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Abstract

\ pulsating aurora occurring during the recovery phase of a

substorm on January 27, 1979 was monitored by a large set of

instruments. The Swedish sounding rocket S23-L2 was launched

at magnetic midnight over pulsating patches, some of which ex-

hibited 3+1 Hz modulation. The ground based instrumentation

included auroral TV cameras, all sky cameras, photometers and

magnetometers. The geostationary satellite GEOS-2 was located

in the equatorial plane, approximately conjugate to the rock-

et. The central experiment of this study is the particle ex-

periment on the rocket. Several aspects of pulsating auroras

have been investigated.

The auroral luminosity variations were very well correlated to

variations in the flux of precipitating hot electrons. The 1-

20 second pulsations were caused by increased fluxes of 4-

40 keV electrons. The 3±1 Hz modulation was detected in 7-

200 keV electrons, but the biggest energy flux modulation oc-

curred for electrons of about 60 keV.

Model calculations involving the electron distributions meas-

ured by the sounding rocket and GEOS-2 and the pulsed ELF

waves measured by GEOS-2, consistently show that the electrons

n.ay have been scattered into the loss cone through the Doppler



shifted gyroresonance with whistler mode waves. The scattering

was not a pure pitch angle scattering as in the classical

Coroniti and Kennel theory, but involved also a systematic

energy loss from the particles. The waves were probably hiss

with some chorus elements. The equatorial plane plasma density

was estimated in two independent ways to be about 2*106 m"3.

Various suggestions offered in the literature for the cause of

the pulsations have been investigated. None of tnem is in

complete agreement with the data, but a relaxation oscillator

mechanism seems most likely.

The 3+1 Hz modulation was measured both by the particle

experiment on the rocket and by the wave experiment on GEOS-

2. Properties of the modulated fluxes are described and a

qualitative model for the cause of the modulation is proposed.

In a pulsating patch a trace of an electric field was meas-

ured. The electric field lagged the electron energy flux about

2 seconds in agreement with the calculated ionization buildup

time.

Keywords: Pulsating aurora, electron precipitation, substorm

recovery phase, 3+1 Hz modulation, sounding rocket, wave-

particle interactions, pitch angle scattering, whistler mo^e

waves.
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1. Introduction

Pulsating aurora is one of the most common types of aurora and

it is indeed tantalizing to watch. In its classical form the

sky is seen covered with intricately shaped patches which

silently blink on and off independently of each other. But in

spite of its frequent occurrence and fascinating appearance it

is unknown to most people living in the auroral zone and it

has not attracted much attention from artists and poets. There

are two reasons for this. Pulsating aurora is a low intensity

phenomenon that is hardly noticed unless actively looked for

and it mainly occurs after magnetic midnight. Typically, it

belongs to the recovery phase of substorms.

To the physisists the study of pulsating auroras should be of

great interest. Since they are so common it is likely that the

causing mechanism is quite fundamental. The conditions under

which the process occurs must be fairly wide, since they =»re

so easily fulfilled. But there are also basic conditions that

sometimes prevent the pulsating aurora from developing, for

example during substorm growth and breakup phases.

The cause of pulsating auroras is not understood today, but

during the last decade the research activity concerning them

has increased and a wealth of good data has been gathered by

experimentalists, mainly in Great Britain and in Canada. The

subject is now mature for a thorough theoretical treatment,

and it seems likely that a major breakthrough is to be ex-

pected within a few years.

The biggest increase in research activity concerning pulsating

auroras was probably caused by the advent of low light level

television systems. With these tools it has become possible to

study morphology more thoroughly than before. Pulsating

auroras can appear in several different forms as described by

R0yrvik and Davis (1977) and Oguti (1981 a, 1982). TV-studies

have also led to the identification of new forms of pulsating

auroras like the recurrent propagating forms by Thomas and

Stenbaek-Nielsen (1981) and the detection of extremely thin

luminosity layers in small patches by Stenbaek-Nielsen and

Hallinan (1979).



There are so many varieties of pulsating auroras that it is

unwise to demand from one single mechanism that it must ex-

plain the special features of all types.

The present study concerns a pulsating aurora in the midnight

sector, occurring well into the recovery phase of a substorm

on January 27, 1979. Most of the experimental data here come

from the particle spectrometers on the Swedish sounding rocket

S23-L2, launched from Esrange at 2152:20 UT. These spectro-

meters were developed and built at Kiruna Geophysical Insti-

tute (KGI). Data from many other sources have also been used

like wave and particle data from the GEOS-2 satellite, which

was situated in the equatorial plane on approximately the same

magnetic field line as Esrange, electric field data froir the

rocket, auroral TV-data and other types of optical data ob-

tained from ground based experiments. The rocket flight took

place during one of the special periods studied in the Auroral

Breakup Campaign, (January 27, 1979, 20-22 UT,) which was one

of the cooperative efforts of the International Magnetospheric

Study, IMS. This rceans that a great wealth of ground based

instruments were operating in Northern Scandinavia (see sum-

mary by Baumjohann 1979).



2. The Substorm-GEOS sounding rocket project

The Swedish sounding rocket project S23, Substorm-GEOS, con-

sisted of three rockets which were all successfully launched

on January 27, 1979. The purpose of the project was to make

detailed measurements in different substorm phases close to

the foot point of the ESA geostationary satellite GEOS-2

magnetic field line.

The first sounding rocket, a Black Brant VC called S23-L1 (Low

1), went over an active evening arc. The launch took place at

1712:32 UT Results from this flight have been presented Dy

Sandahl et al. (1980 a) and Marklund et al. (1982) The second

sounding rocket was a Nike-Black Brant VC, S23-H (High), which

intercepted a westward travelling surge. It was launched at

2101:59 UT. Results were presented by Marklund et al. (1983).

During the first two flights the rockets went over discrete

structures with extremely peaked energy spectra.

PARTICLE TRAJECTORY

MAGNETIC FIELD LINE

ROCKET S23

SATELLITE
GEOS-2

The S u b s t o r m - G E O S rockets and the GEOS-2 satellite performed
m e a s u r e m e n t s on approximately the same magnetic field line.
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The aurora studied by S23-H belonged to the same substorm as

the pulsating aurora investigated in this report. The third

Substorm-GEOS sounding rocket, S23-L2 (Low 2 ) , a Black Brant

VC, was launched about 50 minutes after the second one at

2152:20 UT It reached an altitude of 2/0 km Some results

from this flight have already appeared in a paper by Sandahl

et al. (1980 b).

All three paylcads carried nearly identical instrumentation.

The auroral particle spectrometers built at Kiruna Geophysical

Institute will be described in the next section Electric

fields were measured by the Royal Institute of Technology

(Marklund et al. 1981). Uppsala Ionospheric Observatory (UIO)

had provided a Langmuir probe that unfortunately did not give

any data due to a malfunction. The Danish Space Research In-

stitute was responsible for a low frequency wave experiment

An attempt to measure anomalous resistivity was made by Centre

de Recherches en Physique de 1'Environnement Terrestre et

Planétaire. The payloads S23-L1 and S23-L2 also carried

grating polychromators from the Department of Meteorology at

the University of Stockholm to measure spectral emission

features and the S23-H payload contained a 3-axial fluxgate

magnetometer from the Danish Meteorological Institute.

In addition to the three Swedish S23 rockets the British

sounding rocket P215 was launched at 2004:55 UT. It carried a

particle experiment over a pulsating aurora during the recov-

ery phase of an earlier substorm.
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3. The particle experiment on S23-L2

3.1 Description of the experiment

A complete description of the Substorm-GEOS particle experi-

ment has been given in a KGI technical report titled "The

particle experiment on the Substorm-GEOS rockets" (Sandahl

1981). Here follows a summary.

The experiment consisted of a total of 15 spectrometers. These
are listed in Table 1.

Detectors Dl to D10 were cylindrical electrostatic analyzers

with channel electron multipliers, CEM. In some of the detec-

tors were used Galileo Optics CEM-4028 and in some CEM 4021.

Details about the geometrical dimensions are included in the

Appendix. Detectors Dll to D14 were solid state detectors. All

of them were surface barrier silicon detectors, ORTEC BA-23-

25-300, covered with a yery thin layer of gold. Two of the

solid state detectors were intended to measure only electrons,

and were equipped with mylar windows thick enough to stop

protons with an energy of less than 400 keV. Detector D15 was

an ion mass spectrometer.

The rocket exhibited a coning modulation during its flight, so

that the angle between the rocket spin axis and the magnetic

field varied between 11 and 24°. Thus, a detector looking

along the spin axis covered the pitch angles 11 to 24°, a

detector with 20° between the viewing direction and the spin

axis covered pitch angles 0 to 44°, a 45° detector 21 to 69°,

a 90° detector 66 to 114° and a 160° detector pitch angles 136

to 180°.

During the flight of S23-L2 the electron fluxes were rather

low. Therefore, only the detectors with the longer cycle time,

detectors 3-7, gathered significant data. The positive ion

detectors obtained hardly any counts at all, and the same

wastrue of the mass spectrometer.

One measurement cycle for detectors 3-7 covered 8 logarithmi-

cally spaced energy levels. During the first half of the cycle

these detectors were stepped up from the lowest to the highest
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Solid

Desig.

Dll

D12

D13

D14

state detectors

Species

All

Electrons

All

Electrons

Energy levels

(keV)

>48,60,90,140,200

>48,60,90,140,200

>48,60,90,140,200

>48,60,90,140,200

Sampling

interval

(seconus)

0.01

0.01

0.01

0.01

Viewing

angle

(deg)

90

90

45

45

Geometric

factor

(cm2 sr)

1 97

1.97

1.97

1.97

Mass spectrometer

Desig.

D15

Species

Pos.ions

Mass

(amu)

1-16

Energy

(keV)

1-16

Cycle time

(seconds)

3.22

Viewing angle

(degrees)

0

energy level with 0.32 seconds at each level and during the

second half this procedure was reversed. Since the rocket spin

period was 0.30 seconds the detectors dwelled at each energy

level during one revolution. The sampling interval was 0.0025

seconds.

The solid state detectors gave good statistics and interesting

data. Unfortunately the 014 spectrometer- only worked properly

until 200 seconds flight time.

The experiment was defined by Rickard Lundin. The construction

details were developed by Kjell Lundin and Carl-Göran Niemi A U

spectrometers except the mass spectrometer were calibrated in

the calibration facility at Kiruna Geophysical Institute. The

calibrated and final conversion factors for detectors 01-D7 are

shown in Figure 1. The mass spectrometer was tested in the cali-

bration chamber at the University of Bern, Switzerland.
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3.2 Measurement accuracy

The accuracy of a measured particle flux is determined by a

number of factors.

1. The accuracy of the original calibration.

2. Changes in the detectors due to aging and contamination.

3. The statistical sampling error.

The calibration accuracy in the KGI calibration facility has

been discussed by Christophersen (1971). There are basically

two types of errors. The first type, measurement errors due to

imperfections in the calibration system, were estimated to

have a maximum magnitude of ±20 %. The second type of error is

due to the idealized assumptions made about the spectrometers

in the calibration method. In reality there may exist for

example edge effect at the entrance and variations with angle

of incidence in the amount of electrons absorbed by the aper-

ture plasma trap. The size of these errors is very difficult

to estimate, but Christophersen suggests a figure of ±20 % for

electron spectrometers with cylindrical electrostatic ana-

lyzers.

Changes in the detector quality may occur after calibration

due to aging and contamination. Aging is a decrease in the

detector sensitivity that takes place when the detector has

received a very great number of electrons and is not a problem

for rocket instruments. Contamination, when various molecules

attach themselves to the CEM surface, is almost impossible to

avoid completely. These errors are very unpredictable and

affect seemingly identical instruments quite differently.

The relative statistical sampling error, finally, is N-1'2

where N is the number of counts.

The calibration results for the S23-L2 experiment are shown in

Figure 1. The dots denote calibrated points, the lines are

fitted theoretical curves and the crosses denote the calibra-

tion values actually used. In general the calibration points

fit the theoretical curves quite well except for energies

close to or below 1 keV where it is difficult to obtain a

stable homogeneous electron beam in the calibration facility.
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S23-L2

to
0.1 10 0.1 1

ENERGY (keV)
10

Figure 1 Calibrated and final conversion factors for detec-
tors D1-D7. Points denote calibrated values and
crosses the values actually used in the computa-
tions. The lines are C(E) = Gke(E)E (see Appendix).

After the flights data from the various detectors were com-

pared in order to find deficiencies. All data points obtained

during 300 seconds were sorted in energy and pitch angle bins

and plotted. It was found that for normally working detectors

the difference between the fluxes measured by different detec-

tors at a given energy and pitch angle usually stayed well

below a factor of 1.5 for energies above 1 keV. At lower ener-

gies the differences were sometimes larger.
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An investigation of CEM efficiencies for Galileo Optics CEM-

4028 and CEM-4021 is given in the Appendix.

The maximum count rates for the solid state detectors were

about 10s counts/second and this is well within the capacity

of the instruments. The upper frequency limit was determined

by the electronics and not by the detectors.
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4. The auroral development on January 27, 1979

In the present section a description of the optical aurora

in connection with the sounding rocket flight will be given.

Such a description is of importance when comparing the results

reported here with those of other researchers.

4.1 Optic-1 instrumentation

The optical aurora was monitored by several ground based in-

struments. Data from the following sources have been used.

1. Auroral TV-data from the recordings made by UIO at

Esrange. One camera had a field of view of 87°x77° and the

other one was an all sky camera. No filter was used.

2. Auroral TV-data from recordings made at RappsSive by

Appleton Laboratory (Now part of Rutherford and Appleton

Laboratory). Opening angle 26°x34°, without filter.

3. All sky camera at KGI operated with 16 mm colour film. One

frame every 10 seconds and exposure time of 2 seconds.

4. All sky camera at Esrange operated with 35 mm colour

film. One frame every 60 seconds.

5. All sky camera at Lycksele with 16 mm black and white

film. One frame every 60 seconds.

6. Reports of data from the Finnish all sky cameras at

Kilpisjärvi and Kevo.

7. Meridian scanning photometer operated by UIO at Esrange at

557.7 nm and 630.0 nm.

8. Meridian scanning photometer operated at Kiruna Geophysi-

cal Institute.

9. Zenith photometer at Kilpisjärvi with an opening angle of

7°.

10. Esrange photometer with an opening angle of 10° at

427.8 nm.
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Figure 2 Geomagnetic activity indices for the period January
22-30, 1979. From top to bottom are shown Dst,
Kp and K for Kiruna.

4.2 The general auroral development

The sounding rocket launch studied in this report took place

during the recovery phase of a substorm towards the end of a

rather disturbed period. The geomagnetic activity indices

Dst. Kp and K (Kiruna) for January 22-30 are shown in

Figure 2. Four days earlier Dst had reached a minimum of

-79 nT and after a few smaller minima the ring current was

steadily decreasing. During the launch the Dst value was

-37 nT. Also the local magnetic activity had been high for

several nights as is evident from the Kiruna K-index. Ks6 cor-

responds to a magnetic field deflection of at least 360 nT and

K=7 to at least 600 nT.
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Figure 3 The auroral electrojet index AE for January 27,
1979. The Figure also contains the indices AU, AL
and AQ. A full description of the indices has been
given by Kamei and Maeda (1982).

The auroral activity on the night of January 27-28 was high.

Strong aurora was recorded by the Kiruna all sky camera almost

continuously from 16 UT until 02 UT. About one hour before the

launch of S23-L2 an auroral breakup occurred (Marklund et al.,

1983). This substorm is very clearly seen in the auroral elec-

trojet index AE, which is shown in Figure 3. The onset took

place to the east of Scandinavia between 2058 and 2059 UT

(Baumjohann, 1979). A westward travelling surge reached Kiruna

slightly before 2059:05 UT as recorded by the scanning photo-
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27-21 JANUARY I i »

• 2

Figure 4 Kiruna magnetogram 27-28 January 1979. Rocket
launches are marked with arrows.

meter at KGI (Steen & Gustafsson, 1981.) During the breakup
the brightness reached IBC IV level (Oopgenorth, personal com-
munication) and the Kiruna magnetometer X-component dropped to
-400 nT at 2101 UT. The Kiruna magnetogram is shown in Figure
4.The main auroral activity then moved northward and de-
creased.
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Bright aurora could again be seen to the north at 2110 UT.

Between 2113 and 2119 UT a large bright structure moved south-

ward and after that the aurora faded slowly. Pulsations began

at 2120 UT. The patches appeared to be drifting towards the

southwest as seen from the Kiruna all sky film. Pulsations

were also seen over Lycksele about 350 km south of Kiruna.

At 2123 UT a marked luminosity gradient appeared to the east.

East of this gradient the pulsating patches were almost sub-

visual. The gradient drifted westward or southwestward across

the sky with a velocity of about 1.2 km/s and by 2134 UT

aurora was only visible far to the west. The gradient is seen

in the Kiruna scanning photometer data, shown in Figure 5, as

a drop starting at 2128 UT (Steen, personal communication). It

is impossible to determine from the all sky film whether the

gradient drifted across a pattern of patches or with the

patches.

A few minutes later the pulsating aurora brightened again

starting to the east-northeast. This aurora had a larger

intensity of the 630.0 nm emission than seen before. An over-

head luminosity increase in 630.0 nm was, however, not record-

ed by the scanning photometer until 2143 UT. Between 2144 and

2148 UT a rayed arc was seen close to the northern horizon.

This arc was also visible from Kilpisjarvi and Kevo (Kaila,

personal communication) and was located north of Kilpisjarvi.

It probably marked the northern boundary cf the pulsating

aurora.

After 2145 UT the luminosity gradually decreased again. The

sounding rocket was launched at 2152:20 UT and the complete

particle experiment measured between 2153:40 and 2159:45 UT.

The luminosity decrease continued and by 2206 UT the pulsa-

tions were no longer visible to the naked eye. It was impos-

sible to distinguish any drifts during the last 10 minutes of

the display due to the faintness and irregular appearance of

the aurora.

While the drift of the large scale average luminosity pattern

caii easily be determined from all sky films, the same is not

trut of the drift of individual pulsating patches. It can be
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MERIDIAN SCANNING PHOTOMETER 790127
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Figure 5 Data from a meridian scanning photometer located at
KGI (Courtesy Ake Steen). The arrows point to the
curve related to the lowest base line. For the 486.1
nm line the scale is linear and the unit is counts.
Each curve represents a range of elevations. The top
curves, sector 9, were obtained in the zenith and
the bottom ones at an elevation of about 20 degrees
to the north. In each elevation range the sampling
interval was 30 seconds.
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done only if the pattern remains fairly stable. Before 2150 UT

the Kiruna all sky film gives the impression that the patches

were drifting towards west-southwest. The same has been con-

cluded from the Finnish all sky films from Kevo and

Kilpisjärvi (Oopgenorth, personal communication). After

2150 UT there are TV-recordings of the aurc-a, and in these

recordings no drift of patches has been detected.

A westward drift of patches is typical of the evening sector.

In the morning sector the drift is generally eastward and at

magnetic midnight there is a narrow region with very little

apparent drift (Oguti, 1981 b, Rflyrvik and Davis, 1977). These

observations lead to the conclusion that the rocket was fired

into this midnight region.

Weak patches again began to appear at 2215 UT. By 2310 UT a

new diffuse arc became visible to the north. It gradually in-

tensified and auroral activity then remained high.

4.3 The pulsating aurora during the flight of S23-L2

The more detailed appearance of the aurora during the flight

of S23-L2 has been studied using the TV-data.

The TV-recordings give a bewildering first impression. The

main reason for this is the variability in the shape of the

pulsating patches. Especially before 2155 UT it is difficult

to identify the borders between different patches. The patches

usually changed their shapes considerably betweeen successive

pulsation maxima. Several patches exhibited expansion, that is

lateral growth of the luminous area during one pulsation maxi-

mum (Yamamutu and Oguti, 1982). Rflyrvik and Davis (1977) cal-

led this a streaming pulsation. There was also splitting and

merging of patches.

A majority of the pulsating patches had sizes in the range 50

to 80 km in both the north-south and the east-west direc-

tions. Smaller patches also existed. Sometimes two or more

nearby patches appeared simultaneously so that very large

patches seemed to exist for a while.
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The pulsation periods were highly variable. The luminosity of

a pulsating patch usually changes very rapidly between a low

and a high level so that one may talk about pulsation-off-

stages and pulsation-or stages. Typically, pulsation-on-stages

during this event lasted for between 1 and 8 seconds. At the

beginning of the flight there were shortlived pulsations with

lifetimes of less that 1 second. Three minutes later there was

a patch with one pulsation-on-stage which lasted for as long

as 39 seconds. On the whole fie pulsation-off-stages tended to

last longer than the pulsation-on-stages. During the sounding

rocket flight pjlsation-on was recorded for only 14 % of the

measuring time.

The luminosity of the aurora has been determined from the

scanning photometer operated by UIO at Esrange. This photo-

meter scanned the sky from south to north in 40 seconds and

then back with turning points at an elevation of 30°. The

photometer data was compared to the auroral TV-data. At

2153:50 UT the photometer scanned across a patch and 5 kR in

the 557.7 nm line was recorded. The background luminosity was

about 2 kR at the beginning of the flight and about 1 kR

towards the end.

