
AN INVESTIGATION INTO THE RELATIONSHIPS  

BETWEEN TIE GEOMAGNETIC FIELD, COSMIC RAYS AND  

TRAPPED PARTICLES BY MEANS OF THE EARTH SATELLITE ARIEL I 

THESIS 

submitted by 

ALASTAIR CHANTRY DURNEY 

for the degree of 

DOCTOR OF PHILOSOPHY 

in the 

UNIVERSITY OF LONDON 

April 1964 



2 

ABSTRACT 

This thesis describes how the magnetic rigidity spectrum of primary 

cosmic rays with Z greater than or equal to three in the rigidity interval 

between2.5and 16.0 Gv. has been determined by means of a oerenkov 

counter carried in Ariel I. There is a clear change of slope in the 

spectrum at 8.5 Gv and this is tentatively interpreted as the upper 

limit to the solar modulation at this time ( Nay - June, 1962 ). 

The characteristics of the detector allowed an analysis of the 

effects of the 'Starfish' nuclear explosion. Evidence has been found 

for the redistribution of the geomagnetically trapped radiation in the 

region between L = 4.7 and 3.2 earth radii by an explosion-generated 

hydromagnetic wave. After the explosion a shell of electrons was found 

centred on L = 1.14, continuously fed by the decay of fission fragments 

which remained in the vicinity of the explosion. An artificial radiation 

bolt was observed and electrons from fission fragment decay were found 

out as far as L = 5 earth radii. At high L values the energy spectrum 

of the artificial radiation bolt particles was softer than that of elec-

trons from fission fragment decay. The 'sweeping' effect of the Earth's 

southern magnetic anomalies on the lower edge of the artificial radiation 

belt is demonstrated and a short-lived decay mechanism was observed in 

action. 
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CHAPTER 1. 

GENERAL INTRODUCTION 

Work over the past two decades has shown that the sun exerts a 

profound influence on both th© intensity and energy spectrum of the 

cosmic ray flux incident on the top of the earths' atmosphere. An 

eleven year cycle of intensity variation has been found and correlated 

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 interplanetary fields and 

mechanisms whereby the cosmic ray intensities may be modulated by the 

sun have been propounded on the basis of the experimental results. The 

diversity of these models emphasize how little of this subject is known, 

but they do serve to illustrate that more information regarding the 

strengths and directions of the magnetic 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 measurements from probes and earth satell-

ites has proved to be a very powerful tool for investigating the near 

environment of the earth in space. During the past six years an 'un-

expected picture of the earths' magnetosphere and its associated phenomena. 

has 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 electric fields will be gained by direct measurements 

made from space probes, indeed these have already begun ( eg. Pioneer V 

and Mariner II ). However the only method available at present for study-

ing the large•-scale configuration of the interplanetary field is to 

observe its effect on the numbers and energies of primary cosmic rays. 

For satisfactory results, those 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 the 

secondary particles produced by the interaction of the primary radiation 

and the atmosphere. The yield of secondary particles varies with the 

energy of the primary ray so ground-based detectors cannot measure the 

energy spectrum of the primary radiation without knowledge of the yield 

functions. The yield functions in turn cannot be calculated because of 

lack of knowledge of the interaction processes; yield functions obtained 

from empirical data have so far only achieved a limited accuracy ( eg. 

Webber and Quenby 1959 ). For these reasons ground-based detectors are 

unsuitable for making accurate measurements of the primary cosmic 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 primary spectrum have been made 

using balloons flown at pressures of 10 gm/cm2  or less. However, stat-

istical and experimental limitations have resulted in a low accuracy of 



results and in an almost complete lack of empirical information concerning 

the time variations of nuclei heavier than alpha particles. These heavy 

nuclei are likely to provide the most accurate measurements of the 

primary spectrum since the proton and alpha particle flux measurements 

are contaminated by secondary processes and by particles thrown out of 

the sun. 

All these difficulties may be overcome by using a 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 aeroplane altitudes 

during the lifetime of this detector, the yield functions could be 

calculated and the measurements continued after the satellite instrument 

had ceased to function. Thus long-term ohanges in the spectrum could be 

detected. This extension of the 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 earthst surface nearer to the equator. Both the aeroplane and 

satellite instruments would use this effect to measure the different 

energies (rigidities) of the primary rays. The rigidity thresholds at 

different laiititudes 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 laktitudes lower than 70 degrees. The aocuraoy of 



of these threshold rigidities, when adjusted to satellite conditions, is 

the factor which limits the accuracy of the experiment at present. It is 

hoped in turn that the accuracy of the threshold rigidities may be im- 

proved: by using the results of the satellite and aeroplane surveys. 

In addition to its ability 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 primary spectrum. This 

arises because a satellite scans its complete range of laktitudes four 

tines 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 a few hours to be detected. 

Unfortunately, no such time variations were observed during the lifetime 

of our satellite instrument, also the counting rate was probably too low 

to have detected any changes other than extremely large ones. 

The data from the instrument which was conceived on the basis of 

the above arguments and was flown in Ariel I are still being analysed. 

This thesis is concerned with a preliminary estimation of the quiet 

period cosmic ray primary spectrum and a detailed analysis of the Starfish 

high altitude nuclear explosion as seen by our instruments. As the 

cerenkov unit could detect the presence of large numbers of electrons 

with energies greater than about 2.5 Mev, and since our instrument pack-

age included a geiger counter, the examination of the artificial radiation 

has yielded more results than might be expected from a device designed 

to investigate only the heavy primary radiation. The estimation of the 

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

Logaohev, Razorenov and Fradkin, 1962 ). 
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CHAPTER 2 

TIC APPARATUS 

2.1 Experimental Philosophy,: 

The object of this experiment was to measure the primary cosmic 

ray flux at different geomagnetic llAtitudes. The measurements wore to 

be contaminated with the least possible numbers of natural radiation 

belt particles, albedo particles, and solar accelerated particles. 

In order to achieve this, a coronkov detector was designed as is 

shown in figure 2. The oerenkov material ( perspex was chosen for its 

low scintillation property ) was in the form of a thin, hollow sphere, 

four inches 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 photomultiplier, type VIP 11/44R, made by 20th 

Century Electronics Ltd. The photocathode of this photomultiplier 

fitted into a two inch diameter halo in the side of the sphere. The 

electrical pulses so produced at the photomultiplier anode were passed 

through an impedance transformer and a variable attenuator into a dis-

criminator ( see figure 3 ). When one of those pulses was largo enough 

to fire the discriminator, the latter passed a pulse through a gate into 

an 8-binary store. The contents of this store were examined every 2.56 

seconds by a thigh speed encoder', the information then being telemetred 

directly to the ground. Every 30.72 seconds the store was examined by 



12 

ri30e4 2. 



so„,„:„.)  

S zed Encoder 

1E 11 Io 

S.  23 z 1 9 0 1 6 iti. 

f'-'4,t 40- rt(A, p kr. 
Hi3h Srced ErIcooler. 

Eta;- 
collowc,r. 	Altellacdor.--0--Zisciminc-6;sw 

-6Yolis 

b  

Srabili5zr 

14i8k Spacai Evtcoder 

-9 vol?; in. 

An'tirt 302. 
So:3ov Cot:trek". 

13 

Fi u.yr,.... 3. 

	 oc  	 00:1 Ssnsor. 



14 

a flow speed encoder' which transferred this information to a tape 

recorder. For the duration of this latter examination ( 1,92 seconds ) 

the gate between the discriminator and the store was closed in order 

to prevent the store contents changing. The tape recorder could bo 

played back at 4B  times the recording speed by a command signal trans-

mitted from the ground, Thus data obtained over a period of 100 minutes 

( the time equivalent to the capacity of the tape recorder ) could bo 

collected in just over two minutes by one tracking station, As this 

100 minlItos represented one complete orbit, this enabled the experiment-

ers to recover 70 %of the available data between the launch and July 

12th. For some periods 90 % data recovery was achieved. 

By using a cerenkov detector, it was hoped to eliminate all non-

relativistic radiation from the measurements. The relativistic comport-

ents of the natural radiation belts and of albedo have negligible numbers 

of particles with charges greater than two. Furthermore, the proportion 

of singly and doubly charged particles in the total flux of solar-accel-

erated particles is greater than for cosmic rays in general ( Biswas 

et al., 1962 ). Since corenkov light produced by a particle is 

proportional to Z2  where Z is tho charge on the particle, it is possible 

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-

ion belt particles is eliminated and that from solar-accelerated 

particles considerably reduced. Therefore the genuine cosmic ray flux 

may be measured free from serious contamination if the reduction in 

counting rate can be tolerated. The detector was designed to have a 
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) large area ( 80 cm
2 
  and to be sensitive to particles arriving from 

as large a solid angle as possible in order to counteract this disadvant-

age, By means of the large solid angle it was hoped also to reduce 

counting rate variations duo to the different orientations of the detect-

or with respect to the Earth., In practice, the limitations to the solid 

anglo wore set by the positions of the electronic packages in the body 

of the satellite. The unit was mounted on the spin axis of the satellite 

so that.  the orientation of its sensitive solid angle would be independ-

ent of the spin. 

Instead of rojocting only all thoso particles with charges of two or 

loss, the instrument was designed so that the discrimination level could 

be doubled from time to time, thus rejecting a slightly larger range of 

particles. This was done simply by arranging that a ninth binary added 

on to the cerenkov store should vary the attenuation between the photo-

multiplier and the discriminator. Thus the sensitivity changed every 

256th count. This addition was made in order to provide some form of 

check on the system; if the spectra computed from the two different 

levels of sensitivity agree, then it is reasonable to say that the 

spectrum 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 separate sensitivities was 1.83 7i- 0.05. 

However, owing to the poor geometry of the system, the rejection of 

particles did not occur at single discrete levels. The problem of 

determining the efficionces of the system for various nuclei is 

extremely complex, but the table in figure 37 has boon constructed from 
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the caliation data and the abundance spectrum of the primary cosmic 

radiation ( Waddington, 1961 ), and gives an approximate idea of the 

numbers involved. Figure 37 and details of the calculation are to be 

found in Appendix B. 

Since the particle populations in the radiation bolts are very 

high, it would have been optimistic indoed to expect them to have no 

effect whatsoever on the cerenkov detector. For this reason a small 

geigor counter was included in the instrument package so that the 

radiation belts could be detected. By moans of an integrating device 

the goiger counter was arranged to cut off at counting ratos greater than 

about 80 counts per second. This was done to safeguard the voltage 

applied to the photomultiplier which was operated from the same high 

tension supply as the geiger counter, and to prevent possible ambiguities 

arising because of the geiger store being filled more than once in 

between low speed encoder samples. The geiger counter used was an 

Anton 302 with 1 mm- of lead shielding. The minimum total shielding 

was as follows; 

Aluminium 	1.01 gm/cm2, 

Eccofoam 	0.73 gm/cm2, 

Lead 	1.13 gm/cm2, 

Iron 	0.4 gm/cm2. 

