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Abstract. Plasma waves observed in the Saturn magneto-
sphere provide an indication of the plasma population present
in the rotationally dominated inner magnetosphere. Electro-
static cyclotron emissions often with harmonics and whistler
mode emission are a common feature of Saturn’s inner mag-
netosphere. The electron observations for a region near 5RS

outside and near a plasma injection region indicate a cooler
low-energy (<100 eV), nearly isotropic plasma, and a much
warmer (E>1000 eV) more pancake or butterfly distribution.
We model the electron plasma distributions to conduct a lin-
ear dispersion analysis of the wave modes. The results sug-
gest that the electrostatic electron cyclotron emissions can be
generated by phase space density gradients associated with a
loss cone that may be up to 20◦ wide. This loss cone is some-
times, but not always, observed because the field of view of
the electron detectors does not include the magnetic field line
at the time of the observations. The whistler mode emission
can be generated by the pancake-like distribution and tem-
perature anisotropy (T⊥/T||>1) of the warmer plasma popu-
lation.

Keywords. Magnetospheric physics (Planetary magneto-
spheres; Plasma waves and instabilities) – Space plasma
physics (Wave-particle interactions)

1 Introduction

Plasma waves in Saturn’s inner magnetosphere commonly
include whistler mode emission and chorus emission as well
as electron cyclotron emission with often one or more har-
monics (cf. Gurnett et al., 2005; Hospodarsky et al., 2008).
Menietti et al. (2008) have recently reported plasma waves
within plasma injection regions that are frequently observed
within 15RS of Saturn. These authors report intense cho-
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rus and electron cyclotron (EC) waves with many harmon-
ics. The plasma injection regions are believed to be a re-
sult of the rotationally-driven interchange instability (cf. Hill
et al., 1981, 2005; Burch et al., 2005; Rymer et al., 2007,
2008). The electron distribution observed within these re-
gions as observed in the inner magnetosphere consists of
a tenuous warm plasma withT⊥/T||>1 and electron phase
space density peaked near a pitch angle of 90◦ (pancake) and
a much cooler and more isotropic distribution (cf. Andre et
al., 2007; Rymer et al., 2008). These two distinct popula-
tions are consistent with a scenario of warm, tenuous, distant
plasma contained in magnetic flux tubes that are adiabatically
transported inward to a local much cooler population.

Outside and adjacent to the injection regions the observed
particle distribution typically consists of a cool, low-energy,
more field-aligned population and a warmer, higher-energy,
more pancake or butterfly population (distributions peaked
near pitch angles of 45◦ and 135◦). Burch et al. (2007) have
suggested that outward flowing cool plasma has a source near
the orbits of Tethys and Dione. Rymer et al. (2008) have
the view that inward propagating tenuous, warm flux tubes
can mix with the outward cool flux tubes to produce the
observed butterfly distributions. Intense plasma waves ob-
served in the inner magnetosphere can give clues to not only
the observed plasma population, but also “hidden” plasma at
pitch angles and/or energies beyond the limits of the elec-
tron low-energy spectrometer (ELS). Electrostatic cyclotron
harmonic (ECH) emissions at frequencies near the electron
cyclotron frequency,fce, and (n+1/2)fce are typically ob-
served in the terrestrial magnetosphere near the magnetic
equator and interact strongly with keV electrons (Horne and
Thorne, 2000). Ashour-Abdalla and Kennel (1978) thor-
oughly discuss the role of loss cones in the generation of
ECH emissions for a range of plasma parameters, loss cone
widths and depths. Horne and Thorne (2000) and Horne et
al. (2003) have shown the effectiveness of “pancake” elec-
tron phase space distributions (peaked at large pitch angles)
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and temperature anisotropies (T⊥/T||>1) in exciting whistler
mode and chorus emission at Earth; and of narrow (only a
few degrees) loss cones in generating ECH emissions. These
latter authors argue that, for the terrestrial case, ECH waves
scatter electrons into the loss cone to form the observed pan-
cake distributions. Glauert and Horne (2005) discuss how
whistler mode emission can essentially increase the width of
a loss cone as a result of pitch angle scattering that is effec-
tive at larger pitch angle.

