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Electric Field Microstructures in the Auroral E-Region

J. A. HOLTET , : )
The Norwegian Institute of Cosmic Physics, Blindern, Oslo, Norway

Holtet, J. A. FElectric Field Microstructures in the Auroral E-Region. Geo-
Physica Norvegica, Vol. 30, No. 4, 1973,

The present work represents a study of microstructures in the auroral ZE—region
based on in situ observations of AC electric fields. The main characteristics of
the observed wavefields, called ELF E-layer noise, are as follows:

1) The emissions appear in the altitude region 95-120 km.

2) The noise is found in the range 50 Hz to 3 kHz. S

3) The orientation in space of the wave E-field vector is well defined and is
approximately in the magnetic cast-west direction. This does, however,
change significantly with altitude,

4) The wave is electrostatic.

It is shown that these ficlds can be generated by a two-stream plasma instability.
The observed characteristics are compared with features derived using linear
instability theory and an ionospheric model representing the observation con-
ditions, and a good: correspondence is found. An additional piece of information
obtained from the measurements is that the wavefield observations give means
to record small scale variations in the direction of the electric current.

J. A. Holtet, The Norwegian Institute of Cosmic Physics, Blindern, Oslo 3,
Norway

The day will yet come when the progress of research through long ages will
reveal to sight the mysteries of nature that are now concealed. A single lifetime,
though it were wholly devoted to study, does not suffice for the investigation
of problems of such complexity... It must, therefore, require long successive
ages to unfold all. The day will vet come when posterity will be amazed that we
remained ignorant of things that will to them seem so plain.

Semeca. Naturales quaestiones 7.25 (about A.D. 63).

A. Omholt submitted this paper to the Norwegian Academy of Science and Letters in Oslo, 6th April 1973.
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4 J. A. Holtet

1. INTRODUCTION AND OUTLINE

The main purpose of this study was to perform
an experimental and theoretical investigation of
small-scale irregularities in the auroral E-region.
‘Small-scale’ in this context means structures with
horizontal extent in the range 10*-10"* m.

The experimental basis was in situ observations
of AC electric fields during the presence of
visual aurora. Variational fields of this kind can
be directly related to irregularities in the distribu-
tion of thermal electrons. Their presence has
earlier been postulated from measurements of

- other ionospheric parameters and on theoretical
grounds. The fechnique utilized in the present
study has, however, provided a new approach to
the problems. In situ observations give first-hand
information about spectral distribution and direc-
tion of the wavefield, together with variations of
the wave properties vs. altitude. The direct result
of this is improved mapping of the small-scale
electric fields in the E-region. This, in turn, leads
to a better understanding of physical processes
involved in the formation of irregularities in this
part of the ionosphere.

To give an impression of the kind of irregulari-
ties which will be considered, and outline the
problem, we will begin with a presentation of the
experimental results together with a short discus-
sion of the raw data (Chapter 2). In dealing with
ionospheric irregularities it is, however, necessary
to obtain information about the ‘regular’ iono-
sphere. In Chapter 3, therefore, we rather sum-
marily give a picture of the ionospheric medium,
and present various ionospheric parameters and
their variations, while Chapter 4 deals with the
electrodynamics of the ionosphere — the motion
of charged particles influenced by electric and
magnetic fields. This is followed in Chapter 5 by
a presentation of auroral current systems, a
result of the particle motions. In the same chapter
wewillevaluate the present knowledge about large-
scale electric fields, the driving force of the cur-
rents. Furthermore, we will present some observa-
tions of DC fields in auroral situations and go into
the experimental technique for measuring electric
fields in the ionosphere. Details of this subject
will be further discussed in Appendices I and II.

Supporting the observations of small-scale
electric fields, presented in Chapter 2, is the
presence of microstructures in the electron distri-
bution observed at the same time as the field
variations. These recordings, made by the VLF
Doppler technique, are described in Chapter 6.
To see our observations in a wider perspective,
the subject for the following chapter is small-
scale irregularities in the auroral E-region in
general, giving a survey of observed small-scale
structures in particle precipitation, optical aurora,
and radio aurora. '

The source of E-region microstructures is likely
to be found in a plasma instability (Chapter 8). It
is deduced that the observed features during
the existing ionospheric conditions can plausibly
be explained by a modified two-stream instability.

The last chapter is devoted to comparisons and
discussions of the instability theory vs. observed
features. The primary parameter in generation of
the instability is the electron-ion drift velocity.
Both frequency, amplitude, and direction of the
wavefield depend on this property. A supple-
mentary result from the observations is therefore
that from observations of the field direction one
can track the velocity vector and thus record .
small-scale variationsin the direction of the current.

The observation of the E-region irregularities .
came as an unexpected result from an experiment
originally flown to measure very low frequency
radio emissions in aurora. The payload was there-
fore not primarily composed to give thorough
information about the E-region plasma. In the
comparison between observed and theoretically
derived properties of the wavefield one is there-
fore limited to the use of a somewhat simplified
ionospheric model. However, essential observed
features as altitude region, amplitude vs. frequency
distribution, and direction of the wavefield in
space, correspond very well to that predicted from
the theoretical model study.

2. INSITU MEASUREMENTS OF E-REGION
ELECTRIC FIELD MICROSTRUCTURES

2.}, Introduction

The observations which constitute the basis for
this study, and which will later be put into a wider
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perspective, are the results from measurements of
small-scale variations in the electric field. The
observations were made by means of rockets, and
are based on the double floating probe technique.
The measuring technique and instrumentation
will be described in det:ul in Chapter 5 and Ap-
pendix 1.

The data mainly originate from two rocket
flights, F23 and F24, but, for comparison, results
from two other rockets (NASA 14.383 and 18.57)
will also be mentioned. The main point will be the
presence of small-scale fields in the E-region, but
to get an impression of the entire picture, the AC
observations at other altitudes will also be briefly
described.

2.2 Launch conditions and payload operation

The rockets were launched from Andgya Rocket
Range in Northern Norway. Coordinates for the
range are: Geographic 69.3°N, 16.0°E, corrected
geomagnetic 66.1°N, 103.1°E (Hakura 1965).
Magnetic midnight (eccentric dipole time) is
about 2200 UT. The launch site is located ap-
proximately 120 km magnetic west of Tromsg
(Auroral Observatory), 230 km magnetic north-
west of Kiruna (Rocket Range and Geophysical
Observatory), and 600 km magnetic south-west

The rockets were night flights, and were fired
during weakly to moderately disturbed conditions.
Visual aurora was present in or close to the launch
direction of F23, F24, and NASA 18.57, while

no aurora could be seen near the trajectory of

NASA 14.383. The main characteristics of the
payloads, together with information about iono-
spheric disturbances, are summarized in Table
2.1. The launch conditions for F24 and F23 will
be described in more detail.

‘F24: Even though ground observations of the

ionosphere at the launch time of F24 (0017.37

~UT; March 8, 1970) gave evidence of moderate

activity, the period when the launch took place
must be described as very disturbed. A SC at
0805 UT, March 5 preceded a minor storm and a
second SC, which initiated a great storm, started
at 1420 UT, March 8. However, the conditions
during the launch period were dominated by a
minor PCA which was reported to start about
1410 UT, March 6. The ATS-1 records indicated
a maximum for the proton event some time before
0020 UT, March 8 (ESSA 1970). A PCA caused
by precipitation of high energy solar particles
will establish relatively stable ionospheric condi-
tions over a large scale (Hultqvist 1968). The main

of Bear Island (magnetic observatory).

features will thus be conserved over a long

Table 2.1. Flight characteristics and launch conditions

Rocket code F24 F23 NASA 14.383 NASA 18.57
Rocket type Nike/Tomahawk  Nike/Tomahawk  Nike/Apache Nike/Tomahawk
Launch daie Mazrch 8, 1970 Nov. 13, 1970 Jan. 12, 1972 Jan. 16, 1973
Launch time .

(I'=0), UT 0017.37 2219.41 2116.35 2058.51

Azimuth setting,® 320 320 343 345.5

Peak altitude, km 216 214 197 260

Spin period, s 1.8 1.09 0.48 1.1

Coning period, s 260 175 40 170

Coning half angle,” 20 17.5

E-field exp. DC, widebd., DC, widebd., DC, spectr. DC, spectr.
spectr. spectr.

Auvroral cond. Glow Patchy glow No near trajectory Glow, double arc

Kp 4+ 20 2— 3-—

Dst,y —43 —18

CNA(27,6 MHz,

T=0),dB 0.6 0.7 0.2 4.5

Magn. act. _

(T=20),vy —300 (4H) —240 (4 H) +50 (4X) —150 (4X)
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period, but this does not prevent other perturba-
tions from being superimposed on the slow PCA
variation.

The launch took place in the recovery of a
negative bay, and the deflection in the H-com-
ponent decreased fairly steadily from —290 to
—190 y during the flight (¢f. Fig. 2.1, curve b).
The deviation in magnetic- H and Z at Bear
Island, Tromseg, and Kiruna, gave evidence of a
westward electrojet with the integrated current
system located to the north of, but close to the
launch site zenith. Thus, the rocket trajectory was
most likely to the north of the main electrojet.
The Kp value of 4 (6 — in the previous 3-hour inter-
val) and the Dsr figure of —43 y showed a high
magnetic activity.

The auroral situation was dominated by a
fairly homogeneous and quiet glow which covered
the launch direction. The intensity of the N

(4278) emission as measured from the grbund :
decreased slowly from about 1.2 to 0.9 kR, with-
out any marked structure (¢f. Fig. 2.1.c). Photo-
graphs indicated, however, the presence of very
faint discrete forms within the glow.

Propagation studies of VLF waves, both from -
transmitters and naturally emitted (atmospherics),
showed stable ‘day time’ propagation conditions,
as are normal for a PCA event. This means that
the precipitation of energetic particles caused
ionization below 80 km resembling a day time
D-layer (cf. Sect. 3.4). The cosmic noise absorp-
tion (27.6 MHz) at Troms@, Andeya, and Kiruna,
which gives an indication of the precipitation of
high energy particles (E>40 keV), was low (0.5
to 1 dB) but fairly constant (Fig. 2.1.a).

F23: This rocket was launched in a more typical
auroral situation, with more structures and rapid

ey
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Fig, 2.1, Cosmic noise absorption
at 27.6 MHz (curve {a)) and devia-
tion in the magnetic H-component
(curve (b)) measured at the launch
site for the F24 launch period.
Curve (c¢) shows the intensity. of
the auroral N# (4278 A) emission
as measured from the launch site
at different elevation angles in the
plane of the rocket irajectory. The
elevation angles were selected to
watch the particular parts of the
aurora which were expected to be
magnetically linked to the rocket
during the different periods of the
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Fig. 2.2. Deviation in magnetic H-component
(Troms@) and cosmic noise absorption at 27.6 MHz
(Andeyva) during the flight of F23.

variations. Generally, the ionospheric conditions
during the flight period can be characterized as
moderately disturbed. The launch took place in
the expansive phase of a substorm (c¢f. Sect. 5.2),
but the situation as a whole was too complicated
to allow a schematic classification. The deviation
in magnetic H-component was at launch ap-
proximately — 250 p, but during the flight this
increased rather suddenly and reached a peak
value -of —350 y (¢f. Fig. 2.2.a). The magnetic
observations indicated a westward current system,
consistent with the adopted current configuration
for the substorm growth phase (¢f. Sect. 5.2),
with its centre somewhat to the north of the launch
site. The Kp and Dsr figures were respectively
20 and —18 p.

The cosmic noise absorption was also subject
to large variations. From a fairly steady value of
approximately 0.5 dB before and during the first
part of the flight the absorption suddenly in-
creased to about 1.5 dB, giving evidence of a
sudden influx of energetic particles (Fig. 2.2.b).
One may here find some resemblance with the
F24 conditions, with energetic precipitation both
in the PCA and in the sudden absorption event.
However, the particle populations will most prob-

ably be quite different — while protons will
dominate in the PCA precipitation, electrons will
be most abundant in the SA flux (¢f. e.g. Hult-
gvist 1968).

No photometric recordings of the aurora exist
for this period, due to cloud coverage. From
photographic observations at Tromsg the aurora
can, however, be described as a patchy glow with
weak structures near the launch direction.
Vertical sounder records made at 2200 and 2300
UT at Kiruna and Tromss showed the existence
of sporadic E-layer. (In the case of F24 the low
altitude absorption layer associated with the PCA
precluded sounder measurements.)

Mechanically the two rockets were very similar,
and in both cases the launcher settings were the
same, with an azimuth angle of ~ 320°. The peak
altitudes were 216 km (FF24) and 214 km (F23).
F24 had a spin period after despin and antenna
déi)l(ﬁ)yﬁléﬁtr of 1.8 s. The precession cone, as
determined- by two fluxgate aspect magneto-
meters, opened up to 20° half angle and the preces-
sion period was approximately 260 s. The orienta-
tion of the cone was such that the spin axis was
parallel to B once (near 204 km on the descent
part). F23 had a spin period of 1.09 s, the axis
of rotation was on a cone with 17.5° half angle,
and the coning period was 175 s. In the attitude
calculations it is assumed that the angular momen-
tum vector lay in the plane of the trajectory.

In both payloads the E-field expefiments
functioned satisfactorily, without any problems
of mechanical or electrical kind, and with a low
interference level. The antennas were fully ex-
tended at 157 km for F24 and 138 km for F23.
Atmospheric drag caused bending of the elements
below 95 km on the descent path which disturbed
the geometrical configuration and jammed the
DC measurements {¢f. Appendix I). AC data
were obtained until the elements started to break
off around 80 km. However, within the last
10 km a considerable amount of transient noise
was present because of the unstable probe
situation.

