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Results of an investigation of the cosmic raﬁ particles mass spectrum at 3200 m are
reported. The measurements were carried out by means of a magnetic spectrometer used in
conjunction with two cloud chambers. Protons, deuterons, 7-mesons and K-particles were
observed among the particles locally generated in stars above the experimental arrange-
ment.

The cases of 11 particles with masses of about 500—600 m, stopping in the lower cham-
ber are discussed. In all these events, neither a star nor a shower was observed in the
upper chamber. It was found that some of these particles entered the apparatus from the

outside in a similar manner to the j-mesons,

1. INTROBDUCTION

YSTEMATIC measurements of the momentum
S and range of charged cosmic ray particles, dating
from 1946, have led us to conclude that unstable
particles heavier than the p-meson exist. Under the
assumption that the particles were stopped as a
result of ionization losses, it was impossible to
explain the experimental data obtained by us by
postulating the existence of only one new particle
heavier than the y-meson. It was necessary to assume the
existence of three groups of particles with masses
intermediate between those of the p-meson and of the
proton, nanely of particles with masses equal to
350, 500—600 and 950 electron masses.!

Having increased the resolving power of the mag-
netic spectrometer, we were later able to resolve
spectrally the 7-mesons and the p-mesons. The
groups of particles with masses 580 and 950 m_ ,
well resolved from 7-mesons and protons, were
again found in the mass spectrum, obtained from
range and momentum measurements.2:3 Gi;ce the
observed particles traversed a path longer than
one meter, we concluded that the mean life ofthe
particles of all three groups should be longer than
5x 107° sec.

The mass determination from range and momentum
measurements can sometimes be in error, since the
m-mesons present in the beam of particles can be
stopped in absorbers for any value of momentum, and
in this way imitate particles of larger mass. In
using this method o})mass determination it is there-
fore necessary to have proof that the particle was

stopped due fo ionization losses. Alikhanian and
Kharitonov*:5 added proportional counters to the

magnetic spectrometer and determined the specific
ionization of the particles of intermediate masses,

*Deceased.

together with their range and momentum. It was
shown that the majority of particles of the 950 m
group possess a larger specific ionization, and
only a part is due to relativistic #-mesons stopping
in absorbers as the result of nuclear collisions.
These measurements made it possible to establish
the existence of mesons with mass ~ 1000 m, .
The observations of many authors, using an ex-
tended set-up containing cloud chambers, later
confirmed our conclusions as to the relatively long
life time of charged particles with mass equal to

~ 1000 m (K-particles).

The existence of charged particles with mass
equal to 500—600 m, has until recently been un-
certain. Several authors expressed doubt as to
their existence. A few trajectories of particles
with mass 500 m_ were observed in experiments of

Daniel and others 7 without any further confirma-
tion.

In 1952, we carried out a series of observations
of heavy particles stopping in a multiple-plate
cloud chamber, used in conjunction with a mag-
netic spectrometer. This set up made it poss?ble
to determine, for each particle, whether the stop-
ping was due to ionization losses and, the momen-
tum being known, to find its mass. In the course
of a prolonged series of measurements carried out
by means of the above set up, we found 32 parti-
cles, stopping in the multiple-plate chamber, the
masses of which, determined from the momentum and
the ionization range, were between 460 and 1100 m,.

In this series o? measurements, another large
rectangular cloud chamber containing lead plates
was placed above the magnetic spectrometer.
Studying (in the upper chamber) the trajectories of
the particles which traverse the magnetic spectro-
meter and are stopped in the lower chamber, it was
possible in many instances to deternine the mech-
anism and the place of creation of particles with
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FI1G. 1. Schematic diagram of the magnetic spectrometer

with a proportional counter

and the arrangement of ab-

sorbers, PC—proportional counter 1.

different masses. In the majority of cases a star
could be found in the upper chamber, from which the
7 - and K-mesons originated. Not in a single case
of stopping particles with the mass 500-600 m,

was it possible to observe a star, or a shower, in
the upper chamber.

2. RANGE-MOMENTUM MEASUREMENTS OF

THE MASS SPECTRUM

In this Section, we present a brief summary of the
basic results of the particle mass measurements
carried out in 1950—1952 by means of the magnetic
spectrometer. The mass of the particle was deter-
mined from the momentum and the amount of matter
traversed by the particle in the filter arrangement.
Two rectangular proportional counters were placed
in the particle trajectory, at the exit from the mag-
netic spectrometer. This made it possible to de-
termine the specific ionization of the particle.

The magnetic spectrometer of high resolving
power, which was placed at 3200 m above sea
level?, is shown in Fig. 1. A large electroniagnet
weighing 76 tons forms the main part of this in-
strument. The pole pieces are 100 cm long and 30
cm wide, the distance between them being equal to
12 cm. The maximum field strength in the gap of

this electromagnet can attain 1900 Qe. The cross
sections of the instrument in two perpendicular
planes are shown in Fiig. 1. Five trays of thin-
walled counters 4.6 mm in diameter are placed in the
gap (1-5, view a), which make it possible to deter-
mine five points of the circular trajectory of the
particle. A tray consists of 49 hodoscoped count-
ers.

