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PREFACE

For many years it has been known that, wherever we look in the sky, the
intensity of high energy charged particles reaching us is, within errors of measure-
ment, remarkably constant. This aspect of cosmic radiation is of fundamental
interest and testifies to a chaotic stirring of the directions of particle motions in the
galaxy. As the accuracy of measurements has improved, the more precisely has
it seemed that the intensity is isotropic. Only at present levels of accuracy, when
we are able to say that the intemsity is constant in all directions to better than
99-9%, does there seem to be unequivocal evidence for a small but significant
non-uniformity, or anisotropy.

It is the purpose of this report to describe various lines of investigation which
have led in the first place to the conclusion that the charged particle intensity does
vary with galactic direction of viewing. Following from this, a descriptive model
for the anisotropy is proposed and the parameters arc investigated. The material
is essentially that of a doctorail thesis (University of Tasmania) completed
in March 1967. Significant developments since that time are discussed in the con-
cluding Section.

The report is concerned in the main with experiments carried out at the
University’s underground observatory, there being decisive factors in favour of an
initial approach through observations with large detectors underground. Some of
the findings concerning the anisotropy, such as the two-way (bi-directional) nature
of the intensity maxima, have been widely published and have reccived substantial
carroboration from experiments in other countries. However, the principal evidence
as to a galactic origin for the bi-directional effect has come from an analysis of a
latitude survey, leading to the first estimate of the declination. This is largely un-
published work as is other relevant material, including estimations of the energy
range of the anisotropy, its enmergy dependence, the evidence of seasonal and
long-term changes and that of a “streaming”, uni-directional component. In the
development of the model it was necessary to know something of most of these
aspects of the new phenomenon.

The case for a galactic origin, as against a solar origin, for the two-way
anisotropy rests largely on the estimate of the direction, particularly the declination,
and of the energy range. However, no sensitive practical indicators of the latter
have so far emerged from the analyses of underground data. On consideration of
this, the investigation of the energy range has been taken up as a major objective of
high energy experiments being planned by the Antarctic Division for Mawson.
The experiments will make use of the fact that, at polar latitudes, the terrestrial
magnetic field can be employed to maximum advantage as a magnetic spectrometer
for determining encrgics of incident protons, up to quite high energics. Already

1



2 SIDEREAL DAILY VARIATION OF COSMIC RAY INTENSITY

the first results from a prototype high zenith angle telescope at sea level at Mawson
have indicated a high threshold energy, compatible with a galactic rather than a
solar origin for the bi-directional effect. The general methods of analysis set out
in this report provide a basis for interpretation of the Antarctic data.



STUDIES OF THE SIDEREAL DAILY VARIATION OF COSMIC RAY
INTENSITY WITH PARTICULAR REFERENCE TO OBSERVATIONS
AT 40 MW.E. UNDERGROUND

By
R. M., JACKLYN

Antarctic Division, Department of Supply, Melbourne
(Present address: Department of Physics, University of Tasmania, Hobart, Tasmania}
(Manuscript received 26 March 1970)

ABSTRACT

An investigation of the apparent sidereal daily variation of meson intensity at
depths of approximately 40 m.w.e. underground is described. Continuous records,
over the years 19581965, from vertical telescopes at Hobart, provide the main
source of information, in conjunction with data from vertical telescopes at Budapest
and from special experiments at Hobart with telescopes inclined 70° north, 30°
north and 45° south of zenith. For comparison with the underground data, the
available observations of an apparent sidereal daily variation at sea level are
examined. Developments since 1965 are summarized and discussed at the end of
the report.

It 1s concluded from analyses based on the anti-sidereal technique, from dis-
criminatory experiments and from the coherence of the evidence for a genuine
sidereal component, that spurious contributions, if any, constitute only a small part
of the main effect, which is attributed to a small two-way sidereal anisotropy.

The observations are shown to be compatible with an empirical model which
specifies the anisotropy in interplanetary space outside the earth’s field region as
consisting of two parts:

(1) A bi-directional component with equal intensity maxima in opposite
directions;
{2) A smaller uni-directional component,

The co-ordinates of the axis of the two-way anisotropy are estimated to be
RA — 0640 == 0115, Dec. == — 38 = 7° in the southward direction and, cor-
respondingly, RA — 1840 == 0115, Dec. = -+ 38 = 7° in the northward direction.
These estimates are shown to be insensitive to values of the index of the variation
spectrum, v, in the tested range 0 to —2, and to the primary threshold rigidity, R.,
from 50 GV to at least 200 GV. It is also shown that the observations are incom-
patible with bi-directional intensity maxima in the direction normal to the plane
of the ecliptic (Dec. = == 66° 30v).

Although most of the evidence does not depend on assumptions as to the nature
of the interplanetary magnetic field, its role is considered beth in relation to the

3



4 SIDEREAL DAILY VARIATION OF COSMIC RAY INTENSITY

cut-off rigidity R., which it presumably imposes, and to the pronounced seasonal
changes that are thought to have occurred in the sidereal daily variation at sunspot
maximum. '

On the available evidence it is suggested that an excess flux of primaries with
small pitch angles, propagating in both directions along the galactic magnetic field,
may be responsible for the two-way anisotropy, but that there could be a different
origin for the uni-directional component.



1. INTRODUCTION
1.1, INTRODUCTORY REMARKS

There is now considerable evidence that the charged primary cosmic radiation
to which detectors at the earth respond is essentially isotropic in free space, at
least in the seven decades of rigidity from 10'° v to 10'" v. In fact, many careful
investigations over some thirty years have failed to produce convincing evidence
for even a small excess of charged particle flux from any fixed galactic direction.
More particularly, if the amplitude of the observed anisotropy is specified as

A= ;[mm_'__l Imin=
Imax + ll‘llill
there would appear to be zero anisotropy, with a margin of uncertainty of amplitude
varying from less than 0-1% at the lowest primary rigidities to about 3% at the
highest rigidities. Nevertheless, small anisotropies have been predicted, of special
interest being those that should be associated with the propagation of cosmic rays
through the galaxy in the presence of large-scale magnetic fields.

In the first part of this report, up to the end of Section 5, evidence is given
that there is indeed a small sidereal anisotropy, such as would be expected to be
associated specifically with a relatively uniform local galactic magnetic field (sce
Section 2 below). The evidence derives from daily variations of intensity, obtained
in the main from meson telescopes located at depths of approximately 40 m.w.c.
underground, where it is belicved most of the response would be due to primary
protons in the rigidity range 5 X 101 v — 102 v. The observations differ in a
number of respects from those obtained at ground level. Of particular note is the
fact that the amplitude of the solar daily variation is much smaller, and that the
characteristics of the apparent sidereal effect reproduce themselves remarkably well
from year to year, The initial problem is to determine to what extent the observed
sidereat effect is due to a sidereal anisotropy, extracting, if necessary, spurious
contributions that may have been generated by systematic modulation of solar
components of the daily variation. If, as a result, there is significant evidence for
a genuine sidereal component, it should be possible to ascertain the general charac-
ter of the anisotropy, provided that observations can be obtained from several
well-separated latitudes of viewing, preferably spanning both hemispheres.

The remaining sections lead to estimates of the mean direction of the anisotropy
in frec space beyond the earth’s field region, using assumed values for the index
of the variation spectrum and for the expected cut-off rigidity due to the inter-
planetary magnetic field. While the time of maximum of the observed sidercal
effect, after removal of any spurious sidereal components, gives some indication
of the right ascension, the declination is not approximated by the latitude of maxi-
mum amplitude that might be obtained from a latitude survey, being in fact,

5
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independent of it. The determination of declination has to be made in three stages.
Using observations from a number of detectors, scanning different strips of latitude,
transformations are effected from the observed sidereal daily variations to the
corresponding daily variations in free space, using the technique of the asymptotic
cone of response. Independently of these calculations, a model that is appropriate
to the type of anisotropy is formulated, yielding a free-space sidereal daily variation
and an average intensity term, The amplitude of the harmonics of the daily variation
term depend in part on the latitude of observation and on the declination of the
anisotropy. Using the expressions for the harmonics, a value of the declination
can be so determined as to give a best fit agreement between the free-space ampli-
tudes of the model and the amptitudes derived from the observations.

Tt will be shown that the estimated directions of the intensity maxima in free-
space, when taken together with the type of two-way anisotropy that is indicated
by the free-space harmonics, suggest that the primary cosmic radiation may be
propagating along a rather uniform local galactic magnetic field.

1.2. ISOTROPY AND ANISOTROPY

It appears that the overall high degree of isotropy of cosmic radiation must
be due to the randomizing of the directions of motion of the charged primaries
as they travel from their region or regions of origin to the solar system, rectilinear
propagation being disallowed in the light of the evidence that large-scale magnetic
fields of 103 to 10— % gauss permeate the interstellar medium in the galactic disc.
Optical and radio measurements indicate that the galactic magnetic field in the
vicinity of the solar system lies approximately in the direction (to within 20°) of
the local spiral arm, towards [/ = 70° or 250° [optical polarization of starlight in
dust clouds (e.g., Hiltner 1951; Hall 1958); Zeeman measurements relating to
dense neutral hydrogen clouds (e.g., Davies, Slater and Wild 1964); linear
polarization of radio emission from nearby “synchroton” regions (e.g., Mathewson
and Milne 1965; Mathewson, Broton and Cole 1966); Faraday rotation in HII
regions, of polarized emission from radio sources (e.g., Morris and Berge 1964;
Gardner and Davies 1966)] and that it is a well-ordered field on the average, with
typical local deviations of direction of about 0-1 radians. It is thought that the
mean distance to the “synchroton” regions is ~ 150 parsecs, while radio and optical
data in general refer to regions within 3 kiloparsecs of the sun. That interstellar
magnetic fields probably extend throughout the galactic disc had been suggested
carlier from the requirements for storage of cosmic radiation in the galaxy (Fermi
1949, 1954) and from the need to explain the dynamical stability of the spiral
arms, the kinetic pressure of the diffused matter being insufficient to counterbalance
the gravitational pressure exerted on it (Chandrasekhar and Fermi 1953).

Although the most recent measurements of linear polarization of synchroton
emission and of Faraday rotation give further evidence of a uniform magnetic field
in the local spiral arm, it has been argued that the presence of random as well as
ordered fields would be compatible with the type of uniformity of direction that
has been observed as an average of contributions distributed along the arm (Ginz-
burg and Syrovatskii 1964). It appears that the scale of a disordered segment of
field would be so large in relation to the gyroradius of the average particle, however,
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that in the absence of small scale irregularities the motions of particles would be
regarded as being tied to magnetic field lines in the highly conducting interstellar
medium.

At the low end of the range of primary energies, the scattering and trapping
of particles in the interplanetary medium would be expected to cause galactic
anisotropics to be smeared out and it will be of importance to enquire here as to
what the upper limiting energy for such an effect would be. At higher energies it
may be inferred from the considerations given above that the charged primaries
in the vicinity of the solar system spiral along a relatively uniform magnetic field,
yet exhibit a high degree of randomization of pitch angles, a situation which must
prevail over distances of the order of a parsec if it applies over the range of particle
rigidities up to 1087 v,

By what process isotropy is brought about at these higher energies is not clear,
yet it is evidently a characteristic of cosmic radiation on the galactic scale. Con-
jectured mechanisms range from the propagation of small-scale irregularities along
the spiral arm field, or reflections and diffusion along a uniform field containing
randomly distributed constrictions, to the mixing of cosmic rays in the weak
random fields of the galactic halo in association with a free interchange of particles
between the halo and the galactic disc. The choice of a suitable mechanism is
governed by a number of interdependent factors. Notably, if, as is widely believed,
all but the most energetic cosmic rays originate in the galactic disc, they must be
allowed to diffuse out of the plane of the galaxy in a time of the order of 10° years
(Parker 1965) and yet not exhibit pronounced anisotropy due to streaming.
Consistent with this requirement, the cause of isotropy seems to depend on the
distributions of sources, on the configuration of magnetic fields in the disc and
the halo and on the dynamical properties of the medium (including cosmic radia-
tion). In this last respect, it has been pointed out (e.g., Parker 1965) that on the
galactic scale cosmic radiation is a hot collisionless gas whose pressure (~ 1012
dynes/cm?) is comparable to that of the magnetic field and considerably greater
than that of interstellar hydrogen (—~ 10~"* dynes/cm?), and that it must therefore
contribute very largely to the dynamical stability of the medium. By the same token,
cosmic ray pressure, as well as motions of the interstellar gas, can produce local
deformations in the field which may lead to dynamical instability, disordering of
the field and the mixing of particle trajectories. It has also been suggested that
plasma instabilities may oceur in the cosmic ray gas, associated with excess pressure
normal or parallel to the magnetic field, and that these could assist in the achieve-
ment of isotropy.

It is evident that the observed cosmic ray isotropy does not in itself greatly
restrict conjecture as to the configuration of magnetic fields in the galaxy and the
distribution of sources. On the other hand, it is known that rather definite informa-
tion may be given by small anisotropies, notably those associated with particular
configurations of magnetic fields. For example, in the model for propagation of
cosmic rays put forward by Ginzburg and Syrovatskii (1964 ), who favour disordered
fields in the galactic arms, cosmic rays diffuse outwards from the central regions
and 4 small excess of intensity should be observed in the direction of the galactic
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centre. On the other hand, if the magnetic fields are essentially uniform, an intensity
maximum along the axis of the local field due to net streaming would be expected,
if, for instance, diffusion out of the galaxy along the arms were important or if
particles were diffusing away from a nearby source. Of particular interest would
be the intensity maxima connected with the reflection from regions of strong field
and the leakage, through these regions, of particles whose motions were essentially
adiabatic (although they may be subject to some degree of scattering by small-scale
irregularities). In thesc situations the distribution of pitch angles would not be
entirely random and a balance of factors would decide whether intensity maxima
occurred along the axis of the field or at right angles to it. A possibility of great
importance here is the two-way anisotropy that may occur if, as the result of the
trapping between constrictions in the magnetic field, there are excess fluxes of
particles with steep helices (large pitches) in both directions along the axis of the
ficld. Leverett Davis (1954) has given a treatment of this possibility in connection
with statistical acceleration processes whereby particles are reflected from moving
inhomogeneities or in regions of time-varying field. The two-way anisotropy
produces a terrestrial sidereal daily variation consisting essentially of a diurnal
component and a semi-diurnal component whose characteristics exhibit a well-
defined dependence on the latitude of observation,

It should be mentioned that an effect additional to simple streaming (sce below)
occurs if cosmic radiation which is isotropic in a region of strong field moves
adiabatically into a region of weaker field. It becomes anisotropic in the moving
frame of reference, there being an excess flux of particles with steep helices in the
direction of motion. It has been noted that this is likely to give rise to first and
second harmonics in the sidereal daily variation (L. Davis, private communication ).
Thus it would appear that a two-way anisotropy may be connected with streaming
of previously isotropic radiation from both directions into a region of weaker field
in which the observer is located.

In simple streaming (Compton and Getting 1935) which originates outside the
solar system, the latter moves with uniform velocity relative to some frame of
reference in which the cosmic radiation is isotropic—it may be the frame of refer-
ence of neighbouring stars, that of the extra-galactic medium or that which moves
with the velocity of diffusion of cosmic radiation. Ignoring local modifying
influences, the resulting terrestrial effect that is of interest here is a sidereal diurnal
variation, corresponding to enhanced intensity in the upstream direction of viewing
and reduced intensity in the opposite direction, the amplitude being proportienal
to the velocity of streaming. This is partly due to the apparent steepening of helices
when viewing upstream and the apparent flattening of helices when viewing down-
strcam. It seems likely that a net effect would be observed, noting particularly
that in the event of streaming motions along the spiral arm there may be contribu-
tions from both directions. Thus the obscrved intensity anisotropy may be an
unreliable indicator of individual streaming velocities.

It is evident that the two-way anisotropy is the one which specifically indicates
that particles are being propagated along a relatively well-ordered magnetic field
and that any indications of associated streaming along the field would relate to a
balance of contributions from opposite directions.
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Only a small fraction of the primary protons thought to be responsible for the
mesons observed at a depth of 40 m.w.c. would have gyroradii in excess of hundreds
of astronomical units (a.u.) in magnetic fields of 10~7 to 10~° gauss. Therefore,
if a type of anisotropy is found that is indicative of a relatively uniform galactic
field, it may also enable the direction of the axis of the field in the immediate
vicinity of the solar system to be estimated, provided that distortions of the effect
that would occur within the solar system are not too serious or can be taken
adequately into account.

An anisotropy of a different character should also be mentioned. It has been
suggested that mesons produced by high-energy (BEV) y-radiation may have
been responsible for the large but variable intensity spike observed in the
approximate direction of W-ORIONIS by Sekido et alia, using very narrow angle
alt-azimuth detectors, horizontally directed (e.g., Murahama 1960; Sekido et alia
1963).

With their high counting rates, the wide-angle meson detectors employed at
moderate depths underground are designed specifically to detect very small aniso-
tropies that give rise to a world-wide pattern of response. While there may be an
extremely inefficient response to point sources of y-radiation, the observations to
be described here give no indication of it. The possibility would have to be con-
sidered more seriously, however, if a genuine sidercal component was observed
that was not accompanied by the characteristic effects due to the deflections of
primary charged particles in the terrestrial magnetic field.

Table 1.1 lists possible sources of anisotropy in the charged primary cosmic

TasLe 1.1.

PREDICTED SOURCES OF SIDEREAL AMNISOTROPY IN THE CHARGED COSMIC RADIATION AT MODERATE
PRIMARY ENERGIES. GALACTIC CO-ORDINATES REFER TO THE NEW SYSTEM.

! First harmonic
| RO .
| Direction of maximum

"Galactic Second

Source Reference Celestial
' e harmonic
RA Dec Lat. Long.
(hr)  (deg) (deg) (deg)
Diffusion outwards from | Ginzburg and 1800 —-30 0 0 | Absent
central regions of Galaxy | Syrovatskii (1964)
Streaming due to motion of = Hogg (1949) 1800 430 25 55 | Absent

solar system relative to | Parker (1964)
neighbouring stars i
Streaming due to motion of | Compton agrd Getiing | 2100 +50 0 90 | Absent
solar system relative to | (1935) ;
extra-galactic medium
Propagation along Spiral | Davis (1954)

Arm field
(a) Simple streaming 0830 —135 0 250) | Absent
2030 4135 0] 70 }

(b) Excess of particles 0830 -—35 0 250 | in phase
with steep helices ‘ 2030 +35 0 70|

(c) Excess of particles . 0830 +35 3¢ 190) | 6 hours out
with flat helices 2030 —35 —30 10| ' phase

{d) Inhomogeneities of 1230 430 +90 | Absent
cosmic ray energy 0030 —-30  --90 |

density normal to
direction of field : 1
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radiation that have been suggested in the literature, together with the estimated
directions of maximum intensity,

1.3. THE DETECTION OF A SIDEREAI ANISOTROPY

The methods that are employed to identify a sidereal anisotropy are conditioned
to some cxtent by the type of anisotropy that is expected to be observed. This is
reflected in the present investigation by a change in approach to the problem when
it was realized that the observed sidereal effect was evidently conforming, not with
a single direction of maximum intensity in free space as would be associated with
simple streamning, but with intensity maxima in opposite directions such as might
derive from trapping in regions of magnetic field that were of large scale by com-
parison with the average gyroradius.

At first, the investigations to be described here were concerned with observations
at Hobart of the apparent sidereal effect in the vertical dirction underground. The
main difficulty of interpretation of the effect is caused by the presence of a solar
daily variation of cosmic ray intensity. Some of the observed meson flux responds
to solar modulation of the primaries and it has become clear in recent years that
this accounts in part for the solar daily variation (dv), there being additional
contributions of local (e.g., atmospheric) origin. At depths of about 40 m.w.c.
underground the amplitudes of the observed solar and apparent sidercal dvs are
roughly equal, about 0-1% or less, while at ground level the solar dv is usually
considerably the greater of the two, with the typical amplitudes of about 0-3%.
Changes in the solar daily variation within a year, particularly seasonal modulation,
may produce a residual spurious sidereal effect when the daily variation is arranged
in sidereal time and averaged over a complete year. However, the smaller the
average amplitude of the solar dv, the smaller this effect is likely to be. Thus it
is important to note that, unless the solar dv at moderate depths undcrground
comprises rather farge contributions that are out of phase, spurious sidereal effects
should be a factor of about 3 smaller than they are at ground level for the same
percentage modulation.

Close attention is given to the problem of seasonal modulation of the solar daily
variation and the well-known anti-sidereal technique for calculating the spurious
sidereal cffects due to seasonal variation of amplitude of a solar diurnal variation
(F'lrley and Storey 1954) is extended to include seasonal and secular changes of
various kinds. The application of the anti-sidereal technique to secular and seasonal
modulation of a sidereal diurnal variation is developed and it is found that semi-
annuai changes in particular could give rise to large anti-sidereal effects. It is shown
that the distinctive seasonal changes observed in 1958 could be explained rather
better on the basis of the existence of a sidereal component exhibiting a semi-annual
variation than by attributing seasonal modulation to a solar component.

Scasonal modulation is difficult to interpret when the daily variation contains
solar and sidereal components of comparable magnitude and it will be shown
that, in secking an explanation, it is desirable to examine trends in the seasonal
effeci over a number of years.

Very significant evidence for the existence of a genuine sidereal component
is obtained if, as might happen when solar activity decreases, the amplitude of the
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solar component becomes so small that the sidereal component dominates the daily
variation and the resultant time of maximum becomes orientated in sidereal time.
The phenomenon is referred to here as a phase anomaly. The appearance of such
an effect in the daily variation underground during 1961 is examined closely. It
is important that the sidereal time of maximum given by the phase anomaly should
be compatible with the phase of the annual apparent sidereal effect observed over
a number of years, and it is also desirable to have evidence that the occurrence
of the anomaly synchronizes with sccular trends of amplitude of the individual
solar and sidereal components.

The indications from the underground telescopes at Hobart for a persistent
sidereal component with an averaged time of maximum between 0500 and 0700
local sidereal time (LST) contrasted with observations from the northern hemis-
phere that had accumulated over many years from detectors at ground level.
Although the observed times of maximum varied considerably, both from year to
year and from place to place, there was a tendency, particularly from the ionization
chambers, for the annual sidereal diurnal maximum, in the northern hemisphere to
occur somewhere between 1800 and 2100 local sidereal time (LST). Relatively
little evidence was available from the southern hemisphere over the same period,
certainly not enough to substantiate the indications from the ionization chamber
at Christchurch (New Zealand) for a much earlier time of maximum at southern
latitudes of viewing.

The evidence for a phase difference of approximately 12 hours between the
apparent sidereai diurnal maxima in the two hemispheres was to be substantiated
by the results from the high counting rate detectors underground at Budapest and
London. Two phenomena are notably associated with a 12-hour phase difference
of this type:

(1) A spurious sidereal diurnal variation, produced by seasonal modulation
of a solar component of the daily variation and appearing as a residual when the
data are arranged in sidereal time and averaged over a complete year. The reversal
of phase between hemispheres follows from the fact that the time of maximum of the
spurious effect is tied to the time of the year when maximum seasonal change occurs.

(2) A two-way sidereal anisotropy. When 1t became clear that the essential
problem of detection was to distinguish between possibilities (1) and (2) above,
experimental studies were commenced that would give more specific evidence of
the nature of the sidercal effect, as distinct from existing evidence for a genuine
sidereal component in the vertical direction,

A simple two-way anisotropy lends itsclf quite well to identification. It produces
a sidereal daily variation comprising two harmonics. If the anisotropy is due to an
excess of primary particles with steep helices, the two harmonics are in phase,
whereas in the case of an excess of particles with flat helices the harmonics are
six hours out of phase (Table 1.1). In both cases the harmonics exhibit a distinctive
latitude dependence of amplitude. However, it should be noted that these characteris-
tics relate to frec-space conditions and, as mentioned in Section 1.1, it is neccssary
to employ the technique of the asymptotic cone of response to arrive at the corres-
ponding characteristics that should be observed with underground detectors. The
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cone of acceptance technique has already been developed by McCracken and
others (McCracken, Rao and Shea 1962; Rao, McCracken and Venkatesan 1963)
for the interpretation of the solar daily variation of neutron intensity at ground
level, and the treatment is extended here in the somewhat different application to
data from the meson telescopes underground.

I calculating the response to a sidereal anisotropy, an empirical method is used
in an attempt to take some account of the influence of the interplanetary magnetic
field. The magnetic field should impose a primary thresheld rigidity for observation
of the anisotropy, which is assumed for the present to originate beyond the inter-
planetary field and independently of it. To a first approximation this threshold
rigidity is equated with the upper limiting rigidity of response to the solar aniso-
tropy. There is now considerable evidence to show that the extra-terrestrial part
of the observed annual solar diurnal variation is due to charged primarics which
are constrained by the spiral interplanctary field to stream past the earth with
azimuthal velocity of rigid rotation with the sun (Rao, McCracken and Venkatesan
1963; Parker 1964). A method is described of determining the upper limiting rigidity
of the solar anisotropy by comparison of obscrvations from meson telescopes under-
ground and high latitude neutron monitors, and average values for some individual
years are estimated.

To obtain free-space first and second harmonics of a sidercal daily variation as
functions of asymptotic latitude of viewing, a latitude survey is required. This
was undertaken during the years 1961 and 1962, with underground telescopes
scanning three different strips of asymptotic latitude near the plane of the meridian
at Hobart. The results were combined with the data from vertical telescopes located
at approximately the same depth underground at Budapest. The latitude dependence
of amplitude of the estimated frec-space harmonics gives important evidence for
the existence of a two-way anisotropy and provides a means of determining the
declination (arbitrarily specified looking southward). The resulting estimated direc-
tion (RA and Dec.) of the axis of the anisotropy should be appropriate to the
observed phase relation between the two harmonics. That is to say, if the harmonics
are in phase (steep helices) the direction might be expected to approximate that of
the local galactic field, whereas if the harmonics are six hours out of phase (flat
helices) the analysis should give a dircction normal to the field (Table 1.1).

A further experiment was designed to distinguish specifically between the 12-
hour phase difference in the first harmonic that would be connected with a two-way
anisotropy and the 12-hour phase difference associated with a spurious sidereal
effect produced by seasonal modulation of a solar compenent. Towards the end
of 1963 a narrow angle telescope was mounted at a sufliciently steep inclination to
the north of zenith underground tar enable it to scan asymptotically entirely within
the northern hemisphere. If the apparent sidereal maximum observed in the vertical
direction differed from the maximum obscrved in the north-pointing direction by
12 hours, a genuine two-way anisotropy would be indicated. On the other hand,
if the maxima were in phase, this, combined with the existing evidence for a 12-
hour difference in the two hemispheres, would conform with a spurious sidereal
effect. A significant result for the first two complete years of observation is
presented.
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In summary, although at first the object of the investigation was to determine
whether or not there was a genuine sidcreal component in the daily variation
observed underground, it will be shown that this has led to evidence for intensity
maxima in both directions along an axis running parallel with the estimated
direction of the local galactic magnetic field. While second-order features (e.g.,
year-to-year changes, seasonal variations, rigidity dependence of amplitude} give
indications of a more complex structure, the evidence to be presented here is
centred on the fulfilment of the following observational requirements for a sidereal
component produced by a simple two-way anisotropy:

1. There should be evidence from the anti-sidereal analysis of annual averages
that there is a sidereal component of the daily variation as distinct from spurious
cffects produced by seasonal modulation of a solar component. It is desirable
that the identifying features—time of maximum, nature of harmonics (see 4,
beiow)—should be observed to maintain approximate constancy from year to
year.

2. A phase anomaly should be compatible with secular trends of amplitude
of the solar and sidereal components and should give a sidereal time of maximum
that conforms with the characteristic annual average.

3. The 12-hour phase difference between the sidereal diurnal maxima observed
in the northern and southern hemispheres should be demonstrated to be consistent
with a two-way anisotropy and not with a spurious sidereal effect.

4. The sidercal component should comprise first and second harmonics that
should be approximately in phase or six hours out of phase, depending on the
type of two-way anisotropy that is being observed. The corresponding free-space
harmonics should exhibit the appropriate latitude dependence of amplitude.

5. The direction of the anisotropy estimated from the free-space harmonics
should be appropriate to the type of anisotropy indicated by 4. above.

1.4. DEFINITIONS

To clarify some of the terms already used and to introduce the notion of
sidereal time and its connection with solar time, the following definitions are
appended.

A sidereal day is the time interval between successive transits of the observer’s
meridian by a fixed star. Because of the motion of the earth around the sun, the
meridian transit of a star in solar time occurs approximately four minutes carlier
on successive days, with the result that there are 366 transits in a year of 365
solar days. It follows that the unit of sidereal time is shorter than solar time by
a factor of 365/366. Since it is necessary to designate some moment in the year
when solar and sidereal time are the same, solar time and local sidereal time
(LST) are synchronized at the September equinox (September 22 or 23). In
other words, sidereal time is reckoned from the noon transit (upper meridian
pascage) of the First Point of Aries, which occurs at the March equinox. Since
right ascension (RA) is measured castward of the First Point of Aries, the side-
real time of meridian transit of any fixed point in the sky is also its right ascension.

As far as the present study is concerned, some of these definitions need not
be applied with astronomical strictness. For example, although solar and sidereal
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times should be synchronized at the moment of the equinox, it is sufficient to
synchronize them at any time of the day of the equinox, conveniently at GMT
zero, since this does not involve more than twa minutes of error at any one place.
Again, mean solar time is used in calculating the solar daily variation, whereas
strictly speaking it is orientated in apparent local solar time—this introduces
maximum seasonal errors of timing approximately = 18 minutes.

The maximum of a genuine sidereal daily variation of cosmic ray intensity
must occur progressively earlier day by day in solar time, in such a manner that,
on being averaged in solar time over a complete year, the daily variation cancels
iself out—provided that, in sidereal time, it is of constant amplitude and phase.
Similarly, the maximum of a genuine solar daily variation occurs progressively
later in sidereal time on successive days and the daily variation cancels itself out
when averaged in sidereal time over a complete year—again, provided that it
is a constant daily variation in solar time. The annual averaging of daily variations
with respect to solar and sidereal time is therefore a completely effective method
of separating out solar and sidereal components of all degrees of complexity
provided that the components are constant.

A daily variation that is arranged in solar time and averaged over a period
of less than a year is referred to here as the daily variation in solar time, the
total daily variation or the daily variation, and usually relates to a single day or
a monthly average. It may contain both solar and sidereal components.

A sidereal component of a daily variation is defined as a contribution which
is orientated in sidereal time, the maximum having characteristically a fixed right
ascension, It should perhaps be added that orientated implies that it exists inde-
pendently of other componets of the daily variation.

A solar component is defined as a contribution which is orientated in solar time,
the identifying maximum having characteristically a fixed direction relative to
the earth-sun line.

The annual average of a daily variation arranged in sidereal time is known
as the annual apparent sidereal daily variation, since, as we shall see, it may not
have heen entirely produced by a genuine sidereal component.

"The annual average of a daily variation arranged in solar time is known only
as the annual mean solar daily variation. More strictly, it is the annual apparent
solar dv, since there may be a spurious contribution due to modulation of a
sidereal component. If, as is usually the case at ground level, the solar component
of the daily variation is very much larger than any suspected sidereal component
the contamination of the annual average solar dv would be insignificant. The
situation is rather different when the two components are of comparable amplitude
and there is moduation of the sidereal component.

1.5. THE INFLUENCE OF THE INTERPLANETARY MAGNETIC FIELD

Proceeding from the evidence that a genuine sidereal component of the daily
variation exists, it is proposed to obtain a description of the sidereal anisotropy
as it manifests itself immediately beyond the earth’s field region, to the extent
that the observations will allow. To do this, it will be necessary to assume that the
observed effect is due to charged primaries, to assume a spectrum of variation and
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to estimate a cut-off for observation imposed by the interplanetary magnetic field.
The resulting free-space characteristics, as they will be called for the present, should
in themselves give some indication that the sidereal effect is indeed due to charged
primaries. Naturally, it is desirable to demonstrate this at an early stage, since it
would constitute further evidence that the effect was not spurious and that it was
not due to neutral radiation to which there might be a response at the earth.
Anisotropies of the latter kind appear to be suggested in very different ways, by the
experiments of Sekido ef alia (1963) and of Cowan et alia (1965).

A quantitative extrapolation to the effective outer boundary of the interplanetary
field will not be attempted in this report. It will be shown that this would concern
in the main the calculation of asymptotic trajectories for primaries of rigidities
greater than ~ 100 GV which arrived at the magnetosphere from directions
steeply inclined to the plane of the ecliptic. Of crucial importance here would be
a knowledge of the manner in which the field strength changes as one proceeds
outward from the plane of the ecliptic (where the value is ~ 5 X 107 gauss at
the earth’s orbit) to distances of the order of astronomical units. It would seem
from the lack of observations in these regions that an adequate description of the
field in three dimensions cannot be given yet. On the other hand, it is suggested
that the underground observations in themselves may give new and significant
information as to the properties of the ficld. We now briefly mention three relevant
types of observation connected with the present investigation.

In the first place, a large decrease in amplitude of the solar daily variation
underground has been observed to occur during the years following the recent
solar maximum. It is believed that this constitutes evidence of a great reduction
in the ability of the interplanctary field to trap primaries of high rigidity. Values
of the maximum primary rigidity of response, in relation to the solar anisotropy,
are estimated from comparisons of the solar daily variations observed above and
below ground. These give some indication of the threshold rigidity for observation
of a sidcreal anisotropy.

The second type of observation that might prove to be of considerable relevance
is seasonal modulation of a sidereal daily variation. The Right Ascension of the
outward (or inward) direction of the interplanetary ficld as seen from the earth
must rotate through 360° in the course of a year. It also appears, from the Imp-
I measurements that during that time there may be as many as 50 roughly equally
spaced reversals of the observed direction of the field (Wilcox and Ness 1965).
Therefore it seems that, except for the imposition of a threshold rigidity for observa-
tion of a sidereal anisotropy and a considerable smoothing of amplitude, the influence
of the field would be mainly seasonal. 1f, as will be proposed, strong seasonal modu-
lation oi the sidereal daily variation was observed underground at solar maximum,
this may have been connected with a tendency for the primaries to mirror in the
inter-planetary ficld as they neared the sun. A discussion of this possibility is given
in Section 5.7.

Support for the view that the interplanetary field may not produce important
directional changes other than those of a seasonal character will come from a
consideration of annual average free-space characteristics. A corollary to the evi-
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dence for a sidereal anisotropy, derived from a presumed charged particle response
integrated over all rigidities above a threshold of ~ 100 GV, will be that there
appears to have been no large distortion of the directions of maximum intensity
between the source region and the magnetosphere.

It will be indicated, then, that distortions of the anisotropy produced by the
interplanetary field may be considerably less, over annual averages, than the
observed ficld strength at the earth’s orbit might at first suggest.



2. MODULATION OF COMPONENTS AND THE SPURIOUS
SIDEREAL EFFECT

2.1. MODULATION OF A SOLAR COMPONENT

Almost any type of modulation of a solar component of the daily variation is
liable to give rise to a spurious sidereal effect when the data are arranged in
sidereal time and averaged over a complete year. Included are irregular changes,
uniform linear changes, cyclic changes with a period of one year (referred to as
annual seasonal changes), and cyclic changes with a period of more than one year
and/or an odd sub-multiple of a year. Notable cxceptions are the cyclic changes
with periods of one half-year or sub-multiples of this. The guiding rule which covers
most eventualities is that changes during the year that cause a solar component
to be different, at any time, from its value six months previously are liable to give
rise to a residual annual apparent sidereal effect. In most cases the residuals would
be expected to be very small, but more significant effects may be generated by the
annual seasonal changes and by sizeable linear displacements of phase.