The DC measurements from the flights will be
presented in Chapter 3. It will only be mentioned
here that the general impression of the records
fits the pictures of the launch conditions, with a
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Fig. 2.3, Survey of different emis-
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maximum signal intensity. Altitude
and angle between the rocket axis
and the earth’s magnetic field are
given in the upper part of the
figure.
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slowly varying field during the F24 event and
more dynamic variations in the F23 case.

2.3. AC measurements above 130 km

The AC fields observed above 130 km will only
be briefly summarized, because these measure-
ments will not be important in the following dis-
cussions. They will mainly serve to set off the low
altitude recordings. (For a more detailed descrip-

tion of the observed emissions, cf. Holtet et al.
1971 a, b.)

A survey of the different emissions as observed
by the wideband channel in F24 is given in Fig.
2.3, The noise above 130 km can roughly be di-
vided into three groups, i.e. discrete emissions,
noise bands below 5 kHz, and hiss above 3 kHz.
(For the emission terminology, ¢f. e.g. Helliwell
1965.)

100

e

>
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wad

L

r

)

& cor

O
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—l o

UJ T T - i T 1 H 1

< 0020.00 30 0021.00 30 0022.00 UT
150 200 250  FLT. TIME(s)

Fig. 2.4. The AC electric field in range 1 to 10 kHz vs. time for the flight period 150 to 250 s of F24.
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Discrete emissions, both risers and more com-
plex forms, appeared sporadically throughout
the whole flight in the frequency range 1 to 2.5
kHz. There was a maximum around 180 s, but
this peak was not pronounced.

Several noise bands with different bandwidths

(c¢f. Fig. 2.3) were present during most of the

recording period between approximately 0.8 and
4.7 kHz. The intensity of the noise was partly
spin modulated, showing an anisotropy in the
wavefield. A broad, but pronounced maximum
appeared between 150 and 230 s flight time (Fig.
2.4). This corresponds to a region with decreased
DC field, and the fluctuations in DC and AC
field strengths were also almost in antiphase. It
should be noted that the spin modulation was less
marked in this region. _
Spin-modulated wideband noise (hiss) above
3 kHz occurred in two bursts, lasting from about
190 t0 270 s and 280 to 375 s flight time. It should
be noted that the minimum between 270 and 280 s
corresponds to the time when the rocket axis was
approximately parallel to the magnetic field lines.

The intensity of the signal integrated over one
cotaplete spin period was, however, rather slowly
varying, and this emission showed no resemblance
with the intense fluctuating emission known as
auroral hiss (Helliwell 1965).

In general one can say that also the AC meas-
urements reflect the stable and slowly varying
PCA conditions. |

The emission spectrum and variations recorded
in the F23 event (summarized in Fig. 2.5) were
basically different from that found in the F24
flight,

In this case hiss emissions were also present
above approximately 6 kHz, but compared to the
F24 hiss, these emissions were much more inten-
sive and the amplitude fluctuated quite vigorously.
According to VLF terminology these emissions
should be classified as auroral hiss. Maximum
signal strength appeared in several bursts be-
tween 210 and 250 s flight time. It will be noted
that this corresponds to a peak in the DC field
(¢f. Sect. 5.6), and also that in the more rapid
time variations the two records follow each other.

g 8

ALTITUDE (k) -
8

S

8 o
ANGLE €, (DEGREES)

&

Fig. 2.5. Survey of emissions re-
corded during the flight of F23
together with a plot of altitude
and angle between the rocket axis 00
and the earth’s magnetic field.
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Fig.. 2.6. Spectrogram of ELF E-layer noise recorded in the F24 event.
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This is quite contrary to the behaviour of the F24
noise bands.

In addition to the auroral hiss, two other kinds
of emissions were observed. One was a band of
noise bursts of rather transient character ap-
pearing below 1 kHz. The maxima in this noise
appeared out of phase with the auroral hiss. The
other type may be of more inierest, as its onset
can obviously be associated with the increased
CNA, i.e. increased flux of high energy particles.

The emission can be characterized as wideband

noise from approximately 0.1 kHz to several tens
of kHz. In the weaker parts it was spin modulated,
but in the strongest bursts no spin modulation
was present.

2.4. AC measurements below 130 km

Both the launch conditions and the observations
made during the flight were very different for
these two rockets. Furthermore, the difference in
coning angle and period made the attitude of the
rocket body and E-field antenna with respect to
the earth’s magnetic field quite different, for the
flight in general and below 130 km in particular.
In spite of this the general appearance of the AC

05 ' 100
Fig. 2.7. Spectrogram of ELF E-layer noise in the F23 event,

SSALTITUDE, km

electric fields observed in the height interval 130-
90 km were almost identical for the two rockets.
These fields, which spectrographically can be
described as wideband noise with maximum

. intensity below 500 Hz (Figs. 2.6 and 2.7), will be

termed ELF E-layer noise.

The similarity in the observations made under
such different conditions makes us believe that
our observations are fairly typical for this pheno-
menon. In the following we will briefly present
what appear to be characteristic features for this
E-layer noise.

a: The noise is located in the height interval 90—
130 km.

b: The emissions cover frequencies from about
50 Hz to 3-4 kHz, with maximum amplitude
in the lower part of the spectrum. The power
spectrum is asymmetrical with a faster roll-off
on the low frequency than on the high fre-
quency side (¢f. Fig. 2.8). This may, however,
be somewhat modified by the frequency res-
ponse of the antenna and electronics. The low
frequency limit was, however, also verified by
the recordings from the DC channel, which
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Fig. 2.8. Power spectrum of ELF
E-layer noise recorded by F24. &
The spectrum is integrated over the

total duration of the emissions.
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has an AC response up to about 300 Hz (¢f.
Fig. 9.5). '

¢: The measured amplitude of the field reaches
a maximum of about 5 mV m~2,

d: There is no marked peak in the amplitude wvs.
frequency representation (Fig. 2.8).

e: The recorded signal is spin modulated with
period equal to half the spin period (Fig, 2.9.)
The direction of the electron field is thus well

100 200 00
FREQUENCY (Hz)

defined. This is even more clear if the width
of the antenna pattern is taken into account.
The modulation is most marked at high fre-
quencies, and is more pronounced for the upper
15 km of the region than it is for the fields de-
tected in the lower E-layer. In the last part of
the noiseburst, no spin modulation at all can be
seen, as if the waves are scattered in all direc-
tions and the structure smeared out in the

q .
E 1
4

370 375

380 FB FT WME(S) 385

Fig. 2.9. Amplitudes of ELF E-layer noise and signals from the rocket’s transverse magﬁetometer recorded
as function of flight time for F24 (upper) and F23 (lower).
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denser medium. The thickness of this ‘diffusive
region’ is approximately 4 km (¢f. Figs. 2.6,
2.7, and 2.9). Much finestructures, with large
and rapid fluctuations, are, however, present
in the amplitude vs. time record (Fig. 2.9). It
can also be noted that in some cases the ‘heaps’
following the rocket spin have a double peak.
This means that amplitude maxima occur in
two directions close to each other. As this
does not appear in all maxima it is supposed to
be real effect and not caused by the antenna
radiation pattern.

f: Maximum amplitude and widest frequency
range are generally found when the direction
of the antenna is near the magnetic east-west
direction (¢f. Fig. 2.10 which is based on data
from F24).

- g: The direction of maximum field strength is not
constant in space, but can shift with.altitude.
This can be seen on data from F24 (Fig. 2.10),
but is much more pronounced in the F23
measurements (Fig. 2.11) where a shift of ap-
proximately 30° occurs. In the F 23 measure-
ments difficulties in determining the exact

ALTITUDE{[ NORTH
F 2 . K ken [
. 5 lzu b : 7

\ N g + 4 ’

S0UTH

Fig. 2,10, Orientation of the F-field antenna in a
topographical coordinate system at the times of
maximum amplitude in the spin-varying ELF F-
layer noise bursts (¢f. Figs. 2.6 and 2.9), Two points
connected by a dotted line indicate a double peak
in the same burst, Distance from the centre gives the
rocket altitude. The line marked INV. LAT. is the
direction of constant invariant Iatitude at 100 km.
Data from F24.

ALTITLDE
km T

Fig, 2.11. Orientation of the E-field antenna.in an
arbitrary horizontal coordinate system at the times
of maximum amplitude in the spin modulation of
ELF E-layer noise. Points connected by a dotted
line indicate multiple peaks in the same burst.
Distance from the centre gives the rocket altitude.
Data from F23. ' '

orientation in space of the rocket from the
magnetic aspect records have made it im-

possible to locate the electric fields accu-

rately in a topographical coordinate system. -
However, the changes in direction seen in Fig.

2.11 are quite significant, but the location of

 the axis is arbitrary. A conspicuous feature in

this plot is the division of the points of maxi-
mum signal into marked groups, shifted about

30° in direction. The transition takes place

quite suddenly around 110 km. It should be
noted that at the same altitude the rocket

magnetometer showed strong fluctuations,

giving evidence of a large local perturbations

of the magnetic field (¢f, Fig. 2.9).

Without listing it as a “characteristic property’
it can be noted that in both cases the enveloping
curve for the amplitude vs. time (i.e the curve
touching the peaks in this record) follows the
same pattern and has two marked maxima. This
is no artificial effect caused by variations in the
rocket attitude. It can also be seen from Figs. 2.6
and 2.7 that the spectral impressions of the emis-
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sions in these two bursts are somewhat different.

The noise, in the lowest frequencies, is stronger in

the second burst, and the spin modulation is less
pronounced (cf. also point d above). The ampli-
tude minimum of F23 appears approximately
where the change in the direction for maximum
amplitude takes place. -

If we turn to the rocket NASA 14.383, which
carried E-field instrumentation identical to that
in F23 and 24, no E-layer noise was observed.
The electric field recordings in this rocket were,
however, disturbed by some interference, but asthis
disturbance was not present thfoughout the flight,
sufficient good data were obtained to conclude
that this special emission was not present. How-
ever, the general disturbance level (¢f. Table 2.1)
was lower at the launch of this rocket than in the
two other events, and the rocket particle detectors
showed hardly any precipitation of low energy
(E <15 keV) particles (Evans, priv. com.).

The rocket NASA 18.57 was launched January
16, 1973, 1959 UT, and was fired in the breakup
phase of a substorm. Only preliminary data can
be presented, However, a very clear case of ELF
E-layer noise was recorded. The noise seems to be
shifted somewhat down in frequency from the
earlier cases, but the main characteristics are
similar. Preliminary calculated directions of the
antenna in the noise maxima are shown in Fig.

+2.12, The east-west orientation is also found in
this case.

2.5. Other abseruations of ELF E-layer noise

Recently we have become aware of observations
made from a rocket, S70/1, flown from Kiruna,
February 24, 1970 (Ungstrup, priv. com.). The
launch took place during an auroral glow situa-
tion with weak discrete forms. The rocket was
equipped with electric field instrumentation using
spherical probes (Danish Space Research Insti-
tute). We had the opportunity to study these data;
the recordings at E-region altitudes appeared to
be very similar to those made in F23 and F24.
On the upleg, E-layer noise was present between
98 and 115 km, and on the downleg from 120 to
99 km. The orientation of the antennas at maxi-
mum amplitude was mainly in the east-west
direction, in agreement with the observations

from the Andgya rockets. The S70/1 instrumenta- ~
tion also included magnetic antennas, It should
be noted that no trace of the E-layer noise could
be seen in the magnetic records,

Further support for the presence of ELF E-
layer noise during aurora has been given from
two rocket experiments flown in Canada (May-
nard, priv. com.). In both these cases spin modu-
lated ELF noise was seen when penetrating the
E-region.

2.6. Discussion of the raw data

As far as the author knows, similar observa-
tions have not been reported in the literature. The
recordings that bear most resemblance were made
by a Japanese group (Iwai ez al. 1966) and a group
at the University of Iowa (Gurnett & Mosier
1969), who observed noise bursts in the same
frequency range. It is, however, believed that the
noise observed in these cases was not of natural
origin, but was generated by an interaction be-
tween the rocket and the surrounding plasma
(Gurnett & Mosier loc. cit). If we compare these
observations with the E-layer noise, first of all the
altitudes where the noise bursts appear do not
agree. While we found this special emission
exclusively in the E-layer, the other observers
detected the noise bursts above 150 and 200 km,
respectively, and noticed a systematic decrease in
intensity with increasing altitude. This contra-
dicted our findings. Furthermore, the noise
showed a very pronounced precession modula-
tion. This effect was not present in our measure-
ments, and the attitudes of the two rockets
were also quite different in the periods when
the E-layer noise was present {¢f. Figs. 2.3 and
2.5).

The E-layer noise thus diverges from the other
observations of ELF noise bursts in so many
respects that it can be concluded that these two
phenomena are of a quite different nature. Elec-
tronic payload interference can in our case be
excluded as a possible source of the noise. Other
possible mechanisms for artificial generation of
the field variations (cf. Appendix 1) have been
examined and rejected.

It can therefore be concluded that the ELF E-
layer noise is of natural origin. Additional sup-
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port for this conclusion is provided by indepen-
dent observations with different instrumentation,
as in the case of our rockets and S70/1 described
above. _

It is important for the study of the wavefield
and its origin to determine whether the waves
are electrostatic or electromagnetic. The. meas-
urements from S70/1 seem to give evidence of
electrostatic waves. This will be further discussed
in Chapters 8 and 9. ' ,

One should, however, in these measurements
be aware of the effects which could be caused by
small-scale density gradients in the plasma {cf.
Appendix ). Such variations will cause fluctua-
tions in the probe contact potentials, which may
give rise to detectable potential differences. This
would be very difficult to distinguish from real field
variations, as the two effects would most probably
appear simultaneously. Thus an absolute deter-
mination of the amplitude of the field is difficult.

