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life of Ta'®® was measured by us from the decrease
in intensity of the most intense line in the spec-
trum with 246 -kev energy. The value of 5.0 +0.4
days found by us is in good agreement with earlier
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Structure of the Periphery of Extensive Atmospheric
Cosmic Ray Showers

Iu. N. ANToNoOV, Iu. N. VaviLov, G. T. ZATSEPIN,
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An investigation of the lateral distribution of various components of extensive showers
at their periphery (200—800 m from the axis) has been carried out. The data on the lateral
distribution indicate that the contribution of the shower periphery to the total shower

particle flux is significant.

The lateral distribution of the electron component at the periphery can be explained by
means of the theory of multiple Coulomb scattering. Coulomb scattering also plays an
important role in the divergence of the penetrating particles (u-mesons); however the angles
of emission in the elementary events of nuclear cascade processes of # T-mesons which
give rise to y-mesons can apparently also lead to this type of divergence of y-mesons.

An investigation of the intensity of the primary cosmic radiation at very high energies

(1016 —1017 ev) was also carried out.

ADETAILED investigation of the peripheral
regions of extensive atmospheric showers is
of considerable interest from the point of view of
elucidating the qualitative characteristic features
of the nuclear-cascade process which forms the
foundation of the development of the shower. At
the same time such an investigation also turns out

to be necessary for the determination both of the
total number of particlesin the shower and of the

ratios of thevarious components of the shower at
any given depth of the atmosphere.

For the investigation of the periphery of showers,
experimental arrangements are used involving coun-
ter systems situated at large distances D from
each other which lead to a very large effective area
of the recording system (of order D2 ). This en-
ables us to investigate the intensity of the primary
cosmic radiation for ultra- high energies.
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Up until now only arelatively small number of
papers!—5 has been published devoted to the
study of the periphery of extensive atmospheric
showers.

The majority ofthese papers (with the exception
of that of Eidus et al.5 describe work carried out
by not very modern methods (the method of the
correlation curve) which yield only qualitative

results.®
In 1948 experiments were carried out in the

Pamir3 to determine the extent of the spatial dis-
tribution of the penetrating particles in extensive
showers. Since these experiments were not pub-

lished we shall describe them briefly.

Co(EET) Cy(ITEX)
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Three groups of counters, each of 0.4 m? in
area, were placed at a distance of approximately
2 m from each other and were separately screened

be lead filters 22 cm thick, The number of coin-
cidences between these three groups was deter-
mined.*

At the same time the number of coincidences was
determined between this system of counter and
either a group of counters shielded by lead or an
uncovered counter of small area situated nearby.

We present below the experimental data:

Cu(EXE, o)

Number of coincidences
Time of measurement

119 32 20

18 8 10

(in hours)

Y =0.4m2

The counters of area 3, are screened by 22 cm of
Pb. The counter of area ¢ is uncovered.

From these datathe mean flux density penetrat-
ing particles reaching the screened counters was
determined, and also the mean total flux density of
charged particles over the uncovered counter. The
ratio of these densities turned out to be equal to
0.06 for the central regions of the shower instead
of the value 0.01 found in earlier investigations.’8

6 ==0.01 m2

This result was naturally interpreted as a slower
rate of falling off from the core towards the peri-
phery of the flux densities of penetrating particles
as compared to the flux densities of electrons.

Further fluxes of penetrating particles were ob-
served over distances up to 500 m from the shower
core. We present below the data on the number of
coincidences between groups of counters for var-

ious distances D between them both with screening
(upper line) and without it:

D=2m D=3500m
Cy (0.4, U8; 0.4, 08)hour-1  (32.44-2.2) (0,52-4-0.11)
Cy (0.4, 08; 0.4, 08) hour™*  (1892343) (3,640.54)

These data showed that at the periphery of the
shower, the flux density of penetrating particles
falls off more slowly than the flux density of all
charged particles.

In order to make a detailed quantitative study of
the showers, a new method was used for the first
time during the summer and fall of 1950 and 1951

by participants in the Pamir expedition of the Aca-
demy of Sciences, USSR at an altitude of 3860

m above sea level. By means of hodoscopic arrange-

ments, the flux densities of all charged particlesand
of penetrating particles separately were simult-
aneously recorded at several stations in the ob-
servation plane (the method of correlated hodo-
scopes).

DESCRIPTION OF THE APPARATUS AND THE
EXPERIMENTAL METHOD

The apparatus was in the form of a hodoscopic
system consisting of several (from 3 to 5) hodo-
scopic stations operating in correlation when tra-
versed by an extensive atmospheric shower. The
system is shown in Fiig.1 where D = 1000 m and
d = 600 m.

