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Observations of ELF fields near the low-altitude 
CRRES chemical releases 

H. C. Koons and J. L. Roeder 
Space and Environment Technology Center, The Aerospace Corporation, Los Angeles, California 

Abstract.   The Combined Release and Radiation Effects Satellite (CRRES) performed 
a series of seven low-altitude chemical releases between September 10, 1990, and 
August 12, 1991. Immediately following each chemical release, electric and magnetic 
fields were detected by the extremely low frequency wave analyzer sensors of the Low 
Altitude Satellite Studies of Ionospheric Irregularities (LASSII) experiment on the 
spacecraft. The time series and spectra of the two field components are quite similar 
for each of the releases but vary in detail from release to release. The index of 
refraction estimated from the ratio of the magnetic field to the electric field is too small 
by about 2 orders of magnitude for either the right-hand wave or the extraordinary 
wave modes which are the only propagating electromagnetic modes in the detected 
band above the 0+ ion gyrofrequency (-30 Hz). ELF hiss observed at higher altitudes 
is found to be propagating in the extraordinary wave mode with the correct index of 
refraction. This confirms that the intensity measurements are being made correctly by 
the instrument and that an alternative explanation is required for the signals detected 
following the chemical releases. We show that the waves are primarily electrostatic and 
that the magnitude of the wave magnetic field is consistent with the transverse 
magnetic field component of ion acoustic waves. 

Introduction 

The Combined Release and Radiation Effects Satellite 
(CRRES) performed a series of seven low-altitude chemical 
releases between September 10, 1990, and August 12, 1991. 
The chemical release mission is described by Reasoner 
[1992]. Two releases below the terminator at dusk in the 
vicinity of American Samoa in the South Pacific tested 
theories for critical velocity ionization, a process which may 
produce a large amount of ionization as a neutral gas moves 
at high speed across the magnetic field in the ionosphere. 
Other releases took place in sunlight at dawn in the Carib- 
bean. The objectives include studying the flow of the ions 
from the Caribbean to the conjugate point in the southern 
hemisphere and the studying of the response of the iono- 
sphere to selected perturbations. Small and large canisters of 
barium and large canisters of strontium and calcium were 
released. Table 1 contains a list of the parameters for the 
seven releases. 

Immediately following each chemical release, electric and 
magnetic fields were detected by the extremely low fre- 
quency wave analyzer (ELFWA) sensors of the Low Alti- 
tude Satellite Studies of Ionospheric Irregularities (LASSII) 
experiment on the spacecraft. The time series and spectra of 
the two field components are quite similar for each of the 
releases but vary in detail from release to release. The 
measurements reported here are the first measurements of 
extremely low frequency (ELF) magnetic fields excited by 
chemical releases in the ionosphere that have been made 
with a high-sensitivity (0.2 pT) receiver specifically designed 
to measure the magnetic field component of electromagnetic 

waves at ELF. Previous measurements of emissions have 
been made with only electric field sensors [Kelley et al., 
1974; Koons and Pongratz, 1979; Holmgren et al., 1980; 
Kelley et al, 1986; Brenning et al., 1991] or with electric 
field sensors and a low-sensitivity aspect magnetometer for 
the magnetic field sensors [Whalen et al., 1985; Swenson et 
al., 1990; Kelley et al., 1991; Bolin and Brenning, 1993]. 

The aspect magnetometers typically measure ultralow- 
frequency magnetic perturbations caused by macroscopic 
currents flowing along the magnetic field line. For example, 
Bolin and Brenning [1993] describe the field observations 
during the CRITII barium release as turbulent electric fields 
from electrostatic instabilities with lower frequency and 
more coherent oscillations in the magnetic field near the 
barium ion gyrofrequency. Also, using the magnetic field 
measurements during this same experiment, Swenson et al. 
[1990] calculate that a field-aligned current of 11 mA/m2 is 
consistent with the observed =300 nT low-frequency mag- 
netic perturbations during the first few tenths of a second 
after the barium release. 

