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ABSTRACT

The experiment, to be described in this thesis, was conducted at an
underground laboratory at a depth of 70 m.w.e. below the top of the atmosphere
in order to investigate.the cosmic ray intensity variations with time. Six
semi~cubic Scintillation Telescopes with an overall area of ~ 8¢9 ma and a
counting rate of about 150,000 per hour were employed for this purpdse.

The investigation of the atmospheric effects on the day to day changes
in the cosmic ray intensity by correlation analysis yielded the following
cogfficients: the barometric coefficient, -.037% per mb; the positive temperw
ature coefficient, +.041% per °C for the air between 200 and 70 mbs. No
significantﬁ&-e decay effect was detected, The decay coefficient was estimated
toibe about -.72% per Km.

The underground intensity was found to have an annual variation with a
maximum in the summer months and an amplitude ~ .33%, when the barometric and
decay effects were removed. This variation could be explained as being due to
the upper air temperature changes, but the positive temperature coefficient
obtained was about 1.7 times larger than that for the day to day va;iations.
The cause for this discrepancy is discussed. An approximate correc¢tion with
Dorman's method, however, showed that the annual variation can be attributed
entirely to the atmospheric temperature changes,

After the corrections for the atmospheric structure changes, small
variations of primary origin in the underground intensity remained. A solar
daily variation of small amplitude (~ %1‘.004%, averaged over 1961-64)
was obtained which was found to be consistent with a rigidity independent
diurnal anisotropy having the higher cut-off at about 50 Gv,

A significant sidereal daily variation with an amplitude of (.027%.006)%

and the time of maximum at 19,40 hrs. L.Sid.T. was obtained. This result is
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discusged in the light of some of the existing theories of the origin of cosmic

rays and it is found that the sidereal anisotropy-at these rigidities‘(vnv 100av) is
consistent with the galactic origin together with diffusion along the spiral amm

of the Galaxy.

Individual and average characteristics of Forbush decreases observed at
Hblborn have been studieds The rigidity dependence of the events is found to favour
a spectrum of primary variation with a simple power law in rigidity without any
other coﬁ%raints.

The 27-day variations ovef the three years were studied and the rigidity
dependences of Forbush decreases and 27-day variations were compared. .Ihese two‘
variations appear to show different forms of rigidity dependence. The amplitudes
of the 27-day variations showed a gradual decline over the years from l§61 to 1964,

All these results from the present experiment have been discussed in
relation with those cbtained by others and the areas of agreement and disagreement

have been pointed out,
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CHAPTER I

INTRODUCTION

1.1 General Introduction

Many investigations of the time variations of the cosmic ray intensity
have been conducted during the past few decades and it has become clear from
these investigations that the galactic cosmic radiation is subject to modulation
processes within the solar system. The primary gosmic rays are chafged particles
and it is the general belief that the modulation is achieved through the medium
of plasma clouds carrying magnetic and, possibly, electric fields which are
ejected from the sun. Thus a study of the time variations can assist in building
up a picture of the electro-magnetic state of the interplanetary med%um, although
the best that has been achieved so far has been to consider some rather simple
models of the interplanetary fields and to predict the effects on the galactic
cosmic rays with a view to selecting that model which.is in best accord with
expérimental facts. The demands made on the models have become morg stringent
when direct megsurements of the characteristics of the interplanetary medium
were made by instruments borne by satellites and space probes. One of the
aspects where a comparison between theoretical prediction and experiment
can be made is the rigidity or energy dependence of the modulation process.

However, the comparison of the theoretical prediction of the rigidity
dependence of a modulation process and the observatlon is not straight forward
because of several complicating factors. The most reliable information
about time variations is provided by ground based detectors which respond to the
secondary radiation generated high up in the atmosphere., Thus the variations

recorded by these instruments reflect notonly the changes in the primary radiation
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but also the changes in the parameters in the overlying atmosphere, Appropriate
cor?ection has to be applied to the data for the atmospheric changes and these
cor%ections may be uncertain due to lack of accurate information regarding the
atmospheric variables, particularly the temperature. This difficulty can be
ove?come by selecting a secondary component, such as the nucleon flux, which is
not sensitive to the changes in atmospheric temperature. After the application
of the corrections for the effects of the barometric pressure changes, which
does not present any undue difficulties, variations recorded by neutron monitors
can be assumed to represent the variations in the primary cosmic ray intensity.
Howgver, the entire energy spectrum of the primary cosmic rays which has access
thrgugh the geo-magnetic field contributes to the counting rate of a neutron
monitor and if is the overall changes due to the changes in a broad energy band
of the primary cosmic rays that is recorded by a single instrument. It is,
therefore, necessary to study the changes recorded by a chain of such detectérs
responding to different porticns of the primary spectrum in order to arrive
at the rigidity dependence of the variation., The earth's magnetic field can be
employed as a magnetic spectrometer for this purpose.

The development and installation of the nucleonic detectors ~ the
neutron monitors - throughout the world during IGY and afterwards wére thus a
major achievement in the studies of the time variations of éoSﬁic rays., With
the help of neutron monitors located at different latitudes, the primary variation
in different rigidity ranges can be studied by using the geo~magnetic effect on
cosmic rays. From the comparison of the primary variations recorded at
different neutron monitoring stations, the rigidity dependence of the variations

can be determined. Unfortunately, however, the neutron monitors have much
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greater response at lower rigidities and the information furnished by neutron
monitors is limited to a maximum rigidity of ~~ 25 Gv above which the response of
the neutron monitors falls off rapidly. Meson telescopes workipg‘at sea level

have maximum response up toc about 40-50 Gv (for inclined directions), but to

extgnd the range to higher rigidities the detectors should be placeq under
different amount of absorbers. The best one can do is to use the earth és

the absorber i,e., the experiments should be conducted at different depths
underground., The response characteristics of such detectors will be different
from those of neutron monitors - the maximum response being shifted to higher
rigidities as the depth increases. A neutron monitor at sea level and a meson
telescope at a certain depth underground will record different extent of the

same primary variation, so that a comparison of the variations recofded by these
two recorders will give an idea of the rigidity dependence of the modulation
process causing the particular variation. Therefore, an experiment conducted
underground is of great importance in order to study cosmic ray variations in
different rigidity ranges and to determine the extent of the rigidities up to which
the modulation processes are operative. An adequate understanding of this problem
has undoubtedly been limited by the lack of sufficient experimental_data at
rigidities between those obtained by ground level monitors and air shower
detectors.

The experiments conducted underground (or at higher rigidities) is also
important from another point of view. The underground measurements of the cosmic
ray intensity variations over a long period of time can be used to study the
long-sought sidereal daily variations, The results of tﬁe studies of sidereal

variations from sea level measurements have in the past been inconclusive and
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incpnsistent, because of the larger variations of solar and atmospheric origin
recérded by a sea level detector. vThe separation of the true sidereal
Variation from the spurious sidereal variation.arising from the seasonal changes
of the solar daily variation becomes difficult in this case. However, the solar
and. the atmospheric effects decrecase as the mean energy of the recorded particle
increases and hence 2 useful search for the sidereal daily variation can be
made by using an underground detector.

| With these aims in mind, an underground experiment at a depth of
Zg'm.w.e. below the top of the atmosphere was started in November 1960 at the
Holgorn underground gtation in the central London area with two semicubical
scintillafion counter telescopes. A preiiminary study of the variations of the
cosmic ray intensity during 1961 by Mathews (1962) revealed a sidereal variation
of amplitude n-.052:.015%, which was barely significant and no conclusion could |
be drawn as to the origin of the cosmic rays. In order to examine this, it was
thought necessary to increase the statistical accuracy of the data. The detection
area was, therefore, increased three-fold by installing six more new telescopes
essentially of the same design as before but with improved efficienéy and
instrumental stability.

These improvements made during 1963-64 as well as the available data
from November 1960 from the two old telescopes, made it possible to study the
time variations of cosmic rays reaching a depth of 60 m.w.e. underground with great
confidence, For example, with the three years' data available from the
underground experiment, it was found that the sidereal effect, if it exists

at all, could be detected with an accuracy of t.006%. Furthermore, the solar
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modglation of the galactic cosmic rays decreases with the decreasing solar

activity, and hence, the approach of the minimum of the solar activi;y also
prea:nted an ideal condition for the detection of the sidereal anisotropy,

in principle, by terrestrial measurements.

This thesis will describe the improvements made in constructing the
gix new telescopes during 1962-63 in the next chapter and the results obtained
with these telescopes about the time variations will be presented in the
subéequent chapters. In the study of some of the time variations (such as,
solar and sidereal daily variations, Forbush decreases and 27-day variations),
the data from the two old telescopes during 1961-62 will be used in order to
increase the statistical accuracy of the data as well as to make comparison of
the variations observed during different years (such as, in the case of 27-day
variations).

With the higher accuracy of the data attained, it is aimed ?o make Some
useful determination of the rigidity dependence of some of the time variations

1y vasiakaw - '
(such as, in the case of soldihand 27-day variations as well as in the case
of Forbush decreases), by comparing the variations observed at sea lével with
neutron monitors at different latitudes with those observed with the.meson

telescope at Holborn.

1.2 The Composition and Energy Distribution of Primary Cosmic Rays

The composition of the primary cosmic ray flux at the top of the
atmosphere has been determined by large number of balloon or rocket flights and
recently by satellites. The chemical composition of the primaries in balloon
flights are generally made first of all at the observation level and then

extrapolated to the top of the atmosphere, From these studies it has now been found
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that the primary cosmic ray flux consists of atomic nuclei with the atomic
number Z extending from 1 to about 26 and perhaps more. The bulk of the primary
flux is composed of protons amounting to about 85-90% of the total flux. The
second abundant nuclei are the He-nuclei which account for about 13-8% (Winckler
et al 1950; Singer 1958 and Waddington 1960). The rest of the muclei above
Heljum compfise less than about 2% of the total flux. The present knowledge of
the primaries other than atomic‘nuclei is quite rudimentary. The presence of
about .6% of cosmic electrons above 1 Gv has been suggested by Critchfield (1952)
and recent observation by Earl (1961) and Vogt et al (1961) have confirmed
the existence of primary =lectrons in very small number. The existence of cosmic
gamma rays above 1014 ev has been reported by Suga et al (1961) from air shower
experiment as well as above 200 MeV by Kraushaar et al (1962) from the gamma
ray astronomy satellite Explorer XI.

The most remarkable feature of this primary cosmic radiation is the
enormous amount of energy stored in each nucleon - the energies extegding from
about .1 GeV (Neher 1957) to about 109-10 Gev. This radiation may come from
the sun or the Galaxy.w8un is a source of radiation with energies from about
100lKev to Mev region (Meinal 1951, Meredith and Van Allen 1955) and:can, on
occafions of large solar flares, emit high energy particles which ovgrlap the

lower part of the cosmic ray spectrum. The differential rigidity spectrum of

protons can be represented by a power law of the form ——ngégl— =K R-?; where
——%ﬁlﬁg) is the differential primary flux of particles of rigidity R incident

per sq.cm, per unit solid angle per sec.; K and ¥ are ¥oe constants., For
solar flare particles, ¥ ranges from 4 to 6. For primary mrticles of galactic

origin, the value of the exponent ¥ has been found to be about 2.5 from
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rigidities about 1 Gv lv higher rigidities; but there is some evidence that the
slope of the rigidity spectrum gets steeper at higher rigidities approaching

a value of about 2.8.Peters (1958) and Webber (1958) found that the different
charge components have the same rigidity spectra as that of protons, while
Singer (1958) has found that the spectrum may get steeper with increasing Z.

1.3 The Differential Response Curves for Different Types of Detectors

The different instruments located deep within the atmoéphere record
the variations of the secondary particles generated'by the primary particles
at the top of the atmosphere. It is, therefore, necessary to find the relationship
between the primary radiation and their secondary components in order to transform
the variations of the secdndaries into those of the primaries. Neher (1952) first
attémpted to do this by introducing the idea of ‘overall multiplicity', m(E,h),
that gives the number of secondaries produced at a certain atmospheric depth, h,
due%to a primary particlé of energy E, Simpson et al (1953) exteﬁdgd the idea
to calculate the 'specific yield functions' for the neutron monitors‘and Fonger
(1953) used these calculations to find the relationship between the variations
of ;he secondaries and primaries. These relationships have also been estimated
by introducing the idea of 'coupling coefficients' (Dorman 1957) or 'differential
response curves' (Webber and Quenby 1959). These curves give the ratios
of the particles recorded by the detector, originating from priméry particles
of a given rigidity, to the total counting rate of the detector. Hence with
the help of these curves one can study the time variations of primary cosmic
radiation recorded by a detector at a certain place as well as study the rigidity
dependence of a certain variation by comparing the variations measured by

different detectors, responding to different portions of the primary rigidity
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spectrum. These curves are functions of the ’overall multiplicity' and the
.primary spectrum and an accurate knowledge of both of them is essentialvto
calculate the response curves, Theoretical calculations are, however, |
difficult to make because of the uncertainties in the knowledge of the

secondary processes, A simpler way to calculafe such curves is to use the
'geo—magnetic effects on cosmic rays. The 1atitudé variations of cogmic ray
intensity up to rigidity of 15 Gv are known quite aécurately from lafitude
surveys of Rose et al (1956) and others but for higher rigidities, it is
necessary to extrapolate. Dorman (1957) and others have estimated the

response curves for different detectors at different depths.using threshold
rigidities calculated from dipole representation of the earth's magnetic field.
However, this dipole approximation has been found to fail to account for all |
geomagnetic effects (Webber and Quenby 1959) and recently Webber (1962) has
given some more occurate response curves using threshold rigidities that have
been calculated taking into consideration of quadrupole and higher terms as

well as the effects of the penumbra. These response curves for neutron monitors
at sea level, at mountain altitude ( - 680 gm/bma) and for meson telescopes at
sea level, together with the empirically derived response curve for the uhderground
detector at Holborn are given in Appendix II. Methods of' calculation of the
response curves from the geomagnetic effects have also been described thére.

1.4 The Geo-magnetic Effects on Cosmic Radiation

The problem of the effects of the earth's magnetic field on cosmic
rays is two-fold - (i) the problem associated with the detemmination of the
magnetlc cut-ofs rlgldlty ivesy the minimum rlgldlty of the particles that is

necessary to arrive at a p01nt on the earth and (11) the problem assoc¢iated
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with the determination of the asymptotic direction of the particles ai
laréer distances from the earth. In the determination of the primary spectrum
and the differential response curves, an accurate solution of the first problem
is essential., Similarly, in the study of the anisotropies of primary radiations,
a knowledge of the trajectories of the particles with different rigidities
arriving at various points on the surface of the earth is particularly impcrtant.
The solution of these two mroblems rests on the preciseness of the data on the
character of the earth's magnetic field,

The theory of motion of the charged particles in a dipole field was
finst developed by Stormer (1930) and later thesé calculations were extended to
cosmic ray studies by Lemaitre and Vallarta (1933), who computed a large
number of trajectories of the particles in the geomagnetic field. Ixperimental
confirmation of these calculations, however, faced certain difficulties. It was
soon discovered that the observed distributions of minimum cosmic ray intensity
were different from those expected from the theory. The results from the
world-wide latitude surveys with ionisation chambers and counter telescopes by
earlier workers (such as, Johnson and Donald 1937, Compton and Turner 1937 and
others) were uncertain due to uncertainties involved in correcting for temperature
effects and, in fact, Maeda (1956) attributed the discrepancy to the temperature
effect. However, more accurate and recent surveys with neutron monitors by
Rose et al (19%6), Kodama and Miyazaki (1957), Katz et al (1958), Storey (1959)
and others showed that the discrepancy is a real one and does not arise from
the temperature effects. Measurements of the cut-off rigidities by photographic
emulsion techniques and counters (Waadj.ngton 1956, Me¢Donald 1957) also showed

that the observed cut-off rigidities at a certain place on the surface of the
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earth were in error by more than 50% from the cut-off rigidities expected
from the dipole model of the earth's magnetic field. Simpson et al (1956),
Maeda (1958),Marsden and Wilson (1958) tried to explain the discrepancy by
introducing eccentric or rotating dipole fields.but, even then, it failed to explain
the large disagreement between the theory and observation. Later on Rothwell
and Quenby (1958) pointed out that the discrepancy arises because of the
difference between the earth's real field and the eccentric diéole field
approximations. Quenby and Webber (1959); Kellogg and Schwartz (1959) calculated
new values of cut-off rigidities taking into account of the higher order harmonics.
Recently, Quenby and Wenk (1961) introduced further correction for the effect of
the penumbra into the calculations of Quenby and Webber. These new values of the
cut-off rigidities have been found to be in reasonably better agreement with the
observations thanr hitherto, though certain discrepancy still exists.between the
calculated and the observed values.

The asymptotic directionsof approach of the charged rarticles arriving
in a given direction at the surface of the earth have been determined by scale
model experiments by Brumberg and Dattner (1953), Jory (1956) and others. These
trajectories have also been calculated numerically from the integration of the
equations of motion by several workers (Firor 1954, Lust 1957 and oﬁhers). The
diagrams, showing the trajectories as functions of the particle energy and
zenith angle of incidence at any one latitude, enable one to study the anisotropies
connected with solar daily variations and to determine the direction of the
anisotropies in space. McCracken (1962) recently has pointed out the limitatioms

of the earlier calculations that were made by assuming a dipole structure of
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the earth's magnetic field. McCracken et al (1962) have calculated the
asymptotic directions of approach of cosmic ray particles for large uumber of
existing cosmic ray detectors, representing the éarth's mégnetic field Ly

the first six spherical harmonics and introducing the corrections for the

finite widths of the asymptotic cones of acceptance of the detectors. Rao et
a1:(1963) have claimed that these calculatione give consistent resuits about the
- diurnal anisotropies observed at the earth.

1. 5 The Time Varlatlons of Cosmic Ray Intensity

'(1) Variations of atmospheric origin

The atmospheric effects on the cosmic radiations observed with

detectors deep within the earth's atmosphere are now well understood. The

development of this was closely related to the development of our knowledge of the

secondary particles which are generated by the interactions of the primary
particles with the air nu;lei. Thé primary cosmic ray particles entering the
atmosphere initiate nucleon-nucleon interactions with the air nuclei giving rise
to nuclear cascade showers. The resultant particles of these interactions are:
the energetic nucleons,ﬁ':;o -mesons and other higher mesons (such és K-mesons
which, however, decay to charged pions and muons within a very short timewllo-ll
The neut;al rions decay into two gquanta of photons within about 10-16880. The
charged pions have, however, a relatively longer life (2.6.10-8$ec) and they ran
either decay to charged muons and neutrinos or be captured in further nucieax
interactions., The secondary nucleons cause further nuclear disintegrations until
the end products attain such energies that they are no longer capable of

initiating any more muclear interactions. The charged muons have a life time of

about 2.2.10-6sec and are nuclear inactive. They can either decay to electrons

secC
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and neutrinos or be stopped in passing through matter, losing energy usinly by

jonisation. Therefore, the electron-photon (soft, and muon (hard) components
(constituting the bulik of the cosmic radiation at sea level) as well as the
nucleonic components (ccnsisting of protons and neutrons) are the secondary
pa;ticles that are recorded at the surfhace of the earth by different detectors.

The studies of the atmospheric effects by Duperier (1944, 1948, 1929),
Dorman (1957), Maesda and Wada (1954) and others have established that the solt
and nucleonic components are affected only by the changes in the sea level
pressure, But for the hard component, there are two other atmospheric effects
in addition to the barometric effect - the positive and negative temperature
effects which have to be tzken into account (Duperier). The negative tempercature
effect arises due to the increase in height of the layer of the production of
muons due to the increase in temperature (;1—e decay effect) and the puéitive
temperature effect arises due to the reduced probability of nuclear capture or
pions and increased probability of f - decay with the increase in the
atmospheric temperature.

These atmospheric effects will cause day to day changes as-well as the
geasonal changes in cosmic ray intensity.

(ii) Variations of cosmic ray intensity due to changes in the primary flux

The variations of cosmic ray intensity of primary origin may be
conveniently divided into two groups:

(a) the variations of solar origin - which may be caused either by the modulation

of the primary cosmic ray flux of galactic origin within the solar system ox
by the production of cosmic rays on the sun during large solar flares, and

(b) the variations of galactic origin - which manifests itself as the st oresl
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diurnal anisotropy of the cosmic i1ay flux of galactic origin,
As:yet there is no reliable evidence available about any anisotropy of
extra-galactic crigin. |

(2) Variations of solar origin - Of the different types of time variations in

cosmic ray invensity caused by the modulation processes occurring within the solar
system, the solar daily variations, the 27-day variations and the Forbush
decreases have been discussed in great detail elsewhere in this thesis., The
long term changes due to the ll-year cycle of solar activity as well as the short
term chaﬁges due to the solar production of cosmic rays do not form part of the
subject matter of this thesis, for the obvious reason that the experiment is in
oreration only for about three years and the solar flare effects do nat produce
particles with energies with which we are concerned here. Since the discussion
of these variations mey have some bearing on what may follow, we shall describe
in short some of the important features of these two types of variations.
Variations of cosmic ray intensity with a period of 11 years in anti-
co;relation with the sunspot numbers of solar activity Ulwe first demonstrated by
Fofbush (1954) from the study of the long term records from the Carnegie
Inﬁtitution Stations. The annual mean intensiﬁ% from these stations were found
to;change by about 4% from the sunspot maximum to the minimum. Evidence from the
neutron monitor data for the last decade showsthat the corresponding variation
inlneutron intensity for a high latitude station may amouﬁt to aﬁout 25% (Webber
1962). The ll-year variations of cosmic ray intensity at high altitudes have
been measured by extensive series of balloon flights (McDo;ald and Webber 1959,
Winckler 1960, Neher and Anderson 1962 and others) as well as by aircraft flights

(Meyer and Simpson 1957). From these studies Forbush (1958), Neher and Anderson
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(1962) found that the cosmic ray intensity changes lag a year or muwc Jrom
being anti-correlated with the sunspot numbers implying that the ll-yecar solar
cyéle variztion is due to the solar plasma that extends to several astronomical
units out into the solax system., It is aisc found that the high energy particles
attain the maximum and minimum intensity a year or two esrlier than the low
energy particles, implying that while modulation processes cease for high energy
pacrticles, the low energy particles are still modulated and, in fact, probably th.
mo@ulation process never ceases for the galactic particles of very ;ow eneray
(Simpscn 1953). The rigidity dependence of the ll-year variations‘and Forbush
decreases have been compared by several workers in order to examine whether the
sane modulation mechanism is responsible for these two variations or not.
Fenton et al (1958), McCracken (1960), Xuzmin et al (1963) found different
rigidity dependence for the two variations, while Lockwood (1960), Webbexr (19C27,
Ner@kar and Webber (1964) have found simiiar rigidity dependence for beth
variations. Recent study of the long term variation and its rigiﬂify dependence
haé shown that the recovery and decrease phase of the ll-year cycle of the cosmic
ray intehsity have different rigidity dependence - the dependence being smaller
during recovery phase (Simpson 1962). This has also been confirmed by Lockwood
ané Razdan (1963a),Hatton and Marsden (1963). Lockwood and Razdan also
in&estigated the Forbush decreases to {ind whether this effect is observed during
such events. They héve found that some Forbush decreases may show aifferent
rigidity dependence during recovery and decrease phases but others show identical
rigidity dependence.

As distinct from these modulation effects, the sharp increases in cosmic

ray intensity (increasing many~-fold above the normal level) following a large
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visible solar flare have been observed several times in the past and studied in
great detail recentlyy (Elliot 1952, Carmichael 1962, Webber 1962, Dorman 1963).
A typical solar flare increase is characterised by rapid rise cf intensity within
a few minutes, followed by a slow exponential decay to the normal level over a
period of several hours. ©Studies of the events show that protons are produced in
the solar flares and extend in energies from few GeV to a fraction of one MeV,
The particles have been found to arrive, on certain occasions, at the earth with
a time nearly equal to that expected from the rectilinear transit from the sun

to the earth. On other occasions, the particles are found to be delayed in
transit, arriving later at the earth isotropically. Therefore, the transit time
and the direction of arrival of such particles can furnish important informatipn
about the configurations of the interplanetary magnetic field, the acceieration:
an& escape mechanisms in solar flares., The development of our knowledge of the
interplanetary magnetic field will, in fact, depend on the proper understanding
of the solar flare events.

(b) Variations of galactic origin - Since the variations of cosmic ray intensity

with sidergal time is expected to give fundamental information about the origin
of cosmic rays, many attempts have been made to find such a variation, The
hiétorical development and the present state of our knowledge of the sidereal
déily variations will be discussed in Chapter VI, where the experimental results
fron the present experiment about the sidereal daily variation and the possible
sources of cosmic rays with rigidities ~ 100 Gv wiil also be discussed,

1.6 Modulation Theories of Galactic Cosmic Rays

Many models of modulation mechanisms in the past have been proposed to

explain the variations of galactic cosmic rays as measured by detectors at the
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earth.  Webber (1962), Dorman (1963) and Quenby (1964) have given a compre-
hensive account of different models proposed so far and have critically examined
them in the light of the recent observations. For example, there have been

(i) energy modulation theories - the modulation being caused by the static

geo~ or helio-centric electric field (Nagashima 1951, Ehmert 1960), by the inverse
Fermi mechanism of deceleration of galactic cosmic rays (Singer 1958) and by
the solar corpuscular beam (Alfven 1954, Dorman 1957, 1963) as well as (ii) the

magnetic field modulation theories - the modulations in this case being caused

either by ordered magnetic field configurations (Davis 1955, Gold 1959 and
Elliot 1960) or by disordered magnetic field configurations (Morrison 1956 and
Parker 1958). Some of these models try to explain all the different types of
variations observed, while others try to explain one or two types of variations;
Thé energy modulation theories and the ordered magnetic field theories cannot
:Be reconciled with the experimental evidence, now available from cosmic ray
observations as well as from the direct measurements of the solar plasma and the
magnetic field in the interplanetary space with space probes and satellites
Webber 1962, Quenby 1964). |

It has now been found necessary to reconsider the models in the light
of the advances made in our knowledge of the solar plasma and interplanetary
magnetic field. Recent observations with these new deviess have helped to find
cosmic rays and their time variations deep in the interplanetary space. The
first successful attémpt to measure the solar plasmé was made by the Russian
workers with ion traps installed in the Lunik space probes (@?ngauz et al 1960).
Several American space vehicles such as Mariner II (Snyder et al 1963) and

Fxplorer X (Bonetti et al 1963) also measured the ion flux in the interplanetary
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space. A prevailing magnetic field of about 5-10Y has been found in the
interplanetary space by Pioneer V (Coleman et al 1961). From these studies
it has now become clear that the solar plasma (or the solar wind, as it

was called by Parker 1958) is found to flow continuously with a velocity of
about 300~700 km per sec.

The modulation mechanlsms effecting cosmic ray variations are, there-
fore, essentially dynamic and connected with the magnetic field movements in
the interplanetary medium. Parker (1958) first predicted the existence of the
solar wind originating from the continual expansion of the corona of the sun
and proposed a model of modulation of cosmic rays by the solar wind into which
variocus types of kinks are introduced. Since this model seems to be more
realistic than the others we shall describe fhis model in scme detail,

According to the picture envisioned by Parker the corona is almost
stationary in the vicinity of the sun, but because of the high temperature of
the corcna (~~ 1060K) near the sun, when the distance increases the pressure
within the corona overcomes the weight of the gas and rapid expansion takes
placé. The coronal gas is accelerated gradually and eventually becomes a high
velocity plasmes stream. This solar wind, as he called it, carries with it
the general field of the sun (since the gas pressure exceeds the magnetic
pressure of the general solar field) and essentially leads tc a radial field
in the inner solar system. Due to the rotation of the sun, however, the
field, carried out by the solar wind, would take a spiral form. The density
of the solar wind falls off in proportion to the eq. of the distance from the
sun and eventually the wind becomes so tenuous that it is stopped by other
thinly dispersed gases and the magnetic field of the interstellar space. From

the density of the solar wind (as measured by space probes) and the resisting
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magnetic field at a certain distance, Parker (1964; calculates that the solar
wiﬁd may extend from 12 to 150 A.U. from the sun.

