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Key Points: 18 

 Upper hybrid resonances (UHR) occur at Saturn near the magnetic equator on high-19 

inclination inner magnetospheric orbits. 20 

 These regions can be sources of Z-mode and narrowband (NB) emission. 21 

 Observed electron plasma distribution contains a weak loss cone unstable to Z and O 22 

mode wave growth. 23 
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Abstract 24 

 25 

Twenty high-inclination ring-grazing orbits occurred in the final period of the Cassini mission.  26 

These orbits intercepted a region of intense Z-mode and narrowband (NB) emission [Ye et al., 27 

2010] along with isolated, intense upper hybrid resonance (UHR) emissions that are often 28 

associated with NB source regions.  We have singled out such UHR emission seen on earlier 29 

Cassini orbits that also lie near the region crossed by the ring-grazing orbits.  These previous 30 

orbits are important because Cassini electron phase-space distributions are available and 31 

dispersion analysis can be performed to better understand the free energy source and instability 32 

of the UHR emission.  We present an example of UHR emission on a previous orbit that is 33 

similar to that observed during the ring-grazing orbits.  Analysis of the observed plasma 34 

distribution of the previous orbit leads us to conclude that episodes of UHR emission and NB 35 

radiation observed during the ring-grazing orbits are likely due to plasma distributions containing 36 

loss cones, temperature anisotropies, and strong density gradients near the ring plane.  Z-mode 37 

emissions associated with UHR and NB emission can be in Landau resonance with electrons to 38 

produce scattering or acceleration [Woodfield et al., 2018]. 39 

 40 

1.  Introduction 41 

 42 

Gurnett et al. [1981] and Scarf et al., [1982] reported the first observations of narrowband radio 43 

emission from Saturn as observed by Voyager.  These emissions were in L-O (left-hand ordinary) 44 

mode near 5 kHz in the range 3.25 Rs to 58 Rs. (Rs is the radius of Saturn)  Ye et al. [2009] have 45 

subsequently performed an extensive survey of this emission reporting narrowband (NB) 46 
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emission near 5 kHz, but also 20 kHz emission and sometimes harmonics of this emission.  This 47 

emission is believed to originate from the northern and southern edges of the Enceladus density 48 

torus.  A source mechanism similar to terrestrial continuum emission at Earth was suggested by 49 

Ye et al., [2009], where L-O emission is expected when fuh ~ (n+1/2)fce (fce = electron cyclotron 50 

frequency and n is an integer), where fuh
2 = fce

2 + fpe
2 is the upper hybrid resonance (fpe = electron 51 

plasma frequency).  Electrostatic cyclotron harmonic (ECH) waves near fuh are frequently 52 

observed in space plasmas and are often found to be associated with loss cone electron 53 

distributions at the source [Kurth et al., 1979a; Kurth et al., 1979b].  Yoon et al. [1996; 1998a] 54 

showed that growth rates of Z-mode are greatly enhanced when fuh
2 = (nfce)2, where n=2 and 3.  55 

This Z-mode can escape into free space by a linear mode conversion into ordinary (O) or 56 

whistler mode (W) [Horne, 1989]. 57 

 58 

Menietti et al. [2009] reported observations of NB emission near a source region along the outer 59 

edge of the Enceladus source region which displays both L-O and Z-mode emission.  The 60 

observations included electron phase space distributions near the source region obtained from the 61 

low energy electron spectrometer (ELS), part of the Cassini Plasma Spectrometer Investigation 62 

(CAPS) [Young et al., 2004].  The proposed generation mechanism was emission occurring when 63 

fuh ~ nfce, with significant enhancement of both L-O and particularly Z-mode emission.  If strong 64 

density gradients are observed within the source region, Z-mode emission can mode convert into 65 

O-mode, as suggested by Jones [1976] and Horne [1989] who discussed a similar scenario for 66 

the explanation of terrestrial myriametric radiation.  Menietti et al. [2009] proposed such a 67 

process for the generation of NB emission measured by Cassini. 68 

 69 
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The Cassini ring-grazing orbits were a series of 20 orbits conducted from November 30, 2016, 70 

through April 22, 2017.  At this time the spacecraft was at high-inclination with a periapsis of ~ 71 

