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An analysis is carried out of the angular distribution of a unique star consisting of 20 +
15 + 59p, and probably produced by a proton of energy > 1000 Bev. The angular distribu-
tion of shower particles is characterized by two maxima and is explained by the aniso-
tropic angular distribution and a power-law energy spectrum of the produced particles

in the c.m.s. The presence of a large number of strongly ionized particles indicates that
the Heitler-Terreaux theory does not give a correct description of m meson production.
The angular distribution of 11 other showers with the same characteristic anisotropy is

also investigated.
INTRODUCTION

IN the scanning of an emulsion stack exposed to
cosmic radiation at the latitude of Moscow at an
altitude of ~ 30 km, an event was recorded, a
shower 35 + 59p, in which a proton interacted
with an emulsion nucleus. A general picture of
this is given in Fig. 1. Half of all shower par-
ticles are found within a cone with the opening
angle 6/ = 1°39’, and the mean geometrical
angle bg, calculated according to the formula
s

1
Intan 0, = w lentanﬁi
=

(where ng is the number of charged particles in
the shower), equals 2°42’.

Assuming a symmetrical emission of particles
in c.m.s. and their mono-energetic distribution,
we obtain for the energy 7y of the nucleon, in
the c.m.s., 70(91/2) = 34.7 and 'yc(eg) = 21.2.
The length of the tunnel I, punched by the inci-
dent nucleon in the target nucleus,! in units of
the nucleonic diameter d, is I/d = 8. Conse-

quently, the interaction involved a heavy emulsion
nucleus, as confirmed also by the presence of a
large number of black and grey tracks Np = 35.

Taking into account the collision with a tunnel
containing approximately 8 nucleons, the energy
of the incident nucleon is equal® to E =19 x 103
Bev. An estimate of the energy of the primary
particle, taking into account the energy spectrum
of the shower (secondary) particles and the en-
ergy spectrum of the shower-producing (primary)
particles, was carried out similarly to that in ref-
erence 3. If the spectrum of shower-producing
particles is ~E™%7, and the spectrum of shower
particles is ~Ey2, then

In(2y3) =x+ InB2—2.702/n,,

ng
B=06, of=-—3 (x—xp
S =1

Hence, vye = 8.6, and the energy is E = 1280 Bev.
In the estimate of the energy it is necessary to
take into account the fluctuations in the backward-
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f=1/y(1 —cos30) =1y £ V1,20,

The corresponding angles in the laboratory sys-

tem, Omin and Omax, give the possible devia-

tions from 64/, and are given by the formula:
tan Opn = sin 07 "y, (1 + cos 6)).

The angles 6min and Omax, calculated for vari-

y ous forms of the angular distribution in the c.m.s.
(isotropy, ~ cos® 8%, ~ cos? 6*), are given in
Table I.

TABLE I

01 0 0,,; max min
/2 max min | v, Ye

Experiment | 1°39’ | 6°01’ | 0°54’ | 63.7 | 9.7

Isotropic
T distri-
bution 1°397 | 1°597 | 1°29’ | 38.6 | 28.8
2 ~ cos? 0¥ 1°397 | 3°09’ | 0°52’ | 66.2 | 18.2

~ cos* 0* 1°397 1 4°01" | 0°46” | 74.7 | 14.2

e Experimentally, allowance for the redistribu-
tion of particles in the c.m.s. system reduces to
a determination of the angles 0y jn and Omax,
which contain ng/2 + Vng/2 particles in the
laboratory system. The values of the angles
Omin and Opmgx for the shower 35+ 59p are
also given in Table I.

It can be seen from the comparison that the
experimental data agree satisfactorily with theo-
retical data for an anisotropic distribution; the
higher the degree of anisotropy, the better the
agreement. Such a conclusion confirms our as-
sumption about the character of the anisotropy
(~ cos®lt 6*) of the analyzed 35 + 59p shower.

The energy determined, taking the fluctuations
into account, is equal to

FIG. 1. Microgram of the shower 20 + 15 + 59p and of the
secondary interaction 4 + 8 (p or #) produced by a charged pat-
ticle with energy E = 23.5 Bev.

forward distribution of the particles in c.m.s., and
also the fluctuations in the angular distribution.

