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Experimental data on the possible existence of narrow beams of y mesons (diameter in ob-
servation plane < 0.5 m) have been obtained with the aid of apparatus which permits one to
study simultaneously extensive atmospheric showers on the surface of the earth and under-
ground. Data on extensive atmospheric showers obtained at the surface of the earth can be
used to construct a picture of generation of narrow i meson beams.

INTRODUCTION

THE experimental study of u meson flux of high
energy in the composition of an extensive atmos-
pheric shower is of great interest from the view-
point of the study of nuclear interactions at super
high energies. The u mesons are themselves the
“tracks” of nuclear interactions which reflect both
the angular distribution of secondary particles and
their energy spectrum. The connection of the quan-
titative characteristics of the u-meson flux of high
energy with the quantitative characteristics of the
event of interaction of nuclear-active particles of
an extensive atmospheric shower is simplified,
since the decay of the high energy u mesons plays
almost no role, while the ionization losses in the
atmosphere are small in comparison with the en-
ergies of the u mesons.

This permits us to assume that the flux of high
energy pu mesons belonging to the extensive at-
mospheric shower reflects at sea level the whole
set of nuclear interactions which have taken place
in the atmosphere in the development of the shower.

It can be expected that the separate acts of nu-
clear interaction can also leave a track in the lat-
eral distribution of 4 mesons of high energy. Ac-
tually, against the background of the equilibrium
density fluctuations of u mesons, irregularities
can appear as the result of groups of u mesons
which maintain approximately the direction of the
4 mesons given by the last nuclear interaction in
the event. Thus the study of the lateral distribution
of the u-meson flux of high energy can give experi-
mental information bearing on the events of nuclear
interaction at super high energies.

We have carried out an investigation of the high-
energy u-meson flux underground on apparatus,
which makes it possible to obtain simultaneously
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the identical data on the extensive atmospheric
shower on the surface of the earth. The arrange-
ment described below forms part of the installa-
tion at Moscow State University for the exhaustive
investigation of extensive atmospheric showers.
The work was carried out during 1957-1958.

The present work is devoted to a study of the
peculiarities in the lateral distribution of high-
energy u mesons. Other problems will be taken
up in subsequent papers.

DESCRIPTION OF THE APPARATUS

One of the most important difficulties in the
simultaneous study of u mesons of high energy
underground and extensive atmospheric showers
on the surface of the earth is the necessity of re-
cording the extensive atmospheric shower over a
large area. Actually, a large region of possible
positions of the axis of the shower on the surface
of the earth, the dimensions of which are deter-
mined by the angular distribution of the axes of
the extensive atmospheric shower in the depths
of the earth, corresponds to a fixed position of
the axis of the shower under the earth. Therefore,
apparatus which studies the showers individually
and which possesses a sufficient aperture ratio
should permit us to determine the axis and the
number of particles in the shower over an area
comparable with the area of the region indicated.

The arrangement we used on the surface of the
earth made it possible to record the showers in-
dividually within a circle of radius 25 m. At a
maximum depth in the earth of 40 m and with the
location of the meson detector directly under the
center of this circle one could effectively study
the central region of showers with a number of
particles from 10* to 108.
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For counting the extensive atmospheric shower
and the meson flux in it we used the well-known

method of correlated hodoscopes (see reference 1).

The total number of Geiger-Miiller counters con-
tained in the hodoscope on the surface of the earth
amounted to 1680. The geometry of the location
of the counters on the earth’s surface is shown in
Fig. 1a. The underground chambers were along
the vertical under the central chamber of Fig. la.
The geometry of the position of the counters in the
underground chamber is shown in Fig. 1b. The
cross section of the arrangement along the vertical
to the line } — 1! marked in Fig. 1a is shown in
Fig. 2. The amount of material on the underground
chamber was determined by a vertical profile of
the ground and the building (the density of the
ground amounted to 1.7 g/ cm3). Moreover, for
the same purpose, controlled measurements of
the vertical intensity of cosmic rays were carried
out in the underground chambers with the aid of a
telescope of counters separated by 10 cm of lead.
The measured intensity amounted to (1.5 + 0.05)
x 1073 1/cm? sec. sterad in chamber 1 and (0.8
+0.1) x 1073 7/cm? sec. sterad in chamber 2.

The resultant intensities were compared with
the data given in reference 2 on the dependence
of the vertical intensity of cosmic rays on depth
underground. The depth of the ground determined
in this way amounted to: for chamber 1 — 20 m of
water equivalent, for chamber 2 — 40 m of water
equivalent along the vertical. The minimum en-
ergy of u mesons necessary for penetration to
this depth along the vertical amounts to 5 and 10
Bev.

