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Two 4X4 Ilford 6-5 photographic emulsions in contact were exposed to the cosmic radiation in such a
way that one plate was moved slowly and uniformly with respect to the other. By this technique it is pos-
sible to determine the time at which heavy nuclei pass through the plates. The plates were exposed above
90 000 feet on June 4, 1952, for 8 hours during the day. A reliable altitude record was available and was used
to correct for the altitude changes during the 8 hours. 947 heavy nuclei with more than 10 delta rays per 100
microns, corresponding to Z greater than about 10, were traced through and their time of passage measured.
This was done by new techniques which are described in detail. The data have been divided into three time
intervals. The intensity during the middle interval between noon and 2 p.M. is greater by 25~8.5 percent
than the average of the other two. It is concluded that this is due to a real Buctuation in the intensity of
of cosmic-ray heavy nuclei at the top of the atmosphere. The possibility that this may be due to a dipole
magnetic field of the sun is discussed.

I. INTRODUCTION

HE problem of the origin of cosmic rays has been
a subject of speculation ever since their discovery

in 1912 by Bess. Recently, theoretical approaches to
this problem have been proposed by Fermi, Alfven,
Teller, and others. A great deal of experimental eGort
has gone into the study of the cosmic radiation and a
great deal has been learned, but the problem of the
origin has not been completely solved. The study of
time variations probably will be important in the future
if this problem is to be solved. The reason that time
variation information is valuable is that by this means
there is the possibility of deducing something about
the direction from which the particles come and thus
of obtaining information on the position and perhaps
the nature of the source.

In order to deduce the original direction of the
particles from observations of the direction and time
of their arrival at the earth, one has to take into ac-
count the diurnal rotation of the earth and the eGect
of the earth's magnetic Geld in bending the paths of
the cosmic-ray particles, a problem' which has been
studied intensively for many years by Stormer, Vallarta,
and others, and is still not completely solved in all
detail. Then too, there are the eGects of other magnetic
fields which are less well known, such as a possible
magnetic field of the sun. It may turn out that im-

portant additional evidence for the existence and nature
of such 6elds will come from cosmic-ray measurements,
principally from time variation work on the primaries.

The study of time variations is complicated by a
number of disturbing factors. Work at low altitude is

plagued by the well-known problems due to the
presence of the atmosphere. Besides temperature and
barometric eGects, there is the eGect of the lateral
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spread of the secondaries away from the original
direction of the primary. But perhaps most serious is
the complicated nature of the cascade of events through
the atmosphere, so that measurement of any one com-
ponent cannot easily be related to a given primary, but
represents some sort of averaged out eGect. Thus it is
a great advantage in studies on time variations to
carry them out at the top of the atmosphere on the
primaries themselves.

This paper reports work on the heavy nucleus
primaries with charge, Z&~ 10. For this range of charge,
the method of delta-ray counting allows one to identify
a group of particles which includes mostly primaries.
Secondaries from nuclear events contribute only a very
small amount.

Time variations at the top of the atmosphere which
Inight be connected with a diurnal eGect have been
looked for and not found in the total ionizing com-
ponent and in the gamma rays by Bergstralh and
Schroeder'; in bursts and low Z heavy nuclei using a
pulse ionization chamber by Pomerantz and McClure',
and in the heavy nuclei using photographic emulsions
by Freier, Anderson, %augie, and Ney4 and by Ander-
son, Freier, and Naugle, ' who quote an upper limit of
&20 percent for time variations. Lal, Pal, Kaplon, and
Peters' have given an upper limit of 10 percent for
time variations in the high-energy heavy nuclei.

