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A Study of Time Variations in the Cosmic-Ray Directional Intensity Distribution
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Evidence of time variations in the cosmic-ray directional intensity distribution has been
obtained, by a statistical analysis of directional intensity measurements carried out at St. Louis
in 1943. The variations, occurring within periods of twelve to twenty-eight hours, seem most
pronounced near zenith angles of &20' and ~70' in the east-west plane, and are not found in
the north —south plane. These observations would appear to be explained by the eBect of
terrestrial magnetic fluctuations in modifying the allowed cones of certain primary cosmic-ray
particles, these particles having energies grouped near 0.2 Stormer and 0.6 Stormer. If this
hypothesis is correct, the east —west positional symmetry of these variations constitutes new evi-
dence, supporting previous evidence of Schremp, that positive and negative particles with the
same e/m exist in the primary cosmic radiation. Earlier results of Ribner, Cooper, and Schremp,
on the static fine structure pattern of cosmic-ray directional intensity, are also supported by the
present data. The time variations in the intensity distribution reported here are variations in
the fine structure pattern, but appear to be independent of the static prominences previously
reported. The method for rapid exploration of the cosmic-ray directional intensity distribution
is described. The multidirectional cosmic-ray telescope used is discussed in some detail.

I. INTRODUCTION

'
&~ROM theoretical considerations, based on

the theory of the allowed cone' and the
theory of atmospheric absorption of cosmic rays,
Schremp predicted" that a fine structure pattern
should exist in the cosmic-ray directional in-

tensity distribution, and indicated4 how a study
of this pattern should provide information con-
cerning the nature, energy spectra, and absorptive
properties of the primary cosmic rays. The actual
existence of the fine structure has been established

by experiments of Ribner' and Cooper' in

Missouri, and of Schrerrip and Banos in Mexico
City.

In Missouri the fine structure pattern was ob-
served to have a circular symmetry about the
zenith. This was interpreted as indicating the
existence of lines or bands in the primary energy

* From a dissertation submitted in partial fulfillment of
the requirements for the Ph. D. degree at Washington
University.

t Now at the Radiation Laboratory, Massachusetts
Institute of Technology, Cambridge, Massachusetts.' M. S.Vallarta, J.Frank. Inst. 22'7, 1 (1939) (summary);
E. J. Schremp, Phys. Rev. 54, 157 (1938); R. Albagli
Hutner, Phys. 'Rev. 55, 15 and 614 (1939).' E. J. Schremp, Phys. Rev. 53, 915A (1938).

'E. J. Schremp, Phys. Rev. 54, 157 (1939).
4 E. J. Schremp and H. S. Ribner, Rev. Mod. Phys. 11,

149 (1939).' H. S. Ribner, Phys. Rev. 56, 1069 (1939).' D. M. Cooper, Phys. Rev. 58, 288 (1940).
'E. J. Schremp and Alfredo Banos, Jr. , Phys. Rev. 59,

614 (1941).

spectra, for particles too energetic to be. ob-
servably inHuenced by the earth's magnetic field. '
At Mexico City one circular ring of prominences
was observed, corroborating the results obtained
in Missouri. Other prominences in the Mexico
City pattern failed to exhibit this circular sym-
metry, but were nearly mirror images of one
another in the N —S plane. The latter provided
evidence that the primary radiation contains posi-
tive and negative particles with the same e/m. '

Although these experiments dealt with the
static characteristics of the fine structure pattern,
the existence of time variations in the pattern
was suspected. " In spite of the realization that
new information might be revealed by-the study
of these time variations, "the matter could not be
pursued at that time because of limitations in,
apparatus. The first attempt to explore such
cosmic-ray fine structure time variations, with
new apparatus, is discussed in this paper.

II. APPARATUS

A directional detecting system with a high
counting rate combined with high angular resolu-
tion is needed. The cosmic-ray telescope used in
this experiment was designed to measure radia-

See reference 4, p. 150.
Cf. reference 7."Cf. references 4—6."Cf. references 4-6.
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tion from eighteen directions simultaneously,
using fairly large Geiger counters and large
spacings between counters. The cross section for
each of the directional systems is about 2.5
square feet. The dimensions are so adjusted that
the geometrical angular aperture for any direc-

FIG. 1. Multidirectional cosmic-ray telescope. At the
time this picture was taken only eighteen of the seventy-
two Geiger counters were in position on the drum.

tion'is 7' 40' in the plane of the drum and 18 18'
in the plane of the counter anode wires.

The use of this equipment, which is described
in detail below, has indicated how certain im-

provements in apparatus would enable one to
secure more complete information from this type
of experiment. A summary of these suggested
improvements in apparatus is included in
Appendix I II.

1.The Geiger-Muller Counters

The type of counter used is essentially that
recommended by Trost, " consisting of a brass
cathode, a tungsten anode, and a filling of argon
plus organic vapor. A departure from conven-
tional counter construction lies in the elimination
of the usual glass envelope. The filling gas in-
cludes a mixture of alcohol and petroleum ether
which minimizes temperature eA'ects in the
counting rate.

'2 Adolf Trost, Zeits. f. Physik 105, 399 (1937).

Further details of the Geiger counters are given
in Appendix I.

2. Mechanical Arrangement of Telescope

The multidirectional cosmic-ray telescope is
shown in Fig. 1.The Geiger-Muller counters are
mounted on the outer periphery of a drum six
feet in diameter. One Neher-Pickering quenching
circuit is provided for each set of counters; these
circuits are mounted on a side panel which circles
the drum on one side just below the counters.
Shielded cables, encircling the drum in a layer
beneath the counters, distribute pulses from the
quenching circuits to the mixing circuits, which
are below the cables. The high voltage power
supplies are in a cabinet built into the base; the
eighteen message registers which record the im-

pulses for the eighteen directions are also in this
cabinet. Slip rings and brushes link the circuits
on the drum and in the cabinet. In the cabinet all
the meters are on one panel; a movie camera is
set up to photograph this panel automatically.

