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— ABSTRACT

A horizontal array of 18 Qeiger-Mueller counters has been used to
detect extensive air showers over a period of twe years at Sulphur Mountain
ebservatory, 2283 m altitude, and at Calgary, 1086 m altitude, for a period
of 200 days. Analysis of data leads to the conclusion that at Sulpbur
Mountain, E.A.S. are isotrepic in solar time te within 1.45 £ and in
sidereal time to within 1.07 %; in Calgary E.A.S. are isotrepic in sidereal
time te within L.6 %, A valus ef ¥ , the expenent ef the density spectrum,

of 1.5 2 0,1 was ebtained for showers up te a density ef 500 particles / 12,

and was found te increase abeve this density te a value of 1.9 fer densities

107 . 104 particles / 2, 4 baremeter ceefficient ef 16,46 % / cm. Hg was

feund for E.A.S. of energy from 10t o 1016 o.v., and fer E.A.S. ef 10W4
- 1015 e.v. a temperature ceefficient of - 0.34 £ / ®C was ebtained,
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Intreductien

When a high energy primary cesmic ray particle interacts high
in the atmosphere with am exygen or nitregen mucleus, it produces a
shewer of particles, ferming a cene of very narrew angle, which even-
tually causes a large mumber of particles to arrive at the earth within
a foew micre-secends ef each other; such an event is knewn as an
"gxtensive air shewer." (E.A.S.).
| Much of the early werk em E.A.S. was deme by the Auger greup
werking in Paris; they feund ceincidences between ceunters seperated
by distances ef up te 300 m. E.A.S. were ebserved by Jamessy and
Levell in 1938 wsing a cloud chamber centaining a lead plate, in
which the multiplicatien ef particles established their predeminantly
electrenic mature. Slow proten tracks were feund in the showers by
the Auger group inferring the presence ef a muclear active cempenent
consisting ef protens and meutrems. In 1939 the Auger group measured
transition effecte and abserption curves desmonstrating the predeminant
sbundance ef electrens and phetens in E.A.S. as well as the presence

of a =mmall penetrating compement capable of penetrating mere than 20 ‘

cas, of lead.

Because of the large mmber of particles, it was clear that E.A.S.
represented the effects of primary cosmic rays of extremely high energy.
This fact acceunts for the two principal reasons for the study ef E.A.S.
t= te obtain information relating to the erigin ef the primary cosmic
radiation, and to investigate the nature of the interactions ef very
Righ energy particles; particles of such kigh energies cannet be pre-

duced by present accelerators, and it seems unlikely that ensrgies of



1018 - 10"’ e.v. could be produced im this way.

Por several years it was thought that the E.A.S. represented the
effects of primary electrens or ¥ -rays ef very high energy. The
small number eof mesens and mucleens were thought to be secendary te
the mere mmercus photens and electroms. Later, however, both theery

and experiments have imdicated that there are practically ne sledtroms

1.
or phetons in the primary radiatiom, though very recently Earl foumd

that 3 ¥ ef the primary particles were electrems. It has beceme evident
that the photens and electrons are themselves the secondary component,
while the E.A.S. are initiated and dominated in their development by
the muclear active particles., The primary effect is a nucleen cascade
i.e. a series of high energy muclear collisions eccuring at various
depths in the atmosphere. An inceming primary particle cellides high

in the atmosphere with an oxygen or nitrogen mucleus, giving rise te a
shower of mesons and mucleons which centime tewards the earth app-
roximately along the projected axis of the incoming particle; this
central regiom around the axis is called the "gore" of the shower,
Further miclear disintegrations are produced by these axial particles,
giving rise to more mesons, hyperons, nucleons and anti-macleens cons=-
tituting the nucleon cascade. Decay of secondayy K mesons and charged T
mesens give rise to the |4 -component which does not multiply further
and is slowly absorbed by ionisation and (A-Gecay. Decay of W°'s
throughout the cascade transfers energy to photens, each of which init-
jates an e.m. cascade by forming a pesitron and an electron forming
further photons by the nBremsstrahlung" process. These e.m. cascades

rapidly grow to comprise the most mumercus particles in the shower.
- 2 -



Individual e.m. cascades have a small ramge cempared with the thickness
of the atmosphere, but are centimuously regenerated by the muclear cas-
cade, s¢ that the soft cemponent gradually dies out as a source of
energy as the N -component becemes depleted. Ultimately the most num-
erous particles remaining are the N - mesons.

Composition of a single air shower and the energy spectra of the
cemponents undergo major changes as the shower develops and decays.
The nuclear cascade is the core of the shower; the mmber of nucleus-
mucleus interaction lengths in the vertical atmosphere is only 13, hence
fluetuations in the height ef the first imteractiom, and in the rate of
shower growth, are very large, and showers of a given energy are en-
ceuntered at a single altitude at all stages of development. The least
possible energy for a shower of given sige is the energy for which that
shower woulG be.at its maximum development. Any shower that is very far
from this condition will be rare among other shewers ef the same alise
due to the steepness of the energy specirum, therefore the majority ef
showers recorded at almost any elevation are im nearly the same stage of

develepment.




Time Variatiens in Extensive Air Shewers

One of the main reasens fer studying E.A.S. is te gain infermatien
en the origin ef the primary particles ef cesmic radiation. This is best
studied by menitering shewers ever a leng peried and analysing the results
in selar and sidereal time to see if there is a preferential arrival dir-
ectien.

A time variatien in the arrival ef E.A.S. may be due te the cembin-
atien of two effectss - (1) variatiens in the intensity ef the inceming
primary radiation (2) variatiens in the secendary cempenent due te changes

in the atmospheric density caused by pressure eor temperature changes.