2.3 Rs.  During several of these orbits, near periapsis, the spacecraft observed intense upper 72 

hybrid resonances on each side of the equator and these were associated with radio emission in 73 

the L-O mode observed at distance from the UHR emission and classified as NB emission.  Near 74 

the source of the UHR emission, there is stronger emission consistent with Z-mode.  However, 75 

these observations could not be studied in detail due to the absence of available electron phase 76 

space distribution (PSD) data.  The low energy electron spectrometer (ELS) that previously 77 

provided these data ceased operation earlier in 2009.  The morphological similarity of these 78 

observations to those observed earlier by Menietti et al. [2009] suggests a similar source 79 

mechanism.  A re-investigation of Cassini observations at earlier times near regions observed 80 

during ring-grazing orbits resulted in the discovery of similar UHR emissions where sufficient 81 

ELS data were also available.  In this paper we present analysis of electron and UHR emission 82 

data for a past Cassini orbit, and compare the results to UHR and radio emission data from a 83 

ring-grazing orbit. 84 

 85 

Observations 86 

 87 

The Cassini Radio and Plasma Wave Science (RPWS) instrument [Gurnett et al., 2004] measures 88 

electric (1 Hz to 16 MHz) and magnetic (1 Hz to 12 kHz) oscillations using three nearly 89 

orthogonal electric antennas and three orthogonal magnetic search coils.  The High Frequency 90 

Receiver (HFR, 3.6 kHz-16 MHz) of the Cassini spacecraft provides data for Poynting flux, 91 

polarization, and direction-finding capabilities.  Details of these data analysis procedures are 92 



Confidential manuscript submitted to Journal of Geophysical Research - Space Physics  
 

described in Cecconi and Zarka [2005].  The Cassini Plasma Spectrometer (CAPS) [Young et al., 93 

2004] is composed of three sensors for a study of electrons and ions.  We will use data from the 94 

electron spectrometer (ELS), which measures electron energies over the range 0.6 eV to 28.25 95 

keV acquired using an 8-detector fan array in a single plane. 96 

 97 

In Figure 1 we present a frequency-time spectrogram of wave observations with spectral density 98 

color-coded during the ring-grazing orbit near periapsis for day 353 of 2016.  At the time Cassini 99 

is located at a radial distance 3 Rs and crossed the equator near 21:30 UT where intense broad-100 

banded emission is observed (indicated by the arrow).  We note a number of features on this plot 101 

that are common during these orbits, which include intense emission above fce (white line), but 102 

near fuh as labeled centered near 21:51 UT and a similar feature centered near 21:08 UT.  103 

Narrowband emission (NB) is indicated above fce at several places.  Plasma oscillations (white 104 

dots) depict the plasma frequency for f < fce. 105 

 106 

Source regions of intense UHR and NB emission have been observed earlier in the Cassini 107 

mission during parts of the high-inclination orbits of 2007 and 2008 and at other times.  At these 108 

times low-energy electron data are often available from the Electron Spectrometer (ELS), 109 

however, ELS was not operable during the ring-grazing orbits. 110 

 111 

In Figure 2 we show a spectrogram of a perikrone pass for a 4-hour period on day 261 of 2008 112 

that is similar to that shown in Figure 1.  Cassini is again crossing the equatorial plane from 113 

north to south in the inner magnetosphere with perikrone near 4 Rs at ~17:15 UT.  We have 114 

indicated several regions of UHR and NB emission.  We will focus on the UHR emission near 115 
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15:10 UT.  Higher resolution data for this time interval are displayed in Figure 3 for a reduced 116 

range of frequency and time.  The enhancement near 15:10 UT is seen as a narrow-banded 117 

emission just above 15 kHz and near fuh.  In this plot, fuh is indicated by the (upper, annotated) 118 

white line and near the upper extent of the short electrostatic bursts (white dots designate the 119 

bursts at several places).  We note that the observed UHR emission in the designated source 120 

region occurs at a frequency that is somewhat less than 2fce.  We attribute this to the possibility 121 

that Cassini does not intercept the center of the source region, but is observing emission from 122 

just above the center or from a nearby field line where fce is somewhat smaller than the 123 

spacecraft measured value.  Also indicated in Figure 3 are NB radio emission designated as L-O 124 

or fast O-mode and also narrow band R-X or fast X-mode.  We present the circular polarization 125 

for this emission in Figure 4.  The polarization data were obtained from the electric field high 126 

frequency receiver (HFR), part of Cassini RPWS investigation (see Cecconi and Zarka [2005] 127 

and Ye et al. [2010] for details).  The top panel of Figure 4 is the Poynting flux using a relative 128 

intensity scale (dB) and the bottom panel displays the circular polarization for a limited time 129 

range near the UHR emission source regions.  We have indicated both O-mode (“O2” or 2nd 130 

harmonic O-mode associated with the UHR source region) and X-mode emission that may be 131 

from a more distant source. 132 

 133 

The ELS instrument consists of 8 anodes arrayed in a fan each with an approximately 20° x 5° 134 

viewing range.  During the time of data accumulation the spacecraft was not spinning but the 135 

