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ABSTRACT

During the periods after the maximum phase of geomagnetie storms on 2
April 1972 a broad band VLE emlssion buvst has been observed by the aquatorls-
ally orbiting satelllite t3-A (Explorer 45) along its inbound plasmapause
crossings. The frequency band broadening takes place just outslde of the
nighttime plasmasphere, whore the density of cold plasma has been known to be
vary low focecasionally balow 10 en™d) during the later phase of a geomagnetic
storm. Instend of the gradual broadenlng of seveval hours duvation, a burst
type broadening of VLF emlasion lestlng less than ten ninutes was observed in
the similar location. The magnetic field component of this ewlssion 1is very
weak and the frequency spreads balow the local half alectron cyclotron
fraquancy, GCorrespounding enhancement of the anlsotvople ring-curtent
alectvons is also voery sudden and llwmited below the ovdar of 10 keV without
signlficant veloclty disperslon, in eontrast to the gradual broadening
avants. The cause of this type of emisslon band spreading can be attributed
to tha genaration of tha ¢uasi-electrostatic whistler mode emtssions of short
wavalangth by hot bi-maxwellian electrons surging into the domain of
ralativaly low density magnatized cold plasma. The lack of enargy dispersion
in the enhanced alectrone indicataes that the inner edge of tha plasma sheot,

the source of these hot alectrons, i{s not far from the location of this event.



1.  INTRODUCTION

During the periods of geomagnetic disturbances, VLF-emissions assoclated
with riug-curreat electrons have been observed by the equatorially orbiting
small sclentific satellite (Sa-A, Explorer 45) (Maeda, 1976; Anderson and
Maeda, 1977). These VLF emissions were also observed by other satellites
along their equatorial-crossing orbits outside of the nighttime plasmasphere
(Burtis and Helliwell, 1969, 1976; Tsurutani and Smith, 1974). It was also
noticed that the band of whistler mode emissions often spreads toward lower
frequencies as the satellite approaches the nightside plasmapauseé. This
gradual broadening of i whistler mode emlssion toward lower frequencles has
been ascribed to the spreading of the pitch-angle anisotropy of the enhanced
ring-current electrons towards higher energies (Maeda and Lin, 1981). The
change in the anisotropy of energetic ring-current electrons is attributed to
the combined effects of the E X B drift of the ring-current electrons from the
geomagnetic tall and c¢ross-magnetic fleld diffusions of these electrons
injected from the earth’s plasma sheet during periods of geomagentic
disturbance (Kivelson and Southwood, 1975; Southwood and Kivelson, 1975; Maeda
et al., 1978).

The purpose of this short article 1s, howewer, to describe another type
of emission band broadening which has been observed by the $3-A satellite in

the similar location as those of gradually broadening emissions.

2.  LOCATION OF THE EVENT

As indicated by a small square mark oun the orbit just outside of the
plasmasphere shown in Figure 1, the burst type VLF emission band broadening
was observed by the $3-A satellite on its inbound crossing of the plasmapause

of the orbit 431. This event took place approximately at 04h UT on April 2,



1972, which {8 roughly at 20h gaomagnetic local time. Th2 Kp—indlces at the
pra¥ious 12 hours ware 4=, 5, 3~ and 5 (Lincoln, 1972), indicating that the
event was ohserved in the late phase of a moderate geomagnetic storm. The
plasmapause crossings and the estimated plasmasphere boundaries between the
crogalngs are determined by the static electric flald experiments of Maynard

and Cauffman (1973).

3. THE TMISSION DATA

YA satellite during

The wideband data of VLF emissfon obtained by the §
the avent are shown in Figuve 2 whave the uppar and lower panal prasents the
mapnetic fleld data and the electeic fleld ddata, respectively. The fnstru-
mental upper cut-off frequency is 3 kHz for the magnetic flald data (Parady ot
al., 1975) and 10 kllz for the wlectrie fleld data (Anderson and Gurnett,
1973).  The narraw band whistler mode emission with a gap along the half lacal
electron cytlotron frequency, ﬁ{/Z, continuad from its onset around 0403 UT,
At 04M1oM5g8 UT, n sudden broadband type appeared spreading the band width
from around fulz (~ 5 kHz) to halow 1 kHz., This short hurst of emission
censed at 04" 16™ 425 UT as the satellite entered into the plasmasphere as
shown In Figure 1. The broadening of this emission hand below 3 ¥Hz appearvs
clearly in the electrie field data but not significantly in the upper panel of
magnetic fleld data, indicating that this broadened emission is a quasi-
electrostatic mode, even though itas frequency range extends below fulz.
Ingigunificant magnatic fleld intensity of this broadband emission is not due
to the effect of automatic galn control (AGC), nor due to the malfunction in
the instrumental system fov the following reasons: (1) AGC is not used in the
AC magnetic fleld measurements but one of the thvee levels of amplification