The counters in trays 2,3 and 4 are constructed
of aluminum tubes, with walls about 100 x thick,
to minimize scattering. Five trays of coordinating
thin-walled counters (I-V) make it possible to
determine simultaneously the straight-line trajec-
tory in the plane parallel to the magnetic field
(view b). The particle leaving the magnet gap
enters the absorber arrangement, consisting of five
trays of coordinating counters, separated by
graphite slabs 2 or 4 cm thick each.

The accuracy of the mass measurements in the
magnetic spectrometer is limited basically by the
following three factors: 1) the finite dimensions
of counters, 2) scattering in counter walls, and 3)
errors in therange determination. For the case of
I)articles stopping .onlﬁ as a result of ionization
osses, the errors in the value of the range are
caused by the finite thickness of filters. It follows
from a calculation that, in a field of 6400 Oe, the



CHARGED COSMIC RAY PARTICLES

F1G. 2. Mass spectrum of negative particles in the
180—400 m, interval (without aperture correction)

half width of the y-meson line amounts to 16 m,,

thus enabling a good resolving of the 7- and p~me-
sons. The mass spectrum of negative particles in
the interval 180-400 m, is shown in Fig. 2. In
these measurements, a lead block 10 cm thick was
placed underthe set up. It can be seen in Fig. 2
that the y-meson group shows up distinctly,

next to the 7-meson group. The broken curve re-
presents the Gaussian distribution curve, calcu-
lated for a probable error of. 16 m,» which closely
fits the observed distribution. This result is a
good illustration ofthe resolving power of the mag-
netic mass-spectrometer.

In the course of these measurements in 1950-
1951, we obtained the mass spectrum in the total
interval between the p-meson and the proton.8:°
This spectrum is shown in Fig. 3. Two groups of
heavy mesons, concentrated around the values
600 m_ and 1000 m, , are visible in the mass spec-
tram,

It followed from the complete data that a consi-
derable part of the particles of masses 600 and
1000 m, was stopped in the absorbers as the result
of ionization energy losses. 1) A sharp grouping
of the particles around two mass values was ob-
served, which would have been impossible if the
particles were stopped in the absorbers as the
result of nuclear collisions. 2) The mean values of
the momentum of the particles with intermediate mass

values increase with the range of the particles.
The average momentum of particles with arange

of 4-12 cm in graphite was found to be equal to
2.9 x 108 ev/c, and that of particles with a range
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Fi1G6. 3. Mass spectrum (without aperture correction):
a) at 6400 Oe, 24 > R > 16 cm C; b) at 6400,9200, and
10500 Oe, 24 > R > 12 cm C,

of 12-16 and 16—24 cm in graphite to 3.12 and
3.61 x 108 ev/c, respectively. A systematic in-
crease of the average momentum with the range can
take place only asthe result of ionization stop-
ping. 3) The measurements of the specific ioniza-
tion of particles, carried out in 1951 by means of
proportional counters placed in the magnetic spec-
trometer, showed that the value of the specific
ionizations forthe intermediate particles is larger
than the minimum ionization by a factor of 1.5-2.
The measurements of the specific ionization
of particles in 1951 were carried out by means of
two proportional counters, the position of which
is shown in Fig. 1. It was necesssary to calibrate
the pulses given by each counter in order to obtain
the relative specific ionization of different parti-
cles. Penetrating particles with a range larger
than 14 cm were used for this purpose. The pulse
size distribution, obtained with the counter No. 2
shown in Fig. 4,1s based on data obtained from
14829 penetrating particles, the momentum of which
was determined from the curvature in the magnetic
field (curve 2). Curve 1 in this figure represents the
theoretical curve of energy loss fluctuations in the
counter gas according to the theory of Landau.®
Alikhanian and Kharitonov® measured the speci-
fic ionization of 87 particles which, from the values
of their range and momentum, were classified as
particles of intermediate mass. From the total of
87 particles, data were obtained simultaneously, by
means of the two counters 1 and 2, for 26 particles
only. For all remaining particles, the ionization
was determined by means of counter 2 only. The
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FiG. 4. Distribution of minimum ionization particles.
N—number of particles, J—relative ionization.

results of these measurements are given in Ref. 10.
It was shown that the specific ionization of heavy
mesons is considerably larger than that of p-mesons
of the same values of momentum (2.8 —4.5 x 108
ev/c). Besides, it is much smaller than the speci-
fic ionization of protons having the same range.
Distribution curves of the specific ionization were
plotted for heavy mesons and protons. In the case
of protons, the proportion of cases when the ioni-
zation was twice the most probable one was equal
to 14 3.5%, while for heavy mesons (of both
groups) it amounted to 12 +4%. It follows that

the increased specific ionization of these particles
cannot result from a mixture of a separate group

of strongly ionizing particles with particles of mini-
mum ionization. Consequently, the heavy mesons
observed by us in the mass spectrum could not have
appeared only as a result of nuclear stopping of
fast 7-mesons.

