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DURING the months of October, November and December, 1951, am
investigation on cosmic-ray intensity was carried out in the Gold Mines
at Kolar (Mysore State) surface altitude 2,800 ft., with a hodoscoped
counter telescope, upto a depth of 1,008 meters water equivalent. The
experimental details, and the main results of the investigation are presented
“in this paper under the following Sections:—

Section 1. Experimental details.

Section II. Intensity Measurements, vertical flux at various depths.
Section III. Angular Distribution of underground particles.

Section IV. Production of Secondaries by p-mesons.

Section V. Deduction of the Energy Spectrum of #-mesons and of
p-mesons from the intensity measurements.

Section VI. Nature of the neutral radiation underground.

Section VII. Comparison of results with the results of other experi-
ments and Discussiorn.

SeCTION I. EXPERIMENTAL DETAILS

The apparatus used is shown in Fig. 1. Six counters of length
37.5cm. and diameter 4-0cm. were placed in each of the trays A, B, C
‘and D. The trays A and B were separated by a lead absorber 2-5cm.
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Fic. 1. Block Diagram Showing the Essential Electronic Circuits,
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thick, and trays C and D by a lead absorber 7:5cm. thick. The extreme
trays A and D were separated by 27-5 cms. The semi-angles of acceptance
of the telescope ABCD were 40° and 34° in the planes perpendicular and
parallel to the counter axes. The semi-angles of ABC in the twe planes
were 60° and 68°. All the counters Were filled with argon and petroleum
ether in the ratio 9:1, fo a total pressure of 10cm. The counters were
operated about 50 volts above the threshold voltage. The efficiency of the
counters was found to be 98-5%.

The counters in trays B and D were hodoscoped with AC double
coincidence pulse as the master triggering pulse.* A block-diagram showing
the cssential clectronic circuits is given in Fig. L. The circuit diagrams of
the hodoscope and the fim-winding circuit are given in Fig. 2 (a) and
Fig. 2 (b). Each hodoscope plug-in unit consisted of a twin-triode (TE7)
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% At 10 and 22 mwe, where the AC rate was too high for photography cvery thirty-secong
AC pulse was taken as -the master pulse, '
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which selected coincidences of the AC master pulse, and the counter pulse;
and a univibrator (7F7) to broaden the coincidence pulse for flashing
a neon indicator. Since the piug-in units were placed close to the counter
trays, it was not found necessary to use a pre-amplifier-cathode-follower-
inverter system for every counter. For AC double coincidence, 6AKS
miniature pentodes were used. The coincidence pulse was fed to a 6J6
cathode-follower. Two outputs were taken from the cathode point of the
cathode-follower. One output, after inversion, served as the master-pulse
for all the coincidence stages of the hodoscopes. The second output was
fed to the grid of the first thyratron of the film winding circuit.

Since the neon indicators connected in the plate of the univibrators
flashed for a considerable time, it was essential to’ introduce a delay
between the arrival of the master pulse on the grid of the first thyratron
and the winding of the film. This was achieved by the thyratron delay
circuit shown in Fig. 2, in the following way: With the arrival of the
master pulse, the thyratron T, fired. It was not switched off immediately
since the condenser C, was not connected to the cathode. A pair of
off-to-on contacts of the relay in the plate of T, began charging the
condenser C, in the grid of T, through the resistance R,. As soon as
the voltage on C, rose above the cut-off bias of T,, the thyratron T, fired.
T, too was not switched off immediately. The relay in the plate of T,
had threé pairs of off-to-on contacts. One pair switched off T, by connect-
ing C, to the cathode of T;. Another pair put on the D.C. voltage for
the film-winding motor. The third pair started charging C; through R,.
As soon as the voltage on C, exceeded the cut-off bias of T, the thyratron
fired, but was automatically switched off. The pair of contacts of the
relay in the plate of T, switched off T,. The delay time was controlled by
C, and the potentiometer R,, and the winding time of the motor by C,
and the potentiometer R;.

The experiment was first carried out at the surface. Then it was
repeated at depths 503, 598, 807, 1008 mwe. The 22 mwe level was
covered at the end. Though the main shaft was very wet, the places
at which the experiment was set up, were comparatively free from moisture,
Except at 1008 and 22 mwe, the telescope was more than 600 ft. away
from the main shaft, at all depths. At 1008 mwe, it was 200 ft. away and
at 22 mwe, about 10 ft. away from the shaft.

