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Experiments carried out in the upper part of the atmosphere yield data on the fluxes and 
spectra of vertical extensive air showers and also data on the lateral distribution of the 
shower particles. The altitude dependence of showers with "'106 particles, derived on 
the basis of these data, indicates a high degree of energy dissipation in the interactions 
of particles with energies "' 1015 eV which initiate the showers. 

As is well known [1], in the lower third of the at
mosphere the altitude variation of extensive air 
showers (EAS) with a given number of particles 
depends little on the characteristics of the nuclear 
high -energy interactions that initiate the shower. 
In the upper part of the atmosphere, on the other 
hand, this dependence is strong. Therefore ex
perimental data on the altitude variation in the 
upper layers of the atmosphere of showers with 
a given particle number is of great interest. 

In view of the technical complexity of the ex
periments, the earlier studies [2- 9] were devoted 
to the altitude variation of the counting rate of the 
coincidences of the discharges in the counters, 
which gave directly only the global altitude vari
ation of the showers with given density. In an 
analysis of these data on showers having a density 
of approximately 50 particles/m2, Greisen[10] cal
culated the altitude variation of the showers with 
~ 106 particles. Several essential assumptions 
were made, in the calculations, the most impor
tant of which are the following: 

1) The generalized Gross transformation, which 
yields the altitude variation of the vertical show
ers from data on the global altitude variation, is 
valid. 

2) The particle-number spectra of the vertical 
showers obey a power law with exponent K = 1.5 at 
all altitudes. 

3) The cascade parameter s, which character
izes the lateral distribution of the particles in the 

shower, can be obtained from the shower absorp
tion curve and differs little from unity for all al-
titudes. 

The investigations described below enable us 
to check experimentally these assumptions and 
obtain the altitude variation of the showers with 
"' 106 particles on the basis of the experimental 
data. 

The apparatus, the arrangement of which is 
shown in Fig. 1, has made it possible to determine 
the density of the particle flux in an air shower at 
three hodoscopic points and to pick out the show
ers whose axes were nearly vertical. To this end, 
the particle flux density in the shower was me as
ured at the central hodoscopic point by two groups 
of counters. In one group the counter axes were 
vertical, and in the other they were horizontal. In 
each group there were 40 counters 30 mm in di
ameter and 300 mm long. To exclude the azimuthal 
asymmetry, the horizontal counters were divided 
into two groups, the axes of which were perpendic
ular to each other. The location of the vertical 
counters is shown in Fig. 1. At each of the periph
eral points there were 20 counters of the same 
size. 

The hodoscopic counters operated in the trig
gered pulse mode [HJ. The triggering pulse was 
applied when four groups of counters, each of 860 
cm2 area, operated simultaneously. The triggering 
counters were placed under the hodoscopic count
ers of the central point. 

I ~ II 

-EifE·-----~~- -- ----·8Bp8 
l--6.7m ,.,:- 1.1~ 11,9m .I 

FIG. 1. Arrangement of apparatus (top view): A-boxes 
with triggering counters, a-vertically oriented counter; 'I 
and II-peripheral counter groups. 
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To determine the zenith angle of incidence of 
the EAS, the method of area variation was used. 
The projection of the areas of the cylindrical 
counters on the plane perpendicular to the shower 
axes depends on the zenith angle. Therefore the 
probability that n horizontal and m vertical count
ers will operate in the shower depends on the ze
nith angle of incidence e0 of the shower: 

co 

W (~,eo)=~ wh(~) wv(~) dp, (1) 
0 

where 

00 

X [~ p-(><'+1) C'!v (1 - e-OhP)ne-poh(N-n) dp] -1' (2) 
0 

(3) 

N -total number of counters in the group, CTh and 
av -projections of the areas of the horizontal and 
vertical counters on the plane perpendicular to the 
shower axis. 

In a shower whose axis has a zenith angle 80, 

the electrons move as a result of scattering in di
rections e which differ from the axis direction. 
Theory [12 •13 ] and experiment [14•15 ] indicate that 
the particle scattering can be approximated by a 
Gaussian distribution 

dN = __ 1_e-8'/2a.', 
d{) f2:rtct2 

(4) 

where o is the angle between the shower axis and 
the electron motion direction. According to ex
perimental data on EAS at sea level [14 •15], a lies 
in the interval 10-25°. 