Recording of mesons in the underground cham-
bers was carried out by means of Geiger-Miiller
counters included in the hodoscope and screened
by lead and iron. Figure 3a shows a group of
counters which, together with the screen, forms
a meson recording unit. The dimensions of the
counters beneath the screen were 60 X 550 mm.
The total number of counters was 120 in chamber
1 and 144 in chamber 2. In other setups the num-
ber of counters in chamber 2 was increased to 480.

An iron covering on the ceiling and walls of the
chamber, the thickness of which amounted on aver-

Z FIG. 1. Geometrical arrangement of the
counters: a) on the surface of the earth, b) in
4 H the underground chamber. A—group of 24 coun-
@ ters with counter area 330 cm?, m—group of 24
0 counters with counter area of 100 cm?, ®—group

of 24 counters with counter area 24 cm®*. The
dashed lines indicate the contours of the under-
ground chambers. The open rectangles are banks
of detectors of p mesons of the type Fig. 3a.

U

FIG. 2. Vertical profile
of the chamber along the line
7-1 of Fig. 1la. 0—level of
position of the counters on
the surface of the earth,

1 —underground chamber 1,
2 — underground chamber 2.

FIG. 3. Blocks of
detectors of p mesons.

20 cm
Fe 3 pp IO

age to 7.5 cm of iron or 4.7 t -units, served as an
additional screen in chamber 2.

Hodoscopes with cold-cathode thyratrons of the
Korablev 1:ype3 were used in the research. The
resolving time of the units in the underground
chambers amounted to 15 — 20 microseconds; the
number of random coincidences became comparable
with the number of true ones at a meson density of
0.01 particles/m?. This density was the lower limit
of the recorded range of densities and made possible
the study of the central region of the shower with a
number of particles up to 5000. The upper limit
was determined by the density at which the number
of fired counters drew close to the total number of
counters. For the total number of counters in the
underground chamber this limit amounted to 100
particles/m?2, and for the chamber as a whole was
not achieved experimentally throughout the whole
time of operation of the apparatus. However, cases
were observed in which the density at isolated points
in the chamber exceeded this limit. During the en-
tire period of operation of the apparatus, a control
was maintained of the resolving time of the indi-
vidual hodoscopic components and of the operation
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of the counters. We also note that the possibility
of parasitic coupling (induction) between the in-
dividual components of the applied hodoscope was
eliminated.

Operation of the apparatus was carried out by
various means. In the present paper experimental
material is used which was obtained in the operation
of the apparatus with coincidences of six groups of
counters each of area 0.132 m2. These groups of
counters were located in the central chamber at
ground level practically on the same vertical with
the underground chambers. In the particular vari-
ant that is described the apparatus was operated
over a period of 1740 hours.

METHOD OF RECORDING THE u - MESON FLUX

The method of recording u -meson flux with the
use of Geiger-Miiller counters that we have de-
scribed possesses the advantage that it permits
the use of a large area for the recording. How-
ever, the hodoscopic pictures thus obtained need
special analysis for the separation of cases actu-
ally connected with the u-meson flux. Unscreened
counters can be triggered by the electron-photon
component in equilibrium with the p-meson.

The former arises as a result of formation of 6
electrons by u mesons, and also due to the radia-
tion retardation of 4 mesons and to the directcrea-
tion by them of electron-positron pairs. The pu
meson can therefore be accompanied (with a defi-
nite probability) by a current of electrons which

is also recorded by the unscreened counters. The
iron jacket of the ceiling in chamber 2 leads to
an increase of particles in such a flow, although it
decreases the mean energy of particles in it.
Therefore, in the investigation of rare events (for
example, the passage of the axis of the extensive
atmospheric shower through the underground cham-
ber) the frequency of which is comparable with the
frequency appearance of & showers, screening of
the counters appears necessary.

Let us estimate the probability that a u meson
with energy W will have an electron-photon accom-
paniment, which passes through the filter we have
used (12 t-units of lead and 4 t -units of iron). We
obtain an upper estimate of this probability if we
assume that the filter contains 16 t -units of lead.
The probabilities of exciting an electron-photon
shower capable of giving three particles under a
filter with energies > 0 to one meson with energy
W is equal to

M) exp|— N (E)U (W, E) dE,

w
C(W) = S

where N(E) =3 X 1073 (E/Bpp)!*® is the result
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of approximation for cascade showers in lead de-
veloped in reference 4; N°®(E) exp[- N (E)]/3!
is the Poisson distribution; U (W, E) is the equi-
librium spectrum of electrons and photons accom-
panying a u meson with energy W in iron; B is
the critical energy:

w
UW,E)dE~ | (Cs(W, E')dE' + Ci (W, E')dE’

Lt
P -
+ C. (W, E')dE"}

g3 9E

Here Cgs(W, E’), Chp(W, E’) and Ce(W, E’)
are the probabilities of transfer through one t -
unit of energy E’ to a § electron, Bremsstrahlung
photon and an electron -positron pair, respectively.
For a u meson with energy W =100 ev, we ob-
tain C~ 3 x10™* and for W =10 ev, we obtain
C~=1.

