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Results of an investigation of irregularities in the spatial distribution of py-meson beams in

extensive atmospheric showers are presented.

The distribution of meson tracks in the ob-

servation plane is analyzed by the Monte Carlo method. The existence of beams (narrow
groups) of u mesons is confirmed. The spectrum of the extensive atmospheric showers ac-
companying these beams is obtained. The possibility of production of y-meson beams in

nuclear interaction acts is discussed.
INTRODUCTION

IN an earlier investigation[lj we obtained experi-
mental data on the possible existence of groups of
genetically related muons underground. We did not
show conclusively, however, that the event isolated
with the aid of the Geiger-counter detector was in-
deed a group of muons.

The interpretation offered in{1] for the observed
events raises, at the same time, the more general
question of whether the genetic connections between
the muons contained in extensive air showers (EAS)
can be ascertained by studying the irregularities
of the lateral distribution of the muons. We have
therefore continued the study of the irregularity in
the lateral distribution of the muons underground.

EXPERIMENTAL SETUP

The EAS on the earth’s surface were investi-
gated with a hodoscope consisting of a large num-
ber of Geiger counters. The distribution of the
counter positions and the number of counters of
different sizes in each position are shown in (2],

The muon fluxes were registered in a previously
described [1] underground chamber (depth 40
m.w.e.) located under the central chamber of the
%lzajove-ground portion of the array (see Fig. 1 in

).

The muon detectors in the underground chamber
were Geiger-counter trays connected to form a
hodoscope and shielded with lead and iron. Unlike
the arrangement in“], the muon detector consisted
of three trays of Geiger counters, the counters of
the central tray being separated by lead layers 2.5
cm thick. Figure la shows a section through the
muon detector, while Fig. 1b shows the plan of the
detectors in the underground chamber. The upper
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FIG. 1. Diagram of the setup: a—muon detector, b—arrange-
ment of muon detectors in the underground chamber.
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and lower layers consisted of counters measuring
6 x 55 cm? and the counters of the central layer
measured 3 x 55 cm?. Each layer contained 192
counters, making the sensitive area of the detec-
tors 6.3 m? in the upper and lower layers and
3.15 m? in the central layer.

We used the same hodoscopic system as in [1],
the hodoscope cells having a 10—20 usec resolu-
tion time.

The array was triggered by two systems. One
trigger system (system 1) served to select the
EAS on the earth’s surface and comprised a coin-
cidence circuit of six counter groups, each 0.099
m? in area. The counters of this system were lo-
cated in the central chamber above ground.

The second system (system 2) served to select
special events registered in the muon detectors
underground and accompanied by extensive air
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Table I
T Number of
ype of event | events, %
1. - - 0 0 0 0 -
- 0 - 0 0 - 0 90,9
0 0 0 0 - - -
(16.2%) (10%) (21%) (23%) (3%) (15.7%) (2%)
II. - - 0 0
— - 0 4.5
00 00 00 00
111, - - 0 0
— 0 - 0 0.5
000 000 000 000
v 00 00 00 00
- 0 0 - 3.2
- - 0 0
\Y% 000 000 000 000
- 0 0 - 0.4
- - 0 0
VI - 0 - 0 -
00 00 00 00 00 0.45
- - 0 00 00
VII - - - - 0 0 0 0
000 000 000 000 000 000 000 000 0.05
- 0 00 000 - 0 00 000

Note. The symbol zero denotes operation of the counters in the detector
of Fig, 1, the minus sign denotes that the counter did not operate.

shower on the earth’s surface. Trigger system 2
operated whenever the following two events oc-
curred simultaneously: 1) operation of any three
counters in succession from among the 144 counters
of the central detector row shown in Fig. 1a, and

2) operation of at least one counter from among the
36 in the central chamber above the earth’s sur-
face (the total area of these counters was 1.2 m2).

RESULTS

We undertook to study the distribution of the
muon tracks in the plane of observation, using the
described array. As a quantitative characteristic
of this distribution we chose the distribution of
the distances D between muons. The coordinates
of the muon tracks in the plane of observation were
determined with the aid of the detectors of Fig. 1
(accurate to the dimensions of the Geiger counters).

