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The results of 2 study on the atmospheric effect and

the solar diurnal varietion of sea level cosmic ray

photons with ensrgies between 3.8 and 183 MeV, usin

by <o 2

a large Nal (Tl} crystal total absorption spsctrometer
< v h: $

are pressented and discussead.

Long term observations show that the atmospheric
effects of the sea level cosmic ray photons are mainly
barometric. The ensrgy dependence of the barometric
cosfTicients was esteblished and is explained in terms L
of a simple absorption model. R

The energy relationships of solar diurnal amplitudes

and times of maximum were also found. The resulis ars
interpreted teking into account the effect of the earth's
magnetic Tield and the Axford-Parker theory by assuming
a ons-to-one correspondence betwsen the ensrgy of the
detected photons and the "effective" energy of the
primaries from which they arise.
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CHAPTER I

INTRODUCTION

Although the time veriation of cosmic radiation was studied
as early as 1930, it is not until the last fifteen years that it has fully
developed into & new énd special field of cosmic ray research, lying at
the boundary of geophysiecs, solar physics and estrophysics. The rapid
expansion of this field is mostly due to the great advancement in cosmic
radiation detectidn techniques and the associated instrumentetion which
have mede possible an accurate continuous recording. The establishment
of this field as 2 new branch of research must also be credited to the
revelétion of the geophysical and astrophysicsl aspects of the cosmic
radiation and to the tremendous collective efforts in experimentation
during the IGY year. Further great progress in this field will rely on
the findings from satellites and space probes, especially if they can
be operéted on & continuous basis,

Undoubtedly, the time variation of cosmic radiation has been
verified as a sensitive tool in attempts et understending the state of
distribution of matter and energy and the cosmic dynamic processes in
outer space. It can provide informestion about the distribution of cosmie
ray sources in space, the cosmic ray gradient in the gslaxy, particles
of solar origin, dynamics of the solar'wind, magnetic fields in the
interplanetary and galactic media, geomagnetic field and the terrestrial
atmosphere since these studies of cosmic radiation can be explained in
terms of electrodynamics, plasma physics, solar atmospheric conditions,

structures of the galaxy, geomagnetism and meteorology. Studying the




time variation of cosmic radiation at the earth, we can infer the
situations in the vicinity of earth and sun, in the interplanetary space,
and in the galaxy. With further advances in this field, the origin of
cosmic radiation will be disclosed.

Even though the satellites and space probes have beconme
powerful instruments for cosmic ray research in this era, their potency
in the study of the time variation of cosmic radiation has not yet been
fully wutilized. Up to the‘present time, ground cosmic ray detectors
still play the most important role in.such research because of their
efficiency in a continuous collection of datae.

Situated deep in the atmosphere, cosmic ray monitors observe
essentially the secondary cosmic ray components. By means of the method
of coupling constants, the amplitude of variation in different secondary
components can be used to estimate the veriation in the primary energy
' spectrum (Dormen 1957, see Appendix A). 4s most of the secondary
component detectors record the integral effect'of the primeries ag a
result of their deficiency in differential energy discrimination, they are
sensitive only to a certain primary energy region according to the
energy dependence of their coupling constants. Consequently, the
determination of the energy dependence of the primery variation will
require extensive data of various secondary‘components. Better accurscy
will be obtained if these secondary components have a substantial
‘difference in the energy dependence of their coupling constants. At
present, the nucleonic and hard'components are the two most populer ones
which yield reliable information in connection with the primary cosmic
radiation of low energy.

The existence of cosmic ray photons near sea level has long

been recognized theoretically and experimentally. However, the study of




such photons has been very far behind the general advancement in cosmic
ray research, probably because of the late development of methods to
effect its separation from the other cosmic ray components. Earlier
work on the sea level\photons has been performed to study their absorption
coefficientsAin metter (Janossy et al. 1940, and Regener 1940) and their
energy spectrum (Janossy et al. 1940, Clay et al. 1951, Chou 1953,
Cernigoi et al. 1954, and Kemeda 1960). Since 1950, common interest in
cosmic ray photons has been shiftiné to the understending of primary
photons. In 1951, Perlow et al. reported that rocket experiments show
0.1% of the energy flux above the atmosphere in the form of photons.,
During a balloon flight on March 20, 1958, a gamma-ray burst of 2x1072
ergs/éec cm? from & solar flare was detected (Peterson et al. 1959).
Having measured the primary photons at balloon altitudes with emulsions,
Fowler et al. (1963), Kird (1963) and Abraham et al. (1963) also arrived
at the conclusion that the contribution of photons in the primary
component is negligibly small. The experimental results of the Explorer
XI (Xraushaar et al., 1963) indicates an upper limit of 5}:10"4 partiéles
em~2 sec~l sterad-l for primary photons of energy greater than 100 MeV,
In recent years, a number of workers (Maze et al. 1960, Firkowski et al.
1962, 1963, Gawin et al. 1963, Gawin et al. 1965) have given evidence on
primary photons by studying showers with a low content of penetrating
particles. Local sources of high energy photons have also been searched
for by Coceani (1960), Chudakov et al. (1963), and Kraushaar et al. (1963).
In general, primary photons have been reported to.have very low intensity.
So far there are suprisingly few reports on the time variation
of photons near sea level. A4s primary photoﬁs are negligible in quantity,
sea level photons are mainly the end product of the nuclear and electro-

megnetic interactions between the primaries and the atmosphereo The




significance of such a study is obvious. It can provide information
about the coupling processes bstween the primary and the sea level photons
and serve as a secondary component for the determination of the variation
in the primary energy spectrum. At the University of Manitoba, a large
Nal (Tl) crystal total absorption spectrometer has been designed by
Standil et al. (1959) primarily for the study of the photon component
near sea level. With this spectrometer the solar flare event of May 4,
1960 was recorded (Standil et al. 1961), the pressure coefficients of the
photon component near sea level were determined for photon energies
greater then 7 and 35 MéV (Bukata et al. 1962), and a day-night comparison
of the photon intensity was investigated (Chin et al. 1962). Results
obtained encouraged a further study of the sea level photons with the
spectrometer. With the acquisition of a 400 channel pulse height analyser
in 1962, it became possible to perform a time study on the differential
energy spectra of the photons on a continuous basis, and work was started
on the daily variation of the photon component. Data have been analysed
to determine.the atmospheric effect and the solar diurnal variation for
such & component. In particular, the energy dependence of the barometric
coefficients and of the solar diurnal amplitudes and times of maximum
intensity have been determined. This thesis presents the results of such
8 study, using the data collected during the period from February to

November 1965,




CHAPTER II

The daily variation eXperiments on the cosmic ray photons
bhave been carried out in the Cosmic Ray Laboratory which is located on
the roof of the Allen Building at the University of Manitoba, geographic
latitude 49.9° N, longitude 97.2° W, and elevation 236 meters above sea
level. The laboratory was built with construction materials which would
keep the transition effects of cosmic rays through matter to a minimum
(roof thickness about 2.3 gm em™2). An air conditioning system was
installed to meintain the room temperature at 70 + 29 F all the time so
that instability of the electronics due to drastic thermal variation
could be eliminated. Studies on the time variation of the photon
component were performed with a large Nal (Tl) crystal total absorption
spectrometer as the detector, & conventional arrangement of electronics
as the events recorder and a 400 channel pulse height enalyser as the
energy sorter. Data were collected in terms of differential energy

spectra.

A. The Total Absorption Spectrometer and the Recording Units

It has been established that the cosmic radiation near the sea
level is composed of charged and neutral particles. The present total
absorption spectrometer has been primarily designed to separate the
neutral component from the total cosmic radiation. Functionally speaking,
the whole experimental srrangement consists of two systems; namely, the
signal system which produces signal pulses upon detecting charged or

uncharged particles, and the anticoincidence system which provides




anticoincidence pulses for the cancellation of the charged or not totally
absorbed particles. Detailled information about the total absorption
spectrometer and the recording electronics can be found in the reports of
Stendil et al. (1959) and Bukata (1958, 1960) while the characteristics
of the whole apparatus in cosmic ray detection have been investigated by
Chin (1961). A general description is given below.

The signal system contains a Nal (thallium activated) crystal
with a cylindrical shape of 9-3/8 inches in diameter, 8-11/16 inches in
height and a 45° bevel to a cone of 2~5/8 inches in diameter as shown in
Fig. 2.1, When a cosmic ray paerticle, either charged or neutral,
interacts with the crystal a flash of light of a decay time 0.25 micro-
seconds is generated, the gquantity of which is proportional to the amount
of energy lost by the impinging particle in the crystal. Three photo-
miltipliers that view the bottom plane face of the crystal through a
glass light pipe will pick up and convert the emitted light into
electrical pulses which are electronically summed with a three channel
mixXer into a pulse designated as signal pulse. Being small in size, this
pulse is further magnified by means of a linear smplifier before it is
sorted into the proper channel of a 400 channel pulse height analyser (see
Fig. 2.2).

As for the anticoincidence system, & cylindrical shield of
plastic phosphor (type NE 102) has been constructed to envelope the Nal
crystal entirely in terms of four sections: a circular top plate of 26
inches in dismeter and 1 inch in thickness, two identical ssctions of
hollow cylinder with an outer diameter of 26 inches and an inner diameter
of 16 inches and a height of 11-1/2 inches, and a cylindrical bottom of
26 inches in diameter and 6 inches in thickness. Six photomultipliers

were installed around the edge of the top plate, and five were placed
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directly under the bottom section. These eleven photomultipliers collect
the light emitted in the anticoincidence shield due to an interaction
between the cosmic rediation and the plastic phosphor, and convert it into
¢lectrical pulses which are added together in an eleven channel mixer as

& single pulse called the @a.c. pulse. Having been amplified by & linear
emplifier, this a.c. pulse, if its size is above the bias setting of the
gate pulse generator, will trigger the generator to produce a negative and
& positive output pulse, each of 5 volts amplitude, which are fed into the
400 channel pulse height analyser as gating pulses.

In the present experiments, only two hundred channels of the
pulse height analyser have been used. These two hundred channels have
been subdivided into two separate and independent groups (one hundred
channels for each) with their own signal iﬁput end anticoincidence input
circuits. A signal pulse from the signal system is simultaneoﬁsly fed
into these two groups (designated as A and B) while the negative and the
positive output pulses-frgm the gate pulse generator in the anticoincidence
system are transmitted to the coincidence and the anticoincidence gating
input circuits of groups A and B respectively. A signal pulse accompanied
with an anticoincidence pulse will be sorted into the proper chanel of
group A while in the absence of an a.c. pulse, the signal pulse will be
analysed and stored in the group B.

As a result, events in the signal system unaccompanied by
events in the anticoincidence system (&s recorded in group B) are ascribed
to the neutral particles which are totally absorbed by the crystel, while
the charged events sre recorded in group A if events happen simultaneously
in the anticoincidence system. The total ebsorption spectrometer which
consists of the Nal crystal and the shield, and the block disgram of the

whole experimental errangement are shown in Fig. 2.1 and Fig. 2.2,



B. Function &= a Total Absorption Spectrometer for the Neutral Component

To clarify the foregoing description, let us discuss the
characteristics of the instrument. The NaI_crystal, by itself alone, can
detect charged and uncherged particles coming from all directions. The
pulse height thus produced in the signal system is proporticnal to the
energy lost by these particles in the crystal. In the case of an incident
vertically moving charged particle, it suffers, practically without
exXception, from ionization less or bremsstrashlungloss in the plastic
phosphor shield of 1 inch thickness before it hits the crystal. Then, it
may pass throﬁgh the Nal crystal after transferring another part of its
energy to the crystal or it mey be totally absorbed by the crystal. The
energy -lossiin thé plastic shield will initiate an a.c. pulse which
through the gate pulse generator will clese group B of the pulse height
analyser and allow group A to accept the signal pulse from the Nal crystal.
Therefore, the differential spectrum as registered in group A is not an
energy spectrum of the charged particles in en absolute sense beceause the
energy loss in the crystal does not necessarily identify the entire energy
possessed by the particles detected.

In the absence of an a.c. pulse, the particle detected by the
Nal crystal will be recorded in group B of the pulse héight analyser and
is regarded as & neutrsl one. To understend the nature of the differential
energy spectrum &s recorded in group B, let us follow the events after a
neutral particle is incident on the shield. This particle either has an
intact passage or interacts with the plastic phosphor. 1In the latter
case, there are two possibilities. Either ths secondary particles produced
in the interaction are totally stopped in the plastic phosphor, thus
eliminating the possibility of its being detected by the Nal crystal; or

some of the secondary particles impinge on the crystal and hence initiate




a pulse in the signal system. However, such secondary particles which are
produced in the intersction between @ neutral primery particle and the
shield always contain at least one ionizing particle (except the case of
(n, gamma ray) but this process is negligibly small for a neutron with
energy greater then 10 MeV). This ionizing perticle will generate an a.c.
pulse in the anticoincidencs system; thus, this event will be registered
in group A as a charged particle. Therefore, the probability for a
neutral particle, interacting with the shiéld; to be recorded in group B
is negligibly swall. In the former case (i;e. a neutral particle péssing
through but not interacting with the shield) three possibilities must be
considered. First, this neutral particle is not detected simply becausse
of its missing the crystal or because of its penetrating through the
crystal again without any interaction. Second, it interacts with the

. crystal but some of the secondary particles of the interaction are picked
up by the shield; hence, in terms of the above reasoning, it will not be
recordsd in group B. Third, both the primasry neutral and its éecondary
particles are entirely stopped in the crystal, and this event is thus
registered in group B interms of its true energy and is said to be

totally absorbed. With the combined operation of the Nal and the anti-

coincidence shield, the spectrometer can select and record the totally
absorbed neutral particles among all the cosmic ray particles. As &
result, the differential spectrum &s registered in group B represents the
true energy spectrum of the totally absorbed neutral particles.

| The efficiency of the plastic shisld in detecting a charged
particle has been estimated by an experiment (Chin, 1961) in which two
differential spesctra were determined separately. One spectrum was obtained
without the operation of the plastic shield so that it represented the

distribution due to both the charged and the neutral particles. The other
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spectrum obtained with the operation of the‘plastic shield contained in
principle ohly totally absorbed neutral particles. Assuming no neutral
perticles in the cosmic radiation, the differential spectrum obtained
without anticoincidence can be regarded as the13pectrum due to the pure
charged component and the differential spectrum obtained with anticoin-
cidence as the spéctrum of those charged particles which escape the
anticoincidence cancellation. For different energy loss ranges, the
percentage elimination of the charged component was worked out with the
above two spectra. As a result, it was determined that the shield can
detect much greater than 68% of the charged particles which lose 12 to
50 MeV of their energies in the crystal. qu charged particles with
energy loss above 50 MeV, at least 96% are detected by the shield. Since
the cosmic radiation does contain neutral particles, the above experimental

values are merely lower limits for the "rejection efficiency".

C. Function as a Photon Monitor

For the purpose of investigating the nsture of the neutral
cosmic radiation observed by the present apparatus, a lead absorption
experiment was performed to determine the absorption curve of the neutral
component (Chin, 1961). In the experiment, lead of different thicknesses
was placed above and close to the top of the anticoincidence shield, thus
reducing the transition effect in the air between the lead and the detector.
Experimental data were collected in terms of differential energy spectra
of the totally absorbed neutral component.,

Four energy ranges (10-12 MeV, 20-40 MeV, 40-60 MeV, and 100~
270 MeV) were selected for analysis. These four experimental absorption
curves had commoﬁ qualitative features: the intensity decreased with

increasing thickness and tended to reach a constant value at large absorber



thicknesses. The asnalysis of each of these four curves followed the sanme
procedure.

First, the constant value of the intensity et large thickness
was recognized as the back ground intensity which was not affected by any
amount of lead thickness. Second, & new curve was construcﬁed by
subtracting the background intensity from the original experimental curve.
This new curve appearéd to be approximetely & straight line (for all four
energy ranges); hence, it implied that the neutral component detected is
essentially composed of a single kind of particle. Third, comparison was
made between the slope of this straight line (observed linear absorption
coefficient) and the absorption coefficients for photons and neutrons in
lead. Thus, it was concluded that the four observed straight lines were
the absorption curves of photons primerily.

To assess the amount of negtrons possibly detected in the
neutral component for & certein energy rénge 8 theoretical absorption
curve for 2% neutrons and 98% photons was constructed and compared with
the experimental absorption curve. Similar attempts were also made for
the assumptions of 5% and 10% neutrons. In general, for all four energy
ranges considered, the curves of 5% and 10% neutrons agreed poorly with
the experimental curve. The zero % neutrons curve gave the best fit and
the 2% neutron curve was the second best.

Even though the lead absorption experiment did not conclusively
establish the exact nature of the detected neutrals, the analysis did show
that the assumption of greater than or equal to 98% photons and less than
or equel to 2% neutrons was quite consistent with the experimental

observations.
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D. Calibration and Data Collection

In the present experiments on the time variation of the photon
component, data were accumulated every hour in the form of differential
energy spectra. The experimental procedures involved (a) alignment of
groups A and B of the analyser, the signal system and the anticoincidence
system, (b) determination of the differential energy spectrum, and (c¢)

a stability check of the whole apparatus.

A gamma ray of energy 1.12 MeV emitted by Zn65 was used as a
calibration source. The resolution of the spectrometer was found %o be
16.8% at this low energy. First, groups A and B of the pulse height
analyser were lined up with a constant pulse from a pulse generator
through the signal mixer and amplifier. By adjusting the lower level
position of one of the groups, this constant pulse was stored in the same
channel in both groups. (If we desire a particular channel in both groups
for this constant pulse, we simply turn the common zero dial of the
analyser.) The channel number corresponding to zero energy can be
determined by the positions of two constant pulses of known sizes in group
A or B. Second, to ensure an equal functioning of the three signal
photomultipliers viewing the Nal crystal, their plate voltages were
adjusted individually such that each of them, when operated alone, gave
the 1.12 MeV geamma ray peak in the same channsl of group A of the analyser.
Third, the eleven @&.c. photomultipliers observing the shield were aligned
as follows: That phototube which views the central region of the shield
bottom was teken as the "standard" and operated alone in the anticoincidence
system. A differential spectrum of the background as seen by this
phototube was collected in group A and then transferred to group B. With
the Zn source near this phototube, another spectrum (for the seme time

intervael) was obtained in group A. Then, these two spectra were overlapped




13

on a screen display end the channel number where they intersected each other
was determined. For the rest of the phototubes, the same procedure was
followed and each high voltage was adjusted so that all anticoincidence
phototube gave the same intersection channel number. Thus all eleven
phototubes had about the same output fof_a given light flash in the
scintillator.

The differential energy spectrum for the photon compoﬁent is
determined by further adjustment of the signal and anticoincidence systems
such that the energy range of interest is included in the spectrum and an
effective separation of the neutral from the charged particles is attained.
Together with a suitable choice in the output gains of the signal mixer
and amplifier, the plate voltages of the three signal phototubes can be
adjusted to obtain the energy range desired for the differential spectrum
being investigated. A study in the high energy renge required low plate
voltages for the signal phototubes, and low gains for the mixer and the
amplifier; the reverse would lead to a low energy range. Through the
calibration of the 1.12 MeV gamme ray peak position, the energy range of
the cosmic ray spectrum could be determined. (Assuming that the energy Bx
required in the differential spectrum should appear in channel x with
the mixer gain at b and the amplifier gain at &, and that the calibration
spectrum of the gamma ray is to be done with the mixer gain at B and the
amplifier gain at A, the 1.12 MeV peak position must be located at channel

y from the following formula,

1.12

r—

Ex

If the zero channel does not coincide with the zero energy, x should be

y=xA
a

olw

replaced by (x - d) where d is the actual channel position of the zero
energy. -Hence, the plate voltages of the three signal phototubes can be

increased or decreased by an equal amount until the gemma ray peak is
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observed in channel y.)

An effective separation of the neutral component from the
charged was achieved by proper adjustment of the bias on the &.c. pulses
from the anticoincidence system. After alignment of the eleven a.c.
phétotubes, we could control the a.c. counting rate by regulating the gain
of the a.c. amplifier and the bias of the gate pulse generator. To begin
with, we operated the signal system only,which gave a differential energy
loss spectrum due to the charged and the neutral particles in group A of
the analyser. The spectrum was left undisturbed in group A after its
contents had been printed out. Then, we connected both the-signal and
the anticoincidence systems to group B of fhe analyser. Recording the a.c.
counting rate at the output of the gate pulse generator, a differential
spectrum of the neutral component was thus obtained for the same time
interval in group B. On screen display, these two spectra were overlapped,
and the effect of the elimination of the charged component on the neutral
spectrum was examined. If the muon peak (Chin 1961) which appeared in the
spectrum of the total cosmic radiation (registered in group A) could be
seen in the neutral component spectrum (in group B), the cancellation was
not satisfactory. Then, we erased the neutral spectrum in group B and
obtained another neutral spectrum after a proper increase in the a.c.
counting rate (i.e. a decrease in bias on the a.c. side). By so doing,
any residue of the muon pesk was found to venish after a certain a.c.
counting rate was reached. A number of neutral differential spectra were
thus accumulated with different values of the a.c. counting reate until a
further increase in a.c. counting rate gave a perceptible decrease in the
neutral differential spectrum &s & result of the abnormally large
accidental cancellations. All these neutral differential spectra obtéined

with different a.c. counting rates were printed and plotted along with the
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spectrum of the total component. By comparison, we determined the best
value of the a.c. counting rate (1200 cts/sec) for an effective separation
of the neutral from the charged component. Having assembled the whole
apparatus as shown in Fig. 2.2, we accumlated & run with the chosen a.c.
counting rate. This gave a differential spectrum of the neutral component
in group B and one due to the charged particles in group A. Comparison

of these two spectra with the previously obtained spectra assured us that
a corrsct separation of the neutral from the charged component had been
achieved,

In the present experiments, we are interested in the variations
of the low energy cosmic ray photons. The whole system was adjusted so
that the differential spectrum in group B covered photon energies from
3.8 to 183 MeV. We thus eliminated any gemmeas due to natural emitters in
the surroundings. The differential energy loss spectirum of charged
particles as registered in group A is not the point of interest in the
present thesis. The time control system in the pulse height analyser was
set at 52 minutes for a run. At the end of & run, the analyser was read
out in destructive mode end the data printed out by an accounting machine.
It took 8 minutes to complete the 200 channels tabulation together with the
subtotal for every five chamnels, and then the analyser returned to the
accunmulation mode for data collection.