Thus, introduction of a screen above the counters
permits a significant decrease in the probability of
recording electrons and photons arising from the
ground. But, on the other hand, u mesons create
0 electrons and 6 showers in the screen itself,
which can mask the groups of mesons. It is easy
to differentiate such showers from groups of me-
sons if the mesons are recorded simultaneously
above the screen by means of an additional row
of counters. For u mesons with W « 101 ev,
the requirement of correspondence of the firing of
the counters of the upper and lower rows practic-
ally eliminates the ambiguity in interpretation in
the triggering of counters by mesons.

With the aim of investigating the pattern of
the distribution of y mesons in an individual
shower, four units of type a of Fig. 3 were
changed in chamber 2 to a two-row unit of type b
of Fig. 3. In the upper row, counters were used
with a smaller diameter (30 X 550). The frequency
of appearance of & electrons and & showers
under the screen classified according to the num-
ber of fired counters, was determined frém the
results of the action of units of type b and is
plotted in Table I.

The frequency of appearance of 6 showers
was shown to be less than for particles which
arise for detectors at the surface of the earth,!
owing to the low altitude of the cavity of the block.

RESULTS

In the present work results are given of the
work with the apparatus described, pertaining to
the possible existence of irregular spatial distri-
bution of u -meson flux of high energy in an ex-
tensive atmospheric shower.

In eight hundred hours of operation of the two-
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TABLE I
a 2 l 3 4 5 6
b 3800 3800 3800 3800 3800
c 105 23 8 4 3
d | 4.040.4 | 0.6+0.1 | 0.240.08 | 0.14-0.05 | 0,0840.05
a is the number of fired counters in the § shower; b is the
number of i mesons which penetrate the unit, c is the number
of 8 showers, d is the percent of § showers per meson.
. [9sasracs] 000 Q O 2 ]
| Cooom 11 o I l - o1 L 1| FIG. 4. Hodoscopic pictures for recording groups of
p mesons. Fired counters in units of the type of Fig. 3b
o 2 0@ E— are denoted by the circles.
rli o0 ]| [e) ] [ocX0 o I 1

row units of total area 3.1 m?, we recorded 17
events of simultaneous firing of three and more
counters in a line in an upper or lower row (see,
for example, Fig. 4).

The readings of the upper row of counters es-
tablish the fact that the events recorded were not
connected with electron-photon showers from the
ground which are found close to the maximum of
their development (the mean density of mesons
obtained on the upper row of counters p,; and
the density of mesons determined by the lower
row p, are the same: pu = 2.7 + 0.3 particles/m?
and p7=2.2 + 0.3 particles/m?). It is possible
that such events can be connected with very “young
electron-photon showers from the ground, perhaps
with the simultaneous generation of a young shower
in the ground and a second shower in the screen
by a single meson. A precise estimate of the prob-
ability of appearance of such events is made diffi-
cult by the fact that the number of particles in the
assumed 6 showers is unknown experimentally.
Moreover, data are lacking on the spectrum of u
mesons in the region W > 10!2 ev in the compo-
sition of extensive atmospheric showers. We shall
consider below the set of experimental data which
takes into account events that follow a group of u
mesons.

The following data can be compared for each
group: 1) the minimum number of mesons in the
group, equal to the number of counters of the upper
row fired in the group; 2) the total amount of me-
sons recorded in a given shower in the underground
chambers; 3) location of the axis of the shower on
the surface of the earth and the number of particles
in the shower. A summary of these data with re-
spect to all recorded events is given in Table II.

The location of the axis and the number of par-
ticles in the shower was determined by the method
suggested in reference 5, and with the aid of the
arrangement of reference 6, which employs the
knowledge of the spatial distribution function of the

»

electrons in the shower. The accuracy of the de-
termination of the axis and the number of particles
in the shower were, respectively, 1 m and 20% close
to and inside the surface chamber, and 4—5 m and
40% at distances of the order of 20 m from the
surface chamber.