Time variatiens are generally lecked fer in selar time and im sidereal
time, that is time with respect te the first peint in the censtellatien
Aries; the sidereal day is feur mimutes sherter than the selar day due to
there being 366 sidereal days in ene selar year. There is ne reasem te
expect a primary variation in selar time for E.A.S. since it is unlikely
that the sum weuld emit such high energy particles. A sidereal time
variatien weuld give seme evidence fer the origin of cesmic radiation
since, due te the high energies of the particles causing the showers, it
weuld seem that these primaries are of galactic er extra-galactic erigin
and a maximum in sidereal time weuld indicate what part of the galaxy was
everhead at that time.

One way te detect time variatioms is to nete the ceunting rate ef a
given arrangement ef apparatus as a functien of selar and sidereal time,
using the retation ef the earth te direct the apparatus at different parts

of the sky.



Sidereal Variations.

Sidereal time variations im E.A.S. may be because of an asymmetry
in the directiomal distribution ef high energy primary cosmic rays eut-
side the earth. The different pessible causes of such am asymmetry weuld
presumably be indicated by the presence or absence of such effects in the
experimental observations and we may thus get informatiom about the origin
and acceleration of cosmic rays, and abeut the mature ef space through
which they travel before reaching the earth. If, for instance, inter-
stellar space were field-free, the cesmic rays weuld travel in straight
lines frem their seurces; non-uniform distributiom of likely stellar sour-
ces would therefore cause seme amisotropy. It is umlikely, however, that
there are no fields in inter-stellar space since the energy density ef
cosmic rays is difficult te explain without the aid of some storage mech-
anism and also because the primary cosmic rays appear to be extremely is-
etropic; the amplitudes found of the variations of intensity with sidereal
time are extremely small (See Table I),

-6 -5
Bierman and otherazéonclude that fields of the order of 10 te 10

gauss would have arisen out of the turbulent motions of ionised gases in
the galaxy, even if there had been no field in the beginning. The magnetic
fields provide a convenient means of stering cesmic-ray energy in the galaxy,
and of randomising the directional intensity.

Accerding te Fermi's theery of the acceleration of Cosmic rays, the

fields are considered to be eriented at random, stirred up, and carried

-5 -
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abeut by the turbulent metiom ef cleuds ef ionised gas. It is assumed
that the cesmic rays leak eut ef the galaxy in an average time of 106
years te acceunt fer the charge spectrum of the primaries. Te acceunt
for the energy spectrum and the nearly perfect isetrepy of the cesmic
rays, the clouds must be assumed te have beth a high R.M.S. velecity
(120 Km/sec) and a small size. As lemg as the mean scattering length
is independant ef the energy the anisetrepy remains small and independ-
ant ef energy. At energies se high that the particles cam pemetrate
threugh the magnetic cleuds, the isotrepy must cease, the acceleration
mechanism must fail, and there is a large escape probability, implying
a cut-eff in the intensity.

There has net hewsver been any evidence of a cut-eff in the high
energy particle spectrum, and the existence of particles up te 1019 8.V,
has been shon.3 Accerding te the abeve theory, hewsver, protens ef
2.10]‘7 e.v. meving normal te a magmetic field of 10-6 gauss weuld have
a radius ef curvature ef 700 light years, abeut equal te the thickness
of the galactic disc. This would suggest that the spectrum weuld be-

ceme appreciably steeper at an energy of abeut 10150.1. with a "out-

off energy" ef appreximately 1017 o.v. Alse the high velecity required
of the cleuds is hard te recencile with direct ebservatioens.

The plane of pelarisation ef starlight hewever suggests the fields
are not randem, but are coherently oriented, apparently aleng the arms of
the galaxy. If the turbulent elements of the magnetic fields are demin-
ated by a coherent field having an extensien as wide as the galactic arms,
there is no difficulty in acceunting fer the retention within the galaxy
of cesmic rays ef energy up te 10]'8 e.v. Censidering the cencept ef

superpesition ef magnete-hydredynamic waves em 2 nearly uniferm field,

-7-



directed along the galactic amms, Daviah' pictures the cosmic rays as

spiraling along the lines of force in the magnetic field, frecuently
reversing the cempenent ef motien aleng the field by collidimg with a
sheck frent where the field intemsity changes rapidly. Very high energies
are attained over a lemg period of time, by a statistical accumulation

of small accelerations owing te betatron actiom and te reflections from
the moving shock fronts; consequently the arrival direction of high energy
cosmic rays at earth bears ne relatien te the direction frem the original
source, therefore any amisotropy would met be related te the distribution
of sources, but to the properties of the magnetic field and the process of
acceleration.

One of the causes of asymmetry is a net diffusion of the Cosmic rays
along the field lines towards the nearest point ef escape from the galaxy,
and a minimum in the reverse direction. Davis has estimated the time ef
the maximum to be 20k L.S.T. There may alse be asymmetry which is prep-
ertional te the gradient ef the cosmic ray density nermal to the magmetic <
field, and te the radius of curvature of the trajecteries. This effect
weuld increase stromgly with the primary energy, and like the asymmetry
due to diffusion, it would give rise te a 2l; - hour peried in the eb-
served intensity, but with a different phase,

Further asymmetry may be due te the mechanism of acceleratiom, and
will be significant if the acoceleration ef cosmic rays by interaction with
the magnetic fields is responsible for an impertant part ef the Cesmic ray
emergy. Davis has shomn that the Aasymetry arising from the acceleration
process should show the existance of a secend harmonic, and that the first
harmonic should have its maximum 12 hoeurs later for the Seuthera hemis-

phere than in the Northern hemisphere.