Generally speaking, if all seasonal changes are regarded as ultimately derivirg
from the annual variation of the earth’s ccliptic longitude, it is convenient to classify
them (a) as being connected with the obliquity of the ecliptic (e.g., annual variation
of the declination of the sun or semi-annual variation of the modulus of the declina-
tion) or (b) as not belonging to (a) above (e.g., changes connected with the
position of the earth relative to the solar cquator, its heliocentric position, or with
its distance from the sun, or with its position in the cavity swept out by the solar
wind),

Seasonal modulation has been detected or predicted quantitatively in two solar
components of the ¢/r daily variation, and in both cases derives from the annual
variation of the declination of the sun. In the first instance, there are the annual
seasonal changes in the diurnal variation of atmospheric temperature that are of
crucial importance in the study of the apparent sidereal daily variation of meson
intensity at ground level. As Dorman {1957) has shown, the component of the
daily variation due to atmospheric temperature is, properly speaking, the integrated
effect of contributions from all levels of the atmosphere up to the production level
for pt-mesons. It is difficult to predict theoretically the effect for a given locality,
because it appears to vary markedly from place to place according to local con-
ditions. In those places where it can be calculated, using radiosonde data, it seems
that the true effect in the past has been seriously masked by radiation errors in
the data (see Dorman 1965). Again, the nature of the contribution to the daily
variation depends greatly on the energy-response of the detector. Consequently it
seems not quite clear yet what the characteristics are. The time of maximum (of
the induced cosmic ray diurnal variation) once thought to be about midnight has

17
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recently been estimated to be near 0600 local solar time (Quenby and Thambyah-
pillai 1960). The amplitude varies considerably from place to place ie.g., see (a)
the discussion by Kitamura and Kodama (1960) on the difference between
Syowa Base and Mawson in relation to the negative temperature effect and (b)
the conclusion reached by Bercovitch (1963) that the effect at Deep River was
extremely small]. However, it is generally agreed that the diurnal variation is a
maximum in summer. The daily variation of neutron intensity is, of course, not
subject to temperature effects of this kind. It is hoped to show in later sections
that what contribution there is from atmospheric temperature in the daily variation
of meson intensity underground must be relatively small at Hobart.

The other type of scasonal modulation of a solar component concerns the
diurnal variation due to a solar anisotropy. The anisotropy is assumed to have a
fixed orientation with respect to the E-S line and to be constant in time. The sea-
sonal effect is a frame of reference phenomenon and is essentially a semi-annual
vartation of amplitude of the diurnal variation of the primaries. Thus, although the
magnitude is small, it is inherent in the daily variation from any detector which
responds to the anisotropy. The transformation from the frame of reference of the
anisotropy to the rotating terrestrial co-ordinate system is described in Paper 1
(Jacklyn 1963a) and will be referred to again in Section 6B.1. The procedure is
relevant in that it demonstrates that the seasonal effect is essentially of semi-annual
character, not annual as might be at first supposed, and therefore cannot be re-
sponsible for spurious annual sidercal components.

There are two very important indicators of a spurious sidereal effect produced
by seasonal modulation of a solar component:

(1) an anti-sidereal effect (not necessarily matching in amplitude) which is
described below, and

(2) a difference of 12 hours between the time of maximum of a spurious
sidereal effect observed in the northern hemisphere and the time of maximum ob-
served in the southern hemisphere, becausc of the six months’ difference in the
seasons. Now it so happens that there appears to be a genuine sidereal component
of the daily variation that exhibits precisely these two characteristics. This consti-
tutes the essence of the problem of interpretation of observations from the point of
view of seasonal modulation. Consequently, as mentioned in the Intreduction, it
becomes necessary (a) to devise an experiment to distinguish specifically between
the two possibilities and (b) to find supporting evidence for this particular type
of sidereal component, independently of seasonal modulation.

2.2, MODULATION OF A SIDEREAL COMPONENT

Modulation of a sidereal component has not been considered by others, perhaps
because there has been no compelling evidence for it and because it may have been
thought that, if there is a genuine sidereal daily variation, it should remain constant
over periods of time of the order of a solar ¢ycle. However, to mention one situation
that could arise, the interplanetary magnetic field may impose the effective primary
cut-oft rigidity, R., for observation of a sidereal anisotropy by the given detector,
and R. may be greater than R, the lower limiting rigidity of the anisotropy. It would
be reasonable to expect both seasonal and year-to-year changes in the cut-off to
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occur and it seems likely that the consequent seasonal changes in the observed
sidereal effect would belong to category (a) described in Section 2.1, with a tendency
to be semi-annual in character.

It will be necessary to consider modulation of a sidereal component very closely
when examining the evidence for the existence of a sidereal anisotropy. It will be
shown below that seasonal modulation of a sidereal component can give rise to a
very significant anti-sidereal effect. If this possibility is not taken into account,
the presence of a significant annual component in anti-sidereal time comes to be
regarded as unambiguous evidence that at least part of the observed sidercal daily
variation is spurious. It is stressed that this view of the role of the anti-sidereal
effect is incorrect.

2.3. THE ANTI-SIDEREAL TECHNIQUE

A theoretical treatment of this topic is given in Paper 2 (Jacklyn 1962). Only
the essential ideas are discussed here.

(a) Seasonal and secular modulation of a solar compornent

The anti-sidereal technique was originally devised by Farley and Storey (1954)
as a means of determining the spurious annual sidereal component produced by
an annual variation of amplitude of a solar diurnal variation. We use their case
to illustrate a method that applies in much the same manner to other types of
modulation.

The diurnal variation is regarded as a carrier wave whose frequency is 365
cycles per year, The annual variation of amplitude becomes amplitude modulation
at a frequency of 1 cycle per year. It follows from the theory of modulation of
radio waves that, upon averaging over complete cycles of modulation, matching
sideband components will appear at frequencies of 366 cycles per year and 364
cycles per year. The former is the sidereal frequency, there being 366 sidereal
diurnal cycles in one year. Thus, by arranging the modulated solar diurnal variation
in sidereal time, by the day or group of days, and averaging over a complete year,
the appropriate sideband components will appear as an apparent sidereal diurnal
variation. However, it has none of the characteristics of a genuine sidereal com-
ponent.

The matching sideband at 364 cycles per year is known as the anti-sidereal
component. It is extracted by arranging the data, for individual days, in units of
time according to day lengths that are approximately four minutes longer than a
solar day and averaging over a complete year. Note that anti-sidereal time, like
sidereal time, is synchronized with solar time at the September equinox.

In the case we are considering, the anti-sidereal component is very simply
related to its counterpart, the spurious sidereal diurnal variation. Denoting the
carricr wave by A sin ¢, the modulated solar dv is given by

ip=A{1 + kcos (¢ — 6, )} sin ¢ (2.1)

where k is the maximum fractional change of amplitude, ¢ is time of year in angular
measure, ant 4, is the phase constant of the annual variation. It is given by
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2T,
0o = 12
where T, is time of the year in months measured from the September equinox.
Following the usage in Paper 2, where the distirction was found to be convenient
in some sections, i; is replaced by I, to denote the annual average and ¢ is replaced

by @&, although the two symbols are synonomous.
The annual mean diurnal variations in solar, sidereal and anti-sidereal time are

Solar: I.=A sin® (2.2)

Sidereal: I, :%ksm (O — 4, 2.3)
. Ak |

Anti-sidereal: I, — 5 sin (&7 +0,) (2.4)

where @, @7 and @ represent solar, sidercal and anti-sidereal time respectively.

We note that the sideband terms I, and [, have equal amplitudes and that,
within the respective time frameworks, the times of maximum are displaced sym-
metrically about the time of maximum of the carrier wave. In practice the annual
averaging of the data in solar and anti-sidereal time would give I, and /,,, whereas
in sidercal time we would have I, plus, perhaps, a genuine sidercal component. The
equations show that I, can be deduced from 7., and I very simply. This allows /,
to be subtracted from the annual mean apparent sidereal d.v. leaving the genuine
part as the residual. This is usually done vectorially on a first harmonic dial. Know-
ledge of 7, and I, also allows us to determine k and 6,, the constants of seasonal
modulation.

In general, annual seasonal changes and secular changes (e.g., uniform dis-
placement of phase) in a solar diurnal variation give rise to sidereal and anti-sidereal
sideband components. Semi-annual changes do not. Various cases of interest are
examined in Paper 2. The figures reproduced here show how the annual charac-
teristics are related, in respect of

(1) annual linear displacement of phase (Figures 2.1, 2.2 and 2.3); and

(2) annual sinusoidal variation of phasc (Figure 2.4).

A treatment of combined annual variation of amplitude and phase is given in
Paper 4 (Jacklyn 1963b) and will be considered in Section 5.

(b) Seasonal and secular modulation of a sidereal component

in the context of modulation of a sidercal component the carricr wave is at
the sidereal frequency, 366 cycles per vear. We are particularly concerned here
with modulations which produce sidebands at the anti-sidereal frequency, 364 cycles
per year. Simple annual variations cannot do this, but an obvious possibility is a
semi-annual variation of amplitude, the modulating frequency being 2 cycles/year.
This produces sidebands at 368 cycles/year and 364 cycles/year. It is perhaps
the most important case and is dealt with on page 18 of paper 2. In brief, if the
carrier is denoted by A4 sin y’, the modulated sidereal d.v. is given by

=4 {1 | kcos (26 — 8,)} sin y (2.5)
where k, § and 6, have the appropriate meanings. The annual mean diurnal varia-
tions in sidercal and anti-sidereal time are
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Fic. 2.3. The relationships between the annual mean solar ( d,,), sidereal ( ®’.) and anti-
sidereal (@”,) diurnmal maxima for a solar daily variation with linear displacement of phase,
versus N, the total annual phase displacement, ®,.. is the time of maximum of the unmodu-
lated d.v.

Full lines : Theoretical relationships

Squared points: Values from a sinusoidal model

Circled points : Values from the “underground” model.
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Fis. 2.4. The amplitude and phase relationships for annual mean solar (J;,®,), sidereal
(1,,d"x) and anti-sidereal (lu,,®”») diurnal variations produced by a solar d.v. with an
annual variation of phase, versus #, the maximum phase displacement. D ,. is the time of
maximum of the unmodulated d.v, and ® . as is the phase constant determined by the time
of year when the maximum displacement of phase occurs.

Full lines : Theory

Circled points: Values from the “underground” model.
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Sidereal: I, = A sin ¢/ (2.6)
Anti-sidereal: [, :ézk sin (¢’ + 6,) (2.7)

A relatively large anti-sidereal effect may be gemerated in this manner. Tt is
not at all easily distinguished from an effect produced by annual variation of
amplitude of a solar d.v. if the total daily variation contains both solar and sidereal
components. In either situation, if the solar d.v. is the greater of the two com-
ponents, the end-points of the monthly mean diurnal vectors trace out an ellipse in
an anti-clockwise manner. The critical point of difference is that a spurious annual
sidercal component is generated in the case of modulation of the solar component.

Other types of modulation of a sidereal component are considered in Paper 2,
as for example,

(a) lincar displacement of phase of a sidereal diurnal variation (Figures 2.5
and 2.6),

(b) annual variation of phase (Figure 2.7), and

(c) semi-annual variation of phase (Figure 2.8).

Combined semi-annual variation of amplitude and phase of a sidereal diurnal
variation is treated in Paper 4 (Jacklyn 1963b) and will be referred to in Section 3.

{c) Application of the technique

In order to use the anti-sidereal technique in a given situation it is necessary
to decide as to the component or components being modulated and the nature
of the modulation. This seems to be the chief source of error in the use of the
technique. The tendency is to assess modulation of the daily variation on the basis
of physical mechanisms that are thought likely to apply, the result being that
the anti-sidereal effect is generally attributed to seasonal changes in the diurnal
variation of atmospheric temperature. In Paper 4 an attempt is made to elucidate
a pronounced seasonal effect in the daily variation underground by comparing the
observations with the predictions of several widely differing hypotheses of seasonal
modulation. The hypothesis of best fit is then provisionally chosen as the correct
one.

Strictly speaking, the anti-sidereal technique in its present form applies only
to first harmonic components of the daily variation. It is conceivable that serious
departures from the prediction of the theory might occur if the component being
modulated consisted of more than a first harmonic. In Paper 2 an attempt was
madc to investigate this problem. The mathematical predictions from the integration
of modulated sine waves were compared with the results from two types of models
(see page 5 of the paper). In one of the models the carrier was a sine wave and
it was processed in the same way as the cosmic ray data. The purpose was to
detect any significant bias or smoothing that might result from records that were
analysed in the form of monthly groups of bi-hourly averages. Comparison with
the mathematics revealed no significant discrepancies. The basis of the other model
was a carrier constructed from the long-term average solar daily variation observed
underground. It is referred to as the “underground” model in the paper and con-
tains a considerable second harmonic. In most cases the results from the model
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F1G. 2.6. The relationships between the annual mean sidercal (¥'.} and anti-sidereal (¥"a)
diurnal maxima for a sidereal diurnal variation with linear displacement of phase, versus N,
the total annual phase displacement. ¥/, is the time of maximum of the unmodulated d.v.
Full lines : Theoretical
Circled points: Values from the “underground” model.

were in good agreement with the mathematics (Figures 2.7 and 2.8). However,
in the important case of a solar component with annual variation of amplitude the
disagreement was significant. The case is considered in Paper 2 (sec Section 5).
This kind of difficulty may not be relevant to the atmospheric temperature effect,
which appears to detive from a simple diurnal variation, but it would certainly
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Fig. 2.7. The amplitude and phase relationships between the annual mean sidereal (1., ¥u)
and anti-sidereal (., ¥”w) diurnal variations for a sidereal d.v. with an annual variation of
phase, versus #, the maximum phase displacement. ¥/, is the time of maximum of the un-
modulated d.v. and the phase constant ®, is determined by the time of the year when maximum
displacement of phase occurs.

Full lines : Theory

Circled points: Values from the “underground” model.
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Fig. 2.8. The amplitude and phase relationships between the annual mean sidereal (I., ¥'m)
and anti-sidereal (Z.,, ¥”») diurnal variations for a sidereal d.v. with semi-annual variation
of phase, versus #, the maximum displacement of phase. ¥’ om is the time of maximum of the
unmodulated d.v. and the phase constant @, is determined by the time of the vear when
maximum displacement of phase occurs.

Full lines : Theory

Circled points: Values from the “underground™ model.
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apply if significant annual variations were found in the daily variation produced
by the solar anisotropy.

If seasonal modulation happens to be non-sinusoidal it should suffice to break
it down into annual and semi-annual terms and treat them separately.

2.4, SECOND ORDER SIDEBANDS

Dorman (1965) has extended the sideband technique to include the second
order sideband components produced by combined phase- and amplitude-modu-
lation of the solar diurnal variation. These sideband components, at the frequencies
365 =+ 2 cycles/year, appear in the expansion, by means of Bessel functions, of the
expression for the modulated diurnal variation (equation (4.3) of Paper 4). A
simpler example, the expansion of a phase-modulated diurnal variation, is given
in Section 11 of Paper 2. Dorman shows that the seasonal phase and amplitude
constants can be derived from the harmonic coefficients of the first and second
order sidebands, obtained by suitably arranging observations and averaging over
complete years.

In the application of this interesting method, it is evident that essentially the
same difficulties that have just been mentioned in connection with the anti-sidersal
technique must be considered. In addition, it should be noted that the higher
order sidebands tend to be smaller, so that unless the carrier is of large amplitude
there are liable to be difficulties in obtaining significant harmonic coefficients.
Thus the techmique may be better suited to the analysis of observations from
ground level than from underground.

The over-riding problem, of course, is that of identifying phase- and amplitude-
modulation of a solar component in the first place. Sideband compoenents at one
or more of the four frequencies of interest {363, 364, 366 and 367 cycles/year)
can be generated by other types of seasonal modulation of a solar diurnal variation
{e.g., a semi-annual variation of phase, treated in Paper 2, Section 11) and by
annual and semi-annual variations of a siderecal component (e.g., see Paper 2,
Sections 10 and 12).



3. REVIEW OF GROUND-LEVEL STUDIES AND COMPARISON OF
RECENT GROUND-LEVEL AND UNDERGROUND OBSERVATIONS

3.1. REVIEW OF EXPERIMENTS AT GROUND-LEVEL

The history of experimental studies of the sidereal effect at ground level goes
back in the main to the 1930s, although as early as 1923 D, Kolhorster and von
Salis (1926) observed an apparent effect with an ionization chamber on the
Jungfrau, the intensity maximum occurring at about 2000 local sidereal time
(LST). Longer-term studies became possible with the accumulation of data
from ionization chambers, notably from instruments on the Hafelekar, from 1932
to 1934 (W. liling 1936) and from 1936 to 1937 (Demmelmair 1937); at Cape-
town, from 1933 to 1935 (Schonland, Delaritsky and Gaskell 1937); at Canberra,
from 1936 to 1940 (Hogg 1949); and at Cheltenham (U.S.A.), Huancayo (Peru)
and Christchurch (N.Z.), from 1938 onwards (Lange and Forbush 1948).

From the mid-1930s the theory of Compton and Getting (1935) appears to
have greatly stimulated the studies at ground level. Following a suggestion of
Lowry, these authors predicted a world-wide diurnal maximum of 0-1% within
a factor of two, at about 2000 LST, in connection with the motion of the earth
towards the constellation Cygnus, in the direction 47°N, 20 hours 40 minutes RA.
The motion, with a velocity of 300 km/sec, was being imparted chiefly by the
rotation of the galaxy and it was proposed that there should be a sidereal effect
due to cosmic rays coming from outside the galaxy and not sharing in the rotation.

Their evidence for the existence of the predicted effect came from ionization
chamber measurements on the Hafelekar (lat. 47°N, 2300 m), published by Hess
and Steinmaurer (1933). Their Figure 2 showed that there was good agreement
with the predictions,

In a later review of the evidence for the Compton-Getting effect, Wollan (1939)
showed that, when the data from ionization chambers were averaged over several
years (either those from the Hafelekar or from Capetown), the amplitudes of the
apparent sidereal diurnal variations were not statistically significant. His Figure 8
gives a useful summary of results up to 1939. He also demonstrated the difficulty
of detecting a sidereal component, superimposed on an amplitude-modulated solar
component, by Thompson’s method of fitting an ellipse to the end-points of monthly
mean solar diurnal vectors on an harmonic dial (Thompson 1939). His method
is also discussed in Paper 2, page 2.

The Hafelekar, Canberra and Capetown results when compared by Hogg
attested to the year-to-year variability of the apparent sidereal effect at any one
place. His figure 17 shows that it was not possible to detect over three or four
years either a reproducible time of maximum or, for that matter, a 12-hour dif-
ference between the two hemispheres. Thus the evidence gave little support to the

30
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theory of cosmic ray streaming put forward by Compton and Getting, nor was the
sidereal effect obviously fictititious, arising from seasonal modulation of a solar
component.

In a well-known study of the sidereal effect at ground level, Elliott and Dolbear
{1951) attempted to minimize effects due to seasonal changes of the solar com-
ponent of the daily variation. They examined

(a) the difference of intensity between crossed Geiger counter telescopes,
inclined 45° south and 45° north of zenith at Manchester in 1949;

(b) the ion chamber data from Huancayo for the nine complete years available,
assuming that seasonal effects would be small at the low latitude concerned
(12°8); and

{c) the combined ion chamber data from Christchurch (geog. lat. 35°S) and
Cheltenham (38 7°N) for the six complete years available. They assumed
that spurious sidereal components at the two places would cancel out in
the combining process because of the 12-hour difference in phase expected
between the two hemispheres.

The time of maximum of the annual apparent sidereal d.v.’s found by methods
(a), {b) and (c) were in reasonably good agreement, being 0800, 0400 and 0600
LST respectively. However, the result was at variance with the predictions of
Compton and Getting and with most of the earlier ion chamber measurements.

The authors were able to demonstrate the anti-clockwise cyclic arrangement of
the bi-monthly vectors in respect of the Huancayo and Christchurch/Cheltenham
data, indicative of a sidereal vector superimposed on a relatively constant solar
vector. In the case of the Manchester N-S difference the same test was not success-
ful, the statistical errors apparently masking any positive indication of this type
either for or against a genuine sidereal maximum at 0800 LST. As it now appears,
the two results which derived partly or wholly from the southern hemisphere were
understandable and it was the essentially northern hemisphere result from Man-
chester that was not.

The wvariability of the combined Cheltenham/Christchurch result becomes
evident when one examines data averaged over a different period, namely the eight
complete years from 1947 to 1954. The time of maximum of the apparent sidereal
effect from these data is approximately 2200 LST, differing by eight hours from
the result obtained by Elliott and Dolbear. It would appear (Figure 3.1) that the
maximum of the combined daily variation tends to coincide with the maximum at
either Christchurch or Cheltenham, depending on which has the greater average
amplitude at the time of observation.

Very significant and somewhat complex developments accompanied the mini-
mum of solar activity in 1954, By now, G-M counter telescopes had become the
prevailing instruments for recording the intensity of p-mesons and the first neutron
monitors had been put into operation, Without enquiring into the many complexities
of the observations, it seems that, broadly speaking, there were two major occur-
rences of interest:

(1) The time of maximum of the annual mean solar diurnal variation of meson
intensity, having maintained a relatively constant value, approximately 1400 hours
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solar time, over the previous twelve years, began to advance after. 1950 and
reached its earliest value, about 0700, in 1954, Thereafter the trend reversed and
over a period of three years the time of maximum returned to something like its
former value. Clearly, these large secular, but non-linear, displacements of phase,
varying in character from year to year, would most likely be responsible for annual
sideband components in sidereal and anti-sidereal time.

(2) At the solar minimum a phase anomaly occurred in the data from neutron
monitors, ionization chambers and counter telescopes in the northern hemisphere.
Simpson and Conforto (1957) noted that the phase of the solar diurnal variation
in 1954 had advanced progressively at the rate of approximately two hours a
month for upwards of six months in the manner of a genuine sidereal component
superimposed on a smaller solar component, the sidereal maximum occurring at
approximately 2000 LST. However, the figure they give is approximately 0800,
It should be noted that the authors had synchronized solar and sidereal time at
the March equinox instead of the September equinox, so that 12 hours must be
added to sidereal times of maximum given in their paper.

Because the phase anomaly occurred in the diurnal variation of neutron
intensity it could not have arisen from seasonal modulation of an atmospheric
temperature component, Again, because of the magnitude and specific character
of the phase anomaly it seemed unlikely to be merely an unusual seasonal variation
of phase of the solar diurnal variation of the primaries, although the possibility
could not be ruled out. The obvious alternative was more plausible in at least
one respect: if there were a constant sidereal component in the daily variation
it would be more likely to dominate the daily variation during a particularly quiet
selar minimum on the expectation that the solar diurnal variation of the primaries
would have greatly diminished. However, if this was what had happened, it was
necessary to reconcile it with the fact that there had been large year-to-year dis-
facements of phase of the diurnal variation of meson intensity (see (1) above),
while there was little evidence of prominent systematic changes of amplitude.

The difficulty has been studied by many workers. We refer to the more recent
conclusion reached by Dorman (1963) in a review concerned essentially with the
work of Glokova (1960), Kuzmin (1960) and Quenby and Thambyahpillai
(1960), all of whom had made use of Dorman’s method for determining the
atmospheric temperature effect. It seemed that at many places an important and
relatively constant component of the annual solar diurnal variation of meson
intensity was of atmospheric origin. As the solar diurnal variation of the primaries
weakened with the approach of solar maximum, so the atmospheric component
began to dominate the total annual diurnal variation. This interplay between the
two components was responsible for much of the secular change in phase men-
tioned in (1) above and to some extent masked the decrease in amplitude of the
extra-terrestrial solar component. Much of the seasonal effect in the solar diurnal
variation of meson intensity was also attributed to a seasonal change in the diurnal
variation of atmospheric temperature. However, it would contribute only in part
to the phase anomaly in the hard component of intensity and not at all to that in
the nucleonic component. At this point it was concluded that there probably was a
genuine sidereal component in the daily variation, but that in the hard component
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there would also be a spurious annual sidereal effect of atmospheric origin and
perhaps of extra-terrestrial origin as well. Dorman’s assessment of the temperature
effect as it applied to the events at the 1954 solar minimum will be referred to
again in Section 5, in connection with phase anomaly observed in the daily variation
of meson intensity underground. Here, the influence from atmospheric temperature
variations appears to have been very small,

In a later chapter of the same publication, Dorman (1963) goes on to outline
an attempt made in collaboration with Inozemtseva (Dorman and Inozemtseva
1961) to discover extra-terrestrial sources of the daily variation using all available
data from crossed telescopes. They hoped to be able to account for the many
inconsistencies in the observations from inclined telescopes at different phases of
the solar cycle over the period 1948 to 1960. They emphasized the importance
of taking into account the diurnal variation of atmospheric origin and showed that
the subtraction of this component had a very different effect at solar minimum
than at solar maximum. Following a qualitative study of cones of viewing as
functions of primary energy of response for inclined telescopes at ground level,
they concluded (p. 323) that two extra-terrestrial sources of the average diurnal
variation were effective at solar minimum: a low-latitude source (I) to the left of
the earth-sun line, influencing mainly low-energy primaries (<330-40 GEV), and
a high-latitude source II to the right of the earth-sun line (between 0 and 6 hours)
influencing mainly particles of energy greater than 50-100 GEV. It might seem
contradictory that source II should at the same time be regarded as sidereal.
However, it appears that the authors’ argument was as follows. Source 1I had a
“fixed” direction with respect to the earth-sun line only in the sense that the inclined
telescopes responded to it in the northern summer months, but not at other times
of the year. On the other hand, the neutron monitor at Huancayo responded to
it throughout the year and the observations from Huancayo were compatible with
an annual anti-clockwise rotation of the source directions. Its RA would therefore
appear to be about 18 hours.

It is unfortunate that confusion has arisen in the literature through the use
of two definitions of sidereal time. This is particularly noticeable in Progess in
Cosmic Ray Physics, Vol. VIL. Table XV (p. 308) of that volume summarizes
the apparent sidereal effects observed with meson telescopes at medium- and high-
latitude stations from 1953 to 1957, according to the investigations of Berdichev-
skaya and Zhukovskaya (1960). The sidereal times of maximum range from 0300
to 1200 and include 0700 as the result from Huancayo in 1954. It is evident that
the authors synchronized solar and sidereal time at the March equinox as had
Simpson and Conforto in their treatment of the phase anomaly. Consequently,
their tabulated times of maximum differ from the conclusions of Baliga and
Thambyahpillai (1959) reported on page 307, by twelve hours. Baliga and
Thambyahpillai had examined the low- and mid-latitude data for 1954, including
the observations from Huancayo, and their times of maximum are quoted as ranging
from 19 hours at the equator to 22 hours at the medium-latitude stations. These
authors had synchronized solar and sidereal time correctly at the September
equinox.

The ground level studies as a whole seem to suggest that the time of maximum
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of the apparent sidereal diurnal variation changes unpredictably, both from year-
to-year and from place to place, although the amplitudes are often highly significant.
Undoubtedly there may be considerable variability at any one place and this will
be examined in the next Section. However, in many cases the great and apparently
unsystematic differences in reported times of maximum are equally traceable to
methods of treating the data. Three factors in particular seem to have led to a
contused picture of the effect:

(1) Generally, experimental studies have been concerned with the search for
the sidereal diurnal variation associated with a single galactic intensity maximum.
Consequently, allowing for the cones of viewing, it has been expected that the
same time of maximum would be observed at all places. This has led to the
tendency to group the observations from the northern hemisphere (which have
predominated) with those from the southern hemisphere indiscriminately.

(2} The anti-sidereal effect has been attributed almost invariably to seasonal
changes in a diurnal variation of atmospheric temperature. Spurious components
have been calculated accordingly and subtracted from the apparent sidereal vector.
1t is of interest that Baliga and Thambyahpillai (1959), in their discussion of the
1954 phase anomaly, have compared anti-sidereal components in the northern and
southern hemispheres and have noted that they could not have entirely originated
from seasonal modulation of a diurnal variation of atmospheric origin.

(3) When sidereal time has been sychronized with solar time at the March
equinox, an error of 12 hours in the sidereal time of maximum has been incurred.

3.2. COMPARISON OF RECENT OBSERVATIONS AT GROUND-LEVEL AND UNDER-
GROUND IN THE SOUTHERN HEMISPHERE

The following comparison anticipates consideration of the underground experi-
ments at Hobart, but there seem to be advantages at this point in presenting a
broad picture of the response in solar, sidereal and anti-sidereal time from de-
tectors above and below ground.

The basic material comprises pressure-corrected data from the following de-
tectors:

{a) The vertical semi-cubical G-M telescopes (1 m? trays) at a depth of approxi-
mately 40 m.w.e. underground at Hobart {43°S, 147°E geographic).

{b) The standard vertical cubical G-M telescope ( 1 m? trays) under 10 cm lead
absorber at sea level, Hobart.

(¢} The standard 12-counter neutron pile at Mt. Wellington (altitude 725 m).

{(d) The standard 12-counter neutron pile at sea level at Mawson (68°S, 63°E
geographic).

Relatively few data are missing or have been rejected. Consequently, the
observations may be considered to be simultaneous as between stations. Monthly
averages of hourly data are processed in bi-hourly groups and expressed as per-
centage deviates from the monthly mean intensity. Considerable smoothing is
effected by averaging the deviates in progressive groups of three, to form six-hour
running averages. In this form the observations are expressed in solar, sidereal
and anti-sidereal time and averaged over complete vears centred on successive
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months, to give annual running averages. Sufficiently accurate curves of fit to the

annual points are drawn by eye. In Section 5, annual running amplitudes and times

of maximum obtained in this way from six-hour running average deviations are
compared with values obtained from computed sums of first and second harmonics
of best fit to the observed hourly deviates, and from the first harmonics of best fit.

It should be explained that arnual running averages are used for qualitative com-

parisons onlv, If they extend over a number of years they should serve the following

purposes:

(a) They should distinguish between the type of daily variation in which a per-
sistent component preponderates and the type which tends to be controlled
by transient components, whether systematic or statistical.

{(b) They should enable a genuine long-term trend in a parameter of the daily
variation to be distinguished from an apparent trend that is influenced by
transient effects of less than one year’s duration. In this respect they possess
an advantage over a set of independent annual averages.

The three figures for each type of daily variation relate to three independent
biennial periods: January 1958 to December 1959, January 1960 to December
1961 and January 1962 to December 1963. Thus they span a period from solar
maximum to within approximately 18 months of the following minimum.

(1) The annual mean solar daily variations (Figures 3.2, 3.3 and 3.4). Notc
that the solar daily variation is much smaller at 40 m.w.e. than above ground and
that the ordinate scale has been adjusted to allow for this.

At all stations there is, as is to be expected, a slow variation with a single
maximum. The time of maximum is approximately the same at cach of the three
Hobart stations and is approximately three hours in advance of that at Mawson.
The phase difference between the solar daily variations of neutron intensity at
Mawson and Mt. Wellington has been explained as a longitudinal differcnce be-
tween the mean directions of the respective asymptotic cones of response to the
solar anisotropy {Rao, McCracken and Venkatesan 1963).

Therc have been no significant trends in the times of maximum over the period
or any noticeable shorter-term secular changes. The figures do not allow amplitude
changes to be easily detected, but on cxamination one important long-term trend
should be apparent: the amplitude of the solar daily variation underground de-
creased by a factor of approximately two between the year ending December 1958
and the year ending December 1961, but without any noticeable displacement of
phase. Thus there is no immediate indication of interplay between an atmospheric
component and an extra-terrestrial solar component.

(2) The annual apparent sidereal daily variations (Figures 3.5, 3.6, and 3.7).
The apparent sidereal daily variations at all stations are shown to the same scale,
It should be appreciated that, in contrast with the underground observations, the
amplitudes above ground are generally very much smaller than the amplitudes of
the corresponding solar daily variations, so that the influence of spurious sidercal
cffects produced by seasonal or irregular fluctuations of the solar components should
be greater accordingly, as seems to be the case.
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We draw atention first to the situation in 1958. It is remarkable that the
apparent sidereal effect was relatively so large at all the stations at solar maximum.
The times of maximum were approximately the same, although that at Mt.
Wellington was somewhat earlier than the others, and there is no evidence of the
characteristic phase difference between the Mawson and Hobart observations that
was secn in the solar daily variation, It would be surprising if a common mechanism
did not link the observations at the four stations, and yet it is clear that there
would be difficulties in attributing the result to seasonal modulation of a solar
daily variation of atmospheric temperature,

The phase of the sidereal effect underground advanced somewhat during 1959,
but thercafter remained fairly constant. There is also evidence of amplitude changes
and some changes in the balance of harmonics, but overall it can be scen that there
is a characteristic annual daily variation, reproducible from year to year and not
subject to large transient fluctuations.

Above ground the effect in the meson intensity is variable and it can be seen
that a complete reversal of phase may occur in a short time. Perhaps a persistent
component might be detectable if the data were averaged over a number of years,
but it is evident that the observations for a single year or even two years would
not be sufficient.

The effect in the neutron intensity is extremely variable and after 1959 it is
not obvious that there is any connection between the Mt. Wellington and Mawson
results. It would seem that some of the variability must have been due to irregular
fluctuations in the solar daily variation.

{3) The annual mean daily variations in anti-sidereal time (Figures 3.8, 3.9 and
3.10). The effects in anti-sidereal and sidereal time are all shown to the same
scale.

Little need be said about the anti-sidereal effect in the neutron intensity. It
is much too variable and complex to be of use in a conventional anti-sidereal
analysis.

There is noticeable similarity between the relatively large anti-sidereal effects
in the meson intensity above and below ground in 1958. However, the amplitudes
decreased considerably during 1959 and the effect became too small and variable.
In later years the amplitude of the anti-sidercal effect at the underground station
did not exceed 0-02% and was statistically insignificant. It would seem, then, that
modulation of components of the daily variation underground became unimportant
after 1960, although very significant annual variations in solar and sidereal time
were observed.



4. THE UNDERGROUND LABORATORY AT HOBART
4.1. DESCRIPTION OF THE UNDERGROUND SITE
{a) Location

The underground laboratory is situated six miles north-east of Hobart in a
disused railway tunnel, which passes approximately 60 feet beneath the Tunnel
Hill saddle, 400 feet above sea level. The geographic position is 42° 517 §, 147°
25 E.

(b) The Tasman Highway and other roads

Figure 4.1 is reproduced from a contour map of the tunnel arca, supplied by
the Department of Lands and Surveys. It shows a single-lane highway (the Tasman
Highway) passing over the centre of the tunnel. The road to Mt. Rumney (1240
feet, 14 miles due east) branches off to the east at the top of the saddle. An access
road to the farmhouse on Wiggins Hill branches off to the west and crosses above
the tunnel immediately south of the cosmic ray building at O. The other road gives
access from the highway through a farmyard to the northern entrance of the tunnel.

fc) The tunnel

The tunnel is straight, 530 feet long and, looking north, is orientated in the
direction 352° 27’ true. In cross-section it is 12 feet wide between the sandstone
block walls a# ground level, opening out to a maximum width of 14 feet at a height
of 7 feet. Above this is a semi-circular roof of concrete, 18 inches thick. The height
from floor to the centre of the ceiling is 14 feet 6 inches.