Calibration of the whole system was performed once every day.
Hence, data collection was randouly interrupted for an hour in each day.
For the signal system, the 1.12 MeV gamma ray peak position was checked
with three signal phototubes operating. Whenever the gamma ray peak was
found to drift away from channel 55, each of the signal phototubes was
calibrated individually and appropriate adjustment was made on its plate

voltage so &s to properly line up the three signal phototubes again.
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Then, the gamma ray peak was moved back to the designated position by a fine
adjustment on the mixer unit. As for the anticoincidence system, the a.c.
pulses were continuously monitored by & ratemeter connected to the output
of the gate pulse generator. The a.c. counting rate was restored to the
designated velue during the calibration hour by adjusting the input bias
voltage level so as to compensate for any slight shift of the electronics
involved. Rouiine monitoring was also made on the output voltages of the
power supply units every week. The functions of the mixers, amplifiers and
gate pulse generstor were calibrated regulerly during the time of the
calibration hour. The re-alignments of the signal and anticoincidence
system were done whenever excessive individual adjustments seemed to be
réquireds The performance of the above stability checking was aimed at
keeping the whole system in operation under éonditions as close to the
original as possible.

The intensities of the neutrsl and of the charged in the first
20 channels of the spectra were summed up and plotted on an hourly basis
for a final check on possible troubles in connection with the electronics
and experimental environments. Along with the plotting of the atmospheric
pressure end the ground temperature (supplied by the Department of Tran§port,
Winnipeg), they have also served for the correlation study‘purposeso Any
suspected data were thus discarded. Data were punched onto cards for
processing with the IBM 1620 computer. The averaged differentiel energy
spectrun (after pressure éorrection) for the photon component is

illustrated in Fig. 2.3,



(CTS/HR)

"COUNTING RATE

2
10—

I

pr bty e s gyl

FIG. 23 DIFFERENTIAL ENERGY
SPECTRUM OF PHOTON COMPONENT

( AVERAGED OVER PERIOD
FEB. — NOV. 1963 )

TENERGY (MeV]

1 EMEDAV DANAT 1N




CHAPTER 1III

BAROMETRIC COEFFICIENTS

In the course of investigating periodic variations of the
secondery cosmic radiation component deep in the atmosphere, meteorolog-
ical effects have imposed & very complicated problem which has hot been
satisfactorily solved. Part of the variation of the secondary component
originates in the change of atmospheriec properties through the alteration
of the multiplicity factor which couples the secondary to the primary
radietion. During the process of multiplication, if all forebearersof the
secondary component are stable particles, the meteoroclogical effect can
be determined only by the amount of metter traversed; if some unstable
particles eppear in the genetic line, the process will depend on the mass
distribution along the path of the particles. For the former cese, &
barometric éffect can be sufficient to represent the atmospheric effect.
The latter requires a knowledge of the temperature distribution throughout
the whole atmosphere above the station. As a rule, meteorological
influences must be elimineted from the data especially when their
magnitude end phase are comparsble with those of the periodic variation
under investigation.

Generally speaking, the secondary component deta shows at
least two types of time variation, meteorological and extra-atmospheric.
Up to the present time, no completely satisfactory method has been
discovered to effect a separation of these two so that either of them can
be studied more reliably. Some workers, in their studies of the

meteorological effects on the meson component, have utilized the pressure-

17
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corrected nucleonic intensity to represent the secular variations of the
primeries. However, the procedure to obtain the barometric coefficient
of the nucleonic component has not taken completely into acecount
variations in the primeries. DMNore seriously, the neutron monitor does
not respond to the same energy region of the primary spectrum as the meson
detector,

Since the discovery of the pressure effect by Myssowsky et al.
(1926), a great deal of work has been done on the meteorological sffects
on various secondary components such as messons, total ionizing perticles,
goft particles and neutrons. Bmpirical mefhods for the detérmination‘of
the metgorological factors and theoretical formulations of the problem are
referred to in the works of Blackett (1938), Duperier (1948, 1949), Mmeda
(1953, 1960), Simpson et al. (1953), Olbert (1953), Trefall (1955} 1955),
Rose (1951), Dormen (1957), Wada (1957, 1960, 1961), Mathews (1959),
Lindgren (1962), Lapointe et al. (1962), Caermichael et al. (1963, 1965),
Bercoviteh et al. (1963), Bercovitch et ales (1965), Drying et al. (1965),
Keminer et al. (1965), Mori et al. (1965) and Bercovitech (1966). However,
no publication similar to the present study has been noted concerning the
atmospheric effects on the cosmic ray photon component, except that of
Bukata et al. (1962) which reported resulis for the pressure coefficients
of photons with energies above 7 and above 35 MeV.

A knowledge of the processes giving rise to the photons near
sea level is useful for the comprehension of the meteorological factors on
the photon component. The well known ones with important bearings in the
present problem are the decay of neutral piocns and the bremsstrahlung of
electrons produced in muon decay and in muon knock-on processes. The
decay of neutral pions, occurring mainly near the top of atmosphere,

initiates a cascade of electrons and photons, i.e. an air shower. The
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number of shower particles reaches a maximum around the 200 mb level and
then declines with atmospheric depth on account of absorption. The lifs
time of a neutral pion is so short that it decomposes into photons
practically at the same place where it is formed in the collision of the
primery and the air nucleus. Hence, at sea level the meteorolcgical effect
on photoﬁs of neutral pion origin is purely barometric in character.,
Photons originating in electron-photon cascades generated by decey and
knock-~on électrons are, through the intermediate muon, traced back to the
charged pion as their source. The competition between decay and cepture
processes of the charged pion, and the decay of muon are sensitive to the
distribution of the air mass between the production level of the meson
and the resulting photon. As a result, a temperature effect will play a
role in the meteorological effect on these photons as observed at the
bottom of the atmosphere. Because of the long life of the muon, decay
'electfons pre#ail in number at lower atmospheric depths and knock-on
processes become more important near sea level where the matter is dense.
Consequently, at the point of observation, the age of a shower initiated
by an electron of muoh origin depends on the place of birth and the energy
of the electron; it may be old beyond its maximum of development or it may
be still young enough for further cascading. In the old shower, most of
the particles have an energy below the critical energy of an electron in
air. The electrons will lose energy primarily by ionization (rather than
‘radiation) while Compton scattering will be important'for the photons.
Therefore, the number of photons in the old shower will decrease with an
increase in air pressure. In the crude model proposed by Heitler (1954),
the particles in a young shower, if they are simulteneously observed,
belong to the same generation with approximetely same energy. Each of them

is twice as energetic as that of the next generation. For an electron-
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initiated shower, the population of electrons is greeter than that of the
photons by a factor of two in every generation except the first one.

Since the constituents of the young shower have a strong power of particle
procreation, a change in atmospheric pressure will introduce a different
phenomenon. For a simple visulization, let us assume & layer of air with
thickness less than one radiation length (about 37 mb) being added
underneath the shower particles. The probability for a multiplication
process will be enhanced. An original shower photon may disappear through
materization while & new photon of lower energy mey be emitted by a

shower electron. Considering the facts that a photon has a longer
radiation length and that electrons are greater in number, the overall
effect of an increase in air pressure will lead to an increase in the
number of photons with low energy and a decrease in photons of high energy.
Observing a single young shower, or = large number of them with the same
initial energies and origin, one would expect a positive barometer
coefficient for the low energy photons and a negative barometer coefficient -
for those of high energy.

The present work has been concerned with a correlation of
cosmic ray photon intensity and atmospheric pressure only. The deficiency
of aerological data concerning the daily variation of the temperature
distribution throughout the atmosphere in the vicinity of our station
denies any meaningful attempt to study a temperature.effecto ( Ground
temperature, regarded as a poor parameter for such studies, has been
correlated with photon data on an hourly basis, but no apparent significant
relationship has been found; if any, it can be connected to pressure as
well.) Dawton et al. (1953) and Chasson (1954) have provided some
experimental evidence on the temperature effect for the soft component

(essentially electrons of muon origin). An effective total temperature
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coefficient (of negative and positive temperature effects) is negligibly

small, and the soft intensity fluctuations most strongly reflect

barometric pressure changes alone. With these facts in mind, we therefore

agsume that a2 simple barometric cofrection on the raw data of the photon

component gives an adequate elimination of the meteorological influence.
For the purpose of minimizing the effect of the primary secular

variation, data for short time periods in which large changes in pressure

appeared together with large variations in photon intensity were selected

for a determination of barometric coefficients. Barometric coefficients

were also been calculated for continuous data over longer periods so as

to effect a comparison.

A, Determination of Barometric Coefficients

In what follows we have assumed, as is usual (Janossy et al.
1944, Duperier 1949, and Chasson 1954), & linear relationship between
photon intensity variation (dI) and barometfic pressure variation (dP).
Thus,
dI = bdp (1)
where b is a constant called the barometric coefficient. In the present

analysisg, hourly readings of intensity and pressure are used to obtain a

barometric coefficient. For the ith hour, the relationship between the
varietions of intensity I; and pressure Py can be written as

I3 - Ip
B = B(py - By (2)

where I, and Py denote the mean values of intensity and pressure for the
time period being considered, and B (which is b/Iy) is the barometric
coefficient exXpressed as a percentage change of intensity per unit pressure
change (%/mb). Letting Yi = I3 = Ips X3 = P{ = Pup, equation (2) can be

simplied as
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Y; = BIpXs (3)
which shows a2 standard linear correlational dependence that can be expressed
by a straight regression line. A least-squares fit of the regression lineA
through N pairs of Ij and Py yielde the statistical formulae for the
barometric coefficient, the standard deviation of the barometric‘coefficient
(D) and the correlation coefficient (C) for the time period in which N

pairs of measurements have been taken.

1 8(XiYy)
== — 5 (4)
I, S(X2)
S(Yy - BImXi)2
PN T s D) ' ()
o = S(X3Y3) (6)

A 8(x5)s(15)

All the summations (designated by S) are performed from i = 1 to i = N.

For the purpose of energy dependence studies, the differential
spectrum of the photon component which covers energies from 3.8 to 183 MeV
was divided into sixteen energy ranges numbered from 1 to 16. As a matter
of convenience, J is used to denote the number of the energy range

hereafter. Also, the entire differential spectrum has been treated as a

single energy range numbered as 17. In fact, energy range 17 can be
regarded as the integral number of counts per hour for photons with energy

greater than 3.8 MeV since the intensity of photons with energy beyond

183 MeV is practically zero. The energy values for these seventeen ranges
are given in Table 3.1l.

The determination of barometric coefficients together with
their standard deviations and correlation coefficients was made for the

gseventeen energy ranges using data of the l0-month period from February



to November 1963, according to the following grouping scheme: (1) data

collection periods of one week, (2) datae collection periods of one month,
and (3) random short deta collection periods (from 7 to 27 hours) when
the pressure varied rapidly (changes from 6 to 47 mb) with apparently well
correlated changes of photon intemsity. Therefore, for each energy range
we have three lkinds of B, D, and C which are subscripted with W, M and R
respectively. For a comparison emong the velues of the barometric

coefficients obtained from the three kinds of data collection periods,

weighted average barometric coefficients over the same long period of time
were calculated and designated as BWy, By, and Blip.

Table 3.1 presents the values of barometric coefficlients (BM)s
their standard errors (Dy), and correlation coefficients (CyJ) for seventeen
energy ranges in each of ten months. Without any sign before its numerical
value, By is understood to be negative; the same is true for Cy which has
the same sign as its corresponding By. For a positive value, a positive
sign will be indicated. However, proper signs are indicated in all
diagramse All Dy ere positive as expected. The monthly mean (hourly
recorded) intensity and the monthly mean hourly pressure (Py) are also

given in the table.
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Energy
(MeV)

3.8= 13,2
13.2- 22,6
22,6~ 32,1
32,1= 41.5
41 .5- 50,9
50.9- 604
60 04- 69 08
69 8~ 79.2
79.2- 88.7
88 07" 9801
98.1-107.5

107 05"116 .9
116.9=126.4
126.4-135.8
135.8=145,.3
145 ,3-183 .0

3.8=183.0

Energy
(MeV)

3.8= 13,2
13,2~ 22,6
22 .6- 32.1
32.1= 41.5
41 .5~ 50,9
50 .9~ 60 .4
60 4= 69.8
69 .8~ 7902
79 02~ 88.7
88.7- 98.1
98,.1-107.5

107 .5=116.9
116.9-126 .4
126 4-135,.8
135.8-145.3
145,3<18% .0

3,.8-183.0
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TABLE 3.1

Febe 1963 : Py = 990.32 mb

(%/mb)  (%/mb)
-508 .012 854
495 015 -803
526 020 <719
569 024 678
549 .032 566
o640 039 S48
620 LO47 Ry
.730 054 470
672 064 <384
713 077 345
<707 091 204
.808 .106 2291
522 2126 .162
856 151 «220
<650 o174 o147
-828 <139 «230
517 013 «852

Mar. 1965 : Py = 983.04 mb

B %
(%/mb)  (%/mb)
486 012 +895
457 Ol4 842
433 016 787
407 022 664
2390 026 588
A76 033 568
H12 042 426
49 052 <390
¢332 060 0259
«520 OT74 321
562 084 .310
A69 097 0230
439 2107 .195
0519 0136 2182
o340 <151 «109
0557 @ l 18 ol2 16
H69 011 +905

Ty
(cts/br)
10043 -

2917

1283

654

372

228

146

98

67

b7

33

24

17

12

9

15
15964

1
(cts/hr)

10299
3051
1366

712
L1k
257
170
117
83
&0
v
30
22
16
11
20
16653
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Energy
(MeV)

5 a8"° 15 e2
13.2-~ 22,6
22,6~ 32,1
32.1= 41.5
41 5= 50.9

50.9- 60.4 -

60 4- 69 .8
69.8- 792
79 2= 88.7
88 07“ 98 el
98 ° l"'lO? 05
107.5-116.9
116.9-126 .4
12641358
135.8-145.3
145,3-183 .0

5 08‘185 OO )

Energy
(MeV)

3.8= 13.2
13.2= 22,6
22.6- 32,1
52 el“' Ll'l 05
41.5= 50.9
509~ 60 .4
60 olt= 69,8
69 08" 79 02
79 .2~ 88.7
88,7~ 98.1
98,1-107.5

107 .5=-116.9
116.9-126.4
126.4-135.8
135.8-145.3
145 ,3-183.0

3 08"’185 oo

TABLE 3.1 (cont.)

By

(%fub)  (55/mb)

455
A40

04}‘}'8
A48
506
o521
480
<504
522
488
522
617
+703
532
6U2
854
LT

By

May 1963 Py

(Afud)  (%/ub)

0526
0502
555
+580
<595
581
563
581
<589
-606
«570
581
0729
740
o778
. T40
0532

Dy Oy
008 +928
.009 <894
013 814
017 o741
023 679
.027 621
.033 517
040 A 66
LOU7 421
055 357
064 0320
074 2325
.086 0320
.102 0212
o124 0210
.089 0369
.007 940
= 986,32 mb
Dy u
.009 912
»011 866
021 .721
.020 JT49
026 658
-033 565
.0%9 490
SOhdt 455
2051 408
064 o345
+078 275
-084 «260
<105 261
.116 242
o144 0206
0113 248
»009 0921

Apr. 1963 : Py = 984,60 mb

I,
(cts/hr)

10256
2990
1351

708
k11
258
172
121
87
65
46
33
23
16
12
22
16570

Iy
(cts/ar)

10%25
3000
1358

710
413
259
174
122
88
65
47
33
23
16
12
22
16667
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Energy

{MeV)

5.8~
13.2-
22.6~
32.1~
41.5-5
5009~ 60 o4
60 .4~ 69.8
69.8~ 79.2
79.2~ 88.7
33.7- 98.1
98.1-107.5
107.5-116.9
116.9-126 .4
126.4-135.8
135.8-145.3
145.3-183.0

3.8-183.0

AN N

°

e
Q = O O\

\O\ﬂI—JDO\?\J

g °

°

Energy
(MeV)

3.8= 13.2
13.2- 22.6
22,6~ 32.1
32,1= 41.5
41.5- 50.9
50.9- 604
60 A= 69,8
89 8= 79.2
79 .2~ 88.7
88.7- 98.1
93,1-107.5

107.5-116.9
116.9-126 .4
126 ,.4-135.8
135.8~145.3
145,3-183.0
%.8=183,0
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TABLE 3.1 (cont.)

Jun. 1963 s Py = 932 .98 mb

(F/mb)  (%/ub)
«362 .032 Lh7
387 024 572
423 033 492
M52 L042 L25
547 <053 L09
421 L0864 275
581 075 2322 .
59k .09% .270
624 J114 .233%
805  L.135 253
.922 143 272
796 <171 .200
o624 .190 J142
649 6222 .127
697 274 0111

1.403 »220 <269

<393 028 522

Jul, 1963 ¢ Py = 985.01 mb

(%/mb)  (%/mb)
o733 052 745
585 .030 897
531 043 515
+568 .059 430
*259 .078 501
L49 .095 226
oGl .107 285
979 <143 <320
L1l 160 .126
552 190 s 142
489 222 . ,108
o243 256 047
215 0299 035
0332 o371 Ol

+.468 Lok +.050

+.591 0359 +.081
667 024 .808

Iy

(cts/nr)

10893
3146
1426

760
Liy3
280
189
134
97
72
53
36
25
17
12
21
17605

Iy
(cts/hr)

11090
3251
1477

778
45l
286
191
134
97
71
51
34
24
16
11
20
17986
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TABLE 3.1 (cont.)

Aug. 1965 : Py = 987.07 mb

(HeV) (%/mb)  (%/mb)

3.8= 13,2 559 015 856
13.2- 22.6 575 .021 o777
22,6~ 32.1 <604 030 672
32,1~ 41.5 <624 ~0U2 562
41.5- 50.9 =720 051 «550
509~ 60 .4 677 .070 A07
60 L~ 69.8 2601 .080 «325
69 .8~ 79 .2 .776 096 o347
79 .2- 88.7 576 2123 .210
88.7~ 98.1 ‘ 748 JA41 235
98.1-107.5 <704 .168 .189
107.5-116.9 672 .199 .153
116.9-126.4 L5 0231 .184
126.4-135.8 787 .297 .120
135.8-145.3 +809 o324 J114
145 ,3-183 .0  .618 «259 .109

5 08'”185 eo u578 eOlli- . 0885

SeEe 1965 H P:M = 988020 mb

Energy BM DM CM
(MeV) (%/mb)  (%/mb)

3.8- 13.2 526 -012 886
13.2- 22.6 503 015 833
22,6~ 32,1 537 021 .758
32.1= 41.5 551 .029 642
41 .5~ 50.9 518 035 «553
5049~ 60 o4 564 Okl 517
60 .Li— 69.8 596 .051 461
69 .8- 79.2 A75 063 317
79 .2- 88.7 408 075 235
88.7- 98.1 401 081 215
98.1-107 .5 680 - .100 +290

107 .5-116.9 480 .117 179
116.9-126.4 L61 <137 <148
126 4=135.8 +795 <163 211
135.8=-145.3 L W726 .209 .152
145,3-183.0 0253 <163 069

3.8-18%.0 o524 011 <898

Iy
(cte/hr)

11520
32k7
1465

772
L4he
277
181
123

62

31
22
15 -
11
17
18322

18306
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Energy
(MeV)

3.8~ 13,2
13.2- 22.6
22,6- 32.1
32.1= 41.5
41.5~ 50.9
50.9~ 60 .4
604~ 69.8
69 .8~ 79 .2
79 .2~ 88.7
88.7- 98.1
98.1-107 .5

107.5=116.9
116.9-126.4

126 .4-135.8

135,.8-145 .3
145.3-183.0
3.8-183.0

Energy
( MeV)

3.8- 13,2
13.2- 22.6
22,6~ 32,1
32.1- 41.5
41.5- 50.9
50 .9~ 60 4
60 A4~ 69.8
69 _08" 79 92
79.2= 88.7
88.7- 98.1
98.1-107 .5
107.5-116.9
116.9-126.4
126 .4-135.8
155 68"11‘{'5 03
145.3-183.0

35.8-183.0
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TABLE 501 (conto )

Octe 1963 : Py = 985.47 mb

By

(%/ub)  (%fmb)

506
A58
479
«506
516
529

552

490
507
o653
<592
498
«358
523
o748
o775
498

Dy

.010
0016
019
025
031
041
049

<055
068

Q75
.092
.100
.123
0149
-175
ol‘]'l‘l
oOll

9884
734
«691
612
542
L49
400
«326
277
+320
241
.188
01 12
o134
0165

869

Nove. 1965 3 PE‘/I = 985@98 mb

By

(%/mb)  (%/mb)

588
S4T
578

603 .

659
.722
654
JT43
723
<633
880
639
<599
0806
841
0669

. <588

D

011
013
OO 16
021
029
033
<041
051
057
065
.083
094
2118
3154
«158
.125
.010

Cy

907
874
840
2762
.688
675
+555
524
66

379

408
274
.209
24k
.218
<219
«928

Iy
(cts/hr)

11546
3250
1467

776
451
280
184
126
83
62
45 -
32
22
15
11
17
18573

1
(cts/hr)

11000
3122
1417

749
433
270
179
120
84
61
Lly
31
22
16
11
19
17580
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On écéount of the enormous volume of resultis, By Cw, BR and
Cp are not tabulated. However, their distfibutions are plotted in the
form of histograms for every energy range J as.éhown in Fig. 3.1 and Fig.
3.2 respectively. Numerical values df barometric coefficients and
correlation coefficients are divided into intervals of width 0.2 along
the abscissa and their numbers within the intervais are indicated by the
ordinate. Histograms of By and Cy for every energy range are also given
in Fig. 3.3. The characteristics of the barometric coefficients and
correlation coefficients are summari;ed as follows. It should be noted
that the energy range 17 reflects the behavior of the low energy ranges
instead of the high ones,

1. There is no obvious relationship between the barometric coefficient
end the correlation coefficient for any particular energy range.