The errors in the energy, due to fluctuations in the E= (19.2 + 50'7> .10® Bev.
distribution of particles in c.m.s., are as a rule —140
larger than the errors due to fluctuations of the For such a large energy of the primary particle
angular distribution. Accordingly, we take into the star should contain, according to Heitler and
account only the errors AE due to the first fac- Terreaux,! a small number of heavily ionizing
tor. If the shower particles are anisotropically particles (3 or 4), since the energy of the exci-
distributed in the c.m.s., N (8*) ~ cos? 6*, then tation of the nucleus would be small in this case.
the fraction of particles f emitted in the angle However, the analyzed shower contains Np = 35.
GF is equal to Hence it follows that the theory of Heitler and

o Terreaux cannot explain the experimental results.

™

ANGULAR DISTRIBUTION OF SHOWER PAR-
TICLES OF THE STAR 35 + 59p

f={ sintn ) a0/ {sin0'N @) a0" = (1 —cos? 6))/ 2.
0 0 ‘

If we take into account the fluctuations in the

forward-backward distribution, then ng/2 + The differential angular distribution of shower
Vng /2 of the particles are contained in the particles of the star 35 + 59p is given in Fig. 2.
angle 0, and ng/2 —Vng/2 are contained in It has two different maxima for the narrow and
the angle 6%. The angles 07 and 63 can be for the diffused cones. If we assume® that in the

found from the relation case of a collision between a nucleon and a nucleus



ANGULAR DISTRIBUTION OF

AN/Alntan 6
I

5 2 6 # 5 3 5 0 6 1 1

Number of particles

FIG. 2. Histogram of the angular distribution of shower par-
ticles of the star in the laboratory system. Curve 1 — isotropic
distribution in the c.m.s.; curve 2 — angular distribution ac-
cording to Heisenberg; curve 3 — according to Landau.

the angular distribution does not differ essentially
from the angular distribution of mesons produced
in a nucleon-nucleon collision, then, as can be seen
from Fig. 2, the theories of Heisenberg® and Lan-
dau’ do not explain the observed angular distribu-
tion [the probability of a fit is P (x?) < 0.01].

The possibility of explaining each maximum of
the histogram by an isotropic angular distribution
of the produced particles (Fig. 3, curve 2) in a
certain coordinate system [P(x%) ~ 0.75] makes
it possible to use the Takagi model for the produc-
tion of secondary particles.® According to that
model, the mesons are produced not at the mo-
ment of collision but considerably later. After a
collision in the c.m.s. the nucleons are strongly
excited and move away from the center of colli-
sions, each conserving its initial energy but hav-
ing a smaller momentum and, consequently, a
larger mass. If we neglect the angular momentum,
the angular distribution of produced mesons will
be isotropic in a system of coordinates where the
excited nucleon is at rest. The emission of me-
sons by each nucleon follows the statistical theory
of Fermi.? Thus, in the c.m.s., two sources of
mesons are present, and the angular distribution
of the produced meson is anisotropic.

It can be assumed that the observed two maxi-
ma of the differential angular distribution of Fig. 3
are the results of emission of mesons by two in-
dependent centers moving in different directions
in c.m.s. These centers are fully equivalent: 30
particles are contained in a narrow angle, while
29 are contained in the diffused one. If the coor-
dinate systems fixed on the emitting centers move
in the laboratory system with velocities v, and
vy, and the velocity of c.m.s. is v, then the
centers move in the c.m.s. with velocities v; and
vy, which can be found from the transformation
formula

— v —Uu,

Uy == — ¢ _
P — v,/

Uc—vz

Up = 1—v,vs/c?>
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FIG. 3. Differential angular distribution of shower particles
in the laboratory system. Curves 1 and 2 — Gaussian and iso-
tropic distributions in the c.m.s., calculated for each maximum
separately; curves 3 and 4 - for anisotropy cos?¢* in the c.m.s.
taking into account the energy spectrum of the produced parti-
cles, and assuming them to be monoenergetic, respectively.

where
v = V'ﬁ— [/, ve=V1i—1/1,
Ue = V—T;’— I/ Te-

Here v, and 7y, are the energies of the emitting
centers in the laboratory system. These are de-

termined from the angular distribution of the nar-
row and wide cones separately. From these for-

mulae we find, in the c.m.s. y; = 2.85 and 7,

= 2.95; we can assume that y; =Y, = 7.

