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Electron-sensitive photographic plates were used to investigate the lateral and angular dis-
tributions of particles of a large shower that developed in lead. It is shown that at a shower
energy on the order of 4 x 103 ev the lateral distribution of all particles and the angular
characteristics of the particles in the central portion of the shower are in agreement with

the cascade theory.

1. LATERAL DISTRIBUTION OF PARTICLES;
NUMBER OF PARTICLES, AND SHOWER
ENERGY

very large electron-photon shower, with an
axis inclined 15° to the normal to the plane of the
plate, was found on a NIKFI type R plate (200u),
exposed in 1956 on Mt. Aragats in apparatus with
ionization-chambers.! Figure 1 shows a micro-
photograph of the central portion of this shower.
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FIG. 1. Micréphl)t&gr ph of the central portion of the shower.

Using the RA-1 drawing apparatus, mounted on
one of the eyepieces of the MBI-2 microscope set
at magnification 1350, all the particles of the shower
and of the background were transferred to paper.
These particles were located in four-mutually per-
pendicular sections at distances 500y <r = 10,000
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FIG. 2. Relative
positions of the traced

sections of the shower. I ~— Wnmp —= |
The arrows indicate [ =3 50y
the direction of the pro- r ¥
jection of the shower

axis. I

from the axis of the shower (Sections I and III are
perpendicular to the direction of the shower-axis
projection, while II and IV are parallel to the pro-
jection, see Fig. 2). To determine the background
on a given plate, all the tracks of relativistic par-
ticles were traced on several sections 2 —5 cm
outward from the center of the shower. The back-
ground was found to be (1.02 + 0.03) X 10”3 particle /u
After subtracting the background, we obtained the
lateral distribution of the shower particles in
the distance interval 500 = r = 10,000 u.

At distances r < 500u from the axis, the par-
ticle density is too great to be determined directly.
Therefore the data on the lateral distribution at
small distances from the shower axis were obtained
by photometry with a MF-4 microphotometer. For
this purpose, a negative of the shower, magnified
30 times, was obtained on a photographic film and
the photometric evaluation was made at a magni-
fication 30, with a slit 1.1 X 5.0 mm. If these slit
dimensions are referred to the true size of the
shower, we find that the photometry covered a
shower section measuring 1.2u X 5.6, i.e., an
area of 6.8u%. The photometric results were com-
pared with the calibration of the nuclear emulsion,
made with electrons of energy E 2 1 Mev. The
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density p (r) thus obtained, together with the den-

sity at r >500u, is shown in Fig. 3.

Figure 3 shows also the function of the lateral
distribution for E; =4 x 10'% ev for a shower at

the maximum of its development (S =1.0), ob-
tained by interpolation from the data of Kamata

and Nishimura.? The lateral distribution of Kamata

and Nishimura agrees well with the experimental

lateral distribution. The discrepancy in the region

r < 1004 may indicate that this shower is an
electron-nuclear shower, generated in lead.

The number of the particles in the shower was

counted separately in the following regions.

1) 0 =r =250u, where p(r) was determined

by photometry, N; = 10,000 particles. 2) Summa-
tion by rings (for 250 =r = 10,000u) yields
N, = 150,000 particles, i.e., Ny + N, = 160,000

particles. 3) At r > 10*p, a power law p (r)
=B/r? or p(r)=B/r' is assumed; if p(r)

~ 173, then N = 88,000 particles, and if p (r)

~ 74, then Nj= 42,000 particles.

Since scattering is stronger in lead than in air,
" p(r) is expected to drop off at large distances no
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r > 10,000u, we obtain Nj = 160,000 + 88,000

= 248,000 particles. The error in the total number
of particles, due to errors in the determination of

p (r), is approximately 20%. Thus, Nj= (248 + 50)
x 10% particles.

If it is assumed that the shower is observed at
the maximum of its development, i.e., Ny = Npax,
we can determine the energy of the soft component
of this shower from the following formula

Nmax = 0.17 (E/B)/V In (E / B) = N,. 1)

From (1) we obtain Ej= E = (3.6 + 0.7) X 10'3 ev.
Were this shower to be created by a primary
electron (photon), ordinary cascade theory would
give tmax =1n(Ey/B) = 15.5 t -units. But we ob-
serve the shower at a depth t = 21.7 t -units, i.e.,
six t-units deeper than the maximum of the num-
ber of particles. This difference is either due to
the Pomeranchuk-Migdal effect, or else we deal
with an electron-nuclear shower of high energy.

2. ANGULAR DISTRIBUTION OF PARTICLES

A. Distribution of particles about the shower

faster than in air. Then, assuming p (r) ~ r™° at axis.
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FIG. 3. Lateral distribution of shower particles. AbsciSsa — logarithm
(to the base 10) of the distance from the center of the shower in microns;
ordinate — logarithm (to the base 10) of the density of the shower par-
ticles p (particles/p*), X — photometry data, mean-squared error; O —data
obtained by counting the number of particles directly, statistical error;
solid line —theoretical curve obtained from the Kamata and Nishimura

data.?

