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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 (.......,-140 nT). 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 rpeasured electric field directed generally northeastward, the fact being 
interpreted as a modification of a large scale electric field (directing northward 
(equatorward) in the morrjing sector of the auroral region) by an eastward polari
zation electric field in the precipitation region. Auroral energetic electron flux 
up to 8 X 108 electrons/cm.2 •s a!Jd .iuroral hiss were observed during the flight, 
and they showed a dose correlation. 

1. : Introditction 

Auroral sijbstofniinjected particles cause stfo:rig'disturbances in the polar iono
sphere and generate various kinds of electrostatic and electromagnetic waves from 
ULF through Ei,F, VLF. to HF ban�s, ancf�ucii""i;Jieriomena have been investigated 

\ J , 

by ground obser:vation.including. .. remote.sensing.teclmi-que such as incoherent scatter 
radar and VLF doppler radar, and by in situ'.observation using satellites and rockets. 

The characteristics of au�oral particles isuch as energy spectra and pitch angle 
distribution have been investigated (ARNOLDY, 1974; HULTQVIST, 1974; BOYD, 1975; 
MILLER and WHALEN, 1976), and the physical processes in the ionosphere 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 (KELLEY and MOZER, 1973; 
BERING et al., 1975; OGAWA et al., 1976; MORI 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 i is a function of electron density, electron temperature and probe potential 
as (MKS unit being used unless otherwise mentioned), 
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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 (so/id.line) and electron temperature ( dashed 
line). 

{ a-r ( Js = (a/r)2 1- a exp :r )} (2) 

where r; =eV/kTe, r radius of the probe, k Boltzmann constant, ne electron density, e 

unit charge of electron, Te electron temperature, m electron mass, a radius of ion 
sheath, and V probe potential with respect to the plasma potential, and Is means 
the efficiency of collecting electrons in the ion sheath around the probe. In the 
present case, V and kTe are assumed to be two volts and 0.1 volt respectively, as 
Te is ,-.,lQQO K. Then r; becomes sufficiently large and Is can be given as (a/r)2

• 

Equation (1) can, then, be expressed in a simplified form as, 

(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 



Electric Field, Particle and Waves in Aurora 339 

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. OYAMA, 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 nekTe 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-3IOJA-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 retard ing potenti al 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 
apert:ure 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 e V measured by the retarding potential 
analyzer. 

Im 



340 YAMAGISHI, EJIRI, 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 109 electrons/cm2 ·s was 
observed near the apex. 
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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. Electr ic.field observation 
DC electric field was measured by two pairs of double probes, consisted of two 

sets of insulated booms of 3.7 m and 7.65 m 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 (IE+ Vx Bl) observed by this double 
probe. The abscissa shows the field intensity and the ordinate shows the rocket - -
altitude. V 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. Ismoo, private 
communication) the rocket attitude was successfully determined as shown in Fig. 7, 
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Fig. 7. Time variation of rocket axis direction plotted on a polar map. 
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Fig. 8. Horizontal component of thk DC electric field plotted along the rocket ground track. 

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 electric 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' tlie '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. Obse rvation of VLF wave emiss ion 
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-t) 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 e t  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 /-t 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-t diagram of the wave magnetic field in Fig. 13. 
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Fig. 13. F-t diagram of the wave magnetic field (the .first half) and the electron density fluctu
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The a bsolute va lue of the wave magnet ic field in a frequency range from 5 kHz to 
9 kHz at this t ime is ca lcu lated to be 0 . 2  mrNHz, which is a lmost t he same as the 
receiver noise leve l .  Comparing th is magnet ic fie ld intens ity wit h  observed wave 
e lect ric fie ld of 1 . 5 1N /m,JHz, the refractive index is ca lculated to be 40 , assuming 
the whist le r mode propagat ion a long the geo magnet ic fie ld line .  

The magnet ic field spect rum in the above frequency range is stable i n  time ,  and 
does not show lower cuto ff c haracte rist ics obse rved in the wave e lect ric fie ld spect rum.  
Therefore t here is a poss ibility that the wave magnetic field is s maller t han 0 . 2  
mr/ ,J Hz, and masked by  receiver  no ise leve l .  In  this case , observed aurora l  hiss 
s hows rather e lect rostatic c haracterist ics . 

3. Discussions 

S-3 l OJA-4 measured an elect ron density profile in a ray-band type aurora . It 
shows an  irregula r variat ion in e lectron density, and is a l itt le bit different from those 
observed by S-3 I OJA-5, -6 and -7. In Fig. 14, for example ,  e lectron density profiles 
obtained by S-3 lOJA-4 and -5 during t he ascent are i l lust rated . A possible reason for 
such d ifference is t hat S-3 l OJA-4 was launched southward and moved across t he 
geomagnet ic flux tubes during the ascent . On t he other hand , the other rockets were 
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S-3/0JA-5 (dashed line) during ascent <d rocket flight. 

flown northward and moved along the geomagnetic field l ines, 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 l ines 
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 REES ( 1 973) 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 1 00 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 I 00 km and nearly ten minutes at 200 km altitude. 

