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The directional distribution of cosmic rays at atmospheric depths of 15 to 25 gjcm' has been measured
with large counter telescopes carried by constant-level plastic balloons at geomagnetic latitudes of 0', 20',
30', and 40'. From the vertical Aux measurements an energy spectrum for primary protons is obtained
which has the form E(E)=0.27/E", where X(E) is the number of particles in unit energy range at the
energy E. The corresponding formula for primaries consisting entirely of alpha-particles is N(E) =0.32/E"".
The power law can be 6tted between about 1 and 14 Bev, but there is good evidence that the spectrum
flattens out below 1 Bev and becomes steeper at high energies. The total incident energy calculated under
the assumption that the measured flux at 15 gjcm' consists of primaries is two times greater than the total
incident energy appearing as atmospheric ionization.

The east-west asymmetry values reach a maximum of 0.53~0.05 at the equator and decrease to 0.24~0.09
at 40' geomagnetic latitude. The asymmetry to be expected from the latitude effect if all primaries are
positive, reaches 1.20 at the equator, and at all latitudes and zenith angles is considerably higher than the
observed asymmetry. It is not possible to decide on the basis of the present experiments whether this dis-
crepancy arises from atmospheric effects or from a sizable fraction of negative primaries.

I. INTRODUCTION

A MEASUREMENT of the azimuthal distribution
of the primary cosmic radiation at latitudes near

the geomagnetic equator, combined with measurement
of the vertical Aux over a range of latitudes, in prin-
ciple enables one to evaluate the energy spectrum and
to determine the sign of the charge of the primary radi-
ation over a range of energies from about 1 to at least
14 Bev. The majority of the experiments on which our
knowledge of the geomagnetic behavior of cosmic rays is
based deal almost entirely with secondary cosmic rays
generated in the atmosphere. To compare these data
with the extensive theoretical calculations of the motion
of primary rays which have reached the earth from
infinity one must make assumptions which are difficult

to test experimentally. ' It has become apparent that
the magnitude of the various geomagnetic e6ects
increases as the observations are extended to smaller

depths in the atmosphere, and for some time it has been
considered highly desirable to make observations at
very high altitude where there is some hope of separating
primary cosmic rays from the atmospheric efI'ects.

Preliminary experiments' which studied the zenithal
and azimuthal dependence and absorbability in lead
of the cosmic radiation at about 20 g(cm' atmospheric

depth at 56'N. geomagnetic latitude indicated that al-

though secondary radiation developed particularly at
large zenith angles, the bulk of this could be

* This work has been assisted by the joint program of the ONR
and AEC.

**Now at the University of Minnesota.
' See, for example, D. J. X. Montgomery, Cosmic Ray Physics

(Princeton University Press, Princeton, New Jersey, 1949}, for a
survey of the literature and discussion of experiments on this
subject up to 1948.

'Stroud, Schenck and Winckler, Phys. Rev. 76, 1005 (1949);
J. R. Kinckler and |A'. G. Stroud, Phys. Rev. 76, 1012 (1949).The
interpretation of these experiments was partially based on some
calculations of the angular distribution of primary and secondary
particles in the atmosphere. These calculations are unsatisfactory
in several respects and are being revised.
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absorbed with lead filters. The primaries and hard
secondaries remaining gave an approximately isotropic
distribution in zenith and azimuth. One should
expect a nearly isotropic distribution of primary Aux

at this high latitude. Following these preliminary ex-
periments, measurements have been made of the
azimuthal asymmetry and latitude effect of the cosmic
radiation at various atmospheric depths, but prin-
cipally between 15 and 25 g(cm', and at geomagnetic
latitudes of 0', 20', 30', and 40'. The experiments were
conducted from the U.S.S. Norton Sound on a cruise
from Port Hueneme, California, to Jarvis Island and
return, by arrangement with the ONR and the Chief
of Naval Operations. Project "Skyhook" constant-level
balloon facilities were provided on the ship by ONR.

II. EXPERIMENTAL METHOD

A. The Counting Telescope

The basic measuring instrument was a threefold
Geiger counter coincidence telescope consisting of three
10&(10 in. trays of 1 in. diameter counters spaced 50 in.
between extremes. This construction represented a
considerable improvement in counting rate and angular
resolution over the geometry previously employed. ' The
advantage of such a large telescope for high altitude
measurements has been demonstrated by H. V. Neher
and his collaborators. ' It is probably relatively less
affected by side showers than are small telescopes com-
posed of single counters, and, has superior directional
properties. The effective or half-angle opening of this
telescope was 11' on a side and 16 on a diagonal of the
end section. The area-solid angle product was computed
from the geometry, and to a sufFiciently good approxi-
mation is given by the equation

&= (o'&'/P) L& —(~'+&')l3Pj (&)

' Biehl, Montgomery, Neher, Pickering and Roesch, Rev.
Mod. Phys. 20, 353 (1948).
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assuming an isotropic Aux of incident particles at high
altitude over the aperture of the telescope, and by

(2)

assuming a cos'9 dependence of the incident particle
Aux on zenith angle 8 at sea level. Here a and b are the
tray dimensions and f is the separation. Equation (2)
is the same up to the second. degree terms in a/f and

b/l in the brackets as that used by Montgomery4 for a
similar telescope. The effective area of the end trays is

increased about 2 percent by the circular end sections
of the counters. The counter tubes were placed side by
side in the trays, and a correction must therefore be
made for the dead space introduced by the counter
walls. The area-solid angle product was first computed
neglecting this dead space, and was then multiplied by
the factor (A'/A)', where A is the tray area and 2' is

the sensitive area of the counters, thus treating the
dead space as a kind of ineKciency. The construction
of the counter tubes was as described previously' but
modified to 10 in. length (9.75 in. efFective measured)
and with ethylene as a temperature insensitive quench-

ing vapor substituted for ethyl alcohol. The ten
counters in each tray were paralleled, with a 10,000 ohm
common load resistance and 100 p,yf. coupling capacitor
to the coincidence circuit. The operating voltage was

1130, about 80 volts above starting. Each tray was

provided with an amplifier-clipper stage, a pulse-
inverter-sharpener and a Rossi tube. The coincidence
output pulse was lengthened into a square wave of 10
msec. suitable for telemetering requirements by an
output tube which regenerated back through the screens
of the Rossi tubes to form a univibrator circuit. Type
1L4 miniature pentodes were used throughout, and are
advantageous because of their high mutual conductance.
The resolving time as measured by the accidental rate
with a radium source nearby, as well as by observation
of the pulse in the circuit was 2 p,sec. The corrections to
the data due to dead time of the counters and acci-
dentals were negligible. The telescope, complete with
high and low voltage dry batteries for 15 hours opera-
tion, was an independent unit and was mounted on a
horizontal shaft through its renter of gravity. In most
experiments the bottom counter tray was covered by
a 10&10 in. )&3 cm thick lead plate very close to the
counters. This telescope unit was hung by its shaft in a
vertical frame (see Fig. 1) with a motor and gear drive
arranged to control the zenith position during Right
according to a prescribed schedule.