We plotted the angular distribution in the c.m.s.
for different values of ¥y (1.5 and 2.5) and com-
pared them with the experimental histogram con-
structed under the assumption B, = B;. Both
curves are different from the histogram; conse-
quently, the model shown above does not describe
the observed meson distribution in the c.m.s. even
for Bg = B¥. If we calculate ¥, 7yg, and the in-
elasticity factor k, as was done in reference 10,
then the obtained values Yy = 3.02 and 'yé =V Y1y,
= 21.52 differ very little from our values of %;,
Yy, and 7Y, and the inelasticity factor k =
1.5ngEy/2ye = 3 for Ep=0.5 Bev is substan-
tially larger than unity, which has no physical
meaning.

For a full analysis of the star under considera-
tion, from the point of view of the Takagi model,
we calculated the excited masses of the colliding
particles. Applying the energy and momentum
conservation laws to a nucleon-nucleon collision,
we obtained M; /M, = M{f/M¥~1 for the ratio of
the excited masses in the laboratory system and
in the c.m.s. For a collision of a nucleon and a
nucleus, the ratio is greatly different from unity:
My, /Miynnel = 0.09. After such a detailed analy-
sis, we came to the conclusion that the Takagi
model does not explain all features of the observed
showers.

Next, to ascertain the shape of the true angular
distribution of the mesons, each maximum of the
histogram was approximated by a Gaussian curve
with a distribution dispersion of shower particles
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oy = 0.39 for the narrow cone and oy, = 0.44 for
the diffused cone (see Fig. 3, curve 1). Then,

the function describing the angular distribution
in the laboratory system is of the form

N (y) = 0.55(1.03 exp {— (y + 0.52)?/0.30}
+ 0.90 exp {— (y — 1.08)?/0.39}),

where y =log v, tan 0.

To determine the character of the anisotropy
it will be necessary to find a function of the an-
gular distribution N (6*) in the c.m.s., using
the formulae for transformation of the angles. In
view of the complicated computations involved,
the analytic form of this function was not found
even for B, = B%; a graphical analysis shows that
the form of the anisotropy of such a shower does
not agree with the anisotropy predicted according
to the Takagi model.

An investigation of the angular distribution of
the shower 35 + 59p was next carried out in the
laboratory system under the assumption of an
anisotropy of the type ~ cos?® 6* in the c.m.s.
The curve corresponding to the anisotropy cos? 6*
in the c.m.s. has two symmetric maxima in the
laboratory system and is strongly different from
the observed angular distribution (see Fig. 3,
curve 4). Account of the energy spectrum of the
shower particles and of an anisotropy of the type
cos®™ 9* yields a curve with two different maxima,
which is closer to the true angular distribution
(Fig. 3, curve 3). With increasing degree of aniso-
tropy, and with an energy spectrum proportional
to Ej%, the asymmetry in the position of the max-
ima increases (the maxima move away and de-
crease). Thus, taking into the account the power-
law energy spectrum and the anisotropy of the an-
gular distribution in the c.m.s. provides a possi-
bility of explaining the angular distribution of
shower particles in the laboratory system.

For a complete description of the shower, we
give the integral angular distribution of the

shower particles, taking into account the errors
of the measurements (Fig. 4).
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FIG. 4. Integral angular distribution of shower particles of
the star 35 + 59 p.

DIFFERENTIAL ANGULAR DISTRIBUTION OF
SHOWER PARTICLES IN SHOWERS WITH
PRIMARY ENERGY E > 100 Bev

If a sharp division of particles into narrow and
diffuse cones is observed in the shower, then the
histogram of the differential angular distribution
always has two maxima. The positions of the
maxima and of the minimum in the shower differ
and depend on the energy of the primary particle
and, apparently, also on other features of each
shower. Showers with such distributions are ob-
served among the stars produced by nucleons with
energies > 100 Bev (Table II). Table II lists data
on 12 showers (Ng and Np, are the numbers of
grey and black tracks respectively): the summary
histogram of their angular distribution is given in
Fig. 5. This figure shows also the curve of the