If cp is the angle that the plane passing through 
the vertical and the shower axis makes with the 
plane passing through the vertical and the electron 
trajectory, then 

t = cos e = cos {J cos 60 +sin {J sin 60 cos <p. (5) 

The electron distribution in the shower of interest 
to us, with respect to the zenith angles (}, or more 
accurately with respect to the quantities cos (} = t, 
can be expressed by the integral 

2r. 
dN 1 aw · 
dl = .\ acp at (<p, t) d<p. (6) 

0 

The integral (6) cannot be expressed in terms of 
elementary functions and was calculated by the 
Monte Carlo method for the mean-square scatter
ing angles a= 15° and a= 30°. 

These distributions make it possible to obtain 

the probabilities W with allowance for the electron 
scattering in the shower: 

1t/2 

( m ) (' , ( m ) dN dt w n' eo,:X ~~ J w n'6 dt(t,8o)J6d8. (7) 
0 

Figure 2 shows the values of W (m/20, e0, a) ob
tained from (7) for mean-square scattering angles 
15 and 30°. We assume here K' + 1 = 2.5. 

w(m/ZO,B,;,d} 

0.10 
50° 

FIG. 2. Distribution of probabilities of the number of fired 
vertical counters m for fixed values of the number of operat
ing horizontal counters (n = 20), the shower axis angle of in
cidence 80 , and the values of the mean square electron scat
tering angle in the shower a = 15° (solid curves) and a= 30° 
(dashed curves). 

The method of selecting the vertical showers 
was checked in a control experiment at sea level, 
where the angular distribution of the shower axes 
is known. In view of the fact that the width of the 
angular distribution of the shower axes at sea level 
is comparable with the mean-square scattering 
angle of the shower particles a, an important role 
in the comparison of the calculations with experi
ment is played by the assumed value of a. The 
experimental distribution of the showers with re
spect to the number of operating vertical counters 
agrees with the calculated distribution W ( m ) for 
a shower-axis angular distribution dN/d8 0 

"' cosl e0, where l has a value 6-8 when a is 
equal to 15-30°. 

We used the above-described method of shower 
selection for a statistical separation of showers 
whose axes are inclined to the vertical by an angle 
e0 ~ 30°. The layers of atmospheric matter tra
versed by such showers differ from the layer of 
matter in the case of vertical incidence of the 
shower by less than 15%. It is obvious that to sep
arate such EAS it is necessary to select events in 
which for a given n the number m does not exceed 
some m 0 ( n). The counting rate of such showers is 

rt/2 m=m0 

(' dN ( m ) . N (n, m < m0) = \ il6 (n, 60) 2J W -, 60 ·2Jt sm 60 d60 • 
• o n 
o m=O ~) 

The second factor under the integral sign decreases 
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with increasing e0• We have chosen m 0 such that 
not less than 7 5% of the events satisfying the cri
terion m ~ m 0(n) are showers for which the ze
nith angle is e 0 < 30°. 

The angular distribution of the shower axes 
dN/de0 varies with altitude. We used in our cal
culations as a first approximation the angular dis
tribution of showers calculated from the experi
mentally obtained global altitude variation of show
ers with given n with the aid of the Gross trans
formation [to, 16 ]. 

Figure 3 shows the angular distributions of the 
shower axes dN/dQ( e0 ), obtained by the Gross 
transformation, and the integrands of (8) for n 
= 20, m 0 = 9, and heights 6.4, 9, and 12 km. Using 
(8), we can easily calculate the values of the coef
ficients K, which make it possible to change from 

tiN "0 m dN 
dB s•n80, z w(17 ,e0)d8. swB0 

0.8 

0.7 

0,5 

O,J 

Q m·O '0 

fJ 10 20 30 40 JO 60. 70 
~,deg 

FIG. 3. Angular distributions of the axes of all the regis
tered showers (curves 1-3) and the showers satisfying the 
selection rule m < m0 for values n = 20 and m0 = 9 (curves 
4-7). Curves 1, 4, and 5 correspond to a depth p = 197 g/cm2 

(1-all showers, 4-selected showers for a = 15 °, 5-selected 
showers for a= 30~. Curves 2, 6, and 7 correspond top= 311 
g/cm2 (2-all showers, 6-selected showers for a= 15°, 7-se
lected showers for a= 30~. Curve 3-all showers for p = 455 
g/ cm2 • The ordinates are ( dN/ de0 )sine0 for curves 1-3 and 
mo J0 W(~e0) (dN/de0)sine0 for curves 4-7. All curves are 

so normalized that when divided by sin eo we obtain an ordi
nate 1.0 at eo = o. 

the counting intensity of showers selected by the 
method described above to the differential counting 
intensity of the vertical EAS: 

~ (60 = 0) = KN (m<mo (n)). (9) 

Calculation shows that, as expected, the value of 
K depends little on the angular distribution of the 
shower axis and the degree of scattering of the 
particles in the showers. The uncertainty in the 
values of K, connected with the assumed approx
imation for dN( e0 )/dn, does not exceed 10-15%. 

