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The lateral distribution of electrons and of nuclear-active and nuclear-passive particles in 
extensive air showers containing from 4 x 104 to 4 x 105 particles at sea level was studied 
by means of correlated hodoscopes. The experimental data indicate that cascades of high
energy nuclear-active particles, which determine the development of extensive air showers, 
are present in the showers in the lower layers of the atmosphere. The energy carried by a 
cascade is concentrated in a small region with a radius of the order of a few meters around 
the shower axis. 

INTRODUCTION 

THE study of the nucleo-cascade process which 
manifests itself as an extensive air shower re
quires detailed information concerning the struc
ture of the shower at different heights in the atmo
sphere. None of the several recent investigations1- 6 

of the lateral distributions of the various shower 
components has been sufficiently thorough. In the 
present work we endeavored to obtain as complete 
and accurate quantitative information as possible 
regarding the lateral distribution of electrons, 
penetrating nuclear-interacting or "nuclear-active" 
( n.a.) particles, and "nuclear-passive" ( n.p.) 
particles at sea level. This was a continuation 
and expansion of the work reported in Ref. 6. The 
measurements were performed at Moscow from 
April to June of 1954. 

DESCRIPTION OF APPARATUS 

We used the well-known method of correlated 
hodoscopes, described in Ref. 7. The charged
particle distribution was determined by more than 
2000 Geiger-MUller counters combined in hodo
scope groups that were placed in the plane of ob-
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FIG. l General arrangement of the apparatus. 
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servation. Most of these groups ( 1536 counters) 
were used to measure the density of all charged 
particles. The remaining 540 counters detected 
penetrating n.p. and n.a. particles. Figure 1 shows 
the general arrangement of the apparatus. 

The geometry of the apparatus differs from that 
of Ref. 6 by the presence of the additional hodo
scopic stations 5, 6, and 7 located 60, 120 and 
250m, respectively, from the center of station 1. 

Num
ber of 
point 

1 
2 
.3 
4 
5 
6 
7 

Total 

TABLE I 

Number of counters 

In charged- In penetrating 
particle den- particle 

sity indicators detectors 

1128 216 
72 0 
72 72 
72 72 
3ti 36 
54 54 
90 90 

1536 540 

Table I gives the numbers of counters at stations 
1 to 7. The detectors of penetrating particles at 
stations 1, 3, and 4 were similar to those in Ref. 
6, except for the fact that the lead absorber placed 
above them was increased in thickness from 8 to 
13 em, while the lead shielding at the sides and 
ends was increased from 10 to 15 em. Figure 2 
is a cross section of the detectors at stations 5, 
6, and 7. 

FIG. 2 Detector of 
penetrating particles at 
stations 5, 6, and 7. 
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The hodoscopic arrangement employed in the 
present work was triggered as described in Ref. 6 
by coincidences of six counter groups each of 0.132 
m2 area. The geometry and coincidence arrange
ment made it possible to study the lateral distribu
tions of all charged particles and n.p. particles 2 
to 250m from the shower axis and of n.a. particles 
2 to 30m from the axis. The total number of par
ticles varied from 104 to 106 in the showers studied. 

In the present work we used GK-6 Korablev 
hodoscopes at all stations except 7. Because of 
the time lag of the gaseous discharge in the non
filamentary thyratrons of the GK hodoscopes, spe
cial attention was paid to bringing about agreement 
between the lag of the master pulse ( resulting from 
the inclination of the shower axis and passage along 
a high-frequency cable) and the resolving time of 
each individual hodoscope unit. The latter was 
measured by the method described in Ref. 8. For 
units with 6 x 55 cm2 counters the average resolv
ing time was 12 microseconds; for 3.3 x 30 cm2 

counters the resolving time was 8 microseconds 
and for 2 x 12 cm2 counters it was 5 microseconds. 
With this resolving time, each master pulse was 
accompanied by not more than a single chance dis
charge of a counter in the entire hodoscopic sys
tern 1-6. The number of counters triggered 
legitimately at each of stations 1 - 6 considerably 
exceeded the number due to chance. 