At Earth, intense, diffuse whistler mode hiss at frequen-
cies typically less than a few kHz is observed within the
plasmasphere and outside the plasmapause and is generally
believed to be generated by a temperature anisotropy in the
electron phase space distribution. Natural emissions of dis-
crete, whistler-mode chorus at Earth consist of electromag-
netic waves in the frequency range from a few hundred hertz
to greater than 10 kHz observed in the lower density region
outside the plasmapause. These emissions are most often
characterized as narrow-banded atf <fce/2 and/orf >fce/2
with an emission gap nearfce/2. It is generally believed that
chorus is generated by a nonlinear process based on the elec-
tron cyclotron resonance of whistler-mode waves with ener-
getic electrons, taking place close to the geomagnetic equa-
torial plane (Omura et al., 1991; Nunn et al., 1997; LeDocq
et al., 1998). Storm-time chorus is especially important for
the physics of the Earth’s magnetosphere since it can signif-
icantly influence the distribution functions of the energetic
electrons in the outer radiation belt (e.g. Meredith et al.,
2003; Horne et al., 2003; Horne and Thorne, 2003). Ob-
servations of chorus emission at Saturn have recently been
reported by Hospodarsky et al. (2008). In the present pa-
per we report on the plasma and wave observations typically
observed in the inner magnetosphere forr.8RS and out-
side plasma injection regions. The specific time intervals
of the wave data were chosen based on these criteria and
on the availability of electron phase space density distribu-
tions. Long-term periodicities of the emission as discussed
by Louarn et al. (2007) are not considered in this paper.
We seek to explain the free energy sources of the observed
plasma waves. We model the electron distribution function to
show that EC emissions similar to those observed can be gen-
erated by a loss cone that is implicated in the data. Whistler
mode emissions at frequencies similar to the observed emis-
sions can be excited by the observed pancake distribution
with a temperature anisotropy.

2 Instrumentation

2.1 RPWS

The Cassini Radio and Plasma Wave Science (RPWS) instru-
ment measures oscillating electric fields over the frequency
range 1 Hz to 16 MHz and magnetic fields in the range 1 Hz
to 12 kHz (cf. Gurnett et al., 2004). The instrument uses 3

nearly orthogonal electric field antennas and 3 orthogonal
magnetic search coil antennas, providing a direction-finding
capability. There are 5 receiver systems: the high frequency
receiver (HFR) covering 3.5 kHz to 16 MHz; the medium fre-
quency receiver (MFR) covering 24 Hz to 12 kHz; a low fre-
quency receiver (LFR) covering 1 Hz to 26 Hz; a 5-channel
waveform receiver which operates in either a 1–26 Hz or
3 Hz–2.5 kHz mode; and a high resolution wideband receiver
(WBR) that covers two frequency bands, 60 Hz to 10.5 kHz
and 800 Hz to 74 kHz. The data presented in this study are
measured by the LFR, MFR, and WBR.

2.2 ELS

The Cassini Plasma Spectrometer (CAPS) is composed of
three sensors: the electron spectrometer (ELS), the ion beam
spectrometer (IBS), and the ion mass spectrometer (IMS).
Of importance in this study is the ELS which contains an
8-detector fan array in a single plane. Each detector has
a 5.2◦×20◦ field of view for a total in-plane field of view
of 160◦. The instrument measures electron energy from
0.6 eV to 28 250 eV over a period of 2 s with a resolution of
1E/E=0.17 (cf. Young et al., 2004).

3 Observations and wave growth rate analysis

In Fig. 1 we display a frequency-time spectrogram of electric
field data from the low-rate wave receiver with plasma wave
intensity color-coded in decibels and a linear frequency scale.
The plot covers a two-hour period from 30 October 2005, and
orbital position parameters are shown at the bottom of the
plot. The spectrogram shows electron cyclotron (EC) waves
and harmonics above the electron cyclotron frequency (lower
white line), and whistler mode/chorus emission forf <fce.
During this period we see that the ECH emissions vary in in-
tensity and the fundamental emission is usually significantly
stronger than the harmonics, which are often missing. The
whistler mode emission forf &500 Hz varies in bandwidth
and also in intensity.

