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trons was used. The differences between our data
and the result of Flammersfeld are smaller. A num-
ber of lines which were detected in the photographic
work were not seen in the present work since the
sensitivity of the photographic method is higher.

The relative intensities of the conversion lines
have been computed from the reading of the first
counter. Since the cutoff energy of the film in the
first counter was 4 kev, no corrections for absorp-
tion were introduced. According to Ref. 18, this
effect is less than one percent for electron energies
four or five times greater than the cutoff energy.

The accuracy in the relative intensity measure-
ments for the conversion lines is 3—5 percent for
the strong lines and 20—30 percent for the weak
lines.
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Results of experiments on the transition effect of 7-mesons are presented and discussed.
The results presented allow one to conclude that low energy mesons are abundant in the
spectrum of the generated mesons and that the plural mechanism of meson creation is cor-
rect. Most of the generating particles are probably cosmic ray neutrons.

1. SOURCES OF THE #-MESONS OBSERVED
IN PHOTOGRAPHIC PLATES EXPOSED
TO COSMIC RAYS

IN EXPERIMENTS, reported in Refs. 1-3, inves-
tigating the transition curve of 7-mesons and the
intensity of their generation as a function of the
atomic weight of the target, no account was taken of
the current of slow 7-mesons from extraneous dense
materials situated near the photographic plate or of
the presence of 7-mesons in the air. Both of these

factors can influence the form of the transition
curve.

Before embarking on an investigation of the tran-
sition effect of 7-mesons and the intensity of their
generation as a function of the atomic weight of the
target, it is necessary to study the current of 7-mes-
ons coming from the air and from nearby extraneous
dense absorbers. We set up special experiments for
this purpose on a mountain top (altitude 4000 m).

A pair of photographic plates were exposed during
the course of two months on a mast 10 m high, with
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another pair in direct contact with the surface of
the earth. After chemical treatment (developing
and fixing), these photographic plates were scan-
ned with a microscope at high magnification. Iden-
tification of the stopped m-mesons was made by
means of 7-p decays and o-stars.

The reduced results of this experiment are given
in Table 1. It is clear from the table that the number
of m-mesons observed in the photographic plates ex-
posed at the surface of the earth is significantly
greater (by 5—6 times) than in those on the mast.

It follows from this that in studying the generation
of slow m-mesons by cosmic rays all the photoemul-
sions used in the experiment should be placed as
far as possible from extraneous dense absorbers.

TABLE 1.

Number Position Number of Number of
of the of the photo- 7T-mesons ob-| 77-mesons aft-
experiment| graphic plates [served in 6 cm?| ter exclusion of

background
1 On the mast 8 5
On the ground 30 27
9 On the mast 3 —_
On the ground 8 -

What fraction of the 7-mesons recorded in a pho-
tographic emulsion are 7-mesons formed in the air?
An experimental study of this question by the method
of photographic emulsions is extremely difficult,
since these emulsions are always enveloped in
wrapping material when they are exposed. Hence
the question as to which part of the recorded mes-
ons comes from the air and which part is formed in
the wrapping material represents a definite experi-
mental difficulty. By means of an elementary calcu-
lation, however, we can obtain the necessary infor-
mation on the current of 7-mesons coming from the
air.

The number of 7-mesons with energy less than
E, originating in the atmosphere within a depth of
x g/cm? from the boundary of the atmosphere is
equal to

S. = i n (E) [Sf_ ¢ tlie=ts0f (¢/x) dt | dE, (D)

0
0

where n(E) is the differential energy spectrum of the
generated 7-mesons, Sye~*/! is the number of nu-
cleons with energies greater than E_ at depth ¢, E,
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is the threshold energy for the formation of mesons;
exp {—(x—t)/ A} is the probability that a meson
originating at depth ¢ will reach depth x without
undergoing a nuclear interaction; (¢/x)? is the prob-
ability that a meson formed-at depth ¢ with momen-
tum p_ will reach depth x without undergoing disin-
tegration. Here.

