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PIARA S. GILL
The University of Chicago, Chicago, Ill&rois

(Received April 24, 1939)

Records of cosmic-ray intensity obtained on the R. 3EI. S.
A orangi during 15 new voyages between Vancouver,
Canada, and Sydney, Australia, from July 28, 1937, to
September 23, 1938, with a Carnegie model C cosmic-ray
meter, are discussed and compared with records taken
during 11 voyages on the same route previously reported
by Compton and Turner. The observed minimum of
cosmic-ray intensity near the equator averages. 10.3 per-
cent less than the intensity at Vancouver, in good agree-
ment with the value given by Compton and Turner. The
correlation between the cosmic-ray intensity and the
atmospheric temperature is confirmed. An atmospheric
temperature coefficient is found to be a function of latitude,
with its highest numerical value of —0.25 percent per 'C for
latitudes higher than 40' (N and S). With this variable
temperature coefficient a latitude effect (about 8.5 percent)

of magnetic origin alone is found. The mean latitude effect
curve for 25 trips, corrected for external temperature, is
flat beyond the critical latitudes (about 40 N and 38'S).
The difference in cosmic-ray intensity between the North-
ern and Southern Hemispheres beyond the critical latitudes
after this temperature correction is found to be 0&0.'i
percent (probable error). This is inconsistent with a
galactic rotation effect as great as the 0.5 percent pre-
dicted by Compton and Getting, but does not definitely
rule out a more recent modification of their calculation.
The origin of the latitude effect knee is ascribed to the
minimum energy required for a primary electron to pro-
duce mesotrons capable of traversing the atmosphere. The
small magnitude of the latitude e8'ect is shown to supply
strong evidence of the secondary nature of mesotrons.

A H. COMPTON and R. N. Turner have
~ recently described and discussed the

records of cosmic-ray intensity obtained on the
R. M. S.Aorangi during eleven voyages between
Vancouver, Canada, and Sydney, Australia, from
March 17, 1936, to January 18, 1937, with a
Carnegie Model C cosmic-ray meter. ' The
present paper describes the cosmic-ray records
obtained on the R. 3f. S. Aorangi during fifteen
additional voyages over the same route from
July 28, 1937, to September 23, 1938, with the
same meter. From January 29, 1937, to July 13,
1937, the meter was on the S. S. Talune, traveling
between Newcastle (New South Wales) and
Hobart (Tasmania). The method of collection

' A. H. Compton and R. N. Turner, Phys. Rev. 52, 799
(1937).

and reduction of the data has already been
explained. '

ANALYSIS OF THE DATA

In analyzing the data, the procedure of Comp-
ton and Turner was followed. The barometer
effect was determined by correlating the daily
mean values of the ionization Ig with the daily
mean values of barometer 8 in inches of Hg. For
1936—37 a barometer effect of —10.9 millivolts

per hour per atmosphere of argon per inch of
mercury was determined, which value was used
throughout. This corresponds to —1.74 percent
per cm of mercury. Compton and Turner used
the value —10 millivolts per hour per atmosphere
of argon per inch of mercury, or —1.6 percent per
cm of mercury for the barometer effect. The
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FIG. 1. Cosmic rays on the Pacific Ocean.

daily mean values of the barometric pressure for
1936-37were obtained from a barograph calibra-
tion not significantly different from that found
for the new series of data used in this paper. The
absolute ionization at the latitude of Chicago is
given by Compton and Turner as 249 millivolt
per hour per atmosphere of argon, which cor-
responds to 84 ions per cm' per sec. in 50 atmos-
pheres of argon, or 1.22 ions per cm' pep sec. in
standard air. The final observed intensities, after
applying the barometric correction, are ex-
pressed in percentages of this normal ionization.

It has not been considered necessary to give
all fifteen curves, each representing one trip,
while the ship was at sea. All the data have been
grouped, however, into two seasons, colder
months (November 6—May 7) and warmer
months (May 8—November 5), in order to discuss
the dependence of cosmic-ray intensity on
seasonal temperature. It has been previously
shown by Compton and Turner' and Forbush'
that the temperature coefficient of the meter is
insignificant.

