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Introduction .

On August 2, 1976 the vlf receiver aboard the $3-3 satellite in a region
between L ~ 2.9 and L ~ 3.4 detected the complex set of vlf emissions shown bv
Figure 1. The emissions included wideband v1f hiss, chorus, and discrete vlf
line radiation. The emission bands were located about the frequencies being
transmitted by the Transportable Verj-Low-Frequency (TVLF) transmitter (Koons
and Dazey, 1974). The transmission experiments were being conducted in the
conjugate hemisphere from the satellite, 25 degrees to the east of the mag-
netic meridian of the satellite. The occurrence of narrow-band emissions anc
chorus in the S$3-3 data during that time period near solar minimum was quite
unusual. It differed entirely from other S3-3 observations of vlf transmitter
signals reported by Edgar (1980). The unusual nature of the overall observa-
tions prompted a closer examination of the energetic particle and plasma
density data taken on the same S3-3 pass by other instruments onboard the
satellite. The complete analyses, including ray tracing and resonance calcu-
lations, show that plasma sheet electrons penetrating to L ~ 4.35 on the nigh:-
side interacted with signals from the TVLF transmitter in a whistler duct
formed by a detached region of the plasmasphere. Ray paths similar to duct

leakage are shown to be responsible for the §3<3 v1f observations at L ~ 3.

Particle Observations

The S3-3 satellite carried an electron electrostatic analyzer (ESA) which
measured electron fluxes in the energy range from 0.17 to 8.4 keV as described

by Mizera and Fennell (1977). The particle spectrum was sampled once per

second, and a pitch angle distribution was obtained in 20 seconds (1 spin
period). In Figure 2 count rate data from three energy channels are shown for
the satellite pass on August 2, 1976, during which the vlf emissions described
in the introduction were observed. The sensitivity of the electron ESA's
measurements is limited by the high-energy penetrating particle backgrounc.
The 2.7 keV channel in Figure 2 exhibits a typical background from the inner
and outer radiation zones. For most S3-3 passes through the plasmasphere, the
electron ESA channels exhibi:t a background similar to the 2.7 kel channel i-n
Figure 2. However, on some occasions the low-energy electron flux does exceed
the background and exhibits significant enhancements, as shown by the U.l7 and
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0.97 keV channels in Figure 2. The low-energy electron flux was measured froc
L ~4,35 to L ~6.2. The onset of the 0.97 keV channel at L ~ 4,35 is espe-
cially dramatic.

The flux—-energy distribution and pitch angle distribution are shown in

P

Figures 3 and 4, respectively, for L ~ 4,5, The angular distribution in Figure

1 3 shows a typical trapped particle population from 0.17 to 1.6 keV. At the

2.7 keV and higher energy channels, the background causes the data to look
isotropic in nature. Therefore the enhancement appears to range between 0.17
and 1.7 keV. Notice the absence of any sign of particle precipitation ir

Figure 3. In Figure 4 the parallel flux is well below, by an order of mezni-

-

tude, the trapped flux mirroring at the satellite altitude (6600 km). These
low-energy particles are typical of plasma sheet electrons which are injected

during a magnetic storm(Fennell et al., 1979).

T

Densitv Measurements

one of the spheres at the ends of the electric field wire boom antennas as the
probe (Mozer et al., 1979) A smoothed density profile for electrons is shcwrn
in Figure 5. TFrom L ~ 2.6 to 3.8, the density shows a gradual decrease cf
about an order of magnitude. At L ~ 4.5, there is an enhancement of density
which could be interpreted as a detached region of the plasmasphere. This
density enhancement is in the region of the enhancement of the low-energw
electrons as shown in Figure 2. This juxtaposition suggests that the densi:w
enhancement might act as a whistler duct to bring the TVLF transmitter signals

to the equator to interact with the low-energy electrons.

