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An overview of observations by the Cassini radio and plasma 
wave investigation at Earth 

W. S. Kurth, • G. B. Hospodarsky, • D. A. Gurnett, • M. L. Kaiser, 2 J.-E. Wahlund, 3 
A. Roux, 4 P. Canu, 4 P. Zarka? and Y. Tokarev 6 

Abstract. On August 18, 1999, the Cassini spacecraft flew by Earth at an altitude of 1186 
km on its way to Saturn. Although the flyby was performed exclusively to provide the 
spacecraft with sufficient velocity to get to Saturn, the radio and plasma wave science 
(RPWS) instrument, along with several others, was operated to gain valuable calibration 
data and to validate the operation of a number of capabilities. In addition, an opportunity 
to study the terrestrial radio and plasma wave environment with a highly capable 
instrument on a swift fly-through of the magnetosphere was afforded by the encounter. 
This paper provides an overview of the RPWS observations at Earth, including the 
identification of a number of magnetospheric plasma wave modes, an accurate 
measurement of the plasma density over a significant portion of the trajectory using the 
natural wave spectrum in addition to a relaxation sounder and Langmuir probe, the 
detection of natural and human-produced radio emissions, and the validation of the 
capability to measure the wave normal angle and Poynting flux of whistler-mode chorus 
emissions. The results include the observation of a double-banded structure at closest 

approach including a band of Cerenkov emission bounded by electron plasma and upper 
hybrid frequencies and an electron cyclotron harmonic band just above the second 
harmonic of the electron cyclotron frequency. In the near-Earth plasma sheet, evidence 
for electron phase space holes is observed, similar to those first reported by Geotail in the 
magnetotail. The wave normal analysis confirms the Polar result that chorus is generated 
very close to the magnetic equator and propagates to higher latitudes. The integrated 
power flux of auroral kilometric radiation is also used to identify a series of substorms 
observed during the outbound passage through the magnetotail. 

1. Introduction 

The Cassini orbiter carries a comprehensive suite of fields 
and particles instruments, remote sensing instruments, and the 
Huygens probe which will be dropped onto Titan. As part of its 
trajectory to Saturn, the spacecraft performs two flybys of 
Venus and one each of Earth and Jupiter. The Earth flyby on 
August 18, 1999, provided the only opportunity for the fields 
and particles instruments to be operated well within a plane- 
tary magnetosphere prior to arrival at Saturn in July 2004. As 
such, this flyby was utilized for calibrations and checkout of the 
fields and particles instruments. The Cassini radio and plasma 
wave science (RPWS) investigation participated in this activity 
and obtained measurements from August 15 through Septem- 
ber 14 as it passed from a location from 593 R•r upstream of 
the Earth to -6374 R•r downstream. The primary goals for the 
RPWS during the flyby were (1) to validate the wave normal 
analysis capability of the instrument using a five-channel wave- 
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form receiver in a regime where whistler mode emissions with 
well-knoWn characteristics are present and (2) to perform di- 
rection-finding observations of auroral kilometric radiation in 
preparation for a major calibration of that capability at Jupiter. 
Both the sounder and Langmuir probe portions of the RPWS 
were also exercised, providing the first opportunity to test their 
operation in a magnetospheric environment in which they were 
designed to function. However, the Earth flyby provided a 
bonus in the form of a comprehensive set of wave data during 
the flyby. These observations are rare in that such flybys are 
seldom done at Earth, where orbiting spacecraft are the norm. 
While orbiting missions are far more useful for magneto- 
spheric studies because of their ability to map the magneto- 
sphere and to provide a long baseline for studying temporal 
variations and dynamics, an occasional flyby is useful (1) to 
enable a rapid transit of the entire magnetosphere within just 
a few hours, not much longer than the typical auroral substorm 
timescale, and (2) to enable specific comparisons to be made 
between the eventual Saturn observations and the more famil- 

iar terrestrial phenomenology with the same instrumentation. 
The RPWS instrumentation is described in detail by D. A. 

Gurnett et al. (The Cassini radio and plasma wave science 
investigation, submitted to Space Science Reviews, 2000). 
Briefly, however, the instrument includes three monopole elec- 
tric antenna elements including two which can be used to- 
gether as a dipole, a set of triaxial search coils, and a Langmuir 
probe. There are a number of receivers incorporated into the 
RPWS. A high-frequency receiver covers the frequency range 
from 3.5 kHz to 16 MHz with a wide range of variability for 
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Plate 1. An overview of the magnetic and electric field spectrum observed by the Cassini radio and plasma 
wave science (RPWS) during the Earth flyby. AKR, auroral kilometric radiation; ECH, electron cyclotron 
harmonic. 

spectral and temporal resolution, time constants, and fre- 
quency coverage. It can obtain spectral information only, or it 
can obtain both autocorrelation and cross-correlation informa- 

tion required to measure all four Stokes parameters and di- 
rection-of-arrival information for electromagnetic waves. The 
Stokes parameters [Stokes, 1852] are used to describe partially 
polarized radiation. $ is the total power. (2 represents the 
difference between two orthogonal power components. U and 
V are basically the cross-correlation functions of the two com- 
ponents of the electric field. From these, the degree of polar- 
ization, whether the wave is left- or right-hand-polarized, and 
the degree to which the wave is linearly or circularly polarized 
(elliptical polarization) can be determined. See Krause [1966] 
for a complete discussion of the Stokes parameters. The high- 
frequency receiver includes a sounder for active determination 
of the local plasma density. The high-frequency receiver uti- 
lizes only the three electric antennas. The medium-frequency 