In this paper we describe the ELF electric and magnetic 
fields from the low-altitude CRRES chemical releases de- 
tected by the ELFWA sensors on the CRRES spacecraft. 

Instrument Description 
The ELFWA measures single-axis electric field spectra 

and amplitudes from 2 to 250 Hz and single-axis magnetic 
field spectra and amplitudes from 2 to 125 Hz. Two anten- 
nas, two preamplifiers, and two electronics boxes comprise 
the instrument. The electric field sensor consists of two 
spherical probes each 6.35 cm in diameter on booms 190.5 
cm long deployed above the spacecraft. The probes are 4.5 
m apart. The signals from the two probes are differenced in 
the E field electronics package to provide a single-axis 

5801 
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Table 1.   CRRES Low-Altitude Chemical Releases 

Release Date 
Time UT, 

hmin:s 
Latitude, 

deg 
Longitude, 

deg 
Altitude, 

km 
Chemicals, 

kg 

G-13 Sept. 10, 1990 0610:25 17.5 S 198.9 E 517 5.4 Ba 
3.8 Sr 

G-14 Sept. 14, 1990 0847:10 18.1 S 161.6 E 593 5.4 Ba 
1.9 Ca 

G-01 July 13, 1991 0835:25 17.8 N 62.9 W 495 1.5 Ba 
G-09 July 19, 1991 0837:07 17.4 N 62.8 W 441 10.8 Ba 
G-lla July 22, 1991 0838:24 16.8 N 60.3 W 411 1.5 Ba 
G-llb July 25, 1991 0837:11 17.3 N 69.5 W 478 1.5 Ba 
G-12 Aug. 12, 1991 0931:20 9.1 N 63.5 W 507 3.0 Ba 

electric field measurement which rotates in the spin plane of 
the spacecraft. 

The magnetic field antenna is a 50-cm-diameter, 1600-turn 
loop deployed on a 2-m boom. The frequency response of 
the B field antenna is 6 dB per octave in the 12.5-125 Hz 
frequency range. The preamplifier has been frequency com- 
pensated with 6 dB per octave bass boost to produce a flat 
frequency response from the antenna and preamplifier com- 
bination from 10-125 Hz. The single-axis magnetic field 
component rotates in the spin plane of the spacecraft. 
However, it is not parallel to the electric field component 
measured by the electric antenna. 

The E field and B field signals are sampled at evenly 
spaced intervals at 250 samples per second providing a 
125-Hz Nyquist frequency for the signal from each antenna. 
Each of the electronics packages has independent gain 
settings of 0, -20, and -40 dB and two modes, linear and 
automatic gain control (AGC). The dynamic range is 48 dB in 
the linear mode and approximately 90 dB in the AGC mode 
at one gain setting. The decay time constant of the AGC 
circuit is approximately 2 s, and the AGC voltage is moni- 
tored once every 2 s. For the chemical releases the experi- 
ment took data in the AGC mode with the gain set at 0 dB. 
The sensitivity corresponding to 0.02 V (1 bit) output from 
the electronics packages is 9.9 x 10-7 V/m from the electric 
antenna and 0.2 pT from the magnetic antenna. The broad- 
band signal (i.e., the total signal in-band from 2 to 125 Hz) is 
also averaged and recorded each second. A more complete 
description of the instrument is given by Koons et al. [1992]. 

caused by ELF hiss propagating in the extraordinary mode. 
They will be discussed briefly below. 

Plate 1 shows the spectrogram of the fields about the time 
of the G-09 chemical release. The horizontal lines in Plate 1 
are EMI. The vertical band immediately following 0837:01 
UT is the signature of this chemical release. The spectrum is 
almost unstructured. Near the beginning of the signal asso- 
ciated with the chemical release the lowest frequencies are 
somewhat stronger than they are near the end of the signal. 