With the given system of shower selection the 
particle density at station 7 is so small that the 
resolving time must be made as small as possible. 
Therefore the hodoscope units at station 7 in
cluded electron tubes with delay lines and had a 
resolving time of 2.5 microseconds. This permitted 
us to study showers at distances of 1 to 250 m from 
the axis with a minimum of "'104 particles. 

METHODS AND RESULTS 

The apparatus which has been described fur
nished a quite detailed picture of the charged par
ticle density distribution near the axis of each re
corded shower. This enabled us to determine the 
required individual characteristics of the shower, 
which are the position of its axis and the number 
of shower particles. 

In a considerable number of instances the axes 
of recorded showers passed close to the center of 
station 1 and the hodoscope groups of counters ob
tained a good determination of the particle density 
distribution. In these instances the location of the 
shower axis was determined without any special 
assumption regarding the lateral distribution of 
the shower particles except that of circular sym
metry around the axis. 

The position of the axis was determined as fol- · 
lows. As the zeroth approximation, the axis was 
located at the middle of the region of maximum 
particle density. This region is easily found if 
the hodoscopes provide a good determination of 
particle density. For the next approximation we 
considered the hodoscope groups forming a sym
metrical configuration with respect to the middle 
of the region that had been obtained. Because of 
the uniform arrangement of hodoscope groups 
within station 1, a considerable number of these 
groups entered into this configuration. The 
"center of gravity" of the region determined in 
this way was obtained from the formula 

Xo = ~X;p; I L;p;, Yo = ~y;p; I ~p;, 
where Xi. and Yi .are the coordinates of the i-th 
hodoscope group and Pi is the shower particle 
density above this group. The point X0, Y0 is 
near the shower axis as the "center of gravity" of 
the entire shower. 

For the second approximation we considered 
the hodoscope groups forming a symmetrical con
figuration around X0, Y 0 and determined their 
center of gravity. In practice the second approxi
mation is unnecessary since the inaccuracy in the 
determination of X0, Y 0 is usually much greater 
than the difference between the first and second 
approximations. 

When the axis passed through the edge or out
side of the station its position was determined by 
making use of the lateral distribution function of 
shower particles. (This distribution had already 
been obtained for showers whose axes were located 
by the method described above.) In such cases we 
used the fact that the shower axis had to lie on a 
straight line drawn through the "center of gravity" 
of the entire hodoscopic station 1 and through its 
center of symmetry.* We note that when the 
shower axis passed outside of station 1 but not 
more distant than stations 2, 3 and 4 its location 
was also determined, but less accurately. This 
permitted a considerable increase in the number 
of showers selected for determination of the par
ticle density at large distances from the axis ( sta
tions 5, 6 and 7 ), where the above-mentioned re
duced accuracy evidently played no part. 

The average error in locating the axis was 1.5 
m when the axis passed within station 1, and 3 m 
when it passed outside of station 1. When the axis 
passed within station 1, its rms deviation from 
this error did not exceed 1 m. 

*The hodoscope groups were arranged symmetrically with 
respect to the center of station 1. 
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The second shower characteristic, the total 
number N of the particles, was determined after 
locating the axis. As a measure of the total num
ber of particles we used the number of particles 
in the central region of the shower, which was de
termined directly from the data as aN = 

~ Pi211Ti~ri. Here Pi is the experimentally ob
i 
served particle density at distance ri from the 
shower axis. In practice this determination of aN 
is laborious. Therefore, after determining the 
lateral particle distribution in the central shower 
region, we followed a different procedure. If the 
lateral distribution p ( r ) is of the form p ( r ) = 
kNf ( r ) the sum of experimentally observed den
sities is given by l:pi = kNl:f ( q). Thus kN = 
l:pi ,11; f ( q). We note that the denominator is in
dependent of the selected form of the lateral dis
tribution function close to its experimental value. 
The measure kN of the number of particles was 
determined with an average accuracy of 15%. The 
number of particles was determined from kN and 
k, obtained from the form of the lateral distribu
tion function at both small and large distances 
from the shower axis. 