2 S. E.Forbush, Terr. Mag. 42, 1 (1937);Phys. Rev. 54,
975 (1938).

ANNUAL MEAN AND SEASONAL DIFFERENCES

The solid curve in Fig. 1 shows the 12-month
mean of all the observations taken between
Auckland and Vancouver, while the broken curve
shows the corresponding data (Fig. 6) of Comp-
ton and Turner. Each point represents the
arithmetic average of the values observed at the
corresponding 2.5' interval. The total change
between Vancouver and the equator is 10,3
percent, which is the average of seasonal means
that vary from 9.8 percent in the warmer months
to 10.9 percent in the colder months.

This value of 10.3 percent is identical with that
reported by Compton and Turner. Previous
measurements over the same route include the
value of 13 percent given by Compton, ' as based
on measurements with a shield equivalent to
6.5 cm of lead, and the value of 11 percent given
by Millikan and Neher, 4 who used a shield
equivalent to 12 cm of lead, the same as that for
measurements here reported.

Minor differences between the present and the
~ A. H. Compton, Rev. Sci. Inst. 7, 71 (1936), Fig. 1.
4R. A. Millikan and H. V. Neher, Phys. Rev. 50, 15

(1936), Fig. 14.
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earlier data of Compton and Turner are that the
knee in the Southern Hemisphere comes at a
higher latitude than in their curve, and that at
latitudes higher than the knee the increase in
intensity with latitude is smaller than theirs in
both hemispheres. The intensity at Sydney is 0.4
percent higher than the intensity at Auckland,
while Fig. 6 of Compton and Turner shows 0.2
percent higher intensity at Auckland than at
Sydney.

The latitude curve of Fig. 1 is extended farther
south from Sydney (42.2'S)* to Hobart (Tas-
mania) (51.6'S) by adding the data collected
on S. S. TO,Lune. Because the meter on S. S.
TaLNne was placed under deck, the mean value of
Io at Sydney was 3.88 percent lower than the
mean value of Io at the same place while the
meter was on R. 3II. S.Aorangi. Since no essential
changes in the meter were made when it was
transferred from R. 3f. S. Aoramgi to S. S.
TaLNne, it was assumed that the daily mean
values of Io at Sydney were unchanged. As the
ship traveling between Newcastle (NSW) and
Hobart (Tasmania) was seldom in port at
Sydney over five hours, the mean ID at the port
was obtained from daily means of Io for the days
when the ship was between Newcastle (41.2'S)
and 43.5'S.

Figure 1 now shows the knees more distinctly.
*Geomagnetic latitudes are used throughout.

e ~ ~ ~

~ 0
dY dl

IIOVI 0 TO MAY 0

00 0 0
0

0
o

0
0

'+ s ~ 0 O

000 oo0

00
6 o ~ ~ ~

0 ~ '~ ~ p(I 0 0 0
66 ~ ~

~ ~ ~ ~ ~ ~

0
0

0
0

0
0 0

3'
MAY 0 TO I OV, S'-I

~ ~ ~

~ 6 0 0
G I L S 0 0

Q ~ 0 0 0~
0 o o

0

~ ~ ~

~ ~

0
0 0

0 op 0

~ ~

-40 -30 30
I I

-IO 0 IO PO 30
GEOMAGIIETIC I AT IT UOE

l
40 SO

FIG. 3. Departures for colder and for warmer months
from annual mean of ionization (d I) and shade temperature
of the outside air (d T), plotted for the various latitudes.

They lie at about 40' in. the Northern Hemisphere
and at about 38' in the Southern Hemisphere.
The increase in ionization beyond the knees is,
within experimental error, the same in both
hemispheres.

The Auctuations of Io from 40'N to 52.5'N
and from 10'N to 7.5'S are not ascribable to
experimental error, but are due to diurnal changes
in cosmic-ray intensity. For most of the trips
the ship crossed at about noon 'the latitudes
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where the intensity is slightly higher and at night
where the intensity is lower.

TABLE I. Atmospheric temperature coepcient of cosmic-ray
ionization (reduced to standard barometer).