At hodoscopic station 3, in addition to an indi-
cator of flux densities, there was also placed a
detector of penetrating particles which at the same
time had sufficient sensitivity to detect particles

* According to the data obtained in the present work,
such coincidences are produced principally by showers
whose cores lie at distances of the order of several
hundred meters from the experimental setup.
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from nuclear disintegrations. A cross-section of the

detector is given* in Fig. 2. Such a hodoscopic
system recorded showers which gave coincidences
between 6 groups of counters each 0.8 m2 in
area, half of which (3 groups) was situated at
station I while the other half was situated at sta-
tion 3.

The possibility of measuring the particle flux
density at each of the stations over a wide range
of densities was provided by using a set of hodo-
scopic counters of three different areas o = 330,
100, 18 cm.? The use of 24 counters of a given area
enables one to determine densities with an accuracy
of the order of 30%.

In the Table below we present data on the num-
ber and the areas of the counters at the different
stations.

g
q}——‘ north
4 2 | J
g
b v/ + —
- qg_l’
south ]

F16. 1. Plan of theexperimental arrangement. 1,2,3,
4,5, are the hodoscopic stations. The distances are
D =1000 m and d = 600 m.

At each hodoscopic station the hodoscopic
counters were placed in a horizontal plane. The
axes of all the counters in the whole hodoscopic
system were oriented in the same direction parallel

to the line 1-2-3.

The distance between the counters at any hodo-
scopic station was not less than half the diameter
of these counters. As the analysis of the ob-
tained data shows,? such a distance is quite suf-
ficient to avoid distortions in the measurement of
particle flux densities which are due to the presence

Counter Station number

area ,
cm?2 1

330 72 48 72460 48 48
100 24 | 24 24 24 24
18 24

at the periphery of the shower of arelatively large
number of diffusely scattered particles.

The whole system was controlled in the following
manner. At each of stations I and 3, triple

coincidence circuits were placed, into each channel
of which were connected 24 counters of total area
0.8 m2 (which were at the same t ime also connected
to the hodoscope channels).
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FI1G. 2. Cross-section of the penetrating particle de-
tector. The screening material is lead. The dimensions
are given in mm. The screening of the counters at the
ends is the same as at the sides.

*Next to the penetrating particle detector there was
placed a group of 36 counters of dimensions 60 X 550 mm
screened from above by 4 cm of Pb. On thebasis of
data on the flux densities of the particles in air, under
4 and under 12 cm of Pb (in the penetrating particle de-
tector), the ratio of electron density under 4 cm of Pb
to electron density in air was determined. This ratio
turned out to be equal to 0.3 over the whole range of dis-
tances from the shower cores investigated by us. From
this ratio we computed that the electron flux density
under 12 cm of Pb must amount to 5 X 1073 of their flux
density in air. Since over the range of distances from
the shower cores investigated by us the fraction of pene-
trating particles has a value of 0.1 or more (see the
Section “‘Results’’ below ) we may neglect the contri-
bution due to electrons under 12 cm of Pb.

Whenever a triple coincidence took place, each
circuit produced a shaped mlse at its output. Such
pulses from stations 1 and 3 were transmitted along
a high frequency cable to station 2 where a two-
channel coincidence circuit recorded sixfold coin-
cidences. Whenever sixfold coincidences occurred,
the two-channel circuit produced a shaped pulse
which was sent out along several cables to all the
hodoscopic stations including 1 and 3. This pulse
triggered the circuit controlling the hodoscope
which emitted a controlling pulse to all the hodo-
scopic cells and which activated the photographic
recording system.
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The resolving time for the triple coincidence cir-
cuits was chosen as 3 microseconds. This, in par-
ticular, made allowance for the possible retarda-
tion of some particles with respect to others at the
periphery of the shower.

The two-channel coincidence circuit which re-
corded the coincidence of pulses arriving from

stations I and 3 had a resolving time 7=5 x 107
sec which guaranteed a high efficiency of recording
all showers, including oblique ones, which caused
the firing of countersin each of the six controlling
groups. It is obvious that in order to record oblique.
showers it is necessary that 7should be approxi-
mately given by ~ D/c = 3.3 x 107 sec, where ¢

is the velocity of light. The number of sixfold
coincidences was equal to 0.4 pulses per hour.

The additional hodoscopic stations 2,4,5 easily
enabled us to differentiate the true sixfold coin-
cidences produced by the passage of a single shower
consisting of a large number of particles from acci-
dental coincidences which are primarily due to the
passage of two independent showers containing a
small number of particles through stations I and 3.
With the circuit parameters chosen by us, the rela-
tive number of accidental sixfold coincidences™
amounted to 20%.