3. CHARACTERISTICS OF THE
IONOSPHERIC MEDIUM

3.1. Introditction

For historical reasons the ionosphere is divided
into three main parts: The D-region situated be-
tween approximately 50 and 90 km, the E-region
continuing upwards to about 150 km, and the F-
region extending further to about 500 km. Even
though there are no sharp divisions between these

layers, it is convenient to make this separation
when discussing ionospheric properties. The
present work will concentrate on small-scale ir-
regularities in the E-region, but to get an impi‘es—
sion of what is special for this region and the
relations which establish its upper and lower
limit, it is necessary to give a brief general view
of the ionosphere, up to say 200 km. Our know-
ledge of ionospheric characteristics was until the
mid-1950’s derived mainly from ground-based
radio and optical measurements. Development of
reliable rocket instrumentation during the last
two decades has, however, enlarged and revised
our knowledge of the ionosphere considerably.
New ground techniques, such as radar scattering,
partial reflections, and VLF propagation studies,
have also contributed with valuable results. How-
ever, several uncertainties and questiop-marks
still remain, and the two basic techniques, in situ
measurements by rockets and indirect, long-term
observations from the ground, which can be
‘calibrated’ by rocket-measured values, must be
joined to give more complete information about
the ionosphere. ' -

3.2, The neutral atmosphere and its properties -

3.2.1. Composition of the upper atmosphere. The
composition and distribution of the neutral com-
ponents in the atmosphere are important not
only for the production of the charged species and
the jon chemistry, but also for the dynamics of

0 _ NASA 18.57
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Fig. 2.12. Preliminary plot of
direction of antenna in the maxima
in the spin-modulated amplitude
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465 of ELF E-layer noise vs. flight time
for the rocket NASA 18.57.
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Fig. 3.1. Density (g), pressure (p), number density (N,), mean molecular weight (/#,), and kinetic temperature

(75) for the neutral constituents in a mean atmosph

the gases. Present knowledge about the upper
atmosphere is far from satisfactory, especially

concerning the minor constituents, some of which

are very important for ion chemistry. Since we
are more interested in the main features of the
ionosphere than in ionic and molecular reactions,
this will, however, not disturb our picture con-
siderably. Furthermore, these components will
mainly be of importance below 90 km, i.e. below
the main region of interest in this context,

While direct measurements have given good in- -

formation on the atmospheric properties up to
say 60 km and fairly good up to about 90 km,
the experimental data above 90 km are rather
sparse, From the available information, standard
‘atmosphere models have been defined; the most
commonly used is the COSPAR International
Reference Atmosphere Model 1965 (CIRA, 1965),
even though this is no longer up to date. Figure
3.1. shows the vertical distribution of pressure, p,

eric model (CIRA, 1965)

density, ¢, total number density of neutral con-
stituents, &,, and mean molecular mass, #;, ac-
cording to this model.

Up to about 80 km the major constituents are
supposed to be present in constant proportions,
so that the mean molecular mass will be constant.
The dominating properties at these altitudes are:
Nitrogen (N,), which makes up about 78.1%,
oxygen (0O,) 21.0%, and argon (A) 0.9%.

While turbulent convection gives a fairly
homogeneous gas mixture up to about 80-90 km
(the turbopause), there is a rather sudden change
at this level, and photochemical dissociation and
diffusive separation play the most important roles
in disarranging the homosphere distribution
above the turbopause.

Figure 3.2. shows the concentration of the total
neutral density and the major neutral constituents
above 90 km. In the E-region N, and O, are the
two dominating molecules, but with increasing
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altitude O will be more and more dominating. It
should, however, be noted that these concentra-
tions are rather poorly known.

3.2.2. Transport in the upper atmosphere. Irregular
vertical transport, such as turbulence and eddy
motion, is important for mixing the neutral con-
stituents below 80 km. Eddy transport is also
important for the H,O budget of the ionosphere
in bringing water vapour up from lower altitudes.
Furthermore, turbulence will serve as an ‘energy-
sink’, where larger-scale motions are degraded
into small-scale turbulent motions and where the
energy is finally lost as heat. Hines (1963) gives
as typical parameters for small-scale motions at
80-90 km: size 20 m, velocity 0.5 m s~1, time
scale 40 s.

Horizontal transport includes large-scale wind
systems. These may be set up by temperature dif-
ferences, as large zonal wind systems, or driven
by pressure gradients, due to daily temperature
variations, or be caused by tidal oscillations, glob-
al in scale, with periods related to the solar and
lunar days. )

Smaller-scale effects can be caused by gravity
waves with periods of minutes or hours, vertical
wavelengths of a few km, and horizontal wave-
lengths up to thousands of km (Hines 1960).
Local transports and irregularitics can also be
caused by sudden warmings of the lower iono-
sphere (e.g. Belrose 1967). In the E-region, large
horizontal gradients in the wind velocity, wind
shears, are frequently observed, often in connec-
tion with sporadic E-region ionization (e.g.
Whitehead 1967).

3.3. Production and loss of ionization

The physical processes controlling the content
of charged particles in the ionosphere can be
divided into groups labelled production, destruc-
tion, and movement of ionization. A continuity
equation for the variation of the density of species
k, Ny, can be written as

N,

= G.1)

= qe— b (N =V - (Nva).

The symbols ¢ and / represent the production
and loss, respectively, and v,is the net drift velocity.

For the regions we are considering, i.e. below
200 km, the ¢ and / terms dominate, and transport
can usually be neglected or treated as a small
perturbation. Furthermore, the time constants in-

. i ON
volved in the processes - often make — - < g

— I, (N,), and for slowly varjring phenomena we
can assume that the equation g, = [, (V) is
adequate.

The principal production process, at least at
non-auroral latitudes, for creation of ion-electron
pairs is generally accepted to be absorption of
solar ultraviolet (A<1340 A) and X-ray radia-
tion. Although the electron production in the
ionosphere involves rather complex processes, a
quite good description of many of the main
features can be obtained from a simplified theory
developed by Chapman (1931). This theory gives
a formula for production, ¢, as a function of
height, A, and solar zenith angle, x, (sce e.g,
Risbeth & Garriott 1969):

1l _
9(z,2) = g €Xp [1=z—e#secy].  (3-2)

n is the ionizing efficiency, i.e. number of elec-
trons produced per photon absorbed, and z the

h
reduced height z =

— ho .
7 h, a reference height.

ALTITURE Ckm)d
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Fig. 3.2. Total density and densities of five major

neutral constituents (N,, 0., O, A and He) as func-

tion of altitude for a mean atmospheric model

(CIRA, 1965). :
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Table 3.2. Ionization potentials of the main mole-
cules and atoms in the upper atmosphere and the
corresponding upper limit of the wavelength of UV
radiation capable of ionizing the species.

Constituent: O, N, 0O N NO
Ionizing

potential, eV 12.08 1557 13.62 14.54 ~ 9.25
Maximum , )
wavelength, A 1027 796 910 883 1340

potential and corresponding maximum wave-

length for the most important ionospheric con-.
stituents are given, This, together with the pene- .

tration depth in the ionosphere for different wave-

. lengths (Fig. 3.3), will define the processes which

Several photochemical reactions will tend to
neutralize or rearrange the ionization and will
thus cause the necessary balance to the produc-
tion process. The pertinent reactions can be listed
as recombination, detachment/attachment, and
ion-atom interchange (charge exchange). The
most impoitant loss reactions are outlined in
Table 3.1. The symbols X,Y,Z, used in the reac-
tion equations may denote either an atom or a
molecule. (For more detailed information and
references, see ¢.g. Bates 1970.)

To obtain photon-ionization of a species X,
symbolized by Av+ X—X * + ¢, the photonenergy,
hv, must exceed a critical value — the ionization
potential of X. This energy threshold also defines
a minimum frequency, or maximum wavelength,
for the ionizing wave. In Table 3.2, the ionization

can possibly be caused by photon-ionization, if

the composition of the neutral atmosphere and-

the radiation spectrum is known. ¢

Using this we can deduce the following: The
production in the lower D-region (<70 km) is
caused by Lyman-« radiation and cosmic rays.
The latter will also give rise to a weak night-time
ionization. Between 70 and 80 km ionization of
NO by Lyman-¢ is the most important contribu-
tion. In the upper part of the D-region (80-90 km),
X-rays in the range 1-10 A will cause ionization
of the gases present. In addition, ionization of
O, in the state (4,) by ultraviolet radiation is
suggested as an important process (Henlen &
McElroy 1968).

Recombination is believed to be the most
important loss process in the D-region, at least

Table 3.1. Main reactions for loss of ionization

Recombination :
Ion-ion
Electron-ion: Three-body
Radiative
Dissociative

X*4+Y " - X+Y
X*t+4e+Z > X4+ 7
X*t+te—-X+hy
XY t+e—=X+Y

Detachment (—), attachment (<-):

Collisional d., three body a.

Associative d., dissociative a.

Photo d., radiative a.

X" +Ze=X+etZ
X" +YaXY+e
X-+hr 2=X+e

Ton-atom interchange:

X+4+YZ + XY+ +Z
X¥4+YZ > YZ +X
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during the day, but due to the presence of negative
ions, the loss reactions at these altitudes are very
complicated.

The predominant ions are NO*, O}, and, in
the upper part, N;. Water vapour complexes and
negative ions are imporiant for the chemistry in
the region, but little is known about their con-
centrations.

The variations in the undisturbed daytime E-
region can be described by a Chapman production
function and with recombination as the dominat-
ing loss process. (This combination is often called
an a-layer.) The ion production is mainly caused
‘by photon-ionization from X-rays, 10-100 A, and
UV radiation in the 1000-1500 A region. The
chief ions are believed to be O}, NO*, N;, and
O*. Recent rocket measurements have also shown
that metallic ions may exist in appreciable
quantities, often in very narrow layers (Chen &
Harris 1971).

Although the general behaviour of the layer
may be described by the w«-layer function, a
number of disparities have been observed. One
of these is the existence of a night-time E-layer
where the electron density does not fall below
10° m~3 (Chen & Harris 1971), while, according
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Fig. 3.4. Ionic composition of IQSY daytime (left)
Johnson 1969).

to the Chapman theory, the layer should vanish
during night-time. This means that either the ef-
fective E-region recombination rate must change
at night (Yonezawa 1968), or that a source of
ionization exists. As a possible source for the
night-time E-region, Lyman-8 scattered to the
dark side of the earth has been suggested (Swider
1965; Ogawa & Tohmatsu 1966). Transport
effects, which to a great extent have been neglected
in E-region studies, may also be responsible for
several of the irregular features., However, the
most important ionization source during disturbed
conditions at high latitudes is found to be preci-
pitating particles (see Sect. 3.4).

The ionization of the lower part of the F-region
(150-200 km) is mainly caused by radiation in
the range 170-910 A, and the behaviour of the
region is close to that of an a-layer. The primary
ions are O* and N;.

Table 3.3 and Figs. 3.4 and 3.5 give a summary
of this section. The table lists the various produc-
tion and loss processes and their importance in
the different regions, while the figure gives the
results of these reactions, i.e. the densities of the
most important charged species in the lower iono-
sphere. ' ' '

1000 —- ,
- T Il-le+ H{[_ 1 ]
500}~ i
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5 2501 <
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and night-time (right) ionosphere above 100 km (after
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3.4. Ionization by precipitating particles
Energetic particles precipitating into the atmo-
sphere collide with neutral atoms and molecules
and gradually lose their energy to these. A part
of this energy goes to ionization — and excitation —
of the neutral air. The approximate penetration
depths for protons and electrons as a function of
energy are shown in Fig. 3.6, As the collision
process, and thus the penetration, is a statistical
process, the values in this figure should be con-
sidered as average heights where most of the
energy of the primary particles is lost. It can be
seen that only electrons and protons with initial
energies greater than 20 and 200 keV, respectively,
can cause ionization at D-region altitudes. The
E-region will mainly be influenced by 0.5-10 keV
electrons and 10-200 keV protons, while the F-
region ionization mainly comes from electrons
with energy less than 1 keV. Figure 3.7. shows the
energy loss rate for electrons with initial energy
6 keV as a function of altitude. It is seen that
these particles lose almost all their energy within
the E-region,

At low and medium latitudes only the D-region
seems to be affected by ionization from precipita-
ting particles (Whalen er @l. 1971). This is also
in accordance with the statistical picture of
the particle spectrum wvs, latitude (e.g. Seraas
1973).
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Fig. 3.5.a. Altitude profiles for molecular positive

ions and hydrates during quiet and intense PCA -

conditions (after Reid 1972). Mass identifications
are: 30 = NO*, 32 = O}, 48 = NO* - H;0, 66 =
NO* - 2(H,0).

While particle ionization at these latitudes
plays a minor role, in the auroral zone during
disturbed conditions it may be the main souice
of ionization. The energy spectrum of the preci-
pitating particles on the night side of the auroral
oval implies that the ionization will normally be
most enhanced in the E-region and upper D-
region; i.e. from approximately 80 to 150 km
(Hultqvist 1972). Here the peak electron dénsity
may typically increase from say 10°-1° -3
during quiet conditions to 10" m~3 during an
auroral event (McNamara 1969).

On the dayside, precipitating particles will
mainly cause ionization in the D- and E-region
equatorwards of the auroral oval, while the
particle spectrum on the dayside of the oval, the
polar cusp, is considerably softer, with a cor-
respondingly increased altitude for the ionization.
Inside the polar cap the particle spectrum is
basically soft, and during normal conditions only
the upper ionosphere will be affected by precipita- - -
tion ionization. '

This pattern will be changed by irregular and
sporadic precipitation and during precipitation
events with great fluxes of high energy particles
(e.g. Polar Cap Absorption (PCA) events) when
significant ionization can be present in the lower
D-region from the polar -cap to A~ 50°,

To conclude if can be said that ionization by

:g__l lIl!IIII [ I[IIIII [ HII[ [ Ilﬂ
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70! C oo vl A
10’ i0° 10° 10" 10"

Electron Density (ri’3)

Fig. 3.5.b. Electron concentrations below 90 km
during quiet conditions and during moderate and
intense PCA conditions (after Reid 1972).
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Fig. 3.6. Penetration depths in the earth’s atmo-
sphere as function of particle energy for vertically
incident electrons and protons (after Msahlum
1973). :

particles plays & very important role in the pro-
duction of the high latitude ionosphere, especially
in the auroral FE-region. Because of the great
. variations, both in time and space, which are
present in the particle fluxes, this will involve
large fluctuations in both the electron density and
its ahitude distribution. :

3.5. lonospheric parameters

In addition to composition and density several
other parameters which can be measured directly

21
or otherwise calculated are important in describing
the behaviour of the plasma.