2. Barometric coefficients are more dr less normally distributed for
every energy rangéa The histograms for By and Br bear é close resemblance
in the high energy ranges. For By, some energy ranges (Fig° 3.3; J =6,
7, 8, 11) show skewness. |

3. Dispersion in the distribution of barometric coefficients is
greater forvthe higher energy ranges. The extent of gpread is much
smaller for By.

4. The distributions of correlation coefficients are skew at the low
‘energy ranges (J = 1, 2). With increasing J, they tend to show the shape
of a normsl distribution and the mode moves from high numerical value to
~ & low one. In general, the majority of the correlation coefficients have
a numerical value greater than 0.8 for energy ranges 1 and 2. They spread
out widely in values with the mode down to 0.2 for energy ranges beyond 13.

5. Skewness of the O distribution are conspicious in a large number

of energy ranges (J =2, 4, 7, 8, 10, 12, 13, 165 Fige 3.3)e
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6. All BMvare'negative except for two positive cases: one in the energy
range 15 and the other in 16. Both have a correlation coefficient less
than O.l.

7. A positive By exists in every energy rangeg Their frequency of
occurrence is small for energy ranges below J = 15, The overwhelming
majority of the positive By are accompanied by & correlation coefficlient
less than 0.2. Only one of the total of 35 cases has a value equal to 0.56.

8. Beyond energy range 3, & positive By appears in every energy rangs

eand the number of such events incresases with the higher energy ranges.
Usually most of the positive Bp have a small correlation coefficient which
is less than O.k. Out of a total of 95 positive Bp in all energy ranges,
11 possess correlation coefficients between Ot and 0.65 only one has a
value of 0.64.

9. The existence of negative barometric coefficients with large
numerical value deserves our attention. Barometric coefficients belonging
to this category are defined as those which stand distinctly outside the
bulk in the histogram. Practically spesking, there is none of this kind
in the By distributions. Twenty two cases (out of 714 positive and negative

By) of large negative By occur in all energy ranges; twenty of them have

a correlation coefficient: less than 0.56. However, in the Bp distributions,
thirty cases (out of 731 positive and negative Bp) can be found with
‘correlation coefficients larger than 0.5. A list of these events is
provided in Table 3.2, For comparison, the modes of Bp and Og corresponding
to their energy groups are also tabulated. The date of the event and the
number of intensity-pressure pairs used in the calculation are also listed

for reference.
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o~ A

10

11

12

13
14

15

16

sampling in connection with the determination of BR"&

Energy
(MeV)

5291"‘ 41 e5
604~ 69.8

69 .8~ 7942
79.2- 88.7

B8e7~ 98.1
98.1~107 .5

107 +5=116.9
116.9-126 .4
126,4-135,8
135.8=145,3

145.3-183 .0
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TABLE 3.2

Large Negative

Cogfficients Modes
Bo&% R %

(%/mb) (%/mb)

l 0454 0866 05 95

2,845 <786 o5 o3

1.648 . 783

1.918 «699 5 W2

2,491 735

2,689 670

2 0955 °554 °7

3.648 766

2.523 614

L,916 881 o] 2

3,790 678

2.134 673 9 o3

2.593 <684

2,720 562

4 4oL o745

2,654 JTh1

3,389 #5552 T 2

3871 662

3,665 517 1.1 .53

4,011 .601

60620 <728 09 Ll

6.000 551

2,113 581 1.1 .1

6.280 0523

7437 47

4324 684 9 3

5.493  .723

3,029 618

3,800 622

5.041 T3

Date

Day Mon.

(1963)

7
25
5
16
5
20
25
7
8
27
7
20
21
8
3
10
21
7
21
19
7
7
3

2
12
21

-
2k

8
12

bt et bt
O)\JI\J‘J\NI\)CD(DJ—“\N\NJ:'N\NNOO\IINI\)\NI\)\JI\NNO_O\O\O [\C AW Y]

Number
of Data

/
13
13
13
8
18
13
7
12
16
9
22
17
12
.
25
17
9
17
16
9
7
15
17
10
17
7
18
12
10

Por a general discussion, let us examine the nature of data

s and BMe

As

expected, the barometric coefficients and correlation coefficients,

determined by the method of the least-squares fitting of a linear regression

line, should have a normal distribution because each set of eXperimehtal

points from which a barometric coefficient and & correlation coefficient

are calculated is independent of each other, and can be regarded to bs
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randonmly chosen among its own category. BR have been determined from a
group of particularly selected intensity-pressure paire according to the
best visual correlation. The use of all available intensity-pressure data
without any discrimination in the evaluation of By and By for continuous
periods of a week and of & month is equivalent to & random sampling
procedure. We might expect some differences in the distribution histograms
among these three groups. Since the photon intensity has & correlational
dependencs on meny parameters besides pressure, the distributions of BR
and CR should show the smallest dispersion among the three groups and

most of CR should center at a high numerical value. However, for low
energy ranges (J = 1, 2, 3) BR and CR do not show these advanteges
distinctly over the other two groups. Beyond energy reange 4, their
distributions behave even worse (i.e. show greater dispersion). .  Therefore,
the choice of such short periods of rapid-pressure-change does not seem -
to be particularly advantageous in the present experiment. Apparently,
there are no basic differences in the histograms of the barometric
coefficients and correlation coefficients for these three groups except
for slight differences in the positions of the modes and the exient of
dispersion of the distributions. Upon visual examination, By and Cy have
the smoothest distribution histogrems with the least spread in values.

It is highly probable that during the time periods considered, the
pressure effect is the main factor responsible for the gross variation

of photon intensities.

For all three grouping schemes, photon intensities in the low
energy region (J = 1, 2) exhibit a very good correlation with yressure°
The absolute values of the correlation coefficients fall off towards the
higher energy region, that is to say, high energy photons are poorly

correlated with pressure. For photon energy renges beyond number 6,
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correlation coefficients become less thean or equal to 0.5. There are
two ways of looking at this result. Physically, over the same period of
time, if intensities of low energy photons can be well correlated with
pressure while those of high energy exhibit a poor relationship wifh
pressure, there may be some process other than prsssure~change in the
atmosphere which is operative only on the high energy photons. Another
and more likely possibility is simply statistical. In our present
experimental data, counting rates fall off with increasing energy (see
Table 5.i)o For example, photons in energy range 6 are only 200 to 300
counts per hour. This amounts to a statistical fluction of at least 5%.
Taking 0.54%/mb for the barometric coefficient of such photons (from Table
- 3.3), the effect due to a change of 9 mb in pressure can be entirsly
nullified by the statistical fluctuation in counting rate. Our pressure
date shows that a large variation in pressure (such as 20 mb) is not
veryvfrequenta It is natural that the fluctuation of counting rate will
greatly reduce the correlational dependence of the high energy photon
intensities with the pressure. We should expect that such a masking
effect becomes mofe severe for photons of energy ranges higher than 6.
Most of the positive Bp are present with a correlation
coefficient less than O.4. .They constitute the tail énd of the-normal
distribution in their own energy range. VWhen data of & week or of a
month are empl§yed in the calculation, their numbers of occurrence are
diminished drastically and their accompenying correlation coefficients
are further reduced to 0O.2. Apparently, statistical fluctuation are
the main cause for the existence of such positive coefficients. (Another
possible explanation lies in a consideration of the pressure effect on
young showers. A large increase in alr wmass within a relatively short

period of time may enhance the production of shower particles. If they




contribute a number of new photons which can outnumber those photons of
the same energy undergoing the absorption process, the barometric
coefficient pertaining to such an energy rangé will become positive
instead of negative. Since the overall balance of the photon intensity
depends solely on pressure, & high correlation coefficient should be
expected. In view of the poor values of correlation coefficients for
these positive Bp, this is élmost certainly not the case.) Only two cases
of positive values have been féund for Bys they occurred with very low
correlation coefficients in energy ranges 15 and 16 during July 1963. As
compared with other months, July shows a small pressure variation most
of the time and the correlation ccefficients of all energy ranges for
this month are also very low. Most likely, photon intensities in July
are influenced more by some factors other then pressure. On the other
hand, the masking effect of fluctuaﬁiéns in counting rates at high
energy ranges can provide a statisfectory explanation.

The appearance of large negative By with high value of Cp
- (say, greater then 0.5) is interesting (see Table 3.2) but not understood.
Similaf to the behavior of the positive barometric coefficient, By with
large negative values possess only very small Cy and their frequency is
much smaller than the case of short periods of rapid-pressure change.
They disappear when a month's date are used. Hence, such phenomena
gradually venish in calculations with a large amount of observed date.
However, & high correlation coefficient does imply the genuineness of
the relationship of such events with pressure even though their frequency
is negligible at energy ranges below 6, and small for energy ranges
higher then 7.

In view of the above facts and discussions, barometric

coefficients over 2 short period of time have a great variabiltiy. They
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may be positive or negative, they may have abnormsally large numerical
va;ue, they may result in either & good or poor correlation with pressure.
However, the large statistical uncertsinty inherent in the present
counting rates prohibits any definite conclusion on the rare events.
Nevertheless, the barometric coefficients determined over a period of

a month do show rsgularity in their distributions which is especially
good in the low energy region. Negative barometric coefficients with
abnormally large values disappear entirely. Positive barometric
coefficients ocecur only twice at the high energy end with negligible
correlation coefficients. Excluding the energetic photons of energy
renges above 5 from our consideration due to their large statistical
‘uncertainty, the majority of By values for the same energy can be

grouped into an interval of width 0.2%/mb. Such By values are accompanied
by high correlation coefficients. Hence, it can be concluded that the

pregsure effect on the low energy photons remeins fairly constant.

B. ZEnergy Dependence of Barometric Coefficients

The weighted average barometric coefficients, Bip, By and
BWM for each energy range ere calculated from the populations of Bp, By
and BM respectively. Results sre tabulated in Table 3.5 together with
their stendard deviations DWR, wa and DWM, and also plotted in Fig. Bolts

All weighted average barometric coefficients are negative.
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coefficients for these three categories reveals:

1.

eryror.

systematically somewhat higher than those of Bly.

O 0 =4 O\ BN PO

Energy
(MeV)

3:8= 13.2
13.2- 22.6
22.6< 32.1
32.1- 41.5
L1.5~ 50.9
5069~ 60 o4
60.4= 69.8
69 8~ 79.2
79 2= 88.7
88.7~ 98,1
98,1-107 5

107 .5=116.9
116.9-126 .4
126 .4=135 .8
135,.8-145,3
145,3=183.0
5 08“185 eo
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TABLE 3.3

Weighted Average Barometric Coefficients

B

050
2510
o540
9565
o542
629
0602
675
*526
625
oT45
0558
2728
677
473
06814'
511

Difg

005
0008
012
.017
021
.026
.032
042
2048
-056
0065
079
091
. 109
«130
.105
004

Bl

A87
A7h
90
502
510
548
<540
oS
o524
ST
605
«560
571
618
0615
616
496

DW

.

k1Y
W

.003
004
.005
006
.008
.010
012
015
018
.022
6026
+030
«035
042
«051
039
.002

By,

490
470
A89
492
511
5kl
0522
528
2519
537

2595

531
558
591
<584

’ 0565

488

(%/mb)
Dy,

3005
2004
.006
007
+009
011
013
.016
.019
.022
.026
.030
036
043
051
2040
.003

An examination of the energy dependence of the barometric

In each of the energy ranges, BW, agrees with BWy within statistical

However, beyond energy range 1, the numerical values of BWy are

2. 1In the low energy region (J less thean 8}, BlWp have the largest

numericeal values among the three.

Above energy range 9, more than half

of BWR have values in agreement with BWy and BWy (within one standard

deviation).

3. On the whole, from energy range 2 upward, the absolute values of

the barometric coefficients (BWR, BWy, and BWR) tend to increase with photon

energies.

a key to the understending of the atmospheric effects on the photon

The energy dependence of baromeiric coefficients may serve as
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component. Bukata et al. (1962) have explained thé barometric coefficients
of photons above 7 MeV in terms of a simple absorption model. The present
experimental results in the form of differential spectra make possible a
more detailed study of such a hypothesis. Before introducing the model,
some numerical relationships have been found between the total mess
absorption coefficients of photons in air (designated as T) given by
Davisson (1965) and the experimental barometric coefficients of the photon
component as shown in Table.5a5. Table 3.4 presents the values of T and the
calculated values of RWy and XWy for energies up to 100 MeV, where

Riy = =T/BWy and Xiy = ~Biy/T. ALl RWy and XWy are positivé and their
corresponding stendard deviations are denoted by SRy end SXy. The effective
value of photon energy for a particular energy range is assumed to be the
middle one of tﬁe range in connection with the choice of its corresponding

T value. This assumption slightly overestimates the effective energy

since the photons inside the renge are distributed in & larger number at

the low energy end.

TABLE 3.4

Energy T RWy SRy Xy SXy
J (om?/gm)
1 -0160 3.32 .02 »300 »002
2 0146 3.16 .03 315 .003
3 L0147 3.05 .03 .328 004
4 0148 3,05 Mol +328 <004
5 0151 2,99 .05 334 .006
6 0153 2.88 .05 348 007
7 .0156 %.02 .07 331 .008
8 0158 3,04 09 <327 010
9 0161 3.18 o1l 314 011
10 0163 3,12 .12 .321 013

The energy dependence of T is also plotted in Fig. 3.4. It can

be seen that the T curve has a minimum eround 20 MeV (or energy range 2)
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where the nminimum of BW ‘occurs¢ Table 3.4 shows that Rgﬁ has a value near
3 for all the energy ranges. (The average of R%H over all energy ranges is
3.09.) This means that on the whole the barometric coefficient reflects an
absorption process as the essential nature of the pressure effect on the
observed photon componment. In order to understand the meaning of the ratio
between the total mass absorption coefficient and the barometric cosfficient,
Wwe introduce at present the simple absorption model. Using & very crude
approximaetion to represent the overall effect of the complicated processes
involved in the development of the photon component through the entire
atmosphere, let us assume that the photon intensity of a specified energy
has reached its maximum I, at the atmospheric depth (1 - X)P and then
undergoes solely the absorption process through the rest of the atmosphere
XP. P is the thickness of the whole atmosphere above the point of
observation (indicated by the pressure reading) and X is the fraction of

the atmosphere participating in the absorption process. The intensity of

the surviving photons I, as observed at the station, will obey the law
I =1, oXPT (7)

where I, Iy, X and T are energy dependent. Differentiating equation (7)

with respect to pressure, we obtain

4

d

By definition, the barometric coefficient

B=3 35 (9)
Substituting equation (8) into (9),

B = ~XT (10)
Therefors, X = ~B/T (11)
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and.recalling that R is the negative ratio of T to B, we get
Rs1/% (12)

The interpretation of the experimental resulis for the
barometric coefficients BWy in terms of the‘simple absorption model will
yield some physical implications comcerning the meaning of the barometric
bcoefficientg the development of the photoﬁ component in the atmosphere and
the origin of the observed photons.

l. From equation (1ll), the barometric coefficient has one more
physical meaning than its original definition. Since T is a constant for
photons 6f & specified energy, the barometric coefficient for such photons
can determine the "effective" level of their maximum intensity. The time
variation of the barometric coefficient will simply mirror the fluctuation
of such a level with time.

2, Even thoughvthe photons observed at the station have gone through
various processes at various atmospheric depths and have been influenced by
various factors due to the variation of the atmosphere structure, the
overall effect of pressure variation during a long period of time is such
that the upper 2/3 of the atmosphere serves as the medium for the full
development of the photons while the lower 1/3 simply acts as the absorber,
Such an implication agrees with the work of Bukata et al. (1962) and is
reasonably consistent with the general picture of the development of the
photon component in the atmosphere.

3. The "effective" levels of generation for photons of energy from
4 to 100 MeV are found within a narrow band of the atmospheric column about
1/3 of one atmosphere above the point of observation. The width of this
narrow band is about 5% of one atmosphers.

4. The majority of the electron-photon showers which are responsible
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for the observed photons have reached an old age at these "effective"
levels., As thé decay electrons and the knock-on electrons of muon origin
only become important in the lower atmosphere, this implies that young
showers initiated by them do not in fact play an important role in the
observed photon component (energy below 100 MeV). 1If this is the case,
the temperature effect on these photons will not be significant. In
other words, most of the photons as observed in our eXperiments are the
end product of old showers.

The energy dependence of XV as shown in Table 3.4 seems to
suggest the influence of photons of young shower origin. Starting at the
low energy end, the value of Ly increases with energy, passes through a
wmaximum near energy range 6 and then declines slowly. Considéring the
general nature of the development of old showers in the etmosphere, the
photon component becomes softer with incréasing atmospheric depth, and
in the frame of the simple absorption model photons of higher energy will
reach their meximum @t a higher level with respect to the ground., That is
to say, X; which indicates the height of the level of maximum intensity,
should increase with photon energy. Values of LWy from energy ranges 1 to
6 do agree with such a conjecture. The slow decline in the‘values of XWy
from energy ranges 6 to 10 requires another explanation. >As already mentioned,
a young shower has a genetic relationship back to the muon. Inside the
atmosphere, the muon component is hardened in its average energy as it
penetrates deeper in the atmosphere. As a result, the photons will also be
hardened with atmospheric depth. For energy ranges above 6, if the photons
detected include an increasing relative number of photons produced in young
showers this could then explain the slow decrease of AWy with increasing
energy.

A theoretical curve for the simple absorption process is
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constructed to fit the experimental points of BWy within the 100 MeV range.
Assuming that the ratio of T to BWM is constant over the energies concerned,
the theoretical barometric coefficients in each energy range can be
calculated by dividing T (for each energy range) by this ratio. The average
of RWMs 3,09, is chosen for such a ratio and the results are represented

by the solid line as shown in Fig. 3.4, For photons with energy above 100
MeV, the statistics are poorer. However, between 100 to 200 MeV, T increases
slowly with energy as predicted by Heitler (1954); hence, the energy
dependence of the experimental barometric coefficients agrees at least
qualitatively with the above over-simplified absorption model.

As for the energy dependence of BWy, it can be taken practicelly
the same as that of BWM since their values agree very well. Also, no
fundamentally different physical meaning cen be deduced from the energy
dependence of BWRa This sampling method only leads to an implication that
in the freme of the simple absorption model the levels of generation of
photons will be situated in a wider band (about 10% of the entire thickness
of the atmosphere) and somewhat higher up. The theoretical abSOrption.
curves for both BW, and BWp have been drawn (Fig. 3.4) according to the
seme method of analysis as for BWMQ The adopted ratios are 3.05 and 2,78

respectively.

0. Seasonal Variation of Barometric Coefficients

Since the barometric coefficients of the photon component are
determined from selected data by means of the correlation method, their values
are subject to statistical fluctuations as has been briefly discussed in
section A of this chapter. However, the present experimental barometric
coefficients were determined by & single correlation with pressure, regardless

of any other factors operating in the atmosphere. They are total pressure
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coefficients in character which serve at most as a first approximation in
reflecting the meteorological effect. Since the atmospheric structure
undergoes changes from time to time, the barometric coefficients, over a
long period of time, may be subject to changes related to seasonal
variations of the atmosphere. A study was thus carried out on the
variability of the barometric coefficients of the photon component during
the period between February and November 1963,

Fig. 5.5 provides some information on the variation of some
of the barometric coefficients as obtained in long periods and short
periods of time. The values of BR fluctuate irregularly and tremendously
even within the period of a month. In spite of poor statistics, their
large variability appears to be real. As soon as = longer periods of data
are involved, the dispersion of these values for the coefficients tends
to be smaller as shown by the behavior of By, and Bye Undoubtedly, this
is a result of the improved statistics but it also indicates that the
pressure effect on the photons, averaged over a longer period of time,
becomes more regular and less fluctuating. Although the seasonal
variations of Bps By, and By (illustrated in Fig. 3.5) mirror the behavior
of photons of energy range l, similar phenomena can be observed for those
of energy ranges from 2 to 16,

The seasonal variation of barometric coefficients for photons
of energy ranges from 1 to 17 together with their correlation coefficients
Oy are shown in Fig. 3.6, The dotted lines are simply employed to connect
the seme series of exXperimental points for an easy inmspection in all the
diagrams hereafter. Their particulars can be summarized as follows:

1o On the whole, there is no definite relationship between the values
of By and Oy since their veriations do not track at all well.

2. In the months of June and July, correlation coefficients for all
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cnergy ranges &re generally poor as compared with the rest of the months.

3. For energy venge 1, the values of the berometric ccefficient in
June and July deviate obviously from those of other months. However, this
becomes less obvious for higher energy ranges.

4. For energy ranges above 6, the correlation coefficients are in
general less than C.5; therefore, it seems that nothing definite can be
concluded here.

5e For photons with energy ranges below 6, the barometric coefficients
in the peried from July to November are on the average somewhat higher thean
those from Februery to June. This seems to show the existence of a

seasonal difference in the barometric coefficients of photons.

Ds Pressure Correction in the Study of Solar Diurnal Variation

As we have a number of barometric coefficients and they undergo
some seasonal variation, there is a problem in choosing the barometric
correction before any study of the solar diurnal variation can be conducted.

At present, five kinde of barometric coefficients are available; namely,

BWg, BWy, BWy, By, and Bye The pressure effect is eliminated from the photon

intensity of the ith hour (Ii) by using the following formula:
I60TTe = I3 - B(PL - Py)Iy (13)

where 1%+ is the pressure corrected photon intensity in the ith hour,
P; is the pressure reading in the ith hour, B is the barometrié coefficient,
Py end Iy ere respectively the average hourly pressure reading and photon
intensity over a certain time period being considered.

