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ABSTRACT

————— . r————

This thesis describes how the magnetic rigidity spectrum of primary
cosmic rays with Z greater than or egual to three in the rigidity interval
botween 2.5and 16.0 Gv. has been determined by means of a ceronkov
counter carried in Ariel I. Thore is & clear change of slope in the
spectrum at 8.5 Gv and this is tentatively interpreted as the upper
1imit to the solar modulation at this time ( May - June, 1962 ).

The characteristics of the detector allowed an analysis of the
offects of the 'Starfish! nucloar explosion. Evidenco has boen found
for the redistribution of the goomagnetiecaslly trapped radiation in the
rogion botween L = 4.7 and 3.2 ocarth radil by an explosion-gonorated
hydromagnetic wave. After the explosion & shell of electrons was found
centred on L = 1,14, continuously fed by the decay of fission fragments
which remained in the vieinity of the explosion. An artificisl radiation
belt was observed and electrons from fission fragment decay were found
out as far as L = 5 earth radii. At high L valws the enorgy spoctrum
of the artificial radiation bolt particles was softer than that of elec-
trons from fission fragment decay. Tho 'sweeping! offect of the Earth's
southern magnotic anomalies on tho lower edge of the artificial radiation
belt is domonstrated snd a short-lived decay mochanism was observed in

sction.
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CHAPTER 1

GENERAL INTRODUCTION

Work over ths past two decades has shown that the sun exerts s
profound influence on both tho inbensity end emergy spectrun of the
cosmic ray flux incident on the top of the earthst atmosphere; An
eleven year cycle of intensity variation has been found and oorrelated
with the sunspot cycle, sudden increases in the radiation intensity have
been associated with solar flares, and many other examples of the suns!
effects have been discovered; Models of the interplanetery fields and
mochanisms whereby the cosmie ray intensities may be modulated by the
sun have been propounded on the besis of the experimental results. phe
diversity of these models emphaesize how little of this subject is known,
but they do serve to illustrate that more information regarding the
strengths and directions of ths megnetic fields in interplanetary space
and accurate knowledge of the energy dependance of the modulation process
are required before details of the true mechanisms can be exposed.

The technique of making meesurements from probes and earth satell-
ites has proved to be a very powerful tool for investigating the near
envirorment of the earth in space. During the past six years an un-
expected picture of the earths! magnetosphere and its assooiated phenomena
hes begun to be assembled from pieces of information gleaned by these
methods ( eg; Parker 1962, Gold 1962. ). It is to be expected that in

the near future some information about limited parts of the interplanet-



ary magnetic and elsctric fields will be geined by direct measurements
made from space probes, indeed these have mlready begun ( eg. Piomser V
and Merinsr II )s However the only method available at present for study=
ing the large~scale configuration of the interplamstary field is to
observe its effect on the numbers end energies of primary cosmic rays.
For satisfactory results, these observations should be made over a long
period of time.

At first sight, this condition would seem to be satisfied by
ground-based detectors, numbers of which have been operated continuously
for several years. Unfortunately these detectors can only measure ths
secondary particles produced by the interasetion of the primary radiation
and the atmosphere. The yisld of secondary particles varies with the
energy of the primary ray so ground-based detectors cannot measwre the
energy spectrum of the primary radistion without knowledge of ths yield
functions. The yield funections in turn cammot be calculated because of
lack of knowledge of the interaction processes; yield functions obtained
fram empirical date have so far only achieved a limited accurascy ( oge
Webber and Quenby 1959 ). For these reasons ground-based detectors are
unsuitable for making accurate measurements of the primary cosmiec ray
spectrum.

The problem of yield functions may be overcome by using detectors
carried by balloons. The lifetime of these is only a few hours, but
numerous individual measurements of the primery spectrum have been made
using balloons flown at pressures of 10 gm/bm? or less. Howsver, stat=

istical and experimental limitations have resulted in a low accuracy of



rosults and in an almost complete lack of empirical information concerning
the time variations of nuclei heavier than alphe particles. These heavy
nuclei are likely to provide the most accurate measurements of the

primary spectrum since the proton and alphas particle flux measurements

are contamineated by secondary processes and by particles thrown out of
the sun.

All these difficulties may be overcome by using e heavy nuclei
detector flown in a satellite., This instrument would be able to monitor
the primary radiation directly, and would be expected to operate for
several months. If another detector was flown at smeroplams altitudes
during the lifetime of this detector, the yield fumctions could be
calculated and the moasurements continued after the satellite instrument
had ceased to function. Thus long-term changes in the spectrum could be
detecteds This extension of ths experiment is based on the assumption
that the energy spectrum for primary protons and alpha particles is not
different from that of the heavier nuclei.

It has been known for some time that the earth acts as a magnetic
spectrometer; particles with lower rigidities are excluded from regions
of the earths! surface nearer to the equator. Both the asroplane and
satellite instruments would use this effect to measure the different
energies (rigidities) of the primary rays. The rigidity thresholds at
different la\titudes and longitudes have been calculated by several
investigators. The most accurate, worldwide results available at present
are the vertical, sea level threshold rigidities calculated by Quenby and

Wenk (1962) for all laﬁtitudes lower than 70 degrees. The accuracy of



of these threshold rigidities, when adjusted to satellite conditions, is
the factor which limits the accuracy of the experiment et present. It is
hoped in turn that the accuracy of the threshold rigidities may bo im-
proved by using the results of the satellite and aeroplans surveys;

In addition to its aebility to monitor the primary radiation direct-
ly over comparatively long periods of time, a satellite instrument has
the potential to make fast measurements of the primery spectrum; This
arises because a satellite scans its complete range of léktitudes four
times every orbit, and so the range of threshold rigidities is completely
swept about every half hour. If the counting rates were large enough this
would enable spectral time variations of only & few hours to be detected;
Unfortunately, no such time variastions werc observed during the lifetime
of our satellite instrumont, also the counting rate was probably too low
to have detected any changes other than extremely large ones.

Tho datae from the instrument which was conceived on the basis of
the above arguments and was flown in Ariel I are still being analysed.
This thosis is concerned with a preliminary estimation of the quiet
poriod cosmic ray primary spectrum and a detailed analysis of the Starfish
high altitude nuclear explosion as seon by our instruments. As the
corenkov unit could detect the presonce of large numbers of electrons
with energies greater than about 2;5 Mev, and since our instrument pack-
age included a goiger counter, tho examination of the artificial radiation
has yielded more results than might be expected from a device designed
to invesivigate only the heavy primary radiation. The estimation of the

primary spectrum is more accurate then those previously obtained by
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other experimenters in this field ( Pomerantz and Witten, 1962; Kurnosova,

Logachev, Razorenov and Fradkin, 1962 ).
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CHAPTER 2

THE APPARATUS

2.1 Experimental Philosophy.

The objest of this oxperiment was to measure the primary cosmic
ray flux at different geomagretic laktitudes. The mesasurements were to
bo conteminated with the least possible nurbers of natural radiation
belt particles, albedo particlos, and solar acccleratod particles.

In ordor to achievo this, a corenkov dotector was designed as is
shown in figure 2. The cerenkov material ( perspex was chosen for its
low scintilletion property ) was in the form of a thin, hollow sphere,
four ineches in diameter and coated with a white diffusing paint on the
outside so that it acted as its own light integrating sphere. Bursts
of light produced by relativistic particles in the 3 mm. thick perspex
were detected by a photomultiplicr, type WMP 11/2A=R, made by 20th
Contury Electronics Ltd. The photocathode of this photomultiplier
fitted into & two inch diameter holo in the side of the sphere. The
electrical pulses so produced at the photomultiplier anode were pessed
through an impedance transformer and e variable attenuvator into a dis-
criminator ( see figure 3 ). Whon one of these pulses was large enough
to fire the discriminator, the latter passed a pulse through a gate into
an 8~binary store. The contents of this store were exemined every 2.56
seconds by a 'high speed encoder!, the information then being telemetred

dirceotly to the ground. Evory 30.72 seconds tho store was exemined by
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e Vlow speed encoder! which transferred this information to a tape
rocorder. For ths duration of this latter examination ( 1,92 seconds )
the gate between the discriminstor and the storc was closed in order

to prewvent the storc contents changing. The taps recorder could be
played back at 48 times the recording speed by & command signal trans-
mitted from the groumd, Thus data obtained over s period of 100 minutes
( the tims equivalent to the capacity of the tape recordoer ) could be
collected in just over two minutes by one trecking station. As this

100 minutos represented one complete orbit, this enabled the oxperiment-
ers to recover 70 % of the available data between the launch and July
12th. For some periods 90 % date rocovery was achieved.

By using a cerenkov detoctor, it was hoped to eliminate all non-
relativistic radiation from the moasurements. The relativistic compon—
onts of the natural radiation bolts and of albedo have negligible numbers
of particles with charges greator than two. Furthermore, the proportion
of singly and doubly charged particles in the total flux of solar-accel-
erated particles is greator than for cosmic rays in genoral ( Biswas
ot al., 1962 ). Sinco corenkov light produced by a particlo is
proportional to Z2 where Z is tho charge on the particle, it is possiblo
to set the dicriminator level so that particles with a charge of 2 or
less are not detected. In this way contamination by albodo and radiat-
jon belt particles is eliminated end that from solar~accelorated
particles considerably reduced; Therefore the genuine cosmic ray flux
mey be measured free from serious contemination if the reduction in

counting rate can be tolorated. The detector was designed to have =
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large area ( 80 cmz ) and to be sensitive to particles arriving from

as large & solid angle as possible in order to counteresct this disedvante
ege . By means of the large solid angle it was hoped mlso to reduce
counting rate variations dw to the different orientations of the detoct-
or with rospect to the Earth, In practice, the limitations to the solid
arglo were setv by the positions of the oclectronic packages in tho body
of the satellite. The unit wes mounted on tho spin axis of the satellite
go that the orientation of its sensitive solid angle would be indepond-
ent of the spin.

Instead of rojecting only a1l thoso particlos with chargos of two or
less, the instrument was designed so that the discrimination level could
be doubled from time to time, thus rejecting e slightly larger range of
particles. This was dono simply by arranging thet a ninth binery edded
on to the cerenkov store should vary the attenuation betwoen the photo-
multiplier and the discriminator. Thus the sensitivity ohaﬁged every
256th count, This addition was madc in order to provide some form of
sheck on the system; if the spectra computed from the two different
levels of sensitivity agreo, then it is reoasonable to say that the
spectrun does not depend on the gain of the apparatus.

On the unit flown, the ratio of the pulse heights required to
fire the discriminator on the seperate sensitivities was 1.83 ¥ 0.05.
However, owing to the poor geomotry of tho system, the rejection of
particles did not occur at single discrete levels. The problom of
determining the efficicnces of the system for various nuclel is

extremely complex, but the table in figure 37 has boen constructed from
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the calilvation data and ths sbundence spectrum of tho primary cosmic
radiation ( Weddington, 1961 ), and gives an approximatc idea of tho
numbers involved. TFigure 37 and details of the ealculation are to be
found in Appendix B,

Since tho particle populations in the radietion belts are vory
high, it would have been optimistic indoed to expect them to have no
effect whatsoover on the cerenkov detector. For this reason a small
geiger counter wes included in tho instrument package so that the
rediation belts could be detected. By moens of an integrating dovice
the goiger coumter was arranged to cut off at counting retos greater then
about 80 counts per second. This was dono to safeguard the voltage
applied to the photomultiplier which was operated from the same high
tonsion supply as the geigor coumtor, and to prevent possible ambiguities
arising because of the geigor store being filled more then onco in
between low speed encoder samples. The geiger counter used was an
Anton 302 with 1 mm. of lesd shielding. The minimm total shielding
was as follows;

Alusiniwm 1.0l gm/en?,

Eccofoam 0.7 gm/me,
Load 1.13 gm/bmz,
Iron 0.4 gm/me.

This gives & total of 3.27 gm/cm® which allows a 10 % probability
of penetration for 7.4 Mev electrons or a 80 % penetration probability
for 1045 Mov electronse. By using & proton accelerator it has been found

that the penctration threshold for protons is about 43 Mev. The geomot-
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rical fa:or of the counter is 0.6, it hes an officiecncy of 0.3 % for y
photons and an efficiency of 80 % for fast olectrons and cosmic rays.
For elechrons detected by means of the bremsstrahlung thoy produce in
the aluninivm shisll of the unit, the overall efficiency has an upper
limit of 0.00L % ( bosed on figures given by O'Brien ot alii, 1961 );
From this it way be calculated that one count per sampling intorval is
equivalent Yo the following flux;
0.08 electrons/bmz/second, (by direct penetration)
«r 20 y rays/on?/second,
or 6x10° eloctrons/om?/second  (bromsstrehlung, lower
limit),
Note that the actusl timo available for cowmting during a 30,72
second intorval was only 26.88 seconds owing to the 3.84 sccond gating

pulse of the geigor chanmnel.