Figure 2 shows an expanded view of the broadband signal 
for a 50-s period about the time of the release together with 
plots of the angle between the sensed component and the 
Earth's magnetic field. Each sample represents a 1-s average 
of the signal. The antenna angles are not in phase with each 
other because the sense directions of the two antennas are 
not parallel. This release, consisting of two large barium 
canisters in sunlight, was the largest. The signal increases 
abruptly at 0837:07, the nominal time of the release. The 
signals in each component last less than 15 s. The magnetic 
component decreases somewhat more rapidly than the elec- 
tric component. However, the similarity of the shapes of the 
electric and the magnetic signatures suggest that the de- 
crease represents an approximately exponential decay in 
time that is unrelated to the antenna sense direction. 

Because the signals are present for a time which is 
significantly shorter than the 30-s spin period of the satellite 
it is difficult to use the spin to establish the direction of the 
sensed component with respect to the Earth's magnetic field. 
Figure 2 does show that both the electric and the magnetic 

Broadband Data 
The broadband signals from the seven chemical releases 

are qualitatively quite similar. The large barium release on 
July 19, 1991, will be used to describe the data. Figure 1 
shows the broadband signal within the band of the receivers 
during a perigee data acquisition on July 19, 1991. The top 
panel shows the electric field, and the bottom panel shows 
the magnetic field. The large spike in both channels at 
0837:07 UT resulted from the G-09 chemical release. The 
cause of the background signal in the magnetic channel 
around that time is not known. It may be electromagnetic 
interference (EMI) or it may be the magnetic component of 
an electromagnetic wave propagating in a mode for which 
the electric field component is below the noise level of the 
broadband measurement. The signals after 0848 UT are 

8:20      8:30 8:40        8:50 
Universal time 

9:00 9:10 

Figure 1. Broadband field intensities versus universal time 
for the data acquisition containing the G-09 chemical release 
on July 19, 1991: (a) electric field; (b) magnetic field. 
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Plate 1.    Spectrogram of the field intensities for the G-09 chemical release on July 19, 1991. (top) 
Magnetic field; (bottom) electric field. The intensity scale is linear but uncalibrated. 

signals have significant components parallel to the geomag- 
netic field and that neither component shows any feature as 
the antenna sense direction goes through the minimum angle 
with respect to the geomagnetic field. Similar phasing with- 

out any features at the minimum angle with respect to the 
geomagnetic field for either component also occurred for 
release G-12. On the other hand, G-13 shows a well-defined 
minimum in the broadband magnetic field intensity when the 
magnetic component being sensed is nearly parallel to the 
geomagnetic field. The signatures of the other four releases 
were too short to determine any information about the 
direction of the field components. 

Table 2 shows the maximum broadband field intensities 
measured by the electric and magnetic sensors for each of 
the seven releases. The values are plotted in Figure 3 as a 
function of the mass of the barium released. Open circles are 
used for the releases which took place in sunlight above the 
terminator, and solid circles are used for the releases that 
took place in shadow below the terminator (the critical 
velocity experiments). The intensity of both field compo- 
nents tends to increase with the mass of barium present in 
the release. For a given mass of barium the releases above 

Table 2.    Maximum Wave Intensities From the 
Broadband Data for the CRRES Low-Altitude 
Chemical Releases 

3:37:00 08:37:20 
Universal time 

37:40 

Figure 2. (a) Electric field intensity, (b) electric field antenna 
angle, (c) magnetic field intensity, and (d) magnetic field 
antenna angle with respect to the geomagnetic field versus 
universal time for the G-09 chemical release on July 19, 1991. 

