
FACULTY OF SCIENCE 

PHYSICS 

Master of Philosophy 

AN ANALYSIS OF OBSERVATIONS OF CH/lRGED PARTICLE 

INTENSITIES IN THE MAGNETOSPHERE 

NEAR SOLAR MINIMUM 

Valerie Ann Wnllington 

ABSTRACT 

An analysis has been made of data collected by tv;o geiger counters 

and an ion chamber flown by the Berkeley University of California 

group on the IMP II satellite. TiA.'o separate phenomena have been 

examined. 

Following the 5th February 1965 solar flare* energetic electrons 

and protons were observed at the earth. Because the particle variations 

were complex, results from several sets of detectors flown on different 

satellites have been compared, in an attempt to trace the various 

components. In addition* the satellite made four traversals of 

the outer radiation zone after this flare, and the resulting increases 

in intensity are discussed in relation to the magnetic storm and 

associated auroral zone activity. 

Between 5th March and 4th April I965, the satellite transmitted 

data from the tail of the magnetosphere. A comparison has been 

made between the electron islands which were observed at this time, 

with magnetic bays observed in the auroral zone. A close correspondence 

between the two is shown to exist, the bay always occurring before 



or in a few cases at the same time as the sudden increase in electron 

intensity at the satellite. The delay time between the bay and 

island onsets is found to increase with increasing radial distance, 

consistent with the substorm occurring close to the earth and 

propagating outwards. Possible modes of propagation are briefly 

discussed. 

In addition, it is shown that the temporal variation of electron 

fluxes observed after the appearance of the magnetic bay is strongly 

dependent on the region in space at which they are observed. 
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CHAPTER I 

PTTROD'UCTION 

It has long bc-̂ an realised that there is an intimate connection between 

activity on the sun and such phenomena as the aurora and geomagnetic 

storms seen at the earth, and that the solar activity shows strong 

maxima and minima, having a cycle of eleven years. This thesis is 

concerned with the analysis and interpretation of data collected 

from experiments flown on the IMP II satellite during a minimum of 

the solar cycle. The data to be presented covers the period Feb-

ruary - April 1965 and deals with two solar-terrestrial phenomena, 

(1) the 5th February I965 solar flare event and (2) the behaviour 

of energetic electron islands in the magnetospheric tail. 

A broad historical background of the solar-terrestrial relations 

will first be presented followed by a more detailed background for 

each of these phenomena. 

As long ago as I896, Birkeland discovered that a magnetic field 

had a focussing effect on a stream of cathode rays, which led him 

to the conclusion that the aurora was due to electrons emitted by 

the sun (I908, 1913). He devised the "terrella" experiment in 

which a spherical electromagnet with a thin brass crust coated with 

a phosphor material was bombarded with a stream of electrons. A 

narrow belt of the phosphors round each of the poles was seen to 

glow as if an aurora was simulated. Stdrmer later did a mathe-

matical analysis of the motion of such particles in a magnetic di-

pole field and endorsed the view that auroras were due to solar 
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electrons entering the earth's atmosphere under the influence of 

the magnetic field. The objection to this theory was ths.t electro-

static forces would tend to disperse the electrons before they reached 

the earth. 

Lindemann (1922) suggested that a neutral but ionised stream of 

hydrogen is emitted from the sun at the time of a solar flare. Using 

this idea, Chapman and Ferraro (1931) considered the effects of such 

a stream on reaching the earth's magnetic field. If the gas is 

considered as a thin plane conductor it will act as a mirror causing 

an image dipole to be formed in itself. This will have the effect 

of creating a null field at the position of the conducting sheet and 

increasing the field just inside this. In practice, the gas is 

distortable, so that its surface would tend to bend round the earth 

in both the meridian and ecliptic planes. In other words, this 

theory predicts that the earth with its magnetic field will form a 

hollow in the plasma stream. At this time, an intermittent plasma 

flow only was envisaged, but the same thing should also apply in 

the case of a steady plasma flow. 

Further evidence for the flow of solar corpuscular radiation was 

pointed out by Bierman (1951), who made a study of comet tails. 

These were found to be always directed radially outwards from the 

sun, with their mean axis at most 3° from the true radial direc-

tion. This he interpreted as being due to a continual flux of solar 

plasma moving away from the sun. 
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Later, Parker (1958) considered to what extent the gravitational 

field of the sun would contain the corona. This produces a force 

varying as 1/rl" where r is the radial distance from the sun, whereas 

2/ 

he estimated that the temperature should vary as l/r '7- Hence, 

sufficiently far from the sun, the thermal energy of the gas exceeds 

the gravitational energy and the gas should be able to escape. He 

also showed, from solution of hydrodynamic equations for the simple 

case of an isothermal corona that the corona expands with supersonic 

velocities of a few 100 Kms/sec, beyond a few solar radii from the 

sun. This is also the case for any model having a tightly bound hot 

solar corona in the cold interstellar void. This outward flowing 

gas is now known as the solar wind. 

He also predicted that the expanding solar corona carries with it 

the general solar magnetic field of about 1 gauss, because of the 

h i ^ electrical conductivity of the coronal gas. He suggested tha'c 

this should fall off as l/r , so that by the orbit of the earth, the 

field strength should be about (I7 = 10 ^ gauss). Were the 

sun stationary, this magnetic field should be directed radially out-

wards from the sun, but the rotation of the sun imposes a spiral 

pattern on this, becoming "tightly wound" if the solar wind velocity 

is low, being more nearly radial if the solar wind velocity is high* 

Direct measurements of these interplanetary phenomena using satel-

lites have now been made. The existence of a steady emission of 

particles from the sun has been established by many spacecraft, the 
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earliest being Explorer X, Mariner 11^ and Explorer XvlII, The 

energies of these solar wind particles range from about 100 eV to a 

-•5 

few KeV near the earth, and have a density of about 10 cm • Pro-

duction of higher energy particles is an intermittent process occuring 

at the time of solar flares. 

The first accurate measurements of the interplanetary magnetic 

field were performed with the IMP I satellite from December I963 to 

February 1964 (Wilcox and Ness, I965). The results confirmed Parker's 

spiral model, with the field directed near the ecliptic plane, and 

pointing along the expected spiral direction. The average magnetic 

field strength was 57> being principally between 3 and 67 - in good 

agreement with Parker's predictions. A significant departure from 

the predicted model was found, however, in that the field could either 

point outward from the sun or in towards it. Regions containing 

these oppositely directed interplanetary field lines were clearly de-

fined, and showed a sharp transition between the two. IMP I re-

vealed that these regions or sectors corotated. with the sun, occupying 

2/ 

' 7 of the rotation pointing away from the sun, separated by two 

2/ 1/ 

sectors occupying 7 and ' 7 respectively pointing towards the sun. 

Reasons for this configuration are still not clear, although there is 

some indication as Wilcox and Ness have shown, that the sectors are 

related to unipolar magnetic regions on the photosphere of the sun. 

Closer to the earth satellites have confirmed that the earth with 

its magnetic field is permanently confined to a cavity in the solar 
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wind, this being the magnetosphere. It; has a fairly well defined 

outer boundary, the magnetopause, occuring on average at about 10 Re 

(Re = earth radius = 6,hOO Km) at the sub-solar point, and a standing 

shock front, again anticipated by Parker's theoretical work, occuring 

about 4 Re upstream from this. One of the important consequences 

of the interaction of the solar wind with the geomagnetic field is 

that magnetic field lines connecting into the polar caps are swept 

back towards the night side of the earth to form a tail. This 

extended tail was predicted by Piddington (1960) and Dungey (I96I) 

and later confirmed by Ness (I965), 

In the equatorial region of the tail is a narrow region where 

there is a magnetic field reversal, field lines north of this pointing 

towards the sun, those to the south pointing away from the sun. This 

region is at most 5000 Km thick, stretching across the tail from dawn 

to dusk, the field magnitude becoming very small in this region. It 

has become known as the "neutral sheet" although there is a weak N-S 

component of the field in this direction. In order to maintain such 

a configuration, some force is necessary to prevent the oppositely 

directed field lines from merging, and presence of fairly dense plasma 

was predicted in this region. 

The magnetosphere contains very many charged particles with energies 

ranging from solar wind particle energies to several MeV. N^ar to 

the earth, the dipole character of the geomagnetic field predominates, 

and stable trapping of particles is possible, forming the Van Allen 
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zones. Particle motion in this region is now fairly well under-

stood in terms of conservation of the three adiabatic invariants of 

particle motion. 

Beyond about 8 Re, distortion of the geomagnetic field becomes 

very large, and particle motions become much more erratic. This 

distant region has been mapped in terms of )>40 KeV electrons (Prank, 

1965; Anderson et al., 19^5) and has been divided into several 

regions. 

1. The skirt lies immediately adjacent to the Van Allen zone ex-

tending from the subsolar point round to about 04-00 and 20.00 LT 

on the dawn and evening sides respectively, ranging between - 55° 

magnetic latitude at least. The outermost boundary coincides fairly 

well with the magnetopause near the equator, there being evidence for 

particles leaking through this at local times away from local noon. 

2. The cusp region contains energetic particles on the night side 

of the earth having a sharp boundary between 10 and 15 Re near the 

magnetic equatorial plane, and being confined to magnetic latitudes 

within - 2 0 ° . Serleraltsos (1966) has shown that pitch angles in 

this region show strong anisotropy, consistent with particles mir-

roring a long way from the equator. 

3. In the tail itself >40 KeV electrons were found to occur as 

isolated bursts now known as islands. These will be discussed fully 

in a later section. 

U. The plasma sheet, mapped at 17 Re by Same et al (1967) for low 
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energy (^00 eV <r < 20 KeV) as well as > k5 KeV electrons, includes 

these regions. This sheet or slab of enhanced plasma stretches across 

the tail from the dawn to dusk magnetopause. Near the midnight meri-

dian at 17 Re it has a thickness of 4-6 Re, flaring out by a factor 

of 2 near the magnetopause positions. The high energy electrons 

show a strong dawn/dusk asymmetry, with more frequent occurrence of 

such particles near the dawn side of the tail. 

Hence we have the picture of the earth with its magnetic field 

embedded in a cavity in the expanding solar corona. The latter 

is expanding with supersonic velocities and will cause a shock front 

to be created upstream from this cavity. The outward flowing corona 

is characterised by having a frozen-in magnetic field which traces 

out an Archimedian spiral pattern in the plane of the ecliptic. 

Interaction of the solar wind with the geomagnetic field causes 

polar cap field lines to be swept back into the night side of the 

earth forming a tail. Most of the magnetosphere is populated with 

energetic charged particles. 

Enhanced emissions from the sun are apparently responsible for 

geomagnetic storms, although it is now known that the auroras are 

not produced directly by bursts of solar particles in the way that 

Birkeland and Stormer had suggested. 
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CHAPTER II 

A Survey of Solar Flare Particles and Their Propagation in Inter-
planetary Space 

From work done monitoring ionisation • at the earth's surface, Forbush 

found two types of solar effects. One was a large decrease in cosmic 

ray intensity following a solar flare, (1942) which is now known as 

a Forbush decrease. The other (19^5) was the appearance of a 

sudden increase in intensity, beginning almost simultaneously with 

the solar flare, which he suggested was due to particles which were 

actually emitted by the sun. These have become known as solar 

cosmic rays J and in order to penetrate to ground level, they must 

Ze ' 

have a very high rigidity . For protons this requires energies 

450 MeV. 

In 1959- Anderson et al, reported on the detection of protons with 

energies between 100 and 300 MeV at high latitudes, again associated 

with solar flares. Riometer absorption events suggested,that solar 

protons id-th energies below 100 MeV were quite frequen;t. 

The general time behaviour of a solar cosmic ray event shows a 

short rise time followed by a slow decay, having a marked anisotropy 

at first, but which disappears during the decay phase. This anisotropy 

was analysed by McCracken (1962) from a study of three flare evenbs 

seen at the earth in I96O. He reached the following conclusions:-

1. During the initial phases, particles were arriving from 40-55°W 

of the sun-earth line, near the plane of the ecliptic. 

2. Particles were not completely collimated, but showed a rather 

wide angular- distribution about a mean direction. 



- 9 -

3- Flares near the W limb showed fast-rising intensity and were 

strongly collimated. Flares near the E limb showed slowly rising 

intensity and were poorly collimated and even isotropic. 

4. High energy flare particles were detected only during the re-

covery phase of a Forbush decrease. 

