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S TATEMEDNT

The subject of cosmic Tay time variations has been
studied by a large number of workers in the past. The study has
included both short term and long term variations. Some of
these variations, like the solar diurnal and semi-diurnal variations,
are quite small ( «<1%) and consequently their study demands very
nigh counting rate instruments with good stability. Till about
1960, the study of cosmic ray time variations has been conducted
primarily Dy ground based observations and that too with low
counting rate instruments. Tt is only in the last decade a
large number of space observations at low energies have become
available giving a new insight into the cosmic ray particle
propagation in the interplanetary medium. In addition, the
establishment of very high counting rate ground based instruments
1like the super neutron monitors for studying cosmic ray tinme
variations with low amplitude has alao added considerably to our
understanding of the electromagnetic state of the interplanetary
mediwm.

Most of the ground based observations have been
accomplished with the neutron and meson monitors. Whereas, the
data from the super neutron monitors can he unambiguously inter-
preted in terms of primary anisotropy, the interpretation of
meson data is rendered difficult due to our inability to
adequately correct it for the variations in the atmospheric
temperature. However, the advantage of having both meson and

neutron monitor data has been recognised, particularly in
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undefgfdndLﬂg the energy dependence ~f the cosmic Tay time
variations. The difficulty in applying corre cotion for atmos spheric
temperature va ~riations can be cleverly overcome by utilising the
data from directional telescopes imcllned ot the same zenith angle
but in different azimuths. The earlier el reorts by Tlliot & r» Dolbear
(1951) , Fl1liot & Rot thwell(1956), pParsons(1957), Rao & Sarabhal
(1961) provided some ingight into the cosmic ray time variations

at high energles inspite of the low counting rates.

Having reallst ed the importance of ecetablishing high
counting rate inclined telescopes, the author took the complete
responsibility of setting up large area scintillation telescopes
at Ahmedabad 1in vertical as well as in ineclined directions
(inclined at 519 to the zenith along the Bast, West, North and
South directions). The guthor was intimately involved in the
faprication of the scintillators, their reannealing and polishing,
fabrication of the detector optics as well as the development
of the entire electronics circultry associated with the set-up-

The scintillation telescon~s at Ahmedabad have been in operation
since June 1968 and the data from these telescopes have been
analysed and intercompared with neutron observations to derive

the properties of the cosmic Tay daily variation.

The author calculated the varl iational coefficients
applicable to each of the ipelined ag well as the vertical meson
telescopes atb Ahmedabad. Realising that the difference in the
variations observed by two different inclined telescopes inclined

at the same zenith angle but in different azimuths, is free from
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the meteorological variations, the author developed the method
to relate these difference-variations to the primary anisotropy

using the appropriate variational coefficients.

The thesis is divided into five chapters. The first
chapter briefly reviews the subject of time variations of cosmic
ray intensity in particular the present understanding of the
daily variation. The second chapter describes in detail the
experimental set-up of the large area scintillation telescopes
at Ahmedabad. The analytical methods employed in processing the
data are described in third chanter. The results from the meson
observations carried out at Ahmedabad during 1968 to 1970 are
presented in the fourth chapter. These results are compared with
the results obtained from the neutron monitor data during 1968
and 1969. Chapter five summarises the conclusions drawn from

the present investigations.

Some of the important results that have emerged from the

present investigation are listed below.

1) The yearly average diurnal variation observed by wvarious
difference-telescopes are consistent with the concept of the
cosmic ray particles undergoing corotation with the sun. The
corotation extends upto an upper limiting energy Emax of about
85 + 10 Gev during the period 1968 to 1970. The average diurnal
anisotropy obtained using neutron data and Ahmedabad difference-

telescope data has an amplitude of 0.42% and a time of maximum
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along 1800 hours direction and is further found to be invariant

ring the period of this study.
u g k .

2) The average semi-diurnal anisotropy derived from the
data has an amplitude which depends on the energy as~0.0025 E+1
and a time of maximum along ~~ 0300 hour direction which is
roughly perpendicular to the interplanetary magnetic field
direction. The amplitude of the semi-diurnal anisotropy shows
a slight decrease from 1968 to 1970, however its time of

maximum is practically invariant.

3) The spectral exponent 2/31 for both diurnal and semi-
iurnal anisotropy is highly variable on a day-to-day basis.
However, on an average basilis the diurnal anisotropy seems to be
energy independent and the gemi-diurnal anisotropy varies as

E+1, both consistent with the theoretical prediction.

) The average diurnal variation during days on which the
interplanetary magnetic field is directed away from the sun
(positive) is compared with days on which the field is directed
towards the sun (negative) for both the years 1968 and 1969
separately. During 1968 the aVerage diurnal variation for
positive polarity group shows a larger anplitude and an earlier
time of maximum as compared to the average diurnal variation
obtained for the negative polarity group. During 1969, however,
the observation shows completely opposite results. Bven though,
the results obtained for 1968 are consistent with similar

observations by other workers, the reversal observed in 1969



ig reported here for the first time. An attempt is made to
explain the reversal in 1969 as due to a reversal of the BZ
component of the interplanetary magnetic field in positive and

negative polarity group compared to that in 1968,

5) The anisotropy resulting due to the cosmic ray density
gradients and the interplanetary magnetic field direction shows

a positive exponent for the energy spectrum of variation.

6) A gidereal anisotropy arising due to the azimuthal
components of the interplanetary magnetic field and the radial
cosmic ray density gradient is found with meson data for the
year 1969. The amplitude of the anisotropv is 0.0049% at 1 GeV

primary energy and the time of maximum is along ~ 0/00 hours.

When interplanetary magnetic field data for 1969 to 1971
becomes avallable it is hoped that some of the conclusions
drawn in this thesis, particularly about the anisotropy related

to the interplanetary magnetic field, will be verified.

(U. R. RAO) KARGATHRA)
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CHAPTER - 1

INTRODUCTTION

1.1 Time Variation of Cosmic Ray Intensity

The study of time variation of cosmic ray intensity in
the past two decades has been of significant help, in under-
standing the electromagnetic processes in the interplanetary
space. Bven though galactic cosmic radiation is grossly
isotropic outside the solar system, these particles, as they
pass through the interplanetary medium, undergo considerable
modulation. Superimposed upon the cosmic Tay particles of
galactic origin very often relativistic particles of solar
origin are also present in the interplanetary medium. Histori~
cally in the past, it is by studying the time profile and
anisotropy characteristics of solar particles, the gross inter-
planetary field configuration was first inferred. Intensive
studies in the recent past anave clearly demonstrated the useful-
ness of time variation studies of both galactic and solar cosmic
rays as probes for studying the electromagnetic conditions of

interplanetary space.

Unlike the in situ measurements of interplanetary para-
meters the cosmic ray time variation studies vield a complete
profile of electromagnetic conditiong of the entire interplanet-
ary medium between the sun and the earth. Therefore, in spite

of the availability of direct means of probing with satellites
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and deep space probes, the cosmic ray time variation studies
will continue to be of great importance and will provide inputs

which will be complementary to the direct in situ measuremnents.

A comprehensive survey of the results obtained so far
and their theoretical interpretation have been discussed at
length by various authors such as, Dorman, (1963, 1969 ) ; Parker,
(1966, 1969); Forbush, (1966); Quenby, (1967); Webber, (1968)
Jokipii, (1971); McCracken & Rao, (1970)5 Pomerantz & Duggal,
(1971) and Rao, (1972). Even though a fairly accurate picture
of the gross features of the average cosmic ray variations has
emerged from the past studies, a clear understanding of the day
to day variability of cosmic rTay flux is still lacking. It is,
therefore, essential that the future work should be directed to
achieve a further understanding of the detailed characteristics

of cosmic ray anlsotropy.

Most of the cosmic ray time variation studies, particular-
ly at high energies ( =1 GeV), have been mainly carried out using
sround based cosmic rTay obsgervations. Continuous registration
of ground level cosmic ray intensity has been systematically done
since 1936.. Even though early measurements were made with
ionization chambers, the emphasis of late has shifted to the
use of high counting rate neutron monitors and meson telescopes.
However, before belng able to interpret the obgerved secondary

cosmic ray variations on ground in terms of primary anisotropy,
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it is essential to understand and correct the data for the geo-

magnetic effects and the atmospheric transition effects.

Several distinct types of time variations of primary
cosmic ray intensity with time scales ranging from gseveral years
to a few hours have been investigated. More recently, time
variations having a periodicity of a few minutes have also been
discovered (Dhanju and Sarabhai, 1967). In general, the
observed time variations can be broadly classified into two
groups viz. periodic (regular) and aperiodic (irregular)
variations. Amongst the periodic variations are (1) 11-year
variations which are invergely correlated with the 11-~year solar
activity; (2) 27-day recurrent variations, associated with the
synodic rotation of the sun and (3) diurnal and semi-diurnal
variations, which are connected with the rotation of the earth
and the anisotropy of cosmic ray intensity in interplanetary
space. The aperiodic variations include (1) sudden increases in
cosmic ray intensity due to production of relativistic cosmic
ray particles in solar flares and (2) sudden decreasesg in cosmic
ray intensity called "Forbush decreases' usually observed in

association with geomagnetic storms.

1.2 Geomagnetic and Atmospheric effects

1201 Geomagnetic effects

It is well known that the primary cosmic rays are

deflected by the geomagnetic field. At any given place on the



a,

- o
carth and for a given direction, cosmic rays below a certaln
rigidity are excluded by the geomagnetic field. The cut-off
rigidities for different directions below which particles can
not arrive at the given location have been investigated by a
number of workers starting with Stormer, (1936) and Lemaitre and
Vallarta, (1936 a,b) using the dipole approximation to the
geomagnetic field. Following Alpher (1950) the cut-off rigidity
in such a field can be calculated by the formula

5 300 = M Cos%ﬁ

¢ T 57 D 5 ©
a.ﬁ%ﬂ + @/ﬁ - Slnﬁpf Cos <= Cos'AL
oot B /{

where t'a! is the radius of the earth?é} ig the genith angle,

% @ & @ o B /lQO/[

ﬁéris the agzimuth, A is the geomagnetic latitude of the station
and 'M' is the magnetic moment of the earth. Even though the
results obtained using the above formula are correct to a first
degree of approximation, for accurate calculation of the direct-
ional response characteristics of cosmic ray telescopes it 1is
necessary to obtain more accurate cut-off rigidities based on
realistic models of the geomagnetic field. BSuch calculations
have also been done by Quenby and Webber (1959) and by Quenby and
Wenk (1962) using certain approximations to include non dipole
terms for the geomagnetic field. Shea et al.(1965) have
calculated the cut-off rigidity very accurately by taking into
account all the non dipole terms by a sixth degree simulation

of the geomagnetic field (Finch and Leaton, 1957).
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1.2.1.1 Asymptotic directions and Asymptotic cones of

acceptance of a detector

The asymptotic directioﬁ of approach has been defined
as the direction of a cosmic ray particle prior to its entry into
the geomagnetic field. The asymptotic direction of approach of
cosmic ray particles which arrive at a particular station on the
earth from the zenith angle ,gwand azimutha%} ig shown in
Figure 1.01. For a given station and a given direction of
incidence (say{%»andg#&) the set of allowed asymptotic directions
for different rigidities form a curve in the)\iy plane,
where A\ 1s the asymptotic latitude andﬂy the asymptotic longitude
measured east of the station. Calculations of asymptotic
directions of approach have been done both by using numerical
methods and by performing scale model experiments. For example
Schluter, (1951); Firor, (1954); Lust et al., (1955); Jory,
(1956) and Gall and Lifshitz, (1998) have computed the individual
orbits of primary particles of energiles extending up to 10 GeV.
Malmfors (1945) and Brunberg and Dattner (1953), on the other
hand, evaluated the asymptotic directions through model
(terrella) experiments. With the advent of fast electronic
computers more accurate determinations of trajectories have been
posgible using a realistic approximation to the geomagnetic
field (McCracken et al.1962). Very recently, the effect of the
deformation of the geomagnetic field by the solar wind has also

been considered for calculating the cut-off rigidity and
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particle trajectories. Using Mead's (1964) magnetospheric

model Ahluwalia and McCracken (1965) and Makino and Kondo (1965)
nave tried to estimate the effect of the deformed geomagnetic
rield. Gall (1968) and Gall et al.(1968, 1969) used Williams

ond Meadtls (1965) model and took into account the currents, both

@

in the magnetopause and in the neutral sheet of the magnetos-
pheric tail. We, however, wish to emphasize that the magnetos-
pheric models used so far are at best crude and hence these
calculations need to be refined with better models of the
magnetosphere, Nevertheless the theories indicate that the
effect of the deformation of the magnetic field is not very

significant at energies above 10 GeV.

Knowing the trajectory information, it i1s possible to
define the asymptotic cones of acceptance of a detector as the
solid angle containing the asymptotic directions of approach
which make a significant contribution to the counting rate of
the detector (Rao et al., 1963). The concept of the asymptotic
cones of acceptance is very useful and greatly facilitates the
task of relating the observed variations to the primary

anisotropy.

1.2.2 Atmospheric effects

Primary cosmic rays while passing through the atmosphere
collide with air nuclei and produce various types of mesons and
nucleons following the well-known cascade pProcesses. The A4,

mesons which form the main part of the penetrating component
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at sea-level has a very low probability of interaction. The
}&rmesons are also unstable and decay with a mean life-time
bf-x.2a15 X 10“6 sec. The observed secondary cosmic rays at sea
level are subjected to absorption and decay processes in the
atmosphere, all the way from the production level down to the
recording level. In other words the secondary cosmic ray
intensity observed at the ground 1s influenced by the variable
atmospheric conditions above the recording instruments. The
atmospheric effects are primarily due to (a) barometric
pressure effect related to the absorption due to overlying atmos-
phere and (b) temperature effect which causes a change in the
atmospheric character resulting in a change in the height of

mean meson production level.

1.2.2.7 Barometric pressure effect

The dependence of cosmic ray intensity on atmospheric

pressure can be described by an exponential law.

IT:I e}(p (/@CC}]_) ' noeeseeeae1a02

Corr.

where\gh is the change in pressure at the obgervation level.
Since the barometric coefficient \/5’ for neutrons is conslder-
ably high C:‘~O,75%/mb) the computation of pressure correction
uses the exponential formula., For the meson component,
however, the pressure coefficient is low (0. 13%/mb ) and

therefore the series expansion of equation (1.02) as

L = IC()]’_"]’_’,’ | ( ] —{»-//\l\) ,-Sk’l) b @ & B e 0 & e BB /] st



-0 -
is generally sufficient. The pregsure coefficient is usually

determined by a linear regression analysis.

The parometric coefficlent varies with altitude,
latitude and solar cycle. Systematic measurements of barometric
coefficient for neutron monitors have been carried out by
Bachelet et al.(1964, 1965 a) in 1963-64 and by Carmichael et al.
(1965, 196% ) in 1965-66. Bachelet et al.(1965 b) have
suggested that the decrease of/ﬂi;in the lower atmogphere 1is
due to the contribution of muons to the counting rate of the
neutron monitor. Similarly a 6% change in the barometric co-
efficient has been reported by. Griffiths et al.(1966) during the
last solar cycle. DFrom a careful analysis of/g during Forbush
decreases, McCracken and Johns (1959) have been able to show
that change in ‘/5' is spedtrum dependent. However, since the
pressure coefficient applicable to mesons fs quite small compared
to that of neutrons, such changes are not:very important in the

case of meson monitors.

1.2.2.2 Temperaturq effect

The temperature variation in the atmosphere mainly
affects the meson component due to its short decay time.
Increase in the atmospheric temperature without any accompanying
change in pressure, will increase the height of the mean meson
production layer resulting in an increase in the path length‘of

the mesons reaching the detector. Increased path length means
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reater probability ofyq;meson decay which will cause a
jecrease in the intensity of the registered meson component at
the ground. In addition to the nredominant negative temperature
effect there is also a small positive temperature effect which
arigses from the competitive processes offfﬁi{decay and nuclear
capture of J mesons near the meson production level ( == 100 to
500 mb). With the increase in temperature at this height, the
density decreases and the interaction distance increases. With
the result more7/ mesons decay and fewer interact. Thus an
increase in temperature at this level, will cause an increase

in the production of A/ mesons. The nositive temperature effect
ig relatively small for a sea level meson monitor. It increases
linearly with pion energy and therefore becomes progressively
important for underground monitors. Iven though the neutron
monitors, by virtue of their dependence mainly on local product-
ion are more or less free from the atmospheric temperature
effect, a small residual temperature effect does exist due to

the neutron production through capture of Af mesons.

Unlike the evaluation of barometric correction,
quantitative evaluation of temperature effect for/@ mesons 1s
quite complicated since it involves a knowledge of the temper-
ature distribution throughout the atmosphere. A number of
workers such as Maeda and Wada, (1954) and Dorman and Feinberg,

(1955) have worked out a comprehensive theory of meteorological
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ccts. Following Dorman (1957) we can express the change in

-

ol

intensity as N
h

51‘ 5 I : Q\l 11 ¢ b

‘rl_:m = f[‘jgp + \) WT<h> ;ﬂ‘;‘,‘,l(ﬂ‘) (_:_‘,aﬂ teesnecan 1“.OL}-
o

7

where ap is the change in pressure, /3is the pressure coefficient,
A T(h)is the change in temperature of isobaric level of pressure

h, and WT(h) ig the density of the temperature coefficient.

from a detailed theoretical treatment of muon production
and propagation in the atmosphere, Dorman (1957) has derived
WT(h) for meson monitors at sea-level and at 25 and 55 m.w.e.
For a sea-level telescope, WT(h) ig approximately constant
throughout the atmosphere from about 50 mb down to the ground
level as proposed by Wada (1961) and has a mean value of
~ 0.3%/deg.atm. Maeda (1960) extended the calculations for
WT(h)9 to include obliquely incident muons and the effect of the
curvature of the isobaric levels. Even though one needs to
consider the atmospheric temperature variations at all levels,
for vpractical purposes Dorman found that it is adequate 1f the
atmosphere ig divided into 11 isgobaric levels in which case the
integral of equation (1.04%) can be replaced by a summation as

follows

11
5££ L = xS
T =fort e N o O I

where Ki is the partial temperature coefficient for the 1ftth
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layer. Comparisons of various methods of temperature corrections
nave been published by Bachelet and Conforto, (1956); Mathews,
1959) 5 Wada, (1961); Lindgren and Lindholm, (1961) and
Carmichael et al.,(1967 a) and a comprehensive review of the
atmospheric effects on meson and nucleonic components of cosmic

rays is given by Bercovitch (1968).

Though, theoretically, the atmospheric effect on meson
intensity near sea-level is falrly well understood, in
practiee, a simple and satisfactory method of applying the
corrections for temperature variations on meson intensity has
not yet been achieved. The major difficulty encountered is the
non-availability of radio-sonde temperature data for
different levels and at different times of the day. Besldes,
due to the large uncertainty in the radio-sonde data, resulting
from insolation and lag errors, the available data is not
sufficiently accurate for our purpose which poses a serious
problem in the wider usage of meson data for time variation

studies.

To overcome this diffiéulty pairs of directional
telescopes inclined at the same angle to the zenith but péinting
to different azimuths, have been used by several workers
(Malmfors, 19495 Elliot and Dolbear, 19513 Rao and Sarabhai,
1962; Sandstrom, 1965; Sandstrom et al., 1968; Dorman, 1963j

Fujii et al., 1969). Since the cosmic ray particles which are
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registered by the two telescopes traverse an equal amount of

the atmosphere in both the directions, the meteorological
corrections applicable to both telescopes should be identical
if the geomagnetic cut-off rigidity for the two directions are
game. Bven when the cut-off rigidities in the two directions
differ slightly, we may consider that the atmospheric effect
observed by both telescopes would be same to a first degree of
approximation. Thus the difference in intensity recorded by the
two telescopes would be free from the meteorological effects and
therefore can be directly related to the primary anisotropy

in space.

1.2.3 Relationship of Secondary variations to the

Primary variations

Since the ground stations record only secondary cogmic
rays, it i1s necessary to find how the secondary component is
related to the primary cosmic ray particles. The function
which generally describes the relation between the secondary
component and the primary component has been called as the
"Multiplicity function', 'Generating function or Yield function'
by various workers (Treiman, 19523 Fonger, 1953; Nagashima,
19535 Simpson et al., 19535 Dorman, 1957). In principle
"Multiplicity function' can be theoretically calculated from a
knowledge of various interaction processes occurring in the
atmosphere. Such calculations, however, are dquite cumbersome

and not reliable due to the number of uncertainties that exist
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in our knowledge of high energy interactions. Most of the
workers (Neher, 1952; Treiman, 1952 Simpson et al., 1953;
Dorman, 1957) have, therefore, resorted to an experimental
approach by making use of the observed latitude effect. Dorman's
work in this field is the most comprehensive and we will take

it as representative of such an attempt.

Following Dorman, the observed intensity W " (h) of a
as

£y
secondary component of type pat a latitude}% and at an

atmospheric height of 'h' can be represented as

” ‘(‘:;K)

L. / 1

N (h) =/ D(E), M(E, h) dB vesses 1,06
A B
e

where D(E) is the differential energy spectrum of primary
particles and M+ (E,h) is the multiplicity function that gives
the number of secondary particles of type 1. produced at an

atmospheric depth h, by a single primary particle of energy
& and B
PN

latitude.

, 1s the geomagnetic cut-off energy at the station

L
Variations in N%\(h) can result from variations in D(E),
ME(E7h) or in E} . Differentiating equation (1. 06) with
A

respect to all these narameters and dividing by N (h) we

obtain the exprecsion for the change in intensity as

C?O
(n)
= AT (ﬂm.kwgﬁmﬁum)dm +
(h) uN? j
/ (MhWQJﬂ ai ceeeess.07
MC m

/



- 15 -

oy il _
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N (h)
A
is called the 'coupling coefficient' between the primary and

i

where W (E,h) =
A

secondary variation. It gives the percentage contribution of
primaries of energy 'B' to the secondary component of type 1

at an atmosnpheric depth 'h'! and at a latitude .
i [ /

first term on the right hand side of equation (1.07)
represents variation due to change in the geomagnetic cut-off
energy which is not significant for all ground based observations
even for large geomagnetic disturbances. Third term in equation
(1.07) can be accounted for by apnpropriate meteorological
corrections. Neglecting the change in cut-off energy, the
variations in observed intensity Ni(h) after appropriate

\
meteorological corrections can be'expressed as

¢ ol
NT(E
O ?51)

s 8 2 8 & A O /1309

N (h)

p 4
J .
a ey N

Knowing the coupling coefficients we can relate the

observed variations in the secondary cosmic ray intensity to
E&Q&El which is called the energy spectrum of the variational
D(%)
part of the primary cosmlc rays.
From a study of the latitude effect, Dorman, (19573
and Quenby and Webber, (1959) have evaluated coupling
coefficients for vertically incident nucleons and mesons upto

15 GeV. Beyond this energy the coupling coefficients have
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been esbimated by using extrapolation formulae of the type
a8 +b(B/R)

. ak .
W(E) = == . Constantg A, 'a' and 'D' are fixed by
L
tying in with the experimental values at B = 15 GeV.