L* max • ■"max ■■ 

Release Date dB(V/m) dB(pT) C® max' ^ max 

G-13 Sept. 10, 1990 -52.5 47.0 28 
G-14 Sept. 14, 1990 -55.3 47.9 43 
G-01 July 13. 1991 -46.2 50.6 21 
G-09 July 19, 1991 -38.0 72.0 95 
G-lla July 22, 1991 -55.3 67.8 429 
G-Ub July 25, 1991 -61.1 38.4 28 
G-12 Aug. 12, 1991 -41.7 60.0 36 
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Figure 3. (a) Maximum electric field intensity and (b) max- 
imum magnetic field intensity versus mass of barium con- 
tained in the chemical release for the seven low-altitude 
CRRES chemical releases. Open circles are releases above 
the terminator, and solid circles are releases below the 
terminator. 

the terminator produced a larger signal than the releases 
below the terminator. However, the difference between the 
sunlit and the shadow releases for a comparable mass of 
barium is only 10 dB. The magnetic field intensity from 
release G-lla seems to be anomalously high when compared 
with the other releases. The ratio of cBmix/EmBX, where the 
subscript max refers to the maximum value of the broadband 
field intensity, is an estimate of the index of refraction of the 
medium for the dominant electromagnetic wave mode. This 
quantity is listed for each release in Table 2. Because the 
antennas are rotating, the electric and magnetic field maxima 
cannot be rigorously compared. Generally, however, the 
maxima are temporal rather than spatial and tend to peak 
within 1 s of each other. 

Figure 4 shows the index of refraction for electromagnetic 
waves at the point of release G-13 computed using the 
electron density measured by the LASSII Pulsed Plasma 
Probe experiment [Baumback et al., 1992]. At the release 
point the left-hand mode does not propagate between the 
oxygen ion gyrofrequency at 29 Hz and the upper frequency 
limit of our measurement at 125 Hz. The index of refraction 
for the right-hand mode nr and the extraordinary mode nx 

for releases G-13 and G-09 are shown in Table 3 for a 
frequency of 40 Hz. The measured values of cBmax/Emax of 
28 and 95, respectively, are much less than the calculated 
values for the index of refraction of the right-hand mode nr 

or of the extraordinary mode nx as shown in Table 3. 

Narrowband Data 
A fast Fourier transform routine was used to compute 

power spectral density estimates of the voltage wave forms 
measured by each sensor. Spectra were determined from 1 s 
measurements (250 samples per second) of data for each field 
component which were taken every second from 2 s before 
the nominal time of a release to 8 s after. 

We have analyzed the first signals detected from each 
release and compared them with the characteristics of the 
broadband data and with signals which were detected two to 

three seconds after the first arrivals. The later signals are 
representative of the preponderance of the signals detected. 

Early Time Fields 

Figure 5 shows the field data in the left panels and the 
spectra in the right panels for the early time fields from 
release G-13. The amplitudes of the electric and magnetic 
fields in Figure 5 as well as in Figures 6-9 are plotted on 
uncalibrated scales (the telemetered voltage in the range 
±2.5 V), because changes in the AGC in response to the 
rapidly changing signals preclude precise calibration of the 
data. The spectra in this set of figures reasonably represent 
the power spectra of the wave fields. However, they deviate 
from the true power spectra because of the AGC response of 
the receiver and because of the slight saturation of the 
receiver during some of the time periods shown. Saturation 
is especially evident in the first second or two after a release. 
The relative error across a spectrum from these effects is no 
more than a few percent. The G-13 release was performed at 
low altitudes in the dark for the purpose of testing the critical 
velocity theory of Alfvdn. The spectra of the first arriving 
waves from releases G-13 and G-14 are quite similar. There 
is a general increase in power with increasing frequency. The 
time series and spiky spectra suggest the presence of rather 
turbulent fields during the first second following these re- 
leases. This is a characteristic of each of the seven CRRES 
releases and has been noted in the electric field measure- 
ments from previous chemical releases [Kelley et al., 1986; 
Swenson et al., 1990; Kelley et al, 1991; Bolin and Bren- 
ning, 1993]. The overall similarity of the time series and 
spectra from both field components suggests that both sig- 
nals arise from the same source system of currents and 
charges. 

