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Abstract The role of Z-mode emission in the diffusive scattering and resonant acceleration of electrons is
believed to be important at Saturn. A survey of the “5 kHz” component of this emission at Saturn earlier
reported strong intensity in the lower density regions where the ratio of plasma frequency to cyclotron
frequency, fp/fc< 1. At Saturn this occurs along the inner edge of the Enceladus torus near the equator and at
higher latitudes. Using the Cassini Radio and Plasma Wave Science instrument observations during the
Cassini proximal orbits, we have now identified these emissions extending down to and within the
ionosphere. Wave polarization measurements and unique frequency cutoffs are used to positively identify
the wave mode. Analogous to the role of whistler mode chorus at Earth, Saturn Z-mode emissions may
interact with electrons contributing to the filling or depleting of Saturn’s inner radiation belts.

Plain Language Summary Very intense waves are observed near Saturn that have been identified
as Z mode. These waves are unusual because they are observed in a narrow range of frequencies from
uncertain source regions and generation mechanism. However, we know that these waves can scatter
electrons or even accelerate them by a process that is observed at Earth due to similar waves (whistler mode
chorus), causing the terrestrial radiation belts to fill with high energy electrons or to dump those electrons
alongmagnetic field lines toward the polar auroral regions. At Saturn Z-mode wavesmay be a source of filling
or depleting Saturn radiation belts that lie along magnetic field lines that are intercepted by the waves. We
have used the Cassini wave instrument to measure wave properties such as polarization and unique wave
cutoff frequencies to positively identify these waves along the orbit of Cassini extending from the polar
auroral regions down to closest approach within the Saturn ionosphere.

1. Introduction

Whistler mode chorus emission is known to play a significant role in filling the Earth’s radiation belts by radial
diffusion and local electron acceleration (cf. Baker et al., 2013; Horne et al., 2005; Reeves et al., 2013; Shprits,
Elkington, et al., 2008; Shprits, Subbotin, et al., 2008). Similar electron gyro-resonant models of chorus wave-
particle interactions at Jupiter have also been introduced (i.e., Horne et al., 2008; Katoh et al., 2011; Woodfield
et al., 2014). At Saturn, however, the role of chorus in the filling of radiation belts is not as definitive (Shprits
et al., 2012). Recent discoveries of intense Z-mode radiation at Saturn (not similarly observed at Earth) suggest
a new scenario for wave-particle interactions in the Kronian magnetosphere. Z-mode observations during the
Cassini proximal orbits are particularly intense.

Z-mode emission is “trapped” electromagnetic emission that propagates between the lower frequency cutoff
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where fc is the electron

cyclotron frequency and fp is the electron plasma frequency, respectively. The role of Zmode in the accelera-
tion of radiation belt electrons has been discussed in the past by Horne and Thorne (1998), Glauert and Horne
(2005), and Albert (2007). Ye et al. (2010) have reported significant intensities of Z-mode emission at Saturn in
the low-density region near the inner edge of the Enceladus plasma torus ranging from just above the equa-
tor to higher latitudes. The latter authors classified these narrowband emissions, which occur in two general
bands, as “5 kHz” and “20 kHz” emission. Gu et al. (2013), using Z-mode observations of Saturn narrowband
Z-mode emissions, computed bounced-averaged diffusion coefficients for Saturn radiation belt electrons.
The authors found that the 5 kHz emission can cause resonant scattering of electrons in the range from a
few MeV to tens of MeV, while the 20 kHz waves resonate from a few hundreds of keV to several MeV.
Recently, Woodfield et al. (2016) have presented results of stochastic modeling of electron scattering by
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chorus and Z mode in the Saturn magnetosphere. Their results indicate that chorus alone does not fully
explain the electron fluxes observed in the inner kronian magnetosphere. They further indicate that the influ-
ence of Z-mode emission observed in the inner magnetosphere inside the orbit of Enceladus may be suffi-
cient to explain the observed electron fluxes filling the radiation belt in the inner magnetosphere of Saturn.

