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Abstract.

Light pulses from the night sky have been detected
at a maximum rate of 0.8 counts per minute, and have been shown

to be associated with extensive cosmic ray air showers.

- An integral pulse height distribution has been found to be

of the form NZH) % g*1e8 . If the dependence of countigi

rate on zenith angle may be assumed to be of the form cos™ &

the value for n for best fit is 3.7. The counting rate has

been compared ton'! and 'off! three objectst the Large Magellanic
Cloud, the Small Magellanic Cloug;and looking out of the spiral
arm of our galaxy in which our éélar system is situated. No

significant variation has been found.
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In d on.

The present work on the detection of light
pulses in the night sky associated with extensive cosmic
ray air showers was undertaken at the suggestion of Dr.

Je V. Jelley, who, with W, Galbraith, has: plioneered the
experimental work on this subject. Dr, Jelley has made
‘available to us descriptions of his apparatus, and the
apparatus in the present experiment is essentially the
same as his.

Dr. Jelley has shown that the light flashes in
the night sky are associated with extensive air showers,
and most of the light detected is probadly due to Eerenkov
radiation from the electrons in these showers. 1 intend to
anticipate this result by discussing the basiec properties
of Cerenkov radiation and some of the experimental results
-on extensive alr showers, and the theories of distribution
of 6erenkov light intensity from an extensive air shower on
the ground. Two of Jelley's experiments to show that the
light 1s largely due to Cerenkov radiation.aro interpreted
by him on the basis of a light distribution theory which
appears poore These results are qualitatively discussed
agsuming another theory, which adds weight to the
supposition that the light is predominantly Cerenkov
radiation, Experimental work on the light flashes by

various authors is discussed, and a brief survey of time

variations of cosmic rays is given. /gﬁjgg\
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2, CE ov_ Radia .
A. Theoretical Results of Frank and Tamm.

A charged particle traversing a medium at a
constant velocity greater than the phase velocity of
light in the medium emits electromagnetic radiation
called Cerenkov radiation. This may be illustrated as
in the figure.

D

AD 1s the path of the particle, and BC is the wavefront

of the radiation. For other angles than §, the radiated
waves from all parts of the track interfere destructively.

If At is the time taken for the particle to
travel from A to B, then AB = fScAf, where pe is the veloecity
of the partiecle, and AC = < Ot s Where n is the
refractive index of the medium. 6. , the angle at which
the Cerenkov radiation is emitted to the path of the particle,
is given by the relation
—W

cw® = _L
S~
From the theory of FRANK and TAMM (1937), the

energy E radiated per unit path as éoronkav radiation is

aE =&‘1/*>: (1—__‘__)wdw ur/c,,,—-(‘)

p7) c* ot
where e is the electronic charge, £ the length of the path
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of the particle and w the frequency of the radiation.
T

These results have been experimentally confirmed
in liquid and solid mewdia by various authors e.g. GERENKOV
(1937) end COLLINS and REILING (1938).

B. A atio he Re t Fr and Tamm with t
Medium Air.

For the purpose of the present work, the medium
is the air of the earth's atmosphere. 1In this and subsequent
sections of this thesis, the refractive index ~» and the
Cerenkov angle €. will refer to the medium air. The
following simplifications are made for equation (2) for air
as the medium,

a/ Write m=/+7 where M =2-9x /0% for air at
N.T.P. and is small compared to one. The density of air is
proportional to and if 27 18 the value of 7 at a

height H above sea level and 77, @t sea lewel, then

-2 H

N = e — (3
where 2«4 1is the exponent of the barometric pressure

formule and 2« = km™

o
JF
, b/ The refractive index < is a funetion of w » but in
eir over the wavelength range of interest in the present
experiment, i.e. 3500-5500 A°,~ is for practical purposes
constant and independent of « ,

The total energy W of a particle of rest mass -+ is

given in terms of ¢ by the relation.

/
;_M;c.’ : Ll—ﬁ‘)* ol
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From the relations(l), (3] and (4), the Cerenkov
angle € for an electron in air is given by the relation:

c

" -a=<H _ a2 *
@ =~ 27] ¢ (722e¢”) — (57
—2 M

AW —> e , 62 — 277 < and thus

the mhméoronkov angle is 1¢3° when H & 0.
Using the simplifications a/ and b/, equation (2)

becomes:

b —20¢ H 2 e
?‘f e c‘%:_ 27 2 e vgc) ]L" wolw ©)

and from this may be obtained the number of photons emitted
per om. in air at N,T.P. between the wavelengths 3500 to 55004°
by an electron of energy W —>°= o+ The number of photons is
025 /em.

From the equation Coobe = %___ » the oritical
energy for emission of Cerenkov radiation occurs when /9= L.

Thus the critical energy We.

ot H

We = 2/ £ Me V.



The distribution of Cerenkov radiation on the
ground from an electron travelling vertically through the
atmosphere has been calculated by HOLDANSKY and ZHANDOV (1953)
and JELLEY and GALBRAITH (1955). The type of distribution
is simply indicated for an electron with p£=1.

Y
TH

4

H

g il

In the diagram 1t is seen that light falling at a
distance between fand £+J/  comes from a height between H
and H+éH determined by the Cerenkov angle &, .

From the diagram

—é e H 6 -7 e,
for & varles slowly with height. Substituting the value
of € as found in ecuation (5) in 7 (a),

,é = H O

—~od F|
= 4 He i (R

and by differentiating this equation the meximum velue of £
at sea level is 126m.
The energy emitted /em. as Cerenkov radiation by
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an electron with =/ is obtained from (6)

10.0
-20¢ })
dE = __5_‘- X2 £ w dew —(9)
ol H ‘ c* (T
The intensity g) of Cerenkov radiation, falling
at a distance ¢ from the electron path is then
= _odE
5¢é£) 2meal

and from equations 7 (b), (8) and (9), and selecting light
over the same range of wavelengths for all 1
—ot H

gl = 4 * — (10)

—’ .
o =t km . thus the intensity of Cerenkov radiation falls
off slightly more rapidly than £ 4

4. Extensive Alr Showers.

The following discussion is not given as a
comprehensive survey of the subject, but an indication of
results obtained. Extensive air showers are produced by
the interaction of energetic primary cosmie rays on the
earth's atmosphere. COCCONI (1946) terms a shower extensive
for primary particle energies 2 10V , The p;;'mry
particles are ionised nuclei, and the ratio of protons: helium
nuelei: heavy nueclei is approximately 100:10:1. This ratio
and the flux are modified by the earth's magnetic field.

Van ALLEN (1950) finds the flux of particles above an
energy of 15 0elV. is 05028 particles /om® /sec./sterad.
The integral energy spectrum of the primary particles is of
the form

—————

N(zE) = C—z"?’é}:_;_’
) v E
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where the constant depends on the tyYpe of particle and ¥
is a slowly varying function of E, but seems to be
independent of the type of primary partiocle (FPF TERS ,152)
The energy E is in BeV . The variation of ¥ with E is
given by BARRETT et al. (1952), ¥ being approximately 1°1
for low energles and inereasing to 1°7 for E - 107ev ,
CRANSHAW AND GALBRAITH (1954) have found ¥= 1+7 over the
range 10'"2Vs € < 102V , The highest primary emergy
obtained is approximately 10 ''cV, discovered by the Harwell
team (results as yet not published).

Experimental results of COCCONI et al (1949) are
typical of structure experiments on extensive air showers.
Their apparatus consisted cf a core selector, electron density
detectors and a ecloud ohamber, and observations were made
at 2 height of 3260m. Summarising the results:

a/ A unicue correlation exists between the number of
electrons at a distence r and r' from the shower core,
independent of the energy of the shower.

b/ The density of electrons et a distance r from the
core agrees with the :rL distribution as predioted by MOLIERE
(1946) beased on electron cascede theory.

¢/ Approximately 2% of the total particles are
penentrating particles (i.e. of mass heavier than that of
the electron).

d/ The density of electrons at a distance 100m. from
the core of a shower of emergy ~ /0'¢V is approximately

500 electrons/m. .
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e/ No evidence of multiple cores was detected. The
arrangement would not detect multiple cores less than 5m.
or greater than approximately 100m, apart.
HAZEN (1952,1954) has found multiple cores
of estimated separation of the order of tens of em. |
An indication of the number of particles in
an extensive air shower is given for an electron-photon
cascade by BELENKII (1945 ) The number of electrons /Nmax
at the shower maximum:
o~ IR L . e
Vo) 7
where Wo = ‘{_o » Where W/cV.is the primary energy of
the initiating particle and 50% of the energy is assumed
given to the electron component. The number of electrons
at a certain helght above sea level in a shower varies with
height, the number increesing with height to the height at
which the meximum occurs. The number of electrons versus
height is shown in curves given by BELENKII (19+f) and

MESSEL and JANOSSY (1951).