SpcTioN II. INTENSITY MEASUREMENTS

From the hodoscope photographs, we were able to deduce the follow-
ing counting rates:—
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(i) the three-fold coincidence rate Nype (counts per hour) of particles
capable of penetrating 2-5 cm. of lead, recorded by the tclescope
with semi-angles of zcceptance 60° and 68° in the two planes;

(iD) the four-fold coincidence rate Nagep (counts per hour) of particles
penetrating 10cm. of lead, recorded by the telescope with
semi-angles 40° and 54°;

(iii) the four-fold coincidence rate of particles penetrating 10 cm.
lead, as recorded by a system of five single counter telescopes
with semi-angles 12° and 64°. :

Table I gives the recorded rates Nupg, Napep at various depths. They are
plotted against depth expressed in mwe on a log-log scale in Fig. 3. The

TABLE 1
Een.(Bev)
of Narc Nazco
I?egtvl;e u-mesons | (counts {counts Tasc Tasco Iy daren 100
penetrating] per hr.) per hr} ‘ ABC
H mwe
10 2.966 |21440+610 | 0414+410 | 7-42 x10-3 | 5-88 %1073 6-11 x10-3 792
+0-49 x10-8
22 6-495 | 9215+272 | 3806178 | 8:71 x10-% | 2.67 X 1078 2.87 x10~3 72-0
+0.23 %103
503 152-8 54.3+2.6 [25:6 +1-8 | 2:56- x 105 | 2.04 x107% 1.76 x107° 79-17
+0-24 x10-°
598 186+6 30-841-3 [14:7 £0-9 | 1-46 x10-5 | 1.19 x10-5| 1.24 X107 81-5
+£0-13 x10-°
807 2695 11-44+06 | 5:3 £0-4 | 0-539x10~5 | 0-425%x1073| 0-555 x 105 78-8
+0-070 x 105
1008 370:6 4.74+0-21| 2-330-15 0.224%x10-% | 0-187x107%| 0-237x 1075 83-5
+0:027x 1075

(The intensities X,pe, Ingens and Iy expressed in terms of particles cm.~? sec.”* sterad—t
have been computed using cos* angular distribution for 10 mwe, cos® distribution for 22 mwe,
and cos* distribution for 503-1008 mwe.)

last four experimental points corresponding to particles capable of pene-
trating 10 cm. lead, can be fitted to the straight line

logyo Napep = 10-62 — 341 log; H.
Similarly, the last four Nypc rates, can be fitted to the straight line
log;s Nagc = 11-30—3-55logy, H.
These lead to the intensity-depth relations

NABCD

— 1010-62 H——3.41i 0.01

NABC —— 1011-30 H—3-55j: 0.06

For the component penetrating 10 cm. of lead the slope of the line joining
the surface point to the 22 mwe point is 1-15, and the corresponding
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Fic. 3. Counting Rate— Depth Curves.

slope for radiation penetrating 2-5cm. lead is 1-09. It is seen that for
depths below 503 mwe, the absorption curves for the particles penetrating
2:5 and 10cm. lead, run almost parallel. From the last column of
Table 1, it is seen that at all depths, nearly 80% of the particles penetrating
2-5cm. lead are capable of penetrating 10 cm. lead.

Table I gives the flux values- I gc, Iapcps and Iy, calculated from ABC,
ABCD and the single-counter telescope counting rates, and also the ratic
Tasop/Ianc. The computations were made assuming cos? angular distribution
at 10 mwe, cos® distribution at 22 mwe and cos* distribution for depths
503-1008 mwe. The reasons for choosing these cosine powers are discussed
in the following section (III). In the calculation of vertical flux, the
angular distribution in both the planes was taken into account. The
vertical flux Iy calculated from the single counter telescopes is more
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accurate, since the cffect of leakage spaces is a minimum. Belween

500 and 1008 mwe the vertical intensities can be expressed by the power law,
IV —_— 103‘56 H—-S-liﬂ-l (3)

ggctioN I1I.  ANGULAR DISTRIBUTION OF UNDERGROUND PARTICLES

A detailed description of the procedure adopted for obtaining the
angular distribution of underground particles, from the hodoscope records
is given in the Appendix. The resulis are given in Fig. 4 and Fig. 5. The
solid lines in the figures represent the distributions expected on the basis
of cos?, cos?, and cos® laws. The experimental points for the four angles
0°, 15%°, 29°, and 40° are also plotted in the same figures for the two depths
792 mwe and 598 mwe. It is seen that at 22 mwe, the experimental points
are closer to the cos? curve rather than cos? or cos® curves. But at 598 mwe,
the experimental points are closer to the cos* curve. While the number
of particles recorded, particularly at large inclinations, is not sufficiently
high for deciding unambiguously on the exact power law obeyed, the
increasing steepiess of the angular distribution curve with depth Is unmis-
takable. However, it may be pointed out that in the computation of
vertical flux, a change from cos? to cos? distribution increases the calculated
flux by only 5%. The corresponding increase, when the distribution changes

from cos® to cost is 7%.
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Fig. 5. Angular Distribution at 598 Mwe.