Changing the azimuth in which the plane of
the drum lies can only be accomplished by
moving the whole structure of the telescope. The
zenith angle, however, can be changed auto-
matically. The drive for this is provided by a
S-hp, 1725-r.p.m. G.E. motor, with a 900:1
Boston "Reductor" and a 60:1 worm and gear.
The automatic control circuit, for the drum and
the camera, is in the cabinet with the power
supplies.

3. Electric Circuits

c. Automatic Control Circuit

This circuit carries out these functions: It
automatically starts the motor at periodic time
intervals of twenty minutes, thirty minutes or
one hour, and automatically stops the motor
when the drum has rotated through a prede-
termined angular interval of one, three, or six
degrees; it operates a message register which
indicates the new position of the drum after the
rotation, and automatically operates a camera to
photograph the readings of the recording instru-
rnents at the end of the rotation of the drum.
Provision is made for leaving the drum stationary
and automatically photographing the instrument
panel at intervals, of twenty minutes, thirty
minutes, or one hour.
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Fra. 2. Control circuit providing for automatic rotation of drum and photographing of meters in the multidirectional
cosmic-ray telescope.

The essential features of this circuit, and the
design of the special switch which makes this
operation possible, have been described else-
where;" a simplified circuit is given in this refer-
ence. Additional explanatory notes for the com-
plete control circuit, which appears in Fig. 2, are
given in Appendix IV.

b Neher P.ickering Quenchin-g Circuit

This is a conventional circuit; its operation is
described elsewhere. '4 The constants are given in

Fig. 3.

c. Mixing and Recording Circuit

multivibrator circuit. " Its function is to accept
pulses from five co-directional trains of counters
(i.e. , from the quenching circuits associated with
these trains) and cause a message register to
record a count whenever any one of these trains
experiences a coincidence of cosmic-ray impulses
in its members. The operation, briefly, is as
follows: The 6C6 mixer tubes are normally con-
ducting; whenever two negative pulses from
counters on opposite sides of the drum come to
the grids of any pair of the 6C6's, say A and 8,
the voltage across R&' rises sharply and fires neon
lamp Ne'. This causes the drop across R2 to

This circuit, shown in Fig. 4, is a combination
of the Rossi coincidence circuit" and the Johnson
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FrG. 3. Neher-Pickering quenching circuit.
"M. L. Yeater, Rev. Sci. Inst. 14, 146 (1943).
~4A. L. Hughes, Am. Phys. T. 7, 271 (1939).
'5 B. Rossi, Nature 125, 636 (1930).

FIG. 4. Mixing and recording circuit for one direction;
R~=R~' 50,000 ohms, R2=1 megohm, R3 ——0.1 megohm;
Ne, $-watt neon lamps.

' T. H. Johnson, Rev. Sci. Inst. 9, 221 (1938).
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change so that the 89, a power tube, conducts.
The duration. of the conducting state in the 89 is
increased by the feedback through C so that the
message register coil 3M in the plate circuit of
the 89 can operate a mechanical numbering
device.

Eighteen such circuits are used, one for each
direction for which cosmic-ray intensities are
measured. These are mounted on separate panels
which encircle the drum; they are visible in
Fig. i, and have been identified in the description
already given for the mechanical arrangement, of
the cosmic-ray telescope. The pulses received by
these circuits from the quenching circuits must be
sorted by a systeIQ of feeder cables, so that each
mixer tube receives pulses only from the proper
quenching cllcUlt. This cable system 18 c1escribed
ln Appendix II.

d. Power Supp/~es

The regulated power supply for the plates of
the 6C6 tubes in the coincidence circuits follows
the circuit of Fig. 5.The screens of these tubes are .

provided with a similar supply which is also used
for the negative voltage for the bias of the 89
power tube. The third supply, which operates the
Inessage registers through the power tube in the
recording circuit, also uses the same circuit; two
2A3'8 are used in parallel, however, and heavier
transformer and choke are used, because of the
1Rl ger current, .

Thc clI'cult Shown ln Flg. 6 plovldcs thc high
voltage for the Geiger-Muller counters. In the
type of experimcn t here lnvol vcd, whcl c thc
apparatus must run continuously for weeks or
months, the 6rst requirement for the high voltage
supply is that it exhibit no drift in output voltage.
It was found desirablc to tRkc these plecRUtloQs:

(1) In order to avoid possible changes in the
grid voltage for the 6J'/, in the regulator circuit,
the usual potentiometer was not used lest a
defective contact arise at a, Fig. 6, where a
changing potential ls normally the means of con-
trolling the output voltage.

(2) Batteries were used in the cathode circuit
of the 6J7, in the regulator; neon lamps were First

tried but were not reliable.
(3) The vacuum tubes are all mounted in the

Upl lght posltlon. The voltRge becomes noticeably
crrRtlc lf this- i$ Qot done.

%hen these precautions were taken the drift
amounted to 1.5 percent at most; some of this
may have been meter drift. No ripple greater
than one volt could be detected in the output by
the oscillograph.

As an additonal precaution, the input to all
power supplies came from heavy duty Sola con-
stant voltage transformers.

4. Light and Temperature Sensitivity

A serious difhculty arose from the cfkct of
light on the sensitivity of the system. A periodic
daily change in counting rate was observed. This
CR'cct was traced to the neon lamps in the
multivibrator recording circuits. Coating them
with Glyptal lowered the counting rate of the
system by a factor of ten or more, but without
changing the ratio of vertical to horizontal count-
ing rate for one train (one directional pair of
counting units). The recording circuits were very

T'T'

I'

$R5
~E TCz ~

4bS GU bud 4~&ma.

FIG. 5. Typical circuit for power supplies used for mixing
and recording circuit.

By=104 ohms 2 watts„
82=25,000 ohms, —2 watts.
R3 = 15,000 ohms, wire wound potentiometer.
84=5000 Ohms, 1 watt.
E.=50,000 ohms, 1 watt.

R6= 250,000 ohms, 1 watt.
CI =0.002 f, tubular.
Cg= 0.01 f, tubular.
C3= C4 16 f, electrolytic.
Ch =Thordarson choke, T-74C29.
T=Thordarson, T-13R08.