The average energy of electrons in extensive alr
showers is approximately 100 /¢V., and since the critical
energy for emission is 21 2~ "rev. (see page . ), most shower
electrons do emit Cerenkov radiation. Cerenkov radiation from
heavier particles than electrons may be neglected because -
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(a) only 2+5% of the total number of particles are
heavier particles (McCUSKER and MILLAR , 1951).

(b) The eriticel energy for emission of (erenkov
rediation for a particle of rest mass 1, Lsz)z1p eV,
where 2, is the rest mess of the electron, and th;s
only very high energy heavy particles emit Cerenkov
radlation.

In the theories which follow, effects of
dispersion, refraction and absorption of light are taken
as neglible. The distribution of light on the earth's
surface is caloulated for a shower tmvelling verticelly
through the atmosphere, end the distance between the shower
axis and the light detector is 1.

The basic assumptionsof this theory are:
(a) The Cerenkov angle ©. 1is large compared to the angle
of Coulemb scattering &y »
(b) The distance < from the light detector to the
shower axis is large compared to the lateral displacement r
of the shower electrons.
(0¥ B~ and only electrons of energy = 100 /7cV.
are selected.
On the basis of these assumptions, the angle of
scattering of the Cerenkov readiation is ©c. and r =0 ,
The intensity of the light at 1 will be the intensity of light
due to a single electron travelling vertically through the
atmosphere as found on page 6 multiplied by the number of
electrons /" at the helght H - determined in equation 8.
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H i
i.e. *(1) = gonstant x AL x>

2
£
Since MN.” inocreases with height to the shower maximum,
and the shower maximum occurs high: in the atmosphere,
the intensity will fall off more slowly than ?L ™" as
for a single electron.
Comments on basic assumptions:

ay 6c>>8p
From electron photon cascade theory as given by BELENKII
(19 45), the root mean square angle of Coulomb scattering of
electrons is to a good appx;oxhation.

ol S TR

where W is the total electron emergy in /7¢V , For W =/00/icl,

4/'6:,? = g9.60 . For 6ec= {63 = 1-3* for sea level
end g~/ , as found on page & , the value of W is
740 77ev o,  The integral energy spectrum of the shower
electrons to a first approximation is given by BELENKII
(19 +5) as

Bw) = 1%‘/' for air,
Thus the number of electrons of energy > 100 /7¢v which
are scattered with 4/3"?, 2 Oc is approximately 86% of
the total number of electrons of emergy > 100 /7ev
This first approximation of Jelley's is poor.
Ay L>>r
BELENKII (19+%) gives the root mean square radius of lateral

distribution of electrons of a given energy W:

20¢ }/
=k A
il = ‘“01;,'9‘0 £ metres
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For W = 100 MeV/75-60 metres. The maximum value
1 at which light may be detected from Jelley's theory is
126 metres, from page § o+ This second approximatioan of

Jelley's is also poor.
(¢) For values of W 2 1co/Mcl/ | the energy redlated

as Cerenkov radiation is to a very god approximation the
seme ss for £=/ o+ The probable reasons for selecting
energies greater tham 100 /7Y are that
(1) higher energy electrons will be less scattered
from the core and so (C>>7 is a better approximation.
(11) a theory is available for the M.  distribution
based on nucleon-electron cascade theory for electrons of
energy 2 100 /7¢V , Results of this theory are given by
CRANSHAW and GALBRAITH (1953).

This theory has been worked out by various
persons in the Sydney School of Physics, inecluding Mr. B.
Chatres, and Dr, B, P. George and myself.

The assumption’ / >~ and S~ are the
same as for the previous theory. A Coulomb scattering
funetion is taeken from the election cascade theory of
MOLIERE (1946). The proportion of electrons at a height

H directed between A and O+el b to the shower axis /s
’((9/0(9 2 consTanT x £ 7°d6

A6
n 1
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This theory holds for distances (/>>+ , but this approximation
is good for large distances since 1 is not limited as in the

previous theory by Oc « The light is assumed %o be detected

by a eircular detector of area S and radius R. Values of 1
are taken greater than 126m. so the scattering angle. is greater
then the Cerenkov angle, which is assumed neglible.

The 1light detector 1s at a distance 1 from the

core of the shower, and from the diagram, for detection of
light

g:'HG -----(13)

Sinee O 1is epproximated to O, the fraction of light
detected from a héght H emitted between angles & and O +0l6
S

e
-— R

2L . 2R

The energy emitted as Cerenkov rsdiation is given

6 for a height H, and so the intensity at 1 :

in ecuation

-~ H -70
Fll) - oomspamt x [ MelieT xS & A6 of H
A ' |

_é"lu 3] i ;?4

- egonstant.: / NVe" 2 £ o H i B
H H

( S—
by substitusion of equation (/3) amd olO = ’_'-_'5

The 1imits of H are determined by the detector.

For a vertical detector of field of view determined by a cone
of semiangle o , the lower limit of H is .f- « The upper

-3t H

1imit of H is determined by when Nc" £ becomes
small. ‘This occurs for heights of H past the shower maximum,
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The results of this theory are not shown becsuse of the better

theory C, The intensity at large values of 1 should be
the same as for the Theory C.

C. HOLDANSKY and ZHANDOV (1953).

This theory is the first to take into account
both the lateral and angular structure of extensive air
showers. Although published in Russia in 1953, it was not

noted by Western authors until after the other theories were

made., 1 intend to discuss it in detall, because the

interpretation of some of Jelley's experiments is modified

because of 1it.

The theory is basféd on electron cascade theory,
as given by BELENKEY (19+7),

The more difficult case of a nucleon=-electron cascade has not

been worked out. Approximations are made becsuse of the not

fully known angular and radial distribution of the particles
in the shower.

The basic assumptions are:

(1) The integral energy spectrum of electrons B(W):

B(W) = /4 , where W is the total emergy in AMeV.

(11) The root mean square radiws of the lateral

distridbution of the electrons of a given energy Wi

A7 = 6ooo B metre where (>  and Py
W Pa
are the atmospheric pressures at ses level and a height

H respectively.
(111)

of the electrons

mE 16-8 vedian
4/9? LM ians

The root mean square angle of Coulomb scattering
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(iv) For an extensive air shower, the number of
electrons N at a height H is related to the numbsr of
electrons at sea level N by the formula
NeH = Ne € B ‘where A = constant,
upTe H = Bhm. b i Sasy Meight N sil the clbsiiens of o
given energy W are proportionally distributed over a oirclo of
area T Tw o Por scattering in which Coulomb scattering
is predominani, the intensity of light from the height H
will be equally spread over a cirele of radius
roff. = A + H TaadBF
For 4/7, =© , 50% of the electrons will be directed
through /@5 , dbut for ,/++r + © , 50-100% of the
electrons will be directed through  //as , the
percentage depending on [+ and 4/3}' « An
arbitary value of 75% is taken as an approximation.
For scattering in which y@%; is predominant,
a eirele of radius 1}1: approximately proportionally
illuminated . Diagram (B;§5§;£ll‘.‘rat.‘ thise

w

The number of light quanta collected by a
eircular detector of radius R and area S at a distance 1 from
the shower axis is determined as follows. The detector 'sees'
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light emitted at a helght H from electrons of energy W for
values of W <= Wmax y where Wwmax. 1s determined
by 1 and H. The light from one height H is first
determined by integratingover the energy W, and the total
contribution from ell heights by then integrating over all
heights.

Case (A) 4GF = & eand OGc 1is neglected.
The number of light quanta (>~ 5500A%mitted in 1 metre
of path by an electron as Cerenkov radietion is
= 5.10%siw6 - = 5,076 as caloulated
from egn. (6) on page 4 .

From Equation (5) on page ¢
a -20t -1 >
8" = 27..e — (maas)
Thus the number of quanta at a distance 1 from the axis of

the shower is

¢,ﬂy = 52107 M 0-75'5'/
o

Humay

CXP(P:;P")dH
x /V"“a; We L. AW
borwr aw W@'«/)‘ a8t
N
g = AT+ HAG

soco " + 1681
w
where 20 M is the exponent of the barometric pressure

Q

—20¢ H
1.00 F" = Po

Thus (15) becomes

Hiseax
Foll) = s10% NEx 0-75‘%9_/0 4,,,,,(P3\-_P~) et H
(éoeve* 4 16 ¢H)*

Wimcx S &
3 /{m (™ l('%ck}lda"a/)
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Wik is the threshold energy for Ceremkov radiation
1.0. 21 =" r7ev as found on page 4 .
Winax s determined by either (a)rey =4 0*‘(‘/4/_5\} ¥ &
The condition (a) when Ty < L , the light is
not 'seen’', and (b) the scattering due to Cerenkoy radiasion

predominates.

