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Experimental results on 43 showers produced by nucleons of 10— 10! ev and on 20 showers
produced by particles with Z = 2 are presented. An asymmetry has been observed in the
angular distribution of shower particles with respect to the direction 7/2 in the center-of-
mass system in showers produced by nucleons with energy > 10''ev. This fact is not consist-
ent with the concept of shower production on nuclei in nucleon-nucleon collisions and with the
predictions of the hydrodynamical theory of multiple particle production proposed by Belen’kii

and Landau.

THE present work is devoted to the study of ex-
plosion showers produced by high-energy cosmic
ray particles by means of an emulsion chamber.
Preliminary results obtained for 29 showers were
published earlier.! The purpose of the present ar-
ticle is to consider the energy dependence of the
various characteristics of explosion showers in the
region 101 — 108 ev.

The emulsion chamber consisted of 100 layers
10 cm in diameter. Total thickness of the chamber
was equal to 4.5 cm Emulsion NIKFI type R was
used. The chamber was irradiated in the strato-
sphere at 27 km altitude for seven hours in May
1956. Explosion showers with more than five rela-
tivistic tracks, concentrated in a sufficiently nar-
row cone, were found by scanning. There was no
discrimination with respect to the number of black
and grey tracks in finding the showers. Jets of rela-
tivistic particles consisting of more than five
tracks were also noted in scanning. Further in-
vestigation showed that five of these events repre-
sented explosion showers while the remaining 200
jets were identified as electron-photon showers.
Charge of the shower producing particle was de-
termined in each case of detected explosion shower
(as single, double, or multiple) and the angular

distribution of shower particles with respect to the
axis was measured.

1, MEASUREMENT OF THE ANGULAR DISTRI-
BUTION OF SHOWER PARTICLES

For shower particles of the “wide cone,” mak-
ing an angle larger than 5° with shower axis, the
angle « in the emulsion plane and the inclination
B were measured with an accuracy of 1°. The an-
gular distribution about the shower axis was deter-
mined by means of the special device shown in
Fig. 1. Each shower particle was marked on
an aluminum sphere and the angles o and B were
read off the divisions 1 and 2 respectively. Tl}e
angle ¢ between the particle trajectory and shower
axis was found using a plexiglass hemisphere with
the latitude (#¢) and longitude (¢) marked on it,
and which could be fitted to the aluminum sphere.

Measurements of the angle ¢ for shower par-
ticles with ¢ < 5° were carried out by means of
finding the points of intersection of the tracks with
a plane perpendicular to shower axis. An example
of such construction for the determination of angu-
lar distribution of particles in a shower of 3.7 X
10'2ev is shown in Fig. 2, which represents the

185



186 GUREVICH, MISHAKOVA, NIKOL’SKII and SURKOVA

Fig. 1. Apparatus for measurement of the angle between
shower axis and direction of emission of shower particles.
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plane perpendicular to shower axis at a distance
of 200 u from the shower origin. The point

A (Xg, y9) corresponding to the intersection of the
shower axis with the XY plane was determined as

Xo=Dx/n Yo=Y y/n

where n is the number of shower particles. The
distance between the plane XY and the point of
origin of the shower was selected so that the ac-
curacy of angle measurements for most shower
particles would not be worse than 5 — 10 percent.

2, DETERMINATION OF SHOWER ENERGY

If we assume that the observed showers were
produced as the result of nucleon-nucleon colli-
sions, then it follows from the symmetry of angu-
lar distribution of shower particles in the center-
of-mass system (c.m.s.) about the direction

0 = m/2* that the energy of the primary particles
in c.m.s., v, =1A~1 —,BCZ, can be written in the
form

Y, = cot 9,13, 1)

where ¥/, is the angle containing half of the
shower particles.

A second method of determination of y., which
permits a better use of the data on angular distri-
bution, and makes it possible to determine the sta-
tistical error due to the finite number of shower
particles, has been proposed by Castagnoli et al.?
According to their calculations, we have

Iny, = —Intand £ (s/ V1), (2)

where ng is the number of shower particles and
o is of the order of unity.