The muon-detector readings may, in principle,
be distorted by the electron-photon (ep) component
generated by the muons in the ground or in the de-
tector screen. Table I lists the types of events ob-
served when individual muons passed through the
detector of Fig. 1 ‘without interaction’ (row 1), and
events connected with formation of muons by 6-
electrons or secondary electron-photon showers.
The total number of events represented in Table I
is 4 x 10 (after 2340 hours of operation with
trigger system 1). It follows from Table I that the
counters of the central detector layer were oper-
ated by the electron-photon component with the

least frequency. Therefore the coordinates of the
muon tracks were determined from the readings
of the second-layer counters and the distances D
were measured from the centers of the counters
in this layer. It was always required that the cor-
responding counters in the upper and lower layers
also operate.

Distributions over the distances D were ob-
tained for showers having different numbers ( M)
of operating counters in the middle layer. For
each shower we determined with the aid of the
array on the earth’s surface the number of parti-
cles N in the shower and the distance R on the
earth’s surface from the shower axis to the verti-
cal line passing through the muon detectors. The
distributions over the distances D were obtained
for two groups of showers: a) for showers with
R <30 m and b) for showers with R > 50 m. The
number of particles in the showers with R <30 m
ranged from 5 x 10* to 10%, while those in the
showers with R > 50 m ranged from 10% to 2 x 107,
The shower distribution for these groups with re-
spect to the number M of operated counters was
as follows:*

M: 2 4

3 5
Event R<30: 127 60 55 17
Event R>>50: 54 27 25 8

*The number of events with different numbers of operated
counters was chosen for different operating times of the array.
The distribution over M given here differs therefore from the
real M-spectrum of the showers.
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FIG. 2. Distribution of the distances D between
the muon-registering counters: a—for R<30m; b—for
R>50m; c—same as a, but theoretical distribution
calculated with allowance for the angles of inci-

75

10

i 1
/ 2 3 4 5

6 Jm

Figure 2 shows the distributions over D for
both cases and for all showers with M between 2
and 5.*

To check the D-distribution that would be ob-
tained from the statistical scatter of the muon tra-
jectories, we calculated the analogous D-distribu-
tions for artificial showers, in which the muon
trajectories are independent, using the Monte
Carlo method. The numbers of the ‘operating’
counters for the artificial showers were obtained
with the aid of a table of random numbers. The
total number of ‘operating’ counters and the num-
ber of corresponding artificial showers were
chosen to be equal to the observed values. The
resultant theoretical distributions are shown dotted
in Fig. 2. It is apparent from Fig. 2 that the dis-
tribution for R > 50 m agrees with the theoretical
distribution [ the agreement probability is P (x?)
~17%], whereas the distribution for R < 30 con-
tradicts the theoretical value (the agreement
probability is P (x?) « 1072%).

It is possible that the distribution for R > 30 m
is connected with the influence of the showers with
axes far from the muon detectors. The muon dis-
tribution in such showers, should have a gradient
over the detector area, which can lead to the ob-
served D-distribution. To verify whether the dis-
tributions for R <30 m agree with this assump-
tion, we calculated the D-distribution for artificial
showers with axes passing through or very close
to the muon detector. The number of ‘operating’
counters was determined with the aid of a random-
number table modified to make the average distri-

" *The maxima of the distributions shown in Fig. 2, corre-
sponding to distances D of 1-1.5, 3.5—4 and 4.5-5 meters, are

connected with the geometry of the muon detectors (see Fig. 1b),

50 ﬁ,ﬂ'\

dence of shower axes on the muon detector; d—part
of the distribution a for D<0.5m. -Continuous curves—
experiment, dashed—theory.

bution of the ‘operating’ counters correspond to the
lateral distribution of the muons for a specified
position of the shower axis. The lateral distribu-
tion of the muons near the shower axis

(r =1—30 m) was assumed to be f(r)~r
The contribution of the showers with axes passing
at a distance r from the center of the muon detec-
tor was determined from the formula

-0.7_[3]

I (r)dr = const-r [f (r)]¥dr, (1)

where k’—muon spectrum exponent of the shower,
the value of which was shown by one of the

authors [J to be two. Figure 2c shows the D-dis-
tribution obtained from such a calculation. We see
that the theoretical distribution, as in the preceding
case, does not agree with the experimental one [the
agreement probability is P(x%) < 1072%]. More
events with D < 2.5 m are observed experimentally
than expected theoretically. .

