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We have investigated the spatial distribution of f.L mesons arising from extensive air 
showers initiated by primary particles of various energies. It was found that within exper
imental errors the spatial distribution function for fl mesons did not depend on the energy 
of the primary particle. The number of fl mesons produced varied with the energy of the 
primary particle in such a way as to confirm the supposition, advanced previously, that the 
manner in which energy is distributed among the secondary particles in an elementary nu
clear interaction changes at an energy of about 1()1 5 ev. 

I T HAS BEEN ESTABLISHED by many experi

ments 1 that the penetrating component in exten
sive air showers consists both of particles which 

react strongly with various nuclei, and those which 

do not (f.L mesons). There are more of the latter (pas

sive) particles than of the former (active) ones. In 
the following we describe the results of an investi

gation carried out in the summer and fall of 1954 at 
an altitude of 3860 m (Pamir) on the passive part 

of the penetrating component of showers. 

I. EXPERIMENTAL SETUP 

To study the spatial distribution of charged parti
cles in extensive atmospheric showers, we investi

gated individual showers, using a large number of 

counters in a hodoscopic arrangement. For each 
shower of interest we found where the axis of the 

shower was, the spatial distribution of charged par

ticles, and the total number of particles in the 

shower at the plane of observation. Penetrating par-
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FIG. l. Experimental arrangement for measuring the par
ticle current density in extensive atmospheric showers 
whose axes fall near point A. The small arrow near B 
points north. The crosshatched rectangle near A denotes 
a detector for penetrating particles. 

ticles were also detected at several points. 
Figure 1 shows the general experimental setup. 

Nineteen groups of hodoscopic counters were dis
tributed over a circle of radius 6 m. about the point 
A. Each group contained 24 counters of area 16 cm2 , 

and 24 counters of area 100 cm2 • The resolving time 

of the hodoscope channels was (1- 3) x lO-s sec. 

The axes of extensive air showers which passed 
near A could be located to within 1 m (taking into 
account the circular symmetry of the shower). 

Figure 1 and table 1 show the number, of hodo
scope channels, the counter area feeding each chan
nel, and the resolving time of the associated elec
tronics. The number of counters at points B, C, D, 
as shown in Table 1, was enough to measure the 
current density of charged particles in showers in
volving lOs -106 particles. The counter area avail
able at point E was sufficient to determine the cur
rent density of charged particles above E only in 
showers with about 106 particles. The charged par
ticle current density in showers with fewer parti
cles was obtained by assuming that showers with 
the same (total) number of particles have the same 
spatial distribution functions. Grouping together 
showers involving the same total number of parti
cles and with the same axes, it is possible to find 
the probability of recording a particle at a given 
point, and hence the mean particle current density 
at a corresponding distance from the shower axis. 
The average current density of charged particles at 
points F and G, located 300 and 500 m from the 
center of the arrangement, was determined in a sim
ilar way. 

In addition to the hodoscopic groups of counters 

TABLE I. 

Counter area asso- Number of Resolving time 
Point Distance from ciated with one hodoscope of hodoscope, center, m hodo scope channel, channels 

cm2 sec 
~~---~-~ 

18 22 24 "-'1()-S 

B 100 24 "'10-5 
330 24 "'10-5 

------·----~------------~ --------

40 22 24 "'10-·' 
c 100 24 ,.,._1()-5 

330 36 "'1 o·~i) 
----------

D 60 100 24 "'10- 5 

330 48 "-'10-5 

--------~------~------·- ----

E 100 22 24 1-10-5 

330 48 1·10-5 

--------- ·-------

300 22 24 ,.,._1()-5 
F 100 24 "'10-5 

4000 6 2. 5 ·16-6 

G 500 3000 8 2. 5 ·10-6 
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used to measure the total charged particle current 
density, points A, B, C, E, and G had detectors of 
penetrating particles. The detectors at points A, B, 
and C (Fig. 2a) could distinguish between penetrat
ing particles which did not interact strongly with 