We shall show that the chosen groups of yu me-
sons cannot be the random accumulation of mesons
connected with the Poisson statistical fluctuations
of the particle flux. Bearing in mind that the char-
acteristic phenomenon in the passage of a group
of mesons is the successive firing of the
counters in a row of unit b of Fig. 3, we shall con-
sider each picture as consisting of group firings of
thefollowing classes:first class, o @0 ; second class,

TABLE II
Ne a b |c| d e f
1 2.108 8 1 — | 3 5
2 5-10¢ 13 1 — 3 2
3 2-10% 15 1 — 6 5
4 2.5-10% 12 1 — 5 3
5 3-10° 12 1 — 10 11
6 2.105 25 1 — 9 2
7 1-10° 10 1 — 5 6
8 2.108 11 2 1 54| 18
9 8.10° 0 1 — 6 8
10 5-10°% 20 1 — 6 11
11 8.10°% 7 1 — 4 7
12 1.108 25 1 — 5 11
13 7-10°% 17 2 2 4:6 8
14 3.5-10¢ 15 2015 45| 14

a—number of particles in the shower;
b —distance in meters from the axis of the
shower on the earth’s surface to the verti-
cal passing through the point of observa-
tion of the group of mesons; ¢ —number
of groups of mesons in the shower; d -
distance in meters between groups; e —
number of fired counters in the vertical
row of unit b of Fig. 3 at the point of
passage of the group of mesons; f—num-
ber of mesons recorded in a given shower
apart from the group of mesons (on an
area of 4.35 m?).
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oeeo; third class, oeeeo, etc. We assume that
of the total number n of counters, m were fired
and the distribution of mesons in the plane of ob-
servation is uniform on the average. We shall cal-
culate with what probability a given picture of fired
counters can be observed if the trajectories of the
mesons are independent.

A formula was derived in reference 7 for the
probability which is of interest to us; it has the form

Cz—m—i—l p!

W (n, m,v, p) =
( p) IIv! CZ'
i

Here p is the number of groups of all classes in
the given shower, vi is the number of groups of
the i-th class. However, practical use of this for-
mula is difficult because of the roughness of the
calculations for large n. Moreover, we have it in
mind to extend the same approach to the treatment
of the data of single row units, making use of a
knowledge of the frequency of appearance of 6
showers. Therefore, we apply another approach
to the determination of the probability of the given
picture of fired counters by classes, based on a
comparison of the theoretically expected number
of groups of a given class with the experimental
observations.

Under the observed conditions, the probability
is m/n that a chosen counter fires, and 1 — m/n
that it does not fire. Consequently, the probability
of the event of first class is (m/n)(1 -m/n)?; of
the second class, (m2/n?)(1-m/n)%; of the third
class, (ma/n3)(1 —m/n)z; etc. The appearance
of an event of an arbitrary class, generally speak-
ing, changes the probability of the remaining events,
but if m < n, then the change is probably small.
For m < n, the number of events of different
classes is given by

M, =n—%~(l — EY;

n
Mgzn%(l —%)2 ete.

For each shower, we have theoretical and ex-
perimental distributions of the events over the
classes. Calculating the consistency criterion of
Pearson

12 = N (M; exp— M) | M; .

we find the probability of appearance (connected
with the statistical fluctuations) of a given picture
of the distribution of mesons in the plane of obser-
vation.

Let us compare the frequency of appearance of
pictures with groups of mesons (as a group of
mesons we take events of third and higher classes)
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with the frequency of events expected because of
statistical fluctuations. For this purpose, we ana-
lyze all pictures of fired counters in chamber 2
according to the total number of counters fired.
The number of groups of mesons expected be-
cause of statistical fluctuations and the observed
number of groups is shown in Table III.

TABLE III
a | 5—8| 9—14 | 15—26 | >26
b | 264 69 29 7
c 1 0,5 0.3 0.1
d | 3 5 7 Z

a—total number of discharge
counters (m) under the screen in
chamber 2; b —number of show-
ers with given m; c —expected
number of groups of mesons be-
cause of statistical fluctuations;
d — observed number of groups of
mesons.

Comparison shows that the observed groups of
u mesons cannot be accounted for by statistical
fluctuations in the meson distribution. Conse-
quently, the observed groups of mesons are peculi-
arities of the lateral distribution of y© mesons of
high energy.

We now attempt to determine the role of such
groups in the general lateral distribution of me-
sons of high energy. It is seen from Table II that
in showers with a number of particles N ~ 10°,
one group of mesons is observed, while in showers
with N ~ 10° cases are encountered with two
groups on an area of 3.1 m?. It is possible that
in showers with different N, the groups of me-
sons play different roles in the lateral distribu
tion of the mesons. Therefore, let us consider
separately showers with N ~ 10° and showers
with N ~ 10%. From Table II we can obtain the
mean density of the meson accompaniment of a
group of mesons for showers with N < 5 x 10°
and N >5 x 105%:

o(N =2-10% = (1.0 - 0,2) particles/m?
p(N = 1.3-10%) = (2.3 4-0.3) particles/m?