The experimental distribution for R < 30 m can
be readily understood by assuming that pairs or
groups of muons, so connected with each other that
the distances D for these muons cannot exceed a
certain value d, meet at the center of the EAS
(when D <d these mesons are independently dis-
tributed). Then the muon pairs or groups for
which d is larger than the characteristic dimensions
of the array (in our case, when d > 2.5 m) yield a
distribution that corresponds to independent muon
trajectories. Meson pairs or groups for which
d < 2.5 m violate this condition and change the
D-distribution.

The latter is possible only if the number M of
the muons registered in the individual shower is
not much greater than the number m, of the
muons connected by the relation D < d. In the case
when M > m,, the distribution with respect to D
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Table II
Type of event Number of
events
A 00 00 00
- 0 00 60, 62, 57
00 00 00
B 00 00
~ 0 20, 12
000 000
c 000 000
- 0 16, 8
00 00
D 000 000 000
-~ 0 00 9, 22, 10
000 000 000
E 00 000
00 00 20, 17
000 00
F 00 00 000 000
000 000 000 000 2,2, 1, 12
00 000 00 000

is determined completely by the distribution of the
independent muons, and the possibility of separat-
ing pairs or groups of related muons is lost. We
can therefore expect the experiments to disclose
in this case a sharp dependence of the D-distribu-
tion on the number of registered muons.

Let us compare the D-distributions for different
values of M. We choose as the characteristic of
the D-distribution the ratio

v=1(D < 2.5m)/l(D>2.5m).

For M ranging from 2 to 6, the experimental and
theoretical values of v (calculated for distributions
obtained with allowance for the influence of the
shower axis) are

M: 2 3
v 1,840.3 1.,9+0.3

e 1.1
0,74£0.1 0.8

4
+0,
Ve 0,7+0.1 +0,

(S

5 6
1.3+0.2 0,940.1
0.8+0.1 0,9+0.1
We see that the theoretical value v¢ changes little
with M, whereas the experimental value v, de-
creases rapidly with increasing M. When M ~ 6,
ve is close to its theoretical value.

Thus, the experimental D-distribution and the
experimentally observed dependence of this distri-
bution on the value of M show that pairs or groups
of genetically related muons exist in the center of
the EAS (R <30 m). The connection between them
manifests itself in the experiment in the form of
the condition D < d imposed on the distribution of
their trajectories in space.

The distances d can be quite small. Figure 2d
‘shows the experimental and theoretical distribu-
tions of events with D < 0.5 m. We see that the
number of events with D = 0.2 m also exceeds the
number of events expected theoretically for inde-
pendent muon trajectories.
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The ““narrow’’ (d ~ 0.2 m) pairs or groups of
muons, unlike the ‘“extensive’’ ones, can be ob-
served directly in individual showers, by selecting
events which theoretically have little likelihood (if
the muons are independent). We consider below the
totality of the data obtained on ‘“narrow’’ pairs and
groups of muons, with the aid of the detectors of
Fig. 1.

Table II lists the types of events that can be
classified as a narrow pair or group of muons, and
their number, observed over the entire detector
area of Fig. 1 in 2340 hours of operation with the
array triggered by system 1. The events listed in
Table II were selected from showers with a suffi-
ciently small number M of registered muons,
since it was clear beforehand that in showers with
large M the events of Table II may be the result
of statistical fluctuations in the distribution of the
muon trajectories.

Table III shows the distribution of events of the
type shown in Table II among showers having dif-
ferent M. The table lists also the number of these
events expected to result from statistical fluctua-
tions, calculated from the formula

Iexpect = G (M) n=mCTy(1 — n—")M—m, (2)

where n—total number of counters in a given de-
tector layer, M—total number of counters operated
in this layer, G(M)—experimental spectrum of
the events with respect to M (see Table III),
m—number of counters operated in the chosen
layer in events of the type listed in Table II, and

& —factor that accounts for the possible combina-
tions of m counters for a given array; in our case
& =712 - (m — 1)] x 16. It follows from Table III
that the number of events of type D and F of
Table II cannot be attributed to statistical fluctua-
tions.*

Such events can, in principle, be related to in-
teractions of individual muons. The large number
of observed events represented in Table II enables
us to check this possibility quantitatively. Events
of type D and F can be due to the following:

a) the muon produces in the ground an electron-

photon shower capable of penetrating through the
detector screen, b) successive production of two
electron-photon showers by the muon, one in the
ground and the other in the detector screen,

