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A DIRECTIONAL ANALYSIS OF VERY HIGH
ENERGY EXTENSIVE AIR SHOWERS,

Ph.D. Thesis R.G. Brownlee

A 40 km? array of liquid scintillators, each
of area 6 m? and located near Narrabri N,S.Y.,, has been
used to detect the muon component of extensive air
showers with primary energy greater than 1017ev,

The fast timing method, with an uncertainty of
70 to 80 nsecs, has been used to determine shower
arrival directions to within 5°.  The timing signal is
relayed, via a U.H.F. radio link, from a central clock.

The present analysis is based on 2659 events with
primary energy greater than 1017ev. Of these, 808

have primary energy greater than 10%°

ev, 87 have
primary energy greater than 10'%ev and 8 have primary
energy greater than 10%%ev,

The celestial arrival direction distributions
appear to be isotropic in each energy range.

No point sources of high energy cosmic radiation
from the southern celestial sky are apparent. 1In
particular, no direct correlation with pulsar directions,
has been observed. However, a pulsar production

mechanism may explain the observed, isotropic flux of

high energy cosmic rays, if the primaries are iron



nuclei or heavier and the galactic magnetic field
strength is greater than 10~ % gauss.

The flux of high energy cosmic radiation from
the direction of the local galactic spiral arm is in
accordance with an isotropic distribution,

The curvatures of the muon shower fronts of
723 showers have been investigated as a sideline to
the determination of accurate arrival directions,
The results are in good agreement with those of the
Haverah Park array. No variation of curvature with
shower size is evident and a constant height of
origin of 4 km is indicated.

The curvature and zenith angle of an
individual, highly inclined shower, have been used for
an estimate of geomagnetic splitting of the shower

front. The primary energy of this event may be

greater than 10%*'ev,
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CHAPTER 1

HIGH ENERGY COSHIC RADIATION.
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1.1 INTRODUCTION.

The desire to pinpoint an origin for cosmic
radiation has led many workers to investigate its sidereal
variation. The first reported sidereal variation was
made in 1923 by the German physicists W. Kolhorster and
G.V. Salis, Using crude apparatus at altitudes between
2300m and 3500m on the Jungfrau in Switzerland, they
reported a maximum in theilr ionisation measurement when
the Milky Vay crossed their zenith. On repeating his
experiment in 1924, Kolhorster obtained a similar result.
However, other workers (HMillikan and Cameron 1928,
Hoffmann 1925) were unable to duplicate his results, and
obtained no anisotropy.

Since that time we have come 10 realise the
affect of galactic and extragalactic magnetic fields on
the primary radiation. All primaries with energy less

than 10%°

ev are easily contained within the galaxy.
At energies in excess of 1017ev, if the primaries avre
protens, their containment becomes more difficult.

If an anisotropy in the arrival directions of
cosmic radiation exists, it will be only in the very
high energy end of the spectrum, since it is only these
primaries that are relatively unaffected by magnetic

fields and peossibly retain some memory of their origin.

Such primaries can only be observed indirectly via the
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extensive air showers they create in the atmosphere.

Using 15 vertical planes of sonic ranging spark
chambers triggered by water-filled Cerenkov counters in
the large underground cosmic ray detector of the
University of Utah (Davis et al 1970), the arrival
directions of more than 100,000 showers with energy in
the range 2.5 x 10!? to 10%%ev have been investigated.
The corresponding energies of the muons detected under-
ground are greater than 7.5 x 10%)%ev and the angular
resolution, including scattering and machine errors, is
less than 1%. oOver the declination band -20° < § < 830,
they found no evidence for anisotropy outside normal
statistical fluctuations.

Efimov et al (1968), using a small array of G-l

¢ and separated in groups by

counters, each of area I m
57m, have observed 4.5 x 107 showers with energy
n10l%ey and 5.2 x 10° showers with energy ~ 10'%ev. If
a sidereal anisotropy exists in this range, then they
find it must have an amplitude less than 0.1%.

For showers of emergy ~ 8 x 10'°ev, Rothwell
et al (1958), using an array of 4 cloud chambers
triggered by a double coincidence between 2 groups of
G-H counters 20m apart, searched for localised sources

of cosmic rays in the declination band 102 < 8 < 90°.

The angular resolution of their detector was approxim-
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ately 50. OQut of 1100 showers no sources of cosmic
radiation at this energy, were found. Using the Culham
array at Harwell, Cranshaw and Galbraith (1957) have
shown that for showers of energy ~ 10'%ev, any sidereal
variation has amplitude less than 1%. At Manchester,
Crawshaw and Elliot (1955) found no evidence for a
gsidereal dally variation for air showers with energy
as high as 10'7ev. The results of a harmonic analysis
"gave amplitudes of the first harmonics for showers at
2 x 10'%ev and 10'7ev as 1.7 * 2.5% and 7.5 * 6%
respectively.

At higher energies large airshower arrays have
extended observations greatly (ref. seection 5.2), in
particular the Haverah Park array which based on an
analysis of 22,000 selected showers (Blake et al 1968)

Ol7ev, have found no deviation

with a mean energy of 5 x 1
from isotropy greater than 3%, For the same energy and
based on " 1300 showers and for 63 showers of mean
energy 3 X 10'%ev, the Volcano Ranch array (Linsley
et al 1962) also found no claim for anisotropy in their
arrival direction distributions.

Preliminary results of the SUGAR array (Brownlee

et al 1969b) have found no evidence for an anisotropy

of cosmic radiation with energy as high as 10'%ev.
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At the time of the Calgary conference on cosmic
rays, about thirty point sources of cosmic x-rays had
been recorded, (Hayakawa 1967). Of these only 5 were
generally accepted, these being Sco X-1, Sco X-2, Cyg X-1,
Cyg X-2 and Tau X-1. The Crab nebula, pulsar NP 0532,
is also thought to produce pulsed x-radiation (Bradt
et al 1969), and possibly pulsed y-radiation (Vasseur
et al 1970). Evidence has also been found for a point
source of cosmic gamma radiation in Sagittarius, close
to the galactic centre (Frye et al 1969). These regions
may alsoc provide sources of some of the observed high

energy primaries.

1.2 PRIMARY PRODUCTION MECHANISHS.

In the following section a brief review of some
of the more likely, as well as a few unlikely explanations
for the production of very high energy primary cosmic
radiatien is given. Special attention is given to the
prediction that pulsars, believed to be rapidly spinning
neutron stars, can in the limit produce cosmic rays

with energy of the order 10%'ev.

1.2.1 EARLY MODELS.
From the time of recognition that the Earth is
being bombarded by a penetrating radiation (Hess 1912),

many people have tried to explain its origin.
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Early models of origin included the possibility
that the penetrating radiation is a terrestial effect
and could be produced by the acceleration of electrons
in the electric fields of thunderstorms (Halliday 1941)
or by the electric fields created between the Earth and
polarised water molecules in the stratosphere (Holmes
1837).

The majority of workers tended however to favour
a cosmic origin of the radiation, either in stellar
bodies or in interstellar space. Early theories ranged
from the creation of cosmic radiation by the annihilation
of matter (Jeans 1831) to the acceleration of dust
particles by supernovae (Spitzer 1950).

As early as 1929, ¥W. Bothe and V. Kolhﬁrstef
suggested that cosmic radiation was corpuscular and was
accelerated by interstellar or intergalactic fields of
force ranging over enormous distances.

Fermi (1949} postulated what is today still one
of th; favourite acceleration mechanisms of charged
particles in the cosmic ray beam. He considered the
interactions between these particles and the wandering
interstellar magnetic fields. These fields he assumed

to be irregular and their affect on an incident charged

particle would be to reflect or mirror them. Head on
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collisions resulting in a net gain of energy by the

particle of
dw = Bw

where w equals the energy (including rest energy) of
the particle and B is the velocity of the wandering
magnetic cloud in units of the velocity of light. After
N collisions, a particle starting with non-relativistic

energy will attain an energy
w = He? exp(B2N)

An overtaking collision will result in a loss
of energy, but these collisions occur statistically
less than head on collisions, the net result being a
gain in energy for a charged particle suffering sufficient
¢collisions.

In order to compensate for absorption losses,
protons require an injection energy of greater than
200 Mev. Because ﬁf their large ionisation losses,
heavier primaries require much larger injection energies.
An a~particle requiring about 1 Gev and an iron nucleus
about 300 Gev.

Fermi estimated the distance between collisions
to be of the order of a light year and the average

velocity of the magnetic clouds to be v 30 km sec ',
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Burbidge and Hoyle (1964) have postulated a
mechanism whereby violent events in galactic nucleil
eject relativistic streams of charged particles into
extragalactic space. Associated with these particles
are relativistic magnetic fields which interact with
already existing cosmic ray particles. The effect is
a Fermi type acceleration process where the collisions
are predominantly head on and due to the high magnetic
field velocities, the energy gain is particularly large,

If the extragalactic field is assumed to be
10 ® gauss, a reglion of extent > 10 lipc, the size of a
supercluster (Abell 1962), is sufficient to contain
protons of energy 102%%ev,

Greisen (1965) has considered the combined affect
of spatial size and magnetic field strength imposed on
a body which is to be capable of accelerating and
containing high energy cosmic rays.

The two limiting factors are:-

(a) the radius of the trapped particle, assumed

here to be a proton, given by

p = 200E .,

where £ is the energy of the proton in electron
volts and B the strength of the trapping magnetic

field in gauss and
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(b) the loss of energy by synchrotron radiation.
The relative loss of energy per radian for a
proton in a uniform magnetic field is (Ginzburg

and Syrovatsky 1964%)

2
(He?)"

For the proton to be contained requires the size
of the source R >> p, and for it to not lose energy
requires the synchrotron energy loss to be much less
than one,. ﬁssuﬁing R > 30p, Greisen puts a limit on

the size of the source region as

R > 10 1% 3 en
where Y 1s the Lovrentz factor. The restriction on the

magnetic field strength is

B < 102! v*% gauss,

For a 10%lev proton this implies that B < 10 % gauss.
The restriction on gource size is R > 30 pe for
protons with energy 102% v and R > 30 kpc for protons
with energy 10%!ev. For energies in excess of 10%’ev,
1o structure in the universe large enough to contain anﬁ
accelerate protons, has yet been observed.
The total magnetic energy of the source, must be

comparable to the particlie energy density in -the souree
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volume. Tor a total magnetic energy of

N .
Vg =y 3 TR
and following the method of Greisen, this implies

that

Wy >> 300 v® ergs

A 10'%ev proton then requires W_ >> 10°% ergs

B
which is typical of galactic energies, while a 102tay
proton requires HB >> 1082 ergs which is far larger
than the energy ﬁontent of the strongest radioc source.

The discovery of the universal 3%k blackbody
radiation (ref. section 1.6) limits source distances
to within 10 lpc for protons of energy 3 x 10%%vy,
This distance contains the region of the local supercluster
which contains about 10,000 galaxies,

The existence of supernovae within our galaxy,
have led people to speculate the possibility of a galactic
origin for cosmic radiation. Colgate and Vhite (1963)
calculate that for a type 2 supernova explosion of a star
of 10 solar masses, 10°' ergs of cosmic radiation can be
ejected. The upper limit for the energy delivered to a
particle by the shock acceleration is 3 x 10'%ev for a
radiation shock and 2 x 10'%ev for a plasma oscillation

051

shock, Assuming_an injection of 1 ergs of cosmic
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radiation for each type 2 supernova explosion in the
galaxy, and a cosmic ray lifetime of 2 x 10° years,
Colgate and White calculate that one large type 2 super-
nova explosion every 10" years would be sufficient to
maintain the cosmic ray energy density present in the

- galaxy.

1.2,2 PULSARS.

The discovery in 1968 of accurate periodic radio
pulses which move sidereally across the sky {(Hewish
et al 1968) has posed many difficulties as to how they
arise. If the pulses originate from the rotation of a
solid body, periods much less than one second are
required.

An object which could possibly fulfill this
condition is a neutron star; the hypothetical remnant
of a collapsed supernova (Gold 1968). The diameter of
a neutron star is thought to be 6 - 10 km, and due to
its Eigh electrical conductivity, its magnetic decay
time is of the order of 10’ to 10® years., Periods of
the order of 1 msec are quite feasible for such a body.

According to Gold (1970), a star that rotates
10 times per solar yzapr would, after collapsing by a
factor of 10% to become a neutron star, have a rotational

period of 3 % 10~ * secs. Since angular momentum is
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conserved in the collapse, the rotational kinetic energy
would increase by 10!® to become of the order of 1052
ergs. For the same stap, the conservation of magnetic
flux during the collapse would increase the surface field
by a factor of 10'°% also. 1In this way surface field
strengths of 10'% to 10'? gauss would not be uncommon

for a neutron star.

This rotating neutron star or pulsar can now be
thought of as céntainingfa rapidly co-rotating magneto-
sphere. At the e¢ritical radius, where wr = ¢ the speed
of light, the magnetic field strength is still quite
large. The electrodynamics of such a relativistic
magnetosphere are not clearly understood, however it is
feasible that such a system could radiate vast amounts
of energy, both electromagnetic and particle in form.

The association of pulsars with supernovae
remnants has been confirmed for two cases. One is the
88 msec Vela pulsar (Large et al 1968) and the other is
the 33 msec Crab pulsar (Staelin and Reifenstein 1968).
Slower pulsars are likely to be much older and any super-
nova remnant would have long vanished.

The slowing down of at least seven pulsars has been
observed, and in the case of the Crab pulsar the rate

igs one part in 2400 per year {(Richards 1968).
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Gold (1969) has suggested that as a pulsar slows
down, it spins off relativistic particles, thus providing
a fast electromagnetic process for the production of cosmic
rays. On the assumption that the Crad pulsar has mass
equal to one solar mass and diameter 7 km, then with the
present period of 33 msec, the rotational energy is

10“&'ergs. The observed rate of spin down implies that

038 1

energy 1is being radiated at the rate of 2 % 1 erg sec
A vast quantity of this radiation, in the form of a
relativistic plasma, being flung out of the magneto-
sphere at the critical radius.

Extrapolating back to the crveation of the Crab
pulsar results in an initial period ~ 1 msec, correspond-

ing to an initial amount of rotational energy of 10°%

ergs. At the rate of one such supernova per 100 years,

-0‘12- §

a flux of cosmic rays of 3 x 10’% erg sec - could easily

be injected into the galaxy (Gold 1889).

Goldreich (1969) has proposed a simple physical
model~for a pulsar. He assumes that the axis of
rotation of a neutron star is parallel to the magnetic
dipole axis. Such a model cannot account for pulsed
electromagnetic radiation, this requires a tilt between
the two axes (Komesaroff 1870).

In Goldreich's model, the pulsar has a very thin

plasma for an atmosphere. Particles are swept along the
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polar field lines which extend beyond the critical radius,

and achieve kinetic energies

£ = 10'% z R® B

P2

and escape to infinity. Here R is the stellar radius in
units of 10°% em, B is the surface field in units of

10'? gauss, Z is the charge on the particle and P is the
period of the pulsar.

For the Crab pulsar, the present conditions
would accelerate particles upto 3 x 10'%ev., With periods
as short as 1 msec, energies as high as 102%v ave
possible.

Gunn and Ostriker (1969) have made a detailed
analysis of emission of cosmic radiation from the Crab
pulsar. In their model, the pulsar's magnetic and spin
axes are at right angles. They find that for a particle
with atomic number A and charge Ze, injected with small
energy into the pulsar's co-rotating magnetosphere, a
maximum energy (fig. 1.1)

4 2
1 2 — =

15 .8 3 | & 1°f B }?
BM = 1.71 =% 10 AY Z°% 300 ev

can be obtained.

The mass of the Crad is assumed to be 1.4% solar



FIGURE 1.1

Energy as a function of angular
velocity for a proton (P) and
fully ionised iron nucleus (FE),
as ls obtained from the Gunn and
Ostriker model of the Crab pulsar
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masses and its surface magnetic field to be 10'% gauss.
The exponent of the differential energy spectrum
of the radiation is ~-2.5, which is not far different from
that observed (ref. section 1.7).
For the Crab pulsar at present, (i.e. 916 years

after its creation), € ~ 200 rads sec '. The maximum

0l%ev and

energy attainable by a proton is then 1.5 x 1
that attainable by a fully ionised iron nucleus is

5.5 x 10'%ev, The energy suppliable to electrons is

v 2 x 106'%ev which is sufficient to explain the present
synchroton radiation from the Crab Nebula.

Extrapolating to time t = 0, R = 1,03 x 10" rad
sec °, During the short period of time that the pulsar
rotates with this angular velocity, protons may acquire
energies as high as 3 x 10'7av and iron nuclei energies
as high as 1 x 10%%ev.

Assuming the density of particles in the magneto-
sphere is as given by Goldreich (1968), the flux of
particles from the Crab pulsar 1is given by

)2 3 _
n = 2.7 x 1033 [3%3] —Ji—-[-E—J particles sec L
1042 l1p®

where r is the stellar radius.

Initially the flux of cosmic radiation from

037

the Crab pulsar was 3 x 1 particles sec !, Now the
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flux should be Vv 103" particles sec !,

Stretching the theory of Gunn and Ostriker to
the limit where the radius of the star is at the
Schwarzchild limit, the maximum energy obtainable by a
proten is N 10%tev,

The latest observations of the electromagnetic
radiation emitted from pulsars and in particular, the
presence of marching sub-pulses (Cole 1970), indicate
that the processes underlying pulse production are very
likely to be extremely complex,

It logically follows that cosmic ray acceleration
mechanisms would also be complex, making theories like
that of Gunn and Ostriker only a very rough guess to

the true nature of the processes involved.

1.2.3 QUASARS,

Quasars are still the least understood
astronomical phenomena. According to red shift measure-
ments they are the most distant objects yet found in ourx
universe. Luminosity measurements imply that vast
sources of energy must be available.

One attempt to explain the energy output of
quasars which can also be extended to the nuclei of some
galaxies, has been put forward by Bahcall et al (1970).

Based on the existence of fractionally charged particles
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called quarks, which have been predicted by Hurray
Gell-Mann (19564) and evidence for which has recently
been reported (McCusker and Cairms 1869, Cairns et al
1969, Chu et al 1370), this theory predicts that quasars
obtain their energy by quark-fusion . Assuming a mass
of 10'% solar masses for a typical quasar and an energy
release of A M_c?® from each g~q interaction, they can

9

explain a luminosity of 10"% ergs sec™ !

if the quarks
burn at 2 x 10° °K.

The presence of quark electron atoms if they
exist, could be verified by looking for their predicted
recombination lines which occur mostly in the strong
infra-red region of the spectrum. Infra-red astronomy
in this way may reveal the location of high energy cosmic
ray sources. Because of the distances of galactic
nuclei and further still quasars, this may be the only
way of finding cosmic ray sources.

Extending the concept of pulsar radiatiom to
greatﬁlimits, Piddington (1970) assumes that quasars
are large rapidly rotating bodies. He is able to

produce energy at the rate of 4 x 10*° ergs sec !

0% ergs over a period of 10° years. Owing to the

or 1
lack of understanding and complexity of normal pulsars,
it is unlikely that their properties can be simply

extrapolated to explain phenomena of the same scale
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as quasars.

The main objection to quasars as a source of our
high energy cosmic rays, is the attenuvation of the
particles by the universal blackbody radiation fref.
section 1.6). The fact that nﬁ cosmic ray cutoff has
been observed above the predicted value (Brownlee et al
1969a) may imply that no such attenuation occurs, or
that the sources of our observed energetic primaries
occur within our superecluster. Possibly in bodies like
Centaurus A, the strong radio source. In either way any
sense of direction will be lost due to magnetic

deflection over the distances involved.

1.3 EXTENSIVE AIR SHOWERS.
The observed flux of high energy cosmic radiation

0*%ev strikes

is very small, one primary of energy > 1
each square mile of atmosphere per year.
In order to observe such a low flux of cosmic
radiation, we look instead at the shower of secondary
particles initiated in the atmosphere by the primary.
Such a shower, called an ﬁxfensive air shower, consists
of a disc of upto a mile in diameter by the time it
reaches the ground. In this way, instead of inter-

cepting a primary particle whose diameter is typically

Iﬁjzcm, we intercept the E.A.S. produced by the primary,



- 1,18 -

whose diameter is typically 10® em. The atmosphere acts
as a spatial amplifier with gain ~ 10'7 times.
Observations made by sampling the shower front
can be extrapolated via & knowledge of nuclear inter-
action theory, to describe the properties of the primary
particle. TFor a primary proton, the most abundant
primary particle, the interaction mean free path in air

is 80 g cm 2

which corresponds to 12 interaction
lengths in a vertical atmosphere. The height of the
first interaction is subject to Ffluctuation but on the
average occurs about 18 km above sea level.

