of Ref. 1 are given by the crosses. The
cross-hatched band is the behavior with altitude established
from the lateral distribution of the Cherenkov flash at sea
level.82 Expected dependences: solid curves—for a multi-
plicity n~ laE, dashed curve—for n~ £1/4, dot-dash—for

city on the energy of interaction were tried: n~lnE, n
~E1/4, and n~E1/2. In inelastic collisions at energies
below 3 TeV, characteristics were taken which corre-
spond to measurements in accelerators. The calcula-
tions of Ref. 23 were carried out for primary protons.
Since the usual composition of the primary cosmic ra-
diation (see Table I) on averaging has an average num-
ber of nucleons per particle (A)~W, the calculated de-
pendences of the number of particles in a shower at
various depths in the atmosphere were recalculated for
the case of a given energy of a primary nucleus with A
= 10. The conversion was made on the basis of the
model of superposition, in which it is assumed that a
shower from a primary nucleus A with energy E is
equivalent to the sum of A showers from primary pro-
tons with energy E/A. As can be seen from Fig. 24,
the behavior with altitude of the number of electrons in
a shower for primary energies 5' 103-105 TeV is incon-
sistent with a logarithmic (scaling) dependence of the
secondary-hadron multiplicity on the incident-particle
energy and can be reconciled with a dependence of the
type ws = 0.13£1/2 + 7. For energies of the primary nu-
clei 2105 TeV the observed location of the maximum of
the shower development in the atmosphere corresponds
to a smaller multiplicity than is given by this formula.
In addition, it must be kept in mind that the height of
the maximum of development of the shower will depend
also on the composition of the secondary particles.
This question will be discussed in the next section.

The altitude dependence of the number of muons in a
shower, which has been studied, in particular, in the
same experiment,81 in comparison with the theoretical
calculations turns out to be closer to the variants with
a high multiplicity of secondary particles in the inelas-
tic collision of hadrons with nuclei of air atoms (Fig.
25).

The experimental dependences shown in Fig. 25 for
the number of electrons and muons as a function of the

to'" '\^s--ie~ — ~
.^*"

«T3 + J.. — •+•""
(0-.t. f —

1 1 1

4-

I

2.9 -/0s TeV

S.;-/fl*TeV
7.S-IO*TeV
2.8 'ID4 TeV

,

eon soo 1000 X, 9 • cm

4 -10 TeV

100 1000-

FIG. 25. Number of muons Nu and number of electrons Ng in
extensive air showers as a function of depth in the atmosphere.
The numbers at the left of the experimental data indicate the
frequency of occurrence of such showers. The curves show the
expected dependence for various multiplicities of hadrons in
the event: solid curves—n~ .E1/2, dashed curves—n~ El^t

dot-dash—n ~ ln£. The numbers at the right of the curves in-
dicate the energy of the primary nucleus if it is assumed that
it has A= 10.
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depth in the atmosphere correspond to three primary -
particle energies which are identical both in measure-
ments of the muon flux and in determination of the num-
ber of electrons, because showers with an identical
frequency of appearance were selected. However, the
calculated dependences, which give the experimentally
observable values of Nt and Nv, differ in primary en-
ergy by 15-50%. It was noted long ago that there is a
preferential transfer of energy to the electron-photon
component of a shower in comparison with that expected
for the ratio known from the accelerator energy region
of n°, JT*, and K mesons generated in hadron interac-
tions. This fact, which has arbitrarily been called
"gammanization",43 signifies that there are some addi-
tional channels of energy transfer from the primary
nucleons to the electron-photon component of the show-
er. This question of the composition of the particles in
the multiple-production event will be discussed in the
next section.

It is appropriate to note that if one neglects the alti-
tude dependence of the number of particles in the show-
er, one can reach an erroneous conclusion regarding
the acceptability of a model for description of experi-
mental data. For example, it can be seen in Fig. 25
that the calculated values of the number of muons and
the number of electrons for a primary energy ~7.9-104

TeV and a model with a dependence n = 2.04 ln£ -3.04
correspond to experiment at a fixed depth ~800 g/cm2.