The hodoscopes in the present experiment con-
sisted of self-quenching counters of different di-
mensions (filled with a mixture of 70% argon and
30% ethylene at a pressure p = 100 mm of Hg) con-
nected to hodoscopic cells of type GK-3.10

The inefficiency of the hodoscope as a whole
was primarily determined by the inefficiency asso-
ciated with the dead time of the counters connected
to the hodoscope.

The resolving time of the hodoscopic cells had
an average value of 30 microseconds with values
for individual cells scattered between 10 and 40
microseconds. Such a resolving time guaranteed
reliable operation of all the hodoscopic cells in
spite of the appreciable (up to 5 x 1076 sec) possi-
ble delays of the controlling pulse with respect to
pulses from the counters (for example, at hodo-
scopic stations situated at a distance from thecen-
tral station 2). On the other hand, such a resolving
time gives not more than one accidental firing
of the hodoscopic cell for each 1000 controlling
pulses, which is (by a large factor ) less than the
frequency of firing of the cells due to particle
fluxes even in the least energetic extensive at-
mospheric showers which are still to a noticeable

* The number of such coincidences increases as
02, where %= 1.5, and for areas of the order of 1 m2
attains values comparable with the number of true coin-
cidences which increases as g2—1.
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extent registered by the apparatus.**

The experimental setup described above enabled
us to determine the spatial distribution of all the
charged particles and separately of the penetrating
particles. It is evident that a complete solution
of this problem requires the knowledge of the in-
dividual characteristics of the shower, i.e., the
position of the core of each shower and the number
of particles in it. In the most highly developed
variant of the method of correlated hodoscopes!!
where the number of stations containing indicators
of density is large the problem of determining the
individual characteristics is dealt with separately
from the problem of finding the spatial distribu-
tion. For the experimental setup under discussion
these two problems turn out to be inseparable.

Let us consider the specific solution of these
two problems in two cases: a) the hodoscopic
system consists of three stations containing densi-
ty indicators ; b) the hodoscopic system consists
of five such stations.

a) We denote by N the total number of particles
in the shower and by p (r) = kNf (r) the function .
giving the spatial distribution of the shower parti-
cles.*** Let p,, p,, py be the particle flux

densities observed in a given shower at stations
1,2,3; and let r,, TysTy be the distances from the

shower core to stations 1,2,3.

Then on the basis of this notation and of Fig. 1,
and also making use of the axial symmetry of the
spatial distribution function of the shower parti-
cles, we can write the following system of equa-

tions relating the unknown quantities r, , Ty Ty

kN and the unknown function f (r) to the quantities
P1 2Py, Py and the apparatus geometry

oi=kNF(r) (i=1, 2, 3); (1)

2 —_— 2 2 3
D 2_r1+r3 2r2.

It is seen that this system of equations cannot be

solved simultaneously with respect to r "

r.,r
17°2°?
kN and also with respect to f(r). The function
f (r) must be found on the basis of additional data.

3

** In view of the large number of different elements
in the experimental setup (600 counters were used in
the investigation, of which 144 were used for the con-
trol circuit, and 600 hodoscopic cells GK—3 were also
employed) particular attention was paid to monitoring
the operation of the apparatus. All questions con-
cerning the monitoring of the apparatus are dealt with
in Khristiansen’s thesis.®

***k is a constant factor (see below),
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Such additional data may be obtained if we consi-
der the characteristics not of an individual shower
but of the totality of showers recorded by the ap-
paratus. Such characteristics are for example the
spectra of particle densities at stations 1,2,3.

The above integral characteristics are sensitive
only to the general character of the behavior of the
spatial distribution function, since they are ob-
tained by integrating the function f (r) within
certain limits (see below). Taking into account the
results of the analysis of the correlation curve car-
ried out by Skobel’tsyn,2 it is useful to represent
the dependence on r in the form f(r) =r™" , where
n is the parameter to be determined.

The quantity most sensitive to the value of n
turns out to be the spectrum of particle flux densi-
ties at station 2 (see Ref. 9). This spectrum can
be calculated theoretically for a given value of n
and for agiven form of the shower spectrum with
respect to the number of particles F ( > N) ~ N.™*
If % is determined in addition, then the theoretical
characteristics obtained in this way may be com-
pared with the corresponding experimental char-
acteristics and from this one can determine the de-
sired parameter n for the function p (r) ~ 1/r.7

The solution of the problem of the individual
shower characteristics for p (r) = kN/r» has the
following form:

=D /VE)L+ (o p2)%n— 2 (ps / po)oin] ~oete.
BN = (D" 20) (1 /py)2in

+ (1 /gt = 2(1 [ paam=rl2. (g)

b) Using the same notation, we can write the
following equations which relate the individual
shower characteristics and the spatial distribu-
tion function to the geometry of the apparatus and
the particle flux densities produced over stations
1,2,3,4,5 (see Fig. 1)

p=kNf(r) (i=1...5) @

D)2 =r+r2—2r2,

d?)2=r24r2—2r2.