Av-
THORITY

Compton
and

Turner

YEAR

Mar. 17,
1936, to
Jan. 18,

1937

LOCATION

Vancouver
(54.8)

Auckland
(41.1)

Sydney
(42.2)

COEFFI-
CIENT
PER-
CENT

—0.22

-0.16

—0.10

PROB-
ABLE

ERROR
PERCENT

CORRELATION
FACTOR

—0.85 +0.04

+0.04 —0.47 &0.15

&0.02 —0.67 &0.10

This
Paper

July 28,
1937, to
Sept. 23,

1938

At Sea —0.18

Vancouver
(54.8) '

—0.13

&0.01

+0.02

—0.68 +0.03

-0.62 +0.07

Auckland
(41.1)

Sydney
(42.2)

At Sea
between:

—0.12 +0.04 —0.50 ~0.12

-0.085 . &0.03 —0.36&0.12

X=15 S 8L
15 N —0.05 +0.04 —0.17 &0.13

X=17-', 8L

40N BLS —0.31—0.29
+0.03
~0.04

—0.87 ~0.04—0.72 &0.07

~ P. S. Gill, Phys. Rev. 55, 429 (1939).

EFFECT OF ATMOSPHERIC TEMPERATURE

ox IowrzATroN

Figure 2 shows that, in both the Northern and
Southern Hemispheres, the intensity is greater
during the cold months, as was likewise evident
from Fig. 7 of Compton and Turner. They
ascribed this variation to atmospheric rather
than astronomical changes, a conclusion which

was confirmed by the writer' from data obtained
at four widely separated stations, which showed

no significant correlation with various astro-
nomical variables.

For each of the two curves of Fig. 2, the

departure of the ionization from the annual mean

was noted for each 2.5' interval of latitude.
These departures in the ionization were compared

(Fig. 3) with the departure in the outside shade
temperature from its annual mean at the same
latitude. This analysis shows a definite correla-
tion of opposite sign between the external shade
temperature and the observed ionization only in

regions outside an equatorial belt extending
approximately io' either side of the magnetic
equator. In Fig. 3 are shown at each latitude the
departures from the annual mean values of the
external temperatures for cold and hot months
of the year. Outside of the equatorial belt, the
opposing trends of this temperature and ioniza-

tion are evident in both curves. The opposing
trends of temperature and ionization in the
equatorial belt for summer and winter are not
evident in Fig. 8 of Compton and Turner, ' but
do appear in their curves for spring and autumn.
From the data in the scatter-diagrams of the
atmospheric temperature vs. ionization, tem-

perature coefficients of the ionization for two
different latitude zones were computed. Table I
gives the values of these coefficients together
with those obtained last year by Compton and
Turner' (Table I). Values of the atmospheric
temperature coefficient calculated in a similar

manner for various land stations have recently
been reported by the writer. '

A scatter diagram of hI vs. AT for all the data
shown in Fig. 3 indicates (Fig. 4) that AI is not
a linear function of AT. It will be noted, however,
that the smaller values of AT are obtained at
lower latitudes than are the higher values. The
fact that the slope of hI vs. AT is steeper at the
larger values of AT thus means that at the higher
latitudes the atmospheric temperature coeAicient

is greater.
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FrG'. 6. Magnetic and atmospheric latitude effect for twenty-five trips.

The values of n, the atmospheric temperature
coefficient of the ionization, at intervals of 2.5'
geomagnetic latitude can be found as follows:
By definition n = (J/I, ) (DI/AT), where I, is the
absolute ionization due to cosmic rays and AI
and AT are the mean ranges between summer
and winter deviations from the annual mean at
the latitude for which n is evaluated. The value
of n was calculated separately from the data for
10 trips reported by Compton and Turner and
for the 15 trips analyzed in the present paper, and
the mean was weighted accordingly. The results
for latitudes greater than i0'N and S are shown
in Fig. 5. At lower latitudes, because of the
smallness of AT, the values of n become experi-
mentally indeterminate.

The open circles represent the coefficients thus
calculated for the Northern Hemisphere, the
crosses for the Southern Hemisphere, and the
solid circles the mean between the two values.
One of the most important sources of error is the
occurrence of world wide changes in cosmic-ray
intensity. ' When such a change persists for a
prolonged period, it increases the apparent tem-
perature coefficient in one hemisphere and
decreases it in the other. For this reason the

value of the mean between the two hemispheres
is much more reliable than either individual
value. Thus the atmospheric temperature coef-
ficients beyond 40', being based on measure-
ments in the Northern Hemisphere alone, cannot
be relied upon with the confidence that we have
in the data between 30' and 40'. It is evident,
however, that beyond 42.5'n appears to stay
constant, and has its greatest numerical value.
On the other hand, n decreases rapidly from 42.5
to 25' where it again appears to approach a
constant minimum numerical value. This is in
accord with Blackett's' view, in which he points
out that the temperature coefficient at the
equator should be lower than at bordering
latitude zones.

