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1. INTRODUCTION

EVERAL historical accounts'=2% 2 of the de-
velopment of the cosmic-ray investigation
have been published from time to time and to
these the reader is referred for a complete
bibliography. Here we will summarize the salient
features of the present state of our knowledge
and the methods of obtaining data, mentioning
only the results of investigations which seem to
the writer to contribute most significantly to the
modern point of view.

Corlin® distinguishes three periods in the in-
vestigation. The discovery period began in 1901
when C. T. R. Wilson?' and Elster and Geitel?
found residual ionizations in closed vessels con-
taining gas. Investigations of the cause of this
ionization culminated in the demonstrations by
Gockel® (1910), Hess** (1913) and Kolhorster?
(1914) that the effect increased with elevation
above the surface of the earth as could be ex-
plained if it were caused by a penetrating
radiation coming into the earth’s atmosphere
from some cosmic source. It was this charac-
teristic of the effect that suggested the hypothesis
of the existence of cosmic rays or hohenstrahlen.
The second period of the investigation was
characterized by an agreement on the part of all
observers as to the existence of the cosmic
radiation, and the investigations during this
period were directed to the task of finding
what energies the cosmic rays had, and to the
study of such characteristics as would lead to an
indication of where in the universe these radia-
tions were being produced. To these ends
measurements were made of the absorption
coefficients of the radiations in the atmosphere
and in various other materials, and the periodic
and secular variations of its intensity with time
were studied. Interpretations were made, almost
universally, with the expressed or tacit assump-
tion that the radiation was analogous to the
gamma-radiation from radioactive materials.

Since the problems of the second period are
still largely unsolved, this period might have
been considered as extending through the present,
were it not for the radical change in the point of
view brought about by the experiments of
Skobelzyn?¢ (1929) and of Bothe and Kolhorster?’
(1929). These experiments revealed the existence
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of corpuscular, electrically charged rays which
were identified as cosmic rays by the fact that
their penetrating ability was equal to that
deduced from studies of the variation of cosmic-
ray ionization with thickness of superposed
matter. This discovery led to an entirely new
group of experimental investigations belonging
to the third period. The investigations of this
period have now established the point of view
that the primary cosmic rays are largely, if not
entirely, corpuscular, and much has been learned
regarding the secondary radiations generated by
the primaries as they pass through the atmos-
phere and other matter. Several summaries
have been made of the evidence leading to the
proof of the corpuscular hypothesis.*=7: 12

In its present status the problems of the
cosmic-ray investigations divide themselves into
two principal categories. On the one hand are
those problems bearing upon the nature of the
primary rays, their energy distribution, and the
places and processes of their origin, and on the
other hand there are the problems relating to
the interaction of cosmic rays with matter. The
latter belong more properly to the more general
field of radiation and nuclear physics, since in
their consideration one is not concerned, except
technically, with the fact that the rays used in
the study happen to be of cosmic origin, yet it is
practically impossible to discuss the evidence
bearing upon the problems of the first class
without becoming involved with those of the
second. However, the present survey will be
made with the more or less restricted point of
view of the problems of the first group, and the
consideration of questions of interaction of the
rays with matter will be limited. The object of
the investigation from the present point of view
is to determine what types of rays impinge upon
the upper surface of the atmosphere, what their
energies are, and how the intensity depends
upon the various cosmic and terrestrial param-
eters of which it is a function. These include the
depth of the atmosphere; the geomagnetic
parameters, latitude, longitude, direction and
field strength; and, finally, any other parameters
affecting the intensity as shown by the periodic
and secular variations of the cosmic radiation
with time.
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2. DeFINITION OF UNITS OF CosMic-RAy
INTENSITY

For the measurement of cosmic-ray intensity
four types of instrument have been developed,
the ionization chamber or electroscope, the single
point or tube counter, trains of coincidence
counters, and the cloud expansion chamber.
In this section the interpretation of measure-
ments made by each of these instruments will be
considered in their relation to the cosmic-ray
intensity.

All measurements of the cosmic radiation
depend upon the detection of the ionization
produced by the rays. In the ionization chamber
the ions are drawn to the electrodes and are
measured as an electric current. In the tube
counter the ions formed by each ray trigger an
electrical discharge which is recorded as a count.
The number of counts in a given time is equal to
the number of rays which have passed through
the counter tube. In the cloud chamber the ions
produced by the rays act as centers of condensa-
tion for the formation of visible droplets and the
track of each ray may be observed.

In experiments with cloud chambers or counter
tubes a practical measure of the cosmic-ray
intensity is the number of tracks or the number
of counts per unit of time. In the cloud chamber
or with coincidence counters, which will be
described fully at a latter stage, the number of
rays within a given range of directions may be
determined. This number depends, of course,
upon the size of the detecting volume. The
fundamental quantity for expressing the wuni-
directional cosmic-ray intensity is the number j of
ionizing rays per unit solid angle per second
crossing through a unit area placed normally to
the direction of incidence. If the cloud chamber
is provided with a magnetic field whose lines are
parallel to the direction of observation the
curvature of the tracks may be measured, and
with knowledge of the mass and charge of the
ray the energy § may be deduced. The number
of rays of energy between § and §+d§& per unit
solid angle per cm? per sec. will be designated by
7(8)d8, where j(8) is called the wumidirectional
spectral intensity. 1t follows that

= [ i®s. (1)
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The number of rays from all directions of
energy between 8 and §+d& per sec. per cm?
which cross an area normal to the direction of
incidence, or in other words, the number of
rays which pass through a sphere of unit cross-
sectional area per sec., is

J(8)d&= f 7(8)d8de

2r A/
=f f 7(8) sin ¢dided8. (2)
0 0

where { and ¢ are zenith and azimuthal angles.
J(8) is called the total spectral intensity. The total
intensity or the number of rays of all energies
through a sphere of unit cross-sectional area per
sec. is

J=fw](é’)d8.

If the average number of ion pairs produced by
a ray of energy & along a unit length of its path
is designated by N(&), then in a vessel of
arbitrary shape the rays of energy between &
and 8+d& whose paths lie within the cylinder
which intersects the walls of the vessel in the
elements of area da; and da; and whose length
in the vessel is L produce

N(8)j(8)d& cos 6, cos O:da:1das/L

ion pairs per sec. within the vessel, where 6, and
6, represent the angles between the normals to
the elements of area and the axis of the cylinder.
Since the solid angle subtended by the area da,
from a point in da is dw=da, cos 6,/L* and the
element of volume within which the ionization
takes place is dV=da» cos 6,L the number of ion
pairs formed per sec. within the cylinder may
also be written

N(8)j(8)dVdwdé.

The number of ion pairs produced within the
vessel per sec. by rays of energy between &
and 8+d& per unit volume is

N(8)j(8)dédw,

a quantity which is independent of the shape or
the size of the vessel. The quantity 2(8) = N(8)j(8)
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Fic. 1. The variation with pressure of the ionization
current in an air-filled chamber under constant irradiation
by gamma-rays. Parallel plate electrodes provided uniform
collecting fields which are given in volts per cm by the
numb)ers attached to each curve. (Erikson, reference 30,
1908.

is a convenient measure of the cosmic-ray in-
tensity and will be known as the unidirectional
spectral ionization intensity, or the unidirectional
spectral iomnization. The unidirectional tonization
intensity or the number of ion pairs per cc per
sec. formed by cosmic rays of unidirectional
intensity j is

i=f N(8)j(8)de= Nj, (3)

0

where N is the average ionization per cm of
path defined by N=14/j. The number of ion

pairs produced by rays of energy between 8 and
&+4dé& from all directions is

I(6)d8=N(8)J(8)dS.

I(8) is the total spectral tonization intensity. The
number of ion pairs per cc per sec. produced by
rays of all energies and directions is called the
total tonization intensity and is given by I=NJ.
When recombination of ions is neglected, the
current in an ionization vessel of volume V in
which I ion pairs per cc per sec. are produced
is IeV, where e is the electronic charge.

The number of rays of energy between § and
&4d& which pass through a horizontally placed
unit of area, or the normals pectral intensity, is

/2 27

Tu(8)dE= f f i(8)d8 sin ¢ cos ¢dide. (4)
0 0

The normal intensity of rays of all energies is

0
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The energy carried across unit horizontal area
by rays of energy between & and &+d§ is
V,(8)d6=8J,(8); V,(8) is the normal spectral
energy flux. The normal energy flux is

0

In a column of air of infinite depth and of
unit cross section the total ionization per sec. is
proportional to the normal energy flux, since an
equivalent amount of energy is spent within this
column in the production of ions. If & is the
energy expended in the production of one ion
pair and I(k) is the total ionization intensity at
depth % then the normal energy flux at depth
h] is

Vu(h) =k mI(h)dh.

hy

(5)

The unidirectional intensity ¢, or j, in the
vertical direction may be evaluated from the
corresponding total intensity I, or J, if the
variation of the total intensity with depth % is

I
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F1G. 2. The variation with the collecting field of the
ionization current in an air-filled chamber under constant
irradiation by gamma-rays. Parallel plate electrodes
provided uniform electric fields from 1.5 volts per cm to
1000 volts per cm. The pressure in atmospheres is indicated
by the numbers attached to each curve. Ordinates: ioniza-
tion current per atmosphere in arbitrary units. Abscissae:
logio of the collecting field in volts per cm. (Bowen,
reference 36, 1932.)
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also known. A transformation of this kind is
known as a Gross?® transformation and it can be
made if the assumption is valid that the uni-
directional intensity 7 is a function of the
atmospheric path x=% sec { alone. Making the
substitution sin {df=x%dx/k* in Eq. (2) and
introducing ¢ in place of j by means of (3) we
obtain

I(h) =2xh f w(i(x) /x?)dx. (6)
h

Differentiation of (6) with respect to % leads to
the required expression for the vertical intensity,
i(k), namely

1—h(dI/Idh
i(/z):-—[(h)(——<—/———))=G(h)I(h), (7)

™

where G(k) stands for the Gross reduction factor
(1—hdI/Idh)/2x. (8)

As Eckart? has pointed out, (7) leads to the
following graphical method for constructing the
curve representing the variation with depth of
27i(h) when the I(h) curve is known. At the
abscissa £ draw the tangent to the I curve,
continuing it until it intersects the I axis at
h=0. This intercept is then equal to the ordinate
of the curve representing 27z(k) for the abscissa A.

3. TECHNIQUE OF MEASUREMENT OF THE CoSMIC-
Ray IoNizaTiON

Many of the investigations of the intensity of
the cosmic radiation and its dependence upon the
several parameters of which it is a function have
been made by measuring relative values of the
ionization currents in a gas-filled chamber suit-
ably shielded to eliminate the gamma-rays from
radioactive materials, and without any attempt
being made to reduce these currents to some
standard condition of shield thickness, gas
pressure, etc. In such investigations it is custom-
ary to assume that the relative values of the
currents indicate the relative intensities I of
the cosmic radiation. On the other hand, the
results are frequently reduced to absolute values
and are expressed in terms of the number of
ions per cc per sec. at one atmosphere of air.
However, in comparing such reduced values
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obtained by different observers for a given set of
external conditions (barometer, latitude, shield
thickness, etc.) the disparity of the values re-
ported seems to indicate that the reduction has
not produced a figure entirely independent of the
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F1c. 3. The variation with pressure of the temperature
coefficient of the ionization current, 3=dI/IdT in air at
room temperature. (Gingrich, reference 33, 1932.)

particular instrument. It is hardly necessary to
suggest that a reduction to some standard, inde-
pendent of the instrument, is desirable and is
even essential if the absolute measurement of
the intensity is to have some definite significance.
On the other hand, there appear to be great
difficulties in making a reduction to completely
standard conditions, and even relative intensities
seem to depend in a degree upon the particular
instrumental conditions. It is thus necessary to
consider in some detail the various factors
effecting the ionization in a closed vessel under
constant irradiation. These factors will be briefly
discussed in the following three sub-sections.

a. Dependence of ionization upon the gas, the
gas pressure, the collecting field and the
temperature

The variation of the number of ions collected
under constant irradiation by cosmic or gamma-
rays as a function of the electric field and
the temperature has been extensively investi-
gated?®=" 22 both experimentally and theoreti-
cally. If the probability of any molecule of the gas
becoming ionized is proportional to the radiation
intensity the ionization per atmosphere should
be independent of the pressure as long as the
absorption of the primary radiation in the gas
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F1G. 4. The variation with pressure of the ionization cur-
rent in various gases, showing the effect of impurities in the
case of argon. Ordinate: ionization current in arbitrary
units. Abscissae: pressure in atmospheres. (Compton,
Wollan and Bennett, reference 39, 1934.)

itself can be neglected. At low pressures this
expectation is fully realized, but as the pressure
is increased beyond several atmospheres, the
number of ions collected begins to increase less
than proportionally with the pressure, it even-
tually reaches a maximum and then at very
high pressures it decreases again. The pressure at
which the maximum is reached, and the current
at all pressures, depends upon the collecting
field (Figs. 1 and 2), the temperature (Fig. 3), the
kind of gas (Fig. 4), and possibly the material
of the walls and the size of the vessel. Although
other proposals have been made, there is now a
quite general acceptance of the view that recom-
bination of the ions before collection is the
principal cause of the dependence of the current
upon these factors, but there is no general agree-
ment as to what type of recombination is the
most important. Three different types are recog-
nized :*® preferential recombination, where the
electron recombines with the parent ion before
diffusing out of its field of attraction; columnar
recombination, where positive and negative ions
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produced by the same ray unite before they are
drawn from the column of dense ionization ; and
volume recombination, which takes place after
the ions become randomly distributed through-
out the volume of the vessel. Each type of
recombination reacts differently to changes of
temperature, pressure and electric field. Possibly
all three types are important under the con-
ditions used in some cosmic-ray measuring elec-
troscopes, and it may be for this reason that
theoretical treatments which have not considered
all types have met with only partial success.

Preferential recombination has been considered
by Compton, Bennett and Stearns,® and by
Bragg and Kleeman.% If an electron is to escape
the attractive field of its parent ion it is necessary
for it to reach a distance of the order

ro=e*/kT

before it attains thermal equilibrium with the
gas; beyond this distance the attractive potential
is less than the average thermal energy and the
electron escapes by diffusion. At ordinary tem-
peratures and at a pressure of one atmosphere in
air this distance is of the order of the mean free
path so that it is only at the higher pressures
where this type of recombination becomes of
importance. In the rare gases where electrons
have anomalously long free paths because of the
Ramsauer effect the electrons retain their original
energy for a longer period and preferential re-
combination becomes important only at corre-
spondingly higher pressures. On the other hand
in these gases the free path is sensitive to the
presence of impurities. Fig. 4 shows the ionization
in various gases illustrating the difference be-
tween nitrogen and argon and between pure and
impure argon.

The attractive field of the ion at the distance
7o is of the order of 40,000 volts per cm. At
distances where the field of mutual attraction is
of the order of that ordinarily applied for
collection of ions in an ionization chamber, i.e.,
about 100 volts per cm, the thermal energy so
far exceeds the attractive potential that the
preferential recombination of electrons which
have reached this distance is an unimportant
consideration. This form of recombination is thus
not much affected by the fields ordinarily applied.
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The effect of the temperature upon preferential
recombination comes into consideration through
the dependence upon T of the distance 7,. The
theory of the temperature effect based upon this
assumption, according to Compton, Bennett and
Stearns is in satisfactory agreement with the
data.®. 3 & (See Fig. 3.) Recently Onsager®”? has
carried through a more rigorous analysis of the
diffusion of ions in the combined field of the col-
lector and the parent ion and has found that the
observed variations of ion current with collecting
field can be largely explained.

Volume recombination™" is important only
in the case of extremely high radiation intensities
and low collecting fields. It is rarely, if ever, a
consideration in cosmic-ray measurements.