242 Constructione.

McMichael Radio Lbd. of Slough built two prototype units and three
flight units to our specifications. The mechanical construetion of
the wnit and its position in the satollite may be understood by examining
figures 4, 5, 6 and 7. The mass of the completed units including the
eccofoam was 2,410 gm. The powor consumption was 11 milliemperes at
~6.6 volts and 18 milliampores at -9 volts. The operating temperature
limits were 60°C end ~15°C.

Details of the clectronic circuits were given by Elliot, Quendby,

Mayne and Durney, 1961.
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2.3 (.’»t:':.ibration.

A p-mosorn seintlillabor teloscope was used to measure the rosponse
of the corenkov detector to singly-charged particles passing through
tho photomuitipiior face and through the centre portion of the sphore;
The discriminator was then set so that about 5 % or less of the doubly=-
charged particles passing normally through the glass face would be
detected. The apparatus was tomperature cycled to determine its over-all
change of sonsitivity with temperaturs and a thormistor was insoerted in
tho discriminator to eliminate tho firét order term of this.

Calibration of the geiger coutor consisted of first setting the
maximum counbting rate of the device to be about 100 per second, then
its response to standard sources placed in cortain set positions around
the it was noted. This laboratory calibration has been combined with
an 'in flight' calibration to give thoe curve in figure 8. Tﬂe tin
flight! calibration was derived frém the ratio of goiger to ceronkov
counting rates, making the assumption that tho corenkov counting rate
‘was linoarily proportional to the radistion intensity at the geiger
cowmtor. This assumptién is reasonablo so long as the energy spectrum

of the particles remains approximatoly constant.

2.4 The !'In Flightt Porformance of the Apparatus.

The original intontion wes %o test the dosign of the corenkov
detoctor by mounting pre-prototype units on Black Knight rockets to be
fired on ballistic trajectories at Woomsre, Austrelia. However, owing to

tolemetry and vohicle malfunctions no uscful date were obtained from
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the firs” +two fliights, Tho third flight was made after the launching of
‘the satellito and so the basic physics of the deosign wore first tostod
by the satellite wnit itsolf. Thero was therefore no possibility of
making modifiocehicvs to the satollite unit to correct any faults which
might have boon discovored on the proving flights. Fortunatoly the
instrument tehaved much as oxpecicd.

At 1800.00 howras UTe on the 26th of April 1962, Ariol T was launched
into an orbit with sn inclination of 54 degroes, a perigee of 395 km, and
an spogec of 1215 kri, The launch was not porfoct as the following
paragraphs will explain.

The spin rates of tho satellite were monitored during injection so
that eny mishaps which occured at this crucial phase of tho laumch
could bo detected. This was dons by placing an aspoct sensor ( designod
by the University Collego teem ) on the dutclmaen connecting the space-
craft to tho Bell X 248 third stage motor, and stationing a ship under-
neath tho point of injection to pick up tho directly telemetred signals
from this.

The injoction procedure should have beon as follows: release
of the 'stretch yoyo'! to roducc the spin rate, roloase of the booms
to allow thoir eroction by conbtrifugal force, releasg of the solar
paddles to allow their orection, and finally seperation of the space-
craft from the third stage motor; The booms and solar paddles of the
spacecraft were strapped down to.the body of the motor prior to thoir

release. Analysis of thc signals picked up by the ship gave spin rates
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that were only possible if the booms end paddles wers reloasged before
the sbtretch yoyo, presuﬁeably because of the burning of the straps or
premature explosion of their catches caused by the hecat of the burning
solid fuel on the other side of the fiberglass motor case. Forbtunately
none of the booms or solar paddles appoar to have been snapped off by
the groater centrifugel forces and the final spin rate was very noar
the design figure. Whethor the yoyo bocame ontangled with any of the
booms or paddles is a matter for speculation. Howover this haphazerd
orection did causc the attitude of the spacecraft after injection to
be different from the intonded one. This in turn upset the carefully
calculated heat balance of tho satellite, but the effects of this were
not immediatoly obvious.

Soon aftor launch it was apparent that the cerenkov detector wes
slightly sensitivo to inncr belt particles. By oporating a sparc Cosmic
Ray unit in the beem of the proton accelerator at Harwoll, Berkshire, it
was proved that this was duo to scintillation light produced by protons
travelling sideways through the glass face of ths photomultiplier.
Otherwise, the cerenkov unit behaved corroctly until May 18th when the
setellito moved into a 100 % sunlight orbit. The combination of the
wrong attitude end the ome hundred percent sunlight orbit probably
raised the tempesraturo of the Cosmic Ray umit above the design meximum
of 60°C. Migration of the photomultiplier photocathode was greatly
spooded up, with a consequont docrease in gain. This phenomonon was
also observed during pre-prototype tosts above 60°C. The offect of

this is shown in figure 9 whore the gain is reprosented by the avorage
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daily counting rate of the cerenkov detoctor for regions where tho cub-
of rigidity is less than 5 Gv. The correlation of these curves with the
temporature curve and the curve ropresenting the porcontage of sunlight
per orbit is illustrated in figure 10. It should be noted that the
temporatures shown are those of tho centre of the satellite. Tho sctual
tomperatures of tho Cosmic Rey unit would be different from these,
although the directions of tho temperature chenges would be the same.
The gain changes were small after June 4th and the counter worked
normally until 0900 hours UT. on July 9th whon the 'Starfish' nuclear
oxplosion took placa. This decromso in gain has been used in the correct-
ion of the counting rates mnecossary because of the variation in the
intensity of the ccrenkov light for perticles with velocities closo to
tho relativistic 1imit in the porspex ( section 4.2.1. ).

A large amount of fission electrons wore rcloasod by tho Starfish
nucloar explosion. Considorable numbers of those were ablc to ponetrate
tho wall of the corenkov detoctor. Although tho light from them could
not triggor the discriminator, in some regions the particle flux wes
large enough to be able to increasc the photomultiplier dark curront to
such an extent that the high tension voltage supply was ovorloaded. Thus
the gain was roduced occasionally end sometimes the counting ratse bocams
negligible. This effect was not observed before the Starfish explosion.
It has boon possiblo to use this phenomenon ( soe sections 5.2.1 to
5.2.5 inclusive ) since estimates of the reduction in gain give some
idea of the numbers of electrons prosent with sufficient onorgy to

ponoctrate tho dotector. Assuming that the minimum ensorgy clectrons
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which havo any effect are those which produce light in only one side
of the sphore, then the shielding is cffectivoly a minimum of;

0.4 gm/bmz eluminium,

0;1 gm/bm? cccofoam,

0.3 gm/bmz peTSpeX.

This gives & total of 0.8 gm/bm? which has & 50 % probability of
being penotrated by a 2.4 Mov electron. An estimato has been made in
Appendix A of tho numbers of electrons roquired to reduce the gein by
an ordor of magnitude.

From April 26th until July 12th the geiger countoer operated
correctly, but with & slowly decreasing upper limit to the counting rate.
After July 12th the oporetion of Arisl I bocame intermittont owing to
the detorioration of tho solar battories, and as a rosult the satellite
tape recorder failed in mid-August. At the beginning of Septembor the
geiger counter ceascd to function, presumeably due to a transistor

failure; tho cercnkov detector ceesod to operate in mid-Docomber.
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CHAPTER 3

THE ENVIROMMENTAL TESTING

In eddition to the design considerations sot by the physics of
the exporiment, several severe practical requirements wore necessary
for apparatus which was to be flown in a satellite. Tho unit had to
bo oconomical in its use of power, it had to be light, compact, capeble
of operating for a yoar without failure, and finally it had to be
capablo of withstanding the prototype satollite onvironmental tests
without demage. Those envirommental tests were dosigned to show whether
tho satellite was capable of surviving the pro-~launch, launch and orbit-
ing strains. Any of the prototype parts which failed any of these tosts
woro modificd until they could pass thom, and these modifications were
incorporated in the flight wmits. Tho tests were carricd out at the
Goddard Space Flight Centor, Meryland. The prococdure and specifications
are shown bolow and are the normal ones for apparatus to be launchod
by & multistage rocket from Cape Canavoral, tho last stage being a Bell

X 248 solid fuwl motor.

3.1 Integration.

The prototype sub-assemblics wore first mechenically integrated
to oliminete fitting problems. They werc then electrically integrated
to ensure clectrical compatability botween units and absencoe of intor-

forence., The eloctrical intogration included tempereture cycling botwoen
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«15°C end 50°C to search for design problems that may heve occurrod at

toemporatures othor than ambiont.

3,2 Spin and Balance Test,

The spacecraft was bolanced both staticelly and dynemically ebout
its spin axis. Tt was thon operatod whilst spinning for:
1 minute at 225 rpm,

30 minutes at 150 rpm,

3.3 Tomperabturc Tests.

Thesc tests were as follows:
1. The payload (non-operating) wes subjected to -30°C for 6 hours.
2. Tho peyloed (non-oporating) was subjoctod to 60°C for 6 hours.
3« Tho tompereture was stebilisocd at SOC, the peyload was thon switched
on and testod.
4. The tomporature was stebilised at -10°C, the payload was then
switchod on and tested.
S« The temperature was stebilised at 50°C, the payload was then switched
on and tested.

Botweon each of the above tosts the payload was tested at room

tompyerature.

3,4 Humidity Test.

The peyload wes oxposed to 95 % reletive humidity et a tempoerature

of 30°C for 24 hours end wes swibtched on and tostod whilst still under
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those conditions. It wasg then allowed to dry out whilst the porformenco
was carefully monitored. Finally the spacccraft was tostod at room
ﬁomperature.

This tost was intended to checlk whother permansnt damago would be
done to the satellite if it was stored under those conditions at any

time .

3.5 Vibretion Tests.

These were carriod oubt in the following order:
Thrust Axis Test (tall fixture).
1. 10 - 50 cps at 2.3g
50 ~ 250 cps at 21 g
2. Random, 20 - 250 cps at 11.5 g (0.07 gz/bps) for 4 minutes.
Thrust Axis Test (short fixturo).
3, 2B0 -~ 500 cps at 10.7 g
50O - 2000 cps at 21 g
2000 - 3000 cps at 54 g
4. Random, 250 - 2000 cps at 11.5 g (0.07 gz/bps) for 4 minutes.
Transverse Axis Tost (tall fixturec) X - X diroction.
5. 10 - 50 cps at 0.9 g, also 50 - 1560 cps at 2.1 g.
6. Random, 20 - 150 cps at 11.5 g (0.07 g2/cps) for 4 minutos.
7. Rosonance dwell, %—minute swoep, 550 = 650 cps at 4.2 g.
Transverse Axis Test, Y - ¥ direction (tell fixture).
8. 10 - 50 cps at 0.9 g

50 ~ 150 cps at 2.1 g
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9. Rendom, 20 - 150 cps &t 11.5 g (0.07 g°/ops) for 4 minutos.
10. Resonance dwell, %'minute sweep, 550 - 650 cps at 4.2 g
Transverse Axis Test, Y - Y direction (short fixture).
11. 150 - 500 cps at 2.1 g
500 - 2000 cps at 4.2 g
12. Random, 150 - 2000 cps at 11.5 g (0.07 gz/bps) for 4 minutos.
13. Rosonance dwoll, % minute sweep, 550 - 650 ops at 4.2 Ee
Transverse Axis Test, X - X direction (short fixturc).
l4. 150 - 500 cps at 2.1 g
500 - 2000 cps at 4;2 g
15. Random, 150 - 2000 cps &t 11.5 g (0.07 g2/cps) for 4 minutes.

16. Rosonance dwell, % minute swoep, 550 = 650 cps at 4.2 g.

All frequency sveeps wore logarithmic.

All freguwency sweeps excopt tho rosonance dwells wore et the rate
of two octaves per minute

The tall fixture was used to simulate the third stage rocket
motor and allow the various booms and paddles to be attached in thoir
foldod positions.

The short fixture was used at higher frequencies bocause of the
attermetion in the tell fixture at thesc froquencics.

The acceloration values shown hero wore those applicd by the

machinos at tho base of the fixtures.

3.6 Acceleration Test
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Tho space craft was subjectod to e stoady thrust axis acceleration

of 25 g for 5 minutes.

3.7 Shock Test.

The spacecraft was subjoctod to a half sine wave pulse of 30 g
peak smplitude and 11 milliseconds duration. This was intended to

simulate the shock duw to the lighting of the boostor.

~I§_.8 Thermal Vacuum Tostse

The programme for theso was as follows:

Vacuum operation.
Tho spacecraft was operated es pressuro in tho test
chember was roduced to 3X 107° mm Hg, tho limit of the cepability of

the system. This oporation took about 12 hours for complotione.

Cold Vacuum Soek,

The chembor was evacuated, stabilised at a temperature
of -10°C, thon the spacecreft was switchod on and operatod at this
tempereture for 7 days, a complote check of the system boing performed

evory 12 hours.