The value of v, can also be found, for a sym-
metrical distribution with respect to 6 = 7/2 in
the c.m.s., from the integral angular distribution
of shower particles. Let us denote the integral an-
gular distribution of shower particles by F. We
then have

dng

PO = | @ ®)

where A =1ntand. F(A) is normalized to unity,
i.e.,

+ o
g F()dh=1.

It is evident that, for a symmetrical angular
distribution, F/(1—F) =1 for 6 =7/2, i.e.,
F/(1—TF) is such a function of A that for
In[F/(1—F)] =0 its argument, according to
Eq. (1), is Aj =1n tan dipp = —ln y,. In this way
the determination of vy, is reduced to plotting
In[F/(1—F)] as a function of A =1ntan ¢ and
finding the value Ay for which In[F/(1—F)] = 0.

All these methods of finding vy, yield results
that vary by 20 — 30%, and which are within the
statistical accuracy of measurements. It can be
seen from Table I that the values of 7y, obtained
according to Eq. (2) are lower than those of the
two other methods.

It should be noted that the assumption that show-
ers produced on the emulsion nuclei originate in
nucleon-nucleon collisions may not correspond to
reality. Belen’kii and Landau® treated the case of
multiple particle production according to the hy-
drodynamical model, assuming the interaction be-~

*Where, as in the following, @ denotes the emission angle

of a shower particle in the c.m.s. and ¥ the emission angle of
shower particle in the laboratory system.
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TABLE I

EXPLOSION SHOWERS
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tween the primary nucleon and the nucleus as a
whole, in head-on collisions, They obtained the
following formula for the angular distribution of
particles in the c.m,s.:

dN ~ exp < ]/L2 - 1r12tan—§—> d( In tan—g') . (4)

Here L =1In[(1+2)/4y.,], £ is the tunnel length,
i.e., the number of nucleons on the chord corre-
sponding to the trajectory of the primary particle
through the nucleus. According to Eq. (4), dN/dé
is symmetric about 6 = /2. It follows that, if the
theory is correct, y, can be determined by the
same method as for nucleon-nucleon collisions.

In the following we shall ascribe to showers
values of vy, calculated according to formulae
(1) and (2) and from the condition In[F/(1—-F)]
=0, which correspond to the assumption that the
distribution of shower particles is symmetric about
6 = /2. It should be noted that the experimental
data available are not in agreement with this as-
sumption (cf. Sec. 3) and the accuracy of shower
energy determination by the above method should
not be overestimated.

The shower energy in the laboratory system,
Ej, can be determined in a unique way only for
the case of nucleon-nucleon collisions:

Y=2—1=2 (5

where 7y = Eg/Mc?. For collisions between the
primary nucleon and nucleons contained in the
tunnel, the shower energy in the laboratory sys-
tem is found from the relation

=21, (5"
where £ is the tunnel length and y = E/Mc?,

3. EXPERIMENTAL RESULTS AND THEIR
EVALUATION

Experimental results on 43 showers produced
by nucleons and 20 showers generated by « par-
ticles and nuclei are summarized in Table I. The
showers are divided into three energy groups.
Shower energies were calculated according to Eq.
(5). Such a procedure is rather arbitrary, since
Eq. (5) corresponds to the case of nucleon-nucleon
collisions. Energies of nucleon-produced showers,
calculated according to Eq. (5’) are shown in Fig,
4. The value of y, in Eq. (5') was found under
the assumption that the angular distribution of
shower particles in the c.m.s. is, as in the case of
nucleon-nucleon collisions, symmetrical with re-

spect to 0, = /2 (the Belen’ kii-Landau theory).

It follows, however, from the experimental results
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of the present work that such an assumption does
not conform to reality. It is therefore not clear
which method of energy determination is advisable.
In the following, dealing with energy dependence of
various characteristics of explosion showers, we
shall use for that purpose Eq. (5), although the re-
sulting absolute energy values are evidently too
low. The nature of primary particles is given in
the second column of the table. Singly-charged
particles were assumed to be protons, and the
neutral ones — neutrons. The number of black and
grey tracks (np + ny) and the number of shower
particles (ng) are given in the third and fourth
columns respectively; the values of vy, calculated
according to Eqgs. (1) and (2) and from the condi-
tion In[F/(1—F)] =0, and also the mean values
Y. calculated using the above methods are given
in columns 6 — 9. k is the coefficient of inelastic-
ity given by the equation*

k= 1,5fls“{€ sin ’B'max/ 25"‘ (Yc - I)’ (6)

where ¢p,,¢ is the maximum angle between a
shower particle and shower axis, and pu is the
ratio of the nucleon mass to the r-meson mass.
The. tunnel length £ is a function of y, and ng,
according to the relation ng =1f(yg, £) from the
statistical theory of multiple particle production.
For large vy, (>10) the relation is of the form*

ns = 0.90% (1 4 M y/y, + L, (7

where the coefficient 0.9 is chosen for fit with
curves for small values of y,, obtained from
statistical weight calculations.

