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Abstract: Directions of the propagation vector and the Poynting flux of auroral 
hiss at 7 kHz were measured by the S-310JA-5 rocket launched on 10 June 1978 
from Syowa Station in Antarctica. 

The observation of the ratio of magnetic field intensity to electric field intensity 
of the hiss as well as the above-mentioned measurements result in a conclusion 
that the hiss has propagated down to the rocket with a large wave normal angle to 
the geomagnetic field so that the source region must be located in the vicinity 
of the altitudes of the rocket apex. 

The time variation of the hiss intensity showed a relatively good correlation with 
the flux of 4.45 keV electrons with pitch angles from 3° to 34 °. 

1. Introduction 

The relationship between an aurora and VLF emissions has been investigated 
for a long time by ground observations (e.g. MoROZUMI, 1965; Ooun, 1975), by satel
lites (MOSIER and GURNETT, 1971; MOSIER, 1971) and by rockets (e.g. UNGSTRUP, 
1971). The high correlation has already been found between these two especially for 
a burst type of hiss and some type of chorus. These results suggest that some type 

of VLF emission, that is auroral hiss, may be generated at altitudes of the lower 
ionosphere where the auroral brightness becomes maximum. However, the source 
region of such VLF emissions has not yet been clarified. 

At Syowa Station (69.0°S, 39.6°E in geographic and 70.4°S, 79.4°E in geomag
netic coordinates) in Antarctica, many rockets were launched in order to investigate 
the wave and the particle relationship (e.g. KIMURA et al., 1980). S-3IOJA-5 is one 
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of the rockets having such an objective. It was launched into the coronal aurora at 
2256:50 UT on 10 June 1978. 

The Poynting flux and the propagation vector direction of auroral hiss at a fre
quency of 7 kHz were measured with energetic electrons having energies less than 
10 ke V. This report describes briefly the instruments on board and the results of 
the experiments. 

2. Instruments on Board the Rocket 

The instruments on board the S-310JA-5 rocket to measure VLF emissions are 
called PWL-PFX. The PWL stands for a low frequency plasma wave measurement 
and the PFX stands for Poynting flux measurement. The block diagram of PWL
PFX is shown in Fig. I. Namely, two pairs of dipole antennas (each 2.4 m tip-to-tip) 
and a set of crossed loop antennas (each 10 cm¢ x 100 turns; an effective length of 
0.6 mm including transformer turn ratio) are used for picking up the electric (E) and 
the magnetic (B) field components of the waves. The instruments assembled in the 
nose cone and the extended antennas are shown in Fig. 2. 

2.1. Wide band spectra 
First of all, VLF wide band spectra were taken from the preamplifier of the Ex 

channel and from that of Bv channel and were fed by a time sharing (10 s for E and 
5 s for B) to a common wide band amplifiier with AGC and sent to the ground by a 

Ex 

Ey 

Bx 

By 

b 

SUB CAR. OSC. 

Fig. 1. Block diagram of PWL-PFX. 
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Fig. 2. External view of the rocket payloads including PWL-PFX. 
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wide band (WB) telemeter. The AGC level (PWL-L) was amplified with a Log Amp 
and was sent to the ground as the envelope level of wide band spectra. 

2.2. Measurement of propagation (k) vector 
' -

For the k-vector measurement, the x and y components of the magnetic field of 
waves, Bx and By , picked up by the crossed loop antennas are amplified by the tuned 

amplifier at 7 kHz with a b3.nd width of 100 Hz, where the Z direction is the direc
tion of the rocket axis (see Fig. 3). To these two components, those of 90° phase 
shifted from the former are added and the composed envelopes, that is Bx + By('TC/2) 
and By +Bx(r:/2), are obtained. By the use of an adder, a divider and a com

parator, the quantity 

Fig. 3. k-vector, rocket axis and geomagnetrc field 
directions in the coordinate system, in which 
the rocket axis is directed along the Z axis. 
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is calculated. 
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B3:{1r/2)+Bv 
Bx+ Bv(1r/2) (1) 

For a k-vector making an angle a from the rocket axis the above quantity must 
be equal to 

e= 1-coso 
1 +coso (2) 

because the magnetic field components of the whistler mode wave are circularly 
polarized in the plane perpendicular to the k-vector direction in the ionosphere. We 
can, therefore, determine the angle o from the calculated quantity e. 

2 .3. Measurements of Poynting flux 
For Poynting flux measurements, as shown in the top channel of Fig. 1, the quan

tity ExBv -EvBx is calculated from Bx and Bv mentioned above and Ex and E11 which 
are picked up by a set of crossed dipole antennas and are amplified by the tuned 
amplifier at 7 kHz. Then 7 kHz and higher frequency components are removed 
from the above quantity by a LPF whose cut off frequency is 100 Hz. 