It follows from the geometrical arrangement in
chamber 2 (Fig. 1b) that these densities relate

to a distance of 3 —4m from the group of mesons.
The densities of mesons measured by the same
apparatus at a distance of 14 m from the axis of

the extensive atmospheric shower (description of
this experiment will be given in subsequent papers)
amount to (0.22 + 0.03) particle/m? and (1.6

+ 0.6) particles/m?, respectively, for showers with
N =2x10° and with N =1.3 x 108, It is thus seen
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that in showers with N ~ 10° a sharp increase in
the density of u mesons is observed upon approach
to a group of mesons, while in showers with N

~ 10 this increase is less marked.

In this connection, it is of interest to compare
the frequency of appearance of groups of u me-
sons with the frequency of passage of the axes of
the extensive atmospheric showers through the de-
tector of p mesons.

Let us now calculate the number of axes of ex-
tensive atmospheric showers with a different num-
ber of particles passing through the area of the
double-row units in 800 hours of operation for the
experimental setup that has been described. The
intensity of the axes of extensive atmospheric
showers with a number of particles N and with
angles 6 and ¢ in the underground chamber is
equal to

(A} NN dN -cos’ 0 sin 6dbde.

The probability of recording such a shower at the
surface of the earth is

[l —exp {— kNf(r)s}l®,

where KkNf(r) is the density of electrons at the
surface of the earth in the extensive atmospheric
shower, o= 0.132 m?. The connection between the
angle 6 and r is the following: r = H tan 6, where
H is the distance between the surface and under-
ground chambers measured along the vertical. Then
the number of axes passing through the area of the
double row units is

2an 1:/‘-_’,
dN X S cos’ 0sin 0dwdf
0

0

A-3,1-800

1=t

X[l —exp {— kN[ (H tanb)s}]°.

Taking v =8 in accord with reference 8, and in-
tegrating numerically, we obtain the results shown
in Table IV. It is seen from the table that the fre-
quency of the groups in showers with N ~ 10° cor-
responds to the frequency of the axes of the showers
while the frequency of the groups of mesons in
showers with N ~ 10® is much greater than the
frequency of axes of such showers.

It is quite probable that in showers with a num-
ber of particles N < 10°, there are no groups of
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u mesons of three or more mesons, for the mesons
in these groups have a smaller lateral divergence.

Up to now we have been discussing data obtained
by double-row units. If we analyze the data from
single-row units, it is possible to broaden the sta-
tistical material for chamber 2 and obtain data on
chamber 1 at a depth of 20 m under the screen.
This permits us to trace the dependence of the
number of groups of mesons on the depth. The
simulation of groups of mesons by the 6 showers
from the screen serves as an obstacle to this
course. However, the frequency of appearance of
the 6 showers is known from the experiment with
double row units. We include the probability of
appearance of the 6 showers, determined experi-
mentally, in the consideration of pictures of the
discharge of counters in single-row units, simi-
larly to what was done for double-row units. Then
the probability of appearance of an évent of the
first class does not change, of the second class
becomes (m?/n?)(1-m/n)?+ Ws,, where Wg,
is the probability of appearance of the & electron;
for the third class, (m3/nd)(1-m/n)? + Wsg,
where W53 is the probability of appearance of the
6 shower with three discharge counters, etc. The
values of Ws,, Wog, Wg, are shown in Table I.
Further, we obtain new theoretical values of M;j
and find the probability of pictures of discharges
for individual showers, just as for double-row
units. Table V lists the results obtained from an
analysis of the pictures in single-row units for
chambers 1 and 2. As is seen from the table, the
expected value of 6 showers for pictures with
m =9 is small in comparison with the number of
observed groups of discharges of counters, and at
the same tirme the frequency of the groups of me-
sons determined according to double-row units
corresponds to the frequency observed on single-
row units. Consequently, in both cases we observe
the groups of mesons (for m = 9). One can draw
the conclusion from Table V that the ratio of the
frequencies of appearance of groups of mesons
at depths of 20 and 40 meters under the screen
amounts to 1 + 0.5. For groups of mesons ob-
served in chamber 1, a mean density of mesons
accompanying the groups for showers with
10° < N < 5 x 10° was obtained.