modes has been operating during the parlods, Including the present emission



event (L. J. Cahill, private communication, 1982). (2) As can be seen from
Figure 2, a weak plaswmaspheric hiss appeara in the AC magnetic fleld data in
frequency L ~ 0.5 kllz avoung 0423-0433 UT. (The lnhvﬁnd plasmapause crossing
is approximately 0417 UT). (3) Based on the moda of operation and the infor-
mation of instrumental sensitivity (Parady et al., 1975), the noise level of
the AC magnetic field around 1000 Hz during the cvent is estimated to be of
the order of 0.2 milli-gamma (nT).

It should be noted that recently the nemerous cases of electrostatic
waves with frequencies below the local electron gyrofrequency have heen found
by the Dynamlc Explover (DE) satellite expeviment, although the locstions of
observation are different, i.e., in the cusp regilon instead of the inside
magnetosphere near equatorial plasmapaugse shown in the present case (Shawhan,
private cammunication, 1981).

Since the event of emission band broadening took place outside the
plasmasphere, where the plasma density is below the ovder of 109 em™> (Maynard
and Cuaffman, 1973), the resonant encrgy of the eclectrons should be higher
than 20 keV (fr: the local gyrofrequency 12 klz), if the cause of the
broadening is assumed to be due to the enhanced anisotropic electrons of
resonance with whistler mode waves. This type of emission kand broadening has
beean discussed previously (Maeda and Lin, 1981), and another example is shown
in Filgure 6 for comparison. As can be seen from the electron data shown in the
next section, the behavior of electrons during the burst type emission band
spreading is quite different from those of gradual whistler mode spreading.

It should also be noted that the frequencies of the broadened band of emission
arve above the local lower hybrid resonance frequency in contrast to those of

the magnetospheric hiss,



4.  BLECTRON DATA

The enhancements of ring~currvent electrons, corresponding to these
emissions can be seen from Figure 3, in which the directional differential
Iintensities of electrons from the lowest energy channel (1.01-1.37 keV) to the
highest encrgy channel (240-560 keV) are plotted against UT for the period
from 2300 UT on lst April to 0500 UT on 2nd April, 1972. The electron data
balow 30,23 keV are obtained by the channeltrpns and those above 35 keV are by
the solid state electron detectors (Longanecker and Hoffman, 1973). The time
interval indicated by horizontal bar-hatching corresponds to that of VLF
emission, and those indfcated by stippling are the intervals when the
gatellite is in the plasmasphere.

The charactevistics of the temporanl variation of the enhanced elactrons

[«

differ from those of usual VLF emission events in the following way: (1) the
rise~time of the enhancement is very short, l.e., the increase of electron
intensities is almost Instantaneous, (2) there is no velocity dispersion in
the onset of the enhancement In contrast to the usual emlssion ovents (Maeda
et al,, 1978), i.e., the enhancement is simultaneous from th¢ lowest energy
1.01-1.37 keV up to 11.74~15.93 keV, (3) no significant enhancements are
detected above 20 keV, (4) the duration of the enhancement is less than a few
minutes in contrast to the gradual broadening events which continue for hours
(Maeda and Lin, 1981), and (5) no significant spreading of the anisotzopy
appears at high energies.

The last point is I{llustrated in Figure 4. In thid figure, the ratlo of
electron intensities with pitch angle 90° to those with 27°, the intensity of
the smallest observable pitch angle in the data, is plotted against the energy
of the enhanced electrons. The data poilnts marked by small open circles and

crosses stand for the 5 minutes mean values for the time intervals 0405-0410



UT and 0411-0416 UT, respectively. The former corresponds to the period when
the emission 1is narrow and the latter corrasponds to that of broad band

emission. :

5, DISCUSSION
5.1 Comparison with the Gradual Broadening Events

In the case of gradual broadening emission, the corresponding enhanced

electrons show the spreading of its pitch angle anisotropy toward higher ;
energies. Since the production of lower frequency emission requires the large
Doppler shift from the electrons which gyrate always with electron cyclotron
frequency, fﬂ' proportional to the local magnetic field intensity, the shift
of the resonant electrons from low to higher energles is consistent with the
spreading of the emission band towards lower frequencies.