A, Angular Distributions of Shower Particles
in the C.M..S,

The direction of motion of a relativistic parti-
cle in the laboratory system is connected with the
direction of motion in the c.m.s. by the following
relation:

cos 64 (3,/8) (8)

cot & = Y, roY ,

where B, is the velocity of the c.m.s. and B is
the particle velocity in the c.m.s. In the extreme
relativistic case, B, = B = 1, i.e.,

cosf 41 =, cot (6/2). (8)

cot & =, sin 6

*Results of calculations of statistical weights, and for-
mula (7), wete kindly communicated by D. S. Chernavskii.
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Fig. 4. Angular distributions of shower particles in c.m.s.
for nucleon-produced showers. Shower energy calculated ac-
cording to Eq. (5”). Solid line —E = 10! - 10'? ev, dashed —
E = 10'? - 10*® ev, dot-dash—E = 10** ~ 10** ev.

TABLE 1II. Anguiar distribution of particles in ¢.m.s., in nucleon-
produced showers, for three regions of energy E; calculated under

the assumption of a nucleon-nucleon collision [Eq. (5)].

0—30° 30—60° 60—9C® 90—120° 120—150° | 150—18C° ?3/ co/:
= | =
| |
N 34 38 50 42 48 31 | 122] 121
1019101 dN/dQ[5.4 ~-0.92(2.214-0.35/2.1340.30|1.794-0.27|2.79--0.30|4.924-0.91
N 34 77 91 67 57 75 | 202| 199
10111012 dN/dQ[3.28--0.56(2.724-03 [2.35-0.24/1,734-0.2 [2.01-4-0.26(7.224-0.83
N 19 43 4 33 31 45 | 103 109
10121014 dN/dQ3.474-0.8 |2.87-0,44(2.0040,311.61-4-0,2812.074-0.37] 8.194-1.2 |

TABLE III. Angular distribution of particles in c.m.s., in showers
produced by particles with Z = 2.

0-—-30° 30—60° 60—90° 90—120° 120—150° | 150—180° ‘g Z
=z | =
N 47 103 117 107 100 59 267 | 266
1010—101 dNV/dQ|3.4 +0.5 [2.734-0.27|2,284-0.21{2.0 0.2 |2.664-0.27|4.294-0.5€
N 18 35 30 34 26 25 83| 8
1011 —10"¢ dN/d§|4.134-0.97|2.944-0.50(1.854-0.34|2,094-0,36/12.194-0,43|5.754-1.2

The angular distribution function f(6) in the
c.m.s. was found for each shower using Eq. (8’).
To obtain better statistical results, summary dis-
tributions were constructed for showers of various
energy regions. These distributions are given in

Tables II, III, and IV and in Figs. 3 and 4. The er-
rors given in the tables represent statistical devi-
ations VNi, where N; is the number of particles

within a given angle interval A6, ., .

The total

number of particles propagating in the forward and
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TABLE IV. Angular distribution of particles in c.m.s., in nucle-
on-produced showers, for three regions of energy E calculated
for tunnel -effect interaction [Eq. (5%)].

fc.m. s, o <
0-3c* | s0—6ee | G0—o0° | 9o—1200 | 120—t50° | t50-180° | | &
=| =
N 32 63 59 45 54 53 1541 152
10111012 dN/dQ{4.05-40.71(2,924-0,36/2.0 4-0.26|1,544-0.23|12,5 40.34/6.7 +4-0.91
N 45 60 88 71 56 67 1931 194
10121018 dN/dQj45 +0.67]2.2 4-0.28/12.354-0,2511.9 4-0.22/2.054-0.27/6.7 4-0.81
N 6 32 25 17 20 29 631 66
1018101 dN/dQ1.794+0.73|13.5 40.62{2.0 4-0.4 |1.364-0.3312.2 4-0.49{8.7 41,61 |

backward directions [N (¢ < 90°) and N(d > 90°) |
is the same for showers with even number of par-
ticles and differs by one in showers with odd ng.
The number of particles per steradian in relative
units dN/dQ ~N/sin #, where 6 is the mean
angle of a given interval A6 is shown in the fig-
ures.