This gives a total of 3.27 gm/cm2  which allows a 10 % probability 

of penetration for 7.4 Mev electrons or a 50 %penetration probability 

for 10.5 Mov electrons. By using a proton accelerator it has boon found 

that the penetration threshold for protons is about 43 Mev. The goonot- 
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rical 	of the counter is 0.6, it has an efficiency of 0.3 % for y 

photons and an efficiency of 80 % for fast electrons and cosmic rays. 

For elee;rons detected by means of the bremsstrahlung they produce in 

the aluminium shell of the unit, the overall efficiency has an upper 

limit of 0.001 %( based on figures given by 01   Brien et alii, 1961 ). 

From this it may be calculated that one count per sampling interval is 

equivalent to the following flux; 

0.08 eloctrons/cm2/second, 	(by direct penetration) 

Lr 20 y rays/cm2/second, 

or 6,e 103  eloctrons/Cm2/second (bromsstrahlung, lower 

limdt). 

Noto that the actual time available for counting during a 30.72 

second intorval was only 26.88 seconds owing to the 3.84 socond gating 

pulse of the goigor channel. 

2.2 Construction. 

McMichael Radio Ltd. of Slough built two prototype units and throe 

flight units to our specifications. Tho mechanical construction of 

the unit and its position in the satellite 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 power consumption was 11 milliamperes at 

-6.6 volts and 18 milliamperes at -9 volts. The operating temperature 

limits were 60°C and -15°C. 

Details of the electronic circuits were given by Elliot, Quonby, 

Mayne and Durney, 1961. 
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2.3 	r:'F..:.sibration. 

A il-meson scintillator telescope was used to measure the response 

of the corenkov detoctor to singly-charged particles passing through 

the photomtdbiplior face and through tho centre portion of the sphere. 

The discriminator was then set so that about 5 0 or less of the doubly-

charged particles passing normally through the glass face would be 

detected. The apparatus was temperature cycled to determine its over-all 

change of sensitivity with temperature and a thermistor was inserted in 

the discriminator to eliminate the first order term of this. 

Calibration of the geiger counter consisted of first setting the 

maximum counting rate of the device to be about 100 per second, then 

its response to standard sources placed in certain set positions around 

the unit was noted. This laboratory calibration has been combined with 

an in flight' calibration to give the curve in figure 8. The 'in 

flight' calibration was derived from the ratio of geiger to coronkov 

counting rates, making the assumption that tho coronkov counting rate 

was linearly proportional to the radiation intensity at the geiger 

counter. This assumption is roasonablo so long as the energy spectrum 

of the particles remains approximately constant. 

2.4 The 'In Flight' Porformanco of the Apparatus. 

The original intention was to test the design of the corenkov 

detector by mounting pre-prototype units on Black Knight rockets to be 

fired on ballistic trajectories at Woomera, Australia. However, awing to 

telemetry and vehicle malfunctions no useful data were obtained from 
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the firs' two f1ights. Tho third flight was made after the launching of 

the satenito slid so the basic physics of the design wore first tostod 

by the sate]lit- '?flit itself. There was therefore no possibility of 

making modi -r'125cs to the satellite unit to correct any faults which 

might have b,ien discc'vored on the proving flights. Fortunately the 

instrument behaved much as expected. 

At 1800,09 hc,,g!s UT. on tho 26th of April 1962, Ariol I was launched 

into an orbit with En inclination of 54 degrees, a perigee of 395 km. and 

launch was not perfect as the following an apogee of 1215 kr_. The 

paragraphs will explain. 

The spin rates of the satellite wore monitored during injection SO 

that any mishaps which occured at this crucial phase of the launch 

could be detected. This was done by placing an aspect sensor ( designed 

by the University College team ) on the dutchman 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 the directly telomotred signals 

from this. 

The injection procedure should have been as follows: release 

of the 'stretch yoyo' to reduce the spin rate, release of the booms 

to allow their erection by centrifugal force, release of the solar 

paddles to allow their erection, and finally soperation of the space-

craft from the third stage motor. The booms and solar paddles of the 

spacecraft wore strapped down to the body of the motor prior to their 

release. Analysis of the signals picked up by the ship gave spin rates 



25 

that wore only possible if the booms and paddles were released before 

the stretch yoyo, prosumeably because of the burning of the straps or 

premature explosion of their catches caused by the heat of the burning 

solid fuel on the other sido of the fiborglass motor case. Fortunately 

none of the booms or solar paddles appear to have been snapped off by 

the greater centrifugal forces and the final spin rate was very near 

the design figure. Whether the yoyo bocame entangled with any of the 

booms or paddles is a matter for speculation. However this haphazard 

erection did cause the attitude of the spaceoraft after injection to 

bo different from the intended one. This in turn upset the carefully 

calculated heat balance of the satellite, but the effects of this wore 

not immediately obvious. 

Soon after launch it was apparent that the cerenkov detector was 

slightly sensitive to inner bolt particles. By operating a spare Cosmic 

Ray unit in the beam 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 the photomultiplier. 

Otherwise, the cerenkov unit behaved corroctly until May 18th when the 

satellite moved into a 100 % sunlight orbit. The combination of the 

wrong attitude and the one hundred percent sunlight orbit probably 

raised the temperaturo of the Cosmic Ray unit above the design maximum 

of 60°C. Migration of the photomultiplier photocathode was greatly 

spoodod up, with a consequent docrease in gain. This phenomenon was 

also observed during pro-prototype tests above 60°C. Tho effect of 

this is shown in figure 9 whore the gain is represented by the average 
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daily counting rate of the cerenkov detector for regions where tho cut-

of rigidity is loss than 5 Gv. The correlation of these curves with the 

temperature curve and the curve representing the percentage of sunlight 

per orbit is illustrated in figure 10. It should be noted that the 

temperatures shown are those of the centre of the satellite. The actual 

temperatures of tho Cosmic Ray unit would be different from these, 

although the directions of the temperature changes would be the same. 

The gain changes were small after June 4th and the counter worked 

normally until 0900 hours UT. on July 9th when the 'Starfish' nuclear 

explosion took place, This decrease in gain has been used in the correct-

ion of the counting rates necessary because of the variation in the 

intensity of the coronkov light for particles with velocities close to 

the relativistic limit in the perspex ( section 4.2.1. ). 

A large amount of fission electrons wore released by the Starfish 

nuclear explosion. Considerable numbers of those were able to penetrate 

the wall of the corenkov detector. Although the light from them could 

not trigger the discriminator, in some regions the particle flux was 

large enough to be able to increase the photomultiplier dark current to 

such an extent that the high tension voltage supply was overloaded. Thus 

the gain was reduced occasionally and sometimes the counting rate became 

negligible. This effect was not observed before the Starfish explosion. 

It has been possible to use this phenomenon ( see sections 5.2.1 to 

5.2.5 inclusive) since estimates of the reduction in gain give some 

idea of the numbers of electrons present with sufficient energy to 

penetrate the detector. Assuming that the minimum energy electrons 
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which have any effect are those which produce light in only one side 

of the sphoro, then the shielding is effectively a minimum of; 

0.4 gm/em2  aluminium, 

0.1 gm/cm.2  occofoam, 

0.3 gm/Cm2  porspex. 

This gives a total of 0.8 gm/1=2  which has a 50 % probability of 

being penetrated by a 2.4 Mev electron. An estimate has been made in 

Appendix A of the numbers of electrons required to reduce the gain by 

an order of magnitude. 

From April 26th until July 12th the goigor counter operated 

correctly, but with a slowly decreasing upper limit to the counting rate. 

After July 12th the operation of Ariel I became intermittent owing to 

the deterioration of the solar batteries, and as a result the satellite 

tape recorder failed in mid-August. At the beginning of September the 

goigor counter ceased to function, presumably due to a transistor 

failure; the corenkov detector coasod to operate in mid-December. 
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CHAPTER 3 

TEE ENVIROMENTAL TESTING 

In addition to the design considerations sot by the physics of 

the experiment, several severe practical requirements wore necessary 

for apparatus which was to bo flown in a satellite. The unit had to 

bo economical in its use of power, it had to be light, compact, capable 

of operating for a year without failure, and finally it had to bo 

capable of withstanding the prototype satellite environmental tests 

without demago. Those environmental tests were designed 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 those tests 

were modified until they could pass thorn, and those modifications wore 

incorporated in the flight units. Tho tests were carried out at the 

Goddard Space Flight Contor, Maryland. Tho procoduro and specifications 

are shown below and are the normal ones for apparatus to be launched 

by a multistage rocket from Cape Canaveral, the last stage being a Boll 

X 248 solid fuel motor. 

3.1 Integration. 

The prototype sub-assemblies were first mechanically integrated 

to eliminate fitting problems. They wore then electrically integrated 

to ensure electrical compatability botwoen units and absence of inter- 

foronco. Tho electrical integration included temperature cycling between 
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.-15°0 and 50°0 to search for design problems that may have occurrod at 

tempo rature s other than ambiont. 

3.2 Spin and Balance Test.  

The spacecraft was bnlanced both statically and dynamically about 

its spin axis. It was then operatod whilst spinning for: 

1 minute at 225 rpm, 

30 minutes at 150 rpm. 

3.3 Temperature Tests. 

These tests wore as follows: 

1. The payload (non-operating) was subjected to -30°C for 6 hours. 

2. Tho payload (non-operating) was subjected to 60°C for 6 hours. 

3. Tho tomperaturo was stabilisod at 5°C, the payload was then switched 

on and tasted. 

4. The temperature was stabilisod at -10°C, the payload was then 

switched on and tested. 

5. The temperature was stabilisod at 5000, the payload was then switched 

on and tested. 

Between each of the above tests the payload was tested at room 

tompkerature. 

3.4 Humidity Test. 

The payload was exposed to 95 g) relative humidity at a temperature 

of 30°C for 24 hours and was switched on and tested whilst still under 
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those conditions. It was then allowed to dry out whilst the porformanco 

was carefully monitored. Finally the spacecraft was tested at room 

tomperature. 

This tost was intended to check whether permanent damago would be 

done to the satellite if it was stored under those conditions at any 

timo. 

3.5 Vibration Tests. 

These were carriod out 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 g2  /cps` ) for 4 minutes. 

