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PREPACE

This thesis is primarily concerned with investigations of
ionizing radiation in the atmosphere using balloon borne instruments.

A programme of cosnic ray flighis from Hobart was begun in
1959 under the direction of Dr.A.G.Fenton of the University Physics
Department. I participated in the design, development, construction
and successful flight of single geiger counter balloon sondes in partial
fulfilment of the requirements for the degree of Bachelor of Science
with honours which I raceived in 1960.

The ballcon programre was continued during 1960 and I undertook
the design and comstruction of a Solar Flare warning system utilizing
a V.H.F. solar radiometer. This instrument was operated from the end
of 1960 until early 1952 and provided early warningsbof cosmic ray flare

“effects on a number of occasions and facilitated the recording of events
during disturbed periods by both talloon borne and ground based cosumic
ray monitors.

During 1961 I began an analysis of problems associated with
radio-telemetry. In addition, the design ard development of a balloon
borne -inclined cosmic ray telescope was carried-out 85 a result of
theoreticel investigations suggested by Dr.K.B.Fenton. It vas proposed
that constant altitude flights launched from Hobart, géomagnetic iatitude
529s, of inclined geiger telescopes would, by virtue of the azimuthal
dependence of cosmic ray threshold rigidities, provide information

regarding the primary differential rigidity'spectrum in a region of



i\,
rigidity (~ 2GV) not easily accessible to measurement. Oving to economic
and technical difficulties, successful constant altitude balloon flights
were not achieved at Hobart until mid 1962, First flights of the
telescope.equipnznt vere theroforz made at Mildura on the Australian
mainland with the pclyethylene balloons launched for air sampling purposes

by the Departrment of Supply under the U.S.A.E.C., "Project Hibal"

programme. As a result of damage to the recording equipment upon
impact, these initial flights did not recommence until early 1963 when a
successful series of flights was undertaken, I was responsible for the
incorporation, by Mr.R.Francey, of a Cerenkov counter in the flight
equipment. Following development of the level flight technique by Dr.
K.B.Fenton, telescope flights were also launched from Hobart during 1962
and 1963.

I also participated in a series of balloon flights undertaken
by the Hobart Cosmic Ray Group in the latter part of i962 vith the object
of detecting effects due to high altitude nuclear detonations. A single
counter balloon sonde, successfully flown om July 9th 1962, gave evidence
of a time delayed radiation enhancement following the nuclear explosion,
Starfish Prime, over Johnston Island. An analysis of this event and of
magnetic and ionospherie measurements following the nuclear ezxnlosion was
also made.

The execution of the experimental programme wag dependent upon
the cooperation of a number of individuals both within and without the
Physics Department.

I an indebted to the Department of Supply for permission to
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fly equipment at Mildura and in particular to Mr,E.Curwood,Project Leader
at the Mildura Balloon Launching Station,.

I wish to thank Dr,D.Parkinson of the Bureau of Mineral
Resources for permission to make use of the Hobart magnetograph records
I also thank Mr.C.Bisdee for his cooperation in providing these records
and in generously making his observatory available for telemetry purposes.

The assistance of Mr.H.Duyer in the construction of electronie
equipment, Mr.M.Mason who constructed the geiger 6ounters, and Mr.R,
Francey who constructed the Cerenkov counter is gratefully acknowledged.
Invaluable help in computation was provided by Mrs.P.Bashford,

I wish to thank members of the Hobart Cosmie Ray Group for
invaluable help and advice. In particular I am grateful to Dr.A.G.
Fenton, the leader of the group, for his contimied interest and to Dp.
K.B.Fenton vho supervised the work reported in this thesis. I also
express ny gratitude to Professor G.R.Ellis, Dr.i.G.McCracken, and Mr.

R.M.Jacklyn for their encouragement during the course of the work.
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SULMARY
CHAPIER 13 A general introduction to the topics treated 4n the
thesis,
CHAPTER 2 A review of the variocus treatments of the motion of

charged particles in the magnetic fields with special reference
to cosmic rays in a dipole field and in the geomagnetic field.

Stoermer theory and the theory of the allowed cons are
shoun to permit utilization of the geomagnetic effects for
the purpose of rigidity spectrum analyeis, It is shown that
the cosmic ray flux allowed from the west but not from the
east consiats of particles having rigidities within a

| restricted number of adjacent rigidity intervals centred
‘near the vertical Stoermer threshold rigidity.

A simple analytic approximation to the latitude
dependence of the east-west Stoermer threshold rigidity
difference is derived (Equation 2.7).

Alfven's theory of the adiabatic invariants of motion
is reviewed, ag are recent theoriéa of the cosmic ray
rigidity thresholds which make combined use of the Alfven
and Stoermer theories.

The theory of magnetic trapping of charged particles
in a dipole field is discussed.

CHAPIER 3 ¢ A review of the theoretical consequences of geomagnetic
control of cosmic ray particle motion and a brief account of

directional cosmic ray measurements.



CHAPTER 4 @

CHAFPTER 5 1

CHAPTER 6 3

x.
dnalytic approximationsto the latitude dependence of
the cast-west asymmetry and the east-west cosmic ray flux
diffqrence are derived for a primary power law spectrunm
using Stoermer theory (Equations 3.4; 3.5).

The aims of the present experimental investigation of
directional cosmic ray intensities are discussed.

A discussion of instrument desien and basic
experimental techniques involved in the directional
neasurements.

A discussion of the instrumental techniques and the
procedures used in handling the data from the instruments
described in the previous chapter,

Section 5.2 describes a device designed to
sutomatically acquire and store directional intensity data.

Section 5.3 describes several simple and econonic data
modulation and multiplexing schemes, developed and uged in
thege inveétigationa_, these being particularly sulited to
the telemetry of directional cosmic ray data. |

‘Section 5.4 discusses the cholce of optimum carrier
EBrequency for line of sight radio telemetry.

Presentation of the results of the directional cosmic
ray intensity meagurements at Hobart (52°5) and Mildura (44°8).

Values of the cast-west asymmetry, east-west intensity
ratio and the east-wost intensity difference obtained from
the balloon £lights are quoted.
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Graphs of the telescope counting rates are presented
in vhich it 1s possible by inspection to detect the
azimuthal intensity variation.

The data from a Cerenkov-geiger counter teiescope
flown at a depth close to the primary particle transition
depth are tabulated.

CHAPTER 7 3 A discussion and interpretation of the exporimental
results of the previous chapter.

The data from the Hobart balloon flights in which the
descent rate was unusually low, is used to derive the depth
dependence of the eastewest asymmetry and east-west intensity
difference at zenith 45° and geomagnetic latitude 52°S. Both
these @antities aro shown to decrease with increasing
atmospheric depths

The primary differential cosmic ray flux at rigidity
1,7 GV, deduced from the Hobart data of December 1963, is
shown to be not significantly different from that expected
from the 1954 (solar minimum) spectrum.

The casteweat asymmetry and flux differences at zenith
45° and geomagnetic latitude 4% is presented a3 a function
of atmospheric depths The depth dependence is showm to be
more complicated than at latitude 5298, the quantities initiall,
increasing with depth, to reach maximum valuss at depths
belov the mean transition depth.
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The deduced primary differential flux in the interval

3.7 = 4.8 GV is shown to be not significantly different from
that expected from the 1954 (solar minimun) spectrum.

CHAPTER 8 : A discussion of fidnidirectional cosmic ray intensity
measuraments. :

The latitude and time dependence of the attenuation
lengths derived from the ionization chamber balloon £lights of
Heher is discussed. '

Hobart geiger counter balloon flight:data obtained
during the poriod 195%-63 are presentods A decrease in the
attenuation length derived from the geiger counter ascents is
shown to have occcurred during 1959+63. The interpretation of
an unusuial counting rate increase observed in 1961 1s
discussed.

CHAPTER 9 : A summary of balloon geiger counter, riomster and
magnetic cbservations following the high altitude nuclear
explosion 'Starfish Prime! on July 9, 1962, at Hobart.

CHAPTER 10 3 A discussion of the nature of the radiation burst
| observed over Hobart with a balloon borne geiger counter
following the 'Starfish Prime' explosions
The response of the geiger counter, riometer, and the

Mt.lellington neutron monitor to g monowensrgetic flux of proton

is examineds It is shown that the observations made with

these instruments do not exclude protons, with an cnergy
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. spectrum intermediate botween that of solar and galactic
protans, as a possible source of the counting rate, increase.

| The cnergy dependence of the ionospheric absorption
due to precipitation of monosenergetie electrons into the
atmosphore is derived. The reapénse of a geiger counter to
a8 mono=energetic flux of electrons stopping in the atmosphere
abovs the counter is also discussed. Theories of elsctron
bremsstrahlung are reviewed, It is shown that electron
dumping following the 'Starfish Prime' explosion of sufficient
magnitude to account for the radiation burat, would be
expected to produce ionocspheric absorption well in excess of
that actuslly observed.

Magnetic measurements at Hobart and at equatorial
stations are discussed, It i3 suggested that these indicate
the injection and trapping of positively charged particles in
the magnetosphere following the explosion.

The results of statistical analysos of the counting rate
data are presented, Thése show an agsociation botween the
magnetic micropulsations and radiation intensity fluctuations
following the explosion.

It is suggested that the Hobard radiation increase might
be due to the gamma activity of positively charged fission
products injected at aititudes of several earth radii above

the explosion.
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GENERAT, INTRODUCTION

e shall cgutline in this chapter the gener-l features of the
cosmic ray phenomena relevent to the experimental investigations to
be described. DLmphasis will therefore be placed on the character-
igtics of cosmic radiation 2t balloon altitudes ss dctermined by
ionizing particle detectors, 1In » later chspter ~ seprrote cdiscuss-
ion of the ionizing effects r~ssociated with nuclenr detonstinns in
tho upper ~t:0sphere will be found,

.1 TIM: RSLLOE OF COS 'IC RLYS THROUGE THW AT (O3THRY

The cosmic radiation observed within the atmosphere may be genet-
icnlly classified into a primary and secondsry component., 'The
primary porticle flux is known to consist of protons,c-particles »nd
hecvier muclei in the epproximate proportioﬁ 85:13:1,

These primery perticles interact with nuclei of the atmosphere,
and the products of the interactions, together with their prozeny,
constitute the secondory cosmic rays. They include photons, leptons,
mesons, hynerons, nucleons ~nd stripped nuclei.,

The depondence of the composition and intensity of coanic rrys
unon ~tmospheric depth is therefore determined by the properties of
primary particles and by the various processes th-t occur.

The following three processes,

(a) The Nucleon Cescade
(b) ilccon Recay

(¢) The Electromagnetic Csscade

account for the mein features of the diffusion of cosmic rays through



the terrestriel atmosphere,

In genernl terms, a cascade of nucleons and mesons, initieted by
primory particle collisions with oxygen and nitrogen nuclei cxiends
deep into the atmosphere. The neutral pi-mesons decay into photons
which, by alternate pair production and bremsstrahlung generrtc the
electromagnetic cescede of electrons and photons.

The principal contribution to the ser level intensity is m-de by
rmu-nesons from the decay of chorged ni-mesons,  locket ~nd h-llcon
flizhts of chrrged purticle detectors have cstzblished the following
features of the depth-dependence of the omnidirccetional cosmic ray
intensity -t medium latitude.

(1) The intensity is independent of depth at depths less than

1 gm/c:n2 and at altitudes smsll compared with the radius of the

earth,

(2) The intensity initially increnses with atmospheric denth as the
primery particle energy is shared among secondnries,
(3) Deepor'in the atmosphere the intensity (principally of clectrons)

rises to ~ meximum, the PFOTZER '{LXT'UM, at depths of the order

of 1“2 gn/cmz and thercsfter declines approximstely exponentially

with incrcesing depth.

(1) The ser level intensity is typicelly 1/57 of the intensity et

the maximum, 1/25 of that at & depth of 1 gn/cm® .

The exponential decline of the omnidirectionrl cosmic-rry flux
with incrersing depth in the lower atmosphere will be referred to in
connection with the changing energy spectrum of the primary radiation.
It is wellvknown that the vslue of the exponent (or its reciprocel,

the attenuation length) for the mucleonic component is latitude
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deperdent end fluctustes as a result of spectrsl chenges. Similor
bdehoviour of the sttemuation length for the ionizing component, not
hitherto published, will be described.

1.2 GEQGITRTIS EFFECT3 ON COSVIC RDIATION

“feasurement of the directional properties of the flux indicate
that the intensity arriving from the geomagnetic west direction is
generclly grenter then thet from the enst. This is - consesuence of
the influence of ths gecomr~znetic field upon the tr-jectories of thre
chrrged cosmic raoy particles.

The theory of the gcomecgnetic effect ic comnlicrted by the {rect
that it has been found necesasry to trke ~ccount of the non-dinolec
ch-racter of the field in order to predict correctly the distribution
of the cosmic rry flux on the esrth's surfocc., In addition the
nerturbing effect of electric currents in the cxosphere is no% yet
fully understood.

Subjcet to these uncertainties it is in principle possible to
deduce the rigidity spcetrum of the primary radi~tion from directional
me~surements of the primery flux at verious locetions on the earth's
surfrce. In particular,a study of the azimuthal dependence of the
intonsity at high latitudes should provide information about th-t part
of the primery spectrum which is subject to considernble vari-tion due
to the influence of the sun. An account of an experimentnl »nd
theoreticnl study of the high latitude geomagnctic effecct will be
discussed in det»il, This study requires o knowledge of the direct-
ionel properties of the cosmic rey detectors used in the investigstions.
These properties will be discussed.

It will 2lso be shown that the east-west asymmetry as messured



with geiger counter tclescopes st high ~ltitudes is not ns useful
as the east-vest flux difference in rel-ting gcomhgnctic effects

to the primary rigidity spectrum. This is & consecuence of the

presence of a background flux of secondary particles at even the

highest balloon cltitudes.

1,3 TH. GIWRGY SPECTRU.Z OF PRIMARY COSMIC RAY D -RTICLES

It is nou recognised that the flux of cosmic r-y prrticles
incident upon the e-rth's atmospherc undergoes considernble {luct-
urtions 2s a result of solar nctivity. The evidence suggests th~t
~11 the observcd intensity variations are either due to solar mod-
ulntion of the galactic intensity or result from production of
energetic particles nt the sun itself.

The vorious intensity modulations, for exemple, the 'Forbush
decrerse” =nd thet related to the eleven yo-r cycle of sunspot
activity are accompsnied by changes in the energy distribution of the
primary particles. Near solar minimum, when the intensity is greatest
the mern primery particle energy is lower than at sol~r maximum when
the intensity is lesst. The differentirl energy spectrum et sol-r
maximum pecks near 5 GeV/hucleon, while a2t sunspot minimun the rsak
"ic at 1 GeV/mucleon., The exact form of the spectrum modulction is
uncertain,bbut the fact that the greatest chenges occur a2t the lower
encrgies suggests the utilization of high altitude geomagnetic cffects
in its determination. 1Investigation of these effects should thcrefore
throw light on the solar-terrestrial rel~tionship.

Spectrel measurements and the potentialities of the geomngnctic

methods are reviewed in a later chapter.
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1.4 HIGH ALTITUDE NUCLEAR EXPLOSIONS

The detonation of a2 number of thermonuclerr devices in the upper
atmosphere during 1962 provided sn opportunity to study the effects
ol the artificiel injection of charged particles into the geomegnetic
field, Observations of the Starfish explosion on July 9, 1952
exploeion revealed unexpectedly intense geophysic~l effects at high
latitudes. .

Verious experiments carricd out at Hobort (Km = g52° $) reverled
a close nscocintion between magnetic, ionosvheric ~nd razdi-tion
phenomen~, It is believed that these obscrvetions cllow ~ consis-
tont description of the geophysicsl cvents following the 'Strrfish’
shot.

The high 2ltitude rediation enhancement recorded by ~ bolloon
torne geiger counter is of particular interest in that no commorable
observations have been reported in the literzture. The Fob-rt results
cre discussed in detail and compared with those obt~ined elsevhere.

These results are exemined with regord to their geophysienl
implications -nd secondly in the contoxt of the problem of the detect-
ion of nuclear detonations in the upper atmosmhere., In this section,
we discuss in genernl the detection of ionizing radistion by radio-

physical technigues.



CHLPTZR TUC
THE OTION OrF CHARGED PARTICLTS II' TH- GEOMAGHFTIC FITTD

In this chapter we review current theories of the motion of
ch-rzed pcrticles in the eerth's magnetic field., The mein discussion
is of the geomagnetic effects on particles of cosmic ray energies
since a knowlcdge of these is required in interpreting the expcrimental
rzoults described in Chapters 3, 6 and 7 of Part I.

In recent years the Stocrmer & Vellarto theorics which forn the
hasis of the cnalcul-tions of the cosmic rry tr-jcctories have been
supnlenmented by tho perturbation thecory due to ..1fven. Cosmic v~y
cpplications of the latter theory will be roviewed cnd the rosultes will
be uscd in the discussion of the effects of high sltitudec micle-r
exnlosion in Chapters 12, 13 and 14 of Part II.

2,1 OTOZXUER THLORY

In a staticlnagnetic ficld having axirl symmetry the equ-tions of
motion of a cherged particle possess two integrnls, The first, spplic-
able for static mngnetic fields in general, states thet the particle
bvolocity,Aand therefore its kinetic energy, remring constont,  The
cccond, ¢ . unique to the c2se of sxial symmetry (Stoermer, 135) is

.usually known as the Stoermer integral, This integrrl provides
consider~ble information about the accessibility of porticles to points
in the field without requiring numerical crlcul.rtioh of the actu~l
trojectories from the differentisl equations of motion. Sirce ons of
the main probiems is the calculation of the encrgies of cosmic rey

particles accessible to observers on the surfzce of the carth »nd since

the earth's field is approximately that of a éentred dipole, the
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application is obvious.

Using sperical polar coordinates (r, ») where r is the
¢istance ffomn the dipole centre, ~nd A ig the meoarsnetic latitude,
the Stoermer integrel (e.g. Fermi, 1949) gives ~n equ-tion for tho
motion of the particle in the plane containing both the particle and

the dipole axis, (the meridi~n plane),
2Y = RcosA, sina+ cos2 MR 2.1

Y is a constrnt of the motion, ¢ is the ~nzle betucen the currert
vector of the particle ond the meridiesn plane, ~nd is positive for
wectward moving positive particles. R = r/C ic the r~di-~l coordinste
of the prrticlc expressed in units of tic Stoermcr voriable, C ¥1/§7§
vhore M 15 the magnetic moment of the dipole 2nd P is the marnetic
rigidity (momentum per unit chrrge) of the particle (Stoermer, 1cn7).
P ha2s the dimensions of energy per unit charse in the mixed syctem of
units customarily used and is usunlly expressed in volts.

Solving 2.1 for the rigidity, P we hove

_ M cos” A
o rz[i + (1 - cos° N\, sin ¢ . -%-)1’]2

Yz

Yor n given vnlue of Y , this equastion yields the rigidity of - nart-

P 2.2

icle incident ot the point (r, A) in the meridi~n plane in 2 direction
specified by the mngle a relative to this plone. It may be shown
(Stoermer, 1955) from eouation 2.1 that the condition |sinal £ &

does not rostrict the accessibility to infinity of particles et points
(R, N\) in the plane provided R > 1, For points on the esarth's

surface this result holds for



3
= P
Re - re(l‘{)v>1

That is, for P > <& = se.60v .

r
e

For R < 1 the particles are not accessible unless | Y| < 1 and
from equation 2,2 it may be seen that the minimum permissible rigidity,

i. found by putting Y =1 is

4
p = M cos A 2.3

. 3y 2
° rz[1+(1—coss)\. sin a)*]

This value of the rigidity is the Stoermer cut off rigidity., Particles

with :igidities below Po are not accessible to the regions (r, A)

from outside the field, At any point of observation the Stoermer

integrel defines » circuler cone, the Stoermer cone, with axis in the

engt-west direction, Trajectories inside this cone of angle Zzﬁ ~-a

vhere - sin ¢ = cos 7\/R2 + 2Y/R cos A (from equation 2,1) are forbidden.
With the centred dipole approximation the geomagnetic cuti off

rigidity at the surface of the earth 1s therefore

M cos® A
T
rez[i +(1-9ine.sind. 0083 7‘)3]2

Fa,0,

where © is the zenith, 4 the azimuth, messured clockwise from
geomagnetic north, M the geomagnetic latitude of observstion., M is
the dipole moment (8.06 . 1025 chs) and r, is the radius of the

earth (6.4 . 10° km) .

The verticerl cut off rigidity (6 = 0) 1is then
P = M ocos? A = 14,8 cos? Ny 2.5
0,8,A 2 . .

R



at the top of the ~tmosphere. Comparing cut offs in the north-south
plene,
= = = P, =
o g, < Tu T Fomp Pg = %
In the east-west plrne
P9,31,1/2,)\° = P.w. < PF; 2 5,9’,"’f/2,)[°

for positively chorged particles. 3y exp-nding the RIZ of equ~tion

2,4 as a power series, it moy ~lso be shown th-t the rigidity difference

Pe,'%,ho Pc,z"?z,ho By 2
= -35 sin 6 . cos7 »
R
= P sin 8 , cos:5 A 2.7

This ~pproximation underestimnteg the difference by less thnn 7 %)
vt latitudes gre~ter thon 4"° ~nd zenith angles less th~n s°:  The
error is approximately (-43 sin’ 0 cos® 2 D) .

In fiure 2,1 the verticnl (rigidity) cut off, tho cut of for 45°
Bast ~nd the o~st-west cut of? difference for zenith nngles of Sﬁo, G
and ¢5° aro plotted rs funétions of geomngnctic l-titude,

The: discussion h~s bcen limited to positive pzrticles re~ching the
earth from outside the field, Since the primery cosmic rnys rre of
predominantly one sien (4ve), thn denendence of cut off rigidity uvon
the razle of incidence will produce an anisotrovy in the obcerved flux
digtribution, which will be determined by the nl-ec of observ-tion ~nd
the rizidity spectrun of the prim-ry prrticle. The so called '"~st-

viest Esymmotry" will be discucsed in 1l»tor sections, Lor nes~tive
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primary particles the e~st and west cut off values c~lculated above
are simply interch=nged 2nd the upper curve of Figure 2.1 then gives
the latitude dependence of the cut off rigidity for negstive particles
‘comingifirom.. the direction as® W,

2.2 THE THEORY OF LEMALTRE AND VALLARTA

The simple Stoermer theory outlined in Section 2.1, gives the
minimum rigidity a cosmic ray particle must possess to be accessible
at a given latitude from a given direction (O, d) « This theory
does not take into account the presence of the solid esrth, Lemaitre
and Vallarts (1936) showed that the presence of the plenetary absorbing
mass places further restrictions on the 2ccessibility of charged pert-
icles to points on the earth's surface. At a given location on the
earth's surface the field of view of a particle detector may be divided
into the following regions. The first of these, the Stoermecr cone has
been mentioned and is derived from a first integrol of the equstion of
motion, The second, the main cone, contains only those trajectories
which come directly from infinity and which do not intersect the earth's
surface other than at the point of observstion.

The region between the main and Stoermer cones, the penumbra,
contains both sllowed and forbidden tréjectories. Simple shadow-cones
also exist ~nd are defined so that the region between the shadow and
Stoermer cones consists solely of forbidden trajectories.

The simple shadow cones calculated by Schremp, (1938) have been
found to be in error. Schwartz, (1959) has recalculated the shadow
and penumbral cones for a limited number of geomagnetic latitudes.

Unlike Schremp he finds no simple shadow cone cut off for zenith angles
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less than 70° for latitudes from 4n° to 45°, These conclusions are
supported by experiments conducted by Winckler et al., (1957) and
Danielson ond I'reier, (1958), The results of Schwartz apply only if
the geomzgnetic field is assumed to be due to 2 geocentred dipole.

The main or 'allowed' cone (M.C.) within which 211 perticle
trajectories reach infinity hns been investigated (Lemaitre and
Vellarta, 1933, 1934-5, 1936) by detailed cslculation of trajectories
in the centred dipolec field approximation. The nllowed cone cut offs
are of interest in the present investigntions because, together with
the Stoermer cut offs, they determine the width (in terms of rigidity)
of the penumbra, At medium latitudes certain penumbrel rigidities
are allowed and others are forbidden.

Colculations of the main cone cut offs have not been extended to
high latitudes and an expression anslogous to the Stoermer equation does
not appeor to have been obtained, Detailed conclusions concerning the
penumbral width, and ttransparency" (Schwartz) can be made for particular
latitudes ~nd directions of incidence. In general the pemmbra is
transparent at high latitudes, and opaque at low latitudes, The
penumbral. width in the direction of the zenith is plotted in Figure 2,1
as a function of latitude using results of Lamaitre and Vallartr and
Schwartz. |

In order to emphasise the complexity of the penumbra at medium
latitudes we exsmine the cnlculetions of Schwartz‘for latitude 41° N,
Given in Table 2.1 are the 3toermer and :1.C. thresholds at n°, 45° E
and 45° % at A= 41° N together with the penumbrnl widths -nd the

total allowed rigidity interval lying between the main and Stoermer cut
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off rigidities., Figure 2.2 shows the detailed structure of the
penumbrs for the two inclined directions. From these the rigidity
bernds allowed at as® but &t at 45° E are derived (Figure 2.2 (C),
(D)). Thus by subtracting the primary esastern flux from the primrry
western flux we obtain the flux of those particles which have rigidities
lying within a mumber, here nine, of adjacent rigidity interv-sls,

Tigure 2,3, taken from Schwartz, 1959, shows the benumbral bands in the

enst-west plane.

veeeseesese TABLE L ..... A= 41° N (after Schwartz)

S 00 00 0000000000000 0008000060000 00000P0000000 280004600000 900 ¢3080006060s0eseer

MATN ALLOyED TRACTION OF

STOERMER - oo PENDMERAL  peny PENUBRAL
CUT OFF oo orp WIDTH TOTH WIDTH
' ALLOJED
0,
(V) (GV) (V) (GV) (%)
0= 45°E 5,691 6.653 0.962 0. 440 . 45,74
6 =o° 4,788 5,384 0,596 n.356 59,73
(Zenith)
0=450y 4,173 4,815 Ne542 n, 342 53.27
EAST-WEST STOZRIMER THRESHOLD DIFFERENCE = 1.518 GV
Fi.ST-WEST i7.C, THRESHOLD DIFFERENCE = 1,838 GV
EAST-ST TOTAL ALLOYED BAND “IDTH (épm) = 1,747 GV

(LA L AL A AL A N L B BN I Y B B N B SRR B I S AN I I N I AP AR I W N I A A RS A S A I N RN S )

The widest rllowed rigidity band lies between the ecostern Stoermer
cut off and the western main cone cut off, It constitutes 52% of the
total penumbral width, 't low latitudes where the penumbra is complete-~
ly dark the width of the allowed rigidity bond is just the difference in

the main cone cut offs, At high latitudes where thc penumbra is
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completely transpsrent, the width is equal to the E-W Stoermer cut
off difference. The allowed rigidity hand width does not 2lways lie
between the 1i,C., ~nd Stoermer cut off differences 2s respective upper
limits. For example, according to Schwartz, st the same latitude
(41° N) the main cone cut off for 48° I is n.425 GV sbove that for _.
48° S, On the other hend, the 45° NS rigidity bend width is 0,533 GV,
about 25 % greater than the “,C, difference.

Consider two locsl directions of incidence sand let the higher .C.

cut off be Ph(i) s the lower, Pﬁ(Z) . The corresponding Stoermer

width of the spectral window obtained by selecting those particles

allowed in direction (2) but not in direction (1),
§p(1, 2) = (Pg(1) - B (2)) * (P(1) - B(1))(2 - q,) + (P(2) - Py(2))a,

for Ib(l) Ph(é) » Where a,, @, rre the fractions of the rigidity
width alloﬁed betveen (Pm(l), Pé(i)) and (%n(Z), Pé(z)) respectively.
The a may conveniently be thought of ns transmission coefficients.
They are approximately equal for zenith angles less then 48® in the EY
plane at latitudes greater than about 4"°,  Under these circumstrnces,
Pm(i) - Ph(Z) (L -a) + Pé(i) - %S(z), . a
Pb(i) - Pé(z) for a=1

B[R0 -2 (@) + 3[B(1) - Bg(2)] for @ = .5

§p(1, 2)

i

Putting @ = n,5 for M= 41° , 0= 45 , 8= 77%, 32 ve obtein

o
)
it

o 1.678 GV ,

which compares favourably with the value quoted in Table 2.1,
In concluding this brief discussion of main cone theory we note

that the mein cone cut off, unlike the Stoermer cut off, is a function
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of the direction of incidence in the North-South plene, The pemmbral
transmission coefficients also depend on zenith in the NS plane,

2.3 THE GUIDING CENTRE APPROXIMATION

"~ In the preceding sections of this chapter we outlined the Stoermer
and Lemaitre~Vallarta theories of the motion of charged particles in the
field of a uniformly magnetised, fmpenetrable sphere. Calculation of
the actual particle trajectories is particularly laborious for psrticles
with low rigidities becruse of their highly looped orbits. In recent
yearsAthe disco&ery by satellites of low energy particles trapped in the
geomagnetic field has stimulated interest in the perturbation theory of
Alfven (19250). This theory is useful, not 6nly A#x deducing the motion
of the Van Allen particles, but also in calculating <. cut off rigidities
and trgjectories of cosmic ray particles at medium high latitudes in the
earth's field.l (Sections 2,43 2.5).

The fundamental assumption is that the dimensions of the loops of
the trajectories sre small compared with the scale size of inhomogen-
eities in the field. During a single loop the particle theﬁ moves in
an approximately uniform field. In Alfven's theory the motion is there-
fore calculated for a homogeneous fiela and the inhomogeneity is intro-
duced as a perturbation. |

For a uniform static field the particle motion may be conveniently
resolved into a uniform translation porallel to B and a circular motion

perpendicular to B . The orbit is a helix of radius

c o] sin;g
Y = e = . 2.8
ZeB 7e B :
_ P
= g 51nyu 2.9

= a gin ’V 2.10



where ¥ is the pitch encle of the helix, (tan'}&= v_L/v” ), P= % ,
the rigidity is defined in Section 2.1 a = Bg is the gyroradius of
the prrticle. The cngular frequency of the circular motion, the
gyrofrequency (4.G.F.),

ZecB

- 2.1
W B 1

where © is the total energy of the particle. The above equations may

be written:

_ p(MeV/c)
a(km) = 3n B (geuss) 2.12
- 6 2 :
w B - 90 10 . EG-—'EW 2.13
WBa 1,4357Z
- - [ - 4
fH Y E(eV) e/ sec 2.1

The magnetic moment,
: _ 2

= Rr— = Rv—l 2 15
/ - ZYH']B - 2 lIIB - ¢
iS constclnt from equ"ﬂtion 2.6.