(a) Lateral Distribution of Electrons, Nuclear
Active, and Nuclear-Passive Particles 

From a knowledge of the individual shower cbar
acteristics and the particle densities at various 
distances from the axis, we can plot the lateral 
particle distribution in a single shower. For this 
purpose it is useful to divide the entire plane of 
observation into a number of rings around the in
tersection, with the axis as a center. Since the 
shower axis is determined with a certain error 
there is a definite probability that a given ring will 
include hodoscope counters from within adjacent 
rings and that some of the counters of the given 
ring will be found in other rings. The particle 
density at distance r from the shower axis is 
determined from the ratio of the average number 
of triggered and untriggered counters in a given 
ring of radius r. 

However, the lateral distribution of all particles 
in a single shower is determined with small accu
racy. Also, the lateral distribution of penetrating 
particles cannot be determined for a single shower 
because the basic construction of the detectors of 
such particles does not permit obtaining of the par
ticle density in each instance. It is therefore use
ful to obtain the lateral distribution averaged over 
a large number of showers with approximately 
equal total numbers of particles. This lateral dis
tribution is plotted by calculating the particle den-

sities for groups of showers with numbers of par
ticles from N to N + ~N striking at distance r 
from the indicator. Several different cases are 
possible. 

1. The number m of triggered counters is not 
small compared with the total number n of count
ers. The average density p can then be obtained 
as the mathematical expectation from the individual 
densities normalized to the total particle number 
N, which is the average for the group of showers 
under consideration: 

r = ~p;(pi/D.p;)"(N/N;) I .2:(r,;/D.p;)2 , 

i i 

where Pi a = ln [ n/ ( n - m ) ] and a is the area of 
a single counter. This case occurs in determining 
the density of all charged particles at stations 1, 
2, 3 and 4. 

2. The number of triggered counters is subject 
to the condition m « n. Then 

n In 
pcr = ~ Xmmfn ~ Xm, 

m::.;-_1 m=O 

where Xm is the number of showers correspond
ing to the triggering of m counters. This defini
tion of the density applies to the calculation for 
stations 5, 6 and 7 as well as for 2, 3 and 4 in 
the case of non-dense showers. 

3. In determining the density of n.p. and n.a. 
particles the hodoscopic groups do not give a de
tailed representation of the density or number of 
particles striking the counters in a given shower. 
A hodoscope gives evidence of either the presence 
or absence of particles. If C is the total number 
of showers striking at distance r from the detec
tor, Cc is the number of showers registered in 
the detector of n.p. particles, cp (p) dp is the dif
ferential density spectrum of all charged particles 
which is produced by all of the recorded showers, 
o is the fraction of n.p. particles by comparison 
with all charged particles and S is the detector 
area, then 

Cc / C = ~ (I - e-SpS) 9 (p) dp I ~ 9 (p) dp. 

The density spectrum cp ( p ) dp can be found if 
we know the spectrum of the number of recorded 
showers W ( N) dN and the lateral distribution of 
charged particles. When opS « 1 the equation 
becomes Cc /C = opS. For n.a. particles the same 
equation can be used but with S replaced by 
S ( 1- e-J.Ld), where 1/J.L is the mean interaction 
path of n.a. particles* in g/cm2 and d is the quan
tity of matter in the detector above the lowest tray 

*For Pb 1/J.L was taken as 160 g/cm2 , and 105 g/cm 2 for Fe. 
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of hodoscope counters* in g/ cm2• 

The type of penetrating particles in the detector 
was determined from the pattern of discharged 
counters. The recorded patterns were divided into 
the following groups: 

1. No counter was discharged. 
2. One counter or several counters in a single 

tray were discharged. 
3. A single counter was discharged in each of 

at least two trays. The discharged counters were 
in a straight line when one counter in each of three 
trays was discharged. 

4. A single counter was discharged in each of 
at least two trays, but a second counter was dis
charged in one of these trays. 

5. The pattern is a combination of patterns 3 
and 4. 

6. Several (::::: 3) counters were discharged in 
one tray; otherwise a single counter in a tray. 

7. At least two counters were discharged in 
one tray and at least four counters in another tray. 

8. The counters were discharged at random, 
but in one tray at least two and in another tray at 
least three counters were discharged. 