Thrust Axis Test (short fixturo). 

3. 250 - 500 cps at 10.7 g 

500 - 2000 cps at 21 g 

2000 - 3000 cps at 54 g 

4. Random, 250 - 2000 cps at 11.5 g (0.07 g2/cps) for 4 minutes. 

Transverse Axis Test (tall fixture) X - X direction. 

5. 10 - 50 cps at 0.9 g, also 50 - 150 cps at 2.1 

6. Random, 20 - 150 cps at 11.5 g (0.07 g2/Cps) for 4 minutes. 

7. Resonance dwell, 71-  minute swoop, 550 - 650 cps at 4.2 g. 

Transverse Axis Test, Y Y direction (tall fixture). 

8. 10 - 50 cps at 0.9 g 

50 - 150 cps at 2.1 g 

g- 
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9. Random, 20 - 150 cps at 11.5 g (0.07 g2/cps) for 4 minutes. 

10. Resonance dwell, 1-  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 g2/Cps) for 4 minutes. 

13. Resonance dwell, 2  minute sweep, 550 - 650 cps at 4.2 g. 

Transverse Axis Test, X - X direction (short fixture). 

14. 150 - 500 cps at 2.1 g 

500 - 2000 cps at 4.2 g 

15. Random, 150 - 2000 cps at 11.5 g (0.07 g2  /cps) for 4 minutes. 

16. Resonance dwell, ?; ninute sweep, 550 - 650 cps at 4.2 g. 

All frequency sr-ceps wore logarithmic. 

All frequency sweeps except the resonance dwells wore at the rate 

of two octavos 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 their 

folded positions. 

The short fixture was used at higher frequencies because of the 

attenuation in the tall fixture at these frequencies. 

The acceleration values shown hero more those applied by tho 

machines at tho base of the fixtures. 

3.6 Acceleration Test 
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Tho space craft was subjected to a steady thrust axis acceleration 

of 25 g for 5 minutes. 

3.7 Shock Test. 

The spacecraft was subjected to a half sine wave pulse of 30 g 

peak amplitude and 11 milliseconds duration. This was intended to 

simulate the shock duo to the lighting of the booster. 

3.8 Thermal Vacuum Tests. 

The programme for those was as follows: 

Vacuum operation. 

The spacecraft was operated as pressure in the test 

chamber was reduced to 3x 10-6 mm Hg, the limit of the capability of 

the system. This operation took about 12 hours for completion. 

Cold Vacuum Soak. 

The chamber was evacuated, stabilised at a temperature 

of -10°C, then the spacecraft was switched on and operated at this 

temperature for 7 days, a complete check of the system being performed 

every 12 hours. 

Hot Vacuum Soak. 

The chamber was evacuated, stabilised at a temperature 

of 55°C, thon the spacecraft was switched on and operated at this 

temperature for 3 days, completo tests being performed every 12 hours. 



35 

The spacecraft was tested at ambient temperature and pressure 

boforo and after each of the above operations. 

3.9 Solar Aspect Test. 

This consisted of operating the spacecraft in vacuum, illuminated 

by a ring of tungsten filament heat lamps with the walls of the chamber 

maintained at a temperature of -60°C. The lamps were first operated 

in a ring representing an angle of 30 degrees between the forward spin 

axis and the satellite-sun line, then in a ring representing an angle 

of 135 degrees between the same two lines. Tho rings of lamps wore 

intended to simulate the sun as soon from a revolving satellite. Tho 

temperatures of the various units wore monitored during those tests. 

This was a fairly crude attempt to produce the temperature gradients 

that would actually be oxporioncod in the satellite during operation 

in orbit. 

3.10  Suumary of the Prototype Tests. 

Owing to the amount of trouble that is generally experienced 

during those tests, only very rough estimates can be made of the time 

required to complete them. The tests on Ariel I lasted six months. A 

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

Temperature and HOmidity Tests. 

Sub-assembly design problems 	 1 

Component failures (excluding connectors) 	1 
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Wiring harness failures (including connectors) 0 

Faulty assembly failures 3 

Test equipment failures 4 

Total: 

Vibration, Acceleration and Shock Tests. 

Sub-assembly design problems 5 

Component failures (excluding connectors) 6 

Wiring harness failures (including connectors) 5 

Faulty assembly failures 1 

Test equipment failures 

Total: 18 

Thermal Vacuum and Aspect Tests. 

Sub-assembly design problems 8 

Component failures (excluding connectors) 13 

Wiring harness failures (including connectors) 3+ 

Faulty assombly failures 6 

Test equipment failures 7 

Total: 	3-7 
Components which failed due to design problems have not been 

included in these lists. Note the large number of component failures 

which occurred during the thermal vacuum tests. Owing to the relatively 

large amount of trouble caused by the prototype wiring harness, this 

was redesigned for the flight units. 

3.11 Environmental Testing of the Flight Units. 
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Those tests worn not so severe as those carried out on tho prototype, 

nor wore the humidity or solar aspect tests made. 

The temperature test consisted of 24 hours at 35°C, and another 

24 hours at -1000. 

The same frequency ranges wore used as in the prototype vibration 

tests, but the accelerations pore reduced to 2/3 of the prototype levels. 

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

each, the temperatures being 35°C and -100C 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 

Preparation for vibration ('loctiting' etc.) 	3 days 

Initial balancing of the payload 	4 days 

Vibration tests 	 5 days 

Setting up for thermal vacuum test 	1 day 

Thermal vacuum test 	 9 days 

Antennae pattern measurement 	5 days 

Final calibration of analog experiments 	6 days 
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Final balancing of the payload 	6 days 

Total: 	56 days 

In practice, difficulties were experienced with each payload 

which added on about half as many days again to the total given above. 

After the vibration tests only minor modifications could be made 

to the spacecraft, for dismantling and re-assembly would have made re-

vibration necessary. This was undesireable, since each vibration test 

increases the chance of the tested structure 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 

still in perfect operating condition. Flight unit I was attached to 

the third stage motor, then the complete assembly was spun and balanced 

to align the centres of gravity and inertia with the spin axis. This 

operation required five days. The third stage assembly was then hoisted 

up the launching gantry and placed on top of the second stage. In order 

that the vehicle preparations could be made in time, the latest this 

could be done was 4 days before launch. A complete practijce count-

down was performed the day before launch. 

The first launch attempt was abortive owing to a faulty second 

stage which started to show signs of trouble at T -6 minutes ( April 

10th ). The satellite was not operated 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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CHAPTER 4 

THE EFERGY SPECTRUM OF THE PRDiIARY COSMIC RADIATION 

The information from the cerenkov detector in the satellite was 

received in the form of store samples, ie. the number of counts contained 

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 values. This work was done with the aid of an IBM 7090 

computer. The important quantities in the following discussion in 

addition to the counting rates, are the altitudes and the Quenby-Wenk 

figures. 

4.1 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 

geiger counting rates which may be expected from the cosmic radiation 

are shown by the curve in figure 11. Counting rates greater than these 
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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 interval. In figure 12 is shown the area 

occupied by cosmic ray counts in a geiger-cerenkov ratio diagram and 

also part 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 subtracted from the data to make this curve ). It should be 

clear that even if all 150 geiger counts per interval are due to radiati-

on belt particles, then the contaminated cerenkov rate cannot exceed 1.5 

counts per interval, which is small when compared with the average cosmic 

ray counting rate. In practice no radiation belt peaks were observed 

in the geiger counting rates in regions where the threshold rigidity is 

less than 5 Gv, so this means the geiger counting rate caused by radiation 

belt particles could not have exceeded 90 counts per interval. This 

places an even tighter restriction on the possible contamination of the 

cerenkov counting rates. Thus this method of detecting trapping regions 

is sensitive to radiation intensities well below those at which the 

trapped particle contribution to the cerenkov counting rates becomes 

appreciable. 

For the time during which data were collected, the attitude of 

the satellite was such that the shadowing effect of the Earth on the 

cerenkov detector was greater at increased altitudes ( see section 4.2.3 

). The data fall naturally into two homogeneous groups; that collected 

by the satellite at altitudes greater than 800 km where the average 
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Earth's shadowing effect is large, and that collected at altitudes less 

than 800 km where the average Earth'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 been used in this preliminary 

analysis in order to keep the narthis shadowing effect to a minimum and 

because of the groater uncertainty in the threshold rigidities as the 

Quenby-Wenk figures are extended to greater altitudes. This restriction 

of the data also minimises the altitude effect on the counting rates 

and reduced the work necessary to remove the Van Allen radiation cont-

ribution to the counting rate. The percentage of this contribution was 

larger above 800 km. 

4.2 Errors and Data Corrections. 

The chosen group of results was used to plot the curves in figure 

13. The open circles represent the mean counting rates between April 

26th and May 18th, the filled circles represent the mean counting rates 

between June 4th and July 9th. It so happened that the gain of the un-

attenuated 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 corrections considered for these results are listed 

below in the order of their importance. 

4.2.1 The Fall-Off in Cerenkov Light for Slow Particles. 

From Frank and Tammls classical theory of the cerenkov radiation 
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(1937): 

N = 21rod.( — 	(1 - 1/132n2) 

where N = number of photons yielded in the spectral range A, 

to A2, 

a = fine structure constant = 2/ he = 1/137, 

0 = v/c where v is the particle velocity, 
n = refractive index of the substance traversed by the 

particle, 

d = path length of the particle. 

From this it can be seen that N is proportional to (1 - 1/62n2). 

Thus particles near to the cerenkov limit of the perspex will produce 

less light than the faster ones, for which 	Since the velocity 

of a particle increases monotonically with its rigidity, this moans that 

the gain 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 at low rigidities. 

This error may be eliminated if it is possible to find the value of the 

factor (1 - 1A2)/(1 1/p2n2. ) by which the gain must be multiplied to 

bring it to the value for which 0-3.1, and from the counting rate versus 
gain curves, obtain the equivalent counting rate for the corrected gain. 

To do this we must know 6 for the various rigidities. 

Now the rigidity of a relativistic particle is defined by the 

expression: 

R = mc26/Ze(1 - 62)k 

where m is the rest mass of the particle and Ze is its charge. For 
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primary cosmic rays othor than protlems, the specific charges are close 

to two, therefore the term mc2/Ze is approximately constant and equal to 

1.9 Gv. Thus the value of p 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 rigidities which have values of 

(1 - 1/n2)/(1 1/112(32) greater than 1.05. The corrected counting rates 

may be road directly from these curves except for rigidities of 1.8 Gv 

and less for which the correction factors were equal to 7 or greater, 

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 errors produced by the effects which are 

discussed in the following section. 