nuclei (/1 mesons) and electron showers formed in 
the material of the detector. The lead and iron ab
sorbers surrounding the hodoscopic counters of the 
detector practically eliminated the possibility that 
electrons and photons from the air could reach these 
counters. Filters between the rows of counters al
lowed us to distinguish between electron showers 
and o-showers produced by 11 mesons. In detector A, 
one row of counters had an area of 0.48 m2 , the cor
responding figures for detectors B and C being 
0.36 m2 and 0.72 m2 • The penetrating particle de
tectors at points E and G were simpler (Fig. 2b), 
since earlier measurements had shown that at such 
distances from the shower axis, there were no par
ticles which interacted strongly with nuclei to pro-

~Alumin~Lead llJll!lm Iron 
u to tflcm 

FIG. 2. 

duce showers. The counter area was 1.8 m2 at point 
E and 2.4 m2 at detector G. 

The hodoscopic arrangement described above was 
triggered by coincidences between the four groups 
of counters at the center of A (Fig. 1). The counter 
area in each of these groups was 400 cm2 • About 
8000 extensive air showers were recorded in all. In 
about 1200 of these, the axis of the shower passed 

near A. 

2. SPATIAL DISTRIBUTION OF 11 MESONS 
IN SHOWERS 

For the showers we observed, the 11 meson cur
rent density was not large enough that it could be 

measured using the penetrating particle detectors 
described above. The average 11 meson current den
sity in showers with a given total number of parti
cles was measured by counting the number of 11 me
sons passing through the detector in showers whose 

axes were all the same distance from the detector. 
The 11 meson current density at this given distance 
from the shower axis can then be written 

Pp.(r)=(lJS)ln(l +mJn). 

where S is the area covered by one row of detector 
counters, m is the number of 11 mesons recorded, and 

n is the total number of showers observed in which 
the counters of the detector did not fire. 

We observed events where the 11 meson passed 
through the middle row of counters in Fig. 2a:. In 
such cases, one counter of the middle row was dis
charged, and in addition a counter registered in at 
least one other row of the detector. When a 11 me-· 
son passed through all three rows, the counters 
which registered were all found to lie on a straight 
line. When the /1 meson passed between counters in 
the top or bottom rows, or went through the detector 
at an angle, or was absorbed in the material be
tween the bottom and middle rows, then only two 
rows of the detector fired. All cases where two or 
more counters in the same row went off were due to 
o-showers, or electron showers originating in the 
detector and were included neither in the m nor in 

the n of the above formula. Such showers, which 
originate in the detector, were excluded from con
sideration because when a big shower occurs in the 
detector it is not possible to say reliably whether a 
11 meson is present or not. Neglecting, then, lthe 11 
mesons which initiated o-showers in the material, 
and taking electron showers in a detector to be sta
tistically independent of the passage of a 11 meson 
through that detector, we obtained, for each dis
tance from the shower axis and for a given priimary 
energy, the current density of f1. mesons with enough 
energy ( ;:::_ 440 Mev) to pass through the absorbers in 
the detector. 

We measured the probabilities of recording 
o-showers initiated both by /1 mesons from the hard 
componenlt of cosmic rays and by fl. mesons associ
ated with extensive air showers. Measurements 
were made with a detector of penetrating particles 
in a shaft whose depth was equivalent to 16m of 
water. For all practical purposes, this eliminated 
that component of cosmic rays which interacts 
strongly with nuclei. The measurements showed 
that the probability of observing, in one row of the 
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detector, a 8-shower initiated by a cosmic ray fJ. 
meson is (7 ± 0.6)% of the total number of mesons 
passing through the detector. The corresponding 
probability for 8-showers initiated by fl mesons from 
extensive atmospheric showers was (8 ± 1)%. Since 
the probability of observing a 8-shower in at least 
one of the three layers of counters in the detector 
is about three times as large, the number of fl me
sons passing through the detector unaccompanied 
by 8-showers was increased by 25% in calculating 
the fJ. meson current density. 