Group 

No. of photographs 

TABLE II 

1 2 

509 33 

3 

14 
4 

7 

5 
4 

6 

8 

7 

16 
8 

4 

Table II gives the distribution of photographs of 
one of the multi-tray detectors for N = 5 x 104 

according to the groups listed above. The 33 events 
of group 2 were distributed as follows: One counter 
was discharged in 25 events, two counters in seven 
events and three counters in one event. 

In the case of penetrating n.p. particles Cc was 
given by the showers which discharged a single 
counter in at least two trays ( group 3 ) and C was 
given by the sum of Cc and C0, the number of 
showers which passed through the detector without 
discharging a single counter (group 1 ). The den
sity of n.p. particles at distances ::::: 60 m from 
the shower axis was determined by single-tray de
tectors. The density of the nuclear-active compo
nent at such distances is negligibly small compared 
with the density of n.p. particles. The firing of 
each counter was assumed to represent the passage 
of a single n.p. particle; it was considered that the 
passage of 7% of the n.p. particles was accompanied 
by o electrons and that in such cases two adjacent 

*If we neglect absorption of electron-nucleonic showers in 
matter we can write 

"" -BpS 
C !C = "" _e __ (llpS)n (1- e-n~d) = 1- e-8pS (1-e-~dl. 

c .L.J n! 
n-1 

counters were discharged in a single-tray detector. 
In determining the density of n.a. particles Cc 

was given by the number of showers whose passage 
through the detector was observed to be accompa
nied by the formation of a local shower. The ob
served pattern of the local shower could belong 
either to group 7 (criterion I for the selection of 
n.a. particles) or to one of groups 6, 7, or 8 
( criterion II). 

To plot the lateral distribution we selected 
showers in which the total number of particles 
was of the same order of magnitude. To plot the 
lateral distribution of n.a. and n.p. particles we 
selected showers with a total number of particles 
between 2.5 x 104 and 10 x 104 for one group and 
between 2.5 x 105 and 10 x 105 for another group 
of showers. p ( r ) was thus determined for a 
shower in which the total number of particles N 
was the arithmetical mean of N for all the show
ers striking at a distance r from the center of 
the detector. At different distances N did not 
vary by more than 10 to 15%. To plot the lateral 
distribution function we normalized p ( r ) at all 
distances r to a single value of N. 
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FIG. 3. Lateral distribu- c. 
0 

tion: •- electrons, N = 4. 3 .. 
" x 104 ; ll- n. a. particles, N ~ 

= 5 x 104 (criterion I); o- n.p. ~ 
particles, N = 5 x 104 ; 

r- distance from shower axis. 
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The lateral distribution functions are shown in 
Figs. 3 and 4. Fig. 3 gives the lateral distribu
tions of electrons, n.a. and n.p. particles near the 
shower axis. Figure 4 gives the lateral distribu
tion of all charged particles and n.p. particles at 
distances from 2 to 250 m from the shower axis. 

Our experimental data on the lateral distribu
tion of all charged particles can be approximated 
bythefunction kNr-te-r/R with R=(60±6jm 
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FIG. 4. Lateral dis
tribution of electrons 
(•- for N =4.3 x 10 .. 
x- for N = 4.3 x 105) 

and of n.p. particles 
(6-forN=Sx104 , 

0 - for N = 5 x 105). 

for 2 « R ( n - 1 ) and the power law k1 Nr -n for 
r::::: R(n-1) with n = 2.6 ± 0.4. The coefficients 
k and k1 are found by normalizing the lateral dis
tribution function: 

~p (r} 2rrrdr = N 

and equating the functions kNr-1e-r/R and k1Nr-n 
at the point r = R ( n - 1 ) . In this way the value 
( 2.0 ± 0.3) x 10-3 was found for k. 

We also note that by using data on the lateral 
distributions of n.a. and n.p. particles we can de
termine the minimum numbers of these particles 
in showers with different N. These results are 
given in Table III. 