4.2.2 Threshold Rigidity Corrections 

The Quenby=ffenk threshold rigidities are calculated for vertically 

incident particles at sea level. The satellite results which wore used 

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 detctor 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 



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 detector must bo the ammo ( Lemaitre and Vallarta, 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 spectrum which would produce the sane counting rate in the detector 

as that actually observed. When the blocking of the sensitive solid 

angle of the detector by the earth is a minimum, particles will be re-

ceived from a solid angle of roughly 27c. This is almost the same situat-

ion as that of an observer on the Earth's surface, assuming 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 sea level 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 account. 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 cone, they cannot arrive from any 

direction inside the shadow cone because their curving trajectories 

intersect the Earth's surface before they reach the observer. The penumbra 

is a region where some directions are allowed and some are forbidden. 

The calculation of the Stormer cone is fairly simple, the calculation of 

the main, shadow and penumbral cones is complex. Since a large error 



arises in adjusting the effective threshold rigidity to the satellite 

altitude, it is not worthwhile to calculate the effective thresholds 

accurately for the Earth'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 laktitudes obtained by using the expres- 

sion: 

_ 
= R, + Rq  2(R1  - R2)/̀R 2  2 Beff (sea level)  

Reff (sea level) = the effective threshold rigidity at sea level, 

Rq  = the Quenby-Wenk threshold rigidity, 

R1  = 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 

since the difference between the rigidities of the highest energy 

particle and the lowest energy particle to reach the absolver falls 

quickly with increasing laAtitude, and in some way this difference 

must be proportional to the correction factor. 

At the equator the penumbral effect is negligible. Thus the 

Stormer cone consists of only the main and shadow cones. Kasper (1958) 

has shown that the shadow cones are small. We may make, therefore, a 

further approximation and 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 Stormerts expression: 
,••••••-me.r. 

R = ZeM oos4Vor2(1 +11 cosa, cos (3 oos3 ) 2  

where M = the dipole moment, 

Zo = the charge of the particle, 

r = the radial distance from the dipole centre, 

em/ar2 = 59.6 Gv for the Earth's surface, 

A = lattitude, 

a = azimuthal angle, 

p = zenith angle. 

This equation treats the Earth as a dipole and takes no account of 

the eccentricity of the real Earths 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 aro given as percentages of the 

intensities to be found at infinity ( using Liouville's theorem ). The 

total primary cosmic ray intensity seen by an observer at the equator 

on the Earth's surface can be found by multiplying this curve by the 

differential primary rigidity spectrum. The effective 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 the slope of the curve in figure 
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15 for threshold rigidities below 30 Gv. It 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 number is probably a fairly accur-

ate estimate of the mean, equatorial, 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: 

Reff (sea level) = Rq  + 4.5x10-3R g2. q 

The results obtained by the satellite above 800 km can be used to 

correct these effective threshold rigidities to a mean height of 600km 

above sea level. The uncorrected data from above 800 km have been 

averaged to obtain curves similar to those shown in figure 13. There 

are differences between these two sets of curves which must be due to 

the different circumstances 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 

(II) because of the smaller solid angle subtended by the Earth at the 

detector for greater altitudes. The latter causes the counting rate 

to increase since particles can arrive from more directions. This 

effect is discussed in section 4.2.4. 

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 between the two sets of curves are eliminated if the counting rates 

are normalised to make the plateaux of the curves co -inoide. The result 

of this operation is shown in figure 16. The remaining difference between 

the two sets of curves must now be due mainly to altitude effect (I) 

which indirectly changes the counting 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 higher altitude curve are 25 % higher than those for the lower 

altitude curve. Thus in moving from a mean altitude of 600 km to a 

mean altitude of 1000 km, the true effective threshold rigidities are 

decreased by a factor of 100/ 125 = 0.8. 

Assume the threshold rigidity (R) is proportional to 1/rX, where 

x is unknown, them 

600 /1000 = 125/100 = (7370A970)x  . 

(The mean diameter of the Earth is taken to be equal to 6370 km.) 

Thus x = 4 

and R600rnsea level = ( 63 70/69 70) 4  

R600 = 0.7 Rsea level 

Stormer theory predicts that R will be proportional to 1/r2, in 

which ease the correction factor would have been 0.64 instead of 0.7. 

The difference between the Stormer prediction and the experimental 

results is almost certainly caused by the increasing transparanoy of 

the penumbra at greater altitudes. The works of Hutner, Vallarta (1948) 

, and Koenig permit some qualitative remarks about the penumbra, and it 

would seem that above 35 degrees of geomagnetic laNtitude the penumbra 
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is almost completely transparent at sea level. Therefore we would expect 

it to have little effect above 350  and that the correction factor at 

Quenby-Wenk values less than about 8 Gv would ba proportional to 1/r2. 

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/r4) has been assumed for rigidity values down to 2 Gv. 

It is hoped eventually to use the model experiment which is in 

operation at Imperial College to improve the accuracy 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 

effective threshold rigidity at an altitude of 600 km is given by: 

Reff  = 0.7 R 	3.1' 103R 2 ( 	8%) 

The error here 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 lattitude is given by 

the expression for R eff (sea level) 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 Reff will (sea level) 

probably bo 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 ; 7e,T.. Above 30°  of laNtitude ( at threshold rigidities 

lower than 10 Gv ) where the factors influencing the rigidity values 
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become less complex, 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 Earth Shadowing Effect. 

As the spacecraft moves in its orbit, wo 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 

changes slowly from the day 120 shape to the day 130 shape in the inter-

vening period. The hatched portion represents the area 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 calcul-

ation of the primary spectrum. For these results it can be seen immed-

iately that the Earth's\shadowing effect is much greater in the northern 

hemisphere than in the southern. The contrast between the effects in the 

two hemispheres is greater during this period than at any other before the 

Starfish explosion. If the average counting rates for the various 

threshold rigidities in tho northern and southern hemispheres aro comp-

ared for this period, it is found that the greatest differences ( south 

- north ) for any threshold rigidity aro given by: 

attenuated level difference = (1.5 2.5) 5 

unattenuatod level difference = (-3.3 T 2.5) 
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Thus, by empirical means, it may be concluded that tho error 

introduced by this aspect effect is negligible compared with the error 

in the corrected threshold rigidities, and so no correction has been 

attempted. 

In addition to the above, another type of counting rate variation 

will arise from the variation of threshold rigidity over the different 

parts of the sky. If the sensitive solid angle of the detector is 

blocked by the Earth so that only part of the sky is visible, then due 

to this variation of threshold rigidity, the portion of sky seen by 

the detector does not necessarily have the same effective threshold 

rigidity as does the whole of the sky. This effect will be most marked 

in the equatorial plane 

The data were examined for such an effect. Counting rate variations 

caused by the first Earth shadowing effect wore removed by considering 

only those parts of the orbit where the angle between the spin axis of 

the satellite and the satellite-Earth line was 90°. This occurred at 

the equator only in the rogion of days 145 and 190. The region around 

day 145 was chosen for inspection because of the bettor statistics ( the 

counting rate was higher ) and because the heights at the equatorial 

crossings ( the nodes ) were almost the same. The counting rates for 

the ascending node and the descending node respectively wore averaged 

using data taken between 10°  north and 10°  south of the geomagnetic 

equator for days 145 to 150 inclusive. Tho daily means were weighted 

to take into account the varying gain of the detector at this time. It 
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was found that the ascending nodes had a mean counting rate 18 7 greater 

than the descending nodes, but this difference disappeared when the 

slight disparity in mean heights was taken :into account, using 1/r4 for 

correction. The two values wore than 5.26 and 5.46 in arbitrary units. 

The so agreed within their statistical errors which were 4 % and 3 % 

respectively. Thus if we examine the most likely lattitudos with the 

best satellite aspect for this effect we find it must be less than I-

5 %. This orror will be greatly reduced when the results are averaged 

over long periods with varying aspects, and so again it is loss than 

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

4.2.4 Altitude Considerations. 

Apart from the correction to tho threshold rigidities for altit-

ude as is outlined in section 4.2.2 there must be a different typo of 

altitude correction. This arises from the increase in counting rate 

caused by the increase in the solid angle from which particles can arrive 

at the detector as the spacecraft moves away from the Barth and the solid 

angle subtended by the latter at the satollito decreases. 

Now in the period botwoon about day 155 and day 165 the apogee) 

and perigee occur at the northern and southern oxtremitios of the orbit 

(figure 18). If the high 14titudo, average counting rates in the north-

ern and southern hemispheres aro compared for this period ( there is 

no effect duo to change in the effective threshold rigidity with alti-

tude at high laNtitudes owing to the plateau in the rigidity - counting 

rate curve ) then it is found: 
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attenuated level difference = (5.8 =t• 2.5) % 

unattenuated level difference = (10,7 T 2.2) %. 

There is an appreciable difforenco. However the averaging process 

reduces the error considerably since the altitude at each threshold 

rigidity varies as the orbit processes. Over the complete period from 

which the data were taken, the moan altitudes for tho different rigid-

ities wore all found to lie within T 25 km. Again this moans there is 

a negligible error and correction was unnecessary. 

403 Discussion of tho Results. 

The integral rigidity spectrum obtained from these results is 

shown in figure 190 There is a clear change of slope of the spectrum 

in the region of 8.5 Gv, and this is tentatively interpreted as the 

upper limit to the solar modulation process at this tine ( May - June 

1962 ). The results for this spectrum were obtained at a relatively 

quiet period in the solar cycle as is illustrated by figure 20, which 

shows there wore no largo disturbances of the cosmic ray flux between 

April 26th and July 9th. The Mount Washington neutron monitor ( goo-

magnetic lattitudo = 57°  N, altitude = 1909 metros above sea level ) 

had returned to a counting rate between 8 and 10 % lower than its 

previous sunspot minimum at this period. 

To determine the effect of the solar modulation process on the primary 

rigidity spectrum it is necessary to know tho unmodulatod shape of the 

spectrum. This is inaccurately known for the heavy nuclei, but in 

August 1956 ( near solar minimum) the slope of the rigidity spectrum 
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for alpha particles was found to have an exponent of »1.5 in the rigidity 

range from 2 to 5 Gv ( McDonald and Wubbor, 1959 )0 This agrees with 

an extrapolation of the slope of the high rigidity and of our spectrum. 

From the measured difference in these slopes between 2 and 8.5 Gv, the 

rigidity dopondenco of the solar modulation in May and Juno 1962 may 

bo reprosented by 

O.5 -7- 0.15 I
e 
= I(R/Ro) 	for 2.5 '11 (R0  

whore Io  = intensity of primary cosmic rays with rigidities great-

or than R at tho Earth, 

I = intensity of cosmic rays at infinity, 

Ro 
=8.5 Gv. 