¥ = 2gMnf7nDr = 2gMnC?/7aC (E2 4 2mnc*E)'?,

where z=6.4x10° cm in the stratosphere, A, and A
are the respective ranges of the nucleon and meson
for nuclear interaction. For air and also. for the
wrapping material and the glass backing of the pho-
tographic plates, we take Ay= A = 60 g/cm? and

Il =2A For a condensed medium of the type of car-
bon, formula (1) takes the form

Sox= gn (E) [S i&e-tue%x—mmt dE.
0

0

(2

Calculation shows that the 7-mesons originating
in the air and slowed down and stopped in the photo-
graphic emulsion amount to less than 1% of such
mesons formed in the wrapping material and the
glass backing of the photographic plate. Hence the
basic sources of the 7-mesons observed in photo-
graphic emulsions exposed to cosmic rays are the
dense absorbers situated in direct proximity to the
detector.

2. CHANGE IN THE NUMBER OF #-MESONS
UPON PENETRATION FROM AIR INTO LEAD

Refs. 1-3 are devoted to the study of the penetra-
tration effect of #-mesons at mountain altitudes.
However, it is not possible to make an unambiguous
conclusion from these references as to the change in
the number of slow 7-mesons as a function of the
thickness of the absorber. Moreover, the results of
Refs. 1-4 and 5 do not agree among themselves, and
there are no data on the penetration effect for 7-mes-
ons in the stratosphere given in the literature, un-
less we count the brief communication of 3lau et
al., in which no experimental results are reported.
The results given in Ref. 7 also seem quite doubtful.

We have carried out experiments studying the
penetration effect of #-mesons. Electron sensitive
photographic plates of type NIKFI were exposed in
the stratosphere at an altitude of 25—27 km and at
a mountain elevation (2.5 km). In one of the strato-
sphere experiments (Fig. 1a) some of the photo-
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graphic plates were placed inside a hollow lead
hemisphere with walls 2 cm thick and in an aperture
made in the center of a solid hemisphere of lead of
radius 8 cm, while the rest, kept far away from
dense absorbers, were exposed without lead shield-
ing and with thin shields. A schematic of the
arrangement of the photographic plates in the other

Pb Cu

Holl
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stratosphere experiment is given in Fig. 1b. Lead

absorbers in the form of slabs of dimensions

9x5x2 cm and 9x5x3 c¢m and thin absorbers of

thickness 3—4 g/cm? were used in this experiment.
In the mountain experiment the photographic plates

were placed inside cylindrical absorbers made of

lead (with walls of thickness 0.2, 2 and 6 c¢m) and

¢
Paraffin
L1

PbCu

I

~Pb
~

%Pb
4

a
FIG. 1. Schematic of the

aluminum (with walls of thickness 0.8 c¢m), and after-
wards were exposed at a distance of 7 m from the
earth. To reduce shrinkage, the photographic plates
were placed inside a flat-sided glass vessel of
thickness 1.5—2 mm, filled with nitrogen. In the
stratosphere experiments the photographic plates
were exposed without an absorber and with thin
shields at a distance of 2.5 and 5 m above the con-
tainer.

The reduced restilts of the two stratosphere ex-
periments and one of the experiments at a mountain
elevation are given in Table 2. This table also in-
cludes p-mesons. It should be noted that not all of
the p-mesons are p-mesons. A certain part of the
negative m-mesons (~27%) does not give observable
stars8, and they are counted as p-mesons. Moreover,
a certain part of the p-mesons is connected with the
decay of 7 *-mesons generated in the absorber (local
origin). Taking account of these factors leads to the
estimate of the number of y-mesons which is given
in the last column of Table 2. This estimate cor-
responds approximately to an estimate of the number

b

stratosphere experiments.

of y-mesons by p - e decay.

It is clear from Table 2 that 1) the number of slow
m-mesons increases strongly with increasing thick-
ness of the lead absorber, while the number of
p-mesons is almost independent of the change in the
thickness of the lead; 2) a very strong increase in
the number of 7-mesons occurs when the photo-
graphic emulsion is surrounded by a layer of lead of
small thickness, while a further increase in thick-
ness does not lead to a strong increase in the num-
ber of 7-mesons; 3) no notable dependence of the
penetration of 7-mesons on height above sea level
is observed.