This density amounted to p (N = 2 x 10°)

TABLE IV

4;5

1.10¢—1.10% [
1

a
b
c

1.105—5.108
3

5.105—108
0.5

5

7

a—number of particles in the shower; b—expected number
of axes of showers; c—number of observed groups of u mesons.
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TABLE V
Chamber 1* Chamber 2**

Number of discharging counters 1

in the chamber (m) 5—8 [9—14|15—26 |>26 5—8 | 9—14115—26 [>26
Number of showers with given m| 400 | 120 30 20 450 | 170 37 2
Expected number of 8 showers

and groups of mesons connected| I .

with statistical fluctuations 3.4 1 ‘ 0.3 0.2 | &5 | 152 ! 0.4 0.2
Observed number of groups of ‘ i

discharged counters (class 4 ! _

and higher, see text) 4 7 1 5 5 4 9 10 6

*For chamber'1 the data are given on showers with m < 26 after 700 hours of

operation, for showers with m > 26, after

1740 hours.

**For chamber 2, data are given for showers with m < 26 after 1070 hours of
operation, and for showers with m > 26 after 1740 hours.

= (0.9 + 0.1) particles/m? and is equal to the
density of accompaniment of the groups in the
same showers in chamber 2.

DISCUSSION OF RESULTS

Thus the study of the flux of high-energy u
mesons in extensive atmospheric showers points
to the possible existence close to the axis of the
showers of beams of u mesons, the number of
which increases with increase in the intensity of
the shower.

Let us return to the problem of the possible
nature of the observed phenomenon. First of all,
we consider the possibility of generation of groups
of u mesons in the ground above the apparatus.

As a result of the nuclear-active components
of high energy of the extensive atmospheric shower,
formation of beams of 7 mesons in the ground is
possible; these decay with finite probability with
the formation of y mesons.

The number of u mesons is determined by the
expression

Ena (==
n, (> E) = S \ ne (o, B dE

E o

2
dxhkm ¢

(1)

where ng(x, E’)dE’ is the number of 7 mesons
in the shower at a depth x, expressed in path
lengths for the interaction A possessing energies
from E’ to E’ +dE’, p=1.7 g/cm® is the den-
sity of the earth, Tp =2 x 1078 sec is the half-life
of the m meson, and my is the mass of the =
meson. The limit of integration of E for cham-
ber 1 amounts to 5 x 10° ev, for chamber 2, 1010
ev. Consideration of the cascade process by the
method of successive generations leads to the
equation

ne(E' x)dE = 3 & 0T (E') dE,

=0

where i is the number of the generation, IIj is
the spectrum of m mesons of the i-th generation.
Substituting this expression in (1), we obtain
Ena [ee]
m(>E)= \ XIL(E)dE
E i=0
In Appendix 1 it is shown that in the case of not too
high an energy loss of the nuclear-active particles
of the avalanche (which is evolved upon the forma-
tion of the electron-photon component), Eq. (2) has
the form:

Amc?
pTocE’

)

My :KEna/Ez, (3)

where K is connected with the character of the
acts of nuclear interaction in the avalanche. Ac-
cording to the estimate given in the Appendix, the
energy of the nuclear-active particle responsible
for a group of 4 mesons of three particles must
amount to 4 x 1013 ev. The experimental data on
nuclear-active particles of high energy in exten-
sive atmospheric showers at sea level show® that
the appearance of such particles in showers with
N ~ 10° is very unlikely. A comparison of experi-
mental data at depths of 20 and 40 m below the
screen also contradicts the picture we have given
of the generation of p-meson groups. Actually, if
the energy E n5 which exists in showers with a
number of particles N; suffices for the forma-
tion of a group of u mesons with a given number
of particles n, recorded at a depth of 40 m below
the screen, then for the formation of a group ob-
served at a depth of 20 m below the screen, the
energy Egna = Eyng/4 is sufficient [see Eq. (3)];
this exists in showers with Ny =N; /4. Then the
frequency of appearance of groups at a depth of

20 m below the screen will exceed the frequency of
appearance of groups at a depth of 40 m below the
screen by a factor q, and this ratio will amount to
(taking into account the spectrum of the showers in
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terms of the number of particles and the effective-
ness of the separation of the showers)

S N“‘H ccs® 0 sin O [1 — exp {— ENf (H tand) o}]° dN do
0

/2
| | e
0

The ratio 1 + 0.5 is observed experimentally
(Table V), which contradicts the given picture of
the generation of groups of yu mesons.

