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STATEMENT
This,thesis presents results on cosmic ray time variations
obtained from detailed analysis of ground‘baéed cosmic ray data.
It has been evident for some time that even though the cosmic ray
current outside the solar system is largely isotropic, the inter-
planetary magnetic fields modulate these particles within the
- solar system to a considerable extent. Like Seismic waves, the
cqsmic ray particles can therefore be used to continuously
'svund'! the interplanetary medium. Togefher with 'in situ' space
observations, the ground observatiuns prbvide an essential tool
for understanding the electromagnetic state of the entire inter-
planetary medium.

Liven though, considérable amount of studies of both long
term and short term (including anisotropic variations) variations
have been conducted in the past, the low counting rate anduthe
conseqguent poor statisties have prevented a better understanding,
particularly of anisotropic variations of small amplitude (<i1%),
such as diurnal and semi-diurnal variations. Wifh the avallability,
since IQSY, of a large number of high counting rate super neutron
- monitors and large arca scintillation telescopes, this lacuna
has been overcome to a congiderable extent. Each ground based
monitor which looks into only a small regior of the sky at any
given time, scané the entire sky during the course of a day =s
1"che earth spins on its axis. With a geozraphically well distri-
buted set of high counting rate super neutron monitoring stations,
it is now possible to keep a continuous watch of the interplane-

tary medium, both in time and space, by studying the observed



i1
cosmic ray intensity Variations at.earth. I@bite of large
number of 'in situ' -direct space observations now available, the
cosmic ray observations are still very important since the former
represents only the conditions at a given point, unlike cosmic
ray observations which are_affected by magnetic fields in the
entire interplanetary medium. Howe#en such space observations
do form rigid boundary conditions within which'thé cosmic ray
time variation results have to be interpreted.

Bven thuugh a ﬁumber of super neutron monitors are in
existence in longitudinal zones corresponding to Canada, U.S.A.,
and Burope, the Asian zone has been partidularly conspicuous due
to the absence of reliable monitoring stations till 1968.l Having
realised the'importance of establishing high counting rate super
neutron monitor, the author took a leading part in setting up an
18-NM~-64 super neutron monitor at Ahmedabad (23.01 N, 72.61 E),
in accordance with the standard design recommended for IQSY
monitors, and by using the old copper counters kindly made avail-
able by Dr. Carmichael of Canada. The data from Ahmedabad ,which
is an equatorial monitoring station with a dut—off—rigidity
~16 GV, provides an additional advantage in the determination
of the rigidity spectral characteristics of the time variation
of cosmic rays.. The author was intimately involved in the
fabrication and assembly of the neutron monitor pile, in the
complete check out of its data recording system, and in the
various detailed tests performed, before starting the actual

data recording in July 1968. The stability of the detector
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system was further ensured by pefiodic tests involving detailed
pulse height.analysis of each counter. The pressure corrected
data from Ahmedabad is also being made avallable, on a routine
basis, to the world data centres.

With the availability of data from Ahmedabad neutron
monitor, it has been possible to further extend the mean rigidity
of response by recording the multiplicity of the e&eht and its
time variation. The multiplicity of an event is usually referred
to the phenomena where, following a cosmic ray interaction in the
monitor several associated evaporation neutrons may be detected.
The study of various multiplicities have indicated, that high
energy event is usually associated with higher multiplicity, even
though such studies can be carried out only on a time averaged
basis due to the lower counting rates. ‘The author has been
involved in the design and fabricétion of three multiplicity
meters of conventioﬁal type which are in operation since 1969.
The preliminary results obtained from these recordings on the
atﬁenuation coefficient and the multiplicity spectra were reported
at Budapest (Agrawal et al, 1970), a reprint of which is attached
as an appendix.

The present thesis deals with the complete analysis of
thé data obtaihed by the author from Ahmedabad neutron monitor
during 1968-1971. Along with the data from world wide network
of.neutron monitors and Deép River meson monitor, the author has
studied.the characteristics of diurnal and semi-diurnal aniéo—

tropies in a very great detail. Realising that the semi-diurnal



iv
anisotropy can be contéminated by pressure effects, the author
has performéd rigorous analysis to determine the exact pressure
coefficient applicable to Ahmedabad neutron monitor data. These
results are shown to be consistent.with the results from latitude
survey and those obtained from multiple station regression analysis
conducted by other investigators. Similarly, the applicable tem-
perature coefficienﬁs for Deep River mesons have been derived
and the meson data corrected with these temperature coefficients
have been used to deduce some of the characteristics of diurﬁal
and semi-diurnal anisotropies.

The variational coefficients,which pfovide the means of
transforming the observed phase and amplitude at any given station
to the interpianetary space, are availlable only for values of g
ranging from 0.6 to -1.5 in literature (McCracken et al, 1965).
Since the semi~diurnal component of cosmic radiation has been
shown to have a positive spectral exponent, the author has
extended the variational coefficients calculations for values
of ﬁ going upto + 2.0 and for different values of Rmax’ to derive
the exact exponent.

The thesis is divided into five chapters. The first
chapter briefly reviews the subject of time variation of cosmic
ray'intensity, in particulaf,the present understanding of the
daily variation. The experimental set up of the super neutron
monitor at Ahmedabad, the type of tests carried out to ensure
the reliability of the data, and a brief account of the associated

data recording system arce described in second chapter. The
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third chapter gives an aecount of.the analytical methodé employed
for processing the data ffom various neutron and meson monitors
including Ahmedabad. The evaluation bf appropriate attenuation
coefficient for Ahmedabad neutron gata is also included in this
chapter. The detailed characteristies of the diurnal and semi-
diurnal variation of cosmic ray intensity derived from data from
a number of monitors and their theoretical interpretaﬁicns are
described in the last two chapters.

Some of the important results that have emerged from the
present study are listed below:-
(1) The attenuation coefficient (<{ ) applicable to Ahmedabad
neutron monitor intensity is found to be = Q.8% + 0.02% / mm Hg,
and is time invardiant during the period 1968-1971.
(2) The step like excursions in the modulation function of the
long term variation of the cosmic ray intensity during 1968-1971
are predominantly seen at higher energies, thus independently
confirming the earlier observations.
(3) A significant phase shift to earlier hours in the time of
maximum of diurnal variation of cosmlc ray intensity in the year
1971 is noticeable at a number of stations. The phase shift is
found to be larger at equatorial stations as compared to other
stations.
(L) The yearly average diurnal anisotropy is rigidity independ-
ent (P2 0) with a time of maximum corresponding to 18 hour in
space and is time invariant dvring the period 1958-1970. The

amplitude, which is ~0.4% in space, varies as cosine of
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declination. The yearly average diurnal anisotropy is éonsistent
with the particles undergning corotation with fhe interplanetary
field. |
(5) The yearly average amplitude shows small but significant
changes with solar cycle due to the variation of upper cut-off-
rigidity (Rmax), beyond which cosmic ray particles do not
corotate. Rmax shdws a minimum of about ~v35 GV during the
quiet solar year of 1965 and a maximum of about ~s 100 GV during
1968-1969.
(6) The diurnal anisotropy on a day to day basis, shows large
variabiliﬁy both in time of maximum and in amplitude. Comparing.
with the low energy cosmic ray flare observatidns; a new concept
of the diurnal anisotropy is proposed to explain both the average
characteristics and day to day variability of the diurnal aniso-
tropy. According to this conceptythe diurnal variation during
both quiet and disturbed periods can be understood in térms‘of
convection and field aligned diffusion. On an average basis,
the net radial convection current is zero i.e. the convection
and diffusion vector balance each other rosulting in corotational
anisotropy. On a day to day basis, the two vectors need not
necessarily balanbe each other resulting in varying amplitudes
and times of maxima for the observed diurnal aniéotropy.

Resolving the diurnal vector into these two components,
it .is shown thet both, on an yearly average basis and on a
27 day average basis, the diffusion vector is aligned along the

direction of the interplanetary magnetic field vector to

a
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within 3 + 2°, indicating thet the ratio of the perpendicular
diffusion coefficient to parallel diffusion coefficient 1is

< 0.05. Considering specific examples of days on which the
diurnal variation has very large amplitudes, it is shown that
this concept holds good even on a day to day basis. The spectral
characteristics and observed time of maximum during such periods
of enhanced diurnal variation activity are also found to be
consistent with their being caused by a superpositiun of convect-
ive flow on enhanceé field aligned diffusive flow.

(7). From the observed quiet day diffusion vector, which has an
amplitude of 0.53 % 0.01% on an average basis, the positive
radial density gradient of cocmic_ray intensity has been derived
and is shown to bems4.5%/AU. During periods of enhancéd diurnal
activity, when the avérage aiffusion vector has an amplitude
~s1.2 + 0.1%, the density gradient increases to r410%/AU. These
values are consistent with our present understanding of the
cosmic ray phenomeha.,

(8) The enhanced diurnal amplitude days are often found to
occur on trains of consecutive days. During the early part of
the enhanced diurnal wave train, the abnormal variation is found
to be caused by a depletion (sink) of cosmic ray particle popu-
Jation from the garden-hose direction. At late times (T 2z 4 days),
the enhanced variation is found to be due to an excess of cosmic
ray intensity from the anti-garden-hose direction, which is
attributed to the development of a source élong this direction.

due to earlier enhanced convection. The change over f{rom sink
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to source requires about 4«5 days, which represents a relaxation
time of the modulation region having a dimension of ~v2«3 AU.
(9) The properties of the average semisdiurnal anisotropy of
cosmic radiation in the rigidiﬁy range 1 to 200 GV is found to
be rigidity dependent with a spectral exponent of +1. The ampli-
tude varies as Cos2>\ , where \ is the declination. The time of
maximum of average semi~-diurnal anisotropy is found to be along
a direction esséntially perpendicular to interplanetary magnetic
field direction. Both, the amplitude and phase of the anisotropy,
are time invariant during the period 1958«1970.
(10) From an analysis of data during 1968, the semiediurnal ani-
sotropy is shown to be aligned perpendicular to field direction
even on a day to day basis.

The new concept of diurnal anisotropy of cosmic ray
intensity proposed here is extremely interesting, sinee the same
physical concept has been invoked to explain the anisotropy obser-
vations during different phases of a flare event. Detailed
ahalysis on a day to day basis, and identification of days on
which transverse currenty could become important constituting
additional term to the daily variation will greatly aid in our
understanding of the cosmie ray modulation phenomena. With the
availability of field and plasma parameters on a day to day

ba31s, this should be possible in the next few years.
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CHAPTER-TI

INTRODUCTION

1.7 General survey of cosmic ray variations

t

Galactic cosmic radiation, even though largely isotropic

outside our own solar system, undergoes signifiecant wmodulation
within the solar system. The sun with its continuously Blowing
sdlar/wind,and carrying with it frozen in magnetic fields can
essentially affect cosmic fay particles even upto energies of

"~ 500 GeV resulting in time varisations ranging in periodicities
" from a few minutes to eleven years, or more. Besides the isotro-
pic time variation, the presence of non-uniform and changing
small scale irregularities in the interplanetary magnetic field
also produces considerable space and time variations, Before the
availability of space-probes, the cosmic ray space and time

variations were studied primarily through ground based monitors.

The sun is also found to locally produce cosmic rays
during solar flares, normally with energies £ 100 MeV, but
occasionally extending even to energies > 1 GeV, producihg a
detectable enhancement in the count rate registered by the ground
based detectors. '‘The spiral nature of the interplanetary magne-
tic field and its assoclated small scale structure was first
inferred from these indirect ground based observations of solar
flare increases (McCracken, 1962) which have since been confirm-
ed by 'in situ' measurements from several space-crafts. In
recent years low energy solar cosmic rays monitored by various

space-crafts, almost continuously, have been used very effect-
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ively to understand the interplanetary medium through which
these particles travel. A comprehensive survey of the solar
cosmit ray phenomena has been published very recently by

McCracken and Rao (1970).

Even though a large number of space-probe observations
have now become available; yielding aimost continuous informat-
ion bn particles and fields in the interplanetary space, the
observations are mainly limited to low energies ( £ 100 MeV) and
are also confined to near earth region practicaliy in the plane
of ecliptic. Therefore inspite of the availability of a large
body of measurements, the ground based continuous monitoring
systems are essential not only for investigating the variation
of high energy particles ( =1 GeV) but also to provide, a conti-.
nuous index of cosmic radiation and thus a quantitative measure
of the characteristics of the electromagnetic state of the inter-
planetary space. Further, at very high energies, it is also
possible to relate specific variations with the electromagnétic
conditions of 'inacceésible' regions away from the plane of
ecliptic and at large distances away from the orbit of the earth.
Thus the study of time variation of cosmic rays forms an essen-
tial complementary étudy to the 'in situ' measurements for
providing a complete understanding of the interplanetary proce-
sses. The various agpects of cosmic ray time variation have
been recently reviewed in a very comprehensive manner by Lockwood

(1971), Pomerantz and Duggal (1971), and Rao (1972).



1.2  Time variation of galactic cosmic ray intensity

‘The continuous and systematic registration of the cosmic
ray flux by ground based monitors, commenced as early as 1936
with the establishment of a network of ionization chambers by
the Carnegie Institute of Washington. However, the major advance
in our understanding of the interplanetary medium~from the study
of cosmic ray time veriations, became possible only after the
establishment of world-wide set up of neutron and meson monitors
during I.G.Y. The encouraging results obtained from the analysis
of the data collected during I.G.Y. period and éaflief, prompted
the establishment of very high count rate super neutron monitors
and large area scintillation telegcopes during.I.Q.S.Y. period.
The data now obtained from these high counting rate monitors
(since I.(.5.Y.) have sufficient statistical accuracy, so as t0

permit the study of time variations even on a day to day basis.

Since the observed cosmic ray variationson ground pertain
to the variation of secondary particles, 1t is necessary to
relate these to primary variations. Essentially there are two
important effects which must be considered prior to thelr being
related to primary variations. The first relates to the under-
standing of the generic relationship between the primarics and
the*secohdarieé they produce through thelr interactions in the
earth's atmosphere. The second relates to the motion of the

primery particles in the earth's magnetic field.

wumber of theoretical attempts (Dorman, 1957 and reference
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therein; Wainio et al, 1968; Debrunner and Fluckiger, 1971) have
been made to relate the sécondary cosmic ray production to
primary intensity at the top of the atMOsphere. However, in
prectice, it has been found easie: to derive the multiplicity or
yleld function from observed letitude effects. Since a detailed
tfeatment of the derivation of multiplicity function is not only
beyond the scope of this thesis, but is also available in liter-
ature, we will only define the term explicitly and will not

attempt a detailed discussion of the subjecf.

A number of authors (Neher, 1952; Treiman, 1952; Simpson
et al, 1953; Dorman, 1957; Webber and Quenby, 1959; Lockwood and
Webber, 1967) have obtained the appropriate multiplicity funct-
ion applicable to cosmic ray variation stﬁdies. Following
Dorman (1957) we can express ﬁhe observed variation at earth

( BNy /N5 ) as

Sk i | Soml (E,n) W-(E,h) aB
S22 = - 8BS . owy (B, h) +e} ST 3220, WA
Ny ’ ’ B mt (E,h)
20
* [6DE) | W (g, n) qE P

gC 7 D(E) A '
where N& is the observed intensity of the secondary component
i at latitude A and at atmospheric depth h. E§ is the cut-off-
energy at latitude N. D (B) is the differential energy spectrum
given as Aﬁ:{where A is a constant andew 2.6. 1mi(E, h) is the
multiplicity and wg'(E, h) is coupling constant or the differe-

ntial respongse function which is easily obtained‘from the
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available latitude surveys. The first term on the right hand
side of equation 1.1, represents the variation due to the
changes in the cut~off-energy, which is usually very small and
therefore negligible except for days associated with magnetic
storms. The second term is due to the changes in the terres-
tfial atmospheric (meteorological effects) parameters such as
pressure and temperature which can be corrected for. ‘The third
term includes the variation due to changes in the primary energy
spectrum, and is of interest in the studies.of time variation
of cosmiec rays. However, the equation does not include the
effects of the asymmetric magnetosphere, which can be signifi—
cant in the studies of the daily variation at energies £71 GeV,

though negligible at higher energies.

The geomagnetic fileld acts as a spectrum analyser allowing
charged particles of energy greater than a minimum energy (E% j
at any point to enter the earth, the cut-off-energy (Ei ) being
maximum at the equator and minimum near the pole. The traject-
ory of the particles, even at energies much higher than Eg , are
strongly influenced by the earth's magnetic field. By tracing
the actual trajectories of the particles in a realistic simulat-
ion of the geomagnetic field, Rao et al (1963) have demonstrated
that even though any given neutron monitor has a large opening
‘angle at the ground, it eséentially scans only a very narrow
region in the celestial sky. They have defined the 'Asymptotic

cone of acceptance' of any given detector as the cone in the
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celestial gphere from which cosmic ray particles significantly
contribute to the counting rate Qf the detector. The asymptotic
cone of acceptance of the detector corotates with the earth, as
the earth spins on its axis, thus séanning a narrow belt in the

celestial sky in a period of one day.

The observed cosmic ray intensity vafiations include
essentially both isotropic time variations, such as the eleven
year_solar cycle variations, Forbush decreases, 27-day variati- .
ons and anisotropic (spatial) variations sﬁch as solar diurnal
and semi-diurnal variations. As will be demonstrated in the
third chapter it is possible to’separate out the space variation
from the'time variation by studying data from a number of

neutron or meson monitors which are situated at different longi-

tudes.

To be able to theoretically interpret the modulation of
the galactic cosmic ray intensity, it is necéssary to understand‘
the motion of cosmic ray particles in the irregular interplanct-
ary magnetic fields carried by the continuously blowing solar
wind. Parker (1958 a ) noted that the interplanetary magnetic
field frozen into the solar wind will tend to convect the
particles radially outward at the solar wind velocity. This
will eventually set up an outward'radial densitylgradient of
cosmic rays that causes particles to diffuse inward. In a
steady state condition assuming spherical symmetry, the model

qualitatively explains the eleven year solar cycle variation.
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Similarly, all other variations bdth isotropic and anisotropic
listed earlier, are explainable in terms of varying solar wind
snd interplanetary magnetic field parémeters. Tili the avail-
ability of'space observeations, the properties of the interplane—
tary space were largely inferred from indirect cosmic -ray obser-
vations. Since now a large amount of direct space observations
of fields, plasmas and particles in interplanetary spéce are
avallable, it is now possible to have a detailed comparison
between the theory and observations. Therefore,in the following
we will briefly enumerate the avergge gross features as well as
day to day variations of the interplanetary medium (Solar wind
and Interplanetary magnetic field), and then discuss the cosmic
ray time variation observations and their theoretical interpre-
tation in the light of these measurements. It should be
emphasized that even though the direct space-probe observations
constitute boundary lines, the cosmic ray observations, being
dependent on the electromagnetic state of the entire-interplane-‘
tary medium (unlike the 'in situ! measurements ), pfovide a very
important tool for the understanding of the entire interplanetary

medium.

1.3 Interplanetarv medium

A clear understanding of the motion of the cosmic ray
particles in the disordered interplanetary magnetic field
(I.M.F.) is very essential for the study of the modulation of

cosmic rays. The magnetic irregularities which act as effective
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scatterers are carried away from the sun by radially moving

solar plasma with supersoniec velocities ~ 300 to 1000 km per
second. The cosmic ray'particleS'eSSentially random walk through
the I.M,F. and their statistical wmotion can be understood, in
practice, only if the diffusion coefficient is well known. Since
the diffusion coefficient is dependent on the power spectrum of

the I.M.F. irregularities moving with the solar wind, an under-

‘standing of both the solar wind and I.M.F. 15 most essential.

1.31 Solar wind

Even though the emission of solar plasma was inferred long
ago to explain the geomagnetic disturbance and Aurorae, the first
evidence for the continﬁous emission of the supersonic solar wind
was pointed out by Biermenn (1951, 1997) in his explanation of
the observed acceleration of the type I comet tails. Subsequent-
1y, Parker (1958 b) developed the theory of conpinuous hydrodyna-
mical expansion of the solar corona and showed thét the inner
corona with observea temperatures of AJ1O6 K is too hot to be
held static-by the sun's gravitational field. The gross. proper-
ties of the radially blowing supersonic solar wind, predicted
by the theory have been verified, since then, by a humbef of
diréct space~craft‘measurements. A number of excellent reviews
dealing with both the observational data and the theorctical
aspects (Dessler, 1967; Axford, 1968; Hundhausen, 1968, 1970;

Parker, 1969; and Burlaga, 1971) are available in literature.
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Fig, 1.1 -~ Different scales are defined in terms of chara-
cteristic times, frequencies and lengths. Some characteristic
features seen on different scales are shown, E is the energy of
proton whose gyroradius is the scale length in a 5% field (after
Burlaga, 19715. _

For a clear understanding of the observed properties of
the solar wind plasma particles, an idea of scale length (time)
was introduced by Burlaga and Ness (1968) to classify and inter-
pret'the data. Instead of using the scale length, they have
suggested that the length be converted to time by dividing it by
the appropriate solar wind bulk speed. Figure 1.1, which represents

the different scale lengths, clearly shows that far particle energy

252 GeV (I.M.F, = 53;), only the Marco and Mesoscale properties of
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TABLE 1.1 - Observed properties of the typical quiet day solar
wind and its variability at 1 AU ‘

A o e s At i n S e ] o A A A e e ¢ e G Gin M e e e e et e A ot Bt e S e e e M e e m e e A e e e e

Average

Characteristics (quiet periods) Variability
Flow speed 320 km 87 275-800 Km s
Flow direction 1.6°E of sun - 898 to + 8°W
Proton and Electron 8 em™3 1 to 50 o3
density »
Proton temperature L x 1OMK 3 x 10)+ to 5 x 105K
Electron temperature 1-1.5 x 105K 1 to 2 x 105K'
Proportion of He () 0.05 0.01 to 0.20
(ny /n)

p
Magnetic field 5Y 2 to 127%Y

g VA O S VS S S . L e e T it ]

the solar wind are important, where as Microscales are most

relevant for low energy particles ( £ 1 GeV). The gross behavi-:

- our of the solar wind at the earth's orbit in the Mesoscale

dimensions and its variability within it is given in Table 1.1.
The bulk speed of the solar wind seldom decreases below 300 km
per second, typical quiet period wind speeds ranging between
300 to 350 km per 56cond. The corresponding proton temperature
is~ 3 x 1OMK, which indicates a supersonic flow with Mach

number ~ 10.

The solar wind velocity exhibits strong time variations
due to the emission of plasma from different regions of the

solar disc with differing characteristics. Many investigators
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have demonstrated an excellent cofrelation between =Kp indices
of geomagnetic field disturbancé and the solar wind velocity on
a time scale <1 year (Snyder et al.; 19633 Pai et al., 1967;
Bame et al., 1967). A pronounced 27-day recurrence tendency
both in high iiKp and enhanced solar wind velocity has also been
noted, which are probably related to M~region storms (Snyder et
al., 1963). However, on a long term basis, contrary to theore-
tical expectationé, the solar wind as well as I.M;F. parameters
seem to be practically invariant with the solar cycle (Gosling
et al., 1971; Mathews et al., 1971; Hedgecock et al., 1972),

except probably in the case of the field component in a direct- .

ion perpendicular to the ecliptic (Bgz) plane (Quenby and sear,

1971).

1.32 Interplanetary magnetic field (I.M.F.)

The interplanetary magnetic field, being embedded in a
highly conducting plasma,behaves as if it is 'frozen in' with
the moving plasma (Alfven, 1950), and therefore is stretched
out in the form of an Archimedes spiral by the'supersonic
solar wind, as the sun rotates (Parker, 1958 a, b; Ahluwalia &
Dessler, 1962). The angle ¥ between the normal to the spiral

field line and the radial direction (Figure 1.2) is given by

Ta]:lx = e s - *» @ 0 a @ 1.2

where V is the solar wind velocity,d2- is the angular velocity
of the sun and r is the heliocentric distance. X is ¢$h5o at

the orbit of earth (r = Re = 1 AU) for V =2 400 km per second.
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Fig, 1.2 - Interplanetary magnetlce fleld configuratioen
illustrating the randem walk of field lines as a result of large
acale inhomopeneities in the solar wind. The perfect Archimedes
fleld line due to uniform radlal expansilon of solar wind is
represented by dotted line.

Direct observations of the I.M.F. from z number of space-
craft platforms have now c¢nclusiva1y proved,that the large scale
gtructure of the fleld is in very good agreement with the predlicted
Archimedean spiral configuration and iy distributed in the [orm of

well defined sector structure with L.M.F. being alternatively

“
positive (away from the sun) and negative {(towards the sun), The
gector pattern has braen found to exist throughout the solar cycle
(Wilcox and Ness, 17693 Wileox and Colburn, 1972). From = corre-
latioﬁ study of the polarity of the mean photospheric field and

the I.,M.F. nesr earth, a lag of -5 days was obtaloed for the best

correlation, which ls consistent with the transit time of the solar
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wind, thereby establishing the solér origin of I.M.F. (Severney
et al, 19705, It is intefesting to note that even though, the
avérage I.M.F. magnitude and directioh have not changed signifi-
cantly over the period 1965-1969, the frequencylof the number‘of
dayS'With higher field amplitudes does show an increase with

solar activity.

The 1deal spiral nature of the large scale I.M.F. when
observed with time scales of ~»1 day or less (microscale) is
altered considerably due to the presence of a'continuoﬁs distri-
bution of small scale irregularities. Due to the Alfven Velbcity
being guite small, the field fluctuations are also frozen into
the solar plasma, and the observed time dependence at a given
position can be easily transformed into spatial variations. The
origin of these irregularities have been attributed to (Michel,
1967; Jokipii and Parker, 1969) the motion of. the prominent photo-
spheric features such as granulations (~ 107 km dismeter) and

N

super-granulations (~ 2 x 10" km diameter). In addition the
turbulent motion of the solar plasma makes the field line
stochastic (executing a random motion) even if they were symme-
trical to start with. A large part of the random walk is due to
the horizontal displacement of the feet of the lines of force
resulting from the motion of granules and supergranules. The
maximum displacement at the orbit of the earth is O (0.1 AU)

from the mean Archimedean spiral direction (Jokipii and Parker,

1968). The presently available inforumation on the large scale
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I.d.F. has been recently reviewed by Schatten (1971).

From the observed variation of the IL.M.F., the frequency
power spectrum PXX(f), which is simply the Fourier transform of
the autocovariance function, can be computed very easily. The
scattering due to irregularities is maximum'for‘particles whose
cyclotron or gyror=diusg ig¢ of the same order as the scale size
of the irregularities. In other words the scattering for parti-
cles of rigidity R GV depends mainly on the power Pxx(f) in the
traﬁsverse'component of the field in the vicinity of ' resonant
frequency' £ given by

r @ = 107t ®. Ha .. 1.3
PXX(f) can be approximated by a power law in frequency .

P (£)eC £ oo Tk
Both Pxx(f) and e¢ have been found to vary considerably both on
a day to day bhasis and also on long term basis {(Coleman Jr.,
19663 Jokipii and Coleman, 1968; Siscoe.et al., 1968; Sari and
Ness, 1969). XKnowing oL, both the parallel (K@*) and perpendi-
cular (Kl) components of the diffusion coefficient K, can be

computed from the"relations

2~
A R for R.» R> R )
Ky _{ P u L .. 1.5

L1/3 eDp for R & Ry )
Where A is a constant, R, 1s the rigidity ot which the cyclotron
radius r, of the particles becomes comparable to scattering
mean-free-pata A = 3 K\, /cp . Ry is the particle rigidity for

L
which mean-free-path A becomes smaller and approaches D, the
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correletion length of the I.M.F., which is typically~2 x 10 ca.

2
Te
and K, = K] +( 2 ) . K, . .o 1.6

The first tcrm Kﬁ‘represents diffusion due to the random
walk of field lines, while the contribution from the resonant
scattering due to field fluctuations is contained in the second
term. At lower energies ~10 MeV, Kgf%KH leading to ah isotro-

pic diffusion.

Inspite of the reasonably satisfactory theoretical treat-
ment relating the obsérved field fluctuation to the motion of
“the cosmic ray particles (Jokipii, 1971), the practical usége is
very limited due to the séanty and unreliable information of the
spectral density at frequency £ 5 x 10*5. Hz (resonant particle
rigidity» 2 GV). Therefore,the presently available magnetic
field derived power spectrum is not very useful to draw any
significant conclusion regarding the propagation of high rigi-~
dity particles,to which the ground based instruments are sensi-
tive. Even at higher frequencies, corresponding to low rigidity
cosmic rays, the presently known properties of the I.M.F. can
only serve as boundary conditions, and a complete understanding
of the modulation phenomena has toawait.till the simultanecous
measurement of plasmas and fields at different heliolatitudes

and heliodistances become available.

1.4  Modulation of galactic cosmic ravs

Various theoretical models have been proposed to account
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for the experimental observations'of cosmié ray modulation, the
radial density gradient, the anisotropies and their interconne—v
ction, in terms of either the electric fields in the interplane-
tary space or the interplaﬁetary magnetic field structure,
including solar wind. All the models and processes that have
been advanced to explain the galactic cosmic ray modulation,
fall T“ﬂthy'WL two classes (1) Blectric field model and (2)
Diffusion - convection model. However, since the diffusion-
convection model incorporating'the energy loss term, leads to
the moét satisfactory explanation of the observed long term
variation, the radial density gradient and anisotropies.
(Gleeson, 1971 a ), in the following,we briefly discuss‘this

model and its predictions for the radial density gradient.
1.41 Diffusion -~ convection model, isotropic diffusion

The establishment of a positive radial density gradient
of cosmic rays in the solar system due to supersonic solar wind
implies the presence of an outward convection (UV) and an inward
diffusion ( - K ”%g— ) which in the steady-state condition must

balance each other (Parker, 1958 b, 1963), Therefore

_ U
.UV = - K ST . 1.7

For a spherically symmetric system equation 1.7 yields
D :

U (r, B) = U, (8 exp () -g- dr) o 1u7a

where U (r, E) and UQO(E) are the flux of particles of kinetic

energy B at a distance r from the sun and at an ouler boundary -
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r = D respectively and'K is the isotropic diffusion coefficient.
The simple convection-diffusion model has now been greatly

improved by a number of workers (Gleeson and Axford, 1967;

‘Jokipii and Parker; 1967, 1970), taking into account

(1)  Adiabatic energy changes due to non-zero divergence of
solar wind velocity (Parker, 1965; Gleeson and Axford, 1967;
Singer et al., 1962). | |
(2) Anisotropic diffusion due to average (non-fluctuating)
I.M.F. (Parker, 1965; Axford, 1965 b) and

(3) Relationship between diffusion tensor and the magnetic
field power spectrum (Jokipii,. 1966, 1967; Hasselmann and
Wibberentz, 1968; Roelof, 1968).

The detailed discussion of the theoretical formulation of
the transport of cosmic rays has been published recently by
Jokipii (1971). The differential number density U (r, E, t) and
differential current density S (r, E, t) in an isotropic velocity
distfibution at kinetic energy E and heliocentric distanoe r
from the sun, is given by the equation of transport and stream-
ing (Parker, 1965; Gleeson and Axford, 1967; Fisk and Axford,
1969, 1970; Gleeéon, 1971'&, b) | |

U +-%2~§% (r2v0-r%3D) - 2 ?;; (r4V) ggg (XE)=0,, 1.8
s (r, B, t) = CVU - K -9« . 1.9
where the Comton-Getting factor (C) is given by

_ 1 D
¢ (r, B, t) = 1 - 0 S (X EU) .. 1.10
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and dy(E) = *%-—T'—gr%‘o‘; . o . 1 . 11
O

V (r, t) is the solar wind speed, K (r, B, %) is she diffusion
coefficient and E is the kinetic energy of the particle with

rest mass Eq.

After having solved equation 1.8 for U by specifying the
galactic spectrum and the diffusion coefficient within the
cavity, the result for U, can be substituted in 1.9 to determine
the flow or anisotropy of the particles. Though there 1s no
exact general analytical solution of the eQuation of ‘transport
(1.8)as yet, the numerical solution now available are being used
very extensively to explore the physicslof the modulation of
cosmic rays. Analytical solution with certain useful approxi-.

mations can, however, be obtained which are briefly discussed

below.

(a) At high energies (> 200 MeV) the term | S/UVI<d< 1, and
hence instead of using equation 1.8, one can drop the term S in
equation 1.9 and write a much simpler equation, generally known

as force field equation

au - x 20U - ¢
D

L 1.12

If X, the diffusion coefficient is assumed to be a separable
function of distance (r) and rigidity (R) and is of the form
K = Kl (r9 t)o K2 (R, t)-B .o 1-13

where = v/c and v the particle velocity, equation 1.12 can

be integrated to obtain the force field solution (Gleeson and
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Axford, 1968 b). At kinetic energiesa,2 GeV/nucleon the spect-
ral slope of the intensity of cosmic rays is fairly constant
(C = 1.5) and therefore the equation'1.12 with G = 1.5, yields

the modified convection-diffusion equation.

The radial density gfadient of the cosmic rays is given by

(from equation 1.12)

. _ v |
¢ =g 3 = -0, B ee 11k

For K = 9.3 x 10°) cm® s” ' at § GeV, it works out to be
x4 9%/AU which compares well with the experimental observations
(0'Gallagher, 1967). The fesults on thq.radial density gradient
have been summarised by Rao (1972) and ©'Gallagher (1972), very
recently and these along with our own results obtained from the
anisotropy measurements will be discussed in chapter IV. We
also note that equation 1.14 predicts the rigidity dependence of

the radial density gradient,to be dependent on the rigidity

dependence of the diffusion coefficient K.
The radial anisotropy §is given as (Fisk and Axford, 1970)
.V r 'BIJ
= — C{ —— Py o~ - .. .
? Fo( 2V') ( T ST ) 1.15

' 't
for the cosmic ray spectrum of the form E . The radial aniso-
tropy at high energies (% 2 GeV) is< 0.02% and is consistent
with the observations (McCracken and Rao, 19655 Rao, 1972).
1.42 Diffusion - convection model,  anisotropic diffusion

The diffusion of cosmic rays into the solar system is in
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general, highly anisotropic with K‘\> K, where K‘1 and K, are
the diffusion coefficients parallel and perpendicular to field
lines (Axford, 1965 b). For an idealized spiral I.M.F., the

cosmic ray dens1ty U at a radial distance Yand colatitude § is

given by (quker, 1965)

v | . 5 o
U(T,0) =0 I V(D-r) Lﬁ Sa78in"e (D2+D:P+:réﬂ}

where f& is the angular veloecity of the sun. Since the term in
the square bracket of equation 1.16 is greater than 1, the
density reduction will be larger than that expected for the case

of the isotropic diffusion.

The radial gradient, at the orbit of earth (2r=7V,;8= 90°)

for the anisotropic diffusion case is approximately given by

1 DU oV Lo
G = g Sy =, ——KI( | oo 1.17

1.43 Long term modulation

Since the discovery of the inverse relationship betwecn
the sun-spot activity and the cosmic ray intensity (Forbush,
1953 ) much has been learnt concerning the eleven year modulation
of the cosmic ray intensity. A large amount of data concerning
the rigidity dependence of the long term variation and. its fun-
ctional relationship with other solar and terrestrial parameters
arc now available to facilitate strict comparison with the theo-

retical predictions. The data indicate that the modulation is
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maximum at low energies and even during solar activity minimum

there exists a residual modulation of cosmic ray intensity.

The lag between the peak cosmic ray intensity and the
minimum in the solar activity can be utilised to estimate the
size of the modulating region. Using sun-spot number as the
parameter to define solar activity, a lag of 9-12 months was
found (Forbush, 1953) which corresponds to D= 100 AU, a value
which is an drder of magnitude greater than that obtained from
many other evidences. Moreovervthe value 1s found to be diff-
erent for different periods of the solar cycle. Quenby (1965)
has, however, pointed out that consideration of sunspot number
close to the solaf equator (A + 10°) substantially-reduceé the
time lag. Subsequent studies have shown that coronal green line
intensity (A 5303) from the equatorial region of the sun (+ 10°)
is a betbter index of the solar activity (Simpson and Wang, 1967;
Hatton et al., 1968; Pathak and Sarabhal, 1970). Comparison
with both TéKp and MN5303 intensity shows that the time lag bet-
ween the solar activity and cosmic ray intensity is of the order
of 1 month which corresponds to D=7 AU. The size of the modu~
lating region inferred from the radial density gradient measure-
menﬁs obtained both from spacecraft and ground based dataAare'in

fair agreement with the above value (Rao, 1972).