The cascade produced as the proton descends
through the atmosphere can be divided into three
categories. The first being the nuclear cascade which
is confined close to the core and consists of strongly
interacting particles., Secondly is the electromagnetic
component which is initiated by high energy y-~rays from
the nuclear cascade and consists of y-rays and electrons.
This cascade quickly reaches a maximum developement
and then becomes absorbed into the atmosphere. On
reaching the ground the remainder of the electromagnetic
cascade 1s easily stopped by a few metres of earth.

Thirdly there is the penetrating or muon component of

the air shower. The muons originate from the decay of
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charged pions generated in the nuclear cascade. The
muons carry away most of the decay energy and their
atmospheric absorption is small, so virtually all of
them reach sea level.

The total number of particles generated in an
air shower depends on the zenith angle and energy of the
primary particle. However for air showers of energy
" 10*7ev, the number of muons is generaliy "~ 108

particles at sea level.

1.4 METHODS OF SHOWER DETECTION,

Because of the low rate of very high energy E.A.S,
created in the atmosphere, large area detectors are
required to maximise the probability of recording thenm.
The probability of recording such an air shower increases
with the effective area of the detector.

A straight forward way of detecting E.A.S.is by
intercapting samples of the shower front using particle
detectfrs spread over a large area on the ground. The
only limitation to this technique is the correlation of
distant detectors. The method suggested by McCusker
and HUinn (1963) has overcome this problem and proved
successful in the running of the SUGAR array.

There are several methods of detecting E.A.S.

which do mnot involve intercepting the particles of the
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shower disc. These methods rely on observing the
electromagnetic radiation produced by the charged
particles of the shower front as it descends through
the Earth's atmosphere and magnetic field.

The Cerenkov light emitted by E.A.S. was first
recorded by Galbraith and Jelley (1953). Recently,
Bosia et al (1970) have recorded multiple Cerenkov pulses
from air showers. The probability of being due to
instrumental effects or the simultaneous arrival of low
energy air showers, they claim to be < 10 %. The
observation of these multiple Cerenkov pulses, they also
claim, indicate a possible structure of showenr
development or the presence of a massive particle of
mass 10 Gev and energy v 10!%ev.

Attempts to use the atmosphere as a scintillator
and observe E.,A.S. by the atmospheric fluorescense they
produce have also been tried (Bunner et al 1968). So
far no outstanding success has been met, the principal
reason-being the low level of light output generated
by each shower.

Using the lower frequency end of the electromag-
netic spectrum, several workers have observed radio
pulses from air showers. The major source of this
radiation being due to the passage of the geomagnetically

separated particles of the shower front through the
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Earth's magnetic field, Correlations between shower
parameters derived from particle detectors and radio
pulse measurements (Prescott and Hough 1970, Allan

et al 1970) have recently been reported.

1.5 PRIMARY COMPOSITION.

The primary composition at low energies has been
well determined by direct observation of primary tracks
in nuclear emulsions (Waddington 1960). The ratio
p:0:22>3 based on Sydney results for primaries with the
same total energy (1012 < E < 10'%ev) is 2.2:1:3.2.
Until recently the heaviest primary observed has been
iron (2=26), however Fowler et al (1967) also using
nuclear emulsions at balloon altitudes have found
primaries with Z > 30. Using the magnetic field of
the Earth to help eliminate slow iron nuclei and inter-
spersing their emulsions with lead to help reject slow
heavily ionising particles, they have found elements in
the prigary cosmic ray beam upto Z = 92 with an error
of 4%,

At higher energies than can be studied with
nuclear emulsions, the composition of the primary beam
has been investigated using multicored showers (Bray
et al 1965). By comparing observed core structure with

a Monte Carlo model (licCusker et al 1969a) which indicate
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that proton primaries produce single cored showers at
least 90% of the time, Bakich et al (19?0) have shown
that at 10'%ev protons constitute about 60% of all
showers, the rest being due to heavier primaries. At
higher energies the results indicate that the proportion
of proton primaries become less.

Above 10%*%ev little is known about the
composition. Linsley and Scarsi (1962) suggest a
metagalactie flux of protons, heavier muclei being
broken up by photdodisintegration before reaching the

Earth.

1.5.1 HEAVY PRINMARIES.

Primaries of mass greater than that of a proton
are likely to produce extensive air showers with a
higher E-ratio than for proton showers. Such showers
are called muon rich.

Observations of the arrival directions of muon
rich air showers (llatano et al 1965) with shower size
10° i'§'< 107 particles, indicate an as yet unestablished
decrease of events between right ascension 15 hr and
21 hr. The definition of a muon rich shower taken by
the Tokyo group, is one in which the muons constitute
at least 60% of the total number of shower particles.
Such showers constitute 6% of all showers recorded by

then.
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A harmonic analysis on a total of 219 muon rich
air showers, which represents the sum of several earlier
results, yields an amplitude of 30 * 8%. The Tata
group (Chatterjee et al 1968) have observed a similapr
trend in their muon rich air showers, observing a dark
region between 15 hr and 21 hr in right ascension. By
using a chi-squared test on their data, they attribute
a probability of less than 3% that their distribution
is isotropic. The latitudes of the Tokyo and Tata arrays

are 36°N and 11°H-respectively.

1.6 THE BLACKBODY BACKGROUND RADIATION.

The discovery by Penzias and Wilson (1965) of an
intense isotropic microwave radiation at 7.35 cm
wavelength was later confirmed at 3.2 cm {Roll and
Wilkinson 1966) and shown to correspond to a blackbody
thermal radiation at 3.0 * 0.5 °K. This radiation is
believed by some to be the sea of photons produced by a
primeval-fireball creation of the universe (Dicke et al
1965), and cooling due to the adiabatic expansion of the
universe.

Greisen (1966) shows that if such a flux of
thermal photons is universal, then a cutoff in the cosmic

ray energy spectrum should occur above 3 x 10'%ev.

For an equivalent blackbody temperature of 3 OK,
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the photon density is 548 em ° and the mean photon

“ev. The threshold energy for pratons

energy is 7.0 x 10~
on photons of this energy is 10%%ev with a mean cross-

section of Vv 200 #b, the interaction being
p+yY*N+ 7

The distance scale for loss of energy is
NG ox 1025 cm, or v 10 Mpe, If the particle is a heavy
primary vather than a proton the distance scale is
severely reduced by photodisintegration.

The net efféct on the cosmic ray energy spectrum
is that below 3 x 10'%ev the photo-pion reaction has
neglipghle effect however above this energy the inter-
action cross section rises rapidly and if cosmic ray
sources are more distant than 10 Hpec, the spectrum should
drop steeply.

Rocket borne observations in the region 0.4 to
1.3 mm wavelengths, of the thermal radiation, (Shivanandan
et al 1968) imply that the intensity of the radiation is

-

greater than expected and possibly corresponds to an

+2.2 0
-1.3

this result is correct, then the observed radiation may

equivalent blackbody of temperature 8.3 K. 1If
not follow a blackbody distribution and may not be
universal, thus removing the neccessity for a cutoff in

the energy spectrum.
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1.7 THE PRIMARY ENERGY SPECTRUMN.

More than any other aspect of the primary cosmic
radiation, the primary energy spectrum provides the
. greatest potential for interpretation. From it can be
drawn inferences of the primary composition and
conclusions of astrophysical significance regarding the
origin of cosmic rays. The integral spectrum as
represented in fig. 1.2 consists of three regions:-

(a) E. < 2 % 103%ev.

P
In this rggion the slope of the spectrum is -1.7.
The composition is believed to be the same as

has been measured at lower energies in nuclear
emulsions.,

(b)Y 2 x 10%%ev < E_ < 5 x 10'%av.

P
The slope in this region steepens to -2.1. The
steepening of the slope has been explained
(McCusker 1965) by assuming that primaries ave
produced with the same percentage composition as
indicated by the region E;, < 2 x 10*%ev. Above
2 % 10'%v (the knee), protons are no longer
contained by the galaxy and drop out. As energy
increases the heavier elements are successively

removed by this rigidity cutoff until at

5 x 10*%v the iron primaries start to drop out.



FIGURE 1.2
Integral Primary Energy Spectrum

EP > 10} tev,

(Brownlee et al 1968a)
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(c) E; > 5 x 10 %v.

In this region past statistics have been poor.
The results of the Volcano Ranch array indicate
that the spectrum flattens again with a slope
of -1.86 This flattening according to Linsley
and Scarsi (1962) represents a flux of meta-
~galactic protons. Early results of the SUGAR
array (Brownlee et al 196%a) as depicted in fig.

1.2, also note a flattening of the spectrum. The

slope being flatter and equal to -1.1.

Hillas (1968) explains the form of the energy
spectrum by supposing that cosmie ray sources were much
stronger in the past than at present and that reactions
with a universal microwave radiation should have led to
a much greater energy loss, with lower threshold energies
in the past. The presence of an ankle at 5 x 10'%ev
could be due to this interaction and not a transition
from galactic to extragalactic cosmic rays as suggested
by Linsley and Scarsi (1962).

Unpublished results on the energy spectrum and
based on 2983 events recorded by the SUGAR array,
indicate that the presence of an ankle in the energy
spectrum (fig. 1.2) at 5 x 10'%ev maybe an array

boundary effect.



CHAPTER 2

THE SUGAR ARRAY,
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2.1 THE SUGAR SYSTEHN.

Due to the low flux of cosmic ray primaries and

hence air showers, with energy greater than 10%°

ev, it
is necessary to build a large area detector if a
significant number of showers are to be recorded in
this range. Such a system is faced with the problem of
recording coincidences between widely separated detectors.
The inter station spacings involved make the use of
cables virtually impossible, owing to bandwidth limit-
ations. Also the cost of extensions to the array is
very nonh linear. In a systeﬁ such as SUGAR, it costs

a fixed amount to install each station, independent of
the number of stations. The SUGAR system is unique
(McCusker and Winn 1963, Brownlee et al 1968a) in se¢
far as each station is autonomous, i.e. each event is
recorded locally on magnetic tape. The timing of an
event is supplied by a common clock pattern which is
transmitted to each station and recorded along with each
event. All information is recorded in digital form.
Coincidences are sorted out of the many hundreds of
local events by feeding the magnetic tapes from each
station into a large English Electric KDF9 digital
computer. This sorting is generally done about ten
days after the actual events have been recorded.

The requirements that need to be met by a site
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on which a giant air shower experiment such as SUGAR,
is to be built, are quite stringent. The land must be
reasonably flat over an area of approximately 100 km?
and must have access roads to enable easy servicing and
maintenance of stations. The area must be reasonably
private and remote to prevent possible tampering with

equipment and to minimize electrical interference.

2.2 LOCATION OF THE ARRAY.

The site chosen for the SUGAR experiment is the
Pilliga state fofest fifteen miles south of Narrabri,
New South Wales. Narrabri is located 350 miles north
west of Sydney at latitude 30%31* south and longtitude
149%38” east and at an altitude of 280m above sea level.
Over the area of the array the land deviates no more than
+7m from a plane, and forestry commission roads permeate
the whole forest. The only inhabitants are a few
timbercutters and the land is rent free.

The array itself is situated at the northern end
of the forest. Located 2 miles north of the north east
corner of the array is the timing transmitter, the
laboratory and living quarters for permanent university
staff who service and maintain the array.

At the time of writing the array is composed of

34 stations spread over an area of 38 km? with a geometry
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as depicted by fig. 2.1. With this geometry the array
is sensitive to air showers with energy greater than

10t ev.

2.3 EXTENSIONS TO THE ARRAY.

Installing of a further 26 stations is at
present underway. This will increase the area to about
87 km®. With this area and using our present energy
spectrum (ref. section 1.7), we will expect v 5 showers
per year having an energy greater than 10%2%ev.

Located midway between stations 12 and 15
(fig. 2.1) and connected by coaxial cables, is a small
array of & spark chambers, each of area 0.25 m%. These
spark chambers are triggered 1in coincidence with
stations 12 and 15 (at the one particle level), and
record both the muon and electron component of the air
shower.

2.4 DESCRIPTION OF A STATION.

) Fach sugar station is an autonomous unit, the
only common link between stations is the reception of
timing information from the central timiﬁg transmitter.

A station consists of two tanks containing liquid
scintillator and separated by 50m in the north south

direction, Both tanks are buried, with the scintillator

about 2m below the surface of the ground (fig. 2.2),



FIGURE 2.1

Hap Of The SUGAR Array.
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Station marked 32 refers to section 3.4,3
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In this way only muons with energy greater than a
threshold energy of (0.75 £ 0.15) sechd Gev (O is the
zenith angle of incoming particles ) are detected, and
except very near the core, the electromagnetic and
nuclear component is shielded out.

The tanks which are made of zteel, are connected
by an underground pipe which carries signal cables.
Each tank consists of a conical section 1.2m high
opening out to a diameter of 2.7m at the base. A 1.8m
high cylindrical section having a diameter of 0.6m is
attached to the top. The whole tank sits on a concrete
base in a hole about 3m deep.

2 of each tank is covered

The base area of 6 m
by 600 litres of Shellsol A solvent containing 3gm/litre
of p-terphenyl scintillator and 0.01 gm/lite of POPOP
wavelenth shifter, the average depth being 10 cm.

A single photomultiplier tube is mounted at the
top of the conical section about im from the scintillator.
To obTain a uniform light response from the edges to the
centre (Ryan 1968), the base is dished so that the central
depth of scintillator fluid is about 6 cm and the depth
at the edges is about 15 cm.

To compromise between good particle resolution

and fast timing response, a 17 cm diameter photeomulti-

plier tube type EHI 9623B has been used. This tube



FIGURE 2.2

A SUGAR Station.
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enables the single particle level of background cosmic
radiation to just be resolved, and gives satisfactory
timing accuracy.,

Above the photomultiplier in one tank, are
stored the batteries and the station's electronics, the
electronics being entirely transistorised. Associated
with edch station is an aerial mast for the reception
of the station's timing information. This is located near
to one of the scintillators,

In many stations the batteries are Nickel
Cadmium cells, and are continuously charged by a thermo-
electric generator. The other stations are powered by
lead acid batteries which need charging every week.
In time the whole array will be run on thermo-electric

generators, thus reducing servicing time.

2.5 PARTICLE DETECTION.

The photomultiplier output current pulse is
integrated on a capacitor which decays exponentially
through a resistor. This expomential pulse is then
amplified by a fast risetime logarithmic amplifier of
gain 50 (Buga et al 1961). This amplifier provides an
output pulse whose length is proportional to the logarithm
of the input pulsc height, independent of the degree

of overload. Cables from the preamplifiers pass through



2#5 -

a light tight septum and connect to the main electronics
located in one of the tanks. This tank also contains

an extra 50m of cable to compensate for the delay of

the signal from the other tank.

At the electronics, the signal is again amplified
by 50 and discriminated. The transmission cable, whose
impedance is 50 {, is terminated and hence a 3 dB loss
is introduced., The overall gain of the preamplifier
system being 1250.

The pulse length 1 is given by

1l = RC 1n {%J

RC = 3 usec and Vo 1s the discrianinator voltage.
The pulse lengths of both channels are digitized at
10 MHZ and stored. Fig. 2.3 is a block diagram of the
gysten.

The discriminator level is set such that a three
particle response detected in each tank, produces a
coing}dence (a highly inclined single particle owing
to increased path length in the scintillator, can give
a three particle response). In this way the number of
local events is minimized and the sensitivity of the
stations to the low particle densities on the fringes
of large air showers is maintained.

The two discriminator outputs trigger two 350 nsec



FIGURE 2.3

LElectronics Block Diagranm.
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monostables which in turn trigger a coincidence whenever
the two pulses are within 350 nsecs of each other. This
enables recording of horizontal showers whose transit
time between tanks can be of the order of 170 nsecs.

The coincidence pulse switches on the temporary
power supply (most of the electronics is off between
events to conserve power), and initiates the timing
logic.

The coincidence output, which is the overlap
between the monostable pulses, is stretched by a factor
of ten, digitised, and stored. One storage bit records
which pulse came first, this tells which tank to use
in subsequent analysis of the timing of the shower front.
The ocutput also gives the time difference between the

two channels.

2.6 RECORDING OF ARRIVAL TIME.

p g pinopinlgheeninghy

BEach station continually receives a timing
pattern, generated by a crystal controlled digital
clock and transmitted on a 397.25 MHZ caprier wave from
the base station (ref. chapter 3).

The pattern is a 48 bit word (fig. 2.%a) and is
of length 80.5 usecs (2 % days). Each bit occupies a
time of 840 nsecs with a I turning the carrier off and

a 0 leaving it on. Bits are separated by logical zeros
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of length 830 nsecs. The end of each word is marked by
setting the two most significant bits and the space
between them equal to ones. This is called the long
pulse. FEach 48 bit word expresses the time to within
80.5 nusecs, and each word will repeat itself every

27%% x 2%% days (or 180 years),

Owing to there being long gaps of upto 76 usecs
in the timing pattern, a local crystal oscillator is
phase locked onto the receiver output. Its period is
the same as the bit period (V1.6 Hsec) and its output
is called the clock signal. The jitter in the clock
oscillator is about * 10 nsecs.

To obtain a timing accuracy of 50 nsecs, an
unsynchronised 20 MHZ crystal oscillator is used to
interpolate between the clock pulses. This oscillator
is also halved and used for the 10 MHZ digitalisation.

When an event occurs, the number of vernier
pulses until the second clock pulse after the eighth
vernier pulse is recorded. The number of clock pulses
until the next long pulse is counted, and finally the

next pattern is shifted into a 48 bit integrated

circuit shift register.



FIGURE 2.4

(a)
(b)
(e¢)

(d)
(e)
(£)
(g)
(h)

The receiver pattern.

The phase locked oscillator.

‘The overlap between (a) and

(b). The ratio (c)/(a) is
kept constant.

The long pulse.

The event pulse.

The vernier pulses.

The clock pulses.,

The signal for the next
pattern to be read into

the shift register.
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2.7 RECORDING AN EVENT.

The information from each event is stored in
scalers and shift registers. This information is
readout serially and in triplicate (to enable lost
bits to be recovered by a majority decision) onto a
% inch magnetic tape. Each recording of the event

uses 86 bits, which are divided into:~-

9 bits station number

3 bits type of event and simulator type
6 bits ‘vernier count

6 bits clock count

6 bits time difference

g bits pulse length channel 2

9 bits pulse length channel 1

48 bits timing pattern

Each event, of which there are 12 per hour paralyses

a station for about 10 secs.

2.8 SIMULATED EVENTS.

Apart from recording real events, a station also
records simulated events. There are four possible
simulator pulse heights, each stable to better than
0.2%, A sinulated event is generated after every 232

and after every 2!7 real pulses have been counted. In

this way, the rates and pulse height calibration for each
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channel carn be checked over the range of the system. A
background count of 30 particles sec ! is equivalent
to discriminating at the 3 particle level,

The tapes are collected at approximately weekly
intervals from all the stations, and sent by rail to
Sydney for data reduction analysis, after which they

are returned, erased and used again on stations.

2.9 DATA ANALYSIS.

All the % inch tapes from any one week's run are
transcribed onto one or more 1 inch magnetic tapes. Each
1 inch tape holds about 35,000 events, and one week's
running of the array yields about 70,000 events. At the
same time a format dheck is made of the original
recording of each 6 bit character and another character
of 6 bits is set indicating whether or not this format
is correct and if not, where it is in error. After
each event, now consisting of 96 characters, a terminator
is set. These tapes are then transcribed offline onto
a standard KDF9 computer tape via a Continous Data Input
Buffer.

The raw data is analysed by four analysis
programs:-

(1) Decoding of raw information - CHUNK I

(2) Coincidence detection - CHUNK IX
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(3) Basic shower analysis - CHUNK III

(#) Direction and curvature analysis - CHUNK IV

2.10 DECODING OF RAW INFORHATIOH.

CHUNK T

The decoding of the raw information that has now
been assembled, is done by a program called CHUNK I.

CHUNK I looks through the recorded information
and for each event, checks the three separate recordings
of that event. 1If all three recordings are internally
consistent or a majority descision can be made, the
event is accepted otherwise it is discarded.

For each accepted event, the time of the event

is calculated

time of event at ith station

i
T time of next pattern after the coincidence
¢,T, number and periocd of clock counts
) v,?v number and period of vernier counts
ry signal transmission time to station i

Alsc the particle number in each tank is
calculated. This information together with the station
number, event number and the original event data, is

recorded onto another computer tape.
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2.11 COINCIDENCE DETECTIQON.

CHUNK Ii

The next step in the analysis is the sorting of
events which involve three or more stations. To do
this the CHUNK I output is analysed by another program
called CHUNK II. This program looks for events which
occur within & 80.4 pusecs (or % one clock pattern) of
each other. All events triggering three or more
stations have the following information output onto
8~channel paper tape.