Changes have been observed, however, by Neher,
Peterson, and Stern' in the total ionizing component
on one out of several fiights; by Swetnick, Neuburg,
and KorG, ' who found a 17&7 percent change in the
neutrons at high altitude; by Ney and Thon' who
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found a change in alpha particles and heavy nuclei
using scintillation counters; and by Lord and Schein. ""

In their first investigation, Lord and Schein compared
the intensity of heavy nuclei of Z&~10 on two day
balloon Rights and two night balloon Rights. The
intensity during the day was found to be about twice
the nightime intensity. However, there are difGculties
in comparing the intensities on different Rights, and
so in order to overcome these, the drop-load technique
was used. In this technique, two gondolas are carried
aloft on the same balloon and after a certain time one
is dropped, the other continuing at altitude. An experi-
ment of this type, carried out on May 22, 1950, gave a
day-night ratio of about 2.5. The zenith angle de-
pendence of the heavy nuclei found in the plates was
studied, and it was concluded that the efFect could not
have been due to error in the altitude measurement. "

It became clear that the development of a new
technique was desirable because of the poor time
resolution inherent in both previously used techniques
and because of the uncertainties introduced in com-
parisons between difFerent plates. Work was carried
out in this laboratory" to develop an apparatus which
moves one plate slowly in contact with another Gxed
plate, The time of traversal of a heavy nucleus can be
deduced by measuring the relative positions of the
tracks of the heavy nucleus in the two plates. It was
found that a rate of motion of about ~~ mm per hour
was sufficient to determine the time of a particle
traversing the plates to within a few minutes. Similar
work has been carried out at other laboratories. A
description of the moving plate method of studying
time variations follows, together with the results of
the analysis by this method of one Right.

II. NEW DEVELOPMENTS IN MOVING PLATE
TECHNIQUE —EXPERIMENTAL PROCEDURE

The plates selected for analysis had been exposed on
a Skyhook ba11oon flight at Minneapolis, June 4, 1952.
The Right was launched at 5:50 A.M. and reached an
altitude of 91000 ft at 9:45. It then spent 8 hours
between 91000 and 96000 ft. It was released at
4:56 r.M., descended by paracnute and reached the
ground at 5:35 r.M. The altitude record was obtained
by a barograph. The plates were 4&(4 inches with
400-micron 6-5 electron sensitive emulsions.

The relative orientation of the plates during the
fIight is shown in I'ig. 1. The moving plate holder was
driven against a spring by a screw and train of gears.
The motor was a tuned reed controlled dc motor of
constant speed. The rate of motion was 282 microns
per hour. The whole apparatus was enclosed in an
aluminum can so as to be made water and airtight.

' J. J. Lord and M. Schein, Phys. Rev. 78, 484 (1950)."J.J.Lord and M. Schein, Phys. Rev. 80, 304 (1950).~ Marcel Schein (private communication).

Pro. 1. The way in
which the plates were
oriented during the
flight. The directions of
the axes referred to in
the text are shown.

~ EXTRA FIXED PLATES

FIXED PLATE (LOWER IN
NIICROSCOPE}

MOVING PLATE

The Microscoye

The microscope that was used for determining the
times of traversal of the heavy nuclei by measuring the
relative position of their tracks in the two plates had
been fitted with a special stage. This stage consists of
two very accurate slides and screws. It is possible with
this stage to reproducibly measure the relative position
of two objects under the microscope, such as the ends of
heavy nucleus tracks, to within about 3 microns. The
availability of- this precision stage made possible the
reGned techniques to be described. The stage is actually
much more stable than the microscope nose piece.
Changes in the position of the objective cause consider-
able difficulty in attempts to measure the absolute
position of an object under the microscope, but relative
positions can be measured quite accurately if care is
taken not to touch the objective or its mounting
between the two measurements involved. The pro-
cedures developed thus never rely upon absolute
positions but only on relative positions.

Location of the Heavy Nuclei

In order to locate the heavy nuclei, the plate which
had been Gxed was scanned under a relatively low
power, that is with a Geld of view of 1 mm. Tracks with
greater than 10 delta rays per 100 microns were re-
corded. A delta ray was counted if it had three or more
grains. Ten such delta rays per hundred microns corre-
sponds to a Z of about 10 at minimum ionization.
Slower particles with lower Z will contribute only a
small fraction of the tracks. All delta-ray counts were
made by one observer. Even if there is a systematic
change of the delta-ray criterion during the course of
the scanning, this is likely to have no efFect on the final
time distribution determined, because first all heavy
nuclei were located, and then afterwards the times of
traversal of these previously located tracks were
determined.

