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STATEMENT

Trlple 001h01denee Gelger counter dlrectlonal teles-
copes inclined at an angle of MS with respect to vertical
and pointing in east and west dlrections, have been operateg
by the author at Almedabad (23° N, 72,67 °m) durlng May 1963
to April 1965, Telescopes of different semi-angles of
opening were simultaneousiy oj_oerated° Transistorized
circuits were fabricated for the operation of the E-W teles~
copes. Fast switching aotlon of quenching end 001n01dence
circuits was ensured by seleotlon of approprlate transistors: .
The characteristics of the solar daily variation, the
influence of the angle of Opening of telescopes in the east-
west plane and the long term changes of daily variation of
cosmic ray intensity for eagt and west directions have been

studied.

The daily varlatlon of Intensity of galactic cosmic
rays measured by an 1nstrument fixed to the spinning earth
has in general two prlnc1pal harmonic comoonents, dlurnal
and semi-diurnal, In the present work we have studled the
anlsotropy of galactic cosmic rays through the diurnal and
semi-diurnal components of the cosmic ray variations.

The daily variation measured with a net work of hlgh countlng
rate monitors (>5x% 107 counts/hr) is used to derive with

brecision, the spectrum of the variation, the amplitude
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and'thevprincipal dirégtions of maximum and minimum intensity
of the anisotropy in interﬁlanetary space on each day during

19614-65.,

To deduce the characteristics of the anisotropy

from the observed variations, correction is required for
geomagnetic field effects because of the fact that cosmic
rays suffér considerable deflection in the geomagnetic field.
Follbwing the method of variational coefficients (McCracken
et al.1962) we have evaluated for a set of stations used in
the analysis, the relative amplitude and the correctioh for
the geomagnetic bending for each combination of exponent and
the lower limit of the energy of the spectrum of wvariation.
Ihe exponent of the spectrum of variation ranges from +1.0 to
-1.2 and the lower limits of the energy are 2, by 6, 8 eveen.

25 GeV while the upper limit of the energy E was kept

max
constant at 250 GeV.

We derive an energy spectrum of variation of the

anisotropy specified by the exponent X, and limiting energies

:Emin and Emax in the relation,
e 5
< D(E) =a B forE. < E 4 b
D ( E) min -~ = max
— ' \’
=0 for B « Emin or H > Emax

where D(E) is the differential energy spectrum of primary

cosmic ray particles of energy E and <§'D<E) is the energy
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ISpeotrum of variational part. 36 different combinations of
exponents (X) and energles (E ) have been consgidered to
describe the energy dependenee of the anisotropy. Applying
the method of best fit, the energy spectrum of variation has
~ been determlned separately for the diurnal and the semi-

diurnal components of the wariation.

Once the optimum spectrum is determined, the optimum ’
values of the diurnal and the semi-diurnal components in
space are obtained. We derive the direction in space of
maximum‘intensity T max and of minimum intensity T min® The
magnitude of the anisotropy in space defined in terms of a
percent change in the 24 hourly mean intensity of galactic
cosmic rays, has been obtained. The characteristics of the
anisotropy during the solar maximum (58-60), during the
years of declining act1v1ty (61 63) and during the solar
minimum (64 65) are studied. The experimental results are
compared with the predictions of the characteristics arising
from the four processes which appear capable of contributing
-to the creation of an anisotropy of galactlc cosmic rays in
1nterplanetary space. They are (1)-Azlmuthal streaming
(Parker, 1964; Axford, 1965; Krymskiy, 1964%) (2) Streaming
due to nonuniform diffusion in a longitudinal sector structure
of interplanetary magnetic fields, (Parker, 1964), (3) Scat-

tering at irregularities along the interplanetary magnetic
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field short circuiting latitudinal gradients (Sarabhai and
Subramanian, 1966) and (4) Latitudinal gradients in a relati-
vely smooth magnetic}field (Subraménian and Sarabhail, 1967;

Lietti and Quenby, 1968).

The observational implications of the azimuthal drift
process on the low energy limit of modulation through Emin and

at high energy end through EmaX are examined by calculating
the expected dirunal amplitudes for the neutron monitors at

Deep River and Huancayo for various values of Emi .and Emax'

n
It is demonstrated that the diurnal and semi-diurnal
components of the anisotropy have characteristically different
energy spectra of variation. The predominant process respons-
iblé for the diurnal component is the azimuthal streaming while.
the semi-diurnal component appears to be due to scattering at

magnetic field irregularities and latitudinal gradients.

-1 Knowing the energy spectrum of the variation of the
anisétropy of galactic cosmic rays during 1966, an attempt hag
been made to derive the variation in meson component due to
atmospheric temperature changes by comparing the solar daily
variation observed by crossed telesgcopes at Bologna (M6.950N,

7.43%E) with expected variation due to the primary anisotropy

and barometric pressure changes. céfcf
( VIKRAM SARABHAT ) - ( DINESH PATEL )

xﬁz- 8- 1970
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CHAPTER - T

INTRODUCTION

1.1 Galactic Cosmic Rays

Galéctic cosmid rays may be regarded as probes for
undefstaﬁding the state of interplénetary medium and the
gsource and propagation mechanisms of partiéles in the solar
system. These cosmic ray particles are divided into two
éroups; the solar cosmilc ray particles which originate in the
sun and the galactic cosmic ray particieé which originate

outside the solar system (Cocconi, 1960).

Galactic cosmic rays are incident upon the earth at
all times. Their energy extends as high as 1020ev and their
intensity is greatest during the periods when the sun is
least active. Ekperimenfé performed on satellites, balloons

and on earth's surface have determined the intensity, -the

~ energy spectrum, the isotopic composition, the direction of

arrival and the time variations of these pafticles. The
particles afe mainly protons; A measurement of.primary-
cosmic radiation made at an‘energy of 2.4 BeV per nucleon
indicates that 94 percent are protons, 5.5 percent are alpha
particles, and 0.5 peroént are heavier nuclel of atomic
number up to 28. The particle‘flux given in Table-1 refers

to sunspot minimum condition.
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 Table 1°

Nuclear composition of cosmic ray flux

Group of z ! i X
atomic nuclel ' Intensity by by
(mg.sec sr)” number mass

Protons 1 1510 + 150 oLy 7
o - particles 2 89 + 3 5.5 174
| L (Li,Be,B) 3 - 5 2 + 0.2 _ ,

M (C,N,0F) 6 - 9 5.6 4 0.2 0.5 8.6

H (& = 31) 10 - 19 1.9 + 0.3 |

VE(E = 51) | 20 - 28- 0.7 + 0.16

% Waddington (1966).

The abundances of heavy nuclei with respect to
protons are much higher in cosmic rays than in the universal
scale (Gingburg and Syrovatskii, 1964). There is an anomolus
abundance of the 1ight elements He3, Li, Be and B in cosmic
rays. These are accounted fdf by fragmentation of the heavy
nuclei on the inter~stellar hydrogen in their propagation
from the source through the‘interstellar medium to the

- observer (Ramaty and Lingenfelter, 1969).

In addition to the nucleonic component the electron

component of primary cosmic rays which contains electrons



-3 -

as weli as positrons, hasg been identified in 1961 (Earl, 1961,
Meyer .and Vogt, 1961)...ih general the electron flux 1s
approximately 1% of the proton flux for B 2 1°BeV (Agrinier
et al, 1964). The electron positron ratio gives information
as tdlwhether the electron component arises from the nuclear
interactions of the cosmic rays during their passage through
the galactic medium, or whether the electrons are coming
‘predOminantly from the source regiong. An equal abundance
of electrons and p051trong would favour former; an excess

of electrons over p051trons would be expected in the latter
case. Considerable effort has been made to establlsh the
electron-positron ratio at different energies (Hartman et al,
19653 Bland et al, 1966; Daniel and.Stephens, 19663
Hartman, 1967). For energies betweenA .5 and 10 BeV the
positron contribution amounts to about 10 percent of the

total electron flux (Hartman, 1967, Fanselow et al, 1969) ,

Apart from nucleonic and electron components Gamma
rays have also been observed. A possible source of Gamma
rays is from nuclear interactibns of cosmic rays with -
interstellar and intergalactic materials which create Tf
mesons. The flux will depend upon the thickness of matter

Traversed.

The particles comprlslng the cosmic radlatlon have

19av

a wide range of energies from 10 MeV up to more than 10
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'fhe-flux'falling off with increasing energy. It is conven-~
ient to divide the cosmic radiation into three energy

ranges (Marsden, 1968), These are:

(1) Low energies, say E 5:1O1Oev

(11) Medium energies, 109, & & 10"y,

(1i1) Very high energies, E > 10" ey,

10 to ’lO1LF ev. the intensity

In the energy range 10
is dlstrlbuted over the partlcle energies accordlng to a
power law

aJ K_E"Y

dg
where the value of the power law index Ynz 2.5. At greater
energies the value of ¥ increases and approaches ~ 3 at

E = 1017ev

1.2 Time variation of cosmic rays intensity

Measurements of Guhe eosmic ray intensity as a
function of time'have established the existence of several
_disﬁinct variations of cosmic ray intensity with time. The‘
-study of time variations of the cosmic radiation can lead to
a, knowledge about the mechanism of production of cosmic rays,
about their place of origin, their mode of pyopagation to
 the earth and about various influences on them, arising from

the electromagnetic conditions of interplanetary space and
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of the sun. Varlatlons of cosmic ray 1nten81ty can be

expressed by the relatlon (Dorman, 1957)

chf\i = - §E>\ w\ (E\ 7h) +f5m (_E..___h) w (E,h).dE
Ny - - E°  m"(®,h)
5D (E:). Wl)\ (E,h).dE . (1)
e D (E)

B
wnere N, is the observed intensity at latitude A and at
atmospheric depth h, E)\C is the cut off energy at a
latitude X\, D(E) is the differential energy spectrum,
mi(E,h) is the multiplicity and w>\i (E;h) is the coupling
coefficient, In equation -1, the first tefm of the right
hand side represgnts the variation due to the changes in
‘geomagnetic cut off.energy, the second due to changes in the
multiplicity és a result of the alternations in the terres-

trial atmosphere and the third one due‘to the variations of

the primary energy‘spectrum.

1.3 Terrestrial Atmospheric effects

When primary cosmic réys impinge on the earth's
atmosphere they produce éecondary cosmic rays. Ths secondary
particles aré subjected to absorption processes and decay
. .processes on their way from this region down té the altitude
‘f the recording instruments. In the case of the stable

nucleonlc component, the absorption of the particles depends
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‘on the mass of the alr between the piace of production and
the p01nt of recordlng. As ‘this mags is proportional to

the pressure at the altltude of recording, the number of
particles recorded per unip time varles with the atmospheric
pressure. For the meson component with finite but small
life time, apart from the absorption process, the number of
recorded particles depends on the temperature dlstrlbutlon

in the atmOSphere.

1.3 (a) Barometric effect

The counting rate of the detector 1s subjected to
the 1ntegrated effect of the density varlatlons in the
- atmosphere above the detector, Consequently the counting
rate will vary with atmospheric pressure and the 1nten51ty as
a function of atmospheric pressure can be described by an
exponential law. It follows that the counting rate N,
recorded at a given altitude, can be corrected for variations

of pressure by the formula

N =DNo exp ( Xp, A p) (2)
where 4 p is the deviations from the mean barometric value
for the given altitude and «Kp is the  bressure coefficient,
The pressure coefficient depends on the latitude of the
.recordlng station and to the detector as the spectral

sen51t1v1ty of the particles differ.
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For the meson component, the pressure coefflclent

15 about ~0.1 per oent mb 1. Therefore, the series

expansion of equation (1), asg

N = No (1 +_04p. 40 p) (3)

is often used to calculate the pressure coefficient. The
pressure coefficient of the nucleon component is approximate-
ly <0.7 per cent mb"1 at sea level, whioh-is a large one,

and hence equation (2) has to be employed.

A p - the pressure coefficient may be determined by

a linear regression analysis between the variables, 1n

( %3 ) and & P (Dorman, 1957; McCracken and Jones, 1959;
Lapointe and Rose, 1962; Bachelet et al, 1965). A variation
in the barometric coefficient during the eleven years solar
cycle has been shown by Girffiths et al (1966) for the Leeds
LGY neutron monitor and by Lockwood and Kaplan (1967) for
.the Mt .Washington. The former finds 6% decrease in the
barometric coefficient at Leeds, the later'fimds about 3%
change aﬁ Mt.Washington between solar minimum (1965)_to
solar maximum (1958). The change in the barometric coeffi-
cient over the solar cycle is due to two effects: modulation
of the primary energy spectrum and a change in the relative
comtribution to the counting rate from nucleon and muon
neutmon production. A well defimed latitude effect of the

order of 10% of the barometric ooefficient between PC=2 [\%
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and ?0 = 15 bV has been reported by Bachelet et al (1965)

-]
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1,3_(b)'Temperatureteffect

o Measurements of the cosmic rays intensity using
ionization chambers have shown that in addition to the well
known barometyic effect, there is a correlation between the
intensity and the'temperature at ground level. Dofman and
Feinberg (1955) and Maeda and Wada (1954), have described
the effect of temperature on the muon intensity as the
weighted mean of temperature change throughout the atmosphere.
Thus the fractlonal change in intensity due to temperature

changes in the atmosphere can be written as

Cy N,u, (XO)
N/q_ (XO)

p:do) ~
= Ky Txo) + [Wr(0). 5T (1) ax (%)

0
where N 4 (x0) is the muon intensity at atmospheric depth
Xo;cx p 1s the barometer coefficient, J T(X) is the tempera-
ture change at depth X and Wy (X) is a weilghting factor which
Dorman has called the "density temperature coefficient'.
Dorman (1957) has derived Wp (X) from a detailed theoretical
treatment of muon production and propagation in the atmos-
”phere.' In practice, the integral mey be broken up into
summation over a series of isobaric levels for each of which
the averege temperature change J T may be available from
Radiosonde data; Maeda (1960) has elaborated the calculation
of Wr(X) to include obliquely incident muohs, the effects
of curvature of the isobaric levels and deflection of the

particles in earth's magnetic field.
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Using the Caséade'theory, Dorman (1957) has calculated
the effect of atmospheq? temperature Changes on counting rate
of neutrén monitors. The effect of such changes has usually
been neglected when correcting neutron monitor data for

meteorological effect.
‘ {

Kaminer et al (1966) have iﬁvestigated the annual
temperature effect by comparing the counting rate of a
- neutron monitor in the Northern hemisphere (Chicago) with
that of a geomagnetically equivalent one in Southern hemi-
sphere (Hobart). They find for 1960-62 period an annual
seasonal wave of 1.,2%, about 1.8 times the value calculated
from Do?man's temperature coefficlents. Using Deep River
and Inuvik neutron monitor data, Bercovitch (1967) has
obtained .an average value of 1.93 + .09 for temperature
~effect. The result agrees wéil with Hafman and Hattoh's
(1968) value of 1.20 £ .0.13. They have also calculated
the tempéfature welght fuctors, W (X) for both IGY and NM6L
monitors. Fig.1.2, shows the variation of WT and h, together

with Dorman's original curve.

These results indicate that for IGY monitor the
temperature effect should be a factor of 1.2 + 0.3 larger

than Dorman's prediction while for NM6Y the factor is
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, 0-85.i 0.2, It is shown that fewer muons are stopped in the

NM6Y4 monitor than in the IGY monitor. Comparison of various
methods of temperature correction have been published‘by
Bachelet and ConfortAo (1956), Mathew (1959), Wada (1961),
Lindgren-and Lindholm (1961) and Carmichael et al (1967).

1.4 (a) The earth's magnetic field and cut off rigidity

During ocean voyages between Java and Holland, Clay
(1927) found a consistently lower cosmic ray ionization neaf
the equator and thus made first use of the magnetic field of
the earth as a charge spectrometer. The comprehensive
studies of the radiation and the magnetic field surrounding
the earth have been made during IGY period and more recenfly

with'artificial satellites.,

The internal or surface magnetic field of the earth

‘may be represented as a spherical harmonic potential

expansion,
nel n m m m
Vza s (&) ~— (8. cosmdc+h sinm $H)P (8) ___(5)
éﬁZﬁ r ﬁEO n dD n (ﬁ n

where 'a' is a scale factor generally chosen to.be earth's
radius, r, @ and 4>are the geomagnetic co-ordinates and
Pi(é?) are the Schmidt normalized spherical functions
(Schmidt, 1935). The coefficients gi and hﬁ are generally
determined by least square fit to magnetic data. Nﬁmeroas

- evaluations of the field have been made for various epochs
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with thévnumber-of terms ranging up to 512 (n = 24, m = 27),
(Finch and Leaton, 1957, Jensen and Whitaker, 1960, Jensen
and Cain, 1962, Cain et al, 1965, Hendricks and Cain, 1966,
Hurwitz et al; 1966).