- H
$le Wier = 6“‘”—; + /6 -&H for (a)

H
and Whee, = 200 2" for (b)

and the heights over which to be integrated are determined
by these conditions,

Case B. 6. = 45}' and the Coulomb scattering is

neglected. The minimum energy et which this ocours is
oe M

700 2 ’TeVv » Holdansky determined the light
distribution for energies > 7&0‘3“'?M¢ V. by the same
method as Jelley, described on pege 9 . This assumes
that ¢ >>/—:-‘3" . The meximum redius of A7

may be dotornin.d from page /9 , and Wa,iw . = 700 LIV,

’—— H
i.e. 1;"’ = g6 /‘—0‘ melres

This approximation is good for most values of 1. The nuhber
H

of light quanta Z(J (i) from electrons of energy = 700 rrev

is

o
=% 0% M° P et otw
AW =5 0" M s, [ 2 dH/wu“" &

= & 0"M Sa EPo"P"] AH,‘z o, i
“r£R 70'04

____.(17)
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The total number of light quanta at 1 is QL), where

v = W+ 0 « This has been
caleulated by Holdansky and Zhandov for S = 500 cwm '
and the light distribution is shown in the graph on page /7A.
From equations (16) and (17) it is seen that (& (/< S
end @ @ =< g. . In table I I have calculated the
values of () and @ (£) for S = 2800cm*> as used in the
present experiment. Thus

p@ = 5 GO +R 900
) R where S , and

R, refer to the original values, i.e. S =500em> =and ¢ (19

end ¢.,0 (1) are as caleulated for the ease S = 500em.

TABLE I.

fmeflo |30 | 65 |100 [115 [130 (200 (300 (500 [1000 |20

@) | 262 | 212/154 [119 104 [90°4|54+2 31°6 14°1| 4°0
4l)| 59| 30| 276/ 24°5 187/ 0 | 0| O o| o
g | 521 | 242 18146/ 143°5 122°7) 90°4 54°2| 31°6 14+1| 4°0

oo.
o4

4
‘M

4

L( )”‘43 *78(.985| 1 |°87 | *56 | *35 21/ -074| °opL6
A

The amplitude of flashes are referred $0 one
shower electron in units Lﬁ_g_i_’QL of photons.

The relative probability of detection of an
extensive air ghower at a distance 1 from the receiver may be

determined. The number of particles at the shower maximum is



Intensity

cUrvcs 8

(@) s =500 coml)
() S = 2800 cm?
Intensity o s

divided by 5-6

Relatfive
Probability

<1

0-6

£ melres
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given by
BELENKII (1948 ) as

Nmax. = constant x _Wo
)
, Vi )

primary causing the shower, equals 2 wo's Por a limited energy
range Mmax is approximately proportional to Wo « Thus
ir M. is proportional $t0 Wo over all heights, then

P = we + Holdansky quotes the integral energy
spectrum of the primaries as proportional to wo ke s and
since the probability of a shower core falling at & distance
1 from the detector is proportiomel to 1, then the relative
probability of detecting & shower at 1

; 7{1 [%l%] : — (9

where 4o 1is an arbitary distance.(/9) is plotted on the graph

onpage I|7A for .{,= 100m. ,
The frequency of detection of light pulses is

then oo , (X3
< oto A 3] G
£ =amw Ao, /” T %—qu) ol (20)

where fo is the frequency of observation of flashes,

appropriate to L%

This light distribution theory may be
regarded as only very approximete. An accurate theory would
have to teke inte account the penetrating component, thus
modifying the extensive air shower structure of a pure electron-
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photon cascade. The theory is based on many approximations
e.g. (1), (11), (i1ii) and (iv,) on page I3 , the assumption
that 0°*75 of all the electrons are directed into a cirecle

of radius Neff independent of - and ESp , and the

assumption that for A O3 S O, v N 5%
is taken a8 O Yet this is the flrst theory that takes

into account both the angular and radlal distribution of the
shower, eand I intend to discuss verious experimental results

of Eoronkov radlation %o sce if these results are generally

in accord with the theorye

e ' '
. -
¥ e

In the previous section the various theories of

the distribution of Cerenkov light intensity on the ground

from an extensive air shower have been discussed. There are

two other main processes which give rise to light pulses
assocliated with showers:

Bremsstrahlung and the recombination radiation following
The table below compares some of the properties

ionisation.

of the three processes.

B s e e e L

Type of Radiation Meanangle of Polarised Spectrum
, emission for '
a 100 MeV.
electron
Bremsstrahlung o~ "_‘é.?"'* 0-3° Yes Continuous
Serenkov ~09° Céntinuous
Recombination isotropic No Line

Ionisation



=20~
From HEITLER (1949), assuming complete nuclear

soreening, and that the Bremsstrahlung speectral and angular
distrhbutions hold for the wavelengths 4000-8000 4°, the
number of photons emitted per em. track in air at N.T.P. is
6 x 10_6, compared to 0°0 as Cerenkov radiation. The

Bremsstrahlung may thus be neglected compared to Cerenkov

radkation.

There seems to be little data on the intensity

of radiation associated with recombination processes following
ionisation. Since this process is possibly significant in light
pulses from extensive air showers, Jelley (BARCLAY and JELLEY,
1955) has compared the light intensity scattered in a forward
direction to that emltted isotropically for a « meson in

ém. of ailr at atmospheric pressure. The forward directed light
intensity is consistent with that of Cerenkov radiation as
predicted by FRANK and TAMM (1937). The isotropic light was

found to be less than 10  of the forward directed light.
Equsl intensities of Cerenkov radiation are

emitted by » mesons and electrons of the same §# (equation 2,

page 2). Whether the light from recombination ionisation
processes is approximately the same for / mesons and electrons

of the same. / is diffioult to predict. 1f this may be

assumed, 1t is most probable that the light flashes from the
night sky are due %0 the Eounkov effeoto,




The light detector used to detect the light pulses
consists of a photomultiplier at the focus of a parabolic
mirror and electrical pulses from the photemultiplier are
amplified and put into a diseriminator. A noise level is
defined as that bias at which noise pulses are detected by

The discriminator
is usually set at 2x. The noise level, and at this setting

the diseriminator at one pulse fer second.

the noise pulse rate is neglible compared to the light pulse
By means of varying the intensity of an artificlal light

rate.
placed near the photomultiplier, the phototube current may be

kept constant, and thus the nolise level may be kept constant.

This is done in all experiments in which a comparison of
counting rates 1s made.

To determine the nature of the light, Jelley and
Galbraith carried out the following experiments at the
height 2860m.
(A) Pol

The polarisation of Cerenkov radiation is shown
diagrammatically below in (i) where E and H are the electriec

and magnetic vectors respectively.

(W



2 0. |3vn. I3rn. 2 7 v,

Gn)

The experiment is designed to see if some of the light is
polarised, Taking the Bremssirshlung radiation as neglible
compared to Cerenkov radiation in the range of wave-lengihs
3500-55094&0, a polarisation effect would indicate at least
some Cerenkov radiation present. In diagram (1i) S is the

core of a vertical shower and L a light detector. A polariger

is plsced over the photocathode of the photomultiplier, end

£ 1s the angle between SL and the plane of polarisetion P o

Assuming Jelley's theory of Cerenkov radiation, the Eoronkov

light would be plane polarised along SL, and the intensity of

Gerenkov 1ight at @ point on the eircle desoribed by SL will

be proportional to cos H.
In dlegrem (1ii) L is a 6lom. diemeter light

detector with a field of view + 18° and A, B, C, D and & are

geiger counter trays, each tray having an effective area of
800em” . The energy of the extensive alr showers detected is
approximately 3+10"“ ¢V, and the positions of the cores are
defined only very approximately along the line AE. The
polarisation effect is sought by comparing the counting rates

for P parellel and perpendicular %0 Sk e
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The results are summarised below.

Y ¢ i t'f 1KO

» ‘1 K" &

Polaroid vector m

Parsllo toax | s o | en || 0] |
Perpendicular to AE 185 nn
|

There appears to be a significant effect for two fold geiger

coincidences, but none for single and threefold geiger
coincidences.