Using primary cosmic ray energy spectrum of the tybe
KE~2'5, and the multiplicity, calculated by considering the Pal
and Peters (1963) model of the el@mentary interaction of excited
nucleons, Krimsky et al.(1966) have calculated the coupling
coefficients for mesons incident from different zenith angles.
The estimated response functions for the meson component

. . . ( O .
incident at zenith angles OO, 80, oL, . ....647 are shown in

Fig.(1.02).

1.3 Relevant Bxperimental results on Daily Variation

of Cosmic Ray intensity

Since the present work is mainly concerned with the daily
variation of cosmic ray intensity, we shall discuss here only
the relevant experimental observations. In the following sections
we shall attempt to discuss these results in the frame worlk of
the presently known properties of the interplanctary medium
and the available theoretical formulations. Extensive analysis
of the data obtained from the ionization chambers, neutron and
meson monitors have now firmly established the existence of
diurnal and semi-diurnal components in the daily variation of
cosmic ray intensity. The average properties of these variations
which are now reagsonably well established are discussed in the

next section.
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1.3.7 Average properties of Diurnal Variation

O3

The observed yearly average cosmic. ray diurnal variation
in space obtained after correcting for the width of the
agsymptotic cones of acceptance of the detector and the geo-
magnetic bending have an amplitude Q;O,M%(McCracken and Baq§

1965) and a time of maximum around 1800 hours in space (Rao
et al., 1963; Bercovitch, 1963; McCracken and Rao, 1965;
Faller and Marsden, 1966). The diurnal anisotropy is found to

be energy independent in the energy range 2 GeV to B The

max’

upper limit of energy, B which is about 55 GeV. during 1965

‘max’
seems to show a solar cycle variation (Jacklyn and Humble, 1965
Ahluwalia and -Ericksen, 1969). The anisotropy is also found

to vary as the cosine of the declination (Sandstrom et al., 1962;

McCracken and Rao, 1965).

1.3.1.1 Long term changes of average diurnal variations

Long term variationé, both in the amplitude and in the
phase of the diurnal anisotropy with a period of one and two
solar cycles, have been reported by many investigators (Sarabhai
and Kane, 1953; Thambyahpillai and Elliot, 1953; Sarabhai et al.,
19545 Steinmaurer and Gheri, 1955; Lorman, 1957; Forbush and
Venkatesan, 1960; Forbush, 1967, 1969; Wada and Kudo, 1968;
Duggal et al., 1970 a7b). The amplitude of the diurnal
anisotropy seems to be lower during the minimum of solar

activity. From an analysis of ionization chamber data recorded
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over a period of more than 30 years at Cheltenham, Christchurch
and Huancayo, Forbush, (1967, 1969) concluded that the average
annual diurnal variation results from two distinct components
W and V. The W component has its maximum (or minimum) in the
direction 128° east of the sun-earth line. It varies sinusoid-
ally about zero mean with a period of 20 years in the interval
1937-1966. The second component V has its maximum along 90°
east of the sun-earth line and is subjected to larger variations,
well correlated with the geomagnetic activity. It contains a
wave with a periodicity corresponding to a single solar cycle
having an amplitude of about 60% of that of W. The W component
is directed along the Archiﬁedeam spiral. Duggal et al.,
(1970 a,b) have reported that the energy spectrum of diurnal
variation for both the components (V and W) is same within the
experimental uncertainties. It is important to realise that in
all the above results, the meson observations have been used

subgtantially.

However, studv of the average diurnal variation as
observed by neutron monitors over the period 1957-1965 by
iMcCracken and Rao (1965) as well as by Duggal et al., (1967) have
shown that 1t has been remarkably constant over these years,
except for a decrease in the amplitude of about 30% in 1965.

The time of maximum of the diurnal variation derived from

neutron data, however, has remained practically constant over
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over a period of more than 30 years at Cheltenham, Christchurch
and Huancayo, Forbush, (1967, 1969) concluded that the average
annual diurnal variation results from two distinct components

W and V. The W component has its maximum (or minimum) in the
direction 128% east of the sun-earth line. It varies sinusoid-
ally about zero mean with a period of 20 years in the interval
1937-1966. The second component V has its maximum along 900

east of the sun-earth line and is subjected to larger variations,

\well correlated with the geomagnetic activity. It contains a
wave with a perilodicity corresponding to a single solar cycle
having an amplitude of about 60% of that of W. The W component
is directed along the Archiﬁedean spiral. Duggal et al.,

(1970 a,b) have reported that the energy spectrum of diurnal
variation for both the components (V and W) is same within the
experimental uncertainties. It is important to realise that in
all the above results, the meson observations have been used

substantially.

However, studv of the average diurnal variation as
observed by neutron monitors over the period 1957-1965 by
McCracken and Rao (1965) as well as by Duggal et al., (1967) have
shown that it has been remarkably constant over these years,
except for a decrease in the amplitude of about 30% 1in 1965,

The time of maximum of the diurnal variation derived from
Neutron data, however, has remained practically constant over

the entire solar cycle (McCracken and Rao, 1965).
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Year to year changes of amplitude and phase in the
diurnal variations registered by instrumentation having higher
mean rigidities of response (sea~level and underground meson
monitors) have always been found to be greater than the
corresponding observations by instruments having low energy
response. Some of the long term changes observed, particularly
in amplitude, are attributable to changes in the upper limit of

energy &

., Lt is evide that changes in B i1l affect
B is evident that changes in & . Wi f

the higher energy response detectors substantially more than

the lower energy ones. Using extensive data from neutron and
underground meson monitors, Jacklyn et al., (1969, 1970) have
concluded that the observed long term changes in diurnal
anisotropy is understandable in terms of the changes in EmaKﬂ
Emax varying from 55 GeV during sunspot minimum to about 100 GeV
during sunspot maximum. Observations Dy Peacock et al.(1968);
Hashim et al.(1968) and Ahluwalia and Ericksen (1969) are also
in substantial agreement with the above conclusions. The
changes of Emax derived from a comparison of Deep River neutron
and Deep River meson data corrected with approvpriate temperature
coefficients by Agrawal et al.(1971) are also in agreement with
the above observations. It is found that the cosmic ray data,
particularly the neutron monitor data dafter 1957, do not
indicate a solar cycle change except for a small decrease 1n
amplitude observed in 1965, which can be attributed to a change

in Em%x’ Recent meson monitor observations including underground
Cl



. 27 -

observations also indicate (Jacklyn et al.1970) only a change
in amplitude which is explainable as due to change in Emax“
These do not show any conclusive evidence for a systematic
change in phase between 1956-1966. However the ilon-chamber
observations have always indicated a change in both amplitude

and phase particularly during years of solar minimum around 195k,

which is not completely understood in view of other evidences.

1:.3.2 Semi-diurnal wvariation

Tt is only recently with the availability of high count-
ing super neutron monitors and large area meson telescopes, the
existence of a significant semi-diurnal component has been
firmly established. The use of sophisticated analytical
techniques including power spectrum analysis and complex
demodulation has also considerably helped in this investigation

(Ables et al.1966).

Average properties

The observed seml-divrnal anisotropy has an average
amplitude of;bAOo1%, with a time of maximum, in gpace »» 0300 hours,
which is roughly perpendicular to the interplanetary magnetic
field direction. The anisotropy is found to be energy dependent
varying as the first power of rigidity (Ables et al.1966;

Patel et al.1968; Lietti and Quenby, 1968; Quenby and Lietti,
19685 Rao and Agrawal, 1970; Fujii et al., 1970 and Subramanian,

19711 . The anisotropy is further found to vary as Cosg?x )
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where y\ is the mean agymptotic latitude of the station. Thus

it ia found that the observed semi-diurnal component is higher
for low latitude station and for detectors having higher mean

energy of response.

Ezamination of the yearly average semi-diurnal variation
from & number of neutron monitor stations (Rao and Agrawal, 19772)
has shown that the semi-diurnal anisotropy 1s time invarient
between 1958 to 1968. The amplitude and the time of maximum
do not seem to exhibit any significant changes with solar cycle

during this period.

1:.3.3 Short term changes in daily variation

Even though the average characterigstics of the dally
variation are fairly well understood, the day to day variations
are found to be very complex. Study of dally variation on a
day to day basis by a number of authors (Rao and Sarabhai, 196k ¢
Subramanian, 1964; Sarabhai and aubramanian, 1965 and Patel et al.
1968) has conclusively shown that both the amplitude and the
time of maximum of the diurnal as well as the semi-diurnal
component, vary considerably on a day to day basis. Sarabhal
et al.(1965) have reported that on a majority of days there
exists a virtual sink of galactic cosmic Trays along the garden
hose direction. From an analysis of neutron and meson data
from several stations, Sarabhail and Subramanian (1965) have

shown that the gpectral exponent */3' for diurnal anisotropy
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fluctuates over a wide range on individual days. Similar
analysis by Patel et al. (1968) has shown-that the semi-diurnal
variation also exhibits similar spectral changes on a day to day
basis. From a detailed analysis of the characteristics of the
diurnal anisotropy these authors further conclude that a number
of different mechanisms (processes) must be operative in the
intensity wvariation on a day to day basis, to account for the
large variability observed. Amongst these processes are

(1) the azimuthal streaming (Parker, 1964; Axford, 1965 and
Krimsky, 1964); (2) streaming due to non-uniform diffusion

in a longitudinal sector structure of the interplanetary
magnetic field (Parker, 1964); (3) scattering at irregularities
along the interplanetary magnetic field, short circuiting
latitudinal gradients (Sarabhai and Subramanian, 1966) and

(4) latitudinal gradients in a relatively smooth magnetic

field (Subramanian and Sarabhai, 1967 and Lietti and Quenby,

1968) may be mentioned.

Although the diurnal variation is altered during
cosmic ray storms, no general relationships between the two
have been established so far. There have been some reports
that the amplitude of the diurnal variation increases and the
phase advances to carlier hours when disturbances occur
(Sekido and Yoshida, 1950; Yoshida, 19555 Dorman, 1957;
Tanskanen, 1968; Ostman and Awadalla, 1970). However, these
conclusions have not been supported by others (Crowden and

Marsden, 1962; Kane, 1962).
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The existence of trains of consecutive days having both
abnormally large amplitudes ( >>1%yenhanced'diurnal variations)
and negligible diurnal variations have been pointed out by
Tnhanced diurnal variation occasilonally occurs even when there
are no accompanying geomagnetic disturbances or Forbush
decroases. Mathews et al. (1969) and Hashim and Thambyahpillal
(1969) have independently concluded that during many days
exhibiting large amplitude waves, the anisotropy was predominant-
1y caused by a large decrease along the garden-hose direction.
Often during disturbed periods, the time of maximum of enhanced
diurnal variation is found to shift to later hours (Mathews et al.
19693 Hashim and Thambyahpillai, 1969 and Rao et al., 1972).
However, a few occasions have also been reported when the time
of maximum shifts to morning (9-12) hours, associated with the
recovery of Forbush decreases (Lindgren, 1970, 6U“¢i Razdan and

Bemalkhedkar, 1971).

Using the available interplanetary magnetic field data
in conjunction with the observed enhanced diurnal variation
at Deep River Hashim et al. (1972) have shown that the diurnal
anisotropy consgists of two vectors one corresponding to radial
convection and the other diffusion along the internlanectary
magnetic field line. Rao et al.(1972) have shown that the
enhanced diurnal variation which shows a maximum around 2000

hours is caused by the superposition of normal convection and



enhanced field aligned diffusion due to an enhanced nositive
density gradient. They also show that the diurnal variation
during both quiet and disturbed periods can be understood in
terms of convection and field aligned diffusion. Superimposed
on the diurnal variations caused by radial gradients, it is
also possible to have some contributions from latitudinal
gradients.

Subramanian and Sarabhai (1965, 1967) suggested that
the diurnal anisotropy caused by such latitudinal gradients
should reverse as the magnetic field or the gradient reverses.
Patel et al.(1968) have shown that during IMP-1 period when the
interplanetary magnetic ficld was directed away from the sun
the amplitude of the diurnal anisotropy was larger compared to
the observed amplitude when the field was directed towards
the sun. Venkatesan and Mathews (1968) have indicated that
during IMP-1 period the days of enhanced diurnal variation were
observed corresponding to the sectors having positive nolarity.
Using a wide band filter to the Deep River neutron dintensity,
Ryder and Hatton (1968) have also arrived at the éame
conclusion. These changes have been qualitatively attributed
to the north-south gradient of cosmic ray density.

With underground meson monitor data obtained from
Bolivia and Hmbudo stations, Swinson (1971) has shown that the
diurnal amplitude was larger during days when the inter-

planetary magnetic field(ipmf) direction was positive than



—

enhanced field aligned diffusion due to an enhanced positive
density gradient. They also show that the diurnal variation
during both quiet and disturbed periods can be understood in
terms of convection and field aligned diffusion. Superimposed
on the diurnal variations caused by radial gradients, it is
also possible to have some contributions from latitudinal

gradients.

Subramanian and Sarabhai (1965, 1967) suggested that
the diurnal anisotropy caused by such latitudinal gradients
should reverse as the magnetic field or the gradient reverses.
Patel et al.(1968) have shown that during IMP-1 period when the
interplanetary magnetic ficld was directed away from the sun
the amplitude of the diurnal anisotropy was larger compared to
the observed amplitude when the field was directed towards
the sun. Venkatesan and Mathews (1968) have indicated that
during IMP-1 period the days of enhanced diurnal variation were
observed corresvonding to the sectors having positive polarity.
Using a wide band filter to the Deep River neutron intensity,
Ryder and Hatton (1968) have also arrived at the same
conclusion. These changes have been qualitatively attributed
to the north-south gradient of cosmic ray density.

With underground meson monitor data obtained from
Bolivia and Bmbudo stations, Swinson (1971) has shown that the
diurnal amplitude was larger during days when the inter-

planetary magnetic field(ipmf) direction was positive than
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during days when the ipmfg direction was negative. On days
having ipmf. direction positive the diurnal anisotropy occured
earlier than the average direction of the anisotropy and it was
later than the average value for days having negative ipmf,
From the analysis Swinson, showed that the cosmic ray density
was increasing with depth below the ecliptic plane during 1967

and 1968.

Using data from a number of neutron monitors during
196566 Hatton and Barker (1971) have also reported such changes
in the amplitude and directions of the diurnal anisotropy during
positive and negative magnetic field sectors. Hashim and
Bercovitch (1971), used more stringent criterion in the selection
of interplanetary magnetic field direction and obtained larger
separation between the diurnal amplitudes during positive and
negative field days. They restricted their analysis to days when
the interplanetary magnetic field direction in the ecliptic was
confined to 135° + 30° (positive ) and 3159 4 30° (negative)
from sun-earth line. They also excluded the days when the
interplametéry magnetic field had a large component out of Tthe
ecliptic plane (> 2.5 7 ) and days when the magnetic field had
magnitude less than 2Y . Their results showed that the magneﬁic
field related diurnal anisotropy was in a direction perpendicular
to the average interplanetary magnetic field. The magnetic
field Eelated anisotropy could be expressed as a power law form

< —_—

i.8s =— % = 0,0275 RO°MCOS}§ , upto an upper limiting
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rigidity of =100 GV. Assuming an interplanetary magnetic
field of 4.5 Y , the gradient Calculated from the anisotropy was
of about H5.5. R~O°6%/A,Un
These results will be further critically examined in
Chapter IV and discussed along with the present results obtained
by the author for the years 1968 and 1969, using data from a numberof

neutron monitors and data from Ahmedabad meson monitors.

1.4 Interplanetary Space

salactic cosmic radlation

(=4

The study of solar modulation of
can be essentially reduced to the study of the motion of cosmic
ray particles in the disordered interplanetary magnetic field.

Tt is therefore of interest to clearly understand the electro-
magnetic properties of the interplanetary medium before we discuss
the theoretical formulation of the modulation mechanisms. In

this section we describe briefly the properties of the solar

wind and of the interplanetary magnetic field which are relevant

to the cosmic ray time variation studies.

1. b, Solar Wind

The iden that solar corpuscular emission is responsible
for geomagnetic storms and aurorac has been lnown for a long
time. However, the concept of a continuous emission of
corpuscular matter from the sun was first put forward by
Biermann (19951, 1957), in order to explain the observed

acceleration of gascous comet tails. Based on theoretical



- D8 -

considerations, Parker (1958) showed that since the inner part

6 o

of the solar corona has a temnmerature of the order of 10 K,
the solar corona should expand hydrodynamically agailnst the
solar gravitational force, resulting in a continuous emission

of corpuscular matter which he termed as 'solar wind'.

The initial velocity of the solar wind at the photo-
sphere is few lkm/sec. It becomes supersonic with a bulk
velocity of several hundred km/sec., beyond a distance of about

10-20 R. (solar radius).  The first direct ohservations of the

@
solar wind were reported by Gringauz et al. (1960 2) and
Shklovsky et al. (1961) from the space probe Lunik-IL.
Subscquent measurcments by Gringauz, (1961) & Gringauz et al.,
(1962) on Lunik-IIT and Venus I, Bonetti et al. (1963 a, b) on
Explorer 10 and Neugebauer and Snyder (1962) on Mariner-I1
confirmed the initial results. Since then a large number of
direct obscrvations have been accumulated over the last few
years. A number of comprehensive reviews dealing with the
observational properties of the solar wind and theilr theoretical
imnlications are available in literature (Dessler, 1967 5
Lust, 1967; Negss, 1967; Axford, 1968; Hundhausen, 1968, 19705
Wilcox, 1968; Parker, 1967?’1969 and Holgzer and Axford, 1970).
A1l the observations show that the density, velocity,
temperature and relative chemical composition of solar wind

are all highly variable. The solar wind density falls off at



the rate of 1/325 From Vela Satellite results, the direction of
plasma flow at the earth's orbit appears to be on an average
from ~=1.6% east of the sun (Strong et al., 1967; Hundhausen

et al., 1967). The bulk veiocity of the solar wind generally
varies between 300-600 km/sec. and plasma temperature fluctuates
between 1OMOK to TOéﬁK;Table 1.01 lists the average properties

of the solar wind.

Table 1.0%
Bulk velocilty 350 km/sec.
Proton or Electron density 8 em™3
Proton temperature 5 X 10)+ °x
Blectron temperature 1.9 X 105 °K
Kinetic energy density 8 x 1077 e?c'g,.cmm3
Magnetic field 5 Y

One of the most puzzling aspects of the presently
available observations concerns the long term variation of solar
wind properties. During short periods, the 27~day recurrence
tendency and an excellent correlation hetween solar wind
velocity and geomagnetic activity have been very convinecingly
demonstrated by Snyder et al.(1962 =,b) and recently by Pal
et al,(1967)§9Bame et al.(1967) However,
on a long term basis, when one examines the variations of solar

wind properties over a solar cycle by comparing the data from
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different space-crafts one observes that the average density,
veloclty and temperature of the solar w1nd are relatively
constant over the solar cycle (Gosling et al., 1971; Mathews

et al., 1971). The implications of the observed lack of
variability of solar wind flux over a solar cycle on cos smic ray

modulation will be discussed in the next sectlon.

1.4.2  Interplanetary magnetic field

Al fven (1950) pointed out that a magnetic field embedded
in a highly conducting plasma tends to behave as if it is
'frozen in' the plasma. Using the 'frozen in field' concept,
Parker (1958) showed that the radially blowing solar wind
together with the angular rotation of the sun, will stretch the
magnetic field lines into a classical Archimedes spiral. For
distances beyond 0.1 A.U. the radius of the sun may be neglected

and the form of the spiral is given by

r = v <¢ Q’ 1.70

s e @ & 9 & 8 00

where 'v! is the radial distance, V is the solar wind velocity,

;73 ig the heliocentric longitude measured from the reference

longltude ;f‘. Figure (1.03) shows the Archimedes spiral
a4

structure of the interplanetary magnetic field, in the equatorial

plane of the gun, for a symmetrical solar wind velocity of
300 km/sec. The spiral angle % ten referred to as the

tgarden hose angle' is defined as the angle between the inter-

planetary magnetic field direction and the radius vector as
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shown in figure (1.03). As seen from the figure, the angleﬁ?(/
(complement of &) at any radial distance R from the sun is

glven by

tan Y. = ___VR ceeee 117
- 0

The three vector components of the interplanetary magnetic

field are given by

R
0 teenees 112
B =0 0
b 0
\LR _ 0
= @ ( ) Sin Q

where 81 is the radial component of the magnetic field at r = R®

where 'vr' is the radial distance, Ry is the radius of the sun.
Variation in V, with g},:ﬁﬁand t; instabilities in the solar
wind and the variation of B (& ,cf) with ’{, will superimpose

a variety of both small and large scale magnetic irregularities

on the general spiral pattern of the magnetic field given above.

The first experimental demonstration of the predicted
gpiral structure of the interplanetary mag metic fleld was
obtained by McCracken, (1962 ); from a study of the initial
arrival directions of the solar flare cosmic Trays. Mosgt of the
direct interplanetary magnetic field mea asurements, made verJ

near the ecliptic plane, have now shown & fair agreement between

the predicted Archimedes spiral and the interplanetary field
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ag projected on the ecliptic plane. The interplanetary magnetic
field has an average value of == 5 /. (Wess and Wilcox, 196k,
19665 Davis et al., 1966; Coleman, 1966; Coleman et al., 1966 a,
b; Schatten, 1971) with a small north-south component of

magnetic field ( <:1iy) perpendicular to the ecliptic plane.