During portions of this time interval high resolution wide-
band receiver data are also available, and we display a four
minute interval from 03:13–03:17 in Fig. 2. In this plot the
frequency range is now linear and the white line again indi-
cates the electron cyclotron frequency. This plot ranges to
a maximum frequency of 10 kHz (maximum range for the
mode of the spacecraft at this time) and the intensities are
given in absolute scale ofV 2/(m2 Hz). The most intense fun-
damental emission extends from about 3.8 kHz to perhaps
5.8 kHz. The first harmonic emission is up to an order of
magnitude less intense at places with the strongest emission
extending in frequency from about 8.1 kHz to about 9.5 kHz.

Whistler mode emission is dominant at frequencies less
thanfce with a maximum frequency of about 1.4 kHz and
extending down below 500 Hz where spacecraft interference
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Fig. 1. A frequency-vs-time spectrogram with relative intensity color-coded in decibels and a linear frequency scale. The plot covers a
two-hour period from 30 October 2005, and the data are from the low-rate wave receiver. The white line indicates the electron cyclotron
frequency. Orbital position parameters are shown at the bottom of the plot.

Table 1. Plasma distribution fitting parameters for time interval 1.

Density(%*) W|| (eV) T⊥/T|| Vd 1 β

Cold background 5.0 0.053 1.0 0 0.85 0.7
Cool core 94.0 4.73 1.318 0 0.85 0.7
Warm 1.0 1184 1.963 0 0.85 0.35
Cold ions 100 – – – – –

*Total density is 49.4 cm−3

bands are encountered. We analyzed the waveform receiver
data forf <2 kHz obtained at this time, using the Means
method (Means, 1972; cf. LeDocq et al., 1998). In Fig. 3
we display an analysis spectrogram of the 5-channel wave-
form receiver data showing the electric and magnetic fields
as well as the wave normal directions and the wave direction
relative to the magnetic field line for a 4-min interval of the
whistler mode emission observed. The panels contain (top
to bottom) electric field; magnetic field; wave normal angle
(θ) and azimuthal angle (φ) relative to the magnetic field; the
Poynting vector angle,θs ; parallel component of the Poynt-
ing vectorS relative to the static magnetic fieldB (red is
toward the magnetic equator). The calculated wave normal
angle displayed in panel 3 indicates values nearly aligned or

anti-aligned with the magnetic field. In the bottom panel we
see that forf >500 Hz (above interference lines) the domi-
nant wave direction is toward the equator. The polarization
of the emission (not shown) is right hand circular, consistent
with the whistler mode.

We have fitted the observed ELS electron distribution
function contours using a sum of bi-Maxwellians as follows
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Fig. 2. A spectrogram of high resolution wideband receiver data for a five minute interval from 03:13–03:17 from Fig. 1. The frequency
range is now linear and the white line shows the electron cyclotron frequency.

wherev|| andv⊥ are the particle velocities parallel and per-
pendicular to the magnetic field, respectively;w|| and w⊥

are the parallel and perpendicular thermal velocities, respec-
tively; vd is the parallel drift velocity. The parameters1 and
β describe the depth and width of the model loss cone, re-
spectively. The sum of Maxwellians, with large number of
fitting parameters, provides a good fit to the data as will be
shown.

To investigate the source of these waves (Figs. 1–3) we
require the electron phase space distribution. In Fig. 4a, b
we display contours of the electron distribution measured by
ELS for energies less than 18 keV and 70 eV, respectively,
during the time range 03:15:20 to 03:15:30 (which we re-
fer to as interval 1) within the time interval shown in Fig. 2.
This is a time period outside of any plasma injection region
where we observe an intense EC fundamental emission but
weaker harmonics, and strong whistler mode emission. The
higher energy and warmer plasma distribution appears some-
what pancake (T⊥/T||>1) with an indication of a loss cone for
electrons nearly aligned with the magnetic field. Note that,
because of the spacecraft orientation at the time, there are
no electron measurements at pitch angles within about 20◦

of the field line. For lower energy electrons Fig. 4b shows a
more isotropic distribution, and again there is an indication of
a loss cone seen for electrons at the smallest pitch angles. We

use a non-linear least squares fitting routine to fit the model
distribution, Eq. (1), to the data. We have assumed four pop-
ulations of plasma, three electron distributions and a cold
plasma ion distribution. The electron populations include
a dominant cool core plasma, a low-density higher-energy
warm plasma, and a very cold isotropic electron background
plasma. The ions are assumed to be a cold plasma back-
ground. We initially adjusted and fixed the thermal velocity
and relative density of the cold background plasma (which
has an energy less than the lowest energy of the ELS) to a
value which allowed the bandwidth of the fundamental ECH
band to be close to that observed. The total density of the
plasma was fixed by observations of the local upper hybrid
resonance at the time,fuh=63.3 kHz (not shown in Fig. 1).
In Table 1 we present the fitting parameters determined for
time interval 1, 03:15:20 to 03:15:30.