The particle motion 1. , therefore consistsof a circuler gyratibn

cbout a moving guiding centre. In the present case the guiding centre
hns uniform velocity v, in the direction of the field. In general
the application of a sm2ll force T toa gyrating particle rosults

(Alfven, 1950) in a drift of the guiding centre with velocity

~ _ FxB
b = Ze,B? 2.16
5 |
Providing ’? « Ll (a1fven) | | 2.17

the guiding centre concent holds for non uniform fields. The porticle
motionis then specified by the gyration 2bout o drifting guiding centre.

The field gradients give rise to inertial ~nd magnetic forces on the
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particle and the drift velocity perpendicular to the field may be

written -
-~ B x VB 4
—— 2 2
vD = ZeB3 (QW.L + mv”) XX 2.18
= E(a + C) . B x v.LB o (1 + coszw) soe 2019
l+e ZeB3 '

E = Kinetic energy

€ = Kinetic energy in units of the rest energy.

These equations may be used to find the motion of particles trapped in

the geomagnetic field. The constancy of the magnetic moment (Equation

'2.15) shows that as the particle moves to regions of higher field

strength along a iine of force the pitch steepens and the parallel
component of the ;elocity decreases and becomes zero for By = Bosinzwo.

o . Alfven shofs that the parallel component of the field gradient then
causes reflections of the particle. In a dipole field the motion of

. guiding centre may therefore be oscillatory in latitude. It may also
be shown that the perpendicular drift (Equation 2.19).gives rise to
periodic longitudinal motion of the guiding centre. The motion of a

trapped particle is therefore associated with three periodicities.

These are the gyro oscillation, the "mirror" oscillation parallel to the

~ field, and, for fields with axial symmetry, the azimuthal oscillation
about the axis. For each periodic coordinate p; the action integral
Ji = 5‘ pidaj
will be constant provided the system perturbation is adiabatic. It may

be shown (e.g. Obayashi,1961) that the action integrals associated with
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the gyro and mirror oscilletions in rn exi-l field are respcctively
y =

J ‘—-
and  J, =¢ p, 4 2.22

where the latter integrotion is msde slong the linc of force. A\ third

inverisnt (Northrop & Teller, 196n)

Jq =~/, B .adA 2.22

is nssociated with the periodicity in longitude of the mirror points,
The integrstion is over the surface bounded by the trajectory of eithcr
mirror point.

The adiabatic invariants have been fnmequentlydiscussed in the
literature in connection with the strbility of motion of particles
trapped in the earth's field, It is often assumed e.g. Singer, 1959,
1960 that breakdown of one or more of the inveriants violates the
conditién for trapping. »However, Gall (1963) points out that steble
Stoermer orbits exist for which J, 1is certeinly not constont, Harris,
1963 shows thnot non conservation of/Au may in foct rnise and not lower
the altitude of the mirror points, The theory of prerticle trapping is
currently being developed on more rigorous lines (Gnll, 1962, 1633
Hnyskawn & Obayashi, 19633 Stone, 19633 Harris, 1263),

For particles trepped in a dipole field conservotion of th= first
two invrrisnts shows that the particle gyrates about 2 guiding centre
which mirrors at constsnt latitude ~nd drifts longitudinally on a surface
of revolution of o line of force nbout the dipole nxis,

For the eerth's dipole field the mirror period T(m) (Hemlin et

al (1951)) is



> 4Lre

Vo = Equatorial pitch engle
L = geocentric equatorial distance to the line of force in eerth
radii

V = Particle velocity

9
L4 - 2. 55 [ 10 L
- Ty - v (1.30 - 0,56 sin ¥ ,) seconds 2,24

where

V = Veloeity (cm/sec)

The longitudinal drift period (Ta:') is found by integration of

equation 2,19 . It is given by Lew, (1961) as

p = 2.8 1+E€ To 1 Sy 2 2.25
a L .2*£~.m.L’W. .

where

£ = Kinetic energy in natural units

n%' = Mass in units of the electron massg (me)
e
G("m) R :
F_(X;y = Ratlio of the drift period of a particle with mirror latitude
()\m) to the equatorial drift period. (Tabulated by Lew)
= = 0 = . & -
= 1 at A = 03 1.5 at A =T/2 5 § = 035+ 0.15 sin W _
Z = Charge in units of the charge on the electron.

For non relativistic energies ( € << 1) we have therefore

. 0,047 2G
Ta = EALTF mimites

= ALY seconds .

where
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=
H

Particle mass in a.m.g.
L = ro/'re
£ = Particle Kinetic Energy in units of 931 MeV

Mbré simply,
43,8 G s 2 2%

Ta = E/2) . L ° F minutes

where E/Z = Kinetic Energy per unit charge (MeV per electron charge).
The drift is westward for positive particles, eastward for negative
particles. The drift period is generally much longer than the mirror
period. .

Using Hamlin's results, the natie
T

m _ _ 6Ymey
PLeV/c) .12 E(}% 2.20
10*

is proportional to rigidity and to the square of the equatorial distance
to the field line. The function

E(}po) = 0,47 *+ 0,34 sin}uo - 0,43 sinzyo 2,30
changes slowly with the equatorial pitch angle. For a particle mirrored

at latitude A,

m 6 )\
cos8 N

2
sin
300 1 +3 sin2 hh

4
A
cos” A

oo sin?%)'

If the particle mirrors at the surface of the earth on the field line
labelled by L ,
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from the equation to a line of force, r/rg =L cos? A eee 231

Also L2E(¥,) = 0.47L? + 0.34 - 0.43L72

and T /T, = BlMeV/e) (0.4TL2 = 0.43L72+ 0.34) cee 2632
m’ “A 10% .1

Also from Equations (2.24) and (2.25),

9 )
T, & 2:25352— (1.30L - 0.56L~}) seconds eee 2.33
TB = hg.g o %——E—-E- (0.35[,.‘ + 0.151"3) minuteﬂ XX 2.3!3
2.4 McILWAIN'S L PARAMETER

Early measuremeﬁts of the spatial distribution of the
inﬁensity of geomagnetically trapped radiation revealed that the centred
dipole representation of the earth's field cannot adequately account
for the observed distribution. The constancy of the adiabatic
invariants of the particle motion (Northrup and Teller,1960) allows a
simple magnetic coordinate system to be used (MeIlwain, 1960).

The longitudinal invariant (I) is defined at a point A. in
the field by : |

I= jA(l - %‘)%ds . ese 2435
A A

and is  derived from J, =j§l p,ds (Equgtion 2.21)by assuming
Jy=u=s consﬁant, and p = constant, where A" ié the conjugate
point of A, '

The points in the earth's field for which I, B have the
same value lie on two closed curves, one in each magnetic hemisphere.

The previous section shows that the guiding centre of a trapped particle
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mirroring at the point (I, B) will remain on the surface containing

the lines of force uhich connect the two curves. The problem of labell-
ing such a surface is ﬁhat of finding a function F (B, I) that has

a constant value slong a line of force. This function could be found

by examining I = Fi(B) along lines of force calculated from some
representation of the real field. McIlwain states that the average
values of the functions Fi (B) around the surface will be well
represented by the functions obtained for the dipole field component
alone.

The invariant I for a dipole field is -
I = r, h1 \)
where h,(X) is a function of M\, r, = equatoriel distance to the

field line in earth radii.

s .
Also r, B _(4-3 cosg K)%. - (k)
‘ M 8 3 -T2
_ cos
. 3
. IE;Q = h (rb B)
[N J M 3 m
3
3 r B
I"B, _ ‘o
or F( ] )y = v

Hence the parameter (L) may be defined:

3B I° B

L v F(T) 2,35

where I and B are calculated at the point from an approximation to

© the real field, If the real field were due to a dipole of moment M ,

12 B

then L=17r the equatorisl radial distance, The function F(—3r~)

o ?
may be quickly evaluated hy an approximate method described by McIlwain
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if I and B are known, However the calculation of I 1is lengthy.
Some values of I and L have been computed from the Jensen &
WHittaker (1960) field representation by McIlwain. It is found that
L usually varies by less than 1 % along a line of force. It is also
found that trapped particle intensity measurements are well organised
when plotted in B, L coordinates snd that the Argus shells were
coincident with surfaces.of constant L ,

Singer, (1962), points out that the mapping of the point (I, B)
in the real field to the point (L, B) 4in the dipole field, is unique
only for particles which mirror at the point (I, B). Stone, (1963),
suggests that L be redefined to apply only to particles which mirror
at that point, The redefined value of L is then an invariant of the
particle motion and not necessarily constant along a real line of force.
The values of L are within 5% of the equatorial radius of the field
line, This fact, coupled with the redefinition of L as an invariant,
shows that the radial separation of particles initially trapped on the
same field line is approximately proportional to the difference in thelr
L values. Thus the L parameter has a physical significance for
particles of constant magnetic moment trapped in the geomagnetic field.
In view of the near egquality of L along a geomagnetic line of force,
the equations of the last section, in which L was identified with T, s
may be used with small resultant error, V
3,5 CUT OFF RIGIDITIES IN THE GEOMAGNETIC FIELD,

Having surveyed various approaches to the calculation of charged
particle motion in magnetic fields we now review the application of

these theories to motion in the actual geomagnetic field,
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Obgervational evideqce shows that the centred dipole approximation
to the earth's magnetic field is inadequate to account, through geo-
magnetic theory, for the distribution of the cosmic ray intensity over
the surface of the earth, The close relation between the sea level
cosmic ray intensity and the local value of the field strength (Rothwell
& Quenby, 1957) suggests the importance of the non dipole components of
the field in determining the cut offs. Significant discrepancies remain
when the eccentricity of the real dipole is taken into account.

Assuming that a knowledge of the surface magnetic field is suffic-
ient to compute the orbits of charged particles in the vicinity of the
earth, cut offs may be found by computing numerous trajectories using
. surface field measurements. This has been done by McCracken (1962)
for a number of selected observatories using the 6th degree spherical
harmonic expansion of the magnetic potential due to Finch and Leaton
(1957), McCracken's results refer primarily to asymptotic directions
of incidence, and only in a few cases do they allow the cut off rigidity
to be estimated with high accuracy.

A different approach, based on Stcermer theory is due to Sauer
(1963), who also uses the field derived from the Finch & Leaton coeffic-
ients. The influence of an external field due to a "ring current”’ in
the exosphere is also caslculated,

é direction and point of incidence are chosen on the earth's
surface for a particle of given rigidity., The equations of motion of
the particle in the real field are then integrated to determine the
position and direction of the particle at a radial distance from the

centre of the earth, the ''transition radiue", where the non dipole field
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components are negligible and where the particle may be assumed to
move in the dipole part of the real field, Simple Stoermer theory

is then used to determine whether or not the particle can have errived
from infinity. The procedure is repeated until the minimm rigidity
allowed by the Stoermer criterion is reached. This is then the cut
off rigidity.

The first part of the calculation is solved in the guiding centre
approximation, i.e. the magnetic moment of the particle is assumed to
be an adiabatic invariant of the motion. This places an additional
restriction on the choice of the transition radius and 1limits the
calculation to latitudes above 45° . The effect of a ring current may
be easily taken into account since the Stoermer integral exists for all
axially symmetric fields.

The initial calculations of Sauer refer to the cut off for vertical
incidence only and being based on the simple Stoermer model, do not
provide any information on the width or transparency of the penumbra.

The effective cosmic ray cut offs might therefore be expected to beareater by
5 - 10% than those cslculated by this method,

Sauer compares the cut offs obtained in this manner with the

frequently used Quenby-Wenk (1962) and Quenby-Webber (1959) figures.

In eddition a comparison is made with cut offs defined by the expression
_ -2
R = 14,9L " GV 2,36

where L 1s the "'magnetic shell” parameter obtained from the Jensen &
Whittaker (1960) field representation at the point of incidence, It

was found that thea L derived cut-offs differed by as much as 30 %

from the cut'offs obtained at the transition radius.
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In a second paper (Sauer & Ray, 1963) the discrepancy is examined
in some detail. It is stated that the L derived cut-offs agree with
the results obtained in the first paper with an error of not more than
several percent, provided that L is calculated at the guiding centre
rather than the point of observation and that the guiding centre approx-
imation holds at distance sufficiently grest to make the non~dipole
terms negligible. (The original discrepancies are due in part to an
underestimate of the effect of the non-dipole field components at
large distances.)

Sauer also states that a consequence of equation 2,36 is the
approximate constancy of the cut offs in the direction of the field
along a line of force., This statement is verified at seversl latitudes
below those at which the guiding centre approximation holds, by numerical
integration of the equations of motion using the Finch & Leaton field,
The authors conjecture that the L expression holds at all latitudes,
but state that this mgst be verified by nmumerical integration.

In connection with these statements we note that a comsequence of
equation (2.,1) (the Stoermer integral) and equation (2.31) (the equation
of a dipole line of force) is the invariance of the Stoermer threshold in
a given direction to the meridian plane at 211 points on a dipole line
of force, In the centred dipole approximstion the Stoermer threshold
in the plane of the line of force is thus constant and equal to the
vertical threshold rigidity at the intersection of the line with the
earth's surface.

In the earth's dipole field, equation 2,36 therefore holds exactly

if L 1is the equatorisl distance in earth radii to the field line on
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which the obzervation is msde. This result is iu&sMnt of the
validity of the guiding centre approzimation.

Yebber (1963), using a method by Cehluter (1958), has
also elegantly applied the Stosruer apd Alfven methods to an
investigation of high latitule Mieu trajectories. Previous
methods of findiny the directions of particles outside the earth’s
field (the asymptotic directicns) corresponding to particular
directions of incidence at pointe on the earth's surface required
lensthy machine caleulations (&Cracken et al., 1962).

The vertical cut-off rizidities in the real field of the
earth have deen calculated by Guenby and Webber (1959) end Juenby and
enk {1962). These authors consider perturbations of the dipole
trajectories in the real field and find the "eguivalent Stoermer latitude™

A, for points on tke earsh's surfzce. Heplacement of the geomugoetic

]
latitude A by Ag in the Gtoermer cut-off expression (Bquation 2.5)
then yields the vertieal threshold rigidity. Iu the latter paper
experimentsl results m used to find alaéd the penumbral width and
transzission (8ection 2.2). Thagse results for the vertical thresholds
appear to be in good agreement with observation (Pomerantz et al., 1962).
In deteraining the thrasholds in directions other than the vertieal, the

‘results of Guenby and Weak end Quenby and Webber will be used to find the
equivalent Stoermer latitude. The results of Seetions 2.2 and 2.3 for

the dipole field will then be uscde This procedure my be questionahle,

particularly whon the ficld is disturbed.
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CHAPTER THREE

DIRECTIONAL CHARACTERISTICS OF THE COSMIC RAY

FLUX AT BALLOON ALTITUDES

INTRODUCTION

In the preceding chapter we discussed the influence of the
geomagnetic field upon charged particle motion. In this chapter we
discuss the cosmic ray observations in the light of the geomagnetic
theory. In particular, the predictions from the Stoermer & Lemaitre-
Vallarta theories of anisotropies in the cosmic ray flux are compared
with high altitude observations, We assume that the primary cosmic
radiation is isotropic in space outside the earth's magnetic field,
and that Liouville's theorem holds for the motion of cosmic ray
particles above the atmosphere,

3,4 LIOUVILLE'S THEQREM

This theorem states, in the absence of particle collisions, the
density in phase space of the representative points of the particles
is constant along a trajectory of any point in phase space, It has
been shown (Swann, 1933, Fermi & Rossi, 1933) that the theorem holds
for static electric and magnetic fields, also that it implies the
constancy of the directional intensity at any point on the dynamlc
trajectories of the particles in a static magnetic field.

If the flux of particles of rigidity (P) is isotropic outside
the earth's field (assumed static) the observed intensity in the
vicinity of the earth is then, in the absence of electric fields,
either equal to that at the source or zero, according to whether (P)

is an allowed or forbidden value of rigidity, The flux of particles
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of o particular rigidity consequently remains isotropic in the zllowed
cone, although the total flux of particles is cleerly anisotropic, the
directional flux distribution at any point being controlled by the
rigidity spectrum of the primary particles.

If the flux is not isotropic at infinity the trajectories of the
particles must be calculeated in detail, The theorem may then be applied
at any point on the calculated trajectories, This situation arises
in the case of particles injected into the terrestriel field following
solar flares, Anisotropy in the galactic radiation (Jacklyn, 1963)
mey be treated in the scme way, Assuming isotropy outside the field,
we need to know the rigidity spectrum of the primary particles in order
to predict the directional effects observable with detectors situated
neer the surface of the earth,

3,2 THE PRIMARY COSMIC RAY--RIGIDITY SPRCTRUM

The proton spectrum at sunspot minimum derived from measurements

made in 1954, (Webber, 1963) may be described by a power law:

< ¥
N(P) = KP ¥ peters/GV 3.1
with exponent Y = 2,48 £ 0,05 in the range 5-16GV. Below 3GV the

spectrum begins to flatten and reaches a peak in the region 1</GV .
From the result of McDonald & Webber (1958) that

N(P  4,8G6V) = 730 ¢ 30 peters,

the constant K may be determined as

K = 1,00, 104 .

The a-particle spectrum appears to be similar in shape to the

proton spectrum in the region 1-5GV . The power law exponent in

# 1 pster= 1m -2 sterad " sec -1
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the region 5-16GV, given by Webber as 2.45 * 0.0k, is not significantly
different from that for protons in this range.

No heavy particle measurements in the range (1-5GV), were -
made during the 1954 sunspot minimum. Other measurements (Evans,1960),
(Ellis et al., 1954) suggest that the spectrum is similar to the proton
anid alpha particle rigidity spectra.

Summarising the differential rigidity spectra for the year
1954 we have for (5 < P < 16)GV,

N(P) = K,P~7 peters/GV,
vhere K(Z = 1) = 100,10 ; v = 2,48 ¢ 0,05

K(Z = 2) =1.39.10%; vy = 2.45 ¢ 0.0k

K(Z = 6) = 1.1.102 ; y = 2,44 * 0.06

During the previous solar minimum (1944) the sea level
ionization was higher than in 1954. However long term instrumental
drifts do not allow any definite statement regarding the relative primary
fluxes. fhe question of whether the 1954 spectrum represents the actual
galactic spectrum may be answered when observations made during the
present i ni mum (1963) are analysed.

If it is assumed that the peak in the spectrum at sunspot minimum
is due to a residual solar modulation of form (K(t)/P, it has been shown
- by Webber that the true galactic spectrum would still not be a simple
power law below 5GV. The form of the spectrum in this region is

therefore of interest in establishing the processes of acceleration
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and propagation of the primary rediation.
The spectrum at solar maximum is apprecisbly harder than at

solar minimum. This result has been established by (a) latitude
surveys, the interpretation of which depends on the geomagnetic

theory; (b) by energy sensitive detectors, and (e¢) by exsmination of
the atmospheric depth dependence of the intensity. The higher mean
energy of the observed radiation near solar maximum is accompsnied by
a reduction in the totsl intensity. These two facts suggest the
preferential screening of the lower rigidity particles at times of
maximum soler setivity. In figure (3.1) the integrsl rigidity spectra
of cosmic rays obtained at times of sunspot maximum and minimum sre
plotted (after Webber, 1962), LY weu ?;4:3_&Enamgjxmhtinéreases in
the charged particle inténsify frequently occur following opticel flares
on the sun, The rigidity spectrum of the flare produced rsdiation has
been investigated by Freier & Webber (1963) who show thet the spectrum

is well represented by
N(P) = K exp (-P/P)) 3.2

where Pb in the exponent is of the order of 102 MV .
3.3 COSMIC RAY EFFECTS IN THE GEOMAGNETIC FIELD

Use of the geomagnetic theory (Chapter 2) in conjunction with
Liouville's theorem, enables the cosmic £ay rigidity spectrum to be
deduced from observations of the cosmic ray flux., Neglecting atmos-
pheric effects and sssuming the primary particles to be positively
charged, the following effects are expected at the surface of the esrth,

A, The Latitude Effect

In 2 given direction of incidence the threshold rigidity falls as
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the geomagnetic latitude of observation is increased., The cosmic ray
intensity therefore rises with latitude es particles of progressively
lower rigidity ere admitted by the field.

B. The Longitude Effect

The eccentricity of the dipole field and the non-dipole components
field produce a longitude dependence of the threshold rigidity and hence
of the cosmic rsy intensity.

C. The Erst-Jest Asymmetry

The dependence of threshold rigidity upon the direction of incidence
give rigse to a directional gsymmetry'in the intensity. Since the
threshqld for positive p;rticles is higher in the eastern than in the
western direction the intenSity is higher in @he west than in the east.
The east-west asymmetry (aew) is defined by

J -J
W

- e
T (9) = m 3.3,
where Je, Jw are the directional fluxes measured in the esst-west

szenuths at the same zenith angle.
From equations (2.4 ) (2, 7) and (3.1) ,

Te = Jo = J Tew ()

€J!§ )1-‘Y +sKsino . cos(7-4Y)K 3,4
4r

and spproximating #J, + J) by J(@ = 0°) we find

(Y -1)sino,. cos® A 3.5

e

Cew (8

These equations show that the Bayline $T§) at middle latitudes whers
both equations (2.7 } and (3.1) approximately hold, is a linear function

of the spectral index, Y , and a sensitive function of the geomagnetic
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latitude. The "eszst-west excess", 3 unlike the asymmetry,

ew ?
increnses with latituds (for Y > 7/4) &nd therefore might be expected
to reach a maximum =t o l-titude determined by theflafieﬁiggof the
spectrum below 3GV . In figure (3,2) the erst-west excess snd the
erst-west csymmetry have been plotted for the spectra of Figure (3.1)
using the exact Stoermer relstions r#nd neglecting the effect of the

penumbra.

D. The North-South Asymmetry

Although the Stoermer threshold in the IS plane is independent
of zenith, the main cone threshold is not, At latitudes éiouthe
resultant NS asymmetry is negligible for zenith anzles below 30°
For 30° e 4g° » %s is o maximum at 45° ond then decresses
to zero as 0O is increased. s changes sign between 509 and 60°

ond again at @ = 70° as the simple shedow cone cut off dominates

for @ 70°, At N = 41°S, the ssymmetry

Js - Jn
0,4 for 6 = ag° ..

3,4 OBSERVATIONS OF THE EAST-WEST ASYIMETRY AT BALLOON ALTITUDES

All of the geomsgnetic effécts of the preceding section have been
observed. The latitude effect has been often used to determine the
spectrum of the primary radiation, (e.g. Johnsdn, 1938), In this
section we reviow high altitude measurements of the directional effects.

A comprehensive investigation by Winckler (1949, 1950) of the
azlmuthal effects at Balloomeltitudes, while revealing significant

asymmetrics at lower latitudes, failed to reveal an east-west asymmetry
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at geomagnetic latitude A = 55° It « Had such an asymmetry been present
its magnitude must have been less thsn 5% in nagnitude. .. - Lo

Loanor S T P R N

The measured nsymmetry (0.26 % 0,08) at X = 40° was shoun by
Anderson (1955) to be in consistent with the shrdow cone csnlculations
of Schremp (1938) after atmospheric effects had been trken into account.
Schwartz, (1959) recalculated the shadow conesfor a centred dipole field
at a pumber of selected latitudes. He concluded that the asymmetry at
A = 40°, 0 = 60° as meesured by Winckler and Anderson with a
directional Cerenkov counter to be (0.39 b 0.2), was in agreement with
the value predicted (0.35 < a < 0,52) for a differentiasl spectrum P"Y
with (2 <Y < 2,5) . In general the cut off rigidities predicted by
Schwartz lie between the Stoermer snd main cone vslues Sect., 2.2. The
result quoted above is obviously not of sufficient accuracy to yield
useful spectral information, even assuming the dipole cnlculations to be
applicable, On the other hand the v=lue obtsined with a geiger tele-
scope, although of higher statistical accuracy clearly errs on the low
side due to the presence of the secondary bsckground., If it is assumed
that the background flux counted by the geiger telescope is the same for
both east and west directions it must exceed one hslf the primary flux
from the east. On this basis the messurements at A = 55° indicate
a primery asymmetry less than 8 %. 1In fact, nssuming a 1/p spectral
law, a2 primary asymmetry of no more then 8 % might be esnticipated so

that the experimentnl results sre not in conflict with the assumption

that the cut offs are given by the Stoermer model. If (as secms to be



tke case), the differentisl intensity at 1.5 GV is no greater thnn rt

3 GV »t sunspot maximum (when the cxperiments were carried out) the
prinary asymetry ct A = 55°, (P, = 1.45GV) would be sbout 5.5 %,
so thet the meosurable asymmetry would be less thon 3,5 5. The absence
of » measurable ssymmetry at M = 56° night therefore be expected
irrespective of the phnse of the solar cycle from observ~tions of similar
stotisticel 2ccurscy to those of Yinckler. Photogrephic cmulsions hrve
becen used to mersure the directionnl effects. Tigure 3.4 reproduces the
azimuthal varintion in the intensity of the heavy (Z > 5) cosmic ray
component at N = 42° I observed by Drnielson & Freler in 1956, These
observations are in gonersl agreement with the telescope results of

HUinckler & Anderson, but suggest the azimuth of msximum flux to be 20°

south of geomagnetic west,

It is clear from the work of Neher (1948) thnt significent direc-
tioﬁql asymnetries are mersurable with both shielded and unshiclded
telescopes ot large atmospheric depths. TFor exsmple over Peru,

a(e = 450) = 0,23 % ,01 st # = Eleg/hmz . The values are slightly
higher for telescopes shielded with 10cm or nore of lend. The
Cuenby~Jebber vertical cutoff rigidity is 9 GV and the geomngnetic
asymmetry is 0.8 for a P integrnl spectrum, The mensured asym=etry
is therefore about one qusrter of the predicted Stoermer v-lue.

Johnson and Barry (1939) carried out a number of flights with
inclined telescopes =t Am = 20° N, The me~sured east-west asymmetry
averagzed over the depth intervnl 50 - 180 g/cmg wzs found to be

0,072 , That this value is snomalously low crn be seen by comparison

with the results of W:her (% = 310g/en) ond Uinckler (x = 13.98/cm’)
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(e = 600) = 0.58 at the seme latitude., It is difficult to recon-
cile Johnson's value of a with the latter'results, despite the fact
that it wes obtained with ~n unshielded telescope of wide aperture,
averaged over 180° azimuthal sectors and at depths close to the trans-
ition moximum. Uinckler found that similar gzimuth»l aversging reduced
his velue of a from N,58 to 0,32, He concluded 21soc that at a depth
of 100 g/cm2 @ would be further reduced to about 20 % .

Winckler's results did not reveal a consistent depth dependence
of the asymmetry, because of the poor statistics of the ascent data.
Fliéhts at the equator with unshielded telescopes did show however that
the east-west diffrrence did not change apprecisbly with depth below
X = 200 g/cmz s although the directional fluxes increased by a factor
greater than three in going from x = 15 g/cm2 to x = 200 g/cmz .
foreover the. asymmetries obtr-ined were less than 10 % below those
jegsured with z‘cm of Pb absorbef. This latter result agrees with
the obserVations of Neher at grester depths. Inspection of the graphed
Winckler data for higher latitudes suggésts that'the asymmetry decresses
‘slowly with increésing depth until the transition maxima are reached
vhere upon the asymmétry drops rsther more rapidly with further incresse
in'depth. |
| The enrst-west difference increnses with dépth, rezches n m~ximum
near the tronsition mexima and then decrerses rﬁpidly. The difference
between the east rnd west transition depths is noticeable, the grentest
western flux being observed at a lower depth, as might be expected.

Although it is not possible to obt-in an accurate a(x) relation
from the above results, it is clear that the nsyﬁmetries are preserved

st consider~ble depths in the atmosphere. The results of the prescnt
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experiments are discussed in Chapter 8, These results have ressonable
statistical accuracy, having been obteined during the floating periods
of the flights,

In a recent review, Kane (1962), has examined the azimtheal

»y

measurenents of meny observers at ser level snd et high altitudes. He
concludes that the high éltitude measurements at high lsatitudes are
statisticnlly inedequate to allow any detailed compsrison with the theo-
retical effects.

3.5 THE SFLASH ALBEDO

The experiments of Anderson (1955) with Cerenkov detectoré have
yielded useful information on the depth and latitude dependence of the
splash albedo, the presence of which prevents a direct comparison between
the theory ond observations of the azimuthal varistions.

In Anderson's experiments the absolute flux of the 'fast' vertical
splgsh albedo (P > 1,4GV) was a werk function of letitude, increasing
from 70 to 110 peters at 20 g/cm2 for a latitude renge from 10° to s8°.
The statistical errors are such, thot the incresse msy not be significant.,
Expressed as a peréentage of the total telescope flux, the fast splash
albedo at the zenith decreases from 15% st A = 10° to no more than
2% at N = 58°,

At latitude 40° the azimuthal dependénce of the splash rlbedo was
found to be small., This result indicates thet the fast nlbedo is pro-
duced by field insensitive primeries (protons of energy greater than 10 GeV)
at this letitude, Neear the equetor the flux inereased with zenith angle

0

ns might be expecteds In going from o  to 60° zenith the flux incressed

by about 70% . Ho incresse was observed at 40° latitude.
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The albedo at latitude 55° decreased by a factor of three in

going from 20 to 55 g/cm? atrospheric depth.

The albedo flux below l.h GV was not obtained directly in this
work. However the proton flux in the momentum band 0.64 to 1.4 GV,
that is, those protons producing no Cerenkov light but capable of being
detected by the geiéer telescope; wvas obtained, This flux contains a
contribution from the lower emcrgy splash elbedo which at high latitudes
is greater than the Past albedo flux. At latitude 55° its intemsity is
greater by a factor of 10 at 20 g/cm?, At greater depths the factor
increscses rapidly and the fast splash albedo becomes an insignificent
fraction of the slovw proton flux.

MbDonald'and Hebber directlj reesured the proton intensity at
A= 55° in 1955 to be 2600 peters. Single counter data obtained.gt the
same time (van Allen and McIlwain,1956) indicated an average indirectional
flux of 4200 peters et tﬁe top of the etmosphere. By assuring the re-
entrant and splash albedo fluxes to be equal (Méredith et al., 1955) the
total splash albedo beccmes 800 peters, about 30% of the primary flux.
This result is in agreement with Anderson's work and suggests that it is
the low energy parf of the splash albedo which is most sigﬁificant in

reducing the directional asyrmetries at high latitudes.