Blip, BWy, and BWy, being the weighted average barometric
cosfficients over the same long duration of time, are basically the same

in nature except that their values are somewhat different (see Table 3.3).



BM and By belong to their particular month and week; hence, their values

vary with time. To eliminate some of the five kinds of barometric
coefficients, a short period of two weeks deta were utilized to test the
individual effect of each coefficient in the pressure correction of photon
intensity. Using equetion (13) with Py eand Iy as the mean hourly pressure
and intensity within a week, every hour's intensity within such a week was
then corrected. The corrected hourly intensity readings of the week were
summed up for a 24 hour daily variation. Such & method was applied to

photon intensities for energy ranges 1 to 17. Fig. 3.7 illustrates the
results of the pressure corrections for four kinds of barcmetric coefficients

(BWg, BWy, By and By

) when the photon intensity data of energy range 17
_over one week (Oct. 2 to Oct. 8, 1963) was employed. The same shape is
“maintained for each of these four kinds of pressure-corrected daily
variations. There are only slight differsnces in the values for the corrected
counting rates. Such resﬁlts are similar for all energy ranges and for
the data of the next week (Oct. 9 to 15, 1963). Thus, any one of these
barometric coefficients yields about the same daily variation of photon
component.

Following the same procedures, a further test was made on the
effect of corrections using BWp, BWy and By on data obtained during & long
period of five months. Py and Iy were the values taken from each month's
averages while By belonged to the same month. The conclusion reached was
the same &s that given above, i.e. the resulting sclar daily variation
is quite insensitive to the actual coefficient used.

During the study of the soler durinal variation, pressure
corrections were applied with both BWR and By to photon data which were

grouped into eleven periods of time (the grouping scheme will be described

in Chapter IV). The pressure—éorrected daily variation curves for the
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photon component were plotted for comparison and again, these two extreme
kinds of barometric coefficients lead to essentially the same results,

Fig. 3.8 is an exemple of these two types of variation curve after pressure
correction; they are practically identical. The only exception occurred

in the time period 6 in which the counting rates of photon energy ranges

1 end 17 corrected by BWp gave a perceptible difference from those corrected
by By (Fige 3.9). As for energy ranges higher than 2, such differences are
masked by the large statistical fluctuétions of the counting rates.
However, such a difference might influence the results of a harmonic analysis
on the daily variation. Nevertheless, the amplitudes and times of mexXimum
intensity obtained from these two kinds of pressure-corrected curves in
time period 6 by & harmonic analysis agreed well within one standard
deviation through all energy ranges (Fig. 5.10); We therefore conclude
that for our present experimental data any one of the determined barometric
coefficients is suitable for use in a pressure correction prior ﬁo a

diurnal variation study.

E. Summary

A variety of barometric coefficients has been determined in
this experiment and their relative effects compared in the correction of
raw data. In general, the low counting rates of the total absorption
spectrometer make it difficult to draw definite conclusions for photons
of high energies. The barometric coefficients determined from data
acquired over a short period of time (as represented by BR) show the
greatest dispersion in their values and the occurrences of rare events
such as positive barometric coefficients and negative coefficients with
abnormelly high values. The former eppears to be the consequence of large

statistical fluctuations but the latter seems real on account of high
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correlatioﬁ coefficients. For a short periocd of time, on the order of
about 20 hours, the atmospheric effect reflected by BR seems to be gquite
complicated and beyond explanation in terms of a'simple absorption process.
However, statistically, over a periocdof amonth the stmospheric effect
becomes more reguler and simplified. Monthly barometric coefficients (By)
exhibit the elimination of all rare events and a narrow distribution of
their values. This suggests that in the 1ong run, the averaged atmospheric
effect on photons is essentially barometric in nature. TFor a duration of
many months, the energy dependence of photon barometric coefficients
suggests strongly that a simple absorption process is the main meteorological
influence on the photon component observed near sea level.

In terms of this simple absorption model, the barometric
coefficient indicates the position of the Heffective® level of generation
of the observed photons as a function of energy. The overall effect of
the lower 1/3 of atmosphere on the photon component is predominently
absorption. Yéung showers of muon origin do not seem to play an importent
role in the photons observed near sea level; this seems particularly true
for the low enérgy photons. The seasonal variation in the barometric
coefficients of the photon component is quite large. In the frame of the
gimple absorption model, this implies & seasonal fluctuation in the

height of the "effective" level of generation.




CHAPTER IV

SOLAR DIURNAL VARIATION

Since time variation studies of cosmic radiation began, the
24 hour daily variation of cosmic radiation has become one of the
interesting topics which has attracted a great deal of effort from many
research workers in an attempt to find an understanding of its real
nature. Conventionally, é harmonic analysis is applied to the daily
variation and the amplitude andvthe phase of the harmonic components are
vdeduced as the physical gquantities characterizing the variation. Up %o
the present time, the solér diurnal veriation still remains an active
subject in time variation studies of the cosmic radiation. Its nature has
been gradually disclosed as a consequence of the sola? modulation of the
galactic cosmic radiation. This chapter will present the first study (to
the best of our knowledge) on the solaf diurnal veriation of the photon
component near sea level. Our mein purpose is to eXperimentaliy
establish the nature and energy dependence of the solar diurnal amplitude
and of the time of maximum intensity for cosmic ray photons deep in the
atmosphere. Also, the significance of the higher harmonics will be
discussed, and the seasonal variation of the solar diurnal effects will
be investigated. Before the presentation of our experimental results and
comments, the general nature of the sclar diurnel variation will be

introduced through & review of previous work.

A, Review of Previous Vork

In 1928, Lindholm reported & cosmic ray variation (ionization

chamber data) with local time. Its amplitude was less than 0.5% and the

b7
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intensity reached its meximum near noon. Similarly, Coupion et al. (1937)
found a consistent variation @bout 0.2% above the mean around noon with a
minimum shortly aftér midnight. Later, more and more workers confirmed
the sxistence of such a kind of cosmic ray time variation.

Early speculation on the origin of this small variation led to
the consideration of meteorological factors. Duperier (1946), Lange et al.
(1948) end Hogg (1949) applied corrections on the hard component either for
pressure or for temperature, or for both, but the solar diurnal variation
did not disappear. However, temperature-corrected results of the hard
component are usually contradictory. Duperier (1946) and Dorman et el.
(1954) obtained a greater amplitude and a shift of the time of maximum
while Dolbear et al. (1951) found the smplitude diminished to half of its
original value. Studying the meteorological effects on the hard component,
Glokova et al. (1958), Glokova (1960) and Kuzmin (1960) came to the
conclusion thet there is a constant component of seasonal variation of
atmospheric origin and the temperature effect is very important in long
period vériations of cosmic radiation. Comparing the meson and the neutron
diurnal variationé at Deep River, Bercovitch et al. (1963) derived a vector
to show the contribution of atmospheric varistion in the diurnal variation
of the hard component. This etmospheric vector has an amplitude 0.033%
in summer with the time of meximum at about 7 h L.T. while in winter the
corresponding values are 0.016% and 5 h; these amplitudes are very small
as compared with 0.2% as estimeted by Dorman (1957) aﬁd 0.11% by Quenby
et al. (1960). Using the meson data at Deep River, Bercovitch (1966)
established a linear correlation bstween the atmospheric temperature
contribution to the diurnal varistion of the meson intensity and the
diurnal varistions of the ground air temperature and the barometric

pressure. The atmospheric effect hes also been considered as the origin
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of the semi-diurnal veriation. Katzmen et al. (1960) ascribed the semi-
diurnal component of the nucleonic data to the semi-diurnal fluctuation
of the atmospheric pressure.

The latitude dependence of the solar diurnel variation of the

nucleonic component has been studied by meny workers. Firor et al. (1954)

did not find a significant change of the amplitude with latitude; it
increases somewhat from about 0.45% at the equator to about 0.6% at 48°
latitude. Meanwhile, the hard component showed an amplitude decrease on
trensition from latitude 50° (about 0.3%) to 80° (about 0.1%) as found by
Dormen (1957). Using neutron data from sixteen stations, Katzman et al.
(1960) found a significant geomagnetic 1atitude dependence of the phase.
The time of maximum shifts t;ward evening hours from the pole (about 13 h
L.T.) to the equator (about 17 h). Kene et al. (1980), working on IGY
neutron daté, arrived at the conclusions that the diurnal amplitude
increases somewhat from the equator (about 0.25%) to medium latitudes

(about 0.35%) but diminishes at high latitudes (about 0.15%), and that

the amplitude and phase are different for stations situsted at corresponding

latitudes in the Northern and Southern hemispheres and for stations at
close latitudes. Schwacheim's (1960) analysis of IGY neutron data
§roduced similar conclusions with additionel remerks that the mean
monthly values of the diurnal amplitude show & good correlation among
closely situated stations but poor for distant stations, and that the
semi-divrnal amplitude diminishes with increasing latitude while its time
of maximum remains constant at all latitudes. By means of neutron data
from thirty stations foriperiods free from magnetic aisturbance, Dormen
et al. (l965)‘re§orted a shift of the time of maximum for the first

harmonic towards earlier hours with increasing cutoff energy. Having

studied the latitude effect of mean solar diurnal variation of the neutron
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component (IGY data), Kitemure (1965) reported that the amplitude observed
at 50° to 60° geomagnetic latitude is larger than that at other latitude

" and the time of meximum at sea level is earlier by about one hour than that
at mountain altitude in the equatorial region. In order to investigate the

variation of latitude dependence of the diurnal variation, Murakami et al.

(1965) stqdied the phase difference and the ratio of amplitudes of diurnal
variation between high and low latitude stations, using the neutron data
observed at Zugspitze, Norikura and Sulphur Mounf,ain° They concluded that a
fluctuation exists in the latitude dependence on account of the variation
in the primary rigidity spectrum of diurnal variation.

Alfven et al. (1943) were among the earliest workers to study
the directional dependence of the solar diurnal variation. Directing
their £elescope at an zenith angle 30° in the north and in the south
during alternative hours, they discovered a similar magnitude in the
diurnal amplitude but a difference in phase of about 6 hours for these
two directions, and hencebconcluded that the diurnal variation depends
definitely on the direction of arrival of particles. To interpret the
above results, Malmfors (1948) ascribed an anisotropy to the high energy
primery cosmic radiation. This view was further supported by Elliot et

al. (1950, 1951) who performed similar experiments with directional counter

arrays to record simultaneously particles coming from the north and the
south at zenith angles 45°., They concluded that particles of rather high
energies (on the order of tens of BeV) are involved in the diurnal
variastion. Sekido, Kodame and Yagi (1950) and Sarabhei et al. (1955)
observed that the diurnal amplitude increases with decreasing semiangle
of the telescope in the east-west plane. Using counter telescopes to
look at different angles with respect to the earth's equatorial plane,

Sandstrém et al. (1960), assuming an effective rigidity of about 25 BeV/c Vfﬂ;
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for the detected particles, inferred that the diurnal amplitude diminishes
with increasing angle between the asymptotic dirsction of the primary flux
and the equatorial plane.

Sekido and Yoshida (1950) published their observations of
research on the solar diurnal variation during the time of & magnetic storms.
In general, the more intense the storm, the greater will be the decrease
in the cosmic ray intensity and the wider the fluctuation in the diurnal
results. Applying the method of superposition of epochs to the total
ionizing comp@nent data during eleven storms,'they found that the diurnal
amplitude on the day of storm onset is almost doubled. A few days after
the storm, the amplitude is still greater than that before the storm and
the time of meximum advances towards the earlier hours. Elliot et al.
(1951) obtained similar results for the diurnal variation of the difference
between the north and south pointing telescopes. Studying the influence
of the twenty five effective magnetic storme on the diurnal variation,
Glokova et al. (1955) ceme to the seme conclusion &s above for both the
first and the second harmonics. Comparing the diurnal variations between
the high energy component (90 cm lead shield) and the general component
(no shield) recorded by the vertical telescopes during the storms, Yagi
et 8l. (1956) demonstrated that the general component has a greater
increase in diurnal amplitude snd a shift in the time of maximum towards
~ earlier hours than the high energy component. Kuzmin et al. (1958), from
shielded ion chamber data corrected for atmospheric effects, discovered
a particular kind of magnetic storm which ceuses a rise in the diurneal
“eamplitude without altering the time of maximum. Mori et al. (1965) have
analysed the IGY date in periods of cosmic ray storms by means of the
Tthree points method" (:%that is to say, 3 stations seperated in

geomagnetic longitude by about 120°) and a spherical hermonic enalysis
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so as to separate the diurnsl variation at & moment from the worldwide
time veriation. With the devélopment of the storm, the time of maxXimum
usually ﬁoves towards noon and sometime towards midnight. Such events cen
be classified<in£o three types according to the position of the
responsible flare with respect to the centrsl meridian plane.

Correlation between geomagnetic activity and solar diurnal
variation has been made for days with high Kp (geomagnetic planetary three-
hour range index) by a number of workers such as Ehmert et al. (1951),
Trumpy (1953), Firor et ala‘(1954). Théy.reached the general conclusion
that during days of high Kp the diurnal amplitude increases, and the time
of maximum moves to earlier hours. Narrow angle telescopes show greétef
effects than instruments with wide directionel sensitivity. However,
Sekido et al. (1951) found é reduced amplitude for the semi-diurnal
componeﬁﬁ on deys with high Kpe Grouping data of creossed telescopes
directed at the vertical, north and south according to five grades of
>Kp values, Sandstrdm (1955) noted that with increasing K, the diurnal
' amplitude increaseé and the time of meximum shifts regulsrly t&wards the
earlier hours.. This effect is most pronounced for the vertical and the
south directions but less for the north difsctione Some work has also
been done for the correlation of the diurnal variation and the local
geomagnetic index K. Elliot et al. (1951) found a greater fluctuation in
the diurnel variation of the difference between the south and the north
for days with K greater than or equal to 18. Kuzmin et al. (1958) reported
tha£ the diurnal variation as recorded by & counter telescope at 60 m.Wes.
underground has an increase of 0.10% in amplitude for days with K greater
than 17. Using a counter telescope with 10 cm lead, Barton et al. (1958)
observed that as the daily sum of X increases from 10 to 40, the amplitude

increases from 0.1% to 0.6% and the time of maxXimum shifts more than six
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hours; the semi—diurﬁal amplitude also increases four times. As for the
neutron component, Firor et al. (1954} found a close relationship between
the diurnal variation and the K index; the diurmel amplitude is high for
a high level of K value. Statistical analysis of the crossed telescope
data at Moscow and geomagnetic field disturbance deata at the equator:by
Inozemtseva (1964) showed the appearance of a local source of cosmic ray
daily variation during a change of 100 gammas in the geomagnetic field
strength.

In a study of the hard coumponent data from 1955 to 1946,
Yoshida et al. (1954) drew some conclusions on the 27-day recurrence
tendency of the diurnal variation. This tendency is rather stable
throughout several rotations of the sun. On a&erage, the diurnal amplitude
increases with decreasing cosmic rey intensity. EHEmploying the method of
superposition of epochs on data of 115 storms with the day of onset of
storm as the zero day, they found that the stability of the 27-day
recurrence for diurnal amplitude last for about thres cycles. Glokova
et al. (1955) and Grigorov (1955) did not see any perceptible tendency
of a 27-day recurrence of the diurnal variation near the minimum of the
solar activity. However, Kuzmin et al. (1958) reported the existence of
27-day recurrence for the diurnal variation during the year of decline in
solar activity (1951) and in years of minimum solar activity (1953-1954).
In addition, the maximum of 27=-day variation of the diurnal variation
coincides with the meximum of the 27=-day variation in solsr activity, and
the recurrence of the diurnal variation has no close relationship with
magnetic activity. DMori et al. (1964) noticed that during 1962 and 1963,
the solar diurnal variation of the cosmic radiation showed a strong 27-day
recurrence tendency and was strongly correlated with K@ value.

The diurnal variation of the hard component, uncorrected for
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meteorclogical factgrs, shows an increase in esmplitude with increasing
solar activity and a shift in the time of meximum towards a later hour
(Glokova, 1952). Having analysed the hard cdmponent data (1946 - 1953),
Sarabhai et al. (1954} discovered a relestionship between the time of
maximum of the'diurnal variation and the intensity of the coronal line

of wave length 5303 K but & weak correlation with the sunspot number.
ﬁagnetic and solar sctivity exert an influence on the semi-diurnal
variation to different extents for high and low latitudes. Using the
method of ﬁoving averages to eliminate the effects of seasonal variation,
Glokova et al. (1955) and Glokova et al. (1957) correlated the successive
mean annual values of the first harmonic, K, C (preliminary international
character figure of geomagnetic activity),'and R (relative sunspot number).
It was noted that the time of maximum shified towards earlier hours in

the year 1955 but started to reverse this trend to later hours in the year
1954° This reversel coincided with the minima of the K, C, R curves well
within the accuracy of one season. Investigeting the relation between the
world-wide distribution of neutron diurnal variations and the relative
sunspot number, Kenno (1963} and Kenno et al. (1965) observed that the time
of maximum moved with increasing solar activity towards the late hours at
a rate which was higher for low and middle latitudes then for the polar
region. Correlating the nucleonic cqméonent data at Deep River and Yakutsk
with the solar flare index during IGY, Sastry (1964) found an apparent
increage in the diurnal amplitude on days following a high flare index day.
The solar daily vaeriations recorded during the period 1958 - 1964 by the
east and west pointing directional telescopes at Mb. Chacaltaya showed that
the diurnal amplitude (for both directions) was lower in 1964 (minimum
solar activity) as compared with its value in 1958 (meximum soler activity)

and the {ime of maximum in the two directions had same value in these two
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years (Ahluwalia et al. 1965}, From an analysis of the world-wide neutron
data obtained during 1957 - 1965, . Kolomeets et al. (1965} came to
conclusions that the diurnal amplitude increases as solar activity decreases
for high latitude stations but decreases at middle and low latitudes, that
the seasonal effect of solar_diurnal amplitude with either one or two
maxima was detected for different years of solar activity,snd that no time
variation in semi-diurnal amplitude and phase was observed.

Mariner I1 measurements of the soler wind velocity during
August to December, 1962 did not show any relationship between it and the
amplitude and the time of meximum of the cosmic ray diurnal variation as
observed by the neutron monitor at Deep River (Snyder et al. 1963).

In a seasonal veriation study of diurnal variation by means of
hard component data, Glokova (1952) concluded that such 2 variation is most
pronounced during the time of maxXimum solarvactivi‘ty° However, Kuzmin
(1955 a, b} observed that if the temperature effect is considered,
seasonal variation of the diurnal effect of the hard component will be
eliminated. Ageain, Glokova (1956} reported a conspicuous variation in the
mean diurnal aemplitude and phase of the hard componenf during the winter
and, the summer of the period 1951 -~ 1952. Using the moving aversge method,
Glokova et al. (1957) deduced a regular seasonal fluctuation of diurnal
variation for the meson component, and thought that it was due to the
world=wide variation of the diurnal effect in connection with the solar
activity. Firor et al. (1954) observed that the seasonal variations of
the diurnal variation of the neutron component resembled each other in
the equator and the middle latitude regiéns, and considered them as of
non«atmoséheric origin.

The long term fluctuation of the solar diurnal variation of

cosmic radiation hes been investigated. Thembyaphillai et al. (1953),
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after an analysis on the hard component data from many stations, remarked
that the diurnal phase shift is systematic and of world-wide character.
From 1933 to 1942, the time of maximum gradually moved to a later hour,
but shifted in the opposite direction during 1942 to 1952. It was
suggested that the secular variation of the diurnal effect may follow &
22 year cycle of solar activity. This view was supported by Steinmauer
et al. (1955). * Sandstrdm (1955) studied the secular phase shiftis of the
particles coming from the vertical, the north and the south'during 1948 -
1950, and stated that such a shift is practically independent of the
direction of errival. On the basis of results presented by . Lange et
al. (1948), Sarabhai et al. (1953) and Sarabhai et al. (1955), Dormean
(1957) reviewed the secular fluctuations of the diurnal effect. The mean
annual diurnal variation (Huancayo datas, equator) demonstrated that
'during 1939 - 1941, the diurnal waves had a maximum aréund noon with &
gradual addition of & new component whose time of maximum was in the
night hours. From 1946 to 1948, the diurnsal wave became a double peaked
curve and by 1952, the time of maximum appeared at night. The duration
of a complete cycle of fluctuation seems to be about 22 years. At
Abmadabad (140 NJ, three months' mean diurnal variation showed a similar
fluctuation. In June 1951, the 24 hour wave had a meximum around 11 h,
but on account of the appearance of & night component with a maximum
around 3 h, the time of meximum gradually shifted towards earlier hours
until the end of 1952. However, Cheltenham data (middle latitude) of
11958 - 1952 and Moscow data (middle latitude} of 1953 ~ 1956 exhibited a
different type of fluctuation for the mean annual diurnal veriation.
There is no clearly defined existence of two cbmponentsg However, a
shift in the time of maximum towards morning hours was evident. From

their analysis of ion chamber data of Huancayé, Cheltenham, Christchurch
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and Tokyo, Venkatesan et al. (1959) came to the conclusion that the
diurnal emplitude is positively correlated with solar énd magnetic
activities. The direction of anisotropy, after correction for the influence
of the geomegnetic field on the particle's trajectories, tends to move
towards morning hours during the minimum solar activity and occurs at 7 h
during the lowest minimum (June - July 1954). Later, Forbush et al.
(1960) continued the above work up to year 1959. The devietion of the
meean annual vector from the mean vector over 23 years shows a systemstic
variation in phasg with a 22 years period.