It can be seen from Tables II and III that £(0)
is substantially anisotropic and for showers gener-
ated by nucleons of 10! —10%ev asymmetric with
respect to the direction 6 = n/2. The angular dis-
tributions (in the c.m.s.) given in the tables were
obtained by means of Eq. (8'), vy, being defined as
Ye = cot #15,. For such definition of y, the num-
ber of particles in angle intervals 0 —7/2 and
/2 —7 was assumed to be equal. It follows there-
fore, from the asymmetry of the angular distribu-
tion for the above definition of vy, that f(6) can-
not be made symmetric for any value of v,. It is
interesting to note that this asymmetry is absent
for showers with Ej = 1010 ——10“ev, and is less
marked for showers generated by heavy particles,
although the latter conclusion is not sufficiently
founded, in view of the small number of observed
cases in the region 101 —10! ev. An analogous
conclusion about the asymmetry with respect to
6 = 7/2 can be drawn dividing the showers accord-
ing to energy E (cf. Table IV and Fig. 4). One
would expect the observed asymmetry to be caused
by secondary interactions of shower particles with
nucleons in the nucleus. In the same way, one
could explain the fact that the inelasticity coeffi-
cients k calculated according to Eq. (6) were
found in most cases to be larger than unity. Under
this assumption one would expect the asymmetry
about 6 = 7/2 to decrease for showers with smal-
ler values of ny + ng and with k < 1. It follows
from Table V, however, that the asymmetry of the
angular distribution does not exhibit the expected
behavior. This fact indicates that secondary in-

teractions are not responsible for the asymmetric
angular distribution of shower particles about
6=mu/2. v

The observed asymmetry could be also due to
shower production as the result of several colli-
sions of the primary with nucleons of the nucleus.
It is evident that the asymmetry should then in-
crease with the number of shower particles. The
results of the experiment, however, contradict this
explanation. It can be seen from Table VI that
dN/d6 is independent of the number of particles
in the shower ng. It must be concluded that the
asymmetry of f£(0) with respect to 6 = 7/2 is
not due to secondary processes, but is inherent in
the process of shower production. This result con-
tradicts the hydrodynamical theory of shower pro-
duction in head-on collisions, which predicts a
symmetrical angular distribution of shower parti-
cles about the direction 7/2 in the c.m.s. [cf.

Eq. (4)].

D. S. Chernavskii (private communication)
proposed a possible explanation of the observed
aymmetry of angular distribution in explosion
showers, indicating that a part of the shower par-
ticles can be produced in interaction between nu-
clear matter and the w-meson cloud of the incident
nucleon. These particles can be associated with
additional tunnels in the same nucleus which are
characterized by a different value of y, (since
the mass of a 7 meson is less than that of a nu-
cleon). It can be easily seen that such mechanism
leads to the excess of shower particles propagating
backwards in the c.m.s.

Mean values of the angle ¢4, denoted by 94,
for showers with various number of particles ng
and different ny, + are given in Table VII. It
can be seen that the mean angle of emission of
shower particles does not depend markedly on the
above parameter. In other words, possible sec-
ondary interactions of shower particles with nucle-
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TABLE V. Distribution of shower particles in c.m.s., dN/d@,
for showers with various k and (ny + ng). Data refer to the
total number of shower particles within a given interval

A6 (Eg = 1011 — 10% ev).

0 0—30° 30—60° 60—90° | 90—1€0° | 120—150° | 150—180°
Condition
k>1 51 88 98 77 67 93
k<1 2 32 32 23 21 27
k<0.4 1 4 12 6 6 4
n,+n g<3
(k=1.9) 10 23 40 25 30 21
nh+ng<3
k<1 0 3 9 5 6 3

TABLE VI. Distribution of shower particles in ¢c.m.s., for show-

ers with different ng. ng denotes the mean value of ng for a

given energy region. Data refer to the total number of shower
particles within a given interval A64.