I'For power tube plate power supply: Ch- T-74C29,
T-13R09).

ineScient with neon lamps in darkness (normally
they always received a little light at night from
the hght used in conjunction with the camera).

This difficulty was met by the direct method of
putting extra lamps in thc tent which housed
the telescope, to provide continuous diffused
illumination.

Ambient temperature changes for the cosmic-
ray telescope were pronounced, as it was housed
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FIG. 6. High voltage power supply with regulator.

in a tent on the open roof of the Physics Building
at Washington University. Temperature readings
were recorded several times each day. No corre-
lation between temperature and counting rate
was discovered for temperatures above 20'F. Any
temperature CR'ects should RAect all directions
uniformly, and corrections were applied to the
data to take account of possible aberrations of
this type.

IG. PROCEDURE

Thc system wRS opcIRtcd continUously, cxecpt
when the temperature was below 20'F. Every
two to eight hours the drum was rotated by hand
through two or two-and-onc-half degrees; rota-
tions mere continuous' in the same direction. The
meter panel was photographed automatically
every half-hour. Since the directional counting
arrays are separated in angle by ten degrees„
either five two-degree'rotations or four two-and-
one-half degree rotations provided data covering
the complete 180-degree range in zenith angle.
This complete coverage was accomplished in

periods of from twelve to twenty-eight hours.
The advantages of this manual rotation of the

telescope drum over automatic rotation are
several, and a summary of these will serve to
bring out more information concerning the experi-
mental method used in this work: (1) The func-

tioning of the telescope can be checked at the
time of rotation of the drum, which is when

unfortunate minor accidents are most likely to
occur. (2) The routine calculations, exclusive of
ending probable errors, are reduced by lengthen-

ing thc time intervals during which the drum
remains in one pqsition; with automatic rotation
this would have been one hour at most. (3) The
total time interval for each zenith direction is
broken up into subintervals by the automatic
photographs, so that one can check the probable
error of any point. (4) The number of counts per

point on a complete intensity curve is statistically
morc sign16cant thRn would bc thc CRsc if thc
drum werc Rt one position for only onc hoU1" oI

less. All of these advantages except (1) could. be
achieved with completely automatic operation of
this apparatus if the control circuit were modi6ed
to permit the use of other angular intervals and
other time intervals.

Khether operated manually or automatically,
the present type of apparatus allows the angular
interval between successive positions of the drum
to be so chosen that each directional array is
made to explore one "section"" of the zenith
angle range. These sections can be joined to form
one continuous curve, as described below.

Readings of temperature Rnd .atmospheric
pressure were recorded several times daily while
cosmic-ray obscIvatlons wcI'c carried oUt.

The data were taken from the photographic
record as soon as possible and later reduced as
described below.

A few improvements in procedure which this
work showed to be desirable are suggested in

Appendix III.

IV. TREATMENT OF EXPERIMENTAL DATA

I. Corrections

It was eonsldci cd RdvlsRblc to mRke certain
corrections. Since the western end of each section
in the east —west curves, for example, begins at
the same time, a changing counting rate caused.

by spurious effects common to the whole instru-
ment (such as voltage changes or ambient
temperature changes) could lead to spurious
anomalies common to all sections. A good meas-
ure of the drift in counting rate is afforded by the
total counting rate for all eighteen trains. In the

» The word "section" will henceforth, in this paper, be
used in this sense, denoting a small portion of the zenith
angle range.



T I M E VARIATION S I N THE COSM IC —RAY INTENSITY

absence of spurious eR'ects this total counting
rate should be nearly the same for every position
traversed by the drum within a ten-degree sec-
tion. The method of making the corrections,
then, involves multiplying each recorded number
of counts by such a factor that the total corrected
number of counts for each position of the drum is
the same and equal to the average total value
calculated from the observed totals. The niulti-

plying factors are just the ratios of the various
observed total counting rates, one for each posi-
tion of the drum, to their average value for the
given ten degree section. The same factor applies
to every one of the eighteen intensities recorded
for each position of the drum.

These results of this method of applying cor-
rections are to be noted: (1) Any common
bending of the ten-degree sections, which might
lead to spurious anomalies, will be straightened
in this process. (2) 'Any directional effects of
atmospheric or magnetic disturbances will show

up only in. the directions actually involved. For
the anomalous change in one direction will be a
small fraction of the total intensity in that direc-
tion, which in turn will certainly not be a large
fraction of the total intensity for eighteen direc-
tions. (3) These corrections do not eliminate
errors in relative intensity between any two
sections, caused by diR'erent counting rates for
diferent directional arrays. Although the sections
can be adjusted to form one continuous curve, as
described below, errors can accumulate in this
curve in the process of bringing the separate ten-
degree sections into coincidence at their terminal
points. For a statistical error, say, in one terminal
point may be introduced proportionally into
every point of the adjacent section. This means
that diferent sections, either before or after being
merged into one continuous curve, can be com-
pared with respect to shape but not with respect
to intensity; and in particular, that east —west
asymmetries cannot be determined from the
present data.

2. Adjustment of Sections to Form
Comylete Curves

The system was rotated through four 2.5'
intervals or five 2' intervals to secure data for one
curve. Since the individual arrays are separated

in angle by ten degrees, sections thus found have
common end points. The adjustment of the
sections to form a continuous curve involves
multiplying each point of a section by that factor
which makes one of its terminal points coincide
with the terminal point of one adjacent section.
The other adjacent section is then similarly
matched to this section.

3. Probable Errors

Since automatic recording of meter readings
occurred every half-hour, each time interval for
one angle is effectively broken into subintervals.
From these data one could compute the probable
error of every point by usual methods. "Since an
examination of the data indicated no excessive
fluctuations, the labor of such calculations has
been omitted. An estimate of the probable error
of any point is given by n&, where n is the number
of counts. 'The statistical treatment described
below, moreover, relieves the probable errors of
final responsibility for the validity of the results.