If the positions of the shower cores were
accurately determined and Cerenkov radiationk was the

predominant radiation detected, then, assuming Jelley?’s theory,
Holdansky

the polarisation effect would be very pronounced.
and Zhandov predict that much of the light 1s scattered at wide

angles. The polarisation effect observed on the ground will
be neglible. for light from angles /f? > €& , For a 6lom.
diameter light receiver at sea level, the number of light

quanta received at a given value of 1 for the cases /E,‘, > Ec
The rateo:

and . » //_5—} is gilven in table 1 on page 17 .
of the number of light guanta from angles O 2 Afé—,‘la to
the total number of Quanta received at a given 1 'vnriu from
0°12 to 0°18 for values of 1 between 10 and 115m. and is 0 for
) § 2 126m. A polarisation effect would be expected for

light when €. > A6p , being most pronounced when

Cc >7 ")3}7 o The previous mentioned rat¢o will be
different at the 2860m. height at which the experiment was
carried out, but it is expected that the ratio will stlll Dbe

small .
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The polarisation effect will depend on;

(a) The fraction of light which is Cerenkov radiation

(b) The fraction of the Cerenkov light at & given 1
which is polarised in one direetion and not in other
directions,

(e) The accuraey of location of the shower cores by the
gelger counters.

"I think a quantitative discussion on the
magnitude of the polarisation effect to be expected is
impracticable until an accurste positioning of the shower cores
is mede at the game time as a polarisation effect soughte.

Jelley interpreted the polarisation effect being small because

of insccurate location of the shower corese On the basis

of the theory of Holdansky and Zhandov a polarisation effect
would be small even with well located shower cores, and so the
presence of a polarisation effect is strong evidence that the
light is predominantly Cerenkov radiation. Thus, qualitatively,
the light is most likely to be predominantly Cerenkov radiation.
I cannot explain the ahioneo of a threefold effect and the

presence of a two fold effecte.

B. Directional Property of the Light.

The seeond experiment $0 determine the nature
of the radiation, i.e. Cerenkov or recombination, is as
followss Two similar light detectors with a field of view a
cone of semi-angle 2 are placed close to each other
( ~ 1 metre), but at directions at en angle @ to each

other as shownrs in the dlagram (1).
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A shower triggers the vertical detector, and the

coincidence counting rate of the two recelvers is plotted as a
On

o o
funetion of () for two velues of & ¢ 2°2 and 36 .

the basis of Jelley's theory 1.e. £ >7 7w snd Oc>>Ve}
and since & >6 , the coincidence rete is zero when #>2a .
The ecoineidence rate for light produced by recombination

fonisation will not be zero for /na , because light is

emitted 1zotropieally and thus part of the shower core whieh
is not 'seen' assuming Oc 74’3",5 is 'seen' for isotropic

light. The graph- as found by Jelley is glven below. From
this graph 1t would appear

/0 —~—
‘F\%} Aa < I2'2°
f N
& \ * calevlaleo ‘7 Ji!lcy

C'Ol;bcldﬁ:;-‘- 6 \ .F\\
o \ \
gl \ e _
\o \racmbunaﬁﬂ "
'L * X & = Rt — —
N

Ce renkov \
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that there is in feet a recombination lonisation effeect which
is significant. Again a quantitative discusgsion is
impracticable but cualitatively on the Dasis of Holdansky's
and Zhandov's theory the coincidence counting rate will fall

off more slowly than as predicted by Jelley because of large
The results of the

angle Coulomb scattering of the electrons.
experiment are consistent with the 1ight being predominantly

Cerenkov radlation, which does not seem likely when based

on Jelley's theory.

C. Experiments with colour 1filterse

A precise spectral distribution of the light ' 7

is impracticable because of the low light intensity. Two colour

filters, a blue and & green one, were used and the counting
rete compared for a fixed bias level set on the diseriminator.

The response of the photo-multiplier with each of tho filters

over 1t was compared., The ratio of the counting rates of the
blue snd green fllters was 4°9 T 0+4 to 1. The expected

ratio of the counting rates, found from the relative spootr&l

responses of the filters over the photocathode and from an
--§20-2

{ntegrel pulse height spectrum N (” H) = Const H
and from the theoretical predictions of Cerenkov radiation is

4°0 * 1°0., which egrees withinthe errors to that founde
This experiment shows that the spectral distribution is at

least consistent with Gerenkov radiation.

Comments on Experiments.

Experiments B and C do no% conclusively show

thet the light is predominsntly Cerenkov radiation, but do
not contradiet this supposition. The existance of a
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polarisaetion effect in experiment A gives the most definite
indication that the light is predominantly Cerenkov radiation.
7. Cou Ra Sea L .
To discuss the counting rates at sea level it is

T A AN A S

necessary to indicate what determines tho'nintnun light pulse
detectable.
A, This minimum pulse is partly determined by the background
intensity of light of the night sky, which consists of:
(HULBERT', 1951)

(a) a great number of spectral lines, mainly emitted from ;

T F S T Sy

heights between 50 and 200 km. by ionised geses, and comprising i
on the average, 4/5 of the total light intensity of the night :
- 8KYo

(b) e continuous spectrum from stars, etc.
From caleulation of the gain of the photomultiplier (see page 52 )
and taking the photocathode sensitivity as zgﬂmeIﬁnon
(photomultiplier data sheets); the total photon flux between
3500 and 55004° as measured in the present experiment from dark
regions in the sky is 2°4 x 10~ photons/om.' /sterad./ sec.,
accurate to an order of magnitude only because of a large
possible error in the gain determination, This flux is
inoreased by a factor of approximately two for brighter regions
of the sky.

HULBERT (1951) reports that there is no
indication of a latitude varietion in the background intensity
of the night sky, and for comparing counting rates the light
intensity from the dark regions of the sky will be taken as

the same.
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B, The minimum 1light pwlse detectable depends on the
arbitary method of selecting noise pulses. JELLEY and GALBRAITH
(1953) take the noise level as that bias of the diseriminator
at which noise counts are recorded at 1/sec. The Cerenkov
pulse is then selected at a bias level at which noise pulses
are neglible.
C. The method of taking the pulse from the photomultiplier
also determines the minimum light pulse detectable. This is
more fully discussed on page 57 , but is not important for the
comparison below since this apparatus is the same in both cases.
JELLEY and GALBRAITH (1953), using a light

detector of S=500cm. and field of view a cone of semi-angle
a =t 12° , obtained a counting rate at sea level of 60 per
hour for an estimated light pulse of 1300 photons detected.
Caloulations by Holdansky and Zhandov for equation (20) show
that the expected counting rate for a minimum number of 1300
photons is 70/hr., which closely agrees with the 60/hr. found.

An indication of the expected counting rate
may be obtained for the present experiment, in which S = 2880cm.
as s and the detector is at sea level. The background
noise level is to a good approximation the seame for both casese.

The amount of background light detected is proportionmal T Sat

.S.S-_e--: ~ 1 where the subscripts 1 and 2 refer
» G

to Jelley's and the present experiment respectively. The

and

relative probability of detection of a shower at a given 1 is
approximately the same for both cases, as seen in the graph on
page /7A, and so the integral (20) is approximately the seme.
Mthougn PO = 2 ¢$&) + R 6.0,
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to a good approximation ¢7(1ﬁ)o¢ S vecause & W)<<P(£) . Now
the number of shower cores falling in a core of semi-angle a

is proportional to a®. In the present experiment an integral

1.8

pulse height distribution N(> H) =< H was found. Since

similar photomultiplier circuits have been used in both cases,
the expected counting rate for pulsu greater than 3x nolse
as used in Jelley's experiment

= %;:_.) i 9_..)1 X 60 = 236/ hour

ey
In the present experiment pulses were selected at 2x "nolse'

and so the expected counting rate for the present experiment
)&

is (_g) x 230 == 480 /hour .

The counting rate caleulated this way assumes that

For the

both detectors 'see' the same parts of the showere.

detector with a = £ 5°
(a) only light scattered at angles less than 5° is detect-

ed from a vertical shower, i.e. light from only 10% of all the
shower electrons, from approximations (1) and (ii) on page 13.
(b) the core of the shower will be seen above a certain

height determined by &4 e.g. for a vertical shower with

1 = 100m. This height seen is above 1140m. compared %o
480m. for a detector of a = 129,

The expected counting rate will be considerably

reduced by these effects. Jelley predicted for this experiment
a counting rate of the order of 240 per hour, while from the
basis of Holdansky and Zhandov's theory and Jelley's experiment



=30~
it is seen that a counting rate of considerably less than
480/nour is expected.
8.

(a) JELLEY and GALBRAITH (1955) at Pic du Midi, height

2860m.
integra | :
(1) The,pulse height distribution found was
N{?/H} T —)-62 0

The number of electronsat the shower meximum is

given on page & as

Nevax = constant . ___\5_/9_“ , Where Wo 1is
i
the shower energy in MeV. Over the renge of H found in the
present experiment
Namax = constant = Wo

The number of electrons N.' will be approximately
proportional to the primary energy, so one expects the power
of H t0 be approximately the same as the power of Win the integral
energy spectrum i.e. 1°7 as given by BARRETT et 21 (1952).