Table I lists data characterizing the course of 
the experiment and the resultant experimental 
material. 

Figure 4 shows the global spectra (summed 
over all angles) of the shower densities at differ
ent depths in the atmosphere. The spectra can be 
approximated by the power-law functions 

dn ( p )-"(~'+I) 
dp = A 100 particles/m2 • 

(10) 

Figure 5 shows the density spectra for vertical 
showers. The same figure shows separately also 
data for showers whose axes pass far from the 
central hodoscopic point (see below). The spectra 
are approximated by power-law functions. The 
average value of K' + 1 for pressures 311 and 197 
g/cm2 is 2.75 ± 0.20. It must be noted that the last 
points on all the spectra fall on one side, and this 
may be due to the increase in the slope of the spec
trum in the density region > 250 particles/m2. If 
the dropped -out points are disregarded, then the 
average spectrum exponent decreases to 2.6 ± 0.2. 

In determining the exponent of the particle
number spectrum of the showers, we start from 
the obtained density spectra of the vertical show
ers. If the form of the lateral distribution varies 
little with variation of the particle number in the 
shower, then K = K' in first approximation. In ac
cordance with the results of Fig. 5, we have as
sumed that the spectral exponent for 197, 311, and 
455 g/cm2 is 1.7. Obviously, the value K = 1.5 
used by GreisenC10J, which agrees with the ex-

Table I • 
Number of 

Pressure ,I Measure- Total 
showers Number of vertical 

with density showers in the 
p, g/cm' 'I ment number of at the central density interval 

time, showers point r,o > 50 110-280 particles/m' 
hours partie es /m' 

1030 250,2 2 960 772 189 
455 10.6 7 444 1605 98 
311 34.0 28303 6 731 411 
197 29.1 20 573 4866 217 
597 0.40 157 39 
392 1.62 1432 309 
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FIG, 4. Global spectra of shower densities for different 
depths of the atmosphere p: 1-p = 1030 g/cm2 , K 1 + 1 = 2.4 
±0.2, A= (1.7±0.15) x 10"2 ; 2-p = 455 g/cm2 , K 1 + 1 = 2.5 
±0.15, A= (8.3±0.6) x 10"'; 3-p = 311 g/cm2 , K + 1 = 2.4±0.06, 
A= 1.16±0.04; 4-p = 197 g/cm2 , K 1 + 1 = 2.5±0.07, A = (9.1 
±0.4) x 10"1 (the statistical errors are not indicated for all 
the points). In the calculation of K' and A by the method of 
least squares, the points corresponding to the dashed sec
tions were not taken into account, since the corrections con
nected with the efficiency of the triggering system of 
counters plays a noticeable role for these points. 

ponent of the global density spectra which we ob
tained, must be regarded as an underestimate. 

If the development of the shower is determined 
only by the thickness of the layer of matter tra
versed by the shower in the atmosphere, then the 
intensity of the vertical flux of showers B(p) is 
connected with the global intensity C(p) by the 
Gross transformation [10, 16 J 

B (p) = C (p) (a+ l _paIn c_) . 
2n op (11) 

The quantity a takes into account the effects due to 
the dependence of the shower tegistration efficiency 
on the angle of incidence. If the counting rate of 
the showers with given density varies with varia
tion of the angle of incidence of the shower as 
cosa e, then the value of a in Eq. (11) is equal to 
this exponent. The calculation of a, carried out 
in accordance with Greis en [10], leads to a value 
a = 1.4. The uncertainty in the value of a is due 
essentially to the uncertainty in the particle-num
ber spectrum exponent K + 1. In accordance with 
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FIG. 5. Density spectra for vertical showers: 1-all verti
cal showers, 2-vertical showers satisfying the requirement 
p7 / p0 (or p,2 / p0 ) > 0.3. Case p = 197: curve 1-K 1 + 1 = 3.0 ± 
0.3, A= (2.6±0.2) x 10"'; curve 2-K 1 + 1 = 2. 7±0.5, A= (8.7 
±1.5) x 10-~ Case p = 311 g/cm2 : curve 1-K 1 + 1 = 2.6±0.25, 
A= (3.9±0.6) x 10"', curve 2-K 1 + 1 = 2.7±0.3, A= (2.4±0.4) 
x '10"1 • Case p = 455 g/cm2 : curve 1-K 1 + 1 = 3.0±0.5, A = 

