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The method of determining the mass of a charged particle from its scattering and residual
range in multiplate cloud chambers is experimentally checked by using it to determine the
masses of protons, pu and 7 mesons identified independently (from momentum-range
data). The proton, pu- and m-meson masses derived from the corresponding multiple
Coulomb scattering curves are in good agreement with the correct values.

1. INTRODUCTION

.A. method of determining the mass of a charged
particle from its scattering and residual range in
multiplate cloud chambers has been proposed and
described by Annis et al.! The present work is an
experimental test and study of the possibilities of
this method by using it to determine the masses
of protons, p and 7 mesons which had been pre-
viously identified by an independent technique. Our
preliminary data have already been published.?

When a charged particle is stopped inside a
cloud chamber after being scattered in several
plates a mean value for the experimental scatter-
ing angle can be computed. This mean angle can
also be calculated from the theoretical distribu-
tion of multiple Coulomb scattering angles. The
mean scattering angle and the rms scattering
angle are the most frequently used characteris-
tics of the scattering curve. However, instead
of using the scattering angle 0 it is convenient
to work with 7 = GRO‘,1 where R is the resid-
ual range of the particle and « = 0.55, which is
the same constant for all elements. The theoret
ical distribution of n and the angular distribu-
tion coincide except for the scale factor R%-

The mean and rms values of 1 given in ref-
erence 3 are

1

where the coefficients A; and A, depend on the
material and thickness of the scattering plates and
the angular distribution function for multiple scat-
tering. Ter-Mikaelyan® gives values of these co-
efficients for lead plates 7 and 4 mm thick taking
finite nuclear size into account. Table I gives

the values of A; and A, for the 7-mm plates
which were calculated for finite nuclear size,

for a point nucleus by Molidre* and for the nor-
mal distribution of scattering angles.

We calculated A; and A, for copper plates
only from the scattering curve for a point nu-
cleus because in the case of copper finite nuclear
dimensions are of negligible significance in the
investigated momentum and angular ranges.

A sufficiently large number of observed angles
for particles of the same type enables us to com-
pute the mean and rms values of 1 and the par-
ticle mass m from (1) and (2).

2. EXPERIMENTAL RESULTS AND DISCUSSION

In order to test the given procedure for deter-
mining particle masses we used data on proton,
1 - and 7-meson scattering in lead plates 7 and
4 mm thick and copper plates 5 and 2 mm thick,
given in references 5 and 6, respectively. We also
used data on pu -meson scattering in 4-mm copper
plates which have been obtained by Kirillov-
Ugryumov et al.’

. 1—a
oy = A(me/m)y™", 1) For our purposes we selected particles which
(ol = Ay (me/ m) 2, (2) traversed at least four plates of the total number
TABLE I
For finite model of nucleus® . Normal dis-
A i %l;iie”lu:ft tributios: of
8=0.50 0,61 0.7825 ’ 0.8554 aucleus Sc:;tg‘ig:!
A 520 532 550 ’ 561 611 l 566
As 655 672 694 714 776 708
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TABLE II
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Type of particle

Plate
material | Pro-
tons

M4 mesons

7 mesons

3—6 Pb 1500
Cu 145

465
546

169
103

of 7 plates in the cloud chamber. Table II gives
the total of selected protons, u and 7 mesons.
The value of n was determined from the scatter-
ing angle and residual range for each scattering
event individually. The values for each type of par-
ticle were grouped, and <n>,, = and <n2>g§p
were calculated separately for protons, u and w
mesons, after which (1) and (2) were used to deter-

mine the masses.

Certain features of the experiment strongly en-
hance the theoretical values of A; and A, which
are given in Table I. For example, when the ex-
perimental geometry is taken into account (dif-
ferent angles are registered with different prob-
abilities for scattering in the volume bounded by
the instrument) we obtain an increased expecta-
tion number for large-angle scattering and thus
derive larger values of A; and A,. We have
given a detailed analysis of all these corrections
in an earlier communication® and now regard
these improved values of A; and A, as the
computed values. For example, for the scattering
curve taking finite nuclear size into account with
7-mm lead plates the computed values for u
mesons are Aj; =593 and A, =766, while for

a point nucleus they are A; =665 and A, = 849.
The computed values of A; and A, for protons,
1 and 7™ mesons differ because the corrections
vary with the type of particle.