¢) the muon produces in the ground an electron-

nuclear (e.n.) shower penetrating through the de-

*It must be noted that Table III lists all the showers inde-

pendently of the observed distance R, and therefore the ‘‘back-
ground’’ of random groupings is higher here than in the distri-
bution a of Fig, 2.
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Table III
m==2 in central layer m = 3 in lower layer m = 3 in .central layer
M .
6 (M) |Tegpect| Texper | G (M |Texpect Texper | 6 Texpect | Texper
2 1560 7 9
3 980 13 17 980 0,02 1
4 525 14 15 1120 0.18 3 525 0.04 1
5 265 1 13 935 0,18 2 265 0,06 3
6 165 11 9 466 0.18 1 165 0.06 1
7 86 7 5 334 0,20 5 86 0.06 1
8 65 8 6 213 0,18 2 65 0,06 1
9 38 5 9 147 0.18 1 38 0.04 —
10—12 57 7 6 266 0.8 4 57 0.2 | 1
13—19 41 8 5 165 2 9 41 0.2 4
20—40 T4 4 14 17 0.8 4

tector filter. When checking these three possibili-
ties, it is particularly useful to have data on the
operation of the counters of the central layer of
the detector, which are separated by lead, since the
operation of counters separated by lead during the
passage of an electron-photon shower is much less
probable than operation of counters not separated
by lead.

A comparison of the events of type VII of Table
I and events of type F of Table II (in which three
counters in the middle layer operate in succession)
shows that explanations a) and b) contradict the
experimental facts.

Indeed, 17 events of type F in Table II and 29
events of type VII in Table I were observed alto-
gether. The latter events can be regarded as elec-
tron-photon showers produced by the muon in the
detector screen. According to explanation
a) events of type F should be electron-photon
showers generated in the ground, which have at the
level of the middle counters the same number of
particles as events VII. An estimate shows that
the minimum energy of the electron-photon shower
responsible for event VII should be Eg ~ 10 BeV.
The maximum development of an electron-photon
shower with Eg¢ ~ 10 BeV occurs at a depth of 4t
units (radiation thicknesses). The detector screen
between the upper and the middle layer of the
detector is 26 t-units thick (lead + iron). Conse-
quently the electron-photon showers responsible
for the F events should be generated at a level
approximately 22 t-units higher than the level
where the electron-photon showers responsible for
the type VII events are generated. The energy of
the former showers should furthermore be about
100 times higher than that of the latter (see the
cascade curve of Ivanenko and Samosudov [‘ﬂ). The
energy spectrum of the electron-photon showers in
equilibrium with the muon spectrum F(> Ey)
~ Ep%® (which was experimentally observed when
triggering system 1,was used) should not be harder

than F(>Eg) ~ EZ%%. Therefore, if explanation
a) is correct, then the number of type F events
should be at least 10 times smaller than the num-
ber of type VII events, which contradicts the ex-
perimental facts.*

Explanation b) presupposes that the type F
event of Table II is obtained upon successive pro-
duction of events of type V or VII of Table I by a
single muon. We calculated the expected number
of events of type F due to successive production
of events of type V and VII, using the theoretical
formulas for the production of -electrons, elec-
tron-positron pairs, and photon bremsstrahlung
by a muon of specified energy E.[5) These formu-
las were used to calculate the dependence of the
probability of production of type V and VII events
on the muon energy. The resultant probability was
absolutely normalized to the observed number of
these events for a definite type of energy spectrum
of the registered muons. Two muon energy spec-
tra were chosen:

F(E)dE = kE™"dE

kb ET4E
F (E)dE = {k:E—z‘sdE

10 BeV <CE < 10° BeV, (3)

10 BeV < E < 103 BeV 4
10* BeV < E (4)

[variant (3) corresponds to an extremally hard
spectrum, which does not contradict the experi-
mental data obtained with our apparatus in the
range E =5—10 BeV; see [3]]. The muon energy
spectrum was absolutely normalized to the total
muon flux registered over the detector area during
the operation of the array (see Table I).