It will be noted in Table I that the value of the
temperature coefficient at Vancouver for this
paper is 60 percent of that given by Compton
and Turner, while those at Auckland and Sydney
are the same within the probable error. The
difference at Vancouver may be caused by
sudden changes in ionization due to magnetic
storms or other causes independent of the tem-
perature of the atmosphere.

' P. M. S. Blackett, Phys. Rev. 54, 973 (1938).
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ATMOSPHERIC AND MAGNETIC

LATITUDE EFFECTS

The upper part of Fig. 6 shows the corrections
to be applied to the two curves of Fig. 2, and also
to the two similar curves obtained from the data'
used by Compton and Turner, to correct for the
changes in the atmospheric temperature. These
corrections are made by reducing the data to the
mean value of 21'C, supposing that the at-
mospheric temperature coefficient is the function
of geomagnetic latitude shown in the curve of
Fig. 5. These correction curves thus represent
a latitude effect of atmospheric origin, differing
with colder and warmer months, which must be
subtracted from the observed latitude effect
curves to obtain the effect caused by the earth' s

. magnetic field. The solid curve of Fig. 6 is the
mean (weighted, ratio 10:15) of 10 trips
reported by Compton and Turner and 15 trips
analyzed here. This curve thus represents the
part of the latitude effect which is of magnetic
origin.

The lower (solid) curve beyond 35'N is
obtained by applying the temperature coefficient
as given in Fig. 5. This curve shows a slight.
decrease for latitudes higher than the knee
(40'N). Since from theoretical reasons it is very
improbable that the corrected cosmic-ray in-
tensity should thus diminish with increasing
latitude, the decrease shown by the solid curve
presumably indicates that an over-correction has
been made for the atmospheric temperature coef-
ficient. By the method of trial and error, it is
found that if for these latitudes the value of o.

is taken as —0.19 percent per degree C, instead
of —0.25 as given in Fig. 5, the magnetic latitude
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FIG. 9. Cosmic-ray ionization as a function of geomagnetic
energy threshold.

effect curve becomes horizontal. It is thus that
the broken curve of Fig. 6 is calculated. The
assumption of a Rat geomagnetic latitude effect
curve beyond the knee thus affords an inde-
pendent method of determining the atmospheric
temperature coefficient. Since the result does not
differ too greatly from that obtained directly, *
we may conclude that the assumption of fatness
is consistent with the experimental data. That;
is, there is no evidence of a geomagnetic latitude
effect beyond the knee.

~ 97
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30 40

GEOMAG NET tC LATIT UDE
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Fir. 7. Comparison of corrected latitude effect for Northern
and Southern Hemispheres,

COMPARISON OF INTENSITY IN THE NORTHERN

AND SOUTHERN HEMISPHERES

Compton and Getting~ predicted an excess of
cosmic-ray intensity of about 0.5 percent in the

~ It may be noted that the temperature correction
applied in Fig. 6 should be correct only if, for a sea-level
temperature of 21'C, the temperature at every altitude is
the same at all latitudes. It is clear that this is not in
general. true, The method of correction can thus be expected
to remove differences of only the first order.

T A. H. Compton and I. A. Getting, Phys. Rev. 47', 817
(1935).
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north, due to the motion of the earth with the
rotation of the galaxy. The comparison of
intensity in the Northern and Southern Hemi-
spheres should be significant only for latitudes
where the influence of the earth's magnetic field
becomes negligible, that is, beyond the latitude
knees (40'N and 38'S). This portion is shown in
Fig. 7, where the corrected intensity curves for
latitudes higher than 30'N arid S are given. The
question arises, which of the two curves in the
north (broken or solid, as explained in the last
section) is to be taken as the more reliable. Sup-
posing that the curve which shows a flat plateau
is the better measure, we find an exact equality
of intensity in the two hemispheres.

A rough estimate of the probable error of this
equality gives ~0.1 percent, in which estimate
the largest factor is that introduced by the
uncertainty in the temperature correction.