In finding the fl meson current density at large 
distances from the shower axis, it was not neces
sary to exclude events where showers originated in 
the detector material. This is because even at 60 m 
from the shower core the number of particles which 
interact strongly with nuclei is only a few per cent 
of the number of p. mesons. 2 Hence at large dis
\ances from the shower core, both events where only 
one counter fired and events where counters in more 
than one row of the detector fired were taken to 
mean that a !J. meson had passed through the detec
tor. The number of the latter events ("-' 10%) was 
about the same as the expected number of 8-showers, 
so that the difference in the criteria for selecting 
!J. mesons did not distort the results. 

Analysis of the experimental results leads to Fig. 
3, which shows the current density of fl mesons with 
energy ?. 440 Mev as a function of distance from the 
core in extensive atmospheric showers containing 
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FIG. 3. fl meson current density (for mesons with en
ergy?. 440 Mev) vs. distance from the shower core. 

5 x 104 to 106 (N = 2 x 105 ) charged particles. In 
the measurements at 100 and 500 m, fl mesons with 

energy ?. 390 Mev were counted, so that the current 
densities obtained experimentally at these dis
tances were decreased by a factor obtained from the 
fl meson energy spectrum (at various distances from 
the core) given in Ref. 3. The correction was less 
than the statistical error at both 100 m and 500 m. 
It should also be mentioned that the detector which 
measured the fl meson current density at small dis
tances from the shower axis was at the center of 
the setup, thus weighting the results in favor of 
showers with relatively few charged particles. This 
decreased the average fl meson current density at 
small distances from the shower axis.* In order to 
avoid this effect, the averaging was carried out over 

such a narrow range in the energy of the primary par
ticle initiating the shower that the average energy 
in each interval was independent of where the 
shower axis fell. 

As has already been indicated in Ref. 4, the spa
tial distribution of fl mesons in extensive air 
showers cannot be completely explained by Cou
lomb scattering of the fl mesons from the nuclei of 
air atoms encountered in their progress through the 
atmosphere. The effect of the angular spread with 
which the TT mesons are emitted in elementary nu
clear interactions on the spatial distribution of fJ. 
mesons is more marked if one considers fl mesons 
of a fixed energy. Using the fl meson energy spec
trum at various distances from the shower core given 
in Ref. 3, and the spatial distribution of fl mesons 
shown in Fig. 3, the mean square radius for the 
spread of fl mesons with energies 3.5 to 3.9 Bev 
turns out to be ?. 300 m. The Coulomb scattering of 
fl mesons with the above energy and originating at a 
height of 10 km leads to an rms radius of 50 m, neg
lecting ionization losses. Ionization losses would 
only decrease this figure. This difference between 
the experimental rms radius of the spatial distribu
tion and the rms radius obtained from Coulomb scat
tering calculations cannot be due to the earth's mag
netic field. The expected lateral displacement from 
the shower axis is about r"' h300!l'h /2E"" 50 m (E 
is the fl meson energy, H' the horizontal component 
of the earth's magnetic field, and h the height at 
which the fl mesons were formed). Finally, taking 
into account the angles at which the fl mesons from 
TT± are emitted leads to a similar displacement. 

Thus the angle at which TT mesons are emitted in 

*This effect was neglected in Ref. 5, and conse
quently the distribution curve obtained there for small 
distances from the shower axis is distorted. 
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nucleon-nucleon interactions at high and very high 
energies must be taken into account to explain the 
spatial distributions of f.L mesons. This is because 
all the other factors which tend to spread out the 11 
mesons lead to an rms radius for 3.5-3.9 Bev p. me
sons of ~ 100 m while experimentally the radius is 

;::::, 300m.* It should be remembered that, unlike the 
situation with 11 mesons, the spatial distribution of 
the electron-photon component in extensive atmos
pheric showers can be explained by Coulomb scat
tering of the electrons. 4 The angle at which .,.,0 me
sons are emitted in nuclear interactions has no ef
fect on the spatial distribution of electrons in the 
shower. 