During recent years time-analysis methods for the
various components of extensive air showers have been
intensively developed in an attempt to discover the pat-
tern of development of the shower with depth in the at-
mosphere. It has been shown theoretically83 that the
cascade curve characterizing the longitudinal develop-
ment of a shower of electrons in extensive showers in
the atmosphere can be uniquely related to the rise and
fall with time of the Cherenkov flash of the shower at
distances of several hundred meters from the axis. In
Fig. 26 we have shown the dependence of the duration
of the Cherenkov pulse at half-height on the distance
according to data obtained at the Yakutsk installation
for extensive air showers with a primary energy ~105

TeV and the results of a calculation of the correspond-
ing dependences for various models of the multiple -
production event.84 As before, the experiment agrees
with the model for a high multiplicity of hadrons in the
event.

ZOO <<00 500 600 r,n

FIG. 26. Duration of Cherenkov flash as a function of distance
from the axis of a large shower.84 The expected dependences
for various models of multiple production are shown by the
straight lines: solid line—scaling, dot-dash—model with
n~ £°-25, dashed line—model with n~ £°-5.

Similar conclusions can be reached on the basis of
the distribution of high-energy muons in the plane
transverse to the shower axis (Fig. 27). The increase
of the transverse momenta of the pions (or kaons) pro-
duced in inelastic collisions of hadrons with nuclei also
could increase the average distances between the ob-
served muons and the shower axis. However, the
strong increase of the transverse momenta in the total
flux of secondary particles necessary for explanation of
the experimental data85 in multiple-production events
would be inconsistent with the extremely weak rise of
the transverse momenta in the main flux of y rays in the
Pamir experiment.

The relative number of hadrons with energy £h-s 1
TeV in extensive showers with a primary energy £0

* 103 TeV depends only weakly on the multiplicity of
secondary hadrons in the event,84 but it is sensitive to
the value of the effective cross section for inelastic col-
lisions of nucleons and pions with nuclei of air atoms.22

The comparison of experiment with theory confirms the
possibility of extrapolating the rise of the effective
cross section with incident-hadron energy to the energy
region ~103 TeV. The number of low -energy hadrons in
an extensive air shower is determined to a significant
degree by the number of baryons in the multiple-pro-
duction events, since low-energy pions have time to de-
cay in the atmosphere.86

The principal conclusion of many years of research
on the multiple -production process in inelastic colli-
sions of hadrons in extensive air showers is the strong
dependence of the multiplicity on the energy of the col-
liding hadrons. An indication of this was obtained many
years ago.74'87 At the present time, aside from a de-
pendence on the physical interpretation, it has become
generally accepted that there is a need to assume a
strong dependence (of the type nt = 2 ln£ + 0. 05£°- 5 - 3 ,
where E is in GeV) of the secondary -particle multipli-
city on the energy of the interacting hadrons.

No less important, but more controversial, is the
conclusion that there is an important role of other,
nonpionic channels of energy transfer from the primary
nucleon to the electron-proton component of the shower.

10. NATURE OF SECONDARY PARTICLES IN
MULTIPLE-PRODUCTION EVENTS

In the energy region slO TeV the composition of the
hadrons produced in inelastic collisions of nucleons
and pions with nuclei does not differ substantially from

to"

FIG. 27. Lateral distribution at sea level of muons with en-
ergy EU > 100 GeV in extensive air showers with primary en-
ergy ~ 103 TeV. Curves 1 and 2—scaling, if the primary par-
ticles i.re protons or iron nuclei; curve 3—model with hadron
multiplicity in the event n~ £°-5.
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the composition of the secondary particles in multiple-
production processes at accelerator energies. The
greater part of the particles (~80%) are pions. The
fraction of kaons can be estimated by analysis of the
angular distribution of the muons in the atmosphere.
For example, Varkovitskaya et al.BS used x-ray emul-
sion chambers to study the angular distribution of mu-
ons with energy above 3 TeV. The corresponding ef-
fective energy of the hadrons which generate the pions
and kaons, which after decay form these muons, is 40
TeV. The observed angular distribution is consistent
with a fraction of kaons ~15%. This same method can be
used in an attempt to estimate the fraction of short-
lived hadrons (for example, charmed hadrons), which
produce muons as the result of their decay. However,
the results of analyses published up to the present time
are contradictory. In Ref. 89 by comparison of the re-
sults of various experiments on the horizontal and ver-
tical fluxes of muons31'35 it is found that the fraction of
muons of "direct production" relative to the pions at
primary-hadron energies ~10 TeV should be R = 3%. By
direct-production muon we mean the production of mu-
ons through short-lived particles when it is not neces-
sary to take into account processes which compete with
the decay. In the framework of one experiment with x-
ray emulsion chambers the permissible fraction of di-
rect-production muons is limited to a value R = 0.8%.34

