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Data are presented on the number of high-energy nuclear-active particles in showers con­
taining a total number of particles between 1 x 104 and 2 x 106, and also on the lateral dis­
tribution of the energy flux of the nuclear-active component. It has been found that the en­
ergy of the nuclear-active component in individual showers with an equal number of particles 
may differ widely. Some conclusions are drawn from the shape of the spectrum of the nu­
clear-active particles and from the lateral distribution of the energy flux of the nuclear-active 
component regarding the nature of the elementary interaction of the nuclear-cascade process. 

INTRODUCTION 

ExPERIMENTS on extensive air showers (EAS) 1•2 

prove the presence of high-energy nuclear-active 
particles at sea level. The cascade of nuclear­
active particles contained in EAS has, in the ma­
jority of past experiments, been studied indirectly 
by measuring the electron-photon and J1. -meson 
components accompanying the shower, or by meth­
ods which did not permit one to measure the energy 
of the nuclear -active particles directly. 3 The study 
of these cascades is of great interest in explaining 
the interaction process. 

We carried out a statistical study of nuclear 
cascade in EAS at sea level, using a detector hav­
ing a high efficiency for the detection of high-energy 
nuclear particles. The measurements were carried 
out in 1957, using the array for the comprehensive 
study of EAS operating at present at the Moscow 
State University. 

DESCRIPTION OF THE ARRAY* 

For the detection of nuclear-active particles 
and the determination of their energy, we used 
four cylindrical pulse ionization chambers placed 
under a composite absorber made of lead and 
graphite. The charged particles in EAS were re­
corded by 720 Geiger-Mliller counters with differ­
ent areas. The counters were connected to a hodo­
scope. The masterpulse for the chambers and the 
hodoscope was given by a six-fold coincidence of 

*A detailed description of the apparatus and of the setup 
is given in references 2 and 4. 
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pulses from counter groups connected to a coinci­
dence circuit. The area of each group amounted 
to 330 x 4 = 1320 cm2• The position of the cham­
bers, the master counters, and a cross section of 
the detector are given in Fig. 1. 

As has been mentioned, 5 the use of a composite 
absorber containing low-Z material (graphite) 
together with high-Z material (lead) makes it 
possible to separate, to a maximum extent, the 
nuclear and electron-photon cascades along the 
depth of the absorber. The development of the 
nuclear cascade takes place mainly in the graphite, 
while that of the electron -photon cascade takes 
place mainly in lead. In this way, an approximate 
proportionality of the number of particles in the 
electron-photon cascade to the energy carried 
away by 1r0 mesons is assured for any place of 
initiation of the nuclear cascade. In the study of 
showers of large size (with total number of par­
ticles N ::::: 1 x 105 ) the thickness of the top layer 
of lead was increased to 8 em since, in such show­
ers, the frequency of incidence of electrons or 
photons with energies of about 1011 ev on the array 
is high and the cascades produced by these par­
ticles are not fully absorbed by 4-5 em lead.2 

RESULTS OF MEASUREMENTS 

The selection system efficiently detected show­
ers with N ::::: 104• The spectrum of EAS selected 
by the array is the usual one for arrays of a simi­
lar type, with a maximum for N = 2.5 x 104• The 
density of the distribution of the axes of registered 
showers was practically constant in a circle with 
radius 2.5 m for showers with N ::::: 1 x 104, and 
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FIG. 1. Plan of the array and cross section through the 
detector. 

the density of the axes of low-density showers fell 
off for large distances. For showers with N ::: 
1 x 105, the axes are distributed uniformly in a 
circle with radius R = 5 m. 

Reduction of the hodoscope data by the usual 
method6 made it possible to determine, for each 
individual shower, the total number of particles 
N and the position of the axis. A part of the hodo­
scope data was reduced using an electronic com­
puter, and in these cases, the method used was 
that of directly finding the probability maximum 
for a given distribution of discharged counters in 
all hodoscope points as a function of N and the 
position of the shower axis. 7 Thus, it was unnec­
essary to calculate the density of each hodoscopic 
point. A comparison of the characteristics of 
showers reduced by the usual method and by means 
of the computer shows, that the error in finding the 
shower axis in the first method was not greater 
than 1 m, while the error in the determination of 
the total number of particles was not greater than 
20% (when the shower axis fell into the hodoscope 
area). 