The dominant term in the‘harmonic expansion of the
earth's potentigl fieid is that of a dipole which should
form the basis of a model of the earth's field to examine -
the motion of charged particles. Stormer (1930, 1931, 1955),
has computed the trajectories of charged particles in a
dipole fiéld, following the.terrella experiments of
Birkeland (1908, 1913) and has obtained a first integral of
~the equations of motion which together with the klnetlc
energy integral provided substantlal.information about the
allowed motion of the particles. ‘It was found that the cut-
off rigidity P o the minimum magnetic rigidity & particle
is requlred to possess in order to reach a spe01fled locat-
ion in space from 1nf1n1ty with a specific direction of -
'arrlval, in a dipole field is given by

- by f L2 T Gt 17 -

Coswgin g

where r 1s the distance from the origin in earth radll,
© is the co-latitude of the observation point and W is the
angle that the dlrectlon of arrival of particles make with

the eastward direction.
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It had been evident that the cosmic ray measurements
exblblted dlscrepanc1es with respect to results to be
expected from a dipole representatlon (Meyer and Slmpson,
1957, Koodama and Miyazaki, 1957) Improvements to the
v calculatlon of the cutoff rigidities, using non-dipole terms
for the field were made by‘Quenby.and Webber (1959).
However, even these values proved to be inaccurate as was
shown by Freon and McCracken (1965)., The advent of high
speed dlgltal computers have made possible the determlnatlon
of the cut~off rigidity by tracing the trajectories of
charged-particles as they traverse through a high-degree
simulation of the geomagnetic field. (Shea et al, 1965).
Shea and Smart (1967) have also calculated the cutoff
rigidities, for a grid of locations on the earth spaced at

150 increment of latitude and longitude.

1,4 (b) Asymptotic direction

Brunberg (1953) has 1ntroduced the concept of the
asymptotlc direction Wthh is defined as the direction
that a cosmic ray particle has prior to 1ts entry into the
domain of the geomagnetic field. The direction of the
particle velocity vector in terms of 'asymptotic latitude!
A and "asymptotic 1ongitude'\P(Fig.1;3) is given as:

tan )\ = Vg sin g + V., cos @ - N (7)
(V%) + W@ cos O + Vrsine)l )
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| 'Malmfdrs (195%) Brunberg (1953), and, Brunberg and
Dattner (1953) have computed the asymptotlc directions
considering the model experlments‘ln which a small model of
the earth and its field is used to simulate the actual
physical situation, These have been also computed by
' numeri@dl integration of the equation of motion of cosmic
ray particle by Stormer, (1955), Jory (1956) and Lust and
Simpson (1957)5 Using high simulation model of internal
sources‘of the field and with a high-speed digital computer
McCracken et al.(1962), Hatton and Carswell (1963), Kodama
(196%), and Shea et al,(1968) have published tables of
asymptotic directions for several directions of incidence
for cosmic ray stations. Recently directions have also been
computed by Gall et al.(1968) with models that include the

external currents in the taill and magnetopause.

T+ () Asymptotic cone of acceptance

McCracken (1958) has introduced the concept of
Yasymptotic cone' of acceptance to determine the dependence
6f the counting rate of the detector on the asymptotic
directions. It is defined as the solid angle éontaining
fhe asymptotic directions of approach that significantly
contribute to the counting rate of detector. Rao et al,
(1963) have shown how the asymptotic cones of acceptance

can differ considerably from station to statiomn.
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arriving'with zenith angles of 00,3160 and 320 in the N-S

and B-W geomagnetic field.

It Can be seen that the cohe of acceptance of

' Ahmedabad is wide in longitude while for a high latitude
_ététidn like Mawson, the cone of acceptance is nafrow. An
anisotropy of small angular extent will therefore lie within
the cone of acceptance of Ahmedabad for many more hours

compared to the cone of acceptance of Mawson.

1.5 Relation of secondary time variation to Primaries

- Different éuthors have used different terminologies-
to express the relationship between primary changes and
'secondary changes. Treiman (1952) called it a "yield
function" as does Fonger (1953). Nagashima (1953) has
termed it "multiplicity" and "relative intensity spectrum"

and Dorman (195%) defined it as the "coupling coefficients".

Basically all of the above authors use experlmental
data on the latitude variation of the 1onlzlng or neutron
component. Let N‘(,A, h) denote the intensity of the
secondary radiation at latitude A and at atmospheric depth
h, and D(E) the primary differential energy spectrum, then
the 'multiplicity function"M(E,h) that gives the number
of'secondary particles produced at altitude h due to a
_priﬁary particle= of energy E incident on top of atmosphere,

can be expressed as
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. dN()\ 9 h) d/\_ . . (9)

.M(E h)
(E) ) dE

The dlfferentlal contrlbutlon to th@ secondary intensity

is given by

n (E;A, h) =m (E,h). D(E)
and the total intensity will be

~ QO
N (A, h) = J n.dg
EC
-or 80 _
N(x, h) = fm(E,h). D(E).dE ___(10)
EC

Dorman (1957) has introduced the idea of 'coupling
constants' W(E,h) to estimate the contribution of prlmary
of energy E to the secondary component of type i. It is

defined as:

W(E, n) = D2(B), M(E,n) (11)
oy (A,h)

W(E,h) can be estimated from geomagnetic effect,
that relate Ni_<>\5h> with E, Differentiating equation
(10) partially with respect to the lower limit of integra-

tion one can obtain.

5Ni (A 4h)
OE

and combining equation (10)and equation (11)

- =D(E), ; (B, h) | (12)

W(E,h) = - ! 0 N (A ) (13)
‘ Nj_(/\ ,h) 8 E
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' The right hand 51de of equation (12) represents
geomagnetic effects that are eXperimentally known for
secondary components. These can be calculated for the
energy region 0 to about 15 Gv, which is the maximum cut-off
rigidity for vertical -intensity at the equator. For higher
- rigldities the coéfficients have been calculated by extras- |

polation,

Considering quadrupole and higher order terms of
the earth's magnetic field, instead of a dipole representa~
tion, Quenby and Webber (1959) have calculated the revised
values of cut-off rigidities E and have derived the coupllng

coeffioients W(E) which are shown in Figure 1.5.

They have aesumed the relationship between g,%
and E, to be a power law of the form %i%m = KE»;Vfor extra~
polation beyond the 15 Gv rigidities. V can be obtained
from the slope of the differential reeoonse curve at 15 Gv

for neutrons and 25 Gv for mesons.

The angular dependence of coupling coefficients of
the meson components of cosmic rays has been calculated by
Krimsky et al. (1966), using the energy spectrum,KE 2 +5 and
the miltiplicity, calculated by considering Pal and Peters

(1963) model of elementary interaction of excited nucleons.
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Fig.1.9 Differential response for different
secondary components alt different depth.
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1,6 ~ Modulation of cosmic ray intensity

u'It'is wélllknOWn that the interplgnetary magnetic
field controls the'prbpagafion of cosmic rays in the solar
system. The'sun and the interplanetary medium however,
exert a profound influence on the cosmic radiation cauéing
‘them to undergo deviation from isdtropy and change of énergy
spectra as well asg of intensity. The intensity of galactic
cosmic rays shows geveral characteristic time variatioﬂs»
They can be divided into the following major'ca@Ggories:

(a) Long term changes in the galactic cosmié fay
intenslty which are antloorrejatud wilth the 11 years
eyele of solar activity.

(b) Decreages of the 1nten31ty of the galactic cosmi.c
rays asswciﬂted with magnetic storms called
Forbush debreases,

(¢) The variation of the.intensity associated with the
27-day period of solar rotation known as 27~day
variations.

(d) Variations with a period of one day, the so called

~ dally variation which is studied as diurnal and
seml-diurnal variations of the galactlc cosmio rays.

(e) ‘Short period variations of the order of a few

minutes of the cosmic ray intensity.
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The various intensity modulations of galactic cosmic
rays have been generaliy accounted for in‘terms of the
dynamics of charged particles moving through solar-
controlled magnetic}fieldsﬂ In the following section we
describ@-bri@fly the Interplanetary magnetic field and its
'observations whilch are important from the point of view of

the theorles of modulation of galactic cosmic TaySs .

146 (8) The interplanetary magnetic field

Observations of lonised cometary tails have led
Biermann (1951) to the conclusion that golar corpuscular
radiation is emitted from the sun. Parker (1958)'pr0posed
that this could be accounted for hy a gimple outward hydro-
dymanic expansion of the solar corona and named the resulting
streaming coronal plasma the 'solar wind'. The wind ig
composed of coronal gas fully ionized and mainly hydrogen.
The veloclity of the solar wind was of the order of 350 -
600 Km/sec during the recent solar cyele (Shlovskii et al;
1960, Neugebauer and Snyder, 1963, Bridge et alj 19675) .

The temperature of the solar wind is observed to fluctuate
widely from 107K upto 100K during times of solar activity
(Neugebauer and Snyder, 1965 Sturrock, 1966),

The solar wind ig filled with the magnetic lines of
force of the general field (Parker, 1958 b, 1963) which is

observed to be of the general order of a few gauss at the
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solar-phofosphere (Babcock, 1959; Bumba and Howard, 1965),
‘The solar wind carries the magnetic field lines out through
int@rplanetafy space., 'Thus5'through the hjdromagnetic .
equation the uniform radial wind of velocity v would lead
to the field

DB o x (T x5 (1%)
5 <7 x (V x B)

If %2 is the angular velocity of the sun, r, the distance

- measured from the sun, & , the polar angle measured from the
| axls of rotation of the sun and ¢ ig the azimuth measured
around the sun, then the lines of force will rotate in inter-
planetary gpace in4an Archimedes spilral pattern of the from

T = v $ _ (15)

T Slsin®
The components of the field are given by

"Ry 2 ’
Br = B’l(a:)’i) ' : (16)
P?— A
5 .
B = By :\"rji"" sin g - (18)

where B1 is the radial component of the magnetic field at
r o= R1.‘ The angle 7 between the normal to spiral field

lines and the radial direction is given by

- v |
Tan ' = = , (19)
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On thié underlying pattern are superposed a variety
of bothvsmall and iarge magnetic irregularities caused, by
variation of v with @;, ¢ and t; by variation of B(&, D)
with t and by instabilities in the wind etc. Near the orbit
of the earth the average angle between the interplanetary
magnetic fieid and earth-sun direction would be expected
to be about 45°., The field strength at the orbit of the -
earth is about 3 x 1O"S.gauss for each gauss at the photo-
sphere. From the observations of the photospheric magnetic
field Babeock (1953) and Ahluwalia and Dessler (1962) have
pointedvout that changes of polarity may be expected in the

interplanetary field.

Observations of the interplanetary magnetic field

The analysis of different flare events by McCracken
(1962) indicates the preferential guiding of the solar
particles to the earth. The cosmic ray flux has been the
greatest from a directi = SOO to the west with respect to
earth-sun line. This suggests the development of the
Archimedean spiral structure in the interplanetary field.
The first extensive direct measurements of the interplanetary
magnetic field were carried out with the Pioneer V (Coleman
et al; 1960). The analysis of Pioneer V data by Greenstadt
(1965) shows that the fields measured nearly at the plane

of the ecliptic are of the order of 5 to 10 gammas.
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vThe observations obtained with IMP-1 satellite
.cohfirm that on the average.the‘direction Qf the field is
close to that predicted by the Archimedes spiral model and
the field is approximately between L-7 x 10"5 gauss (Ness

et al; 1964, Ness and Wilcox, 1964). Ness and Wilcox (1965).
have also ghown that the interplanetary magnetic field had

a geetor gstructure in which the interplanetary field waé
predomihantly away from the sun for several consecutive;days
 énd then predominantly to@ards the sun for the next'se§éral
days. Ihe sector pattern corotates with the sun suéh that

a partioulér feature such as sector boundary is observed ﬁear
the earth approximately once every 27 days. Corotation of

| the field structure has been also established byAexamining
simultaneous observations from two spacecraft, IMP-3 and
Pioneer-VI, which were on opposite side of earth and

6 Km.(Ness, 1966). The sector pattern

geparated by 1.3 x 10
obgerved by IMP~1, IMP-2 and Mariner-IV were very similar.
Observations from both Pioneer-VI and IMP-3 have indicated
that there can exist a small order structure that may take
a time of the order of an hour to rotate past the earth,
called 'filaments' of the interplanetary magnetic field.
Solar cosmlc rays produced by flares often appear to be
guided by along'sueh filaments (McCracken and Ness, 1966;

Bartly et al; 1966),
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As the sector patborn rotates past the earth
profound changes are observed in geomagnetic activity. The
geomagnetic activity tends“to be higher'near the leading
edge of each sector (Ness and Wilcox, 1965). The work of
Snyder et al; (1963) shows that geomagnetic activity is
vstrongly correlated with wind velocity., A stronger wind
near the leading edge of each sector causes the leading
edge to crowd into the trailing edge of sector. Sarabhai
(1963) has pointed out that this should lead to turbulence
and/or a shock wave toward the leading edge of each sector.
Dessler and Fejer (1963) have shown that the leading portions
of the sectors may be responsible for the recurring magnetic
storms in much the same way that the blast wave from an out-

burst at the sun produces a magnetic storms.

Measurements of the interplanetary plasma and magne-
tic field give us a clear understanding of the features of
- the magnetic fields which are important for the motion of
energetic charged particles ahdAfor the different theories
of the galactic cosmic ray modulation. Following are the
important features of fhe interplanetary field from the
point of view of the average features of the modulation of

galactic cosmic rays.

(1) ©  The average character of the field is that of a

garden hose spiral resulting from the motion of the



(2)°

(3)

o 0 -

solar plasma in which field is embedded. The

 diurnal aﬂiéotropy and the 27-~day recurrent Forbush

decreases are prime examples of the co-rotation

effect.

The field is diﬁided.into well defined "sectors" in
which the field direction is alternately towards or
away from the sun. The sector structure plays an

important role‘in manifesting the 27-day cosmic ray

periodicity or recurrent Forbush type decreases.

Superimposed on this large scaie field i1s a conti-
nuous distribution of magnetic irregularities. The
irrégularities that exist in the field cause |
é¢attering of the particles and give rise to
diffusion~like flux characteristics. The diffusion

tensor describing the motion of the charged particles

in the interplanetary space has been estimated from

the power spectrum of magnetic field fluctuations

in interplanetary space (Gloeckler and Jokipii, 1966;

Jokipii, 1966, 1967, 1968; Jokipii and Coleman, 1968;

Jokipii and Parker, 1969). The cosmic ray diffusion

. coefficients so obtained agree with cosmic ray

observatioﬁs carried out on the Mariner-IV inter-
planetary probe in 1965 (0'Gallagher and Simpson,

1967). The diffusion coefficient has been applied
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to Parker's (1958) diffusion-convection model of

11~year modﬂlation.of'ghlactic'eosmie TAFS

1.6 (b) 11-year variation

The intensity variation follows inversely the cycle
of solar activity has been shown by Forbush (1954, 1958),
Simpson (1963), and Katzman and Rose (1962). Thls inverse
correlatlion suggests that the process 1s one of exclusion
of galactlic particles. The 11~year changes in solar modula-
tion ongalactic cosmilc radiatibn are produced by changes 1n
the characteristics of the solar wind and the magnetic
field which 1t carries into interplanetary space over

T1=year solar cycle,

Ixperimental observations by Forbush .
(1958) show that the 11-year variation in cosmic ray
intensity are of a world-wide nature and that low energy
particles are subjected to greater variation than high
energy particles. Simpson (1962), Callender et alj; (1965)
and Dorman and Dorman (1965) have shown that this modulation
is not in phase with 11-year solar acﬁivityécycle ag measured
by sunspot number but lags behind the level of solar
activity by 9 to 12 monthsa. It has been found however that
the épron&l green~liné intensity is a better index of golar
plasma emlssion than either sunspot numbgr or Kp (Gnevyshev

and OL', 1966), When the coronal green-line intensity in
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the helibgraphic_latitude range + 224° ig compared with the
cosmic fay'iﬁtenSity a'high‘degreeléf-anti—correlatiOn is
- found (Simpson and Waﬁg, 1967; Hatton et ai; 1968). Pathak
and Sarabhai (1970) however have shown that a good correla-
tion is obtainf%étween‘i 5° to 10° heliolatitudes. Tt is
‘clear from cosmic ray data of Neher and Anderson (1965)
over three solar cycles that the modulation effects are
strongly energy dependent. There are napers supporting the
- modulation as being energy, velocity or rigidity dependent
as well as combination of these quantities (Gloeckler, 1965
Balasubrahmanyan, 1967; Nagashina et al; 1966; Silberberg,
196635 Gloeckler and Jokipii, 1966).