TABLE Ill 

N = 5·1o• N = 5·105 

Number of n. a. particles in a 
circle of radius R = 22m 31 ± 6 330 ± 50 

Number of n.p. particles in a 
circle of radius R = 106 m 1860 ± 350 10800 ± 4000 

(b) Absolute Number of Showers 

Our hodoscopic setup served at the same time 
to determine the number of recorded extensive air 
showers with a given number N of particles. 
From this number, the absolute number of showers 
with N particles and with axes, striking at an an
gle 9 = 0 with the vertical, per unit area and unit 
solid angle, can be obtained from the following 
equation: 

1t{2 21't 

c (N) t:.N = ~ ~ ~ F (N, f.l) W' (N, 6, <!i, X, y) 
0 0 s 

x cos fJ sin fJ dO d9 dx dy t:.N. 

Here C ( N) .t:.N is the number of recorded showers 
with N to N + .t:.N particles and axes striking the 
region S of the xy plane; F ( N, 9) is the number 
of showers with N particles and axes inclined at 
angle 9 to the vertical on the xy plane, per unit 
area in the xy plane, per unit interval of N, and 
per unit solid angle: 

F (N, 0) = F (N, 0) cosv 0; 

6 

W (N, 6, 9, x, y) =IT (I- e-Pt at) 
i-1 

is the probability that the,control system will re
cord a shower with N particles, with its axis 
striking the point x, y at angle 9 to the vertical 
and with the azimuthal angle cp; Pi = Nf [ ri ( 9, cp ) ] 
q is the distance from the shower axis to counter 
group i connected for coincidences in the plane 
perpendicular to the shower axis. 

Station 1 was taken for the region S, since the 
location of a shower axis passing through this sta
tion and the number of shower particles are ob
tained most accurately. Then ri is the distance 
from the shower axis to the center of station 1, 
which is the location of the counter groups included 
in the control system. 

For a sufficiently steep angular distribution of 
the axes and sufficiently slow decline of particle 
density away from the axis C ( N) .t:.N can be writ
ten as follows:* 

1!/2 21! 

C (N) D.N = ~ ~ F (N, 0) cosv+I sin 0 dfJ d9 
0 0 

X ~ W (N, x, y)dxdyt:.N. 
s 

For showers with a large number of particles N » 
1/af ( r) 

~W(N, x, y)dxdy~ I, 
s 

C (N) t:.N = F (N, 0) (2.-::jv + 2) SMV. 

For showers with smaller N, this integral was 
calculated numerically. 

Table IV gives data on F ( N, 0 ) at sea level 
assuming that the angular distribution of shower 
axes is represented by cos2 9 with v = 7.5 (Ref. 9) 
for showers with different numbers N of particles. 

*For the recorded showers, when account is taken of the 
fact that the recording probability w is dependent on e and cp, 
there is not more than a 5% change in C (N) D.N. 
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DISCUSSION 

The data of the present work, together with an 
investigation of shower structure at mountain alti
tudes, permit us to draw certain conclusions re
garding the character of the nucleonic cascade. 

N ±tiN 

2.6·105 ± 3.4·104 

2.7·104 ± 4.0·103 

TABLE IV* 

F (N, 0) N 1/ cm 2-sec-sterad 

l.43·10"lO ± 2.86·10"" 

4.1•10 ... ± 8. 2·10"IO 

*We here consider only a small fraction of all recorded 
showers with large N. 

These conclusions are derived indirectly, not on 
the basis of an experimental study of the nucleonic 
cascade itself, but from analysis of experimental 
material concerning the different components of an 
extensive air shower which accompany that process. 
We also note that these experimental results repre
sent averaged characteristics rather than any single 
shower. 