Figure 3 shows the contribution of muons of
different energies to the number of type V or VII
events. By determining the probabilities of these

*Explanation a) also contradicts the fact that the number of
observed events of type D in detectors with filters 16 and 32
t-units thick is approximately the same. Theoretically, explana-
tion a) calls for the frequency of type D events to change at
least by 10 times.
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Table IV
Numbgr of showers with given N
Type of event 10¢ N 108 N 106 N ' 107 N
1—3 | 3—6 [6—10 | 1—3 l 3—6 ’ 6—10 | 1—3 ‘ 3—6 ‘ 6—10 ‘ 1-—3 ‘ 3—6 6—10
D (Table II) 0 ? 1 4 4 2 12 4 10 4 0 1
F (Table II) 0 ) 0 3 2 0 6 1 2 3 0 0
VII (Table I) 0 0 2 9 8 4 4 3 0 0 0 0

events we were able to calculate the number of
type F events expected to result from successive
production of type V and VII events by a single
muon; this is also shown in Fig. 3. The expected
number of type F events is seen to be one-tenth
the observed value.

E1(E)
70

FIG. 3. Theoretically ex-
pected number of electron-
photon showers produced by
muons of energy E. 1—curves
calculated for the muon spec-
trum given by (3), 2—the same
for muon spectrum (4). Single
prime denotes events of type V,
Table I; double prime—events of
type VII, Table I; triple prime—
events of type F, Table II.

20

g

| PN,

10° £, BeV

Explanation c) was also checked by comparing
the number of type F events observed in the EAS
with the number of the same events observed with-
out the EAS. We selected the type F events by
using the part of trigger system 2 connected with
the middle counters (without requiring operation
of the counters on the earth’s surface). Their
frequency was found to be 0.18 + 0.03 h™! m™2,
intensity and the energy spectrum of the single
muons in our underground chamber were investi-
gated experimentally el, Using the dependence of
the effective cross section ¢ for the production of
an electron-nuclear shower by a muon of energy
E, namely o(E, E’) ~ In (E/E’)dE'/E’, where E’
is the energy transferred to the electron-nuclear
shower [7], we can obtain the theoretical frequency
of the expected electron-nuclear shower in the
single muon spectrum and normalize it to the ex-
perimentally observed frequency. Using the ob-
tained absolute probability of occurrence of a type
F event per muon of given energy, we can calcu-
late the theoretically expected number of the same
events in the EAS, for which the energy spectrum
of the muons is taken in one of the variants given

The

above. The theoretically expected number of type
F events turned out to be 72 + 22 times less than
that observed.

Finally, all the explanations in which the F and
D events are attributed to muon interaction con-
tradict the experimentally observed fact that these
events are accompanied by extensive showers.

Table IV lists the distribution of the number of
showers with N particles, accompanying events of
type F and D, for the case when the array was
triggered by system 1 (and for the same 2340 hours
of operation). The same table shows for compari-
son the particle-number distribution for events of
type VII of Table I. Assuming that the number of
the considered events varies with the number of
shower particles as N8, and taking into account
the efficiency of registering a shower with N par-
ticles by triggering system 1, we can obtain from
Table IV the values of B for events types F, D,
and VIL:*

BF: 175i0»3) Bp= 175 :EO,Z T’7 Bvir = 018 _'—_‘072‘

The values obtained for B apply in practice to
value of N between 10° and 10°. Triggering sys-
tem 2 made it possible to investigate the accom-
paniment of events of type VII and F in the region
N < 10%, where system 1 has a low efficiency of
shower selection. After 1500 hours of operation
of trigger system 2, 42 type VII and 2 type F
events were obtained over an area of 2 m? in
showers with N = 104—10° particles. Comparing
these numbers with the number of the same events
in showers with N = 108—107, obtained with the
aid of system 1 (which selects showers with
N = 10° accompanying the events F and VII with
nearly 100% efficiency) we obtain BF = 1.5 + 0.2
and BVII =0.9+£0.1,

*The value of B was obtained by comparing the theoretically
expected distributions and the experimental distributions of
Table IV with the aid of the y* criterion. The values of 3+AB
have a probability of 10%.