(1) coincidence event number.

(2) multiplicity (number of stations triggered)

(3) time of event
and for each station in the coincidence

(a) relative time of triggering in nsecs.

(b) particle number in each tank

{c) pulse length out of each scintillator

(d) time difference in nsecs.

Coincidences involving only two stations are
printed on the line printer, but are generally not used
in further analysis.

On the average we expect approximately 40 events

with multiplicity greater than 3 per week.
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2.12 BASIC SHOWER ANALYSIS.

CHUNK III

This program performs the basic analysis of
SUGAR events. TFor each event, the triggering times of
each station are corrected for phase and pulse height
{ref. chapter 4), and assuming the array to be flat, a
least squares plane fit is made to the shower front.
The direction cosines of this plane provide an estimate,
to within %50, of the local arrival direction. The
shower's celestial co-ordinates are estimated, however,
in the investigation of arrival direction distributions
more accurate angle determinations are used. The local
direction provides a first step in finding the shower

core position and muon number.

2.12.1 CORE POSITION AND SHOWER SIZE.

In determining the shower size and core position,
a structure function based on SUGAR presults is used
(Fisher 1970, Brownlee et al 1969c). The structure
funct;on is basically a Greisen structure function,

but with the exponent o¢f the second term being variable

and a function of zenith angle

w (Y
0 +T75 o
k Ap [§§E-+ 1]

o = 1,5 4+ 1.86¢co0s9

ik

p(u)
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The core position and muon shower size are
determined by a maximum likelihood method (Goorevich
1969). Should any station in an event register more
than 4000 particles in either tank, then no core
search is made. JInstead the core is assumed to have
landed on the tank with the largest response. Also
the response of the tank, being unreliable owing to
possible saturation of the electronics, is not used
in estimating the muon shower size,

The error in muon shower size for all showers is
approximately 10% and the error in core position in the
shover plane (fig. 2.5) is approximately 40m. These
errors represent fluctuations of one standard deviation

away from the maximum likelihood value.

2.12.2 ENERGY ESTIMATION,.

An estimate of the primary energy is made based
on a Honte Carlo calculation (licCusker et al 1969b).

The primary energy being given by

why

y = 21.80 -~ 2,26w + 2.20w° + (1.21 « 0.16w)x
where vy = 1n(E) E is energy in Gev.

X = 1n(Nu/107) N, is muon shower size

¥ = ln(sect) O is zenith angle.

The estimate is valid in the range 10'7ev < E < 10?*%ev and

O

8 < 70 The error in the estimate is about 10%.



FIGURE 2.5

Core Position Error Distribution.

Mean Error = 3%n.
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All CHUNK III results are permanently stored along
with the basiec CHUNK II output on one magnetic tape, for

access in further analysis.

2.13 DIRECTION AND CURVATURE ANALYSIS,

CHUNK IV

This program recalculates shower arrival
directions allowing for shower front curvature (ref.
appendix). At the same time errors in timing, local and
celestial co—ordinates and curvature are calculated.

The new angle measurements are used to overwrite the
original CHUNK III angle measurements {with a marker to
indicate that the results came from CHUNK IV).

Curvature measurenments and errors are also
added to the CHUNK III magnetic tape.

Having accurateiy determined shower directions,
CHUNK III is rerun, this time using these accurate
directions rather than the original plane fit directions.
A new_core is found, a new muon shower size is found
and a new estimate of the primary energy is made.

With this new core position CHUNK IV (which relies
on a knowledge of core position), is rerun and the
shower directions are refined further.

CHUNK IV directions generally differ by no more

than a few degrees from CHUNK III directions. And only
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in rare circumstances are the deviations greater than
10°.

Recalculation of CHUNK IV with a new core only
creates a significant difference if the original core

positioning is uncertain. This is generally the case

only in a few very inclined showers.
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APPENDIX.

A cosmic ray alr shower front can be roughly
approximated by a plane which is at right angles to
the direction of travel of the air shower, and travelling
at almost the speed of light. A second and more accurate
treatment is to consider the air shower front as being
spherical and expanding from the point of origin with
almost the velocity of light. The radius of the sphere
being time dependent.

The method of estimating the relative parameters
for each of the above cases, is to do a least squares
fit of the required surface fto the corrected timing

measurements at each station (ref. chapter i),

(1) Plane Fit.

The equation of any plane is given by
1 + my + nz = p

where 1, m and n are the direction cosines of the
plane, and p it's perpendicular distance from the

origin. If v is the velocity of the plane then

where P, is the perpendicular distance when the time
t = 0.
1f each of the N triggered stations have position

co-ordinates {ai’bi’ci} and triggering time t., then we
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can form a set of least squares equations. To simplify

natters, we work ir a centre of mass system, i.e.

Eai = Ebi = Zci = Zti z 0
hence Py = 0.

The least squares equations are found by

minimising
sl e 2
S = Z{vti + la; + mb, + ne,}

with respect to 1 and m, assumed to be independgnt

and normally distributed. n is related to 1 and m by

n* + 12 + m% = 1

The least squares equations are given by

08 _ a8 _
-ﬁnﬁ and Bm-O

For N=3 the fit is exact. For N>»3 an iterative
solution of the equations is requivred. An &analytic
solution is possible on the assumption that the array
ig flat.~ In this case all c, = 0.

The full solution of this simple analytic¢ case

is given as an example of the method.

The least squares equations in matrix form are

AU

L

b
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2
la, la,b,

la;b, Zbiz

u = [ L } and b = uv{ last, ]

Ib,t.

The sclution to this provides a first guess
to the iterative solution, which is found by using
Taylor's theorem to linearize the least squares equations.
Rarely more than two iterations are required. The analytic
and iterated solutions usually differ by less than 1%.

For the case N>3, the timing variance can be
estimated from the fitted plane by

R g—
vi(N~3)

If N23, a value of 0% = 68 x 68 = 4624 nsec? is
used. This is based on the results of spherical fits
to 171 showers which triggered more than four stations.

The variances in 1 and n are assumed to be
independent and normally distributed and are estimated
from the diagonal elements of the inverse matrix of

coefficients and the timing variance

e.g. in the analytic plane case,
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(2) Spherical Fit.

The spherical analysis is almost identical to
the plane fit analysis, except in this case a four
parameter fit is required. The four parameters are
l, m, n and p. 1, m and n approximate to the direction
cosines and p is the radius of curvature. All
parameters are assumed to be independent and normally
distributed. A point soure of origin (xo,yc,zo) is

assumed for the sphere,

X
O

F ’

0O

Z
1l = mn = s N 7 o
b

Bl <

where r is the radius.
The set of least squares equations is found

by minimizing

- — 1i_ 1,2 _HBy2 ny24%)
s = z[vti £3- UaD? v (05D ¢ (ep-D)?) ]

with respect to p, 1, m and n.
For N=4, the fit is exact and for N>4 an
iterative solution such as used in the plane fitting,
is required.
Also as in the plane analysis, an analytic solution
can be made on the assumption that the array is flat.
This provides a first guess to the iteration.
An estimate of the timing variance is made

when N>
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2 . S
vZ(N-4)

o
The errors in p, 1, m and n are found from the
inverse matrix of coefficients used in the least squares
analysis. These errors are assumed to be normally
distributed and independent.

Knowing the core position, the corrected

direction cosines can be evaluated.



CHAPTER 3

RADIO FREQUENCY TIMING LINK.
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3.1  INTRODUCTION.

The vast extent of the SUGAR array eliminates
any economical use of coaxial cables to interconnect
individual stations. In the early stages of the
design of the array, the use of microwave links was
considered as an alternative to cables for relaying real
time coincidence information. A system such as this
however involves many difficulties and is very expensive.
The system finally settled on is the use of a
central transmitter to radiate continous timing
information to each station in the array, and to record
each event locally. In this way the extent of the
array is limited only by the distance over which the
transmitter can successfully radiate,
To obtain reasonable pulse risetimes requires
a wide bandwidth system. This together with the
requirement that no-one else will radiate on the same
frequency and thus produce intérference, limited us to
the U.H.F. end of the radio spectrum for a carrier
frequency. The frequency band allocated by the
Post Master General's Department was 397.25 % 2.5 MHZ.
In this chapter the design and construction along
with problems encountered in this radio link, are

discussed.
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3.2 CARRIER HAVE TRANSMISSION.

The problems behind the propagation of radio
waves in the region of 400 MHZ () = 75 cm)are quite
considerable. The receiving and transmitting apparatus
need to meet rigid tolerances in their construction,
and for goﬁd transmission, as near to a line of sight

path as possible 1s required.

3.2.1 SIGNAL TO NOISE RATIO.

The signal to noise ratic at each station
determines whether or not that station can record
event timing information effectively. Any radio
frequency receiver has an inherent amount of noise
generated by it. This noise is primarily due to
thermal agitation of electrons in the first stage or
stages of the receiver. If we consider the amplifying
elements of the receiver to add no noise (i.e. zero
noise figure), then the amount of noise generated at

the input of the receiver is given by the familiar

Nyquisf‘formula
dP = 4kT df 3.1
where dp = R.M.S. noise power
k = Boltzmann's constant
T = temperature at the input
df = Dbandwidth of system
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However all transistors and hence receivers have
an inherent noise figure, N. This increases the noise

as given by eqn. 3.1, the amount of noise actually

generated at the input being
dP = UNKT df | 3.2
In a system such as that used for SUGAR
H~~6dB, T~ 20°C and df & 3 MHZ.

The noise power generated then being of the

order of
dP & 2 x 10" }3watte

The input resistance of each receiver 1is 500

and hence the R.H.S. noise voltage is
dV ~ 3 uv.,

To obtain good waveforms at the receiver output
we require that the signal te noise ratio be quite
large, otherwise noise pulses may appear as bits in
the timiag pattern. TFor reliable operation it is
desirable for the signal to noise ratio to be approxim-
ately 10 : 1, requiring at least 30 uV input to each
receiver over the extent of the array. This is
determined by the transmission loss between transmitting

and receiving antennas.,
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3.2.2 TRANSMISSION LOSS.

The operating power of the base transmitter
varies between 10 watts and 100 watts (ref. section 3.5)
R.M.8., and the total gain of the receiving and
transmitting aerials is 10 to 20 dB. Hence the maximun

allowable transmission loss is

L = 10log |—=——| + 10 4B
1%{2x107 1!

t.e. L v 127 4B

An approximate discussion of the way this
transmission loss may occur, can be made 1f we assume
line of sight transmission over flat ground (Bullington
1956). The effect on the propagation of radio waves
is given approximately by

E=E_ + RBoejﬁ 3.3

where E is the observed field strength and is
comprised of a direct wave Eo and a reflected wave

given by the second term of eqn. 3.3, R 1is the reflection

-y

coefficient, which can be set equal to -1 for perfectly
reflecting ground (which is almost the case for low

grazing angle reflection).

Hmh.h
A:--.-E.....z:.
ad

where h,, and hr are the heights of the transmitting and

T
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receiving aerials respectively, A is the wavelength of
the radiation and d is the aerial separation.

Eqn. 3.3 reduces to

2KhThr
- 233:11""‘""‘“ 3#1"
Ad

E
Bo
and if Ad >> 2thhr as is the case in the SUGAR array,

the egqn. 3.4 becomes

, 1
{p Y2 urh. nh
frl] _ Tr

= l.........P - - 315

3 Ad

2
EC}

Pr is the received power and P_ is the power which
would have been received had there been no reflection
(i.e. in free space).

The free space transmission ratio is given by

P 2
o _ A
Py {uwd] r Ex 3.0
PT is the transmitted power and =8 and g, are the

gains of- the transmission and receiving aerials
respectively.

Eqns. 3.5 and 3.6 give the transmission loss
over a plane perfectly reflecting surface

2
Pr hThr

Pop 42

8y 8, 3.7



- 3-6 -

From eqn. 3.7 it can be seen that the received
power at a station varies inversely as the fourth
power of its distance from the transmitter, and in
this approximation is frequency independent.

If we insert the values hr = 25 ft, hT = 150 f¢
and d = 10 miles, which are typical for the SUGAR array,
then the expected transmission loss is about 107 4B
(including antenna gain). An extra loss of 3 4B due
to Earth curvature can be included (Bullington 19586),
giving a total loss of 110 dB. This leaves a margin
of v 20 4B if the propagation is in accordance with this

simple theory.

3.3 FIELD TESTING OF TIHMING LINK.

In early 1966, two main fielde tests of the
timing link were made, to ascertain under what
conditions the radio system would best work. The two
possibilities of transmitting the timing signal were

“(a) Transmission from an aerial mast located
near the array.

(b) Transmission from a mountain some 40
miles from the array.

Option (a) being the preference, since it

enables easy servicing and checking of the transmission

system at regular intervals. On the other hand, due
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to the increased equivalent height of the transmitting
mast on a mountain, some 4000 ft, a better coverage
of the array could be expected,

In order to test these options, a 10 watt trans-
mitter, which now is the basic modulator in the final
array and a prototype receiver, were taken firstly to
Mt. Kurrajong, a mountain of height 2000 £t and located
in reasonably flat (to within 50 ft over most localities)
country about 40 miles from Sydney. Secondly the same
assembly was used in the flat land about 20 miles from
the base of (it. Kurrajong and the transmitting aerial
attached to the top of a 150 ft mast owned by the
Department of Civil Aviation. In both cases, the
transmitting aerial was a 9 element Yagi and the receiving
aerial, a 3 element Yagi mounted on an adjustable 40 ft
aerial mast connected to the rear of a utility truck.
Field strength measurements were taken at varying
distances from the transmitter by recording the automatic
gain comtrol voltage of the receiver, and knowing the
transfer function, converting this voltage to an
equivalent input signal strength. In most instances,
measurements were made in reasonably open terrain.

The vesults of these two tests are given in
table 3.1. In calculating the predicted transmission

loss, the varying height of the land was included in
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the height of the receiving aerial where necessary.

TABLE 3.1

g eyl

p g b

sgparatlan (miles) Lobs(dB) Lpred(ﬁf} h?(ff) h?(ft)

J— eyl L L W PR e e

D.C.A. Heasurements.

2.5 87 90 38 150
3.4 97 95 38 150
£,9 103 101 38 150
5.3 114 103 38 150
5.5 104 103 38 150
742 116 108 38 150
8.0 11¢ 1190 38 150

Kurrajong Measurements.

11.5 101 9y 40 1813
17.0 96 93 90 1913
24,5 105 93 130 1913
26.3 112 111 40 1913
31.0 94 89 340 1913

Reasonable agreement between the observed results
and this simple theory were obtained. According to
Bullington (1956), terrain irregularities of approximately
50 £t at 400 MHZ should produce an attenuation of

approximately 6 dB.
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On the basis of these results, and allowing for
a margin of about 20 dB error due to attenuation, it
was decided to use a 150 £t mast located 2 miles from
the array at the base station, to radiate power from a
one hundred watt transmitter. The height chosen for
the receiving aerials was 25 ft, making construction
easy since they would be self supporting and have no
need for guy wires. Fig. 3.1 shows the theoretical
transmission loss, L, across the array for radiation
both from a 150 ff mast 2 miles from the array, and
for radiation from a 4000 ft mountain 40 mniles from
the array. Curves for two receiving aerial mast

heights, 2% ft and 50 £t, are shown.

3.3.1 PILOT ARRAY.

A pilot array of 3 station cperating on the
campus of the University of Sydney (Ryan 1968, Lrownlee
et al 1968b) successfully tested the feasability of
receivigg and recording transmitted timing information
and extracting coincidence information at a later date
using a digital computer. The longest transmitter
receiver separation being about 2000 ft, and the

transmitted power being about 10 watts.



FIGURE 3.1

e bt proremmrrn

Predicted transmission loss (assuming
a flat perfectly reflecting earth)
across the array for line of sight
transmission between two dipoles (unity
gain).
The transmitter aerial being
(a) Located on a 4000 ft mountain
40 miles from the array
(b) Located on a 150 ft mast 2 miles
from the array.
Results for receiving aerial heights

of 25 £t and 50 ft are shown.
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3.% ATTENUATION OF TIMING SIGNAL.

Several distant stations in the array were
operating marginally close to the allowed limit, and
quite often owing to fluctuations in transmitted
power (section 3.5) and adverse weather conditions
such as rain and wind in the forest, the received
signal strength dropped below the acceptable limit.
These stations could then record invalid patterns (i.e.
patterns containing noise pulses and hence not conform-
ing to a given format), which meant subsequent rejection
of these events in later analysis.

To cure this problem, it was decided to try
raising the receiver aerials to a height of 50 ft in
an attempt to gain line of sight transmission over the
trees in the forest. The average height of the trees

is forty feet.

3.4.1 EFFECT OF FOREST.

Trees at %00 MHZ are quite absorbent (Head, 1960),
an atte;uation of 0.15 dB m ! being expected on the
average. Figure 3.2a shows a typical transmission path
of the timing signal to a SUGAR station. According to
Head the signal should increase approximately in

proportion te the logarithm of the clearing depth

{defined as the distance of cleared land between the



- 3111 e

receiving antenna and the forest, in the direction

of the tramnsmitting antenna), for clearing depths

greater than a critical value, D. For clearing depths
less than D, the signal remains constantly about 30 dB
below the prediction of the simple flat earth theory.

The signal in this region is that due to the leakage
field, i.e. signal which has diffused through the foliage
in the forest. As the clearing depth is increased the
signal rises due to diffraction over the tree tops

(fig. 3.2b).

3.4.2 DIFFRACTION EFFECTS.

If we consider the trees at the edge of the
clearing to represent a sharp edge, an estimate of the
effect of diffraction can be made (Bullington 1956).
For our situation of near horizontal transmission, the
first Tresnel zone clearance H_, is given by

TRRE
Ho = {12z 3.8
d1+d2
which reduces to Ho = /(Adz) for large clI (dz and d2
are defined in fig. 3.2a). According to Head, the
received field starts to'increase above leakage level
for clearances where H/Ho > -%, H is the separation of

the receiving aerial from the obstructing edge. The

eritical clearing depth is then given by



FIGURE 3.2

(a)

(b)

Direct transmission path between
trgnsmitting and receiving
antenndae.

Attenuation of signal through
forest and in clearing

(Head, 1960, Proc. I.R.E. 48

pl016).
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2
p = M

A

If the receiver mast height is 25 ft and
AN 2,5 ft, then for a tree height of 40 ft, D is
approximately 350 ft.

Each station in the forest is cleared for about
50 £t to 100 £t around each tank. Stations with receiving
aerials situated at the northern tank have a clearing
depth of about 100 ft, while stations which have their
receiving aerials mounted at the southern tank have a
clearing depth of about 250 ft. Hence with 25 ft
receiving masts, it is likely that it is the leakage
field that is received. By raising the receiving aerials
to 50 ft, diffraction loss should reduce to approximately
zero and an increase of upto 30 dB in received signal

strength should arise.

3.4,3 EFFECT OF INCREASING RECEIVING ANTENNA HEIGHT.

To test the effect of raising the receiving
aeriaglst~heights to 50 ft, an aerial was erected section
by section at station 32, This station is one of the
furthest stations in the array, (fig. 2.1), and the
received signal strength was marginal. The clearance

depth was 250 ft.
Heasurements of signal gain were made for each

height increase of one foot, uptoc the limit of 58 ft.
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The results are shown in fig. 3.3. The increase in
gain was measured by inserting a variable attenuation
in the aerial cable such that the gain control voltage
at the output of the station receiver remained constant
for varying aérial height.

The gain increase with height was immediate,
indicating that the signal being received by the 25 ft
mast was above or just near the leakage level. The
increase of 13 dB in signal strength that resulted for
full aerial height, is 17 dB less than that based on the
regults of Head. Two possible reasons are firstly that
the received signal was well above the leakage level
to start with and secondly that owing to the diffuse,
spread out nature of the foliage in the Pilliga forest
(mostly cyprus pines and ironbark trees), the leakage
field may be considerably greater than expected. The
correct answer is probably a mixture of the two

possibilities.

3.4.4 CONCLUSION.

On the strength of these results, the receiving
antennae on all stations were raised to approximately
50 ft. A substantial increase in signal strength and
a decrease in the number of invalid patterns recorded,

were noticed at each station.



FIGURE 3.3
Increase of received signal strength
at station 32 with increasing aerial

height.
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The increase in gain of 13 dB means that'if the
100 watt central timing transmitter should only radiate
10 watts, as happens during powver failures, the received
signal strength at each station is still 3 dB above the
maximum attainable signal strength at that station when

using a 25 ft receiving mast.