3.1 ECH emissions

The loss cone of the cool core distribution is critical for the
generation of the EC and harmonic emissions. The higher en-
ergy pancake distribution and the temperature anisotropy are
responsible for the growth of the whistler-mode/chorus emis-
sions at lower frequency. To estimate the size of an expected
loss cone near the magnetic equator we note that Saturn
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Fig. 3. An analysis spectrogram of the 5-channel waveform receiver data for 500 Hz<f <1800 Hz showing the electric and magnetic fields
as well as the wave normal directions within interval 1. The panels contain (top to bottom) electric field; magnetic field; wave normal angle
(θ ) and azimuthal angle (φ) relative to the magnetic field; the Poynting vector angle,θ s ; andS·B (red is toward the magnetic equator).

kilometric radio emissions are observed up to∼1 MHz. This
emission is believed to be due to the cyclotron maser insta-
bility and requires a source of electrons. Assuming a mag-
netic field as given by Connerney et al. (1983), and assum-
ing a mirror point near an attitude in the polar region where
fce∼1 MHz we obtain a loss cone of less than∼5 degrees for
L=5.35, near the position of the observed plasma injection.
Such a loss cone would not be visible to the ELS instrument
during the time of the observations. We found that introduc-
ing such a narrow loss cone leads to strong EC wave growth
and strong first and second harmonic emission, contrary to
the observations at this time which show a weaker first har-

monic and very weak second harmonic. For this reason we
increased the width of the model loss cone to∼20 degrees,
which is also consistent with the observations which suggest
a loss cone at the smallest observed pitch angles near 20◦.
In Fig. 5a we overplot contours of the model electron distri-
bution function and the actual data, and in Fig. 5b we show
contours of the model distribution including a loss cone.

To determine roots of the dispersion equation and to cal-
culate the growth rate of the plasma waves resulting from
the model distribution function, we have used a modifica-
tion of a warm plasma dispersion solver (cf. Santolik and
Parrot, 1996), based on the susceptibility tensor calculated
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(a) 

(b) 

Fig. 4. Contours of the electron phase space density (s3/m6) ob-
served by ELS for energies less than 18 keV(a) and 70 eV(b), dur-
ing the time interval 03:15:20 to 03:15:30 (time interval 1).

by the program, Waves in Homogeneous, Anisotropic Multi-
component Plasmas (WHAMP) (cf. Ronnmark, 1982, 1983).
The solver also includes a cold plasma susceptibility tensor,
which we used for the background ion component. In Fig. 6
we display the results for the EC emissions near maximum
growth rate at the fundamental and first harmonic frequencies
and wave normal angles 84.2◦ and 88.5◦, respectively. Emis-
sion at the second harmonic produced almost no growth.
This plot shows the real frequency versus wave number in the
lower panel and the imaginary frequency relative tofce in the

(b)

(a)

Fig. 5. An overplot of contours of the model electron distribution
function (bold) and the actual data(a). In panel(b) we show the
model contours including the loss cone, which is essentially invisi-
ble to the ELS detectors.

upper panel. In Fig. 7 we show emission at the fundamen-
tal for a range of wave normal angles 85◦<θ<88◦. Emis-
sion at the first harmonic showed growth only over a very
narrow range of wave normal angles. The wave normal an-
gle that produced the largest growth rate for the fundamental
(first harmonic) emission was 84.2◦ (88.45◦). The maximum
growth is∼0.052fce for freal=5359 Hz at the fundamental
with a bandwidth extending from∼4000 Hz to∼5500 Hz
over a range of wave normal angles∼84.1◦<θ<88.1◦. The
observed emission near the fundamental appears to extend
from just abovefce at∼3600 Hz and drops off rapidly above
∼5900 Hz, which is a somewhat larger bandwidth than mod-
eled. For the first harmonic emission the maximum growth is
0.026fce for freal=9172 Hz with a bandwidth extending from
∼7300 Hz to∼9200 Hz over a much narrower range of wave
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Fig. 6. Results for the dispersion and growth rate analysis for the
EC emissions at the fundamental (solid) and first harmonic (dot-
ted) frequencies. Emission at the second harmonic produced almost
no growth. The lower panel shows the real frequency versus wave
number and the imaginary frequency relative tofce is in the upper
panel.