Using the spectrum measurements of protons, helium, and
electrons it has been found that the diffusion-convection theory

with the energy loss term included, 1s successful in explaining
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the experimental observatipns for particles of energy ;5100 MeV.
The theory has also been successful in predicting the radial
density gradient which depends upon the residual modulation of
the cosmic ray intensity, the larger the modulation the larger
being the density gradient, provided D remains constant. Compre-
hensive reviews are available in literature (Webber, 1967;
Gleeson, 1971a; Rao, 1972) explaihing the latest observations on
long term modulation and thelr theoretical interpretation. sSince
the subject of the long term modulation does not directly form a
part of this thesis, we have made only a brief reference to this

aspect of cosmic ray modulation.

1.5 Spatial anisotropies and the daily variation

The spatial anisotropies in the interplanetary space are
registered by ground based detectors once each day as their
'asymptotic cone of acceptance! sweeps through the directions
containing the spatial anisotropy. Practically all the study of
the daily variation of cosmic ray intensity hss been conducted
from ground based observations using neutron and meson monitors,
even though of late the data from the underground detectors
have also provided some information on the daily variation at
very high energies. Tt must be remembered, however, that all
these monitors respond to a wide range of enefgies. At ground
thése monitors respond from an energy of ~+1.5 GeV (limited by

the atmosphere) to a few hundred GeV.

Mogt important amongst the spatial anisotropies are
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the diurnal and semi-diﬁrnal anisotropies, the existence of

voth of which has now been established beyond any doubt. The
diurnal snd semi-diurnal aniscotropies and their characteristies
have been intensively studied for the last few years and in what
follows, we shall discuss their theoretical formulation and the

experimentally observed characteristics.

1.51 Diurnal anisotropy (corotational concept)

Based on the concedt of the solar wind and smooth spiral
field (Parker, 1960), Ahluwalia and Dessler (1962) proposed a
simple model to explain the average behaviour of the diurnal
anisotropy, according to which the cosmic ray particles drift
due to the electric field & (B = V X B). From an elaboration
pf the model they predicted that |
1) The source of the diurnal variation which is in the
ecliptic plane is energy ‘independent ( B = 0),
2) all particles whose rigidity is below an upper cut-off-
rigidity (Rmaxci 100 GV) undergo diurnal variation,
3) the direction of the anisotropy is perpendicﬁlar to the
I.M.F. direction, and
L) the amplitude of the =nisotrony is proportional to the
solar wind velocity.
-Wheresas th?first.two predictions were in agreement with the
observed characteristics of the average diurnel variation, the
observed direction and the amplitude of anisotropy (Bercovitch,

19633 Rno et al., 1963; Snyder et al., 1963) did not agree with
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predictions. In addition Stern (f96h) raigsed a fundamental
objection thﬂt assuming cénservative fields and the apnplication
of Liouvelli's theorem, the cosmic ray intensity should be
igotropic at all accessible regions of the interplenetary medium,
if it Were go outside the solar modulating boundary. This follows
from the fact that the electric field E, also sets up a density
gradient norm=l to the sun's eguatorial plane and is bf the right

magnitude to cencel the diurnal variation completely.

In order to overcome this difficulty Parker (1964) and
Axford (1965a) pointed out that, in reality, the fields are not
conservative (;%% # 0), due to the presence of.large number of
small scals irregulpriﬁies moving out with the solar wihd. The
scattering of particles Yy these irregulsrities wipes out a major
portion of the perpendicular density gradient established by the
electric field E. The two models are essentially similer, except
in minor details and therefore lead to the same result. Parker
(1964) considered the prasence of magnetic field irregularities
beyond the orbit of earth,while Axford (1965a) assumed the exis-
tence of gcattering centres throughout the interplenetary wedium.

With the three besic assumptions namely

1) no diffusion perpendicular to the wmagnetic field,
2)- the gradient perpendicular to the ecliptic is zero, and
3) no radial streaming i.e. sun 1ls neither a source nor a

sink of cosmic rays, both the models predict that the average

diurnal variation is caused by azimuthal streaming i.e. the
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cosmic ray particles undergo rigid bulk corotation with the
I.M.F. The average diurnal or corotational anisotropy () is
then given by (Compton and Getting, 1935),

T = 3. Veo
v .. 1.18
end G = (2 +x¥)/3

where Vco :_Q.f, is the corotetional streaming velocity, and is
equal to V tany (¥ =90 - X , Figure 1.2). TFor particles of
energy > 2 GsV ( vw~e, velocity of light) and at the orbit of
earth (r = 1 AU) whereIVcoaé 400 km per sec, $ = 0.64. It is
immediately seen that the theory predicts an energy independent
anisotropy (at relativistic energies) with a time of maximum at
1300 hours (90°E of Sun) end an amplitude T = 0.6% (Figure 1.3).
Compsring with the observations, the theoretical predictibns are
in reasonably good agreement with observed average diurnal veria-

tion (McCracken and Rao, 1965 Rao, 1972) except for the predicted

amplitude being almost 50% larger than the observed anplitude.

The reduction in the observed diurnal amplitude has been
attributed to the transverse diffusion (K, ). Parker (1967)
considers two different situsations which can lead to a decrease

in the corotational amplitude.

(a) "€ very small beyond the orbit of earth

If the ratio-€ = Ki_/K\\ is too small, beyond the orbit
of earth, it is evident thet the cosmic ray particles may reach
the earth without much relief to the pressure gradisnt ieading

to a diurnal amplitude much smazller than is expected. On the
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other hand, if it is too large, the amplitude woauld approach. the
theoretical limit of 2% 0.6%. A typical value of€= Ky/Ky ~ O 1072),
beyond the orbit of the earth is about the right order of magnitude

to account for the reduction in the amplitude of diurnal variation,

£ -~ large near the orbit of earth
If the diffusion across the lines of force (KL) and beyond

the orbit of earth, has completely removed the gradient perpendi—
cular to the ecliptic caused by the electric field as discussed
in (a) above, one expects to observe the theoretical upper limit
of the corotationai amplitude., However, this upper limit can be
expected only when&«<<« 1, at the earth's orbit. The expected
corotational énisotropy which also includes the effect of finite
4 (near the orbit of earth) is given by (Krymskiy, 1964; Parker,
1967; Forman and Gleeson, 1970). L



- 27 -

?ZSCVE’l—‘é)tan\V' o
4 .V L1+« tan2y . e 119

which in the two extreme cases either yields the limiting aniso-

tropy or zero anisotropy

(1) If == 0 i.e. K; is negligible equation 1.19
reduces to 1.18

(2) If€ =1 1i.e, Ky = K‘ the corotstional anisotropy

5
f’vanisheso |
In other words, the observed reduction in the amplitude of
the anisotropy ot relativistic energies can be understood in
beras of finite K,, with< = 0.15 at the orbit of earth. The
observed isotropy of ~ 10 MeV protons (Rao et al., 1967) can be
explained if K| = KH'(f'N.1> at low energies due to the meander-

ing of field lines (Jokipii and Parker, 1969).

Recently, Subramanian (1971a) has made a careful analysis
of the extra—atmospheric factors affecting the anisotropy obser-
ved by the neutron monitors, and has concluded'that if due
allowance is made to the foﬁr minor cumulative effects which
includes the use of variable'ﬁ‘(Eﬁ%?@gg?wagpectrum of the primary
radiation) renging from 1.5 to 2.5 corregsponding to rigidity
range 2 to 15 GV, and the normalization of the variational co-
effiéi@nt at much higher rigidity than 500 GV, then the observed
amplitude is in good agreement with'the theoretically expected
amblitude indicating thst the transverse diffusion near earth
(Si} ig negligible at relativistic energies. Such a conclusion

is essentially in agreement with those obtained by McCracken
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et al. (1968, 1971) from the low energy flare particle obser-

vations.

Iven though the explanation of the average diurnal varia-
tion in terms of corotation hes been satisfactory, considerable
deviations from the aversge picture in both\amplitude and phase
exists on a day to day basis. A significant fraction of the
days in each year have either amplitudes much higher (> 0.6%)
than'predicted by the theory or with phase significantly different
from the 18 hour (corotational) direction (see Figure 1.5, pre-
sented later in Sec. 1.54), both of which cannot be explained
with the above gimple thebry, suggesting th~t the basic assumpt-
ions inherent in the model can only provide an explanation for
the gross average behaviour of the diurnal variation. The short
term and day to day variationé of diurnal anisotropy have to be
understood in terms of changing electromagnetic parameters of

the interplanetary medium.

1.52 Diurnal anisotropy (general concept)

Gleeson (1969), starting with the relativistic Boltzmann
equation, has obtained a most general expression for the diffe-
rential current density for a spherically symmetric system

where the mrgnetic field B is general and there is also an

electric field E.

- Uy = 1. L v B
where ¥ = C (r, E) UV - K ( %%% )+ C (r, B) ZL%- E 1.20a

~
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V=0T, W= Qg igs the proton gyroradius, Tis the average time
2 .

between collisions, K = X;ris the isotropic diffusion coefficient

which in the presence of magnetic field B has components K = K

and IJ_“ K/(1 +m 2) end C (r, E) is given by equatlon 1.10.

Since in the interplanetary medium electric field E = -V X B,
the above equation (1.20) can be easily written in terms of
either E or B (Forman and Gleeson, 1970, unpublished).

In terms of electric field

Wy K Uy, MK 30 . B . . EXB 1.2
s._cmm K S~ 7o 5£§-“ﬂ?3£XT§+CU =5

while in terms of solar wind velocity

S = CUY - X (%p-)

LK ( K AU
1+\1? J‘ 1fq‘dr X 3
In equation 1.21, E X B drift is displeyed explicitly
and the convection term CUV“tis/along the magnetic field, while
equation 1.22 combines these two terms to yield a single conve-
ctive term CUV. The other two terms repfesent the diffusive

and gradient drift effects. The two equations are vectorially

repregsented in Figure 1.4 a, b.

Forman and Gleeson (1970) have further added a term
%ﬁB, t, r) to the normal anisotropic diffusion effect (Ktt/1+\1?)
in eguation 1.22 to include the effect of random walk of field
lines (Jokipii and Parker, 1969) and obtained the modified
streaming equation |

2 =8¢ - H(3 ) 3sz 3w T+y2 §ji)zx g o+ 1.23

S - CUY" o 1023&
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Fig. 1.4 - Showing the two representations of the components
of the differential current density. In {a) the electric field is
emphasised, in (b) the convective component CUY. The sum is shown
as the dotted vector S.

Ky = K (8 t, 1) + Ky /(2 +y\2) | e 1.24
and K (==) =K (aU

T i ‘Ej)H + Ki_(vu) .. 1,244

The diffusion tensor K now includes the contribution due to
the random motion of the field lines. The gradient contribution
(the last term on the right hand side of eguation 1.23) contains
the normal scattering, expected in the presence of uniform magne-
tic field, %l. will come from the zero frequency spectrum, while
Kﬁ' is obtainable from the high (resonant) frequency spectrum.
Equation 1.23 contains two characteristic times,“f" and L/V corres-
ponding to the two processes, scattering and random walk of field
lines, The observation time t should bé mu ch greater than either
of the characteristic times“J or L/V for the process to be
operative. Typically %§= 20 sec., and L, the correlation length

11

of the magnetic field is-=x2 x 10 cm, hence L/V¢t 80 min,
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Therefore the séattering type difquioh coefficient is appropria~
te for solar burst events of short time duration (Rao et al.,
1967) whereT<<t_<< L/V, while the complete diffusion coeffici-
ent is more appropriate for long term aversge such as envolved

in the diurnal variation of galactic cosmic rays.

The azimuthal streaming_§¢ in the limiting case of rigid
corotation can be obtained simply by neglecting the third and
fourth term of eguation 1.23 with the agsumption that
- (a) (i%%;—;L is zero (b) KJ,iS negligible, and with an addi-
tional constraint of no radial streaming i.e. S, =0. These

conditions lead to an azimuthal anisotropy of bulk motion predi-

cted by Parker and Axford and discussed earlier (equation 1.18).

A decrease in the aaplitude of the azimuthal anisotropy is
expected if either or both of the conditions (a) and (b) are not

valid (provided S, o= 0). In the first case (a) the reduction

r
will be due to the density gradients perpendicular to ecliptic
plane. The required gradients which fits the obgervations are
quite large and have not been observed. In the szcond case (b)
the reduction will be due to/the contribution of finite K} , the

amplitude, however, being governed by equation 1.19.

It is thus apparent from above, that the azimuthal or
corotational anisotropy is a direct conseqguence of the condition
of.no radial stresming (§r = 0), with its amplitude being dicta-
ted by the relative importance of the three terms other than

the convection term (equation 1.23).
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The average diurnél variation observed by neutron monitors
(E = 2 GeV) in fact, do indicate that the contribution from K‘
and (%%%%Lgre essentially zero (Subramanian, 1971a; Rao, 1972)
and radial streaming is very small consistent with the theoreti-
cal predictions (Gleeson and Axford, 1968 a, b; Fisc and Axford,

1969).

From a detailed study of the solar flare cosmic ray events,
McCracken et al (1968, 1971) and Rao et al (1971) have shown that
late in the decay, convection is the most dominant mechanism in
the interplenetary medium and K, is negligible. Very late in the
decay ( = k-5 days) ﬁhey'observed an eastarly snisotropy which‘
was attributed to a balance between the outward convectlon and
inward field aligned diffusion due to the density gradients.
These observational results heve been explained recently by Ng
snd Gleeson (1971). Thus it is evident that the convection is
the dominant mechanism operating both at low as well as at high
energies. Based on the above concept which has heen qguite success-
ful at low energiss, the role of convection and diffusion has
been extended to high energies to explain the dey to day varia-
tions observed in the diurnal veristion. The detailed mechanism

with the supporting evidence will be presented in Chapter IV.

1.53 Characteristics of the diurnal variation
From an extensive analysis of the neutron monitor obser-
vations during 1954-1965 (Rao et al., 1963; McCracken and Rao,

1965), the average diurnal variation of cosmic ray intensity
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‘can be adeqguately expressed by

-;%%%%% = Aﬁﬁ . Cos“(‘f’— %) - Cosf\.for R<:Rmax§ .05

=0 oo for R >» Bmax )

where A is a constant equal to (0.38 + 0.02) x 10“2, B=0,
\%): 839 + 1.6° measured anti-clockwise from the noon meridian.
N is the declination and Rmax ié usually of the order of 100 GV.
In other words, the average diurnal anisotropy of cosmic radia-
tion is
(a) rigidity independent in the rigidity range 1-100 GV
(b) varies as cosine of the declinetion;
() has a time invariant amplitude in space of

0,33 + 0.02% and
(a) has a maximum flux incident from 89 + 1.6° East of

the earth-sun line,
Results. obtained by other investigators, are essentially in
agreement with these findings (Bercovitch, 1963; Pomerantz et
al., 1962; Kane, 1964; Faller and HMarsden, 1965; Willets et al.,
1970). The yerrly mean diurnal amplitude and phase are found to
be vractically constant over the solar cycle, except for the
small though significant decrease in aaplitude in the years of
the minimum solar activity (Duggal et al., 1967). The mean
ampiitude of the diurnal variation of the nucleonic component
in 1965 for example was = 20% less than in 1958. The decrease
in amplitude in 1965 is now understood as due to a significant
reduction of the upper cut-off-rigidity (R___). It seems that

max

except for the systemstic and significant variation of Rmax’
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all other parameters defining the diurnal variation sre almost
constant throughout the solar cycle. The change of Rmax has
been investigated by a number of workers including the author,

and the detailed results are presented in Chapter IV.

Bven though the‘neutron‘monitor results nave not indicated
any long term changes in the diurnal vériation, at least for the
period 1997-1970, the analysis of fhe data from other detectors
responding to higher energies such as meson monitors and under-
ground detectors, have always shown significant variation from
year to year. Forbush and Venkatesan (1960) carried out a
rigorous statistical analysis which revealed that significant
variations in both amplitude and time of maximum of diurnal
variation occurred during the period 1937-1959. FTém an analysis
of the ion-chamber data from Godhavan, Cheltenham, Christchurch
and Huancayo of more than 30 years Forbush (1967, 1969).concluded
that the aversge diurnal variation is composed of two distinct
components W and V. The W component has its maximum (or minimum)
in the direction 128° Fast of the earth-sun line, which is
roughly the average I.M.F. direction, and varies sinusoidally
about zero mean with a periodicity of 20 years. The second
component V has its maximum along 900 Bast of the earth-sun line
and is subjected ﬁo larger variations well correlated with the
seomagnetic activity. The spectral nature of both the components
scems to be alike namely they are both energy independent (Duggal
et al., 1970 a, b). Jacklyn et al. (1970) using the surface

meson as well as the underground observations, however, have not
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confirmed sny systemztic change in the diurnal phase for the
period 1953-1966, while the change in amplitude wes attributed

them to a chaenge in R .
by he 1 crange max

1.54 Short term anisotropic variation

| In the recent past, it has been widely recognised that the
aver=ze behaviour of the daily variation of cosmic rays which in
egsence represents the average interplanetary conditions is well
understood. However, in contrast to the aversge properties,
relatively very little is understood about the short term varia-
tions of the diurnal and semi~diurnal anisotropies, inspite of
the realisaﬁion that an understanding of the production mechanism
of the cosmic ray anisotropy on individual days can be used as a

prcbe to monitor the changing interplanetary conditions.

Several investigators (Rao and Sarabhai, 1961, 1964; Patel
et al, 1968; Pomerantz and Duggal, 1971; Rao, 1972) have pointed
out = the existence of a considerable variation in both the
diurnal as well as semi-diurnal vectors from one day to another.
Figure 1.5 shows typicel frequency distribution of the diurnal
and semi-diurnal amplitude and phase for each day in the year
1963 to 1971, as observed at the Ahmedabad nsutron monitoring
stnﬁion. The fluctuation in both diurnal and semi~diurnal
com»onent, are seen to be for more than that can be anticipated.
statistically. Further it is also seen that the variability
in the amplitude and time of magximum of the semi~-diurnal compo-

nent is much lerger than that observed in the diurnal component.

hl0Y
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Fig. 1.5 - Histogram showing the frequency distribution
of the amplitude and the time of maximum of the diurnal and
semi~diurnal vari-ation as observed at Ahmedabad for the year
1968 to 1971, Arrows point to the vector average value for
each year.

Applying the method of variational coefficient (Rao et al.,
1963), Patel et al. (1968) have determined the energy spectrum
of diurnal and semi-diurnal variation on a day to day basis for the
period 1964-1965 and have found a large variability in the energy
spectrum, though a significént part of the large variability can
be due to the world wide intensity changes which occur at the
same Universal Time (UT) at all the stations. However, during
solar activity minimum, the number of days with significant
contribution from the world wide variations are expected to be

less. Therefore, even though the variability in the amplitude

of the diurnal var ation (X 0.6%) can be understood in terms
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of the partial cancellation of the_pérpendicular density gradi-
ents on a day to day basis,’the large variability in the spectral
characteristics and time of maximum cannot be understood by
azimuthal streaming process alone. Sarabhail and Subramanian
(1965), have qualitatively discussed this aspect and have pointed
out that besides azimuthal streaming there are at least three

more proecesses operstive on a day to day basis.

(e Streaming in the longitudinal sector - Additional stream-
ing due to the difference in the solar wind velocity and in the
distribution of the small scale magnetic field inhomogeneities

at different helio-longitudes (Parker, 1964).

2. Scattering at magnetic field irregularities - If a density
gradient away from the plane of ecliptic exists, scattering at
magnetic field irregularities can cause a short cirecuiting of
these latitudinal gradients. This process will produce an aniso«
tropy with a nezative spectral exponent with a wminimum along the

magnetic field.

3. Latitudinal gradients of cosmic ray intensity, will pro-
duce a predominant semi-diurnal component with a positive expo-
nentvand time of maximum aligned perpendicular to the magnetic
field. DBesides if the intensity distribution away from the
plane of ecliptic has a strong NaS'asymmetry a significant first

harmonic component will also be introduced in the daily variation.

It may, however, be noted that all the above processes
b ?

are contained in the general equation of streaming (equation-—
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1.23) of Forman and Gleeson (1970) except for the prediction of
semi-diurnal variation and that the equation 1.23 becomes invalid
near the sector boundary crossing of the I.M.F. (Axford, 1965 aj

Gleeson, 1969), where the conditionWF¥1 is not satisfied.

Though the diurnal anisotropy during cosmic ray storms 1is
usually altered, no systematic relationship with the intensity
and nature of the storm has yet been established. There have ’
been some reports that‘the amplitude of the diurnal variation
increases and phase advances to earlier hours when such distur-
bances occur (Dorman, 1957; Tanskanen, 1968; Os tmann and.Awadalla9
1970). However, this conclusion is not always true (Kane, 1962).
An initial anisotropy in the onset of Forbush decrease aligned
along a direction 30—500 West of the earth-sun line has been
confirmed by many workers. The anisotropy sbmetimes develops
even before the onset of the sudden commencement (Fenton et al.,
19595 Ables et al, 1967; Mathews et al., 19633 Mercer and Wilson,
1968). The 6bserved initial anisotropy has beéen explained
(McCracken, 1962) as due to the sampling of the inner region of
plasma cloud emitted from the sun containing the observed
cosmic ray intensity which becomes accessible to detectors look-
ing along this direction. Very recently Lindgren (1970) and
Razdan and Bemalkhedkar (1971) have shown thet the 27 day recu-
rrent Forbush decreases in thelr recovery phase are usually
assoclated with enhance’ diurnal amplitudes with the direction

of maxima in the 9+10 hour direction.
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A recurrent tendency in the amplitgde of the diurnal varia-
tion with periods of 27 days and well correlerted witthiKp index,
was reported by Kodsma (196%) on the bhasis of power spectra and
Chree analysis of Deep River neutron and meson data for 1962-1964,
éven though such an effect has not been confirmed universally

(Kane, 196k4).

Recently a number of investigetors hsve detected‘a signi-
ficant change in the diurnal smplitude and phase with the rever-
sal of the average I.M.F. in alternate sectors. DBased on the
assumption of the existence of a north-south gradient in the
cosmic ray density, density increasing southward i.e. below the
equatorial plane of the sun (Barker and Hatton, 1970, 1971;
Subramanian, 1971 by Hashim and Bercovitch, 1972) the expected
diurnal amplitude will be larger and phese shiftedvto earlier
houfs for positive I.M.F. direction (away from the sun) in cou-
parison to déys having negative polarity interplanetary magnetic

field (towards the sun).

Using the available I.M.F. data and the observed daily
veriation, the above effect has essentially been confirmed by a
number of workers (Mori, 19663 Ryder and Hatton, 1968; Patel
et 2l., 1968; Hatton and Barkef, 19715 Swinson, 1971; lashim
and Bercovitch, 1972). From these observations Hashim and Ber-
coviteh (1972) have estimated the density gradient perpendicular
to ecliptic pleane, being 5.5 Hfo'é%/AU, which differ both in

magnitude ~nd rigidity dependence from the radial gradient.
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The occurrence of. trains of daysvwith ébnormally high aﬁpli~
tudes have been renorted by a number of workers both during
disturbed and quiet periods. Mathews et al.(1969) and Hashim and
Thambyahpillai (1969) have independently concluded that during
many days, exhibiting traing of large amplitﬁdeg ﬁhe anisotropy
was predominantly caused by a large decrease along the garden-
hose direction. The possible existence of sinks in the garden~
hose direction on such deys was inferred much earlier by Rao and
Sarabhai (196L), from the study of the distribution of tiwme of-
maxima and minima of the daily variation. The large amplitude
wave train occurring in July 1961 has revealed a syétematic anti~
clockwisc shift of the diurnal anisotropy, the vector rotating
completely around the clock in about 8 days (Duggal and Pomerantz,
1962). Sm=zller phase changes upto ~ 10-12 hour during the entire
svent are more common. However, a good number of events, occurr-
ing during guiet period, have snown a significant change of
diurnal phase towérds later hours (21 hour direcfion). These
events heve been analysed in detail to find their characteristics
in relation with the observed I.M.F. for the period 1966-1963,
and the results have been usecd to advocate 2 simple model to
explain the diurnal variation on & dry to day basis (Chapter IV).
Like-wise trains of days with negligibly small diurnal amplitudes
are also found td occur, the anelysis and results pertaining | |

to them will also be discussed in Chapter IV.

1.55 Characteristics of the semi-diurnal variation
Analysis of the solar daily variation in terms of its

Fourier components shows, on an average, a significant 412 hour
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(semi~diurnal) wave in addition to the 24 hour component. The
presence of such a compénent in the anisotropy of cosmic radia-
tion has been suggested by a number of investigators (Rau, 1939;
Elliot and Dolbear, 1950, 1951) long ago. However, the extra
terrestrial nature of the semi-~-diurnal variatioh was not firmly
established till recently (Elliot, 1952; Dorman, 1957; Katzman
and Venkatesan, 1960), due to its possibie ~tmognheric origin.
From a comparison of the observed veriation in the east and weét
pointing telescope inclined at the same angle to zenith, where
he atmospheric contribution can be cancelled to a first appro-
ximation (Elliot and Rothwell, 1956), Rao and Sarabhai (1961)
were able to provide a reasonable evidence for the existence of
a significant semi-diurnal component. However, due to the
presence of large amplitude of semi-diurnal pressure wave, which
can introduce a pressure induced variation, the poor statistical
accuracy due to the low counting rate of the monitors, and the
large variability of the obgserved semi-diurnal variation on a
day to day basié (Ahluwalia, 1962; Hao and Sarabhai, 1961), the
existence of semi-diurnal variation of cosmic rays could not be

firmly established.

The first conclusive experimental evidence for the presen-
ce of a significent semi-diurnal anisotropy of cosmic rays, with
its meximum eligned in a direction perpendicular to the direct-
ion of the I.M.F. was obtained by Ables et al.(1965). The authors
used neutron monitor data including super neutron wonitors, for

improved statistics and power spectral anslysis followed‘by
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sophisticated numerical filter techniques for'improvedvsignal
to noise ratio. Subseqﬁent analysis by the suthor as well as
by other investigators have noﬂ only confirmed tae existence of
the semi-diurnal anisotropy but have slso provided its detailed
characteristics, which on an average basis can be summarised ag
follows,

1) The average seni~diurnal amplitude in space for cosmic
ray particlesrin the rigidity range 1-200 GV has a value

= 0.11 + 0.02% during the period 1958-1970, with its time of
maximum along ~ 0300 hours direction, essentially perpendicular
to the direction of average I.M.F.

2) Both the phase and amplitude are time invariant within
the statistical accuracy.

3)  The anisotropy is rigidity dependent with a positive
spectral exponent of ~ + 1.0, as compared to B = 0 for the
‘diurnal variation.

L) Unlike .the diurnal variation for which the amplitude has
a. cos A dependence, where )gis the mesn asymptotic 1atitude of
response, the semi~-diurnal dnisotropy has a 0052)‘ dependence.
The details of the analysis and‘the results obtained by the

author will be presented in Chapter V.

Both Subramanian and Sarabhaix(1967) and Quenby and Lietti
(1963 ) have suggesfed thst the second harmonic componént of
the cosmic ray daily variation can be due to the particle den~
Sity gradient in the plane perpendicular to the plane of

ecliptic. If we assume an Archimedes spiral configuration for
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the I.M.F., it is evident that the particles arriving along the
sun's poler field lines suffer mucﬁ'iess modulation as compared
to those arriving in the ecliptic'plane, thus giving rise to a
cosmic ray density gradient, with the intensity'increasing away
from the plane of ecliptic. Viewing along the I.M.F. lines of
force (i.e. along the garden-hose direction) a neutron monitor
on earth neasures cosmic ray flux characteristic of eguatorial
plane. Viewing in a direction perpendicular to the magnetie
field,'the detector samples particles arriving from higher helio-
latitudes: the heliolatitude corresponding to the gyroradius of
the particle under consideration. Thus the higher the energy
the higher the Heliolatitude of sampling by a monitor. Conse-
quently, the positive gradient of cosmic ray density with the
increase in heliolatitudes gives rise to a semi-diurnal maximum
aligned in a direction perpendicular to the direction of I.M.F.,
because the earth, as it spins, measures cosmic ray intensity
twice aldng and twice perpendicular to the field direction in
the course of a day. Both the theories, ﬁredict that the semi-
diﬁrnal anisotropy ‘as observed in space (1) has an exponent of

+1.0

R , where R is rigidity; (2) varies as Cosg>\ and (3) has a

maximum flux in a direction perpendicular to the I.M.F. The
positive spectral exponent predicted by the theory is consistent
with the much larger semi-diurnal variation observed at equato-

"rial latitudes.

According to Quenby and Lietti (1968), the perpendicular

gradient of the cosmic ray flux is a consequence of the random
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scattering of particles'by scattering centres supefimposed on
the quiet time Archimedean spiral. The galactic particles that
arrive over the pole experience‘eésy éccess,Asince they diffuse
along almost straight field lines, where as those éntering in
the solar eguatorial plane are constrained to follow many spiral
loops. Consequently, the cosmic ray density should rise on each
side of the solar equatorial plane. Subramanian and Sarabhail
(1967), on the other hand infer the perpendicular cogmic ray
density gradient from :k5303 index measurements, based on their
finding of the inverse relationship between ?&5303 green coronal
line and thevcosmic ray intensity. For a given cosmic ray density
distribution, both the theories predict practieally same results.
Following Quenby and Lietti (1968), we can write, the cosmic ray
density near the eartls orbit as

N, = Negexp [—————-——-—3’1{?32 - Singe} v 1.26
which for typical value of V = 400 km per sec, A = 10 % R cm

and D = 40 AU reduces to

No= N exp[—:*—-l%ﬁ*sj_nzﬁ} o127

The Taylor expansion of ﬁhe above expression gives a ﬁeak to
peak amplitude of the second harmonic, which for a detector

thet looks at an asymptotic latitude?x with respect to the

solar equatorial planc and at an asymptotic longitude ¥ measured

from spiral field direction, is given by
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- where R is in GV and quX is the maximum rigidity upto which the

semi-diurnal anisotrony exists.

The essentisl reguirement of both the models deséribed
above 1s the existence of cosmic ray density gradient perpendi-
cular to the solar equatorial plane. The presence of such gra-
dients, in principle, can be inferred from the observed long term
changes in the cosmic ray infensity due to the earth's motion
around the sun, which changes its position by + 7.25° withrrespect
to sun's equatorial plane in the course of one year. However the
results obtained from the neutron monitor observétions, though
not conclusive (Kane, 1968; Barker and Hattom, 1970; Subramanian,
1971 b), have not.generally supported the existence of required

gradients.

It has been felt for a iong time, that the semi-~diurnal
anisotropy would result merely from the 'pitch anglé distribution'
of the particles in the I.M,F. (Sarabhai ot al., 1965).

Nagashima et al. (1972 a, b) have recently developed an analyti-

- cal wethod to determine 3~-dimensional cosmic ray anigotropy
vectors in interplanetary Space and have shown that the obser;
vations are in favour of the pitch angle distribution model

for the production of the semi~diurnal anisotropy. More recently

Barnden (1972) has introduced the 'origin of scatter' téchnique;
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a theoretical method to ealculate the ecount rate veriation in
an earth based detectof."He finds that the presently aecepted
values of the radial gradients of the'cosmic-ray density are
sufficient to produce the observed semi-diurnal anisotropy.

In other words, the pitch angle distribution of the cosmie ray
pérticles manifests itself as semiwdiurnal anisotropy. Whereas
the presently available experimental observations are not yet
capable of deciding between the two theories, the new concept
provides a fresh insight to the understanding of the césmic ray

modulation phenomena.



CHAPTER -~ II

EXPERIMENTAL TECHNIQUE -~ SUPER NEUTRON MONITOR

2.1 Introduction

A primary cosmic ray interacting with the nucleii at the
top of the atmosphere resuits in a cascade of secondary particles,
including the evaporation neutrons. The evaporation neutrons
which are proportional to the nucleonic component intensity show
much larger variation with the latitude as compared to other
secondaries‘éuch as muons, indicating their association with lower
energy part of the Spectrum of the primary cosmic radiation
(Simpson, 1948, 1949). Though a simple neutron detector such as
BF3 filled proportional counter cen be easily used to detect the
atmbspheric evaporation neutrons, Simpson et al (1953) pointed
out that such a detector is unsuitable for continuous monitoring
of cosumic ray intensity due to (a) a slow neutron detector using
a bare BF3 counter with the atnosphere as moderator will be great-
ly affected by 1arge.changes in the climatic conditions of the
atmosphere and (b) the fast neutron detector using a BF3 counter
surrounded by a local moderating medium will readily respond to
changes of ambient neutron production near the detector resultihg
from movement of heaovy materials. The use of lead, as a target
of high atomic mass (A); for ﬁhe local production of evaporation
neutrons (production rate is o A +O')‘F) has not only removed the
above shortconings but also increascd the count rate of the

detector, thus improving the statistical accuracy.
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The first'neutron'mbnitors7 which consisted of BF3 propor-
tional counters surrounded by péraffin moderator, lead producer
and a shield of hydrogenous material, werec installed by Simpson
at Chicago, Climax, Huancayo =nd Scarﬁento‘peak around 1952,
Later a standard design was recommended by Simpson (1957) and a
network of about 50 standard neutron moﬁitors was established
during IGY. While a large amount of valuable information was
obtained from the deta from these monitors, by the endAof 1958
it had become clear that their counting rate were too low to
permit unambiguous studies of many aspects of the coémic ray time
variations. This led to the super neutron monitors (NM-64)
which employ large éize BF3 eounters and which has now been
adopted as the standard geometry (Carmichael, j96h). A full size
NM- 61 super neutron monitor consists of 18 counters in three inde-
rendent units each containing six counters. The counting rate
of an 13-WM-6Y4 monitor is about g million per hour at a séa level

stetion having cut-off-rigidity € 2 GV.

Inspite of more than thirty WM-64 type monitors which were
in operation during 1968, to provide a wdrld—wide coverage both
in latitude as well ag in longitude, conspicucus gaps in coverage
in the longitude range 2SOE to 1SOOE9 and almost complete absence
of equatorial monitor are noticeable. The establishment of
Ahmedrbad super neutron mohitor in the year 1968 with high count-
ing rate, not only fills this wide gap but also records the

cosmic’ray intensity at a very high cut-off-rigidity. A list of
all the cosmic ray neutron monitoring stations (both IGY and
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TABLE 2.1 - List of all the cosmic rey neutron monitoring
stetions (cutroff-rigidity > 8 GV), which either started fun-
ctioning in the year 1968 or were functional before 1968.

TR el A M Eh Ml e A e e e e P M e e P e e Sat Gy M e St e e ry v e B e e - mm - e e e 4t S i e wev W M e W WOt Gm e e fra s e A e e

S.No., Neme of the 1 titude  Longitude Gipeaas S?;é§§£§
(a) IGY Standard Monitor

1. Cordoba . ~-31.4%0 295.82 430 S 11.h5
2. Gulmerg 34,07 7442 2740 11.91
3. Haleakala | 20.36 203.72 3050 13.30
4. Huancayo -12.03 284.67 3350 13.49
5. Makerere (Kampala)  0.33 | 32.56 1195 14,98
A6. Mina Aguilar -23.10 294.30 4000 12.51
7. Mt. Norikura 36.12 137.56 2770 11.39
(b) Super Neutron Monitor (NM-6L)

1. Ahmedabad 23.01 72.61 S.L. 15,94
2. Buenos Aires -34.58 301.50 Sl 10.63
3. Chacaltaya ~-16.31 291.85 5220 13.10
L. Xula (Hawaii ) 20.71 203,74 930 13.30
5. Mexico City 19.33 260.832 2270 9.53
6. Mt. Norikura 36.12 137.56 2770 11.39

** Temporery Station
NM-64) with cut-off—rigidity§3-8 GV, ~nd which were operational
during 1963, are given in Teble 2.1. The table very clearly
brings out the fact, that Ahmedabad has the highest cut-off-

rigidity amongst all the stations. Besides, Ahmedabad is one
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Fig., 2,1 « Showing the positioning of the presently running
NM-64 (10SY) type and IGY type neutrom monitoring stations, The
arrow Indlcstes the locatlon of Ahmedabad station, The position
of the stations operating meson monitor telescopes sve also
included {after Shea, 1972),

of the very fow sea-level stotions for which the coupling coef{i—
clents are better known énﬁ thevefore, the dets from this monitoring
%tatidn be of very great value in the interpretation of the time
variation phencmens,  The number of super meutron monitor stations

have steadlly inecressed, in the past three o four vears, and the
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few existing gaps can be partially filied using the data from

the IGY type neutron monitor stations (Figure 2.1).

