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ABSTRACT

By studying the angular distribution of the shower particles, the energy of the primary
particles is estimated with emulsion plate techniques on the assumption of a nucleon-nucleon
collision. It is concluded that the meson production on an average occurs as if the incident
proton suffered a collision with a particle within the nucleus, of mass number greater than 1-08
proton mass units.

INTRODUCTION

Investigations on cosmic rays, with the help of both nuclear emulsions and
cloud chambers, have provided a number of illustrations where high energy
a-particles or singly-charged particles (protons or mesons) produce showers
of secondary particles. A study of the angular distribution of the shower
particles allows one to estimate (Dilworth ef al. 1953) the energy of the
primary particle, on the assumption of a nucleon-nucleon collision and
a forward-backward symmetry of emission of the newly-created particles. A
useful parameter of the angular distribution is the median angle, i.e. the angle
that contains half the number of shower tracks. With the beams of charged
particles of known energy made available from the accelerators, the problem
can be reversed and it becomes possible to check the validity of the assumption
of a nucleon-nucleon collision.

EXPERIMENTAL

A few plates of nuclear emulsion were exposed to the 6 BeV proton beam
from the Bevatron. By a process of line scanning 266 interactions were
detected. The mean-free path in nuclear emulsion was found to be 35-6 % 2-4
cm, in agreement with other observers (Cavanaugh et al. 1955). All the events
were grouped together to form a composite star, to which it became possible
to apply statistical considerations. The angular distribution of the composite
star is shown in Fig. 1.

The multiplicity of the shower tracks at cosmic ray energy is very high,
and the presence of the original particle (though with reduced energy), among
the other shower tracks, does not appreciably affect the value of median angle.
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Fre. 1. Angular distribution of the shower tracks
of composite star. )

However, this is not so at small primary energies, as in the present experiment,
where the average multiplicity is only about 3. Hence it is necessary first
to estimate the number of =-mesons among the shower tracks of the composite
star. The shower tracks are either due to protons or z-mesons. Strange
particles are assumed to be absent as the cross-section for their production
at this energy is small.

The identification of each shower track is not possible on account of un-
favourable geometry of most events. However, all tracks of length greater
than 5 cm were chosen and their identification was attempted by (9*, PB)
method. The results of measurements on 64 such tracks are shown in Fig. 2.

On account of the statistical errors on the measurements and lack of
knowledge of the exact shape of the g*, pB curves, identification of the particles
into groups of protons and mesons becomes difficult, particularly in the region
where the curves intersect. Hence the proportion of mesons among the high
energy secondaries in the sample cannot be ascertained. Cester ef al. (1956)
have experienced similar difficulties in working with 3 BeV protons. How-
ever, all the shower tracks with p8 < 1,200 meV/c can be confidently assumed
to be mesons, the rest may be protons or mesons. If they are all assumed to
be protons, it gives an upper limit to the number of protons in the sample.
The angular distribution of the shower tracks in the sample is given below.

3



240 V. Y. RAJOPADHYE : INELASTIC COLLISIONS OF 6 BeV PROTONS

25
L]
- 120
£
P .
& ns *
-
< . I
() |~ x » Blob density of - ]
b1
a 10O electron pairs '\l . r
] o
3 AU 1 !
v T T .
& [ =l .. e
B 100 . Biob density of ..._ g e T
E * \ -
5 beamn protons . e ] .
Z —
° N s . L N
[s) 30 100 500 1000 5000 VOO0

Momentum x velocity pg in Mev/c

Fie. 2. Curves showing the blob density »s. momentum X velocity
for protons and pions. The plateau value of ionization has
been obtained from tracks of electron pairs.

It may be noted that all the high energy particles emerge at small angles to
the direction of the primary.

TasiE 1
Angle 0°—10° 10°—20° 20°—30° > 30° Total
Number of tracks with pf > 1,200 meV/c 32 2 — - 34
Total number of tracks 43 6 4 11 64

Assuming this upper limit to the fraction of protons in the sample also
to hold in the corresponding angular intervals for all the 606 shower tracks of
the composite star, one finds the total number of protons among them to be
157. The median angle of the remaining, all assumed to be w-mesons, would
then be 28-9° 4- 1-6°, since none of the tracks that could be ascribed to protons
are observed at angles greater than 20°.