We shall first consider the general behavior of 
a shower in the lower layers of the atmosphere. 
Figure 5 shows the lateral distribution of electrons 
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FIG. 5. Lateral 
distribution of elec
trons: x - at Moscow 
with N = 4.3 X 104, 

o - at the Pamir 
mountain site with 
N = 7 x 104 and the 
curves of Nishimura 
and Kamata for s"' 1, 
1.25 and 1.4. The 
observations were 
normalized with the 
curve for s = 1.25 
to the number of par
ticles in a circle of 
250 m radius. r/r1 

is the distance from 
the shower axis in 
units of r,. 

in extensive air showers at sea level (from data of 
the present work) and at a mountain altitude (Ref. 
10) in showers with similar total numbers of par
ticles. The unit of length is the Moliere parameter 

r 1 = Esxo//3, where Es = 19 Mev, f3 is the critical 
energy for air, and x0 is the length of one radia
tion unit in meters at the level of observation. The 
figure shows that when a quantity proportional to 
x0 is taken as the unit of length the lateral distri
bution of electrons is identical at sea level and at 
a mountain altitude. 
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FIG. 6. Lateral distribution of n. a. particles at Moscow for 
N = 5 x 104 : o - criterion I, 6- criterion II; x- the same at the 
Pamir altitude for N = 6.5 x 104 • The solid curve was calcu
lated from Eq. (1) for p(r), where r is the shower axis for 
Moscow. 

Figure 6 shows the lateral distribution of n.a. 
particles in extensive air showers at sea level and 
a mountain altitude. 11 The distance from the shower 
axis is measured in units of length which are in
versely proportional to the atmospheric pressure 
at the level of observation. The two distribution 
functions are seen to have approximately the same 
shape. We also note that the same data give ap
proximately the same absolute number of n.a. par
ticles at both altitudes in showers with similar N. 
Finally, Fig. 7 gives the lateral distribution of f.J

mesons at sea level and a mountain altitude 12 in 
showers with the same N. 

On the basis of the data presented we can state 
that in the investigated range of distances from the 
shower axis the JJ- -meson component is identical 
in showers at different altitudes. There are two 
possible explanations of this observed similarity 
at two altitudes. 

1. The observed similarity is associated with 
the characteristics of the development of a nucle
onic cascade in the lower atmospheric layers. 
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FIG. 7. Lateral distribution of nuclear passive (n.p.) par
ticles: o- at Moscow, N = 5 x 104 , •- for the Pamir altitude, 
N = 5 x 104 , r- distance from the shower axis. 

2. The similarity results from the fact that 
showers observed at different altitudes are on the 
average at the same stage of development. 

According to the second explanation the genera
tion of the observed showers must occur not only 
in high atmospheric layers but also deep in the at
mosphere, which is actually possible with a suffi
ciently small interaction cross section for the 
primary particles that initiate the showers. 

In this connection, let us consider the data on 
the lateral distribution of p, mesons, which is de
termined by the angular divergence of the 1T and 
K mesons from which the p, mesons originate 
and also, as was shown in Ref. 13, to a considerable 
extent by Coulomb scattering. Thus the lateral 
distribution of p, mesons is very sensitive to the 
height at which they are generated. In the second 
explanation of the similarity it is assumed that 
this height of generation, measured in g/cm2, is 
approximately the same for the two altitudes of ob
servation. It would thus follow that the lateral di
vergence of p, mesons at sea level would be smal
ler than at mountain altitudes. According to obser
vations (Refs. 14 and 15) the lateral distribution of 
p, mesons at sea level is characterized by a more 
slowly diminishing function than at mountain alti
tudes. We shall therefore dwell in greater detail 
on the first explanation and shall consider the char
acteristics of the development of the nucleonic cas
cade which follow from the results of shower obser
vations. 

We now turn to an analysis of data on the elec
tronic component, whose lateral distribution must 
be determined by Coulomb scattering of electrons 
and possibly by the lateral distribution of the cores 
of elementary cascades which results from the an
gles of emission of 1r0 mesons in elementary acts 

of the nucleonic cascade process. The problem of 
the lateral distribution of electrons in electron
photon cascades characterized by the shower de
velopment parameter s has been solved by Nishi
mura and Kamata and by Greisen. 16 Figure 5 gives 
the lateral distribution of electrons and the theoret
ical curves for different s. 