Fig. 1 5  shows the correlation between auroral electron preci pitation 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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mentioned a bove, and the observed electron density i rregularity could be the after
effect of particle precipitat ion.  

Next, let us cons ider the relat ion between the auroral electro n  precipitation and 
the aurora l  luminos ity. Equiconto urs of 5577 A meridian  scanning photometer data 
observed at Syowa Station are shown i n  Fig . 1 6, in which the rocket trajecto ry pro
jected down to I 00 km a l titude a long the geomagnetic field l ines is indicated by  
arrows . The number on  each conto ur l ine indicates intensity of aurora l  photo emis
s ion in k i lo Rayleigh.  The aurora showed so uthward ( po leward) drift with decreas
i ng intens ity, and the rocket a lso moved southwards fo l lowing the auroral motion. 
The area of prec ipitat ion is sho wn by hatching i n  this fig ure. The electron  flux in
creases where the l uminosity is low a nd decreases where the luminosity is h igh .  

Energy s pectra of  aurora l  electro ns near the auroral arc have been investiga ted 
by rockets and sa tel l ites (e.g. ARNOLDY and CHOY , 1 973 ; M ENG, J 976 ; MENG et al. , 
1 978), obtaining the res ults that the energy spectra have a pea k 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 a urora l  electrons (CHOY and ARNOLDY, 1 97 1  ; BERING et al. , 
1 975) a lso report the finding that the soft el ectron flux fro m a few tens of eV to several 
hundred eV increases at the edge or j ust po leward o f  auro ra l  arc by nearly one order 
of magnitude grea ter than  in the arc with i ts spatial width of a few tens of km. The 
magnitude of this flux is much grea ter than those res pons ib le fo r the luminosi ty. 

In our experi ment, a retarding potential ana lyzer was used for pa rticle o bserva
t ion .  This instrument was designed to measure soft electron flux with i ts energy 
above 90 eV, and does not have enough sens i tivity to harder electrons which are 
respons ible for a urora l  l um inos ity. Therefore, the observed electron flux is tho ught 
to be those soft electrons mentioned a bove, and this is the reason why the observed 
precipitat ion area does not co incide with a urora l  l uminos i ty. 

Comparing Fig .  9 with Fig .  I 0 ,  l et us cons ider the cons istency between the electric 
field observed by the rocket and the ionospheric current ex pected from the magneto
gra m  of the gro und stations , Syowa and M izuho Stations .  Decrease i n  H com
ponent at both stations and decrease i n  Z com ponent at Syowa Station indicate that 
a westward electrojet was streaming on  the poleward s ide of Syowa Station. Dur ing 
the subs torm, ionospher ic Ha ll conducti vity a11  is much la rger than Pedersen con
ductivity ap , (e.g. HORWITZ et al. , 1 978), so this jet current is thought to be dr i ven by 
northward electric field co mponent EN . Therefore the variation o f  geomagnetic field 
H component (JH) is consis tent with E.v. The eastward component EE drives 
northward Hal l  current and this indicates westward magnetic field on the ground. 
But the observed D co mponent shows oppos ite va riation.  

BREKKE et al. ( 1 974) studied the correlatio n between ionospheric currents ob
served by an incoherent scatter radar and geomagnetic field va riations on  the g round . 
They o bta ined s imilar results, that  the va riation  of east-west current ag rees better 
with :JH than does north-so uth current with JD. 
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Ionosphe ric e lect ric field is considered to be the projection of large scale e lectric 
fie ld in the magnetosphere under the assumption of equipotent ial geomagnetic field 
l ine . The rocket was launched at 00 3243 UT, which is almost t he same as the M L  T 
of Syowa Station , therefore t he roc ket is supposed to have observed northward 
(equatorward) e lectric fie ld just dawns ide of Harang discont inuity . However the 
rocket observed N to NE e lectric fie ld , so possib le mechan ism producing eastward 
e lectric fie ld component should be conside red . 

0 0 0 0  

Fi![. 1 7. Configuration of ionospheric e/atric field and induced 
current arround the conductive belt in the dynamo 
region. Eo , E1, ,  £1 denotes primary electric field, 
polarization electric field and resultant electric field 
respectively. J 11 . J J' ,  Jr denotes Hall current, 
Peder.w.'n ,·11rrent and the total current, respectively. 