receiver returns only spectral information from either an elec- 
tric sensor or a magnetic search coil or, typically, both. It 
covers the frequency range from 24 Hz to 12 kHz. The five- 
channel waveform receiver can acquire signals from up to five 
sensors simultaneously, typically from two electric and three 
magnetic antennas, and is primarily used for wave normal 
analyses. It has two frequency ranges including 1-26 Hz and 3 
Hz to 2.5 kHz. The low-frequency mode is used to capture 
waveforms from one electric and one magnetic sensor which 
are Fourier transformed on board to provide spectral informa- 
tion below 26 Hz to complete the survey spectral information 
when used in conjunction with the high- and medium- 
frequency receivers. A wideband receiver enables high duty 
cycle waveform observations from one of the sensors (select- 
able) in either a 10.5- or 75-kHz bandwidth. Signals can be 
downconverted from the high-frequency receiver enabling 25- 
kHz bandwidth wideband measurements selectable within the 
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Plate 2. An expanded spectrogram showing details of the plasma wave spectrum near closest approach, 
particularly the existence of two bands. The fpe and fuu profiles are determined using the measured electron 
density provided by Langmuir probe current-voltage sweeps and the measured magnetic field. The fce and 2fc e 
profiles are based on the measured magnetic field. We interpret the upper band as the 5fce/2 ECH band, and 
we interpret the lower one as Cerenkov radiation. 

range from 125 kHz to 16 MHz. Since the five-channel wave- 
form receiver can also be operated in a single-channel mode, 
wideband capability is also available in 26-Hz and 2.5-kHz 
bandwidths. Finally, Langmuir probe electronics are supplied 
to control the voltage and to measure the current on the 
dedicated spherical Langmuir probe and two of the cylindrical 
electric antennas under certain modes of operation. 

The Earth flyby trajectory was chosen solely to safely direct 
Cassini to its rendezvous target at Jupiter as its next way point 
on its trajectory to Saturn; no science issues were considered in 
the selection of the near-Earth trajectory. Nevertheless, the 
flight path provided an excellent pass through the dayside 
magnetosphere at a local time near 13 hours, a passage 
through the plasmapause on the duskside, a closest approach 
at an altitude of 1186 km at a latitude of -23 ø near 18 hours 

local time, and a departure trajectory at a local time of •--1.6 
hours. The trajectory for the time near closest approach is 
shown in Figure 1. The bow shock and magnetopause shown in 
this illustration are located to indicate the approximate loca- 
tions of the Cassini encounters with these boundaries on the 

inbound leg; the shapes are only illustrative. The RPWS and 
other fields and particles instruments remained on until Sep- 
tember 14, when the spacecraft was 6374 RE downstream. For 
various engineering considerations, continuous data would not 
have been possible through the aberrated tail position; hence 
the RPWS was turned off prior to the nominal tail crossing. 
There is no evidence in the wave data for a distant magnetotail 
crossing; hence, in this overview we concentrate on the interval 
plotted in Figure 1 near Earth. 

2. Observations 

The RPWS observations during the Earth flyby are summa- 
rized in Plate 1. The top panel is a magnetic frequency-time 
spectrogram covering the range from 25 Hz to 12 kHz. Mag- 
netic spectral density is plotted as a function of frequency and 
time according to the color bar provided in Plate 1. The bottom 
panel presents the electric field spectral density in a similar 
format, except that the frequency range extends to 16 MHz. 
Because the instrument mode used for the flyby was designed 
to concentrate on the 2.5-kHz waveform measurements re- 

quired to validate the wave normal analysis of whistler mode 
waves, the frequency range below 25 Hz was not continuously 
available during much of this interval. In both panels a white 
line is used to trace the electron cyclotron frequency, which is 
useful in organizing a number of the plasma wave phenomena. 
The electron cyclotron frequencyfc e = 28 IBI, where fce is in 
hertz and [BI is in nanoteslas, is determined from the mea- 
sured magnetic field provided by D. Southwood (personal 
communication, 1999) and the Cassini magnetometer team. 

The top panel of Plate 1 shows plasmaspheric hiss and cho- 
rus at frequencies below fce' The hiss is primarily found be- 
tween --•0305 and 0350 spacecraft event time (SCET). Chorus 
is most prominent during the outbound portion between 
--•0350 and 0415 SCET. The broadband bursty event (also seen 
in the electric spectrogram) at •--0250 SCET is due to intensive 
operation of the sounder, which can cause self interference 
with the RPWS. Normally, this aspect of the investigation will 
be operated on a very low duty cycle, but this -5-min period 
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Plate 3. A frequency-time spectrogram showing characteristic frequencies of the plasma. The fpe and fu•r 
profiles are based on the continuum radiation cutoff and the upper hybrid band, respectively. The fce profile 
is based on the measured magnetic field, and the fz• frequency is calculated with the assumption of a proton 
plasma. 

was set aside to rapidly vary a number of timing parameters 
important for the sounder as a means of identifying an opti- 
mum configuration prior to arriving at Saturn. Discussion of 
the results of the sounder will be presented in section 2.3. In 
addition to the whistler mode emissions seen in the search coil 

data in the inner magnetosphere, a number of electromagnetic 
emissions are also seen below fce near the bow shock, in the 
magnetosheath, and in the dayside outer magnetosphere. 