The chamber section records the amplitude of 
ionization bursts produced in the chambers when 
an EAS passe.s through the array. The size of 
the bursts is expressed in the number of N rela­
tivistic particles passing through the chamber along 
the mean chord. In order to obtain the energy of 
the nuclear-active particle from the burst size, we 
used the same coefficient for all energies of nu­
clear-active particles. The value of the coefficient 
is given in the appendix. The contribution of bursts 
from nuclear disintegrations and radiation bursts 
from f.J. -mesons have been discussed earlier, 5 and 
were found to be insignificant. 

All recorded and reduced showers were divided 
into four groups, according to the number of par­
ticles in the shower: 

l·l04 <N1 <3 ·104 ; 3 ·l04 <N2 <1·105 ; 

I· l05 <N3 <3 · 10"; N4 >-3 · 105• 

To obtain more data we considered 218, 270, 186, 

TABLE I. Number of particles with energy 
larger than a given value in a circle with 

radius R in showers of different size, and 
the maximum energy of nuclear-active 

particles detected in the shower 

I R=3m; I R='•m: I R=5m; I R=Gm: 
E, ev 10'<N<3·10' 3·10'<N<10' 10'<;N<3·10' 3·10'«;N<2·10' 

1011 2 7 29 55 
3 .1Qll 1.3 3 14 29 

1012 0.7 2.5 10 24 
2·1012 0.1 0.7 2.5 9 
5 ·1012 o:4 1.0 5 
7. jQ12 0 2 0.8 3 

1.5 .1Q13 0.4 2 
5·1013 1.0 

E::x, ev 4. 7·1012 I 1013 I 1.8·1013 I 6·1013 

and 100 showers in each group respectively. Plots 
of the number of particles with energy greater than 
a given value were constructed for an average 
shower of each group. In fact, the number of re­
corded showers N (E) of each group accompanied 
by bursts of n particles, i.e., produced by a par­
ticle of energy E = kn, is related to the total num­
ber of showers N s ( :s R) in a circle of radius R 
for a constant probability of shower detection, the 
axes of which fall within a circle with radius R, 
according to the formula 

R 

M (E)=~ arp (N) W (N, r) p (E, r) 211:r dr 

R 

= crWrp (N) ~ (' (E, r) 2rrr dr = crN6 (< R) n (E)/ S, 

i.e., 
n (E)= M (E) S / Ns (< R) cr. 

Here n (E) is the number of particles with en­
ergy E in the average shower in a circle with 
radius R, r is the distance from the shower axis 
to the center of the detector, W is the probability 
of shower detection, a is the detector area, 
p ( E, r) is the density of particle energy E in the 
shower, cp ( N ) is the number of showers in the in­
terval under consideration per unit area, and S = 
1rR2• The condition W = constant determines the 
choice of the radius of the circle for the construc­
tion of the spectra of particles (bursts), for dif­
ferent number of particles in the shower. For the 
groups mentioned above, the radii equal to 3, 4, 5, 
and 6 m respectively were chosen.* The mean 

*It should be noted that the condition W = constant is sat­
isfied in practice also for low-density showers, since the mas­
ter counters are separated by a distance of about 2 m; the prob­
ability of recording such showers is smaller than unity, but its 
value does not change greatly. For a shower with N = 1 x 105 , 

W changes in the chosen circle by 5%; for N = 2 x 104 by 30%. 
It can be shown easily that the errors introduced into the value 
of n(E) are smaller than the given change of W. 
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FIG. 2. Spectrum of nuclear-active particles in showers of 
different density: 1 - in showers with N = 5.6 x 105 (R..::; 6 m); 
2 - in showers with N = 2 X 104 (R..::; 3 m). 

number of particles with energy greater than a 
given value in the above-mentioned average shower 
of each group, obtained by means of the formula 
given above, is given in Table I. In Fig. 2, the in­
tegral spectra for the two limiting groups of show­
ers are given. In the region E ~ 1012 ev, the 
spectra are characterized by different values of 
exponents: for N1 y = 1.8 ± 0.5, for N3 y = 0.9 ± 