For the first 230 feet from the northern entrance the dirt floor is level and dry,
an open concrete drain running flush against the western wall for approximately
this distance.

The northern entrance is completely framed by a massive iron grille with a
central 4 ft x 6 ft 5 in. double-barred door. An identical structure secures the other
end of the tunnel, 100 feet from the southern entrance.

(d} The laboratory

The equipment is housed in an oblong wooden framed hut of internal dimen-
sions 12 tt x 28 ft x 7 ft high. The unlined walls are of hardboard and the ceiling is
of caneite. The building is rocofed with floorboards under a layer of malthoid.
The northern wall is 93 feet from the concrete sill at the tunnel entrance. The
hut is serviced electrically by the 240-volt A.C. mains supply.

4.2. DESCRIPTION OF THE EQUIPMENT

{a) The G-M counter telescopes

There are four telescopes in operation at present, each comprising three trays
of G-M counters in triple coincidence. A single tray contains 24 Maze-type external
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cathode glass counters, each of effective length 1 metre and approximately 4 cm
in diameter, making up a total sensitive area of 1 sq metre.

The two vertical semi-cubical telescopes with their electronic circuitry are
essentially of the same design and construction as the standard cubical telescopes
operating in the cosmic ray laboratories at Hobart and Mawson. Since the latter
have been fully described in ANARE Interim Report No. 17, entitled The Design
and Operation of ANARE Cosmic Ray Recorder “C” (N. R. Parsons 1957),
the details of construction and circuitry will not be reproduced here. The telescope
trays are horizontal and are mounted above one another, care being taken to line
up the ends of the counters so that the sensitive areas of the trays are correctly
aligned vertically. The distance between top and bottom trays is 50 cm. The
middle tray is positioned close to the top tray to allow room for a lead mount
and space for 10 c¢cm of lead. After some initial tests the lead was removed and
in all of the experiments reported here the telescopes have operated without any
lead absorber.

The constructional features of the two inclined telescopes will be described in
the sections relating to the inclined experiments. They have the same circuitry as
the vertical semi-cubical units, consisting essentially of three tray strips, a three-fold
coincidence circuit and a scaler, as described by Parsons.

A photograph (Figure 4.2) taken from the northern end of the laboratory
gives a general view of the four telescopes.

(b) Voltage stabilization, variations of room temperature

Until August 1958 an electronic-type A.C. mains stabilizer (manufactured by
Stabilac Pty. Ltd., Sydney) protected the semi-cubical telescope circuits against
voltage fluctuations of the mains supply. From August 1958 to July 1960 a stepwise~
type voltage-regulating B.A.T. transformer placed in series with the Stabilac
brought about improved stability. However, because of the risk of losing
data if the Stabilac circuit failed, a more rugged type of mains stabilizer was
sought. In August 1960 the Stabilac was replaced by a saturated core
voltage-regulating transformer, which has proved to be efficient and trouble-
free.

The mean temperature in the laboratory is approximately 55°F with
maximum excursions of == 10° over a year. The daily variation of temperature
is not known, but would be expected to be small.

{¢) The recording system

The main recording system is photographic, in conjunction with a chart
trace. The scaled counts from each telescope are accumulated on three mechanical
registers in series. Two of the registers are photographed and the records from
them are compared from time to time to check against any losses of efficiency in
the registers. The third register is a modified type, actuating a voltage pulse at the
instant of every tenth scaled count. This pulse produces a deflection of one of
the pens on the chart of a mechanically driven “Evershed” operations recorder.
Six chart-recorder channels are used, four of them recording scale-of-ten pips from
the four telescopes. The two flanking channels record hourly time pips from a
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self-winding chronometer (manufactured by Thomas Mercer and Sons, St. Albans,
England).

At the end of each GMT hour the chronometer contacts actuate the camera
drive, shutter mechanism and the lights in the photographic recording panel.
Thereby, hourly photographs are taken of the four pairs of registers and of an
electric clock, which enable the approximate time-sequence of frames to be
monitored.

The photographic unit and the electro-mechanical system for winding the chro-
nometer operate from a 12-volt accumulator and the chart recorder solenoids are
in parallel with a 50-volt A.C.-D.C. supply.

At weekly intervals the film and the chart have to be replaced and the Evershed
recorder rewound. Consequently, general maintenance of the equipment is carried
out on a weekly basis.

(d) Timing

Before the Mercer chronometer was installed in July 1960, timing was effected
by a sychronous one-hour Venner motor. Power breaks excepted, timing would
have been accurate to within approximately 5 seconds. However, because of the
possibility that average daily variations of timing might occur {amplitudes of the
order of 1 second could not be tolerated) the system was inherently unsatisfactory.
The battery-wound Mercer chronometer operates virtually independently of
mterruptions to the mains supply. It has performed with great reliablity and for
a long period has maintained a steady rate of gain approvimately 2-5 seconds
per day. The time is checked periodically against the National Bureau of Standards
(U.S.A.) time signal WWV or the time signals transmitted by the Australian
Broadcasting Commission.

A small, regular, 2-hour periodicity in timing has been found since the para-
graph above was written. It is described in Section 4.11 (b).

4.3. THE MATERIAL ABSORRER

The results of a survey of the Tunnel Hill region made by the Geology Depart-
ment of the University show that the rock structure of the tunnel area is a uniform
Triassic siitstone of dry density 2:41 =+ 0-04 gm/cc. The nearest dolerite is approxi-
mately 1000 feet to the east. It is assumed, therefore, that in all directions above
the tunnel the material is essentially siltstone of density 2-41 gm/cc, plus water
that might be held by the rock and the tayer (two to four feet) of soil above it.

A map showing contour levels at intervals of five feet became available in
1965. This has allowed the mean absorber within the viewing cone of any one of
the telescopes to be calculated rather more accurately than had been possible
cartier. It has also become possible to assess, with reasonable accuracy, other
effects connected with the distribution of the absorber in azimuth and zenith angle,
and the influence of traffic and the parking of vehicles within the viewing cones
of the telescopes. Up to the present these more accurate calculations relate only
to the vertical semi-cubical telescopes.

The profiles of the absorber in various azimuth planes are shown in Figures
4.3 and 4.4. The viewing cone of the vertical equipment is delineated in cross-
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section by 5° bearings in zenith angle. Note where the boundary of the cone
intersects the land surface at the zenith angle Z = 60°. Seen from above, the
points of intersection form a rough circle, shown in Figure 4.1. This circle is the
approximate boundary of the area of the surface penetrated by the particles which
are detected by the vertical telescopes.

4.4, THE LOCAL CONE OF ACCEPTANCE OF THE VERTICAL TELESCOPES

The calculations of the sensitivity of a vertical semi-cubical telescope to the
incoming secondary radiation, as a function of azimuth and zenith angle of arrival,
derives from a theoretical treatment given by Parsons (1957) for telescopes at
sea level. Parsons defines the sensitivity of a telescope to the radiation from a
given direction as the product of the cross-sectional area presented by the telescope
in that direction and the intensity of radiation arriving from that direction (par-
ticies per unit area, per unit solid angle, per unit time), and he calculates it in
two stages. First, the influence of the cross-sectional area presented in a given
direction is determined, on the assumption that the radiation above the top tray
is uniform in all directions. This gives the geometric sensitivity ((G.S.). Then, the
geometric sensitivity is multiplied by a factor specifying the observed zenith angle
dependence of intensity, to give the radiation sensitivity (R.S.).

(a) The geometric sensitivity (GS)
He considers an incident parallel beam of radiation inclined at an angle Z
to the zenith (the direction of the telescope axis) from azimuth a. Then the

effective cross-sectional area presented by the semi-cubical telescope normal to the
beam is given by

tan g
2
&~

lcos a}) (1 —t%—z(sin al) (4.1
He shows that the relative geometric sensitivity of the telescope to radiation
from directions within a volume element (z to z + dz, @ to @ | da) is given by
GS,, o dzda = A sin z dzda (4.2)

That is to say, the geometric sensitivity per square degree, GS. ., is given by

A=-cosz (1 —

tan z tan Z
2 2

The value of GS,, , for a given value of Z varies somewhat with azimuth, the
more so as Z increases. The total sensitivity for a given z is GS, = § A4 sin z da,
the integration being taken over all values of ¢ for which the cross-sectional area
A is positive. It may also be regarded as the average geometric sensitivity for the
given z.

In later Sections the integrated responses to solar and sidereal anisotropies
will be estimated. Whether GS,, , was used in the calculations or was replaced by
the values GS,, integrated over all azimuths and appropriately normalized, the
final result was found to be essentially the same. The large azimuthal variations
at the high zenith angles arc outweighed by the reduced overall sensitivities at
these angles. Consequently, it is sufficient for our purposes to consider the semi-
cubical telescope as having circular cross-section and to replace GS., . by GS..

GS, .= Asinz—=sinzcosz(l— |cosal) (1 — |sin &) (4.3)
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F1G. 4.4. Hobart underground station. Profiles of the material absorber in the azimuthal planes
90° — 270°, 60° — 240°, 30° — 210° and 15° — 195°.

(b} The radiation sensitivity (RS)

It is well known that the p-meson intensity at sca-level varies with zenith angle
z as coshz, so that

Iz = I cosrz
where [, is the vertical intensity.

Parsons finds that the zenith angle dependence of intensity at sea-level is well
approximated if A — 22, at least up to z = 70°.

Allowing for the zenith angle dependence of intensity, the total sensitivity of
the telescope to the incoming radiation as a function of zenith angle is known as
the radiation sensitivity (RS) and is given by

RS. = GS, cos?-2z (4.5)

At moderate depths underground the zenith angle dependence of intensity ap-
pears to be of the same form as at sea level, although A seems to be closer to 2-0
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than 2-2 (Cousins, Nash and Pointon 1957; Cousins and Nash 1962}. The asymp-
totic cones of response {Section 6) were calculated for both these values of x and
the difference in the final response to anisotropies was found to be negligible.

It is concluded that, as far as present studies are concerned, the radiation
sensitivity underground would be sufficiently well approximated by that calculated
for sea-level telescopes, if we were to disregard directional inequalities in the
material absorber.

{c) The modified radiation sensitivity (RS’)

In fact, as Figures 4.3 and 4.4 show, the amount of material absorber under-
ground varies considerably with direction of viewing within the cone of acceptance
of the telescope. It is therefore necessary to calculate a modified radiation sensi-
tivity, RS, of the form
RS . = (l) RS,

Iu; Za

where (I_) is the ratio of the intensity (/} in the direction (z, &) to the intensity
efza

(I,) in the vertical direction, due only to the difference in amount of material
absorber. The ratios for all the directions of interest have been estimated from the
intensity-depth curve relating to the vertical direction, published by Thorndike
(1952) and based on the measurements of Clay and others (Clay 1939). For

example (;,{) is calculated as follows. The depth of material absorber
] a0, 180

directly above the vertical equipment is 42 feet (Figures 4.3 and 4.4). We assume
a mean density of 2-41 gm/cc as for dry siltstone The amount of absorber is
therefore approximately 30-9 m.w.e. From the intensity-depth curve the relative
intensity at a depth of 30-9 m.w.e. below ground is 0-165. This is I, At
z =307, a = 180°, the depth of absorber is 88 feet (Figure 4.4) or 64-5 m.w.e.
The relative intensity at this depth in the vertical direction is 0-054. This is I.

Hence (i) is 0-327.
Iu 3, 1840

Since the rate of decrease of intensity with depth below ground is somewhat
less at a given depth in an inclined direction than in the vertical direction (e.g.,
see Clay, 1939, Figure 2) the use of the vertical intensity-depth curve tends to
overestimate effects due to the directional inequalities of the material absorber.

(d) Specification of the local cone of acceptance

In the various applications that will follow, the solid angle of acceptance of
a vertical semi-cube is divided up into 576 elements (w,) of dimensions 7-5° in
azimuth centred on 0°, 7-5°, 15°, . . . 352-3°) and 5° in zenith angle (centred
on 5°, 10°, 15°, ... 55%), and the radiation sensitivity RS is calculated for each
of these elements. This provides an assembly of directional sensitivities that is
used in the determination of the mean absorber and its directional effects and in
the calculation of the asymptotic cones of acceptance (Section 6).

c
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4.5. CHARACTERISYTICS OF THE ABSORBER VIEWED BY THE VERTICAL TELESCOPES
{a) Directional inequalities

1. The effect in zenith angle. The dashed curve in Figure 4.5 shows the zenith
angie dependence of RS, summed over all azimuths, for a semi-cubical telescope
at sea level, as calculated by Parsons. The material absorber above the underground
telescopes reduces the sensitivity at the higher zenith angles. The full line shows
the modified zenith angle dependence of RS’, summed over all azimuths, so that it
takes into account the average inequalities of the absorber in zenith directions.

2. The effect in azimuth. If the values of RS, al a given azimuth are averaged
over all zenith angles within the cone of acceptance at that azimuth, the average
response of the vertical equipment to inequalities of the absorber in azimuth may
be plotted at intervals of 7-5°. The result is shown in Figure 4.6, where the relative
intensity of response has been normalized to 100% at the azimuths where the
absorber is a maximum. It can be seen that inequalities of the absorber, as they
influence the counting rate, are rather symmetrically distributed about the N-S
plane. In fact, it is found from the curve that 49-4% of the counting rate is due
to particles arriving east of the meridian plane, 50 6% arriving from the west,
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Fic. 4.5. Mean radiation sensitivity as a function of zenith angle of arrival for a vertical
semi-cubical telescope. The dashed line gives the calculated effect at sea level (from Parsons).

The full line gives the calculated effect for a semi-cube at the underground station at Hobart,
taking into account the distribution of material absorber above the telescope.
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Consequently, no significant bias of the local cone of acceptance either east or
west of the meridian accrues from the distribution of the absorber.

Figures 4.5 and 4.6 indicate that the distribution of the absorber must be taken
rather carefully into account in studies of the observed daily variation underground.
If not, the tilting and other distortions of the local cone of acceptance that may be
produced by the absorber could lead to serious errors in the calculation of the
response to an anisotropy. On the other hand, if the influence of the absorber is
included in the cone of sensitivity, any directional bias which results is eventually
incorporated in the asymptotic cone of acceptance (Section 6)).

A plaster model (Figure 4.7) demonstrates the characteristics of the local cone
of sensitivity of the semi-cubical vertical telescope underground at Hobart. Ideally,
the solid cone should meet the flat base at the point where the converging inside and
outside surfaces join the axis of the telescope which is envisaged as emerging from
the centre of the cone normal to the base. Zero sensitivity in the vertical (axial)
direction (see also Figure 4.5) follows from the fact that the distribution of sensitivity
per square degree is being represented here, not the sensitivity to parallel radiation.
Per degree of azimuth, per degree of zenith angle, the area of surface of a volume
element penetrated by the radiation becomes vanishingly small as the vertical
direction is approached. On the other hand, at high zenith angles the effective
cross-sectional area 4 (equation 4.1) presented to the incoming radiation, becomes
vanishingly small as the boundary of the telescope is approached. These competing
influences cause maximum sensitivity to occur at a zenith angle of approximately
25°, The reduced amount of absorber in the northerly azimuths (Figures 4.3 and
4.5) is reflected in the distortion of the model.

In the treatment of asymptotic cones of acceptance (Section 6) the determina-
tion of the asymptotic constants is based on the distribution of RS, rather than
RY, since it is found that the constants would be very nearly the same in both
cases. For instance, it will be seen in Table 6.1 that the asymptotic constants for the
lowest rigidity (R = 50 GV'), at which the greatest discrepancies should occur, are
(Az = 0:87, 8;p = —34°, ¢1r — 30°). Based on the distribution of RS, the
constants are (Az — 0-90, 8;5 = —34°, $1p — 29°).

(k) The amount of dry material absorber above the vertical telescopes

If the radiation sensitivity appropriate to the volume element o, is RS, and
the amount of material absorber in that direction is »1,, then the average amount
of absorber within the viewing cone of the telescope is

Zm,. RY',
z RS,

3

— (4.6)
where the summations are taken over the 376 elements of the local acceptance
cone. By this method, the weighted average amount of dry absorber above the
semi-cubes up to ground level was calculated to be 35-9 m.w.e., or 48 feet of
material.

Material above the rock, consisting of two to three feet of clay and fragmented
rock and one foot of topsoil, has not been distinguished from the rock itself in the
calculation, so that it would be necessary to subtract perhaps 0.3 m.w.e. to allow
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FiG. 4.7. Model of the local cone of sensitivity of a vertical semi-cubical telescope
at the Hobart underground station.

for the difference in density. Therefore, the estimate of the amount of dry absorber
above the telescopes is

m = 356 m.w.e.
(c) The average water content

Tt is very difficult to estimate precisely the average amount of water held in
the rock and in the soil above it. Only & rough guess will be offered here.
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Murdock, Ogilvie and Rathgeber (1959) have estimated that, on the average,
the water content of the sandstone above their underground laboratory in Sydney
increased the density of the rock by 0-05 gm/cc, equivalent to 0-015 m.w.e./foot.
It is known that the porosity of Triassic siltstone is low, very much less than that
of sandstone. When we consider also that an annual average rainfall of 1-2 metres
in Sydney compares with 0-6 at Hobart, it is concluded that the average depth of
rock above the vertical telescopes, somewhat less than 49 feet, holds considerably
less than O-7 metres of water. It is suggested that half that figure would be an upper
limit and would include moisture held in fissures in the rock.

Some indication of the average moisture content in the layer of crumbled rock,
clay and topscil above the siltstone may be gained from the following. As reported
in Paper 3, phenomenal rainfalls (approximately 40% of the annual total), which
succeeded a long period of dry weather, were experienced over a few days in
April 1960 and appeared to be responsible for a decrease of approximately 0-8%
in the counting rate underground. This was equivalent to an increase of approxi-
mately 0-25 metres of water in the material absorber. It is suggested that this
roughly represented the transition from the dry to the saturated state of the material
above the rock, so that on the average it would not be expected to hold more
than about half of that amount of water.

It is concluded that the average water content of the material absorber above
the equipment is not likely to be greater than approximately 0-5 m.w.e.

(d) The total material absorber

Adding the water content to the amount of dry absorber, the mean absorber
above the vertical telescopes to ground level is now taken to be approximately

m = 36 m.w.c.

Successive estimates of the mean absorber have followed a downward trend.
In the earlier papers (3 and 4), the figure given was 42 m.w.e. Overestimation
of the depth of the material was the main source of error. Later papers (5, 6
and 7) specify 40 m.w.e. as the better approximation. This was deduced from an
inter-comparison of counting rates above and below ground, using the intensity-
depth relationship. Normalization for the different telescope geometries was perhaps
the greatest factor of uncertainty here. Since most of the calculations described in
this paper had been made before the contour map of the tunnel area became
available, it will be found that the mean absorber is usually taken to be 40 m.w.e.

{e) Road traffic and parking of vehicles above the equipment

The Tasman Highway (Figures 4.1, 4.3 and 4.4) lies within the viewing cone
of one of the vertical telescopes for a distance of approximately 170 feet, from
a = 60°, z = 60° and distance 105 feet from the telescope, to @ = 150° z = 60°
and distance 115 feet. The zenith angle decreases to 50° at ¢ — 90°. Accordingly,
the sensitivity to traffic will not be underestimated if the segment of highway is
considered to lie in a quadrant of azimuth at a zenith angle of 50° from the tele-
scope axis.

Influence of the daily variation of the volume of traffic. The Traffic Engineer-
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ing Section of the Transport Commission has kindly made available the hourly
records, from an automatic counter, of the volume of traffic that passed over Tunnel
Hill from midnight, 6th November 1963, to midnight 15th November. The average
flow was 113 vehicles/hour. The average daily variation is shown in Figure 4.8.
The amplitude of the first harmonic is 73% of the mean, or 82 vehicles/hour.
Allowing for heavy vehicles, the average speed is assumed to be 30 ft/sec and the
average weight 5700 lbs (2600 Kg). In the calculations that follow, a vehicle is
thought of as a sheet of lead 14 feet long, 6 feet wide and 3 cm high. At the peak
of the first harmonic:

Time interval between excess vehicles — 44 sec.
Therefore average spacing between vehicles = 1320 feet, and
the number of excess vehicles within view of telescope = 0-13

Distributing the mass of 0-13 vehicles over 170 feet of highway, 6 feet wide, the
equivalent lead thickness () — 0-0322 cm, or 0-354 cm water equivalent. Per
quadrant of azimuth, the average radiation sensitivity (RS",) at z = 50° is 0-13%/
deg.z. The ribbon of lead subtends an angle of approximately 3-5° in zenith angle at
the telescope. Consequently, 0-45% of the total particle flux (7} would pass through
the area covered by the lead. From the intensity—depth relationship (Thorndike
19523,

d_

dr—
Therefore the amplitude of the first harmonic of the solar daily variation due to
the daijly variation of the volume of traffic is

(%'—)m = 00303 X 0354 X 0-0045%
= 0-049 x 10-3%

and the time of maximum intensity is 0236 solar time. A similar calculation gives
0027 % 10—3% as the amplitude of the second harmonic, the maxima occurring
at 1324 and 0134 solar time.

Clearly, the calculated effect is too small by three orders of magnitude to be
of any significance, since the amplitudes of the observed annual mean daily varia-
ttons underground are of the order of 0-05%. It may be concluded that the influence
of the daily variation of the volume of traffic is negligible, while conceding a wide
margin of error in estimation of the various constants.

Parking of vehicles. The average motor vehicle parked on the side of the
highway within view of the vertical telescopes subtends an angle of approximately
8° in azimuth and 3-5° in zenith angle at the equipment. Representing the vehicle
as we have done, by a slab of lead, 3 cm thick, the absorber is 33 cm water
equivalent. The radiation sensitivity per 8° of azimuth, per 3-5° of zenith angle
at z = 507, is RY — 0-:0416%. Consequently, the decrease of intensity produced
by the vehicle is

Al

7= (0-0303 x 33 x 0-00042) %

= 0:042 x 10—2%,
If a single vehicle is parked near the highway for eight consecutive hours of the

—0-0303% /cm water equivalent.
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Fi1G. 4.8. The daily variation of vehicular traffic over Tunnel Hill, near Hobart, during Novems-

ber 1963. The percentagz deviations refer to a mean rate m) = 113 vehicles per hour, The
curves are the first and second harmonics of best fit.

day, the amplitudes of the first and second harmonics of the daily variation it pro-
duces at the equipment will be approximately
OO — 0021 x 10-29%.

Parking in the zone of maximum sensitivity (e.g., on the access road to Wiggins’
farm) could increase the respense by as much as a factor of 25, but it is evident
that even then the daily variation observed at the equipment would be imperceptible.
It is concluded that the occasional parking of vehicles that does occur near the
junction of the highway and Wiggins® access road would have negligible influence
on the daily variation underground. Nevertheless, parking is potentially the more
serious of the two effects we have considered,
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4.6, THE MEAN CUT-OFF ENERGY AT PRODUCTION, E,

The cut-off energy at production is the initial energy of the y-meson at the pro-
duction level {assumed to be 100 mb) that is just sufficient to allow the meson to
penetrate the atmosphere and material absorber and be recorded by the vertical
equipment. The value that matters is not the cut-off in the vertical direction, where
the sensitivity per square degree (RS’) is zero, but the weighted mean value, E,,
averaged over the cone of sensitivity:

. 2A(E)..RS..
° LRs,

@.7)

A sufficiently accurate value for the present can be obtained by disregarding the
azimuthal variations of RS due to the absorber and using representative values for
each zenith angle, as can be obtained from the full curve in Figure 4.5. Then

_ X(E)RS;
g o o R 4.8)
e IRS;

The summations are taken over 12 values of zenith angle, selected at 5° intervals.

The cut-off energy (E;), at the zenith angle z must be estimated in its two parts,
that due to the material absorber and that due to the atmosphere. In column 2
of Table 4.1 the material absorber at each zenith angle is the value averaged
over all azimuths. In column 3 the corresponding cut-off energy has been calculated
on the assumption that the average p-meson energy loss for low energies of arrival
underground is 2-1 Mcv gm—! c¢m?. This has been estimated from the work of (a)
Murdoch, Ogilvic and Rathegeber (1959), who calculate the momentum losses
versus momentum for p-mesons, arriving under 7000 gm c¢cm—2 of sandstone, in-
creasing from 1-9 Mev/c gm—* cm? near zero momentum of arrival to e.g., 2-2
Mev/c gm—! em? at 10 Gev/c; and (b) Cousins and Nash (1962) who give
calculated average energy losses in quartz, increasing from 1-6 Mev gm—! em? at
the lowest energies of arrival at their depth of 36 m.w.e. (dry) to e.g., 2:3 Mev
gm~! ¢cm? at an arrival energy of 20 Gev.

The energy loss in the atmosphere at various zenith angles and for the different
cut-off energies at the surface (column 4) has been estimated from a set of tables
of range in air versus initial momentum, compiled by K. B. Fenton (1951), based
on the Bethe/Bloch expression for energy loss by ionization and excitation (Bethe
1932; Bloch 1935). A flat, exponential atmosphere has been employed in the
calculation of the mass of air to 100 mb at the different zenith angles.

Columns 5 and 6 give the pairs of values of cut-off energy at production
(E,). and radiation sensitivity RS, from which the weighted mean value of the
cut-off energy, E,, is calculated. Using equation 4.8, the value obtained was

E, = 10-6 Gev.
This figure is accurate to within 1 Gev if we allow a margin of error of = 0-5
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TABLE 4.1.

Meson cut-off energies and radiation sensitivity (RS’:) versus zenith angle within the cone
of acceptance of a vertical semi-cubical telescope underground. The values are averaged
over all azimuths.

. Depth of Cut-off energy | Energy loss | Cut-off energy Radiation
Zenith angle material at surface in atmosphere | at production |  sensitivity
degrees absorber (Gev) (Gev) (E.); (Gev) | RS, %,
{(m.w.c.) ' |
0 ' 30-9 6-5 25 90 0-00
5 316 66 2:5 91 0-062
10 36 66 2:5 91 i 0111
15 331 69 2:6 95 | 0-140
20 33-8 7.1 2:7 9-8 0-149
25 353 7-4 2:8 102 0-147
30 i 360 76 29 10-5 0-130
35 i 389 82 32 11-4 0103
40 433 9-1 35 126 0073
45 | 47-7 10:0 39 139 0046
50 ; 536 11-3 4-7 16:0 0-025
55 61-7 129 5-7 18-6 0-012
60 74-9 157 67 224 0-002

m.w.e. in estimation of the depth of absorber and =+ 0-2 Mev/c gm~' ¢m® for
uncertainty in estimation of the average p-meson momentum loss.

A knowledge of the cut-off energy at production is of importance in the de-
texmination of the effective primary spectrum responsible for the mesons that are
able to be detected underground. The differential coupling coefficient specifying
the fractions of the counting rate, due to the primary protons per interval of primary
energy, have been derived by Fenton from his calculated effective primary spectrum
(Fenton 1963) and enter critically into the computations of the asymptotic cones
of acceptance, to be described in Section 6. In his determination of the spectrum,
Fenton used 15 Gev as the best estimate available at the time for the cut-off energy
E.. An important refinement of the treatment of the asymptotic cones of acceptance
given here may result from the re-evaluation of the coupling cocfficients, using the
latest value of E. given above.

4,7. THE ATMOSPHERIC EFFECT

It has been assumed in the calculation of the atmospheric correction coeffi-
cients that the meteorological effect on the meson intensity underground is ade-
quately described by Duperier’s regression equation {Duperier 1949)

# = Bin mr dB - Bix . pr AH 4 Bir pu dT (4.10)
where B is the barometric pressure at sea level, H is the height of the assumed
mean pressure level for production (100 mb) and 7 is the temperature in the
vicinity of the production level (taken to be the mean temperature in the interval
100 — 200 mb}.

An account of the evaluation of the coefficients and a discussion of their sig-

nificance is given in Paper 3 (Fenton et al. 1961). The observed coeflicients,
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derived from the analysis of 432 sets of daily mean values of the variables, are,
with the standard errors of estimate, '

Total barometer coefficient, L% =8=—065+002%/cm
Partial barometer coefficient, 81z »yr = —0-59 = 0-02% /cm
Negative temperature coefficient, g1y . 5r = —0-46 = 0-13% /km

Positive temperature coefficient, 81y sz = +0:02 = 0:005%/°C
Positive 3-fold temperature coefficient, 8ir.5» = +0-03 = 0-005% /°C.

The only other known determinations at approximately the same depth relate to
the vertical semi-cubical telescopes at the Budapest underground laboratory.
Sandor, Somagyi and Telbisz (1962) report the following values for the partial
regression coefficients:

,813.}['1" = — 078 = 004%/Cm

B .pr == —142 = 0-08% /km

B]T.][B junny ---019 -+ 006%/°C.

The errors given are total values with contributions from count rate statistics and
from instability in the equipment.

Dutt and Thambyahpillai (1965), in a recent treatment of the barometric effect,
have indicated that the Hobart values of the total and partial barometer coefficients
are in accord with observations at London at 60 m.w.e., while the Budapest values
are too high. It is not known whether the average amounts of absorber at Hobart
and Budapest are strictly comparable or whether the absorber is distributed in
approximately the same manner, but it would seem from the close agreement be-
tween the respective values of the observed solar daily variation (Table 6, Jacklyn
and Humble 1965b) that the effective absorber is almost the same at both places.

The differences between the Hobart and Budapest coefficients may have come
about through the short-term variability of the atmospheric effect. In an earlier
paper (Sandor et al. 1959), the authors showed that, over the peried of 13
months of their analysis, month to month fluctuations in the coefficient at Budapest
were far in excess of the variability due to counting rate statistics. For instance,
their average total barometer coefficient, 8 — —0-86 = 0-01% /cm, was consid-
erably influenced by a very large value (—1-72 = 0-04% /cm) in August 1958.
In its absence, the mean value-of g would have been —0-76% /cm.

1t is likely that the coefficient 8 at Hobart would also vary considerably over
short periods of time, but the value given here, averaged over two years of data,
would seem to be reliable, judging by the values obtained for the two individual
years:

1958 B = —069 = 0:05% /cm (single telescope)
1959 g =065 = 0-02% /cm (duplex telescope).

Since observations of the daily variation of atmospheric structure are not avail-
able at Hobart, no attempt has been made to correct the observed daily variation
of intensity for atmospheric temperature changes. Even if it were possible to do
this, it appears that the method of Dorman or Maeda would be more accurate
than that of Duperier (e.g., see Bercovitch 1963). We note that the observed
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negative temperature coefficient underground (—0-46 + 0-13% /km) is very much
less than at sea level at Hobart (—4-9 = 0-9% /km). As Dutt and Thambyah-
pillai have observed (1965), after comparison of the widely differing experimental
values at London, Budapest and Hobart with the theory, the decay effect appears to
be very weak at these depths underground.

If there was an out-of-phase contribution to the solar daily variation under-
ground due to variations of atmospheric temperature, it should have revealed itself
over the six years of observation, because of the large changes that have occurred
in the annual mean amplitude. It will be shown in the following Sections that there
is no indication of a significant effect of this kind.

On the other hand, a daily variation due to the positive temperature effect
would be expected to be more nearly in phase with the solar daily variation of
extra-terrestrial origin and would be difficuit to detect from examination of long-
term irends. However, a study of the daily variation underground in relation to
the solar anisotropy (Section 6) indicates that if there was any contribution of

atmospheric origin it would have been small compared with the total solar daily
variation.

4.8. DATA PROCESSING
{a) Barometric correction

The data, in the form of daily values of intensity, are corrected for pressure
variations only, using the total barometer coefficient 8 = —065% /cm (—165% /
inch). Corrections to the nearest scaled count introduce maximum errors of
+ 0-1%. Hourly mean values of surface pressure are obtained from daily baro-
graphs at the Hobart office of the Bureau of Meteorology. To correct for instru-
mental errors, the barograph records are checked against spot readings taken with

a mercury column barometer at 0600, 0900, 1200, 1500, 1800 and 2100 local
time, each day,

(b) Corrections for changes in counting efficiency

A continuous record is kept of the daily mean values C,/C,, C,/Cs, Cs/Cs
where C and C; are the counting rates of the two vertical telescopes underground
and C, and C, are the counting rates of the inclined telescopes. Sudden changes
or short-term drifts in the ratios can normally be traced to a change in the counting
efficiency of a particular telescope. In doubtful cases, where it appears that more
than one of the counting efficiencies has changed or where continuity has been
interrupted because of lack of data from one of the telescopes, graphs of the
pressure-corrected daily mean intensities are examined and from these it is almost
always possible to detect a sustained change in counting level in either of the vertical
telescopes.

Whenever sustained efficiency changes of magnitude approximately 0-1% or
greater are detected in the vertical intensities, a normalizing factor is computed
for the combined intensity C = C; + C; and two other factors are computed which
will give the equivalent of C if C; or C, is missing. When the hourly values of the
counting rate C (or C, or C; if only one telescope is operating) have been corrected
for pressure, they are multiplied by the normalizing factor that prevails at that
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time and are thereby adjusted to a standard level of counting efficiency. The ad-
justments are made to the nearest scaled count and for that reason fluctuations of
=+ (1% in the final counting levels are liable to occur.

The overall stability of the normalized vertical intensity is difficult to assess.
Small long-term drifts in the counting efficiencies cannot very well be taken care
of by inter-comparison of counting rates with only two telescopes in the vertical
direction. It would probably be fair to say that the counting level has been adjusted
for short-term changes to within 0-2% of the standard level in most cases.

(c) Selection of data for daily variation studies

The data are arranged in groups of one month in the form of bi-hourly per-
centage deviates from the mean value. A single day’s data comprise the twelve
bi-hourly values plus the first bi-hourly value of the following day. Thereby a linear
adjustment for secuylar change can be effected when the data are averaged over
a month.

Unusable data are rejected when the normalizing factors are determined.
Individual days are rejected from the tabulated data if more than two bi-hourly
values are missing.

When a major Forbush-type intensity decrease occurs, the day of minimum
intensity is rejected as is a number of days on cither side of it, depending on the
magnitude and duration of the decrease.

4.9, HARMONIC ANALYSIS

In the derivation of the Fourier coeflicients the least squares method of Whit-
taker and Robinson (1944) is followed. The particular treatment given here is
based very largely on that given by Parsons (1959).

{a}) The Fourier coefficients

We have m |- 1 experimental values U,, Uy, . . . Uss, . .. U, spaced at equal
intervals of time (#) over the daily period 7, the corresponding times of occur-
rence being O, £. . .. kt . . . mi The values U, are in the form of percentage
deviations from the mean intensity, so that

Uk :(I;I;ﬁ %.

A progressive linear adjustment for secular (non-periodic) change causes U, to be-
come equal to U,

After the adjustment for secular change, the curve of best fit to the observed
daily variation of the m values U,, U,, ... Uy ... Uy, is expressed as the sum

of harmonics of period T/i where i = 1, 2, 3 etc. Qur estimate of Uy is then
specified by Al where

AL =

1

cos 2kmit b sin 2knit
a; T + b T
cos 2kmni sin_ 2bemi

(a, 2 ;E) “.11)

Ips T
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=i; R; cos i (6 —f) (4.12)
where 6 = 2nkim.