The bottom panel shows the wealth of radio and plasma 
wave phenomena expected at Earth. At the highest frequencies 
are radio emissions of solar and terrestrial origin. The band 
centered at 8 MHz across the entire spectrogram is due to the 
one-fourth wave resonance of the Ex dipole antenna. The 
remaining fixed frequency, narrowband emissions above ---2 
MHz are terrestrial radio stations. Notice that the minimum 

frequency for these bands is significantly lower after closest 
approach (at 0328 SCET) than it is before. The explanation for 
this asymmetry is that the ionospheric cutoff over the dayside 
(inbound) trajectory is much greater than that on the nightside 
(outbound) trajectory. Such emissions are some of the most 
obvious characteristics of intelligent life that a flyby spacecraft 
like Cassini might find at Earth [Sagan et al., 1993; Kaiser et al., 
1996]. Solar type III radio emissions are seen sporadically over 
the time interval plotted in the bottom panel of Plate 1 al- 
though the most prominent examples occur at the highest 
frequencies between ---0205 and 0210 SCET and show strong 
frequency drifts to lower frequencies with time. This set 
evolves into a broadband, diffuse emission extending down to 
tens of kilohertz and is eventually cut off at the plasma fre- 
quency in the magnetosphere near 0300 SCET. Auroral kilo- 
metric radiation signaling an auroral substorm appears cen- 

tered on 200 kHz beginning at •-0511 SCET. Continuum 
radiation trapped in the magnetosphere is a challenge to detect 
with Cassini's relatively short antennas but can be seen on the 
dayside between the magnetopause and plasmapause near 20 
kHz and on the nightside near 10 kHz between 0430 and 0550 
SCET. 

The upper hybrid frequency (or Langmuir waves in the solar 
wind upstream of the bow shock) demarcates the low- 
frequency limit of radio emissions in Plate 1 and the high- 
frequency limit of the plasma wave regime. Langmuir waves 
precede the bow shock at ---20 kHz prior to 0150 SCET. The 
upper hybrid resonance band can be seen just inside the mag- 
netopause at 0225 SCET, just outside the plasmapause at 0300 
SCET, and almost continuously throughout the plasmasphere. 
The upper hybrid band shows considerable fluctuations in fre- 
quency, indicating a highly structured plasmasphere on the 
dayside. It continues to a peak at ---1 MHz in the ionosphere 
and drops rather smoothly until the outbound plasmapause 
crossing near 0350 SCET. More discussion on the interpreta- 
tion of the emissions in this frequency range near closest ap- 
proach is given below. The narrowband emissions just above 
fce on the outbound leg are electrostatic electron cyclotron 
harmonic emissions between harmonics of fce' These emis- 
sions continue sporadically after 0415 when fce flattens out to 
a nearly constant value near 1 kHz. It is unclear whether the 
highest-frequency electron cyclotron harmonic (ECH) band 
beyond the outbound plasmapause is at the upper hybrid res- 

1 

onance or is simply one of the higher (n + •)fce harmonics. 
A number of quasi-electrostatic and electromagnetic modes 

are apparent in the bottom panel of Plate 1 below the fce 
contour. Both the bow shock and the magnetopause are high- 



KURTH ET AL.: CASSINI RADIO AND PLASMA WAVE INVESTIGATION 30,243 

20 

10 

-10 

-20 ' 
-40 -30 30 

Cassini Earth Closest Approach 
August 18, Day 230, 1999 

i i• ! , , 

ooo 
i 

-20 -10 0 10 20 

X (RE) 

........ 0130 
0600 

0330 

-10 ' ' ' ' ' 
-30 -20 -10 0 10 20 30 

X (RE) 

Figure 1. The Cassini flyby trajectory for the region close to 
Earth showing the observed inbound bow shock and magne- 
topause crossings. SCET, spacecraft event time. 

lighted by broadband wave activity in the electric field spec- 
trum. The magnetosheath is the location of bursty emissions at 
virtually all frequencies up to the electron cyclotron frequency. 
Just inside the magnetopause there appears to be broadband 
electrostatic turbulence, but closer in the emissions become 
electromagnetic (using the signature in the top panel beginning 
at -0235 SCET). Inward, the electric field component of cho- 
rus and plasmaspheric hiss is quite strong. The most intense, 
however, is the band of chorus on the outbound trajectory 
between -0350 and 0415 SCET. Broadband electrostatic tur- 

bulence is also apparent in this interval, especially at the later 
times. Broadband electrostatic noise is also apparent beyond 
0525 SCET and especially between 0545 and 0555 SCET. 
There is no indication of a magnetic field component here. 

Measurements of natural resonances and cutoffs in the 

plasma wave spectrum provide a reliable method for determin- 
ing the plasma density without the perturbing effects of space- 
craft potential that can make particle-counting techniques dif- 
ficult and subject to errors. During the time interval plotted in 
the bottom panel of Plate 1, both the low-frequency cutoff of 
continuum radiation atfpe in the dayside outer magnetosphere 
and the upper hybrid resonance band in the inner magneto- 
sphere are clearly visible. Between the magnetopause and the 
plasmapause on the inbound portion of the trajectory, we use 
the low-frequency cutoff of continuum radiation as an indica- 
tor of the electron plasma frequency, which is related to the 
electron density by fpe = 8980(rte) 1/2, where rt e is in cm -3 
and fpe is in hertz. This cutoff is actually an upper limit to the 
local plasma frequency, since the continuum radiation may 
suffer a cutoff at some distance from the spacecraft. However, 