We see that in this case one could formulate the
problen of finding the spatial distribution function
in a form which would depend on two parameters for
each individual shower. In such a case, the above
system of equations would enable us to obtain an
analytic solution of the above problem.

However, such a solution of the problem for an
individual shower in the case when the number of
hodoscopic stations is small (as is the case in our
arrangement ) is not worth while for the following
reasons. In each shower we obtain information on
densities at several distances from the core. Thus
the parameters of the desired distribution function
will in each individual case be determined by the
accidental combination of distances from the core
selected in a given shower , andtherefore will not
give an overall picture of the spatial distribution
function. This leads to the necessity of a sta-
tistical approach to the problem.*

The possibilities of applying the new method are
due to our being able to identify each recorded
shower in two independent ways, by utilizing data
on observed flux densities of shower particles at
all five stations.

We restrict ourselves to finding the spatial
distribution function in the form 1/r.* Then for
each recorded shower, Eq. (3) leads to two sets
of values characterizing the number of particles
and the position of the shower core

RNy = (D[ 2%2) [(1 [ py)*" )

4 (1/ps)2m-—2 (1] pg)2In] =12
kN = (d"]272) [(1/pa)*"
+ (1 /pg)2in — 2 (1 / py)2in]—niz
ra=(D/V2)[ (p2/ )" + (p2/p)*" — 217
Tanl = (d/VQ—) [(02/ pa)?¥™ + (p3 ] p5)2" — 2]~ .

On the basis of these formulas we can obtain the
probability distributions for the numbers N, N,

in each individual shower if we know the distri-
butions Ofpl s Py The index of the function

n may evidently be found from the requirement of

optimum overlapping of the distributions for N,

and NII , and of the simultaneous optimum over-

lapping of the regions I and II of the possible
points struck by the core of the shower. As has
been mentioned earlier, it is not worthwhile to
solve this problem for an individual shower. There-
fore one should examine analogous data simulta-
neously for a large number of showers selected
according to some definite criterion (approximate
number of particles in the shower or the selected
range of distances to the apparatus). In this way
we shall average the ratios 3 /p, appearing in

* We do not stress that the determination of the
spatial distribution function for an individual shower
is also impossible because of large errors in the deter-
mination of p, , Pg e+ Ps -
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expressions (4) over the whole range of the practi-

cally continuously varying values of r. The index
n may then evidently be found from the re quirement
of optimum overlapping of the sum of the distri-
butions for ¥ and also of the regions containing
the points struck by the shower cores.

It should be noted that an approximate identifi-
cation of each recorded shower is possible on the
basis of an approximate value of n (for example,
from the method of integral characteristics). There-
fore, by means of the method described above, it
is possible to determine the spatial distribution
function in the form 1/r® for various ranges of N
and r and in this way to obtain an idea of the de-
pendence of n on the ranges of N and r under in-
vestigation. The method of integral characteris-
tics does not allow one to do this.

We note in conclusion that the determination of
the spatial distribution of the penetrating component
from the readings of the penetrating particle de-
tector presents no difficulties if we know the in-
dividual characteristics of each recorded shower.

RESULTS

During the entire time of the experiment (1200
hours), approximately 500 cases of sixfold coinci-
dences were recorded from which 370 cases which
were in each case due to the passing of a single
extensive atmospheric shower * were selected
by examining the hodoscopic photographs.

The following stations participated in the re-
cording of these extensive atmospheric showers:

Number Stations taking part
of showers in recording
80 1,2,8
70 1, 2,8 and penetrating particle
detector
120 1,2,3,4
100 1, 2, 3, 4, 5 and penetrating particle

detector

On the basis of the data obtained it is possible
to determine the absolute intensity of extensive
atmospheric showers containing a number of parti-
cles N larger than some given number. Indeed
the number of sixfold coincidences may be repre-
sented by the expression

$ hour (A)

—RN|r™

= a{ N {1 — e MIs (1 — eI ye dsdN .

0 s’

* The remaining coincidences, with the exception of
one special case, apparently represent accidental co-
incidences caused by the passage of two independent
showers of relatively small energies.
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The quantity » may be determined by the method of
varying the areas of the counters.13 Since the
controlling counters were connected to the hodo-
scope at the same time, we obtained several
practically independent series of measurements of
the number of showers by counters of different
areas, which gave the average value »= 2,15 t
0.15.