The data on the specific ionization of the inter-
mediate mass particles were used for an independ-
ent determination of the mass of the particles from
their momenta and ionization. For this, we used a
method suggested by Liubimov.!! [ et a particle
with momentum P produce an ionization ;in the
counter. We shall assume that the mass of the par-
ticle equalsm. Then, knowing the ratio P/m, it
is possible, according to the Landau formula, to
find the most probable value J  of the specific
ionization of the particle, and t?xen, from the experi-
mental curve of the ionization fluctuation, to find
the probability that the actual ionization will equal
J, and not J ;. We can repeat this procedure for
all particles of a given group, and the product of the
found probabilities will give us the probability of
observation of a given set of the ionization values
J, under the assumption that allg)articles of the
group have the mass m and the observed values
of momentum.
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F1G. 5. Probability curve of various mass values in
the interval 800—1100 m, .

Assuming another value of the mass m,  we

shall obtain a new value of the probability of ob-
servation of a given set of the experimental

values of the ionization /, produced by the parti-
cles in the working volume of the proportional
counter. The sequence of such probabilities, de-
termined for the various values of the particle mass
m, and correspondingly normalized, can be re-
garded as the probabilities of the various values of
the mass of the particles, for given sets of observed
values of ionization and momentum. The maxi-
mum of the curve probability vs. mass will corre-
spond to the most probable value of the mass of the
investigated group of particles.

The above procedure was applied to a group of
48 particles, the mass of which, derived from the
range and momentum measurements, was found to be
between 800 and 1100 m_, . The resulting curve of

the probability of the various values of the mass of
the particle for the obtained set of experimental
values of momentum and ionization is shown in
Fig. 5. The curve has a sharp maximum, corre-
sponding to the mass equal to 4.65 x 108 ev/c,2
i.e., 910 electron masses. For the values of mass,
different from the most probable one by only 10%,
the probability curve drops rapidly to zero.

Forthe sake of comparison, 50 proton trajectories
with ranges varying from 4.5 to 5.0 cm were given
the same treatment. The results are shown in
Fig. 6. The most probable value of the proton mass
obtained was equal to 935.5 ev/c? j.e., 1830 m,

with a probable error of £20 m . - We tried to apply

the same method of evaluation of the momentum
and ionization measurements in the case of parti-
cles with mass 500—600 m, . In this case however,

the specific ionization of the particles does not
exceed the minimum ionization to any extent and
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the results are therefore less satisfactory than in
the case of K-particles and protons.
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FIG. 6. Probabilitycurve for protons with range be-
tween 4.5 and 5.0 cm Pb

3. MEASUREMENTS OF THE MASS OF THE
COSMIC—RAY PARTICLES WITH THE
MAGNETIC SPECTROMETER AND A

MULTIPLE-PLATE CLOUD CHAMBER

In this Section, we shall report results of ob-
servation of charged particles stopping in a multi-
ple plate cloud chamber, used in conjunction with
the magnetic spectrometer. This set-up was first
used in 1952 by Alikhanian, Kitillov-Ugrimov,
Shostakovich and Fedorov at 3250 m altitude (Ala-
gez). Description of the apparatus and details of
results can be found in Refs. 12, 13 and 14. A
schematic drawing of the apparatus in two per-
pendicular projections is shown in Fig. 7. A
rectangular cloud chamber, containing lead or cop-
per plates of various thicknesses, was placed under
the magnetic spectrometer. A tray of counters 4,
connected toananti-coincidence circuit, was placed
below the bottom of the chamber. The set-up was
triggered when a particle, traversing the magnetic
spectrometer, discharged counters in trays 2,4 and
5 and failed to discharge a counter in the tray A
(series 1). The rectangular cloud chamber 400 x250
x 120 mm contained in the illuminated space seven
filters: one filter consisting of a lead plate 10 mm
thick and a copper plate 3 mm thick, and 6 copper
plates each 3 mm thick.

In the second series of measurements, the trigger
was given by the anti-coincidence 1 3 5—4 and a
larger chamber, 600 x 280 x 180 mm was used. In
this series, seven lead filters, each 7 mm thick,
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FI1G. 7. Schematic diagram of the magnetic spectrometer
with two cloud chambers.

were placed in the illuminated space. Some of the
measurements of the second series were carried out
with filters placed in the lower chamber in the fol-
lowing order: the first two lead plates were 7 mm
thick each: the following three plates were each

4 mm thick, and the sixth lead plate was of 7 mm
thickness. The seventh plate was a copper

one, 2 mm in thickness.

A charged particle, before entering the visible
space, passed through thetop of the chamber, con-
sisting of an aluminum plate 7 mm thick and a copper
plate 2 mm thick (a total of 3.7 gm/cm.2 ), The
chamber was illuminated by two pulsed quartz
lamps 1PK—600. The tracks in the chamber were
photographed with a stereoscopic camera on motibn-
picture film.