SEcTION IV. PRODUCTION OF SECONDARIES BY u~-MESONS
(A) Secondary production in the lead of the apparatus

The experimental arrangement used for the measurement of intensity
was suitable also for finding the percentage of p-mesons that produced
secondaries such as knock-on’s, bremsstrahlung electrons, etc., in the lead
of the apparatus. For this purpose, the ABCD hodoscope events were
classified into two groups: (1) Events with one ‘discharged counter in
tray B, and one discharged counter in tray D (B=1, D =1). (2) Events
with more than one counter discharged in either B or D, or in both.
The events of the second group, which we shall call ‘multiple events’
can be classificd according to the number of counters triggered in trays
B and D. Table 1T gives a full and detailed analysis of the multiple events
at various depths. All the multiple events can however be divided into
three main categories:—

(i) one counter discharged in tray B and
more than one counter discharged in tray D B=1,D>1

(ii) more than one counter discharged in tray B and
one counter discharged in tray D B>1,D=1)

(iii) more than one counter discharged in tray B and
more than one counter discharged in tray D B>1,D>1
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Table IIT gives the observed number of events falling into cach of the
various categorics described above, and also the percentage values Lo facilitate
comparison.

TaBLE III
Classification of the hodoscope records, Arrangement T
\.Depth }
Nmwe 10 mwe 22 mwe ;502 mwe 598 niwe 807 mwe | 1008 mwe
Event \ | |
|
ABCD 541 474 208 287 191 259
B=1 ) 503 449 167 236 156 193
D=1 | 93:0*t4-1 | 94.7%4-5 | 80-3%6-2 | 82.3%5.4 | £1-7%6.5 | 7d-5%5.4
B=1 ) 14 10 16 29 19 2%
D>1 2.6 9.1 7.7 77 10-0 9-3
B>1 ) %4 14 22 24 19 31
D=1 | 44 3-0 106 84 6-3 12-0
B>1 ) 0 1 3 5 4 11
nD>1 | 0 0-2 1.4 1.6 2:0 4-2
Multiple 38 25 41 51 35 66
Events fi 7-0%1-1 5-3£1-8 | 19-7£3-1 | 17-7£2.5 | 18-3+3-1 | 95-5%3-1

Interpretation of the events

In the interpretation given below, the effect of the dead-space leakages
of the counter geometry have been neglected. We assume that the leakage
factor is the same at all depths, and regard the estimated percentages of
multiple events as useful only for comparing the values at different depths,

1. Events of the type B =1, D = 1.—These events are mostly due to:

(a) single particles penetrating 10 cm. lead without producing sec-
ondaries;

(b) single particles producing secondaries that pass through the same
counters as the single particles;

(c¢) two or more closely collimated penetrating particles passing
through the same counters in B and D.

Without an exact knowledge of the angular distribution of the secondary
particles, it is not possible to separate the contributions from the various
groups. By regarding all the cvents of type B=1, D=1, as single
particles, we obtain an upper limil to the number of single particles and
a corresponding lower limit to the number of particles that are accompanied
by secondaries.

R
TR SES—
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2. (i) Events of type B =1, D > |.—Events of this type are caused by

(a) single penetrating particles producing secondaries in the 75 cm.
lead between the trays C and D, the angles of emisison of the
secondaries being sufficiently large for the secondaries, or the
showers initiated by them to trigger neighbouring counters;

(b) two or more penetrating particles with angular separation such
that they pass through the same counters in B and through
different counters in D.

It is again difficult to separate the relative coniributions of (@) and (b).
Since it was observed that the events in which two neighbouring counters
were discharged in both B and D were few [(in type (iii)], the contribution
from the second type may be considered small compared to that from
the first type (@). It is scen from Table III, that the percentage of these
cvents increases from 2-6% at 10 mwe to 9-3% at 1008 mwe.

(ii) Events of type B> 1, D = 1.—These events are due to

(a) single penetrating particles incident on the telescope, accompanied
by secondaries that can penetrate 2-5cm. lead;

(b) single penetarting particles producing secondaries in 2-5cm. lead
plate, that cannot penetrate 7-5cm. lead.