B. Azimuthal and. Zenith Mechanism

During Right the entire gondola was rotated with a
period of about 18 min. by a large gear and motor about
a ball-bearing vertical shaft. This shaft was effectively

' R. A. Montgomery, Phys. Rev. ?5, 1407 (1949).
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FiG. i. Complete gondola ready for launching,
except for final wrapping.

anchored to the balloon by a non-twisting, double
suspension about 1.0 feet below the balloon load ring.

The azimuthal bearing was determined by a 3 in.
nautical compass Roating in a 50 percent water-alcohol
mixture in a glass cylinder. A light source in the center
of the compass housing and four slits in black paper at
90' intervals around the glass housing covered by type
921 photo-tubes constituted the sensing device. A 135'
sector secured around the outer edge of the compass
Roat with a height sufhcient to block the light beam
from the photo-tubes registered a new combination of
the four photo-tube signals every 45' of azimuth. The
readings were checked in the laboratory by rotating the
gondola over an azimuth circle, and during Right the
absolute direction of the equipment was determined by
a photo-cell recording the sun through a slit. During
many of the Rights the zenith angle of the telescope was
changed periodically from the vertical to 20', 40 or 60'
by a control switch on the azimuth gear and a series of
positioning switches which also supplied identification
signals for the telemetering system. On some Rights the
zenith survey was delayed until the balloon reached its
ceiling, and during the rising portion the telescope was

kept at a fixed zenith position. On a number of Rights
the zenith mechanism was dispensed with, and the
telescope secured at a fixed zenith throughout the
Right in the interest of better statistical accuracy.
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TABLE I. Coincidence telescope constants and flight notes.

Gondola
no.

1
2
3

5
6
7
8
9

10
11
12
13
14
15
16
17

Sensitivity
factor*

1.013+0.009
1.008m 0.006
1.038a0.009
1.012~0.008
1.023&0.006

1.031~0.006
1.000~0.008
1.028~0.008
1.003~0.01
1.012~0.005
1.026+0.006
1.003a0.004
1.017~0.005
1.013~0.005
0.999&0.01
0.990'0.0024

Flight
no.

2
5
6
7
3
4,

8
9

10
13
12
11
14
16
17

1
15

Date
flown

July 10
July 15
July 17
July 19
July 12
July 14
July 21
July 22
July 25
Aug. 6
July 28
July 27
Aug. 10
Aug. 14
Aug. 15
July 3
Aug. 12

Geomag- Ceiling
netic pressure

latitude (g/cm~)

0'
0'
0'
0'
00
00
00
00

20'
20'
20'
20'
30'
40'
40'
39'
31'

15
31
19
24
13

20

16
15
13.5
18

12
17
16
13

+ Multiply observed counting rate by sensitivity factor to achieve
standard telescope rate.

Standard telescope rate at sea level, 40 N. Geo. Lat, 14.61~0.03
c/min. (Corrected for barometer but not for side showers and absorption
in roof and counter walls. ) Average of three units. 30 June-3 July and 13
Aug. -15 Aug. , 1949.

Standard telescope solid angle =21.3 steradian —cm~. cos~8 distribution.
Standard telescope solid angle=21. 6 steradian —cm~, isotropic distri-

bution.
sensitivity factor

Flux =counts/min. X-
solid angle

C. Pressure and Temperature

The pressure was measured during the rising portion
of the flight by a "Baroswitch" aneroid element, supple-
mented. by a non-spillable mercury manometer with

contacts registering approximately at 8, 10, 12,and 15mm

which spans the pressure range in which the balloon

normally levels oR. Temperatures were measured by
thermistor elements, and remained in a satisfactory
range.

D. Telemetering

The telemetering system described previously' was

incorporated into the present experiment, but with a

major improvement brought about by adopting an
audio F.M. sub-carrier system of transmission. Two
sub-carriers were used, one at 7000 cycles)sec. for
transmitting the cosmic-ray coincidences, and one at
5400 cycles/sec. which was multiplexed by a mechanical
commutator among all. the other instruments in the
gondola. This multiplexing system including the re-
corder was identical with that used in the preliminary
experiments but was applied to the sub-carrier instead
of to the radiofrequency carrier itself. The use of the
sub-carrier method resulted in an improvement in
stability, signal-to-noise ratio and over-all performance.
The use of a separate sub-carrier for the coincidence
circuits made it unnecessary to "store" counts pending
survey by the commutator, and much higher counting
rates could be accommodated without loss.

Details of the sub-carrier system as applied to cosmic
ray research will be found elsewhere. ' The radiofre-
quency system was the same as that used previously.
All data were recorded on 35 mm film traveling at 6"
per minute, the multiplexed portion exactly as before,
but a separate 2" cathode-ray tube being photographed
for the coincidence impulses. These were recorded
singly, every sixteenth pulse being increased in size by
a scalar. Also, 0.25 sec. timing impulses were recorded
in addition to the 0.2 min. marks used formerly. The
complete gondolas ready to Ay weighed from 105 to 115
pounds.

E. Standardization Procedures and Sea
Level Flux Data

Three telescopes of exactly the same dimension as the
gondola units were operated continuously in the vertical
position in a light-roofed shelter on the rear deck of the
"Norton Sound. " In addition to measuring the sea
level flux, they were compared with three gondolas at a

' T. Coor, Thesis, Princeton (1948).
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time to obtain relative response values. As the con-
struction of the telescopes was closely the same, their
counting rates diBered by only one or two percent,
hardly more than the statistical errors. The mechanical
registers in the recording circuits were photographed
hourly, and in addition, were read twice daily. In Table
I are given numerical data which enable one to convert
the counting rate of a given telescope into absolute
terms of particles/cm'/sec. /steradian. All calibration
runs were made without the lead 61ters. The sea level
Rux obtained at 40' N. geomagnetic latitude, corrected
for barometer but not for side showers and absorption
in counter walls, etc. , is 0.69+0.01 particles/cm'/min. /
steradian. Montgomery' obtains 0.695 particles/cm'/
min. /ste radian under similar conditions. Figure 2

presents all the data taken with the standard telescopes

628

at sea level between 0' and 40' geomagnetic. The total
observed e6'ect is 14 percent, which of course includes
both the temperature and geomagnetic factors.

The records of the Carnegie Institution cosmic-ray
meters at Cheltenham, Maryland, and Huancayo, Peru,
were examined" over July and August. The only
noticeable disturbance was a 2 percent decrease at both
stations on August 4 coinciding with a magnetic dis-
turbance. The intensity steadily increased to normal in
about a week. No Bights were made on August 3 or 4,
and a Right on August 6 failed to show any difference
of the vertical intensity at 15 g/cm' from that of a
flight on July 29, both being at X= 20'.

