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Abstract: The 310JA-4 rocket was launched perpendicular to the geomag-
netic field line in the poleward direction from Syowa Station, Antarctica around
the onset time of a small substorm (~—140nT). The rocket moved across
aurora of the ray-band type. DC electric field, plasma waves in a frequency range
from 20 Hz to 8 kHz, auroral energetic electron (>>90 eV), electron density, and
electron temperature were measured by onboard instruments.

The measured electric field directed generally northeastward, the fact being
interpreted as a modification of a large scale electric field (directing northward
(equatorward) in the morning sector of the auroral region) by an eastward polari-
zation electric field in the precipitation region. Auroral energetlc electron flux
up to 8 x 108 electrons/cm?-s and: auroral hiss ‘Were ‘observed during the flight,
and they showed a close correlation. .

1. Introduction

i

Auroral sybstorm injected particles cause‘Strbng' disturbances in the polar iono-

sphere and generate various kinds of electrostatic and electromagnetic waves from
ULF through ELF, VLF to HF bands, ‘and such phenomena have been investigated
by ground observatummcludmg.remote sensmg techaique such as incoherent scatter
radar and VLF doppler radar, and by in situ- -observation usmg satellites and rockets.
The characteristics of auroral particles such as energy spectra and pitch angle
distribution have been investigated (ARNOLDY 1974; HuLTQvIsT, 1974; BoyD, 1975;
MILLER and WHALEN 1976) and the phys1cal processes in the 1onosphere caused by
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energetic particle precipitation have been investigated theoretically by many scientists
(e.g. BANKS et al., 1974; JonEs and REEs, 1973; RoBLE and REEs, 1977).
Wave phenomena in the ionosphere during a substorm have been also investi-
gated with many sounding rockets, from ELF range (KeELLEy and MoOzER, 1973;
BERING et al., 1975; OGAWA et al., 1976; MoR1 et al., 1979; OGAWA et al., 1979)
through VLF range (e.g. KIMURA et al., 1980) to HF range (e.g. Oya et al., 1980).
These phenomena are interconnected each other through plasma instabilities
and wave-particle interactions. Therefore simultaneous observation of the related
physical quantities is important to understand the mechanism of the phenomena. A
comprehensively instrumented S-310JA-4 sounding rocket had been designed to carry
out this objective and was launched from Syowa Station (geomagnetic latitude 70.0°,
longitude 79.4°, L=6.1) at 003243 UT on August 18, 1978. The azimuthal direction
of the rocket ground track was 129° from the geographic north (8.2° eastward from
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Fig. 1. Time variations of geomagnetic field, CNA and VLF noise intensities at 0.75, 2 and 8
kHz observed on the ground.
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the geomagnetic south). A small auroral substorm started just before the launching.
Fig. 1 shows the geomagnetic H component and 30 MHz cosmic noise absorption
during the rocket flight, in which the launching time is indicated by a dashed line.
This report describes the experimental results, and discusses the interrelation of ob-
served physical quantities together with ground based geophysical observation data.

2. Experimental Results

2.1. Electron density profile

For electron density measurement, on the S-310JA-4 rocket installed were two
types of instruments, a fixed biased spherical probe with its diameter of 3 cm and an
RF impedance probe. Electron density measurements by the RF impedance probe
were carried out every nine seconds, and the data were used to calibrate the electron
density profile obtained by the fixed biased probe. Fig. 2 shows the current density
profile of thermal electrons measured by the fixed biased probe. The potential of
the probe was set at three volts above the potential of the rocket body. The probe
current 7 is a function of electron density, electron temperature and probe potential
as (MKS unit being used unless otherwise mentioned),