The wind becomes turbulent beyond a fraction of an A.U. duerto the
,growgh of instabilities of the outflowing solar wind and the consequeht
disordering of the frozen-in magnetic field. The outward motion of the
disordered part of the solar wind presents a barrier tc the incoming cosmic rays.
-Cosmic rays .will be swept away ahead of such wind so that the intensi?y inside
the barrier will be less than outside. This will give rise to the ll-year
variation in cosmic ray intensity due to the change in the strength of the wind
as well as the strength'and thickness of the associated barrier with the li-year
cycle of the solar activity. This model of modulation of galactic cosmic rays
by the solar wind appears to'have consistent spatial and time scale characteristics
to explain the ll-year variation but the rigidity dependence predicted by the
model appear to be greater than the observed value (Dorman 1963), Dorman
theréfore, introduced certain modifications into this model by considering the
different scales of the magnetic inhomogeneities (as compared to a fixed value
of 2.1011cm used by Parker) and different path length for the scattering of
the particles by the inhomogeneities. Ee fouad that below a certainvrigidity
R i which will depend on the size and strength of the inhomogeneities in the

max:?

modulating barrier, the spectrum of the primary variation may be written as,

£ o ®Fl, R {60
A -2 cecasans 1.1
A R=, R 360 Gv
With these modifications introduced, Dorman found a good agreement of
the prediction of the solar wind theory with the observations in the entire range
of experimental data, The different rigidity dependence of the recovery and

decrease phase of the ll-~year variation has also been found to be consistent with

this theory, if the thickness of the barrier is assumed to ba of the order of
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20-50 A.U, (Hatton and Marsdea 1963). The rig'dity dependence of ll-year
variation, according to thic theory, is different for different charged particles.
McDo@ald and Webber (1962) have found that this prediction of charge'dependence
of li—year variation is not in agreement with the observations. KOmori (1963)
however, has found that the Light and Medium nuclei display differentirigidity
dependence in agreement with the prediction of the modulation mechanism by

solar wind.

Parker (1961) has also wut forward some explanation for the solar
flare increases and the stomm decreases of galactic cosmic rays on the basis
of his solar wind model. He assumes that the solar flares eject solar
nmaterial at felocities ~ 1000 km/sec. and generate shock waves which prdﬁagate
ahead of the solar material. 'The quasi-radial magnetic field which is embedded
in the interplanctary plasma u%e sheared by the passage of this shock wave.

This will generate an expanding shell of magnetic kinks. Parker has calculated
that the particles are restricted in their passage through this kink so that when
the shock fronts have passed the earth a reduction in cosmic ray intensity'wiil
occur.

Similarly, if a shock wave propagates through a2 plasma contéining frozen-
in hagnetic field, still loaded with solar particles ejected from a golar flare,
the solar particles will still be cmbedded in the magnetié field while it is
being absorbed in the shock. There will, therefore, be an increase in the
measured flux when the shock passes through the detector.

Ahluwalia and Dessler (1962) extended the idea of the solar wind
modulation theory to explain the daily variation of cosmic ray intensity and
attributed the diurnal anisotropy to the spiral magnetic field of the solar wind,
Their calculations predicted that the diurnal amplitude should increase with

the solar wind velocilty. The direct measurements with Mariner II (Snyder et al
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1963) are, however, in disagroement with this prodiction. But it is to be
pointed out that Ahluwalia and Dessler assumed a very simple case of solar
'wind‘that is moving outward in a smooth manner. Since there is indication
that the solar plasma does not have in general the ideal uniformity as assumed
by Ahluﬁalia and Dessler, it is at present very difficult to verify the
relationships prediéted by a model of corotation of the spiral magnetic field
of the solar wind. It is, therefore, clear that though the solar wind model
seems to be realistic and can explain some of the time variations qualitatively,
the quantitative aspects of the model are by no means in agreement with the
obse?vations (Quenby 1964) and have still to be investigated and tested before
one can understand the modulation mechanism by the solar wind.

However, it must be admitted that the continuocus outflow of solér
plasﬁa witﬁ variable velocity and inhomogeneocus plasma density must be an
integral part of the model of the interplanetary space and the modulation
processes existing within that space. No model, capable of explaining 211 the
facts about the time variations of cosmic ray intensity observed at the earth,

has yet been proposed.
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CHAPTER II

EXPERIMENTAL METHOD

2,1 Introduction:-
In & study of the time variations of cosmic ray intensity,

e continuous end wnbroken record of the intensity is essential.h It is
als0 necessary to extend this recording over a long period of tims in
_ O{der to smooth out the uncertainties arising from short-term intensity
variations associated with atmospheric and geomagnretic effects. All o
these conditions introduce the extremely difficult problem of meintain-
ing the efficiency of the instrument constant over long inbervals of
time. Considerable care should, therefore, be taken from the begiﬁning
in designing such a detector with a view to achieving long term stability.

s ‘The second importent point one has to take into account,
specially, in designing a detector intended for use &t an underground
lpboratory. is that the varimtions ome wishes to study at these rather
high energies are thgmselves very small, some being of the order of a
few hﬁnd}eths of a percent. In cosmic ray phenamena statistical con-
side?ﬁtiqns becomé very important and to study small short-and long-
torm effects we meed a sufficiently large detéctor so that the errors
of statisticé} origin are et leomst several times smaller than the
actuanl effecté} The vitel importance of improving the s£££istica1

accﬁracy of the measwremsnts has been demonstrated by the earlier works

Moc Anuff Mallc
of Voo Bs (1951) “id e baw & (1962)



-2

In addition to these difficulties it is mevessury to onsure that
the poriodic variations moasured by the instrument, particularly those with
thé period of a solar day, are free from the influence of other fa.c.tors which
exhibit the same poriodicity, such as, mains voltagé variations and changes
in envirommental temperature. Steps have been taken to sneure thaot the mains
vo?:bage applied to the detoctors was constent to & high degree of mccwracy
ané. tests carried out to make certain that the sensitivity of the instrumonts
to changes of environmental temperature wes not apprecieble.

In the following sections, wo shell first doscribe the adventages
of using plastic sointillation detectors, thoir constructions ard different
preoautions we hove token in order to obtein meximum officiency and a high
dogroeo of long-term and short-term stability, followed by o critical ovalu-
ation of possible errors arising from different sources. This last con-

gideration is vital in cloiming the significance of any rosult.

2.2 Choice of the Dotector

| Any system, concerned with nuclear particlo detection, depends on
the offocts of the collision processes initiated by the passage of a charged
particle through matter onclosed in a specified sonsitive volums so that
with suitable counting or measuring systems, one can either count the
possago of each particle or measurs other physical charactoristics of the
perticles. Tho ideal staote of affoirs for an experiment concorned with ths
continuous counting of the integrated flux of the particlos within a certoin
time interval will be to count ocach ond every particle passing through that
volume a8 officiontly &8s possible. Ionisation chambors, Geigor-Muller
countors and Proportionnl counters have been successfully used in this kind

of investigation of cosmic rays. In early work the ionisation chambor
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sorved as an important instrusent for tho study of the time wverictlons of
cosmic ray intensity; buit it is essentially en omnlidirectional instrument and
its maintonance and constructicnal difficulties; together with its comparn-
tively long time-constaat (w1 usec.) meke it unsuitable for our purpose.
Goiger-iiuller or Proportionsl counters are, howsvor, casier to maintain and
with tho oid of coincidonce circuits ean be used in the form of a Teloscapo,
so that the particles arriving from o restricted cone of directions are
accopted by the detector system. Besidos, the use of the coincidence

circuit makes it possible to isolate succeésfully the background radio-
activity from the cosmic ray flux. |

These-advontages of G. 11s Countors are to sﬁms oxtent offsot by
the inhorent defect that external gquonching is reguired in order to extena
the working life of the G. M; Counter to a sufficien£ly long period of timo.
Even then, the gas multiplication decompuses tho quenching vapour molecules,
so that the counter characteristics change with time, tho throshold rises
and eventually the counter becomes unserviceable.

The use of scintillation and Cerenkov detectors has reccutly
become important in the study of nucloar physlics and the continuous recqrd-
ing of cosmie rayé, mainly because of the ir high officiency, reli&biljty and
the oxtremely high resolution in time which is obtainable.

Scintillation radiation is goneratsd when a charged particle
pe.sses through certain.materlals called ! fluors' or more gonerally
t scintillators' « The maximum emission of light occurs in the blue ronge of
the visiblo spectrun and with suitable light guide to focus the light onea
photomultiplier tube (having maximim sénsitivity for th;s range of light)

one cen .construct what 1§ called a Scintillation detector. The P. . tiule
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convorts this light inbo slectrons end mul'tipl? them inside the tubé:, so
thgt o high voltago output is obtained whenover a charged particlo passes
through the scintillator. The oubtpubt scintilletor omission depends‘ on the
deéree of ionization erd no such limitation as tho volocity condition in
Ceronkov dotectors is imposed in this caso.

Two scintillation coumter telescopos of scmi-cubical geometry
have alreedy beon developed at Imperisl College by Mathews (1963), and the
reiiabili‘by and satisfactory performmance of, at least the Scintilletor-P.lil.-
tubc combination have boen estublished, evon though the associated electronic
systom oxhibited long term drifts which made the data unsuiteble fgr en
analysis of tho soasonal variation. Moreovor, the stability of tho detector
against changes of onvironmental temperaturs had nevoer been tested,

Urder the circumstances, it was docided to comstruct thc proposed
six neﬁ toloscopes incorporating somo of the basio design adoptcd by
Mathews but modifying the associated eleotronic system, tosting its
stability sgainst temporature changes at all stages and incorporating safo-
guards to ensure the long torm stability of tho detsctor. In the mesantime,
P-ﬁ. tubes of improved design and scintillators of superior chnracﬁeristics
‘bocame aveilabls in the market and this opportunity of including theso
improved versions in the detector was exploited fully.

23 Tho Basic Principle and Design Considerations of a Scintillation Detector

The basic componeonts in a sointillation detector. consist of the
gcintillator, a P.M; tube and & suitable light guide Which,‘vmuld direct the
photons from tho scintillator on to the P.lf. tube, all onclosed in & con-
tainer box. This container box must be light-tight and should bs free from

moisture in the case of hygroscopic scintillators being used. Tho combined
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characteristics of the P.f. tube, the scintillator, thn containoer box and,
of course, the electronic system, will doetermine the final build up of the
output pulse and the overall efficioncy of tho systom. |

It has beon shown by Swank (1954) that tho pulso~hoight of tho

output voltage of such a system is givon by,
Kl
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whore, y = RC/¢ , the circuit constant over tle decay time of the fluoresconce;

=
|

the total number of photons emitted by the scintillators per
passage of a charged particlo (depends on the scintillator
charactoeristics)

£ = the fraction of ths emitted photons which is collected.' ot the
oathode of the P.ll. tube (deponds on the geometry of the con- -
tainer box end the light-guiding system inside it)

S = the average photo-sonsitivity of the PJi{. tubos (doponds on tho
secondary emission characteristics of the photo-cathodes)

E = the collection efficioncy of photo~electrons in the dync;de system
of the P.}M. tube (deponds on the design, magnetic shielciing and
focussing mechanism in the dynode chain of the P.. tube)

G = the overall gain of the P.M. tube at £he operating voltago
(depends on the number of dynodes and design of the P.Ji. tubo)

I% can be seen from egn (2;1) that except the factor, f, all
others are predetermined by the P.M. tube and scintillator oh;lracteristics.
So, the best onoe can do is to select suitable P.lM. tube and scintillators B

to ensure Vout &s high as possiblo.
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The factor tf', which is within the experimentorts .control,
should be os high as possible. In practice, & sabisfactorily high velus of
*f! is not realisable in a large aroa detector where it is nocessary to
allow the photons to diffuse inside the dotector volume before reaching the
photo-tube. A complicatod light-guiding system is likely to be costly, the
refloctivity of the container wall cannct be perfoct and thore is the added
problem of hendling. Honce & compromise solution is generally reached where
tfi* ig allowed to havo such a valuo that e large fraction of the Vgut from
other factors is sacrificed and still the electronic circuit is capable of
detecting the signals without the nocessity of amplifying them.

2,4 Dogign of the Scintillalion detector

Tho boasic details of the construction of the scintillatj,on
detector usod in the presonmt experiment can be seon from Plate 241 where the
container box has boon lef't opon to show the interior; The basc of the box
ig ﬁxado of wood in tho form of a tray, the internal measwoment be;‘,ng
54:}" x 54", Tho 1lid of the box, which can bo fitted tightly with the base and
romoved when necoessary, is modo of Aluminium and has the moasuroment ‘

54" x 54" x 17", Tho uppor face of tho base and the inside of the 1lid aro
contod with a diffusive reflector called tDarvict. Four scintillator slabs
m;'e laid out along the edges of & square inside the tray and haye their
highly polished surfaces facing upwards. A P.M. tube which is placed at the
contre of the box and is surrounded by the scintillator slabs, looks upwnrds
with its 5" photo-sensitive cathode exposed to the 1lid. The diffusive
roflector coating on the lid séfve,s as the light-guide between the
scintillator ond the P.M. tiube in the present case. A moro detailed dos~

eription of the various components will be given in the following sections.
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2¢4s Scintillators:-

Scintillators exist in sovoral forms such as liquids: crystals,
gages and plastic solids. The sointilletion phonomenon in differont sub-
stances hns boen discussed by Curran (19853) end others end may be stated
briefly as follows:=

The kinetic energy of the radietion falling on il scingilla-
tion maborial is converted into energy of excitation and ionizetion of tho
atoms or molecules of the scintillators in e mannor which dopends on the rate
of cnergy 1oss and the velocity of the particle. The de~excitation and do-
ionization of the molecules ocour within o vory short time (~107% sec.)
giving rise to the omission of fluorescent radiction.

In the past liquid sointillation detectors of large area have heon
succossfully developed in the study of air showers (Brennan 1957), neutron |
. dotection (Reines ot afl 1954) and othorss Howover, tho ligquld scintillators
are inflemmable ond ncod spocial containers. They should be stored in an
- inert atmosphere to mainbein the scintillation efficiency over long poriods
of time and need special quonching. On the other hand, plastic scintillators
ere now svaileble in sizesble golid blocks so that large area détoctors can
be constructod with plestic scintillators, avoiding at the same time the
dengers and difficultios associambed with liquid seintillators
(Clark ot al 1957). As regards other physical propertiocs of liquid and
plastic scintilletors, such as their photo-conversion efficiencies and trang=-
perencics to their own radiation, it is very difficult from available

literature to make any worthwhile comparison.
For the prosont dotoctors we have used plastic scintillators typo

NE 1024 made by the Nucloor Emberprises (G.B.) Ltd. and possossing the
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following physical snd chemiesl charactoerstics:-—

| The plagtic gscintillators are in tho form of slabs with dimensions
of ‘2? x 2t x 1". Thoy consist of scintillation chemicals in polyvexiyltoluenﬁ
end have the density ~ 1;052 gn/c.c. and refractive index-1.881l. They con-

tain 3.4 x 1023 eloctrons per c.c., softon at ~ 75°C and are soluble in

aromatic solvents. The light output is ~ 65% of Anthracenc and the trans-
perency to their own radiation reaches about 70%. The scintillators are not
hygroscopic. Tho scintillators also contain a wavelength-shifter which
shifts tho wavelength of the emittod radiation from about 58_90,,;&@ to 425010\.&7
so that th_e spectral distribution of fluorescent emission is well matched to
the spectral sensitivity of the photo-cathode ofv’che P.lfs tube uscd hore
(section 2.4b).

The numbor of photons emitted by such a scintillator slab can be
estimated by using the formule given by Rossi (1952) for omnergy losg of a
relativistic singly charged particle. It can be shown that for a minimum
ionising particle, the energy loss por gm-cm"z through a material of NZ/A
(= the electron concentration per c.cs) = 3.4 x 1023, is of the order of
~2.,2 Mev. Hence n total loss of orergy in passing through 2.54 anA thicknoss
of the material is~ 5;5 Mev. The manufacturers state that the light oubput
is ~ 65% of that of Anthracene. Now, Anthracemo has o photo-conversicn
efficiency of the order of 4-6% for o photon of wavelongth 4200 Kﬂp or sbout
60 ev is dissipatod in releasing one of theso photons. Honce, the number of
photons emitted in our case will be about 4.6 X 104'por vortical passago of a
minimum ionising particlo.

2+4b The PeMe Tubes

Tho PM. tubes usod hore ara ENI type 9618 and aro of 5" dismeter
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flat-face end window with 11 venetia;’r type dynodes, containing highly stablo
Ca-Sb socondary omission surfacos. The photo-cathode itsolf is of Sb-(s-0(11)
type with maximum officicncy at 4250 f&@ Thoy contain a focussing»olectrodc
to obtain maximum officiency of colloction of cloctrons (-~ 60%) from tho photo=
cathode to tho first dynode. Tho photo-cathode sensitivity is ~ 40-50 lAA/ L
(i.0. about 10 oloctrons aro roleased por 100 photons) and the dark curront

is ~ 0.2 MA ot 1800 volt applied to tho P.M. tube. The total gein, G, at the
oporating voltage is eshimated to be aboul'; 15 x 10 and the intereloctrodo
cagacita.nco is ~20 pi‘;

This type of photAo-multiplier tubo was selocted as the manufacturers
recommoended it as boing ominontly suitablo for fast coincidence work and as
pogsessing the eddod advantago of boing froe from efter-pulsing or the
‘ occurrence of multiple pulses initlated by e single primary event., Tho tubes
wore selected for low noise charactorigtics, the dark curront boing used as o
moasurc of the noise lovel. It was vorified tha'xt the noise pulses of tho
selocted tubos constituted less than 5% of tho total counting rate at the
operating voltage. The accidental pulses duo to tube noiso produccd in the

coincidonco arrangemont would be correspondingly low in the tolescopoe

2.4c The Conteinor Box

Apart from tho size and light-tightness, the light colloction
efficioncy of the photo-tubo from different perts of the container box is of
the utmost imporfa.nce in dosigning a largc aree detector. The light colloc-
tion officiency will dopond on the geometry of the box and the roflecting
coating of the container box. As far as the réflecting coating is concoerncd,
a diffusive reflector called tDarvic! has beon found to be very satisfactoar y.

It has a reflection coefficient r= .75 and reteins its whiteness over a long
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period of time. For simplicity and economy we have selected a container box
which has rectangular shape with dimensions of 54'x 54" x 17" as described
in.the saction 2.4.

The light-tightness of the box was tested first by measuring the
anode current with the P.M. tube well covered with a piece of black cloth
and then placing the open P.l'. tube inside the box with the 1id closed. No
appreciable change of the current wes dotected. The uniformity of the light
collection by the P.M. tube from the different parts of the box was tested by
measuring the anode current of the PJ{. tube when a small tungsten lemp was
pleced in different positions inside the box relative to the tube. It hes
\beén foumd that the current falls by about 30%1&hen the lamp is removed to
the extreme corner of the box. Reasonably uniform light collection cen,
therefore, be ozpocted from this arrangement,

It is, however, very difficult to calculate the light collection
efficioncy of the present errangement, but an approximate estimate was made
in the following way. It is likely that the transmission of the photons
from the scintillators to the photo-cathode of the tube is essentially
through a diffussion phenomenon.’ On the basis of the diffusion and reflect-
ion phenomena, Clark ot el (1957) geve an approximate formula for the light
collection efficiency of such a system as ours, and can be written in the

form,

p = D6 »
1-rt (1—6') cesec0Del

where p is the fraction of the photons released which give rise to photo-

electrons; t, is the average survival probability of a photon transmitted
across the detector between successive rofleotions; r, ig the reflection

coefficient of the diffusing coating of the container walls;f , is the ratio



-3~

of 1_:he photo-cethode erea to that of the diffusive surface and B, is the
pro{bability that a photon striking the photo-cathode will eject a photo-
ele;:tron. -

In ostimating the valus of the egn. (2.2) we put B = .05,
&= 6.8x10'3, r= .75, t £ .8. We thus obtain the expected value of
= 6.8x10"4. Therefore, putting this wvalus ofy, together with othdr factors

4, S ;llg Egcsg

in the ogn. (2.1), as given abowve (Viz., N = 4.6x10
¢ = 15x10%, ¢ = 20x1072 F), we obtain an output voltago ~200mv per passege of
a minimum ionising particle through the box; Incidentally, our electronic
system has been so designed as to accept any pulses sbove a minimm threshold
of about ~150mv. Hence. this pulse~height is quite sufficient for owr

pre'se nt system.

2.44. The Coincident Arrangement

Due to the high sonsitivity of the scintillation counting system
to the gemma-rays, it is very difficult to discriminnte the cosmic rays from
the background radio-asctivity, if only a single counter is used; so, two such
counters are generally used to form a telescope. In the presomt system, two
coynters of identical design are placed one above the othor in a Dexion frame
with a seporation of 27" to give approximately semicubical geometry for the
tolescope. Each pair of P.M. tubes used to form a telescope was specially
chosen to have approximatoly identionl gain at the same operating voltage so
thet a single E.H.T. supply could be used to drive both P.M. tubes in a
toloscope. Tho Plate 2.2 shows the complete arrangement of such a telescope.

2.40. Tho Electronic System

~Fig. 2.1 shows the blook diagrem of the arrangemeﬁt of two such

telescopes togethor with the associsted detecting equipment. The output
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pulses from the Head-units of the two counters forming a telesocope are fod
into @ coicidence-discriminator eircuit. The output pulees from two
coicidence circuits (i.e. from two telescopes) ars fod to a mixer circuit;

The output from this mixer circuit is then commected to a scaler wh?ch drives
an electromechanical printer. At the erd of overy hour the numbers recorded
by the printer are automatically printed out on a paper tape, when the printer
gets a signal from a clock.

In view of the extreme sensitivity of the P.M. gain with the
voltage applied to it, great care has been taken to keep ths voltagé fluctua~
tions as small as possible. Tho lower diagram in Fig.2.1l shows the voltage
supply system to the different parts of the tolescope. The mains voltage is
stabilised in two stages; At first a Servomex A/C stebiliser is used to take
into account larger fluctuations in the mains so that the 230V output is kept
constant within +.25% for an input change from -17.5% to 48.75%. This output
is thon fed through a satureted core constent voltage transformor which takes
inﬁo account the residual fluctuntions in tho form of transients, etc. The
.‘br;xnsformer stabilises the voltege continuously and instentaneously within
+¢1% for an input change of *15% and is self-protecting against short-
ci?cuits and transient overloadé. This stabilised output is then supplied to
the E.H.T+ ond L.T. wits. The E.H.T. units are of tho typo W 4024/0l made
by the Philips and are themselves stabilised up tq +05% for fluctuations in
the input voltage up to 10%., The L.T. units are transistorised (type TS 20,
mede by the Vennor Electronics Ltd.,) end well stabilised ageinst the mains
fluctuations. The temperature coefficientsof the E.H.T. units were measured
and a coefficient of only aboubmozﬁ &is found. The temporature of the

underground leboratory changes only by less than a degroe contigrade in the
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Figure 2.1 The block diagram of two Seintillation Counter Telescopes (A and B) and the recording
system. The two telescopes 4 and B form what is referred to as 'Recorder' in the
text. The lower diagram shows the wvoltage supply system to the telescopes and the

gssociated recording equipments.
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course of the whole yoar amd henecs cannot introduce any opproeinihle fluctun-
tions in the voltage supplies.

We have used high frequency transistors in the cleotronic ;ircuits
instead of wacuum tubes, because of tho long 1life, low voltage dissipation

and the compactnoss of the former. Since it is necessary that the P.M. tube

. and the emplifier-discriminator circuits contained in the Head-unit should

' be pleced close to each other to keep the stray capacitance to a minimum, the
uso.of the transistors helps to keop the heet dissipation near the P.M. tube
negligible; their long lives ensurc reliable operation over a long period of
time eand their compactness is an added advantago. Nevertheless, the use of
the transistors also introduces certain difficulties, viz., their character-
istics are sensitive functions of temperature and voltage. However, with the
suitable choico of the circuit parameters and transistors it is possible to
keep the temparature dependence of the circuitry to a minimum; the voitage
can be kept constant within cortein tolerable limits and speciel vo;tago
stebilising components inocorporated in the circuit design whenever ﬁecossary.

(i) Heed-wunit

Figse 2.2 axd 2.3 show the complote sots of the electronic circuits
conta&nﬁd in the Head~unit. Fig. 2.2 shows the resistor chain of ths dymode
systom of the P.M. tubes. The high collection efficioncy for the olectrons
by the first dynode of the P.M. tube is ensured by using 1.8M ohm résistor
betwsen the first dynode and the cathode. The output from the anode is taken
through a capacitor (1000 pF, 2.5kwW) to the basc of tho first transistor
(Mullard type OC 170) of tho emplifier. The emplifier is of the negative
feed-back type Which mekos its amplification independent of the L;T. voltage

ohanges. Its gain (~ 2.5) was found to be steblo ageinst the temperatu o
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chapges of tho transistor; it also acts ag aun impodance matching device
betﬁeen the high impodance output of the P.M. tubs and the low impedance
input of the tumnel diode discriminator circuit (Fig.2.3)

Tho output of the amplifier is taken through a pulse-height limiter
to the input of the discriminetor, containing a tunnel dio&e (type 1K29694,
made by the Genoral Eloctrie Co.). Tho tumnel diodc discriminator has boen
preferred hore because of its “omperature characteristics. For exomple, tho
| poak point current of the tunmel diode, which dotormined the switghing

threshold has a temporaturo coorficient of only~ 60uv/°C and the forword
voltage, which deteimines the amplitude of the output voltage has o

tomperature coefficient of~ 1.0 mv/°C. These valves hove beon quoted by the
maﬁufacturers. The tunnol diode is placcd at tho base of an. Avale.nqhs
tronsistor (type Mullard ASZ23) so that whonever tho discriminator operntos
on output is obtained from tho Avelenche transistor. With this arra,;ngaxrwnt
tho threshold of the discriminator was found stabloe within~ 0.1% per S¢.
The emitter circult of the Avalanoho transistor can drive pulses without
ati?enue.tion through & long length of coaxial ecable. The output pulses from
the Avalanche transistor were equalised at an amplitude of about~1.0 volt
and were very narrow with an average width of about-~ 20 nanoscc.

¢
(ii) The Coincidence-Univibrator Circuit

Tho output pulses from the Head-unit are taken through a cooxial
cable to a diode (type 0A95, Mullard) coincidence cireuit (Fig.2.4). Tho
coincidenco output is then fed into an emitter coupled univibrator eircuit
which gives out square pulses of amplitude ~1.0 volt and width greeter than
6 micro-sec,., suiteble to drive the wenner decade units (type TS 10/5).

Thore is an emitter follower ot the output end of the univibrator so thet
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Figure 2.4 The circuit diagram of the Coincidence Unit, the Univibrator and
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this circuit can be $sepdrated from the disturbing offocte of tho scaler- -
printer systems by meons of a matched coaxial cable.

(1i1) The Mixer-Scaler Unit

In order to roduco the number of printers and scalers from six
each, corresponding to the six telescopes developed here, to three oach, the
pulzos from two telescopes wore first added up by means of & miXer circuit
and thon fed into the scaler wmit. The circuit diagrem of tho mixer umnit is
shown in Fig.2.5. The rcaler contains two vemmer decade units f011qwed by a
relay wnit (type TS 13) which closes e relay contact after ewvery 100 pulses
have been counted. Tho six telescopes rum in this way will yield three sets
of data co;responding to the three pairs of telescopes, henceforth called
Rocorders I, II, and III. ¢ |

(iv) The Prinmter-Clock Systems

The relay unit of the scaler is commectod to en electro-mschenicel
printer. At the end of every hour, & clock closes a pair of contacﬁs in the
printer which causes the printer to print ocut the numbor recorded‘dﬁring
that intervals. Thus the date were recorded and printod automatically on
papor tapeslwhich could be collected at convenient times and tabulated for
fuéther analysis.,

2.5 Oporation and Performance of tho Telescopes

() At Sea lovel:

First of all, tho telescopes wers set up at sea-~level as described
above (Viz. Fig.2.1) and tests wero carried out to dotermine tho voltege
characteristics of the telescopes and to ascertain the roliability of their
performance as well as their dependence on the envirsnmgntal temperature.

Voltage characteristics of each counter were determined by finding
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tﬂé_phange of counting rates against the voltoge applied to the P.M. tube.

At a fixed emplificetion of the amplifier and aﬁ o fixed levol of diserim-
inotor voltage at the base of the'univibrator, chenges in the counting rotes
can only occur due to the change of E.H.T. voltags if the rodintion level
romains constoant during the measurement. The moosurements from one typical
tolescope ore shown in Fig.2.6. The curves (a) ond (b) show the single
counting rates from the two counters. These curves show that there is o
continuous distribution of the pulses and no plateau rogion is cvident.
Hbﬁever, when the coumtors wore run as telescops, so that tho pulsos from
the two counters were fod to the two channels of the coincidence ci;cuit, )
distinet pletonu rogion was obtainoed as shown in tho Fig.2.6 (Curvo c).’
in@icating thot the discerimination botween the cosmic rays and the Packground
radiation is possible in this arrangement. In this plateau region, all
cosmic ray perbticles should be counted and it is the usual practico to set
the operating voltage in the centre of the plateau region. The platocau region
extonds over ebout 100 volts with a slope of about 0:1% for an increase of

10 volts in tho E.H.T.