Hot Vecuum Soek.
The chamber was evacusted, sbabilised at a temporature
of 55°C, thon the spacecraft was switched on and operated at this

tomperature for 3 days, completo tests being performed every 12 hours.
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The spacocraft was testod at ambient temporature and prossure

boforo and aftor oach of tho above oporations.

3.9 Solar Aspect Test.

This consisted of opersting the spocecraft in vacuum, illuminated
by e ring of twngsten filament heat lamps with tho walls of the chamber
maintained at a temperature of ~60°¢. The lamps were first oporated
in a ring reprosenting an angle of 30 degreos boetween the forward spin
axis and the satocllite-sun line, then in a ring represonting an anglo
of 135 dogreos botweon tho same two linos. Tho rings of lamps were
intended to simulate tho sun as soen from a revelving satellite. The
tomperoturos of tho various units wore monitored during those tests.
This was & fairly crude attompt to produce the temperaturc gradients
that would actually be exporionced in the satellite during operation

in orbit.

3.10 Sumary of the Prototype Tests.

Owing to the emount of trouble that is generally oxperionced
during those tests, only vory rough ostimates cen be made of tho time
roquired to complete thom. The tests on Ariel I lasted six months. A

list of tho problems experienced in these six months is given below.

Tomporature and Humidity Tests.
Sub-assembly dosign problcms 1

Gomponont failures (excluding commectors) 1
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Wiring harness failures (including connectors) 0

Faulty assombly failures 3

Tost equipment failures 4
Total:

Vibration, Acceleration and Shock Tests.

Sub-assembly design problems 5
Componont failures (excluding conmectors) 6
Wiring harness failures (including conmectors) 5
Faulty assombly failurcs 1
Tost ecquipment failures 1
Total: B
Thermal Vacuum and Aspect Tests.
Sub-assombly design problems 8
Component failurcs (excluding conmectors) 13
Wiring harness feilures (including connsctors) 3+
Faulty assombly failuros 6
Tost equipmont failures 7

Total: BT
Components which failed dus to design problems have not been
included in those lists. Note the largo number of component failures
which occurred during the thermal vacuum tests. Owing to ths rolatively
large amount of trouble caused by the prototype wiring harness, this

was redesignsd for the flight units.

3,11 Environmontal Testing of the Plight Units.
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These tosts woro not so severoe as those carriod out on tho prototyps,
nor wore the humidity or solar aspoct tosts made.

Tho temperature test consisted of 24 hours at 35°C, and another
24 hours at -10°C.

Thoe samo fregquency ranges wore used as in tho prototype vibration
togts, but tho accolerations were reduced to 2/3 of the prototype levels.

The hot and cold thermal vacuum tests were limited to two days

oach, the temperatures boing 35°C and =10°C respectively.

The estimated time for the environmental testing of the flight
units was built up as shown below. Time for trouble shooting has been
allowed in these figures.

Component collection 1 day
Spacecraft assembly and turn~on 3 days

Spacecraft testing and initial removal of troubles 4 days

Calibration of analog experiments 5 days
Setting up for temperature test 3 days
Temperature test 1 day
Preperation for vibration ('loctiting' etc.) B 3 days
Initial balancing of the payload 4 days
Vibration tests 5 days
Setting up for thermal vacuum test 1 day
Thermal vecuum test - 9 days
Antemmass pattern messurement 5 days

Final calibration of anslog experiments 6 days
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Final belancing of the payload 6 days
Totel: 56 deys

In practice, difficulties were experienced with each payload
which added on about half as many days again to the total given asbove.

After the vibration tests only minor modifications could be made
to the spacecraft, for dismentling and re-assembly would have made re-
vibration necessary. This was undesireable, since each vibration test
increases the chance of the tested ztructure failing due to fatigue.

The flight units were transferred to Cape Canaveral by road when
"they were completely ready. There they were tested to ensure they were
8till in perfect operating condition., Flight unit I was attached to
the third stage motor, then the complete amssembly wes spun and balanced
to align the centres of gravity and inertis with the spin axis. This
operation required five days. The third stage assembly was then hoisted
up the launching gantry end placed on top of the secénd stage. In order
that the vehicle preparations could be made in time, the latest this
could be dons was 4 days before launch. A complete practice count-
down was performsd the day before launche.

The first launch attempt was abortive owing to a faulty second
gtage which started to show signe of trouble at T -6 minutes ( April
10th ). The satellite was not operasted between this date and the next
count-down practice which was performed on April 25th.

The satellite was successfully launched on April 26th, 1962.
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CHAPIER 4

THE ENBRGY SPECTRUM OF THE PRIMARY COSMIC RADIATION

The information from the cerenkov detector in the satellite was
received in the form of store samples, ie. the number of counts containsd
in the store at intervals of 30.72 seconds. These numbers have been
differenced to give counting rates, and were correlated with the real
time of the sample, the geographic position of the satellite, Quenby~
Wenk vertical threshold rigidities, the scalar magnitude of the magnetic
field and L velues. This work was done with the aid of en IBEM 7090
computer; The important quentities in the following discussion in
addition to the counting rates, are the altitudes and the Quenby-Wenk

figures.,

4.l Data Selection.

This first analysis was carried out on the results for about 600
orbits which were available for the period between the 26th April and
the 9th July, 1962. Twenty-four percent of those data were unuseable
because they were collected between May 18th and June 4th during which
time the sensitivity of the cerenkov counter was changing.

By using the geiger counter results, cerenkov data collected in
the inner belt were picked out and rejected because of the sensitivity
of the latter counter to the inner radiation belt protons. The maximum
goiger counting rates which may be expected from the cosmic rediation

are shown by the curve in figure 11. Counting rates greater than these



130

100

so

F‘l'gu.re_, it

] 89,3( 2 Counts

'Ml‘?'%ﬁ%-

Daka ﬂsfjed’aén Crikna.

Reged' daka which fais
on His side of Hhe curve.

Tareshold Rigidity (Qq’_)

1 i i i L i

b € W0 1 W b g 2o

(gv)



4

indicate that the satellite was passing through a region containing
trapped particles. From figure 11, it can be>seen that the absolute
maximum geiger counting rate which will be tolerated without rejection
of the data is 150 counts per intervel. In figure 12 is shown the area
occupied by cosmic ray counts in a geiger-cerenkov retio diegram and
also pert of the curve on which the points for the counting rates lie
when the instrument is passing through the inner belt ( cosmic ray counts
have been subtrected from the dats to meke this curve ). It should be
clear that even if all 150 geiger counts per interval are due to radiati-
on belt particles, then the conteminated cerenkov rate cannot exceed 1.5
counts per interwal, which is smell when compared with the average cosmic
rey counting rate. In practice no radiation belt peaks were observed
in the geiger counting rates in regions where the threshold rigidity is
less then 5 Gv, so this means the geiger counting rate ceused by radiation
belt particles could not heve exceeded 90 counts per interval. This
places an even tightsr restriction on the possible contaminetion of the
corenkov counting rates. Thus this method of detecting trapping regions
is sensitive to rediation intensities well below thoss at which the
trapped particle contribution to ths cerenkov counting rates becomes
appreciable.

For the time during which deta were collected, the attitude of
the satellite wes such that the shadowing effect of the Earth on the
cerenkov detector was greator at increased altitudes ( see section 4.2.3
). The data fall naturally into two homogemeous groups; ‘that collscted

by the satellite at eltitudes greater than 800 km where the average
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Earth's shadowing effect is large, and that collected at altitudes less
then 800 km where the average Farth's shadowing effect is relatively
small. Both groups contain results which extend over the entire range
of the threshold rigidities scanned by the satellite. Only the group
containing data obtained below 800 km has heen used in this preliminary
analysis in order to keep the Zarth's shadowing effeet to a minimum and
because of the groater uncertainty in the threshold rigidities as the
Quenby-Wenk figures are extended to greater altitudes., This restrietion
of the data also minimises the altitude effect on the counting rates
and reduced the work necessary to remove the Van Allen rediation cont-
ribution to the counting rate. The percentage of this contribution was

larger above BQO km.

4.2 Errors and Data Corrsctions.

The chosen group of results was used to plot the curves in figure
13, The open cirecles represent the meen counting rates between April
26th and May 18th, the filled circles represent the meen counting rates
between June 4th and July 9th. It so happened that the gain of the un-
etbtenyated level after the change in sensitivity was nearly equal to
the gain of the attenuated level before the change. By making use of
this it is possible to draw the gain versus counting rate curves as in
figure 14, The corroctions considered for these results are listed

below in the order of their importance.

4.2,1 The Fall-0ff in Cerenkov Light for Slow Particles.

From Frank and Tamm'!'s classical theory of the cercenkov radietion
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(193%)

N = 2med(R - %) (1-1/6%%)

where N = number of photons yielded in the spectral range A4

tO A},

o = fine structure constent = 92/ he = 1/137,

B = v/c where v is the particle velocity,

n = refrective index of the substance traversed by the
particle,

d = path length of the particle.

From this it cen be seen that N is proportionel to (1 - l/anz).
Thus particles near to the cerenkov 1limit of the perspex will produce
less light then the faster ones, for which B—+1. Since the velocity
of a particle increases monotonically with its rigidity, this means that
the gein of the detector is effectively less for particles of lower
rigidity. Obviously this will introduce a systematic error which could
lead to an underestimation of the counting rates st low rigidities.
This error may be eliminated if it is possible to find the velue of the
factor (1 - 1/5?)/(1 - 1/an2) by which the gain must be multiplied to
bring it to the valus for which B—1, and from the counting rate versus
gein curves, obtein the equivalent counting rete for the corrected gein.
To do this we must know P for the wvarious rigidities.

Now the rigidity of a relativistic particle is defined by the

eXpression:

W

R = mo2p/Ze(1 - B4)Z,

whore m is the rest mass of the particle and Zo is its charge. For
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primary cosmic rays other thon probone, the specific chargss are close
to two, therefore the torm.mcz/ZG is approximetely constant and equal to
1.9 Gv. Thus the valus of B for each rigidity may be found from this
expression and the gain factor calculated. In figure 14 the counting
rate -~ gain curves aro shown for rigiditises which have values of

(1 - l/hz)/ll - l/hZBZ) greater then 1.05. The corrected coumting rates
ney be read dircctly from these curves except for rigidities of 1.8 Gv
and less for which the correction factors were equal to 7 or greanter,
and so are outside the range of the curves.

When this correction is completed, the probable error in the
counting rate depends on the deviation of the actual counting rate -
gain curves from the straight lines which have been fitted to the
available experimental points. This is hard to estimate, but the error
is certainly less than the orrors produced by the effects which are

discussod in the following soection.

4.2.2 Threshold Rigidity Corrections

The Quenby-Wenk threshold rigidities are calculated for vertically
incident particles at sea level. The satellite results whichbwore_usod
were obtained at a mean height of 600 km, using a detector with a wide
solid angle of acceptance; At low lattitudes the effective threshold
rigidities for a wide angle detotor must be different to the vertical
threshold rigidities since there is a large variation in threshold
rigidity with zenith angle. At higher lattitudes the vertical thresholds

will be closer to the effective threshold rigidities for the detector
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since according to Stormer theory this east-west effect is not so marked;
when the vertical threshold rigidity falls to zero the effective thres-
hold for our debootor must bo the seme ( lemaitre end Vallarte, 1933 ).
Now the effective threshold rigidity of the detector may be de=-
fined as the rigidity value at that sharp cut-off in the primary cosmic
ray spectrun which would produce the same cowmting rat9 in the detector
as that actually observed. When the blocking of the sensitive solid
engle of the detector by the earth is s minimum, perticles will be re-
colved from a solid angle of roughly 2n. This is almost the sams situat-
ion a8 that of an observer on the Earth!'s surface, assuning there is no
atmosphere. Thus if we can discover the effective threshold for the
observer on the Earth's surface, it is only necessary to adjust this to
600 km. above ssa lewvel to find the effective threshold for our detector.
In calculating this effective threshold rigidity, the allowed and
forbidden directions of the particles incident on the Earth must be
taken into accownt. It is found that particles can arrive from a cone
of angles, outside of which all directions are forbidden., This is known
as the Stormer cone. The Stormer cone may be divided into three sections,
the main cone, the shadow cone and the penumbra. Particles can arrive
from all directions inside the main coms, they cannot errive from any
direction inside the shadow come becmuse their curving trejectories
intersect the Earth's surface before they reach the observer. The penumbre
is & region where some directions are allowed and some are forbidden.
The calculation of the Stormer cone is failly simple, the chleculation of

the malin, shadow and penumbral cones is complex. Since a large error
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arises in adjusting the effective threshold rigidity to the satellite
altitude, it is not worthwhile to calculate the effective thresholds
accurately for the Barth's surface at this stage. As a first approxim-
ation, therefore, the effective threshold at the equator may be calculated

and those for other geomagnetic lektitudes obtained by using the expres-

sion:
R =R, + R 2(Ry - Rg)/Ro”
off (sea lovel) ~ 7q q ‘"1 2//5%g -
Ropp (soa level) = the effective threshold rigidity at sea level,
Rq = the Quenby-Wenk threshold rigidity,
Ry = the effective threshold rigidity at the equator,
R2 = the Quenby~Wenk threshold rigidity at the
equator.