(11) The dependence of counting rate with zenith angle

was found to be approximately cos”’° 6 , and geiger counters in
coincidence with the Gerenkov detector varied &s approximately
0os’e.
(v) NESTEROVA and CHUDAKOV (1955) at a height 3860m.

Tne Gerenkov detector has a field of view x 10°,
and the mirror of diemeter 30em.  The resolving time of the
Gerenkov pulse is approximately 5 x 10’ sec. A maximum
counting rete of 1°5 per minute was obtained, and the power of
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the integral pulse height specirum was found to be 1S.

A core selector is placed a % a distence of 70m.

from the detector, and the authors estimated that 80% of the
showers recorded fall within a distance of 50m. from the

centre of the core selector, The core selector consisis of a

large number of hodoscoped counters controlled by a system
of multiple coincidences. Only 5% of the showers over the
eriticel theshold to be detected by the light receiver are
asctually recorded. This is probably because mos?t -ho\nri

have shower axes not included in the field of view of the

detector. 1/25 of the light flashes recorded have cores
within 50m. of the core gselector. This would indicate an

offective radius of detection of light flashes as 250m.
These results have been gstated only and the

apparatus not described. The experiment has what 1 think

{s an essential to the preliminary experiments on Serenkov
Knowing the position of the

radiation: a core selectors

reduces the number of uncertain factors, and

shower core

an acourate light distribution versus 1 eould be obtalned

experimentally.



Theories of the origin of cosmie rays should

explain the following observed facis.

1. An integral energy distribution proportional to
W , where ¥ varies skowly with the emergy of the particle,
but seems independent of the type of particle.

2, Primary energies to 10”7 eV, as observed at Harwell.

3. A directional isotropy to within 2% for 10°° =v.
primaries.

4, Nuclei of primary particles, stripped of electrons.

5., The chemicel proportions of primary cosmie rays
approximately the same as for the galaXye.

6. The presence of the elements lithium, berrylium
and boron amongst the primaries. These nuclel have very small
binding energies.

Although it 1is not certain that cosmic rays
originate in the galaxy or part of the galaxy, it is probable,
and most theories assume this. It oés-io rays were equally
dense in intergalactic space as detected in our solar system,
the total energy of cosmic rays would be tremendous.

Some heavy primary cosmic rays have energles
for exceeding their binding energles, and so it is improbable
that the energy is gained by annihilation of matter. A slower
ecceleration mechanism is indicated, as an electromagnetic one.
RICHTMEYER and TELLER (1949) and ALFVEN (1949) suggest that
cosmie rays originate in the sun. The cosmic rays circulate

in an extended solar magnetic field assumed to be 10’5 gauss,
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and become isotropic by eirculating in this field for a
period los—rld?yoars. The upper energy limit for protons
would be 10 7 eV, end so this theory does not explain very
high energy cosmic rays.

It is possible that cosmic rays circulate in
an extended gelactic field. The galaxy is approximately
an ellipsoid of revolution of dimension 10°° x 102361.
The radius of curvature , om. of a particle of energy
BeV. in a fleld of H gauss 1is

B
.,

4

and thus a field of 3°10 ' gauss is required to retain a

q

particle of emergy 10 = eV, HILTNER (1949) and HALL (1949(
found that if starlight is reddened by passing through dust
clouds, it is plane polarised proportional to the amount of
reddening. Two interpretations of this effeet are:

(a) SPITZER (1949): The light is plane polarised
by orientated dust particles, and he calculated the
orientation could be produced by a field of the order of
10" gabss.

(b) GOLD (1952): The crystals are orientated by
cosmic gas clouds passing through the dust clouds, and :
thus the direction of orientation being along the direction
of relative motion of the two clouds.
Thus there is no conclusive evidence that a galactle <
magnetic fleld exists. If a galactic field did exist, the
cosmie rays would have long paths, through interstellar
matter, which would raise the proportion of lithium,
berrylium and boron nuclei, because the radiation should
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hold an equilibrium content of breakup particles. These

nuclei are observed, and this indicates they have long paths
GREENSTEIN (1954) in a

through interstellarmatter.

summary on work on interstellar matter, states that most
astrophysicists now believe that either a galactic magnetic
field or localised magnetio fields assoclated with dust ;
clouds exists.

Two main theories of the origin of cosmic¢c rays
are given by FERMI (1949) and MORRISON et al (1954) . Fermi

postulates energy equipartition between protons and the
magnetised gas c¢louds which wander through interstellar
spaceé. I1f the collisions are assumed elastic between
light and heavy bodies, the emergy gain L_}_EE for the
proton when the c¢loud and proton approach can easily be

shown t0 be 4V , where V is the velocity of the gas

.

cloud, and v of the proton. The proton: energy increases

for opposing collis ilons and decreases for overtaking
collisiona,'but the probability of an opposing collision

- eV and an overtaking collisionx v-V , and

thus there 1s an ‘a.nragc energy gain of 4v* per
ﬂ"
collision, or, 1f allowance is made for the random

directions of motion, V> . |Morrison: et al also

..v‘!"

assume thermal eoullibrium between protons and gas
clouds. The main difference between the two theories

is the cause of 'death' of the cosmic ray. If cosmic

rays circulate for an indefinite time in the galaxy they
will eventually lose energy by nuclear collisions. The
mean free path of = nuclel of atomiec nightfin a gas of
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density / gm/ce.is: -*_;73_%%

and since the density of interstellar space is of the

order of 10 gm/cc. , the mean free path is 7+10
i

Heavy nueclei will undergo nuclear collisions more often
than light, and thus the energy spectrum will fall off

more rapldly for heavy nuclei. This is at variance with
observation, since ¥ seems to be independent of the
nueclei. Morrison) et al assume that cosmic¢ rays esecape
from the galaxy, and that the time taken for escape is

less than the time for nuclear collision. The energy

speoctrum for nuclel of 4 of 10-30 has. been partly

measured and ¥ found the same as for protons, and thus

the 1limit of the life of cosmic rays is — 30" years.

The galactic life time is estimated at 5 x 10 . yearse.
MORRISON ot al Theory of Origin of Cosmic Ravs.

——

Morrison e t al assume the gelaxy is a squat disc
of redius 5 x 10 D. Y. and length 10° L. Yo Let A
be th::i‘::;n free path between the particles and the gas
clouds, and assume the particles make many collisions in
thelr lifetime. Let s be the total path length of a

particle; L is the mean path length. From diffusion theory,

the distribution ffs} is
Fls) o< <€ —
where 8 = n A and L = n ) where n 1s the number of

S/

e¢ollisions in a path length s, and n, 1is the mean number
cf collisions.

The particle will be at a distance /~ > from
the source after n collisions. If the length of the

e o
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galactio disc is 2h, then

= N )
and so0 7. = l‘t/x'
and L = m.) = %1‘ (2)
The distribution is n from (1) is
- A
) L& — (¥
The mean energy the particle acquires/collision
A.E_ =T a = l\—
E

as for the Fermi theory

c\—

and thus, after n collisions, the energy E, referred to
the initial energy Eo, is

LS NS

—
a_’__E = aE
an

and

Thus the distribution in E is, from (3)

fle) = ¥ () /dE
3 e
= _2— =
From (4) o
< S (E/E,,
32 )
- -—
and.: £ = (E/ )“"
Eo
al
£(€) = Eo
ak. E2E
5
= constant £
where ¥ = / + A

al

(&0
As mentioned previously, the mean path length L must be
small compared to 70 _ 0. and thus for Z = 10-30

PA

6
3°10 L.Y.

fhis is

i.e. rr-@g’) ,Amﬁ"uyﬂ,_‘«_ Pa.i."
3 « L, = 3.10
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For many collisions of proton and gas elouds )M<<h "
and an upper 1limit 1s set at epproximately 200 L.Y.
Morrison et al take A =1, and from (5) and (2)

I + A g 2 l" = 2:6
al ok
end thus a= v*: L
cY )

Thus the R.M.S velocity of the magnetised clouds is
predicted to be 300 K.M./seec.

The value o determines the rate of gain of
ynergy, and for this to exceed the rate of loss of energy
due to ionisation, the injection emergy E must be
greater than 20 MeV for protons and 200 MeV for imon nncloi;
These injeotion energles could probably be obtained from
stars with extemely high surface magnetic fields, of the
order of 1-10 Thousand gauss (BABCOCK, 185/ Ji

THOMPSON (1954) says that the power leaw
spectrum as predicted by the Morris on et al theory breaks
down et 10”° e V.for A =1 light year. Since it has been :
shown t0 hold for § = 10" eV. (CRANSHAW snd GALBRAITH,1954)
a more efficient mccelerating mechanism must be found.
Thomson suggests that in the irreguler megnetic field there
are fluctuations, and these fluetuations enzble the dust |
clouds to operate more effectively. He prediets the power
law specetrum will fail at 10"° ev and thus extends the
range to the limit of present experimentzl results.