We shall now discuss some of the theories which have been advanced 

to explain the propagation of the energetic flare particles to the 

earth. 

It is well known that the rapid rise and slow decay of the solar 

protons can be explained by a diffusion process, so that theories 

have mainly attempted to explain the anisotropies observed. 

Reid (1964) and Axford (1965) have both put forward models where 

the diffusion takes place mainly in a layer at the sun's surface, 

having an inner reflecting boundary and an outer partially absorbing 

boundary in the chromosphere, the diffused particles leaking out 

through the latter. In Reid's model they move along magnetic field 

lines forming a tongue which envelops the earth at the time of an 

event. In Axford's model, they can undergo further diffusion by an 

irregular component of the interplanetary magnetic field which in 

this case does not form a tongue. Diffusion perpendicular to the 

field lines is assumed negligible compared to diffusion along them. 

This predicts a decay of loct where I is the particle intensity, 

t the time measured from the peak, and g a constant. Objections to 

both theories are that they only hold if the field lines along which 
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the narticles propogate pass close to the earth, and they predict 

that the initial phase of all solar proton events is anisotropic, 

which is untrue. Since the particles are trapped in a tongue in 

Reids theory, it is difficult to see how the particles decay. 

Later models have relied only on diffusion in interplanetary space 

to produce the observed time behaviour. Kriraigis (I965) asstuned 

an isotropic power law diffusion such that the diffusion coefficient, 

D, varies as D=IVlr̂ , where g and M are independent of r, the radial 

distance from the sun, but possibly depend on the particle energy. 

It was found possible to give a coherent interpretation for the time 

history of each monoenergetic component using specific values for M 

and p. Other models are based on anisotropic diffusion, and do give 

a reasonable fit to the experimental results, but do not in any way 

account for the E-W effects, and they often show descrepancies at 

either early or late times. 

Burlaga (1966) has considered the E-W effect by considering the 

angle, 80, which the flare must rotate through for the emitted 

particles to reach the earth if propogated along the interplanetary 

field line. Diffusion is again due to irregularities in the inter-

planetary field, and a fit at late times is achieved by assuming that 

this scattering mechanism changes abruptly, in that particles are no 

longer scattered back into the diffusing region, once they have reached 

a point somewhere beyond lAU (lAU = sun-earth distance = 1.5 x lO^^cm). 

This theory apparently shows a good fit with the observations, although 



this is not really surprising since it is only a matter of curve 

fitting - maximum intensity and the time to reach this, as well as 

the decay time have to be fed into the equations to obtain the 

"theoretical" curve, E-W effects are quite well explained. 

Parker (1958) advanced a blast wave theory for the effects of a 

solar flare on the interplanetary magnetic field. Following the 

solar flare, the solar wind field lines will have a different 

configuration since the enhanced coronal radiation will be travel-

ling more rapidly than the quiet component, so that the latter will 

be scooped up as the enhanced radiation passes it. This will 

build up a blast wave with a shook transition preceding it. Tills 

advancing front will then have the effect of sweeping back cosmic 

rays, so producing a Porbush decrease. 

Haurwitz et al (I965) have extended this theory to explain the 

E-W effects associated with several geophysical phenomena. 

They have limited the region over which the enhanced emissions 

propogate to a cone of 90°, and have depicted the configuration for 

different times during the development of the flare. This model 

represents a very simplified picture, but it does explain such 

effects as why E limb flares produce stronger effects than W limb 

flares - in the former case the earth sees a much stronger magnetic 

field configuration, which is more likely to produce a larger Forbush 

decrease, and will trap more lower energy particles. 

Improved satellite measuring techniques have facilitated detailed 
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measurements of the temporal and spatial behaviour of solar flare 

particles. In particular, a good deal has been learnt about the 

way these particles propogate in interplanetary space. 0'Gallagher 

and Simpson (1966) have reported comparisions of data from similar 

cosmic ray detectors on Mariner IV and IMP III satellites. Three 

different types of proton bursts could be distinguished:-

1. Propgation of flare particles to one spacecraft only. This 

implies strongly anisotropic propogation. 

2. Propogation with corotation of the interplanttary field. This 

means that an increase was seen first at Mariner 17, then at the earth, 

corresponding to the region containing solar protons being swept first 

past Mariner, then past the earth with a time delay slightly less than 

that calculated for the region to corotate between the two. This 

was interpreted as being due to some lateral diffusion. 

5. 27-day recurring fluxes, apparently unconnected with flares, 

which also show corotation delays. 

A similar detector was flown on the Pioneer VI space probe^ 

this time capable of measuring direction as well as intensity of the 

particles. (Fan et al, 1956). Another corotating structure was 

seen with a delay of about 2 hrs between the sacellites. During 

this time the intensity profile had changed in a way consistent with 

Burlaga's model. 

McCracken and Ness (1966) made a comparison of magnetic and 

particle data, and found very close agreement between the directions 
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of the two. In particular, plotting 7-5 minute averages of the 

two, a picture was obtained of the cosmic rays following the field 

lines almost exactly. 

From their directional proton measurements, Hartley et al, (1960). 

suggested that the best way to explain the very rapid directional 

changes was to assume that the interplanetary medium displays fila-

mentary structure and that these filaments may be interwoven, al-

though the complex structure still retains the basic Archimedian 

spiral and corotates with the sun. 

Solar electrons have only recently been discovered, but have 

now been found to be a fairly commdn phenomenon. 

The first observation of these was by Meyer and Vogt (I962) 

They found an Increase In intensity from their balloon measurements 

at the top of the atmosphere which were clearly not present on a 

later flight. Profiles were fairly similar, except for this high 

altitude part, and no increase in ground level neutron monitor in-

tensity was observed. Hence they assumed they were detecting 

electrons having energies of 100 - 1000 MeV. 

Frank (1965) observed a fairly clear example of an electron 

event associated with a small solar proton event on 15th April I963 

Magnetospheric influence could not be entirely ruled out, however, 

even though the satellite was in the evening fringe of the magnetos-

phere at about 14 Re. 

dine et al (1964) found three increases in coLint rate of their 
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detector, separated by about 28 days, which could only be due to 

electrons. The first two occurred at quiet times, the third 

occurring at the same time as a sudden commencement. They were 

probably of solar origin. 

The first definitive measurements of solar electrons reported were 

by Van Allen and Krimigis (1965) from the space probe Mariner IV. 

Their detectors were such that they could distinguish between elec-

trons, protons and OJ-particles. They detected several bursts of 

electrons, all displaying marked anisotropy from the expected spiral 

field direction. Profiles exhibited a fast rise followed by slower 

decay, consistent with diffusive propogation in interplanetary space, 

although the diffusion coefficient was apparently independent of 

radial distance from the sun. 

Anderson et al (1966) have done a large amount of work on solar 

electron events from detectors flown on all the IMP satellites. 

They also have found rise times of 15-30 minutes, decaying over 

several hours. The frequency or bcrc^rrence of these events appears 

to be building up with the increasing solar cycle; 1 event was 

observed in 1964, 8 in 1965 and 40 in 1966. These electron events 

were found to correlate with solar flares whose importance was only 

1-, 1, 1+, and were found to be strcm^y concentrated about the 60°W 

meridian. 

At this stage it is relevant to consider what evidence we have 

for the origin of these particles. It is established that they are 
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the result of optical flares occurring on the sun. However, especially 

in the case of small flares related to the electron events, identi-

fication of the correct flare may be very difficult on optical grounds 

alone. One of the best clues we have to the understanding of solar 

flare processes comes in the form of radio emissions. Apart from 

the quiet time emissions, the sun emits several different types of 

radio bursts, mainly associated with chromospheric flares. 

Workers in this field (see for example Wild, Sheridan and Neylan, 

1959) have classified such bursts into five categories depending on 

the time variation of their frequency. These different types of 

radio bursts are summarised in table I 

Table I 

Classification Characteristics Frequency Range Possible Origin. 

Type I Continuum Near 200 M z Associated with 
sunspots but not 
flares 

Type II Sharply defined < 22 - 40G. MHz Shock front asso-
bursts showing ciated with super- j 
drifts 1 MHz/ sonic flow of plasma 
sec. h cloud 

Type III Sharply defined < 5 - 1 0 MHz Plasma oscillations 

1 
bursts showing in the corona, ex-

drifts 20 MHz/ cited by upward-

i sec. streaming relativistic 
electrons 

Type IV Continuum assor- 22 - 600 MHz Synchrotron radiation j Type IV 
ciated with the at least of relativistlo elec-

Type II emission trons ••contained in Type II emission 
the plasma cloud. 

Type V Continuum asso- < 150 MHz Synchrotron radia-

ciated with the tion from streaming 

Type III emis- relativistic elec-

! sion trons 



l6 -

An Idealised time behaviour of the radio spectrum following 

a flare is shown in Figure 1. 

The type II - IV combination usually only occurs during strong 

flares and is associated with the ejection of solar plasma, and is 

also thought to be connected with the solar proton emission. (Kundu 

and Haddock, I96O; Sakurai and Maeda, 1961). It is to be expected 

that flares emitting electrons should show some type III radio bursts. 

Anderson has found from his analysis of solar electron events 

that these can be divided into two types, showing slightly different 

spatial behaviour;-

1. Simple - these occur very close to the 60°W meridian and propo-

gate anisotropically to the earth in a fairly narrow cone of propo-

gation. 

2. Complex - these occur near the central meridian or towards the 

E limb, and are always accompanied by a type I radio noise storm. 

They are again propogated anisotropically but in a very broad propo-

gation cone. This may be due to some kind of electron storage mecha-

nism in the solar corona, but this is not yet understood. 

The enhanced plasma clouds arrive at the magnetosphere about a 

day or so after the fast solar electrons and protons, and on arrival 

cause an increase in the pressure on the boundary. This manifests 

itself on ground level magnetometer records as a sharp world wide 

increase in the value of the horizontal component of the earth's 

magnetic field, which is called the sudden commencement. This is 
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usually the precursor of a geomagnetic storm. 

The time behaviour of a so.- called typical storm is shown in 

Figure 2, which shows the horizontal or H component record for a 

low latitude station- Following the sudden commencement is the 

initial phase during which the increased level of H is maintained 

owing to the continued presence of the storm plasma streai;n round the 

magnetosphere. This may last for up to a few hours, after which 

time the H component is seen to decrease considerably below its 

prestorm value, reaching a minimum after a few hours, followed by 

a gradual return to the normal level. This is the main phase of 

the storm and analysis has Indicated that the world-wide decrease 

in H is due to a uniform magnetic field. Such a field can be 

produced by a ring shaped westward current circling the earth. 

Particles trapped in the earth's magnetic field will constitute a 

form of ring current from their drift motions which are super-

imposed on their bounce motions and gyration about the field lines. 

Drift motion is eastward for electrons, westward for protons, so 

that this does provide the westward current required to explain 

the main phase decrease. The decrease in the H component due to 

this symmetric ring current is called the Dst component. 

At high latitudes the magnetic disturbance is much more erratic. 

Its effect at the ground has been represented by deducing a current 

system, which could give rise to the disturbance, from simultaneous 

magnetic disturbance vectors measured at a number of different 
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stations. This type of system is usually taken to flow in the 

ionosphere on a spherical shell, but this is only an equivalent cur-

rent system and is probably different from the actual one. Chapman 

(igig, 1935) in a harmonic analysis of the D, or disturbance field 

established the ES variation where this denotes the asymmetric part 

of the D field. The SD current system is an average of the DS 

variation over each of the first two storm days. This analysis 

was based on the concept of the auroral zone, which is effectively 

on a circle at L = 6.4, corresponding to the point where all stations 

see the brightest auroras. It is different from the auroral oval 

which is the locus of the auroral arcs at any universal time. 

More recent current systems have been considered relative to the 

auroral oval. Two possibilities deduced by Harang (1946) and 

Akasofu et al (1965) are shown in Figure 3- A very intense current 

known as the auroral electroJet flows along the auroral oval. 

From this, it can be seen that the question of solar particle 

physics, and the propogation of solar particles in interplanetary 

space is a complex one. Over the last ten or more years, many solar 

flares have been investigated in detail, and have shown that each 

flare shows characteristics peculiar to itself. We have analysed 

data from the 5th February 1965 flare, measured by counters on the 

IMP II satellite. This flare was important In two aspects: 

1. This was the first large flare to occur after solar minimum, so 

that interplanetary conditions should have been in a relatively simple 
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state at this time. 