The constant A was then found by means of nu-
merical integration over S and N. The expression
for the absolute intensity of showers containing
a number of particles greater than N obtained by
the method described above has the form:

F(C>N)=1.10u1 ! N7

m2 « hour + sterad’

In order to investigate the structure of the periphery
of the recorded showers we utilized the methods
described earlier.

In order to determine the form of the spatial
distribution of charged particles, we plotted the
spectra of the particle flux densities for each of
stations 1,2,3,4,5 on the basis of the experimental
data. The transition from the direct hodoscopic
data on the number of counters which had fired to
the values of p was carried out in the usual way
(see for example Ref.5).

We compared the experimental spectra obtained
by us with the spectra calculated by means of
numerical integration on the basis of different as-
sumptions with respect to n and ».9 Figure 3
shows experimental spectra of the flux densities at
stations 1,2,3,4,5 and the theoretically calculated
spectra of the flux densities at the same stations
based on different assumptions* with respect to
n and ». As may be seen, there is good agree-
ment between the experimental spectra of the
flux densities at identical stations 1 and 3 and 4
and 5. The theoretically calculated spectra of
the flux densities show a very strong dependenceon
n for station 2 and practically a complete lack
of dependence on n for station I (or 3). As may
be seen from the diagram, the theoretically calcu-
lated spectra using the values n =3 and x=2.1
agree well with the experimental spectra both for
station 2 and also for station 4 (or 5 ).

Figure 4 shows the range of distances from the
shower core over which the exact shape of the
function is averaged in constructing the spectra
of the flux densities at the various stations.
Figure 5 shows a spectrum withrespect to the

*As calculations have shown, the assumptions made
with respect to the form of P (r) at small distances from
the shower core play no significant role.
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number of particles in the shower as given by
the apparatus.

In constructing these spectra, r and N were
determined by the experimental values of P; with

the index having the value n = 3 in accordance with
Egs. (2). The constant £ was found on the as-
sumption that

p(ry=*kN/[r" for r>R(n—1),

o(r)=hy Ner!Rr™1

for r<<R(n—1), R=80 m.

The curve r*! e"/R gives good agreement with the
experimental curve of the spatial distribution of
shower particles for r < R (n —1) and goes over
smoothly into the function r™® for r> R(n-1).
From the conditions kN/r* = k, Ne-™/Rr-lfor

r=R(m-1)and N = f:op (r) 2nrdr for n =3 we
obtain k£ = 3.
w(p)

@¥

w(p)=plplp

.ngp

p(pp

V4
&

FI1G. 3. Spectra of the densities of showers recorded
at the different hodoscopic stations. lg p is plotted
along the horizontal axis (p in units of 1/ m2 ), the num-
ber of showers of density p in the interval p is plotted
along the vertical axis- a— for stations 1,3; b—for stations
4,5; A and A are the experimental points for 1950 and
1951 for station 1, O and @—the same for station 3, X—
the same for stations 4 and 5. In Figs. 3a and 3b the
solid curves are theortical curves for n =3 and = 2.1;
in Fig. 3c for station 2 the curves [, II, II] are theoretical
curves for n = 2.6, n =3 and for P (r) given by thecas-
cade theoryl4 ; x=2.1, are the experimental data.

a(r)r
%5

X . gr

A k2

FiG. 4. Distances from the shower core to the hodo-
scopic stations. [ is the distribution of distances to
stations 1,2,3 ; II—~the same for stations 1,3,4 (5).

vy
o} /

/A

w5 W

45 1gA

FIG. 5. The spectrum of recorded showers with res-
pect to the number ofparticles.
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In order to find the dependence of the index n on
the number of particles in the shower N and on
the distance r, we made use of the second method.
In breaking up all the observed showers into groups
belonging to different ranges of r and N pre-
liminary values for the latter were obtained on the
assumption n = 3. For showers belonging to each
group we then determined the sums X (N, _NII)/N_

for different values of the index n.* Here NI is

Z=ANN

:{\‘i\ ,’}\\ &

P N W N

651
/s

\} o}

S0t

F1G. 6. The quantities X, (NI"N ) /N for showers

with different ranges of r and N. a—200 m < r < 600 m,
5x 106 < N<5x107; 6—400 m <r <800 m, 5 x106
<N <5x%x 107 ; c—for a]l the 100 showers each of which
was simultaneously recorded at all five stations.