{b) Determination of the constants a;, b, R;, {,

The average daily variation of intensity under consideration here is adequately
described by the sum of the first two harmonics of best fit. The first harmonic
(diurnal component) is specied by the Fourier coefficients for { = 1, and we have

(AL), = a,cos§ + b;sind
= R, cos (8 — f1).
Likewise, putting i = 2, the second harmonic (semi-diurnal component) is
ALY, = a, cos 20 + b, sin 20
- R2 COS 2(9 —fz)-
The curve of best fit is accordingly described by
Al = a;cos 8 + b, sin 8 + a, cos 20 -+ b, sin 26,

The constants a;, by, a; and by are determined in such a way that the mean
of the squares of the deviations of the observed values U, from the estimates AT, is

a minimum, i.e.,

E(Alk - Uk)z
7!
is minimized.
This requirement is fulfifled if
2m-l 2nk 2m-1 . 2nk
(23] MEkZOUkCOS? bl =Ek;) Uksm?
2m=l1 drk 2m_l 4nic
= U, b - = ke
a, mkgb K Cos - b, me’o Uysin — =

The amplitude of the first harmonic is
R, = J ;If + bf

and the phase f;, including the sign, is determined from
CO8 f]_ = al/Rl and Sin f1 — bl/Rl
Similar considerations apply to the determinations of R. and fa.

In the present investigation all observed daily variations of intensity arc ar-
ranged in the form of bi-hourly deviates from the mean value. Consequently, the
harmonic coefficients are calculated on a 12-ordinate scheme (m = 12). For this
purpose, computing sheets (Tables 4.2 and 4.3) have been drawn up to facilitate
the calculations when desk machines are used.
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(¢} Adjustrnents for smoothing

As the number of ordinates in the ordinate scheme decreases, the amplitude
of a given harmonic suffers increasingly from a smoothing error so that the true
harmonic of best fit is underestimated. To adjust for smoothing of the /** harmonic
in an m-ordinate scheme, the amplitude R, must be multiplied by »/sin « where
o = iz/m. The multiplying factors for R; and Rs in a 12-ordinate scheme are
1-012 and 1-047 respectively.

{d) Adjustments for change of time scale

The procedures for determining the harmonic coefficients assume that the
first intensity value u, refers to time 0000. However, where bi-hourly values are
used, for instance, the first value usually refers to the mean of hours 01 and 02
and is taken as the value for the time 0100. The phase angle f; must be shifted
forward accordingly, by the addition of a constant ¢. In the case referred to,
¢ — 15°, In the accompanying form it can be seen at what stage ¢ must be added
to fg.

4.10. STATISTICAL ERRORS OF AMPLITUDE AND PHASE

Standard errors of estimate of amplitude and phase of the first and second
harmonics of the observed daily variations are calculated on the assumption that,
in the absence of systematic changes, the number of particles detected by the equip-
ment in a given interval of time is a Poisson variable.

{a) The standard error (SE) of uy

A given u; value is derived from N particles and is expressed as a percent
deviation from the mean N. The SE of estimate, o (i), is

100VN
o) = —=— %-
The daily variation is very small, so that N = N and we can put
e = 100vN_ 100
SO AN

If the mean counting rate is C, derived from r hourly values and containing a
scale factor F,

N = nCF
and
o) = 100
¥ JnCF
{(b) The standard error of a;

2 mi‘ 2nk
a; = — 4, COS —
1 0 &t m
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Since all the 2,’s have the same variance o*(1,),
2y2m-1 2k 2
o*a;) = (7)1) ; cos? m a*(u) = (*) o*(uy);

m
therefore

ofay) = o(b;) = \/ 2 o).

(c) The standard errors of R, and R,

We use another expression for the variance of a function F (a,b).

1r@ o) = (%) @ + () o

since R=+d + 2
a  »
P®) = (72 + ga) @ = @),
therefore 2
o(R,) = ofa;) = \/ 2 ()
Fig
2
=0 _“<
mnCF
= G'(Rz).

{d) The standard error of time of maximum

The error circle attached to the end-point of R, or R, on the harmonic dial
subtends an angle at the origin equal to twice the SE of estimate of time of maxi-

a(R)

mum. If small, 7 approximates the SE of phase, in radians.

4.11 (a) Observed versus ca{culated variability of the counting rate

After correction for pressure changes, the systematic time-averaged variations
of intensity underground are relatively small. For instance, the amplitude of the
daily variation is usually less than 0-1%, Forbush-type decreases rarely exceed
1%, and the change in the level of the daily average intensity from maximum to
minimum solar activity is only about 2-5%. Moreover, time-dependent processes
that appear to produce rather small short-term irregular fluctuations that are of
significance at ground level may not be nearly so important at the higher energies
of response. Consequently, it seemed that fluctuations of the underground intensity
from one hour to the next might obey Poisson statistics, at least during periods of
minimum solar activity, if the influence of the solar daily variation were removed.
Since direct evidence of this was desirable, so that the applicability of the usual
Standard Error tails could be assessed, it was decided to determine experimentally
the variance of the count rate due to random fluctuations, using the pressure-
corrected vertical intensity that rclated to the two quiet years 1964 and 1965,
Table 4.4 is a typical monthly data sheet.
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The observed solar daily variation averaged over the two years is shown in
Figure 4.9 (a), in the form of bi-hourly percentage deviates from the mean
intensity. It is clear that the solar daily variation on the average produces scarcely
any change in the counting rate from about 1900 hours to 0900 hours. Therefore,
since it seemed that day-to-day fluctuations of counting rate during these hours
would be least influenced by day-to-day changes in the solar daily variation, two
neighbouring bi-hourly periods from this relatively undisturbed part of the day were
selected for the statistical test. It was decided to examine fluctuations of the dif-
ference of pressure-corrected intensity between the two bi-hourly periods (05, 06)
and (07, 08). By taking differences, the influence of day-to-day changes in the
average level of intensity would be minimized.

The data were arranged in successive groups of 10-day averages, so that a sample
value of intensity would be the average of 20 hours of counting. We represent
the scaled counting rate for the bi-hourly period (05, 06), averaged over the
i group of 10 days, by Cy; and that for the period (07, 08) by Cu;, while the
difference is given by d; — Cy; — Cy. Regarding C;, as a Poisson variable, the
estimated variance is V{(Cy) = C,;/nF, where n is the number of hours over
which the average is taken and F is the scale factor. Averaged over the two years,

C, was found to be approximately 559 scaled counts while departures of the
sample values from this did not excced 4 counts (see Figure 4.9 (b)). Therefore
it is adequate to assign a constant estimated variance to each sample value, rep-

resenting C; by its mean, C;, in the calculation of the variance.

Putting Cy; = 559, n = 20 and F = 128, we get V' (Cy;) — 0-218. The cor-
rection of the count rate to a standard pressure of 28 inches of mercury artificially
raises the counting level by 2-75% on the average, so that the estimated variance
must be multiplied by (1-0275)2, giving us a revised ¥ (Cy;) = 0-230. Then the
estimated variance of the difference is V(d;) — 0-460 and the standard estimate
of error is SE(d;,) = == 0-68.

The 60 observed sample values of d; the difference, each relating to ~ 2-9
% 10°% detected particles, are shown in Figure 4.9 (c¢) in their order of occurrence.
The observed standard deviation is

SD(di) =/ (d#) — (di)*.
It was found that d; was zero and that
SD(d))y = + 0-75.

observed $D
SEof estimate ]
SE of estimate are shown as full lines and dashed lines respectively.

It would seem that the SE tails that are given with the individual harmonics of
best fit to the observations adequately represent the errors of estimate arising from
random fluctuations of the observed pressure-corrected intensity.

The ratio was therefore 1-10. In the figure the observed SD and

4,11 (b) A bi-hourly periodicity in timing
When the influence of the solar daily variation is minimized, the annual bi-
hourly deviates in solar time appear to obey Poisson statistics. However, the same
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Fi. 4.9, Variability of the pressure-corrected bi-hourly counting rate in the vertical direction

underground.

{a) The solar daily variation averaged over 1964 and 1965, The average bi-hourly
counting rates centred on 0500 and 0700 are shown as C, and C..
(b) Successive 20-day averaged values of C,, from January 1964 to December 1965. The
dashed line is the biennial mean value of C,, as shown in (a).
(c) Successive 20-day averaged values of C, — C.. The full lines represent the observed
standard deviation and the dashed lines the S.E. of estimate, assuming the difference

to follow a Poisson distribution.
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cannot be said of the hourly deviates. Very recently, an examination of the annual
hourly deviates that had been computed showed that the deviates would tend to
be consistently negative on odd hours G.M.T. and positive by about the same
amount on even hours, if the daily variation were removed. That is to say, successive
pairs of hourly deviates would exhibit approximately a constant difference and in
the same sense,

It was concluded, from a closer examination of this effect, that over the period
since July 1960, when the Mercer Chronometer was installed, until May 1965,
when it was overhauled, odd hours had been very regularly shorter than even hours
by approximately 2-5 seconds, and that after the overhaul even hours were shorter
than odd hours by that same amount. This latter difference was confirmed by
taking successive hourly photographs, initiated by the chronometer, of the position
of its own second hand. It became evident, by taking photographs with other
timing devices, that the fault originated in the chronometer and not in the timing
control circuit.

When bi-hourly deviates of intensity are used, as has been almost exclusively
the case in the analyses of the underground data described in this paper, a 2-hour
periodicity in timing is averaged out. Care has been taken to point out in the text
(Section 5) the two occasions on which hourly data have been used, but it should
be noted that even if hourly data had been used throughout,

(1) a 12 harmonic in the daily variation, such as that introduced by the
periodicity in timing, would not have compromised determinations of first and
second harmonics;

{2) if diurnal modutation of the 12t harmonic had occurred it would have
given rise not to an apparent diurnal variation of intensity, but to 11 and 13t
harmonics;

(3) if seasonal modulation of the 12" harmonic had occurred it would not
have given rise to sideband components at the sidereal and anti-sidereal frequencies,
since the frequency of the carrier is much too high (4380 cycles/year).

To confirm that the 2-hour periodicity would not affect calculations of first
and second harmonics based on hourly deviates, the harmonic components of
the annual daily variations were compared when the same underground data had
been arranged in both hourly and bi-hourly form. The year 1961 and the biennial
periods 1962-1963 and 1964-1965 were considered. For each of these periods
the results obtained were the same, whether one used hourly or bi-hourly deviates.

A modification of the method of timing, which it is hoped will eliminate the
timing periodicity, is at present under test.



5. THE UNDERGROUND EVIDENCE FOR A TWO-WAY
SIDEREAL ANISOTROPY

5.1. INTRODUCTION

In this Section a summary is given of the qualitative evidence from underground,
acquired up to the end of 1965. Some of the evidence has been published, and the
following relevant papers will be referred to in the text:

Puper 4 (Jacklyn 1963b). “The apparent sidereal daily variation of cosmic
ray intensity at 42 m.w.e. underground at Hobart, Tasmania. I. Results of obser-
vations in 19587,

Paper 5 (Jacklyn 1965a). “The apparent sidereal daily variation of cosmic
ray intensity at ~— 40 m.w.c. at Hobart, Tasmania. II. Results of observations
1958-19627.

Paper 8 (Jacklyn 1966). “Evidence for a two-way sidereal anisotropy in the
charged primary cosmic radiation”.

It is proposed to arrange the summary under headings which tend to relate
to particular papers and which follow the order of the list of observational require-
ments given in Section 1.3. These arc considered to be requirements that must be
satisfied by the present observations if a sidereal compenent produced by a two-way
anisotropy is to be identified—as against a spurious effect arising from seasonal
modulation of a solar component of the daily variation. The headings are as follows:

(a) the evidence from annual averages, relating to seasonal medulation as
detected by the anti-sidereal technique;

(b) the evidence from phase anomalies;

(c) the evidence from the 12-hour phase difference between the hemispheres;

(d) the evidence from the observed harmonics. Under (d) only the general
character of the harmonics is noted in this Scction. Employing the asymptotic
cones of response (Scction 6), we go on in Section 7 to examine the latitude de-
pendence of the deduced frec-space harmonics. This leads to an estimation of the
free-space direction of the anisotropy and provides a useful test of the coherence
of the evidence, obtained as it was from several detectors with differing response
characteristics.

Since the evidence is not being presented in strict chronological order it might
be helpful to begin with a brief description of the experimental arrangsments,
elzborating where necessary in later Sections.

5.2. THE UNDERGROUND EXPERIMENTS AT HOBART

Observations have been obtained from four directions in the plane of the
geographic meridian. Figure 5.1 shows the axial inclinations to the zenith, namely
7G°N, 30°N, 0° and 45°8. Four counter telescopes have been used, each essentially

77
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comprising three metre-square trays in triple coincidence. However, only two tele-
scopes have been available for the measurements in the three inclined directions,
the other two being permanently tied up in the vertical experiment.

{a) The vertical semi-cubical experiment

The two vertical semi-cubical telescopes were installed in July 1957 by R.
Taylor, and continuous observations date from October of that year.

(b} The cubical telescopes inclined 30°N and 45°S of zenith

Towards the end of 1960, two additional telescopes were put into operation.
The tray assemblies and electronic circuits were copies of the vertical semi-cubical
construction in all but minor detail. The cubical framework comprised two square
side-frames of welded angle-iron, bolted to each other at the four corners by
cross-bars. This provided a rigid structure to which the trays could be fastened.
In Figure 5.2 one of these cubical telescopes can be seen on the left, mounted on
a rotatable platform and tilted at an angle of 45°S of zenith in the geographic
meridian plane. One of the two pivoting points at which the telescope was attached
to the platform is seen more clearly in Figure 5.2 (b). Two vertical supports, cut
to the appropriate length, bolted the telescope securely to the platform fore and
aft, at the given inclination to the zenith.

A spirit level attached to the frame of the telescope allowed variations of the
zenith setting, that might result from equipment tests and from movements in the
floor level, to be read off to an accuracy of 10 seconds of arc. Occasional slight
adjustments were effected by raising the platform with a car jack (Figure 5.2 (b))
and placing pieces of shim under the wheels.

A cylindrical metal sleeve projecting downwards under the centre of the platform
was fitted over a vertical peg screwed into the floor, thereby fixing the axis of
rotation of the telescope. The rotatable platform was intended for investigations
of azimuthal effects and was of no particular relevance for the experimental studies
of the sidereal effect.

The two directional telescopes were equipped with independent HT and EHT
supplies and were connected to the mains through a common voltage-regulating
transformer. They shared with the vertical telescopes the same photographic re-
cording panel, timing system and chart recorder (Section 4).

Over the two complete calendar years 1961 and 1962 one telescope was set at
an inclination 30°N of zenith and the other at 45°S of zenith so that simultaneous
results could be obtained from low-, mid- and high-latitude scans. The calculation
of the asymptotic cones of viewing will be described in Section 6. It suffices to say
here that the mean asymptotic latitudes of viewing in the three directions are
equally spaced, being approximately 17°S, 39°S and 60°S geographic.

Of the two inclined telescopes, the south-pointing had much the lower counting
rate due both to its greater inclination to the zenith and to the greater amount of
material absorber within its cone of viewing.

fc) The narrow-angle telescope inclined 70°N of zenith

The experiment at the zenith angle setting 30°N was discontinued in 1963,
The cubical telescope was converted to a narrow-angle detector of dimensions



79

SIDEREAL DAILY VARIATION OF COSMIC RAY INTENSITY

"19qI0sqQE [eLI2]eW 2Y) 0)
uoneal Ul s101931ap oY) Jo sainpade oinowoad pue sFuipesy [eix ¢ Sulmoys ‘dued UBIPLISW Sy UL [JUUN] JO UOMDIS-850ID "' "OI

1334 00r 05g 00E 052 00z 051 0oL 05 4 0§ 0oL

No0Z

ol



80 SIDEREAL DAILY VARIATION OF COSMIC RAY INTENSITY

FiG. 5.2, The narrow angle inclined telescope and the cubical inclined telescope at the
underground station.
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3m x 1m?2, at the zenith angle setting 70°N. To effect this, the telescope was re-
moved from the turntable and set up vertically on the floor. It was then tilted
over on on¢ edge to 70°N of zenith and supported in that position by two angle-
iron uprights at the corners. The middle tray was removed and placed on a wooden
easel, in line with the other two trays, and at a distance of 3 metres from the bottom
tray. The arrangement is shown in Figure 5.2 (a) and can also be seen in Figure
4.2, to the right of the south-pointing telescope and beyond the two semi-cubes.
Further details of this experiment are given in Section 5.5.

Some constants of interest relating to the four experiments are listed in Table
5.1. The absorber within the viewing cone of the narrow-angle telescope has been
approximated by the absorber in the direction of the axis, since a dctailed cone of
acceptance has not yet been calculated for this detector. In the case of the inclined
cubical telescopes, the technique of the local cone of acceptance (see Section 4.4)
has enabled the effective absorber to be calculated as a weighted average of contri-
butions from a large number of elements of solid angle, according to the radiation
sensitivity of each element.

TasLE 5.1.
Single cube Duplex Single cube | Narrow-angle
Telescope Geometry (1 x1x1m) semi-cube (1x1x1m) (1Ix1 x3m)
{1 x 1 x 05m) i
Inclination of axis 30°N 0° 5 45°8 | T0°N
Approximate mean asymptotic
latitude of viewing 17°8 39°S 60°8 ~20°N
Average material absorber
(m.w.e.) 3] 36 44 ~33
Average absorber, including : :
atmosphere to 100 mb {m.w.e.) 42 46 56 ~ 60
Partictes/hour 16,700 70,000 8,700 ‘ 1,200

5.3. THE EVIDENCE FOR A SIDEREAL COMPONENT FROM THE ANNUAIL AVERAGE
EFFECT IN THE VERTICAL DIRECTION

The evidence presented under this heading relates to the interpretation of
seasonal modulation of the daily variation underground. As explained in Section 2,
the treatment differs from that given by others, in that the possibility of seascnal
modulation of a sidereal component is examined. The reason for considering this
possibility, in the first place, was that the observed behaviour of the anti-sidereal
effect appeared to be incompatible with seasonal modulation of a sclar component.
Naturally, it is not suggested that the sidereal anisotropy itself would exhibit sea-
sonal changes—what is of concern here is the response at the earth, where a
sidereal anisotropy is expected to be viewed through the interplanetary medium,
the spatial and temporal properties of which are not at all well known.

It will not be presumed to present answers to the complex problem of seasonal
changes here. Rather, although it is proposed to ocutline the distinctive nature of
seasonal modulation that may be inferred from the underground observations and
to suggest a possible explanation that conforms with the present observations, the
main concern here is to decide whether or not the observed annual apparent side-
real effect contains a significant spurious component.
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Two aspects of seasonal modulation are examined. There are the seasonal
changes that are effective over a particular year and there are the long-term trends
in seasonal modulation that may become evident over a number of years of obser-
vation. These trends are observable to a marked degree in the underground data
from Hobart. Consequently, an hypothesis should not only account for seasonal
modulation that may apply over a given year, but should also accommodate the
year to year trends.

(a) Hobart, 1958

The pressure-corrected daily variations averaged over the first complete year
of operation of the vertical telescopes underground were notable for the large
amplitudes in solar, sidereal and anti-sidereal time—0-126%, 0-090% and
0-052% respectively. This was the only year when the anti-sidereal effect was so
pronounced that a quantitative treatment of seasonal modulation seemed to be
worth attempting. In an analysis of this kind, it is necessary to determine rather
precisely the constants specifying the seasonal variations of amplitude and phase
of the total daily variation and to be able to apply realistic tests of theory against
observation month by month. The analysis of observations presented in Paper 4
is now briefly reviewed.

It was found that the seasonal characteristics were more easily recognized if
the total daily variation in solar time (V,) for each month r was subtracted from
the daily variation for month r 4 6, giving an average difference variation

. Vr - Vr + 8
Dr s

as a monthly unit of information applicable to the first six months of the year
(Paper 4, Section 2).

The annual average daily variations in solar, sidereal and anti-sidereal time,
the monthly values of amplitude and phase of the total daily variation in solar
time and the monthly values of amplitude and phase of the D, variation consti-
tuted a set of seven quantities characterizing the daily variation phenomena in
1958 (Figure 5.3). As mentioned in Paper 4, considerable smoothing was
achieved with 6-hour running average deviations. The use of running averages
arose from the need to obtain a large number of curves of fit to observed daily
variations at a time when the facilitics of a high-speed computer were not available.
The monthly parameters have since been obtained from the harmonics of best fit to
the daily variations of observed bi-hourly deviates. In Figure 5.4 the parameters
obtained from the first harmonics and from the running averages are compared
[(d) and (e)]. Sums of harmonics differ in giving rather better agreement with the
phase changes in solar time and rather worse agreement with the phase changes in
sidercal time. In (a), (b) and (c) of Figure 5.4 the annual daily variation curves
drawn through the running averages are shown against the observed bi-hourly
deviates. It appears that the method of running averages specifies the chosen
characteristics of the daily variation in 1958 as accurately for our purposes as
would other methods. It was proposed to attempt to reconstruct the situation in
1958, month by month, using facsimile daily variations to express various hypo-
theses which would predict markedly better than any other, the seven characteristics
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F16. 5.3. Characteristics of the daily variation at 40 m.w.e. underground, Hobart, in 1958.
The circled points are obtained after conversion of the observed bi-hourly mean deviations of
intensity to 6-hour running means.
(a} The annual mean daily variation in solar time,
(b) The annnal mean difference, D., variation in sidereal time.
{c) The annual mean D, variation in anti-sidereal time,
(d) Month by month mean values of amplitude and phase of the solar daily variation.
A curve of best fit to the arplitude values is also shown.
(e) Month by month mean values of amplitude and phase of the D. daily variation in
sidereal time.
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FiG. 5.4. Hobart, 1958. Characteristics of the daily variation of vertical intensity underground.
Full lines are drawn through values obtained after the conversion of bi-hourly deviations of
intensity to 6-hour running averages. For comparison, values obtained from the unsmoothed
deviates are shown, together with the S.E.’s of estimate.

(a)} The annual mean daily variation in solar time

(b) The annual mean difference, D., variation in sidereal time

(c) The annual mean D) variation in anti-sidereal fime

(d) Month by month mean values of amplitude and phase of the solar daily variation.

A curve of best fit to the amplitude values is also shown

{e) Month by month mean values of amplitnde and phase of the D, daily variations in
sidereal time.
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shown in Figure 5.3, The hypotheses were of three types according as the observed
sidereal effect was considered to be entirely spurious (1), partly spurious and partly
genuine (1), or entirely genuine (III).

The particular hypotheses, describing the components of the total daily variation,
were:

I. Spurious. 1 (a). A solar daily variation with combined annual sinusoidal
variations of amplitude and phase.

I (b). A solar diurnal variation with combined annual sinusecidal variations of
amplitude and phase, plus a constant solar daily variation.

II. Partly spurious. 1@ (a). A solar daily variation with an annual sinusoidal
variation of amplitude, plus a constant sidereal daily variation,

IT (b). A solar diurnal variation with a sinusoidal annual variation of ampli-
tude, plus a constant solar daily variation, plus a constant sidereal diurnal variation.
III. Genuine. 1I1 {a). A sidereal diurnal variation with semi-annual variation
of amplitude and phase, plus a constant solar daily variation.

III (b). A sidereal diurnal variation with combined annual and semi-annual
variation of phase, plus a constant solar daily variation.

Although only sclected data were used (Section 4.8), the value of the analysis
was limited by the observational uncertainties, due not only to statistical fluctua-
tions, but to possible irregularities and secular changes that may have been pro-
duced by processes of various kinds. Again, the possibility of a second harmonic
in the hypothetical carrier had to be considered, leading to the use of models
{Paper 2.3) based on the observed solar daily variation, which contains an im-
portant second harmonic. Because of the presence of the second harmonic, the
sidebands may differ considerably from those generated by modulation of a simple
diurnal variation (e.g., see Figure 8 of Paper 4, relating to hypothesis IT (a)).

Considering the above limitations, the fact that Aypothesis 11 (a), relating to
modulation of a sidereal component, accounted for the observations rather better
than any other hypothesis was perhaps not very significant. It is the fact that it con-
formed with the observed characteristics, both secasonal and annual, as well as it
did, that is important, The agreement may be seen in Figure 5.5, where the ob-
servational quantities shown in Figure 5.3 are compared with the predictions. Not
shown is the annual mean solar daily variation, since it is not affected by this type
of modulation. The solved characteristics of the phase- and amplitude-modulated
sidereal diurnal component were:

unmodulated amplitude: 0-094%;

unmodulated time of maximum: 0700 LST;

degree of semi-annual modulation of amplitude: 80%;
maximum semi-annual displacement of phase: 3 hours;

months of minimum amplitude: December and June;

months of maximum advancement of phase: October and April.

Also of interest is Aypothesis 11 (b), which would be invoked if the anti-sidereal
effect were attributed to a diurnal variation of atmospheric temperature exhibiting
an annual variation of amplitude. Best fit to the observations is obtained (Figure
5.6) if the amplitude-modulated solar component has the following characteristics:
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amplitude: 0-120/k%, where k is the constant of seasonal modulation;
time of maximum: 2000 local solar time;
date of maximum amplitude: mid-February (Tasmanian summer).

As mentioned in Section 2, it scems to be generally agreed that maximum ampli-
tude due to atmospheric temperature effects occurs in summer (e.g., Dorman 1965)
and that the maximum of the cosmic ray diurnal variation due to the integrated
temperature effect occurs at about 0600 local solar time (e.g., Quemby and
Thambyahpillai 1960). As far as the positive temperature cffect (connected with
= — @ decay) is concerned, Thambyahpillai e al. (1965) report that the induced
cosmic ray diurnal maximum would be expected to occur at —~ 1300 local solar
time in Britain. While amplitudes might be expected to vary considerably from place
to place, the times of maximum of diurnal temperature effects should be relatively
constant, Thus, there is a difficulty with the phase of the carrier if the anti-sidereal
effect observed at Hobart is to be attributed to seasonal changes in a diurnal
variation of atmospheric temperature. Perhaps the discrepancy should not be re-
garded too seriously, since as yet we have no direct knowledge of daily variations
of upper atmospheric structure in Tasmania.

A more general difficulty connected with an interpretation based on hypothesis
IT (b) concerns the magnitude of the amplitude-modulated component. It is clear
that, on the annual average, its amplitude (0-12/k% ) would be greater than
that of the total solar daily variation (0-13% ) if seasonal modulation of amplitude
were less than 100% (i.e., & < 1). Thus there would be a tendency for this
component to have a controlling influence over the daily variation as a whole.
This will be shown to be at variance with the very significant trends of the daily
variation over the eight vears 1958-1965 (Section 4 (b) below), and with the
apparent influence of the solar anisotropy at this depth underground (Section 6).

(b) Hobart, 1958-1965

A description of the observations in the vertical direction over the years 1958-
1962 has been given in Paper 5. Results from the subsequent three years have
confirmed that very substantial changes in the component daily variations have
occurred, apparently connected with changes in solar activity.

Figure 5.7 gives an impression in cross-section of some of the most important
changes. The observations, in three biennial groups, represent in succession the
situation near solar maximum (1958-59), during the declining phase (1960-61)
and at the minimum of activity (1964-65). Curves of fit to the histograms of
bi-hourly deviates are shown. Sums of harmonics, rather than first harmonics, are
compared because of the evidence, to be discussed in later Sections, that both
solar and sidereal anisotropies produce significant second harmonics. We consider
first the solar daily variation.

In Paper 7 (Jacklyn and Humble 1965b; see also Section 6) the decrease
in amplitude of the solar daily variation is largely attributed to the diminishing
effectiveness of the solar anisotropy at high rigidities of response as solar activity
declines. In a quantitative treatment it will be shown that the observed first har-
monics in the vertical and inclined directions represent a realistic underground
response to the free-space solar diurnal variation that was formulated by Rao ef al.

D
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amplitudes and times of maximum D. and D.. to reproduce T. identically.
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(1963) from observations with neutron monitors. It has also become apparent
from the analyses of neutron intensity (McCracken et al. 1965; J. E. Humble,
private communication) that the average direction of the anisotropy has not changed
appreciably over the eight years 1958-65. Consequently, there should be no secular
displacement of phase of the diurnal response underground except that which is
due to the contraction of the range of primary rigidities over which the response
is integrated. This produces a large change in amplitude but only a small displace-
ment in the time of maximum, as Figure 2 of Paper 6 shows. With the proviso
that the role of the second harmonic is not yet fully understood, the long-term
behaviour of the solar daily variation indicated in Figure 5.7 can be explained
without difficulty in terms of changes to be expected in the solar anisotropy be-
tween the maximum and minimum of activity. In the light of this, the observations
are incompatible with the presence of a large diurnal temperature component
whose seasonal changes might have explained the anti-sidereal effect in 1958.
The temperature component vector would have to be balanced off by a residual
diurnal vector whose amplitude progressively increases and phase angle decreases
as solar activity declines, the time of maximum of the total daily variation re-
maining constant. Figure 5.8 shows the first harmonic vector triangles that would
have to be satisfied for a minimal temperature effect.

LOCAL SOLAR TIME

12

F1G. 5.8. Vector triangle showing the residual first harmonic vectors AB and AC that are

obtained by subtracting an assumed temperature vector OA from the solar diurnal components

of vertical intensity underground averaged over the respective biennial periods 1958-59 (Owﬁ)
and 1964-65 (OC).

The discussion of the temperature effect will not be carried any further here,
since we now wish to consider other evidence from Figure 5.7 that tends to refute
the possibility of a significant spurious sidereal effect, whether this comes from a
temperature-induced diurnal variation or from any other kind of modulated solar
component.

The sidereal and anti-sidereal effects observed in 1958-59 and in 1960-61 are
compared. We note first that a very significant anti-sidereal component was ob-
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served in 1958-59 (the SE of amplitude of individual harmonics was = 0-005% ),
whereas in the average of the years 1960-61 the effect was almost completely
absent. The change was by no means erratic. The amplitude decreased quite rapidly
after 1958 and by 1960 had reached the low level shown for the two years 1960-61,
and, as the result for 1964-65 indicates, has remained at approximately that level
ever since. We next note that the amplitudes of the apparent sidereal and anti-
sidereal components were comparable over the two years 1958-59, the ratio anti-
sidereal/sidereal being 0-75, whereas in 1960-61 the ratio was approximately 0-2.
The point we now wish to make is this: if the apparent sidereal daily variation
in 1958-59 contained a significant spurious component, comparable to the anti-
sidercal effect, it should have been evident from the parameters of the sidereal
daily variation in 1960-61 that the spurious component has been removed. There
is no indication whatever of this. Except for a slight difference of amplitude, it
is clear that the sidereal effect observed in each of the two periods was essentially
the same. There is no difference either in time of maximum or in the relationship
between the harmonics (the individual harmonics are discussed in Section 5.6
below and are shown in Figure 5.16). In fact it is evident that, if the spurious
sidereal effect in 1958-59 is obtained as the difference between the two observed
sidereal effects, it must be negligible.

In seeking an explanation of the anti-sidercal effect in 1958-59 that would be
compatible with later observations, the only possibility that seems worth con-
sidering seriously at present is that of semi-annual modulation of a sidereal com-
ponent. Unfortunately, there is a lack of useful data from other latitudes of viewing
at the peak of the effect. One possible mechanism for semi-annual modulation of
amplitude will be suggested at the end of this Section (5.7) but little can be said
with confidence until a more complete description of the effect is obtained. It is con-
sidered that this must be an important objective in a continuing experimental study
of the sidereal daily variation.

A general impression of the changes that have occurred in the component
daily variations is given in the month to month sequence of annual running
averages of amplitude (Figure 5.9) and phase (Figure 5.10). An individual pair
of values of amplitude and phase is obtained from the curve drawn through the
set of twelve 6-hour running average deviates that represents an annual daily
variation. Some of these curves are shown in Figures 3.2 to 3.10,

It may be of interest to compare annual running averages obtained from
smoothed annual daily variations with those derived from harmonic analyses of
unsmoothed hourly deviates. The comparison relating to the solar daily variation
in which the long-term changes were most significant, is shown in Figures 5.9 (a)
and 5.10 (a). As to be expected, the amplitudes obtained from 6-hour running
average deviates are smaller than the amplitudes of sums of harmonics of fit to
the unsmoothed deviates, but the same trends are followed in each case. The
sequence of diurnal amplitudes is also shown and it is clear from the SE tails that
the values of the parameters, in solar and sidereal time at least, could not have
been greatly affected by statistical fluctuations.

Reasons for using annual running averages were briefly mentioned earlier
(Section 3.2), In the short run they are liable to give a false impression, irregular
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Fic. 5.9, Twelve-month running averages of amplitudes of the daily variations in solar, sidereal
and anti-sidereal time observed in the vertical direction underground. The dates refer to the
centre-months and the circles indicate the conventional annual mean values.

Thick lines—amplitudes derived from smoothed bi-hourly deviates (see text).

Thin lines—amplitudes in solar time (i) from the sums of first and second harmonics of
best fit to unsmoothed hourly deviates and (ii) from the first harmonics.
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Fic. 5.10. Twelve-month running averages of times of maximum of the daily variations in
solar, sidereal and anti-sidereal time observed in the verticat direction underground, corres-
ponding to the amplitudes shown in Figure 5.9, Thin line—times of maximum of the solar
daily variation from the sums of first and second harmonics of best fit to unsmoothed hourly

deviates.

changes tending to appear as quasi-persistent features. However, taken over a
number of years, running means portray long-term changes more effectively than
do the independent annual averages. They answer the following question: would
trends that might be apparent in the set of independent averages (eight in our case)
have been different if the averages had been centred on another month of the year?
In the case of the amplitudes of the solar daily variation it is evident that the trend
indicated by the annual averages centred on June (circles) would not have differed
greatly if the averages had been centred on any other month. On the other hand,
independent annual averages would have represented trends in amplitude of the
sidereal effect rather differently if they had been centred on October as against
June. In fact, it appears from the running averages that there was a transient
maximum of the sidereal effect in 1962, superimposed on the tendency for a
gradual decline of amplitude.

From the point of view of seasonal modulation, the most important of the
long-term changes that must be taken into account have already been discussed.
We note the features of relevance in Figures 5.9 and 5.10:

(i) The great decrease in amplitude of the solar daily variation and the con-
stancy of the time of maximum.
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(ii) The less clearly defined but, by 1965, significant decrease of amplitude
of the sidereal daily variation, associated with an essentially constant time of
maximum, within the limits of a year to year variability.

(iii) The attenuation of the anti-sidereal effect to a level of amplitude that
was generally < G-02% after 1960. The annual histograms (Figure 5.7) show
perhaps more clearly that this effect becomes small and irregular while the side-
real daily variation, like the solar daily variation, remains well-defined and of
uniform character,

5.4. PHASE ANOMALIES

In Figure 5.11 the graphs of annual running averages of amplitude of the
solar daily variation (Figure 5.9 (a)) and of the apparent sidereal daily variation
(Figure 5.9 (b)) are referred to the same origin, It will be noted there were two
periods when the averaged sidereal amplitude either exceeded the solar amplitude
or was only slightly less than it, namely a period of about eight months following
June 1961 and a period of about one year following June 1964. The first period
in particular would be expected to give important evidence as to the nature of the
apparent sidereal effect. For if the latter were not spurious, then some time late in
1961 the sidereal component should have commenced to dominate the observed
monthly average daily variation. It would then depend on the phase relationship
between the solar and sidereal components at that time of the year as to whether
an apparently enhanced solar daily variation would be observed at first (both com-
ponents in phase) or whether there would be a sudden large displacement of phase
as the net daily variation became orientated in sidereal time (components out of
phase). The period following June 1964 might also present opportunities of
observing the dominant effect of the sidercal component provided that there was
assistance from relatively modest seasonal or irregular changes. If, on the other
hand, in spite of the evidence already given to the contrary, the apparent sidereal
effect was essentially spurious, we should expect to observe during both periods
only enhanced seasonal changes in a small solar daily variation.