F. Operational DetaBs

Following standardization, gondolas were prepared
for Right by following a series of instrument and
voltage checks. Geiger tubes were individually checked
before and after the standardization runs, and failures
were rare. Each section of the telescope and gondola
was wrapped with black paper and several layers of
cellophane. Launchings followed the standard procedure
for "Skyhook" balloons. ' The construction of the
"Norton Sound" was such as to provide a good wind
break and sufficient deck launching space. Competent
handling of the ship resulted in good wind compensation
and smooth launchings with little strain on the equip-
ment. Most of the fhghts rose at from 700 to 900 ft./
min. and leveled o6 between 90,000 and 100,000 feet
altitude. Radio reception was generally good after
some initial difficulties had been recti6ed, and could
be relied on to distances of 350 to 400 miles with the
balloon at ceiling, which is about the radio horizon. The
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FIG. 4. Vertical Qux in the atmosphere at ) =20',
with 3 cm lead 6lter.

FrG. 3. Vertical Aux in the atmosphere at various latitudes, with
3 cm lead filter.

"Through the kindness of Dr. S. E. I'orbush.
6 Spilhaus, Schneider, and Moore, J. Meteorology 5, 130 (1948).
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FiG. 5. The integral number-energy spectrum determined from Aux
measurements at 15 g/cm' from ) =0' to X=40'.

signal passed through two total null points of about 10
minutes duration before the final fade-out on each
flight as the balloon drifted away, due presumably to
interference between the direct and reflected signals
from the sea. None of the gondolas were recovered, so
that post-flight checks were not possible. Radar tracking
facilities available on the "Norton Sound" provided
time-altitude curves and geographic course charts of
the balloons within a 75 mile radius of the ship.

FBI.K II. Flux values at top of atmosphere.

Geom.
lat.

Flux particles/
cm~/sec. /sterad. Remarks

0
0
0
0

20
20
28

31
38,8
39.5
41
41
50

56
58
69

0.026~0.001'
0.027&0.001
0.031~0.001~
0 028~0 004b
0 031~0001
0.031~0.001'
0.046~0.001'

0.046' 0.0015
0.085a0.003.
0.068&0.002'
0.082a0.002.
0.073%0.006d
0.15m?

0.18+0.02b
0.22~0.01'
0.17~0.004g

0.23~0.01h
0 29+0 03b
0 25~Pi

Separate Qights
3cm Pb
No Pb
No Pb
Separate Bights
3 cm Pb
18 cm Pb

3cm Pb
3cm Pb
3 cm Pb
3cm Pb
No Pb
Total radiation

estimated
No Pb
1.9 cm Pb
0 to 7 5 cm Pb

1.9 em Pb
No Pb
Total

15 g/cm' depth
15 g/cm&
Rocket
15 g/cm'
15 g/cm'
Approx.

15 g/cm'
15 g/cm'
15 g/cm'
15 g jcm2
15 g/cm'
Rocket

12 g/cm'
Rocket
15 g/cm'
"At top of at-

mosphere"
15 gjcm2
Rocket
"At top of at-

mosphere"

a Winckler, Stix, Dwight, and Sabin. (W, S, D, S)
b J. A. Van Allen and S. F Singer, Phys. Rev. VS, 819 (1950). (U, S)
e Schein (unpublished). (S)
d See reference b (G, J, V on figure).' D. J.X. Montgomery, Cosmic Ray Physics (Princeton University Press,

Princeton, New Jersey, 1949), p. 131. (M)
& J. R. Winckler and W. G. Stroud (unpublished). (W, S)
& M. A. Pomerantz, Phys. Rev. 75. 1721 (1949). (P)
h Winckler, Stroud, and Shanley, Phys. Rev. V6, 1012 (1949). (W, S)
1 M. A. Pomerantz and M. S. Vallarta, Phys. Rev. V6, 1889 (1949). (p)

G. Shorver Detection Experiment

On one flight at 40'N. an attemp t was made to
measure the eGect of bursts or other multiple events on
the telescope coincidence rate. Three out-of-line IO in.
counters with about 2 in. spacing between centers were
placed just below the center tray of the telescope, and

connected to a threefold coincidence circuit which
recorded via the multiplexing circuits. The shower
counters were parallel to those in the tray, and two of
the three were aligned with the telescope axis. This
arrangement was designed to pick up bursts coming up
from the lead shield over the botton tray and which
might record as a coincidence. Coincidences between the
telescope and shower detector could be formed on the
film with a resolving time of about 0.2 sec.

H. Analysis of Records

Film reading was greatly facilitated by a motor-
driven projector and phototube pick-ups on the observa-
tion screen. The 0.25 sec. timing pulses were detected
by one photo-tube and recorded by means of a scaling
circuit and mechanical register. A similar system was
used for the cosmic-ray counts. The flight records were
broken down into ten-minute intervals, and in each
interval the counts and time were summed in the eight
45' azimuth sectors as indicated by the compass signals
recorded in the Qlm.

III. VERTICAL FLUX DATA

Graphs of vertical flux vs. atmospheric depth at
various geomagnetic latitudes are shown in Figs. 3 and
4. These data were obtained with the 3 cm Pb filter,
and are plotted with pressures on a logarithmic scale
to accentuate the region of low atmospheric depths.
This scale is approximately linear in heigh t above
ground. The vertical extension of the platted points
represents the standard statistical deviation, and the
width the pressure range over which the data were
averaged. Two Rights at X=0' agree quite well (Fig. 3).
A vertical Aux value at ceiling (7= 15 g/cm' atmos-
pheric depth), was obtained without the lead filter, and
gives a slightly higher value (0.032 particles/cm'/sec. /
ster. ). At X=20' one complete curve was obtained
(Fig. 4} with a check point at ceiling from another
flight which agrees well. At X=30' one complete curve
was obtained. One of the three standard telescope units
was used for this experiment, having been equipped
with telemetering gear and a lead filter in the field
(Fig. 3}.At X=40' one complete curve was measured
(Fig. 3) with two check points at ceiling. The full curve
does not follow the trend established by the X=0', 20'
and 30' curves, and fails to show an increased intensity
over the 30' latitude at most atmospheric depths. How-
ever, at ceiling it levels off at a higher flux value than
the P = 30' curve. At X=40' there is some scattering of
the points at ceiling, and check values obtained on two
other flights at ceiling are higher than the full curve.
Most of the scattering can be resolved by correcting for
the drift of the balloon during flight, or between flights,
as the flux increases rapidly with latitude at 40' N.
geomagnetic. There remains at X=40' a difference
between a point at ceiling obtained on flight No.
(July 3) and values on two other fights (16 and 17,
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August 14 and 15) which is outside the statistical error.
Fluctuations in primary intensity may account for
some of these irregularities. Also given in Fig. 3 are
some data obtained in Princeton in November, 1948,
at X=51' with a small counter telescope of the type
used previously. ' Between 51' and 56' N. no difference
in intensity outside experimental uncertainties at low
atmospheric depths was detected with these small
telescopes. The X=51' flight carried a 1.9 cm Pb filter.
At X=56' various thicknesses between 0 and 17 cm
were used, and an appropriate value was chosen for
comparison with the 'A= 51' data.