One might hepe te learn frem expsriments whether or net the
qualitative descriptions of the asymetry fit the facts and which of
the causes of asymmetry is predeminant. At present a more generally

held theory for the origin and acceleration of Cesmic rays is that of

Ginzburss° who suggests that all existing information leads naturally te
the hypethesis that cosmic radiation originates in the expanding envel-
epes of supernovae and pessibly novae., Ceaing out into the interstellar
medium from the envelepes of these stars, which lie in the region of the
galactic plane, Cosmic ray particles fill the whole galaxy and there lose
their energy mainly as a result of nuclear collisions.

Censidering all the stars in our galactic system emitting at the sane

2
rate as our sun, they would enly preduce cosmic ray energy 103 - 1033

ergs/sec which is six to eight orders of magnitude short of the ebserved
value of 1039- loho ergs/sec; supernovae and mevae, hewever satisfy the
energy requirements. It appears that the emvelopes ef nearly all known
supernevae are powerful sources of radio emission which establishes the
presence ef relativistic electrens in these envelepes. After abeut

1,000 te 3,000 years the envelepes of the supermevae are dispersed inte

the imterstellar medium; this alse happens te the cosmic ray particles en-
closed im the envelopes. Thus supernovae and novae can inject into the
galaxy cosmic ray electrons at a powsr adequate to maintain an energy
balance in the galaxy. If we consider the mechanism of the acceleration of
particles in the envelopes of supernovae it becomes clear that the transfer

of energy to protons and muclei in quantities ten te a thousand times that

going to the electrons 1s possible and probable. The particles undergo

-9 -



statistical acceleratier, and alse acceleration of particles te relat-
jvistic energies may take place in the explosion precess at the central
star before the envelepe has seperated frem it; further acceleration may
arise frem inductive acceleration cennected with prebable imcrease of
magnetic field.

Under statistical acceleratien the energy reached by a particle
1s preportional to its mass, therefore pretens will be accelerated te an
emergy M/m times greater than electrons, and heavier meclei to even

greater energies. The ebserved spectrum of E.A.S. extends up to 1019o.v. 3

such energies can still be recenciled with the theery of galactic erigin
of Cesmic rays, previded the particles with the greatest energles are
heavy maclei, and there 1s a censiderable excess ef heavy miclei ever
the natural abundance, ebserved in Cesmic rays. If however it is
the primary pretens that have energy up te 101 ? e.v. one can appareatly
cenclude that the ultras high energy particles are of extra-galactic
nature.

Ginzburg suggeets that a reflection of particles at the spherical
boundry ef the galaxy leads te an averaging of the cencentration amd
te a reduction of asymmetry. Because of the decrease of the ceefficient
of diffusion near the galactic plane, di ffusion will eccur mainly in
the region of the galactic cerona, and at the solar system the main
diffusion inwards weuld net come frem the galactic centre, ut from
abeve and belew (i.e. from the directions normal to the galactic disec).

This fact weuld temd to reduce any asymmetry.



Experimental Results.

In 1951 Hodson found a sidereal diurnal variation with an smplitude
of 1.15 ¥ .61% with a maximum at 23.30 L.S.T.

In 1952 Dandin at 2860 m en the Pic du Midi reported a sidereal var-
jatiom with an amplitude of 0.39 1t ,13% with a maximum at 22,00 L.S.T.

Farley and Sterey suggest that any such effest is less in the Nerthern
hemisphere than in the Seuthern hemisphere because of the narrew pelar
diagram fer receptiom, if particles came frem the galactic centre. In
an experiment in Auckland, New Zealand, Farley and Sterey studied E.A.S.
of 3.105 particles at a height of 4O m, from February 1951 - February 1952,
They selected electrens of median energy 100 Me¥ coming im vertically to
within * 7 degrees., Results for solar time indicated a clearly visable
selar diurnal variation, apparently correlated with ground temperature, of
amplitude 1.45 % 0,25% with a maximum at 2.7 £ .06 hours selar time; the
apparent temperature coefficient was -0.51% / °C. There was alse a
significant 2L hour sidereal variation, which, by least squares analysis,
had an amplitude of 1.1 % .26% at 19,8 % .9 hours L.S.T.

If the observed sidesreal variations are due selely te seasonal ned~-
ulation of solar diurnal variation (assumed the same in beth hemispheres)
we would expect the apparent sidereal variation to differ by 180 degrees
in phase in the two hemispheres. In fact variations at the following
three stations are in phase and maxima coincide in L.S.T. almost to within

the probable error: =



Manchester 53 N 23.,5+2,0 L.S.T.

Pic du Midl b3 N Have maxima at 22,0%1,3 L.S.T.

Auckland 37 8 19.8 £ .9 L.S.T.

All correspend to when the Milky Way is overhesd; this eccurs at 22.0
hours at the Pic du Midi and 17.7 hours at Auckland, This suggests
cesmic rays come preferentially frem regions ef high star density in

the galactic plane. Evidence suggests the amplitude is larger in the

S. hemisphere and therefore it would appear that the directien from which
the maximum cosmic ray intensity comes is in the galactic plane.

Cranshaw and Galbraith, 195k, using sixteen Geiger tubes each 200
dlz sensitive area, in a square lattice L x 4 with Sl m between counters,
counted showers of energy 1016; 2.1616, 5.1016 and 1017 e.v. for cein-
cidences 3-feld up te 8-feld. In sidereal time they found ne striking
variation outside the statistical accuracy of their results. They found
a similar isotropy in selar time.