Raytracing Calculations

Having established that there is an enhancement of density at L ~ 4.6 and

a wide range of low-energy, plasma sheet electrons overlapping the 'duct', we

now examine the v1f propagation paths. Assuming a diffusive equilibriux

magnetospheric density model, we constructed a density model with a gradual

0.1 L. The density model is also shown in Figure 5. Raypath calculations

assumed a startine altitude of 500 km, For rav paths starting at 60,20 lari-
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tude, the rays are initially trapped by the duct as shown in Figure 6. How~
ever at ~ 25,000 km, the signal frequency equals one half the local electron
gvrofrequency, and the di~t gradients lose control of the wavenormal. The
magnetic field curvature gradients then predominate, and the signal "leaks”
out of the duct. The wavenormal rotates to a transverse position as the re
traverses the equator. The ray paths eventually intersect the satellite track
at L ~ 3. Varying the input latitude slightly causes some minor perturbations
in the ray path, but all the rays which are trapped by the duct arrive at the

same approximate point along the satellite track as shown in Figure 6.

Using the refractive index values from the raypath calculations in the

cyclotron resonance formula

(where w is the wave frequency, k is the wave—number, v is the electron velo-
citv, and & is the local electron gyvrofrequencv), we find that the wave can
resonate with the plasma sheet electrons along the path as indicated by Figure

e 6. Indeed, the large variation of the wave normal along the path (as compared

to the ducted case) caused by duct leakage allows the wave tc resonate with 2
keV to 0.1 keV electrons. Table ! summarizes the resonance calculations. The
waves can resonate with higher energies, but the 0.1 keV lower bound is set bv
wave conditions at L ~ 4.35 as the ray leaves the particle enhancement. The
ray path in Figure 5 was calculated for 8.78 kHz, but the results are essenti-

ally the same for 7.35 kHz, the other transmitter frequency.

The duct leakage path to the satellite suggests that the keying pattern
(0.5 Hz FSK between 7.35 and 8.78 kHz) might be 1identified at the point where

the signals are first observed. However, no keying pattern was detected.

As mentioned earlier, all the calculated duct-leakage ray paths arrive at
nearlv the same point along the satellite track. This fact, coupled with ne

discernable keying pattern and the wide range of observations (L ~ 2.9 to

L ~ 3.4) at the satelite,leads to the speculation that the narrow-band emis=~
sions and chorus originate near or at the equator,and that transzitter wave-
' particle interactions control the frequency range and L-shell range of emis~

f
[ sion activitv. Under this assumption,ray tracing calculaticns were dene 77
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initially traps waves entering the magnetosphere at © =60%, This
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the satellite track at L ~ 3. Using 2.-;-:‘ ~ 4.5 as & roeslllc
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Table 1. Cyclotron Resonance Calculations (8.78 kHz)
L Lat. £/fy U Yo E (eV)
4,35 8.9° 724 20.6 -35,9° 130
4,54 15.0° .680 11.4 - 9,30 450
4,55 17.4° L6270 9.8 - 3,6° 1003
4,55 19,59 . 564 8.8 - 0.9° 1990
16




waves originating at the equator. As demonstrated in Figure 6, rays starting
at L ~ 4.5 cross the satellite track at L ~ 3.4, For the signal enhancement
observed by S$3-3 at L ~ 4,2, we assume that it is probably due to a reducted
mode similar to the 'super whistler' mode discovered by Bernhardt (1979).
However, we were not able to find the particular comdination of starting L-
shell, wave normal, duct parameters, etc.,which would produce this ray path,

so the assumed path is dotted in Figure 6.

Discussion

We have shown that (l) an enhancement of plasma sSheet electrons existe.
above L ~ 4,35, (2) a detached region of the plasmasphere acted as a duct to
allow the TVLF transmitter signals to propagate to the equatorial regions at
L ~4.,35 to L ~4.5, (3) for a reasonable density model the waves resonate
with the whole range of low-energy electrons, and (4) the waves can propagate
to the S3-3 satellite at low altitudes where they are observed from the duct
leakage path and from the equator starting near L ~ 4.5,

It is instructive to examine the period about the observation on <
August, Figure 7 plots Dst, Kp, and the location of the plasma sheet (~ !
keV) electrons from 24 July to & August 1976. A moderately disturbed pericd
started on 28 July and reached maximum Kp of 4+ on 30 July. Thereafter mag-
netic activity was unsettled until 5 August,with brief excursions of Kp to «-

on 2 and 4 August.