4.4 Relation to proposed definitions and classifications

There is no generally agreed definition of pulsating aurora.

In the International Auroral Atlas it is described as a sub-

class of pulsing aurora. Pulsing is the common term used for

auroras exhibiting brightness variations, often rythmical,

with periods from a fraction of a second to minutes. In pulsa-

ting aurora the phase of the variation of brightness is uni-

form throughout the auroral form.

Rflyrvik and Davis (1977) proposed a more specific definition.

They defined pulsating aurora as one whose maximum intensity

never exceeds 10 kR in the 427.8 nm band and which undergoes

at least one cycle containing first a rapid increase in the

intensity and then a rapid decrease. This is the most impor-

tant part of the definition. An additional restriction is that

the drift motion of nearby pulsating forms must be similar.
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Pulsations can occur in patches, arcs or arc segments. R0yrvik

and Davis refrained from producing a more detailed classifica-

tion scheme because of the extremely broad behavioral range of

pulsating auroras, but they defined some special types. These

types were stable pulsation, streaming pulsation and split

streaming pulsation.

A complete classification of pulsating auroras was proposed by

Oguti (1981a, 1982). He suggested that pulsating auroras can

be classified into six categories: 1: Pure pulsations includ-

ing expansion, 2: Poleward propagation, 3: Streaming along

structures, 4: Flooding beyond patch boundaries, 5:Equatorward

propagation and 6: Flash. There is also an earlier version

(Oguti, 1978). For the present study the definition suggested

by Rflyrvik and Davis turns out to be the most practical one.

The scheme proposed by Oguti is difficult to apply because of

some uncertainty of the exact definitions. The definition in

the auroral atlas is in practice more restrictive than the

other ones, since it excludes for example expansion pulsations

and streaming pulsations.

4.5 Temporal and spatial variations

Using the low light level TV-recordings it was possible to

separate between temporal and spatial variations with a very

high degree of accuracy.

It was, however, considered unneccessary to ure the full tem-

poral resolution of the TV recording, that is 25 frames per

second. Photographs of the TV-screen with 2 seconds integra-

tion time have been produced for the whole flight by Bengt

Holback at Uppsala Ionospheric Observatory, and these photo-

graphs have proven quite sufficient. In fact, the integration

in time 1s an advantage since it removes the high frequency

variations to be discussed in the next section and makes the

stars more easily visible.

A program for projecting the sounding rocket trajectories onto

auroral Images has been constructed by Gunnar Holmgren, also

at UIO, and this program was used to find the location of the
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Figure 6 Photograph made from a video recording of the aurora
at 198-200 seconds flight time, 2155:38 UT. The dots
mark the rocket trajectory projected along the mag-
netic field lines down to 95 km altitude and the
numbers give the flight time in seconds. The Big
Dipper is seen to the right and Cassiopeia to the
left. (Photograph by Bengt Holback, UIO).

rocket in relation to the aurora. The program projects the

rocket trajectory along the magnetic field lines down to a

given altitude and produces a plot of it. In the present study

95 km has been used since this is approximately the altitude

where the maximum luminosity can be expected in pulsation

maxima according to the measured electron energy spectra. The

results in the present study are, however, not very sensitive
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to the exact altitude. The major stars in the field of view

are plotted for the appropriate time and viewing direction of

the camera. These stars are then used to place the trajectory

plot in the correct position on the auroral image. The program

also makes corrections for lens aberrations.

One photograph of the TV-screen with the projected rocket

trajectory added is shown in Figure 6. This photograph covers

the time 198-200 seconds. It can easily be seen that at 200

seconds the sounding rocket is on the field line of a pulsa-

tion maximum.

From the photographs the plot shown in the upper panel of

Figure 7 was constructed. The plot gives a qualitative picture

of the pulsation state along the rocket trajectory. Three

levels have been used, rocket in, at the edge of, or outside a

pulsation maximum. The good correlation with the electron

fluxes measured at the rocket is obvious. The particles have

been represented by the integrated downward energy flux in the

middle panel and, in order to cover also the time before the

switch on of the CEM-detectors, by the >48 keV electrons

measured 45 degrees from the spin axis.

In sounding rocket measurements in pulsating auroras there are

essentially two kinds of minima, regular pulsation minima and

traversals between different pulsating spots. In order to

classify the various minima in the particle data the plot

shown in Figure 8 was constructed from the photographs. Each

horizontal line describes the temporal development for a given

point along the projected trajectory. When several adjacent

points show very similar temporal developments they can be

assumed to belong to the same pulsating spot. The diagonal

line represents the location of the rocket.

The sounding rocket thus appears to have crossed four differ-

ent spots at approximate "Might times 50-60 seconds, 68-94

seconds, 154-212 seconds and 354-358 seconds. During the pas-

sage of the second spot three pulsation maxima took place and

during the passage of the third spot there were five pulsation

maxima. The last spot only lighted up once.
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Figure 7 A comparison of auroral light and electron flux as a
function of time shows a very good correlation. The
upper panel was constructed from photographs like
the one shown in Figure 6 and shows whether the
rocket was located on a field line connected to a
light (middle) or dark (min) region. The middle
panel shows the integrated energy flux for electrons
above 0.23 keV as obtained from the rocket data and
the lowest panel shows the electron flux above
48 keV measured 45 degrees from the spin axis. This
panel only contains data until about 150 seconds
flight time due to a detector malfunction that oc-
curred then.

The flight of the sounding rocket over the second spot is

Illustrated in Figure 9. Here 9 different photograps of the

TV-screen are shown. The location of the rocket conjugate

point is marked with a dot in each frame. The frames are

chosen from the five maxima and the minima in between.
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Figure 8 The temporal development of luminosity is shown for
the points along the rocket trajectory that appeared
in Figure 6. Each panel was constructed from the
TVphotographs in the same way as the top panel of
Figure 7. The diagonal line shows the location of
the rocket.

When comparing the sounding rocket particle data and the TV-

data, as presented in Figure 7, there appear to be a few dis-

crepancies. There is a peak in the curve representing the

electron energy flux at about 115 seconds, and the energy flux

curve also remains high between 212 and 240 seconds. Closer

examination of the photographs indeed reveals faint luminosity

conjugate to the rocket, but this luminosity can not with cer-

tainty be identified as a pulsation maximum.

The discrepancies can not be explained by field line mapping

errors. In the photographs there is a distinct patch about 20

km to the east of the rocket that lights up at 102-104 seconds

and at 110-114 seconds, but this is certainly out of reach.
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One source of error is the automatic gain control (AGC) of the

TV-system. The AGC adjusts the gain so that the luminosity

integrated over the screen remains constant. Thus, a uniform

flux increase over a large area would hardly show up. It is

likely that a system without AGC would give a better agree-

ment.

Figure 9 (Next page) Photographs showing maxima and minima of
the patch crossed by the rocket between 2154:54 and
2155:52 UT. The dots indicate the rocket position.
(Photographs by Bengt Holback, UIO).
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5. Particle observations on S23-L<

5.1 Energy flux and energy spectra

The electron energy flux during the flight is shown in Figure

7. This energy flux was obtained by integrating the results

from several detectors. Between 0.23 and 10 keV the fluxes

from almost all pitch angles 0-180 degrees were measured.

Above 10 keV only downcoming electrons were included in the

integral. In the energy range 10-34 keV the downcoming elec-

tron energy flux was estimated from the 03 detector that meas-

ured pitch angles 0-43 degrees. Above 48 keV the data from

detector 012 in the pitch angle range 70-90 degrees were used.

The time resolution of Figure 7 is 2.56 seconds, since this is

the time needed to obtain one spectrum below 34 keV. A better

time resolution would have been desirable.

From the discussion in Section 4.3 it is clear that the energy

flux variations were well correlated to the luminosity varia-

tions in the aurora. This is also true of the decreasing trend

of the background level.

What particle energies were responsible for the energy flux

variations? Time series taken at a few selected energies are

shown in Figure 10. The most dramatic variations are seen at

the highest energies displayed, 20 and >48 keV. Traces of the

pulsations exist at 6.7 keV, while hardly any variations are

seen at 1.59 keV.

Four comparisions of energy flux spectra taken in pulsation

maxima and minima are shown in Figure 11. The data are mainly

from the 20° detectors and thus represent pitch angles between

0° and 40°. Only the last points, marked by squares, are taken

from a 90° detector measuring fluxes from pitch angles 70° to

H O P .

The open symbols show spectra taken in flux maxima and the

filled ones spectra taken in the adjacent minima. In two cases

the spectra were taken directly after each other. The spectra

measured in flux minima show a gradual softening during the
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Figure 10 Time series at different energies show that the pul-
sation amplitude was greatest at about 20 keV. At
1.6 keV there were no pulsations at all.
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Figure 11 Comparisons of energy flux spectra in pulsation max-
ima (open symbols) and in pulsation minima (filled
symbols). The pulsations were characterized by elec-
tron flux increases between about 5 and 40 keV with
the biggest energy flux increase at about 20 keV.
There was a gradual softening of the spectra in pul-
sation minima.
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flight. The pulsations are seen as increases in the fluxes

above 5 keV. Above about 40 keV the fluxes shown in the figure

drop off yery quickly and in the greater than 200 keV channels

hardly any particles at all are seen above the detection

level, neither in maxima nor in minima.

The spectra obtained in maxima peak at about 20 keV. It is

obvious from Figure 11 that the bulk of the energy flux was

carried by electrons in different energy ranges in flux maxima

and flux minima. This is also demostrated in Figure 12, which

shows a typical result of an energy flux integration. Assuming

that the gradients in the pitch angle distribution are compar-

atively small, data from the two 20° detectors have been com-

bined with data from one of the solid state detectors. In the

maximum 75% of the energy flux in the energy range above

0.23 keV was carried by electrons below 27 keV, while elec-

trons below 11 keV were responsible for only 25% of the

energy. In the minimum the electron energies were lower. Elec-

trons below 11 keV were responsible for more than 50% of the

total energy flux.

The data have been carefully searched for differences between

the particle distribution in a patch during pulsation minima

and the particle distribution in spaces between patches. Five

spectra measured in pulsation minima between 159 and 180

seconds flight time were averaged and compared to averages of

the spectra measured between patches at flight times 126 to

138 seconds and 252 to 265 seconds. The three average spectra

are shown in Figure 13 together with error bars showing the

spread of values in each average at 0.23 and 10 keV. No sig-

nificant differences can be detected. The spectrum from the

first period contains lower fluxes of 0.23 keV than the other

spectra, but this is due to atmospheric absorption. The sof-

tening trend mentioned above is also seen in these spectra.

5.2 Pitch angle distributions

There were marked differences between flux maxima and flux

minima 1n the pitch angle distributions throughout the

flight. Figure 14 shows pitch angle sorted time series at 4
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Figure 12 Normalized integral directional energy flux for one
pulsation maximum and the adjacent minimum. Open
symbols represent the maximum and filled ones the
minimum. The normalized integral directional energy
flux for the energy Ej is computed according to the
expression

l
j(E,a).EdE/J j(E,a).EdE

where Eo=0.23 keV
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Figure 14 Pitch angle sorted time series at 4 and 20 keV. At
20 keV the isotropization in pulsation maxima and
the flux decreases at small pitch angles in pulsa-
tion minima are obvious.

and 20 keV. The full lines represent pitch angles 0-30 degrees

and the dotted lines pitch angles 60-90 degrees. At 20 keV the

fluxes were isotropic during maxima but during minima the

fluxes at 60-90 degrees exceeded the fluxes at 0-30°, ususally

by more than a factor of three. At 4 keV the fluxes at 0-30°

usually stayed slightly above the fluxes at 60-90° regardless

of whether the payload measured in a flux maximum or not.

Plots of complete pitch angle distributions are shown in

Figure 15. Two of the distributions represent minima and two

maxima. Marked differences between maxima and minima are seen

at 10,20 and 34 keV. In minima the distributions tend to peak

at 90° pitch angle while in maxima they become isotropic or

even peaked towards small pitch angles.
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At 1 keV the precipitating fluxes were always larger than the

backscattered fluxes. A similar result was obtained from the

Injun 5 satellite for electrons of 100 eV and 1 keV (Prank et

al., 1976).

The pitch angle distributions representing minima have been

averaged over longer time periods.

5.3 Summary of the S23-L2 results

The results of the S23-L2 particle measurements described

above can be summarized as follows:

1. The pulsation maxima were characterized by an increase in

the particle fluxes at energies above about 5 keV.

2. The bulk of the energy in a pulsation maximum was carried

by electrons in the energy range 5-40 keV.

3. In pulsation minima the bulk of the energy was carried by

electrons of lower energies than in pulsation maxima.

4. The pitch angTe distributions of downcoming particles in

pulsation maxima were isotropic or somewhat peaked towards

small pitch angles.

5. In pulsation minima the pitch angle distributions peaked at

90° pitch angle.

6. No differences between particle distributions in pulsation

minima and particle distributions between patches could be

detected.

5.4 Related satellite data

The Substorm-GEOS sounding rockets were launched approximately

at the footpoint of the geostationary satellite GEOS-2 field

line. It is not possible to determine exactly where the foot

point was located. Different results are obtained for differ-

ent magnetic field models and disturbance levels. An empirical

formula has been obtained by Gustafsson (personal communica-

tion) who compared particle data from the geostationary satel-

lite ATS 6 with all sky camera pictures. According to him



44

30+D.

W + XK

where Xp is the latitude in degrees for the footpoint, \%

is the latitude of Kiruna and Dst is given in nT. The accu-

racy of Xp is of the order of ±50 km. At the time of the

launch of S23-L2 the Dst value was -37 nT and this takes the

footpoint 39 km south of Kiruna. This is a very short distance

compared to the observed extent of pulsating aurora and it is

likely that the GEOS-2 satellite was measuring in a region

magnetically conjugate to pulsating aurora. That this was the

case is confirmed by data from the wave experimant on GEOS-2.

This experiment measured pulsating ELF whistler mode emis-

sions. Pulsating ELF whistler mode waves in the equatorial

plane is generally observed when pulsating aurora is taking

place at the footpoint of the corresponding field line and a

physical connection between the two phenomena has been demon-

strated by Gough and Korth (1982) who found that pulsating

ELF-waves are directly related to pitch angle scattering into

the loss cone of >22 keV electrons.

Figure 16 shows a comparision of spectra taken by detector 1

of the S310 particle experiment on GEOS-2 (Borg et al., 1979)

and by the sounding rocket S23-L2. As before the open symbols

represent a pulsation maximum, and the filled ones a minimum.

The pitch angles for the GEOS-2 spectrum range from 17-32°,

that is well outside the loss cone. The similarity between the

GZOS-2 spectrum and the S23-L2 spectrum taken in a pulsation

maximum is striking. Above 3 keV the two spectra are almost

identical. The rocket spectrum obtained in a pulsation mini-

mum, however, does not at all agree with the GEOS-2 spectrum

above 3 keV.

Since the S23-L2 and the GEOS-2 instruments have not been

intercaiibrated it is of course impossible to say whether the

absolute flux levels really agree as perfectly as Figure 15

suggests. When compared to other electron detectors on GEOS-2

detector 1 gives fluxes that are a factor of 2 to 3 lower. In

the following flux levels from other GEOS-2 detectors, detec-
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Figure 16 Comparison of electron energy spectra obtained by
GEOS-2 in the equatorial plane and by S23-L2 in the
ionosphere. The line shows the equatorial plane
spectrum, the open symbol the ionospheric spectrum
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tors 4, 6, 7 and S, have been divided by 3, but one must

accept the possibility that a correction of the fluxes from

detector 1 might have been more appropriate.

The particle energy spectra measured outside the loss cone at

GEOS-2 were very stable during the flight of S23-L2. Spectra

obtained at pitch angles between 17 and 32°, in the period

2152:48 to 2158:11 UT are shown in Figure 17. Unfortunately

very little data was obtained inside the loss cone due to the

orientation of the satellite spin axis. The loss cone at

GEOS-2 is only about 3.2° and one detector just touches it

once per spin, that is once every 5.2 seconds.

The pitch angle distributions measured in the equatorial plane

were close to isotropic with the fluxes at 90° pitch angle

about twice as large as the fluxes at 10-20° pitch angle. Two

typical examples are shown in Figure 18. These distributions

were measured by detectors 4, 7 and 8 and the original flux

levels have been divided by 3.

The two distributions show examples of two features that occur

at small pitch angles. At 2155:52 UT at the two highest energy

levels the flux in the loss cone was larger than for 4-10°.

Six seconds later this was reversed so that there appeared to

be an "empty" loss cone.
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Figure 17 Series of GEOS-2 electron spectra for pitch angles
17-32° measured during the rocket flight. The time
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mained remarkably constant.



48

106

. »O7

I

10*

10*

2155 52 - 2155 58 UT 215558-215604 UT

13.5-23.0 ktV

75-13.5 ktV

25-7.5 ktV

0.3-2.5

90 180 0

PITCH ANGLE (degrees)

90 180

Figure 18 Pitch angle distributions measured in the equatorial
plane by 6E0S-2. The le f t diagram shows an example
of a small beam in the loss cone and the right one
an "empty" loss cone.
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6. Results from the S10-1 sounding rocket

As a complement to the S23-L2 data some results from the

Swedish sounding rocket S10-1 will be presented. This rocket

was launched over a pulsating aurora on February 20, 1974 at

1907:00 UT. It was the last rocket of the Substorm 74 series

which also included the two ESRO-rockets Clll/1 and Clll/2 and

the Swedish S10-2 rocket.

The KGI experiment consisted of two sets of CEM-detectors

mounted in the 25° and 90° directions with respect to the spin

axis. The results presented here are taken from the four 25°

detectors. These detectors obtained one energy spectrum of 16

energy levels between 0.23 and 14 keV in one second. A Geiger-

Muller tube measured particles above 45 keV.

The dynamic range of detectors was 106 to 10 1 0 (cm2 s sr

keV)" 1. The fluxes measured were generally of the order of 107

(cm2s sr keV)"1 and thus rather low for this instrument.

6.1 Comparison between energy flux and TV-recording

During the flight the aurora was recorded with the same low

light level television system as was used by Uppsala Iono-

spheric Observatory during the S23 campaign. The TV-recording

was then compared to the integrated directional energy flux in

the energy range 1-14 keV that is shown in Figure 19.

There was pulsating aurora in the path of the sounding rocket

during almost the whole flight. From the switch on of the in-

strument at 81 seconds until 160 seconds the rocket passed a

few pulsating east-west elongated patches. The patches were

drifting in a southeasterly direction and were changing their

shapes.

The deep minimum between 161 and 169 seconds corresponds to a

dark region visible in the auroral pattern.

From 180 to 250 seconds the rocket traversed a field of weak

luminosity. No pulsations could be seen by the naked eye on

the TV-monitor.
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Figure 19 Temporal variations in the electron flux measured by
the S10-1 rocket. The top panel shows the integrated
energy flux from electrons 1-14 keV and the bottom
panel the number of electrons above 45 keV. Pulsa-
tions are seen in the top panel.

Finally the rocket entered an area of rather strong luminosity

with superimposed pulsations exhibiting a confused and irregu-

lar behavior.

Thus there was a general agreement between the auroral fea-

tures seen on the TV-recording and the electron energy flux

measured by the sounding rocket. A detailed correspondence of

the small scale features was not identified at the time of

performing this study (1979). It is, however, still possible

that such a correspondence exists.

6.2 Electron energy spectra

An investigation of the variations between energy spectra in

maxima and minima gives similar results as those obtained from
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Figure 20 Differential electron flux spectra for two pulsation
maxima and adjacent minima. Open symbols denote max-
ima and filled ones minima. In pulsation maxima the
flux above 4 keV increased.

S23-L2. Two examples are shown in Figure 20. As before the

open symbols denote pulsation maxima and the filled symbols

represent minima. Typical for the maxima was an increase in

the electron fluxes above about 4 keV. In a few maxima the

flux increased also for lower energies. In the electrons above

45 keV the pulsations were hardly visible. It can thus be

assumed that 45 keV was approximately the upper cutoff energy

of the flux increase. This cutoff energy is certainly lower

than for the pulsations measured by S23-L2. There most pulsa-

tions were still seen in the greater than 140 keV channel,

although the energy flux at those energis was low.

The two events differed markedly in energy flux. If we assume

istropy for the downcoming particles, the energy flux for S10-

1 1n the largest pulsation maxima exceeded 3»10-2 Jm-2s~1

while for S23-L2 only a fourth of this value was reached.
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7. Study of a high frequency modulation in pulsation maxima

7.1 The 3±1 Hz modulation

In optical measurements of pulsating auroras a modulation of

3±1 Hz is often seen superimposed on the 1-20 second period

pulsations. Rflyrvik and Davis (1977) found such a modulation

in over 50% of all pulsating forms in the midnight and morning

sectors. It was thus natural to search our data for a corre-

sponding modulation.

In Figure 21 is shown the middle 3 seconds of a pulsation

maximum occuring between 82 and 91 seconds after launch with

maximum time resolution. Four panels show raw data from the

solid state electron detector D14, looking 45° from the rocket

spin axis at discrimination levels 48, 60, 90 and 140 keV.