The sequences of amplitude and phase of the observed monthly average daily
variation (arranged in solar time) are shown in Figure 5.12. The well-defined
phase anomaly late in 1961, the absence of this effect at the same time of the
year in 1962 and 1963 and the incomplete effects in 1964 and 1965 are clearly
in accord with the trends of amplitude shown in Figure 5.11 if the annual ampli-
tudes in sidereal time are attributed to a genuine sidereal daily variation. Con-
firmation is given by the equally good accord with the annual times of maximum
depicted in Figures 5.10 (a) and (b). A genuine sidereal daily variation with a
maximum at opproximately 0700 local sidereal time and a solar variation whose
maximum occurs at approximately 1500 local solar time become 12 hours out of
phase with each other in November. It is noted that on the occasions of the anoma-
lies the large displacement of phase took place either in October or November.
In fact, as the dashed line in Figure 5.12 indicates, the time of maximum of the
daily variation during the phase anomaly in 1961 followed 0700 local sidereal
time quite closely. Supposing the sidereal diurnal maximum to have occurred at 1900
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sidereal time, on the other hand, the phase anomaly would have commenced in
April.

It is submitted that these phenomena not only constitute strong evidence for
a genuine sidercal component in the daily variation, but indicate also that any
spurious contribution to the annual apparent sidereal effect must have been very
small.

An analysis of the phase anomaly in 1961 is given in Paper 5 where it is
shown that, when suitable models for the solar and sidereal components are used,
the significant features of the daily variation in 1961 are reproduced.

The only other known instance of a phenomenon that was apparently of this
kind relates to observations at ground level in the northern hemisphere during 1954.
The effect, reported by Conforto and Simpson (1957) has been discussed in
Section 3.1. Monthly average daily variations of both meson and neutron intensities
exhibited progressive displacements of phase towards earlier values in the manner
of a sidereal component with a diurnal maximum at approximately 2000 local
sidereal time. In Figure 5.13 the effect on the daily variation of meson intensity
at Rome is compared with the phase anomaly observed at Hobart in the daily
variation of meson intensity underground during 1961-62.

As mentioned in Section 3.1 the time of maximum of the annual average solar
daily variation advanced considerably after 1950 and reached a turning point in
1954, Thereafter it began to return to later values. There seems little doubt that
important changes in the solar daily variation of extra-terrestrial origin had oc-
curred, because of the effect on the neutron component at Huancayo and Climax
where the end-points of the annual running average diurnal vectors exhibited an
anti-clockwise rotation between the years 1953 and 1955 (Glokova 1960). Glokova
has shown that the mean-year solar diurnal variation of meson intensity did not
behave in quite the same way and evidently consisted of a varying component
due to the solar anisotropy and a constant component of atmospheric origin. The
latter would appear to have been consistent with a diurnal variation due to atmos-
pheric temperature as deduoced by Quemby and Thambyahpillai (1960} from an
analysis of the nucleonic and hard components at Huancayo. The estimated tem-
perature component at Huancayo had a maximum of 0-11% at 0540 local time.

It would seem from the above considerations that greatly weakened solar
modulation of the primaries was responsible for the small and complex mean-year
diurnal variation of neutron intensity, while the corresponding solar djurnal varia-
tion of meson intensity tended to come under the control of a constant component
(due to atmospheric temperature) as the extra-terrrestrial contribution weakened.
On the other hand, although the monthly average diurnal variations were probably
influenced by changing solar modulation and (in the case of the hard component)
by seasonal changes in the temperature effect, they appear to have been more
substantially affected by a sidereal component.

There was considerable variation of individual response in respect of the phase
anomaly of 1954. This would probably depend in the main on the nature of the
temperature vector at the place of observation (for mesons), on the primary cut-off
rigidity of the detector, and on the spatial characteristics of the two anisotropic
components, particularly their respective latitude dependences of amplitude. As we
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Fig. 5.12. Monthly mean values of the time of maximum (in local solar time) and amplitude
of the daily variation of vertical intensity underground, Hobart. The dashed line associated
with the anomalous times of maximum in 1961-62 represents 0700 local sidereal time.

have seen, the anomalous variations of phase in the hard component at Rome
followed constant sidereal time quite well, perhaps in consequence of the rather
high cut-off rigidity at that place and a sufficiently small diurnal variation due to
atmospheric temperature. In contrast to this, the anomaly was not scen in the
hard component at ground level at Hobart. The reverse situation on a later occasion
was evidently connected with the fact that the average amplitude of the sidereal
effect observed underground in the southern hemisphere was greater than that in the
northern hemisphere by a factor of about two. The point will be discussed in Section
5.5 where annual averaged observations from the two hemispheres are compared. In
later Sections the unsymmetrical nature of the latitude dependence of amplitude
will be considered more closely, being one of the major features of the sidereal
effect observed underground.

One cannot discuss the latitude dependence of amplitude in 1954 with con-
fidence because of the difficulty of assessing the nature of the apparent sidereal
effect in the hard component at sea level. However, it may be of interest to refer
once again to Figure 3.1 which shows that over the period 1947-54 the amplitude
of the apparent sidereal effect in the ion chamber data at Cheltenham was greater
than it was at Christchurch, while the reverse was the case during the period 1938-
1946. If a genuine sidereal component had been responsible for these events the
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Fig. 5.13. Monthly averages of the time of maximum, in solar time, of the pressure-corrected
daily variation of vertical meson intensity at the Hobart underground site (1961-1962) and
at Rome (1954). The dashed lines represent the solar time equivalents of 0700 local sidereal

time and 2030 local sidereal time as shown.

absence of the phase anomaly at Hobart in 1954 would appear to have a simple
explanation. It is considered that there is sufficient in the evidence to suggest that
the type of asymmetry in the latitude dependence of amplitude observed in the
recent underground data should not necessarily be regarded as a constant feature.

It is noted that the time of maximum of the sidereal component deduced from
the phase anomaly in 1954 agrees well with the time of maximum (approximately
2000 sidereal time) of the annual apparent sidereal effect averaged over a large
number of years (see Figure 3.1 relating to the ionization measurements at Chel-
tenham}. Thus, while the phase anomalies give evidence of a genuine sidereal
component, acceptance of the evidence requires that there be a 12-hour phase
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displacement depending on whether the obscrvations are made in the northern or
the southern hemisphere. We now proceed to discuss other evidence, some of
which indicates unequivocally that the 12-hour phase difference does indeed relate
to a genuine sidereal daily variation.

5.5. THE 12-HOUR DIFFERENCE OF PHASE OBSERVED IN THE SIDEREAL MAXIMA
FROM OPPOSITE HEMISPHERES

Among the many observations that have accumulated from experiments in
the northern hemisphere at ground level there is an overall tendency for the
maximum of the apparent sidereal effect to occur at appreximately 2000 local
sidereal time. The variability of these observations, and of observations at ground
level generally, has been noted in Section 3. It scems likely that the spurious effects,
due severally to secular, seasonal and irregular changes in the large solar com-
ponent, are frequently important and would be very difficult to extract. This might
raise considerable doubt as to the genuineness of even the more persistent effect at
ground level. Thus it would be reasonable to suspect that the difference of roughly
12 hours between the apparent sidereal diurnal maxima at Christchurch (43-5°S)
and Cheltenham (38-70°N) from ion chamber measurements (see Figure 3.1) was
a sideband effect, due to seasonal modulation of the solar daily variation. Never-
theless, the average time of maximum from Christchurch was not very different
from that observed underground at Hobart, while, as we noted in the previous
section, the time of maximum from Cheltenham agreed quite well with that deduced
from the phase anomaly in 1954. Thus there was clearly a suggestion that a genuine
sidereal daily variation may have been responsible for the 12-hour phase difference.

In an examination of this aspect of the sidereal effect it is obviously desirable
to have simultaneous observations from similar detectors located at approximately
the same depths underground in the separate hemispheres. For the purpose of
comparison with the underground observations at Hobart it was most fortunate
that data were available from two (and later, three) semi-cubical vertical telescopes
situated at a depth of approximately 40 m.w.¢. underground at Budapest (47-5°N,
18-9°E geographic). Each telescope consisted of four trays, giving fourfold
coincidences and was of dimensions 1-:264 x 1-264 x 0-632 m. From February
1958 to August 1961 the duplex counting rate was approximately 100,000 pcles/
hr. Thereafter three telescopes were used, with a combined counting rate of ap-
proximately 160,000 pcles/hr.

The only complete calendar years for which continnous records were available
from Budapest at World Data Centre WDC2 were the years 1959 and 1961. The
results of harmonic analyses of the daily variations in sidereal time observed at
Hobart and Budapest over the two years are listed in Table 5.2. In Figure 5.14
the individual harmonics are shown against the histograms of the bi-hourly deviates.
The 12-hour phase difference between the first harmonics is clearly indicated, the
actual difference being 11 hours = 50 minutes (SE). The sums of harmenics also
exhibit this difference, the first and second harmonics being in phase.

Observations from the two underground cubical telescopes inclined 30°N and
45°8 of the zenith at Hobart will be discussed in later Sections. It is noted here
that significant daily variations in sidereal time were observed in the two directions



100 SIDEREAL DAILY VARIATICN OF COSMIC RAY INTENSITY

TaBLE 5.2,

Hobart and Budapest. Harmonics of best fit to the apparent sidereal daily variations
of pressure-corrected bi-hourly deviates, averaged over the two years 1959 and 1961,

1st harmonic 2nd harmonic Sum of harmonics
Amplitude Traz Amplitude Taax Amplitude Tax
% hr % hr % hr
Hobart 0-036 0520 0012 0500 0048 0520
SE +0-004 +0020 +0-004 +0120
Budapest 0023 1830 0-006 1900 0-028 1830
SE +0:004 40040 +0-004 +0240

and that the times of maximum, whether of first harmonics or sums of harmonics,
conformed with the result from the vertical direction. Averaged over the two years
of operation, 1961 and 1962, the sidereal diurnal maximum in the north-pointing
direction occurred at 0700 = 0040. In the south-pointing direction the diurnal
maximum, averaged over the four years 1961-1964, occurred at 0600 = 0110,

A result which corroborates the observations from Budapest has recently been
reported from London (Thambyahpillai e al. 1965) where two (and later, six)
semi-cubical vertical scintillator telescopes, each of detecting area 1-44 m2, had
been installed at a depth of approximately 60 m.w.e. underground. The time of
maximum of the observed sidereal diurnal variation, averaged over three years
from 1961 to 1964, was 1800 + 55 minutes, differing by 12 hours from the time
of maximum at Hobart averaged over the eight years 1958-1965.

Table 5.3 summarizes the times of occurrence of the observed sidereal diurnal
maxima that have been discussed here. From the point of view of reproducibility
and statistical accuracy this is believed to be the best information available.

The 12-hour phase difference in the underground observations is unmistakable.

TABLE 5.3

Times of maximum of the first harmonics of daily variations in sidereal time, from
pressure-corrected data, averaged over the years indicated.

Time of
Northern hemisphere maximum
Cheltenham (38-70°N geog.) sea-level ionisation 1938-1946 (9 vears) 2120
Cheltenham sea-level ionization 1947-1954 (& vears) 2110
Budapest (47-5°N geog.) vertical semi-cubical telescopes at ~ 40
m.w.e. underground, 1959, 1961 (2 vears) 183¢
London (50°N) vertical semi-cubical telescopes at ~ 60 m.w.e.
underground, 1961-1964 (3 years} 1800
Southern hemisphere
Christchurch (43-5°S geog.) sea-level ionization 1938-1946 (6 years) G630
Christchurch sea-level ionization, 1947-1954 (8 years) 0750
Hobart (43°S geog.) ~ 40 m.w.e. underground
vertical semi-cubical telescopes 1958-1965 (8 years) 0610
cubical telescope inclined 30°N 1961-1962 (2 vears) 0700
cubical telescope inclined 45°S 1961-1964 (4 vears) 0800
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The error tails shown are the S.E.s of amplitude associated with the first and second
harmonics of best fit.
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From the Cheltenham-Christchurch comparison a similar effect at ground level is
suggested, although there appears to be a tendency for the maxima to occur later
and for the phase difference to be somewhat less than 12 hours.

Considered aside from any other evidence, the 12-hour phase difference under-
ground demonstrates that the apparent sidereal daily variation is controlled either
by seasonal modulation of a solar component or by a two-way sidereal anisotropy
or by a combination of these two phenomena. (Note that a uni-directional sidereal
anisotropy could not have been responsible for the effect.) If we now add the
evidence indicating that the observed sidereal effect in the vertical direction at
Hobart was essentially genuine it would appear that a two-way anisotropy was
exerting the controlling influence and that the sidereal effects at Budapest and
London were essentially genuine also.

The above conclusion would have been strengthened if the absence of significant
spurious components in the underground observations from the northern hemis-
phere could have been demonstrated independently of the 12-hour phase difference
and the observations from Hobart. However, some of the significant indications
of a genuine sidereal effect at Hobart were not to be found in the available obser-
vations from the northern hemisphere, and it appears that this was because the
sidereal amplitudes were smaller. (The amplitude at Budapest was about 60%
of the amplitude at Hobart, while at London the amplitude was less by a factor
of at least two, but was not directly comparable, having been obtained at an con-
siderably greater depth.) Notably, a phase anomaly was not observed at Budapest
(or at London) in 1961, although it was evident from the available data that the
solar daily variation at Budapest was the same as at Hobart and exhibited the
same large changes (e.g., see Table 6, Paper 7). Thus the non-appearance of the
phase anomaly seems to have been directly attributable to the much smaller side-
real effect. Again, an analysis of the anti-sidereal effect would be handicapped, in
the first place, because of the small observed amplitude (~ 0-015% both at
Budapest and London). In the second place, there were not, as far as is known,
substantial year to year changes of the kind which would either indicate the pre-
sence of the appropriate solar carrier and annual sidereal sideband to confirm
suggested modulation of a solar daily variation, or indicate the absence of these
if the anti-sidereal effect had been largely caused by modulation of a sidereal
daily variation.

It was desirable, then, to obtain supporting evidence that the 12-hour phase
difference was of sidercal origin by some quite different method. It was therefore
decided to set up a telescope inclined in the plane of the meridian so as to view
asymptotically entirely within the northern hemisphere from the underground
laboratory at Hobart. If the phase difference that had been observed between the
two hemispheres was a genuine sidereal effect there should be a displacement of
approximately 12 hours between the annual apparent sidereal maxima observed
in the vertical and inclined directions. As distinct from this, the maxima from
these two directions should be approximately in phase, (1) if the results from
Hobart and Budapest in the vertical direction had both been spurious as the result
of seasonal modulation of a solar component, or (2) if the result from Hobart
in the vertical direction had been genuine, but not due to a two-way anisotropy,
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while the result at Budapest had been spurious, or vice versa. Thus, in principle,
the experiment would be able to distinguish unambiguously between a 12-hour
phase difference of sidereal origin and one that was either partly or completely
produced by spurious sidereal components resulting from any kind of local seasonal
meodulation of a solar daily variation, A narrow-angle telescope was set up under-
ground in the direction 70°N of zenith (see 5.2 above) and was put into operation
towards the end of 1963. The location of the asymptotic cone of acceptance is indi-
cated sufficiently well from the following considerations, The total geometric aperture
being 36°, both in zenith angle and azimuth, the estimated meson cut-off energy
at production increases from approximately 14 GEV to 70 GEV between the
lower and upper limits of zenith angle acceptance. (The values may be calculated
in the manner described in Section 4.6, except that the energy loss must be
determined for a curved atmosphere at high zenith angles. For near-horizontal
incidence the atmospheric energy loss given by Wilson (1958) has been used.)
From the coupling coefficients applicable to the production of mesons of energies
> 15 GEV in the vertical direction (see Section 6) it follows that the mean energy
of response to the average primary spectrum in the inclined direction must be
considerably in excess of 100 GEV, and we can be confident that this would also
be true of the response to the variation spectrum of a sidereal anisotropy. Charged
primaries of these energies arriving from the north at the latitude of Hobart experi-
ence only small deflections in the terrestrial magnetic field. It can be seen from
the diagrams of Brunberg and Dattner (1953) that deflections would not be greater
than about 3° for all directions of arrival within a cone of half angle 18° centred
on the zenith angle 70°N. Consequently, the asymptotic cone is centred only a
few degrees southward, in latitude, and eastward, in longitude, of the geometric
cone of acceptance. Latitudes of viewing which range from 9°N to 45°N within
the geometric cone are therefore estimated to range from about 7°N to 42°N
in the asymptotic cone. While the boundary cannot be precisely defined because
of scattering in the material absorber, particularly of those mesons which are near
the end of their range on arrival at the equipment, it is clear that the asymptotic
cone must be confined essentially to the northern hemisphere, being centred at
about 25°N geographic latitude and not more than 3°E of the meridian through
Hobart, On the other hand, when the integrated cone of acceptance for a semi-
cubical vertical telescope is calculated for a sidereal anisotropy, it is found to be
centred approximately 10°E of the meridian at the latitude 39°S (Section 6).
Therefore, the resulting distortion due to this cause in the observation of a 12-hour
phase difference of sidereal origin, is estimated to be less than half an hour.
Although only a qualitative result was to be expected from the experiment,
it was hoped that it would clearly distinguish between the two possibilities. In the
event of a spurious sidereal effect, due to a modulated solar daily vanation, the
first harmonics from the two directions should be essentially in phase. Alternatively,
in the event of an effect due to a simple two-way sidereal anisotropy that was
relatively undistorted beyond the earth’s field region, not only the first harmonics,
but the sum of first and second harmonics should be in phase. Moreover, a relatively
large second harmonic would be expected from the north-pointing detector, which
scans near the equator. (In advance of the quantitative treatment, it is noted that
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the semi-diurnal component must increase to a maximum at the equator, while the
diurnal component falls to zero, either at the equator or very close to it.) Thus
the best indication of the 12-hour phase difference, if it existed, would come from
a comparison of sums of harmonics,

The first complete year of observation, 1964, yielded a significant daily varia-
tion in sidereal time. The time of maximum of the first harmonic, 1600 = 0140
(SE), when compared with the time of maximum in the vertical direction, 0500
=+ 0030, unmistakably favoured the 12-hour phase difference. The corresponding
times of maximum of sums of harmonics were 0400 and 1340 respectively, giving
a phase difference of 9 hours 40 minutes.

The sidereal maxima in the two directions were again significantly out of phase
in 1965, the difference being more pronounced in the sum of harmonics (~ 10
hours) than in the first harmonic (—~ 8 hours). These results were accompanied
by improved evidence for a significant second harmonic in the north-pointing
direction. '

From the average of the two complete years 1964 and 1965, the observed
phase difference between sums of harmonics was 12 hours 14 minutes and between
first harmonics was 9 hours 14 minutes. The daily variations of bi-hourly deviates
are shown, with the sums of harmonics of best fit, in Figure 5.15. Table 5.4
summarizes the results of harmonic analysis of the observations from the narrow-
angle inclined telescope*.

An indication of the consistency of the phase difference observed between the
sums of harmonics in the two directions at Hobart is given by the annual running
averages listed in Table 5.5. It appears that the phase differences associated with

TaBLE 5.4.

Harmonic characteristics of the apparent sidereal daily variations ob-

served with the narrow-angle telescope inclined 70°N of zenith. The

harmonics are derived from hourly deviates of pressure-corrected in-
tensity. The errors shown are the SE’s of estimate,

i S
i 1964 1965 1964 + 1965

First harmonic 7‘

Amplitude (%) L0104 £ 044 | 0:095 + 044 | 0-092 + 031

Tmax {Hr) 1600 + 0130 | 1310 + 0140 | 1430 + 0120
Second harmonic

Amplitude (%) 0029 + -044 | 0-087 + -044 | 0-055 + -031

Tmex (Hr) 1700 1830 + 0140 1810 + 0200
Sum of harmonics .

Amplitude (%) 0-091 0112 0110

Toax (Hr) 1340 1740 1730

* Following the installation at the University of the Flliott 503 computer, it has become
the general practice to analyse hourly, rather than bi-hourly, count totals. Thus, some of the
more recent groups of harmonics presented in this report have been computed from hourly
deviates. Care is taken to ensure that all harmonics employed in a given comparison are
derived in the same manner.
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TABLE 5.5.

Comparison of the apparent sidereal daily variations observed with the

vertical semi-cubical telescope and the narrow-angle telescope in-

clined 70°N of zenith. Times of maximum of sums of first and second

harmonics of best fit to the hourly deviates are tabulated in the form
of annual running averages.

Vertical Inclined Difference
Year Ending TO°N (inclined-vertical)
Tma x Tmax
Hr Hr Hr
1964 December 0400 1340 0940
1965 January 0450 1810 1320
February 0540 0900 0320
March 0520 1840 1320
April 0610 1830 1220
May 0800 1820 1020
June 0820 1820 1000
July 0710 1740 1030
August 0720 1820 1100
September 0720 1830 1110
October 0740 1840 1100
November 0650 1830 1140
December 0710 | 1730 1020

the year ending in December 1964 and December 1965 were representative of a
persistent effect. The only important divergence from a large phase displacement
occurred in the year ending in February 1965. It came about through a somewhat
early maximum (~ 1400) of the first harmonic in the inclined direction, favouring
the first maximum of the second harmonic.

It is clear that greatly improved counting statistics are needed in the inclined
direction if useful information concerning the relative amplitudes of the harmonics
is to be obtained. It will be shown later that a two-way anisotropy which conforms
with observations from other latitudes of viewing would require the amplitude of
the second harmonic, appropriate to the cone of viewing of the inclined telescope,
to be somewhat greater than the amplitude of the first harmonic. The only suggestion
of this in the present data is that on eight of the thirteen occasions to which
Table 5.5 refers, the amplitude of the second harmonic exceeded that of the first.

5.6. THE OBSERVED FIRST AND SECCOND HARMONICS

In his considerations of acceleration mechanisms associated with the galactic
magnetic field, Davis (1954) has described the two-way anisotropy that results
when excess fluxes of particles with steep helices are being propagated in both
directions along the field. He shows that the sidereal daily variation observed
terrestrially should consist of first and second harmonics that are in phase (see
Table 1.1). In Section 6 of this report, the harmonics that Davis had obtained
in his more generalized treatment of anisotropies will be derived independently,
employing an empirical expression for the two-way anisotropy. On the assumption
that the intensity maxima are equal in the opposite directions and that the aniso-
tropy is being observed directly (ie., ignoring the influence of local magnetic
fields) the amplitude of the observed sidereal diurnal variation would reach its
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HOBART VERTICAL

0.05 ¢ ¢

0.00

-0.05p

HOBART 70°N

{b)
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LOCAL SIDEREAL TIME

Fia. 5.15. The observed sidereal daily variation of underground meson intensity at Hobart,
averaged over the vears 1964 and 1965
(a) from the vertical semi-cubical telescopes, scanning asymptotic latitudes in the vicinity
of 39°S geographic and
(b) from a narrow angle telescope inclined 70° to the north of zenith, scanning asymp-
totic latitudes in the vicinity of 20°N geographic.
The error tails shown are the S.E.'s of amplitude of the individual harmonics,
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maximum value at the Iatitudes of viewing 45°S and 45°N and would be zero
at the equator and the poles. On the other hand the amplitude of the second
harmonic would reach its maximum value at the equator and would be zero at
the poles. The maximum amplitudes of the two harmonics would be equal.

In reality, because local magnetic fields intervene, the above characteristics
more properly relate to the free-space harmonics as functions of asymptotic latitude
of viewing. Moreover, the evidence will suggest that the intensity maxima in the
opposite directions along the axis of anisotropy are not equal. It will be shown
that the sidereal diurnal variation may in fact consist of two parts, one part being
identifiable with the two-way anisotropy and hence associated with a semi-diurnal
variation, to which it bears a fixed relation at the given latitude of viewing. It will
be proposed that there is an additional contribution to the diurnal variation from a
single intensity maximum along the axis of the anisotropy, due perhaps to a balance
of streaming. Thus, if the two components of the diurnal variation changed with
respect to each other, the ratio of amplitudes of the observed first and second
harmonics would vary accordingly. It follows that a survey of the latitude depen-
dence of the observed harmonics should relate to observations that are as nearly
as possible simultaneous with each other.

The factors that have just been mentioned will be given full consideration in
the later Sections. Qur main concern in this Section is to demonstrate that the
observed sidereal daily variation does comprise first and second harmonics, which,
when significant, are in phase, both from observations in the vertical direction at
Hobart relating to individual years and from simultaneous observations at different
fatitudes of viewing.

{a) Observations in the vertical direction at Hobart, 1958-1963

Figure 5.16 shows the results of harmonic analysis of the observations averaged
over each of the four biennial periods and their sum. It can be seen that, when
the small second harmonic was detectable, it was in phase with the first harmonic
and that, in three of the four biennial periods and in the eight-year average, the
amplitude was just significant at the 5% level of probability. From annual running
averages derived from hourly deviates (Figure 5.17) there is some indication that
the amplitude decreased over the eight years, with a tendency for large excursions
in the time of maximum to occur when the amplitude was persistently less than
about 0-01%. This is about what would be expected for an annual SE of ampli-
tude of = 0-006%.

{B) Observations at other latitudes of viewing

Under this heading the most useful information to date has come from the
vertical semi-cubical telescope at Budapest (asymptotic latitude ~ 43°N) and
from the cubical telescope inclined 30°N of zenith (asymptotic latitude ~ 17°8)
at Hobart. In Figure 5.18 the harmonics relating to the two complete years of
operation of the north-pointing cubical telescope are compared with simultaneous
observations in the vertical direction at Hobart and with the available observations
from Budapest. Not only are the observed harmonics in phase at each of the three
difterent latitudes of viewing but, as will be shown, the corresponding free-space
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harmonics exhibit a latitude dependence of amplitude that conforms completely
with the predictions of the model for the anisotropy. This set of observations is
the one that will be employed in the estimation of the direction of the anisotropy.

Thambyahpillai er al. (1965) have found that at the depth of 60 m.w.e. at
London there was no significant second harmonic in the observed sidereal daily
variation averaged over the years 1961-1965. Thus, if it was present, it appears
that the amplitude of the second harmonic must have been less than about 0-008%.

The other result that should be mentioned was obtained from the cubical tele-
scope inclined in the direction 45°S of zenith {mean asymptotic latitude — 60°8)
at Hobart. As shown in Table 5.1, the counting rate was less than that in the
direction 30°N of zenith by a factor of about two, because of the higher zenith
angle and the greater amount of material absorber. The counting rate was insuffi-
cient, in fact, for the effective observation, on an annual basis, of the small daily
variations (solar and sidereal) that would be expected at the high latitude of
viewing. Over the two years of operation of the experiment in the north-pointing
direction, the harmonics of the sidereal effect observed with the south-peinting
telescope were not statistically significant. The south-pointing run was continued
for a further two years in the hope of obtaining a more definite result. The final
values of the harmonics and of their sum, averaged in sidereal time over the four
complete years 1961-1964, are as follows:

Amplitude (% ) Tmax (Hr)
First Harmonic 0.025 = 0.008 0610 £ 0110
Second Harmonic 0-020 = 0008 0550 £ 0050
Sum of Harmonics 0-045 0600

While the observations from the south-pointing telescope give useful supporting
evidence for the 0600 maximum of the sidereal daily variation in the southern
hemisphere (albeit an earlier value would be expected—see below) and for har-
monics that are in phase, the amplitude of the observed second harmonic is clearly
anomalous. At the high asymptotic latitude of viewing the amplitude of any second
harmonic of extra-terrestrial origin should be very small indeed, independently
of the nature of the anisotropy. With improved counting statistics a more realistic
value should be observed.

In principle, a south-pointing experiment at Hobart is an important one. High
energy primaries which arrive from the south approach the earth transverse to
the terrestrial magnetic field and the longitude co-ordinates of the velocity vectors
are displaced appreciably eastwards. Accordingly, there should be a phasc-shift
in the time of maximum of the sidereal daily variation observed in the south-
pointing direction relative to obscrvations in the vertical direction. This would
constitute valuable evidence that the sidereal anisotropy was due to charged pri-
maries and would give information as to the variation spectrum. From a high
counting rate experiment that is being planned with this object in view, it is hoped
that relatively accurate estimates of the amplitude of the diurnal and semi-diurnal
sidereal components will be obtained. In the following Sections the asymptotic
response in the south-pointing direction will be closely examined.
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5.7 {a). Summary of evidence

Table 5.6 summarizes the annual averaged observations from underground
that have been discussed in the Section and that, for one reason or another, are of
relevance. For the sake of completeness, all known harmonics are shown although
not all of the experiments have given, or were intended to give, useful information
concerning individual harmonics, particularly the second.

From the analyses of the underground data there is evidence in the first place
for an annual apparent sidercal effect that is both statistically significant and
reproducible, ie., neither statistical no quasi-statistical fluctuations obscure the
main effect. Thus a phenomenon is being observed which, like the solar daily
variation, is continuously present and requires an explanation in terms of some
physical process.

The observations indicate that there is in fact a genuine sidereal daily variation
of intensity, associated with a two-way anisotropy, and that if there are any
spurious contributions to the annual average they are relatively unimportant, In
particular, if there is a sideband of atmospheric origin it must be small in com-
parison with the genuine sidereal component.

Three of the most important lines of evidence—from the annual averages
relating to the vertical intensity at Hobart, from the phase anomalies and from
the phase difference of 12 hours in the sidereal diurnal variations as viewed in
the different hemispheres—were of widely differing character. Each would seem
to have required the presence of a sidereal component in the daily variation. Of
particular significance, however, were two other features of this evidence:

(i) It was found that the phase anomalies at Hobart were synchronized with
the trends of the annual average amplitudes in solar and sidereal time. This was
mandatory if the annual sidereal effect was to be essentially genuine. On the other
hand, if there had been a substantial spurious sidereal component in the annual
average the degree of co-ordination of events could scarcely have occurred.

(ii) The evidence from Hobart relating to asymptotic scans in the southern
hemisphere (in the axial directions 30°N, 0° and 45°S underground), when com-
pared with the observations from Budapest, indicated the existence of a two-way
sidereal anisotropy. The vertical—70°N experiment underground constituted an
acid test of this hypothesis. Both from individual years and from the biennial
average the result from this experiment was significant and unequivocally in favour
of the hypothesis. Moreover, of all the evidence, this most directly indicated that
the apparent sidereal effect could not have been due to local seasonal modulation
of a solar component.

The evidence for a two-way anisotropy led to a consideration of the two
harmonics and the latitude dependence of their amplitudes. For a proper study
of the relationship between the harmonics, a simultaneous latitude survey with
much higher counting rates than we have at present is needed. Nevertheless, the
present experiments have given significant evidence from the observed first and
second harmonics for the existence of the two-way anisotropy. It has been shown
in this Section that there is a persistent tendency for the two harmonics to be in
phase. In the final Sections it will be shown how the amplitudes of the free-space
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harmonics deduced from the observations in the vertical direction at Hobart and
at Budapest and in the axial direction 30°N at Hobart conform with the require-
ments of the anisotropy. The mean asymptotic latitudes of viewing of the three
telescopes are particularly well located in the latitude range from approximately
40°N to approximately 40°S; over this range the greatest variation in the ratio of
amplitudes of harmonics is to be expected, the amplitudes of one or other of the
harmonics should be relatively large and maximum resolution of amplitude is
achieved from the response characteristics of the telescopes. A value for the declina-
tion will be calculated from the harmonics, leading finally to an estimate of the
direction of the anisotropy in free space.

There seems to be no doubt, from equivalent observations at the same depths
underground, that at present the amplitude of the sidereal diurnal variation is
much greater in the southern than in the northern hemisphere. In the long term
it will be most desirabie to monitor the ratio of amplitudes in the two hemispheres
to determine the constancy or otherwise of the amplitude asymmetry. In the quanti-
tative treatment it will be assumed that there are in effect two parts to the anisotropy
—0ne part being the two-way anisotropy with equal amplitudes in opposite direc-
tions along an axis and the other part being a superimposed intensity maximum
(e.g., due to net streaming) in one of these two directions.

There has been evidence that the sidereal daily variation exhibits two important
time-variations. In the first place there was an overall tendency for the amplitude
int the vertical direction at Hobart to decrease by a factor of perhaps two between
1958 and 1965. This must be of great significance for the interpretation of the
anisotropy, but for a true appreciation of this effect it would be essential to have
simultaneous observations of the long-term trends of amplitude from both hemis-
pheres. A brief discussion of the phenomenon will be given later.

Again, it has been necessary to rely on the observations from Hobart for the
evidence of seasonal modulation of the sidereal component. Although the explana-
tion must be regarded as tentative, it is suggested that pronounced semi-annual
modulation of amplitude and, to a lesser extent, of phase, occurred at sunspot
maximum, that there was a rather rapid attenuation of modulation thereafter and
that the phenomenon possibly survived in a greatly weakened form over the years
of minimum activity. This hypothesis appears to be the only one which is com-
patible with all of the changes that have occurred in the components of the daily
variation of vertical intensity underground and is not compromised by the evidence
from other measurements (e.g., the narrow-angle north-pointing experiment) that
the sidereal effect at Hobart is essentially genuine,

The interplanetary field of the sun as a possible source of semi-annual variation
of the sidereal effect will be discussed below, in an attempt to visualize what the
influence of the field might be. However, it seems that a correct assessment will
have to wait until substantial evidence for the type of seasonal modulation ob-
served at Hobart is to be had from both hemispheres simultaneously, perhaps at the

next sunspot maximum, and until we have a more complete description of the
interplanetary field.
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3.7 (b). Semi-gnnual modulation of the sidereal effect in relation to the
interplanetary magnetic field

It will be recalled that the large anti-sidereal effect observed in 1958 was
compatible with semi-annual medulation of the sidereal component (hypothesis
IIIa). On this interpretation the amplitude of the sidereal component decreased
almost to zero in June and December, as the difference (D,) variations show
(Figure 5.6). The sidereal maximum at these times would have occurred at ap-
proximately 0600 local sidereal time (Figure 5.5). It is noted that 0600 is also
approximately the sidereal time of midday in June and of midnight in December.
In other words, when the direction of maximum intensity approximately coincided
with the direction of the earth-sun line, towards the sun in June and away from
the sun in December, the intensity maximum was not observable, In this connection
mirroring in the interplanetary field may be important and some of the factors
involved should be mentioned.

If a sidereal anisotropy is to be observed at the earth’s arbit, it is to be inferred
that the charged primaries responsible for it could not have approached with
guiding-centre motions along lines of the interplanetary magnetic field. Moreover,
the threshold rigidity for observation should be not less than the upper limiting
rigidity for observation of the solar anisotropy. A method of estimating annual
values, to be described in Section 6, gives approximately 100 GV as the upper
limiting rigidity in 1958. For the present, we assume that this also approximated
the threshold rigidity, R., for observation of sidereal anisotropy during that year.
It will be shown later that approximately 75% of the underground response relates
to primaries in the rigidity range 100-500 GV, for R, = 100 GV and a flat spectrum
of variation.