ELS instrument was slowly oscillated by an actuator motor.  Figure 5 is a plot of the phase space 136 

distribution (PSD) as a function of energy and time for each anode for the time indicated.  The 137 

pitch angle range of each anode is plotted in the bottom panel.  In order to obtain a complete 138 
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range of pitch angles it is necessary to select the time intervals prudently.  During this time a 139 

complete energy spectrum is accumulated by all anodes each 4 seconds.  To compile a full 140 

distribution we have collected data at four time intervals.  The anodes were sampling pitch 141 

angles in the range 2° to 146° when north of the equatorial plane (Figure 5a).  After crossing the 142 

magnetic equator a few hours later the spacecraft rotated to allow ELS to monitor pitch angles 143 

near 180° (Figure 5b).  We have concentrated on the source region near 15:10 in the northern 144 

hemisphere with the most intense UHR emission.  However, we supplement the observed 145 

distribution near 15:10 with data near pitch angles of 180° chosen at a time interval near 18:50 146 

within a similar region of UHR emission and near the same L-shell.  In Table 1 we have listed 147 

the times of data collection and the pitch angles sampled at each time interval.  We note that not 148 

all time intervals contain 8 anodes, because some anodes were partially or completely obscured 149 

from plasma flux by the spacecraft.  We refer readers to Young et al., 2004 and Arridge et al. 150 

[2009] for a more complete discussion of the ELS instrument.  At 18:53:46 only anodes centered 151 

at pitch angles that were not previously sampled were selected.  In Figure 6 we enlarge the 152 

panels for anode 3 of Figure 5a (nearly field-aligned electrons) and anode 4 of Figure 5b (nearly 153 

anti-field-aligned) to more clearly point out the low energy beams and the weak loss cones.  154 

Contours of the observed phase space distribution within the source region at 15:10 (with 155 

supplemented PSD for pitch angles near 180°) are shown in Figure 7a.  This electron distribution 156 

is likely to be in a relaxed state considering the 4-second accumulation period for each time 157 

interval listed in Table 1. 158 

 159 

The electron beam observed in Figure 7a is traveling up the field line away from Saturn in the 160 

Northern hemisphere near L ~ 5.2.  While extending to energies of a few hundred eV, it is most 161 
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intense for E < 100 eV.  We do not know for certain if any of the beams are unidirectional, but no 162

return beams were observed within the loss cone near 18:55 at L~ 4.8, by which time the Cassini 163

spacecraft had rotated to allow monitoring of electrons from the anti-field-aligned direction.  164

Likewise there is no apparent field-aligned loss cone, perhaps due to its weak nature, having 165

been “filled in” during the rather long integration time (~4 sec).  The source of these beams is not 166

known, but similar electron beams at Saturn have been reported in the past.  Menietti et al. 167

[2009] investigated intense ECH emission at a similar latitude but L ~ 6.9, in an electron 168

distribution that included a loss cone and an electron beam of E ~ 100 eV, but in that case also, 169

the ELS only monitored the anti-field-aligned hemisphere.  These beams can generate beam 170

modes and whistler mode emission via Landau resonance interactions with electrons [cf. Maggs, 171

1976; Kopf et al., 2010].  Menietti et al. [2009] found that these beams were not responsible for 172

Z-mode emission observed at the same time.  Up-going and bi-directional electron beams have 173

been reported at Saturn by Mitchell et al. [2009] in the auroral region for L-shells extending from 174

L < 10 to L > 50.  The electron energies were reported to extend from E 20 keV (lowest 175

energy level of the low-energy magnetospheric measurement system (LEMMS) on board 176

Cassini) to as high as 1 MeV at times.  These authors report that the source region of these 177

electrons appears to be below the satellite.  Mitchell et al. [2009] suggest that the auroral region 178

beams have a width that implies a mirror point under 3 Rs, and appear to be accelerated most 179

likely near 1 Rs.  The loss cone angle we observe in Figure 7a and the model loss cone in Figure 180