i =4xr?f(neey/'kTo/22m) (1)
and
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Fig. 2. Altitude variation of thermal electron current density measured by a fixed biased probe.
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Fig. 3. Altitude variations of electron density (solid.line) and electron temperature (dashed
line).
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where »=eV/kT., r radius of the probe, k¥ Boltzmann constant, #. electron density, e
unit charge of electron, 7. electron temperature, m electron mass, a radius of ion
sheath, and V probe potential with respect to the plasma potential, and f; means
the efficiency of collecting electrons in the ion sheath around the probe. In the
present case, V' and kT. are assumed to be two volts and 0.1 volt respectively, as
T.is ~1000 K. Then » becomes sufficiently large and f; can be given as (a/r)%
Equation (1) can, then, be expressed in a simplified form as,

i =4za(n,eN kTo|22m). 3)

By using electron temperature data (K. OyAMa, private communication), electron
density by RF impedance probe, and electron current by the fixed biased probe, “a”
could be determined every nine seconds. By interporating this value, the electron
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current i can be transformed to electron density. Fig. 3 shows the electron density
profile during the ascent of the rocket flight, obtained by the procedures mentioned
above. The electron temperature profile (K. OvAma, private communication) is also
shown in Fig. 3 by a dashed line. This electron density profile shows irregular en-
hancements with a scale size up to about 30 km. This enhancement could be caused
by auroral particle precipitation confined in such a scale size of magnetic flux tube.
The electron temperature profile also shows similar irregular variations, which are
anti-correlated with the electron density variations. Especially in the altitude range
above 170 km, both amplitudes of variations in electron density and temperature are
20%, so that the plasma pressure n.kT. is thought to have been kept almost constant.
The electron density profile shows its peak value at the altitude of 135 km. This
altitude is considerably higher than those usually observed in more bright auroras in
such cases as S-310JA-5, 6 and 7 rocket experiments which are reported in this issue.
This fact suggests that the energy of auroral particles in this aurora could be
rather low.

2.2. Particle observation by retarding potential analyzer

Auroral energetic electron flux was measured by a retarding potential analyzer
with its aperture directed perpendicular to the rocket spin axis. The diameter of the
aperture was 83 mm and a half angle of the aperture was 54°. As the retarding
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Fig. 4. Time variation of electron flux above 90 eV measured by the retarding potential
analy:zer.



340 YAMAGIsH], Esri, HIRASAWA, TSURUDA, KIMURA and NISHINO

potential was fixed at 90 V, electrons with their energies above 90 eV were measured
by this instrument. The electron flux was observed intermittently during the flight

as shown in Fig. 4. Maximum electron flux value up to 8 x 10° electrons/cm?-s was
observed near the apex.

AURORAL ELECTRON FLUX(>90eV)
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Fig. 5. Time variation of the sweep range of the aperature direction of the retarding potential
analyzer and the relative quantity of electron flux.

The aperture angle was so wide that this analyzer did not have enough angle
resolution, but a general tendency of pitch angle distribution could be obtained. In
Fig. 5, the ordinate shows an angle between the direction of the aperture and the
geomagnetic field line, and the solid curve shows a sweep range of the aperture direc-
tion during each spin period of the rocket. 0° indicates that the aperture is parallel
to field line (upward) and 180° indicates that the aperture is antiparallel (downward).
The amount of electron flux observed is shown by the width of a bar. From this
figure it is clear that down going (precipitating) electron flux was predominant during
the rocket flight.

From these figures, a time scale of the duration of particle precipitation was
estimated to be from several seconds to several tens of seconds, and the horizontal
extent of the precipitation area was up to ~30 km under the limitation of ambiguity
between time and space caused by rocket motion. This time scale of precipitation
was almost the same as the duration of auroral hiss emission observed by the VLF
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receiver on board, which will be shown later. The spacial extent of the precipitation
area was also comparable to the scale size of electron density enhancement shown in
Fig. 3.

2.3. Electric field observation

DC electric field was measured by two pairs of double probes, consisted of two
sets of insulated booms of 3.7m and 7.65m in length and four spherical probes
attached at the tip of each boom. Each pair was separated by 60 cm along the rocket
axis. In this analysis, data from the lower pair (7.65 m long) was used.