3.6 AIM OF THE PRESENT EXPERIMENTS

Having surveyed the theopetical and observational background to
the:directional cosmic ray effects, it is now possible to state the
objects of the present work. The review of the literature reveals a
dearth of high altitude asymmetry meesurements - particularly at high

latitudes where the geomagnetic effects, although small, ought to be



most secnsitive to modulation of the primary spectrum, In recent yesrs
attention hrs been directed towards obtaining more accurate predictions
of the distribution of cosmic ray flux over the surfrce of the esrth,
(e.g. Quenby & tebber, 1959; Quenby & 'lenk, 1962; Pomerantz, 19623
iicCracken, 1962), ‘Ihese investigations have not yet been finalised,
even for radiation incident from the zenith. However, availebility of
accurate field representations, high speed digitsl computers and more
advanced experimental techniques sugzests that the geomnagnetic effects
night, in the near future, be sufficicntly well known to allow the
rigidity spectrum of the primary radiction to be deduced from directionnl
mensurements at a number of fixed locations on or above the earth's
surface. The first of the geomagnetic effects used to provide spectrrl
informntion, nrmely the geographic depecndence of the inteunsity, hns
recently been re-examined (McCracken, 1962) and it hos been showvm for
instance that the daily varintion of the sea level intensity is probably
independent of energy. It séems likely that advances in elucidating the
energy dependence oflother intensity variastions may also result from
the application of similar methods,
The immediate aim of the present experiments wrs therefore the
acquisition of directional charged particle fluxes nt high latitudes and
altitudes. The main emphasis will be placed on mersurements of the
egst-west excess flux (6.Jew) as the preceding sections suggest this
quantity to be more significnnt than the east-west asymmetry (aew)
whon me~sured with directionsl geiger telescopes. It was hoped that
these data, would provide spectral informstion at low rigidities.

Some contributions to the understanding of the geomngnetic eoffects might

38
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2lso be expected. In the following chapter, experimentcl results on
the ezimuthel distribution of the high altitude flux will be presented.
The extent to which these results are consistent with present estimstes

of the primary spectrum and the geomagnetic effects will be described.
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CHAPTER FOUR

ACQUISITION OF DATA

INTRODUCTION

The aim of the experiment was discussed in the previous chapter.,
In this chapter we examine the techniques of measurement. The cosmic
ray flux may be obtained with a variety of instruments, Economic
considerations suggested the geiger counter telescope to be a suitable
directional instrument. It was hoped that cosmic ray datas could be
obtained by suspending an inclined telescope below an elastic balloon,

- valved to flost at a constant atmospheric depth using the method of
Hopper (1957), The natural rotation of the balloon and pay load was
relied upon to provide azimuthal scanning. The azimuth of the tele-
scope was obtained with solar sensors. As a result of difficulty with
the balloon valving technique at Hobart (geomagnetic latitude, 52° S)
it was decided to fly equipment at Mildura on the Australian mainland,
An air sempling program (Project Hibsl of the U.S. Atomic Energy
Commission) utilizing plastic balloons was being carried out at

Mildura (geomagnetic latitude, 44° S) by the Australian Department of
Supply. A mumber of telescopes were included with Hibal pay loeds and
successful flights were made. ‘

In the following two chapters we discuss the techniques of data sc-
quisition, recordimg and read out associated with the Hobart and Mildura
experiments,

4,1 TELESCOPE DESIGN FOR DIRECTIONAL COSMIC RAY EXPERIMENTS

Directional measurements of the primary flux at a given location

may be used to obtain, using geomagnetic theory, a differential rigidity
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spectrum of the primary radiation, Assuming that the geomagnetic
theory presents no obstacles, the greatest problem lies in discriminat-
ing between the primary and secondery components of the cosmic ray
flux,

| The simplest method is to meke measurements of the heavy part-
icle flux, Alpha-particle flux measurements using photographic emul-
sions are one example of this method. Since the secondary background
of a-particles must constitute a very small fraction of the primary
intensity, such measurements are virtually uncontaminated by the splash
albedo and other secondary components.,

Large geiger tube telescopes suitable for balloon work cannot
eliminate the secondary background because of the large mass of absorber
required, The time resolution of these tubes is also too low by seversl
orders of magnitude to discriminate between up and down coming particles,

The Cerenkov detector exhibits a marked 'anti-directional’ property
and may therefore be used to eliminate the fast splash albedo contribution
to the charged particle flux, In addition, since this type of detector
is velocity and charge sensitive, further discrimination against the
re-entrant albedo and soft secondary particles is possible.

Unfortunately the ﬁreservétion of the anti-directional character-
istics of the detector is incompatible with the requirement of high
geometric sensitivity, This situation arises principally because the
limited opticai aperture of economic photon detectors reduces the permiss-
ible volume of the Cerenkov radiafor, and hence the area-solid angle
product of the detector., In the experiments to be described the total
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period of data collection in any onme flight was too short to allow
accurate directioral flux reesurerents with Cerenkov detectors using
conventional photo multipliers. The view was taken that the directional
measurements were most efficiently obtained using geiger telescopes of
high sensitivity. |

The Cercnkov counter technique was £irst applied to the albedo
problem by Winckler (1952). Later work by Winckler and Anderson (1952,
195&; 1955)‘resulted in reliable estimates of the background radiation.
Anderaon considers the east-vest asymmetry observed by a geiger
telescope to be |

o (Iy + X, + Y) = (Ip + Xp + Xp)
Py T Iy ¢ ig v Xy + Xg + Ty + Yp) ces bol

where Iy ) ;onising particle flux from the West (East),
chleulated from geomagnetic and nuclear
collission theory (at the depth of observation)
Xy(p) = Measured fast splash albedo flux from the Vest
(Bast)

Measured slow proton flux from the Vest (East)

)

Yu(m)y
He found the fast splash albedo and slow proton fluxes to be independent

of azimuth and was therefore able to rewrite Equation 4.1 in the form

I .
aéw = 8 Ed coe l&.2
[\) g
EW
— + (X +Y) + I

Equation 4.2 shows that the measured asymmetry will in general be less

than the geomagnetic ("primary") value.
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How the differential flux 6Ip; evidently contains little
or no background contribution. At depth xg/ecm? we therefore write,

SIEW(X) 2 m(X)'st see ho3

From Equation 3.4,
GIEH(X) é K('lfz)i-yom(X)oSineocos('r.hY)x ) eos hoh

The factor m(x) may be found by experimont or by calculation. The
prinery differential flux may then be obtained after extrapolating

n(x) to zero depthe To find K and v separately, some assumption
must be made about the background contribution to the measured flux,

Ve are now in a position to consider the design of the telescope. The
basic limitation to the accuracy of the directionmal rzasuremsnts is
imposed by statistical fluctuations in the counting rates. Assuming

" the counting rate in a given dircction to be a Poisson variéble, the

variance of the east-west difference rate is

62(]}:‘, - &E) = (I.WWTW + ﬁETE) see hos

R - B T sit;
15 i : Ef

therefore gg_f}-@_{l = (E"" 1 ‘ ece 4.6

1

2 e
Y ] * 81,
IW - !E EW'

where 1 is the duration of the measurements, (tE = 1, = 1/2),
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and G 1is the geometric foctor of the teiescope. If the bacliground

wvere absent and the measurerents vzre made at the topz of the atmosphere,

then
GiEw GJEW
I-U=J°

end  6(silgy) (6Igy)

8%y 61gy

_ 8(83g,)
6Jgé_
Jo)? -
( 0) GJEr o : :
(/ue2)Y1)/2 N
= (-'E'-G.) * (Y - l)é.Kg‘cosgs ZY)A 8in0 see ho?
=F (vs2,K). é{%?%i' vee 1.8

Since y = 2.5 for P > 3GV, the duration end geouetric factor
required for a given statistical error in 8Jgy vill be independent of
laxitude at low and medium latitudec. The quantily tGsin20 -is
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then approximately . ca?-cterad-sec. For k = 0.1 (10%),

sin 0 = hso, G = 100 cml~-sterad, the required period of data collcction
is therefore about ome minute. At high latitudes longer flights or

larger telescopes are required because of the reduction in the spectral



intensity and the reduction im the east-west rigidity difference,

The quantity (sin20.tG) is plotted in Figure 4.1 for a standerd error

in &8Jpy of 1% using the spectrum of Section 3.2. The ordinate

of this curve may be scaled to a standard error of k% by mltiplying
by 1/x2. The discussion above aeglects the baékground contribution

and comnsequently over estimates ¢he statistical accuracy attairable

with geigzer telescopes.

) ANGULAR RESOLUTTOI

Aziruthal intensity studies with telescopes do not yield
directly the flux in the direction (8,¢). Duc to the finite openiﬁg
angle of the telescope and the anguler resolution of the associated
compass deviece, the particle flux deduced from.the telescope counting
rate is effectively averaged over non-zero zenith and ezimuth intervals.

We have seen that to any given direction of incidenmce, it is
possible ¢o find an effective threshold rigidity which depends oniy -

weakly on the primary spoctrure In order to investigate the influence

. of azimuthal resolution upon the expected directional effects, we

consider a simplificd model of an experiment designed to measure the
east-west asymmetry (G), the east~wcst asymmetry ratio (J/Jp), and
the differential flux (Jy - Jg). |

The threshold rigidity at high latitudes is well approximated by
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the expression,

P (f) = P +P,sing

then . P(W2) = By = P + P,
and | P, (372) = B, = P - P,

g+
SF K8, -$ ,¢°+S>) = 51'8' f(P1+ P,sinfg) af = P, + P, sin g,

g,-5

(sinS)
8

S, -1;0 (<1r/2 ..5 ’ 7"/2 48) ) - Pj_ + Pz . siné
4,9
and P (W2 - ,32a+8>) = b, - P, . 31_61;6_

It may be seen that the aperture effect is quite small, For

exémple s if 28 = T2 s the eastern threshold would be lowered by

an emount P2 (1 - i‘%‘-i) = 0,10 2‘?:a s while the western threshold

rigidity would be raised by the same amount. The effective cut off

rigidities at latitude 41° (Schwartz, 1959),

P. = 6.13 GV
E ,} 0 = ag
B, = 4.46GV

therefore become, when averaged over 90° azimuth intervals ’

iSOE = 6,06
} GV
Pow = 4,54

values, which differ from the true threshold by little more than 1 % .
Taking on integral rigidity spectrun of the forn FP,~, the "primary”

asymmetry,
z(Jw - JE) P

6 = —_——T
Ty * &
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= 0,316
becomes 3p
Q@ = =2, sin 4,10
P, Fy
= 0,285
while the ssymmetry ratio
Iy _ P1 + P L
T, ~ P, -P, ~ ™
E 1
becomes -
P
gE- = 1,33
W
The differential intensity,
(F; - B)) X . P,
Y- k537 ° P S N]
W E P . Ph (P1 - 2) . ( N 2
= 0,061 K
is reduced to oK B aind '
= - _ 2" &
Jy=Jg = —3 4,11
Pz _pd 8in §

1 _Pa.—v-

0,055 K

The required zenith angle resolution is comparable with that required
in the azimuth plane, In the absence of a simple shadow cone cut off,
the pemumbral transmission will not change rapidly with zenith angle,
and the sin © dependence of the east-west effects given by the Stoermer

expressions, (equations 3,4, 3.5) show that

Gy (8-6,04+8 ) . 89 (0-8,048 )
%y (9) § T5u(®

= %”—é-= 08 for §, = /s
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The generally small magnitude of these differences suggests that
extremely high angular resolution is not required for an investigation
of the type to be déscribed. This allows the'use of wide angle tele-
scopes and compasses of limitéd resolution, in order to improve the stat-
isticel accuracy of the telescope count totels without introducing
large bias to the directional flux data. For the same reason however,
accurate determination of the directions of maximum and minimm flux
cannot easily be made at high and medium latitudes, The presence of
a secondary particle contribution to the telescope counting rate rein-
forces these conclusions. In determining the permissible zenith angle
resolution it is clear however that large zenith angles should be avoid-
ed if a bidirectioqfﬁ%tector, such as a geiger telescope, is used.

4.3 THE GEOMETRIC_SENSITIVITY OF COUNTER TELESCOPES

The great variety of geometrical arrangements of the counting
tubes in telescopes, and the various approximations used by different
workers in'calculating the telescope response to charged particle fluxes,
ﬁae in the past led to some confusion. The problem of normslising
measurements maede with differing telescope geometries is aggravated when,
as is often fhe case, the telescopes simply consist of an array of single
cylindrical counting tubes, This is due to (&) the complicated
cylindrical geometry, (b) uncertainties regarding the angular distrib-
ution of the incident flux and (c) the . dependence of the geiger
efficiency upon the path length of the particle in the sensitive regions
of the tubes,

If the unidirectional intensity of detectable particles in the

direction (6, #) 15 I(. #) en™ sterad™! sec™, then I(0, £) de.d .dt
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is the mmber of particles incident upon area da mnormal to the direction
(8,,d) from within the solid angle dJSl at (O, #) in the time interval
dt . Let A(8, #) be the cross section presented by the telescope

normal to (0, #) . The counting rate is then

ﬁ=//1(o,d).A(e,d).d 4,12
b2

where 2. is the solid angle over which A (8, #) does not vanish,
If the intensity is uniform over the aperture of the telescope, this

equation may be rewritten in the form

N = IOG 4,13

where G =/ A (9, ) afd
p->

is. the geometric factor (G.F.) of the telescope. This representation
of the telescope sensitivity is also useful when the flux is non uniform,
providing the telescope aperture is sufficiently small to allow an average
value of the direction intensity to be used in the calculation, The

‘most frequently used approximation to the G.F. is,

2
G = % = (_dil_)_)z 4,14

where A 1s the cross sectional area of either of the end trays (assumed
parallel, coplanar and equal in area) of the telescope, and 1 is their
separation. This expression is the area-solid angle product (AZ)
if the dimensions (d, b) of the counter trays are negligibly small

~ compared with the separation (1) .

If (4.14) accurately gives (AZ) then the aperture of the tele-

scope will necessarily be so narrow that the flux distribution will
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usually be constant over its width and the counting rate will be given

by
N (0, 8) = (P2

. I(8,, 4) 4,15
where the direction of the telescope axis is (Od,do) , and
I(Te+Q, T+ ﬁ;) = 0,

If the flux is isotropic, the finite width of the aperture will
not introduce any error in the determination of the incident flux. 1In
this case the errors will depend on the accuracy of the expression for
G « For telescopes made up of cylindrical counters the separation
(1) 1is generally taken to be the perpendicular distance between the
counter axes, Montgomery (1949) has shown that this procedure tends
to overestimate the geometric factor,

Pomerantz (1949) has calculated G for isotropic, (cos 8), and
(cos2 0) distribution and gives,

.2 .
_ arb, -1b, d 1
1s0 = o 97 tan 1*41(1‘1‘—"2”02)7 (a)
27, 2[ 12 4+ 2.3 1* 3.4 12 g]

G(cosB) = ——d L2 (—5—) -1 (55— "+ 7 (1 -5 )b4.
o =0 3 12 R 12 + p?

| J 2 2

2 o .25 2b b b 4 12 2
G(cos® Q) = 2a°[ 2 artan 2+ =2+ 2 (1 - ¢( )) (e)
o2 2 1 1'F, 203 N J

These formulas apply to vertically pointing telescopes with geom-
etry defined by two parallel cylindrical tubes of diameter (d) , length
(b) and axisl separation (1) . Newsd:l(l .. @949%, O} has also studied
the geometry of the two counter telescopes and has presented his results
in graphicel form., The results derived by him allow G to be located

between upper and lower bounds which differ by several percent,
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Use of equation 4,14 shows that the volume (bdl) occupied by
a telescope of given geometric factor G 1is proportional to l2 .
It is therefore desirable to reduce 1 and widemr the aperture in
order to obtain maximum sensitivity., The results of Section 4.2
show that the telescope opening angles may be widened considerably
before the aperture correction becomes excessive., In Chapter 7 we
shall use geometric factor calculations in conjunction with numerical
integration of equation 4.12,
4.4 THE GEIGER COUNTERS .

The gelger counting tubes used in the balloon flights were sim-
ilar to those used in the meson telescopes operated at ground stations
by the University of Tasmsnia (Parsons, 1957), These tubes are of
the self quenched, maze type. They are filled with an Argon-ether
gas mixture to a total pressure of about 6 cm Hg. The anode is a
0,07 mm diasmeter tungsten wise and the cathode is an "Aquadag' coating
on the external surface of the soda glass eﬁveldpe. The nominal
internal dismeter of the envelope is 3.8 cm, The tubes are operated
at voltages between 1000 and 1300 volts. The main disadventages of
fhis typé of tube arise froﬁ the resistance of the soda glass cathode
wall, The resulting dependence of the pulse amplitude on temperature
and counting rate (Edwards, 1960) makes the tube unsultable as a
balloon borne detector.

In order to remove these defects, tubes were constructed with
an internal nickel cathode. Satisfactory performance was then ach-
leved at temperatures above - 30° C , To further reduce the temper-

ature dependence the proportion of ether in the gas mixture was
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reduced from 11 % to 5% . Counters of this type performed at

- 60° C and were successfully flown at night, The internal cathode
counters were found to have higher background counting rates and were
more photosensitive than the maze counters, Considerable improvement
resulted when the tubes were constructed of pyrex and baked under
vacuum at 420° C for several hours, Table 4.1 below lists typical

characteristics of the geiger tubes used in this investigation.

TABLE 4.1

TYPICAL GEIGER COUNTER CHARACTERISTICS

1. 2, 3.
Anode Length (cm) s 10 10 30
Anode Diameter (mm) : 0.07 0.07 0.07
Cathode Diameter (cm) : 3,90 3.85 3.90
Gas Mixture: Ether: Argonj s 1:9 1;13 129
Gas Pressure (cm Hg) : 5.6 | 6.0 8.0
Starting Voltage s 920 1000 1000
Dead Time (/; 8) : 300 300 300
Plateau Slope (% /100 volts) : 4,2 5.0 4,4
Plateau Length (volts) : 350 200 300
Background Rate (sec-l) : 2 3 10

Unfortunately it was not possible to construct nickel counters
of length greater than 10 cm., It was necessary therefore to use the
longer maze counters for the telescope flights in which high counting
rates were required.

Before the counters were placed in the telescope, their dimensions
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were accurately measured, They were then sprayed with an opaque
peint to exclude light, the ends of the cathode having previously
been marked to facilitate telescope alignment.

Experience gained in the construction of single geiger counter
balloon sondes at Hobart (Edwards, 1960) was useful in devising meth-
ods of preventing corona discharge at high altitude. Several
methods were originally used, both involving ''potting’ techniques,
Complete encapsulation of E,H.T., supplies in wax or epoxy resin was
found to be necessary to prevent corona discharges. All high voltage
leads to the counting tubes were kept as short as possible and were
protected by seversl thicknesses of polyethylene or polyvinyl-chloride
tubing, Resih encapsulation of all high voltage points was carried
out, This was necessary at the external connections to the geiger
counter esnodes, Where batteries were used to provide the counter
voltage, the cells were dipped in a low melting poinf peraffin wax,

A1l high voltage connections were smoothly soldered in order to
minimse the field strength in their neighbourhood., For the same
reason the E,H,T. leads, covered with materisl of high dielectric
strength, were kept away from sherply edgéd conductors, These
techniqges were all vacuum tested in the laboratory. It was found
that if sharp edges were avoided, mere separation of high voltage
conductors was sufficient to prevent discharge at pressures above
3 cm Hg (h < 70,000 feet) providing the separation was greater than
sbout & ., At lower pressures, corona prevention becomes increasingly

difficult and complete potting or pressurization appear the only solutions,



Experimental difficulties with geiger counters due to corona
discharge sre small becsuse of the high amplitude of the pulses
(5 volts) from these counters. The correspondingly high discrim-
instion levels prevents interference from corona noise pulses,
Corona cannot be tolerated in a Cerenkov telescope however, where the
output pulses may be compsrable in amplitude with the corona pulses.
The problem is also greater because of the high voltage =(2KV) re-
quired to operate the photo multiplier.
4,5 CONSTRUCTION AND OPERATION OF THE TELESCOPES

The telescopes were constructed on the basis of the design
considerations of the previous sections., The permissible volume of
the Mildura telescopes was limited so that wide apertures were nec-
essary. Three telescope types were used, The geometries are shown
in figures 4.3 and 4.3.

It was intended to rely primarily on Telescope A for the Mildura
deta., Telescopes B and C were flown at Hobart and Mildura when the
initiel flights of teleécope A proved unsatisfactqry due to cooling
of the]mazé counters below 0° C . Redesign of the package and the
inclusive of a heating element allowed this telescope to be used in
later flights.' Each tray (fig. 4.2 (A)) contained 3 (4 x 30) cm
- Mgre counters, The trays were bolted to the diagonel members of the
tubular aluminium instrument frame. The outputs of each counter in
a tray were added and applied to the pulse shaping circuit of fig.
4,4 (a) . The pulse shapers were constructed as plug in modules.

Coincidence circuits with a resolving time of 2.5 sec were devel-
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oped and used, Fig., 4.2 (B) shows the doubld telescope with geometry B .,



FIG. 4.2 Telescope geometries



The Cerenkov telescope geometry is shown in fig, 4.3, The array
of five counters constituted telescopes defined respectively forming
by coincidences between counters Gi’ Gz’ GS’ G4 and Gi' G4, G5 .

The Cerenkov telescope output was obtained by placing the N.A., output
pulses in coincldence with the amplitude diécumineted photomultiplin
pulses. The Cerenkov telescope logic circuity is shown as a block
diagrem in fig. 4.5 (8) . The circuit board is shown in fig, 4.5 (b) .

The telescopes were operated for severszl days in the laborstory
before each flight to allow accurate intercomparison of flight results.
The laboratory meson telescope rates were used as references, The
relative counting rates of the various telescopes were in good agree-
ment with the ratios celculated from equation 4.1 (c) using the meas-
ured dimensions of the counter srrays. However it was found that an
appreciable correction (-24 3 ) had to be made to the geometric
factor of telescope A to take account of the reduction in sensitive
tray area, due to the thickness of the counter walls., In deducing
absolute flux values from the experimental dsta, calculation of the
reduction in counter efficiencles due to the high background rate and
non zero dead time was necessery, Details of the telescope efficiency
calculations are given in appendix 1.

4,6 DETERMINATION OF AZIMUTH

At balloon altitudes the sun is an optical source of approximately
#* anguler width situsted in a dsrk sky-background. The sun therefore
provides a convenient reference in determining the magnetic ezimuth of
a balloon borne directional instrument, since the magnetic declination
and the hour angle of the sun msy both be found if the geographic

coordinates of the balloon are known at any given time,
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The solar azimuth may be determined by a number of methods.

The Nautical Almanac anmially lists the apparent right ascension and

apparent declination of the sun at Greenwich together with the equat-
jon of time. This information is sufficient to celculate precisely
the position of the sun in altitude and azimuth at any point on the

~ earth's surface at eny instant. Neglect of the equation of time is
permissible on;y if an azimuthal resolution of no better than about
10° is required at medium latitudes.

The labour of solving the oblique spherical triangle involved
in each calculation may be reduced by constructing a circular nomogram,
This allows the solar azimuth to be obtained with an accuracy of one
half degree from a knowledge of the apparent solar hour at a given
latitude. The equation of time, together with the longitude then
relates this value of the azimuth to the local meridian time of
observation,

The values obtained in this way at hourly intervals may be inter-
polated to give the azimuth at 211 times during the solar dsy. Sim-
ilar interpolation is necessary between monthly values, The hourly
interpolation introduces the greatest error at solar noon during the
solstitial periods when the rate of change of azimuth is highest,

The overell accuracy of this method in determining soler azimuth at
any arbitrary time &8s of the order of several degrees at medium latit-
udes, This was considered to be sdequate for the present experiments.

The maximum rate of change of solar azimuth occurs at meridian
transit when the elevation is also grestest. At Hobart (43.§° S), the

meximum rate is 38° per hour, on December 22nd while at Mildura (34° S)



it is 56° per hour, At lower latitudes the nomogram as described may
not provide sufficient accuracy neer noon because of the rapid change
at azimuth., Any change in location of the balloon must also be taken
into account in computing azimuth, |

The greatest error introduced by balloon drift at Mildura is less
than four degrees in azimuth per degree of latitude or longitude change.
Where necessary a correction wes made, This correction was generally
somewhat greater than that made to the magnetic declination, Similar
corrections were made to the Hobart data,

Direct calculations were made using the Nauticel Almanac for those

flighte in which the azimuth was required more precisely.

| The majority of the Hobart flights were lsunched shortly before
local noon, The Mildurs launchings were usually carried out nesr dawn.
Most of the latter flights were terminsted well before noon and con-
sequently the rate of azimuthal variation of the sun was generally
similar to that at Hobart,

The Solar Compass

The azimuth of the telescope axis relative to the sun was determined
with an array of phototransistors (fig. 4.6) mounted on the instrument
package. These sensors were situated near the centre of the horizontal
disc, each being placed at the base of the line of intersection between
two vertical sectorisl surfaces inclined at engle 5’ o The azimuthal
field of view of each sensor was thus restricted to the angle 5' ,
generally /4 radisns, by the shadow cast by these surfaces., The
vertical field was restricted near the zenith by s second horizontsl
disc placed above the transistors to prevent response to reflected light

from the balloon, The compass was constructed of tin plate sections,
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sprayed with a flat black paint to minimise reflection. The expected
range of solar azimuth was calculated prior to each flight and the compass
then iolated accordingly. Since the primary purpose of the experiments
vas to acquire east-vest data, two photo transistors 'look:;tng in opposite
directions were always used. In several flights a third semsor was |
included to provide more detailed information.

The compass was connected by s.hielded cable to the power s-upply

and modulator. The circuit diagram is shown in Figure 4.6 (c).

4.7 PRESSURE AND TEMPERATURE MEASUREMENT

Aneroid "baroswitch" elements were used as ﬁressure transducers
for the Hobart flights. | The baroswitches were set to indicate the
- laboratory pressure ISrior. to each flight. . Laboratory calibrations,
perfornéd on several of the_ae .instruments, showed the pressure measurements
to be repioducible within several millibars. The pressure data obtained
during the ﬁoating period of the Hoba'rt flights is therefore likely to be
in error by as much as 10%. The contact arrangements 'were such that it
wvas not possible to determine directly whether a change in pressure contact
indicated a rise or fall in .altitude. ~ It was therefore difficult to obtain
meaningful directional flux data from those flights in vwhich the altitude of
the balloon fluctuated markedly during the floating period.

Baroswitches were also flown with the Mildura payloads. In
most flights the Hibal pressure data obtained by aneroid transducers of
the Olland type were relied upon.

No temperature measurement was necessary in those flights in which
internal cathode geiger counter telescopes were flown since the counters

and electronic circuitry were tested at temperatures well below
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those enticipated in day time flights, Thermistors were taped to the
Mgze telescope for some Mildura flights, these being usually launched
before dawn.,

4,8 LEVEL FLIGHT BALLOON TECHNIQUE

The experiments required the accumulation of data at constant
atmospheric pressure for periods of the order of six hours., Becszuse
of the prohibitive cost of plastic balloons it was necessary to use
elastic balloons for the flights from Hobart. Since the balloon'
would, unless regulated, continue to rise until bursting, the balloon
ascent was arrested at a predetermined altitude. The method used was
devised and successfully tested by V.D, Hopper (1957) and adapted by
K.B. Fenton for balloon flights at Hobart, A valve is inserted in the
neck of an expansible meoprene balloon. The valve, normally closed,
is pulled open by a étring attached to the top of the balloon when the
balloon diameter exceeds the length of the string.

Assuming the balloon to be a sphere of diameter d(ecm) equal to
the length of the string (1s) , the valve will open at an altitude

at which the density of the atmosphere is

P = ea/ma° 4,17

o
where G = gross (gm) load (weight of payload plus balloon and gas).
The required string length is

]
~
L]
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i
= 112 (G/p°2)3 4,18
2
where p, = atmospheric pressure (g/en”)
T, = atmospheric temperature (o K)

The pressure level at which the balloon valve bpens is assumed
to be the floating level, For a given load (G) and desired float
pressure (730) the string length is therefore cut to the length
(18) calculated from equation 4.18.

The maximum permissible string length is determined by the bursting
diameter of the balloon. A convenient safety factor (F) (K. B. Fenton,
private communication) ia the ratio of the excess skin thickness (té - tb)
at the floating level to the skin thicknesg (tﬁ) when the balloon diam-

eter is equal to the average bursting dismeter

il
~

2 2
s -1, 4,19
dO

providing the bslloon remains spherical, The (Jii - 28 - 2400) Darex

| daytime sounding balloon has a bursting diameter of 12,5 metres.

Table 4.2 below lists safety factors, floating pressures and string

lengths for this balloon,,carrying a total payload of 15lb (G = 9.2 Kgm)-
Experience at Hobart suggested that the distortion of the 2400 gnm

balloon would be proportionsl to the load and equal to about 10 % in

diameter for a 201b payload. If the distortion of the balloon were

neglected in the string length calculation the valve would open at a

lower altitude and the balloon would consequently float at a higher



TABLE 4.2
String Length Safety Factor Floating Pressure
1s (cm) F 48F) P+ (1B) gy
1350 0 7.0 6.6
1200 4.5 7.8 7.4
1150 i8 9.0 8.5
1100' 29 10,2 9,6
1050 42 11,8 | 11,2
1000 . 56 13,7 13,0

pressure level (and with a higher safety factor) than intended. If
the distortion were overestimated and the string length made 10 %
longer tﬁan the “effective diemeter’ (do) calculated from equation
4,18 thé balloon would float at a higher altitude and its skin thick-
_neé;s wéuld be less than anticipa‘l‘:ed. For P, = 8,6mB , a 10 %
over. correction for distortion would result in the valve opening at
6,6 mB and a safety factor of zero.,

The rate of ascent is given by the mamufacturers (Dewey & Almy)

88 i |
V = 436 FJ"’/(F + 6)° ft/minute .
_where F = fiee 1ift in grems
G = gross load in grams

For the J)11 - 28P - 2400 balloon carrying a 15lb payload

F F/G ' v
(em) - (£t/min)
1000 10% 635
1500 15% 753
2000 20% 858

2750 28% 985

4,20

6/.



The ascent rate was ususally kept below 800 ft/min to reduce the
risk of balloon failure due to turbulence.
The gross 1lift F+G = P

. 4,21
= 7.6 Vg .
where P = required lifting force (1b wt) of the gas.
= 7.6 Vg for hydrogen at o0 C .
and Vg = volume of gas required (units of 10° ¢y. feet)
F+G = gross lift (1b) .