3.5 TRANSHMISSION SYSTEH.

The basic transmission system (plate 1) consists
of a digital clock which keys a low power 397.25 MHZ
transmitter., This is turn drives a high power amplifier
(fig. 3.% and 3.5). The low power transmitter, which
delivers 10 watts R.#.S. power and the digital clock,
can both run off storage batteries whilst the power
amplifier, which radiates 100 watts R.M.S. power, can
run only from the main supply.

This system is duplicated to minimize the risk
of electrical failure turning off the transmitted timing
signal, and demobilising the whole array. Individual
elements may be interchanged readily via a system of

coaxial relays.

3.5.1 LOW POWER TRANSMITTER.

During mains power failures, the low power drive
transmitter is automatically switched into the transmitt-

ing aerial, continuing to radiate the timing signal at



PLATE 1

Shown are:-

Left
Unit
Unit
Unit
Unit
Unit

Unit

Right hand rack

hand rack
1
2

Units 1,2,8

Unit

Unit
Unit

Unit

y

6

7

SUGAR CENTRAL TIMING UNIT.

Driver transmitter.

Driver transmitter.fig.3.5a.
Clock crystal oscillator,
Clock 1.

Clock I1.

Changaover switches for clocks
and drivers. Power supplies

occupy the rest.

Power supplies.,

Power amplifier changeover
switches.

Power amplifier. fig.3.5b.
Power supply.

(Just visible)

Power amplifier.
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a reduced level.

Both drivers are basically crystal controlled
oscillators, stable to 0.005%, and which are frequency
multiplied and then amplified using convential vacuum
tubes. Modulation is accomplished by keying the output
stages from completely on to completely off with a fast
rise time, high current transistor. The modulation is
applied at the output rather than at the crystal oscill-
ator to give better risetimes to the keyed pulses. The
clock pattern, which provides the modulation, consists
of pulses of height 6 volts and with risetimes of better

than 10 nsecs.

3.5.2 HIGH POWER TRANSMITTER,

The driver output is used to drive the high
power stage amplifier. This unit consists of an air
cooled power tetrode valve type 4CX-250B, which is
mounted in a coaxial cavity. The plate supply is
1500 volts and the plate efficiency ~ 50%. The output
signal is coupled via a loop in the plate circuit into

a 508 coaxial cable. The output power is continuously

monitored on a Bird thru~line wattmeter.

3.5.3 RADIATIOQI OF THE TIMING SIGNAL.
The output of the transmitter system is radiated

from a horizontally polarised bedstead array of eight



FIGURE 3.4

Basic unit of the transmission systen.,
This unit is duplicated, and the
various members of both units are

readily interchangeable.
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FIGURE 3.5

TRANSMEITTER CIRCUITRY.

(a) One of the low power driver stages.
A ten watt R.M.S. carrier is keyed by a

fast 2N3051 transistor.

(b) One of the power amplifiers.
L1 is a coaxial tuned cavity in the
plate of a forced air cooled 4CX-250B

power tetrode,

L2 is a coaxial tuned grid line.

Qutput power is 100 watts R.MH.S.
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dipoles, mounted on top of a 150 ft mast. The loss in
the coaxial cable leading to the radiator is less than

2 dB and the gain of the system of dipoles comprising
the radiator is 14 dB. The radiation is transmitted in
a fan beam just sufficiently wide to cover the array and
hence save on radiated power.

The overall risetime of the transmitted pulses
varies slightly with the tuning of the transmitter
(ref. section 4.3). The average risetime is 150 nsecs
and the width of one pulse (or bit) is ~ 800 nsecs

oy

(ref. section 2.6).

3.6 RECEIVER SYSTEH.

The receiver system consists of a three element
horizontally polarised Yagi antenna mounted on a 50 ft
mast (ref. section 3.4) (plate 2). The received
signal in some cases is amplified at the mast by a
wideband transistor preamplifier tuned to 397.25 MHZ
and having 20 dB gain and 6 dB noise figure. Before
entering an all transistor superheterodyne receiver,
the signal has to traverse upto 200 ft of UR67 coaxial

cable which has an attenuation of 4.5 4dB/100 ft at this

frequency.

83.6.1 SUGAR RECEIVER,

The basic receiver, the latest version of which



FIGURE 3.6

Block diagram of the Receiver System.
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is shown in fig. 3.7, consists of two R.F. stages which
feed together with the signal from a local crystal oscill-
ator (stable to 0.005%) into a mixer which produces an
1.F¥. freguency of 32.25 MHZ. The I.F. frequency is
amplified by an automatic gain controlled three stage
amplifier. The signal after detection (now the clock
pattern), is amplified to + 6V and held constant by the
automatic gain control, independent of fluctuations of

the input signal.

3.6.2 AUTOMATIC GAIN CONTROL (A.G.C.).

The gain control system has to be able to handle
fluctuations of upto 10 dB in input signal due to

(a) variations in radiated power and

(b) changing conditions along the transmission
path of tﬁe signal (e.g. wind and rain in the forest).

In addition, it has to average out the fluctuations
in voltage level at the output caused by the constantly
changing number of bits in the timing pattern. A value
of about g msec is used as the A.G.C. time constant.
In this way, pattern jitter has been kept to % 10 nsec
for a reascnable level of input signal. The dynamic
range of the A.G.C. is such that the output signal level
remains constant without clipping., over a range of at

least 40 dB., The A.G.C. ceases to function for signal



FIGURE 3.7

CIRCUIT DIAGRAM OF A SUGAR RECEIVER.

Lx to Ls are 1" by %" brass rods.

The R.F. transistors are low noise
type BF180.

The I.F. integrated circuits are wide-

band operational amplifiers type CA3028A

Hoise figure &~ 6 dB

Bandwidth v & MHZ



: A9

o
1 sd 4 i
;
Nz h-_m v nuu._ nnlr Y 5% | oze
IN4LNO o4 t N j ov: #Illlh| mm..__lw__
5 [ L] b
0Ld Ll H &% T
6.1 . 08 ¥0
089 D
AZl¥
dibdy MNALLWY VWOLIZ130
%!
4
day &= - -
P ) o7
o] |
Ny 00 —— it
200 THM2E ]
o 1
»f
v 4
32 ﬁ_@nu I_

L F

¢
T
€01 |2

w 490 w3y
b

4N

139vis

o
o

I

[ 2%z
: 4 e c
#'M’IM_ “8- OO0 34
-5 T S

FuT

AZ)e

NN

oTe
] 099
<N
cdl
WX
ZHM 08
sl
271
T

WHIILINH X ¢




- 3.18 -

levels less than 10 pv.

The circuit depicted by fig. 3.7 represents
the latest version of the SUGAR receiver, the major
improvements being better gain, bandwidth and stability.
For its predecessor, the gain was ~ 120 4B with flucetu-
ations of upto 10 dB between individual receivers. The
bandwidth of the entire system was about 3 MHZ, which
corresponds to a risetime of v 200 nsecs for bits
éomprising the clock pattern. The bandwidth of the
system is now N~ 5 MHZ, giving better risetimes.

The received timing pattern 1is squared by feeding
it into a transistor switch circuit, then fed into the

phase locked crystal oscillator (section 2.6).



PLATE 2

A typical SUGAR station showing the
50 ft receiving mast with a three
element horizontally polarised Yagi

antenna on top.

At the base of the aerial are the
bottles of propane gas used to fuel
the thermoelectric generator above
them. This supplies power for

charging the station's batteries.

In the foreground is the servicing

truck.
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SHOWER FRONT TIHING ERRORS.
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4.1  INTRODUCTION.

The angular resolution of the SUGAR array is
limited only by the accuracy with which each individual
station can vegister the relative arrival time of an
incident shower of puons. The principal sources of
error in this time arise from the transmission and
reception of the timing signal, the registering of the
coincidence pulse, the structure of the shower front
and the limitations imposed by the electronics. In
the following sections each source of error is
investigated and the total timing error is compared

with that derived from experimental results.

4.2  STABILITY OF CRYSTAL CONTROLLED OSCILLATOR.

All analysis of shower front arrival directions
and curvatures rely on relative time. Absolute time is
needed only to determine the celestial co-ordinates of
individual showers. As we shall see, the accuracy with
which the local co-ordinates of a shower can be
determined is approximately 50, or 20 minutes of time.

A crystal controlled oscillator, such as 1is used to
provide the timing signal for the SUGAR array, typically
has & long term stability of ome part in 10%, This
amounts to a drift of about 30 seconds in one year of

operation, not allowing for resetting. The maximum error
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in the solar and hence the sidereal time is therefore
about 30 sec which corresponds to an uncertainty in the
celestial co-ordinates of a shower to be less than

%P due to this effect.

Local coincidence times are measured over a
period no greater than 80 Hsec, which corresponds to
one pattern period (section 2.8), hence assuming a
short tepm stability even as low as one part in 10°,
the drift 1in rescolving relative time is mpuch less than
1 nsec. However the major limitation in this respect
is set by the station electronics. This being discussed
later in this chapter (section #.7).

It can be concluded that drift in the local
crystal oscillator providing the basic timing pattern,

contributes a negligble amount to the total timing

erroxr,

4.3 ERROR IN TRANSHISSION SYSTEM.

The transmitted timing pattern has a small
amount of inherent jitter, incurred in the modulation
of the R.F. carrier. The extent of this jitter is less
than 10 nsecs. However, a more serious effect on the
timing error due to the transmission system occurs after
the statioen receiver,

If any element of the transmission system is
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interchanged, which invariably happens during power
failures or electrical breakdowns, the overall band-
width of the transmission system can change. The
change in bandwidth results in a change in risetime

of the transmitted and hence received pulse. This

in turn causes a change in signal delay through the
electronics due to the fact that the electronics is
set to trigger at a preset voltage level., The overall
variation in signal delay time varies from station to

station and must be allowed for in further computation.

4.4  PHASE MEASUREMENT.

It is not necessary to know the absolute timing
signal delay through each set of station electronics.
What is'required is a measurement of the relative
delay between individual stations. This relative delay
is referred to as the phase of that station. Undetected
variations in phase can lead to a large error in timing
measurenent.

The factors which contribute to the phase of a
station are:-

(a) Delay through the receiver systen.

(b} Delay through the phase locked oscillator.

(c) Delay through the aerial cable.
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Factors (a) and (b) are discussed separately
in section 4.5 and section 4.6 respectively.

Typical delays in each case are:-

(a) ~ 500 nsec.

(b) ~ 100 nsec

(¢} ~ 50 nsec depending on cable length.

The range of variation in relative delay
between all stations is approximately =200 nsecs to
100 nsecs.

Any change involving replacement or retuning
of a station's receiver or phase locked crystal oscill-
ator, will alter that station's phase. Should such a
change occur, then the phase of the affected station
is remeasured and the new value used in further
cemputation. Any change in the transmission system
will alter the phases of all statioms. Ideally a
list of phase measurements should be kept relating
to each possible transmitter configuration. This is
however Wneconomical in terms of available staff and
time. Instead a complete set of phases is kept
corresponding to transmission from either of the two
high power amplifiers. This is the most common state
of transmission, any other state occurring for only a
small percentage of time. During this small time, an

uncertainty of phase of + 20 nse¢ may occur, thus
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introducing a moderate timing error.

A portable standard clock, consisting of a
superheterodyne receiver coupled to a phase locked
crystal oscillator, is used to measure the phase of a
station. To make this measurement, the received timing
signal is divided into two parts by a 500 strip-line
power divider, such that the station receiver and the
standard receiver each obtain half of the received
power. The 596.5 KHZ clock signals obtained from the
two phase locked crystal oscillators are displayed on
a twin beam oscilloscope, and the time difference in
their leading edges is, after correcting for antenna
cable length, the phase of that station.

Jitter of the displayed clock patterns during
phase measurement lead to an unavoidable error in 1its
determination. The extent of this jitter increases
with decreasing signal strength (section 4.6). For
a receiving antenna height of 25 ft, the average error
in phase determination is # 15 nsecs, whereas for a
50 ft mast the average error is * 5 nsecs. The drift
in phase for a station which has been left untouched

for several weeks, is * 10 nsecs.

#,5 ERROR IN RECEIVER SYSTEH.

The source of signal delay in a receiver is due
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to the reduction of group velocity in the tuning elements.
The major delay occurs typically in the bandwidth limited
I.F. stages. In the receivers employed in the SUGAR
system over the past two years, this delay is of the
order of 500 nsecs. Any variation of this delay leads
to a source of timing error. The most likely sources of
variation are due to:-

(a) Input signal Ffluctuations.

(b) Battery voltage variation.

(¢) Temperature variation

Table 4.1 gives the maximum timing errors to be

¢xpected under normal operating conditions.

TABLE 4.1

Signal Strvength | Voltage | Tempebiture

+ 10 nsec <5 nsec 7 + 10 nsec
oever a range of for a #2V | for a change
20 dB. change. of 20°c.

Signal level will vary whenever the transmitted
power changes, or the transmission properties of the
surrounding country change (i.e. during windy, rainy etc.
weather conditions). To compensate for signal variation,
the automatic gain control system of the receiver varies

the overall gain of the receiver.
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Two typical receivers were checked for delay
variations over a range of 20 dB about the normal
operating signal strength and a maximum delay change
of 10 nsecs was observed.

The delay change suffered due to varying supply
voeltage, is less than 5 nsec over a range of £ 2V
about each supply line.

The change of delay with respect to temperature
variations is 0.5 nsec/QC for the receivers, and for
the aerial cables it is 0.2 nsec/OC/15 Ft of UR67
¢able.

As each receiver is contained with the rest
of the electronics inside the buried scintillator
tank (section 2.&), the temperature fluctuations are
reduced below ambient variations and hence température
dependent delay changes are negligible, The antenna
cable which is exposed to ambient temperature variations
of upto 20°C over about 50 ft of its length, can
introduce delay variations of upto 1% nsecs.,

The change in total delay between receivers is
of the order of 50 nsec, but this effect is eliminated

by the measuring of a station's phase.

4.6 PHASE LOCKED CRYSTAL OSCILLATOR.

The phase locked crystal oscillator generates
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a clock signal of period 1.6 usec, and is locked in
phase to the receiver output. The shape and hence
risetime of the receiver output pulse determines the
poeint at which the oscillator locks. Variation of
risetime due to any cause, will introduce an uncertainty
in the locking and hence introduce a timing uncertainty.
The maximum error due to locking is measured as jitter
during phase measurements and is % 10 nsecs for typical
reception, however in the case of a noilsy receiver

pulse the jitter in locking may increase to * 50 nsecs,
Variations im the risetime of the receiver pulse due

to changes in the transmission system, can introduce a
change of delay through the phase locked crystal
oscillator of upto 20 nsecs. However this is in general
compensated for by remeasuring the phase of that

station.

4.7  VERNIER TIME MEASUREMENT.

The timing resolution at the output of the phase
locked crystal oscillator is approximately plus or
minus one clock pulse or & 800 nsec. However,whenever
a station pregisters a coincidence an unsynchronised
20 MHZ vernier oscillator is gated into a scaler
(section 2.8). The form of the vernier output is a

continous train of square pulses of period 50 nsecs.
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The erroy in timing introduced whenever the vernier
oscillator is gated, therefore follows a rectangular
distribution of width 100 nsecs. Since the vernier
is gated twice during each coincidence time measurement,
the resultant distribution of the vernier timing error
is a symmetrical triangular distribution of base width
100 nsec, mean 0 nsecs and standard deviation 20 nsecs.
The timing error introduced by the use of 20 MHZ vernier
oscillator is therefore & 20-nsec.

In the event of no other error, it is the vernier
oscillator that sets the lower limit to the timing

resolution of the SUGAR array.

4,8 MINOR TIMING ERRORS.

Minor timing eryors arise due to:-

(a) Refractive Index Of Air.

If the refractive index of the air varies across
the array, then the signal propagation time will vary.
Across the SUBAR array, the error involved is only
+ 3 nsec (Parkinson 1969).

(b Curvature 0f Earth.

All calculations assume a flat earth, the effect
of curvature introduces a difference of only 10 picosecs.

(c) Reflection From The Ground Plane.

This introduces an error of less than 1 nsec.
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(d) Surveying.

The accurate positions of both transmitter and
receiver masts must be known to calculate the total
transmission time of the timing signal to each station.
A maximum error in surveying of * 6 ft is involved at
each point., This leads to a total error in transmission
distance of 8 £t which corresponds to a timing error
of * 8 nsecs.

(e) Diffusion Of Timing Signal.

In section 3.4, the affect of absorption by
the forest of the R.F. field which carries the timing
signal, was investigated. To check for signal delay
due to diffusion through the trees of the forest, the
relative arrival time of the timing signal was measured
for two receiver mast heights. A mast height of 50 ft
allowed for line of sight transmission and a mast
height of 25 ft gave transmission through about 1 mile
of forest,

fhe signals from both aerials were fed into two
separate receivers, the outputs being displayed on a
twin beam oscilloscope. The time difference between
the leading edges of two equiﬁalent pulses then gave
the time delay. The receivers were interchanged and the
same reading taken, in this way the inherent delay

through both receivers was eliminated.
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Within the limits of reading, the maximum delay

introduced by the forest, is less than 10 nsecs.

The total timing error due to these minor

effects is less than * 10 nsecs.

4.9 GHOSTING OF TIHMING SIGNAL,

An inherent difficulty associated with the
reception of U.H.F. radiation is spurious reflection.
In television, because of the appearance of a usually
weaker, superimposed but delayed picture, this is known
as ghosting. A similar effect is observable for the
SUGAR timing pattern whem it is disPlayeq on an
oscilloscope, in weak signal areas.

The affect of ghosting on the timing signal is
to increase the risetime of the received pulses. This
occurs because the resultant pulse is the sum of the
direct pulse and its ghosts. The delay in nanoseconds
between the ghosted and direct signals varies in
magnitude bpetween once and twice the distance away in
feet of the reflecting object (speed of light = 1 ft
nsec !).

Reflections of the signal from trees in the
nearby forest are the primary cause of ghosting. In
one instance the reflected signal was stronger than the

direct, requiring the receiver antenna to be rotated
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about 70° away from the direction of the transmitter for
best reception. On removal of a large tree near the
aerial, the situation became normal, a resultant change
of phase of ~60 nsecs occuring.

As a test to determine the variation in jitter
involved in phase measurement over a period of several
hours, the c¢lock pulses from both the standard clock and
the station clock were fed into an integrated circuit
and gate. The resultant overlap pulse being proportional
in width to the phase of that station. This overlap
pulse when integrated, provided a D.C. voltage proportion-
al to the phase, which was displayed on a chart recorder.
A change of phase of 1.5 nsec produced a pen deflection
of 1 cm.

A direct phase measurement at midday yielded a
phase of + 30 * 5 nsec, two hours later the phase had
changed to 35 + 5 nsec¢c. From the chart recorder, a
drift of 6 nsec and an average jitter of about * 2 nsec
with maximum jitter * 5 nsec was observed. This was
in good agreement with direct observation on the
oscilloscope screen. During periods of high gusty
winds, where the tree branches would swing several feet,
the jitter increased to more tham + 10 nsecs and subsided
as the wind subsided. This is in direct agreement with

the proposal that the jitter of the phase locked osclllator
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is due to the changing risetime of the received pulses
and that in this case, the changing risetime is due to
varying ghosting at the receiver.

Pattern variations due to the periodic emptying
and filling of the 48 bit timing pattern, caused jumps
in phase (via the receiver A.G.C.) of upto 3 nsecs and

appeared to be responsible for 6 nsec drift observed.

4,10 TIMING ERROR IN SHOWER DETECTION.

The coincidence pulse, which registers the time
of arrival of an air shower front at a statiomn, is
measured with respect to the second scintillator tank
to be hit. A small time delay is introduced by the
scintillator and a large variable delay is introduced
by thé risetime of the photomultiplier pulse. Cables
and amplifiers also contribute to the spread in delay
times. The error due to the decay time of the lumines-
cence of the scintillator fluid, and the spread in the
photon tpansit time to the photomultiplier is estimated
at ¥ 5 nsecs. The spread of transit times of the low
energy photo-electrons in the photomultiplier tube
gives rise to current pulses which follow approximately
a normal distribution with standard deviation ~ 30 nsec
(Ryan 1968).

The current pulse is integrated before being
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discriminated at a level corresponding to 3 vertical
particles (section 2.5). Large pulse heights trigger
the gtation earlier than small pulse heights, and in
principle a2 three particle pulse would take am infinite
time to register a coincidence. For this reason, low
pulse heights are too inaccurate for fast timing measure-
ments, and events with pulse height less than 1.2 times
the discrimination level (equivalent to 3.6 vertical
particles) are rejected in the direction and curvature
analysis of chapters 5 and 6. For events with pulse
height greater than 1.2 times the threshold, a timing
correction is estimated.