2.2 Description of the Super Neutron Monitor at Ahmedabad

The basic design of the super neutron monitor (18-NM-6L4)
at Ahmedabad (India) closely follows the design recommnended by
Dr. Carmichael. It eonsists of eighteen large BF3 proportional
counters sensitive tv thermal neutrons, each counter beihg enclo-
sed within a cylinder of paraffin moderator. The counter assembly
consisting of woderator and counter is surrounded by lead. The
18-counters are arranged in fhree arrays of 6 counters each.
Bach array is completely shielded by paraffin reflector which
prevents the escape of neutrons that would otherwise fail to be
detected. The shield also prevents the detection of low energy
neutrons produced in the condensed material outside the monitor.
Except for the use of the paraffin wax both as a reflector and
moderstor in place of polyethylene and the ﬁse of old copper
counters (Fowler, 1963), the design of super neutron menitor at
Ahmedabad is the same as that recommended for IQSY (Carmichael,
1964). The copper counters used here were the ones used by
Dr. Carmichael ét Deep River from 1961-1964%. The background
count rmﬁe due to residual alpha,( ) contamination is =% 2
counts per minute as compared to § counts per minute for the

stainless steel counter.

Figure 2.2 shows one of the three identical and independ-

ent éections of the neutron monitor assembly at Ahmedabad.
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The box projecting out of each of the cbunters, seen in the
figure, centains the pre-amplifier and discriminator assembly
attached to each counter. The entire monitor is housed in s
separate well shieiﬂed buillding whose temperature is maintained

at 70 #* 1°F. The output of each of the discriminators is fed

to the amplifier-mixer box seen at the top of the assembly.

2.21 The principle of neutron counter
The proportionél.counters filled with Boron trifluoride

(BF3) gas enriched with the isotope B1O are most suitable for
the detection of thermal neutrons. The large size counters used
in NM-64 monitor are filled with pure BF3 gas (96% 10 isotope)
at a pressure of 20 cm Hz at 2200 and'are usually operated at
2800 V potential at which the gas multiplication is ~u35. The
counters have a platecau in the proportional region (2800 V) for
over a range of ~» 400 V, with a slope less than 1% pér 100 volts.

A neutron which is captured by a B'O nucleus induces the exother-

mic reaction

.7 Hen

10 A1 '
B + 2 ) : .0

5 + g0 e 3Ll 2.1

The cross-section of this reaction follows a 1/v dependence

(v is the velocity of the captured neutron) and is Q&382O barns
at thermal energies (1/40 ev). In 94} of the reaction 3Li7
nucleus is left in a 0.48 MeV excited state, 2.30 MeV being
shared by the 3Li7 and QHeu nuclei. In the remaining 6% the

3Li7 nucleus is left in the ground state and 3Li7 andﬁgHeL+ nuclei

have a total kinetic energy of 2.73 MeV. The output pulse
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‘height which is s 1 miliivolt depends strongly on the high
voltage applied to the counter. As the counter is operated in
the proportioﬁhl region, it is easily possible to discriminnte .
these pulses against relatively sm;ll pulses produced by the
passage of muons, electrons, gamma rays, etc., through the

counter. Further, since only »ne nucleus is consumed in each

reaction, the BF3 counters hnve a very long life.

2.22 Production of thérmal neutrons

| The cnpture cross-section of the BF3 filled proportional
counter being maximum for thermal energy neutrons, the choice of
the geometry and quantity of the reflector, lead producer and
moderator must be optimised to obtain maximum efficiency _
(Table 2.2). The entire assembly of lead cylinders containing
six neutron counters is encased in a simple rectangular box of
low density paraffin wax of 7.5 em (3") thicknegs. The peraffin
wax acts ns a reflector and establishes the full albedo of neutrons
from the le~d producer inside the monitor. It also diminishes
the proportion of low energy neutrons arriving at the detector
from outside though the chosen thicknéss of 7.5 em is not comple-
tely adequate to isolate the wmonitor from all the evaporation
neutrons produced outside. Typicelly the contribution of such
neutrons iS'?ﬂs%-A However, since this contribution can change
with the chenge in the environment (Bercovitch, 1967) it is very
important to ensure that no unnecessary transiént material is

kept near the monitor.
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TABLE 2.2 - Dimensions and eounting rate of I.G.Y. type stand-
ard neutron monitor and NM~64 type super neutron monitor

PR S e M et e s - e T e T e e e e G M Mt e ek ey = o o T e e e P ke e e e W e At ben e e e bt e G g e e e ome e e e be e o e e oy

Standard NM-6k

Specification IGY Monitor Monitor
Number of counters per tray , 6 6
Number of trays in one unit 2 | 3
Counters

Active lehgth (cm) 864 191

Diameter (cm) | 3.8 4.8

Pressure (cm Hg) 45 20
Inner moderator | | |

Aversge thickness (em) 3.2 2.0
Producer | . |

Average depth (g cm™2) 153 | 156

Area per tray (m2) O,9h ' 6.21

Length parallel to counters (cm) 102 207
Reflector

Average thickness (cm) | 28 7.5
Counting rate (typical) _

of a high letitude sea level ~12000  ~250000

stntion per trjy per hour .

per n? of producer ~12800 ~L140000

PO T T ame met s e e em e VR v e e S ey e e W T e S0 e b e e e an W M e e e et e e e n = P WY WS M e R e e e M B e Ve e v e —

The local neutron producer is of lead of purity greater
than 99.9% in the form of cylinders of 25.4% cm internal diameter
snd 35.6 cm outside diammeter with an outer rectangular proje-

ction on two sides. HEach cylinder is of overall length 207 cm
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and is cast in the form of 18 lead rings each of length~11.5 om.
Each ring weighs 89.3 4 0.6 kg (~ 200 pounds) making the total

mass of the entire lead cylinder equal to 1608 + 10 kg.

The moderator tube in Ahmedsbad NM-64% monitor consists of
2 em thiek paraffin wax eontained in an alluminium cylinder with
outer diemeter 25.4 em thus fitting closely with the lead cylin-
der. However, the stainless steel céunters, which are now
available.commercially, are wrapped 1in a polyethylene tgbe,
which besides being an efficient moderator, also, serves as a

protecting case for the delicate counter.

A cosmic ray particlé interacting in the lead produces
several assoclated evaporstion neutrons, the number of these
evaporation neutrons in general, being proportional to the energy
of the interacting particle. Typically a parent particle of
energy 200 to 300 MeV produces on an average of about‘mJ1O evapo-
ration neutrons. In the neutron monitor a spectrum of excitation
energy of the lead nuclei results becaﬁse (a) the incident
nucleons have a range of energics (b) nucleons with a given
energy produces a range of excitation energies due to the statig-
tical nature of the intranuclear cascade. These evaporation
neutrons are quickly slowed down to thersal energies by collisions
with the modulatiﬂg material and most of which are subsequently

B10 atoms of the counter gas. A small portion may

captqred by
be lost through capture by hydrogen atom in the moderstor or
counter walls. The detection efficiency of the evaporation

neutrons in NM-64 monitor is about 6% (Hatton and Carmichael, 1964 ).
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2.23 Data récording system _

With the improvement in the counting rate of the monitor
it was soon realised that for applying adequate correction for
atmospheric variations, it is necessary to record the data at
shorter intervals such as Y4-5 wminutes. The frequeney of data
. sampling needs to be further increased during periods when cosmic
ray enhancement due to solar flare occurs. To handle such a
large amount of data, it is desirable to have a completely auto~
matic data recording system of the type developed at M.I.T.
(Richard et al, 1963}.

The block diagra@ (Figure 2.3) summarizes the basic opera-
tion of the complete neutron monitor dpté system at Ahmedabad.
The ~»1 mV pulses coming out of the counter are fed to abpre—
amplifier followed.by o three-stage amplifier and a simple tunnel
dlode discriminator, all contained in the front end box of the
counter. .The discrimination threshold is so adjusted as to
reject the small pulses produced by other secondary particleé
sﬁcb as mesons electrons and ¥ -rays; The counting rate of esach
counter at Ahmedabsd is approximately 10,000 per hour. The out-
put of the discriminators, are suitably amplified and mixed
together, the mixed output being counted in conventional decade
scalerg. The count from each of the three sections are accumu-
lated for four minute intervels. At the end of each interval,
the counts registered in the scalers are transferred to a

temporary binary wmemory system and the decades are cleared

immediately with dead time of 6!ws fqr further counting.
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- Fig. 2.5 Shows the 'complete data recording system housed in a separate room (in front
of the counter assembly room). The rack on the extreme left contains both low
voltage and high voltage units, while the next two racks contain complete data
processing and recording system. The rack on the extreme right contains the 3
multiplicity meters along with their associated power supply units and the auto-
matic camera system to photograph the mechanical counters registering the counts

from the multiplicity meters.
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Fig, 2.6 - The differential (Curve C) and integral
(Curve D) counting rates of a neutron monitor as a function
of zenith angle as deduced by Phillips and Parsons (1962).
Also shown is a point determined from the mobile NM-64
monitor survey of Carmichael et al (1969) when the monitor.
was situated in the Iao Valley, Hawaii (after Hatton, 1971).

2.3 Zenith angle dependence of neutron monitor

The relative contribution to the counting rate from

secondary nucleons incident from a zenith interval(ﬁ@ at@i

is given by
N(B). do X J(8). s (8), sin® . d¢ e 2.2

where J (€ ) is the zenith angle distribution of the nucleon-

ic component, and S () is the sensitivity of the monitor to

this componert as a function of zenith angle,
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s (6) is found to be approximately constent indicating
that the neutron monitor behaves aé an omnidirectional detector.
The smaller érea presented'to the incildent ﬁucleohs at large
zenith angles is compensated by the gréater probability of the
nucleons interacting and the larger number of evaporation

neutrons produced following these interactions.

The zenith angle distribution of the nucleonic component
was determined by Phillips ~nd Parsons (1962) using a mobile IGY
monitor and is consistent with J (93)6%»00356 over the range
0 to 40° but for®> 40°, the function falls off more slowly.
These authors also determined the variation of the count rate
with zenith angle (Figure 2.6) and found that the greatest con-
tribution was from zenith angle AIESO. Curve D in Figuré 2.6
(which is the integral of equation 2.2) shows that a substantial
percentage ( ~ 7% for € > 60°) of the count rate comes from
large zenith angles. The results of Carmicheel et al (1969) for
Ino Valley, Hawaii, is also shown in the same figure, and 1s
consistent with the earlier result obtained by'Phillips and
Parsons. Thus it is apparent that if a constant'recording effi-
ciency 1is to be'maintained over periods‘of time of’the order of
a solar éycle, the erection and demolition of buildings adja-
cent to fixed monitors should be teken into account. These
changes will not only affect the attenuation of the nucleonic
beam- from low zenith angles, but will also alter the low-energy
environmental background which is quite importan£ in the case

of the NM-A4 monitor.
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TABLE 2.3 - The percentagé contributions made‘by various
secondary components to .the counting rate of the IGY and NM-64
monitors

o T T T o e e e o e e oo e e i o i i e e st e e o S -~ " o o7 o o= T o ron

Percentage contribution

Component IGY Monitor NM-64% Monitor
Neutrons 83.6 + 2.0 85.2 + 2.0
Protons | - 7.4 %+ 1.0 7.2 + 1.0
Pions : : 1.2 + 0.3 1.0 + 0.3
Stopping wmuons 4.4 + 0.8 3.6 + 0.7
Interacting muons 2.4 + 0.4 7 2.0 + 0.k
Background 1.0 1.0

_._...-_..._...__.._._._.........._..._-.__—........._.._...........__......_-..._._..._.__._—._._.-._......_._—.———_.._._._—._

2.4 Total count rate and the_ production of neutrons
in the neutron monitor _

A number of authors have estinated the contributions to
the counting rate made by various secondary components,'using
différeﬁt methodé, for both IGY ~nd NM-64 monitors (Simpson et
al, 19535 Hughes and Marsden 1966; Harman and Hatton, 1968).

A sumnary of the relative contributions of different primary
components by Hatton (1971) for Leeds IGY and NM~6Y% moniter,
which is also applicable to any high latitude neutron monitdr,

is given in Table 2.3.

A slight increase in the neutron contribution in NM-6L4
monitor as compared to IGY monitor hds been attributed to the

smaller thickness of the reflector in the NM-64 monitor (3").

This increase occurs preferentially in the neutron contributicn .
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due to the low energy neutrons (‘<§100}MeV) having a smaller
absorption mean free path in the peraffin wax, than the other
components; The reflector thiekness is also able to modify the

median energy response of ~ 160 MeV for IGY monitor to ~s130 MeV

for NM~64 monitor.

2.41 DNeutron production by nucleons

Nucleon-nucleus interactions are usually described in
terms of a two stage process. In the first phase 'cascade phase!
knock on nucleons and crested pions are emitted with a broad
energy spectrum eXtending upto energies comparable with the inci-
dent nucleon energy and with an angular distribution peaked in
the direction of motion of the incident nueleon. At the end of
the first phase the residual nucleon is left in an excitéd state
and further euission of particles, predominantly evaporation
neutrons, follows during the second phase, the de~excitation or
- evaporation phase. The evaporation neutrons are characterized
by an isotropic angular distribution and an.energy spectrum
peaked around a few MeV. Both theoretically (Shen, 1968) and
experimentally (Hughes et al, 1964) it is known that the average
number of evaporation neutrons produced, increases both with
the increase in the energy of the incident particle, and with
the increasse in the producer thickness. However, the use of
neutron monitor as an energy spectrometer is 1imited by the
stochastic nature of the processes leading to the production
of the evaporstion neutrons which results in a broead, approxi-

-mately exponential neutron production spectrum. 4 more
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detailed discussion of the neutron production By various second-

ary components is, however, not attempted.

2.5 Stability of the neutron monitor

Even though long term monitoring of the stability of the
neutron monitor can be accomplished through inter~comparison of
thé'counting rate ratios of the three identical sections of the
monitor ﬁhe pulse height calibration on a long term basis is
essential (McCracken et al, 1966 a) for keeping a completely
reliable check of the total system particularly because of the
monitors succeptibility to abrupt changes in efficiency. Such
abrupt changes can occur due to a number of factors such as
(a} The deterioration or replacement of the counter
(b) Change in the counter position relative to the producer
(¢) Variation in the applied voltage to the counter
(d) Drift in the discriminator levels

(e)  Change in the amplifier dead time (pulse width).

2.51 Plateau and pulse height spectra

A typical plot of the counting rate of a neutron counter
agoinst the applied high voltage (B.H.T.) shows; that with the
increase of E.i.T. the eovunter enters into the proportionai
region where the pulses due to thermal neutrons are relatively
big as ¢ompared to the pulses from ¥ -rays and other charged
particles (noise pulses), and consequently can be easily discri-
minated against brckground noise. The proportional region in

NM-64 monitor usually extends from ~~2700 volts to 3100-3200
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Fig.2.7 - The percent caunting rate using the Pu-Be
neutron source versus the applied voltage, for a typical
18-NM-64 counter, The error is typical and has been derived
from the dispersion between various measurements at the same
voltage. The operating veltage far tray-3 is 2850 volts.
volts with the plateau having a range of=£400-500 volts with
a slope of £ 1% per 100 volts., . The plateau of a typical
counter in tray 3 of Ahmedabad 18-NM-64 monitor obtained
by using a 15 millicurie Pu-Be neutron source is shown in
Figure 2.7, Since each tray of the neutron monitar containing
six counters is operated on a single high voltage these counters
are preselected making sure that they have essentially similar

plateau characteristics, Having determined the plateau for

each tray, optimum Operating voltage for each tray is selected,

The pulse height distribution for a typical counter
operating at different high voltages is shown in Figure 2.8 -
'a, b, ¢'. The peaks 'A' and 'B' which are found to shift
to higher channels with the increase in E.H.T. correspond to

- 2.30 and 2.78 MeV alpha particles respectively, and the low
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counter employed in Ahmedabad neutron monitor at three .
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to the counter pulses just prior to discrimination in the
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amblitude pulses named 'C' are ﬁhe'noiSG pulses. The resolufion
of the counters measured by the fuil width 2t half maxinum
(FWLHM.) is typically about 11% at the operating voltage .and
varies from ~/9% to ~ 20% for all the'18 counters used in Ahmeda-
bad monitor. The total count rate of the counter at the operating
voltage can be obtained by determining the area under the entire
pulse height distribution curve above the discriminator level

(Figure 2.8).

The property that the peak in the pulse height distribution
ié dependent on'the applied nigh voltage or in genersl the total
vgain of the system can be profitably used (McCracken et al, 1966a)
to monitor the long term stability of thé neutroh monitors.
Bgsides as McCracken et al (1966a), have pointed out thaﬁ oy
regular exomination of the pulse shape and height distribution
of the counters, a gradually deteriorating countér can be easily
detected well in advance of the time when they will actually fail
to pasé the pleteau test, thus providing an opportunity for
taking appropriate corrective measures.. In practice it is found
that 2 change of about 5 volts in E.I.T, produccs a shift of 10
channels in the peak pulse height and also an increase of ~O.06%

in the count rate of the section.

2.52 Simultaneous changes in all the three trays.
Even though efficiency cheanges in any one section at a
time can be easily detected and corrected for, simultaneous

changes in all the 3 trays, are difficult to detect by inter-
comparison.
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By eomparing the data from a numnber of stations which
have comparable response to primary variations, many authors
(Kane, 1960; Bercovitch and Robertsong 1965; McCracken et al,
1966a) in the past, have pointed out thet the variance between
the pressure corrected dsta of two stations is usually a few
times greater than that given by the eounting rate statistics;
Dyring and Sporre (1970) and Bachelet et al (1972a), after
examiningldata from a number of neutron monitors during 1957~
1965, have eoncluded that a number of factors can afféct the
long term stability of the neutron monitor such as (1) change
of the pressure coefficient with the solar cyele (2) the seaéon—
al temperature wave which meinly arfects the high latitude
neutron monitors and (3) the changes in the efficiency of the
instrument, which includes both gradual as well as step like
changes, eilther due to change in the electrical cheracteristics
of the eguipment or due to echange in absorbing material overhead.
However, all these effects aré minimal at low latitude station

such as Ahmedabad.

‘2.6 Data processing

bince the ratio between any two of the three independent
trays will not be affeéted by any varistion outside ths nonitor,
the ratios can bé utilised to determine the Self consisteney
of the data. The cosmic ray particles both primaries and
secondaries having a randoa distribution in time will obey a

Poigson distribution. The fractional statigtical error asso-
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Flyg, 2.9 =« Showing & typical sample of the data récording
format 1n the YIBM' typewriter at deminute interval for a perlod
of one hour,
ciated with the deminute count rate NgAaF any tray can be

written as
o e wnyt e 2.3

where M s the multiplicity, which {tgew 1,4 for Ahmedabad

monitor., The error assoclated with the vatio's will be
Ty SENTIL cos Do

From the error caloulated for eseh individual tyray rate,
srrores assoclated with the ratio of count rate betwsen two
trays for any glven interval of time cen be caleulated, Fop
ﬁmﬁinut@ ratio’s where the statistics 1% not very good, 4g
level has been lald down as the minimal acceptance criteris

for accepting or rejecting an individual tray data. By summing
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the accepted four minute data over_appfopriaté time intervals,
the total as_well as individual tray cosmic ray neutron data

for each hour is obtained. The hourly cosmic ray data 1s then
corrected for pressure4variati¢ns which is also obtained from
the Y-minute recorded data (Figure 2.9). The pressure corrected
hourly data, thus obtdined from thg basic data, is then used for

all further analysis.

The daily total eounts for each day is élso computed
separately for;each'of the three trays from which the daily
ratio's(Ri) are calculated. The time series of these daily
ratios are plotted.for each day (Figure 2.10), for the entire
peribd, 1968~1971, which testifies to the long term stability

of the monitor. .
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METHOD OF ANALYSIS
3.1 ~ Atmospheric effects

The particles that are reqiétered by ‘ground based instru.
ménts are largely secondary particles produced in the nuclear
interactions of the prima£y cosmic ray particles yﬂth-fhe
earth's atmosphere, and as such are very sensitive to the meteo-
rological variations. An accurate knowledge of the atmospheric
transition effects of cosmic ray particles which includes (1)
the cascade processes responsible for the production of second- -
ary cosmic ra?s at different levels in the atmosphere and (2)
the effects of the variation‘of the meteorological conditions
such as pressure and temperature throughout the atwmogsphere, on
the intensity fluctuations at different lévels is therefore very
essential, before one can relate the observed secondary variat-

ion to variation of primary intensity.

The effect of the changing meteorologicai conditios an
cosmic ray variation has been studied guite extensively both
th@oreticaliy and'by employing well known correlation techniques
between the obseryed cosmic ray intensity variations and the
meteorological parameters. A very comprehensive review of the {
atmospheric effects has been civen by Bercovitch (1967),

' Essentially two major corrections are to be applied to cosmic

ray data. The first one to correct for pressure chances i.e,
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the chenges in the mass of the absorber overlying the monitor
and the second is related to the variation in the differential
density of the upper atmosphere or the chande of the height of
the production layer, due to changes in the temperature, The
latter correction (temperature changes) is particulaily impor -t
ant when the cascade processes producing the secondary component
i, involves particles with life-times that are comberablé with
the time of flight from their point of origin to the detector,
The temperature correction is considerable fogp mesons, whereas

it is relatively negligible for the nucleonic component,

In general, the correction for variations in the atmosphe-
ric pressure can be appliéd with a good degree of precision |
provided the attenuation coefficient (X ) is accurately known,
The attenuation coefficient (&(), appropriate to neutron monitor
is found to be a function of both altitude and latitude
(Bachelet et al, 1965, 1972 b; Carmichael et al, 1953) and at a
given location is also found to vary during a soler cycle being
maximum at minimum solar activity.“The atmospheric e’fects )
related to neutron monitor intensity has been very rvecently

reviewed by Hatton (1971). A d

3,11 Attenuation coefficient -~ Ahmedabad 18-NM-64 monitor

The common method of estimating the attenuation coeffi-

clent

X = L gN :
O< - -—— N'o dp .. ~.)..].




for the 1nten51ty N of a partlcular neutron monltor for any
epoch 19 to make a linear regression of the logarithm of the
intensity, I = Ln (N), with the atmospheric pressure P, However,
as is well known, a straight forward regression is likely to
form a large autocorrelated residuals due to intensity variat-
ions independent of pressure, arising mainly from prlmary fluct-

uatlons and changes in monltor ef f1c1ency.

To overcome the disadvantages connected with large auto-
correlated residuals, various methods have been sugrested (a)
dividing the data in short sub-periods to avoid days on which
intensity is disturbed (b) introducing data from a second stat-
ion having similar characteristics, to cancel out the primary
fluctuastions or (c¢) prefiltering the data. However, in methods
{a) and (c), days with iarge changes in daily mean intensity and
unaccompanied by an appreciable change in the daily mcan press.
ure are ugually rejected before oerformlno such an anealysis,
Bachelet et al (1967, 1972 b) have used a combination of both
techniques (b) and (c¢) i.e. reduction of primary variations with
the help of a nuﬁber of auxiliary stations, plus use of a vary-
ing filter, estimated from the correlation structure of the
residuals. Carmichael and Bercovitch (1969) Kodama and Inoue
(1970) and Carmichael and Peterson (1971), on the other hand,
have derived the attenuation coefficient for various latitudes
and altitudes from condupiing the latitude surve? with a

mobile monitor,
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Figure 3.1 shows the attenuation coeffici@nt'(OC) for
various sea lével stations having different eut-offwrigidities,
obtained by Bachelet et al (1972 b), fdr 1964-1965, along with
the latitude survey results of Carmichael and Bercovitch (1969},
The expected values for the years 1957-1958 and the latitude
survey results of Kodama and Inoue (1970), for 1967 are also
shown in the same fioure. It is interesting to note thét the
- agreement in values of'éttenuation coefficient for low latitude
stations having a cut-off-rigidity 28 GV obtained by different

authors are quite consistent with each other.

The attenuation coefficient () can be simnly estimated
by using straight forward regression analysis with data fbr
short period intervals of three months each. For the period
1968-1971, this method yields a mean value of & = 0,83 + 0,02,
For a more rigorous evaluation of « for the Ahmedabad 18-NM-64
monitor, we have followed the successive Aifferencing method of
Lapointe and Rose (1962), which consists of performing the
regression analysis between the successive differences of the
logarithm of the.daily mean intensity (I) and the daily mean

pressure (P) i.e.

Ln (N,.) - Ln (Nl) = (P2 - pl) e 3.2

2

Inspite of the limitation of this method, it has been preferred
in the absence of availability of any other neutron monitor

having comparable cut-off-rigidity. After applyinc adequate
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Fig, 3.1 - Showing the latitude dependence of the sea
level attenuation coefficient (O), for different epochs of
the solar cycle obtained from various latitude survey results.
The station coefficients in 1964-1965% computed by Bachelet
et al (1972'b) are also shown along with I O error. The result
for Ahmedabad for the period 1968-1971 is represented by a
triangle. , , ;
correction for changes in the efficiency of the monitan with
time, the attenuation coefficient (@) for Ahmedabad (cut-off-
rigidity ~ 16 GV) has been derived far the entire data
1968-1971, using this method. The attenuation coefficient so
derived for each year during 1968-197] is given in Table 3,1.
The results show a time invariance of O with a mean value

= 0.84 + 0,02% / mm Hg, in gond agreement with the results of

other investigators shown in Figure 3.1. This conclusion is
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TABLE 3,1 - The attenuation coeff 1c1ent for Ahmedabao 18-NM-64
monitor for the period 1968 to 1971, derived by successive
differencing mﬂthod

o KADE P3 F KT LT TR pach WA R0 GAY £50 I Mk M C3T Goms S8 A3 SRS 061 W (TG TR SN ST Gl AT M fas R A4 MMcE MMM Ly Bisd W A AR RIS KAR T SN R M TR et AE Lot ATM SE AW § 3 KPR @IS MR SR K K30 KRS ACCA b

Year Correlation Attenuation coeff1c1fnt
reas Coefficient %/mm Hg,

1968 0,95 0.81 + 0,04

1969 0,97 0.87 + 0,02

1970 0.98 0,88 + 0,02

1971 _ S 0.98 - 0.80 # 0,02

SR TSR RN Y ML e e R e 6 bt et T g KA s S SN i SR T K ke S5t ot e 4 $256 g P e RIN RES S 52N R A Mk At Ak A M e e S ik Mk £ Kre e B e e A AT B st e et P

also consistent with the results reported by Forman (1968) and
Bachelet et al (1972 b), that the solar cycle variation oFC{
for stations having cut-off-rigidities 16 GV is negligible

(£ 0,01%).

The.dav to day variation of pressure P at equatorial
stations like Ahmedabad is very small of the order of 1 mm and
seldom increases beyond 2,5 mm, However, the averagé amplitude

of first (diurnal) and second (semi-diurnal) harmonic of the

pressure wave are practically comparable being ~0,75 and ~ 0,90

mm Hg respectively, Since the second harmonic comnonent of the

cosmic ray deily variation (r j ) is usually small an? is<0,1%,

days with high second harmonic amplitude of pressure ( rg)'can
be very usefully utilised to confirm the correctness of the
attenuation coefficient obtained earlier. For the m riod
1968-197L we have therefore selected all days with 12221 O mm

and grouped them in intervals of 0,1 mm. For the same days and
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or sach group the corresponding uncorrected semi-diurnal com-
N U : . ]
ponent ( r2) has also been obtained. A regression analysis bet-
8] D . .
ween the two sets of averages (r2 and LN ) vields the attenu-
ation coefficient which is in very qood agreement with the mean
value of X = 0,84% / mm Hg, obtained earlier, which cives added

confidence in the pressure correction factor,
3.12 Pressure correction ~ Ahmedabad neutron monitor intensity

The observed neutron intensity N at pressure P reduced to

a standard pressure Po using the relationship
N, = N exp (X &Ho ) .. 3.3

where 4lp = P-P_ and N_ is the pressure corrected intensity
(count rate), PO is normally taken as the yearly averade press-
ure for the station, which for Ahmedabad is ~u 750.08 mm (1000 mb)

‘and & = 0,84%/mm Hg.

The hourly pressure corrected count rate is obtained
using the above equation and the 'uncorrected count rate'
obtain~d in s@c.2.6 from the 4-minute data of 3-independent
trays,.along with the corresponding pressure for ths particular
hour, The hourly pressure corrected data for neutrons reduced
to a standard pressure (1000 mb) as described above forms the

basic data for a2ll further analysis,

3.2 Solar daily variation (anisotropics)

Even though the daily variation can be studied in
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several different ways (Rao and Sarabhai, 1964; Kane, 1966) most
of the information on the cosmic ray dailly variation has been
derived through a study of the diurnal'(I Harmonic) and semi-
diurnal (II Harmonic) components. The amplitude and phase of
the harmonic components are ¢generally derived by Fourier analys-
ihg the hourly intensity data (Chapman and Bartels, 1940), which

implicitly assumes that the variation is constant for at least

24 hours. However an indirect check, of short period variation -

having duration of less than 24 hours, can be accomplished by
comparing the amplitude and phase of the diurnal variation
recorded by different stations having similar characteristics,
but well distributed in longitude. A large discrepnancy in
reither the ampliﬁude or the time of maximum shows that either
the anisotropy is changing within 24-hours or the universal time

effects are predominant,
3.21 Harmonic Analysis

A time dependent harmonic function F(t) with 24 - equidis-
- tant points in the interval t = o to t = 2% can be expressed in

terms of Fourler's series.

: , 24
F (t) = a, * 2~ (a Cos nt + b_Sin nt) .. 3.4
=]

where aj is the mean value of F(t) in the interval O to 2T and

a,» b, are coefficients of the nth harmonic given by

n?
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L 2
% TE LT
i=1 ~
1 24
a, = 75 2_ ri.Cos nti : <o 3.5
i=1 -
L &
b = =i T.,51in nt,
n 12 i=1 i i
where T» Cos (nt ”C#h) = a_ Cos nt + bn Sinnt» .. 3.6
The amplitude r, and phasecp of the nth harmonic is
| 2, .2}
Th ~ (an + bn )

and «fs, = Arc Tan (by/a,)

Since the daily variation of the cosmic ray intensity can
be adequately represented by the first two harmonics, it is
customary to reconstruct the daily variation curve using these

- two harmonics for further study.

V:.L = ay. Costi + b-. Sinti + a2.C082ti + b2.Sin2ti ee 3.8

It is found that the distribution of both = and bn are
gaussian, provided that the hourly values also follow the same
distribution. The standard error of the various harmonics of

gaussian distribution is givsn by

cr.z — 2 .Cr~2 0,_2
a, =%b, =9, =091 /12 .. 3.9
and  OF, = Crin /rn

where o= is the standard error associated with the hourl
\ Y

values of the cosmic ray intensity.
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3.22 24--hour moving average

The cosmic ray intensity recorded by the ground hased
instruments contein contribution from long term variatim
(> 1 day) sﬁperposed on the déily variation which can influencé
the daily variation amplitude and phase unless corrected for.
The method of 24-hour moving average has been found to he very
satisfactory to remove the linear slope effects (constant
oradients) of period ?524.hour (Dorman, 1957}, Thé method how-

ever fails when large and non-linear gradients of cosmic ray

intensity are involved,
3.23 Graphical representation of daily variation

The amplitude and phase of both the harmonics can be
represented graphically in a harmonic dial or clock diagram
either as a (a) vector addition diagram with vectors starting at
the end point of the previous vector, or as a (b) cloud of pointg
having their origin at a fixed point. Both these resresentations
are very comﬁonly.used in the study of the dally variation of
cosmic rays., Figure 3.2 a, b, illustrates the two representat-
ions for the observed monthly mean diurnal and semi-diurnal ve-
ctors for the year l97i for Ahmedabad 18-NM-64 monitor,

3.3 Asymptotic cone of acceptance of a detector and variate
ional coefficients

The asymptotic direction of approach of any partible

incident at a given point on the earths surface is defined as




oL, DAL

h. .
o AN THLY VESTOR ADNTION DIRERAXS
o “5"“"‘ AHMIECABAD 1B NELAY BERNTTOR
13
s | '
]

CYEAR - 1991} o

. 1 HAMNAOHRK
U b RARMOSIG § BRAL-EPRIHEAL VEL 7GR )]

B oAl vt
Q- Y G W
'Y L7 T M ST o frorachissonbo b}
B R e AT Bhas
LA S Lol
} e
i ﬂ%, (s
[ |“ o
v ! ot
\ I
t a2
@ ;‘ ) ’/#_;/;f"c
s\ QR £ 4
s, G&'
e Enl SO Tox Y
) I

HARMGMIC  DI&L, KREPRESENTATION (oLoun of mbar;‘ b
)
FIRST  HARMOMNIC AECOND  HARBAINE
o ' U&' %f. Pz
» 7 ’

f

i

i

y

sl .
/""Y‘ ! AR ht
{ }1 3

- £ Rees Q§ A

Fig. 3.2 - Graphical representation of monthly average
(a) vector addition diagran
sentation, for Ahmedabad 18.NM-64

diurnal and semi.diurnal variation
and (b) the harmonic dial repre
data for the year 1971,

Ahmadabod

Asymptotic Latitude (degraes?

. G
—80 - £ . Muwson
A0 ~'-hg -
-."7_() —
0
+80 b
Conjugale ot Mawasn
+60}- 2
+40 |- 2 T
T 204 Wast ! Edwt
for o b TN WO SURPIO TR R |
120 80 40 0 40 80 120 160 200

Longitude with Respec) to Siotlen (degroas )

Fig. 3,3 « The asymptotic direction of apprnach for
cles arriving at four different locationg,
same geomagnetic latitude as Mawson (after

part i
Location D has the
Rao et al, 1963).




- 84 -

the direction prior to its entry into the geomasnetic field, The
asymptotic direction of cosmic ray particles of different rigi-
dities have been evaluated through numerical ihtegration of the
equation of motion of the particle in a six degree simulation of
the geomagnetic field (McCracken et al, 1962)., The asymptotic
.direction of approach for a number of neutron monitoring stations
for different rigidities and incident directions have been

published by McCracken et al (1965),

For any quantitative study of the time variation of cosmic
radiation, a detailed knowledge of the dependence of the count-
ing rate on the asymptotic direction is essential., Rao et al
(1963) have shown that in such studies it is convenient to use
the concept of the 'Asymptotic cone of acceptance of a deﬁector'_
which has been defined as the solid angle eontaining the asympto-
tic directions of approach which make a significant contribution
to the counting rate of the detector. Figure 3.3 shows the
asymptotic directions of approach of particles of selected
rigidities between 2 and 100 GV and directions of approach into
the atmosphere with zenith angleé 0, 16, 32 degrees in the
north-south and ecast-west geomagnetic planes, for four locat-
ions including Ahmedabéaﬁ- The %igure clearly brings out that
the geomagnetic field céqées the phase, duration and amplitude
of a time variation that'is due to any anisofrOpy in the
cosmic radiation to vary from station to station_and, to a

lesser extent, from detector to detector at any one station,
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3.31 Variational coefficlents
If the cosmic ray intensity from within the solid angle
: B : '
{2; were to be J '(1 + A;R ), and that from all ether direct-
ions J, then the counting rate of an instrument would differ by

an amount 4N from the counting rate N given by (Rao et al,

1963; McCracken et al, 1965)

AN, (‘Q‘i’ = ")._‘Ai .. 3.10

Zi

)

Jo Ay R" is the anisotropic component of the radigtion that
arrives from all directions within the solid angle_ﬂzi‘ If
v (Ili,ﬁé), the variational coefficients, are known for all

possible.CL the counting rate corresponding to any assumed

i?
anisotropy can be calculated. Without coing into the details of
the mathematical formulation of the variational coefficient, we

illustrate the method of evaluating the variational coefficient.

he elementary solid anglei:Li is defined by planes of
geogfaphic longitudes spaced five degrees apart‘and by surfaces
of the constant geographic latitude every five deorees on either
side of the equator. The estimate of v ({2, B ) is given by

summation approximation

B)= : ! -1 -1
v (L2, B) = %w (Rp) e Bye 13 = Rk;' S

L I 2 3.J—l
where summation extends from near cut-off-rigidity to a value

Rnaxe W (R, ) is the coupling coefficient (Dorman, 1957) or the
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differential response function for rigidity R and interval k

(Lockwood and Webber, 1967). The estimate of Y (Jli,

obtained for nine directions ( %O,<¢O)5 for which the trajectory

R,{) is

calculations have been made. For simplicity we assume the ani-

sotropy to be a power law in rigidity of the type

J. ( -
é?&x.,% = A‘RB = f(\Y), cos A\, RE ee 3,12
0 .

where A is the amplitude of anisotropy which can be represented
as a separable function of the asymptotic latitude A and lonoi-
tude \p and varies as the nth power of the consine of declination,
The fractional change in the total couhting rate produced by the
radiation from-fli can be written as

_,N_a_lé__g) = £(¥). v (ﬂi,ﬁ ). cos/\ | .. 3.13

and summing over allij~i

N\ e
o (Fy)

N

il

f(\‘)\j)-zf ("0"1$E’)-. COSAi '
= f(\kj). v W'jf,B) , .. 3.14

where dN (\Pj) is the solid angle defined by the two meridional
planes 2.5 degrees on either sidé of the meridional plane at
geographic longitude *Pj. % (\%3,E§) which are defined as the
modified variational coefficients, have been evaluated for a
number of stations for ten values of'FB ( P< 0.6) by McCracken
et al (1965), and Shea et al (1968)., It is interesting to note

that the variational coefficients for FBS 0.0 represent the



manner in 'which the cosmic ray particles from different asympfb*
tic longitudes contribute to the total counting rate of a dete-

ctor. The author has extended the célculations for;values ofjgl
going upto +2,0 and for varying values of upper cut~off-rigidit~
ies (Rmax)’ which have been extensively used.for determining the

characteristics of the diurnal and semi-diurnal anisotropy.
3.32 Application to daily variation

From a knowledge of the variational coefficients and
observations at various stationé, fhe amplitude and phase of any
anisotropy in space can be predicted, Consider an anisotropy |
that is an arbitrary function of direction‘q~and is expanded into
a Fourier series -

o0 : - :

£(N) = J, (R). g;l*_aém.ms [ n (Y - cm)J .. 3,15
where C{m and C, are arbitrary amplitude and phaée constants,
and also C 1is the direction of viewing from which a maximum of

tl

the m"' harmonic is seen. According to Figure 3.4, VL; P+ 15T

~ 180°, and one can write the intensity from asymptotic longi-

tude\f’as
9(5 . .
£ (\p) = J, (R). E_T;>gn. Cos{_m (W + 15T - 180° - cmi}
. m=

L) 3016
where the asymptotic longitude W = (5i +A2.5)o is the mean
longitude of all the particles arriving from solid ancles

lying between ‘}‘= 51° and \+’= 5 (i + 1)°,
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.wheré Oém. B_ and (--mCm +'Uﬁ) represent the amplitude end phase

m
constants of the m-th harmonic, 'Xh is the correction to be

applied for deflection in the geomagnetic field, The universal
time at which the maximum intensity is observed, is given by

180 m + mCm ~“a’m

T = 0 3.
0 e hours 21

and the local time of maximum is tm'z T+ (L/15), where L is

the ogeographic longitude of the station.