Figure 6 shows the field data in the left panels and the 
spectra in the right panels from release G-llb. This release 
was a small barium release that also took place in darkness. 
The first signals from the release occur near 0.54 s in Figures 
6a and 6c. The electric and magnetic field data before a 
release usually show little structure and have a low ampli- 
tude. A typical example is the electric field data in Figure 6 
prior to 0.5 s. The magnetic field data in Figure 6 is an 

01 
DC 

x 
at 

TJ 
C 

6000 

4000   - 

Ba* O* 

20 40 60 80 100 

Frequency, Hz 

Figure 4. The index of refraction for the right-hand nr, the 
left-hand nh and the extraordinary nx, plasma waves as a 
function of frequency for ionospheric plasma parameters 
appropriate to chemical release G-13. 
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Table 3.   Examples of the Parameters Used for the Index of Refraction Calculations 
at a Frequency of 40 Hz for the Chemical Releases and 100 Hz for the ELF Hiss 

Release 

G-13 G-09 ELF Hiss 

Date Sept. 10, 1990 July 19, 1991 July 19, 1991 
Universal time 0610 0837 0851 
Altitude, km 517 441 1,728 
Electron density, cm-3 2.3 x 106 7.1 x 105 1.1 x 104 

Fractional abundance of 0 + 1 1 0 
Fractional abundance of H + 0 0 1 
Magnetic field, mG 302 316 138 
Ion gyrofrequency, Hz 28.8 30.1 210 
nr 1317 960 97 
nl NA NA 163 
nx 2786 1465 118 

C" max' ■C'max 28 95 169 

NA, not applicable. 

exception. It shows spikes that have induced a larger posi- 
tive than negative voltage on the antenna. These spikes 
which show up as lines in the magnetic field spectrum in 
Figure 6d near 30 and 60 Hz are EMI that was observed well 
before the release on this particular orbit. Since the oxygen 
gyrofrequency is 30 Hz, the EMI may be related to a chance 
coincidence in frequency between a source on the vehicle 
and the oxygen ion gyrofrequency. The odd one-sided nature 
of the ac magnetic field signal prior to 0.4 s in Figure 6c is the 
best indication that these spikes are EMI. The spectra before 
the release are generally flat, and the total power is negligible 
compared with the power in the first signals from the release. 
For example, the electric field power spectrum in Figure 6 is 
dominated by the signals from the release after 0.5 s. 

The similarity of the time series and the spectra again 
suggest that the fields arise from the same source with 
frequencies primarily above 80 Hz. No signals are seen near 

the barium or the oxygen ion cyclotron frequencies in the 
electric field data. 

Figure 7 shows the field data and spectra from the small 
barium release, G-lla, which took place in sunlight. It 
should be compared with G-llb (Figure 6), which was a 
release of an identical amount of barium in the dark. For 
G-lla the first signals occurred over the entire frequency 
range with perhaps a broad peak around 50 Hz and less 
power above 80 Hz than seen in release G-llb. A compari- 
son of both the time series and the spectra from the two 
releases clearly shows the lower frequencies in the G-lla 
spectrum. However, there are no readily discernible features 
in the spectra that can be associated with the barium (fiBa+) 
or the oxygen (n0+) ion gyrofrequencies. The absence of a 
resonance at n0+ = 30 Hz in the magnetic field spectrum 
indicates that the waves are not propagating in the longitu- 
dinal left-hand electromagnetic mode [Gurnett et al., 1965]. 

E Field Data E Field Spectrum 

2     2   - 

I    "2 
il 

a) 

i.i, 

0.0 0.2       0.4       0.6 
Time, s 

B Field Data 

0.8 1.0 
0.0 

25       50       75       100 
Frequency, Hz 

B Field Spectrum 

125 

J   -2 

25        50        75       100      125 
Frequency, Hz 

Figure 5.   Time series and spectra of the electric and magnetic fields observed for the G-13 chemical 
release. Time zero is 0610:24.7 UT on September 10, 1990. 
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E Field Data E Field Spectrum 

0.0 0.4       0.6 
Time, s 

B Field Data 

25       50       75       100 
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B Field Spectrum 

50        75       100 
Frequency, Hz 

125 

125 

Figure 6.    Time series and spectra of the electric and magnetic fields observed for the G-llb chemical 
release. Time zero is 0837:10.9 UT on July 25, 1991. 

