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Meson Intensity in the Substratosphere

H. J. BHABHA, S. V. CHANDRAsHEKHAR AIYA, H. E. HQTEKo, AND R. C. SAxENA

Cosmic Ray Research Unit, Indian Institute of Science, Bangalore, India

(Received July 29, 1945)

The vertical intensities of mesons penetrating 5.25 and 30 cm of lead have been measured
to an altitude of 15,000 feet and of those penetrating 20 cm of lead to an altitude of 32;000
feet (275 millibars pressure) by coincidence counter telescopes sent up in an aeroplane from
Bangalore, magnetic latitude 3.3'N. A comparison of our results with those of Schein, Jesse,
and Wollan indicates that the latitude effect between 3.3'N and 52'N of the vertical intensity
of mesons shows no marked increase even to altitudes corresponding to pressures of 275 milli-
bars. This is in striking contrast with the total intensity, which shows a very pronounced
increase of latitude effect to these heights.

INTRODUCTION and their dependence on .energy could also be
obtained through measurements of the altitude-
intensity curves of mesons of different energies.
There are very few such measurements. Dymond'
measured the altitude-intensity curve of mesons
penetrating 10 cm of lead at Edinburgh, magnetic
latitude 59'N, but the work was interrupted by
the war and only a preliminary note has been
published. Schein, Jesse, and Wollan, ' " and
Schein, Wollan, and Grotzinger" have carried
out similar measurements at Chicago, magnetic
latitude 52.5'N, using lead absorbers of different
thicknesses, and the results of these authors are
the only ones available yet. Since cosmic-ray
mesons are all produced in the atmosphere, a
comparison of the altitude-intensity curves for
mesons of dilferent energies at digerettt latitudes
would give valuable information about the de-

HE variation with altitude of the total
vertical intensity of cosmic rays has been

measured by. several authors' ~ at different lati-
tudes using coincidence counter telescopes. The
results of such experiments have definitely estab-
lished the existence of a large latitude effect at
high altitudes and are in satisfactory agreement
with the deductions of the cascade theory. For
brevity we shall call any curve giving the vertical
intensity of some component or group of cosmic
rays as a function of altitude the altitude-in-
tensity curve of that component or group. Valu-
able information on the processes leading to the
creation, annihilation, and scattering of mesons
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pendence of their creation on the energy of the
primary rays. It is therefore important to know
the altitude-intensity curves of mesons at differ-
ent latitudes, and particularly near the geomag-
netic equator. No such measurements have been
made previously near the geomagnetic equator.

As is well known, India is particularly suited
for such measurements. First, the geomagnetic
equator passes through south India. Secondly,
due to the fact that the magnetic held of the
earth is not axially symmetric with regard to its
geographic center, India lies in the region of the
earth's surface where the cosmic-ray intensity is
a minimum, according to the world survey by
Millikan and Neher. "This means that only the
most penetrating cosmic rays can reach the sur-
face of the earth in south India. Even theoreti-
cally (cf. Johnson" ) the critical energy required
by a cosmic ray to reach the earth at the mag-
netic equator in India is over 15&10' ev whereas
on the equator west of India this critical energy
is lower, and reaches the minimum value of
13X10' ev in South America. Theoretically the
critical energy should reach its maximum value
in some region in the Pacihc Ocean at about
140'E longitude, that is nor th of Australia,
However, the earth's magnetic field is not that
of a pure dipole and it is possible that owing to
local variations in the field south India lies in
the region where the critical energy is a maxi-
mum, as the sea-level survey of Millikan and
Neher seems to indicate. In any case, south
India lies suKciently near, if not in, the region
of maximum critical energy for a particular
importance to attach to measurements made
here of the altitude-intensity curves of mesons
near the geomagnetic equator.

Vertical intensity measurements if properly
carried out are capable of attaining an accuracy
sufhcient for a quantitative comparison .with
theory. It is desirable for a proper comparison
with theory that in experiments designed to
measure the vertical intensity the geometry of
the apparatus should be such that the lengths of
paths traversed in the atmosphere and the
absorber by the different rays measured by it do
not differ by more than about 10 percent. Al-
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though such a condition tends to reduce the
counts per minute, this should be remedied by
increasing the number of counters in a tray, and,
where possible, by making measurements for a
relatively longer period, rather than by reducing
the distance between the extreme counters and
thus spoiling the geometry, and consequently
the accuracy of the measurements. Pfotzer's'
arrangement for the measurement of the total
vertical intensity satisfies this condition but the
apparatus used by other workers does not always
.do so, For example, in the experiments of Neher
and Pickering' for the measurement of the total
vertical intensity, the maximum allowed angle
was 47' from the vertical entailing a path length
47 percent greater than that of a vertical particle.
Their geometry was further complicated by
putting two counters in parallel at a horizontal
distance roughly equal to half of the vertical
separation of the counters.