No efFects are to be expected from temperature
changes during the Right since the Right was made
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during daylight hours, and the equipment was enclosed
in a Cellophane-covered gondola of the type which we
have used often in the past. Temperature changes
during a day Right in such a gondola are known to be
small. The temperature of the barograph was constant
to within +6'C.

Alignment of the Plates

In order to determine the times of traversal of the
heavy nuclei by the procedure to be described, it is
necessary to place the plates in the microscope in the
same relative position that they had at some one time
during the Qight. It is strongly recommended that
future experiments use a mechanical method of align-
ment so that the relative y positions (Fig. 1) of the
plates will be the same in the microscope as- during the
Qight. This can be done easily by having the bottom
edges of the two plates rest against a Rat surface along
which one plate can slide during the Right. Then when
the plates are placed in the microscope against a stop,
they will be in the same relative orientation with re-
spect to the y direction. In this experiment, the y
alignment had to be determined from tracks in the
emulsions.

A special plate holder was added to the microscope
stage so that the lower plate was held in place as be-
before, and the upper plate could be placed on top with
the emulsion in contact and adjusted in the y direction

by two screws, one at each end, and in the x direction
by a cam-shaped stop.

After much experimentation, the plates were aligned
using large cosmic-ray stars. It was found that large
stars near the surface of the emulsion frequently had
several prongs which could be traced through into the
the other emulsion even though there was a variable
air gap between the plates probably caused by warping
due to humidity changes during the Right. The limita-
tions of this method are the shear distortions in the
emulsion which cause events near the surface of the
emulsion to be moved from their original positions.

Shear Distortions

In these plates the shear distortion amounted to
about 25 microns displacement of the surface of the
emulsion from its original position. It causes tracks
which were originally straight to appear curved. An
examination of such curved tracks in both emulsions
revealed the fact that the direction of the projection
of the tangent to the track at the air intercept in one
emulsion closely matched the direction of the tangent
at the air intercept in the other emulsion. In fact this
direction was the same in the two plates to as close as
the measurements could be made with a cross hair in a
rotating eyepiece —about 0.01 radian. This result is
reasonable since there can be no shear stress across a
free surface, but there can be a large one at the emulsion

glass interface. The stress curve can be expected to be

smoothly varying through the thickness of the emul-
sion between these two extremes. It was thus assumed
that the projection on the emulsion surface of the
original direction of the tracks was closely given by the
direction of the tangent at the air interface in either
emulsion. It was also assumed that there was a good
bond between the glass and the emulsion so that the
position of the intercept of the track with the emulsion-
glass surface was not affected by these distortions.

Procedure for Measuring the Time

In order to make sure that the plates remained in
the same relative alignment throughout the measure-
ments, two heavy nucleus tracks were chosen as
standards, one at each end. Frequently during the
measurements these tracks were returned to and re-
measured. The relative positions of the emulsion-glass
intercepts of the two tracks of each heavy nucleus in
the two emulsions was reproducibly measured to with-
in ~2 microns.

To measure the time of a heavy nucleus, the low-
power (10&() objective was used which has a long
enough working distance that it can see through the
glass backing of the upper plate and into either of the
two emulsions. In the procedure, a heavy nucleus is
located in the lower emulsion by its previously deter-
mined coordinates. The cross hair in one of the occulars
is turned so as to appear to line up exactly with the
direction of the track. In the cases of those tracks
which appear curved due to emulsion distortion, the
cross hair is lined up so as to be tangent to the track at
the emulsion-air intercept (see Fig. 2). The assumption
is that this tangent is undistorted as to direction. The
microscope is then focused up into the upper emulsion,
and a search is made for the same track in the upper
emulsion. After the track is found in the upper emulsion,
a check is made of the direction of the tangent: it
should be in line with the cross hair to within the
accuracy of setting, which is about 0.01 radian. A
check is also made to see that the density of the track
is about the same as in the other emulsion, that the
projected length is about the same, and that the ap-
parent y distance between the air intercepts is reason-
able considering the variable air gap between the
emulsions. With all of these criteria, the traced-through
track can be identified with considerable certainty.
Then, with the precision screw, the x distance is meas-
ured between the two positions of the stage where the
cross hair intersects the emulsion-glass intercepts of the
track in the two emulsions. This x distance is pro-
portional to the time of traversal of the heavy nucleus
relative to an arbitrary zero.