In the second serie s of measurements, a second
cloud chamber, of the same dimensions as the lower
one, was placed above the spectrometer instead of
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the lead block (see Fig. 7). In the illuminated re-
gion of the upper chamber, the top and the bottom

were 1.2 cm thick (copper) and five lead plates,
each 1 cm thick, were placed in the chamber. In

this way it was possible to observe the trajectory of

the particle before it entered the magnetic spectro-
meter and stopped in the lower chamber. If the par-
ticle recorded by the apparatus left the illuminated
region of the upper chamber, either a star in which
it originated could be observed, or it could be de-
cided that the particle came from the outside. The
efficiency of observation of particles in the upper
chamber, which then were recorded in the lower
chamber, depends essentially on their momentum.
The efficiency is large for protons and heavy me-
sons, and is very small for sloy y- and 7-mesons,
the majority of which emerge from the sectional
parts of the upper chamber, and in the beginning
pass through non-illuminated zones.

4. SELECTION OF TRAJECTORIES, ACCURACY
OF MASS MEASUREMENTS, APERTURE.

Range and momentum measurements of a large
number of particles stopping in the lower chamber
were carried out by means of the apparatus de-

scribed.

The mass spectrum of particles, which is given
below, was derived from trajectories fulfilling the
following conditions: a) in the plane of magnetic
deviation the trajectories of the particles were de-
termined from at least four points, lying on a cir-
cle; b) in the perpendicular plane, the trajectories
passed through at least three points lying on a
straight line; c) the track of the particle entering
the lower cloud chamber was a continuation of the
trajectory of the particle in the magnetic spectro-
meter; the only deviations allowed were in the
limits of the angle of multiple scattering in the
cover of the chamber; d) the particle stopped in the
illuminated region of the lower chamber, the limits
of which were determined by special measurements.

From all trajectories fulfilling the above condi-
tions, only those were included in the mass spec-
trum whose stopping was due to ionization, i.e,
when a considerable increase in the track density
was observed with decreasing residual range.

In the majority of cases, the track density was esti-
mated visually and compared with that of relativ-
istic particles traversing the same region of the

chamber. In some of the more interesting cases, the

track density was determined from microphotome-
tric measurements. Track density of mesons, pro-
tons and minimum ionization particles traversing
the same chamber region and photographed on the
same film were used as a check.

ALIKHANIAN, SHOSTAKOVICH, AND DADAIAN

The method of microphotometric density deter-
mination is not accurate enough to measure the
specific ionization of particles, and serves only
as auxiliary means of objective estimate of the
value of ionization and its variation. The sensi-
tivity and accuracy of this method are sufficient,
in the majority of cases, to distinguish a sudden
stopping of a fast particle from a stopping due to
ionization, when a gradual increase in the track
density is observed.

One of the cases of a particle stopping in the

sixth plate is shown in Fig. 8. The increase of the
track density can easily be observed. The same

can be deduced from the microphotogram ofthis

~ case, shown in Fig. 9. The track of a 7-meson

with momentum 4.0 x 108 ev/c, undergoing a nu-
clear collision in the fifth plate and producing a
two-prong star, is shown in Fig. 10. In this case,
the track density remains practically the same

along the whole trajectory, which, within the limits
of possible fluctuations, is observed in the micro-

photogram as well (Fiig. 11). The range of a parti-
cle, the ionization character of the stopping of
which was established, was determined from the
quantity of traversed matter, the slope of the tra-
jectory being accounted for.
he main source of error of the mass determina-

tion is the error of the momentum measurement.
For the case of slow particles, these errors are
mainly caused by scattering in counter walls and,
in part, by the finite dimensions of counters. Ex-
periments on scattering of cosmic ray particles
within the telescope of the mass-spectrometer,
with magnetic field absent, showed that for pene-
trating particles, the mean square value of the
false curvatureis not larger than 0.016 m.”* For
slow particles, stopping in the lower chamber (u-
mesons and protons with ranges from 0.55 to 2.55
cm Pb), the mean square value of the false curva-
ture equalled 0.045 m."! The experimental scat-
tering curves, obtained in experiments without the
magnetic field, confirmed the correctness of the
calculated errors of momentum measurements, in
which both the multiple scattering in the walls of
the counters and their finite dimensions were taken
into account. !5

In magnetic field of 4800 gauss, in which the
measurementswere carried out, the total mean square
error of the mass determination of an individual
particle amounted to 9—10% for particles with
mass 1000 m, and 8% for particles with mass

500m .
e

counter is not larger than 2—2.5%. The efficiency
of particle recording in a magnetic spectrometer
(the aperture) decreases with decreasing value

The error due to the finite size of the
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F1G. 8. Stopping of a negative particle. Mass equal
to 500 m, (range—~momentum method).

of the momentum of the particle. We calculated
the curves of the efficiency of recording of parti-

cles of different momenta under the assumption
of an isotropic angular distribution of incident

particles. With the help of these curves, and tak-

ing into account the limits of the illuminated region
in the lower chamber and the place of the end of the
range of the particle, we constructed a family

of curves of the recording efficiency of particles

of different momenta, stopping in the illuminated

region of the chamber.
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5. MASS SPECTRUM