Columnar recombination has been considered
on the theoretical side by Jaffé,%® Zanstra®” and
Gross ;% Clay’*%. 70 and his associates have in-
voked this form of recombination as an explana-
tion of the principal trend of the ionization-
pressure curve. This point of view, however, has
not met with a general agreement among other
investigators.®® ' According to the theory,
columnar recombination should be sensitive to
those factors which determine the rate of separa-
tion of ions immediately after their formation,
i.e., to the pressure, the temperature, the
electric field and to the tendency of the electrons
to attach themselves to neutral gas molecules.
Unlike the other types of recombination this
type should be sensitive to the direction of the
electric field with respect to the paths of the
rays. This is an effect, however, which has not
been found.®®

Recombination bears principally upon the
problem of reducing the measured currents to
the absolute number of ions, I, originally
liberated by the radiation. Fortunately the frac-
tion of the ions lost by recombination does not
depend upon the intensity of the radiation to an
important degree and it is not necessary to make
corrections for recombination in experiments
where relative intensities of cosmic radiation are
of interest. This important point was partially
established by Millikan® and Hoffman* who
found that the same pressure reduction factors
could be used for a wide range of gamma-ray
intensities or for cosmic rays at sea level ; Swann*
found the same reduction factor could be applied
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for cosmic rays of mountain-top or of sea-level
intensity. Thus the ionization current can be
represented as the product of two factors, one
depending upon the radiation intensity and the
other depending upon the pressure. The pressure
factor is the same for cosmic rays of different
intensities or for gamma-rays. Since the loss of
ions by recombination varies with the pressure
these experiments showed that the fraction thus
lost was the same for all of these radiations.
This is in sharp contrast with the ionization
produced by alpha-rays®7 for which the variation
with pressure follows a quite different law,
presumably because of the greater importance
in this case of columnar recombination.* More
recent studies™ based upon cloud chamber evi-
dence have indicated that columnar and prefer-
ential recombination probabilities cannot be
expected to undergo variations with the changes
in the quality of the cosmic radiation experienced,
for example, in the experiments made at different
elevations, for it has been shown that all types
and energies of cosmic rays produce about the
same density of ionization along their tracks and
that the initial energy imparted to the ionized
electron is also practically invariant. According
to some results of Hopfield,® however, it is
possible that relative cosmic-ray intensities
would be measured differently by ionization
chambers filled with different gases. In his
experiments the ratio of the ionization observed
in argon to that in air was 1.4 times greater
when produced by a gamma-ray source than
when the cosmic rays were used, and one might
anticipate that the changes in the quality of
the cosmic radiation with elevation would have a
similar effect. No satisfactory explanation of this
effect has been given.

Added to the effects of recombination, the
variation of the ionization current with pressure
may also contain a saturation effect due to short
range particles emitted from the walls of the
vessel. As the pressure is increased to the point
where such particles fail to traverse completely

* The effect referred to is the difference between the total
ionization by alpha-particle contamination and the ioniza-
tion per atmosphere produced by cosmic or gamma-rays.
Since the dimensions of the vessel are generally greater
than the alpha-particle range there is no increase with
pressure of the ionization from this source.
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6, 1931.
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the vessel, their ionization no longer increases
with the pressure. Thisis an effect which is readily
confused with recombination and has, in fact,
been offered*®*5* © as an explanation of the
main trend of the pressure-ionization relation.

It is beyond the scope of the present review to
enter into further details of the study of the
ionization in gases at high pressures. The effects
are not completely understood and it is doubtful
if full acceptance can be made of any of the
various methods which have been used to deduce
from the measurements the number of ions
actually produced by the radiation.

b. Dependence of the ionization upon the ma-
terial and thickness of the walls of the
vessel

The wall effect mentioned in the preceding
section involves short range particles and it was
invoked as an explanation of the saturation of
the ion current at high pressures. There is another
more generally recognized wall effect which
manifests itself through a dependence upon the
wall material and wall thickness of the number
of secondary rays in equilibrium with the
primary beam. This effect, known as the frans:-
tion effect, was first investigated in the case of
gamma-rays by Marsden,” and later by Work-
man.™ Cosmic-ray transition effects have been
studied by Steinke™ and Schindler,’® by Hoerlin?
and by Street and Young.”® Closely akin to this
effect are the cosmic-ray showers and their
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dependence upon the thickness and material of
the medium, the investigations of which have
recently been reviewed in this journal by Froman
and Stearns.?%®

Schindler’s measurements of the variation of
the cosmic-ray ionization as a function of the
material and thickness of the shield are shown
in Fig. 5. Here thicknesses are represented on
the extranuclear electron scale according to
which one unit contains 6.06X10% electrons.
The measurements were made at sea level so
that zero shield thickness corresponds to one
atmosphere of air. The variation with additional
air according to an extrapolation is indicated by
the curve labeled ‘“‘air,” and the departure of
the other curves from this indicates the de-
pendence of the ionization by secondary radia-
tions upon the kind of material through which
the radiation is passing.

A simple interpretation of the transition effect
has been given by Johnson,’”® and although the
assumptions underlying his treatment appear
oversimplified from the modern point of view,
they contain enough truth to bring out the
principal characteristics of the phenomenon, and
have the advantage of yielding simple equations
representing the variation of the intensity with
shield thickness quantitatively consistent with
Schindler’s measurements. In lead, for example,
the radiation incident from above produces
secondaries, the probability of production being
a characteristic of the material, and these cause
the observed ionization. As the lead is increased
in thickness, the first secondaries, together with
those from the air, are absorbed and new
secondaries are formed. It was assumed that the
production coefficient was a function of the
material of the medium, and the absorption
coefficient of secondary rays depended upon the
medium in which the ray was produced as well
as upon the medium in which it was being
absorbed. The total number of secondaries as a
function of the distance x in the second medium
(m) was then given by

5‘=~va4'~§1'|=*sﬂ()e—l""'nz
+BnP(e7m= — e #m™) [ (um™ — vm), (9)
in which u." is the absorption coefficient of

secondaries produced in medium 7 and absorbed
in medium m, P is the intensity of the primary
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radiation and v, its absorption coefficient in
medium m. B is the production coefficient of
secondaries in medium m and S, is the number
of secondaries from medium # at the interface.
The final equilibrium concentration of second-
aries, if we neglect for the moment the absorption
of primaries, is proportional to the ratio of the
probability of production 8, to the probability of
absorption w,™. This ratio, according to the
analysis, is less in substances of high atomic
number than in substances of low atomic number
and the lower currents under lead, for example,
as indicated in Fig. 5, are to be understood as
resulting from a lower density of secondary
radiation; not a greater absorption of the
primary radiation.

According to the modern point of view?®—8%7
the transition involves changes with the material
of the medium of several different effects. These
include the production by the soft component
electrons of multiplicative showers, the loss of
energy through ionization by the less energetic
constituents of these showers, the rate of pro-
duction of soft component electrons by the
penetrating particles, and the final equilibrium
between penetrating particles and the soft
secondaries produced by them. The complete
story is a complicated one and it has not yet
been satisfactorily worked out in all of its
details.

It is clear from Fig. 5 that the value of the
ionization current depends critically upon the
material and thickness of the shield, and a
factor depending upon the shield must be used in
reducing measurements made by different instru-
ments to a common level for comparison. In this
connection a troublesome element arises in the
fact that the shield factor depends upon the
quality of the radiation and is therefore a func-
tion of the cosmic-ray intensity, for any change
of intensity seems also to involve a change of
the relative intensities of hard and soft com-
ponents.

This dependence of the shield factor upon the
quality of the radiation is shown in some experi-
ments of Young and Street’ 8 who have
measured the transition effect at different eleva-
tions. We need consider here only their results
for atmospheric depths 6.9 meters and 10.3
meters of equivalent water. The ionization in-
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tensities which they have measured at these two
elevations are shown as a function of shield
thickness in the 4 curves of Fig. 6. The difficulty
which the situation faces is illustrated by the
fact that the ratio of the intensities measured
at the two elevations varies with the shield
thickness. As an example the intensity at the
higher elevation relative to that at sea level was
forty percent greater with a 2-cm lead shield
than with a 20-cm lead shield.

In an analysis of these results Street and
Young have resolved the radiation into two
components, the ‘“hard” component and the
“soft”’ component, each of which is homogeneous
in the sense that the intensity of each can be
expressed as the product of two factors, one
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F1G. 6. Analysis of the cosmic radiation according to
Young and Street. The curves represent the variation with
lead shield thickness of the ionization in a small steel
chamber produced by (4) the total cosmic radiation, (B)
the hard component and (C) the soft component. The
change of the relative proportions of hard and soft com-
ponents with elevation introduces a dependence of the
shield factor upon elevation. Ordinates: ionization current
in arbitrary units. Abscissae: thickness of the lead shield
in cm. (Young and Street, reference 80, 1937.)
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depending upon the atmospheric depth alone
and the other depending only upon the shield.
Homogeneity in this sense implies that a given
shield will reduce the intensity by a factor which
is independent of the elevation, or that a given
increase in atmospheric depth will reduce the
intensity by a factor independent of the shield.
A resolution of the radiation into two components
has been suggested by a number of other writers
and the properties of each component have been
extensively investigated.?®® A survey of these
studies is beyond the scope of the present writing
and it will suffice to remark that the hard com-
ponent experiences approximately the same mass
absorption in all substances whereas the soft
component loses energy by radiative collisions
for which the probability per atom varies with
the square of the atomic number. The effect of
the lead shield upon the observed ionization thus
depends upon the proportions of the hard and
soft components. In order to determine the in-
tensity of each component separately it was
necessary for Street and Young to make use of
measurements of the relative intensities of each
component as a function of the atmospheric
depth and thickness of the lead shield. Effects
useful for the measurement of relative intensities
can be recorded with suitable arrangements of
coincidence counters. Thus the frequency of
coincidences recorded with counters in vertical
line and with 20 or more cm of lead interposed
into the paths of the rays is usually regarded as
a measure of the intensity of the hard com-
ponent. With thinner lead screens the coin-
cidences are produced in part by the soft com-
ponent and their frequency rises abruptly as the
lead is reduced in thickness. In the range of
shield thicknesses less than 20 cm the hard
component can be measured by an extrapolation
of the results obtained with greater thicknesses.
The intensity of the soft component, on the
other hand, is approximately proportional to
the frequency of cosmic-ray showers recorded
with a disaligned arrangement of counters sur-
mounted by a lead plate.

In their analysis Young and Street have made
use of results obtained with the above-described
techniques by Woodward® who worked at the
same elevations as those used for their own
measurements of the total ionization intensity.
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Whereas Woodward actually measured the fre-
quency of coincidences it was assumed for the
analysis that these were proportional to the re-
speclive ionization intensities Iy and I of the
hard and soft components. It was then possible
to reduce his results to a scale comparable with
that in terms of which the total ionization Iy was
measured by solution of the following equations
which hold for each shield thickness.

In(hy)+1s(hy) =Ir(hy), (10a)
In(he)+ Is(hs) =Ip(hs), (10b)
Iu(h1)/Iu(hse) = Fu, (11a)
Is(h1)/Is(hs) = Fs. (11b)

Fy and Fg are the ratios of the coincidence rates
observed by Woodward. The values of Iy and I
obtained from the solutions of these equations
for each shield thickness have been plotted to
construct the B and C curves of Fig. 6. As
already indicated the unit of intensity is the
same as that used in the plotting of the 4
curves.

Within the accuracy of the experiments Wood-
ward finds that Fp and Fjs are constant with
respect to variations of the shield thickness.
This fact justifies the hypothesis that the soft
and hard components may be individually re-
garded as homogeneous in the sense in which
this property has been defined.

In conclusion, it is not possible to express the
total intensity as the product of two attentuation
factors, the one depending upon the shield and
the other upon the atmospheric path, even
though, as has been indicated, such a representa-
tion is approximately valid as regards each of
the two components. The problem of reducing
ionization intensity measurements to a common
standard independent of the instrumental con-
ditions must remain, therefore, in an unsatis-
factory state.

Although in the above discussion only the
measurements of Young and Street have been
considered, mention should also be made of
similar sets of measurements made over a wide
range of elevations with a variety of shield
thicknesses by Mott-Smith and Howell,® and by
Hoerlin.?”
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¢. Reduction of cosmic-ray ionization to stand-
ard conditions

Although the shield required to protect a
cosmic-ray ionization chamber from radioactive
radiations while measurements are being made
upon land introduces a factor depending upon the
elevation which may not be conveniently cor-
rected for, the situation is more favorable for
ionization measurements made in airplanes, with
free balloons or under pure water. Under each of
these conditions the shield may be removed and
the wall effect reduced to almost negligible
proportions. Using a steel chamber with 3-mm
thick walls Millikan* has made an absolute
determination of the ionization produced by
cosmic rays at sea level. In order to eliminate the
necessity of correcting for the shield and still to
protect the chamber from radioactivity the
measurements were carried out at an effective
atmospheric deptb of 10 meters of water, realized
by sinking the chamber in a snow-fed lake at
high elevation. The chamber was filled with 30.1
atmospheres of air, but the results were reduced
to one atmosphere by applying a factor de-
termined by a direct comparison of the ionization
currents produced by a fixed source of gamma-
rays when the chamber was filled alternately
with 30.1 and one atmospheres of air. After
subtracting the ‘“‘zero current’’ produced by the
radioactive contamination of the walls of the
chamber, an effect which was determined by
sinking the chamber to such depths that the
cosmic-ray ionization was small in comparison
with it, Millikan found that the cosmic-ray
ionization at sea level was, Igea 1eve1=2.48 ions
per cc per sec. per atmos. The current was not
affected, even at the higher pressures, by changes
of voltage and Bowen’s®: 37 results, Fig. 2, indi-
cate that no appreciable increase in current
could have been expected at one atmosphere if
the field had been increased to 1000 volts per cm.
Hence the value 2.48 ions per cc per sec. may be
regarded as being independent of the collecting
field to within a percent or two. Moreover,
Schindler’s results on the transition effect in
iron (Fig. 5), although not carried back to zero
wall thickness, indicate that the wall effect
cannot amount to more than a percent or two for
the 3-mm thick walls of the Millikan chamber.
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When a shield of 11 cm of lead was placed around
the chamber the sea level cosmic-ray ionization
was reduced to 1.75 ions per cc per sec. per atmos.

Using a method by which they sought to
correct for the wall effect, Clay and Jongen®
found 1.10 ions per cc per sec. in air at one
atmosphere produced by cosmic rays of sea-
level intensity after filtering through 12.5 cm of
iron. Clay’s method of correcting for the ab-
sorption in the shield raised this figure to 1.28
ions per cc per sec. for the ionization in free air,
or about half of that found by Millikan.

Compton, Wollan and Bennett®® have used
Hopfield’s® determination of the ratio of the
ionization in 98 percent pure argon to that in air,
their own determination of the ratio of the
ionization in pure argon to that in 98 percent
pure argon, and Millikan’s value for the ratio of
the ionization in air at 30 atmospheres to that in
air at one atmosphere. The combined reduction
factor for converting the ionization in 30 atmos-
pheres of pure argon to that in one atmosphere
of air is 1/67. With this factor the ionization
produced by cosmic rays in Chicago, after filter-
ing through 12 cm lead, converts to 1.22 ions
per cc per sec. in one atmosphere of air.206
This value differs by a puzzlingly large factor
from that obtained by Millikan for nearly the
same shield thickness as well as from Clay’s
figure, after applying a reasonable correction for
the shield difference.

Discrepancies of the type indicated above,
throw considerable doubt upon the accuracy of
any of the determinations of the absolute
ionization caused by cosmic rays. The dis-
crepancies are of the same order and of a similar
character to those encountered in the various
determinations of the specific ionization by
beta-rays and a suggestion made in the latter
connection by E. J. Williams® may have some
bearing upon the present situation. Williams
cites experiments by M. L. E. Oliphant® which
indicate that the currents may be considerably
amplified by electrons emitted from the walls of
the vessel and from the collecting electrode as
well as from impurities of low ionization potential
in the gas under the influence of the positive ions
produced by the radiation. This is a factor which
could vary considerably from one experiment to
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another, and it might account for such dis-
crepancies as are observed. In fact Broxon*® has
observed variations in the ionization currents
with the lining of the chamber amounting to
twenty percent or more.

4. TECHNIQUE OF MEASUREMENT OF THE
NumBER oF CosMmic Ravs, J

The number, j, of cosmic rays per cm? per sec.
from unit solid angle in a given direction can be
deduced from the counts recorded with a train of
coincidence counters or from a count of the tracks
appearing in a Wilson cloud chamber. The total
number J of rays from all directions can be
calculated by integrating j over all angles, or it
can be deduced from the counting rate of a single
tube or point counter or from an analysis of the
short time fluctuations in an electroscope.
Whereas the latter two methods are subject to
the uncertainty arising from the spurious rays
due to radioactivity, the coincidence counter
method counts only those ionizing rays which are
sufficiently penetrating to pass through the walls
of the counters; the penetrating gamma-rays of
radioactive origin are unable to discharge a
counter except through the conversion of their
energy into beta-rays, and the latter are not
sufficiently penetrating to pass through the
walls from one counter to another. With the

H

Puuse —

PuLse _—l

IAS

| A RECORPING
CirRCUIT
R l
( = 8
\'4
:M||n|l T

" F1G. 7. Schematic diagram of a circuit for selecting
coincidences which makes use of the ‘‘Rossi’’ parallel plate
connection. Negative pulses from the individual Geiger-
Mueller counters are introduced at the left. The character-
istic of the circuit is such that the potential of the point 4
remains sensibly unaltered unless all of the tubes whose
plates are connected in parallel receive simultaneous pulses.
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usual unshielded counter train, where the
counters have thin copper cylinders and standard
glass envelopes, cosmic rays of more than about
10 Mev are recorded.

a. Coincidence counter determinations of j

The passage of an ionizing ray through each
member of a counter train produces simultaneous
discharges which may be discriminated by suit-
able electrical circuits from events in which any
number of counters less than the full number of
counters in the train are discharged. Various
vacuum tube circuits for this purpose have been
suggested,?? 259, 260. 262264 hit the ones now used
almost universally are based upon the parallel
plate connection suggested by Rossi.?® (Fig. 7.)
The selecting resistance R is adjusted in relation
to the plate resistance of a single vacuum tube in
its normal state so that when negative pulses are
impressed upon the grids of all but one of the
tubes, the current carried by the other tube is
still sufficient to produce an 4R drop across the
resistance nearly equal to the full battery po-
tential. If, on the other hand, negative pulses
are received on the grids of all of the tubes the
iR drop across the resistance disappears and the
grid of the output tube receives a positive pulse,
which results in the recording of a count. The
counting rate C/T measures the intensity of the
cosmic radiation.