In the case of tracks so long that the glass intercepts
in the two plates cannot be seen without adjusting the
y axis of the stage, this adjustment is remade by moving
the stage obliquely with the two screws together in the
direction of the track as given by the cross hair. This
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is done by moving some large grain or other landmark
in the emulsion from one end of the cross hair to the
other the required number of times to produce a suf-
hcient motion in the y direction.

This procedure eliminates, in 6rst approximation, the
eGects of the shear distortion in the emulsions and the
variable air gap during the Right. Shear distortion does
not aGect the direction of setting of the cross hair
which is determined by the direction of the track at
the air intercepts, and it does not aGect the x distance
which is measured to the undistorted glass intercepts.
The variable air gap has no eGect because it only moves
the tracks farther apart along the direction of the
cross hair.

Zenith
Y-Direction

X-Direction

Reproducibi1ity of the Measurements

The cross hair can be set to the end of the track or to a
landmark to within &2 microns for each setting. The
cross hair can be set tangent to the track to within
about 0.01 radian. It can be shown that this gives an
error

hx= yhe sec~0,

where y is the component of the distance between the
two emulsion-glass ends of the track and 0 is the cross
hair angle, that is the angle between the y axis and the
projection of the track in the x-y plane.

—

In order to check these estimates of precision, some
of the tracks were remeasured. Over half of the meas-
urements were reproducible to within 15 microns or
three minutes of time. If all of this error is attributed
to the setting of the angle of the cross hair, over 3 of
the measurements are reproducible to within 0.01
radian. In other words, the largest errors in the meas-
urement of the time come from the tracks which are
long, or from those which make a large angle with the
vertical or y axis. Emulsion distortion contributes to
the reproducibility error only through the fact that it
is more difficult to set the cross hair tangent to the
track if the track has a large curvature due to distor-
tion. The variable air gap between the plates during
the Qight only contributes through increasing y in the
above expression and sometimes by requiring more
settings of the cross hair.

EGects of Misalignment

There are three possible sources of error which could
be caused by misalignment of the plates.

The first type of alignment error could be caused by a
diGerence between the direction of motion of the plate
during the Right and the direction of the x axis of the
microscope stage. If q is the angle between these two
directions, then there is an error introduced into the
time

dt=t tantI tang,

where 8 is the eyepiece angle as before. It can be seen
that this error is 0 for all vertical tracks. The eGect on

Emulsion Emulsion

FlG. 2. The method of determining the time. 8 and C represent
the intercepts of the track with the emulsion-air surface of the
lower and upper emulsions. The cross hair is set parallel to the
track at these two points. The distance x is measured with the
precision screw by setting the cross hair to points A and D which
are the intet'cepts of the track with the emulsion-glass surfaces.

tracks with eye-piece angle 8 is to expand or contract
the time sca}e slightly depending on the relative sign
of 0 and y. It is estimated that this error is less than
1 percent in this experiment and thus is negligible.

The second type of error to consider could be caused
by misalignment of the plates in the vertical or y
direction. The error in x due to this cause is

Ax= Ay tan8,

and again is 0 for vertical tracks. In this experiment it
is estimated that dy is of the order of &15 microns.
This comes about because the emulsions were aligned
using sta, rs which are on the surface and are thus sub-
ject to translation errors due to distortions in the
emulsion. Also it is possible that the plates did not
follow exactly a straight line in the original motion.