The mass spectrum of particles stopping in the
lates of the lower chamber, is shown in Fig. 12.
he spectrum is based on the trajectories of

particles, selected according to conditions men-
tioned in Sec. 4. A group of 21 K-particies and of
particles with masses between 500 and 600 m,

can be seen in the spectrum next to the main peaks

due to mesons (u and #) and protons. The accuracy
of the mass measurement of a single K-particle

lies, for the majority of cases, within the limits of
80-100 m,, and of a proton, within 180—200 m

e
thus ensuring the spectral resolution of K-particles
from the large proton peak.

Fifteen of the 17 K-particlesrecorded in the
second series of measurements werepositive and
only two were negative. One of the cases in which
a positive K-particle stops and decays is shown
in Fig. 13. A primary particle with momentum p
=3.25 x 108 ev/c is stopped in the fourth plate,
so that the total amount of matter traversed after
the particle has left the magnetic field equals
2.53 cm Pb. The mass, determined from therange
and momentum, equals 910 75 m, .

A fast meson
2

which leaves the chamber after traversing 21.5 g/cm
Pb emerges from the end point of the track of the
K* particle.

Fast decay products were observed in about
half of the cases of stopping K+ particles. Ina
number of cases, the absence of decay products
can be connected with absorption of these in the
lead plate (7decay or K-decay). In other cases,
the absence of a visible decay product can be ex-
plained by an unfortunate direction of flight of the
secondary particle. The frequency of observation
of K-particles, as compared with 7-mesons and
protons in the same range interval, can be found
rom the spectrum in Fig. 12 after a correction is

made for different recording efficiencies of parti-
cles with various momenta. This correction was

determined approximately, on the basis of the iso-
tropic angular distribution of the particles under

F1G. 9. Microphotogram of the particle track shown
in Fig. 8. The numbers express therelative track density,
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FI1G. 10. Sudden stopping of a 7-meson of momentum
4 x 108 ¢y/c accompanied by a production of a star.

ALIKHANIAN, SHOSTAKOVICH, AND DADAIAN

consideration. The data given in Table I show that
in the samerange interval, 20K *particles are observed,
as compared with 2407-mesons stopping as there-

sult of ionization losses, which amounts to about
(8+2)%.

In thesame period of observation, 9 fast 7-mesons
stopping in absorbers as the result of nuclear in-
teractions were recorded. The mass values of
these mesons, determined formally from their range
and momentum, were found to lie in the limits
800—1200 me. The thin tracks of fast 7-mesons,
imitating heavy mesons, could easily be disting-
uished from stopping K-particles, for which the
track density increases sharply towards the end
of the track. Studying the trajectories in the
upper chamber it was possible to ascertain that the
K-particles and #-mesons originated in stars pro-
duced in the matter present in the upper chamber, or
emerged from non-illuminated zones. Fast 7-mesons
and K-particles with values of momentum equal to
2.5—4.5 x 108 ev/c could be sufficiently well
studied in the upper chamber. Thus, for instance,
of seventeen K-particles recorded in the lower
chamber, thirteen originated in stars occurring in
the illuminated part of the chamber, and only four in-

77q

F1G. 11. Microphotogram of the track of the fast 7-meson

shown in Fig. 10.

the non-illuminated part. Eleven out of eighteen
m-mesons with momenta in therange of 2—4.5 x108
ev/c stoppin g suddenly in the absorbers of the
lower chamber were accompanied by stars in the
illuminated part of the upper chamber (Table II).
The spectrum shown in Fig. 14, is based on parti-
cles which originated in stars, all the particles
whose origin in the upper chamber is uncertain
being excluded. It is found that the mass spectrum
of particles locally produced in stars differs basi-
cally from the total spectrum. w-mesons, K-particles
protons and deuterons are present in the spectrum
of the star—born particles, while particles with the
mass 500~600 m  are completely absent. Evi-

dently the latter type of particles either does not
originate in stars at all, or at least the frequency

of such events is considerably lower than is the
case for K-particles. The spectrum in Fiig. 14 is not

corrected for the efficiency of recording of parti-
cles with different values of momentum, which de-
pends, basically, on the dimensions of the illumi-
nated parts of the upper and lower chambers.

Data on particles whose mass, as measured by
the range—momentum method, was found to be in-
termediate between the masses of the 7-meson and
of the K-particle, are given in Table III. Eleven
such particles were recorded in the course of the
second series of measurements, which was the
most prolonged, and one was recorded in the first
series.