4. Statistical Analysis

In order to find time variations in the direc-
tion'al intensity pattern, the daily curves are
compared with the time-average of all such curves
for the same azimuth. Pearson's criterion for
goodness of fit" is used. Each ten-degree section
of an individual curve is compared with the
corresponding section of the time-average curve
after the latter has been fitted as follows: Let ng

be the number of counts per point, at the zenith
angle 8, of the time-average curve. Let rg be the
number of counts per point, at angle 8, of the
individual curve. Then

8;+10'

2 re=ad~'
+10o

g ng
Hs

(8;=0', 10', 20', or 2', l2', 22', etc.)

gives the points for the time average section
fitted to the individual section. The deviation bg

~' Cf. Gunnar Dahlberg, Statistical Methods for Medical
and Biological Students (George Allen and Unwin, London,
1940), Chap. VIII; T. C. Fry, Probability and Its Engineer-
ing Uses (McGraw-Hill Book Company, Inc., New York,
1928).

'9 Discussed by Fry, reference 18, p. 285.
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Note that
Sg = tEg —fg.

gi+10O go+10'

g ng'= p re
g; gi

gs+10'
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for any point of the individual curve is then table is the probability that another run of the
experiment would by chance yield a curve
deviating from the standard of comparison as
much or more than the curve at hand. In the
present data each ten-degree section of a curve
contains either five or six points; one therefore
enters Pearson's table with n"' equal to four or
five, respectively, since a relationship between
the points is implied by the method of fitting the
time-average curve to the individual curve.
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FIG. 7. Time average cosmic-ray directional intensity
I(8) as a function of zenith angle 8 for the E-W azimuth
(upper curve) and N —S azimuth (lower curve). For the
E-W curve each vertical scale division represents 2000
counts; for the N —S curve each division represents 1000
counts. The maximum intensity for each curve is shown.
The time interval covered by the E—W curve extends from
9:10P.M. , March 25, 1943 to 8:10P.M. , April 12, 1943; the
time interval for the N —S curve is from 3:35 P.M. , April 15,
1943 to 1:06 P.M. , April 20, 1943. The average probable
error is about 0.4 percent of the maximum intensity for the
E-W curve and 0.7 percent of the maximum intensity for
the N-S curve.

With the quantity
g;+10 g 2

x'= E —,,
g, ng'

one enters Pearson's table for goodness of fit
criteria. 20 The probability number P given by the
"Karl Pearson, Tables for Statisticians and Biometricians

(Cambridge University Press, London, 1930), third edi-
tion, Part I, p. 26.
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FIG. 8. Individual short-time directional intensity curves
for the north —south azimuth. Each vertical scale unit
represents 250 counts. The maximum intensity is shown for
each curve. The average probable error is about 2 percent
of the maximum intensity. The time intervals are as follows
(all dates for 1943): I. 4—15, 3:35 P.M. to 4—16, 6:06 A.M.
II. 4—16, 9:06 A.M. to 4—16, 7:06 P.M, III. 4—16, 11:36I.M.
to 4—17, 3:06 P.M. IV. 4—17, 3:36 r.M. to 4—18, 1:36A.M.
V. 4—18, 3:36A.M. to 4—18, 7:36 P.M. VI. 4-18, 8:36P.M. to
4—1.9, 8:36 A.M. VII. 4—19, 4:36 P.M. to 4:20, 2:36 A.M.
VIII. 4—20, 3:06 A.M. to 4-20, 1:06P.M.

V. RESULTS AND DISCUSSION

1. The Time-Average Directional
Intensity Curves

For the east —west and north —south azimuths
the cosmic-ray intensity I(0) is plotted as a
function of zenith angle 0 in Figs. 7—9. The two
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FIGs. 9A-C. Individual directional intensity curves for
the east-vilest azimuth. Each vertical scale unit represents
500 counts for curves I—IV and XIII-XVI, and 250 counts
for curves V-XII.The maximum intensity for each curve is
shorn. The average probab1e error is about 1 percent of the
maximum intensity for curves I-IV and XIII—XVI, and
about 2 percent of the maximum intensity for curves
V-XII. The time intervals are as follows (a11 dates for
1943): I. 3-25, 9:10p.M. to 3-27, 1:10A.M. II. 3-27, 2:40
x.M. to 3—28 6:40 a.M. III. 3—29 4:40 p.M. to 3-30, 7:10
p.M. IV. 3-30, 7:10p.M. to 3-31, 9:10p.M. Each of curves
V, VII, IX, and XI covers 12 hours starting at 7 p.M. on
3—31, 4—1, 4-2, 4-3, respectively. Curves VI, VIII, X, and
XII are for 12-hour periods starting at 7 @.M. on 4-1, 4—2,
4—3, 4-4, respectively. XIII. 4—7, 3:10 A.M. to 4—8, 8:10
x.M. XIV. 4—8, 11:40x.M. to 4-10, 12:10&.M. XV. 4-10,
9:40 A.M. to 4—11, 12:10r.M. XVI. 4—11, 5:10P.M. to 4—12,
8:10P.M.

FIG. 98.

curves of Fig. 7 are summation, or time-average,
curves representing all of the data recorded for
the E—W and N —S azimuths, respectively; they
are obtained by the superposition of the short-
time curves of Figs. 8 and 9, which will be dis-
cussed in succeeding sections.

These time-average curves are similar in scope
to the measurements made previously by Ribner"

and Cooper" in Missouri, although more cosmic-
ray counts are recorded here than in the earlier
work. This permits a comparison of the present
results with those previously reported.

In the present time-average curves prominences
can be recognized near E 5', E 10', E 20', W 5',
K 1.0', W 20', S 5', S 3.0', S 20', and N 5'. At
N 20', where others have reported an anomaly, a
prominence is just perceptible. Prorninences at
40' in the north, south, east, and west are not
strong but are sufficiently evident to bear out the
earlier reports that anomalies do exist at these
angles. In addition to the 40' anomaly, 'the data
of Ribner and Cooper reveal prominences near 7'
and 20' in the E and % azimuths (Ribner and
Cooper) and in the N, S, NE, NW, SE, and SW
azimuths (Cooper). The prominences in the

"See reference 5."See reference 6.
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present curves near 5' and 10' are probably the
same as appeared to be one near 7' from the more
widely spaced points of the earlier work. The
prominences at 20' in the N, S, E, and W appear
to be the same for both the present and past data.