normal angles, 88.45<θ<89.6◦. The observed bandwidth
for the more intense emission extends from about 8000 Hz
to about 9500 Hz, with the center of the peak near 8870 kHz.
The modeled emission is shifted to lower frequency by sev-
eral hundred Hz, but does substantially overlap the observed
emission. Growth of the ECH emission is dependent on the
velocity space density gradient provided by the loss cone.
The pancake distribution at higher energies without the loss
cone is insufficient to drive the ECH emission.

We can estimate the signal gain produced by these growth
rates. From the calibrated observations we estimate the max-
imum signal strength of the ECH emission to be about 30 dB
above background for the fundamental and about 20 dB for
the first harmonic. From the growth rate calculations of the
fundamental emission shown above the group velocity of
the wave is about 3.8×10−4 c andωi∼0.03ωce so the path
length required to produce 30 dB of gain is∼1 km. This
is quite short. Saturation of this emission could be accom-
plished by pitch angle scattering and filling of the loss cone

Fig. 7. EC emission at the fundamental for a range of wave normal
angles 85◦ (solid), 86◦ (dotted), 87◦ (dashed), and 88◦ (dot-dash).
Emission at the first harmonic showed growth only over a very nar-
row range of wave normal angles.

as discussed by Horne et al. (2003). The latter authors have
modeled pitch angle scattering due to ECH waves for a ter-
restrial substorm. They find that these waves are very ef-
fective at scattering electrons into the loss cone, and provide
the major contribution to diffuse auroral precipitation for a
substorm event observed near the magnetic equator. The dif-
fusion time was found to be comparable to the duration of the
event, consistent with the theory that filling of the loss cone
by pitch angle scattering can saturate the wave growth.

3.2 Whistler mode emissions

The same electron distribution function shown in Fig. 5b is
also unstable to the growth of whistler mode emission at
small wave normal angles. The critical parameters include
both the magnitude of the temperature anisotropy and the
wave normal angle,θ . The free energy source is the higher
energy, pancake distribution. We have calculated the growth
rates for whistler emission again using the distribution func-
tion fitting parameters of Table 1. In Fig. 8 we plot the
real (imaginary) frequencies as before in the bottom (upper)
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Fig. 8. The real (imaginary) frequencies in the bottom (upper) pan-
els. The middle panel displays the index of refraction ascB/E.
The whistler mode emission is seen to grow for frequencies in the
approximate range 400 Hz<f <1300 Hz as observed. The growth
rate is shown for the best fit value ofT⊥/T||=1.96 (solid) as well as
T⊥/T||=3 (dotted) andT⊥/T||=4 (dashed).

panels. The middle panel displays the index of refraction
as cB/E. The whistler mode emission is seen to grow for
frequencies in the approximate range 400 Hz<f <1300 Hz,
with positive growth rates for wave normal angles less than
about 10 degrees. The model bandwidth agrees reason-
ably well with the observed frequency range of the whistler
mode emission. We show the growth for the fitted value of
T⊥/T||=1.96 (solid). The peak growth rate is about 0.07%
freal for freal=889 Hz andθ=0.1◦. The peak growth rate
decreases for largerθ up to about 10◦. Also shown are
curves for arbitrarily chosen larger values of the temperature
anisotropy for the higher energy pancake distribution only.
We choseT⊥/T||=3.06 andT⊥/T||=4.0 showing the effect of
this parameter on the growth rate. Note the growth rates are
shown relative to the real frequency rather thanfce as for the
ECH emissions. The growth is seen to increase significantly
with increasing values ofT⊥/T||. The wave normal angle was
held constant at 0.1◦ for each curve shown in Fig. 8.