the relatively sharp cutoff suggests that it is local and relevant 
to the local plasma conditions. The intensification of the upper 
hybrid band occurs at full 2 = fpe 2 q- fce 2 and hence is an 
accurate determination of fpe and hence rt e given that fce is 
well known, which it is [Kurth et al., 1979]. However, upon close 
inspection (Plate 2), the spectrum near full is somewhat com- 
ple x and not immediately interpretable in terms of the location 
of full or other characteristic frequencies of the plasma. We 
take advantage of the Langmuir probe sweeps performed near 
closest approach which provide rt e to an estimated accuracy of 
10% at several places along the trajectory, approximately once 
per minute. Using this density and the measured magnetic 
field, we can draw contours Offp e and fu• on the spectrogram 
in Plate 2. Interestingly, these bound the broad emission line 
near closest approach. However, this left the narrower, higher- 
frequency band without an explanation. Hence we also added 
a contour at 2fc e based on the measured magnetic field. At 
least for 8-10 min centered on closest approach, this contour 
lies just below the upper narrowband emission. While not 
necessarily common in the plasmasphere, the picture in Plate 2 
is quite clear and has been reported previously. The broader 
emission bound by fpe and fum is Cerenkov radiation between 
fpe and rum as noted, for example, by Taylor and Shawhah 
[1974] and Kurth [1982]. The narrowband emission is a Bern- 
stein emission, sometimes called an (n + «)fce ECH band. 
For this specific case, n - 2; hence this would be the 5fce/2 
band. While the ECH bands are typically observed between fce 
and f•m, it is possible for one or two bands to appear above 
full as reported by Hubbard and Birmingham [1978], Hubbard 
et al. [1979], and Kurth [1982]. Hence we use this identification 
to determinerum (Orfpe) near closest approach in determining 
the electron density profile discussed below. This is an excel- 
lent example of the utility of including seemingly redundant 
techniques for determining plasma density on a spacecraft. 
Without the independent Langmuir probe assessment an un- 
ambiguous identification of the bands at closest approach 
would have been much more difficult. 

The electric spectrogram from Plate 1 is reproduced in Plate 
3 for the purposes of showing the use of the low-frequency 
cutoff of the continuum radiation and the upper hybrid reso- 
nance band to determine the electron density along the trajec- 
tory. In Plate 3, white traces are used to highlight fpe and f•m 
as well as fce and the lower hybrid frequency fLm. 

The lower hybrid frequencyfLm is a function of both the ion 
plasma and cyclotron frequencies, fci and fpi, as well as the 
electron cyclotron frequency as in (1). For normal conditions 
the first term on the right-hand side is negligible; hence, to a 
good approximation, f•m is independent of the plasma density: 

1 1 1 

f L• 2 - f ci 2 q- f pi 2 q- If c'•cel ' (1) 
For the trace in Plate 3 we assume a proton plasma. 

Using the fwH and fpe profiles in Plate 3, we can produce an 
electron density profile as shown with lines in Figure 2. The 
peak ionospheric density encountered was just over 104 cm -3. 
Also plotted in Figure 2 are determinations of the electron 
density with the sounder and Langmuir probe, discussed in 
sections 2.3 and 2.4. The structure in the dayside plasmasphere 
is quite evident with large-scale variations of a factor of 3-5 in 
density. The inbound plasmapause shows a factor of 30 in- 
crease in density. Small-scale variability in the dayside outer 
magnetosphere is on order of a factor of 2. 
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Figure 2. Electron density as a function of time using the measured fpe, fu•, as well as results from the 
sounder and Langmuir probe. 

2.1. High-Resolution Observations 

To provide contextual information for the five-channel 
waveform measurements, the wideband receiver was operated 
in its 10.5-kHz mode for a nearly 4-hour period centered on 
closest approach. Because of data volume restrictions, this 
receiver could only be operated in a relatively low duty cycle 
mode. In this mode one 2048-point waveform capture was 
acquired every 375 ms. At the sample rate of 27,777 s -• the 
duration of the capture is only ---74 ms. Hence the mode 
affords 74 ms of data per 375 ms for a duty cycle of ---20%. 
Nevertheless, this mode provided excellent frequency-time in- 
formation on whistler mode and electrostatic phenomena in 
the magnetosphere with very high spectral resolution. Plate 4 
includes an hour-long portion of this data set beginning near 
closest approach. The format of Plate 4 is very similar to that 
of Plates 1 and 2 except that a linear frequency scale is used 
because the Fourier transform generates linearly spaced spec- 
tral components. The electron cyclotron frequency is again 
superimposed on the spectrogram to separate the whistler 
mode emissions below fce from the electrostatic waves above 
fce' An intense band of chorus is very prominent between 
---0350 and 0410 SCET. There is a gap in the spectrum of the 
chorus band at fee/2 as is commonly observed. While complex, 
ECH emissions are seen beginning just above fee' At least 
three bands are clearly visible between ---0350 and 0405 SCET, 
and even more are visible just before the end of the plot at 
0430 SCET. Differences in the intensities of the three bands at 

different times in the earlier interval ensure that the bands are 

not simply harmonic distortion. This is less clear for those near 
0430 SCET. 

A particularly interesting feature in Plate 4 is an interval of 

broadband emissions between ---0410 and 0415 SCET although 
they are also seen at other times. From inspection of the top 
panel of Plate 1 it is clear that these emissions are primarily 
electrostatic in nature. These emissions are examples of broad- 
band electrostatic noise [Gurnett et al., 1976; Gurnett and 
Frank, 1977] which are often found on field lines carrying 
currents and/or electron or ion beams. On the basis of the 

realization that such features in Fourier-transformed spectra 
are actually due to solitary structures [e.g., Matsumoto et al., 
1994; Ergun et al., 1998; Franz et al., 1998], we examined the 
underlying waveforms for this time period. Figure 3 shows a 
single 74-ms waveform from the 10.5-kHz wideband receiver 
from 0414:23.2 SCET. Three large-amplitude solitary struc- 
tures are clearly visible; these are indicative of other wave- 
forms from this interval. The amplitudes of these waves are of 
order one to a few mV m-•, and the characteristic timescale of 
the events is -1 ms. Franz et al. [2000] report that the parallel 
scale size of electron phase space holes is -2Xz>, where the 
Debye length Xz> = 11.95V'Te/ne (in centimeters), Te is the 
electron temperature in Kelvins, and n e is the electron density 
in cm -3. Furthermore, the speed of the electron phase space 
holes is a fraction of the electron thermal speed l/e= 6.74 3 X 
105¾•e in cm s -•. Ifwe take 2lkD/O.1Ve, then T e cancels out 
and we are left with 2.81 x 103•/-• e s -1 for the characteristic 
frequency of the structures as seen by an observer at rest. At 
this time we do not have a good estimate for the electron 
density; the highest frequency electron cyclotron harmonic 
emission is at -5 kHz; hence the minimum plasma frequency 
at this time cannot be significantly less than this. Hence n e 
must be 0.3 cm -3 or greater. The characteristic frequency of 
electron phase space holes then is -1.6 kHz or the timescale is 
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Figure 3. A wideband waveform showing examples of elec- 
trostatic solitary structures. The time-scale for these events is 
consistent with an interpretation as electron phase space holes. 