3.5.1. Temperatures of the ionospheric constituents.
In dealing with ionospheric plasma it is necessary
to distinguish between the temperature of the
neutrals, T,, and electron and ion temperatures,
T. and 7. Assuming a Maxwellian velocity
distribution, temperature is usually defined in
terms of the mean energy, E = 3xT, where x =
Boltzmann’s constant.

It is widely accepted that up to 120-130 km
thermal equilibrium is established, ie. T, = T; =
T,, during undisturbed conditions. The numerical
values of the temperature are, however, subjected
to daily and latitudinal variations. At greater
altitudes selective heating (Bowhill & Geisler
1966) and reduced collision rates lead fo tem-
perature differences, so that T.>T,>T, As
encrgy transfer through collisions is most ef-
fective among particles of equal masses, the 7}
and 7, curves will separate at higher altitudes
than those for 7, and 7. Figure 3.8 shows the
altitude variation of 7), after CIRA (1965) and
reasonably representative curves for 7; and 7,
according to Evans & Mantas (1968) for quiet
conditions. The picture, with 7.2 T; in the D-
and lower E-region, will be considerably changed,
especially at high latitudes, during disturbed con-
ditions (c¢f. the T;-curves in Fig. 3.8). Precipita-
tion of energetic particles will not only cause in-
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Fig. 3.7. Energy loss rate profiles

for electrons with initial energy 100 L
6 keV and with impact angle « AU
(after Wedde 1970).
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creased temperatures at the penetration altitudes,
but also change the ratio 7./T;, and lower the
altitude where this ratio becomes larger than one
(¢f. e.g. McNamara 1969).

3.5.2. Collision frequencies. Collision processes
are very important in the ionospheric plasma both
for energy transfer and because they will have
influence on and modify several of the other
plasma parameters. In the study of ionospheric
irregularities, collisions are involved both in the
. generation and motion of the irregularities, and it
is therefore necessary to have information about
variations in the collision rates for the various
species. A thorough discussion of collision pheno-
mena in atmospheric gases is very complicated
and beyond the scope of this paper. However, for
most applications simplified methods can be used.
Under the term ‘collision’ several processes
involving energy transfer between particles, such
as elastic (‘classical’) collisions, scattering in a
Coulomb field, ionization, dissociation, excita-
tion of particular states, ezc., can be involved. For
a constituent, k;, each interaction process, y, has
a specific cross section, oy.,(y, v), which is also a
function of velocity, », and target particle, %,
with its corresponding collision frequency, vi,,-
In ionospheric studies it is convenient to introduce

a weighted cross section, of..,, where change in
momentum transfer with scattering angle is taken
into account, and a corresponding ‘momentum
transfer collision frequency’, vJx,. As the cross
sections depend on the velocity, ‘effective’ col-
lision frequencies, (vf;,», are obtained by aver-
aging over the velocity distribution.

The collision processes which will predominate
in this context are:

i) Elastic collisions between electrons and neu-
trals, {v%,

ii) Elastic colhsmns between ions and neutrals
(Vm >' .

iii} Coulomb collisions between electrons and -
ions, (v ).

From a general expression of the rate of energy
transfer between two gases with Maxwellian velo-
city distributions (Desloge 1962), Banks (1966 a,
b) derived the following expression for the average
momentum transfer collision frequency between
specnes kiand k,

(=) [2+ 2] e 09

(v;cnlkz> =3 7 m,

where §,,, the average momentum transfer cross
section for ‘the reaction between k1 and k%, is
defined as:

ALTTUE tkm)
-]

i /a2

Fig. 3.8, Height profiles for iono-
spheric temperatures. T, is the
temperature of neutral constituents
(after CIRA 1963), T, and T, the
electron and ion temperatures for
quiet conditions (after Evans &
Mantas 1968). T, and T, are
electron and ion temperatures for
moderately disturbed conditions
and T.; electron temperatures
for strong disturbance (afier

TEMPERATURE  {x}

Walker & Rees 1968),
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For the lower ionosphere, where our main
interest is directed, rough numerical values for
the collision frequencies can be obtained from the
simplified expressions (Bostrom 1972)

(Vead = 1.5- 1017 {N,} {T}, (.6)
(e} = [59.0-1.82 ({ T*Y{N.}]

105 {N.} {T-¥% , 3.7
(Vi) = 4.2+ 10715 (N} . (3.8)

These are only numerical equations, and symbols
in {} represent the values of the various para-
meters measured in the SI system.

The relative importance of the two different
collision processes for electrons will vary with
altitude according to variations in composition
and temperatures. In an attempt to appreciate the
relative importance of electron-neutral and elec-
tron-ion collisions, Banks (1966a) found that the

latter will make a significant contribution to the
N, T2
N, ~13-10%
From the values of densities and temperatures
given earlier in this chapter it is found that elec-
tron-ion collisions will be important in the upper
part of the E-region and above this region.
Collision frequencies calculated from Egs. (3.6),
(3.7), and (3.8) using ionospheric parameters -
given earlier in this chapter, are shown in Fig. 3.9.

total collision frequency when

3.5.3. Characteristic frequencies and dimensions in
the ionospheric plasma. The introduction of a
magnetic field, B, will influence the plasma in
several ways. The first detectable effect is that it
will cause a gyrating motion of the charged
particles, the frequency of which is given by

(3.9)

The ratio w.fv, indicates whether the particle
motion is dominated by the magnetic field or if
collision processes play the most important role.
Figure 3.9 gives the altitude variation of the gyro
frequency for electrons and an ion with mass 30
together with the collision frequencies for the
same species as a function of altitude. The
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magnetic field for an auroral station (Tromse)
has been used in the w,, calculations.

Another characteristic frequency is the so-
called plasma frequency, defined by

Nkzz 2y 1/2
WDpr = ( ) .

&My

(3.10)

The magnitude of the plasma frequency char-
acterizes the rate at which the electrostatic re-
storing forces in a plasma eliminate deviations
from neutrality. The height variation of the iono-
spheric electron and ‘mass-30-ion” plasma fre-
quency is also shown in Fig. 3.9.

Fig. 3.10 gives the magnitudes of several length
parameters pertaining to the ionospheric plasma.
They will be defined in the following.

The radius of the gyrating motion of a k-
particle, the cyclotron radius (or Larmor radius)
Fex, 18

Uy D,y
ZkeB

(3.11)

Fep =

where v, is the component of the particle velocity
transverse to the magnetic field. On average, if
the velocity distribution is isotropic, v, can be set
equal- to the mean thermal velocity for Maxwel-
lian distribution, and the following expression for
the mean cyclotron radius is obtained

_ Smk}ch )1"2
<rck> - (TE_Z'%EZBZ

A k-particle moving with velocity v, will on the

(3.12)

. 143 .
average move a distance > between each collision.
k

This distance, the mean free path, 1., will for a
Maxwellian velocity distribution not correspond
exactly to the expression obtained when putting
v = {v). One will instead get (Morse 1964)

T, 12
A = (W) (3.13)

As for the ratio weq/v,, the ratio ruflu, will

contain information about the influence of the
magnetic field relative to collisions on the particle
motion. If, for instance, rufl, <1, trajectories
of the k-particles can be regarded as almost
straight lines between consecutive collisions with-
- out being significantly affected by the magnetic

field, and the diffusion in the plasma can be
considered isotropic. _

The length parameter corresponding to -the
plasma frequency is the Debye length, A5, which
for a non-isothermal plasma is defined as (see
Frank-Kameneski 1967)

L[ AT AN et
=l | T . (3.14)

7,
Subscripts 7 refer to ions of type i, and a summa-
tion is made over all ionic species.
In application, the effects from the ions are
usually neglected, and this gives the following
simple expression for the Debye length:

Eoke T, \ 12 kT \VY2 1
AD = 3 = .
e Ne y me wpe

The Debye length is thus the distance a particle

(3.15)

KT\ Y2
with Velocity( ) will travel within a time

€

interval . This velocity is frequently used as
pe :

the electron thermal velocity instead of the mean

. 8 kT, 1/2-

velocity in the Maxwell distribution, (; ) .

2

The Debye length is also often called the ‘Debye
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Fig. 3.10. Altitude profiles of electron and ion gyro-
radius (r.. and r,;), electron and jon mean free path
(Ave and 4.,), and electron Debye length (45.) for a

mean model ionosphere,
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shielding distance’. The charged ‘particles in a
plasma have a tendency to rearrange themselves
in such a way as to shield any electrostatic fields
due either to a surface at some non-zero potential
or to a charge within the plasma. In the ‘classical’
approach it appears that this rearrangement of
charged particles effectively cancels out any
electrostatic fields within a distance of the order
of A5, However, in several cases, for instance in a
plasma far from thermal equilibrium, the Debye
length is not always well defined, and it has also
been shown (Opik 1965) that the effective shielding
in practical circumstances may deviate consider-
ably from the classical Debye length.

4. ELECTRODYNAMICS OF THE
IONOSPHERE

4.1. Introduction

The introduction of an electric field in the iono-
sphere will set charged particles into motion, and
cause a drift of the ionization as a whole as well
as of ionization irregularities, and electric cur-
rents will be flowing. However, the relation be-
* tween the direction and magnitude of the field
and the resulting particle velocity is not a simple
one, as effects caused by the magnetic field and
collisions will give different mobilities in different
directions. In this chapter we will not discuss the
origin of the electric field, but just postulate its
presence and see how the motion of the charged
species is influenced.

Instead of starting out with the equations of-

motion and calculate the mobility of the particles,
we will follow a more qualitative, physical deriva-
tion, making use of a procedure given by e.g.
Baker & Martyn (1953), Ratcliffe (1959a), and
Bostrém (1973). This method has the advantage
that it more easily gives an impression of how
variations of the different parameters result in
changes in directions and magnitudes of velo-
cities and currents.

4.2. Particle motions and conductivities

In the presence of a magnetic field an electric
field is defined only with reference to a coordinate
system. From one frame of reference to another
both E and B will change according to Lorentz

transformations (cf. e.g. Mupller 1952). If we
operate in a coordinate system where the electric
and magnetic fields are E and B, an object with
velocity v will experience a field E’, given by

E = E+vxB, 4.1

“in non-relativistic formulation. This field will cause

a drift of the particles which in turn will give rise
to an electric current. In analogy to the simple
Ohm'’s law for the current density in a linear con-
ductor, onecanintroducea ‘generalized Ohm’slaw’

i = o(E+vxB). 4.2)

Here the conductivity, o, is a tensor, where the
tensor elements dependﬂon the mobility of the
particles. : '

Between collisions the motion of a k-particle
will only be affected by the eleciric and magnetic
field, and its equation of motion will be

dv,
mk"a";i = g E+v.xB).

(4.3)

If the collision frequency is v, the probability
of a collision taking place in the time interval
from ¢ to ¢+ dt will be v, exp [—v.t]dt. From the
equation of motion the velocities in the collision-
less case can be found, and from this also the
mean velocity components when collisions are
taken into account (cf. e.g. Bostrom 1973), In the
case where B is directed along the negative z-axis
and E is in the xz-plane these are

Vil Ex
P = Vit B (4:42)
wh, E;
Uy == Vﬁ+03.2:k B’ (44b)
_ QR
v = o B (4.4.c)

Taking the motion of the neutral gas into ac-
count, Eqgs. (4.4) can be presented in the more
general form

gy Ei+v,xB

Ve ¥ = i ok B , _
wgk (EJ._I_anB)xB (7]
V% -+ CIJ%;‘ BZ MV -
4.5)
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Subscripts , and ; refer to components perpen-
dicular and parallel to the magnetic field, and
& = qiflgil.

The difference between the electron and ion
velocities will result in an electric current. As-
suming charge neutrality and neglecting effects
from negative ions, i.e. setting N, = N, the cur-
rent density becomes

§= Nee(vi—ve). (4.6)
Combination of Egs. (4.2) and (4.5) gives the fol-
lowing expression for the current density:

i= o (E +v,xB)+oy B

X(E,+v,xB)/B+aoE;. (4.7
The conductivity tensor has thus the form
op oy O
ag=| —oyg op 0 {4.8)
B 0 0 a

The three different tensor elements, op, oy and
oy, called the Pedersen, Hall, and parallel con-
ductivity, respectively, are found to be

_ Velze Vil éNe
or = (Stpms +vTian) B (4S9
J
Ve
=
B
o
v
+d V.
=i
(o4
e X
y \ ®B
r
E,

Fig. 4.1. Graphical construction of direction and
magnitudes of drift velocities of electrons (v} and
ions (v;) due to an electric field E,. The resulting
current is in the direction of j, neutral ionization drift
in the v direction.

70 km 120 km 160 km

Fig. 4.2. The direction of the drift velocities and
electric current, j, relative to the electric field, E,
at three different heights of the ionosphere (Bo-
strém 1973).

wie mgi ' eNé
= (rer ~ i) T @
1 1
oy = ( + ) ezNe . (4.9.0)
MV, v,

The perpendicular conductivities, op and o, ap-
pear as a result of the collisions and will be related
to currents parallel (o) and perpendicular ()
to E,. On the other hand, collisions will reduce
ay. .