1.%.3 Sector gtructure

One of the major features of the interplanetary magnetic
field is its large scale sector structure configuration first
reported by Wilcox and Ness (1965). The interplanetary magnetic
field seems to be well ordered into sectors; the field in one
sector being predominantly away from the sun for several
consecutive days, followed by another sector having the magnetic
field predominantly towards the sun(Figure 1.04)., The entire
sector patterh corotates with the sun. The observations by
several authors (Coleman et al., 196@% Wilcox and Colburn, 1969,
1970) over a long veriod of time between 1962 to 1968, have
indicated that even during the period of maximum solar activity,
the sector structure remains well established. During

1963-1964 there were four well established sectors (Figure 1.04).

During the rest of the period two prominent quasi-stationary

I

sectors have been observed with a mean period of 27 + 0.1 days.
A good correlation is obtained between the polarity of the mean
solar nhotospheric field and the direction of the interplanetary

magnetic field observed near earth (Ness and Wilcox, 1966;
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Wilcox and Ness, 1967) with a lag of about 4.5 days correspond-
ing to the transit time of solar wind fromvthe sun to the
earth. This indicates that the interplanetary magnetic field
hasg its origin in the general solar photospheric field

(Severny et al., 197d). Cosmic ray solar-flare particle-
anisotropy observations on various Pioneer and IMP spacecrafts
have shown that the field lines within each sector are in the

form of dnter-twined filaments.

1.0 Small scale irregularities and Power Spectrum of

the Interplancetary Magnetic Field

Superimposed on such a large scale structure of the
average interplanetary magnetic field, there exist small scale
magnetic field irregularities (or kinks),which are essentially
frozen into the solar wind and corotate with the sun. Michael
(1967) and Jokipii and Parker (1968, 1969) have pointed out
that since the magnetic lines of force are imbedded in turbulent
fields on the sun they must necegsarily be stochastic. The
fluctuations in the velocity fields lead to a random-wallk of
adjacent lines of force. A large nart of the random-walk is

probably ¢

ue to the horizontal digplacement of the feet of the

Fal

linesg of force resulting from the motion of granules and
supergranules. A granularity with a nominal size of 5 % 10 3km

on the solar surface, when vprojected on the earth's orbit,

corresponds to a slize of w»406 km, which is in agreement with
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the typical scale sizes of filamentary inthogeneities observed
by McCracken and Ness, (1966 )and Bartley et al.(1966) during
solar flare events and the cor e] tion length 'D' derived f[rom
magnetic field observations (Jokipil and Coleman, 1968). Thus

o

the flux tubes in the 'Webtspaghetti'! model of interplanetary

field suggested by Bartley et al.(1966) and McCracken et al.
(1967 ); can be congidered as a direct proof for the existence of

randomn-walk of field lines,

The introduction of random small gcale irregularities
into a uniform field will cause random changes in the pitch

angle of the cosmic ray particles, as they move along the lines

of force. The integrated effect of a large number of scattering
irregularities is maximum for pnarticles whose cyclotron radius
is of the same order as the scale gize of the irregularities

Thus the scattering for narticles of rigidity R(GV), depends
mainly on the power in the transverse component of the field

in the vicinity of the 'resonant frequency' which is given by

R P B - . ; : .
£ (R) 10 R 1 0 . Figure (1.05) shows the representative

I

power svectra of the interplanetary magnetic field during
1962-1966, obtained by several authors (Coleman, 1966; Holze
et al., 1966; Jokipii and Coleman, 1968; Sisco et al., 1968;

Sari and Ness, 1969).

The power gpectral density of the interplanetary

marnetic field shows a large variation from day to day. The
O g . .

T
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spectral density on a disturbed day often shows an increase

by as much as a factor of 10 compared to the spectral density
on a quiet day with the spectral shape, however remaining
practically unaltered. For particles in the rigidity range

(10 MV <Z R < 5 GV), the spectral exponent c< of the power density
shows significantly different values at different enochs

3

indicating different rigidity dependence for the parallel

diffusion coefficient (KIT)B The available power spectral dens ity
information corresponding to rigidities above 1 GV is scanty

and unreliable and there are some indications that it is

B

Tertz (corresponding

be

-
L

constant at freguencies ow 5 x 10
to rigidities above 5 Gv). Hence the magnetic field observations,
presently available, are not adequate to derive quantitative

conclusions regarding the propagation of high rigidity cosmic
& g

—
N
=

dulation mechanisms and theories for the daily

variation of cosmic ray intensity

Various theoretical models have been proposed. to
account for the experimental observations of cosmic ray modulat-
ion. These can be clagssified under two main headings, models
which invoke modulation by static or time varying electric
fields and the diffusion convection models. A number of
reviews on this subject are available in literature. We mention

here a few of them (e.g. Nagashima et al., 1966; Wehber, 1969;
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‘Rao, 1972). It is now generally accepted that the elegant
formulation of the diffusion-convection model including the
energy loss tern (Gleeson and Axford, 1967, 1968 a, b)

leads to a satisfactory explanation of the observed long term
modulation, the radial density gradient and anisotropy. Here
we will therefore briefly disgcuss thig model before we describe

the different mechanism that have been put forward to explain

the delly variation of cosmic ray intensity.

1.5.1 Diffusion~Convection Model

o
{

The diffusion-convection model originally proposed by
Morrison (1956) and later by Parker (1958 a) has since been
modified greatly by a number of workers to include the energy
losg term due to adiabatic deceleration in the solar wind
(Parker, 1965, 1966; Gleeson and Axford, 1967, 1968 a, 1968 L
Skadron, 1967; Jokipii and Parker, 1967, 1968 a; Jokipii, 1967;

1

Msk and Axford, 1968, 1969). According to this model the

modulation of the galactic cosmic ray intensity is atiributed to

the motion of cosmdc ray particles in a spherically symmaetric
model of the interplanetary medium, in which the cosmic ray
particles undergo convection, diffusion and energy chansces a«
they move in the irregular magnetic fields. The cosmic ray
particles undergo energy losses due to adiabatic deceleration

in the expanding solar wind (Parker, 1965); the deceleration

resulting from repeated scattering by the magnetic field
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irregularities, which are moving outward from the sun at the
solar wind speed. Jokipii and Parker (1967) and Jokipii (1971)
have treated the cosmic ray transport problem'as a problem of
diffusion in the frame moving with the solar wind and have
ineluded the adiabatic deceleration. (leeson and Axford (1967)
and Fisk and Axford (1969) have considered the scattering
processes. Both treatments lead essentially to similar

equaticns.

Assuming an isotropic velocity distribution of cosmic
ray gas, the differential number density U (rgE) and the
differential streaming current density S (r,E) in a steady
state for particles having a kinetic energy b and at a radial
distance 'v' from the sun is given by (Gleeson and Axford,

1967; Tisk and Axford, 1969, 1970; Gleeson, 1971)

2
196 |y & ED

5 e ¢ 9 a9 1913
r2 T 3 Sr & E
s = cov - kU AU B i
Sr
where
_ 11 6 ( oCEU)
B) = R G

C (r,E) 1 37 <% weeess 1215

is the Compton-Getting factor (Gleeson and Axford, 1968 bj;

Forman, 1970 a), V(r) is the solar wind velocity, K(r,E) is

the diffusion coefficient and (X = (E+2m002)/(E+mocg)

e

m062 being the rest energy of the particle under consideration.
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Eliminating 'S' between equations (1.13) ar™ (1.14%) one
obtains the well known Fokker~Planck equation similar to the

one derived by Parker (1965) and Jokipii and Parker (1967).

N4 ; 3
10 (r°uV)- 1 o \( o 3y

) 5 — [ mrK“'W = o v o8 | & 6
ICRE: figr'v> QLEU)*ﬁA Sr) 0 1.7

The second term on the left hand side of equation(1.16),
arises as a result of energy changes suffered by cosmic ray
particles in the expanding solar wind. Using this equation
the intensity at any point and epoch éan be derived, knowing the

diffusion coefficient valid for that energy and epoch.,

1.5.1.1 Isotropic diffusion

The solution of the equation (1.16), in the steady-state
convection diffusion theory can be obtained by neglecting the
energy loss term. Substituting o= 0, the solution of the
equation yields the well known expression for the modulated

cosmic ray density U(E fﬁgt) at a time 't' at the orbit of the

earth.
- d
- e . T i
U (R1 /jr]t) = Uo(i%) (j9t> eXp ”‘f f (I‘?l\) L Gaebnsa’]sj7
K (R,/g,f,t)
r -
/? - ‘/’/
where 'K! is the isotropic diffusion coefficient dnd 'Lt i

the dimension of the modulating region beyond which the cosmic
ray flux 1s assumed to be the same as the intersteller ccgmic

ray density UO(Qufg,t)g
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The cosmic ray intensity at any point, thereforeiéepends
upon V, L and the diffusion coefficient (K), which may bé a
functibn of rigidity and distance., Moreover the theory also
. predicts the change in modulation at any given rigidity, the
change being caused by the change in any of these parameters
(V, L or K). Whereas the changes in V are easily measured, the
changes in L and K are to be inferred from the observed
changes in the inter—rélatiomship between cosmic raylintensity
and solar activity varameters and the changes in the power
spectral density of the interplanetary magnetic field respect-

ively.

1.5.7.2 Radial Gradient

The magnetic irregularities moving with the speed of
solar wind sweep back the galactic cosmic ray particles and a
positive outward radial density gradient is produced inside
the solar Systema; It can be approximated by

- r{ . \\ ~‘
CF = l 'é""’q = ooy V (_ : t) snnscewaov1o’}’8
U Ar K(x, /;?;;,zﬂt)

It is seen from the above expression that the rigildity
dependence of the radial gradient, will depend on the rigidity
devendence of K. At low energies the energy losses may be
quite significant and consequently it is not possible to
obtain explicit analytic solutions of equation (1.16) valid

at all energies. However, useful deductions can be made by
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assuming simple forms for the diffusion coefficlent K and O
(<= 2 at very low energies andcX = 1 at extreme relativistic

energies).

1.5.7.3 Anisotropic diffusion

The cyclotron frequency of cosmic ray particles is
generally more than the scattering frequency, hence the
diffusion process is generally anisotropic. The diffusion
coefficient along the field line (KII) is more than the
diffusion coefficient perpendicular (KL) to the field line.
For an idealized spiral interplanetary magnetic field, the
cosmic ray density at a radial distance 'r! and co-latitude
B is given by

. ~V Oas 20 1o
Ulr, ) = U exp| p— (R-r)<(1+l(ﬁ§£2_ﬁi)(32+3r+r2)L, veees 1.19
BT L 3 v |

where () is the angular velocity of the sun and V and Ky; are
independent of r. The radial gradient for anigotropic diffusion
is given by

o 2 2 2@ -1

G = l ‘EU o V 1 - T "{2' S:LH e J s 85 @809 0 88 19208,
U T KL 2
Near the orbit of the earth, ro. = V and E}:;QOO
“.ﬁ G’ = 1 —---—-—(’U poues "”‘"2'2[ 5 8 05 8 8 © v ® # O
U ‘.:\)1" K ] R 1 20b



1.5.2  Theories for the Diurnal Variation

To explain the observed diurnal variation of cosmic ray
intensity, several mechanisms have been proposed. We will
briefly discuss here only those mechanlsms (Ahluwalia and
Dessler, 1962; Parker, 196%; Axford, 1965; Krimsky, 196;
Gleeson, 1969; Forman and Gleeson, 1970; Jokipii and Parker,
1969, 1970), which take into account the well established solar
wind theory and the spiral interplanetary magnetic field

configuration.

Considering a smooth spiral magnetic field, Ahluwalia
and Dessler (1962), showed that such a field corotating with
the sun in the equatorial plane, produces an electric drift which
results in the diurnal variation of cosmic ray intensity whose
amplitude can be calculated using the well known Compton~-Getting
(1935) effect. The direction of the anisotropy according to
this theory is perpendicular to the interplanetary magnetic
field direction and is denendent on the solar wind velocity.
This is completely at variance with the observed properties of
the average diurnal anisotropy, viz. its time of maximum alohg
1800 hour direction (Rao et al., 1963; Bercovitch, 1963) and its
lack of any correlation with solar wind velocity (Snyder et al.

1963). Further, the cosmic ray streaming as envisaged in this

\,

theory will have a component radially outwards from the sun

which would malke the sun appear Lo be a continuous source.
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gevere theoretical objection to this model was made DYy
Stern (1964) on the basis of lLiouville's theorem according to

which the cosmic ray density in phase space should be preserved

i

in a conservative systel

o otner words, if the cosmic ray

ol

intensity is the same in all directions at any given point
outside the solar sgystem, it must be the same in all directions

at any accessible point inside the solar system. Cons sequently

time indenendent magnetic fie ) system can not

o

produce a diurnal anisotropy .

golution to thig problem was pointed out by Parker(1964)
and Axford (1965), who showed that for a realistic model of the
. 1CSB_. e )
internlanetary magnetic fleld TKE is, in fact not equal to zero.

Magne tic field irregularities would wipe out a major rortion
g ‘

=h

O

£ the cosmic ray density gradient which is established by the

lectric field B = -V x B. Parker (1964), considered the

@]

4

presence of magnetic field irregularities reyond the orbit of
the earth, while Axford (1965) considered the existence of the
scattering centers througout the interplanetary medium. Under
the assumption that KIi§>ﬁKiﬂand the gradient perpendicular to
the ecliptic is zero, their results 1ead to the same conclusion
that the cosmic ray gas will rigidly corotate with the sun.

Tn this mechanism, the streaming velocity does not depend
either on the solar wind veloclty or on the interplanetary
magnetic field. The corotation amplitude of the anisotropy

produced by azimuthal streaming at a distance 'r' from the sun
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ie given by the well known Compton-Getting effect as

-0

CT
a,,l(r).;i 3 Jco venencvssalall
B _
Where ?VCO‘ is the velocity of the rotating spiral magnetic

field and 'v' is the particle velocity (v=c), C is the Compton-
Getting factor,

For protons of energies » 1 GeV, equation (1.21) reduces
to a, = Séiéilzgg at the orbit of the earth ( r = a )}, where
)/ is the primary differential energy spectral index. Substitut-
ing V . = 400 km/sec. and ) = 2.60 for the solar minimum the
expected value of the diurnal anisotropy would be o 0.6%,

which exceeds the observed average amplitude of % 0. 4%

(McCracken and Rao, 1965) by about = 50 percent.

The mechanism put forward by Parker and Axford explains
satisfactorily most of the features of the average diurnal
variation such as the time of maximum, the spectral behaviour
and the declination dependence. The only major discrepancy
between the experimental observation and the theoretical predict-

ion is in the amplitude of the diurnal variation.

Considering a general magnetic fileld (B) and also an
electric field (E), the generalised expression for the

differential current density can be given Dy (Gleeson, 1969)
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Where C is the Compton-Getting factor, 'U' is the differential
. _ 1 oo
number density, 'V! is the solar wind velocity, K = 3 V‘fls
the isotropic diffusion coefficient ( v = the velocity of the
. o 4 B ..
particle), 'r' the radial distance from the sun, (D = %f is the

~vrofrequency of the particles ('m' is the relativistic mass)
g

e a4 . .
and 7 is the average collision time.

Assuming (7 >> 1, Gleeson (1969) approximated the

expression of differential current density 'St as

: 2 = E x B
S:—}K(CjH)H '—-:]3‘" v (OT’T)XD +CU _1{* 2 5 8 @ 1«:23
A oy, (‘ﬁlﬂ B 2
( B

In this approximation however the term CUV” is left
out. Assuming further that the gradient pernendicular to the
DU
ecliptic plane (ﬁ§§ ) is zero and that there are no energy
sources or sinks of cosgmic ray particles within the interplanet-
ary region, Gleeson (1969) equated the radial component of

streaming vector to zero. He showed that the gtreaming in the

azimuthal direction will be given by

8 = GOV tan? = CU_(ur ceeeen 120
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Where ) ig the angular velocity of the sun and r = 1 A.U.

I

Congidering electric field B -V x B, generated by the

magnetic field in the interplanetary region, Forman and Gleeson
(1970) showed that the equation (1.22) for 'S' in terms of the
electric field '"H' can be written as

U T x B
i

. D L N 2 A ! ) L
Juy y2 ()2 (e Xﬂ%)+(ﬂ1# e .25
| 2

T2 O g

i

oo

(\7
S = CUV =K (%#%\—K (

B

Where K and K are the parallel and perpendicular diffusion

H o

coefficlients respectively. They are given by

=
!

- K K :_,____K n»ncﬁcuoa’logé
X CL T 1k or)?

Forman and Gleeson (1970) also showed that in the
interplanctary space, the electric field drifts and the
convection of the cosmic ray particles parallel to the inter-
vlanetary magnetic field, combine as a gsimple convective flow

along the solar wind. (Figure 1.06).

i.e. CUV = CUV . 4+ (CU === _- g R L

o N2 =
o 2 I)® oy B
geog):b"‘*lx‘ _..—/—-—--< bkﬁ%%:B ) © ® 0 8 2 0 o B 2 B 1928
BL\) l+<’ )751— b

Thus the streaming of cosmic ray particles S(r,E) in
the interplanctary space ig given by the radially outward

convection and the diffusion along and perpendicular to the
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field line. Fourth term represents the anisotropy due to the
gradient and the interplanetary magnetic field. This anisotropy
is perpendicular to the interplanetary magnetic field and the
gradient of the cosmic ray density. The anisotr@py reverses its
direction with the reversal of the interplanetary magnetic

field or with the reversal of the gradient. Hence for avefage
anisotropy (average of 27 day or more) the fourth term will
average out to zero or become negligible. In general all the

terms of equation (1.26) have to be considered to account for

the magnitude and direction of the observed anisotropy.

Assuming that the gradient perpendicular to the ecliptic
plane 1s zero, ?J/ negligible and that there is no radial

streaming, Forman and Gleeson (1970) showed that the streaming

in the azimuthal direction will be given as

S = CUV tan :‘,C‘ = CUVCOu

This is shown in Figure 1.06.

The anisotropy & dis given Dby g' = %% ceseses 1.29
Wi i
3CV
AU o JRSOR + Lo ceeeses 1030
J v

which is in the 1800 hour direction. For particles having
energies above 1 GeV/nucleon,
¢ (r,B) = (2 +))/3

e\f; - <2 +2/>VCO . anceeoa1n31
' v
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V.o = 400 km/sec.(at the orbit of the earth), v = C (the speed

of light) and )/ = 2,6¢A§ is =~ 0.6%.

At lower energies (1 GeV) the condition that the
radial streaming or current density is zero (or negligible) is
not generally valid. Hence strictly azimuthal streaming cannot
be expected at very low energies. In this energy region the
Compton~Getting factor is greatly reduced and may even become

negative (Gleeson and Axford, 1968 c).

To explain the discrepancy between the observed and
expected amplitude of the diurnal anisotropy, a cosmic ray
pressure gradient, perpendicular to‘the solar equatorial pl?ne
was suggested by McCracken and Rao, (1965); Parker, (1967);
Gleeson and Axford, (1968) and Jokipii and Parker (1969).

Gleeson (1969) attributed the entire discrepancy between the
observed and expected value to the perpendicular gradient through
the fourth term in equation (1.26)., This implied a gradient
(Forman and Gleeson, 7970}vwith magnitude ~45/P(GV) per cent

per A.U., which appears to be large and has not been confirmed

experimentally.

Jokipli and Parker (1969) have attempted also to take
into account the effect of the 'random-walk!' of the magnetic
field lines which enhanceg K»L even to the order of K%Q

particularly at low energies. Inclusion of this effect

introduces an additional term in K, which as Jokipii and



Parker (1969), pointed out could readily account for the
ohserved reduction in the amplitude, by providing an additional
component of the differential current density as shown in

Pigure (1.07). The anisotropy becomes

¢ (K, - K, ) tan X

£ =3 (%) (KH L Q_JC..

| o K_L_tangf>

% = 130 X (1 - €) tgnﬁh. ¢

w V1 4 ¢tan© X where &= § seses 1632

i

When ?ifi< Kll in equation 1.32, the anisotropy
corresponds to the rigid corotation of the cosmic ray gas. On
the other hand if diffusion coefficient 1s isotropié i.€.

K = }K‘_,1 the diurnal anisotropy will completely vanish.
|

Subramanian (1971 a) has recalculated the expected
amplitude according to equation (1.31) for the period of high
gsolar activity. Using appropriate values for coupling
constant W(E), and the spectral index ) (R), he finds that the
expected amplitude is in reasonable agreement with the observed
amplitude. This implies that 1t is no longer necessary to
invoke a densgity gradient perpendicular to the solar equatorial
plane, during this period and that Kj;i(‘Ki* . This conclusion

ig in essential agreement with the low energy flare observations

by McCracken et al. (1968, 1971).

From a study of the decay of solar flare cosmic ray

events McCracken et al.(1968, 1971), showed that even late in
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the decay, convectlon i1s thoe dominant mechanism in the inter-

plane tary medium and that X iz completely negligible. Very

late in the decay, they ohserved an easterly anisotropy which
has been attributed to a balance between outward convection and
an inward field aligned diffusion due to density gradients.

The convection which ig given by Compton-Getting effect, is
observed to be of the order of 10% at 1 MeV energy, and about
0.6% at GeV energy. Bxbtending these regults from low energy
solar cosmic rays to higher energles, these authors suggested
that the diurnal variation could be simply considered as a
superposition of convection and fiecld aligned diffusion,
Specific mathematical formulation of this concept for both solar

cosmic ray cvenbts and the diurnal variation, has been gilven

by Forman and Gleeson (1970): Gleeson (1949) and Ng.and Gleeson
? o

~~

19741). The model earlicer developed by Krimsky (1964) ig also
in meny respects similar to the above model even though it is

not ags detailed.

According to this concept, on an average it may be assumed

that the sun is neither a sink nor a source. Consequently the
imward radial component of the field aligned diffus sive
streaming should just balance the outward convection on an
average basis leaving only a net azimuthal or 'corotational
component’ (Mipure 1. 08). On a day to day basis, however, the
properties of the interplanetary medium vary over a wide range,

regulting in an imbalance between the two components. DBecause
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of the fluctuations in any of the relevant interplanetary
parameters (solar wind veloclty, magnetic field direction or
diffusion coefficient), the departure from the equilibrium
corobational streaming will result on a day to day basis. oince
this concept is able to explain the observed anisotropilc behaviour
of low energy cosmic ray particles of solar origin as well as

of galactic cosmic ray particles, it looks to be nore

attractive.