Since all of the flights reached or approached the 15
g/cm' level, the latitude effect can be studied at this
depth with little or no extrapolation. In relating the
measured values to the flux of primary particles ar-
riving from infinity one is obliged to consider a number
of factors, of which the following are important: (2) It
is believed that most of the primary cosmic rays interact
with the atmosphere with a mean free path between 70
and 150 g/cm' of air. According to this, between 10 and
20 percent of the primaries would have interacted
above the apparatus. This fraction will depend strongly
on the proportion of heavy nuclei, which seem to have
a smaller mean free path. '

(8) Experiments show that at this atmospheric depth
the vertical flux is nearly all of penetrating nature, ' '
at least for X(51'. (C) If the primary interaction
produces mesons by the P—x—p. process, the primaries
at 15 g/cm' depth should be accompanied by m and AI

mesons. We should expect also knock-on nucleons and
"satellite" fragments resulting from the break-up of
heavy nuclei present in the primary radiation. ' These
particles together could account for the penetrating
flux of (8).

(D) The flux of particles able to penetrate 3 cm of Pb
increases with atmospheric depth at small depths and
at latitudes between 0' and 40' geomagnetic. There is
evidence that at higher latitudes the average pene-
trability of secondaries decreases. " The curves of
Figs. 3 and 4 level off with decreasing depth but have
obviously not quite reached the plateau above the at-
mosphere. The single Geiger counter measurements
made in rockets exhibit such a plateau' but are not
directly comparable with the present experiments. The
observed increase with depth indicates that the secon-
dary flux able to penetrate 3 cm Pb builds up faster
than the primaries disappear. It is possible that the
observed flux is 30 to 40 percent above the flux on the
plateau outside of the atmosphere which would have
been obtained mph the same equipment. However, the
good agreement between the present results and rocket
flux values at 0 and 41' indicates that the eGect is

Freier, Lofgren, Ney, and Oppenheimer, Phys. Rev. 74, 1818
(1948); H. L. Bradt and B. Peters, Phys. Rev. 77, 54 (1950).' M. A, Pomerantz, Phys. Rev. 75, 69 {1949).' Gangnes, Ienkins, and Van Allen„Phys. Rev. 75, 57 (1949).

TAmE III. Primary energy Qux measured by ionization
chambers and counters.

Geom. lat.

(Bev/cm2/sec. )
Millikan et al Flux at the

ionization "top of
chambers atmosphere"

00
30

20
38'
40'

0.94

1.82

2 ~ 16

3.40

probably less than the 30 to 40 percent figure, even
considering differences in the two kinds of experiments. *

(E) Various geometrical factors, such as secondary
particles arriving within the solid angle of the tel.escope
originating from primaries far outside this angle, and
air showers able to register a coincidence and coming
from far outside the telescope angle must be considered.
The asymmetry measurements give an approximate
upper limit to such e8ects of about 20 percent. Part of
the increased flux with depth mentioned in (D) may
be due to side showers. (j') Particles ejected from the
atmosphere in a region of bound orbits may travel
above the atmosphere for considerable distances before
returning. Qualitative considerations show that the
eGect would not be important in the vertical direction,
but that it might be important at large zenith angles.

We make the assumption that the observed vertical
Rux at 15 g/cm' is a direct measure of the vertical
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*Note added in proof:—Recent rocket measurements (J. A.
Van Allen, private communication} with vertical telescopes show
that the plateau above the atmosphere is reached as low as 30
kml, which is appreciably lower than the beginning of the single
counter plateau.

.I 2 94.6.8I 2 34 68IO 20 50 Ioo 200
I0+

BEV

FIG. 6. Integral number-energy spectrum from Aux measure-
ments by various investigators at very high altitude. The spectrum
given by Hilberry for air showers with y=2.7 is joined to form
a continuous curve.
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composed entirely of alpha-particles give for the
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In Table II are collected all available flux values ob-
tained at the "top" of the atmosphere and with rockets.
These are without exception made with Geiger tube
telescopes, but with various geometrical arrangements
and amounts of filtering. The best ht to these data
plotted in logarithmic form (Fig. 6) appears not to be
a straight line, but a curve with increasing slope at
higher energies. The agreement between the present
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I'ic. 7. The eastern and western rates as a function of atmos-
pheric depth at a 60' zenith angle. Data summed in 135' sectors.
Upper-gondola 15. Lower-gondola 7. X=O' and 40'.

primary Aux, since it is undoubtedly composed largely
of primaries, and since the other contributing eGects
outlined above are probably proportional to the average
primary Rux. %e assume for the vertical cut-ofI' energy
that given by the main allowed cone" at 0' and 20'.
At 30' the penumbra region between the main cone and
shadow cone is fairly wide in energy and partially
"light, " and the cut-o8 energy is somewhat uncertain.
At latitudes of 40' and higher the Stormer cone is used
to obtain the vertical cut-oft energy. The vertical energy
cut-off is independent of the sign of the primaries. The
eight measurements of the present experiment, which
constitute a self-consistent set all made with identical
apparatus, are plotted logarithmically in Fig. 5. A
straight line drawn through these points can be repre-
sented by the equation I(E)=0.30E 0' + ~ and is the
integral number-energy spectrum for primaries, with
reservations as discussed above. The diGerential
number-energy spectrum derived from this, i.e, , the
flux of particles in unit energy interval at E, is X(E)
=0.27E "0. Over this range of energies primaries

' M. S. Vallarta, Phys. Rev. 50, 493 (1936).

40' WEST/, )~

cs

X 40

~0
ver''

~ 70

I ea 4

x.o~P
l~]

40' EAST

experiments and rocket data above the atmosphere at
0', 41', and 50', is noteworthy. The extensive shower
spectrum given by Hilberry" has been drawn in, prin-
cipally to demonstrate that there is not necessarily a
contradiction between the two spectra although the
exponents dier by unity, but that they may be joined
smoothly. There appears to be a disagreement in ab-
solute value, for according to Hilberry's spectrum
V(E) =5.43 ~ 10" E '~' particles/cm2/sec. /ster. which
gives I (10 Bev) =0.01 particles/cm'/sec. /ster. instead
of 0.027 as observed here. However, Hilberry's results
apply in the region 5.10" to 5.10"ev, and one extends
them to 10" ev with considerable uncertainty. The
large extrapolation of Hilberry's spectrum to the geo-
magnetic region of energies below 60 Bev makes the
derived Aux value in this region very sensitive to the
exponent, p, and the two spectra may be easily brought

"N. Hilberry, Phys. Rev. 60, 7 (1941),

IO

0
IO 20 30 4050 70 IOO 200 XQ 500 l000

ATMOSPHERI OEPTH-GRAMS /CM

FIG. 8. Eastern and western rates in 135' sectors of azimuth at
a 40' zenith angle. Upper-gondola 16. Lower-gondola 4. X=0' and
40'.
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into agreement in absotute value by modifying p by a
few percent, or probably by less than the accuracy of
Hilberry's result.