Cranshaw and Galbraith in a search for variations of Cosmioc ray in-
tensity at high energies 1016 - 101? e.v. used counter sets seperated
by 150 m and 300 m (the counters were at the cerners of a quadrilateral
150 m X 300 m.) At 150 m seperation, oeincidences cerresponded te a
shewer initiated by a primary ef 2.1016o.v. and for 300 m seperatiem, a
primary energy of 1017 e.v. PFor solar time there was ne significant

variation fer 1016 e.v. showers. For 1017 e.v. showers they found a selar

variation, the amplitude ef whose first harmonic was 19.3%. For sidereal
time none of the calculated amplitudes were statistically significant.

The authors stated that the reality of the 19.3% selar variation was in



deubt,

Ia am attempt te lecate a peint seurce fer cesmic radiatien, Sekide
in Japam studied the diurmal variatien of very high energy cesmic rays
undergreund. Ne selar variatiem was ebtained, but there was a sidereal
time variatien with maximum at 05,20 L.S.T. Near the directiem ef the
axis of the instrumeat at this time eme can find the Crab mebula, a re-
markable peint seuree of cesmic moise. There was alse a small peak at
20,00 L.S.T.

With regard te peimt seurces Greisen suggests that if fer example
the Crab mebula has resulted im imtense preductiiem of cesmic rays them,
besause of the intervening fields, these cesmic rays diffuse tewards the
earth with a mean scattering length ef a few 1ight years. The nebula is
several theusand light years frem the earth, hence altheugh brilliant
visable light began arriving here abeut 900 years age, we should net ex-
pect the cesmic rays until milliens ef years have elapsed. Ne supermeva
visable in human histery has had time te signal us with charged particles.
Cenversely, if a large influx ef charged cesmic radiatien is ever inter-
pretable as an indicatlen of unique seurces, it will refer te activity
in the distant past, and eme eheuld net expect te be able te see any
lenger a visable jndicatien ef the umusual activity, ner te detect it with
radie waves.

In 1954 - 7 the R08013' greup at sea level, exanined shewers of frea
5.10° te ever 10’ particles. The cere lecatiems, arrival directiens, and
particle density distributiens of several theusand shewers whese ceres
landed within an area eof 105 l2 were determined by the techniques of fast~

timing amd density ssmpling. They used large-area plastic seintillatien

A



detesters, which could measure particle demsities and arrival times,

spread ever an area ef 10S 12. The eutput of each chamnel was dis-

played on a seperate cathode ray tubs fer measurement of relative arrival
times. These data, tegether with the time of day, the day ef year, cal-
ibration data and varieus instrumental amd astrenomical censtants were
precessed by cemputer te give the zenith angle, right ascemsion and dee-
lination of the source ef the shower, They estimated their errors as less
tham S% 4in arrival directiem. They pletted the distributions ef arrival
directions for shewers of average size 1.8 x 107 particles and fer N greater
than 108. The time of ebservatien was the same te within 10% fer any set of

equal sidereal time intervals. )L” tests were performed en the ebserved
mmber of events in each 10° x 10° regien aleng the declinatiem band, and the
results were censistant with the hypethesis ef isotropy. Alse a mmber of

special regions in the sky were tested, and no significant amisotrepy was

present.

Selar Variatioens.

The arrival at earth of Cesmic ray particles is affected by changes
in the atmespheric temperature and pressure which cause changes in the
altitude-density relation. These variations are partly erratic, but the
influence of the sun on the atmosphere gives rise to certaim periedicities.
There is a selar diurnal temperature variatien, and beth a diurnal and a
semi-diurnal pressure wave, an amnual temperature cycle and also a pre-
neunced anrual variation of the diurmal amplitudes. The seasenal med-

ulatien of the diurnal waves gives rise to a Fourier compenent that has



one mere cycle/year than the selar variation, hence spurieus daily
intensity variatioms are present in sidereal time as well as selar
time.

It is interesting to note that several groups working with Mc Cusker
in Dublin, Jamaica and Sydney, using M - units” as detectors, have found
large semi-diurnal variations in solar time which appear to be correl-
ated with the semi-diurnal pressure wave at ground. Mc Cusker propesed
that the variation in counting rate is caused by a change in the
structure ef the shewers; the large amplitude suggests that this change
in shower structure is associated with a tidal motion of the height of
the first interaction, and that this interaction oocurs at a regien
where tidal changes in its height could be very large. Belew 30 Km
diurnal and semi-diurnal pressure changes are small, however abeve this
it is pessible that large tidal motiens ocour. It is mest unlikely
that the first interaction ef proton primaries is in the regien where
large tidal motiens eccur since protons have a maximum probability ef
interacting at about 18 Km. It has recently been auggeated§ hewever
that less than half the primaries with a given energy abeve lo}saro
protens, and that the prepertion ef heavier primaries should increase ‘
rapidly with energy above this. The way in which the primary dis-
integrates en interactien in the upper atmosphere controls the shewer
structure close te the core. The spread ef the core is contrelled by
the energy with which the mucleons are emitted; if the primary 1s as
big as iren it is pessible that several hundred mesons are preduced.

In this case it is pessible that the size of the core stays relatively

censtant for all shewer sigzes te which

- 15 -



Mo Cusker's apparatus is sensitive.

Pearsen and Butler suggest that a change in the height ef the
first interaction changes the electron density in the area covered by
the mucleon core. With increasing shower sige the electron density out-
side the cere becomes sufficient to trigger the M - unit; the core
density becomes se large that the M - unit is saturated, therefore fer
shewers greater than a given size the counting rate is no lenger sens-
itive te the first interaction. The large selar variations observed
by Mc Cusker imply a tidal amplitude of the 4O Km level of between 3
and 10 Km.