Whon the telescope was operating with a fixed E.H.T. voltage
corrosponding to tho middle of the plateau, any change in the counting rates
of the telescope should reflect, in praétice, the change in the cosmic ray
flux pessing through the telescopo. However, this ability of the scintil-
lation counter telescope to record the cosmic roy intonsity veriations oan
only bs judged in comparison with those recorded by a standard geiger counter
telescope. The scintillation countor telescope was run for soveral weeks at
sea lovel under two floors of concrete. A cubical geiger counter telescope

of sensitive arca ~ 3600 sqg.cms. with 10 cms. of lead botwoen the trays was
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also in operation et the top floor of the laboratory . The scin‘billa;t:‘ion
counter telescope should in this ease be rocording the hard components
mainly, together with a small omount of soft component. Hence under identi-
calvconditions of operation, both the scintillaticn and tho geiger counter
teloscopes should only be affocted by the atmosphoric changes, provided the
scintillation countoer telescopo is assumed to be as officient in dotecting
the cosmic ray intonsity variations as the geiger countor tolescopo. Con-
sequently, the intonsity rocord over the same period obtained by thom should
show parallel veriations whon the records arc plotted against time. Simul-
tan;ous records for six days from two such scintillation counter tolescopes
ne ﬁell as from the geiger counter telescope during Soptember, 1963 are shown
in Fig.2.7 (curves a,b,c,). Parallellism of the curves shows that idontical
variations have boon roecorded by the scintillation end the geiger counter
toloscopes. The correolation botween ths bi-hourly rates of the two detecting
systems was found by drawing e scatter diagram, whoro the best f£it line
showed a slope of~ .99. This loaves no doubt ebout the efficiency éf tho
scintilletion countor telescope in detocting the cosmic ray intensity varia-
tions at sea level.

Tho assessmont of the dopendonce of scintillation counter telescopes
on the environmental temporaturc wes made by comparing the simulteneous roecords
from tho scintillation and the goiger counter telescopes, when only tho tomp-
orature of the room, in which the scintilletion countor tolescopes woro run-
ning, was changed at random from 40°F to 90°F. The electronic equipment of
tho geiger counter telescope consists of vacuun tubes and, in fact, tho
whole dotecting systom has nogligible dependonce on the environmontel temp-

orature. Furthormore, the temporaturo of the room, in which the geiger
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counter telescope was ruming, remained roeasonably comstant during tho tost
period. Honeco, undor theso experimental conditions, the records ovor the
seme period from theso two detocting systoms‘shoulq still show parallel
verintions, provided the scintillation countor telescopos are reasonably
independent of the envirommontel tomperaturo. Accordingiy, simulta#oous
rocords for 8 days from these two detecting systems a¥o ghovn in Fig.2.8,
togethor with the tompcrature rocords of the seintillation counter room. It
can be seon from tho Fig.2.8 that the perallellism botween tho rocords of the
stendard geiger counter telescopo and the scintillation counter toloscopo hae
not beoen brokon, evon whon the temperature of the seintillation countor room
wes chenged over such a wido range. For further quantitativo assegsment, wo
grouped the bi-hourly counting ratoes of the goigor and the scintillation
counter telescopes according to high and low valuos éf the temperature of the
scintillatior countor room as indicated in tho‘Fig.Z.Q. A scatter disgrom
of the geipger rates against scintillation rates was drawn and tho 'bost £it!
straight line showed a slopo of ~ .97 (Fig.2.9)., It can be seegAfro@ this
figuro that all the groups are ovonly distributed along the straight line,
which indicates that the low or high counting ratés of the scintillétion
counter telescope do not dopend on the onvirommental temperature. Wo thus
coﬁcludo that thoe tomporature coofficiont of the scintillation countoer
toloscope is negligibly small and could not be detocted.

(b) Undorground:

The telescopos wore dismentled end tekon down to & disused part of
the Holborn umdorground stetion of London Trensport doop under. the city.
There tho telescopes wore sot up in an arrangement of semi~cubical goometry

to record the cosmic rey flux in the vertical direction. The depth of the
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laboratory is aboubt 60 m.w.o. bolow soa lewel. The site has beon spocially

cho§en bocause, some invostigations of the time varistions of the cosmic ray
inténsity have alrcady boen mado in tho past (MoAnuff, 1951, Mathews, 1963)

so that a comparison cen be medo botwoen theose invostigetions; the scintil-

lation tolescopos can run in tho complete darkness and tho location is ideal
for long term investigations becouss of the small change of tho temperaturo

of the leboratory.

New sets of voltago cheracteristics, i o. the coincidence counting
rotos against E;H.T., wore found for each telescopo underground. Typical
exapples from one of the tolescopes aro shown in Fig.2.10. Now the platoeu
region oxtonds ovor about 200 volts with a slope of about~.25%for an incroaso
of 10 volts in the E.H.T. (ocurve ¢)., No further temperaturo test was con-
ducted hore. Howevor, to show the reliability of tho operation of tho teole-
scopes in recording the cosmic ray intensity variations underground, wo havo
also plotted in Fig.2.7 tho simulteneous records during Seoptombor, 1963,
from the throe wnderground Recordors (curves d, e, £)e Tho timo vufiations
recorded by tho scintillation and geigoer countor teloscopes ghow ex¢ollont
agreemont with oeach other, indicating tho satisfactory porformonce of the
gointillation deteoctors at sea level as woell as underground.

2.6 Methods of Recording the Data

Tho bi-hourly records from the throo Recordors were plotéod against
time end a visual inspection of the rocords was made day by day as tho data
was coming in; No mutual disagreement of the intensity variations rocarded
by them could be dotéctod in this way. Vo have asccumulated almost wnbroken
rocords for the last 12 months starting from August, 1963 to July, 1964. No

broakdown in the olectronic systom ever occurred, excopt that ono or two
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docnde unite in tho soaler caused the loss of data for sovorsl days in one
Rocorder or tho othor, but comploto records from at least two Rocorders wore
always avallablo.

2.7 Tho Statistical Tosts of Mutunl Agroomont

Apart from this visual inspection of the parellcllism of the
rocords, two moro guentitative tosts, based on the statistiecal theo‘ry of
erx;ors, wore carried out to assess the mutunl agreoment betwoon 'l:ho: rocords.

In the first method a 'Chi-square! tost was carriod_ out to show
that thero is no significent difference in their long~term or shortetorm
tondencies and that the records from sach Recorder are oqually inflpenced by
outside factors e.g. of otmosphoric or of primary origin. For the caleula~
tién of the quantityX 2, we have used 10-doy moans of tho daily int;ansity
from cach Recorder so that altogether 26 such welues worc obtained from
Atxgusb, 1963 to April, 1964. Sinco thero wore three Recordors, two sets of
%2 - values wore obbtainod botwoen tho Recorders I & II, as woll as, botwoon

the Recorders III & IX, as givon below:=

) |
-)(12 = 29.41 (between tho Rocorders I and II)
:(‘-:2 = 25.01 (botweon the Recorders IT and III)

Entering those values in Fishor's table of X2 with 25 degrees of
froodom, we find that the corrosponding probabilities, P, are 0.20 (P £0.30
end 0.30 (P<0.50, i.e. such voluwes would erise on the basis of sempling.
Hence it can bo concluded with a faeir degree of confidenco that, if ono of
the Recordors is umbiasod, tho other tvy;)»a.m just proportional,

In tho second mothod tho dis‘br:’fbution of tho differonces in the

deily counting ratos between any two of the ‘Rocorders wore plbtted out in the
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form of histogrems, as shown in Fig.2.11 and Fig.2.12,

In Fig.z;lllwo show the histogram of the differences of the daily
counting rates (altogether 335 days of unbroken records wore used) :
be#w@en the Recorders I & II. In Fig 2.12 wo show tho samo between the
Rocorders II and III (in this case altogether 303 days of unbrokon recordsw
we?‘o used) .

Now assuming theat the daily counting rates from cach Recorder is
normally distributed (which is epproximntely tho caso for counting rates
oxtended over long periods), thoir differonces should also be normnlly dis-
tributcd. On tho othor hand, whilo tho individual distributions mey be
affoctod by the irregular atmospho?ic changes, the differences will be ffoo
from these effects since onch Recorder has been found to bo oqually
influenced by tho outsido factors. Henco tho difforoncos in the caunting
ratos wero u3ed to seo how thoy approximato to the normal distributioﬁ;

Wo havo calculated the normal frogquency distributions fof these
two pairs and have plotted thom as a continuous curve in Fig.2.11 and Pig. 2.12.
Tho two obsorved distribubions can be seen to egrec fairly woll with tho
expocted distributions. However, a quentitative test ofrfgooanSS of fitt
was carried out by findingy@ as a sum of the difforoncos betweon the
expected and the observed frequoncios divided by tho oxpeected frequoncies;
The valuesso obtained come out to be in the two casos as, 11.8 and 12.4.
Sinco the distributions were ostimated from the population moans and tho
gtandard deviations, tho dogroos of freodom wore 20 in each caso. Tho
probabilities of obtaining such wvalues by chancoc are botweon 5 & 10 in overy
100 rendom values. Wo conclude, thoreforc, with a fair dogroo of confidenco

that tho throe Recordors agree with each othor within statistical accuracy.
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Figure 2.11 The frequency distribution of the difference in daily counting
rates of Recorders I and II for 335 days. The observed
frquency distribution is shown by means of the histogram
and the expected normal distribution is shown by means
of the continuous curve.
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2.8 Tho difforent orrors involved in 1_:113 Measurement

It hes beon shown above that both ths visual and sbatistical testso
failed to reveal any disagroemont between the throo Rocordors . But tho
instrumental errors not dotocted in these tosts may, howovor, be prosent in
the form of systomatic orrors arising from tho fluctuations of tho mains
voltage and ths envirommontal temporaturc which will affoct oach Recorder
oqually and honeo will nobt be deotocted by tho nbove tosts. With tho adequate
voltago stebilisation ond tomporature componsetion as discussod cbovo, tho
systomatic orrors aro, howover, likoly to bo nogligiblo.

Apart from that, some other sources of orrors will still bo prosent
0.g. (1) the orrors duw to tho scaling factor and the rogistratién timos
(ii) the errors for using the coincidence and the mixor circuitsamd (iii) tho
orrors due to statistical fluctuations of tho counting rates.

The grouping of the date in units of 100 will, eccording %o
Shepperd, introduce en error ~1002/12 in the varisnce. Honco the incroase of
error in the daily counting rete («~36x10°) will amount to about 64 in
36x10° and will, theroforo, be nogligible. The registration timo of oach
printor is: only a fraction of a sccond and since only -.0.14 coumts/soc. on
the avor;xge are rocordod underground, it involves also negligible loss of
commting ratos,

The usoe of tho coincidonco circuit with tho rosolving timo,T, will
introduce an orror in torms of chance coincidonco, C, givon by,

C=mely.ne C:m,(-m"l, for m-fold coincidoncos  e.....2.3

whore {, ond Gm arc tho counting ratos of tho 1lst and m-~th countor. In tho

1
prosont cago, m=2, cl'.-‘s' 02%' 12x10° por minuto, T= 50x10"° soc. Honco this

introducos an orror of only ~0.01% of tho truws counting rate. Tho orrors for
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using the mixor circuit will also be negligible, bocauso the counting rato
from oach teloscopo is only about 4 cowmts/scc.

Tho orrors dus te tho statistical fluctuations of tho counting
ratos aro inhorbpt in tho cosmic ray investigation. It is woll-known that
tho counting retos of tho cosmic ray dotoctors havo Poissonian distributions.
Honco for tho total counting roto, N, & shandard dovietion, §=/N, will always
occur. Tho bi-howrly counting rato for oanch Rocordor is~1x10%., So tho s>
for tho'cambinod bi~hourly valws from thoso throo Rocordors will bq.g.ls%;
for tho combinod daily intonsitySwill bo ~ +059%; tho moan monthly hi-hourly
valuss #qvoé}u.OSG% and tho bi-hourly values avoraged ovor a yoor will havo
6+.007% This orror for tho moan bi-hourly valuos over a yoar is thus
sufficiontly small compaxrcé¢ with tﬁe oxpoctod solar daily variation ~.05%
(MecAnuff, 1951) or the sidereal daily variation ~.05% (Mathews,‘1962),~if
they at all exist.

249 Sumary

(1) The relative ease and the flexibility of the construction and mainten-
ance of the scintillation counter telescopes using Plastic scintillators
have been described in the beginning of the chapter.

(11) Both the long-term ond the short-term instrumental instabilities have
been fully taken into account. Both the viswl and the statistical tests
revealed no significgnt disagreement between the different Recorders during
last 12 months of runninge. |
(iii) The different sources of errors have been discussed and the¥ magni-
tudes of the errors eétimated to show that ollowing for all these errors, &
significant and useful investigation of the anisotropies produced by the

solar or the galactic modulation of the primary cosmic rays is possible,
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CHAPTER IIT

DAY TO DAY VARTATIONS OF ATMOSPHERIC ORIGIN

3.1 Introduction

A cosmic ray detector located at sea-level or underground for the
continuous recording of the cosmic ray flux will monitor the secondary particles
produced by the interactions of the primary particles with air nuclei near
the top of the atmosphere. Consequently, the number of the particles falling
on the detectors is strictly controlled by the state of the atmosphere
pa;ticularly, its pressure and temperature. This means that before the time-
variations of these cosmic ray intensities can be related to those of the
. primary cosmic rays adequate corrections have to be applied for the variations
in the atmospheric parameters which control the éosmic ray intensities.

Investigation of the atmospheric effects on cosmic ray variation began
as eérly as 1928, when Myssowsky and Tuwim (1928) first discovered the barometric
effect, or the negative correlation of the cosmic ray intensity with sea~level
pressure. Later on the works of Compton and Turner (1937) and othérs showed
that the sea level cosmic ray intensity was related to atmospheric temperature
variations. There were, however, many difficulties in finding a consistent
temperature effect for example, Hess (19397 found that the temperature
coefficient varied with the season. There were also severe difficﬁlties in
finding a reasonable explanation for the seasonal variations of the cosmic ray
intensity (Chapter IV). |

In the meantime more and more properties of the secondary cosmic rays became

known and it was realised that the hard component of the cosmic ray flux

consists mainly of unstable gr-mesons. Therefore an explanation of the cosmic
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ray variations of atmospheric origin consistent with the known absorption and
decay properties of mesons was sougut, For instance, it became clear that
since most of the sea-level muons are produced at a height ~ 16 km, the mean
temperature upto that height is likely to coantrol the cosmic ray flux observed
at sea level, rather than the ground temperature.

Duperier (1944) using an unshielded three-folc coincidence counter
telescope, found that the cosmic ray intensity, I, correlatés with the sea-
level pressure, B as well as with the height of the mesénlproductién'layer, H,
The first factor gives the absorption effect while the second factor defermines
the decay effect of the muons. This'decay effect arises from the fact that
when H increases, the path length of the muons reaching the detectors at
sea-level increases, but since the muons have a short life fime (~2.1 M-sec),
a decrease of the cosmic ray flux will occur thus giving rise to a negative
correlation with H. In order to separate these two effects for day-to-day
cosmic ray variations, he used a regression egn. of the type,

$1 - Awmaubs+Pine b (3.1)
where, Sg ’ ﬁenote the deviations of the parameters from their means during
the period of the analysis; ﬁlB.H and ’g T H.B 2Fe the partial regre§sion
coefficients represeﬁting the barometric and the decay effectsy B, H, and I
have the same meanings as above. Duperier found that the height of:. the 100 mb
level appeared to be t?e dominant production layer for the sea-level muons,

However, in subsequent experiments Qith shielded counter telescopes
Duperier (1949) discovered what is now known as the positive temperature effect -
the effect of the changes in the density of the air near the production level.

The density of the air is inversely proportional to the air-temperature in this
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region and consequently he modified the egn.(3.1) to include the effect
of the variable mean temperature, T of the 200-100 mb level so tha#,

éix_:,nguTH S B+ @y o +Brp gy & T vreea(3.2)
where,ﬁng_BH now is the partial regression‘coefficient representing the
posifive temperature effect while the other fegression coefficients have the
same meanings as above.

This positive temperature effect has been explained by Duperier as being
the consequence of the competition between the processes of nuclear interaction
and decay of I] -mesons. [/ -mescns are produced by the nucleon-nucleon interaction
of the primary cosmic ray particles with the air nuclei near the top of the
atmosphere (the mean production layer being 100 mb) and then can either decay
to M-mesons or interact with the air nuclei. The probability'of interaction
of ﬂlmesons of a certain energy will be directly proportional to ;he'density
of the air along its path. When the temperature increases, the density
decreases; this reduces the probability of interaction and consequently
increases the M-meson intensity at sea-level as more Ji-mesons can decay
to A-mesons in this case. A positive regression coefficient is, therefore,
a direct consequence of the known properties of ,j-mesons. With fhis interpretaé

)

the positive temperature coefficient}QT can be written as,

bp ==L Ql?
P R ar ceee (3.3)

where L = the range in cm. before decay

R = the m.f.p. in gm/'cm2

F = the density of the air.
This explanation, though successful in eliminating certain difficulties of

%
the seasonal variations in sea-level cosmic ray intensity (Dolbear and Elliot,19
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it proved to be insufficient when Duperier (1951) himself found that the
observed coefficient is about 3 times greater than the value calculated
according to eqn. (3.3). Trefall (1555a,b,c) attempted to explain the
temperature effects found by the correlation analysis in terms of theoretical
expressions, He succeeded in obtaining theoretical values for the barometric
coefficient and the positive temperature coefficient by taking into accouut
the known properties of the atmosphere and the contributions made by the
second order effects of the M-e decay on these coefficients. Trefall finds
good agreement between the theory and the experiment, if, and only if, the
spurious contributions from thejhue decay are included.

A completely new approach was made by Dorman (1957) and Maeda (1960) to
find the atmospheric effects on the coemic ray intensity variations. Porman
has shown that the discrepancies chserved, when the correlation method is
used to find the temperature coefficient, are due to the fact that the
correlation method does not take account of the distribution of air masses in
the essentially non-equillibrium atmosphere and spreading of the m@on production
throughout the atmosgphere. The first factor can reduce the effect of the
lower layers in producing the temperature effect, while the second factor
can increase the importance of the higher layers in producing the temperature
effect. Hence, different temperature coefficients will result from the
correlation analysis depending on the correlations éxisting between the
temperature variations of the air in the upper and lower layers of the atmosrphere

In order to avoid the difficulties of the correlation method, Dorman
deduced a theoretical expression representing the cosmic pay variations due to

the atmospheric effects, as given by,
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EL ,
§1;= BaB + ‘J;N«(,B)ST (R)aB cenead(3.)

where, & is the barometric coefficient; QT(B) is the variationy of the

temperature at various isobaric levels ranging from the observation level

with pressure, B=Bo to B=0; dB is the variatione in B and W(B) is the'density

of temperature coefficient', W(B) is a definite function and is calcuiated

taking into account of,the energy spectrum of the primary cosmic rays, energy

loss and production of J\-mesons in the atmosphere, etc. It also includes

the effects of the decay properties of the Jj-meson and the M-meson,

In calculating the temperature effect in this case (eqn. 3.4), it is
necessary to divide the whole atmosphere into several layers, starting at
ground level and reaching beyond the 100 mb level and determine the mean
values of (DT(B) for those layers from the radio-sonde data. Then by
multiplying these values with the corresponding values of W(B) appropriate
fo; the place of observations and the detectors used (as calculated by Dorﬁan),
one can easily correct the cosmic ray variations due to the second term in
eqn. (3.4).

l Nonetheless, both of these é}hods suffer from several sources of errors
and disadvantages, The theoretical models depend on the exact knowledge of
the composition of primary cosmic rays as well as their energies, charges
and directions of arrivals; they will also depend on the nature of the
interagtions of the primary and secondary particles with matter at different
energies. The inadequacies in our knowledge of these factors ggqbound to
introduce errors in these theoretical estimates. In correlation methods, it

is necessary that I is dependent on the selected atmospheric variables which

should be independent of each other., Furthermore, there should be a linear
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relationship between I and the other variables. While the linear
relationship is generally assumed to be th: correct one and the normal
distributions of the variables are approximated by using long periods in the
analysis, the condition of independence of the variables is not usuyally
realised in practice (Weatherburm, 1952; Dyring and Lindgren, 1962).

We have, however, preferred the use of the correlation method in evaluating
the atmospheric effects in our present analysis for the reasons stated below.
An examination of the function W(B) calculated by Dorman (1957)‘for a semicubica
telescope located at ~ 55 m.w.e. underground shows that W(B) is very small and
negative from ground level to 250 mb level but changes sign and tends to larges
values in the region of the 40 mb. isobar. However, the average meteorological
sounding balloén rarely goes higher than the 100 mb, level and consequently
tge necessary temperature information for the satisfactory application of
Dorman's method is nét available on a day-to~-day basis. Besides,‘the
cémputational labour involved in the use of this method is formidable. On
the other hand, the correlation method recommends itself for its relative
sim;&icity. In addition, Trefall (1955) has pointed out that the spurious
efifects introduced by the second order effects of Mt-e decay tend to negligibly
small values'at the high energies involved in underground measurements so that
a simple interpretation of the regression coefficients obtained from correlation
analysis is possible in our special case.

3.2 Analysis of the Underground Data

We shall present the results of the correlation analysis carried out on the

basis of Duperier's correlation method in two groups. The first group relates
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to the period from May, 1961 to April, 1963 and uses data from the two
original telescopes built by Mathews (1962). The whole period has been
subdivided into 11 smaller periods of roughly 30 to 35 days duration (total
of 320 days) for purposes of our analysis. The combined daily counting
rates from these two telescopes are 12XlC‘, their standard deviations being
e 090

The second group relates to the period from July, 1963 to July, 196k
when six more new telescopes were operating with improved instrumental
efficiency and stability as discussed in the previous chapter.

Daily mean values of the variables appearing in the egn.(3.2) were
computed for those days during which all the telescopes were running satisfactor-—
ily and during which the corresponding aerological data were available. The
pressure data were taken from the values sipplied by the Kew Observatory,
London and the upper air data were taken from meteorological charts gupplied
by the British Meteorological Office. The upper air data at Crawley, about
25 miles due south-west of London have been used in the present analysis. Since
tbere are only two radio-sonde filights per day - one at mid-day aﬁd another
a; mid-night ~ the weighted averages of the mid-day values and thé preceding
apd following mid-night values were calculated to use as daily upper air
témperature parameters.

3,2a., Results Obtained During 1961-63

First of all to take into account of all the possible atmospheric effects,
we have carried out a four-fold correlation analysis on the basis of egn.(3.2)
where the barometric effect, the positive temperature effect and the decay

effect are represented by separate terms. The temperature inside the atmospherie
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layers of varying’thickness and position in the range 200mb-7Cmb (the upper

end being limited by the ava-lability of the aerological data on a sufficiently
large number of days) wers used as the temperature parameters in the above
analysis. The differences in the heights of 200 mb, |50 mb, 100 mb and 70 mb
levels from that of 1000 mb level were used as the height variables.  The
values of the partial correlation coefficients obtained from this analysis are
given below in Tables I(a,b,c).

Table I(a)

! !
Period §22£:Ziture  Ref, levels H Y5, mH Y&T.HB 1. o,
I 200 mb ~ 100 mbé 200 mb -.696 - +e 459 -.307
E 150 mb -.683 +. 459 ~.335
. 100 mb - =718 +.545 -.2L6
E 70 mb -. 73k +.605 ~-.193
1T 200 mb ~ 100 mb 200 mb -.986 +,820 +,189
' 150 mb ~.988 +,793 +.375
100 mb -.986 +,754 +.114
70 mb -.986 - +.731 +.OLh
TIT 200 mb - 100 mb 200 mb -.876 +.583 -.245
100 mb -.869 +.635 -.168
70 mb ‘ -.865 +.578 -.061
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Table I(b)

Period

Temperature

Ref, levels H

y'].BQTH

X

between 1T, BH '1H,BT
IT 200mb-70mb 200mb -.984 +.757 +.121
100mb -.983% +.,667 -.022
20mb -.084 +.683 -, Q79
IX 200mb-70mb 200mb -.872 +.71h -.335
3.00mb -.852 +.690 -.188
70mb -.849 +4 700 -. 067
Table I(c)

Period { Temperature Ref. levels H Y Y Y-
between 1B, TH 1T.BH IH,BT
II 100mb-"70mb 200mb -.969 +.1415 +.025
100mb -.960 +olt11 +.261
20mb -,961 +o111 +4357
IX 100mb~-70mb 200mb -.894 +.345 +,080
100mb -.897 +4356 - 464
-.890 +.384 - 022

70mb
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It can be seen froum the epove tables that while the rtartisl corvelation
coefficients between the cosmic ray intencity and the ground pressure as well
as those between the cosmic ray intensity and the mean temreratures are
significant and consistent, this was not the case for the correlation
coefficients between the cosmic ray inctensity snd the height of an isobaric
pressure level irrespective of whether 200 mb, 150 mb, 100 mb or 70 mb
level was assumed to be the dominant production level of the observed muons,
The reason for this poor correlation between the cosmic ray intensity and the
heights of these isobaric levels, however, becomes clear if we note that the
day-to-day fluctuations in the heights from the mean values seldom exceed
.10 Km, Since the theoretical estimate of the decay ocefficient is of the
ofder of «.72% per km (section 3.4b below), such a decay effect will be too
small to be detected by the correlation method in the face of larger
statistical fluctuations and variations of primary origin in the cosmic ray
intensity (specially the 27-day type variations).

Therefore, further analysis on the basis of eqn,(3.2) was discontinued

and the equation was modified into the form,

S1 =B, 08 * Brr. 61 | seeee (3.5)
I

where we now neglect the decay term and include only those variables showing
significant correlations with the cosmic ray intensity. The regression
coefficients obtained on the basis of eqn.(3.5) for different temperature
variables are shown in the Tables I(a,b,c¢) in the Appendix I, The errors shown
there are in 95% fiducial limits,

The weighted mean values of the regression coefficients of this

analysis with their errors in 95% fiducial limits are shown below in Table II.
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Tabie LI

limits of air layer ;QIBoiﬁbhb o A?IT'B%/OG
200mb-100mb | -0.0363%0. 0027 +0.0415%0, 0052
200mb=70mb -0.0369%0, 0024 +0.0413%0, 0061
1C0mb~"70mb ~0.036430.0040 +0.0500%0, 0083

The mean values in the Table IT were obtained by weigﬁing each value
by‘%2 s where, 5 4 is its standard deviation. It can be seen from the above
table that neither the pressure nor the positive temperature coefficients
differ significantly whatever the thickness or position of the air layer tha
is used. Since from the theoretical point of view it appears preferable
to use the mean temperature of an even thicker layer of air extending from
200 mb to 10 mb level (Dorman, 1957), we have decided to use the mean temper-
ature between 200 mb to 70 mb isobaric levels as the appropriate temperature
parameter for correcting the data. It is also to be noted that the pressure
or the positive temperature coefficients (as shown in the Table I(a,b,c)
in Appendix I) obtained during the 11 periods analysed did not show any
significant fluctuations nor did they show any seasonal depenéence, even for
all the three cases where three different temperature variables were used.
This can be seen in Fig. 3.1 where we have plotted the‘regression coefficients
obtained during different veriods for a particular case of the mean temperature
between 200mb ~ 70mb level,

%,2b. Results Obtained During 1963-64

During this period the combined data from the six telescopes improved
the statistical accuracy byx}j’times over the previous period (Section 3.2a)

and no instrumental bias was expected in the results of the analysis. The
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period concerned was near the solar ninimum epoch, so that the variations
of primary origin in the cosmic ray intencity (as shown by 27-day variations
aﬁd Forbush~-decreases diccussed in later chapters) were negligible, Hence
conditions ai tlw present time are most favourable to finding the atmospheric
effects more aé@rately, than hitherto. Accordingly a four~fold correlation
analysis (eqn.3.2) was carried out for six months using the more recent cosmic
ray data. For vpper air parameters we have used the difference of heights
of the atmosphere between 100 and 1000 mb levels and the mean temperature of
the air layer extending from z00 mb to 70 mb level., The results of the day-
to-day analysis of each monthly periods are shown in Fig. 3.1 for compariscn
with those obtained during 1961-63, It can be seen that though the present
analysis confirms the earlier results azbout the pressure and positive
temperature effects, the decay coefficierts were soth positive and negative as
well as significant and insignificant. Our attempt to find any meaningful
decay coefficient was again fruitless. As a result further analysis on a
monthly basis was postponed. However, to reduce the computational labour we
calculated 5-day means of the variables appearing in the eqn, 3.2 for the
12.months in 1963-64, The results of the four-fold analysis carried out
ip this way are shown below in Teble III. . In this table we show the
weighted mean values of the atmospheric coefficients obtained during 1961-63
(using the eqn. 3.5) and from 5-day means during 1963-64 (using the eqn. 3.2)
together with their errors in 95% fiducial limits., '

These results show that the correlation analysis yields consistent and
significant pressure and temperature coefficients but still cannot detect the

small decay effect although the indications are that an approximately consistent
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table ITI

;
Mode of analysis | Press.coeff.%/mb | Positive temp. Decay coeff.

t coeft%/0C %/km,

, T T

Day-to-day (1961-63) |-.0,0369-0.0024 +0. 04130, 0061

| ‘
S5-day mean (1963--64) ;-0003551’0.0015 +0. 05200, 0050 -0.5820%0. 4290 |

vglue of the decay coefficient may be obtained by using longer periods in the
analysisa

3,3 Discussions of the Results

The results obtained from the present analysis about the atmospheric
effects on cosmic ray intensity variations at noderate depth underground will
be compared with those expected from theoretical calculations, mainly followinrg
Tfefall (1955,a,b,c) who developed theoretical expressioﬁs in an attempt to
explain the regression coefficients yielded by the correlation methods. We
shall then compare these theoretical estimates with those observed in the
present analysis as well as those made by others.