The observed group of y© mesons can also
arise in the atmosphere because of decay of =
and K mesons generated in acts of nuclear inter-
action. In this picture of the generation of groups
of u mesons, the character of the distribution of
transverse momenta of secondary particles in the
nuclear interaction is extremely important. Recent
research!®!! on the study of nuclear interaction in
photoemulsions shows that the distribution of trans-
verse momenta of secondary particles in nuclear
interactions with energies 102 — 10! ev can be
represented in the form

=~ 4.

cos® Osin @ [1 — exp {— ENf (H.tan®) c}]® dN d0

d
o(p.)dpy = ook and 10°ev/c;<p, < 10%v /c;

o(p,)=0 and p, >10°ev/c. p, <10fev/c. (4)

It can also be shown (see Appendix 2) that with
such a distribution of transverse momenta, the
generation of a group of p mesons of five particles,
which cover a region with linear dimension d = 0.5m
at sea level in a single act of nuclear interaction, is
highly improbable according to present-day repre-
sentations. Let us therefore consider the possibil-
ity of the excitation of a group of u mesons be-
cause of the decay of m mesons in the passage
through the atmosphere of a complete nuclear ava-
lanche of an extensive atmospheric shower. Such a
group of 4 mesons can be formed inthe coreof an
extensive atmospheric shower. We shall find the
number of u mesons at sea level in an avalanche
with primary energy E, which is diverging at a
distance d from the axis of the shower:

1033 E, Plmax

Bd ,
nw(Eo, B, ¥) dE =~ ¢ (1) dpy, (5')

Ny =
% Emin P min

where x is the depth of the atmosphere in g/ cm?,
n; (Eg, E, x) is the differential spectrum of =
mesons at a depth x, B=1.39 X 101 ey is the de-
cay constant of the m mesons. Here it is assumed
that the p meson acquires a transverse momen-
tum p; in the decay of the 7 meson, which up to
this point preserved the direction of the primary
particle. Such an approximation gives an upper

VERNOV, KHRENOV, and KHRISTIANSEN

bound to the number of y mesons in the circle d.
In the case of a distribution of transverse momenta
according to Eq. (4), we have
1133 E,
ny =

1\
)

(6"

where H(x) is the distance above sea level cor-
responding to a depth x in the atmosphere.

For the calculation of ny according to Eq. (5”),
it is necessary to give the energy spectra of the w
mesons which have not yet been experimentally in-
vestigated with sufficient completeness. We shall
consider only the theoretical models of the devel-
opment of the nuclear cascade in the atmosphere
which are considered in references 12 and 13.
Numerical calculation carried out with the spectra
of 7 mesons from the research of reference 12
according to Eq. (5”) gives the number of p mesons
in a circle with d = 0.5m, n, = 0.2 for Ej=2
x 10'% ev. However, we note that this model of the
development of a nuclear cascade in the atmos-
phere does not give the number of nuclear-active
particles of high energy at sea level corresponding
to experiment. According to this model,

Npa (E > 102 ev)/N =2 x 1078, while experiment?
gives Npa (E > 102 ev)/N=2—5x 1079, The cal-
culation carried out in reference 13 gives better
agreement with experiment on the number of
nuclear-active particles of high energy at sea level
in an extensive atmospheric shower [here

Npa (E > 102 ev)/N =5 x 107%]. In this calculation
the following assumptions were made: 1) In the
collision of the nucleon with the nucleus of air,
one-half of its energy goes into the formation of
n=2(0.5 Eo)i/ ¢ secondary particles; 2) secondary
particles obtain equal energy; 3) the m mesons
interact according to the same model; 4) charged
i mesons consist of 70% of all ™ mesons; 5) the
path for the interaction A = 90 g/cm?.

Using ng (E, x) calculated under these assump-
tions by Eq. (5”) for E;=2 X 10!% ev, we obtain
n, =5, which corresponds to observation of a
group of u mesons in the core of the shower. In
this case 3 or 4 u mesons in a group possess en-
ergies Ey ~ 10! ev and 1 or 2 u mesons possess
energies of Ey ~ 102 ev

From the point of view of such a picture of the
generation of groups of u mesons, the appearance
of several groups of yu mesons in showers with
high primary energies corresponds to the appear-
ance of additional m-meson cores in the extensive
atmospheric shower. The energy contained in the
additional core can be many times smaller than
in the original. Actually, in the additional group

d 1 d
s (B x) dE 55 B 5 (s —
X, H(x)-10%/d
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of u mesons, for a shower with E;~ 106 ev,

as many mesons are observed as were in the
fundamental group for showers with E, ~ 10% ev;
therefore such an additional core can be con-

nected with the emission of individual nuclear-
active particles of high energy (Epg ~ 10 ev)

from the original core. However, the observed
distances between groups of 4 mesons in showers
with Ej ~ 1018 ev (~ 2m) require very large trans-
verse momenta for the nuclear-active particles gen-
erating the additional core:

N :32‘120:"“1 .10 ev/c = 10" ev/c.