Observed Selar time variatiens are givem in Table 2.

# An M-unit censists ef three small G.M. counters forming the

sides ef a triangle, the sides being each 20 ems. Fer an M-unit te
recerd, all three G.M. ceunters must ge eff in coincidence; M- units are
therefors more sensitive to a high density ef particles e.g. the core of
an E.A.S.
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Experimental Apparatus.

The experiment was carried out both at the University ef Alberta
Cosmic Ray Station en Sulphur Meuntaim, Banff, Alberta at an altitude eof
2283 and in the penthouse ef the Science Building at the University ef
Alberta, Calgary, at 1086m.

In beth Banff and Calgary the apparatus consisted ef a horisontal
array of eighteen Geiger-Mueller counters each ef 25,8 e-2 sensitive
area grouped in paire in nine thin aluminum centainers. The centainers
were arranged as in Fig. la se that no three counters could be triggered
by a horizental particle moving in a straight line. A shewer is de-
fined by a threefold coincidence between any of the eighteen ceunters.

A block diagram of the detecting and recording circuits is given in Fig.
2. P11 circuit diagrams are given in reference 7.

Negative pulses frem each G.M.C. are first cathode fellowed by a
triede (1/2 12AT7); a series diede (1/2 6ALS) cuts eff the pesitive
eversheot before amplifiocation by a 6AGS. A shunt diode (1/2 6ALS)
then reduces the pulse te a umniform height; twe outputs "a" and "H¥ are
provided. The "b" outputs frem each channel are added and fed to a
non-linear amplifier (6AG5) that amplifies 1, 2, 3-felds and up in
the ratie 1:10:100: saturation. After smplification by a 6J6, 1 and 2
feld pulses are eliminated by a series diede (1/2 6ALS5). Pulses frem
3-felds te 18-felds are limited te a comstant height by a shunt diode
(1/2 6ALS) and cathode followed by a 6L6. These pulses triggei a uni-
vibrater (12AT7) and are cathods fellowed (6AQS) te give a "Master Pulse"

of censtant sise.



"The Master Pulse" is t_:ronght in coincidence with eutput "a" in
each channel threugh a 6BW6, If coincidences eccur the pulse in each
channel is amplified (6AGS) and triggers a thyratren (2D21) which drives
a pea of an Beterline-Angus 20 pen recorder (pens 1 - 18).

The "Master Pulse" is also fed te a scale ef twe (GALS, 68N7)
after smmplificatien by a 6AGS. The eutput ef the scale of two triggers
a thyratron te drive pem 19, and also a mechanical counter. The scale
of two helps distinguish between very close shewers which could be
nistaken for a single shewer. Mimute and heur signals are fed to

pen 20,



Calculation of the Emergy ef E.A.S. Detected by the Banff Apparatus.

It is already mm7°th;t the densities of partiocles in an E.A.S.
required te cause a 3 - 6 fold, 7 - 12 feld er 13 - 18 feld event in
the Banff apparatus are in the range 30 - 1LO particles /n2, 140 - 420
particles ﬁ-z and 420 and upwards particles ﬁnz respectively. Te cal-
culate the total energy ef the shewer, the energy ef the e.m. compenent
was first caloulated, amd frem this, using the relation between the
ensrgies of the e.m., A, and N- cemponents, the total energy was cal-
oculated,

The density of the e.m. compenent of the shower varies radially,

and with the total number ef particles in the shower, following the

relation.a'
0.75 3.25
P,r) = gﬁ; (?_ (_"_1. 1%
n r rer) 1.b

Where r is the radial distance from the axis of the shower, N is
\ »
the tetal mmber of electrens in the shower and r is the Meliere unit.

* vy the lloliére unit. The lateral distance am electiron is scattered

in traversing a longitudinal distance of ene radiation length is app- ‘
-2
roximately 1/l radiation length er 9.5g om ~ i.e. abeut 79 m at sea

level, er 116.4 m at 2283 m. This unit of leagth is denoted by ry» the
characteristic or scattering length.



This is a close appreximation to the theeretical expressions derived
by Kamata and Nishimura for e.m. cascades having s = 1.25.

(J(N,r) was calculated fer values ef r frem 10 m te 200 m for
values of N of 105 particles to ‘5.107 particles, and the results are
shown in Table 3,

Graphs wers plotted, fer each value of N, of r against particle
density (Figs 3a, 3b and 3¢) and in each case the radii cerresponding
te particle densities ef 30 particles / 12, 140 particles / n? and
120 particles / m° were noted; frem these radii the area of the part
of the shower capable ef preducing 3-6, 7-12 and 13-18 fold events were
calculated and are given in Table L.

It can be assumed that the mumber spectrum will be the same as the
energy spectrum since showers ef the same energy centain the same mmber
of particles. The mmber frequency spectrum was plotted fer values of X,
the expenent of the number spectrum, equal te 1.5 and 1.9 (fig. h)
using an arbitrary scale for frequency, amd the frequencies correspond-
ing te the required values ef N were ebtained.

By multiplying the relative frequency by the area cerrespending te
esch value ef N for 3-6, 7-12 and 13-18 felds we get an expressien which |
1s a function of the probability ef a 3-6, 7-12 er 13-18 feld event being
caused by a shower containing N particles. Frequency X Area was caloculated
for each value of N for 3-6, 7-12 and 13-18 folds, for ¥ =1.5
(Table 5) and ¥ = 1,9 (Table 6).