---0.6 ms. This is reasonably close to the observed timescale; 
hence we are confident in identifying these features as electron 
phase space holes. 

2.2. Wave Normal Analysis 

The RPWS utilizes a five-channel waveform receiver to sup- 
port wave normal analysis of waves in the frequency ranges 
below 2.5 kHz and 25 Hz. This portion of the instrument 
simultaneously samples waveforms from the Ex dipole an- 
tenna, the Ew monopole extended perpendicular to the dipole, 
and the triaxial search coils. During the Earth flyby, ---0.29-s- 
long waveforms were captured once per 20 s for a ---4-hour 
interval centered on closest approach. We utilize the Means 
method [Means, 1972; LeDocq et al., 1998] to analyze the three 
magnetic components of waves. This method assumes that the 
three magnetic components of the waves have a high degree of 
coherence and are planar. Since this method does not deter- 
mine the Poynting vector, we solve S - <E x H>. However, 
only two components of E are measured, so we use E' H = 0 
to determine the third component of E. Plate 5 summarizes the 
observations and results for the band of chorus shown in Plate 

4. In Plate 5a the electric field components are summed to give 
the electric field spectral density. The magnetic spectral density 
from the three search coils is given in Plate 5b. Plates 5c and 5d 
show the results of the wave normal analysis with O being the 
angle with respect to the geomagnetic field and 4> being the 
azimuthal angle with 0 defined as the radial direction. Only 
frequency-time elements for which tests for coherency and 
coplanarity are satisfied are presented in Plates 5c and 5d. 
Plate 5e shows the angle of S with respect to the geomagnetic 
field. Finally, Plate 5f shows the sign of S ß B with red desig- 
nating positive values, hence indicating that the group velocity 
is in the direction of B. While not shown in Plate 5, the analysis 
confirms that the chorus waves are right-hand-polarized, as 
expected. These waves are near the equator just beyond the 
plasmapause, hence similar to those analyzed by LeDocq et al. 
[1998]. As expected, the chorus emissions have both their wave 
normal and Poynting vectors nearly parallel to B and are right- 
handed. As explained by Hospodarsky et al. [this issue], an 

analysis of the measured magnetic field for the time period in 
Plate 5 shows that the true magnetic equator crossing is near 
0405 SCET as opposed to 0353 as indicated by the legend at 
the bottom of the plate, which is based on a simple dipole field 
model. Therefore the chorus emissions are propagating away 
from the true magnetic equator as found by LeDocq et al. 
[1998]. Hence we are confident in the ability of the Cassini 
instrument to obtain the first such results in the Saturnian 

magnetosphere. Hospodarsky et al. [this issue] present the wave 
normal analysis in greater detail and extend the analysis to 
whistler-mode waves in the dayside outer magnetosphere and 
magnetosheath. 

2.3. Sounder Observations 

The RPWS high-frequency receiver incorporates a relax- 
ation sounder for the purposes of providing the local electron 
density through the active excitation of characteristic reso- 
nances of the local plasma, in particular, the electron plasma 
frequency, which is directly related to the electron density. 
Briefly, the sounder operation consists of a 30-V pulse on the 
dipole antenna, followed by a variable time delay, and then a 
series of measurements by the receiver at the pulsed frequency 
with another variable time delay between measurements. After 
yet a third variable time delay, the next frequency pulse is 
emitted, and the process is repeated over the range from 4 to 
115 kHz. The various time delays are typically on the order of 
a few to 15 ms. Part of the reason for the operation at Earth 
was to investigate several sets of time delays to determine a 
preliminary set to use for Saturn tour planning. The analysis, 
then, consists of looking for spectral peaks in the measured 
spectrum which are excited at the electron plasma frequency. 
Figure 4 shows a sample spectrum with a peak highlighted 
which has been determined to be the electron plasma fre- 
quency excited by the sounder. The frequency of the line is 27.6 
kHz, corresponding to an electron density of 9.4 cm -3. Gen- 
erally, the sounder generated one or more peaks in the re- 
ceived spectrum, with the additional lines being at harmonics 
of fce or at the fq resonances. The analysis is also complicated 
somewhat by the presence of naturally occurring emissions at 
fvH during the interval; however, in most cases the triggered 
emission was at a larger amplitude than the naturally occurring 
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Figure 4. An example of a spectrum including a triggered 
enhancement at the electron plasma frequency stimulated by 
the RPWS sounder. 
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one. Electron densities determined using the sounder results 
are plotted in Figure 2. The sounder test was generally suc- 
cessful. It indicated that at least for the conditions encountered 

in a short (---5-min) interval in the terrestrial magnetosphere, 
the time delay between the pulse and the first receiver mea- 
surement must be small, less than t0 ms. However, there is a 
finite time for the receiver automatic gain control to recover 
from the pulse (the receiver is not blanked during the pulse), 
and this argues for delay times which are not too short. This 
effect is more of a factor for the lowest high-frequency receiver 
band (3.5-7.2 kHz). 