Note that the vertical scale for the 140 keV level is ten

times larger than for the other levels. In the lowest panel

raw data from the 90° solid state electron detector, 012 is

shown. Two panels showing the pitch angles for detectors D14

and D12 are also included.

Modulations in the particle fluxes are immediately seen in

both viewing directions. The modulation in the 45° detector is

not a spin modulation, the period being longer than the spin

period, and the peaks occuring at different pitch angles. In

the 90° detector there is a strong spin modulation, but the

count rates in the peaks are approximately equal to the count

rates recorded simultaneously by the detector looking 45° from

the spin axis. It is thus clear that there is a modulation in

the flux of downcoming particles.

It is not possible to say whether a high frequency modulation

existed in the pulsation maxima throughout the flight or not.

A malfunction occured in the D14 detector after about 150

seconds flight time. The stopping height for 40 keV electrons,

about 86 km, was passed on the upleg at 60 seconds flight

time. Thus, only 90 seconds of good data is available. During

this period the modulation is most clearly seen between 82 and

91 seconds. Other pulsation maxima are either too weak or too
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Figure 21 Raw data from two solid state electron detectors and
the corresponding pitch angles between 85 and 88
seconds flight time, 2153:45 - 2153:48 UT. A high
frequency modulation that is not a spin modulation
occurred in the data from detector D14.



54

shortlived for really definite identification of the modula-

tion, but there are traces. Outside the pulsation maxima only

a clear spin modulation is seen.

How much energy was involved in the high frequency modula-

tion? To answer this question a calculation was made of the

difference in precipated energy for pairs of modulation maxima

and minima. The calculation involved electrons above 48 keV

since these were the energies measured by the solid state

detectors and isotropy was assumed for the downcoming parti-

cles. The results are presented in Table 2. For the examples

given here the difference varied between 5• 10"1* and 1 0 ~ 3 J/m 2s

and since the total energy flux was of the order of

5»10" 3 J/m 2s this represented a modulation depth of 10-20*.

The fluxes below 48 keV were also modulated so that the total

modulation depth was likely to be about 20-40%. Although the

exact total value of the modulation depth could not be meas-

ured by our instrument it is quite clear that the modulation

in energy carried by the high energy particles was large

enough to explain a measurable optical moduiation. If we use

the luminosity conversion factor o*-1 lined by Kastings and Hays

(1977) for electrons below 10 keV the computed energy differ-

ences give about 0.1-0.2 kR in the 427.8 nm band for the meas-

ured part of '-.he modulation.

Also given in the table is the modulation depth in different

energy ranges for the same data set. The modu'Iation depth in-

creased toward higher energies. The maximum energy flux

difference occurred for electrons of about 60 kev.

7.2 TV observation of the 3±1 Hz modulation

During the flight a high frequency modulation in the auroral

light intensity was recorded in the pulsation patch where the

sounding rocket instruments found a high frequency modulation

in the particle fluxes. This recording was obtained by a low

light level television system operated by Appleton Laboratory

at RappsSive close to the rocket impact point. The camera was

pointed south with an elevation of 78°, and was thus looking
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Table 2

Maximum

time (s)

84.33

85.06

85.70

86.00

86.26

87.11

Minimum

time (s)

84.47

85.23

85.84

86.14

86.46

87.40

Energy flux

difference

J/M2.s

5-10-1*

6-10-1*

9.10-1*

7-10-1*

l-io-3

l-io-3

% of

total

E-flux

8-11

10-15

16-22

12-16

17-24

13-18

Modulation depth %

48-60

keV

35

25

39

52

50

48

60-90

keV

31

50

60

23

68

65

90-140

keV

76

79

84

79

91

89
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up the field line. Its field of view included the aurora con-

jugate to the rocket between 95 and 200 seconds flight time.

When the high frequency modulation was recorded, the sounding

rocket was still south of the TV field of view. However, the

northern half of the pulsation patch extended far enough to be

easily recognised on the TV-recording. That the rocket and the

Appleton TV system were indeed measuring in the same patch has

been confirmed by the TV-recordings made at Esrange. The

second and fourth panels of Figure 22 show the light variation

in an area of approximately 1 by 1.5 km measured by a video

integrator. Note that the time runs from right to left. The

area was located at the point crossed by the rocket at 110

seconds. The remaining panels show the data from the >60 keV

channel of the D14 detector.

The two traces agree remarkably well. Whenever a pulsation

maximum is seen in the particle fluxes there is also a pulsa-

tion maximum in the light. The correlation also exists in the

high frequency component. When comparing the data sets one

must bear in mind that the TV-system measured integrated

light. A large portion of the signal stems from the 557.7 nm

emission, which has a lifetime of about 0.7 s (e.g. Burns and

Reid, 1984). This emission is probably responsible for the

buildup of the luminosity at the beginning and the slow decay

of the luminosity observed at the end of each pulsation

maximum.

This data thus gives good evidence that the high frequency

modulation of the auroral light was directly caused by the

high frequency modulation of the particle fluxes. It is true

Figure 22 (Next page) A 3±1 Hz modulation was recorded by an
auroral TV-system (Dave Hall, Rutherford and
Appleton Laboratory) in the patch where the rocket
found the modulated electron fluxes. Here the top
panels give the electrons >60 keV and the bottom
panels the output from a video integrator. The time
runs from right to left. The spatial separation
between the twc data sets projected to the 95 km
level is about 15 km.
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that the measurements were not obtained on the same field

line, but Reirvik and Davis (1977) have found that in homogene-

ous forms the high frequency modulation is synchronous over

the whole form although sometimes varying in amplitude.

It is not surprising that the light modulation is correlated

to modulated fluxes of electrons with rather high energies.

Primary particles with a large range of energies contribute to

the light production, but due to time dispersion the phase of

the modulation is energy dependent. For energies below a few

tens of keV this effect tends to cancel out the net light

modulation. We should remember that electron energy spectra in

pulsating auroras are always rather smooth. Two nights before

the present event Lepine et al. (1980 a, 1980 b) measured a

high frequency modulation in 4-25 keV electrons during a

rocket flight over pulsating aurora. Due to time dispersion

between the different energies, no high frequency modulation

was found in the optical aurora.

The exact timing of the two data sets with respect to each

other is uncertain within about 0.5 seconds. They were ob-

tained using two independent clocks, and the two times were

matched by identifying events of the flights, like the de-

struct of the S23-H rocket, in the video recording. Thus, this

data can not be used to derive small time lags between parti-

cles and light.

7.3 Spectral analysis

A spectral analysis was performed in order to determine the

modulation frequency. Since there are large time variations in

the character of this signal, it was necessary to be able to

analyze short records. A suitable method under such circum-

stances is the Maximum Entropy Method (MEM) (Burg e. g.

1975). A computer program based on results of Andersen (1974)

and Ulrych and Bishop (1975) was kindly provided by Åke Steen.

In the analysis a record length of 200 readouts corresponding

to 2 seconds was used.
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A special problem in maximum entropy analysis is how to choose

the length of the so called prediction error filter. If too

long a filter is used spurious peaks may appear and if the

filter is too short the spectra lose their detail. So far no

agreement has been reached on how to choose the length.

Following the recommendations of several authors (Courtillot

et al., 1977, Ulrych and Bishop, 1975, and others) a filter of

about one third of the sample length, 70, was used in the

present study. That this was a reasonable choice was confirmed

by the fact that peaks appeared at the same frequencies for

the 48-60 keV data as for the 60-90 keV data.

The result from the MEM analysis is shown in Figure 23. The

power spectra for consecutive 2 second records are shown to

the left. The frequency range for the spectra is 0-10 Hz and

the spin frequency is indicated by the dashed line. The start

time for each record is written to the right of the spectrum,

and the rightmost graph shows the average number of counts per

readout in each record. The highest peaks have been chopped

off in order to make the picture clearer.

It is somewhat difficult to determine the power in each peak

in an MEM spectrum. It is given by the surface under each

peak, but one tends to underestimate the low broad peaks.

Spectra obtained when the fluxes are low usually have one

dominating peak at the spin frequency. Sometimes there is also

a small peak at twice the spin frequency. But as soon as the

fluxes increase the spin frequency peak tends to disappear.

Instead several peaks ere obtained at various frequencies,

most of them between 1.5 and 3.5 Hz. Since trends have not

been removed from the data, there is usually also a peak at

the lowest frequencies. We recall that the modulation was most

clearly seen in the time series between 8,1' and 91 seconds.

That the modulation frequency was not stable is in agreement

with a result obtained by Berkey (1980). He performed an MFM

analysis on TV-recordings of a pulsating aurora using several

consecutive 20 second data samples. The modulation frequency

was found to vary randomly. It should be remembered, however,
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S23-L2
MEM. N=200. MM = 80
ELECTRONS 48-60 keV. 20-70°
ALTITUDE 95-157 km

0 300

n (counts)

Figure 23 Maximum entropy power spectra of the electron fluxes
in the energy range 43-60 keV are shown to the left.
Each spectrum represents a record of 2 seconds. The
right graph gives the average number of counts per
readout in each record, and the figures in between
give the record start times. During pulsation minima
spectral peaks appear at the spin frequency which is
marked with a dashed line and during maxima peaks
appear at various frequencies between 1.5 and
3.5 Hz.
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Figure 24 Figure 2 from Lepine et al. (1980) shows a high fre-
quency modulation with time dispersion indicating a
source distance of 4.2-107 m.

that the TV observation was an average over a 480 km2 area at

100 km while the rocket measurements are strictly local.

7.4 Location of source region using velocity dispersion.

As mentioned in Section 7.2, Lepine et al. (1980 a, 1980 b)

detected a 2.2 Hz modulation in the 4-25 keV electrons during

a rocket flight over pulsating aurora. One of their results is

shown in Figure 24. There is a time shift between the modula-

tion in the high and low energy particles, and from this time

shift the source distance can be determined, if it is assumed

that the modulation was imposed in a limited source region

simultaneously on particles of all energies. If the spacing

between the time series for different energies is proportional

to the reciprocal velocity, as in Figure 24, the source dis-

tance can be derived directly from the slope of the line con-

necting corresponding features.
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In Figure 25 a similar study of S23-L2 data has been at-

tempted. Data from the stepped detector D3 has been plotted

with the base line for each energy level at the corresponding

reciprocal velocity. In the lower panel the data from the D14

solid state detector has been plotted together with a line for

the reciprocal velocity of 48 keV.

Lepine et al. found a source distance of 4.2*107 meters. The

distance to the equatorial plane along the particle trajectory

in a dipole field model at 1=5.6 is about 4.3-107 m. In the

S23-L2 data several prominent curve features match for a

source distance of between 2.6 and 3.5-107 meters. Six such

features are marked in the figure. The correlation is not one

to one and in some places it is in fact quite bad, but on the

whole our data seem to support Lepine's results. The presence

of the peak at 7 keV shows that also during this flight the

low energy particles were modulated. That this peak is not due

to a pitch angle modulation can be concluded from the plot of

the pitch angle for detector D3 that appears at the top of

Figure 25. If this had been the case we would have expected

the peak to occur a little earlier at the minimum pitch angle.

This peak demonstrates, that pitch angle distributions ob-

tained when a high frequency modulation is present, are diffi-

cult to interpret.

7.5 Modulation in ELF-waves in the equatorial plane

The velocity dispersion points towards a source for the high

frequency modulation in the equatorial region. A modulation of

similar frequencies was also seen in the ELF-waves measured by

Figure 25 (Previous page) Data from the S23-L2 flight plotted
according to the same principles as Figure 24. The
base line for each segment of D3 data is located at
the corresponding reciprocal velocity. The base line
for the D14 data is located at the reciprocal velo-
city for 48 keV. The figure indicates that the
3+1 Hz modulation occurred for electrons down to 7
keV and is in agreement with a source distance of
2.6 to 3.5*107 meters.
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GEOS-2 in the equatorial plane. An example of 6E0S-2 wave data

obtained during the flight is shown in Figure 26. This data

was kindly provided by Paul Gough and Peter Christiansen. The

figure shows the autocorrelation function for the magnetic X

and the electric Y components at frequencies 0-5 kHz. The gain

essentially gives the magnitude of the fields. Both the elec-

tric and magnetic components were modulated with a somewhat

variable frequency close to 3 Hz. The frequencies of the waves

were in the range 0.4-1.0 kHz.
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Figure 26 Data from the S300 experiment on GEOS-2 shows both
pulsations and a 3±1 Hz modulation in the whistler
mode waves. This figure shows the autocorrelation
functions from the magnetic x and the electric y
components. The panels marked gain give the intensi-
ty. The actual duration of a pulsation is seen in
the magnetic component. Electric field data are only
given for about half the time due to instrument
properties.
Courtesy Paul Gough and Peter Christiansen.
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7.6 Summary of the properties of the 3±1 Hz modulation

The characteristics of the high frequency modulation described

above may be summarized as follows:

1. The high frequency modulation occurred only in pulsation

maxima.

2. The frequency was highly variable, between 1.5 and 3.5 Hz.

3. The modulation occurred for energies down to below 7 keV

and up to 200 keV with the largest modulation depths for

the highest energies.

4. The energy flux modulation obtained its largest contribu-

tion from electrons at about 60 keV.

5. The energy flux modulation above 48 keV was between 0.5

and M O " 3 JnT2 s"1.

6. A dispersion study gave a source distance of about 3«107

meters.

7. When the electron flux modulation occurred there was also

a modulation of about 3 Hz in the ELF waves measured at

GEOS-2.



Table 3

Sounding rocket flights ever pulsating auroras

:

Designation

Ferdinand 14

-

AKD-VB-21

S29/2

S67/1

S77-1

S10/1

-

Launch time

1967-03-03

1968-02-09

1968-12-18

1969-10-17

1970-10-27

1972-03-02

1974-02-20

1976-03-28

[UT]

2358

0444

1138:30

2226:40

2034:22

2226:50

1907:00

1300

Launch s

And0ya

Churchil

Churchil

Esrange

Esrange

Esrange

Esrange

Poker Fl

ite

1

1

at

MLT

0130

morning

0055

evening

0057

evening

morning

Aurora"! condition

Recovery phase

Diffuse aurora
One pulsation

Magnetic activity
insignificant
Pulsating aurora

Recovery phase
Pulsating band

Recovery phase
Q-band-1ike
structure

Expansion phase
Band, sporadic
pulsations

Recovery phase
Irregular
pulsations

Barium release
induced pulsations

Reference

Bryant
Bryant

et
et

Parkinson
1970

Whalen

Bryant

et

et

Lundin anc
Andersson,

Bryant et

al.,
al.,

et al

al.,

al.,

I
1974

al.,

This report

Deehr
Romick,

and
1977

1967
1969

•»

1971

1971

1975

CTi



Table 3 Cont.

Sounding rocket flights over pulsating auroras

Designation

SL 1425

P 216

P 215

S 23-L2

ADD-VA-50

Pulsaur

ADD-VA-52

Launch time [UT]

1976-12-11 0015

1979-01-25 2107:33

1979-01-27 2004:55

1979-01-27 2152:20

1980-02-15 1143:24

1980-02-21 0053:49

1980-02-23 1009:10

Launch site

Andaya

Esrange

Esrange

Esrange

Southend
Saskatchewan

Andaya

Southend
Saskatchewan

ML T

0300

evening

evening

midnight

morning

morning

morning

Auroral condition

Recovery phase
Pulsating patches

Recovery phase
Irregular
pulsations

Irregular
pulsations

Recovery phase
Irregular
pulsations

Regular pulsations

Irregular
pulsations

Reference

Bryant et al., 1977
Smith et al., 1980

Lepine et al., 1980 a
Lepine et al., 1980 b

Sandahl et al., 1980b
This report

McEwen et al.,
1981a, b
Yau et al., 1981

Äsheim and Aarsnes,
1984

McEwen et al.,
1981a, b

o>
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8. Particle measurements in pulsating auroras - a short review

8.1 Sounding rocket data

Sounding rocket flights over pulsating auroras have been sum-

marized in Table 3. In most cases regular pulsating patches in

the recovery phase of substorms have been studied. The pulsa-

tions have been either regular or irregular, but included in

the list are also four more special or atypical cases. For the

1968-02-09 launch (Parkinson et al., 1970) the authors never

use the term pulsating aurora. One pulsation was studied and

no change in the shape of the energy spectra between 1 and 12

keV was found, contrary to what has been the case in all other

flights. S67/1 (Lundin and Andersson 1974, Lundin 1977) was

launched during the recovery phase of a substorm. Two particle

bursts of 6 and 20 seconds duration with field aligned pitch

angle distributions of 1-12 keV particles were measured. A

recent examination of all sky pictures obtained during the

launch has revealed that the rocket went across a structure

that looked like an Q-band. Judging from the magnetogram, the

S77-1 flight (Bryant et al., 1975) took place during the ex-

pansive phase of a substorm. The X-compor^-it of the earth's

magnetic field continued to drop during the whole flight and

reached its minimum several minutes later. The aurora was,

however, not of a breakup type but consisted of a broad weak

band. The sounding rocket fired at 1976-03-28 from Poker Flat

(Deehr and Romick, 1977) went over diffuse aurora during the

first part of its flight. Barium releases in the diffuse

aurora region induced auroral pulsations with a period of

about 10 s. It is not known if the causing mechanism of these

induced pulsations bears any resemblance to any of those

mechanisms that produce ordinary pulsating auroras.

Most of the listed papers published up til 1977 have been

reviewed by Johnstone (1978).

8.1.1 Energy spectra

The energy spectra measured during pulsating auroras never

show any dramatic gradients like those found in discrete
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auroras. The pulsations appear as flux increases above a lower

energy threshold that may vary somewhat from case to case. The

lowest values reported are 2-2.5 keV for ADD-VA-3O and SL1425

(McEwen et al., 1981 a, Smith et al., 1980) and in the S23-L2

case the limit was located at about 4 keV. The flux increase

also has a variable upper threshold. Again the lowest value

has been reported for ADD-VA-50, between 28 and 36 keV (Yau et

al., 1981). Whalen et al. (1971) found no pulsations above 80

keV. In S23-L2 data pulsations can be detected at 140 keV, but

the fluxes are very low. The largest amplitude of the flux

changes are found at an intermediate energy level, usually at

a few tens of keV. The energy of the particles responsible for

the bulk of the energy flux variations differs considerable

from case to case. Often the spectra can be very well de-

scribed by Maxwellian distributions (Bryant et al., 1975,

Smith et al., 1980, McEwen et al., 1981 a and Yau et al.,

1981). The characteristic energy in pulsation minima varies

from 1.5 to 5 keV and in pulsation maxima it is 20 to 100 per

cent larger. The energy distributions are not always Maxwel-

lian, however, as found in the S23-L2 and S10-1 data. The

Maxwellian fit always breaks down for energies above 20-

25 keV, where it underestimates the fluxes.

It is not known to what extent the shape of the spectrum is of

special significance in the process causing the precipita-

tion. It may just be a reflection of whatever particle distri-

bution happens to be present in the equatorial plane, although

certainly there are conditions that the equatorial particle

distribution has to fulfill in order for pulsating aurora to

exist.

8.1.2 Pitch angle distributions

There is some disagreement between various pitch angle distri-

butions presented in the literature. In pulsation maxima most

distributions reported have been isotropic (Wnalen et al.,

1971, Smith et al., 1980, Lepine et al., 1980 a) but there are

also cases where the fiuxes have been somewhat larger for

small pitch angles (Yau et al., 1981, S23-L2). During the
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expansion phase pulsations described by Bryant et al. (1975)

on the other hand the fluxes peaked somewhat for pitch angles

close to 90° .

In pulsation minima fluxes are either isotropic (Smith et al.,

1980, Yau et al., 1981) or show a minimum for small pitch

angles (Whalen et al., 1971, Bryant et al., 1975, Lepine et

al., 1980 a, S23-L2). Isotropy is found especially for the

lowest pulsating energies.

8.1.3 Relation to auroral light emissions

Whenever it has been possible to compare the auroral light

emissions with the electron energy flux, a positive correla-

tion has been found.

Particularly convincing results have been obtained during more

recent sounding rocket flights like those during the Canadian

pulsating aurora campaign (McEwen et al., 1981 a, 1981 b, Yau

et al., 1981) and the Norwegian Pulsaur campaign (Sflraas,

personal communication).

Usually comparisons have been made with the 427.8 nm and 557.7

nm emissions. These emissions have also been used to success-

fully estimate the characteristic energies of the incoming

electron distributions. (McEwen et al., 1981 b, McEwen and

Bryant., 1978).

So far there are, however, no reports of absolute measurements

of conversion factors between electron energy and light inten-

sity. No information has been presented about whether the

onset of the light emissions is exactly simultaneous with the

increase in particle flux or not. It is certainly not obvious

that simultaneity should be observed.