It should be noted that the value R = 3% apparently can-
not be provided by charmed particles, since with the
probabilities known at the present time for decay of
charmed particles into muons in order to obtain R = 3%
it is necessary to assume that charmed particles com-
prise 30-50% of the secondary particles in inelastic
collisions of hadrons at energies 10-30 TeV. This is
hardly likely if we do not invoke new, rapidly decaying
particles with a high probability of decay by the muon
channel.

The search for muons generated in dense matter by
high-energy hadrons was undertaken by Bazarov et al.m

in study of cosmic-ray extensive air showers. Spark
chambers placed in the center of a comprehensive in-
stallation under an earth layer ~20 mwe were used to
observe muon pairs whose tracks when extended up-
ward converged to a point. The points of generation of
the muon pairs were concentrated near the surface of
the Earth or in the ionization calorimeter located on the
surface above the spark chambers. Such pairs substan-
tially exceeded in number the various background phe-
nomena and were interpreted as muon pairs generated
by high-energy hadrons near the axis of extensive air
showers, not directly, but through rapidly decaying
particles (for example, J/ip particles). The effective
cross section for production of such muon pairs by had-
rons with energy 5-20 TeV is estimated as ~0.2 mb/nu-
cleon. As the result of further analysis of the experi-
mental data and corresponding nuclear-cascade calcu-
lations this estimate should be increased to ~1 mb/nu-
cleon.91 The authors of this analysis do not give this
value, but give the value R~ 0.2%. Here they mean by
R the ratio of "direct production" of a pair of muons
(and not one, as before) to the number of charged pions
in an event. All the R values mentioned give an effec-
tive cross section at least two orders of magnitude

larger than is known for production of ^ particles in
hadron collisions at accelerator energies. This indi-
cates a rapid rise of the effective cross section for
production of particles with hidden charm and other
new particles in the super-accelerator energy region.

More direct searches for new short-lived particles
have been undertaken by means of a specially developed
emulsion chamber. The upper part of the chamber con-
sisted of two-sided emulsion plates, target plates of
materials with low atomic number, and air gaps; the
lower part of the chamber was made of emulsion plates,
x-ray films, and thin lead plates. High accuracy of as-
sembly made it possible to measure relative angles be-
tween tracks of charged secondary particles generated
in the chamber with an accuracy ~10"5 rad. The princi-
ple of the combined use of nuclear emulsions and the
target material was proposed much earlier.92 As long
ago as 1971 Niu et al.93 recorded the decay of a parti-
cle, named the X particle, with a mass 2-3 GeV/c2 and
a lifetime ~10~13 sec. Subsequently this event was inter-
preted as the observation of a charmed particle.94 In
Table VI we have given a summary of events recorded
in experiments of various authors and identified as X
particles in a review by Niu.95 The lifetime for neutral
X° particles can be estimated as ~(3-5)' 10"13 sec, and
that for charged X* particles as (1-2)-10'12 sec. The
probability of production is of the order of one particle
pair per 20-40 multiple-production events in the energy
region above 10 TeV, which leads to a cross section for
X-particle production 1-4 mb/nucleon.

With increase of the energy of the interacting parti-
cles, the effective cross section for production of X
particles continues to rise. This follows from analysis
of data of one of the x-ray emulsion chambers at Mount
Chacaltaya.100 Cases were selected of interactions in
the upper carbon target (see Fig. 1) of hadrons from
hadron jets with a total energy in electron-photon cas-
cades Z/£rs 15 TeV. This corresponds to an average
energy of the incident hadron ~100 TeV. The further
analysis reduced to a search among jets from y rays
and electrons in the lower x-ray emulsion block for
events in which the direction of jet with allowance for
the measurement errors did not extend to a point of

TABLE VI. Energy of interaction (experiment).
Energy of
interaction
(experiment)