This expression gives the correction from vertical to effective
threshold rigidity as a second order term, ensuring that the correction
falls off quickly as we move away from the equator. This is necessary
gince the difference between the rigidities of the highest energy
particle and the lowest energy particle to reach the observor falls
quickly with increesing laeXtitude, and in some way this difference
must be proportional to the correction factor.

At the cquator the penumbrel effect is negligible. Thus the
Stormer cone consists of only the main and shadow cones. Kasper (1958)
has shown that the shadow cones are smell. We may mako, thorefore, e
further epproximation eand say that all directions inside the Stormer

cone are allowed. The rigidity threshold for any direction in the sky
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is then given by Stormer's expreossion:

R = ZeM 00543\/01'2(1 +/1 - cosa cosf coss,\)z
where M = the dipole moment,

Zo = the charge of the particle,

r = the radial distance from the dipole centre,

eM/cr2 = 59.6 Gv for the Earth's surfeco,

A = lattitude,
a = azimuthal angle,
B = zenith angle.

This equation treats the Earth es a dipole and takes no account of
the eccentricity of the reel Barth's dipole field or of the magnetic
anomalies.

For the equator A = 0, and the curve shown in figure 15 may be
obtained by integrating the allowed directions for the various particle
rigidities. The relative intensities aroc given as percentoges of the
intonsities to be found at infinity ( using Liouville's theorem ). The
total primary cosmic ray intensity seon by an observer at the equator
on the Earthts surface can be found by multiplying this curve by the
differential primary rigidity spectrum. The offective equatorial thres-
hold rigidity at sea level is then simply the rigidity which corresponds
to this intensity in the integral primary cosmic ray spectrum. The last
two steps were taken by graphical moans, assuming the integral primary
spectrum to have an exponent of 1.5 ( McDonald and Webber, 1959 ). This
gave an effective threshold rigidity of 15.9 Gv at sea level.

This number is mainly sensitive to tho slope of the curve in figure
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16 for threshold rigidities below 30 Gv. Tt is insensitive to the shape
at higher rigidities where the Earth's shadow cone has most effect. It
is also insensitive to the slope which is assumed for the primary cosmic
ray spectrum. For these reasons, this numbsr is probably a felrly accur-
ate ostimate of the mean, squatorial, effective threshold rigidity.

From the Stormer equation shown above, the vertical ( or Quenby-
Wenk ) threshold rigidity at the equator is 14.9 Gv. So, by substitution
we have:

Ropp (ses lovel) = Bgq * 4.5){10—3Rq2.

The results obtained by the satellite above 800 lkm can be used %o
correct these effective threshold rigidities to a mean height of 600km
above sea level. The umcorrected data from above 800 km have been
averaged to obtein curves similar to those shown in figure 13. There
are differences between these two sets of curves which must be due to
the different circumstences in which the two sets of data were collected,
in other words the difference in altitudes and in the Earth's shadowing
effect. The altitude has an effect (I) because of the change in effect-
ive threshold rigidity as the satellite moves away from the Earth and
(1I) because of the smaller solid angle subtended by the Barth at the
detector for greater altitudes. The latter causes the counting rate
to increase since particles can arrive from more directioms. This
effect is discussed in section 4e2.4.

Since the Earth shadowing effect ( see section 4.2.3 ) and
altitude effect (II) alter the counting rate by relatively simple geomet-

rical means, then to a first approximation the differences they intro-
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duce hotwsen the two sets of curves are sliminated if the coumbting rates
are normelised to make the plateaux of the curves co-incide. The result
of this operation is shown in figure 16. The remeining difference betwsen
the two sets of curves must now be due mainly to altitude effect (I)
which indirectly changes the cownmting rate by changing the effective
threshold rigidity. The two sets of curves in figure 16 are the same
shape within the limits of the errors, but the threshold rigidity values
of the highor altitude curve are 25 % higher then those for the lower
altitude curve. Thus in moving from a mean altitude of 600 km to a
mean altitude of 1000 km, the trus effective threshold rigiditiss are
decreased by a factor of 100/ 125 = 0.8,

Assune the threshold rigidity (R) is proportional to l/%x, where
X is umknown, then:
= 125/100 = (7370,/6970)™ )

Rg00 /R1000
(The mean diemeter of the Earth is teken to bs equal to 6370 km.)

Thus x = 4
A
and RGOO/Rsea level (6570/6970)
Reoo = 0+7 Rgen level

Stormer theory predicts that R will be proportional to 1/%2, in
which case the correction factor would have been 0.84 instead of 0.7.
The difference between the Stormer prediction end the experimentel
results is almost certainly caused by the increasing transparancy of
the penumbre at greater altitudes. The works of Hubner, Vallarta (1948)
, and Koenig permit some gqualitative remarks about the penumbra, end it

would seem that sbove 35 degrees of geomegnetic laXtitude the penumbra
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is almost completely trensparent at sea lewvel. Therefore we would expect
it to have little effect above 35°, and that the correction factor at
Quenby-Wenk values less than about 8 Gv would bs proportional to 1/%2.
Despite this prediction there is no firm evidence of this if figure 16

is examined. Therefore a correction factor of 0.7 (ie. R proportional
to 1/%4? has been assumed for rigidity values down to 2 Gv.

It is hoped evenbtuslly to use the model experiment which is in
operation at Imperial College to improve the acouracy of these threshold
rigidity corrections by increasing our understanding of the problem,
but for the present, as a first approximation it may be assumed that the
offective threshold rigidity at an altitude of 600 km is given by:

Ropp = 0.7 Ry + 3.1+ 107R 2 ( % 8%)

The orror hore is a combination of the empirical error arising from
the altitude adjustment and an error which is harder to determine since
it depends on how far the true state of affairs differs from the assump~
tion that the correction factor needed for each laltitude is given by
the expression for Reff (soe levol) on page 52.

The size of the empirical error may be deduced from figure 16 and
is ¥ 4%.

The error due to applying tho expression for R ep (sea lovel) will
probably be greatest in the 12 Gv threshold rigidity region, where large
changes in the penumbra and shadow cones are occuring. It is estimated
that the error here will not be larger than the size of the correction
factor itself, or F 7%. Above 20° of la}titudo ( at threshold rigidities

lower than 10 Gv ) where the factors influencing the rigidity values
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become less camplex, and also at the equator, the expected error would
be much less. Thus the error shown in the above. result is a possible

maximum.

4.2.3 Barth Shadowing Effect.

As the spacecraft moves in ibts orbibt, we would expect a variation
in the counting rate owing to the varying portion of the sensitive solid
angle of the detector that is blocked by the Earth. This may be called
the Earth shadowing effect. Figure 17 illustrates the aspect of the
satellite on two days, day 120 and day 130. The shape of the curve
chenges slowly from the day 120 shape to the day 130 shape in the inter-
vening period. The hatched portion represents the aree covered by these
intervening curves where the altitude was less than 800 km. In other
words this hatched portion represents the aspects of the satellite for
the results from this period that were used in this preliminary caelcul-
ation of the primary spectrum. For these results it can be seen immed-
iately theat tho Earth’ﬁphadowing effect is much greater in the northern
hemisphere than in the southorn. The contrast between tho effects in the
two hemispheres is greater during this period than at eny other before the
Starfish explosion. If the average counting rates for the various
throshold rigidities in the northern and southern hemispheres aro comp-
ared for this poriod, it is found that the greatost differences ( south
- north ) for any threshold rigidity arc given by:

attenuated lovel difference = (1.5 + 2.5) %

i

unattenusted level difference = (~3.3 F 2.5) %
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Thus, by ompiricel meens, it may be concludod that the orror
introduced by this espect effect is negligible compared with the orror
in the corrccted throshold rigidities, end so no correction has been

ettempted.

In addition to the above, another type of counting rate variation
will arise from the variation of threshold rigidity over the different
perts of the sky. If the sensitive solid angle of the detector is
blocked by the Earth so thet only pert of the sky is visible, then due
to thls variation of threshold rigidity, the portion of sky seen by
the detector does not necessarily heave the same effective threshold
rigidity as does the whole of the sky. This offoect will be most marked
in the equatoriel planse.

The deta were examined for such an effect. Counting rete varietions
censed by the first Earth shadowing offect wore romoved by considering
only those parts of tho orbit where the angle botweon the spin axis of
tho satollite and the satellite~Earth line was 90°. This occurred at
the oquator only in thc rogion of deys 145 and 190. The region around
day 145 was chosen for inspection bocause of tho bettor statistics ( the
counting rate was higher ) and becausc the hoights at the equatorial
crossings ( the nodes ) wero almost tho same. The counting rates for
tho asconding node and the descending node respectivoly wore avoraged
using data teken botween 10° north end 10° south of the goomagnetic
equator for days 145 to 180 inclusivo. Tho deily means were weighted

to teke into account the verying gain of the dotector at this time. It
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was found thet tho ascending nodes had & mean counting rete 18 % greater
than the descending nodes, but this differonce diseppeared when the
slight disparity in mean heights was taken into account, using 1/%4 for
corroction. The two valuwes wore thon 5.26 ond 5.46 in arbitrary units.
Theso agrecd within thoir statistical errors which wore 4 % and 3 %
respectively. Thus if wo examine the most likely latbtitudes with the
bost satellite aspect for this effect we find it must be less than *

5 %. This orror will bo groatly reduced when tho rosults arc evoraged
ovar long poeriods with varying aspects, end so again it is loss than

that for the threshold rigidities and no correction has been attomptod.

4.2.4 Altitudo Considerations.

Apart from the corrcction to tho threshold rigidities for altit-
ude as is outlined in section 4.2,2 there must be a difforent typo of
altitude correction. This arises from the increase in counting rate
caused by the inerease in the solid angle from which perticles cen arrive
at the detector as tho spacocraft moves eway from the EBarth and tho solid
angle subtended by the lattor at the satollite decreasos.

Now in the period botweon about day 155 and dey 165 tho apogeo
and porigee occur at the northorn and southern oxtremities of the orbit
(figuro 18) . 1If tho high laktitudo, averago counting rates in the north-
orn and southorn homispheros are comparcd for this poriod ( thoro is
no offoct duo to chango in the offoctive throshold rigidity with alti-
tudo at high laytitudes owing to tho platoau in the rigidity - counting

rate curve ) then it is found:
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attenuated level difference = (5.8 F 2.5) %
unattenueted level difference = (10,7 T 2.2) %.

There is an appreciable difforence. FHFowever the averaging process
roduces the error considerably since the altitude at each threshold
rigidity veries as tho orbit precesses. Over tho completo period from
which the data were taken, the moan altitudes for tho difforent rigid-
ities wore all found to lio within ¥ 25 km. Agein this meens thero is

a8 nogligible error and correction was unncccssary.

4.3 Discussion of tho Results.

The integral rigidity spoctrum obteined from thosec rosults is
shown in figure 19. There is a clear chenge of slope of tho spectrum
in the region of 8.5 Gv, and this is tentatively interpreted as the
upper limit to the solar modulaetion process et this time ( May « Jume
1962 ). The results for this spectrum werc obbtainod et & relativoly
guict period in the solar cycle as is illustrated by figure 20, which
shows thore were no lerge disturbances of the cosmic ray flux between
April 26th and July 9th. Tho Mount Washington msutron monitor ( goo=-
magnetic lattitudo = 57° N, altitude = 1909 motres obove soa lovel )
had returned to & counting rate botwcen 8 and 10 % lowor than its
provious sunspot minimum at this poriod.

To dotermino tho offect of tho solar modulation process on tho primary
rigidity spectrum it is necessary to knoW the ummodulated shape of the
spoctrum. This is impccurately known for tho heavy nuclei, but in

August 1956 ( near soler minimum ) tho slope of the rigidity spectrum
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for alpha pearticles was found to have an oxponont of =l.5 in the rigidity
range from 2 to 5 Gv ( McDonald and Wobber, 19859 ); This agroes with
an cxtrapolation of the slope of thoe high rigidity ond of our spectrum.
From the measured difference in thcose slopos botweon 2 and 8.5 Gv, tho
rigidity dopondence of the solar modulation in Mey and June 1962 may
bo roprosented by

I = I(R/Ry) 03 * 0415 for 2.5 ’R ’\'RO

whore I, = intensity of primary cosmic rays with rigidities groat-
or than R at tho Earth,

I = inbensity of cosmic rays at infinity,
Ro = Ba+5 Gv.

From figure 19, tho umodulated primary cosmic ray rigidity
spectrum for perticles heavieor than alpha particles above 845 Gv has
an exponont of =1.5 ¥ 0.15.