The directions and magnitudes of the trans-
verse velocities and current may be visnalized as
in Fig, 4.1. The magnetic field is directed into the
paper plane, and the x-axis is in the direction of
E,. The velocity vectors will then form the angles
& = arctan % with the x-axis. From Eqs. 4.4)
these are found to be

o, = arctan a;,_.k . (4.10)

k
The diameter of the circle circumscribing the
triangle formed by the vectors v, and v, is

Uy v% _VEJ_V

T sine, v, B

, (41D

and the velocities can thus also be expressed as

E, .
D, = — 8in & .

5 (4.12.)

The current will be in the direction of the line be-
tween the arrowheads of v, and v,.

In this way we can, by making a circle with
E,
B
directions a, and «;, get an impression of the

diameter and drawing two chords in the



Electric Field Microstructures in the Auroral E-Region 27

motion of the charged particles and the direction
and magnitude of the current density.

Figure 4.2 shows these properties for three dif-
ferent heights. It can be seen how the directions,
with a constant electric field, will change, cor-
responding to a change in the ratio between the
Pedersen and Hall conductivities. In Fig. 4.3 the
variation of the conductivities for a normal night-
time ionosphere, based on parameters given in
Chapter 3, is plotted. From these two figures it
can be seen that at E-region altitudes the current
is mainly a Hall current. The shift in the ratio
between the perpendicular conductivities is im-
portant in the study of ionospheric currents {cf.
Chapter 5} and irregularities (Chapter 8).

Figure 4.3 also shows that except for the lowest
part of the ionosphere the parallel conductivity,
o, is much higher than the perpendicular com-
ponents, and consequently E,>E,. This means
that at high latitudes, where the geomagnetic
field lines are nearly vertical, the ionospheric
layers are effectively coupled together, so that
large-scale electric fields will spread in altitude
without significant damping. Horizontal electric
fields will thus become almost height independent.

Under such conditions it is meaningful to define
a height-integrated linear current density as

J; = deh. (4.13)

Provided v, is height independent or negligible,

Jr = Zp(EL+ ¥ xB)+ ZyB X (E .+ v, xB)/B 2

4.14)
where

Zp = SO‘p dh, and .ZH = SO’H dh, (415)

are known as the height-integrated conducti-
vities,

It should be noted that the above only concerns

DC conductivities. When it comes to small-scale
electric fields and AC conductivities, the situation
is quite different — drastic damping occurs for
fields with horizontal scale of 1 km or less (Sprei-
ter & Briggs 1961).

1t is furthermore supposed that particle motions

“and currents are unlimited in all directions. In

cases where currents are prevented from flowing
in the directions associated with the primary
electric field, secondary polarization fields can
arise and cause an enhanced effective conductivity
(¢f. e.g. Bostrom 1972).

4.3, Drift motion of ionization irregularities

The drift velocities of electrons and ions, v.and v;,
which are caused by the imposed electric field,
will have a common component, v4, in the direc-
tion y with the field (¢f. Fig. 4.1). This velocity,
which is called the neutral ionization drift, is
perpendicular to both B and j. By use of Fig. 4.1
we find

_£E

. . . = v, 8in &; = sin o; sin ¢, 4.16
integration of Bq. (4.7) gives Va = Ve SIN & = g~ SIN & s (416)
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Fig. 4.3. Variation of the iono-
sphere conductivities with height
for the mean ionospheric model ) ) ) ) , . .
used in Chapter 3. ¥ wt ey et T W »
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and

rA
Y= —0 .

2

Supposing that the driving Ampere force, jx B,
balances the collisional friction, one will obtain
further

4.17)

ixB
Ne(meve + mlvi) )

(4.18)

vy =

Although this neutral ionization drift, which
denotes the drift of an uniformly distributed
" ionization, has a well-defined physical meaning,
it is not easily measured. Another quantity which
is more readily traced, and therefore of more
practical interest, is the motion of an ionization
irregularity, where the boundaries are defined by
gradients in Nj. This has been studied by, for
example, Kato (1963, 1964), whose method will
be used in the following.

The drift velocity of the irregularity can be
composed of two parts, one perpendicular to j
corresponding to the neutral ionization drift, and
one along j. If displacement currents are neglected,
VF'xB = uj and consequently Fj = 0. The varia-
tion of electron density due to the motion is then

I _ V-G XB)_
ot T mgv.+ myy
— . e 3y 32
= T et B-Fxj)—uil. (4.19)

(Density variations due to production and loss
processes, see Chapter 3, will in the following be
neglected.)

If we only consider the motion in a plane per-
pendicular to B the current is expressed as

BxE
j = 0pE+on ; (4.20)
From this one obtains
. VN,
B-(Vxj) = [0p(ExB)+ogBE]- N
B
+oyBV -E—opB - T {4.21)
. _ , g B
using Maxwell’s equation FxE = — Wtogether

with vector identities (¢f. e.g. Rottman 1961) and
assuming op and g5 ¢ N,. Furthermore, from Eq.
(4.20) one gets

Using this in Eq. (4.21) we obtain

. PN, OB
B'(VX])=O’C[(EXB)‘ N _B.W]’

(4.23)

2

o .
where ac = ap+ 7”— , also known as the Cowling |
P

conductivity.
Substitution of Eq. (4.23) into (4.19) then finally
gives

2 32
Bge ~ K(ExB)- PN, + KN, (% ai + %)
(4.24)
with
K= ac R
Ne(meve'l'mivi) B mcewci+uqvi T
(4:25)

In the derivation of the last form of K we have
used - S
eNe wce".t'i'wcive .
B w.wm,y+vy’

O =

which is obtained from algebraic manipulations
after inserting the expressions for g, and oy
(Eq. 4.9) in the equation defining o,.

In Eq. (4.24) the term containing j contributes
to constant increase in N, caused by the Ampere
force due to the current and the induced magnetic
field, i.e. a pinch effect (see e.g. Singleton 1962).

OB . .

The T term is related to density variation by
magnetic pressure. If we neglect these two terms,
that is the same as assuming that the fields are
oB
electro- and magnetostatic, i.e. FxE = — 73 =0
and B = B,, which can be done at least under
moderately disturbed conditions, Eq. (4.24) ap-
pears as

oN,

o (4.26)

= —vg VN,
showing that the irregularity propagates with the
velocity

Weelci ExB

Va = KEXB) =t B

. @27
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It should be noted that E here is the total electric
field, and that it thus also contains terms due to
polarization fields in the irregularity. This com-
N,
Eq. (4.22)) and will highly modify the motion of
the irregularities and can also cause deformations
of the shapes (¢f. e.g. Kato 1963, 1964).

Using the first version of K (Eq. (4.25)), v,
appears as :

BxE)
B

ponent depends on and § (¢f. first term in

ixB— 2B (apE+JH
Op

Va = Ne(meve + mivi)

On
=vi+ (—-
Op

)
B) Ne(meve‘!"mivi) - (4.28)
The drift velocity of an ionospheric irregularity
in a plane perpendicular to the magnetic field will
. thus consist of two components. The first cor-
responds to the motion of the ambient ionization,
v5. The second is in direction antiparallel to the

. . g - .
current and in magnitude . times 05, so that for
P

the n‘-:gions-where—gEL >1 the last term will
P

dominate the drift. While the v§ - component cor-
responds to a real body motion, the other velo-

. o) ;4 0 : . . : . .
city, o v3, is associated with a wave motion. This
n .

will be further discussed in Chapter 8.

5. CURRENT SYSTEMS AND LARGE-
SCALE ELECTRIC FIELDS IN THE HIGH
LATITUDE IONOSPHERE

5.1. Introduction

The presence of ionospheric currents was postu-
Iated long before any measurements of electric
fields were made. We will therefore first briefly
review the present picture of the auroral current
systems. In the last, and main part of the chapter,
large-scale electric fields will be considered. We
will summarize the present knowledge of high
latitude E-fields, and present the technique for
direct probe measurements of eclectric fields.
Finally, the DC fields observed during two
specific events, and the relation between electric

29

fields and optical aurora, will be examined in

more detail.

5.2. Ionospheric current systems

Historically, interest in this topic was raised
from the observations of geomagnetic pheno-
mena. Short-time variations in the earth’s mag-
netic field were discovered in 1722 by George
Graham (Graham 1724) and later verified in 1740
by Andreas Celcius (Celcius 1741). In 1741 Celcius
also noted that there was a close connection be-
tween aurora and magnetic disturbance. The first

-to suggest that atmospheric currents might pro-

duce these variations was Carl F. Gauss, in his
Algemeine Theori des Erdmagnetismus in 1839,
even though he could not understand how such
currents could possibly exist. A conducting layer
in the upper atmosphere was predicted by Balfour
Stewart in 1882 (20 years before the experimental
radio ‘discovery’ of the ionosphere), and he as-
cribed the daily magnetic variations to electric
currents flowing in this layer.

Studying high latitude magnetic perturbations,
Kristian Birkeland in 1908 proposed a system of
currents in the upper atmosphere to explain the
observed variations in the magnetic field during
‘polar elementary storms’ (now known as polar
magnetic substorms). Combining magnetic data
from several stations he inferred a horizontal
distribution of currents causing the perturbations.
The complete system consisted of horizontal cur-
rents in the upper atmosphere supplied by vertical
(geomagnetically field aligned) currents from the
magnetosphere. He was, however, fully aware
that this system was only one of many possible
models, and that it did not necessarily represent
the actual current flow (Birkeland 1908, pp. 43~
44).

In 1935, Chapman launched a competitive cur-
rent system to explain the magnetic disturbances.
This system, which was taken up by Vestine
(Vestine & Chapman 1938) and others, grew to
dominate the picture of ionospheric currents in
the coming three decades. (Schematic illustrations
of the Birkeland and Chapman currents systems
are shown in Fig. 5.1.) Chapman’s current pattern
is entirely two-dimensional and is composed of a
strong bimodal current, electrojet, along the
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auroral oval, tied together with return currents at
higher and lower latitudes. The magnetic effects
as observed on the ground at auroral and middle
latitudes, are, however, the same for both systems
(Fukushima 1969), and for several reasons the
Chapman-Vestine view was preferred by most
workers in the field rather than the Birkeland
system, which was mainly advocated by Alfvén
(e.g. Alfvén 1939, 1940, 1950).

In recent years, with observations from rockets

and satellites, several independent investigations 7

have, however, provided experimental evidence
for field-aligned currents (Zmuda er al. 1966;
Hoffman & Evans 1968; Armstrong & Zmuda
1970; Cloutier ef al. 1970; Park & Cloutier 1971),
and three-dimensional current-systems based on
Birkeland’s ideas were again brought forward
(Bostrom 1964, 1968; Cunnings & Dessler 1968).
(In 1972 it was suggested by the International
Geophysical Union that field-aligned currents in
the ionosphere and magnetosphere should be
called Birkeland currents.) Figure 5.2 shows a
‘current configuration deduced by Park & Cloutier
(loc. cit.) from rocket observations.

Besides the change from a two-dimensional to a
three-dimensional model, the picture has also
changed from a completely static pattern of the
kind shown in Fig. 5.3, where the earth is rotating
under a fixed current system, to a more dynamic
and variable pattern. We will in the following tie
together in a descriptive form some of the latest

Fig. 5.1. Schematic illustration of
the Birkeland (left) and Chapman
(right) current systems for a polar
magnetic substorm (after Fuku-
shima 1969). '

ideas, in an attempt to give an up-to-date picture
of the auroral electrojet. (For a definition of the
various terms used in comnection with the sub-
storm concept, see e.g. Davis 1972.)

The direction of the electrojet changes, not only.
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Fig. 5.2. Current system deduced by Park & Clou-
tier (1971) from rocket measurements of particles
and magnetic fields. The complete current configura-
tion consists of an east-west electrojet, two Birke-
land sheet currents, J,, at the edges of an auroral
arc, and a closing current, J¢, between the Birke-
land currents.
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SUN

Fig. 5.3. Old model of current system for polar
magnetic substorm, view from above the magnetic
north pole.

with local time, as in the old picture, but also
with the development of the substorm. During the
quiet phase there is strong evidence of a bimodal
electrojet pattern, with eastward currents in the
afternoon end evening sectors, and westward cur-
rents in the moraing sector, as in the old picture.
This configuration will also exist during the
growth phase of the storm. The picture in the
midnight sector is, however, particularly uncer-
tain, and the mapping of the flow in this discon-
tinuity region, where a reversal of the electrojet
takes place, is guite ambiguous and wvariable,
Since Harang (1946) was the first to draw atten-
tion to the structure of the currents in this sector,
it has been suggested (Heppner 19724) that the
region should be called the ‘Harang discon-
tinuity’.

At the start of the expansive phase (breakup,
t = 0 in Akasofu’s substorm picture (Akasofu
1968)), the picture apparently changes to a uni-
modal westward current. Figure 5.4 gives a
picture of the configuration during this phase.

The recovery phase will also bring about a
recovery of the auroral electrojet. There is a

widespread current in the morning sector, and a
growth of the eastward current along the auroral
zone in the afternoon and evening sectors, with a
gradual transition to a quiet-phase picture.
Measurements of drift motions of artificial ion
clouds (see Sect. 5.5) in the magnetosphere (Hae-
rendel & Liist 1970) and polar-cap ionosphere
(Westcott et al. 1970) have produced strong
evidence against the existence of return currents
over the polar cap. Further analysis of measure-
ments of electric fields and magnetic perturba-
tions led Heppner et al. (1971a,b) to the con-
clusion that practically all polar-cap horizontal
disturbances in the magnetic field had to be ex-
plained in terms of non-ionospheric currents, A
mid-latitude ionospheric current to close the
auroral electrojet was ruled out for the reasons
that both the night-time electron density and
electric field were too low to support a current of
sufficient intensity. The model proposed for a
continuation of the auroral electrojet is shown in
Fig. 5.5. Field-aligned currents complete the
electrojet circuit, and their general ionospheric
pattern of current flow gives an inward current
in the morning sector and an outward current
in the Harang discontinuity region.