The intended operation at Saturn is to use the sounder for 
density measurements in the magnetosphere with relatively 
low duty cycle (primarily because of the potential for interfer- 
ence with RPWS and other instruments' measurements). Nev- 
ertheless, these will be very important for providing density 
information where there are no naturally occurring emissions 
at f pe or f UH. 

2.4. Langmuir Probe Observations 

The Langmuir probe was included in the RPWS investiga- 
tion primarily to provide thermal plasma measurements (elec- 
tron density and temperature) in Titan's ionosphere, but it is 
likely that the probe will also be useful in the inner plasma 
sheet and near the icy satellites. The passage through Earth's 
ionosphere provided the only opportunity to operate the Lang- 
muir probe in a cool, dense plasma prior to arriving at Saturn. 
Hence the probe was set to do typical voltage sweeps once per 
minute for ---t0 min near closest approach. In between the 
sweeps the probe was left in a current-collection mode de- 
signed to enable rapid density measurements between the 
sweeps, assuming the appropriate bias voltage for such mea- 
surements would not change drastically between sweeps. 

Figure 5 shows a current-voltage curve for one of the sweeps 
performed at 0326:19 SCET at a radial distance of 1.22 R•r. 
The uppermost curve shows both the data and a model of the 
total current; there is virtually no difference between the two, 
so they appear as a single curve. The voltage is swept both up 
and down by the Langmuir probe electronics, and there was no 
indication of any hysteresis between the upgoing and downgo- 
ing sweeps. This excellent performance is due in part to the use 
of TiN as a coating for the 5-cm spherical probe. The other 
curves represent models of the various constituents of the 
current. In the negative bias portion of the curve (left-hand 
side) we have modeled the plasma as consisting of two ion 
species, O + and H + with a number density ratio of No+/ 
Ni_i + = 0.34. Of course, the Langmuir probe obtains no infor- 
mation on composition; at Titan such modeling would use the 
measured ion composition as determined by either the Ion and 
Neutral Mass Spectrometer (INMS) or the Cassini Plasma 
Spectrometer (CAPS) instrument. However, given a mass 
composition, the model can then determine an effective ion 
temperature, which in this example is 0.05 eV. In the positive 
bias portion of Figure 5 (right-hand side) the current is pri- 
marily due to plasma electrons, but provision is made in the 
model for photoelectrons from both the spacecraft and the 
probe itself. Data obtained in early 1999 in the solar wind 
where the plasma density is much lower and the photoelectron 
current is significant showed that these two populations of 
photoelectrons could, indeed, be differentiated. For this exam- 
ple the electron density is 8000 cm -3, and the electron tem- 
perature is 0.33 eV. The model also provides an estimate of the 
spacecraft potential (-0.7 V in this example) and an estimate 
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Figure 5. An example of a Langmuir probe sweep and asso- 
ciated modeling. 

of the UV flux from the Sun. We estimate that the error in the 

determination of the electron density is ---10% and ---20% for 
the other parameters. 

Electron densities determined from the Langmuir probe 
sweeps are shown in Figure 2 using solid triangles. The match 
with the density determined using the upper hybrid trace is 
guaranteed, since the Langmuir probe data were used to help 
determine the upper hybrid frequency in the spectrograms. 
This is a circular argument; however, the utility of having 
multiple sources of electron density information is clearly dem- 
onstrated here in that we were able to unambiguously identify 
fu/-/in a complex spectrum. This would not have been possible 
to do in a convincing way without the supporting Langmuir 
probe data. 

2.5. Planetary Radio Astronomy 

As mentioned above, auroral kilometric radiation (AKR) 
was observed as a prominent component of the radio spec- 
trum, particularly after closest approach when the spacecraft 
was near local midnight and well within the AKR emission 
cone [Green et al., 1977; Green and Gallagher, 1985]. Some 
weak emission was seen inbound, but Cassini approached from 
the near-noon sector at low latitudes and hence was poorly 
situated to observe these auroral emissions. Plate 6 is a fre- 

quency-time spectrogram showing the occurrence of AKR 
from shortly after closest approach to the end of August 18. On 
the basis of the AKR measurements alone, it is clear that the 
magnetosphere was fairly disturbed and experienced a number 
of magnetic substorms during this interval. This conclusion is 
based on the long-established connection between the occur- 
rence of AKR and discrete auroral arcs [Gurnett, 1974; Huff et 
al., 1988] and the correlation between AE and the integrated 
power radiated in auroral kilometric radiation [Voots et al., 
1977; Murata et al., 1997; Kurth and Gurnett, 1998; Kurth et al., 
1998]. 
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Plate 4. A wideband spectrogram showing details of chorus emissions and electron cyclotron harmonic 
emissions near the nightside plasmapause. Evidence for broadband electrostatic waves is also present. 

Figure 6 shows the result of integrating the AKR spectrum 
once per minute from 50 to 800 kHz and scaling to a distance 
of 9 Re as was done by Kurth et al. [1998]. The general rise in 
the integrated power flux seen particularly at the minima is 
simply due to the scaling; in effect, we are scaling the receiver 
background when there is no AKR signal in the integration 
bandwidth. A number of substorms are apparent in this dis- 
play, although the situation becomes somewhat confusing in 
the time range between 1200 and 1800 SCET, where it is not 
clear whether there are multiple substorms being initiated be- 
fore the previous one has dissipated or this is simply a pro- 
longed, complex substorm. For simplicity we have adopted the 
former explanation. Table 1 presents the onset times for this 
series of substorms. For the first four events and the last event 

the onset time is quite clear; we simply take the time when the 
integrated flux begins to increase. For the period between 1200 
and 1800 SCET we interpret the minima at 1433 and 1555 
SCET as the onset times of new substorms. 