8.1.4 Modulation in the equatorial plane

One result of the very first sounding rocket flights over a

pulsating aurora (Bryant et al., 1967, 1969) was that the

modulation of the particle fluxes had been imposed in the

vicinity of the equatorial plane. This was deduced from the

different arrival times of the pulsations in different elec-
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tron energies. The same kind of investigation has been per-

formed many times since then and for pulsating auroras the

result has always been the same (Bryant et al., 1971, Smith et

al., 1980, Yau et al., 1981, McEwen et al., 1981 a). In the

S29/2 flight (Bryant et al., 1971) there were a few pulses

towards the end that did not exhibit dispersion, but there may

have been spatial structures. In flight S77-1 (Bryant et al.,

1975) there was a remarkable variation between the source

distances found for different pulsations, but this flight

occurred during the expansion phase and there were probably

rapid variations in the magnetic field configuration.

8.1.5 High frequency modulation

A high frequency modulation in the particle fluxes in approxi-

mately the 3+1 Hz range has been detected by two sounding

rockets, P216 (Lepine et al., 1980 a, 1980 b) and S23-L2. In

P216 the modulation occurred for lower electron energies,

4-25 keV, than for S23-L2. A dispersion study pointed to an

origin in the equatorial plane.

In a midmorning launch from Fort Churchill Lampton (1967)

found modulated fluxes of electrons with energies above

60 keV. The modulation frequency was about 5 Hz. It was con-

cluded that these electrons were responsible for the produc-

tion of x-ray microbursts. This data is of interest because

there are similarities between the 3±1 Hz modulation and x-ray

microbursts in the 0.1-1 second period range (Hofmann and

Greene, 1972). X-ray microbursts are only observed after local

dawn. At dawn solar UV radiation causes a big increase in the

ionospheric ionization and subsequently an increase in the

cold plasma density along the magnetic field line. It is quite

likely that the mechanisms causing the x-ray microbursts and

the 3 Hz modulation are similar, and that the process is en-

hanced when the plasma density is increased.

Lampton did not find any high frequency variations at 7 and 13

keV. He studied time dispersion and concluded that the modula-

tion source region was located close to the conjugate point
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during the first part of the flight and close to the rocket

towards the end.

8.1.6 Positive ions

The importance of positive ions in pulsating auroras is large-

ly unknown. Pulsations are not seen in Hp, but this may well

depend on the spatial smearing effect that occurs when the

primary protons go through many charge exchange reactions

(Johnstone, 1978). Pulsations in positive ions have been

detected only in one sounding rocket flight, SL 1425 (Bryant

et al., 1977, Smith et al.,1980). This rocket reached an alti-

tude of 690 km. The data were difficult to interprete since as

well as protons both He+ and 0 + ions seemed to be present, and

pulsations of the different species were intermingled. The

data nevertheless suggested that pulsations in the proton

fluxes were imposed in the equatorial plane concurrently with

the electron pulsations.

Rocket AKD-VB-21 (Whalen et al., 1971) went to 354 km alti-

tude. Positive ion fluxes above 25 keV were measured, but no

pulsations were found.

8.2 Information from ground based and ballon measurements

Additional information about the precipitating particles can

be obtained from various measurements made on the ground and

from ballons. These measurements give less exact information

about the energy spectra than the rockets, but on the other

hand they can be performed over long time periods and large

areas.

8.2.1 Energy spectra

Different sounding rockets give different results concerning

the energy of the particles responsible for the pulsations.

The natural question 1s then if there is a pattern in this

variation. Probably ground based measurements are the best

ones to give the answer.
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The following methods have been used to derive information

about the energy spectra of primary particles:

1. Measurements of the intensity ratio between the 557.7 nm

and 427.8 nm emissions.

2. Calculation of emission altitude from measurements of

Doppler temperatures.

3. Triangulation of patch altitude from TV-data and photo-

graphs.

4. Measurements of auroral x-rays.

5. Electron density measurements using incoherent scatter

radar.

6. Ionosonde measurements of virtual height.

The intensity ratio of the 557.7 nm and 427.8 nm emissions has

been used in many studies to derive the characteristic energy

of the primary electron spectrum under the assumption that

this spectrum is isotropic and Maxwellian (McEwen and Bryant,

1978, Davidson and Sears, 1980, McEwen et al., 1981 b, Sears

and Vondrak, 1981). The results obtained have invariably shown

an increase in the characteristic energy during pulsation

maxima in agreement with rocket data, and when a direct com-

parison has been possible (McEwen et al., 1981 b) the agree-

ment has been very good. Characteristic energies found in pul-

sation maxima range from 1.8 to 12 keV. The mean energy is

equal to twice the chacteristic energy. There are, however,

large problems with this method and it has not been used for

any long term statistical studies of pulsating auroras. First-

ly, the 01 557.7 nm emission is not well understood (e.g.

Solheim and Llewellyn,1979, Yau and Shepherd, 1979). Secondly

the primary electron spectra may not be Maxwellian.

The derivation of primary energy spectra from Doppler tempera-

ture measurements involves many assumptions. In the published

studies (Hilliard and Shepherd, 1966, Zwick and Shepherd,

1973) a wide angle Michelsen interferometer, WAMI, was used to

measure the Doppler width of the 557.7 nm emission. Provided
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that the plasma temperature profile is constant and has a

clear altitude dependence, the measured Doppler width can be

related to the altitude of the emission and thus to the energy

of the primary particles. From the WAMI measurements it has

been estimated that pulsations are caused by particles of 10-

100 keV. Again, the use of the 557.7 nm emission gives rise to

some doubts about the results.

In his famous measurements of auroral altitudes Störmer ob-

tained a large amount of results concerning pulsating auroras

(Störmer, 1955). His data were also analyzed by Egeland and

Omholt (1966). Pulsating auroras were found to have an occur-

rence maximum at just above 100 km. More recently height

measurements have been performed using a pair of low light

level television cameras (Brown et al., 1976, Stenbaek-Nielsen

and Hallinan, 1979). They found that the lower border of the

pulsating patches was located between 83 and 135 km, with the

mean value at 98.5 km. For many patches it is thus necessary

to have large fluxes of electrons with energies in the 10-

100 keV range (Rees, 1963). The patch altitude was found to

increase toward dawn suggesting a softening of the primary

electron spectrum.

A limitation in the TV-investigation is that only relatively

small patches have been studied, the largest horizontal dimen-

sion being about 10 km.

The most well known result of this investigation is that the

luminosity appeared to be localized to a layer of no more than

1.4 km vertical thickness (see also Stenbaek-Nielsen, 1980).

The reason for this result is not yet understood, and the

present study has offered no clues.

Auroral x-rays measured from balloons can give information

about the primary electron spectra above 20 keV. A review has

been given by Trefall (1973). T\ ire are vast amounts of x-ray

data, and it may well be worthwhile to reexamine it. Balloon

studies of pulsating auroras have been published by Milton and

Oliven (1967), Christensen and Karas (1970), Scourfield et al.

(1970), Rosenberg et al. (1971), and Hofmann and Greene

(1972). Since an x-ray detector at balloon altitudes detects
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radiation coming from a large area, good correlation between

optical pulsations and auroral x-rays has mainly been obtained

for rather large patches (Scourfield et al., 1970).

The importance of particles above 20 keV is confirmed by the

balloon measurements. Rosenberg et al. (1971) found that at

times as much as half of the energy needed to account for the

optical pulsations may be carried by >25 keV electrons. The

average energy of the <40 keV electrons is, however, highly

variable with the harder events close to magnetic midnight

(Christensen and Karas, 1970). This seems to be in disagree-

ment with riometer results which tend to show spectral harden-

ing through the night (Berkey, 1968). Christensen and Karas

suggested that there are two separate particle populations,

one pulsating at energies below a few tens of keV and one non-

pulsating at higher energies.

The Chatanika incoherent scatter radar has been used to deter-

mine the ionization profile during an intense pulsating aurora

(Sears and Vondrak, 1981). The altitude of maximum ionization

gives an indication of the energy of the primary particles,

but great care must be taken in the interpretation since the

time constants for the buildup of ionization are similar to

typical pulsation periods.

Mac Dougall et al. (1981 a, b) have shown that an ionosonde

may be a very useful tool for the monitoring of pulsating

auroras. During the Canadian pulsating aurora campaign they

used an ionosonde that first obtained a standard ionogram

during one minute and then recorded the virtual height at a

fixed frequency for four minutes. The instrument turned out to

be very efficient in detecting pulsating auroras and could in

combination with modelling give information about primary

particle energies, fluxes, total electron content and con-

ductivity. The technique still needs to be developed and test-

ed against other measurements but seems promising.

8.2.2 Modulation in the equatorial plane

The energy dispersion of the primary particles should give

rise to an altitude variation of the patches during their
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pulsation-on stages. Such an observation was reported by Zwick

and Shepherd (1973). They used the wide angle Michelson inter-

ferometer mentioned above.

8.3 Information from satellites

From satellite data it has been deduced that a very large

amount of the particle precipitation on the morning side

occurs as pulsating aurora. Trefall and Williams (1979) studi-

ed high time-resolution data from the low altitude polar or-

biting satellite 060 6 and found that precipitation usually

came in brief bursts that were most likely temporal varia-

tions.

Energy spectra and pitch angle distributions obtained from

satellites have been in general agreement with those obtained

from rockets. During the precipitation bursts the pitch angle

distributions of >30 - >45 keV electrons become isotropic or

close to isotropic (Milton and Oliven, 1967, Trefall and

Williams, 1979, Frank et al., 1976). Between the bursts the

precipitating fluxes decrease.

Injun 5 data showed that for electrons 50 eV to 15 keV there

was isotropy in the maxima outside the atmospheric backscatter

cone (Frank et al., 1976). The backscattered fluxes measured

by Injun 5 for 100 eV and 1 keV are about one order of magni-

tude lower than the precipitating fluxes, exactly in agreement

with the S23-L2 data. Frank et al. also noted a strong vari-

ability in the mean energy of the precipitating particles

below 15 keV.

Very interesting results concerning the morningside aurora

were obtained by Senior et al. (1982). They used Chatanika

data and Triad data and found small regions of increased elec-

tron density that coincided with small scale field aligned

current structures. These structures had short lifetimes, cer-

tainly less than 12 minutes. Although it is not suggested by

the authors, it is very tempting to identify these structures

as pulsation patches.
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The altitude of the ionization maxima was about 110 km giving

lower primary energies than usually found in pulsating auro-

ras. In the maxima the Hall conductivity increased while the

Pedersen conductivity remained almost constant. Thus, the

precipitation in the ionization maxima was harder.

Recently pulsating auroras have been detected by an x-ray

imager on a low altitude polar orbiting satellite (Voss et

al., 1983). This instrument has a spatial resolution of 30 km

and a temporal resolution of 0.13 seconds and is able to

measure emissions caused by particles in the 4 to 40 keV

energy range. In pulsating auroras with large stable patches

data from instruments of this type will be able to give

primary electron spectra with very high temporal resolution.

From the above review it may be concluded that many questions

concerning the particle distributions in pulsating auroras are

still unanswered. In some respects existing data give con-

flicting results and there are also aspects that have hardly

been investigated. Among the conflicting results are the dif-

ferent shapes of energy spectra and pitch angle distribu-

tions. It is quite likely that there is a pattern in the dif-

ferences, but so far this pattern is unknown. Among the poorly

investigated things are the 3+1 Hz modulation, the behavior of

positive ions and the identification of parallel current car-

riers. There is also a need for statistical studies of large

scale temporal and spatial variations.
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9. Theories for pulsating auroras - a short summary

Various ideas about the cause of pulsating auroras have been

put forward. The most well developed theories are based on the

idea that the pulsations are caused by modulated particle

fluxes created in the equatorial plane region by modulated

pitch angle scattering. Most experimental results seem to sup-

port this. A review of the basic ideas has been given by

Johnstone (1978) and the recent advances and present question-

marks have been summarized by Johnstone (1983). Here only a

few of the most important points will be mentioned as an in-

troduction to the discussion.

The pitch angle scattering is probably caused by the Doppler

shifted electron cyclotron resonance with whistler mode waves

(Kennel and Petschek, 1966). There are two kinds of phenomena

involving whistler mode waves, hiss that is incoherent and

chorus that is coherent, but so far it has not been estab-

lished which one of them that is responsible for the pulsating

aurora. The two modes can sometimes be distinguished by cal-

culating the coherence functions between the electric and

magnetic wave components (Lefeuvre and Parrot, 1979). Coher-

ence function values >0.8 indicate chorus while hiss gives

values <0.6. In much of the existing data it is, however, not

possible to unambigously separate between hiss and chorus.

When hiss interacts with electrons these go through a series

of random changes of velocity and pitch angle. This can be

described with a Fokker-Planck equation and diffusion coeffi-

cients as was done by for example Kennel and Petschek (1966).

When the electrons encounter chorus, on the other hand the

series of scatterings is not random. Individual particles can

be phase locked with the wave for many wavelengths and change

their pitch angles and velocities considerably in only one

wave encounter (Inan et al., 1978). Chorus is more efficient

than hiss in moving electrons into the loss cone. In this re-

port the word scattering is used in a broad sense to describe

nonadiabatic changes in velocity space. Diffusion is the net

effect of scattering on a statistical particle distribution.
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Pulsing whistler mode ELF emissions in the equatorial plane

are correlated to pulsating auroras (Ward et el., 1982, Gough

and Korth, 1982, Ward, 1983). In all these reports the emis-

sions have been identified as hiss but according to estimates

by Thomas (1983) observed hiss amplitudes are not sufficient

to explain the observed amount of scattering. He suggested

that the active waves are mainly chorus. Later a close inspec-

tion of high resolution data from 6EOS-2 has lead to the con-

clusion that the ELF waves occurring in connection with pulsa-

ting auroras contain a high proportion of coherent emissions

(Paul Gough, personal communication). Possibly hiss is re-

quired for the creation of chorus (Koons, 1981).

In order to obtain pulsations the rate of pitch angle scatter-

ing must be modulated, but it is not known today what causes

the modulation. Coroniti and Kennel (1970) found theoretically

that micropulsations in the equatorial plane can modulate the

whistler mode growth rate and the rate of pitch angle diffu-

sion. Some modifications of their theory were suggested by

Haugstad (1975). It should, however, be possible to detect

such micropulsations in the equatorial plane if they had ex-

isted and this has not been done so far. This modulation

mechanism is therefore less likely.

It has also been proposed that the modulation is caused by a

relaxation oscillator mechanism. The electron distribution in-

jected in the equatorial plane is assumed to have some

property that causes wave growth and pitch angle scattering,

but this scattering eventually produces changes in the par-

ticle distribution that stops the wave growth. When the scat-

tering decreases the system restores itself and a new cycle

begins.

A mechanism of this type was first suggested by Trefall et

al. (1975) and Trefail and Williams (1979). Their point was

that since whistler mode waves only interact with electrons

travelling in the direction opposite to the waves, any change

in the pitch angle distribution will not be felt until after

half a bounce period. The wave growth is assumed to be initi-

ated by an empty loss cone and will continue if the fluxps are
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large enough, eventually causing isotropy. At L = 5.6 half a

bounce period for a 10 keV electron is 1.3 seconds and this is

similar to the lower limit of a typical pulsation period. The

idea is, however, far from clear since the electrons in the

loss cone will be lost through precipitation. After half a

bounce period the waves will again meet an empty loss cone.

A more quantitative variety of the relaxation oscillator model

was developed by Davidson (1979). He assumed that wave growth

and pitch angle scattering will begin if the electron flux in

the equatorial plane exceeds a critical limit. The relation

between the wave growth rate and the electron flux level is

highly nonlinear and this results in an overshoot of the ini-

tial state so that too many electrons are lost. The next pul-

sation starts when the electron flux has built up again.

A necessary condition in the Davidson model is that there

exists a particle source. Usually the particles causing the

pulsating aurora are thought to be injected close to magnetic

midnight and then drift eastward while creating pulsations.

Pulsating auroras are widely spread in longitude, and it is

difficult to see how the source condition could be fulfilled.

Davidson suggested a solution to this problem. He found that

if he considered diffusion for the complete pitch angle dis-

tribution the pulsation period would be 30-100 seconds, that

is longer than ususally observed. He then investigated the

case where the waves interact mainly with particles at pitch

angles close to the loss cone and found much shorter periods

more in agreement with real values. This kind of wave particle

interaction would lead to narrowband wave generation. The

electrons at large pitch angles provide an ample source that

can resupply the near loss cone fluxes by pitch angle diffu-

sion.

In its present form the relaxation oscillator mechanism rests

on the existence of a stable trapping limit, that is a criti-

cal electron flux level above which whistler mode wave growth

increases rapidly and scatters electrons into the loss cone,

decreasing the flux. The stable trapping limit was theoreti-
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cally predicted by Kennel and Petschek in 1966 for a steady

state situation by equating the wave growth rate to the wave

escape rate. They derived an expression for the stable trap-

ping limit and found that the fluxes of >40 keV electrons

measured by Explorer 14 rarely exceeded their calculated lim-

iting value. Their prediction thus seemed to be basically

correct.

In pulsating auroras the temporal variations are large and the

theoretical arguments for a stable trapping limit as discussed

by Kennel and Petschek are not directly applicable, but ac-

cording to experimental results of Trefall and Williams (1979)

it is still of relevance. They founrf that the fluxes of

>30 keV electrons measured by the low altitude polar orbiting

satellite OGO 6, usually stayed below the stable trapping

limit when the precipitation was burstlike. Whenever the

fluxes were close to the limit, isotropic pitch angle distri-

butions were observed indicating strong diffusion.

One rather recent idea concerning the cause of pulsating

aurora is related to those discussed so far. Chiu et al.

(1983) have sketched a theory for auroral pulsations in which

the mirror instability, driven by inward-convected ions,

causes striations in the equatorial B-field intensity and warm

plasma density. This in t u n modulates the growth rate of

cyclotron waves and amount of pitch angle scattering into the

loss cone. A time dependent source of hot electrons is also

assumed. The paper by Chiu et al. is mainly concerned with

morning side banded structures, that is soatial rather than

temporal variations, and the ideas about pulsating auroras

have not been fully worked out.

Many authors have pointed out that the ionosphere must be con-

sidered when searching for mechanisms that can explain pulsa-

ting auroras. Luhrnann (12 73) showed that if the 'oss altitude

was increased locally by a pressure wave, the loss cone would

grow and the number of precipitated particles would increase.

This idea still calls for pitch angle diffusion to replenish

the equatorial loss rone population.
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Typical pulsation periods are of the same order of magnitude

as the bounce periods for auroral electrons. Periodic pulsa-

tions could in principle be formed by a monoenergetic bunch of

electrons bouncing back and forth between hemispheres. Thomas

and Rothwell (1979) found examples of a latitude dependence in

the pulsation period that agreed with the bounce periods for 2

keV electrons. They suggested that in certain cases pulsating

auroras can be explained by a bouncing particle bunch.

Also ducted VLF-wave packages may bounce. Scourfield et al.

(1984) studied a pulsating aurora, perhaps a rare one, at L=4

and suggested that it was driven by echoing VLF hiss.

The reason for the patchiness of pulsating auroras has not

been established. Oguti (1976) has suggested that the patches

are tied to regions of increased cold plasma density. So far

such increases of cold plasma density have not been measured

directly, but it has been noticed that the patches have a

tendency to drift with the direction and velocity of the cold

plasma convection, that is v = ExB/B2. The drift motion of

many pulsating forms was investigated by Oguti (1981 a, b) and

he found an agreement with the average convection pattern with

westward drift before and eastward drift after magnetic mid-

night. His result receives support from a recent study per-

formed by Scourfield et al. (1983). They compared the drift

motion of pulsating forms measured by a low light level TV-

system and the convection electron drift velocity measured by

the STARE radar. At least in the beginning of the event both

the directions and the magnitudes of the two drifts were

identical.

The cause of the 3+1 Hz modulation and its relation to the

pulsations is another unsolved problem. The only paper that

has appeared on the subject was written by R0yrvik (1978). He

assumed that the modulation is caused by a relaxation oscil-

lator mechanism very similar to the one proposed by Trefall et

al. (1975) and Trefall and Williams (1979) for the ordinary

pulsations. He further assumed that the pulsations were caused

by low frequency micropulsations according to the theory by

Coroniti and Kennel (1970). A numerical modelling of the pitch
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angle diffusion for 40 keV electrons resulted in a modulation

of 2-4 Hz in the precipitation during pulsation maxima. How-

ever, as pointed out by Rsiyrvik, this calculation involved

many important simplifications. The most important one may be

that spatial gradients along the magnetic field lines were

completely disregarded.

Finally it should be emphasized that pulsating auroras appear

in many different forms (c.f. Section 4.4). The same basic ex-

planation may not apply to all of them.
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10. Discussion of the experimental results obtained from the

S23-L2 sounding rocket.

The data set collected on January 27, 1979 and presented in

the previous sections is an unusually good one for studies of

pulsating aurora in the midnight sector. In the following dis-

cussion a selection of topics will be treated, all of them

connected to the particle measurements on the S23-L2 rocket.

10.1 Particles responsible for pulsating aurora

The good correlation between particle fluxes and optical auro-

ra presented in Section 4.3 shows that the pulsating aurora

was closely connected with modulated precipitation of elec-

trons. According to the energy spectra in Section 5.1 the

modulation occurred in the energy range 5-40 keV.