The upper limit to the contribution frem the first type of events (@) was
determined from a modified experimental arrangement (Arrangement II, as
distinguished from the set-up of Fig. 1, which is Arrangement I) described
in sub-section (B). From this, the lower limit to the percentage of particles
that produced secondaries in the 2-5 cm. lead platec was known. Table IV
gives the lower limits of percentages of secondaries produced in 2-5cm.

‘and in 7-5cm. lead, for the three depths 22, 598 and 1008 mwe.

(iii) Events of type B> 1, D > 1.—These events are due to
(a) associated penetrating particles arriving from the rock;

(b) single particles producing penetrating secondaries in 2-5 cms. lead,
with large angular separation;

(¢) single particles producing secondaries i both the lead plates—
double knock-on’s, etc.

The total number of observed events of this type were small. The
percentage increased from 0-2% at 22 mwe, to 4-5% at 1008 mwe.
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TABLE 1V
Secondary production in the lead of the apparatus and the rock
. Depth {mwe) 10 22 503 598 807 1008
Description of event ™\ ! !
| ] ‘
Percentage of particles which produce \ 2.8 2.1 7.7 7y 10-0 9.3
secondaries in 7+5 cm. iead block in | :
the apparatus (lower limits) ! i
|
Percentage of particles which produce 2.8 i 58 89
secondaries in 2¢5 cm. lead in the
apparatus (lower limits)
Percentage of particles which produce 4.9 | 13.5 | 18:2
secondaries in the lead of the apparatas |
(lower limits) !
Percentage of events with particles 8.4 42.8 41-0
coming as multiples from the rock, ! ;
corrected (lower limits) | i

(B) Secondary production in the rock

To determine the percentage of particles that arrived at the telescope,
accompanied by secondaries produced in the rock, the following modifica-
tion was made in the experimental arrangement: The tray D which was
below the 7-5cm. lead block, was now placed above the tray A. The rest
of the set-up remained the same. The counters in trays D and B werc
hodoscoped as before, with AC double coincidence pulse as the master
pulse.

As in sub-section (A), the events were classified as follows :—
(1) Events of type D = 1, B = 1.—These events are due to
(a) single particles penetrating 2-5 cm. lead ;

(h) closely collimated associated particles passing through the same
counters in D and B;

(¢) single particles producing secondaries in the 2-5cm. lead plate,
the secondaries passing through the same counter in D, as the
primary.

By regarding all the events D =1, B =1, as due to single particles, we
obtain a lower limit for the number of events with asscciated particles
arriving from the rock. The percentage of the events D=1, B=1,
decreases from 89%; at 22 mwe, to 599 at 1008 mwe (Table V).

A3
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(i) Evenis of type D = {, B> 1.—These are due to

(@) single particles penctrating 2-5 cm. lead, producing sccondaries
that trigger the neighbouring counters n tray B;

TR e

(b) penetrating particles from the rock, which pass through the same
counter in D, and through different counters in B.
Tt is seen from Table V, that the percentage of these events docs not change
appreciably with depth. These events could be caused by mesons as well
as penctrating clectrons.
TABLE V

Classification of the hodoscope events of Arrangement I7

e e o e AT

N Level
AN 22 ;e 508 mwe 1008 mwe
Hvent \

DABC 548 310 203 ‘
D=1} 485 184 120 p !
p=1} 88-5+£4-0 59.4+4-4 59:.1+£5-4
D=1} 33 29 16
B>1] 6-0L-1-1 9-4+1-8 7-94:2.0
D>1} 28 84 52
=1 5.1 £1-0 26-91+2+9 25-643-6
h>1) 2 13 15
B>1] 0-4 4.3+1-2 7.4£1-9

Lyents with particles 30 97 67
comhing as multiples 5-5 31.2%3-2 33-0x4-0
from tup
O>1, B=D

e+ o e e e e ST T ST - N

(iii) Events of 1ype D> 1, B = 1.—Thesc events are due to particles
which arrive as multiples from the rock. In this casc, it was possible
to get an cstimate of the percentage of particles which were associated
with secondaries that passed through the same counter as the primary
particle. The calculation was made assuming a Gaussian distribution {or

g the separation of parlicles, since the separation 18 governed mostly by
scattering. From the frequency of events as a function of separation of the
discharged counters, we calculated the constants of the distribution, and
were able to get an cstimate of the percentage of even(s in which closely
collimated particles passed through the samc counter. The corrected
percentages of particles that arrived at the telescope as multiples for the
three depths 22, 598 and 1008 mwe, are given in Table IV. 1t is found that
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the perceniage increases from 87 at 22 mwe to 429 at 1008 mwe. Compa-
rison of these values with theoretical values is given in Section VII(C).