Fig. 6 shows the total DC electric field (Il?-f— Vx fﬂ) observed by this double
probe. The abscissa shows the field intensity and the ordinate shows the rocket
altitude. ¥ x B electric field induced by the rocket motion was also shown. In this
rocket, two kinds of attitude sensor, a geomagnetic aspect sensor and an infrared
horizon sensor were installed. From these data (F. ToHYAMA and M. ISHIDO, private
communication) the rocket attitude was successfully determined as shown in Fig. 7,
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where the rocket axis direction was plotted on a polar map. Using these data, ap-
parent Vx B electric field was subtracted from the observed electric field, then the
electric field was transformed in the geomagnetic coordinate with an assumption
that an electric field parallel to the geomagnetic field line is zero.

Fig. 8 shows the horizontal component of the electric field plotted along the
rocket ground track in geomagnetic coordinate. The eléctrjc field pointed generally
northeastward and the direction intermittently rotated northward.

Fig. 9 shows another expression of the horizontal electric field, where eastward
and northward components were shown with the rocket flight time. The durations
of auroral particle precipitation are indicated by bars.. The eastward: component
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Fig. 9. Time variation of east and north components of DC electric field. Bar_at the top
indicates the duration of auroral particle precipitation.
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seems to be enhanced during the precipitation period, the fact suggesting the effect of
electric field induced by auroral particle precipitation.

Fig. 10 shows the magnetograms of Syowa Station and Mizuho Station, 250 km
geomagnetically south of Syowa Station, at the time of the rocket flight. A decrease
of H component (140 nT) at both stations and a decrease of Z component at Syowa
Station indicate that the westward electrojet was streaming just poleward of Syowa
Station, and the rocket seemed to have flown through the electrojet.

2.4. Observation of VLF wave emission

Waves in a VLF range from 20 Hz to 10 kHz were measured by three orthogo-
nally crossed loop antennas and four spherical probes at the tips of insulated booms,
which were also used as a double probe for an electric field measurement. A fixed
biased probe used for electron density measurement was also used for plasma waves
measurement in a frequency range from 20 Hz to 10 kHz.

Observed data in lower frequency range from 20 Hz to 200 Hz were transmitted
by IRIG FM telemetry channel, and the data in upper frequency range from 200 Hz
to 10 kHz were transmitted by a VSB wide band telemetry channel.

Figs. 11 and 12 show frequency-time (f~¢) diagrams of wave electric field in the
upper and lower frequency ranges. The numbers under each pannel indicate flight
time after launch in seconds and altitude of the rocket. The sensors were deployed
at 59 seconds, therefore the data before 59 seconds have no physical meaning. In
Fig. 11 enhanced broad signals are seen in the altitude range between 100 km and
140 km during the ascent. These might be electrostatic waves often observed by
sounding rockets in this altitude range in the polar ionosphere (OGAWA et al., 1979).

Another type of broad band emissions was observed from 197 seconds to 235
seconds. This shows strong spin modulation and sharp lower cutoff near 4.5 kHz.
Bars drawn above each pannel in Fig. 11 indicate the duration of auroral particle
precipitation. Strong particle precipitation started at 220 seconds, and an enhance-
ment of this emission coincides with this precipitation very well. From these features,
this emission was considered to be auroral hiss emission generated by auroral particle.

Another wide band channel was used, by time sharing, for the wave magnetic
field and the electron density fluctuation data. Fig. 13 shows an f~¢ diagram of this
wide band channel. The first half of the diagram before 225 seconds shows the
wave magnetic field observed by a loop antenna and the second half after 226 seconds
shows the electron density fluctuation observed by a fixed biased probe. As for the
wave magnetic field data, constant frequency components near 3.5 kHz, 6 kHz, 7.5
kHz and 9.5 kHz, and a fluctuating frequency component near 2 kHz are caused by
an interference with other telemetry channels. Except for these, no predominant
signal can be seen.