The lateral distribution due to Coulomb scatter
ing is known to be determined by the energy spec
trum of the electrons N ( > E ) "' E -s. From data 
on the barometric effect and angular distribution 
of shower axes16 it follows that s = 1.2, since the 
absorption coefficient of the number of particles 
in a shower is ;\. ( s ) = 1/200 g/ em 2• Direct meas
urements of electron energy spectrum in extensive 
air showers17 are not in disagreement with this 
value of s. Figure 5 shows that the theoretical 
curve of Nishimura, Kamata and Greisen with this 
value of s furnishes the best agreement with ob
servation. 

Agreement of the theoretical and experimental 
curves over the broad distance interval 0.02 < 
r/r1 < 3 cannot, of course, be fortuitous. It is 
thus reasonable to conclude that the lateral diverg
ence of individual electron-photon cascade cores 
does not essentially influence the lateral distribu
tion of electrons. Thus the energy borne by a nu
cleonic cascade must be well concentrated around 
the shower axis. The degree of this concentration 
can be estimated directly. If the divergence of 
electrons from the shower axis is due only to Cou
lomb scattering the distribution of the energy of 
the electron -photon component near the shower 
axis must be 1/r2 * according to cascade theory. 
If the lateral distribution of electrons with the given 
energy spectrum is to be essentially that due to 
Coulomb scattering alone, then the lateral distribu
tion of the energy borne by a nucleonic cascade must 
be steeper than that borne by the electron-photon 
component, that is, it must be steeper than 1/r2• 

From the form of the lateral distribution of elec
trons it is also possible to estimate the energy of 
n.a. particles which produce electron-photon show
ers through 1r0 mesons. Such an estimate, 18 based 
on the fact that s is independent of distance from 
the shower axis, gives En.a. 2:: 1011 ev. 

Let us now consider our data on the nuclear
active component in the central region of a shower. 
From the preceding analysis it appears that most 
of the shower of a nucleonic cascade is concen
trated close to the shower axis. An analysis of the 
lateral distribution of n.a. particles can indicate 
the effective size of this circumaxial region. 

*Observation17 of the energy distribution of the electron
photon component near the shower axis also agrees with rv 1/ r2 • 
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We have calculated the lateral distribution of 
n.a. particles using the following assumptions. The 
flux of high-energy n.a. particles is concentrated 
in a circle of radius a around the axis of an exten
sive air shower. Our recorded n.a. particles of 
relatively low energies are generated by the high
energy n.a. particles isotropically within a certain 
angle () in the laboratory system. Neglecting the 
absorption coefficient of both high-energy a:o.d low
energy n.a. particles, the density of n.a. particles 
with low energies is given by 

2tr a oo 

( ) ~ ~ ~ xdxr' dr' d<p p r = . 
[r2 + r' 2 - 2rr' cos 'fl + x2]'i• ' 

o 0 Xmfn 

Yr 2 + r' 2 - 2rr' cos 'fl 
X min= tan 6 ' 

(1) 

where x is the height above the altitude of obser
vation, r is the distance from the shower axis to 
the point of observation., Xmin is the minimum 
height beginning with which particles start to strike 
at the distance r from the axis after being emitted 
at the angle (), and the vector r' { r' , cp } defines 
the position of high-energy n.a. particles with re
spect to the shower axis. Integration gives* 

l4Cr[E(-f) + (~:- I)K(-f)]; f< I 
p (r) = 

4CaE( ~ ); +>I. 
where C is a constant depending on the angle (). 
The function p ( r ) calculated in this way is shown 
in Fig. 6; comparison with observation shows that 
a must be <1m. 

We shall use this result to estimate the energy 
of n.a. particles in a nucleonic cascade. It is 
known that the average angle of nuclear scattering 
cannot be smaller than J.L1rc2/E (as a result of the 
meson character of nuclear forces ) . This angular 
deviation is acquired on the average in one ~ean 
free nucleon path. Thus we must have ( ~-tc 2 /E ) X 
::5 a, whencet 

E > 5 · I 010 ev. 