Time Variations of Cosmie Rays.4n apparent sideral variation

will be detected if both 2 solar day and year variation exist

@.g. if this variation may be represented by A(i+Bw2nd )wsiwd

(A,B amplitudes, 4 time), the expansion econtains terms

ol +el (o -l )
eos 2w ( o +eb and cos 2rr;_\ol f‘fsv‘ o
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Evidence of & diurnal variation of heavy
primary particles at thé top of the atmosphere has been
reported by LORD and SCHEIN (1951), FREIER et al (1950)
and NEY and THON (1951). No variation of heavy primary
particles was found by FREIER et al (1951) in a subseguent

experiment., These authors found no apparent variation

of the primary proton flux, but it appears there is an
actual diurnel variation of the heavy primaries the mag-

nitude of which has not yet been accurately ascertained.
Time variations of cosmic rays at sea level
have t0 be corrected for the following effects:barometric

pressure, temperature and the height of the 100 mb. layer.

ELLIOT and DOLBEAR (1951) have arranged two geiger counter
telescopes pointing at 45° to the vertical, one faecing

north and the other southe. The stmospheric effects
should be the same for both telescopes, and no corrections
need be made. Thelir results show an anisotropy in solar

time of amplitude approximately 0:02%.

A maximum value which the solar magunetic
field may have to fit in with observed experimental

results is — 10-5- gavss, e.g. ALFVEN (1949)., A 10" eV

particle will have a radius of curvature of

°* —Stom

= 310 e Cille

from page 33 .

.5110’30‘:
_ | 12
Thus primary particles, of energy greater tham 10 eV.

The distance between the sun and the earth is ~ 1

are little effected by the magnetic fields of our solar
system and so & possible sideral time variation may be
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detected. The time variations of high energy primary

particles have been sought by time variatlons ofmesons -
underground. COCCONI (1951), BARRETT end EISENBERG

(1952), and SHERMAN (1953) find no time variation within
the limits of statistical accuraey of 3%, 2% and 0°5%
respectively for an estimated energy of the primary

13 14
particle produecing the « mesons of 10 =« 10 eVe

Experiments using arrays of geliger counters

to deteect high energy extensive cosmlec ray alr showers have

been made.

The time variations have been tabulated below =~

Estimated Variatior 3l Time

Energy (eV of Maxe~
imum
Ampli-

tude

HODSON (1951) 5 x 10 Sideral [1.15:0.61% | 2330H.L
S.T
| 15
DAUDIN and DAUDIN 10 Sideral 2% retween
(1953) 20 an
l 5 “ *%uh .
CITRON (1952) 10 Solar 1% S
#20 Te C b
FARLEY and STOREY 10 =10 Sideral [1.520.23% 1700 h,
- (1954) :
CRANSHAW and GaL=- 10'® | None within 1% statistical
BRAITH (1954) accuracy '
l |
2 X 10]'6 Sideral | 3.0% second e
20-24 h
harmonie l
16 LtStTo
$ x 10" Sideral | 4.9% first

harmoniec I

1017 None with 10% significant
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From these results it seems that cosmic rays
are isotropic within 2% up to an energy of 101® ev., and
considering the disagreement of the lower energy results
insufficient experiments have been made for energies greater
than 1016 eV,

Time Variations.
JELLEY and GALBRAITH (1955) have used the

light detector to determine accurately the directions of
the shower axes of the extensive alr showers, and assume
that the showers detected have axés directed within the
1imits to of the detector. An indiation of how well

L

defined the direction is may be seen in figure ¥
on page’ <25 . For small angles e.g. & =% 2,29 as usged

by Jelley in the direction finding experimenty The showers
are not very well located within the cone (see figure (i) )
‘because only a fraction of the shower 1s seen. Take for

example a vertical shower whose core falls at a distance

100m, from the detectore. A vertical detector with a

$12.2° will see the core of the shower above 2600m. A

detegtor with ¢:2« and directed towards the shower will 'see’

the core between 800 and 2600m., over which rangefsub-
stantial contribution to the total light intensity is emitted
For large angles of & the direction finding is more

acourately determined within the limits T a ,
Jelley has compared the counting rates ‘on'

and 'off' various objeets in the northern skye. The
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background noise level is kept constant ‘on' and 'off' the
objects by means of an artificial light. The adventage
of this method of searching for a time veristion has over
the others mentioned on page 37 is that the direction of

the showers is accurately ascertained, while the energlies

detected are reasonably high e.g. ~ 3.101% eV. at Pic

du Midl. Jelley found no significant increase 'on' and

'off' various objects, the total counts 'on' and 'off’ being
approximately 70.

In the present experiment it was decided to
compare the eounting rates ‘on' and 'off' three objects.

The large and Small Magelleniec Clouds were sélected because

these are the nearest galaxles to our own and it might be
possible to detect 'oo_sn:lc rays 'esoaplng’ from the galany.
Morrison et al (1954) predict such an 'escape'. Looking
out of the spiral arm in which our sun is situated was

selected because of various theories predicting a flow of

particles along the spirsl arm,
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Statement of Work Accomplished.

It has been found impracticable to separate some of
the work done in my honours year from the subsequent work.
The Serenkov apparatus was built during the honours year, but
subsequently the discriminator and the recording unit were
completely redesigned, and the wide bandwidth amplifier modified.
The lightning detector apparatus has been assembled and the

experimental results obtained for the present thesis work.' 



Jgseription of Apparatuse.

The Cérenkov detector consists of a back-
silvered parabolic merror, of dismeter 60 em. and foeal
length 30 em., focussing on to an end window 6262 14
stage E.M,1. photomaltiplier, A cylindrieal bin,
blackened on the inside, is placed about the mirror to
shield the photomultiplier from stray lights. This bin

is mounted on a erude alta=-azimuth setting. A toreh bulbd
is mounted at the edge of the mirror so that the photo-
multiplier may register a background from an artificial
source .
Photo@raphs of the Cerenkov detector are on
Page 43A. o
Electrical pulses from the photomultiplier mfv
put into a cathode follower which is immediately above the
photomultiplier and amplified by a SMc/sec. bandwidth -
amplifier. The resultant signal pulse is diseriminated

against the background noise, and mechanically recorded.
During the period of observations, lightning

3 |._.-...".‘|..
“-.-'1"‘1."
- _'1.
, n :
i ST
- -.-_':l'.

flashes were observed visually and were also recorded by

TN,
"
| g

the Cerenkov detector. A lightning detector was built,

‘and is briefly desoribed below. A fuller discussion of the
lightning detector is given om pege %% . 4 bloek ddagrm

of the Ceremkov light detector and the lightning detector
are shown on page 450, ;
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The lightning detector is simply a 6262 14
stage E.M.I, photomultiplier, the cathode of whiech faces

the sky. A light shield in the form of a cone of semi-

angle 30° 1limits the area of sky which the detector views.
Electrical signal pulses from the photomultiplier are put

through a cathode follower, amplied by 80 ke./sec. band-
width amplifier and diseriminated against the background
noise. The resultant pulse is put in coincidence with the
pulses from the Cerenkov detector, and the coineidences

are mechanically recorded.

The apparatus has been set up at Badgery's
Creek, 30 miles from Sydney. A comparison of the back=-

ground light intensity in Sydney and Badgery's Creek was
made using the lightning detector directed towards zenith.

The anode tube current of the photomultiplier as measured
from the roof of the School of Physies, was found to be six

times as great as when measured at Badgery's Creek.

2o

Wgatha; ngditiﬂg.
The weather conditions for the experiment

must be near perfect. Clouds lower the counting rate
congiderably. To have a reasonable counting rate the moon
must be low in the sky or under the horizon, whiech, in
practice, means the moon must be less than half full,

WOOD (1950) has made a seasonal survey of
weather conditions in different parts of N.S.W. for altron-n
omiecal purposes. The survey shows that, for a ten year '\;_' ?
period the average number of nights per quarter with less \

than '2/10 cloud' in Sydney and Badgery's Creek are:
December, January, February; 14
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March, April, May; 18

June, July, August; 24

September, October, November; 18°S

Less than '2/10 clouds' roughly corresponds to
The number of

the requirements of this experiment.
possible observational nights per quarter should be halved

for this experiment, since the moon must be less than half

fulle.
This year has been a bad year to carry out the

experiment. The average rainfall for the first four

months of the year was the highest since 1890, and for

the rest of the year considerably above average. The

first night of the year that observations could be taken
throughout the whole night was May 16th! lost of the
results were obtained during the months July, August and
September. During the winter months heavy mists, often
rising at 1.00a.me, Out down the possible observation

time.
and are probably due to Badgery's Creek and the small dams

The mists are loecal to the Badgery's Creek area,

which are part of the irrigation system of the university
farme
I have emphasised the influence of the weather on

the experiment because 1t in itself has bhen the major
difficulty of the experiment.