3.4 Estimation of rigidity exponent ({3) and upper cut-off-
rigidity (Rmax)

3.4l Neutron monitor obhservations

If the observed daily variation is due to a spatial aniso-
_ tropy in interplanetery medium, the position and amnlitude of
the anisotropy as determined by different stations should agree,
with each other within the limits of statistical error. Hence
the best estimate of the value of P and the upper cut-off-rigi-
dity (Rmax) above which the daily variation is necligible can be
cstimated from a number of observations imposing the condition
that there must be a minimum variance between observations as
determined from X2 statistics, The variénce X2 for both phaée

(x;) and amplitude (X3) for each B and R__  is obtained by the

’I‘ela‘tion I\',r - ’ — 2
5 S i,( ﬁ’ Rmax) "7éo (P, Rmax)]
— 3—’:‘—]—, o]
. X — ey . \)022
o N
yﬂﬁ 2
gy LAl (13’ Rmax) - Ao (Fj’ Rmax)]
%2 = 1=1 - .. 3.23
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where A; ('3, Ria ) are the amplitudes and

AX

and<¢3({3, R

phases in space obtained for the i

max!.

h . .
t statlon after correction

for the geomagnetic effects and A ( ﬁ,_RmaX) and CPO (B, Rmax)
are the corresponding mean values in space obtained for N state

ions., The most probeble value of B, R and qﬁ are th

max’ A

ones that correspond to the minimum value of qu and XA‘
3.42 Meson and neutron monitor observations

The observations have indicated that both meson (E"QBO GeV
at high latitude) as well as neutron (E~8-10 GeV) monitors show
significant daily variation dué to primary eosmic rays. Since
the mean energy of response of the two monltors differ widely,
the use of high counting rate meson data would be very valuable
for estimatinc the energy spectrum of variation (}3) and the

upper cut-off-rigidity (R__.), However, as meson intensity is

max
oreatly affected by atmospheric temperature variations, any
uncertainty in the temperature correction makes the deductions

derived from meson data unreliable,

The correction for the temperature effects requires a
knowledge of the temnerature distribution at different isobaric
levels (Maeda and Wada, 1954; Dorman and Feinberg, 1955),

Dorman (1957) and Maeda (1960) have computed the weighting
factors or 'density temperature coefficient’, W?, for different

isobaric levels from a detalled theoretical treatment of muon

production and propagation in the atmosphere which have been
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cfitically re-examined by:Carmichéel et al (1967) and Bercovitch
(1967). ‘However, the practical application of these methods to
daily variation has been greatly handicapped due to the non-avai- ;
lability of adequate radiosonde observations (which are seldom h
conducted more than twiee a day) and the large radiation errors
associated with these observations, Sincé the meteorological
observations clearly show that the diurnal temperature variation
becomes relatively insignificant at altitudes above 2-3 km and 5
the temperature variation below this altitude, at least on an ’
average, 1s well correlated with the ground temperature, many
authors (Rao and Sarabhai, 1961; Bercovitch, 1966) have suggest-

ed the use of ground temperature observations to correct the

diurnal variation of meson intensity.

We have evaluated the temperature effects on the diurnal
variation of meson intensity for the MI-64 type cubical meson |
telescope for 1965~1969 by the method advocated by Bercovitch

(1966). The equation connecting the diurnal vector if for

temperature uncorrected (pressure corrected) mesons and the ¥j
|

diurnal vector N for pressure corrected neutrons may be written
. ;

as |
. b

Mo, T ) =R N (%, T +¢ ) + 4 .. 3.24 i
m m n in} i

Resolving the vectors into orthogonal components along 00 and
06 hour directions, we can write |
. - - ; ) | | ‘ !
M R Cosc#>. Nyo ~ R Sln.qb. Nog + Ago I

{

00
- : | .25
Myg = R Coscp o N o + R Sings o N

w

00 + Aoé "
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Fig., 3,5 ~ Showing the relationship between different
vectors reoresenting neutren, meson and atmespheric diurnal
variation (see taxt for exnlanation),

. ¢ fraed i » m ; 3 «:.:.~
and A =Cy T (9, T +8) ve 3426

where I, P, A are the vectors representing the observed greund
temperature, pressure and atmospheric diurnal vectors respect-
ively, while & and ™ are their amplitudes and phases, R 1s the
ratlo between mesen and neutren diurnal mmplitudes (C&m/wﬂn} L
to the anisetropy in space and © is the phase lag between A and
I. The relationship between the varieus vectors is definesd in
Flgure 3.5, Knewing the observed values of M and N vectors the
values of R and ¢’can be computed using the least squaré it
method to the vector equation 3.25, The value of Cy and @ is

further determined from squation 3,26 by dividing the data in
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various temperature groups. The detailed evaluatinn of the
temperature coefficient using ground temperature data and its

usage are being presented in section 4,31,

3.5 Space - time diagram

The technique of examining the daily anisotropy in its
entirity by plotting the space-time diagram using a large number
of high latitude stations (cut-off-rigidity < 2 GV snd viewing
the equatorial region) well distributed in longitude, has been
very successful in separating time variations from space vari-
ations., With this method it is possible to clearly identify
the sources and sinks, and fherefore are ideally suited to
study the characteristics of a rapidly evolving anisotropy
(Fenton et al, 1959; Ables et al, 1967; Mercer and Jilson, 1968;
Carmichael and Steljes, 1969), We describe in brief the method
used by us to study the characteristics of the large as well as
blowlamplitude wave trains in the diurnel variation of cosmic

ray intensity.

The data from a number of stations are selected such that
they satisfy the following conditions (1) have narrow asympto-
tic cone of acceptance, (2) essentially view the equatorial
plane of the celestial sphere, (3) are well distributed in lon-
gitude, and (4) have their daily mean intensity closelyAtracking
each.other for long periods »f time. The hourly count rates at
each station are then expressed as deviation from a normalised

mean level of intensity, After applyincg appropriate geomagnetic
p g approp G
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bending correction, the percent hourly deviations for different
stations (representing different directions in space at the séafie
universal time) is plotted for ecach hour on a space time diagram.

Such maps provide a good means of studying the characteristics

of the time evolving anisotropies, -



CHAPTER= IV

DIURNAL ANISOTROPY CHARAGTERISTICS

In this chapter we first describe the results obtained
from the Super Neutron Monitor at Ahmedabad, These are then
compared with the data from the world-wide network of neutron
monitors to establish the average properties of the diurnal
variation of cosmie ray intensity and its long term changes.
With the help of the data from various neutron monitoring stat-
ions.includihg Ahmedabad (particulars of all the statiohs used
in the thesis are given in Table 4.1), and the data from Deep
River neutron and meson monitors we also derive the upper cut-

off-rigidity (R ax) above whieh the cosmic ray particles do not

m
undergo appreciable diurnal variation. The analysis is further
extended to examine and understand the variability of the diur-
nal variation on a day to day basis, and from a comparison with
low energy cosmic ray observations made on various spacecrafts,
a new concept of diurnal variation is arrived at. By comparing
the predicted behaviour of diffusion vector with the observed
interplanetary magnetic field vector, we show that this new
physical concept, which explains the diurnal variation simply
in terms of radial convection and field aligned diffusion, is

valid most of the time.

4,1 Results from Ahmedabaq neutrbn monitor
4,11 Data processing

Before using the Ahmedabad neutron moniter data for deri-

ving information on time variation, it is necessary to ensure
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that the observed variations are not of instrumental origin but
truly represent the anisotrOpyf The pressure cofrected daily
mean intensity of Ahmedabad 18-NM-64 monitor for the periéd July
1968 to December 1971 has been compared with both, the high
latitude (Deep River) as well as low latitude (Kula) neutron
monitoring stations. Figure 4.1 shows the normalised daily
mean intensities of cosmic radiation for Ahmedabad, Kula and
Deep River neutron monitoring stations for the year 1971 as a
typical example., It is seen that, inspite of the monitors hav-
ing different mean asymptotic latitudes and longitudes of
response, they track with each other reasonably well With a :
correiation coefficient of ~ 0,9, even on an yearly basis, Most

of the world-wide changes such as Forbush decreases are clearly

reflected in Ahmedabad neutron monitor records, thouch usually
with smaller amplitudes, which is consistent with their expected
energy dependéncé of variation. As an additional check for the
long term stability of the monitor, the conétancy ot the two
monthly average ratios of the three individual tray count rates

have also been checked (see Figure 4.2).
4,12 Long term isotropic variation

‘The normalised pressure corrected monthly mean intensity‘ i

of neutrons as observed at Ahmedabad, Kula and Deep River stat-

ions are plotted for the period 1968-1971 in.Figure 4,3. The

monthly mean pressure for Ahmedabad is also plottéd in the same

figure to show that practically no correlation exists between i
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préssure corrected monthly mean‘intensity at Ahmedabad and the
harometric pressure. The figure sHows that the cosmic ray
intensity atféinula minimum in June 1969 (A secondary minima at
equatorial stations is also seen in No?ember 1968) after which
it gradually recovered. The intensity recovery from June 1969
to December 1971 is observed to be ~11% at middle and high
latitude stations (cut-off-rigidity =< 2 GV) as compared to ~t 3%
at Ahmedabad, It may also be seen that even thnugh thé recovery
is very fast, in the year 1971, at middle and hich latitude
stations (~5%), it is quite small at equatorial stations (~0.4%
at Ahmedabad and ~1% at Kula), showing that the hich enzrgy
recovery takes place slowly in comparison with the recovery of

low energy particles, during this period,

For a long time it has be=n believed that the form of the
modulation function is independent of time. From a comparison
of 3-monthly average neutron monitor intensity observed at
Climax, Chicago and Huancayo during the period 1952 to 1969,
Simpson and Wang (1970) . showed that this was indeecd the case.
With the availability of data from super neutron monitors, in
particular the éuper neutron monitor at low latitude stations
like Kula, it has now been recently shown by Stoker and
Carmichael (1971) and Carmichael and Katzman (1971) that there
exist abrupt step like changes in the long term behaviour of
the modulation function, Since Ahmedabad monitor has a cut-

off-rigidity of the order of 16 GV, comparison of Deep River
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and Ahmedabad neutron data should unambiguously confirm such

step like changes in the modulation function.

Figure 4.4 shows the plot of Ahmedabad-Kula, Abmedabad-
Deep River and Kula-Ahmedabad neutron intensities for the period
1968-1971, Inspite of the small amplitude of the long term
changes at Ahmedabad (due to high cut-off-rigidity) the step
like excursions (indicated by arrows and noted in the figure) in
the modulation function are prominently seen thus indepe;dently

confirming the observations by Stoker and Carmichael (1971). Tre
step like functions indicated in Figure 4.4 imply that at distinct

times, tl, t2, etc., the regression lines instead of passing thr-

ough origin make distinctly different intercepts. Thus particles

with rigidities 2R GV do not seem to pariicipate in the long term

 modu1ation, whereas particles below this rigidity obey the

exp [ - k(t)/R™] dependence, m being roughly equal to 1. Such a
behaviour can be physically understnod by referring back to equat-
ion 1,7b and 1.13. Since both V and K1 are independent of rigi-

dity and there are indications of their being time invarient, only
the systematic step like changes iniK2 and D, can probably provide
an explanation‘for the step like changes in the long term modulat-
ion of cosmic ray intensity. Even though a number'of authors have
suggested the distinct possibility of a Changé in the form of

Ko(R,t)with time (Schmidt, 1972; Lockwood et al, 19 2), the

2
presently available results are not yet conclusive. The influ-
ence of the off-ecliptic phenomena on the observed long term

modulation of cosmic ray intensity has also been recently sugg—

ested by Hedgecock et al, (1972).
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-4.13 Mean diurnal and sémi-diurnal. variation observed at
Ahmedabad ‘
The amplitude and phase of the observed diurnal and semi-
diurnal variation of cosmic ray intensity has been determined

for each day for a number of neutron monjtorine stations includ-

ing Ahmedabad (Table 4.1), by harmonically analysing the pressure

corrected hourly data, which has already been corrected for long
term trend (sec 3.2). The yearly mean diurnal amplitude and
phase (time of maximum) for the year 1968-1971, derived from
these observationsare listed in Table 4.2 and also pictorially
shown in Figure4.5 a, b. The standard error of the mean (07 )
showh with the annual averadge veetors has been derived from the
actual scatter in the daily vectors. The size of the errér
circle is slightly redueed if the Forbush deerease days are
removed, However, the change in the yearly mean vector thus

obtained is insignifieant,

Examination of beth the figures and the table shows that
the diurnal variation vector at each station for each year
during 1968 to 1970 is practically unchanged. However, a signi-
ficant phase shift to earliexr hours in the time of maximum in
the year 1971 is notieeable at all the stations, The phase
shift is found to be larger at equatorial stations such as Kula

and Ahmedabad, as compared to other stations.

The same conclusion can be arrived even by examining the

diurnal variation on a day to day basis. Figure 4.6a, shows
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the histogram of frequency of o&currente of diurnal time of
max1mum and amplltude at Ahmedabad and Deep River for each day
during the period 1968-1 971. The general shift of the time of
maximum to earlier hours in 1971 is_veiy clearly seen from the
figure. It is also interesting to note that the‘histogram of
semi-diurnal time of maximum (Figure 4.6 b). shows ‘a much larger
scatter as compared to that of diurnal time of maximum, which is
consistent with our previous observations, The observétions for
the yearly average semi-diurnal variation for the same period
(Figure 4.7), however, are consistent with its being constant,

both in amplitude and phase, during the entire period,

4,2 Average characteristics of the diurnal anisotropy

Using the variational cdefficients provided by McCracken
ot al (1965), and further extended for a greater range of
exponent of spectral variation (f5) by the author thé observed
phases and amplitudés of diurnal and semi-diurnal variation at
different stations have been corrected for the width of asymp-
totic cones of acceptanbe and geomagnetic bending to obtain the
characteristics of these anisotropies in space. Figure 4.8~
ta, b' show the correction necessary to obtain amplitudes and
phases in space from the observed parameters for Ahmedabad and
Deep River for various values of ﬁ and Rnax® The ratio of the
relative amplitude and phase difference between these two stat-

ions is also shown in the same figure, from an examination of

which some useful general conclusions can be derived,
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(1) The amplitude ratio is very sensifive to both P and Rmax’
for positive values of P . |

(2)' The phase difference, though insensitive to changes in =
is obser&ed to be very sensitive to Rmax‘ This property
can be used to accurately estimate the value of Rmax’

The average diurnal anisotropy of cosmic radintion can be

represented adequately by a spectrum of the type

SR = AR Lo (M) rormanr

\ég_wg.a) P
R) - e 4,1
= 0 for R 3> Rmax

where A is a constant, and g (fX) defines the dependence on
declination A, Following the method of Rao et al (1963), the
best fit value of P for each year during 1958 to 1968 has been
obtained, using date from world-wide grid of neutron monitors,
The best ehoice of P is the one for which the variance, between
various values of anisotropy vectors estimeted from observations
at different stations is a minimum, The best value of F5for.the
entire period 1958 to 1968 is observed to be = 0,0 + 0.2, which
is in very good agreement with the results quoted by McCracken

and Rao (1965)

Figure 4,9 and 4,10 éhow the yearly average diurnal ani-‘
sotropy time of maximum and amplitude for the entire neriod
1958~1968, We observe from the figure, that the diurnal aniso-
tropy phase has remained practically constant at 90°E of the

sun-earth line during the entire period, consistent with

previous findings (MeCracken and Rao, 1965), However, the yearly’




PRL o AHMEDABAY
W 1T T 1 T Al 1 7 Bamte v t ¥
A : A TOLOle, | perekpLaNETARY |
. XD BRECTION
i e
. MEAN
B DL ML polad / -

R

YEARS

Fig., 4,9 - The yearly mean phase of the diurnal anisotropy
during 1958.1968, The mean value for each year is indicated by

a triangle and the value for individual stations are shown by
dots,

FRL , AHMEDABAD
r i i

-

‘ Al v
- \*‘"““““ﬁ\ /&' -
* - ¥ . t
R

A
5 ‘:}“‘ : “\4;»7.....“,_&"' a

'

&
1

ERsirrune s seecE (3}
A 3

2}

hw...__.ﬁm_% d; ML KQ‘ &-Lt‘ é_ { t [

YEARE

Fig. 4,10 « The yearly average amplitude of diurnal ani-
sotropy during 1958-1968, The mean value for each year is
indicated by a trlangle and the value For individual stations
are shown by dots,




- 110 -

average amplitudes clearly show significant variations from year

to year, the amplitude showiné’ngo% deerease during the sunspot.

minimum year of 1965, The variations in the yearly average
amplitudes have been generally attributed to the changing value

of Rmax'

Using data from underground monitors some estimates of
R ., have been made (Ahluwalia and Ericksen, 1970, 1971)., The
value of R . during 1968-1971 is generally observed to be
around 80-100 GV, In Figure 4,11, the theoretically expected
ratio of diurnal amplitude of Ahmedabad to'that at Deep River
for different values of Riax and ﬁ are plotted. The experimen-
tally observed ratio of amplitudes for the period 19568-1971
clearly shows that the value of B , applicable to this period

is =2 0.2 + 0.2, even after taking extreme possible limits of

R into c¢onsideration,
max

In summary we conclude that (1) the yeérly average diur-
nal anisotropy is rigidity independent (ﬁ::o) with a time of
maximum corresponding to 18 hour in space and is time invariant
during the period 1958 to 1970. (2) The amplitude, which is
~0,4% in space, varies as cosine of the declination. In other
words, the diurnal anisotropy is consistent, on an average,
with cosmic ray particles undergoing corotation with the sun.
The yearly average amplitude shows small but significant
changes with solar cycle, due to the variation in upper cut-

). '

of f~rigidity (Rmax
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4,3 Long term variation of diurnal anisotropy and the change

in upper cut-off-rigidity (Rmax)

R the upper cutmoff;figidity upto which the diurnal

max’
anisotropy exists, seems to be intimately associated with the
electromagnetic condition in interplanetary space, in particular
on the nature and size of the small scale irreqularities in
interplanetary medium. Therefore, a reliable estimate Of'Rmax’
is of fundamental importance in understanding the electromagnet-
ic_conditions of the interplanetary space, A reliable estimate
of Rmaxbis_possible by employing data from monitors havingva
very high mean rigidity of response. This fact is borne>out by
the data presented in Figure 4.12, wherein the yearly average
diurnal amplitude as observed at a typical low (AE - (1)) and
middle latitude stations (Aj - (2)) are separately represented
for each vyear during the period 1958-1968, It is seen from.the
figure that the range in the variation of mean diurnal amplitude
from year to year for low latitude stations having a higher

mean rigidity of response is much larger than that for middle
latitude stations. The value of Rnax estimated by attributing
the entire variation of diurnal amplitude to the chenge in the
value of Rhax is also plotted for each year for the same

period (4). The above calculation is performed using Roax

(1968) = 100 GV as the normalising point, for which there exist a
number of independent confirmatory evidences. It is seen that
the value of R,y changes approximately from 35 GV during¢1965
to 100 GV during 1968, and is positively correlated with
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sun-spot number R, and )\5303 (Ahluwalia, 1971).

~ To obtain a betfer_estimate of R, Rao et al (1963),
Jacklyn et al (1970), and Ahluwalia and Ericksen (1970,1971),
have used the data from underground meson monitoring stations
having very high mean rigidity response. By comparing the

observed diurnal variation amplitude in underground meson moni-

tors with the diurnal variation amplitude as observed by surface '

neutron mohitors, and knowing the spectral characteristics of
the average diurnal variation, these authors have derived Rmax
for different periods of time. The results, in general, have
shown that Rmaxlvaried from ~40 GV duriné sun-spot minimum of
1965 to 80-100 GV during solar activity maximum of 1968,
Inspite of the fact that the estimates arerbtained using under-
ground monitors with high mean rigidity of response, these
results can at best be considered as rough estimates, due to
the uncertainties introduced in the analysis arising from the
lack of our knowledge of the coupling coefficients for under-
ground monitors and the ilnacg¢uracy introduced in apnlying

temperature correction to the underground meson data.

We have attempted to obtain independent reliable estimate
of Roax for different years using neutron data from Ahmedabad
which has a high rigidity of response and meson data from
surface meson monitars such as Deep River meson monitor,

Before proceeding with the determination of Ryax? it is essen-

tial to apply adequate temperature correction to the surface
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meson data. The édthor'ﬁas therefore,.first_derived the appro-
priete temperature‘coefficient to be used”forJDeep River meson
monitor data. The data adequately corrected fgr temperature
variations in the atmosphere, along with Deep River and
Ahmedabad neutron monitor data, have been utilised to estimate

Rmax for each year during the period 1965 to 1969,

4,31 Temperature correctlon factors for Deep River heson

monitoxr

The diurrdal anisotropy'obtained from meson data corrected
for temperature (using the temperature correetion factors
derived by Bercovitch (1966), see Table 4,5), haVe been used by

- many authors to cast doubt on the 18-hour average corotational

anisotropy and to advocate the hypothesis-of a two way,ehergy
dependent diurnal anisotropy (Kodama and Nagashima, 1968;
Kitamura, 1968), 1In view of the fact that the'diurnal anisotro-
Y derived from neutron data show time invariance during 1958~
1970, With time of maximum ~ 18 hr (Rao, 1972), the temperature
correction factors hitherto applied to the Deep River meson
data require to be re-examined. Since the temperature coeffic-
ient obtained by Bercovitch (1966) were for wide aperture muon
telescope Which may not:be applicable to the standard MT-64
cubical telescope, whose data have been used for all time
variation investigatilons, it is very important to derive the
appropriate'temperature coefficients applicable to the standard

MT-64 cubical telescope, For this purpose we have used the
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published data for 1965-1969 (Steljes, 1970) on diurnal variat-
ion derived from pressure corrected neutron and meson dafa
(both temperature uncorrected and correeted using coefficients
given by Bercovitch). The entire data, excepting Forbush
decrease days, have beem utilised and essentially the method of
analysis sugoested by Berecovitch (1966) described earlier in
sec, 3.42 has been adopted for deriving the temperature effect

on Deen River mesons,
4,311 Examination of presently used temperature coefficient

Figure 4,13 shows the histogram of the frequency of occur-
rence of the ratio R (CKm/C{n) of the diurnal amplitude observed
by Deep River mesons to the corresponding amplitude observed by
Deep River neutrons, and of qb(‘Tﬁ -;rh) the phase difference
between the two for eaeh day during the period 1965“1969, It
is clearly seen from the figure that for more than 7% of the
days the ratio R is > 0.50. The theoretically expected ratio R
andfqﬁ, for an energy independent anisotropy and for an upper
cutnoff—rigidity 100 GV are also shown by dotted linesin the
figure. It is Very clear from the figure that the computed
amplitude ratio R and phase difference qﬁ, between Decp Rivér
mésons and neutrons is far different from the theoretically
expected value, indicating that the Bercovitéﬁs(lQéé) temper—
ature correction factor applied to Deep River meson is far
from adequate. The normal variation in upper cut-off-rigidity

will not affect the theoretically expected value to vary so
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slanificantly as to affect our above generslised conclusion
regarding the inaccuracy of the temperature correction factor,
Therafore, instead of aoplving the temperature correction factor
glven by Beicovitch {1966), we proceed to derive the actual
caorvection factors from the basic Deep River data for the period

‘under consideration.
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Following the method described in Sec. 3;42 and using the
published values of M and N vectors (Steljes, 1972) the values
of R and ?éhéve been computed for éach year‘using tho least
square fit method to the vector equation 3.25 for the period
1965-1969 (Table 4,3). 1In these calculations we have restricted
our analysis to days on which the diurnal amplitude of neutrons
at Deep River is 0.1<%_ < 0.7%., The low amplitude days have
been neglected to avoid uncertainties due to statistical
errors, Abnormally high amplitude days have been likewise neg-
Ilected,'as on such days the diurnal variation is likely to be‘
influenced by contribution due to mechanisms other than corotat-
~ion and the energy spectrum on such days may not be energy
independent. It is clear from Table 4.3 that the ratio R in
each year 1s greater than 0,5, the best fit value.for the
entire period being 0,58 + 0,04, with the phase difference
between mesons and neutrons (fﬁl) being 0,5 + 0,1 hour, in good

agreement with the theoretieally expected values.
4,312 Evaluation of temperature coefficient

First order estimate of the temperature effect on meson
data can be easily derived using days on which neutron monitors
show negligible diurnal amplitude @)Lh<i0.l%); For such days
the observed variation of uncorrected meson data (M) will be
mainly due to the atmospheric temperature effects (T), since
the~meson diurnal amplitude for such days is expected to be

< 0,05%, During the 5-year period under study, 63 such days
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TABLE 4.3 - Showing the temperature correction factors for Deép
River mesons in 1965-1969, obtained from the least square fit.
The best fit values for the entire period is also listed.

-—.—-—-u..—u-.-—-_.....‘.uxuu..m-—.nm-—u--_mn---—-——--_—..-—-.—_.—_—.—.-————-——-.—.-.:—».-«w-‘--—-————'—"“"

Temp, Correction Ground Temp, - -

Vear R P Voctor (A) Vector (T) .

. (Deg) g ~Phase  Amp Phase
(deg) F) (deg)
1965 0.550 21,2 ,0;119 108 7.39 . 231
1966 . 0.605 8.4 0.085 85 7,27 226
1967 0.596 5.6 -0.082 .86 7.50 229
1968 0.575 6.3 0,063 122 7.69 230
1969 0,536 ~2,2°- 0,026 . 88 7.33 232

.1965—1969 0.582 7,0 0,075 95 7.43 23
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were present for which a temperature coefficient of ~0.,009%/°F
has been obtained. If appropriate correctiom for the small
cosmic ray diurnal amplitude is also made, the average effective
temperature coefficient for this period is faind to be

C, = —-0.010%/°F with & = 3.2 hour direction.

t

For a more rigorous evaluation of the temperature effect,
wé have examined the meson data on a day t» day basis, We have
divided the data for the entire period into five groups based
on the diurnal amplitude of temperature, Table 4.4 gives the
results obtained,employing the least squares fit criteria on
individual daily values to equation 3.25 with the data grouped
according to the diurnal amplitude of ground temperaturec’(,t in
the intervals of 3.6°F, The mean value ofC’CJC and ‘T% for eaéh

o~

nf the groups are also given in Table 4.4. It is seen from the
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TABLE 4.4 - Variation of temperature correction vectors with the
change in ground temperature variation. The best fit value of
the temperature correction factor for g roups 2 to 5 1is also
listed, . o _ A :

I € IR GO M6 LLM e MO e KT M i Mk E530 S W R s g By £55) S Sn o M §TED Ercn W S0ad o R e See St By WP B Su e it Smd S A AR e Ghs WS feaid it Bk St A Sy ey st DR Sl P Ch S’ s Y M

. :Temb Correction. . Ground Temp

Temp.  §o:of 5 P T Vestor (A)  Vector(1)_
Ggouu (1965~ (deg.) Amp, Phase Amp. Phase
P 1969) (%) (deg) (OB} (deg)
1 324 .592 8 045 130 1.56 229

2 439 614 9 LO7L 89 5,06 231

3 367 . 547 5 .073 93 8,77 231

4 D55 577 6 . 103 86 12.50 228

5 135 .623 -2 .126 78 16,08 227
{Cpse 1106 580 7 .08 90  '9.03 229

et e A G €138 S i T WSS WA At i Ex G e B P SR S SR Y BT il M e Py BT TP B M St (et MU $2 S nie e It it st IR P VRS TPY P G d 206 By VY PR P Ebn P Y R T SV e e S e e £

Mean value Gy (A/T) = ~0,0095 + 0,0005%/°F

table that with the increase in the value ofc(t, the centributn
ion due to temperature effect (A) also increases linearly as
expected, It is further seen that the value of R for each
group is >0,5. The best fit values have also been determined
using equation 3.25 for the entire period excluding days of
group 1, Group 1 days have been excluded from this particuler
analysis, since we believe that the systematic and random
errors due to other factors could become quite significant
compared to the small amplitude of diurnal temperature vectors

on these days. The temperature effect obtained from the best

fit value for all days can be represented by (Figure 4.14),
A =-0,0095 T (<, T+ 2.6h) eo 4.2

where C, = ~0,0095%/°F and @ = 2,6 hour.
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It may however be noted that if we also include group 1

days, an alternative best fit shown in Figure 4.14 can be

obtained which is given by’
A=A, — .0072T (%, T, + 1,0h) .o 4.3

where Aj is a vector (indicated by the arrow) of ampiitude
0.037% in a direction T = 0930 hr, ~§o is essentially a constant
and is independent of temperature, with its magnitude sénsitive
to the value of<¢>used. The above results are found to be
essentially true even when the data is divided into a iarger

number of groups,

The physical significance of Ao in equation 4.3 is not
immediately appareht. Further, for réasons given earlief, we
believe that group 1 days on which the temperature variation is
very small should be excluded from the analysis and hence we
believe that equation 4,2 truly represents the temperature
effect of mesons. Even though the choice of equation may matter
on the individual days, we wish to emphasize that the results
on an average basis derived here will not be altered if we were

to use equation 4.3 instead of 4,2.

The value of ¢~ = 0,5 hr, obtained from the least square
it method using data on individual days also agrees very well
with the expected value derived, assuming that the mean cosmic
ray diurnal anisotropy is independent of rigidity upto an

upper cut-off-rigidity ~50 to 100 GV,
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Fig, 4.14 -~ Harmonic dial representation of the end polnts
of the A vectors (open civcle, A} %o Ag), and the T vectors '
shifted by 12 hours (solid points T te T5). The crosses (X)
labelled 1 to 5 show the temperaturé corrgctlon vectors calcu-
lated from J using equation 4.2, while vector deviation of the
fit is indicated by dashed lines. The epen squares (W) show
the temperature correc¢tion vectors calculated from [ using
equation 4,3, while the vecter deviation of the fit is indicated
by full lines.

Further confirmation of the cerrectness af.tﬁe derived
tmmperéture copfficients can be obtained by comparing the
temperature corrected diurnal vector from mesons (}) with the
diurnal vector obtained from neutrons (N) on a day to day basis,
We have calculated the vector varlance 02 represert 1ng the

}difference botween these two, for different combinations of
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values for R, ranging from 0,46 to O.70,q¢sfromvo to 1 hr, C,
from -0,006 to -0.013 and & from 1 to 3 hrs., using the equat-

ions
-— N
4.}1 ""MC""R-N. (OCn’ \n+cib) .. 4eda
where M, = M (%m, Tp) - A ve 4o4b
: : N _ 2
and the variance (5-2~ is given by-f% > {&1\ .o 4.4c
i=1 :

For the period 1965-1969, we observe that the values of R, Cis
S andqf!as derived by us and listed in Table 4.5, gives the
minimum variance showing that the temperature eocefficients

derived by us are reliable even on a day to day basis.

It is probably possible to derive other sets of combinat-
ions of R, C;, © andé;S, which are equally acceptable on a
statistical basis. However, we wish to point out, that the
temperature eoefficient obtained by us even though not unique,
are nevertheless, in our opinion, still the best choice amongst

the different possible alternafives.

Figure 4.15 illustrates the good agreement between meson
anisotropy vector obtained atter correcting with the temperat-
ure coefficient (as given in equation 4.2) obtained from ground
temperature data and neutron anisotropy vector. N, M and M.
represent the neutron, uncorrected meson and corrected meson
diurnal vectors respectively. Nﬁ is the expected meson

diurnal vector calculated from the neutron vectors using the

best fit values of R = 0,58 andc#sz 0.5 hr., which, in other
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TABLE 4.5 - Comparlson of temperature coefficients used earlier
with the present results, o S

Lo e e it e Rl e i T e S L s T L L r ey e ————————

‘ Total
<¢5 'Temperature coefficient
Year R The N T T
(HRS.) Cy B
(%/°F) (HRS. )
1962-64 0.473 0 -0,0061 1.9 + 0,3
(Bercovitch, +0, 0004
1966)
1965~69 : 0.580 - 0,5 -0,0095 2,65+ 0,20
(Present . +0.0005
results).

Bt (3 e P A R W L e L 3 e R RS M e S DU RN A B M M S g M) W S e (30 o e S8 Wiy Sy T ST LR N AR e et Mxn e A DEA v iy My P e n o) o P £ 6 B el 818 ey

words, represent the expected diurnal vector for corrected
mesens to yield the value of diurnal anisotropy consistent with
neutron observations, The good agreement between M. and Mz
clearly indicates the appropriateness of the temperature coeffm
icient derived from ground temperature data. Table 4.5 summar—
ises the temperature correction factors derived in the present

investigation,

The temperature coefficient of -0,0095 + 0,0005%/°F
derived here is substantially higher than the coefficient that
have been used hitherto, but is in good agreement with those
derived using direct radisonde observations from Maniwaki,

located ~ 120 km from Deep River,



o 1 :}f&i -

dlcle 4
,l'
L
"...
.A"‘;“
™ LE A
e “'\' [l A A\ : 1
£ .
W0iP M
GROUP % P e j
g
erlif":“: -~ gu
e v,\Mf- P"‘;A::{ﬁ‘?: ’.,’ pr' ;
{ w""i - -~ ;L 5 !
b oo
VA S
S )
s 1 Ao e £ 1]
-
» \‘ i
H
h
(J
ME AN /]
5550 e/
(1955-69) 7,
’J{ 4
o i
wEa® " 4
TG ¥ ‘{ﬂ
o e !
Uil )
S
s
»// 'f
:/“ ‘l'. /
e L ,ﬂ..(f"x“
AN o
£ -

Fio, 4,15 » Illustpates the good agreement beiween the
sxpected mesen vecter (M.} using neutren data and the
temperature corrected me Bon vectsr (MQ) using new Lemperature
coelficlents for different temperaturd greups as well as fov
all the days during 1965.1969, S
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divenal ampli
against B the spectral exponent of the rigldity spectrum of
divrnal varxdtﬁnng calculated hy @3 uming 100 GV for the upper
cltwof feplgidity, The sbseived tio obiained using tﬂwn@rﬁiw
uncorrected maganz are alse shown in the
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ure corrected and
figure.