From 24 July to & August, S3~3 satellite real-time VLF wave and particle
data were taken on daily passes (8-10 UT) through the plasmasphere at local
evening (usually starting at L ~ 2 and terminating at L ~ 5-6). Supplementing
these passes were four other passes at local evening which started at L ~ 4-5
and continued over the polar cap. These passes are arbitrarilv terminated at
L ~ 8 in Figure 7.

From July 24 to July 27, plasma sheet electrons were not observed a.-
though these passes were limited in coverage due to real-time telemetry track-
ing requirements. During this period,detached plasma regions were observed on
two passes on 24=25 July. However, starting on 28 July during elevatel Ip

levels, plasma sheet electrons appear in some cases a8 s continuous region but

17




¢
]

[ENASA

TITLTel

[ -
= Quir™
c" fon e
- .-
[

~o a3 - 4
[RESSS— & DR
~ T
O rrq
pay A

I~

3

s

Figure 7. Dst and Kp indices for the period 24 July to 4 Augus:t 197¢ and

53 T arhir Jepme’ ' tesave ehariemm mlagm:s ermgse Yo mn -

§3~2 eorbit Ll-shell tracks showing plaszé shee:t Locetiin: 4T

detached regions for the same period.




in other cases as an isolated region, separated from the main body of plasma
sheet electrons at higher L-shells. A good example of the latter occurs o-
28-29 July.

On the real-time passes on 30-31 July,we cannot tell whether the plaszc
sheet electrons observed are isolated or not because of the short pass length;
but on 1l August the plasma sheet is observed at a higher L=-shell than on the
previous two days during a short period of magnetic quieting., However, on 2
August a plasma sheet region moved to L ~ 4.35 during a brief excursion of Kp

to 4~.

Fennell et al. (1979) showed that the plasma sheet for a storm occurring

in July 1977 moved inward to L ~ 4.5 in the late evening local time. Magnetic
activity for that storm case study lasted only for two days,in contrast to the
8-day duration for the storm of this study. Fennell et al. (1979) alsc did

not observe any iscolated plasma sheet regions. Fennell (private communice=~
tion) has not observed similar plasma sheet break ups in anv other storcs

studied in the S3-3 satellite data.

The detached regions indicated in Figure 6 are consistent with the 0G?
observations of detached plasma regions described by Chappell (1974)., The
local time (~ 2000 LT) of the S3-3 observations of detached regions is near
the peak occurrence time of 1600 LT reported by Chappell. Also, at local
evening the OGO observations are centered about L ~ 4, The S$3-3 observations

are in the L-shell range of 4 to 5.

The occurrence of detached regions in the $3-3 data is somewhat irregular
as shown by Figure 7. We observed them during relatively quiet periods (e.g..
24=25 July) at the beginning of a storm (28 July) and during a period of

irregular magnetic activity (1-2 August). The 1 August observation of a
; detached region at 62.7° invariant latitude is given by Figure 14 of Mozer
(1979). The random occurrence of detached region observations in this period
means that the overlap possibility of a detached region with plasma shee: it
very infrequent. Besides, the 2 August event, the only other overlap occurred

on 28 July. Unfortunately the transmitter was not operating for that pass.

( The TVLF transmitter signal was observed in one other occasion after
propagating it a detached region. Tols ODSErVATIoT 2Llurreld on I~ Jull and ..

19
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discussed by Edgar (1980). For the 28 July storm, strong density gradients

appeared at L ~ 4, but no evidence of transmitter paths guided by plasmapause

gradients as shown by Inan et al. (1977) was observed.