From statistical considerations, the incident proton will re-emerge as a
proton in about half the number of collisions and as a neutron (after charge
exchange) in the other half. If in all cases the secondary protons are rela-
tivistic, approximately 133 shower tracks would be ascribed to them. The
median angle of the remaining, all assumed to be pions, would then be 27-7° +
1-6°. This is not much different from the upper limit of the median angle
estimated above.

Mass oF THE CoLLIsSION PARTNER
If we assume the primary proton to collide against a particle or a group

of particles of mass M within the nucleus, it becomes possible to define the
3B '
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centre of mass system (C-system), moving with a velocity B, with respect to
the stationary nucleus. When the incident proton has an energy £, momentum
P, and the mass of the collision partner is M,

R
b= g

. . . 1
When the primary energy is high, v, (E ;/T—:——Ezz) the Lorentz factor of

the C-system is related to the median angle 7 by the relation
Yetan 9 =1,
On the other hand, at moderate energies, we have
YB.tan gy =p¥ .. .. .. .. .. (1)

B* being the average velocity of the emitted mesons (in units of the velocity
of light), in the C-system.
The C-system energy of the mesons (in units of its rest energy) is given by

7*=v-1‘1;——‘—‘3*—2~='}"}’0[1—ﬁcﬁcose] . .. oo (2)
where vy, 8, are the energy and velocity of the meson and # the angle of emission
in the Lab. system. This relation is directly obtained by the Lorentz trans-
formation of the Lab. energy y to the C-system energy y*.

B and B cos § are calculated from the measurements of multiple coulomb
scattering on the sample tracks. In the case of the tracks emerging at small
angles (these are due to fast particles), the identification is unimportant as the
measured values of pB correspond to the same value of 8 whether we assume
the particle to be a proton or a meson.

B, can then be obtained from the solution of the equations (1) and (2).
The upper limit of the median angle (viz. 28-9 3- 1-6) then corresponds to
M = 1-08 &+ 0-15 proton mass units. Hence one may conclude that the meson
production, on an average, occurs as if the incident proton suffered a collision
with a particle within the nucleus, of mass no greater than 1-08 proton mass
units. In all probability, it is only a nucleon-nucleon collision.

On the assumption of a nucleon-nucleon collision, the angular distribution
experimentally observed can be converted into the C-system distribution.
This is shown in Fig. 3 for all the shower particles. When the peak in the
forward direction is ascribed to fast protons, the isotropic character of the
distribution becomes evident. This is in agreement with the results of King
(1958) and Kalbach et al. (1959). However, Daniel ¢t al. (1959) find a small
forward-backward peaking in their distribution, probably due to small statistics.
The number of fast protons in the forward peak of Fig. 3 is 145 & 20, all of
which are emitted in the interval 0-19° in the Lab. system which is consistent

" with the observations directly made.
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Fic. 3. C-gystem angular distribution. The shaded portion
represents the contribution due to protons. The
number of these is estimated to be 145 + 20.

DiscussioN

"It is important to note that the median angle of the shower tracks has no
significance, and what one must consider is the median angle of the #-mesons.
It has been found in the present work that the median angle of the shower
tracks shows a variation with N,, but there is no evidence to believe that the
median angle of the pions shows a similar variation.

Recently Friedlander (1959) has investigated multiple meson production
by 9 GeV protons in emulsion nuclei. He assumes that the incoming nucleon
punches a hole through the target nucleus, mingles with the ejected nucleons
in @ an excited compound state from which mesons are emitted. He calculates
that the length of the tunnel in light nuclei of emulsion is 1-8 % 0-28 and in
heavy nuclei 3-4 + 0-5 (in numbers of nucleons).

However, his analysis is based on a heavily biased sample of stars obtained
by area scanning. He chooses only those events with # > 4. 'The method of
area scanning, as is well known, will miss stars with small ¥, e.g. in our
experiment we find about 25 per cent events occur with N, = 0 or 1. The
conclusions of this experiment are based on the analysis of shower tracks only,
and events of all N, grouped together. Mesons which are emitted backwards
in the C-system would be slow in the Lab. system and thus would appear as
grey tracks. The number of these is presumably small and thus neglected.
Again the process of absorption and re-emission of the mesons may occur
within the nucleus. We find about 10 per cent of the shower tracks in the
backward hemisphere (§ > 90°). These may be primary or secondary mesons.
Although the collision of the proton with the nucleus is a complex process, we
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can replace it by a single equivalent collision, assuming the mesons to be pro-
duced in a single encounter. The observed angular distribution is then con-
sistent with a nucleon-nucleon collision, and a forward-backward symmetry

of emission.
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