From figure 19, the unmodulatod primary cosmic ray rigidity 

spectrum for particles heavier than alpha particles above 8.5 Gv has 

an exponent of —1.5 7- 0.15. 

The results of two experiments similar to ours have boon published 

by Pomerantz and Witten, also by Kurnosova, Logachov, Razorenov and 

Fradkin, 1962. The Russian results are based on the data from coronkov 

instruments flown in Sputniks V and VI, the American experiment consisted 

basically of an ion chamber carried by Exploror VII. Those experiments 

were conducted at various poriods during 1960, a time of high solar 

activity. Tho results are too statistically inaccurate and disturbed 

by time variations to allow any conclusions to be drawn when compared 

with the Ariel I rosults. 
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CHAPTER 5 

TEE GEOUAG1ETICALLY TRAPPED PARTICLES 

5.1 Introduction.  

At 9 seconds past 09.00 hours U.T. on July 9th 1962, a nuclear 

bomb equivalent to 1.4 megatons of T.N.T. was exploded at a height of 

400 km above sea level in the vicinity of Johnston  Island in the central 

Pacific Ocean. A large amount of radiation was released by this oxplos-

ion,.. Our instrurents on Ariel I wore able to detect some of this 

radiation and occasionally were able to indicate the typo of particlos 

which were prosent. The satellite was almost at its most southerly 

laAtitudo and near the geomagnetic longitude of the explosion at the 

time of detonation, and so was well positioned for obsorving the impact 

of the burst on normal conditions. Owing to the good data coverage, 

the distribution of the artificial radiation around the Earth and some 

early decay modes could bo closely followed. Ariol :I had boon operating 

for al months at this time so the areas apparently acoupiod by the 

natural radiation had already boon mapped out. Booauso of this the 

artificial and natural radiations could bo distinguished, and in this 

respect we had an advantage ovor following satellites, despite their 

better measuring ability. For these reasons an analysis has boon made 

of the results obtained between the tiro of the explosion and the time 

when the satellite first went into undervoltage. In order to understand 

fully this analysis and its implications, some knowledge of the goomag-

notically trapped radiation is nocossary, and therefore a brief resume 
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is given in the rust of this chanter. 

5.2 Exporimontal  History.  

Tho oxistonce of the natural goomagnotically trappod radiation 

was discovered by J.A. Van Allent s research group:  working at Iowa, who 

found that goiger counters launched in the earth satellites Explorer 

and Explorer III were jammed by an unexpectedly high flux of radiation 

( Van Allen, 1958, also Van Allon et al. 1958 ). The.prosenco of those 

high intensities of energetic particles was quickly confirmed by data 

from Sputnik III, 

The obsorvations from Sputnik III ( Vernov and Chudakov 1960 ), 

Explorer IV ( Van Allen, McIlwain and Ludwig, 1959 ) and Pioneer III 

( Van Allen and Frank 1959 ) showed regions of enhanced counting rates 

from L values of about 1.5 earth radii to values of about 10 earth radii 

with a rogion of low counting rates at about L = 2 earth radii. Thus 

tho radiation appeared to bo separated into two zones. The region for 

L (2 oarth radii was called the inner zone, and that for L>2 oarth 

radii was called the outer zone. L values are discussed in section 5.6. 

Nuclear emulsions flown in rockets by Frodon and White (1959) 

showed that the inner zone contained large numbers of penetrating prot-

ons. The 1959 rocket flights of Holly and Johnson ( published 1960 ) 

showed electrons to be the most numorous particles in .the inner zone. 

Reports of other invostigations into the composition of the inner zone 

using rocket-borne apparatus may be found in Fredon and White 1960, 

Nauglo and Kniffon 1961, Armstrong of al. 1961, and Hackman and Armstrong 
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1962. The last reference cohtains a measuemont of the proton spectrum 

of the inner zono for the rocket trajectory of this particular oxporim& 

ont. Naugle and Kniffen wore the fi7=-3t 4 0 hrw,  that tho proton spoctrum 

becomes softer with increasing L value in the enorgy range between 10 

and 100 Move 

Cladis of al, (1961) demonstrated conclusively that the outer 

zone contained electrons. They measured the energy spectrum and pitch 

angle distribution of eloctrons near the lower edgo of the outer radiat-

ion zone using apparatus flown in a Javelin rocket. 

A comprehensive assault on the unknown aspects of tho trapped radiation 

was oarriod out by instruments flown in Explorer XII. Data from this 

satellite showed that there wore not two distinct zones, but instead 

the whole of the trapping region was fillod with protons ( Davis and 

Williamson, 1962 ) and electrons ( O'Brien and Laughlin 1962, Rossor et 

al. 1962 ) whose energy spectra varied with distance from the Earth. 

However tho use of the terms 'inner zone' and 'outer zone' will be cont-

inued in this thesis for convenience. Protons of roughly 100 key energy 

and electrons with about 40 key energy wore found in crudely comparable 

intensities out as far as the boundary between the geomagnetic and inter-

planetary fields, which was at variable radial distanoos of between 

8 and 11 earth radii on the daylight side of the earth at this time ( 

August to December 1961, see Cahil and Amazoen 1962). Measurements of 

tho electron spectra in the energy range of 40 to 110 key wore also 

mado in tho equatorial plane ( O'Brion and Laughlin 1962 ). 

Large variations of the particle flux have boon observed ( o.g. 



moldy of al. 1960, Pizzolla of al. 1962 )Q  Those variations appoar 

to increase in amplitude with inereasYmg dist,an'o from the Earth. They 

also appear to he i-olated to solar -0]aroR 	some way which is not clear-

ly understood at p2esentn The geographic position of X-ray bursts at 

balloon altitudes and the timing of aurora have boon observed to coincide 

with reductions of counting rates in the outer zono. This is rather 

tenuous ovidenco for the dumping of outer zone electrons into the atmos-

phere. More recently, O'Brien (1962) using a direction sensitive counter 

in Injun I has observed large numbers of electrons entering the atmosphere 

at high lattitudos. Thus there is convincing evidence that at certain 

times the lifetimes of eloctrons in the outer zono may be only a few 

hours long. The time variations of the trapped radiation are of interest 

since they can give sore indications of trappod particle lifetimes. The so 

in turn can load to conclusions concorning the origins of the trappod 

radiation; for oxamplo a -weak source of trapped particles may supply 

the necessary flux if the trappod lifetime is long enough. 

The experimental investigations of the trapped particles may bo sum- 

marised by saying that the spatial extent of this radiation is roughly 

known, some preliminary work has boon done on the study of the constitur 

onts, and time variations have boon obsorved and associated with some 

goomagnetic phenomena. The origin of the trapped radiation and its 

oxact operation in the mechanics linking solar explosions with magnetic 

storms and auroral activity on the Earth are still subjects for specul-

ation. 
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5.3 Origin.  

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 electrons and protons in the geomag-

netic field ( Singer 195$, Vernov et al. 1959, Kellogg 1959 ). Alternat-

ively, it has been proposed ( Gold 1959 ) that the trapped particles 

originate in the solar atmosphere and are transferred from the solar to 

the terrestial magnetic fields by the magnetohydrodynamic effects 

occuring at the boundary 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 place 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 timbers or trapped electrons which are observed. The solar 

origin theory has been discarded since the probe Pioneer V failed to 

find the large amounts of interplanetary radiation necessary to make 

this theory workable. It seems more likely that a large number of the 

trapped electronsare accelerated in situ by hydrodynamic waves generated 

at the magnetosphere surface by impi*ngeing solar plasma•. This was sug-

gested by Dessler in 1958. The exact mechanics of this process are still 

obscure. 
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5.4 Artificial Radiation Belts.  

Following a suggestion by Christofilos (1959) artificial radiation 

belts were produced at L values of 1.72, 2.12 and 2.16 earth radii by a 

series of high altitude nuclear explosions during August and September 

of 1958. This operation was given the code name lArust. The objects 

of these tests were to demonstrate that particles could be trapped in 

the Earth's magnetics field, to check calculations 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 

stable 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 km. 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 decrease in the intensity 

of the two artificial belts then existing. 

Effects of the Starfish nuclear explosion are discussed in Chapter 

6. 

5.5 Notion of Charged Particles in a Dipole Field. 

The compexities of this problem may be reduced by using ao an 

approximation the concept of the 'guiding centre' of a particle. This 

concept was introduced by Alfven (1960). The particle motion here is 

described in terms of: 



a. A rapid gyration about a field line with a cyclotron 

period To  and radius Ro. The centre of this gyration is the guiding 

centre. 

b. Motion of the guiding centre of the particle along the 

line of force. This motion is periodic also; 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. 

c. A drift in longitude around the Earth with a period of 

revolution T
r
. 

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

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

tude near the equator ( L = about 1.3 earth radii ) and gives a useful 

idea of the quantities involved ( Bess 1962 ). 

Rc 
Tc  Tb Tr 	I 

I 
50 kev. electron 50 m. 2.5 microsec. 0.25 sec. 11.5 hrs. 

1 Mev. electron 320 m. 7 microsec. 0.1 sec. 53 min. 

1 Mev. proton 10 km. 4 millisec. 2.2 sec. ~ 32 min. 

10 Mev. proton 30 km. 4.2 millisec. 0.65 sec. 	. 3.2 min. 

500 Mev. proton 250 km. 6 millisec. 0.11 sec. 5.04 sec. 

For a comprehensive mathematical discussion of the Stormer, Alfven 

and Mcllwain calculations of the notions of charged partiCles in dipole 

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



5.6 L Vales. 

As extensive use is made of this concept in the next chapter, a 

brief attempt at a physical explanation is given here. The mathematical 

basis will be found in articles by McIlwain (1961) and Elliot (1963). 

A charged particle, drifting in the Earth's magnetic field, can 

be shown to cling approximately to a surface constructed of magnetic 

lines of force ( McIlwain 1961 ). Those lines of force are defined by 

MeIlwainst so-called longitudinal invariant. The surface may be called 

a magnetic 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 Earth, then the distance between the 

latter and any L shell in the equatorial plane, when stated in earth radii, 

would give the L value of that shell. 

Now as the trapped particle spirals towards the Earth along a 

lino of force, 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 value of B which the 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 points'. 

Thus the orbit of any trapped particle can be completely defined 

by two quantities: the value of L for the shell to which the particle 

is tied and the value of B at the mirror points. Therefore each point 

on a graph where B is plotted against L will represent a particular 

particle orbit, and so the B L diagram is a convenient ( because 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 linos on these graphs. 