TABLE II

No. Ny + ‘Vg+ ng Ug e ( “g ) O, e (0y) 1/d E-10%, Bev
1 0-4-0-20p 0°50" 68.5 0°417 83.8 1 13
2 7+2+27p 90397 5.9 7°00" 8.1 8 0.9
3 19-+4-+38p 10°527 5.2 10°227 5.5 13 0.4
4 16--3-+39p 7°17’ 7.8 89217 6.8 12 0.7
5 74+24+18p 42407 12.1 3930’ | 16.3 4 1.9
G 1145439 8°43 6.5 13°41" 4.1 16 0.2
7 4-+3+24p 10°14" 5.5 5°03" 11.3 6 1.4
8 34+1423p 6°02 9.5 5913/ 10.9 6 1.3
9 3424-27p 42007 14.3 3°04' 18.7 5 3.2
10 | 204+15459p] 2742 21.2 1939 | 34.7 8.5 19
11 212436 3°41 15.5 6°28 8.8 9 1.2
12 10-+-34-23p 57067 11.2 5°07” 11.2 6 | 1.4
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FIG. 5. Total histogram of the angular distribution of
shower particles of 12 showers with E > 100 Bev. The dotted
curve corresponds to an isotropic distribution in the c.m.s.;
the solid curve ~ to a distribution cos?6* and to the enetgy
spectrum of shower particles.

differential distribution, calculated under the con-
dition that the energy spectrum of the produced
mesons is proportional to Eg 2, and that the dis-
tribution in the c¢.m.s. is anisotropic, proportional
to cos? 6*. This curve describes satisfactorily
the experimental histogram.

ANGULAR DISTRIBUTION OF BLACK AND GREY
TRACKS OF THE STAR 35 + 59p

As has been stated above, the interaction in-
volved a heavy nucleus of the emulsion (Ag, Br).
If we assume that the incident proton traversed
the diameter of the nucleus, then according to the
theory of Heitler and Terreaux! the excitation en-
ergy U ~ 150 Mev, and the observed number of
heavily ionizing particles should be equal to 3 or
4.

However, in the star analyzed, the number of
black tracks is Np = 20 and the experimentally
estimated lower limit of the excitation energy is
~ 350 Mev, which is considerably greater than
the value predicted by the Heitler-Terreaux the-
ory. According to the evaporation theory (U
= 800 Mev, see reference 11), the emission of par-

ticles from an excited nucleus should be isotropic.

This has not been observed for the black tracks
of the star 35 + 59p; the ratio of the number of
particles going in the forward direction to the
number of particles in the backward direction
equals 1.5. We have tried to explain the deviation
from isotropy by assuming that a velocity is im-
parted to the target nucleus, owing to the transfer
of a large momentum to it from the primary par-
ticle, This velocity is found to be equal to v/c

= 0.02 under the assumption that the evaporated
particles are protons. For such a velocity of the

nucleus, the excess of evaporated protons in the
lower hemisphere equals 0.2/ EY2=0.07. The
experimentally observed excess is much larger
than this value.

&

J

N
k&
gl=
D

16
14
124"
10
0.8 1
0.6 1
04 4
0.2 A !
0 T T L U

08 a4 g -04 08 Cosé@

FIG. 6. Differential angular distribution of the grey (dotted)
and black (dashed) tracks of the star 35 + 59 p. The straight
line corresponds to an isotropic distribution.
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Thus, the velocity imparted to the target nucle-
ons (even if we assume that multiply-charged par-
ticles are among the evaporated ones) does not
explain the observed anisotropy of the black tracks.
This is confirmed by the fact that the correlation
coefﬁcienfc12 of black and grey tracks equals K
= 0.43 + 0.29.

The differential angular distribution of the grey
tracks is anisotropic. The ratio of the number of
tracks going in the forward direction to those go-
ing in the backward direction equals 2.75. The
following mechanism is proposed for the produc-
tion of grey tracks: the incident nucleon interacts
with a tunnel filled with nuclear matter, inside of
which the mechanism of multiple-particle produc-
tion is effective. The particles which get outside
the tunnel emit additional nucleons in passing
through the nucleus. These recoil nucleons we
establish as the grey tracks.
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