We estimate the signal gain produced by these whistler
mode growth rates. The maximum signal strength for the
whistler mode observations is also about 30 dB above back-
ground as determined from the calibrated measurements.
The growth rates of the whistler mode vary from about
ωi=3.9 rad/s for the case ofT⊥/T||=1.96 toωi=12.8 rad/s for
T⊥/T||=4.0, so the required path length to obtain 30 dB of
growth would range from about 5700 km to 18 000 km. This
length is much larger than for the ECH emissions, however,
the whistler mode emissions travel almost along the mag-
netic field line (instead of oblique to it as do the ECH emis-
sions). If the size of the whistler mode generation region
near the magnetic equator at Saturn is several thousand kilo-
meters as it is at Earth for the chorus emission (cf. Parrot et
al., 2003; Santolik et al., 2004), then it may be possible to
attain gains of 30 dB for the whistler mode, but if the temper-
ature anisotropy in the source region is larger than we found
as a best fit to the locally measured electron distribution for
interval 1, the source region could be much smaller.

3.3 Time interval 2 (02:58:30–02:58:40)

We have also examined an earlier time interval on this day
during which the whistler mode emissions are much weaker,
while the ECH emissions are similar. In Fig. 9 we display a
spectrogram of the high resolution wave data for the time in-
terval 02:55 to 03:00. Note that the whistler mode emission
for f <fce is weaker than for interval 1. The banded emission
for f .500 Hz is again contaminated with spacecraft inter-
ference. We concentrate on the interval 02:58:30–02:58:40
for which we have obtained the electron phase space dis-
tribution. The whistler mode emission extends from about
500 Hz to perhaps 1100 Hz. The band of fundamental EC ex-
tends from aboutfce (3725 Hz) to over 6 kHz, but the most
intense emission is in the band from about 4 kHz to 5.2 kHz.
The first harmonic emission extends from about 8.2 kHz to
about 9.9 kHz. Because of the operating mode at the time,
the data were available only over a pitch angle range from
25.8◦<α<99.6◦. We have thus assumed not only gyrotropy
with respect to theV|| axis, but we also mirrored the elec-
tron distribution about theV⊥ axis (90<α<180◦). We lend
credence to this procedure by noting that during the nearby
interval 02:55:00–02:55:10 the electron distribution was ob-
tained only for the pitch angle range 80◦<α<160◦. This dis-
tribution was nearly a perfect mirror about theV⊥ axis of
the distribution shown in Fig. 10a. In Fig. 10a we plot con-
tours of the observed distribution obtained by this method
for E<7 keV. Proceeding as before, we have fit the data to
the functional form of Eq. (1) using the parameters listed in
Table 2. We again chose the density and temperature of the
cold electron background by matching the frequency band-
width of the fundamental EC emission as closely as possible.
The total density was determined by observations of the up-
per hybrid resonance frequency at the time,fuh=65.2 kHz
(not shown). Figure 10b is a plot of contours of the phase
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Fig. 9. A spectrogram of the high resolution wave data for the time interval 02:55 to 03:00. Note that the whistler mode emission for
f <fce is often weak. The banded emission forf <500 Hz is contaminated with spacecraft interference. The white line indicates the electron
cyclotron frequency.

Table 2. Plasma distribution fitting parameters for time interval 2.

Density(%*) W|| (eV) T⊥/T|| Vd 1 β

Cold background 5.0 0.104 1.0 0 0.85 0.7
Cool core 94.0 6.27 1.098 0 0.85 0.7
Warm 1.0 1046 1.25 0 0.85 0.35
Cold ions 100 – – – – –

*Total density is 52.48 cm−3

space density with an overlay of the fitted data. We have
again assumed a loss cone with a width of about 20◦ as be-
fore, but the model loss cone is not included in the overplot.
In Fig. 11 we display the results of the growth rate analysis
for the EC fundamental and first harmonic emissions in the
same format as in Fig. 6. The curves are shown near max-
imum growth forθ=84.4◦ (fundamental) andθ=87.8◦ (first
harmonic). The fundamental emission growth rate is about 3
times that of the first harmonic. In Fig. 12 we show the fun-
damental emission at 3 wave normal angles, 85◦, 86.5◦, and
87.5◦, displaying a range of frequencies and bandwidths over
which wave growth occurs. From the calibrated observations
of the fundamental EC emission, we estimate the typical gain

to be 250 yielding a path length required to produce this gain
of about 900 m, similar to the length calculated for time in-
terval 1 (near 03:15:20).