Therefore, the existence of several groups of u
mesons in showers with N ~ 10° particles is im-
probable within the framework of the picture of
the generation of yu mesons given here. The ap-
pearance of several groups of u mesons in a
single shower can be explained if it reduces the
energy of the nuclear-active particle responsible
for the group of 4 mesons. It can be assumed
that the total number of particles created in the
act of nuclear interaction and also their energy
and angle distributions undergo very large fluc-
tuations. Then such acts of nuclear interactions
are found which give narrow beams of m mesons,
which yield in turn beams of u mesons.

It can also be assumed that a process exists
of much more rapid multiple production of u
mesons than the decay of 7 mesons (see, for
example, reference 14). A substantially smaller
energy of the nuclear-active particle (Epg < 1015
ev) then suffices for the formation of the group
of u mesons. The rapid increase in the number
of groups of u mesons in a single shower in this
case that is observed experimentally is explained
by the increase in the flux of nuclear-active par-
ticles of the necessary energy (Npg ~ E;). The
fact that only a single group of 4 mesons is ob-
served in showers with E, ~ 10!° ev means, in
this interpretation, that the cross section of inter-
action with multiple production of u mesons is
significantly smaller than the total cross section
of nuclear interaction.

The foregoing consideration shows that the final
explanation of the nature of the particles which
caused the events observed by us — the group dis-
charge of counters screened by a filter under large
thicknesses of earth in the passage of an atmos-
pheric shower — is very important.

APPENDIX 1

For the calculation of the number of u mesons
observed underground and originating from 7 me-
sons reaching the ground, we consider a nuclear

cascade process, in which the 7 mesons deter-
mine its development. We assume that in the col-
lision of a nuclear-active particle with a nucleus
of the earth, nm mesons are produced while an
of them are nuclear active; in the collision of =
mesons with the nuclei of the earth, nm mesons
are again produced, etc. Then

(B, %) = 3 57T (E); T (E) = (amy (E — 2.

i=0 n

We are interested in the number of y mesons
from the decay of m mesons in the ground with
energies > E. It is equal to

E na

n oo oo
E dE'dxkm_c?  p—x,f
— V! i ___Tna =CT e X
n, (> E) = 15 §:=o(om) ( = ) oE 5
Ena
— % }J (an) § ( E’ Ena )dE’ )\mncz__ Am_c
-E i=0 I’L /] E’ pPToC P70
% (an) 5

i=0

where k is determined from the relation E
= Epa /nK; k = log (Epa/E)/log n. Thus,

n (> E) =

Amee  [ant — 1]  Amge [( E na )2+1°g°/10g n
PTo Ena (anz—1) PTo E

_1] 1 - Am_c (Ena )Y 1
E_ . (an*—1)" pTE ,, \ E an?’

where

1v=2+4 (loga/log n).
It follows from the form of the dependence of ny
on E that n, ~ KEp, /E? for sufficiently small
leakage of energy from the nuclear cascade proc-
ess. If we take n =5 (a value which was deter-
mined experimentally for energies Epg = 10!! ev,
see reference 10) and « = 0.7, then a nuclear-
active particle on the surface of the earth must
possess energies of 4 x 103 ev for the production
of a group of u mesons of three particles.

APPENDIX 2

For the act of nuclear interaction with energy
of the nuclear-active particle E; which takes
place at a depth H above the level of observation,
we have

Es  p)max L.
=\ ne@dEen) dpy i

Emin plmin

1o 2i))

where ng(E)dE is the energy spectrum of =
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mesons, ¢ (p))dp; is the distribution of trans-
verse momenta of ™ mesons, Ljnt is the path

length for the interaction of m mesons in centi-
meters,

1/L egs = 1/L+ mnc?/ Exoc.

We assume that the distribution of transverse
momenta of m mesons has the form (4). The en-
ergy spectrum of the 7 mesons produced in the
act of nuclear interaction is given in two variants:

1. Interaction proceeds according to the Fermi-
Landau theory; then the spectrum of 7 mesons
has the form (see reference 19)

| >
exp {__{lnE/ch }Ef—,

ny =k (n+ 1) (Eo/109%,

nn(E)dE_.

k~1, n~A4,

£ =0.561n(E/10%) + 1.6 In[2/(7 4 1)] + 1,6,
pic=3-108 ev.

2. The interaction proceeds according to the
Heisenberg theory; then the spectrum of 7 me-

sons has the form
]/,M 2} dE for mgc?

e (E) dE = Ey { E*1n 2

V:Mc“ <E<LE.

Results of the calculation of ny are given in
Table VI for three values of H and the maximum
energy of nuclear-active particles appearing at
these levels in showers with the number of par-
ticles at sea level N ~ 10°.
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