Because of the random character of the
impulses a counting rate determined from any
finite time of recording is subject to statistical
fluctuations which may be calculated from the
theory of probability. If C is the average number
of counts in a time T supposed to be evaluated
from an infinitely long period of observation, the
probability that the number of counts actually
recorded will be C is given'” by the Poisson
equation

P(O)=(C)%°/CY, (12)
or by the Gauss equation
P(C)=(2Cx)~te—(c-0r2c, (13)

The Poisson equation is correct for all values of
C, whereas the Gauss equation is accurate only
for large values of C. From the Gauss equation
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the ‘“standard deviation” or the root mean
square of the deviations observed in # trials of
equal weight is

n %
[a/m £ c-or]

[e o] %
=[ [ (C—C')?P(C)dc] —(O1. (1)

Thus the standard deviation, or the mean error, of
a counting rate based upon C counts is ap-
proximately C*/T. The “probable error” is equal
to the standard deviation multiplied by the
factor 0.6745:

In the extreme case where the solid angle
subtended by the counter train is small and where
other correction factors may be neglected, the
counting rate is related to the unidirectional ray
intensity j in the direction of the principal axis of
the counter train by the equation

C/T=(4%/L%j,

where A is the area of one of the counters and L
is the distance between the two extreme counters
which determine the aperture or solid angle of
the train. In practice some care is required in
determining corrections for the following factors:
(1) the difference between the actual and the
effective area of each counter; (2) the variation
of j over the effective aperture of the counter
train; (3) the probability that an ionizing ray
can pass through the train without producing
discharges in all of its counters; (4) the proba-
bility that false counts will occur when nearly
simultaneous, but unassociated, rays pass through
the counters; (5) the probability that two or
more associated rays will pass through the train
simultaneously and be recorded as a single count,
(6) the probability that a group of associated
rays from the side will discharge the counters
simultaneously although no single ray has
traversed the train, (7) the probability that two
or more coincidences will occur within the time
of action of the mechanical recording device so
that only one will be recorded, and, finally, (8)
the absorption of rays within the counter walls.

(1) In determining the effective area of a
counter Street and Woodward® and Froman and
Stearns® have used the counter under test as the

205

1®
ANGULAR DISTRIBUTION OF COSMIC
RADIATION AT SEA LEVEL
Kello o
0051~
1
0 15

F1G. 8. The zenith angle distribution of cosmic rays at
sea level according to Johnson and Stevenson. The experi-
mental points are indicated by the circles and the full curve
represents a cos? { distribution.

central member of a triple coincidence train and
have observed the change in coincidence rate as
this counter was displaced sidewise and endwise
by measured distances from the central line of the
train. They concluded from their investigations
that a cylindrical counter is sensitive over its
entire radius but that an end-correction of the
order of the radius, depending upon the over-
voltage, must be subtracted from the length.

(2) Once the effective dimensions of the ex-
treme counters are known, the effect of the
variation of j over the finite aperture can be
taken into account by expressing the counting
rate in the form of an integral of the contributions
of each element of area of the extreme counters.
This integral takes the form

c/T= f f [i(s) cos? ¥/r*Idasdas,  (15)

where da, and da, are elements of area of the two
extreme counters, 7 is the distance between these
two elements and ¢ is the angle between 7 and
the principal axis of the train. In practice the
integration of (15) must be carried through by
numerical or graphical methods and for this
purpose it is convenient to express the depend-
ence of j upon the zenith angle { by some
approximate empirical expression such as

J(§) =3(£0) (1 —25¢ tan §o),

where ¢{, is the zenith angle of the central line of

(16)
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the counter train and 8¢ is the increment in
zenith angle measured from this line for any
arbitrary ray direction through the train. This
equation represents the variation in j about the
mean position as it would be given by the
cos? { distribution. As indicated in Fig. 8, this is
a close approximation to the distribution at sea
level. The resulting integral (16) is the coefficient
of the intensity along the central line of the
counter train in the expression for the counting
rate.

(3) The probability that an ionizing ray will
pass through a counter without producing a
discharge can be expressed as the sum of two
other probabilities, (a) that the counter will be
insensitive because of not having recovered from
a previous discharge and (b) that the ray will
fail to produce an ion pair along its path through
the counter. The probability (a) depends upon
the recovery time o defined as the minimum time
interval between the passage of two successive
rays for which both rays will produce recordable
pulses. ¢ depends upon the quenching resistance
used in series with the counter and upon the
capacity of the counter wire and its connections.
It may also depend upon the character of the
discharge. With an ohmic resistance it is difficult
to reduce ¢ below 1073 sec., but vacuum tube
control circuits have been devised®~% to shorten
this by a considerable factor. The probability
that the interval between two successive rays is
more than ¢ so that the second ray will also be
recorded is equal to the probability P(0) that no
ray will occur in the time ¢. According to the
Poisson equation (12)

P0)=e",

where v is the average rate of passage of rays
through the counter. This is the chance, as
limited by recovery, that any ray will be recorded
and is therefore the efficiency E,.

The probability (b) that a ray will pass through
the counter in the recovered state without
exciting a discharge has been shown by Danforth?
and Cosyns® to be equal to the chance that a
ray will traverse the path through the counter
without producing an ion pair. This probability
may be computed from the random distribution
of the primary ions and for the purpose of the
calculation the specific ionization in hydrogen
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may be taken as about 6 ions per cm at one
atmosphere. Values for other gases are given in
Section 5. The calculation of the efficiency again
involves the application of the Poisson law and
knowledge of the distribution of path lengths
through the counter. If N is the specific ionization
at unit pressure, the chance that at least one ion
will be formed by a ray traversing a path of
length L through the counter at pressure p is
given by

E,=1—e¢Nir,

(17)

This factor multiplied by the chance of the ray
traversing a path of length L may be summed
over the distribution of paths through the
counter. The geometrical problem of this distri-
bution in the case of a cylinder has been treated
at length by Kolhorster and Tuwim,” by Co-
syns,?” by Swann,?® and by MacAdam and
Lipman.®

If E, is the efficiency as limited by recovery
and E, that determined by the pressure in the
counter, as in the foregoing discussion, then the
combined efficiency is

E=E,E,.

In the case of a train of n coincidence counters
the efficiency is E™.

An experimental determination of the efficiency
of a counter can be made by using it as the
central member of a triple coincidence train, in
which double coincidences between the two
extreme counters as well as the triple coincidences
are recorded. If C;is the double coincidence rate
between the outside counters 1 and 3, Cis3 the
triple coincidence rate, A3 and 4193 the rate of
double and triple “‘accidental” coincidences pro-
duced by events other than the passage of a
single ray through the counters, i.e., coincidences
caused by unassociated rays or by sidewise
showers of rays, then the efficiency is given by

E=(C1s3—A123)/(Cr1s—A13). (18)

The accidental rates 4;3 and A;23 can be de-
termined by subsidiary experiments in which the
counters are separated at some distance, for the
coincidence rate caused by sidewise showers and
unassociated rays is independent of the separa-
tion unless concentrated material is near at hand.
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‘Counter efficiencies under normal conditions of
operation can be as high as 98 percent, the figure
varying with the pressure, size, radiation inten-
sity and the circuit for recording the discharges.

(4) The accidental counting rate?®¢: 267 due to
unassociated rays is a function of the resolving
time 7. This quantity may be defined as the
minimum time separation between an (z —1)-fold
coincidence in an n-fold coincidence train and the
passage of an unrelated ray through the nth
counter for which an #z-fold coincidence will not
be recorded. 7 is distinctly a circuit constant
falling between 10~% and 10— sec. in the usual
circuits but it is limited by the breakdown time
of the counter. If C, and C, are the counting
rates of two single counters connected in co-
incidence but spatially separated so that the real
coincidences caused by single rays and showers
may be neglected, the accidental rate of coinci-
dences may be expressed by

A12= C1(1—-e‘C?’)—i—Cz(l——e*clf)%ZCngr. (19)
if Cr«<1. In practice 7 is usually determined by
applying Eq. (19) to the accidental rate observed
with an arrangement of counters in which the
coincidence rate from associated rays is negli-
gible. In a triple coincidence train the accidental
rate is given by

A 123# (C23C1+C13c2+ C12C3)Ty (20)
where the coincidence rates between pairs of
counters are indicated by the subscripts. These,
of course, refer to the double coincidences which
take place without the third counter being
discharged at the same time.

(5) The number of coincidences in a counter
train, after correction has been made for the
efficiency and accidental counts, is equal to the
number of events in which one or more rays
traverse the counter train. If j; is the number of
single rays per sec. per unit solid angle, j, the
humber of associated pairs, etc., then the ray
intensity jo computed from the observed counting
rate of a coincidence train may be expressed by

Jo=jr1tjatjs=27

whereas the actual number of rays per unit solid

angle is

=2 (22)
Writing 7,=3,/j: and Si=Xvr./2r, (23)
we may express the ray intensity by

The shower factor S is a function of the distri-
bution and kind of material over and near the
counter train, as well as the area and solid angle
subtended. The shower factor also varies with the
elevation above sea level, because of the larger
proportion of shower-producing radiation at the
higher elevations.

(6) Showers of rays which might discharge the
counters simultaneously without the passage of a
single ray through all counters can be reduced if
the counter train is operated in the open, away
from massive material above and at the sides of
the apparatus. A lead shield around one or more
of the counters has also been used for this pur-
pose, its effectiveness depending upon the fact
that most of the shower rays are soft. In some
experiments conducted in the stratosphere,
Swann, Locher and Danforth!?® have used a wall
of shielding counters for the same purpose, the
circuits having been arranged to prevent the
recording of a coincidence in the main train if the
shielding counters were also simultaneously dis-
charged. In the usual arrangement of coincidence
counters the correction for events of this nature
may be determined by observing the count when
one of the counters is displaced slightly from the
line of the train.

(7) The theory?65—267 of the correction for the
finite time of operation of the mechanical record-
ing device is similar to that already given under
(3a) in the case of the finite recovery time of a
counter. If T is the operation time of the re-
corder, in practice of the order of 0.01 sec., the
efficiency of the recorder circuit can be written

E,=e*T,

where p is the true rate of occurrence of coinci-
dences.

(8) The correction for absorption of rays
within the counter train can be determined if a
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pair of thin-walled counters is used in a double
coincidence train and the counter for which the
correction factor is desired is inserted between
the two as an absorber. The count with and
without the absorber gives the fraction stopped.

For the measurement of relative intensities as a
function of direction at a single station, it is only
necessarv to correct the counting rate for
accidentals and for the finite solid angle. On the
other hand, when intensities at different eleva-
tions are being compared, it is necessary to make
a correction for the change in efficiency as well as
the accidental rate. These corrections, though
troublesome, are always possible.

The absolute intensity of the cosmic radiation
for high latitudes in the vertical direction at sea
level, reduced to unit solid angle and corrected
for all of the effects of significant magnitude,
indicated in the preceding paragraphs, has been
determined by Street and Woodward,® who find
7=0.013340.0005 ionizing rays per cm? per unit
solid angle per sec. In computing the number J of
rays per cm? from all directions they have used
the angular distribution for sea level as de-
termined by Johnson and Stevenson,'®® Fig. 8,
from which they find by means of Eq. (1)
J=0.0247+0.0009 ionizing ray per sec. per
cm? Cosyns®” has made a similar determination
at Brussels and finds J=0.0266+0.0003 and
recently Froman and Stearns® have reported
similar measurements with a redetermination of
the angular distribution and find j=0.0162
+0,0005 and J=0.0303+0.001. While these
determinations are not in agreement with one
another to within the probable errors stated, the
probable errors have been determined from the
measurements themselves and not from the
reproducibility of the determination from one
time to another. Since variations of the cosmic-
ray intensity from one time to another are of the
same order as the discrepancy between the value
of Street and Woodward and that of Cosyns, a
better agreement could hardly have been ex-
pected. The value of Froman and Stearns is
somewhat higher than could be accounted for in
this way, although even with their value in-
cluded, the spread in the various counter
determinations of j is not as great as exists in the
various determinations of the ionization I,
reviewed in the last section.
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The experiments of Street and Woodward, of
Cosyns, and of Froman and Stearns have not been
corrected for showers according to Eq. (24) but
the conditions attending these experiments were
unfavorable to the occurrence of many groups of
simultaneous rays. A count of the showers
recorded in the randomly exposed cloud photo-
graphs of Anderson' indicate a shower factor
S51=1.25. Since his cloud chamber was sur-
rounded by a massive iron magnet the showers
were probably more frequent than under the
conditions of the counter experiments and it is
reasonable to suppose that less than a ten
percent correction need be applied to the above
values of j on this account. The actual number of
rays at sea level is thus very nearly j=0.015 ray
per sec. per unit solid angle in the vertical.

b. Other determinations of J

No serious attempt has been made to de-
termine J with a cloud chamber. Skobelzyn?®
estimated from the observation of 32 tracks that
the rate of occurrence was J=0.02 per sec.
Though not a precise result, this determination
was important in that it indicated an accord
between the intensities measured with the cloud
chamber and those recorded by counters, and it
suggested the use of counters for the control of
the expansion chamber.1%2* Probably the greatest
uncertainty attendant in a cloud-chamber meas-
urement of intensity is the sensitive time per
expansion.

Other estimates!® of the value of J have been
made on the basis of single and coincidence
counter measurements but the precision is in no
other case comparable with that of the three
determinations cited above and they will not be
discussed in detail.

The determination of J from analysis of the
fluctuations of the ionization current in an
electroscope is considered in detail in the next
section. It depends upon the determination of N,
the specific ionization per cm of path of the
ionizing particles, and upon the ionization accord-
ing to Eq. (3).

* Mott-Smith and Locher,2™ and Johnson, Fleischer and
Street?” also showed that a close correspondence existed
between the coincidences of Geiger-Mueller counters and
the appearance of tracks in the cloud chamber.
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5. DETERMINATIONS OF THE SPECIFIC [ONIZATION
N BY Cosmic RAys

When an ionizing particle passes through
matter it produces N, primary ions per cm by
direct interaction with the atoms of the medium.
Some of the electrons so liberated have sufficient
energy to produce other secondary ions and the
total ionization N, is the sum of the primary and
secondary ionizations. In discussing the experi-
mental results it is necessary to distinguish
between N, and N, because of the different
statistical distributions of the two types of ions.
Whereas the primary ions are randomly dis-
tributed along the track of the primary ray the
secondary ions occur in clusters which are often
of such density that in some experiments the
ions do not individually manifest themselves.
The energy lost by the primary ray is equal to
the sum of the energies of the primary ions, or,
since the energy is ultimately spent in the
production of secondary ions with an average
expenditure of %2 per ion pair, the total energy
lost by the primary rays may also be expressed by

—dT/dx=FkN;;

the energy lost by the excitation of atoms
without ionization is included in k.

A third quantity more nearly comparable with
the ion count observed in the cloud chamber
with delayed expansion, and known as the
“probable specific ionization,” has been intro-
duced by Williams®” and Oppenheimer?® to
designate the sum of the primary ions and those
secondary ions which are produced by electrons
of less than some critical energy, the value of
which depends somewhat upon the experimental
conditions and is of the order of 10* volts. In
cloud-chamber studies secondary electrons of
greater energy, curled up in the magnetic field,
produce such dense clusters of ions that the
resolution of the individual ions is impossible.

The quantum theory of the energy loss of high
speed particles by ionization has been given by
Bethe!™ who finds a rate of loss of energy given as
a function of B=v/c by

—dT/dx=(A/8*[log K

+log 82/(1 -6 —F*].  (25)
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The value of K depends inversely upon the
effective ionization potential of the gas and upon
whether it is the probable or the primary ioniza-
tion that is being described. For the primary ioni-
zation in hydrogen, K is of the order of 105 and
A =42Z%*n/mc® where n is the electron density of
the gas and Ze is the charge on the ray. According
to (25) the ionization falls off inversely as 2 in
the range 8<«K1. It passes through a minimum at
8=0.97 (energy =3 mc?) and it increases logarith-
mically with higher energies. At 10° volts the
theoretical ionization by an electron is 1.7 times
its minimum value. In hydrogen the theoretical
value of N, is 4.5 ions per cm at the minimum and
8 ions per cm at 10? volts. The theory of more
complex atoms and molecules meets with
analytical difficulties in regard to the value of K,
but this is not critical in its effect upon the
relative values of the ionization at different
energies nor upon the absolute values. In the
case of N, Corson and Brode' find that K
=2X10* brings (25) into good agreement with
the results (see Fig. 9).