Working on the results of the directional dependence of the
diurnal variation obtained by Elliot et al. (1950}, Brunberg et al. (1954)
determined thet the particles responsible for such & diurnal effect had an
effective rigidity of about 21 BeV/b and came from an angle 65° to the
east of the earth-sun line. With the experimental data for the ionizing
component, neutron component and herd component recofded at different
latitudes, Dorman (1957) applied the method of coupling constants to
ascertain the energy spectrum of the primary diurnal variation‘(Appendix AY.
To attain an agreement between the calculated amplitudes and the
sxperimental ones, he found the values for all parameters of the spectrum
of the primary variation which had been assumed to have the fqrm AEY,
E is the primery energy; A, being the power of the source of the diurnal
variation, has a value of 0.14; r, the exponent; has a value of =-1; and
the lower bound of the primery energy is 6.6 BeV. Considering the
geomagnetic effect on the particle's path and using the concept of effective
direction, Dorman estimated that the source of diurnal variation had an
averaged azimuthal position at 82° to the east of the earth~sun line during
the period of 1937 - 1951. However, the calculated asymptotic latitude of
the diurnal source shows remarkably different values for different cosmic

ray secondary components recorded at different locations. For a better
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agreement between the theoretical and experimental values of the amplitudes
and the source position, Dormén suggested that &4 1s dependent on the
asymptotic latitude of the source and that the lower bound of the primary
energy responsible is around 7.5 BeV. Having analysed the directional
measurement of cosmic radiation at Mawson, Quenby et al. (1960) found

that the primaries responsible for the diurnal veriation had & mean
rigidity of 10 - 20 GeV/b and the direction of the primary source was

at 70° to the east of the earth-sun line. Using the data of neﬁtron
~monitors, ion chauwbers and counter telescopes at various depths underground
at Yakutsk during_1957 - 1958, Kuzmin (1960) determined the energy
spectrum of the primery diurnel veriation as 00155E—l with & lower bound
energy of 10 -~ 15 GeV. Rao et al. (1963) developed a method to calculate
the diurnel amplitude and phase, using the concept of asym@totic cones of
acceptance. Results do not show any simple relationship between the phase
and the longitude and latitudé. The theoretical calculations agree well
with the mean diurnel variation experimentally observed by 22 neutron
monit§rs during IGY. It was thus concluded that during this fime, the
diurnal enisotropy is independent of rigidity in the range 1 - 200 BV,
varies as a cosine fuﬁction of the asymptotic latitude, has a maximum
amplitude of 47{10"5 times the average cosmic ray flux, and a maXimum
intensity in the direction of 85° to the east of the earth-sun line.
Later, the zero exponent was.confirmed by Kene (1964) who analysed the

IGY neutron date, and such characteristics of the diurnal anisotropy
remein practically invariant up to the year 1965 as reported by Faller

et al. (1965) and McCracken et al. (1965). Employing the world-wide
neutron dete for the year 1958, Dormen et al. (1963} deduced that the
exponent of the primary variation spectrum chenges from -0.5 to -C.6 and
there is no clear dependence of the sxponent on the sunspot number except

for a few months. Kuzmin et al. (1963) assembled data on the meson
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component at various depths underground together with hard and nucleonic
components data. They found that in 1958 = 1959 the exponent had a value
of ~0.5 and the lower bound primery energy was 7 BeV while in 1960 - 1962
the respective values were -1.0 and 7 BeV. Utilizing the model proposed
by Rao et a2l. (1963), Jacklyn et al. (1965) developed a method of
detefmining the upper limiting rigidity for the solar diurnal variation
in free space. He estimated that the mean value in 1958 was 95 GV with
an error about 10 - 20 GV, and decreased by about 20 - 40 GV over the.
period of 1958 - 1962. Using data from 14‘stations, Ables et al. (1965)
investigated the semi-diurnal anisotropy during the period 1955 - 1965 by
means of the numerical filter techniques. The phase and amplitude
distribution histograms for each station and year, when fully corrected
for geomagnetic effects on primary trajectories, indicate a consistent
semi-diurnal anisotropy having en amplitude of about 0.1% and maxime along
a line 60° west of the earth-sun line. They also remarked that such an
anisotropy might be energy dependent.

Day~to-day changes of the solar diurnal variation have been
studied with the achievement of high counting rates in cosmic rey monitors.
Firor et al. (1954) discovered a high variability from dasy to day in the
diurnal varistion of the nucleonic component. The time of meximum appéars
in day time as well as in night time. Some of the days do not show any
appreciable diurnal variation. Using ion chamber data, Sittkus (1955)
observed an association of large amplitude and time of mexXimum near noon
for some groups of days with a 27-day recurrence tendency. From the
analysis of the data collected in 1954 with telescopes directed in the
east-west plene, Sarabhai et al. (1958) attempted a phenomenological
classification of daily variations into three types: namely, days with

a meximum during the day time (designated as d-type), days with & maximum
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at night time (n-type), end days with two meximum (s-type). The mejority
of days showed»a maximum either at 12 h or at 3 h L.T. For each type,

peak to peak amplitudes were as large as 2%, and the 27-day recurrence
appeers especially pronounced for the d-~type. With data supplied by
luencayo and Churchill, Sarabhai et al. (1963 a) studied the diurnal
veriation for the period 1958 - 1962 by means of a statistical distribution
of day-to-day emplitudes, times of meXimum, and times of minimunm.
Conclusions were drawn as followse The time of maximum shifts to earlier
hours only at the equatorial station but not at high latitude. The peak-
to~peak amplitude decreases appreciably for Huancayo neutrons, decreases
less for Churchill mesons, but remeins unchenged for Churchill neutrons.
The majority of the days show the exponent of the anisotropy spectrum

to be from =0.8 to -1.0. Using the same data as sbove and applying a
correction for the geomagnetic effect, Sarabhai et al. (1963 b) derived
the exponent of the anisotropy spectrum on & daily basis. The percentage
frequency for zero exponent is always less than for positive and negative
exponents. The frequency of days with positive exponent increased from
26% in year 1958 to 56% in 1961, while the frequency of days with negative
exponeht decrease from 1958 to 1961. In year 1962, elmost all days had a
negative exponent. In the study of IGY neutron data, Kane (1963) compared
the diurnel variation with solar and terrestrial pheriomena on a daily basis,
but did not find any one-to-one correspondence with any phenomenon. Large
diurnel emplitudes may follow type IV soler bursts and precede cosmic ray
storms and geomagnetic storms. There exists a (29 + 1) days recurrence
tendency end a& minor 8-days recurrence tendency. Vledimirsky et al. (1965)
applied the method of construction of the directional intensity

(Stepanyan 1962) to the neutron data for the period 1957 - 1958 end

obtained continuous values of diurnal amplitude and phase for each day.
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In addition to the main.afternoon‘s meximunm, another region of the
relatively stable phases waé revealed in 02 - 06 h L.T. Large diurnal
amplitudes are connected mainly with two types of sudden commencement
magnetic storms. For the first type, the maximum amplitude occurs before
the sudden commencement while for the second type it occurs after the
sudden bommencement° The type IV radio bursts not followed by sudden
commencement magnetic storms influence the diurna; emplitude.

Along with the large number of experimental investigations on
the diurnal variation as outlined above, there have been many theoretical
attempts at explaining the origin of the diurnal variation. Janossy (1937)
proposed an east-west asymmetric effect of primery cosmic rays near the
earth on account of the sun's magnetic dipole field in order to explain
the excess of cosmic ray particles on the evening side of‘the earth,

This hypothesis was further modified by Alfven (1947}, Treimen (1954),
and Elliot (1960, 1962) in terms of trapped orbits and solar absorption
mechanism. However, Stern (1964) pointed out that this model cannot ,
explain the effe&t of the reversal of the solar dipole field on the
direction of the 'cosmic ray anisotropy.

For the explanation of the diurnal variation component which
is directed at 90° to the east of the earth-sun line, Brunberg et al.
(1954) suggested a mechenism of co-rotation of cosmic redietion with the
sun. The rotating magnetic dipéle field of the sun induces an electric
field, end the particles will drift in a direction perpendicular to the
solar magnetic field and the induced electric field. According to Compton
and Getting effect, this drift velocity produces a diurnal amplitude
of about 0.4%.

In order to account for the radial component of the diurnal

variation, the time of meximum of which is at 12 h L.T. in the free space,
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Alfven (1954)  put forth the hypothesis of the solar origin of cosmic
radiation. Particles of low energy willlbe accelerated to high energies
about lO14 eV by the corpuscular stream. Colliding with the magnetic
field inhomogeneities, partiéles will diffuse awéy from the region of
their origin, resulting in an anisotropic flux in the direction of the
sun. However, this theory can hardlyvbe justified on account of too meny
arbitrary paresmeters in the evaluation of‘the amplitude bf the redial

component.

'Meny workers (for example, Alfven 1951, Swann 1954, Dorman
1955) have studied the modulation mechenism of the solar corpuscﬁlar
stream on the charged particle. 4&n electricfield is induced in the
moving corpuscﬁlar stream by. the general magnetic field of the sune.
Cosmic ray particles, crossing the corpuscular stream, will be either
accelerated or decelerated. The integral effect of the solar corpuscular
streams will be such that the diurnal anisotropy is located at 90° %o
the left of the earth-sun line. Such a mechanism also gives rise to a
power law for the energy spectrum of the primar& diurnal variation.

In 1958, Parker predicted theoretically an Archimedean spiral
structure for the interplanetary magnetic field as the direct result of

the solar wind streams. Such a configuration has been found experimentally

consistent with the studies of the arrival directions of solar proton
(McCracken 1962) and the direct measurements in space by Pioneer V (Colemen

et al. 1960, Greenstadt 1965), Mariner II (Smith 1964), and IMP-I (Ness

et al, 1964)., As a result, this new discovery has to be considered in any
solar diurnal variation theory whenever the interplanetary magnetic field
is involved.

Ahluwalia et al. (1962) advanced a theory to account for the

diurnal variation. In the Archimedes spiral magnetic field as produced
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under the combined effects of the solar wind and the rotation of the sun,
an electric field is induced in the interplanetary SpéCEu Cosmic ray
particles of low energy, trapped in the spiral, will drift across the
induced electric field under the guiding center approximetion. The
relative motion between the frame of reference moving with drift velocity,
in which the cosmic radiation is isotropic, and the earth will cause an
anisotropy on account of the Compton-Getting effect. As a consequence,
the energy spectrum of the primary variation and hence the observed
diurnal amplitude can be related to the anisotropy direction which isg
determined by the solar wind velocity and the angular velocity of the
solar rotation. However, this theory meets with difficulties. First,
this theory implies that the time of maximum of the anisotropy in free
space must be within 90° to the east of the earth-sun line. Bercovitch
(1963), using the dey-to-day diurnal variation of the neutron component
and teking into account the smearing effect of the geomasgnetic field,
showed that about half of the exXperimental points give anisotropy directions
lying beyond 90°. Secondly, experimental evidence as presented by
Snyder et al. (1963) indicates that no correlation can be found between
solar wind velocity and the diurnal amplitude and the time of maximum.
Thirdly, Stern (1964} argued from the theoretical point of view that no
anisotropy will arise from a conservative electric field since this field
will also produce & density gradient effect which cancels entirely the
drift effect as suggested by Ahluwalia's model.

Recently, Parker (1964) discussed the conditions of the
interplanetary magnetic field in which a net streaming of cosmic radiation
cen exist. 1In the general interplanetary magnetic field, either stationary
or time varying, cancellation between the density gradient effect and the

electric drift effect will lead to a failure in explaining any observable




anisotropy of cosmic rays. The presence of irregularities in the general
magnetic field will cause particle diffusion. A suitable variation of the
diffusion coefficient with space coordinates can result in an azimuthel
and a radial streaming of cosmic radiation. To explain the origin of the
diurnal variation, the interplanetary magnetic field at the earth's orbit
must be sufficient regular so that the cosmic ray particles tend to move
along the magnetic lines of force. Beyond the earth's orbit, sufficient
irregularities must be present to eliminete the density gradient so that
the electric drift effect can ceuse an appreciable net streaming of cosmic
rays. Assuming the absence of a net radial streaming of cosmic radiation,
the azimuthal flux at earth will have a velocity of rigid rotation with
the sun.

As a modification of Ahluwalia's model, Axford (1965) treated
the cosmic ray particles as a gas with a distribution function satisfying
the Boltzmen equation with a collision term. This collision term is used
to represent the scattering effect of the cosmic ray particles due to the
irregular component in the garden hose configuration of the interplanetary
magnetic field. Equations of continuity and of momentum conservation are
also set up to describe the state of the cosmic ray ges. Assuming a plane
configuration equivalent to the model of the interplanetary mégnetic field
which has a spiral form within the solar wind cavity surrounded by a
boundary region of magnetic turbulence, the velocity of the cosmic ray
anisotropy is s§lved with the boundery condition that the radial velocity
of cosmic ray gas vanishes at the solar surface and at the border of the
turbulence. For the case without scattering in the solar wind cavity, the
cosmic ray gas stresms in a direction parallel to the orbital motion of
the earth eabout the sun with & velocity due to the co-rotation of the geas

with the sun. The fractional amplitude of this anisotropy, a@ccording to
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the Oompton—Gefting formula, will be about 0.7% for the diurnal variation
as observed in the free space,

Using orientation histograms to study on a day-to-day basis
the distributions of the time of maximum and the time of minimum for the
neutron component along with the distribution of the direction of the
average interplanetary field as méasured by satellite, Sarabhai et al.
(1965) suggested a virtual sink for the gélactic cosmic radiation towards
the sun along the spiralling interplanetary megnetic field for those days
with & difference of 6 = 9 h between the time of meximum and the time of
minimum. Cosmic ray particles moving along the megnetic spiral will be
scattered by the irregularities close to the sun, resulting in a
deficiency in cosmic ray intensity as observed at the earth in the morning
hours. This phenomenon has also been investigated by Mercer and Wilson
(1965) who proposed an absorption mechanism for the removal of the cosmic
ray particles. The primery particles, isotropically distributed, will
mirror between the sun and the earth. Those with small pitch angles will
mirror closer to the sun and thus be absorbed. Considering the absorption
eff'ect and the co-rotation of the cosmic radiation as the causes of the
daily variation, they estimated the direction and the magnitude of the
vector sum of these two effécts which turns out to be in fair agreement
with the observed variations as given by neutron data at Sulphur Mountain

and Calgary.

B. Daily Variation

Since data fqr the photon component has been accumulated every
hour in terms of a differential energy spectrum, & study on its solar
diurnal variation can be carried out for each of the energy raenges covering

the vhole spectrum. In the present analysis, seventeen energy ranges were
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selected accordingtothescheme described in Chapter III (see Table 3.1).

To make possible any analysis on the variation of extra-
terrestrial origin, the meteorological effect must be removed from the
observed data. In Chapter III, it was concluded that any one of the
barometric coefficients will lead to similar results in the wave shape
and in the harmonic snalysis of the daily variation, and that such a
barometric coefficient can be regarded, in the first approximation, as a
total pressure coefficient which may eliminate sufficiently the
méteorological effects. Hence, our data has been pressure corrected as
described in Chapter ITII, using the weighted average rapid-pressure-change
barometric coefficients (Table 3.3).

Considering the low counts per hour as recorded by the total
absorption spectrometer, it is impossible to reach any statistically
significant cbnolusions if the daily variation is analysed on a day-to-day
basis. For example, the highest hourly counting rate_for energy range 1
is of the order of lO4 which has about 1% relative fluctuation error, =&
magnitude comparable to variations under investigation. To improve the
statistical accuracy, 27 days are treated as & period, and the method of
sﬁperposition of epochs is employed to produce & mesn dally variation
which consequently represents the average feature of the daily variation
in such a pericd. The data ccllected from February 6 to November 29, 1963
ig thus grouped intc eleven pericds. Furthermore, these eleven periods
are taken as a éingle group (designated as period 12) for better statistics
and hence more accureacy in studying the genersl features of the average
daily variation.

To illustrate the effect of counting rates, the daily
varigtion of period 1 end period 12 ere given in Fig. 4.1A end Fig. 4.1B

respectively. It can be seen thet daily variations in period 12 eare
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better defined and show much smeller standard errors than the corresponding
ones in period l. Variations for energy ranges with high counting rates
(J = 1, 17) preserve their shape in both periods while those with low.
counting rates (J = 6, 16) display inconsistent features. Therefore,
whenever possible, conclusions should be drawn from the datz of period 12,
especlally when the general properties of the variation are considered.
The investigation ofbthe photon energy dependence of the
daily variation wave forms leads to a distinction of two classes. The.
first class consists of waves for energy renges from 1 to 5 (see Fig., 4.1B
and Fig. 4.10), Their common pattern of wave shape shows the general
tendencys avdecline from zero lécal hour to 9 or 10 h, then a rise up
with a maximum sround 16 and 17 h; and then a falliﬁg off until 2% h,
This kind of wave form is on the whole similar to that of the nucleénic
component registered at Deep River during the ssme period of tinme (Fig.
L,1E). However, the dsily variations of the sscond Claés with energy
reanges from 6 to 16 (Figures 4.1B, 4.1C and 4.1D) do not resemble the
first class, nor do they show consistent featureé among themselves due
to the wild scattering of points on each variation. In order to reduce
theée statistical fluctuations, -we' coimbined  energy renges from & to
9, from 10 to 16, and then from 6 to 16 (designated as J = 21, 22, and
23 respectively &s shown in Fig. 4.1E}. Here again, these three combined
variations do not clearly fall into the wave pattern of the first class,
In particular, the last one which covers all the energy ranges in the
second class show another type of undulation, being fairly constant from
1 to 12 h end then rising up again. The existence of two different types
of daily variation for different photon energies is interesting.
Undoubtedly, daily variation of the first class (J = 1 to 5) are

essentially solar diurnal in nature. However, the second class seems
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to deviate considerably from this diurnal nature. This implies that the
primary cosmic radiation responsible does not participate strongly in

the solar diurnal process. If this is the case, these primaries will
havg energies either higher then the upper limit or smaller than the lower
limit of the solar diurnal modulation mechenism. Unfortunately, with

the present relatively small sensitive volume of the spectrometer and
resultant low counting rates, the existence of these two classes of daily
varistion cannot be conclusively established. As for the daily variations
of the second class (J = 6 to 16), their neture will be discussed later

in this Chapter.

C. Harmonic Analysis

For a separation of the daily variation into harmonics, a
finite Fourier enalysis has been applied to the pressure-corrscted
intensities for various photon energy ranges and for various periods,
using & modified program from the IBM 1620 General Progrem Library. The
mathematical method is outlined below:

Let £(t) represents the intensity of the experimental daily
variation as a function of time t, and let it be represented by e Fourier
series in the form |

21 2%p
£(t) = _Z_o + S(ap cos —,'T?‘t + bp sin —T—’t)

where p is the order of harmonic, T is the period of the first harmonic

and S represent the summetions teken from p = 1 to p = p'e If there are
n experimental f(t) obtained at equal time interval (designated by h) in
the period T, then T = nh, t = kh where k = 0, 1, 2, vesey n — 1, and p'

will be less than or equal to n/2. Fourier coefficients, 845, 85, by, €81

be computed by the formulae:
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2
a0 = - 5( £(k) )
ap = 2 8( (k) cos ?—?k )
. om
bp = % S( #(k) sin —Egk )

where S represent the summations taken from k = 0 to k = n - 1. In the
present case, n = 24 and T = 24 hours. The amplitude Ap, phase Cp and the

time of maximum intensity Mp for the p th harmonic are given by

(a2 L w2y1/2
Ap = (ap + by)
a
C, = a:-r°<:‘t,zauf1.---p
P by
T S
Mp = 7 oy arctan &y

- As all the twenty four values of (k) do not differ considerably from their

average ao/2, their standard deviations can be taken as
1/2
a
De(k) = ( 5° )

Hence, stendard deviations for Ap; Cp are given by

1/2

Dag = Dr(k) (f—;)
D 3 1/2
Dop'—"'%'l'{l(g)

The final results of the Fourier analysis will be presented in the form of

]

amplitude of p th hermonic Ap(%) % DAP(%}

Mp * DMP (local hour)

time of maximum of p th harmonic

where

A
7Yy = —b

Da
Dy (%) = 575 100%
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The present analysis on the daily variation was performed up

to and including the third harmonic. The computed emplitudes, 4, and

times of meximum, M, together with their standard errors, Dy and Dg for’

the first, second end third harmonics are tabulated in Table 4,1 for

each of the twelve time periods.

First Harmonic

4

Dy,
(%)

07
013
=20
.28
37
A8
.60
75
088

1.05

1.25

1.48

1.74

2,08

2.47

1.87

.06

H
(hr)

16.3%
19 956
20.08
16 .87
21.02
20,28
23,17
21.96
11.98
20 .86
21.13
19.71
20 .83
23,81
21.61
24,07

17 .07

Do

(hr)

.28
1.15
2,67
2.16
1,40
5443
3.05
1.61
2.38
3,38
305
3,21
l 08}4‘
1.41
1.93
% .80

250

TABLE 4.1

Peribd 1

Febo 6 - Mare 1‘1"9 1965

Second Harmonic

24
(%)

.07
.13
.20
.28
37
48
.60
o3
.88

1.05

1.25

1.48

174

2,08

247

1.87
.06

H
(hr)

2.11
2,27
5.59
6.08
6.78
8.08
9 .46
6.37

Da
(hr)

T4
1.93
2.77
3.90
2,58
5.07
7 .89
6.31
1.91
L,38
3.56
7.91
275
3,06
4,02
1.89

083

Third Harmonic

Dy

(%)

.07
.13
.20
.28
37
A48
060
o753
.88
1.05
1.25
1.48
1.74
2.08
2.47
1.87

.06

W
(br)

4,77
7.62
0.04
0.09
5 086
0.61

%
(nr)

2,16
6.18

1.94

4,04

2.70

29,72
4 .30
8.59
3,28
3,30

10.06
6016
2,07
1.62
8067

11.57
2.89
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First Harmonic

A4 Dy M Do
(%) (%) (br) (br)
TI5 .07 16.61 .36
30 W13 15.46 1.69
Bl .19 22,38 2,38
W53 .27 21.62 1.98
I8 36 18.49 1.75
16 W45 4,72 10.65
Tl 55 12.10 3.00
96 67 5.36 2.65
142 .79 19.59 2.1k
1.05 93 20.65 340
1.08 1,09 18.67 3.83
1.37 1.31 22,42 3.65
1.5 1.55 4,96 3.93
2,42 1.83 2,50 2.89
149 2,16 20.36 5.54
2,10 1.6l 3.74 1.99
55 06 16.96 .39
Pericd 3
First Harmonic
A Dy M Do
(%) (%) (ar) (ar)
56 07 16,11 .48
55 W13 16,49 .92
030 20 17.99 2.54
09 027 12,85 1l.74
A8 36 20.92 2.84
Sh 45 20,60 3.18
92 .55 21,09 2.29
69 66 21.20 3.67
88 77 19.12 3.35
67 90  6.61 5.1k
1.3%3 1.07 20.66 3.07
2,39 1.26 6.40 2.02
1.82 1.51  3.89 3.16
3.48 1.81 16.23 1.99
2.30 2,10 4.52 3.49
1.60 1.5% 6.10 3.64
L8 06 16.54 45

T

Period 2 3

7

ABLE

4,1 (cont.)