Khan et al. [this issue] have studied the first two of these 
substorms globally and in great detail, including not only 
Cassini observations of these events but also incorporating a 
number of complementary ground-based and space-based ob- 
servations for these. Included in that paper are detailed plots 
similar to Figure 6 but showing the correspondence between 
the AKR index and the expansion phase onset, the substorm 
intensification, the beginning of the recovery phase, and the 
end of the substorm disturbance. For these two substorms the 

onset of the expansion phase is nearly coincident with the 
initial jump in the AKR index. Both substorms also result in a 
subsequent increase in integrated AKR power flux at substorm 
intensification. There is also a marked decrease in AKR power 
flux which correlates reasonably well with the beginning of the 
recovery phase. By the end of the substorm disturbance the 

AKR index is very close to its background value. Hence the 
Cassini radio observations provide a good global assessment of 
magnetic activity through these two storms and confirm the 
utility of the integrated AKR power flux as a measure of 
magnetic activity when the spacecraft is suitably situated. 

Beginning ---2 hours after closest approach, the high- 
frequency receiver was configured into a mode which enabled 
direction-finding and polarization measurements of auroral 
kilometric radiation. This operation provided an opportunity 
to run the instrument in a mode which will be used intensively 
near Jupiter, where a calibration will be done to determine the 
electrical orientations of the monopole antennas. This will be 
done by inverting the direction-finding analysis to use the 
known direction and polarization of Jovian radio emissions to 
determine the relative orientations and lengths of the antennas 
required to give the correct directions and polarization. We 
know from rheometry measurements [Rucker et al., 1996] that 
the complex shape of the Cassini spacecraft rotates the elec- 
trical axes of the monopole antennas by several degrees from 
their physical orientations. Using direction finding of Jupiter 
when it appears as a point source (e.g., at distances greater 
than ---300 R j), we can determine, in flight, these orientations. 
The goal is to achieve accuracies of order 1 degree for use in 
direction finding of Saturn radio emissions during tour. Pre- 
liminary analyses of the AKR direction finding indicate that 
both the electronics and the ground software provide reason- 
able solutions given that the Jupiter calibration has not yet 
occurred. A detailed analysis of the terrestrial data will be 
presented in a separate report. 

While terrestrial radio emissions certainly dominated the 
radio spectrum during the Earth flyby, the RPWS instrument 
regularly observed Jovian radio emissions. In fact, Kaiser et al. 
[2000] have used these along with similar measurements from 
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the Wind spacecraft to make the first stereoscopic estimates of 
the Jovian decametric radiation beam width (---1.5 ø) and to 
determine that Io-related decametric emissions rotate with Io's 

orbital period and not that of Jupiter. Plate 7 is an example of 
Jovian hectometric radiation at frequencies near 1 MHz ob- 
served by Cassini on September 7, 1999, when the spacecraft 
was more than 4 AU from Jupiter. The gap seen running 
through this example is a propagation effect recently explained 
by Gurnett et al. [1998] due to scattering of radio waves which 
propagate parallel to an L shell near that of Io. The detection 
of Jupiter from the vicinity of Earth and at signal-to-noise 
levels similar to those achieved by Wind suggests that the 

Cassini instrument's sensitivity is very good, given its 10-m 
antenna elements, and should be well equipped to thoroughly 
study Saturnian radio emissions. Furthermore, the Jupiter 
flyby will provide an unprecedented opportunity to perform a 
complete survey of the polarization characteristics of virtually 
all of the Jovian radio emissions. 

In yet one more activity performed during the Earth flyby, 
two high-power HF radar stations (several hundred kilowatts) 
transmitted carrier signals toward Cassini and Wind. The goals 
of these transmissions are twofold. First, they provide a very 
localized radio source with known polarization characteristics 
with which to verify the Cassini RPWS polarization and direc- 
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Plate 6. A series of auroral kilometric radiation (AKR) bursts indicating a series of magnetic substorms. 

tion-finding measurements. Second, and perhaps primarily, the 
observations of the transmitted HF signals can be used to study 
large-scale density fluctuations in space plasmas. The two sta- 
tions were SURA located near Nizhny Novgorod, Russia, and 
the High-Frequency Active Auroral Research Program 
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Figure 6. A plot of the auroral kilometric radiation power 
flux integrated from 50 to 800 kHz and scaled to 9 R•r. Previ- 
ous studies have shown this quantity to be a reasonable proxy 
for the auroral electrojet index. Using this so-called AKR 
index, one can identify a number of individual substorms over 
this time interval. 

(HAARP) facility near Gakona, Alaska, and transmitted when 
Cassini (and sometimes Wind) were in the field of view of the 
stations. The results of these experiments will be published 
elsewhere. However, as an example, in one experiment from 
the Russian station, both Wind (at a distance of 13.2 R2r) and 
Cassini (at a distance of 180 R2r) separated by only a few 
degrees as seen from the station received the signal transmit- 
ted at 9025 kHz. As expected, the ratio of the received power 
by the two spacecraft was inversely proportional to the square 
of the ratio of their respective distances. At 2230 UT the 
angular separation of the spacecraft seen from Earth was only 
--•1 ø increasing up to 7.5 ø near 2330 UT. Figure 7 shows the 
time variations of the SURA signal recorded by Cassini and 
Wind. As expected, the ratio of the received power by the two 
spacecraft was inversely proportional to the square of the ratio 
of their respective distances. Fluctuation spectra for Cassini 
and Wind were similar for the observed range of scintillation 
frequency (time sampling of 32 s). 