Care must be exercised when using this system to analyse satellite 

results since a particle observed by the detector has not necessarily 

reached its maximum B value. 

To assist in the physical interpretation of B - L diagrams the 

Earth's surface has been transposed into B L coordinates and this 

process is described below. Although an idealised Earth's surface has 

been used, this is useful in giving some indication of those parts of 

a B 	L diagram which must lie below sea level and therefore cannot be 

occupied by trapped particles. 

In magnetic coordinates, the Earth's surface may bo located by the 

scalar magnitude of the magnetic field at sea level and by the magnetic 

shell which intersects any particular geographic point* If, again, the 

Earth's magnetism was representedby a perfect dipole located at the 

Earth's centre, its axis being the spin axis of the Earth, then the 

system would bo entirely symmetrical 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 single curve in 

a B L diagram However, as a first approximation, the Earth's magnetic 

field is represented by a perfect dipole displace 430 km. from the Earth's 

centre. Figure 21 shows the Earth's surface in a magnetic coordinate 

system, in this case polar geomagnetic coordinates. Two particular 

longitudes have been superimposed in this diagram. The inner curve 
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shows the longitude with the largest B values at the Earth's surface 

and the outer curve represents tho longitude with the smallest B values. 

All other longitudes with intormediato values of B must be represented 

by curves which lie between those two. The angles shown are geomagnetic 

lattitudes. This diagram demonstrates that the Earth's surface cannot 

be drawn as a single line when a magnetic system of coordinates is used. 

In figure 22 those two longitudes are shown in another magnetic coordin-

ate system, B L coordinates this time. The 'distortion' from figure 

21 is evident. The angles shown aro again geomagnetic lalktitudes. 

In actual fact, superimposed on the eccentric dipole field of the 

Earth are magnetic anomalies which will distort those curves oven more 

by varying the quantity B. It is useful to know in B L coordinates 

the position of the line representing the Earths surface where the 

mirror points of trapped particles aro at their lowest altitudes. This 

'lowest mirror points line' is shown in figure 22. Particles which 

are observed above this lino in B L coordinates cannot drift complet-

ely around thd Earth since their theoretical mirror points must be below 

sea level for some longitudos. The broken line in figure 26 shows the 

geographic position of the lowest mirror point lino. 

Figure 23 shows various heights above the "arth's surface on the 

lowest mirror point lino. The B and L values from which these curves 

wore constructed were calculated by Hess ( private communication ) using 

Jensen and Cain coefficionts. 
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CHAPTER 6 

THE STARFISH NUCLEAR EXPLOSION 

6.1 Introduction. 

As stated previously, the explosion occurred 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 radii in trapped particle coordinates 

( Van Allen et al. 1962 ). Aurora were seen immediately at the magnetic 

conjugate and as far south as New Zealand ( 30 geomagnetic degrees 

below the conjugate, Gabites and Rowles, 1962 ), widespread magnetic 

disturbances were reported, for example 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 equator. The latter was reported by Dyoe and Horowitz, 1963. 

Before discussing the picture which may be built up from the Ariel 

results, it is desireable to have some idea of the quantities involved 

in this explosion so that these can form a background for any calculations 

which are necessary. A theoretical summary of these quantities is made 

below. 

6.2 A Summary of the Explosion Quantities. 

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

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

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



due to fission. 

The energy released by a 1.4 megaton fission explosion equals 

6 x1022  ergs, = 3.5x1028  Nev ( Singer, 1962 )0 If each fission 

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

2)(1026. This would yield some 1027 electrons from decay of fission 

products ( Latter, Herbst and Watson 1961 ) with a differential energy 

spectrum probably approximated by 3.86 exp.(-0.575 E 0.055 E2) for the 

range 1 (E 	Mev, where E is the kinetic energy of the electron in Nev 

and the spectral expression is in units of electrons per fission per Mev 

( Carter, Raines,Wagner and Wyman, 19 59 ). 

According to Latter, Herbst and Watson about one neutron per fission 

esoapes from a nuclear burst, thus an 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 mean energy of about 

2 Mev ( Atomic Energy Commission, 1955 ). They would decay into electrons 

of about 780 kev energy and protons mostly with energies of 1 Mev. 

In the first 10
.7 
 seconds after a fission explosion, a burst of 

prompt y rays is emitted, the total flux being given by the nominal 

expression: 

F 	y
f   1010Az2 y rays per cm2. 	( Singer ) 

where Yf  = 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 after 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 so we may write: 

F = Yf 1012  t-
1.2/ 2 y rays per cm2 for 

t.) 1 soc. 

The mean energy of these fission fragment decay y rays is about 

1.5 Nev.  ( 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%1027  for fusion neutrons if a oompletely fusion 

explosion is assumed. 

Bearing the above figures in mind, the following analysis was 

performed using data from the 4th June 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 radiation 

around the Earth from natural causes between the 9th and the 12th July. 

This assumption is supported by the information shown in figure 24. Class 

one flares were found from previous data to have undetectable effects on 

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

by our detectors in Ariel. 

6.3 Outer Natural Radiation Belt Particles. 

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

geiger and cerenkov detectors immediately 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 20.4-10 seconds 

of the explosion ( the satellite was at an altitude of 819 km, latitude 

52° S, longitude 163°  W ). The cerenkov detector, however, saw only 

burst B, it was unaffected by the particles in burst A. This is illustr-

ated by figure 26 in which the group of points from burst A lies in a 

different area 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 penetrate either of the detectors. Tho L values 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 2r• we may say immediately that in burst A the geiger was mainly 

counting either y radiation or bremsstrahlung 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 

least: 

107  electrons per cm2  per second, 

or 5 x 104  y rays per cm2  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 

a result of the magnetic agitation caused by the explosion. However as 

the satellite was fairly close to the explosion, it is clear that some, 

or all of burst A could be due to radiation arriving at the satellite as 

a result of more direct processes. The processes which appear to be 

possible aro examined in the following. 

1. The particles could be electrons from the decay of fission 

fragments. This requires that the fission fragments should decay near 

to the line of force passing through the satellite at that time. 

The energy spectrum of p particles from fission fragments is known 

( page 79 ) and large numbers of these electrons have energies greater 

than 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 

Mev was below 104 per an2 per second, or less than 0.1 % of the electrons 

observed by the geiger counter, if they were electrons. Thus the energy 

spectrum was not that to be expected from fission fragment decay p part-

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

as burst A. 

2. Burst A could be caused by y rays given out by fission fragments 

rising above the satellite horizon. The actual explosion occurred below 

the satellite horizon, so y rays from the burst itself would not be 

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

satellite distance R km from it encounters a flux given by the expression: 
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F = aYf  10
12 t̂ 1.2/ R

2 
y rays per cm2  per second, 

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

Yf  = the fission yield in kilotons, 

If we ignore the horizon effects, an upper limit calculation can 

be made as follows: 

Yf 
= 1,400 kilotons, assuming the complete explosion is caused by 

fission, 

R = 8,300 km, 

a = 0.5, since half of the fission fragments must go down into 

the atmosphere. 

So the flux at Ariel could be a maximum of 2 x107 y rays per cm2 

per second. 

Eow 5x 104 y rays per cm2  per second 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. However, owing to the decay 

of the y ray flux with time, saturation of the geigor counter would be 

expected to stop a maximum of T seconds after the explosion. where: 

F = 5x104= 2 x107 T-1.2 

This gives T = 150 seconds. 

In fact the geiger saturation was observed to last until 210 ; 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-

anism 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 ) flow a balloon from 
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Hobart ( 43°  S, 147°  E, L = 3 earth radii ) at this time. The explosion 

occurred when the balloon had reached a depth of 80 gm per ant  ( about 

18 km. above sea level ). A burst similar to Arielst burst A. was observed 

by the instruments with an onset time 15 * 7 seconds after the explosion. 

As the explosion ocurred 4,500 km. below the horizon of the balloon, the 

fission fragments would have to travel with a velocity of 300 ; 80 km. 

per second to cause this onset. Section 6.5 indicates that the neutral 

fission fragments travelled with a velocity of 15 T 5 km. per second, so 

this velocity would seem to be an order of magnitude too high. However, 

continuing to assume that burst A is due to this mechanism, the explosion 

ocurred 1500 km. below the horizon of Ariel, whose geiger counter first 

showed an increase 20 7- 10 seconds after the explosion, indicating fission 

fragment velocities of 100 7- 50 km. per second. This will be observed to 

disagree with the fission fragment velocities calculated from the balloon 

results. 

Thus the timing of the onset and decay of burst A renders y rays 

from neutral fission fragment decay a doubtful means for explaining this 

radiation entirely, although there is a possibility that some contribution 

was made by these rays. 

3. The particles counted could bo electrons from either fission 
••••••1•11 

or fusion neutrons released by the explosion which decay near to the line 

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 neutrons 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. 

We may have a maximum of 2)(1026  neutrons with a most probable 

energy of 0.8 Mov thrown out of a 1.4 megaton fission explosion. The 

shortest distance to the L = 4.5 shell for these neutrons is about 6,700 

km. Consider 1 cc. of the L = 4.5 shell at this point. 

A neutron of 0.8 Mov has a speed of 1.5,(109  cm. per second. The 

decay probability is 9x1.04 per second and is therefore 6 w10
.-13 

per cm. 

at this velocity. 'Thus the number of neutrons which dooay inside the 

distance of 6.7x 108 cm. is negligible. 

We may then state that the total number of neutrons passing through 

the one cc. of L = 4.5 shell is 2)(1026,/  4ic(6,7.N( 108)2, 

=3.5xio7 

Thus the number of electrons injected into this one cc. by the 

explosion will be 2.1)(10-5. If we assume this to be the intensity all 

over the shell and neglect the atmospheric absorption, we find that Ariel 

may have encountered a maximum flux of 2 X10
.5

o electrons/Cm2/second, 

= 6 X105 electrons/cm2/second. 

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

Let us examine the flux of electrons which could be provided by 

fusion neutrons. The fusion burst can release a maximum of 3)(1027  

neutrons 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 =r7d/PY0  

whore is the decay constant = 9 x 10-4  per second for neutrons, 

y is the dilation factor = (1 - 132)-0.5* 

Thus p = 2 x10.43. 