There are presumably two reasons for the fact 
that the angle of emission of 77 mesons has an ap
preciable effect on the spatial distributions of the 
penetrating component of extensive air showers, but 
not on the soft component. On one hand, 11 mesons, 
the overwhelming majority of which come from 77 ± 
mesons, have a considerably longer range than do 
the electron photon showers. The latter come from 
the decay of 77° mesons having the same energy as 
the 77 ± mesons leading to the p. meson component of 
extensive air showers. On the other hand, the shape 
of the spatial distribution function for electrons 
near the axis 6 indicates that 77° mesons with an en
ergy 1010 ev play a large role in the formation of the 
electron-photon component deep in the atmosphere. 
It is natural that mesons of such energy would be 
emitted from a nuclear interaction at smaller angles 
than the mesons producing the general current of 11 
mesons in the shower. 

3. TOTAL NUMBER OF p. MESONS AS A 

FUNCTION OF ENERGY 

If we assume that the spatial distribution of 11 
mesons does not depend on the energy of the pri
mary particle, then we can compare the number of 
11 mesons in showers with varying numbers of 
charged particles. How valid is the above assump
tion? Figure 3 shows that for distances 0-40 m the 
spatial distribution varies as r-n. Values of the ex

ponent n for extensive atmospheric showers initi-

*Using our experimental data on the spatial distribu
tion of 3.5-3.9 Bev 11 mesons, and assuming that the 77 ± 
mesons of corresponding energy are formed 2- 8 km above 
the experimental setup, we can estimate the perpendicular 
momentum received by TT mesons in the interaction with nu
clei of particles of energy "2:. 1011 ev. The result is l-3f.Lc, 
where 11 is the mass of the TT meson. 

ated by primary particles of various energies* are 

shown in Table 2. From the data in this table it is 
evident that the spatial distribution of p. mesons 
near the center of the shower is independent of the 
energy of the primary particle which started the 
shower (Fig. 4). 
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FIG. 4. Spatial distribution of p. mesons with energy 
more than 440 Mev in extensive showers with various 
(total) numbers of particles: x- 0.53 x 105 ; D. -l.5x 105 ; 

0-3.2 x 105; •- 106 • The 11 meson current density is 
normalized relative to showers with 2 x 105 particles, us
ing the number of /-L mesons 100 m from the axis of the 
shower. 

The statistical accuracy of our experimental data 
is insufficient to give reliable information about 
changes in the spatial distribution of 11 mesons on 
the periphery of extensive atmospheric showers as 
the primary energy is varied. At distances of 100-
500 m from the center of the shower the normalized 
spatial distribution of /-L mesons is given by the for
mula r-(l.S±0. 2) ( E0 = 6 x 1014 ev). This result can 

be compared with the data of Ref. 4, which were ob
tained at the same altitude as were our data (3860 
m). In Ref. 4 the primary energies considered were 
more than 1017 ev, and the spatial distribution of 
11 mesons 200- 800 m from the shower axis was 

*In an earlier paper, 7 we took the coefficient of propor
tionality between the number of particles in the shower and 
the primary energy to be 5 x lQ19 ev (at an altitude 3860 m). 
This estimate was based on calculations with a particular 
model of the nuclear cascade process. We now use the co
efficient given by E0 • 2.5 x 109 N. The new value is 
based on an analysis of the absorption of extensive show
ers in the atmosphere. 
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measured. In complete agreement with our results, 
h. . 1 d' 'b . . b -(1 8+0.2) t 1s spatia tstn utlon was gtven y r · - . 

Thus the spatial distribution of p. mesons does 
not change when the energy of the primary particle 
initiating the shower is increased by a factor of 
200. This justifies our supposition that the spatial 
distribution of p. mesons in extensive atmospheric 
showers does not depend on the total number of par
ticles. 