Experimental verification of the above concept has
emerged from the study of Hashim et al. (1972) and Rao et al.
(19722\ Hashim et al.(1972) have shown that this concept 1is
valid for explaining enhanced diurnal variation on individual
days by demonstrating the field aligned nature of the diffusive
vector on such days. From a detailed analysis of data over a
long period (1964-1970), Rao et a1.(1972) have shown that this
concept is valid for both average quiet day variations and
enhanced diurnal variationéb Subtracting the convection vector
from the observed diurnal variation, the residual diffusive
vector has been shown to be fleld aligned during both quiet and
disturbed periods. The residual field aligned diffusive vector
is explainable in terms of a positiﬁe radial density gradient
of > 4.5%/A.U. during quiet periods and ~ 10%/A.U. during
selected periods. These estimates are quite consistent with

the observed radial density gradients. The observations also
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indicate that on an average K}/K1{§Q 0.05 confirming the

correctness of the assumption KJ‘<<*Kif°

1.5.3 Theories for the Semi~diurnal Variation

Subramanian and Sarabhai, (1967); Lietti and Quenby,
(1968) and Quenby and Lietti, (1968) have independently suggested
that the semi-diurnal component in the cosmic ray intensity can
arise, as a result of the symmetrically rising cosmic ray density
gradient, perpendicular to the solar equatorial plane., The
difference between the two models which are proposed to explain
the semi-diurnal variation of cosmic ray intensity is mainly
in the assumed nature of the density gradient away from the
equatorial plane. Subramanian and Sarabhai assume the perpendi-
cular gradient based on the dependence of the solar activity
inferred from the coronal observations at different heliolatitude.
On the other hand Lietti and Quenby have assumed a symmetrical
density gradient based on the considerations of simple geometry
of the interplanetary magnetic fileld and the consequent loosening
of the spiral at higher heliolatitudes. Both the models predict

essentially similar properties for the semi~diurnal anisotropy.

Viewing along the interplanetary magnetic field lines
in the equatorial plane, a detector on earth measures cosmlc ray
flux characteristics of the equatorial plane. Viewing in a
direction perpendicular to the magnetic field a detector samples

particles arriving from higher heliolatitudes, corresponding to
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the gyroradius of the particle under consideration. ©Since a
cosmic ray detector on the spinning earth measures cosmic ray
intensity twice a day along the interplanetary magnetic field
and twice perpendicular to the field lines, a positive density
gradient in the perpendicular plane will give rise to a semi-
diurnal component with a maximum perpendicular to the inters-
planetary magnetic field. The higher the energy of the particle,
the higher would be the neliolatitude of sampling and hence the
higher would be the resulting amplitude of anisotropy. Thus the
nodel radily explains the observed time of maximum as well as

positive energy dependence of the semi-diurnal variation.

According to Liettl and Quenby (1968) and Quenby and
Lietti (1968), the perpendicular gradient of the cosmic Tay flux
is a consequence of the random scattering of particles by
scattering centres superimpbsed’on the simple Archimedean spirals
The galactic particles that arrive over the poles experience
easy access, since, they diffuce along almost straight field
lines, whereas thoge entering in the solar equatorial plane are
constrained to follow many spiral loops. Consequently the
cosmic ray density at a given distaﬁce should be less at the
equatorial plane as compared to the intensities at O = 0°.
With typical values of V = %00 km/sec., A\ = 101 p cm. and
ry = 40 A.U., they described the cosmic ray density distribution
in the interplanetary space as

:N fond N—S eX’p [ ~%ﬁ Slﬂgx;‘} % 9 69 8 a1 933

S]



Where Ne and Ns are the density at earth and at the
boundary of the modulating reglon regpectivelx'?P* is the
rigidity and (-is the codatitude. Taylor expansion of
equation (1.33) gives peak to peak amplitude of the second
harmonic component. For a detector that looks at an asymptotic
1atitude'ﬂ'with respect to the solar equatorial plane and at an
asymptotic longitude yjmeasured from the spiral field direction,
Quenby and Lietti have shown that the expression for peak to

peak amplitude is glven Dy

2. 2 -
a. = 0.005 (1-Cos“\y~ Cos™N\) (]~ PR e S
2 Y Sin2 W

Subramanian and Sarabhai (1965%), on the other hand
congidered also other types of cosmic ray density distributions.,
If the density distribution, instead of being symmetrical
about(qﬁz.o, is gymmetrical about another heliolatitude(<ﬁ3?io),
they find that the amnlitude of the semi~diurnal anisotropy
will still vary as Cosg)\ and the energy spectrum will still be
positive. However, such a Jistribution will also give rise to
a diurnal component which will reverse its direction of maximum

with the reversal of interplanetar masnetic field or with the
Y N g

reversal of the north-south asymmetry of solar activity.

Theoretically both the models predict that the semi-
diurnal anisotropy, has a positive exponent of the energy
spectrum of variation, anisotropy varies as Cosz;\ and has a

maximum flux in a direction perpendicular to the interplanetary
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magnetic field direction. ALl these predicted properties are in

agreement with the experimental observations.

Theoretical estimates, dssuming the perpendicular
gradient to be of the same order as the heliocentric radial
density gradient (G .5 12-15% per A.U.), have yielded amplitudes
for the semi-diurnal anisotropy in reasonal agreement with the

‘observations.

Accurate theoretical calculation of the semi~diurnal
amplitude 1s however difficult because of the lack of any direct
measurement of the latitudinal gradient. Taking advantage of the
change of the earth's position between & 7.25° in an year with
respect to solar équatorial plane, it is possible to estimate
the characteristics of the perpendicular gradient from
obscrvations during different seasons (Dormen and Fischer, 1965) .
From such an analysis, however, Subramanian (1971 b) has
concluded that the cosmic ray intensity di stribution observed
in the heliolatitude range * 7,250 cannot explain the observed
semi~diurnal variation. It should also be noted that a semi-
diurnal component can arise through a day to day variations
of the interplanetary magnetic field, It 18 reasonable to
assume that the particleg of rigldity ~ 200 GV., whose
gyroradius corresponds to about 1 A.U. will not show a signifi-

cant semi-diurnal anisotropy.



CHAPTER - II

FXPERIMENTAL DETATLS

@

2.7 Introduction

Neutron and meson monitors are being very extensively

used for continuous monitoring of cogmic ray intensity.

ryations from the Llow latitud

Comparison of time variation
meson monitors having a high energy response with the high

1atitude neutron monitor obscrvations, srovides valuable data,
covering a large cnergy range. Lvel thoush both Gelger-Muller

counters as well as ceintillation detectors have heen used for

monitoring mu-meson intensity, the fast response of the plastic

scintillator (10*9 sec.), ease in machining and fabrication an

i

the practically unlimited 1life-time have favoured the cholce

of scintillators for time variation studics. With such gecintil-

lators, it is possible to measure cnsmic ray intensities

collected from a large area of the o sguare et
thus providing a good statistical accuracy.
The operation of a secintillation counter is bas d on

the conversion of the energy of a gincle particle into lizht

quanta. The incident particle impinging on the scintillator

dissipates part of 1ts energy in the ionization and excitation
k!

of molecules, a fraction of which is converted into nhotons.

These photons are detected by the photoncathode of the photo~

multiplier, the output pulse of which is emplified, discriminated

e

d

e

T

S

9
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and finally re cenrded automatically. n the succeeding sections,
o brief description is given about the cxperimental et up of

sointillation detectors &s well as the electronic assombly used
for the continuous registration of MU-MES on intensity
2.2 Seintillation Detector set up

2.2.1 Working Principle

The technigque of seintillati

of ionizing radiation 1s extensively

ion counting for +he detection
Acseribed in literature by

Birks, (1993);Curran, (1953) 3 Hott and sutton, (1958); and
Akimov, (1965). The sequence of ovents in this technique ig
briefly gsummariced here.

An incident particle having an cnergy Eig in passing
through a scintillator dissipates a nart (fraction) FE, of 1ts

energy in ionization and excitatlon

lators, which ig converted into photons.
photons (IO) radiated, which depends

efficiency (Ci) of the scintillator

of molcculas of the scintil-
The number of
conversion
~itten

may be w as

Fﬂ X Cl
=
IO — E vq&uuc»w 2;01
1%
where Ep ig the energy reguired to produce o single photon in
the scintillator. The number of units of these photons decay
- N _"‘t/t L [ 1 i AT - 4 - P - - - 2.
as L I(ﬁ) o where 't ' 13 the decay time, which 18 of the
J -

order of 1OM9 ec,for fast (organic) sointillators. Out of



thege photons only o fraction of the photons are generally
detected by the photomultiplier.
The number of emitted photons that reach the photocathode

is zoverned by the following two factors (i) the optical trans

narency (T) of the scintillators to its own radiation and (ii)
the light c tion efficienc (Cﬂ)rf the detecctor set-up. In

other words the number of photong I' roaching the photocathode

is given by

u

I‘ = I}:TXCd 8 28 a0 5 8 0 2a02

In the case of organic scintillators, the system
efficiency is vastly improved by appropriately shifting the
spectrum of cmitted photons to match the photocathode response
of the multiplicr tube by adding sultable substances known as
wave length convertors and wcvw—lVL”*h shifters. In order to
improve the collection efficiency (Cd) of the detector box,
where multiple reflections are likely to occur a reflector with

a high reflectance and low abgorption coefficient, in the wave

length region of intercst, 1s generally used.

The number of photoeclectrons (n) produced, when I
011
photons impinge/the photocathode is pgiven by

D 2

— . ¢ ‘¢ v
n — I X C/_},)C}”)’< .r; 3 ) @ 0 0 2 5 8 0 8 (oS} OJ

where C, é( L) is the photoelectric conversion efficiency of

the photocathode alt its optimum frequency. The vhotoelectrons
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released from the photocathode get multiplied at the subsequent
dynode stages of the photomultiplier by secondary emlssion. The
output of the photomultiplier islfufther amplified prior to
digcrimination and final recording The signal to nolse ratio

is generally unaffected by the multiplication process in the
photomultiplier since both are similarly amplified. Thus 1t is
important that the signal (n) should be large. Hence the factors,

P, Ci,y T, Gy and F5K33 ffecting the value of 'n' must be

optimised,

2.2.2 Desgign considerations

The response of the scintillation detector to a particle
depends -n the efficiency of the scintillators, the attenuation
length of the emitted light and the design of the detector box,
which includes the geometry of the counter, reflectivity of the
counter walls and the fraction of the wall area covered by the

nhotomultinlier.

Since large area counters are neecded for giving better
statistical accuracy, fast response scintillators (i.c. organic

scintillators) are preferable for monitoring purposes.

Eventhough both liquid and solid scintillators can be

used as large area detectors, liquid scintillators (such as

toluene, terphenyl) are unsuitable becausc of several reasons.
The liquid is usually volatile, inflammable and toxic. It is

difficult to avold the leakapge and spillages The ligquid being



in contact with the walls of the detector it bocomss cifricult

to provide a good reflecting surface., for Long term monitcoring

purposes, where stability 1s an essential reculrement, s0lid,

plastic scintillators are penerally s employed., To obtaln high
quality plastic scintillators, a mizturce of btarec aromatic

hydrocarbons is used. The bulk of mixturc

X

up of the solvent (base) and other tuo
convertor and wavelength shifter) in minute
serve the functi-n of suitably mocifyving the I[Teguency dnectrum

emitted by the solvent o matelh the nhotomultiplier response.

For cosmic ray work the organic nlastic scintillators

[6)

are generally composed of (1) polystyrene (2299%), (2)p.Terpheny.
(=-1%) and (3) POPOP (-:0.05 to 0.1%) by weight. Tha manufactur-

ing process »f solid plastic scintillators involves the following

steps: (a) mixing the ingredients (h) t
initiate polymerization (¢) conling to remove hont cvolved during

the

exothermic polymerization (d)

mass

nolymerigzation (e) shock cocling to

from the reactor vessel (f) anncaling (g) machining wnd
polishing Dotails of such procesges for tho manufacture of
large and small size plastic scintillators are available in

literature (Schorr and Torney, 19505 Koskl, 19515 Buck and

Swank, 19933 Wouters, 1955 Figher, 1955; Clark et al., 1957
]

Deshpande and Bhide, 1961).
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For the registration of relativistic cosmic ray particles,
the detector system ideally should have the following character-
istics:

(1) Stability

Cosmic ray time variation sriments which require

1and that the

continuous monitoring over long poriods of time d
efficiency of the detector should renain stable over a long
period. In other words, it is dmportznt ts ensure that the
reflecting propertics of the reflector or the transmitting
properties of the scintillators do not appreciably deteriorate

with time.

(44) Uniformity of response

The response of the detector over the whole of the

er when

<

effective counting area should be fairly uniform, Howe
one 1s concerned with counting the particles only, the condition
of uniformity is not so strict as in experiments where one

desires to measure the energy of the particles also.

In addition Lo the normal statistical fluctuations in

the scintillation processes and in the photomultinlicr, the

t of

0 the pulse

following factors also contribute
height distributions and thereby influence the nerformance of the
large area detector.

(a) Non-uniform luminescence efficiency »i the scintillators,
due to defects in the manufacturing processcs of the slabs (for

example, presence of bubbles, white patches or any other optical




flaws in the gcintillators). The variations in the efficiency
of different slabs, when a number of slabs aré used in one
detector.

(b) Variations in the light collection efficiency of the

detector, which can be minimized by suitable choice of the

reflector and the »ptical geometry of the detector.

(iii) Counting cfilciency

A1l the particles incident on the effective counting
Iy O

surface of the detector within the allowed solid angle of the
telescope must be counted. The counting efficiency depends on
the (i) number of photnelectrons emitted by the photocathode and

(ii) the resolution time of the counting circults.,

2,243 Seintillation Telescope set-up at the Physical

Research Laboratory

From the known properties of the average diurnal and the
semi-diurnal anisotropy of cosmic radiation, it has been
recognised that for carrying out further significant investigat-
ions on time variation of cosmic radiation, on a day to day
basis, a large counting rate »f the order of about 1 million/

hour is necessary. Therciore, large area scintillation teles-

T’J

copes, consisting of elght plastic scintillation detectors each
having an area of 4 sq.meters, have been installed at the

Physical Research Laboratory, Ahmedabad. Abhsorber of about

\)

200 (ns/cm‘ qurrounds the detector set-up which serves to cut-off
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the soft component of the secondary cosmic

detector set-up with its electron instru
an alr-conditioned room, where the tempersture is maintained

at 70 + 2°F.

Figure (2.01) shows the set-un of four

detectors (which is only a part »f the t-otal sect-up ) to illustrate

N

the geometry of the two vertical and the two inclined telescopes.

The entire sct-up with eight detectors, four on the ground and

-

the remaining four, twn metres above the ground (Figure 2.02)

provide a total of four vertical telescopes of cubical geometry

and two telescopes each in directions inclined at 513 to the
zenith, pointing to east, west, north and south. The

horizontal separstion distance bhetween the centres of two adjacent
letectors is 2.5 metres. The mean direction »f the inclined

telescope is~ 517 with respect to the vertical. The opening

angle of the directional telcscope is .. 527, having 147 and 66°
28 thoe minimun of resnonse.  For checking the
long term stability and the reliability of ooeration, the set-up
is divided into two nt didentical scctions of four
scintillators each, cach section comprising of tw> vertical

telescopes.

2.2.3.71 Desgcrintion of each debtector

; - 2 C o
The detector of 4 m® arcn consicsts »f gixteen slabs o

O

plastic scintillators, each of 50 cms % 50 cme size, placed in
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28

Fig. 2.01 CGeometrical set-up of four scintillation detectors
forming two vertical and two inclined telescopes.
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Fig. 2.02 Geometry of the multi-directional meson telescones
at Ahmedabad with elght scintlllation detectors,
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a light-proof wooden box having a pyramidal shape (Figure 2.01).
One side of the box can bhe opened for service purposes. ALl the
inner sides of the box and the bottom surface of the scintillators
are coated with a high reflectance whitc paint (Titanium dioxide).

Secintillators are of

contact with each other. Thickness »f these scintillators a
cach of theilr corner isg shown in Figure (2.03). The eontire tray
of sixteen scintillators is shaped such that the thickness is

sreatest at the corners and decreascs smoothly towards the
& J

centre. The increased thickness at the corner compensates fo
the light losses due to the path length variation in the detector

box. The entire tray of scintillators is viewed by a single
141 Du'Mont (K-1328) photomultiplier tube mounted at the top of
the pyramidal box.

-

Great care need to be exercised in the choice of the

(@]

paint which has to satisfy the conditions of very high reflect-
ance in particular wave-length region and the ability to maintain
its optical properties over a long period of time. oSmall scale
experiments were conducted with a number of reflectance pa ints
and were compared with the performance of the aluminium foill.

It was found that the water based T102 paintAwhich has a
reflectivity of - 0.8 in the transmission band 0f<1000~7000" A,
was the most suitable diffuse reflector for the geometry of our

present set-up. Figure (2.04) shows the comparison of Tio, with

aluminium foil for a typical set-up. The light output obtained

a trapezoidal form and placed in close optical
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by using Tio., as a reflector is at least ~ 15% more than that

2 .

obtained using aluminium foil. A reasonably uniform response
can be obtained by vlacing the vhotomultiplier at a great distance
from the scintillators, so that the optical path length from
photocathode to different parts »f the scintillator tray becomes
approximately same. However this will sharply reduce the photon
intensity. Hence a choice is being made of a reasonable optimum
distance. In the present set-up, the increased thickness of the
corners of the scintillation detector provides some compensation
for the increased path length. The vertical separation between
the photocathode and the scintillator which is 95 cms in our
set-up has been worked out for optical verformance taking into

consideration, the conflicting requirements mentioned above.

The scintillator slabs were manufactured by the Technical
Physics Division of the Atomic Energy Establishment, Trombay,
according to our specifications and using the raw materials
(a) Styrene Monomer PL 50 TBC (b) P-terphenyl (NE-504) and (c)
POPOP (NE-502) »f scintillators grade. The composition of these

material by weight was == 99%, 1% and 005% respectively.

The scintillators were subjected to infra-red radiation
treatment for removing the white patches and other minor
manufacturing defects. They were further machined and polished
with a fine grade 2/0 and 4/0 watcrproof emery papers and
aluminium oxicde and buffed with a buffing wheel to obtain

optically high quality scintillators for the present usage.
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A 12 stage Du'Mont K-1328 photomultiplier tube having a
photocathode of 1" aiameter and an S-11 spectral response is
used in the present set-up. The nhototube has a rated average
galn of ~8 x 1O5ﬂ This photomultiplier tube has a metal support
cone for the cathode surface, which also provides some magnetic

shielding and a focussing clectrode whose potentlal can be varied

to give optimun overall electron collection efficiency.
2.3 Electronic Circuits

The block diagram of the entire electronic circultary

associated with one typical channel of meson telescope 1is shown

in Figure (2.05). The circuits are fully transistorized except for

the high voltage units. In order to avoid the losses along the
coaxial cable, the preamplifier is mounted near the base of the
photomultiplier tube. The recording system including the high
voltage units, is fed from the mains through a radio frequency
suppressor and a constant voltage-transformer to provide better

stability.

ch voltage units, supply the voltages

o=

Two stabilized hi
to the eight photomultipliers. The high voltage unlt has a
continuously variable output from 500 to 2000 volts. Stability
of the power supply is 1 part in 1000 and has a current capacity
of 1 mh. The high voltage supplics are well tested to ensure

that spurious pulses due to discharge or leakage across the

capacitors are absent.
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..,.73...,

m

I'o provide indenendent adjusts

individual photomultipliers, a distribution box containing four,

five-gtep switches is connccted with each hipgh voltage supnly.

High voltage connection to ecach nhot ig cdecounled to
ensure from any radio-frequency and microphonic pick-up. The

high voltage connection to the photomultinlier base is shown in
Fizure (2.06).

b

Pogitive voltage ig applied at the anode of the tube.
The output of the photomultiplier is a negative pulse of ~ 3 to

10 millivolts height.

2.3.71 Preamplifier

The preamplifier circuit is shown in Figure (2.07). To

match the high output impedance of the photomultiplier the

T

effective input impedance and high frequency response of the
()

)._.a

o 4+

input circult of preamplifier is increased by cascading three
emitter followers with feedback from the third emitter to the
input base resistor. The effective input impedance being nearly

two megaohms, the time constant of the exponential decay of the

photomultiplier pulse is not affected by the transistor character-

consgists of a feedback,
commonbase voltage amplifier (gain = 10), with on emitter follower
output Lo drive the coaxial cable (of 120 impac wncu3,‘which

carries the signal to tho main amplifier.
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2.3.2 Main amplifier

The main amplifier shown in Fizure (2.08) consists of
three feed-back lonops. The total gain of the preamplifier and
amplifier combinati-n is about 3000 which is adjustable from
300 to 3000, The amplifier has a rise time of 0.2 A{ sec. and
provides an output of « 11 volts. The signals after amplification
are fed to the discriminator circuit which is shown in Figure

(2.09).

2:3e3 Discriminator circult

The level discriminator used in the present set-up 1s
adjusted to eliminate the background noise from the photomulti-
plier. The discriminator circuit is followed by a pulse shaper,
which provides a constant square wave output. Negative output
from the pulse-shaper is used f{or monitoring the tray rate for
test purposes. The sharp positive output from the pulse-shaper

A

ter differentiation, is fed to the coincidence circuit.

o~
)
[N

Discriminator level, is adjusted using a ten turn linear potent-

iometer.

2.3.4% Coincidence circuit

Figure (2.10) shows the schematic of the cnincidence
cireuit. The resolving time of the circuit 1s adjusted at
Ogh/uﬂsec. The output pulses from the coincidence circuit, which
are of the order of 6 volts and of 1/& sec. duration, are fed to

o

the scalers for counting.
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2.3.5  Scaler and Recording System

The basic binary scaler shown in Figure (2.11), is of
Iceles-Jordan type bistable multivibrator. Scaling factors of
126 and 912 are used for inclined and vertical telescopes
respectively. Output of the scaler is recorded by a telephone
type mechanical recorder (Figure 2.12). A panel consisting of
all recorders which are attached to different vertical and
inclined telescopes, along with information giving the year, date
and the time is automatically photogzraphed every twelve minutes,
thﬁough a motor clock control circuit (Figure 2.13). The
description of the operating charactertistics and testing procedure

ig discussed in the next section.