7b suggest a mirror point < 2 Rs (using the zonal harmonic magnetic field model of Connerney 181

et al. [1982]).  The electron beams are of great interest, but they are not a free-energy source of 182

the observed Z-mode or O-mode emission as will be discussed. 183

184
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185

Instability and Growth Rate Analysis 186

187

To investigate the observed distribution which contains a field-aligned beam and a weak loss 188

cone we will model the observed distribution and investigate the growth of waves using 189

magnetoionic theory as outlined in Yoon et al. [1996; 1998a] where much of the terminology is 190

introduced.  In Figure 7b we show a model of the observed electron distribution using a 191

combination of a bi-Maxwellian [Ashour-Abdalla and Thorne, 1978] and a kappa distribution 192

[Yoon, 2014] and a relative color scale.  We assume a somewhat more pronounced loss cone with 193

a sharper gradient, because of the probable relaxation of the observed distribution.  The model is 194

given in terms of normalized quantity, u = v/c and μ is the cosine of the electron pitch angle as 195

follows: 196
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where  and  are the perpendicular and parallel thermal velocity (normalized to the speed of 199

light, c) and 0u  is the beam parallel drift velocity (normalized to c).  Normalization constants 200

are 201

202
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To obtain CL we made use of the following: 205

206

121 20
21 0

3/2 3/2 3 0 0

1 2 1 tanh 1

1 1( 1 / 2) 1 ln cosh ln cosh
( 1) 2 2

L
L

L L

uC d duu

C

 (3)207

208

To construct the model shown above we chose the following parameters: 209

210

0 0 0

0

0

0.008 ,       1,
0.01;       0.85,       0.05,       0.1,       2,       0.1,
0.025,       0.006,       0.008,       0.1.

L L

B B B

n
n

u n

00

B 0.00.0
 (4) 211

212

The magnetoionic (i.e., cold plasma) dispersion relation defined relative to the index of 213

refraction [Melrose, 1986] is specified by 214

215

 (5)216

 217
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where θ is the wave normal angle (between the wave vector and the ambient magnetic field), 218 

 219 

 220 

 221 

where the high-frequency cold-plasma (magnetoionic) modes are divided into 222 

extraordinary (X) and ordinary (O), but within each mode, separate ranges of frequencies 223 

exist. They are as listed below: 224 
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and where cutoff and resonance frequencies introduced are given by 228 
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While the dispersion relation is derived from cold plasma theory, the derivation of growth rate 233 

assumes an arbitrary (warm) particle distribution function. 234 

 235 

Following Yoon et al. [1996; 1998a], the temporal growth rate is then expressed as 236 

 237 

238 

 (7) 239 

 240 

,(resonant normalized momentum)

 (8) 241 

 242 

(x) is the Heaviside step function,  (x) = 1 for x > 0, and (x) = 0 for x ≤ 0,  243 

where σ stands for X, Z, W, or O mode and 244 

 245 

 246 

 (9) 247 
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 248 

 249 

with subscript s = X, W, or O and where 250 

 251 

sJ b  is the Bessel function of the first kind of order s 252 

( )
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 260 

 261 

The terms K and R are parameters that arise from the theory of the magnetoionic dispersion 262 

relation [cf. Yoon et al., 1996].  K is related to the unit electric field vector associated with the 263 

wave, and R is related to the radial group velocity. 264 

 265 

To complete the temporal growth rate one needs to consider the quantity,  266 
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271

In Figures 8a,b we plot the growth rate, γmax/Ω versus ωp/Ω for the model distribution of Figure 272

7b.  The maximum growth rates are determined by surveying both ω/Ω and θ.  We plot the 273

maximum growth rate for the Z-mode (8a) and O mode (8b) (“2” refers to 2nd harmonic 274

emission, f/fce ~ 2).  The fundamental emission (Z1 and O1) refer to emission observed in Figure 275

1 near 21:50.  For day 261 of 2008, the UHR emission at ~15:10 is near the 2nd harmonic.  In 276

Figure 8a Z2 mode begins to grow for ωp/Ω , with γmax ~ 4.5x10-1 Ω, assuming a ratio of the 277

warm ( )L Bn n  to total density, nw/no= 10-2 (right ordinate scale).  This ratio is consistent with 278

the observed distribution of Figure 7a.  For the Cassini perikrone pass of Figure 1 (ring-grazing 279

orbit), the value of ωp/Ω is lower as seen near the UHR emission centered close to 21:50:36 in 280