2. Both electrons and protons from this flare were observed at the 

earth. 

We have compared our data with similar data from the Mariner IV 

spacecraft in an attempt to find out something about the spatial 

variation of particles during this event. Several papers on the 

consequences of this flare have appeared in the literature, in some 

cases showing apparent discrepancies. We have made an attempt to 

fit all the data into a coherent story. 

Following this event, the IKiP II satellite made four traversals 

of the outer radiation zone. Du-ring this time intensities of 

>40 KeV electrons showed a Irr-.natic increase, and the bahaviour of 

the radiation belts was found to be related to the development of 

the geomagnetic storm. Horizontal component records from a ring 

of auroral zone stations were found to show strong local time asym-

metry at this time. 
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CHAPTER III 

February 5th I963 Solar Particle Event. 

I Arrival of Particles 

The 5th February 1965 solar flare was the first major flare since 

solar minimum occuring at a time when background conditions were rela-

tively simple. Particles from this flare were detected from the 

IMP II satellite by the apparatus described above and the data has 

been analysed. Several sets of results on this event have been 

published, in an attempt to obtain a more complete picture of parti-

cle motions in such a case. 

Detectors 

The particle detectors are described in Appendix I. It is relevant 

at this stage, however, to emphasise certain pertinant features. 

Since the scatter counter counted only those electrons which were 

scattered from a gold foil into the Geiger-Muller tube, the total 

number of electrons seen by the counter would only be a fraction of 

the total number incident. The open counter, on the other hand, 

was looking out through a window in the satellite, so that the electrons 

could penetrate directly. The result of this is that if the satellite 

was in a region containing isotropic electrons only, the ratio of their 

count rates would be; 

0. = Open counter count rate above background 20 
Scatter counter count rate above background 

This value was found experimentally, so that the geometric factors 
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of the two detectors due to differences in aperture size have been 

accounted for. 

The scatter counter was oriented such that its axis made an angle 

of 70° with the spin axis, whereas the open counter was pointing along 

the spin axis of the satellite. At the time of this event, the spin 

o 

axis made an angle of 99-5 with the sun-spacecraft line, making an 

angle of 30° with the plane of the ecliptic. The scatter counter 

thus pointed towards the sun once in each rotation of the satellite. 

Hence a, could be changed a number of ways: -

1. Presence of particles which could penetrate the shielding would 

tend to reduce a, since the number of these particles entering the 

scatter counter oould not be greatly reduced by the scattering mecha-

nism. (i.e. E > 52MeV, E > 6 MeV). Such particles should also have 
P ® 

been dotoeted by the ion chamber. The cosmic ray background which 

would produce this type of effect was subtracted before computing a. 

2. Presence of protons in the energy range 0.5 MeV< 52 MeV which 

could penetrate the open counter only, would cause an increase in Ct. 

3. Anisotropy of the incident particles would tend to chanjge the 

value of a in a direction which is dependent on the direction of the 

anisotropy. 

Orbit 

At the time of this event, the satellite orbit had precessed to 

local times ranging from about 00.00 LT at R = 5 Re on the outbound 

orbit to about 06.00 LT at R = 5 Re on the inbound orbit, having 
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apogee near 05.30. This is shown in Figure 6a. 

Magnetic latitudes for these orbits were about -30° for the outbound 

part of the orbit, the inbound pass being fairly close to the geomag-

netic equator (Figure 6b). Hence there is more likelihood of the 

satellite being on open field lines when approaching apogee than after 

it has turned to come bacic towards the earth. 

The Solar Flare Causing the Event. 

The optical flare which was apparently responsible for the solar 

particle emission began at 17-50 UT as seen by the McMath observatory. 

It lasted until 20.05 with a maximum at 18.10, being classified as 

magnitude 2+, and having a corrected area of 8.5 sq. degrees. There 

was no outstanding solar X-ray bursty but considerable solar 

radio emission was recorded. Radio spectral observations following 

the flare are listed in table IV. 

The reverse slopes seen on the type III emission at Fort Davis mean 

that at this time, the usual frequency shift of the burst from high 

to low frequencies was followed by an increase in frequency since 

the frequency of emission is expected to be close to the plasma 

frequency of the corona in the locality of the disturbance, and since 

this decreases with increasing height in the corona, the reverse 

slopes suggest that the disturbance first moved out from the sun, 

reached a maximum height and then fell back again. This suggests 

that there may have been some magnetic restraint acting on the electrons 

until 18.02, so that the electrons would probably escape after this 
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time. 

Since the solar proton events are related to the type IV radio 

emissions, it is probable that the protons were not emitted until 

slightly later times. 

Time History of the Event at the II4P II Satellite 

The appearance of the 5th February 19^5 event as seen by the 

Berkeley group6 detectors on the IMP II satellite is shown in Figure 7. 

The onset of the event was at 18.4^-05 UT for both the open and 

scatter counters, their count rates reaching a maximum at 20.20-10 UT, 

The onset time for the ion chamber can be given as l8.43^14 UT. 

Its pulse rate reached an initial pealc at 21.00-10 UT with a second 

higher peak at 01.05-10 UT. The positions of the satellite at these 

and other times of interest is given in table V. 

Table V 

Time Geocentric Distance Magnetic Latitude Local Time 

1 8 . 4 5 5 Feb 1 3 . 5 Ke -34.6° 02.34 

2 0 . 2 0 1 4 . 3 5 -32.9° 02.46 

21.00 - 14 .65 " - 3 1 . 8 ° 0 2 . 5 0 

23.00 13.3 " - 2 6 . 7 ° 0 3 . 0 0 

0 1 . 0 5 6 Feb 15.7 "• -19.9° 03.14 

03.00 15.8 '= -13.2° 03.30 

05.40 15.5 " - 5 . 2 ° 03.39 

21.50 5 . 2 " -35.1° 0 0 . 0 0 
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Figure 8 shows the open and scatter counter count rates plotted 

such that the scale of the scatter counter is 20x that of the open 

counter. This means that if isotropic electrons only were present 

the count rate versus time profile should be almost identical for 

the two detectors. The count rate ratio, a, dropped consistently 

below 20 only after 18.50 UT, and it can be seen from Figure 8 

that the count rate for the scatter counter after this time was 

much higher relative to the open counter than it would be for only 

isotropic electrons. 

The two alternative explanations for this are: 

1. Very high energy particles were arriving. 

2. Electrons were arriving predominantly from a direction perpendicular 

to the spin axis. 

There could cdso be a combination of these effects. 

Superimposed on the main burst of solar particles were several 

smaller bursts. Two statistically significant bursts of short 

duration were seen at 23.00 UT on 5th February and 03.00 UT on 6th 

February respectively, having a very similar appearance on both open 

and scatter counter profiles. These, then, were bursts of isotropic 

electrons, and in all likelihood of magnetospheric origin. The 

satellite position in each case is given in table IV. 

At 05«40-05 UT and 21.52^02 UT on 6th February, bursts of particles 

were seen by the open counter but not by the scatter counter, having 

an approximately exponential decay. The positions of the satellite 
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are again listed in table IV. These could either he protons with 

energy 0=5 MeV < < 5 2 MeV, or anisotropic electrons, in the direction 

of the open counter-.-field lineso There was really no effect visible 

in the scatter counter (note the increased sensitivity of this plot 

in Figure 8) and it is unlikely that such total anisotropy would 

exist for a few hours in both cases, especially in this particular 

direction. 

Hence we conclude that the particles seen were low energy protons, 

probably of solar origin. 

Compsirision with Other Data 

Details of the counters with which our data has been compared are 

given in table VI. 

Details of the satellite and their positions are shown in table VII. 

a) Nature of the Particles 

The onset of particles as seen by the Iowa group's geiger counters 

sensitive to E I>40 KeV, E >0.5 MeV was l8.35~10 UT. Onset for 
e p-

the similar open counter flown on IMP II was at 18.45-0$ UT. 

Measurements by a pair of perpendicular geiger counter telescopes 

flown on IMP II by McDonald (personal communication) showed an onset 

at 18.33 UT consistent with an admixture of high energy electrons 

and protons. Protons with E >80 MeV were definitely arriving by 

18.52 UT. Neutron detectors flown on the Vela Satellites showed 

an onset at l8.35 UT, which they interpreted as due to protons 

with E >25 MeV. 
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Table VII 

" * 

Satellite ! Distance from Sun Distance from Earth 

Imp II 

Mariner IV 

• Vela 

• 

0.986 AH 

1.14 AH 

0.986 AH 

15.8 Re 

3660 Re in approximately 
the sun-earth line 

17 Re, circular orbit 

The Chicago group were flying cosmic ray telescopes sensitive 

to protons with E^> 15 MeV on both satellites, and they report 

the onset times for these particles as 1$.05=03 UT at IMP II, 

and 19.25^04 UT at Mariner IV. 

Furthermore, Krimigis and Van Allen attribute the increase 

in count rate of their detector C (E >1^0 KeV, E 3«1 MeV), 
® P 

at early times during the event, as being due only to protons with 

E^> 55 MeV. In other words they have assumed a very steeply 

falling spectrum of electrons, there being a negligible number 

with E^) 150 KeV, 

There is an apparent discrepancy here, the result due to 

0'Gallagher and Simpson showing very much later arrival times than 

any other results. In addition McDonald's data suggests that 

h i ^ energy electrons were arriving whereas Krimigis and Van 

Allen suggest that the electron spectrum was very soft. Also, 

if detector C was admitting no electrons then it would detect 

protons with E^>3.1 MeV. The Chicago group's Mariner IV 

cosmic ray telescope admitted protons with E^> 15 MeV. The 
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temporal behaviour for the two detectors is shown in Figure 9 

where the curves have been normalised to the peak intensity 

for comparisono There are two noticeable differences: 

1. Detector C shows a much more rapid decay than does the oosmic 

ray telescope. In view of the energy thraatiolds,the reverse would 

be expected. 

2. Detector C shows a much higher relative count rate than the 

Cosmic ray telescope at early times. From detector D^ (see Figure 

10) it can be seen that protons with E^cfll MeV make little significant 

contribution to the count rate before 00.00 UT on 6th February. 

It is extremely unlikely that protons in the range 11 MeV<rE <ri5 MeV 

would provide a great contribution to the count rate, so that the 

two counters under consideration should show a similar counting 

history at esjrlj times. 

A possible explanation is as follows: 

1. Only a small flux of very energetic protons arrived at IMP II 

before 18.50 UT. Prior to this time, particles seen were mainly 

energetic electrons. This is supported by our observation that 

the ratio, a, of the count rates of the Berkeley group's geiger 

counters dropped to below 20 at this time. McDonald's results 

appear to support this conclusion. Presence of high energy electrons 

in detector C, arriving predominantly at early times and having a 

short decay time would also account for the differences observed 

between detector C and the Chicago group's cosmic ray telescope 



- 30 

flown on Mariner IV. 

2o The detectors used by the Chicago group were cosmic ray telescopes. 

These have a fairly high background noise level, and therefore a 

fairly high intensity threshold for detecting the solar protons. 

Hence, the times they quote for the onset are the times for which 

cji appreciable flux of high energy protons was arriving at each of 

the satellites. 

3. McDonald's results show a very strong anisotropy appearing after 

19»03 UT. The telescope, looking perpendicular to the spin axis 

and so pointing towards the sun twice during each orbit, saw a very 

pronounced increase in count rate, whereas the telescope looking 

along the spin axis continued to show a smooth change. The anisotropy 

was about 2:1 and lasted for several hours. 

The Chicago group's detector was also spinning round the axis of 

the satelliteo 

The neutron detectors flown on the Vela satellites would be 

insensitive to electrons, so that the increase in count rate observed 

at 18.33 UT indicates that high energy protons were definitely 

arriving at the beginning of this event. 

It can be seen that 1 above is in disagreement with the view of 

Krimigis and Van Allen that their detecotr C was seeing only high 

energy protons. Their reasons for this conclusion are given below, 

along with a discussion of each of them. 

a) The maximum net counting rate of a similar, but fully 
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and more heavily shielded detector SpB on. Injun IV (insensitive 

to electrons of E^<1 MeV) was $4 counts per second above background. 

This was rather high, since its proton energy threshold was about 

70 MeV, and it was shielded over n steradians by the earth« The 

maximum count rate of detector C was only about 11 counts per second 

above background, so that Krimigis and Van Allen assumed that high 

energy protons must be responsible for both these increases. 