When these valuss were plotted (Figs. 5 and 6) maxima were found at

-23 -
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N=3.6 x 10° for 3-6 felds, N=8.10° for 7-12 felds and N=3.3 x 10°

for 13-18 folds fer X-1.93 for ¥= 1,5 maxima were at N=6,5 x 105 for
3-6 felds, N=2,15 x 106 for 7-12 felds and N=5,0 x 1o6 for 13-18 felds,
These values of N indicate the most prebable number of particles in the
appropriate showers,

The energy of the e.m. cempenent is given approximately by the
formula |
Eq = 0.2 8. 109 e.V,
'—i.r. K, 18 the tetal energy carried by the e.m. cemponent. Assuming ¥=21.9

we geti-
For 3-6 felds the tetal e.m. energy is 7.2 x 1013 o.v,
7=12 folds " " " " " 1.6 x 1011‘ (18 }
13-18 felds " " . . " 6.6 x lolh .V,

Assuming ¥'= 1.5 we get:-

For 3-6 folds <the total e.m. energy is l.3 x 10“" 8.V,
7-12 folds * % m  w n L3 x 10 e.v.
13-18 f.ldl " " " " " 1.0 b 4 1015 0.Ve

Bnom Distribution Ameng Shower Components.

Of the three components constituting an E.A.S., the M -mesen

component carries the largest part of the energy, while the e.m. and the
mucleonic cemponents both carry approximately the same energy, each
about ene eighth ef the tetal shower energy. By integration ever the
energy spectrum, one can obtain the average total energy of the N -
compenent; within the accuracy ef these calculations, the resultant

8
energy is equal te the energy carried by the e.m. component, 2N , 10" e,v.



This result seems te be independamt of shower sise and elevatien, al-

theugh it refers emly te statistical averages: individual shewers ex-
hibit censiderable fluctuatiens.

6
In an average shower ef 10 charged particles, which is app-
roximately the size of shewers detected by the Banff apparatus, about

8
17% are | -mesens; their mean energy cemputed frem
h()mm=1nx1§( 2

B+2 1—06

48 S, Bev. The mean photen-electren energy per electren in the

1,37 0.75
) N

shewer is only 0.2 Bev., hence the energy carried by the M -mesen
cempenent is abeut five and a half times that ef the e.m. component.

The energy censtitution of the shower is therefore:-

1 part from the e.m. component
1 part frem the N - compenent
5 1/2 parts from the pA - cempenent

This situation is a censequence of the long range of M -mesons
and the comparitively rapid absorption of the ether compenents.

Te ebtain the total. energy of the shewer, the energy of the
e.m. cempenent must be multiplied by 7.5. This means that for the

Banff apparatus, assuming a value for ¥ of 1.9, the shewer energies

ares-
3-6  felds S.ls x 10 o.v.
7-12 felds 1.2 x 1015 ..V,
13-18 felds L.95 x lolso.v.



Asswning a valwe for § of 1.5, the shewer energies are:-

3.6 folds 9.7 x :I.():"h 0.V,
7-12 f.ld' 3023 b ¢ 1015 O.V.
13-18 folds 7.5 x 1015 .V,
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A_.L_ﬂﬂil of the Data

Results from the shower experiment are centimmeusly recerded ea an
Esterline-Angus 20- pen recorder, pens 1-18 recording the individual
ceunters, and pem 20 recerding G.M.T. with marks every minute and
every hour. Each event is ceunted te determine the multiplicity, and

the results are tabulated fer each day as shewn in Fig. 7.

(a) Time Variatioms.

Results for the shower experiment in Banff have been analysed fer data
frem July 1st 1959 until the end ef June 1961. Results from the Calgary
experiment have been analysed for data frem Nevember 1959 te September
1960,

A1l the charts were first analysed in solar time, and then re-
analysed in sidereal time. Sidereal time for 00,00 G.M.T. om the first
of each month of the year was ebtained from "The Star Almanac for Land
Surveyers", fer Banff and for Calgary; a further graph was plotted giving
the correction to be applied to this sidereal time for any subsequent
time during the month. Using this method to establish the correct
sidereal time at the beginning and end of each chart, and by shifting
the sidereal hour position 10 seconds every golar hour, the results were
recorded in sidereal time in the same way that solar data were recorded
in Mg. 7. Totals for the 24 l-hour periods were ebtained, and for
Banff normalised to SiS days and fer Calgary te 207 days. The heurly
totals were obtained for 3-6 felds, 7-12 folds, 13-18 felds and tetal
counts in each case. Te obtain the best sine wave through these

points the following methed was useds -

- 35 -
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for hourly counts Xg X) ececccccceXp]y correspending te the 2 hourly
intervals, the first harmenic of the wave is given by

HO)=A,+ Asin® - B ces®
expressing heurs in degrees se that 2l; heurs correspends te 360', and M6 )
is the expected number ef counts in a given heurly interval, and A, is the
mean mmber ever all imtervals. The required conditions are met by values
of A and B of -1/12 X (a) and -1/12 . (b) respectively, where:-
sin W12 (%) = Hytxyy+ T )
oin 272 (-3 g+ Tt %)
sin 3122 ( =xy -x5 + ’15"‘21)
sia LWAA2 ( -x -xg + T+ Xyg)
sin SW/12 ( =, X, + xl_,* xm)

s (a)=

sin 6K /12 ( X, + 816)

sin W /12 ( xg =X -x17+119)

in 2T/12 x =X + X )
s / (xh 18 x16 20

ein 3M/12 ( x =x =-x _+Xx )
T (b)= 3 9 15 24

sin LTT/12 ( x, <% "%y, * 122)

in 2 x -x + X )
sin 5TT/1 (::1:rn=tl3 2

sin 62 ( X, “Xip )
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The amplitude of the sime wave is given by (12+ 32‘1/2, and the maximum
of the sine wave ocours at a value of © given by tan-]' (-A/B).