0.3, and for N4 y = 0.7 ± 0.3. The spectrum of 
bursts in the same region for all showers with 
N ~ 1 x 104 is given in Fig. 3. In that case, y = 
1 ± 0.2. 

log F(~n) 
2 

FIG. 3. Spectrum 
of large bursts (n ~ 
1000) in showers 
with N ~ 1 X 104 • 

Data on the number of particles with a given 
energy n (E) in the average shower make it pos­
sible to determine the value of the total energy 
carried by the nuclear-active component of the 
shower in the circle of radius R ( Ena =· I:n ( Ei) Ei, 
where the summation is carried out over all energy 
ranges). In Table II, these data are given for two 
groups of showers.* When the position of the axis 

*The use, in the energy of estimates, of circles of larger 
radius for larger showers does not change the energy apprecia­
bly. Thus, the value of energy in the circle 4 m in radius for 
showers of the group N3 is different only by 4% from that 
given in Table II, and for showers in the group N4 by 5%. 

and the size of the burst for each shower are known, 
it is possible to determine the lateral distribution 
of the energy flux carried by the nuclear-active 
component at the shower axis. 

The energy flux density p E ( r) at the distance 
r, r + D.r was determined from the formula 

where the summation is carried out over all energy 
values recorded at the distance r, r + D.r; N s ( r) 
is the number of recorded showers whose axis fell 
between r and r + D.r from the detector. The 
distribution of energy density for separate groups 
of showers and for the average shower are given 
in Figs. 4 and 5.* 

Data were also obtained on the lateral distribu­
tion function of particles of various energies in 
showers. If m (r, n) out of Ns (r) showers 
whose axis fell between r and r + D.r were ac­
companied by a burst of n particles then, for 
pa « 1, 

p(r, n)=m(r, n)faN8 (r), 

where a is the area of the detector, and p ( r, n) 
is the particle density of a given energy. The ex­
periment shows that m ( r, n) « N s ( r) and, con­
sequently, the formula is correct. 

Figure 6 shows histograms for particles of vari­
ous energies and also data obtained for particles 
with Ena ~ 8 x 1011 ev in showers evaluated using 
the electronic computer. It should be noted that 
the maximum distance of particles with energy 
Ena"' 1012 ev from the shower axis recorded by 
us corresponds to 5 m and, for showers with 
Ena"' 1011 ev, to 30m. This cannot be due to 
several particles of smaller energy, since the 
corresponding bursts were due to ionization in 
one chamber only. 

DISCUSSION OF RESULTS 

Data on the spectra of nuclear-active particles 
given above show that the shape of the spectrum in 
various energy ranges is not the same for showers 
with different number of particles. For showers 

*Data on the lateral energy distribution make it possible to 
determine the energy flux carried by the nuclear-active com­
ponent in another way: E~a =}; PE (ri) ~Si where ~Si is the 

i 
area of the ring in which PE (ri) has been determined. Such a 
determination of E~a is, in principle, less accurate, since 
the influence of the recorded individual value of the energy 
vary strongly for different ranges of r in the same shower. 
This process of axis translation takes place since the accuracy 
of determination of the axis is of the order of "' 1 m "'~r. The 
values of E~a are given in Table II. 
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TABLE II. Values of the energy carried by the nuclear-active 
component in a circle with radius R in showers of 

different size 

N 1·10'<N<3·10' 3·10'<N 

(2.1 ± 0.5)-1012[ (7 .6 ± 2.2)·1012 
2.1·1012 8.0-1012 I (2.9±0.9)·1013 l (1.3±0.67)·f0U 

3.1·1013 6.3-1013 

of the group N1o the region with an exponent y > 1 
(y = 1.8 ± 0.5) starts for the energy Ena > 1012 ev. 
(For showers of a smaller size, according to ref­
erence 2, for Ena::::: 1012 ev, y = 1.5 ± 0.2.) In 
the same energy range of nuclear-active particles 
{1012 ev :::: Ena :::: 1013 ev) and for showers with larger 
number of particles (group N3), y = 0. 9 ± 0 .3, and for 
showers of the group N4, y = 0. 7 ± 0.3. The value 
y :::: 1 for showers with small number of particles of 
the group N1 corresponds to the energy region 1011 ev 
:::: Ena:::: 1012 ev. Such a character of the energy 
spectra follows from the assumption that the qu­
clear cascade does not depend greatly on the en­
ergy. Several authors8 assume that the character 
of the elementary interaction for the energies 
E .G 1014 ev changes abruptly. In order to test the 
effect of a change of the elementary interaction, 
as done by Nikol'ski'! et al., 8 we calculated the 