Fro m the magnetogram of Syo wa and M izuho Stat ions ( Fig . 1 0 ), westward 
e lectrojet was s upposed to st ream on the po leward s ide of Syowa Stat ion, t herefore, 
a belt of e lect ric conductivity enhancement was expected to extend in the east-west 
direction . Fig. 1 7  i l lust rates a poss ib le re lation between the e lect ric fie ld and induced 
current in the ionos phere . Primary e lectric field £0 is assumed to direct NNE, (a l
most equatorward) which is t he project ion of large scale magnetospheric e lectric field 
in the morn ing sector near Harang discont inu ity, and the high conduct ivity belt is 
assumed to extend in the east-west d irect ion . Eo ind uces Hall current Jn and 
Pedersen current Jp, and total current fr ca uses charge accumulat ion at t he bot h 
sides of the conduct ive belt, then this charge induces a polarizat ion elect ric field EP. 
If the cond uct ive be lt has fin ite length in the east-west direct ion , t he polarizat ion field 
has eastward co mponent , shown as Ev' .  In both cases , e lectric fie ld tends to rotate 
eastward and Hal l  current reduces. If the fie ld aligned current is allowed to flow 
a long the edge of th is cond uct ive belt ,  northward current component can be c losed 
with the fie ld a ligned current, and no charge separat ion occurs. ln s uch case , pri
mary e lect ric field can be ma intained. NNE e lectric field obse rved from 1 70 seconds 
to 2 1 0  seconds and northward elect ric field observed afte r 320 seconds can be ex
pla ined as the latter case , and the rest can be explained as t he former case . More 
qualitat ive ana lysis is required for drawing a correct pict ure to expla in this observed 
elect ric field . 
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Fig. 18. Correlation between auroral hiss emission (top pannel) and auroral particle precipita
tion ( bottom pannel) . 

Fig .  1 8  shows the corre la tion be tween the auroral hi ss and the aurora l  particle 
observed by this rocke t. A urora l  partic le prec ipitates  a long geomagnetic field l ine ,  
and is thought to be confined in latitudina l ly na rrow (a few tens of kilometer) a rea. 
Howeve r  a urora l  hiss gene ra ted by suc h  pa rticle can propagate wide ly and is  expected 
to be observed in muc h  wide r a rea. Before 2 IO seconds, a urora l  hiss was observed 
but the roc ket could not obse rve a urora l  pa rtic le. This may be suc h  the case men
tioned above that  the rocke t flew outside of prec ipitation region and only the wave 
emission could be observed. 

Attention should be paid to the coincidence of pa rticle precipitat ion and h iss 
emission afte r 220 seconds. A uroral h iss has been conside red to be generated by 
Ce renkov rad ia tion from auroral pa rtic le s at the a lt itude of seve ra l thousand ki lo
meters. If we assume the source reg ion of aurora l  h iss at such a lt itude , ray path 
study of a urora l  h iss by MAKITA ( 1 978) shows that the ray path tends to move away 
from the geomagnetic field line to low latitude s ide . Considering the narrow width 
of prec ipitation a rea , suc h  coinc idence between hiss emission and particle preci pi ta
t ion suggests that the source reg ion of this aurora l  hiss was not muc h far from the 
observed a rea. 

4. Conclusion 

The S-3 IOJA-4 rocket was la unc hed i nto a ray ba nd type a urora ,  and ionospheric 
e lec tric field , e lec tron density profile , a uroral particle and wave s were successful ly  
observed during i ts fl ight. 
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The fol lowing is the summary of the observed facts. 

( l )  Irregular 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 nck Te is thought to have been 

kept a lmost constant along the geomagnetic flux  tube. 

( 2 ) Auroral energetic e lectron flux with its energy above 90 eV was observed 

intermeittently during the flight. This flux comes downwards and the maximum 

flux i s  8 x I 08 electrons/cm2 • s. This flux is  observed where the auroral luminosity is 

low. 

(3) DC electric field directs geomagnetical ly NE while the auroral e lectron flux 

is observed, and it directs NN E 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 l imited auroral h iss em ission w ith its e lectric field intensity 1 . 5 

/lV/mJ Hz is observed. This shows a close correlation with auroral particle 

precipitation.  

The fact No .  I indicates that spatially confined auroral particle precipitations 

mentioned as the fact No. 2 causes local e lectron density enhancement of a few tens 

of percents along geomagnetic field l ine which lasts for a pretty long time. This t ime 

scale is thought to be nearly ten minutes at 200 km altitude (JONES and REES, 1 973) .  

The discrepancy between the auroral l uminosity 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 l uminosity 

( one to a few keV). 

Close correlation between aurora l  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, cons idering the ray path of the 

auroral hiss from the source region to the ionosphere. 
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