2okt Operating Characteristics and Test Procedure
2. 4.1 Choice of operating conditions

The three governing factors which control the complete
operation of the scintillation detector set-up are the choice of
the high voltage to the photomultiplier tube, the adjustment of
the amplifier galin and fixation of the discriminator level.
‘Aporopriate cholce of these parameters is necessary to obtain the

optimum operating conditions of the detactor and maximum stability
of the counting rate against instrumental drift.

It is customary to initially adjust the photomultiplier
high voltage to a reasonable value and then fix the amplifier gain

to bring the response of the detector within the operating region
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of the discriminator. Once the amplifier gain is fixed, the
nerformance of the scintillation detector depends primarily upon
the photomultiplier voltage and the discriminator level. An
optimum combination of these parémeters is obtained by determining
the characteristic dependence of the counting rate as a function

of the photomultiplier voltage and the discriminator level.

2.0.1.1 High Voltage

Figure (2.14) shows the dependence of the count rate of
the detector on the high voltage of the photomultiplier for two
different discriminator levels. Curve (a) and (b) shown in the
figure represents the count rate variation of any single detector
with the applied photomultiplier voltage for two discriminator
levels 3 and b volts resvectively. Curve (c) shows the counting
rate characteristics of a typilcal vertical telescope (i.e. two
detector wunits in coincidence), the discriminator level being
adjusted at 3.5 volts. All the curves display a minimal plateau
of about 50 to 75 volts with a slope of about Q;O.ﬂé%/VOlt, for
a single detector and of about ~0.07%/volt or less for the
colncidence arrangement. The high voltage for the photomulti-
plier tubes are carefully adjusted taking into consideration the
slope and the extent of the plateau region to provide the

maximun possible long term stability.

2.4.1.2 Discriminator setting

After fixing the appropriate high voltage for the photo-

multipliers, the appropriate discriminator level settings can be
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determined by knowing the counting rate of the individual
detectors and the telescope arrangement as a function of the
discriminator threshold levels. The integral counting rates of
two individual detectors (upper and lower detector, forming
vertical telescope) and of the vertical telescope are ghown 1in
the Figure (2.15). 1In this figure, curves 1 and 2 represent the
integral counting rate of one upper and lower detector respect-
ively. Curve 3 shows the integral counting rate of a vertical
telcscopé formed by the above two detectors. These curves which
represent the integral pulse height distribution of the
scintillator, are also contaminated with the background noise,
besicdes the genuine counting rate due to cosmic ray muons.
Since, ideally such background can be almost completely eliminated
by coincidence arrangement, one should expect to obtain a flat
plateau region at the maximum meson counting rate., However,

due to the broadening of the meson pulse-height distribution in
a lafge area detector, a e-mpletely flat plateau is seldom

realised in practice.

The slope of the plateau at the operating level
provides a direct measurement of the stability of the instrument
against drift in gain. For individual detectors, even near the
plateau, the count rate change 1is observed to be 8 to 10% for
one volt change in the discriminator threshold. The
corresponding change in count rate for the cnincidence

(telescope) arrangement is observed to be only I+ to 6%. Because
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of the increase in the chance coincidence, curve (3) shows a

rising trend at the lower discriminator level.

In the coincidence arrangement an accurate adjustment of
two discriminator levels (say D, and D,, for two detectors) have
been achieved by using the following procedure. Coincidence rate
(integral rate) of the telescope was measufed as a function of
the discriminator threshold voltage D,, for different fixed
values of D1° Results obtained for one typical telscope in the
present set-up are shown in the Figure (2.16). From such a curve
it is possible to identify the region in which the change in the
coilncidence ratebis very low for change in the discriminator

level D, and D,. From figure (2.16) the optimum threshold level

1 2

for the discriminators is observed to be between 3 & W volts.
In the actual set-up, the focussing electrode of each of

the photomultiplier is operated at the appropriate voltage, to

achieve maximum collection efficiency. Typical curve showing

the counting rate efficiency as a function of the focussing

electrode voltage is shown in Figure (2.17).

2.4,2. Uniformity of response of the detector

To test the uniformity of response of the detector, the
following experiment was carried out, A proto-type unit with <
scintillator of 50 cms. x 50 cms, size was built. The positions
of all the sixteen gcintillators inside the large area detector

box were numbered (marked) according to the thickness of the
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sointillator (as shown in figure 2.03). All the scintillators
were removed from the deteotor box. Then one scintillator wag
placed at ité proper place inside the detector box. The proto~
type unit was kept directly below this geintillator and

integral coincidence rates Q;re taken between the detéetor_and the
proto-type unit for different discriminator levels. The’first
scintillator was removed and a second scintiliator waslplaced at
its appropriate place. Proto-type unit was brought difectly
belbw the second scintillator and again coincidence rate was taken
between the detector and the proto-type unit. This method was
repeated for all the sixteen scintillators. Since the position

of different scintillators being different.with respect to the
position 5f the photomultiplier in the detector-box, the count
rates obtained from the above experiment for all the scintillators
will provide an estimate of the uniformity of response of the

detector.

Three positions 'a', 'b' and 'c! are shown in Figure
(2.18) where 'a' corresponds to the four innermost scintillators
while 'c' corresponds to the four outermost scintillators. The
integral counting rate obtained for these three positions ‘'a',
bt and 'c! are shown in Figure (2.19). It is found that the
change imﬂthe count rate efficlency between the centre and the

corner scintillators, i.e. 'a' & 'c', is less than 8 to 10%.

5.4, %  Routine Check-up

The regulated output from the high voltage supplies, the
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photomultiplier voltages, the low voltage supplies and the
forussing electrode voltages are checked every day. The
performance characteristics of the telescopes are tested by
well known statlstical methods. The overall stabllity of the
detectlion gysten 1s tested at fregquent intervals, by deter-

mining the counting rate nlateau.
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CHAPTER -~ IIT

DATA PROCESSING AND METHOD OF ANALYSIS

3.1 Data recording and self-consistency check

From the hourly photographs of the mechanical recorder,
the readings of different telescopes for 00, 01, 02 ...... 23,
24 hours local time are noted. The difference between successive
readings gives the hourly values of cosmic ray intensity
centred at 0.5, 1.5 ....... 23.5 hours. Data recorded by
independent but identical telescopes are added together after
ensuring their self-consistency. Appropriate normalisation
procedures were adopted to obtain the total counting rate of

each set of telescopes, even when data from one or more of such

set is not availlsable.

3.2 Data »processing

Before being able to use the observed data for invest-
igating the time variations, the data has to be corrected for
variations due to meteorological changes. The data will have
to be further processed to guantize information relevant to the

daily variations.

~

3.2.1 Correction for Barometric Variations

It has been shown by a number of workers (Elliot and
Dolbear, 1951; Bachelet and Conforto, 1956; Peacock et al.,
1968) that the barometric pressure coefficient is not signifi-

cantly different for vertical and inclined telescopes.



- 89
Therefore we have used the same value of the pressure coefficlent,
namelyfg,: ~0.21%/mm. of Hg. for vertical and for inclined
telescopes to correct the cosmic ray intensity for pressure
variations. The pressure values used for correcting the cosmic
ray data were obtained at each hour from the pressure records

at 0.5, 1.9.....23.5 local hours.

3.2.2 Temperature correction

An accurate estimate of the temperature induced meson-
intensity variations is possible, only when a precise knowledge
of temperature variations, from the ground level to about 50 mb
is available, at different times of the day. However, data are
normally available only twice a day. Further, it is usually
available only up to 100 mb, which is completely inadequate for
our purposes., Besides, their accuracy is also limited due to
radiation crrors. In order to overcome this difficulty, various
workers have attempted to use the ground temperature for
correcting the meson-intensity variations, assuming certain
emplrical relationships between the variations at ground level

and at higher levels.

The first systematic attempt in arriving at a satisfa-
ctory empirical approach was made by Dorman and Feinberg(1955).
They divided the whole atmosphere into eleven layers, each

layer having its temperature coefficient, as shown in Table-3,07.
J Y b
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The total temperature correction is given by

oMo S | .
N{' 2/? jfhi “ Ti o0 0 a0 @ 2

where QN4 ig the resultant variation in the meson intensity due
Ad ‘

to atmospheric temperature variations at different layers. Ki

and .§Ti are the partial temperature coefficients and the mean

temperature variations for the i'th layer regpectively. The

values of Ki for different isobaric levels are given in Table-3.01,.

TABLE =3, 01

LHeightE
in mb.{1000 900 800 700 600 500 40O 300 200 100 50

Kx10™3; 20 21 22 o4 25 25 28 33 38 31 23
P

Because of the non-availability of upper air température
data, at least for four times a day, we have not corrected cosmic-
ray intensity for the daily wvariation of atmospheric temperature.
However, we cmphasise that the atmospheric temperature effects
being equal in all directional telescopes inclined at the same
zenith angle, the difference in intensity between any two
telescopes from Bast, West, North and South will be free from
the atmospheric contribution, at least to the first degree of
approximation.

3.2 Moving averages

Before attempting to derive the parameters describing



the daily variation, it is essential to remove the effects due:
to gradual or slowly varying day to day changes of cosmic ray
intensity. The method of 24 hourly moving averages has been
adopted, to separate out the dally variation from changes
‘having periodicity of more than a day. Hven though this method
is quite satisfactory in eliminating the 'slope effects' on the
dally varlation, the curvature effects and effects due to short
term, world-wide changes of intensity still persist. However,
such residual effeccts are generally small and can be ignored in
a study of dally variation on a day to day basis (Rao and

Sarabhai, 19671).

3.2.4  Harmonic Analysis

After removing the long term trend by‘the method of
moving averages from the pressure corrected hourly intensity,
the phase and amplitude of the first and second harmonic of the
dally variation is obtained by subjecting the data to harmonic
analysis. In addition, the time of maximum ’TmaX', time of

minimum ,Tminf and the peak to peak amplitude of the daily
variation are also obtained by fitting the data with sinusoidal

curves having 24 hour and 12 hour periodicity.

3,3 The response Characteristics of the Telescopes

3.3.1 Calculation of geometrical sensitivity

In order to relate the daily variation of ( meson

intensity measured by a directional telescope to the anisotropy
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of primary cosmic radiation, it is necessary to know the
response - characteristics of‘a telescope, Response character-
istics of a telescope for any direction can be calculated by
knowing the sensitive area ol the telescope for the particles
coming from that direction and the intensity of radiation in
that direction. Newell (1948) and Newell and Pressly (1950) have
discussed the geometrical sensitivity (sensitive area x solid
angle) of a two G.M.counter telescope. Calculation of geometri-
cal sensitivity of more complicated set up such as cylindrical,
cubical and rectangular parallelopiped geometries have been
discussed by Brunberg, (1958); Parsons, (1957) and Kane and

Rao, (1958) respectively.

Kane and Rao (1958) have given the formula for the
geometrical sensitivity of a rectangular telescope with vertical
axis in terms of the length, breadth and sevaration between the
extreme trays. Following their method, we have calculated the
geometrical sensitivity of the vertical telescopes in the present
set-up. Kane and Rao (1952) have also calculated the geometrical
sensitivity of inclined telescopes where the detector trays are
inclined at an angle > to the zenith. In the present setl up
however, detector trays are kept horizontal. The size of each
detector tray is'bxb metres (b = 2 metres). The adjacent trays
are separated by a horizontal digtance C' = 0.5 metre. The
vertical separation between two trays of the telescope is 'a'= 2

metres. Congidering the above geometry and following the method
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given by Kane and Rao (1958) we have calculated the geometrical
sensitivity for our inclined telescopes. The minimum angle of
response &#1? the maximum angle of response é}B and the mean
direction of the inclined telescope 6}2 in the present set up

are given by

. -1 c 2 =7 -

=7, = tan = { = an arc

= b Mp = tan

0. = tan~1l2a + c) cees340
gy = tan 5 seesos 3402

The radiation sensitivity calculated for inclined
telescopes is shown in figure(3.01). An important point that
emerges from this study i1s that even though the mean direction
of the telescope is ~ 51°, the radiation sensitivity is maximum

at about U45° zenith angle.

3362 Cut-off rigidity

The cut-~off rigidities for different zenith and azimuth
angles at Ahmedabad have been obtained by (Daniel and Stephens,
1966) using the Finch and Leaton (1957) expansion of the
geomagnetic field which includes upto sixth harmonic, The
calculated cut-off rigidities as a function of zenith and

azimuth angles at Ahmedabad are plotted in figure (3.02)

3233 Asymptotic directions and Cones of acceptance for

vertical and inclined telescopes at Ahmedabad.

In order to relate the directions of arrival (ﬁ}and¢f)

at the top of the atmosphere to the directions of the asymptotic
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veloclty vectors, (:&_and”qf) it ig necessary to know the
detailed trajectory information of cosmic fay particles in the
geomagnetic field. MceCracken et al.(1962) have determined the
trajectories using the sixth degree gimulation of the geomagnetic
field. For number of stations the agymptotic directions of
approach for particles incident from O, 16° and 320 zenith angles
in east, west, north and south azimuths have been published by
MeCracken et al.(1965). For the present work the asymptotic
directions for zenith angles greater than 320 have been obtained
from Brunberg and Dattner's (1953) experimental observations.
Since these observations are made using only a dipole simulation
of the geomagnetic field, by comparing these values with the
caleculated values of McCracken et al.(1965) appropriate
corraction have been made to take into account the non-dipole
nature of the geomagnetic field. At energies above about 25 GeV
these extrapolated asymptotic directions of approach are
reasonably correct. At very near the cut-off rigidities,
nowever, these may be in error by as much as + 8°. TFigure (3.03)
shows the asymptotic directions of approach along MSO zenith for
particles incldent from cast, west, north and south azimuths at
Ahmedabhad.

Figure (3.04) shows the asymptotic cones of acceptance
for these telescopes. The cone-envelope contains the asymptotic
directions for zenith angles which has radiation sensitivity

more than 0.37 (IFigure 3.01). Trom an examination of the
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figure (3.04) we may summarise the general properties of the

asymptotic cones as follows:

(1) East pointing telescope leads the west pointing one,
by about 6 hours, with the former scanning almost

entirely along the equator.

(2) North pointing telescope leads the west pointing one,
by about 4 hours, with the latter scanning mostly in
the 10°-25° latitude belt. The north pointing one,

however, scans almost upto 65° declination.

3.,3.4  Coupling coefficients for vertical and dinclined

meson telescopes

From the observed latitude effect, Dorman, (1957) and
Quenby and Webber (1959) have evaluated coupling coefficients
for vertically incident nucleons and mesons upto 15 GeV.
Coupling coefficients for particles above this energy have been
obtained by extrapolation method. As described in Chapter I,
Krimsky et al.(1966) have calculated the coupling coefficients
for meson component arriving from zenith angles Oo, 80,
16°......64° which is shown in Figure (1.02 Chapter I). TFrom
that figure it is scen that the maxima of the response-
function-curves shifts to higher energies with increase in the
zenith angle. In all our calculations of variationalcoefficients
we have utilised the coupling constants given Dy Krimsky et al.

(1966). To achieve a measure of confidence in the coupling
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constants we have checked that the expected relative intensities
at different inclined telescopes using this coupling coefficients

agree reagonably well with the observed values (Table 3.02).

TABLE 3,02
Telescope Cut-off Relative intensity
rigidity %
GV.
Calculated Obsgerved
T‘/\Iest )2.2 100@0 ‘IOOQ;O
South 15.3 98.6 98.0
North 21.3 9. 1 93.9
East 29.7 86.2 87.8
3.3.5 Calculation of variational coefficient and

its application to the daily variation

In order to relate the observed cosmic ray secondary
variations at ground after correcting for meteorological effects,
to primary anisotropy, it is necessary to calculate the effects
due to geomagnetic bending, the relationship between the primar
and secondary cosmic rays and the detector resoponse on the
observed amplitude and phase. This has been achieved through
the use of 'variational coefficients! which have been derived
by Rao et al.(1963). Usinz the coupling coefficients, the
detector response and the trajectories of primary cosmic ray

particles in the geomagnetic field it has become possible
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to derive the characteristics of the anisotropy in outer space
(Rao et al. 19633 Bercovitch, 1963; McCracken and Rao, 1965
Jacklyn et al., 1970) from the observed daily variations at

groundc.,

Following the method given by Rao et al.(1963), we have
derived the =applicable variational coefficients for vertical
and inclined meson telescopes at Ahmedabad., The method is briefly
summarised herc.

The fractional counting rate (dAN(.;) due to cosmlc ray

intensity from solid amgle£7wi is given by

A
A SD(E) YLy B)
l junsy jW(E) CSD TP) : l'-) (lE 5 29 & 9 3303
i 5 DARS (LT, B)
V(LB . . . . .
where LS B) is the ratio of the asymptotic directions

Y(Wi ,E)
accesgsible from the solid angleil.i and the total solid angle

from all accessible directions. Assuming the energy spectrum
O >

of variation to be of the form

i

Cp(E) ~/3 , )

"max
e © ¢ a OQQBUOLF

w
Y
-
=1
~—
pra en g et S

5 B > &
min’? . max

and substituting it in equation 3.03 we get

A

T

- L _ Alv QEX;L7/%) ceasess 3.08
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where 'A' is the strength of the primary anisotropy and

g

i p
o max SO ety s
» i 1 ] Y(‘_ . :[ E) T (
v <-'§‘-‘/L~ sy [ ) = [ \v"J i o_LT\ e dﬂl e a0 v e o8 3003
AR EE 0
i
min

is defined as the variational coefficicents of the detector
corresponding to the solid alglewﬁLi and spectral exponent ' /3 1.
- - 7/
Agsuming that the strength of the anisotropy varies with
1 . . 1. v . . ..
declination asg Cos 7 the variational coefficient can be

evaluated from

nax /5 YL R) n-
L., /A) = W(E) B == Cos™A db vvee 3,07
v (SLy, [2) J (£) Y47 L,B) 7
)

“min

T a » Y(IL\,E> 1 . - S : . 1. ] -

The factor Yo ) can be estimated following the method suggest-
o 1

ed by Rao et al. (1963). 1In evaluating this factor it is

essential to consider the aopropriate zenithal weightage equal

to the radiation sensitivity of the detector (or telescope) along

the all accessible dircections.

Assuming that the form of the anisotropy is expressed

Y /i /2

5 i .

(- %Eg)_ — A_E = _F ( \\;Lf' ) g ( A ) E 08 o0 0 3“ 08
O

equation 3.05 reduces tn
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1 i
integer or zero), the flux from within this solid angle is

. - - . N O
assumed to be essentially that from the mean longitude 5i + 2.5

Assuming the anisotropy to be an arbitrary function

of ¥ and expanding it as a Fourier series

20
f@?) = ;ﬁ oo Cos m (77— Cm ) R T
m=1 m -

where 7 is the angle measured to the left of the sun-earth line
and 5ﬁ% and Cm gre arbitrary amplitude and phase constants.
‘Cm‘ is a direction of viewing from which a maximum of the m'th

harmonic is seen. From figure(3.05),

7 =+ 15T - 180"

¢ ) :
S f (W) = 5 s Cos m (W 4+ 15T + 1807 - Cm) P T
N n !
m=1

A 0
5(1 + 2.5 ). Inserting this value of £({/)in (3.10)

1l

where g/

and summing over the subscript i, we find that

A o
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where Bm is called the relative amplitude and is gilven by

- 2 2 2

By =%y + Yn

» —71 N 2
J \>‘O V(L//J /’3) )COSIH(S:H‘QQS)} +
i=

it

- ! ) 2
'S V(¥ ) Ston(5is 2.5) | ceeee 301k

and 7 ) . L

< V(VC [5) Sinm{5i + 2.5)

tan >/m :};Ig = m:{l] caaoa3e¢;5'
m e V(Y (3 ) Cosm(51 + 2.5)

In equation (3.13)CXth and( - mcm+>%) represents the

amplitude and phase constant of the m'th narmonic.

The universal time at which the maximum intensity is
observed 1s given by

Tm - 180}11 + m Cm -a)/m hours QBQ@°°Q3eﬁ6

15m

and local time of maximum intensity is given by

{7V .
180m + C Q/m mL) hours

15m

t = ceveaen31?

m

where 'L' 1s the geogranhic longitude of the station. The
term (-7 - mbL) is usually defined as the 'geomagnetic bending'

of the cosmic ray particle.

Considering E = cut-off, § = 500 GeV and

min max

anisotropy as a function of Cos A dependence, McCracken et al.

(1965) have evaluated the variational coefficients, relative
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amplitude and geomagnetic bending for diurnal and semi-diurnal
components for a number of neutron monitors, for different
values of '/3 ' ranging from +0.6 to -1.5. For a detailed
gtudy of the anisotropy of galactic cosmic rays on a day to day
basis it is necessary to calculate the variational coefficients,
relative amplitude and geomagnetic bending for different combinat-
ions of ’/?)’9 'E_. ' and 'E___!'. Besides experimental

min max 2
observations indicate that the average diurnal anisotropy varies
as cosine of declination (McCracken and Rao, 1965) and average
semi~diurnal anisotropy varies as square of cogine of declination
(Subramanian and Sarabhai, 1967; Quenby and Lietty, 1968; Rao and
Agrawal, 197035 and Subramanian, 1971). Therefore calculations

o - . 2
of variational coefficients need to be extended to inclue Cos®),

dependence.

We have calculated the variational coefficients V(W )
relative amplitude (c{&q) and geomagnetic bending (Cfm) for a
number of neutron monitors and for meson monitors at Ahmedabad.

Energy spectrum of variation is assumed to be of the form

~ D(E) /2 -
~ - o B o.< R N a8 9000 °
D(E) AR for min~ * < EmaX 3.18

The calculations have been carried for '/3‘ varying

from -1.2 to +1.0 (in steps of 0.2) with (i) B4, = cut-off,

L and 195 GeV. Keeping E = 500 GeV constant and (ii)

max
B ip = cut-off and Boax = 35, 45, 55, 65, 79, 85, 95, 127.59,

227.5, 350, 450, 500 GeV, In calculating the variational
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coefficients for inclined telescopes, particles incident from
X . o}

several zenith angles (30°, 350, hoog 459, 50, 559, 60°) have

been considered with appropriate weightages as described in

Section 3a3,19

e}

a,
Mori (1968) has calculated the variational coefficients
for several neutron and meson monitors. However, his calculat-
iong are not avallable for vertical as well as for inclined meson

telescopes at Ahmedabad.