T e e

To distinguish between Cerenkov and noise pulses,
the disceriminator is set at an arbitary bias level at "m'hﬁ_,i
level the counting rate of nolise pulses is neglible aonparo'd'
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to that of the Cerenkov pnlses. The phototube current is
agcurately measured and kept constant during the experiment
by varying the intensity of the artifiecial lamp, and by
this means the noise level is kept constant. The arbitary
level 18 chosen as 2x the bias level at which noigse pulses

are detected at one / second.

To test the stabllity of the apparatus a run
is made with the l1lid of the detector on, and the intensity
of the night sky approximated by the use of an artificial I
lamp. The ran was made for a minimum of 15 minutes after _
each working night. 1f counts were recorded, the apparatus
was regarded as unstable, and the observations of that
night were wiped.,

The detector was pointed at an object by

means of the crude sights on the outside of the tin as
may be seen in the photograph on page 45A. The reflection
of bright stars may be seen on the photocathode of the

photomultiplier, and if a bright star was near the object

a more accurate 'sighting' was obtained.
4, L 0
A lightning detector originally was not

thought necessary, Observations were to be made only on

The Cerenkov counting rate for the

very fine nights.

nights of May and most of June were consistent with a

steady rate of pulses, and no lightning flashes were
observed visually. During the last two nights of the

June period the counting rates rose by approximately
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25%, and in July some sheet lightning flashes were
observed visually. Jliost of these flashes came from
somewhere over the eastern horizom (towards the ogcean),
although on some of these nights no e¢louds could be seen
from Sydney out to sea, It seems probable that many of
the flashes originated from an area at least 15 miles out
to sea.

HAGENGUTH (1951) sas that 50% of lightning
flashes are visible for a length of time between 600

Cerenkov flashes and

miecroseconds and 0.35 secondse.
lightning flashes differ in three main aspeots:

(ad .

éoronkov flashes occur in approximately 10

seconds, while 1lightning flashes are longer.
(b) Lightning flashes are spread over a large area Of

sky compared 1o Cerenkov flashes.
(¢) Lightning considerably effects wireless transmiss-
ion.

Regarding (a), although the Cerenkov flash is of time=

length of the order of 10~8 seconds, the electricel pulse
from the photomulfiplier and pulse shaping circuit 1s of the
order 5 x 10'7 to 10™° seconds. JELLEY (1955) has photo=- .
graphed the electrical pulses from the photomultiplier, and
thus was able to distinguish lightning flashes from
Cerenkov ones but this means using an oscilloscope with a
high persistance cathode ray tube screen. Such an oscillos~-

cope was not available for the ezporiunh

Detection of lightning by mgans of a wirclcu
was tried. Lightning from local storms often causes a
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loud orackle over the loudspeaker. Three settings of the
broadcast band were tried:
(i) off a station with the volume turned up on the
local broadcast band
(11) tuned on a station with the volume turned down
so as just to hear the broadcast, on the loeal
broadcast band
(111) similer to (i1) but on the 10 Me./sec. band.
The output of the wireless was connected to an oscilloscope
to see if pulses oocured when the Cerenkov recorder regist-
orod. The number of pulses observed was far too few to
account for all the lightning pulses. The method of visual
observation has the severe iinitation that observable
pulses must be fairly large compared %o the background
noise. Electrical coincidence would allow weaker wireless
pulses to be detected. This was not tried.

The type of lightning detector tried and
finally adopted, utilises two differences in the properties
of the Cerenkov and lightning flashes. The detector views
a large area of sky, preferably selecting flashes over the
entire area, and the main smplifier of the lightning detect-
or has a bandwidth of 80 kef sec. and thus amplifies
lightning flashes more that the short time length Cerenkov
pulses. The detector consists of a 6262 E.M.I. 14 stage
photomultiplier whose photocathode faces the sky, and is
surrounded by a cone which limits the view of the
photomultiplier to a cone of semi-angle 30°, The
electrical pulse taken from the photomultiplier is alpliriod
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by an emplifier of bandwidth of the order of 80 kec./sec.,
put into a diseriminator, end the resultant pulse ia put :I.n

eleetrical coincidence with the Cerenkov detector. The
lightning pulse is only recorded if a pulse 1s also recorded
by the Cerenkov detector. '

The bias level of the diseriminator of the 4
lightning detector was set at 1 /3 times the wltago at

which the background noiu counts came through at approxi-
mately one per seconde. The anode tube current of the
photomultiplier was found to remain feirly constant, and so

no aftiﬂeial Hght was usede.

The highest lightning rate recorded was 50%
of the Cerenkov rate. Since the lightning detector was

installod, the Cerenkov counting rate has been consistent
with a steady rate of Cerenkov flashes. The results in tho
following sections, execept the integral pulse height

distribution section, are those obtained using both Cerenkov

and 1ightning detectors. The results for the integral
pulse height spectrum were obtained in May before the

1ightning effect became appreciable, and the Cerenkov
@ounting rafc agrees well with that found later using both '

detecliorse

Counting Rat!-
The counting rate expectad for the present

experiment is fully discussed in section 7 on page -’
end this expected rate should be considerably less than w'
480/hour. The counting rate found 1s approximately 36/houro
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When the experiment was being planned Jelley
predicted a counting rate of 240/hour. When the much lower
counting rate of 36/hour was found, the electrical apparatus
was extensively checked and two separate photomultipliers

were used to check the original one. The bandwidth of the

mein emplifier was modified to 18 Mec./sec. There was no
noticeable change in counting rate. Late in 1990 a
Cerenkov detector similar to the one used in the present
experiment was set up in Sydney by Messrs. Brennan and

L Wallace. After correcting for the greater background light
intensity in Sydney, their results agree well with the
present experiment.

It is difficult to measure the galn of the
photomultiplier with the facilities avallable. BIRKS (1953)
has measured the gain of several photomultipliers including
the 6260 E.M.I., photomultiplier at different voltages per
stage. The 6260 and 6262 photomultipliers are similarly
constructed, and the difference in the tubes is that the
6262 has 3 more stages. Since the construction is si.nlle.r;

1t is reasonable to assume that the gain per stage for the

two photomultipliers will be approximately the same. The
gains of various 6260 photomultipliers differ, but it is

probable that the same class photomultiplers would agree
within an order of magnitude. Taking the same gain per
stage as found by Birks for the 6260 photomultiplier for the

6262 photomultiplier used in the present experiment, the
total gain is found to be 1.3 X 10°, The mekers of the
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E.M.I. photmmultipliers cuote a photocathode sensitivity

of 30/«' anps./lmn, and using the energy oonversien factor
of 685 lumen = 1 watt at 5560 A° (LEVERENZ, 1950), this

gives a cathode conversion efficlency of photons into

electrons as 5%. The output capaeclity of the last dynode

is taken as 15 p.F., and the minimum number oOf photons

which may be detected is 200 . The minimum number of

2

photons detected per cm, Dby the light detector is 0.43.

This value gives an indication of the light pulse, and is
probably accurate to an order of magnitudeo

= | --,. . :___‘: LEL _. o L A DU S Y

. An integral pulse height distribution of
both the Eeronkov and the noise pulses has been determined

The results are shown in the table below:

experimentally.

17 o 343 o
18.6 248 \ 10

20 .6 | 100 | 31 o1
22.7 20

75 " 120

39

42 | 15

S0 33
60 19 75

Let N(H) be the number of pulses per minute
of height greater than He A graph of 1log;q N(-H) Vs
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logyc H has been plotted from the results of the above
table, and ig shown On page §4A. The Cerenkov pulse height

distribution is best represented on this scale by

logo | N(>H) | = 2.58 = 1.8 loggf,
found by the method of least squarese.
= -
.00 (NCH) = constant x H L.8Z0.4

This agrees well with the distribution
obteined by JELLEY (1955), at a height 2860 metres above

sea level,
{.eo N(>H) - constant x H‘l'e* 0.l

Using the same notatien but small letters, the background

noise distrubition may be represented by

"'17 .B
ni>h) . constant x h

7., Variation of Counting Rate with Zenith Ang

The variation of counting rate with zenlith

} S o

angle is shown in the graph on page §%E The counting rau
at ©: 0° is nomli.ud to one, and if a cos O distributm

may be assumed, the best fit of N is 3.7. The statisties

are not good. JELLEY (1955) obtained = = 2.5 at 2860m, me.
sea level but there seem to be no published results for tho

variation at sea levelo

L

8, Segrch for a Posgsible Localigec

A search for a possible anisotrophy of the

extensive alr showers was made. TO eliminate the necessity
of corrections due 10 barometric pressure, zenith angle :

and possible fluct@i@tions in the sensitivity of the equip~ %

the detector was pointed at the object (‘on') for a

ment, .
ping a aonstant zenith anslc,

half hour period, and then, kee
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and changing the azimuth by at least 309, pointed off the
object ('off') for half an hour. The mean photomultiplier
tube current was kept constant during the comparisons.