tIt follows from Table III that some of the type D events
can result from statistical fluctuations. A caleulation of the
values of B under the extreme assumption that all the D events
connected with the statistical fluctuations are encountered in
showers with N>10° leads to a value 8=1.3 + 0.2.
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Table V
— H, m
L 100 [250 | 500 1000|3000 5000 10000 | 17000
. ]
Correspond (| 40-10 E. eV 1,4/1,8/3,39,3| 33 63 120 170
to Coulomb fin 30 15 20 |45 | 75 100 | 100 90
scattering | | 10719 E n, a, min,eV [40 |20 |66 400 | 2.5.10% | 6,3.108 | 1,2.10¢ | 1,5.104
3.10%V/e | 10-19 B, €V 12 (30 60 |120| 360 600 | 1.2.10% | '2.10%
fe iz 260(260[260[300 | 720 10% 108 108
10%V/e { 100 E, eV 410 [20 [40 | 20 200 400 680
eV/e 110710 (Ep, o min),eV[12 [30 |60 |120] 360 600 | 1.2.108 | 2-10®

Thus, in the range of N from 10* to 107 the
events of type F and VII are accompanied by dif-
ferent particle-number spectra in the shower. The
dependence of the number of events of type VII on
N has in this case the form N%80-2  in good agree-
ment with the dependence of the number of muons
on the number of particles in the shower (see [3]).
The N-dependence of the number of F and D
events has the form N-5¥0-2  indicating that such
events are not the result of muon interaction.

It remains to assume that the type F and D
events are due to the passage of a group of muons
through the detector of Fig. 1. As shown above, the
observed number of such events cannot be attribu-
ted to random accumulations of muons. Conse-
quently, the muons observed in the groups should
be genetically related.

For each shower in which an event of type F
or D was observed, we know the total number of
muons registered on the detector area and the
total number of particles in the shower, N. This
enabled us to estimate the distance r from the
shower axis at which an event of type F or D is
observed, using the known average lateral distri-
bution function of the muon flux in the EAS (see (),
It was found that 33 out of 41 type D events were
observed at distances r < 10 m while 8 were ob-
served at distances r > 10 m. All 17 type F events
were observed at r < 10 m., This r-distribution
of the events again confirms that type F and D
events are not connected with the statistical fluc-

tuations in the distribution of the muon trajectories.

Indeed, inthe latter case the r-distribution should
have the form (1) and the number of events consid-
ered at r < 10 m should be only one-third of the
total number of events, in contradiction with
experiment.

The rapid growth in the number of type F and
D events with increasing number of particles in
the shower causes several type F or D events to
be expected for each shower with N > 10%. In most
showers with N > 106, however, experiment has
shown not more than one type F or D event over
the muon detector area. This means that the dis-
tances between the groups of muons in showers

with N > 10® are greater than the linear dimen-
sions of the underground array (~ 3 m). In the
cases when two or three type D or F events were
observed in a single shower, the distances between
them were actually quite large, ranging from 1 to
5.5 meters.

The foregoing results can be summarized as
follows:

1. In the central part of the EAS (r <30 m
from the shower axis) the muon trajectories can-
not be regarded as independent. Pairs and groups
of interrelated mesons are present in this region.

2. A characteristic phenomenon in the central
region of the EAS is the appearance of narrow
muon groups or beams with dimension d ~ 0.2 m.
The number of muon beams per shower increases
rapidly with increasing number of particles in the
shower. In showers with N > 10° particles several
beams are encountered in a single shower and the
distances between beams reach several meters.

DISCUSSION

In an earlier paper (9 we considered different
explanations for the existence of narrow muon
beams. That analysis has demonstrated that the
occurrence of such beams is connected with the
following possibilities: 1) there is a small proba-
bility of nuclear interactions in which the multipli-
city and distribution of the transverse momenta of
pions experiencing ™ — u decay differ appreciably
from the usual ones, namely the multiplicity is
several times greater than usual and the mean
value of the transverse momentum is one order of
magnitude smaller than usual; 2) there is likewise
a small probability of nuclear interactions in which
muon production is either direct or the result of
decay of some short-lived particles with lifetimes
that are a few hundredths of the pion or K-meson
lifetime; 3) interactions similar to 2) are realized,
except that the cross section for the interactions
responsible for the muon beam is close to the geo-
metric cross section, but the interaction energy is
greater than 10 —10% eV,

Let us consider the first of these possibilities.
Table V lists data on the minimum multiplicity
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a1 FIG. 4. Expected number of
bursts with n'= E' /B particles,
1w produced by a muon with energy
107t E under thick layers of iron. The
numbers on the curves represent
107 the muon energy in BeV.
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Ny = 3w, necessary to produce narrow muon
beams for different values of the average trans-
verse momentum p; and level H of pion produc-
tion (it is assumed here that the muon beam con-
sists of at least three particles, and W denotes
the probability of the m — p decay at a specified
muon energy). We note that momenta p; on the
order of ~ 3 x 10" eV/c are acquired by the muons
by Coulomb scattering practically independently of
H. For comparison we give the required multi-
plicity for the case when p; = 3 x 10® eV. As can
be seen from the table, such a multiplicity is im-
probable from the point of view of the conservation
laws, even if we consider the production of second-
ary particles by a particle with an energy equal to
the total shower energy (E, ~ 10%°—10% ev).