The .present time-average curves, therefore,
tend to confirm rather completely the existence
and circular symmetry of the anomalies previ-
ously reported; they support the interpretation
suggested at that time for this circular symmetry,
namely, that lines or bands exist in the primary
energy spectrum. "
2. The Daily Cuxves and Their Time Vaxiations

Each of the twenty-four curves of Figs. 8 and 9
spans a period of from twelve to twenty-eight
hours, and covers the full 180' of one azimuth at
2' or 2.5' intervals. An attempt was made to
determine the existence and character of time
variations in the directional cosmic-ray intensity
merely from an inspection of these daily curves.
This rather obvious step was found inadequate to
provide any consistent interpretation of the data;
selected combinations of these curves were
similarly uninformative.

A better approach to the study of these curves
is a section by section comparison of corre-
sponding ten-degree angular intervals of the
different curves4 this is best accomplished by a
statistical analysis. The method adopted has

"Cf. references 4, 6, and 7.
'4For this purpose the original corrected data for the

individual ten-degree sections are used, rather than the
adjusted values which form the continuous curves of
Figs. 8 and 9,

already been described in Section IV, 4, and the
results of this analysis will now be discussed.

For the east —west azimuth, Table I gives the
probability values P describing the goodness of
fit of each ten-degree section of the individual
directional intensity curves with the time-average
curve; Table II lists the corresponding values for
the north —south azimuth. There are many entries
for P&0.1 and, in the E—W azimuth, even for
P &0.01.In determining whether these low values
actually indicate significant time variations, three
interrelated questions are to be dealt with: (1) A
few low P values are to be expected just by
chance; is the number of these values here so
high as to imply the existence of real time
variations? (2) What limiting value of P shall be
considered useful for distinguishing abnormal
sections of the individual curves, and hence for
indicating the angular distribution of any moving
prominences? (3) Does the angular distribution
of the low P values indicate the absence of.
random instrumental errors&

The curves of Figs. 10 to 16 are helpful for a
consideration of these questions, which will be
taken up in order.

(1) In each case of Figs. 10 to 13, for the E—W
azimuth, the horizontal "chance line" is ap-
preciably below the actual distribution. This line
becomes relatively lower, furthermore, as the
limiting values of P are decreased from 0.2 to
0.01; the average ratios of chance expectation to
actual number of sections are 0.6 for P &0.2, 0.4
for P&0.1, 0.3 for P&0.05 and 0.17 for P&0.01.
The existence of significant time variations in the

TABLE I. Probability values P describing the goodness of fit of the individual east —west curves with their time average.

Curve
Angular
section

I I I IV VI VI I vrrr IX X XI XII XIII XIV XV XVI

W 90-80
80-70
70-60
60-50
50-40
40-30
30-20
20-10
10—0

E 0—10
10-20
20-30
30-40
40—50
50-60
60-?0
70-80
80-90

0.11
.08
.91
.54
.84
.76
.56
.58
.58
.10
.38
.00001
.28
.0014
~41
.0024
.21
.50

0.78
.56
.10
.18
.38
.42
.011
.56
.06
.60
.45
.84
,92
.62
.12
.19
.48
.72

0.50
.16
.0011
.22
.28
.32
.21
.08
.74
.06
.74
.16
.54
.035
.62
.08
.84
.95

0.70
.13
.66
.27
.80
.32
.30
.018
.66
:15
.56
.04
.20
.10
.05
.88
.68
.49

0.44.16
.49
.35
.93.36
.94
.24
.00005

.30
,34
.15
~ 72
.78
.52
.044
.32

0.87
.48
.08
.06
.65.13
.65
,75
.30
.57

.10

.40

.09

.17

.12

.0012

.75

0.50
.50
,62
.0012
.35
.14
.30
.00008
.80
.003

.05

.28

.40

.60

.32

.40

.50

0.83
.28
,04
.97
.40
~54

.25

.58

.10
~08

.047
,14
.42
.0025
.05
.20

0.22
.36
.018
.50
.04
.62
.25
.03
.04
.68
.00004

.18

.49
,67
.53
.59
.19

0.90
.57
.019.70
.13
.46
.82
.30
.10
.86
93
.035

.15

.047

.49

.96

.90

0.70 0.53.80 .35
.70 .04
.11 .46
.36 .85
.35 .74
.88 .23
.40 .30
.64
.55 .96
.83 .013
.75 .12
.12 .00004
.36
.55 .07
.85 .16
.73 .64
.08 .3?

0.88
.10
.68
.52
.85
.64
.86
.10
.48
.20
.08
.26
.018
.025

.74

.024

.035

0.30 0.92
,90 .46
.45 .05
.02 .54
.?0 .025
.45 .64
.38 .0004
.29,001
.66 .30
.98 .25
.04 .82
.21 .04
~80 .10
.97 .06
.18 .76
~07 .10
~30 .0003
.33 .44

0.86
.02
.05

..08
.33
.52
.50
.50
.93
.52
.36
.33
.56
.88
.06
.05
,0002
.08

~ The missing entries for this table represent data thrown out because of instrumental errors.
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FIG. 10.Number of 10 sections of individual E-W directional intensity curves for which P~0.2,
as a function of zenith angle. The broken horizontal "chance line" shows the most probable number
expected by chance for any 10' interval.
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FIG. 11.Number of 10 sections of individual E—W directional intensity curves for which P~0.1,
as a function of zenith angle. The broken line shows the most probable number expected by chance
for any 10' interval.

east —west directional intensity pattern therefore instrumental errors can be shown to be absent.
seems to be indicated, provided only that random The results for the north —south azimuth are
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FIG. 12. Number of 10 sections of individual E—W directional intensity curves for which 7~0.05,
as a function of zenith angle. The broken line shows the most probable number expected by chance
for any 10' interval.
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FK'. 13.Number of 10 sections of individual E—W directional intensity curves for which 8~0.01,
as a function of zenith angle. The broken line shows the most probable number expected by chance
for any 10' interval.

diAerent. For P&0.2 and P&0.1 the number of
sections is in no case appreciably greater than
could be expected by chance (cf. Figs. 15 and 16).
Only two sections exhibit a value less than 0.05,
although seven would be the normal chance
expectation; none has P&0.01. This situation
will be discussed further after questions (2) and

(3) have been taken up. For the moment we
merely point out this difference between the data
for the N —S and E—W azimuths, a difference
which implies that time variations of a type which
can be revealed by Pearson's test exist in the
E—W azimuth but not in the N—S azimuth.