Subsequent to the work of Ye et al. (2010), Menietti et al. (2015) reported a survey of the intensity of 5 kHz Z
mode and obtained parametric fits relative to frequency, radius, latitude, and local time. At the time no obser-
vations of the Saturn magnetosphere for r < 2.5 Rs had been made except during the orbit injection of
Cassini. The narrow band 5 kHz emission usually is more intense than the 20 kHz emission, and both bands
are observed to have mixtures of both Z and O modes. In regions outside the outer radius of the Enceladus
torus, where fc falls below 5 kHz, narrowband emission can only propagate in the ordinary (O). For the inner
region at distances less than the inner radius of the Enceladus torus, where fp/fc < 1, however, both Z mode
and O mode can propagate for f > fp, whereas for f < fp, only the Z mode can propagate. When the wave
frequency is greater than fp, Z mode is right-hand (RH) polarized, while for f < fp, Z mode is left-hand (LH)
polarized (Benson et al., 2006). O mode is LH polarized.

Starting on 26 April 2017, a series of 22 orbits, each with an inclination of 61.7° and a periapsis of ~1.06 Rs, was
flown by Cassini. During a number of these orbits, the Radio and Plasma Wave Science (RPWS) instrument
onboard Cassini observed intense emission identified as Z mode. Polarization measurements as well as the
known properties of the plasma modes relative to fp and fc are used to identify the emission. In addition,
we use direction finding measurements from the High Frequency Receiver of the RPWS (cf. Cecconi &
Zarka, 2005) to place constraints on the Z-mode source region. Finally, we estimate the wave normal angle
of the observed Z-mode emission based on the measured polarization and cold plasma magnetosonic the-
ory. Since Zmode can be an efficient source of electron scattering and trapping of electrons to fill the radia-
tion belts, these observations will be of significant interest to the planetary community. Intense Z mode at
high occurrence probability is not seen at Earth, making these observations unique to the solar system at
the present time.

2. Methodology

The Cassini RPWS instrument is the source of the plasma and radio wave observations reported in this
study. The instrument has three low-time resolution receivers, the low (LFR, 1–26 Hz), medium (MFR,
24 Hz – 12 kHz), and high (HFR, 3.5 kHz–16 MHz). The Z mode is observed almost exclusively by the
HFR. There are three approximately orthogonal electric antennas and three orthogonal search coils. The
HFR obtains autocorrelation and cross-correlation measurements from two selected antennas. These are
used in ground processing to provide direction of arrival information and all four Stokes parameters.
The frequency resolution in the low-rate data is Δf/f ~ 7%. A high-resolution wideband receiver covers
two frequency bands, 60 Hz to 10.5 kHz and 800 Hz to 74 kHz. See Gurnett et al. (2004) for a complete
description of the RPWS instrument.

The RPWS also measures the wave polarization via the HFR data. Fischer et al. (2009) and Ye et al. (2010) gave
a thorough description of the real and apparent polarization of radio waves measured with the HFR. The
RPWS instrument can operate in either the two-antenna or the three-antenna mode. The three-antenna
mode uses three monopole antennas to perform direction finding, while the two-antenna mode operates
in a dipole-monopole (or polarimeter) configuration. Fischer et al. (2009) and Ye et al. (2010) discussed the
apparent polarization of radio emission, assuming the antenna plane and the wave plane are parallel.
Knowing the direction to the source of the emission allows for a linear transformation to calculate the real
polarization (Galopeau et al., 2007; Hamaker et al., 1996). This requires the instrument to be in the three-
antennamode. We rely on both the apparent and actual polarization (in the plasma convention) to help iden-
tify the wave modes observed. The apparent polarization is calculated from the apparent Stokes parameters
(cf. Ye et al., 2010, equations 1–4), which are normalized to the apparent Poynting flux. The apparent circular
polarization degree is defined as dc,app = vapp, with �1 (right circular polarization) ≤ vapp ≤ +1 (left circular
polarization) if the incident wave is received on a specific side of the antenna plane. The apparent polariza-

tion degree is defined as dapp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2app þ u2app þ v2app

q
, with dapp = 0, 0.5, and 1.0 (unpolarized, partially polar-

ized, and completely polarized). It is necessary to know on which side of the antenna plane the incident wave
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arrives, which is dependent on the sign of the angle β, the elevation of the
radio source with respect to the antenna plane (cf. Fischer et al., 2009).