The events of the type D > 1, B > 1, in Arrangement II, were useful
in finding the lower limit to the number of cases in which single penetrating
particles produced secondaries in 2-5cm. lead of the experimental arrange-
ment I. Events of the type D> 1, B > 1, were those in which two or
more particles came from the rock, each capable of penetrating 2-5cm.
lead, or one or both of them produced showers that triggered more than
one counter in B. Therefore by regarding all events of the type D > 1,
B > 1, as those in which two or more particles arrived from rock, with
at least one of them capable of penetrating 10 cm. lead, we obtain an
upper limit to the percentage of such events. This sets the lower limit
to the percentage of cases in which secondaries were produced in the
2-5cms. lead plate of arrangement I.

SEcTION V. DEDUCTION OF THE ENERGY SPECTRUM OF 7m-MESONS AND
OF u-MESONS FROM INTENSITY MEASUREMENTS UNDERGROUND

If we make the assumption that w-mesons are produced only as
a result of the decay of m-mesons, then we ncrmally expect the spectrum
of p-mesons to follow closely the energy spectrum of w-mesons at all
energies, since the mass difference between #’s and, p’s is small. But at
high energies the probability of absorption of m-mesons increases relative
to the decay probability. This renders the p-meson spectrum at the high
cnergy end steeper than the spectrum of 7-mesons in the corresponding energy
range. If the differential energy spectrum of #-mesons at production is
given by the power law dN, (E)= k-E-"dE, and if we assume that the
cross-section for the absorption of m-mesons is nuclear geometric upto the
energies considered, then the w-meson differential spectrum is given by
(George, 1952; Greisen, 1948)

: k-E~”
dN, (B) = jr4p " ¢E
5.
wherc ,11 = Sx.i;g_,’?"_m m,, = rest energy of m-meson in Bev = 0-143 and

7, = mean life-time of m-meson = 2-4x10-%scc., and E is expressed in
Bev. When m-mesons decay into w-mesons the average energy of the
p-mesons is about 0-81 times the energy of the m-mesons. The integral
energy spectrum of u-mesons is therefore given by
(=]
kB

N, (>081E)= |y p " dE )
E

,.MQ_.A@.
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To compare the experimentally determined intensitics at various depths
with the energy spectrum (4), we need the range-energy rclation of p-mesons.
The range-energy relation of p-mesons, considering the energy losses due to
ionisation, bremsstrahlung, production of clectron pairs, stars, penetrating
particles, and Cerenkov radiation is given by (George, 1952)

.o 2:303x10-2 BE
R = '_"—‘T'—' I.Ogl() (1+7 ), (5)

where R and E are expressed in mwe and mev respectively. The constants
b and d are determined by the mean atomic number Z and the mean
atomic weight A c¢f the material traversed. Frem the chomical compo-
sition of the rock underground (Hornblend Schist, sp.gr. 2-98), the mean
value Z = 11, and A = 22, have been computed. These lead to the values
b=5-36x10" gm.”*cm*?, and d= 2-65 Mev gm.-lem.t?, From (5), the
minimum energies of w-mesons penetrating the various depths are caleu-
lated and given in Table I (column 2). The depths between 500 and
1008 mwe, roughly correspond to minimum p-meson energies E.;, between
150 and 400Bev. The p-meson integral spectrum (4) has been drawn in
Fig. 6 on log-log scalc (for the energy range 150 < E < 400 Bev), for various

1-26x10° |-

INTENSITY (PARTICLES CM2 56 STER™) LOG SCALE

039816 |-
ey
£
): e
2
N
AR
2
O,
0126:16° } } J ! }
144 1176 224 2ag 355 441

EnERGY I Bev (L0G ScaLE)

Fic, 6. Integral p-Meson Energy Specurum (150 < E < 400 Bev) for various
values of y—the exponent of the w-Meson Differential Spectrum.
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values of y, the exponent in the differential energy spectrum of 7-mesons.
Integration of (4) for non-integral values of y is performed graphically.
In the same figure, the experimental points obtained by us are also plotted.
The curves have been normalised with respect to the 153 Bev experimental
point (503 mwe). It is obscrved that the curves drawn with y between
2-3 and 2-5 agree better than those with y = 2-1, or 3-0. The curve with
y = 3-0 is much too steep and the one with y =2-1 is much toc flat
to account for the observed experimental intensities. Therefore, a m-meson
differential spectrum with the value of the exponent in the neighbourhood

of 2-4, in the energy range 200 < E <450 Bev, fits best with our experi-
mental results.