From the curve (Fig. 6) it appears that the spectrum
levels off at the low energy end (Pomerantz' measure-
ment at X=69'), with a rather broad knee between 50'
and 60' N. geomagnetic, or de6nitely further north
than the weB-known knee at sea level, which occurs at
about 45'. One would expect the sea level knee to be
south of the high altitude knee because of energy loss
in the atmosphere. It is a1so possible that the high
altitude knee measured at 15 g/cm' depth is partly
attributable to atmospheric absorption. It is known
that the ionization range for low energy heavy nuclei
which may enter at 56' or higher, may be of this order
in g/cm', and depending on the relative abundances of
heavies and protons, and their spectra, the exact atrnos-

pheric depth may be important at high latitudes even
at very high altitudes. It would be very desirable to
make a self-consistent set of measurements over the
knee region to determine its exact shape and location,
as the present points scatter too severe1y.

It is of great importance to compare the present
measurements with the ionization-depth measurements
of Millikan, Neher and their collaborators on which a
major part of our knowledge of the geomagnetic effects
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Gondola 11.

Here I)(E, X) is the solid angle of the allowed cone for
energy E at latitude X, and iV(E) is the observed dif-

ferential number-energy spectrum. Ke derive 0
graphically from the main cone (Vallarta") at X=O'
and X=20', and from the Stormer and the shadow
cones" at X=40' from the relation

~8; (B, X)

III sin8 cos0d0,
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where @ is the azimuthal extent of the allov ed cone at
zenith angle 8. Equation (3) has been integrated graphi-
cally and is compared v ith the Millikan-Neher-
Pickering results" in Table III.

The flux measurements give about twice the incident
energy appearing as ionization at both low and high
latitudes. We expect the measured fflx values to be
high due to multiplication, etc. in the atmosphere, as
discussed previously. But this may well be compensated
by our calculation of the energy, v hich is performed on
the basis of protons alone. Since it is very likely that a
20 to 25 percent O.-particle component, as well as much
smaller but appreciable numbers of heavier nuclei exist
throughout the primary spectrum, " the effective
energy cut-off and the total energy flux would be higher
at each latitude than the calculated values. The energy
calculations based on particle flux measurements are
indirect in the sense that the theory of the allowed, cone
is utilized with no independent check on its accuracy
or applicability, a factor which is not present in the
ionization measurements. It presumably would be pos-
sible by invoking a sufFicient particle flux. moving in

C(E, ),)= I I)(E, X)X(L)EdE.
Emi (&)

(3)

is based. To make this comparison we calculate the
total incident energy assuming that our observed
spectrum holds for energies between 3.5 and 60 Bev for
protons, which includes all the geomagnetically influ-
enced proton primaries between 0' and 40' latitude.
The Hilberry spectrum was assumed above 60 Bev.
This energy flux in Bev/cm'/sec. is

20 W 60 SP TP IVO 200 SOO SOO TOO IOOO
ATMOSPHERIC OEPTH GN/CNI'

FIG. 10. Eastern and western rates at X= 20', zenith angle=40'.
Gondola 10.

'9 K. J. Shremp, Phys. Rev. 54, 153, 158 {1938}.
"Millikan, Neher and Pickering, Phys. Rev. 61, 397 {1942).

Quoted in L. Jlnossy, Cosmic Rays {Oxford University Press,
London, 1948), p. 298." This fact is established over a part of the primary energy
spectrum, and the ratio of alpha's to protons seems not to vary
rapidly with energy. {Reference 7, and recent unpublished cloud
chamber results of K. P. Ney. )
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bound orbits, which have not been studied theoretically
so far, or by assuming that the equivalent magnetic
dipole field of the earth at large distances from the earth
is not given by the distribution of magnetic flux on the
surface, to explain part of all of the observed difI'erences.

However, the large discrepancy shown in Table III can
be accounted for most reasonably by primary energy
passing into forms not detectable by the ion chambers,
such as neutrinos, low energy nuclear fragments and
binding energy absorbed during nuclear evaporations of
air atoms.

Janossy (reference 13, pp. 299—300) finds that the
Millikan ionization data as well as the vertical energy
Row measured with counter telescopes" can be ac-
counted for in terms of a difI'erential number-momentum

spectrum of the form c p & with y=2.5. The higher
value of y obtained from such measurements made
lower in the atmosphere is related to the diQ'erence in

absolute energy flux shown in Table III, If, as suggested
above, these di6erences are due to non-ionizing forms

of secondary radiation such as neutrinos, then Table III
suggests that the relative fraction going into neutrinos
must be higher for higher energy primaries (lower
latitudes).

IV. AZIMUTHAL DATA

The azimuthal efITect was studied as a function of
atmospheric depth by collecting the data in three 45'
western and eastern sectors. The result of averaging
the telescope counting rate over 135' of azimuth in

each direction was to decrease the observed E—% asym-

metry, but was necessitated by the short time spent by
the balloon in each pressure interval during the ascent
of the flight. Ten minute intervals were used during
most of the ascent, but were increased in length near
ceiling as the balloon leveled oG, and the lowest pressure
points include all of the ceiling data averaged together.
In this type of analysis no reference was made to the
azimuthal standardization, and the two 135' sectors
represent the eastern and western directions only to

"Millikan, Neher, and Pickering, Phys. Rev. 63, 234 {1943}.

within 15' or 20'. In one or two of the intervals during
ascent the balloon rotated so rapidly that the inertia of
the compass produced considerable overshooting and
lagging in the azimuthal indications. This eGect was dis-
covered by correlating the sun reference photo-cell with
the compass, and it was noticed that during such
intervals the east-west values fluctuated beyond the
statistical error, and usually the east-west asymmetry
was reduced. Fortunately, these intervals were not
numerous enough to inRuence the average curve appre-
ciably.

Figures 7 and 8 give the E—% efl'ect as a function of
depth for X=O' and X=40', for 40' and 60' zenith
angles. Figures 9, 10 and 11 give similar curves at
X= 20' for 20', 40', and 60' zenith angles. These curves
show that the E—W e8ect increases with decreasing
depth, and does so with increasing rapidity between
300 and 100 g/cm'. The E—W effect is larger at X=0'
than at X =40', as would be expected from geomagnetic
considerations, and apparently at A, =O' persists rela-
tively further into the atmosphere than at X=40'. Both
the easterly and westerly curves pass through a mild
maximum between 50 and 100 g/cm'. Above this, at
P =0' a leveling off process seems to take place, but at
X=40' a sharp downward trend persists to the highest
altitudes reached. It was hoped that such data ~ould
permit the trend of the asymmetry to be mapped out as
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without the customary 3 cm Pb filter. Lower curves —same
measurement with filter.
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a function of depth near the top of the atmosphere, as
an aid in estimating the eftect of the atmosphere on the
measurements. Hov ever, if the asymmetry is plotted
as a function of depth in this region no consistent
picture emerges. In some cases the asymmetry remains
constant, and in others it increases or decreases. It is

probable that the statistical accuracy during the
ascending portion of the flights is not sufticient to give
detailed information of this sort.