3. Saturn Z-Mode Observations and Analysis

Figure 1a is a frequency-versus-time spectrogram during the periapsis
pass of day 187 of 2017 on proximal orbit 282. Seen on the spectrogram
are electric spectral densities (color-coded), with intense Z-mode emission
and Saturn kilometric radiation (SKR) indicated on the plot. Z-mode emis-
sion is narrowbanded in the approximate frequency range
5 kHz < f < 7 kHz and is located on both sides of the magnetic
equator/ring plane, which is near 09:30. This morphology has been
observed on numerous high inclination orbits of Cassini as reported by
Ye et al. (2010) and Menietti et al. (2015). The emission is most intense near
the equator at radial distances less than the inner radius of the Enceladus
plasma torus within about 2.5 Rs. Since the Cassini orbital insertion on 1
July 2004 (Gurnett et al., 2005) no observations near the equator at radial
distances ≲ 2.5Rs have occurred until the proximal orbits. Also shown on
this plot are the cyclotron frequency (upper smooth white line) and the
electron plasma frequency (lower more erratic white line). For most of
the time in the northern hemisphere fp is less than 3 kHz.

When the Cassini spacecraft is near a source region of SKR, the local cyclo-
tron frequency is close to the lower cutoff of the SKR emission, which is
believed to be generated by the cyclotron maser instability (Wu & Lee,
1979). This happens twice during the periapsis pass of Figure 1, once in
the northern hemisphere in the approximate interval 08:20 to 08:40 and
more nearly in the southern hemisphere in the approximate interval
10:10 to 10:50. The plasma frequency at higher latitudes is obtained from
the Langmuir Probe (LP) “proxy” data (Wahlund et al., 2005). The LP float-
ing potential is used as a proxy for the number density in a tenuous plasma
(Morooka et al., 2009). This calculation is limited to regions of ne < 5 cm�3,
generally. Within the high density ionosphere, fp can be calculated using the
LP “sweep mode” (Wahlund et al., 2018) or the whistler mode high-
frequency cutoff obtained from the RPWS instrument (Persoon et al., 2018).

Figure 1b shows a higher resolution spectrogram of the emission in the
region near perikrone, including the ring plane crossing within the ionosphere. The Saturn ionosphere has
been first identified by Wahlund et al. (2018), and we indicate the boundary of this region by the upper cutoff
of whistler mode emission at the plasma frequency. Knowing fp as well as fc, we can calculate fz, indicated on
both sides of the magnetic equator crossing. This cutoff corresponds exactly to the low-latitude boundary of
the observed emission in the northern hemisphere between approximately 09:14 and 09:16, where there is a
distinct decrease in wave spectral density for f < fz. This is consistent with identification of Z-mode emission
at higher latitude, and probably whistler (W) mode for the region at lower latitude as discussed in Sulaiman
et al. (2017). The whistler mode can only propagate at f < fp for fp/fc < 1. The Z-mode emission at higher
northern latitude is more intense and somewhat larger in bandwidth than the emission south of the ring
plane. In the southern hemisphere there is a boundary at fz near 09:43–09:44 with Zmode at higher southern
latitudes where f > fz and probably Wmode for t < 09:43, near the ring plane. Near the fz boundaries in the
northern and southern hemispheres (~09:15, ~09:43, respectively) there is evidence of strong wave refraction
(shown later) and so there is a possibility of wave mode conversion (Z mode to W mode).