It can be seen from the Table that the mean
square error of the mass measurement of a single
particle does not exceed 40-50 m_ . The grouping

of particles around the mass value 550 m serves
e

as a serious proof of the existence of particles
with this mass.
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F1G. 12. Total mas s spectrum of particles stopping
in the lower chamber as theresult of ionization loss
(without aperture correction)

The results of the tracing of the trajectories of
these particles in the upper chamber are given in
the last column of Table IIl. The cases when the

in the thin cover of the cliamber are marked by

an arrow. In the case where the particle emerged
from a dark region of the chamber, its origin was
classified as not established. It should be noted
that the apparatus was so situated within the
building that the amount of matter above the upper
chamber was small. This amount was 2gm/cm? of
wood for two-thirds of the solid angle used, and not
more than 10gm/cm?2 for the remaining part of it.
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FIc. 13. Stopping and decay of a K* - particle in the

fourth plate.

TABLE |

Range, cm Pb

Number of 7-mesons, n.

Number of 7-mesons with aperture cor-

recti
on, N i

Number of K-particles, ng

Number of K-particles with aperture cor-

rection, NK
NK/Nn

2—35
71

240
15

20
0.08+0.02

The detailed analysis has shown that four out of
six particles which definitely entered the chamber
through the thin cover traversed the thin layer of
1 L "2 gm/cm? only. Also, no case of production of
particle entered the chamber from above or originated particles with mass 500~600 m, was observed in

the plates of the upper chamber containing about

65 gm/cm2 of matter.

In the majority of cases, stopping particles of the
500—600 m , group were not accompanied by fast

secondary particles (decay products). It should

be noted that nine out of the eleven particles of
this group were of negative sign. It may be
possible that this fact made it impossible to detect
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TaBLE II
Momentum . Range, False mass
Px108 ev/c| Sign cm Pb M Product Uglﬁiri};??éie’
2,09 — 3.04 430 Me 1 *
2.57 + 3.52 520 ¥ *
2.06 — 2.32 450 4 X%
2,57 — 2.95 585 * Non-illuminated region
2,25 + 1.64 640 X The same
2.77 + 2.50 720 * i
2.23 + 2.20 560 *
2,96 -+ 2.72 750 L Camera did not operate
3.50 -+ 2.30 1070 * *
2.92 — 1.60 970 L x*
4.00 -+ 3,83 1000 1 }
2.70 + 1.58 860 * *
3.65 + 4,00 840 * *
3.42 — 1.55 1200 * *
4,43 — 4,40 1080 * *.
3.85 — 3.85 1085 % Non-illuminated region
4.50 — 4.65 1050 1 The same
3.00 — 3.00 730 *

Explanation of signs: *—star; L

—stopping of a 7-meson without visible star;

} —particle incident upon the upper chamber from above.

TaBLE Il
No. of | Momentum : Range, Mass Upper chamber
case | Px108ev/c Sign cm Pb me Product observation
1 2.02 — 2.40 460 + 40 absent . . .
2 2.66 — 4.35 505 & 35 ” ; Non-illuminatedregion
3 2.70 - 3.92 990 + 40 » Camera did not operate
4 2.35 — 3,90 445 4 45 » n
5 3.00 + 5.3 550 4 60 e? !
6 2.84 — 3.65 610 + 55 absent | Non-illuminated region
7 3.14 - 4.80 600 + 60 » Part of the track in the
_ _ non-illuminated region
8 2.33 — 3.15 495 + 40 » v
9 3.46 — 5.25 630 + 65 R 1 .
10 2.60 + 4.58 475 4 40 ” Non-illuminated region
11 2.92 — 4 .48 550 4 50 » !
12 2,12 + 2.23 540 4+ 35 2e

any fast decay products.

In one case (No. 12, Table ill), the stopping of
a positive particle in a copper plate 3 mm thick
was accompanied by the release of a small elec-
tron cascade (Fig. 15). In another case of a stop-
ping positive particle (No. 5, Table III), the re-
lease of two electrons is observed. The quality of
this picture, however, is poorer, and the particle
stopped near the edge of the chamber. The stop-
ping of the negative particles with the mass ~550
m , resembles rather the stopping of negative

p-mesons and differs greatly from that of K-particles
and fast 7-mesons (see Fig. 2).

On the basis of our data, it is possible to estimate
roughly the intensity of the anomalous particles
relative to p-mesons in the same range interval.

255 p-mesons with ranges between 2 and 5 cm Pb,
and 10 particles with the mass ~ 550 m, were re-
corded in the second series of measurements. Un-
der the assumption of an isotopic angular distri-
bution of the investigated particles, 15 particles
were found compared to 1600 p-mesons which is
about 1%, the correction for recording efficiency
having been applied. The accuracy ofthis estimate
is small, and if we account for the angular dis-
tribution of the y-mesons the above ratio will be
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FIG. 14. Mass spectrum of particles produced in
stars (without aperture correction)

closer to 0.5%.