It has been shown by Greisen and Nereson'4

that the effect of side showers on counter tele-
scope measurements can be considerable. Since
the vertical meson intensity increases much more
slowly with altitude than that of the soft com-
ponent, it is always necessary in measurements of
meson intensity to reduce the effect of side
showers to a minimum. According to Greisen and
Nereson the effect of side showers for a triple
coincidence counter telescope is about 14 percent
at an altitude 4300 meters and it would be greater
at higher altitudes. A quadruple coincidence
counter telescope is therefore desirable in meas-
urements of vertical meson intensity which at
great heights is only a small fraction of the
total intensity.

In order to obtain the maximum information
possible from the various experiments it is
necessary that the results of different authors
should be easily comparable and reproducible.
For example, quantitative information about the
latitude effect of the diRerent components can
only be obtained if this is possible. To this end
we suggest that in executing and communicating
all future experiments for measuring the varia-
tion with altitude of the vertical intensity of
cosmic rays of different penetrating power certain
criteria be adopted which we indicate below.

'" K. Greisen and N. Ner'eson, Phys. Rev. 62, 316 (1942).
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FIG. 1. Arrangement of counters.

The cosmic-ray intensity at any point in the
atmosphere is mainly a function of the amount of
matter traversed by the rays in reaching that
point. Hence comes the importance of measuring
the vertical rays only and keeping the variation
of path length within about 10 percent by
suitably designing the geometry of the apparatus,
as we have already mentioned above. Now the
pressure is a direct measure of the mass of air
traversed by a vertical ray, and it is therefore
appropriate that the intensity should be given
as a function of pressure rather than in meters
of water equivalent, as is often done. It is also
what is always measured directly in the experi-
ment. The conversion of pressure into meters of
water equivalent involves certain physical as-
sumptions about the relative absorbing powers
of air and water and the small uncertainty it
introduces is undesirable, especially in view of
the fact that the accuracy of cosmic-ray measure-
ments will continually increase in the future. A
measurement of pressure in centimeters of mer-
cury is however arbitrary and inconvenient for
theoretical purposes. We therefore propose that in
the future the intensity be given as a function of
pressure measured in milhbars. Since 1000 milli-
bars, which is equal to the pressure of the
standard atmosphere, corresponds to between 10
and 10.3 meters of water equivalent, the pressure
in millibars divided by 100 gives immediately to

within 3 percent the thickness of the intervening
atmosphere in meters of water equivalent. This
procedure would therefore have the advantage of
communicating what is directly measured in any
experiment in a form convenient both for a
comparison with theory and with the past experi-
mental results.

It is not the absolute intensities, but the
relative values of the intensities which are of
significance in comparing the work of different
authors. It is therefore essential that the reading
at sea level both with and without any absorber
that may be used should always be measured
with the apparatus concerned and communicated
in the paper. Since the latitude effect at sea
level and the absorption curve in lead at sea level
at different latitudes is known, this would enable
a fairly quantitative comparison of the curves of
different authors to be made. .We would also
suggest that the final readings should always be
given in a table, even if a graph is included, and
the method of averaging the readings and the
statistical accuracy be indicated.

We have planned a number of experiments on
the basis of the foregoing discussion and carried
out a preliminary measurement which is being
reported here. In this preliminary experiment,
we have measured the variation with height of
the intensity of cosmic rays penetrating 20- and
30-cm thick blocks of lead absorbers at Banga-
lore, magnetic latitude 3.3'N, by sending up
quadruple coincidence counter telescopes in an
aeroplane. The intensity of mesons penetrating
5.25 cm of lead was also measured by Bhabha's
method" " with a triple coincidence counter
telescope. Two Hights were made, one on De-
cember 26, 1944 to an altitude of 15,000 feet and
one on December 28, 1944 to an altitude of
32,000 feet. Although further experiments are
still in progress, we think that the preliminary
results which have already been obtained are of
sufhcient importance to merit being communi-
cated now.