The third type of error, which could be of the same
order of magnitude but is probably less, could be
caused by plates out of alignment by a small rotation
about an axis perpendicular to the plane of the emul-
sion. At the ends of the plates this reduces to an error
of the second type above, but at the top and bottom
it becomes an error in the y alignment which will add
to or subtract from the time measurement depending
upon whether the track is at the top or bottom of the
plate.

These errors can be reduced by using mechanical
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Pro. 3. The histogram is the number of tricks found in each
interval of 100 microns of plate motion. The dotted curve is the
calculated counting rate as a function of time assuming no
changes in the Qux vrith time at the top of the atmosphere and
using the given altitude changes,

methods of alignment, but even mith good mechanical
methods one would probably want to check the align-
ment using traced-through star tracks.

In this experiment both the second and third type
of error could have been accurately determined and
corrected, if it had been found necessary. This could
have been done by tracing through more than the 9
stars, and measuring the distortion in the emulsion at
the star positions. It was decided that this was un-

necessary, as these errors were found to be small.

III. ANALYSIS OF DATA AND EXPERIMENTAL
RESULTS

The time was measured on 947 tracks. All of the time
determinations were made by one person. Then all of
the time measurements were repeated by another
person, but readings mere made to one less significant

figure. All large discrepancies (greater than So microns)
were carefully investigated by the original investigator,
carefully remeasured if necessary, and the source of
each discrepancy found. Thus it is probable that the
94! separate time measurements contain no more than
one or two gross errors.

The raw data obtained are plotted in Fig. 3 in the
form of a histogram of the number of events found per
100 micron interval of plate motion. 100 microns of
plate motion is equivalent to 21.3 minutes of time.
The observed variations with time can be caused by
changes with time of the Qux at the top of the atmos-
phere and by changes in the altitude of the balloon. In
order to separa, te these two sects, the altitude curve
provided by the barograph was used to correct for
altitude changes.

To calculate what eGect a change in altitude of the
balloon mill have on the Aux of heavy nuclei through
the plates, it is necessary to know how the particles
are absorbed in the atmosphere. For nuclei of Z&~ 10,
there seems to be agreement in the literature that the
nuclear mean free path in air is 21 grams per cm'.

There is also the eGect of ionization loss. The Aux of
particles per unit area through a vertical plate at depth
D in the atmosphere is given by

4 pK/2

C (D) =Co— ' sin'8f(D sec8)d8,

where 0 is the angle between the direction of the track
and the vertical, and Co is the Rux at the top of the
atmosphere. The function f(D sec8), which is the meas-
ured linear attenuation function, was obtained from
the curve given by the Minnesota group4 on the basis
of a number of Rights. A curve for the altitude eGect
assuming a constant Co was obtained by numerical
integration. It is shown in Fig. 3, superimposed on the
cosmic-ray histogram.

It can be seen in Fig. 3 that there is a good 6t between
the two curves in the region of the slow rise of the
balloon at the beginning of the Right and the rapid de-
scent at the end. The total elapsed time of the Right,
as measured by the moving plate mechanism and the
heavy nuclei, agrees remarkably well with the total
time as measured by the barograph clock. This is a
very good indication that the moving plate mechanism
was operating correctly. Since the local time of these
altitude changes at the ends of the Right is known from
visual observations of the launching and release time
of the balloon, this excellent Gt makes possible an
absolute determination of the time of the cosmic-ray
events. This has been done and the local solar time is
given.

An examination of the portion of the curves between
the initial rise and the 6nal descent reveals that there is
agreement between the two curves for the first and last
thirds of the time at altitude, even to the detail of the
small rise in the last third. In the center third, however,
there is a large increase of the cosmic-ray histogram
over the dotted altitude eGect curve during the middle
of the Right. In order to show this, the cosmic-ray
histogram for the 21 intervals between the rise and
descent has been corrected for altitude changes using
the result of the numerical integration, and normalized
to the Rux per cm' per second through a vertical plane
at a pressure of 1.1 cm Hg. This is shown in the histo-
gram of Fig. 4. The increase of the center bar over the
average of the other two amounts to 25 percent. If we
use statistical errors which represent the square root
of the number of counts, it could be as low as 17.5 per-
cent or as high as 32.5 percent. The application of the
chi square test gives a probability of 0.007 that a
random sample will give no better fit to a straight line.
The statistical error on each of the three points amounts
to about 6 percent. The reproducibility of &3 minutes
amounts to only 2 percent of these 150-minute time
intervals. It is estimated that the alignment errors are
also about 2 percent. These errors are not negligible,
but they are smaller than the statistical errors. These
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errors are much too small to account for the observed
increase.