Figure 1, with fuh/fce ~ 1.25 and ωp/Ω ~ 0.74.  For this source region we do not have PSD 281

observations.  However, using the same model electron phase space distribution function of 282
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Figure 7b, but reducing nw/no=10-4 (left scale) we find Z1 growth rates γmax ~ 1.5x10-2 Ω for ωp/Ω 283 

~ 0.74 (near 21:50:36 of Figure 1), falling to 0 for ωp/Ω = . 284 

 285 

The growth rates shown in Figure 8b are similarly shown with nw/no =10-2 (right scale) and nw/no 286 

=10-4 (left scale).  O-mode growth rates are much weaker than those for Z-mode.  X-mode is also 287 

unstable but with growth rates weaker than Z-mode.  We observe X3 emission (Figure 4), but not 288 

X2.  We hypothesize that the source region of the observed X-mode bands may be more distant 289 

Cassini spacecraft.  The Z-mode growth rate as a function of frequency and wave normal angle is 290 

shown in Figure 9 for frequencies near the 2nd harmonic (Z2) and a value of ωp/Ω close to that 291 

near the source region (Figure 3).  One can see that the Z-mode growth rate peaks at large wave 292 

normal angles. 293 

 294 

We can estimate the gain and growth length (e-folding distance) of the Z2 emission.   The bursts 295 

of upper hybrid resonance emission occur with spectra density Io ~ 10-14 V2/(m2Hz), and maybe 296 

the seed for the growth of the Z-mode.  The Z-mode maximum spectral density is ~ 10-11 297 

V2/(m2Hz).  We, therefore, estimate the gain to be Gz = I/Io = 103 = exp(2 γ Lz /vg), where Lz is 298 

the growth distance and vg is the group velocity of the Z-mode.  In Figure 10a we plot the group 299 

velocity versus ωp/Ω for both the Z1 and Z2 emission.  For ωp/Ω ~ 1.8 vg ~ 107 m/s, so we 300 

estimate L = vg ln(G) / (2 γ) ~ 2.2 km for the scale size of the source region.  From the electron 301 

beam temperature we estimate the gyroradius of the beam plasma to be < 100 m. 302 

 303 

In order to estimate the gain for the O-mode we note from Figure 8b that the maximum growth 304 

rate for O2 is γmax < 10-6 Ω for ωp/Ω ~ 1.8.  The weakest observable O-mode emission observed 305 
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on Figure 3 has a spectral density of Io ~ 10-15 V2/(m2Hz), while the maximum spectral density is 306 

I ~ 10-13 V2/(m2Hz).  We therefore estimate the gain to be Go = I/Io ~ 102.  From Figure 10b, we 307 

obtain for O2 emission, vgr ~ 0.48c.  In the same manner as for the Z-mode, we estimate Lo2 = 308 

5.6 x 106 km.  We estimate the size of the source region by noting the region of large Z-mode 309 

intensity extending from perhaps 14:40 to 15:15 in Figure 3.  At this time the spacecraft velocity 310 

is ~15.5 km/sec, so the approximate source size Ls ~ 3.3x104 km.  This value is about 2 orders of 311 

magnitude less than Lo2 = 5.6 x 106 km.  Using a similar estimate of the approximate size of the 312 

O1 source region near 21:50 UT of Figure 1 yields another large value of Lo1 =5.7 x 107 km for 313 

the growth length.  For the O1 emission of Figure 1 we estimate the source size to be 1.67x104 314 

km, which is over 3 orders of magnitude less than Lo1=5.7x107 km.  These large estimates imply 315 

that there may be another source for the observed O-mode emission.   316 

 317 

O1 growth rates are lower than Z1, but are modest with γmax ~ 1.9x10-5 Ω for ωp/Ω ~ 0.74.  The 318 

lowest observable O-mode in Figure 1 is Io ~ 2x10-16 V2/(m2Hz), while the maximum value is ~ 319 

4x10-15 V2/(m2Hz), so we estimate the O1 gain to be ~ 2 x 102.  From Figure 10b we obtain vg = 320 