In this connection it is interesting to compare the atmospheric
coefficients obtained by two other workers, who also conducted éxperimenfs
a§ the same place as the present one. MacAnuff (1951) worked with threé
geiger counter telescopes and Mathews (1963) worked with two scintillation
counter telescopes. Their results from day-to-day correlation analysis (with

the errors in 95% fiducial limits) are shown below in Table IV for compmrison

Iable TV
Investigators Press. Coeff.%/mb | Positive temp. Decay Coeff,
o coeff.%/°C %/Km
| .
MacAnuf (1951) -.0338%, ookl +.0550%.0100 —_—
Mathews (1963) , -.0L24Z,0086 +.0365%, 0240 —_— !
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It can be seen from the tables III and IV that though MacAn#ff.used
the mean temperature between the 300 mb and 100 mb levels and Mathews uéed
that between the 200 mb and 100 mb levels (as compared to that between the
200 mb and 70 mb levels in the present case), the results from these three
sets of measurements agree within the limits of statistical accuracy. We shall

compare these values again with the expected values in the next sections.

3:3%a The Barometric Effect

Trefall (1955c) has shown that the correlation analysis acceording to
the eqn. (3.2), where JA~e decay effect is taken into account by a éeparate
term, yields a 'partial' barometric coefficient. This partial barometric
cqefficient at chese high energies represents simply the mass absorption etfect.
On the other hand, the correlation analysis on the basis of the eqé.(}.ﬁ) wheze
theju~e decay term is omitted, or the analytical methods otitlined by Dorman
A(1957) and others, yield a 'total' barometric coefficient which includes the
cémbined effects of mass absorption and Al~e decay effect operating’simultaneously
during changes of barometric pressure.

Trefall showed that the mass absorption effect of vertically travelling
muons of momenfa, Ig , at sea-level can be calculated only from an exact
knowledge of their differential and integral intemsitiesn(P) and N(P)
respectively, together with the cut-off momenta Pc of the recorders, as given

by the expression,

é‘; n = n(Pc) dPQ_ i-.c.(3-6)
N(Ps) dB
where,Bnéﬁsthe mass absorption effect of the muons and ggc is the rate of

loss of momenta of the muons per unit change of pressure, B.

In calculating the mass absorption coefficient for our detectors we shall
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‘assume that due to the special weighting prnﬁorties >f the countei telescopes,
'Em;for such recorders (semicubical telescopes) will be approximately the same
.as calculated for vertically incident muons. The reasons for such assumptions
are as follows: |
The intensity depth curve for the vertical intensity I(h) at a depth h(m.wees)
_is written és,

I(h) = ™ | cees(3.7)

where, m(h) is a positive number and A is some constant. Hence differentiating

"eqn.(3.7) and dividing each side by dB, a simple rearrangement yields,

* m (h) dh 1
ﬁm‘ h dB ‘ lonp(}os)
where, —%%—- is the effective change in depth per unit change of pressure, B.

; Now for particles arriving at a zenith angle 0,}not only is the effective depth
ingreased to hsec O,’but also the coefficient %%— is increased by the same
faétor ifvéhe scéftéring in the solid absorber js neglected. This means -that
so long as m(h) remains constant,Bn~wou1d be same for particles arriving from
the vertical as from inclined direétions. m(h) is a slowly varying function but
it is only at large zenith angles and at large energies that this variation
becomes significant (Sheldoﬁf:&962). Consequently, at this moderate depth
and for the angle of acceptance'subtended by the present telescopes\we can expect
that the calculated'mass absorption coefficient according to the equation (3.6)
will be correct to within a few percent.

Measurements of the muon spectra up to 1000 Gev/c have been made
recently by groups at Cornell, Manchester, Sydney, and Durham using cosmic

ray spectrographs of greatly improved resolution and statistical accuracy.

Since there is good agreement amongst the different measurements up to ~300 Gev/c
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and the values of differentizl zud integral spoctra from Durhan cosmic ray
spéctrograph measurements vere available from a paper published by anman and
Wolfendale (1962), we have used Durham values of N(P) and n(P) for gur present
calculation, Similarly,.the facuor g%ﬁ wvas calculated by using formula developed
by Rossi (1952) (in the range 5-10 Gev/c) and by Rossi and Greisen (1941)(in

the range 10-100 Gev/c). The curve B in Fig. 3.2 gives the expectea mass
‘absorption coefficients for vertical mesons at different cut-off momenta of the
recorders.

In calculating the conlribution to the barometric coefficient, {from
the Mre decay, we have again used the formula developed by Trefall, but using
the Hayman and Wolfendale differential spectrum in order to get thq integrated
effect. The results of this calculation are shown in Fig, 3.2 (curve cle
The combined effects of mass absorption and decay effect, i.e., thé total
barometric coefficients expected at different cut-off momenta Pc are shown
as curve A in the same figu;e.

The comparison of cufve A with that given by Trefall shows -that it agrees
well with Trefall's calculated values in the low momentum region., Similar
agreement is found with the calculations of Wada (1962) except in the high
mementum region (above 50 Gev/c) where our calculated values seem to be a
little higher than those of Wada. This disparity at higher momentum region
may be due to the differences in the momentum spectra selected as well as the
factor %gg which is rather uncertain at high momenta.

The experimental values of barometric coefficients obtained by

MacAnuff (1951), Mathews (1963) and the present author at London, by Fenton

et al (1961) at Hobart (42 m.w.e.) as well as by Sandor et al (1962) at
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Budapes£ (40 m.w.e.) are also shown in Fig. 3.2 for comparison with our
estimates. The errors are given as 95% fiducial limits, The agreement
between‘the calculated and the 6bserved values at London is excellent. There
is also good agreement at Hobart, though Fenton et al found some discrepancy
between theory and observation. The Budapest point, however, appears slightly
higher than our calculation but a part of this discrepancy can surely be

ascribed to the increased elevation of the Budapest station.

§l§b The M-eDecay Effect

It has been shown earlier in this chapter that even with the higher
acquracy of the cosmic ray data used here, only an approximate value of the
negative temperature effect could be detected by the correlation analysis. X
theoretical estimate of fhe decay effect has therefore been made, and the
methodlof doing so is outlined below.

At a depth of 60 m.w.2. the momentum lost by a muon in traversing the
atmoéphere is not negligible in comparison with the average momentum of the
reéorded mesons. In the calculation it is assumed that the muons are pfoduced
in the vicinity of the 100 mb level through -/t decay. The decay coefficients
were calculated for vertically incident mesons with the momenta corresponding to
meéons (i) at sea-level, (ii) at 550 mb level and (iii) at productién from the

formula,

ngdecay ‘= - W\‘H_ - o-.-(309)
fi P& tm C

where, C, is the velocity of light; myg and ty are themass and life-time
of muons at rest; f; is the density of the air, and: f& is the momentum of the
muon, at a depth x—gm/bma. The average of these values was calculated as the

decay coefficient for the mesons at sea-level with the momentum,‘Ps. The decay
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coefficients of vertically Incident mesons at a recorder with the cut-oif
moméntum, PE were calculated as the integrated offect over the recorded yart

of the momentum spectrum by using differential intenéiﬁy at sea-leve} as a
weiéhting factor. The results sve given as a continuous curve in Flig. 3.3,
togéther with the observed values at London, Budapest and Hobart. Wide
variations of the values and their large statistical errors, however, make

any conclusion difficult,

‘Thé estimated value of decay coefficient for London is found to be

about 0.72% per km., Considering the day-to-day variations in H (about 100
meters), we find that the corresponding change in the daily intensity caused
bylphe decay effect is only about .07%. This change cémpared to the statistical
érrér of the combined daily records during 1963-64 (about 0.05%) is not
expected to be detected by the correlation method and is more likely to be
masked by the statistical errors of the parameters used in the correlation
analysis and also by the dominant pressure and temperature effects, However,
'thié correction becomes important for periods of large atmospheric disturbances
and in the seasonal analysis of the data.  An approximate value of the decay
coefficient obtained by using 5-day means during 1963-64 might have been
accidental. No significance can, however, be attached to this value because

of the error involved.

2.3¢c  The Positive Temperature Effect

Even though the temperature inside the atmospheric layers of varying
thickness and position'in the range 300mb - 70mb was used in the correlation
analysis, none of the positive temperature coefficient measurements obtained

at London differ significantly from each other, (viz, Tables III and IV),
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However, we note that all these values are consistently lower than the
theoretical estimate (..1% per °C) of Trefall (1958) where he calculated the
positive temperature coefficients by assuming temperature variations in the
at@osphere independent of depth and taking the attemuation length of pions
tofbe as high as /250 gm/cma.

It is,therefore, interesting to look into the overall significance of
these results and examine the possible reasons of this lowering of the
observed positive temperature coefficient.

First of all, the inclusion of the negative effect from ii-e decay
may partially cancel the positive effect from 1T~/4 decay (Trefall, 1955a;
Barrett et al, 1952). Theoretical calculations were carried out assuming an
atmosphere with strongly correlated temperature changes at all lefels of the
atmosphere. Since in our correlation analysis with the eqn.(3.5) 4-~e decay
tefm was omitted, the above factor might have played an important paft in our
measurements during 1961-63, However, the negative effect arisiné from the
temperature changes in the portion of the atmosphere below the lOO:mb levei
coﬁld npt be incorporated into our measurements due toc the fact that the
average correlation between thé movement of the 100 mb level and the changes
of the femperature in the portion of the atmosphere between 200mb gnd 70mb
levels was found to be negligibly small over the entire periods considered,

A similar conclusion can be drawn from the measurements of Fenton et al (1961)

at 42 m.w.e. In both the measurements it is found that the positive temperature
coefficients obtained from a four-fold correlation analysis (where fhej;—e

decay is included) and also from a three-fold correlation analysis (where

the fM-e decay term is omitted) do not differ significantly from each other.
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It thus can be concluded that the negntive efient produced by the temperature
variation bzlow the selected reference level iz not the cause of the low
value of the observed positive temperature effect. However, if the meson
beam above the reference level contains alsu muons, as is likely to:be the
case, a negative temperature effect would be incorporated into our @easurements
due to the changes in stratospheric temperature, so that the final &alue
of‘the positive temperature coefficient would be determined from the relative
prpportions of pions and muons.

Dirdtunziion of the observed positive temperature effect may also
result if a considerable fraction of the mesons observed underground originate
from the decay of mesons heavier than pions. Judge and Nash (1963) have,
indeed, pointed out that about 30% of the muons with production momenta above
40 Gev/c could come from Kaon~decay. The positive temperature efféct will
in this case be smaller because of the shorter mean life of K-mesons., There
is also some indication (Trefall, 1955a) that due to further pion production
in pion-nucleon interaction, the absorption length of the pions may be few
times longer than their interaction mean free path.

Finally, it is to be noted that our selection of the portion of the
atmosphere to be used in the correlation analysis was made according
to the availability of the aerological data. This portion of the afmosphere,
as pointed out by Dutt and Thambyahpillai (1964),may not be a sufficiently
representative sample of the entire region of the stratosphere whose temperature
controls the cosmic ray intensity observed underground. It was found from
the available upper air data that the temperature changes above and below

100mb level (e.g., 50mb and 200mb levels) are in general poorly correclated
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and the am;ﬂitudes of the temperature variations above 100 mb level seem

to be smaller than those below by a factor of two or more, Now, it has

been pointed out by Barrett et al (1952) and Dorman (1957) that the upper

most layers of the atmosphere should be given increased weighting in determining
‘thé atmospheric temperature coefficient. Uiider these circumstances, the
'bbServed value of the positive temperature coefficient could well be smaller
by‘a factor of 2 or more than is to be expected from the theoretical estimates.
A further discussion of this temperature coefficient will be given in the next

Chapter dealing with the seasonal variation of intensity.

3.4  Summary
1) The barometric coefficiert (~.037% per mb) has been measured from

correlation analysis and the measured value agrees very well with the theoretical

estimates.

2) No decay effect was detectable even with higher accuracy in our cosmic
ray data and even in the absence of any variations of primary origin in the
cogmic ray intensity. A theoretical estimate of the decay effect (-.72% per
ij was made for correcting our data, especially during seasonal analysis,

3) The experimental positive temperature coefficient, (+.0hﬁ% per °0C),
though it agrees within statistical errors with those obtained by MacAnuff
and Mathews, is lower than the estimated value. The possible causes for this
discrepancy are discussed and it is found that the omission of the influence
of the upper-most layers of atmosphere might be the chief cause for this

ungertainty.
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CHAPTER IV

T ——

ANNUAL VARTATION

4,1 Introduction

A seasonal wave of the hard component of cosmic rays corrected for
ground pressure was detected as early as the 1930's, but these early rvesulis
were not mutually consistent and they had not been properly corrected for the
atmospheric effects. A seasonal wave with maximum during the summer months was
reported by Clay (1930); Steinke (1930), Hess (1940) ard others, while a pronvuaced
maximu1 during the winter months was reported by Compton and Turner (1937)
Hess (1936) and others. \Working with the Compton-Bennett meters at Cheltenhau,
Toloyucan, Christchurch and Huancayo, Forbush (19%8) also found a maximum during
the winter months. He found a negative correlation with the ground temperature
whicﬁ differed from station to station. Ie, however, thought that this apparent
seasonal wave was due to the distribution of air demsity with height in the
atmosphere.  Gill (1939),on the other hand, found poor correlation with the
grouqd temperature and could explain the winter maximum on the basis Qf
Blacﬁett's (Blackett, 1938) meson decay theory. Vallarta (1939a) showed that
the SgaSOnal wave cannot be explained by the solar magnetic moment model which
he proposed earlier (1939b). |

buperier (1941, 1948) in the mean time made detailed studies of the
annual variations in cosmic ray intensity at sea-level and showed that the theory
of meson decay can adequately explain the annual variations and can aiso account
for the discrepancies observed by the earlier workers. He showed that it is

necessary to take into account the movement of the meson production layer, which

is more closely related to the mean temperature of the atmosphere than to the

ground temperature.
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This theory was successfully applied by Dolbear and Elljiot (1951)
in their analysis of the seasonal wave obtained with two inclined cognter
telescopes at Manchester, They found a pronounced maximum during the winter
months when the cosmic ray intensity was corrected only for pressure, but when
due allowance also was made for theldecay effect a seasonal wave with the maximum
during the summer months was obtained. They concluded that this variation can
be explained with the help of Duperier's positive temperature effect, because the
upper ‘air temperature was found to be in phase with the seasonal variation
of the cosmic ray intensity. Since then their finding about the metesorological
modulation of the seasonal wave has been confirmed by others. A small extra-
atmospheric modulation of the seasonal wave was reported by the Russian
workers (Dorman and Feinberg, 1958).

However, all these results refer to the sea-level observations and
.very few results have been reported from underground measurements, Rau (1939)
repdrted a seasonal wave of ~~2% at 40 m.w.e.; his records, however, were
not corrected for any atmospheric effects, MacAnuff (1951) working at the same
place as the present experiment reported a seasonal wave of~0,5% with the
maximum during summer months. This could be explained on tﬁe basis of Duperier's
theory of competitive decay and nuclear absorption of [f-mesons, ngmin (19%60)
working with recorders situated at 7, 20 and 60 m.w.e. underground, showed that
when corrected for pressure the seasonal variations diminished with the depth
and the correction of the wave with Dorman's 'density of temperature coefficients'
completely eliminated the seasonal variations in each case.

We intend to present below: the results of the study of annual variation

at :
PR

in cosmic ray intensity observed at 60 m.w.e. underground and see to what extent
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the observations can be explained in terms of meteorological factors.

h.2l The Seasonal Variation Observed Und&srground
| For the study of the annual variation in the cosmic ray intensity

it is necessary that the recorders shogld yield reliable and continuous data
for at least 12 complete months; these data should also be\free from large
irregular variations, often associated with the Forbush-decrease typé phenomenon.
It has already been stated elsewhere, that from August 1963 to July 1964, we
have accumulated almost unbroken cosmic ray data from the six new teléscopes.
There were no electronic faults breakdown nor any other detectable iﬁstrumental
defects during this period. Furthermore,anEtggcrease, which could modulate
the cosmic ray intensity at Holborn, occurred during this period, except in
Septeﬁber, 1933, when a barely significant decreése occurred in the cosmic ray
intensity. A1l these conditions, together with the higher accuracy of the
cosmic ray data, made it possible to study the annual variation underground
.during 1963-64 with a fair degree of confidence.

We shall also present the results of the study of anmual variation in
the cosmic ray intensity underground using cosmic ray data from one qf the
two old telescopes. The data from December 1960 to November 1961 have been
selected for presentation as during this period, at least one of the two telescopes
appeared to function in a completely stable fashion.

Uncorrected monthly mean intensities and the corresponding values of
the sea~level pressure during 1960-61 are shown iﬁ Fig. 4k.1la. The curves
are drawn from August to August in order to facilitate the comparison of these

results with those obtained during 1963-64,  The monthly mean intensities during

1963-64, corresponding to the three Recorders I, IL~ apd IIT have been plotted
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in ?ig. L.2. The Recorder III, howeve:r, showel a small drift (=~ .2%) during
the period Jamuary to April, 1964 and the princs corresponding to these months
havé beenvplotted after conrrecting for this arift. It can be seen that all
thr;eﬁintensity curves show fairly good agreement with each other; However,:
in brder to avoid introducing any bias in the énalysis we have used the cosmic
ray‘data from the Recorders I and II only iﬁytﬁe folliowing aﬁalysis. The
mean monthly intensities from these twé Recorders together.with the corresponding
sea}level pressure over thévperiod August 1963;Ju1y 1664 are shown in Fig. 4.1b.
The curves showing sea-level pressures~ have been plotted in the reverse scale
in prder to show the marked negative correlatioﬁ with the cosmic ray intensity.
The cosmic ray intensities, therefore, have been corrected for the sea-level
pressure, using a ba;ometric coefficient of ~0,037% per mb. as obtained from
the day to day analysis‘and the resultant curves for these two years are shown
in Figs. 4.3a and b4.3b.

It has been shown in the previous chapter that the muon decay effect
was small enough to be negligibie for day fo day variations in the cosmic ray
intensity, but would be appreciable during seasonal analysis. To see that
this is so, we have plotted the mean monthly values of the differences of the
heights between the 100 mb., and 1000 mb levels in these figures, corresponding
to these two years concerned. It can be seen that the annual range in the height
of this pressure level is of the order of 500 to 600 meters which, according to
our estimate of the decay coefficient (~0.72% per Km), would cause an annual
change in the cosmic ray intensity of the order of -, ,4%., This variation,
compared to the observed annual range of the cosmic ray intensity,is not

negligible. Hence, the observations were then corrected for the movement of the
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height of the 100 mb isobaric pressure level and the corrected curVes are

shown in Figs. 4.4a and 4.4b corresponding to these two years. The:difference
in height between the 100 and 1000 mb levels has been chosen as fhe appropriate
variable for the decay correction because a total barometric coefficient has
been used tb correct for the effect of pressure changes.

In Figs. b4.hba and L4.bb, are shown the corresponding mean month;y values
of the average temperature of atmospheric layer lying between the 200 mb and
70 mb pressure levels. The positive correlations of the cosmic ray intensities
with these temperature waves are clearly evident in both the years,

This parallelism between the cosmic ray intensity and the lower
stratospheric temperature has been investigated further by the methods of
correlation and harronic analyses. The harmonic analysis was carried out
for the two years using the 12-monthly values of the cosmic ray intensity
(corrected and uncorrected for barometric and decay effects) and thase of the
temperature waves. In Figs. 4.5a and 4.5b, we have plotted the first harmonics
of 'different vectors for the two years and the results are shown below in
Table I. We havée also given in this table the amplitudes of 2nd~harmonics to
show that they are negligibly small.

It can be seen from Table I that in both the years there weré small
phase differences between the cosmic ray intensity and the temperature vectors.
The phase difference is reduced when a height correction is introduced but the
height correction enhances the amplitude to such an extent that this amplitude
cannot be accounted for by a tempgrature coefficient of +.04% per °C which was
obtained by the day to day corrgiafion analysis,

It will, therefore, be interesting ‘to examine the results of the correlation
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Iable T
i
Year Component Amplitude of the! Time of Amplitude of the
1st harmonics maximum 2nd harmonics
1960-61 Intensity corrected{ A = .28% Sept.-Oct. | A = ,09%
for pressure only
Intensity corrected! A = .39% Aug.-Sept. | A = ,O2%
for pressure and
height
Temperature T = B.OOC July-Aug. ———
1963-64 Intensity corrected! A = .20% May-June A= ,04%
for pressure only
Intensity corrected| A = .33% May-June A= ,03%
for pressure and
height
Temperature T = 3.900 ' July-Aug. i ——
Table II
o
Year Component Ty ﬁgT% per C
1960-61 Intensity corrected; +.39 +.035 + .023
for pressure only
Intensity corrected| +.60 +.074 + 034
for pressure and
height
1963-6L4 Intensity corrected ;i +.60 +.035 + 014
for pressure only
Intensity corrected| +.85 +.067 + ,015
for pressure and
height !
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analysis carried out using the mean monthly values. The correlation and the
regression coefficients obtained in this way are given in Tavle II., (Errors
are in 95% fiducial limits).

Examination of the Table II reveals some interesting features, It is
seen that similar results are obtained in both the years and that when the
pressure and the height variations are taken into account in the seasonal analysis,
a positive temperature coefficient is obtained which is greater by a factor
of~~ §.7 than that obtained from the day to day analysis. Similarly, if efféct
of the height variations in the seasonal analysis is neglected the positive
temperature coefficient assumes a value which is approximately equai to that
measured from the day to day analysis.

Similér results were, it is to be noted, obtained by MacAnuff t1951) and we
reyroduce below in Table III the values calculated by him;for the purpose of -

comparison., (Errors are also in 95% fiducial limits).

Table III
, 0
Year Component ryp /91% per C
h949-50 Intensity corrected for
pressure only +.76 +.054+ ,015
Intensity corrected for
; pressure and height +479 ! +.096+ ,024
{ ; -
H H

]

Nonetheless, it must be admitted that the decay effect over the year
has to be taken into account and,therefore, it would:appear that there is a

disagreement between the positive temperature coefficients derived from the day
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to day correlation analysis and from the seasoral variation. It remains
to be seen whether this apparent discrepancy can be explained in terms of
experimgntal limitations, particulafly the ignoring of the temperature
variations above 70 mb.

L,% Discussion of the Results

The results presented above show that the explanation of the annual
wave in cosmic ray intensity underground in the light of known atmospheric
effects meets with several difficulties. For example, the observed amplitude
of the annual wave is too large to be explained by the positive temperature
coefficient obtained from the day to day correlation analysis and there
exists a difference between the observed positive temperature coefficients
obtained from day to day and from montk to month analyses.

However, we can now examine the different possibilities which might
account for this disagreement;

(i) There may be other agents of terrestrial and extra-terrestrial origin
wh;ch can control the annual variation in the cosmic ray intensity and which
have not been considered so far.

Regarding this possibility, the only other conceivable agents appeared
to us to be the geomagnetic activity and the amount of the absorbexr over the
recorders during different months due to the amount of rainfall at Holborn.
The amount of the rainfall per month falling at Holborn was extracted‘from
the records supplied by the Meteorological Office, Holborn, The mean monthly
rainfall at Holborn during 1960-61 is plotted in Fig. 4.Lka; the poor correlation
with the cosmic ray intensity is obvious (r = -.09), Similarly, the poor

correlation between the cosmic ray intensity and the AP -index can be seen
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in the Figs. b.la and 4.4b. The correlation crefficients obtained during
these years are *1960/61 = ~.0l and 1 963/6 = -.09, It can thus be
concluded that the anmual -rariation in the cosmic ray intensity is not
influenced by these agents at ali.

(i1) The disagreement is a consequence of experimental limitations resulting
from the fact that the temperature in large portions of the stratosphere
where the positive effect can be expected to occur has been neglected in the
analysis.

Concerning this possibility of (ii), we might refer back to the
discussions of the positive temperature effect given in the previous chapter.
There the different possible causes for loWering of the observed positi#é
temperature effect have been examined and it was concluded that the correlation
existing between the temperature changes above and below 100 mb level may
lower the observed positive temperature coefficient obtained from the day to
day analysis by a factor of 2 or more.

While the day to day changes of tempefature in the stratosphere appear
to have smaller amplitudes than those prevailing near the 100 mb level, Jjust
the reverse applies for the seasonal variation, i.e.; the seasonal femperature
changes in the stratosphere are known to have larger amplitudes thaﬁ those
occurring in the lower levels (Newell, 1964). If,as pointed out by Dorman
(1957) and others, the region where the positive effeet occurs gxtends well
into the stratosphere, the larger stratospheric changes will produce corresponding
intensity changes which will be correlated with the 200 mb - 70 mb layer to
the extent that the stratospheric temperature is correlated with the temperature

of the lower layer. It is clear, however, that the effect of ignoring the
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temperature of the uppermost layers of the atmc-ighere will be to produce
an.apparent lowering of the day to day positive coefficient and an apparent
increase in the seasonél coneificient as is found to be the case. While it is
thus possiblé to account qualitatively for the discrepancy encountered earlier,
a quantitati&e check is ﬁot possible for the lacls of the necessary upper air
data. However, a2 rough confirmation of this explanation will be a?tempted

by working out theoretically expected seasonal variation from Dorman's valués
of the 'densities of the temperature coefficient', as described below.

It has been shown by Dorman that the expected annual variation in cosmic
ray intepsity is given by,

an = fw(B) $o(B)an B o b1

N o .
where,éﬂKB), is the change of the temperature at various isobaric pressure
levels, dB, is the variation in the pressure B; W(B) is the 'density of
temperature coefficient' and dN is the expected change of the pressure corrected
intensity N, at the place of observation with pressure Bo.

Thé expected annual variation at Holborn using the egn. (4.1) has been
calculated in the following way:

The values of the function W(B) at different pressure levels have been
taken from the curve given by Dorman corresponding to a semi-cubical telescope
at 355 m.w.e, underground and those of the temperature fluctuations gT(B)
have been extracted from the radio-sonde records. In replacing the inteération
in eqn. (4,1) by summation, we have divided the whole atmosphere up to 10 mb
into 12 layers of 100, 50 or 20 mb thickness i.e., from Bo to 950 mb, 950
to 850 mb, and so on, In the region of the atmosphere from BO to 40 mb,

we have used the mean monthly values of the temperatures at Crawley averaged over
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5 years from 1951 to 1955 as supplied by the Meteorolsgical Office, London.
Since the temperatures of the isobaric levels higher than 40 mb weré not
available here, the temperature values of the rest of the atmosphere up to

10 mb level were extracted from the 1960-61 radio-sonde data supplied by

the Berlin Meteorological Office. The inclusion of these values measured over
Berlin is not expected to introduce any appreciable errors, because the upper
air temperature cannot be very much different at the same latitude stationsj
and Berlin and London are situated roughly at the same geographic latitude.

Under these circumstances, the expected annual variation at Holborn,
calculated in this way, should correspond more closely to an average variation
rather than to any individuai\year, as there is some indication that the
temperature of the upper air atmosphere may have different fluctuations during
different years Qvér London (compare Table I).