In view of the strongly anisotropic propagation, the shielding 

effect of the earth on the Injun IV detector was probably small. 

Also if high energy electrons were detected by McDonald's geiger 

counter telescope on IMP II, they should also have been seen by 

detector SpB. 

b) Krimigis and Van Allen were anticipating a steeply falling 

electron spectrum: later solar electron events in May raid June 1965 

had a very small component of electrons with E^>150 KeV, the threshold 

for detector C, so that they have assumed the contribution of such 

particles in this flare was also negligible. 

The February flare was much larger than the other flares quoted, 

however, and it is possible that the contribution due to E^>150 KeV 

could have been significant in this case. 

c) In their paper on this subject, Krimigis and Van Allen show 

(their Figure 13) a plot of X, the count rate due to electrons with 

energies of 40-150 KeV, derived from combining the results of several 

detectors, mainly B and C, along with Y, the count rate of detector C 
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ciowe- background. Their comments on this graph are -

i) X rises more rapidly than Y at the beginning of the event. 

ii) X exhibits a number of large and significant time fluctuations 

.0..0 which are not present in Y. 

iii)For the 8-hour period following 22.00 UT on 5th February, both 

X and Y decay exponentially but with significantly different time 

constants, namely 4.3 and 7.4 hours respectively. 

i) is consistent with a fairly steeply falling spectrum of electrons 

but with a significant component >150 KeV. 

ii) is apparently due to some modulation of the electrons which 

was detected in detector B, but reference to the plot of the time 

behaviour of detector C shows indications of the same modulation 

(see Figure 10). At about 19.25 UT, which is the time at which 

a significant number of high energy protons were arriving at Marinier IV, 

as detected by the Chicago detector, there was a sharp change in 

the slope of Y. This appears to be the first clear indication of 

the arrival of such particles in detector C. 

iii) is only relevant some time after the arrival of energetic 

protons as detected by the Chicago group. 

Hence we conclude that a significant contribution to the count 

rate of detector C was due to electrons with >150 KeV. 

b) Comparison of Decay Times 

Intensity versus time plots for the four geiger counters admitting 

>40 KeV electrons are shown in Figure 11. Taking the decay time 
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as being the time taken to decay by 1/e along the exponential part 

of the decay curve, we obtain the values given in table VIII. Also 

included in this table are the decay times for the Chicago group's ' 

two detectors. 

Table VIII 

Counter Decay Time 

Iowa A (Mariner) 7±i hr. 

Iowa B " 6̂ -̂  hr. 

Borkeis^ Open counter (IMP) 11^1 hr. 

" Scatter counter (IMP) 6±1 hr. 

Chicago Mariner Detector 18±1 hr. 

IT I ! 8^1 hr. 

From this it can be seen that: 

1. The > 15 MeV proton detectors show a longer decay time at 

Mariner IV than IMP II. 

This was interpreted by 0'Gallagher and Simpson as being due 

to the corotation of the region containing protons, this being 

initially closer to IMP II, and later closer to Mariner IV. 

2. The almost identical geiger counters. A, B and the open counter 

show a longer decay time at IMP II than Mariner IV. 

The latter result cannot be due to anisotropies in the particle 

arrival directions, since the difference in decay times between 
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detectors A and B which were pointing in different directions from 

the same satellite did not vary by very much. 

If the effect were produced by there being more low energy protons 

at IMP II, then these would corotate nearer to Mariner as the event 

progressed, apparently causing a less steep decay in the Mariner 

detectors, in the same way as was seen for the > 15 MeV, protons. 

This effect would have to be limited to 0.5<E <-.15 MeV, and such 

particles were detected by the detector on Mariner at early times, 

so that the effect cannot be produced by these low energy particles 

arriving only at IMP II. 

Krimigis and Van Allen have shown that electrons with 40 <1^0 KeV 

have a rapid decay. High energy protons would also decay rapidly. 

If there were more of the rapidly decaying particles arriving at 

Mariner IV than at IMP II, this would produce the result we observe. 

Now 80% of the count rate of detector B on Mariner IV consisted of 

electrons vri.th 4-0 E <,150 KeV, so that it is likely that the effect 

is mainly due to electrons. 

Balasubrahmanyan and Skadron (1965) have considered the effects 

of particle drifts in the interplanetary magnetic field. Gradients 

in the interplanetary field will cause oppositely directed polar 

drifts for electrons and protons. The corotation of the field line 

will generate an electric field which will cause azimuthal drifts, 

which are in the same direction for electrons and protons. This 

drift is greater for the lower energy protons than for higher 
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energy ones and electrons, since they are acted upon during a longer 

transit time, and is in such a direction that the particle trajectories 

tend to lag behind the interplanetary field lines as they corotate. 

The drift for the lower energy protons will only be a few degrees 

at the most, but this is sufficient to produce a delay of several 

hourso The corotation time for field lines between the earth and 

Mariner IV at this time was about 12 hours. 

It is possible that this type of effect was responsible for the 

difference in spatial behaviour observed between the two groups of 

particleso This would require that the region into which particles 

were injected was initially closer to Mariner IV. The low energy 

protons would drift towards IMP from this region under the action 

of the inducted electric field, whereas the electrons and high 

energy protons would show very little effect. 

The flare occurred at 25°W, so that for particles to reach the 

earth, they must have been emitted over a cone of half angle at 

least 35°» assuming that the intei-planetajry field line passing through 

the earth connected back to 60°W, as it would for the quiet time 

spiral field configuration, 

0'Gallagher and Simpson have suggested that particle flow from the 

sun may be confined to "channels" of enhanced field intensity. The 

present results tend to support this conclusion, since IMP should 

be on field liuee which were closer to those connecting into the flare 

region than was Mariner, and yet: 
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a) The intensities of > 15 MeV protons at Mariner TV at late times 

were greater than the intensities at IMP II 

b) The intensities of > 40 KeV electrons were apparently higher 

all the time at Mariner IV than at IMP II. 
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II The Radiation Belts After the Flare 

Following the solar flare, IMP II completed two further orbits before 

transmission ceased at about 09.00 UT on 9th February, so that we have 

data for four radiation belt crossings. 

The satellite apparently entered the trapping region at 7.15 UT 

on 6th February. The sudden commencement of the magnetic storm 

associated with this event occurred at l4.l4 UT. College and Kiruna 

showed negative and positive bays respectively starting at about 

15.20 UT. Barrow and Chelyuskin, which are at higher latitudes, 

both showed negative magnetic bays commencing at 15.^6^05 UT. At 

15.44-01 UT the 5t40KeV electron, intensities showed a sharp increase, 

the radial distance of the satellite being 9 Re. At I6.41-01 UT, 

yet another dramatic increase of electron intensities was observed. 

There was still considerable magnetic activity at this time, although 

this was not obviously related to this change in electron intensity. 

The maximum count rate of 54,000 counts per second was seen at a 

position corresponding to a dipole L value of 6.8 Re, at about 05-30 

local time. 

About 4 hours later, during the outbound pass, the magnetic activity 

had almost died away, except for a small positive bay at Kiruna and 

a small negative bay at Dixon Island. The peak count rate was about 

2,700 counts per second, a factor of about 20 lower than the value on 

the inbound pass. 

About a day and a half later, on the following inbound pass, all the 
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auroral zone magnetic activity had died away, although the equatorial 

ring current did not disappear until 11.00 on 8th February. The peak 

count rate had decreased to 26,000 counts per second, but had moved 

in to an L-value of about 4.8 Re. The outbound peak was about 10,000 

counts per second. This behaviour is shown in Figure 13. 

The striking difference between the peak intensities seen on the 

Inbound and outbound orbits immediately following this event can be 

due to several effects:-

1. A universal time effect which was also responsible for the mag-

netic activity. 

2. A local time effect in the spatial distribution of .>40 KeV 

electrons. 

3. A latitude effect in the spatial distribution of > 40 KeV electrons. 

Universal Time Effect 

During the whole period for which IMP II data was available, the 

peak intensity on the outbound orbit was only ever higher than that on 

the inbound orbit when the satellite was near local noon, except for 

extremely quiet times. If the large intensity increase observed 

during this event was due only to a universal time effect which was 

closely related to the magnetic activity, it should be possible to 

see much higher Intensities on the outbound orbit than on the Inbound 

orbit if the former occurred at a disturbed tine . It should be men-

tioned that as the outbound orbits were at higher magnetic latitudes, 

the satellite passed through the radiation belts more rapidly than 
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on the inbound orbits, so that statistically there was less likelihood 

of there being a bay at the time of the outbound pass. One good 

example of a bay occurring during an outbound pass at an L of about 

5-5 Re was found, and in spite of apparently correlated changes in 

intensity, the peak was almost a factor of 10 down on the inbound 

peak intensity. Other similar cases were found. Hence it does 

appear that there was some orbital effect present. 

Local Time Effect 

The local time for the outbound pass of the orbit was always earlier 

than that for the inbound pass by about ^ hours at 6 Re. The parti-

cles detected within the radiation belts were almost entirely electrons. 

If any localised clouds of such particles were present, they would 

tend to drift eastwards as a result of the gradient and curvature of 

the geomagnetic field. Were such a cloud of electrons injected and/or 

accelerated preferentially on the morning side of the magnetosphere, 

they would be detected on the Inbound orbit, but would have to drift 

through about l8 hours in local time before entering the region sampled 

on the outbound pass. 

For 40 KeV electrons, the time taken to drift completely round the 

earth is 2^ hours at 5 Re for an equatorially mirroring eieetroa, 

and hours for an electron mirroring near the atmosphere. This 

time decreases with Increasing radial distance as ^ in a dipole field 
n 

(Lew, 1961). 

The time taken between outer zone traveraals for the inbound and 
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following outboimd pass is about 4 hours, so that the electrons should 

have drifted round the earth in this time. In reality the earth is 

a distorted dipole, although the distortion would have to be fairly 

large, at radial distances of about 7 Re in this case, in order to 

increase the drift time sufficiently for this burst of particles to 

not to be seen on the outbound orbit, especially since the drift times 

quoted above are for the lowest energy electrons only. These would 

be shorter for higher energy electrons. 

Riometer absorption occurring at the time of this large increase 

in electron intensities was reported by Bailey and Pom.erantz (I966), 

indicating that particle precipitation was taking place. Hence there 

also rests the possibility that these particles had all been precipi-

tated before drifting right round the earth. 

Another possibility is that the process associated with the magnetic 

bay was a temporary acceleration process, occurring preferentially on 

the morning side of the magnetosphere. Precipitation would occur 

during the acceleration, the remaining particles losing their addi-

tional energy after the acceleration had ceased. 

From low altitude measurements (Hartz and Brice, 1966) it has been 

found that the more energetic (> 40 KeV) electron precipitation tends 

to take place on the morning side of the earth, having a maximum 

at a local time of about 08.00 LT. Vela measurements (Bame et al,1967) 

also showed many more > 40 KeV electrons on the morning side of the 

magnetosphere. 
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Latitude Effect 

From an inspection of the rest of the IMP II data it is found that 

there are two very striking examples of asymmetry between the peak 

intensities on the inbound and outbound orbits. These were seen 

on 17th and 27th March 1965, and were associated with magnetic activity. 

They are shown in Figure 15, along with data for 26th March I965 when 

there was much less asymmetry. For the days showing a very large 

increase, the satellite orbit crossed the geomagnetic equator near 

7.5 Re, very close to the time of the disturbance, whereas for the 

26th March pass, the geomagnetic latitude was about 20°. 

Since the riometer absorption results of Bailey and Pomerantz indi-

cated that particles were precipitated at the time the large increase 

in electron intensities was observed on February 6th, some of the 

particles must have had small pitch angles. Thus it seems unlikely 

that there should be such a strong concentration of pitch angles 

close to the equator, that would be required to contain these electrons, 

Bame at al (1967) have shown that in the plasma sheet, the > 40 KeV 

electrons indicate the overall electron temperature. Hones (1967) 

has shown that the temperature in the plasma sheet increases closer 

to the equator. Thus, it may be that a heating process associated 

with the magnetic bay is more efficient in the region close to the 

magnetic equator. 

In conclusion, it seems that the large asymmetry observed on 

February 6th, between the intensities on the inbound and outbound 
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orbits, was mainly due to an accelaration process which was closely 

related to the magnetic activity occurring on the inbound orbit. How-

ever, It appears that this acceleration process is more effective in 

producing > 40 KeV electrons in the morning sector of the magnetosphere 

and/or near the geomagnetic equator. 