4,32 .iqwﬁitv spectrum of average dally varliatlon:
The ratie of the amplitude of diurnal varistion of mesons

to neutrons { ﬂdmfﬂmmﬁ at Deep Aiver has been calculated o
[8Y
different values of the rigidity spectral exponent ﬁ%, assuming

an upper ¢tuteeff-rigidity of 100 GV, Flgure 4,16 shan The

. : g “’"‘" €o
theoretically expected ratie pletted as a2 functlon of §, ancl

the observed ratlo for 1965.1969 obtained using the uncorrected

meson data, temperature corrected mesen data uslog the tempe-

rature coefficient given by Bercoviteh and the temperature
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corrected data using the temperature céefficient derived in the
previous section. The figure clearly indicates that the ratio
obtained using meson data corrected with our temperature coeff-
icient gives the best values for the spectral exponent
( P= -0.14 + 0.007) consistent with the spectral exponent
derived for the average diurnal variation using neutron monitor
data alone (sec 4.2). Similarly the energy spectrum of semi-
diurnal variation obtaiged using neutron and meson data correct-
ed using our temperature correction yields a valuerv 0.8 + 0.2,
for the spectral exponent which again is consistent with the
neutron monitor results, presented in the next chabter, thus
providing an additional cvidence for the correctness of the

temperature coefficient derived earlief.
4,33 Change in upper cut-off-rigidity from year to vyear

Refefring back to Table 4,3, it is seen that atmospheric
temperature correction factor shows a significant progressive
decrease from 1965 to 1969, even though the ground temperature
vector 1s practically invariant. This clearly indicates that
the derived variation in the correction factor is caused by
other physical mechanisms, such as change in upper cut-off-

rigidity.

Applying the new temperature correction factor obtained !
from using ground based temperature data, to the uncorrected

meson intensity, the temperature corrected meson diurnal vector



- 127 =

" TABLE 4,6 —.Compéri§on of mean diurnal variation observed by
mesons (corrected with appropriate temperature coefficient) with
the mgan variation observed by neutrons during the period 1965
to 1969, . .. e : : v .

_.—.—-.—-‘N.-..‘.u-.--—-—.—-m.«m--—--—.-—mmm——m——————-—-—.u—-——-.—-—-—-—*—u-.————-——-—-—..-:..—.——-——————

DIURNAL VARIATION

. Mesons
Year Neutrons {Temp. corrected) R (deq) ‘
"""" ) Amp, Phase "Amp, Phase €g
@ (eg)  (®)  (peg)
1965 226 222 113 222 .50 0
+ ,021 + ,016 |
1966 201 228 179 229 61 +1
+ ,022 + ,016 A
1967 260 224 158 232 .59 +8
+ ,027 + ,020
1968 .307 229 .209 235 .68 +6
+ ,022 + ,015
1969 .294 225 194 234 .66 +9
| + ,020 + .0l4 | o
Mean 276 226 166 232 .60 +6
+ ,0I0 + ,007

._..-.-__-—.a.—--.—--—.-—.———-—-_....-..-—--———-...—-_—-._——-m-—_--—-——.—.—.n.—-—--—.--————-.....-..——._—.-...—-—.—_m

has been derived for each year. Table 4.6 lists the neutron and
temperature corrected meson diurnal vectors as well as the
computed ratio R and phase difference qébetween the diurnal
vectors obtained for mesons and neutrons, for each year during
19651969, The values of R show a progressivé increase with
solar activity, the minihum coinciding with the minimum solar
activity. Using Mori's (1968a, b) calculations, and assuming
the figidity spectrum of the diurnal vari ation to be rigidity

independent, values of R for different assumed values of the
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upper Cgt~off~rigidity have been calculated and plotted in
Figure 4,17, Using these calculations, the observed change in
R with solar cycle can be used to infer the change in the upper
'cutmoff—rigidity beyond which the diurnal variation ceases.
Figure 4.18 shows the solar cycle variation of R and the upper
cutnoff_rigidity (Rmax) during the period of 1965-1969. R_ .
shows a minimum of about 35 GV during the qﬁiet solar year of
1965 and a maximum of about ~s100 GV during 1968-~1969, These
results are consistent with the results obtained by Ahluwalia
and Ericksen (1970), and Ahluwalia (1971) using data from

underground meson monltors.
4,34 Discussion:

The limiting rigidity R__ has been very often attributed
to the sector structure dimensions. The particles whose
gyroradius (~1 AU) is comparable to the dimension of the sector
structure will not partake in corotation. The change in Rmax
can thus be attributed either to (a) variation of the number of
sectors dufing different phases of the solar cycle, (b) or due
to an increaselin the effective size and/or number of I.M.F.
irregﬁlarities which can cause an appreciable variation of the

cosmic ray density gradient in and out of the ecliptic,plahe.

The former hypothesis is in gqualitative agreement with
our findings on the variation of R ., as Schatten's (1971)

result seems to indicate a much larger dimension for the sector
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structure during the sun;spot meximum year of 1968, However,
it is not possible, at the present time to make a clear cut
choice between the two hypothesis presented above. Even though
the direct field measurements (Ness, 1966; Schatten, 1971) as
well as properties of cosmic ray semi-diurnal anisotropy (see
next chapter) indieate that the average value of I.M.F, has not
changed appreciably during the present solar cycle, there seems
to be some eyidenee for a decrease in the scale size and number

of the I.M.F, irregularities during 1965.

The interplanetary magnetic field measurements from
Mariner-4 (November 29 to December 30, 1964) and from Heos-Al
(December 11, 1968 to March 16, 1969) have shown significantly
lower power spectral density in the BZ compqnent of the magnetic
field, during the period covered by Mariner54 observations (low
solar activity period), for resonant proton rigidity;ﬁz3 GV
(Quenby and Sear, 1971)., The reduction in power during minimum
solar activity period, particularly in the BZ component can, in
principle, produce the observed solar cycle variation in the
upper cut-off-rigidity of diurnal variation.

4,4 Relationship between diurnal anisotropy and interplanetary
magnetic field, and the cosmic ray density gradients

Even though the average characteristics of the cosmic ray
diurnal anisotropy are well established and are explainable in
terms of Parker—Axford model (see Sec 4,2), a number of discre-

pancies exist between the theoretical interpretation and the
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acfual observation, The observed average amplitude of 0,4% for
‘diurnal variation in space (obtainéd using the correetion
factors as given in IQSY ménual by McCracken et al., 1965) is
only about two third of what is expecfed from theoretical consi-
derations., Even though attempts have been made to explain the
amplitude reduction, as due to presence of a significant perpen-
dicular diffusion (Kl) on an average basis, the observed day to
day variability both in the amplitude and in the time éf maximum
(Ran and Sarabhai, 1964; Patel et al., 1968), cannot be under-
stood in terms of the simple theory, Consecutive days having
abnormally large amplitude ( 21%) have been reported by several
workers (Mathews et al., 1969; Hashim and Thambyahpillai, 1969),
who have concluded that the diurnal variation on suoh days is
génerally caused by a depletion of the cosmic ray intensity
along the garden-hose direction. Likewise trains of days
having abhormally low amplitudes are also evident in the data.
Explanation of such abnormal amplitudes using the concept of
corotation has not been satisfactory.
4,41 Anisotropy results at low energies and their extension

to high energies

Recently McCracken et al. (1967, 1968) and McCracken and
Ran (1970) in a series of papers, have shown that the low ener-
gy cosmic ray anisotropy during solar flares is large and field
aligned initially, which then changes to an equilibrium type of

anisotropy during the deecay phase of the flare effect, directed
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radially away from the sun, The equilibrium anisotropy has
‘been explained by them as due to the convection of the cosmic

ray particles by the radially blowing solar wind. The convect-

ive anisotropy of low energy solar flare particles is given by

o« = \Y
QC - SC v o ¢ 4o5

where C is the Compton-Getting factor, V is the solar plasma
velocity and v is the particle velocity. At energies of the
order of 10 MeV, the convective anisotropy is 72 10 to 15% while
at relativistic energies, the convective anisotropy 1s only

7 0,6% (see Figure 1.3). At late times in the decay i.c. after
T 2 4 days, McCracken et al. (1971) showed that the radial
convective anilsotropy eventuaily evolves into an easterly equil-
librium type anisotropy along the direction 45° east of the
satellite -~ sun line, The easterly anisotropy has found a
fairly satisfactory explanation in terms of the establishment
of an équilibrium between the radially convective, and field
aligned diffusive anisotropy, the field aligned diffusion being
caused by the establishment of a positiVe density gradient by
the -particles convected out of the solar system earlier. Based
on thc anisotropy measurements of solar flare cosmic radiation
described above, it is apparent that at low energies (~ 10 McV)
convection is the most dominant mechanism that determines the
escape of cosmic rays from the solar system and transvérse

diffusion is negligible.
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McCracken et al (1968) aléo suggésted the extensim of
“these physical ideas to explain thé observed diurnal variations
at relativistic energies, fhe theoretical formulation of which
was subsequently provided by Forman»aﬁd Gleeson (1970), Assum-
ing Kl to be negligible, the observed diurnal variation can be
completely explained in terms of radial convection and field
aligned diffusion., With the finding of Subramanian (1971 a)
that if all correction factors are taken into account,.the
observed average diurnal anisotropy of 0.4% is consistent with
the theoretical value, it is apparent that there is no need to
invoke transverse diffusion causing amplitude reduction, In
other words, it is possible to examine .the observed diurnal
variation in terms of the new physical concept proposed by .
McCracken et al. (1968) and Forman and Gleeson (1970). Accord-
ing to this new concept, the corotational diurnal vector
observed, on an average basis, is mefely a special case when
equilibrium exists between convection and diffusion and there
is no net flow of cosmic ray flux into or out of the solar
system, On a day to day basis, the fluctuations in the inter-
planetary parameters such as solar wind properties and the
I.M.F. must neccssarily cause an imbalance between convection
and diffusion thrnugh the introduction.of varying density
gradients resulting in abnormal amplitudes for diurnal variat.-
ion. The enhanced field aligned inward diffusion at high
cnergies caused simply by the establishment of a significant

positive density gradient, can result from either or both the
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processes, namely (a) thréugh the establishment of regions of
~decrcased density (Sink) in the garden-~hose direction (b) through
the establishment of recions nf enhanced density (Source) in
the anti-garden-hose direction, the physical processes responsi--

ble for the two mechanism being possibly different.

In order to prove the validity of the above concept on an
exporimental basis, we have resolved the observed cosmic ray
average diurnal variation (Ei) into two vectors, the conveetion
vector along the 1200 hour direction (Q;b) which can be easily
calculated from a knowledge of the solar wind velocity (V), and

the diffusive vector (g;j). The relationship can be expressad

| E§ = é;; + é;é e %.6

The amplitude of 60

relation 4.5, where C = 1,5 for V = 400 Km/SeC and for neutron

as

is = 0,6% when determined according to the

monitors with mean rigidity of response Ele)Gv; However, in
~all our treatment we shall deal only with a constmTt§£= 0.4%,
which is equivalent to an amplitude of the diurnal anisotropy
in space equal to ©,4% (using the correction factors of
tcCracken et al., 1965), since correction as suggested by
Subramanian (1971‘a) will only increase the true amplitude by
a constant facto:/azil not change any of onur. conclusions, The
residual diffusion vector (€§d) has been compared with the

I.M.F. direction to verify the field aligned nature of the

diffusion vector, The analysis has been performed to investi-




gate the field aligned nature of the diurnal variation both on

an average basis as well as on a day to day basis, and in
particulér, for trains of days with enhanced diurnal variation,#x
For this purpose, the mean diurnal anisotropy vector (55) has
becn obtained by using diurnal anisétropy vector of all those
stations (from the list given in Table 4.1), which possess (a)
cut-off-rigidity £ 2 GV, (b) narrow asymptotic cone of accept-
ance ~nd (c¢) essentially scan the equatori al region of the sky.

For deriving the energy spectrum of the enhanced diurnal wave

trains, however, all the stations listed in Table 4,1 are used.

Based on this model the necessary radial density gradients
both on an average basis as well as on days associated with
enhanced diurnal variation required to provide the observed
field aligned diffusion have been calculated. The observations
indicate thaet, at early times during trains of days having
enhanced diurnal variation, the enhanced density gradient is
caused by a sink in the garden-hose direction, which at late
times (24-5 days) changes to a source along the anti-garden-

hose direction. The later change over to a source, is

o Tpn zaees

WH 4 ~ ) .

Some of the concepts presented here have been indepen~ .
dently verified by Hashim et al (1972), using selected data of
days having enhanced diurnal variation. The present analysis,
however is morc comprehensive in that it also leads to defini-
tive conclusions regarding the characteristics of sources and
sinks in the interplanetary medium,
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phwnomenologically similar to the establishment of the positive
density gradient producing an easterly anisotropy at very late

times in the decay of low energy solar flere events,
4,42 Quiet day diurnal variation:

(a) 27 day average basis

The average diurnal anisotropy parameters (equation 4,6)

for each »f the °7~day snlar rotation periods, and the average
interplanetary magnetic field narameters for each »of these
rotations during 1967-1968 (using the hourly values of the
interplanetary magnetic field measured by Explorer 33 or 35)
have beeh calculated separately, and are listed in Table 4.7.
Excpotlng the days on which Forbush decroase ogecur, all the
remaining days when concurrent I.M.:. data are avallable have
been utilised for this analysis. The phase difference, computed
petween the diffusive vector and the magnetic field vector

(C#d “C#B) for each rotation (Table 4.7), is shown by the
histooram in Figure 4,19. The figure clearly shows that ‘w
nearly 8% of cases, the phase difference between the diffusive
vector and the I.M.F. vector on a 27 day average basis inglO?,
which is of the same order as the standard error of the obser-
vations thus indicating that the average quiet day diffusive

vector is ficld aligned,

~

The diffusive vector (ESd) can be resolved into two
components, one parallel to B vector and another perpendi -

cular to it, +the amplitude of the perpendicular
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component being a measufe of the non-field aligned component,
Figure 4.20 shows the plot of parallel and perpendicular
components of the average diffusive vectors for different solar
rotations., It is evident from the figure that the parallel
component dominates and the perpendicular component is usually
less than a tenth of the parallel component, again indicating

that the average quiet day diffusive vector is field aligned.
(b) Annual average basis:

Resolving the observed yearly mean diurnal vector into
diffusive and convective vectors (using equation 4.6), the
annual mean diffusive vectar(’ﬁd) for each year during the
period 1964-1970 has been calculated. The yearly average I.M.F;
direction has been derived from the observed yearly average
solar wind velocity (Gosling et al., 1971), and assuming
Archimedean spiral structure for the field, Comparison of the
field azimuths for the period 1967-1968 computed from solar wind
observations with actual I.M.F. observations show that these

s 0
agree within 2-37,

Table 4.8 lists the yearly average diurnal
variation parameters along with the computed phase difference
between the average diffusive vector and the corresponding

field vector., The average diffusive vectors for ecach vear

during 1964-1970, are also resalved parallel and perpendicular

o

to field direction and are plotted in Figure 4,20, along with

!

the mean value for the entire period 1964 to 1970.
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The yearl? mean diffusive vegtorbfor the entire period has
an amplitude of 0,53 + 0,01% and makes an angle of 3° + 2° with
the I.M.F. vector (Table 4.8), the phase difference being of the
same order as the observational error. In other woirds Figure-
4,20 clearly indicates tHat within the observationel errorg, the
yvearly average diurnal variation is cbmpletely explainable in
terms of summation of a normal convective vector and a field
aligned diffusive vector, except during 1965, when thc diffusive

vector makes an angle of 119 with the I.M,F, direction,

Even though we deduée thet the diffusive vectors obtained
on 27 day and annual average basis are essentinlly field aligned,
indicating no perpendicular diffusion, consistent with the low
energy observations, there are occasions both on an average
basis as well as on individual days, when it can be significant
and which micht result in a partial or complete cancellgtion of
the diurnal anisotropy, The slight reduction in the observed
average amplitude of diurnal variation in 1965 (qﬁa «qu = 119)
can be attributed to the increased value of Kl during 1965 being
~0,19 + 0,04, almost a factor of 3 to 4 greater than the value

observed during other periods,
4,43 Characteristics of days having enhanced diurnal variation

During the period 1966.-1968, about 10 wave trains having
enhénced diurnal amplitudes oecurred, Out of these we have

selected four prominent enhanced diurnal wave trains (shown in
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Figure 4,21), which are not accdmpanied'by any large changes in
daily mean intensity., This is to ehsure that the 1iurnal aniso-—
tropy vectOré derived are free from effects due t» universal
time variations. Using the method of Pao ot al. (1963) and
described in Sec 3.41, the best fit rigidity spectral exponent

( E) of diurnal anisotropy for each of the event (Table 4.9)-has
also been obtained. The results in each case are consistent
with their being rigidity independent ( P= 0.0 + 0.2). The
enhanced diurnai anisotropy amplitude and phase in s»ace, for
each day and for each of the four events has been computed using
data from a large number of neutron monitoring stations. Table
4,9 lists the average value of anisotropy for each event., It

is observed thst the diurnal anisotropy during these events

- shows a time of maximum at about 2000 hours, in contrast with
the 1800 hour maximum observed for corotational anisotropy. The
phase shiff to later hours have also been reported by Tolba and
Lindgren (1971) for days associated with the enhanced diurnal

varlation.

In order to establish the field aliogned nature of the

Aiffusive flow, we again resolve the observed diurnzl vector

(&) on each day‘into tw components éc andfsd (equation 4.6).

~

Taking f;c = 0,4%, with the same arguments as given carlier,
we have calculated the magnitude and direction nf the diffusive

.vector.(gsd) for each day and foar each of the events. Similar-

o~

~

1y th2 magnitude and direction of the I.M.F. vector =or each

day has also been calculated from the direct spaceciaft obser-
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and are given in Table 4.9. Both Figures 4.22 and 4,23 clearly
demonstrate that enhanced diurnal variation is caused by a
superposition of the enhanced field aligned diffusion current

over the normal convective flow,

The observational results presented so far, both on an
average basis as well as on days with enhanced diurnal variation,
therefore'suggests very strongly that the diffusive vector of
the cnsmic ray diurnal anisotropy, at most times is field alig-
ned, and hence the-diurnal variation is understandable simply
in terms of radial convection and field aligned diffusion, In
addition to the analysis presented here, we have also examined
in great detail the diurnal variation on a-day to day basis,
where we observe that during 1967-1968 on more than 80% of the
days, the diffusive vector is essentially field aligned and Ky
is negligible even on a day to day basis, The details of the

result of the day to day analysis, however, are not included in

the thesis, and are being presented elsewhere.
4,44 TUnified convection - diffusion model

Figure 4,24 presents the new unified model to explain the
anisotropy observations both at low and high energizs. Figure
4,24a, explains the low énergy cosmic ray anisotropy at differ-—
ent times during a solar flare. At early times in-a flare
evént, the diffusive current driven-by a negative cosmic ray

density gradient due to solar produced particles dominates
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upon the convective vecfor results in an easterly anisotropy.
The mod@lvemboﬂying the extension of these ideas to the galaet-
ic anisotropy, is depicted in Figure 4,24b, Under cquilibrium
condition, when fhere is no net flow of cosmic radiation either
into or from the solar system the radial convection current

S. = CUY is exactly balanced by the radial component of inward

diffusion K resulting in an average corotatienal anigo-

(2
WD i
tropy of 0,4% along the 1800 hour direction., On a day to day
basis, the diffusion vector need not exactly balance the conve-
ctive vector, In the case when the diffusion vector is smaller,
the resulting observed anisotropy would show a maximum.earlier
to 1800 hours and in the case of ~nhanced diurnal variation
when the diffusive vector is very much greater than the‘conve»
ctive vector, the time of maximum of the resulting diurnal
variation will shift towards 2100 hours, the mean direction of

the I.M.F, The diffusive vector, in all cases, is aligned

parallel or anf&~parallel to the magnetic field.

The diffusion current (Gleeson, 1969; Forman and Gleeson,
1970) can be written

DU U
(__,__,,.)“ + K_L(‘“ég )_L | ve 447

s -k
d. [ .
and since the average corotational anisotropy is »btained by

~

assuming the radial current 3, = 0 and KJb to be negligible,
we may use this together with

c _

By 38,4 /VU .. 4.8

and the observed free space anisotropy, to calculatc the
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density gradient along the magnetic field % }E%LIX\ from which
. 1 ];; * N

ne radial density gradient (G) can be obtained.

\

_ 1 BIJ‘ :

G =35 , / Cos o 49
. U bI: H \P . |
where ¥ is the angle between the magnetic field and the radial

direction.

4.45 Radial density gradient of cosmic ray intensity -

We have already shown that bn an yearly or 27 day average
basis; the cosmic ray diurnal anisotropy 1s consisteﬁf with the
above theory with the average diffusive anisotropy vector having
a magnitude of 0,53 # 0.01% which, in free-space corresponds to
0.8k, Usiﬁg equation 4.7 to 4,9, we can.calculate the radial
“ density gradient necessary to produce the diffusion vector, on
an average basis, providéd the value of Kl\ is known, From‘the
observed T.M.F, power spectra, Jokipii and Colemen (1968) and
Rercovitch (1971 a) have shown that Kﬁ§%55 X lOQ‘l.AP.fE,cn@f Sec—l
(p = rigidity, = v/c). Using this value éf Ky » we find that
the average ﬂiffusi&é vector necessary to explain the observed
diurnal anisotropy requires a radial density gradient of

xs 4, 5%/AU.

A number of both direct and indirect radial density
gradient (G) measurements, of the galactic Cosmic rayvflux,
have been made during the last ten years (Rao, 1972; O'Gallagher,
1972), The value of G & 4,5%/AU obtained from the neutron

monitor anisotropy observations being essentially an integral

¢
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measuremeéent (pafticle energy 21 GgV),‘We have, for the purpose
of comparison, listed the values of G for particle energies

2 300 MeV in Table 4.10. Insnite of the dispersion existing
between different values, we can concludé that the radial density
gradicnt at relativistic energles is of the order of 4-3%4/AU,
which is quite consistent with our values derived from quiet day
anisotropy measurements. Further, we believe that boﬁh the
radial density gradient values which show a large departure from
all other estimates (Table 4.10, Nos 8-9), being derived indire—

ctly from meteorite studies are not dependable,

The observed enhaneced diurnal varilation which is consis-
tent with a field aligned diffusive vector of 1.2 i 0.1%,
requires an enhanced positive radial density gradient of =10%/AU.
From the results presented above, we believe that reliable
estimates of G, even »n short term basis, can be inferred from
anisotropy mcasurements., Since by comparing-the diffusive’
vector with I.,M,F, vector one can unambiguously show the absence
of transverée currents, the estimates derived from anisotropy
measuremehts can be taken to be accurate. We wish to point out,
that even the direct spacecraft measurements suffer from uncer-
tainties due to the difficulties in applying correctinns for
proper normalisation and azimuthal gradients. Therafore, till
better detectors are available, the anisotropy measurements
are.the most reliable observations to derive density gradients

at relativistic energies.
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4.46  Enhanced diurnal variation and location of ‘'sources’
and !'sinks!

The enhanced radial density gradient (G=1(%/AU) during
trains of days with enhanced diurnal variation can be caused
either due to a 'sink' in the garden-hose direction.or due to a
fsource' of cosmic ray particles in the anti-garden-hose direct-
ion, Harmonic analysis of the data for both these types of
nechanisms will yield essentially similar results (time of
maximum ~s 21 hour), and therefore will not be able tn identify
the nature of particle distribution during such periods., To
understand the detailed partiéle distribution in Spéce, and to
identify sources and sinks, three dimensional space-ﬁime diagrams
(sec, 3,5) have been used by a number of workers (Fenton et.al.,
1959: Ables et al., 1967; Mercér and Wilson, 1968; Carmichael
and Steljes, 1969), Such diagrams have been preparéd,for a
number of interesting events, in particular for the four events
studied above. Due to inadequate coverage of longitudes by the
existing neutron monitoring stations, we have plottéd the inten-~
sity in only eight directions in space for any given time, eéch

directional belt covering a width of three hours in longitude. .

Figure 4.25 shows the average intensity profile as a
function of direction for the entire period 2 to 6 January 1966,
derived from the detailed time intensity map for the evént
which occurred during the period 30 December 1965 ~ 07 January
1966,. The inténsity in each'directioh has been obtained by

averaging the intensity for each 3-hourly interval during this
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period, The figure very.clearly shomé a very significant depre-
ssion below ﬁhe normal along the garden-hose direction. The
above event is tybiCal of all the @venfs partiéularly thé short
lived ones (£ 4-6 days), and shows clearly that the enhanced
diurnal variation is caused by a sink in the gardenwhose direet-
ion. Similar conclusion was arrived at by Mathewset al (1969)
and Hashim and Thambyahpillai (1969), from an analysis of a
number of events. It is.interesting to note that this event
coincides with the corotating Forbush deerease event observed at
low enérgies (Ple MeV} by McCracken et al (1966 b), which lends
further support to their conclusion that such corotating Forbush
decreases observed at low energies often manifest themselves as
‘enhanced diurnql.variation ét relétivistic energies ohserved by

ground based monitors,

In contrast to the above simple picturé the long lived
enhanced diurnal variation event of 30 April -~ 11 May l966:shows
a complex behaviour, Figure 4.26 shows the evolution of the
cosmic ray flux distribution in space at Varioﬁs times during
30 April — 11 May 1966. On April 29, 1966, prior to the comme-
ncément of the enhanced wave‘train, the cosmic ray flux distri-
bution in space was found to be practically isotropic (Figure
4,26a) showing a normal diurnal variation, During the early
part of the enhanced diurnal'variatién event i.e. 1.7 May 1966,
the cosmic ray infensity in the garden-hose direction.ié fouhd

to be well depressed below the normal level (Figure 4.26‘b,c).
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By 9 May 1966, the cosmic ray fiux along the éardennhose dire-
ction seems to be just recovering fo its normal Value(Fioure
4,26 e). However, the COSmLC ray intensity 1n the ant1~ ardenu
hose direction is now found to show a large excess above the
normal intensity (Figure 4.26 f, g).. Thus during the later part
of the eventvi,e. 8-11 May 1966, the enhanced diurnal am plitude
seems to be caused by a source iﬁ the -anti-garden-hose direction,
'Such a behaviour is expected in terms of the explanatién offered
by McCracken et al (197l) and Rao et al (197L) for the observed
casterly anisotropy during late in the decay of low energy
solar flare events. Using similar arguments, we cean expeét the
enhanced convection by the high velocity solar wind associlated

with the initial shock wave which initinally causes depressed

intensity along the garden-hose-direction, to eventually estab-

lish a positive density gradient and thus a source along the

anti-garden~hose direction during late in the event.
&

Referring to Figure 4,26 the change over from a sink in
the garden-hose direction to a’source in the anti«qérdenyhose
dlroctlon occurs in a period of 4~5 days suggesting that the
rolaxatlon lee of the interplanetary medlum tn rollow the
changes in the density gradient in the 1nterplanotafy modulat-
1no region is of the Ord“r of 4-5 days. Conslderlnc the mag-
nitude of the solar wind velocity observed during such periods,
this would indicate that the dimension nf the modulating region
is of the order of 2-3 AU, thus providing an independent

experimental evidence for the location of a boundary, sometimes
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assumed in dealing with the cosmic ray transport,

4,47 Low amplitude diurnal anisotropy

Recalling »ur previous arguments we note that even on a
day to day basis on more than 80% of the days the diurnal
vector can be Consldered as 51mple summation of convection and
diffusion vector and that on such days KJ» is neollclble. How—
ever on £ 20% of the days Ky seems to be significant, often
resulting in partial or complete cancellation of diurnal aniso-
tropy. Even on an average basis, we note that in the vyear l965,

~

the amplitude reduction is explainable in terms of finite Ki ,
Ki./K\\ being~0,19 + 0,04, From an examination of <Ziurnal
variation on a day to day basis, it is found that very often
trains of days of low amplitude diurnal variation occur, A
cat>logue of such low amplitude wave trains and their average
diurnalkanisotrOpy characteristics are listed in Table 4.1L. A
few typical low amplitude diurnal wave trains as observed at
Deep River neutron monitoring station are also shownvin Figure
4,27. For at least two of these events, which occurred during
the neriod 27 August - 1 Sepﬁember 1967, and 27 July to l-

August 1968, concurrent I.M.F, data are available.

For both these events, the average diurnal amplitude is
about 0,15%. Resolving as beF1 ~e the diurnal vector into
diffusion ( §d) and convection (S ) vector, and compering the

phase of the diffusion vector with that of the I.M.F. vector,
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TABLE 4,11 - The CharaCLGrlelCS of the daily variation derived
from Deep River neutron data for a number of wave tra 1ns, WLth
low diurnal amplitude. . TP

T *m"“"”“m"“"“'"“""_ZQZZ";2“B;ZZJWGQZIQEIZ§’mZEZZEIEZEE*"
(In spaee) change in
sz, N : Har?%’;’ié 1 lezmonte doily meer
No. § (Hrs (% (Hrs.) \IHCT Decre-
cases aSGS
1 96 Mar-3L Mar 1965 0.14" 20,1 0.09.3.5  No  No
> 8 Apr-l4 Apr 1965 0,11 17.7 0,05 5,7  MNo  No
3 12 Sep~l7 Sep 1965 0,04 13,5 0.1l 2,2 No-  No
4 9 Oct-14 Oct 1965 0,13 14,6 0.1l 6,2  Yes No
5 5‘Febin Feb 1966 0,03 13,5 0.05 1.7 No  No
6 12 Jun-16 Jum 1967 0.05 3.0 0,14 3.2  No - No
7 27 Aug- 1 Sep 1967 0,12 14,1 0,06 4.9 No - No
8 27 Jul- 1 Aug 1968 0,16 18.2 0,10 2.3 No  No
9 8 Aug~-13 Aug 1968 0,08 19,1 0.06 5.3 ‘Yes  No
10 14 Apr-20 Apr 1969 0,18 19.1 0,09 4.5  .Yes No

o o s i ST o S e U Y 0 P S o 2t 9 G o T M e X e e SR S 950 B P e PTTY S I 7w B N S g ey S e e v o o e a N S AT PR Oy I G b AT i g 004

¥ Statistical error for dailybharmoniCSﬁv0.0Q%

we observe that (C#H - 953) is = 30° + 8%, This clearly indi-
cates that during days of low amplitude wave trains, in addit-
ion to the normal convection and diffusioh véctor, there exists
transverse diffusion. From the observed (Cﬁd ; qﬁB) we find
that Ki,/KQ{ is 20,5 + 0,2 [fan (C#a - CFBX} , which exceéds
greatly the value of < 0.05 observed during normal days, The
inérease in Ky can probably be ekplained due to unusually

" large random walk by field lines,
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The lew anplitude ng@tV&d during such days makes 1t difticuls
to perform a detalled analysis and study thelr different a péqtg
of solar-terrestrial relationship assoclated with these events.
cypther understanding of the mechanism responsible for L -
dlurnal variation can probably be arcemnlished iT detailed T.M.F.
data, in parbloular, bhe variance in the hourly values mfﬂﬁz
ammﬁmnw1i fs known, Such analysls is in progress and will be

reported sena aratoly




CHAPTER-T
SEMI-DIURNAL ANISOTROPY CHARACTERISTICS

Evenithough the presence of a.significant semi-diurnél
component in the anisotropy of éOsmic f?ﬂiatioﬁ has been sugge-
sted almost two decades ago (Elliot and Dolbear, 1950, 1951;
Sarabhai and Nerurkar, 1956)5 the poor statistics and the obser-
ved_low auplitude of the semiediurnal variation had given rise
to werious dount about its existence. Subsequeﬁtly Katzman and
Venikatesan (1960) showed that the observed semi-diurnal variation
in the neutron component of cosmic radiation, could be‘almost
completely-explained as due to ﬁhe contribution from the semi-
diurnal variation in pressure, except at equatorial latitudes.
Since.for n normal type of anisotropy having a negative or’ zero
Aeiponent one expects a smaller amplitude at}equatorial stations,
due to larger width of their asymptotic cohe of acceptance, the
observed higher amplitude at equatorial stations could not be

explained.

The first positive confirmation for the existence of

" semi~diurnal anisotropy was provided by Rao and Sarabhai (1963),
>by using the crossed meson telescope. From a comparison of the
obgserved variation in the east and west pointing telescope
inclined =at theVSame angle to zenith, where the atméspheric
contribution to the observed dﬁily variation>can be éanéelled
to a first approximation (Blliot and Rothwell,'ﬁ956), the

existence of the semi-diurnal ccmponent wes strengly indicated.
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With the availability of the data from super neutron monitors
having high statistical'significanbe and by using improved nume-
ricel filter techniques to obtain better signal to noise ratio,
Ables et al. (1965) conclusively showed the existence of semi-
‘diurnal component of world wide neture having a time of maximum
aligned perpendicular to the interplanetary magnetic field
direction. The suthors, using power spectrum analysis technique
clearly demonstrsted the presence of @ significant peak at two

cycles/day. The analysis by 4Ables et al. (1965), Patel et al.

(1968) and Lietti and Quenby (1963) have also indicated that the

semi~diurnal component has a positive exponent, thus explaining

its enhanced presence at equatorial latitudes.

With the availability of a large amount of data from

various super neutron monitors including the data from equatorial

super neutron monitors such as Ahmedabad, in the last L-5 years,
it hrs now been pogsible to investigate the semi-diurnal aniso-
tropy charscteristics in much greater detail. The author has
conducted such detalled analysis to investigate the average

characteristics of gemi-diurnal anisotropy and their time varia-

ion, the results of which are presented in the followirig sections.

5.1 Semi~diurnal pressure wsve and the semi-~diurnal
variation of cosmic rays

The semi~diurnal component being esseﬁtially of the order
of 0.1% or less, can be completely contaminated by pressure
variations, 1f the pressure correction is incorrect. As for

example, the observed gemi-diurnal pressure wave of 0.3 mm of
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- TABLE 5.1 - The effect of variation of pressure coefficient
on the amplitude and phase of the ebserved semi~diurnal compo-~
nent of cosmic ray intensity at Ahmedabad for a semi-diurnal
pressure saplitude-of 1.0 mm Hg

e et e G vt e e e G m e m e mm e s e G e R e e ew Men s Mee A e M A S Ak Ge RAE B e ML Ne e e T T e P mm e e e e M e mam e =

Pressure coefficient Semi-diurnal Semi-diurnal
% per mm of Hg amplitude(fQ) phase (Cﬁb)
0.38 | 0.067% 34°
0.34 0.081% - 61°
0.80 0.107%% 78°

o e e e e e e s e A e e e e e e e e e e e e e e ey e M g e 6 e i e e i e e ek s e e s M e o e A o el St T e e s

Hg, at middle latitudes, can constitute an error of o< 0.03% in
the semi-diurnal component, if the pressure coefficient is
incorrect by 10%. At equatorialllatitudes like Ahmedabad, where

the semi-diurnal component of pressure wave is typically of the

order of 1.0 mm Hg, the pressure contribution to the semi-diurnal

variation arising from the application of incorrect pressure
coefficient can be comparable, in magnitude, to the semi-diurnal

component itself.

In Sec. 3.11, the pressure coéfficient obtained for Ahmedn-
bad ﬁeutron monitor for the years 1968-1971. namely 0.84% per mm
Hg has been compared with other observations to demonstrate the
excellent agreement between various recént estimates. From this
comparison, we believe that the probability of the apﬁlied pre-
ssure coefficient being out by more than + 0.04% per mm Hg, is
negligible. Assuming the extreme case of the pressure coeffi~

cient used for Ahmedabad nsutron monitor bheing out by =+ 0.04% -
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Fig. 5.1 - Vectorial representation of the pressure
corrected semi-diurnal variation. of cosmlc ray. intensity for
3 values of the pressure coefficient (©¢.), for an gbserved
semi-diurnal pressure vector of amplltudg 1.0 mm:Hg. : The
observed yearly average semi-diurnal pressure amplltude is
(rap) =~ 0,90 mm Hg,
per mm Hg, the Calculated max1mum effect on the seml-dlurnal
component of cosmic radlatlon for a maximum expected semi-diurnal
pressure wave of 1. O mm Hg is shown in Floure 5 1 (see also
Table 5.1). It is seen that even under the assumptlon of the
extreme case, the error 1ntrojuced in the semi-~ dlurnal time of
maximum 15ﬂvO 7 hour at equatorlal latltudes and lcss thanr*O 3

hour at mid—latitudes. ~The effect on the semlmdlurnal ampll—

tude will be relative1§ small, belno only 20?.

5.2 Characteristics of average semi-=diurnal anisotropy

For der1v1no the characterlstlcs of average semledlurnal

anisotropy, we shall c0n51der tho simplest form of the anlsotropy




(similar in form to the representstion of diurnal anilsotropy,

equation 4.1), represented by

B -
Zl%%%% = A»g(/\)v R for R < Bmax g 5.1
o= 0 for R > Rmax )

where the functidh g(/\) describes the dependenge of anisotropy
on declinotion and R shoWs the dependence of onisotropy on
rigidity. In the following section we shall obtain the best fit
spectrum for the semi-diurnal anisotropy ( ﬁ%) for each yenr.