(4.3±0.9) x 10"1 , curve 2-K' + 1 = 3.2±0.7, A= (2.3±0.8) x 10 .... 

the data of Figs. 4 and 5 we assume that K + 1 
lies in the interval 2.5 ~ K + 1 ~ 2. 7 at the alti
tudes under consideration. 

Figure 6 compares the results of the Gross 
calculation with the measured flux of vertical 
showers. The width of the shaded area corre
sponds to the statistical uncertainties in the quan
tities used in the calculation, including the uncer
tainty in K. Some discrepancy between calculation 
and experiment, which can be seen in the figure, 
can be reduced by assuming that the spectrum ex
ponent K increases with altitude. Therefore the 
possibility of a perceptible influence of the decay 
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FIG. 6. Comparison of the Gross transformation with the 
data of measurements of the flux density of vertical showers: 
1-all registered showers; 2-intensity of showers in vertical 
direction, referred to 1 steradian, a= 15°; 3-the same as 2, 
a= 30°. 

processes in the development of the extensive air 
shower, which we assumed in the preliminary re
duction of the experimental material [ 17], becomes 
less probable upon a detailed reduction. 

To estimate the parameter s, which character
izes the lateral distribution of the particles in the 
shower, we have used data on the ratio of the den
sity in the central point Po to the peripheral den
sities P7 and p12 . If the form of the lateral dis
tribution is given by the Nishimura-Kamata func
tion f(r) and the particle-number spectrum of 
the shower is AN-K, then the number of showers 
with density Po > p at the center of the array is 

'• 00 

n <> P) = ~ A (1 [,.lx ·2nr dr + ~ A (1'[,) r ·2nr dr 
0 ~ 

Xo oo 

= Ap-x·2nR02 (x-l) [~ f (x')x X dx + ~ f (x)x X dx J, (12) 
0 x0 

where R0 is the Moliere unit in meters. 
The integral with limits from 0 to r 0 pertains 

to showers whose axes fall on the area of the cen
tral hodoscopic point. The second integral per
tains to the passage of the axes outside the point. 
The first integral is approximately evaluated by 
numerical means. It was found that in calculating 
the first integral we can assume that r' is con
stant at 0.45-0.55 m. We note that this integral 
makes a small contribution to the total result. 

The expression in the square brackets describes 
the lateral distribution of the shower axes. Using 
this distribution, we have calculated by the Monte 
Carlo method the distributions of the showers with 
respect to p7 I Po and p12 I Po for different values 
of s. The calculation of the values of P( x2 ) for 
different s makes it possible to choose the best 
approximation for s (see Fig. 7). 

FIG. 7. Variation of cascade 
parameter s with pressure: 1-data 
obtained by us (with allowance for 
an error fo.K = ±0.15), 2-from [17], 

3-from [9 ] • 
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It is easy to see that when selecting the showers 
by density at the central point, the presence of · 
fluctuations in the density leads to an underesti
mate of the ratios p 7 I Po and p 1d p0, and by the 
same token to an underestimate of the value of s. 
In order to estimate the role of the fluctuations, 
we have also calculated the ratio p 7 I p12 for show
ers of specified density p0• The values of s de
scribing this distribution were found to coincide 
with the values of s obtained from the distribution 
of the registered showers with respect to p1 I Po 
and P12 I Po· This coincidence shows that the fluc
tuations of the particle density in the shower are 
small. 

Figure 7 shows a summary of the data on the 
variations of the cascade parameter s, describing 
the lateral distribution of the particles in the 
shower, with variation of the pressure. Along with 
the data obtained by the method described above, 
we also show the data (see [18 ]) which we obtained 
for the case when the axis position is determined 
by registering the electron-photon cascade with 
energy ~ 1012 eV. We also show the point obtained 
from the data of Imai et al [s], who determined the 
density of the shower particles with the aid of four 
scintillation counters. 