146 (c) Different models of 11-vear modulation mechanism

The modulation of cosmic rays has been studied
extensively for a cohsiderable perlod of time. Many MOdels
and processes have been ﬁroposed for the 11-year modulation.
They can be grouped into three categories (1) by electfié
deceleration, (2) by a solar dipole and (3) by solar wind.
The first was proposed by Nagashima (1953) using aAgeoéentric
model and later used by Ehmert (1960) in a helioéentric
model, This theory has subseqﬁently been expiored and
compareéd to experiméntal data by McDoland and Webber (1959),
Fitchel (1961), Freier and Waddington (1965)  and others.

The main objections to the electric deceleration model; in
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addition to its failuré to give entirely satisfactory agree-
ment with expérimentdl-data,.dre (1) The electrical‘conduct~
ivity in interplanetary'space'will almost certainly not
support the necessary potential. FElectron data disagrees.
with the existence of a large potential (Abraham et al,
1966); (2) The detailed characteristics of the heavy nuclei
argue against a large deceleration (Fichtel and Reames,

1966).

The modulation of the cosmic radiation by a solar
dipole field was first proposed by Janossy (1937) and
extended by Elliot (1960}, The principal arguments against
this theory are (1) the disagreement between the magnetic
field configuration required by the theory and that which
is observed and (2) the prediction of the variation in
intensity with distance from the sun, i.e., the cosmic ray
flux should increase as we go away from the sun. Investiga-
tion by the Pioneer V space craft have revealed no
significant change in the cosmic ray intensity from 1 - 0.75

A,U. from the sun.

In the solar wind pioture the modulation is due to the
diffusion and convection of narticles in the presence of
small-scale irregularities in the magnetic field of the
outward-moving interplanetary plasma (Parker, 1963, 1965).
From the detailed observations in space of magnetic fields,

(Ness et al, 1964; Ness and Wilcox, 1965; Davis et al, 1966;



- 33 -
Coleman et al, 1966 a) and of plasmas (Neugebauer and
'SnYdér 19627'Bridge'et él,.1965), one can éonclude.that the
solar wind theory of the modulation of cosmic rays seems to
be on firm experimental ground. It is considered to be most
satisfactory model to account for the main observational

features of the modulation.

1.6 (d) Diffusion-convection model

Parker (1958, 1963, 1966) has treated modulation as
ﬁoth a convective procesg whereby the scattering centers in
the magnetic fields are being strongly affected by solar
activity, and in terms of adiabatic deceleration of incomlng
particles due to the expanding magnetic field in the solar
wind. Theoretical treatments of solar modulation have been
done by Gleeson and Axford (1968), Jokipii (1967, 1968) and
Jokipii and Parker (1967). Parker's model of diffusion-
convection prédicts that to a first approximation the out-
ward convection of cosmic rays resulting from scattering by
magnetic lrregularities frozen into the solar wind, in the
steady state, be balanced by the particle's diffﬁsion through

the modulating region. This is expressed by

A or
a7, (Pyr) = ALy (ryy P)oexp ( - (2w gr ) _____(20)
| J K
r

where dJe is the differential flux at a radial distance r

from the sun, d%Ois the unmodulated flux and w and K are
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the solar wind velocity and isotropic diffusion coefficient
| respectively. ré is the boundary of the solar wind and P

is the particle's rigidity.,

$he statistical analysis of scattering from magnetic
inhomogeneities by Joki@ii,(?Qéé) hag yielded an expression
for the parallel diffusion coefficlent in terms of the
transverse power spectrum of the magnetlc fleld, measured atb
 frequencles corresponding to fluctuatlons with scale sizes : -
approximately equal to the gyroradll of the cosmle ray in the¢@~h
average fleld. If the power gpectrum throughout the modulat-.
ing reglon can be represented by a power law, f“pc,'Jokipii

(1966) finds that

Kpq = 2% (ol 42) ¢ BP° / 9w Ppa(f,) (21)

where g Is the particle's velocity divided by ¢, and Bzz(fo)
is the power spectrum of & non-radial component of the

magnetic field measured at frequencies £, = W.B_ ., From

2T P
equation (21), we can express (20) as
6T (P,r) = feo  exp |-l  (22)
e 7 - 7| BREX T

where the spatial dependence and various constants are
included in the parameter 7]. Agsuming that the galactic
cosmic ray flux is constant, and following Nagashima et al.
(ﬂ966), the fractional modulation, or fhe logarithm of the
ratio of the partiéle densitieg observed at times t1 and t2

will be given by
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4T (P. oty 1

a7 (Ps ) A*_v»?gpamcx (23)

n

Power spectra based on Ploneer 6 interplanetary
magnetic field data (Sari and Ness, 1969) indicate thatéx is
between 3/2 and 1 for low frequencies and is 2 for frequen-
cles greater than 2,8 x 1O"MCPS. Tn an average field of
B = 6Y, and solar wind velocity w = 400 Km/sec, this
frequency corresponds to cosmic ray rigidities of P~ 0.4 Gv,
- At rigidities below 0.4 Gv the fractional modulation varies
as 1/ while at higher rigidities the modulation varies
between 1/ P%'to ET%"“‘ Ormes and Webber (1968), from a
direct analysis of cosmic ray data, find a rigidity independ-

. 1
ent modulation for rigidities bhelow 0.5 Gv and 1/j3 P*

© dependence at greater rigidities.,

The diffusion coefficient K11 derived from the
dbserved radial gradient of cosmic ray intensity is found

1 cn®/sec for a particle with PB = 1 Gv.

to be 3.2 x 10°
(0'Gallagher, 1967), however calculation based on observed
magnetic fleld power spectra (Jokipii, 1966) gives Kyq = 7.6

X 1021

em®/sec which ig larger by about a factor of 2 than
that derived from the gradient. Jokipii (1967) suggests
that the inclusion of the effects of adiabatic deceleration

may account for this difference in K.

Analysis of" the phase lag between the solar cycle

variations of the cosmic ray intensity and appropriate solar
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activity indices permits an estimate of the size of the
modulating region m‘thé.heliécentrid distance beyond which
turbulence in the wind becomes too weak to exclude cosmic
rays effectively. A number of investigators have shown that_
the modulation is not in phase with the t1~year cycle of
solar activity as measured by sunspot number, The amplitude
of cosmic ray modulation changes approximately inversely with
sunspot number but with 4 time lag of 9 to 12 months, If

- the sunspot number is indeed a true measure of the proper-
ties of the sgolar wind that modnlate the cosmic ray f{lux,
the delay can be asgcribed to the travel time of the solar
wind through the modulating reglon (Simpson and Wang, 1967).
Ir a\t1 ig the observed phase lag and Vg is the solar wind

velbcity then the modulating region T could be express as

I‘O:A’b,l X VS
For a solar wind velocity V.~ 400 Km/sec in 1965,
a lag in reaching minimum modulation ﬁxtq = 6 - 9 months
leads to modulating region r, > 40 A.U. On the basis of
these principles Dorman and Dorman (1967) have developed a

mathematical model which yields r, = 80 -~ 160 A.U,

These values are an order of magnitude greater than
those deduced from gradient and spectral studies for the
same period, With measurements from satellites and space

probes 1t has been possible to determine the radial gradient
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of the cpsﬁic radiation. and its dependence upon particle
parametefs leading to an upper 1imit of Yo 5 A, U.
(O'Gallagher'and Simpson, 1967) at that particular period -
of time. The gradient measureménts along with the residual
modulation calculated by‘Biswas et al. (1966) from the
N

observed differential spectra of HeB/He3 + He ', also give

¥, & 5 A.U.(0'Gallagher, 1967).

Therefore there lies a discrepancy in the assumption
that the changes in the solar wind velocity are in phase
with the changes in solar activity deduced from sunspot
number. The intensity of the coronal emission line at
5303 A° (green) peaks‘approximately 12 months after sunspot
maximum and may be a good indicator of solar wind properties.
Simpson and Wang (1967) and Hatton et al. (1969) have shown
a close correlation between cosmié ray modulation and the
intensity of the green line measured between i 20° and 30°
of the solar equator, while Pathak and Sarabhai (1970) have
shown that a good correlation is obtained between 50 and
10° heliolatitudes. Around the time of minimum cosmic ray
modulation the correlation indicates a phase lag of é\t1
Z 1 to 2 months., This leads to a modulating region m~
10 A,U, Recently. Jokipii and Davig (1969) have predicted
that cosmic ray modulation ceases at 3 - 10 A.U, and
Jokipii (1969) finds the dimension of the modulating region

v~ 247 & 0.4 AT,
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1.6 (e) Forbush Decreases

An abrupt and short-lived Fbrbush ﬁype galéctio
cosmic ray decrease geﬁeraliy occurs in coincidence with a
geomagnetic storm phenomenon. The onset of a decrease 1is
quite rapid and the intensity may fall as much as 5 percent
per hour. Decreases as great as 40 per cent in intensity
of sea level neutron monitor have been observed. The
recovery to a normal 1e§el before the decrease may require
‘many days. It has been demonstrated by the measurements with
the space probe Ploneer V (Fan, Meyer and Simpson, 1961;
Coleman et al. 1961) that the Forbush decrease phenomenon
occurs in the interplanetary medium. Parker (1963) has
explained this effect considering the distortion of the basic
field pattern by an idealized blast wave which occurs due to
a sudden outburst in the solar corona. The blast wave
compresses the magnetic field which then becomes a reflector
of cosmic rays. The reflectivity tends to isolate the
region between the wave and the sun so that individual
particles in that region tend to remain there for several
hours leading tb a reduction of the cosmic ray energy density.
Laster et al.(1962) have developed the energy loss model to

explain Forbush decreases.

Detailed analysis of several Forbush decreases events

has Dbeen described by Dorman (1963). The rapid onset and
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flatvenergy spectrum are the characteristics of a Forbush
decrease. McCraéken and Parson (1958), Lockwood and
Razdan (1963) have observed that the onset of the Forbush
decrease was always earlier from west of the earth sun line
regardlesé of the location on the sun of the solar flare.
They have also observed short and lbng lived anisotropies

in the intensity.

1.6 (f) 27-day variation

Variation of coronal conditions around the sun in
interplanetary space leads to different wind and field
conditions around the sun. The 27~day recurring cosmic ray
decreases result from the enhancéd solar wind velocity and
increased field disorder associated with active regions on

the sun.

Sarabhal (1963) has suggested that the slow wind in
particular direction from a cool coronal region will be
oveftaken by the faster wind in the same direction when a
hotter coronal region comes around. This may lead to a
relatively thin region: of turbulence between the fast and
slow wind reglons giving rise to geomagnetic activity and
reduction in the cosmic ray intensity. After 27 days as
the sun completes one rotation, a similar situation arises

in interplanetary space resulting in a recurrent decrease.
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| Cbnsidering a similar situation where the fast plasma
frdm thé'”hof Spdt”vcreétes.a standihg shock wave at its
interface with the sloWer plasma from the remainder of the
corona, Axford (1965) and McCracken et al,(1966) have also
shown that a depression of the cosmic ray intensity would be
bbserved due to enhanced outward convection of the cosmic
rays along the lines of force within the shock. Since a
‘shock would remain stationary relative to a point on the
‘rotating sun it would appear to be corotating with the sun
for aﬁ observer near earth, where the shock would be observ%d
once every 27 days resulting in recurrent decreases in the

cosmic ray intensity.

1.6 (g) The daily variation

The daily variation in cosmic ray intensity with the
predominant diurnal and geml-diurnal components has been
extensively investigated in the past by use of data from ilon
chambers, neutron monitors and meson monitors. A long term
variation of the phase and amplitude of the diurnal variation
with a period clqée to 22 years, has been observed (Sarabhai
and Kane, 1953.., = ; Thambyahpillai and Elliot, 1953;

- Forbush, 1967; Wada and Kudo, 1968). If days are character-
ised as D type (having maxima during sunlit hours) and N
type (maxima during night), then particularlf D type days

occur each with a 27 day recurrence tendency (Sarabhail and
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Bhavsar, 1958) They have also observed that N type days
are assoc1ated with decreases of 1nten81ty and D types of
days with increaseg of daily’mean intensity after the
respective epochs. The.evidence'supports the result of
Simpson et al.(1955) who have shown a close assoclation of
the central meridian passage of unipolar regions with cosmic
ray increases during 1953. A characteristic diffefence of

6 hour in the diurnal time of maximum for the east and
West direction is observed to occur on many days (Rao and
Sarabhai, 1961). However there are days on which the daily
variation has a maximum near noon for both directions.

They have suggested that this may be due to the influence
of a local source situated within the influence of the
geomagnetic field. McCracken and Rao (1966) have shown that
the amplitude of the annual mean diurnal anisotropy remains
almost constant between 1957 and 1965 while Duggal et al,
(1967) have reported a decrease of 26% in the average
magnitude of the diurnal anisotropy between 1958 and 1965

as observed at 15 stations. There are also seasonal changes
but these are mostly due to temperature effect. Mathews

et al.(1969) have shown that there are sequences of days. on
which practically no daily variation exists in contrast to

others with a pronounced variation.

It is observed that the amplitude of the diurnal

variation in free space is about .%% and the time of maximum
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at 1800 hOur (Bercovitgh, 1963; McCracken and Rao, 1966;
 Faller énd‘Marsden, 1966). .The amplitude isg independent
of rigidity between 2 Gv and the upper cut-off the order of
100 Gv., the latter value being.dependent on the phase of
the solar cycle (Jacklyn and Humble, 1965). The diurnal
émplitude varies as the cosine of the declination (Sandstrom

et al.1962; McCracken and Rao, 1965),

However significant changes in the characteristics
of the anisotropy from the average values have been .
observed when studied on s day-to~day basis. The time of
maximum and minimum of the anisotropy are not separated by
12 hours but by 8-10 hours (Rao and'Sarabhai, 1964) asg shown
in Fig.1.7, indicating an additional modulation. This
recelves further support from Sarabhai et al.(1965) who
demonstrate that a deficiency of cosmic rays is often
observed along the garden hose direction. The fact that

(T -~ Tpip? 18 8 to 10 hours instead of 12 hours,

max
shows that the daily variation is not of a purely diurnal

character.

There are various theories to explain.the observed
diurnal anisotropy (Dattner and Venkatesan, 1958;
Ahluwalia and Dessler, 1962; Parker, 196k; Axford 1965
Krymskiy, 1965). It has been interpreted in terms of the

corotation of the cosmic rays with spiral field.,
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Ahluwalia-and Dessler_(1962) had attributed the
‘cosﬁic réy anisotropy to the gspirally-shaped magnetic field‘
df the sun which ig dréwn out by the solar ﬁind and wich
co-rotates with the sun. If V is the Velocity of the solar
wind, then the motion of the magnetic field would give rise

to an electric field

sst}

ﬁv}(
¢

E = (24)

‘in the fixed frame of reference., The gulding centre of a
cosmic ray particle would drift under the influence of the
electric and magnetic fields with a velocity

Ex 3B .
Vp=C FZT =sur siny (25)

where C is the velocity of light, s the angular velocity
of the sun, r the radius vector from the sun, and X  the

garden hose angle (Fig.1.8).
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The amplitude of the anisotbropy belng given by
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T
(Compton and'Getting,-1935;‘Gleesonvand Axford, 1968a)"

“={2+Y) u/,, - | (26)

where V"is\the exponent of the differential energy spectrum

»

which is assumed to be of the form D(E) = AE" ' , and u is

streaming velocity.

The theory of Ahluwalia and Dessler agrees with
experimental results regarding the energy spectrum of
variation of the anlsotropy and variation with the asymptotic
latitude of viewing of the detector, but deoes not agree with
the direction (Bercovitch, 1963) and dependence of amplitude
on solar wind velocity (Snyder et al. 1963),

A theoretical objection to this model has been made
by Stern (1964) from Liouville's theorem, which tells us that

the cosmic ray density in phase space is preserved in any

conservative system (i.e.w x B = 0 ). Hence, if the cosmie
ray intensity ils the same in all directions at any given
point outside the solar system, it must be the same in all
dlrections at any accessible point inside the solar system.
That 1s to say, no time independent magnetic field system

o B

( =T =0 ) can produce an anisotropy such as the diurnal

variation.

Parker (1964) has proposed a model of interplanetary
space which conslsts of two heliocentric and spherically

symmetrical regions. The inner region containing the earth
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corresponds to the model considered by Ahluwalia and Dessler,
whefe thé field pattérn 1s a. smooth spiralQ The outer
region ( ~~1.4 A,U.) consists of a large number of magnetic
lrregularities, The net streamihg perpendicular to the
magnetic line is due to two competitive processes operating
at any time, namely the drift caused by the electric and
magnetic fields (equation 25) and the other, cosmic ray
pressure gradient normal to the magnetic field. The cosmic
‘ray gradient produced in the incoming particle is (Parker,

1964)

V%NMwiwz‘Nvdﬁ = 0 e (27)
wherecb is the electrostatic potential, N is the cosmic ray
particle density, M and q are the mass and charge per
particle and WL particle velocity perpendicular to field B.