Naturally, the question arises whether-such a
small number of particles with mass 550 m,can be
explained by y-mesons whose range or momentum
were determined with alarge error due to random
causes. It should be noted first that, for a mean
square error of ~50 m, | the appearance in the

spectrum of a group of 11 particles with mass be-
tween 450 and 650 m, on account of y-mesons
is completely excluded. Secondly, if the 11 parti-
cles of the mass ~ 550 m_ appeared in the mass
spectrum because of the errors of measwements,

there would be much greater numbers of particles
with measured mass in the range of 300-450 m

TABLE IV
Radius of cur- |Radius of cur-
No. of vature from coun-| vature from en-
case ter data,cm trance and exit
! angles,cm
1 148 164
4 174 158
5 222 200
7 232 240
8 170 174
9 256 244
11 216 192

FI1G. 15 . Stopping of a positive particle accompanied
by a small electron cascade. Mass equal to 540 m,

(range—momentum method)

It can be seen from Fig. 12 that not a single
particle was found in this interval.

It has been of considerable interest to investi-
gate the spectrum of particles which entered the
set-up from the outside, traversing the thin lid of
the upper chamber.* This spectrum is shown in
Fig. 16. In contrast to the spectrum of particles
locally produced in stars, p-mesons and a group of
particles with mass ~ 550 M are observed, while

7-mesons and K-particles are completely absent.
The spectrum in Fig. 16 is given without aperture
correction, which is very large for y-mesons with

TABLE V
Type of Mass determined from[Number of
. range and scatterin tteri
particle a%gles_,mp g C:n;i‘;:;lg
w 180 - 27 100
T 290 4 47 70
K 1050 + 200 52
4 1750 4 190 200
500—600 m, 925 4 140 46

* A small amount of particles locally produced in the
cover may be present in this spectrum.
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F1G. 16. Mass spectrum of particles entering the ap-
paratus from the outside and traversing the thin cover of
the upper chamber (without aperture correction).

momenta in the 1.4-1.7 x 108 ev/c range. This is
connected with the fact that the overwhelming
majority of the p-mesons stopping in the illuminated
region of the lower chamber must enter the upper
chamber at a large angle to the zenith, thus miss-
ing the thin cover. It is difficult to make the exact
aperture correction in that case, and the group of
p-mesons actually observed during the experiment
is shown in Fig. 16 outlined by the dashed line.
Due tothe absence of 7-mesons, the resolution
between y-mesons and particles with mass 550 m,

is still better. It can be seen in Fig. 16 that there
is no particle in the interval of 300-400 m, .

Since, in our experiments, the mass of particles
was determined by therange-momentum method,
we undertook an exact analysis of the trajectories
of the particles with mass ~ 550 m  both in the

telescope and in the lower chamber. For seven
particles it was possible to determine the value

of the momentum not only from the coordinates of
the telescope counters but also from the angle

of entrance of the particle into the magnet gap

out of the upper chamber and the angle of exit of
the particle from the gap into the lower chamber.
The values of the radii of curvature of the trajecto-
ries of these particles, measured by the two inde-
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pendent methods, are given in Table IV. It can be
seen that both methods yield similar results. This
fact indicates that the possibility of large random
errors of momentum measurements of the group

of particles of interest is excluded. The analysis
of the tracks of these particles in the lower cham-
ber ascertained that large errors of range measure-
ments also are improbable.

It was found that:

1. All particles listed in Table III stopped far
from the limits of the illuminated region and the
glass windows of the chamber.

2. In the majority of cases, it was possible to
estimate qualitatively an increase in the track
density near its end by means of comparison with
the density of proton tracks.

3. The measurements of the angles of multiple
scattering in lead plates show that the mean square
angle of scattering of particles of the 500-600 m,

group increases towards the end of the track. It
equals 12 +2° for the residualrange of 8.5 gm/cm.2,

9.8 £2° for 17 gm/cm? and about 6° for 30 gm/cm.?
The measured values of the mean square angle for
u-mesons of corresponding ranges were found to be
equal to 18°, 13° and 9.9° respectively.

4. The measured value of the mean square scat-
tering angle of y-mesons with momenta equal to
2.4 —2.6 x 108 ev/c at the point of scattering was
4.8°. This value, as well as the angular distri-
bution of the scattering of y-mesons with these
values of momentum, is very different from those

observed for the particles of the 500-600 m

group with similar momenta.
All the data of this section indicate that the
particles with mass 500—-600 m , cannot be identi-

fied either as 7- and p-mesons or K-particles.

6. DETERMINATION OF THE MASS OF PARTI-
CLES FROM THEIR SCATTERING AND
RANGE

We determined the mass of particles indepen-
dently from the momentum measured in the magnetic
spectrometer, by means of measurement of the
angle of scattering of the particle in the lead
plates and of theresidual range in the point of scat-
tering. Experimentally, it is most convenient to
measure the projection of the scattering angle on a
given plane. Having found the value of Gor 32
for a group of identical particles, and making use of
the momentum—range relation, and of the theory of
multiple scattering of particles, it is possible to
determine their mass. This method of mass de-

termination from the scattering of particles in a
multiple—plate cloud chamber was used earlier by

Rossi, Annis and others 16, who made use of the
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theory of scattering by nuclei to finite size, devel-
oped by Olbert. 17

The mass of the particle is given by the follow-
ing formula:

m, \1=*

[ memr ] =e ()

where use is made of the mean square value of dngle
projections, n is the number of scattering angles,

R is the residual range, m is the mass to be de-
termined, o« = 0.55 and k is constant, slowly varying
with v/c.