This result indicates that a difference of 0.5
percent between the Northern and Southern
Hemispheres are predicted by Compton and
Getting is very improbable. It should be noted,
however, that if the sun's motion with the rota-
tion of the galaxy is, as indicated by the recent
study by Camm, ' only 200 instead of 300 km per
sec. , as assumed in the earlier calculations, the
precision of the present measurements is inade-

. quate definitely to rule out the possibility of the
predicted effect.

DIscUssIoN QF LATITUDE CURvE

In Fig. 8 is shown the mean cosmic-ray in-
tensity I for 25 trips, corrected for external tem-
perature, as a function of ). This curve, based
upon the broken curve of Fig. 6, shows no in-
crease in intensity for latitudes higher than 40'.
That is, at sea level, beyond Compton's latitude
knee, no detectable latitude effect of geomagnetic
origin exists. Lemaitre and Vallarta' have given
the threshold energy Ep as a function of ) for
vertically incident electrically charged primaries
(electrons). Thus at a certain latitude only those
electrons can enter the earth's atmosphere which
have energies greater than Ep. From this relation
between Ep and X, the curve of Fig. 9 shows the
cosmic-ray intensity vs. threshold energy Ep. As

G. L. Camm, Roy. Astr. Soc. 99, 71 (1938).
'G. Lemaitre and M. S. Vallarta, Phys. Rev. 50, 493

(1936).

this curve is obtained at sea level with a lead
shield around the ionization chamber of i2 cm,
the curve represents the latitude sensitive part of
the penetrating radiation, presumably mesotrons,
as a function of the threshold energy Ep of the
primary electrons.

One can compare the mesotron intensity at
different latitudes corresponding to certain
threshold energies Ep as given in Fig. 9 with the
energy distribution curve of mesotrons obtained
by the Wilson chamber method' and as cal-
culated by Euler and Heisenberg. " In order to
calculate the energy spectrum at sea level Euler
and Heisenberg assumed that all of the mesotrons
are produced as secondaries by the soft com-
ponent at the same altitude (about 16.6 km) in
the atmosphere. For the spectrum of the primary
electrons they consider a distribution function of
the following kind: F(E)=IOXZ & where I"(Z)
represents the number of the vertically incident
electrons having energies greater than E, Ip and

.28
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FIG. 10. Energy distribution curves: (A) for electrons at
the top of the atmosphere; (8) mesotrons at sea level;
(C) latitude vs. threshold energy.

~0 P. M. S. Blackett, Proc. Roy. Soc. A159, 1 (1937).» H. Euler and W. Heisenberg, Ergeb. Fxakt. Naturwiss.
17, 1—70 (1938).
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y are empirical constants. On the further as-
sumption that the created mesotrons have the
same energy distribution as the primaries, Euler
and Heisenberg calculate the variation of the
energy spectrum as the mesotrons travel through
the earth's atmosphere losing energy by ioniza-
tion" and by spontaneous decay. "Thus at sea
level they obtain an energy distribution of
mesotrons given by the broken line 8 of Fig. 10.
Tkis curve is represented in a double logarithmic
diagram where log F(Z) (number of vertically
incident mesotrons per minute per cm) is ordi-
nate and log Il is abscissa. The curvature in the
energy spectrum of the mesotrons at sea level
compared with the straight line distribution at
the top of the atmosphere is caused by the spon-
taneous decay of mesotrons in air which in-
creases with decreasing energy of the particles.
The straight line A in Fig. 10 represents the
corresponding energy distribution of electrons at
the top of the atmosphere when y is given the
value 1.8.'4 The broken curve is in good agree-
ment with the energy distribution curve obtained
from Wilson cloud-chamber measurements in the
same range of energies by Blackett. "

Curve C represents the observed ionization,
produced at sea level by mesotrons, as a function
of the threshold energy of the primary electrical
particles. The following characteristics are evi-
dent: (1) For energies smaller than 6&&10' ev
(knee) the ionization produced by the mesotrons
is independent of the energy of the primaries, and
does not follow the energy spectrum determined
by (A) and (8). (2) For energies greater than
6X 109 ev (knee) the ionization produced by the
mesotrons varies with the threshold energy of the
primaries, but much less rapidly than does the
number of the primary electrons (A).