So far, only the behaviour of the scatter counter has been described. 

The open oounter gave good results until about 16.00 UT on February 

6th, but after this time the high Intensity of Incident electrons 

caused saturation. The behaviour of the ion chamber was similar to 

that of the scatter counter in several ways. 

On a similar orbit, 5 days previously, the ion chamber had a peak 

- 2 

pulse rate of 4.9 x 10 pulses per second, at an L of 5-5 Re, with 

the pulse rate falling below 3-05 x 10 ^ pulses per second ?.t about 

6.4 Re. This can be seen in Figure 1^. On 6th February, the back-

ground level associated with the arriving solar protons was just below 
_3 

3.05 X 10 pulses per second. The increase above this level began 

as the satellite moved in to about 9 Re, at about the same time that 

the bay-associated increase occurred in the scatter counter. A further 

increase occurred in the ion chamber pulse rate near l6.4l UT, when 

the next large increase In > 40 KeV electrons occurred. Yet a third 

peak occurred near 6 Re which was not associated with the > 40 KeV 

changes, and which appeared to be the basic peak of the outer radiation 

belt for these > 1 MeV electrons. 

The peak itself was at an L of 5-75 Re, and was of slightly lower 
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intensity than that on the earlier orbit. The outbound orbit gave a 

peak intensity which was down by a factor of 2 on the inbound orbit. 

By the following inbound pass, the peak had Increased by a factor of 

kk on the previous orbit, and had moved in to 4.8 Re. Data including 

the peak intensity for the outbound orbit was missing, but the peak 

was inwards from 5-1 Re, having a value greater than 2.13 x 10~^ 

pulses per second. 

Hence the asymmetry in intensities between the inbound and outbound 

orbits was much less pronounced for the high energy electrons, the 

increases associated with magnetic activity being only very small, 

appearing as changes in slope on the otherwise smooth radial profile. 

The equatorial ring current associated with this event began its 

main phase decrease at the end of February 6th, interrupted by a 

compression at about 2^.00 UT, producing a minimum of -kSy at 09.30 UT 

on February 7th, and a second minimum of -557 at 17.30 n the same 

day. Magnetic field measurements done by Cahill • from Explorer 26 

at this time (1967) indicate that this ring current began asymmetrically 

and was still asymmetric at 18.00 UT on February 7th, being located 

in the evening sector at a radial distance between 4 and 5 Re, and 

possibly extending further out. 

Electron data with Eg>0.5 MeV, measured in the afternoon sector 

from Explorer 26 by Mcllwain (1967) has also been made available. 

Using measurements from electrostatic analysers flown on the OGO 3 

satellite, Frank (I967) has shown that tt the maximum phase of a 
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magnetic storm, the peak intensity of the ring current particles 

(200 eV < Eg p < 5 0 KeV) moves in to a low L-value, gradually 

relaxing outwards during the recovery phase. 

In Figure 17 is plotted the value at which the peak intensity 

was seen versus the universal time at which it occurred, for the 

scatter counter, ion chamber, and Mcllwain's Explorer 26 detector. 

These correspond to electron energy tbreeholds of > 40 KeV, 

>1 MeV, > 0.5 MeV respectively. This indicates that the same inward 

motion was taking place for electrons of all energies, up to those 

seen by the ion chamber. 

The outbound orbits for IMP II were at higher magnetic latitude 

than the inbound orbits, and from this and other data, it appears 

that there was some field line distortion such that the peak on 

the outbound orbit always appeared to be at a smaller L values than on the 

inbound orbit. This effect is present in this Figure, for data 

collected' on the outbound pass between 20.00 and 21.30 UT. 

All the detectors saw the intensity peak at L = 4,8 Re at the end 

of the 7tb and beginning of the 8th February, this being the time 

at which the largest intensities of the high energy electrons were 

seen. The position of the electron intensity peaks is also consistent 

with the position of the equatorial ring current at this time, as 

seen by Cahill» The maximum depression of the storm was also at 

the end of February 7th. 

The magnetic activity seen at the auroral zone stations on 
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7th February was rather unusual in that the disturbance was almost 

entirely dependent on the local time •al'T -1,1 if. There was very 

little universal time variation identifiable as part of a polar magnetic 

substorm. The disturbance did, however, display strong positive 

and negative changes as are commonly seen at the auroral stations. 

An equivalent current system for this disturbance is probably similar 

to that associated with the normal polar substorm, described above. 

Using the ring of auroral zone stations at L = 7 - 1.6 shown in 

figure l6, a more detailed study of this disturbance has been made. 

The time at which each station was at magnetic midnight is marked 

with a triangle. It can be seen that there was a different station 

passing across the magnetic meridian every few hours. Since the 

current system appeared to be fairly stable, the maximum depression 

of H at each magnetic observatory should give an indication of how 

the centre of the current system was varying with time, assuming there 

was negligible latitude variation over the range of latitude 

of the selected stations. Similarly information about the positive 

change in H can be obtained. 

In Figure l8a) is shown the universal time variation of the maximum 

positive and negative excursions of H, along with the equatorial 

hourly averaged Dst values for the same period (Suguira, personaJ. 

communication). All three show a similar time behaviour, although 

the Dst or ring current component did begin sooner and continue for 

longer than the auroral zone disturbance. 
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In Figure l8b) is plotted the maximum depression of H, AH , 
' max' 

versus the magnetic local time at which occurred. Although 

the universal time variation is present to some extent in this plot, 

it does show that the centre of the current system was strictly 

confined in local time. 

The magnetic local time at which occurred, plotted as a 
max ' ̂  

function of universal time, is shown in Figure l8c). The one station 

which does not show a good fit to a linear relationship is Barrow, 

The polar disturbance system apparently disappeared at about 15,00 UT, 

taking about an hour to recover. To fit the linear relationship, 

A at Barrow should have occurred within this time, so that 

this may be the reason for the apparent discrepancy. The positive 

bays did not show any ordering, but these are more strongly dependent 

on latitude effects, and their smallness may produce large errors 

in the presence of any fluctuations. This plot indicates that the 

centre of the negative disturbance showed a westward drift, having 

a drift period of about 55 hrs. This would correspond to the drift 

period of J EeV protons.Cahill interpreted his results as being due 

to a westward drift of protons within the ring current. His results 

were taken in the afternoon sector, vihereas these negative bay 

results apply to the morning sector. Figure l8a) shows that the 

largest polar disturbances occurred at the same time as the Dst 

showed large values. This suggests that the current systems producing 

these different disturbances may be linked in some way, such that tfie 
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Westward drift of the ring current asymmetry causes a westward 

drift in the polar current system. 

The satellite, during this time, was out beyond 13 Re, at geo-

magnetic latitudes of less than 20°, and moved round from 02.00 LT 

to 0 4 . 0 0 LT. ^ 40 KeV electron intensities in this region show 

large fluctuations, even at quiet times, with peak intensities 

normally equivalent to 100 counts per second. On February 7th, 

the peaJc intensities were typically 1000 counts per second, for most 

of the day, and consisted of isotropic electrons. It is interesting 

to note that the highest intensity occurred at about 08.30 UT, 

which was the time at which the depression of H in the auroral 

zone was largest. 
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Summary 

The particle emissions of the 5th February I965 solar flare were 

of a complex nature, and were not adequately resolved by any single 

experiment. Prom a combination of results from several sets of 

detectors, the following conclusions have been reached: 

1. The onset time for the detection of solar particles near the 

earth was 18.35 HT. These consisted mainly of energetic electrons 

with small fluxes of very energetic protons. Proton fluxes began 

to increase after I8.5O UT, but not until I9.O3 UT at the IMP II 

satellite was strong anisotropy for these protons observed. 

2. 0'Gallagher and Simpson have shown that the decay of > 15 

protons was much faster for their IMP II detector than their similar 

Mariner IV detector. Identical geiger counters flown on these same 

satellites show a faster decay at Mariner IV thdn at IMP II. 

0'Gallagher and Simpson interpreted their result as showing that 

there were more protons arriving at IMP II initially, but that the 

cone of propagation corotated with the sun so that at late times 

there were more arriving at Mariner IV. The behaviour of the geiger 

counters is thought to be due to larger fluxes of electrons, which 

decay fairly rapidly, arriving at Mariner IV than at IMP II, throughout 

the event. 

3. These results are consistent with propagation of the solar 

particles being restricted to certain channels within the inter-

planetary medium, with a separation between the > 15 MeV protons 
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and >40 KeV electrons being produced as a result of drifts in the 

interplanetary electric fields. 

The radiation belts after the flare underwent marked changes: 

1. There was a large asummetry between the peak intensity for the 

> 40 KeV electrons on the inbound and following outbound orbits 

on February 6tho It seems that this was mainly due to an acceleration 

effect associated with the magnetic activity occurring at the time 

of the inbound orbit. However, this process appears to act over a 

limited region of space, being more effective in the morning sector 

of the magnetosphere, and/or near the geomagnetic equator. 

2. The > 1 MeV electrons also showed magnetically related changes, 

although these only appeared as changes in slope on an otherwise 

smooth peak. The asymmetry between peak intensities on the inbound 

and outbound orbits was no different from an undisturbed day, although 

the trapping boundary for these electrons was at an unusually large 

distance at this time. 

3. Intensity peaks for > 40 KeV, > 0.5 MeV and > 1 MeV electrons 

all moved inwojrds during the main phase development of the magnetic 

storm, and were all at about L = 4.8 Re near the maximum phase of 

the storm. This also agrees with the position of the magnetic field 

depression produced by the ring current, as was observed by Gahill. 

4. Auroral zone magnetic activity on February 7th showed a fairly 

smooth variation, showing a negative change in the early morning 

sector and a positive change in the evening sector, similar to normal 
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polar substorms, but showing no explosive phase. The peak of this 

disturbance showed a slow westward drift at a rate corresponding to 

that of 3 KeV protons. At the same time as this, fluctuating 

intensities of isotropic electrons, which were at least a factor of 

10 higher than normal, were seen in the early morning sector of the 

Magnetosphere. The highest intensities were seen at the same time 

as the depression of H in the auroral zone was greatest. 
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CHAPTER IV 

Electron Islands in the Tall of the Magnetosphere and 
their Relation to the Polar Magnetic substorm 

Introduction 

We shall first discuss the polar magnetic substorm and its 

relationship with the magnetosphere in much more detail. In 

general, the polar substorm is much shorter and more Intense than 

the world wide storms, lasting for about 2-5 hours, and often 

recurring at about 3-4 hour Intervals. It is a complex pheno-

menon having a strong local time effect, and is best explained in 

terms of its relationship to the aurora. 

During a quiet period, the aurora consists of quiet red arcs 

lying along the auroral oval. A sudden brightening of one of 

these arcs lying in the midnight sector of this oval indicates the 

onset of a substorm, and rapid poleward motion of this arc follows, 

producing what Akasofu has called the "auroral bulge" around the 

midnight sector. This activation and poleward motion spreads very 

rapidly to the morning sector, and is characterised by the develop-

ment of complicated folds or the disintegration of arcs into patches 

which drift eastwards at velocities of about JiOO m/sec. The 

disintegration itself travels at about 10 Km/sec. The motion In 

the evening sector occurs as a large scale fold appearp^ln the 

evening side of the bulge and travels westward along the pre-existing 

arcs at about 1 Km/sec. 
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The magnetic activity follows tliis pattern very closely. At 

the time of the break-up, the horizontal component of the geo-

magnetic field, in the break-up region undergoes a sharp negative 

excursion, which is the onset of a negative bay. The most intense 

bays appear in this midnight region. A smaller negative bay having 

a more gradual onset in found accompanying the eastward, drifting 

patches in the morning sector. Those bays observed in the evening 

sector are more complicated. Within the surge, a negative bay is 

observed, so that the negative bay region spreads to higher latitudes 

as well as travelling westward. At the same time a positive change 

in the H component - namely a positive bay - is observed to the west 

of the surge on the equatorward side of the oval. Hence, a station 

which is near the auroral oval on the evening side of the earth will 

experience a positive bay following the onset of the break-up phase 

In the midnight sector, and then a negative bay when the leading 

edge of the surge has passed overhead. For a station in the after-

noon and early evening sector, only a positive bay will be seen, and 

this can occur even without any overhead auroral activity. High 

latitude stations will see only a negative bay, provided the surge 

reaches that latitude. This complicated system of magnetic 

disturbances associated with the aurora is the polar magnetic sub-

storm. 