The values of n; enable us to determine the
minimum energy of the nuclear-active particle re-
sponsible for the muon beam, using the formula
Ep.a. min = nrEp. The exact value of Ep o, is dif-
ficult to determine. On the one hand, it is clear
that it should be greater than the value listed in
Table V, since we disregard in the determination
of Ep g, min the creation of my mesons or of sec-
ondary particles of any other energy. On the other
hand, since the pion decay in the beam is random,
the minimum number of pions producing a beam
with a specified number of muons (say, three) can
be also less than 3W~!, Since precise calculations
presuppose furthermore a quantitative knowledge
of the character of the fluctuations, we confine
ourselves to the assumption that Ep 5, = Ep.a. min-
Under this assumption, starting from the experi-
mental data on the energy spectrum of the nuclear-
active particles in the EAS and the number of
muon beams per shower, we can estimate the frac-
tion o of the nuclear-interaction acts responsible
for the muon beam. This fraction is found to be
a <10%.

Let us consider also the second possibility. In
this case it is sensible to assume that p; ~ 10% eV,
The values Ep g, min = 3E, listed in Table V for
this case should be certainly increased by several
times, owing to the creation of T, and m* mesons.
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It is therefore reasonable to assume the same «
as in the preceding case, i.e., on the order of sev-
eral per cent. We note that these estimates of «
do not contradict the numerous experimental data
obtained with emulsions and cloud chambers re-
garding nuclear interactions in the energy range
1011—108 ev,

Cases 1) and 2) have several common features.
First, in either case it is natural to expect the ex-
istence of not only narrow groups of muons
(d ~ 0.2 m) but also groups of large dimensions.
Second, muon groups of a given dimension can re-
sult from interaction between nuclear-active par-
ticles at different levels H, and the mean energy
of the particles in the group can thus fluctuate from
case to case over a wide range (although we have
at the same time E; ~ d~1). This distinguishes
cases 1) and 2) from case 3), in which E; should
always be large and correspond to the level at
which the shower was initiated.

Apparently, cases 1) and 2) should differ the
most in the predicted dependence of the number of
meson groups per shower on the group dimension
d. It is qualitatively clear that the connection be-
tween the dimension of a muon group and the energy
Ep.a. is not the same in cases 1) and 2). If the
level where the meson group is produced is fixed,
we have in case 1) Ep.a, min = m, W™ 'Er (my is
the number of mesons in the group), with W ap-
proximately proportional to E;! and E; ~ d~},
and thus Ep 5. min ~ d72. In case 2) we obtain
En.a. min = myEy and E; ~ d~!, and consequently
En.a. min ~ d”

The energy spectrum of the nuclear-active par-
ticles in an extensive air shower near sea level
has the form F(>Ep 5 ) ~ Eply.. Knowing the
energy spectrum of the nuclear-active particles
and the dependence of Ep 5, on d, we obtain the
dependence of the number of muon groups per
shower on the group dimension in the form
F(=d) ~d? incase 1) and F(=d) ~ d in case
2).

The obtained variation of F(d) can change
somewhat with the level H. An exact calculation
of F(d) calls for a refinement of the initial as-
sumptions concerning the character of the fluctua-
tions of the average transverse momentum of the
secondary particles in the nuclear interaction acts.
We confine ourselves only to the estimate given
above for F(d).

In order to distinguish between possibilities 2)
and 3) it is necessary to measure at least the av-
erage meson energy in the beams. For this pur-
pose we can measure in ionization chambers the
spectrum of the bursts produced by the muon
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beams. Figure 4 shows the spectrum of the burst
expected from muons of different energies. As
seen from Fig. 4, one can separate sufficiently
accurately mesons with Ey > 102 eV from mesons
with Ey < 10! eV. Such an experiment calls for
an array with rather large area (~ 10 m? ), in
view of the low intensity of the muon beams.
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