10 TeV "

20 TeV »2

25 TeV «

20 TeV >'

20 TeV "

10 TeV •«

Decay
range, cm

1.38
4.88
7.3
2.5
7.63

1.0
8.9
8.4
1.1

0.063
1.1
6.14
1.18
1.6
1.6
0 79
0.27
3.04
6.34

Type of decay

Xi-^n' + x*
X^ > x°4-x^
X° — >- n° — x°
X° — *- 31° — x°

X±->ri« + x°+X:t

1
t
X±->-x± + x0

X± -*• x±^x°
X° — *- n0-j-x0

Xi^Xi^x"

i±^x±,L xo
X° — t- rc° — x°
X° --^ n° -- x°
A *- X -- 'X -;- Y

X1^ -*- x + - - -x°

X ± - * x ± - ^ x + - x ± — x"
X±-»x* — x°
X* -*r\'l + x±

X ± ^n» + x±

Particle
mass, GeV/c!

2-3,5

~ 3

>2

>1,5

1.66—2,23
1.74—2.36

Lifetime,
10-13 sec

0.27—0.42

^5
0.1-1
0.2-3

-20

<56
~ 7
6

0.4

0.05
~ 1.2
~ 1.4
-5
~ 10
~ 10
~5

— 1
5.1
34
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production in the carbon target under the upper x-ray
emulsion block, but could be associated with this point
by assumption of decay of an X particle in the 1.5m air
gap between the upper and lower chamber blocks. The
four cases of such jets found in 12 analyzed interaction
events are not comparable in probability with all the
background phenomena which have been discussed. The
estimates of the transverse momentum in the decay
(si GeV/c) and of the lifetime (l(T13-l(r12 sec) are
close to the corresponding characteristics of X parti-
cles in the experiments of Ref. 95. The probability of
production of X particles in this experiment for inci-
dent-hadron energies 50-100 TeV can be estimated as
4-0.5/12»16%, where the coefficient 0.5 takes into ac-
count that in selection of events for analysis one of the
additional selection criteria (high multiplicity and in-
creased average transverse momentum as in SH-quan-
ta) excludes ~50% of all cases of inelastic collisions in
this energy interval. It should be noted that in this
case, as in Ref. 95, it is assumed that X particles can
be both charmed and new heavy hadrons. The effective
cross section ~10 mb/nucleon obtained in this way for
new particles is, of course, only a lower limit, since
for its evaluation one compares individual cases of ob-
servation, successful in their in geometry, with the to-
tal number of interactions in the target without taking
into account the efficiency of the search.

A number of studies101"103 using the method of detect-
ing delayed particles in extensive air showers have ob-
served single events of relatively stable hadrons with a
mass exceeding 5 GeV/c2. The lifetime of these had-
rons is estimated as T0>10"7 sec. Taking into account
the very low upper limit for production of hadrons with
mass 5-10 GeV/c2 in the accelerator energy region, we
must assume that the observed relatively stable had-
rons with mass >5 GeV/c2 and energy of tens of GeV
are produced in inelastic collisions in the superaccel-
erator energy region. As the calculations of Goodman
et aZ.102 show, the cross section for production of these
particles in interactions at ~100 TeV should be about 50
Hb.

Analyzing nuclear cascade showers in a calorimeter,
Anoshin et a/.104 have suggested that heavy unstable
particles with mass 10-20 GeV/c2 and lifetime
(5-8)' 10"11 sec are produced in inelastic collisions of
hadrons at energies ^ 300 GeV.

Of course, the absence of accelerator data on parti-
cles allegedly observed in cosmic rays at energies of
hadron collisions which have been very thoroughly in-
vestigated in accelerators does not increase our confi-
dence in this hypothesis. Therefore it is appropriate to
present the main arguments for the above hypothesis,
drawing on a detailed report of the essence of the ex-
periment.105 For several reasons, from all hadron
cascades in the calorimeter, cases were selected of
cascade curves with two maxima, in which the energy
corresponding to the second maximum in depth had to
exceed half of the total energy of the cascade. Experi-
mentally this selection leaves less than 20% of the cas-
cades of a given energy. Apart from a dependence on
the selection which was carried out, the distribution of
depths of the beginning of the cascades in the calori-