There are several experimental methods for the
determination of the specific ionization, but the
values obtained diverge so widely that there
remains considerable doubt as to what the true
value of this important constant is. The methods
fall into two groups according to whether the
value of N obtained approximates more closely
to the total ionization or to the primary ioniza-
tion. Of those methods which give the total
ionization, perhaps the most direct is to combine
the measurement of the ray intensity with that
of the ionization intensity. By the use of
Millikan’s* figure, I=2.48 ions per sec. in air
and Street and Woodward’s" figure J=0.0247
ray per sec., we obtain from Eq. (3), the value
N,=100 ions per cm. It should be pointed out
that the ray intensity in the Millikan electroscope
may be a little higher than under the conditions
of Street and Woodward'’s experiment, because of
the secondary shower rays generated in the
electroscope walls. It is also noted that Street
and Woodward’s value for J has not been
corrected for showers and should, therefore, be
increased about ten percent. The value of N,
must, therefore, be reduced and it is probably of
the order of 80 to 90 ions per cm. The principal
uncertainty in this figure is in the value of I
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since this is affected by recombination and
electrode effects which are difficult to estimate.
Compton, Wollan and Bennett’s value for J re-
duced to zero shield, would make N,=60 ions
per cm.

Combining his own determination of J with
Clay’s®: 4 value for the ionization in argon,

1001
80r

60r

20r

HP

F16. 9. The number of ions (twice the specific ionization)
per cm in N,. The continuous curve is the theoretical equa-
tion (25), the dotted curve represents the classical inverse-
square-of-the-velocity law and the points indicate the drop-
let counts of Corson and Brode.!® Ordinates: ions per cm
which are also proportional to the rate of loss of energy
—dT/dx. Abscissae: the magnetic rigidity or momentum
plotted logarithmically.

Cosyns®” computes N;=71.4 ions per cm. Again
no correction has been made for simultaneous
rays and the correction for this effect in Clay’s
experiments in which thick iron shields were
used must be an important consideration.

A method which avoids the uncertainty of the
number of secondaries generated in the walls of
the electroscope has been used by Kolhérster and
Tuwim.'® They have placed a single counter
inside the electroscope shell and have determined
the ray intensity J from its counting rate. The
use of a single counter for this purpose involves
an elaborate geometrical analysis of the path
distribution of rays through the counter in
relation to the angular distribution of the
radiation and the orientation of the counter.
From their analysis of the experimentally de-
termined counting rates and ionization currents
they have computed

N.=135 ion pairs per cm under 10 cm of lead.

JOHNSON

They have not considered simultaneous rays
through the counter although there must have
been many showers originating in the lead shield.
Thus it is possible to account qualitatively for
their high value.

The method of fluctuational analysis of the
ionization in a chamber for the determination of
the ray intensity has the advantage of the
Kolhorster-Tuwim method in that the ray
intensity is measured inside the chamber simul-
taneously with the measurements of the ioniza-
tion. In this way an estimate of N=110 ions per
cm was given by Messerschmidt.!® A more
rigorous analysis of the fluctuations in a spherical
chamber was given by Evans and Neher.10

In this case the angular distribution of the radiation does
not enter into consideration since the average path through
the chamber is the same for all directions. A ray passing
at a distance p from the center of the chamber of radius R
will have a path length

lL=2(R2—p2)}, (26)

The average number of paths between p and p+dp per
observation period ¢ when the ray intensity is J, is

dxp=2nJtpdp (27)
and the ionization produced by one such path is
gp=1IpN. (28)

The average number of pairs of ions produced in the vessel
in the time ¢ is
R
0=, aniry=aIrRH, 29)

where §=(4/3)RN is the average ionization per path.

The mean square of the deviations & in the number of
rays dx,, according to the Gauss equation is, as already
stated in (13),

0

S #P(®)ds=dx, (30)
and the mean square deviation in the corresponding ele-
ment of ionization is g*dx,. The fluctuations in the ele-
ments of ionization are mutually independent and their
squares are additive. Hence the mean square deviation of
the total ionization is

R
AQ = fo godx, =27 RN, (31)

or, dividing through by Eq. (29)
AQ/Q=iNR=3q. (32)

The quantity AQ?/Q may also be determined from the
residuals from the mean of a series of measurements in
which ¢ is sufficiently short so that the statistical fluctua-
tions are large compared with the variations of cosmic-ray
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intensity arising from meteorological or cosmic causes.
Thus Eq. (32) may be used for the evaluation of N.

Another equation, giving the precision of a measurement
made with an ionization chamber, follows immediately
from (29) and (31);

AQ/Q=14(2/m)}/R(JD)L. (33)

Thus far no consideration has been given to the occur-
rence of showers. Since these consist of several noninde-
pendent rays the fluctuations resulting from them will be
greater than would arise from the random distribution of
independent rays. The average total ionization in the time
t caused by showers consisting of » rays may be written

Qv = Vqut = Qll”w (34)

where J, is the number of showers per second in which
there are » rays through the chamber, 7, is defined as in
Eq. (23) as the ratio of the frequency of »-ray showers to
the frequency of single rays, and Qi is the total ionization
in time ¢ due to single rays.

The fluctuations in the part of the ionization produced
by the v-ray showers may be expressed by an equation

analogous to Eq. (31)
(AQ,)2=2mp? N2R4 Tt =v?r, (AQ1)2. (35)

Since the fluctuations produced by each type of shower are
independent they must be compounded by taking the sum
of their squares, and

(A0 =2(80)= (AQ) 2. (36)

On the other hand, the average ionizations caused by each
type of shower are summed to give the total ionization;

Q=012wrs. 37

The final equation for the determination of N, analogous
to Eq. (32) is

(40)*/Q=%NRS,, (38)
where the shower factor .S; is defined by
Sa= 2,/ Zvr,. (39)
v v

The number of events per cm? in which one or more rays
pass through the chamber may be expressed as in Eq.
(21) by

J0=2J,=J12r,.. (40)

This number corresponds with the number of counts per
cm? which would be recorded by a counter of the dimensions
of the ionization chamber. Having determined N from Eq.
(38), Jo may be determined from Eq. (37), which in
expanded form may be written
Q=(47/3) NR3J,S,, (41)

where S, is the first shower factor defined by (23). Dividing
(41) through by the time and by the volume it reduces to

I=NJS:. (42)

211

When showers are considered, the root mean square
deviation is given, analogously with Eq. (33) by
AQ/Q=4(2/m)¥/R(JotS1/S2)* 43)

The shower factors S; and S; can be estimated from the
multiplicity of rays observed in the cloud chamber. On
the basis of randomly exposed photographs of Anderson,
Locher and Skobelzyn?¢ and by taking into consideration
the effect that the shielding of the Millikan and Neher
electroscope might have upon these factors, the following
estimates may be given for sea level:

Sl=1.3; Sz=2.0.

With these values of the shower factors the
fluctuations observed by Evans and Neher for
fifteen-minute periods of observation reduce to
N =65 ions per cm,

Jo=0.021 events; J=.S5:J,=0.027 rays per cm?.

This value of J is probably a little higher than
would have been found by counters similarly
shielded according to Street and Woodward’s
results, and the value of N is correspondingly
lower.

Still another method for the determination of
N, has been used by Swann.!®® A cylindrical
ionization chamber of length L was connected
through a vacuum tube amplifier to a short
period galvanometer which recorded the irregu-
larities of ionization produced by the passage of
single cosmic rays through the chamber. By a
suitable correlation between the sizes of these
irregularities and the distribution of path lengths
in the chamber, it was possible to identify a par-
ticular size of irregularity with the passage of a
ray through the long dimension of the chamber.
From the known length of path, the measured ir-
regularity in the ionization, and the pressure in
the chamber, Swann found for a pressure of one
atmosphere

N(argon) =50 ions per cm,
N .(oxygen) =32 ions per cm,
N (nitrogen) = 34 ions per cm.*

Droplet counts in cloud-chamber photographs
provide still another method for the determina-

* These data represent corrected values based upon later
experiments (see reference 276), the results of which have
not yet been published in full detail. Higher values found
in the first experiments were to be associated with electron
pairs which also made their appearance as a subsidiary
peak in the later experiments.
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tion of the specific ionization. Locher!'®® mentions
several reasons for mistrusting the results ob-
tained in this way, pointing out that droplets
produced by the secondary electrons and Auger
electrons occur in clusters and are difficult to
count accurately. Another difficulty is that some
of the ionization is produced at a distance from
the track through the intermediary of x-rays.
Finally, there is no electric field for the separation
of the ions and preferential and columnar re-
combination may assume considerable propor-
tions. The confusion of the droplets in clusters
may be largely overcome by the use of instan-
taneous spark photographs taken with a camera
of small aperture for good depth of focus. With
this improvement in technique Locher!!® obtained
counts on tracks of unknown energies (not mag-
netically resolved) ranging from 30.3 to 79 ion
pairs per cm in argon at 68 cm pressure. When
converted to air at standard temperature and
pressure the values range from 27 to 71 pairs
per cm. Anderson and Neddermeyer!!! have re-
ported 31 ion pairs per cm in air by direct count
of the droplets, whereas the loss of energy of
single rays while passing through a lead plate has
a minimum value corresponding to between 120
and 140 ion pairs per cm (if 31 volts is the average
energy spent in the production of one ion pair).
Since radiation losses occur infrequently and in
large amounts it is probable that the lowest
energy losses observed in a thin lead plate cor-
respond to the total specific ionization N,
whereas the direct droplet count with the usual
technique may correspond more closely with the
primary ionization, N,.

Kunze!®? has reported droplet counts of 19 ion
pairs per cm which he believes represents the
primary ionization.

Corson and Brode!*®* have made counts on
tracks diffused by delayed expansion so that the
droplets were well separated from one another.
They point out that their count gives the ‘“prob-
able” ionization, i.e., the ions produced by the
primary and by secondaries of less than a certain
critical energy. The higher energy secondaries
which occur only rarely, produce dense clusters
of ions and these are not sufficiently resolved for
an accurate count. They have studied the varia-
tion of the specific ionization with the magnetic
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deflectability or the energy of the primary par-
ticle, and within the probable errors the results
agree with the theoretical prediction that the
ionization is a minimum at about &=3mc?,
increasing slightly in close agreement with the
theory for higher energies up to 30mc%. The
ionization in air which they determine from the
diffuse tracks is about 50 ions per cm at the
minimum or 25 ion pairs. Some counts on sharp
tracks gave 14 to 18 droplets per cm and these
were interpreted as indicating the primary ioniza-
tion. From the observed rate of change of Hp
with range, assuming 32 volts is lost per ion pair,
the total ionization must have been about twice
the observed probable ionization, or about 50
ion pairs per cm in air.

A fifth method for the determination of the
specific ionization N depends upon measuring
the efficiency of a Geiger-Mueller counter. In
calculating the probability of the production of
one or more ions by the ray along its path
through the counter, as in Eq. (17), one assumes
a random spatial distribution, and the result
must correspond to the primary ionization N,.
Danforth and Ramsey?®® find 21 ion pairs per cm
in standard air and 6.2 per cm in Hj Cosyns®?
has carried through an elaborate analysis of the
path distributions through the counter and finds
values of N, by this method which are in fair
agreement with those of Danforth and Ramsey.
For hydrogen he finds N,=5.96; for helium
N,=5.96; and for argon N,=29.4. All of these
values pertain to cosmic-ray ionizing particles.
Using the beta-rays from UX, whose mean
energy is 1 Mev, Cosyns finds N,=8.2 in
hydrogen.

Table I presents a summary of the various
experimental determinations of N.

6. DETERMINATION OF k, THE ENERGY
EXPENDED PER ION PAIR

Because of its connection with the determina-
tions of the energy loss of cosmic-ray particles a
brief resumé of the evidence as to the value of %,
the average energy per ion pair, will also be
given. The best measurements of this constant
have been made by observation of the total
ionization produced in a vessel by a beam of
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TABLE 1. Summary of the Experimental Determinations of N.

METHOD Gas N REMARKS

Ratio of Ion to Ray Intensity
Street and Woodward—Millikan Air 100 Not corrected for showers.

Street and Woodward—Millikan Air 90 With estimated correction for showers.
Froman and Stearns—Millikan Air 83 Not corrected for showers.
Cosyns—Clay Argon 71 Ionization corrected for ‘“‘wall rays.”
Kolhérster and Tuwim
(single counter and electroscope) Air 135 Uncorrected for showers.

104 Corrected for showers with S,=1.3.
Evans and Neher (fluctuations) Air 65 Corrected for showers.
Messerschmidt (fluctuations) Air 110 Corrected for showers.

Tonization by single rays
Swann Air 50

H. 34

Droplet count in cloud chamber
Skobelzyn Air 40 )
Locher Air 36 | Number of droplets in clusters estimated
Locher Argon 30-79f or counted.

Kunze Air 19 Clusters counted as one.
Anderson Air 31
Corson and Brode Nitrogen 50-65 Probable ionization.

Counter efficiency o
Danforth and Ramsay Air 21 Corresponds to primary ionization.
Cosyns H, 5.9 Corresponds to primary ionization.

He 5.9
Argon 294
H. 8.2 1-Mev electrons from UX,.

electrons of known energy (usually a few thous-
and volts) when the vessel is filled with gas to
a pressure sufficient to absorb completely the
electron stream. In this way Lehman and Os-
good™ found a value of % in air of 45 volts
per ion pair. This value was corroborated
by Schmitz,'® but Buchmann,'® by the same
method, found a value 2=32 volts and this
value was also confirmed in a very careful piece
of work by Eisl.!'” The cause of such discrep-
ancies, as are here indicated, according to E. J.
Williams, % must lie in the measurement of the
total ionization and he mentions a suggestion of
Gurney and Oliphant® that electron emission
from electrodes and impurities may contribute
appreciably to the observed ionization. Here, as
in the measurement of the ionization by cosmic
radiation, there must be a source of uncertainty
which has not yet been definitely discovered.

7. THE GEOMAGNETIC CosMIic-RAay EFrFECTS
AND THE CORPUSCULAR HYPOTHESIS

Introductory remarks

Although practically all interpretations!!#-122 of
the cosmic radiation prior to 1929 were made on
the assumption that the primary rays were
photons, the evidence supporting this assumption
was, of course, very incomplete and the point of
view was justified mainly by the fact that
gamma-rays from radioactive substances were
known to be more penetrating than electrons of
the same energy. The shape of the ionization-
depth curve!®-126 at the top of the atmosphere,
its approximately exponential form at greater
depths, and the discovery by Anderson?”: 128 of
photon-produced secondary electrons also sug-
gested that at least a good portion of the primary
rays were photons, and it was only in the light
of more recent knowledge of the radiative prop-
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erties of high energy electrons and of the crea-
tion of positive and negative pairs by high
energy photons that these same effects could be
given the alternative interpretation®—% based
upon the assumption that the primary rays were
electrons.

As early as 1924 C. T. R. Wilson'?® pointed out
that beta-rays of sufficiently high energy might
produce the observed cosmic-ray effects and- he
sought processes for the origin of such particles
in thunderstorms. In 1927 Skobelzyn?® found
high energy beta-rays in the Wilson cloud
chamber; their frequency was sufficient to ac-
count for the whole of the cosmic-ray ionization
and their energies were at least an order of mag-
nitude higher than those of the known radioactive
radiations. In 1929, Bothe and Kolhorster?”
showed by coincidence counter experiments that
the penetrating power of the ionizing corpuscles
was about equal to that deduced from the varia-
tion with depth of the total cosmic radiation and
this finding prompted them to suggest that the
ionizing particles with which they were dealing
were the primary cosmic rays themselves. They
also pointed out that the rays of lower energy
should be excluded from the equatorial zone by
the earth’s magnetic field and that this would ac-
count for the lower intensity near the equator,
already indicated by the experiments of Clay.!3

Although Clay®?: 18 had found consistent evi-
dence for an equatorial dip in the intensity of
about eleven percent on three different voyages
between Java and Holland, the failure of others
to find variations over the earth’s surface in
polar latitudes,'®-13 and Millikan and Cam-
eron’s'® finding of nearly equal intensities in
California and Bolivia* caused many, including
Clay himself, to question the reality of the effect,
and it was not until the world-wide survey of
Compton and his associates'®” 4! and of numer-
ous other individuals?”: 142-156 that the true nature
of the effect was realized.