The comparison of the theoretical variations with the observed
variations can still be made to see how close is the agreement between them.,
Accordingly, we have plotted the same Dorman's predicted annual variation in
Figs. 4.6a and 4.6b (the dotted curves), together with the measured anmual
variations during 1963-64 and 1960-61 respectively (the solid curves). The
agreement does not seem to be good during 1960-61; however, this may not bé
surprising if we note that during this period the data from only one of the
telescopes were used. The data is liable to be less accurate and more likely
to be biased. But there seems to exist faigly good agreement between the
Dorman's prediction and the observed anmual variation during 1963-6k. Considering
the fact we could not use the exact values of 5 T(B) corresponding to this

period, it seems reasonable to conclude that Dorman's method of atmospheric
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corrections for the cosmic ray intensity can frlly account for the annual
variation observed underground i.e., the seasonal variation observed at

Holborn is exclusively of meteorological origin.

4, 4 Summary

To sum up, it can be said that the underground cosmic ray intensity
demonstrates a 1l2-month wave when proper corrections are applied to take into
account of the barometric and decay effects. No semi-annual wave of importance
was observed. The annual wave has an amplitude of ~; «33% and shows a maximum
during summer months and a minimum during winter months. It is found that
other terrestrial and extra-terrestrial agents have little control éver this
variation.

The positive temperature coefficient found from the seasonal analysis
wag significantly higher than that obtained from day to day correlation analysis
and the explanation of this apparent discrepancy could be that the analysis did
not include the temperature changes in the uppermost levels of the atmosphere,
A gomparison of the theoretically predicted and experimental curves for the
seésonal variation, appears to indicate that the origin of the seasonal wave

of the cosmic ray intensity may be entirely atmospheric,
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: CHAPTER V

SOLAR DATLY VARTATIC.

.1 Introduction

As early as in 1928, Lindholm (1928) observed that the pressure
corrected cosmic ray intensity exhibited a solar daily wave whose amplitude
appeared to be less than ~.5% of the mean. Similar observations by Compton
et al (1932), Hess and Graziadei (1936), Schonland et al (1937), Forbush (1937}
and others showed that the daily variation had an amplitude of about .2%, though
no unique time of maximum could be ascertained froﬁ these observations; the
published values showed the time of maximum anywhere between the morning and the
late afternoon. Forbush (1937b) also reported a l2-hour wave whose amplitude
( ~ ,04%) differed little from that (. .05%) reported by Hess et al (1936). But
all these early measurements were made by ionisation chambers and could haves been
contaminated by the fluctuations in the radioactive contents of the atmosphere
 (Forbush 1937a), Moreover, some of the results were corrected for pressure
only (e.g. Forbush 1937b) while bthers were corrected for preésure and gfound
temperature (e.g. Hess et al 1936). These results thus were not very reliable
and the existence of an anisotropy in the primary radiation could not be
established.

However, the subsequent development of Geiger counter telescopes made it
possible to study the daily variations unaffected by the backéround radioactivity.
Such studies have been made by Duperier (1945, 1946), Malmfors (1949), and
recently by Sandstrom et al (1962) and others. Duperier applied corrections
to his data to allow for the pressure and M-e decayugffects and obtained a solar
daily wave with an amplitude of ~.4% and a maximum at about 1600 hrs. In addition

to these corrections, it is necessary to correct the data for the positive
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temperature effect as stated in the previous chapters. Unfortunately, this
positive temperature effect is‘largely uncertain for measurements of ionising
components and the results, therefore, éould not give any positive evidence
about the degree of anisotropy in the primary flux,

To avoid these difficulties, measurements wevre made with directional
counter arrays pointing in the North-South and East-West directions. In this
kind of investigation a daily variation isAgouéht as the difference between
daily variations observed by the North and South pointing counter telescopes
or those observed by the East and West pointing telescopes. This differcnce
wave should be free from atmospheric effects and hence, if present, should be
interpreted in terms of non—isot;opic distribution of the primary cosmic ray
flux, Kolhorster (1941), Alfven (1943), Elliot and Dalbear (1950)‘and
Sarabhai and Gottlieb (1962) have investigated daily variations with their
co&nter teleccopes inclined to the South and North at 4ifferent angles to the
vertical. Similar measurements with counter telescopes inclined tp the East
and West at 45° angles to the vertical have been made by Elliot and Dolbear (1951),
Rao and Sarabhai (1961) and others. The results of these directional ‘
measurements have proved conclusively that the difference curves, indeed, show
Variations over a solar day and hence, it represents the variation in the primary
cosmic ray intensity.

More recently, conclusive evidence of an anisotropy in the Primary‘cosqic
radiation has come from neutron monitors which detect the low energy nucleonic
components of the cosmic ray flux. It has been found that the neutron intensity
needs correction for only sea-level pressure changes and is negligibly influenced

by the atmospheric temperature changes (Simpson et al 1953, Dorman 1957)., This
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freedom from the influence of atmospheric tompe-ature removed one of the main

)
sources of error of the resnlts of those earlier workers who used vertical
intensities of the ionising components to measure the daily variation. The
neqtron intensity corrected for prescure changes shows a daily variation which
caﬁ be interpreted with great confilcnce as arising from an énisotropy in primary

radiation (Premtyaiese-dewts¥o@h, Katzman and Venkatesan 1960).

5.2 The Relation between the Daily Variation and the Geo-magnetic and Solar-
© activity

Many studies of the dependence of daily variation on the geo-magnetic
and solar activity have been made recently by using the data from both the
ionising and nucleonic detectors. Elliot and Dolbear (1951), Sekido et al
(1950, 52),Sandstrom (1956) and others have observed anomalous diurnal variations
of the ionising cosmic ray intensity during geo-magnetic storms,  The
characteristic features of these a;omalous variations are that the amplitude
increases and the time of maximum shifts to earlier hours during geo~magnetically
disturbed days. Kane (1955) and Sandstrom (1962) reported the enhancement of |
the daily variation during the days with high Kp -index. It has also been found
that there is a tendency of the high amplitudes of diurnal variations to recur
at an interval of 27-days (Sittkus 1955; Sarabhai and BhaBesar 1958, Firor et
al 1954). |

Thambyahpillai and Elliot (1953) analysed the ionisation data from
Cheltenham, Huancayo and Christchurch over the period 1932-1957 and found that
the time of maximum of the diurnal wave showed a2 tenﬁency to follow a 22-year
cycle, Further studies of the long term changes of daily variations, measured
at these stations,have been made by Steinmaurer and Gheri (1955), Sarabhai et al

(1955) and recently by Forbushet al(l96QL They made an exhaustive study of
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these data from 1937 to 1959 covering a total period of 23 years. They averaged
the data from the three stations and calculated annual mean daily variations

for different years. Then theyplotted the departures of the first harmonic
vectors of the annual mean daily variations from the overall average for

1637-59 in a harmonic dial. These deviations of the yearly mean vectors from
the 23-year average vector clearly displayed a large secular variation indicative
of a quasi-systematic 22-year variation. It has been pointed out that though
thqyarwﬂysedtﬁe pressure corrected data, the analysis would be free from other
meteorological effects as the deviations of the yearly means from the 23~

year average were used and as the atmospheric effects would be expegted to

be about the same in different years. However, it still needs more data for

a definite indication of this secular variation hecause, this anzlygis covers
only one such périod.

The evidence for short term changes of the daily variations in the
nucleonic component has been reporte& recently by Lockwood and Razdan (1963).
Ihgy analysed several Forbush-decreases observed by a large number of neutron
monitors scattered all over the world during 1957-60 and found significanﬁ
enpaﬁcement of the daily variations during the main phase of Forbush-decreases;
the time of maximum also appeared to shift to earlier hours as observed by
others in the case of ionising component. Since the neutron monitors have
been developed recently the information about long term changes of the daily
variations as measured by neutron monitors is not yet available.

5.3 The Rigidity Spectrum of Diurnal Anisotropy of the Primary Cosmic Radiation

In order to study the dependence of the daily variations on the rigidity

of the detected particles, it is necessary to carry out measurements with
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different detectors which will respond to the primary radiation of different
epergies. The ccsmic ray dstectors localed at different longitude,
lattitude and altitude ox the surface of the earth can give informavion of
rigidity dependence up to abcut 100 Gv; the underground detectors can
extend this rigidity range to higher values. However, the neutron mopitors
at sea-level are better suited for such studies than the meson detectors
because the neutroin data needs only pressure correction and the response
curves for neutron monitcrs are more accurately-known than those for the meson
detectors at sea-level. In the cace of meson detectors underground the
response curves have tc be calculated by empirical'methods (hence likely to
be more inaccurate) from those of the sea-level meson detectors. - Besides, the
atmospheric corrections for meson detectors at sea-level or underground are
#ot known with great certainty.

S0 the data from neutron monitors have been widely used for this kind
of investigation. It is now clear from the studies made in the last decade
by workers like Katzman and Venkatesan (1960), Xane and Thakore (1960),
Pomerantz et al (1962) and others that the amplitude of the daily variation
remains nearly constant from the equator up.to about 60° latitude énd then |
decreases sharply towards the pole. The hour of maximum appears to increase
from about 1000-1200 hrs. at the equator to about 1500 hrs. at high latitudes.
The amplitude does not show any marked dependence on the longitude or altitude
of the detectors. The phase of the diurnal variation, however, shows
gignificant longitudinal dependence which is due to the differehces in geo-
magnetic deflections suffered by the primary particles (Murakami 1961).

The above results of the daily variations have been utilized in theoretical
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in?estigations of the diurnal anisotropy of the primary radiation le by
different workers who generally assume a power law spectrum, in rigidity R
of the particles, of the form,
b= AR \ veeens (5.1)
where, A = Cos A (= the source strength) mainly‘confined to the ecliptic plane;
m, is a constant; » 1is the asymptotic latitude.

For this study of the diurnal anisotropy the time of maximum and the
amplitude of the daily variations are the two fundamental quantities. Now,it
is'known that neutron monitors respond to the lower enargy part of fhe primary
cosmic ray spectrum, so that the particlee reaching the detectors will suffer
copsiderable deflections by the geomagnetic field., The daily variations measured
by neutron monitors will, therefore, depend on the amount of deflection suffered
by the particles of different rigidities. 4n exact evaluation of thesé two
quantltles ~ the tlme of maximum and the amplitude of the daily varlatlon -is
essential before ascribing them to primary radiation entering the geomagnetic
field.

This problem has been tackled by Brunberg and Dattner (1953, 54), Dorman
and Felnberg (1958) and others who used the concept of 'the asymptotlc direction
of v1ew1ng of the prlmarles outside geomagnetic field in order to eorrect.for
geomagnetic deflectlons. in all theseanicﬁlations, howe&er, fhevgeomagnetic
field was represented by that of a dlpole whose axis 001n01ded with the rotational
axis of the earth,

| Nagashlma et al (1961) and Murakami (1961) 1ater on 1ntroduced an
important correction to these calculatlons.v They p01nted out that the geomagnetlc

axis is, in reality, inclined 11.5o with respect to the earth's rotational axis,
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so that the above calculations will have to be modified accordingly. With
the introduction of this modification, they found that the longitudinal effect
on the time of maximum expected from inclined dipole axis agrees very well
with observations,

Recently, McCracken (1962) introduced two other refinements into the
calculations of Nagashima et al (1961). Firstly, he represented the geomagnetic
field by using higher spherical harmonics up to the sixth order according to
Finch and Leaton (Finch and Leaton 1957) sixth degree approximation. This was
justified because the magnetic data and other cosmic ray data from the ground
based of:satellite cbservations amply show that the geomagnetic figld is rather
complicated and a;@moximétes more to a field containing higher degree spherical
harmonics than to a depole field. Secohdly, he introduced the effect of the
finite width of the asymptotic cones of acceptance of different detectors,

This effect of the finite width has been carefully examined by Rao et al (1963)
and it has been shown that the earlier concept of the®mean asiitotic cone of
viewing7is only an approximation of the agtual cone of acceptances This
difference will give rise to large errors, if the angular extent of the comne

of acceptance is comparéblé to that of the anisotropy of rrinary césmic radiation.
They instead introduced the concept of 'the asymptotic cbne'of acéeptance'of the .
detector' which was defined as the solid angle containing the asymptotic
direction of approach that significantly contributesto the counting rate ofhthe
detector, -

This method of studying the anisotropy thus appears to be more accurate
and sophisticated than the earlier approaches using the concept of 'asymptotic

direction of viewing'. On the basis of these modifications, Rao et al (1963)
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made- theoretical calculations to predict the daily variations that would be
measured by different detectors at different places on the surface of the earth,
From the analysis of the daily variations observed by a large number of neutron
monitors during IGY, they came to the conclusion that.the'observed diurnal
variations are consistent with an anisotropy which is independent of rigidity
in the range 1-100 Gv. Kane (1964) used the data from a larger mumber of
stgtions than was used by Rao et al and came to the same conclusionf it is to
be noted that Rao et al have compared their results with the observed daily
variation at Hobart (42 m.w.e.) and have found that the upper limit of the
rigidity to which modulation extends has to be placed at about 200 Gv. This
rigidity independent anisotropy will be examined later on in this cghapter in
the light of the experimental measurements of tﬁe daily variations at Holborn.

5,4 Experimental Results of the Daily Variation Observed at Holborn during
1961 to 1964

The solar daily variations measured underground have been studied
over the period of three complete years as follows: (i) from November, 1960
to October, 1961 (ii) from November, 1961 to October, 1962 and (iii) from
Aygust, 1963 to July, 1964. During the first two periods (henceférth referred
to as the periods 1961 and 1962), Qe have used the meson data from.the two
old telescopes, while during the third period (henceforth referred to as the
period 1963-64) the data from the six new telescopes were used.

The data for the intermediate period between November, 1962 to July, 1963
has not been used, gince the period does not cover 12 months and also during
this period there had been many gaps in the records as the laboratory was

being re-arranged to make room for the new telescopes.
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It is also to be noted that the data for the period 1961 has been
analysed by Mathews (1962), But as he used in his analysis a preséure coefficient
of -, 042% per mb for correcting the data and as there is some indication that
this value is slightly higher than the expected value, the data has'been ¢
reénalysed By using a pressure coefficient of -.037% per mb which has been
found to be in good agreement with the expected value (viz. , Chapter III).

For the étudy of the daily variations underground, the records from
different telescopcs were arranged into bi-hourly values according fo local
solar time and the ammual means for the three periods were obtained by using
oniy those days during which fhe records from all the telescopes were avallable.
These bi-hourly values were corrected for pressure changes by using a pressure
coefficient of -.037% per mb. The numbers of days used for the analysis during
the three periods & as follows: (i) 350 days during 1961 (ii) 303 days during
1962 and (iii) 360 days during 1963-64,

The pressure corrected daily variations during these periods are shown
in Fig. 5.1 (curves a,b,c,)i The daily variationg during 1949-50 observed
by MacAnuff (1951) is also shown in the same figure (curve d) for comparison.

It can be seen from the figure that within limits of statistical accuracy
the daily variations observed during different periods agree very well with
each other.

The daily variations for the three periods were harmonically analysed
and their first and 2nd harmonics are shown in Figs. 5.2a and 5.2b (dotted lines).
The close agreement between amplitudes and phases of the daily variations
observed during different periods is evident.

To increase the statistical accuracy. the data from the three periods were
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added up and the average daily variation over the period 1961 to 1964 is

shown in the Fig., 5.2c. (dotted curve). In averaging the data for the three
periods we have given 3 times greater weight to the period 1963-64 ﬁbecause of
the higher statistical accuracy of the data) thanfgiven to the peribds 1961 -
or.1962. The solid curve in Fig. 5.2c has been obtained as the fitted daily
variation by taking into account of the first two harmonics only. The amplitudes .
of the third and higher harmonics appeared to be negligible and hawenot been
used in the analysis. The average vectors for first and second harmonics

arg shown as solid lines in Figs. 5.2a and 5.2b, The error circles shown
inlthese figures correspond to these average vectors and have been calculated
from the standard deviations of bi-~hourly counting rates. The amplitudes

Afand the times of maximum Ihax of the first three harmonics are given below _

in Table Io
Table I
. — T
Amplitude Al% Tmax iAmplltude Aa% Tmax Amplitude AB
i 4

Solar daily .018%, 004 13.58%.82! .ontt.oon  1.813.82 | ooz
variation 4 ;

(1961 to 1964) §

It will be seen from the above table that the solar daily va;iation of
the underground cosmic ray intensity (corrected for pressure only) contains a
significant 24 hour and a 12 hour component and the higher harmonics have
negligible amplitudes.

Experimental measurements of the daily variations underground have been
made at Hobart and Budapest. From the analysis of Budapest data during 1961-62,

a semi-diurnal wave of amplitude of about (.028%,004)% compared to ~(.OLST.004)%
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for the diufnal amplitude was obtained. From the paper published by Jaéklyn
(i,963)., a semidiurnal smplitude of about (.027%.01)% compared toﬂ(.:laé.i.Ol)% for
tﬁe diurnal amplitude was obtained for the year 1958 at Hobart. In the present'
cése, the existence of the semidiurnal wave cannot be dcubted and it will
therefore be necessary to consider both the diurnal and semi-diurnél waves in

t@e study of the solar daily variation underground.

5f5 Discussion of the Results

| The observed daily variations underground have been corrected for
the effects of pressure changes but not for the effects arising from the changes
in the upper atmospheric temperature. So, before attributing the daily variaticn
to the anisotropy in the primary radiation it will be necessary to correct for
changes of the temperature in the upper atmosphere (Chapter III).

It is at this stage that we encounter serious difficulties ip making
a}lowance for the atmospheric effects because of our lack of adequate knowledge
of diurnal variations of temperature in the upper atmosphere. Primarily'
the number of atmospheric soundings made per day is two and it is not possibie
to make an accurate assessment of the diurnalland semidiurnal varigtions on
the basis of such a small number of flights. Even if this situation could be
remedied,the insolation and the lag errors near the ceiling altituaes of the
balloons are large ard the corrections for these effects are also correspondingly
large and,unfortunately,rather uncertain. |

Consequently, there are very few published results about the measurements
of daily variations of the temperatures and heights of different pressure ~

levels, especially near the region of the atmosphere of greatest importance
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to us (i.e. near the lower half of the stratosphere).

| Dorman (1957) reported that the maxinmum deviation from the mean daily
temperature of the atmosphere above 300 mb over Russian stations was about

lOC with the time of maximum at about 13200 hrs local solar time, Harris

(;962) found a mean annual amplitude of the diurnal wave of stratospheric
temperature of about .7?°C with the time of maximum near about 1400 hfs. Wada
and Kudo (1962) calculated the diurnél wave of upper air temperature over
Jgpan as having an amplitude of ~+.66°C and the time of maximum at 1300 hrs.
Scrase (1956) found that the temperature near 50 mb level showed a daily
variation with an amplitude of about 1.500 over Britain; Kay (1951) also
reported an amplitude of about .SOC to lOC near about 150-80 mb level
o&er Britain. Dolbear and Elliot (1951) analysed the radiosonde data supplied
by the British meteorological stations and estimated annual mean amplitude
o? the daily variation of the height of 100 mb level to be of the grder of
~U2,6 meters with the time of maximum at about 1300 hrs. Similarly, they
'obtained the annual mean daily variation of temperature between lOC—SO mb level
of the order of about 1,5°C with the same time of moximum. During the period
selected by Dolbear and Elliot (1951) for analysis the British meteorological
stations conducted four flights per day; nowadays, only two flights per day
are made, However, an examination of the present-day aerological data reveals
that the estimates made by Dolbear et al are still largely valid, except that
the amplitude of the temperature wave estimated by them appears té be rather
high, We can, however, use these estimates for an approximate correction
for the underground diurnal wave observed in the present case.

Let us first consider the diurnal component of the daily variation of



-120-

cosmic ray intensity. It has been shown in Chapter III that both M-e decay
effect and positive temperature effect will h#ve to be taken into account in-
correcting the underground intensity. Iﬁ order to make allowance for the M-e
dééay effect it should be'reéalled that we estimated the decay coefficient
for the underground radiation to be about .72% per Km. So, if we use the
above estimate of the daily variation of the height of 100 mb level (Dolbear
et al 1951) we find that the diurnal variation of cosmic ray intensity will
rétain its phase but increase to an amplitude of about ,048%, when corrected
for the Ui-e decay effect.

Considering first the possibility that the observed solar da;ly
variation is entirely of atmospheric origin, the amplitude of the diurnal
témperature‘variation in the upper atmospheré can be estimated. Using the
dsy to déy positive temperature coefficient of .O41% per OC;thé diurnal
émﬁiitude of the atmospheric temperature in the range 200-70 mb levels will
have to be about 1.2°C. Meteorological obsefvations indicate that this
estimate may not be excessive and therefore we cannot entirelj elipinate the
possibility that the observed solar daily variation is totally of atmospheric
origin. However, because of the uncertainty in the meteorological observatious
the possibility that an appreciable part of the observed solar daily variation
is due to érimary anisotropy cannot be eliminated. Under these circumstances,
it is intended to examine the data more closely to see whether a part of the
solar daily variation originates in a primary enisotropy.

A measure of fhe primarg_anisotropy in the:low energy band is obtained
by the daily variations cbserved by ‘neu_trqn monitors and it is possible to

select days on which this aniSotéopy is 1érger than the average. If the
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enhancement in amplitude of the primary anisotropy extends to energies
c§rresponding to the underground measurements, then the same increase can be
expected in the observation of the underground daily variations. The pressure
corrected neutron and underground intensities at London for the period 1963-64
were arranged into two éroups of days{— (i) days showing large daily -~
variations (Group I) and (ii) days with no clear daily variations (Group II),
selection béing made on the basis of the neutron data. The mean daily
variations corresponding to these two groups of days for meson and neutron
intensities were calculated and are shown in ITigs. 5.3a and 5.3b. We also show
\ in these figures the first harmonics of dailly variations corresponding to
these two gfoups of days (Figs. 5.3c¢ and 5.3d). It will be seen frém these
figures that in the case of neturon intensities the amplitude of the mean
déily variation for group I days is rearly 1.5 times larger than that for
gfoup IT days. But in the case of meson intensities it is not possible to
decide whether there is any increase in the diurnal amplitude for Group I

days b;cause of the rather large statistical uncertainty in the underground
data,

: Secondly, it is known that there occurs an enhancement of the diurnal
amplitudes of solar daily variations during geomagnetically disturbed days
(section 5.2). So, if a part of the observed solar deily variation originates
in a primary anisotropy, then larger diurnal amplitudes would be observed
underground for days with high geomagnetic activity than for days with l&w
geomagnetic activity, As a measure of the geomagnetic activity, Ap - indices
were useds The pressure corrected underground data for 1963-64 were divided

into two groups of days according to high and low values of Ap - (i) days
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with oA 10 (Group I) and (ii) days with Ap)/ll (Group II). No further
sub&ivision of the days was'possiﬁle because during this period days with
AF > 11 were not numerous enough to‘justify the an?lysis. The mean daily
variations corrgfponding to these two groupé of days together with their
first harmonic vectors are showﬁ in Figs. 5.4a and 5,4b. - It caﬁ be seen
from the figures that though there is some indication that the higher
amplitudes of solar daily variations ﬁnderground may be associated with hign
geomagnetic activity, wk the statistical errors involved are such that

n; definite conclusion can be drawn,

We shall aow consider the semi~diurnal wave., On the basis of the
evidence produced by Harris (1959) for a semi-diurnal wave in the stratospherié
témperature, a part of the semi-diurnal wave in cosmic ra& intensity can be
aécounted for. Furthermore, if we examine the observed waves for solar daily
variations (Figs. 5.1 and 5.2) we find that there is some sudden and sharp
deéreaée of the intensity at about OQOO - 0800 hrs. in the morning:and at about
' 1600 - 1800 hrs. in the evening, suggestive of a semi-diurnal effect. As
suggested by MacAnuff (1951) this effect may arise due to the suddgn influx
of people and motor véhicles near Holborn during these hours of the day.
MacAnuff estimated this 'population effect' to be of the order of ~,025% by
assuming 200,000 people per sq. mile packed close together., This estimate,
however, seems to be rathef high because of the following reason. The
underground laboratory is situated at a place which is surrounded by big office

buildings at the surface and the concentration of the people cannot be as much

over the recorders as in the central London area. It could be, however,
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determined experimentally by finding the daily variation during weekends

and holidays, when this popnlation effect would be absent. Unfo;tunately,
"this could not be tested with the necessary degree of accuracy because of
éhe small variation to be expected. For example, even by using the three
years' data the mean daily variation during weekends and holidays will still
5e uncertain by a standard deviation of ~ i.Obé% and in the presence of such
an error, we cannot achieve 95% confidence. In spite of this difficulty

it must be admitted that a part of the semi-diurnal wave can obviously be
éaused by the population effect. Under these circumstances, we can reasonably
conclude that the semidiurnal wave may well be caused by the temperature

and population effects.

5.6 The Rigidity Spectrum of the Daily Variation as determlned from the
Underground Measurement

It has been stated above tiaat Rao et al (1963) compared the daiLy
variation measured at Hobart with the calculated anisotropy and found that
the aniéotropylwas independent of rigidity in the range of 1-200 Gv. The
uppef limit of the rigidity range, however, could not be determined accurately
from the neutron data since neutron monitors are not sensitive enough at this
range, nor could it be determined accurately from the Hobart data because the
vieéﬁonse curve for such a detector is largely uncertain. Besideu' the Hobart
data was not corrected for changes of the atmospheric temperature,

As the amplitude of the diurnal variation observed at Holborn is much
smaller than that observed at Hobart in 1958 (section 5.4), it would be
interesting to sece what extent the conclusion about the upper limit of the

anisotropy has to be modified in order to conform to our experimental value,
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In order to examine this, the expected amplitudes of the daily
variations underground were calculated with the following assumptions: the
anisotropy is along 9OOE of the Barth-Sun line, is maximum in the ecliptic
plane and falls off as CosN R ()\R is the angle between the asymptotic
direction of a particle of rigidity R, arriving vertically at a place with
geomagnetic latitude § , and the ecliptic plane); the primaries incident
on the detector other than from the vertical have negligible contributions to
the total counting rate of the detector.

With these assumptions, it is possible to evaluate the amplitude o of

the daily variation measured by a detector at the latitude .~ from the formula,

Hf; W) sosng ooy o =}2 . jﬁ:\ W R)E(R) cos)\RSin‘%’RdﬁkZJ%

N = = 7
(R WRGR
o eess(5.2)
where, 5:W(R)dR = the counting rate of the detector having the differential
" response,W(R),at R,
f(R) = the fractional anisotropy in the primary cosmic radiation and
assumed to be constant up to an upper limit in rigidity
(Rao et al 1963).
W E,R = the angle between the asymptotic dircction of a primary
particle of rigidity R, arriving vertically at the latitude
A 3 and the meridional plane measured eastward from this
plane,
Ra = the cut-off rigidity of the detector at latitude p.

and MR has the same meaning as above. The anisotropy is defined by *R and

Y E.R the so-called asymptotic latitude and longitude.
k]
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In calculating &, the factors appearing in equ. (5.2) were evaluated
in the following way. The function W(R) has been extracted from the
response curvé as givew in the Appendix II; corresponding to a meson detector
at a depth of 60 m.w.e. below ground. The method of calculating such
a response curve has been outlined in the Appéndix. The angles q’E,R have
been evaluated from the Brunberg-Dattner (1953) diagram corresponding to A ~60°
for the vertical direction of =pproach. The angle)\R was taken approximately
equal to the geomagnetic latitude of the detector. The value of the factor
f(R) has been taken to be equal to br.lO-3 (as given by Rao et al 1963).

The caiculated values of the amplitudes are shown in Fig. 545 as a
gontinuous curve plotted against Rmax’ the assumed value of the upper limit
of rigidity up to which the anisotropy is present. .

Now to compare the predicted emplitude with that observed and to deducé
an approximate value for Rﬁax’ it is necessary to know the observed magnitude
éf the daily variation of primary origin when all other causes of variations
have been adequately allowed for.

At this point, it should be noted that orbital motion of the'earth
around the Sun with the speed of about 30 km/sec, could give rise to a diurnal
variation, the effect of which would be to lower the amplitude of the true
solar variation and shift the time of maximum to earlier hours, This effect -
the so-called agberration effect - has been calculated according to the theory
of éompton-Getting and comes out to be of the order of~.,02%. This will,
therefore, have a considerable effect on the observed solar variation and has

.to be taken into account.
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The inset of Fig. 5.5 illuétratés the mothod used to correct the
solar variation for this aberration effect. The vector OA is thevpressuré
corrected solar vector (amplitude~.018%). The aberration effect is
represented by the vector AA' so that OA' now represents the true solar vector
(amplitude~ .031%). Assuming that the primary anisotropy is along the 1800 hr.
direction the maximum amplitude of the solar vector is likely to be represented
by OC (amplitude~. .028%).