APPARATUS AND MEASUREMENTS

The counters used in the experiment were
filled by a slightly modified form of the procedure

"Bhabha, Proc. Ind. Acad. Sci. A19, 23 (1944).
"Chandrashekhar Aiya, Proc. Ind. Acad. Sci. A19, 177

(1944).
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given by Neher" and had a plateau of nearly 300
volts. They were 15 cm long and 1-,'"—1-,'" in
diameter. The distance between the extreme
counters was in every case 35 cm. Therefore no
single particle making an angle of more than 22'
to the vertical could traverse the telescope. Thus
a particle recorded at this maximum angle of
22' would only travel a thickness of the atmos-
phere and absorber 8 percent greater than a
particle arriving vertically.

Three distinct sets were used for the measure-
ments. One was designed on the basis of Bhabha's
method with a 5.25-cm thick lead absorber which
allowed the measurement of the intensity of
mesons with energies above 0.93 &&10' ev. It had
three counters in a vertical plane working in
coincidence with two additional counters in

parallel on each side of the middle counter and
put in anti-coincidence with the previous three.
A lead absorber 1.25 cm thick was inserted below
the top counter and a 4.0-cm lead block was put
between the middle and bottom counters. A side
view of the arrangement is shown to scale in
Fig. 1. It has been shown' that this splitting of
the lead absorber into two parts together with
the anti-coincidence arrangement in fact allows
the soft component to be cut out by only 5.25 cm
of lead and that the two anti-counters to the
sides of the middle counter are adequate for
reducing the effect of side showers.

vzuxn

The second set had a quadruple coincidence
counter telescope with 20 cm of lead as shown
in Figs. 2 and 3. In the side view the horizontal
lines indicate the active length of each counter.
The third set was similar to the second one but
had, in addition to the 20 cm of lead, another
10 cm of lead on the top. Each counter telescope,
its amplifier, and its plate and bias batteries
were all mounted in a box which was closed on
all sides and waxed except for a small hole on
the top made for the purpose of equalizing the
pressure inside and outside the box. Inside each
box was an electric heater operated from the
aeroplane supply. The high voltage to the
counters was supplied from a separate battery
box which also had the necessary provision for
heating.

The pressure was measured by a standard
altimeter. The outside temperature was also
measured throughout the flight and was required
in order to calculate the real altitude from the
indicated altitude. The measurements were made
during ascent and descent in both flights. In
addition, the airplane flew for half an hour at
each "indicated" altitude of 5000, 10,000, 15,000,
20,000, 25,000, and 30,000 feet corresponding to
pressures of 832, 671, 530, 430, 332, and 265
millibars, respectively.

The cosmic-ray counts of each of the three
sets were recorded on three telephone call
counters, and these together with a clock and
the altimeter were photographed at the beginning

I'/'/V/'1/'A/'ll/'1/'/'/'/'/'/'/'/'J'1/'/'/'/'/'A
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FrG. 2. Counter telescope.

'~ Strong and others, Procedures in Experimental Physics
(Prentice-HaII, Inc. , New York, 1938).
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Fro. 3. Counter telescope.
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TABLE I. Readings taken on airplane Rights.

Indicated
altitude
in feet

Pressure in
cm millibars

Readings with 5.2S cm of lead
time

in counts
counts min. per hr.

Readings with 20 cm of lead
time

in counts
counts min. per hr.

Readings with 30 cm of lead
time

in
counts min. counts/hr.

2900
5000
7500

10000
12500
15000
20000
25000
30000

68.8 906
63.2 832
56.4 742
51.0 6/1
45.5 599
40.3 530
32.7 430
25.2 332
20 9 275

42 60
22 30
40 38
32 30
60 40
58 31

42.0+ 4.3
44.0% 6.2
63.1~ 6.3
64.0& 7.6
90.0+ 7.8

112.3&10.2

36 60
20 30
40 51
20 30
60 59
36 31
81 47

146 58
274 71

36.0*4.0
40.0+6.0
47.0+5.0
40.0~6.0
61.0+5.2
70.0+6.7

103.4w7. 6
148.2 +8.2
231.5+8.6

24
15
16
17
21
22

60
30
27
30
28
31

24.0~3.3
30.0&5.2
35.6+5.9
34.0~5.5
45.0&6.5
42.6a6.1

and end of each of these intervals, as also at
intermediate points on the way up and down.
The results on the way up and down were con-
sistent. No heating was required up to 15,000
feet and the heaters were not put in operation in
the first flight. During the second fight two
heaters failed to operate, and measurements up
to 32,000 feet were obtained only of the intensity
of meso'ns penetrating 20 cm of lead. The readings
were consistent on the way up and down, and

2K.