~~ ev·m"2 

N4 

NJ 

I~ ;o' 
0 
'---

I 
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FIG. 4. Energy flux density of nuclear-active particles in 

showers with different N. 

FIG. 5. Distribution of the 
energy flux in showers for 
N = 2 x 105 • p is the energy 
flux density in ev/m2 , r in m. 

-D.,] 0 U.J log r 

spectra of nuclear-active particles in showers with 
different initial energy ( E0 "' 3 x 1015 ev and E0 "' 

3 x 1014 ev) for constant characteristics of the in­
teraction and for a sharp dispersal of the energy 
in interactions with E ::::: 1014 ev. The calculation 
was done by the method of consecutive generations.9 

It was assumed, after Vernov et al. 10 that two par­
ticles with E = 0.3 Eo are produced in the interac­
tion, and that, for E ::::: 1014 ev, six particles with 
E = 0.1 Eo are produced. The calculations carried 
out under the assumption that the character of the 
interaction between particles does not vary with 
the particle energy, show that the mean exponent 
of the spectrum for showers of different size in 
the intervals 1011 ev < Ena < 1012 ev and 1012 ev 
< Ena < 1013 ev differ greatly (for Eo= 3 x 1015 ev, 
Y1 = 0.9, y 2 = 1.1; for Eo R; 3 x 1014 ev, y1 = 1.1, 
and y 2 = 1.4). For the above variation of the char­
acter of the interaction, the spectra are very simi­
lar in both ranges ( y1 = 1.1, y2 = 1.4, and y1 = 1.2, 
y2 = 1.5 correspondingly). Such a result is natural: 
for rapid dispersal of the energy, the energy of 
nuclear-active particles becomes smaller than the 
"critical" energy ( :::: 1014 ev) already after a small 
number of interactions. Further development of 
showers produced by primary high-energy particles 
then proceeds in the same way as for shower pro­
duced by particles of lower energies. The contri­
bution of high -energy particles produced in the 
first interaction is small at sea level, in view of 
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FIG. 6. Lateral distribution of nuclear-active particles in 
showers for particles with energy: 1 - 1 x 1011 to 3 x 1011 ev; 
2 - 3 x 1011 to 1 x 1012 ev; 3 - > 1 x 1012 ev; 4 - data for 
particles with E ~ 8 x 1011 ev ;alculated with an electronic 
computer. 

the large depth of the observation level. There­
fore, the result will be the same for any other as­
sumption concerning the character of the interac­
tion, if only we assume a strong degeneration of 
energy for energies higher than a certain "critical" 
value. 

The comparison of the experimental data with 
the calculation shows that the assumption about an 
abrupt change of the elementary interaction for 
E ::::: 1014 ev is unnecessary, and indicates rather 
a weak dependence of the characteristics of the 
elementary act of interaction on the energy. For 
a final solution of this problem, more accurate 
data in the range of large energies of Ena are 
necessary. 

As may be seen from Table II, the value of the 
energy carried out by the nuclear-active component 
in the average shower is of the order of the energy 
carried by the electron-photon (e.p.) component 
of the shower, and is proportional to shower size, 
at least in the range of N from 1 x 104 to 1 x 106 

(energy of the e.p. component Eep Rl 3,BN Rl 2 x 
108 N ev). The values given in the table represent 
the lower estimate of the energy carried by the 
nuclear-active component of the shower. In fact, 
in the showers with N ::::: 1 x 104, the spectrum of 

nuclear -active particles has been studied by us up 
to the energy range where the spectrum exponent 
y is of the order of 1. On the other hand, we took 
into account the energy of the nuclear-active com­
ponent in the circle with radius 6 m, where the 
gradient of the lateral distribution function of the 
energy flux is of the order of "' r - 2 (see below). 
It is therefore possible in principle, that we did 
not take into account a part of the energy of the 
nuclear-active component. 