Table III gives the proton, p- and w-meson
masses obtained in experiments with lead and
copper plates separately. The p- and m-meson
masses calculated by two methods (using <n>
and <7;2>1/2 ), from the scattering curve, taking
finite nuclear size into account (for lead plates)
and for a point nucleus (for copper plates), are
in good agreement with the true masses. The u -
and w-meson masses calculated from the scat-
tering curve for a point nucleus in the case of
lead plates are much too high and are incompat-
ible with the masses calculated from the scatter
ing curve for a finite nucleus.

We note that when we calculate the u- and
m-meson masses from uncorrected values of A,
and A, (Table I) the masses calculated from
the corresponding curves are much too low (for
example, (157 £ 5)me for the p meson).

The proton mass calculated from the scatter-
ing curve for a finite nucleus when lead plates
are used is only 0.6 £ 0.015 of the correct mass
by the <n2>12 method and only 0.734 of the cor-
rect mass by the <n> method. The calcula-
tions for a point nucleus gives a value which is
close to the correct proton mass but still a little
smaller.

In reference 5, where we presented our re-
sults on proton scattering, we showed that the

TABLE III
Lead plates 7 and 4 Copper plates 5.4
mm thick and 2 mm thick
Particles Method Theory* No. of scat- No. of scat-
tering Mass, mg tering Mass, me
events, N | events, N
ol 1 2337 2017 — —
{2 2 2337 267+9 2740 210+6
p-mesons
> 1 2337 211 27
N 2 2337 262 2740 223
R 1 818 286+16
) 2 .818 386+21 528 287+19
m-mesons i
> 1 818 289 —_ —_ |
! 2 818 363 528 294 |
|
1 6187 1106422 '
A 1’ 6177 1243+25 '
<% 2 6187 167534 580 1760+115
2’ 6177 184337
Protons
1 6187 1352
1’ 6177 1425
< 2 6187 1770 580 1805
2’ 6177 1855

*] — from the scattering curve for a finite nucleus, 2 — from the scattering curve
for a point nucleus.
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experimentally observed proton scattering-angle
distribution is in good agreement with the mul-

tiple Coulomb scattering curve for a point nucleus.

This results from the combined effects of the fi-
nite nuclear size and elastic nuclear scattering.
Finite nuclear size and diffraction scattering are
two mutually compensating factors, as a result
of which the experimental scattering-angle distri-
bution for protons can be well represented by the
Coulomb scattering curve for a point nucleus. At
large angles the experimental values lie above
the Coulomb scattering curve for a point nucleus.
When we cut off large scattering angles, which
result from nuclear scattering, the proton mass
can be calculated from the values of A; and A,
computed from the Coulomb scattering curve for
a point nucleus, since we do not possess values
of A; and A, which take nuclear scattering into
account.

The proton mass obtained, after the large-
angle cutoff (6 = 30°), from the scattering curve
for a point nucleus is in excellent agreement with
the correct value. When finite nuclear size is
taken into account the proton mass is smaller
than the correct value (these mass values are
indicated by 2’ and 1’ in Table III). Table III
also gives the proton mass calculated for copper
plates for a point nucleus, which are in good
agreement with the correct mass within the lim-
its of statistical error.

We have published our results on 7-meson
scattering in reference 6. Diffraction scatter-
ing of m-mesons also occurs but affects the
multiple-scattering part of the curve only slightly
and the experimental angular distribution for = -
mesons is in good agreement with the multiple
Coulomb scattering curve for a finite nucleus.
Diffraction scattering of m-mesons occurs only
at large angles. The w-meson mass given in
Table III was calculated from the scattering
curve for a finite nucleus neglecting large angles.

In determining the masses of nuclear-active
particles from scattering and residual range we
therefore first exclude large angles, which are
associated with nuclear scattering, and then cal-
culate the masses of the particles from their
scattering curves.