A0 0—30° | 30—60° 60—-90° 90—120° | 120—150° 150—180°
E,=1010—1011 ev, n < 5 9 21 18 10 7
ng=18 no>mg 29 28 25 19 34 25
E,=1011—1012 ev, n<ng 13 33 32 24 21 35
=19 n>ag | 21 | 44 57 45 36 40
E,=1012—1014 ev, n <, 3 10 13 11 7 10
ng=24 ng>ng 16 33 28 22 24 35
Ey=1011—101¢ ev, PRGE 1 19 24 18 17 15
ng=21 Rt

TABLE VII. Mean values of the angles of emission of shower
particles 9, /2

Eqev | ns By | By, (sSmg) | Sy, (7RG | By, (7 TS | By, ()
10t0—1011| 17.7 | 15.3 16.5 14.3 — —
1011—10'2( 19.4 5.34 5.12 5.63 5.48 5.29
1012—1014| 23,8 1.45 1.30 1.56 1,51 1.43
10111018 20.7 | 4.17 4.04 4.35 4.48 4.06

ons of the nucleus do not change appreciably the
value of ¢, p.

The anisotropy of the angular distribution of
shower particles in the c.m.s. can be character-
ized by the value A defined as follows:

A= [Z M—X)2n;/ Zﬂi] h , (9)
i
where A;= Intandj, A =Intand; = Iny;, and
n; is the number of shower particles in the i-th
interval of the variable A. It is evident that large
values of A correspond to a larger measure of
anisotropy in the angular distribution f(6) i.e.,

to greater emission probability of shower parti-
cles at angles closeto 6 =0 and 6 =7 in the
c.m.s. It can be easily shown that for a distribu-
tion isotropic in the c.m.s. Ajq = 0.3. Table VIII
illustrates the variation of A for showers with
different values of ng and nj + ng.

Mean values of A for various energy regions
calculated according to the hydrodynamical theory
of Belen’kii and Landau from distribution (4),
Atheor: are also given in the table. In calculating
Atheor it was taken into account that the mean tun-
nel length for nuclei of the emulsion is £ = 3.25.

In addition to Aexp calculated according to Eq. (9),
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TABLE VIII. Mean values of A and A(A<A) [cf. Eq. (9)]
for showers of various energies.

: 2 Bexptl, 2
E,, ev n, nh-{—ng exptl. (;:% theoret.
10111012 n<fg 0.52 0,42 0,48
no>ng 0.54 0,48 0.47
nh—l—ng<3 0.45 0.33 0.47
nh+ng>3 0.56 0.49 0,48
1012—1014 n<ng 0,63 0.50 0.72
ng>ng 0.73 0,66 0.65
nh+ng<3 0.39 0.38 0.66
nh+ng>3 0.77 0.64 0.69
1011—1014 n<ng 0,54 0.43 0.55
no>ng 0.62 0.56 0.53
nh—}-nqg?) 0.44 0.34 0,52
nh—l—ng>3 0.62 0.54 0.55
ns<"ns 0.32
n,+n,<3

values of A(A <-i_) calculated according to the
same formula for values A <A are given in Table
VIII. These values correspond to small angles of
emission of shower particles (if the assumption of
a symmetrical distribution of shower particles in
the c.m.s. about 6 = 7/2 were correct, then the
values A < A would correspond to angles of emis-
sion 6 < 90° in the c.m.s.). It can be maintained
that A(A <A) characterizes better the anisotropy
of the angular distribution of shower particles pro-
duced in the primary interaction, since A calcu-
lated according to Eq. (9), taking into account all
values of A, may be in error due to secondary in-
teractions of shower particles with nucleons of the
nucleus.

It can be seen from Table VIII that the aniso-
tropy increases considerably with increasing ng
and, especially, np + n,. This cannot be explained
by secondary interactions of shower particles,
since the increase in A with ng and nj +
should influence A (A <A) to a larger extent than
A, calculated for all values of A.