3+3.6  EBnergy spectrum of variation

Data from a large number of stations can be used to
determine the energy spectrum of daily variation. From the
observations at different stations the amplitude and the time
of maximum of the anilsotropy 'in space'! for different values

of ’/5‘ with different sets of E i, OT B can be computed. A

max
goodness of fit 1s obtained for a particular set of !FB! and

Emin or Emax which gives the minimum scatter between the computed
{

values of amplitude and phase 'in space! for number of stations.
In actual fact we have tried to obtain the goodness of fit by
ensuring minimum variance in both the orthogonal components of
the individual harmonic component. Following the approach of
Subramanian, 196k4; Sarabhai and Subramanian, 1966; we define

the free space values i_' and gji corresponding to the observed
diurnal and Semiwdiurnail components (a. b..) at any station as

) o7 ji’ Tji
<7, - h. Si ..
5 B aji Cos N 81 Sin ik

jll{ - on»a@3n19"’a
C)C',jik
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x a.. Sin7... - b.. Cos 7.,
'b'il(‘ joasd Jl Jl}{ Jl /JlJ(L 9 B e a e @ 3619«-:}3

where j = 1 and ] = 2 refers to the first and second harmonic

components resnectively. k denotes the particular combination of

tot and B, or E in the above formula, ¢ and 7. are the
fe min Ppay THOTHE @bove Loll ’\fﬁsé Cgdkt

.omaznetic bending respectively for the

“ID

relative amplitude and

station t'it.

n . 2, e
The variance S] between the space values of different

gstations is determined for different combination of '/5’ and

i o — 2 . .
(i.e. for different values of k) B___. S, which provides a
max . k * *
x
measure of the scatter in the derived values Ty ?#3, T5 and

e

ﬁ#% in space is given by

: * 2 * % 2
iSv s = (‘*«? e, 2 998 8 9 3020
1’& _/:« e K__ 2
i=1  j=1 Giik

where the bar denotes values averaged over all stations and

N
)

T LU UL Sl

5 = J i J i=1  qik id tesses 327

Jll«_ NQ

The minimum values of S.,r2 indicate the best fit for

the experimental observations of the cosmic ray anisotropy.

ekt Characteristics of Ahmedabad Telescopes

Calculated values of o¢. and iy, for E___ = 500 GeV, for
e "
-7

Ahmedabad meson monitors are presented in Figures(3.06), (3.07),

(3.08) where Figure (3.06) shows the ratios of the relative
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amplitude of the diurnal and semi-diurnal components of East/West
and North/South as a function of ' 2'. It is seen from the

Figure (3.06) that for L °»227.5 as '/ varies from -1.2 to

1.0, the ratio of the expected diurnal amplitude of

(1) Fast/West varies from 0.77 to 1.1
(1i) North/South varies from ~ 0.9 to 0.58.

The ratio of the expected semi~diurnal amplitude of

(i) East/West varies from ~ 0.92 to 1.16

(ii) North/South varies from ~. 0.9% to 0.25

The geomagnetic bending (Q:) of the diurnal and semi-
.'/
diurnal component for Rast, West, North, South and Vertical

telescopes at Ahmedabad as a function of '/4' for E

/
is shown in Figure (3.07). TFigure (3.08) shows the computed

_ (I
ax = 500 GeV
geomagnetic bending difference between West and East {TSW - IUEE
for diurnal and semi~diurnal component. It may be seen that the

difference in geomagnetic bending for E = 500 GeV., varies

max
hetween 5 to 6 hours when 'f}' changes from +1.0 to ~1.2. The
calculations of the bending difference for other values of Emax
also indicate that the geomagnetic bending difference is not very
sensitive to the choice of Emax‘ From these detailed
calculations we conclude that for values of ’ﬂg' ranging within
these limits, the geomagnetic bending difference between West

and Last is almost constant ~ 6 hours.

The greater advantage of having multi-directional

telescope is to use the difference component from two directional
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telescopes dnclined at the same zenith anul@ but in different
azimuthe. Such a component will be free from the moteorolo sical
variations to a first degree 5f approximation; since secondaries
regilistercd by both the instruments would have passed through

the same mass of the atmosphere. However in order to understand
the behaviour of the difference components, it would be
instructive t» construct the expected daily variation curve for
West and East telescopes. Assuming an arbitrary am@litude for
West telescope for both diurnal and semi-diurnal component, we
can derive the ecxpected amplitude of the East telescope for
different Values of the spectral indices of anisotropy. From
these two curves we can obtain the difference component (W-E) at
the instrument. Figure (3.09) shows the diurnal and semi-diurnal
component observed by West and the expected amplitude at the
Hast pointing teclescopes forfg = 0, + 1.0, =1.0 and the derived
(W-E) curve. From an examination of this figure, we can derive
the following generalized conclusions related to the anisotropy

(W-E) data.

¥

2
(1) Diurnal amplitude of (W-E) will be 1 + EDJW times the

amplitude observed by East telescope, i.e.

o<y )2

M-8y = Y™ T+

| KB
(2) Phase of the diurnal cglponentggb1(wﬁﬂ) will be shifted
to later hours comvarcd to the observed phase (Qbﬂw) in

the West pointing telescope.
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A 20 . ‘
(3) Semi-diurnal amplitude of (W-E) will be 1 + (~wmﬂ~) times

: o 2K
the amplitude of the Tast telescope i.e.
C oy : b
To-r) = Tom |Vt (G

r-

(L) Semi-diurnal phase will be the same as that of the West

telscope.

) - <j>2w

o (W-B

Because of = 6 hours phase difference between West and.
Bast telescopes, the actual semi-diurnal anisotropy in (West +
East) data will vanish provided the expected amplitudes of West
and Bast are comparable. Thus in general the semi-diurnal
component derived from (W+E) can be attributed to the meteoro-

logical or local sources.

As a representative of the above calculations the values
of the relative amplitudes G{j and gcomagnetic deflection ﬁfﬁ
(for diurnal and semi-diurnal component) for East, West, North,
South and vertical telescopes with Emin = cut-off and EmaX = 95

GeV are given in Table (3.03) for different values of Vﬁ ' ranging

from -1.2 to 1.0,

Since in all our analysis we have utilized mostly the
difference components for deriving the anisotropy of galactic
cosmic rays, these calculation have been further cextended to
include West-North, West-South and other similar combinations.

For difference~-components, the following formulae have been
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R T M s - A (G 22 (B3 91-Py 1) 3.22
jik \ 2 5 veasl.00
e Ayae)” + By Byow!
and
pEL = -2 B Piow) ¥ Pya-2) (B9 - Aoy
R 0 5 s03.23

I

(A= Ayo? ™ + Byqye - B o)

where a, and b, are the obgerved j'th harmonic
j(1-2) ° §(1-2) > J ¢
component of the difference-data obtained from the telescopes

(1 and 2). i = (1-2) or any other difference-conponent e.g.,

(1-3, (1) ...

A =oOC Cos (77 A . = o& _ Cos V.
1k i1k i1k jok jok f732k
B = % Sin ¢ B - O Sin e s3.24
i1k j 1k 751k j2k (chzk /50%
Here

o s . and 7 are the relative
ik o<gerr . itk Jiok ©
3 b
. . . .8 .
amplitudes and geomagnetic bending for J th parmonic component
for telescopes 1 and 2 as shown earlier. k represents the

spectra, i.e. particular combination of Ug toand qux,
fa
The equations (3.22) and (3.23) are further

gimplified as

a —

o Sinf”
j(1-2

Yk

- K - : "
x 8 (1.0) O3 (1=2)% %08 T j(q-2)K” Pi(1-2) §(1-2)k
ik 2

ch(?—-f))l\i ,3903.25
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s 851275 (o S oy Paoa S (1m0

/V
Cos (4-2)x

basp= -
jik Z
®(~j<1w2>k N 3,26
where
" / h / )2 i B )2
Kok =4 Byqie = Ao+ By — Byog
and -
» oy By = By
r/ :](1"2)1{ - tan (A - A )
i1k T tyok

The equations (3.25) and (3.26) are similar in form to

the equations (3.19-a) and

given for single telescope.

considered as the relative

for a difference-~telescope

(3.19-b) respectively, which are

s s {

Thusu(j<1m2>k and 73(1-2)k can be
amplitude and the geomagnetic bending

(1-2) .

Table 3.04 gives the relative amplitudes (ij<1*2)>

and the geomagnetic~bending (ij<1m2>) for diurnal and semi-

diurnal variations of the six difference-telescopes (W-I, W-S,

W-N, S-E, S-N and N-E) for B = 95 GeV. and for different

max

al . -
values ox/a ranging from 1.0 to -1.2.
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CHAPTER -~ TV

RESULTS AND DISCUSSION

L Basic Data Presentation

Lot Fnergy response of meson telegscopes at Ahmedabad

For a qualitative understanding of the energy spectral
variations, the concept of mean energy of response of a telescope
is generally useful. The mean energy of response for any tele-

gscope 1s generally estimated by using the formula

ot Lo
1 = ‘ 1 oam W(m T )
"ﬁ — ‘:/( \/\ICE) ”’E‘:" ad.E//Af X\](_J u(_lJ_J % 8 5 9 2 5 2 20 W 6 3 & O O )“soj

Where E is the mean energy, W(E) is the coupling constant, EC is
the cut-off energy for the telescope and & is the total energy.

In the present set-up the vertical telescope has a cubical geometry
whereas the directional telescopes (E,W,N and S) are inclined at

59°

to the zenith. The opening angle of each of the directional
telescopes is 520, having 14° and 66° as the minimum and maximum
angle of response. The geomagnetic cut-off rigidity for the
mean direction of each of the telescope has been calculated
using the sixth-degree Finch and Leaton simulation of the geo-
magnetic field. It is, as expected, found to be lowest for the
West pointing (12.2 GV) telescope and is highest for the Bast
(29.7 GV) pointing telescope. The cut-off rigidities for
Vertical, South and North telescopes lie within the above two
extreme limits. The mean energies of response have been

"l

calculated substituting the value of bc as derived above in



equation (4.01). The calculations indicate that the mean energy
of response for Vertical, West, South, North and East telescopes
are about 45 GeV, 55 GeV, 59 GeV, 66 GeV and 76 GeV regpectively.
Table 4.01 gives all the relevant details concerning the cut-off
rigicdity, the mean energy of response and other counting rate

characteristiceg of each of the telescopes at Ahmedabad. It is

TABLE 4.01

Ahmedabad Meson Telescopes

Telescope No.of Cut-off Mean Mean Asymptotic Counting
teles- rigidity eneTey  1.titude Longi- ratg per
copes ( GV.) of res- ude hour for

ponse each tele-
(GeV.) Degree Deg.  scope.
Vertical Four 16.0 45,0 15 Ll 460,000
(cube)

o West  Two 12.2 55.0 25 -12 98,000

o

e | South  Two 15.2  59.0 =17 38 96,000

f':“;s ;% |

59 | North Two 21.3  66.0 52 58 92,000

— a5

g o

M| East Two 29,7 76.2 L 78 86,000

* with reference to local meridian

seen from the table that even though, West telescope has a cut-off
rigidity lower than that for the vertical, the mean energy of
response of the West telescope 1s higher than the corresponding
values for the Vertical telescope. This is so because the

maximum of The responsge function curve for an inclined telescope
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is at higher energies than for the vertical direction as seen

in Figure (1.02).

The counting rate of vertical telescope is about OQM6X1O6
counts/hour for each channel. The counting rate of each direct-
ional telescope is about ~ 90,000 counts/hour. Standard error in
harmonic components derived from the actual scatter in the data
is 0.20%/day for inclined telescope and~0.16%/day for vertical
telescope. Though the counting rate of the vertical telescope
is about five times the counting rate of the inclined telescope,
the r.m.s. errors in harmonic components derived from the actual

scatter in the data are approximately same for all the telescopes.

L,1.2 Data Selection

The present meson monitor set-up at the Physical Research
Laboratory, Ahmedabad has been in centinuous operation since a5th
May 1968. Out of these, data for days, on which the air-condition-
ing plant did not work satisfactorily, have been rejected in the
present analysis. Total number of days for which the data is
available and used in the present analysis are 2095 days in 1968,
330 days in 1969 and 300 days in 1970, which are approximately

same for different telescopes.

Before proceeding with the analyses of the data it is
imperative to check the goodness of the data by intercomparing
with other similar data. In the present analysis, in order to
obtain reliable information of the spectral behaviouy of the
anisotropy, the data from the meson monitors have been used along

with the data from superneutron monitors ag listed in table 4.02
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to provide a maximum energy range. Prior to the actual calcula-

tiong, however, the data from the individual neutron monitors

have been intercompared for checking their parallel running.

Figure (4%.01) shows the plot of daily mean

intensity of neutron
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monitors during the years 1968 and 1969. A good tracking between
super neutron monitors at different stations can be seen from

the figures. Correlation coefficients for the daily mean inten-
sity of different neutron monitors have a 50 been obtained during
1968 and 1969. Extremely good correlation coefficients exceeding
0.9 have been obtained between different super neutron monitors

except for Chacaltaya for which the correlatiom coefficient is

about 0.7.

Similarly meson data from different telescopes at
Ahmedabad have been compared with each other for parallel running .
Further, the hourly mean meson dats for Ahmedabad during two
Forbush-decrease events (one on 29th October 1968 and another on
2lth March 1969) have been compared with the corresponding meson
observations at Bologna and a few neutron monitor observations.
These observations along with the value of the horizontal magnetic
field 'H' observed at Alibag are shown in Figure (4.02). During
both these events the daily mean intensity at Ahmedabad showed
a significant ( 1%) decrease. It is seen from Mg 4,02 that
there is good tracking between different observations. It is
further seen that the decreases in different telescopes are not
identical, being least in the Iast vointing telescope and maximum
in the West pointing telescope, clearly indicating the character-
istic spectral features generally observed in the Forbush-
decreases. The meson data have been further checked by comparing
their monthly mean diurnal/vectors as described in the next

and semi-diurnal
section.
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Meson monitor data have been corrected only for pressure
variations as digscussed in Chapter IIL., The six difference-
components viz., (West-East), (West-North), (West-South),
(South-North), (South-East) and (North-Bast) are derived from
Bast, West, North and South directional telescopes. To a first
degree of apnroximation these differences will be free from the
atmospheric temperature (or any other meteorological) variations.
As pointed out by Nagashima et.al.(197% =apd also described in
Chapter III the difference-components have their characteristic
relative amplitudes and geomagnetic bending, from which the
amplitudes and phase of the actual anisotropy outside the
influence of the geomagnetic field can be calculated. We have
therefore used the difference-observations for estimating the
anisotropy characteristics at these energies. For simplicity of
usage we use the term difference-telescopes for the above six

differences.

b.1.3 Observed average diurnal and semi-diurnal variations

with meson telescopes at Ahmedabad

The amplitude and phase of the yearly average diurnal
and semi~diurnal variations observed by the above difference-
telescopes during the years 1968, 1969 and 1970 are given in
Table (4.03) along with the three yearly average for the entire
period 1968 to 1970. The diurnal and semi-diurnal variations
observed by superneutron monitors during 1968 and 1969 are given

in Table (4.04). It is seen from the table 4.03 that the



Table 4,03

Ahmedabad Meson Monitor

Year| Teles- TT% Qﬁrﬁ(deg,) rg% ﬁ%g(degg)
cope

1968 W-E 0.14%1 + 0.017 291 + 7  0.142 + 0.015 125 + 6
W-N 0.120 + 0.017 29% + 9  0.105 + 0.015 127 + 8
W-S  0.079 + 0.017 301 + 12  0.103 + 0.015 154 + 8
S-E  0.065 + 0.017 278 + 15  0.071 + 0.015 81 + 12
S-N  0.043 + 0.017 279 + 23 0.048 + 0.015 53 + 18
N-E 0.022 + 0.017 27% + 44 0.080 + 0.015 199 + 11
1969 W-E 0.136 + 0.015 292 + 6 0.108 + 0.013 125 + 6
W-N 0.121 £ 0.015 287 + 7 0.061 4+ 0.013 128 + 11
W-5 0.092 £ 0.015 312 £ 9 0.081 + 0.013 164 + 8
S5-E 0.059 £ 0.015 259 + 15  0.068 * 0.013 76 + 10
S-N  0.05% % 0.015 241 + 16 0.048 £ 0.013 31 + 14
N-E 0.019 £ 0.015 32% £ 45 0,048 + 0.013 121 + 14
19701 W-E 0.14%6 £ 0.016 288 + 6 0.090 + 0.013 136 + 8
W-N0.131 £0.016 290 & 7 0,048 + 0,013 150 + 15
W-5 0.055 £ 0.016 3% + V7 05.075 + 5,013 184 & 10
S-E 0.09% £ 0.016 279 + 10 0.069 + 0.013 81 + 11
S-N0.0786 £ 0.016 280 + 12 0.045 £ 0.013 41+ 17
N-E 0.016 £ 0.016 267 + 57 0.045 % 0.013 121 + 17
Mean | w-B 0.141 + 0.010 290 4+ % 0.113 L 0.009 128 + 5
18£8 W-N  0.123 + 0.010 290 4 5  0.070 4 0,009 132 + 7
1969| W-8 0.075 x 0.010 306 4 8 0.085 4 0,009 166 + 6
& | 8-E 0.072 + 0.010 273 &+ 8 0.082 4 0,009 80 + 6
19791 s v 0.055 £ 0.010 268 4 10 0.0% 4 0.009 L2 4 11
N-E 0.017 + 0.010 288 4 3%  0.044 { 0,009 121 & 12
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Table 4,0

Neutron Monitors

rq(%) dyﬁj(degc) ro (%) Qﬁﬁé(dego>
Sulphur Mt. 1968 0.326 + 0.015 245 0.044 + 0.011 63
1969 0.328 + 0.016 249 0.034% + 0.071 37
Churchill 1968 0.277 + 0.015 246 0.039 + 0.011 S
1969 0.277 + 0.015 24k 0.040 + 0,012 72
Deep River 1968 0.307 + 0.014% 228 0.058 + 0.010 3k
1969 0.292 + 0.015 227 0.045 + 0.009 31
Kiel 1968 0.282 + 0.01% 220 0.043 + 0.009 Ly
1969 0.290 + 0.015 220 0.032 + 0.009 35
Iindau 1968 0.282 + 0.015 214 0,032 + 0.010 63
1969 0.265 + 0.015 213 0.020 + 0.010 93
Dallas 1968 0.295 + 0.016 228 0.043 + 0,011 63
1969 0.307 + 0.017 232 0.035 + 0,011 98
Pic du Midi 1968 0.315 + 0.016 194 0.049 + 0.011 91
1969 0.299 % 0.016 189 0.0+ + 0.010 97
Chacaltaya 1968 0.234% + 0.012 211 0.093 + 0.006 9
1969 0.221 + 0.011 209 0.046 + 0.006 26
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amplitudes of the diurnal and semi-diurnal variations for most
of the difference-telescopes are comparable. In the case of

the difference-telescope (N-E) even- though the diurnal amplitude
observed is not significant, the semi-diurnal amplitude of the
same difference-telescope is obsgerved to be large and quite
significant. This can easily be understood referring to the
theoretical treatment given in Chapter III. Due to the existence
of bending difference between different telescopes, even a small.
semi-diurnal anisctropy will cause a large difference in the
observed amplitude, whereas a comparable diurnal anisotropy will
have much less influence on the difference amplitude. The
statistical error being the same for both cases, 1t is obvious
that the semi-diurnal anisotropy can be more accurately studied
than the diurnal anisotropy by using data from difference-
telegscopes which are assumed to be free from the effects due to

the meteorological variations.

In Figure (4%.03) the harmonic dials for the diurnal
variations observed by the difference-telescopes during 1968,
1969 and 1970 have been plotted. Three yearly average of the
above diurnal vectors are also plotted in the figure (%.03 d).
The error circles drawn at the tip of each vector is the mean
standard error derived from the scatter in the data. The vector
addition dials for the period 1968 to 1970 for diurnal variation

-

are shown in Figure (4.05 a). From figures (4.03) and (4.05 a)

it is evident that, within the statistical uncertaintics, the
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amplitude and phase of the diurnal vectors remain approximately

constant during 1968, 1969 and 1970.

The harmonic dials for the Semi-diurnal variations during
1968, 1969 and 1970 are plotted in Figure (4, 04) . Three vearly
average semi-diurnal variation vectors are also shown in
figure (4.0% d). The vector addition dials for semi-diurnal
variations are shown in figure (4.0%5 b.). Trom the above
figures it is seen that the amplitude and the phase of the semi-
diurnal variation exhibit slight gradual change during the three
vears. oSemi-diurnal amplitude seems to decrease consistently

in all the difference-telescopes from 1968 to 1970.

<

From a qualitative examination of figure 3.04 it may be
seen that whereas the bending correction for East, North and
South is 4 to 6 hours and is not very much different from each
other, the bending correction for West is very small and is
quite different from the above three telescopes. Consequently
it is qualitatively seen that out of the various difference-
telescopes the one involving West viz. (W-E), (W-N) and (W-S)
should exhibit significant diurnal and semi-diurnal variation
due to primary anisotropy. This is also borne out from the
actual observations as shown in figure (4.03) and (4.04) and
table (4.03). Therefore, for the detailed determination of the
gpectral characteristics of the diurnal and gemi-diurnal aniso-
tropy we have used the data from only these three differenoé—

telescopes.
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As a further check for the statistical significance of
the observations derived from (W-E), (W-IN) and (W-8) telescopes
~the vector addition diagram of the monthly mean diurnal and semi-
diurnal variation as observed by these three difference-telescopes
are plotted end to end in figure (4.06). The good tracking on a
monthly basis between diurnal and semi-diurnal vectors between
these three telescopes also ensure that the observations are
quite significant and thus can be used to derive the characteristics

of the respective primary anisotropies.

h.2 The characteristics of daily variation on a day-~to-day

bagis

The energy dependence of the daily variation is generally

represented in the form of a power law

C o1 /2
aD(E) - 45 for E o By
D(E) -
= 0 B o B cevses 4,02
~ max

Where a is the free space amplitude of the anisotropy
for 1 GeV particles, Emax is the upper limit of the energy of
the particles, above which limit the particles de not experience
the diurnal or semi-diurnal modulation. BEven though the
spectral exponent/% has been known to vary considerably on a
day~-to-day basis, the time averaged diurnal variation has been
generally found to be consistent with an energy independent
spectra. Since, however, the primary cosmic ray spectrum is

q

-2.5 . . .
generally of the form AR~ 9, it is evident that the detectors
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Fig.b.00 Monthly summation harmonic dials of the diurnal
and seml-diurnal component observed by W-B, W1
and W8 telescopes at Ahmedabad from June 1968

to December 1970.
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responding to lower mean energies of response should be more

sensitive to changes in ‘/@’, On the other hand determination
o T

of B o which 1s generally found to be of the order of 100 GeV,

much above the mean energy of response of neutron monitors, is
possible only by utilizing the data from meson monitors,
particularly the ones located at either low latitudes or under-
ground. The ambiguities caused, due to the meteorological effects
on meson data in general and the lack of precise knowledge in the
coupling coefficients applicable to underground meson monitors,
have in the past, provided only rough estimates of Emax? the
energy, beyond which the cosmic ray particles do not partake in
corotation. ©Since a precise knowledge of EmaX is useful in
understanding the large scale sgtructure of the interplanetary
magnetic field, it is desirable to obtain more accurate estimate
of its value. For the determination of anisotropy characteristics,
the data from difference-telescopes which are free from meteor-

ological influences have been effectively used in the present work

together with neutron data for achieving the objective.