Comparing with Fig. 11, auroral hiss emission between 195 seconds and 270
seconds has no counterpart in the f~¢ diagram of the wave magnetic field in Fig. 13.
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S-310JA-4 WBE

Fig. 11.  F-t diagram of wave electric field in V' LF range.

S-310JA-4 EAC-4

Fig. 12.  F-t diagram of the wave electric field in ELF range.



346 Y aMAGIsHI, EJIr1, HIRASAWA, TsurRUDA, KIMURA and NisSHINO

S-310JA-4  WBH/ANE

100 80km

Fig. 13.  F-t diagram of the wave magnetic field (the first half) and the electron density fluctu-
ation (the second half) in VLF range.

The absolute value of the wave magnetic field in a frequency range from S kHz to
9 kHz at this time is calculated to be 0.2 mj/y/Hz, which is almost the same as the
receiver noise level. Comparing this magnetic field intensity with observed wave
electric field of 1.5 ,eV/m¢H2, the refractive index is calculated to be 40, assuming
the whistler mode propagation along the geomagnetic field line.

The magnetic field spectrum in the above frequency range is stable in time, and
does not show lower cutoff characteristics observed in the wave electric field spectrum.
Therefore there is a possibility that the wave magnetic field is smaller than 0.2
my/+/ Hz, and masked by receiver noise level. In this case, observed auroral hiss
shows rather electrostatic characteristics.

3. Discussions

S-310JA-4 measured an electron density profile in a ray-band type aurora. Tt
shows an irregular variation in electron density, and is a little bit different from those
observed by S-310JA-5, -6 and -7. In Fig. 14, for example, electron density profiles
obtained by S-310JA-4 and -5 during the ascent are illustrated. A possible reason for
such difference is that S-310JA-4 was launched southward and moved across the
geomagnetic flux tubes during the ascent. On the other hand, the other rockets were
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Fig. 14. Comparison of electron density profiles observed by S-310JA-4 (solid line) and
S-310J A-5 (dashed line) during ascent of rocket flight.

flown northward and moved along the geomagnetic field lines, along which the elec-
tron density changes smoothly according to the diffusive equilibrium condition.
Another possible reason is that such a difference could be attributed to the different
spatial distribution for particle precipitation, namely the difference between ray-band
type aurora and corona type or bright arc aurora.

Such a horizontal electron density inhomogeneity is possible in the auroral
ionosphere, and this fact indicates that the diffusion across the geomagnetic field lines
is not efficient, and once the electron density was enhanced in some magnetic flux
tube, the enhancement lasted for a pretty long time. JoNES and REEes (1973) studied
time dependent response of the ionospheric electron density against the auroral
particle precipitation. They got the results that the build up time of electron density
was several seconds at 100 km and a few minutes at 200 km altitude after the begin-
ning of precipitation. As for the decay time after the cessation of precipitation, they
showed one minute at 100 km and nearly ten minutes at 200 km altitude.

Fig. 15 shows the correlation between auroral electron precipitation and electron
density enhancement, where the precipitation area is shown by hatching. Poor cor-
relation between them is considered to be due to the slow response of the ionosphere
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ELECTRON DENSITY VARIATION AND PARTICLE PRECIPITATION
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mentioned above, and the observed electron density irregularity could be the after-
effect of particle precipitation.

Next, let us consider the relation between the auroral electron precipitation and
the auroral luminosity. Equicontours of 5577 A meridian scanning photometer data
observed at Syowa Station are shown in Fig. 16, in which the rocket trajectory pro-
jected down to 100 km altitude along the geomagnetic field lines is indicated by
arrows. The number on each contour line indicates intensity of auroral photo emis-
sion in kilo Rayleigh. The aurora showed southward (poleward) drift with decreas-
ing intensity, and the rocket also moved southwards following the auroral motion.
The area of precipitation is shown by hatching in this figure. The electron flux in-
creases where the luminosity is low and decreases where the luminosity is high.