We have calculated the growth rates for whistler mode
emission for interval 2 using the same distribution func-
tion fitting parameters of Table 2. In Fig. 13 we plot the
real (imaginary) frequencies as before in the bottom (up-
per) panels. The middle panel displays the index of re-
fraction as cB/E. The whistler mode emission is seen
to grow weakly for frequencies in the approximate range
∼500 Hz<f <∼900 Hz, for wave normal angles less than
about 10 degrees. The model bandwidth agrees reasonably
well with the observed frequency range of the whistler mode
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(a)

(b)

Fig. 10. (a)Contours of the observed phase space distribution for
the time interval 2, 02:55:00–02:55:10, obtained as described by
mirroring the data as described in the text.(b) An overplot of the
contours of the model phase space density (bold) and the actual data
for time interval 2.

emission. In Fig. 13 we plot the model calculated growth rate
for the fitted value ofT⊥/T||=1.18 (solid). The peak growth
rate is weak, about 0.014%freal for freal=776 Hz andθ=0.1◦.
The peak growth rate decreases for largerθ up to about 10◦.
Also shown is a curve for a larger, arbitrarily chosen value of
the temperature anisotropy,T⊥/T||=3.06, for the higher en-
ergy pancake distribution only. As in the case of time in-
terval 1, the growth rate is seen to increase significantly for
increasing values ofT⊥/T||. The growth rate is now seen to

Fig. 11. Results of the growth rate analysis for the EC fundamental
(solid) and first harmonic (dotted) emissions in the same format as
in Fig. 6. The fundamental emission growth rate is about 3 times
that of the first harmonic.

peak atfi /freal=0.059% forfreal=991 Hz, and the maximum
frequency is near 1300 Hz. The wave normal angle was held
constant at 0.1◦ for the curves shown in Fig. 13. For the
whistler mode emissions we estimate the observed gain to
be only 25, yielding a large path length required to produce
this gain of about 4.4×104 km, much larger than for inter-
val 1. This is consistent with the observations of only weak
whistler mode emissions.

4 Summary and conclusions

We have examined plasma waves observed within the Saturn
inner magnetosphere during two time periods of day 303 of
2005, 03:15:20–03:15:30 (interval 1) and 02:58:30–02:58:40
(interval 2). In both intervals ECH and whistler mode emis-
sion are observed but with different characteristics. For in-
terval 1 the EC emissions are intense at the fundamental and
weak at the first harmonic. The whistler mode emissions are
moderately intense. For interval 2 the EC emissions are mod-
erately intense at the fundamental and mildly intense at the
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8 

Fig. 12. Fundamental EC emission at three wave normal angles,
85◦ (solid), 86.5◦ (dotted), and 87.5◦ (dashed), displaying a range
of frequencies and bandwidths over which wave growth occurs.

first harmonic, while the whistler mode emissions are quite
weak. By modeling the observed electron distribution for
each interval we have been able to reproduce the qualitative
and most of the quantitative wave growth that is observed.

The electron distribution observed by the CAPS ELS on
Cassini is fit by a sum of bi-Maxwellian distributions includ-
ing a cooler, less energetic (E<1 keV) core plasma and a
warmer, more energetic (E>1 keV) distribution, each with
a loss cone of about 20◦. In addition we have included
a low density cold background electron component and a
cold ion background for charge neutrality. Contours of the
phase space distribution function for time interval 1 suggest
an electron loss cone extending to about 20◦, the smallest
pitch angle measured by ELS at the time. For time interval 2,
however, the smallest pitch angle measured by ELS is about
25◦ and no loss cone is observed. The model loss cone ex-
tends in width to about 20◦ for both interval 1 and 2, larger
than expected from only conservation of the first adiabatic
invariant, but consistent with the observations. Using the lin-
ear dispersion solver, WHAMP (Ronnmark, 1982, 1983), we
show that a loss cone within the cool core distribution can

Fig. 13. The plot format is the same as Fig. 8, but the data are
for interval 2 where chorus emission is observed to be weak. The
whistler mode emission growth is very weak for the best fit value of
T⊥/T||=1.18 (solid) in the approximate range 500 Hz<f <900 Hz.
We also show for comparison the growth of whistler mode for
T⊥/T||=3 (dotted).

drive growth of oblique electrostatic cyclotron waves similar
to those observed.

The observed whistler mode emissions can be generated
by the temperature anisotropy of the warmer plasma distribu-
tion. The wave data indicate strong whistler mode emission
for interval 1 and only weak emission for interval 2. Using
the observed plasma distributions, the model calculations of
whistler mode wave growth are consistent with a larger mea-
sured temperature anisotropy for interval 1 compared to in-
terval 2.