To see the similarities in the locaticns of bath types of the broadband
emission events, and the correspondence between the temporal variations of the
emission band and anisotropic electron enhancement for other events the
following fipures for the gradual broadening events are produced for compari-
son: Figure 5, location of the gradval broadening emission event which was
observed along the orbit 421 on 29 Maréh 1972; Figure 6, VLF emlsslon data i
showing the gradual emission band broadening which started around 2240 UT i
until 2322 UT when the satellite entered into the nightside plasmasphere; %
Figure 7, assoclated enhancements of the electron intensities and anlsotroples
for the same energy channels as shown in Figure 3; and Figure 8, an indication
of the spreading anigotropies toward the higher energles during the event, in
the same manner as Figure 4, l.e., the small open circles and a dashed-line
are 10 minutes men‘values for 2240-2250 UT and cross-marks and full-line are

those for 2310-2320 UT.

R s e TR T



When the time depandence of the observed electron energy spectra and
piteh angle distributions are expressed in analytiec form, the gradual
spreading of whistler mode emission (such as shown in Figure 6), can he
computaed. The calculations weve performed for the event observed by the §3-A
satellite during a geomagnetic storm on 17 December 1971, Although the
absolute value of the wave growth vates due to the cyclotron inatability
decreases with time because of the decreasing number density of the resonant
electrona, the hroadening of the frequency dependent growth rates of the waves
are quantitatively in good agreement with observed values (Maeda and Lin,
1981). It should bg noted that the location of these emissions has been known
to be the domain of low density cold plasma during the period of the
plasmagphere contraction, following geomagnetic disturbances (Etcheto and
Block, 1978). On the other hand, in the case of burst type broadening
emission events (the event on the orbit #431), the ehift in the electron
anisotropy to higher energy did not take place. Furthermore, a sudden
enhancement of low enevgy electron inteasity below the order of 10 keV without
velocity dispersion as shown in Fig. 3 indicates that the inner edge of plasma
sheet, the source of these ring current electrons, was relatively close to the
nightside plasmapause in this event.

In these respects, the mechaniam of the frequency band broadening of this

event is different from the gradual broadening events discussed previously,

~and the generatlon of quasi-electrostatic wave of the whistler mode by the a

two component plasma Instability scems to be one of the plausible mechanisms.

5.2 Emission Band Broadening by Hot Bi-Maxwelliam Electrons.
Since the emisslon of the burst type broadening event observed on the
orbit 431 of Exploxrer 45 is quasi-electrostatic, the source of free energy for

this emission can be found in the ielatively low energy electrons with weak



témparature anisotropy, streaming into the magnetized cold plasma,

The characteristics of this two compenent plasma can be described by
adding a bi-maxwellian electron term to the normal (cold) whistler wave
dispersion equation (Stix, 962; Scharer and Trivelpiece, 1967; Hashimoto,
1980), i.e.,

' 2,2 2

eR" - - n2

0 L 2
s I d dv, £ dv, v,

of of

. - —E B - - oyl
[(w kvz) aVL o+ kv’L 3vz ) (w kvz )

= 0 (501)

where w , k, and c are angular frequency, wave number of the waves in the
plasma and light velocity, respectively.

nB: the plasmafrequency with sw=c for cold electrons and, s=h for hot

s

electrons
s electron cyclotron angular frequency.
The distribution function fS can be written

fome = T ¢ (1) 80V (5.2)
and
1 v, 2 v, 2
7 exp (~(~=) - () ) (5.3)
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where

kTL’ sz atd m are kinetic energies of hot electron corresponding to the
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normal and parallel components of the temperature wi*h respect to the static
. magnetic f£ield, and the rest masc of electrons (these are expressed in keV),
respectively.

Substitution of (5.2) and {5.3) into (5.1) glves the following dispersion
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ok formula, 2
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22 2 cw 2, wz(a
ok C - - Ao = nh. ..EV._.__...;. A [1+az(a)) = 0 (5.4)
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z
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Solving (5,4) with reapect to W = w, * iy the following growth rate of

the wave can be obtained,

2
] ey 2 p— ,
ALY D 1A = (A + Dxlom(~(5) ) (5.6)
n- y
[
w kv,
whare X = n-ll and y = »—‘%-5-.