The difference involved in timing between a
1.2 times threshold pulse and a 100 times threshold
pulse, amounts to 100 nsec. For the assumed normal
distribution, this rises to infinity which is unrealistic,
as the pulse must start from a zero level, For
computational reasons a triangular distribution is
assumed f;r the current pulse, and over the above ramnge
of pulse heights, agrees to within 5 nsec with the normal
distribution (Parkinson 1969).

The triangular current distribution is taken to

be symmetrical with a constant width of 120 nsecs, which

corresponds to a standard deviation of 25 nsecs. This is
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in agreement with a direct measurement by Ryan (1968).
The timing correction cannot exceed 120 nsecs and the
height of the distribution is proportional to the pulse
height, If r is the ratio of the pulse height to the

threshold, the timing correction is given by adding

1.
t = 25/6 “3-5-’5-;‘“—1—)-} " 1] 1,2<p<2
and , 1 |
t = 25/6 [1 - (;] ] £>2

to the recorded triggering time. Zerc correction has
been normalised to »=2,.

An empirical fit to more than 40060 pulse shapes
from an individual photomultiplier by Fisher (1969)

gave a relationship

T = [% - 0.5]x200 nsecs

for the pulse height timing correction. N is the
number of particles, and higher orders of N in the
fit are small and have been neglected.

This gives a maximum delay with respect to a
6 particle pulse of % 100 nsec for N varying from 3 to
infinity. This is larger than the above quoted estimate
of * 60 nsecs and is probably a slight overestimate.

However in principle it is possible to continuously
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check each station's current pulse shapes and apply
individual timing corrections for each photomultiplier,
thus helping to eliminate any variation between individ-

ual photomultipliers.

4,11 ESTIMATE OF TIHING ERROR.

An approximate estimate of the timing error due
to instrumental and signal transmission variations can
now be made. Since the errors are assumed to be
independent and normally distributed, the total error
is the quadratic sum1of the individual errors, any
timing measurement is also a normally distributed
variable.

Since as we have seen, the individual errors
may change from day to day, a precise estimate of the
total timing error cannot be made. However, between
best and worst conditions a value between 55 nsecs
and 75 nsecs is an average estimate of the instrumental
timing error.

Assuming a shower model, in this case one with
a spherical shower front, it is possible to determine
an experimental estimate of the timing error. This
estimate is proportional to the square root of the
sum of the squares of the residuals as calculated in

the appendix of chapter 2. This is an unbiassed estimate,
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and the mean variance based on 347 events gives a value

of o 79 nsecs. The distribution of 0 is given in
fig., 4.1a. The mean of ¢ as opposed to the square root
of the mean of the variance is 66 nsecs.

The estimate of the variance is taken over all
zenith angles. As a function of zenith angle it is
marginally befter as zenith angle increases. This is
because at low zenith angle, fewer stations in an
event of given energy are triggered than at high zeaith
anglie.

A smaller sample of 171 showers {(Parkinson 1969)
gave a value of 0 = 68 nsecs. The higher value of
79 nsecs may be due to a period of several weeks when
the array was badly serviced due to rain., A statistical
fluctuation of the true mean could also explain part
of the difference.

This value of ¢ not only includes instrumental
timing errors, but model dependent errors and errors
due to the delay of the critical triggering particle
at tanks just above threshold. The difference between
79 nsecs and the estimated 55 nsecs to 75 nsecs
instrumental error, allows for a muon spread of 25 to
55 nsecs. This is consistent with known muon spreads

{Baxter 1969), and indicates that the instrumental error

is consistent with results of the fast timing measurements,



FIGURE H.1

(a) Estimated timing deviations of
347 showers which triggered 5

or more stations.

(b) Distribution of error angle for

the showers in (a).
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For all events triggering five or more stations
on the quarter mile array, the timing delays have been
plotted as histograms (fig. 4.2). The distributions
are all approximately normal. If ¢ is the timing
error at each station, and N is the number of stations
triggered, then the standard deviations of the

distributions should be given by

. 1%
S-—G[iﬂ*ﬁ']

if N 35 nsec

1]
L8]
i

1]

if N 46 nsec

1l
o
[#4}

it

Table 4.2 gives the means and spreads of each
distribution. Since most of the events used are S~folds
with a few greater than 5-folds, the results are
consistent with 0 = 79 nsec.

The means of the distributions are not all
zero, station 20 in particular is negatively biased.
Similar biasing for all stations was also evident using
the same analysis in half the number of events (Parkinson
1969). The most likely explanation is a systematic
reflection or ghesting of the timing signal, adding a

fixed time to each event involving the station in

question.



FIGURE 4.2
Delays with respect to fitted spherical
shower fronts for all showers with

multiplicity > 5§ which triggered the

quarter mile array.
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TABLE 4.2

Station No. of Events Mean (nsec) S.D. (nsec

12 187 -22.0%3.2 B3.5
13 230 3.022,7 ko,.8
14 197 13.4£2.6 36.7
15 193 28.1%3.5 46,4
15 279 ~11.9%2.4 39.8
17 230 - 2.823.0 5.4
20 152 -34,413.6 Ky .9
21 211 24,622,8 4¢,3
22 158 -11.322.7 34.3

The extent of the bias is not likely to
seriously affect the curvature distributions of chapter
6, since stations occur randomly in each event, instead
the spread of errors may increase. If the bias is due
to reflection, then since increasing the height of the
receiving aerials the bias should have disappeared.
The compl;te results of this will not be available until
many more events have been analysed, however based on

a small sample of about 500 showers, the results do

indicate that the bias has disappeared.

4,12 ERROR IN SHOWER ARRIVAL DIRECTIONS.

For all showers with multiplicity > 4 the
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errors in zenith and azimuth angles are calculated

from the estimated timing standard deviation. For
events with multiplicity < 4 a value of o = 68 nsec is
used. The actual error is dependent'on the value of

the measured angle and also on the geometric arrangement
of the stations involved. The error in zenith angle
increases towards the horizontal and the error in
azimuth increases for small zenith angles.

A more sensible angle to use when discussing
erpyors, is the solid angle containing the one standard
deviations of the directions cosines. The use of
individual timing fits can in some circumstances
underestimate the error. However, during periods of
poor timing accuracy, a fixed value for ¢ would also
underestimate the error. Fig. 4.1b shows the error
angle distribution based on spherical shower fits to
347 showers with multiplicity > 5. A comparison can
be made between the timing standard deviation and
error angle, fig. 4.1a and %.1b. The mean of the

error angle distribution is 4.3°.

4.13 ANGULAR SYMMETRY OF ARRAY.

The array is slightly tilted towards the north
by i5m in 8 km., Departures of individual detectors

from this general slope are less than % 3m except for
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station 33 in the south east corner, which is 13m
below. If this tilt was neglected in computation, it
would amount to an error of v 0.10 in zenith angle.

It is also conceivable that a tilt due to delay
of the timing signal in the forest may exist. To check
for this and any other irregularity, a sample of 7867
showers representing all usable events between events
numbers 1000 and 2000, were plotted in terms of their
zenith and azimuth angles (fig.4.3). Zenith being
plotted radially and azimuth plotted anti-clockwise
from the direction of the timing transmitter. The
number of showers when divided into four quadrants,

are given below

4
Dipgctionmaf Transnitter,
185 177
2067 188

A chi-squared estimate of 2 is consistent with

there being no tilt.

4.44 EVENTS WITH UNPHYSICAL TIMING.,

A small percentage of showers yield no directional
information due to the fact that the triggering times
of individual stations imply that the speed of the shower

particles is faster than that of light. Such a shower



FIGURE 4,3

Plot of local co~ordinates for 767

showers.

Zenith angle is plotted radially in

degrees,

Azimuth angle is plotted clockwise
from the direction of the timing

transmitter {(marked T).

T is 39021' east of north.



0onoDz 04 D001 "SIN3IA3



- 1"'-22 -

is called unphysical. An unphysical shower shows up
in the analysis during the calculation of its direction
cosines, since it gives an imaginary value of n = cosd
where n = /(1 ~ 1% - n%), 0 = zenith angle and 1 and
m are two of the direction cosines,

Out of just over 3400 showers, 36 were unphysical.
Eleven of these could be traced to electronic faults in
which the station's clock was net operating correctly.
The remaining 25 events constitute 0.7% of all events.
On substituting different phase information, four of
the above events became physical and all were highly
inclined to the zemnith. The zenith angles of these

shoyers are.:-

Event Number. Zenith Angle (deg).
25893 81.7
2607 65.9
2837 84.6
3094 88.5

One further event, a threefeld in which the
stations were greatly separated, almost certainly
corresponds to the three stations recording noisy
receiver patterns and hence registering a false
coincidence. The final 20 showers are shown plotted

against event number in fig. 4.4a. Before event



FIGURE 4.4

(2) Times unphysical events plotted

against event number.

(b) Estimated timing fluctuation of
1% unphysical showers, on the
assumption that they are near

horizontal.
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number 400, no phase information was used and hence

more unphysical showers should be expected,

The 14% unphysical showers after event number 400
are more than likely to be low energy highly inclined
showers. Such a highly ineclined shower will produce a
relative triggering time between stations, which is
very close to the limit imposed by the station's
separation. Any timing fluctuation in the wrong direction.
can render the shower unphysical.

Triggering times for each station in each of the
14 remaining unphysical events, were calculated on the
assumption that the showers were horizontal. These times

were compared with the measured triggering times, and
for each event a root mean square timing deviation was
calculated. These deviations are plotted in fig. 4.4b,
The mean of this distribution is 75 nsecs which is in

close agreement with the experimentally determined

timing standard deviation of 79 nsecs.

-y

4.15 ARTIFICIALLY TRIGGERED SHOWERS.

In order to check our technique of phase
measurement and at the same time generate some artificial
near vertical showers to determine the error in zenith
angle measurement, three stations on the quarter mile

array were connected by UR6B7 coaxial cable. In the first



- ‘4-.;2‘4 -

case, clock pulses were sent directly from one station
to another and after corrvecting for cable length, the
relative phase was measured from an oscilloscepe screen.
In most cases the direct phase measurement agreed well
with the conventional technique, however some discrepan-
cies did exist. These discrepancies were probably due
to ghosting affecting the conventional method of phase
measuvrement.

Dr. L.S. Peak using a pulsing circuit designed
by himself, artifically triggered six showers by sending
a coincidence pulse along almost identical lengths of
cable to each of the three above stations. The tapes
from these three stations were then processed in the
normal way (section 2.10), and the local co-ordinates
for each event were obtained from the CHUNK IXII output.

The results for the 6 showers were:-

19.8

Zenith (deg) Azimuth (deg)
20.4 87.7

21.6 - 93.5

21.8 82.1

21.7 84 .7

19.3 90.5

77.8



~ 4,25 ~

The main source of errvor in a measurement of
this type is that due to the vernier oscillator. The
mean of the fluctuations in the relative triggering
times of each station for each of the events is 55 nsecs
which is in agreement with the vernier period being 50
nsecs. The errors in zenith angle and azimuth angle are

within the expected possible errvor.

4,16 SIMULATED SHOWERS.

Mr. 5. David has generated a number of simulated
showers using the Physics Department's KDF9 computer.
For each shower, the azimuth angle is chosen randomly,
and the zenith angle is chosen from a cos"0sinb
distribution (n=2.5). The shower front is plane. A
primary energy is randomly selected from the Sydney
energy spectrum, and the muon number is sampled with
fluctuationsfrom ocur energy to muon number conversion.
(McCusker et al 1969b). The co-ordinates of the core
are randomly chosen within set boundaries. Fluctuations
are added to the responses of each tank in the coin-
cidence, and timing deviations sampled from a normal
distribution of mean 68 nsecs are added to the relative
triggering times.

The raw data now generated is analysed in the

usual way and new estimates of the original parameters
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are obtained. The error angle of a sample of 485
simulated showers is 30, slightly less than the measured
value of 4.3° based on individual real shower fits. An
interesting feature is that some times unphysical showers,
0.6% altogether, are found amongst the highly inclined
simulated showers.

Since the generated shower front is planar with
built in timing deviations, any measure of curvature
should be normally distributed with mean zero. The
curvature analysis program was run using the simulated
showers. The results were exactly as expected, indicating
no bias in our method of curvature estimation. With a
timing standard deviation of 68 nsecs, the standard

errvor in curvature measurement appears to be 0.3 km 1.

4.17 CONCLUSION.

The average timing error of 79 nsecs is in general
agreement with the estimated instrumental error. The
fact that this is greater than the earlier value of
68 nsecs is probably due partly to statistical fluctuation
and partly to a period of running of the array when
little accurate phase information was available. The
average error in angle measurement is less than 50,
becoming less over longer baselines on the array.

Unphysical showers are most likely highly inclined small
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showers which have been made unphysical by timing
fluctuations.

With the present inherent errors in transmission
and reception of the timing signal there would be no
major gain in accuracy by increasing the frequency of
the vernier oscillator. The results of simulated

showers are in good agreement with actual observation.



CHAPTER 5

THE ARRIVAL DIRECTIONS OF HIGH ENERGY

COSMIC RADIATION.
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5.4  INTRODUCTION.

The identification of source regions of high
energy cosmic radiation has long been a problem facing
the cosmic ray physicist. The fact that the majority
of cosmic ray primaries are charged particles and that
space is permeated with random magnetic fields, means
that the primaries do not travel in straight lines.
This makes the identification of distant sources
virtually impossible.

The recent prediction that pulsars may create

0*lev {Gunn and Ostriker

cosmic rays with energies upto 1
1969) leads us possibly to expect anisotropies in the
arrival directions of very high energy primaries. The
large acceptance angle, three steradians, and the

latitude of the SUGAR array, enable all but a few of

the now Kknown pulsars to be observed.

J.2 RESULTS OF OTHER LARGE ARRAYS.

Otheyr large air shower groups which have made
a study of the arrival directions of cosmic rays, have
mostly been confined to observations of the northern
half of the sky. The SUGAR array is the first very
large array capable of observing the directions of
high energy primaries ¢over the whole southern sky.

Farly results from both the both the Cornell
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(latitude N43°) and Agassiz arrays (latitude N499)
gshowed some sign of anisotropy for showers with total
nuaber N > 10° particles (Deivaille et al 1962, Clark
et al 1962). TFor the combined data of 100 showers from
the Cornell array and 32 showers from the Agassiz array,
a chi-squared test gave a confidence of 2% in favour
of an isotropic distribution. The major factor contri-
buting to this result was an absence of showers between
15 hr and 16 hr in right ascension.

The Volcano Ranch (latitude NSSO) results
(Linsley et al 1962b) also showed a similar trend
towards anisotropy. These results based on 306 showers
with N > 10° particles at 5800 ft elevation had the
same phase for the anisotropy but attributed less
significance to it, The results of the E1 Alto array
(latitude $16°) based on 195 showers with N > 10°
showed no trend towards anisotropy (Hersil et al 1962).

Later results on a small group of showers from
the Cornell array still gave some evidence of anisotropy,
while the directions of 1034% showers from the Volcano
Ranch array showed no signs of anisotropy (Linsley 1963).
The average primary energy for these showers was greater
than 10%ev. Fig. 5.1 shows the grouped distribution in
right ascension for the 1962 Agassiz and E1 Alto results,

combined with the 1963 Volcano Ranch and Cornell results.
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The results are tabulated in table 5.1. A

chi-squared test gives a confidence of 1% for isotropy.

TABLE 5,1

RIGHT ASCENSION DISTRIBUTIONS.

R.A.(hr) AGASSIZ EL ALTO CORNELL VOLCARO _ TOTAL

0~ 2 5 20 15 69 109
2 - > 15 21 82 123
4 - 6 4 9 21 83 117
5 - 8 1 18 11 . 81 111
8 - 10 3 16 10 58 87
10 - 12 & 17 9 91 123
12 - 14 0 22 15 104 141
14 - 16 0 12 4 89 105
16 - 18 3 25 12 109 149
18 - 20 0 16 15 91 122
20 - 22 4 10 15 85 114
22 - 24 " 14 13 92 123
TOTA 32 194 164 1034 1424

-y

The Haverah Park Stage 1 array (latitude N54°)
recorded no anisotropy in the arrival directions of
6000 showers with primary energy 10'7ev (Dennis and
Wilson, 1963)., Analysis of 22,000 selected showers

with mean energy 5 x 10'7ev recorded by the larger Stage 2



 GURE 5.1

Right ascension distridbution for the

combined presults of:-

El Alto (1962)
Agassiz (1%862)
Cornell (1963)
Volcano Ranch (1963)

The middle dotted line represents the
mean and the upper and lower dotted
lines are plus and minus one standard

deviation.
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~array firmly establish that the deviation from isotropy
in right ascension in the northern hemisphere is no
more than 3% (Blake et al 1968) for primaries with
energy of the order of 5 x 10 7ev.

Early results of the SUGAR array {(Brownlee
et al 1969b) showed no significant anisotropy for
626 showers with E_ > 10'%ev and 54 showers with

P o

Ep 3_10193v.

5.3 DIRECTIONAL ANALYSIS OF SUGAR SHOWERS.

As described in the appendix of chapter 2, the
direction cosines of a shower front and their associated
errors, are obtained by a least squares analysis. From
the direction cosines, the local co-ordinates for the
primary cosmic ray are determined in the usual way. The
zenith angle is designated as 6 and the azimuth angle
as ¢ in future context. For a vertical shower, @ is 0°.
The azimuth angle is measured clockwise from north,

Since thg‘error in zenith angle increases as sec(0),
all showers with 8 > 87° have been dropped from the
analysis.

From the local co-ordinates and knowing the
sidereal time of arrival of a shower front, the celestial
co-ordinates, 0 and 8§ are evaluated. The right ascension

is ¢ and the declination is 6. These co-ordinates in
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turn enable the galactic co-ordinates of the primary
particle to be calculated. The new system of galactic
co~ordinates is used wherein the galactic north pole is
at ¢ = 12hr 49%m and § = 27.43, the origin (galactice
centre) is at ¢ = 17hy 39m and § = -28,9%, Galactic
latitude is referred to as b, and galactic lontitude is

0°,

l. The galactic centre then has co~ordinates 1

b = 0°.

Errors in all co-ordinates are evaluated fronm
the variances of the direction cosines 1 and m. The

average error angle is < 5° (section 4.12).

The serial number o¢f the last event used in the
subsequent analysis is 3503, of these events 244 needed
to be dropped from the analysis. A small number of
these showers were unphysical (section 4,1%), The
remaining were showers which only triggered collinear
stations and showers 1in which, after rejecting any
stations for having low pulse heights (section 4.10),
the numbe? of stations left was less than three.

The following analysis is based on 2659 showers
which were recorded by the SUGAR array between January

1968 and MHarch 1970.
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5.4 ARRIVAL DIRECTION DISTRIBUTIONS.

o+4.1 LOCAL CO-ORDINATES.

The distribution of azimuth angles for all
events is as would be expected from fig. 4.3, isotropic.
A harmonic analysis yields a figure of 7 ¢ 3% as the
amplitude of the largest harmonic. Similarly there is
no significant variation of intensity with solar tinme.
The amplitude of the largest harmonic of solar time
is 8 & 2%.

On the assumpfion of an isotropic azimuth
distribution, a differential zenith distribution of

the form
di = (n+1)Ncosn93inﬁdB

has been assumed,

For an isotropic zZenith distribution and for
no atmospheric attenuation of the muon component of
the air showers, the exponent n should equal one.
Early resylts of the SUGAR array (Brownlee et al 1969b)
indicate an exponent value of n = 2, over all shower
sizes.

The 2659 shovers in the present anaLysis, have
been divided into three energy ranges; E_ > 10!7ev,

P

10t8ev £ E; < 10*%ev and Ep 2 5 x 10'%ev. The observed

distributions along with their fitted funetions of the
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above form are depicted in fig. 5.2. The parameters

of each distribution are:-

Ep x| n

Ep > 10t ev 2659 2,2 £ 0.3
10'%ev<E <10 Tev 749 2.2 t 0.5
E, 2 5 x 10" ev 167 1,0 + 1.0

N = number of showers in each gnergy range

The value of n v 2 is low when compared to the
value n v 10 obtained from the electron compenent of
air showers. For a muon triggered array, the detection
efficiency at large zenith angles is greater than that
for an electron triggered array, since the muon component
Is absorbed very slowly by the atmosphere while the
electron component is vapidly abscrbed, when past the
shower wmaximum.

The value of n is expected to decrease with
increasing energy, since these showers can penetrate
deeper into the atmosphere, In all further analysis
a value n = 2 is assumed for the exponent of the

differential zenith angle distribution, which then becomes

AN = 3Ncos?*Bsinbde



FIGURE 5.2

Zenith Angle Distributions for:-

(a) 2659 showers BP 3'101?ev
(b) 719 showers 10'%ev < E; < 10'%v

(c) 1867 showers E_> 5 x 10t%ev

Cuprves of best fit of the form

y ¢ PR
cos 0s1inbd0 are also shown.