Mar. 5 = Mar. 31, 1963 .

Second Harmonic

A Dp M Dg
(%) (%) (br) (br)
36 W07 2.8 .76
2L 13 2,35 2.07
23 L19 6,71 3.18
39 27  he28 2.65
L8 35 742 2,81
21 A5 b7k 8.18
1.18 55 4,90 1.80
63 W67 3.60 4.05
1.26 .79  4.60 2.41
1660 93 6.8l 2,23
218 1.09 2.98 22.87
1.45 1.31 0,51 3.44
1.37 155 11.05 4.35
2.50 1.83 2,37 2,70
2,20 2,16 10.62 3.76
1.67 161 1,63 3.68
27 06 3,05 .79
s Apre. 1 = Apr. 27, 1963
Second Harmonic
4 Dy u Dg
(%) (%) (br) (br)
<10 .07 11.58 2.67
33 W13 4,28 1.54
07 20 11.17 9.98
00 .27 6,42 11.42
21 W36 1.85 6,34
Hh A5 0.91 2.67
95 .55 0635 2.21
146 66 433 1.72
19 W77 1.73 15.74
1.12 .90 9.34 3.07
1.61 1.07 7.46 2.53
29 1.26 6.49 16.83
1.23 151  1.47 4.68
2.47 1.81 11.00 2.80
1.91 2.10 10.38 4.20
2.58 1.5% 8.09 2.26
06 W06 148 3.81

Third Harmonic

A Dy M Do
(%) (%) (ar) (hr)
15 07  5.25 1.80
W18 W13 767 2485
.15 .19 5.84 5,02
A 027 5.48 2033
235 35  1.60 B5.T7
W52 A5 2,26 3,32
65 55 5.03 3.26
W69 W87 243 3.71
137 79  6.55 2.21
2.38 .93 4.85 1.50
S 1,09 3.26 T.67
17 1.31 2,35 29.55
2.01 1.55 o 2.95
1.03 183 0.24 6,78
5014 2,16 0.05 1.61
3,48 1.61  5.62 177
12 06 5,57 1l.74
Third Harmonic
A Dy M Do
(%) (%) (br) (br)
09 07 491 3.00
11 W13 5.20 4,67
26 .20 2.28 2,84
Sh .27 4.8L 1,94
Lh 36 TA5 3,09
33 W45 T7.08 5.18
12 55 3,40 16.85
W39 W66 625 6.50
1.20 77 2.37 2.47
1.05 .90 1.98 3.34
1.65 1.07 1.33 2047
2,42 1.26 543 1.99
1.20 1.51 5.64 4.79
3,20 1.81 3.76 2.10
3,30 2.10 7.20 2,43
1.83 1.55 7.5 3.18
08 .06 L84 2,66
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TABLE 4.1 (cont.)

Apre 28 - May 24, 1963

Second Harmonic

Dy by
(%) (hr)
07 2.07
13 2.96
.20 11.10
27 2.18
e56 0062
A5 6,22
55 392
65  8.88
J7  8.58
90  9.99
1.05 10.67
1.26  5.69
1.51  6.52
1.79  5.70
2,10 2.97
1.51 11.81
06 2,12

e
(br)

.70
4,03
30 .24
2.74
4,78
2.14
3,92
4,88
2.81
2.78
1.55
9 .49
5 .30
3.67
6.70
375
080

May 25 - Jun. 20, 1963

Second Harmonic

4 Dy M Do A
(%) (%) (ar) (br) (%)
Il 07 16.27 .38 .38
e32 W13 14,12 1.55 .13
039 .20 14.55 1.92 .02
20 .27 10.49 3.59 «38
33 .36 10,34 L4.06 .28
15 A5 5.29 11.73 .80
8L 55 10,07 2.57 53
36 65 lhA47 6.92 51
M8 77 13.15 6.09 1.05
1.19 .90 21.28 2.88 1.23
A 1,05 840 9.06 2.63
1.80 1.26 4.29 2.67 51
1.33 1.51 15.57 4.35 1.09
2.05 1.79 18.44 3.34 1.86
6.00 2,10 14.51 1.34 1.20
3692 - 1,51 11.69 L1.47 1.54
Sh 06 15.70 W40 26
Period 5 ¢
First Harmonic
A D H Dg 4
(%) (%) (br) (hr) (%)
86 07 16.06 .31 ol
32,13 15.36 1.53 o 14
26 19 22,97 2.83 629
W22 26 3,79 L4.61 A0
27 B4 18.62 4.87 .63
89 A3 22.38 1.85 91
A1 .53 440 4.90 .18
A6 63 1.66 5.16 58
A8 75 7.16 5.79 .82
56 85 13,79 5.83 2.5]
1.34 1.00 5.94 2.84 1.01
08 1.21 12.46 56.25 1.26
1.10 1.45 11.88 5.02 2.48
2,18 1.75 4.98 3.08 2.84
1.39 2.06 22.40 5.66 2.07
3,10 1.56 10.50 1.93 1.05
57 05 16.21 37 30

Da M
(%) (hwr)
07  2.76
13 4,85
19 4,90
.26 10.08
Sh 5,61
A3 6,61
53 4.82
63 2.25
T3 hlT4
B85  4.22
1.00 11.01
1.21 6.59
1.45 10.32
1.75  9.34
2.06  7.02
1.56 10.78
05  3.21

Dg
(hr)

59
3.49
257
2,52
2.10
1.81

11.13
4,13
3 .40
1.30
377
3.66
2.24
2.%56
3,81
5.67

.70

Third Harmonic
4 Dy M Dg
(%) (%) (br) (hr)
12 .07  5.04 2.34
09 W13 6.73 5.47
12 .20 1.58 6.34
W46 .27 L9l 2.25
37 36 1.32 3,62
81 WA5 3,83 2,11
B85 55 5.18 2.47
O4 65 2,26 2.65
1.00 .77 6.16 2.95
232 .90 0,70 10.66
1.06 1.05 3,64 3.77
2,65 1.26 6.84 1.81
1.20 1.51 3.57 4.82
52 1.79 3.0l 13.14
3,17 2.10 7.80 2.54
1.82 1.51 5,90 3,18
09 06 5,05 2.24
Third Harmonic
4 D M Dg
(%) (%) (hbr) (hr)
19 W07 6,31 140
A4 .13 0,15 3.61
37 W19 2.83 1.97
A7 26 743 6,02
27 W34 7.31 4.82
31 A3 516 5.31
ST 53 Te57 3.56
g6 W63 421 3,17
A6 73 L.82 6.11
1.54 .85 6.82 2.11
1.23 1.00 7.72 3,10
1.34 1.21  7.78 3.44
3.69 1l.45 2.06 1.50
1.18 1.75 2.97 5.67
2.09 2.06 2.66 3.76
2,18 1.56 6.25 2,73
11 05 6.58 1.81



je

O O ~3 ON\IT B\ DO

Jeu

NO O = O AN O

Periocd 6 :

First Harmonic

>

TABLE

Jun. 21 = Jul.

4.1 (cont.)

17, 1963

Second Harmonic

A Dy ¥ e & Dy ¥ Do
(%y (%) (br) (hr) (%) (%) (br) (br)
1.37 .07 16.72 .19 20 W07 - A7 1.33
55 .13 15.15 .89 24 13 8.50 2.05
25 L19 1449 3,19 19 W19 6.52 3.84
27 26 23.40 3.66 26 26 7.22 3.78
J9 W34 12.88 1.6k A5 34 8,99 2.85
JTJO0 W43 7.76 2.32 08 A3 5.32  1.68
B85 52 21.88 2.35 1.06 .52 8.96 1.92
92 63 23.96 2.60 Ll W83 T.15 5.79
80 W7 19.20 L.7H B8 W7h 8.84 4,18
1.09 .86 18.42 3.03 1.27 86 5.94 2.58
2,30 1,00 6,31 1.67 1.41 1.00 7.01 2.72
2.09 1.21 2.66 2.30 A9 1,21 1.02 9.43
2.74 1.45 5.86 2.03 3,20 145  2.6% 1.74
3.30 1.72 10.69 1.99 1.11 1.72 11,05 5.92
5.84 2,07  3.52 1.35 2.09 2,07 6,10 3.78
3,80 1.55 7.45 1.52 3.76 1.55 591 1.57
9L W05 16,51 .22 07 05 10.69 2.95
Period 7 : Jul. 18 = Aug. 13, 1963
First Hearmonic Second Harmonic

A Dy M Dg A Da M Dg
(%) (%) (br) (br) (@) (%) (br) (br)
82 .07 14.88 .32 22 07  1.79 1.19
71 13 1495 .68 03 W13 1,73 16.92
W96 W19 1498 .75 L8 .19 61 149
TJ9 26 15,36 1.26 56 26 1.34 1,78
A5 W34 15.57 2.90 A5 34 .29 3,00
52 43 17.98 3.18 B9 W43 10,32 2040
59 W55 13,42 3.42 38 W53 L.56 5.31
78 63 3.18 509 22 W63 10,57 10.92
B89 WTh 20.91 3.17 1.00 .74 6,98 2.83
2,16 .87 12.12 1,54 Ol 87 347 3.65
. W37 104 14,51 10.78 87 1.04  7.53 4.53
2,65 1.25 16,52 1.80 1.23 1,25 3,71 3.88
1.11 1.49 16.88 5.16 70 149 3,09 8.17
2,56 1.8% 21.19 2.72 99 1.83 4,37 T.07
2,08 2.17 0.52 4.00 2,23 2,17 1.56 3.72
1.69 1.66 15.74 3.77 341 1.66 3.11 1.86
78 .05 14.98 26 21 W05  1.50 .99

JEAN ONJT D =g N0
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Third Harmonic
& Dy M Dg
(%) (%) (br) (br)
07 07  6.54 3.
o33 13 Tel2 1.
26 .19 5.95 2,
A5 .26 5.74 6.
S8 W34 2,71 2.
36 W43 733 4,
1.23 52 T7.67 L.
38 63 L4099 6.
1.84 .74 3.10 1.°
1.94 .86 2.90 1.69
62 1,00  2.40 6.20
30 1.21 2,22 15.21
2.36 1l.45 748 2,36
1.2 1,72 4.50 5.28
3,07 2.07 7.19 2.57
2.07 1.55 7.10 2.85
11 05 6.79 1.94
Third Harwonic
A Dy ¥ Do
(%) (%) (br) (ar)
08 07 4.70 1.89
08 W13 L.67 6.03
L4 J19 1.81 15.98
36 W26 3,00 2.77
19 B4 497 6.75
T W43 4,38 2.33
L6 B3 2,66 L4.36
97 63 1.72 2.48
1.08 J7h  6.96 2.64
57 B7  2.66 8.99
1.95 1.04 1.76 2.04
2.45 "1.25 1.15 1.94
1.74 1.49 7.26 3.27
4,82 1.83 0,29 1.45
1.91 2.17 2.75 4.35
1.2 1.66 3.16 5.12
Q07 05 4.1l 3.05
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TABLE 4.1 (conts)

Period 8 : Aug. 14 - Sept. 9, 1963

First Harmonic . Second Harmonic Third Harmonic

J A Dy X Dg 4 Dy M Do A Dy M Dc

(%) (%) (br) (hr) () (%) (br) (hr) (%) (%) (br) (hbr)
1 Tl 07 16.17 .36 17 07 175 1653 03 .07 0.33 8.40
2 b1 W13 15.11 0 .79 A5 .13 0,98 3.31 19 .13 - 0.75 2.51
3 85 .19 14.10 .85 26 19 11.71 2.81 22 .19 5.07 3.19
4 J1 26 15.48 1.39 A1 26 8.73 2.40 28 26 749 3.57 -
5 91 W34 13.34  1.43 23 B34 6.6l 5.72 50 W3 739 2.59
6 69 A3 15.15 2,39 21 43 746 8.00 13 W43 3,91 12.80
7 BT WS4 1445 545 06 B4 6,68 33,32 . .25 oS4 6,23 8.83
8 65 65 17.09 3.80 BT 65 10,52 3.69 B7 65 0.55 2.85
9 83 77 0.25 3.56 1.49 .77 0.67 1.99 BT W77 T48 3.4l
10 J7 92 L7 456 o35 92  9.84 9.89 A0 92 L.77 8.75
11 2,23 1,09 9.67 1.86 1.59 1.09 147 2.61 1.40 1.09 3.18 2.97
12 1.41 1.29 12.56 3.50 1.28 1.29 11.54 3.86 25 1,30 2.14 20.06

13 1.36 1.54 14.58 . 4.32 2,77 1.54 2.02 2.12 1.65 1.54 3.68 3.61
4 3,15 1.85 23.11 2.22 3,57 1.85 0.59 1.95 Bl 1.83  3.53% 22.45
15 2.85 2.21 14.91 2.96 5,50 2,21 8.63 1.53 1.75 2.21 1.67 4.83
16 1.78 1.72 12.20 3.68 1.85 1.72 3.22 3.54 1.60 1.72  4.88 4.10
17 68 W05 15.66 .30 Ll .05 1.14 1.48 06 .05 0.02 3.58

Period O : Sept. 10 - Oct. 6, 1963

First Harmonic Second Harmonic Third Harmonic
% D A D E I Dy ® Do

W w—

e
1=
o
5
[

(%) (%) (br) (hr) ‘_ (%) (%) (br} (hr; (%) (%) (hr) (hf)
76 07 16.24  J3b .17 .07 3.05 1.52 14 .07 6.46 1.77

1

2 W38 .13 16.45 1.26 20 13 1,05 2.44 16 .13 2,61 3.12
3 36 .19 17.90 2.00 19 .19 1.75 6.07 08 19 5.25 8.46
L 25 26  1.62 397 L0 26 AL 2.46 Sh 26 483 1.85
5 B4 34 14,04 3.80 20 B4 9,65 6451 35 B4k 7,16 3.74
6 A2 43 10,12 3,90 Sh W43 3.99 3,08 19 43 5.08 8.62
7 31 WS4 18.52 6.54 A9 BE 11.35 4.16 A0 B 762 5.16
8 AT 65 13.93 5.32 2,06 .65 6.53 1.20 G665 534 3.75
9 JTJh .78 18.93 4.00 97 .73 5.90 3,05  1.00 78  2.90 2.96
10 b6 W92 22,22 5,32 1.04 .92  3.16 3.36 12 .92 0,22 27.37
11 1.53 1.09 17.33 2.72 90 1.09 461 4.63 86 1.09 2,75 4.84
12 3,19 1.29 1l.74 1.54 98 1.29 3,62 5.02 1.30 1.29 5.03 3.80

13  1.08 1.53 20.43 5.44 2.26 1.55 4
14 1.99 1.84 23,29 3,54 1.20 1.84 4
15 2.63 2,22 644 3.22 1.75 2.22 8
16 2.59 1.7% 21.54 2.56 1055 1.7 0
17 S8 W05 16.36 35 w15 05 2

5
b 5,86 1.77 1.84  7.46
0 4,86 2.01 2.22 2.53
6 L4.98 4,00 1.753 1.93
8 1.32 09 05 5.97 2.31

4

)
2.58 2,60 1.53 4,98 2.25

5

4

1
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TABLE 4.1 (cont.)

Period 10 3

First Harmonic

A Dy M Dg
(%) (%) (hrj (br)
°75 907 l5 585 054
239 .13 15,01 1.23
56 .19 15.75  1.09
51 .26 12,50 1.94
53 W34 15,15 243
W29 - A3 22,93 5,69
88 53 15.51 2.32
BT W68 1456 4,33
1.29 .77 9.84 2.28
91 o9l 20.00 3.85
1.73 1.08 12.53 2.39
1.75 1.29 18.46 2.81
1.90 1.54 15.44 3.10
1.07 1.85 4.33 6.62
Sh 2,22 0.59 13.26
3,04 1,74 116,22 1.69
65 05 15.63 .31
First Harmonic
A Dy M Do
(%) (%) (br} (hr)
25 07 18.46 1.07
15 .13 17.05 3.38
020 19 21.69 3.62
21 .26 16,01 4.79
78 o35 20,57 1.70
B4 bk 23,18 4.99
B8 B4 11,93 3.55
Sl .66 12.52 4,98
1.34 .79 4.33 2.23
1.12 .92  2.42 3.16
1.43 1.09 15.22 2.92
1.13 1,30 9.58 4,37
90 1.54 13.39 6.56
2.81 1.82 9.14 2.48
80 2.17 14.19 10.32
030 1.67 1.89 21.01
21 05 18.54 1.00

Period 11 :

Octe 7 - Nov. 2, 1963

Sscond Harmonic

A Dy H Do
(%) (%) (ar) (br)
W36 07 2.04 .71
27 <13 0,03 1.77
15 .19 0,04 4.80
A7 26 2.91 2.09
o33 W34 4,01 3.94
69 A3 11.54 2.40
O 55 9.77 3.18
A3 64 10,05 5.71
1.27 .77 10.80 2.32
1.32 .91 10.96 2,64
1.06 1.08 11.47 3.90
2.26 1.29 5.90 2.18
2.4k 1,54 1.51 2.41
3.60 1.85 244 1.96
3,13 2,22 3,14 2,71
2,71 1.74 0.31 2.45
29 05 1.62 69
Nove 3 = Wov. 290, 1963
Second Harmonic
A Dy M Dg
(%) (%) (bry (hr)
25 .07  2.15 1.04
16 W13 340 3,10
37 +19  0.50 1.99
20 26 8.22 5,00
27 o35 590 k.95
J38 b 7,04 4,39
38 B4 0.48 546
93 W66 343 2,70
A2 79 8.72 7.22
147 92 3,69 2.40
1.39 1.09 1.03 2.98°
1.25 1.30 4.20 3.97
81, 1.54 11.26 7.31
1.33 1.82  7.58 5,23
4,75 2.17 5S.16 1.75
2,40 1.67 4.98 2.66
20 .05 2,28 1.04

Third Harmonic

.0%

A Dy i} Dg
(%) (%) (nwr} (hr)
05 .07  3.65 5.49
A6 .13 3,17 2.93
W34 19 2,81 2.09
17 26 1,79 5.86
23 B4 6,70 5,71

C 36 A3 0635 4,63
19 53 5,32 9.24
o33 W64 7.7 7.57
52 W77 2.78 5.61
B4 91 040 4,17
85 1.08 1.30 L4.88
1.26 1.29 743 3.90
A 154 4,72 1341
3.58 1.85 7.56 1.97
2,46 2.22  6.83 344
2.36 1l.74 1.40 2.82
07 05 2,99 2.86

Third Harmonic

A Dy ¥ Dg
(%, (%) (nr) (br)
05 07 5.05 5.68
A5 W13 7.64 3.27
20 W19 145 3.63
08 .26 3,87 12.81
236 .35 3,19 2,18
90 WAh 5,78 1.85
O Bh 5.59 57.45
73 W66 6.85 344
1.04 .79 5.11 2.90
76 W92 55 Lh62
81 1,09 4,51 5.11
143 1.30  7.91 3.46
S50 L1584 7,16 11.69
1.19 1.82 4.05 5.86
2.69 2,17 3.75 3.08
2,40 1.67 344 2,65
05 5,73 6.22
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TABLE 4.1 (cont.)

Period 12 ¢ Feb. 6 = Nov. 29, 1963

First Harmonic Second Harmonic Third Harmonic

4D B Ig A7 Dy E O Ig A0 D E g

(%) (%) (hbr) (hr) (%) (%) (br) (br) (% (%) (hr) (hbr)
85 02 16.45 .08 27 W02 2.2h 26 05 .02  5.56 1.3%0
50 03 16.39 .26 .13 .03 2,48 1.04 086 03 0.23 2.18
LE .05 16,97 L2 0 07 05 1.23 2.72 09 05 2.09 2.20
3L 07 16.86 .79 07 07 h.obh 3,77 11 W07 499 2.47
56 09 1749 J6h 13 09 5.98 2.67 12 09 7.88 2.92
35 .12 19,46 1.29 21 12 6.26 2,11 A2 .12 4,90 3.81
A0 L14 17.30 1,40 05 W14 11,18 11.64 15 W14 6,14 3.79
A3 .17 20.31 1.53 24 17 5.69 2.81 09 W17 1.86 7.6l
JSBh 21 18.53 2,31 L0 .21 7.53 2.00 .13 .21 4,07 5.87
57 24 19.75 1.63 2% 2h 5,26 4.10 15 24 3,73 6,33
L0 29 15,95 2.75 Sl .29 10.47 3.25 58 .29 2.16 1.88
W30 B4 16.29 4.39 Bh 3L 5.23 3.82 b6 B4 7,13 1.98
58 W4l 17.32 2.70 97 Al 2,10 1.61 W33 WAl 5.57 4,76
81 49 22,86 2.29 53 W49 1.23 3,55 Sh A9 7.88 3,48
L1 58 20,60 3.6k 60 58 6,65 3.72 B8 58 0.28 3.3

72 WAh 11,26 2.31 b1 WAk 2,29 2.75 215 b4 6,28 11.17
.70 01 16.56 .08 20 W0l 2,35 .28 .03 .01 5.88 1.96

With the results of Table 4.1, three problems can be studied

8
°

(a) the importance of the second and the third harmonics in the composition

of the daily variation, (b) the energy dependence of solar diurnal
amplitudes and times of meximum intensity for cosmic ray photons near
sea level, ahd (¢} time behavior of the diurnal variation during the
eleven consscutive solar rotation periods (i.e. time variation of the
diurnal amplitude and time of maximumj. In any discussion of the above
three problems, care must be taken in using the computed results. On
examination of Fig. 451; Fig. 4.2 and Table 4.1, one can easily see that
not all the values are statistically meaningful on account of large
standard errors. Whenever possible, values obtained during period 12

or for the photons of energy renge 17 should be used as the basis for
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reliable conclusions. Whenever applicable, neutron date during the same
period of time as recorded at Deep River station (geomagnetic coordinates:

46° 6% W, 77° 30' W) are utilized for comparison with our photon results.