Comparing the approximate value of the solar vector OC with the calculated
value (as given by the continuous curve in Figure 5.5), we find that the upper
limit Rmax is to be set at about 100-125 Gv. On the other hand, if it is
assumed that whole of this solar vector is accﬁuntable on the basis of
known atmospheric effects, it is found that the limit is to be set at about
50 Gv,

This value of Rmax seems to be much lower than the value quéted by Rao
et al (1963). 3owever, since their observations refer to the period of high
solar activity (1957-58) this lowering of the value of R MOV wéll indicate
tha£ now in the solar minimum period the solar modulation of the priméry
cosmic rays doee not extend beyond about 100 Gv or it is also poséible that
the amplitude of the anisotropy has decreased since the last sun-spot maximum,

"To see whether this lowering of Rmax can be confirmed, the annual daily
variation measured by the neutron monitor at Makerer (an equatorial station
having a high rigidity cut-off) during 1962 was calculated. The amplitude and
thase of the daily variation during 1962 were then compared with those measured
during 1957-58. In both cases the amplitudes and phases came out to be the

same (ampl.~ .42%; phase at about 1100 hrs.). So, the apparent lowering
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og Rmax could not be confirmed f?omlneutron monitor data. This, however,
dées not exclude the possibility of its existence since neutron monitors
operating at sea-level are not sensitive enough at this régidity renge to see ~
t#is lowering of the value of Rmax'
2;2 Summary
(i) The pressure corrected solar daily variation at Holborn appears to have
an amplitude of ,018%,004% with the time of maximum at 13.58%,82 hrs. for the
first harmonic vector, while the second harmonic vector shows an applitude
of +O14%,004% with the time of maximum at 01.80%.82 hrs.
(ii) When approximate corrections are applied to allow for changes in the
stratospheric temperature, it is found that the observed daily variation
uhderground mey be largely of atmospheric origin, but the possibility that a
pgrt of the solar daily variation originates in a primary anisotropy cannot
be ruled outs |
(iii) . The observation at Holborn seems to be consistent with an anisotropy
JW@pich is independent of rigidity up to the limit of about 100 Gv, if the
- corrections for the changes in stratospheric structure are neglected and the
aberration effect is included. But when the corrections for stra£ospheric
Btructure‘changes are taken into account the range of rigidity up to which
this anisotropy is consistent appears to come down to about 50 Gv, There

is thus an jindication that the value of Rmax may have changed since IGY,
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CHAPTER VI

THE SIDEREAL DAILY VARIATION

6.1 Introduction

¥

Several questions of cosmic ray physics associated with the origin of
.cosmic rays and their propagation to the solar system from their sources
aye intimately related to the study of the sidereal daily variatioﬁ i.e., the
vériation with the period of a sidereal day. But the studies of the sidereal
‘variation over the last 40 years or so have shown that the effect is not
definitely established and that, if it exists, this does not exceed a few
tenths of a percent for primary particies of energy E—lelB-lol#ev,

This means that the cosmic rays in the Galaxy are, to a firét approximation,
isotropic and nearly constant in time; But even if they are isotropic inside and
outside the Galaxy, the rotation of the Galaxy itself will produce a small
sidereal variation. This effect of the relative motion of the solar system
with respect to the distant Galaxies has been considered by Compton and Getting
(1935). They have shown that for isotropic distribution of cosmic-radiation.of
extra-galactic origin a sidereal variation will be observed by a detector on
earth-with the maximum intensity -~ 3% on the side facing the direction of
motion. Vallarta et al (1939) introduced the effect of the geo-magnetic field
on the trajectories of cosmic ray particles into the Compton-Getting theory and
showed that maximum of the sidereal variation should Qccur at 1320 hrs. local
sidereal time (L,Sid.T.) with an amplitude of about~.17% at an equatorial
station.

Verification of this theory, however, encounters several difficulties due

to the fact that the effect is very small and there is usually a superimposed
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golar daily variation. The first problem encountered involves statistical
accuracy of the data and this should be improved so that the statistical
uncertainty is very Quch smaller than the small sidereal effect which it is
desired to establish, The second problem requires that the true sidereal
variation should be separated from the spurious sidereal variation which arises
whenever the superimposed solar daily variation changes with the season. The
latfer froblem has been fully discussed by Elliot (1952) and can be summarised
in fhe following way:

Consider a solar daily variation which remains constant over the year.
If it is now assumed that there is a sidereal daily variation which also remains
con?tant throughout the year, then the end-points of the monthly mean vectors
of solar daily variations plotted on a solar hammonic dial would lie on a
- cirele, The end-points of the monthly vectors will be shifted by 2 hours per
month in an anti-clockwise progression as the sidereal clock gains about 2 hours
per month over the solar clock. The centre of the c1rcle would represent the
tip of the average solar daily variation and the radius would represent the
amplltude of the 51dereal daily variation.
o The situation will be different 1f there is é seasonal change in the
amplltude or phase of the solar daily variation; a spurious 51dereal variation
will be generated in this case and the separation of the side;eal variatioﬁ
from the spurious sidereal variation becomes more ﬁifficult. This problem has
. been considered by Thompson (1939) and he has suggested a method of separating
the true sidéreal variation from the spurious variation in the simple case of

the solar daily variation which undergoes seasonal change only in amplitu'de
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but retains its phase constant throughout the year. In this case the end~points
- of the solar vectors will move along a straight line when plotted on a solar
time dial and the presence of a superimposed constant sidereal variation will
have the effect of elongating the circle of the previous example into an
ellipse. The progression of the tips of the mean monthly vectors will be
clock-wise or anti-clockwise depending on the relative amplitudes of the
seasonal variation of the solar vector and the true sidereal vector.

Many results have been analysed on the basis of this method and have
been reported so far. Thompson (1939) himself analysed the ionisation chamber
data of Compton and Turper (lé}?) but could not find any statistically
significant sidereal variation. Forbush (1937) analysed the ionisation data
from Cheltenham and Huancayo'but failed to establish sidereal variation greater
thanvthe statistical error. He also found that the phases of the sidereal
variations differed by about 5 hours from one station to the other,

Duperier (1946) analysed the data from vertical coincidence counter
telescope at London and found a true sidereal variation of amplitude about
~,21% with the time of maximum at about 2100 hrs. L,Sid.T. Hogg (1950)
analysed the data from stations in the northern and southern hemigpheres and
compared the results with that obtained by Duperier. He found trye sidereal
variations of amplitudes of about (,05%,02)% at every station$ but found
that the times of maximum at stations in the northern and southern hemispheres
differed by about 12 hours. Hogg suggested that these results did not represent
the true sidereal variations but might be due to some solar cause.

Thompson's method is, however, applicable only for the case of the solar

daily variation which changes in amplitude but not in phase over the year, It



will be inapplicable if the solar daily variation also changes in ;&aﬁe.’
which can happen if an amplitude modulated solar variation of atmospheric
origin is superposed on a solar daily variation arising from primary anisotropy.
Dolbear and Elliot (1951) avoided this difficulty by an ingenious method
based on the following facts. Since the meteorological changes in the northern
and southern hemispheres are 6 months out of phase, the spurious sidereal effects
introduced will also be 6 months out of phase at two stations in the northern
and southern hemispheres, They, therefore, combined the data from two statioms,
oﬁe located in the northern hemisphere and the other in the southern hemisphere -~
thereby cancelling the seasonal variation in the solar vector. Théy also analysed
tﬁe data from one equatorial station (where the seasonal changes in the atmosghere
afe likely to be small) as well as the data from two crqssed telescopes at
Mgnchester ;’one pointing North and the othér South. They subtraqted the daily
vériation in the northern direction from that in the southern direction. So the
déta used by them were least likely to be affected by the atmospheric changes.
From the analysis of these data they found a true sidereal variation of amplitude
of about ~,02% with the times of maximum at about 03-0600 hrs. L.Sid.T. at all
s#ations. However, the phase of the sidereal variation at Huancay§ (~ 0300 hrs.)
was opposite to that calculated by Vallarta et al (1939) so that considerable
déubt was cast by them on the theory of the extra-galactic origin Qf cosmic rays.
Though the above results might have been contaminated by the presence of
spurious sidereal effects due to improper atmospheric corrections, this difficulty
does not arise in the analysis of the neutron monitor data. This has been done
recently by Conforto and Simpson (1957) who analysed the neutron data from
Huancayo and Climax, the ionisation data from Freiberg and the meson data from Rome

for the period 1953-55. They found that the phases of the first harmonics of mean
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monthly diwrnal variations were nearly constant when plotted on the solar
time dial during 1953 and 1955. Whereas in 1954, the phases of the vectors
were drifting in anti-clockwise progression with respect to the solar dial but
were nearly constant ( -.s 0300-1000 hrsl) in sidereal time on a sidereal dial
irrespective of the detectors used. They concluded that the variation of phase
whicﬁ produced a dependenée on sidereal time occurred in 1954 and that the
observed sidereal effect was not caused by any terrestrial phenomena but might
have been due to anisotropy in the primary radiation. They suggested that a
genuine ‘sidereal anisotropy would have been observed if the solar system was
remarkably free from the disturbed magﬁetic field during 1954, But the question
of whether the effect was genuine or spurious was left open.

These results have been critically examined by Baliga and Thambyahpillai
(1959) using the data from Huancayo, Cheltenham, Christchurch, Colomho, Hobart =nd
Tokyo. No sidereal variation was cbserved at Colombo but the other;stations
showed sidereal variations of amplitudes of about .06% with rather consistent
time of maximﬁm at about 1900 hrs. at the equator and about 2200 hrs., at the
higher latitude stations. From the study of the characfer of solar daily
variations and the relation between seasonal changes in the solar and sidereal
daily variations, they came to the conclusion that at least a part of the sidereal
variation was due to spurious atmospheric effects.

Therefore, the results at low energies (ENlOlO—lOll

ev) are still
uncertain about the existence of sidereal daily variation. We will now look
into the results of the measurements of sidereal daily variations at higher
energies which have been made by finding the time variations of the frequency of

extensive air showers, or the time-variations of meson intensities observed

underground,
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From a study of the extensive air shower experiment (E~102ev) at
Wellington during 1955-56, Chapman and Ryder (1957) found a sidereal daily
variation of amplitude of about (.88%.65)% with the maximum at about 1700 hrs.
L.Sid.T. |

Farley and Storey (1957) analysed the extensive air shower data from
Auckland during 1955 and found that the sidereal daily variation was not
significant beyond statistical erfors for particles of E fﬁlOlh ev (e.g., ampl.

~14%.15% and the hour of maximum ~ 2000 hrs. L.Sid.T.). This result was in

direct contradiction with that obfained during 1954 by the same workers (Farley
and Storey 1954) using less accurate data (e.g., ampl. nJl.hf.38%), The
amplitudes of the sidereal variations wagefound to increase with eﬁergy of the —
particles detected, e.g., at E AJlOls ev the amplitude was ﬁJ(l.l7i.#4%) and
at Ef*»'}.lO15 ev the amplitude was ~(2.321,0)% (Farley and Storey }957)c

Escobar et al (1960) analysed the data from Chacaltaya and ¢ould not find
any statistically significant sidereal variation for particles of énergy Ervlol&ev.

15

quever, they found for particles of E~2.10 “ev a sidereal variation of amplitude
of about (.762.20)% with the timé of maximum at about 1900 hrs, L.8id.T.
Measurements by Citron and Stiller (1958) over the period 1953-56 and
by Krasilnikov (1960) during 1958 of the extensive air shower experiments also
failed to establish statistically significant sidereal daily variation up to
E-v 2.10"%ev particles (ampl. being~.2%.1% and phases differing widely between
Evdlolhev to E~10%ev).
Crawshaw and Elliot (1956) found a sidereal variation of amplitude~2,5%
at E~2.1016ev. and about 6% at Er»'1017ev; but the results were uncertain by

large statistical errors.
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At enérgies E ~107"ev, the investigations of the sidereal variation by
Delvaille et al (1960) during 1957-58 also failed to show sidereal variation
beyond statistical errors. For example, a sidereal variation/of amplitude of
about (11¥7)% was observed for 800 showers with l.5xlO7 to lO8 particles
and about (35129)% was observed for 49 showers with lO8 particles.

These results with extensive air showers at higher energies (Ef”lolq-
lOlSev) also show that one cannot be sure about the existence of a true sidereal
variation with any certainty,

Investigations in the intermediate range of energies (ErVIOll

to 10-%ev)
have been made by underground experiments. Sherman (1953) conducted an
experiment at a depth of 846 m.w.e. (E~#1012-1013ev) and @ Barrett et al
(1954) as well as ¥ Cocconi (1951) at a depth of about 1600 m.w.e. (3’3-41013-103‘LP
ev); but all these experiments failed to est;blish a sidereal varigtion within
an accuracy of ~r ,5%. Working at Holborn at a depth of 60 m.w.e., MacAnaff (1951)
could not confirm a sidereal variation more thanrv'(.05i.02)% in amplitude,
Mathews (1962) made observationsat the same place during the period By 1961
and found the true sidereal variation of amplitude of ~ (.0521.015)% with the
time of maximum at about 2030 hrs. L.Sid.T.

Jacklyn (1963) recently studied in great detail the existence of
sidereal daily variation at Hobart using the data for 1958 from two counter

telescopes located at a depth of 42 m.w.e. He considered the different

possibilities which might give rise to annual mean daily veriations in sidereal
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and anti-sidereal time. He found a sidereal variation of amplitude of
'{'(.091'.10)% with the time of maximum at about 0700 hrs. He has shown that
t?is observation is in agreement with the hypothesis that a sclar daily variation
of constant amplitude and phase is superimposed on a sidereal daily variation
wpich is moduléted in amplitude and phase on a six-monthly basis.

It is, therefore, clear from the foregoing discussions that the main
difficulty in establishing the sidereal effect was the large statistical
errors which generally made the conclusions uncertain. Hence for any
profitable analysis of the sidereal variation the first requirement would
aﬁpear to be adequate statistics. The available underground data from Holborn
for the last three years was found largely to meet this requirement. TYor
e%ample, it hasigﬁown that ihe statistical error for the first harmonics -
of the annual daily variation (averaged over three years) is only about ,004%
so that sidereal variation as large as~/.05% will easily be detected in the

present case.

6f2 Results from the Underground Experiment

| It has been suggested in the previous chapter that the observed daily
variations at Holborn is largely due to atmospheric temperature effect and
the solar variation of primary origin is quite small in comparison. Since the
underground data could not be corrected for changes in the stratospheric
temperature, pressure corrected data will be used in the following analysis.
This will, therefore, mean that seasonal changes of the diurnal variations of
stratospheric temperature will introduce corresponding changes in the solar
daily variation underground and the spuriqgsﬂ;idereal variation,generated in ‘

this way,will have to be taken into account in evaluating sidereal variation.
¢ o RIS
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The calculation of the sidereal variation has been niade following
the method,developed by Farley and Storey (1954) in separating the true
sidereal variation from the spurious effect which arises due to seasonal
changes in amplitude of the solar daily wave. In this calculation.it will
b? assumed that there is a true sidereal daily variation of constant
a&plitu&e ;nd phase together with the solar dally variation which undergoes
a#nual change in amplitude but keeps its phase constant over the year,

Farley and Storey introduced the technigque of analysing the data in
apti-sidereal time based on the analogous case of amplitude modulation of
carrier wave in the radio--theory. The solar daily variation is cpnsidered
as the carrier wave of frequency 365 cycles/year, If this is modulated to
give an annual variation of amplitude,the modulating frequency will be 1
cycle/year. Hence this modulated carrier wave may be resolved into three
components - the original carrier wave of frequency 365 cycles/year and the
two side-bands with frequencies 364 cycles/year and 366 cycles/year - respectively
célled the anti-sidereal and sidereal waves. These are so0 called as the
sidereal day is about four minutes shorter than the solar day (i.e. , there
are 366 sidereal days in a year) and the anti-sidereal day is about four
minutes longer (i.e., there are 364 anti-sidereal days in a year).

| With these assumptions the daily variation in percentage can be
expressed by a formula,

-
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where, dI denotes the deviation from the mean intensity I; Asol is the

amplitude of the mean solar diurnal variation; the seasonal variation of the
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amplitude is specified by B and gseas i.e., B is the amplitude of the
varying part of the solar daily variation., The third term represents the
true sidereal variation of amplitude CSi

with the phase ¢s t,has

d. id.’
the unit of time in one year (00.00 hr. being on 22 September, the day on
which coincidence occurs between the solar and sidereal times). N is the
number of solar days and (N+1) is the number of sidereal days in a year.
Now, if the modulated solar wave of frequencyvN is decomposed into
three components, as stated above, with frequencies N, (N+1) and (N«1)

then the side-band with frequency (N+1) will be the fictitious sidereal wave

and @

and will modify the value of Csi sid,* The side-band with frequency

d.

(N-1) will be the anti-sidereal component. Therefcre, the first term in egn.

" (6.1) can be written as,

- § -
= A, Cos 2M(Nt-B_, ) + _213 Cos 21 L(N—l)t-ﬁsolf ¢seas.34
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Hence the apparent sidereal component D is obtained from egqns. (6,1) and (6.2)

as given by,

D = g Cos 20»2‘(N+1)t'¢sol. ¢seas.§

+Cpyq Oome 27 § (N1)E-A 1y wee 63
It can be seen from egn. (6.2) that the second and the third term representf
fespectively the anti-sidereal and the fictitious sidereal waveswhose amplitudes
are equal and that the phase of the latter in sidereal time can be obtained
from the former when reflected in the‘solaf vector.

Thig method is unique in the sense that we can now analyse the data
gseparately for the solar, a;mﬂreht sidereal and anti-sidereal variations as

though the other two are absent;when the analysis is carried over a complete

year. For instance, if the amplitude modulated solar daily variation is now
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arranged in sidereal time and averaggd over the year the apparent sidereal
variation will be obtained, the other two components having vanished.

Hence, if the coocmic ray data is arranged in anfi—sidereal time and a
significant anti-sidereal variation is obtained, it is generally assumed tha%
this is entirely due to seasonal change of amplitude of the solar daily wave.
The corresponding fictitious sidereal variation is calculated as outlined
above and then subtracted from the apparent sidereal variation. Any
significant variation i1s then taken to be a gemuine sidereal effect (eqn. 6.3).

In order to see whether there is any indication of true sidereal variation
underground, the mean monthly daily variations were subjected to hamonic analysis
and the Fourier coefficients of the first harmonics of solar daily variations
were calculated month by month. These have been plotted in solar time dial and
are shown in Fig. 6.la. It will be seen from the figure that the monthly
vectors appear to have progressed in regular sequence over the year. Any
divergenée from the regular sequence can be attributed to the statistical
errors; for example, the standard deviations for the tips of the monthly
vectors are ~,012% and, therefore, the divergences cannot be considered
statistically significant,

' The annual mean amplitudes and phases of the solar, apparent sidereal
and anti-sidereal variations were calculated and used in evaluating the ‘ellipse
of best fit', The 'ellipse of best fit' calculated in this way is shown in
Fig. 6.1b, together with the observed tips of the monthly solar vectors redrawn
from Fig. 6.1la. The closed circles are the observed monthly vectors and the
open circles are those expected on the 'ellipse of best fit'. The expected

and the observed tips of the monthly vectors have been Joined by straight lines
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Fig.6.1la The first harmonics of mean monthly sclar daily
variations in cosmic ray intensity at Holborn
from November 1960 to July 1964 plotted on &
solar harmonic dial.
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Fig. 6.1b The same as in Fig. 6.le with the 'ellipse of
best fit' drewn a8 =--0--- , OT is the average

annual solar vector. Closed circles are the
observed tips of the mean monthly vectors redrawn
from Fig. 6.1lsa.
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month by month in order tec indicate the deviations of the observed tips
from the 'ellipse of best fit'. It can be seen from Fig. 6.1b that there is
very good agreement betwcen the observed and the expected first harmonics within
the limits of statistical errors. In evaluating the 'ellipse of Best fit?*,
second harmonics have not been taken into account because of the insignificant
amplitudes of the anti-sidereal and apparent sidereal variations concerned,

The amplitudes and phases of the first harmonics of solar, apparent
sidereal and anti-sidereal variations, which have been used to calculate the
'ellipse of best fit', are shown below in Table I. The amplitudes of the secoad

hamonics are also shown in the table,

i
4

Table I
; AN 1 N
; ; Amplitude in % Phase,in hrs., of
' ! Fiyst Second : the First harmonics
f ; A

Solar variation lo.018%0.004 | 0.014%0.00k % 13.58%00.82

. : i , .

i . ! 1

Anti-sidereal variation  10.016%0.004 { 0,002%0.004 | 22,15%00.82

; ! | i

Apparent sidereal variation?0.0lsto.OOh ' 0.009:0.004 % 18.00%00.82

If we examine the above table, we find that the anti-sidereal vector is
nearly as large as the solar vector. This anti-sidereal vector is too large
to have originated from amplitude modulation of the observed solar vector, because
the amplitude term B/2 in eqn. (6.2) should be smaller than the term A. Otherwise
the depth of the modulation is so large that phase reversal of the solar vector

will occur during parts of the year.

At this point it may be mentioned that in order to take into aeccount of
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the orbital motion of the earth around the sun, the aberration correction
was introduced into the observed solar variation,so that on allowing for this
effect the solar vector shifted to about 1600 hrs. and increased in amplitude
to a value of about .0%%(sece the inset in Fig. 5.5, Chapter V). Tt will
bé seen that the correction for the aberration effect increases the average
solar vector to about twice the amplitude of the anti-sidereal vector and
consequently, if the anti-sidereal vector is generated by the amplitude
modulation of the larger solar vector,no phase reversal of the solar vector
cén occur, The aberration correction thus removes this difficulty and yields
a solar vector which comrares more closely to the state of affairs as
demanded by the eqn. (6.2).

The calculation of the true sidereal variation has been made following
Farley and Storey as outlined above. The me£hod of eliminating the spurious
sidereal variation by means of the anti-sidereal variation is illﬁstrated in
Fig. 6.2. The observed solar vector OA has been corrected for the aberration
effect (as discussed in the previous Chapter; inset in Fig. 5.5) and the
corrected solar vector is represented by OA'. The vector OC' (dotted line)
is the reflection of the anti-sidereal vector OC on OA'. Then CB' gives the
magnitude of the corrected sidereal vector. The vector OD (dotted line)
then represents the true sidereal vector which has been obtained by subtracting
the vector OC' from the apparent sidereal vector OB, The error circles for
the vectors OA, OB, or OC have been calculated from the bi-hourly counting

rates. The error circle for OD isy 2 times the error circles for OB, or OC,

as the vector OD was obtained from the vectors OB and OC,
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In table II are given the phases and amplitudes of the corrected solar
and true sidereal variations as calculated from Fig. 6.2.

Table II

hkmplitude in % Phase in Hrs.

ESolar variation
(corrected for aberration g s
effect) ‘ 0_031,__0-004

True sidereal variation

! (after correcting for

| aberration effect) . 0.027%0.006

16.00%00.82 hrs.L.Sol.T.

19.40%1.00 hrs.L.Sid.T.

|

!

i
i
[
(]
1
i

1

'

The amplitude# of the true sidereal variationg as shown in Table II ége -

several times the statistical errors and should, therefore, be cohsidered as
gemuine and significanf. We can thus conclude that there is a true sidereal
anisotropy in the primary radiation (of energy E'V1011ev) measured at Holborn
(60 m.w.e. underground) of an amplitude of ~(.027%,006)%, the direction of
anisotropy being in the direction of 19.40%1.00 hrs. L.Sid.T. “

6,3 Discussion of the Results

Apart from the sidereal variation observed at Holborn, two more experimental

Hlev)

results of sidereal daily variations at this moderate energy range (E ~10
from Hobart (42 m.w.e,) in the southern hemisphere and Budapest (40 m.w.e,) in
the northern hemisphere will be examined here. The Budapest data has been
supplied by Dr. A. Somogyi and the results analysed by Dr. T, Thambyahpillai

(private communication). Table III below shows the results obtained at these

stations,
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Table III
Station, depth and Period Sidereal Daily Variation

i
location of analysis ;

Amplituds % | Phase in His. (L.Sid.T.

AR

§ ;
Holborn (60 m.w.e.) S50°N ; 1.961-64 0.,027%0.006 ! 19.40%01,00
Budapest (40 m.w.e.) 47.5°N | 1961-62 0.0300,006 | 20.00%01,00 ;
Hobart (42 m.w.e.) 35°8 ; 1958 0.094%0,010 | 07,00%0080

It will be seen from the above table that in all three cases sigqificant
and genuine sidereal daily variations were observed. This gives confidence in
the internal consistency of the result obtained in the present analysis. But
it is also worthy of note that the amplitude of the sidereal variation observed
at Hobart is much larger than cthe amplitudes observed at Holborn and Budapest.
There also appears to exist a phase difference of about 12 hrs. between the
northern and southern hemisphere. It will, therefore, be of interest to examine
the direction of maximum intensity of the anisotropy and see what light it can
throw on the origin of the cosmic rays.

flt will be recalled that for extra-galactic origin of cosmic rays the Compton-

Getfing theory (section 6.1) predicts an amplitude for the anisotropy in the -
primary radiation with sidereal times which is about .3%, with the time of
maximum at about 2040 his. L.Sid.T. Now, if the above Table III is examined,it
will be found that this predicted amplitude is about an order of magnitude larger
than those observed in the nofhern hemisphere; and although the amplitude is
somewhat larger in the southern hemisphere the time of maximum there is about
12 hrs. out of phase with that to be expected from the Compton-Getting theory.

Therefore, we can conclude with a fair degree of confidence that at this moderate
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energy range the cosmic rays cannot come Ifrom extra-galactic sources and hence
must be of galactic origin.

However, before examining how well the galactic origin of cosmic rays
will account for the above results, the following pcints may be forwarded against

the extra-galactic origin of cogwic rays. For example, it is possible to contain

the particles of energy even as high as E "f1018—1019

radius‘me.lOZO - 3.10210m which is very much smaller than the assumed radius

of the Galaxy~/5~5.1022 . The radio-astronomical data indicate that the

ev within a space of

inter-galactic space has a lower concentration of soft cosmic rays than within

the Galaxy. Besides, since there is a reduction of the magnetic field in

passing from the Galaxy into the inter-galactic space,the particles coming from

outside will be moving into a region of increasing field strength so-that a

mechanism of reflection will be operative. Finally, it is possible to account

for the energy balance in the Galaxy when novae or supernaoveﬁinside‘the Galaxy are ..

assumed to be sources of cosmic rays (Ginzburg 1958). |
Now, considering the motion of the solar system with respect to the

nearby stars (~ 20 km/sec.),we find that this will give rise to a sidereal

variation with the amplitude less than about .02% and the time of maximum at

about 1800 hrs., L.Sid.T. This expected effect is in very good agreément with

the observations at Holborn and Budapest (the two ncrthérn hemispheric stations)

but differs from that observed by Hobart (the southern hemispheric station) both

i# amflitude and in phase. Regarding the amplitude of the sidereal daily variation

at Hobart, it might be pointed out that this value was obtained during the period

of high solar activity (1958) when the solar daily variation itself was as large as
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~4+13%. On the other hand, the results obtained at Holborn and Budayest
correspond to a period near the solar minimum epoch where the respective
amplitudes of the solar dailly variations were both~/.03%.

In order to see how the above results (Table III) can be used to determire
the possible direction of anisotrcpy, we shall cornsider here some of the
theoretical models proposed so far in connection with the galactic origin of
cosmic rays and examine the above results in the light of these models.

Cocconi (1951) found an isotropic distribution of cosmic rays for
rarticles of energy E*’lOlB-IOIQev and proposed that this isotropic distribution
may be due to the curling effects of irregular magnetic fields which extend®
over regions larger by some order of magnitude than the radius of curvature, fgof
the path of the particles, where,

F?”’ _E 4 E, is the energy of the particles in ev and H is the magnetic
field strengégogn gauss,

So, for Ev41013-101q ev and H ~/10-5gauss (Spitzer and Tukey, 1951; Davis,
1951), Pis ﬂ*1016-1017cm which is the average distance between the ;tars in the
region of the Galaxy where our solar system is located. He showed that the low
energy particles (E*leg-lOlOev) possibly come from the sun but at the higher

13-lOlALev) they can come from the whole of Galaxy. The radiation

energy end (E~10
consists of particles which have leaked out from the trapping fields of the producing
stars and have possibly undergone further acceleration in the interstellar space

in their passage to the earth. These particles will disappear partly by collision
witﬁ'the interstéllar matter or just by diffusing away from the Galaxy.