If we assume that a large value of ny + ng in-
dicates, on the average, that the primary particle
traversed the center of the nucleus, then it follows
from the above results that the anisotropy of
shower particles increases with tunnel length £.
This result contradicts the predictions of the hy-
drodynamical theory — a decrease in A with in-
creasing £.

B. Inelasticity Coefficient

As it has been shown above [cf. Eq. (6)], data
on the angular distribution of shower particles
make it possible to calculate the inelasticity coef-

ficient k. The values of k for the observed
showers are given in Table I. It should be noted,
however, that in defining k in the above manner

it is assumed that all particles have the same en-
ergy. Since it is very probable that this is not the
case, the resulting inelasticity coefficients are only
approximate. Since k depends strongly on the
maximum angle of emission of shower particles,

it can be considerably influenced by secondary in-
teractions of shower particles with nucleons of the
nucleus. In the calculation of k according to Eq.
(6), it is assumed that showers qriginate in nucleon-
nucleon collisions. For collisions between a nu-
cleon and the nuclear matter of the tunnel, Eq. (6)
should be modified by introducing the tunnel length
£ into the denominator. This would cause a con-
siderable decrease in the values of k. All these
factors render the determination of k from Eq.

(6) unsatisfactory.

The inelasticity coefficient should, according to
its definition, be always less than one. It can be
seen from Table I that this is not so for calcula-
tions based upon Eq. (6). This fact, as it has been
mentioned above, is evidently due to the assump-
tions made in deriving Eq. (6) and to the influence
of secondary interactions of shower particles.

The abnormally high values of k for showers
generated by heavy particles are clearly connected
with the fact that in those events showers originate
in interactions between several pairs of nucleons.

C. Azimuthal Asymmetry of Shower Particles

A marked asymmetry of shower particles with
respect to the azimuth ¢ has been observed for
several showers. The values of Pg, given in the
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TABLE IX. Mean numbers of shower particles in nucleon-
produced showers
= &
Ve, A = = c@\ S
— S Ih 15 =
Foev | By | A | % i3 v, APy | =8
s & é & T =
% =, S < £ £
< ’ﬁ = « 23] «w
1010101t 115.3 | 17.7 — 17.7 19.0 16.6 6.1 7.2
1011—1012 5.34 | 19.4 16.3 20.6 15,3 21.9 8,2 5.3
1012—101 | 1.45 | 23.8 | 26.0 23.1 26.2 20.8 | 11.2 13.4
1011—10t¢ | 4.17 | 20.7 | 18.8 21.4 20.5 20.9 9.2 12,1 10.1

thirteenth column of Table I, represent the Pear-
son probabilities that a given value of asymmetry
in the distribution f(¢) will be observed in a
given shower, under the assumption that the asym-
metry is due to statistical fluctuations. The values
Pg ( x%) were determined from tables for various
values of x? which were found from the formula

= (}j n?)—ns,

(10)
Li=1
where ng is the total number of shower particles
in a shower, m is the number of intervals of
angle ¢, and n; is the number of shower parti-
cles in the i-th interval A¢. The values Py given
in Table I are calculated for m = 6. It should be
mentioned that cases of large asymmetry were ob-
served both for showers produced by nucleons and
by heavy particles. The results on azimuthal asym-
metry are, of course, preliminary and a consider-
able increase in the number of observed cases is
necessary for a final conclusion about the existence

of such asymmetry.

D. Relation Between the Number of Shower
Particles and the Shower Energy

The mean number of shower particles in nu-
cleon-generated showers of various energy regions
are given in Table IX. The values of 6, defined
below, are also given in the table.

5= | 2 (s — nsm/[@ net) — 1]}'“

6 determines the mean spread in the number of
shower particles for individual showers.

It can be seen from Table IX that the number of
shower particles ng depends very little on the
angle ¢ Lo It follows that if the determination of
shower energy from the angular distribution of
shower particles, by the method described in Sec.
2, yields a correct answer for Ej, then the ex-
perimental dependence obtained, ng =f(E), is
substantially different from the theoretical predic-

(11)

tion* (ng)theor ~ YEo. Table IX illustrates also
the weak dependence of KS on ¥/ and on the
number of black and grey tracks associated with
the shower. This fact indicates that secondary in-
teractions of shower particles with nucleons of the
nucleus do not influence greatly the shower produc-
tion mechanism. It should be noted that the rela-
tion ng ~4E follows from sufficiently general
considerations, and the discrepancy between the
experimental and theoretical expressions for ng
=f(Ey) can be regarded, together with the asym-
metry of angular distribution (cf. Subsec. A) as-
a proof against the nucleon-nucleon theory of
shower production.