The results of two oxperiments similar to ours have boen publishod
by Pomerantz and Witten, also by Kurnosova, Logachov, Razorenov and
Fredkin, 1962. The Russian rosults are based on the data from coerenkov
instruments flown in Sputniks V and VI, the Amorican experiment consisted
basically of an ion chambor carried by Explorer VII. Those exporimonts
wore conducted at various poriods during 1960, a timo of high solar
activity. Tho rosults aro too stetistically inaccurate end disturbed
by timo variations to allow any conclusions to bo drawn whon comparcd

with the Ariel I rosults.
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CHAPTER b

T s A re——r
Pt ———

THE GEQMAGNETICALLY TRAPFED PARITCLES

— e

5.1 Introduction.

At 9 seconds past 09;00 hours U;T. on July 9th 1962, a nucloar
bomb equivelent to l.4 mogatons of T.N.T. was exploded et a height of
400 km ebove sea level in the vieinity of Johnston Island in tho contral
Pacific Ocsan. A lerge smount of radiation was relomsed by this oxplos=~
ions Owr instruments on Ariel I wore able to detect some of this
radiation and occasionally were able to indicate tho typo of particlos
which were prosent. The satellito was almost at its most southorly
lajtitudo and noar the geomagnetic longitude of the explosion at the
time of detonstion, and so was woll positionod for obscrving tho impact
of the burst on normal conditions. Owing to tho good data covorage,
the distribution of tho artificial radiation around the Earth and some
ocarly docay modos could be closoly followed. Aricl I had boon oporating
for 2%-months at this timo so the aroas apparently esccupiocd by tho
notural rodiation had already beon mapped oub. Bocauso of this the
artificial and natural radistions could be distinguished, and in this
rospect wo had an advantage ovor following satcllites, dcspite thoir
better méasuring ability. For these reoasons an analysis has boon made
of the rosults obteined betweon tho time of the explosion and tho timo
whon tho satollite first went into undervoltage. In order to wdorstand
fully this annlysis and its implications, somo kmowledgo of tho goomeg-

noticelly trapped radiation is nocossary, and therefors a bricf rdsums’
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is given in tho rost of this chapter.

5.2 Exporimontal History.

The existonce of the natural goomagnetically trapped radiation
was discovored by J.A. Van Allen's research group, working at Iowa, who
fourd that goiger counmtors launched in tho carth satellites Explorer I
and Explorer IIT wero jammod by an unexpoctodly high flux of radiation
( Van Allen, 1958, also Van Allon et al. 1958 ). Tho ‘prosence of those
high intonsities of erprgotic particles was gquickly confirmed by data
from Sputnik ITI.

The obsorvations f;om.Sputnik IIT ( Vernov and Chwdakov 1960 ),
Exploror IV ( Van Allon, McIlwain and Ludwig, 1959 ) and Pioneer I;I
( Ven Allen and Frenk 1959 ) showed rogions of onhanced counting rates
from L values of about 1.5 earth redii to valuss of about 10 carth radii
with a rogion of low counting retes at about L = 2 carth radii. Thus
tho radiation appeared to bo separated into two zonos. The region for
L {2 carth radii was called the inner zonc, and that for I;yz oarth
radii was called the oubter zomo. L values are disoussed in section 5.6.

Nuclear omulsions flown in rockots by Freden and White (1959)
showed that the innor zone contained large numbors of ponotrating prot-
ons. The 1959 rocket flights of Holly and Johnson ( published 1960 )
showed clectrons to be the most numerous particles in .the inner zono.
Reports of othor invostigations into the composition of the inmer zone
using rocket-borno apparatus moy be found in Fredon end White 1960,

Nauglo and Kniffon 1961, Armstrong ot ale. 1961, and Ibckman and Armstrong
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1962 The Iiast referonce corntains a moasurcmons of tho proton spectrum
of the immer zome for the rocket trajoctory of ihis particular oxporim~
ont. Naugle and Eniffen were the first o -hevwr that the proton spoctrum
bocomes softer with increasing L value in tho eworgy range betweon 10
and 100 Mov.

Cledis ot al, (1961) domonstrated conclusively that the outor
zono contained oslectroms, They measurcd the energy spectrum and pitch
anglo distribution of eloctrons near the lower edge of the outer radiat-
ion zone using apparatus flown in a Javelin rocket.
A comprehensive assault on the umknown aspects of tho trapped radiation
was carriod out by instrumonts flown in Explorer XII. Data from this
setellite showed that there weres mnot two distinct zomes, but instoad
the whole of the trapping rogion was f£illed with protons ( Davis and
Williamson, 1962 ) and oloctrons ( O'Brien and Laughlin 1962, Rossor ot
ale 1962 ) whoso onorgy spoctra variod with distance from the Earth.
Howover the usc of tho terms *inner zono' and 'outer zonc! will be cont=
inmued in this thesis for convenience. Protons of roughly 100 kev enorgy
and eloctrons with about 40 kev onergy werc found in crudoly comparable
intensitios out as far as the boundary botween the goomagnotic and intere
planotary fields, which was at variable radial distancos of botween
8 and 11 ocarth radii on the daylight side of the oarth at this time (
August to Decomber 1961, sce Cahil and Amazeon 1962)« lbosurements of
tho oloctron spectra in tho enorgy ronge of 40 to 110 kov woro also
made in tho oguatorial plane ( O'Brion and Laughlin 1962 )

largo variations of tho particle flux have boon observed ( ceg.
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Ar»5ldy ot el. 1960, Pizzolle ot al, 1962 ). Thcoso variations appoar

to inercosc in amplitude with increasing disbarco from the Earth. Thoy
also oppear to T velatod to soler flarcs ir sowe way which is not cloar=-
1y undsrstood at presente Tho goographic position of Zeray bursts st
balloon altitudes and tho timing of aurora have bson observed to coincide
with reductions of counting ratos in the outer zomo. This is rather
tonuous ovidonce for the dumping of oubtor zone electrons into the atmos~
phcre. More recontly, O'Brien (1962) using & diroction sensitive counter
in Injun I hes observed large rumbers of olectrons entoring the atmosphero
at high lattitudes. Thus there is convincing evidencc that at certain
times the lifetimes of eloctrons in the outor zono may be only s fow
hours long. Tho timo wvariations of the trapped radiation are of intorost
sinco thoy can give somo indications of trapped particle lifetimes. Thoso
in turn can lead to conclusions concorning the origins of the trapped
radiation; for examplo a weak source of trappeod particles may supply

tho nocessary flux if the trapped lifetime is long enough.

Tho oxperimentael investigations of the trapped particlcs may bo sume
marised by saying that tho spatial oxtont of this rediation is roughly
known, somo proliminary work has boen done on the study of the constitu~
onts, and time veriations heve boon observed and assooiated with some
goomagnoetic phenomena; Tho origin of the trapped radiation and its
oxasct oporation in the mochanics linking solar explosions with magnotioc
storms and auroral activity on tho Earth aro still subjects for spocul-

ation.
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53 Origina

It has been pointed out that the decay of the neutron albedo
produced by the interaction of cosmic rays with the Earth's atmosphere
should lead to the trapping of both elsctrons and protons in the geomag-
netic field ( Singer 1958, Vernov et al. 1959, Kellogg 1959 ). Alternmat-
jvely, it has been proposed ( Gold 1959 ) that the trapped perticles
originate in the solar atmosphere and are transferred from the solar to
the terrestial magnetic fields by the megnetohydrodynsmic effects
occuring at the boundafy between these fields during magnetic storms,.

It seems possible that an appreciable number of the trapped
protons have their origin in neutron albedo produced by solar flare
generated protons ( Lenchek 1962 ), Some discussion has taken plece as
to whether a sizeable contribution to the trapped protons is also due
to albedo arising from the normal cosmic ray flux. There appear to be
two schools of thought on this matter ( Lenchek and Singer 1962, Pizzella
et al. 1962 ). However, the neutron albedo theory cannot account for
the large mmbers of trapped electrons which are observed. The solar
origin theory has been discarded since the probe Piomser V failed to
find the large smounts of interplanetary radiation necessary to make
this theory workable. It seems more likely that a lerge number of the
trapped electronsere accelerated in situ by hydrodynamic waves genmerated
at the magnetosphere surface by impidmgeing solar plasma. This was sug-
gosted by Dessler in 1958. The exact mechenics of this process are still

obscure.
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bed Artificiel Radiation Belts.

Following a suggestion by Christofilos (1959) artificial radiation
belts were produced at L valuss of 1.72, 2.12 and 2.16 earth radii by =
geries of high sltitude nuclear explosions during August and September
of 1958+ This operation was given the code name 'Arzus'e. The objects
of these tests were to demonstrate that particles could be trapped in
the Earth's magnetic field, to check caleulations of the trajectories
of these particles and to study the effects of the explosions at the
points of the bursts and at the magnetic conjugates. Aurora and magnetic
disturbances were seen at these positions ( Newman 1959, Peterson 1959).
The artificial radiation belts were found by Explorer IV which was
launched for the purpose of detecting them. They were sufficiently
steble for Van Allen et al, (1959) to be able to say that the radial
diffusion rate of the particles could not be greater than 2 lm. per day
at a height of 1500 km. above the surface of the Earth. On the day of
a magnetic storm some evidence was found for a decresase in the intensity
of the two artificial belts then existing.

Effects of the Starfish nuclear explosion are discussed in Chapter

Ge

5.5 IMotion of Charged Particles in a Dipole Field,

The compexitios of this problem may be reduced by using aos an
approximation the concept of the 'guiding contre! of a particle. This
concept was introduced by Alfven (1960). The particle motion here is

described in terms of:
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8. A rapid gyration about a field line with a cyclotron

period T, and radius R,.

contre.

The centre of this gyretion is the guiding

be Motion of the guiding centre of the particle along the

line of fores. This motion is periodic alsos

the particle is reflected

by the converging magnetic field near the Earth and bounces back and

forth in the exosphere with a bounce period Tb‘

ce A drift in longitude around the Earth with & period of

revolution Tr.

Assumning the Earth's field may be approximated by a dipole field,

the following table has been caleculated for particles at 2000 km. alti-

tude near the equetor { L = about 1.3 earth radii ) and gives a useful

idea of the quesntities involved ( Hess 1962 ).

500 Mev. proton

| 250 m.

Rc Tc" _ Tb B T.
50 kev. electron 50 m. 245 microsec. 0.25 sec. 11.5 hrs.
1 Mov. alectron 320 m. 7 microssc. 0.l sec. 53 mine.
1 Mev. proton 10 km, 4 millisec. 2.2 gBC. 32 min.
10 Mev. proton 30 km. 4.2 millisec. 0.65 soces 32 min.
6 millisece. Q.11 sec. 5.04 sec.

For a comprehensive mothematical discussion of the Stormer, Alfven

and McIlwain calculations of the motions of charged particles in dipole

and near-dipole fields see H. Elliot (1963).



5.8 L - Vales,

As extensive use is made of this concept in the next chapter, =
brief attempt st a physical explenation is given here. The mathematical
basis will be found in articles by MoIlwain (1961) and Ellict (1963);

A charged particle, drifting in the Earth!'s magnetic field, caen
be shown to c¢ling approximately to & surface constructed of magnetic
lines of force ( McIlwain 1961 ), These lines of force are definod by
MeIlwainst so-called longitudinal invariant. The swrface may be called
o magnotic shell and is labelled by a quantity L. The definition of L
is such that if the magnetic field of the Earth was a perfect dipole
field centred on the centre of the Barth, then thoe distance between the
latter and any L shsll in the equatorial pleno, when stated in eerth radii,
would give the L valuwe of that shelle.

Now as the trapped particle spirals towards the Eerth along a
line of forco, its rate of approach is slowed down by the increasing
magnitude of the scalar magnetic field (B), and it is eventually turned
back at the maximum velus of B which tho particle can reach. For any one
particle this value of B is the same at each of these reflection points,
which are known as 'mirror pointsf.

Thus the orbit of eny trapped particle cen be completely defined
by two quantities: the valus of L for the shell to which the particle
is tied and the value of B at the mirror points. Therofore each point
on o graph where B is plotted against L will roprosent a particular
perticlo orbit, end so the B - L diagrem is & conveniont ( bocause it

is two dimensional ) method of classifying trapped particle orbits.
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As an example of this, trapped particle populations can be represented
by contour lines on these graphs.

Care must be exercised whon using this system to analyse satellite
results sinco a particle observed by the detector has not necessarily
reoachod its meximum B value.

To assist in the physical interprotation of B = L diagrams the
Earthts surfaco has been transposed into B « L coordinates and this
process is described below. Although an idealised Earth's surfoec has
been used, this is useful in giving some indication of those parts of
& B - L diagram which must lie bolow sea lovel and therefore cannot be
oceupied by trapped particlos.