Cell size is 50.
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S.4.2 CELESTIAL CO-ORDINATES,

The latitude of the SUGAR array is ~30°233. This
enables us to see the sky from the south celestial pole
upto about ¢ A 600, with the most sensitive region being
at 6 v -30%. our most northerly shower has § = +47°,
This 150° wide strip of the sky contains potentially
the most interesting part of the celestial sphere, namely
the major part of the galactic plane which includes the
galactie centre and the outward and inward local spiral
arms. The nearest extragalactic objects, the Large and
Small Magellanic Clouds are also in the southern sky.

On the assumption of an isotropic azimuth
distribution and a zenith distribution proportional to
cos%0, we can predict a declination distribution.

Both the observed and predicted distributions for all
showers with Ep.l 1017ev are shown in fig. 5.3b. A
chi-squared test gives a confidence of 96% for isotropy,
which is excellent agreement. For showers with

BP 3h10133v (fig. 5.%a), a chi-squared test gives a
confidence level of 11% for an isotropic distribution.
This results from an excess of events, amounting to

3.4 standanrd deviations above the mean, in the range

o

457 £ § < *EGO. This however is not inconsistent with

an isotropic distribution.



FIGURE 5,3

(a)

{b)

Sidereal viewing time for all

events upto event 3503

Hean 111. 4

S.D. 11.6

The dotted line represents the

mearn.

Cell size is

Observed and
distribution

Ep 3.1017ev.

Cell size is

1 hr.

predicted declination

for all events
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FIGURE 5.4

{a) Deeclination distridbution for
808 events with EP > 101%ev
(b) Galactic latitude distribution for

808 events with EP 3_101'ev
For both {(a) and (b) cell size is SG.

Also shown are the predicted distributions.
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Owing to the relatively small number of showers
recorded, none have been randomly rejected to equalise
sidereal viewing time. Fig. 5.3a shows the distribution
in sidereal time of every event upte and including event
3503 (this includes 16 events with BP < 10*7), The mean
of this distribution is 111.4 i 11.6. At a confidence
level of 22%, no significant deviation from isotropy 1is
observable,

A convenient way of displaying shower arrival
directions in celestial and galactic co-ordinates, is
on a Mercator Projection of the celestial sphere.
Analysis in right ascension is simplified by the uniform
scanning of the sky in each declination band. The mean
nunber of showers in each bin and the standard deviatijon
can easily be calculated. The celestial sphere has
been divided into bins 10° wide in declination and 1 hr
wide in pright ascension. In this way we have 24 bands
in right ascension. A chi-squared test on these bands
then has 23 degrees of freedom. This bin size easily
encompasses the average error angle per event. All
events have been divided into four energy ranges; 2659
events with E_. > 10'7ev, 808 events with Ep 2 1038y,

P -

87 events with EP iiiﬁlgev and 8 events with EP > 102 %,

The distribution in right ascension of all events

with Eg Z_lﬂlyev is shown in fig. §.5. The results of



FIGURE 5.5

Distribution in Right Ascension

of all 2659 showers with EP > 201 7av

The middle dotted line represents
the mean.
The upper and lower dotted lines are

plus and minus one standard deviation

Mean 110.8
S.D. 10.5

x? 24 .0
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a chi-squared test give a value of ¥® = 24.0 which is consist-
ent with an isotropic distribution, The distributions in
right ascension of the other ranges are shown in fig. 5.6.

The parameters of these distributions are given in table 5.2
and a list of the eight showers with suspected primary energy
greater than 10%%v is given in table 5.3. Figs, 5.7 and 5.8
are Mercator projections for events with E 3.1017ev and

E, > 10 %y respectively.

P -
TABLE 5.2

EP Range {(ev) Mean §.D. x* Confidence for Isotropy
mm“mmmm,
Ep > 1017 110.8 10.5  24.0 40%

E, > 10'? 33.7 5.8  23.7 42%

E; > 10%% 3.6 2.0 - -

E, > 102° 0.3 0.6 - -

An accurate estimate of chi-squared is not possible
in the cases E, > 10'%ev and Eg > 10%%v owing to the
small ewpected number of events in each bin.

The fact that we and others {(Andrews et al 1968,
Linsley, 1863b) do see cosmic radiation above the predicted
blackbody cutoff implies that if the primaries are protons
then

{(a) there is no cutoff at 3 x 10'%ev, or

(b) the sources are closer than 10 Hpe.
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FIGURE 5.6

Distributions of Showers in Right

Ascension for:-

(a) 808 showers with E_. 2 10} Pev

P-—
{b) 87 showers with EP z_lﬁlgev
(c) 8 showers with Ej > 102%v,

tThere drawn, the dotted line

represents the mean.
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fig. 5.9 ig a celestial map of 87 showers with
Ep, 2 10%v; 8 showers marked with a cross on the

latter map have E > 10%%v, Figs. 5.10 to 5.12 show

P e
the numbers of showers in each celestial bin for each
of the energy ranges. Bins marked with an asterisk
in fig. 5.12 contain one shower with Ej > 10%%v,

All distributions appear to support the hypothesis
of isotropic arrival directions for cosmic radiation,

no deviation being more than three standard deviations

from the mean.

Predicted distributions in galactic latitude and
~galactic longtitude have been evaluated on the assumption
of an isotropic right ascension distribution of cosmic
rays and a zenith distribution proportional to cos?8.
The standard deviation of the mean for each cell has been
evaluated assuming Poisson fluctuations. These distri-
butions for all events with EP 3_1917ev are shown in
figs. 5.1;a and 5.14, also plotted are the observed
distributions. Fig. 5.13b is the galactic latitude
distribution for a smaller sample of 1328 events with
Ep > 10'7ev, based on earlier work, (Parkinson 1969).

| Parkinson remarked on two possible anisotropies,

an excess of 3.8 standard deviations over all lengtitudes



FIGURE 5.7

Hercator Projection of the (Celestial Sphere,

2659 events with E; > 10'7ev.

The galactic plane is shown and G marks the

galactic centre.
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FIGURE 5.8

Mercator Projection of Celestial

Sphere,
808 events with Ej > 101 %v.

The galactic plane is shown and G

marks the galactic centre.

The points marked as a triangle

on the overlay represent the positions
of 48 pulsars. The positions of

CP 0850+8 and NP 0531+21 are shown

separately.
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FIGURE 5.9

Mercator Projection of Celestial

Sphere,

87 events with BP i_iolgev
8 events marked with a cross have

E, > 10%%ev

Error bars are one standard

deviation in both directions.

The galactic plane is shown and G

marks the galactic centre,.
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FIGURE 5,10
Cellular Division of HMercator

Projection of Celestial Sphere

for 2659 events with EP 3&10£7ev
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FIGURE 5.11

Cellular Division of iercator Projection
of Celestial Sphere for 808 events with

EP 3.10133v*
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FIGURE 5.12

Cellunlaxr Division of Hercator Projection
of Celestial Sphere for 87 events with

19
Ep.l 101i%ev.

Cells marked with an asterisk contain

ONE shower with Ep.l 1020ev,
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in the latitude range h(*so°,-us°} and a deficiency of
2.4 standard deviations in the range btdsa,ﬂo)* These
results together with the present results based on

twice the number of showers are tabulated below {(table
5.4). Also included are the ranges b(-10°,5°) and

b(0°,5%).
TABLE 5.%

GALACTIC LATITUDE DEVIATIONS.

1328 Events 2659 Events

(-50%,-45°)| 3,8 1,52 2.4 1,23
(-10%,- 5%)]-1.0 0.88 -1.5 0.86
(- 5%, 0%]-2.4 0,68 -1.5 0.86
( 0° %) 1.7 1.23 2.3 1,22
Y R
N = number of standard deviations from
mean.
n, = observed number of events
n, = expected number of events

The earlier predictions of Parkinson appear to
be only statistical fluctuations from the mean. The

cell b(OO,So), which is the region just north of the
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galactic plane, appears to be consistently 1.2 times
the background flux. MNany more events are required to
verify whether this effect is real or not.

The results of a chi-squared test on the galactic
latitude distribution (fig. 5.13a) for all events with
2 3'10'7ev, gives a 7% confidence in an isotropic
distribution. The same test on all showers with
Ep, > 10'%ev (fig.5.4b) gives a confidence of 4% in
favour of an isotropic distribution,

The predicted and observed distributions in gal-
actic longtitude for all events with EP 3.1017ev, are
shown in fig. 5.14. No anisotropy is observable, a
chi-squared test with 35 degrees of freedom yields a
value of 37.1 which implies a 40% probability in favour
of the distribution being isotropic.

Figs. 5.16 to 5.18 are Mercator projections
of the galactic co-ordinates for showers with E; > 10'7ev,
Eg > 10!%ev and Eo > 10'%ev, respectively. The points
marked“with a cross in fig. 5.18, correspond to showers
with E, > 10%%v. The cellular division of all events
with Ep > 10'7ev is tabulated in fig. 5.15. The cell
size is 10° x 15° and in each cell the large print
refers to the observed number of showers in that cell.

The smaller print is the expected number of showers in

that cell, based on combining the predicted latitude and



FIGURE 5.13

Galactic latitude distributions for

(a) 2659 events with EP 3_101?ev.

(b) 1328 events with Ep‘i 1017 v,

Predicted distributions are also shown.
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FIGURE 5.14

Galactic longtitude distribution for

2659 events with EP 3_1017ev.

1 = 0° is at the galactic centre.

The predicted distribution is also

shown.
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FIGURE. 5.15

Cellular division of 2658 events in

galactic co-ordinates.

In each cell the larger top number is
the obseyrved number of showers, the

smaller bottom number is the expected

number of showers.
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FIGURE 5.186

Mercator Projection in New Galactic

Co-ordinates of 2659 events with

S 17 5y .
EP > 10" "ev
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FIGURE 5.17
Mercator Projection in New Galactic

Co-ordinates of 808 events with

E, > 101%ev.
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FPIGURE 5.18

Mercator Projection in New Galactic
Co-ordinates of 87 events with

> 19 o4,
Eg 2 107 ev

B events marked with a cross have

E, 2 102%y,

Error bars are one standard deviation

in both directions.
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longtitude distributions and integrating over the cell.

5.5 POSSIBLE SOURCE REGIONS.

The probability of detecting point sources of
cosmic rays is very low. Thils is basically due to two
effects. Firstly, the flux of charged particles from
distant objects is stirred up by galactic and extra-
galactic magnetic Fields, and secondly, the absolute flux
from any normal object would not stand out appreciably
above the background cosmic radiation. Should a point
source exist and be close enough not to be diffused, it
would take many events for the identification of such
a source to become statistically significant. This is
evidenced by the random firing of about 2500 events onto
a Hercator projection of the celestial sphere, where
excesses of upto three standard deviations above the
mean in various declination bands were produced.

Fig. 5.8 is a Mercator projection of the celestial
co-ordieates of the 808 events with energy greater than
10%%v, which have been recorded by the SUGAR array.

An overlay, picturing objects of astrophysical interest,
indicates no correlation between these objects and the
arrival directions of the cosmic radiation.

It is likely that cosmic radiation is a random

relativistic gas, in which case no sources will ever be



- 5:15 -

found. The following sections however, investigate
several possible regions where cosmic rays, if they are

produced, possibly should have been detected.

5.5.14 THE MAGELLANIC CLOUDS.

The nearest extragalactic objects to us are the
large and small lagellanic¢ Clouds. These objects,
referred to as the L.M.C, and the S.M.C., are dwarf
irregular systems typical of many galaxies. The
diameter of the L.M.C. is 12 kpc and the diameter of
the S.M.C. is 4.5 kpé. Both are situated to within
20% of 60 kpe from the centre of our galaxy. They
are situated below the plane of the galaxy and close
to the south celestial pole. The centroid of the S.H.C.

O

iz o = Chr 55m, 6 = -73° and the centrcid of the L.M.C.

5hr 22m, & = -69°.

"

is Q

Both systems, and in particular the L.H.C.,

appear to contain regions of ionised hydrogen, indicating

the presence and formation of young stars (Robinson 1963),

The radio output from each is & 10%% watts which is
relatively small when compared to the strong radio

source Cygnus A which has a radio output of 10%% watts.

It seems reasonable to believe that, if cosmic ray sources

exist in the Magellanic Clouds, they will be typical of

other sources.



- 5:16 -

Assuming that sources of cosmic¢ radiation with

0'7ev exist in the Magellanic Clouds, then

energy > 1
a factor hindering our observation of the radiation, if
it is charged, is the magnetic deflection of the
primaries. Typical estimates of the intergalactic
magnetic field strength based on radio observations,
are of the order of 10 7 gauss. A particle of energy

E ev and unit charge travelling a distance d cm in

& uniform magnetic field of strength B gauss, will

suffer a deflection 0 radians (for small 0) given by

_ 300dB
0 = E

However magnetic fields in intergalactic and
galactic space although having a fairly constant
magnitude, are likely to be randomly orientated and
possibly confined to various regions. Using a simple
model where the magnetic field strength is constant in
nagnitude and restricted to regions (scattering centres)
of extemt d and each centre separated by 28, a 2 -
dimensional #onte-~Carlo calculation of the total
scattering of several primaries in transit between the
Magellanic Clouds and us was made. The direction of
the magnetic field at each centre was determined by
selecting a random number between ~1 and +1. Using a

value of B = 10 7 gauss and assuming the scattering
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H

centres are of width d 1 kpc, then at each centre a
10'%ev proton will have a radius of curvature of 11 kpc
and will suffer a deflection of 5°. Firing 35 protons
of energy 10'%ev into this system gave a total angular
deviation on reaching us of 3.3°, The standard deviation
was 10° and the average number of scatters suffered by
each primary was thirty.

In order to be observable, the flux received
from the Magellanic Clouds must be of the order of or
greater than the background fiux. The integral energy
spectrum (fig. 1.2) gives an intensity of w 10730
showers m % sr ! sec ! for showers with energy > 10!7ev.
For the Magellanic Clouds to produce this flux, requires
an isotropic output of &~ 3 x 10?7 watts in cosmic
radiation with energy > 10'7ev. This energy is compar-
able to the radio output of either cloud,

Figure 5.19 is an equal area polar plot of the
south celestial pole region below declination -60°.
The positions of all showers in this regiom with
> 10'7ev are shown. The celestial cellular plot

P -
(£ig. 5.10) yields a value of 28,0 for chi-squared with

E

23 degrees of freedom for the declination band 5(-70°,~800).
The confidence for isotropy is 22%. The main region-
contributing to the value of chi-squared is the cell

a{ihr,2hr) where the observed count is 10, 2.6 standard



FIGURE 5.189

Equal Area Polar Plot of the South

Celestial Sky below ¢ = -60°,

All showers have EP 3'1017ev.
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deviations above the mean of 4.2 The same cell for
showers with E, > 10'%ev (fig. 5.11) contains 6
showers, which is 3 standard deviations above the mean

of 1.5. The high value of ¥% = 34%.7 in this case is

"

not reliable owing to the small expected number of

showers. However combining these cells enables us to
calculate a usable value of chi-squared. The combined
cells (3 hr bins) in the declination band 6(-700,—800)

for showers with EP 3_1claev are

Lo ,Hm

0-3 3-6 6-9 9-12 12-15 15-18 18-21 21-24 |

el i y ity . el --i

The mean of this distribution is 4.5 with a
standard deviation of 2.8. There appears to be an
excess of events over the regions covered by the Magell-
anic Clouds. However no significant anisotropy can be
claimed. A chi-squared test gives a value of y? = 12.0
(with 7 degress of freedom) which gives a confidence

-

for isotropy of 10%.

5.5.2 THE GALACTIC DISC.

The galaxy as we know it consists of a disc of
width a few hundred parsecs and diameter 30 kpec. At
the centre is a nucleus of diameter 1 to 1.5 kpe.

Surrounding the galaxy there is believed to be a
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spherical halo of diameter 30 kpc. The internal
structure of the galaxy is made up of spiral arms,
our solar system being situated in one of these spiral
arms (the local arm) and is 15 pc north of the galactic
plane. Radio observations of the constellation
Sagittarius A have placed the galactic cemtre at o = 17hr
43m, ¢ = -29°, The maghetic field in the galaxy is
believed to be of the order of 10 ° gauss and probably
confined mainly to the spiral arms (Thielheim and Langhoff
1968). However some modern measurements (Smith 1968b)
give a much lower value. Assuming a total energy
content of cosmic rays in the galaxy of iossergs and
a cosmic ray lifetime of 10%®secs, requires an input
of 10"%rgs sec ! to maintain equilibrium (Ginzburg
and Syrovatskii 1964).

The approximate galactic longtitude of the
outward local or Orion arm is 1 "~ 2503, and for the
inwards direction 1 » 700. In celestial co-ordinates,

these directions roughly correspond to o = 8hr, § = -30°

and ¢ = 20hr, § = 30°.

The radius of cuprvature of a 10!%ev proton in a
magnetic field of 10" ° gauss is 100 pc and that of an
iron nucleus is 4 pe. If this value of magnetic field
is representative of the magnetic field within a spiral

arm, then it is conceivable that some high energy cosmic
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radiation and in particular heavy nuclei, could become_
trapped and c¢onfined to move within the spiral arms.
The cross-sectional diameter of a spiral arm also being
of the order % 100 pc (or more).

If there is a net flux of cosmic radiation along
the spiral arm, possibly from the galactic centre, then
we should see an enhancement in the number of showers
arriving from the direction of the spiral arm as opposed
to a direction at right angles to it.

As a check on this, the declination bands
containing the spiral arms (fig. 5.10) were investigated.
In both cases, the four cells (each 100 X 15° in size)
in the vicinity of the arm and the direction perpend-
ilcular to it in the same declination band, were totalled
and compared to the mean. In this way an area of sky
20° x 30° was covered at each point. In the case of
the spiral outward direction, the direction perpendicular
to the arm and in the same declination band, 1s at
galactic latitude b ~ 20° (fig. 5.20).

The outward spiral arm is at o = 8hr and § = u30°,
the direction perpendicular to this for the same
declination is o v i6hr. The expected number of showers
in a 20° % 30° bin centred on & = -30° is from fig. 5.10,

57. The observed number along the outward arm is 55 and



FIGURE 5.20

A section of the local spiral arm showing
the outwards direction and the direction
perpendicular to this in the same

declination band.

The projected area in each case is

20%dec) x 230%r.a.).
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at right angles is 53. The inward spiral arm is at

a@ = 20hr, § = 30° and the direction perpendicular to
this for the same declination Is o & UYhr, The expected
number of showers in a 20° x 30° bin centred on & = 30°
once again from fig 5.10, is 10, The observed number
along the inward arm is 9 and at right angles is 11,

Clearly no anisotropy exists in either case.

To further investigate the affect of the galactic
plane on the right ascension distribution, the region
~40% < § < -10° for showers with Ep 3.1017év, has been
plotted separately. This strip is cut twice by the
~galactic plane and also contains the galactic centre.

The events have been broken into three categories,
2659 events recorded between event numbers 1 and 3503
(fig. 5.21a), 1362 events recorded between event numbers
1753 and 3503 (fig. 5.21b) and 1297 events recorded
between event numbers 1 and 1752 (fig. 5.21c).

Only in the first few hundred events (fig. 5.21c)
does the distribution appear to deviate from isotropy,
yielding a value of 35 for a chi-squared with 23 degrees
of freedom. With increasing numbers, the value of chi-
squared drops to 22.0 (fig. 5.21a).

The same scan for all showers with E, > 101 %v,

derived from fig. 5.11, yields a value of chi-squared

(23 degrees of freedom) equal to 34, implying a 6%



FIGURE 5.21

Right ascension scan of the declination
band _400 < § < -100 for events with

» 17 0 .
EP _.10 ev

(a) 2653 events from serial numbers
1 to 3503.

{b) 1362 events from serial numbers
1753 to 3503,

{c) 1297 events from serial numbers

1 to 1752,
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confidence in isotropy.

5.5.3 PULSARS ?

As we have already seen (ref. section 1.2.2),
pulsars have been proposed as 2 source of high energy
cosmic radiation. The energy of the emitted radiation
is proportional to the angular velocity of the pulsar
and the charge of the emitted particles, an iron
nucleus receiving 34 times more energy than a proton,

At the time of writing, 50 pulsars have been
observed. The positions of these pulsars in celestial
co-ordinates are shown in fig. 5.22 (and also the over-
lay for fig. 5.8). The distances of these pulsars,
based on dispersion measurements, range from 30 pc to
2.7 kpc and their periods range from 0.033 secs to
3.74%5 sec¢s. Twenty one of these pulsars are closer
than 0.2 kpc, the closest being CP 095048 which is
distant 30 pc and has a period of 0.25 secs. Twenty
four pulsars have periods 1less than 0.5 seconds, the
fastest being NP 0531+21, which is associated with the
Crab Nebula and is distant v 2 kpc. Its period is
0.033 secs.