It follows from these results that 7-mesons are
generated directly in the absorber surrounding the
photographic emulsion, with low-energy mesons
(having a range in lead less than 4 g/cm?) being
the most abundant among those generated. The fact

that the form of the penetration curves for slow
mesons in the stratosphere and at a mountain eleva-
tion are the same is probably due to the fact that
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TABLE II.
|
No. of the | Altitude Thickness Area Number of mesons identified
experi- above of the 2xamined,
P sea level, lead 2 _ R )
ment km shielding cm - v
Air 20 742.6 55 54
1.7 22 20+ 5 61 57
1 27 23 22 4046.3 53 46
90 22 274+ 8.3 56 42
Air, 20 6+4+2.4 — —
3.4 20 26550 — —
23 20 2871 5.3 — —
2 26 11 * 20 22 4+ 4.7 —_ —
34 20 321 5.6 - —
\oE 20 3045.5 —_ -
Air 17 2 102 102
2.27 17 16 72 69
] 2.5 23 17 22 98 94
60 17 30 85 79

*III and IV indicate the positions of the photographic plates relative to the lead absorbers

(see Fig. 1).

Relative
No.

VA

9

o o —

1

1
w9 Pb, g/cm?

a

FIG. 2. Number of 7-mesons generated: x, experiment

No. 1, o, experiment No. 2,

they arise basically as secondary particles. The
number of generated mesons is shown in Fig. 2 as a
function of the thickness of the lead absorber.

We can obtain an idea of the form of the energy
spectrum of the generated 7-mesons from the pene-
tration curve. The energy spectrum of the 7-mesons
formed in the nuclei of the emulsion has been inves-
tigated by Camerini et al.® and Yagoda!®. According
to the results of Ref. 9, the energy spectrum of the
7-mesons in the energy region 200—~1100 Mev may
be represented by the expression P(E)dE ~E™1-4dE
(E is the total energy), and in the region of small
energies by the expression!? P(E,)dE, ’\‘E,? 6 dE,
(E, is the kinetic energy). On the assumption of a
spectrum of the form:

A, mountain experiment.

P(E)dE = AE~"dE
P(E)dE = BE®:SdE

for £ >40 Mev
for £ <40 Mev

(3)
(4)

the expected penetration curves were calculated for
values of y of 1.5, 1.3 and 1 (the corresponding
curves in Fig. 2 are indicated by the numbers 1, 2
and 3). It is clear from a comparison that in the
region of small thickness the experimental points
systematically go beyond the limits of the calculated
curves. We are inclined to think that in the region
of small energies the energy spectrum of the 7-mes-
ons is different from the spectrum (4) which we as-
sumed. It should be pointed out, however, that the
dependence of the angular distribution and the scat-
tering of 7-mesons on their energy may essentially



GENERATION OF SLOW 7-MESONS BY COSMIC RAY PARTICLES

influence the number of stopped 7-mesons. Taking
account of these factors in the calculation of the
transition curve does not seem possible to us at the
present time. But there seems no doubt that mesons
of small energy, with ranges in lead of less than

4 g/cm?, are abundantly represented among the
mesons generated by cosmic rays.

3. DEPENDENCE OF THE CROSS SECTION
FOR GENERATION OF #-MESONS ON THE
ATOMIC WEIGHT OF THE MATERIAL
OF THE TARGET

It is shown in Ref. 11 that the stratosphere data
on the dependence of the cross section for formation
of slow mesons on the atomic weight of the absorber
can be explained by the essential role of the number
of nucleons (in which number &-nucleons are to be
counted) which take part in the collisions.

It should be pointed out that taking account of the

difference in stopping power of carbon, copper, and
lead does not change the general conclusion just
made, since according to the data on the penetration
effect the number of stopped 7-mesons is almost the
same for lead thicknesses of 3—4 and 23 g/cm?
(see Table 2). The results of our stratosphere ex-
periments on the cross section for the formation of
7-mesons in various nuclei confirm the results ob-
tained by Abraham and Coldsack 2.

Thus, the conclusions made in Ref. 11 relative to
the formation of slow #-mesons in heavy and light
nuclei by cosmic rays in the stratosphere must be
considered correct.