When the number of scattering events n is
small, which occurs for a single stopping par-
ticle, the data must be treated more rigorously.
To obtain a better estimate of the particle mass
m we must know the distribution of 7, the rms
of 1. Olbert® has obtained a formula for the dis-
tribution of 7y, from which normal angular dis-
tribution it follows that

n—1\"z
712 most prob= ( n ) P (3)
where
p= Ay (me/m)'™" 4)

and A, is taken for the normal approximation. But
since Mymostprob depends on p it is evident that
for a mixture of particles with different p (differ-
ent masses) the resultant distribution may consist
of distinct parts. However, since 7Mymostprob de-
pends only on the number n of the scattering
events and this number is not the same for differ-
ent trajectories, for each proton, p- and 7-
meson trajectory the quantity

(= (e B) @

i=1

was set up separately, the most probable value of
which depends only on p (&mostprob =p)-

We can thus separate particles of different
masses by means of the distribution function of

£:!

Gt 0 de = (%) Fal () 8] &, (6)
where
Fn(x)dy =(2/T (n/2))x"exp(— ) dx

is the x? distribution for n degrees of freedom.
The maximum of this functions corresponds to the
most probable value of the mass m.

Statistical errors of the masses are calculated
from the formulas in reference 1. The average
number of scatterings on each trajectory is n = 4
for protons and n =5 for mesons.

The experimeéntal distributions of ¢ for pro-
tons, u- and m-mesons and the corresponding
theoretical curves of Gp (&, p) with lead plates
inside the chamber are given in Fig. la. Fig. 1b
gives the distributions for lead and copper plates
combined. The horizontal axis represents values
of vy =¢/py, where py is the value of p for
u -mesons calculated from (4).

The angular distribution for multiple Coulomb
scattering of u and 7 mesons in the given mo-
mentum range for the case of a finite nucleus and
lead plates is well approximated by a normal dis-
tribution curve.? Fig. 1 shows that the experimen-
tal and theoretical values for y and 7 mesons
are in good agreement.

For protons there is a large discrepancy be-
tween the experimental distribution of ¢ and the
theoretical curve Gp (&, p) (Fig. 1la and b)
which shows that the function Gy (£, p) calcu-
lated for a normal distribution of scattering angles
cannot be used for comparison with the actual non-
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normal distribution of proton scattering angles.
Annis et al! have plotted a similar distribution
for protons and m-mesons, assuming that all val-
ues of £ to the left of the intersection of Gp(&, p)
curves can be assigned to protons and all values
to the right to m mesons. It is clear from Fig. 1
that the area to the right of the intersection of the
Gp (£, p) curves for protons and mesons contains
a considerable number of £ values for protons;
by cutting these off the authors of reference 1
would necessarily obtain an excessively large
proton mass. Moreover, by using values of A,
and A, calculated for scattering from a finite
nucleus (which was not done quite correctly, and
we have already shown that such values cannot be
used to determine the proton mass), they obtained

a proton mass which approximates the correct
mass more or less. On the other hand, by cutting
off small values of ¢ for m mesons the mass ob-
tained for these particles was too low.

As the number of scatterings along an individ-
ual trajectory increases the mass determination
becomes more accurate. In order to determine
the number n of scattering events along a single
trajectory which would permit complete separa-
tion of protons and mesons, the values of n for
the same type of particle were put into groups of
20 — 25 at 40 — 50 in succession (without any se-
lection) and ¢ was obtained for each of these
groups separately; the numbers of these groups
are given in Table IV,

The experimental distributions of ¢ for n =
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20 — 25 and n = 40 —50 and the corresponding
theoretical G (&, p) curves for protons and
mesons are shown in Fig. 2a and b from data
for lead and copper plates combined; the £ dis-
tributions for p and m mesons are here com-
bined.

Protons and mesons are separated practically
completely with n = 20 — 25.

In conclusion the author wishes to thank Pro-
fessor A. I. Alikhanyan, M. L. Ter-Mikaelyan and
M. I. Dalon for their interest and participation in
a discussion of the results.
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