The initial flux from the Crab pulsar, according
to Gunn and Ostriker (1969) is believed to have been
3 2 10%7 particles sec ! following a differential

spectrum of slope -2.5. If the Crab is radiating



FIGURE 5,22

A Mercator Projection of the Celestial
Sphere showing the positions of 5¢

known pulsars.

P indicates one pulsar in the cell.

nP indicates n pulsars in the cell,.
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isotropically, then this flux of high energy particles
should produce an observed intensity at our array in
the direction of the Crab of 6 x 10 ° particles m 2
sec !.

It is possible that magnetic deflection has
delayed the flux of particles. The age of the Crab is
916 years and a magnetic field of 2.5 x 10 ’ gauss
between us and the Crab is sufficient to delay 3 x 1017 ey
protons by 940 years. The same field would delay 10!%ev

020

protons by 60 years and 1 ev protons by 2 days.

If the flux from the Crab is 103" particles m 2

l

sec ! as it would be now, 916 years after its creation,

the observed intensity at our array would still be

> sec !. In two years or

2 x 10 *? particles m
6.3 x 107 sec we should have seen at least 3000 showers
in the direction of the Crab, if it is producing high
energy (> 10'7ev) protons and they are reaching us.
This is a thousand times greater than our experimental
filux,

The Crab is situated in our neighbouring spiral
arm and is at right angles to us. If magnetic field
lines are confined to and are parallel to the spiral
arms, then the flux of particles from the Crab pulsar

would suffer maximum deflection before reaching us.

For an average field of 2.5 x 10 7 gauss and a proton
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017ev, the deflec¢tion amounts

primary energy of 3 x 1
to about 60° and the bending is 26 times greater if
the primary is an irom nucleus.

The pulsar CP 0950+8 is very close to us and
in our spiral arm such that if the magnetic field is
confined parallel to the arm, any particles travelling
towards the Earth from this pulsar will travel parallel
to the magnetic field and receive very little deflection.
Even assuming an average field component of 10" % gauss,
a 10*%v proton would only suffer a deflection of 29

0lev proton a deflection of 20°.

and a 1
The electromagnetic radiation emitted by pulsar
CP 0950+8 is very strong and almost completely linearly
polarised. By measuring the Faraday rotation of this
radiation allowing for the affect of the ionosphere, and
knowing the integrated electron density along the line
of sight and the distance of the pulsar, Smith (1968a)
has estimated the mean value of the galactic magnetic
field" in the direction of this pulsar to be less than
2 x 10" 7 gauss. Roger and Shuter (1968) claim that
Smith 4id not take proper account of the affect of the
jonosphere on the Faraday rotation. Their revised
estimate for the component of the magnetic field in

6

the direction of CP 0950+8 is ~ 10 ° gauss, which is

still reasonably small,
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Further work on Faraday rotation by Smith
(1968b, private communication 1970), has reaffirmed
his previous estimate for CP 0950+8 and has given
estimates of the magnetic field components in the
directions of two other pulsars. One, the pulsar
CP 0328 is at a distance greater than 4.3 kpec, beyond
both the local and Perseus spiral galactic arms. The
measured magnetic field in the direction of this pulsar
is 3.5 x 10 ® gauss. The other, pulsar AP 2015+28 is
closer, and the magnetic field in its direction is
2.0 x 10" % gauss. The accuracy of Smith's determinations
is * 15%.

Staelin and Reifenstein (1969) have recently
reported a lower value of 2.8 x 10 °© gauss for CP 0328
and also one of 9 x 10 7 gauss for NP 0527. Faraday
rotation measurements on PSR 0833-45 (the Vela pulsar)
yield a value of 8 x 10”7 gauss (Radhakrishnan et al
1969, Large et al 1968) for the line of sight component
of the‘galactic field. TFor the Crab pulsar NP 0532,
using observations of the rotation of the polarized
nebular radiation combined with the dispersion measure
for the pulsar, Verschuur calculates a line of sight
estimate of 5.5 x 10 ’ gauss (Radhakrishnan 1969).

The value obtained for magnetic field strengths
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by observing Faraday rotation, relies on a knowledge

of the distance of the pulsar. In most cases this is

not known exactly, however in the case of the Crab

pulsar and the Vela pulsar, the distance is well known,
An average value for the galactic magnetic field,

within a few kiloparsecs of us and based on Faraday

rotation of the polarised radiation from pulsars, is

v 4.2 x 108 causs.

If all primaries above 10'°®

ev are protons and
are produced by pulsars, two conclusions can be drawn.
If we can assume that the galactic magnetic field is
v 10  ° gauss, then cosmic rays from the pulsar
CP 0950+8 should reach us virtually undeflected and with
an intensity of the order of a thousand times what we |
do observe. If however, the protons of energy > 10t8ev
are produced only within a short time after creation
of a pulsar, then the magnetic field of the galaxy
would not be able to contain them for a long period of
time and we would thus not expect to observe the flux
we do.

On the other hand, if primaries above 10t%ey
are iron nuclei or heavier, then it is conceivable

(depending on galactic magnetic fields) that they can

be trapped and produce an isotropic direction distribution.
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The slope of the integral energy spectrum is -1.5
if we assume the theory of Gunn and Ostriker (1969).
Based on the luminosity distribution and the
local density of pulsars, one can estimate that there
are at least 10°® pulsars in the galaxy. To maintain
the present energy density of cosmic rays in the galaxy
then requires an average output of 10°* ergs/pulsar/sec,
well within the range of the CGunn and Ostriker model.
Owing to the fact that a pulsar probably radiates
electromagnetic energy into a cone of width 209, we
would expect that the pulsars we see (in the radio
spectrum) would amount to less than a hundredth of the
total number of local pulsars. Although we cannot sece
all pulsars, it is likely that their particle radiation
would become well stirred up by galactic magnetic
fields. With this increased number estimate, we require
less than 10%?% ergs/pulsar/sec to be radiated to main-
tain equilibrium of the cosmic ray energy density in

the gaTaxy.

5.5.4 OTHER REGIONS.

In the hope of identifying source regions of
cosmic rays other than those already considered, the
celiular divisions of events in both celestial and

~galactic co-ordinates have been scanned. In the
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following section, two interesting regions are

considered.

(a) The region a{8hr,i0hr), &8(-107,10°).

This region of the sky contains three pulsars.
One already mentioned is CP 0950+8, the other two are
CP 0834+6 and PP 0943+8, The latter two pulsars are
distant 130 pc and 175 pe respectively and have periods
1.3 secs and 1.1 secs respectively.

The observed numbher of showers n_, the expected
number n and the number of standard deviations from
the mean for the cell a(8hr,10hr), 6(*100,10°) are
shown in table 5.5 for two energy ranges, E, > 10! 7ev

and E, > 10*%ev. Table 5.6 is the same data, but
grouped differently. The cell in this case is
4(8.8hr,8.6hr), 6(-7.5°,7.5°) and the results are
shown only out of interest, no conclusions can be
fairly drawn from results derived by rearranging
datafh The rearrangement was not made to improve the

statistics of the results, but forms another mode

of analysis not mentioned here,
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TABLE 5.5

a(8hr ,10hr), §(-10°,10°%)

E. > 1017y

P —
Number
of Events 1328 . 2659
D, n, nﬁ/?e.,ﬁ n, n, n fne N
| 33 22.4% 1.47 2.9 59 43.8 1.34% 2.4
} S e sioeeet e e s i
18
EP 2 10° ev
Numbepr
of Events
TABLE 5.6
a(8.8hr,9.6hr), 8(-7.5°,7.5%)
5 17
EP > 10 "ev
Number "~
of Events 1328 2659
n, n, nolne N
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This region when converted to galactic
co~ordinates appears quite interesting. The galactic
cell 1(15hr,20hr), b(0°,30°) for showers with
EP 3'1017ev (fig. 5.17) overlaps the transformed
region, and contains some large fluctuations from the
mean.

The latitude band b(190,200) has an excess of
twice the mean number of showers for l(17hr,18hr) and
an excess of 1.8 times the mean for 1(19hr.,20hr). A
chi-squared test on this band using only cells where
the expected number of showers is greater than 9,
yields a value of X% = 41.9 with fifteen degrees of
freed;;. The corresponding confidence for isotropy is
0.02%.

A chi-squared test on the fifteen 1 hr x
10° cells contained within 1(15hr,20hr), b(0%,30°)

yields a value of Y% = 48.6 for fourteen degrees of

freedom, corresponding to a confidence for isotropy
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of 0.001%. A random selection of fifteen other cells
in 2 5 hr x 30° bin gives a value of % = 14.4,

No significant optical or radioc sources other
than the already mentioned pulsars exist anywhere near
this area. The significance of a chi-squared test on
the relatively small number of showers may be suspect
and before any anisotropy can be claimed, we would
need to observe the same effect in as many showers

again.

(b) The region a(3hr,4hr), &6(30°,40)

This region is just within our limit of
observation. The expected number of showers with
energy 3;017ev, in this e¢ell is 1.3 and the standard
deviation is 0.4 {(fig. 5.12), however 6 showers have
been observed. The numbers involved are too small to
do a chi~squared test on this declination bamnd, however
assuming Poisson fluctuations in each cell, the
probability of observing six or more events while
expecting 1.3 is easily calculated to be 0.002. Table
5.7 1lists the parameters of the six showers.

The zZenith angles of these events are all high
due to the large declination. The showers all have
relatively low energy except event 1638, which owing to

its larger than normal zZenith angle, is more than likely
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an overestimate (the energy conversion is only valid

for 8 < 75°).

TABLE 5.7

R.A.(hr) Dec(deg)

Event EP(ev) 0

232 2.0%x10Y7 64  3.7x0.4 31.6% 4.8
1638 4.2x10%% 81  3.5%0.3 34.3% 4.1
1908 2.6x10'7 68  3,.9%0.6 33.5%13.4
2089 1.5x10'% 66 3.6+0.2 32.5+ 5,9
2478 2.4x10Y7 67 3.3:0.3 36.2+10.9

3073 5.0x10%7 68  3.9%0.5 4. 4+12.7

1f in the directional analysis we include
showers which would normally have not been used
because the numbersof particles recorded by one or
more stations were not sufficient to provide accurate
timing (ref. section 4.10), then altogether in this
cell wie have eight showers. This number together with
a mean of 1.5 corresponds to a Poisson probability of
2 x 10 %,

If this region is a source of cosmic radiation,
it should have been observed by other large arrays, such
as the Haverah Park array in the Northern hemisphere.

The fact that it has not points to it being a
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statistical fluctuation of 3.4 standard deviations.
Doubling the number of events will probably verify

this.

- 5.6 CONCLUSION.

The results of two years observation of the
southern sky have shown no definite trend towards
anisotropy for cosmic rays with energy 3;017ev. The
absence of any significant clustering of events for
any energy range, in particular for primaries with

02%v, make the chances of ever finding a

energy -1
point source of cosmic radiation very small.

The absence of a cutoff of the cosmic ray
primary energy spectrum at 5 x 10'%ev indicates that
if blackbody photons are universally abundant, then
the sources of cosmic radiation may exist within 10 dNpe.
The strong radio galaxy,ICentaurus A which 1s & Mpc
distant and has a radio output of 10%°® watts, is a good
candisate for the production of cosmic rays by a quanrk-
fueton process (Bahcall et al 1970). Stirring up
and further acceleration of ejected particles by a
large scale Fermi process (Burbidge and Hoyle 1964)
within the local supercluster is also possible,

If the blackbody radiation is not universal then

objects like Fornax A (d~i7 ipe, PA103°% watts),



Hercules A (4470 Mpc, Pv10?7? watts), Cygnus A

(dv190 Upe, PA10?® vatts) and the quasars (d>400 Mpc,
Pv10%? watts) are also likely cosmic ray sources. In
all cases, due to the distances involved, an isotropic
arrival direction distribution would be expected.

Further observation in the region of the
Hagellanie Clouds may, although unlikely, reveal them
as a source of cosmic radiation. However,with our
present event rate many years of observation would be
needed to supply adequate statistics. Imcreasing the
number of stations in our quarter mile array is needed
to increase our shower detection rate.

No direct correlation of cosmic rays with pulsars
has been observed, contrary to what would be expected
if they were producing very energetic protons. Present
theories regarding cosmic ray acceleration by pulsars
are at the moment very crude and little weight can be
"given to conclusions drawn from them. However, if one
assuméB a Gunn and Ostyriker type theory and also
assumes that all primaries above 10'%ev are iron nuclei
or heavier and that galactic magnetic field strengths
are of the order of 10 ° - 10” % gauss, then pulsars
can explain the observed flux of isotropic radiation.
This taken together with the absence of a blackbody

cutoff and the possible absence of an gnkle in the energy
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spectrum, makes the idea of a local uniform source of
cosmic radiation tenable.

It is possible that our latest observed energy
spectrum, corresponds to the region above the ankle,
which may occur at a lower energy than expected and
thus be on the threshold of the SUGAR array's
detection capability. If this is the case, the
primaries we observe above this ankle, may still
represent a metagalactic flux of protons, as suggested
by Linsley and Séarsi (1962).

An increase in the sensitivity of the SUGAR
array to small showers (EP < 10'7ev) and a comparative
measure of the u/e ratio, above and below the ankle,
is required to elucidate the problem of primary

composition,



CHAPTER 6

THE CURVATURE OF THE

MUON SHOWER FRONT.
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6.1 INTRODUCTION.

At each nuclear interaction as the primary
particle descends through the atmosphere, secondary
particles are emitted at small angles (determined by
their transverse and longtitudinal momenta) to the core.
It is this effect coupled with the straggling of low
energy particles, that predominantly defines the
curvature of the muon shower front.

The curvature of a2 muon shower front has been
determined as a by-product of the means of refining
the accuracy of arrival direction measurements. A
simple plane fit does not take into account the position
of the core. In this way, if the core is near the
edge of the array and we only see one side of the shower,
a fitted plane would not correspond to the fTangent
plane (i.e. the plane which is, at the core, tangent
to the shower front produced by particles which have
travelled furthest in the forward direction). The
resulting arrival direction would then be in error by
an amount determined by the delay of the shower front
with respect to its tangent plane.

There are some showers which may be double cored
(Brownlee et al 1969e), and are classed as peculiar

showers. It is difficult to distinguish these events
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from those that are due to large statistical fluctu-
ations in the gtations' responses.

By investigating muon shower front curvatures,
it may be possible to gain some knowledge regarding
the heights of primary interactions and the longtitud-
inal development of E.A.S,

Except in events with a favourable geometry and
in which many stations have been triggered, little
information regarding curvature can be gained from
individual determinations. This is due to the
moderately large intrinsic error in curvature determin-
ation, posed by detector timing limitations. What has
been investigated in the following sections is the
variation amongst groupings of many individual curvature
measurements with respect to zenith angle and muon

numbher.

6.2 Tinme Delayed Particles in E.A.S.

Early attempts to investigate arrival time
differences for shower particles, yielded only upper
limits for particle delays, independent of distance
from the core. Using G-l detectors, McCusker et al
(1950) found no particles delayed by more than 1.3 Hsec.
Hezzetti et al (1951) found penetrating particles with

delays upto 1.2 usec, the average delay being less than



-613-

0.5 usec. The delay between shielded particles and
particles able to penetrate 10 cm of lead was found
by Officer (1951) to be about 20 nsec,

Jelley and Whitehouse (1953), using a liquid
scintillation counter showed that ~ 0.85% of shower
particles were delayed by 30 - 700 nsec. The
distribution having the form of an exponential function,
with half of the delayed particles occuring within
100 % 20 nsec. Using Geiger counters with fast
reaction times and shielded by at least 15 cm of lead,
Officer and Ecceles (1954) observed penetrating particles
in air showers, delayed by more than 50 nsecs. These
two experiments also attempted no core location,

Using three scintillation counters to provide
fast timing measurements of the shower front, Bassi,
Clark and Rossi (1953) were able to estimate the
thickness of both the electromagnetic front and, by
shielding one detector, the muon front. Their results
showed that the muon component arrives in a disc 2m to
3m thick and delayed 3m behind the electromagnetic
component, which forms a thinner disc of im to 2m, The
results of Sugarman and DeBenedetti (1956), and a
Honte Carlo calculation on the electromagnetic component
of the shower front by Loceci et al (1967), are in

agreement with the above results. Typical energies
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05%av, and

under consideration were of the order of 1
the core distances involved were A 30m,

Heasurements made at large core distances
(v 500m) by the Cornell group (Bennett et al 1962),
indicated that the shower front is not planar but has
a positive curvature. Averaged over about 1000 showers
of average size 3 x 107 particles, they obtained a mean
radius of 2.8 km for the electron shower front.

Linsley and Scarsi (1962a), using the large
H.1.T., Volcano Ranch array (1.8 km above sea level),
were able to measure delayed particles at distances
upto 1500m from the core. By measuring the delays of
single particles with respect to the tangent plane
defined at the core of the shower, they estimated that
for muons, the height of origin is constant and
corresponds to 320 = 70 g em 2 or v 7 km.

Blake and Harris (1969) using a shielded liquid

2, have demonstrated the

scintillator of area 10 m
existelice of delayed muons of energy greater than 1Gev
in air showers of energy " 10*7ev. At core distances
of 200m to 500m they obtained muons delayed by more
than 100 nsecs. This they attribute to a path

difference between the prompt and the delayed muons

and not to velocity differences.
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Using large area (34 m?) water filled Cerenkov
detectors, the Haverah Park 500m array has measured the
radii of curvature for showers of energy % 10t ey
(Suri 1965, Tennent 1968). Divided into three zenith
angle ranges, the mean curvatures ave 0.25 km ' for
vertical showers, 0.2 km ! for showers at 50 and
0.13 km ® for showers at 8 > 60°. The distributions
tend to broaden with increasing zenith angle. The
standard deviation in their measurement of curvature
is v 0.08 km *. Owing to the large detector area, it
is likely that the Haverah Park curvatures correspond
to the extreme front of an air shower.

Also at Haverah Park, Baxter (1969) has
determined the arrival time distributions for muons
at two core distances. This he obtains, by subtracting
the electron-photon component (based on a Monte Carlo
calculation) from their experimental time delay
distributions. By comparing his results with respect
to a pfhne front, he is able to determine the delay
of the first detected signal and the median delay of
muons, at a given distance from the core. The form
of the arrival time distribution is a negative exponential,
with a tail extending out to at least 600 nsec. Table

6.1 lists his results.
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TABLE 6.1
Core Distance  4o0m  600m
Delay of first signal (nsec) 45£12 g0%40
Hedian muon delay (nsec) 37fi;' 125i§g
Height of production (km) 4-0:3:3 “-7r§:2
Atmospheric depth (g cm 2) 550f§g 53°ti;g

The SUGAR array and the Haverah Park array
are at approximately the same elevation (280m and 230m
respectively). The area of a SUGAR detector is 6 m?
and only the muon component is observed. Curvature
determination is based on observations at 400m to
1000m from the core. It therefore appears reasonable
to expect a correlation between the SUGAR and Haverah
Park results.

Farly results of the SUGAR array (Brownlee
et al 1969d) indicate that such a correlation exists.
However for small vertical showers, an apparent
discrepancy exists. This effect is discussed in

section 6.6.

6.3 CURVATURE ANALYSI1S.

The determination of individual cuprvatures is
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accomplished by a least squares method and has been
shown elsewhere {(appendix chapter 2, Parkinson 1969).
The basic assumption of the mefhod is that the muons
originate from a point and travel radially with a
velocity of 0.299m nsec l.

The error in each measurement has been based
on an earlier timing standard deviation of 68 nsecs,
and is also a function of array geometry and the
number of triggered stations for that event. The
latter two parameters vary for each event. About
25% of events trigger 4 or more stations while about
2% trigger 6 or more stations.

In order to form curvature distributions and
hence determine an average curvature, it is necessary
to give more weight to a well determined measurement
than to a less well determined measurement. On the
assunption that curvature is a normal variable each
event is given a weight W s which is inversely

propodtional to the estimated variance of that event

(Guest 1961).

-2 -
W, O, 0; = 7% £{G)

N is the number of triggered stations and £(G) is a
geometrical factor obtained from the least squares

analysis. The weight increases slowly with N, TFor
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large area events f£(G) is very small and for events
"~ tending towards being collinear, £{(G) is large.

A SUGAR station registers the time of an event
only for those events which produce the equivalent of
three or more vertical particles in a tank. However,
in such an event, the photomultiplier pulse and hence
the timing, is iniated by the first particle to strike
the scintillator. The total photomultiplier pulse is
the integrated sum of all particles in the tank
(integration time = 3 usec).