In this connection it is interesting to study the
formation of slow m-mesons in various nuclei at
mountain altitudes. The formation ¢f 7-mesons in
various elements at a mountain altitude was studied
in Ref. 13. According to the results of this reference,
the cross section for the generation of 7-mesons
falls with increasing atomic weight of the target ma-
terial. This fact cannot be accepted without a sup-
plementary confirmation, since according to the re-
sults of Gregory and Tinlot!4, at an altitude of
3240 m the greater part (~90%) of the protons which
produce nuclear interactions have energies less than
1 Bev, while only ~10% of the nuclear interactions
may be ascribed to protons with energies greater
than 1 Bev. It must be presumed that the neutrons
in the cosmic radiation at mountain altitudes pos-
sess approximately these same energies. It is clear
from this that the average energy of the nucleons of
cosmic rays at mountain altitudes cannot be much
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greater than the energy of the protons used in Refs.
15 and 16.

As is well known, the results given in Refs. 15
and 16 lead unambiguously to the conclusion that
the cross section for the generation of 7-mesons at
a proton energy of approximately 400 Mev is pro-
portional to the geometrical cross section of the
nucleus. Hence it was expedient to set up a
special experiment at a mountain altitude for an in-
vestigation of the formation of 7-mesons in light
and heavy nuclei. The experiment was set up at an
altitude of 2500 m and the duration of the exposure
was two months. Thin absorbers of lead and alumi-
num were used as generators, and photographic
emulsions of type NIKFT of 400y thickness were
used as detectors. The absorbers were in the form
of cylinders. The generator thicknesses were cho-
sen to make the ionization ranges of the mesons in
these substances equal. The use of thin absorbers,
with thickness approximately equivalent with
respect to ionization range, obviated the necessity
of introducing corrections connected with nuclear
and electromagnetic absorptions. Taking account of
such corrections is difficult at present, since the
energy spectrum of the low energy w-mesons gener-
ated in various substances at the given altitude has
as yet been little studied. In order to guarantee the
cleanness of the experiment, all the photographic
emulsions used were removed a distance of 7 m
from the surface of the earth. The average decay
range of 7-mesons with energies less than 50 Mev
is about 6 m. Hence when the detector is taken a
distance of 7mfromthe surface of the earth, the contri-
bution which 7-mesons formed in the surface layer make
tothe number of recorded events is strongly dreceased.

The reduced results of the mountain experiment
are given in Table 3. It is clear from the table that
the number of 7-mesons, relative to 1 g/cm2 of
material, decreases somewhat more weakly with
increasing atomic weight than would be expected
from the 4% law. The relative cross section for
generation OAI/OPb , calculated from the data of
Table 3, is equal to 0.16 + 0.04. The corresponding
relative cross section to be expected on the basis
of the 4% law is 0.25. It is clear from this that the
cross section for the generation of mesons by cos-
mic ray particles at mountain altitudes increases
with increasing 4 somewhat more rapidly than the
geometrical cross section of the nucleus. If-we
attribute definite significance to this fact, then it
shows that cosmic ray particles at mountain alti-
tudes are capable of generating mesons not only by
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TABLE Il
Absorber Number of 17\17“:[1“2:’ °Sf
N T-meso on
Absorber thu}knezss, per cm® ?iiy, per Cmsz day
g/cm g/cm? g/cm
I

Air — 0.040 4 0.03 —
Al 2.2 0.3330.026 | 0,132 4 0.02
Pb 4.45 0.52=0.03 0.108 & 0.01

collision with surface nucleons, but also as a re-
sult of collisions with volume nucleons of a nucleus.
The results of our mountain experiments are in
agreement with the results of work carried out in a
cloud chamber 7.

Using the results of Gregory and Tinlot 4, we
can calculate the effective relative cross section
for the generation of mesons, assuming that 90% of
the cosmic ray nucleons at mountain altitudes
generate mesons witlh cross section proportional to
A% 2%, where a =A% /1.5. Then the expected
relative cross section calculated on the basis of
these assumptions is given by 0,, /0, = 0.13,
which agrees with the experimentally observed
magnitude of the relative cross section.