We may also note that for determination of spectral
characteristics of semi-diurnal anisotropy whose exponent is
reported to be positive, meson data, in particular, the data
from the difference-telescopes will be very effective.

Before proceeding to use the data from difference-

telescopes we will attempt to understand the gross feature of

the energy spectral characterigstics of the diurnal variation by



using the temperature uncorrected meson data from Ahmedabad. We
shall however not draw fine conclusions from this exercise since

the meson data has not been correccted for atmospheric temperature

D pALL

e

ariation. Following the method described in Chapter IIT and
using the data from a number of superncutron monitors, the energy
spectral characteristics of diurnal and semi-diurnal anic sotropy
have been determined on a day-to-day basis for the years 1968 and

1969, Unlike the past work of Patel et al.(1968) which used

data from only six neutron monitors ranging

1z in cut-off rigidity
from about 1 GV to 4%.36 GV, in the present work we have used eight
superneutron monitors (as listed in table 4.02) wita thelr cut-off
rigidities ranging from 1.00 to 13.1 GV. The mean energy of
response of the above neutron monitors used in the presec :nt work

ranges from about 10 to 33 GeV,

Congidering Lmax to be = 250 GeV and the exponent f/}' in
the range -1.2 to +1.0 (in steps of 0.2) the variational coef-
ficients for each station have been calculated for two values

of the lower limit of energy I , (viz. 2 GeV and 4 GeV)., From

the above variational coefficients the relative amplitude C@?.

(also called the attenuation or reduction factor) and geomagnetic

deflection (bending)’Jj for diurnal ( =1) and semi-diurnal

(g = 2) components have been derived.

Using the observed diurnal or semi-diurnal components
(aj, bj) at cach station and using equation (3.19), the free

snace values of the anisotropy were computed for different

i s



alues of (5 and B . . For each combi ion of ‘/%’ and B .  the
values Jf/byand Boin or inati iy min

parameter called variance 82 wag calculated by using equation

NS

C

(3.20). The parameter S thus determined, provides a measure
of the scatter in different estimates of the diurnal (or semi-
diurnal) amplitudes and phases in space corresponding to the

observed values at each station. The minimum value of variance

2 (s . o o
= : es the bes LV e of '/ e B . erative
(S 1n> indicates the best fit value of '/3' and B .. ope ive

IS

,;%,
on that particular day. However, considering the error (Ga2 | )
5 R omin
in S min values which generally depends upon the number of degrees

of freedom, other equally good cholces of '/3‘ and Emin should

also be considered. 11 combinations of ’ﬁﬁ' and B, ~for which
2 o2 a2 : .
ST o + bg® . are considered as equivalent spectra amongst

min min

which unambiguous determination of a single value is not possible
due to the limited resolution inherent in the method. In the
present analyses Forbush-decrease days and days on which the
resolution between various spectra were completely not possible

have been rejected. TFor each remaining day a spectrum (i.e. /@

2

min and other equivalent spectra are

and E__. correspondil ; S
Amln) ponding to S

identified and noted.

The frequency of occurrence of such equivalent spectra
of diurnal and semi-diurnal variation obtained with neutron
monitor data during 1968 and 1969 are shown in figure (L.07 a)
and (4.08 a) respectively. The same analysis have been repeated
for neutron data together with the data from Ahmedabad meson

telescopes (I, W, N, 8 and V) uncorrected for temperature

A 6 P } Q,;/ . ’; [ z’“% oy
Tamim N // ‘X/ i

ol OV
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variations. Th

of bhoth diurnal

and Ahmedabad meson

)
c 1Ir

anc.

(J

cguency of occurrence of equivalent spectra
semi-diuwrnal variations obtained with neutron

monitors together are plotted in filgures

(.07 b) and (4.08 b) respectively.

Comparing t

he histograms of diurnal exponent plotted in

figures 4.07 a and 4.07 b, it is seen that both neutron and
- 9

neutron plus meson data show a primary peak corresponding to

)

primarily energy

/% = 0, for both values of B ; indicating that the spectrum is

min?

independent. The scecondary peak corresponding

7/8‘ = ~1.2 observed in Figure 4.07 ( b ) when meson data

is included might he arising because of the use of temperature

uncorrected meson data.

Compari

plotted in figures (L4.08 a)

ng tn

hlsto

@
i
O _)

rams for semi-diurnal exponents

‘)

nd (4,08 b) it is seen that the

"J

histogram for both neutron and neutron plus meson are alike and

both of them sh
on a large nunmb
data as seen in

can he underst

ood

.

oW

4

the occurrence of a positive spectral exponent

¢r of days. In fact with the inclusion of meson

figure 4.08 b, the resolution improves which

of the meson telesc

exponent for semi-~di

because of the larger mean energy of response

ope and the apnlicability of positive
lurnal variations.

1

An dmportant conclusion that can bo drawn from the above

41

diagrams is the

haracteristics

on a day-to-day 1

existence of large variability in the spectral

of

hothh the divrnal and semi~diurnal variation

515, which is consistent with the conclusions
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drawn by previous workers (Rao and Sarabhail, 1964 and Patel et al.

1068). TFurther detailed investigation of day-to-day variation

of diurnal and semi-diurnal component however is not possible with
the present data due to poor statistics particularly in the data
from difference-telescopes (Ahmedabad meson monitors) which have

to be employed in the analysis to avoid ambiguities due to the

temperature fluctuations in the atmosphere.

4.3 The characteristics of the average diurnal anisotropy

4.3.1 Determination of the upper limiting energy bB___
iy Q2 n \C

Assuming the characteristics of the solar diurnal aniso-

tropy <T1 = 0.58%, <j% = 1800 hrs. in space and the anisotropy

o

as independent of cnergy i.e. /.

ot

= 0) and using éppropriat@
correction factors for geomagnetic bending and the width of the
asymptotic cones of acceptance, the expected diurnal variations
for difference-telescopes (W-3, W-N and W-S) at Ahmedabad have
been calculated for different values of the upper limiting

energy chy, The loci of the end points of the expected diurnal

e

vectors arc shown as dot-dash curves in figure (4.09a,b).The number
against each of the point denotes the corrcsponding value of the-
upper limiting cnergy Emax" The diurnal variations observed by
the difference-telescopes during each of the years 1968, 1969 and
1970 arc also plotted in TFigure .00 a. Three yearly average
diurnal variation observed by the above differcnce-telescopes

is separately plotted in figurs (4 09h)along with the expected

diurnal variabion curves.
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4.3.2 Determination of spectral characteristics of the

average diurnal anisotbtropy using neutron and

Ahmedabad meson monitor data

Following the same procedufe as discussed in section L.2
the free space values of the diurnal anisotropy during 1968 and
1969 were computed for various values of 'f@' and Emax using
the average diurnal variations observed by a number of neutron
and Ahmedabad meson (difference-telescopes) monitors separately.
The variance 1991 in the space values, determined for different
assumed values of the exponent ’/5' and for different values
of E for 1968 with neutron data are shown in Figure k.11 a.

max
It is seen from the figure that even though all the curves for

different Emay values show a minimum variance for = 0.0 % 0.2,
I - 1“
the value of Emay can not be fixed uniquely with neutron data

alone. The corresnonding variance calculated using only Ahmedabad
meson telescope (difference-telescopes) data is shown in Fig.h.11 b.
Examination of the figure indicateg that again nelther *ﬁg* nor
Emax can be uniquely specified, with meson data alone which may
probably be due to the fewer number of available data. The
curves for other years arc also similar to the one shown 1in
figure 4.11 a and 4.11 Db.

The variance ’Sg' calculated including both neutron and
Ahmedabad meson monitor (difference-telescopes) observations for
the yvears 1968 and 1969 are shown in figure 4.12 a and k.12 b.

During both the years the minimum variance is exhibited for

b

(3 = 0. +£ 0.2 and B___ = 89 + 10 GeV., The value of Em _ obtained
lals 4
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above for 1968 and 1969 is consistent with the values reported
by Ahluwalia and Ericksen (1969) and Agrawal et.al.(1971).

The observed amplitudes and time of maximum>of the yearly average
diurnal anisotropy for these vyears have also been computed using
both neutron and meson monitor observations and are given in

Table 4.05.

Table 4.05

Diurnal Anisotropy

Neutron + Meson telescopes at Ahmedabad

y o M P! *cf <i<t.:)
Year B Gev /A v, +,
1968 85 + 10 0 + 0.2 0.42 + 0.01k 272 + 2°
1969 85 + 10 0+ 0.2 0% + 0.011 073 + 2°

The amplitude of the diurnal anisotropy ig . 0.43% and the time
of maximum of the anisotropy is along 1800 hours. The coupling
constants used for neutron monitors are those from IQSY manual
and the variational coefficients are normalised upto 500 GeV,

As shown by Subramanian (1971)? 1f normalisation of wvariational
coefficlent are done uptooo and adequate correction for the
changes in primary energy spectrum are considered the above
value will correspond to the theoretical corotational amplitude.,

From the preceeding discussion it is evident that for
a better determination of many of the anisotropy characteristics

it is essential to have both neutron and meson data. The
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diurnal anisotropy seems to exhibit a very high degree of
variability on a day-to-day basis in phase, amplitude and in the
spectral characteristics. On an yearly average basis, however,
the diurnal anisotropy is observed to be energy independent and
exhiblit a time of maximum corresponding to 1800 hour direction

concept of
in space, consistent with the/cosmic ray current undergoing
9

corotation. During the period 1968-1969 the values of Emax the
maximum energy upto which particles seem to exhibit rigid

corotation was found to be 85 + 10 GeV.

Lo Average semi-diurnal anisotropy

L.h.1 Characteristics of the average semi-diurnal anisotropy

Following equation 4.02 we may represent the spectrum of

the semi-diurnal component as a power law type

/2
- D(E) — 4 F B g
i.e. D(E) = a b for o« Lmax
- £ SEARN i ¥
- O ror o \, E}'lla}i o 280928 5 ts 03

where 'a' ig the amplitude of the anisotropy at GeV energy. /3 is

the exponent and qux is the upper limiting energy above which
iilc
limit, particles do not experience semni-diurnal modulation.

Following the procedure as discussed in section 4.2 the
variance 1521 in the harmonic components of the semi-diurnal
anisotropy has been determined for different assumed values of
the exponent '/5‘ and upper limiting energy Enwx using the
values of average semi-diurnal variation as observed by number

of neutron monitors and Ahmedabad meson monitors separately.
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2
figures (4.13 a) and (4.13 b) show the plot of 'S7' values as a

function of ’A}* for nine different values of Emax' It is seen
from the figﬁre that even with the meson data alone, both 2(3'
and Emax corresponding to minimal variance can be unambiguéusly
1ge 1 it

identified i.e. even after considering the error in 'S min
is possible to define these spectral parameters accurately by
using meson data alone. The variance obtained using neutron data

. . . . 7y
is large and hence with such data alone determination of VQj’ and

Emay is difficult. This is due to the lower energy af response

o~

of these monitors and the positive spectral exponent of the seml-
diurnal anisotropy.

For better statistics, however, we have utilised both
neutron and meson data together to derive the characteristics of
the semi-~diurnal anisotropy. The results obtained are presented

in Table 4.06.
Table 4,06
Semi-diurnal Anisotropy

~ E__ GeV. 7 %
Year nax GeV J& a
1968 227.5 1.0 + 0.2 0.0029 + 0.0002 3.2 + 0.13
1969 027.5 1,0 + 0.2 0.0020 + 0.0002 3.2 + 0.19

ko2 Semi-diurnal anisotropy using (W-B) data

It has been ghown in Chapter IIT that the geomagnetic

bending-difference between Hast and West telescope is..6 hours

e

and the ratio of the expected relative, semi~-diurnal amplitudes

of Bagst/West is ~ 1.1 for a positive spectrum (4>C) with E v
£ CLA

greater than 100 GeV. Turther it has also been shown that the

D
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semi-diurnal component of difference-telescope (W-F) will be
é? %(%%%% 3 i»times the value of the semi-diurnal component
ogéerved by Bast pointing telescope. In other words the semi-
diurnal component exhibited by (W-E) data will be approximately
twice the semi-diurnal component observed by an Hast or West
pointing telescope. This feature allows us to study the semi-
diurnal anisotropy with (W-E) data alone. In figure 4.14% the
semi~diurnal anisotropy derived from the observed (W-E) data alone
has been plotted, where the anisotropy is computed assuming

/% =1.0and B = 250 GeV.

It is seen from the figure that the amplitude of the
semi-diurnal anisotropy shows a gradual reduction in magnitude
from 1968 to 1970. The direction of the average semi-diurnal
anisotropy, however, remains practically constant and is along

the 0300 hour direction which is perpendicular to the average

interplanetary magnetic field vector.

The most significant feature of the semi~diurnal component
is its time of maximum which is along the 0300 hour direction.
Figure 4.15 shows the histogram of occurrence of the semi-diurnal
time of maximum in space on a day-to~day basis for a period
of about 6 months during June to December 1968 obtained from
the (W-E) difference-telescope. The period has been specifically
selected because of the availability of concurrent inter-
planetary magnetic field data. In the game figure, the histogram

of occurrence of the direction of the interplanetary magnetic
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field ig also shown which clearly indicates ﬁhat the field is
aligned along the 0900 or 2100 hour direction and thus the semi-
diurnal anisotropy is perpendiculér to the interplanetary magnetic
field direction.

Swmmarising the previous discussion we conclue that the
semi~diurnal anisotropy of cosmic radiation can be represented

by a power low spectrum as

7
CSDS D) — 3,2 B ( JOS%’}Y j’m = <R

- D(E) - max

5l o
/ T, S ¥

The value of the relevant parameters A ?%* and ’C#E‘ for
1968 and 1969 are given in table 4.06. The semi-diurnal time of
maximum both on an average and on a day-to-day basis is mainly
aligned along the 0300 hour direction and is in general
perpendicular to the mean direction of the interplanetary magnetic

field wvector.

b5 Study of the anisotropies resulting from cosmic ray

density gradients and the interplanetary magnetic

field direction

As shown in Chapter I (1.5.2 equation 1.28) expression
for the streaming of cosmic ray particles in the interplanetary
space contains four terms, viz. that due to radial convection,
diffusion along and perpendicular to the interplanetary magnetic
field line and the streaming resulting from the cosmic ray
density gradients and the direction of the interplanetary

magnetic field. The fourth term due to density gradient is
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dependent on ipmf.direction

2 \_wi’j o -
s=2Y (U, By v (U
= (e Byl by (aU
Jpoh fr B 3 M
The anisctropy i1s given by g =32 -2
o VU U
1 e
AT

This anisotropy wvector reverses

and ig represented by

>
E ) aeo VA (i\(—:)
B

>y S

Gradient

its direction with the

reversal of the interplanetary magnetic field direction or with

the reversal of the cosmic ray densgity gradient.

The anisotropy

is perpendicular to the interplanetary magnetic field and the

cosmic ray density gradient.

written as

The vector equation 4.Ch can be

L)?v N )]

and agzimuthal cosmic ray

the cosmic ray density

‘l j k
Q p—
oo G G Gl _ @ ls¢ » - o 7 (e 8 -0 B
o= x Yy | = -S El(uy B, - G By) J(UY B, - G, bx)
B. B B -
X Y
+k (G_B_~G_B
X Uy v X
Where Gx and Gy are the radial
density gradients respectively. G_ 1s

gradient perpendicular to the ecliptic
magnetic field is

fore B7 is very small (~0).

-

equation 4.05.,

ilence only four

plane. The interplanetary

mainly lying in the ecliptic plane and there-

terms remain in

Por one solar rotation period, the azimuthal

gradient (i.e. Gy) can be congidered as zero. The interplanetary

magnetic field direction to a first degree of

approximation, 1is



towards and away from the sun and therefore the

eqgually 0w

anisotropy due to the perpendicular gradient (i.e. GZ) ig also

expected to be zero or negligible when time averaged anisotropies
over periods of 27 day or longer period are considered. Thus the

diurnal anicotropy vector averaged over sufficiently long period
. & !

i
<

iz expected to be virtually along 1800 hour direction, consistent

with the corotational mechanism.

On a day-to-day basis, however the variability in the
cosmic ray density gradients and in the interplanetary magnetic
field characteristics will cause additional anisotropies, with
the result the net anisotropy on a day-to-day basis will exhibit
considerable departure from the corotational anisotropy. If
days are grouped according to the interplanetary magnetic field
direction (i.e. towards or away from the sun) the anisotropy due
to the cosmic ray density gradient and the ipmf.direction being
in the opposite direction for the two groups, the resultant
anisotropy which is a sum of the corotation and gradient related
anisotropy should be different for the two groups. Thus a
comparison of the observed anisotropy for these two groups should

in principle be useful for studying the ipmf. related anisotropy.

3
The anisotropy not related to the gradient and the ipmf.direction

will contribute equally in both the groups.

Cosmic ray particles from above and bhelow the ecliptic
plane. can spiral round the sector field lines to enter the
[ 9 £

ecliptic plane. If the direction of the sector field is away
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from the sun and if there ig a deficlency of cosmic ray particles
above the ecpliptic then the north-south demsity gradient would
lead to a diurnal component from 15Ahour direction and the
amplitude of the resultant diurnal component will increase. When
the sector field reverses the direction the anisotropy will also
reverse its direction and the amplitude of the resultant diurnal

component will decrease.

In addition, there will be an anisotropy perpendicular
to the ecliptic plane, because of the radial heliocentric cosmic
ray density gradient (Swinson, 1969) and the azimuthal component
of the interplanetary magnetic fileld (i,enBy), This perpendicular
anisotropy also changes 1ts direction with the reversal of the
magnetic field direction. In solar time, the perpendicular

anisotropy will average out to zero.

Attempts to isolate magnetic field related anisotropies
by considering the observed interplanetary magnetic fiecld
directions have been made by several workers, (Swinson, 1969,
1970, 19715 Hashim and Bercovitech, 1971 and Hatton and Barker,

1 mondiltors.

Pl

1971); by using data from a number of neutron and meso
Tn this section we present the results obtained for the years
1968 and 1969 with data from gix neutron monitors and Ahnedabad
meson monitors. From these results we show that the magnetic
field related anisotropy exhibits entirely di fferent character-
istics during 1969 as compared to the earlier years indicating
that the interplanetary conditions radically changed during this

period.



4,51 Study of the ipmf.related anisotropy by using the

actual meagured interplanetary magnetic fileld

direction data during 1968

3ince the detalled interplanetary magnetic field data
from Explorer 33 was available to us only for about 05 days during
the period May to December 1968, we first derive the field related
anisotropy characteristics for this period. We also obtain a
rough estimate of the North-South cosmic ray density gradient by
attributing the observed anisotropy to the N-S gradient. To
improve the statistical accuracy, we extended the study of
anisotropy characteristics to the entire period covering 1968 and
1969, using the data on interplanetary magnetic field sector

polarity given by Wilcox and Colburn (1970, 1972) .

For the preliminary analysis the ipmf. data for 99 days
were grouped according to the interplanetary magnetic field
direction. Out of these, on approximately 22 days ipmf.direction
had a value 1350 + (Do itive) and for about equal number of
days it had a value 3150 + 15° (negative). Such a rigid
clasgification was made to ensure that the results would clearly
show the field related anisotropy characteristics without any

contamination from other effects (Bercovitch, 1971). The

average diurnal variation for these two groups was determined

for a number of neutron monitors and Ahmedabad meson monitors
(difference-telescope) separately. The values of diurnal variation

observed at the instrument for each monitor during periods of
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positive and negative magnetic field directions are given in
N O [ b

table 4.07 and are also plotted in Fig,Hnﬂéo Since the values of

Table 4.07

1968
Average diurnal wvariation during ipmf.direction
135° + 15° and 3159 + 15°
r1% cqgﬂ(degé r1% &¢E1(deg“)
Sulphur Mt. 0.461 + 0.055 258 0.347 + 0.0959 26L
Deep River 0.426 + 0.050 238 0.289 + 0.052 2L
Kiel 0.407 + 0.055 223 0.225 + 0.055 233
Lindau 0.422 + 0.053 217 0.241 + 0.053 236
Pic du Midi O0.412 + 0.053 196 0.270 + 0.053 208
Chacaltaya 0.362 + 0.045 201 0.219 + 0.045 230
W-3 0.130 + 0.055 276 0,053 + 0.052 360
W-N 0.200 + 0.05% 286 0.100 + 0.05Y4 343
W-F 0.220 + 0.05% 289 0.161 + 0.05k 337

the semi-diurnal component do not show any significant
differences, we have not congidered the semi-diurnal component
in the analysis. It is clear from both the table (4.07) and
the figure (4.16) that the amplitude of the diurnal variation
at all stations during positive ipmf. direction is larger than
the corresponding values obtained for the negative ipmf.
direction. Similgrly the tine of waximum for the positive ipmf.

direction is found to be earlier than for that during negative
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ipmf.direction. The vector differences between the positive and
negative field average diurnal variation for all stations have

also been computed.

Assuming equal contribution of the corotational anlsotropy
in both positive and negative ipmf.group days, the above vector
differences will show twice the amplitude of an anisotropy result-
ing from the ipmf.direction and the cosmicvray density gradient.
The vector difference thus computed has been utilised to derive
the spectral characteristics of the magnetic field related
anisotropy. The results obtained by using both neutron and meson

monitor data are given in Table 4,08.