The results are these observations are

glven 1in the table below. The average counting rate was

approximately 0.2 per minute.
The total number of counts 'on' and 'off'

an objeet is N, the mean N/2 , and the standard deviation ’Ji

R R O

Large Magellanic eloud 84 2 S
Small Magellanie eloud 108 | 126
Looking out of the Spiral 90 77

The counts ‘on' and 'off' lie well within

12 .4
15,2

VN from the mean, and so there is no significant increase
'‘on' and ‘off' “hese objects from these results. |
The present experiment accurately determines

the direction of the extensive air showers. It has the

great disadvantage of a limited operating time determined

by the weather, and because of this it is only practicable

S

to select shower of energy of 101 eV or less. Mosgst large

scale gelger counters experiments looking for an anisotrophy

in extensive air showers accept showers from any zenith

angle ©, although there are more small zenith angle showers

because of the absorption of cosmic rays by the atmosphere.
The present trend in anisotrophy experiments seemsto be -

I =N
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to have some means of good direction detection (e.g. delays
in pulgses from seintillation counters as at M.I.T.) together
with means of detecting very high energy showers, i.e.
approximately 1018 eV. The Cerenkov detector in its
present form is not practical for these experiments because
ofits limited operating time,

9. Fast Counting Rate.

Late in 1955 Messrs. M. Brennan and C.
Wallace developed a circuit about the photomultiplier whiech
congiderably attenuates most of the noise pulses but only
slightly attenuates the signsl pulses. The circuits used
by Jelley and in the present experiment, and the newly
developed one, are shown on page 6[A.

The new eircuit was set up at Badgery's
Creek and a maximum counting rate of 3.5 counts pér minute
was obtained.

Another experimental point may be added to
the integral pulse height distribution on page %A, i.e. with

NMzH) = 3.5 counts per minute. For both experiments

the same voltage per stage is used for the photomultiplier,
and the gain per stage is 'Kf(fofu' 3°‘”) i.e. 2,32 from page5< .
In the first experiment pulses were taken off the last
dynode, and using the new circuit off the anode of the
photomultiplier. Thus the light pulse sizes may be compared
and the minimum number of photons which can be detected .
with the new eircuit is %38, Thus the point AN>H)=35
counts/minute and H - 12.9 volts im plotted on page 5%4,

and is seen to be in good agreement with N (H) = y1-8
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A 104 allowance for error in H is made, because of
uncertainity in the gain measurements.

100 o8 LEE "!‘.-"'.f.f AR BT c L1 _ 1 i.‘rt;._ W t s G.
1t was originally planned to put the

ikov Decécto:

60?0!!:01 detector with the extensive alr shower experiment,

and so not to have to construet counters and electrical
epparatus for the Cerenkov experiment above. Late in the
year, after the extensive alr shower experiment had been
discontinued, Mr., C, Wallace loaned apparatus for this

experiment.

The geiger counter tray consisted of ten
geiger counters each of approximate area 215 sg.om., and
each spaced at a distance of 0.7 em., apart. The dlagram
below shows the layout of the spparatus.

geigen Trays

x [FSm x .
lim Cerenkav ole Teclo r
»* b SRR

4-____——?’1’1-

The geiger counter trays were in colncidence;

to record a coincldence at least one geiger counter in cach

tray must be set off., The counting rate of gelger counter
The Cerenkov

coinelidences was approximately 1.3 per minute,

detector, using the new photomultiplier elirecuit, was placed
in electrical coincidence with the triple geiger coincidences
The following results were obtained, and

although the number of Cerenkov - geiger counter coincidences

is small, it is well above the probable chance rate and gives

an order of magnitude for expected colncldences.,
In a period of 4 hours, there were 5
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coineidences between the three geiger trays and the
Cerenkov detector, During this time 552 Cerenkov and
310 gelger counts were recordeds

The resolving time of the coincidence eireuit

ls ~/ _mseconds. If Ny and Nz are the counting rate of

Cerenkov pulses and gelger counters respectively, and r is

the resolving time of the coincidence circuit, then the
accldental colncidence rate Ayp is

‘ujg - Bllﬁ_ ]‘2 T
6
Now Ny = 138/hr. and No = 77.5/hour. and since 7= /0

seconds

A]_a = 28X 138 x 77.592x | x 10'63‘ '

3600

- 6 x /0'6 /hour.
The coineidence counting rate found is 0.75/hr.
which 1s large compared to the expected acecidental counting

rate. @nly 3 coincidences were recorded for 552 Cerenkov
counts, but such a low value is likely to be expected
becaus@ the showers are detected by the d'oronkov detector
over a large area. The result shows that some of the

light flashes are assoelated with extensive air showers.

1; ® 001121 ELGB ¢

The results of the present experiment agree
fairly well with those of Jelley and Galbraith. The integral

pulse height distributiomsarle essentially the same at 2860m.

and at sea level. Both the zenith angle dependence at sea

level and the comparison of the counting rate ‘on' and 'off'

various objects are new workeo

g
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Appendix.
Electronic Apparatus.
(a) Photomultiplier and Cathode Follower.

These circuits are shown on page 6/A. Figure 1 on
pageé/A shows the circuit used for Jelley's and most of the
present experiment, and figure 2 shows the one developed by
Messrs. Brennan and Wallace.

The 6262 14 stage photomultplier was operated at
approximately 63 volts per stage. The maximum safe tube
current for the photomultipliers is 109/7amps, and so the
high background intensity limits the volts per stage which may
be used.

In the circuit shown in figure 1, positive pulses}
are taken off the last dynode. The gerenkov flashes are o?ithe

order of 10"8 seconds long, and the resultant photomultipliéf\

\\

N\

pulse is probably spread to approximately 5 x 10"8 seconds. N
Assuming the output capacity of the photomultiplier to be 15pF.,
then the positive pulse will have a fast rise time, and decay
with a2 time constant of 0.75/a'aeconds. This pulse is then put
into a 6AK5 cathode follower connected as a triode, and the
resultant pulse passes through a 71 ohm coaxial cable to the
main amplifier.

In the eircuit in figure 2, negative pulses from the
anode of the photomultiplier are immediately differentiated
with a time constant of approximately 0.15,/ seconds. The .
leading edge of the resulting pulse passes through a germanium

diode 0A-72, which has a high back resistance of 2 megohmsvf
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If the input capacity of the BAUE is 3 pF., then the pulse
decays with a time constant of a/ﬂbeconds. This pulse is then
amplified, put into a cathode follower and the resultant pulse
passes through a 71 ohm coaxial cable to the main amplifier, _
The essential difference of the two circuits is that
in the second circuit the noise and Eerenkov pulses are

differentiated with a time constant of 0.15 4 seconds, while j /

in the first eircuit the time constant is 2.5 dseconds.

(b) Amplifier, i
The amplifier originally was of 5 Mc./sec. bandwiff‘
and amplification factor 250, Later in the year it was modhﬁﬁwd
to a 18 Me./sec. bandwidth and amplification faector 120. Thgﬁﬁi
amplifier is built into an oscilloscope, the fastest timebasgj‘ |
sweep of which is approximately 100 A seconds. The timebase t
and cathode ray tube are not at all suitable for this experim&nt.

It was quite impossible to see the aérenkov pulses on the screa&*
What was needed for the experiment was = good oscilloscope with
a high persistance cathode ray tube screen, and a timebase with

a sweep of Q/bseconds per centimetre.

(¢) Discriminator and'?ecording equipment.

The two circuits, one for the Eerenkovpulses and
the other for the lightning pulses, are shown on page 628 The
Cerenkov circuit consists of a fast discriminator, of the Schmitt
trigger type, a pulse lengthener, phase inverter, univibratdr and

a power rube to drive a mechanical recorder. The 1ightningh
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deteéﬁor has a slower Schmitt trigger type discriminator,

univibrator, coincidence circuit and recorder.
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