Each set ef results for solar and sidereal time was also grouped into
3-hour intervals giving three sets of results for the three possible
groupings. A ‘X:t'.ost was perfermed on each group, assuming a straight lime
was the best fit te the data, and the grouping which gave the worst fit te a
straight line was neted in each case, ‘Xltosts were also performed on the
1-hour totals assuming (1) a straight line was the best fit (2) the cal-
culated sine wave was the best fit. The correspending prebabilities and
amplitudes and maxima times for the sine waves are recorded in table 7. PFer
each compenent of Banff solar, Banff sidereal and Calgary sidereal data a
graph was plotted ef mean hourly counts fer each of the 2l hour perieds as a
percentage deviation from the mean coumt for the 24 hours; in each case a
graph of the 3-hour greuping which gave the worst fit to a straight line was
plotted, again as a deviation frem the mean. The pessible statistical errer
was indicated en each graph. Banff sidereal 3-6 feld, 7-12 fold, 13-18 feld
and total variatiens are given in Figs. 8, 9, 10 and 11 respectively. Calgary
sidereal 3-6 feld, 7-12 feld, 13-18 fold and tetal variatiems are glven in
Figs. 12, 13, 1} and 15 respectively. Banff Selar 3-6 fold, 7-12 fold,
13-18 fold and tetal variations are given in Figs. 16, 17, 18 and 19
respectively.

(b) Density Spectrum.

The total number of events of each multiplicity 3-fold te 18-fold
have been obtainod7 for the Banff shower experiment fer the period July lst
1959 te August 1960, These were mormalised to 100,000 events. Results from
August 1960 up te the end of June 1961 have now been calculated for each

multiplicity and again normalised to 100,000 events. The mmber of events
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of each multiplicity are nearly identical with those obtained by Dionns.
The twe years results have been cembined and normalised to 100,000 events,
and are given in table 8 along with the statistical error in the number
of showers (normalised) and the predicted mmber of showers to be expected
1f ¥ ie assumed to vary frem 1.l for 3-fold showers to 2.0 fer 18-fold
showers. The mumbers were obtunod-' by assuming fer multiplicities 3, L
and S a value of §= 1l.4; for multiplicities 5, 6, 7 and 8, ¥ = 1.5 was
assumed; for multiplicities 8, 9, 10 and 11, ¥ = 1.6 was assumed; for
multiplicities 11, 12, 13 and 14, ¥ = 1.8 was assumed, and fer multip-
licities 14, 15, 16, 17 and 18, ¥ = 2,0 was assumed. The values ef
R( ¥,n) were mormalised so that R(1.4,5) = R(1.5,5), R(1.5,8) =
R(1.6,8), R(1.6,11) =R(1.8,11) and R(1.8,14) = R(2.0,1L); these values
were thenm normalised te 100,000 events.

In Fig. 20 the experimental number ef shewers is plotted against
the expected mumber of showers for ¥=1.l, 1.5 and 1.6, Im Fig. 21 the
experimental number of showers is plotted against the oxpoctod number

assuming a varying ¥, frem table 8.

(c) Baremeter Ceeificient

A mechanical register is cennected te the scale of two in the
shower circuit se that it records every secoend event; the mean heurly
rate for each day has been recerded since December 1959 against the
mean pressure for that day. Fig. 22 shows the E.A.S. rate in counts
per heur plotted against the daily mean pressure in mb, fer a wide
pressure range during the peried December 1959 te July 1960, and the

best line has been dramn through these points.



Experimental Ne. Errer in Ne. Predicted Ne. Assuned

Sh:Lrl Sh:frl Sh::-rl ¥

3 51,338 140.6 50,587.8 1.4
L 19,412 86,3 20,011.8 1.k
5 10,070 62.3 10,293.5 1.k
6 5,89 k7.7 5,919.4 1.5
7 3,755 38.1 3,752.2 1.5
8 2,504 31.2 2,5Ll.7 1.5
9 1,760 26.2 1,777.5 1.6
10 1,333 22,7 1,293.6 1.6
1 930 18,8 971.8 1.6
12 708 16.5 726.9 1.8
13 582 15.0 555.1 1.8
11} k76 13.5 U35.7 1.8
15 3713 11.9 333.9 2.0
16 302 10.7 260,2 2.0
17 26 10,0 231.1 2,0
18 302 10.7 284.8 2,0

Q

Table 8 Experimental Number ef Shewers and Expected Number ef
Showers Assuming A Variable ¥ .



(d) Temperature Ceefficient
The monthly mean temperatures fer Banff were ebtained frem the

Meteoralogical Branch, Department of Transpert, Canada fer the menths
July 1960 te July 1961, and these are plotted against the corresponding
months in Fig. 23a and Fig. 2ha. Fer each ef these months the mean

daily number of showers for 3-6 feld, 7-12 feld, 13-18 feld and tetal
shewers were calculated, and cerrected fer pressure using a baremeter
coefficient of - 1.08 / mb.s the 3-6 feld and 7-12 feld mean daily

rates are plotted qﬁnat the cerrespending momths in Fig. 23b and Fig.
23e; the 13-18 fold and tetal meam daily rates are plotted in Fig., 24b and
Mg. 2o,
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Fig. 20— Experimental number of showers Ng

multiplicity n compared with predicted

with ¥= 14, I5and I6.
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Conelusion

(a) Time Variations When )(‘testa were spplied to the twenty fevr hourly
results for Banff selar and sidereal time, and Calgary sidereal time, it was
feound in each case that the calculated sine wave through the experimental
results gave a better fit than did a straight line; in each case, however,
the amplitude of the sine wave was less than the corresponding statistical
error. Since the sine wave was the best fit, and the statistical error
was approximately the same for the sine wave as for the straight line, the
smplitude of the sine wave was added to the statistical error and this sum
was assumed as the maximum peossible amplitude of the deviation frem the
mean in each case.