Making the samo assumption as for the fission neutrons, we find the 

maximum possible value of the flux encountered by Ariol is 3 x'106 

electrons per cm.2 per second. This crude calculation gives a hard upper 

limit whioh is nevertheless only about 30 % of the 'just saturation' 

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

fusion neutrons as providing the 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 outer belt were scattered by the 

hydromagnetic wave generated by the explosion, and many had their mirror 

points lowered 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 shall, which contained 

Ariel at the onset of burst A, between 15 and 20 seconds after its 

initiation. This agrees with the delay of 20 -7- 10 seconds which was 

observed by Ariel. The delay of 13 1- 7 seconds observed by Fenton's 

balloon at the L = 3 shell is also in good agreement with Parker's 

calculations. The maintenance of the apparent mirror point lowering 
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after the hydromagnetic wave has passed through the outer radiation belt 

is possibly caused by the eastward drift of these electrons, whose mirror 

points are normally dropping closer to the atmosphere as they cross the 

Pacific ()wan. 

This conclusion demonstrates that the outer belt electrons are 

sensitive to artificially produced hydromagnetic disturbances. This in 

turn lends support to Desslerts theory of the tin situ' acceleration of 

the electrons which form the outer radiation belt. 

6.4 The Johnston Island Shell.  

Burst B was the f.rst sign of a different phenomenon. On five 

successive orbits after the explosion, a region of very high particle 

intensities was observed by our instruments at heights of about 400 km. 

over the Pacific Ocean. The intensity was high enough, and the particles 

were sufficiently energetic to saturate both the geiger and the cerenkov 

detectors. The shape of this high intensity region is crudely 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 data 

for the last three of the five observations. 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 after the explosion 	It can be seen that these particles would 

mirror below sea level if they reached the longitudes of the lowest 

mirror points. They evidently drift eastwards from approximately the 
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and burst B for convenience, Burst A commenced within 20 7- 10 seconds 

of the explosion ( the satellite was at an altitude of 819 km, latitude 

52° S, longitude 163°  W )0 The cerenkov detector, however, saw only 

burst B, it was unaffected by the particles in burst A. This is illustr-

ated by figure 26 in which the group of points from burst A lies in a 

different area 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 penetrate either of the detectors. The L values 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 27J'r we may say immediately that in burst A the geiger was mainly 

counting either y radiation or bremsstrahlung from electrons of energtes 

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 

least: 

107  electrons per cm2 per second, 

or 5X104 y rays per cm2  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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Johnston Island longitude and fall into the atmosphere 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 a large 

flux with energies grea'car than 2.5 Nev. 

From Welch and Whitaker ( 1959 ) it is found that the time required 

for electrons with energies greater than 2 Bev to drift completely round 

the Barth must be less than 33 minutes. However Ariel observed this 

shell for over six hours on the 9th July, and found traces of it on the 

10th, llth.and 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 Earth's 

magnetic field to form an arc in the Johnston
r.
Island longitude. These 

fission products decayed continuously to form fission electrons which were 

then swept eastwards by the magnetic field until they were scattered by 

the atmosphere over South America. 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 fragments 

would produce the same result. Similar effects were observed during 

the Argus explosions ( Van Allen et alii 1959 ). It is interesting to 

notice that since these electrons are produced by the decay of fission 

fragments, they must have an energy spectrum given by the expression on 

page 79. 
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From figure 28 the core of the shell is found to lie at L = 1.14 IT-

0.02 earth radii. The explosion took place at L = 1.12 earth radii. 

This agreement supports the theory put forward above since the fission 

products whether charged or neutral ( and therefore the electrons ), 

would be expected to be tied to the magnetic shell in which the explosion 

ocurred. 

6.5 The Artificial Radiation 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 radiation contours observed be-

tween longitudes 40°  E and 160°  E on July 9th. Natural radiation belt 

intensities have been subtracted from this graph under the assumption 

that any disturbance of these natural intensities by the explosion was 

small. The broken line represents the position of sea level below the 

lowest mirror point line, and it can be seen that none of tho particles 

observed in the radiation contours need have their mirror points below 

sea level in their drift around the Earth. Indeed, because this radiat-

ion was observed between longitudes 40°  E and 160°  E, in order for these 

electrons to have reaohed the point of observation they must have drifted 

eastwards from the explosion longitude, and so have already crossed at 

least ono° 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 sense that it may drift around the Earth at least once without 

being scattered and lost. 

Additional radiation is observed out to values of L = 5 earth radii. 

It 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 fragment decay electrons, neutron decay electrons, and dis-

turbed outer bolt particles. The presenoe of the fission fragment decay 

electrons was detected by the saturation of the oerenkov detector. 

Figure 31 is intended to show crudely how the energy spectrum of 

the artificial electrons varies with L value. The vertical axis shows 

the counting rates of the geiger counter at instants when the cerenkov 

detector just saturated. This saturation will occur when a certain 

number of electrons per second, say N, is producing dark current in the 

photomultiplier. For a steeply exponential spectrum similar to the 

fission electron spectrum ( page 79 ) most of those electrons will have 

energies near to the energy threshold, which is the energy at which 

electrons are just able to penetrate the wall of this counter. If we 

assume that the electrons we are considering have this type of energy 

spectrum, then as an approximation we can say that saturation of the oer-

enkov counter occurs when N electrons per second, having energies between 

2 and 3 Mev, pass into the perspex sphere. 

Now the threshold of the geiger counter for electrons is about 7 

Mev, For a fission-like spectrum in the range 1 IdevciE (10 Mev the 

majority of geiger counts will be caused by electrons with energies 

just above the threshold, assuming the bremsstrahlung efficiency is loss 
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than 0.001 %. As a second approximation we may say that the geiger 

counter is only sensitive to electrons with energies greater than 7 Mev. 

Thus the counting rates of the two detectors are sensitive to two 

different portions of the electron energy spectrum. By considering only 

the instants when the eerenkov detector just saturates, we fix the inten-

sity of electrons in the 2 - 3 Nev energy range, and higher or lower 

counting rates of the geiger at those instants correspond to more or less 

electrons with energies greater than 7 Mev for a given number of electrons 

between 2 and 3 Mev. If, for example, the geiger *counting rate is compar-

atively low at oerenkov saturation, then the slope of the energy spectrum 

must be relatively steep and there will be larger numbers of electrons 

with low energies. In this way the vertical axis of figure 31 gives a 

crude idea of the slope of the electron energy spectrum, so long as this 

spectrum is similar to the energy spectrum of electrons produced by the 

decay of fission fragments. Lower numbers on this axis indicate that 

the spectrum has a steeper slope. 

The open circles represent points obtained in the artificial radia-. 

tion belt, the filled circles represent data from the Johnston Island 

shell. This shell is known to have a fission spectrum as a result of 

the process by which it is formed, and it can be seen that at higher L 

values the slope of the energy spectrum of the artificial radiation belt 

electrons is steeper than the slope for a fission electron spectrum. 

This is evidence for the presence of soft electrons at high L values in 

addition to the fission spectrum. 

It is interesting to notice that there was a six minute delay 
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between the explosion and the first detection of fission decay p particles 

( burst B, figure 25 ). This time lag cannot be explained by longitudin-

al electron drifts. A more likely explanation is that this is the time 

required by neutral fission fragments to travel to the L = 3 earth radii 

shell at the satellite longitude ( 163°17 at this time ). The distance 

between this point and the explosion is roughly a minimum of 5,500 km, 

which gives these fission fragments velocities of 15 ; 5 km. per second. 

This is equivalent to a temperature of about 106 degrees absolute, which 

is a reasonable figure for a maximum temperature of the order of 107 

degrees in the explosion. This decay of neutral fission fragments is a 

possible mechanism for the injection of fission 0 particles at high L 

values. 

The artificial radiation belt created by starfish is also discussed 

in papers by O'Brien, Laughlin and Van Allen, 1962; Brown, Hess and Van 

Allen, 1963. 

6.6 Decay of the Artificial Radiation Belt. 

It has been explained how figure 30 illustrates the intensity 

contours of the additional radiation after it has crossed the Southern 

Anomalies. Figure 32 is taken from data collected between longitudes 

180°  W and 500 W, and shows the intensity contours of the additional 

radiation before it reaches the Southern Anomalies. The data for figure 

32 wore collected between 1400 hours and midnight on the 9th July, during 

which period the self-consistency of the data points indicates there was 

no largo time variation of the contours shown. 
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We can immediately say that the difference in the intensity contours 

between figures 30 and 32 is a result of electrons being lost into the 

atmosphere over South America. Notice that the Johnston Island shell 

disappears, as was mentioned earlier. Similarly tho lobes of radiation 

between L = 2 and L = 5 earth radii in figure 32 shrink appreciably. The 

oerenkov detector indicated that the part of those lobos which disappeared 

into the atmosphere consisted of electrons with a flux of loss than 

104 particles per cm2  per second with energies greater than 2.5 Mem. 

These regions therefore contained mainly soft electrons. Traces of this 

soft radiation sore observed for more than 50 hours after the explosion. 

The 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 • 

Alaska and North America to the Atlantic. Prosumeably thorn was also a 

southerly belt of this radiation which our satellite was not in a position 

to see. As the times of flight of the electrons observed in this radiat-

ion are less than about one hour, they must be injected into those altit-

udes by some means. There appear to be two possible explanations. 

a These are natural outer belt particles whose mirror points are 
0•0 

being continuously disturbed by some unknown mechanism which lasts at 

least 50 hours. The L shells on which the soft radiation is observed do 

not coincide well with the shells containing the outer bolt particles. 

b Those aro artificial radiation bolt particles which have their 
4111•11. 

mirror points disturbed and their energy reduced by coulomb scattering in 

the atmosphere near their mirror points. 

If ( b ) is accepted as being the most likely explanation, then 
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this process is part of the decay mechanism of the artificial radiation 

belt. At first sight wo would expect this typo of decay process to affect 

only those particles with mirror points near to the atmosphere, and to 

produce roughly the same amount of scatter at all L values. However it 

is evident from the B L diagram that the amount of scatter increases 

with increasing L. For example the scatter at L values of less than 2 

earth radii produces a very low flux in the non-trapping region. This 

may be because the amount of time per orbit that a particle spends close 

to the atmosphere increases with increasing L value or it could be 

caused by slight hydronagnetic disturbances of the particles, the amount 

of disturbance increasing with distance from the Earth's surface. At 

present this experiment cannot distinguish between these two effects. 

In figure 33 the shape of the '300 counts per interval' contour 

of the artificial radiation belt is plotted for the 9th - 12th July. 

No change is detectable between the contours for 10th - 12th July. It is 

reasonable to suppose that the difference between the contours is due 

to the decay described above, and that this mechanism has little effect 

after the first 24 hours 

The data 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 radiation passes over the Southern Anomalies. 