Figure 4 gives an idea of the character of
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FIG. 4. Angular distribution of particles at a dis-
tance 100y (a) and 600y (b) from the center of the
shower. The dashes represent the projections of the
particle tracks on the emulsion plane, the dots repre-
sent the points where the particles enter the emul-
sion, and the arrow represents the direction of the
projection of the core of the shower.
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the angular distribution of particles in the shower.
The figure shows the projections of the particle
tracks in two sections, 100 and 600 away from
the center of the shower.

It is seen from Fig. 4, that at a given distance
r from the shower axis the projections of the par-
ticle tracks follow on the average a certain com-
mon direction, determined by an angle A. A de-
tailed measurement of the angles Aj between the
projections of the track and of the shower core on
the plane of the emulsion shows that as the dis-
tance r from the center of the shower increases,
the average angle A of a particle group increases
first in proportion to r, and then at a slower rate.
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P L _ FIG. 5. Dependence of
A on the distance r from the
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Figure 5 shows the results of the measurements
of A at various distances r from the center of
the shower in sections I and III. Since sections I
and III in the emulsion plane are perpendicular to
the projection of the shower core, the quantity x
=r/tan A gives the coordinate of the point to which
the continuations of the projections of the shower-
particle tracks converge. This point is located
from 0.84 mm (for tracks with r =43u) to 1.84
mm (for tracks with r = 1000u) from the center
of the shower (in the emulsion plane). Thus, over
a wide range of distances from the center of the
shower, the particles have at each point of the
shower a common direction, inclined to the shower
axis at an angle 6 given by tan 6 =r/y, where y
is the height of the cone, measured along the axis
of the shower from the plane of observation, and
r is the distance from the center of the shower
in a plane perpendicular to the shower axis. We
can readily obtain the value of y from the known
values of x and of the angle B, between the shower
axis and the normal to the emulsion plane.

x = ysinf,.

From these relatigns we_obtain the connection be-
tween the angles A and 6

6 = tan™! (sin B, tan ¥).

@)

The shower considered has B, = 15°, and thus
y=3.9x and y =3.9%. The average over the
range 43y <r =1000p is (1.2 + 0.23) mm.
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Thus, ¥ = (4.7 £ 0.9) mm. The shower unit in
lead is 5.2 g/cm? or 4.6 mm. Consequently, y
= (1.0 + 0.2) t-units and 6 (r) =tan™! x
[r/(1.0 £ 0.2)] for r = 0.2 t-units.

B. Distribution of the particles about the mean
direction. If one takes an area, with dimensions
considerably smaller than the distance r from
the area to the center of the shower, then the par-
ticles that strike this area, which have a common
mean direction determined by the angle A, are
dis,;}ii’buted in some manner relative to this mean
direction (see Fig. 4). The average spread, Ax

AY

n
=) ,AAj/n (where AAj = |Aj—-X|), was deter-
mined for all sections (I, II, III, and IV) and at
various distances r from the center of the shower.
The dependence AA (r) is shown in Fig. 6.
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FIG. 6. Dependence of AN on the distance r from the cen-
ter of the shower. Mean-squared errors.

The fact that the projections of the particle
tracks are distributed about the angle A (r) in
the emulsion plane denotes that the particles have
a certain distribution in space about the angle 8 (r)
between the particle group and the shower axis.
To evaluate the distribution of the particles about
a mean direction, specified by an angle 8 (r), we
measured the angles Aj and Afj, where A#j
=|6; -9 | is the angle between the track of the
i-th particle and the mean direction corresponding
to 6 (r). The measurements were made 850 u from
the center of the shower, in sections I and III. The
distribution of the particles about the angles Af6j
is shown in Fig. 7, which also shows the Gaussian
distribution. As can be seen from the diagram,
the distribution of the particles about 6 (r) is
Gaussian, i.e., n(0) = C exp { -6%/246%}. From
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these measurements, performed for
we obtained AX =33° and A6 =13°.
It is impossible to measure A8 at smaller
distances directly, since the particle density is
too high. We therefore proceeded as follows.
Calculation has shown that AAX and A# are lin-
early related up to A6 ~ 10°. Using the coefficient
of proportionality between AA and A6, deter-
mined experimentally for r =850 (A8/AX =0.4),
we were able to evaluate A@ from the known AA.
Thus, we obtained A6 for various r and from
the known Af, assuming the A6 to be due essen-
tially to Coulomb scattering of the particles, we
determined the effective energies of the shower
particles at various distances from the center of
the shower, namely E = Eg/Af, where Eg =21
Mev.

r = 850u,
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The data obtained in this manner were compared
with the data of Guzhavin and Ivanenko,® who calcu-
lated 6xE/Eg for electrons (6x is the mean of the
projections of the angles between the particles and
the shower axis on the plane in which the shower
axis is located) as a function of ¥, = xE/Eg (X
is the distance from the shower axis, in t -units).
The values for eexp were determined from (2).
(see table).

%o A0=0.44%,| E, ev A 0x | exp
deg

0.01 1.6 7.5-108 10.357|0.6| 0.7

0.04 4.8 2.5-108 |0.476(2.1| 2.7

0.10 9.2 1.3.108 {0.620(4.6| 6.1

0.20| 15.2 0.8.108 [0.760|8.1] 8.5

The agreement obtained cannot be deemed ab-
solute, since 6x and eexp differ somewhat, but
it can be stated that our data (within the limits of
the assumptions made) do not contradict the cas-
cade theory.
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