*Due to the lengthy calculations involved, we re-
stricted ourselves to a comparison of two measurements
of the number of particles, and did not compare measure-
ments involving a change of axis.
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the number of particles in a shower determined on

the basis of the values of PLsPys Py s NII is

the number of particles in a shower determined on
the basis of Pyt Ps Py
N, —N
Th tit S
e quantity 2 =

function of n, must show the following behavior:
near the value n = n, whichbest of all character-

, regarded as a

izes the average behavior of the function p (1), it
must have two minima, and at the value n = n, it

must have arelative maximum.**

We carried out the calculation for several discrete
values of n in the neighborhood of the expected
value n = 3. Figure 6 shows some of theresults
of these calculations.

As may be seen from the graphs and from the
results of calculations, the index n which best char-
acterizes the average behavior of the functions is
i each case close to 3, and thus (within An=10.2)
does not depend on the ranges of r and N over
which the function p (r) is averaged.

On the basis of the individual characteristics ob-
tained by us, we also found the spatial distribu-
ion of the penetrating component. Forthe con-
struction of this spatial distribution, the whole
available range of distances was divided into a
number of separate intervals, for each of which the
average flux density of penetrating particles was
found by using all the showers falling within this
interval.

Since the distance between the shower core and
the penetrating particle detector was determined
with a fairly large error, we made allowance for the
probability of those showers falling within the
given interval which correspond to an average
value r belonging to other intervals. Figure 7

shows the spatialdistribution of penetrating parti-
cles in showers with an average number of parti-

cles given by N = 102,
If the spatial distribution of penetrating particles

is represented by means of a power law ~r™"
then the use of the method of least squares will

yield for showers with N ~ 10 n=16 0.3 and
for showers with N ~ 108 n = 2.0 +0.4.

It is also of interest to find the fraction of
penetration particles atvarious distances from the

**The existence of minima in the sum X near n= ny
and not at n = n_ is explained by thefact that the ex-
perimental values of p for each individual shower can-
not exactly satisfy the distribution p (r). They agree
better with a distribution with an index n, which, al-
though close to n,, is nevertheless dlfferem from it.
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FI1G. 7. The spatial distribution of penetrating parti-

cles (u-mesons) for showers with the number of parti-
cles: ¥ = 10.8

shower core. Since an indicator of the particle

flux densities was situated at station 3 , the
fraction of penetrating particles could be easily de-
termined as the average value of the ratio of the
flux density of penetrating particles to the flux
density of all charged particles taken over all the
showers under consideration. Figure 8 gives the
fraction of penetrating particles as a function of
the distance from the shower core. It may be

seen that the fraction of penetrating particle inc-

creases continuously as the distance from the core
increases and reaches a value § = 0.4 at distances

of the order of 800 m. At the same time it should
be noted that the observed value of the fraction

of penetrating particles signifies that in addition

to - mesons and electrons in equilibrium with

them, a considerable contribution to the flux density
of charged particles up to distances of the order of
800 m is made by electrons of origin different

from those which are in equilibrium with the p-
mesons. Figure 8 also gives for comparison the
data of Eidus et al.’

The analysis of hodoscopic photographs obtained
for the penetrating-particle detector shows that
group firings of neighboring counters situated under
a lead screen are extremely rare. The frequency
of firings of two neighboring counters is in good
agreement withthe theoretically expected effect
due to d-electrons. At the same time, we ob-

served three cases (in the total number of 100 in-
vestigated showers) in which more than three
neighboring counters fired simultaneously. How-
ever, all these cases corresponded in general to a
large density of penetrating particles (showers
with a large N and a relatively small r). Thus

the group firings in these cases may be explained
by the large density of penetrating particles and
there is no need to suppose that they are caused by
particles coming from nuclear disintegrations.

8%
otk

/A
a

I+

wt

| {{{{

: -
25 3

F1G. 8. The ratio of the number of penetrating parti-
cles (y-mesons) to the number ofallcharged particles at
differentdistances from the shower core. A—for show-
ers with N = 107 ; O— for showers with N = 108 ; +—
data for Ref. 5 for showers with N ™~ 107 (at sea-level).

DISCUSSION OF RESULTS

The relatively slow falling off of the flux densi-
ties of all charged particles ( ~ 1/r3 ), and par-
ticularly of the penetrating particles (~ 1/r%) at
the periphery of the shower, points to the important
contribution of the periphery tothe total number
of shower particles and particularly to the number
of penetrating particles in it.

Making use of the present data, and also of the
data of Refs. 11 and 15, we can construct curves
which characterize the contribution of the different
parts of the shower situated at different dis-
tances from its core to the total number of shower
particles. Such curves are giveninFig. 9. The
fraction of penetrating particles in the hole
shower (including its periphery) obtained from
these curves is not less than 5%, which exceeds by
severalfold the previous estimates!® of this
quantity for mountain altitudes.