The presence of such energy in the nuclear­
active component at the observation level can sub­
stantially change the absorption of the shower par­
ticles. The variation of the energy of the electron­
photon component in a layer with thickness dt is 
given by the equation 

dEep=- ~N dt + (1- ~)(to/'-) Enadt, 

where ( 1 - a) is the energy fraction carried away 
by 1r0 mesons in nuclear interactions, Ena -the 
energy carried by the nuclear-active component, 
t 0 - the radiation length in g/ em 2, and A. - the 
mean free path for nuclear interactions in g/cm2• 

In the electron-photon cascade for 1.5 ::::: s ::::: 1.2, 
the mean energy € per charged particle is prac­
tically independent of s, 11 and therefore: 

sdN =- ~N dt + aEna dt. 

The solution of this equation can be obtained easily 
if the absorption of the energy of the nuclear-active. 
component in the atmosphere is known. Assuming 
that Ena = E0 exp ( -J.tnt) where J.tn is the absorp­
tion coefficient of the energy of nuclear-active com­
ponent in the air, and Eo is the energy of the nu­
clear-active component at the observation level, we 
obtain for (for J.to > J.tn) 

where N0 is the number of particles in the shower 
at the observation level, and J.to is the absorption 
coefficient of particles in showers for Ena = 0. 
The number of shower particles absorbed at large 
depths is determinM by the absorption of the en­
ergy of the nuclear-active component. As can be 
seen from the expression obtained, the develop­
ment of the shower with a given N is substantially 
dependent on the value of the energy Eo of the 
nuclear-active component of the shower. Near the 
observation level, the absorption is characterized 
by the absorption coefficient 

(.1. = (lo- aEna/ Eep; 6(.1. = (.l.o- p. = aEna/ Eep· 

The absorption coefficient of shower particles is 
t.t=0.17.3 For (1-a)=0.3 and Ena/Eep=l.O, 
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we have D.p. = 0.05; for ( 1- a) = 0.1, b..Jl = 0.08. 
The measured values of the coefficient JJ.o = 0. 22 
- 0.25, correspond to s = 1.3.12 

Data on the average number of nuclear-active 
particles of various energies in showers of differ­
ent size show that, in certain showers, we recorded 
nuclear-active particles of such energies that the 
mean frequency per shower was less than unity. 
The energy of single particles recorded in the 
first group of showers is equal to the total energy 
carried by the electron-photon component of such 
a shower. The exponent of the energy spectrum 
in this energy region for showers with N ::: 3 x 104 

is y ::::; 1, and, consequently, the total energy of 
the nuclear-active component in such showers is 
large (.Ena » Eep). This indicates a strong vari­
ation of the absorption coefficient Jl in the shower. 

In showers of small size, N ::::; 1 x 104, were­
corded2 showers with the measured energy of nu­
clear-active component larger by a factor of 10 
than the energy of the electron-photon component. 
In such showers, one would expect a further in­
crease in the number of particles rather than 
their absorption. 

The fact that in individual showers, nuclear­
active particles are present with an energy much 
larger than the average energy of particles which 
are found in each shower indicates strong fluctu­
ations in shower development. This conclusion, 
drawn in reference 2 for showers with small num­
ber of particles, is correct for showers with N < 
3 x 105• Insufficient statistics does not permit to 
make an analogous conclusion for showers with 
N > 3 X 105• 

The large fluctuations in the energy balance of 
the showers, the energy carried by the nuclear­
active component may be much lower than the av­
erage. In the limiting case, (for Ena = 0), the 
absorption of particles in showers is determined 
by Jlo· It should be noted that the detection of such 
showers is possible from a study of the energy 
balance of the different components in the shower 
core, since the difference in the lateral distribu­
tion of the particle flux due to different shower 
age may be insufficient for determining the age 
in individual showers by means of the method of 
correlated hodoscopes. 