Of more interest is the curve if Fig. 12, at X=O', 40'
zenith angle mahout the 3 cm Pb filter. Large maxima
occur in both the east and west portions, and the asym-
metry, or at least the E—% difI'erence, is preserved to a
surprising degree. For comparison the corresponding
curve v ith the 3 cm Pb filter is shown. The asymmetry
without the filter is only a little smaller at various
depths than with it, a result which is in agreement with
measurements made by H. V. Neher and collaborators"
at 250 to 300 g//cm' atmospheric depth. The asymmetry
measured from Fig. 12 between 100 and 200 g/cm' is

about 27 percent. The asymmetry at the top of the
atmosphere, and with the data summed in 45' sectors,
increases to 50 percent without lead, and 54 percent
with 3 cm (see Table IU). The trend is obviously
towards smaller asymme tries with greater depths, wider
sectors of azimuth, and less filtering. It seems possible
on the basis of this to explain in most part the low

asymmetry measured by Johnson and BarryIS at
90
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Fxo. 13. Azimuthal effect at X=O' and X=40', with zenith
angles of 40' and 60'. Gondola numbers top to bottom —15, 15,
7, 4. Atmospheric depth top to bottom —17, 17, 20, 24 gjcm'.

' Biehl, Xeher, and Roesch, Phys. Rev. 76, 914 (1949).
' T. H. Johnson and J. G. Barry, Phys. Rev. 56, 219 (1939).
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X=20', and at about the 100 g/cm' level at a 60'
zenith angle. Their telescope was composed of small
counters with about a 90' total opening, and data was
summed in the 180' E—% sectors. In the present experi-
ments we note that the 50 percent peak asymmetry is
reduced to 32 percent if v e average over the two 180'
sectors, and the atmospheric depth effect further re-
duces this to about 20 percent. The difference between
this and the 7&3 percent measured by Johnson might
be accounted for by less obvious features of the two
experiments such as the small single counter telescope
vs. tke large tray construction, measurement of azimuth,
etc.

Unfortunately, the low statistical. accuracy of the
present data at the 250 to 300 g/cm' depth, where the
balloon spends little time, makes a direct comparison
with the Neher data" which has high statistical ac-
curacy, inconclusive.

The azimuthal e6ect measured at the balloon ceiling
where a number of hours of data were collected is
shown in Figs. 13, 14 and 15. These data were collected
at the number of g/cm' indicated under the figure with
an uncertainty of a few g/cm' arising from the averaging
process over the balloon's time-altitude curve and the
finite pressure increments indicated by the manometor
contacts. On most flights the balloon remained within
an interval of about 5 g/cm' after reaching maximum
altitude, which varied between 15 and 25 g/cm2. The
number of counts and the time were summed in each
azimuthal sector in ten-minute intervals as described
in Sec. II-H, and totals and rates in each sector were
then obtained for the entire constant level portion of
the flight. Reference was made to the exact compass
calibrations and the sun reference indicator to determine
the angular width and magnetic azimuth of each sector.
Magnetic north was assumed to lie in the meridian
plane through the point of observation of the oG-center
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FK. 14. Azimuthal eEect at X=20', zenith angles=40' and 60'.
Gondolas 10 and 12. 15 and 18 g /em~, respectively.
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equivalent dipole representing the earth's field. "The
height of the plotted point is the standard statistical
deviation, and the width is the azimuthal extent of the
sector. These curves as plotted represent the telescope
data uncorrected for variations in balloon altitude on
diferent flights, or for the telescope sensitivity, etc.
Absolute flux values may be computed easily with the
aid of Table I, but all counting rate curves can be com-
pared directly, due to the similarity of the separate
telescopes. The gondola numbers are given under the
figures.

Figure 13 gives the measured azimuthal effect at
'A =0' and X=40' at 40' and 60' zenith angles. %e find
a much larger flux and smaller percentage asymmetry at
) =40' than at ) =0', in accordance with theoretical
expectations. It is notable that the asymmetry at a 60'
angle is inappreciably larger than at a 40' angle, and
furthermore, the eastern intensity is larger for 60' than
for 40' zenith, which is contrary to the predictions of
the theory if all the primaries are positively charged.
The azimuthal curves at A, =20' carry out these same
features (Fig. 14}, but in qualitative agreement with
the main cone diagram for this latitude, the curves are
shifted in phase somewhat from the X=O' curves, and
have an additional inflection point at approximately
180' magnetic azimuth. The statistical accuracy of the
measurements is not good enough to con6rm the
existence of a north-south eA'ect as predicted theo-
retically.

In Fig. 16 is shown a comparison of the azimuthal
eGect at A =0' at zenith angles of 40' and 60' with and
without the 3 cm lead shield. The no-lead experiment
yields a slightly larger flux, even though its atmospheric
depth is less. The asymmetry, however, is very little
diferent with and without the lead shield. This can be
interpreted as evidence that the contribution to the
counting rate from large energetic star fragments is
small, as a large fraction of such star particles mould be
absorbed in 33 g/cm' of lead. The familiar isotropic
distribution of such fragments would certainly conceal
the directional properties of the primaries responsible for
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Fir. 15. Azimuthal effect at A. =20', zenith angle=20'.
Gondola 11, 13.5 g//cm~.

'7 J. Bartles, Terr. Mag. 41, 225 {1936).

TAsxK IV. Observed and predicted azimuthal asymmetry. *

20' 20 0.520 0.437 0.41 0.41~0.10 (3 cm Pb)
40 0.583 0.420 0.71 0.48~0.06 (3 cm Pb)
60 0,680 0.410 1.08 0.58&0.05 (3 cm Pb)

0.317 0,275 0.31 0.24~0.09 (3 cm Pb)
0.500 0.270 1.02 0.26~0.07 (3 cm Pb)

+ Asymmetry = (I —I&)/$(I~+I, ).~ Errors determined by calculating the asymmetry with opposite
extreme values of I~ and I& as given by the standard statistical errors in
I&~ and I+.

them. Similar remarks apply to other low energy par-
ticles produced at wide angles.

Figure 4 of reference 2 shows the absence of an azi-
muthal eGect at X=56' greater than five percent.

The observed east-west asymmetry values obtained
from the curves of Figs. 13, 14, 15 and 16 are collected
in Table IV. To test the hypothesis that the primary
spectrum consists entirely of positive particles the
asymmetry is predicted from the latitude eGect of the
vertical flux which does not depend on the sign of the
charge, but only on the energy spectrum. If all pri-
maries are positive, the azimuthal and latitude eGects
should be identical as long as the minimum energy of
entry expressed in formers is the same. The range of
Stormers covered by the east-west eGect is given in
column 3 of Table IV. The range covered by the vertical
cut-o6 extends only to 0.500 Stormers, so that some
extrapolation of the vertical Aux data is necessary to
0.730 Stormers, the eastern minimum energy at 60'
zenith and X=O'. This type of comparison entirely on
the basis of Stormer units and using the observed ver-
tical Aux is independent of the e/m ratio of the pri-
maries, and is dependent only on the self-consistency of
the theory.