At the same time the slow falling off of the
flux densities of shower particles at the periphery
shows that a study of the periphery is absolutely
essential for the correct investigation of the prob-
lem of the spatial divergence of particles in a
nuclear-cascade process. The spatial divergence
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F1G6. 9. Contribution of the different parts of the
shower to the total number of shower particles of dif-
ferent kinds: [--for elecirons, II—for y-mesons. The
density of shower particles multiplied by r # is plotted
along the vertical axis, the distance r from the shower
core in meters is plotted along the horizontal axis.

of charged particles in a shower may be due to the
following causes: 1) the emission at relatively
large angles in individual nuclear interaction
events either of the directly recorded particles

or of their predecessors (7 T -mesons if we are
considering y-mesons); 2) Coulomb scattering of
particles by nuclei of atoms of air; 3) their de-
flection under the influence of the earth’s magnetic
field. These various causes play different roles
in the divergence of shower particles of different
kinds.

Let us first examine this question for that part
of the electron component at the periphery of the
shower which is not caused by the observed flux
of y-mesons, i.e., which is not of “‘equilibrium”
nature. The spatial distribution of this ‘“‘non-equil-
ibrium’’electron component can evidently be ob-
tained from the distributions of all the charged par-
ticles and of the penetrating particles

per () ~ 1o~k
where k is a coefficient which takes into account
the flux density of y-mesons and of electrons
in equilibrium with them. Figure 10 shows the
spatial distribution of the electrons. The coeffi-
cient k£ has been calculated for a y-meson energy
equal to 10° ev.*

These electrons are the cascade descendants
of y-quanta originating in the decay of # ® -mesons
generated in nuclear collisions. In our further
discussion of the spatial distribution of electrons,
we shall have in mind only this fraction of the

* The value of this coefficient depends very little
on the p-meson energy, We used the average energy of
the y-mesons in a shower as taken from Cocconi et al.15
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electrons. As is well known, electrons in electron-
photon avalanches undergo considerable scattering
by charged nuclei of atoms of air. Their spatial
distribution at large distances from the core ori-
ginating in this manner apparently has been calcu-
lated most accurately in recent papers by Nishi-
mura and Kamata.!®

F1G. 10. The spatial distribution of the electron com-
ponent which is not in equilibrium with the penetrating
particles (y-mesons ) at the periphery of the shower-
A—experimental points for N = 10,7 O—for N=10.8 The
solid curve is the theoretical spatial distribution of elec-
trons in an electron-photon avalanche with S = 1.0
(Nishimuraand Kamata). The distance from the shower
core expressed in characteristic units of length r 1

(at the altitude of 3860 m r

the horizontal axis. The density of non—equilibrium
electrons multiplied by r/r1 is plotted along the verti-

=125 m) is plotted along

cal axis.

According to these papers the spatial distri-
bution of electrons at the periphery of the shower
depends in an essential way on their energy
spectrum in the avalanche, and may become quite
flat for S > 1.

We shall compare the spatial distribution of
electrons obtained by us with their-distribution in
an electron-photon avalanche as calculated by
Nishimura and Kamata, '® Figure 10 shows a
theoretical curvel® which corresponds to the cas-
cade theory parameter S = 1.0. A good agreement
is observed between the experimental and the
theoretical curves overthe whole range of dis-
tances investigated by us.* We note that the ex-
perimental data do not disagree with the theoreti-
cal curve for S = 1.2. One should thus conclude

*It should be noted that in accordance with Ref. 16,
Fig. 10 shows the spatial distribution of electrons of
total energy E > m, ¢,2 while in the experiment a dense
substance (counter wall, roof of the building) amounting
to 2 gm/cm? is situated above the sensitive volume of
the counter, which corresponds to the absorption of elec-
trons of energy < 7 mev. However, since thevalue of Z
for the dense substance is close to that for air the pro-
duction of electrons by photons compensates fortheir
absorption.
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that Coulomb scattering of electrons is by itself
sufficient to explain their considerable spatial
divergence. The angular divergence of electron
avalanches associated with the angles of emission
of 7°-mesons in the elementaryevents of the nu-
clear cascade process in thiscase plays a rela-
tively insignificant role.* We shall now consider
the spatial divergence of penetrating particles
(p-mesons) brought about by Coulomb scattering.
It depends markedly both on their energy spectrum
and on the altitude of the point at which they are
produced, An approximate estimate shows that as
a result of multiple scattering p-mesons may
reach the periphery of the shower.