The experimental data presently available do not 
give the total number of p. mesons with energy 

~ 440 Mev in an extensive atmospheric shower. This 
is because, even at the largest distances investi
gated, the p. meson current density, in the energy 
range given above, falls off slower than 1/,-l. p. me
sons with energies higher than 1 Bev have a nar
rower spatial distribution. The total number of such 
mesons can be obtained from the spatial distribu
tion function in Fig. 3 and the data on the energy 
spectrum of p. mesons in extensive atmospheric 
showers (at various distances) given in Ref. 3. 
Figure 5 shows how the number of p. mesons with 

energy ..2:: 1 Bev depends on the primary energy. 
From this ~raph it follows that in the energy (of the 
primary particle) range 1014 to 2 x 1015 ev the total 
number of p. mesons varies as "-'E0 <0·62±0•12). 

FIG. 5. The number of p. mesons with energy more than 
l Bev occurring in extensive showers initiated by pri
mary particles of various energies. The crosses are ex
perimental data from the present work, the circles are data 
from Ref. 4. 

Our results on the relation between the number of 
p. mesons in the shower and the energy of the pri-

.mary particle do not agree with the results of Ref. 9. 
The latter work was carried on at an altitude of 
3260 m above sea level. The number of p. mesons 
N f-L was obtained as a function of the number of 

electrons, Ne for extensive atmospheric showers, by 
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varying the area of unshielded counters. It was 
found that N rv lV~" 87 in the energy interval 5 x 1014 

f.L 
to 8 x 1016 ev. 

Our data pertain to an energy interval 1014 - 2 
X 1015 ev. To compare the two sets of data, we com
pare the total number of 11 mesons with energy .2: 1 

Bevin extensive atmospheric showers, initiated by 
primary particles of energy E0 "' 1015 ev with the 
number of fJ. mesons in showers initiated by primary 

particles of energy E0 "' 1017 ev (Ref. 4). From Fig. 
5 we see that in this energy interval the number of 

. £0.95±0.05 h" h "th 11 mesons vanes as 0 w rc agrees wr 
Ref. 10. In the method of Ref. 9, the experimental 
data was averaged over a rather wide range of pri
mary particle energies. The result quoted is thus 
the average of two different proportionality con
stants between the number of {t mesons and the num
ber of electrons in the shower (Nf.L rv ~-6 and 

Nf.L rv lYe)• . 
The change in the relation between the number of 

11 mesons in the shower and the energy of the pri
mary particle for E0 > 1015 ev agrees with the sug
gestion we made earlier, 7 on the basis of other data, 

that there is a change in the nature of the elemen
tary nuclear interaction at an energy rvl015 ev. Ex
perimental data on the spatial distribution and ver
tical development of extensive atmospheric show

ers 11• 12 indicate that in the interaction of nuclei 
with nucleons of energy 1013-1014 ev, a large part 
of the energy is concentrated on one secondary par
ticle. This is similar to the situation at 1010-1012 

ev. This secondary particle, presumably a nucleon, 
maintains its energetically preferred role in the suc
ceeding stages of the nuclear cascade process. 
This selection, in the first nuclear interaction, of 
an energetically preferred particle takes place in 
interactions with primary particles of energy up to 
rv1015 ev. At energies higher than 1015 ev, the num
ber of secondary particles carrying away most of 
the energy increases with increasing energy of the 
primary particle. If secondary nucleons with energy 
$ 1015 ev keep a large fraction of their energy in 
succeeding n)Iclear interactions, then one can re·· 
gard an extensive atmospheric shower started by a 
primary particle of energy > 1015 ev as approximately 

equivalent to a sum of showers, each started by 
particles of energy > 1015 ev. In such a situation, 
the number of 11 mesons must be approximately pro
portional to the energy of the primary particle, 
which is observed experimentally. 
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