Do BSignificance of the Second and Third Harmonics

For & daily variation with twenty four experimental points, a
finite Fourier analysis can yield mathematical results for the amplitude
and the time of meximum intensity up to the twelfth harmonic. However, in
the previous reporis on the hermonic analysis of the daily variation,
nothing has been mentioned about harmonics higher than the second. The
amplitude of the second harmonic is usually very small, and for some
occasions can be entirely neglected. In our present work, the third
harmonic is also included. To estimate the significance of the second
and the third harmonics, amplitude ratios of the second to the first
(designated as 32) and of the third to the first (designated as R5) ére
calculated from Table 4.1 for every energy range end for each of the twelve
periods. Respectively, Ry, and R5 indicate the relative contributions of
the second and the third harmonics to the daily variation of cosmic rays
as compared with the first harmonic. They are illustréted in Fig. 4.2 for
six time periods (in rows) and for seventeen energy ranges (in columns).
For a particular period and energy range, the solid line represents the
first harmonic and its height is taken as unity. The dashed line and the
dotted line are scaled to the values of Ry and Rie From Fig. 4.2, the
following can be steted:

1, In all six periods, range 17 gives coherent features for the
contributions of the second and the third harmonics.
2, In period 12, tolerable (i.e. ressonable) ratios (R, end R5) appear

only in energy ranges 1 to 8.
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3, In periods of short time duration (i.e. periocds 1, 3, 5, 7s 9),
with the exception of energy ranges l; 2, 17, the various energy ranges
do not have a dominant first harmonic throughout.

4. The emergence of either the second or the third harmonic, or both,
as the main or important contributor éoes not necessarily mean that the
corresponding daily variation is essentially composed of the second and the
third harmonics. On the contrary, we conclude that they are not useful
for our present purpose because of the poor statistics which are reflected
by the wide scattering of points with large stendard deviations.

In order to draw some conclusions, we must confine ourselves to
photons of energy ranges 2 and 17. A seasonal variation of their Ry and
RB, together with those for neutrons (Deep River) is shown in Fig. 4.3.
Their standard deviations are also estimated. Again, there is not much
we can say definitely about photons of energy range 2 as the large standard
deviations make conclusions impossible. However, it does show the
existence of the second harmonic for neutrons and for photons of energy
range 17. The second harwmonic of the neutrons has an smplitude varying
from 10% to as high as 45% of the first. In the case of the integral
photon intensity(J = 17), R, may have values as high as 0.5, Therefore,
the second harmonic seems to be more important in the daily variation for
certain periods of time.

As for the third harmonic, the neutron data demonstrates that
it is not as negligible as one might have thought. OUnly on one occaslion
(March 1963), Rz is close to zerc. It goes up as high as 0.3 in September
196%; however, this unusually high value mey be the consequence of a
Forbush decrease which occurred in this month and disturbed greatly the
cheracter of the mean daily variation. Conservatively speaking, R5 can

reach & value at least as high as 0.1, that is to say, the amplitude of
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the third harmonic can be 10% that of the first. Again, the integral
photon intensity yields & similar conclusion. Its R5 can reach a valus
as high as 0.2.

Taking ten months (February - November 1963) as a single

period, the values of Ry and Rz are tebulated in Table 4.2,

TABLE 4.2

Amplitude Ratio

Photon J=17 Photon J=2 Neutron
Ry 0.28 + 0.02 0.25 § 0.06 0.20 4 0.01

0.04 + 0.02 0.12 £ 0.06 0.06 £ 0.01

Results R, and R5 for photons agree fairly well with neutrons
' within statistical errors. This agein shows the appreciable contributions
of bvoth the second and the third hearmonice in the average solar daily
variation of cosmic radiation cver a long period of ten months.

The physical meaning of the second harmonic is quite obscure
and is not to be found in the literature. The third harwmonic is not even
mentioned. At present, it is impossible to understand their real characters

since the nature of the first is not yet completely understood.

fnalytically, any impure sinusoidal curve can be resolved into & series of
harmonics. The contribution of the higher harmonics will be more
significanﬁ if the curve devistes farther sway from the pure fundamental
harmonic. It is possible that the higher hasrmonics are the result of

some fluctustion in the source of the first harmonic. Or, they may in
part be caused by other processes opersting in interplanetary space or
inside the terrestrial atwosphere. For our photon date, we conclude that

the significance of the higher harmonics is greatly exaggerated in a
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period of twenty seven days and in the high energy ranges by the large
statistical errors as a result of low counbting rates. For the longer
period, however, our results are in qualitative agreement with the

corresponding neutron monitor resulis.

E. Energy Dependence of Diurnel Amplitude and Time of Maximum Intensity

Results of the harmonic analysis on the photon data collected
during a period of ten months (i.e. period 12) have been utilized to study
the average characteristics of the energy dependence of the solar diurnel
amplitudes and phases. In Fig. 4.4, amplitudes and times of maximum
intensity of the first and the second harmonics are plotted against photon
energies up to 185 MeV.

Fige 4.4 enables the following remarks to be made about the
energy dependence of the first harmonic component of the solar diurnal
variation of cosmic ray ﬁhotons near sea level.

1. Between energy ranges 1 to 5, two definite tendencies cean be
clearly observed: namely, the time of maximum intensity advances towards
later hours with increasing photon energy and the amplitude decreases with
energy (except for energy range 5).

2., In general, from energy range 6 to 16, no definite trend for ths
energy relationship can be established on account of the poor statistics.
Within statistical deviations, a straight line, either horizontel or
inclined, cen be passed through all experimental points for the diurnal
amplitudes and for the time of maximum.

Before attempting to ex?lain the above two facts, it is
necessary to know the relationship between the secondary photons end
the primery cosmic rays incident on the top of the terrestrial atmosphere.

However, the quantitative aspects of the coupling processes between the
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" sea level photons and the primaries are not 8t all well known and a2

mathematical formulation of this relationship between their differential
energy spectira, if possible, would be an enormous task. In an attempt to

explain qualitatively the experimentel fact as stated in (1) above, a

simple concept is employed here. Even though there is surely no one=to-one

correspondence between the sea level photon energy and the responsible
pfimary energy, we assume (a) that photons in a certain energy range of
the experimental spectrum are produced by primaries of some "effective'
energy, and (b) that observed photons in a higher energy range correspond
to primary cosmic rays with a higher "effective" energy. Of course, this
concept of a simple relationship between the primeries and ths secondary
photons is very crude but its wvalidity cen be tested by seeing if it can
lead to a plausible qualitative explanation of the observed resultéa
According to the effect of the earth's magnetic field on the
péth of a charged particle (Brunberg et al. 1953), the primsry cosmic
radiation observed vertically by & station at medium latitude comes from
a certain asymptotic longitude to the east of the station. (In fact, the
asymptotic direction of the charged particle is specified by asymptotic
latitude as well; however, this can be neglected for the present study.)
Such asymptotic longitude (relative to the station), in general, increases
with diminishing primery energy. Fig. 4.5 shows the asymptotic longitude

east of the Winnipeg station as a function of the momentum of the

vertically incident particle (These calculations were supplied through the

courtesy of Dr. M. Bercovitch at Chalk River).

As suggested both by Parker (1964) and Axford (1965), the
origin of the observed diurnal variation is en ezimuthal streaming of
cosmic rays and consequently there.is a continuous streaming of cosmic

rays around the orbit of the earth in the direction of 1800 h L.T. &s
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observed at the earth. However, those cosmic rays which take part in the
oc-rotation with the sun are also subject to deflection in the geomagnestic
field. As a result, we would sxpect the low energy primaries to be observed
earlier than 1800 h L.T. and the times of meximum intensity for the higher
energy primaries will converge to 1800 h L.T. as the limit. This is the
general trend shown by the energy dependence of the time of maximum
intensity for cosmic ray photons with energy below range 5 (Fig.-4.4).

Teking edvantage of the results on the energy dependence of the
time of meximum, we cen estimate the "effective" energy of the primaries
responsible for each photon energy renge by using the energy dependence of
the asymptotic longitude to the east of thg station. Assuming that the
solar diurnal enisotropy is & streaming towards the earth at 1800 h L.T.,
the difference between 1800 h and the observed time of maximum of the photon
intensity will indicate the longitude to the east of station which in turn
will give the feffective" energy of the corresponding primary particles

it

using Fige 4.5. Table 4.3 shows the values of the primary effective" energy

responsible for photon energy ranges.from 1 to 5 and for renge 17 as well.

TABLE 4.3

Photon Energy Time of Meximum of Longitude East Effective Energy
Ranges Photon Intensity of Station of Primary
J (MeV) (h LoT«) (degree) (BeV)
1 3.8- 15.2 16.45 + 0.08 23.2 + 1.2 9 * 20
+ 27
127,
P + 12
2 1%.2- 22.6 16.39 + 0.26 ok2 £ 3.9 55 7 5%
5 22,6- 32.1 16.97 + 0.42 15.5 + 6.3 66 * gé
4 32,1- 415 16,86 + 0.79 17.1 + 11.8 58 i-égB
(17.26 & 0.79) (11.0 + 11.8) (102 * 26)
5  41.5- 50.9 17.49 & 0.6k 7.7 % 9.6 ws * 2

£ OO w0

17 3.8-183.0 16.56 £ 0.08  21.6 & 1.2 4o *
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A few remerks are now made concerning the "

effective primary
energies as listed in Table 4.3,

1. The probable errors of the times of maximum introduce a great
uncertainty in the values of the "effective® primery energy. There is a
large difference between the positive and the negative standard error for
the Y"effective" energy owing to the characteristics of the curve as shown
in Fig. 4.5.

2. 1In the range of 22,50 4o 26.5° (see Fig. 4.5), there are multiple
energy values corresponding to & single value of the asymptotic longitude
east of station. Taking into account the reasonable order of the primary
energy values with respect to the J values, we have "guessed" that photon
energy renge 2 should berelated toaprimary with "effective" energy of
about 33 BeV while either 9 or 12 BeV is an equally suitable value for
photon energy range l.

5, As for photon energy range 4, the value for the time of meximum
leads to an effective primary energy of 58 BeV which is a poor value in
our sequence of the primary energy values as against photon energy. If
we plot the values of the time of maximum against J values of 1, 2, 3 and
5, and interpolate a reasonable value at J = 4 (about 17.26 hj, this then
gives an "effective" energy of about 102 BeV. In view of the large error
in our time of maximum for J = 4, we have adopted this value as the
toffective" energy of the primsry responsible for photon energy range 4.

L, The integral intensity of the photon component (J = 17) corresponds

to & primery with "effective®

energy around 40 BeV.
The "effective" primary energy values thus obtained are
consistent with the upper and the lower limiting energies of the primaries

participating in the solar diurnal variation as estimated by so many workerse

In spite of its crudeness, this concept of & one-to-one correspondence
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between the secondary photon energy range and an "effective primary
energy can provide a reasonable qualitative explanation for the energy
dependence of the time of maximum for the photon component.

Further, the same concept can be employed to interpret the
experimental fact that the diurnal amplitude decreases with incressing
photon (or "effective" primary) energy. According to the method of
coupling constants (see Appendix A), the diurnal amplitude of a secondary
component depends on the integration of an integrand which is the product
of the energy spectrum of the primarj diurnal veriation and the
differential coupling coefficient between the primary and the secondarye
The energy spectrum of the primery diurnal variation has been assumed to
obey a power law and many workers have reported thet the éXPonent is
either negative or zero for the averaged diurnal vériation over a long
period of time. Therefore, the energy spectrum of the primary diuvrnal
variation will either be a constent or decrease with increasing energye
If the differential coupling constant for the photon component varies
with primary energy also in a decreasing mammer and if each of the photon
energy range éorrésgxﬁs to approximately the same interval of primary
energy, the diurnal amplitude of the photons will be diminished with
photon energy. Unfortunately, the coupling constants between the primary
and the secondary photon component have not yet been determined; therefore,
there is no way to definitely justifly this experiméntal fact. However,
the diffsrential coupling constants of the nuecleoric and the ionizing
components at medium latitudes do exhibit a decline with primery energy
’for primary energy greater than 9 BeV (Dorman 1957, Webber et al. 1959).
If the photon coupling constants heve similar characteristics, then the
decrease in diurnal amplitude with photon energy will be satisfactorily

explained. FHowever, the abnormally high diurnal amplitude for photon
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energy range 5 remains a puzzle if it is real and not just "statisticall,

The nature of photons from energy range & to 16 can not be
clearly established. The statistics for these energies ére poor. However,
some arguments can be brought forth against the existence of a prominent
solar diurnal variation in this range.

1. Energy range 5 has been ascribed to primary cosmic rays with
Yeffective" energy ebout 148 BeV. Bearing in mind that Jacklyn et al.
(1965) have determined a mean upper limiting rigidity of about 100 BV for
the solar diurnal veriation, it can be concluded that thefe should be &
negligible solar diurnal variation for photqn energy ranges with J greater
than or equal to 6 if our assumptions (&) and (b) are approximately valid.

2. Within the limits of standard errors, the times of maximum for J
greater than or equal to 6 are later then 1800 h L.T. (Fig. 4.4). This
contradicts the theory on the origin of the solar diurnal variation as
suggested by Parker (1964) and Axford (1965).

3. Beyond photon energy range 5, there is no apparent decline of the
diurnal smplitude with‘photon energy; on the contrary, it may rise. If
assumptions (&) and (b) are approximetely true, this is not consistent with
the negetive exponent of the differential spectrum of the primary &iurnal
variation and the highly probable decrease in the values of the differential - .-
coupling constants with primary ehergy for the photon component.

L, The 24 hour daily variations in these photon energy ranges do not

" seem to be "typically" diuwrnal in nature.
In spite of the above arguments, one cannot state thét our
assumptions (&) and (b) must hold for photon energy ranges beyond 5. It
is probable that & considerable number of the photons in these energy
ranges is contributed by primary cosmic rays within the energy limits of the

solar diurnel variation if we take into account that
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(a) photons detected near sea level of energy from 50 to 183 MeV can
be generated by primaries with energiesvless than 100BeV through a great
meny processes and

(b) within standerd deviations, the times of maximum intensity for
photon energy renges 7, 9, 11, 12, 13, 15 and 16 can be regarded as
earlier then 1800 h L.T.

The second harmonic of the solar diurnal variation also shows
an energy dependence of the amplitude and of the phase; strikingly similsar
to that of the first harmonic for photon energy ranges from 1 to 5 (see
Figo.4.4\. Since very few theories have been proposed for the solar semi-
diurnal veriation, and since z& deteiled quantitative model for the origin
of the solar diurnal variastion does not yet exist, it is impossible at
present to interpret our results for the second‘harmonicn However, the
decrease of semi~diurnal amplitude and the advance of its time of maXimum
towards later hours with increesing photon energy seem to suggest that the
semi-diurnal effect is also & result of some perturbation in the
interplanetary electromegnetic conditions or through a variation of
atmospheric. conditions,

The energy dependence of the amplitude and the time of maximum
for the third harmonic (with very large statistical errors) does not show
any correlation with the solar diurnal variation. These results may be
simply the byproduct of our Fourier enalysis. At eny rate, the third
harmonic can hardly be discussed meaningfully until we have better
experimental data and until we can understand the nature of the first and

the second harmonicse

Fo Comparison of Solar Diurnal Results of Photon and Nucleonic Components

At present, the neutron monitor date is regarded as the most

reliable source of information in connection with the time variation study
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of the primary cosmic radiation. A comparison of the results of the mean
diurnal effects as observed by the photon spectrometer and the neutron

monitor 2t Deep River will shed some light on the compatibility of the

7 1

concept of the "effective" primary energy in the interpretation of the
photon results. As the neutron detects the integral effect of the primery
cosmic rays, the integral intensity of the photon component (J = 17) will
be used for comparison. The mean diurnal amplitude and the time of
meximum of both components as obtained from date covering the whole period

from February to November 1963 are tabulated in Table 4.4,

TABLE 4.4
Cosmic Ray Coordinates Diurnal Variation
Component Station Geomagnetic  Geographic  Amp. (%) TeM. (h L.T.)
photon Winnipeg 59.8° N 49,9° W «71£.015  16.56+.08
37.2° W 97.2° W
neutron Deep River  57.4° N 46.1° N 204,002 14.89+.03
9.8° W 78.0° W

Strictly speaking, the phase and the emplitude of the solar
diurnal variation observed by the same cosmic ray monitor at various
stations bear no simple relationship with their latitude end longitude

(geographic or geomagnetic) on account of the difference in the asymptotic

cones of acceptance at various stations. However, for stations lying in
a narrow region, there still exists some trend relating the geomagnetic

longitudes +to the times of meximum intensity. Table 4.5 lists the

theoretical and experimental values of the solar diurnal amplitude
(designated as A) and the time of maximum intensity (designated as M) for
. neutron monitors et four stations as reported by Reo et al. (1963}, The

theoretical diurnel amplitudes are relative in nature.
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TABLE 4.5
Coordinates Theoretical Experimental

Station Geomagnetic Geographic A M(Lo.To) A M(L.T.)

(%) h m (%) h m
Ottawa 56.7° W, 7.4° W 45° N, 76° W 82.9 15 21 29 14 48
Deep River 57.4° N, 9.8°w 46° N, 78° W  82.9 15 22 31 15 00
Churchill 68.7° N, 35.6° W 59° N, 94° u 74.8 16 23 033 15 48
Resolute 83.0° N, 68.6° W 75° W, 96° W 35,1 17 13 16 17 18

From Table 4.5, it can be seen that the geomagnetic and geographic
longitudes of the four stetions are of the same order. The time of maximum
intensity moves towérds later hours with increasing geomagnetic longitude
for both theoretical and experimental values. (While the theoretical values
of the diurnal amplitudes also decrease with increasing géomagnetic
longitude, the experimental results do not confirm this trend.) Hence, &
neutron monitor at Winnipeg (geomagnetic longitude 37.2° W) should observe
the maximum intensity at & time later than ié h 23 m theoretically and
15 h 48 m experimentally. Indeed, the time of meximum of the integral
photon intensity occurs at 16 h 33 m; this fits into the trend of the values
of the time of maximum as a function of the geomagnetic longitude. However,
16 h 33 m seems to be much later than one would expect, taking into account
that Winnipeg is located to the west of Churchill by only 1 to 3 degree in
longitude (geomagnetic and geographic) but the difference in the time of
meximum at these two places amounts to 10 minutes theoretically and 45
minutes experimentally. This implies (in agreement with our previous

! primery energies) that the photon component

results on the "effective!
corresponds to a higher energy region of the primery cosmic rays as
conpared with the neutron componente.

The diurnal amplitude of the photon component is greater than

that of the neutron by a factor of 2.4 as seen in Table 4.4, Such a large
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difference in amplitude values cannot be expleined by geomagnetic effects
alone. Host probaély, as already impliéd, the photon and the neutron
monitors have different responses to the primaries. It is well lmown that
the neutron monitor is highly sensitive to low energy primaries on account
of its large differential coupling constants for primary energies as low as
2 BeV (Lockwood et al. 1966). At Deep River, the verticeal threshold
rigidity is about 1 BV; hence, most of the counts recorded by the neutron
monitor are essentially contributed by low rigidity primeries (the primary
spectrum decreases with a power law of the form E™¥). However, there is a
lower limiting velue for the primery energy in the solar diurnal variation'
Firor et al. (1954), in their latitude study of solar diurnal variation of
the nucleonic component, have found'a slight change in the diurnal amplitude
from equator to medium latitude and concluded a lower limiting energy value
as being around 10 BeV. From the determination of the primary variation
spectrum responsible for the solar diurnal variation, maeny workers (Dorman
1957, Quenby et al. 1960, Kuzmin 1960, Kuzmin et al. 1963) have obtained

a lower bound of 7 to 15 BeV. Therefore, a neutron monitor at Deep River
actually records secondaries due to & large number of low energy primaries
which do not take part in the solar diurnal variation. As a result, its
percentage diurnal emplitude will be diminished. This explanation is
further strengthened by the evidence (Kene et al. 1960) that a decrease in
diurnal amplitude from 0.35% to 0.15% in transition from medium latitude
tovhigh latitude has been observed from IGY data of nucleonic component.
From Table 4.3, the integral photon intensity (J = 17) responds to the
primaries with "effective" energy about 40 BeV. Its lower limiting primary
energy can be roughly‘estimated from photon energy range 1 which corresponds
to an "effective® primary energy of about 9 to 12 BeV. Considering the

rapid decline in primery spectrum with increasing energy, the integral photon
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intensiiy as observed may not include events due to primary cosmic rays

with energy below about 7 BeV. Consequently, the contribution due to low
snergy primaries’is very small in the integral photon intensity end hence,
its diurnal amplitude will appear to be much greater than that of the Deep

River nucleonic componente.