The quantitative agreement between the particle energy flux

and the measured light intensity is found to be good. The

measured energy flux in minima was about 1.2»10~3 Jm~2 s"1 at

the beginning of the flight and about o'lO"1* Jnr2 s"1 towards

the end. Using the conversion factor 2.56«102 ± 1.25-102

kR/Jm-2 s-1 (Kastings and Hays, 1977) the intensity of the

427.8 nm band is obtained. This value may then be multiplied

by 6 to give the intensity of the 557.7 nm line (Omholt,

1971). The intensities thus obtained are 1.9 and 0.9 kR to be

compared with the light intensities 2 and 1 kR measured by the

scanning photometer (c.f. Section 4.3).

In the pulsation maxima the measured electron energy fluxes

lead to light intensities of 5-10 kR in the 557.7 nm line. The

highest intensity measured by the scanning photometer was 5

kR. Judging from the TV-data the photometer did not measure in

any patches at their moments of maximum Intensity, so the

cuantitative agreement between measured and derived light in-

tensities is reasonably good.

10.2 Particles responsible for the 3±1 Hz modulation

From the very good agreement found between fluxes of >48 keV

electrons and video recordings of the aurora it 1s reasonable
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to conclude that the optical 3+1 Hz modulation was directly

related to modulated electron fluxes. These measurements were

presented in Section 7. Data obtained at constant energy

levels, clearly showing the modulation, exist for energies

above 48 keV, but it was concluded that also electrons of

energies down to 7 keV participated in the modulation so that

the total energy range for tha modulation was 7-200 keV.

Because of timi? dispersion it is, however, quite unlikely that

the contribution to the total energy flux from the lowest

energy levels leads to a net light modulation.

10.3 Pitch angle scattering in the equatorial plane

In this section it will be shown that the sounding rocket and

satellite data consistently agree with modulated pitch angle

scattering in the equatorial plane through Doppler shifted

gyroresonance with whistler mode ELF waves.

10.3.1 Basic conclusions

Two observational results from the S23-L2 and the GEOS-2 par-

ticle data immediately suggest that the pulsations were caused

by modulated pitch angle scattering in the equatorial plane.

Firstly there exists, as shown in Section 5.4, a very good

agreement between the electron spectra in the equatorial plane

outside the loss cone and the spectra of precipitating elec-

trons in pulsation maxima. See e.g. Figure 16. It seems as if

during pulsation maxima the electrons were scattered into the

loss cone and then just dumpod in the ionosphere without

further acceleration. During pulsation minima the electrons

below 4-5 keV were still pitch angle scattered into the loss

cone while the scattering for electrons with higher energies

decreased. The equatorial plane fluxes outside the loss cone

remained relatively unchanged as seen in Figure 17.

The relation between electron energy spectra in the equatorial

plane and in the ionosphere will be examined in greater detail

in Section 10.3.2. It seems that for conditions prevailing on

magnetic field lines connected to pulsating auroras, the pitch
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angle scattering is accompanied by a change of particle

energy.

Another property of the low altitude precipitating electrons

that has usually been taken as an argument for modulation of

pitch angle scattering is the variation in pitch angle distri-

bution between pulsation maxima and minima (Whalen et al.,

1971, Yau et al., 1981). In pulsation minima there is weak

diffusion and the average scattering angle is small*). The

pitch angle distribution in the loss cone is therefore

expected to be anisotropic with larger fluxes for large pitch

angles. In pulsation maxima stronger diffusion causes

isotropization of electron fluxes.

In the pulsating aurora studied here, the variations in the

pitch angle distribution followed this general pattern and

were very distinct as reported in Section 5.2.

The limited energy range observed for the electrons carrying

the additional energy in a pulsation maximum is in accordance

with the prediction of Coroniti and Kennel (1970).Below a cer-

tain energy threshold the fluxes of particles in the equato-

rial plane interaction region are generally large enough for

the particles to be in strong diffusion. In the data presented

this threshold was located at 4-5 keV. For higher energies the

fluxes are lower and the electrons are in weak diffusion un-

less additional processes increase the whistler mode growth

rate. When this happens the electrons will be affected by

strong pitch angle diffusion for a while and a precipitation

pulsation takes place. In the Coroniti and Kennel theory the

additional condition is suqgested to be micropulsations that

adiabatically modulate t, velocity distribution of the equa-

torial electron population. For the highest energies the

fluxes are too low to develop an instability, but some parti-

cles may still resonate with waves created elsewhere and cause

weakly modulated fluxes.

*)(Following Coroniti and Kennel (1970) the word diffusion has
been used in this subsection)



87

In the discussion about the relaxation oscillator mechanism

(Davidson, 1979, Trefall and Williams, 1979) the question of

the limited energy range for the precipitation pulsations has

not been addressed explicitly. An explanation equivalent to

that of Coronti and Kennel could perhaps work also in this

theory.

10.3.2 Change of particle energy during pitch angle scattering

The electron energy spectra obtained from GEOS-2 and from the

rocket in a pulsation maximum are found to be very similar. It

appears as if the particles have lost hardly any energy at

all. However Johnstone (1983) has pointed out that according

to the theory of Kennel and Petschek (1966), for parameters

relevant to pulsating auroras, an electron that has reached

the loss cone must have lost a significant amount of energy in

the scattering process. Therefore, in order to compare the

electron energy spectra in the ionosphere with the energy

spectra in the equatorial plane, it is necessary to examine

this energy loss in greater detail.

Kennel and Petschek (1966) described the interaction of a

single electron with a whistler mode wave. Each interaction

was seen as a transfer of a photon with energy "Ru, where u is

the angular wave frequency. If the wave frequency is 500 Hz

then flu will be about 2»10" 1 5 keV. The simultaneous momentum

change is Tik and if k is parallel to the magnetic field this

momentum change only affects the parallel component. Conserva-

tion of energy and momentum thus yields expression 3.2. of

Kennel and Petschek

d_W
dW.

1

(— -1)

(1)

where dW is the total energ1, change of the particle, dW is

the change in parallel energy and w is the electron gyrofre-

quency. The only assumption in this derivation is that the

wave vector k is parallel to the magnetic field.



88

For electron cyclotron resonance involving electromagnetic

whistler mode waves the wave frequency w is always less than

the electron gyrofrequency uc. Thus, an energy gain for an

electron in the parallel component is always accompanied by a

loss of total electron energy.

The electrons interact with resonant waves. The resonance

condition for whistler waves may be expressed:

V»Rk» = U " V {2)

In order to express the resonant energy as a function of reso-

nant frequency the dispersion relation must be introduced.

Kennel and Petschek used the whistler mode approximation:

cV
Re (—5-)

2

(3)

where c is the velocity of light and up the plasma frequen-

cy. They obtained their expression 2.19.

u>

•»R
WB = (4 a)

W D is the resonant energy. Only the parallel energy component
(I K

enters into this expression. Wg is the magnetic energy per

particle that depends on the magnetic induction field B.the

electron density N and the permeability in vacuum n0.

If x is substituted for u , then expression (4a) becomes

'•R
(1-x)-

'B x (4 b)

Differentiation yields

dW.
dW

IIR

IR dx dx dx' (5)
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Finally axpression (1) is rearranged. An energy change will

occur only if W = W

dw = - dWi

llD, that is when dW n = dWllD.
I I K II I I K

= W R ( - + 1 - 2x) dx"l!R "Bvx

The pitch angle is given by a = arccos (W / W ) 1 ' 2 .

(6)

The equations above show that as long as the basic assumptions

apply, the electrons follow a predetermined path in velocity

space, during the scattering process. These basic assumptions

are that the dispersion relation can be approximated by ex-

pression (3) and that the interacting whistlers have their

wave-vectors parallel to the magnetic field. Johnstone noted

that it does not matter if the wave particle interaction is

coherent or incoherent. To identify th<? path, it is only

necessary to know the electron energy and the pitch angle at

any given time.

The above expressions were used for a numerical calculation of

the energy change and the resonant frequency of electrons

during pitch angle scattering. The electron energy at 0° pitch

angle was used as a starting point. From this x was comp-jted

from expression (4 b) using the Newton Raphson method. X was

then augmented with dx = 0.0001«a, where a was given in

degrees.The pitch angle was included in the step since for a

constant step dx the energy change dE decreases considerably

for increasing pitch angles and slows the calculation down.

Decreasing the value of dx will not alter the result signifi-

cantly. The total energy difference was obtained from equation

(6) and then the parallel energy difference from equation

(1). Finally the total energy, parallel energy and pitch angle

were calculated. The whole process was repeated until a pitch

angle of 85° was reached. The calculations do not apply at 90°

degrees pitch angle where resonant waves would have zero phase

velocity.

In order to calculate the energy change it is necessary to

know the magnetic energy per particle.
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UB (7)

The magnetic induction B in the equatorial plane is obtained
from the local electron gyrofrequency

fce * I "
e_B
m

(8)

It was measured by the S300 experiment once per hour and had a

value of 2.58 kHz at 2200 UT (Martin Townend, personal commu-

nication). This gives B = 92 nT. It is less straightforward to

obtain an estimate of the electron density from the GEOS-2

data. For that reason the calculation here was made for a

range of values of E c . The equatorial plane electron density

will be discussed in Section 10.3.4. where it is concluded to

be approximately 2»10 6 nr 3 corresponding to a magnetic energy

per particle of about 10 keV.

The results of the calculation are presented in Figure 27.

Each line represents the energy of a particle as a function of

pitch angle. The heavy lines show the results for 25 keV mag-

netic energy per particle and the results for 5 and 100 keV

magnetic energy are indicated with dashed and dash-dotted

lines. The important feature of these curves is that the ener-

gy change with pitch angle at small pitch angles is rather in-

significant, while at large pitch angles it increases rapid-

ly. At small pitch angles the result is not very sensitive to

the exact value of Wg.

If the magnetic energy per particle is 25 keV an electron with

10 keV energy at 0° pitch angle has lost less than 1 keV bet-

ween 25° and 0° while between 85° and 60° its energy loss has

been about 7 keV. It should also be noted that the energy

loss, particularly at large pitch angles, increases with in-

creasing magnetic energy per particle.

Data from GEOS-2 and S23-L2 were used to check the validity of

these theoretical results. Provided that all electrons are

scattered through the Doppler shifted gyroresonance with

whistler mode waves, the electrons making up the energy spec-

trum in the loss cone must all have come from a spectrum with
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Figure 27
-W lOOkeV Calculated electron energy
-WB=25keV

 as a function of pitch
-V\fe=?r./ angle during scattering

as described in section
10.3.2. These lines de-
scribe the scattering his-
tory of single electrons.
The calculation has been
performed for three differ-
ent values of the magnetic
energy per particle, WR.

10
0 30 60 90
PITCH ANGLE (degrees)

higher particle energies at larger pitch angles. In a steady

state situation it is thus reasonable to expect that energy

spectra measured simultaneously at different pitch angles

should differ from each other by the amount predicted by the

above calculations.

A spectrum measured in the ionosphere is equal to a spectrum

in the equatorial plane loss cone provided that no accelera-

tion has taken place along the magnetic field line and provid-

ed that the spectrum in the ionosphere is measured above the

altitude where atmcspheric absorption distorts its shape.In

this study the loss cone data obtained in the equatorial plane

were incomplete and the sounding rocket data were used

instead. The time chosen was 2158:02-2158:08 UT for the

satellite data and 2158:16 UT for the rocket spectrum. For the

rocket it was necessary to pick data in a pulsation maximum

and for the satellite it was desirable to find a period with

the best pitch angle coverage.
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The circles in Figure 28 show the rocket spectrum plotted in

phase space density. For clarity and simplicity this spectrum

was approximated between 1 and 50 keV with a power law model

spectrum drawn with a heavy line.

Next the spectra for some selected larger pitch angles were

computed. Since, according to the Liouville theorem, each

electron sees a constant phase space density, this is equiva-

lent of shifting the spectrum at 0° pitch angle in energy.

Here the energy differences were obtained graphically from

plots like Figure 27. The thin lines in Figure 28 show the

resulting spectra for various pitch angles. The magnetic ener-

gy per particle was taken to be 10 keV.

In Figure 29 the model spectra for 0 and 45° have been com-

pared to pitch angle sorted spectra from detector 4 on 6E0S-

2. At the moment of interest this detector was operated in a

fast mode and provided spectra with only 4 energy levels, but

nevertheless the spectrum for 10-20 is similar to the 0° model

spectrum and the spectrum for 40-50° resembles the 45° model

spectrum. The 0° model spectrum agrees better with the meas-

ured spectrum at 10-20° than at 0-4°.

The lower fluxes measured at pitch angles 0-4° may perhaps be

interpreted as signs of an empty loss cone. In Figure 28 it is

seen that the model spectrum that should actually be compared

to the measured spectrum at 10-20°, the one at 15°, is very

close to the 0° model spectrum.

For the two highest energy levels there exists GEOS-2 data

also for very large pitch angles. Model pitch angle distribu-

tions were derived for 4 energy levels from model spectra like

those in Figure 28. They were plotted in Figure 30 together

with the measured pitch angle distributions.

The pitch angle distributions are rather isotrcpic with the

highest fluxes at 90°. They follow the model distributions

rather well except at large pitch angles where the real dis-

tribution has lower fluxes. This is especially prominent for

the 7.5-13.5 keV energy level. The fluxes for the 2.5-7.5 keV
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Figure 28 Phase space density spectra at different pitch an-
gles resulting from the theory of Doppler shifted
pitch angle scattering through whistler mode waves.
The spectrum for (P pitch angles, indicated with a
heavy line, is a model spectrum based on the energy
spectrum measured by S23-L2 at 2158:16 UT in a pul-
sation maximum. The circles show the rocket data
points.
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Figure 29 Comparison of pitch angle sorted energy spectra
measured by 6E0S-2 at 2158:02-2158:08 UT and the
corresponding model spectra. The higher flux levels
at 40-50° pitch angle are well explained by the
theory. The low flux at 0-4° indicate an empty loss
cone.

energy level are lower than predicted by the model. This is a
systematic deviation present in all pitch angle distributions
that have been examined. The deviation is, however, rather
small and it is likely that a better model for the distribu-
tion in the loss cone would give a better agreement.
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Figure 30
The smooth lines show
model pitch angle distri-
butions derived from the
model spectrum at 0° in
Figure 28. These are com-
pared to the distribu-
tions measured by GEOS-2
at 2158:022158:08 UT. For
pitch angles larger than
50° data is only availa-
ble for the two highest
energy levels. The agree-
ment between model and
data is generally good
except for pitch angles
close to 90° where the
measured fluxes are lower
than predicted.

On the whole both energy spectra like those in Figure 29 and
pitch angle distributions like these in Figure 30 support the
theoretical conclusion that the electrons lose energy while
they are being pitch angle scattered. For large pitch angles,
however, the theory appearently breaks down. For the 7.5-
13.5 keV level this happens at 60-70° pitch angle.

In Figure 31 the spectra from Figure 16 have beer replotted in
phase space density. Each point of the rocket spectrum has
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been shifted in energy by an amount equal to the calculated

energy loss between 25 and 0° pitch angle. The shift is hardly

noticeable. An error bar representing a factor of two has been

included for reference. In the calibrations this was found to

be a reasonable value (Sandahl, 1981). The agreement between

rocket and satellite spectra is excellent, especially above

3 keV.

10.3.3 Relation to equatorial plane ELF waves

The calculations in the previous section also gave the reso-

nant frequency for electrons as a function of pitch angle.

This frequency can be determined from expression (4) provided

that the electron gyro frequency f and the magnetic energy

per particle wD are known. In the present case f,.Ä is known too ce
be 2.58 kHz, bi4 Wg is unknown.

In Figure 3? *: resonant frequency as a function of pitch

angle has ber o lotted. Each curve represents the history of a

specific pa t £ie and the energy given is the particle energy

in keV at ff' jitch angle. In the left diagram a Wp value of

10 keV has ien used, and in the right one Wg was taken to

be 25 keV.

The resona' t frequency decreases with increasing parallel

velocity ar> , thus with decreasing pitch angle. During scat-

tering from large pitch angles into the loss cone the elec-

trons thus nteract with a range of waves, first with higher

and ther. with lower frequencies. For scattering below pitch

angles of about 30° the frequency range is not very large. If

the magnetic energy per particle is increased, the resonant

frequency also increases.

The bulk of energy representing the pulsating aurora was car-

ried by electrons in the energy range 5-40 keV (Figure 1C).

During scattering from about 30 to 0 degrees these electrons

may thus be expected to have amplified whistler mode waves in

et given frequency range depending on Wg. 0.6-1.4 kHz for

WB * 25 keV and 0.3-1.1 kHz for WB = 10 keV. Scattering

at larger pitch angles should amplify waves at higher frequen-

cies.
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Figure 31 The spectra from Figure 16 replotted in phase space
density. In order to compare the loss cone spectra
(S23-L2) and the spectra at 25° in the equatorial
plane each point of the rocket spectra has been
shifted in energy by an amount corresponding to the
energy loss between 25 and 0 degrees.
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Figure 32 Resonant frequency as a function of pitch angle for
electrons following the diffusion lines in Figure
27. During the scattering process a single electron
interacts with a range of wave frequencies. These
diagrams have been drawn for the electron gyro fre-
quency 2.58 kHz that was measured at GEOS-2 and for
two different values of Wg. The energy next, to
each curve is the electron energy at 0 degrees pitch
angle.

The wave spectrum measured by 6E0S-2 at 2157 UT 1s shown in
Figure 33 (courtesy Paul Gough, University of Sussex). A
whistler mode peak is localized between about O.'c and 1.2 kHz
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Figure 33 The ELF wave spectrum in the equatorial plane peaked
at about 0.7 kHz. This was the resonant frequency
for 15 keV electrons with small pitch angles if the
magnetic energy per particle was 10 keV. The spec-
trum also contains four harmonics of the electro-
static banded cyclotron harmonic waves.

with the maximum value at about 700 Hz. There is very little

energy between 1.5 kHz and the electron gyro frequency. The

main contribution to the spectrum comes from pulsation maxima.

Data of the type presented in Figure 26 shows that the wave

intensity is much weaker between pulsations.

The general agreement between the measured and the expected

wave frequencies is thus good. Waves of 0.7 kHz frequency

resonate with 15 keV electrons at small pitch angles if the

magnetic energy per particle is 10 keV. The sharp drop of

whistler mode intensity above 1.2 kHz indicate that cyclotron

resonance is of limited importance for large pitch angles. For

scattering at large pitch angles the particles lose much ener-

gy per degree pitch angle change and these losses should show

up as wave amplitude increases.

10.3.4. The equatorial plane plasma density

Provided that the observed whistler mode wa*/es were indeed

related to the pulsating particles, the comparison of wave
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frequency and particle energies yields information about the
equatorial plane plasma density. Referring to Figure 32 the
magnetic energy per particle was probably 10 keV or somewhat
higher. A value above 25 keV is unlikely because of the lack
of whistler mode emissions above 1.5 kHz. With a value much
below 10 keV it would be difficult to explain the whistler
mode peak at 0.7-0.8 keV.

Since WJJ = B2/2n0N and B was measured to be 92 nT it may
then be concluded that the plasma density was 1-2»106 m"3.

This is consistent with an estimate of the plasma density
based on the measured hot plasma and electrostatic (n + 1/2)
fce waves.

An approximate value for the hot plasma density (10 eV-
100 keV) was obtained from the GEOS-2 electron spectrum shown

-y

in Figure 31. The spectrum was approximated with f = AW where
A - 1.81-10"1*2 s3m"6 and y - 1.5. Assuming isotropy this func-
tion was then integrated to give the contribution to the elec-
tron density from the energies between Wo and Wj. For y =
1.5 one obtains

N • z-TT . A ln(—).
¥ c m o

For y*1.5 the result is

3 3
8* 1 , r 7 -y 7 "\

N = 3/2 • A ( — ) [Wo - Wx J . (10)
/2 m -g- -Y

This calculation underestimates the fluxes at pitch angles
greater than 30° and overestimates the fluxes in the loss
cone. The final value is more likely to be somewhat too low
than too high because of the small size of the loss cone.

Between 0.2 and 20 keV the contribution to the density was

1.7»10s m"3. If the spectrum was extrapolated down to 0.01 keV

and up to 100 keV the contribution doubled to 3.4-105 m"3.

The cold plasma density was not measured by GEOS-2 exactly at
this time. An estimate can, however, be made using the result
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Figure 34
Figure 3 from Hubbard et
al. (1979). The shaded
area shows the possible
region for the present
event. Based on this
figure and on measure-
ments of the hot plasma
density the plasma densi-
ty in the equatorial
plane was estimated to be
about 2-106 m-6 with a
hot plasma density of
0.6.106 m-6.

of Hubbard et al. (1979). They found that the electrostatic

(n + 1/2)fce emissions can be used as a diagnostic tool for

the cold plasma density. The emissions are created when the

ratios of cold (<10 eV) to hot plasma density, Nc/Nn, and

plasma frequency to gyro frequency, fp/fce, fall within

certain limits. The maximum value of n depends on the

combination of the ratios. This is shown in Figure 34.