This pressure gradient leads to a streaming (Parker,1967)

= MO B (P _
U = g X <7 (5 NWY) (28)
BEGN 2t

using equation (27), equation (28) becomes.

§= -0 (=52 o (29)
B
If U is added to the electric drift, given by

equation (25) which is a part of the rigid rotation of
particles with a Spiral pattern, there is no streaming left.
Hence there is no anisotropy, in accord with the conclusion

from Liouville's theorem.
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Therefore, an anlsotropy‘or dlurnal Varlatlon exlsts
’ only 1f the cosmic ‘ray gradlent set up by the polarlzatlon
field is reduced. Parker shows that the large number of
inhomogeneities beyond the orbit of the earth reduce the
pressure-gradient. The cosmic ray particles random walk in
the frame of reference moving with the wind. In this frame
of reference there is no electric field., Hence the random
walk leads to diffusion which progressively reduces the

- pressure gradient. If there is sufficient.diffusion in the
small scale lrregularities to reduce the initial % NM Wi

to negligible values, then [/ = 0 and there would be the
rigid rotation with spiral pattern leading to a diurnal
amplitude of about .7% and the direction of the anisobtropy
will be along 1800 hours. The observed diurnal variation
is, on the average, about .u4%, indicaﬁing that the diffusion
wipes out about half the initial pressure gradient. it has
been shown (Parker 1967) that the ratio K,/K,, = 1072, of
the cosmic ray diffusion coefficients perpendicular and .
parallel to the spiral interplanetary field, as deduced
(Jokipii, 1966, 67} °~ . from the observed (Coleman, 1966)
small scale fluctuations in the magnetic field, is suffici-

ent to relieve half the gradient across the field.
Axford (1965) has considered an inner region in

interplanetary space where the magnetic lines are spiral and

contain magnetic irregularities which increase. monotonically
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with disﬁance from the sun. The inner region is bounded by
an'oﬁtef region (5-40 A«Uﬂ)‘Where the golar wind becomes
subsonic as it ig terminated by interstellar medium (Axford
et al, 1963). Cosmlic ray propagation throughout the inner
region ig one of anisotropic diffusion, particles diffusing
with comparative ease along the field lines ﬁhan across.
Under the simplifying assumption, Axford obtains a driff
velocdty in the plane of V and B, when <3(% NWi) = 0, In

- the vicinity of the earth the drift velocity obtained ié

VD = - SL T

Therefore the results are similar to Parker's model
g-chlie'ﬂt

except that a radial cosmic ray densityﬂexists throughout
the solar wind cavity. Both require that the pressure
gradient perpendicular to the magnetic field vanishes.
According to Parker this happens through isotropic scattering
at magnetic field irregularities beyond the orbit of the
earth ( > 1 A.U.), while according to Axford it is not a

necessary condition.

In addition to the diurnal component of the cosmic
ray intensity a semi-diurnal component has been known to
exist and is unlikely to be due to atmospheric effects
(Sarabhai et al. 1955: Katzman and Venkatesan, 1960; Rao
and Sarabhai, 1964; Hasim et al. 1969). 'Applying‘the

technlique of numerical filtering to the data of neutron
N



monitors Ables et al. (1966) havé conciuded that a semi-
diurhal”aniSdtropy peféists through:out the period 1954%-196k.
Thevaverage magnitude of thévanisotropy is-about .1% and the
direction in space of maximum ¢of the anisotropy is found

to be perpendicular to the interplanetary field. Ables et al
(1966); Patel et al., (1968); Quenby and Lietti (1968) and
Rao and Agarwal (1970) find that the semi-diurnal component
is approximately proportional to the first power of |

- rigidity. Using the undérground and sea level directiohal
telescope data, Hasim et al. (1969) have shown that,an
extrapolation of the first power of rigidity dependence
found at low rigidities fits the high rigidity data provided
a_cut—off about 85 Gv is used. The semi-diurnal anisotropy
seems to vary as CosgA rather than cbs,k as in the case

of diurnal component, A\ is the mean asymptotic latitude of
response (Subramanian and Sarabhai, 1967; Quenby and Lietti;

1968 Rao and Agarwal, 1970).

Subramanian and Sarabhai (1967) and Lietti and
Quenby (1968) have suggested that the semi-diurnal component
in the cosmic ray intensity is caused by a rising cosmic
ray density gradient symmetrical about the solar equaforial
plane. Viewing along the interplanetary magnetic field
lines of" force, a detector on earth measures cosmic ray
flux characteristic of the equatorial plane. Viewing in a

direction perpendicular to the magnetic field, a detector



- 51 -
.samples pdrticlés_arriving from higher heliplatitude37 the
Vheliolétitudeé correépdhdinglﬁo the gyroradius of the
particle under considérationn Since a detector on the
spinning earth measures cosmic ray intensity twice along
the interplanetary magnetic field and twice pgrpendicular to
it in the course of a day, a positive gradient-of cosmic ray’
density with increase in heliolatitude, gives rise to a
semi=diurnal component with a maximum perpéndicular tb-th@

‘interplanetary magnetic field,

Considering three different types of distribﬁtions
as shown in Fig.1.9rthe existence of latitudinal gradients
of cosmic ray intensity due to the dependence of solar
activity on heliolatitude has been suggested by Subramanian
and Sarabhai (1967). TFollowing an empirical relation they
have described the distribution of galactic cosmic ray
density, symmetrical about a heliolatitude 691(#5 0),

(case II in Fig.) as
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intensity between the poles and thé equator; n detefmines
the rapidity of degréase ofvcosmic ray inﬁeﬁsity wiﬁh
decreasing heliolatitude. 'P-is the rigidity, H 1s the
interplanetary field, o - an angle subtended by a detector
with the magnetic field, X is a latitude of the celestial
sphere7 a detector scans and E& determines the rigidity
dependence of the latitudinal variation of cosmic ray

density.

A semi~diurnal component can be represented by the

third term of the right hand side of egation(30), as

' 2 2

1 -B PT _cosTA

P).dP = InP PP /=22 | 4P (31)
I‘2( ) I n (451{)2

and the direction of maximum intensity will be perpendicular
to the magnetic field., The energy spectrum of variation

of the semi-diurnal component has an exponent 2- B which
could be positive whenever B 1s less than 2, as in the

case during most periods of solar cycle. Its dependence

on the asymptotic latitude of viewing of the detector will

be COS%A o

A diurnal component can be represented by the fourth
term of the right side of equation (30), as

r, (P).dP = % Inp“[ggai_ P_cos A .dp (32)

45

with a direction of maximum perpendicular to the magnetic

field. This diurnal component will reverse its direction
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of maximum with reversal of interplanetary field or with
a change of sign bf‘é}1 i.e., with the reversal of the

north-south asymmetry of solar activity.

Quenby and Lietti (1968)-by considering the inter-
planétary.field model iﬁ which particle scattering are
superimposed on the quiet time spirél field have shown that
the semi-diurnal component of the cosmic ray variation
arising as a result of a particle density gradient perpen-
dicular to ecliptic plane. Galactic particles arriving
over the solar poles experience easy access, since they
diffuse along almost‘straight field lines, but those enter-
ing in the solar equatorial plane are constrained to follow
many spiral loops. Thus the cosmic ray density should rise
each side of the solar equatorial plane. The cosmic ray
density distribution in interplanetary space has been

degcribed by them as,

N = N, exp {j— 2@“ singajf _ (33)

e

where Ne and Ns are resgspectively the density at earth and
at the boundary of modulation region and P is rigidity.
Using a Taylor expansion of equation (33), the peak to peak

amplitude of the semi-diurnal variation has been shown as

- 2
t 2 14 ,ON ~
r- = = R —_ ). - = 0.005 P7 e
272 N, (§;§?~—@:'V; ’
The expression shows the rigidity dependence of the semi-

(3k)

diurnal component.
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Heﬁce‘both the theories predict that the semi-diurnal
éniéotfoﬁy (1) has alposiﬁive exponent of the spectrum of
variation, (2) varies aé cosg)\ where X is the mean asympt-
otic latitude of response and (3) has a maximum flux in a

direction perpendicular to the interplanetary magnetic field.

147 - A study of the cosmic ray daily variation

The daily variation of meson intensity at Ahmedabad
measured with east and west pointing telescopes inclined to
zenith at 450 has beén studied by the author during the /
veriod 1963-1965. An experimental set up of the inclined
telescopes has been described in Chapter 2. Data from these
detectors are used to study the influence of the angle of
- opening of telescopes on the nature of the déily variation.
The yearly mean daily variations during 1963-1965 are
compared with Nerurkar's (1955) and Rao's (1960) results to

examine the long term changes of anisotropy.

Studies of the dailily variation in cosmic ray
intensity have interpreted the daily variation in terms of
an anisotropy in the intensity of the primary radiation.
Using the data of the high counting rate MIT meson detector
and the Deep River neubtron monitor, Rao and Sarabhai (1964)
have shown that even though the time of maximum observed

at MIT and Deep River is very well correlated, the ratio of
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the amplitudes’has-a wide diSpersion, This can be inter-
preted on the basis of the day-to-day changes of the energy
spectrum of the anisotropy. Sarabhai:and Subramanian (1966)

have shown that if a day-to~day analysis is made and if the
JD(E) _ apX
D(E) ?

then during the period 1958-1963, some 37% of the days had

fractional variational spectrum is of the form

X = ~1, 11% gave X = 0, 23% fitted X = +1, and the
remainder(30%) were not resolved. It should be noted that
the-daté were obtained using IGY monitors which have low
statistical accuracy for diurnal analyses made on a day~-to-

day basis.

The installation of a substantial number of super
neutron monitors of wvery high counting rate ( > 5 x 10°
counts/hr) endbles one to study the daily variation more
precisely than previously, since statistical uncertainty in
an hour's counting rate is as small as ~ 0.1%. Using ﬁhe
data recorded by a world-wide net work of super neutron
monitors; the characteristics of the anisotropy of galactic
cosmic ray intensity on individual days have been derived by
the author. The characteristics considered are the strength,
the directions of maximum and minimum of intensity and the |
energy Spéctrum of anisotropy. In Chapter 3, the experiment-
al results are compafed with the predictions of the character-
istics arising from different processes which appear capble
of contributing to an anisotropy of galactic cosmic rays in

interplanetary space.



CHAPTER - II

* DIREGTIONAL MEASUREMBNTS OF THE COSMIC RAY DAILY
VARIATION AT AHMEDABAD -

2.1 Introduction

Measurements of the meson and nucleonic components
are being carried out on a world-wide scale, the nucleonic
component at sea level and mountain level by means of neutron
monltors and the meson component incident vertically and at
different inclined angles to zenith, by means of GM counter
or scintillation counter telescopes. The meson component is
also being recorded at many places by shielded ion chamber.
The importance of the study of timé variations of cosmic ray
intensity, measured with the telescopes inclined to the
zenith towards the east, west, north and south azimuths, has
been demonstrated by Kolhorster (194%1), Malmfors (1949),
Elliot and Dolbear (1951), Sarabhai and Nerurkar (1956),
Sandstrom et al (1955), Elliot and Rothwell (1956), Rao and
Sarabhal (1961), Ahluwalia et al (1965) and Peacock et al
(1968). It has been oonéluded that the daily variation of
cosmic ray ilntensity is consistent with its being produced by

an anisotropy of primary cosmic radiation.

The cosmic ray time variation at low latitudes
measured with Gelger counter directional telescopes has been
studied during 1954%-55 by Nerurkar (1954) and during 1957-58
by Rao (1960) at Ahmedabad (23°N, 72.61 E). Escobar et al



[

(1959} and Ahiu.w«é.lia, gt ai (1965 ) have ss:'i;n_:gd.:;@d the dally
_Variatiqns-réaafdgd.byxhalggan counter directional. feléscopes
at ChacaitaYa (w1633ﬁ,_46$.15) while Hasim et al (1968) have
studied the daily variationvﬁﬁing the 1afg@ seintillation
telescopes pointed in the esst énd-west directions at an
equatmrial atation M&keﬁer@ (.33, 32.50), The author has
operated during 1963-1965, triple doincidamme Gelger counter
telegcoves inclined to zenith at Mﬁa towards east and west

dirgetions at Ahmedabad,

Fig.2.1 shows the asymptotic directlions of anproach
of particles of varlous rigidlitlss (McCracken et al, 1965)
for east, west and vertical telescopes at Ahmedabad, It can
be seen that the east, west and verticsl telescopes, &can
the same part of the celestial sphere successlvely as the

earth spins on its axis.

DRI 210 ASYMPTOTIC DIRECTIONS OF APPROACH FOR- EAST WEST
& VERTICAL TELESCOPES AT AHMEDABAD, THE POINTS
REFER TO DIFFERENT RIGIGITIES,
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2.2 The Apparatus

‘The apﬁaratus'coﬁsistgd of two cQuntér sets;
inclined to the zenith in east and west directions at 45°,
Tach set consists of three trays of eight counters, Counters
of length 96 cm and diameter 4,2 cm are used, The distance
bétween the extreme trays was 96 cm. An ébsorber of 10 cm
of iron plates was interposed between the middle and the
bottom. trays. Fig.2.2 shows the arrangement of the apparatus.

The counter sets were mounted in boxes on a frame.

Telescqpes having different angles of opening.in
the east=west pléne were provided, In each tray, pairs of
adjoining counters were connected together to separate
electronic quenching units Q1, Q27 Q3, QM and so on. By
mixing the outputs of various gquenching units, triple
coincidence rates were measured from two independent teles-
copes (1OOT)_with seml angles of 10° and from one telescope
(20°T) having semi angle of 20° in the east-west plane.
The mean primary energies of response of east and west point-
ing telescopes, derived by using coupling coefficients are

given below:

Direction Cut~off energy Mean enérgy Response
BeV ___Bev
45°8 27.5% 52,5
450y 12, 4" | 32.5

* calculated by Daniel and Stephans (1966QL)
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2,3  The Gelger Muller Counber

The'Geiger cOunLer because of 1ts 31mp1101ty and
reliability has been used'extensively in the past for

cosmic ray studies. A typical counter ig shown in Tig.2.3.

In the early stages of operatlon the Geiger counter
behaves as a proportlonal counter but when the electron
avalanche approaches the counter wire considerable electron .
multiplication takes place in the very high field there.
This multiplication ig accompanied Py the emission of large'
numbers of photons, which in turn, are regpongible for the
rapld propagation of the avalanche along the wire. The
photons generate further electrons at greater distances from
the wire but these are unable to produce avalanches on
arriving near the wire on account of the reduction of the
rield by the dense cloud of positive ions. The discharge
then ceases but the positive dons llbrate electrons which

togéther with photo-electrons can produce a further discharge.

This succession of discharges 1s obviously undesir-
able'and ih practice 1t ig arranged that the secondary
discharges are suppressed or tquenched' . Two procedures
cap be adopted. In one of these (external quenching) it is

. grranged that by the time the positive ion sheath reaches
the cathode, the field has been reduced to such a level that

a further discharge cannot occur. The reduction in field
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is usually produced by a gub31d1ary electfonlc quenchlng
'kunlt which is. 'trlggered"by the prlmary dlscharge and.
which applies a negative pulse-to the anode. In other
procedure (internal quenching) a polyatomic vapour is added
to the filling gas to reduce the probabiiity of secondary
diséharges. By the wvapour, many of the photons will be

absorbed before they can reach the cathode.

In practice the usual procedure ig to reduce the
nﬁmber of spurious pulses to a minimum by using both 1nternal
and external quenching. For the present work, we have used
selfe-quenching type Geiger-Muller counters, filled with argon
and ethyl acetate in the proportion of 931 respectively to a
total pressure of 10 cms of mercury. These counters have an
operating potential of ~ 1000 V, plateau of ~. 200 v,
efficiency of 99.9% and dead-time of ~ 100 micro sec. In
sddition to the self-quenching of the counters, an external

electronic device is used.

24 Flectronic Units

Continuous recording of cosmic rays intensity was
carried out by wvacuum tube units in the laboratory up to
1963. The transistorized units which are operated by
battery have been fabricated for the operation of east-west
unit to record the meson intensity. PoN.P.alloy junction

transistors of the type 2N396 have been used for quenching,
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coinéidence;'and 3caler.circuits.where_fast switching action
is reQuifed, -The audio aﬁd genéral Switchingltype tfansist—
ors are incorporated in recording circuits. :The electronic
units used in our experiment are briefly described in the

following section:

(a) Quenching unit

Tt is a monostable multivibrator which is triggered
by the negative counter pulses. The transistorized monos-
table multivibrator cannot supply a quenching pulse of the
order of 200 volts, since the available transistors have
collector voltage limited to 100 volts at the most. There-
fore an additional vacuum tube circuit was incorporated.