(2) It is reasonable to use the plot of P(0.05

as a guide in locating the angular distribution of
time-varying sections of the pattern. This choice
can be justified to some extent by the ratio of the
number of sections expected by chance to have
P &0.05, to the number actually observed, for the
E—W azimuth (cf. Fig. 12). The average value of
this ratio is 0.3 and even lower values exist for
several angles, the minimum being 0.11. The
corresponding ratio (average value equals 0.17)
for P&0.01 of course does not preclude 0.01 as
an upper limit of P, but the observed number of
sections for this case is too small to be useful.

(3) The angular distribution for P&0.05 in

the E—W azimuth suggests that instrumental
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errors are relatively insigni6cant. For low P
numbers CRUsed by lnstI Umental RberrRt1ons may
be expected to show a rather uniform angular
distribution. This is not the case in the present
data, as shown by Fig. 12. Of particular im-
portance are the 80'—90' sections, where the
"accidental" counting rate of the telescope should
contribute the greatest relative intensity. Of
thirty-two sections for this range, only one ex-
hibits a P &0.05; none a P(0.01. That instru-
mental errors are unimportant is further. indicated
by the absence in the north —south data of many
low 2' numbers.

We return now to the discussion of the diAer-
ences betw'een the N —S and E—W observations.
'It is important to know if this difference is a real
cosmic-ray effect or if it can be accounted for by
limitations in the experimental or anRlytical

pI ocedure. These poss1b1l1tles must be coIl"

"A re-examination of the data by another statistical
method is desirable, but up to the date of this writing there

sidered: (l) That the total time interval covered
by the N—S data did not include magnetic or
barometric changes like those which occurred
while the E—%observations were made. (2) That,
in view of the smaller number of curves for the
N—8 azimuth, there should be electively a
fractional increase in the number of constraints'~
pertaining to these data in the application of
Pearson's test; for an implicit relationship be-
tween the reference (normalized time-average)
curve and any individual short-time curve exists,
since the reference curve is an average of all of the
individual curves. (3) That a real difference in

has been no time for this. In a forthcoming paper by
Schremp and Yeater, however, reference will be made to
the results of this second analysis, which will have been
carried out by then.

'6The number of constraints for a section in either
azimuth has been taken as one; this constraint enters be-
cause the total number of counts in the reference section is
made equal to the total number in the section being tested
for a time variation. "Constraint, " in the sense implied
here, is dehned in Fry, reference 18.
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2Q 27 28 29 30 3 I I 2 3 + 5 @ 7 5 9 Io I l t 2

HARCH

FIg. 14. Time distribution of the 10 sections, of individual E—W curves, for which /~0. 01.The
time of day indicated for each date is.noon.
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FIG. 15. Number of 10 sections of individual N-S directional intensity curves for which Pm0. 2,
as a function of zenith angle. The broken horizontal "chance line" shows the most probable', number
expected by chance for any 10' interval.
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the nature of the time variations in the cosmic-
ray directional intensity distribution exists be-
tween the N —S and E—W azimuths. All of these
possibilities will now be examined.

(1) The complete time interval for the eight
N —S curves includes five days as against eighteen
days, March 25 to April 12, 1943, for the sixteen
E—W curves. During these five days, from April
15 to April 20, 1943, the international magnetic
character numbers (cf. Fig. 17) show no ex-
ceptional uniformity; no general difference be-
tween the magnetic fluctuations associated with
the N —S and E—W cosmic-ray data is revealed.
There is the particular diAerence, however, that
no magnetic disturbances severe enough to be
classed as storms occurred between April 15 and
April 20; while three brief storms between March

23 and April 12 were reported by some of the
stations making magnetic observations. "As to
the atmospheric pressure, the barometer readings
at St. Louis for the period April 15 to April 20
show a somewhat more stable condition than
existed at several times during the preceding
month (cf. Fig. 17). A change of pressure
amounting to 0.6 cm Hg did occur, however,
while the N —S cosmic-ray data were taken; the
changes were not more than 1.0 cm throughout
most of the time for the E—W data.

The possibility exists, therefore, that the N —S
results may be caused by the somewhat more
quiescent conditions of the magnetic field and/or
atmospheric pressure; but the evidence favoring
this possibility is not entirely convincing. For the.

~7 Terr. Mag. 48, 117, 188 (1943).
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FIG. 16. Number of 10' sections of individual N-S directional intensity curves for which P~0.1,
as a function of zenith angle. The broken line shows the most probable number expected by chance
for any 10 interval.
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FH". 17. Var ation of atmospheric pressure at St. Louis and of international magnetic character
number, for the time covered by the present cosmic-ray data. The time of day indicated for each
date is noon. The scale of ordinates for each curve is given at the left,
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difference between the N —S and E—W cases, with
regard to magnetic and barometric conditions, is
not great.

(2) Even if we take the somewhat extreme
steps of increasing the number of constraints for
the N —S case only, and letting this increase equal
one, the difference between the X—S and E—W
results is not removed. In this case an entry of
P &0.1 in Table I I becomes P &0.05; Fig. 16 then
becomes a graph of P&0.05, with the height of
the "chance line" reduced from 0.8 to 0.4. For
this assumed condition the average ratio of
chance expectation to observed value for the
number of sections with P &0.05 is 0.72, and also
for P &0.01 it is 0.72, with no entries for P&&0.01;
these are to be compared to values of 0.3 and
0.17, respectively, for the corresponding ratios in
the E—W case, where in addition P values lower
than 0.0001 are found (Table I).