Although several successful telescope flights were made at Hobart
using the valve techniqne the level flight periods were generally
ghorter than anticipated.

The Mildura flights were made with plastic balloons designed to
carry the Hibal payload to nominal sltitudes of 65,0003 80,0003 90,000
end 105,000 feet. A successful level flight was also carried out at
Hobart with a plastic balloon provided by N, R, Parsons.

4,9 PACKAGING OF THE INSTRUMENTS

The Mildura instrument frame consisting of tubular aluminium
members to thch the telescope, electronic circulty and battery power
pack were attached, was enclosed in a polyethylene bag before backaging.
The freme was placed in a foamed polystyrene box with 2" thick walls.

The box was internally lined with eluminium foil to provide shielding
from the Hibal talemetry transmissions. The outside surface was painted
black and covered with a second polyethylene sheet. The package was
carried in a 1light steel cradle and crated to Mildura whefe the cradle

was bolted to the gondola., Figure 4.7 (a) shows s photograph of the
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frame, box and cradle prior to packaging.

Figure 4.7 (b) shows the same package (the Cerenkov telescope)
in the laboratory during the period of calibration. (The Hoba.rt'
instrurent packages were insulated in a similar manner,)

\



Cerenkov Telescope Package Prior
to Installation in Container.

Cerenkov Telescope Frame



CHAPTER FIVE

DATA HANDLING

INTRODUCTION

The design and operation of tbe equipment directly concerned
with the acquisition of data was discussed in the last chapter.
This chapter discusses the methods by which the outputs of the var-
ious measuring instruments were stored and read out, The lildura
flights were recoverable and consequently the instrument outputs
were converted to a sultable form and stored by inflight recorders.
The flight packages launched from Hobart were not recovered and
radio telemetry was therefore necessary. The cost of the Hobart
flights had to be minimised and some effort was therefore spent in
the design of simple and economic radio sondes,

6,1 IN-FLIGHT DATA-STORAGE: WIRE RECORDING

Because of the lack of personnel and telemetry facilities at
the "HIBAL" Balloon Launching Station at Mildura and the existence
of advanced recovery techniques it was decided to include an in-
flight data store in the instrument package., The maximum flight
time of over six hours (5 hours of level flight) together with the
requirements of minimum welght and maximum information capacity
considerably restricted the choice,

A suitable instrument, the P5s(L) "MINIPHON' wire recorder
manufactured by PROTONA GmbH., of Hamburg was purchased. This re-
corder weighs two lbs with batteries, has a quoted half power band-
width of 3 Kc/s end a nominal recording time of & hours. The motor

speed 1s regulated and flutter and wow were measured to be less than

G~



in Flight Container.

Fig. 5.0, Wite Recorber o
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1%. The instrument used was in fact found to record for only four hours,
and complete rccards of most flights wvere not obtained., The major

problems of the recorder were associated with its limited dynamiec range,

non linearity, and high noise level (meximum signal to noise voltage 16 db).
These problems were overcome and satisfactory operation was obtained.

Tests at reduced pressure and temperature established the
reliability of the machine at températures abéve 0°C and altitudes below
90,000 feet.' The original instrument wvas unfortunately damagced bayond
repaid vwhen the.firot flight package landed in-a fresh water lake in north-
west Victoria. - A considerable delay in purchasing a second recorder of
this type occurred and the {first successful in-flight.recording wvas made in
February 1963. A pressurised and shock-proofed container was constructed
for the 1963 flights (Figure 5.1) and proved to be entirely satisfactory.

Use of a rubber "O" ring seal provided easy access to the recorder. Ceramic
lead through cbnnectois allowed the recorder to be remotely switched.
Modifications were made to the pover input terminals to enable remote control
of the machine. | '

In order to remove any uncerteinty in timing during a flight and
also to provide pressure information a baroswitch was included and its
readings cross checked with those obtained by another baroswitch in
the "HIBAL" gondola, from which the data was routinely +telemered and
recorded during each flight. This allowed a check on the motor speed
during the ascent. An independent check was also made by measuring
the frequencies of the sub-carrier oscillators throughout each flight.

Both checks were cousistent in showing the absence of any long term
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speed variations exceeding # %. For those flights in which the
recording period included both the time of float and the time of
cut down, the count date gave a further check,

Figures 5.2(a), 5.2(b) show block diagrams of the data handling
circulfrys used in the flights with the wire record_er. In the flight
with the Cerenkov cointer three sub-carrier oscillations and a set of
univibrators were used for multiplexing the eleven pieces of data,

The oscillators were deviated in frequency by the compasses and the
thermister and gated on by single shot multivibrators triggered by the
telescope pulses. The temperature controlled oscillator was amplitude
modulated by the baroswitch, The East-West compass oscillator was
simultaneously pulsed on by either both or one of two single shots
according to whether or not a G4.G5 coicidence was accompanied by a
GI.G4.G5 coicldence, The output‘of the 3Kc/s oscillator consisted
therefore of a sequence of long (Gi’G4‘Gs) and short (G4'G5) trains
of a sinusoidal oscillation with frequency determined by the east end
west sun sensors, Pulse width multiplexing was aslso employed in
recording the Cerenkov and m:errow angle telescope outputs, In this
case four single shots were required, providing four different pulse
widths, The shortest pulse corresponded to a N.A., output unaccompanied
by a Cerenkov ouﬁput. The remaining three single shots, A',B',C' in
figure 4,5(a), generating progressively longer pulses, were triggered
by photomultiplier with amplitudes respectively greater than the
discriminator levels A,B, or C . The single geiger telescope and
associated instruments provided data in similar form (fig. 5.2(b)) to

the wire recorder. The single pulse channel allowed simpler
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multiplexing, The triple contact baroswitch was used to change the
time constant of a single univibrator, thus providing telescope pulses
of width determined by the three sets of pressure contacts. A mercury
switch, used to indicate veriations in the zenifh angle of the telescope,
was included in several flights, The non-uniform frequency response of
the wire recorder required the relative amplitudes of the sub-carrier
oscillators outputs to be adjusted at the mixer,

5.2 IN-FLIGHT RECORDING: REGISTER BANK

Mechanical malfunction of the wire recorder resulted in some loss
of data, A second in-flight recorder was therefore constructed and
flown with two inclined telescopes to enable east and west count rates
to be obtained simultaneously. This recorder consisted of a set of
mechanical registers, gated with relays by the east and west sensors and
automatically switched on by a baroswitch at an altitude slightly below
the floating altitude. A block diagram of the system is shown in fig,
5.3. Ten shock mounted registers were used, Six of these accumulated
the east, west and complete level flight count totals from the two tele-
scopes, Three registers, driven by a stable oscillator, indicated

"east count and west count accumulation times and total duration of level
flight, The tenth register was left unconnected. It provided an
estimate of the effect of mechanical vibration due to impact upon the

- reglster totals.

The "‘clock’” oscillator was a simple neon tube relaxation device

using stable RC elements and deriving H.T. from a 180V battery pack
stabilized with a VR 105 voltage regulator tube. The voltage excursion

at the anode of the neon tube was differentiated and applied through a

transistor amplifier to triggér a univibrator, A frequency of % sec™t
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was chosen to provide adequate time resolution. Ground tests estab-
lished the frequency to be unaffected by ionizing radiation at the
level likely to be encountered in the flights, The neon tube was
light shielded. The repetition rate of the clock remzined constant
to within 0,02 % in extended laboratory tests using the in-flight
battery pack. The main source of drift, once the neon tube and volt-
age regulator had been run for seversl days, was due to the effect of
changes in temperature and battery voltage on the operation of the
transistor coupling circuit., The circuit diagram is shown in fig.
5.4(a). |

The telescope logic circuits were identicsel with those used in
the other flights and were constructed in modular form, Univibrators
prbviding pulses'of 10 jg width were used to gate the 0C76 register
driving transistors. Reliable reglster counting rates of 10 séc
were obtained with this arrangement, fig. 5.4(b). The scale factor
of the telescope. sceling circuits was adjusted so that the 100ms
resolving time of the register circult introduced negligible counting
loss. (Appendix 2),

The instrument package was made more versatile by including e
number of baroswitches set to operate at various floating levels.
The appropriate level was selected by a remote switch before the bal-
loon was lsunched, In the first flight of the register bank the
instrument was switched on at impact due to mechanical vibration of
the self locking relsy. A time delayed locking device was devised
for later flights., The circuit diagram is shown in fig. 5.4(c).

When the upper baroswitch (U) contact is earthed by the moving arm
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at the selected pressure level, relay R1 is clogsed. If the contact
remains closed for a period of at least three seconds, condenser 01
will have charged sufficiently through the 150Jl resistance to
allow R, to remain on when the baroswitch contact is opened as the
balloon continues to rise. At the end of the flight, contact L 1is
momentarily earthed during the descent, and the operation of relay R2
then removes power from the locked relay R1 s and simultaneously
discharges C,y to prevent relocking.

503 RADIO TELEMIRY: MODULATION AND MULTIPLEXING

The prineipal reqﬁiremenx of a suitable radio sonde was that it be
simple and cheap. The maximum information capability of the telemeter
was set by the need to accomodate data from at least one geiger tele-
scope, a bafoswitch and an azimuthal indicatér. The design of these
instruments has elready been discussed. To simplify the read out and
interpretation of date the Hobart measurements were telemetered in the
same form as the Mildura data were wire recorded.

The first system to be used was a modification of a simple two
channel telemeter designed by the author to handle the data from a hyp-
someter and the unsceled output of = singlé geiger counter, these being
the instruments used in the initisl Hobart balloon flights (Edwards, 1960}
Greenhill, 1960), In this system the geiger output pulses were devel-
oped across the low capacity input circuit of a cathode follower, the
cathode being directly connected to the screen grid of the radio frequency
power oscillator, This oscillator was thereby gated off for the duration

(= Soqfls) of each geiger pulse. The hypsometer signal, a sinusoidal

audio frequency voltage, was applied to the contpol grid of the oscill-



0.
ator, thus amplitude modulating the transmitter at a low level. The

pressure dependent hypsometer oscillator frequency was measured at the
receiver by comparison with a local oscillator of known frequency. - The
.counter pulges were recovered at the output by amplitude discrimidatibn-
preceded by low pass f;lterzng. | |
| The resolv1ng time of the geiger tolemeter was fixed at the |
receiver by allowing the discriminated pulses to trigger a im sec
univibrator. A block diagram of the instrument paékagq is shown in
Figure 5.5 (a), - |

In the.modified system, (Pigure 5.5 (b))‘the vacuuﬁ tube
‘modulator vas replaced by a trgnsistor énd the hypsometer by a ﬁaiosvitch.
The bressure signel was a tone of three weil sepaxatéd freqyencies, deter-
mined by the particul;r beroswitch contact in circuit. - Multjplexing
in the fiQst telescope fiight was simil#r to that described in Section
S5¢1 (Figure 5.5 (c)). Préssurelcontacts vere recogpiséd by the wiétﬁ of
triégered univibrator pulses and thebfreqnency of the low level signal
was made dependent oh azimﬁth. Although this system operated saﬁisfactorily,
~the adjuétmgnt oflthe nodulation level was unduly crifical; The
transmitter was accordingly'mpdified in such a way (Figure 5.6 (a))
| that the azimutﬁ oscillator éas direcfly gated by the variable width
telescope pulses. The gated oscillatd: aignalvwas then used to pulse
the'transmitﬁer off. This pulses system is quite uncritical in adjustment,
the amplitude of the modulating signai needing only to be sufficiently
great to svitch off the RF‘ qsqillator during the negative excursions
of the compass oscillator wave form. A marked increase in efficiency
could be achieved by pulsing the (normally off) tramsmitter on for

the duration of the pulses. This was not done because the self
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quenched superregenerative receivers (Section 5.5) available fof the
Hobart flights required the presence of a carrier signal for optimum
performance in the presence of externcl noise.

This telemeter will accomodate additional digital information
using the methods of Section 5,1, The same restrictions apply,
namely it is possible to multiplex data from channels 1,,...,% ,
using pulse width identification, providing the set of interchannel

time coincidences,

Sv . Sv-1 e evesoes Sz . 81 = SV v = 2,""1. 5.1

and providing the channel pulse widths are arranged so that

’t’v >TV—1 ’ v = 2,000,1’ 5.2

Subject to this condition, the T may be tapered in any way con-

v
sistent with the requirements of the pulse width discriminator at

the receiver. The method is applicable to the telemetry of data from
a varlety of particle detectoré. Examples include the output from
multichannel integral pulse height analysers (Section 5.,i) and the
single counter and v-fold coincidence rates of counter arrayé fdr
which equation 6.1 is satisfied. Where independent detector outputs
are to be multipleied by this method time devision may be used with-
out degrading the performance.

A simple system designed to accomodate data from two independent
detectors is shown as a block disgram in fig., 5.6(b), The two binary
pairs, 31’ S, driven by these two detectors, are alternately inter-
rogated by a free running miltivibrator. If, upon interrogation,

either binary is found to be in the "on'' state, it is reset and the



channel unividbrator gunerates a pulse of characterictic width which is
passed to the modulator. Uo synchronising pulse s nceded and the read
out facilities of tﬁe bagic oystem arc used. ' |
Both channclo moy corry data fron ocdditionnl dotectors using
‘the methods of the basic ayﬁtam.A The third detoctor in ?iguﬁa 5.6 (b),
(deeefozs) might for'exampie be a sido shower detéctor or a narrow angle
tolescope, The resol§ing time of the two channcls is the sams and equal
to the repetition pericd of the multivibrator (13). Thé counting loss

due to channel reselving tirs io then (Appendix 2)

' 'l-céﬂo“s ' ' 'ooo 5.3
Scaling prior to interrogation by o factor m reduces this to
L ecy & q=B4Tg, _(_:5_-:3:_)__ vee 5eb
=l '

It 4o clear thot the methods of modulatien and multiplexing described here
allow the use of aimplér and chesaper flight eQnipmenﬁ thon are regquired
with moro convantionai tolenzetors. This is perticularly covident when the
oriterion of Equation 5.1 is satisfied by all particle detectors. For
exazple, the basic single telescope systonm 5.6(a) can easily accommodate
threo relatod telescopes and a shover dotector, requiring the addition of
threo univibrators to the multiplexing circuit. A frequency division
miltiplex carrying the sams dnta would require four sealing eirouits, at
least four subcarrier ocseillators and o mixer. Also, since it ic & pulsed
tins division eyntem; cross talk and lineerity requirements are both srall
ané no critical adjustments are necesoery @8 in the case of frequenecy
division. Tho charact@risticé of the ocystom arc diceussed further in
Section 5.7 In tho folloving two sections we diccuss the problems of

tremsmiosion, propagation and reception, aosoeiated with radio telemstry.
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5.4 TH CIJICE O CAXMIGR TRETULICY FOR BALLOOYN TELENEIRY SYSTES

In this section we exsmine the frequency dependent factors which
deternine the optimum carrier frecuency for a2 communication link. The
diccussion is limited to line of sight propazation of signals with caorrier
frequencies in the range 50 - 1000 Mé/s. The results »re appliccble
to the design of air to ground links such as balloon telemetry systems in
vhich transmitter weight must be minimised.

A nmumber of papers (Pratt, 19503 Perlmen, et al, 1959) have recently
denlt with the choice of optimum frequencies fer esrth-space links,

"The frequgncy dependent factors have been examined by Pratt (1960) who
concluded that the optimum frequency lies between 1000 2=nd 10,000 Me/s.
It wes considered desirsble to make a similar cnalysis to include situstions
in which the presence of the errth's surface influences the system perform-
ance, The existence of an optimum frequency may be anticipated simply
from consideration of the tot=l noise in the link. This may be divided
into two components, one generated in the receiver and the other contrib-
uted by the receiving antenna., The sum of these components, respectively
increasing and decrensing functions of frequency in the rrnge considered,
will have a minimum value ot some frequency. In thc absence of other
frequency dependent factors, operation at this frequency will ensure =
moximum signal to noise ratio., The present objective is the minimisstion
of the transmitter input power required to maintnin the signal to noise
ratio above some threshold vr~lue under the specified conditions of 1link
operstion,

The freqﬁency dependent frctors to be discussed are:

1. Receiver noise.



T4+

2, Txternsl noisz,
3. Trensmission loss.
4, Trensmitter efficiency.

The transmitter incut power rcouired to give a threshold signal

SO.T'.k.To.B

o R 5.5
where So = 1dnimum permissible RF signal to rms noise power ratio
at the recciver input in the bsndwidth (B) .
§* = Effective receiver noise fnctor.
k= 1207%% Joules,
B = Receiver noise bandwidth,
E = Tr&nsmitter power efficiency.
A‘ = " Power attemuation factor (Ph/PT) .
fh = RF power available from matched‘onfenna.
PT = RF power rodiated by transmitting antenna,

Both (A) and (N') are strongly frequency dependent. In gen-
eral (N') , which contains antenna noise snd receiver noise terms,
falls to a minimum at metre wavelengths for vacuum tube receivers. The
- transmission loss, (1/A) is a monotonic function of frequency ag nre
the transmitter efficiency snd the noise bandwidth, The functions
iy By therefore determine the difference between the frequency for
wvhich N' is » minimum (f') rnd the optimum frequency of the link
(fb) + These two frequencies will be equnl only if 4 esnd B do not
depend on frequency. ~

The optimum frequency might h-ve been found by differentiating

Eq. 6.5 with respect to frequency. However, since the expression



obtnrined in this wsy is r~nalytically cumbersome, grrphic-l me~ns will
be used insteszd,

The noise in the link determines the minimum usable signsl power
availsble ot the receiver inout terminals, Tho noise inﬁernnlly
generated in_the receiver will be specified by the noise figure (IN)
vhile the totrl link noise will be described by on ' effective’ noise
figure (U') .

How by definition
(s,/i;)

N = W 5.6

where Si/Ni = Input signel to noise ratio

Output signsl to noise ratio.

end 8/
The receiver input is assumed matched to a resistance at T° = 200°K .
Hence the receiver effectively =dds noise power (N - 1)kT°B to the sig-
nel at the input terminnls, Now the externai noisc prescnted to the
roceiver is kT;B , where T, is the noise temperrture of the receiving
antcnna, The totol link noise,.referred to the receiver input, is

therefore kB(?A + (N - 1)To) and the offective noise figure
N' = (TA/TO) + (N - 1) 547

expresses the totnl link noise per unit bondwidth, referred to the receiver
input terminsls in units of kTo « It should be noted that N' is
greater than or equsl to N only if T, is gremter then or equal to

To and that N' is a noise figure as previously defined if the signal

to hoise retios sre measured at the input =nd output of the link, The

input measurement is made on the attenusted signsl power (AE&) avoilable
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m

1 .

from a resistrnce at temperoture °

Receiver [loise

The contribution of receiver noise to the totnl link noise m-ry
be made smaller by the use of mnster =nd parrmetric rmplifier tech-
niques., These techniques, particularly useful in the micrownve rrnge,
will not be considered here ns they do not yet anpesr to be sufficiently
developed for use in routine telemetry operation.

In assessing typical recciver noise 2 line~r dependence of noise
figure on frequency, cheracteristic of low noise triodes, is assumed.

An exemination of vacuum tube datn shows that the expression

D= 14 £(Mc/s) 5.8

150

is representative of noise figures currently attainable in the rrnge
50 to 1000 Mc/s .

Lintenna Noise

The noise température of the VHF receiving sntenna hss 2 diurnal
vrrietion assoclisted with the motion of the eerth, The maximum and
minimum vnlues of the sntenns tempersture due to galactic emission as
summarised by Kraus ~nd Ko (1957) and Shklovski (1960) have been used
" in calculating the effective noise figure for receivers with directionsl
ontennas. The dipole noise temperstures used are based on figures
obtrined by thc Nationsl Bureau of Stnndnrds (1952),

In order to tnke some account of the thermsl rsdi~tion from the
ground absorbed by horizon-looking ontennas, the minimum ~ntenna temp-
erature is sot at 150° by adding this figure to all cosmic noise temp-

eratures, The above procedure may overestimste the antenns temperature
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at the lower frequencies where the sky is brighter th-~n the ground but
it is considered adequrte in view of the other uncert~inties involved
in the calculations. Lo explicit account will be trken of man mede
noise, It will be 2ssumed either that this noise is absent or that it
hos been removed by suitable techniques., In figures 5e¢7e135¢7,25the
curves (2) and (b) show the effective noise figure (II') 2s a function
of frequency., The curves nre nlotted for both minimum (a) and maximum
(b) sky noise. The dotted curves will be describcd below.

Propagation

"lith isotropic or fixed gain ontennas the free sprce transmission
loss increases by 6 db per octave. The propegation of a signal from
an alrborne tronsmitter however differs significently from that in free
space. Due to the prescnce of the earth's surfrce, which acts =8 =
reflector and absorber, the free spece attemustion is modified by
diffraction below the horizon, and by interferenée between the direct
and ground reflected waves above the horizon,

Consider a transmitter at constent =1titude (hT) travelling sway
from the receiving sntenna situated at altitude (hR) o lis the =ngle
of elevation (8) decreases the field strength oscillates sbout the frec
space value until the trensmitter nears the horizon., The free spoce
nower transfer between the dipolc antennss veries inversely ns the square
of both the frequency (1/A) nnd distonce (d) (Bullington, 1957).

A = PR/PT = (0.1@\/(1)2 cos? @ 5.9

The (cos4 Q) term applies to vertical antennes, For horizontal polar-
ization this term should be omitted,

Interference beotween the direct and reflected components of the
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signal will, at most, reise the received power by cdb but mey ~lso
cruse complete sign=l drop out if the ground nets =5 on efficient
reflector, By sssuming thst thesc interferecnce minim= produce gans
in sir-ground coveresge, lorton (1952) has shown thnrt for e given velue
of hT there exists = vnlue of hR vhich permits meximum coversge.
The link perform~nce then sterdily deteriorntes ns the frequency is
rrised since the ontimum hR volue, “nd thercfore the distrnce to the
horizon, varies inversely with frequency. In the present discussion
this view is not tnoken since destructive interference will not drop
the signnlhbelow that at opticsal cut off unless horizontslly polerized
antennas are used over smooth terrain, Vith vertical polarisation or
over a "rough" surface the coefficient of reflection does not =pproach
unity except =t low elevstions,

As the angle of clevation of the transmitter drops, the ground
reflection coefficient becomes independent of polarization and tends to
the value of -1, At elevetions of the order of seversl degrees the
enrth may be considered as 2 perfectly reflecting plene rnd the (dipole)
transmission loss becomes independent of frequency., At the optical
horizon the tronsmission loss azsin becomes frequency dependent owing to
diffroction effects. It follows from the equation due to Domb ~nd
Pryce (1947), for the field strength ~t optical cut off, that the dipole
transmission loss increrses »s fA/3 « This result strictly ~pplies
~ohly to smooth terrain below a stendsrd atmosphere. Since thc propagntion

loss increnses repidly ~s the transmitter pssses below the horizon the

discussion will be limited to optierl paths.
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Antenna Limitations

A directional receiving antenna is useful in rédncing fading
due to multipath propagaetion and in reducing the tranfmission loss.
Although the maxiﬁnm effective noise figure will be raised at the lower
frequencies (coméare Figures S5.7.l1 and 5.7.2), this is not serious because
of the shortcned duration of the daily maximm. For a given type of
antenna, the ratio of physical to electrical aperture is a constant in the
absence of frequency depemdent losses. In the frequency range under
discussion the antenna losses are small so that mechanical considerations,
in fixiﬁg the maximum permissivle sntenne area, also fix the available
capture area. The only otherllimdtatipn, that of angular resolution, is
imposed by tracking difficulfies.  If the beam width is predetermined by
acquisition and tracking considerations then the antennﬁ gain'will be
constant, regardless of frequency. The use of an arca~limited antenna will
reduce the transmission loss at the rate of 6 db per octave. Since
control over the aspect of the tramsmitting vehicle is not possible, an
omnidirectional transmitting antenna is generally required, which will not

contribute to the frequency dependence of the transmission loss.

Tronsmitter Efficiency
At the power level of interest (of the order of several hundred

milliwatts), the choice of transmitter lies betveen directly heated
vacuun tubes and lov power transistors, As the "state of the art" is
rapidly changing, it is difficult to generalise the frequency dependence

of the power efficiency of these devices. It is reasonable to assume
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thot opcration above about 60C Me/s 1is prejudiced because of reduced
efficiency »nd increased cost. Another frctor associated with the tr-ns-
~ mitter and prejudicial to UHF overstion is that of frecuency instsbility.
If the informntion bandwidth of the link is very much grester thsn the
fluctuations in treonsmitter frequency, then the noise bandwidth (B)

will not depend on freguency. On the other hend, if the noise bnndwidth
is determined solely by frequency instability then a& loss in effective
redinted power of 3db per octnve would result from the use of oscill-
ators of fixed stability, that is (B/F = constont) . For convenience
in curve plotting, » loss of 2 db per octave (B/fz/3 = constrnt)
will be assumed in plotting narrow band link performance.

Applications

The results of the preceding discussion will now be applied in
determining the optimum frequency for » number of practicnl situstions,
The frequency debendence of the link performance is determined graph-
ically from Eq. 5.5 . The effective noise figure (N') expressed in
decibels is plotted (Curves (a) and (b) in Figures 5.7.1-and, 54.7.2).The
contribution to frequency dependence due to the b9hdwidth (B) and link
attenuation (A) is given by a power law of exponent o , The overnll
lirk performance is therefore found by applying a linear bias to the
H'(f) curves of magnitude 10 @ db per decade. D[ach curve then cxpress-
es the required trsnsmitter power in decibels nbove an arbitrory level
as a function of frequency under the conditions specified for the link in
question, | The optimum frcquency is then found by inspection nnd io
tabulated in Table 5.1.

Yor a simple baloon-ground telemetry link in which horizon coverage
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is not required, the plane eerth approximation to the path loss suffices.
Dipole antennas and vacuum tube receivers are used in the interests of
operating simplicity, For a broad band system the only frequency de-
pendent factor is then the effective noise figure (N') . The frequ-
ency at which the required transmitter output power is a minimum is then
determined solely by link noise. In FigSéiilthe (N') curves (a) and
(b) show the relative power requirement in the range (50 to 1000) Mc/s.
The optimum frequency (fb) lies between 150 and 250 Mc/s , depend-
ing on sky noise conditions. The curves, being relatively broad, allow
considerable latitude in the choice of frequency. _ For maximm sky noise
-the link performance is degraded by no more than 3 db from the optimum
by a choice of frequency in the range 100 to 570 Me/s . For =
horizon limited system these curves must be weighted by the propagation
loass factor (4 db per octave). In Fig,5:7.1 curves (c) and (d) are
derived in this way. Optimum frequencies are lowered by 50 and 100
Me/s respectively and the system becomes more sensitive to deviations
above, than below (f,) . The "3 db handwidth’' 4s also reduced by

a factor of more than two, In practice the tolerance in (fo) will

vbe less than the figures quoted because of reduced transmitter and
antenna efficiencies at the higher frequencies. In order to take some
account of frequency instability an additionel biass of - 2 db per
octave has been applied and plotted as curves (e) and (f) in Fig. 5.%.3
These curves, as well as applying to the narrow band horizon link also

- represent the broad-band, free space performance with isotropic (or
constant gain) antennas. The system performance remsins unchanged from

50 to 100 Me/s but rapidly deteriorates above this range,



Turning to Figure 5.%.2 N' curves (a) and (b) show the frequency
dependent performance of a narrow band telemeter using a fixed reqeiving
aperture for horizon coverage. These curves apply to also a broad band
free space link, The optimum frequency lies between 150 and 350
Me/s s depending on sky noise. The broad band link performance, der-
ived as before, is plotted in Fig.5i7.2as curves (c) and (d), In this
case the full advantage of operation in the optimum region (300 .to
1000 Mc/s) is conditional upon the use of high efficiency transmitters.

These results are summarised briefly in Table 5.1,

TABLE 5,1
Figure Optimum Frequency
Reference fo(Mc/s) Systen
1 (b) 250
5.7 1 (e) 100 B
1 (d) 150
57 1 (e) 70 C’ D
1 (£) 70
5.7 2 (a) 150 E, F
2 (b) 350
5.7 2 (e) 250 G
2 (d) 800
A : Broad bend (dipole to dipole) plane earth link.
B : Broad band (dipole to dipole) horizon link,
C : Narrow band (dipole to dipole) horizon link,
D : Broad band (dipole to dipole) free space link.
E 3 Broad band (dipole to fixed aperture) free space link,
F : Narrow band (dipole to fixed aperture)horizon lihk.
G : Broad band (dipole to fixed aperture) horizon link.

On the basis of these results it is clear that a choice of optimum

frequency is possible for line of sight communications systems.



With the increasing use of low-noise solid state devices, the op-
timm frequencies will be raised until transmitter efficiency and
stability become the limiting factors.

5.5 R.F. DESIGN FOR BALLOON TELEMETRY

In the preceding section we discussed general considerations gov-
erning radio telemetry design with special reference to the choise of
carrier frequency.' It was shown that optimum performance might be
expected from a choice of frequency in the range 150-350 Mc/s (System
F). Unfortunately it was not possible to choose a frequency in this
range, a frequency of 73 Me/s being allocated for the Hobart flights.
This frequency was shared with the meteorological radio sonde trans-
mitters operated by the Commonwealth Meteorological Bureau.

At this frequency, equation 5;9 shows the free space path loss (4)
to be approximately 120 dB for e distance of 690 KM, the distance to |
the horizon from a balloon at an altitude of 30 KM. For a bandwidth

of 100 Ke/s, minimm signal to noise ratio of 10 db and effective noise
figure N' = 10 db from figure 5.8 we find the necessary radiated

power from equation 5.5 to be approximately 40 mW . This is a lower

1imit to the required ﬁower since the gittenuation at the optical hor-

izon is actually about 20 dB greater than the free space loss (Domb & Pryce,
1947), VWhen a directional receiving antenna with 10 db gain is used,
figures 5.7, 5.8 show that about 0.8W of radiated power is required under
average sky noise conditions, These figures suggest sveral hundred
millivatts of radiated power to be adequate for balloon telemetry since,

in a practical situetion, lower signsl to noise ratios could be tolerated



and horizon coverage may not be necessary. From fig.5.%22it may be
seen that the power requirements could be reduced by a factor of at
least ten if operation at the optimum frequency were possible, The
desirability of elevating the receiving antenna is also clear. Not

only is the distance to the horizon incressed, but more significently

since the path loss for low angles of elevation is in the "plane
earth’ approximation,

A = ;‘1 = 2,7 (%'i)z 5.10
T
where hr = helight of receiving antenne
® = angle of elevation
d = distance

the loss is reduced by 6dB by doubling the height of the antenna.