The influence of the finite size of nuclei on
the scattering of particles was recently more cor-
rectly taken into account by M. L. Ter—Mikaelian,
who made use of the experimental data on the scat-
tering of fast electrons in lead. He also deter-
mined the coefficients & for finite-size nuclei more
accurately.

For each group of homogeneous particles of the
spectrum shown in Fig. 12, we carried out a second
determination of the mass from the scattering ang-
les and the range. The results are given in Table
V. It can be seen that the second method of mass
determination gives correct values of the mass of
known particles. Making use of ~ 100 scattering
angles, we obtain sufficient accuracy of the mass
determination for a group of particles.

We estimated the possible fluctuations in the fol-
lowing way: the value of mass was determined for
25 groups of particles, each group consisting of
ten randomly chosen p-mesons. The mean number
of scatters for each group was not more than 40-50.
For no group did the value of mass amount to 500
m, . The maximum value of the mass was in each

case smaller than the mass of the y-meson. For
particles with mass ~ 550 m_  the value of mass

was determined both from $and @ = The results

of the mass determination for the group of parti-
Cles With mass 500—600 me are given in the end of

the Table, and evidently are in good agreement
with mass values obtained by means of the range-
momentum method. This agreement between values
of the mass of particles of this group, obtained by
means of various independent methods, constitutes
anotherindicationof the existence of particles with

the mass ~ 550 m

7. CONCLUSION

A magnetic spectrometer with two cloud chambers
was used forthe analysis of the masses of charged
cosmic ray particles.” It is evident from the re-
'sults of measurements given in Sec. 5 that, as in

RAY PARTICLES 829

preliminary experiments, two groups of particles—
particles with mass ~ 1000 m, (K-particles) and
particles with mass ~ 550 m , _are observed in

the mass spectrum between the 7-mesona and the
proton. It has been shown, that when only the
particles locally generated in matter above the set-
upare considered, the group of particles with mass

~ 550 m  is completely absent and the mass spec-

trum consists of 7-mesons, K-particles , protons
and deuterons. The mass spectrum of particles

produced in stars, shown in Fig. 14, is in good

agreement with the observations of a number of
authors, who used a cloud chamber controlled by a
star or shower produced by fast primaries in the
matter above the set-up (Leprince—Ringuet, Rossi
and others). The frequency of observation of
K-particles as compared with 7-mesons in the

same range interval was in our experiments found to
be of the order of 0.08, in accordance with data ob-
tained by several workers who obtained N, / N,

= 0,07 for cosmic rays.

In the total mass spectrum (Fig. 12), we found
a group of 11 particles, whose mass, determined
from range—momentum measurement as well as
from range—scattering measurements, was found to

lie between 500 and 600 m_ . This result sharply

contradicts all experiments on the mass of cosmic
ray particles carried out by means of cloud cham-
bers and emulsions, in the course of which no
mesons with mass ~ 500 m_ were detected. We
will now look into this matter more closely. First
of all, it is found that in practically all cloud cham-
ber experiments, the mass measurements were car-
ried out for particles locally produced in the matter
of the recording apparatus.

It is necessary, therefore, to compare the results
of such measurements with the mass spectrum of
Fig. 14, with which they are in good agreement,
and not with the total mass spectrum. In several
cases, we were able to deduce directly thatthe par-
ticles of the anomalous group enteredythe apparatus
from the outside, similarly to p-mesons.

If the lifetime of such particles is long, it is
possible that, through accumulation in a column
of air, they can amount to a considerable part of
the number of K-particles locally producedpzlk.:ove
the apparatus. It is possible that this is the cause
of the difference between the total mass spectrum
and the mass spectrum of locally produced parti-
cles.

Our method of mass determination is based on the
establishment of the fact that the particles are
stopping, which is judged qualitatively from the in-
crease in the track density in the chamber. To-
gether with the mass determination from range, mo-
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mentum, and scattering measurements, we deem it
necessary to determine with good accuracy the
specific ionization of the individual particles. This
will make it possible to determine the mass of the
particle by an independent method—from the ioniza-
tion and momentum. Only such measurement will
help us reach the final conclusion about the exis-
tence of particles with mass ~ 500 m e - We have

already started a new series of measurements in
which the specific ionization of particles is de-
termined before the particle enters the cloud cham-
ber by means of multiple-layer proportional coun-
ters. Systematic and accurate mass measurements
of a large number of particles stopping in emulsion
stacks, independently of the character of the pro-
cess atthe end of the track, would also be of great
importance.

Finally, the authors wish to express their
gratitude to M. Daion, G. Merzon, A. Galper, F.
Arutiunian and G. Badalian for their part in the
measurements and in the evaluation of results, and
to B. Dolgosheinyi and A. Shmeleva for the great
help in the evaluation ofthe results of measure-
ments.
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