4. ON THE NATURE OF COSMIC RAY
PARTICLES THAT GENERATE
SLOW 7m-MESONS

In order to determine the nature of the meson-
generating particles, we studied the altitude de-
pendence of the meson production. For this pur-
pose photographic plates were exposed at various
altitudes under 2 cm of lead. Out of all the strato-
sphere flights made to determine the altitude de-
pendence of the production of 7-mesons, only those
flights were used in which the drift time exceeded by
4 or more times the time of ascent and descent of
the apparatus. Only in these cases can we ascribe
the observed intensity to a definite height. The
data from two stratosphere experiments and one

mountain experiment have been reduced. The re-
sults concerning the altitude dependence of the
number of 7-mesons is the following:

Altitude above

sea level, km 2.5 - 23.5 27

Number of 7-mesons
in 1 cm?

in 1 min x 107% 1.96 £0.42 625+96 625+81

The absorption ranges for meson-generating par-
ticles have also been determined for two altitude
intervals: 23.5—-2.5 km and 27-2.5 km; they are
equal respectively to (127 +11/7) g/cm? and
(130 £11/7) g/cm?. It should be noted that the ab-
sorption range of the meson-generating particles
assumes a value intermediate between that for the
range of particles generating penetrating showers
(118 g/cm?) and that for the range of particles which
give rise to ordinary stars (140 g/cm?). Although
the statistical error does not allow us to make a
choice as to which of these processes plays the
main role, it seems quite probable that we should
consider slow mesons to be generated both in show-
ers and in ordinary stars.

In conclusion we give the results of an investigé—
tion of the ratio of positive and negative 7-mesons,
which may yield information on the nature of the
generating particles (Table 4). Table 4 yields the
following results:

1. An increase in the ratio 7*/7~ both in the
stratosphere and at mountain altitude is observed
with increasing energy interval of the 7-mesons,

TABLE IV.
Absorber Altitude above sea level 26—27 km Seﬁlig\l;glefia—.-b:‘{(?n
thickness -
g/cm? Pb target C target- Pb target
nt n | bl L n ! mhinT nt ' b ! e
3—5 29 48 0,60 — - — 6 18 0.31?
23 13 22 0.82 — — — 18 39 0.46
20 — —_ — 16 34 0,50 — — —
26 — _— — 26 30 0,87 — — —
70—-80 37 37 1 - — —_ 13 21 0.62
114 (18) — — — — — — 30 41 0.73
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which is (roughly) determined by the thickness of
the absorber.

2. The negative “charge asymmetry” is signifi-
cant for low energy m-mesons.

3. The ratio #*/7~ changes only slightly in
going from a heavy element (Pb) to a light element
(.

4. The magnitude of the ratio #7*/7~ increases
in going from a mountain altitude to the strato-
sphere. All these regularities are easy to explain,
if we take account of the fact that an overwhelming

part of the slow 7-mesons is generated by neutrons.

The participation of protons in the formation of
7-mesons increases with increasing energy of the
7-mesons.
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From the experimental temperature dependence of the monoclinic parameter 7 and the
specific heat ¢j the thermodynamic potential of Rochelle salt can be constructed with ac-
curacy to terms of the order of 7*. The advantages of the optical method of determination
of the monoclinic parameter are analyzed in comparison with the electrical and mechanical
methods. Results of calculation of the thermodynamic potential surface from the tempera-
ture dependence of the angle of spontaneous rotation of the optical indicatrix are given.
The possibilities of a rigorous construction (without interpolation) of this surface from
data of the optical investigation of domains are pointed out.

S GINSBURG HAS SHOWN!, the theory of piezo-
electric phenomena can be developed on the
basis of the general theory of phase transitions of
the second kind2. In the general theory it is demon-
strated that in the vicinity of the Curie point =0,
the expansion of the thermodynamic potential in a
power series of the parameter n which character-

izes the degree of asymmetry of the system has the
form

® = @y + An® + Ot + - - - (1)

Ordinarily it is assumed that in expansion (1) we
can confine ourselves to only the terms written