The combined experimental data on the electron
photon and nuclear-active components of extensive 
air showers at different altitudes lead to the con
clusion that in the lower layers of the atmosphere 
down to sea level the high-energy ( .<: 1011 ev) n.a. 
particles which determine the development of the 
entire shower are concentrated around the shower 

*E(a/r) and K(a/r) are complete elliptic integrals (see 
Ref. 19). 

tG. T. Zatsepin was the first to estimate the energy of 
n. a. particles from the same considerations; see also Ref. 20. 

axis. Thus the nucleonic cascade plays an essen
tial role in shower development within low-lying 
atmospheric layers. The development of the elec
tron -photon component will then be closely related 
to the development of the nucleonic cascade. When 
n.a. cascade particles interact with the nuclei of 
air atoms a portion of their energy is imparted to 
1r0 mesons. Photons from the decay of the 1r0 

mesons give rise to elementary electron-photon 
cascades. Thus at a depth t of observation the 
number of electrons is 

t 

N (t) = ~ ~ f (Eo, t') N (Eo. t- t') dE0 dt', 
E 0 0 

where 'f ( E0, t') is the number of photons with en
ergy E0 which result from the decay of 1r0 me
sons generated at depth t' ·in the atmosphere and 
N ( E0, t- t') is the total number of electrons at 
the level of observation from a photon of energy E0• 

The absorption of the electron component of a 
shower in the lower atmosphere will be determined 
to a considerable extent by the form of f ( E0, t'). 
In the limiti!lg case equilibrium is possible between 
the electron component and the nucleonic cascade.* 
For this case, assuming that the total energy F ( t) 
imparted to 1r0 mesons varies with the depth as 
"'e-J.Lt and using the theorem of the mean, we have 

t 

N (t) ~ = ~ f (Eo, t- t") \ N (E0 , t- t') ~ dt' dE0 

F 0 0 

= ~ f (Eo, t - t*) EodE0 = F (t ~ t") = F (t) efLt•, 
r::o 

since the essential values of (t -t'), much less 
than t and t*, have a slight logarithmic depend

,ence on E0• Thus in equilibrium the number of 
shower particles diminishes according to the same 
law as the energy of the nucleonic cascade. 

Table IV gives the absolute intensity of showers 
with different N at sea level. At the Pamir alti
tude Nikol' skii et al. similarly obtained the abso
lute number of showers with N R~ 2.6 x 105 assum
ing the angular distribution of shower axes to be 
cos2 () with v = 5.5 (Ref. 9). Their result was 
(1.37 ± 0.27) x 10-9 cm-2-sec-1-sterad-1• From 
the absolute shower intensities at the two altitudes 
we can determine the absorption coefficient of 
showers with a given number of particles and the 
absorption coefficient of the number of particles 
in a shower. The latter coefficient was calculated 
to be 1/J.L = 1/200 cm2/g and, as indicated above, 

*Equilibrium between the electron-photon component and the 
nucleonic cascade was also considered by G. T. Zatsepin and 
I. L. Rozental' (report at a seminar of the Physics Institute, 
Academy of Sciences, U.S.S.R.) 
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can be regarded as the absorption coefficient of the 
energy borne by the nucleonic cascade in the equi
librium case. 

All these observations ( identity of the lateral 
distributions at the two altitudes, approximately 
identical variations with height of both electrons 
and nuclear-active particles) can be explained by 
postulating equilibrium between the electron com
ponent and the low-energy nuclear-active compo
nent on the one hand, and the energy of the nucle
onic cascade of the shower core on the other hand. 

In conclusion, we shall estimate the minimum 
total energy of a nucleonic cascade close to the 
level of observation assuming that the 11"± mesons 
produced in interactions have only a small proba
bility of decaying to J.t mesons. For equilibrium 
we have 

N (t) ~ = F (t) eP.1*. 

We assume the energy of the nucleonic cascade to 
be W ( t) = F ( t )/ J.t. Hence the energy of a nucle
onic cascade which has reached the depth t is 

W (t) = W oe-P.1 = N (t) ~I (J.ep.t•. 

The magnitude of t* is evidently close to the 
mean path of an elementary electron-photon cas
cade. Thus, taking t* = ln Eo/{3, we have 

W (f) = N (f)~ I (J. (Eo I ~)P. · 

Assuming E0 = 1010, {3 = 7 x 107 ev and J.t = 0.17, 
we obtain for N Rl 104 

W(t);::;;l012 ev. 
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