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Emulsion plates exposed to a 24-GeV proton beam are scanned. A velocity distribution of
the secondary 7 mesons produced in such nuclear interactions is obtained. A Gaussian-type
function is observed to simulate the experimental data and the usual phenomena of isotropy
in the center-of-mass frame. Our results indicate that the assumption of the constant veloc-
ity for all the secondary particles is only an approximation to the real world.

1. INTRODUCTION

An analysis of secondary m-meson production
and determination of the primary energy of the
cosmic-ray nucleon was first done by Duller and
Walker® in a successful and elegant way. Their
assumption regarding the isotropy of the second-
ary m-meson production has been verified amply
by various workers. There is also another as-
sumption in Duller and Walker’s derivation with
regard to momentum distribution of the second-
ary particles. Duller and Walker and others as-
sumed that secondary particles come out with al-
most the same momentum. That this is not far
from the truth comes from our investigations.
We have analyzed the momentum distribution of
the secondary particles and have seen that in the
center-of-mass frame the distribution is almost
Gaussian.

Our analysis has been solely confined to the
emulsion plates exposed to the 22.6-GeV/c proton
beam.

Various theoretical predictions have been made
according to various theories, and the first the-

oretical proof of this meson production has been
given by Fermi ? who based his work on statistical
theory. Takagi® and Kraushar and Marks* have
suggested a two-center model for the production
of mesons in high-energy nuclear collisions, which
has been successfully followed by Lindenbaum and
Sternheimer 5 and Holmquist.® In 1954 Duller

and Walker ! studied the angular distribution of
penetrating showers through lead and carbon in a
cloud chamber in the energy range 10-40 BeV.
Aly and Fisher " have shown the isotropic nature
of the secondary mesons in the ¢.m. system ob-
tained at 6-GeV/c proton interactions with emul-
sion nuclei.

In the present experiment we have studied the
velocity distribution of secondary 7 mesons in the
c.m. system of 22.6-GeV/c proton-emulsion-
nuclei interactions. It is seen that with the in-
crease of the velocity of secondary mesons, the
number of particles also increases up to a certain
limit and then becomes almost constant. All the
quantities such as velocities, ranges, and space
angles of secondary particles have been measured
in the laboratory and then converted into the c.m.
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FIG. 1. Kinematics for an incident nucleon of mass
m colliding with a nucleus of mass M at rest.

system. The theoretical idea of an error-function
type of distribution is in agreement with our ex-
perimental analysis.

II. EXPRESSION OF THE MOMENTUM DISTRIBUTION

Assume that an incident nucleon of mass m col-
lides with a nucleus of mass M at rest, which.af-
ter collision gives rise to different particles and
itself moves with some velocity as shown in Fig.
1. If we let u be the velocity of the scattered par-
ticles in the laboratory system, 6 be the angle of
the scattered particle with the incoming direction
in the laboratory system, u* be the velocity of the
scattered particle in the c.m. system, 6* be the
angle of the outgoing particle with the incoming
direction in the c.m. system, and v be the velocity
of the center of mass (not obtained from momen-
tum conservation, a priori), then as seen from
Fig. 1 we have

% COSfH —v

1 -uvcosh’ (1a)

u* cosf* =
u sinf
y(1 —=uvcosf) ’

where y=1/(1 — v?)"/? is the Lorentz factor. (We
take ¢ =1 throughout the paper.)

The relation between the distribution functions
in the two frames of the outgoing mesons can be
obtained from the constancy of the number of
emitted particles and is seen to be :

o ¥)du*d0* = g, (u, 0)dudf. @)

u* sinf* = (1p)

The above distribution can be obtained through the
Jacobian determinant

o our
9
w90\ ide=durder . (3a)
90* 09@*
ou 96

Using Eqgs. (1a) and (1b), the above Jacobian re-
duces to
. _u*’sin’ex

= Wsinds (3b)
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Thus, the distribution function (2) becomes

u*?sin®6*
u?sin®0

g, 0)=g.  W*)J=g. ., u*) ) @)

where u* and 0* can be easily obtained from Egs.
(1a) and (1b) as given by

[u?sin?0 + y2(u cosh — v)?]M/?
y(1 —=uvcosb)

u* = ) (5a)
% sinf

% = pqp-1 4 SMY
0% = tan Y cosf —v)

(5b)
In the above two equations all the quantities (ex-
cept v, the velocity of the center of mass) are
known, and can be obtained by taking different
values of v and checking for which value will give
the best fit for isotropy in the c.m. system.