Altitude records can usually be relied upon to within
about ~ mm Hg pressure according to our previous ex-
perience. The record itself shows changes recognized
and marked on the graph of about —„' mm. In principle
the altitude can be accurately determined from ob-
served zenith angle distributions. For this purpose
one would need to measure a much greater number of
heavy nuclei. Also one would need better information
on the attenuation of the heavy nuclei in the atmos-
phere and the zenith angle distribution averaged over
all directions at the top of the atmosphere. Due to the
fact that the absorption of heavy nuclei in the atmos-
phere is approximately exponential, the zenith angle
distribution becomes much more peaked toward the
vertical at lower altitudes. In other words, the altitude
eGect is much greater at the larger zenith angles than
it is at the smaller zenith angles.

An examination of the zenith angle distribution of
the heavy nuclei in this experiment yields a valuable
qualitative check on the barometer record. The eyepiece
angle and the y component of the length of each track
in the emulsion was measured, and from these the
zenith angle for each heavy nucleus was calculated. The
947 heavy nuclei were divided into four approximately
equal groups according to the magnitude of the zenith
angles. These zenith angle intervals turned out to be

heavy nuclei in these four groups mere then plotted
against time in the four histograms shown in Fig. 5.

An examination of Fig. 5 shows that the intensity

I—
E

C3
Vl

CP
t$
4»

I

I I I i I

IO I I Noon I 2 3

Local Solar Time

Fn. 4. The Rux of heavy nuclei through the plates corrected to
a constant altitude and plotted in three intervals of 700 microns
each. This represents all of the data except the sections during the
ascent and descent of the balloon.

Fra. 5. The heavy
nuclei have been divided
into four nearly equal
groups according to
zenith angle. Each
group is plotted in the
same three time inter-
vals used in Fig. 4.

80—
O

Q 4o-
O
0.'

o

o 80—
C)

~ 40—

0

o 8o
O

Q 40—
5

p

T

a 80— J

p
~ 4o-
O

o

7
L

I

ZEN1TH ANGLE
o lo0-58-2

ZENlTH ANGLE
lo le38--50-2 2

ZENlTH ANGLE
lo l4

50—-60-
2 2

ZENiTH ANGLE
lo lo

6O —-90-
2 2

during the 6rst time interval increases relatively to the
intensity during the last time interval as the zenith
angle is increased. This clearly shows that during the
6rst time interval the apparatus had a higher average
altitude than during' the second. There is a smaller
difference between the intensities during the second
and third time intervals which indicates that they
represent more nearly equal altitudes. The third inter-
val is perhaps higher than the second. Thus the altitude
during the second interval was certainly lower than
during the 6rst interval and perhaps lower than the
last interval too. This is in perfect agreement with the
barograph record and in disagreement with what one
would have to assume in order to explain the results in
terms of an altitude change instead of a Quctuation in

primary Aux. The observed increase cannot be
attributed to errors in the barograph record.

The data at small zenith angles show that the center
interval has an increase of 41~18 percent over the
average of the other two. This is without altitude
correction which would make it an even greater in
crease. Though this is perhaps not statistically diGerent
from the 25+8.5 percent deduced from all the data
with the altitude correction, it possibly represents a
6rst indication that the time changes observed here
are con6ned to the low-energy heavy nuclei. It will be
important to investigate this possibility in future
experiments.