A primary design consideration in balloon telemetry is the weight
of the transmitter power pack, Since the t;ansmitter is the major
consumer of battery power, it is desirable to reduce the transmitter
power drain as much as possible, The preceding discussion shows how
this may be done by choosing en apﬁropriate frequency and by using
elevated high gain antennas,

The problem of minimising weight is accentuated by the fact that
the power requirements incresse during a flight as the balloon drifts
away from the receiver towards the horizon, while the power supplied
to the transmitter by a dry cell battery pack decreases contimuously
as the terminal voltage drops due to polarization., A considerable
saving in battery weight would result if the input power to the trans-
mitter, initislly low at the beginning of a flight, was allowed to
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increase graduslly during the flight to compensate for the incresse

in path loss due to balloon drift. This would be possible with é
vacuum tube transmitter using a loaded grid bias battery. Laboratory
tests showed the general feasibility of this method. It was not used
because of the resultant frequency drift and change in modulation
characteristics of.the simple transmitters used in the project.

The power efficiency of the tresnsmitter was also considered to
be of major importance, A comparison between the performance of trans-
istor and tube power oscillators showed their efficiencies to be similar,
The efficlencies were generally low, 30 % being a typical figure ob-
teined in practice. The smaller frequency drift, higher power diss-
1pétion and relative chespness of suitable vacuum tubes indicated their
use in the Hobart flight packages. Circuit diagrams of the two types
of trensmitter used ere presented in figs. 5.8(a) and (b). The 958
oscillator provided 150 mW of radiated power -~ii with an anode effic-
iency of 25 °/o and the 3A5 oscillator provided 400 mW with an efficiency
of 30%.

Vertical antennas were used for transmission and reception. An
end fed transmitting antenna suspended below the package was used
initially, Fading due to antenna swing was experienced on a number
of flights, A centre fed half wave dipole attached to the balloon
loed 1line cured the fading problem completely.

5.6 DATA READ OUT

The same read out facilities were used for both the wire recorded

and radio telemetered data, The main telemetry station used a vertical

four element Yagi antenna connected by cosxial cable to the receiver.



= 90V

- 30V

IN

-6V

+ 1.5V

+ 90V

+ 1.5V

MOD

O
W1 - 1
T [os8 1
22 15 - 22
0C76 i
— 68 8
—_ i
10 3-30 I
h
O~
Fig. 5.90. PULSE MODULATOR AND R F OSCILLATOR (1)
‘;I}: — au \
\9,3.30
--- —1MN - 3A5
= - ’
° 3.9
O~ :

Fig. 5.9b. R F OSCILLATOR (ll)



The receivar vas of tlo superraegenerative typ&, desioned and built
(EGwards, 1560) in the initial stages of the lobart cosmic ray balloon
flisht prosramme. The raceiver output was directly recorded oa
megcnetic tape. The lildura wire records were also transferred to tape.
Pigure 5.10 shovs the read out facilities for the telescope flichts.

In order to reduce the time and labour involved in recd-out,
as much data as possible vere tabulated during a flight or vire-tane
dubbing. Pressure-time data, and minute.count totals were obtained
in this wvay f%om the viau$1 monitor'displqys. The tape records were used
when malfunction of the pen. rocsrdor or accociated circuity occurred.
Thé mltiplexinz nethod already descrided allowed thoe east and wost
counting rates to be automatically recerded by differant penb. ~ Pulge
width discrimination allowed the pressure data to be directiy ¥eeorded
on the chart when required. | |

Error free read out wos possible with signal pulse amplitudes
below the average noise 1ev61. The systen thus compsroes favourably
with comparable Fii/f multiplex cystems vhich ezhibit high video noise

thresholds,
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CHAPTER 6

DIRECTIONAL MUASUREMENTS OF THE COSHIC RAY

IHTESSITY AT HOBART (A, = -52°8) AND MILDURA

In the preceding chapters the design and construction of the
experimcntal equipment wes described. In this chapter we presont the
experimental data obtained from the Hobart and Mildura flights. Ia the

folloving Chapters the rosults arce discussed and interpretcd.

6.1 Summary of the Flight Prog;nmﬁa

The first £lights vere made in early 1962 at Mildura on the
Australian maihland. The initial flight.was not successful due to water
immersion of the in-flight wire recorder prior to recovery of the gondola.
Several adﬂitioﬁal flights vere made using e %elemctry'system constructed
at the launching site vwhen it became appérent that the wire reeordér would
not be available for further use. Information concerning the rotation
characteristics and temperature of the goadola waslobtained in ¢this way.
Tho teloscopo (geometry "A", Section 4.5) aid nét funetion satisfactorily
at floating altitude. The temperature measurements established that the
packase was insufficiently insulated againat heat loss, leading to
temperatures below 0°C, with consequent malfunction of the external cathode'
geiger counters. Thz package vas redesigned at beart to improve ¢hernal
insulation and several internal eathode'telescopes were comstructede In

1963 the inotrumont packages wore dispatcehed from Hobart to the launching



site at Mildura. Successful flights were then achieved with tha raze
counter telescope and a number of internal cathode telescopes, The
nominal floating altitude of 105, 90, 80 aud 05 thousand fest provided
.directional intensity date in a rapge of etmospheric depths from 9 to
60 g/em?, ALl data were obtained at lecations within o distanco of
70 KM from Mildura, |

 The Hobart flights commenced in 1962, It was h§ped to achiéva
| floating periods of the order of half a day at floatinglaltitnde using the
valving technique deseribed in Saction 4,8. This techniﬁue vas not
succesaful and althouzh four flights were zmade with neoprene b2lloons
during 1962-1963, in only two of these 4id the telescope remnin at a
.reusonabiy conﬁtant aiiituﬁa for more than one hour. The lest flight

was launched from Hobart in Decenber 1963 and carried telescope (A) used

in the Mildura flights. A plastic bdballoon was used and this stayed aloft

for more than 36 hours. This flight was successful and provided
asymmetry and directional flux dats of good statistical accuracy over a
range of atmospheric depths. The Hobart data were obtasined at distances
of less than about 200 Km 8.E. of liobart,

In the folloving Sections the Hobort and Hildura data are
separately presented. All telescopes were inclined at a zenith angle of
Ls°, |

6.2 Mildura Flights Data : Hival Plights 138; 148

In this Section ve prosent dato obtaired during the asceat and

level flight pericds of the two flights in which the nominal floating
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altitade was 105,080 feet. In this asnd the succeeding sections the

flight nur-ber isc that used by the Ballesn Lannshing Stotion of ildura
(seonasnetic ec-ordinates 53°40's, 142°3).
Pright 130

Thic £light ves leunchrd nt 2125 UT en April 22, 1953, e
balloon rose aﬁ an cverago rote of 1000 foct/nin, correnced floating at
2313 U7 ot an altitude of 104X £t ond was cut éown &% 0226 UZ, Arwil 23,
1663. - Tae instrucant packece eontainod o cingle thres countor toleccope
(gegszetry_ "B, Pigare 4.2(d) )}, o selar sensor eovering the rmgoedic east
and vest quadronts, end the wirs récorder and essociated cquinwinGe. Tho
total recording periocd was nearly four hours, imeleding W !iurs of ghe
fleating pervicd, during which the dalloon romaincd at an ct:ospizoric‘
depth of 9.0 ¢ 0.3 g/on?,

The gondola rotated with & period of less than one minute during
occont. Duripg level £light the azimuthal rate was considerably sloier,
of the order of several degroco & niuute. The teleoeops coumting rate is
shown as a function of pressurs aad tipe in Figuee 6.1. Fron dhic figure
zay be seen the echapsed cm%in:; rate at the sﬁart, riddle enéd end of the
fleating period when the compass sigpal indicatod wooterly oricntation of
the teloseope. 'I.‘iae depressed rates were recorded whon the toloocepe
pointed east. The east-west aoyrzotry, averaged over 452 ariruth fatervals
centred on the geoometrie cast an west directions vas &etéminozl to be
Ggy; ® 0435 ¢ 0.05. ‘ﬁza eastevest asymmotry ratio, % =l.43 ¢ 0,07, the
differential Qux, J, = J, © 370 # 30 peters, and the flux frou the cast
Je © 1340 £ 35 potors. The flux at the trenciticn masdrwn (0t an

atmospheric depth of approximately 90 g/en?) averaged over 360° im caicuth,
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vas found to be J, = 3350 t 100 poters. The errors guotold chove cre
statistical ard do not take into account possible errors ia the joo—otric
factor vhich was tsken as 8.75 an? stored.
Flizht 148

This £lisht vas launched at 2225 UT ea July 23,3963, four onths
after Flight 138, 7ho nean escent rate of tho belloon vos 825 feet/min
and tke floating depth of 9.5 * 0.3 g/c=? was recchod at 001l UF, July 2h, |
1963. TFelescone ("A%, Pigure b4.2(a) ') wes flown in cenjunction with o
solar secusor covering the east and west guadrants. Dve to a =22cehapical
ralfunction of the vwire recorder, enly ozmc hour of level flir't dato wus
reeoi'ae&. Howover, beemuse of Shc bipher geometric foetor (122 en? sterad),
tha &imetiena.!. dnta is staticticnlly more accurate thon that obtaiced ia
the previcus flight, cithoush the pgoundola 4id mot rotate as remularly.

The east-;west syrmetry aversged over 45° seetors wos 0.28 ¢ 0.03
and tke asymnetry ratio, ;“!_ = 1.bh ¢ Q.éh. The differenﬁigl flux,
Jy = Je = 550 * 30 paters gnﬁ Je = 1300 2 20 potors. e cuoted intompities
rey contaim a residual errer becance of the large correeticn o the eowntinmy
rajac necessitated by the m counting efficiency of the telescopz due <o
counter resolving tire. This correction wes attorptod using two wzthods.
The first method imvolved caleulation of ¢the counter ¢roy officiereics aod
(Appendiz 1) uoing laboratory resolviaz time reasurerents. o soeond
corroctica was ebtained Ly comparims the counting rate Guring the coecnt
with the é@unting rate at corvosponding &ept;zs cf saﬁmﬂ. difforont Gelce
seopos for vhiech the resolving tics 16ss was ordl and bad boon ee':,;u@oﬁ‘

by the first methed. The first method gave on cfficicney 152 Licher thon
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that ebtained by the second method. In viev of the unecrtaingics in the

resolvinz tine calenlatiens, the counting effieiomcy wsed in the dntonoity

calculstions vas deternined ¥y the seccond cothed.

8.3 Mildorn Pli-fag Doto : wiwal Flirht 158

In this section data is presanted Cren Pligh$ 158, iaurched at
1954 UT on @ctobsr?, 1853, The dolleon roochod {3esting @@nth at 23132 U7,
Gotobor 10,1983, Teleoceope "AF wns flous with o three cvadront colar cencor
ecovering the east, west and porth nagmetie ouadrants. Bue %o mocoréor
molfunction, re cscont dava was obtained, but a total of SO ~dnutec of level
f1ight date wes reoeorfcd, The boroswiteh on board tho Hibal smondola
indicated an initial level flight pressure of 23.3 ub, siowly imcrcasing
to reach 25.3 zb at the cnd of the flootins ﬁerioa. Zho presonre @educed
from redar gourdings was A7.1 mbe It vas cotadlishod shet the baroswiteh
was in fact in corror and the reen stmospheric depth was token oo 17.5 gfenm?.
This figure is uncertain by sevoral g/end. |

Tac ecst-west esymtry was determired as 0,50 ® 0,02 and the
acyemetry zotio, ‘;E = 1-.5&0. * 0.03. Tue differentinl flux, Iy = I, = 760 ¢

Q
35 peters, and the fiux from the east,;Jd, = 1520 * 20 potexv.

6.4 Milaurn Plight Dodo @ Hibal Plights 132, 153, 1ST

In this scction wo prosent the intensity data obtaired in threes

level flighés ot o mominald altituds of 89,000 fcot.

Pliciht 132

Flight 132 vas launched ot 2016 UT on larek 18,1953, The moon
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ascent rote of the balloen was $90 feet/mim amd lovel flipght cemnenced at

213h U%, March 18,1963. Theo goe—etrie Zoctor of the telescope (Pigure 4%.3)
wos 0.97 en? ster. A threc quadrent solar censer provided azirmeh
inferration. A barosvitch vas included with the pay loazd in order to check
the Hibal prescurs measurcrents. The total recording period of four hours
covercd the ascent, two hour lovel flight at 32.5 t 0.5 z/cn?ocad twentyfour
oioutes of the descent. Tue teleseope counting rate is piottcd in Piguze
6.2. The lov counting rate of this telescope and tho irrcguler rotation
of the gondola do not allov the azimuthal variation of intensity to be
clearly geen fron the graph. |

The east-vest asymmetry averaged over 90° in aszimuth was
‘0286 * 0.06. The asynoetiry ratio,,iﬁ = 1.33 * 0.08. Tue differential
flux, J, - J, = 790 * 160 peters, adeghe east flux, Jp = 2370 ¢ 110 peters.
Fligat 153

This flight wos launched at 2034 UT on aep£emher 17, 1963. The
packase contaimed two inelined telescopes, 180° spart iﬁ asimth with
geomotric factors of 10.9 and 10.k cm? sterad (Geometry "C",Pigure 4.2).
Mochanicnl registers: separately accurmiated the east and west counts sad
the total count frem each telescope for the period of level flight. The
‘mean ascent rate of the balleon was 660 feot/min and the floating level
{30 g/exn?) wos reached at 2233 UT, Septarber 17,1963. Zhe boroswiteh vas
arranged to et#rt the rogisters counting at a depth of 37 g/cn?(7L,000 £%)
and to terminate the count vhen the bollcon descended to 70,0600 feet
(46 g/e?)., Tho register indic&ﬁing the totcol coumting period did not

functicn but the periéd of 116 minutes, eotizaoted fron the £light curve,
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consenced at 2222 UT and cnded ot 0018 UT. Tao poricd of level £iignt
was 103 ainutes, 11 minutes of data were accurmlated durin; the aceent

(37-30 8/%;2’ and the remaining tvo mimutes of recording time covered the

‘desccnt from 30 - 46 g/enl.

The eaot=ucst acyrmetry averaged one 180° in agiruth, vas

0.078 0,015 and the coymuetry ratio ¥ = 1,08 * 0.02. The flux from

Je

~ the east necasured vith the tvo telescopes was 2330 * 25 peters and 2220 ¢

30 peters respectively. @he moen difforcntial flux was 186 ¢ 36 poters.

The flight wvas made durins the progress of o Forbush éecrcase which comeenced

_at Hobart at 0200 UT, Septerker 17, 1963, Gomparieon'beween the two

telescope count totals susmgests that intensity variations occurred during

‘the flighte.

Flight 157 .
The flight was launched at 20085 UT om October 7, 1963. e

aversge ascent rate was 856 feet/min and the raximum altitude of 79,000 feet

- was reached at 2140 UT, October 7,1963. The balloon burst prematurely

five pinutes later. The register bank cormenced counting at 0732, eight

- minutes before the balloon stopped risimg. | Counting ccased ot 0750 when

tbe balloon dopth had imcreased to 86 gfem®. The countinsg period was too
short to provido accurate dircctional data. 3ubject to the uncertainties
introduced by the variation in dopth (46 - 30 g/en?), the following results
vere obtained uith' the teleoeopes uged in Plight 153. Onre of tho tele-
ocopes was placed in gati-coingidenee with o single counter (Pigure L.2).

The recults are averaged over 90° in azimmth.
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The cast-vest asymmetry was O.11 2 0.05 for the unpoliced

tolcseopc and 0.16 * 0.08 for the policed telescope. The asyuretry ratios
vere respectively 1.12 2 .06 and 1.17 tv€>.<39. The east fluxes wvere
respectively 2300 * 110 peters and 2030 2 107 peters and the differential
fluxes, 266 * 156 peters and 316 2 155 peters. The results show that the
anti-coincidenea counter reduced the telescope counting rate by about 11¥.
The stetistical accuracy is ot sufficiently high to allow & comperison
betveen the éirectional'flnx zeasured in this flight and that reasured in

Flight 153 during the FPorbush decrease.

6.5 Hildura Flicht Dats : Flight 128

This flight was leunched at 1935 U on Pebruary 12,1963. The

_ mean ascent rate was 795 feet/min and level flight at 66.5 gfcm?, lasting
65 minutes, comzenced at 2053 UT. The instrument paékage contained a
Cercnkov detector associated with fbur/tgg;:g:lgeiger counters (Figure 5.3).
Pigure 4.5 (a) shows thc instrumentation in block diagraé form.  The
photogultiplier output pulses vere discriminated at three amplitude levels,
corresponding to proton romenta of 1, 1.16 and h.h GV,

The flight uas the first in 1963 and o baroswitch end thernistor
vere included to provide pressure and temperature information in order to
check the Hibval pressure data and the andequacy of the therznl insulation of
the package. . Figure 6.3 shows the tecperature, pressure and altitude
during the flight. The baroswitch readings indicoted on the graph by

open cireles, are in good agrecmont with ¢ho HMibol dota. Gho tervorature

sy,
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of tho pay losd dropped by less thoa 10°C. This wos copsiCered to be

sicfoctory since ths balleon was launched beforo local swunrise and the

o)

lov altituds of the sun throughout the £light sugcestsd that colar
heating wes small.

One of tho sub carrier oscillators, which were constructed as
plug io rodules (Figure bid, Section b.5) wan jarred from its soeket
Guring rail tramsport to [dldura. The dats vere conscguently matﬁictea

to that from the prescure and terpersture transdusers, tho "morth" golar
.. sensor, the "narrov ongla® (H.A.) telescope and the Cepenkov dotector.
Figure 6.4 shows the Hefle teleccope éounting rate dnnng the flight.

$he counting rotes and £iicht duration vere too low to provido
relioble cotiontes of the agimuthal flux distribution, the min purpéso of
the ezperirent being the acquisition of “housckeeping” infématioza for the

desicn of further flights. Of particular interest was the contribution
of non-privary particles to the goiger telescop;e counting rate. |
qut.ic_les traversing the teiesccpc enccunteréd an atsorber
thickneas of 15 g/em®. The momentum threshold was therefore 0.32 GV
for protone and 0.12 ¢V for p-mosons. Table 0.1 lists the H.A. and

Corenhov telescope flumes obtained Guring level £licsht.
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TABLE 6.1

Channel Momentunm . Flux

Rangz (GV) (Peters)

Proton' u=lMeson

vA (1.B.C.) 0.52 = 1.0 - 524 £ 85
A 1.0 - 1.16 - 198 * L2
B 1.16 = 4,40 0.12 - 0.47 3Bk 75
c 2 4,40 0,47 - 803%* 113
HA 2 0.52 . 0.12 1879 * 205

Particles counted by the telescope but giving no detectable

Cerenkov light (FA.A.B.C.) Comprise: (a) Protons with momenta between (0.52
and 1.0) GV entering the telescope
from above.

(b) Fast splash albedo protons.

(c) Side shower particles which trigger
the four'fold coincidence set but
not the Ce?nkov discriminator.

Channel A counts are predominantly due to down coming secondary
protons. A small contribution is due to proton collissions with the
photomultiplier structuxd.

=

Channel B cournts down coming protons and p-mesons.
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Channel C counts down-coming primary protons, heavier nuclei
and mesons, HNuclear ccllisions in the Cerenkov radiator will also
contribute pulses to this channel.

The sum of the splash albedo flux and of the slow proton flux
in the momentum interval (0.52 - 1.0) GV, H.A.(R.B.C.) in Table 6.1, is

28% of the total H.A. flux.

6.6 Hobart Fligsht Data : Flights 2, b

In this section the data from two flights launched from Hobart
in 1963 is discussed. Flight 1, launched in 1962 did not provide useful
directional data owving to a telemetry fault. Flight 3 in April,1963 did
not reach floating altitude, and burst prematurely. The asceant data from
this flight vas examined and established as asymmetry of the order of 10%
in the depth interval (100 - 50) g/cm?.

Flight H.2

This flight was launched at Ol49 UT on April 2, 1963. The
balloon reached floating depth (30 g/cm?) at G310 UT but began to sink 15
ninutes later. Irregular fluctuations in depth continued for one hour and
the balloon rapidly lost altitude after OL20 UT. The instrument package
contained a single bellows baroswitch, wide angle telescope of geometric
factor 13.8 cm?® sterad inclined at 45° genith angle and a two quadrant
sun sensor. Ambiguity in the identification of the baroswitch contacts
necessitated rejection of some data. The east-west asymmetry at 32
3 g/co? wes 0,095 ¢ 0.0h and the differenticl flux, J, - Jg = 400 ¢ 160

peters. The flux from the east was 3600 ¢ 130 peters.
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Plight Holt
The flight was launched at 0051 UT on September 5, 1963. The

instrumentation was identical with that used in Plight 2. The telescope
had previously been flown at Mildura (Flight 138). A depth of 32.5 ¢
3 g/cm? was reached at 0223 UT and remnined within these limits until 1242
vhen the balloon began to lose altituds., The telemetry signal was lost at
1410 when the btalloon cpparently passed below the gndio horison.

The asyrmetry at 32.5 8 3 g/cm? was 0.103 ¢ 0,045, the
differential flux was 378 ¢ 160 peters, and the cast flux 3520 ¢ 300

peters,

6.7 " Hobart and Telescope Flight Data i Plight 5

Plight H.5

A plastic balloon carrying telescope "A", east and waat'qnadraht
sensors, & baroswitch and asaociatedvtelemetry equipment, was laﬁnahad |
from Hobart at 0106 UT on December 14,1963. The accent rate wos
considerably lower than had been intended, and the balloonm reached its
maximum altitude of 90,000 feet (17.5 g/cm?) at 0800 UT. The low ascent.
rate enabled diracfional intensity data to be obtained with recsonsable
statistical accuracy over a wide range of atmospheric depth. The bdalloon
_remained at constant altitude for 60 minutes and then cormonced to sink at
0900 UT folloving local sunset. The telescope rate dropped as the
.packege cooled during the night and although data was obtained on the
following day it is not reported here because of uncertainty regarding the

atmospheric dspth of the dballoon.
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Figure 6.2 shows the telescope counting rate and pressure for

the first day of the flight. The azimuthal flux variation is evident
from the two minute count totals during the latter part of the flight.
Owing to the slow ascent, the sun sensors did not directly indicate the
east and west directions during this later stage of the flight. It was
possible however to interpret the compass data with reasonable confidence.
The east-west asymmetry at an atmospheric depth of 17.5 g/cm®
was determined to be = 6,097 2 6,02 and the asymmetry ratio,
gu = 1.10 £ 0,02. The east flux, J, = 3270 = 50 peters, and the east-
west differential flux, J, = Jg = 330 2 60 peters. These results were
averaged over an azimuth interval of approximately 45°,
The directional data at greater depths is discussed in Section
Te1.
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CHAPTER T
DISCUSSION OF THE DIRECTIONAL MEASUREVME!TS

T.1 The East-Yest Asymmetry at 52°S.

The E-Y asymmetry obtaired in the three Hobart flights is
plotted as a function of depth in Figure T.l. The asymwetry increeses
monotonically with decreasiig depth, from about 5% at the transition
maximum to 10% at the lowes depth attained, 17.5 g/cm?(15 g/cm?
atmospheric stopping power at 45° zenith angle). Extrapolation to
zero depth suggests a primary asymmetry of 0.13 * 0.03.

Observations of the east-west asynretry vere reviewed in’
Section 3.4. The observﬁtions reported here appears to be the first in
vhich a measureable high altitude asyrmetry has been obteined at a
geomagnetic latitude above hSof Reference to Figure 3.2 (Section 3.3)
shows the extrapolated asymmetry to be in agreement vith the primary

asymmetry expected at latitude 52°S at solar mininum.

T.2 The Dependence of the East-West Intensity Difference

at 52°5 upon Atmospheric Depth

The data from Hobart Flight 5 has been used to plot the depth
dependence of the east and west intensities in Figure T.l. The east-
west intensity difference is also plotted.

The intensity difference curve is well represented as an
exponential function of atmospheric pressure in the range 17 - 150 mb.

§ Jew = J(6="/)) - JE(°="/h) = 400 exp(-P/6T)peters

This relation implies an absorption mean free path of 68/2 = 96 g/cm? for
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the radiation producing the east-west difference, principglly protons
vith a near emergy close to 1000 MQV.(Section 2.1). The agreement with
the proton mean free path of 100 g/cm?® in air suggested by emulsion
measurements at 900 MeV (Millburn et-al.3 195k4) is probably fortuitous
in viev of the statistical uncertaiﬁties in the east and west counting
ratCs,

The transition depth of the east and west intensities is not

significantly different at Hobart and lies in the range 70 t 5 g/cm?.

T.3 The East-West Asymmetry at L4°S

As expected, (Scction 3.3) the east-west effects at Milduras
(54°3) were appreciably grester thanm at Hobart (5298). Figure T.2 shows
the depth dependence of the asymmetry obtained from the Mildura flights.
Although several different telescope geometries vwere used, no geometry
correction has been mede. The agreenent between the values obtained at
9.5 g/cn® with telescope "A" ana "C", and.the considerations of Section
k.2, together suggest that the megnitude of these corrections would be
less than the statistical errors.

The asymmetry at 440S, unlike that at 52°S, does not decrease
monotonically with increasing depth, but appears to reach a maximum of 0.U40
at 17.5 g/cm®. At 9.5 g/cm? the asymmetry has dropped to 0.35, although

the decrease is not highly significant statistically.
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A primary asymmetry of 0.40 is expected at solar minimm
(Figure 3.2). Comparisons may be made with the investigations of Winckler
and Andevson (op.cit. Section 3.4) in vhich the asymmetry at 60° zenith
engle end latitude 40° at comparable atmospheric depths vas found to be
0.26 * 0.06. This is certainly significantly less than thst obtained
from the present investigations. The geomagnetic theory (Chapter 2)
shows that the asymmetry ought to be greater at larger zenitg angles and
lover latitudes, as was in fact cohfirmed by Vinckler's experiments.

The anomalously high asymmetry obtained at 449s latitude is
therefore consistent with the existence of a softer primary energy spectrum
in 1963 than in 1949. Evidence supporting this view is presented in

Sections 7.5 and T.6.

7.4 THE DEPENDENCE OF THE EAST-WEST INTERSITY DIFFERENCE
AT LIPS UPON AL{OSPHERLIC DEETH

The east-west intensity difference is plotted in Figure T.2.

The’inténsity difference increases with depth, reaches a broad
maximum at about 35 g/cm? and decreases rapidly at depths greater than
the west intensity transition depth (% 90 g/cm?). The transition depth
of the east intemsity cannot be accurately determined from the ascent data
but is approximately 100 g/cm?.

Protons allowed from the west but not from the east (Section
7.6), have rigidities between approximately 3.7 and 4.8 GV. Taking

the primary rigidity spectrum of Section 3.2, the mean energy of protons
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responsible for the east-west difference at Mildura is approximately
3 GeV. The occurrence of a transition maximum in the east-west intensity
at L4°S but not at 52°S (Section T.2) is therefore not unexpected in view

of the increased production of penetrating secondary particles at higher

primary energies.

7.5 The Primary Cosmic Ray Rigidity Spectrum in 1963.

(A) Hobart Observations

The direétional measurements at Hobart and Mildura allow certain
deductions concerning the cosmic ray rigidity spectrum in 1963. It has
already been pointed out that the observed asymmetries are considerably
greater than would be expected by extrapolating similar measurements made
| by Winckler in 1949, near solar minimum. Direct comparison between the
directioﬁal intensities has been shown by Anderson (6p.cit. Chaptér 3) to
give misleading results because of the presence of the secondary
background. However, as discussed in Chapter 3, the differential
infensities (Jy - Jg) at a given location ought to allow the intenéity of
primary cosmic rays in a narrow range of rigidity to be deduced. This
rigidity interval (Chapter 2) is approximately centred at the vertical
Stoermer threshold value with width approximately the difference betﬁeen
the east and west Stoermer thresholds.

The vertical rigidity threshold at Hobart according to Quenby
and Webber (op.cit. Section 2.5) is 1.70 GV. The equivalent Stoermer

latitude at the top of the atmosphere above Hobart, using Equation 2.5,
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is therefore 54.5°. The actual threshold will in fact be higher because
of the neglect of the penumbra. | Quenby and Wenk (op.cit. Section 2.5)
quote the effective threshold as 1.79 GV.

The machine calculations of McCrhacken (op.cit. Section 2.5)
suggeet o somevhat higher vertical threshold. Since the east-west
rigidit& difference at high latitudes varies as the seventh power of the
Stoermer latitude (Equation 2.6), the deduced primary differential
intensity is clearly sensitive to the latitude assumed for Hobart. Fron
Figure 2.1 the east-west rigidity interval for zenith angle 45° varies
from 250 MV at Ag = 54° to LTO MV at Ay = 50°. Assuming the penumbra in
the east and west to be transparent, the rigidity difference
8P (8 = 45%, A= 54.5°) = 230 MV. From Section 7.2 the primary

differential intensity is therefore
' 1,83
an dP/ op,, = 59ew(x™0) o 1740 peters/GV at 1.7 GV.eesoTe2

dP.
1,60 6Pew

For a Stoermer latitude of 50°

8J gy (x=0)

GPew

= 850 peters /GV at 206 GV, - seeeeee 703

In view of the possible errors in the east-west rigidity band
width associated with the uncertéinty in the Stoermer latitude of Hobart,
it is not possible to set accurate limits to the deduced intensity. The
errors introduced by counting statistics and uncertainty in telescope

geometrical sensitivity probably do not exceed $30%.
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The differential rigidity spectrum at the 1954 solar minimm
(Webber, 1962) reached & maximum of about 1460 peters/GV at 1.5 GV (protons
plus alpha particles). The balloon measureizents (December, 1963)
therefore suggest a differential primary intensity at least as high as
that expected from the previous solar minimum. However, at the time of
the present measurements the Mawson and Mt.Wellington neutron monitor rates
(private commmication, Dr.A.G.Fenton) were still rising towards the level

anticipated from observations in 1954.