Fig. 5.4. New model of current system during the
expansive phase of a substorm, view from above
magnetic north pole (after Akasofu 1966),
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Fig. 5.5. Schematic illustration of electrojet Hall currents terminated in Birkeland currents (part (a)). Part
(b) shows the net distribution of Birkeland currents, resulting in sheet configurations of net field-aligned
~current. Open and filled circles indicate currents ‘out of” and ‘into’ the ionosphere, respectively (after Hepp-

ner et al, 1971a).

Figures 5.6 and 5.7 will then give a representa-
tive picture of the present model of the auroral
current system. During the quiet, growth, and the
last part of the recovery phase of the substorm,
the electrojet is bimodal, and is continued in ficld-
aligned currents, which give an inward net cur-
rent flow in the morning sector and an outward
flow in the Harang discontinuity (Fig. 5.6). The
closure of the system in the magnetospheric
equatorial plane is consistent with an asymmetric

Fig. 5.6. Schematic three dimen-
sional model of a current system
for the quiet, growth, and recovery
phase of a substorm. The system
consists of a bimodal electrojet,
linked to Birkeland currents giving
a net inward current flow in the
morning sector .and an outward
flow in the midnight sector. The
closure of the Birkeland currents
is in an asymmetric ring current in
the magnetosphere. Fully drawn
lines represent regions with major
net currents,

ring current. The ionospheric polar cap and mid-
latitude return circuits are weak. In the expansive
phase and the first part of the recovery phase, the
current system consists of an unimodal westward
electrojet (Fig. 5.7). Field-aligned currents,
flowing into the ionosphere from the morning
sector and out to the magnetosphere in the eve-
ning sector, establish a connection between, the
magnetospheric ring current and the ionospheric
system.




Electric Field Microstructures in the Auroral E-Region 33

5.3, Sources of DC eleciric fields

The driving forces of the auroral electrojet will be
electric fields of global structure, The sources of
the fields will primarily be found in the magneto-
sphere, but one must also consider fields of more
local character.

Electric fields in the magnetosphere can be
produced by several mechanisms. Magnetic field
curvature and gradients cause the electrons and
ions to move with slightly different velocities,
which in turn will bring them into different
regions. The charge separation will produce an
electric field, and it has been suggested that this
should be the primary mechanism for magneto-
spheric fields (Fejer 1961; Kern 1962), In another
theory, introduced by Alfvén (1960) and later
taken up and modified by several others (e.g.
Karlson 1963; Block 1966), the magnetospheric
electric field was supposed to be the field induced
within a magnetized solar plasma beam.

These mechanisms will certainly have influence
on the electric fields in the magnetosphere and
ionosphere. However, recent investigations of e.g.
auroral motions (e.g. Davis 1971), dynamics of
the plasmasphere (e.g. Carpenter 1970), and
electric fields (e.g. Caufman & Gurnett 1971)
have called new attention to convection processes
proposed by Axford & Hines (1961) and Dungey
(1961) as the principal source of magnetospheric
electric fields. Energy and momentum from the
solar wind may be transferred to the magneto-

Fig. 5.7. Three dimensional cur-
rent system for the ¢xpansive phase
of the substorm, consisting of an
unimodal electrojet, Birkeland
sheet currents and an asymmetric
ring current (after Akasofu &
Meng 1969).

sphere by a viscous-like interaction at the
boundary of the magnetosphere. This energy
induction will cause a convection of the magneto-
spheric plasma, i.e. the low-energy plasma expe-
riences a large-scale circulation in the geomagnetic
field, as shown in Fig. 5.8a. Another possible

l SOLAR.
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20K 20K 2

PRIMARY

INPUT OF
TURBULENCE
AND PARTICLES

PRIMARY

INPUT OF
TURBULENCE
AND PARTICLES

Fig. 5.8.a. Model of magnetospheric convection
patterns as originally suggested by Axford & Hines
(1961). . - : '
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energy input is through reconnection of magnetic
field lines in the tail section as illustrated in Fig.
5.8b (¢f. Dungey 1961). However, regardless of
the type of interaction which takes place, the
result will be a convection of the plasma inside
the magnetopause. This motion of the charged
particles will induce an electric field (¢f. Eq. (4.1))
E = —vxB, and a connected electrical potential,

p. If 8ot = 0, i.e. steady motion, we will have

E = — Fg¢ and hence the streamlines of the con-
vective motion and the magnetic field lines will be
equipotential. However, the behaviour of the mag-
netosphere during a substorm has clearly demon-
strated that the convection is not steady and that
&Bjot # 0, and instead of the simple relationship
between field and potential we willhave E= — Vg —
% , Where A is the magnetic vector potential
defined by B = F x A. However, Eq. (4.1) is still
valid, so that Ewillremain perpendiculartovandB.

Without going any further into the processes of
generation, in the following we will pay attention
to the behaviour of the electric field.

Due to the high parallel conductivity (¢f. Sect.
4.2) the electric field will propagate along the
magnetic lines of force. Although the large scale
fields are little attenuated in this propagation (cf.
e.g. Farley 1959), the mapping onto the iono-
sphere cannot, as is frequently done, be assumed
as perfect. It has for instance been shown (Mozer
1970) that the direction of the field will not be
exactly preserved, due to different attenuation of
the different components. Furthermore, finite
potential drops will occur along the field lines. If
the voltage drop is different along different field
lintes, this will give horizontal potential differences
in the ionosphere not due to magnetospheric
fields. Any convection pattern generated outside
the ionosphere can also be strongly affected by
regions of high conductivity (e.g. an auroral arc).
The magnetospheric plasma may tend to flow
around and thus avoid such regions (Baker &
Hammel 1962). An alternative way to regard this
is to consider the E-field source as a constant cur-
rent generator (Aggson 1969). A high conduc-
tivity region in the ionosphere will load the
generator, thus causing a voltage drop.

Differences in propagation conditions and con-

/

ductivities will thus disturb the image of magneto-
spheric fields exposed in the ionosphere. On a
large scale, however, the distribution of electric
fields in the ionosphere and in the equatorial
plane of the magnetosphere must be related,

5.4, Characteristics of large-scale electric fields

Up to about 1960 the interest in ionospheric
electric fields was very low, and no serious attempt

‘was made to accomplish direct field measure-

ments. The main reason for this was that infinite
conductivity was generally assumed along the
magnetic field lines. The fields could therefore be
obtained straightforward from measurements of
B. This attitude has completely changed, and the
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Fig. 5.8.b. Interaction between interplanetary and
geomagnetic field and the resulting plasma flow
(open arrows) as proposed by Dungey (1961).
Numbers indicate motion of individual field lines
with the motion progressing toward higher numbers.
Reconnection occurs at the contacts 2'-2 and 7-"7"
(Levy ef al. 1964). :



" Electric Field Microstructures in the Auroral E-Region 35

electric field is now regarded as an important and
necessary parameter in the understanding of the
physics of the ionosphere. The last decade’s
direct and indirect determinations of ionospheric
E-fields have increased our knowledge of the
nature of fields considerably. However, when
combining the various groups of information, the
resulting picture is far from unambiguous. In
this section we will review its main aspects.

There is general agreement concerning the
magnitude of the fields. Typical values in the
auroral oval are 30-50 mV m~!, but.variations
from less than 10 to 150 mV m~! are not unusual.
The field can, however, undergo large variations
in magnitude and direction over short distances
and times (¢f. Fig. 5.17). In most cases there
seems {0 be no systematic variation with altitude
of fields perpendicular to B (Potter 1970; May-
nard-1972), but e.g. Mozer & Fahleson (1970)
have published results contradicting this.

The field has been shown (e.g. Wescotl et. al.
1969; Fahleson er. al. 1971) to be predominantly
poleward during positive bays and equatorward
during negative bays (Figs. 5.9 and 5.13). This
confirms that the currents causing the magnetic
perturbations at auroral latitudes are mainly Hall
currents. It has, however, been clearly demon-
strated (e.g. Haerendel ef al. 1969; Wescott et al,
1969) that there is no simple relation between the
magnitudes of the electric field and the magnetic
perturbation. This means that the conductivities,
which are as important for the determination of
the current as the field itself, are subjected to great
variations. As the surface magnetic observatory
will only see integrated effects of the regional
ionospheric current, it is clear that the possibility

60 —

of deducing information about the fields from™
observed magnetic disturbances is very limited.

The electric field in the midnight sector will,
in the same way as the current configuration,
undergo large variations. The instantaneous form
and location of this discontinuity region, where
convection patterns, motion of auroral forms,
and the direction and magnitude of the fields are
rather confused, are frequently changing (Hepp-
ner 1972a), -

The question of what happens to the electric
field near and inside an auroral form- has also
been subject to discrepancies. Aggson (1969)
deduced from probe experiments that the field
in an arc was greatly reduced, and this seemed to
be confirmed by other experiments (Wescott ef al.
1969; Potter & Cahill 1969). However, Mozer &
Fahleson (1970) found cases were the field on
average remains constant when crossing the
boundary of an arc, but large amplitude fluctua-
tions can be present, both at the boundary and
inside the arc. Other measurements have given
examples where the field stays rather constant in
the transition of the aurora (Ungstrup, priv. com.).

Thus the resulis are controversial, and the situa- -

tion seems to change from one case to the other.
It should, however, be noted that none of these
authors made in situ measurements of the optical
emissions, but used particle detectors and tele-
vision cameras (Mozer & Fahleson), triangula-
tion from several ground camera sites (Wescott ef
al,), particle detectors (Potter & Cahill), or
particle detectors, ground photometers and
cameras (Aggson, Ungstrup) to identify the loca-
tion of the optical forms. (We will return to this
subject later in this chapter.)
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Fig. 5.9. A northern polar pass of OGO-6, showing the electric field at auroral latitudes and over the polar

cap (after Heppner 19725).
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The existence of electric fields paraliel to B in
the auroral zone is another controversial ques-
tion. Important as such fields would be for
particle acceleration and precipitation, they have
been suggested by many theorists (¢f e.g. Alfvén
& Félthammar 1963 ; Persson 1967), Probe meas-
urements by Mozer & Bruston (1967, later re-
examined by Mozer & Fahleson 1970) seemed to
verify the existence of a parallel field. However,
their value of 20 mV m~1! seems to be too high,
compared to theoretical values. Mozer and Fahle-
son also found an increase with altitude of the
perpendicular field, which maintains FxE = 0
required in the steady-state condition assumed in
their derivation. .

On the other hand, several other workers (e.g.
Mende 1968; Wescott et al. 1969; Potter 1970)
using different observation techniques, deduced
that no parallel fields of any importance (<60
#£Y m~1) existed. Some of the assumptions made
in the pro-parallel-field papers were also thrown
into doubt.

Recent probe measurements from the satellite
Injun-5 have, however, shown that weak parallel
fields may be present (Cauffman & Gurnett 1971).
Huitqvist (1971) has also obtained new experi-
mental evidence for the existence of parallel
fields in observations of field-aligned anisotropy
in ion pitch-angle distribution in the auroral zone
and over the polar cap.

Thus the dispute on parallel fields continues.
However, the bulk of the evidence seems to sup-
port the statement that parallel fields do exist, but
that they are generally markedlyless (order of mag-
nitude) than the perpendicular component. In ad-
dition, electrostatic waves and short duration elec-
tric fields of much greater amplitude can be found.

Measurements of electric fields in the polar
cap have led to a revised conception of the cur-
rent configuration in these regions (¢f. Sect. 5.2).
From release experiments (Wescott et al. 1970)
and satellite data from OGO-6 (Heppner 19725)
it was found that in the polar cap the convection
velocity was away from the sun and the resulting

Table 5.1, Characteristics of high latitude electric ficlds

PROPERTY CONCLUSION KEY REFERENCE
Magnitude 30-50 mV m~? (typical) Wescott er al. 1970
10-150 mV m=~* (freq. obs.)
VVariablre over short Haerendel et al. 1969
Amplitude dist. and time
variation No systematic variation Potter 1970, pro;

with altitude

Mozer & Fahleson =
1970, contra.

Auroral electrojets

Hall currents

Wescott ei al. 1969,

Relation E, AB

Complex. Conductivities
important

Haerendel ez al. 1969.

E in aurora

Reduced in magnitude
inside forms

Aggson 1969, pro;
Mozer & Fahleson
1970, contra.

Parallel fields

Exist, but less than perp. fields

Mozer & Fahleson
1970, pro;
Potter 1970, contra.

Polar cap fields

Directed dawn-dusk
Polar cap currents:
field aligned

Heppner 1972.

Heppner et al. 1971,
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electric field pointing toward the evening sector,
thus giving rise to a field reversal at the poleward
boundary of the auroral zone (Fig. 5.9). The
observed ground magnetic variations excluded
Hall or Pedersen currents as a possible explana-
tion, and a field-aligned current system comple-
ting the electrajet circuit is proposed (Sect. 5.2).

The polar-cap field was found to be quite uni-
form in space and time (Heppner loc. cit.), but
small scale changes are very evident (Maynard &
Heppner 1970). The magnitude of the polar-cap
field is typically 2040 mV m~.

Conclusions from the measurements of high-
latitude electric fields in the ionosphere are sum-
marized in Table 5.1. Improved experimental
techniques have provided new information about
the magnitude and structure of the fields and their
associated currents. This in turn has given a bet-
. ter understanding of the origin of the electric
fields. However, important questions, such as the
existence of fields parallel to B and the configura-
tion in the noon and midnight sectors, are still
unanswered.

5.5. Experimental technigues for in situ measure-
menis of electric fields

In situ measurements of electric fields are clut-
tered by several difficulties and have historically
lagged behind the theories for fields and current
systems in the ionosphere. Indirect determina-
tions, mainly based on measurements of drift
velocities, magnetic perturbations, and particle
parameters, suffer from a lack of exact informa-
tion about other properties involved in the field
calculations.