Signals from the larger releases in sunlight tended to saturate 
the receiver for a few seconds after the release. This is 
especially the case for the two largest releases in sunlight, G-09 
and G-12. The spectra indicate that the signals from G-09 were 
primarily low frequency fields between ftßa+ and ^o+- 

In summary, the releases in the dark and the small barium 
releases in sunlight produced little wave excitation near 
flßa^- The two smaller releases in sunlight, G-01 and G-12, 

produced signals near fi0+ > and tne largest release in sun- 
light, G-09, produced large signals near £lBa+ and fl0+. 

Midevent Fields 

The spectra of the fields from each of the releases evolved 
rapidly after they were first detected at CRRES. A later 
example from release G-13 is shown in Figure 8. These data 
were taken 2 s after the data shown in Figure 5. The 

E Field Data E Field Spectrum 

0.0       0.2       0.4       0.6       0.8       1.0 
Time, s 

B Field Data 

25        50        75       100      125 
Frequency, Hz 

B Field Spectrum 

25        50        75        100      125 
Frequency, Hz 

Figure 7.   Time series and spectra of the electric and magnetic fields observed for the G-lla chemical 
release. Time zero is 0838:23.9 UT on July 22, 1991. 
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Figure 8.   Time series and spectra of the electric and magnetic fields observed for the G-13 chemical 
release. Time zero is 0610:26.9 UT on September 10, 1990. 

amplitude of the fields has increased, and the most intense 
fields are now occurring at a lower frequency. The overall 
similarity of the electric and magnetic fields again suggests 
that the fields are excited by the same source distribution. 
The lack of any feature associated with the oxygen ion 
cyclotron frequency also rules out propagation in the left- 
hand electromagnetic mode. 

Figure 9 shows the data from the largest barium release in 
sunlight, G-09. These data were taken about 3 s after the first 

signals were detected at CRRES. They show a spectrum 
dominated by signals between the barium and the oxygen ion 
gyrofrequencies. There is also a fairly well defined minimum in 
both field components at the oxygen ion gyrofrequency 30 Hz. 

ELF Hiss 
The signals after 0848 UT in Figure 1 are caused by ELF 

hiss propagating in the extraordinary mode. Figure 10 shows 

E Field Data E Field Spectrum 
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Time, s 
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25        50        75       100       125 
Frequency, Hz 

B Field Spectrum 
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Figure 9.   Time series and spectra of the electric and magnetic fields observed for the G-09 chemical 
release. Time zero is 0837:08.9 UT on July 19, 1991. 
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08:52:00 

Figure 10. (a) Electric field intensity, (b) electric field 
antenna angle, (c) magnetic field intensity, and (d) magnetic 
field antenna angle with respect to the geomagnetic field 
versus universal time for the ELF hiss observed on July 19, 
1991. 

from ion plasma waves [Allis et al., 1963]. The magnitude of 
the wave magnetic field is consistent with that for the 
magnetic field component of a predominantly electrostatic 
ion acoustic wave in the frequency band of the ELFWA. 

From Maxwell's equations the transverse components E, 
and B, of the wave fields E and B are related to the wave 
phase velocity u by 

\E,\!\B,\ = u = wlk (1) 

where u> is the wave frequency and k is the wave number. 
The magnetic field of the wave is always transverse to the 
propagation vector so the measured magnetic field amplitude 
will be taken as an estimate of \Bt\. 