The complete circuit is shown in Fig.2.k4.

A positive pulse of 12 to 15 volts from the monos-
table multivibrator is fed to the grid of the vacuum hube
which is normally cut-off. The positive pulse drives it
into conduction thereby causing a voltage drop at the plate
and hence on the central wire of the counter. The quenching
pulse height and width are of the order of 200 %olts and

1000 A¢ sec. respectively.

(b) Emitter follower

 The aim of the emitter follower is to furnish a
. positive pulse across a low impedence in order bo feed it

to a number of channels. The circuit is shown in Fig.2.5.



. &
e éé{, -1

L REOY
- apsy
6K | é |
G = g

I aK
Ve igv

B S
&
‘ﬁ
=

ooz | L S00PF Mo

s o

22:5V

FIG.2-5 EMITTER FOLLOWER

e D - 1€
= %}43%
1 Fiox
‘"g ieﬁn “'g’"m
se KT



- 65 -

B Thé'transistor NPN is normally kept non conducting
by the ~ve biés vbltége at thé base w.r.t.emitter. It will
g0 into full conduotion.when'the positive pﬁlse from the
mixer circuit arrives at the basé,'giving rigse to positive
output pulSe at ,the emitter with a voltage amplification less

than unity.

(c) Coincidence circuit

The sharp positive pulse from the Emitter follower
is then fed ta the coincidence circuit, shown in Fig.2.6.
When there is no input to the base, éll transistors are in
the on state. When all the posiltive inputs are simultane-

ously applied, it gives a negative output;
(a) - Scaler

The coincidence pulse is then fed to the binary
scaling circuit. The basic binary shown in Fig.2.7, is

Eccles-Jordon type of bistable multivibrator.

If T1 1s cut-off and T2 is conducting then a negative
trigger pulse applied at the base of T1 causes T1 to conduct.
The collector voltage will decrease. The change in voltage
is coupled to the base of T2 and reduces its forward bias.
Conduction in T2 begins to decrease. The collector current
of T2 decreases and the collector voltage changes from zero

to a negative value (approaching to the value of supply
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voitage). The action is cumulative and finally T goes to

1
saturation and Tglis'cut;off, The next pulse will restore
the circuit to the normél position since the input pulse
can now pass through the diode connected to the base of T2,
The triggerihg sensitivity lies between 2V to 10V, negative
pﬁlse and the resolutilon obtained is ~. 20 M sec. The
reliability of triggering and negative operation is achieved

by diode interstage coupling.

(e) Recording unit

The final recording of the data is done on electro-
mechanicalvtelephone type recorder. The recorder operates
reliably at a current of 20—25 ma. To drive them, low
power P.N.P.transistors are used in a monostable multi-
vibrator circuit, as shown in Fig.2.8. The mechanical
recorder is connected in the collector circuit of one trans-
istor which is made to conduét for a time defined by the

discharge of the capacitor C,

During the quiescent state T1 i1s in saturation and

its collector voltage is near ecarth. The base of T2 is

near earth and therefore T2 is cut-off. Its collector

voltage will be approximately equal to that of the supply
voltage. C provides rapid application of the regenerative
signal from the collector of T2 to the base of T1 and it is
charged to supply voltage.
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(f) . Photographic Unit

Houfly cosmic ray records have been photographed by
an automatic'photographic device. A clock and the mechanical
recorders are mounted at one end of a light tight box, a
detachable open shutter type camera is fitted at the other

end of the box as shown in Fig.2.9.

Electric bulbs E1 and E2 flash to illuminate the

_panel, by an electrical contact of the minute hand of the
clock at hourly intervals. The spool 82 in the camera is
- geared to the shaft of a low speed motor to roll the film

after each exposure,

The automatic sequence control unit, shown in Fig.
2,10, cdnsisting of two thyratrons, gets automatically reset
after 30 seconds of each exposure. The firét thyratron
controls the flashing of the bulbs and the second operates
the motor. Wﬁen the minute hand makes the hourly contact, a
positive pulse of 200 volts is fed to the grid of the highly
biased thyratron T1 which makes it conducting. The current
passing through T1 closes the relay R1 resulting in a
momentary flash of the bulbs. At the same instance the
plate circuit bf T1 becomes open, resetting it to its
original non-conducting condition which opens the relay R1
and switches off the lamp circuit. The positive pulse from

the plate of T1 is fed to the grid of the second thyratron
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2 . :
motor gets the mains voltage as its circuit is complete and

T which'start91conducting and operates the relay R,. The

the main shaft starts rotating. The gearing is so adjusted
as to move the film by one frame when the shaft completes

half revolution.

(g) Power supplies

To achieve reliability in the working of electronic
circuits, stabilisation of voltage against line voltage
fluctuations and load variations becomes necessary. A

constant voltage transformer giving a stabilised output of
230 volts A.C. within + 1% for an ihput variation from 180
to 250 volts was used to stabilise mains voltage. To get
stabilised D.C.voltage a regulating circuit shown in Fig.2.11

is used.

It gives a close control over the output voltage,
a high stabilising ratio and a low internal impedance.
The circuit consists of a half wave rectifier with low pass
filter feeding about 2500 volts to the degenerative regulat-
ing net work. The regulation obtained by this circuit is
of the order of + 2 volts at 1300 volts for én input‘varia~
tion from 180 to 240 volts. The power supply is adjusted to
give voltages}from 800 volts to 1300 volts in steps of 50

volts by using a bleeder.
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(h):' - Low Volﬁage-Power Supply

A coﬁventional low Voltage power supply with a
degenerative regulation has been used., The circuit shown
in Fig.2.12 consists of a full-wave rectifier which gives
about 450 volts D.C. to a regulating section. Regulating
section uses three 6L6 power pentodes in parallel to supply
sufficient current. VR-105 tube hes been used for the
reference voltage. Error voltage amplified by 6SJ7 is given
to the grid of the series tube 6L6 which corrects the output

volﬁage.

2.5(a) Processing of data

The photegraphic records of the mechanical recorders
corresponding to odd hours, are noted down such that the
baslc data o cosmic ray iﬁtensity are given as time series
in terms of bihourly counting rates centered at 0 hours,

2 hours, etc. in local time. Where more than one telescope
of identical digmension exist, the deviations of the bihourly
counting rate from their respective daily means are examined
to check whether they are similar within the limits of
statistical erros. The data can also be tested for self-

consistency in the following way. Let C19 C2 trereensasl
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10 P ,
bihourly-readings of two independent telescopés. A third

and D ..@.;..,....Dn be the two serieé denoting the

SeI'i@S E1=C1 ":D,]’ E2362“‘D2 ...........Enzcn‘”DnlS
found by subtraction of the regpective terms of the two

series.

This new series B,y By vovevseee By should have a
mean value zero and a varlance twice that of the individual
series. However, due to the differences in the geometrical
set up and circultry, there will exist a mean value, say 'd',
which will be different from zero for the third series.

? and 5«2 of the two series may not be the

same and the variance Crg of the individual series.

The variance o

Agsuming a normal distribation for the third series, the
probability that a third sepies exceeds d + 2cr3.on either
gide is 4.6%. Consequently, if there are greater number
of deviations in third series than the expected 4.6%, the
data are considered not to be self-consistent and the
individual series are further checked for any systematic

error.

2,5(b) Method of moving averages

To separate out the daily variation from changes
which have periods of more than a day, a method of moving
averages 1s followed. Average values of cosmic ray intensity

are found as 1
C6,5 = ™3

-
RS

C,
1 L

i1
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where_Ci/ S are the bihourly values and the.bar denotes the
average which is centered at.6.5 in bihourly hours.
similarly |

13
sowt _ 1 -
Cr5FE 2 G
, 1=1
which is centered at 7.5th bihourly hours and the mean of

these two averages is centered at 7th bihourly. This
serieé therefore represents the long term trend of cosmic
Tay intenglity, This trend is removed in the deference
series (07 «'67) which therefore contains only variation of

short term with the period of a day and less.

2.5(c) Harmonic analysis

Any observed time dependent function can be express-

ed in terms of a Fourler series of the type

F(t) = ag + S~ (a, cosnt + b, sinnt)
n=1 :
Where a, and bn are the coefficients of the nth harmonic

and are independent of t, and F(t) is a function defined
at 'r' equidistant points in the interval t = O, to t = 277
in to a.gseries of harmonic components (Chapman and Bartels,

19%0),

In the case of bihourly measurements the value of

'r' is 12 and the maximum number of harmonics coefficients



- 77 -

From the theory of probability it is found that the
distributions of an and brl are Gaussian if the bihourly
values have also the same distribution. The standard error

of the various harmonic components are

wherecfi 1s the standard deviation of bihourly values.

6&"1’1 = 651’1
{d)ﬂ - 6 I’n
2.6 Cosmic ray intensity variations recorded by the

inclined telescopes at Ahmedabad

In the present study the characteristics of the
daily variation, recorded at Ahmedabad during 1963-1965 by
the telescopes inclined at an angle of 45° to the verticle and
pointing in the east and west directions, have been examined.
By appropriately mixing the outputs of various quenching
units; triple coincidences were measured from the two
independent telescopes, having a semi-angle of opening of
10° and from the telescope, having a semi-angle of opening
of 20° in the east west plane. The triple coincidence
counting rates of the'different telescopes polinting towards

east and west are shown in Table 2.1,
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Table 2,1

/.

Types of telescopes No.of.telesm’ Approximate total

copes : bihourly rate of
' telescopes.
West pointing
- telescopes -
(1) 10° x 45° 2 6000
(2) 20° x u5° 1 12000
Bast pointing
telegcopes
(1) 109 x u5° o 5200
(2) 20° x 45° 1 10400

For the barometric pressure effects on the cosmic
ray intensity it has been found that there were no signifi-
cant differences between the pressure coefficientsg obtained
for the vefticai telescopes and those for the inclined
telescopes (Elliot and Dolbear, 19513 Bachlet and Conforto,
19563 Peacock et al;1968). We have therefore corrected the
cosmic ray intensities in east and west directions for
variations of pressure using the same barometric coefficient
of ™ 0.22% per MM of Hg. However, we are uhable to correct
the cosmic ray M meson intensity for the variation of the
atmospheric temperature because of the non-availability of
upper air temperature data on a large number of days per

month.
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Tﬁe avérége dailyrvariation.of-the'meson intensity

~ from éaétvand‘weSt directions, measured by the different
angles of opening in the east west plane, during 1963-65 is.
shown in Fig.2.13. The amplitude of the daily variation

0

measured by telescopes having a semi-angle of opening of 10

and 20° in the east-west plane is about the same.

In Fig.2.14, we show the histograms of diurnal and

- semi~diurnal amplitudes for east and west teléscbpes on
.individual days. It can be seen that the peaks of the
amplitudes of diurnal and semimdiurnal‘componenté of east
and west telescopes occur round about the same value. This
can be also observed in Fig.2.13 where the a&erage dally |
variatlon of intensities for the east and west direotions
during 1963-65 afe shown., The average diurnal amplitudes for
east and west 1OOT, are 0,20 +.04 percent and 0.26 + .0k
percent respectively. No difference between the amplitudes
of the variations measured by 10° and 20° telescopes_can‘be

established at a level of statistical significance.

Razdan (1960) has reported that the amplitude of the
12 month mean daily variation of vertical intensity measured
by narrow angle'telescopes during 1957%58 was not larger
than the amplitude measured with a wide angle telescope.
Rao and Sarabhai (1961) have also made similar observations

for the study conducted by them.
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2.7 Daily variation of cosmic ray intensity for east

and west during solar mgximum and solar minimum
- s 2

Fig.2;15 shows the dgily variation of cosmic ray
intensity for the periods 54;55 and 57-58 obserVéQ by ﬁéans
oi,lhﬁlined telescopes at Ahmedabad by Nerurkar (1956)Aaﬁd
- ﬁéo (1961) respectively. The average daily variation during
63~-65 1s also shown in the same figure.‘ The amplitude and

time of meximum are given in Table 2.2.

Table 2.2

Year ry Cb1 T efs Cbg,

5455 2074, Ol 107° .104.0k 78°
EAST | 57-58 164,02 173° . 104,02 0%

63-65 . 204 Ol 252° . 06+, Ol 27°

BL-55 .20+, 04 154.° A6.04 | 117°
WEST | 57-58 A6+, 02 2059 .08+.02 69°

63-65 .26+, 04 267° .15+.0% 59°

‘ Examination of the daily variaéion reveals é phase
shift of the diurnal variation during the period 1954-65. The
daily variation which exhibits in 1954-55, two maxima, one
in thelearly morning and one at about noon, shows only one
maximum during 57-58 and in 63-65. While the difference

hetween the times of diurnal maximum of the east and west
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pointing telescopes is'abouf “~ 3 hours in 5455 and 57-58,
there 1s no appreciable phase differeﬁoe between the east
and west directioné during 63-65. This is in agreement with
the result from meagurements made at the equatorial station
-Makérere by Hasim et al.(1968) during 1965. They have shown
that the diurnal Variation in the east and west telescopes’
had an amplitude of about 0.2 # 0.02% and difference between

the time of maximum in two directions was 0.3 + .3 hr.

The phase of the diurnal components during above
periods are shown 6n harmonic dial in Fig.2.16. It can be
seen that the phase of the diurnal variation is changing during
1954 to 1965. Similar long term phase shifts of the diurnal
variation have been observed by Sandstrom et al.(1967), using
the data of the inclined teelscopes in the east and west
direcﬁions at Uppsala, as shown in Fig.2.16. From a study
comprising most of the records of the diurnal variation,
Elliot and Thambyampillai (1953) and Sarabhai et al.(1955)
have found that the phase varies with the sunspot number.

The minimum value.of the time of maximum intensity coincides
with sunspot minimum, the period being 22 years. Further
studies have shown that the phase shift of The nucleén
component displays a much smaller magnitudé than the phase
shift of the meson component. The phase of the first

harmonic attained a minimum in 1953-54.
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‘In conclusion-the results of the study of the daily
~ variation measured-by the inelined telescopes at Ahmedabad

: during 1963-65 can be>summarised as follows -

(a) The .amplitudes of the average daily variation
measured by the two telescopes having semi-angles
of opening of 10° and 20° in the east-west plane,

ti
are about the same within the statiscal accuracy.

,5 (b) The expected phase difference (~6 hrs.) between the
times of diurnal maximum of the east and west

telescopes is found to be almost zero.

(e) The phase of the diurnal time of maximum shifts to

later hours from 1954 to 1965,

The significance of the present study has been

« limited due to the low counting rate of the instrument. A

. study of the energy dependence of the anisotropy and large
rapid changeé in intensity, needs reliable measurement of -
intensity with high counting rate instruments. To resolve
the difficulty, the cosmic ray group at Physical Research
Laboratory, Ahmedabad, undertook the construction of large
area scintillation telescopes in vertical and inclined
directions. These have started functibning since May 1968.
The total counting rates fof vertical and inclined directions

telescopes are nw106 counts/hr. and ~ 1.8 x 105 counts/hr.
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respecti&ély‘(Kargathra,1968). Meanwhile the author has
| doﬁe a aetailed anaiysis of the data from world-wide super
neutron monitors to study the Characteristics of the
anisotropy of the galactic cosmic rays on a day-to-day baSis.

The ‘results of the above analysis are described in Chapter-3.



CHAPTER ~ III

CHARACTERISTICS OF THE ANISOTROPIESvOF GALACTIC COSMIC RAYS

3e1 Introduction

It is well known that the characteristics of the
ahisétrdpy of gaiactic cosmlc rays vary from day-to-day. In
the present work anisotropies of galactic cosmic rays are
studied through the diurnal component, the seml-diurnal
component and the deficilency, which often appears along the
direction of the interplanetary magnetic field, in intensity
measured by monitors on the spinning earth. The character-
istics of the anisotropies and level of the isotropic
intensity collectively provide a finger print, for identifying
modulating processes and the électromagnetic state of inter-

planetary space in the neighbourhood of the earth.

-The following characteristics of the anlsotropy of
the cosmic ray intensity measured on the earth, have been

defived.

(1) An energy spectrum of wvariation of the anisotropy
defined by the exponent X, and limiting energies

Bin @nd E . in the equation (Dorman, 1957) .

ID(E)  _ , px
_D_&%_,_aE for B, ¢E < E__
= 0 for B « Eip and B > Emax.
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where.D(E5 is the differential energy spectrum of primary
cosmic fay particles of energy, & and _CfD(E) is the energy

Spectrum of the variational'pert.