7.6 The Primary Cosmic Ray Rigidity Spectrum in 1963:

(B) Mildura Observations

The vertical threshold rigidity at Mildura according to Quenby
and Webber (op.cit. Section 2.6) is 3.73 GV. By the method of the
previous section the east and west Stoermer thresholds at 45° zenith angle
were found to be respectively 4.28 and 3.31 GV. The penumbral calculations
of Schwartz (Section 2.2) at Stoermer latitude 41° may be approximately
extrapolated to latitude 45° to give

Pp(Ag=ls®, 6=45°) = L.78 GV and P, (A =45°, 08=45°) = 3.69 GV.
We thus find

4,78 _ .

/ AN | ap/sP_. = 330 peters / GV
ap ev

3,69

The predicted intensity using the solar minimum spectrum given
by Equation 3.1 is 320 peters/GV. However, the statistical error in the
east-west differential intensity measured in the Mildura flights &sc

apprbximately 220%.
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He note that the extrapolated intensity from the east (Section
7.4) (900 peters), and the west (1250 peters) are both about 175 peters

above the primary intensities deduced from the solar minimum spectrum.

T.7 The Primary Cosmic Ray Rigidity Spectrum

(C) Comparison Between the Hobart and iMildura Data

In Figure 7.3 the atmospheric absorption curves of the
azimuthally averaged intensity obtained at Mildura and Hobart are plotted
together witﬁ the difference curve. The data was obtained with the two
telescopes (A and B) which were flown at both locations. Thé radiation
allowed at Hobart but not at Mildura is initially absorbed with a mean free
path of approximately 166 g/em?. A£ depths greater than about 150 g/cm2,
the intensity decreases less rapidly with depth with an apparent mean free
path of 230 g/cm?.

Taking the near rigidity thresholds to be 4.2 GV and 1.7 GV,

the differential intensity, extrapolated to zero depth,

4,2 3 .
(f% dB/6P = 650 peters / GV
1,7
From Figure 1.7, the expected primery intensity at solar minimum is
approximately 560 peters GV. Although the secondary background contribution
is uncertain, this result is therefore in reasonable agreement with thé

ihtensity separately deduced from the directional measurements.
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PART II .

In the second part of this thesis we discuss measurements
obtained with balloon borne geiger counters launched from Hobart.
The phenomena to be discussed include changes in the intensity and
energy spectrum of cosmic rays during the period 1959 - 1963, the
detection of radiocactive material in the stratosphere in 1961, and
the observation of a radiation enhancement following the “Starfish'
muclear explosion on July 9 1962, Experimental results from other
instruments will also be presented and discussed in relation to the

balloon observations,



CHAPTER EIGHT

OMNIDIRECTIONAL MEASUREMENTS OF IONIZING RADIATION

WITH BALLOON BORNE DETECTORS

INTRODUCTION

A programme of single geiger counter balloon flights commenced
at Hobart in 1959 (Edwards, 19603 Greenhill, 1960)} These experiments
continued during the period 1960 - 1963, In this chapter the results
of these flights are discussed in conjunction with those of other work-
ers, The radiation enhancement following the Starfish shot is dis-
cussed in Chapter 10,
8.1 THE ATTENUATION OF IONIZING RADIATION IN THE LOWER ATMOSPHERE,

Balloon flights of omni-directional cosmic rsy detectors have been

108

made over a period of thirty years and the genersl form of the atmospher-

ic absorption curves has been well established with ilonization chambers
and gelger counters. One of the features of the absorption curve, its
exponential slope in the lower atmosphere, has been neglected in the
literature, although it is well known (e.g. Simpson, 1951) that the
intensity of the nucleonic component of cosmic radistion decreases
approximately exponentislly with atmospheric depth in the interval

(200 « x < 800) g/cm2 o« A latitude dependence of the nucleonic
attemuation length (Ln) has also been reported by a number of invest-
igators, (Simpson, 19513 Pomerantz, 1960) and attempts have been made
to link changes; in Ln at fixed latitudes with changes in the energy
spectrum of the primary radiation,

An analysis {‘pperiix % carried out on the high sltitude ion
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chamber measurements of Neher et al (1937, 1938, 1939, 1943, 1953,
1961) showed that curves of the form (e /L) accurately express
the ionization-depth relation in the region (250 < x < 500) g/i:m2 .
The gbsorption in this part of the atmosphere may therefore be spec-
ified by a single parameter, the ' attenuation length’', (L) which may
be accurately and easily computed by a least squares fit to the data
from a single balloon ascent. It should be pointed out that the _
ionization over a wider depth interval may be expressed (Bowen, 1933)
as the sum of three Gold integrals (involving three parsmeters) and
that the one-parameter representation discussed here must be regarded
merely as a close approximation suitable for computational purposes.
Further examination of the lon chamber results shows that the
value of the absorption length as defined above decreases monotonically
from about 220 g/cmz at geomagnetic latitudes above the cosmic ray "knee''.

The latitude dependence of (L) is plotted in Fig, 8.1. Due to the
lack of data at low latitudes, fast neutron attenuation lengths (Simp-

son, 19513 Soberman, 1955) have been included to aid in extending the
curve to the equator. It may be seen that the value of (L) above
the knee is raised significantly during 1958, a year of high sunspot
activity, a result consistent with the well accepted hardening of the
primary spectrum during solar maximum.

Analysis of data obtained by Neher at high Northern lstitudes in
July - August 1951 suggests an inverse relation between the attenuation
length (L) and the intensity of the nucleonic component measured at
climax (Simpson et al, 1952)., This result indicates the fluctuations

in the cosmic ray intensity to be energy dependent during this period.



PIGURE 8,1 Iatitude Dopendence of tho Aﬁwmiation
Longth (14) Derived £ron tho Iondgation
Chasber Maasurements of Heher el al.
(Inset) Verdations in tho Clinmax Houtron
Mondtor Rute and the High latitude
Attenuation length (I3)




ABSORPTION

LENGTH (G/CM?)

| | | | | | I I | T
T TTT TTTTT /
220 |- (L) 155 o
N A
| _ s B
B (CLIMAX NEUTRO 635 4,
L 200 F \\,,\_'fu‘-‘-xsalf .
i ] 615,
__ W% $11138 1 B
/
- AUGUST
180 - / -
/
| LEGEND:  _
01958
_160 } 41936 —
' X1951
— . 1937-38 _
A NEUTRON(REEY)
- 140 O ' (REFI0)_
| | | | I | | i |
90 80 70 60 50 40 30 20 10 O

GEOMAGNETIC

LATITUDE(DEGREES)



Flight Date of

No.
N

2.
3.

5.

64
7.
8.
9,

TABLE 8.1

Period of Data
Flight Collection (U.T.)

28 Oct

31 Dec
7 Oct

14 Oct

15 Nov

20 Apr

7 Aug’

6 Jul
20 Nov

59

59
60

60

60

61
61
62
63

0700

0230
0249

0210

0700

0604
0420

1349

- 0730

- 0300
- 0311

- 0233

- 0721

- 0630
- 0437

- 1414

Attemuation Geophysical &
Length é?cm2 Solar Activity
157.1 2 2 Importance 2 Flare:
' - 0340 U.T.
168,06 £ 3 -
174,0 ¢ 23,5 Forbush Decrease
commenced on 6 Oct
60, In progress
during flight
172,56 £ 2 Forbush Decresse
commenced during
flight
142,0%t 5 Forbush Decrease in
progress; Sea Level
Flare increase
commenced at Hobart
during hour 03 U,T,
164,9 * 3,5 -
165,2 * 2,5 -
163 % 4 -
161,0 t 2,5 -

Analysis of data from the Hobart geiger

the counting rate to be an exponential function of atmospheric depth in

the range (200 < x < 500) g/c:m2 .

counter flights also showed

Table 8.1 shows the attenuation

lengths obtained from the Hobart flights.

are quoted.

The attenuation lengths (I‘i) are compared with hourly values of
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the Mt, Wellington Neutron Monitor counting rate at the times of the

flights in Fig, 8.2(a).

We note:
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(a) The attenustion lengths obtained from flights made during geophysically

"quiet" periods show a general decrease from 1959 to 1963,

This is
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consistent with the change in the primary cosmic ray spectrum
expected during the approach to solar minimum,.

(b) Flights (3) and (4) made during Forbush events are characterised
by unusually high values of L , consistent with a transient
herdening of the spectrum. These data therefore support the
hypothesis (e.g. McCracken, 1959) that thé energy dependence of
the short term intensity vaeriations differs from that of the long
term variations,

(c) The attenuation lengths from flights (1) and (5), made shortly
after the occurrence of solar flares, are umusually low as might

be expected from the softening of the incident radiation during

cosmic ray flare events,

It is concluded, therefore, that the value of the attenuation
length derived from balloon flights of single geiger counters does in
fact reflect changes in the energy spectrum of the primary radiation.,
Consideration of the attemuation length derived in this way may be

" worthwhile in determining changes in the primery spectrum. No attempt
to do this is mede in the present work becsuse of the lack of data from

other latitudes.

Kamphouse (1963) has shown that the mucleonic attenuation length
(Ln) at College, Alagka decressed from 147.1 % 2,4 g/cm2 in 1958 to 135,9
14,8 g/Emz in 1962, Philips (1961) found the Hobart attemuetion length
(Ln) to change from approximately 139 g/cm2 in 1958 to 135 g/cmz in 1960,

These results suggest Ln and L to be roughly equally sensitive to

1 ’
spectral changes, since the Hobart Li values changed from about 168 in 1959

to 163 g/émz in 1962, a change comparable with the change in yn .



GEIGER COUNTER RATE AT TRANSITION MAX.

L = g-cm?2

180

160

150

140

T T Y 14 Y Y
@ Forbush Event
w Flare Event
-
3
+4
S eao -
-~ 1-
7e -o
Sea I8
fv. ) N
+.
-
L — 1 A A [l
230 570 610

MT. WELLINGTON MONITOR NTUTRON RATE

Fig. 8.2(c). ATTENUATION LENGTH (L)
FROI HOBART SINGL"
COUNTER FLIGHTS
(1959 - 1963)

1 | |

510

530

550 $70 590
WT. WELLINGTON NEUTRON MONITOR SCALED HOURLY RATE.

Fig. 8.2 (b) . SINGLE COUNTER TRANSITION CHARACTERISTICS (1959 - 1963), HOBART.

610

80

70

60

57

DEPTH OF TRANSITION 4AXIMUM (mb)}



8.2 HOBART BALI,OON GEIGER COUNTER MEASUREMENTS 1959 - 1963

In the previous section we discussed the attenuation length (Li)
derived from geiger counter and ionization chamber balloon flights.

It was shown that the velue of L, derived from the Hobart flights

i
decreased during the period 1959 - 1963, In this section we examine
chenges in other choracteristics of the atmospheric absorption curves
obtained from the Hobart flights during this period.

Depth of the Transition Maximum

Exeminetion of the ionizsastion chamber data of Neher et al, shows
that the atmospheric depth (x) at which maximum ionization occurs
(the transition maximum) varies with latitude from x £ 0 near the
poles in years of low sunspot nmumber to x = 100 g/cm2 neer the
equator, This may be compared with the corresponding variestion from
X = 80 g/cm2 to x =130 g/cmz for the nucleonic component according
to Soberman (1955). Since the depths of the ionizotion and geiger
counting rate maxima appear to be more sensitive to threshold energy
than the nmucleon transition depths it may be possible to investigate

spectral changes by observing the fluctuations in x from geiger

max
counter measurements., The dsta of Henkel & Lockwood (1959) for example
suggest a general depression in the depth of the maximum when the
intensity rises above the mean,

The depths of the counting rate maxima were extracted from the
Hobart data by fitting parabolic regression curves to the mimite count
totals, The pressure and hence the atmospheric depth at the maximum

was then detefmined_from the pressure-time ascent data, The early

flights (1959 - 1961) used a hypsometer for pressure messurenents and



these are considered to be more reliable than in the later flights

in which baroswitches were used. The errors in X ax due to baro-
metric errors and time variations in the counting rates are comparable
with the megnitude of the long term change., It is clear however that
the depth of the transition maximum decreassed from about 65 g/cmz in
1959 to below 60 g/em” in 1963,

Intensity Fluctuations

The geometric factors of the counters were intercompared by means
of a laboratory calibration using s Radium gamma ray source. The
earlier flight counters of the Maze type were replaced by internal
nickel cathode counters in 1962, The two types of counters differed
considerably in gsmma efficiency and although an attempt has been made
to take this into account, the laboratory cselibrations may be in error
by several percent. Other uncertainties concern the rise in J part-
;cie threshold energy due to the change in wall materiel and the assump-
tion that the geometric factor of the counter is proportional to its
counting rate_vhen calibrated with the point source. In Figure 8.2(b)
the normalised counting rates end the approximate pressures at the trans-
ition mexima are compared with the hourly rates of the Mt. Wellington
neutron moniﬁor. The fractional change in the transition counting rate
ié about twice that in the Mt, Wellington neutron monitor rate but the
uncertainties in the counter normslization do not allow any more detailed
conclusion, Subject to these uncertainties, the relative amplitude of
the geiger counter and neutron monitor counting rate changes is the same

for both the long and short (Forbush) term modulations, and is equel to
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: 2
one at an atmospheric depth.of 250 g/cm .« The counting rate at the
transition maximum increased by 12% over the period October 1959 to
November 1963,

8,3 THE OBSERVATION OF SOLAR RADIO NOISE BURSTS

In 1960 it became evident that immediate access to information
concerning umusual solar activity would be useful in planning cosmic
ray balloon flights from Hobart., Since the interests of the Hobart
Cosmic Ray Group lay in time veriations in the intensity end spectrum
of corpusculer radiation, warnings of solar flare occurrence were of
particular value.

A study of the relevant literature suggested that detection of
Type IV continuum radio noise storms would provide the necessary inform-
ation in view of their high degree of association (Thompson & Maxwell,
1960) with solar particle radiation increases observed at the earth.

The contimwm radiation is characterised (Thompson & Maxwell, 1960,
1962) by an increase in solar radiation over a wide frequency range,
typically 50 - 500 Mc/s, generally lasting for & period of minutes or,
when assoclated with optical flares of high importance, often for several
hours, The intensity of a Type IV noise storm ddes not usually fluct-
uate rapidly and the flux density is of the order of 10—?ow7hz/bps at
metre wavelengths., The larger bursts are usuallj more intense at lower
frequencies and the considerstions of Section 5.4 therefore suggest the
optimum operating frequency of a fixed frequency radiometer to be in the
V.H.F, range,

The Type II ''slow drift” bursts (Roberts, 1959) are also of interest

as precursors of geomagnetic activity, These are of geophysical sig-
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nificance when associated with contimmm noise and their occurrence is
restricted.to metre wavelengths. Although of shorter durstion (mimutes)
than the Type IV storms when observed at a single frequency, the maximum
intensity is usually an order of magnitude greater than that of the
associated contimmm and detection is correspondingly easier,

Consideration of the spectra of the Types II and IV bursts end of
the sky background and receiver noise levels, suggested that a frequency
in the range 100 - 200 Mc/s would be a suitable operating frequency for
a fizxed frequency total power radiometer,

Neglecting man made noise, the required aperture of the receiving
antehna may be estimated by requiring the detectable noise storm power
per unit bandwidth to be comparable with the background noise level.

The antenna aeperture must then exceed
ZkTON'

nm
GB

A = 3

vhere Gs is the noise storm flux density. . From Figure 5,8 the back-
ground nolse power at 100 Mc/s, N'kTo 2 4.10"21 watts/hz/cps. (Janskys)
The required antenna aperture is then A = 10 m2 « The required gain,
relative to an isotropic antenna, is 10 db and the corresponding beam
area, 3,9 . 103 dega . (1,2 sterodians), If a fixed antenna were used,
the angle of acceptance would need to be at least 180° 1in one plane, A
sultable antenna is the abtuse angled corner reflector (Kraus, 1940) which
has a wide angle of response in the E plane.

A 108 Me/s radiometer was constructed using a corner reflecting
entenna and, later, a motor driven Yagl antenna. A block diagram of

the instrument is shown in Fig, 8.3(a), The radiometer was operated
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at the Cosmic Ray laboratory in Hobart and the high man made noise
level necessitated the use of a minimum reading detector,

A number of flare increases were observed at sea level following
outbursts recorded by the radiometer and checks with data obtained by
the Sydney Radio Astronomy Group established that the instrument was
functioning satisfactorily. Typical chart records of solar noise
bursts obtained with the radiometer are reproduced in Fig., 8.3( ‘.
Several balloon flights were launched by the Cosmic Ray Group following
the detection of enhanced solar noise and during one of these (Flight 3,
Section 8,1), flare produced radiation was observed.

8.4 THE RADIATION INCREASE OF AUGUST 7, 1961

Data from a single counter balloon flight launched from Hobart at
0346 UT on August 7, 1961 showed that the counting rate was enhanced
by about 10% between 0456 and 0500 UT in the depth interval 110 - 95
g/hmz . | There was no evidence of intensity fluctuations during the
rest of the flight. Therefore it does not seem likely that malfunction
of the balloon equipment occurred. Figure 8,4(a) shows the counting
rate derived from mimute count totals with the corresponding pressure
readings during the latter part of the flight. Four minutes of count
data were lost at the trensition meximum due to a malfunction of the
60 second count total transfer switch on the ground equipment (section
5.3). The balloon burst at 0547 UT and pressure data could not be
used during the rapid descent. However the descent rate, es deduced
from a comparison of the altitude profiles of the ascent and descent
transition countipg rates, suggests that the high minute count total at

0554 UT occurred at the same altitude 50 - 55 K ft as did the enhancement
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at 0456, There is no evidence of a solar radio noise event, either
at 1420 Mc/s or in the range 5 - 210 Mc/s during the flight (private
commnication, Dr, J. P, Wild), The Hobart 108 Mc/s radiometer
(Section 8,3) did not record any significant noise burst during the
day, and no VLF noise storm occurred at Hobart (private communication,
Prof, G.R.A. E11is)., The Toolangi magnetograph trace was undisturbed
throughout the day of the 7th which was selected (CRFL - F 206 (B), Oct-
ober 1961) as one of the 5 quiet days of theAmonth on the basis of the
geomatnetic activity indices. Apart from the enhancement the atmos-
pheric absorption éurve was normal (Sections 8,1 and 8,2) and did not
otherwise indicate the presence of excess radistion.

In view of the lack of solar and geomagnetic activity ﬁe do not
believe this event to be due to a solar disturbance such as s gamma ray
burst as inferred by Winckler et al (1959) from similar observations with
balloon equipment, The most likely explanation appears to lie in the
presence of radioactive debris at an altitude in the vieinity of §300Q
feet, The excess counting rste during the descent supports this wind
maximun at the same altitude.

Mantis & Winckler (1960) observed radio-active debris at the 350
mb and 140 mb levels in two flights lsunched from Minneapolis in 1958,
On the assumption that their radiation detectors (geiger counter and
ion chamber) were responding to fission Y-rays the specific activities
were calculated to be respectively 0.8 x 10™° and 0.4 . 10™° > sec?,
The excess radiation levels were observed within a week of Soviet nuclear

explosions in the Arctic region and the trajectories of the debris were

traced back to the test site.
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If the Hobart increase were due to y-active debris, the specific

activity is given by

ul

c"é':!; (XX ] 802

where p= Lincar y-ray obsorption coofficicnt (em™})
{1 = Dxeess geiger counting rate {sec™})
Gy = Effective arca of detcctor (App.3)
n = Caxa~ray dstection efficiency
if it is assusmed to be uniform over a sphere of radius large compared
vith % = 10 km at the altitude of detection. On this basis, putting
Gy = 36 em?, n = 0.5 x 1072 w2 obtain
I = 5.6, 10™%en3zec™?,
This value is a lower liumit cinece the layer would certainly peed
to be less than 2 km thick in order to account for thé small depth
interval (15 g/cm?) in whieh the counting rate was enhanced.
If the iancrease werc duc to B particles of eamergy greater than
0.6 MoV, the threshold energy duc to the finite couater wall thickness,
the specific activity is
| Ig(By) & g—:? . a¥neXo ees 8.3
where yp = Mass absorption coefficient (cm?/g) for a 8 emitter
of naxizun energy Bm(Mev)
= 22 B%/3ca2/g (Price, 1958)
u = Linear absorption coefficient (cm™})
%o = Mass thickness of counter wall and other shielding
zaterial

& 0.3g/cc?®
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Assuming the .B emitter to be Yttrium 90 in equilibrium with Strontium
90, Ep.. = 2.27 MeV and the specific activity,
I = 3.6. ]:0-3.c111-3sec"'l
The concentration of Sr3° would then ﬁe at least 5. 10%cr™3 if it
originated in nuclear tests carried out before the 3-year moratorium which
began in October 1958 and ended in the month following the Hobart observation.

In view of the lov sensitivity of the measurements to B-action
debris it seems that y activity is a more likely cause of the event. In
any case the relatively high activity and narrow altitude range is umexpected
in viev of the .Minnesote measurements on fresh debris.

Measurements of th§'3pécific B-activity of rainfall carried out by
the Division of Meteorological Physies, C.S.I.R.0., outside Melbourne
(private communication, B.Hiéks) suggest a Spring increase in the tropo-
spheric air activity conceptration, beginning in August 1961, and reeching
a maxizun in November of about 300% above the February-July average for the
year. The activity in August wes estimated to be 30 - 4OZ higher than the
anonth Melbourne average. The results of the sampling program of the
Atomic Weapons Tests Safety Committee (Blake et al., 1962) suggest a

considerably smeller Spring increase. Using the same paramster,

Total Deposition (me/km?)
vYRain Fall (inches) ’

to indicate tropospheric air concentration, the latter measurements suggest

a Spring maxirum of only 20% above the February-July average at Hobart

end about 100% at Melbourne. The discrepancy between the AWTS and

C.S.I.R.0. measurerments and the difficulty in relating sea level



precipitation activity to the upper air concentration, prevents any
firm association between the balloon observation and the surface

measurements,



CHAPTER HIRE

EFFECTS OF THE NUCLEAR EXPLOSION "STARFISH PRIME"

OBSERVED AT HOBART, TASMANIA ON JULY 9, 1962

INTRODUCTION

In this chapter we present an account of geophysical observations
of the effects of the nuclear explosion "Starfish Prime". The data wvere
obtained at Hobart (147°E, 43°S geographic; 224.5°E, 5295 geomagnetic)
on July 9, 1962.

The observations to be described include the following:-

1. A radiation enhancement recorded by a balloon borme geiger
counter at 80 g/cm? atmospheric depth.

2. The occurrence of ragnetic micropulsations in the vertical (z)
coﬁponent of the earth's field.

3. Fluctuations in the geomagnetic field components (X,Y,Z) recorded
by a flux gate magnetogxaph.

L, A sudden ionospheric absorption (S.C.N.A.) recorded by wide

and narrow beam equipments at b.7 Me/s.

9.1 RADIATION ENHANCEMENT

A balloon borne geiger counter and associated equipment was launched
from Hobart on July 9, 1962 with the object of monitoriﬂg the ionizing
radiation level st bigh altitudes following the expected detonation of
a megaéon yield nuclear device in the ionosphere above Johnston Island.

As any radiation increase vas expected to be rapidly attenuated in the



atmosphere the balloon was designed to rise to a depth of 15 g/ anz

and remain at this depth for several hours. Owing to delays in launch-
ing the detonation occurred (et 090Q09 UT) before the maximum altitude
had been reached. At this time the balloon was about 50 km SE of
Hobart, | The signal from the sonde was monitored at Hobart and in
addition was recorded on magnetic tape at a remote receiving station.
Following the detonation a marked increase in the migute count totsals
was observed by the monitor station, the increase first being noticed
in the minute count heginning 0900.30 UT, The enhancement persisted
for several minutes, the minute totals reaching a maximum of about

30% above the cosmic ray background level at a dépth of 77 g/cmz .

The balloon burst prematurely at 0927Z at an atmospheric depth of 40
g/ cm2 o A brief description of the enhancement has slready been re-
ported (Edwards et al, 1962), In the following sections the observat-
ions will be examined in detail,

The instrument package contained horizoxitally mounted internal
cathode (0,imm Ni) counter of the type described in section (4.4) des-
igned and tested for operatfon at temperastures above (-60°C). The
pressure transducer was a single bellows baroswitch, This instrument
was checked against a laboratory barometer prior to the flight. T .
radio urensnlider was o nobelnve’ Gricde gosiliabor opernbieg 06 8
framcary of 74,5 /s zoupled 6 = vertieal uzirbomna.,  Dry cells
provided power to operate the transmitter, geiger counter and the
assoclated transistor circuitry.

All circuits were designed for low temperature operation ss the

z\'\
N



FIGURE 9,1 ¢ Raw Data Showing the Geiger Counter Increase
Over Hobart (5203) Pollowing the "Starfish?

BExplosion.
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flight was launched shortly before local sunset. The payload was

enclosed in a 2" thiek famed polystyrene container which was itself

covered with polythene sheet to minimise heat loss, The pulses from
the geiger counter were lengthened. and used to gate the oscillator off
for a period of # mS during each pulse. . The baroswitch deviated the
frequency of a 2Ke/s sinusoidal oscillator the output of which was
applied to the modulator at a low level (Section 5,3). During the

flight the pressure contacts were identified aurally and noted as a

function of time., The clocks at both receiving stations were checked

against WWV time before and after the flight, Time marks were made on
the tape at intervals throughout the flight and the maximum timing
error does not exceed ¥ second.

The raw daté is shown in Figure (9.1).

Significant features of the enhancement are:-

(a) The considerable atmospheric depth (80° g/ anz) at which the
increase occurred,

(b) The time delay of 10 - 1B seconds between the instant of the
detonation and the commencement of the increase,

(c) The rspid rise to a peak intensity of more than 70% above the
cosmic ray level at 0901 UT, (H + 50 seconds).

(d) The sloﬁ recovery of the enhancement to a minimum at H + 200 seconds
and the persistence of the enhancement until after 0915 UT,
Durney et al (1963) observed a radiation burst at about the same

time with the shielded Anton 302 counter in satellite Ariel, They

suggest that the satellite burst was due to hydromagnetic redistribution
of the pitch angles of naturally trapped electrons., The Hobart
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observations might then be interpreted in terms of the bremsstrahlung
radiation from dumped electrons. e shall postpone further discussion
of the balloon result and consider it in relation to the other Hobart
observations in chapter 10, since, in the absence of supporting dsta,
the interpretations are necessarily open to question.

9,2 MAGNETIC MICROPULSATIONS ACTIVITY

A micropulsations recorder, installed at a field station 10 miles
from Hobart was in operation at the time of the detonation., 1In addit-
ion to the normal chart record, the data were tape-recorded at - 7% ips
together with the Johnston Island count down. The detector was a
horizontal loop coupled to a galvenometer and photocell unit, The
response of this unit and the assoclated amplifier was flat up to a
frequency of 0,05 cps and dropped by 4db per octave about this frequency.

Figure 9,2 shows the radistion increase and the micropulsation
record plotted on the seme time scale, The irregular pulsastions which
took place in the first 30 seconds are followed by a train of 5 quesi
sinusoids of spproximately 16 seconds period. Particular interest
attaches to these oscillations becsause of their narrow frequency spectrum
and their time relation to the radiation burst, Macdonzld's (1961) low
density model predicts a period of 16 seconds for the fundsmentel V mode
oscillation of the field line through Hobart., Power spectrum and Chree
analysis of the radiation and micropulsations data (presented in Chapter
IO ) confirm an association between these data.

In Figure 9.3 the onset of the artificial micropulsations is shown,

The depression of the verticel (upward) component of the field within
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0.1 seconds of the detonation is clearly apparent., This effect,
presunably due to an electromagnetic pulse propagated in the earth
ionosphere cavity (Wait, (1960)) hass been reported by other observers
(Casaverde et al, (1963), Roquet et al, (1962), Odencrantz, (1963)).
At H + 1,4% 0,1 seconds, a sharp increase in Z occurred and was
the first peak.in.a train of 3 quasi simusoids of period 0.7 secconds.
Saturation of the recorder (]21 > & gamma/sec) took place at
"H +.3,5 2% 0,1 seconds and rapid fluctuations continued until H + 20,9
seconds when a large positive excursion lasting 3 seconds again
saturated the instrument, The regular oscillations alfeady referred
to began after +30 seconds and reached pesk to peak amplitudes in
excess of 1 gamma. The time delay of 1,5 seconds to fhe first peak

of the short period oscillastions is more than twice the delay

(0.6 * 0.2 sec) observed at Wellington, New Zealand (Christoffel, 1963).

(n

J. Roquet et al, (1963) have drawn attention to the world wide observation

of a magnetic impulse at H + 2 seconds. There is some suggestion of
an impulse at Hobart at this time (Figure 9.3) but its recognition is
made somewhat uncertain by the prior arrival of the short period
osqiilations.

9.3 MAGNETOGRAFH RECORD

Flux gate variometers operated at Hobart by the Australian Bureau
of Mineral Resources (private communication Dr. D, Parkinson) recorded
variations in the X, Y, Z components of the field following the

detonstion (Figure 9.4;9.5)The chart speed of 1Z per hour restricted



FIGURE 9.4 : General Features of the Radiation Increase,
Sudden Ionospheric Absgorption and Magnetic
Variations at Hobart Following the “Starfish®
Explosion of J\'ﬂ& 9, 1962.
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the time resolution of thé data but it is clear that the total field
strength was.depressed in the first minute following detonation and
enhanced for the following period of about 15 minutes. The maximum
deviations in the X(North), Y(East), Z(down) components were respect-
ively -9, -13, +10 gammas during the first phase of the event and +20,
+9, -9 gammas during the second phase,

This avent is of more complex form than the bay like disturbance
recorded by near-equatorial stations (Pisharot&, 19623 Glover, 19633
Casaverde et al, 1963), The mean Sq variations at Hobart for July
at the time of the event have been estimated by Parkinson (private
communication) as approximately +6, +4, -1 gammas respectively in X,
Y, 2, The fluctuations in the horizontal field during the second
phase of the event would therefore correspond to an increase of a

factor of two or three in the strength of the locel Sq current system,

9.‘,1 SUDDEN COSMIC NOISE ABSORPTION

A number of cosmic noise receivers were in operation at the time of
the detonstion. These included the narrow beam (3° b:q 11°) and wide
beam radio telescopes operated by the Radio Astronomy Group of'the
Physics Department at a frequency of 4,7 Mc/s and a 30 Me/s vertical
wide beam (80o X 1800) riometer, constructed by the author for the
purpose of monitoring ionospheric absorption following the detonation.

No absorption greater than 0,5 db was observed with the 30 Mc/s
riometer but a doubly pesked absorption event of amplitude 6.0 db was
recorded with those narrow beam 4.7 Mc/s telescopes (declinations of

-52°, -47°, -37°, -32°) which had been receiving appreciable cosmic noise
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prior to the detonation., Figure 9.6 shows a typical chart record.