At low frequencies, ion plasma waves with propagation 
vectors along the magnetic field have a phase velocity given 
by 

y+T+ + 
y-T- 

y-kz\z
D+i 

(2) 

where K is Bpltzmann's constant, m+ is the ion mass, y± is 
the specific heat ratio, J± is the temperature, k is the wave 
number, and AD is the Debye length. The signs refer to the 
charge species. For wavelengths that are much longer than 
the Debye length &

2
A£ <K: 1, the phase velocity reduces to 

the sound speed 

,2 _ 

expanded views of the broadband signals from the electric 
and magnetic antennas for a 1-min period at 0851:00 UT 
during the time when strong ELF hiss was present. In Figure 
10 the electric field peaks at an antenna angle of 90° that is 
perpendicular to the geomagnetic field, and the magnetic 
field peaks when the antenna angle is a minimum. These 
angles are consistent with the electromagnetic extraordinary 
wave in which the wave vector and the electric field vector 
are perpendicular to the geomagnetic field, and the magnetic 
field vector is parallel to the geomagnetic field. The com- 
puted value for nx at 100 Hz for this time period from Table 
3 is 118, while the measured value of c.Bmax/.Emax is 169. This 
is reasonable agreement considering that there are several 
decibels of variation on both the electric and the magnetic 
field measurements, and we are only measuring the field 
components in the spin plane of the vehicle. 

Discussion 
The similarity of the characteristics of the magnetic and 

electric field signals, both broad band and narrow band, 
strongly suggests that the signals detected by both sensors 
following the low-altitude CRRES chemical releases in the 
detection band of the ELFWA arise from the same source 
charge and current distributions. However, the measured 
ratios of cBIE from the broadband data are inconsistent with 
the index of refraction calculated for the electromagnetic 
waves that can propagate in this frequency range. The 
discrepancy is very large, a factor of 50-100. The same is 
true for the narrow-band data. As an example, for the G-13 
release at 0610:27 UT on September 10, 1990, the value of 
cBIE for the 40 Hz bin is 88. This is only 0.05 nr and 0.03 nx. 

We suggest that virtually all of the signals detected by the 
ELFWA in conjunction with the chemical releases arise 

— (y+T++ y_T_) (3) 

and the waves are known as ion acoustic waves. In the 
ionosphere, us = 103 m/s. From (1) we find that near the 
center of the ELFWA band at 60 Hz, k = 0.4 m~' and A = 
16 m. This is much longer than the Debye length in the 
ionosphere and several times longer than the length of the 
ELFWA electric field antenna. Thus the sound speed ap- 
proximation to the phase velocity is a good one. The antenna 
pattern will be more complex than the pattern of a simple 
dipole, but that will not affect the order of magnitude 
estimates in our calculations. 

The transverse component of the electric field that corre- 
sponds with the measured value of the magnetic field can be 
estimated using (1) and the data in Table 2. For the G-13 
release the broadband magnetic field is 47 dB(pT) or 2.2 x 
10~10 T. For a sound velocity of 103 m/s the corresponding 
electric field is 2.2 x 10~7 V/m. Since the observed electric 
field was -52 dB(V/m) or 2.5 x 10~3 V/m, the ratio of 
|£,|/|£| = 10~4. Thus the combined field observations are 
consistent with the fields for predominantly electrostatic ion 
acoustic waves. 

Ion acoustic waves are normally strongly Landau damped. 
However, chemical releases with high velocity perpendicu- 
lar to the magnetic field such as the CRRES releases provide 
a plethora of current systems [Brenning et al., 1991] which 
may be capable of destabilizing ion acoustic waves. Ion 
acoustic waves have been observed from a cesium release 
which did not have a highly directed velocity. In that case, 
Kintner et al. [1980] suggested that the ion acoustic waves 
were produced by an ion-ion streaming instability between 
the cesium and the ambient ions. 

The spectra of the waves generated by the large G-09 
release in sunlight differ from those of the other releases. 
The first signals from G-09 show peaks at the barium and 
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oxygen ion gyrofrequencies, and the later signals show 
attenuation bands at fl0+ ■ These characteristics are similar 
to waves identified as ion cyclotron waves from the large 
Buaro-shaped charge barium release in sunlight [Koons and 
Pongratz, 1979, 1981]. On the basis of the attenuation bands 
at the ion gyrofrequencies and the similarity of the waves 
from the Buaro release the waves from the CRRES G-09 
release are identified as ion cyclotron waves. 