In all our calculations, we assume that maximum rigidity (Rmax)

beyond which the anisotropy ceases is equal to 200 GV, the

reasons for which will be presented in section 5.24.

Using the results of the theoreticsl calculafion showing |
the relative amplitude and phase of the semi~diurnal Variation‘
“(Figure 4.8b) for an assumed anisotropy in sbace, and the obser-
vations from a number of rieutron monitoring stations given in
Table 4.1, the author has attempted for the first time, to derive

the detailed chara@teristics of the semi-diurnal anisotropy of
cosmic radiation. In the following sections, we first derive
the characteristics oflﬁhe aversge seni-diurnal anisotropy and

then compare the results with the theoreticsl prédictions.

' 5.21 Spectral exponent of semi-diurnal anisotropy
Figure 5.2 shows the histogram of the frequency of occu-
rrence of the semi-diurnal time of mexima in space observed at

various stsations for the year 1965 and 1966. The histograms
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aré plotted against the asymptotic time for B =0 and E{z 1.0
obtained after correcting the observed time of maxinum at each
station for‘the geomagnetié bending .and the width of asymptotic
cone of'acceptance, using the method of Rao et al. (1963) as
described in Chapter III. In the above calculation g (QAL) is
assumed to vary as_Cos/\ . The figure shows a very good inter-
station ngreement with £3::1.0, indiceting that the'semi-diurnal
maxima observed at all the cosmic ray recording stations is due
to an anisotropy, which has a positive spectral exponent with
the maximum flux incident from the direction == 45° Egst (f35ou
West) of the earth-sun line, a direction that is essentially
perpendiculsr to the direction of avernge interplanetary megnetie

field (I.M.F.).

A more exact.determination of the spectral index, can be
obtained through e comparison of either the semi~diurnal time of
‘maxima in space (ﬁﬁg) or the semi-diurnsl amplitude (r2) as
observed at different stations. The value of (552) has been deri-
ved for each station‘and each year for different velues of ﬁS
ranging from + 2.0 to -1.0. The variance (Xe) in the value of
ﬁﬁz determined for.different stations are evaluated for diffe-
rent valﬁes of ﬁ%fbr each year during 1958-1968. The best fit
value of ﬁ%is obtained by imposing the condition that the vari-

ance at that value should be a minimum (Rao et al., 1963).

Figure 5.3 shows the plot of wvariance as a function of

Fgfbr 1966 obtained under the assumption namely g(;A\) = Cos/\
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and g.CfX )= Cos2 A\ . Itvis seén;tbat'the minimum variance is

- obtained for‘}E = + 1.0 for both g( N) = }Cosf\ and g(f\) = COS?’/\L
In other words, the'assumpfioh of the form of g(/\ ) does not

seem to produce a significant differ@ﬁce inithe derivation of 8B

and the best fit velue of 3 is + 1.0. This is understandable
since the change in time of maximum in space between the two
assumptions is less than < 3° even for B= 1.0. The analysis has
been extended to the entire period to derive the best fit values
of /2 for each year during.1958 to 1968, using both time of

maximum as well as the semi-diurnal amplitude.

Figure 5.4 shows the plot of variance of the time of
maximﬁm against P for eaéh year during 1953-1968. The standard
deviation in the variation of phase even for an average iGY type
of station is n»509 thus the statisticsl error in variance can
be consildered to be/\/25>square degrees. From the figure it -is‘
seen that the minimum variance for each ye~r is obtainéd for %

Fg::1.0 + 0.2, showing fhat.the rigidity spectrum of the.semi—
diurnal component has an exponant 1.0 + 0.2. However the winimum
variance obhserved during each year’is larger than cen be expected

from statistical uncertainties alone.

The ratio of theAexpected amplitude of the semi~diurnal
component at Ahmedabad, to the amplitude at-Deep'Rivef has been
evaluated for eachf% and for various velues of Hm%x' Figure

5.5 shows the theoretically expected ratio plotted as a function

of ﬁg, for values of ﬁgranging from + 2.0 to 0.0 and for various
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' Fige 9.5 « The ratio between the semi-diurnal amplitude
observed at Ahmedabad to that at Deep River during 1968-1271. |
The theoretieally expected ratio for different values of i, |
and for various values of R’? 50, 100, 200 and 300 GV are
also shown. The error (O~ ﬁas been derived from the actual

dispersion of the dally vectors.



- 169 -

values of Rméx.i 50, 100, 200 aﬁd 300 GV.' The observed ratio

of the averﬁge‘amplitude:during the years 1968 to 1971 is also
shown in the~samé figﬁre, 'The observed ratio is consistent with
P=$1.0, for values of R lying be_tw'ec'ani 200 to 300 GV. The
error indicated with the observed ratio is the actual dispersion
errOr obtained considering the'daily semiediurnél vectors at
~each station, and does not inclﬁde the uncertainty in the value
of pressure'coefficient. However, an uncertainty of 0;01% per
mm Hg in the preésure coefficient 'at Ahmedabad will introduce

an error of ~ 10% in the observed ratio, waich is of the same
order as 1s shown in the figufe. Even though.unique velues for
both R - and 3 cannot be obtained from the above fisure, we
note that the .observed relaﬁive magnitude of semi—diurnal'amplij
tude at Deep River and Ahmecabad is consistent with'RmaX:z2OO GV

and 2™ 1.0 + 0.2.

4 more accurate value of ﬁgcah be determined by an inter-
comparison of semi-diurnal amplitude at a number of stations.
Figure 5.6 shows the plot of vafiance in the values of emplitudés
of the semi—diurnai component as observed st different stations
calculated for éach value of ﬁ'(equation 3;23) during 1958 -to
1968. The curves again clearly show that the minimum variance
is observed for vrlues of‘ﬁiz 1.0 + 0.2 consistent with our
previous conciusions derived frbm an examination of the phase

of the semi-diurnal anisotropy.
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Mg 9.7 « The phase and amplitude of the semi-diurnal
anisotropy in space as observed at dlfferent stations during

1766 plotted on a harmonic dial.
for four different valuass of

The plots show the scatter
B " namely O-O, 006_’ 1.0 and 2.0.

Thée mean semi-dlurnal anisotropy vector in space is also shown
along with 3@~ error cirele (for B = 1.0).
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The phase and amplitude df the semi;diurnal'anisotropy in
space, as observed at different statlons, are plotted on a har-
monic dial in Figure 5.7, for differsnt values of 3 namely O. 0,
0.6, 1.0 and 2.0 for the year 1966. The average vector derived
from the individual observation for each value of [ is also
plotted in the same figure. It is evident from the figure that
the minimum scatter between different vectors occurs forpP= +1.0.
Most df the observations are seen to be within 3 standérd devia~
tion (30~ ) error circle of the mean vector for [3= 1.0, and
-prpcticaily all'the observational points lie within 5@~ error
circle. This is consistent with the fact that the minimum vari-
ance isbsllghtly larger than caon be expected from StatlSthPl

uncerteinties alone.

in Figure 5.8 the harmonic dial representatibn of the
semi—diurnal anisotropy vector in space as observed at differentv
stations for esch year during 1964 to 1967, dlong‘with their
veétorial mean for each year is blofted for 5:211.Ow The larger
scatter in the observations during earlier years may be attributed
£o the fact thet most of the monitors operating during these

years were of the IGY type.

5.22 Dependehée of~thé.semi-diurnal anisotropy on declinstion
To investigate the dependence of amplitude of the semi-

dlurnal nnlsotropy on decllnntlon, the yearly mean seml»dlurnal

amplitude obSLrved at different statlons, after correctlon for

attenuation due to the finite width of asymptotic cone of
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aéceptance, is plotted.against‘the mean asymptotic latitude
% ofAthe stations in Figure 5,9;. The ds=ta for the yeafs 1965,
1966 =nd 1967 are used in‘the figure. The theoretical curves
deéfining Cos\ and Cos%krelationship.are also shown in the same
figure; Hven though large statistioal:errors do not permit an

unambiguous conclusion, it is clear that the distribution of

points strongly favours a Cos® N\ dependence..

From all the observetional analysis presented above, we
conclude that the semi~diurnsl aniéotropy in sbace has a positive
spectral exponent of 1.0 #+ 0.2, 2 mean amplitude of about 0.10%
and the maximum flux arriving from 0300 hours, which is perpen-
dicular to the direction of mean I.M.F. vector. Fufther the
semni~diurnal anisotropy amplitude varies as Cos2>\ ’ where A is
declin}tion.. It is very.satisfying to note that subsequent to
this work a number of other authors, who have also investigated
the nature of the semi-diurnal anisotropy using both surface as
well as underground observetions (Cini Castagnoli et al, 19683
and referencé therein§ Hashim et al, 1969; Krivoshapkin et al,
1970; Subramanian, 1971b; Thomson and Sumner, 1971; Mori et al,
19715 Nagaéhimé et al, 1972 a, b; and sec. 4%.32), have essen-

tially confirmed these observations.

5.23 Long term veriation of semi-diurnal anisotropy
Figures 5.10 and 5.11 show the yéarly mean phase and
émplitude in space of the semi—diurnal vector for each year

during 1998-1968, The pgints plotted in the figure indicate
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~ the observations at different stations. It is seen from the
figure 5.10, that the mean semi»diufnal phase for the entire
period 1958-1968 is almost constant, the maximum flux coming

from the direction 132 6° West (3.2 + 0.4 hours) of the earth-
sun line. The mean semi-diurnal smplitude (Figuré'5;11), however,
shows a slight random vnriation.during the same period, varying
between 0;13.i 0.03 in 1963 to 0.08 + 0,03 in 1967, the observed
varintion being within the ‘statisticrl uncertainty. The obser-
vations are therefore, consistent with a time inveriant semi~ -

diurnal amplitude. The mean amplitude in space for the entire

period 1953-1968 is 0.112 + 0.017.

5.24% TUpper cut-off-rigidity of semi-diurnal anisotropyv(RmaX)
Since the existence of both diurnal as well as semi-diurnal

anisotropies in the interplanetnry medium are the direct conse-

gquence of the solar modulation effects, which essentially dépend

on the electromagnetic conditions in space, it_is expected that

there must exist an upper cut-off-rigidity (Rmax) above which

the particles are not affected.

Figure 5.12 shows the variance of the amplitude and phase
of the semi-diurnal anisotropy as a function of Hmax’ for
ﬁgzz + 1.0 and for the year 1966. It is éeen from the fisgure
~that both the amplitude and phase of the semi~diurnal anisotropy
show a minimum variance for R ~ 200 GV, However, we note

max

that even at %nax = 200 + 100 GV the variance is not signifi-

cantly higher than for Rmax = 200 GV, showing that the present
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set of data are not sufficient for an unumblguous fixation of
the value of’ Rmax9 though R ax = 200 QV is tne best cholce.l
A similar analysis for all the years during 1953 to 1968 shows
no systematic long term cnange in the value of Rﬁax’ unlike thet
ohserved in the diurnal enisotropy.

Referring agoln to Figure 5.5, it is seen that under the

Sevel.—

assumption ﬁ;: 1.0, the observed ratio oﬁ(dlurnnl anplltude at
Ahmed bad to thﬂt 2t Deep River is consistent with an upper
cut-off-rigidity of 200 GV even during the period 1968-1971.

- In other words, the presently available data is consistent with

a time 1nvar1wnt Bhnx of 200 + 100 GV for the entire period
1963-1971. For a more mccurate estimate of qux and its gecular

change, it 1s obvious that we need data from more equatorial

stations.

5.25 Summary of the results

In summary, on. the basis of the detailed observational
evidence pfesented anove, we conclude that (z2) the semi-diurnal
varization is consistent with =n anisotropy which could be

expressed by

DI(R) = K.R. Cos®A . Cos 2.0 - (48 + 6)] %
TTI(R) [ -
for R R
FIX
o .. 5.2
= 0 for R> R
max

where R is rigidity, Ais declination, and K = 0,00k,
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- (b) the average semi-diurnal amplitude in space for cosmic fay

particles in the range 1-200 GV, is 0.11 + 0.02% during the

period 1953-1971. The time of maximum of the average semi~

- diurnal anisotropy is along ~~ 0300 hohrs direction, which is

essentially perpendicular to the direction of the average I.M.F.
(c) thelphase of the semi~-diurnal aniéotropy is time invariant
and perpendicular to the direction of the average I.M;F. dﬁring
the period 1958—1968 (d) the amplitude of the average semi-

diurnal anisotropy shows no appreciable change between 1958~1968.

The analysig has been further extended on a day to day
basis to show the perpendicular aligrnment of the time of maximum
of the semi-diurnal component with the I.M.F. Figure 5.13 shows
the histogram of freguency of occurrence of the semi~diurnal
time of maximum in space (Cﬁb) obtained for Ahmedabad and Deep
River neutron data and the observed I.M,F. direction for the
year 1968. The difference between the two (ﬁﬁé —ﬁﬁé) is also
plotted. An cxamination of the figure shows that on a stabisti
cal scale the semi-diurnal anisotropy even on a day to day basis .

is nligned perpendiculer to the I.M.F. direction. The poor

statistics and the non-availability of a large number of equato-
rial neutron monitor stations prevent a more critical exsmination
of the day to day variability of the semi~diurnal anisotrcpy of

ecosmic radiation.
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5.3 Theoretical 1ntcrnretat10n of spml-dlurnal
- anisotropy and conc1u31on

In seeking to find an explanation for the observed scmie
aiurnal anisotropy, both Subramsnian and Sarabhai (1967) and
Quenby and Lietti (1968) have independently;proposed that the
gecond harmonicbcomponent of the cosmié,ray daily'variaﬁion can
arise due to the particle’density gradient in the plane perpen-
dicular to the plane of ecliptic (sec. 1.55). The basic diffe-
rence between the two mechanisms however, is in the assumption
of the nature of the perpendiéulaf density gradient profile.

As already>discussed in Sec. 1.55, both the theories derive.the
average properties of the semi—diurnal enisotropy which are in
essential ?gréementAwith the experimental observations discussed

above.

The essential feguiremenf‘of both the models is the exist-
ence of the increasing density of cosmic ray particles, both
above and below the equatorial plane of the sun. The presence
of such a gredient can be indirectly inferred from the obser-
vations of the. cosmic ray intensity variation during the course
of one year, when the earth's position changesvby + 7.250
heliographic latitude- Comparison of cosmic ray intensities
after propér normalization, observed when the earth is in
different heliolatitude position with respect to sun, should
prdvide a difect measure of the'perpendicular densilty gradient.
Bven though the results from such an analysis are‘not conclu-

sive, Subramanian.(1971Db) has shown that observed cosmic ray
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intensity variation does not provide necessary density gradients

to explain the observed semi-~diurnal anisotropy of cosmic rays.

Nagashima et al. (1972a, b) and Barnden (1972) have
recently attempted to refine the convection-diffusion theory by
invoking the hypothesis of 'pitch sngle distribution! in the
I.M.F. irregulsrities.  In particular,.the model presented by
Barnden (1972), makes use of the 'origin of scatter coefficients'
technique, which invelves the.theoreticwl computation of the
trajectories of the particle in the_realistic configuration of
the I.M.F., to obtain the hour by hour profile of the deily
variation as observed at the earth, associated with dny arbitrary
radial cosmic ray density gradient when the mean~free-paths are
specified. The apvroach, in many respects 1is similar to the |
trajectory tracing of the cosmic réy perticle in the simulated
scomagnetic rield (McCracken et al., 1962, 1965). With this
refinement the semi~diurnal component comes out as a natural

consequence of pitch angle scattering.

Oceurrcnce of the semi~-diurnal veriation can be attributed
to mainly two reasons. First, to the fact that the number
density'decreases‘mbre sharply towsrds the sun from a given
point than it increases away from the sun as a result of radial
Adepenidence of the density gradientl Second; the two mean samp-
ling points parallel to thefI.M.F., are not equispaced relative
to the perpendiculnrr viewihg points.. In essence, the density

variation along the ficld line due to density gradients is tae
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same as the 'sink' proposed earlier by Rao and Sarabhai (1964),

with the result that such a profile contains both diurnal ang

semi~diurnal variation components (Sarabhai and Subramanian, 1966 ).

Considering the wmost acceptable values of scatteringvmeaﬁa
free~path and the radiesl éensity gradient, the resulting diurnal
and semi-diurnal varlations for cosmic ray particles havé been
-calculated. The diurnal variation' derived with these best fit
parsameters shows a g*0.2 dependence below 25 GV ang R0
dependence above 25 GV. Thése calculaﬁions also predict a semi-
diurnal varia tion with"Rﬂ‘2 dependence upto 30 GV above which
the value of the exponent shouid decrerse. The agreement‘of the
theory with experimental results 1is not very sqtisfactofy.
However, since the theoretical prediction are sensitive to the
initial assumptionsg concerning the mean~free-paths and radial
density gradient profile, n more rigorous analysis with a better

understanding of the mean-fres-prth is necessary before accept-

ing the expectation.
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S. P. AgrawaL, S. K. Ray, U. R. Rao

Physical Research Laboratory, Ahmedabad, India

An 18 NM-64 Super Neutron Monitor at Ahmedabad (cut-off rigidity 16 GV)
having a count rate of about 0.2 million per hour, commenced operation from August
1968. A neutron multiplicity meter has been attached to the monitor to investigate the
energy spectrum of the time variation of cosmic radiation in great detail. The results indi-
cate a much larger percentage of high multiplicity neutrons as compared with the high
multiplicity events at middle and high latitude stations. The barometric coefficient of the
neutrons of different multiplicities are evaluated and compared with earlier results.

Introduction

The multiple production of evaporation neutrons produced by cosmic radia-
tion in neutron monitors of different types has been studied by a number of workers.
It is well known that nearly 80% of neutrons detected by the monitor are due to
neutron interactions, about 11% are due to proton interactions and the remaining
99 are due to muons and pions. FIELDHOUSE et al. [1] and HUGHES and MARSDEN [2]
have clearly shown that higher multiplicities are due to higher energy primary
cosmic radiation and hence a study of the multiplicity of neutrons can yield very
profitable information on the energy spectrum of primary cosmic radiation and
its changes. The multiplicity distribution depends very much on the geometry and
location of the monitor. In this paper, we present some preliminary results of the
multiplicity measurements made with an 18 NM-64 super neutron monitor at sea
level at Ahmedabad, India (Geogr. Latitude 23.01° N, Geographic Longitude
72.61° E, Geomagnetic cut-off 16.0 GV).

The intensity of neutrons of different multiplicities up to 10 and the intensity
of all neutrons of multiplicity more than 10 are measured by a conventional type
of multiplicity meter. The choice of gate width was determined by examining the
ratio of the total events of multiplicity N = 2 to the total count rate in the neutron
monitor (Fig. 1). The ratio after correcting for chance coincidence, overlapping of
two events and for dead time losses using the method suggested by DEBRUNNER
and WALTHER [3] is also plotted in the same figure. Since the corrected ratio is found
to be-almost constant from 1300 usec onwards, a gate width of 1350 usecis taken as
the most appropriate gate width. _

: The attenuation coefficient of the detected neutrons of different multiplicity
was determined for all the quiet days. Days on which Forbush decreases occurred
and two days preceding and following these were removed from the total data.

Acta Physica Academiae Scientiarum Hungaricae 29, Suppl. 2, pp. 597—600, 1970
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Fig. 2 shows the pressure coeflicient for different multiplicities obtained for the supe;
neutron monitor at Ahmedabad. The results of KODAMA and OHUCHI [4] for the
latitude survey and the results from Ttabashi neutron monitor [ 5], both using a 3 NM.
64 monitor, are also shown in the same figure. The attenuation coefficients we obtaiy
at Ahmedabad are found to be slightly lower than those quoted by KODAMA and

23 T ' T T
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Fig. 1. The ratio of events with N > 2 to the counting rate of a neutron monitor as a function
of gate width. The ratio after correction for chance coincidence, overlapping of events and dead
time losses is also shown in the figure
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Fig. 2. Attenuation coefficient for different multiplicities for the 18 NM-64 monitor at Ahmedabad-

“The results lor the Latitude Survey [4] and for the Ttabashi 3 NM-64 monitor [5] are also

shown

Onuchi [4] even though the statistical uncertainties do not permit us to draw any
definitive conclusion. It is, however, very clear that the pressure coefficient for all
multiplicities is lowest at the equator, which has been explained as due to the increas-
ing contribution from captured p mesons (press. coeff. 0.25%/mm Hg) to the single
multiple event with the increase in cut-off rigidity. An exactly opposite effect 18
seen when one examines the relationship between the pressure cocflicient and
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multiplicity. The higher multiplicity events which are due to higher energy cosmic
ray primaries have a higher pressure coefficient; a result consistent with the results
obtained by HATTON and GRIFFITHS [6]. HATTON -and GRIFFITHS have given a simple
model to explain the decrease of the pressure coefficient with cut-off rigidity and
increase of the coeflicient with multiplicity in terms of the statistics of interactions
in the atmospheric cascade processes.

Fig. 3 shows the multiplicity spectrum for Ahmedabad. When compared
with multiplicity spectra for other super neutron monitors, it is evident that the
percentage of higher multiplicity events at Ahmedabad is much larger owing to the
higher geomagnetic cut-off rigidity. The mean multiplicity at Ahmedabad during
1968 —69 is 1.331 4 0.008. KopaMA and OHUCHI [4] have shown that the mean
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Fig. 3. Mean multiplicity spectrum for various neutron monitors

multiplicity increases almost linearly with the threshold rigidity. For a threshold
rigidity of 16 GV, the mean multiplicity expected from their latitude survey results
is 1.442 4+ 0.005. The mean multiplicity for a 3 NM-64 monitor is approximately
3% less than that for a 6 NM-64 monitor whereas the effect of the removal of the
square lead blocks is to increase the multiplicity by approximately 69%. The net
result is that a 3 NM-64 monitor of the type used by Kopama and OHUCHI will
show a 3% increase in mean multiplicity compared with that of a standard 6 NM-64
super monitor. Correcting our result for this effect for comparison purposes, the
mean multiplicity at Ahmedabad for a monitor of the specification by Kobama
and OwnucHi, would be 1.36 + 0.008. The slight discrepancy between the values
expected from their curve and those obtained by us may be due to the copper coun-
ters used in our monitor for which the multiplicity seems to be between those of
stainless-steel counters of IQSY type and the IGY counters.
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" CHARACTERISTICS OF QUIET AS WELL AS
ENHANCED DIURNAL ANISOTROPY OF COSMIC
RADIATION

U. R. RAO, A. G. ANANTH and S. P. AGRAWAL
Physical Research Laboratory, Ahmedabad, India

(Received in final form 5 April 1972)

Abstract—Tt is shown that the model which has been successful in explaining the anisotropy of
low energy cosmic radiation of solar origin in terms of simple convection and field aligned diffu-
sion can also be extended to explain both the quiet and enhanced diurnal variation of cosmic
radiation at higher energies. The enhanced diurnal variation which shows a maximum around
~ 2000 hr is shown to be caused by the superposition of normal convection and enhanced
field aligned diffusion due to an enhanced positive density gradient of approximately ~10 per
cent/AU. The enhanced gradient in the early part of the event is caused by a depletion of
cosmic ray intensity along the garden-hose direction and later in the event (T > 4 days) is
caused by an excess flux from the anti-garden-hose direction. The quict day average diurnal
anisotropy of cosmic radiation can be understood as due to an equilibrium between the
_convective and diffusive flow, resulting in a corotation vector along the 1800 hr direction.
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Abstract—It is shown that the model which has been successful in explaining the anisotropy of
low energy cosmic radiation of solar origin in terms of simple convection and field aligned diffu-
sion can also be extended to explain both the quiet and enhanced dinrnal varjation of cosmic
radiation at higher energies. The enhanced diurnal variation which shows a maximum around
~ 2000 hr is shown to be caused by the superposition of normal convection and enhanced
field aligned diffusion due to an enhanced positive density gradient of approximately ~10 per
cent/AU. The enhanced gradient in the early part of the event is caused by a depletion of
cosmic ray intensity along the garden-hose direction and later in the event (T > 4 days) is
caused by an excess flux from the anti-garden-hose direction. The quiet day average diurnal
anisotropy of cosmic radiation can be understood as due to an equilibrium between the
convective and diffusive flow, resulting in a corotation vector along the 1800 hr direction.
The observed amplitude of the annual mean diffusive vector is consistent with a positive
radial density gradient of ~4-5 per cent/AU, which agrees with other radial gradient meas-
urements. The diffusive vector during both quiet and enhanced anisotropy periods is shown
to be along the interplanetary field direction. The ratio of perpendicular to parallel diffusion
cocfficient under normal conditions is derived to be «<0-05 indicating that the transverse gra-
dients, in general, are negligible.

1, INTRODUCTION .

The diurnal anisotropy of cosmic radiation has generally been explained in terms of
azimuthal corotation (Parker, 1964; Axford, 1965), the magnitude of the corotation
itself being subject to modification by transverse diffusion and transverse gradient currents.
The experimental observation of 0+4 per cent mean diurnal amplitude along the 1800 hr di-
rection (Rao et al., 1963; McCracken and Rao, 1965; Rao, 1972) using the world wide
neutron monitor data has been considered as supporting this concept. The reduction in the
observed average amplitude from the expected full corotation vector of ~0-6 per cent has
been generally attributed to the transverse diffusion. Recently, however, Subramanian
(1971), has made a careful estimation of the various cumulative errors that should be con-
sidered, from which he concludes that the observed amplitude during most of the period is
in reasonably good agreement with the expected amplitude indicating that the transverse
diffusion, on an average basis, is negligible even at relativistic energies. Such an inference
is essentially in agreement with the solar flare particle data.

Even though the explanation of the average daily variation in terms of corotation
has been considered generally satisfactory, considerable deviations from the above average
picture (Rao and Sarabhai, 1964; Patel et al., 1968) exist, on a day to day basis. The
existence of consecutive days having abnormally large amplitudes (> 1 per cent) has been
reported by several workers (Mathews et al., 1969; Hashim and Thambyahpillai, 1969),
who have concluded that the diurnal variation onsuch days is generally caused bya depletion
of the cosmic ray intensity along the garden-hose direction. Likewise trains of days having
abnormally low amplitudes have also been observed in the data (Ananth et al., 1971).
Explanation of such abnormal amplitudes using the concept of corotation has not been
satisfactory.

In this communication we present detailed data in support of a new concept for the inter-
pretation of the diurnal variation. This concept is that the diurnal variation is completely
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explainable in terms of radial convection together with diffusion which is principally
along the magnetic field line. ‘The notion that these components might be relevant to the
diurnal variation was first mentioned by McCracken et al. (1968) as an extension of their
studies of the anisotropies of solar cosmic rays. As specific formulation for both solar
cosmic-ray events and the diurnal variation, together with a full theoretical basis, was
given by Forman and Gleeson (1970), following earlier work on solar event anisotropies
by Forman (1970). The important steps taken in this paper are the application of this
convection—diffusion concept to explain diurnal variation athigh energies and the demonstra-
tion that the diffusion component is mainly field aligned. According to this concept the
corotational diurnal vector observed, on an average basis, is merely a special case when
equilibrium exists between convection and diffusion and there is no net flow of cosmic ray
flux into or out of the solar system. On a day-to-day basis, however, the fluctuation in the
interplanetary parameters such as solar wind properties and the interplanetary field must
necessarily cause an imbalance between convection and diffusion through the introduction
of density gradients resulting in abnormal amplitudes for diurnal varijation. Brief pre-
liminary reports of observational data, at neutron monitor energies, which support this
concept were presented at the 12th International Conference on Cosmic Rays at Hobart,
in August 1971 by us (Ananth et al., 1971); Tolba .and Lindgren (1971) and Hashim e? al.
(1972) have-also reported on this topic. The concept is particularly attractive because the
same ideas have been used to explain anisotropy changes throughout solar cosmic-ray burst
events (McCracken et al., 1971) and in models which reproduce these (Ng and Gleeson,
1971).

Study of the anisotropy of low energy cosmic radiation of solar origin has clearly indicated
that convection is the most important mechanism during the decay of the flare events.
During the initial phase of the decay, the observed equilibrium anisotropy is from the sun-
ward direction (McCracken ef al., 1967, 1968; McCracken and Rao, 1970; Rao etal.,
1971) suggestive of the convective removal of these particles by the solar wind. The equi-
librium anisotropy during this period is given by the expression

-
6, =3C7 | : )

where C is the Compton-Getting factor, V, the solar plasma velocity and ¥ is the particle
velocity.

At low energles (~10 MeV), the convective anisotropy is ~10-15 per cent while at
relativistic energies, the convective anisotropy is only ~0-6 per cent. During late times
in the decay, the anisotropy of low energy solar flare particles is observed to be from 45°E
* direction (McCracken ef al., 1971;  Rao et al., 1971) which has been interpreted as due
to an equilibrium between the outward convective flow and the inward diffusion, the latter
being caused by a positive density gradient set up in the interplanetary medium by the earlier
enhanced convection. We believe that similar mechanism must also operate on galactic
particles over short periods of time when equilibrium conditions are not established.

Separating the anisotropy vector into its two components, namely the convective and
the diffusive vectors, Hashim et al. (1972) have recently shown that the diffusive vector is
aligned along the interplanetary field direction. The field aligned inward diffusion caused
by the establishment of a significant positive density gradient can result from either or
both the processes (a) through the establishment of regions of decreased density (sink)
in the garden-hose direction (b) through the establishment of regions of enhanced density
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(source) in the anti-garden-hose direction, the physical processes responsible for the two
mechanisms being possibly different. '

In this communication, we show that the enhanced diurnal variation can be simply
understood as due to a resultant between convection and enhanced field aligned diffusion
by comparing the cosmic ray diurnal variation data with the interplanetary field data.

We further show that the field aligned diffusion at early times during enhanced wave trains.

is caused by a sink in the garden-hose direction and at late times due to a source in the
anti-garden-hose direction as a result of the establishment of a strong positive density
gradient. Finally we show that even the average quiet day diurnal variation is explainable
in terms of this new concept. :

2. DATA MANIPULATION

The cosmic ray anisotropy characteristics have been determined from the data from a
number of high and middle latitude neutron monitor stations well distributed in longitude
and having narrow asymptotic cones of acceptance (See Table 1). As the Earth spins on

TaBLE 1. PARTICULARS OF NEUTRON MONITORING STATIONS WHOSE DATA HAVE BEEN
USED IN THE ANALYSIS

Geographic ' Mean asymptotic
co-ordinates co-ordinates
Latitude Longitude  Cut-off rigidity Latitude Longitude
No. Stations (Deg) Deg) (GV) (Deg) Deg)
1. Abmedabad 23:0 72:6 15:94 19 125
2. Alert 825 2977 . <005 - 77 331
" 3. Alma-Ata 432 76+9 669 25 143
4, Calgary 511 2459 1-09 28 269
5. Churchill 58-8 2659 021 40 286
6. Dallas 32:8 . 2632 © 435 25 . 316
7. Deep River 461 2825 - 1-02 27 319
8. Durham - 431 289-2 : 1-41 25 332
9. Goose Bay 533 2996 0-52 35 339
10. Hermanus —34-4 192 4:90 24 67
11. Inuvik 68-4 2263 <0-18 47 233
12. Kiel 54+3 10-1 2:29 3 63
13. Lindau 51-6 101 3-00 29 67
14. Mawson —67-6 62:9 0-22 —42 55
15. Mt. Norikura 361 137-6 11-39 26 195
16. Mt. Washington 443 288-7 1-14 25 331
17. Mt. Wellington —42-9 1472 1-89 —25 193
18. Pic-du-Midi 42-9 03 5-36 26 73
19. Sulphur Mt. 51-2 244-4 114 27 270
20. Wilkes —66'4 110:5 <0-05 —56 107

its axis, each of these monitors scan a narrow region of the celestial sky. Combining the
data from all the stations, three dimensional space time maps of cosmic ray intensity time
profile in the interplanetary medium have been constructed using the method developed
by Fenton et al. (1959), Ables et al. (1967), Mercer and Wilson (1968) and Carmichael and
Steljes (1969). Such maps define the cosmic ray flux as a function of direction at any given
time and thus provide an integrated view of the cosmic ray demography in space and
therefore are ideally suited to study the characteristics of a rapidly evolving anisotropy
and to identify the sources and sinks. During the period 1965-1969, there are about 25
such wave trains having enhanced diurnal amplitudes. For an unambiguous identification
of sinks and sources, we have selected only four of these which are not accompanied by
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large changes in the daily mean intensity. Figure 1 shows the selected abnormally high
amplitude wave trains as observed at the Deep River neutron monitoring station.

The mean intensity three days prior to the commencement of the enhanced diurnal
wave train, when not accompanied by large changes in flux, has been used for normalization
purposes. Due to the inadequate coverage of certain longitudes because of the non-
availability of neutron monitoring stations, we have been able to represent the intensity
in only eight directions in space at any time, each dircctional belt covering a width of 3 hr
in longitude. The mean of the observed amplitude in different directions have been obtained
taking care to normalize the amplitude at each station to the width and declination of its
asymptotic cone of acceptance. Three dimensional space-time diagrams are drawn for
each three hourly interval on each day.

Besides the use of three dimensional space-time intensity profile maps, the data at
various stations have also been utilised to derive the diurnal and semi-diurnal anisotropy
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: amphtudes and phases in space along with their energy spectral characteristics using the
varidtional coefficient techniques developed by Rao et al. (1963) and McCracken ef al.
(1965). The interplanetary field parameters for each of these days have also been obtained

from Pioneer 6, Explorer 33 and 35 measurements for comparison with the diurnal

anisotropy vectors. '

3. LOCATION OF SOURCES AND SINKS DURING DAYS OF
ENHANCED DIURNAL VARIATION

McCracken et al. (1966) have suggested that the corotating Forbush decreases often
observed in the low energy cosmic radiation (~10 Mev) will essentially manifest themselves
as enhanced diurnal variation at relativistic energies, the depressed intensity along the
garden-hose direction causing the diurnal maxima to occur along the anti-garden-hose
direction. The enhanced diurnal wave train which occurred during 30 December, 1965-
7 January, 1966 coincides with the corotating Forbush decrease event identified by
McCracken ef al. (1966) and we use it to test the above suggestion. Figure 2 presents
the intensity profile in different directions (1200 corresponding to sunward direction)

GARDEN HOSE HEMISPHERE ANTl GARDEN HOSE HEMISPHERE
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FIG. 2. COSMIC RAY SPACE TIME INTENSITY DIAGRAM DURING THE PERIOD 30 DECEMBER,

1965-7 JANUARY, 1966, DURING WHICH THE COSMIC RAY NEUTRON MONITORING STATIONS
RECORDED ENHANCED DIURNAL ANISOTROPY.

during 30 December, 1965-7 January, 1966 in which period enhanced diurnal amplitude
was recorded by various neutron monitors. During this period, a large depression of
intensity (~2 per cent) is observed in the garden-hose hemisphere, whereas the intensity in
the anti-garden-hose hemisphere is practically unaffected. In Fig. 3 the average intensity
for five days (2 January-6 Janunary, 1966) during which the garden-hose depression was
predominant, is plotted as a function of direction which dramatically brings out the large
depression centred around the garden-hose direction. Earlier analysis of Mathews et al.
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GARDEN-HOSE DEPRESSION WAS OBSERVED BY THE NEUTRON MONITORING STATIONS.

(1969) and of Hashim and Thambyahpillai (1969) of a few events also confirm the presence
of such an enhanced depression along the garden-hose direction causing enhanced diurnal
variation. :

In contrast to the above simple picture the long lived enhanced diurnal variation event
of 30 April-11 May, 1966 shows a complex behaviour. Figure 4 shows the evolution of
the cosmic ray flux distribution in space at various times. during 30 April-11 May, 1966.
On 29 April, 1966, prior to the commencement of the enhanced wave train, the cosmic ray
flux distribution in space was found to be practically isotropic (Fig. 4a) showing a
normal diurnal variation. During the early part of the enhanced diurnal variation event,
i.e. 1-7 May, 1966, the cosmic ray intensity in the garden-hose direction is found to be well
depressed below the normal level (Fig. 4b, 4¢). By 9 May, the cosmic ray flux along the
garden-hose direction seems to be just recovering to its normal value (Fig. 4¢). However,
the cosmic ray intensity in the anti-garden-hose direction is now found to show a large
excess above the normal intensity (Fig. 4f, 4g). Thus during the later part of the event,
i.e. 8-11 May, 1966, the enhanced diurnal amplitude seems to be caused by a source in the
anti-garden-hose direction. We note that such a behaviour is to be expected in terms of the
explanation offered by McCracken et al. (1971) and Rao et al. (1971) for the observed
easterly anisotropy late in the decay of low energy solar flare events. Using similar arguments,
we can expect during such times the enhanced convection by the high velocity solar wind
associated with the initial shock wave which causes depressed intensity along the garden-
hose-direction, to eventually establish a positive density gradient and thus a source along
the anti-garden-hose direction during the later part of such enhanced diurnal wave train
events.