The velocity distribution (in the c.m. frame)
we now assume to be

glux)=A e (6a)

where o and A are two constants.
Thus, for all pions, the integrated distribution
becomes

wX
f(u*)=f gu*)du*

uX
=AJ e W*2 9 gy x (6b)
or
fu*)=Ac Eif*/0), (6c)

where Ei is the error function which is tabulated
in mathematical tables (e.g., Jahnke and Emde).

III. EXPERIMENTAL PROCEDURE

Three plates 19.8X12.1 em® 600 p thick exposed
to the scattered-out proton beam of momentum
22.6 GeV/c at the CERN proton synchrotron, were
scanned by the usual “pick up and following the
track” method. All events which were clear, hav-
ing no blobs at the point of production, were se-
lected for analysis. All the secondary tracks with
grain density g*< 1.4 were taken as pions. The
ranges and space angles of all the mesons were
measured in the laboratory system, and subse-
quently the kinematics was transformed to the
c.m. system.

For studying the velocity distribution, we have
divided each event observed in the photographic
plate into three categories according to the star
size:

(1) Nucleon-nucleon collision with N, <2;

(2) Nucleon-(C, N, O)-nucleus collision with
2<N,<T;

(3) Nucleon-(Ag, Br)-nucleus collision with
N,>1.
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FIG. 2. Velocity distribution of secondary meson from
(a) proton—(Ag, Br)-nucleus and (b) proton—(C, N, O)-
nucleus interaction. The solid line represents the theo-
retical curve, x represents the experimental points.

Thus obtaining the relation (6¢), we have seen
that the velocity distribution in the c.m. system
can be provided by the error function in the vari-
able f@*)=0Ei(0y), where o is the standard de-
viation. The experimental results are shown in
Figs. 2(a) and 2(b) for different values of v and o.
From Figs. 2(a) and 2(b) it is seen that the sec-
ondary mesons follow a Gaussian distribution
which is in agreement with the expression (6c).

It is seen that #=0.16 and v =0.21 are the best fit
for the proton—(Ag, Br)-nucleus and the proton—
(C, N, O)-nucleus collision, respectively. The dis-
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tribution N =63.2 Ei(3.5u«*) for (Ag, Br) collisions
and 69.0 Ei(3.5u*) for (C, N, O) collisions.

IV. DISCUSSION

In the present paper we are interested in the
c.m. system velocity distribution of the secondary
mesons. The distribution seems to be Gaussian.
The assumption of the isotropic distribution of me-
sons of Duller and Walker® is found to be valid.
The parameter v which fits for isotropic distribu-
tion also fits the momentum distribution. By as-
suming v and ¢ as known parameters, the numer-
ical values of these are obtained by best fit. If
the value of the velocity v is found by considering
the head-on collision of a proton and (Ag, Br) or a
proton and (C, N, O) nucleus, and by considering the
mass and energy of the incoming proton and the
known nucleus at rest by applying the conservation
of energy and momentum, then it is seen that the
value of V as 0.16 is obtained for (Ag, Br), and
0.21 is obtained for the (C, N, O) nucleus.

Besides this, it is also observed in the present
experiment that the 7n*/7~ ratio comes out to be
unity and the « to proton ratio to be 0.41, which
resembles the data given by Perkins ® and Page.®
The observed multiplicity of the secondary mesons
is 3.7+0.4, which quite resembles the values
given by other authors.'%!!
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