‘Fermi (1949) proposed that the particles diffuse randomly through the
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interstellar space, gain energy by collision against the moving magnetic clouds
and eventually loose their accumulated energy by collision with the hydrogen
miclei, This acceleration mechanism and model of the interstellar space can
explain the isotroxy of cosmic rays and energy spectrum of xrotons but fails

to account for the heavier particles in the primary cosmic radiation -~ it needs
exceedingly high energy to initiate acceleration process for heavier particles
and it predicts an energy spectrum for them which Talls off éharply with energy
cont?ary to the observations (Morriscn et al, 1954).

Morrison et al (1954) extended this model and proposed that the cosmic
~ray particles diffuse around the Galaxy for a time (”106 years), long compared
with the average time of escape from the Gelaxy along straight line path, but short
compared with the mean 1ife before nuclear collision with the interstellar
matter. They assumed the Galaxy to be a disk-shaped volume whose radius is

21 cm, The sun sits about 3.1019 cm away

aJE’lOEE cm and the thickness~2.10
from:the meridian plane. The galactic volume is assumed to be filled with masses
of turbulent ionised and magnetic hydrogen plasma moving randomly in a rather
uniopised substratum. In this model the cosmic rays travel along neérly straight
lines between the magnetic clouds of streaming gases. The particles enter into
such masses, begin to follow complicated trajectories along the lines of force and
eventually drift out of the clouds. The m.f.p. will depend on the spacing of
the gas clouds whose cores may be of different sizes and different magnetic field
strengths.
| Recently, Davis (1954) suggested that the galactic magnetic field extends

throughout spiral arms with quite regular structure which determines the

character of the anisotropy observed at the surface of the earth. The field
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strength was taken to be~:10&5 gauss. The main conseqguence of this spructure
is that the particle is constrained to spiral arcund a particular liné of force,
so that it follows the line of force wherever the line of force may go. . There
may be occasional reveréal of the direction of motiou along the lines of force
and there may be slow transverse diffusion due to inhomogeneities in the field.

The assumed structure of the spiral arm is such that the magnetic lines of force

‘lie in a parallel bundle which starts from one end of a spiral arm at the rim of

the Galaxy, makes several turns around following the arm and eventually connecting
anothier arm near the centre of the Galaxy. Then it spirals out again to the rim
of the Galaxy along this arm and spreads out in the inter—galacfic epace with
very much reduced magnetic field strength which can be represented by a dipole
field like structure. Since the distribution of stars and the gas clouds along

a spiral arm is far from uﬁiform, there will be regions where the mass densiﬁy.
and hence the gravitational force will drop a bit. The lateral pressure of the
field will expand this region laterally forming a bulge through whioch cosmic ray
particleé will escape into the inter-galactic space.

-yDa&is has considered different sources of sidereal anisotropy which might
érise under this assumed structure of the Galaxy. Fermi mechanism and betatron
collision (i.,e., due to time varying magnetic field) can give rise to an aniso-
tropy with more cosmic rays along the field lines than along directions at right
angles to them. If the probabilities of escape from the system of the particles
depend on the steepness of the spirals in a different way than does the probability
of acceleration, then the acceleration processes will give rise to an anisotropy

with more cosmic rays in the direction normal to the field than parallel to it.
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Due to slow diffusion of particles ovut of the Galaxy, an anisotropy in the

cosmic radiation will be observed. For example, if the particles diffuse along

the lines of force out of tie Galaxy either at the end of a spiral arm or at a
region of low mass density, there will be net flux of particles towards the

nearest point of escape. Scatteriag and c;llision processes will dominate this
region and contribute to the flux in opposite direction. As a resuli,there will be
less number of cosmic ray particles along the lines of force leading to the point
of escape and more in the opposite direction. Finally, he considered the source

of anisotropy which may arise due to the decrease of cosmic ray density and the
megnetic field strength from the axis to the edge of the spiral arm,

Davis assumed that the spiral arm,in which the sun is situated,is roughly
e¢lliptical in cross-section with major axis extending-JB.loal cm in the galaétic
plane and minor axis towl.lO21 cm normal %o the galactic plane.M8un is about
: 5,1019 cm north of the galactic plane and about 1.1021 cm away from the
axis of the spiral arm. In the neighbourhood of the solar system this spiral
arm runs in a direction whose galactic co-ordinates are 1 = 4O, b = O and whose
right ascension and declination are respectively 2000 hrs. and 35°N. This means
that following this spiral arm in this direction leads towards the cqntre of the
Galaxy. | |

We shall now consider the results given in Table IIT in the 1light of this
model, Davis has calculated the sidereal anisotropy in the primary radiation
which would be observed ty detectors ldcated in the northern and socuthern
hegispheres of the earth,based on the different sources of anisotropy as discussed
above i.e., the anisotropy which is due to (i) the.effects of acceleration processes

(ii) the effects of the diffusion process and (iii) the effects of the



inhomogeneities. The times of mazimum expected for the northern hemisyheric
stations were found to be at 0800, 2000 and 1200 hrs. L.Sid.T. respectively for
the three mechanisms to be operative; for the southern hemispheric sfations
corresponding times of mawximum were 20C0, 2000 aud 1200 hrs. L.Sid.T.

So, comparing the times of maximum of the sidereal daily variations at
Holborn, Budapest and Hobart; we find that the times of maximum observed in the
northern hemispheric stations corrcspond to the inward direction of the spiral
arm and the time of maximum observed in the southern hemispheric station
corresponds to the outward direction of fhe spiral arm. The results from the
northern hemisphere seem to favour the diffusion theories which would predict more
diffusion rarallel to the magnetic lines of force in the galactic arm than ia
the direction normal to it. However, the time of maximum at Hobart would suggest
that there is a flow of cosmic radiation in the reverse direction due possibly
to reflection at the irregularities in the magnetic field and that this reverse
flow gives a larger number of particles than are observed in a direction at
uright angles to the field,

In this connection,it is of interest to mention the theory of cosmic
radiation as suggested by Ginzburg (1958). Based on the evidences from radio-
astroﬁomy and the considerafions of the energy balance, Ginzburg has proposed
that certain specific objects, the expanding envelopes of supernevae and ﬁossibly
of novae are the sources of cosmic radiation. These stars.ére significantly
concentrated near the galactic plane mainly aroun.d»-"2.1021 cm about this plane,
The cosmic rays produced in such stars can be accelerated to required energy range -
the initial energy being supplied b& the erpuption of the stars which occurs

once in about 320 years.
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The above results showing the approximate direction of anisotropy in the
primary radiation with the sidereal time along the galactic plane will ﬁot thus
contradict the existence cf these possible sources of cosmic radiation in the
Galaxy,

6.4 Summary

(i) The pressure corrected cosmic ray inteasity observed at Holboru 60 m.w.e.)
exhibits a true sidereal daily variation of amplitude ~ (,027%,006)% with the
time of maximum at 192420100 hrs. L.Sid.T.

(ii) This result has been compuw.d with those obtained at Hobart (42 m.w.c.) and
Budapest (40 m.w.e.) both of which stations observed significant daily variations
in sjdereal time.

(iii) The results are consistent with the galactic origin of cosmic rays at this
energy range (E~'lOll ev),

(iv) The direction of anisotropy as determined by the time of maximum of the
sidereal daily variation suggests the sources of the sidereal anisotropy to be
along the spiral arm of the Galaxy. The observations at these three §tations

seem to favour the diffusion theories which predict particles to diffuse more

easily along magnetic lines of force than at right angles to them.
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CHAPTER VII -

FORBUSH DECREASES

7.1 Introduction

The sudden and transient decrease of cosmic ray intensity occcurring
during the time of geomagnetic storms was observed by many workers like
Messerschmidt (1933), Forbush (1937) and others but the world-wide nature
of these decreases was first pointed out by Forbush (1938a). During a large
geomagnetic storm on 24th April 1937, Forbush observed that the deqrease in
cosmic ray intensity occurred simultaneously at stations located fér apart
(such as, Cheltenham 39°N and Huancayo 12°3), This proved the world~wide
character of the decrease and also ruled out the possibility that its origin
lies in atmospheric variations. Since then these short-term and non-periodic
decreases have come to be known as Forbush decreases - so named after TForbush,
The non-meteorological nature of these decreases was definitely established in
1954 when Simpson (1954) first observed that a neutron monitor and an
ionisation chamber simultaneously recorded the Forbush decrease which occurred
during a magnetic storm on 12 June 1951. The maximum decrease in the neutron
monitor was about 4 times larger than the decrease in the ionisation chamber.
Since, after correction. for changes in atmospheric pressure, the neutron
intensity variations reflect the changes in the primary cosmic radiation, Simpson's
observations established that Forbush decreases represent depressionsin the
intensity of primary radiation.

Simpson (1954) also made two flights with an Aircraft carrying a
neutron monitor during the period of the Forbush decrease of 12 June 1951 which
reached its minimum value on about 18-19th and recovered to the normal‘value

on about 26-27th. The first flight was made on 18th and the second one on 26th,
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It was found thét the neutron intensities above~and below the knee qf the
intensity-vs-latitude curves were lower on the 18th and higher on tbe 26th.
This conclusively showed that Forbush decreases are not caused by variations in
the geomagnetic field. Recently the space satellite Pioneer V observed two-
Forbush decreases - one on 31 March and the other on 30 April 1960 at distances
of ~ .03 A.0e and ,01 B.\. away from the earth. These decreases were also
observed’concurrently by sea level neutron monitors. These observations
conclusively proved that the @echanism producing Forbush decreases is independent
of the geomagnetic field.

It is indeed known that there is no one~to-one cofrespondenqe between
Forbush decreases and geomagnetic sforms - geomagnetic storms are found to
occur without any Forbush decrease being observed, while large Forbush decreases
are;often associated with very small geomagnetic storms. It is generally
believed, therefore, that there is no c%?ﬂal relationship between the two
phenomena but both of them may have a common origin, particularly in the
effects of the emission of corpuscular streams from the sun,

An interesting statistical study has been made by Sekido et al (1955)
on the association of geomagnetic storms with Forbush decreases. They have
found that it is necessary to classify the geomagnetic storms into §-types
and M-types - the former being closely related to sunspot groups &nd being
accompanied by Forbuéh decreases, while the latters are not related to the
sunspbt grouys nor are they correlated with Forbush decreases. They have
suggested ﬁhat the S-type storms are caused by magnetic corpuscular clouds
ejected by the solar flares; M-type storms are, on the other hand, caused by
the non-magnetic corpuscular beams continuously emitted by the so-called M-regions.

There was thus some evidence that Forbush decreases are related to solar flares.
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Kamiya and Wada (1959) studied the asgociation of solar flares with Forbush
decreases and type IV outbursts (i.e., the broad band contiﬁ%m of inteunse
outbursts of radio emission from the.sun). They have found that closely
asseciated with many solar flares there occur these outstanding radio
outbursts; they have also found that Forbush decreases are most likely to
be observed following a major solar flaresg of importance 3 and 3+ when it
is accompanied by a type IV outburst.

Bell (1963) has studied statistically the relationship of the type
IV outbursts and solar flares with the geomagnetic effects (such as geomagnetic
sto;ms, Polar Cap Absorption etc.), She has found that type IV outbursts are
most strongly associated with major solar flares of importance 2 or greater
and have a significant probability of being followed by geomagnetic storms,
Polar Cap Absorption phenomena etc.

Webber (1962) has studied the relationship between Forbush decreases
and the different assoclated solar and geophysical phenomena observed over the
period 1955-60. A close relation of large Forbush‘decreases with preceding
major solar flares accompanying type IV outbursts was confirmed. He also
found that there‘gzsno association between the durations of Forbush decreases
and geomaghetic storms nor was there any association between the time scales
of these two variations. The recovery of Forbush decreases generally follows
an exponential law with the time constant showing large variability from
event to event; the recovery may take place over a period of days to weeks
or months and may not even be complete. The recovery of Forbush decreases does
not depend on the amplitude of the decrease nor on the strengthsof the
associated solar or geophysical phenomené;

It is, however, clear from the above digcussions that Forbush decreases

and other geophysical phenomena are closely related to the events occurring
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on the surface of the sun and‘almosﬁ all theoretical models propose& so far
to explain these sudden decreases in cosmic radiations are, therefore, based
on the facts presented above. One o6f these models ha## been described in
Chapter I.

7.2 The Rigidity Dependence of Forbush Decreases

Another feature of Forbush decreases is their rigidity dependence - the
modulation is found to be greatest'at lowcyigidities and extending over the
range 1-100 Gv (Webber 1962, Mathews 1963). The conclusive evidence of the
rigidity dependenée of Forbush decreéses came from the observations of Simpson
(1954) in 1951, During the Forbush decrease event of June 1951 Simpson observed
that the decrease in nucleonic component was about 4 times larger than in
jonising compoment. Since the neutron monitors respond to the lower rigidity
portion of the primary spectrum this observation has shown that the variation
is indeed dependent on the rigidity of the primary particles. Recently
Sandstrom and Forbush (1958) have studied about 8 Forbush decreases‘during 1956-57
and found that decreases in ﬁeutron monitors are about 2.5 to 4.5 times larger
thén in ionisation chambers.,

| The rigidity dependence of Forbush decreases evident from above has
been studied by several workers using records from sea lewel neutron monitors,
meson telescopes and ionisation chambers. Theoretically the rigidity dependence
of Forbush decreases can be determined from a knowledge of the differential
response curves W(R) and the fractional change in the differential régidity
spectrum of primary cosmic radiation, f(R) - the so-called modulation function
or rigidity spectrum of the variation. Generally th types of modulation
functions have been proposed and found td be consistent with observations, e.g.,

=Y

(I) £(R) = AR 7.1

i

(II) £(R) = -A, for R < R

max

0, for R - 7.2
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where, A and ¥ are constants; R is the rigidity of the particles. Rm%i~
30-40 Gv and differs from event to event., The modulation functions (I) and
(Ii) given above will be henceforth referred to as type I and type II
modulation functions respectively.

Observations favouring the first type of modulation function (eqn. 7.1)
fo? Forbush decreases have been reported by Roederer et al (1959), McCracken
(1960), Webber (1962) and others. The velue of the exponent ¥ has been found
to differ from one observation to the other; e.g., Roederer et al found Y= + 5
McCracken found ¥ =.9, while Webber found Y= .5 for sunspot maximum and'§/=l.0
for sunspot minimum. Lockwood (1960) has studied about 20 Forbush decreases
during 1954-59 and found that the rigidity dependence of Forbush degrease§ which
gives best fit is f(R) = aR ™t + b, where a and b are constants and can vary
from event to event.

rand olleTS

On the other hand, Dorman (1957, 63), have favoured the second type
of modulation function (eqn.7.2) so that in their case ¥ =0, A = .08 to .20
appear to explain the rigidity dependence of Forbush decreases. They have
suggested that the values of A and R 11 depend on the characteristics of the
solar plasma stream causing the Forbush decreases and on the position of the
earth with respect to the stream.

The study of rigidity dependence of the modulation at highe; rigidities
(R ~100 Gv) has recently been made by Mathews (1963). He aﬁalyse@ the large
Forbush decfeases of November 1960 and July 1961 recorded by sea level neutron
and meson monitors and by underground detectors at Holborn (60 m.wee. ),

Yakutsk (60 m.w.e.) and Budapest (40 m.w.e.). From the comparison of the
Jdar

ratios of the decreases at sea level to those g8 underground, he found that

£(R) oL BT does not fit the observations.
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In the following sections of this chapter several Forbush decreases
observed at Holborn (60 m.w.e. underground) during 1961 to 1964 will be
studied and an attempt will be made to decide which form of the modulation
function can explain the observations.

7.3 Experimental Observations of Forbush Decreaces at Holborn

The data available from November 1960'to July 1964 at Holborn was used
to study Forbush decreases observed underground. Since bihourly values could
not be corrected for atmospheric temperature effects due to lack of corresponding -
aerclogical data, the daily intensities will be uséd in the following analysis.
In this case the necessary aeroLoéical data were available for day to day
intensity corrections and consequently the data have been corrected for all
 atmospheric effects/(such as, barometric, decay and positive temperature effects)
using the aprropriate coefficients as found in Chapter III,

The daily plots of underground intensity were then compared with those
of pressure corrected neutron intensities at London and Deep River. From
comparison of these daily plots, six Forbush decreases were selected during
1961-62 according to the following criterion - the maximum decfeaseSObserved
in neutron monitors at London or Deep River were ~ 3-4% (or greater). All the
six decreases were preceded by moderate solar flares of strength52+.to l+ and
four of them were associated with sudden commencement type magnetic stormé.

The Forbush decreases of November 1960 and July 1961 have been studied by
Mathews (1963) and have not been included in the present analysis.

During the period 1963-64 two Forbush decreases occurred - one in
September and the other in October, 1963. These decreases were observed by
the world-wide network of neutron monitors at sea level. At Holborn only a small

Forbush decrease was observed in September but not in October., It may be pointed
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out that during the September decrease cosmic ray intensity in the neutron
monitor at London was depressed by about 8% as compared to about 2-3% in
October. This small decrease in October which could be observed by neutron
moﬁitors at sea level could not be detected by the underground detector. On
the other hand the month of September 1963 was characterised by intense solar
and geomagnetic disturbances unusual for the period of minimum solar activity.
Hepce this Forbush decrease event in September 1963 will be studied in great

‘ detail in a separate section (section 7.3b).

7.%a Forbush Decreases during 1961-62.

The six Forbush decreases selected during the periods 1961 and 1962
have been analysed by using the method of superposition of epochs, This was
done firstly to increase the statistical accuracy in underground intensity
and secondly to study only the average feature of Forbush decreases. The
data from sea level neutron monitors at Mina Aguilar, Buenos Aires, London
and Deep River and those from the underground telescopes at Holborn were used
for this analysis. No data from sea level meson detectors were used because
of the uncertainty in correcting the data for atmospheric effects, No attempt
has been made to study the relationship between Forbush decreases and geo-
magnetic storms,

The zero-days were selected as epoch~days when the daily intensity
records from neutron monitors at London and Deep River started to decrease
suddenly and simultaneously reaching within the next one or two days to a
minimum level of about 3-4% (or greater) below the pre-decrease levele As these
decreases were not directly observable ih«the underground data because of the
rather large statistical fluctuations, tﬁéfﬁnderground data were grouped

using the same zero-days as were selected from the neutron data.
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The results from the analysis of superposed epochs are shown in
Fig, 7.1. The mean intensity for consecutive five days before the epoch~-day
was taken as the mean level of cosmic ray intensity and the percentage deviations
of the daily intensities from this mean level hageoeen plotted in the figure,
The mean intensity during the first two days following the epoch-day was taken
ag a measure of maximum amplitude of the decrease.

From the Fig. 7.1 it can be éeen that the maximum decrease has been
observed at Deep River which has the lowest cut-off rigidity, the amplitudes
of Forbush decreases being smaller at stations with higher cut-off ;igidities.

Ratios of the decreases in neutron intensities at sea level to that in
meson intensitjes underground s»# as well as the ratios of the decreases in
néutron intensities at.different latitude stations to that at Buenos Aires
(a low latitude station) have been calculated in order to study the rigidity
dependence of Forbush decreases (section 7.4 below).

7.3b Forbush Decrease of 21-22 September 1963

During 13-27 September 1963 a very large and intensely active solar region
agsociated with large sunspot groups was visible and was the cause for numerous
solafrgéophysical disturbances. The Central Meridian Passage occuyrred on
September 20 at about 1500 hrs., More than 50 solar flares of all‘importances
wére recorded, eight of them being major solar flares of importance 3 and 3+.
Intense geophysical disturbances such as, short wave fade-out, magnetic storms
etc. also occur¥fed during this period. Three solar flares of importances §+,3
and 3 occurred on the 15th in succession at 0015 hrs., 0459 hrs. and 1858 nrs;
three solar flares of importance 3 also occurred on the 16th. A moderate magnetic
storm which started on the 13th subsided on the 17th. A solar flare of importance

5> started at 2351 hrs. on the 20th and it was followed by a severe magnetic
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' starting at about 1415 hrs. on the 2lst, The cosmic ray

-

stonn
intensity (based on neutren monitors at London and Deep River) at sea level
started to decrease at about 22~-2400 hrs. on the 2lst and continued to drop

until it reached the minimum level on the 23rd, when the magnetic storm

subsided. There occurred one more solar flare of importance 3 on the 26th
followed by a magnetic storm of moderate strength on the 27th. The recovery

of the Forbush decrease from the minimum level took place over a long time of
9-10 days.

The cosmic ray intensities recorded by sea level neutron monitors at
stations with different cut-off rigidities and by the undergrouhd Recorders at
Holborn are shown in Fig. 7.2. The underground intensities from the three
Recorders were added up and the mean intensities have been plotted, As an
indication of geomagnetic activity the daily mean values of Ap ~indices have
alsp been plotted in the same figure in reverse scale for comparison.

It can be seen that a small decrease of about (.30 % .05)% was observed
underground as compared to about 8-9% in neutron monitors at high latitude
stations and about 2-3% at low latitude stations. The geomagnetic storm as
measured by AF’ ~indices on the 13th was of moderate strength (Agg ~indices
increased to about 150% ) and this heralded the arrival of plasma cloud from
the:sun which caused a decrease in cosmic ray intensity that could be seen in
high latitude neutron monitors. This Forbush decrease started to recover to
normal values when a Severe magnetic storm (AF;windices increasing to about 250 V)
started on the 2lst. This caused the cosmic ray intensity to decrease further
and this Farbush decrease was observed by recorders at sea level as well as by
Recorders underground. This decrease in cosmic ray intensity started aAfew
hours after the severe magnetic storm of the 21st and was probably caused by the

plasma clouds ejected by the major solar flare of importance 3 on the 20th, The
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maximum decrease resulting from the two Fcrbush decreases has been quoted above.

7.4 Discussions of the Results and the Observed Rigidity Dependence of
‘ Forbush Decreases

The events described in sections 7.3z and 7.3b have shown that

in both cases significant Forbush decreases have been observed underground.
These Forbush decreases have also been recorded by sea level neutron monitors,
aé can_be seen by an examination of Figs. 7.1 and 7.2. It can also be seen
that the amplitudesof the decreases were the highest at Deef River (the lowest
éut-of:f rigidity station) and lowest at Holborn (having the highest cut-off),
These experimental values of the decreases observed at different stations
have been used to study the £igidity dependence of Forbush decreases. This study
is of particular importance because the use of the underground data enables
the study of the rigidity dependence of Forbush decreases to be extended to
higher rigidities, perhaps as high as R~100 Gv,

| Theoretically the expected decrease fof any component of the cosmic

ray flux can be gglculated from the formula,
Jp Wme®aR
N

S;Y(R)cm

gl

—

I

763

where, R, is the vertical threshold rigidity; W(R) is the diffefential
response function of the detector responding to the particular component of the
cosmic ray flux; j‘;W(R)dR is the counting rate, I of the detector and f(R) is
the modulation funcézon specifying the rigidity dependence of the decreases.
So, knowing the response curves W(R) for different detectors and
using the different assumed modulation function f(R) the expected decreases
can be calculated. The expected decreases can then be compared with those
observed and the form of the modulation function giving the best fit to the
observations can then be taken as a measure of the rigidity dependence of the

decreases.
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It has been stated earlier that two iypes of modulation function
have been extensively used by different workers and have been found to give
cdnsistent results about the rigidity dependence of Forbush decrease events,
Tﬁese modulation functions have been given in section 7.1 (egns. 7.1 and 7.2)e
An attempt will now be made‘to examine which form of modulation function can
give the best fit to the present experimental observations.

In order to study the rigidity dependence the following prbcedure
has been adopted. It will be seen that both types of modulation fumction
(eqns. 7.1 and 7.2) need an arbitrary constant 'A' to be evaluated, But
instead of finding the expected decreases themselves at different stations,
ratios of the decreases at two stations have been calculated thereby eliminating
tﬁe arbitrary constant (eqn. 7.3). The response curves for different detectors
at sea level, at mountain altitude and at Holborn undérgrouﬁd arevgiven in
‘Appendix II and the values of W(R) have been taken from these curves for the
present calculations.

The expected ratios of Forbush decreases in neutron intensifies at
sea level to the meson intensity underground have been calculated first of all
using the modulation function of the type f(R) ~ R-yktype 1), with ¥ =e1,02,00.
1,0. The results of the calculation are shown in Fig. 7.3,wmese The expected
rgtios of Forbush decreases in neutron intensities at high latitude stations
to that at a low latitude station (Buenos Aires,\~35°S) are also shown in
Fig. 7.3.

Secondly, using the modulation function of the type £f(R)~ -A or O,
for R {or; Rmax(type II), the expected ratios of Forbush decreases in neutron
intensities at sea level ;g that in meson intensity underground have been

calculated with different assumed Rmax' The results of the calculation are
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shown in Fig. 7.4a, where the expected ratios have been plotted against Rmax'
The expected ratios of Forbush decreases in neutron intensities at high
latitude stations to that a% Buenos Aires are shown in Fig. 7.4b,

The results are summarised in Table I. Thz observed ratios for
1961~62 are those for the Forbush decreascs described in section 7.3a and for
1963 are those for the September 1963 Ferbush decrease event described in section
7.3b. During the September 1963 event no neutron data from a low latitude
sea level station was available. Therefore, only the ratios of Forbush decreases
in neutron intensities at high latitude sea level stations to that in meson
intensity underground are shown in the table.

The wvalues of Rmax (according to type II modulation function) have been
extracted from the Figs. 7.4a and 7.4b by comparing the observed ratios with
the corresponding expected values. Similarly the values of the exponent Y
(according to type I modulation function) which gave the best fit to observations
were obtained from the Fig. 7.3. The expected ratios at ¥ =.8 during 1961—62
and ¥= 1.1 during 1963 are also shown in the table (columns 6 and 7).

It can be seen from the table that t&e type I modulation function
can account fairly well for the relative decreases in neutron intensitieés at
~ sea 1eve1 as well as for the ratios of the decreases in neutroﬁ intensities
~at pea level to that in meson intensity underground (columngfg and 7). But-
“the type II modulation function seems to give inconsistent results. For
example, if the column 4 is examined it is seen that the type II modulation
function can predict the relative decreases in neutron intensities at sea level
if Rmax is less than about 20 Gv; but to prediet the ratios for the decrease
in neutron intensities at gea level to that in teson ‘intensity underground,

it is necessary that Rﬁax should be raised to about 100-125 Gv. However, it



-170-

T T T T T T T ] 1
| Buenos Aires London L Deep River
Holtorn tloltorn Holborn
(Mine Agui\ar 40 |
Holborn (&)
0
o
o
T
o}
&
3
o)
4=
3)
©
O
o]
&
280 360 140
Rm&x GV)‘
T T T L T T I 1 | { )
l.7F 1.6 Deop River
London Bueros Aires
= Buencs Alrps
(b)
1.5 L- 104 -
w;
=t
4>
o
& 1.2
o
@
+
()
)
a,
b
&
1.1
1-0 -~ K
40 120 200 280 380 440
R:max (GV) .
Fige. 7.4 The curves showing the predicted manner in which the ratios

between intensity variations at different stations (as indicated
in the figure) depend on the velues of Ry,, of the modulation
function f(R)m» -A or 0 , for R{OIr)Ryax -



-171-

Table T
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must be emphasised here that though the calculated values for underground meson
intensity may be in error due to the uncertainty in the response curve for the
underground detector, the error inyolved cannot explain away the lafge discrepancy
found in the case of type II modulation function.

The differences between the ratios obtained in 1961-62 and those
obtained in 1963 appear to show that the rigidity dependence of the Forbush
decreases may ehange from event to event. Although it was necessary to average
the data over a mumber of Forbush decreases in order to obtain a significaﬁt
result from the underground measurement, the ratios given in column 2 represent
the average characteristics of Forbush decreases but this may not be typical

of any particular Forbush event. From that point of view it would appear better
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to study the rigidity dependence of the Forbush decrease events individually.
Unfortunately, however, the ratios of the September 1963 Forbush decrease
in neutron inténsities at high latitude stations to that at Buenos Aires

(a low latitﬁde station) could not be obtained due to the lack of data from
Buenos Aires. Hence the September 1963 event could not be studied in greater
detail, In spite of some uncertainties, it would appear from the foregoing
analysis that the type I modulation function}f(RXKrR—,'would give a better fit
tq our results than the type II modulation function, where f(R) is assumed
to be a constant up to a certain upper rigidity limit. The calculated values
of the exponent ¥ (~.8 to 1.1) in this experiﬁent deein very good agreement
with those calculated by Russian workers (Kuzmin et al 1963) who obtained

. Rt
the values of ¥ for Forbush decrease events during 1958 to 19626 lie between

f‘l .8 to 1.2.