The shaded area gives the values of the age pa
rameter s, which describes the absorption of the 
particles in the shower. They are calculated from 
the experimentally obtained (see below) altitude 
variation of the showers with ~ 106 particles by the 
method described by Greis en [10]. 

In order to reduce further the inaccuracy con
nected with the uncertainty of s, we have used the 
fact that the values of the functions f( x) depend 
little on x when 0.02 ~ x ~ 0.2, that is, for show
ers whose axes pass sufficiently far away. We 
have selected such showers, for which one of the 
ratios P1 I Po and P12 I Po would be not less than 
0.3. Then expression (12) changes into 

27t 00 

n (> P) = Ap-xRo2 (x-ll ~ drt ~ f (x) X dx, (13) 

0 xlim 
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Table II 

Pres- Exponent K Cascade Coeffi-sure integral parameter cient p, spectrum s () 
g/cm2 

I 
1o:30 1.5 1.25 3.3-103

1 455 1.7 0.9 3,3-10" 
311 1.7 0.8 2.5·103 

197 1.7 0.7 1.5-103 

where the limiting value Xlim is determined from 
the condition that p1 lp0 (or p 12 lp0 ) exceeds 0.3. 

If the particle number spectrum of the vertical 
showers is approximated by the expression 

( N )-" n(>N) = B 106 
Showers 
m2hr-sr 

(14) 

then, by using (13), we can obtain the connection 
between the constant of the spectrum B and the 
number of registered vertical showers in the den
sity interval 100 ::5 p ::5 300 particleslm2, satisfy
ing the requirement that p1 lp0 (or p1dp0 ) ex
ceeds 0.3, namely 

n (100 particleslm2 1< p < 300 particleslm2 ) 

= B<D (x, s, p). (15) 

The values of the coefficients <P and the analo
gous coefficients R for showers whose axes pass 
close to the central hodoscopic point (PdPo < 0.3 
and p12 I Po < 0.3) were calculated for different 
values of K, s, and p. The calculation shows that 
<P depends little on s, whereas the dependence of 
R on s is much stronger. (When s or K changes 
by an amount ..... 0.2, the value of <P changes by 
30%, whereas the value of R changes under these 
same conditions by a factor of 4.) 

Table II lists data characterizing the calcula
tions of the shower particle-number spectra at 
different pressures. We also give the limiting 
particle numbers in the shower, Nmin and Nmax· 
For 70% of the showers used for the calculation, 
with densities 100-300 particleslm2, the number 
of shower particles lies in this interval. The ex
perimentally measured exponent for the density 
spectrum is a measure, in first approximation, 
of the particle-number spectrum exponent in the 
interval Nmin-Nmax· 

The use for the calculations of the experimental 
data on the flux of the vertical showers with density 
from 100 to 300 particleslm2 is also necessitated 
by the fact that in this case the selection of the 
vertical showers and the determination of the ra
tios p1 I Po and p12 I Po are most accurate. 

Figure 8 shows the altitude variation of showers 

Intensity of ver- I Number of 
tical showers 

I 
showers 

with density Nmin- N nLttx with N > 
100-300 106 (B), 

particles/m' I m·2 sr-1 
i 

5-10'-7-106 I 0.80±0.07 2.7-!0-4 

9.6±1.3 2.5·105-7-to•l 2.9-10-3 

10.0±0. 7 3-105-6-106 I 4.0·10-3 

3.24±0.4 3-105-6-10" 2.3-1o-a 

d j 
" 
~ 
i 2 ., 
0: 10 0 
.c 
"' 
i 5 ., 
> ._ 
0 2 ... ., 
.0 e 
" 2[)(} 400 600 800 1000 z 

11, g/cm2 

FIG. 8. Comparison of the experimental and calculated 
data on the altitude dependence of vertical showers with 
N > 106 particles: 1-calculation, N = 106 , interaction in ac
cordance with the Landau model [']; 2-calculation, N = 106 , 

large fluctuations of energy transfer to one meson [']; 3- calcu
lation after Greisen, N > 106 [ 10]; 4-curve drawn through our 
experimental data, N > 106 • 

> 106 particles. A comparison of the position of the 
maximum on the curve of the altitude variation with 
the calculations of [l] indicates that the particle en
ergy is dissipated to a great degree in interactions 
which initiate the showers. The smearing of the 
maximum indicates the presence of appreciable 
fluctuations in the mechanism of energy transfer 
in the electron -photon component of the shower. 
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research. 
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