The observed asymmetry is plainly less by a con-
siderable factor than that predicted, with the exception
of X=40', 8=40' and X=20', 8=20'. The factor is
much larger than the statistical errors in the asym-
metry curves and cannot be accounted for by the
various uncertainties in the vertical flux of the type
discussed in Sec. III. On the contrary, indications are
that the spectrum becomes steeper at higher energies,
with y changing from 1.9 to 2.7, so that the predicted
asymmetry might be larger than the calculated value,
but certainly not smaller. The azimuthal distribution
is probably the most self-consistent of all the measure-
ments, as it is determined with a single instrument re-
peatedly surveying the complete 360' region, and at
quite constant atmospheric depth.

One of the most obvious eGects to be studied in ex-
plaining the low observed asymmetry is that of the

T
Predicted

Geom. Zenith (Stormers) asym-
lat. angle E. W. metry Observed asymmetry**

0' 40' 0.615 0.430 0.81 0.50~0.08 {XoPb)
60 0.730 0.420 1.20 0.50~0.09 (Xo Pb)
40 0.615 0.430 0.81 0.54~0.10 (3 cm Pb)
60 0.730 0.420 1.20 0.53+0.05 (3 cm Pb)
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TAIIr.x V. Observed rates for fixed minimum energy with
), e and qb variable.

20

20

0.500 Stormers [R =14 Bev for protons]
tt =20 8 =40

Rate Rate

8840

8=0
Rate

196 41.5
344 39.5

19 37
128 31

158 40
352 40

0.430 Stormers fp =10 Bev for protonsl
8=0 8 =20 8 =40

Rate Rate Rate

209 48
288 51.5

8 =60
Rate

201 45
338 46.5

170 50
350 51

40 137
115 135

8 =60
Rate

260 59
280 58

201 58.5
294 65

10 146
130 136

residual atmospheric path above the equipment, which
is longer at zenith angle 8 by the factor sec. 8 than the
vertical path. The zenith angle eGect at constant
minimum energy (and therefore constant primary flux)
may be studied by selecting directions intersecting lines
of constant Stormer units as given for example in the
main cone projections of Vallarta.

In Table V are tabulated the observed counting rates
of the telescopes at a number of combinations of the
geomagnetic latitude X, azimuth p and zenith angle 8,
which theoretically should correspond to a 6xed mini-
mum energy. Two such minimum values, 0.5 and 0.43
Stormers (14 and 10 Bev for protons) are selected, and
all positive primaries are assumed. The following points
should be noted concerning Table V: (A) The 8=0'
and 8=40' rates for the same minimum energy are in
satisfactory agreement. The 8= 20' values at X= 20'
are somewhat low, but this measurement may reflect
the smaller depth obtained on this Right. These zenith
angles do not intersect the chosen minimum energies as
far north as X=40'. (8) At 8=60' the rate at X =0'
and X= 20' is uniformly higher by 15 to 20 percent for
equal minimum energies than the smaller zenith angles.
(C) At X=40' the 8=60' rate is higher by a factor of
three than any of the other rates for equal minimum
energy.

From point (A) one can conclude that the difference
in air path between the vertical and 8=40' has a small
effect on the measurements at about 15 or 20 g/cm'
atmospheric depth, as the rates are nearly the same for
the same minimum energy. The longer path at 8=60'
produces a noticeable increase in rate, but if we compare
with the vertical data on the basis of equal air path in
g/cm' as well as equal minimum energy, very reasonable
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Fzc. 16. Azimuthal effect at ) =0', zenith angles=40' and 60',
with and without the 3 cm Pb 6lter. Top, gondola 5, 13 gjcm'.
Bottom, gondola 4, 24 g/cm'.

agreement between the 8=0' and 8=60' data results
at latitudes up to 25'. This comparison is made by
reading the vertical rate curves at a depth I" sec. 8,
where Y is the balloon depth, and ignores meson decay
effects.

The large factor which appears at X=40' is far
greater than can be explained by simple air path con-
siderations. %e note also that the largest discrepancy
between the predicted and observed E—% asymmetry
(Table IV) occurs at X =40', 8= 60'. The fact that with
a simple air path correction the intensities at various
zeniths and latitudes for the same minimum energy
agree seems at 6rst a contradiction to the data given in
Table IV, which indicates disagreement of a similar
comparison assuming all positive primaries. %e note,
however, that the data in Table V which agree best
(mostly for 0.5 Stormers) lie predominantly in the
northerly or southerly directions. In these directions,
like the vertical, the intensity depends only to a slight
degree on the polarity of the particles. The northern
or southern intensity is also near the mean value of the
east and west intensities.

Another atmospheric eR'ect is the presence of secon-
dary particles produced or scattered upward toward the
east, and originating from primaries arriving from the
west. %cher and his collaborators" And a negligible
amount of upward radiation at 300 g/cm' depth, but
this is not surprising since the number of primaries
which are moving at large zenith angles below this
depth, and which therefore are able to produce upward
secondaries into the equipment, is very small. This is
not true at the top of the atmosphere, however, where
even in the horizontal direction an appreciable number
of primaries may be present (the ratio of the horizontal
air path to the vertical is 27 due to earth curvature, see
reference 2). The amount of such upward radiation
which would be necessary to reduce the predicted asym-
metries to the observed values can be calculated easily
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TAsLK VI. Estimate of the eGect of upward moving particles
on asymmetry values.

Geom.
lat.

Zenith
angle

Observed
eastern rate
l(E) c/min.

40 (no Pb) 36.0~1.5
40 28.5&2,0
60 34.5~1.5

Eastern
rate for

agreement
I(E&) c/min.

25.4
21.0
14.8

I (E)—I (Ec)

I($')

0.18
0.15
0.33

&=20'

) =40'

20
40
60

40
60

30.5~2.0
32.5~1.0
38.0+1.5

115 ~5
135 ~5

Agrees
25.0
20.6

108
57

0.00
0.14
0.25

0.05
0.45

by equating these two values and solving for the easterly
counting rate as an unknown. In Table VI is listed at
each latitude and zenith angle the observed easterly
counting rate, the easterly rate which would produce
agreement between the E—% and latitude effects, and
the difference expressed as a fraction of the westerly
rate at the same zenith angle. The fractions range from
5 to 45 percent, in general being larger for the larger
zenith angles. This is of course to be expected since
momentum considerations would predict that most
energetic secondaries would be projected forward, with
few at larger angles to the primary direction. Detailed
calculations of the type attempted earlier' involving the
primary absorption, and the angular distribution and
absorption of secondaries may show if this sort of
process can satisfactorily produce the amount of upward
radiation required by Table VI. That the observed dis-
crepancy can be accounted for by this process seems
likely, and one therefore hesitates to invoke any nega-
tive primaries until further work is done. However, the
necessary Aux of primary electrons is a small enough
fraction of the total Aux to have escaped observation at
high latitudes where direct experiments for detecting
primary electrons have been carried out. ' "*The above
discrepancy between the E—W and latitude effects
apparently does not exist at 300 g/cm', where Neher
and his collaborators" find agreement between the
east-west effect at P =25', 8=45' and the vertical
latitude effect over the interval X=0' to X=29'. A
similar result is obtained at greater depths, even at
sea level. "However, it is notable that the latitude effect
of the vertical Aux between 'A=50' and X=O' is 1.1 at
sea level, 1.6 at 300 g/cm' and 6.3 at 15 g/cm'. The
E—YV asymmetry is 0.10, 0.30 to 0.35, and 0.54 at the

"R.J. Hulsizer, Phys. Rev. 73, 1252 (1948)."M. Schein, quoted in D. J. X. Montgomery Cosmic Ray
I'Aysics. See reference 1.