The normalized growen rate Y/Q is plotted in Figure 9 against the
normalized frequency, x (» f/fu) with a parameter y. Since no measurement of
the plasma density has been made by the §>-A satellite, the ratio IZ/T- is
assumed to be N.1 and A = 1.5 in the present calculation. The filgure shows

that the maximum of the growth rate of the emission sghifts toward lower

kv
frequency with increasing parameter y w gz‘ In turn, y increases with

increasing Vq, or k for constant . As indicated in Figure 3, the
enhancements of electron intensities are limited below the order 10 keV during
the emission band broadening, The broadenaed band emissions can theréfore, he
conslstent with waves of large k. {.,e., shorter waves. This is consistent

with the observations indicating that the broadened emissions are not long

wavelength whistler waves but are quasi-electrostatic. The growth rate

inﬁreases with the ratio of hot electron density to that of cold electrons,

n N

—%--‘ﬁh which suggests that the source location is in a reglon of low

n

defisity cold plasma. The prgsent calculation based on Eq. (5.6) is, howewer,
s

not applicable to the case ~%~ 2 1.
na
c
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6.  CONCLUSION

In contrast to the gradual broadening of the VLF emissions nssociated’
with gradual shifts of anisotropy of the enhanced ring current electrons to
higher encrgies with time, the hurst type broadened emissions are quasi-
electrostatic, which can be produced by tke two~component plasma instabilities
where the free energy is bi-maxwellian hot electrons. Energies of the hot
electrons are bhelow the order of 1 keV, which are injected into the low
density magnetized cold plasma from the plasma sheet during the event,

The main difference of the burst type broadening emission event from the
more frequently observed gradual broadening emissions 1is, therefore, the
closeness of the hot electron source, i.e., the close inner edge of the plasma

sheet to the nightside plasmapause.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.
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Flgure Captions

The orbit 431 of the 53~A satellite (Explorver 45). The dashed
lines with P.P, are plasmapauses and shaded domain is the
plasmasphera., A mark on the inbound orbit just outside of the

plasmasphere is the location of the broad band VLF burgt evant.

Widaband VLF emissinn data obtained by the Explorer 45 on April
2, 1972. The upper and lower panels corraspond to the AC
nagnetic fleld and electric fiald intensities with the upper

cut=-off at 3 kHz and 10 kllz, vespectively.

The differential divectional electron intensities weasured by
the Explorer 45 for the period Lrom 2300 UT of April 1 to

0530 UT on 2 April in 1972. The time intervals indicated by
stippling 1is the period when the satellite is in the
plasmaspherve. A time interval indicated by horizountal lines
corresponds to the period of VLF-broad band burst. FEnergles of
olectrons are from l.OL - 1,37 keV for the bottom curve and
240-560 keV at the top. Crosses and open-civeles correspond to

the pltch angle 90° and 27° respectively.

The electron intensity anisotropy parameter, jl/JN plottad

agalnst energles of electron (in keV). Open circles and cross

marks correspond to the 5 min average of electvon data shown in

Fig. 3, when the emission band is narrow (0405-0410 UT) and

broadened (0411-0416 UT), vespectively. A dashed line
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and a full line are polynomial approximation for narrow bhand
and broad band period, respectively, using all data points but

truncated at the 2nd term.

The orbit 421 of Explorer 45, indicating the location of the
gradual broadening emision along inbound orbit. All notations

are the same as Figure 1.

The wideband data of gradual broadening VLF-emission observed
on 29 March 1961 along the orbit 421 of the S5-A satellite.

Notations are the same as those of Figure 2.

The differential dirvectional intensities of electrons plotted
againgt UT on 29 March 1981. All notations are the same asz

those used in Figure 3.

The same as Figure 4 except for the electron data of 29 March
1972 shown in Figure 7. Open circles and cross marks ave 10
min average for the time interval 2240-2250 UYL (narrow band

perfod) and for 2310-2320 UT (broad band period), respectively.

The normalized growth rate, %3 of emisslons below the electron
cyclotron frequency £y in the two component plasma versus the

normalized frequency x = £/fy.
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S3-A (EXPLORER 45) ORBIT 421
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