At the same time, it should be noted that, the 
observed value of the energy of the nuclear-active 
particles in the average shower confirms the lim­
iting assumption about the relation between the 
nuclear-active and the electron-photon shower 
components (i.e., that on the average, an equi­
librium exists between the nuclear-active and 

electron -photon components ) . In reference 1, 
the energy of the nuclear-active components was 
estimated for such a case. The relation which 
was obtained, namely Ena ~ 108 N ev, is satis­
for all N, as can be seen from Table II. Data 
on the energy composition of showers obtained 
at mountain altit~des 13 indicate also that the nu­
clear component plays a large role. The conser­
vation of the relative contribution of the energy 
carried in the shower by the different components 
at two altitudes also confirms the assumption that, 
on the average, the two components are in equilib­
rium. 

The obtained lateral distribution of the energy 
flux of nuclear-active component in showers with 
given N (Fig. 5) can be well approximated by a 
power law with an exponent n = 2 ± 0.4, apart 
from the dependence on the shower size.* 

Recently various authors14 have obtained data 
showing that the transverse momentum of particles 
produced in nuclear interactions is independent of 
the energy carried away by the particle. This fact 
can be used to obtain the lateral distribution of the 
energy flux of nuclear-active particles. We carried 
out such a calculation in which we used the method 
of consecutive generations, in order to obtain the 
energy spectrum of particles produced in interac­
tions. We used very simple models of the interac­
tions, following reference 10. From the same work 
we took also the values of the mean free path for 
the interactions for various models, obtained from 
the normalization to the observed number of par­
ticles with energy greater than a given value in a 
shower at sea level. The mean production level 
for particles of each generation was introduced. 
It was assumed that the particles of given energy 
are distributed uniformly in a circle, the mean 
radius of which is determined from the value of 
the particle energy and the level of production. 
The transverse momentum, according to our es­
timates (see below) and estimates of reference 
14, is assumed to be equal to 109 ev/c. The atmo­
sphere was assumed to be homogeneous, since the 
production level of particles which are essential 
to the discussion was not greater than one third 
of the atmosphere. 

The obtained lateral distribution of the energy 
flux, was, for the same transverse momenta, found 
to be sensitive to the type of interaction. For dis­
tances of 0.5-8 m, the lateral distribution can be 

*Lateral distribution of the energy flux of the nuclear­
active component averaged over showers with N = 1 x 104 -

2 x 106 is characterized by an exponent n = 2 ± 0.25. 
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described by a power law with exponent n, where 
n depends on the model of interaction: 

If 7 particles with energy 0.1 E0 are produced, then n = 1.8 
• 2 0.3 E0 • n = 2.1 

{ " 1 0. 7 E0 • n = 2.4 
• 1 0.1 E0 • 

An even sharper difference is observed for 
r >10m. These distances, however, were not in­
vestigated in our work. A comparison of the ex­
perimental data with the calculations shows that, 
for the acc.uracy attained, a final unambiguous 
conclusion on the shape of the function of the lat­
eral energy distribution cannot be drawn. 

The data of Fig. 6 show a sharp concentration 
of particles of high energies ( E ~ 1012 ev) near 
the shower axis. For the estimate of the width of 
the distribution of high-energy particles, a calcu­
lation of the lateral distribution of shower axes in 
the plane of hodoscope counters was carried out, 
based on the following assumptions: (1) the accu­
racy of axis location by means of hodoscope count­
ers is ± 1 m, and the fluctuations are subject to 
the Gauss distribution law, (2) the zenith -angle 
distribution of shower axes is given by the relation 
I (e) = I0 cos8 e, (3) nuclear-active particles of 
high energies are concentrated near the shower 
axis. 

The area of the chamber amounts to a= 1m2, 

and the•height of the counter plane above the cham­
ber h = 2 m. The curve obtained as a result of 
the calculation, which reduces to a numerical in­
tegration of the Bessel function 10 ( x), is shown 
in Fig. 6 (solid line). 

It can be seen from a comparison of the calcu­
lated results with the experimental data that the 
high-energy particles ( Ena :::: 1012 ev) are con­
centrated in a narrow region around the shower 
axis, of the order of the size of the chamber ( r ~ 
1.0 m). Particles with energy 1 x 1011 - 3 x 1011 

ev are distributed much more widely: their density 
at the distance of 6 m falls off only by a factor of 
three as compared with the central region. 