4.1 EC emissions

The loss cone of the low-energy core electron population
provides the essential free energy for the EC emission wave
growth for both intervals. We have found that using a loss
cone of width.5◦ yields a strong first harmonic emission
that is not observed. Increasing this to a loss cone width
of about 20◦, consistent with the observations which show
an indication of a loss cone in Fig. 2, allows us to produce
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(a) 
 

(b) 

Fig. 14. The electron phase space density for electrons near 1 keV versus pitch angle for 03:15:20–03:15:30(a), and for the time interval
02:58:30–02:58:40(b). The distribution for interval 1 is distinctly pancake or peaked near 90◦, while that for interval 2 is more “butterfly-
like” with peaks near 65◦ and 110◦.

fundamental emission and much weaker first harmonic emis-
sion at interval 1 as observed. The bandwidths of the model
ECH emissions substantially overlap those observed. At the
fundamental the observed band extends from about 3700 Hz
to about 5600 Hz, with the brightest (red) emission in the
range∼4200 Hz to 5000 Hz. If the weakest (green) emis-
sion is included the band extends fromfce (3468 Hz) to
about 5800 Hz. The model emission extends from about
4100 Hz to about 5500 Hz, so is somewhat smaller than the
observed band. The first harmonic emission extends from
about 8000 Hz to about 9600 Hz, with slightly more intense
emission ranging from about 8200 to 9000 Hz. The model
emission band extends from about 7300 Hz to about 9200 Hz,
and is thus shifted down in frequency by several hundred Hz.

For interval 2 the model lower-energy, core plasma is
warmer than that used in the model for interval 1, and we
have used a warmer cold electron background, but the loss
cone width is the same as for interval 1. With these pa-
rameters we are able to produce intense fundamental EC
emission and moderately intense first harmonic emission as
observed. During time interval 2 the more intense funda-
mental emission extended from about 3850 Hz to 5300 Hz,
while this plus a much weaker emission extended fromfce

(3725 Hz) to about 6300 Hz. The model emission extends

from about 4300 Hz to about 5450 Hz, so the model emis-
sion overlaps substantially the more intense emission but
does not extend to the highest observed frequencies of the
weaker emission. The first harmonic emission is observed to
extend weakly from about 8200 Hz to about 9750 Hz. The
model first harmonic emission extends from about 8100 Hz
to about 9350 Hz, overlapping well, but about 400 Hz lower
at the upper frequency cutoff. The discrepancies for both
time intervals in the observed bandwidths compared to the
model bandwidths may be explained by temporal variations
of the thermal velocity and density of the plasma, and the
lack of knowledge of the exact shape of the loss cone.

4.2 Whistler mode emission

In addition to ECH emission, both time intervals show
whistler mode emission forf <fce. The free energy source
for this emission is the warmer electron distribution with a
temperature anisotropy. The whistler mode emission for in-
terval 2 is considerably weaker than that for interval 1. The
explanation for the difference in the whistler mode emis-
sion for these two different time intervals is due to the mea-
sured temperature anisotropy in each interval. This is also
clearly portrayed in the observed pitch angle distribution of
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the electrons. In Fig. 14a we plot the electron phase space
density measured by ELS for electrons near 1 keV versus
pitch angle for the time interval 03:15:20–03:15:30 (inter-
val 1), while in Fig. 14b we plot the same for the time interval
02:58:30–02:58:40 (interval 2). The distribution for the later
time interval (14a) is distinctly pancake or peaked near 90◦,
while that of Fig. 14b is more “butterfly-like” with peaks near
65◦ and 110◦. Since the growth rate of the whistler mode is
strongly dependent on the temperature anisotropy, the distri-
bution of Fig. 14a produces the stronger wave growth. We
note that for time interval 1 the model whistler mode emis-
sion gain is somewhat low for the fitted value of temperature
anisotropy. One explanation for this discrepancy could be
a source region of whistler emission that is remote from the
observations as well as temporal effects of the measured elec-
tron phase space distribution. The success in explaining the
salient features of the wave observations is encouraging, and
suggests an understanding of the basic physical processes for
the region outside plasma injection regions in the inner Sat-
urn magnetosphere.
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