We wish to emphasise that the simple harmonic analysis of the data would not have
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FIG. 4. SHOWING THE EVOLUTION OF ANISOTROPY DURING THE ENHANCED DIURNAL VARI-
ATION BVENT OF 30 Apri—-11 MAy, 1966.

Note that during the early part of the event, the cosmic ray intensity is depleted along the

garden-hose direction and during late in the event the cosmic ray flux in the garden-hose

recovers to the normal value (shown by thin circle) whereas the flux in the anti-garden-
hose direction shows a large excess.

revealed the complete physical nature of the mechanism. Both a source in the anti-garden-
hose and a sink in the garden-hose directions essentially give the same time of maxima,
i.e. around ~2000 hr. It is only through the type of analysis presented in this paper
that the existence of sources and sinks in space can be identified. In the next section, we
show that the enhanced diurnal variation whether caused by a sink in the garden-hose or a
source in the anti-garden-hose direction can be explained as a resultant of normal convection
and enhanced field aligned diffusion.

Referrmg to Fig. 4, we see that the change over from a sink in the garden-hose dn‘ectlon
to a source in the anti-garden-hose direction occurs in a period of 4-5 days suggesting that
the relaxation time of the interplanetary medium to follow the changes in the density
gradient in the entire modulating region is of the order of 4-5 days. For the normal solar
wind velocity observed during such periods, this would indicate that the dimension of the
modulating region is of the order of 2 AU thus providing an independent experimental
evidence for the location of a boundary sometimes assumed in dealing with the cosmic ray
transport.

4., CHARACTERISTICS OF ENHANCED DIURNAL VARIATION

The enhanced diurnal variation amplitude and phase on each day has been obtained for
each of these events. The diurnal variation duringsuch eventsis observed to show a maximum
at about 2000 hr during the entire period of enhanced diurnal variation in contrast with
the 1800 hr maximum observed for corotational anisotropy. Figure 5 shows the diurnal
anisotropy amplitude and the time of maximum for each day for two of the events along
with the average value of these parameters for each of the events.
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The figure includes some observations both prior and later to the actual enhanced diurnal
event. The mean phase and amplitude during the event is marked by an arrow.

The energy spectrum of variation for each of the enhanced diurnal variation events has
been calculated using the well known method given by Rao ez al. (1963). Computing the
direction of anisotropy in space as observed by different stations for different values of the

‘spectral exponent, the variance between the different values has been calculated. The spec-
tral exponent corresponding to the minimum variance represents the true spectral exponent
of the diurnal anisotropy. Figure 6 shows the plot of the variance in the diurnal time of
maximum as a function of the spectral exponent along with the number of neutron monitor-
ing stations whose data have been utilised for the spectral determination. The figure
clearly shows that the spectral exponent in each case is consistent with it being energy
independent (0 - 0-2).

The mean amplitude and phase of the semi-diurnal component during the periods of
enhanced diurnal variation generally do not exhibit any significant departure from the
average picture of the semi-diurnal component given by Rao and Agrawal (1970). We,
therefore, have neglected the semi-diurnal component from our discussion.

5. ENHANCED FIELD ALIGNED DIFFUSION DURING DAYS OF
ENHANCED DIURNAL VARIATION

In order to establish the field aligned nature of the diffusive flow due to either a sink in
the garden-hose or a source in the anti-garden-hose direction, we resolve the observed
diurnal vector into two components.

8=0,+ 8, @
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where 0, is the anisotropy vector due to convective flow, and 8, is the anisotropy vector due
to diffusive flow. The amplitude of J, is a 0-6 per cent when determined according to
Equation (1) with a solar wind speed s 400 km/sec and C = 1-5, which is appropriate to
the mean energy of response (~ 8 GeV). The space anisotropy amplitude obtained from
neutron monitor observations, using the correction factors for the geomagnetic bending
and width of the asymptotic cones of acceptances as given in IQSY manual (McCracken
et al., 1965) is ~ 04 per cent. When this is corrected for the changes in C with energy, the
upper cut off rigidity and the detector response (Subramanian, 1971), the free space ampli-
tude would be ~ 0+6 per cent. In all our treatment however, we shall deal only with the
uncorrected space amplitude of 0-4 per cent, since the correction as suggested by Subramanian
will only increase the true amplitude by a constant factor and will not change any of our
conclusions. Using a value of 04 per cent in the 1200 hr direction for the convective
vector, the magnitude and direction of the diffusive vector d, for each day for each of.the
four events has been calculated. Similarly the magnitude and the direction of the inter-
planetary field vector for each day has also been calculated from the direct spacecraft
observations (Pioneer 6, Explorer 33 or Explorer 35). In Fig. 7, the diffusive flow vectors
for each day is plotted end to end separately for each of the four events along with the
interplanetary field vector to demonstrate the field aligned nature of the diffusive flow
even on a day to day basis.

The mean diffusive vector and the corresponding mean interplanetary field vector are
plotted for each of the four events in Fig. 8 (see also Table 2). Both Figs. 7 and 8 clearly
demonstrate that the enhanced diurnal variation is caused by a superposition of the enhanced
field aligned diffusion over the normal convective flow.

6. QUIET DAY DIURNAL VARIATION
In this section we extend the analysis of the role of convection and diffusion to the
quiet day diurnal variation to show that the present concept of diurnal variation being due
to convection and parallel diffusion applies most of the time. For this purpose, we have
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FIG. 7. SHOWING THE COSMIC RAY ANISOTROPY DIFFUSION VECTOR FOR EACH DAY PLOTTED
END TO END FOR EACH OF THE FOUR ENHANCED DIURNAL VARIATION EVENTS.
The interplanctary magnetic field vector for each day is also plotted alongside the diffu-
sive vector for each day. Note the good agreement between the field azimuth and the direc-
tion of the diffusive vector confirming the field aligned nature of the diffusive vector.
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FIELD VECTOR DURING THE EVENTS EXHIBITING ENHANCED DIURNAL VARIATION,
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TABLE 2, MEAN DIURNAL ANISOTROPY VECTOR, MEAN DIFFUSIVE VECTOR AND THE MEAN INTERPLANETARY
MAGNETIC FIELD VECTOR DURING THE SELECTED ENHANCED DIURNAL VARIATION EVENTS

Mean djurnal anisotropy Mean diffusion -

Mean magnetic

vector vector field vector Phase diff.
' amp phase amp - phase amp  phase = ¢q — ¢p
No. Events (%) d(Deg) (%) daeg) () JpDeg) (Dep)
1. 31 Dec— 7Jan. 1966 1:02 4012 298 £ 5 126 314 3-0 314 0k£5
2. 30 Apr-11 May 1966 091 £ 008 301 + 6 117 318 51 315 346
3. 1 Feb—~ 8 Feb. 1967 110 £0-10 289 47 - 129 306 4-9 308 —247
4. 6 Apr—15 Apr. 1967 0-92 - 0:07 299 +4 117 316 2-8 322 —6 44

(Derived using correction factors given in IQSY manual)

utilised the neutron monitor data for the entire period of January 1967-December, 1968,
for which the interplanetary field data is available. We have utilised the data on all days
excepting the days of Forbush decrease onset when large intensity gradients are observed.
“The average diurnal variation parameters for each of the 27 day solar rotation periods,
and the average interplanetary field parameters for each of these rotations have been calcu-
lated separately. Table 3 lists the parameters along with the average diffusion vectors
derived from the cosmic ray diurnal vectors using Equation (2) and the computed difference

TABLE 3. THE 27 DAY AVERAGE COSMIC RAY DIURNAL VECTOR, COSMIC RAY DIFFUSIVE VECTOR (SEE-TEXT) AND
INTERPLANETARY FIELD VECTOR FOR DIFFERENT SOLAR ROTATIONS DURING 1967-1968. THE COMPUTED PHASE
DIFFERENCE BETWEEN THE DIFFUSIVE VECTOR AND THE FIELD VECTOR IS ALSO LISTED

Mean diurnal

Mean diffusion*

Mean magnetic

Solar No. of anisotropy vector vector field vector Phase diff.
rotation  days amp hase  amp phase am phase ¢z — ¢y
No. no. used (%) ¢ Deg) (%) ¢da@er) () Pz (Deg)  (Dep)
1. 1826 15 043 4+£006 25547 051 305 32 306 —147
2. 1827 20 0634002 270+5 074 303 39 308 —5+5
3. 1828 19 030 005 27945 054 326 3-5 307 1945
4. 1829 16 081 £ 007 28846 100 310 29 321 —1146
5. 1830 10 0-51 £ 007 26345 061 304 32 324 —20+5
6. 1833 13 020 L 006 26648 045 333 33 325 8§48
7. 1834 16 0-20 £ 0-03 239 410 0-34 330 35 321 9410
8. 1835 21 0454007 254+9 051 303 37 308 ~5+9
9. 1836 19 034 4002 274+5 054 321 37 312 9+5
10. 1837 16 026 006 313 +4 060 342 36 312 30+ 4
11. 1838 24 039 4004 2704+2 056 315 42 311 442
12. 1939 20 0-52 £ 007 263 410 062 303 41 301 2410
13. 1840 17 033 £ 005 274 4+10 0-53 322 37 312 10 4- 10
14. 1841 13 042 £ 006 26745 056 312 4:2 309 345
15. 1842 19 0-52 £ 009 268 410 065 306 35 314 —8 4 10
16. 1843 22 0-64 +-0-05 28146 082 310 36 316 —6+6
17. 1844 21 049 £0-05 272 +£8 064 311 3-8 320 —9+38
18. 1845 19 035 4+002 26448 050 317 33 313 448
19. 1846 16 040 - 006 235410 036 299 3-1 312 —~13 + 10
20. 1847 17 0364002 278 4+9 057 322 34 313 949
21. 1848 16 047 £0-05 26744 060 309 4-0 304 5+4
22. 1849 18 030 £ 007 268 +£11 049 322 3-0 318 4+ 11
23. 1850 18 0-46 +-0-05 28016 066 317 39 312 546
24, 1851 13 0424004 29446 069 326 41 321 546
25. 1852 23 033 £ 003 2504-11 042 313 3-6 311 2+1

(Derived using correction factors given IQSY manual)
* The errors in the mean diffusive vector are of the same order as the errors in mean anisotropy vector.
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between the diffusive vector and the field vector. Figure 9 shows the histogram of the
phase difference between the average diffusive vector and the average interplanetary figlq
vector. Both Table 3 and Fig. 9 show that in nearly 80 per cent of the cases, the Pphase
difference between the diffusive vector and interplanetary field vector even on a 27 day avey.
" age basis is < 10°, which is of the same order as the standard error of the observationg
thus indicating that the average quiet day diffusive vector s also field aligned. _

The diffusive vector can be resolved into two components, one parallel to B vectoy
and another perpendicular to it, the amplitude of the perpendicular component being 5
measure of the non-field aligned component. From Fig. 10 which shows the plot of the
parallel and perpendicular components of the average diffusive vectors for different solar
- rotations, it is evident that the parallel component corresponding to the field aligned
component dominates and the perpendicular component is usually less than a tenth of the
parallel component.

The annual mean diurnal anisotropy has an amplitude of ~s0-35 per cent and a direc.
tion of maximum around 1800 hr (Rao, 1972) during the period 1964-1970. The annuya]
mean diffusive vector for each year during this period has been calculated using Equation (2).
The yearly average interplanetary field direction has been derived from the observed yearly
average solar wind velocity (Gosling et al., 1971) and assuming Archimedean spiral
structure for the field. Comparison of the field azimuths for the period 1967-1968 computed
from solar wind observations with actual interplanetary magnetic field observations show
that these agree within 2-3°. Table 4 lists the yearly average diurnal variation parameters
and the deduced interplanetary field parameters along with the computed phase difference
between the yearly average diffusive vector and the corresponding field vector. The
average diffusive vectors calculated for each year during 1964-1970 is also plotted in Fig.
10 along with the mean diffusive vector for the entire period 1964-1970.

The yearly mean diffusive vector for the entire period has an amplitude of 0-53 4- 0-01
per cent and makes an angle of 3 & 2° with the interplanetary field vector, the phase
difference being of the same order as the observational error. In other words, the figure
clearly indicates that within the observational errors, the yearly average diurnal variation
is also completely explainable in terms of summation of a normal convective vector and a
field aligned diffusive vector. Except during 1965 when the diffusive vector makes an angle
of 11%, the diffusive vector during other years is practically aligned with the field direction.
In addition to the average picture, we have also examined, in great detail, the diurnal
variation on a day-to-day basis and we observe that during 19671968, on more than
~ 60 per cent of the days, the diffusive vector is essentially field aligned and &, is neglig-
ible even on a day-to-day basis. The detailed results of the analysis on a day-to-day basis
will be published later,

7. DISCUSSION AND CONCLUSIONS

We now examine whether an unified model can be proposed to explain the diurnal
variation, both quietand enhanced as well as anisotropy of low energy solar flare cosmicradia-
tion. Figure 11 depicts such a model. Referring to Fig. 11 (a), we observe that at early
times in a flare event, the diffusive current driven by a negative cosmic ray density gradient
due to solar produced particles dominates over the small convective vector resulting in a pre-
dominantly field aligned anisotropic flux. During late times the solar cosmic ray flow is
in equilibrium and is consistent with it being simply convected out by the solar wind. At
very late times, the positive density gradient created by the earlier convection provides a
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The two components of the annual mean diffusive vector for the entire period during

1964-1970 are also shown in the figure.
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TABLE 4. SHOWING THE PHASE DIFFERENCE BETWEEN THE YEARLY COSMIC RAY DIFFUSIVE VECTOR AND THE

MEAN FIELD VECTOR. THE FIELD AZIMUTH HAS BEEN CALCULATED FROM SOLAR WIND VELOCITY ASSUMING

ARCHIMEDEAN SPIRAL CONFIGURATION. THE COSMIC RAY DIFFUSIVE VECTOR IS COMPUTED FROM THE OB~
. SERVED AVERAGE DIURNAL VECTOR USING EQUATION- (2)

© ".Mean diurnal anisotropy . Mean diffusion.  Mean solar Mean magnetic Phase
vector h vector wind velocity field direction  diff.
amp phase . amp phase . s — ¢y
Year (%) ¢ (Deg) (%) $a(ep)  (kmfsec) ¢y (Deg) (Deg)
1964 0-35 4- 0-03 27243 0-53 321 431 317 443
1965 0-28 - 0-02 270 & 4 0-49 326 407 - 315 11 +4
1966 0-36 4= 0-02 271 43 0-53 319 413 316 343
1967 0:35 £ 0-01 27245 053 321 394 315 6+5
1968 0-37 4 0-01 270 + 3 0-54 318 453 . 318 043
1969 0-36 - 0-01 270 4 2 0-54° 318 422 317 . 142
1970 0-37 -+ 002 271 £ 2 0-55 319 - 390 314 542
Mean 0-35 4 0-01 271 &2 0-53 320 418 317 342
(1964~
1970)
(a) ~ (b)
SOLAR COSMIC RAYS" GALACTIC COSMIC RAYS
CASE | CASE |
NON EQUIL E+w AVG EQUIL E-_—.T—W
TO SUN ' TO SUN
§ 7z
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FI1G. 11. A UNIFIED MODEL FOR EXPLAINING THE ANISOTROPY OF LOW ENERGY COSMIC RAY FLARE
PARTICLES AND ALSO THE DIURNAL ANISOTROPY OF HIGH ENERGY PARTICLES IN TERMS OF SIMPLE
CONVECTION AND FIELD ALIGNED DIFFUSION (SEE TEXT FOR EXPLANATION).
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diffusive current which when superposed upon the convective vector results in an easterly
‘anisotropy. The model embodying the extension of the sameé ideas to the galactic anisotropy
i depicted in Fig. 11(b). Under equilibrium condition, when there is no net flow of cosmic
radiation either into or from the solar system, the radial convection current S, = CUV is
exactly balanced by the radial component of inward diffusion ky (9U[or) resulting in an
average observed corotation anisotropy of as 04 per cent along 1800 hr direction. On a
day-to-day basis, the diffusion vector need not exactly balance the convective vector. In the
case when the diffusion vector is smaller, the resulting observed anisotropy would show a
maximum earlier than 1800 hr and in the case of enhanced diurnal variation when the
diffusive vector is very much greater than the convective vector, the time of maximum of
the resulting diurnal variation will shift towards ~ 2100 hr, the mean direction of the inter-
planetary magnetic field. The diffusive vector, in all cases, is aligned parallel or anti-
parallel to the magnetic field.
The diffusion current (Gleeson, 1969; Forman and Gleeson, 1970) can be written

o=t (57), +4 (5), @

and since the average co-rotational anisotropy is obtained assuming the radial current
S, = 0 and k, to be negligible we may use this together with '

8y = 3S,/VU 4

and the observed free space anisotropy to calculate first the density gradient along the
magnetic field (1/U) | (9U/or);| and from this the radial gradient

1 (au)
or Il

U
with p the angle between the magnetic field and the radial direction.

The magnetic power spectra of Jokipii and Coleman (1968) and Bercovitch (1971a)
indicate that at neutron monitor energies &y ~ 5 X 10% p # cm? sec (p = rigidity, f =
V]c) and, from the observed mean diffusive anisotropy of 0-53 - 0-01 per cent the corre-
sponding free space anisotropy is ~ 0-8 per cent. These values lead to a radial gradient
~4-5 per cent AU which is in good agreement with those from many other independent
observations and summarised by Bercovitch (1971b). During the period of enhanced diurnal
variation the observed average diffusive vector (Table 2) is seen to be about 12 - 0-1 per
cent which corresponds to an enhanced positive radial density gradient of ~10 per cent/
A.U. These gradients are sensitive to the value assumed for the diffusion coefficient.

From Figs. 9 and 10, we observe that the mean diffusive vectors obtained on 27 day and
annual average basis are essentially field aligned, the phase difference between the diffusive
vector and the field vector being, on an average, 3° -4~ 2°. This indicates that on an average,
theratiok, [k < 0-05 (from Equation 3) which is consistent with the low energy observations.

It must be emphasised that even though k, is negligible on an average basis, there are
occasions when it can be significant and which might result in a partial or complete cancel-
lation of the diurnal anisotropy. Figure 12 shows some representative examples of trains
of days when the observed diurnal variation at Deep River was negligible over a period of
days. We have examined the average diurnal as well as the diffusive vectors for two such
- events which occurred on 27 August-1 September, 1967 and 27 July-1 August, 1968 for

/ cos %)
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FiG. 12. TYPICAL EXAMPLES SHOWING THE COSMIC RAY INTENSITY AT DEEP RIVER DURING
ABNORMALLY LOW DIURNAL AMPLITUDE DAYS.

which concurrent magnetic field data are available. For both these events, we find that the
average diurnal amplitude is about 0-15 per cent and the phase difference between the
average diffusive vector and the field vector is ~ 25° 4 8° indicating that for such periods
kylky ~ 0-5 4- 0-2, which exceeds greatly the normal value of ~ 0-05 observed during
other days. Similarly the slight reduction in the observed average amplitude of diurnal
variation in 1965 can be attributed (Fig. 11) to the increased value of &k, k, [k for 1965
being about 0:19 4= 0-04 almost a factor of three greater than the values observed during
other periods.

From the data presented earlier and the discussion, we draw the following conclusions:

(1) The diurnal variation during both quiet and disturbed periods can be understood in
terms of convection and field aligned diffusion. On an average basis, the net radial con-
vection current is zero, i.e. the convection and diffusion vectors balance each other resulting
in corotational anisotropy. On a day-to-day basis, the two vectors do not balance each
other resulting in varying amplitudes and times of maxima for the observed diurnal
anisotropy. The proposed mechanism can also explain the observed anisotropies of low
energy cosmic ray flux during solar flare events. In other words, the changes in the diurnal
anisotropy of cosmic radiation is explainable in terms of redistribution of cosmic ray flux
following transient changes in the interplanetary medium.

(2) The diffusion vector, at most times is field aligned.

(3) On an annual or 27 day average basis, the phase difference between the diffusion
vector and the interplanetary field vector is & 3° 4- 2° which indicates that the ratio of
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the perpendicular diffusion coefficient to parallel diffusion coefficient is < 0-05. "In other
words, the transverse gradients, on an average basis, are negligible.

(4) The quiet day diffusion vector has an amplitude of 053 4= 0-01 per cent on an average
pasis, which corresponds to a positive radial density gradient of ~s4-5 per cent/AU.

(5) The spectral characteristics and observed time of maxima during periods of enhanced
diurnal variation are consistent with their being caused by a superposition of convective
flow with enhanced field aligned diffusive flow. '

(6) During the early part of the enhanced diurnal wave train, the abnormal variation is
caused by a depletion (sink) of cosmic ray particle population from the garden-hose direc-
tion. At late times, the earlier enhanced convection eventually sets up a source along the
anti-garden-hose direction. Thus during the later part of the enhanced diurnal wave train,
the abnormal variation is caused by a source along the anti-garden-hose direction. In both
cases, the density gradient is positive.

(7) The change over from garden-hose sink to anti-garden-hose source requires about
4-5 days which represents a relaxation time of the modulation region having a dimension

of about 2-3 AU.
(8) The enhanced field aligned diffusion vector during periods of enhanced diurnal
variation causes the observed time of maximum of the resultant diurnal anisotropy to shift

to later hours (around 2000 hr).
(9) The enhanced diffusion vector, on an average basis, has an amplitude of 1-2 4 0-1 per
cent which corresponds to an enhanced positive radial density gradient of ~+10 per cent/AU.
(10) Even though the ratio k, /ky is, on an average, negligible, there are days on which
it could be significant which causes a drastic reduction in the diurnal variation. The small
reduction in the average diurnal amplitude in 1965 can be attributed to-an increase in the
ratio of k, [k by a factor of ~3 as compared to other periods.
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Characteristics of Cosmic Ray Diurnal Variation from Deep River Neutron
and Meson Data and Temperature Effects
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From an extensive analysis of Deep River meson data for over 5 years, new temperature coefficients have
been derived for correcting the meson data. It is shown that meson data corrected using new coefficients yield
values of diurnal and semidiurnal anisotropy consistent with those obtained from neutron monitors. Using
the temperature-corrected meson and neutron data, the upper cutoff rigidity beyond which the diurnal
variation ceases is shown to vary with solar cycle showing a minimum of about 35 GV during the Quiet Solar
Year of 1965, and a maximum of ~ 125 GV during 1968-1969.

Une analyse approfondie des données sur les mesons recueillies 2 Deep River durant plus de 5ansa permis
de déterminer de nouveaux coefficients de variation en fonction de Ia température. On montre qu’en corrigeant
les données sur les mesons avec ces coefficients, on obtient des valeurs de I’anisotropie diurne et semi-diurne
compatibles avec celles que fournissent les moniteurs de neutrons. En utilisant les données sur les mesons,
corrigées pour la température, et les données sur les neutrons, on établit que la rigidité de coupure au-deld
de laquelle la variation diurne disparait yarie avec le cycle solaire. Elle a présenté un minimum d’environ 35 GV
durant 'année solaire calme de 1965 et un maximum de 125 GV durant 1968-1969.

Canadian Journal of Physics, 50, 1323 (1972)

-1. Introduction

Study of data from the worldwide network
of neutron monitoring stations has clearly
demonstrated that the properties of the average
diurnal variation of cosmic ray intensity is in
good agreement with the Parker—Axford theory
of partial corotation, while the average semi-
diurnal variation with a positive spectral ex-
ponent can be explained in terms of latitudinal

gradients. The experimental observations over -

the period 1957-1970 have further indicated
that both the mean diurnal (McCracken and
Rao 1965; Rao 1972) and the semidiurnal (Rao
and Agrawal 1970) anisotropies are practically
time invariant contradicting the earlier results
obtained using meson monitor data alone, which
clearly showed a 22 year cycle of activity in the
time .of maximum of the diurnal variation
(Thambyahpillai and Elliot 1953; Sarabhai et al.
1955). The recent analysis of Duggal et al. (1970)
using both neutron and temperature-corrected

“meson data reveals -the presence of a small

component with a 22 year periodicity super-
imposed upon the normal corotation vector,
which if confirmed must show a significant

" energy dependence, having a larger contribution

at higher energies detected by meson monitors

1Revision received December 28, 1971.

(E~ 30 GeV) and practically negligible con-
tribution at lower particle energies to which
neutron monitors (E ~ 10 GeV) mainly respond.
However, any uncertainty in correcting the
meson intensity for atmospheric temperature
variations makes the deductions derived from
meson data unreliable. Besides, due to the large
differences in the mean energy responses of
meson and neutron monitors, use of high
counting rate meson data would be valuable for -
estimating the energy spectrum of variation,
and therefore a proper understanding of the
temperature effects of meson intensity recorded
at ground is very important.

In spite of the availability of a large number
of both experimental and theoretical (Dorman
1957; Bercovitch 1966; Wada 1960; Olbert 1954)
studies of the effect of atmospheric temperature
on meson intensity, practical application of
these methods to daily variation has been
greatly handicapped due to the nonavailability
of adequate radiosonde observations (which are
seldom conducted more than twice a day) and
the large radiation errors associated with these
observations. Since the meteorological observa-
tions clearly show that the diurnal temperature
variation becomes relatively insignificant at
altitudes above 2--3 km and the temperature
variation below this altitude, at least on an
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Fic. 1. Histogram of the occurrence of (a) the ratio R
between meson and neutron diurnal amplitude and (b) the
phase difference between the two for Deep River for each
year during 1965-1969. Dashed line shows theoretically
expected values for an assumed upper cutoff rigidity of
100 GV (Mori 1968a, b), while arrows indicate the mean
values for each year.’

average, is well related to the ground tem-
perature, many authors (Rao and Sarabhai
1961 ; Bercovitch 1966) have suggested the use
of ground temperature observations to correct
the diurnal variation of meson intensity.
Meson data corrected for temperature using
the temperature correction factors derived by
Bercovitch (see Table 3) have been used by
many authors to cast doubt on the 18 h average
corotational anisotropy, and to advocate the
hypothesis of a two way energy dependent
diurnal anisotropy (Kodama and Nagashima

1968 ; Kitamura 1968). We wish to point out,
however, that the temperature coefficients ob-.
tained by Bercovitch (1966) were for wide
aperture muon telescope and hence may not be
applicable to the standard MT-64 cubical tele-
scope whose data have been used extensively
for time variation investigations. In view of the
fact that the diurnal anisotropy derived from
neutron data shows time invariance during
1957-1970 (Rao 1972), we believe that it is very
important to derive the appropriate temperature
coefficients applicable to the standard MT-64
cubical meson telescope. For this purpose we
have used the published data (Steljes 1970) on
diurnal anisotropy, derived from pressure-
corrected neutron and meson data (both
temperature uncorrected and corrected using
coefficients given by Bercovitch). The entire
data, excepting Forbush decrease days, have
been utilized and essentially the method of
analysis suggested by Bercovitch (1966) has
been adopted for evaluating the temperature
effect on mesons. :

2. Examination of the Temperature Coefficient
Presently Used

In Fig. 1 are shown the histograms of the
frequency of occurrence of the distribution of
the ratio R of the diurnal amplitude of meson
to neutron (o,/o,) and the phase difference ¢
between the two (t,, — 7,) for each day during
the period 1965-1969, computed from the
temperature-corrected meson data published
by Steljes (1970). The theoretically expected
ratio and the phase difference, using Mori’s
(1968a, b) calculations for an upper cutoff
rigidity = 100 GV are also shown in the same
figure. In spite of the wide distribution due to
the inherent large statistical errors on a day-to-
day basis, the figure clearly demonstrates that
on more than 70%, of the days the ratio R > 0.50,
which is different from the corresponding values
obtained by Bercovitch (1966) for the period
1962-1964.

Following Bercovitch (1966) we evaluate the
temperature coefficients applicable to MT-64
cubical meson data using the vector equation
given below which connects the diurnal vec-
tor M for temperature-uncorrected (pressure-
corrected) mesons and the diurnal vector N for
pressure-corrected neutrons.
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TapLe 1. Temperature correction factors for Deep River mesons in 1965-69

Atmospheric Ground temperature
vector (A4) vector (T)

¢ Amplitude Phase Amplitude Phase

Year R (deg) (%) (deg) (°F) (deg)
1965 0.550 21.2 0.119 108 7.39 231
1966 0.605 8.4 0.085 85 7.27 226
1967 0.596 5.6 0.082 86 7.50 229
1968 0.575 6.3 0.063 122 7.69 230
1969 0.536 -2.2 0.026 88 7.33 232
1965-69 0.582 7.0 0.075 95 7.43 230

M (0, T) = R X N(otp, T, + ) + 4

Resolving the vectors into orthogonal com-
ponents along 00 and 06 h directions, we can
write

Mo =R cos ¢ x Nyo— R sin ¢ x Nog + Aoo
Mys =R cos ¢ x Nog + Rsin ¢ x Noo + Aos
(3] A=CT (7 +0)

where T, P, A are the vectors representing the
observed ground temperature, pressure, and
atmospheric diurnal vectors respectively, and
o and T are their amplitudes and phases. R is the
ratio between meson and neutron diurnal am-

(1]

(2]

o8
.@ N
N T /
_Tm
Q@k\
o
%

M (e Tm) = RN 6 STy $) +4 (T
12
FIG. 2. Showing the relationship between different vec-
tors representing neutron, meson, and atmospheric diurnal
variation (see text for explanation).

plitudes (o,/0.,) due to the anisotropy in space
and 0 is the phase lag between T and A. The
relationship between the various vectors is
defined in Fig. 2.

Using the published values of M and N
vectors (Steljes 1970) the values of R and ¢
have been computed for each year using the
least-squares fit method to the vector eq. 2 for
the period 1965-1969 (Table 1). In these cal-
culations, we have restricted our analysis to
days on which the diurnal amplitude of neutrons
at Deep River is 0.1% <o, <0.7%:. The low
amplitude days have been neglected to avoid
uncertainties due to statistical errors. Abnor-
mally high amplitude days have been likewise
neglected, as on such days the diurnal variation
is likely to be caused by mechanisms other than
corotation and the energy spectrum on such
days may not be energy independent. It is clear
from Table 1 that the ratio R in each year is
greater than 0.5, the best-fit value for the entire
period being 0.58 + 0.04, with the phase differ-
ence between mesons and neutrons (¢) being
0.54+0.1 h.

For ¢ =0, eq. 2 represents two straight lines
each having a slope equal to R, and intercepts
equal to Ay, and Ags. Grouping the entire data,
according to neutron diurnal amplitude «,, in
intervals of 0.1%, the mean of the resolved
components Mgg, My, and Ny, Ny for each
group for the year 1965-1969 have been cal-
culated. Figure 3 shows the slope and intercept
of the best-fit lines through the observational
points. The slope of the best-fit line Mo/Nyo
would be slightly reduced if appropriate weight
to the statistical significance of individual ob-
servational points were to be considered. Never-
theless, we observe that the slope of the
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FiG. 3. The components of N resolved in 00 and 06 h axis are plotted against the corresponding components of M for
Deep River for 1965-1969. The intercept on the M axis gives the component of mean atmospheric diurnal vector.

appropriately weighted best-fit lines through
the observational points yields 4y~ 0 and
Age = 0.06 + 0.01%,.

From all the observations cited above it is
clear that the ratio of diurnal amplitude of
meson to neutron is =0.58 +0.04 and the
phase difference between meson and neutron
is 0.5+ 0.1 h during the period 1965-1969 and
the temperature corrections obtained by Ber-
covitch (1966) for wide angle meson telescopes
are not applicable to the standard MT-64
cubical meson telescope.

3. Evaluation of the Temperature Coefficient

A first-order estimate of the temperature effect
on meson data can be easily derived using only
days on which neutron monitors show negligible
diurnal amplitude (o, < 0.1%). For such days,
the observed variation of uncorrected meson
data (M) will be mainly due to the atmospheric
temperature effects (T), since the meson diurnal
amplitude for such days is expected to be
<0.05%. During the 5 year period under study,
63 such days were present for which a tempera-
ture coefficient of —0.009%/°F has been ob-
tained. If appropriate corrections for the small

cosmic ray diurnal amplitude is also made, the
average effective temperature coefficient for this
period is found to be C,= —0.010%;/°F with
f=3.2h.

Part of the year-to-year variations could be
attributed to the change in the upper cutoff
rigidity. In order to obtain a reliable estimate
of the temperature effect we have examined the
meson data on a day-to-day basis. We have
divided the data for the entire period into five
groups based on the diurnal amplitude of
temperature. Table 2 gives the results obtained
employing the least-squares fit criteria on in-
dividual daily values to eq. 2 with the data
grouped according to the diurnal amplitude of

- ground temperature o, in the intervals of 3.6 °F.

The mean values of &, and 7, for each of the
groups are also given in Table 2. It is seen from
the table that with the increase in the value of
a,, the contribution due to temperature effect
(4) also increases linearly as expected. It is
further seen that the value of R for each group
is >0.5. The best-fit values have also been
determined using eq. 2 for the entire period
excluding days of group 1. Group 1 days have
been excluded from this particular analysis since
we believe that the systematic and random
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TABLE 2. Variation of temperature correction vectors with the change in ground temperature variation

Atmospheric Ground temperature
vector (4) vector (T)
Number

Temperature of days ¢ Amplitude Phase Amplitude Phase
groups (1965-69) R (deg) %) (deg) VA (deg)

1 324 0.592 8 0.045 130 1.56 229

2 439 0.614 9 0.071 89 5.06 231

3 367 0.547 5 0.073 93 8.77 231

4 255 0.577 6 0.103 86 12.50° 228

5 135 0.623 -2 0.126 78 16.08 227

Groups 2-5 1196 0.580 7 0.085 90 9.03 229

NotEe: Mean value C, (4/T) = —0.0095 + 0.0005%;/°F.

errors due to other factors could become qitite
significant compared with the small amplitude
of diurnal temperature vectors on these days.
The temperature effect obtained from the best-fit
value for all days can be represented by

[4] A= —0.0095T (e, 7, + 2.6 h)

where C, = —0.0095%/°F and 0 = 2.6 h.

It may be noted, however, that if we also
include group 1 days, an alternative best fit can
be obtained which is given by

(5] A=dA,—0.0072T (s, 7, + 1.0 h)

where A, is a vector of amplitude 0.0377 in a
direction 7 = 0930 h. A, is essentially a constant
and is independent of temperature, with its
magnitude sensitive to the value of ¢ used. The
above results are found to be essentially true
even when the data is divided into a larger
number of groups.

The physical significance of A, in eq. 5 is
not immediately apparent. Further, for reasons
given earlier, we believe that the group 1 days
on which the temperature variation is very small
should be excluded from the analysis and hence
we believe that eq. 4 truly represents the tem-
perature effect of mesons. Even though the
choice of the equation may matter on the
individual days, we wish to emphasize that the
results on an average basis derived in this
paper will not be altered if we were to use
eq. 5 instead of eq. 4.

The value of ¢ =0.5h obtained from the
least-squares fit method using data on individual
days also agrees very well with the expected
value derived assuming that the mean cosmic
ray diurnal anisotropy is independent of rigidity
up to an upper cutoff rigidity ~50 to 100 GV.

Further confirmation of the correctness of
the derived temperature coefficients can be ob-
tained by comparing the temperature-corrected
diurnal vector from mesons (M. ) with the
diurnal vector obtained from neutrons on a
day-to-day basis. We have calculated the vector
variance o? representing the difference between
these two for different combinations of values
for R ranging from 0.46 to 0.70, ¢ from O to 1 h,
C, from —0.006 to —0.013,and 6 from 1to 3 h,
using the equations

[6a] A;=M_.— RN (o, 1, + @)
where
[65] M, =M, 1,)— A
and the variance ¢? is given by
6 LY

N & A

For the period 1965-1969, we observe that the
values of R, C,, 0, and ¢ as derived by us
(Table 3) gives the minimum variance showing
that the temperature coefficients derived by us
are reliable even on a day-to-day basis.