Detailed descriptions of the polar substorm have been given by 

Akasofu (1966) and Peldstein (I966). 
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Many theories have been put forward In an attempt to explain this 

phenomenon. 

Akasofu and Chapman (1961) proposed a model in which the geomag-

netic field contains X-type neutral lines, and the trapped radiation 

can then be accelerated in very narrow regions near these. This 

would account for the thinness and multiplicity of auroral forms. 

The field reversals required by the model have not been observed. 

Dungey (1961) has proposed a model for the magnetosphere in which a 

south pointing interplanetary magnetic field produces a null line at 

the front of the magnetosphere. This has the effect of peeling off 

field lines from the front of the magnetosphere, dragging them over 

into the tail by the motion of the solar wind, and at some point far 

down the tail where pressure exerted by plasma in the neutral sheet is 

no longer sufficient to prevent field lines from the northern and 

southern hemispheres from coming together, a reconnection process 

takes place, the newly closed field lines collapsing back towards 

the earth. Assuming that conductivity is infinite, so that the 

magnetic field lines can be used as equipotentials, this convection 

pattern can be mapped onto the polar ionosphere. The resulting pattern 

is very similar to the SD current system established by Chapman. 

Experimental evidence suggests that tliis sort of process is taking 

place, since there appears to be much more magnetic activity at the 

earth when the interplanetary magnetic field has a south pointing 

component than when it has a north pointing component. (Fairfield 
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and Cahlll, 1966; Wilcox et al, 1967; Rostoker and Falthammer, I967). 

Other convection models have been proposed by Axford and Hines (1961) 

and Piddington (I96O). They have proposed that viscous or frictional 

interaction between the solar wind plasma and the magnetosphere could 

drag field lines into the tail. Mapping their resulting electric fields 

through the magnetic field lines onto the ionosphere, patterns similar 

to the observed pattern of the auroral motion and the DS current system 

are obtained. 

More recently, processes involving plasma instabilities within the 

magnetosphere itself have been favoured. These would explain why 

the aurora is present as a quiet arc before the substorm occurs, and 

why the onset of the substorm is so rapid. 

The electron islands seen in the tail of the magnetosphere were found 

to exhibit a fast onset, increasing to as much as lO^cm'^s"^ in times 

ranging from several seconds to a few minutes, decaying over several 

minutes to a few hours, frequently following an exponential law. 

This behaviour was found regardless of the direction of motion of the 

satellites so that they must be a temporal rather than a spatial effect, 

although Anderson (I965) has shown that they occur more frequently close 

to the neutral sheet, and at times of high Kp; Murayama (1966) has also 

shown from a correlation analysis that the Island Intensity is 

dependant on distance from the neutral sheet and on Kp. 

Axford has suggested that these islands are produced following 

magnetic field line merging processes in the tail, and as such would 
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;ccur at the same time as magnetic bays andricweter absorption events 

seen at the earth. 

Several attempts have been made to show that there exists some 

correlation between magnetic bays and Islands. Rothwell (1965) 

showed that the electron islands were often preceded by magnetic bays. 

Serlemitsos (1965) has found several examples in which the appearance 

of the electron Islands occur cad almost simultaneously with corresponding 

changes in magnetometer records from auroral zone stations. His main 

findings were:-

1. Correlations are not found for low latitude stations. 

2. Close correlations tend to favour smaller geocentric distances. 

3. Correlations are generally best at the leading edges of the nearly 

simultaneous changes in both sets of data. 

4. Such phenomena probably Involve large magnetospheric regions at a 

given time. 

5. Similar correlations with the more localised phenomenon of electron 

precipitation and the resulting increase in rlometer absorption 

are considerably more rare. 

Parthasarathy and Reid (1966, 196?) have reported on a number of 

possible correlations of islands with riometer absorption events seen 

at the ground. 

Another recent attempt to find bay-island correlations has been made 

by Hones et al (I967) from measurements done on the Vela satellites 

at 17 Re. They found that the appearance of the island at the 
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satellite usually occurred near or after the peak of the bay, and was 

consistent with a sudden expansion of the plasma sheet. 

Evidence suggests that the electron Islands are the result of an 

acceleration process:-

1. The Vela measurements have shown that the >40 KeV electron 

population depends strongly on the average energy of the entire 

electron population, so that the electron islands are due to the 

appearance of higher temperature plasma at the satellite, 

2. Konradi (1965) has shown that the E-folding energy, for an 

electron island decreases with time (Intensity aC ^"^/^o where 

E is the electron energy). This is equivalent to a subsequent 

cooling process and accounts for the exponential decay of the Islands. 

Anderson and Ness (1988) have shovm that the increase in the > 40 KeV 

electron flux at the IMP I satellite is in general associated with a 

decrease in the magnetic field in the same region. Examples in which 

there was a direct correspondence between changes in electron intensity 

and field strength were found on some occasions, 

Heppner et al (1967) have found several examples of correlations 

between magnetometer data from OGO-A satellite, and ground based 

magnetogram records, although these are divided into two groups;-

1. Near the geomagnetic equator between 5 and 11 Re, the measured 

magnetic field is less than that computed for an undistorted field. 

In this region, a negative bay at the earth is associated with a 

positive change at the satellite. 
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2, Outside this region, the measured field is greater than the 

calculated field, and negative bays at the earth are associated 

with negative changes at the satellite. 

In all cases the ground activity occurred prior to the change at the 

satellite. 

Study of the polar magnetic substorras and these related phenomena 

may lead to a better understanding of the dynamics of the magneto-

sphere . 

We shall present the results of comparing electron islands in the 

tail of the magnetosphere, out as far as 16 Re, with ground based 

magnetometer data. We shall show that these do show a close correlation 

provided that the satellite is within the region of the plasma sheet 

where >40 KeV electron fluxes are not normally present. It is found 

that the magnetic bay always occurs before the appearance of the isl̂ ind 

at the satellite. Prom a systematic study of these events, a frame-

work on which to base future models of the polar substorm will be 

presented. 

Correlation between bays and islands 

The results presented here have been obtained from comparison of the 

>ij-0 KeV electron data from the IKP II satellite between 5th March and 

4th April 1965, with magnetograms from a ring of auroral zone magnetic 

observatories,details of which are given in Table X. 

It was found that in most cases there was a definite correlation 

between the bays and islands, and a statistical summary of the results 
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is given in table XI. 

In compiling this table, the tail of the magnetosphere has been 

divided into sheets 1 Ee in thickness, parallel to the magnetic 

equatorial plane, and the bays and islands which occurred at the time 

the satellite was passing through each of these regions have been 

noted. Large increases in intensity associated with magnetic 

bays appearing in the radiation belts themselves, which can be 

readily distinguished from the quiet time profile, have also been 

included under the heading of islands. Cases where there were many 

bays and islands occurring in a short time have been omitted since 

correspondence is doubtful in such cases. 

From this table it can be seen that: 

1« A bay may occur without an island being seen when the satellite 

is at a large distance from the magnetic equatorial plane. 

2c Fluxes of > 40 KeV electrons with the appearance of islands 

are seen even if there is no significant bay, when the satellite is 

very close to the magnetic equatorial plane. 

3« In the intermediate region, bays are always accompanied by 

sudden increases in electron intensity. It should be noted that 

the islands which appeared uncorrelated with a bay in this region 

all occurred near 18.00 UT when the dipole axis was tilted most ';d.th 

respect to the ecliptic plane, so that they would be slightly nearer 

the equator in solar magnetospheric coordinates. In general, 

however, the latter coordinate system produced no better ordering 
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of the data. 

This means that provided the satellite is within the plasma sheet, 

an electron island is seen associated with every bay which is observed 

at the earth* 

In Figure 19 is plotted the maximum depression of the bay, 

versus the peak intensity of the corresponding electron island« 

It is seen that the intensity increases with increasing 

This result is very similar to that obtained by Murayama from a 

correlation of island intensity and Kp. Scatter in this type 

of plot is probably due to imperfect coverage of the auroral zone, 

since: 

1. vary with latitude 

2. The largest negative bay occurs in the break-up region. Because 

of an inadequate local time coverage there will not always be a 

station in this region so that the bays seen will normally be smaller. 

Time Delays Between Occurrence of Bays and Islands 

The most in^ortant result to emerge from this study is that 

the bay always occurs before, or in a few cases at the same time, 

within the errors of measurements, as the sudden increase in 

KeV electron intensity at the satellite. In no case was the 

island seen before the onset of the bay. 

In estimating the onset times, personal prejudice was eliminated 

by doing measurements on the two sets of data independently. The 

errors involved are due mainly to uncertainties in determining the 
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time of the bay onset from the normal run magnetograms. This is 

at most ±5 mins normally, although it may be increased at times 

when the bay onset is poorly defined. The bay onset usually occurs 

almost simultaneously for a number of stations, although in cases 

where there is any doubt, the station closest to magnetic midnight 

has been chosen. Errors in determining the onset time of the 

island are less than -3 mins. 

The delay time, At, between the onset of the bay and the first 

appearance of the island at the satellite has been evaluated in 

each case. Plots of At versus the radial distance and magnetic 

latitude at which the island was first seen are shown in Figure 20a) 

and b) respectively. Zit versus peak island intensity is plotted 

in Figure 20c). From these it can be seen: 

1. The delay time increases with increasing radial distance 

2. The delay time increases with increasing magnetic latitude 

3. The delay time is shorter for a more intense disturbance. 

plot of A t versus solar magneto^pheric latitude shows a similar 

trend to 2, but the ordering is slightly less. There is apparently 

no trend for At with the local time at which the island was seen, 

although the data only covers the range 22.30 to 02.30 LT. 

The innermost radial distance at which an electron intensity 

increase associated with a bay has been observed is 4 Re, although 

normally it is probably nearer 5 Re. 

During the development of the substorm, the negative bays spread 
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to higher latitudes. An example presented by Brice (1967) shows 

that the time delay between the appearance of a bay at a low and 

a high latitude station may be about an hour, which is of the same 

order as the time delay between the bay and island onset. 

All these facts suggest that the mechanism initiating the polar 

substorm occurs fairly close to the earth, and propagates outwards, 

at the rate of about 3 Re per hour at 15 Re, and at greater speeds 

closer to the earth. 

Possible mechanisms for propagation of the disturbance are:-

1. Propagation as a particle drift due to induced electric fields, 

for instance by a flute instability mechanism as proposed by Swift 

(1965). 

Taking the drift velocity as 3 Be per hour at 13 Ee, and the normal 

component of the magnetic field in the tail, Bj_, to be 1 y, (Speiser 

and Ness, 1967), an electric field of 8.3 ^V/cm is required. At 

about 7 Re, is increased by a factor of 10O* The velocity 

is apparently increased by a similar amount, so that the electric 

field required would be of the order of mV/cm, This is not an 

unreasonable field strength although the necessary electric field 

gradient does seem to be rather steep. At very disturbed times 

this field would need to be larger, to produce the shorter time 

delays observed. 

Carpenter has reported on inward drifts of the plasmapause preceding 

a polar substorm, due to a large scale electric field acting between 
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3-8 and 4 . 6 Re. This means that if the outward motion during 

the substorm is due to drifts of particles, the electric field would 

have to reverse its direction at the onset of the substorm. 

2» Propagation as a magnetosonic disturbance propagating down the 

tail in the plasma sheet region. This should travel at the Alfv&a 

velocity B^/4^^, where B is the magnetic field strength in gauss 

and p is the plasma density in gns cm"^. Taking quiet time values 

for B from Speiser and Ness (196?) and p from the IMP II measure-

ments by Serbu (1966), the velocity of the disturbance, and hence 

the time delay can be calculated. A calculated curve is superimposed 

on Figure 20a), and the assumed velocity distribution is also shown. 

This is based on quiet time values of Bj_ . There is some indication 

that this increases at disturbed times in which case the computed 

curve should be an upper limit to the time delay. This is indeed 

observed. Because of inadequate data, the assumed variation of 

Alfv^n velocity with distance is probably inaccurate, although it 

does appear that this type of propagation could account for the 

results we obtain. Increase of Bj_ at disturbed times would be 

necessary to account for the increased propagation rate. 

Spatial Variation of Islands 

It has now been established that the electron islands are a 

temporal phenomenon, occurring over a large region of space, 

following the appearance of a magnetic bay at the earth. In 

addition, there appears to be a strong spatial effect. 