For large particle densities in a tank, the
timing will almost certainly always be with respect
to the extreme front of the shower disc. In the case
of tanks with low particle densities, the timing will
often be with respect to a delayed particle in the air
shower. Hence in these cases and averaged over many
events, our measured curvature would correspond to

delayed particles and not to the extreme front.

6.4 THE ERROR IN CURVATURE ESTIMATION.

The simulated showers referred to in section
4.16, provide an excellent means of testing the method
of curvature analysis and of estimating the spreads
in individual curvature measurements.

Each simulated shower is in fact a plane front
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and the simulated timing responses generated when
it triggers the array, correspond accordingly. Each
response is allowed to vary plus or minus an amount
determined by randomly selecting a timing error from
a normal distribution with a mean 68 nsec. In this
way a Ffitted curvature should ideally have mean zero
and an error proportiocnal to the actual array
instrumental error.

An investigation of the spread of curvature
measurements amongst a sample of simulated showers
has been carried out, and the results are presented.
Even though the affect of station dead time is used
in the production of simulated »esponses, the
proportion of large multiplicity events is considerably
greater than in their real counterpart. This is due
to the fact that stations in the actual array are often
off the air because they have electronic faults or flat
batteries. Out of 592 simulated showers, 315 or 53%
had ﬁhltiplicityil 4 and 100 or 17% had multiplicity
> 6.

Figure 6.1 represents the weighted and unweighted
distributions for the curvatures of simulated events.
The events are grouped into three zenith angle ranges

independent of muon number. The parameters of each

distribution are listed in table 6.2 helow. Also



FIGURE 6.1

Zenith angle groupings of the curvature
distributions of simulated plane showers

which have inherent timing fluctuations.
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listed are the parameters for the distribution of all
simulated events over all zenith angles, as depicted

in fig. 6.2,

TABLE 6.2

- Unweighted _ Weighted _
Zenith Events |Curvaturel(kn l) Curvature(km l)
0%-30° 65 0.031+0.029 -0.002£0.010

" 30%-50° 133 -0.025+0.035 ~0.002£0.006
50°-90° 111  -0.053+0.030 ~0.02640,008

o .0 |

0%-90 315  -0.025+0.020 -0.012%0.005

The effect of weighting is particularly evident
{(fig. 6.2) when all events are considered together.
As would be expected the distributions have means
approximately zero and are normal in shape. The
errors of the means are significantly reduced by
weighting each event.

If 0, is the standard deviation of the mean of
the distribution of n events, each of which has
standard deviation ¢, then this standard deviation

of each measurement is given by

o =vn o
s

To estimate ¢, the unweighted distribution of



FIGURE 6.2

The distribution of curvature of all
simulated plane showers which have

inherent timing fluctuations.



ALL SIMULATED
EVENTS

S5 <0 0 10 15
UNWEIGHTED CURVATURE(Km=!)

D <0 0 £, 15
WEIGHTED CURVATURE (Km™)



the total of 315 events is used, this then implies
that, based on a timing standard deviation of 68 nsec,

the standard deviation in the estimation of curvature

is ~ 0.35 km I,

6.5 GRQUPED CURVATURE DISTRIBUTIONS.

A total of 723 events with multiplicity > &
have been used to estimate the curvature of the muon
shower front. These events have been grouped with
respect to both muon number and zenith angle. Three
zenith angle ranges have been considered and in each
- zenith angle range, five muon number ranges have been
used. Figures 6.3 to 6.5 inclusive depict these
distributions, both for weighted and unweighted events.
The weighted distributions have been normalised to the
same number of events as the unweighted distributions.
The parameters of the respective distributions are
shown in tables 6.3 to 6.5 inclusive and are accompany-~
ing the diagrams.

The effect of weighting is apparent, the means
of the weighted and unweighted distributions agreeing
well to within their range of error. As in the
simulated distributions (section 6.4) the spread in the
weighted means is less than the spread in the unweighted

means.



FIGURE 6.3

Unweighted (top row) and weighted (bottom
row) curvature distributions of 206 events
with zenith angles 0° < 8 < 30°,

Units of curvature are km .

TABLE 6.3
No. of Unweighted Weighted
N Events Curv. (km @) Curv. (km !)
Nu<4x105 31 o:;£§£d.u7o 0.387£0.068
ux105<Nu<axio‘ 67 0.289%0, 041 0.279+0.0u1
Bx105<Nu<1f3xiﬂ7 45 0.260+0.0u46 0.240+0.039
1.3x107<Nu<ux107 49 0,222%0.035 0.244£0.029

Hu>4x107 ik 0.267+0.044 0.209+0.017
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FIGURE 6.4

Unweighted (top row) and weighted (bottom
row) curvature distributions of 289 events

with zenith angles 30° < 8 < 50°.

Units of curvature are km !.

TABLE 6.4
No. of Unweighted Weighted
i Events Curv. (km 1) Curv., {(km ')
Nu<u3105 101 0.162£0.049 0.22310.042
4x105<Nu<3x105' 82  0.159%0.037 0.204£0.032
BxiO‘(Nu<1;33107' 4y 0.156%0.060 0.17740.031 °
1.3x107<Nu<ux107 Il 0.19320.038 0.179£0.029
N >4x107 18 0.207£0.035 0.143%0,016

g
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FIGURE 6.5

Unweighted (top row) and weighted (bottom
row) curvature distributions of 228 events

with zZenith angles 50°< 6 < g0°,

Units of curvature are km !.

TABLE 6.5
No. of Unweighted Heighfed
N Events Curv. (km *) Curv. (km ')
Hu<ux105 99 0.159+0.061 0,1470.042
uxao‘cnu<axio‘ 64 0.143+0.046 0.072%0.025
ax1oﬁ<nu<1.3x107 17 0.153%0.029 0.091%0.,017
1;3x107<Hu<43107 29 0.078+0.051 0.097£0,018

Hu>ux107' 19 0.054+0.026 0.037+0.,00%3

w‘“m' L iyl ik L
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From the spread of the unweighted means, it
appears that the standard deviation in the measurenent
of curvature is ~ 0.3 km '. This is in close agreement
with the value 0.35 km ! predicted for a timing standard
deviation of 68 nsecs {(section 6.4%).

For showers in the range 0% <8 < 300, the
distributions appear uneven for small showers. For
highly inclined small showers, the distributions appear

to broaden, and tend to be more uniform., Large showers

appear to be well behaved in all ranges.

6.6 INTERPRETATION OF RESULTS.

To investigate the variation of the curvature
of the muon shower front with respect to zenith angle
and muon shower size, the distributions of section 6.5
have been further divided such that there are now 9
muon nuaber ranges in each of the 3 zenith angle bins.
The weighted means of the curvature distributions,

together with their one standard deviation error bars,

b

are plotted as a function of N , for each zenith angle

u,
bin in figs. 6.6 to 6.8 respectively. Each zenith
angle bin will now be considered separately.

© <9 < 30°

(a) o
As noted in section 6.5, the curvature

distributions in this range are uneven for low muon
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shower size. The variation of the weighted mean with
shower size is such that for Nu < 8 x 10%, curvature
increases rapidly. Above Nu = 8 x 10°%, the curvature
appears to remain constant with iacreasing shower
size and a mean value of 0.24 km ! agrees well with
the Haverah Park results (Tennent 1968).

For near vertical showers, station separation
in the shower plane is approximately the same as in
the ground plane. In this way, the timing information
which determines the measurement of the shower front
curvature, is derived in most cases, approximately
400m from the core.

Using our observed structure function {(section
2.12.1), the number of particles expected in a tank for
vertical showers at 200m, 400m and 600m from the core

is shown, for the muon showers sizes under consideration,

in table 6.6 below

TABLE 6.6
ﬂu Muons per detector at core distances
200m _ 400m 600m
1.5x10° 6.0 2.4 0.6
2.5%x10° 19,2 i, 2 1.2
3.5x10°8 27.0 5.4 1.8
5.0%10° 39.0 7.8 2.4

7.0x10% 54,6 10.8 3.6




FIGURE 6.6

Curvatures in the vange 0% < p < 30°
as a function of Ny

Error bars are one standard deviation.

The numbers in brackets are the number

of events determining each point.

The point H.P. is determined from the

Haverah Park array.

Tennant (1968).
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As can be seen from the table, the number of
muons in the tanks of the stations that determine the
shover front curvature, is quite low. At least three
particles are required to register an event.

Since the muons in the shower front, at these
core distances, have an inherent time-delay distributiong
it is obvious that in many instances, the first particle
to arrive at a station, will be a delayed particle. 1In
this way, the averaged curvature will correspond to a
delayed shower front and not to the actual extreme
front. Also due to the diffuseness of the front, the
first particle recorded (which determines the arrival
time) will occur randomly from the extreme front of the
shower to the tail, and hence explain the uneveness of
the distributions in fig. 6.3.

From fig. 6.6, the difference in average
curvature between showers with muon size v 2 x 10°

and showers with N > 8 x 10%, is Ap ™V 0.25 km '. The

time delay with respect to the extreme front, at LOO0m
from the core, required to produce this difference is
At v 70 nsecs. This result is in good agreement with
the results of Baxter (1968) as shown in table 6.1,

and also calculations by Hillas (1965).



FIGURE 6.7

Curvatures in the range 30° < 8 < s50°
as a function of HNyu

Error bars are one standard deviation.

The numbers 1n brackets are the numbepr

of events determining each point.

The point H.P., is determined from the

Haveralh Park array.

Tennent (1968).
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(b) 30° < & < 50°.
Fig. 6.7 depicts the variation of weighted

curvature as a function of Nu, and in the range

© < 6 < 50°.

30

The projection of the array into the shower
plane for inclined showers, has the effect of decreasing
inter~station separations. The dec¢rease is proportional
to cos@. In this way, curvature determination is made
closer to the core for inclined showers and is not as
badly affected by delayed particles as is the case for
vertical showers.

The observed curvatures in the range 30% < 8 < 500,
tend to increase slightly with muon shower size, but at
the same time are not inconsistent with being constant

]

and having an average value of *~ 0.19 km '. This is

once again in close agreement with Haverah Park results.

(c) 50° < 8 < 90°.

Since the line of interactions which produce an
E.A.S5. is further away for very inclined showers, the
radius of curvature should approach zero, corresponding
to an almost plane front. This is evidenced in fig. 6.8.
There appears to be little or no variation with Nu.

The curvature distribution for the bin

3 x 108 < Nu < 4 x 10°%, has been plotted separately in



FIGURE 6.8

Curvatures in the range 5&0 <9 < 90°
ag a function of Hu.

Error bars are one standard deviation.

The numbers in brackets are the number

of events determining each point,

The point H.P. is determined from the

Haverah Park array,.
Tennent (1968)

The point marked with an asterisk in
the range 3x10% < N, < 4x10® is

discussed in the text.
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FIGURE 6.9

Weighted and unweighted curvature
distributions for events with

3x108 < N, < 4x10% and 50° < 8 < 90°

The distridbutions inc¢luding the cross
hatched sections, correspond to 34
showers and have means

m_ = 0.238 % 0.089 km !

Uw

m_ = 0.256 & 0.084 km ?

The distributions minus the cross

hatched sections, correspond to the
removal of 2 suspect events (see text),
leaving 32 events. The adjusted means are
m®° = 0.183 % 0.076 km *

uw

m; 0.159 + 0.050 km °
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fig. 6.9. Originally this bin contained 34 events,
however two of these events were later found to be
suspect.

The inclusion of these events gives a larger
than average curvature of 0.256%0.084 km *. On removal
of these events, one of which was an early event, number
402, and very likely had bad timing information and the
other was event number 2610 which had a large curvature
of 1.9 km ! and was also a poor timing suspect, the
new weighted curvature became 0.159%0.050 km 1.

The average curvature in the range SOO < 06 < 900
is & 0.07 km ®. This is a little lower than the
curvatures measured for 0 > 60° by Haverah Park. However
this may be due to the fact that we have included some
relatively high zenith angle events. Out of the 226
good events with B:»SOO, 25 had 0 > 700, and in particular,
2 of the 3 events with N, > 1.5 x 10° had 8 > 75°,

For the three zenith angle bins, the heights of

origin*are approximately constant and equal to 4 km.

6.7 A CANDIDATE FOR GEGHAGNETIC SPLITTING.

One event recorded by the SUGAR array, event
number 3031, had a best fit zenith angle of 84.4° and
triggered 16 stations. The map of the triggered

stations in both the ground plane and shower plane, is
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RE 6.10

(a)

(b)

Map of event number 3031 in the

plane of the array.

0 Station Not Triggered

® Station Dead

Numbers are the average number of
particles in a tank for each

station triggered.

Map of event number 3031 projected

in the shower plane.

0 and x as above

T = Triggered Station

Particle numbers are listed as

they appear in map.

C = Core Position.
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FIGURE 6,11

Envisaged geomagnetic splitting of
event snumber 3031,

Zenith 4" 840

Splitting > 4km

Dip angle of magnetic field at Narrabri
is ~-60°, The field is in a direction

100 east of north.
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shown in fig. 6.10,

The dip angle of the Earth's magnetic field
at Narrabri is -60° and the direction of the field is
10° east of true north. The vertical component of the
field is 0.49 gauss and the horizontal component is
0,29 gauss. The azimuth of the shower was 154.30
measured anti-clockwise from east.

Under these conditions, the charged shower
partlicles would have suffered a large geomagnetic
deflection, possibly large enough to separate the two
oppositely charged columns such that only one wing of
the shower hit the array. Filg. 6.11 depicts a
possible splitting of this event.

Since the value of the zenith angle is critical
in determining the extent of the possible splitting,
its error was calculated in a more detailed manner
than usual. By stepping plus or minus steps of one
degree on either side of the best fit zenith and
azimutl angle, new estimates of the goodness of fit
(expressed in nsecs) were determined (fig. 6.12).
Based on a timing variance of 79 nsecs, contours
containing deviations of one and two standard deviations
from the mean were drawn. As can be seen in fig. 6.12,
the azimuth, as would be expected, is guite well

O

determined, having a value ¢ = 154 3° to within



FIGURE 6.12

Error in arrival direction of shower

event number 3031.

The changesin timing fit (in nsecs)
for steps of 1° about the mean direction

are ghown.

Contours corresponding to one and two
standard deviations from the mean are

also shown where 0 v 79 nsecs.



€*hsT = ¢
o

e

HLORIZV

ox.:m = 0 NOILDTYIA TIVAIYYY JId 183€

- 8zy S9g PUE  LpZ ezl 121 1v1f 941 g€é¢
ogcYy L9g 90g o692 gzl 121 oOvl] Sl 16¢
£Er QLe dUE Z4a¢ 921 ozt wet] 241 LBE
Bey vie €lg 962 @z1 o611 91l 991 £8¢
vy OBE 6lE 292 Ocl &1l EE€1 X ¥9I 9l¢
st 98g LZ€ 097 vel 610l 621 9% CEE
19¢ L6g 9Eg 8.2 6gt o0zl 921 zZsli 65¢
1Ly 80y Lvg  OB2 9¢ 1 21 vl 4Lvli ¥ ¢
vepr 02% 65g 1Q¢€ Ggl. 6zt vzt Z2vl gEE
B6y s£vy €Lg  S1E dgt NLet 9zl ogt 9Z¢
F16 18y 06 1gE et W8yl 2t Legl e1¢
e B9y ROy  OvE 291\ Oor1 S¢€E1 10€
166 B8y LZ¢ 09 $IE 641 1A go2
€L 0l1g 6%y (6 9£E gGBZ 661 041 N\9SG1 9lz
9466 Eg& €Ly siv  09€  60¢ 122 06t 141 992
129 656 &6t leb LUE a€g 082 LpZNEI2Z 061 652
L+ G+ gt ¥+ g+ 1+ GCe A £~ A0 G~ G- L=

HLIN3Z



- 6.18 =~

one standard deviation. However, the zenith is

poorly determined. To within one standard deviation

0
0 +6
-BO‘

Before estimating the affect of the Earth's

it is equal to § = 84

magnetic field onm the muons in the shower, an
estimate of their average energy must be made.

On the assumption of an exponential atmosphere
in static and thermal equilibrium and assuming a
uniform density for the ground around each station,
the threshold energy versus zenith angle for four
different heights of origin has been calculated
(fig. 6.13). A constant energy loss of 2 Hev g ! em?
has been assumed and one atmosphere has been taken to

2

correspond to 1010 g e¢m 2. The radius, or approximate

distance to the point of origin for this event, was

¢
- 35

For d & 70 km and 0 ~ 84°, muons require 20 Gev

65 km.
energy to enter our detectors. The muons must traverse
4.4 Atmospheres of air and 5 atmospheres of soil. The
variation of threshold energy with respect to distance
travelled and zenith angle can be seen in fig. 6.13.
The value of 70 km is probably an underestimate
for the total path length of the muons from their point
of origin. If we assume that the interaction mean free

2

path of the primary is lesas than 80 g em ¢, and take



FIGURE 6.13

Threshold epnergy for muons in highly

inclined showers.

Curves are representative of a point

origin at distances of

(1) 100 km
(2) 70 km
(3) 30 km

(&%) 10 km
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into account the curvature of the Earth, then for a
shower with zenith angle 4 850, the first interaction
occurs at a height of about 30 km above sea level and
about 300 km from the array. By the time the shower
gets to 10 km above sea level, it is still about 100 km
from the array and has traversed more than 2 atmospheres
and is therefore past maximum development. On reaching
the array the shower would have traversed more than

10 atmospheres of air and since the scale height of the
atmosphere is 8 km, it still has another atmosphere to
go in crossing the array. Altogether the shower may
have traversed upto 16 or 17 atmospheres of matter,
corresponding to a threshold energy of about 35 Gev

for the muons. The path length being greater than

200 km.

To evaluate the extent of the geomagnetic
splitting, a rigorous tpreatment including rate of
energy loss over the path length (Bonnevier 1959), is
required. However, a rough estimate can be made by
assuming that muons are created with the calculated
threshold energy, and this remains constant along the
path of travel.

The extent of splitting for muons at an angle of
84,4° to the zenith and with various threshold energies,

is shown with respect to the total path length in



FIGURE &6.14
Geomagnetic deflection of muons at a
zenith angle of 84.4° as a function

of total path traversed.
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fig. 6.14. For muons with energy 20 Gev, this
splitting amounts to v 2 km for d = 70 km. The
splitting between the two wings of the shower would be
twice this and equal to 4% kn.

Since the splitting is proportional to the
square of the total path length and only inversely
proportional to the muon energy, the splitting is
much greater for muons originating far away. If the
threshold is 35 Gev and the length is 200 km, then the
total splitting between the two wings of the shower
at the array would be approximately 10 to 20 km.

An energy estimate as in section 2.12.2, for
showers with 0 > 75° is unreliable, the estimate for
this event being 2 x 10%%ev., The muon shower size is
1.7 % 10® muons. If the shower is split then our muon
number is a factor of 2 too low, since we only see
half of the shower. If each muon has energy greater
than 20 Gev and there are 3.4 x 10% of them, then the
ninimum primary energy is probably well in excess of
101 %av.

A theoretical analysis of the muon component of
highly inclined extensive air showers, has been made
by de Beer et al (1969). They have derived a relation-

ship between average muon number and primary energy in



FIGURE 6,15

Average muon number to primary energy
conversion for showers inclined at

BHO 0 the zenith.

Solid lines are according to de Beer

et al (1%69).

Broken lines are extrapolations to

larger shower sizes.
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the range 10"ev to 10'7ev. This they have done for
two zenith angles, one of which is 0 = 84°, and for
three muon energy thresholds. The results are shown,

with extrapolation to N~ 10°%, in fig. 6.15.

d
If it is valid to extrapolate these graphs
(which are linear on a log-log plot) to N, = 3.4 x 10%ev,

then it appears that the energy of event number 3031
is of the order of 1.3 x 1D%*'ev, making it the highest

energy event recorded by the SUGAR array.

6.8 CONCLUSION.

Based on the results derived from simulated
showers, the method used for determining and weighting
curvature measurements is acceptable. A timing
variance of 68 nsecs corresponds to an uncertainty in
curvature determination of ~ 0.3 km P,

The curvatures recorded by the SUGAR array
imply that for small vertical showers, the delayed
compoaent at 400m from the core, contributes most to
the curvature determination. The amount of delay needed
agreeing well with the results of Baxter (1969).

For other showers, curvature appears to be

independent of shower size and a constant height of

origin of v 4 km is observed.
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Using the results of curvature analysis on
a single, large, highly inclined shower, an estimation
of the amount of geomagnetic splitting has been made
and shown to be at least 4 km between the two halves of
the shower. On the assumption that we only detected one
half of the shower and based on an extrapolation of the
muon number to energy conversion of de Beer et al (1969),

the energy of this event appears to be of the order

of 1.3 x 10%*ev.
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