The recovery after the initial (4 db) absorption peak was probably
greater than that observed because of the long rising time constant

(60 seconds) of the minimum reading circuitry. Owing to the slow

chart speed it is difficult to assign an accurate onset time to these
effects but the results are consistent wifh a time coincidence between
the first absorption peak and the peak of the radiation burst. There
is little evidence for a second radiation increase at the time (H + 2.5
mimites) of the second absorption, Within the limits of accuracy

(+ 0.5 db), (2 30 sec) all narrow beam equipments recorded equal absorp-
tions at the same times, = The wide beam ébsorption {5db * 0,5 db) was
certainly not grester than the narrow beam absorptioA and although of
the same duration (15 minutes) dia not show a double peak.

The Hobart ionosonde was not opersting at the time of the explosion
so that no critical frequencies are available for this time, Comparison
with the galactic noise profile obtained under quiet conditions shows
however that the cosmic nolse level was depressed by several decibels
on the night of July 8 and until 1300 UT (2300 local time) on the night
| of July 9. The normsl galactic intensity was recorded after H + 4
hours and also during the following night of July 10,
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CHAPTER TEN
INTERFRETATION OF THE RADIATION BURST OBSFRVED

ON JULY 9, 1962 AT HOBART

INTRODUCTION

Hobgrt observations of the immediate effects of the muclear
explosidn "Starfish Prime" were presented in the previous chapter.

The magnetic and ionospheric effects of high altitude muclear explos-
ions have been widely discussed (Obayashi, 1963; McNish, 19593 Mat-
sushita; 1959) and the artificisl injection of ﬁ-pafticles into the
magnetosphere has been established by satellite and other observations
following the Starfish shot and other earlier high altitude nuclear
explosions (Van Allen et al, 1959, 1963),

Disagreement exists concerning the interpretation of the Starfish
effects, in particular of the cause of the unexpectedly wide latitude
distribution of the geomegnetically trapped electrons'(Hess, 19633
Van Allen et al, 1963), The occurrence of generally larger magnetic,
ionospheric and suroral effects near New Zesland (Gregory, 1962) than
in the area magnetically conjugate to John#on Island was also unexpected
but well established.

The Hobgrt observation (Section 9.1) of enhanced radiation under
80 g/'cm2 of residual atmosphere is, as far as is known, the only reported
measurement with a balloon born detector of excess ionizing radiation
following the explosion. In this chspter the balloon observation will
Se examined in conjunction with other observations at Hobart and else-

where,
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10,1 THE RESPONSE OF THE GEIGER COUNTER TO IONIZING RADIATION

The general features of the geiger counter were described in
Sections 4.4, and 9.1, The f-particle threshold energy due to
absorption in the imm pyrex glass wall and 0,1 mm internal nickel
cathode is estimated to be 0.8 MeV, being higher than that of the maze
counters because of the presence of the nickel cathode. The minimum
energy of a detectaple proton entering the stmosphere verticelly was
330 MeV due to the residual atmosphere above the balloon at the time

-of onset of the radiation increase., Twenty seven minutes after the
detonation when the belloon burst, the proton threshold energy had
dropped to 300 MeV, due to the ascent of the balloon during the inter-
vening period. ‘

A gamme ray calibration carried out on an identical counting tube
after the flight with nominal ig/4c 08137 and 0060 sources (photon
energies of 0,66 and 1.2 MeV, respectively) established the photon
detection efficiency ('7) to be A

7(") '5(0.75\, (MSV) - 0.25Y0 » (0.5 v < 3) MeV 10,1

assuning a linear relation (Price, 1958) between efficiency and photon
energy (v) 4in the Compton regime. The errors in the calibration are
thought to be due mainly to departures of the source activities from
their nominal value. The decay in activity of the Cobalt source which
had taken place since the date of mamufacture was taken into account,
The errors in the quoted efficiencies probably do not exceed % 25% .

A gignificant loss in counting efficiency (& ) arose from the
finite resolving time of the counting tube and read out systems. The

loss in efficiency due to this csuse is given by



| 30.

1 - 2 Ngsec“"l%

5 [}
The effective area presented to a parallel verticrl flux of
radietion was 38 2 3 t::ma and the goometric factor G , relating the
]
counting rate N (sec-i) to the particle flux J om 2 sec ! s isotropic

over one hemisphers, by

H = ¢ J 10,2
vhere = detection efficiency, was
G = ITr(r+1) 10,3
2

= 36,6 & 3502

10,2 INTFREETATION OF THE RADIAWION ENHANCIITET: MUULI Y17 BICCUSSION

Wle ahrll consider the radistion enhoncem=nt to consist o two
ovhases. The initlal burst, beginning =t H ¢ 15 £ 5 geconds -nd ending
ot I+ 200 seconds will he referred to =8 burst & , The enh-nced
level which remained after H + 3 minutes nnd persisted till K + 2n
rdmites wlll b6 cclled enhancement B ,

Hypotheses as to the eruse of burst /1 will Lo priwerily considered,
These fall into two cetogories according to the proposed source of
rndiations
(1) Natursl rndintion detected as an indirect result of the explosion,

for exruple, Bremsstrohlung :-rays from durped Ven ~llen perticles,
(2) Artificisl radistion, either directly produced by the explosion,

gonersted r8 a result of rodio active decry of the products of the
explosion, or that arising from interaction between these products
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and the térrestrial enviromment. Examples include gamma rays

from fission debris, x rasys from neutron decay electrons and

gamna rays arising from the muclear interactions of neutx;on

decay protons.

Knowledge of the characteristics of the balloon borne detector
enables dertain interpretations to be rejected, For example the
attenuation of radiation in the residual atmosphere is sufficiently
great to rule out the direct detection of protons with energy below
about 350 MeV. The gemma ray detection efficiency of the counter is
small enough to prevent indirect detection of such protons via their
miclear interactiohs with sufficient efficiency to account for the
magnitude of the burst in view of the inadequate flux of naturally
trapped protons known to be available for precipitation into the atmos-
phere above Hobart.

Comparison with the magnetic and ionospheric observations (Chapter
9) allows a further restriction of tenable hypotheses. The umsually
light ionospheric absorption accompanying the radiation burst}?esferred
to in the previous chapter, This fact allows the interpretstion of the
burst in terms of dumped electron bremsstrahlung to be rejected with
reasonable confidence. The restricted area at ionospheric heights to
which both the balloon detector and the narrow beam riometer respond
would however, introduce some uncertainty into the interpretation, were
it not for their geographical proximity and the availability of the wide
beam riometer records.

In the following sections the interpretations listed below will be
examined.
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1(a) An increase in the flux of galactic cosmic rays, detected as a
result of temporary redpction in the geomagnetic cut off rigidity
(Chapter 2).

1(b) The precipitation into the atmosphere of naturally trapped protons
or alpha particles with ranges exceeding the residual depth of the
balloon.

1(c) The production of gamma radiation arising from nuclear interactions
of dumped protons and alpha particles which have insufficient
energy to be directly detected by the counter.

1(d) Bremsgtrahlung radiation from dumped Van Allen belt electrons.

2(a) Bremsstrahlung x~rays and gapma radiation from bombeneutron decay
electrons and protons reepectively, produced in the magnetosphere
and accessible to the atmosphere aboye Hobart,

2(b) Gamma rays from radicactive fission and fusion products.

10:3 THE PROTON RESPONSE OF THI GEIGFR COUNTER AND THE

MT, WELLINGTON NEUTRON MONITOR

The MtiWellington neutron monitor chart recorder was in operation
during the radiation event. In deducing the energy spectrum of protons
proposed (Edwards, Fenton, et al., 1962) as a possible interpretation of
the burst we may make use of the monitor obsemtions to set an upper
limit to the mean energy per particle for a hypothetical proton flux.

05 the assumption that the burst radiation was due to a modulation
of the px;imary cosmic radiation having 'speotral dependence @imilar to
that observed at Hobart during 1959-1963, the results of Section 8.2
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may be used to predict the resultant increiss in the rate of the *it,
Wcllington neutron monitor, Teking one mimte ~verrges, thke 0%
incre=se in counting rrte ~t &0 ycmz ought to be nccomprnied b, »n
increrss of =i 1la-st 1:% 1n the monitor rate, <hout five times the stand-
~rd error ir the mimwte tot~1s, In fact, no sirnific-nt fluctu-tions
ogrurred in the manitor rete so that the hynothesic m v be rejccted,

The en-rey response of the monitor drops r-idly below 2 CeV (Webber,
15a2) and the lnck of ony mergur=ble monitor resronse does not therefore
rule out sn explnnétion in terzs of rrotnns wit: enrrgles below this
value, The verticnl cut off enargy st Febart is sbout 1 GeV so that
any reduction in this wovld probebly be vnfotect-ble no~r we» level,
Uowever, the flux of comic rey prriicles with enersics Setuern 280 eV
end 2 GeV, even ~t soler minimum, (Section 3,2) ic irrdemm~te ¢~ rroduce
the obseryed mexinmum inerecse of 0% 4in the rete of the reloer ecvinter,

degronse of the Feutron Yonitor to "ow Fnergy Protons

The differentinl counting rate of the neutron moniter -t Aenth x
dve to orimcry protons vith vigidities in 4P at P m-y be vritten
(Fongery, 1983)

WEE . ox(r) agpgpz 10,4

where Ox(P) 1s the speeific yleld function nnd %»& is the prim~rry
differentinl rigidity spsctrum,

If the vertical rigidity threshold is Po s the roritor r-te moy
be written

@
H(F, y%) -=/ sx(p) . §5 . @@ 10,5
b



The fractional increase in rate due to particles of rigidity P

incident isotropicelly at the top of the stmosphere is then

5 n 5, (P) . J(P)
N(PO)H - @ dJ 10.6
/ S.(P) . =5 ap
x dP
P
o
where J(P) 1is the unidirectionsl intensity (per unit solid sngle).
At Hobart P, = 20V , and neer soler minimm, 2% * 10° p72+%
peters/GV (section 3.2), so that numerically integrating
0
daJ
JECRE-IX:
2
we have, using the yield functions as recently revised by Webber (op.
cit,). Truvciore
£N—N°/o * 0.8 S(P) J(P) 10,7

Since the altitude correction to S(P) is uncertain we shall cslculate
the sea level response with the understanding that this will underestimste

the response of the Mt, Wellington monitor, particularly at the lowest

+2,8

rigidities, 1In the range 2 -6 GV , S~ KP and therefore

&N_N% 5.5 . 10~% p2+8 J(P) 1n.8

Thus if the differentiasl flux at Pb = 26V were doubled at solar minimum

(J(2) = 103 psters) the monitor rate would increase by 2,4%. The

single counter rate at x = 80 g/cm2 , would in this case increase by
3 r
approximately lQ__:_Q%LQEEZ = 25 counts per second. Since the minmute
10

averages during the event were enhanced by little more than this and the



corresponding monitor increase would probably be undetectable,
we cannot definitely rule out protas of this energy (1 GeV)

as the cauge of the increase. Examination of the relative amplitudes

of the monitor counting rates at Hobart and Mt, Wellington during the

November 1960 flare suggests that use of the sea level yield functions

underestimates the Mt. Wellington monitor response by about 10%.

Other uncertainties in the calculation probably exceed this error.

In Figure 10.1 the monitor response is plotted as a function of

proton energy from equation 10,5 ueing the yield functions given

by Webber (op. cit). We now examine the response of the geiger

counter to a flux of protons isotropic at the top of the atmosphere.
Regponge of the geiger counter to low ensrgy protong

The absorption mean freepath of protons deduced from absorption and

interaction cross section measurements is 100 g /cixi:Z in air and 1s

nearly independent of energy in the range 100- 900 MeV. (Lees et al.,

1953; Milburn et al., 1954; Freler and Webber, 1963). At higher

energies the range of the secondary particles becomeé appreciable

and the absorption length becomes ecger than the interaction length.

to protons

A natural division between the response/exists according to whether

their energies are less than or greater than about 2GeV. Above

this energy the counter response may be deduced from galactic

cosmic ray measurements, and compared with neutron monitor

observations near sea level in order to deduce the approximate

energy spectrum required to account for bturst in terms of an
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enhanced proton flux., At lower energies the enhanced neutron

monitor response decreases rapidly and énefgy and solar proton

measurements mst be used to check the theoretical results.
The counting rate (&) of an omnidirectional detector

at depth x due to an isotropic i‘lu:i of protons of ensrgy E,
FaE o,
— X gsec & .
ﬁx = 'ZFAO‘/JZE e - -—%—;— sine d @ 10,9

where A = projected area of counter
J(E) = Flux (per unit solid angle) of protons with energy E
and range R> x,

and gecé = B_}({_E;)_

A

absorption near free path

100 9/en® ;, E < 900 MeV.

Upon 'integration,

n_=27A J(E) (g & €4 (,\)) 10,10
where £ . (4) f e d§ is a Gold integral and is tabulated
by Rossi (1952).

In the present cage we approximate the counter response by

considering it to be a gphere of radius

r=[290+58)] ¥ (appontin3).

Then =-7-r—§—£- +..7':.5‘..
2 2

= 36,6 cm2 (section 10,1)
2 1 2
In Figure 10,2(a) the normalised counting rate :: 2”-%: . S8 om

is plotted. as a function of energy for x = 809/ct” and a primary
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flux of 1000 peters. Heglecting secondary production as ve have,, the
counting rate is substantially independent of energy above 600MeV and
dxofs rapidly below this energy. The ommidirectional intensity of -
primary protous at 80 g/cm? ie therefore ¢)(0.8) & 1/5 of the omni-
diiectional intensity at the top of the atmosphere for (600 < E < 103)MeV,
We take secondary particle production into account by making use of
omnidirectional cosmic ray observations at farious latitudes, For
example; extrapolating the ionization curves of Nenar (Montgomery, 1958)

_ to zero atmospheric depth, the ionization at x = 809/cm? is approximately
one half thét at vx = 0 for prinary particles with a mean energy of 1 GeV,
and twice that at x = O for a mean energy of 2 GeV. In Figure 10.2(b)
the primary intensity of protons required to produce the observed geiger
counter increase is plotted as a functién of energy. The corresponding
pe}centage increase in the neutron monitor minute totals is also plotted.
Taking the minimum detectﬁble monitor increase to be 6%(28) it is clear
that protons with energy as high as 2 GeV cannot be excluded on the basis
of a compafison between the neutron monitor and the geiger counter
measurenments.

The maximum flux of photons required with energy 2 GeV is seen
to be about 5.103 peters although, dus'to unceréaiﬁties in the response of
a single counter to relativistic primary protoné, this figure may be in |
error by as much as 50%. - The required flux, ﬂowever, is certainly at least
geveral times the available cosmic ray flux. For this reason alone

we reject the hypothesis that an enhanced cosmic ray flux vas responsible



for the increase.

In the next section we exarmime the possibility that protons of
lower enersy vere durped from the radiation belts. To do this it is
rccessary to comsider the response of the riometer to low eaergy protons.

10.4 PROTOF PRECIPITATION : RESPOJSE OF THE RIOMETLCR AID
GEIGER COURTER TO LOW ENERGY PROTONS

The ionospheric absorption of cosmic radio noise dvs to galactic
and solar protons has recently been examined by Webber (1962). The night-
time absorption at the polec iz quoted as 0,6 dd at UMc/s during solar
minimum.' Since the absorption in decibels is proportional to the path
integrated electron density for & given spectrum, and the’proton energy
loss rate is nearly indepen@ent of emergy for relativistic protons, aﬁ
upper limit to the absorption at UL.T Mc/s due to an isotroric flux of
relativistic protons (stopping bélow the ionosphere) may be easily
calculated. The absorption depends on the square root of the flux so
that the 5000 peters of flux of 1 GeV protons (2 2.5 x the cosmic ray
flux at Hobart) comgétible with the monitor and counter observations
(section 10.2) ﬁould result in an excess cosmic noise absorption of less
than 1 db at 4.7 Mc/s. - At lower energies the proton energy loss in

the ionosphere increases and the absorption rises correspondingly.



Using the results of Vabber (op. cit,) and Freier and
~eboer (1663) it ig found that the flux ol .omoenergetic
protons needed to account for the magnitude of the counter
increase would not produce a daﬁectablo increase (% 0.5 db)
in 30 lic/s atsorpiion for ensrgies above 360 lieV, at which
energy the proton range exceods the atmosynoric depth of the
ballocn. ‘The greutor sensitivity of the 47 ilo/s avsorption to
ionossneric ionization is compensated by the rapid decrease in
ihe raquircd £luz with incrensing enorgy in the region of the
~rtuoapherice cut olf of the balloon detector, The flux oil
protons with ensrgies above 330 lieV. required £u> the counber
lncreage wouls in fact produce less than hall tiut obsorved

ab 407 .{‘.C/aq

Since it is certein that other mechaniasms, for example,
the precipitation of neutron-decay elecirons, could produce
the bulk of the obseorved abgorption, the proton dumping hypothesis

" is not contradicted by the absorption measurements, %e conclude

therefors that ths hypothesis ¢ an isotropic flux of monoenergetic A

protons proposed to account for burst A does not conflict with
either the riometer or neutron riometer observations if the Cnergy
lies in the range 380~ 2000 MeV, The required flux varies from
'105 to 1()3 peters.

The energy aspectrum of rrotons trnnped on tlw rrgnetic shell
(L = 2,5) accesnible to tho etmosphere nbove iobert ic given by

bl Aad
-\L'J/”

KeIlvain end Fizzela (1963) as %“’ e dowit.h E, 22,5 keV,
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Other observations (for example Fan et al., 196l1) suggest an
upper limit to the energy of trapped protons of several tens of eV at
L = 2.5, The burst cannot therefore be due to protons durpad from this
shell because of the steep energy spectrum and inadequate flux available,
An alternative nechanism is sugegested by the proton observations on lower .
magnetic shells.,

At L = 1,2 the differential proton flux (Heckman and Armstrong,
1962) exceeds 10° peters at 400 MeV and 10% petérs at 600 MeV, The
Hobart observations might then be explained if protons from lower L shells
were scatteréd into unstable orbits at the L = é}S shell as & result of
the explosion. This possibility will be examined in Section 10.8. |

105 ELECTRO PRECIPITATION : THE RESPONSE OF THE GLIGER COUNTER
AND RIOMETERS TO DUMPED ELECTRONS

In the previous two sections we examined the response of the
counter, neutron monitor and riometers}to an isotropic flux of protons and
deduced an allowed range of proton energies which satisfied the §bservations.
In this section we conéider the response of the riometerp and geiger
counter to a vertical flux of electrons,‘the Yormer as a iresult of enhanced
ionization in the D 1layer, the latter through the prodnctipn of
bremsstrahlung x-rays. This interpretation is suggested by the time
coincidence between th2 Hobart ;adiation burst and that observed with
satellite Ariel, the latter burst being explained by Durney et al.(1963)

in terms of a pitch angle redistribution of naturally trapped electrons.
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The absorption of a radio wave passing through an ionized

medium may be expressed by the relation, |
I = I, exp(-Ks)

wvhere I is the transmitted power, I, is the incident power, K is
the absorption coefficient, and s is the thickness of the medium
traversed by the wave.

The absorption coefficient, K, may be calculated using
magneto-ionic theory. In the ionosphere K is a function of altitude.

The ionospheric D layer absorption is given by the well known
~equation (Ratcliffe, 1959),
A =10 log;_‘_’,a | Kpdh

= 4,6.,10% DgVdh

dB [ A K R} lo.ll
vZ+(wtep,)?

vhere ne is the electron density, (cm™3) y V the electron-neutral
parti‘cle collision frequency, w tﬂe angular frequency of the vave, w,
the angular electron gyro freguency (Equation 2.11) about the longitudinal
field component, and h the altitude in km.

The equilibrium electron demsity H, is related to the jon
production rate (q) by |

a4 = agpphl B ver 10,12

vhere the effective recombination coefficient (agpp) is a function of
gltitude. It may be derived from the ionization rate equations (e.ge
Bailey, 1959) and lumps together the effects of various attachment and
detachmentlprocesses -involving electrons, ions and neutral particles.

The values of the recombination parameters have been recently re-examined |
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by Webber (1962). In the following calculations (a,p.) has been
calculated using Webber's figtires.

The electron production rate at altitude h,(q(h)) may ve
calculated from a knowledge of the rate of energy deposition from the
electron beam. This is given by

v.q(h) = N(E).J(-’%-)-){%) O.p(h).MeV/cm3 eee 10.13

where N(E) = Primary (vertical) flux, (cm 2sec”!) of mono energetic

electrons

(%) = Rate of energy loss (MeV.cm?g !) at beginning of
° an electron of initial energy E MeV.
p(h) = Air density at altitude (h)
J -’%?-) = Weighting factor expressed as function of depth (x)
" in units of the residual range (xo) g/cn?,
This is tabulated by Si)encer (1959) for a
plane parallel source of mono energetic
electrons in aif. ‘
w = Energy fequired (36eV) to produce one ion pair.
Using the ionospheric parameters w(h), p(h), aeff(h),
x(h) suggested by Webber (op.cit.), the absorption in the vertical

direction is then found by numerical integration:
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A(db)ac(Eo).ﬁ“'(Q ] [J( ) )]dh ¢0010,1h

v24?
E oh

where C(Ey) = T.66VN(E).10"3 with h in kilometres.

The vertical absorption is plotted in Figure 10.3 as a function
of frequency and emergy. At energies below 400 keV, the absorption occurs
at altitudes where the collision frequency v<<w and the absorption in
decibels is inversely proportional to the square of the observing
frequency. The 30Mc/s absorption A'y, has been accordingly raised by
a factor of 102 and it is seen that A3y & 102A'; below 40O keV. As

the energy is increased the ionization at lower altitudes rises and the

2 2,

denominator in Equation 10.11 becomes a function of v° as well as w
As is evident from the curves, the total absorption becomes correSpondzngly
less dependent on frequency above 400 keV., The total absorption at

30 Me/s continues to rise with energy while the 3 and 6 Me/s curves show
' shallow maxima in the range 1 - 5 MeV,

The maximum in the energy dependence is considerably less
pronounced than for a proton flux. In the case of a proton beam (Ssection
10.4) the energy loss rises sharply at the end of the range and thé
ionization is consequently restricted to a smhller range of altitudes,.
Mexirmm absorption thus occurs at an eﬁergy for which the stopping
altitude is close to the altitude (h) at uhlch the specific absorption-

v(h)
> » i8 O maxlmnm- (v = w).

v3(h)2w
At sufficiently high energies' the protons stop below the

per unlt ionization,

ionosphefe where the high cdallision frequencies result in negligible
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absbrptioh and the total absorption increases slowly with energy due to
the relativistic increase in the energy loss rate., The decrease im proton
absorption with energy in the renge from several tens of MeV up to several
CeV allowed us to shovw in Section 10.Y4 that, in a restricted energy
interval, the flux of protoms required to account for burst A would not
produce ionospheric absorpcion in excess of that observed. In the present
case the electron produced absorption does not exhibit & marked meximum in
its energy dependence, and the counter and riometer response both increase
vith energy. In the calculation of electron produced absorption, the
ionization due to bremsstrahlung X-rays has been neglected.

The curves in Figure 103 therefore show lower limits to the
absorption elthough the x-ray contribution is smell below 1 MeV. The

30 Mc/s vertical absorption may be obtained directly from the upper curve.

B wioe
The lower curves, shown for = = 5 L = 3 Me/s and 6 Me/s respectively,
m w

show the X and O mode ebsorption at a frequency of 4.5 ilc/s,
(o, = 27.1.5 Mc/s) this being the approximate operating frequemcy of tje
radio telescopes. The vertical absorption at 4.5 Mc/s is found from the

curves using the rclation,

R .
Ah s(db) = 3 + 10 log —(f-:-:—- ese 10.15
’ o BytRy
where A’ = Ah.S(X)
= 10 log Ry
and A°6 = Ah.s(")
= 10 log &

o
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Ry
or Ay, <(éb) = 3 + 10 log
’ 4.5 1+ RD™ B-1 vee 10.16
vhere n = A(x)/A(o0)
= A'3/A%g

-Thus, although the absorption in either mode is proportional to the f
square root of the flux and can be estimated from the curves for flux
n(E)em™2gec™! by mnltzply:ng the ordinate by 02, the net absorpyion
observed at low frequencies with a linearly polarized antenna mst be
obtained from separate calculations of the ordipary and extrnordinéry
mode absorption and it is not in general possidble to plot thé relative
~ epergy response of a low f*eqnency riometer independently of the magnitude
of the ionizing flux. From Equation 10.16, ac R, increases, Ay g
tends to the limit (a, + 3)d5. As R, goes to 1,(A, +0), A
approaches A . Thus, for small absorption, A} represents an upper
limit to Ay 5 while fbr large absorption (A! + 3) is the upper limit.
The total absorption at 4.5Mc/S always exceeds Al. - .
| The maximm flux av?ilmble for x—fay production may then be
calculated on the asswption (a) that the obscrved ebsorption was due
solely to ionization by monosnergetic electrons, -and (b) that the wide
beam and inclined narrow beam (Section 9.4) absorption does not exceed
the vertical ebsorption. The effect of these assumptions is to dﬁerh
estirate the required flux by perhaps 50%. |

The flux calculated in this way varies from 4.5.10%cm™2gec™!
at 100 KeV to 3.6.10%cr~2sec™! at 10 MeV. UYe shall nov investigate the
response of the geiger counter to bremsstrahlung x-rays to sece whether
the electron durping hypothesis is competible with both the riometer and

counter observations.
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%h2 emergy loos zade Cuo to rodiation of en cleetron of total

emergy B ¢ g 4o giver by the relotion {Bothe and Heitler, 193h)

| (%)m@ s Epen) (%)iw ' ees 1017
vhere 2 45 thke otorie auwlor of the redivn, w in the reot cnerpy of
the cleetren, D the kiootie erorgy (i22V) aaél(%)ien , the rate of
erergy loss (leVg™len?) dus to ienization cnd oxeitation of the r—éium,.

The total ermount of encrgy radisted per stopped cleetron is
then

R : :
Uy & %55 . foré%g % 52¢ 3901 ese 10.18

For con rolativictic cmorgics (Dec<u), Chamberdain (1961) hao sioun thot
the total enorgy B, = 8 ¢ p 1in Iquaticn 10.17 must ke replaced by the
icotic caosgy Be Dountion 10.18 then tocores velid ot l@;z eserries.
Tais Gouation cxpressae tho welld avewa czperizental foct (e.g. Compton
and Allison,..9356) Potrauskss et al.,19%3; Buschuor ot al., 1946} that
the thick target bremsstrabluas effieiency (ﬁ/B) inercases linearly vith
atedie gambor, £ and kimetic emergy, B. The nunericel factor in |
Bouation 10.18, 11.160@ s ic about 305 lower then that deduced from Krazer's
eguation {Compton and Allicon, 1933, p.105) used by Cladic and S-esé],er

- (1961) to ecalculote o ‘zz-ray flux &ue %o aﬁmsgsherically oeattered
radiotion bolt cleetrono. Tuo exyerimntai results of Buochner et al. .
(1958) ond Petrauskas et al. (1943) for relativistie energiés are in

good ogxeenent with Dguation 10.10.
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The differcmticl photon flux (Bothe ond Ashkin, 1953) my be

oporoxirnted by

%%g = %. (1- é).c(a) pustons/lieV/electron eeo 1019

-
Tae constant C(B) may to found fronm the regquircrent f w%%.&v = Use
AN
¥e may them rowrits Tavatien 20,19 8o

ad . go(BﬁV)
wiB) = 5oy ese 10,20

2 (T -v)/20%v i air
vhare ‘3‘2’0&\) o %ke nurber of photons yudioted with energy ia dv at
(272¥) per otopped olostron of initial hinetie cnergy D(I%V)e
Negloeting the build uy of pheten flux duc to geaticriag,
enrd acowun; ¢he x-rays o oxiginate im oa infimdte hovisontad ploae in
the lozoophope, the Flux of puotons in Qv ab v ot dzpth =z io the
atmogphere 10 Ghen, ascu:;iuzlicoﬁm‘wic coiosicn,

J{v,B)} = ﬁcg(n(v).x).av (B I(L) ™ 2sec” -1 eee 10.22
vhere plv) ic tko porrov been rmos cboerption cosfficiemt. D(D) io
the pricary flux of cleetrons of hinotic cacrgy B

- Ghe covnting wote duo 80 o LOLI-OECERetic fAwx T(R) em 2
sec™, |

—-u.ﬁ(g /C (u(“}.g)ta\ggﬁ)oﬂ(‘?)-@\) BAE "3 ses 383.22

vhare A ic ¢ke efi’ec%z\v\. area of the horizontal counter (Am;cnﬁx 3)

oné ni{v) is the photen clficicncy of tho countéer (Section 10.1)e Ta

contrituticn of the scaﬁ%emﬁ photen flux %o tho commting rote may be

zokon into acecuat by imcla&m o "bauilé-up” foetor (@oldstem, 1957) in

147
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the attenuation term. Since the rzan energy of the scattered flux will
be lower Ghon thst of the direct £flux, inclusion of the build~up factor
in the integration will leed to an overestimate of the counting rate because
of the increase in n vith erergy. We take the build-up factor to be
B(ux) 21 + px (Chappell, 1956) co that the attenuntion tern becomes.
(l‘é ux)ee (ux) and ¢he ecounting raote, upon substitution of the various
quantities, may bé'written 2 .

4% O.SE(E).10'3./' (1 + Sou(v)).ec(BOu(v));(B -v)(Bv—l)%!

i/3
soe 10.23
Tee countes efficiency, according to Equation 10.l1 is zero

below 1/3 MoV, While this aosumption is certainly mot true, i¢ lecds to
nemligible error in the integratioﬁ. Toe lincar extrapolation of the
efficicncy to 10 KoV is not strictly correct but is also adegquate for the
praegent colcuwlations. e note ¢that the counting ratc due to o constant
flux N(R) wvill imcresse rapidly vith clectrom emergy (E) since the
bremsstrahlung enorgy conversion efficiency (HR/E) and the mean phion

energy (V) both increase with emergy. The imcease in v results in a

corresponding incrcase in counter efficioncy and reduction in atrospheric

attenvation. As the prinery elcetron energy incrcases, the conversion

y | léyer behaves less like en isotropic source and more like a pLgne parallel
source since most of the x-pays are emitted in the forward direction. The
atmospheric attenuction term thea baeomos

(1% m)e™ & px((1 + we)ecg(ux))
At 10 MeV, ux % 1.6, vhile at 1 MaV, ux ~ 5. The consequent reduction

in alttehestion by o faoctor of the order of.(Mx) on the extremezasyumpiison
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of forward cnission.is pot sufficient to alter the conclusions of this
section.