Namely, this filtered output must be a time average within 10 ms of the rocket 
axial (z) component of the Poynting flux. It is digitized by an A/D converter and 
then sent to the ground through an analog telemeter channel. 

3. S-310JA-5 Rocket Experiment 

The S-310JA-5 rocket was launched at 2256 UT on 10 June (or at 0156 LT on 
11 June), 1978 in the direction of the local geomagnetic field lines. It was plunged 
into a coronal aurora, and reached an altitude of 226 km at 235.7 s after launch. 
The time was in a small scale geomagnetic substorm, the magnitude of which was 
-150 nT. 

The rocket hit a bright aurora during its flight, as shown in Figs. 4 and 5 (after 
HIRASA w A). Fig. 4 shows the aurora taken by the ground-based all sky camera, 
where the rocket position is indicated by a black dot. Fig. 5 shows the rocket trajec
tory together with the 5577 A equicontour curves. Ground observations of VLF 
wave phenomena indicated that from 5 or 6 min before the launching the frequency 
components around 8 kHz suddenly increased but decreased again just after launch, 
as shown in Fig. 6. This emission must be a kind of auroral hiss. Cosmic noise 
absorption (CNA) measurements, also shown in Fig. 6, indicated a slight increase of 
the absorption less than 1 dB. 

The VLF wide band spectrum observed by the rocket is shown in Fig. 7, which 
indicates a time sharing display of the electric and the magnetic field components of 
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Fig. 4. Auroral pictures by an all sky camera at 6 dU/c'rent times during flight. Rocket 
location is shown by black dots. 
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03 04 os
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Fig. 5. Equicontour curves of 5577 A strength with time. The rocket trajectory is shown 
by solid arrows. The parameters associated with each line denote the 5577 A intensity 
in kR (after HIRASAWA). 
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Fig. 6. Time variations of geomagnetic field, CNA and VLF noise intensities at 0.75, 2 and 
8 kHz, all observed on the ground. 
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Fig. 7. Wide band VLF spectra observed by the S-3JOJA-5 rocket. 
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the wide band spectrum; IO s for E and 5 s for B component. From this figure, an 
intense hiss with frequencies from 3.5 to 8 kHz is seen in both E and B components 
for altitudes above 120 km. 

The emissions have a sharp lower cutoff around 3.5 kHz. The band width be
comes smaller and the signal intensity becomes weaker with time after t = 160 s, 
although a fluctuation in spectrum arises at around t=240 s. 

3.1. Hiss intensity 
The wide band VLF data were digitized by an A/D converter with a sampling 

period of 50 11s and their frequency spectrum was obtained by a computer with FFT 
program. A hiss intensity at a certain frequency was then determined from the 
Fourier transform of the wide band signal. 

For example, Figs. 8 and 9 show the altitude variations of the quantities E and 
cB at 7 kHz and 5 kHz respectively, where Eis the electric field (in dB on 1N/m) and 
cB is the light velocity c times the magnetic flux density B, which has the same dimen
sion with E. The B component for an altitude below 180 km of the descending leg 
is suffering from some interference, so that the quantity shown is not reliable. 

ff the propagation is in the whistler mode along the geomagnetic field line, the 
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Fig. 9. Altitude variations of the quantities E and cB at 5 kHz. 

ratio of cB to E must be the refractive index for the propagating mode. 
Due to the time sharing, there is either E or cB, so that the exact ratio cB/E can 

not be taken at each altitude. But from the trend of altitude variations shown in 
Figs. 8 and 9, the ratio for the 7 kHz emissions, for example, is 30 at h = 150 km and 
12.6 at 200 km for ascent which are much smaller than the calculated refractive index 
using the observed electron density for purely longitudinal propagations; e.g. 50 at 
150 km and 42 at 200 km. The situation is almost the same for 5 kHz. This dis-
crepancy is understandable if the angle O between the k-vector and the geomagnetic 
field is large near the resonance cone angle. Therefore, the propagation mode of the 
observed emissions must be the whistler mode for both 7 and 5 kHz, provided that 
the propagation angle O is large. 

As shown in Fig. 7, the E field components are strongly suffering from spin modu
lation, peaking twice per spin period, whereas the B field components are not so much 
affected by the rocket spin motion. This characteristic is not contradictory to the 
result of E field, if the propagation angle O is large, because in such a case the E field 
is almost linearly polarized while the B field is almost circularly polarized. 

It is interesting to note that the spin modulation of the E component has shown 
a dispersion-like characteristic for altitudes around 223 km for the descending leg 
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T=261. 5s H=223km 

Fig. JO. Spin-modulated E field spec- 0 
trum showing a dispersion-like 
characteristic. 