Wave Observations

Another peculiar aspect about the S$3-3 wave observatons was the appear-
ance of strong emissions at frequencies other than the two transmitter fre-
quencies (7.35 and 8.78 kHz). Koons et al. (1978) showed an amplitude-
frequency scan about the lower transmitter frequency. A secondary peak ap-
pears at ~ 7.5 kHz. 1In Figure ] these two frequencies appear at the beginniny
of the spectrogram at L ~ °,9., The emission at 7,35 kHz soon dies away and
the line at ~ 7.5 kHz continues in an irregular fashion till L ~ 3. At
L ~ 2,9 a chorus band begins about the upper transmitter frequency at 8.7& kHz.
which evolves into an emission band at 9.2 kHz. The same sequence of chorus
emissions starts again at L ~ 3,0. At L ~ 3,15 an emission band structure
appears between the upper and lower transmitter frequencies. This band struc-

ture ends at L ~ 3.3, ané the chorus ecissions about 9 kHz end abdou:

Uf

L ~ 3,4, The signal enhancement at L ~ 4.3 (not shown in Figure 1) occurs at
f ~7.5 kHz. It {s not clear frocm Figures 6 and ! whether the emissions are
temporally or spacially controlled as the spacecraft traverses the regicn.
From the raytracing of Figure 6, the observational region between L ~ 2.9 and
L ~ 3.3 1s probablv controlled by the spread of the ravpaths, but the varia-

tion of the chorus bands mav be both temporally and spaciallv controlled.

The $3-3 satellite also carried a broadband vlf magnetic wave receiver.
However, the Magneric Antenna data were contaminated by high EMI levels which
were estimated to range between 100 and 250 @ y. But the v1f emissions assc-
ciated with the higher frequency band of Figure 1 were strong enough to exceed
the background noise threshold. The AGC of the magnetic receiver was cali-
brated for a single frequency input in m Y. However, the EMI consisted of four
harmonically related frequencies whose amplitudes were within a few db of each
other., Doing a R.M.S. summation of the relative amplitudes of the EMI signals
and the chorus and normalizing to the magnetic field strength as given by the
AGC, we estimate a value of 47 my (within a factor of 2) for the chorus
magnecic field strength at 1130 UT (see Figure 1). The E field about this

period was measured to be in the range of 100 to 200 uV/m. But due to the

20




transient nature of the chorus it was impossible to do simultaneous measure-

ments of E and B for a meaningful refractive index calculation.

Conclusions

Further investigation of particle, density, and wave data from the S$3-C
satellite for the 2 August 1976 wave amplification event reveals a unique
situation where a detached region ducted vlf transmitter signals to a region
where a wide range of plasma sheet electrons were in cyclotron resonance with
the signals. The resultant emissions, ranging from emission bands to chorus,
vere observed by the low-altitude $3-3 satellite in a region which is cozn-~
sistent with duct leakage ray paths and emissions originating at the equa-
tor. Further, we have shown a new method of conveving VLF waves to a wave-

particle interaction region which offers much promise for investigating the

outer magnetosphere.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
jmental and theoretical investigations necessary for the evalustion and applicae-
tion of sclentific asdvances to nev military epace systems. Versatility and
flexibility have been developed to s high degree by the laborastory personnel in
dealing with the wmany problems encountered in the nation’s rapidly developing
space systems. Expertise in the latest scientific developments s vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aevophysics Laboratory: Launch vehicle and reentry aerodynsmics and heat
transfer, propulsion chemistry and fluid mechanics, structural sechanics, flight
dynamics; high~temperature thermomechanices, gas kinetics and radiation; research
in environments! chemistry and contasination; cv and pulsed chemical laser

development including chemical kinetics, spectroscopy, optical resonators and
beanm pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radfstion effects on saterifals, lu-~
brication and surface phenomens, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvirommental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs lowv-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
coamunication sciences, applied electronics, sesiconductor crystal and device
physics, radiometric isaging; millimeter-wave and microwave technology.

Informstion Sciences Research Office: Program verification, program trans-
lation, performance-gensitive system design, distributed architectures for
spaceborne computers, fault-tolerant computer systeams, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of nevw materials: wmetal matrix
composites, polymers, and new forms of carbon; component failure snalysis and
relisbility; fracture mechanics and stress corrosion; evaluation of materials in
space euvironment; materials performance fin space transportation systews; anal-
ysis of systess vulnerability and survivebility in enemy-induced environments.

Space Sciences lLaboratory: A pheric and { pheric physics, radistion
from the atsosphere, density and composition of the upper atmosphere, surorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation of
plesma waves 1n the magnetosphere; esolar physice, infrared astronomsy; the
effects of nuclear explosions, magnetic storss, and solar activity on the
earth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radistions in space on spsce systems.