From this. it appears that the difference in the
present results for the N —S and E—W azimuths
has its origin in some physical circumstance.

(3) This possibility, that the character of the
time variations in the cosmic-ray directional in-

tensity patterns is a function of azimuth, is not
ruled out by the preceding considerations (1) and

(2). That time variations in the N —S pattern may
be absent is consistent, furthermore, with certain
interpretations of the E—W data, as discussed in
the next section. This third possibility, in the
light of. all the evidence, appears by far the
strongest.

3. Imp1ications of the Time Variitions

One of the purposes of this experiment was to
determine whether rapid time variations exist for
the anomalies observed in the static cosmic-ray
directional intensity pattern. The result of the
experiment in this respect is that no signihcant
variations in these anomalies are revealed by the
present analysis. On the other hand, this analysis
does indicate time variations of an independent
character.

The immediate evidence for the independence
of the static and dynamic anomalies lies in the
fact that the circular symmetry exhibited by the
static anomalies is not exhibited by the time
variations in the pattern. The fundamental
reason for this independence, however, would

appear to be that different origins can be ascribed

to the two e8ects. The circularly symmetrical
anomalies in the time-average curves have their
origin in atmospheric effects, as previously dis-
cussed by others. "The probable origin of the
time variations will be discussed in the following

paragraphs.
In the E—W azimuth a dynamic character in

TAsl. E II. Probability values P describing the goodness
of fit of the individual north —south curves with their time
average.

Curve
Angular
section

S 90-80
80-70
70-60
60-50
50-40
40-30
30-20
20-102~

N 0-10
10-20
20-30
30-40
40-50
5~0
60-70
70-80
80-90

0.37
.64.48
.24
.91.52.25
.85.98.46
.08
.64
.64
.41
.41.56
.72
.91

II III IV

0.95 0.86 0.18 0.24
.32 .66 .14
.95 .57 .70 .77
.87 .51 .60 .66
.60 .33 .65 .89
.32 .76 .08 .68
.90 .29 .70 .2S
.52 .84 .17 .74
.65 .93 .87 .28
.09 .32 .96 .19
.20 .57 .69 .57
.18 .62 .41 .74
.26 .66 .10 .25
.86 .47 .71 .71
.29 ~17,58 .027
.21 .80 .90 .63
.62 .30 .97 .02.68 .08 .18 .69

VI - VII VIII

0.62 0.66 0.64
.50 .50 .85
.95 .92 .69
.52 .46 .84
.27 .24 .60
.58 .68 .36
.56 .22 .32
.52,49 .06
.62 .84 .95
.30 .82 .29
.74 .84 .58
.26 .56 .97
.09 .75
.95 .16 .46
.45,49 .18
.80 .71 .07
.82,33 .52.88 .92 .56

"Cf. references 4, 6, arid 7.
2' The geomagnetic vertical should be used when mag-

netic efFects are discussed, and this is about 3$' to the east
of the geographic vertical at St. Louis; the geographic
vertical, however, is used for the present data. If the
geomagnetic vertical is used, the peaks in Fig. 11 tend to
become symmetrical. The experimental alignment of the
telescope with the vertical direction w as accurate to
about 1'.

the cosmic-ray directional intensity pattern is
indicated by Fig. 12 to exist near W 65, and
E 75', and near W 15' and E 25'. As we shall see,
there is reason to believe that these peaks actu-
ally represent symmetrical dynamic regions. For
if the variations in the pattern which produce the
peaks in Fig. 12 really occur at 20' and 70', re-
spectively, then the observed asymmetry can
easily result from a slight inaccuracy in the de-
termination of the vertical direction for the
cosmic ray telescope. An error of even a degree or
two in this determination" can cause a time
variation at 20' to appear at 25' on one side and
15' on the other in Fig. 12, and similarly for
variations at 70', for a point at E 25', for ex-
ample, means only that the variation in the
pattern lies between 20' and 30'. Such an
explaining away of the small observed asymmetry
of course requires that this asymmetry be in the
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same direction for both the 20' and 70' cases;
this requirement is fulfilled.

Another feature to be noted in Fig. 12 is that
the higher peaks occur at the larger angles. The
greater tendency to change thus exhibited at the
large zenith angle of 70' is an indication that
magnetic effects, rather than atmospheric pres-
sure changes, are responsible for these time
variations. This follows because variations caused
by atmospheric pressure changes should be more
pronounced at smaller angles. "Variations caused
by magnetic changes, as brought out later, are
not restricted in this way.

Further evidence that these cosmic-ray time
variations are associated with terrestrial magnetic
changes comes from the time distribution of the
very low values of the probability index I
(Fig. 14). It happens that maxima, in this curve,
centered at March 26, April 1, and April 10, are
observed coincident with or just following the

$-$0

FIG. 18. Simple shadow cones, for positive particles, at
geomagnetic latitude north So'. Energies are in Stormers.

"This can be demonstrated as follows: Let hp be the
vertical height of the atmosphere, and h the atmospheric
thickness looking in the direction 8 from the zenith. Then
to a good approximation

h=hp sec 8 or cos H=hp/h.
Hence

(~~/~hp)a-const. = (1/h) cosec g = —(1/hp) cotan 8.

occurrence of magnetic disturbances. (Magnetic
data are plotted in Fig. 17; the disturbances
referred to are listed specifically elsewhere. )"

These magnetic changes can affect the direc-
tional pattern by distorting the allowed cones of
the primary cosmic rays. In considering the effect
of changes in these cones we perceive that the
absence of time variations in the N —S pattern can
be consistent with the hypothesis that variations
at other azimuths are caused by magnetic
Quctuations.