- 65 

This is apparent from comparisons of data collected on orbits 

which were separated by 13 dayso This is the time interval after 

which the orbit repeats itself exactly in terms of magnetic coordinates, 

apart from the slight change due to rotation of the geographic axis. 

Since the repeat also occurs in terms of universal time, solar mag-

netospheric coordinates of the orbit will also be repeated. Examples 

of such data are shown in Figure 21a), b) and c). 

The resemblance is extremely striking, especially in view of the 

difference between the three sets of data in Figure 21. The differences 

in times of occurrence of the islands depend on the differences in 

the times of occurrence of the magnetic bays, which are indicated 

in Figure 21 by the most appropriate magnetogram in each case. 

The temporal relationship is shown up particularly well in Figure 21%.) 

and c) where the total number of bays, and hence the total number of 

islands is slightly different for the two days shown in each case, 

although the appearance of the islands is still very similar. 

The local time differs by about 1 hour for each pair of days, so 

that this appears to have little or no effect on the appearance of 

the islands. 

An attempt has been made to fit these different shapes of island 

into a coherent spatial pattern. Only those islands correlated 

with bays >200Y have been used, since those islands correlated 

Vvith smaller bays are usually small themselves, and their shapes 

are often indefinite. Exceptions to this are found near the 
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magnetic equator. 

The distribution of islands occurring at disturb.ed times is shown 

22o The upper half shows the positions along the orbits 

at which the islands occurred, along with the TEMPORAL variations 

of certain representative islands. The lower half shows the rep-

resentative island in each case, as well as other very similar 

islands that occur close to it. 

It can be seen that there is a definite trend in the appearance 

of the islands, which can be summarised as follows 

lo Islands joining into the radiation belt are broad in character, 

showing fairly smooth variations, and possibly an exponential decay. 

2. These islands occur fairly close to the equatorial plane, and 

are broad in character, but show no tendency to decay exponentially. 

3» Islands seen at apogee at magnetic latitudes of about -15° 

tend to show rapid onset followed by smooth exponential decay. 

4. These are seen at magnetic latitudes of about -20°, and radial 

distances between 12 and 14 Re. They are characterised by a double 

peak, and possibly exponential decay. The island labelled 4c 

was observed fairly close to where those labelled 3 and 3a were seen, 

and does show some similarity although it also has a second peak. 

Seen at magnetic latitudes of about -15 , and radial distances 

between 10 and 12 Re, these islands appear very broken in character, 

having several peaks in intensity at intervals of about 30 minutes 

1 hour. The island labelled 5c was seen close to and was similar 
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to that labelled 4. 

6. Islands seen at magnetic latitudes near -40°, radial distance 

6 Ee, show very strong detailed time structure with a period of 

about 10 minutes superimposed on the general shape. 

The most fundamental difference between the islands, then is that 

those occurring at fairly large distances from the plasma sheet 

tend to show an exponential decay, whereas .those occurring within 

the plasma sheet itself show no tendency to decay exponentially at 

all, and the duration of the latter appears to be about the same 

as that of the associated bay© Those islands at moderate distances 

from the neutral sheet and possibly near the edge of the plasma 

sheet show several peaks in intensity, 

A possible explanation for this is that the plasma sheet is 

somehow heated at the time of the bay, becomes inflated, and bursts 

of electrons are seen at large distances from the normal plasma sheet. 

After this, some oscillation takes place, so that several bursts of 

electrons may be seen if the satellite is close to the oscillating 

boundary which appears to be contracting inwards during this time. 

When the satellite is within the plasma sheet, the hot plasma is 

present for the full duration of the heating process, and shows 

much less fluctuation. 
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Summary 

The results of this comparison between islands and bays can be 

summarised as follows 

1. There exists good correlation between magnetic bays and > 40 KeV 

electron islands throughout a wide region of space, extending from 

radial distances of about 5 Ee out to the apogee of this satellite 

at least, which was at 15•8 Ee, up to magnetic latitudes of about 

, and extending at least two hours in local time, on either 

side of the midnight meridian. This correlation breaks down in 

two cases 

a) If the satellite is close to the geomagnetic equator, particle 

fluxes resembling the electron islands may exist without a correlating 

magnetic bay being seen. 

b) If the satellite is at large perpendicular distances from the 

geomagnetic equator, bays may occur without an island being seen. 

This is interpreted as implying a limit to the spatial region in 

which an island can be observed. 

2o The intensity of the island is higher when the corresponding 

magnetic bay is larger. 

3« The magnetic bay always occurs before or simultaneously with the 

appearance of the electron island at the satellite. 

The delay between the onset of the bay and the onset of the island 

iooceases with increasing radial distance at which the island is 

observed. 
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5. There is also some indication that the delay is shorter for 

lower magnetic latitudes. In particular, the delay is very short 

close to the geomagnetic equator. 

6. This time delay decreases with increasing island intensity, 

and hence with increasing magnetic disturbance. 

7. Although the islands are basically temporal phenomena, they do 

tand to have a different appearance, depending on the region in space 

at which they are observed. 
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CHAPTER V 

Conclusions 

Study of the 5th February I965 solar flare event gave interesting 

results about the propagation of solar particles in interplanetary 

space. It appears that the particle propagation is confined to 

fairly narrow channels in the interplanetary medium, and that these 

particles undergo drifts due to interplanetary electric fields. 

A strong asymmetry between the peak electron intensity on the 

inbound and following outbound orbit was observed in the outer radiation 

zone on 6th February. This appeared to be due mainly to an accel-

eration process related to the magnetic activity occurring at the 

time of the inbound orbit, although this process seems to be more 

effective in producing > 40 KeV electrons in the local morning 

sector and/or near the geomagnetic equator. 

The radiation belts were gradually filled with particles at this 

time, the position of the peak for all energy channels gradually 

moving inwards. Near the maximum phase of the storm, all the det-

ectors showed a peak near L = 4.8 Re, which was also consistent with 

the position of the ring current as measured by Cahill. 

The polar substorm occurring on February 7th showed no bays having 

a sharp onset, although there was considerable disturbance present. 

This had a fairly smooth variation, and the associated current 

system showed a slow westward drift. It is possible that this system 

xs intimately linked with the asymmetric ring current, which is thought 
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to be produced mainly by westward drifting protons. The _>40K®V electron 

intensities observed in the early morning sector of the magnetosphere 

were much higher than those normally observed in this region, and 

were apparently related to the auroral zone activity, having the 

highest intensity at the time of the largest magnetic disturbance. 

In addition a detailed study has been made on the relationship 

between magnetic bays, seen near the midnight meridian at stations 

in the range L = 7.0 ± 1.6 Re, and > 4o KeV electron islands detected 

from the IMP II satellite. It is found that an electron island is 

seen associated with every bay which is observed at the earth, 

provided the satellite is within the plasma sheet. 

Results of tne study indicate that the mechanism responsible 

for the polar substorm occurs fairly close to the earth, and propagates 

outwards, the velocity of the disturbance decreasing with increasing 

radial distance. This is apparently consistent with a magnetosonic 

Mave propagating down the tail with the Alfv^n velocity. 

The temporal variation of the islands depends very much on the 

region in space at which they are observed. For the month covered 

by the data, a consistent pattern has been found. The variations 

suggest that the plasma sheet is first inflated with hot plasma 

follo\iring the onset of the substorm, and oscillations are set up, 

which are present during the more gradual contraction phase. 

Results obtained following the 5th February 1965 solar flare suggest 

that the ^ 40 KeV electron intensity increases occurring at the time 
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of a magnetic bay are produced by an acceleration process v/hich is 

more effective in morning and/or equatorial regions of the magneto-

sphere. Some electrons were observed to be accelerated to energies 

^ ^ r̂ieV at this time although this was at geocentric distances 

of less than 9 He. These increases were observed at local times 

of about 05.30 LT, and had only a short time delay after the onset 

of the bay. 

Rostoker and FSlthammer (196?) have shown that an enhancement of 

the south pointing component of the interplanetary m,?,gnetic field is 

related to the initiation of magnetic bay activity. It 

is possible that during these changes, plasma flow into the magneto-

sphere is induced causing sufficiently high plasma densities to be 

built up within the magnetosphere that an instability is triggered. 

This type of effect could produce the apparently asymmetric accel-

eration process which is observed. 

This type of study is clearly of value in determining the mechanisms 

relating to the polar substorms. The next stage would be to extend 

this type of study spatially, particularly to larger distances, in 

an attempt to determine just how the velocity of propagation of the 

disturbance is varying with radial distance from the earth. This 

difficult because the long time delays seen at large distances 

will make correlations less obvious. The best way of doing this 

would be to use only those days of data when the number of bays is 

small, and correspondence fairly clear. 
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If sufficieat data of this type can be obtained, the type of 

correlation analysis performed by Murayama, by limiting all but two 

of the variables and finding correlations between these, should yield 

interesting results. Actual magnetograms should certainly be used 

instead of Kp, since the time changes involved are all less than 

3 hours. 

Yet another line of research would be to find more data shov/ing 

very large increases in intensity associated with magnetic bays, 

in an attempt to determine just where the most effective acceleration 

processes are occurring. 
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APPEMDIX I 

Details of the IMP II Experiment 

The Satellite. 

The IMP II or Explorer 21 spacecraft was launched from Cape Kennedy 

at 03-45 GMT on 4th October 1964. Its apogee was Initially at 15.9Re 

( 1 0 1 , 4 0 0 Km) g e o c e n t r i c d i s t a n c e i n t h e sunward d i r e c t i o n , p e r i g e e 

being 197 Km above the earth's surface. The orbital period was 

34.7 hrs. At this time, the orbit was inclined at an angle of 

3 5 . 5 ° t o the geographic equator so t h a t apogee was 5 . 6 Re below the 

solar ecliptic plane, but by the end of the transmission period, this 

distance had changed to 3 Re. The satellite was spin stabilised, with 

an initial spin rate of 14.58 r.p.m., increasing to 18 r.p.m. during 

the satellite lifetime, as a result of the solar radiation pressure 

on the solar paddles. During this period, the orientation of the 

satellite in a celestial inertial coordinate system had changed from 

right ascension 4l.4 , declination 47.4° to right ascension 76°_, 

declination 22°. 

This satellite was originally intended to go out beyond 30 Re, 

but a f a i l u r e occurr ing during t h e t h i r d s t a g e of the launch v e h i c l e 

caused the satellite to adopt the orbit outlined above, having a much 

slower spin r a t e and a different orientation of the spin axis from 

that intended. This meant that the satellite was pointing towards 

the sun for much longer than had been forseen, causing overheating 

and partial failure of the Ag-Cd battery after two months of operation. 
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After this time, power was obtained directly from the solar paddles, 

so that for certain periods when the spin axis - sun angle was such 

that solar radiation was falling very obliquely onto the solar paddles, 

there are large gaps in the data. 

As a result of the motion of the earth round the sun, the orienta-

t l o n of t h e major a x i s of t h e s a t e l l i t e o r b i t changed r e l a t i v e t o 

the earth - sun direction, in this case appearing to move by 1.5° 

per orbit towards the dawn meridian. By the time operation ceased, 

the orbit had moved round as far as the midnight meridian. 

Although this satellite was officially designated a failure, this 

k i n d of o r b i t makes I t ex tremely u s e f u l f o r s t u d y i n g t h e magnetosphere 

Itself, since it probes out to fairly large distances, but has the 

advantage over a c i r c u l a r orbit I n t h a t t h e o r b i t a l p e r i o d I s r e l a -

tively short. The range of orbital distances is also useful, parti-

cularly in the study of the magnetospheric tail which has been presen-

ted. 

The Experiment. 

The experiment from which we have received data was flown by the 

Berkeley University of California group, under the direction of 

Professor K.A. Anderson. 

The detectors consisted of two Anton 22^ Geiger-Muller tubes and 

an lonisation chamber. The latter consisted of a 3" diameter alu-

minium sphere, filled with 7 atmospheres of argon gas, and is shown 

in Figure 4. Any radiation with sufficient energy to penetrate the 
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ion chamber would ionise the argon g a s , and the negative charge thus 

formed would be collected on the positively charged platinum-coated 

rod shown in the centre of the chamber. When the voltage between 

the collector and the tungsten fibre reached a certain critical value, 

the fibre was attracted to the collector and the accumulated charge 

conducted away. The charge per pulse was typically J x 10~^° coulombs. 