In 1931 Rossil®™-18 ghowed that Stoer-
mer’s'60-165 theory of the orbits of electrons in
the magnetic field of the earth would lead to the

* The points on Millikan and Cameron’s ionization-
depth curve obtained in Bolivia actually fell five or six
percent below those obtained in California, but the pre-
cision of the measurements was not sufficient to indicate
to the authors that this difference was significant.
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prediction of an east-west asymmetry in the
cosmic-ray intensity if the primary rays were
preponderantly of one sign of charge. Employing
an arrangement of double coincidence counters
he looked for an effect of this nature in Florence,
Italy,!57- 188 but the result was negative. In the
following year Johnson and Street!'$”-! made
similar experiments on Mt. Washington, 51°N,
8 meters atmospheric depth, with an arrange-
ment of triple coincidence counters which af-
forded a higher precision and a better angular
resolution than the arrangement used by Rossi.
They observed a significantly greater intensity
from the west than from the east and although
the difference was small, their positive results
did much to hasten further work in the equa-
torial zone. In 1932, the western excess was
confirmed by a number of experimenters!t¢—186
working in both equatorial and high latitudes.
Briefly stated, these experiments showed that
the excess of the western over eastern intensity
increased with zenith angle and attained a
maximum at about 45° from the zenith. In the
equatorial zone the excess at sea level amounted
to approximately fifteen percent; at higher eleva-
tions the equatorial asymmetry was somewhat
greater. The asymmetry decreased towards
higher latitudes and at 50°N it had fallen to a
value of the order of two or three percent. The
study of the asymmetry confirmed the corpuscu-
lar hypothesis of the nature of the primary
radiation and revealed that the primaries instru-
mental in producing effects near sea level were
largely positively charged.

8. THEORY OF THE GEOMAGNETIC EFFECTS

a. Introductory remarks

The theory of the orbits of electrons in the
dipole magnetic field of the earth had received a
considerable development as early as 1904 by
Stoermer'®® who was at that time especially
interested in the aurora borealis. His results
showed that for rays of a given energy there was
an inaccessible equatorial zone. At a certain
critical latitude rays began to arrive within a
narrow cone about the western horizon, in the
case of positive charges, and as the latitude was
increased this cone broadened out until finally at
a second critical latitude it encompassed the
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entire hemisphere. Although from his analysis
the inaccessible regions were well defined, it was
not clear!®” just what intensity would be realized
just inside of the accessible cone, and it was only
after Lemaitre and Vallarta'® and Swann!3® had

pointed out the applicability of Liouville’s,

general dynamical theorem to the problem that
a connection was established between the dy-
namical theory of the orbits and the problem of
the intensity of the cosmic radiation as a function
of latitude and direction. Liouville's theorem im-
plies that the number of primary cosmic-ray
particles of a given momentum incident from
unit solid angle per cm? per sec. is the same in all
accessible directions in the accessible regions of
space; and the intensity problem was thereby
resolved into the problem of finding for what
range of momenta a given direction in a given
region is accessible. In Stoermer’s theory, and to
an approximation, in the more rigorous orbital
theory of Lemaitre and Vallarta, this range of
momenta extends continuously from a lower
limit to infinity and the total intensity, j, defined
as in Section 2 as the number of rays per cm? per
sec. per unit solid angle of all momenta above the
atmosphere may be expressed as a definite inte-
gral of the primary momentum distribution. If
all rays have the same charge and mass we may
use the energy instead of the momentum, and
express the total intensity in the form

@

j= f (848,

c

(44)

where j(6) is the unidirectional spectral intensity
in external space and &, is the lower limit of the
energies for which the direction in question is
accessible. In a given latitude &,, for positive rays,
increases from west to east and for a given direc-
tion &. decreases with increasing latitude. Thus
the variations of the intensity giving rise to the
geomagnetic effects make their appearance in the
theory through the variations of the lower limit
of the integral (44).

b. Stoermer’s theory of the excluded regions

To find the lowest energy for which a given
region is accessible it is necessary to consider the
equations of motion'®-165 of an electrically
charged particle in the magnetic field of the
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earth. This field is assumed to be representable
by a dipole of strength — M located at the mag-
netic center of the earth and oriented from north
to south along the geomagnetic axis Z whose
positive direction is northward. The equations

F1G. 10. Diagram showing the significance of the co-
ordinates used for describing the motion of a charged par-
ticle in the field of a dipole. ¢ is the zenith angle of the
direction from which the ray approaches, 6 is the angle
between the forward direction of the ray and the projection
of its orbit upon the meridian plane, w is the longitude and
\ is the latitude of the instantaneous position of the ray.

of motion are handled most readily when ex-
pressed in the cylindrical coordinates (see
Fig. 10)

R=7rcos\, z=rsin\, and o,

where 7 is the radial distance from the center of
the earth to the particle, N is the geomagnetic
latitude and o is the longitude for which the
positive direction is westward. The unit vectors
R, Z,, ©; then constitute a right-handed set.
The magnetic field in these coordinates is given by

H=—(QM/r)(1-3R/21")Z,

—(BMRz/r*)R,. (45)

The equation of motion of a particle of charge
e e.s.u., mass m and velocity v is

d’r/dit=(e/mc)(vXH), (46)

where the cross represents vector multiplication.

The acceleration is always perpendicular to the
velocity so that v remains constant throughout
the motion and it is convenient to use the orbital
distance s=uv¢ instead of the time as the inde-
pendent variable. The kinetic mass m also re-
mains constant and the equations are not altered
by relativity considerations.!%¢ Eq. (46) may now
be normalized so as to free it of the magnetic
moment of the earth (M) and of the magnetic
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Fi1c. 11. A typical Q diagram for y=—0.09. The con-
tours of constant Q are designated in the figure by values
of the angle 180°—4, i.e., the angle between the direction
of the ray and eastward drawn normal to the meridian
plane. The circles have their common center at the position
of the dipole and represent the surface of the earth, radius
ro, corresponding to various values of the rigidity, 7¢2.
The units in which 7, is measured are indicated on the line
OR. (Stoermer, references 163-165.)

rigidity, mcv/e, of the ray if a unit of length

C= (Me/mcv)* cm (47)

is used. This unit has the physical significance of
being the radius of the circular periodic orbit of
a ray of rigidity mcv/e in the equatorial plane of
the dipole of strength M. The unit of length thus
depends upon the rigidity of the ray and any
particular assignment of the rigidity fixes the
scale to which the radius of the earth must be
represented in relation to the regions traversed
by the orbits. In every other detail the problem
is independent of the rigidity and of the strength
of the dipole. So normalized, Eq. (49) reduces to

d’r/ds*=v, X Hj, (48)

where vy is a unit vector in the direction of the
orbit and H, is the field due to a dipole of
strength —1.

In the system of cylindrical coordinates Eq.
(48) has the components
d*R/ds*— R(dw/ds)?
=(2R/r*)(1—3R2/2r?)(dw/ds),

d*z/ds*= — (3R?z/r%) (dw/ds),

(49)
(50)

THOMAS H.

JOHNSON

Rd?w/ds*+2(dr/ds)(dw/ds)
=—(2/r)(1—-3R%/2+*)(dR/ds)
+ (3Rz/r%) (dz/ds). (51)

Equation (51), when multiplied through by R,
reduces to

(@/ds)(R*dw/ds) = — (d/ds)(R¥/r?), (52)
of which the integral is
—R¥dw/ds) =R?/r*+ 2y, (53)

where 2y is the constant of integration. If Eq.
(53) is multiplied through by mu, its physical
significance becomes evident, for then the left-
hand side is the moment of the momentum of the
particle about the Z axis. At infinity the term
R?/r® vanishes leaving 2 mvy as the initial mo-
ment of the momentum. Dividing through by R
and realizing that R(dw/ds) is the sine of the
angle 6 between the orbit and its projection upon
the meridian plane, we may rewrite Eq. (53)

—sin §=R/r*+2v/R, (54)
=cos N\/r*+2v/r cos \. (55)

Eq. (55) shows that the motion of the ray, for a
given value of v, is restricted to those regions of
the meridian plane for which

—1<cos \/r*+2vy/r cos A <1, (56)

At any allowed point the component of the mo-
mentum perpendicular to the meridian plane is

(87)

The other two components of the motion are
obtained by integrating Egs. (49) and (50). Al-
though this integration cannot be carried out in
terms of known functions, the equations may be
simplified and shown to represent a type of
motion analogous to that of a particle sliding
without friction and acted upon by a force de-
rivable from a potential. We define

Q0=1—(R/r*+2v/R)*=cos? 6. (58)
Then, in terms of Q Eqgs. (52) and. (53) reduce to
d’R/ds*=%(dQ/dR); d?z/ds*=31(dQ/dz). (59)

In these equations —(Q/2 plays the role of a po-
tential function for the two-dimensional motion
in the R, z plane. It is also noted that if we regard
dR/ds, instead of dR/d¢, as the R component of

mRdw/dt= —mv cos \/r*—2 mvy/r cos \.
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the velocity, then the total energy of a particle of
unit mass is

3(dR/ds)*+3(dz/ds)*+3(Rdw/ds)* =4, (60)

whereas the kinetic energy of the two-dimen-
sional motion in the R, z plane is

3(dR/ds)*+3(dz/ds)*=%3(1—sin? ) =3Q. (61)

Therefore the potential energy of the fictitious
‘particle may be thought of as being equal to the
difference between the total energy and the
kinetic energy, i.e.,

Pot. Energy=3%(1—-0). (62)

With the potential function defined at every
point in the R, z plane the orbits defined by Egs.
(59) can be plotted out by numerical or me-
chanical integration. For this purpose it is con-
venient to have plotted out the lines Q =constant
and particularly the boundaries Q=0 of the ac-
cessible regions. A typical example of such a Q
diagram is shown in Fig. 11 which has been
plotted from Eq. (58) with y= —0.9. The bound-
aries of the accessible regions for various other
values of vy are shown in Fig. 12. For values of v
less than —1 the allowed region divides into two
parts, a closed inner region and an external re-
gion. At y= —1 the inner region begins to con-
nect with external space but the excluded region
is separated into two parts by narrow horn-
shaped areas which run into the center of the
dipole at either pole. For v >0 the excluded re-
gions merge together and form a spindle-shaped
area with an enlarged diameter near the equator.

As already noted, the size of the earth in one
of these Q diagrams is determined by the unit C
in which its radius is measured, and this, in turn,
depends upon the rigidity of the ray according to
Eq. (47). The radius of the earth in units of C is
given by

ro=a/C, (63)

where a is the radius measured in cm. It follows
that 7¢? is the ratio of the rigidity of the ray in
question to that of .a ray which describes a
circular periodic orbit of radius a in the equatorial
plane of a dipole of moment M. Thus 7,2 measures
the rigidity if we regard the magnetic moment
and radius of the earth as fixed quantities. The
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F16. 12. Cross sections of the regions forbidden to charged
particles of various initial angular momenta, 2muvy, in the
magnetic field of a dipole. The position of the dipole in
each figure is at the center with its axis pointing vertically.
The orbits of particles of the values of v designated are
excluded from the regions traced out by revolving the
darkened areas about the vertical axis. Values of v are,
from top to bottom, left-hand side, —1.016, —0.97 and
—0.5; right-hand side, —0.05, 0.03 and 0.2. (Stoermer,
references 163-165.)

corresponding value of the energy* measured in
electron volts is

&= (300mqc?/e) ((e2M?ro*/mo*cta*+1)i—1); (64)
or approximately
§=300Mer®/a%, if &>>300moc?/e. (65)

Here m, and e are the rest mass and charge of the
particle, e is the electronic charge in e.s.u. and ¢
is the velocity of light. With M =8.1X10% gauss
cm, ¢=6.37X10% cm, and with e=¢ Eq. (65)
reduces to

6=759.67,2 Bev. (66)

* Frequently in the literature 7, has been called the
energy. Here we have avoided this inaccurate though con-
venient usage by introducing the term rigidity which is
accurately measured by 7¢%. Lemaitre and Vallarta have
introduced the stoermer as a unit in terms of which 7 is
measured. This practice tends to be somewhat confusing
since 7o, from the point of view of ordinary space is the
ratio of the fixed radius of the earth to the variable length
C. However, when we adopted C as a unit of length we
thereby made a transformation to a space in which C is
fixed and the radius of the earth is variable. It is only in
this system that the stoermer unit has a definite signifi-
cance. The situation is analogous to that of a runner who
chooses to measure lengths in terms of his distance from
the starting line. He regards this distance as fixed and he
sees the meter bar shrink as he runs along.
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V)

F1c. 13. Orthogonal projections on the plane tangent to
the earth of the intersections with a unit sphere of the
boundaries of the main cone for positive rays of various
rigidities. The allowed directions lie to the left of the
boundary. Diagrams are given for three latitudes in the
Northern Hemisphere, Corresponding diagrams for nega-
tive rays may be constructed by forming the images of
these diagrams in a mirror placed along the NS line.
Diagrams suitable to the southern hemisphere are the
images in a mirror placed along the EW line. Values of
1000 . are indicated on the curves. (Lemaitre and Vallarta,
reference 195, 1936.)

JOHNSON

The energies of various types of rays correspond-
ing to 7, are given in Table I1.187
If attention is fixed upon rays of a given value
of v, the Q diagram is fixed. An assignment of the
rigidity then determines the radius of the earth
ro with respect to the Q diagram and the trajec-
tory of the R, z components of the motion may
be mapped out for any given initial direction of
the motion at infinity. At each accessible latitude
on the earth’s surface the rays thus defined with
respect to rigidity and v are incident along the
surface of a circular cone whose axis is perpen-
dicular to the plane of the meridian and the
complement 6 of whose angle is defined as a
function of the latitude by the following equation
derived from Eq. (55) by substituting r=r,;
—sin §=cos \/r¢®+2v/ry cos \. (67)
At the latitude of intersection of the earth with
the boundary of the inner forbidden region,
sin §= —1,and positive rays are incident from
the western horizon. At the intersection with the
boundary of the outer forbidden region, which
exists only for values of v <0, sin 6= +1,and the
rays are incident from the eastern horizon. At
the intersection with the contour Q=0 the rays
are incident within the meridian plane.
Equation (67) is a relation among four vari-
ables. In the above discussion attention has been
focused upon the variation of the direction of
incidence with respect to changes of latitude
when the rays considered had fixed values of
angular momentum and rigidity. This point of
view is convenient in discussing the orbits, but
for discussing the intensity we are interested in
knowing for what range of the primary energy
spectrum a given direction in a given latitude is,
an allowed direction. In other words, we must
consider the variation of 7, with respect to v for
fixed values of A and 6, in order to find for what
value of 7y the Q diagram becomes closed and
rays are not able to reach the earth from in-
finity. As already noted this happens when
v= —1 and the corresponding value of 7, given
by Eq. (67) sets the lower limit of the rigidity of
rays which may reach the earth from infinity for
the given value of X and . If we designate the
lower limit of the variable 7, for which rays may
enter from infinity by 7. the condition of the
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closing of the Q diagram at y= —1 defines r.
according to the equation

sin §=2/7,cos A\—cos \/r2. (68)

This definition of 7. as a function of A and 8 will
be called the Stoermer function, and the cone
of allowed directions, given by 6 as a function of
r. and N will be called the Stoermer cone. In ac-
cordance with these considerations positive rays
of rigidity 7> may reach the earth on only the
western side of this cone, and the intensity of
positive rays at the boundary consists of rays
whose rigidities are equal to or greater than 72
The Stoermer cone for negative rays is given by
—@ and the allowed directions are on the east-
ern side.

c. The Lemaitre-Vallarta theory of the allowed
cone

Whereas no rays of rigidity less than that de-
termined from Eq. (68) can reach the earth, Le-
maitre and Vallarta,!87 190-195 and Stoermer!%3, 196
have shown that some orbits of higher rigidities
than those specified by this limit fail to connect
between the internal and external regions. In
these cases v is just greater than —1 and the Q
diagram is open, but nevertheless the orbits in
question do not pass through the neck. Le-
maitre!*? has shown that such periodic and quasi-
periodic orbits entirely disappear for values of y
greater than —0.78856, but for intermediate
values of v, between this limit and —1, it is
necessary to investigate the orbits in detail in
order to be able to predict from what directions
rays of a given rigidity may enter the earth from
infinite space. In presenting the results of these
investigations it is convenient to divide the sky

TaBLE II. The energies in Bev of various types of rays
corresponding to values of the Lemaitre- Vallarta variable, r,.

70 ELECTRONS PROTONS ALPHA-PARTICLES
0.1 0.596 0.1722 0.1842
0.2 2.38 1.618 2.308
0.3 5.36 4.49 7.60
0.4 9.54 8.61 15.64
0.5 14.90 13.97 26.25
0.6 21.45 20.50 39.28
0.7 29.20 28.23 54.6
0.8 38.21 37.19 72.5
0.9 48.30 47.29 92.7
1.0 59.6 58.5 115.2
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Fic. 14. The Lemaitre-Vallarta function 7, for three
directions plotted against latitude. Curve I is for the vertical
direction, curve II is for the western horizon and curve III
is for the eastern horizon. Electron energies are given along
the right margin. (Lemaitre and Vallarta.)

into four regions, (a) the Stoermer cone within
which no directions are allowed, (b) the ‘“main
cone’’ within which all directions are allowed, (c)
the “penumbra’” which lies between the main
cone and the Stoermer cone and is crossed by
alternating bands of allowed and forbidden di-
rections, giving the effect of partial illumination
and (d) the shadow cone which lies close to the
horizon adjacent to the nearer pole and within
which lie only orbits which have passed one or
more times through the earth before their ar-
rival at the point in question.