Table 4,08
. g e B GeV
1/ <¢51 A max )
0,0236 + 0.005 16.6 hrs. + 0.6 + 0.2 85

The results are in substantial agreement with the results

reported by Hashim and Bercovitch (1971).

b.5.2., Study of the ipmf.related anisotropy during 1968 and

1969 using sector polarity data

Both for improving the statistics and also to investigate
the field related anisotropy as a function of the solar
activity, we have extended the analysis for the entire period

during 1968 and 1969. Study of such anisotropiles from 1965 to
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1968 has been reported by various workers. Iven though the

actual value of the interplanetary masznetic field direction for
this period could not be obtained,.the total ipmf.sector
information for this period given by Wilcox anc Colburn (1970,
1972) hasg been used for grouping the data. The average diurnal
variation for each of the neutron and Ahmedabad meson moniltors

for the two groups of days one having a dominant positive polarity
and the other having a negative polarity, have been computed for
1968 and 1969 separately. In order to ensure that the analysis

ig restricted to days having unambiguously positive and negative
polarity of the magnetic field and to avold any contribution

from mixed polarity (a) days occurring only within the larger
sectors (>5 days duration) have been used (b) days immediately
before and after a sector boundary crossing have been excluded
and and (c¢) days on which the cosmic ray intensity showed large
Gisturbances such as Forbush decrease days have been omitted
(decrease = 3% at high latitude N.M.). Enhanced diurnal variation
days ( r1 ~. 0.95% for a station like Deep River) also have been
omitted. This selection criteria limited the number of available

days to 120 in 1968 and 180 in 1969.

The average diurnal variation characteristics for both
groups of days obtained for cach of the meson and neutron
monitors are given in table 4.09. Since the number of days in

the positive and in the negative sector are approximately the

same during different seasons of the year, we can assuie that
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Table

4,09

in positive and negative

sector of the interplanetary magnetic field.

1968
Positive sector Negative sector
ry (%) <, (deg.) r, (%) >4 (deg.)
Sulphur Mt. 0.338 + 0.041 255 0.282 + 0,031 246
Deep-River  0.340 + 0.040 23k 0.248 + 0.031 232
Kiel 0.306 + 0.038 227 0.261 + 0.032 216
Lindau 0.345 + 0.038 212 0.247 + 0.030 218
Pic du Midi 0.37% + 0.042 189 0.260 + 0.033 191
Chacaltaya  0.305 + 0.034 197 0.178 + 0.028 223
W-3 0.112 + 0.03% 303 0.081 + 0.032 325
W-I 0.201 + 0.034 283 0.106 + 0,031 312
W-T 0.209 + 0.033 277 0.121 + 0.032 316
1969
Sulphur Mt. 0.291 + 0.037 252 0.332 + 0.024 258
Deep-River 0.258 + 0.033 232 0.284 + 0.025 238
Kiel 0.278 + 0.031 226 0.312 + 0.025 228
Lindau 0.273 + 0.032 218 0.306 + 0.025 227
Pic du Midi 0.306 + 0.033 191 0.322 + 0.027 202
Chacaltaya  0.232 + 0.024 210 0.220 + 0.018 218
W-S 0.053 + 0.03% 360 0.084% + 0.027 320
W 0.063 + 0.033 325 0.144 + 0.025 293
W-R 0.072 + 0.033 335 0.136 + 0,025 302
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the temperature effect will contribute morc or less equally to

the positive and negative sector group Hence a vector difference
of diurnal component between po L ve and negative sector group
obtained from even Ahmedabad meson monitors will be free from

the temperature effect,

The observed diurnal variation for positive and negative
polarity days obtained for each of the neutron and meson monitors
are plotted separately for the years 1968 and 1969 in figure
4,17 a & b. For the year 1968, it is clear from the figure that
the diurnal amplitude is larger in magnitude and generally has an
garlier time of maximum for positive polarity days. This result
ig consiztent with the conclusions derived from lesscr saaple
of days on which the actual ipmf. data is available, as
discussed in 4.5.1. However, in 1969, the rcsults are entirely
different. The diurnal amplitude for positive polarity days is

less than the observed amplitude for negative polarity days.

In order to quantitatively determine the characteristic
of the ipmf.related anisotropy (due to cosmic ray density
gradients) contributing during positive and negative polarity
days, the observed values have been subjocted to spectra
analysis after computing the vector differences between average
amplitudes in positive and negative polarity days for each
monitor. Before proceading with a rigourous examination of
these results, we may compare the average diurnal anisotropy in

space for positive and negative days, obtained from all the




Sy, e 5 1 ;“ {Ht"’!' N o < A
18 y 18 T T Y
940 030 020 010 d
»JM i
)wM ™
=0+
= "
\
B b
s 1968 (7 71569
L ! i j £ A {

G AYERAGE W POSITIVE SECTOA
s AVERAGT I NEGATIVE SECTOR

(&) (o)

rwing the average diurnel

Fig.%.17 Harmonie dialz =
varlations observed by neutren monltors and
meson telescopes (W-B, Wl and W-8) at
Ahmadabad for positive sector (shown by open
dots) snd for negative sector {(shown by dark
doty) of the interplanetary magnetic field
durdng (&) 1968 and (b) 1969,



available data »f both neutron and meson monitors for the years
1968 and 1969. The average anisotropy vectors have been derived
assuming an energy independent variational spectrum (ﬁ\: 0) with
Emax at about 95 GeV. Figure (4.18) showg the average diurnal
anisotropy vector in space for positive and negative polarity
days separately during 1968 and 1969. The dotted line shows the
difference vector which is twice the anisotropy vector due to

cosmic ray density gradient and the ipmf.direction.

Since the average anisatropy vector during positive and
negative polarity days is determined using spectral exponent

/g = 0 these results are not rigourous, because this method

tacltly assumes/b: 0 also for the ipnf.related anisotropy.
However, these results will serve to show the clear change in the
field related anisotropy observed in 1969. The figure clearly
indieates that the amplitude of the field related anisotropy in
1969 is less than that during 1968 and its phase is practically

opposite to that of 1968.

For a more rigourous determination of the spectral
characteristics of the field reclated anisotropy the vector-
differences observed at cach of the station have been computed
and subjected to spectrum analysis. The results obtained for the
best fit values discribing the spectral characteristics of the
field related anisotropy namely its amplitude, phase, spectral

R . . ) : o
exponent and L are given in table 4.10. The variance 'S™!

max

in the space values, determined for different assumed values
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of the exponent '3' and B . for 1968 are shown in Figure 4.19.

LA

Table 4,10

» - ' ko . . “
Year B .x GeV Ve AR «¢p (hours)
1968 65 1.0 0.0047 + 0.0007 16,30
1969 65 1.0 0.0047 + 0.000% 5.6

The mean, field related, anigotropy vector during 1968 and 1969
obtained as a best fit to the observed values are plotted in
Figure (4.20). The results clearly indicate that the magnetic
field related anisotropy is higher by a factor of about three
during 1968 than in 1969. The time of maximum of the anlsotropy
is along 16.30 hours during 1968 whereas it is practically in
the opnosite directlon namely alonb 5.6 hours during 1969. The
anisotropy seems to vary as Eﬂ)waer@/g is positive and the
upper limiting energy Emax is « 79 GeV. Attributing the ipmf.

related anisotropy observed in 1968 only to the north-south

value of the north-south

A}

cosmic ray density gradient we get a

e Aes - . L4
gradient as(1oo8 + 0,19%/A.Uq and it ig found to be energy
independent (for /A= + 1, as the spectrum of the anisotropy).
The observed reversal in time of maximum during 1969
could be due to either or both of the following reasons:

1) the reversal of North-South cosmic ray density gradient
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(2) the effect due to the > B, component.
The observed anisotropy on any day can be represented as

A=A AL . )}
corot. 1pmi. cesessaseonss .06

Where A is the corotational anisotropy and A

is the
corot

1pmf .
anisotropy related to the interplanetary magnetic field,

The yearly average ipmf.related anisotropy (in solar
time) obtained from the vector-difference of the average diurnal
variations in positive sector and in the negative sector of the

interplanetary magnetic field can be represented as

+A(B> oeusae!aaaﬂnuﬁ)"—oO’?

pa

Aipmfu = Apeg)

where A(n—s) is the anisotropy due to north-south cosmic ray
density gradient and A(R ) is the anisotropy due to the north-
Tz

south component of the interplanetary magnetic field (BZ) and
the radial density gradient.

From equation 4.05 we can write

A :(‘ i G’ - j 7 [

(n-s) (4G, B, -3 6, B,) and

A

I

§
g»,,ca,.,,u‘,oB
B ) ]
Z

]

G 6, B

Now, the reversal of Aipmfa in 1969 could therefore be due to

either or both of these components (i.e. A(h~~) and A(B )
= 7z

Lt

(1) Effect due to north-south cosmic ray density gradient

It has already been explained in section 4.5 that the

existence of a north-south density gradient can contribute to
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diurnal anisotropy either along 0300 hour or along 1500 hour
direction depending on the bolarity of the interplanetary magnetic
field. |

Knowing that the cosmic ray intensity and the solar
activity are negatively correlated, the north-south density
gradient of the cosmic ray flux can be inferred by examining the
solar activity at different heliolatitudes. We have examined the
coronal (;\5303) intensity and the sun-spot group, data
(Waldmeier, 1971 ) in the latitude range -40° t» 40° duriamg 1968
and 1969. The values of/\ 5303 intensity and sun-spot groups are
presented in table (4.11). Examination of the table does not
indicate the existence of any such reversal in}\ 5303 intensity
or in sun-spot groups during 1969. Nevertheless a general
decrease in the magnitude of the north-south asymmetry in 1969
compared to the asymmetry in 1968 has been established (Pathak,
1972) which indicates that the north-south density gradient must

have decreased in 1969 as compared to its value in 1968.

The intensity of 9.1 em. flux from O to 10° heliolatitude,
(Stanford Solar Radio Emission Spectro-heliograms solar geo-
physical data 1969) also does not show a reversal in the north-
south asymmetry in 1969. The data shows a‘decrease in north-
south asymmetry during later months of 1969, in reasonable

agreement with}x53o3 intensity and sun-spot group observations.

Therefore we conclude that even though A(n«s)-has

probably decreased from 1968 to 1969, it has not changed its
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slgn and consequently the reversal of A. in 1969 cannot be

ipmf.

attributed to a reversal in the north-south cosmic ray density

gradient. Therefore A(B y can be considered to be the cause of
v, ,

the reversal of the ipmf.related anisotropy (A, ) in 1969,

ipmf
In the following section we attempt to investigate whether the
reversal could be due to the BZ component of the interplanetary

magnetic field.

(2) Effect due to north-south (BZ) component of the

interplanetary magnetic field.

With limited available data from Explorer-33 during
June to December 1968, the average value of B 1s found to
be + 0.04) (northward) for days in the positive sector of the
interplanetary magnetic field. The average BZ 1s found to be
-0.4Y (i.e.southward) for days in the negative sector. The
change in BZ from positive to negative sector i.e. ‘ng is -OSMMjV.
If the BZ component 1s positive in positive sector and is negative
in negative sector, the radial gradient will produce an anisotropy,
whose time of maximum will be along the 1800 hour direction in the
positive sector and along the 0600 hour direction in the negative
~sector. In other words, this anisotropy will add to the
corotational anisotropy during positive polarity (sector) days
and will suptract from the corotational value during negative
polarity (sector) days. In this case the vector-difference
between the average diurnal anisotropy in the poisitive sector
and that in the negative sector will be A(B ) and 1t will have a

z

time of maximum along 1800 hour direction.
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Knowing the radial density gradient we can calculate
A(Bq) during 1968 for CgBZ = 0.4, Bercovitch (1971) has
repgrted a radial gradient of 1.6%/A.U. at QO.GeV,energy during
1967-1968. Assuming a radial gradient with a rigidity spectra
given Dby <?§ = %% %/A.U. and assuming a S;V interplanetary
magnetic field(B) the anisotropy 'A(Br)i in space, during 1968
will be calculated as follows. g

.k g

0 . 32
= x

A.( = [‘\ X
B_) f
z
For a 5) magnetic field the gyroradius
- . B o . .
& will be 5%3 A.U. where P is the

rigidity of the particle.

Therefore

A - P 0.4 32 _:0.013%
(BZ) oo % 5 x %r

The exponent of the energy spectrum of this anigsotropy
will be zero. This would give rise to a diurnal variation having
an amplitude of ~ 0.006% at (W-E) telescope at Ahmedabad. This
is negligible compared to the observed value of 0.089%. Therefore

the major contribution to 'A ' during 1968, must be due to

ipmf.
the A(n«s) component arising due to the north-south cosmic ray

density gradient.

There are reasons to expect that the A(BZ> will be higher
in 1969. The depression of the mean intensity in 1969 was more
than that in 1968. This would indicate an ihcrease in the wvalue
of the radial density gradient in 1969, as compared to that in
1968, if the extent of the modulating regilon and the rigidity

spectrum remain the same. Considering the value of the inter-~
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planetary magnetic field in 1969 to be the same as in 1968, we

can expect an increase in the amplitude of A(B ) in 1969 due to

an increase in the radial density gradient.

As discussed earlier, the mparison of solar activity
data during 1968 and 1969 suggests a corresponding decrease in
the north-south cosmic ray density gradient in 1969 than that in

1968. Therefore the anisotropy 'A due to the north-gsouth

(n-gs)
density gradient will decrease during 1969.
If B_ is negative in positive sector and positive in

negative sector, the observed reversal in 'A. during 1969

ipmf.
can be well understood. However, this hypothesis needs actual

5

veritication with the interplanetary magnetic field data. If
this is proved it will be clear that the study of ipmf.related
diurnal anisotropy will be effectively useful for studying the

orth-south component (B_) of the interplanetary magnetic field.
pa)

4,5.3 Interplanetary magnetic field related sidereal

diurnal anisotropy

Swinson (1969) has shown that the azimuthal component
of the interplanetary magnetic field (By) and the radial density
gradient can produce a sidereal anisotropy which can be seen by
comparing the average diurnal variation in positive and in the
negative polarity days when arranged according to the sidereal
time. The entire data of 1969 has been divided into three monthly
groups and the average magnitudes of daily wvariation for positive

and negative polarity (sector) days have been determined
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separately for each of these groups. The vector-difference
between the average diurnal variations in positive sector and

in the negative sector have been obtained for each three monthly
period. The vector-difference thus obtained was plotted on a

sidereal and antisidereal summation-dial. The resulting sidereal

and antisidereal vectors obtained for all the monitors during
1969 are given in Table 4.12.

. 1

It is seen from Lthe table that the amplitudes of the

giderecal and antisidereal vectors obtained for neutron monitors

w

are not statistically significant. Both are of low amplitude
‘and comparable with each other. On the other hand the sidereal
vectors obtained for meson wmonitor data besides being quite
significant isa.2 to 4 times the antisidereal vectors. Further
the phase observed by B. W, II, 5 and Vertical telescopes 1in
sidereal time show a phase difference between each other, which is

4

consistent with the expected geomagnetic bending difference

between them.

observed by mesgon data have been

[8Y]
t
.
Q

The sidereal varial

subjected to spectrum analysis and the best it parameters

obtained are given in table (i,13). Using theé%% and 675 for

!Emax and 'ﬁé' ' as obtained in table (h.?j) the sidereal vectors
observed by meson monitors are converted to space. Figure (4.21)
shows (a) the plot of the sidereal vectors as observed by each of
the monitors and also (b) the sidereal vectors in space after
correcting for geomagnetic bending and the width of the cones

of acceptance. The mean value of the sidereal anisotropy

observed by various monitors is also shown in the same figure
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Table .17

Interplanctary magnetic field related diurnal variation

Neutron Monitor

Sidereal vector Antisidereal vector

rq% cf;q(degg) rj% <7£71(deg°)
Sulphur Mt. 0.036 + 0.038 268 0.039 + 0.038 229
Deep River 0.009 + 0.040 23 0.017 + 0.040 190
Kiel 0.046 + 0.039 239 0.051 + 0,039 181
Lindau 0.046 + 0.041 2l 0.054% + 0.04%1 159
Pic du Midi 0.037 + 0.040 259 0,069 + 0,041 168
Chacaltaya 0.026 + 0.028 102 0.045 + 0.028 104

Megon Telescopes at Ahmedabad

Vertical 0.086 + 0.020 56 0.040 + 0,020 115

West 0.095 + 0.028 99 0.033 + 0.029 191

South 0.109 + 0.026 54 0.029 + 0.026 63

North 0.115 + 0.026 38 0.036 + 0.026 15

Fast 0.106 + 0.027 9 0.02% + 0.027 279
Table 4.13

Ipmf.related sidereal diurnal anisotropy

%1 % C#gf /3 B Gel.

0.0098 + 0.0012 6.9 hrs. 1.0 85
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with a dotted line. It is seen that the sidereal anisotropy has
an amplitude of Q.0098%/Ge¥.and has a time of maximum along

6.9 hour direction.

For comparison, the sidereal variation observed by

Swinson (1969, 197f) using the underground monitors at Bolivia
and Embudo are also shown in figure (4.22). The sidereal vectors
plotted in the figure (4.22) have not been corrected for the
geomagnetic bending and the width of the cones of acceptance.

Due to the unavailability of the correction factor to correct the
observed amplitude for the width of the cones of acceptance, the
actual magnitudes of the vectors, cannot be compared with our
data. Inspite of the large mean standard deviation error in the
Embudo and Bolivia data, the phases of the difference vectors

for different telescopes seem to be guite consistent.

The time of maximum of the sidereal anisotropy vectors
can be approximately computed from the above data. =~ When the
sidereal anisotropy vectors, in space, are derived from the above
data it is found that the time of maximum of these vectors are
along 0700 to 0900 hours direction and thus the results
presented by us are quite consistent with Swinson's (1969, 1971)

result.
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respectively, The baslc data is from Swinson (1971).



CHAPTER V

SUMMARY OF THE RESULTS AND THE CONCLUSIONS

The variational coefficients for Bast, West, North,
South and Vertical (meson) telescopes at Ahmedabad have been
computed for different values of Yﬂg’ and Emax’ To overcome the
difficulties in the correction of meson intensity due to
atmospheric temperature variation data of difference-telescopes
have been extensively used by the author. Atleast, to a first
degree of approximation the difference-telescope data is assumed
to be free from the atmospheric temperature variations. In order
to relate the secondary variations observed by difference-
telescones, with the primary anisotropy, the variational coef-
ficients for differénce telescopes at Ahmedabad have also been

calculated.

Daily variations observed by difference-telescopes(meson)
at Ahmedabad during 1968 to 1970 are presented. Data from a
number of super neutron monitors, for the year 1968 and 1969 are
also presented and meson observations are compared with the

neutron observations.

Spectrum analysis of the dailly variations both on a
day-to-day basis and on an yearly averagé basis have been done.
An attempt is made to study the anisotropies related to the
interplanetary magnetic field directions and the cosmic ray
density gradients for the years 1968 and 1969. Following are

the main conclusions drawn from the above studies:
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1) The diurnal variations observed by the various difference-
telescopesg at Ahmedabad during 1968 to 1970 are consistent with

the corotational anisotropy with Emax being 30 to 100 GeV.

2) Spectral exponent '/5‘ for diurnal as well as for semi-
diurnal anisotropy fluctuate considerably on a day-to~day basis.
How ever the average value of ‘ﬁ}' ig gzero for the diurnal

anisotropy and ‘ﬂ%‘ is +1 for the semi-diurnal anisotropy.

3) The average diurnal anisotropy is energy independent
and it is along 1800 hour direction. The appropriate value of
B applicable during this period is 85 + 10 GeV. Diurnal
anisotropy does not exhibit any significant change from 1968 to

1970.
) The average semi-diurnal anisotropy is E+1 dependent
and the value of & applicable for the semi-diurnal anisotropy

max
is > 125 GeV. Amplitude of the semi-diurnal anisotropy seems to

show a gradual decrease from 1968 to 1970. The time of maximum
of the semi-diurnal anisotropy is along ~ 0300 hours direction

and is perpendicular to the interplanetary magnetic field vector.

5) Significant differences are obtained in the average
behaviour of diurnal anisotropies during days on which the inter-
planetary magnetic field is towards the  sun (negative) and days
on which it is away from the sun (positive). In 1968, the
amplitude of the anisotropy, had a larger amplitude during
positive polarity days than that during the negative polarity

days. The time of maximum of the anisotropy was earlier for
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positive polarity days and it was later during negative polarity
days. Approximately opposite results are obtained during 1969,
The vector difference between the diurnal variations observed

in positive and negative polarity days have been used to study
the anisotropy related to the interplanetary magnetic field

direction.

6) The interplanetary magnetic field related anisotropiles
resulting due to the cosmic ray density gradients and the ipmf.
direction has a positive exponent of the energy spectrum of

variation.

7) The ipmf.related gradient anisotropy in 1968 shows an
amplitude of~(0.004% + 0.000%) E+1. The time of maximum is at

16.3 hours. The results are in substantial agreement with the
results reported by other workers. The ipmf. related anisotropy
in 1969, however, shows a drastic change from that observed in
1968. The time of maximum observed in 1969 is 5.7 hours with

its amplitude being about one third of that in 1968,

8) The upper limit of the energy B __ applicable for the

ax
ipmf. related anisotropy is about 55-8) GeV which is lower:

than the value of E____
max

obtained for the corotational anisotropy.
9) The reversal in interplanetary magnetic field related
anisotropy can possibly be explained as due to the reversal in
the polarity of Bz during positive and negative sector of the

interplanetary magnetic field in 1969 as compared to that in
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1968. The hypothesis however requires confirmation from actual
observations.

10) sSidereal anisotropy vector resulting from the azimuthal
component of the internlanetary magnetic field and the radial
cosalc ray density gradient has a positive spectral exponent and
an Emax = 85 GeV. The amplitude orf the anisotropy in space

is (0.0049+ 0.0006 ) EY1 and time of maximum is in~0700 hour
lirection. The results about sidereal anisotropy are in agree-
ment with the results presented by Swinson (1971) with

Chacaltaya and Bolivia underground meson data.

11) We conclude that the diurnal anisotropy can satisfactorily
be explained by equation 1.28 (Chapter I, Gleeson's equation) on

a day-to-day basis as well as on an average basis. This gives

us a method by which the cosmic ray density gzradients can be
estimated by using measured anisotropy and the interplanetary

magnetic field.
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