It is seen from Fig. 6, that the curves are not very different from
straight lines. This means, that in the energy range under consideration
(150 < E << 400 Bev), the integral spectrum of p-mesons can be represented
by a power law of the form N, (> E) = constant. E~. A least square
fit for the first three experimental points gives the straight line

10g10 N/‘ (> E) = ——0'178 _2'09 10g10 E,

where N, the vertical flux is expressed in particles cm.~%sec.”sterad—?.
This yields the power law for y-meson integral spectrum

N, (> E) = 0-664 E-200 002 (6)

in the energy range 150 < E < 300Bev. The least square fit for all the
four points yiclds an exponent 2-41 instead of 2-09.

SecTION VI. NATURE OF NEUTRAL RADIATION UNDERGROUND

The counting rates of the trays A, B, C and D, decreased by a factor
five from 10 mwe, to 503 mwe, and remained practically the same at all
lower depths. Coincidence experiments revealed that the contribution of
‘charged particles to the tray counts was negligible, compared to that of
the neutral radiation, converted in the counter walls. The efficiency of the
counters for the detection of neutral radiation was obtained by determining
the counting rate of a single counter, and the double coincidence rate of the
single counter and a system of concentric ring of counters. The measured
efficiency was about 1% and was the same as the efficiency of the counters
for gamma rays, measured with a gamma source. The counting rate of
a single counter was reduced only by 609 when it was shielded on all
sides by 2-5cm. lead. The energy of the gamma rays should be 2-5 mev,
if 40% of the rays should be capable of penetrating 2-5cm. lead. The
radiation was found to be isotrcpic. The neutral radiation in the mines,
is therefore essentially of radioactive origin,
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SecTION VII. COMPARISON OF THE RES™'LTS WITH THE RESULTS
OoF OTHER EXPERIMENTS AND DISCUSSION

(4) Intensity of cosmic rays at various depths

Intensity measurements have been carried out previously by Wilson
(1938) upto a depth of 1406 mwe, and by Clay and Gemert (1939) upto
a depth of 1107 mwe. Wilson measured the total intensity with a four-fold
coincidence single counter telescope, without any absorber between the
counters. Clay and Gemert measured the intensity of penetrating radiation
with a four-fold coincidence telescope of semi-angles 35° and 63°, and
10cm. lead in the telescope. Total intensity was also measured Dby
Missowicz, et al. (1950), at depths 540 and 660 mwe. Miyazaki (1949),
in Japan, measured the intensity of penetrating particles at depths 1400 and
3000 mwe. In order tc compare our intensity measurements with those
the above workers, we have calculated the vertical flux in terms of particles
cm.~2 sec~!sterad-! from the counting rates given by the various workers,
assuming a cos* angular distribution for the particles at depths below
400 mwe. The calculated flux values of various workers are plotted in
Fig. 7.
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Fic. 7. Comparison of flux values of different workers.

It is seen that at all depths our flux values for the penetrating compo-
nent are higher than the total intensity values of Wilson and Miesowicz,

TRl R
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et al., by a factor 2. Again our intensities for penetrating particles are higher
than the corresponding intensitics of Clay and Gemert by a factor 4-5.
The flux value of Mivazaki for penetrating particles at 1400 mwe is twice
the valuc of Wilson for total intensity at 1406 mwe. Extrapelating our
curve to 1400 mwe shows that Miyazaki’s flux value is consistent with our
flux values obtained for depths 500-1008 mwe.
(B) Angular distribution of particles underground

Our measurements of the angular distribution give a cos® variation at
22 mwe, and a cos? variation at 598 mwe. Bollinger (1952) has measured the
angular distribution of particles at 1600 mwe, with a hodoscoped counter
telescope. His value for the cosine power is 3-1. As already stated,
the total number of particles recorded by us is not quite sufficient to draw
unambiguous conclusions regarding the exact power faw obeyed by the
underground particles.