(2) The direction in space of maximum intensity Toax

and of minimum intensity Tmin'
(3) The magnitude of the anisotropy in space defined
in terms of a percent change in the 2% hourly

mean intensity of galactic cosmic rays.

In section 3.2, we describe the method of variational..
coefficients, defined by McCracken et al, (1962), to relate
the variation measured by a detector to the strength of the
anisotrepy from a solid angle gﬁai beyond the geomagnetic
field. McCracken et al, (1965) have evaluated the cosmic
ray variational coefficients for several stations for ten
values of B the exponent of the spectrum of variation.

It ranges from +.6 to ~1.5., The energy limits extend from
near the cut off rigidity to 500 BV. In order to make a
detailed study of the anisotropy of galactic cosmic rays it is
necessary to make additional calculations using more values |

of the exponent g and B ; We have, therefore, evaluated

n.
variational coefficients for different stations used in

analysis for twelve values of R ranging from +1.0 to -1.2
J

end for different limits of lower rigidities (Emin), keeping

the upper 1imit of rigidity constant to 250 BV. The method
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of analy51s of the anlsotroples and their charaeterlstlcs
‘durlng 196# 65 are descrlbed in section 3. 3. The charater-
isties of the aally varlatlon which must be expected from
different processes that appear of contributing" to produce

an anlsotropy have been described in sections 3.5 and 3.6.

3.2 Variational .coefficients

For any arbitrary anisotropie flux of '‘cosmic radiation,
the differential counting rate of any detector can be

,calculated as

Jny =3I, (P). 8(p). 200, Pyaw.ap _______ (3.1)
where Ji(P)’is the differential rigidity spectrum due to all
asymptotie directions Within a golid angle Sz, s S(P) expresses
the secondary component as a funetlon of prlmary rigidity and
z( @, Cb) the influence of the atmOSphere as a function of
the position g ;qb, of the centre of the source element.
dW is the solid angle subtended by the particle flux at the
top of the atmosphere. Expressing the influence of the
atmosphere by a separable function of rigidity and direction
and integrating over all directions e, dD, the’ counting
Arate due to radiation arriving from asymptotic directions

within \SZi 1s given by

dnl = J-i(P)bS(P)uY( ﬁi,P) dap . e ﬁ<3¢2)
where” Y(.Sli,P) 1s the integral of Z(e,d) over all
direections of é);<# that are accesgible to the detector from

Si4, for rigidity P.
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For the 1sotroplc radlatlon equatlon (3.2) can be

expressed as,

dN = J_(P).S(P). Y (47T ,p) dP (3.3)

where N 1s the total counting rate and JO(P) the differential
‘rigildity spectrum of primariesg from all asymptotic directions.
Dorman's coupling constant W(P), defined in section 1.5,
gives
NW (P)
T (B) Y (W77 ,P)
substituting in equation (3.2) we obtain

Ti(P) | Y (5%4,P)
dn, = NW(P) —= . t e 4P : _(3.4)
E T N, P)

The differential rigidity spectrum, due to the source

S(P) =

element~52i can be expressed as
Ji(P) = JO(P) + zﬁ,Ji(P)

and by substitution in equation (3.4) and integrating over

P it becomes

v [ uee) [:H 4-fij§ilfil_ AL Lo SIS
Iy (P) Y(4TT,P)
Ifléxn. is the part of the counting rate corresponding
to the radiation ékJ (P) from the source element 5?— we
vhave
€L - Wy A%E) w24, (3.6)

To BEACK Y(WTT, P)
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, J B .
Assumlng - Eii = A; P where A; 1s a function
of asymptotlc dlrectlon, equatlon (3.6) reduces to,
ANy o
ﬁ .
where V ( 52,,B ) jwcm : E.S.:&J.-.zﬁl.c;p (3.8)
Y(WTT, P)

V(52,,[3) is called the variational coefficient
of the detector corresponding to the solid angle 5240

whe
For an evaluation of the variational coelfficlents,

Y( Sr?‘lap)
Y4 17, P)
rigidity. Rao et al; (1963) have adopted a method of

the ratio should be computed as a function of

approximation founded upon a division of the celestial hemi-
sphere in a number of regions. They have devided the
celestial hemisphere into nine regions centred around the
vertical and geomagnetic north, south, sast and west with
zenith angles_16° and 32°, For every rigidity reglon the
ratio between the number of asymptotic directions comprised
within each S$24s and the corresponding number for the whole

S
celestial sphere, has been used as a measure of %%ﬁ%ﬁ;ig% o
. . ?

Application to the Daily Variation
Conslder an anisotropy that ig an arbitrary. function
of ”fl, the angle measured eastward from the meridional plane

(Fig.3.01), and is expanded as a Fourier series

Y

o ,
f(’Tz) = jO(P) %E% c<1n cosm(iqvh Cm) . (3.9)
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are arbltrary amplitude and phase constants.
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Substituting in equation 3.9, we may write the
intensity from asymptotic longitude (70 , as
. oo A' . ] ‘O
f(\f/) = JO(P) [‘/\"‘ K g cosm ( %L 197 -~ 180 —Cm) (3.10)
— m=1

where W = (51 + 2,%); the mean longitude of all the particles
arriving from the solid angles lying between W= 5i and
Y= 5(1 + 1). Summing over i, the change in the total

counting rate, as given by equation (3.7) will be

A ng '
A Nl £( \J/JLV( Wj, p )

! &9
E:_ v ( \}/j,}?) S ol cosm( 15T ~1800—Cm)
m=1 '

i

I

1=0

= Hél<;‘1o<m B, cos En(15T ~(m-180°) + B)I;]M(B.,H,)

F/
= ~2
Bﬁ {j{% ( \//j,ﬁ) gin m(51 + 2.5)j :

#/ 2
+ {Z v<q/j,]3) cosm(51 + 2.5)} |

7/ _
and tan? = 122—6_\/'( lpj,p) sin m(51i + 2.5)

=7 .
=0 V( W5, B) cos m(5i + 2.5)

In equation 3.11,0<m Bm and (-m Cm + 'ajm) represent .

the amplitude and phase constant of the mth harmonic.

The universal time aﬁ which the niaximum intensity is

observed is given by



- 95 -

T .= L OUITS
m | 15 m : hours

and the local time of maximum intensity is given by

180 m + G - (¥ = mL)
tm = i 1 hours

15 m

where L 1s the geographic longitude of the gtation. The
term (D’ -nml) is called the "geomagnetic bendlng” of the

cosmlc ray flux.

3.3 ‘Methods of Analysis:

‘Data from neutron monitors which are indicated in
Table 3,1 are used for our analysis. - Possible range of
threshold rigidities has been uséd. The asymptotic direction
of viewing of each neutron monitor is itself dependent on
the energy spectrum of variation of the anisotropy. Moreover
all the stations scan interplanetary space in the range of

latitudes + 30°.

Bi~hourly cosmic ray data corrected for variations
of barometric pressure have been harmonicélly.analysed to
derive the amplitudes (r and [‘) and the phase angles 43
and ¢)2 of the diurnal and the semi-diurnal components as

well as the peak to peak amplitude (A), T and T the

max min’
direction of maximum and minimum of the intensity, for the

composite variation produced by the superp081tlon of the

two components.
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| In determining the energy spectrum, 36 combinations
of X and Emin, designated by the serial numbers K = 1 to 36,
‘as shown in Fig.3.02 have been considered ﬁo describe the
energy dependence of the anisotfopy. The exponents X, range
Trom =1,2 to +1.0, while Emin ranges from atmospheric cubt off
to 8 GeV. For sach combination of X and E i, the effect of
an anilsotropy on the amplitudes and phase of the diurnal and
semi~diurnal components as would be observed by different
detectors (Rao et al, 1965) is calculated by the method of
variation coefficient, ag described in Section 3.2. The
multiplicity values are taken from Quenby and Webher (1959),
Emax in all the cases ig taken as 250 GeV. TFor each combina-

tion of X and Emin’ the attenuation factor X by which the

jik
amplitude of the jth harmonic is reduced witthespect to its
free space value and the effective bending angle rtijk in the
geomagnetic field, are calculated for a station i. For the
observed diurnal and semi-diurnal components (aj, bj),'the
free space values (denoted by *) are calculated as follows

(Subramanian, 196%; Sarabhai and Subramanian, 1966).

Ky = ofygp 008 T gy

ink = ‘j'jik sin C:jik

Ay = 3 g Pys s Ty __(3.12)
54

C{?jik
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o Ca, | _ '
D* e = gt Tgae t Py o X oga

oPyik
For each assumed 5pectrum of variation K, we compute
a parameter Si to provide a measure of the scatter of derived
quldj1, Yo Cbg iﬁ space, corresponding to the observed
variation at each station., It is given by:

* % .2

2
2

aTiik
where the bar denotes values averaged over all stations.
The denominator represents the variance of the corresponding

term in the numerator and is given by

, ) 2 2 +£ e 2
Jik N2

2
the minimum value of SK indicates the best fit of the

experimentally measured daily variation at each station with
the variation that can be expected on the basis of the
assumed spectrum. The determination of the spectrum is done
separately for the diurnal and the semi-diurnal components of

the variation.

Even though 36 different spectra have been considered
by us, the inherent resolution that is possible in discrimina-
ting between spectra has to be taken into account. The

criterion that is applied is j{?(N) which is the standard
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2 _ o
error of 8 ; . It depends on the number of stations N. If
one has a group'of Specﬁra for which 82 values differ from

5 Ny
8min
minimum occurs, is deemed to be the spectrum of choice.

by more than x?(N), then the value of K for which the

Moreover, other values of K which differ by less than 'X?CN)
from Siin’ are also considered possible alternative choices,
within the resolution of the method. If on the other hand
‘the range of 82 for the different spectra on a particular day
does not exceed 75(N) the determination of the energy
spectrum is impossible. The procedure ig best understood by
the examination of Fig.3.03, which indicates the values of

82 corresponding to three different days. Fig.3.03A corres-
ponds to a day when conditions are particularly favourable
and only 6 equally acceptable spectra, i.e., K = L to 8 and 17,
emerge as possible candidates. On a different day condiﬁionsv

are as shown in Fig.3.03b. The spectrum K = 6, can be chosen,
2

min® However 18 other spectra are

gince it corresponds to 8
equally acceptable. Fig.3.03c illustrates conditions on a

day for which determination of the spectrum is not possible.

The days on which Siin was very high, ( 2 400 in
arbitrary unit) w-ere rejected for the further analysis.
Almost all days on which major Forbush decreases have occurred
or when data from one or more of the stations is erratic get

rejected according to this criterion. Also some of the days

\
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were rejected on accoﬁnt'of lack of resolution between various
spectra where determination was not possible. For each
remaining day, a spéctrUm corresponding to Siin and one or
more equivalent spectra are identified.

3.4  Day-to-day changes of the Anisotropies.

The frequency of occurrence of spectra determined
from the diurnal and semi~diurnal components, during 1964-
1965 are shown in Fig.3.0%, Primary as well as equivalent
spectra have been included. The following observations can

be made:

(a) The diurnal variation has principally a spectrum
with a zero exponent and E in = 20T 4 GeV, The

spectra of choice are therefore K = 6 and 18.

(b) The semi-diurnal variation has principally a
spectrum with a positive exponent (+0.6 to +1.0)
and E ; =2, kor 8 GeV (K = 1 to 3, 13 to 15,
and 25 to 27). '

(c) For E i = 8 GeV, negative exponents occur in
~both diurnél and semi~diurnal components.
However, since in the grid of stations, there
is no detector with a cut off rigidity greater
than 4.2 GV, good fesolution is not achieved

(K = 31 to 36).



e

s

i

-

o]
i

FREQUENCY OF OCCURRENCE OF SPECTRA

' ' : EXPOMENT

EXPOHENT X . ]

+ ;-O' (')l =0 o -0 IRt +10 O -0 3 "_E_L . HC) ~1:0
M r('-1 VYR Y T T T YT T T ARRS T'TT"!"Y‘{T!"["NT]TFI T r“‘rr rTrrrTYe T
i : :
i !
! . = X )
P B 2 Epmpne® @ B 8 Ean 2 Ewin %

O

N .

~ i 1
30 r

FREQUENCY
| -
P
e
S——

30

T
e
—
SGUENCY '
—
——
Jp—

.
i
l
{
Erun =8 \‘
]
i
|

L
hN

'

. 5 L |
20 } i --L By ,i 1
I —l"} W1
| g -
1ok -0 b
[
{
L i:} N H i ] 1
%u sidpdtrapstpd st taat s bttty LL,LL,LL.:J A l,u’.;u.,l_"_.'_,.;.‘\.,a'_:..:__ »L__JESIB_.«_—{G
K2i 6 12 8 24 30 36 K=l 2 8 3
DIURNAL SEML -~ DIURMAL

1?:2Lg ° 3 - O}'i‘

ceurrence of



- 102 =

amalys’s
We therefore conclude from a day~to daykof anlsotro—

. pies that the predomlnent spectra of variation of the dlurnal

and semi- dlurnal components are characterlstlcally dlfferent.

Thig is confirmed through Lho oomparlson in Fig.3.05 of the
diurnal and semi-diurnal amplltudes of the average daily -
variation'during 1964-1965} measured at a set of stations

with geomagnetic cut off rigidities, ranging from 2-13 GV.

Allowance has been made for the attenuation of the diurnal

and semi-diurnal components due to the width of the asymptotic |
cones of accéptance of the detectors (McCracken and Rao,

1965). Note that while the diurnal component has a spectrum

of variation which is essentially independent of rigldity and
has an exponent X ~~0, the semi~diurnal component has a

spectrum which has a positive exponent.

The three prominent types of spectra which afe
identified from Fig.3.04, have been further investigated to
geparately ascertain for each of them the extent to which
other spectra are equally acceptable. For this purpose a
frequency distribution is drawn of occurrence of spectra which
are equally acceptable as the spectrumvof choice, Fig.3.06
shows the distribution when spectra 6 and 18 with an
exponent X = 0, and B, =2 or I GeV respectlvely are
selected on the eriterion of being associated with Siin‘

Spectra with K = 4 to 8 and 17 occur with the same frequency
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‘as the speétra of choice K = 6, and 18, and are grouped as
equivaleht Spectra. Thus the resolution with available data
is such as to make it necesééry to group together days on
which the exponent is -+ A to -;h with B ;= 2 GeV and those
on which the exponent ié +.2 with B in = % GeV. The procedure
is repeated for the spectra with an.exponent X = +1 énd

E . =2, %and 8 GeV for the second group and with an

mln

~exponent X = -1 and Emi = 8 GeV for the third group.

n
Additionally we also identify a fourth group of spectra which
are equivalent to the spectrum with an exponent X = -1.0 and

B . =2 or k4 GeV.
min

Clusters of equally acceptable spectra associated
with each of the four types are indicated in Fig.3.02. The
percent frequency of occurrence of each of the four clusters
of spectra in diurnal anisotropy and in the semi-diurnal
anisotropy are shown in table 3.2. Only days on which it
was possible to determine spectra of variation for diurnal
ags well as semi-diurnal anisotropies are considered for this
analysis. .Note that the semi—diﬁrnal variation predominently
appears with a positive exponent of spectrum. Negative
exponent can also occur, but rarely zero exponent. On the
other hand the diurnal variation can occur with anisotropies
having spectra with negative, zero, and positive exﬁonents.

It is because of this mix of spectra, that the average diurnal
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and semi-diurnal variations show different characteristics

which we observed Fig.3,05.

3.5 Characteristics of processes producing anisotropics

in interplanetary space

At least four processes appear to contribute to
produce an anisotropy. All need not necessarily be active on
the éame day to the same extent. They are (a) azimuthal
 streaming (Parker, 1964; Axford, 1965; Krymskiy, 1964); (b)
" streaming due to non-uniform diffusion in a longitudinal
sector structure of interplanetéry magnetic fields (Parkef,
1964): (c) scattering at irregularities along the inter-
planetary magnetic field short-circuiting latitudinal gradients
(Sarabhai and Subramanian, 1966) and (d) latitudinal gradients
in a relatively smooth magnetic field (Subramanian and
Sarabhai, 1967; Lietti and Quenby, 1968). Due to the first
two processes, omnidirectional intensity in interplanetary
Space would remain unchanged, the third and fourth processes
woulq be perceived through virtual sources or sinks, generating
gemi-diurnal and diurnal components as well as a variation of
omnidirectional intensity. In the following section we will
describe the machanism of each process and the characteristics
of the dally variation which must be expected from each

process.
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(a) Azimuthal streaming

For the process to occur it is necegsary that in
- K4 ‘
interplanetary space £ = E%T should be less than 1, K11

and Ki_are the coefficients for cosmic ray diffusing parallel
and perpendicular to the direction of the interplanetary |
magnetic field respectively. €& depends on the density and
scale length of the field irregularities and on the gyro~
‘radius of the cosmic ray particles. The finger-print of the
process gilving rise to azimuthal streaming is -that in the
range of energies for which the process is effective the
spectrum of variation should correspond to co-rotation of
cosmic rays with the sun. In consequence an excess of cosmic
rays should appear to arrive from the 1800 direction glVlng

rlse to a time of maximum in the dailly variation correspondlng

to this direction.