It appears, then, that at the earth’s orbit where the interplanetary field strength
is ~ 5 x 10~% gauss the gyroradii of the majority of primaries of interest would
be between 0-4 A.U. and 2-0 A.U., provided that there wag no substantial spatial
variation of the field, normal to its direction in the plane of the ecliptic, over
these distances. Although it seems that great variation would be likely, the nature
of the field over distances of astronomical units above and below the plane of
the ecliptic is not known. On the other hand, the Imp-I data give evidence that
in the ecliptic plane there are four sectors in heliographic longitude, the field in
neighbouring sectors being oppositely directed (Ness and Wilcox 1965). At the
earth’s orbit, the width of a sector must on the average be approximately 1-5 AU,
although one sector was observed to be much narrower than this and the others
somewhat wider. Therefore, the high energy primaries with relatively large pitch
angles would usually not complete one turn of a helix near the earth’s orbit without
crossing from one field sector to another, and this would prevent mirroring along
the direction of the spiral field from the earth (~—~ 45°W of the ecarth-sun line).
However, there would be a greater tendency for trapping and mirroring in a field
sector as the particles approached the sun. That is to say, for a field strength B,
proportional to r—2, where r is distance from the sun, the gyroradius p is pro-
portional to r? and thus p/r « r. This means that as r decreases the gyroradius at
mirroring becomes progressively smaller in relation to the width of a field sector,
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thus materially increasing the probability of reflection in addition to scattering,
It appears, then, that high energy primaries which approach the carth from the
anti-sun direction in the plane of the ecliptic will have a tendency to be subsequently
reflected as well as scattered from the general direction of the sun. It follows that,
when the asymptotic cone of the detector scans in the direction of the sun, a
proportion of the flux to which it responds will have originated from the anti-sun
direction. We now divide the solar day into four zones of time, arbitrarily shown
to be equal in the sketch. When the asymptotic cone of the detector is in the noon
zone and in the midnight zone, the primary
response tends to be the same, there being a
tendency to view in the anti-sun direction in the
noon zone.

Let us now suppose that there is a sidereal
anisotropy at the carth’s orbit and that the
detector scanning asymptotically in the plane of
the ecliptic records a sidereal diwrnal variation
midnight Vi = A cos ¢ at the times of the year when
there should be Ieast interference due to mirror-
ing, i.e., when the sidereal maximum occurs at
0600 and at 1800 solar time respectively. Now, when the sidereal maximum
accurs in the midnight zone, it can easily be seen that mirroring tends to
cause rectification of the diurnal wave, giving rise to a semi-diurnal component

Vs =5 cos 2¢ instead. Six months later, the intensity minimum occurs in the

midnight zone and, because of rectification of the negative half of the diurnal wave,

it tends to be replaced by a semi-diurnal component, V, :—';—cos 2 (s —;—). Over

these two particular periods of the year six months apart, then, the sidereal diurnal
variation would tend to vanish and be replaced by a smaller semi-diurnal com-
ponent, exhibiting a phase displacement of six hours as between the two periods.
It will be noted that, in the difference (D.) type of observation, which gives the
sidercal effect averaged over pairs of months six months apart, the semi-diurnal
sidereal components produced by mirroring must vanish. Therefore, depending on
the efficiency of the process, the sidereal daily variation observed in this form
should tend to vanish twice a year, when the sidereal maximum occurs at about
noon and at midnight respectively,

The times of occurrence of minimum amplitude predicted above agree very well
with the underground observations in 1958 if, as it seems, the difference (D))
variations were essentially due to a genuine sidereal component. As described,
however, the reflection process relates to near-equatorial observations of a uni-
directional anisotropy. In reality, we are concerned with mid-latitude observations of
an apparent two-way anisotropy whose axis is steeply inclined to the plane of the
ecliptic, as will be shown later. The main difference here is that, if the process
of reflection and scattering near the sun is to be of relevance in this situation,
it seems that the smoothing out of intensity differences between the noon and
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midnight zones must be effective for directions of arrival inclined as much as ap-
proximately 60° to the plane of the ecliptic,

Although the sidereal diurnal maximum occurs approximately 12 hours later
in the northern hemisphere, on the above hypothesis June and December should
have been the months of minimum amplitude in that hemisphere also. Because
of the small annual amplitudes in the northern hemisphere and the lack of a com-
plete year’s data from Budapest in 1958, the use of difference daily variations to
obtain evidenve of a semi-annual modulation of amplitude was not practicable.
However, another indication is given by the anti-sidereal effect, which should
exhibit 12 hours difference in time of maximum between the two hemispheres,
although it should be remembered that there could be other reasons for this. We
can simplify the argument, without serious error, by neglecting the relatively minor
semi-annual variations of phase that appear to have been associated with ampli-
tude modulation in 1958. The time of maximum r,” of the anti-sidereal sideband
due to semi-annual modulation of amplitude of a sidereal diurnal variation (time
of maximum =,’} is given by

' = ™ — 2T,

where T', is the time of the year when maximum amplitude occurs. The derivation
is given in Paper 2, Section 10. Clearly, if T, is the same in both hemispheres of
viewing, but r,” is 12 hours different, the phase of the anti-sidereal effect must
also be 12 hours different. For what it is worth, it is noted that during years of
pronounced seasonal modulation the maximum of the anti-sidereal effect observed
underground at Hobart occurred at approximately 1000, while (a) at London,
averaged over the three years 1961-1964, the time of maximum was approximately
2200 and (b) at Budapest, averaged over the two available years 1959 and 1961,
the maximum occurred at approximately 2100. While the result is consistent with
the type of semi-annual modulation we are considering, it is recognized that there
may have been other contributions to the anti-sidercal effects at London and
Budapest. To assess the true nature of these effects it would be most desirable to
have evidence of significant long-term changes of seasonal modulation at the two
places.

On the evidence, the mechanism for seasonal modulation of the sidereal
component must have operated with great efficiency in 1958, but with rapidly
decreasing effect thercafter (Figure 5.9 (c)). From the overall constancy of the
solar diurnal variation of neutron intensity over the years 1958-65, it is clear that
solar modulation of lower energy primaries in the plane of the ecliptic had main-
tained its level. Therefore it is suggested that the lessening of seasonal modulation
of the sidereal component may have been connected with considerable changes in
the field in regions away from the plane of the ecliptic, perhaps a lateral contraction
of the volume of the field. There is an indication of this, independently, from the
great decrease in amplitude of the solar daily variation observed underground, as
will be discussed later.



6. TRANSFORMATION OF CO-ORDINATES AND THE ASYMPTOTIC
CONE OF ACCEPTANCE

It is the purpose of this Section to describe the daily variation that is expected
to be observed underground, in response to an intensity anisotropy of the primaries
as specified in the frame of reference in which it is fixed. There are three parts
to the treatment:

(1} an empirical description of the intensity anisotropy outside the earth’s
field in the fixed frame of reference;

(2) transformation to the rotating celestial co-ordinate system, to give the
free-space harmonics and am average intensity term;

(3) estimation of the harmonics that would be observed underground in
response to the free-space harmonics,

We consider first a model for the sidereal anisotropy (subdivision A of the
Section) and then go on to consider the relevant features of the solar anisotropy
(subdivision B).

6A. THE SIDEREAL ANISOTROPY

6A.1. DESCRIPTION OF THE ANISOTROPY

It will be assumed from the underground evidence that there is (a) a two-way
sidereal anisotropy such as might be associated with a galactic magnetic field
when there are equal excess fluxes of particles with steep helices in both directions
along the field and (b) an additional intensity maximum in one of the two direc-
tions, such as might be associated with net streaming of the cosmic ray gas.

For simplicity of the present treatment it will be assumed that both contributions
to the total anisotropy exhibit the same rigidity dependence of amplitude. It is also
assumed for the present that the anisotropy results from modulation of the isotropic
flux and that the omnidirectional intensity is unaffected.

Suppose that observations of the directional intensity of high energy primaries
is made from some position O on the earth’s orbit, remote from the earth and its
magnetic field. The point O is the origin of a frame of reference determined by the
axis of the anisotropy and the plane normal to it. The frame of reference moves
like the earth on an orbital path round the sun, but does not rotate. We proceed
to an empirical model which describes the intensity anisotropy that is expected to
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be observed on the annual average at Q. Ao
In this model the differential intensity for *
primaries of rigidity R in the direction of

viewing OP, which makes an angle 8 with
the plane normal to the axis of the aniso-
tropy (see sketch), is given by

'P‘i\o

Inp = Lp[l + R*{msin § + n(sin® g — H] (6.1)
where I,x is the isotropic flux, v is the index of the variation spectrum of the
anisotropy, and m and n are amplitude constants. The term —§ I, Rvn allows for
the fact that 7, is also the omnidirectional flux, obtained by averaging [, 3 over
all directions of viewing, OP, within a sphere centred on O.

The unequal and oppositely directed differential intensity maxima will there-
fore be

R T
Aplg = {1 + 3 (2rn + 3m); I, when f =+ 5
and
R
Aypfn = {l + 3 (2n — 3m)} lLp when f=— g

6A.2. TRANSFORMATION TO THE ROTATING CELESTIAL FRAME OF REFERENCE

The well-known celestial system of spherical co-ordinates is coincident with
the rotating terrestrial system, but is fixed with respect to neighbouring stars,
A point P on the celestial sphere is specified by declination (dec.) synonymous
with geographic latitude, and Right Ascension (RA), measured eastward of the
First Point of Aries, .

We now wish to describe the anisotropic intensity in terms of celestial co-
ordinates, in the direction OP when it partakes of terrestrial rotation. We then have
a description of the anisotropy as observed at any time in the vertical direction
at some point P on the earth, when all environmental factors such as the terrestrial
magnetic field, the atmosphere and the material absorber underground, are absent.
That is to say, we have a free-space description in celestial co-ordinates, as a func-
tion of local sidereal time.

In Figure 6.1 the frame of reference of the anisotropy and the celestial frame
of reference are referred to the common origin O. In the celestial system the
co-ordinates of the direction of the intensity maximum A,l, at 8§ — =/2 are speci-
fied by Right Ascension o, and declination 4. It can be seen that the equatorial

E
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plane of the anisotropy intersects the celestial equator along the line whose RA
is a; 4 90 in the direction coming out of the page from O, and that the transforma-
tion from one frame of reference to the other is effected by simple rotation of axes
about the o, -|- 90 direction through the angle « = 90 — 4. Using the appropriate
transformation formula, we now relate the co-ordinate B of the direction OP,
in the anisotropic frame of reference, to the co-ordinates of OP in the celestial
system. Since the anisotropy is described entirely in terms of B we then immedi-
ately have the means of deseribing it in terms of celestial co-ordinates.

In the celestial system the direction OP is specified by declination § and Right
Ascension ¢’, ¢’ being the local sidereal time at P. However, to transform from
the one co-ordinate system to the other, it is necessary to refer bearings in RA to
the common axis at o, + 90. Referred to this direction, the RA of the direction
OP is (¢ — a; — 90).

The appropriate co-ordinate conversion formula for expressing £ in terms of

celestial co-ordinates (e.g., see Explanatory Supplement to the Ephemeris, 1961)
is then

sin B = cos dcos 8 cos (@' — o) -+ cos? d cos? & cos 2P’ — &) (6.2)
It will be noted that, once we have the corresponding expression for sin2g, the

anisotropic intensity g » s observed in the rotating terrestrial system, can be ex-

pressed in terms of celestial co-ordinates and local sidereal time using equation
(6.1).

- . ’ 2 d 26
Squaring 6.2: sin? g = w& cos (¢ — ) + cos—zcosL cos 2(¢’ — a,)

2
+ (C"Sz % 3eostd—2) — cos’d + 1) (6.3)

Therefore the intensity anisotropy specified in the terrestrial framework is, from
6.1, 6.2 and 6.3,

I. = Iz {1 + R'(m + 2nsin dsin 8) cos d cos 6 cos (@' — a,)

+R ; cos? d cos® 6 cos (¢’ — &) + m sin d sin 3
2 RT
+n (%5 (Bcos’d ~ 2) —cos?d + 1 — ?)} 6.4)
= Lg(l + T($") + T()),

where T(¢") is the daily variation term and 7'(3) is the latitude-dependent daily
average term. In the present context 7(8) must be small compared with I, and
may be disregarded in the expression for

AL
7 = 250,

where Alp(¢") = I — Lg(l + T()).

The daily variation term consists of first and second harmonic compents V',
and Vg;z:
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EXA

F1G. 6.1. The frame of reference of the sidereal intensity anisotropy, in relation to the frame
of reference of the rotating direction of observation OP.

Al

Vg = 7 ;R = R¥(m + 2nsindsin §) cos dcos écos (¢ — o) (6.5)
Al .

Vap = —1-15 =R ; cos® d cos? 8 cos 2(¢" — a), (6.6)

These are the differential free-space harmonics that we will be concerned with,
They are identical with the composite of terms due to diffusion and acceleration
derived by L. Davis (1954} in his generalized treatment of high energy anisotropies
associated with the galactic magnetic field.

We may represent ¥, by
Vir = R’Mcos (¢" — ay),

where M is the rigidity-independent constant (m - 2n sin d sin §) cos 4 cos 8.
Then the total free-space first harmonic will be
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J‘Rm Al g dR J'Rm L R'dR

Re _ o Re o r_
Rm IoRdR - J'Rm ]uRdR . M cos (d) G!s)

V, =

N _Rr: Rc
J Rm ReRidR
Re

= ‘JW Mcos (9" — «)

Rc

= KM cos (¢" — ay),

where k. is an amplitude constant depending on R, and R,,, thesc being the upper
and lower cut-off rigidities for observation of the anisotropy at the earth’s orbit,
and e is the index of the average primary differcntial spectrum. Since only negative
values of ¥ will be considered here, it suffices to put R, — <, and integration gives

e+ 1

K, = —— R/
e+y+1

Over the primary rigidity range of significance (approximately 10! to
10t%ev) = is thought to be approximately —2-5 (e.g., see Parker, 1965, Figure 1)
and thus

1-5
[ 1
Ke = {5 ; Rt (6.6a)
For the case v+ = 0 it is noted that Xk, = 1 and therefore
Vl = V12 = MCOS (QS’ b OCS).
The total free-space second harmonic is similarly

V, = x, Ncos 2(¢p — a,),

where N is the amplitude constant g cos?d cos®s.

We now have to calculate the corresponding daily variation to be expected at
the telescope. The following factors, some of which depend considerably on primary
rigidity, must be taken into account: the deflections of the primarics in the terres-
trial magnetic field, the coupling between the primarics and the observed meson
component, the influence of the atmosphere and the underground absorber on
the counting rate as a function of direction of arrival of the mesons and the physical
geometry of the telescope. These are all taken care of, to the best of our knowledge,
by the asymptotic constants of response.

The first and second harmonics of the sidereal daily variation expected to be
observed will be

vy =— K]_ M cOos (qb’ — O + d)l)
and vy — K‘_a Ncos 2 (qf)l — Oy -I— q‘)g).
It can be seen that the asymptotic constants K;, Ks, ¢ and ¢o and the free-space
amplitude constant &, connect the observed daily variation with the daily variation
of primaries in free space. Thus, denoting the observed diurnal amplitude by vimas,
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K,

is ¢q. Similarly, for the second harmonic, Vogax = ;”— Vemay and the phase differ-
b4

the corresponding free-space amplitude is Vimax = Vimas 20d the phase difference

ence is s,

It may of interest to note that, when vy — 0, the constants K; and ¢, are anala-
gous to By and g, that have been calculated for the first harmonic of the solar daily
variation as functions of the upper limiting rigidity R,, for g — 0 (where 8 is the
index of the variation spectrum of the solar anisotropy ). Values of B, and o; versus
R, are shown in Figures 2 and 3 of Paper 7.

6A.3, THE ANISOTROPIC CONSTANTS OF RESPONSE

The given detector responds to a free-space first harmonic

vV, =k, (m cos d cos & + gsin 2d sin 23) cos (¢ — o) 6.7)
at the mean asymptotic latitude of response, 8. The observed harmonic will be
v, = K, (m cos dcos d -+ g sin 2d sin 2—5) cos (" — a; + ¢)) (6.8)

where K, ¢, and & are to be determined.
Similarly, the observed second harmonic will be

v, = K, ;cosz dcos® 3eos 2’ — 2, + ) (6.9)

A simplification of the present treatment is that the mean asymptotic latitude of
viewing for the second harmonic is defined to be the same as that for the first har-

monic. The constants of response are thercfore k., K, Ks, ¢1, ¢2 and s.

Alternatively, the observed harmonics of response may be written as

; .
vy = (C]m cosd + C, ; sin 2d) cos (@' — o, + @) (6.10)

and |
vy = C, 2 cos? d cos 2P’ — o, + ¢,) (6.11)
where C,— K, cos 8 {6.12)
C, =K, sin 25 (6.13)
Cy = Kscos? 8 (6.14)

L C,

Thus sin § = EC; (615)

The method used here is to estimate approximate values of the amplitude con-
stasts Cy, Cy, and C, from which 8, K, and K. may be determined.
6A.4. CALCULATION OF THE CONSTANTS OF RESPONSE: OUTLINE OF METHOD

The calculation of the underground reponse to the solar anisotropy has been
described in Paper 7. Since the technique was designed to have a more gencral
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application, the following is essentially a recapitulation of the treatment given in
the paper, suitably modified so as to apply to the sidereal anisotropy.

The fraction of the observed first harmonic underground that is due to aniso-
tropic primaries of rigidity R will differ considerably from Vi (equation {6.53)},
partly because at any instant the primaries involved do not approach the earth’s
magnetic fleld from a single direction (8, ¢ — a,) but from a cone of directions
that will allow them to arrive at the meson production level within the solid angle
of viewing of the recorder, after penetrating the field. The cone is the asymptotic
cone of acceptance of which the concept and general method of application to
an anisotropy have been fully outlined by Rao, McCracken and Venkatasan
(1963). The treatment given here differs somewhat in detail from theirs and is
perhaps only appropriate when dealing with high energy primaries. The cone of
acceptance is divided into N segments specified by intervals of asymptotic latitude.
These intervals can be conveniently defined so that each segment of the cone
contribuies about the same amount to the fraction of the counting rate that is due
to primaries of the given rigidity. The contribution v, to the first harmonic of the
sidercal daily variation from primaries of rigidity R is then approximated by the
summation:

Y N
Vig = 3% R 21 {m cos d Ag, cos 6y, + g sin 2d Ag,, sin 25Rn}

cos (§' — a; + iz, (6.16)

where the summation symbol r refers to subscripts only.
In this expression, Y is the differential coupling coefficient and Az, is an amplitude
reduction factor determined by the manner in which the contributions to Y, from
the »'™® segment of the cone are distributed in asymptotic longitude. An individual
contribution will de defined more precisely in Section 6A.5 as the “‘differential
radiation sensitivity”, /(R, w). The distribution also determines an effective longi-
tude of viewing ¢ir, (east of the observer’s meridian) with respect to a first
harmonic of the anisotropy. The mean asymptotic latitude 8, is obtained from the
distribution in asymptotic latitude of the contributions to Y from the #'* segment
of the cone.

The total first harmonic v is estimated as

Rm
Vi = Y Vg
R=Rc
In the calculations of response, the upper cut-off Rn is put equal to infinity,
since the telescope response becomes negligible at very high rigidities.
A useful form of v, is the vector
Vig = | Vir | Gk
Yo, & A
= mcos d‘ﬁ R?Y, Ag, <08 dg, &g,

n=1

n . Yo py © s 4
+2sm2dj\—fR Z‘x Ag, sin 28,0, {6.17)
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where the summation symbol n refers to subscripts only and where ayz, = &, — @z,
is the phase angle on the harmonic dial. In turn, the total first harmonic vector is
A A 2 g A n . A
=y & = Y Vig=C mcosda, + C, 5 sin 2d oy, (6.18)
R =Re¢

where the constants C, and C, are determined as

w0 N
Claa= 3 Ya R Y Ag, cOS Spylypy (6.19)
Rk NV =1
and
A 2 YR ¥ N . A
Cl o= 3, R Y Apg,sin 285, g, (6.20)

R =Re N n=1

It will be noted that Cym cos da;, and C g sin 2d#,, form a vector triangle with

| v, | % and that C] = C, and C; = C, only if the unit vectors a,, and &,, are the
same. In the various determinations of the underground response it has been found
that ¢,, and ¢,,, the deflection angles corresponding to «,, and a,,, rarcly differ by
more than two degrees and that therefore it suffices to approximate C; by €}, C, by
C ,and to put

~ -~

Hyg = Ogp = %y
The response to the free-space second harmonic is calculated in a like manner,
the differential contribution v.; being given by

N
Vig = T g cos? d Y By, c0s? Sz, c0s 20" — o, + Pogy) (6.21)
N 2 =1
where Bg, is analagous to A g,, being the amplitude reduction factor for a second
harmonic in relation to the n™ segment of the asymptotic cone.
The vector form of v,y is
Var = | Vag | %2r

and we have finally the total second harmonic vector

o0 -~

v, = | valap = va
R =Rc
= C, 2 cos?dn (6.22)
- 3 2 Pyl -
where
e 3 Yegp § 2 5t 6.23
Caaz - Z - R Z BRn COS™ ORpn,¥sRan ( . )
R =Rc¢ N n=1

In summary, the integrated asymptotic amplitude and phase constants of the
anisotropy are derived in sequence as follows:

C, = C, (eqn. 6.19)
C, = €, (eqn. 6.20)

C, C,' (eqn. 6.23) - K,
Upy = Oy = 06y = Py

ay — P

}_)35 Kl
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The constants _b", K,, K., ¢; and ¢s, appropriate to the given detector, may now
be estimated for selected values of y and R.. Together with k. (see equation
{6.62)), these constants relate the observed harmoenics v; and v. to the corres-
ponding integrated free-space harmonics V', and V..

It will be shown in Section 7 that, if sets of estimated free-spacc harmonics
are available from two, or preferably three, well-separated latitudes of viewing,
these suffice for the determination of the declination d of the anisotropy. That is to
say, d can be estimated without having to estimate m and n, the amplitude constants
of the anisotropy.

6A.5. THE CALCULATIONS IN DETAIL: EVALUATION OF 8p,, A, Grine Biens $oin
fa}) Method of determination

In calculating the response underground to a first harmonic of the anisotropy
we first determine sets of values of A, 3., and ¢g. for selected rigidities
so that by curve-fitting they may be read off as functions of R. It should be
noted that A, 8z, and ¢, are constants of the detector at the given location and
may be used to determine the response to any free-space first harmonic, either solar
or sidereal. Corresponding quantitics Aup,, 8ux. and ¢up,, relating to a second
harmonie, may be obtained by the same procedures.

Consider the p-mesons, duc to isotropic primaries of rigidity R, which arrive at
the detector within a small solid angle w, specified by zenith angle Z, and azimuth
a,. They constitute a fraction of the total counting rate that is known as the
differential radiation sensitivity I{R, «,) given by

I(R, [l)r) = YHF(U),-) COSan (6.24)

The tactor F(w,), the geometric sensitivity (viz., Parsons, 1957), is the fraction
of the total counting rate apportioned to o, by virtue of the geometry of the tele-
scope, while cos"Z, expresses the well-known zenith angle dependence of intensity.
The primaries of rigidity R that are responsible for 1(R, «.) will have approached

the earth’s magnetic field from directions within some asymptotic volume element
(L) r specified by latitude (5.), and longitude (¢,)z Such asymptotic co-
ordinates are usually found either by computing the trajectories of the primaries

outward from the direction (Z,, a,) at the geomagnetic location of the recorder
(viz., McCracken ef gl. 1962) or else from observations of the deflections of
charged particles in a physical simulation of the geomagnetic field (viz., the terrclla
experiments of Brunberg and Dattner 1953). When J{R, »,) and the associated
asymptotic co-ordinates (§,), and (¢,), have been calculated for each of the
volume elements o, which make up the solid angle of the recorder, the distribution
of the fractional p-meson intensity due to primaries of rigidity R can be determined
with respect both to asymptotic latitude and asymptotic longitude of the primaries.
The distribution with latitude can be simply divided up amongst N latitude
intervals giving equal contributions to the differential counting rate, thereby de-
fining the N segments of the total asymptotic cone. The mean latitudes &z, are
obtained from the latitude distribution within the individual scgments. The distri-
bution with respect to longitude within each segment, when applied to a first
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harmcnic cos ¢, provides the ampiitude reduction factor A, and the longitude
displacement angle ¢r,. However, it should be noted that the distributions them-
selves are derived on the assumption of isotropic primaries and an average cosmic
ray spectrum.

When the constants A gy, 85, and ¢, are applicd to a particular model for the
anisotropy, the important simplification in the present treatment is that the mean
value &, replaces a latitude distribution. This suggests that the latitude intervals
specifying the segments of the asymptotic cones should be small. Several factors
are involved in the choice of intervals, one of them being the manner of variation
of the longitude distribution with respect to asymptotic latitude. As far as the
underground vertical semi-cube is concerned, the final result does not seem to
depend at all markedly on the number of latitude intervals used.

ib) Application to detectors : (i) the vertical semi-cube underground

The solid angle of the semi-cube was divided up into 576 elements (o,) of
dimensions 5° in aximuth and 7-5° in zenith angles. In calculating the values of
I(R, ), Fenton’s coupling coefficicnts and the geometric sensitivity churacteristics
worked out by Parsons werc used. Both # — 2-0 and n — 22 were tried for the
costZ zenith angle dependence of intensity, but for all practical purposes they
cach led to the same final asymptotic distribution.

Since about 90% of the counting rate underground appears to be due to
primarics of energy > 50 GEV, it was considered that a centred dipole was a
sufficient approximation to the real geomagnetic field for calculations of the asymp-
totic co-ordinates (3,) 5. and (¢.),. [Calculations using a more complex represen-
tation of the field tended to confirm this view and are described in Paper 7, Section
IV (a).] Consequently, the particle deflections were estimated from the diagrams
of Brunberg ard Dattner for the geomagnctic southern latitude of 50°. Considerable
interpolation was necessary and for this reason it was found more convenicnt to
express the asymptotic latitude and longitude data in the form of deflections in
zenith angle and azimuth. A technique for converting co-ordinates by means of a
terrestrial plobe is described in Appendix I, where a general method of obtaining
radiation sensitivity J(R. ), as a function of asymptotic direction of viewing, is
described.

At the higher rigidities, the differential cones of acceptance change rather slowly
with rigidity and therefore it was decided to work them out only for the three
most important rigidities, namely 50 GV (a practical lower limiting rigidity of
response), 150 GV (near the mean rigidity of response) and infinite rigidity (pro-
viding an asymptote for the response constants). Figures 1.2 to 1.9 (Appendix I)
give the deflection data for particles of rigidity 50 GV and 150 GV at the geo-
magnetic latitude of observation A — —50°,

Each cene of acceptance was initially divided up into three segments defined
by intervals of asymptotic geographic latitude. For example, it was found that of
the 50 GV primaries contributing to the counting rate, one third came from the
latitude range 90°S to 46°S, one third from the range 45°S to 28°S and thc rest
from the range 27°S to 20°N. These high, middle and low latitude intervals were
found to be almost exactly the same at the higher rigidities.
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The mean latitude §z, was worked out for each segment from the distribution
I(R, w,) versus (3.)p, after the data had been grouped at 3° intervals of latitude.
The distribution I{R, w,} versus {$,)z was based on longitude intervals of 20° and
provided the amplitude constant A, and phase constant ¢, when a first harmonic
cos ¢ was impressed on it. In addition, constants A, §z and ¢ were obtained for
the total (undivided) cone, Values of the asymptotic constants for individual seg-
ments and for the total cone are given in Table 6.1 for each of the three rigidities.
It can be seen that (a) above 150 GV the cone of acceptance does not change
with increasing rigidity except for a gradual displacement towards the observer’s
meridian, and that (b) the distribution I(R, «,) versus (¢,)r changes only slightly
with latitude, as would be expected.

TABLE 6.1.

Asymptotic constants for the vertical semi-cube underground at 50° geomagnetic latitude. The
constants specify the differential response to a free-space first harmonic at the primary rigidities
50 GV, 150 GV and infinity.

Primary Rigidity (GV)

I
50 ‘ 150 ‘ ool

ARn 5Rn ¢Rn ARn ‘ an l ¢Rn ! ARu l 5Rn I ¢Rn
i

High Latitude Range 1 ‘

(H) 084 | —56° 25° 075 | —6 12§ 074 | —62° o°
Mid Latitude Range ! ' '

(M) 0-86 | —36° 35° 086 | —38° 10° | 08 | —41° o
Low Latitude Range : i

(L) 091 —13° 33° 1 090 ; —15° ‘ 12° 089 | —18° o°
Total Cone 087 | —34° 30° 0 083 3% ‘ 11° 083 | -39 .
! | !

Curves of fit were drawn through values of Ay, 3z and ¢z given at the bottom
of the Table and are shown in Figure 6.2. These curves were used in all subsequent
calculations requiring values of the asymptotic constants as functions of R. In a
similar manner, curves of By and ¢.r may be drawn as functions of R, characteri-
zing the differential response to a generalized second harmonic.

(ii) The cube inclined 30°N underground

In the axial direction, the telescope happens to view upwards along the mag-
netic field at Flobart and at the same time this represents a low latitude of viewing,
It is for this reason that the asymptotic acceptance cones are relatively compact,
centred only slightly east of the observer’s meridian and are not strongly dependcnt
on rigidity, while the distribution of I(R, .} with asymptotic longitude is virtually
independent of asymptotic latitude. Consequently the constants Ag, 8z and ¢5 can
be computed from the undivided cones of acceptance with rather less loss of
accuracy than in the case of the vertical semi-cube,

(iii) The south-pointing cube underground

The axial direction of the telescope is 45° south of the zenith and this corres-
ponds to a geographic latitude of 88°S. The situation is the reverse of that in the
N-pointing direction. Directions of arrival tend to be transverse to the magnetic
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Fic. 6.2. The differential asymptotic constants of response to a diurnal variation of the pri-
maries in free space, for a vertical semi-cubical telescope at a depth of 40 m.w.e. at A = 50°S.

field and at higher zenith angles are accessible from all 360° of asymptotic longi-
tude. The cones of acceptance, divided up into high, middle and low latitude
segments (Figure 6.3), are centred far to the east of the observer’s meridian at
rigidities near the cut-off and change markedly with increasing rigidity. Figure
6.4 shows how the spread in asymptotic latitude varies with rigidity.

It is clearly necessary to use divided cones of acceptance for the calculation
of response in the south-pointing direction. It would also be desirable in an
improved trcatment to determine the response at other values of rigidity between
50 GV and 150 GV.

In Figure 6.5 are shown curves of the estimated differential response constants
as functions of primary rigidity.

6A.6. THE CALCULATIONS IN DETAIL: DETERMINATIONS OF 8, K, Ko, $1 AND ¢

In order to proceed from the differential response constants of the detector
to the integrated constants that relate to the anisotropy, it is necessary to obtain
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F1c. 6.3. Differential asymptotic cones of acceptance for sectional latitude ranges of viewing, re-

g,

lating to a cubical telescope inclined 45° south of zenith at a depth of about 40 m.w.e. at Hobart.

The asymptotic latitude ranges have been chosen to give approximately equal contributions
to the differential counting rate that derives from primaries of the given rigidity.

the differential coupling coefficients, Y, and to select values for v, the index of
the variation spectrum, and for R,, the primary threshold rigidity for observation
of the anisotropy.

(a) The coupling coefficients

Fenton’s coupling coefficients relate the vertical intensity of p-mesons at a
depth of 40 m.w.¢c. to the primary proton spectrum. In Figure 6.6 the relationship
is presented in the form of an integrated response curve. The corresponding curves
for mesons at sea level (Quenby and Webber 1959) and neutrons at sea level
(Dorman 1957) are shown for comparison. It would appear that only 8% of
the counting rate underground is due to protons of energy < 50 GEV as against
50% in respect of the meson intensity at sea level and 74% in respect of the
neutron intensity.
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F1G. 6.5. The differential response constants of the south-pointing cube underground, relating
to cones of acceptance divided up into low, middle and high latitude segments according as
n takes the values 1, 2 and 3 respectively.
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FIG. 6.6 Estimated proportion of the counting rate due to primary protons of energy > E,
in respect of:

(a) meson intensity at 40 m.w.e. underground (from Fenton 1963}

(b) meson intensity at sea level (from Webber and Quenby 1339)

(¢) neutron intemsity at sea level (from Dorman 1957).

Fenton’s coefficients derive from considerations of the theoretical yield of
pions of energy > 15 GEV (it being assumed that 15 GEV is the minimum
energy required by a p-meson at production to penetrate the atmosphere plus
40 m.w.e. of material absorber). A similar result was obtained by Mathews (1963)
from an empirical response curve extrapolated from latitude-intensity data.

The provisional nature of the coefficients is an important factor inhibiting
accurate estimations of response to anisotropies, in particular the solar anisotropy.
In respect of the sidercal anisotropy the existing coefficients should suffice for the
preliminary calculations of response. However, revised estimates of the underground
absorber already suggest that the coupling coefficients for the Hobart detectors
should be appropriately modified. In Section 4.7 it was shown that the mean cut-off
at preduction for the vertical semi-cube must be approximately 11 GEV. From
this point of view the existing coefficients tend to underestimate the contributions
to the counting rate from the lower emergy primaries. As against this, Fenton
(1963) has pointed out that his calculations of the yield of pions may have led to
an overestimation of the response to the low energy primaries.
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{b) The index, y, of the variation SDECtrum

The little evidence that is available, from the comparison of (i) observed side-
real diurnal amplitudes at sea level and underground (amplitudes comparable),
and (ii) the amplitude observed at approximately 60 m.w.e., London, and that
observed at approximately 40 m.w.e., Budapest {amplitudes equal, within statistical
errors of ~ 25% ), suggests that the amplitudes of the free-space harmonics of the
sidereal anisotropy are not steeply rigidity-dependent.

Again, if the anisotropy is connccted with a Fermi type of acceleration process
—although as noted in Section 1, there are other possibilities to consider as well—
the amplitude would be expected to decrease with increasing rigidity.

However, it is only of concern in this report to find out whether estimates of
the direction of the anisotropy depend weakly or strongly on the values assigned to
y. Consequently, it has been decided to compare estimations based on y = 0 and

y = —2, on the supposition that the true value of y might liec somewhere between
these two.

{c) The primary threshold rigidity, R, for observation of the anisotropy
We are guided here by the estimations of the upper limiting rigidity, R,, for

observation of the solar anisotropy. Provisionally, R, is equated with R,, although
it is recognized (see discussion in Paper 7, Section 9) that they are not necessarily
the same. For this reason, and from the indications that R, itself changes con-
siderably during the course of the cycle of solar activity, the asymptolic constants
are calculated over a range of valucs of R,.

d) Determination of the constanis

Approximate values of the constants, referring to the vertical semi-cubical
telescope and the nerth-pointing and south-pointing cubical telescopes, were ob-
tained by vector summations, Table 6.2 and 6.3 list the results of the determina-
tions for y — O and y = —2 respectively, and for the following values of R, 20,
50, 70, 100, 150 and 200 GV. In Figurc 6.7, the relative (observed/free-space )
diurnal and semi-diurnal amplitudes of response that apply to the vertical tele-
scopes are shown versus R, for the two values of v. They are in fact the tabulated
values of K, /k, (= K; when v = 0).