0.67c, and we obtain an estimated growth length of L ~ 5.7 x 107 km, which is also quite large, 321 

implying another source for the O-mode.  We can increase the O-mode growth rate significantly 322 

by increasing the depth and steepness of the phase space density gradient of the model loss cone, 323 

but this requires additional assumptions.  However, we may also consider Z-mode to O-mode 324 

conversion near a density gradient as previous authors have discussed. 325 

 326 

Near the Z-mode source region we calculate the cold plasma index of refraction based on the 327 

measured values of fpe = 16.65 kHz, fce = 9.5 kHz for Z-mode wave normal angles θ = 0-4° and 328 
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for θ = 0° for O-mode.  We assume a small wave normal angle for the Z-mode after refraction at 329 

the density gradient near the edge of the Enceladus plasma torus.  In Figure 11 we plot these 330 

indices as a function of frequency, with the indices agreeing for θ = 0 at fpe.  The rapid change of 331 

magnitude of fuh near the Z-mode source region in Figure 3 indicates a strong density gradient 332 

during this time.  This suggests that mode conversion from Z-mode to O-mode can occur through 333 

the “radio window” [Jones, 1976; 1980; Horne, 1989; Yoon et al., 1998b] as the Z-mode is 334 

refracted to small wave normal angles as it propagates.  This could appreciably enhance the 335 

observed O-mode intensity [cf. Horne, 1989].   336 

 337 

Summary and Conclusions 338 

 339 

Observations of intense UHR emission and associated NB emission in the O and Z-modes were 340 

obtained during some Cassini ring-grazing orbits in the final phase of mission.  These orbits had 341 

a high inclination with a periapsis near 2.3 RS, similar to some earlier Cassini orbits during 342 

periods from late 2007 to early 2009.  This fact has been important in our investigation of the 343 

source mechanism for these emissions, because ELS data were not available during the ring-344 

grazing orbits.  Critical to the calculation of growth rate is a complete electron phase space 345 

distribution.   Within the source region, the pitch angle coverage ranged from 2° < α < 146° 346 

while the Cassini spacecraft was north of the equator.  However, electron observations of the 347 

ELS for α > 150° were available for southern latitudes during this orbit.  Within a similar source 348 

region near the same L-shell in the southern hemisphere, observations revealed a weak loss cone 349 

which is the free energy source for these emissions. 350 

 351 
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Because the accumulation time for the ELS phase space distributions is ~4 seconds, we have 352 

modeled the PSD by modestly enhancing the observed loss cone, assuming that some filling of 353 

the loss cone occurred during the sampling accumulation time.  With these assumptions, we can 354 

obtain Z-mode emission with sufficient growth and gain to explain the observations.  O-mode 355 

growth rates appear to be too low to explain the observed O-mode intensity.  Increasing the 356 

depth and phase space density gradient of the model loss cone would increase the O-mode 357 

intensity.  However, there is an opportunity for mode conversion of Z-mode to O-mode to 358 

explain the observations of O-mode intensity.  Finally, weak X-mode is observed, but this 359 

emission appears to be from a remote source, with no local strong enhancement of upper hybrid 360 

resonance observed at the X-mode frequency. 361 

 362 

The observations of intense UHR and NB emission during the ring-grazing orbit of Figure 1 are 363 

similar to those of Figures 2 and 3 for which we have electron PSD data and the growth rate 364 

calculations are performed.  However, for the observations of Figure 1 the ratio of fpe/fce is lower, 365 

with fuh ~ fce near the intense UHR source region.  We have repeated the growth calculations for 366 

the model PSD of Figure 4 with fuh/fce ~ 1 and with a reduced ratio of nw/no = 10-4.  The growth 367 

rates, shown in Figure 8, indicate the feasibility of the proposed instability to explain the intense 368 

UHR emission for the observations during the Cassini ring-grazing orbit shown in Figure 1.   O-369 

mode growth was found to be insufficient for the case of O1 and O2 emission.  However, it is 370 

conceivable that mode conversion from Z-mode to O-mode can occur near the observed strong 371 

density gradient.  The results indicate that intense UHR emissions and associated NB radio 372 

emissions can be a result of plasma distributions containing loss cones and temperature 373 
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anisotropies near regions of strong density gradients close to the Saturn ring plane of the inner 374 

magnetosphere. 375 

 376 

Determining the source generation mechanism of the nearly ubiquitous NB and UHR emission is 377 

scientifically important.  Z-mode emission may be a significant source of electron scattering and 378 

acceleration at Saturn [Woodfield et al., 2018], and these waves are observed much more 379 

prominently at Saturn than at Earth [Menietti et al., 2016].  A better knowledge of the generation 380 

mechanism of this emission is important to understand local and global mechanisms of Saturn 381 

magnetospheric plasma energy distribution. 382 

 383 
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Table 1 

Non-obstructed Anodes 

Time Central Pitch Angle (degs) 