We wish to point out, however, that there
also exist other combinations of R, C,, 0, and ¢
for which the variance is not significantly higher
than that obtained for the combinations men-
tioned above. In other words, the temperature
coefficients obtained by us, though not unique,
are in our opinion still the best choice among
the different possible alternatives. '

Figure 4 illustrates the good agreement
between the meson anisotropy vector obtained
after correcting with the temperature coefficient
(as given in eq. 4) obtained from ground tem-
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TasLE 3. Comparison of temperature coefficients used earlier with the present results

Total
temperature coefficient

¢ o
Year R (h) (%/°F) 0 (h)
196264 (Bercovitch 1966) 0.473 0 —0.0061 + 0.0004 1.94+0.3
1965-69 (present results) 0.580 0.5 —0.0095 £+ 0.0005 2.6+0.2
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FiG. 4. [Illustrates the good agreement between the expected meson vector (M %) using neutron data and the temperature-
corrected meson vector (M,) using new temperature coefficients for different temperature groups as well as for all the

days during 1965-1969.

perature data and the neutron anisotropy vector. ~ vectors respectively. M X is the expected meson
N, M, and M, represent the neutron, un- diurnal vector calculated from the neutron
corrected meson, and corrected meson diurnal  vectors using the best-fit values of R = 0.58 and
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upper cutoff rigidity. The observed ratio obtained using
temperature-corrected and uncorrected mesons are also
shown in the figure.

¢ = 0.5 h, which in other words represent the
expected diurnal vector for corrected mesons
to yield the value of diurnal anisotropy con-
sistent with neutron observations. The good
agreement between M and M clearly indicates
the appropriateness of the temperature coeffi-
cient derived from ground temperature data.
Table 3 summarizes the temperature correction
factors derived in the present investigation.

4. Energy Spectrum of Average Daily Variation
Using Meson and Neutron Data

The ratio of the amplitude of diurnal variation
of mesons to neutrons (otfor,) at Deep River
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has been calculated for different values of the
energy spectral exponent B, assuming an upper
cutoff rigidity of 100 GV. Figure 5 shows the
theoretically expected ratio plotted as a function
of B, and the observed ratio for 1965-1969
obtained using the uncorrected meson data,
temperature-corrected meson data using the
temperature coefficient given by Bercovitch, and
the temperature-corrected data using the tem-
perature coefficient derived in this paper. The
figure clearly indicates that the ratio obtained
using meson data corrected with our tempera-
ture coefficient gives the best values for the
spectral exponent (ff = —0.14 + 0.07) consistent
with the spectral exponent derived for the
average diurnal variation using neutron monitor
data alone. Similarly the energy spectrum of
semidiurnal variation obtained using neutron
and meson data corrected using our temperature
correction yields a value 0.8 4 0.2, for the spec-
tral exponent which again is consistent with the
results of Rao and Agrawal (1970), thus pro-
viding additional evidence for the correctness
of the temperature coefficient derived in this

paper.

5. Change in Upper Cutoff Rigidity from
Year to Year

Since meson monitors respond to much
higher particle energies, meson data can be
very useful in deriving the upper cutoff rigidity
beyond which the diurnal variation is ineffec-
tive, provided an appropriate temperature cor-
rection is applied to the data. From Table 1 it
is clear that the amplitude of the calculated

atmospheric temperature correction vector (4)

TaBLE 4. Comparison of mean diurnal variation observed by mesons (corrected with appropriate

temperature coefficient) with the

mean variation observed by neutrons

Diurnal variation

Mesons
Neutrons (temperature-corrected)
[

Amplitude Phase Amplitude Phase ¢
Year (VA (dep) VA (deg) R (deg)
1965 0.226 +0.021 222 0.113+0.016 222 0.50 0
1966 0.291 +0.022 228 0.179 +0.016 229 0.61 +1
1967 0.260 4 0.027 224 0.153 4 0.020 232 0.59 +8
1968 0.307 +£0.022 229 0.209 +0.015 235 0.68 +6
1969 0.294 4+ 0.020 225 0.194 4-0.014 234 0.66 +9
M 0.276 £ 0.010 226 0.166 + 0.007 232 0.60 +6

ean
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Fic. 7. Showing the solar cycle variation of the (a)
ratio R and (b) the upper cutoff rigidity during 1965-1969.
The meson data used have been corrected with newly
derived coefficients.

is different from year to year, even though the
mean diurnal amplitude of temperature (o)
itself does not show significant variation. The
variation of A4 is quite systematic, being maxi-

CANADIAN JOURNAL OF PHYSICS. VOL. 50, 1972

mum in 1965 and then progressively decreasing
with solar activity and reaching a minimum in
1968-1969.

Applying the new temperature correction

~ factor obtained from using ground-based tem-

perature data to the uncorrected meson inten-
sity, the temperature-corrected meson diurnal
vector has been derived for each year. Table 4
lists the neutron and temperature-corrected
meson diurnal vectors as well as the calculated
ratio R and phase difference ¢ between the
diurnal vectors obtained from mesons and
neutrons for each year during 1965-1969. The
values of R show a progressive increase with
solar activity, the minimum coinciding with the
minimum solar activity. Using Mori’s (19684, b)
calculations, and assuming the energy spectrum
of the diurnal variation to be energy indepen-
dent, values of R for different assumed values
of the upper cutoff rigidity have been calculated
and plotted in Fig. 6. Using these calculations,
the observed change in R with solar cycle can
be used to infer the change in the upper cutoff
rigidity beyond which the diurnal variation
ceases. Figure 7 shows the solar cycle variation
of R and the upper cutoff rigidity (Rpma) during
the period 1965-1969.

6. Discussions and Conclusions

The temperature coefficient of —0.0095 £
0.0005%/°F derived in this paper, when used
to correct Deep River mesons, yields diurnal
and semidiurnal anisotropies for cosmic rays
that are consistent with the neutron observa-
tions. The temperature coefficient derived in
this paper is substantially higher than the
coefficients that have been used hitherto, but
are in good agreement with those derived using
direct radiosonde observations from Maniwaki,

‘located ~120 km from Deep River. Using the

temperature-corrected meson data, along with
neutron observations, the upper cutoff rigidity
is found to vary with solar cycle, showing a
minimum during the quiet solar year of 1965
and a maximum in 1968-1969. These results
are in substantial agreement with the solar cycle
variation of the upper cutoff rigidity inferred
by Agrawal and Rao (1969) using neutron data
and Ahluwalia and Erickson (1970) using
underground meson data.




AGRAWAL ET AL.: CHARACTERIST]CS OF COSMiC RAY DIURNAL VARIATION

T T T T

3
T

°
1

-
SLOPE =-067 } <004
(mm/op)

&
T
1

PRESSURE . AMPLITUDE (mm)
[-)

»
T
|

ora 1 1 1 i 1 L i
o 2 4 [ 8 (] 2 14

GROUND TEMPERATURE AMPLITUDE  (°F)

Fic.8. Correlation between the diurnal amplitudes of
Deep River ground temperature and barometric pressure.

Appendix: Temperature-Induced Pressure Effects

Bercovitch (1966) has shown that the total
atmospheric effects are partly due to the
temperature variations and partly to the tem-
perature-correlated pressure changes. Figure 8
shows the relationship between the diurnal
amplitude of ground temperature and the di-
urnal amplitude of pressure. The straight line
relationship between the two with a correlation
coefficient of 0.95 demonstrates that the tem-
perature and pressure variations are closely
correlated. In other words, eq. 3 can be re-
written as

(71 A= Cxx T(oy 7, + 0) + C; x P(a,, TP)

where C* is the new partial temperature coeffi-
cient to be used in combination with the partial
pressure coefficient C} and SCH*[8CF = 0.067
mm/°F (Fig. 8).

Since A can be evaluated independently using
eq. 7and R= 0.58, ¢ = 0.5 h, the best values
of C* and C} on a day-to-day basis can be
computed, demanding the variance ¢* given by
eq. 6 to be a minimum. The results show that

1331

whereas Cj = 0.050%/mm, the same as that
obtained by Bercovitch, the partial temperature
coefficient C}* = —0.0061%/°F is almost a factor
of two higher than the value quoted by Ber-
covitch for the wide angle muon telescope.
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Effect of Non-uniform Solar \Vind Velocity on Interplanetary Medium &
on Cosmic Radiation

A. G. ANANTH & S. P. AGRAWAL
Physical Research Laboratory, Ahmedabad 9

" The consequences of solar wind streaming with non-uniform velocity on the interplanetary

medium are discussed.

It is shown that the co-rotating shock fronts which produce the co-ro-

tating Forbush decreases in the low energy cosmic ray intensity, cause enhanced diurnal wave

trains in the cosmic radiation at high energies.

The enhanced diurnal variation in the initial

stage is shown to be jprimarily due to a sink along the garden hose direction which, after 3-4

days, results from an excess flux of cosmic rays from the anti-garden hose direction.

The latter

finding is interpreted as a result of the positive density gradient in the cosmic ray ion density set-
up initially by the enhanced solar wind through convection process.

I INDER equilibrium conditions between out-
ward convection and inward diffusion of
cosmic ray particles in the interplanetary

space, the partial co-rotation of high energy cosmic
rays is known to produce a diurnal variation as
seen from a ground-based cosmic ray detectorl:2.
The diurnal anisotropy is found to have an average
amplitude of 0:49, and a direction of maximum
of 1800 hrs in space. However, even though the
observed variation on a day-to-day basis is con-
sistent with the general picture on most days, the
existence of a number of days having enhanced
as well as low amplitude diurnal waves has been
noticed by a number of workers34. These workers
conclude that the enhanced diurnal variation which
often occurs on groups of days is usually caused
by a decrease in cosmic ray intensity from the
garden hose direction.

The study of low energy cosmic ray propagation
in the interplanetary space has clearly shown the
importance of the part played by the solar wind
in providing an effective convection mechanism.
During the initial phase of the decay of a solar

flare event, the anisotropy is observed to be always.

from the sunward direction, suggestive of the con-
vective removal of flare particles by the solar winds.6.
However, McCracken et al.” have argued that such
a convection should eventually produce a positive
density gradient and result in an easterly aniso-
tropy during the late phase of the flare decay. We
believe that such a mechanism must also operate
on galactic particles for short periods of time when
equilibrium conditions will not necessarily be
established. During such periods the sun can be
either a source or a sink. In this paper we
attempt to show that the significant departures
from the co-rotation theory occur in the diurnal
variation on a day-to-day basis and that such
departures can be completely explained in terms
of re-distribution of cosmic ray intensity in the
interplanetary medium following transient changes
in the cosmic ray flux.

498

Analysis

Two particular events, one occurring during
1-7 Jan. 1966 and the second during 1-11 May
1966, have been analysed in great detail to examine
the role played by convection and the density
gradient in the interplanetary medium. We have
selected high latitude super neutron monitor
stations well distributed in longitude and having
narrow asymptotic cones of acceptance <30° (Rao
et al8). As the earth spins on its axis, each of
these monitors scan a narrow region of the celestial
sky. Utilizing the data from a number of stations,
well distributed in longitude, three-dimensional
space-time maps of cosmic ray intensity profile
in space can be constructed. Such maps define
the cosmic ray flux as a function of direction at
any given time and thus provide an integrated
view of the cosmic ray demography in space from
which the sources and sinks in space can be easily
identified. The mean intensity three days prior
to the commencement of the enhanced diurnal
wave train, when not accompanied by large changes
in flux, has been used for normalization purposes.
Due to the inadequate coverage of certain longi-
tudes because of the non-availability of neutron
monitoring stations, we have been able to represent
the intensity in only eight directions in space at
any time, each directional belt covering a width
of 3 hr in longitude. The mean of the observed
amplitude in different directions has been obtained,
taking care to normalize the amplitude at each
station to the width and declination of its asymp-
totic cone of acceptance. Three-dimensional space-
time diagrams are drawn for each three hourly
interval on each day. TFig. 1 shows the amplitude
deviation from the normal in each direction as a
function of time during the period 29 April to
12 May 1966. The event of 1-7 Jan. 1966 has also
been analysed similarly.

TFrom Fig. 1, it is clear that the enhanced diurnal
variation during 1-7 May 1966 was caused by a
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Fig. 1 — Plot of the observed amplitude deviation (in per
cent) of cosmic ray intensity at each station (corrected for
the width and declination of its asymptotic cone of acceptance)
in different directions with respect to universal time at
intervals of 3 hr [The histogram shows the amplitude devia-
tion in eight directions in space at any instant of universal
time. At the top of the figure the diurnal amplitude in per
cent (continuous lines) and phase in lhours (broken lines)
ohserved at Deep River is also shown]

depression of cosmic ray intensity from the garden
hose direction, the amplitude of the depression
being of the order of 1-1-5%,. During this period,
no significant change in the cosmic ray flux from
the anti-garden hose direction is observed clearly
indicating that the observed enhanced diurnal
amplitude is caused predominantly by a sink
developing from the garden hose direction. Sub-
sequent to the establishment of a sink and during
8-11 May 1966, an excess flux is observed from
the anti-garden hose direction, while the garden
hose direction is still recovering. This excess flux
can be clearly seen from the directions 18-21 and
21-24 hrs having an amplitude of the order ofx 1-59,.
Weinterpret the excess flux from the anti-garden hose
direction late in the event as caused by a positive
density gradient set up by enhanced convection
during the earlier phase of the event.

Discussion

McCracken et al.? were able to convincingly prove
the existence of co-rotating Forbush decreases from
the data from Pioneer 6 and 7 spacecrafts. These
co-rotating Forbush decreases result from the ex-
clusion of galactic particles by the enhanced magne-
tic fields at the co-rotating shock fronts which are

themselves produced at the interface where the
fast moving plasma interacts with the slow plasma
ahead of it. The magnitude of such co-rotating
Forbush decreases, being usually about 59, at 10
MeV, will produce a corresponding variation of ~219,
at relativistic energies which will be completely
masked by the diurnal wvariation effects. They?
predicted that co-rotating Forbush decreases will
manifest themselves as enhanced diurnal variation
in high energy cosmic rays as seen by ground-based
detectors. The enhanced wave train during 1-7 Jan.
1966 coincides with the co-rotating Forbush decreases
identified by McCracken e al.9, confirming their
hypothesis.

Fig. 2 shows the plot of the amplitude of diurnal
variation and the solar wind velocities measured
by Pioneer 6. The enhanced diurnal wave train
starting on 31 Dec. 1965 and on 30 April
1966 are found to follow the enhanced wind velo-
city after 3-5 days.. The enhanced convection
from the garden hose direction will produce a sink
along this direction causing an increase in the ob-
served diurnal variation. Late in the event, the
enhanced convection will set up a positive density
gradient and produce enhanced diurnal variation
as a consequence of a source along the anti-garden
hose direction. The experimental observations
depicted in Figs. 1 and 2 are in good agreément
with the above hypothesis. It is important to
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Fig. 2 — Ditrnal amplitude (Deep River) and solar wind
velocity (Pioneer 6) during the 15 days preceding and 15
days following the start of enhanced wave trains observed
during 1-8 Jan. 1966 and 1-11 May 1966 (The epoch day is
taken as the beginning of the enhanced wave train)
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noté that the conventional harmonic analysis shows
a time of maximum around 20 hrs in space for both
cases and thus would not reveal the exact mecha-
nism for the production of enhanced diurnal varia-
tion.

Conclusion

We conclude, from the data presented above,
that even though the average diurnal variation is
consistent with partial co-rotation, on a day-to-day
basis, equilibrium conditions between the outward
convection of cosmic ray particles by the solar wind
and the inward diffusion will not be balanced result-
ingin the production of trains of days with enhanced
or negligible diurnal variation. Co-rotating shock
fronts which cause co-rotating Forbush decreases
at low encrgies can also cause enhanced diurnal
variation at high energies. The enhanced diurnal
variation is caused initially by the presence of
regions with depleted cosmic ray intensity along
the garden hose direction. The increased wind
velocity causing increased convection sets up a
positive density gradient resulting in the enhanced
diurnal variation being caused by excess flux from
the anti-garden hose direction, during the later
phase of the event. In the diurnal wave trains
analysed by us, the setting up of a positive density
gradient and switch over from the garden hose sink
fo the anti-garden hose source takes place in about
3-5 days, suggesting that the relaxation time of
the interplanetary medium to follow the changes
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" in ‘density grddient within the entire modulating

region is of the order of 3-5 days.
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Semi-Djurnal Anisotropy of Cosmie Radiation in the
Encrgy Range 1 to 200 Gev ‘

U. R. Rao aﬁd S. P. Agrawal

. Physical Research Laboratory, Navrangpura, Ahmedabad, India .

From an analysis of thé data from -the worldwide network of neutron monitor
 stations, the general chatacteristics of the yearly mean semi-diurpal component .of cos- -
© mic radiation ‘are’ derived.” The: mean semi-diurnal component in the energy range 1-200.
- .Gev .can be. represented as [AJ (R)J (R)] = 4 X 10—5 R cos? A, for R<200,Gv,and

AT RIR)T =0, for R>200 Gv. The semi-diurnal component has a maximum
‘along a direction perpendicular to the direction of the mean interplanétary field vector,
‘varies as the first power of rigidity, and varies as cos? A where: A is  declination. The
phase and the  amplitudes of .the semi~djurnal component 'also seem ‘to be'practically -
invariant with time during the period 1958-1968. The mean ; properties of . the. semi- - .
diurnal . anisotropy are consistent. with the hypothesis of a positive. density gradient of |
cosmic ray intensity in a direction perpendicular to the plane of ecliptic. L

It has been known for some time that the cosmic radiation in the energy rangé
1-200 Gev exhibits a diurnal variation. The average diurnal variation has been found
to be energy independent, with an amplitude of about 0.4%-and a time of max—~
imum of 1800 hours in space (Rao et al., 1963; McCracken and- Rao, 1965); ~The
diurnal anisotropy can be understood as a result of the partial corotation of parti~
cles with:the sun, with an azimuthal velocity V of about 300 km/sec.at the orbit

of the earth (Parker, 1_964; Axford, 1965). ‘

Although the existence of semi-diurnal anisotropy- was inferred. by Rao and
Sarabhai (1961) long ago, Ables et al, (1965) conclusively showed the existence of
a semi—diurnal component by means of numerical filter techniques, which consisted
of numerical hetrodyne filtration followed by phase and amplitude demodulation,
which improve the detection of small signals in the presence of statistical fluctuations
or noise. Ables et al. showed that the semi-diurnal component of the cosmic radia~
tion had a positive spectral exponent and an amplitude of .about 0.1%, with .maxi-
‘mum flux incident from a direction perpendicular to the direction of the inter-
planetary magnetic field. Patel et al. (1968) and Lietti and Quenby (1968) have also
noted that the energy spectrum of the semi-diurnal component has a positive spectral
exponent unlike the diurnal component of cosmic radiation.

. In order to study any transient anisotropy in cosmic rzltdiation, it is necessary
to obtain data from a number of neutron monitoring stations whose .‘asymptotic
cones of acceptance’ (Rao et al., 1963) successively scan the celestial sky. one after
the other, as the earth spins on its axis. Most of the monitors used by Ables et al.
weie of the IGY type with large statistical errors, and "they - could not- study -the
‘semi-diurnal component in all its detail. In this paper we have  utilized -the' data
from all the super neutron ‘monifors (including the Super neutron monitor at Ahme*
dabad, India), which are located mear the geomagnetic equator and scan the equato-
rial region of the sky, to make a detailed study of the general properties of - the

semi—diurnal anisotropy of cosmic radiation.



DATA ANALYSIS

Data from a worldwide network of neutron monitoring stations were selected
on the basis of the . self-consistency criterion described by Rao et al. (1963), namely
that the month to month changes in ‘mean counting rate should be similar.at- various
stations. As far as possible, data from mountain stations have not been utilized, to
prevent any ambiguity in the results creeping in, due to the uncertanity in the value
of coupling coefficients for such stations. Table 1 gives the list of stations and the
coordinates that are used in the present analysis. The numerical filtraton techniques
and the complex demodulation methods descriqu by Ables et al. (1965) have been
used, for most of the data, to derive the amplitude and phase of the first and se-

cond harmonic components..

Becduse the second harmonic component of the cosmic radiation is of the order of
0.1%,, it is very important to ascertain that the results obtained are not contaminat-
ed by atmospheric effects. Incorrect pressure corrrection can give rise to spurious daily
variation. The long-term variation of barometric coefficient is a main source of
error for high latitude stations. From the known amplitude of the semi-diurnal
pressure -wave, which is about 0.3 mm of Hg at middle . latitucles, we_find that the
orror in the semi-diurnal component due to 10%,error in the pressure. coefficient is about
0.02%,.. At equatorial latitudes like Ahmedabad, India, where the semi—diurnal com-
ponent of pressure wave is about 1.0 mm Hg, the pressure contribution to the semi-
diurnal variation arising from'the application of incorrect pressure co-eflicient can be
quite large.- The pressure coefficient at various places, derived from the analysis of
latitude survey conducted by Carmichael et al. (1968) and Kodama and Ohuchi
(1968), also indicates that the pressure coefficients derived for equatorial latitudes
have the largest statistical error. Because the semi—diurnal time of maximum of pre-
ssure waveis about 1000 hour LT, however, its effect on the cosmic ray semi-diurnal
vector, which is roughly perpendicular to the pressure wave, is not appreciable. We
have used the latitude survey of Carmichael et al. and Kodama and Ohuchi to de-
rive the pressure cocfficient at Ahmedabad, India. The value so obtained, namely 0.84
o /mm Hg, is in close agreement with the pressure coefficient derived for the
Ahmedabad neutron monitor data by conventional —multiple correlation - analysis
techniques. Even if we assume that the pressure coefficient used by us for Ahmeda-
bad is out by 0.04%/mm Hg, Table 2 shows the maximum effect onthe ‘semi-
diurnal component of cosmic radiation that can be expected for a maximum expected
semi-diurnal pressure wave of 1.0 mm Hg. Even an error of 0.04%/mm Hg in pres-
sure coefficient will introduce an error of only about 0.7 hours in the semi-diurnal
time of maximum at-equatorial latitudes and less than 0.3 hours at mid-latitudes.
Thus, it may be seen that the effect on the amplitude and -the time of maximum is
not appreciable even at equatorial stations, and because we have used only one equa—
‘torial station, namely Ahmedabad, in our analysis, the general properties -of the
.mean semi-diurnal variation of cosmic radiation ‘derived in this paper are quite
valid. S :

,CHARACTERISTICS OF AVERAGE SEMI-DIURNAL VARIATION

By using the- concept’ of the asymptotc cone of acceptance of a detector, Mc-
Cracken et al. (1962, 1965) have published tables of variational coefficients which
provide a quantitative technique for computing the observed variations due to cosmic
ray anisotropy in space. These tables give the relative amplitudes ‘anBy-and phases
$m- Of both the first ard second harmonic components for diferent values of 8, rang—
ing from 0.6 to—1.5, where B is the exponent of the spectrum of variation. We have
extended the calculation of the variational coefficients from g == 0.6 to 2.0 for diffe-
rent values of R,.x and for all the stations used in the present analysis. In this paper
we shall consider the simplest form of. semi—diurnal anisotropy. of the type
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- TABLE 1

" Geographic coordinates

Latitude Longitude Altitude Geomagnetic

Station No. Station : (degrees) ~ (degrees) (meters) cutoff* (in Gv)
1 Ahmedabad - - 2301 . 72.61 S.L. . 15.94
2 Alma Ata 43.20 76.94 806 .- - 7 6.69
3 Calgary . 51.08 . 24591 1110 -~ < .z 1.09
4 Churchill 58.75 265.91: 39 X - 0.21
5 Dallas 32.78 263.20 208 ' 4.35
6 Deep River 46.10 282.50 145 _ '1.02
7 Denver - 39.75 255.00 1600 2.91
8 Durham 43.10 289.16 S.L. 1.41
9 Goose Bay 53.33 299.58 46 0.52

10 Hermanus —34.42 ‘ 19.22 26 - 4.99
11 Inuvik 68.35 226.27 21 0.18
12 Jungfraujoch 46.55 7.98 3450 4.48
13 Port Aux Francais —49.35 70.22 S.L. 1.19
14 Kiel 54.33 10.13 54 2.29
15 Lindau : 51.60 10.10 140 3.00
16 Mawson -—67.60° . 62.88 S.L. 0.22
17 Mt. Norikura 36.12 - 137.56 2770 11.39
18 Mt. Washington 44.30 288.70 1917 1.24
19- Mt. Wellington- —42.92 147.24 725 1.89
20 Pic du Midi 42.93 0.25 2860 5.36
21 Sulphur Mountain 51.20 124439 2283 1.14
22 Wilkes ' —66.42 110.45 SL. .0.01

*Geomagnetic cutoff derived from McCracken et al. (1965).

"AI(R N R < R
_T(R% = A4 g(MR, fOI' < Ronex
AJ(R) <

,j( ) = O for R ~ anX '

where the function g(4) describes. the dependence of anisotropy —on declination

B :
and R shows the dependence of anisotropy on rigidity. Results are obtained for
g(A) = cos A as well as for g(A) =cos?A. R,.x is taken to be 200 Gv for all our
calculations; the reasons for this will be presented in the later section. '

TABLE 2

The effect of variation of pressure coefficient on the amplitude and phase of tlic observed
.semi—diurnal component at Ahmedabad for a semi—diurnal pressure amplitude of 1.0 mm Hg.

Pressure coefficient Semi-diurnal , E , Semiediur‘nal'

o per mm of Hg ~ . amplitude o R , phase .
0.88 0.09%, - s
0.84 0.10% A ‘ 410
0.80 ' 0.12%, ‘ . . ST 58e




Figure -1 shows _the histograms of the frequency of occurrence of the semi-diur-

nal time of maxima in.space observed at various stations for the years 1965 and

1966. The histograms are plotted against the asymptotic time for =0 and g=1.0 obtain-

ed after correcting the observed time of maximum at -each station for the geomagnetic
bending and the width of the asymptotic cone-of acceptance using the method des-

cribed by Rao et al. (1963). In the above.calculations, g(A) is assumed to vary as

cos A. The figure shows a very good interstation agreement, thus indicating that the
semi—diurnal maxima observed at all the cosmic ray recording stations is due to an

anisotropy, with the maximum flux coming from the diréction 45° east (135° West)

of the earth-sun. line, a direction that is essentially perpendicular to the direction of
the general interplanetary magnetic field..
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Fig. 1. Histogram of occurrence of the semi~diurnal maximum in space for different
stations during 1965 and 1966. The histograms are plotted for semi~diurnal maxima calculated
using 8=1.0 and 3=0.0

Because® the effect of incorrect —pressure correction - on the determi-
pation of* the -semi-diurnal -time- of maximum ¢ is not appreciable even
at: cquatorial latitudes, -we have used observations of ¢. in space for

“evaluating B, the exponent of variation. ¢, in space is derived for each station and
‘each year for different values of B ranging from 2.0 to —1.0. The true value of f

is the one for which there is a good interstation agreement in the observed value of
¢, in space. In other words, there should be a minimum dispersion between the

values of ¢, determined for different stations for the same period of time. The
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variance (X?) in the value of ¢. determined for different stations. are evaluated for
different values of B, for each year during 1958-1968. - Figure 2 shows the. plot of
variance as a function of B for 1966, obtained for g(a) = cosA and _g(A)=Ccos*A.
The minimum variance is obtained for B = 1.0 for both the cases. Figure -3 shows
the plot of variance against 8 for each year during 1958-1968. The standard deviation
of variation of phase for an average station is 5°; thus the statistical error in variance
can be considered to be 25 square degrees. From the figure it is ‘seen' that the mini-
mum variance for each year is obtained for g = 1.0 == 02, thus. showing that the
energy spectrum of the seii-diurnal component has an exponent “of 1.0 +- 0.2, . We
note, however, that the minimum variance observed during each year is larger than
can be expected from statistical uncertainties alone. PR
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Y N R e
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. Fig. 2. Obsecrved variance in .the. values -of Sf:mi—d_iurnal phase as a function .of  the.. .
cxponent of variation® for the year 1966. The variance for’ both g (A)=cos A and'g (A)
— cos?A are shown in the curve. e ST S TR

The ratio of the observed amplitude of the semi—diurnal . component -at Ahme-
dabad,. India, to the amplitude at Deep River can be_evaluated for each A. -Figure
4 shows the theoretically expected ~ ratio plotted as a function of B, for values of
B ranging from —02 to 2.0. The observed rdtio, of amplitudes -during 1968 is also
plotted in the same figure. The observed ratio of amplitudes: is ‘consistent with an
cxponent of g = 1.1 =+ 0.01 for the energy spectrum. of the  semi~diurnal anisotropy
of cosmic radiation. The above error includes only the statistical error. If, on the
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other hand, an uncertainty of 0.01%/mm Hg in the pressure coefficient at Ahme-
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n the semi-diurnal amplitude observed at Ahmedabad to that
during 1968. The theoretically expected ratios for different values of 3 are

dabad is taken into account, the error in the exponent 8 will be about 0.04.

Figure 5 shows the plot of the variance in the values of the amplitudes of the
semi-diurnal - component for different stations calculated for each value, of f# during
1958-1968. The normalized variance in amplitude is calculated using the formula
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where Ay(B)is the percent amplitude in-space obtained for for the it station after corre-
ction for the geomagnetic bending and Aq(g).is the mean amplitude of semi~diurnal
varation in space obtained from the values for N stations. The curves again clearly
show that the minimum variance is observed for values of B=1.02=0.2 consistent
with our observations of the phase of the semi-diurnal anisotropy. The phase  and -
amplitude of the semi-diurnal anisotropy .in space, as observed at different stations;
are plotted on a harmonic dial in Figure 6, for four values of £, namely 0.0, 0.6,
1.0, and 2.0, for the year 1966. It is cvident from the figure that the minimum vari-
ance occurs for # = 1.0. The mean semi-diurnal vector along with the three stan-
dard deviation . error circle is also shown in the figure for' 8 = 1.0. Practically all
the observational points lie within 5S¢ error circle, which is consistent with the fact
that the minimum variance is slightly larger than can be expected form statistical
uncertainties alone. Figure 7 shows the harmonic dial representation of the semi-diur-
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Fig. 7. The phése and amplitude of the semi~diurnal anisotropy in space as observed
at different stations calculated for §=1.0 are shown for each ycar on. a harmonic dial.
The mean anisotropy vector for each year is also shown in the same figure.

nal anisotropy vector in space for each year during 1964-1967, with the mean semi-
diurnal vector for each year calculated for $==1.0. The larger scatter in the observa-
tions during earlicr years may be attributed to the fact that most of the monitors
operating during these years were.of the-IGY type. We conclude that the semi-
diurnal anisotropy in space has a positive exponent of g8 = 1.0 == 0.2, a mean
amplitude of about 0.1%, and the maximum flux- arriving from 0300 hours, which
is perpendicular to the direction of the mean interplanetary field vector.

DEPENDENCE OF SEMI-DIURNAL ANISOTROPY ON DECLINATION

To investigate the dependence of'.tlle amplitude of the semi-diurnal anisotropy
on declination, the yearly mean amplitude, after correction for attenuation due to the
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. finite width of the asymptotic cone of acceptance, ‘is plotted against the mean asym-.

ptotic latitude A of the station in Figure 8. The data for the years 1965, 1966, and
1967 are used in the. figure. The - theoretical curves defining cos A and cos® A
function are also shown in the same figure. Even though the large statistical errors
do not permit an unambiguous conclusion, it is clear that the distribution of points
strongly favors a Cos®) dependence.
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Fig. 8. The amplitude of semi-diurnal anisotropy calculated for each station corrected
only for the width of the asymptotic cone of acceptance plotted against the mean’ asymptotic
latitude. The theoretically expected behaviors for cos X and cos? )\ dependence are also shown.
in the same figure. ’ : . .

TIME VARIATION OF SEMI-DIURNAL ANISOTROPY

Figures 9 and 10 show the yearly mean phase and amplitude of the semi-diur—
nal vector for each’ year during 1958-1968. The- points plotted in the figures indicate

the observations at different stations. The mean semi-diurnal phase for the period’

1958-1968 is almost constant; - the maximum flux comes from the direction 132 =+
6° west (3.2 = 04 hours) of the earth sun line. The mean phase does not differ by

more than 3° for g(A) = cos A and g(A) = cos®A. The mean semi—diurnal

amplitude, however, shows a slight random variation during the same period, varying
between 0.13% in 1963 to 0.08%, in 1967 (for g(A)=cos*A). Figure 10 .shows
the yearly mean amplitude of semi-duirnal anisotropy calculated by assuming both
g(a) = cos A and g(a) = cos®A. The year to year changes for both functions
show identical behaviour; the mean amplitude in space for the period 1958-1968 is
0.112 -=.0.017%, for ga) = COS*A.

. _DISCUSSION AND CONCLUSIONS
Both Subramanian and Sarabhai (1967) and Lietti and  Quenby (1968) have

-suggested that the. second harmonic component of the cosmic ray daily variation can
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be. due to the particle.densityvgradicnt, in the plane perpcndicular to the plane of
ecliptic. If. we assume an Archemides spiral configuration for ihe interplanetary field,
it is evident that the particles arriving along the sun’s polar fleld lines suffer much
less modulation when compared with those arriving in the ecliptic plane, thus giving
rise to a cosmic ray density gradient, with the intensity increasing away from the
plane of ecliptic. Viewing along the interplanetary magnetic  field fines of force (i.c.
along the garden hose direction), a peutron monitor on earth  measures cosmic ray
flux characteristic of the equatorial plane. Viewing in a direction p,erpendicular to
the magnetic field, the detector samples particles arriving  from higher heliolati—
tudes; the heliolatitude corresponds to the gyroradius of the particle under considera—
tion. Thus the higher the energy, the higher is the heliolatitude of sampling by the
monitor. Consequently, the positive gradient of cosmic ray density with the in-
crease in heliolatitude gives rise o a semi—diurnal maximum aligned in a direction
p_erpendicular to the direction of the interplanetary magnetic field, because the earth,
as it spins, measures cosmic ray intensity twice along and twice perpendicular to the

field direction in the course of a day.

The basic difference’ between Suybramanian and Sarabhai’s and Lietti and Quen-—
by’s mechanism is the assumption of the nature of the density gradient profile in
the direction perpendicular to the plane of ecliptic. Whereas Lietti and Quenby’s
theory is based on the geometry of the interplanetary field, Subramanian and
Sarabhai’s treatment involves assumptions as to the form of the perpcndicular den—
sity gradient that are based on the coronal observations. Both theories predict tl{aé

+1.

the semi-diurnal anisotropy as observed in space (1) has an exponent of R

where R is rigidity; (2) varies as cos? A, where A is the mean asympotic latitude of res—
ponse; (3) has a maximum flux in a direction perpendicular to the - interplanetary
magnetic field. This jmmediately gives rise to a much larger semi-diurnal variation
at equatorial latitudes, as compared with that at middle latitudes. The experimental
observations we have presented in this paper are essentially in agreement with the

theoretical predictions.
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Fig. 11. The variance in the phase and amplitude of semi—diurnal
anisotropy plotied as 2 function of Eygs

Because the semi-diurnal variation is a direct consequence of the density gra-
dient of cosmic radiation in  the plane perpendicular to the plane of ecliptic, we
can set an approximate upper limit on the maximum energy that will exhibit the
semi-diurnal anisotropy .as it corresponds to patticles of rigidity, Ruax = 200 Gv,
whose gyroradius 18 about 1 AU. The influence of the solar miagnetic’ field that is
responsible. for this density gradient is not likely to extend beyond 1 AU in the plane
perpendicular to the plane of ecliptic. Figure 11 shows the variance of the. amplitude
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and phase of the semi-diurnal anisotropy as a function of: Rix for.f = 1.0 and for

‘the year 1966. It is seen from the figure that both the amplitude and phase of the

semi—diurnal anisotropy show  a minimum variance for R,,x =~ 200 Gv; éven though
the statistical uncertainty does not permit an unambiguous determination of Ry
We find that the value of 200 Gv for Ruux is in agreement with the - data for all
the years within the large statistical uncertainties. We wish to note that all the con-
clusions regarding the energy spectrum, ‘time of maximum and dependence on dec~
lination of the semi-diurnal anisotropy .are valid even if R,y is different from 200

_On the basis of the evidence presented here, we advance the following conclu-
sions on the properties of the average semi-diurnal variation of cosmic radiation in
the energy range 1-200 Gey. . :

(a) The semi-diurnal variation is consistent with an anisotropy which could be

 expressed by -

A‘i]—((_llg? ‘KR cos® A-cos 2 [0—(48 = 6)] % for R<200 Gy
MR _ .
B Qfor» R? 290 Gv

where R is the rigidity, A is the declination, and K =z0.004, which is highly depen-—
dent on the choice of Ru.x. The average semi-diurnal amplitude inspace for cosmic
ray particles in the range 1-200 Gv, however, is a more fundamental -quantity and
has a value of 0.11 =+ 0.02% during the period 1958-1968. The time of maximum
of the average semi-diurnal anisotropy is along ~0300 hours.direction, which is
essentially perpendicular to the direction of the average _interplanetary magnetic

field.

(b) The phase of the average semi-diurnal anisotropy js time invariant and

perpendicular to the direction - of-the average interplanetary magnetic field during

the “entire period 1958-1968.

(¢) The amplitude of the average semidiurnal anisotropy shows no appreciable
change between 1958-1968. )
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