For the Banff selar data, the times correspending to maximum counting
rates fer the three energy levels appear to have a randem distribution i.e.
04,53 G.M.T., 12.40 G.M.T., and 10,11 G.M.T. The amplitudes of the max-
imum deviations become increasingly larger frem 3-6 folds to 13-18 felds as
would be expected due to the lessening of the statistical accuracy as the
energy increases and the number decreases. For the total Banff selar
counts the amplitude of the maximum deviatiom frem the mean is 1.L5% at
05.33 G.M.T. The probability of the data being best represented by a
straight line is .1k, and for a sine wave .22. These values are net
small enough to justify saying that there is a variation in solar time,
especially as the correspending probabilities fer the three components are
all larger than those for the total. From Fig. 19 it can be seen that
there is no obvious variation in the shower rate with solar time, and this

7

result is consistant with previous results in solar time frem this experiment.



These results are net in agreement with those ebtained by Mc Cusker et,

9,10,
a.”’ whe obtained much larger amplitudes using MN-units as detecters.

The M-units however are sensitive to the cere of the E.A.S. whereas the
Banff apparatus detects any part of the shewer, In an attempt to detect
the variations observed by Mc Cusker, several M-units have been cemstructed
and are at present operating satisfactorily in the cosmic ray laberatery
in the penthouse ef the Science Building at U.A.C.; the M-umits have net
been eperating long enough te give good emough statistics te include in
this repert.

The Banff and Calgary sidereal data indicate no significant variation
with local sidereal time; the times fer the maximum deviations for the
three components in each case have random distribution, except for the
3-6 felds which have approximately the same time for maximum deviation
i.e, 13,37 L.S.T. for Banff and 13.47 L.S.T. for Calgary. The probabilities
of the data representing straight lines however are .76 for Banff 3-6 folds
and .10 fer Calgary 3-6 felds; this latter value i3 still not small enough
te indicate any variation with sidereal time. The lew prebability for the
Calgary data is partly due te the fact that the Calgary data is only for
200 days compared with 545 days for the Banff data; for this reason the tetal
Calgary data is only isotropic te L.6% whereas the total Banff da'ta is
isotropic te 1.07%. The entire sidereal data is consistent with ne
significant variation in local sidereal time. These results agree with
those ebtained by most other werkers, who have feund either ne variatien, er
enly a very small variation of E.A.S. with lecal sidereal time, as can be

seen frem table 1.



(b) Density Spectrum

The experimental number of shewers of each multiplicity has been
obtained from two years data and nermalised to a tetal of 100,000 events.
Tney are tabulated in table 8 along with the predicted mmber ef shewers
assuning a variable ¥ frem 1.l te 2,0, Im fig. 20 the experimental number
of showers is plotted against mmltiplicity and cempared with the calculated
mmber of showers for ¥= 1.4, 1.5 and 1.6. It can be seen that up to
14-fold events, the experimental results indicate a value of ¥ ef 1.5 % 0.1,
which is the same as that obtained by Dienne. Above li-felds the data is
conuistant with an increasing value eof X e In fig. 21 the experimental
number ef showers is plotted against multiplicity and cempared with the
predicted values with ¥ varying from 1l.h te 2,0 as in table 8. The ex-
perimental results agree very well with the calculated values, confimming
the prediction of a value of X increasing with energy. These results agree
very well with the results obtained by Dienne, giving a value of ¥=1,5% 0,1
for a density range 30 - 500 particles / 12 with the value of ¥ increasing

up to 1,9 for 18-fold events,

(c) Barometer Ceefficient.

In Fig. 22 the dally E.A.S. rate in ceunts per hour is plotted against
the daily average pressure; the best line that can be drawn threugh these

points corresponds te a barometer coefficient of - 16,46% / ca. Hg. Recent

“ﬂnby Cranshaw, Galbraith et. al. suggests that the barometer coefficient

of showers increases with shower size frem - 9.9 ¥ 0.7 te - 18.1% 0.7 %/ e,
Hg for shower sizes varying from 7 . 103 te 2 . 107 particles. For the Banff

apparatus the range of shower sizes is from 10° to 107 particles, and a




value of - 16,46 £ / m. Hg. 1s in geod agreement with these values,

(d) Temperature Ceefficient

In Fig. 23 and Fig. 2 the mean daily rate fer the menth fer 3-6, 7-12,
13-18 and tetal eounts is plotted against the month of the year and cempared
with the monthly meam temperature. There is a good correlatien betwsen 3-6

feld counting rate amd monthly mean temperature, cerrespending te a temp-

erature coefficient ¢f . 034 £ / ®C which is in geed agreement with the

value of - 0.35 £ / °C ebtained by Dionne? and that ef - 0,38 + .11 $/%

ebtained by Hedson.!? pe correlatien betwsen 7-12 folds amd 13-18 felds and
menthly mean temperature is less good, altheugh thers is a similarity between
the general forms of the twe curves ; the agreement was net censidered geod
sneugh te ebtain temperature ceefficients fer 7-12 and 13-18 folds, al-
theugh it appears to indicate a temperature coefficiemt which increases

-~

with increasing shewer onergy.

-63-
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