200 500 400 KU 600 7&0 800 900
Pressvre in millibars

FIG. 4. Curve A—Vertical intensity of mesons pene-
trating 30 cm of lead. Curve 8—Vertical intensity of
mesons penetrating 20 cm of lead. Curve C—Vertical in-
tensity of mesons penetrating 5.25 cm of lead. (Note: Since
the counters were not of identical diameter in all the three
cases, quantitative comparison of the three curves together
is not to be made. )

in good agreement with those made during the
first flight. The combined readings of the two
flights are given in Table I and plotted in Fig. 4.

INTENSITY OF MESONS OF DIFFERENT ENERGIES

Certain definite conclusions can be drawn from
our results given in Table I and Fig. 4.

1. The intensity of cosmic rays capable of
penetrating 30 cm of lead increases very slowly
with altitude. The intensity at 15,000 feet
(indicated) (530 millibars) is about twice the
intensity at 2900 feet (905 millibars).

2. The intensity of mesons capable of pene-
trating 20 cm of lead also increases slowly with
altitude, but at a more rapid rate than in
case (1).

3. The intensity of mesons capable of pene-
trating 5.25 cm of lead, i.e., having an energy
greater than 0.93&10' ev, increases perceptibly
more rapidly with altitude. The intensity at
15,000 feet is nearly 2—', times the intensity at
2900 feet.

Schein, Jesse, and Wollan" report that there
is no difference in the intensity of rays pene-
trating any absorber thickness between 4 and
18 cm of lead and this appears to contradict the
result of Schein, Wollan, and Grotzinger. " We
are unable to understand the reason for their
having found no absorption of rays between 4
and 18 cm of lead contrary to the theoretical
expectation and our own experimental results
and those of Bostick, ' Rossi and Greisen, "and
Hall" who find a great increase in the percentage
of slow mesons with altitude.

's W. H. Bostick, Phys. Rev. 61, 557 (1942)."B.Rossi and K. Greisen, Phys. Rev. 61, 121 (1942).
20 D. B. Hall, Phys. Rev. 66, 321 (1944).



BHABHA AI YA, HOTEKO, AND SAX ENA

1200-

IIOO-

IOOO-

800

500.

c
o 4X.O

IOO

0 IOO 200 300 400 500 600 700 800800 900 IOOO

Pressure in millibars

. Vertical meson intensity at 3 3'NFIG. 5. Curve A: Ver
'

a a, Aiya, Hoteko and Saxena~. Curve B '

meson intensity at 52.5'N (Sa ~ ( chein, Jesse and Wollan-
). urve: Vertical total intensity at 3.3'N 'N h

'
g). ve D: Vertical total intensity at 49'N

total vertical intensity with altitude at 3.3'N as

is curve eingcoinci ence counter telescope this
tte to our curve so as to show a rat' fio o vertical

meson intensity to total vertical intensity of 80
percent as observed at ground level at Bangalore.
Curve D gives the variation of the total vertical
intensity with altitude as measured by Pfotzer'

e our curvesat a magnetic latitude of 49'N. Th f
together show at a glance the striking fact that
whereas the latitude effect between 3.3'll d 4g'
of e total intensity shows a pronounced increase

practically no such increase of latitude effect even

to heights corresponding to pressure of Z75 milli

bars. The theory of Hamilton, Heitler, and Peng"
accordin to whi

'
g ic" the penetrating component

should showow only a slightly greater latitude
effect than at sea level up to heights correspond-
ing to a pressure of 100 millibars is therefore at
least in qualitative agreement with our measure-
ments. The didiAerence in the geometry of the
counter telescopes used by th d ff-e i erent authors
and the statistical accuracy of the results do
not yet permit a quantitative comparison.

It is worth mentioning that our readin .s at
10 000
markedly below the three smooth curves drawn

there is not sufficient evidence to decide whether
this result is purely a coincidence due to statis-
tical fluctuations or is real.

LATITUDE EFFECT

InFi . Sw h'g. e have plotted our results giving the
intensity of mesons penetrating 20 cm of lead
at 3.3'N as curveve A and, for comparison, the
latest results of Schein, Jesse, and Wollan" for
the intensity of mesons at 52 5'N as curve B.
The two curves have been fitt de at sea level to
allow for the known latit d d 1i u e an ongitude
effect" of 12 percent. In the same figure, we

ave plotted as curve C the variation of the
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