These differences between curves C and A give
clear evidence that the mesotrons which produce
the ionization in our lead-shielded chamber at
sea level are not the primary particles which are
affected directly by the earth's magnetic field.
Rather it appears that the mesotrons are created
as a secondary radiation in the atmosphere, and

hence reflect only that dependence on the earth' s
magnetic field to which the. much higher energy
primaries that excite them are subject. This
evidence for the secondary nature of the meso-
trons from a consideration of the latitude effect
has been discussed by Euler and Heisenberg. "

Professor Compton has suggested that the
knee of the latitude curve should occur for that
minimum energy of the secondary mesotrons
which enables them to penetrate the barrier of
the earth's atmosphere. This hypothesis is based
on the now evident fact that neither electrons nor
photons of any reasonable energy are able to
penetrate the atmosphere, and that the pre-
dominant ionization at sea level seems to be
caused by mesotrons and their secondaries. If we
make the reasonable assumption that some of
these mesotrons traverse the atmosphere with no
energy loss other than that caused by ionization,
various calculations" give for the minimum
required energy about 2.5&&10' ev. It may be
noted that the mean decay constant for meso-
trons is taken as to ——2 X 10 ' sec. , and their
effective height of production as 25 km, con-

- sidering merely the decay, there should remain
at sea level about 30 percent of the initial meso-
trons of this threshold energy. Thus the sharply
limiting factor is not the decay rate, but the
ionization.

The minimum energy of the primary particle
required to excite such secondary mesotrons will

depend upon the nature of the exciting process.
Perhaps as probable a mechanism as any is that
the primary cosmic ray is an electron, positive
or negative, which on collision with an atomic
nucleus in the atmosphere produces a photon
(x-ray) whose energy will be of the order of, but
less than, that of the primary electron. As in
electron pair production, we may suppose that
if the resulting photon generates a mesotron, a
pair of positive and negative mesotrons is pro-
duced, between which the energy is approxi-
mately equally divided. Thus if E, is the energy
of the primary electron, E„ that of the photon,
and E that of each of the mesotrons,

' H. A. Bethe and W. Heitler, Proc. Roy. Soc. A146, 83
(1934).

'3 Yukawa and M. Taketani, Proc. Phys. Math. Soc. Jap.
20, 720 (1938)."L. W. Nordheim, Phys. Rev. 53, 694 (1938); W.
Heitler, Proc. Roy. Soc.A161, 261 (1937).

From Z„=2.5&(10' ev, we thus find for the

"H. J. Bhabha, Proc. Roy. Soc. A164, 257 (1938).
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threshold energy of the primary electrons,

Be p 5X10' ev.

This is in satisfactory agreement with the
threshold energy of the latitude effect, which
according to Fig. 9 occurs at about 6&(10' ev.

Primary particles with energies less than
5 &(10' ev should thus not produce any ionization
at sea level, which would account for the absence
of any latitude effect beyond 40 degrees. At
higher altitudes, since the minimum energy
required to penetrate the atmosphere is less, one
should expect a shift of the knee to higher lati-
tudes. This is in qualitative agreement with the
recent experimental results.

On the other hand, mesotrons of energies less
than 2 X 10' ev, which constitute the more
abundant part of those observed at sea level,
have too little energy to penetrate the atmos-
phere. These must therefore have been produced
far below the height (about 25 km) at which the
first production occurs, and hence must be the
result of several stages of energy transfer. That
such production of mesotrons at.relatively low
altitudes does indeed occur is demonstrated by
the recent airplane experiments of Schein and
Wilson. " It follows that the energies of the
primaries producing them must have been many-
fold greater than the mesotron energies. It is
thus not to be expected that they would be
inHuenced by the earth's magnetic field. In this

"M. Schein and V. C. Wilson, Phys. Rev. 54, 304
(1938).

manner we 'can account for the small magnitude
of the observed latitude effect, and the difference
between curves 8 and C of Fig. 10.

For threshold energies higher than 6)&10' ev
(knee) a certain number of the primary electrons,
producing those mesotrons which are capable of
penetrating the barrier of the earth's atmosphere,
is cut off at certain latitudes by the earth' s
magnetic field. Therefore a definite latitude effect
of the penetrating radiation at sea level is present
for energies between B=6)&10' ev and B=15
)&10' ev, beyond which energy the earth's field,
even at the equator, ceases to act as a barrier.
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