The Poynting flux and polarization of the waves are shown in Figures 2a and 2b for the time period when
Cassini was outside the ring plane crossing region (t ≲ 08:30, t ≳ 10:30) and the HFR receiver was in the
three-antenna mode. For three-antenna measurements polarization and direction finding are possible.
There remains a 180° uncertainty in the source direction, either approaching or receding from the antenna
plane. If the polarization is known to be either RH or LH, this uncertainty is removed. Closest to the ring

Figure 1. (a) A frequency-versus-time spectrogram during the periapsis pass
of day 187 of 2017 on proximal orbit 282. Electric spectral density is (color-
coded), with intense Z-mode emission and Saturn kilometric emission indi-
cated on the plot. Z-mode emission is narrowbanded in the approximate
frequency range 5 kHz < f < 7 kHz and is located on both sides of the
magnetic equator/ring plane, which is crossed near 09:30. (b) A higher
resolution spectrogram of the emission in the region near perikrone,
including the ring plane crossing within the ionosphere.
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plane crossing only two-antenna mode data are available, and we display the apparent Poynting flux and
polarization in Figures 2c and 2d. The polarization is determined by cross correlation of the antenna
signals of the HFR antennas and is dependent on the evaluation of k • B, where k is the wave vector and B
is the ambient magnetic field. Note that the color used to designate polarization handedness changes as
the spacecraft crosses the ring plane (RH becomes RH and LH becomes LH). This is because the source
directions vary in each hemisphere. The emission labeled Z mode in Figure 2d appears blue for north of
the ring plane and red for south of the ring plane, consistent with Z-mode emission LH circular
polarization when the wave frequency is less than fp. The polarization of the whistler mode (W) emission
north of the ring plane is measured to be very low, as is much of the Z-mode emission between ~8:40 and
~9:10 perhaps due to the orientation of the HFR antenna or signal quality. In the region
~09:10 < t < 09:15 the polarization is left-handed and the emission frequency is less than fp (see Figure 1),
which is consistent with Z mode. The change in color from blue to red across the ring plane is consistent

with a different source region (direction) measured by the HFR. Note
that the Z mode in the region ~09:44 < t ≲ 09:54 is seen as red/yellow
(LH) for f < fp, while RH whistler mode is blue, consistent with a different
source region south of the ring plane (k • B < 0). For t ≳ 09:55 the
measured polarization of Z-mode emission is almost zero. At higher
latitude in Figure 2a (and Figure 1) we note a region of higher density in
the approximate interval 08:05 < t < 08:20 as determined by the LP.
This region is associated with the SKR source in the northern hemisphere
and may also be indicated by enhanced lower frequency whistler mode
waves (Figure 1) that extend upward in frequency. Both Z and W modes
are possible in this region, but Z mode would be LH polarized (red) and
W mode would be RH polarized (blue) for f < fp. The yellow-red color
extending from ~08:05 < t < 08:30, 5 kHz < f < 7 kHz (Figure 2b)
indicates probable dominance of Z mode in this region. The southern
hemisphere 5 kHz emission for t > 10:30 is dominantly blue indicating Z
mode except in the region between ~10:50 < t < 11:20, where the
polarization is near zero. This latter region is associated with the southern
hemisphere SKR source region where, as is the case of the northern
hemisphere, we see an increase of density as measured by the LP and

Figure 3. Z-mode intensity for specific frequency ranges. These data are
obtained from the magnetic search coil.

Figure 2. The (a) Poynting flux and (b) polarization of the waves for the time period when Cassini was outside the ring plane crossing region (t ≲ 08:30, t ≳ 10:30). (c)
Apparent Poynting flux and (d) apparent polarization for the period closest to the ring plane crossing when only two-antenna mode data are available.
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enhanced lower frequency W mode, which has opposite polarization from Z
mode in this region.

In Figure 3 we plot the Z mode intensity for specific frequency ranges for
this perikrone pass. These data are obtained from themagnetic search coil,
which has higher relative noise level than the electric field data in this fre-
quency range, and emission is observed for a smaller range of frequency
and time than the electric field data shown in Figure 1. We note that these
Z-mode intensities are among the highest observed by Cassini RPWS
instrument for any orbits prior to the proximal orbits.