Shower energies calculated under the assump-
tion of interaction between the incident nucleon and
nucleons of the tunnel are given in column 14 of
Table I. Mean lengths £ of the tunnel calculated
under that assumption for various energy regions
are given in Table X. The mean number of shower
particles is also given in the table for different
energies of the primary particles.

Were the tunnel-effect model of shower produc-
tion correct, £ would be the same for all energy
regions and equal to the mean tunnel length for
emulsion, fom = 3-25. It can be seen from Table
X that ¢ does not remain constant for showers of
different energies. The small number of observed
events, however, does not permit us to draw final
conclusions. The difference between the absolute

TABLE X. Mean tunnel lengths
for various energies of primary

particles.
| ~a§ [
AL, ev E, ev zo_c: ng [
101—1012 | 3.7-1011 | 18 | 17.2 | 6.1
1012—1018 | 2.5.1012 | 18 | 21.7 | 5.5
10110 | 3.4.1013 | 5 | 26.0 | 3.7

*Cf. Ref. 3, for example.
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TABLE XI. Angular distributions of shower particles in c.m.s.
calculated according to Eq. (8). Data refer to the number of
shower particles within given intervals A6.

23 S | B3 o | 3| 3
No.| E% |o-a |20—e0e| 3 | & | F | F B |o—soofoosoe | 3| | F| %
(| EE sl 51 [ ||No.| E¢ Sl
& & gls |88 o & gls| 8| B
E,=1010—101 ev 50 p ol 62| 1|1]| 6
6 7 5
11 p |8 3|1y 2|36 7|F Sl 21t 354
2l |8 a2t S8l p | 4| 2|3/1[1] 8
il ho L2 | 2| slalz|of2e |t 3 u|sale] 4
: z REIA IR AR 1| 4|1 2/1] 3
P R IR R 41 6| 57|25
N A o | 5l 2 sl1l12] n 1 8 |2 2/4] 6
8| n | 2 7| 3] 3| 5|3 (8]r SO R - N
5 : PO - A R I PV ol 1| 2] 1]o] 1
Pl 15| p 0 9 | 8|13| 1| 4
012 |2 O I O I O BT 6| 5/5/2/8] 5
1| n | 2 3 15| 3|6[2/; S1 91513081 3
12 [norp| 3 315 20 71 g g o ol sl ilsl 1
13y p |3 3150 5 42 gl 4| 2| 4| 3|lal] 2
| a |2 [ 10| 5] 7| 4f6]| i B I - -
15| a 6 12 | 31 81103 |5 | P 0 313l 116l 2
L I 518 6] 517155 0| 6|5|3/6]| 2
7] a |1 305 31,31 210531 4 2| 4| 7| 4le]| 2
w3 B s 8ol e | 1| 8| 5l1w0]2| 3
a 4| 4| 3|3 ||
ol Tl gl sl a3 2]slz 9 | 11 | 9l12]7] 8
20| a | 3 7 | 7] 4|10] 3 _
21z |8 | 17 |10]16]|14] 6 Ey=1012—10% ev
2] « | 2 2 9] 5|62
2% o | 2 4|21 4|3 L" 21 3181312
25| a 2 0 (12 6| 61 f5]|P 0 51 50 5032 1
26| z | 3 7 1101100 5] 6 5| " 3 518l 6l3| s
27| a 3 2 |20 1| 4|1f5]PF i 51350 3l2] 7
28| « 3 5068 5/1] 3 5 3 R A
7| p 210 [ 9| 7{10] 5
E,=101—1012 ev 8| a 6 | 6| 4| 5|5 7
11 p 3 2 71 5] 2] 4 Ey=1013—1014 ev
20 p |0 5 2| 4| 0] 4
3/ p |0 3 4l 2l 4|t f1] »p 1 1] 5 3| 4
il p | 4 2 | 203332/ p o 3| z2/3|1] 1
value of £ and Loy, does not contradict the theory, APPENDIX

since the theoretical relation ng = f(Z, y,) in-
cludes a constant, which has to be determined ex-
perimentally.