During the last few years two different techni-
ques, the release technique and the double floa-
ting probe technique, have, however, proved cap-
able of giving dependable results.

The principle of the release technique is that an
artificial cloud, usually barium, is injected into
the ionosphere. This cloud will be partly ionized
by photon-ionization. While the neutral cloud
- drifts along with the wind system, the ionized
cloud will be under the additional influence of
electric and magnetic fields (¢f. Sect. 4.3). By
determining the velocity of the Ba*-cloud relative
to the neutral constituents it is possible to deduce

information about the direction and magnitude
of the electric field. '
The technique has proved to be very useful for

- studying long-time variations of DC fields in the

ionosphere and magnetosphere. However, the
requirement of twilight conditions (sunlight for
photon-ionization, but dark enough for optical
tracking), severely restricts local time coverage.
The presence of the ion cloud may also disturb
the medium and give rise to plasma instabilities.
(For details and a theoretical background for
such measurements, see, for example, Haerendel
et al. 1967.) '

The electric field measurements performed in
this investigation were based on the double floating
probe technique, and in the following we will con-
centrate on the principles behind this kind of
observation.

5.5.1. Probe design. Intuitively one has the feeling
that the most straightforward way to accomplish
a determination of electric field strengths is to
establish two reference points in the plasma and
measure the voltage between these. As the poten-
tial of the spacecraft is poorly defined, a monopole
using the vehicle itself as reference point is gener-
ally unsuitable. A monopole will also be unduly
sensitive to technological interference of various
kinds. .

The electric. field can in principle be calculated
from the voltage measured between two (or more)
electrodes in contact with the plasma, if the geo-
metry of the electrodes is known. There are, how-
ever, several practical difficulties involved in these

" measurements. A conducting body inserted into

a plasma will in most cases attain a potential dif-
ferent from that of the surrounding plasma. This
causes an attraction of charged particles with one
sign, while particles with opposite charge will be
repelled. Thus, a layer will be established near the
probe where charge neutrality does not exist. The
thickness of this plasma sheath will depend on the
shape, surface, and dimension of the probe, the
Debye length, and a function monotonically in-
creasing with the ratio probe potential to plasma
thermal energy (Storey 1963). The voltage drop
in the sheath is very difficult to determine both
theoretically and in plasma laboratories. It will
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also most probably be different for differently
shaped and oriented probes. A fundamental rule
for probe measurements is therefore that the
sensors should be equally shaped, that they should
be made from the same material and that their
electrical connections should be identical. Another
requirement is that the electrical mid-points of
the probes should be far away from each other
(several metres). This provides a long baseline for
the measurements, giving a potential difference
which is large compared to voltages from distur-
bing effects, and removes the active parts of the
antennas away from interference sources and
regions screened off by the spacecraft,

The types of probes used for electric field meas-
urements can be designated either as ‘long cylin-
drical booms’ or ‘spherical antennas’. The first
group can be long metal rods, either plain metal,
insulated, or partly insulated, while the second
type of probes consists of small metal spheres
supported by insulating rods. The probes used in
our measurements were of the first kind, and the
following considerations will therefore be limited
to the long cylindrical boom technigue.

With the STEM technique (STEM: Storable
Tubular Extendible Member) originally developed
for the Alouette satellites (¢f. e.g. Mar & Garrett
1969), it is possible to attain a large separation
between the electrical centres of an antenna system
consisting of two cylindrical booms. As the anten-
na ¢lements in most cases are erected from the
vehicle itself, the difficulty with 4 long connection
line between the electronics and antenna is avoid-
ed. The disadvantages with this probe system
arise mainly from the extension of the contact
area between the electrode and the plasma. One
may thus have variations over the dimension of
the probes which make the geometry of the
system somewhat uncertain. The steady electric
field will also have influence on the AC properties
of the antenna, creating a displacement between
the electrical and geometrical centres of the an-
tenna (Storey 1963). For a symmetrical dipole
system of two similar elements extended in op-
posite directions, the displacement of the elec-
trical centres should in theory be the same so
that the total effective length will remain constant.
But, even so, the probe system may be unbalanced

with respect to the spacecraft body, making the
measurements more exposed to technological
interference. Another circumstance which can
affect the signal from the booms is that a part
of the antenna will be in a region perturbed by
the spacecraft body (¢f. Appendix I).

Both these effects can be eliminated by coating
the antenna elements with insulating material.
This will, however, introduce the defect that the
antenna impedance will be high at extremely low |
frequencies and also make the probes inapplic-
able for DC measurements. Where DC and low
frequency response is wanted, one has therefore
to adopt a compromise solution where part of the
antenna element is left uninsulated.

5.5.2. Probe potential and induced potential dif-
ference. The potential of the probe with respect
to the surrounding plasma will govern the cur-
rents in the plasmasheath. These currents, J.:
electron current, J;: ion current and Jy;: current
caused by photon-emission of electrons from the
electrode, must under stationary conditions satisfy
the current balance equation _
Je+Jt+Jph = J_. (5.1.3.)

J will then be the current flowing away from the
probe (to the measuring apparatus). Other char-
ging currents such as secondary emissions have
been omitted. '

When no current is drawn from the probe it
will attain its ‘floating potential’, ¢,, and the cur-
rent balance will be

J e(fﬂa) =J i(@’o) +J pﬁ((ﬂo) .

If a Maxwellian velocity distribution is as-
surned, the electron and jon currents to a surface
element d of a cylindrical probe will be for retar-
ding potentials (¢f. Mott—Smith & Langmuir 1926)

(5.1.b)

. —ey
dly = jro €Xp [W] ds,

{5.2.a)
while the expression for accelerating voltages ap-
pears as

a‘ep

b 1/2
.= o {1t (o 25ers) |

bep )} dS. (5.2.b)

+erf (”*—*“**“**( B — T,
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The function erf(x), the error function, is de-
fined by

faal

2
erf (x) = %Sexp (=) dy.

x

b and a are the sheath and probe radii, respective-
ly, and j;, denotes the surface current density at
¢ = 0. This is the same as the random current
density in the gas, and can thus be expressed as a
function of particle density and mean thermal
velocity {¢f. Sect. 3.5.3),

1/z ;

Jeo = &xkeN; (v) = Ek%-‘»’Nk(i;ch) . (3.3)
& = +1 for ions (regarded positively charged)
and —1 for electrons.

AS Je,>ji, it is pecessary to have p<O0 to
establish the current balance, except for very high
and very low altitude where j,, may dominate
over j. (Fahleson 1967). In the following only
negative probe potentials will therefore be con-
sidered. Under the conditions existing in the iono-
sphere the ion current density will not be much
changed from j;, (Storey 1963) so that the cur-
rents can be expressed as

dJe = jea exp[ KT(o]dS:

dl; = ftodS,
deh = yjpho dS.

(5.4)

The photon current density will be given by an
expression similar to Eq. (5.3), and y is a geometri-
cal factor (< 1) which is mainly determined by
the position of the sun with respect to the probe.
The integration for J,; goes over the illuminated
probe surface,

The probe potential can now be found by
combining Egs. (5.1.b} and (5.4) which gives

kT, Jeo

o — in——,
@0 € f!o+fpho

(5.5)

Estimating the value of ¢, in a night-time rocket
where j,», = 0 for the simple case T, = T}, N; =
N, and m; = 30 u one gets the rough value ¢, =

kT, .
—-35.4- Bt In general one can expect a floating

kT .
potential of the orderT. However, ¢, will vary

with the plasma parameters, a fact which must be
taken into account in connection with measure-
ments from rockets and satellites traversing
regions with different properties.

If a potential gradient over the probe dimension
exists in the plasma, or if the probe is moving
in a magnetic field, the current balance will not
necessarily be fulfilled for a small surface element.
However, in equilibrium the total current to the
probe must also in this case be zero, and

Sje(r,wa) ds
- Sji(r, 0 dS+7 Sj,,.,(r, 0)dS. (5.6)

The probe system considered in the following
will consist of two cylindrical booms, 4 and B,
symmetrically orientated with respect to an
origin. The boom radius is ¢, and the active sur-
face extends from d; to d;. The electric field in
the plasma is E and the probes are moving with a
velocity v. If the potential of the booms with
respect to the plasma potential at the origin is
©4,8, the expression for the electron current
through a surface element at distance r will for
probe A4 be

dJe(r)A = jeaA

X exp[— %(¢A+(E+VXB)-1')] ds, (.7

and similar for probe B (¢f. e.g. Aggson et al.
1965). '

Substituting this on the left side of Eq. (5.6)
gives

>
e
2Rafe0n g exp [— T (pa+(E+vxB)- 1')] dr

1

da da
- S joadS+7 Sfpr.AdS, (5.8)
dl dl

and by integration

D ePy 5 |
s XPy = o |\ 7 e®rvxB)- £
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—e
X jexp P
[ <3

(E+vxB) -dz]
4

]}: JfA'l‘JphA .
(5.9)

- exp[

Rearranging this gives the following expression
for the probe potential

K TeA

ZTrajeaA{exp [% (E+vxB)- dl] exp[

ients of the various plasma properties which fluc-
tuate under the influence of the wave and thus give
rise to variations in the contact potential of the
probe, To distinguish between these two contri-
butions is in most cases difficult, as it is necessary
to know the complete structure of the wave, and

the way the plasma and the probes react to it.

L s

_ o
Pa= "¢ In e
In a similar way the potential with respect to
the plasma potential at the origin can be calcu-
lated for the boom B extending from —d; to — d,.

If exact symmetrical conditions are supposed
for the two probes, i.e. Tos = Top = To, joou =
Jeoms J1a = Jig and Jyps = Jous, the following ex-
pression for the potentlal difference between the
probes appears

exp (E+v><B)

kT,

(E+VXB) (J;A‘I'JphA)

5.5.3. Error analysis. Since the theory for probe
measurements of electric fields closely follows the
theory for Langmuir probes, most of the pitfalls
present in such measurements (¢f. e.g. Willmore
1970) will also appear in this context. However,
as the aims of the experiments are different, the
importance of the various errors will be different.

—e
di] —exp [KT

Pa—@Pp = — = In

exp[KT
e

By series expansions and algebraic manipula-
tions this can be furthér reduced to

pa—¢s = (E+vxB) (d,+dy)

= (E+vxB)-d. {5.12)
where d is the vectorial separation between the
electrical midpoints of the probes.

It should be pointed out that these calculations
should only be regarded as guiding. Nevertheless,
this rough analytical treatment is accurate enough
to give an understanding of the probe technique,
its principles and pitfalls, and it gives a basis for
considering the sources of error attached to this
kind of measurements.

First of all it should be stressed that the expres-
sion for potential difference in Eq. (5.12) appeared
under the assumption of exact symmetry in boom
orientation and construction. Furthermore, it can
be seen that the probe system does not, in general,
measure the eleciric field of an AC wave, It
detects only a combination of the field (i.e. the
gradients of electric potentials) and of the grad-

e
. dl] —exp LCT

In general, one can say that, since the derivation .

] ,‘ . 6.11)

: d'z]

of the expression for the potential difference be-
tween the probes (Eq. (5.12)) depended on the
assumption that the probes and their environ-
ments could be regarded as exactly alike, the
measurements are very sensitive to any effects
which will cause asymmetries in the probe con-
figuration. Besides, the presence of the spacecraft
and probes will disturb the plasma, and one must
consider to what extent this will influence the
measurements, Of potential importance for the
results will be :

i} The vx B term.
ii) Disturbances due to finite voltmeter cur-
rent.
iii} Effects from spacecraft wake.
iv) Work function errors.
v) Sheath overlap.
vi) Spacecraft potential and interference.
vii) Asymmetrical photon-emission, shadow-
ing.
viii) Thermal and aerodynamical bending.




Electric Field Microstructures in the Auroral E-Region

ix) Contact potentials; errors due to varia-
tions in ambient plasma; temperature
gradients and particle fluxes.

These various effects and their contributions to
the measured voltage will be discussed in Ap-
pendix I. It turns out that with careful construc-
tion of the probes and with a reasonable dimens-
ion of the baseline, it is possible to almost
eliminate most of the errors, and to keep the most
szrious ones down on an acceptable level, < 10%
of the total field. However, for vectorial measure-
ments of the field, the v x B term will place require-

-ments on the determination of the rocket attitude
which may be difficult to fulfill,

A
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As a concluding remark it can be said that the
probe theory in itself leads to equations and ex-
pressions with limited region of validity and great
uncertainties, In spite of this it is possible, with
the double floating probe technique, to eliminate
most of the uncertainties as long as a symmetrical
probe configuration can be maintained, and the
method has proved to give dependable results (cf:
e.g. Maynard 1972, and references given there).

5.5.4. Experimental set-up for rocket-borne electric
field measurements. This section will give a de-

scription of the instrumentation used for the DC

and AC electric field measurements performed in
the present study. A modified Mini-STEM anten-

dr2 AC AMPLIFIER
a =10 Hz - 100kHz
d=6.2m ——10-100 Ha
7 + L 100-1000 Hz
/ A=200 S,'\ZEE%EO — 1kHz~10kHz
 4J2 _ L 10- 100 kHz
/ — {100-1000 kHz)
11
_; PRE-AMP IEGP_PIE_R—I
/ | —BYRERI- |
A=t i ENT |
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Zin= 10" n af=10kHz{TELEMETRY LIMIT)
7———*‘% € {1
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/ ‘
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Fig. 5.10. Block diagram of the electronics of the electric field experiment flown in the rockets F23, F24,
NASA 14.383 and NASA 18.57. (In the two last rockets the ‘Doppler shift’ and “Wideband Channel’ were

not included.)
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Fig. 5.11. Example of signal from the DC E-field
experiment. The sinuscidal form of the record
appears from the rotation of the probes, which
results in a shift in polarization. The upper curve
shows the signal from the rocket’s transverse
magnetometer.
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na has been utilized. In this version the deploy-
ment of both antenna elements is controlled by
one and the same motor, which assures an even
extension for the two booms. The elements, made
from beryllium-copper, have noble metal plating
to obtain an even work function. The inner half
of each element has a special coating, providing
DC insulation between the conducting element
and the plasma. The boom diameter is 0.007 m
and the length 6.2 m, giving a dpc = 9.1 m.