7.5 Summary

(i) The Forbush decreases observed undefground during 1961-62 have been studied

by the method of superposed epochs; the Forbush decrease event observed in

September 1963 has been studied individually.

(ii) The rigidity dependence of the decreases has been studied by using two

types of modulation function,
(a) £(R) Y
(v) £(R)

AR

(type I)

-A or O for R <or>/ R x (type II).

(1ii) The rigidity dependence of the decreases has been such that the type
I medulation function is found to be consistent with the observations, while
the type II modulation function is found to give inconsistent results,

(iv) The rigidity dependence of the decreases in 1961-62 has been such that

the best fit to the observations is obtained if f£(R)4 R_'8. In 1963 the

rigidity dependence which gives the best fit is obtained if‘f(R)ﬂc R_l'l,
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CHAPTER VITI

27-DAY VARIATTONS

8.1 Introduction

Apart from the non-periodic Forbush decreases obscrved in cosmic ray
intensity often in association with several solar and geophysical phenomena,
anothe? type of Qariation in cosmie ray intensity has been found to occﬁr at
27=-day intervals and is known as the 27-day variation. Unlike the sudden and large
decreases in cosmic ray intensity during Forbush decrease evénts, the 27-ddy
- variations are characterised by slow and small increases and decreases taking
place ét 27~day intervals ~ the intervals corresponding to the synodic period of
rotation of the sun. The sun is not a rigid body and the period is a function
of fhe latitudes of the sun and varies from about 25 days at the equator to
about 32 days at 80°,

The earlier studies of the 27-day variations were made by ionisation
chambe;s and meson telescopes at sea level and were mostly concerned with
establishing the character of the variations with regard to two aspects: (i) whether
the variation is a periodic or recurrent phenomenon and (ii) whether the variation
is of primary origin or a temperature effect.

Hess (1936), Hess and Graziadei (1936) Gherl and Steinmaurer (1942) and
others.have studied the 27~day variations and found that the variations are periodic
phenomena; the amplitudes of the variations being about .1-.5% of the mean.

Forbush (1938) showed that the process consisted of a series of isolated quasi-
periodic variations existing for several solar rotations. Monk and Compton (1939),
Gill (1939), Hogg (1950) and others have shown that the 27-day variations represent
the recurrence tendency of an individual phenomenon, the extreme values being repeated

at the same time intervals. The amplitudes and phases of the variations vary from

one cycle to another,
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This view is now woll-established and it is now gonerally believed that
the 27-day variations are indeed recurrence rhenomena. The variations may persist
for several solar rotations and then subside; they may start again with a
different phase. An extreme case of stable repetition éf 27-day wave over several
solar rotations has been reported by Mori et al (1964) who have found that the
neutron data show 27-day waves which persisted for 18 solar rotations during 1962-63.

The question about the nature of 27-day variations remained unsolved for
a long time because of the uncertainties in correcting the data for temperature
variations in the atmosphere. It was only after the neutron monitors céme into
operation that the question was finally settled. Simpson et al (1952) studied
the neutron inteﬁsity records for 1951-52 and found a recurrence tendsncy in the
neutron intensity variations in a series of 27-day periods. This result definitely
established that the 27~day variations in cosmic ray intensity is a property of the
primary radiation and not of atmospheric origin,

Geomagnetic and solar activity (respectively’measured by Kp ’ CP or Ap-
indices and sunspot numbers) alsoc show a 27-day variation of the type found in
‘cosmic ray intensity. It was, therefore, natural to look into the relations between
27-variations in cosmic ray intensity and those of geo-magnetic and solar activity.

- However, the earlier studieg (Elliot 1952) showed that there is no detéiled
_corféspondence between the cosmic ray intensity and geo-magnetic field variations
which suggested that the two variations are not directly connected.

In the mean time Simpson (1954) made an interesting study of this relation
by a neutron monitor flown in an Aircraft. He observed that the day to day variations
ip neutron intensities measured by the neutron monitor at latitudes above and below
the knee of the intensity-vs-latitude curves were similar, so that the 27-day

variations observed at sea level during this period could not be produced by
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geo-maénetic field variations.

Later on, in 1955, Simpson et al (1955) studied thc connection between
the passage across the central meridian of the Unipolar regions (so named because
the magnetic lines of force emerge out of the sun from these regions but do not
returnﬂto the sun again) and the 27-day variations in cosmic ray intensities
measured by neutron monitors at Climax and Chicago and an ionisation chamber at
Freiberg. They found that the maximum intensities of the neutron or hard components
occur pﬁ the days when the Unipolar regions cross the central meridian, They have
suggested that this relation can be ascribed to the solar modulation of primary
cosmic rays arriving from spaces outside our solar system.

These two experiments have shown definitely that the 27-day variations
in cosmié ray intensity and geo-magnetic activity are not causally connected but
both of them are undoubtedly controlled by solar atmospheric conditions.

Meyer and Simpson (1954) have found that the amplitudes of Bé-day
variations in intensity and Kp -indices show a very close positive corfelation with
solar activity - the amplitudes were found to be the highest during thé period of
maximum solar activity gradually decreasing to a minimum as the solar activity
decreased to a minimum. Subsequent studies by several other workers have also
confirmed this dependence of the amplitudes of 27-day variations on solarvacfivity
(Venkatesan 1958; TForbush 1959; Walt 1959 and others). TFor example, Forbush
,studied the hard component data from Huancayo from 1936 to 1955 and found that the
amplitudes of cosmic ray intensity and geo-magnetic activity decreased to a
minimum during the minimum of solar activity. Similarly, Walt found that the
amplitude in cosmic ray intensity decreased from about 3% during the yearé of

maximum solar activity to about .5% in years of minimum solar activity. They
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have also found tha§~fﬁe amplitudes of cosmic ray intensity and KP -indices are
positively correlated.

| However, the relation of the variations in cosmic ray iptensity and
geo-magnetic activity has been found to differ widely from one cbservation to
another. A close negative correlation between the two variations has been found
by Meyer and Simpson (1954) and Venkatesan (1958) while Forbush (1958), Walt (1959)
and others found that there is a negative correlation between the two Qariations
but the minima (or ﬁaxima) of the intensity were found to occur about 1-2 days after
the maxima (or minima) of KP -indices. On the other hand, Van Heerden and
Thambyahpillai (1955) also found a negative correlation between the two variations
but the minima (6r-ﬁaxima) of the intensity were found to occur about 5 days before
the maxima (or minima) of Ky -indices. |

Venkateszn (1958). critically examined this lack of detailed correspondence.
between the 27-day variations in cosmic ray intensity and KP ~indices. He has
analyéed the jonisation data from Huancayo from 1937 to 1955 and has f?und that
this iack of correspondence between the two variations is due to the property of
the interplanetary space existing in different years of the solar cycles, so that
Kp -maxima (or minima) may precede the minima (or maxima) of cosmic ray intensity
in some years and follow in some other years.
Kodama (1959) has found that there is in general a negative correlation

between the 27~day variations in cosmic ray intensity and solar activity but
in certain periods of minimum solar activity, the correlation may become positive.
He thinks that there are two competing processes in operation - the ejection of
magnetisAed clouds from the sun which depresses the cosmic ray intensity and the -

solar generation of cosmic rays. So, if the former is predominant a negative
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correlation will be observed but if the latter is predominant (as iﬁ the solar.
minimum epoch) a.positive correlation will be observed.

It is, therefore, clear from the above discussion that while it is well-
establishgd ﬁhat the amplitudes of 27-day variatiéns in cosmic réy intensity and,
the indices of geo-magnetic activity show a positive correlation with the qycle
of solar activity, the relation between the 27-day variations in cosmic ray
intensity and the indices of geomagnetic activity showsa significant difference
from one year to another,

8.2 The Rigidity Dependence of 27-day Variations

The stud#‘of 27-day variations using neutron and ionising components
of cosmic rays have shown that the variations are rigidity dependent —4the effect
is more pronounced in the low rigidity part of the primary spectrum, Fonger (1953),
Meyer énd Simpson (1954) reported a ratio of about 4 to 5 between the amplitudes of
27~-day variations in the nucleonic component to the ionising component. Simpson
et al (1955) found that the amplitudeg of the neutron component was about 3 to &4
times hiéher than that of the muon component. Van Heerden and Thaﬁbyahpillai (1953)
on the other hand found the ratio to be of the order of ~2.3 Glokova and Inozemtsev
(1960) have studied the 27-day variations during 1957-58 from 11 stations (nucleonic
and hard component) and have found that the ratios of the ampliﬁudes of the
muicleonic components to those of the hard components are about 3.5 on the average
for all medium latitude stations,

The 27~day recurrence tendency at higher rigidities (R ~ 100 Gv) has
also been recently reﬁorted by Sandor et al (1962a) from the analysis of the
underground data at Budapest (40 m.w.e.) during 1958-60, The mean amplitude of

the 27-day variation was found to be of the order of~1%. Mathews (1962) also found
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a pronounced 27-day variation at Holborn (60 m.w.e.) & coincident with those
in the sea level intensity.

All the above results have shown that the amplitude of 27-day variation
depends on the rigidity of the prticles detected. The rigidity dependence of
27-day variations has been studied by Glokova and Inozemtseva (1960) and others
and it has been found that the‘rigidity dependence of 27-day variations and
Forbush decreases is the same, so that both the phenomena are caused by the same
modulation mechanism, However, the studies of the rigidity dependence of 27-day
variations at higher rigidities have not been made so far.

In the foliowing sections the available data from Holborn for three
years (1961-64) will be used to study the relation between 27-day variations in
cosmic ray intensity underground and geo-magnetic activity as well as @he rigidity
dependence of'the variation in cosmic ray intensity. The observed rigidity |
dependence of 27-day variations will then be compared to that for Forbush

decreases found in the previous chapter,

8.3 Experimental Results about 27-day Variations at Holborn

) in order to study the 27-day variations underground the daily intensities
from different telescopes were added up and the average daily values were corrected
for all atmospheric effects (i.e., for the barometric, decay and positive temperature
effects) using the coefficients as found in Chapter III,

The data will be presented corresponding to three years referred to as
periods 1961, 1962 and 1963-64. It will be noted that the period 1961 has been
included into the present analysis, even though Mathews (1962) has already analysed
the data for this period, for the following reasons: he used different pressure

and temperature coefficients (i.e., =-.0k2% per mb and +.036% per °C respectively
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as compared to —.037% per mb and +.041% per °C in the present case) and he did
not apply any corrections for theﬂlwe decay effect. So, to make intercomparison
of the variations observed during different periods it was thought necessary to
analyse the data for the period 1961 as well using impioved methods of correction.

The corrected data have been analysed by the method of superposed epochs
(Chree and Stagg 1928) i.e., two or three days in each calender month showing
highest inténsities were selected and entered in a vertical column under the day-
number n = o {epoch-day). The intensity values for the subsequent days following
the epoch-day were entered into separate vertical columns under day-numbers n = 1y24es
86, ?his procedure was repeated for different months and entered into corresponding
columns with n = 0,1, ....86. The average value of each column was obtained and
‘the percentage deviations of each column from the 86-day mean were calculated. These
percentage deviatioﬁé from the mean, plotted against day-number, n, will be called
the positive waves. A similar procedure was followed in selecting two or three
days in each month showing lowest intensities and the variations obtained will be
called ‘the negative waves,

The selection of the data has been made in the following way: The
standard deviations for daily intensities during 1961-62 were ~,09% and during
1963-64 were ~.05%, Since the day to day variations underground were not very
much different from the corresponding standard deviations during 1961-62, days of
highest (or lowest) intensities could not be well separated from the background
fluctuations., On the other hand, sea level neutron monitors show larger variations
and the selection of the data becomes very easy. It is also possible in this case
to remove from the analysis days during Forbush decrease events which may be
observed at sea level but may not be seen (or may be masked by the background

variationsyin the underground records, As a result ¢ selection of the data was made
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according to the neutron monitor records at Iﬁperial College, ILondon agd all results
presehted in this chapter will be obtained in this way.

t The results of the analysis of the underground data by the method of
superposed epochs are shown in Fig. 8.1. The curves a,b,c respectively correspond
to the positive W%Ves for the periods 1961, 1962 and 1963-64. The negative waves
were also obtained during 1961 and 1962 and are shown in this figure superposed
on the curves a and b, The curves for the period 1961 have been obtained from
December 1960 to June 1961, since the 27-day variations appeared to have died down
during the rest of the period. The negative wave for the period 1963-64 has not
been calculated because during this period the 27-day variations seem. to have
almost disappeared. The. curves have been plotted on the same scale -~ the ordinate
showiég the percentage deviations from the means and the abscissa the day-numbers
n, Tﬁe 27~day interfals have been marked by dotted vertical lines parallel to
the ofdinate. It.can be seen that the underground intensity shows recurrence
Atendency at an interval of 27-day periods. It is also found that the amplitude
of the variations has gradually diminished from 1961 to 1963-6k, .

In order to investigate the relationship between 27-day varlatlons in
the cosmic ray intensity and the AP -~indices of geomagnetic activity, the positive
waves in AP ~indices corresponding to the three periods have been calcplated and
are shown in Fig. 8.2 (curves a,b,c)., The selectionsof the epoch-days have been
made according to the neutron intensity level, as mentioned above. 1In order to
show the negative correlation between 27-day variafions in cosmic ray intensity
and AP -indices, the waves of Ap ~indices have been plotted in reverse scale,
Comparison of the curves in Figs. 8.1 and 8.2 clearly show that the maxima in cosmic

ray intensities correspond to the minima in Ap -indices, Fig. 8.2 (curves a,b,c) als
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shows the gradual dimenittion of the amplitudes of 27-day waves in A‘a -indices
from 1961 to 1963-64 simil~> to the effect observed in the cosmic ray intensity.

The 27~day variations observed at two sea level neutron monitoring
stations - London and Deep River - corresponding to the three periods have been
plotted in Fig. 8.3, the selection of the epoch-days being made as mentioned above.
The curves marked a,b,c refer to the positive waves observed at London and those
marked a'y b'y, ¢! refer to the positive waves observed at Deep River. The dotted
lines parallel to the ordinate refer to the same 27—déy intervals as in Figs. 8.1
and 8.2. Since there has been gradual increase in the level of neptron intensities
from 1961 to 1963-64 as a result of the ll-year éycle of cosmic ray intensity
variations, the curves in Fig. 8.3 have been plotted after adjusting for this long

“term trend.

Examinations of the Figs. 8.1 and 8.3 showp that similar variations have
been observed both in nucleonic component at sea level and hard component underground
excépt in amplitude - the amplitude being higher at sea level than underground.

The curves in Fig. 8.3 also show that there haé been a gradual dimen¥tion of the
amplitudes of 27-day variations from 1961 to 1963-64 in sea level nucleonic
intensities, similar to the‘effect oﬁserved underground and in A§ —indi?es of
geo-magnetic activity.

8.4k Discussion of the Results and the observed Rigidity Dependence of 27-day
Variations \ ‘

The following characteristics of the 27-day variations have emerged
from the foregoing analysis and are worthy of note:
(1) The results presented above definitely show that there is a tendency of the
cosmic ray intensity underground to show a small Variatién at 27-day intervals,.
This tendency is fouhd fo be a recirrende phenomenon rather than a periédi&

phenomenon,
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(ii) The same 27-day variations exist in neutron intensities at sea level, vSince
the underground data have been corrécted for all known atmospheric effects and
the selection of the epoch-days was made on the basis of the neutron iétensity
level, it is clear that the process which is operative in producing =2 27=day
recurfence tendency in the lower rigidity primaries as measured by the sea level
neutron monitors is also operative in producing the same éffect; though with a
_,sméller amplitude, in the higher rigidity primafies as measured by the underground
meson monitors at Holborn.(valoo Gvede |

(4i1) The 27-day variations of cosmic ray intensities (nucleonic and muon
components) and the AP ~indices of geo-magnetic activity show a very close negative
correlation without any time lag or rhase difference (Figs. 8.1, 8.2, and 8.3)

(iv) The amplitudes of the variations of both cosmic ray intensities and AP-indicese
have been found to decrease gradually from 1961 to 1963-6k4, indicating that the
amplifudes of the two variations depend on the degree of solar activity (Figs. 8.1,
8.2 and 8.3).

(v) The amplitudes of the variations underground were found to be smaller than
thosefat sea level, indicating that the'variations in cosmic ray intensity
depend on the rigidity of the particles detected (Figs. 8.1 and 8.3.).

(vi) The rigidity dependence of the 27-da& variations appearsto be different
from that'of Forbush decreases. Fﬁr example, the ratio of the amplitude of Forbush
decreases in neutron intensity at London(S.L.) to that in meson intensity underground
is found to be 10%1.0 during 1961-62. The corresponding ratio for the 27-day
variations is found to be 2.6%.3,

The properties of the 27-day variations listed in (i) to (v) are found

in agreement with those found by other workers but the property shown in (vi) appears
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to show some discrepancy. Glokova and Inozemtseva (1960), Dorman (1963 have
found that the rigidity spectra for primary vaiiations are nearly the same for
27—day'variationé and Forbush decreases. Brown (1958) Webber (1962) aﬁd others
also believe that the same modulation mechanism is responsible for Forbush
decreases and 27-day variations and in fact the 27~day variations are the smaliex
Forbush decreases that are irregular and superposed and have a tendencj to recuw
with 27-day periods, presumably connected with the rotational period of the active
regions on the sun, Kuzmin et al (1963), however, have found a difference in
rigidity dependence of the two variations in agreement with the present ocbservation.
| It will, therefore, be interesting to study the rigidity dependence
of the 27-day variations in greater detailg and compare this with the rigidity
dependence found for Forbush decreases in the previous chapter.
| In order to study the rigidity dependence of 27-day variations, the

period 1961 was found to be the most suitable because the neutron data from several
other stations were available for this period and also this period was characterised
by large 27-day variations. The positive waves of the 27-day variations observed
at Deép River (cut-off rigidity Ry = .98 Gv), London (Ry = 2.70 Gv), Rome (R, =6.4 €
Mina Aguilar (Ry = 12.6Gv) as well as at Holborn (60 m.w.e.) have been plotted in
Fig. 8.4. To study the rigidity dependence the ratios of the amplitudes of 27-day
variafions at sea level to that underground were evaluated by scatter aiagrams
(Fig. 8.5) as well as by correlation analysis covering 86 days and are shown ]
in Table I,

In this table are also shown the corresponding ratios found for Forbush
decreases during 1961-62 and November 12-13, 1960 (Mathews, 19632). It has been

stated in Chapter VII that the rigidity dependence of Forbush decreases for 1961-62
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FigeBosds The 27-day variations in neutron intensities at different sea level
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~187~

Table I.
Ratios Observed ratios for 27-day | Observed ratios for. Forbush
' variations during 1961 decreases during
1961-62 November, 1960
London (S.Lo) i + + .
Underground 2.56-.29 10,0-1.2 ~ 960
Deep River (S.L.) | + +
Underground 2.87-.32 12.8-1.5
Mina Aguilar (M .A. ). + +
. {Underground 1.00-.20 5.9-1.0
Underground I §
8

which can give best fit to the observations is f(R)}{R *~, Now comparing the
~observed ratios for 27-day variations in Table I with those expected (Fig. 7.3
Chapter VII), it is found that the rigidity dependence for 27-day variations
whichfgives best fit to the observations is f(R)el R-,: where ¥ lies between

.2 and .3. This result thus indicafes that the 27-day variations are'possibly
.less ﬁigidity dependent than Forbush decreases.

' At this point it may be pointed out that since the underground data

has been corrected for temperature and height variations the amplitude of the
27-day variations undefground will depend on the amount of corrections applied,
particularly if the atmospheric temperature variations show a 27~-day variation

in phase with cosmic ray variation underground. An attempt was, therefcre,

made .-to find some indication of a 27-day wave in the mean temperature of the 200-70
mb layer but no such wave was detectable, So, the-.observed dii;ference in rigidity
dependence for 27-day variations and Forbush decreases during 1961-62 cannot arise

from improper temperature corrections,
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This difference in rigidity dependence for the two effects (Forbush
decrease and 27-day variation), however, may not necsssarily mean that. the
modulation mechanisms fer these two effects are differunta Firstly, the rigidity
dependence of the Forbush decrease events hz$é Leen found to differ from event to
event, presumably due to the different ways in which gas clouds emitted by the sun
intersct with interplanetary space. Secondly, all the evidence from sea level
suggesis.that the 27-day and in fac% all short term and long tevm .variations are
due to the modulation of galactic cosmic rays by stream of solar plasma emitted
by the active regions of the sun. Now, if these active regions can emit solar
protons to which neutron monitors arc sensitive (as suggested by Simpson et al 1952),
the depression produced in low energy cosmic radiation will be compensated somewhat
by the arrival of solar cosmic rays which will be observed by the neutron monitors
" but not by the underground detectors. The depression in neutron monitors will
be comparatively smaller in such a case and the ratio of the amplitude of 27-day
- variations in neutron monitors to that in meson detectors will be reduced, as is
observed,

However, if the solar production of cosmic rays has power law spectrum
with exponent as high as 5 to 7, then this filling up effect of the decreases by
the solar production of cosmic rays should not be present iﬁtneutron mbnitor‘ at an
equatorial station that has high cut-off rigidity. Hence the ratios of the Forbush
decrease and 27~day variation in neutron intensity at an equatorial station to those
in meson intensity underground should not be different. To test this, Forbush
decreases and 27-day variations in neutron intensities at Mina Aguilar (a high cut-
off station) were analysed and the corresponding ratios of the variations at Mina

Aguilar to those underground determined. The ratios are shown in Table I above.
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It will be seen that the ratio for Forbush decreases is about 6 times larger than

the corresponding ratio¢ for 27-day variations. It is interesting to note that

the ratios of Forbush decreases at low latitude stations (such as London and

Deep River) to those underground are also about 5-6 times larger than the corresponding
ratios for 27-day variations. There is thus some evidence that the possibility

of twq different modulation mechanisms being responsible for causing Forbush

decreases and 27-day variations cannot be altogether ruled out.

8.5 Summary

(i) Complete three years' (1961 to 1963-64) data from Holborn (60 mew.e.
underground) have been analysed to study the 27-day variations. A 27-day recurrence
tendency has been observed in underground meson intensity similar to that observed
in sea level neutron intensities,

(ii) The 27-day variations in cosmic ray intensity (at sea level and under-
ground) showed a close negative correlation with those in geo-magnetic activity
as measured by Ap -indices. The amplitudes of 27-day variations in cosmic ray
intensity and geomagnetic activity graduélly decreased fr§ﬁ'l961 to 1963—64, |
indicating a positive correlation with solar activity;
| (iii) From the commrison of the amplitudes of 27-day variﬁtiqns at stations
with different cut-off rigidities the modulation function épecifying the rigidity
dependence of 27-day variations was determined and fhis appeared to be different
from the modulation function determined in the case of Forbush decreases. The 27~day
variations appeared to be leés rigidity dependent tﬁan the Forbush decreases.

(iv) The possible reasons for this differente in rigidity &ependence for
Forbush decreases and é?—day variétions have been discussed and it.was foﬁnd that fhe
possibility of two modulation mechanisms for these two effects cannot be altogether

ruled out.
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Appendix I
The Regression Coefficients of the Correlation

Analysis during 1961-63

Table I(a)

i R )
Rooperaize | om0t By P s |
200-100 mb 1 -.0301%,0101 ; +.0348%,0130 §
2 -.0574%,0127 3 +,0430,0316 §
3 | -.03262,0102 | +.0525%, 0276 §
M | -.0327%.0082 ; +.0435% 0270 |
5 | -.0380%,0076 5 +.0453% 0306 ;
6 ~,0378%,0071 : +.0443% 0153 |
7 ~.0375%,0086 L +.0747%.0508 §
8 -.0338%,0090 g +.0431%, 0240 i
9 -.0388%, 0025 : +.03202,0180 f
10 -.0299,0055 +. 04732, 0161 (
1 | ~.0334%,0059 +.0403%,0.88 }
4
Table I(b)
T tu Ipers % ¥ V}
T i T
j i
200-70 mb 1 -.0325%,0096 i +.0434%, 0163
z 2 -.05062.,0139 | +.0n20%.0367
' 3 ~.0358%.0080 ! +.05432, 0249
| I | -.0338{.0088 +,04323}031§
5 * -.0346~,0069 +.0542-,0247
6 -.03732.0067 +.04662. 0111
9 to_.04012, 0027 +.03072.0120
10 -.02962.,0057 +.0455-,0163 |
11 -.03412,0063 +.03962.0219 -




3.5

Table I(g)

Betmenn tagora | oo s,y .
10070 mb 1 -.0343%, 0104 +.0636%.0298
2 -.0527%.0098 +.0453%, 022
3 -.0376%,0082 +.05%%,0319
4 -.0258%,0075 +.0527%.0342
5 -.0346%,0061 +.0648%, 0245
6 -, 0375=.0065 +.0475%,0139
7 -.0328%. 0101 +.0193%,0341
8 -.0337%.0116 +.0380%. 0350
9 ~.0418%.0037 +.0180%,0139
10 -.0317%,0059 +.0405%,0163
11 -, 03645, 0055 +.0546%,0299
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Appendix II

The Differential Response Curves

The counting rate of a detector, N(R, ,h;t), at a depth, h, and at

time, t, at a given latitude, , can be written as,

N
NRp Jhyt) = & [Mp R TER B @)
Z ~

where, M- (R, h) is the 'multiplicity function' or the 'specific yield function'
that gives the number of secondary particles which are recorded
by the detector and have been produced at the depth, h, by a

primary particle of charge, # and rigidity, R.

R, is the vertical threshold rigidity at the 1l:titude, Ao
4 Jz (th) is the differential rigidity spectrum of the primary particles
- dR

at time, t.
Now, differentiating eqn. (1) with respect to the differential rigidity spectrum

and dividing each side by the eqn. (1) we get the relative variations, (neglecting %)

- , ~ 3 ‘,f dJ (R, t) \
N(RA ,h,t) .__dR Z ,
‘NzR: ,n,t) ~ fR aJ (R, 1) @ (Rah,t) dR eeenees(2)
~ dR
oK. <. (R, 8)_ M(R,h)
where, £W(R/\ 1hst) = j N(R,:‘:Ijh,t) = ]_OO% .......(3)
™

Ba

The function, W(R, ,h,t), is called the ‘Differential response' or the 'Coupling

~1
coefficient! for the detector, and it can be seen from the eqn. (3) that

W(Rh_ yh,t) can be determined from a knowledge of the primary spectrum and the
multiplicity function which is, however, difficult to calculate. But it can
be estimated in a simpler way from the geo-magnhetic effects, as follows:

Differentiating partially the egn. (1) with respect to R, , we find

that,
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ONRA ®) | SRy e (1)
6Rh -dR

Hence from {3) and (4), we get,

_%N(R,,het) ! . ;
W (R/\ ’h’t) - éR,\ L] N‘(R/\ ,h’t) secesces (5)

The righthand side of eqgn. (5) represents the geomagnetic effects and thus the
response curves for rigidities up to 15 Gv can be obtained easily., Above 15 Gv,
however, they are calculated by extrapolation. Dorman (1957), Webber and Quenby
(1959) have previously derived differential response curves for different
components of cosmic rays at different depths of the atmosphere. The shapes of
the curves will depend greatly on the values of Rﬁ,uSed and the curves based
on the latest values of threshold rigidities (according to Quenby and Wenk 1961)
havé been given by Webber(l962l These differential response curves for neutron
components at 680 gm/cma, and at sea level as well as for meson components at
sea level are shown in Fig. A.1.

The differential response curve for the underéround recorder at a
depph of 60 m.w.e. underground.has been calculated following the method suggested
by Dorman (1959), where he showed that if the differential response curve
W(R,hl) at rigidity, R, at a depth, h;, is known then the differential response

curve at another depth, h,, may be obtained from the eqgn.,

2
W(RBE) = 2L W, n) cevenes (8)
E, By
where the righthand side is the differential response curve at rigidity,
R. E1 s and depth, h2; El and E2 are the minimum energies of mesons at
- :

2 o
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production required for them to be recorded hy the instruments located at

1 and h2 respectively. The differential response curved for the

detector at a depth of 60 m.w.e. underground has been calculated from the response

depths, h

curve for the sea level meson detector following the egn., (6). This curve is

also shown in Fig. A.I.
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