Indeed, according to the theory of multiple scat-
tering of charged particles the mean square di-
vergence of particles of energy E which have tra-
versed in the atmosphere a path from the altitude

ho +h to the altitude & is given, without taking
0

ionization losses into account, by:
h
— (E _\2
2 — 2 S,
7 (E) = % h ( - )
0
where o is the coefficient in the barometric for-

mula, o = 1/8000 m*2 , L  is the value of one radia-
tion length in meters at the altitude A, E_=21

dh' .
Loe“"' ’

(B)

mev.

We substitute into the above formula the average
p-meson energy E = 109 ev according to Cocconi
et al,!5 and their mean altitude of origin of 10,000
m above sea-level according to Bassi et al.!8
Then, for observations carried out at an altitude of
3860 m(k = 60 x 103 m and Lo =410 m), we obtain

VrZ =200 m. Concerning the third reason for the
divergence of charged shower particles—the earth’s
magnetic field— it is found to give a deflection

H 1.1-10-2 *
d’l h = . — O o
ru(E) =S /’L———p rere p cosn~ E;r=30

0
On substituting the above values we obtain
ry =150 m. We should thus conclude that the

Coulomb scattering of y-mesons and the earth’s
magnetic field have a pronounced effect on the
spatial distribution of y-mesons. At the same time,
it can be easily seen that these causes evidently
cannot completely explain the observed divergence
of p-mesons.

* The divergence associated with the influence of the
earth’s magnetic field does not play any significant
role for electrons in electron-photon avalanches as is
shown by Cocconi.

**The value of the geomagnetic latitude of the station
at which our measurements were made.
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Indeed, on thebasis of the experimental data
obtained by us and of the data of Vavilov et a]!l
we can evaluate:

r2= S r2p, (r) 2rdr | S pu (r) 2xr dr.

Such an evaluation gives V—7_2>400 m¥**
This forces us to conclude that the angular de-

divergence of 7 * -mesons born in elementary events
of the nuclear-cascade process also plays a sig-
nificant role in determining the spatial divergence
of y-mesons.

CONCLUSIONS

In the present work we have carried out a quan-
titative study of the different components of an
extensive atmospheric shower at large distances
from its core (200—800 m).

1. The part of the shower which we have stu-
died consists of an electron-photon and a pene-
trating (apparently a y-meson) component.

The relative role played by the penetrating com-
ponent increases considerably as the distance from
the shower core increases and at a distance
of r = 800 m the flux densities of penetrating
particles and of electrons become the same. Ac-
cording to Eidus et al,® a similar situation is also
observed at sea-level.

2. The spatial distribution of the total flux of
electrons and penetrating particles is given by
p (r)~1/r,®» withn =3.0 £0.2.

The spatial distribution of the flux of penetrating
particles is given by p(r) ~ 1/r* with n = 2.0.

3. The relatively slow falling off of the flux
densities of shower particles leads to the shower
periphery playing an important role in the overall
balance of the flux of shower particles. For pene-
trating particles, this role even becomes the domi-
nant one. Thus a quantitative investigation of the
shower cannot be restricted to the study of its
central regions as is usually done (see also Ref. 5).

4. The mechanism for the transfer to the peri-
phery of the shower of electrons which are not in
equilibrium with p-mesons is accounted for by the
Coulomb scattering of these electrons by nuclei
of atoms of air.

5. The transfer to the periphery of the shower of
p-mesons occurs both by means of Coulomb scat-
tering , and apparently also as aresult of the large
angles of emission in elementary events of the nu-
clear cascade process of 7% -mesons giving rise

***Since the shape of p (r) is known experimentally

only up to distances ™ 800 m it is clear that we can give
only a minimum estimate.



COSMIC RAY

to these p-mesons.

In the present work we have also obtained data
on the intensity of primary cosmic ray particles
of ultra high energies of 1016 —1017 ev by ob-
serving extensive atmospheric showers of corre-
sponding energies (with the numbers of particles
given by N = 107 — 108 ): the absolute number of
showers with the number of particles > N is given
by the expression F (> N) = AN, where
A =1x 10! (1/m2 hour); the index x of the inte-
grated energy spectrum of primary particles in the
energy range 1016 —1017 ev does not exceed 2.15.

In conclusion, the authors wish to express their
deep gratitude to N. A. Dobrotin for his assistance
in this work, and for valuable advice, and to S. B.
Vernov for participating in the discussion of re-
sults, and also to D. Parfanovich, [u. Anishchenko,
M. Kazarinova, Iu. Prokhorov, M. Khachaturian, V.
Sarantsev, M. Shafranov who all took part in this
work in the course of carrying out the practical
work for their diplomas, and to E. S. Levit.
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