During the period studied here there were electrostatic emis-

sions up to 9/2 fce as can be seen in Figure 33. Combining

this with the measured hot electron density it is found that

this event was located in the shaded region in Figure 34. A

lower value of Nc/Nn would require a hot plasma density

above 106
m-3 and this would be in disagreement with the

measured value. A reasonable estimate is N « 2»1O6 nr3, Nn «

0.6»106 m-3 and Nc • 1.4
#106 nr3. No emission at the upper

hybrid frequency was visible at this time. The upper hybrid

frequency is otherwise useful in the determination of the

plasma density.
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Hubbard et al. also studied occurrence frequencies of the
multiple (n + l/2)fce emissions using Imp 6 data. They
found that these emissions are seldom seen inside 8 Re and
they are also rare at local midnight. According to the GEOS-2
measurements at L = 6.6 the 3/2fce usually dominates com-
pletely over the higher bands at local midnight due to low
cold plasma density (Gough et al., 1979, 1981). It is thus
possible that the present event is somewhat unusual, repre-
senting a case with a comparatively high cold plasma density.

In a recent paper by Higel and Wu (1984) results were pres-
ented that support the result about the electron density ob-
tained in this section. They studied densities obtained from
the relaxation sounder on GEOS-2 during a four-month period,
and their paper includes a figure showing the electron densi-
ties during seven days including January 27, 1979. On the
night of January 27-28 the "midnight region", a region with
low and irregular electron densities, stretched from 21 to 06
LT, 20 to 05 UT. The densities measured varied between 3»105

m"3 and 3*106 m"3, which is about three times higher than nor-
mal for this region.

The results of Section 10.3 so far have shown that the ratio
u/wc was in the vicinity of 0.3 or a little less and that
the resonant energy WR was very similar in magnitude to the
magnetic energy per particle Wp. These values deviate from
the approximations used by Kennel and Petschek (1966) in the
second portion of their paper. They used assumptions of rele-
vance to the radiation belts, u/uc « 1 and WR » Wg.
Therefore, their equations must be used with some caution.
Some examples are given below.

When the resonant energy is much larger than the magnetic
energy per particle the diffusion is an almost pure pitch
angle diffusion, but when they are about equal also the energy
diffusion must be taken into account. The diffusion equation
becomes two-dimensional and instead of a diffusion coefficient
a diffusion tensor must be used. This tensor has the elements
Doo» Dav« °va and Dvv« D<xa gives the pitch angle
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diffusion resulting from gradients in the pitch angle distri-

bution and D a V the pitch angle diffusion resulting from

gradients in the energy distribution. D V a and D v v give the

diffusion in speed. Kennel and Petschek used a one-dimensional

diffusion equation which is obtained from the more general

expression if D a V = D V a = D v v = 0. The diffusion calcu-

lated from this equation must obviously contain an error. It

has been shown, however, that if u)/wc <0.828 then D a a is

greater than D a V (Lyons, 1974a). It is thus quite reasonable

to use the one-dimensional equation for order of magnitude

estimates.

Kennel and Petschek give an approximation for the pitch angle

diffusion coefficient that has been used for example by Thomas

(1983)

<(Aa)2> Ua)£ ^c B_\ 2
D = 2At " 2At " 2 (B } At' (11)

Here Aa is the change in pitch angle during the time At, and

B' is the wave magnetic field. In the derivation the approxi-

mation

Aa - - — (12)

was used. The complete expression is

Ao - - —(sin a + ~^A) - (13)

UC

The largest likely value of the factor within the brackets is

about 1.5 which is reached for a « 0° and w/toc « 0.35.

Thus, the diffusion coefficient given by the rightmost part of

expression (11) may be too low by a factor of two, but not

much more.

Also the expression for the dependence of the diffusion co-

efficient on the pitch angle, D - D*/cosa, must be modified

when ui/wc reaches a larger value. Instead of dropping mono-

tonically towards »mall pitch angles D experiences a minimum

and then an increase.
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10.3.5 Comparison of electron energy loss and wave magnitu_de

After having found a good agreement between whistler mode wave

frequencies and resonant particle energies it remains to in-

vestigate whether the waves are strong enough to explain the

observed amount of scattering. In order to do this it is

necessary to know if the waves are hiss or chorus. If the

active waves are hiss the scattering takes place in a rar.dom

manner and is called diffusion. Chorus is a nuch more coherent

emission thought to be related to phase bunching of elec-

trons. Chorus is more efficient than hiss in producing scat-

tering.

In order to calculate the amount of scattering produced Dy

hiss one can calculate the diffusion coefficient. General

expressions for this were given by Lyons (1974 a). Thotias

(1983) used the approximation for the diffusion coefficient

given in equation (11) (Kennel and Petschek, 1966) and found

that the largest possible diffusion coefficents would be far

too small to explain the pitch angle diffusion during

pulsating auroras. The expression used by Thomas is not fully

applicable since it requires that co/u>c << 1, but a more

exact calculation is not likely to alter his conclusion.

Thomas' calculation was repeated with parameters from the

present study, and the same qualitative result was obtained.

It is less straightforward to find the scattering efficiency

for chorus. The coherent interaction between whistler mode

waves and electrons has been extensively studied using a test

particle computer model (Inan et al., 1978, Chang and Inan ,

1980), and it has been found that coherent interactions are

extremely efficient in scattering particles. However, most of

these calculations concern L-values of about 4 or less, and it

is not quite clear that the model can be applied to a case

like the one studied here. Inan et al. (1978) assumed the wave

energy to be unaffected by the scattering, but with the large

energy loss for the electrons discussed in section 10.3.2 the

waves must gain energy.

Ashour-Abdalla (1972) derived diffusion coefficients for the

interaction between electrons and narrow band whistler mode
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W?.V'PS, but these diffusion coefficient don't seem to be

applicable here. In the derivation it was assumed that the

waves were incoherent, but according to the results of

Lefeuvre and Parrot (1979) chorus is highly coherent.

If the scattering can be seen as a direct interaction between

single electrons and the wave electric field the relation be-

tween the particle energy loss and the wave magnitude may be

estimated in the following way.

The incremental energy chance AW for a particle interacting

with an electric and a magnetic field may be written as

Afl = qF • Vat (14)

where F is the electric field, 7 the parcicle velocity and At

is an interaction time. It is the existence of a non zero

scalar product between the electric field and the particle

velocity that produces an energy change. The wave magnetic

field dees net enter.

Let us now assume th?t the wave is travelling parallel to the

earth's magetic field with its B" and F vectors directed per-

pendicularly to it. The particle velocity is divided into com-

ponents V and Vi, parallel and perpendicular to the earth's

magnetic field. Then

AW = qEv^At cos<|>(t) (15)

where $(t) is the angle between F(t) and "vi (t.)

Tne particle energy loss depends on the initial pitch angle,

on 4,(t) for the scattering process and on the strength of the

scattering wave field. In many models it has been assumed that

particles are injected with mainly very large pitch angles,

but experimental evidence tells us that particles may very

well be injected with interme" te pitch angles. In a study of

ATS-6 particle data Moot c <;< Arnoldy (1982) found that just

after a substorm injection the electrons of about 10 keV at

the geostationary orbit exhibited a peak at a pitch angle of

about 40° and an overall f^dld alignment outside the loss cone

with the lowest intensities at 90° pitch angle. The local time
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of ATS-6 during this event was 0005, that is similar to that

of the S23-L2 measurements. Parks et al. (1979) found, also

using ATS-6 data, that plasma was injected at all pitch angles

0-90° in the energy range of a few eV to several hundred keV.

The results in Section 10.3.2 indicate that even if there was

a flux maximum at 90° the pitch angle scattering at large

pitch angles was not caused by the whistler mode gyroreso-

nance, at least not fo~ electrons with energies of 10 keV and

less. The theoretical pitch angle distribution in Figure 30

deviated from the measured one between 60 and 120° pitch

angle. Besides, the expected resonant wave frequencies for

large pitch angles were not present in the equatorial plane as

is readily seen from Figures 32 and 33.

Now consider an electron of 10 keV energy. Following the

results iii Section 10.3.2 its pitch dngle at injection is

assumed to be 60°. The magnetic energy per particle is assumed

to be 10 keV, since this value gave a good agreement between

resonant energies and measured ELF frequencies as presented in

the previous section. With these parameters the electron

energy loss will be about 4 keV. Figure 27 gives an idea of

how this energy loss depends on the values of the parameters.

Dramatic changes occur only if the initial pitch angle is in-

creased much.

The time needed for the electron to lose 4 keV is equal to the

particle lifetime. The lifetime depends on the scattering

rate. Like Thomas, we assume that the lifetime is equal to the

minimum lifetime xm in the strong diffusion limit given by

(Courtier and Bryant, 1974)

T.
T = 0.36 -1 . (16)
•n 2

ao
Tb is the bounce period and TX0 is the equatorial loss cone

angle. The derivation of this expression does not depend on

any details in the scattering process. It just rests on the

assumption of maintained isotropy. For a dipole magnetic field

model and the Esrange L-value of 5.6 the minimum lifetime is

about 350 seconds for 10 keV electrons.
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The electrons spend only a small fraction of this time in a

region where interaction with ELF whistler mode waves take

place. The equatorial ELF-waves have been found by Tsurutani

and Smith (1974, 1977) to exist within 10° of the equator.

These waves were identified as chorus, but some of their

figures show emissions that look much like hiss. For L = 5.6

10 degrees correspond to about 6000 km on each side of the

equator. For one specific particle it is likely that the

interaction region is smaller. Here a value of 1000 km on each

side of the equator has been used. The total travelling

distance for a precipitating electron along its trajectory

from the equatorial plane to the ionosphere is about 43000

km. This means that an electron will spend about 8 seconds in

the interaction region. In this region the electrons must see

an electric field E strong enough to accomplish the calculated

energy loss rate. If AW = 4 keV, q = 1.6-10"19 As, vj^ = sin

a»1.88»107/E(keV)' m/s, At = 8s and $ = 90° are inserted in

expression 15, we find that for a = 60° and W = 14 keV the

electric field has to be about l»10"5 V/m and for a = 5° and

W = 10 keV about 1-10"1* V/m.

The wave spectrum measured by GEOS-2 is shown in Figure 33.

The peak E-field intensity found there is about 5«10~5 V/m/R7

in the spectrum measured at 2157 UT and about 10"5 V/m/fiT at

2158 UT. The peak of the wave field is located at about

700 Hz. For a bandwidth of 100 Hz this gives an electric field

of (1-5M0- 1* V/m.

According to this calculation there are no problems with the

electromagnetic field being too weak. It rather seems to be

too strong but with the approximate nature of this calculation

1t hardly seems worthwhile to discuss the parameter changes

that could make the particle and wave energy match exactly.

Instead a more sophisticated calculation should be undertaken.

From GEOS-2 filterbank data, uf the type presented in Figure

26, it seems that the emissions were mainly hiss. It is, how-

ever, likely that very narrow chorus elements existed without

being detected. Just after the rocket flight, at 2200 UT, the
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GE0S-2 wave experiment was run in a high resolution survey

mode. Judging from the ground based instruments the geophys-

ical situation was then quite similar to the situation during

the rocket flight, the main difference being a somewhat lower

luminosity level. The survey mode data contain whistler mode

emissions with both pulsations and 3±1 Hz modulation. The co-

herency of these waves was very high, indicating the presence

of chorus (Paul Gough, personal communcation).

The existence of narrow band emissions during pjlsating auro-

ras was suggested by Davidson (1979) and by Thomas (1983).

Corneilleau-Wehrlin c-t al. (1978) found that hiss and chorus

normally appear together. Also data from the SCATHA satellite

shows the general coexistence of hiss and chorus (Koons,

1981).

An experimental study is needed to establish the amounts of

hiss and chorus during pulsating auroras.

10.4 The high frequency modulation

10.4.1 General considerations

It was shown in Section 7 that the particle modulation de-

tected during the S23-L2 rocket flight was extremely well

correlated with the optical 3±1 Hz modulation. The modulation

occurred for all energies above about 7 keV with the largest

energy flux differences between modulation maxima and minima

at about 60 keV. It is claimed that the net light modulation

was caused by electrons above about 25 keV. With the energy

spectra observed here electrons of lower energies are not able

to cause a net light modulation due to dispersion.

The velocity dispersion calculation presented in Section 7.4

and the existence of modulated whistler mode waves in the

equatorial p>,ane lead to the conclusion that the modulation

was imposed in the equatorial plane region rather than close

to the ionosphere. The modulation in the particle fluxes seems

to be caused by a modulation of the rate of pitch angle scat-

tering into the loss cone. The resonant frequencies for the

waves producing the scattering are given by Figure 32 and
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range from 0.2-0.4 kHz for the highest energies to 0.9-1.2 kHz

for the lowest ones.

Before going into details about the scattering mecha ism one

observational point is worth noting. The high frequency modu-

lation is very common. It occurs in over 50% of all pulsating

forms detected by optical instrumentation (R0yrvik and Davis

1977). Thus, the basic condition for the production mechanism

must be very easily fulfilled.

Let us now scrutinize the data to find out what it tells us

about the process producing 3±1 Hz modulation. Looking for

processes with time scales similar to the modulation period a

very obvious one is the quarter bounce time of the particles.

For a 40 keV electron it is 0.34 seconds at L - 5.6, for a 60

keV electron 0.28 seconds and for a 140 keV electron 0.18

seconds.

The modulation is, however, not directly tied to the bounce

time since it appears to be imposed more or less simultaneous-

ly at all energies. There may be a certain delay so that the

process is started at one energy and then quickly spread to

other energies. There is no way of pinpointing this in the

data. But certainly the modulation period is independent of

energy zz can easily be seen in Figure 21.

With the short bounce period it is rather certain that an

electron appearing in the loss cone after having passed

through the scattering region had a quite small pitch angle

also before entering this region. It is thus crucial that

there is an ample supply of near loss cone electrons. It is,

however, not certain that the measured whistler node waves

derive most of their energy from electrons that go over the

loss cone edge. Figure 27 shows that for small pitch angles

the scattering is an almost pure pitch angle scattering. More

wave energy is derived from scattering further away from the

loss cone.

The modulation deDth in the particle fluxes increased with in-

creasing particle energy as seen in Figure 21. One way of

interpreting this is that each modulation cycle started simul-
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taneously for all energies but then ceased more quickly for

the highest energies. For >140 keV there was time for the

fluxes to drop to zero. For >40 and >60 keV electrons the

decrease of the scattering after a modulation maximum was

slower, so that at the onset of the next modulation cycle the

scattering was still at an elevated level. It is possible that

the modulation was felt by particles of all energies, but that

the decrease of scattering was so slow for particles of low

energies that no modulation was noticed. This is perhaps an

important difference between pulsations and modulations. Pul-

sations are turned off quickly. It is of course also possible

that two different processes are at work so that the steady

level is caused by a process that is separated from the modu-

lation process. But if the particle data is examined carefully

it is found that when the modulation period was long, most

notably at 87 to 88 seconds flight time, the flux level in the

minimum reached quite a low value which can easily be

explained by a long decay time.

There is so far no satisfactory explanation for the 3±1 Hz

modulation in the electron fluxes and their relation to the

modulated whistler mode waves. There is some uncertainty about

the nature of the waves, as discussed in previous sections.

One figure in the report by Corneilleau-Wehrlin et al. (1978),

Figure 2, shows a few chorus risers, each one related to an

increase in total wave intensity very similar to that observed

dur'ng pulsat''ng auroras. That data was, however, obtained at

7.30 LT. For now it seems wise to consider both hiss and

chorus.

In the following different ideas about the causing mechanism

will be discussed.

10.4.2 Relaxation oscillator

The model proposed by Rflyrvik (1978) to explain the 3±1 Hz

modulation is a relaxation oscillator mechanism. He suggested

that an empty loss cone provides free energy for wave growth

and pitch angle diffusion to be initialized. The growth rate
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is also determined by the flux level. As the loss cone is

filled, the diffusion stops and a new cycle can start when

precipitation has again emptied the loss cone.

R0yrvik assumed that the auroral pulsations were caused by low

frequency micropulsations as suggested by Coroniti and Kennel

(1970). But the basic ideas would probably be valid also for

other mechanisms causing pulsating auroras. In a model calcu-

lation for 40 keV electrons he obtained a modulation frequency

of about 3 Hz.

R0yrvik's results seem very promising, but they involve many

simplifications. A very important one is that the interaction

region has been treated as a single volume without spatial

variations. But at a given moment the elertron distribution at

a given point in space only interacts with the local wave

distribution. Only a region with a scale size of about one

gyroradius, that is a few tens of kilometers in the equatorial

plane, may be considered to be homogeneous. Besides, electrons

interact with whistler mode waves travelling in the opposite

direction.

A speculation about the mechanism where variations along the

magnetic field line have been taken into account is presented

in Figure 35. The velocities given are for 60 keV electrons

since this was the energy for the largest energy flux modula-

tion.

On a given field line electrons bounce back and forth inter-

acting with waves travelling in the opposite direction. Sup-

pose that at some time, T = 0 seconds, the particle distribu-

tion contains an empty loss cone. Further suppose that the

conditions for wave generation are most favourable in the

equatorial plane. At the time T » 0.05 seconds a wave has been

generated in the equatorial plane and is moving away meeting

new electrons. Some of the electrons that generated the wave

have been scattered into the loss cone.

As the wave travels away from the equatorial plane it reso-

nates with new electrons according to the resonance condition.
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Figure 35
In these drawings a
process for the 3+1 Hz
modulation is suggested.
Wave and particle velo-
cities given are for
60 keV electrons, since
the main energy flux
modulationtion measured
during this event occur-
red for 60 keV elec-
trons.
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Thus, a given wave resonates with electrons of different total

energies depending on the local electron density and pitch

angle. This parasitic diffusion may eventually be efficient

enough to fin the loss cone »s illustrated at T = 0.1

seconds. Then wave generation in the equatorial plane must

cease due to lack of free energy. But a certain filling of the

loss cone still takes place since the group velocity of the

already generated waves is rather small, about equal to the

particle velocity. Only when these waves have ceased their

interaction with the particles can a new loss cone be created.

This decay of diffusion is illustrated at T = 0.2 seconds. For

high electron energies the particle velocity is large and the

group velocity of the resonant waves is also large leading to

a shorter time for the parasitic interaction. Thus, the decay

of scattering will be faster for high electron energies in

agreement with observations.

At T = 0.3 seconds the increased loss cone fluxes have reached

the ionosphere and been precipitated. In the equatorial plane

a new cycle of the modulation is starting.

Of course, rigorous theoretical treatment is needed to see if

a mechanism of this type is possible and if it gives correct

time constants and correct energy dependence. It would be

interesting to study the 3±1 Hz modulation in different fre-

quency bands in the equatorial plane. Since particles of dif-

ferent energies interact with waves of different frequencies,

such a study could give information about for example how the

temporal development in the equatorial plane depends on the

energy.

A disturbing detail in the S23-L2 data is that hardly any

dispersion is seen in the solid state detector data. Between

>140 keV and >40 keV an arrival time difference of 0.16

seconds is expected and such a difference should be visible in

the data.

10.4.3 Phase bunching and chorus

Provided that the modulated ELF waves are chorus emissions

another cause for the 3+1 Hz modulation may be suggested. The
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observations of chorus risers by Corneilleau-Wehrlin et al.

mentioned above make it very tempting to assume that each

modulation period coincides with a chorus element. Koons

(1981) showed that chorus may be created out of a hiss band.

The hiss measured by SCATHA at L - 6 was found to contain

local maxima large enough to phase bunch electrons. As these

electrons travel adiabatically along the field line they may

radiate coherent whistler mode waves back to the equatorial

plane. Since the parallel velocity of the electrons decreases

as they move away from the equator the frequency of the wave

will increase.

The wave may then interact with resonant electrons and some of

those near the loss cone boundary will be moved into the loss

cone to create a modulation maximum. It is, however, not clear

if this kind of process would give a modulation frequency of

about 3 Hz. And, unless the electron density increases

markedly away from the equator, the phase bunched electrons

must have an energy comparable to the highest energy for modu-

lated precipitating particles.

10.4.4 High frequency modulation in VLF-triggered emissions

Coherent whistler interaction has been extensively studied in

connection with VLF-triggered emissions (see e.g. review paper

by Matsumoto, 1979). The interaction also appears to be non-

linear. If chorus emissions are involved in the 3±1 Hz modula-

tion process it may, therefore, be of interest to study re-

sults obtained from such experiments.

A phenomenon that may be similar to the 3±1 Hz modulation has

been observed during so called key down transmissions. This is

a continuous transmission which lasts for several seconds. A

transmission from Siple at L = 4 lasting for 10 seconds trig-

gered a train of chorus risers with an average spacing of

somewhat less than one second (Bell and Helliwell, 1971).

Karpman et al. (1974) and Newman (1977) have made attempts to

explain these emissions. Newman found that the resulting wave

amplitude would oscillate if the hot electron density remained
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within certain limits. The oscillations could be attributed to

oscillations in the effective length of the interaction

region.