In magnetic coordinates, the Earthts surface may bo located by the
scalar magnitude of tho magnetic field at sea level and by the magnetic
shell which intersects any particular goographic point. If, again, the
Earth!s magnotism was reproscnted by e perfect dipole loeated at the
Earth's centro, its axis being the spin axis of the Earth, then the
systom would be ontirely symmctrical about the dipole axis and tho
field on the Earth's surface would be constant with longitude. Thus for
any given L shell at the Earth's surface there would be a unique value
of B, and the Earth's surface would be represented by a singlc curve in
& B - L diagrem Howover, as s first approximetion, the Earth's magnetic
field is represented by a perfect dipole displace 430 km. from the Earth's
contre. Figure 21 shows the Earth's surfaco in a magnetic coordinate
system, in this case polar goomagnetic coordinates. Two particular

longitudes have beon suporimposed in this diagram. Tho innor curve
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shows the longitude with the largost B values at the Earthfs surface

and the outer curve represents tho longitude with the smallest B values.
Ail other longitudes with intermediato values of B must be roprosented
by curves which lie between these two. The angles shown aro geomagnetic
laftitudes. This diagram demonstrates that the Earth's surface cennot
be drawn as & single lino whon a magnotic system of coordinates is used.
In figure 22 those two longitudes are shown in anothor magnotic coordin-
ate system, B -~ L coordinates this time. The 'distortion' from figure
21 is ovidont. Tho angles shown aro agein goomagnotic la¥titudes.

In actusl fact, superimposed on the eccentric dipole field of the
Barth are magnetic anomalies which will distort these curves even more
by varying the quantity B. It is useful to know in B = L coordinates

the position of tho lino roprosenting tho Barths surfacc where the
mirror points of trapped particles aro at thoir lowest altitudes. This
tlowost mirror points line! is shown in figure 22. Particles which
aro observed above this linc in B = L coordinatos camnnot drift complot-
oly around thd Tarth since thoir theorotical mirror points must be bolow
soa level for some longitudos. The broken line in figure 26 shows tho
googrophic position of the lowost mirror point lino.

Figuro 23 shows various hoights above the Tarth!s surface on tho
lowest mirror point lino. The B and L velws from which these curves
woro conetructod were calculatod by Hess ( privete communication ) using

Jensen and Cain coefficionts.
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CHAPTER 6

THE STARFISH NUCLEAR EXPLOSION

6.l Introduction.

As stated previously, the explosion occeurred at 9 seconds past
09,00 hours U.T. on July 9th, 1962 at a height of 400 km, above sea
level. The position was 16.7° N, 169.5° W in geographic coordinates, or
B = 0,29 gauss and L = 1,12 earth radiil in trepped particle c;)ordinates
( Van Allen et al, 1962 ). Aurora were seen immediastely at the magnetiec
conjugate and as far south as New Zealand ( 30 geomagnetic degrees
below the conjugate, Gabites end Rowles, 1962 )}, widespread magnetic
disturbances were reported, for exemple by Casaverde et al. 1963, or
Gill 1962, and synchrotron radiation was found to spread into a belt
encircling the Earth and extending 25 degrees on either side of the geo=-
magnetic equatore The latter was reported by Dyce end Horowitz, 1963,

Before discussing the plcture which may be built up from the Ariel
results, it is desireable to have soms idea of the quantities involved
in this explosion so thet these can form a background for any calculetions
which are necessary. A theoretical summary of these quantities is made

balow.

6.2 A Summary of the Explosion Quantities.

An unspecified fraction of the explosive power was due to fusion.

This means that in celculations of the effects caused by fission, upper

limits can be established if it is assumed that the whole explosion was



dwe to fission.
The energy released by a 1.4 megaton fission explosion equals

28

6 x 1022 orps, = 3.5x10°° Mev ( Singer, 1962 )= If each fission

releases about 200 Mev, then the total number of fissions could be ebout

2 x10%6, This would yield some 1027

eloctrons from decay of fission
products ( Latter, Herbst and Watson 1961 ) with a differential energy
spectrum probably approximated by 3.86 exp.(=0.576 E = 0;055 Ez) for the
range 1 {E <’7 Mev, where E is ‘the kinetiec energy of the electron in Mev
end the spectral expression is in units of electrons per fission per Mev
( Carter, Reines,Wegner end Wymen, 1959 ).

According to Latter, Herbst and Watson about one meutron per fission
escapes from a nuclear burst, thus en upper limit of about 2 ><1026 fission
neutrons could be released from the Starfish explosion. These neutrons
would have a most probable energy of 0.8 Mev and a meen emergy of about
2 Mev ( Atomic Energy Commission, 1955 )« They would decay into electrons
of about 780 kov energy and protons mostly with energies of 1 Mev.

In the first 10’7 seconds after a fission explosion, & burst of
prompt y rays is emitted, the total flux being given by the nominal
expression:

F=1Y, 1010/1:{2 ¥y reys per om?. ( Singer )
where Ype = fission yield of the explosion in kilotons,
F = flux, distance R km. from the explosion.

Following this, delayed y rays are emitted from the fission

fragments as they decay. The total flux for the first second efter the

explosion is roughly constant and 100 times greater than the total flux
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of prompt y rays. After this first second the flux falls off according

to t-1.2

go we may write:
I =Y, 1012 t-l‘z/Rz v rays per cm® for
'b> 1 scec.

The mean energy of these fission fregment decay y reys is about
1.5 Mov ( Petrov, 1960 );

In the case of a fusion explosion, the reactions give rise to 14
Mev neutrons. Assuming all these neutrons escape, this gives an extreme
upper limit of about 3 )5102'7 for fusion neutrons if a completely fusion
explosion is assumed.

Bearing the above figures in mind, the following analysis weas
performed using data from the 4th Jums to about 2100 hours on the 12th
July when the satellite went into undervoltage for the first time. The
analysis assumes that there was negligible disturbance to the rediation
around the Earth from natural ceuses between the 9th and the 12th Julye.
This assumption is supported by the information shown in figure 24. Class
one flares were found from previous data to have wmdetectable effects on

the particle densities at the energies seen and in the regions scanned

by our detsotors in Ariel.

63 Outer Natural Radiastion Belt Particles.

6.3.A Figure 25 illustrates the counting rates recorded by the

goiger and cerenkov detectors immedistely before and after the explosion.
From the counting rates recorded by the geiger it is apparent that the

satellite encountered two distinct bursts of particles, labelled burst A
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and burst B for convenience., Burst A commenced within 20 ¥ 10 seconds
of the explosion ( the satellite was abt an altitude of 819 km, latitude
52° S, longitude 163° W )o The cerenkov detector, however, scw only |
burst B, it was unaffected by the porticles in burst A« This is illustre
ated by figure 26 in which the group of points from burst A lies in a
different erea to those from burst B and in such a position that they
show the cerenkov detector was counting at the normal cosmic ray rate
during this burst.

Now protons released by the explosion would not be energetic enough
to penstrate either of the detectors; The L velues of the satellite
position during burst A ( L = 4.7 to 3.5 earth radii ) ensured that no
inner belt protons {( L = 2.4 earth radii, see figure 27 ) were present.
Thus from the discussion of cerenkov detector saturation in section 2.4,
page 27 we may say immediately that in burst A the geiger was meinly
counting either y radiation or bremsstrehlung from electrons of energies
less than about 2 Mev.

Multiplying the geiger saturation rate of 2,300 counts per interval
by the geometric factors of the geiger counter from section 2.1 for
bremsstrahlung and y rays respectively it is found that the flux was at
leasgt:

107 olectrons per om®? per second,

2

or 5x10% y rays per om” per second.

6+3.,B Since the satellite was underneath the outer radiation belt

at this time, it is tempting to say at once that burst A must be the
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observation of the dumping of outer belt electrons into the atmosphere as
& rosult of the magnetio agitation caused by the explosion. However as
the satellite was fairly close to the explosion, it is clear that some,
or all of burst Acould be dus to radiation erriving at the satellite as
8 result of more direct processes. The processcs which appear to be

possible aroc exsmined in the following.

1. The particles could be electrons from the decay of fission
fregments., This requires that the fission fraegmsnts should decay near
to the line of force passing through the satellite at that time,

The energy spectrum of B particles from fission fragments is known
( page 79 ) and large numbers of these electrons have energies greater
then 2 Mev. Since no response of the cerenkov detector to burst A part-
icles was observed, the flux of particles with energies greater than 2

4 per om? per second, or loss then 0.1 % of the electrons

Mov was below 10
observed by the geiger counter, if they were electrons. Thus the energy
spectrum was not that to be expected from fission fragment deocay P part-

icles, so we may reject this mechanism for causing the rediation observed

as burst Al

2. Burst A could be caused by y rays given out by fission fragments
rising above the satellite horizon. The actuml explosion occurred bolow
the satellite horizon, so y rays from the burst itself would not be

detected. We heve seen that at a time t seconds after the explosion, a

satellite distance R km from it encoumters a flux given by the expression:
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— 12 "1'2 2
F=aY, 10"t /R

where & = the fraction of the fireball visible to the satellite,

Yy rays por om? per second,

Yp = the fission yield in kilotons,
If we ignore the horizon effects, an upper limit caleculation can

be made as follows:

Yo = 1,400 kilotons, assuming the complete explosion is caused by
fission,
R =

8,300 km,
& = 0.5, since half of the fission fragments must go down into
the atmosphers.

So the flux at Ariel could be a meximum of 2)!107 Y rays per cm?
per second.

How 5x 104 Yy rays per cmz por socond is the minimum flux which may
saturate the geiger counter, so it would appear that the saturation
could easily be caused by this y radiation. Howover, owing to the decay
of the y ray flux with time, saturation of the geiger counter would be
expocted to stop a maximum of T seconds after the explosion where:

F=5x10%=2x107 7712
This gives T = 150 soconds.

In fact the geiger saturation was observed to last umtil 210 T 10
seconds after the explosion, so a hard upper limit of T = 150 seconds
makes it doubtful that y rays from fission fragments could be the mech-
enism to explain burst A.

Further doubt is cast on this mechanism if the onset time of the

burst is examined. Fenton ( Edwards et al. 1962 ) flew & balloon from



88

Hobart ( 43° S, 147 E, L = 3 earth radii ) at this time. Tho explosion
occurred when the balloon had reached a depth of 80 gm per an? ( ebout
18 km. above sea lovel ). A burst similar to Arielst! burst A was observed
by the instruments with an onset time 15 F 7 seconds aftor the explosion.
As the explosion ocurred 4,500 km. below the horizon of the balloon, the
fission fragments would have to travel with a veloeity of 300 F 80 km.
por second to cause this onset. Section 6.5 indicates that tho neutral
fission fragments travelled with a velocity of 15 F 5 km. per second, so
this velocity would seem to bo an order of magnitude too high. However,
contimiing to assune thet burst A is dws tovthis mochanism, the explosion
ocurred 1500 km. below the horizon of Ariel, whose geiger coumter first
showed an inérease 20 T 10 seconds after the explosion, indicating fission
fragment velocities of 100 * 50 km; por second. This will be observed to
disagree with the fission fragment velocities caloulated from the balloon
results.

Thus the timing of the onset and decay of burst A renders y rays
from meubral fission fragment decay a doubtful means for explaining this

radiation entirely, although there is a possibility that some contribution

wes made by these rays.,

3+ The particlos counted could be electrons from either fission
or fusion neutrons released by the explosion which decay nocar to tho limne
of force containing the satellite. In this case we would expect an
immediate response from the geiger in Ariel since the velocities of both

the noutrons and their decay electrons are relativistic. However a delay
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of at least 10 seconds was observed. This fact alone is sufficient to
make this mechanism unlikely. The calculations below also show that the
flux is insufficient.

Wo may have a meximum of 2 %1028 noutrons with a most probable
enorgy of 0.8 Mov thrown out of a l.4 meéa’bon fission explosion. The
shortest distance to the L = 4.5 shell for these neubrons is about 6&,700
km. Consider 1 cc. of the L = 4.5 shell at this point.

A moutron of 0.8 Mov has a specd of 1.51109

4

cm. per secord. The
decay probability is 9 x 10~ per sccond and is therefore 6 xlo-ls per cm.
at this velooitye ' Thus tho numbor of noutrons which dooay inside tho
distance of 6.7x 108 em, is negligible.

We may then state that the total number of neutrons passing through
the ome oo of L = 446 sholl is 2x10%6/ an(6.7x10%)2,

- 3.5x107.

Thus the number of electrons injected into this ome cc. by the
oxplosion will be 2;12 10-5; If we assume this to be the intensity all
over the shell and negleot the atmospheric sbsorption, we find that Ariel
may have encountered a maximum flux of 2 x10" % oloctrons/en® /second,

= 6 x10° olectrons/on?/second.

This is an order of megnitude too small to saturate the counter.

let us exemins the flux of electrons which could be provided by
fusion noutrons. The fusion burst cen rolease e meximm of 5x1027
noutrons with an initial energy of 14 Mev, and after passing through the

matter of the fireball, this energy is probably reduced to about 10 Mov.
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For a relativistic particle the decay probability per centimetre is
given by:
p =1/pre

whore I is the decay constant = 9 x 10”2

per second for neutrons,
v is tho dilation factor = (1 = Bz)—o's.