Table 1. Substorm Onset Times for August 18, 1999, 
Based on Integrated AKR Power Flux" 

Time, SCET Comments 

0511 clear onset time 
0731 clear onset time 

0926 beginning of gradual increase in activity 
1146 clear onset time 

1433 minimum between two substorms 
1555 minimum between two substorms 
1932 clear onset time 

"SCET, spacecraft event time; AKR, auroral kilometric radiation. 
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3. Summary and Conclusions 
This paper presents an overview of a comprehensive set of 

observations obtained during a swift flight through the terres- 
trial magnetosphere with a highly capable radio and plasma 
wave investigation on board the Cassini spacecraft. Since these 
were the first observations by this instrument within a plane- 
tary magnetosphere, the results are significant in showing the 
functionality of the overall instrument and the detailed oper- 
ation of a number of its components. In addition, we present a 
plasma density profile from the dayside outer magnetosphere 
through the heart of the plasmasphere, electron phase space 
holes near the inner edge of the plasma sheet, and determine 
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Figure 7. Intensity variations of the SURA signal at 9025 
kHz recorded by the high-frequency receivers on the Cassini 
and Wind spacecraft on August 18-19, 1999. 

the direction of propagation and polarization of whistler mode 
chorus emissions which are consistent with recent reports using 
the Polar spacecraft. 

The Cassini RPWS appears to be a very capable wave in- 
vestigation. On the basis of the terrestrial flyby, the instrument 
shows both good noise characteristics and a wide dynamic 
range. Even with its relatively short antennas, the instrument 
detected continuum radiation trapped within the magneto- 
sphere and on several occasions clearly observed Jovian radio 
emissions. Even with its low data rate survey receivers the 
instrument is capable of producing frequency-time spectro- 
grams with spectral and temporal resolution sufficient to iden- 
tify many of the common magnetospheric wave phenomena. 
Interference effects appear to be minimal, although it should 
be pointed out that the flyby was performed on reaction con- 
trol system thrusters and not with reaction wheels for pointing 
and stabilization. On the basis of ground tests and analyses, we 
expect a modest level of magnetic interference at low frequen- 
cies from the reaction wheels at low frequencies. While the 
closest approach data did not include measurements below 25 
Hz, because of an emphasis on higher-frequency whistler mode 
emissions, the instrument has a large analysis bandwidth ex- 
tending from 1 Hz to 16 MHz. 

An example of Jovian hectometric radiation was shown, 
demonstrating good sensitivity in the radio frequencies. A re- 
port has already been published showing the similarity of the 
sensitivity of this instrument with that of the Wind WAVES 
instrument [Kaiser et al., 2000]. Not shown here but a product 
of the Earth flyby nevertheless are direction-finding measure- 
ments which were undertaken to validate this capability of the 
instrument and to prepare for a full antenna calibration during 
the Jupiter flyby in late 2000 and early 2001. Preliminary anal- 
yses show reasonable results from this portion of the instru- 
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ment although the accuracy suffers because of the lack of 
knowledge of the electrical orientation and relative lengths of 
the three monopole antennas. 

Using a technique developed by both Geotail and Polar 
investigators, the integrated power flux of auroral kilometric 
radiation was calculated for the outbound leg of the flyby. This 
index shows a series of substorms which occurred from just 
after 0500 SCET through the end of August 18. The first two 
of these are studied in detail by Khan et al. [this issue] and show 
that there is a great deal of correspondence between the inte- 
grated power flux of AKR and the onset of the substorm 
expansion phase, the substorm intensification, the recovery, 
and the end of the substorm activity. Such correspondence is 
significant, since it is anticipated that similar observations of 
Saturn kilometric radiation will produce a magnetic activity 
index which will help to organize observations of magneto- 
spheric dynamics during the Saturn tour. 

A major objective of the flyby was to validate the capability 
of measuring the wave normal of whistler-mode emissions and 
to measure their Poynting flux. This objective was accom- 
plished, and results on the propagation of whistler-mode cho- 
rus were obtained which are in agreement with a recent report 
by LeDocq et al. [1998]. That is, these emissions appear to 
propagate away from the magnetic equator, suggesting a 
source very close to the equator. These measurements, while 
straightforward in general, are fraught with possibilities for 
errors due to sensors being connected backward, input polar- 
ities being reversed, or phase shifts which are not properly 
calibrated. The possibilities for error extend to the analysis 
routines employed on the ground, where simple sign errors can 
invalidate the results. The Cassini measurements also require 
that the third electric field component be constructed from 
those which are measured and the assumption that E. H = 0. 
It is not clear that this can be done reliably in all cases, but the 
results presented herein are certainly encouraging. 

Both the sounder and the Langmuir probe were operated 
very briefly, but both operated as expected and were able to 
determine plasma densities which could stand on their own or 
be used to aid in the interpretation of the wave spectrum. The 
combined result is a density profile over much of the dayside 
and inner magnetosphere showing evidence for large detached 
regions of plasmasphere and strong density gradients on the 
plasmapause. This particular flyby revealed a relatively com- 
plex, two-banded spectrum near closest approach. Given the 
wave spectrum alone, there were some questions about how to 
identify the two bands. However, the independent determina- 
tion of the electron density by the Langmuir probe allowed for 
the identification of a relatively broad band of Cerenkov radi- 
ation bounded at low frequencies by the electron plasma fre- 
quency and at high frequencies by the upper hybrid frequency. 
The higher-frequency band is the 5fce/2 electron cyclotron 
harmonic band, just above 2fce. 

The high resolution afforded by the wideband receiver 
shows stunning spectral detail in a band of chorus and a set of 
electron cyclotron harmonic emissions on the nightside. These 
observations provide indications of broadband electrostatic 
noise. Inspection of the waveforms making up the wideband 
data set readily shows electrostatic solitary structures with 
timescales of 1 ms and amplitudes on the order of a few mV 
m -•. This timescale is a few times slower than an electron 

plasma period and is consistent with an interpretation as elec- 
tron phase space holes. The location of these observations is 

-7 R•r in the tailward direction, near where one would expect 
the inner edge of the plasma sheet to be. 
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