Since the penumbra is made up largely of ex-
cluded directions it is sufficiently precise for
most purposes to regard the allowed cone as
consisting of that part of the sky lying within
the main cone but not included in the shadow
cone.?%® The directions of possible entry defined
in this way have been computed by Lemaitre
and Vallarta!'® for rays of various rigidities and
these are represented in the diagrams of Fig. 13.
There the curves are the orthogonal projections
on the horizontal plane of the intersections of
the boundaries of the main cones with a unit
sphere whose center is at the position of the
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observer. The allowed directions for negative
rays of the same rigidities are on the eastern side
of a corresponding family of cones whose repre-
sentation may be described as the mirror images
of those for the positive rays when the mirror is
placed along the NS line. Analogously with Eq.
(68) these computations define the minimum
value of the rigidity as a function of the latitude
and direction for which the rays may reach the
earth. The quantity r.({, ¢, N) defined in this
way will be called the Lemaitre-Vallarta func-
tion, and the cone of irregular shape defined by
¢ and ¢ for constant 7, and N will be called the
Lemaitre-Vallarta cone. The Stoermer cone in a
diagram of the type of Fig. 14 is bounded by a
straight line parallel to the NS line.

An important property of the family of curves
which represent the cone boundaries for rays of
various rigidities is that the curves do not cross
one another. Thus it follows that any direction
accessible to rays of a given rigidity is also ac-
cessible to rays of all higher rigidities, and the
total intensity in a given direction can be ex-
pressed by an integral extending over the spec-
trum of the primary intensity between the limits
7. and infinity. In Fig. 14 values of the Lemaitre-
Vallarta function 7, for three representative di-
rections are plotted against the latitude. Curve 1
gives the values for the vertical direction and
curves II and III the values for the western and
eastern horizons. The scale of electron energies
for the earth is given at the right. For energies of
other types of rays reference may be made to
Table II.

For the purpose of calculating the total in-
tensity incident from all directions resulting from
a preassigned spectral distribution of primary
radiation it is convenient to know the fraction
f(ro, £) of the azimuthal circle at zenith angle ¢
which lies within the allowed cone for rays of a
given rigidity. These fractions have been scaled
from the diagrams of Fig. 13 and are plotted as
functions of the zenith angle in Fig. 15. If the
spectral distribution of the primary radiation
with respect to the parameter 7, is represented
by j(ro) then the total intensity in a given
latitude may be expressed in the form

©  A7/2
J= 21rf f Jro)f(re, ) sin {drodf.  (69)

JOHNSON

d. The geographical distribution of cosmic-ray
intensity

Analyses by Schmidt!'*® and more recently by
Bartels'® of the earth’s magnetic field have
shown that it can be approximated by that of an
eccentric dipole oriented parallel to the geo-
magnetic axis, or the axis of uniform magnetiza-
tion, and situated 342 km from the earth’s
center in the latitude 6.5° N and longitude
161.8° E. The strength of the dipole is 8.1 X10%5
gauss cm®. In any given longitude the field of
this hypothetical dipole reaches its maximum
horizontal strength at the geomagnetic equator,
and along the geomagnetic equator the field
strength varies between 0.27 gauss at 10° W to
0.371 gauss at 161.8° E. The real field of the earth
departs somewhat from the dipole field and
especially so in the region of maximum horizontal
field strength. The real field of the earth attains
its maximum value at 100° E longitude or about
60° west of the position of the eccentric dipole,
and the maximum value of the field exceeds that
of the eccentric dipole by about eight percent.
It is thus reasonable to expect to find some
departures of the cosmic-ray intensity distribu-
tion from that calculated from the dipole field,
but the main features of the distribution are in
line with the dipole approximation.

In the case of a centered dipole the latitude
effect is the same in all longitudes and the
minimum values &, of the energy for the vertical
direction are given by Eq. (64) in terms of the
earth’s radius, its magnetic moment, and the
Lemaitre-Vallarta function 7, whose variation
with latitude is given in Fig. 14. The eccentricity
of the dipole affects the energy limits in two ways.
In the first place, as pointed out by Lemaitre!®?
and Neher,?* the meridian plane with respect to
which the cone of constant 7. is defined is not
the vertical plane but one which passes through
the dipole axis and the point of observation.
The angle n between this plane and the vertical
is given by

(70)

where .« is the eccentricity of the dipole and € is
the longitude west of the meridian in which the
eccentric dipole is situated.

a=342/6370=0.0536.

sin =« sin Q,
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At points along the equator the minimum value o
of 7. with which cosmic rays may reach the earth \ \ \ \ Az0®
along any direction in the east-west plane is o
given accurately by Stoermer’s equation (68). \ \ \
For the vertical direction at the equator this 8
reduces to \\ \\\ \ \
—sin n=1/r2—2/r.. (71) 7 \\\\\
Combining (71) with Eq. (70) the value of 7. for ® \\ \\\ ‘\\
the vertical direction is given to a first-order i N \ 70
approximation by ’ AN \:Z:
r.=0.5(1+1asin Q). (72) “ \\\ :::
. e T 54
The second and more obvious effect of the -3 32
eccentricity was pointed out by Vallarta.2o! It / ’_\\\’j:
involves the variation over the earth’s surface of 2 ~ \
the distance ¢ from the magnetic center. This / / \ 46
parameter enters into the determination of the ! s
low energy limit &, through Eq. (64), (65) or (66). j '
To the approximation contained in (66) the FS 3¢ a5 e 75 a0t
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F1G. 15. The ratio f of the azimuthal angle lying within the allowed cone to 2x for various
values of 7, indicated by the numbers attached to the curves. The ratio f is plotted as ordinate
against the zenith angle as abscissa. Values are given for three different latitudes.
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Fi1G. 16. Lines of equal threshold energies for positive rays entrant in the vertical direction at the earth’s surface as
calculated from the eccentric dipole whose field approximates that of the earth. The energies are given by the figures

attached to the curves in units of billion volts (Bev).

threshold energy is given by
8.=159.6r2(ae*/a*) Bev
where a is the equatorial radius of the earth and

(ao/a)*=142a cos Q. (73)

In other latitudes the analogs of Egs. (72) and
(73) are more complex but the bearing of these
effects upon the low energy limit is less sig-
nificant.

Contours of equal threshold energies of ver-
tically entrant positive rays have been computed
by taking into account the eccentricity of the
dipole, and are plotted in Fig. 16. In view of
Eq. (44) these are also lines of equal vertical
cosmic-ray intensity in the field of an eccentric
dipole. A discussion of the agreement of this
theory with the experimental geographical dis-
tribution of cosmic-ray intensity is deferred to
Section 9.

e. Correlation of geomagnetic cosmic-ray ef-
fects202—204

If Eq. (44) is extended to take into account
both positive and negative primaries and neutral
rays of intensity K, and if the low energy limits
for positive and negative rays in a given direction
and latitude are represented by &% and &.,
respectively, then the total intensity may be
written in the form

j= f *+(8)d8+ f F(&)dE+K.  (74)
st 86

If this equation is to be applied for the interpreta-
tion of the observed geomagnetic effects it will
be necessary to interpret the spectral intensities
75(8) as the distribution functions which repre-
sent the intensities at the atmospheric depth of
the observations resulting from positive and
negative primary rays of energy &, instead of
in the sense of the previous definition (Eq. 44)
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where j(6) stood for the spectral intensity of
primary cosmic rays in the interstellar space.
Both definitions must be distinguished from that
given in Section 2.

Since the low energy limits of the integrals in
Eq. (74) are explicit functions of the magnetic
moment M and distance a to the magnetic
center, and are implicit functions of the latitude
and direction through their dependence upon
r. (Eq. 64 or 65)* it follows that the theory can
account for five geomagnetic effects, one for each
of the five variables upon which &, depends.
These may be listed as follows: the latitude
effect, the zenith angle effect at constant azimuth,
the azimuthal effect, the radius or longitude
effect, and the magnetic moment or magnetic
storm effect. It is convenient to discuss these
effects in their differential form. If u is allowed to
represent any one of the five variables, the
corresponding effect may be written by differ-
entiation of Eq. (74), as

—09j/ou=7"(E%)98./ou

+j—(gc—)68¢'_/a#y (75)

where the coefficients 38.%/du are obtained by
differentiating Eq. (64) or (65).

For convenience the following discussion will
be limited to the geomagnetic effects for the
vertically entrant radiation. In this direction the
question of the influence of the atmosphere upon
the variations of the intensity with direction
are avoided, since

(@/d¢)(h sec §)=0 for ¢=0,

and an additional simplification is introduced
into the equations because of the relations

re¥=r."; (0r.F/00)Ew= —(8r.7/80)EwW;
(dr.t/ON)=(9r.—/ON);

(67c+/af)ns= (arc—/ag‘)NS

(76)

which hold for the vertical. In these relations ¢ is
considered as varying continuously through the
zenith, taking on positive values in the east and
north, and negative values in the west and

* These equations in which the more general variable 7o
appears are also valid for the particular value ro=r..
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south. The subscripts indicate the azimuth in
which the variation is taken.

If we write simply 7. when 7.t is intended and
use the same symbol with the appropriate adjust-
ment of the algebraic sign when referring to the
threshold energy of the negative rays, the
following equations are obtained and they ex-
press the five* geomagnetic effects in terms of
the spectral intensities of positive and negative
primaries to the approximation contained in
Eq. (65).

I. The latitude effect:—

(87/0N)/j= — (600M /ja?)
X[7H(8) 45 (8e) Jredr./oN.  (717)
II. The east-west asymmetry :—
(3j/8¢)w/j= —(600M/ja*)
X[G+(8) —7=(6) Ire(9r./85)Ew.  (78)
III. The north-south asymmetry:—
(97/9¢)ns/j= — (600M/ja?)
X[7t(8) +57(8) Jre(8r./8¢)xs.

IV. The radius or longitude effect:—

(79)

(a/5)(8j/0a) = — (600M/ja*)

X[Lit(8) +57 (&) 2. (80)

V. The magnetic moment or storm effect:—
(M/5)(8j/dM) = —(300M/ ja*)

X8 +7-(&) 2 (81)

The unknown quantities in the above set of
equations are the two distribution functions
7+(8c) and j=(&.). On the basis of these equations
the experimental values of the geomagnetic
effects may be used to analyze the primary
cosmic radiation. From Egs. (77), (79-81) the
spectral distribution of the sum of the positive
and negative components may be evaluated
whereas Eq. (78) may be used in solving for
the spectral distribution of the excess of the

*The azimuthal effect for the vertical direction is
trivial. Expressions are given, however, for the zenith
angle effects in two azimuths.



224 THOMAS H. JOHNSON
90 120 150 180 150 120 90 60 30 0 30 60 90
| 4 J,
LINES OF EQuAL i
80| cosmic-rav INTENSITY 5) 4 80
- ¢
AT SEA-LEVEL Pk, o 7
(RELATIVE vaLUES) s & E‘:
e = VN mpmim e e de e e S YN 1
50! - { ’ ] \d { (p_ Pl 60
. » , g :
I— - o R N \\ "i -
\\\: m\ 4 /] |
hY h\\:\;’:\\\\\ - * 1
% , o e LI s S ] o e e %
! \5 A i 9ol —~] ] —1.9¢[ T | 1—
'S Al 0211 /]
o . “/" £EQUATOR N R — aa}
4 55 L ] N N =90l [°
o~ ‘_._35_:: e \ B ,::" . p] 1 ¥ -
30 : = :.n";h"‘\ P (06 Vi
f—o\F}n\\\\:\ ] A /' = / 30
Y] 4 [~ utl
£ N~ N 1 LA
N LA
60 g 60
90 120 150 180 150 120 %0 60 30 0 30 60 90

Fi1c. 17. Lines of equal cosmic-ray intensity according to Millikan and Neher. The latitude effect
varies from about 8 percent along the 75th meridian to about 12 percent at 80 E. The longitude
effect corresponds to a harmonic term of amplitude 2 percent.

positive over the negative intensity. Since there
are three alternative methods for evaluating the
spectral distribution of the total intensity, the
agreement of the results obtained by the different
methods may be regarded as an indication of
the validity of the theory as an explanation of
the geomagnetic effects. On the other hand, the
value of the spectral intensity of the positive
excess may be compared with that of the total
radiation as an indication of the relative in-
tensities of positive and negative primaries.
The actual analysis of the experimental data will
be considered in Section 14.

9. EXPERIMENTAL DETERMINATIONS OF THE GEO-
GRAPHICAL DISTRIBUTION OF Cosmic-RAy
INTENSITY AT SEA LEVEL

In their original world survey of the geo-
graphical distribution of cosmic-ray intensities,
Compton and his associates® 13"~ occupied
sixty-nine stations distributed over the range of
accessible latitudes, longitudes and elevations.
Other expeditions into the equatorial zone were

made shortly afterwards by Clay and his
associates,*?~!45 by Hoerlin,??+ 4% 150 by Prins,148
and by Hermans and Gueben.!*® A very complete
sea-level survey with an automatically recording
electroscope placed on board various ships was
made by Millikan and Neher!®?-1% and, addi-
tional data of fragmentary character have been
obtained by other observers.!®:7® What are
probably the most reliable data for the latitude
effect at sea level have been obtained on a long
series of voyages on the Pacific Ocean by
Compton and Turner,?*® Fig. 18. It was first
noted by Compton'®® that the intensity corre-
lated better with the geomagnetic* than with the
geographic latitude, indicating that the varia-
tions of intensity were caused by a true geo-
magnetic effect and were not caused by some
other phenomenon, such as, for example, the

* The geometric latitude X refers to the axis of uniform
magnetization which intersects the earth’s surface at
latitude ¢ =78°32" N, longitude ¢=69°8" W. The geo-
magnetic latitude is given in terms of the geographic
latitude L and the west longitude w by the formula
A=sin"1[cos ¢ cos (w— @) cos L+sin ¢ sin L.
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Fi1c. 18. The sea-level latitude effect showing the part attributed to the external temperature effect
and the part attributed to a truly geomagnetic effect. It is noted that the seasonal variations are
largely included in the temperature effect. (Compton and Turner, reference 206, 1937.)

temperature which correlates approximately with
the geographic latitude. More recent surveys by
Clay,45 Millikan and Neher,'* and Hoerlin,”
have shown that whereas along a given meridian
the intensity correlates satisfactorily with the
geomagnetic latitude, there is an additional
variation of the intensity with the longitude.
The results of Millikan and Neher'®® which are
representative of acceptable values of the in-
tensity are shown in Fig. 18 in which contours
of equal cosmic-ray intensity are plotted. A
similar chart compiled by Compton® from all of
the data available at the time showed a some-
what larger variation of intensity in higher
latitudes than that indicated in Fig. 17, but the
recent results of Compton and Turner?® are in
better accord with the chart of Millikan and
Nebher, and it is upon this basis that the chart of
these authors has been given precedence.

As will be noted from the chart, the magnitude
of the latitude effect varies with the longitude
from about eight percent in the Atlantic Ocean
to about twelve percent in the Indian Ocean.
Thus the amplitude of the first harmonic term

representing the variation of intensity along the
equator is of the order of two percent.

Other data which have been analyzed by
Vallarta?® indicate an amplitude as high as four
percent and it is probable that differences in the
observed intensities can be expected to occur
similar to those appearing among the results of
the various measurements of the latitude effect.
In the latter instance intensity differences be-
tween high and equatorial latitudes ranging from
seven to eighteen percent have been reported.
Whereas Millikan and Neher!® have called atten-
tion to the consistency of their results from one
voyage to another in the same part of the world,
others have found variations of a few percent
which have been attributed to the radiation
itself. Similar fluctuations have also been re-
corded at fixed stations of a magnitude sufficient
to account for most of the discrepancies in the
measurements of the latitude effect. The prin-
cipal effect of this character is one which has
been attributed to a correlation of cosmic-ray
intensity with the external temperature. The
existence of this effect has been confirmed by
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several observers and an interpretation of the
effect has recently been given by Blackett.?”
Hess and Steinmaurer,?°® Schonland, Delatizky
and Gaskell,?*® and Compton and Turner?® have
each reported such seasonal variations in which
the temperature coefficient was of the order of
—0.1 to —0.2 percent per degree C. Johnson
and Read?? have also called attention to fluctua-
tions of similar character causing large variations
of cosmic-ray intensity along the Atlantic coast
of North America where temperature variations
are extreme. Compton and Turner have attrib-
uted about three percent of the variation of
intensity with latitude to this cause and they
find that it also explains the variations in their
results from one voyage to the next (Fig. 18).
After deducting the temperature effect, about a
seven percent variation of the intensity with
latitude remains as a true geomagnetic effect.