It is clear that a2t lov crergies the counting rate will be
pegligible for the electron fluxes cclculated from the riomster
peasurerents.e At B = 1 MeV Qor cxemple the ermergy in bremcstrahlung
rediation is W, H(E) ~ 2.5 MsV cu 2sec”™! grom Equation 10,18. The

- pripary x-ray flux is therefore only sev#ral photons/cn?sec. Since the
atrospheric alternation is of ¢he order of 1072 and the counter efficiency
of the orxder of 10”2, the flux of 1 !0V electroms required for the
riometer absorpivisn would mot producce a dotecteble inqrease in the geiger
counting rate. Upper linits to the electron flux required to account for
a counting rate incrcase of 50 sec™!, caleulated from Equation 10.23 are
1,0.10%"3sce™! a% 10 MoV and 2.3.10° at L MeV. These values are
respectively 30 times ond 10° tires the navimm allowsble primary
intensity dzduced Lrom the absorptiom observations. We may therefore
confidently reject éhe hypothesis of vide-spread electron'dumping since
the electron fluxes required to produce the counting rate increase would
produce absorption far in excess of that actuslly observed at either 4.7
or 30 lMe/S. -Using the same argunent we may also reject neﬁxron deeay
-8 particles as a source of the increase.

The oboervation that all bB.7 !Me/S narrow beam antennas recorded
cbout 6db absorption, independently of their inclination to the zenith
(10%8, 5°0, 395, 10°S), sucgests that the ionization covered on area of
th2 order of at least several hundred square kilorztres at D layer heights.
The smaller abgorption recorded by the wide béam 4.7 lie/S riometer sugzgests

that the excess ionization was smaller outside this zenith centred area.
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Tac ballgea vac less thom 50 ki east of Hobart at the tire of
the olbservovicas so that it is unlikely that prolonzed electron dumping
could occur above ¢he balloon without causing large ionosphoric absorption
above Hobard aithough the poesibility of locelised electron durping
cannot be entircly cxzcluded Ly the mecasurcmonts. The locolisccd dumping
of a sufficicat flux of electrons to the esst of the ballcon night
conceivably produce an x-ray flux ot the balioom adequate to account for
the observed inerecse.

Fenr:y and Willard (1963) predict the prompt neutron decay B8
flux from the Starfish explosion ¢o have bcen about loacéfzsec°l over
Tasmania. From Figure 10.6(a) it io seen that this’ flux (taking B =
350 KeV) would produce about S5db of ebsorption at 4.5 Mc/S if directed
vertiéally. Although the effect of yrotion about the inclined field
lines (20° to the zenith) has not been considered in this and other
absorption calculotions in this scction, it appears likely that a major
part of the observed absorption originated in the ionigzation produced by
the electrons fronm the décay of fast neutrons.

10.6 GANMA +ADIATION : RESPOLSE OF THE GUIGER COUETER AID
' RIOMETER TO CAITIA RAYS

The efficiency of fhe countor to garma rays is small, of the
order of 1% (Secction 10.2). Hevertheless its response, relative to
that of o riocater, %o a flux of garma roys is comsiderably greater than
for the case just considered, that of an eclectron flux. This is so
because of the rolativoly swmall emcrgy loss inm air and long rean free

path of garmma rays vith emergy cbove o few tens of KeV,
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The atrospheric attenuation of photons was discussed in the
prcvious section. Tue ninimum attenuation of the narrov bean flux occurs
for o romodirectional (“parallcl") sourece and is just e~*%, pPor a
point isotropic source above the atwnsphere at altitude h; eritting

H(v) photoms of emerzy v per second, the counting rate ot depth (x) is

‘ ~uf{v).x secd
g.h . n(v).ﬁ(v)-ﬂ ?iﬂ_lﬁ._ﬂﬁhe. vee 10,24

(hgnhp)zsecze

vhere hp ic the altitude of the detector, 0 the zenith angle of the
source.
For an infinite plane isotropic source, of activity Li(v)em 2

’ ﬂ(\)) QH(V) oA
8= —_—

o Blu(v)ex)eeg(ulv)ex). ess 10.25
These expressions overestinate the counting rate, particulerly ot largé
depths wherec the scattered flux of lower energy photons predominates
over the direct flux,

The intensity of the flux at groet dopths (x>>-::j) due %o a
monodirectional source is proportional to e’“(“)'a.iK(V) {Pano, 1953)
providing the primary photon emergy is less than the energy at vhich the
narrov beam absorption coefficient atfains its mipirum value. This
provision is satisfied in the present case. The quantity K(v) may be
adjusted for various source georetrics.

At great depths the unacettered flux is much less than that
of the secondary flux. The enorgy of the secattered photons becomes
independent of x if x is large and the moan photon emergy is degraded
to an emergy close to that at which photoelectric ebsorption precdominates

over Compton scatlering. In air or water the ploton cnergy spectrum at

large depths therefore peaks at an energy of about 50 KeV. At this



energy the counter recponse is due to photoeloeiric absorpticn in the
countor vall. The photon efficicncy is then opproximtely 0.1%.

Gorm=z Padiation, £ronm the dcbris of the Sterfish explosion or
from the nuclear intceroctions of protons or neutrons ceopéing in the
atooophere, is & possible causc of the radiatiom burst. Proton inter-
action x-rays of sufficient intomcity would, hovever, imply a primary
flux of protens with enerpy boloy 380 MoV well im oxcoss of ithot allowed
by thc riomster observetions (Secction 10.k; Bhavsar, 1962; Hofrann and
virckler, 1962).
| The iouospberic absorption produced by fission-gamna rays has
been examined by Latter end Le levicr (1963). Using these rcoults it
is found that the flux of 0.7 MeV gammn royo required for ¢he rodiation
burst (of the owrder of 10%cm 2sec”™) would produce less than 0.05 db
ebsorption ot 30 Me/S apd, from Pigure 10.3, less then cbout 1 @b at
4.7 Mc/S. At higher emergics the abaorption may be expected to increase
approximately lincarly with energy vhile the counting rate will increase
at 8 more rapid rate because of the ropid Gecrease’ inm w(v)x, The
response of the counter relative to the riometer therefore initialiy
increases with oncrgy above 0.7 MeV. At lowor cnergies, before photo-
eiectric absorption predominates, the geiger counter rcsponse continues
~to fall relatiﬁe to the rioweter as the energy.dccreascs. He conelude
that monoenergetic germa rays with enargics in the range fron several
hundred keV to at least 10 eV could produce the rediation burst vithout

eauscing cosmic noise absoorption im excess of that observed.



10.7 TAE MAGHETIC OBSERVATIOHU

In the precedinr sections the rosponses of the ballcon borné
geiger counter, the Mr.Wellington noutron rmonitor and the cocmie radio
noise ronitors to iomizing rodiction have teon anmalysed. The apodysis,
though subjcet to varions urcertointics, showved that the radiatiom
éetected by the geiger eounter produced conciderably lighter ionospheric
absorption than would be expected froa an electroam, or low cnergy proton,
dumping eveat. It was gomeluded, however, that the observations do
not exclude either gamma roys vith opergics of the order of 1 MeV or
protons wish_an energy spectrun intermediate botween that of gnlactie
and solar protons. Im this gcction wo briefly consider the uagnetic
observations.

Thue Hobart mngnetograph (Section 9.3) recorded small
fluctuations in the emplitudes of the megnetic ficld components which
persisted for approximately the durction of the riometer abserption and
the geoiger countor cnhoncement. As already noted im Section 9.3, the
total field was dopresced during the first minute of burst A and the
horicontol field vector moved to the west. The field then increased
and the horizontal f£iold compoment voriations reached a maximum of two
to three times the amplitude of the 8¢ wvarietion. The pagnitude of
the vertical component during the second phase of the vest (aftor
H ¢+ 60 cee) 10y, considerably greater then twice the 8q variation
(% 2y). This observation ouggests that the ionization following burst

A vhich espparently produced the persistent riopeter absorption and



magnetiec Licld cmhancement, wag léga intense to the couth of Teasmania

than to the north. This is in general cgreerant vith the bypothosis of
a neuiron Gacey ~f£ sgource for the ionisation. The initisl phasc of the
magnotic evend is rore corplex. Although it is possible to gtate that
the approach and passage of georsgneticclly trapped porticles from the
east would bo compatidble with the observations. ‘Tuis interprotetion has
been suggected by Pishavoty (1962) to account for the bay-like decpressions
in the surface mogpetic field in South Indie vhich oecurred several
minutes after the datonation.

Thae beys, of maximn amplituéde - b0y in H et near cquatorial
stations, lasted 12 minuﬁes; The raximwa depressions occurred at 2 oand
3.3 ninutes afier the detopation. Pisharoty supggested that these vere
produced by a westward drift of positivoly charged ions gemerated by the
explosion and tropped on the magnevie field shell (L o 1.2) upon which
the detonaﬁion took plece. Prom the longitude differcmce between
Johnoton Island and the observing stations, it was concluded that protons
wvith energics of 5.5 and 3 MaV vould account for the time delays ﬁo the
twvo fiold depressions. A gwall error wao pade in this caleulation and
it appears that better estimates of the energics per umit charge are b.l
and 6.7 teV/2, (from Bouation 2.27).

An error also occurred in the computation of the dismagnetiec
~effect of the trapped ioms, these being assun2d to conctitute a senie
infinitc currcut sheet. Pisheroty's estimate of the total anuwber (H)

of trapped purticles that crosse 80°n longitude ia a 30° bapd of latitude



centred on the megnetic oguator must, on thic ascumption, be raised by

o faetor of tom to give U = 3.1626/Z. This nurker (for 2 = 1) is of
the oxder of 10% of the'%otel aumucr of 1ight auclei profuced in a 1
pesoten fusion explosion.

Other equatoricl cuscrvations (Glover, 1963; Casaverds of clo,

1963) shov that large Geproscicns inm Ghe borizontal field occurred at
lonzitudzs up to 207° weot of Johnoton Xolonde Sraller cnhancenents
occurred to the cast, Hucacayo (90°E) recording anm increase in H of
10v. Thece ovservations were interprated by Casaverde et al. a3 an

enhancenent of the oquatorial electrojot current.e It is certain,

hovever, that the source of the cquatorial pagnetic field dsprossion
nroporsated to the west vith am apparent cagular specd batveen 0.5 and
0.8 ©/second. The time of the maxisum field deprescion in the
Philippines (H + 90 sec)'is in good agreoment with the angwlardyift
rate deduced from tho South Indic obscervations. Depreseions at
lonzitudes greater than 207T° vest of Johnston Island might be explained
by the preocipitation of the trapped particles inm thé region of the South

Atlantic anomaly (250°W of J.I.) if the hypothosis of Pisharoty were

accoptad.

The above diccussion ic ineluded @ ~n introduction to an
intorpretation of tho Hobart radiation burst in terms of wootvard
drifting, magnetienlly tropped, cherged particles. Trapping of olectrons

from the Starfish explooion in the vicinity of the shell, L @ 1.2 wvas

(.7|



expected, (ec.g. Singer, 1962) and established by catellite observations
(coge Van Allcn et al., 1963; McDisrnid et al., 1963). Pisharoty's
hypothesis therefore eppoers reasonable in the light of known injection
mochonisms and is imdivactly cupported by observation. The mode and
spaticl extent of the injection of charged perticles at higber altitudes
is not clear howevor.

The valuc of the pagnetic shell parameter appropriage to
Bovert io L = cos™?A, (Sousr, op.cit., Section 2.5). Taking A; = 54,5°
(Quendy and Wobbar, op.cit., Section T.5), ve find L = 2,95, Although
the cosmic ray speetrum messuremcnts (Section T.5) suggest & somevhat
lover “equivalent dipole5 latitude, we tuke L ®» 3 to defins the line
of force through Hobart. If burst A were due to west drifting
perticles injected at L = 3 cbove Johnoton Islend, Equation 2.27 may
be used to compute ¢theiyr energy por unit chearge. Teking the tire delay
to tho omset (¥ 15 seconds) and the longitude interv;l of 45° we find
E/Z = 3.8 MeV per unit cherge. The peak intensity of the burst occurred“
at H ¢ L5 seconds. Particles mirrored over lobart at this time would
therefore have the energy of 1.3 lleV per wnit cherge if injeectod at L = 3
at the timc of the explosion, These values arc close to those required
to account for the equatorial magnotic field changes. Tho cxistence of
two depressions in the horizontel ficld observed by Pisharoty suggests a
doubly pocked distribution in ¢the kinetic enmergy per unit cherge of the

trepped particles anssurzd reooponsible for the masnetic e?fceta.



Tae ipitial kinatic cnerpy of the Ligsiom products of uraniunm
avereseo (Pricc,‘19§6) 97 and 65 MoV for the “"ligat” and "hocavy"” fragments
respectively. Oince the initial mean charpges are raspectively 20 and
+22, the distribution ia cncrgy per unit charge may be enpected to pesk
in the viecimity of E/Z = 4,05 and 2.95 MeV per unit charge.

Since the longitudimal drift rote of non-relativistic particles
Aenonds linearly oa thoir kinstic orepgy per unit charge (Soction 2.3),
tho terworal distribution inm the number of simultaneously injected trapped
particles oboerved on a particular magnetic shell feflects their
distribution in E/Z, It is possible therefore that the Indian magnetic
obgervations might be explained on the bacis of the westuard ¢rift of
positively charged fission fraguments. Thus, although the enzrgies per
unit charge requirod to expliin the time delays are about 407 chove
those expected for fistion products at the beginning of their ramge; the
fatie of ihe time delays to the tvo field dspressions (1.65) is very nearly
equal to the ratio (1.64) of the estimanted mean cnérgioa per unit charge
of the light and heavy ficcion fragment groups. A totel number of about
35%2?65 1.5.,102% (5% of tbe number produced in & l.h Megetom yield fission
explosion) would then bo necded to account for the magnitude and dGuration
of the aquatorial magnetic effecté. - XIf fission products vere injected
‘at L = 3, the Hobart radiation burst might elso be explainmed cince the
fission products are génma active, emitting, on the average, 0.7 ¢"1e2
' photons of mean energy 0.7 MoV per cecond per fission product where

t(>1) is the time {m oceconds sfter the fission Gvent (Lotter cnd Lelevier,

L



PIGURS 10,4 ¢ Chroe Viagrano -and Auticecovariancs Flota
| Showing the 7 = 8 Socond Poriocdiedty in
‘Iﬂ%ns&‘éy ¢ During Burot A (uppor dlagrams).
Tho lowor Diagrars show the Absence of a
Poriodicdty Imsodiatoly Prior to Burat A
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1963; Coldsteim, 1957; Kothawi, 395G6)}. Deforz ezorining taic
interpretation furtber, ve discuss the magnetic mieropuloations cbserved
at Holart in relotion to the radiation burst.

Micropulcations during Burst A

The micropulsations rocord was discussed in Section 9.2. A
tize agssociation was noted betvenn the onset #ndcessation of the 16 second
quasi sinusoidal micropuloations cnd burst A. A Chfee analysic vas
nado of the counting rote during burot A, Tbic chowved (Piguwre 10.4)
an apparcnt perioclicity in the counting rate moaxima during this period of
7 - 8 seconds. o periodicity wes evident prior to the event.

Since the poriod of recurromee wos found to be just lLo.1f the
mieropulsations period it wno Gecided to earry out an aﬁﬁocorrela@ion
and power cpoctrum enalysis to confirm the pericdicity. The results of
this anolysic ove prooonted in Fipuxes 1065 and 10,6,  The chord
duration of the event linits the feliability of the spectral cstimote
particularly for the longer periods, but tho presence of the strong peak
in the opectrel density ot T lags (8 seconds) and to o smaller oxtent at
16 sceonds is most noticeable. A sceond Chree ennlysis was them
porformed on t&e radiation record. The zZero epochs vere tohen to be
the zero cérscing tines of the micropulsations rccord (%% =0). The
times of maxima vers not chosen beeause of the distortion of tac chart
rceord £s the inotruront arpronched soturation. This analysic chowed
(Figurc;loo6) & cleor tondoncy for the radiation intensity maxina to

occur b scconds bofore end ofter the zero croosimgz.tirss, that is at the
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(C) NEGATIVE GOING.



timeo of roxinum rate of change of the vortieal ficld coijpoments It
wes therefore concluded from the stasioticel analyoces that w definite
aosoeintion existed batween the nagnetic aad radiation_vhenozcnao The
prosenec of o periodieity in the rodintion intensity at twice the micro-
pulsations frequency and the existence of a coasictent phase digference
boetween the intensity and mesmetic fluctuations ctromgly suggects

ranetospherie origin of the rodiaticn.

10,8 Td . HOBART RADIATIOJ BUAST g POSSISLE XNTERPRETATIONS

In the previous sections of this chapter o pusber of possible
origins—of the rediation burst vere craminedo  The nagnetic, ionospheric
and rodiation measurcrents ot iobort vere considercd 5ointly in on
attempt to determine the noturc of the redistion responsible for burst A.
It was concluded thot the nost Likely couse of ¢he imcréaso vas the
influx of gemn yoyo or protons ovor Hobarte. The diﬁéussion of the
1laot seetion cugrested the possibilily of ropped particles as the source
of the increase. The association dexonsirated betuvecn the nicropulsations
and rodiation evonts stragthens this bypothosiz. It was cugzested that
the westward drifi of redio active debris, imjectod at high eltitudes
over Johnston Island, wight account for the dobart burst.

The prescace of artificlally imjccted 0 particlec at high
altitudes (L ao high a5 5) following the explosiocn is confirced by the
date from esatellitos Ariel (Durncy et al., 1962, 196L) and Tedotar (Brown

end Gabbe, 1963). Tolotar observed a deecrease of saveral orders of
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rogoitude dn tho elociron intensity im t4e pesion 245 < L < 3.5 in tho

four Tonhn folloving the cxplosion. Thic laobstor pesult o:rcots Che

less of “Starfish” olectrons from this wegion, Gltiough this interprotation
has beon digputed (Van Allen ot alo, 1963)e I% ocemo clear howevor that
vidasproad injection of 8 portieles did de foet talo ploccs Ascuming
¢heoe t0 be figsien~docony particles ve Shercforc have inGizoct ovidence

for tho proconec of ficsion products oam the nognotic shells peosing through
Tasponiacs The poooible mechaniors of fnjoction at hiph altitudézo have
boen erardned by Colzate (1963), vho surmests thot zoudralised fission
products would provide tho main souves of 8 partiecles ot L > le3.
This r2chanisn is ipadaguate R0 aecound for the Haobart Pursl vocsuse of
the exesosive time rejuirod for tie mmcharged greducts to porch
sufficiently high altitudas %o Be owserved ovew Hobart.

As alwvesdy rontionad, oolellite Ariel obsorved a rediatiean
increasa et the time of the loburt lncrense. | Z£ ¢ho Hobard end Aried
burste had e eormon origin we pay mihe uge of tbc.ﬁrﬁei data to elucidate
the couce of tho Hobart event. DPwwmey ¢t £l. (1963) uwsed the relativé
rogponnes of the shicldod pgoipgor counter ond Cexoclkiov ecumtor on boord
Ariel ec en indication of the type of rodiotion rospomcible for she
evente IO vaa,comeluﬁc& fron this and othor charactoristics of the
event, thet naturally trappe® electrons uere rooponsidble for ho incraases
1% was shovm im Ssation 17.5 that sloctron duwplag, us would be oxpocted
on Purnoy'c hypothosio, o not o likely couse of the lodawt iaercases. If

the corclunions of Scetion 16.5 apd the hypothesio of a sowmon grigin for
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the Ariel and Hodart burstc are accepted, we may enquire whether the
gamma activity of fisscion products might explain both events,
The aniscion of delayed gamma rays from the radio active

-plagma formed above tho detonation vas considered by Durney et ale as o
possidble couse of the Ariel burst. Thece authors found thet 10% of the
fission products formed would be required above the Ariel horigon at
o 20 seconds im order to account for the incueaﬁe. It was aloo
' pointed out the Hobart inerease would have bsen delayed by about 60
seconds, and not 15 seconds as observed, if both events vere due to the
gamma activity of a plasms bubble rising above Johnston Island, In
addition it may Be shown, using the results of Section 10.6, that the
ganka activity of the bomd piaaaa would be insufficient to produce a
detectadble geiger counter increase at Hobart (8000 kn diataﬁt) even if
the atmospheric mass thickness were only 80 g/em®, the recidual otopping
pover in the vertical direction. |

 The gasma ray hypothesis could be retained however if the
~ fission products were able to reach the L = 3 ahall_in the charged
atato with energies per unit charge of the order of 1 MeV/Z (Seetion 10.7)
@a drift longitudinally towards the west. If the debris precipitated
at 90 kn (the minimm altitude for fission product deposition) abovs
Hobart, equations 10.2h and 10.25, shov that about 102! fragmnea‘ (3.0 3
of the total numbor of fragmsnts produced ina 1 kT exploaion) would
bg required to account for the magnitude and duration of bursf Ae The;

mirror periocd of fiscion products having their initial velocities



(-f' 10%n sec™)) would be cbout 10 seconds st L = 3 (Equation 2433).

This period ic of tho came order as the magretic and radiation periodicities
and suggests the likelihood of a resonant interaction (Dragt, 1961;
Dungey,1962) betveen the trapped particlos end the hydmmgnstié

disturbance evidenced by tho nicropulsations record.
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APPEIDIX 1

The counting rate of a counter telescope is, from Equation .12,

nee I(0,0).A(0,¢).dA ceeh 1.1
£

vhers .¢ is the efficiency of the telescope. The efficiency,. = °
t ~ €y0Cp o€,y 88sumed to be independent of the direction (6,¢) of the
-pertiele arriving from within solid angle () is cénsidered here to take:
into account the following sources of count loss: |
(e) Insensitive area of counter trays.
(b) The finite probability that a particle which enters the
| sonaitive volume of a counting tube éill fail to
initiate é discharge due to.the statistical nature of
the ionization process. |
(e) The finite probability that a particle arriving at the
| counter at time (t) will not be detected owing to the
prior initiati§n of a déischarge at time (t - tr) vhere
Ty is the resolving time of the counting system.
(a) If, in the calculation of geometric factor, the dimonsions of
the sensitive area are used, tﬁen_(a) introduces no count loss. This
calculation presents no difficulty if each tray of the telescope consista
of a single counter, Invthe case of telescope A, however, the nominal
tray area was 360 em?, 14% of which was contributed by the walls of the
three counters. Since three trays were used in the telescope, its
efficiency ¢, = (0.86)? = 0,64, This is an underestimate of the

efficiency since particles which travel in the direction of the telescope
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axis and pass through the insensitive regions of one tray will necessarily
traverse the sare regions of the remaining trays. The geometric factor
of telescope A was‘in fact deduced by comparing its éounting rate in
the laboratory with that of a number of accurately dimensioned single
. countor-tray telescopes. |
(b) - The reduction in telescope efficiency due to this cause vas
calculated to be 1;86 than 0.5% and vas therefore neglected.
(e) The major source of count loss was due to the "dead time"” of
the individual counters.

If the counting rate is ﬁo. the rate of occurrence of ionizing
events, (Appendix 2)

B; ® 0o/l - Moty ' eee A 142

L 3 . ) »
Suppose a fraction £1,2,3 % %1.2.3 of these events is due to particlas
- ) T )

capable of producing genuine 3-fold coincidences. Ln%1.2.3 vould then
be the telescope counting rate providing'tho efficiency‘(e) in A1l
were unity end if accidental coincidénce vere absent. If f; , 4<<l,
and if the ionizing events in any one counter are independent of those in
any other, the resolving time efficiency of ﬁhe telescope,

g = (1 = ng1,)3 o oo A 1.3
This expression vas uaed.by Biehl et al.(1948). The aasumption that
the counter backgrounds are independent is not valid, however, and A 1.3
overestimates the resolvingytima counting loss.

Consider a test particle paseing through all three trays.
= (1 - ﬁo‘r)o

Defite

The probability of detection in the first tray is just .



_If the particle triggered tray one then it will also trigger tray two
unless this tray has been rendcred inoperative by the prior passage of a
competing particle. This competing particle cannot have triggered tray
one, since, if it had, the test particle would not have been dstected by
trey one. The probability of tray two detection of the (tray one detected)
tmtmnhhismuuwely(%fﬁqu. At tray three the particle
competes for deteqtion vith parﬁicles that have triggered neither 'tray

one nor tray two.v' The probability of tray three detection is then

1- (ﬁo - 0,3 “2.3.T)'r' " The 3-fold resolving time efficiency is thus

S ——————
€ " ey,0,3 ™ (1= fgt)(1 = Aoy 5 1p)(1 = Ho-By 5 3~y 3, qTr)
=1~ Botp) (L = A= ) T )1 =Ry =8, 5x.) A Lok
'The total tray rate may be dcdnced‘from single counter obsérvations. The
.tgo-fold coincidence rates, #) , ond G, 3 may be approximately calculated
from the,te;escope geometry and the observed three-fold rate,lfho .
Eguation A 1.4 vas used in calculating the efficiency of the three and
four counter telescopes. The maximun resolving time.loab for thege
telescopes was of the order of 10%.
Correction to the obaervedlcounting rateoLwaa also necossary
bec@uso of the contribution of "sccidental” thrce-foié coincidences to
the observed rate. Thé'accidenxal rate,
o Ay.0,3 5 By 5 Fe8g)et,
& 12 ) 5 40,7, eee A 1.5
for equispaced trays having the same counting rates (iiy) connected to a
coincidence circuit of resolving tire, th The fracticn of the observed

: . <
‘rate dua to chance coincidences, 12n,7, = 0.05 for telescope A at Mildura
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APPEIDIX 2

Bquation A 1.2 used in Appendix 1 and Section 5.3 has been
rigorously derived by Blackman and Michiels (1948). In an alternative
derivation of the same equation (Price, 1958; Curran and Craggs, 1949)
the recording system is considered to be inoperative for a period A1
folloving cach recorded pulse. If the mean recorded rate is 1n,, the
recorder is consequently off for a fraction ao'r of the recording period
and a number ﬁi(ﬁotr) of input pulses go unregistered in each second.

8ince 51 - ﬁo = ﬁi(ﬁot,) the efficiency is then

Oy .
,-ﬂ—;nl..notr see A 241

The maxirum recorded rﬁte, Do(max) = 1/t.. Equation A 2.1 correctly
gives the counting efficiency only if the resolving time is independent
of the input pulse rate. If the system is such that the arrival of an
input pulse during the inoperative period extends this period, without
hovever giving rise to an output signal, the recoided rate ﬁo goes to
rero as the input rate (4;) increases indefinitely. The efficiency is

then (Price, 1958),

s = e~Bitr voo A 22

a4 .
Por input rates ﬁi<<%; » the same velues of efficiencies
are given by A 2.1 and A 2.2. If ﬁitr 2 1, A 5;2 is applicable to
goiger counter qfficiency. At lower rates A 2.1 is more accuraté and
wvas used in the efficiency calculations. A recording system with

counting efriéiency given by A 2.1 is termed & Type II recorder. A



monostable multivibrator with period (t) folloved by a recording device
with resolving time v << v (Section 5.3) constitutes a type II system.
Type I systems with efficiency given by A 2.2 include pulse handling
systems with limiting high frequency response. |

The input rates have been assumed to be randomly distributed
Qith mean value 50. If the rate is scaled py_a factor n prior to

Type II recording, the efficiency (Blackman and Michiels, 1948) is given
by

o .y @ n L4
n 2] - e'.nir (nit) ’ p.t <‘ 1 ooolA 2.3

N n

where . © is the recorder resolving time.

/67
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APPENDIX 3

the ommidirecticual purticle intensity per unit sphere (Jg),
defined (Montgomery, 1948) by ¢he relatica,
Jeeta = [ J(8,¢lanca
02? ]
= / S J(6,4)cin6dededa eee & bol
o ‘o
is the number of particles per secoud incident upon the sphere of unit
projectodcarea. J(0,¢) is ihe unidirectional particle intemsity defined in
Section b.3.
The counting rate of a sylorical detector of radius r and uwnit
efficiency is thus _ ‘
n = sr2J, | aee A b2
= GgJe
12 J3(0,¢) = J, és isotropic over soiid angle

8, = 23f sin0ao
o

and zero outscide Q,,
i= ZiJo.'rz(l = c;;ic)
- GQ( 00)'JO
't

vhere Go(8o) = 27( A(0).eined | cee A 53
d |

is the geomeiric factor for a flux isotropic over 8.
‘Por tke sphore, G,{(0,) = 23222(1 - ceuly) e
A cylindricel counter of length 2 and radiuc a vith axic in

the vertienl dirceticz (0 = C) has o geometric factor,
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2% 6,
GolB) = [ A(6,6) sinodeas
[+

= 2 (%a?cos0 + 22a 8inB)sin6de

e

{
00
/

2,252 ( :
= ¥2a2sin20_ + wat(20, - sin 28,) eee A oS
In n spherically or hemispherically isotropic field the counting
rate is independent of orientation and is given by
. al4r) = 3,6,(n)
= 232a8(1 ¢ a/2)J,
Qnd 15(28) = JOGO(!IZ)JO see A 5.5
= #s2a2(1 + a/2)J
We note G (7) =TS (Spherical Isotropy)
and Go(%/2) =(n/9S (hemisphericai Isotrophy) eee A U.T
for both spherical and cylindrical deteclors ulicie S ig the area of the
surface tounding the counting volume. Por tue omnidirectional uetector,
(sphere) GolSg) =7 « 8 A b8
This ic approximately txue for the cylinder. we nmay define an effective
projected area G, for the eylinder such that
8 = JoG,
For a spherically isotropic flux,
B = JoGa(¥)
= J4GC,
J. = l}UJQ
1
%hcm?ore Go = T Go(g)

xS
13

Mantes and Winckler (1960) erroneously take G, = S (see Section 8.4)



! 70.
For a hemispherically isotropic flux,
Jg = 21d,
G’. = S/h also.
For the sphere,
S
Gg =T for all Jg = 2J, see A 1,9

but for the vertical cylinder,
25in2 .
Co(8,) = Go(8,) wmaZsin?e + mai(26 - 51n2921
Q 2(1 ~ cos8)

The counting rates of a spherical end cylindrical detector
are the same for a spherical or hemispherical isotropic flux if the
radius of the sphere,

r=[2% + 20} | . ee A B0
If the flux is not isotropic but depends only on 8, the counting rate
is

w ‘.
1.1 = 2% jA(G,O).J(O).BiHOdﬂ eee A B,11
o]
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