A large azimuthal asymmetry of the heavy nuclei

coupled with a very slow rotation of the apparatus was
looked for as a possible explanation for the eBect.
Because the photographic plates were Gown with the
emulsions in a vertical plane, they did not present the
same projected area for the detection of particles in
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diGerent directions. Now if the balloon had rotated
very slowly and there had been a large directional
asymmetry in the Qux of the heavy nuclei, the Qux ob-
served in the p1ates would Quctuate as the balloon
turned. In order to investigate this possibility, the
947 heavy nuclei were divided into four groups de-
pending upon which quadrant they were in, with
respect to the apparatus. An eGect of the type postu-
lated would show up as some sort of periodicity in
each of these four quadrants. Careful examinations,
comparison with a random separation of the data into
four parts, and application of statistical tests revealed
no evident periodicity. It is concluded that either there
was no measurable azimuthal asymmetry in the heavy
nuclei, or that the period of the rotation was su@ciently
rapid to prevent its being reso1ved with 21.3-minute
intervals. The observed increase cannot be attributed
to a directional asymmetry and rotation eGect.

However, there is one feature about the separation
of the data into four quadrants that seems to be out-
side of experimental error, and that is that the number
of heavy nuclei in quadrants 2 and 3 is 434 and the
number in quadrants 1 and 4 is 513. Although there
was a slight diGerence in the geometry of the apparatus
between' these two sides, in particular there were two
other plates on the side of quadrants 2 and 3 which
might have introduced some detectable absorption, it
was found that the explanation was rather to be found
in a small tilt of the apparatus by about 3'. This was
discovered by plotting the distribution of the angles
of the tracks with the vertical projected in the y-.s
plane. This distribution rises at small angles as the
sine'of the angle due to the vertical orientation of the
plates. But at large angles it falls again becaue of ab-
sorption in the atmosphere. The fact that the diGerence
between the number in quadrants 1 and 4 and the
number in quandrants 2 and 3 appears mostly at the
larger angles speaks strongly in favor of the tilt ex-
planation rather than the local geometry explanation.
There is no way in which such a tilt could aGect the
apparent time distribution, since there are no eGects
due to rotation.

The data were also divided up in other ways in an
eGort to detect discrepancies. For instance, the data at
large eyepiece angles were divided into two groups,
with angles of a given sign in each group. Since most
of the plate orrentation type of errors have a sign
which depends systematically on the eyepiece angle,
such errors might be expected to' show up. They did

not to within the statistical precision of the test.
In conclusion, these data show that there was a

real increase in the Qux of the heavy nuclei with Z~& 10
at the top of the atmosphere around noon of June 4,
1952 in the vicinity of Minneapolis. No imaginable
systematic error-could have caused such an apparent
increase, and the probability that it is a statistical
Buctuation is low.

IV. DISCUSSIOÃ

The results of this experiment constitute strong
evidence that the heavy nuclei do Quctuate with time.
The average Qux of heavy nuclei with Z&~10 meas-
ured here agrees remarkably well with the daytime Qux
obtained by Lord and Schein, " even though the delta-
ray counts were made by diGerent observers and the
acceptance criterion may have been slightly diGerent.

There have been large changes in cosmic-ray in-
tensity at low altitude which have been attributed to
charged particles accelerated by some mechanism on
the sun. " " On November 19, 1949, the ionization
chamber at Climax, Colorado, recorded an extra-
ordinary increase in the cosmic radiation at about 11
A.M. G.M.T. Forbush, Stinchcomb, and Schein" re-
port that the increase amounted to 180 percent. In-
creases were observed at other stations around the
wor1d, but none at the equator. From the absorption
in the atmosphere of the radiation responsible for the
increase, it was deduced that the increase was due to
the nucleonic component which is responsible for the
production of stars in photographic emulsions. This
increase coincided with a solar Qare, as have similar
smaller increases observed by Clay, Khmert, Simpson,
and others. It was concluded that nucleons are at
times accelerated by some mechanism on the sun to
cosmic-ray energies.