meter should correspond to an exponential with the
interaction range of nucleons or pions in the calori-
meter. This is observed for showers with a total en-
ergy less than 200 GeV. The distributions of the depths
of generation of cascades for cases with energy above
400 GeV is shown in Fig. 28. To explain the excess of
cascades beginning at a depth £ 2 hadron interaction
ranges, the authors of Ref. 104 proposed a new process
of the production of two T particles with masses £10
GeV/c2 in an unobserved interaction of a hadron with
an iron nucleus in the upper part of the calorimeter.
The decays of the particles give two maxima in the
cascade, and the unobservability of the interaction in
which they were generated is explained by the fact that
either the two particles carry away all the energy of the
interaction near the production threshold or part of the
interaction energy is carried away by several particles
without production of n° mesons. An alternative expla-
nation of such cascades beginning in the depth of the
calorimeter could be few-particle inelastic collisions
p + A — nir* + A or p + A — pir*ff", which also are recorded
among the secondary interactions in the depth of the
calorimeter. Dem'yanov et a/.105 point out a number of
features which make it preferable to assume the pro-
duction of T particles. These are: the slow absorption
of the showers, which is related to the cascade decay
of the T particles, and the disappearance of events with
two maxima beginning in the interior of the calorimeter
in the transition to higher cascade energies.

The effective cross section for production of T parti-
cles is estimated from the distribution in Fig. 28 with
allowance for the selection of hadron cascades with two
maxima as ~2 mb/nucleon at generating-hadron ener-
gies ~400 GeV. It rises with energy up to 6-10 mb/nu-
cleon at 1 GeV.

11. ROLE OF NEW PARTICLES IN HADRON
CASCADES

The numerous experimental data presented in the
preceding section differ greatly in their reliability.
However, they direct our attention to an important
characteristic feature of inelastic collisions in the
superaccelerator energy region: the new particles be-
come completely nonexotic in their probability of ap-
pearance, and the effective cross section for their pro-
duction continues to rise with increase of the energy of
the interacting hadrons.

FIG. 28. Distribution of depths of generation of hadron cas-
cades in the calorimeter for cascade energies above 400 GeV.
The curve shows the expected distribution.
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How is this reflected in the properties of the hadron
cascade in the atmosphere and in dense matter? Should
we be happy with the agreement between the experimen-
tally observed characteristics and calculations in which
the changed composition of the particles in multiple-
production events is not taken into account? To answer
these questions is still difficult, since at the present
time our ideas regarding the nature and properties of
the new particles have a particularly hypothetical na-
ture.

In the preceding sections we have given examples of
the fact that, without taking into account production in
inelastic hadron collisions of particles other than pions,
nucleons, and kaons it is impossible to explain a num-
ber of phenomenological characteristics of the passage
of cosmic rays through the atmosphere or the lead of
the ionization calorimeter.

To explain the angular distribution of muons with en-
ergy 2 1 TeV, direct production of muons was assumed.
Here particles which decay with a charmed-particle
lifetime are completely equivalent to direct production
of muons.

Exotic phenomena such as centaurs and geminions
may be related to the production of new particles of
large mass (tens of GeV/c2) and lifetime less than 10"u

sec.
The relations between the different components of ex-

tensive air showers require for their explanation some
preference in transfer of energy to the electron-photon
component in comparison with the distribution known
from accelerator data of the energy between nucleons,
kaons, and charged and neutral pions (gammanization).
This was investigated quantitatively by D'yakonov et
a/.106 by variation of the ratio of the total energies of
charged and neutral pions produced in heavy fireballs.
The experiment which relates the primary energy at
10D-106 TeV, the number of electrons in a shower at
sea level, and the number of muons is in agreement
with the ratio S-Ej0/S£, = 0.39 instead of 0.33.