Callibration of this instrument in terms of particle fluxes is not 

possible unless the energy spectrum and type of particles are Imovm, 

since the amount of ionisation produced depends on both of these. 

For energies normally encountered within the magnetosphere, this 

energy dependence would produce a difference of less than a factor of 

10 between extremes. There was a layer of aluminium honeycomb above 

the chamber, with a density of 110 rag cm~^. The shielding of the 

satellite wall was even greater, so that energy thresholds for this 

detector were as shown in table II. 

The Geiger-Muller tubes were of the same type which have been used 

extensively for radiation belt studies, admitting electrons with 

Eg>40 KeV. The arrangement of these detectors is shown in Figure 5. 

These detectors were similar to those flown on the IMP J satellite 

which have been described in detail by Anderson et al (I965), but 

a description will be incorporated here for the sake of completeness. 

One of the geiger tubes viewed a gold scattering foil. Electrons 

over a wide range of energies were scattered from this foil into the 

window of the geiger counter with a moderately high efficiency. 
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Protons on the other hand would lose their energy before traversing 

enough matter to undergo large angle scattering. Callibration using 

a beam of 4 MeV protons from a c y c l o t r o n gave an upper l i m i t t o t h e 

efficiency of detecting protons, either directly or indirectly by 

X-ray excitation, of O.Vfo. Electron scatter efficiency was 1̂ 5 - 2%, 

being constant over a wide range of energy. Energy loss In the 

gold f o i l was 5 KeV or less, so that the actual threshold for this 

counter was about k5 KeV. 

On IMP I, a second geiger counter was completely shielded, so that 

it could detect bremsstrahlung effects or directly penetrating parti-

cles. During the IMP I fllgiit, it was found that in the outer raagne-

tosphere and beyond, the electron spectrum was very soft, emd brems-

strahlung and penetrating particle effects were very small, never 

accounting for more than iP/o of the total response of the scatter 

counter even in the heart of the outer radiation zone. On IMP II, 

the equivalent of this counter was turned so that it looked out 

through a window in the satellite wall, and could detect protons 

with E >0.5 MeV as well as electrons with E >40 KeV. Errors in 

the count rates of these detectors were probably less than JÔ o. 

Energy characteristics of the three detectors are summarised in 

table III. 

Output from each geiger counter was passed through a divide by 

four circuit, before being fed into two accumulators in the IMP 

encoder. These were read out twice per telemetry sequence and reset 
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a f t e r each r e a d - o u t . The t e l e m e t r y sequence l a s t e d f o r 8 1 . 9 2 s e e s . , 

each read-out requiring 1.6 sees,, the scatter counter accumulator 

be ing r e a d - o u t 1 5 . 3 6 s e e s a f t e r t h a t f o r t h e open counter . Thi s means 

t h a t data was a c t u a l l y s t o r e d f o r 3 9 . 3 6 s e e s , and r e p r e s e n t s an a v e r -

age over many r o t a t i o n s of the satellite.. 

Each of t h e s e accumulators was capable of s t o r i n g o n l y 2 . 5 count s , 

s o t h a t I n t h e c a s e of s e e i n g more p a r t i c l e s than would produce t h i s 

v a l u e , t h e accumulator swi tched back t o zero and cont inued accumula-

ting. T h i s s w i t c h i n g to a new level cou ld happen s e v e r a l times if 

the count r a t e produced by the I n c i d e n t p a r t i c l e s was s u f f i c i e n t l y 

h i g h , s o t h a t i n t h i s way, very r a p i d count r a t e s cou ld be recorded . 

The ion chamber data was read out only every 5 mins. 28 sees - i.e. 

every f o u r t h t e l e m e t r y sequence i n p l a c e of t h e second open counter 

read-out. This was done because the ion chamber had a normal ly slow 

pulse r a t e , and in this way, data could be stored f o r more than 

of t h e t ime , so t h a t t h e p r o b a b i l i t y of m i s s i n g an i o n chamber p u l s e 

was small. 

The data was r e c e i v e d by us i n t h e form of magnetic t a p e s . I t had 

been e d i t e d t o some e x t e n t i n t h a t a f l a g g i n g system was used t o 

indicate the quality of t h e s i g n a l . In p a r t i c u l a r the f l a g s depend 

on the timing of the satellite c l o c k in relation to the universal 

tiaje system used by the t r a c k i n g stations. For instance there may 

have been a gap in the data, or the satellite may have gone under-

v o l t a g e , thus starting the satellite clock in a different place. 
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Data having good flags only has been accepted, for analysis. 

The rawdata listings contain details of the universal time of mea-

surement, the corresponding satellite clock time, the accumulated 

counts for the three detectors, and data on the orientation of the 

satellite.Various spatial parameters of the orbit at 5 min intervals 

were received on separate tapes. 

Because of the switching of the accumulator to different levels 

for high count rates, it is necessary to correct the data for this 

effect. The point at which these "flopovers" occur is easy to detect 

in the smoothly varying radiation belts, and during measurements of 

rapidly fluctuating particles, it is usually possible to determine 

which level the data has reached by comparing values for the tvjo 

detectors. We feel condident that in the data to be presented these 

corrections are accurate. In addition to this, corrections for the 

deadtime losses of the counters must be made. This is done simply 

by the equation 

- - R* Y 

where is the corrected count rate, is the apparent count rate 

and is obtained from the raw data by multiplying by 4 to compensate 

for the divide-by-four circuit in the signal processing unit and 

converting the 40 second accumulation of counts into counts per sec. 

T deadtime of the counters, and had the value l^y^s for the 

scatter counter, 102^s for the open counter. 
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Assuming the flux of electrons is isotropic, the absolute flux of 

electrons entering the detectors is given by 

where is the telescope factor of the opening, and E is the efficiency 

of the gold foil scatter mechanism. For the open counter .(E=l) this 

becomes 

JQ = 500 (R^ - R^) electrons cm~^ sec"^ 

where R^ is the cosmic ray background, and can be estimated from 

measurements done when the s a t e l l i t e was i n I n t e r p l a n e t a r y space . 

For the same isotropic flux of electrons, the open counter produces 

a count rate which is about 20 times that for the scatter counter, 

so that the geometric factor for the scatter counter gives 

= 6000 (R^ - R^) electrons cm"^ sec"^. 

Coordinate Systems. 

Choice of a coordinate system in which to describe magnetospheric 

phenomena is not particularly easy, since conditions are varying 

with time. Near the earth, internal current systems produce a 

strong non-dipole component of the earth's magnetic field. This is 

usually accounted for by working in terms of dip latitude which is 

based on the measured rather than the idealised magnetic field, 

Mcllwain has shown that at larger distances, out to about 5 Re or 

slightly more, data can be ordered extremely well in terms of a B-L 

coordinate system, where B is the field strength at any point, and 
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L is the equatorial crossing distance of an imdistorted field line 

passing through, that point• These are usually computed using a 

spherical harmonic expansion of the geomagnetic field. Beyond 5 Re, 

the data can still be organised to some extent using a B-L coordinate 

system although the time-varying distortions due to the solar wind 

become more important as distance increases. The B-L system is 

equivalent to an R-\ system, describing the particle behaviour in 

terms of radial distance and magnetic latitude. 

A possibility at large distances, might be the solar ecliptic 

system, although for distances coveied by the IMP II satellite, this 

will be relatively unimportant. 

At fairly large distances, particularly in the tail of the magneto-

sphere , Ness (1965) has shown that solar magnetospheric coordinates 

become effective in ordering the data, and in particular, the neutral 

sheet appears to lie fairly close to the solar magnetospheric 

equatorial plane. Recent measurements by the Vela satellites 

(Baine et al, I967) indicate that at 17 Re, the plane of symmetry 

of the plasma sheet li® about half way between the solar magnetospheric 

ejid geomagnetic equatorial planes, so that even at these distances, 

geomagnetic control is still important. 

Hence we have used an R-A. system which is apparently the most 

relevant one for the IMP II orbit, although there will be distortions 

near apogee. 

In certain cases, it is desirable to reduce the number of spatial 
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variables. Ibraiik (1965) has shown that the B dependence of trapped 

p a r t i c l e s within the outer radiation zone is small along an L-shell 

so t h a t r e p r e s e n t a t i o n i n terms of 1 can g i v e a f a i r l y complete 

spatial picture. In practice, however, this is only true provided 

the field lines are not very distorted, otherwise L will vary consid-

erably along a field line. We have used t h i s for want of a better 

coordinate. 

The other parameter relevant to our data is local time. For the 

magnetic o b s e r v a t o r i e s from which we have used magnetograms, t h i s 

must clearly be taken as the magnetic local time, which is the 

local time reckoned with respect to magnetic as opposed to geo-

graphic coordinates. For a station located between the two poles, 

the two l o c a l t ime systems w i l l d i f f e r by 12 h o u r s . For an aurora l 

zone station, the difference is usually about 1 or 2 hours. In 

the case of the satellite data, the two systems are practically the 

same, since its orbit is confined to fairly low latitudes. 
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FIGURE CAPTIONS 

Figure 1 Idealised time behaviour of the solar radio spectrum 

following a flare 

Figure 2 Appearance of a typical geomagnetic storm as seen at 

low latitude stations 

Figure 3 Possible equivalent current systems representing 

the polar magnetic substorms 

Figure 4 The Berkeley group's lonisation Chamber 

Figure 5 The Berkeley group's geiger counter arrangement 

Figure 6 Variation of the IMP II orbit during 3rd-8th February 

1965 

a) Local time versus geocentric distance 

b) Geomagnetic latitude versus geocentric distance 

figure 7 Time behaviour of the Berkeley group's detectors 

following the 5th February I965 solar flare 

Figure 8 Detailed time behaviour of all three detectors near 

the beginning of the February event 

Figvire 9 Time behaviour of detectors flown on Mariner IV 

(reproduced from Krimigis and Van Allen (1967)) 

Figure 10 Plot of the count rates of the Iowa group's detector 

C and the Chicago group's Mariner IV detector, nor-

malised to the peak intensity in each case 

Figure 11 Plot showing the decay of the count rates of the 

geiger counters following the February event 
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Figure 12 Plot of the time behaviour of the count rates of the 

Chicago group's IMP II detector and the Berkeley 

group's ion chamber, normalising the intensities 

to the initial pecJc 

Figure 13 Plot of the count rate of the scatter counter as a 

function of L during 3rd-8th February 1965 

Figure 14 Plot of the pulse rate of the ion chamber as a function 

of L during 3rd-8th February I965 

Figure 13 Plot showing various increases in > 40 KeV electron 

intensities within the outer radiation zone associated 

with magnetic activity. The most appropriate magneto-

grams are shown in each case 

Figure I6 Behaviour of auroral zone magnetic activity and 

KeV electron intensities on 7th February 

Figure 17 Plot of the position of the peak intensity in terms 

of L versus the universal time at which the peak 

intensity was seen for the > 40 KeV, . > O.5 MeV 

and '>• 1 MeV electrons 

Figure I8 Variation of the maximum negative changes of the 

horizontal component of the geomagnetic field at 

auroral zone stations, on. 7th February 

^ versus universal time. The hourly 

averaged values of Dst at this time are also shown 

b) ^ versus the magnetic local time at which 
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this occurred 

c) The magnetic local time of occurrence of A H 
- mzjc 

versus the universal time at which this occurred 

Figure 19 The maximum depression of the magnetic bay versus 

the peak intensity of the correlating island 

Figure 20 Variation of the delay time between the onset of the 

magnetic bay and the appearance of sudden increases 

in > 40 KeV electron intensities at the IMP II 

satellite in terms of: 

a) Geocentric distance of the satellite at the time 

the increase was seen 

b) The geomagnetic latitude of the stallite at this 

time 

c) The peak intensity of the electron island 

figure 21 Comparison of data collected on orbits which were 

separated in time by 13 days 

a) Variations in > 40 KeV electron intensity seen 

near apogee 

b) Variations in > 40 KeV electron intensity seen 

at medium latitudes 

c) Variations in ) 4o KeV electron intensity seen 

at low latitudes 

Figure 22 Diagram showing the spatial dependence of the temporal 

variation of the electron islands. The upper half 
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shows the positons along the orbits at which all the 

electron islands associated with magnetic bays 

greater than 200 y are shown, along with the temporal 

behaviour of certain representative islands. The 

lower half shows the representative islands along 

with other very similar islands which were observed 

at a similar location in space. 
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