Changes correlated with solar Qares have a1so been
observed at ba1loon altitudes in the star rate but not
in the heavy nuclei. Lord, Elston, and Schein" re-
ported a 50 percent increase in the rate of star produc-
tion during a smal1 solar Qare which produced no
detectable increase at sea level. The Qux of heavy
nuclei showed no detectable increase. Freier, Anderson,
Naugle, and Ney' also were not able to detect any
increase in the heavy nuclei during solar activity.
Thus we have some direct evidence that protons and
possib1y alpha particles are accelerated by the sun,
but we have no direct evidence for the acceleration of
heavy nuclei.

The steady emission of heavy nuclei coming directly
from the vicinity of the sun would be expected to give
a peak in the intensity in the morning due to the
deQection of the particles in the earth's Geld. The fact
that the observed peak is in the afternoon makes this
explanation unlikely.

A peak in the Qux of heavy nuclei near noon does
not necessarily have to be interpreted as direct emission
of heavy nuclei of cosmic-ray energy from the sun.
One can postulate that the heavy nuclei arrive iso-
tropically from all directions and still explain a diurnal
eGect, if one postulates a magnetic dipole Geld of the

"W. F. G. Swann, Phys. Rev. 43, 217 (1933).
'4Forbush, Gill, and Vallarta, Revs. Modern Phys. 21, 44
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'~ K. O. Kiepenheuer, Phys. Rev. 78, 809 {1950).
'6 Forhush, Stinchcontb, and Schein, Phys. Rev. 79, 501 (1950).' Lord, Klston, and Schein, Phys. Rev. 79, 540 (1950).
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sun. The efFect that a solar magnetic dipole would
have in producing diurnal variations has been con-
sidered by Janossy, Epstein, Vallarta and Godart,
and Rossi. Such a dipole 6eld would prevent particles
with less than a certain energy from reaching the
region of the earth's orbit. Particles with slightly
higher energies would be able to reach the earth only
from certain allowed directions. These directions would
be such as to produce a maximum at 6:00 I.M. in the
absence of a terrestial magnetic 6eld and if the solar
dipole were pointed in the same direction as the earth' s.
The efFect of the earth's 6eld is to deQect further the
particles so that the maximum would be earlier in the
afternoon. The precise shape of the intensity curve
depends upon the strength and orientation of the
solar dipole; upon the energy spectrum of the cosmic-
ray particles detected; and upon the geomagnetic
latitude of the point of observation. Alfven' has sug-
gested that such efFects may be greatly reduced by the
scattering of particles into trapped orbits around the
sun by the earth's magnetic 6eld. The theory has been
investigated in detail by Kane, Shanley, and %'heeler, "
and by Dwight. '0

Neher, Peterson, and Stern' who used balloons and
also Van Allen" who used rockets have shown that
there are no additional primary particles arriving
north of 58' geomagnetic latitude. It is postulated
that this is probably due to a solar magnetic moment

' H. Alfvbn, Phys. Rev. 72, 88 {1947).
"Kane, Shanley, and Wheeler, Revs. Modern Phys. 21, 51

(i949).
"K.Dwight, Phys. Rev. 78, 40 (1930).
s' J.A. Van Allen, Nnovo cinmnto 10, 630 (1953).

of 0.65&10'4 gauss-cm'. That the sun may have a
magnetic field in spite of the apparently negative
spectroscopic evidence is discussed by Alfven. " He
states on the basis of magnetohydrodynamic arguments
that the observed turbulence on the surface of the sun
would make it impossible to measure equatorial 6elds
of the order of 20 gauss by the Zeeman efFect method.

The observed peak in the early afternoon agrees
qualitatively with the solar magnetic field efFect calcu-
lated by Kane, Shanley, and Wheeler, and by Dwight.
If the peak is present every day, it would constitute
evidence for a solar magnetic dipole 6eld of the same
order of magnitude as deduced from the latitude cut-
ofF. Observations of the changes of the efFect with
solar rotation and geomagnetic latitude mould provide
a new method for calculating the magnitude and
orientation of a solar dipole. The efFect should be
largest near the knee of the latitude efFect curve where
these measurements were made.
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