The anomalies in the absorption of hadron cascades
in the calorimeter (see Fig. 12) are unexplainable with-
out the assumption that in inelastic collisions at inci-
dent-hadron energies 2100 TeV new particles are
formed and that the slow absorption of these particles
as the result of inelastic interactions or decay pro-
tracts the absorption of ordinary nucleon-pion cas-
cades. However, if we assume for the new particles
the usual exponential absorption, as for inelastic inter-
actions (or decay), then it is necessary to assume for
the quantitatively observed absorption at hadron ener-
gies 2100 TeV that more than half of the energy of the
incident hadron goes into the new particles. Decreas-
ing this energy, i.e., substantially distorting the expo-
nential nature of the absorption of the new particles, is
possible only by assuming cascade decay of the parti-
cles which are leading in energy (the fragmentation part
of the secondary-particle energy spectrum). The decay
of some kind of particles produced in collision of the
primary protons and nuclei with the nuclei of air atoms
at energies 2103 TeV is apparently manifested also in
the rapid shift of the height of the maximum of develop-

400

f,TeV

FIG. 29. Depth of maximum of development of electron-photon
component of extensive air showers in the atmosphere as a
function of the energy of the primary particle. The experi-
mental data (1) were obtained in direct measurements,74-80 the
data (2) are from Ref. 75, and the data (3), which have been
published in two different articles, 107'108 were obtained by
analysis of the duration of the Cherenkov flash on passage of
a shower through the atmosphere.

ment of the electron-photon component of the shower
(Fig. 29). In Ref. 107 this rapid shift of the maximum
was related to a change in the composition of the pri-
mary cosmic radiation from a predominant flux of iron
nuclei at 103 TeV to almost solely protons at 105 TeV.
However, studies of fluctuations in extensive air show-
ers exclude any dominance of iron nuclei at 103 TeV.

However, if we assume, as for explanation of anoma-
lies in the absorption of hadron cascades in lead, that
in interactions of primary protons and nuclei in their
initial path in the atmosphere a substantial part of the
energy is somehow transferred to unstable particles,
then the shift of the maximum of the development of ex-
tensive air showers in height in the region of energies
3-103-3-10" TeV permits estimation of the lifetime of
the particles or some characteristic cascade decay
length. We shall assume that for incident-hadron en-
ergies above 100 TeV in a multiple-production event in
addition to pions, nucleons, and kaons, and unstable
particle with a lifetime TO and energy aE0/A is formed.
Here A is the average atomic number of the primary
particles with energy £0, the nucleons of which trans-
fer a fraction a of their energy to a particle with mass
M. For primary energies £0<104 TeV these particles
decay in a path of less than 300 m, and thereby increase
the effective multiplicity of secondary particles after
the first multiple-production events and accelerate the
development of the electron-phonon component of the
shower. With increase of the energy £0 the decay range
increases up to the range for inelastic collisions of nu-
cleons in the atmosphere and even higher. In this way
the presence of the new particles at energies 26-104

TeV already does not accelerate the development of the
shower in the atmosphere and may even slow it down.
The corresponding conditions for a = 0.5 and A = 10
(3-105 GeV/M) T0c<3-104 cm and (3-106 GeV/M) TOC
s 3-105 cm lead to ra~ 3- 10'12M sec, where M is the
mass in GeV/c2.

The assumption of a value a = 0.5 in the simultaneous
production of pions and other hadrons means that the
inelasticity coefficient of nucleons in inelastic colli-
sions at energies above 100 TeV increases and ap-
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preaches unity. The existing experimental data are
consistent with this assumption. In many cases the ex-
perimental data on extensive air showers with primary
energy above 103 TeV are reconciled with calculations
most simply on the assumption that the inelasticity co-
efficient in this energy region is 1. However, as yet
there are no direct experimental data on the inelasticity
coefficient at incident-nucleon energies above 50 TeV,
nor is there an analysis of experimental data which
uniquely demonstrates the need of such an assumption.
It is not excluded that this very important question will
be clarified only in accelerator experiments.

12. CONCLUSION

The set of data presented above which were obtained
from experiments in cosmic rays permits formulation
of a number of basic properties of inelastic collisions
and multiple production of hadrons in the energy region
1-10" TeV.

1. The effective cross section for inelastic collisions
of nucleons with nuclei of air atoms rises with increase
of the incident-nucleon energy and in the energy region

109 GeV can be represented as

<r
M= 270[l + 0.016(In-^)'''] (mb).

2. The multiplicity of secondary hadrons produced in
inelastic hadron collision at energies E2:103 GeV in-
creases as

ns = 2 In E + 0.05£°.6 — 3.