Fig. 11. Time variations of the quantities 
observed by the rocket. 
( a) k-vector angle of the 7 
kHz component from the rocket 
axis direction. 
( b) Rocket-axial component 
of Poynting flux. 
( c) and ( d) The wave magne
tic flux density B multiplied by 
the light speed c, and the wave 
electric field intensity E, both 
in the same unitµ V/m. 
( e) Electron density measured 
by an impedance probe ( after 
0 YA and TAKAHASHI). 
(f) 4.45 keV component of 
energetic electrons with a pitch 
angle of 3o,_,34o measured by 
an electrostatic electron channel 
multiplier type analyzer ( after 
KAYA and MATSUMOTO). 
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as illustrated in Fig. 10. This characteristic may be caused by a frequency dependence 
of the arrival azimuth direction. 

In Fig. 1 1 , the cB and E components are again shown in (c) and (d) for com
parison with other observed quantities which will be explained later. In (c) and (d), 
each point represents an average of the Fourier components in the frequency range 
of 7 ± 0. 14  kHz at every 25.6 ms. 

-
3.2. k-vector direction 

-
The k-vector angle of the 7 kHz hiss component, which is represented by the 

-
angle between the k-vector direction and the rocket spin axis, is shown in Fig. l l (a). 

Below an altitude of 100 km, the magnetic field intensity was so weak that the k-vector 
-

angle around 90° is erroneous. It turns out that the altitude range in which the k-

vector direction was reasonably measured is just the same range where the electron 
density was higher than J05 cm-3

, so that the wave magnetic field intensity was 
-

magnified. Above this level, the k-vector fluctuated in the range from 65° to 85°, 

whose average value changes slowly with altitude. On the other hand, the time 

variation of the angle a (see Fig. 3) between the rocket axis and the vertical direction 
is shown in Fig. 12(a) (after TOYODA and !SHIDO). Taking account of this figure, 

-
we can estimate a possible range of the angle between the k-vector and the vertical 

direction. Fig. 12(b) indicates the maximum and minimum of that angle. It ap-
-

pears that the direction of k was making a large angle with the vertical direction. 
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Fig. 12. ( a) The time variation of the 
rocket pitch angle that is the angle 
of the rocket axis from the vertical. 

-
( b) Estimated k-vector angle 
measured from the vertical. The 
hatched area shows an ambiguity 
between the possible, maximum 
and minimum values of the above 
-
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Fig. 13. A different rectangular coordinate system, 
where Z0 axis is directed along the geo
magnetic field. 

3.3. Poynting flux 

449 

K 

As was explained in Section 2, one component of the Poynting flux, i.e. the rocket 
axial component Pz = ExBv - EvBx was calculated on board, where the z axis was 
directed in the rocket axial direction in a rectangular coordinate system as shown in 
Fig. 3. This Pz had components with frequencies less than 100 Hz by the LPF. 

On the other hand, let us choose a different rectangular coordinate system as 
shown in  Fig. 1 3, where the Z0 axis is directed along the geomagnetic field B0• The 
angle between the Z0 axis and the rocket axis is denoted by r,. The components of 
the Poynting vector in x0, Yo, z0 axes are denoted by P xo, P vo, Pz0 • Then the Pz 

component observed by the rocket can be represented by P:i:0 , Pyo and Pzo as follows ; 

Pz = - sinj3 sinQt Px0 + sinp cosQt Pv0 + cosf3 Pzo (3) 

where Q is the angular frequency of the rocket spin. Therefore, if the original Poynt
ing flux is assumed constant with time, the above Pz should be composed of a DC 
component �A, i.e. 

Pz = COSp Pzo (4) 

and an AC or a spin frequency component with amplitude 

Pz = sinj3 V P2xo + P2
yo (5) 

so that Pz and Pz must be separately estimated by the Fourier analysis of the P, 
signal. 

If Pz and Pz can be determined, then Pzo and v P2xo + P2vo or the angle a between 
B0 and the Poynting vector is calculated by 

(6) 

because the angle f3 is known by another measurement. 
According to MOSIER and GURNETT ( 197 1), the P,0 component is represented by 
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1 £2 
0 

[ 

p 
( D ) 

2 ] Pz0 = -2 -- n cos(} p 2 • (} + S 2 µ0c - n  sm - n  (7) 

where E0 is the electric field intensity, µ0 the permeability, c the light velocity, n the . -
refractive index, and fJ the angle between B0 and the k vector. P, S, and D are the 
known quantities defined by STix (1962). That is 

where f is the wave frequency, fp and f H are the electron plasma and the cyclotron 
frequency respectively. 