10.5 The background aurora

10.5.1 Particle characteristics

In pulsation minima and between pulsating patches the luminos-

ity was 1-2 kR. Since no differences could be detected between

spectra in those two cases they will both be discussed under

the heading "background aurora". The background aurora was

mainly caused by electrons below about 4 keV. As will be

shown, there are good reasons to believe that most of these

electrons were backscattered secondary and degraded primary

electrons.

The pitch angle distributions in Figure 15 show isotropy for

the electrons causing the background aurora, suggesting strong

scattering at all times. The comparison of the GEOS-2 and the

rocket spectra in Figure 16 shows that the equatorial plane

loss cone fluxes for low energies were at least as high as the

fluxes at larger pitch angles and perhaps even higher. For

energies above 4 keV both Figure 15 and Figure 16 show that

the fluxes in the loss cone were lower than outside.

10.5.2 Assumption of strong scattering

Isotropy suggests strong scattering for electrons below 4 keV.

For higher energies the scattering was quite weak. But scat-

tering demands waves, and it will now be demonstrated that

none of the waves measured at GEOS-2 is strong enough.

The whistler mode waves measured ut GEOS-2 were not likely to

cause the pitch angle scattering for electrons with energies

of about 1 keV and below. According to the calculations pres-

ented in Figure 32 the resonance frequency for a 1 keV elec-

tron was about 1.5-1.8 kHz during the S23-L2 flight. The elec-

tric field at GEOS-2, shown in Figure 33, had an intensity

below 5»10-7Vm-1Hz-1/2 for this frequency range, and this Is

not enough to cause strong diffusion.
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The electrostatic banded cyclotron harmonic emissions, ECH,

also measured at GEOS-2 give rise to pitch angle diffusion.

Such emissions have earlier been thought to be responsible for

the diffuse aurora (Lyons 1974 b, Kennel and Ashour-Abdalla,

1982), but recently this conclusion has been questioned by

Belmont et al. (1983). In his calculations of diffusion rate

as a function of wave intensity Lyons assumed the ECH emis-

sions to occur along the whole magnetic field line, but ac-

cording to GEOS 1 measurements they are confined within a few

degrees from the magnetic equator (Gough et al., 1979, 1981).

Taking this fact into account Belmont et al. reevaluated the

wave magnitudes required for strong diffusion and found that

the ECH waves are not strong enough to explain the diffuse au-

rora alone. In order to put electrons of 1 keV in strong dif-

fusion a wave of at least 2 mV/m is required, but the intensi-

ty of 3/2 f c e measured by GEOS-2 usually stayed below

1 mV/m. In diffuse auroras the scattering has been observed to

be strong for energies up to 10 keV or more requiring even

larger wave electric fields.

For a pulsating aurora event Gough and Korth (1982) found the

intensity of the 3/2 fce emission to vary with the degree of

filling of the loss cone for >22 keV electrons. When the loss

cone was empty, that is during a pulsation minimum, the inten-

sity reached 3»10-5 Vm^Hz- 1/ 2 over a bandwidth of somewhat

below 1 kHz. The electric field was thus no more than 1 mV/m.

During pulsation maxima when the loss cone was full the waves

were one order of magnitude weaker. For the S23-L2 event the

electrostatic cyclotron harmonic emissions were weaker, the

average intensity during one minute being about

10-6 Vm^Hz- 1/ 2.

As for the whistler mode waves the efficiency of the ECH waves

can be determined by comparing the diffusion coefficient and

the minimum lifetime for strong diffusion. Belmont et al.

(1983) derived an analytical expression for the minimum wave

amplitude for strong pitch angle diffusion
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Ak f U 3/2

Ä ,f i. cewR 1/2 W_
min^m ' ~ ^%Q LoL * ao WR

k ,u • (17)
1, lo 2

The expression concerns the 3/2 fce emission, that can be

shown to be much more efficient than the higher harmonics.

Here k is the wave vector at the beginning of wave growth

and Ak the width of the wave distribution, f c e is expressed

in kHz, W is the particle kinetic energy and WR the kinetic

energy of a particle in resonance with k , both expressed in
10

keV, a 0 and <x|_ are the loss cone and interaction region

widths in degrees and G is a factor containing modified Bessel

functions that is about equal to 1. Expression (17) was used

to calculate the minimum electric field for strong diffusion

as a function of particle energy. The calculation was per-

formed for U = WR and W = 0.5WR that gives the lowest

value for E mi n. The other parameters used were Ak|/k|0 =

1/2, aL = 5°, a 0 = 3.2°, f c e = 2.58 kHz and L = 5.6. G

was taken to be 1. The results are seen in Figure 36. Accord-

ing to this calculation a wave with an electric field compo-

nent E of 1 mV/m is able to put electrons below 200-300 eV in

strong diffusion. The much weaker waves measured during the

S23-L2 flight were certainly not able to produce strong pitch

angle diffusion for 1-4 keV electrons. It must be concluded

that the waves responsible for the background aurora were not

detected by GEOS-2. It is possible that stronger ECH emis-

sions existed elsewhere along the field line, but in view of

the average GEOS results it is not likely.

10.5.3 Backscattered electrons

It seems easier to obtain the background precipitation if the

low energy electrons are backscattered primary and secondary

electrons. Evans and Moore (1979) found that the electron

energy spectrum below about 1 keV in a diffuse aurora could be

accounted for by backscattered electrons. Backscattering takes

place also during pulsating auroras and since no signif-
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Figure 36
The minimum electric
field required for strong
diffusion with ECH wavs.
The upper curve is for a
particle kinetic energy W
equal to the resonant
energy WR and the lower
one for W = 0.5 WR.

icant low altitude parallel electric fields seem to be pres-

ent, the backscattered electrons are free to move out along

the field line. If there is little wave activity these elec-

trons will remain in or close to the loss cone and will easily

be precipitated. A mechanism of this type would give pitch

angle distributions in the equatorial plane with somewhat

higher fluxes at low pitch angles. Such a pitch angle distri-

bution is suggested by Figure 16 if the S23-L2 spectrum is

taken to represent the fluxes in the loss cone. When studying

GEOS-2 pitch angle distributions like those in Figure 30 the

measured distribution should be compared to the model distri-

bution rather than to a perfectly isotropic distribution. It

is then seen that the fluxes of 0.3-2.5 keV electrons are

slightly higher for small pitch angles than predicted by the

model.

Another argument against strong diffusion over the whole pitch

angle range and for the importance of near loss cone electrons

comes from the study of the decay time of fluxes during mini-

ma. During the S23-L2 rocket flight a gradual softening of the
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Figure 37
Flux decay time constants
for various energies and
pitch angle intervals
during the flux minimum
between 2156:30 and
2158:00 UT. The decay
time constants were much
smaller than the strong
diffusion minimum life
time xm except at the
highest energies.

particle spectra could be seen in the pulsation minima accom-

panying the general energy flux decrease. This effect was

mainly temporal. The softening was especially obvious during

the long lasting minimum Detween 2156:30 and 2158:00 UT. For

this period the decay time t(E) of the flux was estimated for

detectors 3, 4, 5 and 6. For D3 and D4 the fluxes from pitch

angles 0-30° were included and for D5 and D6 the fluxes from

60-90°. The decay times are plotted in Figure 37 together with

the minimum lifetime.

The measured lifetimes were much shorter than the minimum

lifetime for strong diffusion except for the highest energies.

The same result was obtained by Lundin (1977) in another

rocket experiment. The lifetimes measured by him were slightly

longer, but he also found that there was an increase in the

lifetime at the highest energies.

The solution to this discrepancy is probably that the observed

decay time in the ionosphere is not an average lifetime of the

complete equatorial particle distribution. It 1s instead the

lifetime of the part of the equatorial pitch angle distribu-



120

tion in the vicinity of the loss cone edge. When a pulsation

stops, there remains a strong gradient at the loss cone edge

in the equatorial plane pitch angle distribution, and there

may well exist a stronger diffusion across this gradient than

for pitch angles further away from the loss cone. In addition,

backscatter has created increased fluxes of near loss cone

electrons.

It is possible to make an estimate of an upper limit of the

size of the region involved in the diffusion that creates the

particle precipitation in pulsation minima. The minimum life-

time xm is inversely proportional to the fraction of the

particle distribution that is located within the loss cone.

For an isotropic particle distribution ont finds

2n
(18)

ita.

If only a certain fraction

determined by the angle o^ of

the full particle distribution

is involved we get instead

2n(l-cosa1)

tfi> 7 — • (19)

For example at 2 keV Figure 37 shows that x'[a,) - 0.4 T ,

leading to ai - 37°. It is, however, more likely that the

diffusion was not really strong, so the true interaction

region should be smaller.

For higher energies the observed lifetime increased. The dif-

fusion was, however, still weak for the 30 keV electrons,

judging from the minimum at 0° pitch angle seen in Figure 15.

Strong diffusion would have given an isotropic pitch angle

distribution. With increasing energy the number of backscat-

tered electrons decreases. The gradient in the pitch angle

distribution at the loss cone edge will be less pronounced and

the diffusion will be slower.
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In principle, a short decay time could be explained by spatial
variations in a source population drifting past the rocket
trajectory (Lundin, 1977). This possibility is not considered
likely, however, due to the constancy of the electron popula-
tion measured in the equatorial plane.

10.6 What causes the pulsations?

Various mechanisms that have been proposed to produce the flux
variations in pulsating auroras were reviewed in section 9.
None of these is in complete agreement with the present data
set, but the relaxation oscillator mechanism as discussed by
Davidson (1979) is the most promising one. Atmospheric pres-
sure waves (Luhmann, 1979) and bouncing particle bunches
(Thomas and Rothwell, 1979) can be ruled out in this case.
Micropulsations in the equatorial plane (Coroniti and Kennel,
1970) are not considered because they have not been observed
by GEOS-Z.

For both the relaxation oscillator mechanism and the micropul-
sation mechanism a requirement for pulsating aurora is that
the equatorial plane fluxes are c'ose to the limit of stable
trapping. The first expression for this limit for whistler
waves was derived by Kennel and Petschek (1966) but their
expression can only be used as long as the wave frequency is
significantly smaller than the electron gyrofrequency. In the
present case u>/wc is about 0.3. A more general expression
for the limiting flux has been given by Schulz and Lanzerotti
(1974). They arrived at an estimate of the equatorial Integral
omnidirectional flux I*

I*(W*) - (10 U/L 4) c n f V 1 (20)

above the minimum electron energy that leads to wave growth,
W*. For electron cyclotron waves W* 1s sometimes approximated
as the magnetic energy per particle Wg - B2/?ii0N, about
10 keV in this case.

The theoretically predicted flux limit and the derived equato-
rial flux during the rocket launch were 1n very good agree-
ment. For L = 5.6 expression (20) gives I* - 108 cm-2s"1. The
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actual equatorial flux in the energy range 10-20 keV was meas-

ured by GEOS-2 and for higher energies the rocket data in a

pulsation maximum was used. Isotropy in the equatorial plane

was assumed and this led to a flux of 2.2-108 cm"2 s"1. The

equatorial flux was thus large enough for wave growth to be

expected.

According to Davidson (1979) it is the electrons at small

pitch angles that are directly involved in the pulsations. He

suggested the pitch angle diffusion from large pitch angles to

be steady. This is, however, not in agreement with the present

observations of the pulsed ELF waves on GEOS. The periods both

of pulsation-on and pulsation-off stages are very similar in

the optical pulsating aurora and the pulsed ELF waves. A

steady diffusion would of course have given a steady hiss

level.

Also Davidson's moJel does not involve energy diffusion. It

seems necessary to go into a more detailed treatment of the

interaction between the particle distribution and the waves in

order to understand the problem.

The atmospheric pressure wave mechanism (Luhmann 1979) is not

able to explain the pulsating aurora measured by S23-L2. The

loss cone at L = 5.6 is about 3.2°. If the loss altitude is

increased by 10 percent as was done in the calculations by

Luhmann, the loss cone increases to 3.7° and the accessible

solid angle becomes less than 50% larger. The GEOS-2 pitch

angle distributions show no dramatic pitch angle gradients.

For a constant flux the increased loss altitude would lead to

a less than 50% increase of the precipitated number of parti-

cles. The measured variations during the S23-L2 event were

much larger than this, as can be judged for example from

Figure 7.

The pulsations observed during this event were far too irregu-

lar to be explained by bouncing of an electron bunch between

hemispheres.
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10.7 The stability of patches

Pulsating patches have a tendency to retain their shapes over

several pulsation periods. This tendency was also present

during the S23-L2 launch as seen in Figure 9.

Oguti (1976) suggested that the patches represent flux tubes

with an increased cold plasma density. The normally observed

eastward drift of patches in the morning side has been found

to agree with an ExB drift. During the S23-L2 flight, however,

no drift of patches was observed, as is normally the case in a

narrow region close to magnetic midnight.

So far the regions of increased cold plasma density have not

been measured in the magnetosphere, but the suggestion of

Oguti still seems very likely. As early as in 1971 Brice

pointed out that an increased cold plasma density in a field

tube would reduce the magnetic energy per particle, thereby

drastically increasing the particle flux which should be com-

pared to the limiting flux for whistler wave growth. In the

present case the limit of stable trapping was about

108 cm~2s"1 as found in Section 10.6. It was conluded in

Section 10.3.5 that the equatorial plane plasma density was

2»106 m"3 and the magnetic energy per particle 10 keV. The

integral equatorial omnidirectional flux above 10 keV was

2.2-108 cm- 2s~ 1. A decreased plasma density of Ne - 106 m~3

would give a magnetic energy per particle of 20 keV and the

integrated flux above this value was 1.3-108 cm- 2s- 1. With the

strong nonlinearity in the growth rate dependence on the flux

level (Davidson, 1979) such a flux level change could effec-

tively switch the instability off. The fact that also the flux

in the second case is higher than the calculated flux limit

must not be taken seriously. The flux limit calculation is

approximate in nature. Here it is sufficient to know that the

calculated flux limit is in the vicinity of the actually meas-

ured flux levels.

It is not clear how the regions of increased plasma density

are created. One possibility is that the colder part of the

particle distribution consists of backscattered particles from
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the ionosphere. During breakup situations the outward flow of

cold electrons is barred by parallel electric fields. During

the recovery phase these fields disappear or at least decrease

considerably and the electrons can move along the field line.

There is normally a time lapse of 10-15 minutes between the

passage of a westward travelling surge and the start of pulsa-

ting aurora (Royrvik and Davis, 1977). During the S23-L2 event

the last bright structure preceeding the pulsating aurora was

observed at 21.13-21.19 and the onset of pulsating aurora took

place at 21.20. It is suggested that this time lapse is the

time needed for the density of cooler plasma to build up along

the flux tube. A one eV electron travelling along the magnetic

field line needs about 70 seconds to reach the equatorial

plane and an electron of 0.1 eV energy about 230 seconds. When

a patch has been created, backscatter may help to maintain the

increased plasma density.

10.8 Electric field and electron density changes in the iono-

sphere

The S23-L2 payload contained an electric field experiment

built and operated by the Royal Institute of Technology

(Marklund et al., 1981). The measured electric field is 'hown

in Figure 38. Unfortunately the data is disturbed by a coning

modulation which was probably caused by a technical malfunc-

tion, but it will be assumed that the coning modulation is

mainly superimposed on the real data.

Between 220 and 410 seconds flight time several peaks were

measured in the east-west component. Most of these are probab-

ly due to the coning modulation, but the peak at 354 seconds

clearly differs from the other ones and is likely to be of a

different origin. A dotted line in Figure 38 shows the approx-

imate electric field expected from the coning modulation. It

seems that a westward electric fieid component of about

5-8 mV/m was added to the background field.

At the same time there was a peak in the particle precipita-

tion and an optical pulsation occurred on the same field line.
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Figure 38 The electric field measured by the rocket during the
S23-L2 flight (courtesy Göran Marklund). The data is
disturbed by a modulation at the coning frequency
but nevertheless a peak can be seen in the westward
component at 354 seconds flight time. This peak can
be interpreted as a superimposed westward field of
5-8 mV/m. The dotted line shows the approximate
curve that would have resulted from the coning modu-
lation only.

From the solid state detectors it was found that the precipi-
tation pulsation took place between 352 and 358 seconds flight
time.

The patch thus seemed to be associated with a localized elec-
tric field change, but the westward direction of the field was
opposite to what one would expect. The ambient electric field
probably had a more or less southward direction. This is basi-
cally 1n agreement with the rocket electric field data. A
southward electric field leads to a westward electrojet. The
electrojet was measured by the Scandinavian Magnetometer
Array, SMA (Kuppers et al., 1979) and found to be southwest-
ward before the 2158 UT pulsation (Baumjohann, personal com-
munication). SMA-data obtained during the rocket launch is
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Figure 39 Total equivalent current vectors obtained from the
Scandinavian Magnetometer Array (SMA) at 2154:00 UT
(courtesy Wolfgang Baumjohann). The map shows the
location of the various measuring stations. The
Kiruna meridian is marked with a line and the circle
shows the position of Kiruna.

shown in Figures 39 and 40. Figure 39 shows the locations of
the measuring stations and Figure 40 the SMA-data for the
Kiruna meridian.

It may be assumed that the precipitation during pulsation max-
ima gradually increased the ionization. Since the average
energy of the electrons during a pulsation maximum was rather
high the corresponding conductivity increase took place mainly
in the Hall component. This should have led to the creation of
an eastward polarization field. There thus seems to be a dis-
crepancy and further measurements of the electric field 1n
pulsating patches should be carried out to clarify this point.
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Figure 40 Total equivalent current vectors from the
Scandinavian Magnetometer Array for the Kiruna me-
ridian during the flight of S23-L2 (courtesy
Wolfgang Baumjohann). During the whole flight the
electrojet was directed westward or southwestward.

The identification of electric fields in pulsating patches is
of very great interest since they may be responsible for the
micropuisations observed during pulsating auroras. It has been
known for a long time that pulsating aurora is correlated with
micropuisations in the Pil cathegory. (Arnoldy et al., 1982,
and references therein.) More specifically Ward et al. (1982)
have found classical pulsating aurora to be associated with
Pi(b), burstlike P11 micropuisations. The correlation between
micropuisations and pulsating auroras led Coroniti and Kennel
(1970) to develop their well known theory in which the precip-
itation pulsations were suggested to be caused by the micro-
puisations. However, all the observations of micropuisations
have been obtained on the ground. No one has so far reported
if there exists a correlation between micropuisations 1n the
equatorial plane and equatorial ELF intensity pulsations, al-
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though it should be possible to detect the micropulsations if

they exist (Johnstone, 1983).

Evidence has been found that the Pil micropulsations associ-

ated with pulsating aurora are a secondary effect of the

precipitation pulsations. Arnoldy et al. (1982) studied photo-

meter, magnetometer and riometer data from Siple at L=4.2 and

concluded that the ground Pil variations were due to an over-

head current system produced by particle precipitation. During

overhead light bursts a westward component in dB/dt was de-

tected, and it was suggested to be caused by an equatorially

directed current driven by a polarization electric field

created in the auroral pulsation patch.

A recent study by Oguti and coworkers (Oguti et al., 1984,

Oguti and Hayashi, 1984) lead to a similar conclusion. They

used magnetometer and all-sky TV and found that the ground

magnetic field variations, dB/dt, could be well explained as

a linear combination of the luminosity in various parts of the

sky. The time lag between luminosity and magnetic field

changes was less than one second excluding the possibility

that the magnetic pulsations had originated far from the

ionosphere. The horizontal magnetic field deflections agreed

well with theoretically expected field-aligned currents and

horizontal ionospheric currents. Similar conclusions were

reached by Asheim and Aarsnes (1984) who compared data from an

all-sky TV and a magnetometer using a simple physical model.

The study of Arnoldy et al. was extended by Engebretson et al.

(1983, 1984). Engebretson et al. (1984) found that apart from

being correlated to light bursts, the Pil pulsations were also

correlated to region 2 field aligned currents in the morning

sector measured by the MAGSAT magnetometer. The region 2 mag-

netometer data often contained fine structures, which were

suggested to be caused by filamentary currents with horizontal

extents of 16-80 km. Going back one step in the chain of

events leading to the production of the ground magnetic dis-

turbances discussed here, Armstrong et al. (1984) found a cor-

relation between magnetic impulses and VLF waves, presumed to

cause the particle precipitation pulses.
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When comparing the electron fluxes and the electric field in a

pulsation patch it must be borne in mind that there is a fi-

nite build up time for the ionization created by the precipi-

tating particles. In the S23-L2 case the electric field maxi-

mum lagged the particle increase by about 2 seconds. Arnoidy

et al. found that there was a delay of 1-2 seconds between the

photometer maxima and the micropulsation maxima. The magnetic

D component variation and the riometer signal had very similar

time variations.

The continuity equation for the electron density in the E

region and lower F region is, if transport terms are neg-

lected,

9 Ne 2
öt

2
= q - aN. (21)

where q is the effective ionization rate and a the effective

recombination coefficient. The steady state solution is

N (h) = (V / 2. (22)
e a

If there is a sudden increase in the precipitation at the time

t0, the electron density as a function of time will be

(Marklund et al. 1982)

(23)

where N e o and N e s are the equilibrium densities before and

after the flux increase. The time needed for the electron

density to reach a value halfway inbetween N e 0 and Nes ^s

3Ne< • N

(24)

During the S23-L2 flight no electron density data were ob-

tained. It is, however, possible to derive equilibrium densi-
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ties from the measured electron spectra. These densities are

those that would result if there were no time variations in

the precipitation. Such a calculation was performed by

Marklund using the computer code described in Marklund et al.