The wave normal angles (between k and B) of the Z-mode emission are
modeled using cold plasma theory, which is suitable for the magneto-
sphere and upper ionosphere of Saturn. In this approximation the wave
polarization relative to the wave vector is given by equation (52) (Stix,
1992, p. 22) as

iEa
Eb

¼ n2 � Sð ÞP cosθ
D P � n2 sin2θ
� � ¼ Sn2 � RL

Dn2 cosθ

where Ea and Eb are orthogonal components of the wavefield and S, P, R, L, and D are the Stokes parameters.
Calculated values are plotted in Figure 4. Most of these wave normal angles are less than ~25°.

In Figure 5 we present analysis of the RPWS HFR direction finding results for the emissions in the frequency
range approximately 5 to 7.5 kHz. We display results in the z-x plane for Saturn equatorial coordinates, which
are defined as x in the Saturn-Sun plane, +x toward the Sun, +z along the Saturn northern spin axis, and y
given by z × x. The spacecraft trajectory is shown in red, and the direction to the source region is indicated
by a blue arrow. The number of vectors has been reduced for presentation, but some locations have very few
or no vectors due to low signal-to-noise ratio or uncertain or small value of polarization (Stokes parameter, v).
The vectors are drawn only for Zmode during the times shown. We have labeled the times when Cassini tra-
versed magnetic field lines along which lie SKR source regions. During these times in both the northern and
southern hemispheres, it is believed that Cassini is just above the SKR source region. The vectors during these

times are directed toward Saturn, consistent with a Z-mode source lying
along magnetic field lines that thread the SKR source region. Near the ring
plane and magnetic equator crossing we observe an interesting reflection
or refraction effect in both the northern and southern hemispheres near
the entry and exit of the ionosphere. The spacecraft is very close to the
Saturn surface at this time. It is possible that a Z-mode source region is
below Cassini, but it may also be that the source region is actually 180°
opposite the vector direction at this time, and points away from Saturn.
These rays from the northern and southern hemispheres may intersect
near 2.5 Rs as indicated by the dashed lines in Figure 5. The other bundles
of rays (indicated “R” in the figure) near the ionosphere could represent
those rays reflected and refracted from the ionosphere near the L = 0 cut-
off of Z mode.

4. Summary and Conclusions

The proximal orbits provide a unique opportunity for the Cassini space-
craft to observe plasma waves in a previously unexplored region including
the ionosphere near the ring plane. Encounters with magnetic field lines
threading SKR source regions were frequent along these orbits. A combi-
nation of wave analysis tools including polarization and direction finding
observations were utilized in this study. These tools along with plasma
density measurements allowing the identification of fz, the low-frequency
cutoff of Zmode, have facilitated the identification of intense narrowband
Z-mode emission in the frequency range ~4 < f < 8 kHz down to and

Figure 4. Wave normal angles of the Z-mode emission are modeled using
cold plasma theory. Most of these wave normal angles are less than ~25°.

Figure 5. Direction finding results for the Z mode in the frequency range
approximately 5 to 7.5 kHz. We display results in the z-x plane for Saturn
equatorial coordinates (defined in the text). The spacecraft trajectory is
shown in red, and the direction to the source region is indicated by a blue
arrow.
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within the Saturn ionosphere. The propagation range extends from λ ≳ 10°. Intense Z-mode emissions are
known to exist at lower latitudes in the low-density region extending inward from ~4.0 Rs to ~2.5 Rs
(cf. Menietti et al., 2015; Ye et al., 2010). The wave normal angles (between k and B) appear to be relatively
small, with the majority of values ≲25°. The observations presented in the present study imply that these
waves are likely to be observed extending inward to and within Saturn’s ionosphere.

Direction finding analysis implies that source regions for these emissions may be along magnetic field lines
that thread SKR source regions. However, source regions at low-latitude perhaps within the ionosphere or at
larger radial distances cannot be ruled out. Regions of strong wave refraction near the fz boundary in each
hemisphere are also indicated, and these could be regions of wave mode conversion.

Z-mode emissions at Saturn have been shown to be important in pitch angle and momentum scattering of
electrons in the energy range hundreds of keV< E< 2 MeV (Gu et al., 2013; Woodfield et al., 2016), and they
may be important in the process of filling or depleting the Saturn inner radiation belts.
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