The lateral distribution of particles with E :::: 
1012 ev makes it possible to estimate the value of 
the transverse momentum obtained by such par­
ticles during their production. Assuming a height 
of production of ~ 2il.inter ~103 m, we obtain 
Plc :S 1012 x 10-3 = 109 ev. 

In conclusion, the authors would like to express 
their gratitude to S. N. Vernov, and G. T. Zatsepin 
for their great help in the carrying out of the work 
and for helpful advice in discussing the results, and 
to G. V. Bogoslovski'i', V. I. Artemkin, and V. N. 
Sokolov, who took part in the measurements. 

APPENDIX 

CONNECTION BETWEEN THE SIZE OF THE 
BURST AND THE MEAN VALUE OF THE 
PRIMARY-PARTICLE ENERGY 

In references 2 and 5, we obtained the value of 
the coefficient relating the number of particles in 
the burst to the energy of the particle producing 
the burst, by means of an actual analysis of the 
interaction of the first four generations of a nu­
clear cascade in the absorber. The connection 
between the average energy carried away by me­
sons and the energy of the primary particle can 
also be found from energy considerations. In fact, 
the variation of the energy flux E7rO ( x) carried 
by the 1r0 mesons at the depth of the absorber x 
(in nuclear units) is described, if we neglect the 
1T --. f.-t decay, by the equation 

where EN ( x) is the energy carried by nucleons 
at the depth x, E7r± ( x) is the same for 1r± me­
sons, a is the energy fraction conserved b)' nu­
cleons in interaction, and {3 is the energy of 1r0 

mesons compared with the energy transferred to 
1T mesons in the interaction. 

Analogous equations determine the absorption 
of the energy carried by the nucleons and 7T± me­
sons. The solution for the equation for E7ro ( x) 
is 

E "(x) = [1- __r2__ e-(1-~)x -1- (1- a) (1- p) e-~x] Eo 
" a+ p- 1 · a+ p -1 N, 

where E~ is the energy of the nucleon incident 
on the absorber. Assuming, after reference 15, 
a=0.7 and f3=Y3, weobtainfor x=1.5, 

0 E7To ( 1.5) = 0.18 x EN, and for x = 2, E7To ( 2) = 
0.25 x E~. The value x = 2 corresponds to an 
absorber with 8 em of lead over the graphite. In 
collision with the lead nucleus, a larger fraction 
of the energy is carried away by the mesons 
(a < 0. 7), 17 but, in that case, a strong develop­
ment of the electron-photon cascade from 1r0 oc­
curs in the lead, and only a small part of the cas­
cade energy reaches the lower layer of lead. We 
can therefore assume, to a first approximation, 
that the relations between the burst size and the 
energy of the primary particles, taking account 
of these interactions, will not change greatly. 
The development of a cascade in the lower layer 
of lead was considered on the basis of the data of 
Ivanenko. 16 Since the spectra of secondary 1r0 

mesons are not known, average values were taken 
from the number of particles under lead, obtained 



NUCLEAR-ACTIVE COMPONENT 0 F EXTENSIVE AIR SHOWERS 535 

under the assumption that the cascad~ is due to 
one 1r0 meson with energy ErrO, or to 10 mesons 
with energies 0.1 E7To (the difference between 
these numbers amounts to about 20% for an energy 
E7To "' 1010 ev). The value obtained for the coeffi­
cient is k = 7 x 108 ev for E~"' 5 x 1011 ev, and 
it increases slowly with the energy. If we assume 
that the energy is carried by a small number of 
high-energy 1r0 mesons, then for Ek,..., 4 x 1012 ev 
we have k = 2 x 109• However, 1r0 mesons pro­
duced in the secondary interactions of ~ mesons 
have, on the average, an energy smaller by an 
order of magnitude than that of the 7T mesons 
produced in the interactions of the primary nucleon, 
and the energy fraction carried by them i& insig­
nificant. Taking this fact into account leads to a 
slower change of k with energy.* For Ek ,..., 4 x 
1012 ev, we obtained the value k = 1.3 x 109 ev. 
In the following discussion we used the mean value 
of the coefficient k = 1 x 109 ev. 
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