Since the constants have been determined for the geomagnetic latitude h =
—>30%, it has been considered sufficient in this treatment to use the asymptotic
constants for the Hobart (A = —52°)} and Budapest (L = ++45°) vertical semi-
cubical telescopes. It will be noted that the appropriate values of the mean

asymptotic latitude of viewing at Budapest, 3p., are listed under the Hobart
values.

6B. THE SOLAR ANISOTROPY
Brief reviews are given here of two features of the solar anisotropy: the sea-
sonal characteristics of the free-space diurnal variation and the upper limiting
rigidity for observation of the anisotropy, as described in Papers 1 and 7 respectively.
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TABLE 6.2.

Integrated constants of response relating to underground observations of the
sidereal anisotropy, for y = 0.

1 Cut-off Rigidity RAGV }

T | 50 ‘ 70 100 | 150 ' 200
Semi-cube vertical (Hobart and | Ki 0-828 0764 | 0-676 | 0566 | 0424 | 0-327
Budapest) ¢ | 15° 12° T e
‘ Swon  —370 38 -39 -390 —39°  —39°
| Gpop | 4420 | 443 +43°‘ 1437 | +43° | 443
K 0-509 | 0-460 | 0405 ° 0-343 | 0257  0-199
TR LR 10° ’ g7 |7 e
Cube 30°N of zenith (Hobart) K, ‘ 0942 ‘ 0-864 | 0756 | 0-646  0-485 . 0-380
| b 4° 3° 2° ‘ 1° IS
D PR —18° 180 —18° —17ﬂ| —17°
| Ko | 0812 \ 0754 | 0-656 . 0367 | 0-415 | 0-326
P - S U
| ! f |
Cube 45°S of zenith (Hobart) DK, 0465 | 0415 . 0341 0269 | 0189 © 0-146
b, 53° 31° 25°

: 49° | 45° ‘ 39°
{6 —45° -5 —s55° ) 590 617, —61
0:320 | 0265 | 0173 | 0:128 | 0-063 | 0-029

4 617 657 | 62° | 567 417 340
| I : | ‘

T

TABLE 6.3,

Integrated constants of response relating to underground obscrvations of the
sidereal anisotropy, for y = —2.

| Cut-off Rigidity RLGV')

e | 20| s 7 g0 Vo150 ¢ 20
o ) e % 107 0172 | 0087 0043 0019 0O
Semi-cube vertical (Hobart and Kilee 0125 0296 | 04339 | 0334 . 0277 . 0210
Budapest) $1 33¢ 200 | 17 ‘ ITE ‘ 7o i 6
| Suron —32° ‘ 370 —40° | —40° | —d40° 0 —40°
" dpup +37° | 44270 444° 7 4447 4447 +44°
Kafke 0084 | 0180 0215 0214 0179 0139
| 4 357 e | LT ‘ e 7 e
Cube 30°N of zenith (Hobart) KK ‘ 0136 | 0:325 0376 | 0-386 ‘ 0332 | 0255
| 4 10° | s ‘ O L L
| 5 R I Al s LA R v AN R
Kc. | O111] 0273 0319 0330 0281 | 0217
A I TCA - S 0 e
. | |
. . . o - .
Cube 45°S of zenith (Hobart) Ky/we ‘ 291021 ; 232349 : (5)62“17 ‘ 231586 ‘ 271;34 i 20(198
. ~ o9 ‘ Car —age | 4| —eor | —e3°
| 0102 | 0197 | 0137 © 0065 0036 0014
K/, 71e | 9o

67° i 657 490 42°
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F[G.' 6.7. Calculated amplitudes of response to the two-way anisotropy from a vertical semi-
cubical telescope at a depth of ~ 40 m.w.e., Hobart, relative to the corresponding free-space
amplitudes.
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6B.1. THE SEASONAL CHARACTERISTICS OF THE FREE-SPACE DIURNAL VARIATION

The solar anisotropy as originally described by Rao et al. (1963) was specified
in the system of spherical co-ordinates whose reference planes were the ecliptic
and the plane normal to it through the earth-sun line, this being the frame of
reference in which the anisotropy was assumed to be fixed. The anisotropic com-
ponent of intensity for primaries of rigidity R was specified as

AILR, A, ¢) = AI(Rycos Acos (¥ — v,) (6.25)
where 4 = the amplitude constant;
I(R) = the average differential rigidity spectrum;
A = the ecliptic latitude of the detector;
U = the direction of viewing in the plane of the ecliptic, east of the earth-
sun line;
r, = the direction of maximum intensity.

After transforming to the conventional ecliptic system, specified by the plane
of the ecliptic and the equinox, it is necessary to transform to the frame of reference
of the observer, the terrestrial equatorial system. This is achieved by rotation of
axes through the angle ¢, the obliquity of the ecliptic, as shown in Figure 6.8. In
terrestrial co-ordinates the expression for the anisotropy outside the earth’s field
region then becomes (see equation (4) of Paper 1):

AI(Rx, 8, d) = AL(R){[l — 0-0826 sin® (o, + 1¥,)] cos & cos (¢ — ¥,)
~0-0413 cos & sin 2(ex, + ) sin (¢ — ¥,) + 0-3979 sin § sin (&, + ¥,)} (6.26)

(for e = 23° 27",
where o, — RA of the sun at transit at Greenwich,

¢ = time of day relative to local noon,

3 = geographic latitude of observation.
Bearings of interest in the ecliptic and terrestrial equatorial planes are shown in
Figure 6.9.

The presence of the annually varying factor o, leads to an annual variation of
the secular component 0-3979 sin & sin{a, + ¢,) and to a semi-annyal variation
of the diurnal component. If the diurnal component is the same on any given day
as it was six months previously, it then must vanish when arranged in sidercal
time and averaged over a complete year, since all days can be grouped in pairs
six months apart. Therefore semi-annual modulation of this kind cannot possibly
be responsible for a spurious sidereal effect.

By similar methods, some preliminary calculations have been made for a
solar anisotropy whose latitude dependence of amplitude differs from cos A . The
possibility of latitude-independence of amplitude has been considered, and of
latitude dependence specified by cos* A, cos®A and cos® Arespectively. In all
of these cases it appears that the seasonal variation of the free-space first harmonic
must be very small and that spurious sidereal effects are negligible.

Much the same considerations apply if the solar anisotropy is assumed to be
located in the solar equatorial plane, and as McCracken and Rao (1965) have
indicated in their review of the diurnal anisotropy, the free-space diurnal variation
must exhibit a semi-annual variation, which they have specified as a semi-annual
variation of amplitude. As we have seen, this cannot give rise to an annual sidereal
sideband component.
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Fi16. 6.8, The spherical co-crdinates of the direction of cbservation, OP, in the terrestrial
and ecliptic frames of refercnce.

It is concluded that, on our present understanding of the solar anisotropy, the
transtormation from the frame of reference in which it is orientated to the rotating
terrestrial system of co-ordinates does not in itself bring into being any significant
spurious sidereal effect.

6B.2. THE UPPER LIMITING RIGIDITY OF THE SOLAR ANISOTROPY

A method of determining R, is fully described in Paper 7. It depends on the
fact that changes in R, would produce a much greater response in the solar diurnal
variation as observed underground than in the diurnal variation as observed with
neutron monitors at high latitude sea-level stations. Only a brief summary of the
steps in the determination is given here.

The amplitude constant of response B,, analogous to K, is calculated for the
given detector as a function of R, (Figure 6.10), Now B, is [v|/a1, where v| is
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Fic. 6.9. The ecliptic and terresirial longitude bearings of the observational direction OP,
in relaton to the Earth-Sun line and to the direction of an anisotropy located in the plane
of the ecliptic. The points A and B are the same as those shown in Figure 6.8.

the ampiitude of that part of the observed first barmonic that is caused by ihe
primary anistropy, and a; is the amplitude constant of the free-space first harmonic.
Corresponding to a given value of |v| (e.g., an observed annual amplitude, after the
removal of estimated extraneous contributions) a curve can be obtained giving
estimates of «; over a range of values of R,.

Provided R, takes values in excess of, say, 50 GV, the curve relating to a
high latitude neutron monitor should be relatively flat, since the observed amplitude
will vary only slowly with R, at these high rigidities. On the other hand, the curve
relating to an underground telescope, for which the primary spectrum of response
virtually commences at about 50 GV, should be very steep. Consequently, the inter-
section of the two curves should be clearly defined and should give the actual
values of @, and R, appropriatc to the period of observation.

Figure 6.12 shows the result for the year 1958. Curve B, relating to high lati-
tude neutron monitors, was estimated on the basis of the analysis by Rao et al.
of the solar diurnal variation of neutron intensity observed that year at the net-
work of sea-level stations. The intersections of curves A and B gave R, — 95 GV
with an S.E. of estimate of = 5 GV due to count rate statistics. Naturally, other
uncertainties connected with the calculations of response would be expected to
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Fi16. 6.10. The estimated amplitude of the solar diurnal variation, relative to the amplitude
of the average free-space first harmonic, versus upper limiting rigidity, relating to

(a) a vertical semi-cube at a depth of ~ 40 m.w.e. at Hobart

(b) a cube inclined 30° north of the zenith at a depth of ~ 40 m.w.e. at Hobart

(c) a cube inclined 45° south of the zenith at a depth of ~ 40 m.w.e. at Hobart

(d) a high-latitude neutron monitor at sea level.

Circled points indicate calculated values, The model for the free-space first harmonic is
that proposed by Rao, McCracken and Venkatesen.
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FIG. 6.11. The estimated direction of the maximum of the solar diurnal variation, measured
east of the direction of maximum intensity of the free space first harmonic, versus upper
limiting rigidity, relating to

(a) a vertical semi-cube at a depth of ~ 40 m.w.e. at Hobart

{b) a cube inclined 30° north of the zenith at a depth of ~ 40 m.w.e. at Hobart

(c) a cube inclined 45° south of the zenith at a depth of ~ 40 m,w.e. at Hobart

(d) a high-latitude neutron monitor at sea level.

Circled points indicate caleufated values. The model for the anisotropy is that proposed
by Rao, McCracken and Venkatesen.
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predominate and it was thought that, overall, the truc value of R, should lie
within about 20 GV of 95 GV.

The other period examined was that of the underground latitude survey, 1961-
1962. At the time there were no means of adequately estimating the new curve B, re-
lating to the neutron monitors, but the displacement of the new curve A relative to
that of 1958 indicated a significant decrease in the value of R, (Figure 6,13). It was
noted that the curves deduced from the observations in the inclined directions
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Fri. 6.12. Estimates of the amplitude (a,) of the average free-space solar diurnal variation
of the primaries in 1958 for different values of the upper limiting rigidity (R.) bascd on
{a) observations with a vertical semi-cubical telescope at a depth of 40 muw.e. at
Hobart: curve A;
(b} the estimated solar diurnal variation of neutron intensity at a high-latitude ssu-level
station, deduced from world-wide observations of neutron intensity: curve B.
The average values of R, and o, for 1958 are given by the intersections of the two curves,
All the estimates derive from the model for the free-space first harmonic proposed by
Rao er al. The dashed lines represent the S.E’s of error of individual points on curve A.
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Fi6. 6.13. Bstimates of the amplitude (m,) of the free-space solar diurnal variation of the
primaries, averaged over 1961 and 1962, for different values of Ru and for @ = 0, based on
ohservations underground at Hobart with

ta) the vertical semi-cubes: full line;

{b) the north-pointing cube: dotted line;

{¢3} the south-pointing cube: dashed line.

The point P represents the intersection of curves A and B for 1958 (Fig. 6.12).
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(particularly from the more accurate observations in the axial direction 30°N of
zenith) agreed quite closely with the curve obtained from the vertical observations.
This tended to confirm the validity of the method of calculation of response and
also demonstrated that the observed amplitudes in the three directions must have
been essentially due to the solar anisotropy. Figure 6.14 depicts the compatability
in respect of amplitude and phase, the observed first harmonic vectors in the three
directions being compared with curves of estimates (dashed lines) calculated as
functions of R,. The estimates were derived from amplitude and phase constants
of response appropriate to each detector (Figures 6.10 and 6.11), on the assump-

LOCAL SOLAR TIME
6000

%

~ 0.02
- 0.01
1800 — —= 0600
O = - = ===~
100 NORTH

=700
1° VERTICAL
125
/ |
/ 1200
2100
/ SOUTH
d
125

Fi6. 6.14. The first harmonics of the pressure-corrected daily variations observed in the north
(N), vertical (V) and south-pointing (S) directions underground at Hobart, averaged over
the years 1961 and 1962. The radius of each etror circle is 2o.

The dashed lines give estimates of the first harmonics to be expected in each of the
three directions, for different values of upper limiting rigidity (R.). Some values of interest
that are shown are in GV. The estimates are based on the model for the free-space solar
diurnal variation of the primaries proposed by Raoc et 4l.
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tion that the free-space constants 8, a, and y, had not changed appreciably be-
tween 1958 and 1961-1962.

On the above assumptions it was concluded that R, had decreased by approxi-
mately 30 GV over the period from 1958 to 1962. There was supporting evidence
for this from the behaviour of the solar diurnal variation observed underground
at Budapest (see Table 6, Paper 7) and from the differences in behaviour of the
solar daily variations of neutron intensity at Huancayo and Churchill, as reported
by Sarabhai and Subramanian (1963).

It now seems (McCracken and Rao 1965; J. E. Humble, private communica-
tion) that the amplitude constant e, and the direction y, of the diurnal part of
the solar anisotropy, did not change significantly at any time, on the annual average,
between 1958 and 1965 and that, as far as could be judged, the differential free-
space amplitude was independent of rigidity (8 = 0). It is submitted that these
findings confirm the view that the large decreases of amplitude observed at high
mean rigidities of response over the same period were due essentially to decrease
in the upper limiting rigidity R..

It scems that even existing counting rates underground would warrant more
accurate calculations of R,. It is suggested that the following points in particular
should be taken into account in an improved treatment:

(1) It would be necessary to revise the calculations of the coupling coefficients,
basing them on a more sophisticated model for the yield of mesons and using more
accurate estimates of the cut-off energy for mesons at production, as these relate
to given detectors. The coupling coefficients used in the present investigation have
probably led to overestimation of R..

(2) As Thambyahpiliai et al. (1965) have pointed out, the streaming of cosmic
radiation, due to the orbital motion of the earth around the sun with a speed of
30 km/sec, should generate a solar diurnal variation, with maximum intensity at
0600 local solar time in free-space. They have estimated the amplitude to be 0-02%.
Compensation for this effect increases the underground amplitude of response to
the solar anisotropy by a little less than 0-02% and has the effect of increasing
the estimated value of R, by approximately 20 GV.

(3) No calculations have yet been made of the effect of the scattering of
p-mesons in the material absorber. It has been assumed that the integrated ampli-
tude constants of response for wide-angle detectors would require little modification
because of scattering. However, by not taking into account the smoothing of ampli-
tudes produced by scattering, existing values of R, have been underestimated.



7. THE ESTIMATED DIRECTION OF THE ANISOTROPY

The direction of the sidereal anisotropy outside the earth’s magnetic field will
now be estimated as a function of the cut-off for observation (R.) and the index
(v} of the variation spectrum. In the process, the latitude dependences of the
free-space diurnal and semi-diurnal amplitudes are determined. These latitude
effects give important indications as to the validity of the model for the anisotropy
and as to the presence or otherwise of spurious components in the sidereal daily
variation.

The cstimated direction is compared with recent optical and radio determina-
tions of the direction of the local spiral arm magnetic field.

7.1. THE ESTIMATED DECLINATION
(a) Outline of procedure

Let us suppose that simultaneous annual averaged observations of the two-way
anisotropy are available from two detectors A and B, which are located at approxi-
mately the same depth underground, but which scan widely differing asymptotic
strips of latitude. Now, provided that there are (a) no important spurious contri-
butions to the observations and (b) no additional genuine contributions from other
directions, the observations from A and B suffice for the determination of the decli-
nation d. as a function of threshold rigidity R, and index of the variation spectrum .
While it would appear from the evidence given in Section 5 that, if there are spurious
cffects in the underground observations they are not significant, it is nevertheless
desirable to test against possibilitics (a) and (b) with observations from a third
detector C. This detector should scan a latitude strip which differs considerably
from the strips scanned by A and B. In effect, having estimated d with the data
from detectors A and B one notes whether such a value of d is compatible with the
observations from detector C. If there is a significant discrepancy, various possible
reasons for this, including possibilities (a) and (b) above, must be examined, If
there is no significant discrepancy it is concluded that, within the limits of error
of observation, the anisotropy being observed is the one described by the model

Evidently. then, the procedure not only gives an estimate of the declination,
but provides a test of the genuineness of the observed sidereal effect.

(b) The expression for the declination

It is proposed to evaluate the declination of the southward direction of the
axis of the two-way anisotropy. Thus, following the usual convention, the value of
d will be negative. If we go back to equation 6.7 and put ¢’ — «,, this gives
a diurnal maximum for detector A scanning asymptotically in the southern hemis-
phere (3 negative), depending on the influence of the additional component m cos
d cos 8 cos (9" —a,). It should be explained (see equation (6.1)) that the amplitude
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constant n is positive, while m may take a positive or a negative value depending
on whether the intensity maximum from this strcaming type of component is from
the southward or northward direction of the axis of the two-way anisotropy.

The respective observed diurnal and semi-diurnal amplitudes of response from
detectors A and B are denoted by (Viimass Veimax) a0d{(Vigmax, Vapmas ) and relate to
the mean asymptotic latitudes of viewing &, and 8;. The corresponding free-space
al'ﬂplimdes arc (Vl.imm:s VzAmux) and (Vllhunn V‘learr)-

Putting ¢’ = a, in equation (6.7) we may write In respect of detector A,

Vid max = Kc(m cosdcosd, + ;sin 2d sin 26,1) (7.1)
Similarly
Va4 max = Ko . cos® dcos? 8, (7.2)

Substituting for r from equation (7.2) in equation {7.1), we get

V) 4 max 510 2d sin 23
VlAmax:Kc(mcosdcoséA+ 24 max > 7,1)

K. cos? d cos® d, (7:3)

Likewise, if detector B scans asymptotically in the same hemisphere as A and
the obscrved diurnal components from the two detectors are in phase, putting
¢’ — o, gives
V25 mex SN 2d sin 264

K, cos? d cos® &

Vig max = Ke (m cos d cos dp + (7.4

However, it is important to note that, if B scans in the opposite hemisphere
from A and the diurnal maximum is 12 hours out of phase with that from A, then
¢ = a, is the condition for Vipmin = —Vismas and it is necessary to use minus
the observed amplitude in the subsequent calculations. Thus, in what follows,
negative valves of amplitude denote intensity minima that may occur in the north-
ern hemisphere when ¢" = «,.

We now substitute for m cos 4 in equation (7.3) from equation (7.4).
Thereby, the declination ¢ may be expressed solely in terms of the free-space
amplitudes and associated asymptotic latitudes of viewing that are deducible from
the harmonics obtained from detectors A and B. After substitution for m and re-
arrangement of terms we finally get, in terms of free-space harmonics,

cos? d,, y 5
ol e cosdy T €08 % (1.5)
me= 4V2A max(sjn 58 — sin 5A)
Now
K.
VIB max }C]i, ¥Y1R max (76)
Ke
VlA max K]; ¥14 max (7'7)
and
K
VZA max = : V24 max (7.8)

Kad
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Therefore, in terms of the observed harmonics,

§24

%23?5: ViB max — _K?f Cos 5Av1A max

B NN C LY Uy sy e

It is important to note that only the declination ¢ of the symmetrical bi-

directional component is obtained from equations (7.5) and (7.9). If the uni-

directional component k, m cos d cos $, should happen to have a declination &'

different from the value d gives to it here, then m cos d would become m cos d'.
However, this term is eliminated in the derivation of tan 4.

{c) S.E. of estimate of tan d
We may write tan d as

{7.9)

tan d = ax -+ by,
where a and b are asymptotic constants, and

X = V]Bmax/v2;1max
and ¥ = Vigmex/ Voamas-

In respect of random fluctuations of intensity, vipmer and Viimax may be re-
garded as independent Poisson variables and the variance of x may be calculated
accordingly. It is not quite clear that y can be treated in the same way, being the
quotient of the diurnal and semi-diurnal amplitudes from detector A. That is to
say, it might be asked if there is any association between the amplitudes of the first
and second harmonics of best fit to random values of the bi-hourly deviates. [A
similar question arises earlier, in the analysis of variance of an individual harmonic
Ry = a,, cos mf + b, sin m#6, where the harmonic coefficients a, and b, are re-
garded as being statistically independent (e.g., see Section 4.10 (¢))]. Some indica-
tion should be given by Fourier analysing sets of random numbers, Ninety-nine
sets of such numbers were formed by adding a constant large base value to random
numbers (0 to 9) listed in Tabie 8 of “Cambridge Elementary Statistical Tables”
(Lindley and Miller 1953) and arranging them in groups of thirteen. Harmonic
analyses were then carried out in the same way as for normal groups of bi-hourly
intensity values. A scatter diagram of pairs of first and second harmonic amplitudes
1s shown in Figure 7.1. The result suggests that, if there is an association between
Ry and R,, it must be very weak. Therefore it is assumed for the present that, if
Vidwmax and vaq,.. are treated as independent chance variables, in respect of random
fluctuations of intensity, this will not lead to serious error in calculating the variance
of their quotient, y.

Accordingly

6(tan d) = + Vo262 + b6;, (7.10)
where

1
6, = OV (024 man) 6771 5 max) + (V18 ma0) 67 (Yax mas)]
and

1 B
6 = e 5 24 e 6014 mas) + (14 e 62 mesl
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The estimated variances of the observed amplitudes Vid maxs V1B max @0d Vay o, are
found by the method described in 4.10,

{d) Evaluation of d, using data from detectors A and B

The vertical semi-cubical telescopes at Hobart (§ = —39°) and the vertical
semi-cubical telescopes at Budapest (5§ = +43°) were chosen as detectors A and B
respectively and the cubical telescope dirccted 30°N of the zenith at Hobart (8§ =
—18°) was chosen as detector C.

Data from detector A were available from 1958 onwards, from detector B
they were available for the years 1959 and 1961, and from detcctor C they were
available for the years 1961 and 1962. Since there did not appear to be a marked
trend in the amplitude observed with the vertical telescopes at Hobart between
1958 and 1962, it was decided that the greatly improved statistical accuracy gained
by using all data that were available from 1958 to 1962 outweighed the advantage
of using only the data from 1961, the one year when simultaneous observations
could be obtained from all thrce sets of detectors.

Allowance was made for an apparent decrease in the cut-off rigidity R, over
the period, as deduced from observations of the solar diurnal variation (e.g., sce
Section 6 B.2). However, as will be shown below, the value estimated for depends
only weakly on the value assigned to R..

The observational data and asymptotic constants that were required are listed
in Table 7.1. The constants have been extracted from Table 6.2 and 6.3, the values
for R. == 85 GV having been obtained by graphing and interpolating.

TaBLE 7.1,

The observed amplitudes and asymptotic constants used in the

determination of d, in respect of the detectors A (Hobart semi-

cube, vertical), B (Budapest semi-cube, vertical} and C (Hobart
cube, 30°N of zenith).

Detector ; A B C
Period 1958-1962 1959: 1961 | 1961-1962
Assumed RAG)V) 85 85 70
T1 max v 00450 | 0-0233 0-0430
U2 max Y 0-0080 0-0055 ! 0-0240
SE%; +0-0025 +0-0027 +0-0080
K, 0-620 0-620 0756
y = O{KZ 0-370 0-370 656
8 —39° +43° —18°
K; x 108 20 13 28
= {K2 x 10°¢ 13 13 ‘ 28
—40° +44° —17°

The estimate for y = 0

Equation (7.9) yields the following value for tan d, based on the constants
derived from Table 6.2 and the observed amplitudes Viamax, Vigmax a0 Voamax:

tan 4 = —0-7710
From equation (7.10), the S.E. of estimate is
6 (tand) — ==0-1822.
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Therefore, the estimate of d from the vertical observations at Hobart and Budapest,
for vy — 0, is
d=—-376=x=17°

The estimate for y = —2

Using the observed amplitudes and the appropriate constants derived from
Table 6.3, it is found that
d=—387=x7°

Table 7.2 shows that determinations of & are not seriously affected by the choice of
v and R,, for values of y in the range 0 to —2, except for the combination of nega-
tive v and a value of R, close to the absolute primary cut-off for detection
underground. On present evidence of the influcnce of the interplanetary magnetic
field, such a low value for R., must be regarded as being unlikely.

TapLE 7.2,
Estimates of the declination of the anisotropy, in the southward direction,
versus threshold rigidity R, for y =0 and y = —2. The determinations

are based on the amplitudes of the harmonics of the sidereal daily variations
observed in the vertical direction at Hobart (1958-1962) and at Budapest
(1959, 1961), and on the constants of response given in Tables 6.2 and 6.3.

\ THRESHOLD RIGIDITY, RAGV)

I 50!70!35 100 | 200

Estimated d (y = 0) | —39° —38 | —38°  —38° 38 | —38°
Estimated d ¢ = =2 | —ag° | —40° | —38° i —39° | —39° | —39°

Aside from errors of measurement, the estimated value of d is clearly defined
by the relationship between the amplitudes observed with detectors A and B. This
may be shown by calculating v;pmax as a function of d for an observed pair of
values of Vigmax and Voama. BY Te-arranging equation (7.9), vigmas (specified for
¢’ = a,) is expressed as

cos d, (K 4K sin d5 — sin &
il 1B " + LB max B A
cos O, 1Ky 4™ 7T Ko max cos 8,

In terms of the vertical observations at Hobart and for (y = 0, R, = 85 GV)
equation (7.11) gives

Vig max =

tand vy, ma,} (7.11)

Viomax( %) = 00042 + 0-085 tan d (7.12)

The curve vipmax versus d shown in Figure 7.2 is specified by equation (7.12).
Its intersection with the dashed line representing the observed value of Vigmax in
the vertical direction at Budapest gives the estimated declination d = —38°.
Because of the presence of the term K,z m cos d cos 84 cos (¢ — a,) representing
streaming, it can be seen from the figure, that if 4 had been smaller than approxi-
mately —27°, the observed diurnal variation at Budapest would have been in phase
with the diurnal variation at Hobart.

F
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(e) Test of the validity of the estimate of d, using detector C

Having obtained an estimate of d from detectors A and B, one may calculate
the diurnal and semi-diurnal amplitudes that should be observed with detector C,
scanning a different asymptotic strip of latitude. Agreement with the observations
from C would indicate that, within limits of error of measurement, the model for
the anisotropy was basically the correct one and would consitute supporting evi-
dence that there was not an important spurious contribution to the observed sidereal
effect.

The underground cubical telescope inclined 30°N of zenith at Hobart was
well suited for use as detector C. As Table 7.1 shows, the telescope exhibits a
very good response to first and second harmonics of the anisotropy, while the free-
space diurnal and semi-diurnal amplitudes would be expected to be relatively large
at the asymptotic latitude of viewing 8 = —18°.

The amplitudes Viopax and Vagmas, relating to detector C, have to be cxpressed
in terms of the estimated declination d, the amplitudes observed with one of the
detectors A and B (we choose A) and the appropriate asymptotic constants.
Equation 7.11 is therefore used for the diurnal amplitude and we have

o 4K ¢ sin 8, — sin 8
zzz—éj {Ef Vid max t K;AC " 505 5, Atand vy max] (7.13)
The expression for the semi-diurnal amplitude v, ma is Obtained by substi-

¥ie max =

tuting KK—': V5 may fOr the free-space amplitude ¥, 5 in equation (7.2). so that

H
Vo4 max = Koy Qcos2 dcos? 8,
and
no_.2 2
Vo max = Kag 5 €08 d cos” 8¢

therefore,
o _Kyecostoc
2 max KZA C052 5A 24 max

It is noted that the relationship between the semi-diurnal amplitudes observed
at two different latitudes is independent of .

The expressions for Viemax and Vaemax given by equations (7.13) and (7.14)
were evaluated for y = O and y = —2, using the appropriate constants from
Table 7.1. Table 7.3 shows that the observed and calculated amplitudes were in
close agreement, particularly for the case y = 0. The discrepancy when y = —2
is not significant and, from considerations of counting rate statistics alone, it could
not be said that one index was to be preferred to the other.

(7.14)

(f) The latitude dependence of the free-space diurnal amplitude

A more comprehensive variant of method (e) of testing the validity of the
estimate of d comes from the determination of the free-space amplitude Vymax as
a function of asymptotic latitude of viewing 3, based on the estimate of d which
satisfies observations from detectors A and B, for given values of y and R..
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TasLE 7.3.

Observed and calculated values of sidereal diurnal and semi-diurnal
amplitudes relating to the north-pointing cubicai telescope (detector
C). The calculated values are derived from the observations with

detectors A4 and B, for the cases y = Qand ¥y = —2,
]
Observed Calculated Calculated
‘ =0 y=-2)
21 ¢ ma( %) 0043 + 0:008, 0042 0-050
V2 cmed %) | 0024 ¥ 0-008 ‘ 0021 0-027

Substituting the variable subscript I for B in equation (7.5) and re-arranging,
we obtain

cos 4, sin ¢, — sin &4 ]
VII max — (?0575; {VIA max T 4tand— - cos 5A - VZA max (715)

Consider the solution d — —38:5°, for y — 0 and R, — 85 GV, presented in
7 {d) above. Having derived

Vi mox ( = %) and V,, ( _ %) from Table 7.1,

we use equation (7.15) to obtain the curve V... versus 8. Naturally, V1amax
(Hobart vertical) and V1pmee (Budapest vertical) must give two points on the
curve, at latitudes 8, and 85 respectively. Now, to test the validity of the model
for the anisotropy, and of the estimate of d, we determine Vicwax from observations
with the north-pointing cubical telescope at Hobart and note whether the result
agrees with the prediction of the latitude-curve for the appropriate asymptotic
latitude of viewing,

In Figure 7.3 (a) it can be seen that the point representing View,x does in fact
fall on the latitude curve that derives from the observations with the semi-cubical
telescopes at Hobart and Budapest. It is noted that the free-space amplitude de-
duced from observations with the south-pointing telescope also falls on the curve
at §; = —55°, although the statistical error is much too large for this result to be
of significance.

The dashed line in Figure 7.3 (a) is the latitude-curve which conforms with
F1amax (Hobart vertical) for the declination d — — 66°30’. Since the co-ordinates
of the normal to the plane of the ecliptic, looking south, are RA — 0600 and
d = — 066°30, this direction was thought to be worth examining because of its
Right Ascension. However, it is clear from the figure that as an axis for the
anisotropy the normal to the ecliptic would be quite inconsistent with the observa-
tions from Budapest and from the north-pointing cubical telescope at Hobart. In
fact, the two curves serve to illustrate

(a) that the declination of fit can be rather precisely determined, for given
values of y and R., if sufficiently accurate observations are available from several
well-spaced latitudes of viewing; and (b) that compatibility between the free-space
amplitudes would be unlikely if the amplitude deduced from any one of the detectors
was based on a false observation.
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FiG. 7.3. Sidereal anisotropy. Dependence of free-space diurnal amplitude on asymptotic latitude
of viewing, calculated for the value of the declination & which conforms with the estimated
amplitudes A and B, when
(a)y vy = 0, R, = 85 GV
(b) v = 0, R = 200 GV.
The dashed line in (a) is caleulated for 4 = —66°3(¥, and so as to conform with the
estimated amplitude A.
A.—Haobart vertical, 1958 — 1962
B.—Budapest vertical, 1959 4 1961
C.—Hobart 30°N, 1961 } 1962
Unlettered—Hobart 45°S, 1961 4 1962.
Standard error tails are shown.
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Fwo. 7.4. Sidereal anisotropy. Dependence of free-space diurnal amplitude on asymptotic
latitude of viewing, calculatéd for the value of the declination d which conforms with the
estimated amplitudes 4 and B, when

(a) v =—2,R. = 200GV
(b} v=—2,R. = 85GV.
Standard error tails are shown.

Figures 7.3 and 7.4 show that the estimate of d and the compatibility between
amplitudes ¥ 40z, V1nmax and Viomes do not depend at all strongly on the values
assigned to y and R,, at least in the ranges 0 to —2 for y and 85 —200 GV for R..

(g} The latitude-dependence of the free-space semi-diurnal amplitude
On the basis of the model for the anisotropy it is evident from equation (7.14)

. Vs mi
that the ratio “rz X
cos? §;

vations with detector A, for a pair of values of y and R,, the free-space amplitude
at any other latitude of viewing may be determined without requiring knowledge
of the declination d. Using the semi-diurnal amplitude observed at Hobart with the
vertical semi-cubical telescope (detector A) as the basic observation, we have
cos” §
Vi max — 7 & I V2A max (716)

cos? 84

is constant. Consequently, if V... is estimated from obser-
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The latitude curves in Figure 7.5 have been calculated so as to conform with
Vogmax fOT the pairs of values of y and R, that are indicated. It is clear that the
curves also conform with Vopmax and Vacmax. Thus, within the errors of the
measurements, it is evident that the threc most accurate semi-diurnal amplitudes
derived from the observations underground are compatible with the model for
the anisotropy. The free-space amplitude obtained from observations with the
south-pointing telescope is not shown. Although anomalously large, it is not
significantly different from zero.

From analysis of amplitudes of the second harmonic, it cannot be said that
any one value of y or R, is to be preferred, within the ranges considered.

7.2. THE ESTIMATED RIGHT ASCENSION (RA)

The RA of the anisotropy in the southward direction beyond the earth’s ficld
region is estimated from the time of maximum of the sidereal daily variation
observed in the vertical direction underground at Hobart, averaged over the eight
years 1958-1965 (Table 5.6) and from the phase displacements ¢, (diurnal
component) and ¢ (semi-diurnal).

Calculated values of ¢, versus R. and y that are listed in Tables 6.2 and
6.3 for the vertical telescopes are secn to be practically the same as the corres-
ponding values of ¢.. Further, the observed first and second harmonics in the
vertical direction are in phase, within the errors of observations, and therefore
on the basis of the model are in accord with the calculations of ¢, and ¢s..
Conscquently, the time of maximum, 0600, of the sum of harmonics is taken
as the best estimate of the phase at Hobart and from this the RA of the anisotropy
versus R, and y is determined by application of the phase displacement ¢ (~ ¢2).
The result is shown in Figure 7.6. It is clear that the dependence of the estimate
on the nature of the variation spectrum only becomes important for threshold
rigidities below about 100 GV. In lieu of a better criterion, the choice of a value
for R, shall for the present be centred on the upper limiting rigidity of the solar
amisotropy, R.. The RA would then be 0640 with an uncertainty of perhaps a
quarter of an hour, depending on the range of values within which R. and y
might reasonably be thought to lie.

Much of the error of estimate would seem to come from a year to year
variability in the time of maximum of the observed sidereal daily variation. The
phase of the smoothed annual average daily variation shown in Figure 5.10
exhibits a fluctuation of approximately #= 2 hours about the average, somewhat
in excess of the variation to be expected from count-rate statistics. Therefore
it would seem fair to assign to the eight-year average an uncertainty of approxi-
mately = 1 hour, accruing from statistical and quasi-statistical fluctuations. Thus
only a rough figure can be given for the error of estimate of RA, and it is
suggested that that would be == 125 hours, noting that some of this might arise
from genuine fluctuations in the direction of the anisotropy as specified outside
the region of the earth’s field.