Thus p = 2 ¥107°,

Meking the samo assumption as for the fission noutrons, we find the
maximum possible velus of tho f£lux oncountered by Ariol is 3  10°
sloctrons per cm2 per second. This crude calculation gives a hard upper
limit which is nevertheless only sbout 30 % of the 'just saturation

flux for the geiger counter. On these grounds therefore we may reject

fusion neutrons as providing tho main flux of particles for burst A.

4. By a process of elimination, one possibility is left. This
is that the trapped electrons in the oubter belt were scattered by the
hydromagyetic wave generated by the exp}osion, and many had their mirror
points lowersd so that they were scattered by the atmosphere.

Parker ( 1962 ) has made calculations of the Alfven wave velocities
for altitudes up to 50,000 km. These calculations indicate that the Alfven
wave from the explosion would reach the L = 4.5 shell, which contained
Ariel at the onset of burst A, between 15 and 20 seconds after its
initiation. This agrees with the delay of 20 ¥ 10 seconds which was
observed by Ariel. The delay of 13 * 7 seconds observed by Fenton's
balloon et the L = 3 shell is also in good agreement with Parker's

caloulationss The maintenance of the apparent mirror point lowering
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after the hydromegnetic wave has passed through the outer radiation belt
is possibly crused by the eastward drift of these electrons, whose mirror
points are normally dropping closer to the atmosphere as they cross the
Pacific Oocean.
This conclusion demonstrates that the outer belt electrons are

sonsitive to artificinlly produced hydromagnetis disturbances. This in
turn lends support to Dessler!s theory of the !in situ' acoceleration of

the electrons which form the outer radiation belt.

6e4 The Johnston Island Shell.

Burst B was the first sign of a different phenomenon. On five
successive orbits after the explosion, a region of very high particle
intensities was observed by our instruments et heights of about 400 km.
over the Pacifioc Ocean; Thé intensity was high enough, and the particles
were sufficlently energetic to saturate both the geiger and the cerenkov
detectors; The shape of this high intensity region 1s erudely represent-
ed in figure 29 by those parts of the satellite track where the cerenkov
counter was completely saturated.

The interesting thing about these particles is demonstrated by
figure 28 where some counting rate contours are drawn from geiger date
for the last three of the five observetions., These last three observat-
ions were chosen in order to allow some of the time dependance of the
intensities to disappear ( the first datum point was measured about three
hours efter the explosion )« It can be seen that these particles would
mirror below sea level if they reached the longitudes of the lowest

mirror pointe. They evidently drift eastwards from epproximately the
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and burst B for convenience, Burst A commenced within 20 F 10 seconds

of the explosion ( the satellite was at an altitude of 819 km, latitude
52° S, longitude 163° W ). The cerenkov detector, however, scw only |
burst B, it was unaffected by the particles in burst A« This is illustr~
ated by figure 26 in which ths group of points from burst A lies in a
different srea to thoss from burst B and in such a position that they
show the cerenkov debtector was counting at the normel cosmic ray rate
during this burst.

Now protons releasod by the explosion would not be emnergetic enough
to penetrate sither of the dstectors; The L values of the satellits
position during burst A ( L = 4.7 to 3.5 earth radii ) ensured that no
inner belt protons ( L = 2.4 earth radii, ses figure 27 ) were present.
Thus from the discussion of cerenkov detector saturation in section 2.4,
page 27 we may say immediately that in burst A the geiger wos mainly
counting either y radiation or bremsstrahlung from electrons of emergies
less than about 2 Mev.

Multiplying the geiger saturation rate of 2,300 counts per interval
by the geomotric factors of the geiger counter from section 2.1 for
bremsstrahlung and y reys respectively it is found that the flux was at
least:

2

107 electrons per cm® per second,

or §x10% ¥ rays per om? per second.

6<3.B Since the satellite was underreath the outer radiation belt

at this time, it is tempting to say at once that burst A must be the
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Johnston Island longitude and fall into the atmosphore somewhere before
they reach the lowest mirror point line ( figure 29 ).

The eastward drift means that these particles must be electrons,
and since the cerenkov detector responds to them, there must be & large
flux with energies greater than 2.5 Mev.

From Welch and Whiteker { 1959 ) it is found that the time required
for electrons with energies grea.tef than 2 Mev to drift completely round
the Harth must bs less than 33 mimutes. However Ariel observad_. this
shell for over six hours on the 9th July, and found traces of it on the
10th, 11lthand 12th July. This requires some form of injection mechanism
for these particles.

The explanation of this electron shell must be that a number of
charged fission products from the explosion were trapped in the Barth's
magnetic field to form an arc in the Johnstonf'Isla.nd longitude. These
fission products decayed continuously to form fission electrons which were
then swept castwards by the magnetic field until they were soattered by
the atmosphere over South Amerioa; The drift velocities for heavy ions
similar to the fission fragments are very low, so that the western edge
of this shell would be expected to creep westwards only very slowly.
Alternatively, a group of slowly diffusing, neutral fission fregments
would produce the seme result. Similar effects were observed during
the Argus explosions ( Van Allen ot alii 1959 ). It is interesting to
notice that since these electrons are produced by the decay of fission
fragmonts, they must have an emnergy spectrum given by the expression on

page M.
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From figure 28 ths core of the shell is found to lie at L = l.14 *
0402 earth radii. The explosion took place at L = 1.12 earth radii.
This agreement supports the theory put forwerd above since the fission
products whether charged or neutral ( and therefore the electrons ),
would be expected to be tied to the magnetioc shell in which the explosion

ocurred.

6.5 The Artifieciel Redistion Belt.

After the explosion, apart from the regions mentioned above, the
satellite ran into other large regions with particle intensities high
enough to saturate both the geiger counter and the oerenkov detector.
These regions were part of the artificial radiation belt. Figure 27
shows the natural radiation belts as seen by Ariel before the 9th July
explosion, figure 30 shows the additional rediation contours observed be-
tween longitudes 40° E and 160° E on July 9th., Neturel radiation belt
intensities have been subtracted from this graph under the assumption
that any disturbanos of these natural intemsities by the explosion was
smalle The broken line represents the position of sea level below the
lowest mirror point limney, and it can be seen that none of the particles
observed in the radiation contours need have their mirror points below
see level in their drift around the Barth. Indeed, because this radiat-
ion wes observed between longitudes 40° E and 160° E, in order for these
electrons to have reasched the point of observation they must have drifted
eastwards from the explosion longitude, and so have already orossed at
loast once the line where they are most likely to mirror in the atmos-

phere and thus be scattered. This radiation therefore is truly trapped
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in the sonse that it may drift around the Earth at least once without
being scattered and lost;

Additional radietion is observed out to values of L = & earth radii;
Tt is not known how electrons from an explosion at L = 1.12 earth radii
become trapped at such high L values; there are probably contributions
from fission fregment decey electrons, neutron decay electrons, and dis-
turbed outer belt particles; The presence of the fission fragment decey
eleotrons wes detected by the saturation of the cerenkov detector;

Figure 31 is intended to show crudely how the energy spectrum of
the aertificiel electrons varies with L value. The vertical axis shows
the counting retes of tho geiger counter at instents whon the cerenkov
detector just saturated. This saturation will occur when a certein
nunmber of clectrons per second, say N, is producing dark current in the
ph;tomultiplier. For & steeply exponential spectrum similar to the
fission electron spectrum ( page 79 ) most of these electrons will have
energies noer to the onergy threshold, which is the energy at which
electrons are just able to penetrate the wall of this counter. If we
assume thet the electrons we sre considering have this type of energy
spectrum, then as en epproximation we can sey thet seturation of the cer~
enkov counter occurs when N electrons per second, having energios between
2 and 3 Mev, pass into the perspex sphere.

Now the threshold of the geiger counter for olectrons is about 7
Mev, For a fission-like spectrum in the range 1 Mev {E (10 Mov the
majority of geiger counts will be caused by olectrons with energies

just sbove the threshold, assuming tho bremsstrahlung efficiency is loss
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than 04001 %. As & second approximation we may say that tho geiger
counter is only sensitive to electrons with ensrgies greater than 7 Meve.

Thus the comting rates of the two detoctors are sensitive to two
different portions of the electron energy spectrum. By considering only
the instants whon the coerenkov dotector just saturates, we fix the inten~-
sity of electrons in the 2 -~ 3 Mev energy renge, and higher or lower
counting rates of the geiger at those instants correspond to more or less
electrons with energies greater than 7Mev for a given number of electrons
botween 2 and 3 Mev. If, for example, the geiger counting rete is compar-
atively low at cerenkov saturation, then the slope of the emergy specfrum
must be relatively steep and there will bo larger numbers of elsctrons
with low energics. In this way the vertical axis of figure 31 gives a
crude idea of the slope of the electron energy spsctrum, so long as this
spectrum is similar to the energy spectrum of electrons produced by tho
decay of fission fragments. Lower numbers on this axis indicato that
the speotrum has a stesper slope.

The open circles roprosent points obtained in the artificial radia=-
tion belt, the filled circles represont date from tho Johnston Island
shelle This shell is known to have a fission spectrum as a reosult of
the process by which it is formed, and it can be seen that at higher L
valuos the slope of the onergy spectrum of the artificisl radiation belt
.electrons is steeper than the slope for a fission electron spectrum.

This is evidence for the prescnce of soft electrons at high L velues in
eddition to the fission spoctrum.

It is interesting to notice that there was a six minute delay
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botween the explosion end the first detection of fission docay P partiocles
(burst B, figure 25 ). This time lag cannot be oxplained by longitudin-
el oloctron drifts. A more likely explanation is that this is the timo
required by noutral fission fragmonts to travel to the L = 3 earth radil
éhell at the setollite longitude ( 163° W at this tims ). The distance
between this point and the escplosion is roughly a minimum of 5,500 km,
which gives these fission fregments velooities of 15 * 5 lm. per second.
This is equivalent to a temperature of about 106 dogreos absolute, which
is o reasonable figure for a meximum temperature of the order of lOI7
degroes in the explosione This decay of neutral fission fragments is a
possible mechanism for the injection of fission B particles at high L
velusse.

The srtificial rediamtion belt croated by starfish is also discussed
in papers by O!'Brien, Laughlin and Ven Allen, 1962; Brown, Hess and Van

Allen, 1963.

6.6 Decay of the Artificial Rediastion Bslt.

It has been explained how figure 30 illustrates the intensity
contours of the additional radiastion after it has crossed the Southern
Anomelios. Figure 32 is taken from data collectod between longitudes
180° W and 50° W , and shows the intensity contours of tho additional
radiation before it reaches the Southorn Anomalios. The date for figure
32 wore colloctod between 1400 hours and midnight on the 9th July, during
which period the self-consistency of the date points indicates thore wes

no large time variation of the conbours shown.
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We can immediately say that the difference in the intensity contours
botwoen figures 30 and 32 is & result of eloctrons being lost into the
atmosphore over South America. Notice that the Johnston Island shell
disappears, as was mentioned eoarlier. Similarly tho lobes of radiation
between L = 2 and L = 5 carth radii in figure .32 shrink approocisbly. The
corenkov deotector indicated that tho part of these lobes which disappeared
into the atmosphore consisted of clectrons with a flux of less -than
104 particles per om? por second with energies greator than 2.5 Mev,

Those rogions thorefore contoinod mainly soft olectrons. Traces of this
soft radiation verc observed for more than 50 hours after the oxplosion.
Tho most westerly point at which it was observed by the satellite was at
longitude 170° E. From thence the radiation was seen to stretch over
Alaske and North Amerioca %o the Atlantio; Prosumably thore was also a
soubhorly belt of this radiation which our satellite was not in a posit'ion
to see; Aé the times of flight of the electrons observed in thls radiat-
jon are less than about one hour, they must be injected into those altit-
udos by some mea.ns; There appoar to be two possible explanations.

& These are natural outer belt particles whose mirror pcints are
being continuously disturbed by some unknown mechenism whioh lasts at

/’ loast 50 hours. Tho L sholls on which the soft radiation is observed do
not coincide well with the shells containing tho outer belt particles.

b These aro artificial radiation bolt particles which have thoir
mirror points disturbod and their onergy roduced by coulomb scattoring in
the atmosphere near their mirror points.

If ( b ) is accoptod as being tho most likely explanation, then
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this process is part of tho decay mochanism of the artificial radiation
belt. At first sight we would expect this typo of decey process to affect
only those particles with mirror points mear to the atmosphero, and to
produce roughly the seme amount of scatter at all L valuwss. Howsver it
is ovident from the B = L diegram that the amount of scatter increases
with increasing L. For exemple 'l—;he soatter at L values of less than 2
earth radii produces a very low flux in the non~trapping region. This
moy be because the emowmt of time per orbit that a particle spends close
to the atmosphere increases with increasing L value or it could be
caused by slight hydromagnetic disturbances of the particles, the amount
of disturbance increasing with distonce from the Earth's surface. At
present this experiment cannot distinguish between these two effects.