(C) Secondary production by p-mesons

At 22 mwe, about 5% of the mesons traversing the telescope produced
secondaries such as knock-on’s, bremsstrahlung electrons, etc., in the lead
of our apparatus. The value increased to 187 at 1008 mwe (Table IV).
These percentages are lower estimates, since the contribution from second-
aries that pass through the same counters as the primaries could not be
obtained. Tiffany and Hazen (1950) working with a cloud chamber at
860 mwe, have found a similar increase of secondary production. They
found that at 860 mwe about 22% of p-mesons traversing the chamber
produced secondaries in the lead plates inside the chamber. Nassar and
Hazen (1946) have found that the corresponding value at sea level is 67.
We can alsc compare the variation with depth, of the number of p-mesons
that are accompanied by secondaries, obtained in Section 1V (B) (Table IV),
with the theoretical prediction of Hayakawa and Tomonaga (1949). These
quthors have calculated the ratio of the number cf electrons arriving at
various depths accompanied by the generating mesons, to the total number
of mesons at those depths. As explained in Sectien IV (B), our experi-
ments give the percentage of mesons that arrive at various depths, accom-
panied by at least one secondary clectron. The theoretical curve and the
experimental poinis arc plotted in Fig. 8. It is seen from the figure that
the cxperimental values agree well with the theoretical values provided
that mesons arc accompanicd mostly by single secondary electrons.

(D) Energy spectrum of m-mesons and of p-mesons

In deducing the value of the exponent y in the differential production
spectrum of w-mesons, two assumptions were made :—(i) p-Mesons are
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Fig. 8. Contribution of various processes (Collision, Pair production, and
Radiation) to the equilibrium soft component at various depths.

produced only as a result of the decay of m-mesons; (ii) the cross-section
for the absorption of 7-mesons is nuclear geometric. It was reported at
the Bristol Conference (December, 1951) by Perkins that at Bristol they
had obtained evidence for the production of k-mesons along with the
w-mesons, in high energy nuclear interactions, in the ratio N,/N,=0-6
+0-2. The average value of the mass of k-mesons given by them is
mp =1270m, In a few cases they have identified the charged decay
product of k-meson to be a p-meson. If this result is established by
further experiments, then our first assumption that p-mesons result only
as decay products .of 7-mesons is no longer tenable. It was shown in
Section V that if we make the assumption that the u-mesons observed
underground are the decay products of =-mesons alone, then a #-meson
production spectrum dN,. (E) = k-E~-24 reproduces the intensity-depth curve
obtained by us. However, calculation shows that if we make the assump-
tion that 5097 of the mesons produced in nuclear interactions are k-mesons
with a life-time <10-° secs., then a much steeper production spectrum
dN,;,; (E)==constant-E-*° will reproduce the observed" intensity-depth
curve,

Regarding the sccond assumption, it may be pointed out that the recent
work of Lock and Yekutieli (1952) shows that the cross-scction is nuclear
geometric upto 1Bev. Recent work in this Institute on production of
stars in photographic emulsions by secondaries of penetrating showers, has
revealed that the cross-section is of the same order (nuclear geometric)
upto about 10%%ev. Tt seems therefore quite justifiable to assume the
- gross-section to be nuclear geometri¢ for all enpergies considered by us,
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SUMMARY

An investigation on cosmic-ray intensity was carried out in the Gold
Mines at Kolar (Mysore State), with a hodoscoped counter telescope, upto
a depth of 1008 mwe. The following conclusions may be drawn from
the investigation :(—

(1) The intensity-depth curves for particles penetrating 2-5cm. lead,

and for those penetrating 10 cm. lead, run parallel between 500 and
1008 mwe.

(2) The vertical intensity of penetrating particles in terms of particles
cm."®sec.”! sterad~ can be expressed by the power law Iy = 10356
H-31:01 for 500< H < 1008 mwe.

(3) The flux values for the penetrating component obtained by us are
higher than the flux values of the total component given by Wilson, by
a factor 2, at all depths between 500 and 810 mwe. Our flux values for the
penetrating component are higher than the corresponding flux values of
Clay and Gemert by a factor 4-5. Our surface value of flux is in agree-
ment with the surface values of Wilson, Clay and Gemert.

(4) The angular distribution follows approximately cos® law at 22 mwe,
and cost law at 598 mwe.

(5) The secondary production by u-mesons in the lead of the apparatus,
as well as the soft component that is in equilibrium with the hard component
increases with depth. The experimental values giving the proportion of soft
component that is in equilibrium with the penetrating component, agree
well with the theoretical calculations of Hayakawa and Tomonaga.

(6) Assuming that all the p-mesons observed underground are produced
only as a result of the decay of 7-mesons, the value of exponent in the

differential spectrum of m-mesons at production in the energy range
200 < E < 450 Bev, is found to be 2-4.