7.3. THE DIRECTION OF THE ANISOTROPY AND OF THE GALACTIC MAGNETIC FIELD
The co-ardinates of the axis of the anisotropy in the southward direction are
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Fic. 7.5. Sidereal anisotropy. Dependence of free-space semi-diurnal amplitude on asymptotic
latitude of viewing, calculated for the values of ~ and R. shown, so as to conform with the
estimated amplitude A. Standard error tails are shown.

provisionally estimated to be (RA = 0640 = 0115, Dec. — — 38 — 7°). The
corresponding galactic longitude and latitude co-ordinates in the new system
(Blaauw er al. 1959) would be approximately (I = 245°, b7 — _15°) In

the northward direction of the axis the co-ordinates would be (RA — 1840, Dec.
= 4387 and I = 65°, b = 415°).

In Section I reference was made to the optical and radio measurements, which
suggest that there is a relatively uniform galactic magnetic field in the vicinity
of the solar system, lying approximately in the direction of the local spiral arm,
towards Y == 70°, b — 0 in the southward, or outward, direction. Table 7.4
lists some of the most recent determinations of the direction of the local galactic
magnetic field by radio and optical methods. The optical polarization measure-
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F1g. 7.6. The estimated right ascension of the two-way anisotropy, versus threshold rigidity,
for two values of the index of the variation spectrum.

ments (except those of Behr) give the direction of the field within about 3 kilo
parsecs (kpe) of the sun, while the radio determinations appear to refer to much
closer regions. Notably, the regions of polarized synchrotron emission are thought
to be located at distances of perhaps only 100 to 200 parsecs from the sun

(Mathewson and Milne 1963}.
TABLE 7.4

Recent optical and radio determinations of the galactic longitude (new system) of the local
spiral arm field. Galactic latitude b™ = 0° in all cases.

Optical polarization of starlight | Longitude (I'')
| I

Northern hemisphere |

Stars > 600 parsecs from sun Serkowski (1962) | 230° — 50°

Stars < 250 parsecs from sun Behr (1964) . 242° ——62°
Southern hemisphere Smith (1956} 240° — 60°

Faraday rotation of source polarization

Gardner and Davies (1966) 275° —95°

Linear polarization of synchroton emission
Mathewson and Milne (1963) :©  250° — 70°
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Arising largely out of these determinations, opinion now seems to favour a local
galactic field which preserves a uniform direction out to large distances from the
sun. The direction appears to be, within about 20 degrees, approximately parallel
with the local spiral structure as outlined by the concentrations of H II regions,
OB stars and galactic clusters (e.g., Becker 1964)) although it is not clear that
this is coincident with the directions given by the distribution of neutral hydrogen
(e.g., Beer 1961; Kerr 1966).

In Figure 7.7 the apparent difference between the direction of the galactic
magnetic field and of the cosmic ray anisotropy is shown on a celestial-galactic
co-ordinate grid. The estimated northward and southward directions of the
anisotropy, positioned within approximate zones of uncertainty, may be compared
with a representatative direction (I = 70°, b" — 0°) of the field. Because of
the uncertainties of measurement it cannot be said at present that there is a
significant difference.

The estimated direction of the anisotropy is consistent with the propagation of
excess fluxes of primaries with steep helices along the field, since the maxima of
the diurnal and semi-diurnal components coincide (Table 1.1). If the anisotropy
does originate in the galactic field, as its type and direction suggest, and if a real
difference is established between the cosmic ray and the other estimates of direc-
tion, two possibilities suggest themselves:

(1) The direction of the galactic field immediately beyond the solar system
may not be the same as that derived from measurements extending over relatively
vast distances remote from the sun.

(2) The interplanetary magnetic field may produce a distortion of direction
of the anisotropy, of a type that would be evident in annual averaged observations.



8. THE AMPLITUDE OF THE ANISOTROPY AND THE AMPLITUDE OF
RESPONSE AT GROUND-LEVEL.
8.1. THE ESTIMATED AMPLITUDES OF THE COMPONENTS OF THE ANISOTROPY
{a) Derivation
The proposed description of the anisotropy in the frame of reference in which

it is fixed (Section 6.A1) gives the differential intensity maxima in opposite direc-
tions as

R'P
Agplor = {1 + @ + 3m)} Tox.

and
RT
AZRIOR = {] + E (2” - 3m)} IOR-

The amplitude of the integrated intensity maximum in the 4, direction, ex-
pressed as a {raction of the total intensity, is therefore (for the non-positive values
of v considered here)

“ (" R pdR
Al 2n + 3m Rcf
n, 3 = J’ I zdR

Re
2n+ 3m

=k
c 3

(8.1)

Similarly, in the opposite direction, where streaming effects a reduction of intensity,

Al, 2n — 3m
- f=k, —— 8.2
1, ‘ 3 8.2)
It can be seen, then, that the contribution from streaming is § — mk, and
2n
= k.-

Now, the free-space diurnal amplitude derived from observations with de-
tector A is (equation (6.7))

and from the symmetrical two-way anisotropy is 7' =

Vidmax = ko m cos d cos 84 + k. %sin 2d sin 28, (8.3)
Equation (7.19) may be conveniently expressed as
VlA[mlx = X cos 84 Jr Y sin 23A (84)

where X /s the (equatorial) maximum of the latitude-dependent diurnal amplitude
term due to streaming, and Y is the corresponding (mid-latitude) maximum ampli-
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tude due to the two-way diurnal component. Given X and Y, the anisotropic in-
tensity maxima are

X

streaming: 5= cos d (8.5)
4y
pwoway: T'=35n2d (8.6)

To determine the two component maxima of the anisotropy as functions of
statistically independent variables, it is necessary to estimate the declination d from
two of the detectors (A and B) and employ that value of 4 in the estimations of
S and T from observations with a third detector (C).

The amplitude terms X and Y appear quite simply by suitably re-arranging
equation (7.15). In fact, it is the most convenient way of determining the total
diurnal amplitude. From the equation we obtain

1 4 tan 8¢
= — T and. ¥ 8.7
cos 5(; 1C max COS 5(: a 2C max ( )
and
2
Y = —5 tand. Vi (8.8)
cos? d¢

The two components of the latitude curve of the free-space diurnal amplitude
are shown, with their maxima X and Y, in Figure 8.1 for the case y — 0 and
R, — 85 GV. The sum curve is the same as that shown in Figure 7.3 (a).

It follows from the equations above that the streaming and two-way components
of the intensity maxima in the frame of reference of the anisotropy are

5 = X — _L V1_Cﬂ_“! _ 4&% ta_ncﬁz’ Vac max (8.9)
cosd cosdg cosd cos 8, cosd
and
4y S 1

(8.10)

T 3sin2d  6cos? Socostd M
Treating S as a function of the independent chance variables ¥1¢ maxs V2 max 204
d, we have

2 % 2 n g2
5 = (s —3) #Vaemd + |5 ] o + (5) 7

a(VIC max) a( VZC max)
Thus
1 2 4 tan 8, tan d\*
2 = — . 2 T e T 2 V. .
(S (cos 8, cos d) T Vi mae) + ( cos §, cos d) 7 (Vac ma)
1 42 — cos* dytan 4, : o,
— HeZeos O By d (812
l:cos 5.cos>d €™ cos? d cos 8, 2¢max | 7 ®.12)
Similarly,

8 2 4 2
2 N —\ 42 _— 7 2d 8.13
o(T) (6 cos? §, cos? d) 7 (Vac ma) + (cos2 8, cos® d 2 "’”) ¢ (8.13)
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(b} Estimation

The declination was estimated from the sidereal diurnal and semi-diurnal
amplitudes observed in the vertical direction at Hobart and Budapest (detectors
A and B). The component intensity maxima § and T were then estimated from
observations with the north-pointing cubical telescope (detector C) using the
valuc of d obtained from detectors A and B.

The results of the computations are listed in Table 8.1 for different values of
b and R(}.

TapLE 8.1

Estimates of the component sidereal intensity maxima S and T in the frame of
reference of the anisotropy outside the earth’s field region, for different values
of y and Rc. The estimates derive from observations in the vertical direction at
Hobart (1958-1962) and Budapest {1959, 1961) and in the direction 30°N of
zenith at Hobart (1961-1962). The errors shown are the S.E.’s of estimate.

T I
‘ +=0 1 y=—2
| R(GV) 8 200 | 85 200
Streaming maximum 5 ‘ 0-027 0-056 0-053 0-076
(S8 = mk.) ‘ +0:022 +0-043 +0-043 +0-068
Two-way maximum %, 0-086 0175 0-179 0272
(T = 2/3 nk.) + 0-047 +0-096 +(-096 + 0150
Total maximum, northward
direction (T + 8) %, 0-059 0119 0-126 0196
Totat maximum, southward

direction (T — §) % | 0-113] 0231 | 0232 | 0348

None of the estimates of anisotropic intensity maxima listed in Table 8.1 differ
from zero by as much as two standard errors. It is clear that a very large increase
in counting rate is needed if a reliable estimate of the contribution due to streaming
is to be found. However, it is interesting to note that about 95% of o?(S) is due
t0 62(V1emax) and o (Vacnax). On the other hand, about 65% of «*(T) is duc to
o2(d). Taking these factors into account, it would seem from Table 8.1 that an in-
crease in counting rate with cubical telescopes in the north-pointing direction by
a factor of ten, to ~ 170,000 pcles/hour, would reduce ¢(S) by a factor of about
2-6 and give a significant result for § over a biennial period. At the same time, o(T)
would be reduced by a factor of only J-2 and this should give a barely significant
result for the two-way component. If, together with the increase in count rate in
the north-pointing direction at Hobart, the counting rates of each of the vertical
semi-cubical arrays A and B were increased by a factor of two, the reduction factor
for «(T) would increase to about 1'7, although «(S) would not be appreciably
altered. In terms of a biennial period, the actual counting rates required from the
semi-cubical vertical arrays at each of the two latitudes of viewing would be
~ 350,000 pcles/hour.

On the basis of the model and of the observations that have been used here,
it seems unlikely that the intensity maximum due to streaming would have ex-
ceeded approximately 0-2% outside the earth’s field region or that the two-way
maximum would have exceeded 0-6%, if the actual values of y and Rc lay some-
where in the ranges considered. The corresponding upper limits beyond the inter-
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planetary field would be expected to be higher, because of the smoothing of
amplitudes effected by the field.

8.2. THE RELATIVE RESPONSE AT GROUND-LEVEL

The procedures for determining the asymptotic cones of acceptance for under-
ground meson telescopes were applied to the determination of the cones of
acceptance of a vertical cubical telescope at ground level, Hobart, using the
coupling coefficients of Webber and Quenby (Figure 6.6). Integrated constants
of response analagous to those listed in Table 6.2 and 6.3 were computed. From
these the relative amplitudes of response—seaﬂel—ﬂould be calculated in re-

underground
pect of a sidereal anisotropy, for different values of v and Ry. The calculations were
made for three values of threshoid rigidity (50, 70 and 100 GV) and for v = 41,
0, —2 and —4. The resulting curves of fit (Figure 8.2) give an approximate indica-
tion of the relative diurnal and semi-diurnal amplitudes of response.

It appears from the calculations that, unless v is negative and the anisotropy
is observable at a very low threshold rigidity, the amplitudes of the harmonics at
sea level should be < 50% of the amplitudes underground. If v = 41, amplitudes
at sca level must be less than 20% of the amplitudes underground, i.e., the actual
values would be typically less than 0-01%,.

Averaged over the five years 1958-1962, the observed harmonic components
from the telescope at ground level were:

diurnal amplitude 0-035 = 0.002%, time of maximum 0900 = 0014,
semi-diurnal amplitude 0-008 = 0-002%, time of maximum 0540 =+ 0030,
amplitude of sum of harmonics 0-037%, time of maximum 0730.

The corresponding results from observations of vertical intensity underground
over the same period are listed in Table I, Paper 5, and lead to the following values
for the amplitude ratio _Sealevel :

underground
diurnal: — (80 = 7) %;
semi-diurnal; ~ (100 = 45) %.

The intercomparison implies a very low value for Ry and a negative value
for 4. Alternatively, it could be interpreted as a further indication that a persistent
and significant part of the observed effect at ground level is spurious, while being
approximately in phase with the proposed anisotropic component. The great year-
to-year and shorter term variability of the surface observations in sidereal time
has been summarized in Figures 3.5 to 3.7 and emphasizes the problem of identi-
fying a sidereal component in the data either from meson telescopes or neutron
monitors. It is likely that much of the variability arises from the fact that it does
not require great percentage modulation (e.g., ~ 20% of amplitude) to produce
annual sideband amplitudes of ~ 0-05% in sidereal time from significant com-
ponents of the large solar daily variation at ground level. Short-term irregular
changes may also be important.

Perhaps observations with crossed telescopes would remove much of the
variable and presumably spurious content in the annual apparent sidereal effect



SIDEREAL DAILY VARIATION OF COSMIC RAY INTENSITY 167

T T T T T T T
%l (el
80 - -
70 |- =
60 - —
y=-4
- S0P —
2 v=-2
o
=
: ol \ ]
y=0
o 30 -
x
=
2 2 -
w
g y=+1
Q
F3
18
w3
~ (b)
- 90 P -
w
-
w
-
-« 80 - -
[17)
vy
w
2 70
§ -~y
o
L & - y--4 .
o
w yem=2
a
B Z %0F -
43
e y=0
-{ = 40 P —
i
£
an - -
20 p- —
Y=+l
1 I 1 1 ] 1 1

50 50 70 80 %0 100
THRESHOLD RIGIDITY R (GY)
Fic. 8.2. Sidereal anisotropy. (a) Calculated ratios of amplitudes of first harmonics at Hobart

for a vertical cubical telescope at sea level and a vertical semi-cubical telescope at a depth
of 40 m.w.e. (b) Calculated ratios of amplitudes of the second harmonics.



lek SIDEREAL DAILY VARIATION OF COSMIC RAY INTENSITY

above ground. It seems that it would be desirable to obtain long-term records from
several crossed-pair arrays, each array being identified with its own well-defined
asymptotic latitude strip. However, two points should be noted. At the important
mid-latitude locations the differential asymptotic latitude of viewing 3, varies
considerably with rigidity over the range of rigidities where most of the response
occurs. Typically, the range of variation of 8, is about 40°, as Baker e al.
(1966) indicate in Figure 1 of their paper on the crossed telescope experiment
at Denver. Consequently, an initial assumption has to be made as to the likely
value of Ry, since this enters rather critically into the design of experiments and
the interpretation of the data. In the case of experiments underground, on the
other hand, 8. does not change greatly with R unless telescopes are directed
towards very high latitudes. If we consider the vertical semi-cubical telescopes at
Hobart and Budapest, for example, Figure 6.2 shows that the total range of
variation of 8, with R is not morc than 10°. Because of factors of this kind, a
rudimentary description of the anisotropy can be obtained from underground data
without having to specify Rc and y. As to the second point, if Re is in fact not
less than about 100 GV, very high counting rates would seem to be necessary at
ground level, because of the small expected amplitudes (Figure 8.2). Putting this
in another way, the anisotropy would affect less than 20% of the counting rate
above ground as against 75% at 40 m.w.c., or 5% as against 25% if R, were
greater than about 300 GV (see Figure 6.6). Nevertheless, because of the
information it would give concerning y and R, unambiguous and significant
evidence for the anisotropy from detectors with relatively low mean rigidities of
response would be of great value.



9. CONCLUDING REMARKS

9.]. GENERAL COMMENTS ON THE EVIDENCE

The investigation began with observation of a persistent annual apparent
sidereal effect in the underground data from Hobart. The purpose of subsequent
experiments and analyses of data has been essentially to determine the origin of
the underground effect.

In the first place, there can be no doubt as to the existence of a characteristic
annual sidereal daily variation at Hobart. The basic features can be identified
in each of the eight years of data. In the long-term average, the diurnal amplitude
is found to differ from zero by approximately twenty standard errors and the
semi-diurnal amplitude by four.

Evidence has accumulated that the underground effect is due to a two-way
sidercal anisotropy and, on the basis of the empirical model used, an additional
streaming component. Four major lines of evidence have been presented:

1. the evidence from the annual daily variations of vertical intensity in solar,
sidereal and anti-sidereal time at Hobart;

2. the evidence from the phase anomalies;

3. the evidence for a 12-hour phase difference of sidercal origin between the
two hemispheres, as verified by observations in the vertical and inclined
(70°N) directions at Hebart;

4. the evidence from the diurnal and semi-diurnal components which have
been shown to conform with the empirical model for the anisotropy in
free space, notably in respect of their latitude dependences of amplitude.

The possibility of a significant spurious component in the observations has
been a primary consideration. The evidence concerning this was of two kinds:

(1) The sideband analysis of the vertical intensity at Hobart showed that,
it the persistent and uniform annual daily variation in sidereal time was spurious,
it could not be reconciled with the behaviour of the daily variations in solar and
anti-sidereal time. A major difficulty was the lack of evidence for a solar com-
ponent large enough to generate the required sidercal sideband component. If
there had been such a solar component, it would have been difficult to explain
the absence, in most years, of a significant sideband component in anti-sidereal
time. It was proposed that in 1958 and 1959, when the anti-sidereal effect was
prominent, modulation of the sidereal component itself may have occurred.

{2) The elements of evidence for the two-way anisotropy showed significant
compatibility. Thus, the occurrence of the phase anomalics were consistent with
the secular trends of amplitude of the observed solar and sidereal components; the
sidereal times of maximum obtained from annual averages and from the phase
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anomalies agreed; the 12-hour difference in the sidereal diurnal maxima between
the hemispheres agreed with the phase difference observed in the vertical and
inclined (70°N) directions at Hobart and was consistent with the presence of
appropriate second harmonics; and the compatibility of the estimated free-space
amplitudes relating to three widely spaced latitudes of viewing were demonstrated
for both diurnal and semi-diurnal components. It is submitted that, if the observed
sidereal effect had been spurious, or had contained a large spurious component,
there should instead have been an obvious lack of agreement amongst these varied
contributions to the evidence. In fact, no significant incompatibilities were found.

The coherent nature of the evidence from the few detecting units was a main
source of information that the data selected for analysis were reliable. A useful
indication also came from the response to the solar anisotropy: subject to the
estimated statistical errors, which were serious only in the data from the south-
pointing telescope, there was good agreement amongst all detectors as to the
response underground, particularly so between the Hobart and Budapest vertical
telescopes. Again, analysis of variance indicated that, if systematic effects were
removed, the bi-hourly values of vertical intensity at Hobart would follow essentially
the expected Poisson distribution.

The data from ground level that were examined showed much variability, both
year-to-year and shorter-term, and it was concluded that the usual methods of
analysis would be unsuitable. Nevertheless, there were some indications that the
neutron and charged particie detectors were responding to the sidereal anisotropy.

Finally, it will have been noted that, if we disregard the latitude dependence of
free-space harmonics, the evidence that a sidereal anisotropy exists did not depend
on assumptions as to the nature of the interplanetary magnetic field. In fact, it
did not require that the primaries be charged, although it seemed unlikely from
other considerations that the anisotropy would be due to neutral primaries. Even
when the evidence relating to the free-space harmonics is included, it is apparent
that a wide range of values of R, would be tolerated.,

9.2, THE TWO-WAY ANISOTROPY

The underground observations are consistent with a simple two-way anisotropy
(equal amplitudes in opposite directions) and a superimposed uni-directional
component. The estimation of the southward direction of the bi-directional com-
ponent takes account of the influence of the earth’s magnetic field only, and thus
gives an annual average direction in interplanetary space, the co-ordinates being
(R4 = 0640 = 0118, Dec. == —38 = 7°). The direction is close to that estimated
for the galactic magnetic field in the local region. On the other hand, if it were
assumed that the declination was that of the normal to ecliptic, t.e., d = + 66° 30,
there would be clear disagreement with the latitude dependence of free-space
diurnal amplitude (Figure 7.3). Therefore, a galactic origin for the bi-directional
component is indicated, although it does not follow that this would also hold for
the uni-directional component.

The calculations; based on a simple empirical model, require assumptions to
be made as to the values of v, the index of the variation spectrum, and R, the
primary threshold rigidity for observations. From the few estimations made, it is
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clear that y may take values from 0 to —2 at the least, and the choice for R
may range from about 30 GV to not less less than 200 GV, without affecting the
estimate of the direction of the anisotropy.

Two determinations of R,, the upper limiting rigidity of the solar anisotropy,
have been made and indicate that R, may have decreased from approximately
100 GV in 1958 to perhaps 60 GV in 1962. It secems unlikely that Re would
be less than R, and this has guided the choice of a range of values for R¢ in the
calculations of response,

There has been some evidence of a response to the anisotropy from the data
at ground level, notably from the phase anomaly in 1954. If there has been a
response, typical amplitudes can hardly have been less than approximately 0-02%.
Guided by the response characteristics of the sea-Jevel telescope at Hobart, this
suggests that, unless the amplitude of the anisotropy was much greater then than
it is now, y could not have been positive.

The counting rates from the underground experiments were too low to allow
significant values of the individual intensity maxima in the frame of reference of
the anisotropy to be determined. However, preliminary estimates gave approxi-
mately 0-05%, not exceeding 0-2% for the uni-directional component, and
approximately 0-2%, not exceeding 0-6% for the two-way component,

There are indications from the eight years’ observations of vertical intensity
underground that the sidereal daily variation at Hobart is subject to both scasonal
and year-to-year changes. It is believed that pronounced semi-annual variations of
amplitude and, less markedly, of phase, may have occurred during 1958 and 1959
and it was tentatively suggested in Section 5.7 (b) that these scasonal changes
may have been connected with the scattering and reflection of primaries in the
interplanetary field as they approached the sun. As to the year-to-year change,
it is evident that the annual amplitude has decreased since 1958, although the
trend is not a very obvious one (Figure 5.9) and that an amplitude peak occurred
between 1961 and 1962. The latter, being associated with a minimum of amplitude
of the solar daily variation and with the occurrence of a well-defined phase anomaly,
has been interpreted as evidence of a temporary decline in the ability of the inter-
planetary field to trap the higher energy primaries and thus to restrict observation
of the sidercal anisotropy. On the other hand, it is not yet clear that the longer-
term decrease of sidereal amplitude is associated with solar activity.

9.3, THE UNI-DIRECTIONAL COMPONENT

The proposal that a streaming component might explain the larger diurnal
amplitudes in the southern hemisphere is a very tentative one. There has been
no indication from the analyses as to whether a single mechanism, producing a
two-way anisotropy with unequal amplitudes in the two hemispheres, is operating
or whether there are two mechanisms, one producing a simple two-way anisotropy
symmetrical about the equatorial plane and the other producing a superimposed
uni-directional anisotropy. The declination of the uni-directional term has been taken
to be the same as that of the bi-directional term, but it is most important to note
that only the declination of the latter has been determined. If the inclinations of
the two components happened to be different, the only parameter whose csimate
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would be affected would be the uni-directional amplitude constant m. The observa-
tions suggest that the right ascensions of both components would be at least
approximately in alignment.

On the hypothesis of a single mechanism, with the anisotropy being entirely of
galactic origin, it might be worth considering that the opacity of the inter-planetary
medium differs between the two hemispheres, in such a manner that R has been
appropriately smaller in the southern hemisphere over the period of observations.

On the hypothesis of two mechanisms, both galactic, it could be argued that the
uni-directional anisotropy is due to the streaming of cosmic rays along the galactic
magnetic field. On the other hand, if the uni-directional anisotropy were to be of
solar origin, the possibility that it derives from a radial density gradient of cosmic
ray Intensity in the presence of the sectorised interplanetary field must be con-
sidered. This possibility will be referred to again in Sections 9.4 and 9.5 below.

9.4, RECENT DEVELOPMENTS, 1967-1969

Since the investigations described in the body of this report were concluded,
some interesting new results have been reported, both from experiments in other
countries and from measurements with directional telescopes at Mawson and
Hobart. It would not be possible to do justice in a short space to the varied
experimental arrangements and analytical methods that have been used. It must
suftice here to list the experiments and associated papers known to the author,
with one or two comments on outstanding feaures,

fa). Measurements at seq level

(1) Large air Cerenkov narrow-angle telescopes have been employed by Sekido
and his co-workers to detect high energy mesons (> 10 GEV at the instrument)
at a zenith angle of 60° in the east and west directions (1964-65) and in the
equatorial plane (1968). The results of sidereal analyses of the (E-W) difference
have been reported (Sekido et al. 1968, 1969),

(i) Using intensity difference methods, Nagashima, Uenc, Mori and Sagisaka
have compared sidereal analyses of 20 years of ion chamber data with analyses of
meson and neutron data over the period of the IGY (Nagashima et al. 1968).

(iii) Geiger counter telescopes set at a zenith angle of 45° to record the
iniensity of mesons from the west and east geomagnetic headings have been opera-
ting continuously at Hobart and at Mawson since 1956. The (W-E) difference has
been used in a sidereal analysis of 10 years’ data (1957-1966) from each place
(Jacklyn and Vrana 1969).

(iv) A compound Geiger counter telescope has been operating continuously at
Mawson since early 1968. With directions of viewing in the north and south geo-
graphic directions at a zenith angle setting of 76°, the atmospheric depth is
approximately 40 m.w.e. A sidereal analysis of the observations in 1968 has been
carried out for the individual directions of viewing (Jacklyn and Vrana 1969).

Significant observations of the diurnal and semi-diurnal components were ob-
tained from investigations (i), (iii) and ( iv), and of the diurnal component from
investigation (ii). In all cases the results were in accord with the descriptive model
for the anisotropy.
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(b). Qbservations underground

(i) Some results of measurements with very large plastic scintillator telescopes
at depths from 25 m.w.e. to 40 m.w.e. at Mt. Chacaltaya, Bolivia and at Embudo
Cave near Alburquerque, New Mexico, have been reported by Swinson {1969).
The observations from 8 telescopes in the two hemispheres include a result from
a telescope pointing into the northern hemisphere from Mt. Chacaltaya. All the
diurnal maxima conform with the bi-directional model. Swinson has proposed
that the bi-directional diurnal effect can be explained as a solar phenomenon, in
terms of a radial cosmic ray density gradient in the presence of the sectorised inter-
planetary magnetic field, producing unequal intensity maxima normatl to the plane of
the ecliptic. However, aside from other considerations, in its assumption that there is
no important semi-diurnal contribution, his suggestion does not take account of the
central observational feature, the latitude-dependent interplay between the diurnal
and semi-diurnal components. In fact, the model which describes the bi-directional
anisotropy in terms of two harmonics distinguishes clearly (viz., Figure 7.3)
between the best estimate of the declination, —38°, and the declination of the
normal to the ecliptic, —66° 307, required by a density gradient hypothesis. If
there is an annual residual density gradient effect, it is considered that it would be
essentially uni-directional, inequalities of intensity maxima in the two directions
transforming to small higher harmonics, the general form of the anisotropy being
that proposed by L. Davis (1954). It can only be conjectured at present that such
an effect might explain the “streaming” component (Figure 8.1).

(ii) Measurements with large plastic scintillator telescopes located at a depth
of 70 m.w.e. at Torino, Italy, are being carried out by Cini-Castagnoli and co-
workers. Within their limits of error, the sidereal diurnal and semi-diurnal com-
ponents reported for the year 1966 conform with expectations for the northern
hemisphere. (Cini-Castagnoli et al. 1969).

9.5. FINAL DISCUSSION OF THE ANISOTROPY AND OF SOME OF THE PROBLEMS
QUTSTANDING

The principal finding from the underground experiments at Hobart and Buda-
pest, the high zenith angle cxperiments at Nagoya, the Fast-West experiments at
sea level at Hobart and Mawson and the high zenith angle North-South experiment
at Mawson is that there exists a two-way sidereal anisotropy with diurnal and
semi-diurnal components. The bi-directional nature of the diurnal component has
been additionally confirmed by the recent American underground experiments.
Evidence from somewhat greater depths underground, at London and at Bologna,
and from sea level, where many years of data from the ion chambers of Forbush
and Lange, and data from a number of directional telescopes in the US.S.R., have
been analysed, is consistent with the other findings. Finally, to the author’s know-
ledge there have been no statistically significant reliable observations to the
contrary.

It has also been shown that the total anisotropy reselves into bi-directional and
uni-directional components and it is conceivable that these have different origins.
The estimate of direction from the underground latitude survey, and the preliminary
estimate of the threshold rigidity from the North-South experiment, indicate that the
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bi-directional part of the anisotropy is of galactic origin and that it is apparently
aligned with the local direction of the galactic magnetic field. It will be important
to substantiate this. As for the uni-directional component, it will be necessary to
determine whether it is essentially of galactic or of solar origin.

To confirm the galactic nature of the two-way anisotropy, in the first place
the direction should be accurately re-determined from a latitude survey, preferably
using large detectors underground. The present moderate depths seem to be the
most practicable. Secondly, it will be necessary to obtain a firm estimate of the
encrgy range. This is the major objective of the experimental programme being
developed by the Antarctic Division for the Mawson station. In the first stage of
the programme an array of high zenith angle North-South telescopes is to be
installed at sea level, At the mean zenith angle of viewing, 76°, the atmospheric
depth is approximately 40 m.w.e, A North-pointing telescope scans equatorially
and observes the maximum of the sidereal semi-diurnal component. The asym-
totic longitude of viewing is not very dependent on energy. On the other hand, a
South-pointing telescope scans mid-latitudes and observes the maximum of the
sidereal diurnal component. The asymptotic longitude of viewing is an extremely
sensitive function of energy. In consequence, the sidereal diurnal and serni-diurnal
phase relationships from the North-South experiment are expected to give basic
information about the encrgy range of the bi-directional effect. They should also
help us to determine the nature of the uni-directional component, particularly
whether or not it is of solar origin. A description of the experimental arrangement
and results of the first year of observation with a prototype telescope have been
published (Jacklyn and Vrana 1969). The observations are in accord with the
descriptive model and already suggest that the threshold rigidity for the total aniso-
tropy is not less than about 100 GEV.

On the evidence, the bi-directional effect is galactic, while we have no
information as to the origin of the uni-directional sidereal component. If the
latter should happen to be of solar origin (through the radial density gradient),
it should not be observable at a sufficiently great depth underground and we
should see only a simple bi-directional anisotropy. To allow for the possibility
that the upper limit of energy of the effects of solar activity in sidereal time may
be greater than the upper limit for the solar co-rotation anisotropy, the effective
primary threshold energy of response underground might have to be not less
than 200 GEV. Then it seems that the depth of observation should lie somewhere
between 200 m.w.e. and 300 m.w.ec. Undoubtedly, observations with the desired
accuracy of amplitude of = 0-005% at these depths would be of great value.
However, to achieve an annual result to the level of accuracy at any one location,
approximately seventy semi-cubical detectors, each of one metre-square surface
area, or an equivalent arrangement, would be required. If detecting installations
on this large scale are not to be contemplated, it seems clear that the advantage
at present lies with varied experiments at depths nearer 40 m.w.e., where not only
is the intensity much greater but the earth’s magnetic field can still be used
effectively for determining primary cnergy response.
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APPENDIX

RADIATION SENSITIVITY AS A FUNCTION OF ASYMPTOTIC
DIRECTION OF VIEWING

I.1. RADIATION SENSITIVITY SPECIFIED IN THE ALT-AZIMUTH FRAME OF
REFERENCE

In Section 6A.5 (see also Parsons 1957) the differential radiation sensitivity

associated with the elementary solid angle of arrival . is given by
I(Rw,) = Y F(w) cos "Z,,

where Yp, the differential coupling coefficient, gives the fraction of the counting
rate due to primaries of rigidity R, F(w,) is the geometric sensitivity and cos "Z,
expresses the zenith-angle dependence of intensity. F(w,) is initially specified in the
frame of reference of the telescope, referred fo the axis and the plane of a tray.
(In this respect the treatment of F(w,) for inclined telescopes differs somewhat
from that given by Parsons.) To obtain /(R,w,), it is necessary to transform to
the frame of reference of altitude and geographic azimuth referred to the zenith
and the plane of the horizon. Naturally, if the telescope axis is vertical, only a
formal exchange of symbols is required (depending on the reference direction for
azimuth in the plane of the tray), since the two frames of reference are then
coincident.

1.2, THE DEFLECTION DATA SPECIFIED IN THE ALT-AZIMUTH FRAME OF
REFERENCE

Brunberg and Dattner (1953) give asymptotic bearings in geomagnetic latitude
and longitude for particles which arrive in directions specified by altitude and
geographic azimuth. When the asymptotic bearings are expressed in this form,
interpolation from the diagrams become impracticable for some directions if the
cone of viewing of the telescope, such as the south-pointing cube at Hobart, takes
in the polar axis. It was therefore found more convenient to express the asymptotic
latitude and longitude data in the form of deflections in zenith angle and geographic
azimuth, thus transforming from the geomagnetic equatorial to the alt-azimuth
system of co-ordinates.

I.3. CONVERSION OF CO-ORDINATES USING A TERRESTRIAL GLOBE

Since the facilities of a high-speed computer were not available when the
calculations were to be made, a terrestrial globe (Figure 1.1} was employed to
convert directly from, say, bearings in geomagnetic latitude and longitude to
bearings in altitude and geomagnetic azimuth, at the given geomagnetic latitude
of observation, By drilling a suitable pair of conjugate holes for the axis of rotation,

179



180 SIDEREAL DAILY VARIATION OF COSMIC RAY INTENSITY

transformation from one spherical co-ordinate system to another, involving simple
rotations of axes, was effected by tilting the vertical axis of one frame of reference
(represented by the the celluloid strips) with respect to that of the other (repre-
sented by the co-ordinate grid). With the exception of directions very close to
the pole, co-ordinates of direction could be read off to an accuracy of a degree
without difficulty.

I.4. RADIATION SENSITIVITY AS A FUNCTION OF ASYMPTOTIC DIRECTION OF
VIEWING

The steps are now listed by which sets of values of I{R, ») and the associated
asymptotic latitude and longitude co-ordinates, (3,); and (é,) s, may be obtained.

1. Initially, F(e,) is expressed as a function of inclination (Z’) to the tele-
scope axis and azimuth (A’) in the plane of a tray,

2. Co-ordinates of directions are transformed from the telescope system to
the alt-azimuth system (axis of rotation of globe set at Z = inclination of telescope
axis to zenith). I(R, «,) is obtained as a function of altitude (a) and geographic
azimuth (A4).

3. Asymptotic bearings in geomagnetic latitude and longitude, from the dia-
grams of Brunberg and Dattner, are converted to bearings in altitude and geomag-
netic azimuth (axis of rotation of globe set at A — geomagnetic latitude of place
of observation). Deflections in altitude and geographic azimuth are obtained by
adding to the bearings in geomagnetic azimuth the constant angle « = difference
between true north and geomagnetic north at the latitude of the place of observa-
ticn. Frgures 1.2 to 1.9 give the deflection data referred to these co-ordinates, for
particles of rigidity 50 GV and 150 GV which arrive at the geomagnetic latitude
A = —50°, approximating the latitude of Hobart.

4. From 2. and 3. above, J(R, »,) is obtained as a function of asymptotic
direction, referred to the alt-azimuth co-ordinate system.

5. I{R, «,} is obtained as a function of asymptotic geographic latitude and
longitude of viewing by converting from the alt-azimuth to the terrestrial equatorial
co-ordinate system (axis of rotation of globe set at § — geographic latitude of place
of ohservation).
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Fi1G. 1.1. Terrestrial globe.
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F16. 1.9, Deflections in altitude of protons of rigidity 150 GV in centred dipole field for given
directions of arrival at geomagnetic latitude —-350°.