After allowing for the temperature effect there
are certain indications of effects due to local
magnetic anomalies. Clay, Bruins and Wiersma,?!
and Johnson and Read?® have found that the
minimum intensity along the 75th meridian is
shifted somewhat to the north of the geomag-
netic equator, and the latter authars have called
attention to a better correlation of the intensity
with the horizontal component of the real field
of the earth than with the field of the eccentric
dipole. A more pronounced example of a similar
effect is in the position of the point of minimum
cosmic-ray intensity. This occurs about 65° west
of the position predicted from the eccentricity
of the dipole and very close to the point where
the actual field of the earth reaches a maximum.
As will be noted in the next section, the magni-
tude of the longitude effect also indicates the
need for invoking the additional strength of the
real field of the earth at the position of minimum
cosmic-ray intensity. Bruins?? has attempted to
bring these anomalies into the theory by as-
suming a quadripole component of the earth’s
field, but Vallarta,?® on the contrary, finds no
indication, from the cosmic-ray observations, of a
second harmonic term in the Fourier analysis of
the variation of the equatorial intensity with
longitude, such as would be expected if the
quadripole effect were appreciable.
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The latitude effect of the vertical radiation has
been measured with the use of coincidence
counters by Auger and Leprince-Ringuet,'” by
Clay, Bruins and Wiersma,”! by Johnson and
Read,?® and by Neher and Pickering.? In each
case the variations of the intensity of these rays
with latitude have agreed fairly well with those
found for the total radiation by the electroscope
technique although the evidence suggests a two
or three percent greater variation in the case of
the vertical radiation. Inasmuch as there is a
very definite increase in the latitude effect with
elevation one must also expect to find a greater
latitude effect at sea level when the vertical
rays alone are measured.

The latitude effect of rays inclined at a zenith
angle of 45° has been studied by Johnson and
Read.?'® Such rays in the eastern azimuth were
found to undergo about a twelve percent varia-
tion, while western rays changed intensity by
less than four percent as the apparatus was
carried from high latitudes to the equator.
The difference in the effects for the two directions
correlates satisfactorily with the east-west asym-
metries measured in the equatorial zone.

The variation of the intensity of the soft com-
ponent of the cosmic radiation with respect to
the latitude has been inferred from measurements
made by Johnson?® and Read,*? and by Picker-
ing?'® and Neher?" with arrangements of appa-
ratus for recording showers of rays generated
predominantly by this component in a lead
block. At sea level the variation with latitude of
the showers was less than that of the total
radiation measured with vertical counters, or with
ionization chambers, and the plateau of constant
shower intensity extended to lower latitudes.
The results have been interpreted as indicating
that the lower energy field-sensitive primaries of
the soft component are unable to penetrate to
sea level with sufficient remaining energy to
produce recordable showers. A larger latitude
effect for the showers has been found by John-
son?!’ at high elevations and his results show that
the effect at a depth of 6 meters is about equal
to that of the total radiation, indicating that the
lower energy shower-producing primaries con-
tribute appreciably to the intensity at this
depth.
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Fi1G. 19. The east-west asymmetry of the cosmic radiation, defined as the ratio of the excess
of western over eastern to the average intensity, plotted against zenith angle. The individual
plots are arranged in order of elevation and latitude. (Johnson, reference 186, 1935.)

10. MEASUREMENTS OF THE GEOMAGNETIC
" DIRECTIONAL EFFECTS

The most important directional effect is the
east-west asymmetry, the existence of which is
proof that positive primaries contribute more to
the intensity in the lower part of the atmos-
phere, where the asymmetry is known to exist,
than do primary negatives. Because of the large
variation of the intensity with zenith angle
brought about by atmospheric absorption, it is
important in measuring the geomagnetic direc-
tional effects to compare intensities only in
directions for which the zenith angle is constant.
In such directions the difference between the
intensities in the eastern and western azimuths

is caused by the excess of primary positives over
negatives in the energy range which extends
between the threshold energies of the two
directions.??” This energy range increases with
zenith angle and produces an asymmetry which
first increases proportionally with the zenith
angle, but near the horizon the low energy
field-sensitive rays are absorbed to a greater
extent than the higher energy background radia-
tion and the asymmetry declines as the zenith
angle is increased beyond about 60°. At the
equator a greater asymmetry than at higher
latitudes results from the greater range of
energies between the thresholds for a given
pair of directions. (See Fig. 14.) In Fig. 19 the
experimental values!®® of the asymmetry, defined
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F1G. 20. The effect of lead absorbing screens upon the
asymmetry at a zenith angle of 45°. In the experiments of
Korff, the lead was inserted above the counter train whereas
in those of Rossi and Johnson the lead was placed between
the counters. The asymmetry A4 is defined as the ratio of
the excess of western over eastern to the average intensity.
Ao refers to the asymmetry without lead.

as the ratio of the excess of western over eastern
to the average intensity, are plotted against
zenith angle, and the individual diagrams are
arranged in the order of the elevations and
latitudes. As noted in the legend some of the
points were obtained with lead filtering blocks
inserted between the counters while others were
obtained without such filters. The theoretical
prediction of greater asymmetries at the equator,
and the increase of the asymmetry with zenith
angle are confirmed. Greater asymmetries at the
higher elevations as well as the low values near
the horizon indicate that the asymmetrical, like
the latitude sensitive, radiation is less pene-
trating than the total radiation at the same
depth.

The absorption of the asymmetric component
of the radiation in lead has been studied by
Johnson, Rossi and Korff whose results are shown
in part in Fig. 20.% In Korff's experiments!s!
the lead was placed above the counters and his
results show a continuous decrease in the asym-
metry with absorber thickness. With the lead
placed between the counters, as in the experi-
ments of Rossi!”® and Johnson,8: 18 the asym-
metry at first increased and then fell off for
absorber thicknesses greater than about 4 cm.
Apart from the first rise in the curve which can
be accounted for as the elimination by the lead
of low energy diffused rays, the decrease in the
asymmetry due to the lead is about equal to
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that produced by an equal mass of air. The
experimental points of Korff agree almost exactly
with the mass absorption coefficient deduced!s®
from the observed absorption of the asymmetric
component in air. This characteristic of the
asymmetric radiation, contrasted with the Z2
absorption of the soft component, identifies the
asymmetry as a property of the hard component
of the radiation.

An asymmetry in the soft component of the
cosmic radiation has been sought by Johnson?'s
with an arrangement of counters for recording
showers. At an atmospheric depth of 6 meters in
Mexico his results were conclusive in showing no
asymmetry greater than a percent or two,
although at sea level in Peru an asymmetry of
the shower-producing rays of the same order as
that of the total radiation was indicated.
Presumably many of the sea-level showers are
produced by the asymmetric hard radiation
whereas most of the high elevation showers are a
result of the soft component. By combining the
symmetry of the showers with the fact revealed
by the latitude effect (see Section 9) that the
primaries involved are field-sensitive it was con-
cluded®’ that the soft component primary rays
are equally positive and negative.

A north-south asymmetry in intermediate
latitudes was predicted by the more exact orbital
theory of Lemaitre and Vallarta.!®: 187 (See
Fig. 13.) The cones of allowed directions for
rays of a given rigidity in these latitudes show a
marked asymmetry with respect to the east-west
line and they open up more, with the consequence
of higher intensities, on the side away from the
pole. Experimental proof of the effect was ob-
tained in Mexico by Johnson?8 whose results
were in qualitative agreement with the theory.

11. MAGNETIC DISTURBANCES AND CosMICc-RAY
INTENSITY

As already indicated in Section 8, e, the
threshold energy corresponding to a given lati-
tude and direction should undergo a variation
with a change in the magnetic moment of the
earth. Ever since the discovery of the latitude
effect, observers have reported?®-2% correlations
between magnetic variations and the fluctuations
of cosmic-ray intensity, but from the disparity
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of the results it is evident that the phenomenon
is not one to be simply understood. Typical of
such correlations are those recently reported by
Hess, Demmelmaier and Steinmaurer®® as a
result of an analysis of records covering a period
of one year. Here they have distinguished
between four different magnetic effects, some of
which correlate positively, i.e., the cosmic-ray
intensity increases with the horizontal com-
ponent of the earth’s field, whereas others show
the opposite correlation. (1) The large magnetic
storm effect, discovered with certainty during the
April 1937 storm with simultaneous cosmic-ray
fluctuations reported??: 222 225, 227, 229, 230 from at
least seven widely separated observatories, is of
a world-wide character and the correlation is
positive. (See Fig. 21.) During the April 1937
storm and during several other more recent
storms the variations of the cosmic-ray intensity
in relation to the magnetic disturbance can be
expressed, in order of magnitude, by the ratio

AI/IAH =0.06 percent per v;*

HAI/IAH=15. (82)

There was surprisingly little variation of this
ratio with latitude even in comparing the
Innsbruck or Cheltenham observations, where the
latitude is normally considered too high for the
occurrence of geomagnetic effects, with those at
the equator, but there is apparently a wide
variation in this ratio from one storm to
another. In fact, in one large storm Forbush?°
was unable to notice any change of the cosmic-
ray intensity.

(2) A seasonal magnetic effect has been noted
by Hess, et al??® and by others'!" 234 25 in which a
negative correlation was found between the

* 14 =1075 gauss.
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monthly mean values of the cosmic-ray intensity
and the corresponding means of the horizontal
component of field strength. The order of magni-
tude in this case is given by

AI/IAH = —0.1 percent per v;

HAI/IAH= —22. (83)

(3) The diurnal effect® 2% of the cosmic-ray
intensity might be linked with the diurnal effect
of the horizontal component of field strength as
was first suggested by Gunn.?! The magnitude
and the sign of the ratio of these effects depends
upon the latitude of the observer, for the mag-
netic effect in the equatorial zone is opposite in
phase to that in polar latitudes, whereas the
cosmic-ray variations have their maximum at
noon in all latitudes. At Innsbruck where the
magnetic fluctuations have the polar phase,
the effect is given by

AI/IAH = —0.02 percent per v;

HAI/IAH= —4. (84)

At the equator the ratio would be of the same
order of magnitude but of opposite sign.

(4) Possibly a fourth correlation?8 was found
between the daily means of cosmic-ray intensity
and the daily means of the horizontal component
of the field. During parts of the year this corre-
lation was positive and during other parts
negative.

(5) Forbush®® has recently pointed out the
possibility of a fifth correlation between a quasi-
persistent 27-day wave in cosmic-ray intensity
and the 27-day quasi-persistent wave of magnetic
activity associated with the rotation period of
the sun.

Although there can be no doubt that correla-
tions do exist between the cosmic-ray intensity

TABLE 111, Ratios found by various observers of the equatorial to the polar intensity as function of depth below the top of the

atmosphere.
DEPTH (METERS OF WATER) 17 14.5 12.5 10 8 7 6 1
Observer

Compton—10 cm lead shield 0.88 | 0.82 0.75
Young and Street—Average of all shield thicknesses up to

19 cm. 0.86 0.79 | 0.77
Hoerlin—Unshielded 0.88 | 0.81 | 0.76
Hoerlin—10 cm iron shield 0.89 | 0.82 | 0.78
Bowen, Millikan and Neher—No shield 0.90 0.84 | 0.77 | 0.40
Clay, Bruins and Wiersma—No shield 0.97 | 0.83 | 0.82 | 0.83
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Fi1G. 21. The correlation between cosmic-ray intensity and horizontal magnetic intensity during a large magnetic
storm. The ratio of the change of cosmic-ray intensity to the magnetic disturbance is greatest during the first phase of

the storm. (Forbush, reference 230.)

and terrestrial magnetism it does not necessarily
follow that the two are causally related and it
seems doubtful?? 292 if the correlations cited
above can be interpreted in terms of the
Stoermer-Lemaitre-Vallarta theory as a simple
change of the magnetic moment of the earth.
The most definite magnetic effect is that of the
large storms; its magnitude in relation to the
theory of the geomagnetic effects, considered in
Section 14, is at least 100 times too great.

12. THE ABSORPTION IN AIR AND OTHER
MATERIALS OF THE FIELD-SENSITIVE
RADIATION IN THE LOWER PART
OF THE ATMOSPHERE

An increase with elevation of the latitude
effect’77. 80, 122, 139, 155, 156, 211, 244—254 expressed as a
percent of the total intensity, has been noted by
all who have reported observations. Table III
contains some of the values found by several
observers for the ratio of the equatorial to the
high latitude intensity at the atmospheric depths
indicated. The two most extensive sets of obser-
vations of the variation with latitude of the
absorption of the radiation in the lower part of

the atmosphere are those of Compton'® and of
Hoerlin.”” The ionization intensities I which they
have measured at the equator and in high lati-
tudes are plotted logarithmically in Fig. 22
against the atmospheric depth, and it may be
noted that the experimental points fall rather
closely upon straight lines. Thus the absorption
law may be written in the form

I=A4/h", (85)

where the exponent 7 depends slightly upon the
latitude. If the exponent appropriate for the
representation of the polar intensity I, is written
as n and that for the equatorial intensity I, is
written as #n— 8, and if the depth is expressed in
units of about 16 meters of water, i.e., the
depth at which the polar and equatorial lines
intersect, then the ratio of the polar to the
equatorial intensities is given by

I,/I,=AI/I,+1=h"% (86)

From the experimental points plotted in Fig. 22
the polar exponent has about the value n=2.5
and the difference between the polar and
equatorial exponents is approximately

6=0.16.
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This change in exponent arises from the inclusion
in the high latitude measurements of low energy
rays in the range Ar,=0.5—0.35=0.15.

The determination of § by this method is
lacking in precision, but a higher accuracy can
be realized from an analysis of the asymmetry
measurements. As a matter of fact, the lines in
Fig. 22 have been drawn with the results of the
asymmetry in mind, and the value §=0.16
represents an agreement with all of the evidence
bearing upon the absorption of the field sensitive
radiation near sea level.

The absorption of the asymmetric radiation
can be determined from the variation of the
asymmetry with both elevation and zenith angle,
and an analysis may be made in a manner
analogous to that described above in the case of
the latitude effect. With an increase of zenith
angle the atmospheric path lengthens but there
is also an increase in the energy range within
which the asymmetric component lies and to
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F1G. 22. The variation of the cosmic-ray intensity with
elevation at the equator and at high latitudes, (\) plotted
logarithmically. The slopes of the lines are given by values
of n. (Compton, reference 139, and Hoerlin, reference 77.)
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atmospheric depthsare plotted with corresponding symbols.
Where lead was inserted into the counter train the absorp-
tion path has been computed on the equivalent mass scale.

correct for the latter effect each experimental
value of the asymmetry, 4=Aj/j, has been
divided by the range of r. encompassed by the
threshold values for the two directions involved,
and multiplied by 0.15, a value selected as a
standard range because it represents approxi-
mately the range within which the latitude
sensitive radiation is included. These adjusted
values of the asymmetry are thus analogous to
the latitude effects AI/I, which occur in Eq.
(86). The values of the adjusted asymmetry
increased by unity have been plotted logarithmi-
cally against the depth in Fig. 23 and it is evident
that the line drawn with slope §=0.16 well
represents the data. It is also noted that this
line intersects the axis at h=16 meters and we
would expect that at this depth the asymmetry
as well as the latitude effect would no longer be
found, unless there is some straggling. In this
connection it is interesting that Clay’s?! results,
given in Table III, also indicate the disappear-
ance of the latitude effect at about this depth.
Inasmuch as é is to appear in some calculations
in the next section, it is important to estimate
its probable error. From the scattering of the
points in Fig. 23 the range of possible values may
be stated as §=0.160.05. This is a considerably
closer limit of uncertainty than could be set
from the analysis of the variations of the latitude
effect with elevation, though the fact that there
is no indicated disagreement between the rates
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at which the two effects vary with elevation is
some guarantee, as noted by Neher,'® that the
geomagnetic effects have been correctly inter-
preted. We are thus justified in assuming that
the latitude sensitive and the asymmetric
components of the radiation have the same
properties.

13. REDUCTION TO THE VERTICAL OF GEOMAG-
NETIC EFFECTS MEASURED WITH
THE ELECTROSCOPE

For purposes of analysis of the energy dis-
tribution of the primary cosmic radiation from
the observations of the geomagnetic effects,
according to the method suggested by Eq. (75),
it is important to know what the effects are as
they pertain to the vertically entrant radiation.
Here the method of Gross, Eq. (7), may be used,
for although the uniformity of the radiation in
azimuth, assumed in the derivation of Gross’
equation, does not exist at the equator, this
asymmetry does not seriously affect the analysis.
In fact, to the approximation that the asym-
metry can be represented by a series of odd
harmonic functions of the azimuth, Gross’ equa-
tion is rigorously valid.