(b) Streaming in longitudinal sector structure

When the solar wind velocity, or the density of irregu-
larities change with heliolongitude, additional streaming of
cosmic rays would occur as discussed by Parker (1964), The
resulting anisotropy should generally be diurnal with an
exponent X = 0. Thax @nd T . will not be alog 1800 and
0600 hours respectively and the amplitude could be larger
than .6%. The other considerations discuésed in the earlier
section related to azimuthal streaming would generally apply .

to this process.
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(e) | Scattering.atvmagnetic field irregularities

Scattering at magnetic field irregularities along
smooth field lines short circuits the latitudinal gradients.
If the cosmic ray intensity decreases with increasing helio-
,latitudes as could be the case in a region + 150, lower cosmic
ray density will be observed along the direction of inter-
planetary magnetic field (Sarabhai, Pai and Wada, 19653
Sérabhai and Subramanian, 1966)., If the efficiency o% scat-
tering due to irregularities along the field line, excluding
the domain of interplanetary space in the neighbourhood of the
earth, is the same for all cosmic ray particles up to an
Cenergy Emax = 80 - 100 GeV, the exponent of the spectrum of
the'anisoﬁropy will be the same as that of the 11 year varia-
tion of cosmic ray intensity. The ratio of the relative
amplitudes of the diurnal and semi-diurnal components
generated by this process, provides an indication of the
pitch angle distribution of the scattered particles as they
approach the earth. When the distribution is broad the semi-~
diurnal component will relatively be less important. A |
éohsequence‘of this is that when the scattering centre is at
some distance ffom the earth, the pitch angle distribution
would be narrower and hence a sharper-deficiency'WQuld be
observed along the garden hose direction. This pfdcess.is
- particularly relevant in observing the travel outward of

magnetic field'irregularities generated cidse to the sun as
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, duriﬁg the occurrence of blast waves associated with flares
and type iv bursts which ultimately produce Forbush decreases
in the cosmic ray intensity measured at the earth. The
finger print of this process involves a spectrum with an
expéneﬂt which is generally negative, a deficiency along the
direction of magnetic field, usually in the direction of the
sun. The diurnal component involved in this anisotropy would
- be superposed on the diurnal component due to azimuthal

streaming. In consequence Tm would normally be shifted from

ax
the 1800 direction.

(a) Latitudinal gradients of cosmic ray intensity

‘The existence of latitudinal gradients of cosmic ray
intensity in a domain of relatively smooth interplanetary
magnetic ‘field gives rise to semi-diurnal and diurnal components
(Subramanian and Sarabhai, 1967). A semi-diurnal variation
is also explained by Lietti and Quenby (1968) who have
considered the gradient due to the decreasing tightness of the
interplanetary magnetic field with increasing heliolatitude.
The direction of maximum of the semi-diurnal anisotropy will
generally be perpendicular to the interplanetary magnetic
field and also in the sense of the N-8 asymmetry of cosmic
ray denSity, N and S of the equatorial plane.. Tge exponent
of the energy spectrum of variation of the resulting

anisotropies will depend on the form of distribution of the
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; cosmic_rq&'intensity with heliolatitude.and.on the phase of

‘ the'soia}}cycie of aétiﬁity..vNote that the diurnal component
is related ;o-a N-8 asjmmetr& éf the-latitudinal gradieﬁti;-
The energy épectrum of variatién’of the diurnal componenﬁfhas
an exponent ﬁ - @ , while the semi~diurnal component has an
éXponént 2 J'p (Sﬁbramanian:and Sarabhai 1967) . ﬁ,v, determines
the rigidity dependence of the latitudinal variation of cosmic
ray densitj. As a first approximation it has been assumed
that ﬁB is?the same as for the Specﬁrum of galactic intensity
in the pla@e of the ecliptic and isiindependent of helio-
latitude. HHowever’{B ranges from 2 during minimum sunspot
Cactivity to 0.5 during maximum solar activity (Webber, 1965).
During mbst periods of the solar cycle Q.is less than 2.
Hence 1t 1s expected that the semi-diurnal variation will have
a positive exponent and the'diurnél will have either positive
‘or negative in contrast to zero exponent for the azimuthal
drift. The diurnal and semiediurnal components should be
about .3% and .2% respectively for a transverse gradient of
6% per A.U. for particles of energy E>2 GeV and a N-8
asymnetry of 14% arising from an asymmetrical distribution

of cosmic ray density about the equatorial plane(Subramanian

and Sarabhai, 1967). The north-south asymmetry is defined as

PN E S M)
( f% + ?S)

A x 100%
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| where@PN is the average cosmic ray density for heliolatitudes
8 to + 3OOAand .fé is tne average cosmic ray density for
neliolatitudes O o -30° at 1 A.U. ‘Note that asymmetry for
the coronal 5303A° intengity waa about 60% and 86% during the
vear 196¥ and 1965 respéctively for heliolatitudes + 30°,
Models considered by Lietti and Quanby (1968) give a positive
exponent for the energy spectrum of variation of the semi~ |

diurnal component in the 1 to 15 GeV range with an amplitude
of about 0.05% at 10 GeV. The existence of a semi~diurnal

component is a necessary condition for the occurrence of this

process.,

All four processes producing anisotropies have one
thing in common, which is that when the interplanetary magnetic
field in the immediate neighbourhood of the earth is distufbed
as during the passage of a radially traveliing blast wave or
a corotating shock front causing Forbush decreases, tne

amplitude of anisotropies would be temporarily reduced.

3.6 Identification of Anisotropies

The characteristics of the basic processes described
in section 3.5 are summarised in Table 3.3{ After following
the procedure for unambiguous determination of spectrum of
variation described in section 3.4, we try to identify the

extent to which the various processes are operative on any
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impoged 1s the requirement that the Semi—diurnal'component
should. not have a positive exponent X; and this allows the
exclusion of the prooeés corresponding to latitudinal gradient,
Days on whibh this occurs are plaséified as Group A. The
process of scattering at irregularities, is identified by
-seieoting all days on which the exponent X is negative for
diurnal component while the exponent is not positive for the
semi~diurnal component. Days on which this occurs are classi-
fied ag Group B. The process of latitudinal gradient is
identified by selecting days on which the exponent of the
semi~diurnal component is positive, but the exponent for the
diurnal component is not zero. Days on which this occurs are
classified as Group C. The days belonging to these three
groups during 1964-1965, account for 58,1% bf the total days.

3.7 Orientation of the diurnal and semi-diurnal components

with respect to the interplanetary magnetic field

The frequency distributions of the direction of
maximum (Tmax) and the direction of minimum (Tmin) of the
anisotropy for the three groups during 1964-1965, are shown
in Fig.3.07. In group A the most probable value of Thax 1S
1800 hours. The diurnal character of the anisotropy on these
days is'brought out by a separation of about 12 hour between
the probable values of Tmax and Tmin' The characteristics of_

anisotropy for days in this group are, therefore consistent
with azimuthal streaming being the principal process.

K}
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In group. B, the most probable value of Toin 18 0800

| hours, i.e., along the garden hose direction and of T along

max

1800 hours. 'Tmin is consistent with the operation of scatter-

ihg, a process which does not interfere with azimuthal stream-

f;ng'except through B ;.

In group C, the most probable value of TmaX is about

- 15 hours and the most probable value of T . 1s 0800 hours,

n
- along the interplanetary magnetic field. The difference

? between TmaX aﬁd Tmin is about O?OO hours which indicates that
the semi-diurnal component is predominent. The direction'of
maximum ;sialong thé perpendicular to the iﬁterplanetary
magnetic fielduforlthis group. Thisg is consistent with the
anisotﬁopyWon tﬁese éays being caﬁsed by the existence of

latitudinal gradient in a smooth magnetic field;

<The frequency distributions of Tm and Tm of daily

ax in
variation at Deep River and Huancayo neutron monitors during
1964 are shown in Fig.3.08 for the days in group C, after

correctiné for geomagnetic bending. T as measured by

min
huancayo ﬁeutron monitor, which has a higher mean energy of
response ir\/3o GeV) than Deep River neﬁtron monitor (12 GeV)
flips over%from garden hose direction to anti-garden hose
direction, while for Deep River, it is essentially along the

garden hose direction. This phenomenon is in agreement with

an earlier Study by Sarabhai, Pai and Wada (1965) and Sarabhai
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‘and Subramanian (1966) using daily variation of cosmic ray
'inténsity obtained from neutron and meson detectors at Deep

River.

3.8 Amplitudes in space for the different processes

4of the modulation

Fig.3.09 shows the frequency distributions of the
normalised amplitudes of the diurnal and semi-diurnal ampli-
<tudeé in space. The most probable values of the diurnal :
amplitude is ~~.4% for the days in group A, which is
conéistent with the Parker-Axford's theory of streaming. The
diurnal amplitude is.significantly higher in group A as

compared to group C.

 The amplitude of ﬁhe semi~diurnal anisotropy is of
the order of about 0.1 ~.4% on individual days (Sarabhai
et al, 1965; Ables et al, 1965). In group C, the semi-diurnal
component is ~.,2 to ~.3% and is significantly higher

compared to group A.

349 _ Vériation in anisotropy associated with the sector

structure of the interplanetary field

The diurnal variation of cosmic ray intensity for
each day of solar rotations during the period Auvgust 27, 1962
to December 25, 1963 has been analysed by Mori et al, (1964)

using the meson monitor at Tokyo. They have observed
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additional anisotropic. flows of cosmic ray diurnal variation
in a sector structure that is similar to the IMP-1, magnetic-
sector structure. The boundaries agree to within about one

day .

R&der and Hattoh (1968) have linked the diurnal cosmic
ray anisotropy to the sector structﬁre observed by 1IMP-1,
using a wide band filter applied to the pressure corrected
intensity recorded by the Deep River neutron monitor. A
super imposed epoch analysis of the filtered time series shows
that there is a systematic change in the observed aﬁisotropy
through the sectors. The amplitude is smaller when the field

is negative than when the field is positive.

‘The foﬁr sectors, A, B, C and D, per solar rotation
have been identified during IMP-1, period according to the
interplanetary field direction. Out of the four sectors, the
field was directed away from the sun (+) during A and C and
towards the sun (-) in sectofs B and D. Using a set of
neutron monitors we have computed the average diurnal variation
for positive and negative sectors during the period of IMP-1,.
The sector D, being only of short duration was not used in
the analysis. The remaining sectors are of approximately

8 days duration.

Table 3.4 shows the average diurnal variation when
the field is directed away from the sun and the field is

directed towards the sun. The amplitude is higher during
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the positive sector than dﬁring negative sector. Cne of the
‘prediéti@ns_arising'out1of the process of latitudinal

gradient (Subramanian and Sdrabhai,_1967) is that the diurnal
component arising out of the latitudinal gfadients should
reverse with reversal of either magnetic field or the gradient.
When the gradient is such that the solar activity north of
the equatorial plane is greater than the south, the latitudi-
nal gradient should give rise to a diurnal anisotropy with its
“direction of maximum on the average along 1500 hours when

the field is directed away from the sun (+) and along 0300
hours when the field is directed towards the sun(-). Such

an asymmetry will incresse the amplitude of the diurnal
component due to azimuthal streaming when the field is away

from the sun.

Table 3.&

Mean diurnal component during Nov.29, 1963
to Feb.19, 196k.

Station Pogitive : Negative
e SeCPOT . S8CLer
37 ;
1 DEEP RIVER .33 + .01 .27 + .01
2 SULPHUR MT. .28 + .01 2U 4 .07
3 CLIMAX .31 + .01 .22 + .01
Ly MT .WASHINGTON .38 + .01 .18 + .02
5 MAWSON .19 + .02 .09 + .03
6 WILKES .28 + .02 .12 + .01
7 MINA AGUILAR W21 % L0 .12 + .01
8 HAUNCAYO .20 + .01 16 + .01
9 MT .NORIKURA : A5 + + .02

01 .09
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_t3{jQ_ : Estlgatlon ef_the limiting energles_EmaX an@ Emin

 for the process'of azimuthal streaming

v ] Theorles of modulatlon of galactlc cosmic rays
"'(Amuwalla and Dessler, 1962; Parker, 19643 Axford, 1965) |
ﬁhave 1ndlcated that charged partlcles approachlng the Earth'
orblt w1th gyro -radil greater than about 1 a.u. would be too
eneggetlc to take part_ln the cosmic ray anlsotropygwhlch
_appears,ﬁo.be responeible for the observed daily variation at
the earth. Ebnsequently it has been predicted that at the
high energy end there would be a cut off for the modulating
process which depends in Axford's derivation on the gyro radius
of co- rotatlng cosmic ray partlcles within a domain of field
lines determined by the extent of the sector structure.
Fig.3.11 illustrates the relationship of Emax with the width
of the sector structure for three assumed values of the inter-
planetary magnetic field. During the last period of minimum
solar actiﬁity, sectors corresponding to 6-8 days have been
observed. These would imply an EmaX between 100 to 200 GeV,
depending ﬁﬁon the strength of the interplanetary magnetic
field. With increase of solar activity if the width of each
sector diminishes one would expect EmaX also to diminish u
“:proyided the strength of the interplanetary magnetic field -
doee:not also alter with solar cycle. Note however that an-

increase in the value of the interplanetary magnetic field

with increased‘solar activity may compensate partially or
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totally'the effect of.reduced width of the sector.

We have estimaﬁed the nature of the daily variation
that would be observed by the neutron monitors at Deep River
and at the equatorial station, of Hauncayo due to azimuthal
~Streaming, assuming a range of values of hmin and Emax'
Instead of the maximum amplitude due to azimuthal streaming

which would be .6% for the diurnal variation, the expected

amplitude is smaller and can be expressed as
6
”-Y1 6 \,‘

- where 0(1 is calculated using variational coefficients by the
method outlines by McCracken, Rao and Shea (1962)., In the
present case, in considering the effects of azimuthal
streaming we choose coefficients for a spectrum with éxponent
X=0. C£1 1s shown in Fig.3.12 for Hauncayo and for Deep Rivef
as a function of Emin'for several values of Emax' At an |
equatorial station 041 does not change with Emin in the range
2-15 GeV but decreages for Eminf> 15 GeV. The decrease ig

rapld when.E . 1s low. On the other hand, for a neutron

X
monitor situated at a high latitude 0(1 starts decreasing
rapidly for Emin:> b GeV. KX 4 1s altogether less sensitive to
change of Emax than 1t 1s to changes of Emin for a neutron

monitor at middle or high latitudes.

Fig.3.13 shows the ratio of 0<1 at the Huancayo to

“that at Deep River as a function of Emin‘for various values
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of Emaxf The ratio increases with K, , only for B . > GeV,
As long as one uses neutron monitors situated on the surface
of the earth at latitudes where geomagnetic cut off energy is
not greater than 4 GeV, we cannot derlve slgnificant 1nforma—

tilon concerning Em. 1nvolved in the azimuthal streaming

in
processs Similarly, unless the daily variation with meson
~detectors is studied it is difficult to draw conclusions
concerning changes of Emax‘ Only 1f the raéio of amplitude
of diurnal variation at Huancayo to Deep River lies in the
range .65 to 2.0, the spectrum can be represented b& a zero
exponent using combinatiohs of Emin from 4 tél15 GeV and Emax
from 25 to 45 GeV. Thus a raﬁio in this range is a necessary

condition for attributing the variation,to azimuthal streaming.