Conclusions 
The ELF electric and magnetic fields detected near each 

of the seven low-altitude CRRES chemical releases bear a 
striking similarity for each release but vary in detail from 
release to release. The spectra show little structure that can 
be related to characteristic plasma frequencies between 2 
and 125 Hz. The amplitudes of the electric and magnetic 
signals are generally proportional to the mass of the barium 
in the release with the amplitudes of the signals for the 
releases in the dark being only 10 dB lower than for the 
releases in sunlight. Thus the mechanism for the generation 
of the waves does not require the presence of the prompt 
ionization from sunlight. 

The similarity of the characteristics of the two compo- 
nents strongly suggests that they arise from the same current 
and charge distributions. Since the wave amplitudes and 
spectral shapes are inconsistent with electromagnetic 
modes, we identify the waves as ion acoustic waves which 
are predominantly electrostatic but also possess small trans- 
verse magnetic and electric components. The waves from 
the largest barium release, G-09, have attenuation bands at 
the oxygen ion gyrofrequency. These waves are identified as 
ion cyclotron waves. 
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TECHNOLOGY OPERATIONS 

The Aerospace Corporation functions as an "architect-engineer" for national security 
programs, specializing in advanced military space systems. The Corporation's Technology 
Operations supports the effective and timely development and operation of national security 
systems through scientific research and the application of advanced technology. Vital to the 
success of the Corporation is the technical staffs wide-ranging expertise and its ability to stay 
abreast of new technological developments and program support issues associated with rapidly 
evolving space systems. Contributing capabilities are provided by these individual Technology 
Centers: 

Electronics Technology Center: Microelectronics, VLSI reliability, failure 
analysis, solid-state device physics, compound semiconductors, radiation effects, 
infrared and CCD detector devices, Micro-Electro-Mechanical Systems (MEMS), 
and data storage and display technologies; lasers and electro-optics, solid state laser 
design, micro-optics, optical communications, and fiber optic sensors; atomic 
frequency standards, applied laser spectroscopy, laser chemistry, atmospheric 
propagation and beam control, LID AR/LAD AR remote sensing; solar cell and array 
testing and evaluation, battery electrochemistry, battery testing and evaluation. 

Mechanics and Materials Technology Center: Evaluation and characterization of 
new materials: metals, alloys, ceramics, polymers and composites; development and 
analysis of advanced materials processing and deposition techniques; nondestructive 
evaluation, component failure analysis and reliability; fracture mechanics and stress 
corrosion; analysis and evaluation of materials at cryogenic and elevated 
temperatures; launch vehicle fluid mechanics, heat transfer and flight dynamics; 
aerothermodynamics; chemical and electric propulsion; environmental chemistry; 
combustion processes; spacecraft structural mechanics, space environment effects on 
materials, hardening and vulnerability assessment; contamination, thermal and 
structural control; lubrication and surface phenomena; microengineering technology 
and microinstrument development 

Space and Environment Technology Center: Magnetospheric, auroral and cosmic 
ray physics, wave-particle interactions, magnetospheric plasma waves; atmospheric 
and ionospheric physics, density and composition of the upper atmosphere, remote 
sensing using atmospheric radiation; solar physics, infrared astronomy, infrared 
signature analysis; effects of solar activity, magnetic storms and nuclear explosions 
on the earth's atmosphere, ionosphere and magnetosphere; effects of electromagnetic 
and paniculate radiations on space systems; space instrumentation; propellant 
chemistry, chemical dynamics, environmental chemistry, trace detection; 
atmospheric chemical reactions, atmospheric optics, light scattering, state-specific 
chemical reactions and radiative signatures of missile plumes, and sensor out-of- 
field-of-view rejection. 