3. The energy spectrum of secondary hadrons in
multiple-production events is consistent with a distri-
bution of the Bose-Planck type if it is supplemented by
diffraction processes which do not fall off with increase
of the energy.

4. In the energy region below 50 TeV the distribution
of the inelasticity coefficient in interactions of nucleons
with nuclei does not change with change of the incident-
nucleon energy and depends only weakly on the atomic
number of the target nucleus.

5. The distributions of transverse momenta of the
greater part of the secondary pions in multiple-produc-
tion events are practically unchanged in the incident-
particle energy region below 100 TeV and rise only
weakly at higher energies.

6. In the energy region below 50 TeV the composition
of the secondary particles changes only slightly. For
incident-nucleon energies above 100 TeV, new particles
are generated with an effective cross section
(0.3-0.5)ffwo(1 which carry away on the average more
than 30% of the energy of the initial nucleon, apparently
as the result of leading nucleons and pions.

7. The new particles have an inelasticity coefficient
and (or) an effective cross section several times small-
er than nucleons and pions and may decay with forma-
tion of a cascade of decays with a lifetime TO~ 3-10"12

sec by hadron and lepton channels.

8. In the incident-hadron energy region above 100
TeV the probability of production of particles and jets

with large transverse momenta (>1 GeV/c) increases
substantially. It is possible that this should be related
to the production and decay of new particles of large
mass.

Now we can consider the general picture of inelastic
collisions of hadrons in the energy region 1-10" TeV.
Why can we or even must we speak of a difference of
processes below and above 10-100 TeV?

The energy region up to 50 TeV can be considered
completely as a region of approximate scale invariance,
quasiscaling, which is characterized by preservation of
the peripheral nature of inelastic collisions, constancy
of the inelasticity coefficient of the colliding nucleons,
secondary-particle transverse momenta which essen-
tially do not depend on the initial energy, and a constant
composition of the greater part of the secondary parti-
cles.

Scaling violations appear in the rise of the effective
cross section for inelastic collisions, and in the strong
dependence of the multiplicity of the hadrons of the
pionization part of the inclusive spectrum on the inci-
dent-hadron energy. The increase of the number of
charmed and other new hadrons at incident-hadron en-
ergies of 10-30 TeV is apparently a precursor of
changes in the multiple-production process at energies
above 50 TeV.

In the energy region £100 TeV inelastic collisions of
hadrons are characterized by a more rapid rise of the
secondary-hadron multiplicity with increase of the
interaction energy, an absence of scale invariance even
in the fragmentation part of the secondary-particle
spectrum, a rise of the effective cross section for pro-
duction of hadrons and hadron jets with large trans-
verse momenta, and a substantial, energetically signi-
ficant change in the composition of the secondary had-
rons.

We can suppose that with increase of the energy of the
colliding hadrons there is an increase in the probability
of formation of clusters (fireballs) of large mass. How-
ever, under this assumption the significant increase of
the effective cross section for particles other than pi-
ons, kaons, and nucleons, the large transverse mo-
menta, and especially the violation of scaling in the
fragmentation part of the secondary-particle spec-
trum—all these factors require additional changes in
the multiple-production process.

The more fundamental assumption that at energies
above 100 TeV particles with large masses, tens of
GeV/c2, are produced or that quarks are liberated, im-
mediately includes, as a manifestation of this process,
cascades of decays of the new particles, large trans-
verse momenta, changes in the fragmentation of the
colliding hadrons, and an effective increase in multi-
plicity, if not directly in the event, then in subsequent
decays of the fragmentation particles.

Of course, the existing experimental data are insuffi-
cient for construction and verification of a physical
model of the new processes which accompany inelastic
collisions of hadrons in the energy region above 100
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TeV. The new generation of accelerators with colliding
beams is aimed at this interesting energy region, and
we can expect a transition to the next stage in under-
standing of the structure and properties of hadrons. In
addition, detailed characteristics of inelastic proton-
proton and proton-antiproton collisions in the energy
region 102-103 TeV will be a reliable base for further
advance along the energy scale in studies of hadron-
nucleus interactions in cosmic rays.

I am grateful to N. A. Dobrotin, I. M. Dremin, A. D.
Erlykin, V. A. Tsarev, V. I. Yakovlev, and especially
to E. L. Feinberg for helpful discussions and numerous
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