In the study of cosmie ray anisotropy severélhauthors“
have suggested that positive and negatiﬁe exponents oécur,in
the express1on for the spectrum of variation (Rao and Sarabhail
(1964), Rao et al. (1963), Sarabhai and Subramanian (1966),
Nagashima et al.(1961) ). The conclus%on is based on an
analysis of the characteristics of the daily variation simul-
taneously'measured by detectors situated at locations with
different cut off rigidities or by meson and neutron detectors.
An important characteristic dis the ratio of the amplitude of
the diurnal variation measured by the neutron mbnitor at

' Huancayo and Deep River. For Emin = 2 GeV, corresponding to
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atmospherlc cut off and E = 250 GeV one can calculate the

<1 HN

ratlo (C,< R ) for varlous values of the exponents in the
1

range -1.2 to 1.0. The ratio is less than .62 for negative
exponents. Thié implies that when a. negative exponent occurs,
we must look to a proceSs other than azimuthal streaming.
However for positive exponents the.éituation is more complex.
We have indicated in Fig.3.13 by horizontal lines the ratio

corresponding to exponents X = 0, + .2, +.4, +.6, +.8 and

+1.0 when Emin = 2 GeV and Emax = 250 GeV. Bach ho?izontal
line inters-nts the family of curves drawn in the same figure,
indicating the Emin and Emax with a zero exponent which would

produce same ratic as a spectrum with the particular positive
exponent. The alternative spectrum with zero exponent would
then be consistent with azimuﬁhal gstreaming provided two
further conditions are satisfied. First, that the amplitude
of the variation as shown in Fig.3.12 is consistent with the
process of azimuthal streaming and vaiues of E ax and Emiﬁ as
may be chosen,; and second, the direction of maximum is close
to 1800 hours. Thus not all days on which the Spectfum has a
positive exponent can be regarded as arising out of a process
other than azimuthal streaming. On the other hand several
days for which exponent is positive can beAassociated with
azimuthal streaming. Large negative exponents derived from

data of neutron monitors alone would not be consistent with

azimuthal streaming occurring by iteelf. Fig.3.14% shows the
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observed dlurna1 ~amplitude r1 at Deep River as a function of
the ratlo of the observed amplitude of diurnal variation at
Huancayo (HN r1) and at Deep River (DR r1) in the range .65

to 2.0 during 196% for days when the process of azimuthal
streeming.is operative, i.e., X = 0. 26% of total days in
group A having a ratio less than .65 which is the minimum
required for azimuthal streaming, have been eliminated in the
ldiagram. While the scatter of observed T, for different ratios
is quite large, an unmistakable trend can be seen in the value
of the vector average of r1 for days during which the ratio
lies in discrete intervals. The diurnal amplitude decreases
as the ratio increases, which is what one should expect for
this processes (Sece Fig.3.1f and}Fig.3.12). An interesting
consequence of this analysis is the possibility of estimating
the limiting energy Emin below which the modulating processg is
inoperative on any particular day. Emin 1s interpreted as _
arising from the scale length of irregularities in the intef;
planetary magnetic field for which essentially isotropic

diffusion of cosmic rays occurs.

3.11 Anisotropy of Galactic Cosmic Rays during the

solar cycle

Applying the method of best fit to the daily variation
of cosmic ray intensity observed by the neutron monitors at

Huancayo, Churchill, Mawson and Mt.Norikura and Cubical Meson
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telescope.at'Mawson and Churchili, we have determinded for
each day from 1958 to}1963 the amplitude; the directions in
space of maximum and minimum intensity.and'the energy spect;um
of variation of the anisotropy of galactic cosmic rays, as
described in section 3.3. In the present analysis, Emin
ranges from 2 to 15 GeV in an order of 2, 10 and 15 GeV,

while E .. Das a constant value of 250 GeV(Fig.3.02).
Following the procedure described in section 3.4, we identify
- four different BTOURE of spectra, which include primary as well
as equally acceptable spectra. Table 3.5 shows the freguency
of occurrence of each of the four groups during solar maximum

(58«60) and during the period of declining solar activity

(61~63) for diurnal and semi-diurnal anisotropies.

Table 3.5
Group| Exponent Emin ' - AnlSotropy
in BeV Diurnal Semi-diurnal
Frequency in %
Ilx~o0 2,6,15 a 24,6 11
b 2509 ) 8.5
II | X~4Ve | 2,6,15 & | 321 7.8
b 20.5 35.7
a 21.9 12.3
II o : '
1 Xre-Ve 15y 23.8 15.8
Wl x~ve | 2,6 & | 210 28.8
b 29.7 40,0

a = during 58~60; b - during 61-63.
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The changes with the declining activity are:

(1) For the diurnal anisbtropy the frequency of occurrence
of Group IT, ( X ~+Ve) decreases from 32.1% to 20.5%
during solar maximum to solar minimum period, while
for Group IV ( X - ~Ve) the frequency of occurrence

increases from 21.5% to 29.7%.

(2) For the semi~-diurnal anisotropy, the.frequency of
occurrence of Group II ( X ~~+Ve) decreases from 47.8%
to 35.7% during solar maximum to minimum period and
for Group IV ( X e~~Ve) it increases from 28.8% to
40,0%.

(3) The frequency of occurrence of the semi-diurnal
anisotropy is lowest in Group I ( X ~ 0 ) during both

the periods.

The decrease in the percentage frequency of Group IT,
and increase of Group IV, with declining solar activity gives
revealing information concerning the change of electro-
magneticlconditions of interplanetafy space. The changes in
the frequency could be interpreted in terms of decrease of
E .y and Emin’ (Jacklyn and Humble, 1965) or because of the
appropriate decrease in the relative gradient of the cosmic
rays with the solar activity. The changes might be associated
with a decrease of strength and the scale length of the irregu-
larities of the‘interplanetary field in seétors of the inter-

planetary space.



129

Eliminating Forbueh.decreaee:days, a yearly average
of dlurnal amplltude and semi- dlurnal amplltude is obtained
for a set of statlons used in analy51s during 1958«63 and
196M to 1966, TFor sach year a spectrum, ‘the time of - max1mumv
and minimum for diurnal and semi-~diurnal anlsotreples and the
amplitudes in space have been obtained., Flg.3.15 shows the
energy spectrum of the diurnal and semi~diurnal anplitudes
of the»average daily variation during 1964-65, It conflrms
that the diurnal component has a spectrum of variation whlch
is essentlally 1ndependent of rigidity and has an exponent
X~ 0, whereas the semi-diurnal component has a spectrum which
has a positive €xponent X ~+ ,6. Table 3.6 shows the energy
spectrum of variation during 1958-1966 for the dlurnal and

semi~-diurnal anisotropies.
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Table 3.6
Year o Exponent X _
Diurnal anisotropy Semidiurnal anisotropy
: 1958 X =0 - X = +1
1959 ‘X =0 - Poor resolution
1960 X = 4.2 Poor regolutilon
1961 X =0 X = +1
1962 X = ~,2 X = +1
1963 X = +.2 X = +1
196465 X =0 X = +.6
1966 X =0 X = +.6

The result presented in table 3,6 supports the studies
by Faller and Marsden (1966), McCracken and Rao (1966), -
Willets et al.(1969), who have reached to essentially identi-
cal qonclusion that the average diurnal anisotro@y is
independent of energy. Moreover semi-diurnal anisotropy shows
a power law spectrum with a posltive exponent. The diurnal
and semi~diurnal amplitudes are of the order of 0.3% tov,h%
and 0,1% respectively. The diurnal time of maximum is 1800

hours and the semi-diurnal time of maximum is ~~ 03 hours.
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3.12 . . Variatidns,in:upper-atmospheric'temperature estimated

from the daily varlation of cosmic rays

Atmospheric temperatﬁre effects on Tthe diurnal
variation of cogmic ray meson intensity have been studied by
'many authors and the results arrived at are of great varlety.
The usual method 1s to use the meteorologleal data of the
upper atmosphere obtained by a sounding balloon. This does
not give enough information on diurnal variation since a
balloon is launched only twice a day. The diurnal variation
of the meson intengity due td the temperature change has bheen
calculated by using a proper temperature coefficient for the

meson intensity (Dorman, 1957; Wada and Kudo, 1962).

The other method is to compare the diurnal variation
of the meson and neutron components with each other. Since
the temperature effect on necutron component is negligibly
small the observed diurnal variation can be considred to be
due to cosmic ray anisotropy in interplanetary space. Two
kinds of analysis have been reportéd, one is characterised by
a comparison of two components at one station at a high
latitude (Bercovitch et al., 1963) and the other is taking
difference between dirunal vectors of meson and neutron

components at Huancayo (Quenby and Thambyahpillai 4+ 1960).

In the present analysis we have derived the temperature

4Q§£@9§.Qn A4 meson intensity by comparing the observed daily
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variatioﬁ in.inClined=directions with the‘expectsd variation
due to fhe.primary aniéotrdpy and pressure changes. The
magnitude and the directioﬁ of.the‘oosmic ray anisotropy in
inﬁerplanetary space as well as 1ts energy spectrum on indivi-
“dual days have been obtained from a world wide net work of
super neutron monitors as described in previous sections,

3.3 and 3.k4.

Days on which the energy spectrum of the anisotropy
hag a zero exponent during 1966 have been considered to
calculate the expected diurnal variation of the meson intensity, 
due to the cosmic ray anisotropy, in the inclined direétions
at Bologna (44%.50, 11.33). Then the difference between the
observed variation and the expected one can be attributed to

the atmospheric diurnal effect on the meson intensity.

Fig.3.16 shows the temperature curve for the east and
~west directions at Bologna. The mean vector has an amplitude
of .13% for the east direction and .24% for the west direction.
However the phase of the temperature curve is ~18 hours L.T.
The result is in fair agreement with the result of Quenby and
Thambyahpillai (1960). They have estimated the phase from

the difference between diurnal vectors of meson and neutron
components at Huancayo. Moreover the resultant phase of
température variation is consistent with the diurnal component

analysed by Harris (1959) from data of tropospheric temperatures
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CHAPTER - IV

SUMMARY AND CONCLUSIONS OF THE WORLDWIDE STUDY_OF DAILY

. TARIATION ‘ s L
___r__.,.-—-——-——“ o . v‘lil
4.1 - . Study of anisotropies of galactic cosmlC raxs w

Tt is well known that the spectrum of variation f i
observed for the 11-year modulation varies from period to i
period and. for Forbush decreaSeSf}rem event to event. Rao

and Sarabhal (1964) p01nted out that this occurs also for

the anisotropy on -a day—to—day basis. Sarabhai and Subramanian 1
(1966) have reported the’ changes in the energy spectrum of the %
anisotropy w1tﬂ an exponent varylng between -1 and +1 over \
limited energy ranges. Ln the present work we have studled ‘
the dnisotropy'of'the galactic cosmic rays using data recorded - {
by a worldwide net work of super neutron monitors during o \
64-66. Characteristics of the anigsotropy on days with zero, |
negative and posgitive exponent of the gspectrum of variation

are identified and compared with what one may expect from one

or other of four processes for the anisotropy in inter-

planeﬁary gpace.

The predictions from theory regarding ﬁhe directions
of maximum and of minimum, the nature of the anisotropy and
its energy spectrum of variation are shown in table 3.3. The

eessentially different energy spectra of variation of the

diurnal and semi-diurnal components as predicted are
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‘experimeﬂtally observed for the anisotropy on day-to-day basis
(Fig.3.04) and for the annuai average déily‘variation observed
with a worldwide net work of eight neutron monitors (Figa3.05).
The diurnél component has a spectrum with an exponent X = O
while the semi-diurnal component has an exponent X -~ +.6.

On a day-to-day basis, the semi-diurnal component is signifi-
cantly larger when the spectrum has a positive exponent than
"when it has a negative or zero exponent (Table 3.2). The
predictions, concerning the three processes are substantiated
in fig.3.07, where the directions of maiimum and minimum for
the anisotropy in three groups distinguilshed from their
spectra of variation are indicated. For days with positive

exponent of the spectrum, T the direction of minimum

min

intensity is along the interplanetary magnetic field and Tmax’

the direction of maximum intensity is almost perpendicular to
. : H.

the field, significantly inclined to the 1800&direction,

» characteristic of azimuthal streaming. Moreover Tmax - Tmin

-7 hours for the positive exponent may be contrasted with

T oax &LONE 1800vhours and T . along 0600 hours when the-

exponent is zero. Tmin is clearly observed along 0900 hours

when the exponent is -1. TFor days with positive exponent of

) the spectrum, high energy primaries show the direction of

minimum intensity T either along the garden hose direction

min
- or along the anti-garden hose direction; while the low energy

only along the garden hose direction

"

primaries show .
pr ries sho Tml

(Fig.3.08).

n
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| The diurnal am]litude 1n space is significantly higher
for the days when the ‘xponent of the spectrum is zero as
compared to the days wien the exponent of the spectrum is
positive, while it is otherwi%se‘for the semi-diurnal component
_ (Fign3.09). - The observétional implications of the azimuthal

drift orocess on the low energy end through E and the high

"
7

in
energy end through E lead to estimate the limiting energy,

Eoin below which the modulating process is inoperative on any

particuiar dey, \/

; Days with the positive exponent of the vei\:t?ié"i'on of the
spectrxin for the diurnal and the semi-diurnal anisotérc'ines
decreas@a from solar maximum to solar minimum, while the days
with th‘%a negaive exponentvof the variation of the spectrurn\mu
incre’avsaa fr‘orri solar maximum to minimum. The frequency of
occurreice of the days with zero exponent oi’the variation of
_the Speé,trum fir the semi-diurnal anisotropy*"is lowsr during
solar cfy*le (Terle 3,5), However there has been no significant
change 1%1 the emponents of the spectrum of variation derived
from a y‘ﬁarly axerage of the diurnal and smi diurnal components
during 1858 1966 /

jf indeec the evidence that has Y“en presented here is
to be takgn as suporting the postulatedlatitudinal gradients
of_cosmio2 ray inteisity in the solar syl,tem9 there should

: / . ,
be confirixlative ev.dence from two oth¢ directions.
First the‘é;level of the igotropic intenity of cosmic rays

should cklépge as heilolatitude of thejarth alters with .
\

- geasons. iﬁp'orman et2l,(1967) have fo/ad the gradient of the
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cosmic ray‘lnten81ty i the dlreétion perpendicular to the

ecliptic plane to be 17/a'u for 1960.

Secoﬂd the dirnal anisotropy caused by the 1atitudi-
nal gradlents should mverse as +the magnebic field or the
gradlent reverses. Wen the gradient 1s such that gsolar” T k
act1v1tyruﬂth.of the equatorial plane ig greaber than south,
the latibudlnal gradient should give. rige to a dilurnal
anlsotIWpy WLth IEs direction of maximum on the average along n; )
1500 hou@ when t&e Field ig directed away from the sun (+) SRR

and a101g 0300 h01rs when the field ig direc t@u +°’f'9?ﬁq ﬂ"e , ‘

sun (—)a Such aniasymmetry will increase the amplitude of the Rfrf:%

‘ diurnalicomponent due to azimuthal streaming when the fleld

is awayifrom the §JL This ig verified using a set of neutron
monitor?during IMér1 period (Wilcox and Ness, 196l) when
interplgetary magnétic field direction 1n different sectors
has bee identifiedl In table 3.4 are shown the mean diurnal
componens when the %ield is directed away from the sull, and

when thefield is di%ected towards the sun.

4,2 ktimation of the atmospheric temperature effect
Kowing the exponent of the variation of the spectrum
on a day-p-day basis, the temperature variation curve has
peen obtaled for the AL meson component, by comparing the

solar daill variation observed by crossed telescopes at

Bologna duing 1966, with the expected variation due to
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. primary3énisotrépy° vThe'fifSt harmonic,bf'the temperature
curve hés~its phase along ~218 hrs and ‘the amplitude is about
1% (Fig.3.16). A similar result‘has been obtained by Harris
(1959) and Quenby aﬁd-Thambyahpillai'(1960),

4.3 Conclusions -

It is.demonstrated that the diurnal and the semi~
diurnal components §f the anisotrépy have characteristically
different energy Spectra.of variation. There hasg been no
significant change in the eprnénts of the spectrumlof.varia—
tionlof the annual ¢iurnal and semi~diurnal anisotroplies
during the solar cycle (58-65). However the frequency of
occurrence of days of different groups shows significant

variation.

From a comparison between the observational evidences
with the theoretice . predietions, we deduce that, in addifion
to azimuthal streamilg giving rise to diurnal component with
a maximum in 1800 Hr. direction, there is indeed evidence
whichfindicates that.processes of scattering at magnetic
field irregularities and latitudinal gradients, do in fact
occur and produce anisotropiles oriented with respect to the
iﬁterplanetary:magnetic field. The predominant process
responsible for the diurnal component is the azimuthal stream-
ing while the semi-diurnal compénent appea?s to be due to
gscattering at‘magnetic field irregularitiéé and latitudinal

gradients.



- 139 -

KThe resu1tS*of:the‘stﬁdy support the postulate of a
gradieht of galactic cbsmic fays in the solér system perpendi-
cular to the plane of the>ecliptic.v With a clear quantitative
understanding of the implications of the various processes by
which cosmic ray anisotropy and modulation occur in the solar
system, coupled with increasingly accurate data from é world-

wlde net work of cosmic ray super neubron monitors and meson

 detectors, we should be able to gain insight of the state of .

interplanetary magnetic field and plasma from variations of
cosmic ray intensity and geomagnetic field on the surface of

the earth.
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