The electronics are shown in block diagram
form in Fig. 5.10. Precision voltage followers
with very high input impedance monitor the
antenna voltages. The output of these followers
are, in the DC part, subtracted through a precision
unity gain differential amplifier giving the desired
signal, 4¢ = ¢4— @5 By an additional amplifier
5Ap is also monitored. The AC response of the
DC electronics goes up to 1 kHz, but in most
cases this will be limited by the telemetry capacity.
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Fig. 5.12. The angle between the rocket spin axis and the negative B is shown in curve (a). Curve (») shows
the total measured field E+4 v x B, while the calculated |v x B| component is plotted in curve( ¢). Data from

F24.
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Fig. 5.13. North-south (®) and east-west (©) components of the DC electric field measured during the F24
‘event. The drop-out in data points between 275 and 290 s is from the part of the flight when the rocket axis
was about parallel to the earth’s magnetic field, so that determination of the attitude of the probes in a plane
perpendicular to B was very uncertain. The apparent change in the field-components in the last data points
is due to bending of the antenna elements caused by atmospheric drag (¢f. Appendix I). '

In addition, the voltage differences between each
of the probes and spacecraft ground are also
monitored, giving a check on the probe sym-
metry and variations in contact potentials. The
input resistance of the system is greater than 10%

ohms and input current leakage less than 10~ 11 A,

The capacitance is approximately 50 pF. Com-
paring this with the findings in Appendix I, one
will see that no disturbances from the volimeter
current should be expected. A broadband ampli-
fier with frequency response 10 Hz to 100 kHz is
AC coupled to the voltage followers. The AC
differential voltages can be monitored directly in
broadband analogue form. The AC signal is also
recorded by a spectrum analyzer. The number of
channels and frequencies covered are subjected to
alterations, but in the present version the spectro-
meter consists of five channels, each covering one
decade in the frequency range 10 Hz to 1 MHz.

The integrators have a nonlinear response, and

the dynamic range is somewhat less than 40 dB.

The sensitivity is of the order of 1 mV m~* for
the DC experiment, and 10 zV m~! peak to peak
for the spectrometer and broadband experiment.
The part in the block diagram called ‘VLF Dopp-

ler’ is a wave propagation experiment which will
be further described in Chapter 6.

In the data reduction the magnitude and phase .

of the total measured DC fields (E+v x B) in the
rocket spin plane were determined from the
sinusoidally varying voltage from the differential
amplifier (see Fig. 5.11) and the lateral aspect
magnetometer, To get vx B it is necessary to
know the trajectory, which was calculated from
slant range Doppler data, The value of B was
taken from the Cain & Cain (1968) model. Vector
subtraction of v x B and location of the field in a
topographic coordinate system require detailed
information on the attitude of the vehicle, which
is obtained from the magnetic aspect data.

The errors in the vectorial computations can be
large, especially concerning a component that is
small compared to the major component (i.e. the
east-west field in our case). A five-degree attitude
error can result in an error of 9% of the spin
plane v x B. Similarly, the error in the measure-
ment of the phase of (E+vxB) is +1 degree,
adding another 2% error. Trajectory errors are
estimated as +2° in phase vx B calculation or
another 4% on the east-west component {making
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a total of 15%). The corresponding error from
all sources on the main component is +1%. The
v x B magnitude early in these flights is about 30
mV m~%, Thus, the confidence level in the results
after calculation for the topographic components
is £5 mV m~'. An additional overall error of
+1 to to 2 mV m~! in total magnitude may be
present from considerations of the physical tech-
nique (¢f. Appendix I).

5.6. Event studies of DC electric fields

While Sect, 5.4 presented the main characteristics
from a great number of electric field measure-
ments, we will in this section examine in more
. detail the observations from two specific events,
with special emphasis on the relation between
auvroral particles and variations in the field
amplitude, The data originate from the two rocket
flights (F23 and F24) described in Chapter 2.

5.6.1. Electric fields and optical emissions in the
F24 event. Figure 5.12 shows the total measured

field in the spin plane (E+ v x B) throughout the
flight. In Fig. 5.13 the calculated east-west and
north-south components of the field are plotted.
The measurements seem to reflect the stable PCA
launch conditions, with almost total lack of short
period variations. The field amplitude varied
from a few mV m~? to near 40 mV m™?, with the
lowest values recorded from 150 to 250 s (flight
time). No systematic altitude dependence was
observed. The field was, within the accuracy of
the attitude determination, southwards, consistent
with the established picture of a westward Hall
current during a negative bay.

The optical instrumentation in the payload con-
sisted of three photometers, mounted with their
optical axis parallel to the rocket’s longitudinal
axis. The emissions N; IN (4278 A), OI(5577 A)
and N, IP (6705 A) were measured. The measured
photon emission rate above the rocket at 4278 A
during the flight is shown in Fig. 5.14. The ob- -
served asymmetry of the curve about apogee
cannot be explained by temporal variations of

(R)

{4278)
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=

INTENSITY N
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Fig. 5.14. Curve (a) shows photometric recordings of the intensity of N (4278 A) as measured above the
rocket vs. flight time. In curve (&) the intensity measured during the descent part of the flight is mirrored
about apogee (228 s) to show the asymmetry in the recordmgs The rocket altitude s. time is plotted in

curve (¢). Data from F24.
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Fig. 5.15. Observed variations in
auroral intensities and the electric
field when the rocket F24 pene-
trated the structural region. The
field values are averaged over one
spin period (1.8 s) while 1 s smooth-
ing is used for the optical emis-
sions. The locations of the auroral
forms are indicated by the vertical
lines.
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the aurora (¢f. Fig. 2.1.c), or variations in the
rocket attitude, and it is therefore concluded that
the rocket in the flight period 150 to 220 s
penetrated a region where aturoral structures were
superimposed on the homogeneous  glow (cf.
Maseide ef al. 1973).

Figure 5.15 shows a high time-resolution plot
of the field and photometer recordings at 5577 A
and 4278 A when the rocket was in the structural
region. The electric field is averaged over one
spin period (1.8 s} while the optical recordings are
smoothed over 1 s. It can be seen that the rocket
passed through a double structure in the DC
electric field, with two minima at 175 and 230 s
separated by a small maximum at 210 s. Notice
also, especially between 160 and 200 s, that some
small-scale fluctuations in the range 0.1 t0 0.3 Hz
are observed. :

The main features in the optical recordings are:

20 - ) ) 250 FiT TIME (s)
1
002200 UT

i) During the two intervals, 150-170 s and
190-21G s, the light intensity decreases
fairly steadily. ,

ii) Two abrupt changes at 185 and 210 s,
respectively, are seen in the 4278 A emis-
sion, while the 5577 A intensity decreases
markedly slower,

iii) A small maximum is found between 175
and 185 s in the N emission which is not
observed in the oxygen line.

The assumed auroral situation can be repre-
sented in a. somewhat simplified picture, qualita-
tively shown in the geometrical sketch in Fig.
5.16. Two auroral structures of roughly 5 km
widths and separated by about 20 km are pene-
trated by the rocket. This picture explains the
4278 A observations fairly well. Comparisons
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- BACKGROUND GLOW
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AURORAL INTENSITY
{ARBITRARY LINEAR SCALE)

Fig, 5.16. A qualitative sketch for
the F24 event, showing the- as-
sumed geometrical configuration
between the auroral structures and
the photometer’s field of view when
the rocket penetrates the auroral
forms. The corresponding optical
recordings are shown at the top of
figure in a simplified version. The
auroral structures are represented

=] by dashed (5577 A) and dotted

(4278 A) areas, indicating a partly

225F

ALFITUDE (km)
2

spatial separation of the OI
(5577 A) and the Nj (4278 A)
emitting regions due to auroral
movement.

150 200

with the green oxygen line indicate that the
auroral structures move in the same direction as
the rocket (i.e. northward motion). This conclu-
sion is based on the fact that the lifetime for the
excited OI (S} is about 0.7 s compared to a life-
time of the N;*(B2X }) being of the order of 10~7 5
(cf. e.g. Omholt 1971); thus the OI (5577) emis-
sion has a natural time lag compared to the N
(4278) emission. This time lag together with a
northward movement of the auroral forms can
explain the difference observed between the two
emissions.

From Figs. 5.15 and 5.16 the following con-
clusions concerning the DC electric field in and
near the auroral forms can be drawn.

250 FU TIME(s)
HOR. DISTikerd

a) The field decreases as the rocket approaches
the auroral structure and it reaches a mini-
mum of just a few mV m~! when the rocket
enters the first auroral form. The field mini-
mum is actually observed when the rocket
is in the 5577 A time lag structure.

b) Between the two forms, the field increases
slightly, and a peak is observed when the
rocket enters the second auroral form.

¢) Again the field starts to decrease and a mini-
mum is observed when the rocket passes the
northern edge of the second form. -

d) During the rest of the flight the field in-
creases slowly while the overall auroral
emissions decrease correspondingly,
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In comparing these results with previous find-
ings of E-field behaviour in auroral forms (cf. Sect.
5.4) the overall glow aurora must be considered in

addition to the weak enhancements. Any model -

using loading of a current generator depends on
enhanced ionization in the E-region; since the
perpendicular conductivities in the Fregion will
be too low, due to reduced collision frequencies,
to permit a significant increase in the current. The
increase in E-field and the reduced auroral inten-
sity during the last part of the flight indicate this
effect. The observed relation between the aurora
and the F-field is, however, somewhat confused,
with a minimum of the field inside the first form
and a local maximum inside the second one. Even
though the rocket was above the E-region when
penetrating the auroral forms, the particle spec-
trum in these forms will most probably also con-
tain particles with sufficient energy to penetrate to
lower "altitudes and cause E-region ionization.
The particle flux and the extent of the ionization
can, however, be different in the two forms. A
more unified picture may also be obtained if the
whole region, from the southernmost boundary
of the first form to the northernmost rim of the
second one, is defined as one ‘auroral region’. In
this case the overall behaviour of the field will be
that it increases with decreasing glow aurora.

However, in the auroral forms superimposed on
the glow, the field has local minima at the edges
of the structured region. The direction of the field
is, in the main, preserved inside the aurora, but
a slight shift towards southwest can be seen.

5.6.2. Electric fields and particle measurements in
the F23 event. The electric field observed in the
F23 event is, in accordance with the general

ionospheric conditions, much more variable over

short distances and/or time. Figure 5.17 shows
the total field measured in the spin plane, together
with. the magnitude of the v x B component. The
conspicuous change in field strength which takes
place around 2223.45 UT naturally divides the
record in two parts, a low intensity region before
this change and a more vigorous last section of the
flight. In the first part variations in the field from
a few mV m~?! to approximately 20 mV m™!

-takes place, and the general trend in the record is

towards a steadily increasing fiéld.

With the sudden change in field strength the
amplitude reaches a magnitude of almost 100
mV m~1 From this peak value a decrease of the
field, with rapid fluctuations with peak to peak
amplitude of about 5 mV m~! superimposed,
takes place. Towards the end of the flight some
more violent field variations again appear. '
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The drastic change in electric field strength
happened approximately at the same time as the
sudden increase in magnetic H-deviation and rio-
meter absorption started. According to the on-
board low energy particle detectors this event did
not give rise to an increased precipitation of low
energy (<15 keV) electrons {¢f. Maynard ef al.
1973). The ground observed magnetic field varia-
tions are therefore in this case believed to be
more associated with an increased electric field,
than with changesin theionosphericconductivities.

Before the abrupt change in the field strength
the general tendency in the record was for the
field to slowly increase. The detectors monitoring
low energy particles (protons and electrons in the
range ~0.5— ~ 15 keV) showed at the same time
on the average a steady decrease in the countrate
(Maynard et al. 1973). Superimposed on this
declining curve are, however, several short time
variations, most having no obvious relation to
the changes in the eleciric field. Of interest is,
however, a peak in the electron spectrum between
approximately 3 and 6 keV which appears be-
tween 150 and 200 s in flight time (Fig, 5.18). If
we compare this with the E-ficld record we find
that around these two times small minima appear
in the field strength and that the amplitude stays
at a somewhat increased level in the interval be-
tween. As electrons in just this energy range are
most actively involved in the production of oval
aurora (Dechr et al. 1970), this region may well be
associated with an auroral structure, If this is the
case a situation quite similar to that which ap-
peared in the F24 event is present, i.e. the field
has a minimum value near the boundaries of an
auroral region. '

5.6.3. Concluding remarks. The observations do
not bring forward any clear relation between the
electric fields, aurora, and auroral particles. In
the main they seem to support the assumption of
a decreased field in auroras, but this picture can
be rather mixed up. One should, however, be
aware of the importance of the height of the
auroral emissions, or the energy of the primary
particles, in this connection. Local effects, such
as polarization fields and potential differences
caused by different parallel conductivities along

different L-shells must also be taken into account.
Plasma instabilities may also give rise to perturba-
tions in the large-scale electric field (¢f Sect. 8.2)..
An interesting feature in the observations is the
apparent minima seen in the field at the edges of
an auroral region. Although small, these seem to
be significant. In the current model proposed by
Park & Cloutier (1971) (cf. Fig. 5.2), antiparallel
Birkeland currents flow at the sides of an auroral
region. It thus appears that the observed minima .
in the field may coincide with the location of
Birkeland current regions. To make further con-
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