:For directional cosmic-ray changes of magnetic
origin must be caused by the movement of an
allowed cone boundary across the direction of
observation. Now at the magnetic latitude of St.
Louis, approximately N 48', the boundary of the
allowed cone is essentially the common boundary
of the simple shadow cone and the Stormer cone."
The character of this boundary for various
energies is shown in Fig. 18."From this we can
see how certain of these boundaries can produce
the observed dynamic regions in the E—W pat-
tern (at approximately ~20' and ~70') without
intersecting the N —S meridian. At W 20', for
example, lies a cone boundary for a positive
particle with an energy slightly greater than 0.2
Stormer. The N —S meridian is in the forbidden
region for this energy; hence a movement of this
cone can produce no changes in the N —S pattern.
The region near E 20' can be similarly described
with reference to a negative primary particle. In
dealing with the region near E 70' we can invoke
the cone for a positive particle with energy of
about 0.6 Stormer. In this case the north —south
meridian is in the region of full light, and no
variations in the N —S pattern are to be expected
from changes in this cone. The corresponding
cone for a negative particle can account in a
similar way for the dynamic character of the
pattern near W 70'.

In thus relating the observed time variations
with magnetic Huctuations, we have a reasonable

'

explanation of their symmetry in the E—W
azimuth and their absence in the N —S azimuth.
More than this, we find in the symmetry of these
variations a new kind of evidence supporting a
conclusion previously advanced by Schremp, "to
"See reference 27.
"Cf. E. J. Schremp, Phys. Rev. 54, 169 (1938).
"Reference 32, Fig. 5.
"Cf. reference 7.
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the effect that positive and negative particles
with the same e/999 exist among the primary
cosmic rays.
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APPENDIX I

Geiger Counter Construction

The cathode is shown in Fig. 19; this is entirely of brass.
The end fittings marked f are used in the vacuum seal. The
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method of securing this seal is shown in detail in Fig. 19B;
R is a gum rubber washer which is compressed against the
inner surface off and around the glass lead-in g to form the
seal; the nut N bears on the metal washer TV which crushes
the rubber. The cathode is formed by hard-soldering the
threaded fitting f to the disk d, then soft-soldering d to the
light brass cylinder t.". The glass lead-in is shown enlarged
in Fig. 19C. The complete anode assembly is shown in

Fig. 19D.
The anode is prepared as follows: A length of 0.010"

tungsten wire is cut off and a loop formed at each end by
twisting under a tension of about two kilograms; the wire
is then rubbed vigorously with fine sand paper. It was not
found necessary to flash the anodes in vacuum.

The cathodes are cleaned in an acid solution consisting of,
about three parts HNO~ (sp. gr. 1.403), one part H2SO4

(sp. gr. 1.84) and twenty parts water. After being washed
several times in tap water and in distilled water the

l5"—

9.9"

600--

0 ANODE VOLTS= 2000
II = l 640

C

ANODE

99M il GM

l-
K
O
CP

500;) v

400--
500--
200--
100--

gg Q v pL ap0
rr n

I

8MM PYREX 8 MM NONEX
CAPILI ARY

l~.& CM TueiN6

PYREX

~BMM

I I I I I I
I I I I I

5 10 15 2025 30 55 4045

C 6 NT I GRADE TEMP.

Fro. 20. A, Geiger counter characteristic curve; 8, counting
rate of Geiger counter at different temperatures.
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F&G. 19. Structure of the Geiger counters. A, cathode;
B, vacuum seal; C, glass lead-ins; D, anode assembly.

cathodes are permitted to stand in air a few days to form
a thin oxide layer on the brass.

The filling gas mixture consists of 8 mm alcohol, 4 mm

petroleum ether, and 7.8 cm argon. A typical characteristic
curve is shown in Fig. 20A. The effect of temperature on the
counting rate of an early test counter is shown in Fig. 20B.
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TIME VARIATIONS I N THE COSMIC —RAY INTENSITY
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FIG. 22. COIQpletc pulse CRblc conncctlons fol thc multldlI'cctlonal coslrllc-IRy telescope.
The Geiger units are numbered 1 to 36 around the inner circle. The cables are shown as
concentric semicircles. Every group of dots represents one panel of mixing tubes. Each group
is assigned the number of one of the Geiger units of the center train for that direction; for'

example, group 1 represents the mixing-recording circuit for the complete directional array
of counters which includes the following units in double-coincidence trains: 3 and l7, Z and
18, 2' Rnd 1P, 36 and Zo, 35 Rnd Zl.

twenty minutes, thirty minutes, or one hour, and of the way
ln which the motor is stopped after it has experienced a
plcdcter'IQincd number of revolutions. This nuIQbeI, and
hence thc angle thI'ough which thc drum 18 rotRtcd, ls
chosen by selector switch Sm2. At the position 2 of Smm„

relay 2 will operate, and hence the motor will stop, every
time either pair of contacts e or d of Sms is shorted by the
rolling contact* which is driven by M through reducing
gears» I his gcRf I'Rtlo ls so Rd]usted thRt for' R six degrcc
rotation of the drum the rolling contact passes once over
every sct of contacts e to f, and these sets are spaced sixty
degrees apart, Hence for the setting 2 of Swan the motor is
stopped after every three-degree rotation ok the drum.

Similarly, for setting I the Inotor is stopped whenever any
set of contacts a to f is shorted, or for every one degree

rotation of the drum. Setting 3 of 570& stops thc Iotatlon of
the drum after six degrees.

%hen relay 2 and simultaneously relay 4 are activated,
thereby stopping. the motor, the coils MR and L are
energized, MR is the coil. of a message register which counts
the number of small rotations of the drum and hence indi-

cates the angular position of the drum at any time during

a run of the experiment. L, is a solenoid which trips a
camera and causes a photographic record of the meter

panel to be made.
The camera can be tripped autornRtically by the clock

switch without any mtation of the druIQ. This occurs if Sm4

18 Rt pOsltlOQ 2.
Switch Sml is R push-button smitch by means of which.

the clock switch can be shorted by the operator, thereby

enabling him to star t the motor 3II or, if Sm4 is Rt 2, to take
a picture of the meter panel, at any arbitrary time.