G. Seasonal Variation of Solar Diurnal Amplitude and Phase

The seasonal variation of tﬁe solar diurnal effects as observed
for the photon component has been investigated for the purpose of examining
(a) the veriation of the diurnal amplitude end time of meximum intensity
for different photon energy ranges, (b} the variation of the diurnal vector
~of the integral photon component (J = 17) during the eleven consecutive
solar rotation cycles, and (c) the reletionship between the diurnal
amplitude and phase of the integral photon component and solar and
geomagnetic activities. The neutron component observed at Deep River
is ~utilized e&s a reference whenever possible.

Since the existence of the solar diurnal veriation in cosmic
ray photons near sea level with ensrgy beyond range 5 is obscure, they are
neglected entirely in the present seésonal variation study. For photons
of energy ranges 1 to 5, the seasonal variations of their diurnal amplitudes
and times of meximum intensity are plotted respectively in Fig. 4.6 and
Figo. 4.7, A4s presently believed, the solar diurnal variation arises from
a cosmic ray snisotropy originating in interplenetary space due to the
interplanstary magnetic field, the solar plasma and the rotation of the sun.
The diurnal vectors of the eleven consecutive solar rotation periods are
presented in & harmonic dial a; shown in Fig. 4.8 for the integral photon
component. Correlation between cosmic ray solar diurnal effects and various

solar solar and geomagnetic indices (These data were obtained from the
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Solar Geophysical Data complied monthly by U. 5. Department of Commerce etc.,
Boulder, Colorade, Ues S. A.) is illustrated in Fig. 4.9. Results are
stated as follows:

1. Among the five photon energy ranges, the sessonal variation patierns
of their diurnal amplitude and phase are different. For energy range
number higher than 3, the standard deviations are so‘large that no definite
conclusions can be reached(Fig. 4.6 and Fige 4.7).

2. The diurnal vector of the integral photon component varies
considerably in magnitude and direction within the eleven solar rotation
cycles. Its pattern of variation is quite different from thét of the
nucleonic component (Fig. 4.8).

;30 Neglecting the month of November, the diurnal amplitude of the
integral photon component fluctuates with time rather like that of the
neutron component. The first minimmm and maximm. of the phqton component
seem to lead those of the neutron by about one month (Fig. 4.9).

L. Between March and October, the photon amplitude is negatively
correlated to Ry (American relative sunspot number). The maximum of the
former occurs with the minimum.of the latter in July. However, the neutron
data generally shows a better correlation with Ry; the two minima of the
neutron smplitude coincide with the two maxima of Ry (Fig. 4.9).

5. To some extent, the photon amplitude is rather weakly correlated
to the C index (preliminary international character figure of geomagnetic
activity). (see Fig. 4.9)

6. The time of maximum of the photon component remains fairly constant
between 16 and 17 h L.T. except for three periods out of eleven. Its
seasonal variation pattern is not obviously related - to any other
variations. On the other hand, the time of maximum ;f the neutron

component shows relatively larger fluctuetions (Fig. %4.9).
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During the period from Februasry to November 1963, the
considerable seasonal variability in the diurnal amplitude and phase (Fig.
4.6 and Fige. 4.7) simply suggests that the source of the diurnal variation
is time varying. Cdnventionally, the energy spectrum of the primary
diurnal variation is assumed to obey & power law with a constant exponent
throﬁgh all primery energies within upper and lower bounds. Owing to the
absence of any common seasonal variation patterns for photons with
different energy renges, this exponent does not seem to be constant for
all primary energies concerned, and its value varies with time. Also,
the direction of the diurnal anisotropy (as implied by the time of
maximum) changes with time. This is consistent with the results of the
day-to-day study of the solar diurnal variation of cosmic rays as reviewed
in section A of this chapter.

The diurnal vector of the integral photon component as shown in
the harmonic dial (Fig. 4.8) does not show any orderly variation from one
solar rotation cycle t&-anothere However, the diurnal amplitude of the
integral photon'component (J = 17) does show some systematic variation as
illustrated in Fig. 4.6,

The correlation between the Americean reletive sunspot number
Ry and the intensity of the cosmic ray cémﬁonents shows a strong influence
of solar activity on the primsry cosmic radiation. The degree of
correlation as shown by the neutron component and photons of various
energy ranges demonstrates that the primary cosmic rays of lower energy
are more sensitive to the variation of the sunspot number. Correlation
also existé between cosmic ray intensity and the geomagnetic disturbance
as measured by the C index which is in phase with the American relative

sunspot number.
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He Summary

In this chapter, a study on the solar diurnal variation has
been conducted for various photon energy renges. A solar diurnal variation
for photon energies above 50 MeV is not unambiguously esteblished because
of very low counting rates. Graphicelly, the wave forms for these daily
variations do not clearly show periodicity of 24 hours. Analytically, the
concept of the "effective" primery energy suggests {hat these photons may
correspond .to the high energy primaries beyond the influence of the sclar
diurnal mechanisme.

The existence of the higher harmonics has been investigated.
The integral photon component shows a large second harmonic, the amplitude
of which smounts to 28% that of the first. Even the third harmonic reaches
a value as high as 49%. This result agrees with similar results for the
neutron data collected during the same period of time. As yet, we do not
know much about the nature of these higher harmonicse.

Using ten months'! data, the energy dependence of the diurnal
amplitude and of the phase have been established for the sea level cgsmic
ray photons. These energy reletionships are statistical in neture as they
have been determined by & long-term observation. The diurnal amplitude
decreases with increasing photon energy end the time of maximum intensity
advances towards later hours with photon energy. The latter has been
explained qualitatively in terms of a one-to-one correspondence between &
photon energy renge and an "effective" primary energy, the effect of the
geomagnetic field and the current theories on the direciion of the solar
diurnel anisotropy. However, & similar interpretation of the amplitude
results is much less certain because of & lack of knowledge on coupling
constants for the secondary cosmic ray photons. With the sbove concepts,

we conclude that a study of the integral photon component gives
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informetion about primaeries of higher energy then & corresponding study of
the nucleonic component (i.s. neutron monitors).

The seasonal variation of the diurnal effect of the cosmic
ray photons implies that the diurnal source is time varying. If the
energy spectrum of the primary diurnal variation can be represented by
a power law, then all the parameters involved are subject to alteration
with time. The éxponent of the spectrum does not ssem to be & constant
all through the entire primary energy region concerned. BEven the direction
of the diurnal anisotropy changes considerably with time. The correlation
between the solar diurnal amplitudes of cosmic ray components snd the
American relative sunspot number in their seasonal variation shows that
the diurnal variation of the primery cosmic radiation of lower energy are

more readily modulated by the solar activities.




CHAPTER ¥V

CONCLUSIONS

In the foregoing chepters, the function of the large Nal (T1)
total absorption spectrometer with its associated electronics as a photon
monitor has been described in detail; for the first time results of
studies on the atmospheric effect and the solé; diurnal variation of sea
level photons have been presented together with discussions and conclusions.
In this chepter we comment briefly on the characteristics of this type of
photon monitor time variation stﬁdy°

The Wal crystal, coupled with the plastic shield, effscts a
sepération of thetotally absorbed neutral particles from the total‘
component of éosmic radiation. These neutral particles have been
identified experimentally as photons and recorded in the form of a
differential energy spectrum.

A The atmospheric effect bn the sea level cosmic ray photons appears
to be quite complicated in a short period of fime. However, our resultis
suggest that the average effect of the atmosphere can be removed by
suitable pressure corrections. The energy dependence of the barometric
coefficients ~is = interpreted in terms of a simple absorpiion model.
However, atmospheric effects due to other meterological factors (possibly
temperature) cannot be entirely neglected if one recalls the considerable
variability in the values of the monthly mean barometric coefficiente

Our present spectrometer has a major weakness as far as time

‘variation studies of cosmic radiation are concerned. Its counting rate

is too low on account of the relatively small sensitive volume of the
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Nal erystal. This could be improved by using a crystal (and corresponding
shield) of much larger size. The hypothesis of a one-to-one correspondence
between photon energy range and an "effective” primary energy is justified
by e reasonably successful interpretation of the solar diurnal results
(Chapter IV). 1If the validity of this hypothesis is confirmed, then this
type of photon spectrometer is a particularly useful device for time
variation studies, its principal advantage being the ability, on account
of energy discrimination, to respond to different primery energies in the
one exXperiment. Presently popular cosmic ray monitors are integral

rather than differential recording devices, and lack this important

feature.




APPENDIZ A

THE METHOD OF COUPLING CONSTANTS

The method of coupling constants is used to determine the
primary variation of cosmic radiation from the secondary variation‘(see
Dorman 1957). Assuming & vertical incidence of the primary cosmic rays
on the atmosphere boundary, the total intensity N of a secondary cosmic
ray component as observed at a station of gpecified latitude, longitude
and elevation will be

N = fD(E)m(E)dE ' ' (1)

e

-

where E is the primary energy, D{(E) is the primary differential energy

spectrum, m(E) is the multiplicity function and e is the vertical
geomagnetic threshold energy. The time variation of the secondary

component is & result of variations in geomagnetic cutoff, primary

_ differential spectrum and the multiplicity.

A& variation of equation (1) will lead to

S = -geD(e)m(e) + féD(E)m(E)dE + f D(E)ém( E}4E (2)
' e e

and the relative variation of the observed secondary intensity (in

percentage) will be

%‘.\1 = -deli(e) %Je' %%%ZW(E}dE + i %?%W(E)dl‘i (3)

where

s NEm(E) (%/37) )

W(E) 27y

o7
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and is called the differential coupling constant. %%%%2 is the energy
spectrum of the primery variation. The first, second and third terms on
the right hand side of equation (3) indicate respectively the veriations
in the secondary component due Lo changes in geomegnetic cutoff, primary
spectrum and atmospheric conditions.

fter the data have been corrected for the geomagnetic and
atmosPheric influences, the remeinder will be due to variations of the

primary energy spectrum outside the earth represented by

%157-:;-1. f—%%%—)—w(E)dE (5)
e

Using the concept of "effective" angles, the position of the

primary variation source can be determined as follows:

fm X(E}W(E)%D(E% g
e

f w(my D E) g
e

>
#

(6)

0
j T{E)W( E)%D(g' B
e

ﬁv(a)@—@ldz
]

<]
1

(7)

D(E)

where X is the angle between the direction of motion of the particle at
infinity and the plene of geomagnetic equator, and Y is the angle between

the projection of the direction of motion at infinity onto the plane of

geomagnetic equator and the projeétion, onto the same equatorial plane, of

the radius of vector produced from the center of the earth to the point

on the earth's surface where the particle should impinge (called the

angle of "drift"). X and Y are "effective" angles indicating the "effective"
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direction to the source of variestion. For a station specified by 2
set of longitude and latitude, X and ¥ are functions of the direction of
arrival (specified by the zenith angle and azimuth angle) and the primary

energye




APPENDIX B

IBM 1620 SOURCE PROGRAMS

(a) Source Program for Galculation of Barometric Coefficients (in UTO

Fortran language)

21
15

18
16

DIMENSION Y(4%),8Y(43),8Y2(43),8PY(43),A(43),R(43),6(43),T(43)
DIMENSION B(43)

FORMAT (F7.0,F7.0,F7.0,F7.0,F7.0,F7.0,F7.0,13,13,F7.2,14,F5.1)
FORMAT (I13,I4,13,5%,F10.4,F10.4,F10.4,F7.0,F10.2,F7.2)

FORMAT (F7.0)

FORMAT (I5)

CTR=0.0

SP=0.0

85p2=0.0

DO 1 J=1,43

SY(J)=0.0 .

8Y2( J}=0.0

SPY(J)=0.0

READ 34, KUM

Do 15 J=1,29,7

READ &, Y(J),Y(J41),Y(J42),Y(J+3),Y( J+4),Y(J45),¥(J+6), L, M, P, K, Q
IF (KUM-K) 22,18,18

DO 16 J=1,35

Y(J)=Y(J)=51.2/Q

Y(36)=Y(27)+¥(28)

¥(57)=¥(29)+¥(30)+7(31)

Y(38)=Y(32)4Y(33 )+ (34 )+Y(35)

Y(39)=Y(1)+¥(2)+Y(3)+1(4)

Y(40)=¥(5)4+Y(6)+Y(7)+Y(8)+Y(9+Y(10) ,
Y(£41)=y(11)+Y(12)47(13)4Y( 14 )34Y(15)+Y(16)+Y(17)4¥(18)+Y(19)
Y(42)=Y(39 )+ (L0 )+Y(41)

Y(43)=Y(20)+Y(21 )+Y(22 J+Y( 23 ) +Y( 24 )+Y( 25 j+Y(26 ) +Y(36)+1(37)4+Y(38)
SP=SP4+P

SP2=5P24 Pl

© CTR=CTR+1.0

o5
22

DO 55 J=1,43
SY(J)=8Y(J)+Y(J)

8Y2( J)=8Y2( J)+Y( J)==2

SPY( J)=SPY( J)+Y( J)=P

GO T0 21

PRINT 30, CTR

H=C TR&%SP2-3Pxx2

D0 6 J=1,43
B(J)=SY(J)/CTR

G( J)=CTR=S8Y2( J)-8Y(J)=%2
A(Jy=(CTR=SPY( J}-SP=SY(J))/H
R(Jy=A(J)=(SGRT(E/G(JI)))

1( Jy=SQRT{ ( 6( J)-A( J)=a( J)#H) /( (CTR-1.0)=E))

100
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T(J =100, ki(J}/B

A(J)=100.24(J)/B(J

8P4=SP/CTR

DO 5 J=1,43

5 PUNCH 9, M,K,J,4(J),T(J),R(J),CTR,B(J),5PA
PAUSE
GO TO 7
END

[N

E

(b) Source Program for Determinstion of 24 Hour Daily Variations (in

Fortran -II language)

DIMENSION SYHM(24,24Y, aM(24),2Z(25)
DIMENSION Y(43),CTRE(24),8PH(24), INTEN(40)
COMMON INTEN
8 FORMAT (616)
9 FORMAT (6F10.2)
19 FORMAT (7F10.2)
6 FORMAT (8F8.4)
28 FORMAT (5HKM = ,I3,88 MM = ,I2,8H NM = ,I2,7H N = ,I2,
19H - CTR = ,F7.0)
27 FORMAT (6HNSECT=,16,5H  Ke=,I4,5H M=,I3,6H CIRM=,F7.0,5H CTR=,
1 F7.0,6H NG=,I3)
4 FORMAT (8F8.1,13,12,13)
5 FORMAT (4hSPh=,F7 2,7H CTRH=,F7.0,4H K=,I4,5H Mi=,I3,6H CTRM=,
1 F8.0,4H M=,13)
26 FORMAT (24HEND OF JOB  LAST NSECT=,I6,5H  K=,I4,5H I¥=,I3,
1 68 NG=,13)
30 READ 8,NSECT,NSECL, KLD, KEL, KGD,NM
READ 8,MSECF,MSECL,NG,N
READ 6, (AM(I),I=1,24)
7 CTR=0.0
CTRM=0 .0
DO 40 M=1,24
SPE(M)=0.0
40 CTRH(M)=C.0
DO 41 I=1,24
DO 41 M=1,24
Ly syHM(J,M)=C.0
" MSECT=NMSECF
124 READ 9, (Z(1I), I=1,18)
READ 19, (Z(1I), I=19,25)
7(25)=2( 25 }%100 .0
DO 125 I=1,25
125 INTEN(I)=2(1)
IY=DSKWFP( MSECT)
MSEC T=MSECTH2
IF( MSECL-MSECT) 126,126,124
126 M3ECT=MSECF
5% IX=DSKRF(MSECT)
DO 131 I=l,24
131 Z(I)=INTEN(I)
PA=INTEN( 25}
PA=PA/100 .0
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56

16

83

84
81

18

67
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MSEC T=MSECT42
IX=DSKRF{NSECT)

DO 55 I=1,35
Y(I)=INTEN(I)

M=INTEN(36)

P=INTEN(37)

P=p/100.0

K=INTEN(38)

Q=INTEN(39)

Q=q/10.0
Y(56)=1(27)+7Y(28)
Y(37)=¥(29)+¥(30)+¥(31)
¥(38)=Y(32)+1(33)+¥(34)+Y(35)
¥(39)=Y(1)+v(2)+Y(3 )+ (4)

V(40 )=Y(5)+Y(6)+Y(7)4+Y(8)4+Y(9)+Y(10)
Y(41)=Y(11)+Y(12)4Y(13)+Y( 14 j+Y(15)+7( 16 )+Y(17)+Y( 18 )+¥(19)

Y(42)=Y(39)+7(40 )+Y(41)

Y{43)=Y(20)4Y(21)+Y(22)4Y(23 )+ V(24 )+Y(25 ) +Y( 26 ) £Y(36 ) +Y(37 )+Y( 38 )

PD=P-PA
IF (KLD-X) 16,15,15
IF (KGD-K) 18,14,14
IF (KHL=K)Y 99,17,17
CTR=CTR+1.0
CTRM=CTRM+1 .0

OTRH( M)=CTRE( M}+1.0
DO 56 I=1,24

Y(I1+19)=Y(I1+19)%(51.2/Q)~2( I )%PDe( 41(1)/100.0)

DO 1 I=1,24

SYHM( I, M)=8YHM(I,M)+Y(I419)
SPH( M)=SPaE( M)+P

NSEC T=NSECT+2

KL=X

ML=M ,

GO TO 10

PRINT 28, XL, ML, NM,N,CTR
=134 1

IF (8-il) 84,83,84

N=0

IF (N) 81,81,82
=N&1
KLD=XLD+51

G0 TO 55

Ne=l-1
KLD=XLD+30

GO 170 53

NSECT=NSECT~1

PRINT 27, NSECT,KL,ML,GIRM,CIR,NG

NG=NG+1

NSECT=NSECTS1

DO 68 h=l,24

Do 67 I=1,24
SYRM(T,M)=SYAM(T,M)/CrrE(M)
SPH( M)=SPH( M) /CcTRr( M)

PUNCH &4, (SYHM(I,M), I= 1, 8),I,M, KL




PUNCH &, (8YEM(I,M), I= 9,16),I,M,KL
PUNCH 4, (SYHM(I,M), I=17,24),I,4,KL
DO@IL%

68 SYHM( K, M)=SQRTF(SYHM(I,M))/SQRIF(CTRE(M))
PUNCH &, (SYHM(I,®), I= 1, 8),I,1,KL
PUNCH &4, (8YHM(I,M), I= 9,16),I,H,KL
PUNCH 4, (SYHM(I,M), I=17,24),I,1,KL

63 PUNCH 5, SPH(M),CTRH(#),XL,ML,CTRM,M

KGD=KGD+27

CTRM=0.0

DO 61 M=1,24

SPH(1)=0.0

61 CTRH(M)=0.0
DO 62 I=1,24
DO 62 ¥=1,24

62 SYHM(I,M)=0.0
GO TO 10

99 PRINT 26, NSECT,KL,ML,NG
PAUSE
GO TO 30
END

(¢) Explenations

In the present studies, data were processed by means of IBM
1620 computer. A set of five cards contains readings of cosmic ray
intensities and presure as recorded every hour. There are 19 pleces of
date (indicated by J from 1 to 19 in the source programs) for the charged
particles of various energies and 16 pieces (indicated by J from 20 to 35)
for the photons. Each card is also labelled with card number, hour number,
day” number and the time interval of data recording. For source program
(a), above informations were read 1nto the computer directly from cards

whenever they were needed in the computetion. However, these informations

were stored in a disk pack prior to the execution of the source progrem (b}

1,

Tables are given to define the meanings of the variables used in the input

(1) Table for Source Program(a)

(1) Input Veriebless

Y(J} = cosmic ray intensity of energy range J
L - card number




e
e

R

S

[

T
PARE FLS

(2)

GIR

J
4(J)
T(J)
R(J)
B(J)

SPA

Qutput Variables

ea

hour number

pressure

day number

time interval of data recording

a day number which is used to terminate
further data readin

number of intensity-pressure pairs (i.e.
number of hourly data) which has- been

used in the calculation

energy rehge number of cosmic ray intensity
baromeiric coefficient of J

standard deviation of J

correlation coefficient of J

average counting rate of J

average pressure

Table for Source Program (b)

(1) Special Variables and Funciions for Using the Disk Pack

IY,I%

INTEN(LO)

DSKWFP(NS)

DSKRF(118)

(2)
NSECT

KLD

KHL

XGD

Ni

MSECF

MSECL

=

= o

N’

AM(T

Input Variables:

dummy variables which are used to initiate
the executions of functions DSKWEF and
DEXKRF

a subscripted variable, the size of whose

‘array is 40.

used to write all the
onto the two sectors of
being the number of the

a function which is
members of INTEN
the disk with IS
first sector .
a function which is used to read all the
data from the two sectors of the disk
(specified by the first sector number ¥S)
intc the memory locations specified for
INTEN

sector number

the last day number of a month

& day number which 1s used to terminate
further data readin

a day number which is used
calculation of the average
over a period of 27 days
month number

number of the first sector used to store
Z(1)

number of the last of the two sectors used
to store Z(I)

period number (a period consists of 27 days)
a number which is used to control the

value of XLD

barometric coefficient (weighted average

to initiate the
daily variation




(1) -
z(25) -

Iy -

o
!

wR
1

i

&

(3) Output Variebles
SYHM(I,¥) =

SYHM(I,¥) -

SPH(M) =

CTRH(M) =

ML -

CiRM =

@0

rapid-pressure-change) of J = I & 19
monthly average counting rate of J =1 + 19
(for I = 1 to 24}

monthly average pressure

energy renge number of cosmic ray intensity
cosmic ray intensity of J

hour number

pressure

day number

time interval of data recording

average counting rate (in a period of 27
days) of J =1 4 19 for the specified hour M
(the second meaning) standard deviation of
the average counting rate of J for M
average hourly pressure (in a period of 27
days) for hour K

number of intensity-pressure pairs for hour
¥ which has been used in the period of 27
days

the number of the last hour of the lasst day
in the period »

number of intensity-pressure pairs which
nas been used in the period
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