With the ionization-depth relation given by
an equation of the form of (85) the Gross factor
G is given by

2vG=1—hdl/Idh=1+n. (87)

The variation of the vertical intensity j with
respect to the latitude, \, or with respect to any
of the other geomagnetic variables, is found by
differentiating Eq. (7). It is convenient to take
the logarithmic derivative

dj/jd\=dI/Id\+dG/GdAN (88)

=dI/IdN(1+1dG/GdI).  (89)

If one considers the change in I and G corre-
sponding to the change of latitude between the
equator and 40°, for which AI/I=0.10 and

AG/G=6/(14n)=(0.16=0.05)/(3.5)
=0.045+0.015,

the factor in parentheses in Eq. (89) is seen to

JOHNSON

have the value

14+ JAG/GAI =1.4540.15. (90)

As already noted in Section 9, there is definite
evidence of a greater latitude effect when the
vertically entrant radiation alone is measured,
and the results are consistent with Eq. (90).
The same factor will also apply in reducing the
longitude and the magnetic storm effects to the
vertical.

14. ANALYSIS OF THE PRIMARY RAYS wHICH Pro-
DUCE THE FIELD-SENSITIVE INTENSITY IN
THE LOWER HALF OF THE ATMOSPHERE

Asalready pointed out in Section-8 the geomag-
netic effects may be used in analyzing!8 186. 205
the energy spectrum of the primary radiation.
Eq. (75) may be taken as the basis of such an
analysis and it is noted that in the case of the
latitude effect (u=N\) for the vertical direction

38, /ON=098,/O\
so that Eq. (75) may be written

Li*(&)+7(8:)1/5=(37/jON) /(36c/N)

=(9j/joé.) (91)
or by making use of (90) we have
(i (6)+5(8)1/5
=(1.45+0.15)(81/108.). (92)

For the purpose of making just such an analysis
as this, Compton and Turner?*® have plotted
the intensities which they have measured on the
Pacific Ocean (corrected for external tempera-
ture) against the vertical threshold energy, as in
Fig. 24. The derivative (91/188.) is represented
by the dotted curve and, in the spectral region
from 7.5 Bev to 15 Bev it is seen to have a
constant value of 0.85 percent per Bev range.
Accordingly, from Eq. (92), the unidirectional
spectral intensity in the vertical direction is

(jt+77)/j=1.23 percent per Bev. (93)

with an estimated probable uncertainty of 0.13
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the excess of the sea-
level intensity produced
by positive primaries
over that produced by
negatives. By use of
relations (76), Eq. (75), when applied to the east-
west effect, may be put in the form

[*(6:) —j(8)1/j=(37/jo¢)/ (88./98) = 61'/]'(69%)-

The results of the asymmetry measurements
have been reduced to a useful form for the
purpose of this analysis in Fig. 23. In this figure,
it will be recalled, the asymmetric intensity has
been adjusted to an energy range of Ar.=0.15 or
A8.=17.65 Bev. Since the points for the equator
and those for 30° N. fall satisfactorily on the
same line the results from the asymmetry studies
indicate that the excess of positive intensity, like
the total intensity, is uniformly distributed in
energy. At a depth of ten meters the asymmetric
component, plotted in the figure, has the value

Aj/j+1=1.10£0.02 per 7.65 Bev range. (95)
where the uncertainty has been estimated from
the scatter of points. For a range of 1 Bev

* This sudden break in the energy spectrum of the
primary rays which produce sea-level effects is of con-
siderable interest, and an explanation?®® for it has been
sought in terms of an effect of a solar magnetic field in
cutting off the primary rays of lower energy from the
space within the earth’s orbit. Other explanations?® have
considered the possibility of a process of energy loss in the
atmosphere which sets in at this energy and prevents lower
energies from reaching sea level.

) 6 7 [ ° [ "
THRESHOLD ENERGY, IN l& eV

F16. 24. Spectrum analysis of the cosmic radiation from Compton and Turner’s results
on the Pacific Ocean. The intensity is plotted against the threshold energy and the deriva-
tive of this curve is given by the dotted curve.2

+(8) — (6.
J_(__).J_()= (0.10:0.02)/7.65

J

Aj/j=

(96)
=1.3040.26 percent
per Bev.

The close agreement of this figure with that for
the total corpuscular intensity, Eq. (93) indicates
that within the accuracy of the analysis all of the
field-sensitive intensity at sea level is produced
by positive primary rays. The ratio of the total
field-sensitive intensity to the positive excess is,
from (96) and (93),

B=(G++77)/ (Gt —=57)=0.95+0.22.  (97)

Thus an upper limit of the negative intensity,
allowed by the uncertainty in 8, is

7/Gr+i) =(8—1)/28=0.09.

Values of g8 less than 1, although allowed by the
experimental uncertainty, are in principle im-
possible.

The fact that 6 is the same, whether de-
termined from the latitude effect or from the
asymmetry, signifies that there is no indication
of a change of 8 with elevation.

Other estimates of the spectral intensity
7t (8)+7(8) may be obtained from the other
geomagnetic effects. In the case of the north-

(98)
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F1G. 25. The cosmic-ray ionization as a function of at-
mospheric depth in four latitudes. (Bowen, Millikan and
Neher.2%4)

south effect the measurements??® are barely sufh-
cient for a reliable numerical estimate. For
zenith angles greater than 45° the results are not
strictly in qualitative agreement with the theory,
but at angles closer to the zenith the data, when
adjusted to sea level by the §=0.16 law, agree
with a spectral intensity of 1.2 percent per Bev.
Hence, within the rather large uncertainty, the
magnitude of the north-south effect is consistent
with the spectral intensity of the total radiation
as derived from the latitude effect.

In attempting an analysis of the spectral
intensity j+(8)+7-(8) based upon the longitude
effect, it is noted that the Millikan and Neher
chart, Fig. 17 shows a variation of 3.5 percent or
more in the equatorial intensity, to be accounted
for by a ten percent variation of the magnetic
radius or a 3.6-Bev variation of the threshold
energy. By applying Eq. (90) for reduction to the
vertical, the spectral intensity required to
explain the longitude effect according to Eq. (92)
18

[H(8)+7-(8)]/i=1.45X0.035/3.6

=1.4 percent per Bev. (99)
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This is a slightly greater spectral intensity than
that derived from the latitude effect but a slight
correction for the effect of the anomalously high
magnetic field in the vicinity of the intensity
minimum would bring the two into better
agreement.

The magnetic storm effect in its relation to the
other geomagnetic effects has been discussed by
Thompson,??2 Clay and Bruins,?? and Johnson.20?
A model of the storm field for use in such dis-
cussions has been suggested by Chapman,?%¢ who
proposed to consider that the magnetic dis-
turbance is caused by an electric current distrib-
uted over a spherical sheet concentric with the
earth and flowing along the parallels of latitude
from east to west. Such a current system
strengthens the magnetic field in the region
outside of the current sheet, but weakens it in the
internal region. If the current density of the sheet
is proportional to the cosine of the latitude, then
for all external points its contribution to the
magnetic field may be considered as a change in
the magnetic moment of the dipole at the center
of the earth, designated by 6M, whereas for all
internal points its contribution to the field is a
component parallel to the axis and of uniform
intensity. However, when this field is set up,
currents are induced in the earth and the total
change in the horizontal magnetic intensity on
the surface of the earth at the equator can be
represented by

0H= —36M/(2a"*—a?), (100)

where @’ is the radius of the current sheet, a is
the radius of the earth, and the factor 3 takes
account of the conductivity of the earth.

In calculating the effect of such a change of
moment upon the cosmic-ray intensity it is
necessary to make some assumption regarding
the magnitude of a@’. The simplest of such
assumptions is that a’=a, or that the current
sheet is very close to the surface of the earth.
The change in magnetic moment of the earth is
then given in terms of the change in the hori-

zontal magnetic intensity at the equator by
M= —a%H/3. (101)

Corresponding to this change in M there is a
change in the threshold energy given by Eq. (68),
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in accordance with which we may write

88./8,=6M/ M= —8H/3H. (102)

Whence from Eq. (76) the spectral intensity of
the cosmic radiation is

(78 +i(62)1/j=—(1/8:)(Mdj/jaM)

=(3/6.)(Hdj/jaH). (103)

The large magnetic storm effect described in
Section 11 is given, as in Eq. (82), by HdI/IdH
=15, and converting this to the vertical by
means of Egs. (89) and (90), the spectral in-
tensity derived from the magnetic effect at the
equator turns out to be

[7+(8)+7(8)]/j =450 percent per Bev. (104)

Contrasting this result with that found from the
latitude effect, Eq. (93), it appears that the
magnetic effect is of the order 300 times too
large to be accounted for as an increase in the
earth’s magnetic moment according to the model
suggested. To what extent this interpretation of
the storm effect may be remedied by taking a
larger radius for the current sheet is a matter
concerning which there are no reliable calcula-
tions. It is the writer's own view?” that an
explanation of the magnetic effects along these
lines is impossible and that some other influence
is at work, acting as a common cause for both
magnetic and cosmic-ray disturbances.

15. GEOMAGNETIC EFFECTS IN THE UPPER PART
OF THE ATMOSPHERE AND THE ANALYSIS
OF THE ENERGY DISTRIBUTION OF
THE SOFT COMPONENT OF THE
PRIMARY RADIATION

It must be emphasized that the discussion of the
preceding sections pertains to the intensity pro-
duced at sea level by field-sensitive primary rays.
A similar analysis of the spectral intensity of the
total incoming cosmic radiation is also possible
from the data obtained on a series of balloon flights
made by Bowen, Millikan and Neher,!?: 252-25 jp
which a similar technique was used for flights in
four different latitudes distributed between the
equator and 60° N. The actual results obtained
on these flights are contained in Fig. 25 where
ionization intensity is plotted against atmos-
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pheric depth. Because of the steep descent of
these curves near the axis of zero depth it would
not be possible to rely upon an extrapolation of
the data as a means of determining the primary
cosmic-ray intensity, but it is possible to deter-
mine the total energy brought in by the cosmic
radiation at each latitude by taking the integral
under each curve. For this purpose the exact
form of the curve in the unexplored layer is
relatively unimportant. By taking k=232 volts
per ion pair, the normal energy flux ¥, has been
computed as in Eq. (5) and plotted against
depth in Fig. 26. The ordinates of these curves at
k=0 are obtained by a short extrapolation and
they represent the total incoming energy of the
cosmic radiation. This is equal to the energy flux
in interstellar space of cosmic rays of energy
greater than the threshold energy of the corre-
sponding latitude. From the curves of Fig. 26 the
spectral distribution of the normal cosmic-ray
intensity may be obtained by the relation

8].1(5) = \I’_l.(g) = ——a\I/J./aé’c. (105)
24
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FiG. 26. The normal energy flux (across a horizontal
square centimeter) of area as a function of depth and
threshold energy, calculated from the data plotted in
Fig. 25.
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At the top of the atmosphere, where the cosmic
rays are uniformly incident from all directions in
the hemisphere

.7(50) = Jl-(gc)/”'
7(8)=—(1/78,)0¥./d&..

(106)

and (107)

Since the experiments completed at present
determine only four points on the curve repre-
senting the total energy ¥, as a function of the
threshold energy &., instead of attempting to
carry through the differentiation indicated in Eq.
(107) we may try to find an empirical expression
of convenient analytic form whose parameters
can be determined from the four data. At the
time when only three of these points were
available an analysis of this kind was made by
Johnson?5 in which an inverse power function of
the energy was used. With the additional obser-
vational datum added by Bowen, Millikan and
Neher’s?® Saskatoon flights, a somewhat better
agreement with the data seems to be realized
with an exponential function of the form

7(8)=A4 exp (—ab). (108)

The equation for comparison with the data is
thus:

V,=m f 8i(8)dé
8¢

=71A(a8.+1) exp (—ad.)/a?, (109)
where 4 and « must be assigned so that the
values of ¥, calculated from Eq. (109) agree
with those measured. In making this adjustment
the values of &, corresponding to the vertical
direction, may be used for the higher latitudes
but this approximation at the equator, where the
range in §, from east to west is large, would lead
to an appreciable error. It is necessary, therefore,
to make an assignment of the constants such that
an integral of the resulting distribution function
which takes into account the allowed cone
according to Eq. (69) agrees with the observed
value of ¥,. The effect of this more exact treat-
ment is to place the effective threshold energy for
the equator about 2 Bev above the value corre-
sponding to the vertical direction, and the values
of the constants which yield the observed values
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of ¥, according to this method are

A =0.0075 cm™2 sec.™! per unit solid angle,
a=0.1 Bev.

The corresponding distribution curves are plotted
in Fig. 27; the upper half of the figure shows the
distribution of the number of primary particles
while the lower half shows the distribution of the
energy. One of the latter curves represents the
energy V¥, carried by all rays of energy greater
than & while the other represents the coefficient
of d& in the expression for the energy carried by
rays of energy between & and &4d§, i.e.,
—0V¥,/38=V¥,(8). The four experimental points
are also plotted in the lower half of the figure
indicating the agreement of the empirical func-
tion with the observations.

The representation of the primary distribution
in the form of an analytic function is useful in a
number of ways, although, of course, its validity
cannot be relied upon in the energy ranges out-
side of that which is covered by the experimental
points. The first application is in a calculation of
the total cosmic-ray current. The total number of

BV_I NUMBER DISTRIBUTION

ENERGY DISTRIBUTION

‘[2 J€)de

12 16 20 24 28 32 ¢
RAY ENERGY - BILLIONS OF VOLTS

4 8

F1G. 27. The distribution of the number of primary cos-
mic rays with respect to energy (above); and the corre-
sponding distributions of the energy carried by rays in unit
range of energy, and the energy carried by rays of energy
greater than the values indicated by the abscissae (below).
The experimental data of Bowen, Millikan and Neher are
indicated by circles.
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rays incident upon the surface of the earth can be
expressed in the form of the integral
/2

47R? J1(\) cos @\

0

/2
= [412R2A/a]f exp (—a8,) cos Md\.  (110)
0

&, as a function of \ is given by the theory of
Lemaitre and Vallarta (Fig. 14) from which
the total number of cosmic rays incident upon
the earth per second is found to be 5.7X10'7
rays, or a current of 0.09 ampere if all rays were
of one sign of charge. The influx of energy is

T2 A
41r2R2Af f & exp (—a8)dé cos Nd\
0 8¢

=91X10Y Bev per sec. or 1.4 X10° watts. (111)

Another application of the distribution func-
tion is in the calculation of the ionization per cm
produced at any depth by a single primary of
given energy. The total ionization I due to all
rays of energy greater than the threshold &. is
the experimentally measured quantity but the
ionization per cm produced by one ray of energy 8
can be calculated according to the sequence

N=dI/dJ,=(dI/d8)/x(dj/d8)
=(dI/d8)/(xA exp (—a8)), (112)

where dI/d§ can be calculated from the differ-
ences in the experimental curves of Fig. 25. The
values of N obtained from (112) are plotted in
Fig. 28 where the ordinates refer to the average
number of ions per vertical centimeter produced
by a single primary ray of the energy designated,
together with all of its secondaries, when the
incidence is randomly directed.

16. CoNCLUSION

In concluding a summary of this character one
is impressed by the many contributions to the
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IONS PER CM VS, DEPTH
FOR VARIOUS PRIMARY
ENERGIES

30001
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F1G. 28. The specific ionization (ion pairs per vertical
centimeter) as a function of atmospheric depth of one
randomly incident primary ray of the energy designated
and its secondaries. Ordinates are ion pairs per cm of air at
NTP. Abscissae are depths in the atmosphere in meters of
equivalent water. The results have been reduced from the
observations of Bowen, Millikan and Neher.

general body of knowledge that have not been
touched upon. For example, sections of this
report should have been devoted to (a) the
ionization-depth relation and its interpretation,
(b) the energy spectrum of the cosmic radiation
at sea level and the variation of the spectrum
with elevation, (c) the variation of cosmic-ray
intensity with time and the many implications
of these studies bearing upon the places of origin
of the cosmic rays and other cosmological
phenomena, (d) the cosmic radiation at great
depths below the ground, and (e) theories of the
origin of the cosmic radiation. Unfortunately the
time at the author’s disposal did not permit him
to complete these sections, and their writing has
been deferred until some future time.

Finally, the writer wishes to acknowledge the
cooperation of his colleagues at the Bartol
Research Foundation in making important sug-
gestions and criticisms of the manuscript.
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magnetic field of a dipole. The position of the dipole in
each figure is at the center with its axis pointing vertically.
The orbits of particles of the values of vy designated are
excluded from the regions traced out by revolving the
darkened areas about the vertical axis. Values of v are,
from top to bottom, left-hand side, —1.016, —0.97 and
—0.5; right-hand side, —0.05, 0.03 and 0.2. (Stoermer,
references 163—165.)