Some structure is observeable near L = 2 earth radii which could not 

be resolved. The possibility of timing errors has been eliminated; it 

may be that the B and L values are inaccurate in this region. 
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6.7 Summary. 

The most interesting piece 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, hydromagnetic wave. The observed velocity of the 

hydromagnetic wave agrees with Parker's calculated velocities within the 

limit of the experimental error. This provides experimental evidence to 

support the speculations that tho trapped particle populations are 

affected by hydromagnetic waves, and lends additional weight to the theory 

of the 'in situ' acceleration of outer belt particles by hydromagnetic 

waves generated at the surface of the magnetosphere. 

An intense belt of electrons, presumeably generated by an arc of 

charged fission fragments, or a slowly diffusing group of neutral fission 

fragments was observed streaming eastwards towards South America. The 

core of this shell was found to lie at L = 1.14 T 0.02 earth radii. The 

explosion is reported to have taken place onthoL = 1.12 shell. Traces 

of this shell still remained 3 days after the explosion. 

An artificial radiation belt was observed; fission fragment 

electrons were detected out as far as L = 5 earth radii. From the Ariel 

results it seems likely that these were injected into these shell by 

neutral fission fragments. Note that the alternative theory of a bubble 

of 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 values for the altitudes 

scanned by Ariel. 

The 'sweeping' effect of the Southern Anomalies on the lower edge 

of the artificial radiation belt has been clearly demonstrated by 

comparing diagrams 30 and 32. A short-lived form of decay mechanism 

has also been observed in operation. This could possibly be caused by 

small hydronagnetic disturbances lowering the mirror points of some 

particles in the newly-formed artificial radiation belt and allowing them 

to fall into the atmosphere over the Southern Anomalies. 

This analysis does not exhaust the artificial radiation data 

collected by Ariel I. Further facts may be gleaned by closer examination 

of the records, in particular those collected after July 12th, which 

have not been used in this thesis. 



107 

 

APPENDIX A 

    

       

CERENKOV COUNTER SkTURATION 

INT. (1,300 V) 

10  

1,000 V 	710 K. 470 K. 

 

Photomultiplier High 

Tension Circuit. 

Corona 
stabiliser t1/ 	4.71:  

Anode 

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 corona 

stabiliser will just be switched off. In this conditidn, the anode of 

the photomultiplier is at a potential which is lower than in the first 

named condition by about 18 volts. It can be shown empirically that a 

reduction of about 50 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 a negligible decrease in the gain. However, after the 

corona stabiliser is switched off, every extra microamp taken by the 

photomultiplier will reduce the anode potential by at least 10 volts. 

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

therefore be sufficient to reduce the gain to less than ono quarter of 
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its original value and will thus be able to 'turn off' the cerenkov 

detector. 

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-electron from the photo-

cathode. Allowing for the decrease in gain, this means one electron 

through the detector is equivalent to 105 electrons at the photomultiplier 

anode. 

But 105  oleotronr per second equals approximately 10
-8 
 mioroamps. 

Thus the number of electrons which must pass through the detector 

to produce saturation is: 

2 x107 per second. 

As the area of the detector is 80 cm2, the flux required for 

saturation is a minimum of: 

3 X10
5 e le ctrons/second/03312, 

Alternatively.  

We have shown that a drain of about 25 microamps is required from 

the anode of the photomultiplier for saturation of the cerenkov detector. 

The triggering level of the discriminator in the unit flown was set at 

1000 milli-volts. Now consider the pulses produced at the anode by 

electrons passing through the perspex to be 100 my high normally, or 10 

my high after the decrease in gain. The capacity in the anode circuit 

of the photomultiplier was about 25 pioo-farads. 
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= c.v 

= 2.5 10
-15 coulombs/pulse . 

Therefore we require about 108  pulses per second of the type 

considered above to keep the photomultiplier turned off. This is equ- 

ivalent to a flux of: 

106 electrons/second/cm2. 

This figure does not disagree with that obtained in the previous 

calculation. 
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APPENDIX B 

CERENX0V DETECTOR GEOMETRY 

Sphere Geometry. 

Tho path longth of a particle passing through the perspex sphere 

will vary with the distance of the particle from the centre of the sphere* 

Let x be the total path length in the sphere, y the perpendicular 

distance of the path from the sphere centre, 2r1  the outside diameter 

of the sphere and 2r2  the inside diameter. By simple geometry it may 

be shown that: 

x = 2(r12  y2)i 2( r 22 \ 	Y.  

The real part of this curve is shown in figure 34, 50 mm being 

substituted for r1 and 47 mm for r2
. As a firat approximation the 

broken lines in this diagram may be taken to represent this curve. For 

convenience the two separate sections of this approximation will be 

called the sphere 'centre' and the sphere 'edge,  respectively. 

Thus a particle may produce different amounts 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 

above, the only other important geometrical effect considered here is 

whether the particle passes through the photomultiplier face or not. 

It is assumed that variations caused by different light collection 
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efficionolosfromdifferent parts of the sphere are negligible (tests to 

detect this effect found no pulse height variations outside the exper-

imental error of 15 7), all particles passing through the photomultiplier 

face are treated as if they were incident normally, and effects due to 

relativistic and non-relativistic particles passing sideways through the 

glass face are ignored. For the last-named effect the solid angle is small, 

approximately 10 and the area is only 2.5 cm2. 

The curves in figure 35 wore plotted using a two inch diameter 

scintillation telescope in conjunctior with the cerenkov unit. The way 

in which the telescope and the unit were arranged is shown in the sketch 

by each curve. Curve A data are for particles passing wholly through 

the sphere tc_Intrel, using the name given in the previous section, and 

curve B was plotted for particles passing through one thickness of 

perspex and the photomultiplier face. Since the light collected by the.  

photomultiplier from that released in tho perspex is an order of magnit-

ude less than the light released in the photomultiplier face, the former 

will be ignored in this investigation. 

The 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 method of 

depositing the photo-cathode and on the configuration of the electrodes. 

The shape of curve B was not found to differ appreciably for the types 

of 	and 20th Century tubes actually used, although an R.C.A. photo-

tube of a different type of construction gave a markedly different curve. 
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The shape of curve A depended mainly on statistics. The light 

from the perspex will fall evenly over the whole of the photo-cathode, 

so the geometry of the photomultiplier can have no effect on this curve. 

Since the telescope constrained us to examine only that part of the 

sphere where the path lengths aro roughly the same, the geometry of the 

sphere can have little effect on this curve either. In figure 36 the 

distribution of points on curve A for one photomultiplier is compared 

with the shape of the normalised poissonian curve calculated for one 

particle. There is fairly good agreement. On these grounds we may state 

that the passage of one 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 photomultiplior noise, which presumably is mainly caused 

by single thermal electrons leaving the photo-cathode, this seems to be 

a reasonable statement. 

The pulse heights which would be caused by multiply charged partic-

les passing through the photomultiplier face may be found simply by 

multiplying the pulse heights of curve B by Z2. For the passage of these 

particles through the sphere tho problem is complicated by the better 

statistics as Z increases. As a further approximation, curve A has 

been, assumed to be a sharp cut-off for values of Z2  equal to or greater 

than 25. 

Sinoe the effective discrimination levels for the attenuated and 

un-attenuated sensitivities are known for the flight unit, its theoretical 

efficiencies maybe calculated for particles of different charge passing 
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through the three Beporate portions of the geometry. Those efficionces 
A 

are given as percentages 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 

Be 953 

Li 3.9 

Be 1.7 

B 11.6 

0 26 

N 12.4 

0 17.9 

F 2.6 

Z>10 23.9 

These have been normalised by taking Z4),3 as 100. If the 

efficiencies of the detector arc multiplied by these abundance figures, 

the relative amounts of response will be found for differently charged 

particles passing through the three different parts of the detector. 

These numbers are shown in the 'Rel. No.' column of figure 37. In order 

to find the different contributions of these throe 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. 

From the table it is calculated that the ratio of the counting rates 

in the attenuated and un-attenuated states at high lattitudes between 

April 26th and May 18th is 2.0 T 0.7. The error given hero arises from 
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Figure 37 

A table of the theoretical relative effects of the heavy particles 

in the throe portions of the detector geometry using the calibration of 

the instrument and the primary abundance spectrum given by Waddington 

(1961), This table was calculated for the period between April 27th and 

May 18th, 1962. 

SPHERE CENTRE 

Area = 60 cm2 

Solid angle = 41t 

SPHERE EDGE 

Area = 18 cm
2 

Solid angle = .61/t 

PHOTO-TUBE FACE 

Area = 20 cm2 

Solid angle = it 

Attn. Un-Attn. Attn. M1.-Attn. Attn. Un-Attn. 

Rel. Rol. Rel. Rel. Rel. Rel. 
% No. % No. % No. % No. % No. % No. 

' 	H 0.1 6.6 

He 0.9 8.5 5 48 

Li 10 0.4 50 1.9 

Be 45 0.8 80 1.4 

B 76 8.8 100 11.6 

C 

N 

, 100 

100 

26.  

12.4 

85 

100 

22.1 

12.4 

100 

100 

26 

12,4 

0 100 17.9 100 17.9 100 17.9 100 17.9 

F • • 100 2.6 100 2.6 100 2.6 100 .2,6 
100.10  

ZpO for 	? 100 23.9 100 23.9 100 23.9 100 23.9 100 23.9 
Z),/  1, 
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the unknown quantity in the second column of the table. In practice, 

this ratio was 2.7. There is surprising agreement between these two 

figures in view of the crudity of the calculation. 

Light-collecting Efficiencies.  

The amount of light released inside the sphere from a typical 

pp-meson passing through it may be calculated using the equation quoted 

on page 46: 

N = 2Ted(
t A 

-1)(1 1/132n2). 

Al 

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

2 1  
E = ymo = m/'(1 	t )2. 

For a 11-meson at sea level ( 200 Nov, say ) we find: 

me =106 Nev 

So 1 - 02  = 0.25, 
or 	p = 0.86 

For a caesium-antimony cathode the wavelength range of the 

sensitivity is roughly from 3,500 A.u. to 5,500 A.u.. A typical path 

lengththroughthe sphere Icentret is 6 mm. Tho refractive index for 

perspex is 1.54 ( transmission range 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 cause one photo-electron to fall on the first dynode, 10 

photons must fall on the photo-cathode. Since the 4-meson originally 

produced 200 photons in the perspox, the efficiency of the photonultiplier 
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for oollecting light produced in the sphere is of the order of 5 %. This 

is lower than might be expected, and may be associated with the fact 

that more than 50 % of the light produced in the porspex 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—

multiplier. 
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