(1982). The density before the flux increase was computed from

the electron energy spectrum measured at 341.7-344.3 seconds

flight time and the density corresponding to the pulsation

maximum from thp energy spectrum measured at 354.6-357.2 sec-

onds. In both cases the pitch angle distributions were approx-

imated with isotropic distributions, a very good approximation

in a pulsation maximum and quite acceptable in a pulsation

minimum. The resulting equilibrium electron density profiles

are shown in Figure 41. In both profiles there are maxima at

100 km altitude with a density of 6-1010 nr3 for the back-

ground aurora and 3 » 1 0 u m~3 in the pulsation maximum. The

electron energy spectrum measured during the pulsation maximum

gave a well developed density peak, while for the background

aurora the energy spectrum was so soft that the electron den-

sity between 100 and 150 km altitude was almost independent of

height. The density profile was only computed for every 10 km,

so the computed maximum at 100 km does not contradict the ear-

lier conclusion of a maximum density at 95 km altitude.

With N e s = 3-1011 m-3 and N e o = 6-1010 rrr3 and using an

effective recombination coefficient, a, of 6»10"13 m3 s"1 one

gets t-t0 = 2.7 seconds. This result is in very good agree-

ment with the time lag observed. The value used for a repre-

sents an altitude of 90-100 km.

The computer code also gave the Pederson and Hall conductivi-

ties. These are plotted in Figure 42. The calculations verify

the conclusion that the Hall conductivity increases much more

than the Pederson conductivity 1n a pulsation maximum. The

background aurora gave a height integrated Pederson conductiv-

ity, Ep, of 4.3 mho and Hall conductivity, EH, of 6.6 mho

leading to a ratio En/Ep of 1.6, but in the pulsation max-

imum Ep doubled to 10.8 mho while EH increased by a factor

of four to 25.7 mho giving a ratio En/Ep of 2.4.
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Figure 41 Equilibrium electron densities computed from the
electron spectra measured by the rocket. The filled
symbols represent the profile 1n a pulsation minimum
and was calculated from the spectrum obtained at
341.7-344.3 seconds flight time, 2158:04 UT, while
the open symbols were calculated from a spectrum
measured at 354.6-357.2 seconds flight time, 2158:14
UT, in a large pulsation maximum (calculation by
Göran Marklund).

During the S23-L2 flight micropulsations were recorded at
Esrange, but only the north-south component was obtained. This
component shows some variations during the flight, but there
appears to be no correlation with the patches traversed by the
rocket. A correlation is above all expected in the east-west
magnetic component and with overhead pulsating patches.

Sears and Vondrak (1981) studied the electron density varia-
tions in a pulsating aurora using the Chatanika incoherent
scatter radar. They did not find any electron density pulsa-
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Figure 42 Conductivity profiles corresponding to the equilib-
rium electron density profiles shown 1n Figure 41.
The Pederson conductivities are shown in the upper
panel and the Hall conductivities 1n the lower
panel. Filled symbols represent a minimum and open
ones a maximum.The most dramatic conductivity in-
crease takes place in the Mall component.
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tions, although the equilibrium densities derived from spec-

trophotometric measurements, Neo = 4-1011 nr3 and N e s =

7»10 n m"3, give an ionization buildup time of 1 second, while

the average duration of pulsation maxima was 3.2 seconds. The

lack of electron density variations is somewhat difficult to

understand. One fact that may partly explain it is that the

pulsations studied had a rather small amplitude with energy

flux variations of a factor of 2 only. The S23-L2 pulsation

discussed in this section represented an energy flux increase

of almost one order of magnitude. Oguti et al. (1984) give 8

seconds as a lower limit for the recombination lag time. The

reason for this high value is a small recombination coeffi-

cient, 2»10"13 m"3 s"1, corresponding to an altitude of about

130 km. Even if the patch altitude is variable, such a high

altitude is rather unusual. Nevertheless the recombination lag

time is usually at least of the same order as the typical du-

ration of a pulsation and a steady ionization level is seldom

reached in a pulsation maximum.

Localized electron density variations in the ionosphere may

well be of quite general importance in pulsating auroras. The

electron density affects the ionospheric conductivities, elec-

tric fields and currents and perhaps also the reflection coef-

ficient for the whistler mode waves travelling along the field

line.

The time constant for an ionization increase is usually smal-

ler than the time constant for an ionization decrease. This

was noted by Reid and Phillips (1971) who studied the relation

between auroral light and riometer absorption. It is here sug-

gested that the time constant for an ionization Increase fol-

lowing a step function precipitation increase may be calculat-

ed using expression (24). For ionization decays a first order

approximation of the time constant is

<26>

where Ne is the actual ionization level at the end of the
precipitation maximum. This is called the recombination lag
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time. For pulsating auroras precipitation changes are often

step functions. The validity of equations (24) and (25) should

be tested.

For significant ionization variations to take place it is of

course necessary for the durations of pulsation maxima and

minima to be long enough compared to the corresponding time

constants. In the S23-L2 case the time constant for an ioniza-

tion increase was estimated to be 2.7 seconds and the recombi-

nation lag time from full ionization 2.8 seconds. This recom-

bination lag time is a lower limit, since full ionization is

only approached for very long lived pulsation maxima.

As mentioned in Section 8.3 localized electron density maxima

were found by Senior et al. (1982). They studied field aligned

current structures on the morning side using the TRIAD satel-

lite and compared them to electron density measurements by

means of the Chatanika radar. Small scale upward current

structures with typical sizes of a few tens of kilometers were

found to coincide with electron density maxima. The background

electron density was l»10 n m"3 and inside the structures 2-

4'K) 1 1 m"3 was measured. The most common altitude for maximum

ionization was 110 km. The structures changed from one radar

sweep to another, that is in 12 minutes. It seems likely that

these structures were associated with pulsation patches.
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11. Summary and Conclusions

A pulsating aurora that occurred over northern Scandinavia at

magnetic midnight during the recovery phase of a substorm has

been studied using a large set of instruments. The Swedish

sounding rocket S23-L2 carried an auroral particle experiment,

an electric field experiment and some additional instruments.

The ground based instrumentation included auroral TV cameras,

all sky cameras, photometers and magnetometers. The satellite

GEOS-2 was located in the equatorial plane approximately on

the same field line as the rocket and measured among other

things auroral particles and ELF waves. The central experiment

of this study is the particle experiment on the rocket.

The pulsations studied were rather irregular with varying pe-

riods, expansion and merging of patches. They also contained

some 3±1 Hz modulation.

The electron fluxes measured on the rocket agreed very well

with the optical data obtained from the ground by low light

level TV and photometers. It seems quite clear that the opti-

cal light variations were directly related to the variations

in the electron flux. Properties of the electron flux respon-

sible for both the pulsations and the 3+1 Hz modulation could

be established. They were summarized in Sections 5.3 and 7.6.

The pulsations were mainly caused by an increase of the elec-

tron flux between 4 and 40 keV with the biggest energy flux

difference located at about 20 keV. For the 3+1 Hz modulation

the electron energies were generally higher. The modulation

could be detected from 7 to 200 keV, but the biggest energy

flux modulation occurred for electrons of about 60 keV.

The particle measurements on another sounding rocket, S10-1,

gave results similar to those from S23-L2 concerning the elec-

tron flux variations between pulsation maxima and minima.

A comparison of the electron distributions obtained by the

rocket and electron and ELF measurements on GEOS-2 shows that

during pulsation maxima the electrons could have been scat-

tered into the loss cone through the Doppler shifted gyroreso-
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nance with whistler mode waves. The pitch angle decreases ap-

pear to be accompanied by energy loss from the electrons. How-

ever, this mechanism does not appear to be important for scat-

tering at large pitch angles, especially not for electron

energies below about 10 keV.

The equatorial plane plasma density could be estimated to be

2»106 nr3, and for this density and the measured equatorial

magnetic field the observed wave frequencies were in resonance

with the electrons producing a pulsation maximum.

The whistler mode waves were probably hiss with some chorus

elements. During the flight the resolution of the GEOS-2 wave

experiment was not sufficient to allow identification of

chorus elements, but they were detected just one minute after

the end of the flight when the GEOS-2 experiment was run in

the high resolution survey mode.

In pulsation minima and between patches the precipitated elec-

trons were probably to a large extent backscattered particles

that remained at small pitch angles. This small pitch angle

population decayed rather quickly and entered the loss cone

without producing strong waves at GEOS-2. The GEOS-2 wave

spectrum contained no waves strong enough to explain the pre-

cipitation of electrons below 4 keV as ordinary strong diffu-

sion.

The 3±1 Hz modulation was observed both in the auroral emis-

sions, the precipitating particles and the whistler mode waves

at GEOS-2. The reason for the modulation is not known. One

possibility is that a kind of self-modulation mechanism is

working on the near loss cone electrons. In a qualitative

model suggested here it is assumed that whistler mode waves

are mainly created close to the equatorial plane, but as the

waves travel away they cause parasitic scattering strong

enough to fill the loss cone and stop the wave generation. The

modulation can continue as long as the near loss cone fluxes

remain large enough. These are replenished through diffusion

from larger pitch angles that goes on during pulsation maxima.
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It is further suggested that the modulation is imposed more or

less simultaneously on electrons of all energies but that it

decays more quickly for high electron energies. For the lowest

energies the decay seems to be so slow that no modulation is

noticed.

Various suggestions offered in the literature for the cause of

the pulsations have been investigated. None of them is com-

pletely in agreement with the data, but it seems likely that a

relaxation oscillator mechanism should be possible (Davidson,

1979, Trefall and Williams, 1979). The electron flux in the

equatorial plane was approximately at the stable trapping lim-

it as required. The most important objection with respect to

the data against the relaxation oscillator mechanism as de-

scribed by Davidson is that it calls for a steady replenish-

ment of near loss cone fluxes through diffusion from large

pitch angles. Such a diffusion should give rise to a steady

hiss level which was not observed.

It is not known how the size and shape of a pulsating patch is

determined, but so far nothing contradicts the suggestion of

Oguti (1976) that the patch represents flux tubes with an in-

creased cold plasma density. It is suggested that this cold

plasma originates in the ionosphere and that it is transported

out along the magnetic field line after the decay of the par-

allel electric field barriers which exist during a breakup.

Pulsations begin when the cold plasma density has become suf-

ficient.

In a pulsating patch a trace of a localized electric field was

measured. The electric field maximum lagged the electron ener-

gy flux maximum about 2 seconds. This can be explained by the

ionization buildup time.

Much more work is needed before we can claim to understand

the processes in pulsating auroras. Since clearly many vari-

ables are Involved, good measurements are very Important.

Among the things that should be more thoroughly Investigated

are the detailed particle distribution changes during the
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3+1 Hz modulation, the temporal variation of the equatorial

plane loss cone population, the equatorial plane cold plasma

density, the detailed nature of the whistler mode waves, the

evolution of ionospheric ionization, conductivities and elec-

tric fields, the amount of backscatter from the ionosphere and

the location of upward and downward field aligned currents. It

is also important that measurements are made in different

types of pulsating auroras and at different magnetic local

times. Whenever different instruments are measuring simultane-

ously great care should be taken to minimize the relative tim-

ing error. The data set collected on January 27, 1979 appears

to be a very successful one. Thanks to the many simultaneous

measurements of different kinds it has been possible to inves-

tigate several aspects of pulsating auroras. This study has

not exhausted the possibilites of the data. It can certainly

provide a basis for more thorough theoretical work.
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APPENDIX

Relative and absolute efficiency for Galileo Electro-Optics
type CEM-4028 and CEM-4021 channeltrons

The S23 experiment contained a total of 30 channel electron
multipliers. In detectors Dl, D3, D6, D8, D9 and D10 were used
Galileo Electro-Optics type CEM-4028 channeltrons, and in the
remaining detectors type CEM-4021.

The method used to obtain the relative efficiency will now be
described. The conversion factor is defined as the number of
counts n per second obtained per unit incident differential
directional flux j(o, E)

6n

C(E) = furry-
Riedler (1971) has shown that C
static analyzer can be written

for a cylindrical electro-

C(E ) =

O u u

G is a geometric factor that is a constant, for each detector

16 d 3 2G = 07(7") b 1
*" rm

where d, rm and b are defined 1n Figure Al, TI ( E O ) is the
absolute CEM efficiency, q the fraction of the picture plane
which 1s covered by the CEM opening and E o the center energy
of the detector. In practice G can only be calculated approxi-
mately with this formula, as mounting imperfections and edge
effects are not taken Into account.

The function TJ 1S the absolute efficiency. Since the measured
quantity is GT) and G 1s not known the exact value of n can not
be obtained. Instead we define the relative efficiency e

TI(E) * k e(E) (Al)

where k 1s a constant for each CEM type, so that

C ( E Q ) * G(detector) k(CEM type) e(EQ) E Q.
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Figure Al Geometry of detectors with electrostatic analyzers
and CEM.

The relative efficiency for the CEM-4028 was calculated first.
The measured conversion factors for the detectors involved
were plotted as a function of energy. Since the various detec-
tors were likely to have different geometric factors, the cal-
ibrated conversion factors had to be normalized. Detector Dl
in payload S23-L1 was taken as the basis for the normaliza-
tion. The ratios between the geometric factors for the elec-
tron detectors (Dlt D3 and D6) and Jetector LI, Dl was com-
puted at 15 keV

G(n)k C(n. 15 keV)
G(Ll,Dl)k " C(L1,D1, 15 keV)

G(Ll,Dl)k was arbitrarily put to 5-10"5 cm2sr.

With the value G(n)k the relative efficiency was calculated
for all calibration steps.

C(n,Ej
e ( n' Eo ) =
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Table Al Geometrical dimensions S23 D1-D1O

Desig.

Dl

D2

D3

D4

D5

D6

D7

08

D9

D10

m
(mm)

40

20

40

20

20

40

20

40

40

40

d

(mm)

2

2

2

3

3

2

3

4

3

4

a

(mm)

18

18

18

18

18

18

18

18

18

18

(mm)

24

7

24

14

14

24

14

24

24

24

c

(mm)

8

1

8

1

1

8

1

8

8

8

e

(mm)

5

5

5

5

5

5

5

5

5

5

ao

(degrees)

4

8

4

12

12

4

12

8

6

8

*o
(degrees)

16

7

16

13

13

16

13

16

16

16

These values were then plotted in Figure A2.

For detectors D8, 09 and D10 the comparison with detector LI,

Dl was done at 10 keV. The subsequent relative efficiencies

were also plotted in Figure A2.

The spread in the measured relative efficiencies for detectors

Dl, D3 and D6 is small except at the lowest energies. For D8,

D9 and D10 the results are much more uncertain. There are

surely no differences between these two detector groups in the

average CEM quality. The important difference is the larger

analyzer plate distance for the later group. These detectors

will be more affected by inhomogeneities in the calibration

source electron beam.

The large spread at the lowest energies is mainly caused by

the difficulties in obtaining a stable electron beam.
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Figure A2 Measured relative efficiencies for Gaiiltfo Electro-
Optics CEM-4028 channeltrons. Capitals are for elec-
tron detectors and lower case letters for positive
ion detectors.
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For computational purposes e was approximated with 4 straight

line segments going through the points

E(keV) e

0.0 0.90

4.0 0.76

13.0 0.53

16.0 0.49

30.0 0.34

The relative efficiencies obtained for type CEM-4021 are shown

in Figure A3. Here all detectors were compared with detector

D2 in payload S23-L1. Gk for LI, D2 was taken to be 3.70.10"6

cm2sr. The relative efficiency for type 4021 CEM was approxi-

mated with a single straight line through (0 keV, 0.775) and

(10 keV, 0.725).

An estimate of the absolute efficiency was obtained in the

following way. For each detector the theoretical value of G

was calculated. The parameters d, rm and b are given in

Table Al. The effective area q was taken as the hatched area

in the figure divided by the

area of the rectangle. The

rectangle is the total area in

the entrance plane of the CEM

that can be reached by parti-

cles having passed through the

electrostatic analyzer. The

circle is the CEM mouth. Using

the opening angles given in

Table Al q is obtained from

q = (b+2e tanp7Td+2e tana)

where T - arc sin(
d+** tanot)

The calculated geometric factors Gc were then compared with

the average value of Gk obtained in the measurements. Dis-

regarding systematic errors common to all detectors we get
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Table A2

CEM-4028

Detector

Dl

D3

D6

D8

DIO

09

Gk(cm2sr)

LI

5.00 lo-5

5.33 10-5

4.69 lo-5

3.43 10-14

3.30 10-1*

1.52 10-4

H

4.77 lo-5

5.61 lo-5

4.27 10-5

3.21 lO"1*

2.99 lO-h

1.71 10-"

L2

4.20 lo-5

4.61 10-5

5.00 10-5

5.05 10-"

4.02 10-1*

2.49 10-1*

Gk(cm2sr)

4.83 10-5

3.67 10-*

1.91 lO"*1

Gc(cm
2sr)

1.9 10-1*

8.90 lO""

3.93 10-**

k

0.41

0.41

0.49

CEM-4021

Detector

D2

D4

D5

D7

Gk(cm2sr)

LI

3.49 10-6

3.95 10-5

2.26 10-5

2.96 10-5

H

3.70 10-6

2.86 lo-5

2.06 lo-5

3.09 IQ"5

L2

4.18 10-6

2.92 lo"5

1.75 lo-5

3.40 IQ"5

Sk(cm2sr)

3.79 10-6

2.81 lO-5

Gc(cm
2sr)

7.76 10-6

3.50 IQ"5

k

0.49

0.80

k •%•
G

The absolute efficiency is then obtained from expression Al.

The values for Gk, Gc aruj |< are given in Table A2. Each group

consists of the detectors with identical geometry.
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The estimates for the absolute efficiences are given in Figure

A4. For the CEM-4028 k = 0.41 has been used, and for CEM-4021

k = 0.80. For comparison the relative efficiency obtained by

Archuleta and DeForest (1971) for a Bendix (now Galileo Elec-

tro-Optics) type CEM 4013 is shown. These authors have ob-

tained their results in an instrument similar to ours.

It is not surprising that the 4028 CEM exhibits the lowest

efficiency. This channeltron has a large entrance funnel, and

the efficiency is probably not homogeneous over the entire

area.

Much of the difference between the different efficiency curves

is likely to be due to errors in the determination of the geo-

metrical constant 6.

Another method of determining the absolute efficiency is pro-

vided by the countrate response calibrations. In these cali-

brations the detectors are exposed to a beam of electrons with

an energy exactly at the center energy and with a direction of

incidence exactly perpendicular to the instrument opening. The

flux is increased and the countrate is recorded as a function

of incident directional flux. If the CEM area seen by the

electron beam is accurately known, this method gives the abso-

lute efficiency for the center energy.

These values of the absolute efficiency have been included in

Figure A4. Care has been taken not to read the efficiencies at

fluxes where the saturation effect has become important.

The efficiencies obtained from the countrate response calibra-

tion are lower than those given by the earlier calibration.

The discrepancy is larger for the CEM-4028. One source of er-

ror lies in uncertainty in determining the CEM area that can

be reached by particles. This area is affected by the Instru-

ment mounting as well as edge effects. It is different for

directional and omnidirectional fluxes. An effective area

enters into both evaluations of the absolute efficiency. It is

also possible that there 1s after all a certain deviation of

the beam from the center energy, and that the beam direction

is not quite correct.
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o t (4021) at 107 cm'2 sH

• € (4028) at 101 cm2 s*

0.1

0.0
10 20

ENERGY (keV)
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Figure A4 Absolute efficiencies for CEM 4028 and CEM 4021. The
dots and circles are the results obtained from the
countrate response calibration. Also included 1s the
relative efficiency for CEM-4013 obtained by
Archuleta and DeForest (1971).
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List of symbols

Throughout the text the subscripts n and 1 denote components
parallel and perpendicular to the earth's magnetic field.

B magnetic induction of earth's magnetic field

B1 magnetic induction of wave

c velocity of 1ight

D diffusion coefficient

E electric field

e electron charge

f particle distribution function

f electron cyclotron frequency

f plasma frequency

Tl h/2n, h is Planck's constant

I* flux limit for stable trapping

k wave vector

L Mcllwain L-value

m electron mass

N plasma density, electron density

N cold plasma density (-<10 eV)

N. hot plasma density (->10 eV)

q effective ionization rate

T. bounce period

t time

v electron velocity

vR velocity of resonant electron

W kinetic energy

WD magnetic energy per particle

WR kinetic energy of resonant electron

a pitch angle, effective recombination coefficient

a equatorial loss cone angle
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X latitude

u permeability in vacuum

JH height integrated Hall conductivity

I height integrated Pederson conductivity

t decay time constant
t minimum lifetime in strong diffusion limitm
4 angle between E and v^

OJ wave frequency

to electron cyclotron angular frequency

a) angular plasma frequency
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