(7) The experimentally determined p-meson integral spectrum in the
cnergy range 150 <E << 300 Bev is given by N, (> E) = 0-664 E->0£0.02

(8) The neutral radiation underground is essentially of radicactive
origin.
ACKNOWLEDGMENTS
We wish to express our gratitude to Dr. H. J. Bhabha, for suggesting

the investigation, and for helpful discussions. We are highly indebted to
Dr. Bernard Peters for the valuable advice given in preparing this paper,



116 B. V. SRIKANTAN AND S. NARANAN

It is a pleasure to thank Dr. R. Ramanna for the help given to us in
starting this work at Kolar.

We wish to express our grateful thanks to Messrs. John Taylor and
Sons, for according permission to carry out the experiments in the Mines
at the Kolar Gold Fields. We are especially grateful to Mr. V. M.
Sundararajan, and Mr. T. C. Barnett of Nundydroog Mines for taking
a lively interest in the investigation and for providing us with all the
necessary facilities underground.

APPENDIX

The hodoscope photographs enable us to obtain a rough indication
concerning the angular distribution of the particles passing through the
telescope. For this purpose, we consider events of arrangement II, in which
one counter in tray D, and one in tray B were discharged. The six
D counters are denoted by symbols D,, D,, --Dg and the six B counters
by symbels By, By, - Bg. The event in which the i-th counter of tray D,
and the j-th counter of tray B are discharged is denoted by (D,B)).

(D;B,), (D:By), -+ +(DgBg), i.e., events belonging to the group i—j=0,
are caused by particles arriving within an angle of 16° on either side of
the vertical direction, in the plane perpendicular to the counter axes.
Similarly, events of the group i—j= =+ 1, are due to particles arriving within
an angular interval 8, = 0°, and 8, = 31° on either side of the vertical,
the mean direction in the interval, 6, being 15%4°. Similarly for i—j= £ 2
6. =15%°, 0, =42%°, and 0, = 29°, and for i—j= % 3, O, = 29°,
g =51°, and 6, =40°

Tn certain cases, the angle defined by a single counter in D and
a single counter in B, is only insufficiently covered by the tray C. Therefore
not all the events i—j=0, & 1, +2, 4+ 3, are necessarily recorded as
ABCD coincidences. Table VI gives the combinations (D,B,) in the four
groups i—j=0, £1, £2, 1 3, which are fully covered by tray C.
The number of particles counted in these four angular intervals at 22 and
508 mwe are given in columns 5, 6 of Takle VL

meax.

For comparison, these numbers have to be normalised using the factors
5.5, 8, 6 and 2, which are equal to the numbers of possible combinations
(D,B)) for the four groups i—j=10, £1, £ 2, + 3. Theré is yet another
normalisation factor arising out of the fact that the centres of the counters
in B are not equidistant from the centre of any particular counter in D
and vice versa, These factors are the geometric factors for the conversion
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TaBLE VI
Angular distribution of particles at 22 and 598 mwe
8 B = 8

s ‘é‘\ E B s 0 ‘g—g o | S-o
@ T f events in the group us':":;ﬁq'\ B2E | B §= E| 52 E ° 2 8

] G.oup ypes o > ] g5 B . 2 g -
: ’ (DB ) SEA | SR | 558 | 95N | BEE
= oo = P R -
é 8 Z% [ :% ] é g d 2 forfiiad
0° | 7/—=7=0 (DyB;), (D:Bs), (DsBs) 5.5% | 132 59 183 82
DB}, (D5Bj), (DgBg) =17 +10
16%° i—j=%1| (DsBs), (DsBa)s (DyBs), (DyBo) | 8:0 © 164 65 164 65
(D1Ba), (DaBy), (D3B4) . (DyBs) +13 +8
29° | i—j=%2 | (DyBy)s (DsBs), (DsBo) 6 90 28 135 42
(DyBs), (D2B,), (D;B3) +14 +8
40° | i—=%+3| (DgBs), (DiBa)s 2 12 7 63 37
+18 14

% Only three-fourths of the angles defined by (D,B,) and (DgBg) are covered by tray C.

of the observed intensities in various angular intervals mto absolute inten-
sities (in particles cm.~%sec.™*sterad?) in the mean directions joining the
centres of the counters. The normalised figures giving the relative numbers
of particles in the four directions 8, = 0°, 153°, 29°, and 40°, for depths
22 mwe, and 598 mwe are given in columns 7, 8 of Table VI, and plctted

in Figs. 4, 5.
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