Energy spectra of auroral electrons near the auroral arc have been investigated
by rockets and satellites (e.g. ARNOLDY and CHoy, 1973; MENG, 1976; MENG et al.,
1978), obtaining the results that the energy spectra have a peak near 3 keV in bright
aurora, 0.5-1.2 keV in faint aurora, and near 8 keV in westward traveling surge.
Rocket observations of auroral electrons (CHoy and ARNOLDY, 1971 ; BERING et al.,
1975) also report the finding that the soft electron flux from a few tens of eV to several
hundred eV increases at the edge or just poleward of auroral arc by nearly one order
of magnitude greater than in the arc with its spatial width of a few tens of km. The
magnitude of this flux is much greater than those responsible for the luminosity.

In our experiment, a retarding potential analyzer was used for particle observa-
tion. This instrument was designed to measure soft electron flux with its energy
above 90 eV, and does not have enough sensitivity to harder electrons which are
responsible for auroral luminosity. Therefore, the observed electron flux is thought
to be those soft electrons mentioned above, and this is the reason why the observed
precipitation area does not coincide with auroral luminosity.

Comparing Fig. 9 with Fig. 10, let us consider the consistency between the electric
field observed by the rocket and the ionospheric current expected from the magneto-
gram of the ground stations, Syowa and Mizuho Stations. Decrease in H com-
ponent at both stations and decrease in Z component at Syowa Station indicate that
a westward electrojet was streaming on the poleward side of Syowa Station. During
the substorm, ionospheric Hall conductivity o, is much larger than Pedersen con-
ductivity ¢p, (e.g. HORWITZ et al., 1978), so this jet current is thought to be driven by
northward electric field component Ey. Therefore the variation of geomagnetic field
H component (J1H) is consistent with Ey. The eastward component Er drives
northward Hall current and this indicates westward magnetic field on the ground.
But the observed D component shows opposite variation.

BREKKE ef al. (1974) studied the correlation between ionospheric currents ob-
served by an incoherent scatter radar and geomagnetic field variations on the ground.
They obtained similar results, that the variation of east-west current agrees better
with 4H than does north-south current with 4D.
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Tonospheric electric field is considered to be the projection of large scale electric
field in the magnetosphere under the assumption of equipotential geomagnetic field
line. The rocket was launched at 003243 UT, which is almost the same as the MLT
of Syowa Station, therefore the rocket is supposed to have observed northward
(equatorward) electric field just dawnside of Harang discontinuity. However the
rocket observed N to NE electric field, so possible mechanism producing eastward
electric field component should be considered.

Fig. 17. Configuration of ionospheric electric field and induced
current arround the conductive belt in the dynamo
region. E., E,. E, denotes primary electric field,
polarization electric field and resultant electric field
respectively. Jy, Jp, Jv denotes Hdll current,

Pedersen current and the total current, respectively.

From the magnetogram of Syowa and Mizuho Stations (Fig. 10), westward
electrojet was supposed to stream on the poleward side of Syowa Station, therefore,
a belt of electric conductivity enhancement was expected to extend in the east-west
direction. Fig. 17 illustrates a possible relation between the electric field and induced
current in the ionosphere. Primary electric field £, is assumed to direct NNE, (al-
most equatorward) which is the projection of large scale magnetospheric electric field
in the morning sector near Harang discontinuity, and the high conductivity belt is
assumed to extend in the east-west direction. F, induces Hall current J,; and
Pedersen current J,, and total current J, causes charge accumulation at the both
sides of the conductive belt, then this charge induces a polarization electric field £E,.
If the conductive belt has finite length in the east-west direction, the polarization field
has eastward component, shown as E,’. In both cases, electric field tends to rotate
eastward and Hall current reduces. If the field aligned current is allowed to flow
along the edge of this conductive belt, northward current component can be closed
with the field aligned current, and no charge separation occurs. In such case, pri-
mary electric field can be maintained. NNE electric field observed from 170 seconds
to 210 seconds and northward electric field observed after 320 seconds can be ex-
plained as the latter case, and the rest can be explained as the former case. More
qualitative analysis is required for drawing a correct picture to explain this observed
electric field.
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AURORAL HISS AND ELECTRON FLUX(>90eV)
S-310JA-4 18 AUG.1978 0032:43UT