*Note irI, proof: —A recent analysis of 1625 cloud chamber
photographs obtained by E. P. Ney at the top of the atmosphere
shows that electrons of 1 Sev or over can not constitute more
than 0.2 percent of the primary Aux at 56' N Geom. Electrons at
low latitudes therefore constitute not more than 2 percent of
primaries, and can not explain the present discrepancy. (Critch-
field, ¹y, and Oleksa, Phys. Rev. 79, 402 (1950))."T.H, Johnson, Rev. Mod. Phys. 10, 193 (1938).

same respective depths at the equator, and does not
increase enough with decreasing depth to be consistent
with the increase of the latitude effect with depth
below 300 g/cm, for positive primaries. Directional
measurements, like many other types of cosmic ray
phenomena, obviously reQect at each point in the
atmosphere those primary particles whose energy is
great enough to make their effects felt at that point.
The weighting effect of the atmosphere on the number-

energy distribution of primaries is very pronounced, and
thus the measurements at a depth of -,'atmosphere
effectively span a different range of primary energies
than the "top of the atmosphere" data, even though
the latitude and direction in space may be the same.
The agreement in one case and lack of agreement in
another between the latitude and E-% effects may
therefore not be contradictory if the measurements are
made at different depths in the atmosphere.

V. SHOWERS AND BURSTS

One experiment at X=40' (Fhght 16) was conducted
with counter tubes arranged to detect bursts or air
showers (see Sec. II for counter arrangement). The
main telescope was vertical during ascent, and the
multiple events recorded increased, passed through a
mild maximum at a somewhat smaller atmospheric
depth than the maximum observed with the telescope,
and then decreased near the top of the atmosphere.
The multiple events were 15.6(c/min. )/125(c/min. )
=13 percent of the telescope rate at maximum, and
13.5(c/min. )/g0. 5(c/min. ) = 17 percent at ceiling (12
g/cm'). There was a marked zenith angle dependence,
for the rate with the telescope at 0=0' was 13.5+0.6
c/min. , at 9=40' was 14.8&0.5 c/min. and at 8=60'
was 16.0&0.5 c/min. , averaged over several cycles of
the telescope. The corresponding telescope rates aver-
aged in azimuth were respectively 80.5, 92.5 and 104.9
c/min. , which gives for the ratio of multiple events to
telescope events 0.17, 0.16 and 0.15, which is constant
within statistical errors. Coincidences between the
shower detector and the main telescope could only be
formed on the recorder him with rather poor resolving
time (0.2 sec.), but an analysis showed that the meas-
ured coincidence rate of from 3 to 6 c/min. could be
entirely accounted for by accidentals, and the true coin-
cidence rate was therefore a negligible part of either the
shower detector or of the telescope rate. The geometry
of the shower detector was such as to favor bursts
coming up from the lead shield over the bottom counter
tray and which would also pass through the telescope.
However, the shower detector undoubtedly discrimi-
nates against the bursts of fewer particles, as the solid
angle subtended by the shower detector at the lead
shield is very small. Furthermore, bursts in which only
a single particle escaped up through the telescope would
in no case be detected as a shower. Considering that the
telescope solid angle for bursts is only 1/25 steradian,
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the single particle type might well be most frequently
recorded. Better evidence against bursts from the lead
shield is the slight increase, rather than decrease in

telescope rate with the shield removed at ) =0'.
Some calculations have been made of the response of

the telescope to showers, either of the electron cascade,
or multiple-meson type. These calculations predict the
probability of registering a shower as a function of the
zenith angle and particle density. But since neither the
intensity, zenith angle or density distribution of
showers is known at the top of the atmosphere, this
method of approach is at present unsuccessful.

VI. DISCUSSION AND CONCLUSIONS

The foregoing investigation yields two principal re-
sults. The first of these, the number-energy spectrum
of primary cosmic rays, is obtained from the vertical
Aux measurements at various latitudes. The success of
this measurement depends on how completely the Aux
of ionizing particles at about 15 g/cm' matches, in
number and direction, the primary Aux. The assumption
is made that the measured ionizing particles capable of
penetrating 3 cm of Pb are largely primaries, and that
the remainder of events are proportional to the primary
Aux. The various measurements can then be satisfac-
torily represented by the di6erential number-energy
spectrum. V(E) =EE &. If the prima, ries are all assumed
to be protons, E=0.27 and y=1.90. If all o.-particles
are assumed, K=0.32 and y=1.81. There is evidence
that the true situation is a combination of about 75
&10 percent of protons and 25%10 percent of o.-par-
ticles If the. flux at 15 g/cm' has a constant propor-
tionality to the true primary Aux at various energies,
then the exponent y is correct. This condition seems to
be not too stringent and the di6erential number-energy
spectrum adopted is X(E)=0.27E ""+'"& over the
energy range from 1 to at least 14 Bev. It is evident that
the present experiments determine y much better than
they do the constant, E.The proton spectrum is adopted
because then the various atmospheric e6ects, which if
corrected for would apparently reduce the E-value, may
be compensated by the n-particle component, which
would increase K. The total incident energy calculated
from this spectrum, combined with the high energy
spectrum obtained from air showers, is twice that
appearing as ionization in an atmospheric column as
measured by Millikan, a factor of di6erence which seems
well beyond experimental uncertainties. It is suggested

that most of this di6erence may be due to secondary
energy forms which escape the ionization chamber.

The second principal result is obtained by comparing
the E—% and latitude e6ects over the same energy
ranges. This can be done independently of the nature
of the particles by using Stormer units of energy. In
nearly every case the E—% e6ect is smaller than the
latitude e6ect. It is here suggested that scattering or
production of particles upward from below the measur-
ing instrument may account for the di6erences, and
that this e6ect should be investigated before negative
primaries are assumed.

It would be desirable to increase the statistical ac-
curacy of the experiments, but it seems obvious that
the possible atmospheric influences are considerably
larger than the purely statistical errors. It is regrettable
that none of the equipment was recovered for post-Right
checks, but a number of other methods of fol.lowing the
behavior of the apparatus indicated that the data pre-
sented here have satisfactory reliability. Although the
design of the measuring telescope is such as to reduce
the effects of air showers and locally produced bursts,
the exact influence of these factors is not well-known.

The present investigation appears to contain sig-
nificant data on the zenith angle e6ects, and the analysis
of these will be given in a later communication.
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