The values of 6 given in Table IX show that the
spread in ng for individual showers is consider-
ably greater than statistical fluctuations &gyt ®
\/i . A large value of 6 can be explained by
shower production in interactions of the primary
nucleon with tunnels of different lengths.

The number of shower particles in showers
generated by particles with Z = 2 is considerably
greater than ﬁs in nucleon-produced showers.
This can be explained by assuming that in the for-
mer case shower production is due to interaction
between several nucleons and the nucleus.

In conclusion, the authors wish to express their
gratitude to D. S. Chernavskii for fruitful discus-
sion of results, to V. M. Kutukova and L. A. Smir-
nova for help in carrying out the work and to D. M.
Samoilovich for development of the emulsion
chamber.

Since valid conclusions about showers produced
by high-energy cosmic ray particles can be drawn
only on the basis of a large statistical material,
the authors have thought it useful, for reference
purposes, to include data on the angular distribu-
tion of shower particles, in the c.m.s., for each
observed event. Angular distributions in the c.m.s.
were calculated from data on the distribution in the
laboratory system according to Eq. (8'), y, being
determined from the relation y, = cot ¢;4. The
numeration of showers in Table XI corresponds to
that of Table I.

It should be noted that for several showers the
values ng given in Table I are slightly larger than
the total number of shower particles in Table XI.
This is due to the fact that some particles propa-
gate at an angle ¢ > 90° in the laboratory system,
and have not been considered in calculations of the
angular distribution according to Eq. (8).
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ASYMMETRY IN THE ANGULAR DISTRIBUTION OF pt— et DECAY ELECTRONS
OBSERVED IN PHOTOGRAPHIC EMULSIONS
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Herewith are presented the results of measurements of the angular distribution of 71—y —e
decay electrons observed in a photographic emulsion located either inside a magnetic screen

or in a magnetic field H ~ 1100 G, longitudinal with respect to the p-meson motion. The
electron angular distributions were found to be describable by a relation of the form 1+ a cos 0.
The parameter a was found to be equal to —(0.092 + 0.018) and —(0.16 + 0.04) for the cases
when the emulsion was inside the magnetic screen and the magnetic field respectively.

IN the fundamental work of Lee and Ya.ng1 and
Landau,? it was shown that a possible method for
testing parity nonconservation in weak interactions
is to study the asymmetry in the angular distribu-
tion of the electrons emitted in the decay of polar-
ized p mesons. The two-component neutrino the-
ory, developed by the same authors, leads to the
conclusion that the p meson formed in the 7 —u
decay should be fully polarized in the direction of
its motion. According to this theory, the electron
angular distribution from the p —e decay is de-
scribed by the relation

f) =14 (n/3)cost, (1)

where 0 is the angle between the electron momen-
tum and the p-meson spin. The constant A de-
pends on the relative amount of vector and axial
vector coupling in the B decay of the p meson
and can vary between —1 and +1.

The first experimental confirmation of parity
nonconservation in the 7 —pu —e chain came from
Garwin et al.® Thereafter a rather large number
of papers appeared devoted to a more accurate de-
termination of the constant A, using photoemul-

sions, counters and bubble chambers. It was estab-
lished in these experiments that in the u+—- e’ de-
cay the positrons are emitted predominantly back-
wards, i.e., A< 0. It also follows from these ex-
periments that the asymmetry in the angular distri-
bution of electrons from p —e decay depends
sensitively on the substance in which the y meson
decays. This indicates the existence of a partial
depolarization of the p mesons and consequently
the electron angular distribution from the p—e
decay may be written in the form

a=(/3)(1—m), (2)

where vy is the depolarization coefficient of the u
mesons. The experimentally obtained angular dis-
tributions of electrons from p—e decay agree
qualitatively with formula (2) throughout the elec-
tron energy spectrum. However, more definite
quantitative conclusions can be reached only by
substantially increasing the statistical accuracy.
In this work we studied the angular distribution
of ut—e' decay electrons in emulsions. A 7x4x1
cm emulsion chamber consisting of 23 layers of
NIKFI type R photoemulsion was irradiated with

1 +acosb,