  

15:07:34 113 131 146     

15:08:14 83 96 108 119 127   

15:11:30 2 18 21 38 41 61 81 

18:53:46 158 161 176     

 482 

 483 

 484 

Figure Captions 485 

 486 

Figure 1 487 

 488 

A frequency-time spectrogram of wave observations with power spectral density color-coded 489 

during the ring-grazing orbit near periapsis for day 353 of 2016. Cassini is located at the radial 490 

distance ~ 3 RS during the equator crossing near 21:30 UT (shown by the black arrow), where 491 

intense broad-banded emission is observed.  Intense UHR emission is indicated as f*
uh. 492 

 493 

Figure 2 494 

 495 

A spectrogram of a perikrone pass for a 4-hour period on day 261 of 2008 is similar to the pass 496 

shown in Figure 1.  Cassini is again crossing the equatorial plane near 17:15 UT from north to 497 

south in the inner magnetosphere with perikrone at the radial distance ~4 RS. 498 
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 499 

 500 

Figure 3 501 

 502 

A detailed frequency-time spectrogram with a higher resolution for a reduced range of 503 

frequencies and time from Figure 2. The enhancement near 15:10 UT is seen as a narrow-banded 504 

emission just above 15 kHz and near fuh. White dots indicate fuh at the upper extent of some of 505 

the short electrostatic bursts. 506 

 507 

Figure 4 508 

 509 

The top panel is the Poynting flux using a relative (to background) intensity scale (dB) and the 510 

bottom panel displays the circular polarization for a limited time range near the intense UHR 511 

emission source region.  Circular polarization in the O, X, and Z-modes are labeled. 512 

 513 

Figure 5 514 

 515 

The phase space distribution (PSD) as a function of energy and time for each of the 8 anodes for 516 

the time indicated.  The pitch angle range of each anode is plotted in the bottom panel.  During 517 

the time of data accumulation the ELS instrument was slowly oscillated by an actuator motor.  518 

White arrows in the left panel indicate low energy field-aligned electron beams.  White arrows in 519 

the right panel indicate loss cones. 520 

 521 
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Figure 6 522 

 523 

Enlargement of the panels for anode 3 of  (5a) (nearly field-aligned electrons) and anode 4 of 524 

(5b) (nearly anti-field-aligned electrons).  The low energy beams and the weak loss cones are 525 

more apparent.  Arrows indicate the (a) electron beams, and (b) the loss cones.   526 

 527 

Figure 7 528 

 529 

A model of the observed distribution using a combination of a bi-Maxwellian and a kappa 530 

distribution.  The color bar is a relative scale. 531 

 532 

Figure 8 533 

 534 

The maximum growth rate, γ/Ω versus ωp/Ω for the model distribution.  We plot the maximum 535 

growth rate for the Z-mode (a) and both O and X modes (b) (“2” refers to 2nd harmonic emission, 536 

f/fce ~ 2).  In (a,b) the left ordinate axis is for Z1 and O1 (nw/n0 = 10-4) and the right ordinate axis 537 

is for Z2 and O2 (nw/n0 = 10-2). 538 

 539 

Figure 9 540 

 541 

The Z-mode growth rate as a function of frequency and wave normal angle for frequencies near 542 

the 2nd harmonic (Z2) and a value of ωp/Ω = 1.75, close to that near the source region. 543 

 544 
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Figure 10 545 

 546 

The group velocity versus ωp/Ω for both the Z1 and Z2 emission.  For For ωp/Ω ~ 1.8,  vg ~ 107 547 

m/s. 548 

 549 

Figure 11 550 

 551 

Cold plasma index of refraction versus frequency and wave normal angle (ϴ) for the Z-mode and 552 

O-mode for fpe = 16.65 kHz, fce= 9.5 kHz near the Z-mode source region.  The O-mode is 553 

evaluated at ϴ = 0°, while the Z-mode is evaluated for ϴ = 0, 1°, 2°, 3°, and 4°  The indices 554 

agree for ϴ = 0° at fpe where mode conversion from Z-mode to O-mode can occur through the 555 

“radio window” as the Z-mode is refracted to small wave normal angles within the density 556 

gradient. 557 
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