In figure 33 the shape of the Y300 counts per intervael' contour
of the artificiel radiastion belt is plotted for the 9th - 12th July.
No change is detectable between the comtours for 10th - 12th July. It is
reasonable to suppose that the difference between the contours is due
to the decsy described above, and that this mechanism has little effect
after the first 24 hours

The deta points for the 10th, 11th, and 12th July on this diagram
were not selected for longitude; there appears to be little change in
the flux contours as the rediation passes over the Southern Anomalies.
Some structure is observeable near L = 2 earth radii which could not
be resolved. The possibiliby of timing errors has been eliminated; it

may be that the B and L values are inncourate in this region,
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Bs7 Summery.

The most interesting plece of physics to emerge from this analysis
is the evidence for the mirror point redistribution of the geomagnetically
trapped radiation in the region between L = 4.7 and 3.2 earth radii by an
explosion=generated, hydromegnetic wave. The observed velocity of the
hydromagnetic wave agrees with Parker's calculeated velocities within the
limit of the experimentel error. This provides experimental evidence to
support the speculations that tho trapped particle populations are
affeoted by hydromagnetic woves, end lends additional weight to the theory
of the 'in situt acéeleration of outer belt particles by hydromagnetic
waves generated at the surféoe of the magnetosphere.

An intense belt of slectrons, presumeably gemerated by en arc of
charged fission fragments, or a slowly diffusing group of neutral fission
frogments was observed streaming eastwards towards South America, The
core of this shell was found to lie at L = l.14 F 0.02 earth radii. The
explosion is reported to have taken place ontho L = 1l.12 shell. Traces
of this shell still remained 3 days after the explosion.

An artificial radiation belt wes observed; fission fragment
electrons were detected out as far as L = 5 earth radii. From the Ariel
results it seems 1likely thet these were injected into these shell by
neutral fission fragments; Noto thet the alternmative thesory of a bubble
ofn charged fission fragments rising through the exosphere under the
influence of magnetic pressure would be expected to have extended the
core of the Johnston Island shell to much higher L values than were

observed. Evidence was also found to show that the energy spectrum of
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the electrons has a steeper slope at higher L walues for the altitudes
scanred by Ariel.

The 'sweeping' effect of the Southern Anomalies on the lower edge
of the artificiasl radiation belt has been clearly demonstrated by
comparing diegrams 30 and 32. A short-lived form of decay mechanism
has also been observed in operation. This could possibly be caused by
small hydromagnetic disturbences lowering the mirror points of some
particles in the newly=formsd artificial radiation belt and allowing them
to fall into the atmosphere over the Southern Anomalies.

This enalysis does not exhsust the artificiel radiation data
collected by Ariel I. Further facts may be gleaned by closer examination
of the records, in particular those collacted after July 12th, which

have not been used in this thesis.
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APPENDIX A

CERENKOV COUNTER SATURATION

H.To (1,300 V)

i Photomultiplier High
¢ 101 Tension Circuit.

pl

1,000V ? 710 X. £70 Ko
: \. b e ANANA P
Corona

stabiliser *

Under conditions where the only current flowing from the anode of
the photomultiplier is the dark current, about 15 microamps are taken
by the corona stabiliser. If these 15 microamps are used by an increase
of anode current caused by a large rate of small pulses, the corone
stebiliser will just be switched off. In this conditidn, the ancde of
the photomultiplier is at a potential which is lower than in the first
nemed condition by about 18 velts. It can be shown empirically that a
reduction of about 60 volts at the anode of a photomultiplier which is
being operated'at 1000 volts, halves the gain. Thus an 18 volt reduction
will bring about & negligible decrease in the gain. However, after the
corone. stabiliser is switched off, every extra microamp teken by the
photomiltiplier will reduce the anode potential by at least 10 volts.

A background counting rate which produces 25 microemps et the anode will

therefore be sufficient to reduce the gain to less than one quarter of
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its oriéinal value and will thus be able to 'turn off' the cerenkov
dstector.

But the gain of the photomultiplier flown was about 106 at 1000
volts ( manufacturer's rating ) and from the calibration curves in
Appendix B, one relativistic electron passing through the centre of the
sphere will release an average of one photo~eloctron from the photo-
cathode. Allowing for the decrease in gain, this means one eléctron
through the detector is equivalent to 105 electrons at the photomultiplier
anode; |

But 10° oleotrone per second squals epproximately 10“8 mioroamps.

Thus the mumber of electrons which must pass through the detector
to produce saturation is:

2 !107 per second.
As the area of the detector is 80 cmz, the flux required for

saturetion is a minimum of:

3%10° olo ctrons/second/om?,

Alternatively.

‘We have shown that a drain of about 25 microemps is required from
the anode of the photomultiplier for saturation of the cerenkov detector.
The triggering level of the discriminator in the umnit flown was set at
1000 milli-volts. Now consider the pulses produced at the anode by
electrons passing through the perspex to be 100 mv high normally, or 10
mv high efter the decrease in gain. The capacity in the anode clrcuit

of the photomultiplier was about 26 pico-farads.
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Q = Q.V
-13 '
= 2.5x10 coulombs/pulse.

Therefore we reguire about 108 pulses per second of the type
considered above to keep the photomltiplier turned off. This is equ-
ivalent to a flux of:

10° electrons/éecond/me.

This figure does not disagree with that obtained in the previous

calculation.
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APPENDIX B

CERENKOV DETECTOR GEOMETRY

Sphere Geometry.

The path length of a particlo passing through the perspex sphere
will vary with the distance of the particle from the centre of the sphere.
Lot x be the total path length in the sphere, y the perpendicular
distence of the path from the sphere centre, 2ry the outside diamester
of the sphsre and 2r2 the inside diameter. By simple geometry 1t may
be shown that:

x = 2(r12 - yA)E - 2(r22 - yz)%-

The real part of this curve is shown in figure 34, 50 mm being
substituted for r, and 47 mm for Ty As a firgt approximation the
broken lines in this diagram mey be taken to represent this curve. For
convenience the two seperate sections of this approximation will be
called the sphere !'centro!' and the sphere ‘'edge' respectively.

Thus a particle may produce different emounts of light and there-
fore different pulse heights at the photomultiplier anode according to

which part of the sphere it passes through.

Calibration Curves.

Apart from the variations in pulse height produced as explained
ebove, the only other importent geomotricel effect considered here is
whether the particle passes through the photomultiplier face or not.

It is assumed that veriations caused by diffeorent light collection
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efficiencios fromdifferent parts of the sphere are negligible (tests to
detoet this effect found no pulse height variationﬁ outside the exper-
imental error of 15 %), ell particles passing through the photomultiplier
foce are troated as if they were incident normally, and effescts due to
reletivistic and non-relativistic particles passing sideways through the
glass face are ignored. For the last-named effsct ths solid engle is small,
approximately n/3 and the area is only 2.5 on®.

The curves in figure 35 wore plotted using a two inoh diameter
scintillation telescope in conjunctior with the cerenkov unit. The way
in which the tolescope and the unit were arranged is shown in the skotoh
by eaoh curve. Curve A date are for partioles passing wholly through
the sphore tcintre!, using tho neme given in the provious section, and
curve B was plotted for particlss passing through one thickmess of
perspex and the photomultiplisr face. Since the light collected by the
photomiltiplier from that released in tho perspex is an ordor of magnit-
ude less then the light relsased in the photomultiplier face, the former
will be ignored in this investigation.

Tho shape of curve B is determined mainly by the varying photo~
cathode efficiency over the face, and by the varying probabilities of
arriving at the first dynode for electrons released from different parts
of the photo-cathode., These factors in turn depend on the mothod of
depositing the photo-cathode end on the configuration of the electrodes.
The shape of curve B was not found to diffor epprociably for the types
of EM.I. and 20th Century tubes actually used, although an R.C.As photo=-

tube of a different type of construction gave a markedly differont curve.
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The shape of curve A depended mainly on statistics'. The light
from the perspex will fall evenly ovor tho whole of the photo-cathode,
so the geométry of tho photomultiplier cen have no effect on this curve.
Since tho telescope constrained us to oxamine only that part of the
sphere where the path lengths are foughly the same, the geometry of the
sphere can have little eoffect on this curve either. In figure 36 the
distribution of points on curve A for one photomulfiplier is compared
with the shape of the normalised poissonien curve calculated for one
particle. There is fairly good agreement. On these grounds we mey state
that the passage of onc relativistic particle through the sphere !centre!
causes approximately one photo-electron to fall on the first dynode of
the photomultiplier. Since the pulse heights for curve A were well sub-
merged in the photomultiplier noise, which prosumeably is mainly caused
by single thermal electrons leaving the photo-cathode, this seems to bo
a roasonable statoment.

The pulse heights which would be ocaused by multiply charged pertic-
les passing through the photomultiplier faco may be found simply by
multiplying the pulse heights of curvo B by 7%, For the passage of these
particles through the sphere tho problem is complicated by the better
statistios as Z increases., As a further approximation, curve A has
boen assumed to be a sharp cut-off for wvalues of z2 squal to or greater
then 25.

Since the effective discrimination levels for the attenuatod and
un~attenuated sensitivities are known for the flight unit, its thooretical

officiencios may be calculated for perticles of different charge passing

-
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’

through the three sepcrate portions of the geometry. Those officionces
A
are given as percontages in the column labelled '%' in figure 37.
The charge spectrum of the primary cosmic radiation according to

Waddington (1961) is shown by the relative numbers listed below.

H 6600
He 953
11 3.9
Be 1.7
B 11.6
cC 26
N 12.4
0 179
F 2.6
%2&10 23 .9

These have beon normalised by taking Z>/-3 as 100. If the
officiencies of the detector are multiplied by these abundance figurcs,
the relative amounts of response will be found for differently charged
particles passing through the three differont parts of the detector.

These numbers are shown in the 'Rol. No.! colum of figure 37. 1In order
to find the different contributions of those throo parts of the geometry
to the total counting rate of the detector it is necessary to take the
area and solid angle of each of the seperate parts into account.

Frbm the table it is calculated that the ratio of the counting rates
in the attonuated and un-attenuated states at high lattitudes between

hpril 26th and May 18th is 2.0 ¥ 0,7. The orror given here arises from
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Figure 37

A table of the theooretical relative effects of the heavy particles

in the three portions of the detoctor geometry using the calibration of

the instrument and the primary abundance spectrum given by Waddington

(1961), This teble was calculatod for the period between April Z27th and

Mey 18th, 1962.

SPHERE CENTRE

SPHERE EDGE

2
Area = 18 em

PHOTO=-TUBE FACE

Area = 60 onm Aros = 20 cm2
So0lid angle = 4x Solid angle = 4x Solld angle = =
Attn. Un-~Attn. Attn. Un=-Attne. Attn. Un=Attne.
:Rel. Rel. Rei. Rol, Rel. Rel,
% No. % No. % No. % No. % Noe. % No.

" H 0.1 |6.6
Ho 0.9318.5 | 5 48
Li 10 0.4 50 1.9
B 76 |8.8 100 111.6
C 100 | 26 85 22.11 100 | 26
N 100§ 12,4} 100} 12.4] 100 | 12,4
0 100 § 17.9} 100! 17.9 | 100} 17.9{ 100} 17,9
F . 100 | 2.6 100] 2.6 1100} 2.6 | 100} 2+6

100. %
Z), 10 forj ? 1001 23.9 ] 100 23.9] 100] 23.91{ 100} 23.9{ 100{ 23.9
z}1§
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tho unlmown quantity in the second column of the table. In practice,
this ratio was 2.7. There is surprising agreemont between these two

figures in view of the crudity of the calculation.

Lighte~collecting Efficiencies.

The amoumt of light released inside the sphsre from a typical
H~meson passing through it may be calculated using tho equation quoted
on pege 46:

i1

2 2
= 2 o ga - -
N wad(’\' a\z(l 1/8%n

Now the total energy, E, of a particle is given by:

2.1
yme = mc/(1 - p7)=.

For a p-moson at sea lovel ( 200 Mev, say ) we find:

E

]

me = 106 Mev
So 1~ g% =0.25
or B = 0.886
For a casosium~antimony cathode the wavelength range of the
sensitivity is roughly' from 3,500 A.u. to 5,500 A.u.. A typical path
length through the sphere 'centre! is 6 mm. The refractive index for
porspox is 1.54 ( transmission reange 3,400 A.u. to 20,000 A.u. ). By
substitution we find:
N = 200 photons.
| Now the overall efficiency of a fairly good photocathode is about
10 %. Thus to causo ome photo-electron to fall on the first dynode, 10
photons must fall on the photo=cathode, Since the p-moson originally

produced 200 photons in the perspox, the efficiency of the photomultiplier
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for collecting light produced in the sphere is of the order of 5 %. This
is lower than might be expected, and may bs associated with the fect
that more than 50 % of the light produced in the perspex is totally
internally reflected, thus raising the number of times the light has
to be diffused by the white paint before it is intercepted by the photo-

multiplior.
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