100 -

‘*1”1 ]

150 [ | [ | | | | | | | |
2 29
TIME1‘éO 190 | 200 210 220 1 230 2‘40 250 60 2|70 280 1os
ALT 190 195 198 APEX 198 195 190 180km

Fig. 18. Correlation between auroral hiss emission (top pannel) and auroral particle precipita-
tion (bottom pannel) .

Fig. 18 shows the correlation between the auroral hiss and the auroral particle
observed by this rocket. Auroral particle precipitates along geomagnetic field line,
and is thought to be confined in latitudinally narrow (a few tens of kilometer) area.
However auroral hiss generated by such particle can propagate widely and is expected
to be observed in much wider area. Before 210 seconds, auroral hiss was observed
but the rocket could not observe auroral particle. This may be such the case men-
tioned above that the rocket flew outside of precipitation region and only the wave
emission could be observed.

Attention should be paid to the coincidence of particle precipitation and hiss
emission after 220 seconds. Auroral hiss has been considered to be generated by
Cerenkov radiation from auroral particles at the altitude of several thousand kilo-
meters. If we assume the source region of auroral hiss at such altitude, ray path
study of auroral hiss by MAKITA (1978) shows that the ray path tends to move away
from the geomagnetic field line to low latitude side. Considering the narrow width
of precipitation area, such coincidence between hiss emission and particle precipita-
tion suggests that the source region of this auroral hiss was not much far from the
observed area.

4. Conclusion

The S-310JA-4 rocket was launched into a ray band type aurora, and ionospheric
electric field, electron density profile, auroral particle and waves were successfully
observed during its flight.
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The following is the summary of the observed facts.

(1) Trregular electron density variation with its scale size of a few tens of kilo-
meters is observed. This variation is anticorrelated with the observed electron tem-
perature. This fact indicates that plasma pressure n.k T, is thought to have been
kept almost constant along the geomagnetic flux tube.

(2) Auroral energetic electron flux with its energy above 90 eV was observed
intermeittently during the flight. This flux comes downwards and the maximum
flux is 8 x 10% electrons/cm?-s. This flux is observed where the auroral luminosity is
low.

(3) DC electric field directs geomagnetically NE while the auroral electron flux
is observed, and it directs NNE when the electron flux decreases. The northward
electric field component is consistent with the decrease of geomagnetic H component
observed on the ground, but the eastward electric field component does not agree well
with the variation of geomagnetic D component.

(4) Band limited auroral hiss emission with its electric field intensity 1.5
1V/myHz is observed. This shows a close correlation with auroral particle
precipitation.

The fact No. | indicates that spatially confined auroral particle precipitations
mentioned as the fact No. 2 causes local electron density enhancement of a few tens
of percents along geomagnetic field line which lasts for a pretty long time. This time
scale is thought to be nearly ten minutes at 200 km altitude (JONEs and REgs, 1973).

The discrepancy between the auroral luminosity and particle precipitation men-
tioned as the fact No. 2 can be attributed to the difference of energy range between
the observed electron flux (a few hundred eV) and those responsible for luminosity
(one to a few keV).

Close correlation between auroral hiss and particle precipitation mentioned as
the fact No. 4 indicates that the wave is thought to be generated not far from the
rocket altitude, possibly several hundred kilometers, considering the ray path of the
auroral hiss from the source region to the ionosphere.
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