The quantities in brackets of eq. (7) are always positive for the whistler mode, 
so that the polarity of Pzo is identical to the polarity of cos fJ. Namely, if Pzo is 
negative, fJ must be larger than 90°, that is, the Poynting energy is directed downwards. 

In our rocket measurement, the DC component of Pz , that is �A was obtained 
by selecting the zero frequency component out of an FFT spectrum of Pz . Fig. 1 l (b) 
illustrates the Pz component. Actually, when the original Poynting flux is a time 
varying quantity, then the above Pz must be the time average of cos f3 Pzo· 

As shown in Fig. 11 (b ), the polarity of Pz is always negative, so that fJ must be 
larger than 90°, or the Poynting vector is directed downwards. The magnitude of 
Pz becomes maximum when both E and B become maximum as shown in Fig. l l (c) 
and (d). The absolute magnitude of Pz in the unit of W/m2 Hz is 1.14 x 10-13 times 
the ordinate of the curve in (b), so that the maximum of Pz at t =  140 s is 6.84 x 10- 12 

W/m2 Hz. 
Theoretically, from the magnitude of the spin frequency component of Pz and 

the DC component Pz, the angle a between the Poynting vector and the geomagnetic 
field is to be determined, unless the Poynting flux is a time varying quantity. How-
ever, Pz was fluctuating with time, so that from the ratio of Pz to Pz actually observed, 
no reasonable value of the angle a was deduced. 

3.4. Relationship with energetic electron flux 
On the S-3IOJA-5 rocket, an electrostatic analyzer with a channel electron multi

plier was installed for the measurement of electrons with energies from 1 to 10 ke V 
(KAYA et al., 1981). 

In Fig. 11 (f ), the particle flux at 4.45 ke V with a pitch angle ranging from 3 ° to 
34° is shown with time. Comparing this figure with the observed hiss strength (see 
Fig. 1 l (c) and (d) ), the variation of electron flux from 175 to 290 s appears to have a 
relatively good correlation with the curve ( d), that is, the E component of the emis
sions. For electrons with other energy and pitch angle in the observed energy range 
from 1 to 10 keV, the correlation is not so clear. 

The above fact may suggest that the 4.45 keV electrons are responsible for the 
generation of a part of the observed emissions. 
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4. Discussion and Conclusion 

The S-310JA-5 rocket was launched into a coronal aurora and hit an intense 

auroral arc during its flight. VLF band-limited hiss emissions with the frequencies 

from 3.5 to 7 kHz were observed. The following is the summary of the observed 

facts. 
1 ) Time and/or altitude variations of the electric (E) and the magnetic (B) fields 

are simultaneous and consistent with each other, indicating that the E and the B com
ponents are of an electromagnetic mode. 

2) From the ratio of the quantity cB to E, the propagation is considered as the 
whistler mode propagation, if it is in a direction making a large wave normal angle 
to the geomagnetic field direction. 

-
3) The measurement of the k-vector becomes possible for altitudes where the 

-
electron density is as high as 105 cm-3

• The k direction observed was making a large 
angle with the vertical direction. 

4) The Poynting flux of the emissions comes downwards. The maximum flux 

is ,.....,7 x 10-12 W/m2 Hz. 
5) Out of the energetic electrons measured in the range from 1 to 10 keV, 4.45 

keV electrons with small pitch angles have a better correlation with the hiss intensity 
than the electrons with other energies and pitch angles do. 

From these facts, it can be concluded that the band-limited emissions observed 
on the S-310JA-5 rocket were a type of auroral hiss propagating downwards with 

large wave normal angles to the geomagnetic field, and that the emissions were associ
ated with precipitating electrons having energies around 4.45 keV, although the 

correlation was not very high. 

The location of the emission source must be above the rocket apex according to 
the fact 4). However, from the fact 2) and 3), the wave normal must be in a direc

tion making a large angle to the vertical direction, say 78 ° ± 10° at an altitude of 205 
km, as well as a large angle to the geomagnetic field, around the resonance cone 
angle (,-....,90°). This result is similar to that obtained by UNGSTRUP (1971). 

Such a situation is not realized when the emission source is located far away 
from the rocket altitude, e.g. in the equatorial region in the magnetosphere. 

It is rather possible that the source region is located around the altitude of the 

rocket apex. It is so concluded because Pz shown in Fig. l l (b) indicates large 
negative values only below the altitude of 200 km for ascent, in spite of the fact that 
B and E fields are not comparatively small for altitudes above 200 km. 

The fact that the wave normal angle of the emissions is large will suggest that 
the emissions are generated by the Cerenkov type of radiation, perhaps by coherent 
Cerenkov radiations, by an electron beam (KIMURA, 1971 ; KUMAGAI et al. , 1980). 
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