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[1] The Cassini Langmuir probe, part of the Radio and Plasma Wave Science (RPWS)
instrument, has provided a wealth of information about the cold and dense plasma in the
Saturnian system. The analysis of the ion side current (current for negative potentials)
measured by the probe from 2005 to 2008 reveals also a strong sensitivity to energetic
electrons (250–450 eV). These electrons impact the surface of the probe, and generate a
detectable current of secondary electrons. A broad secondary electrons current region is
inferred from the observations in the dipole L Shell range of !6–10, with a peak full width
at half maximum (FWHM) at L = 6.4–9.4 (near the Dione and Rhea magnetic dipole
L Shell values). This magnetospheric flux tube region, which displays a large day/night
asymmetry, is related to the similar structure in the energetic electron fluxes as the one
measured by the onboard Electron Spectrometer (ELS) of the Cassini Plasma Spectrometer
(CAPS). It corresponds spatially to both the outer electron radiation belt observed by the
Magnetosphere Imaging Instrument (MIMI) at high energies and to the low-energy peak
which has been observed since the Voyager era. Finally, a case study suggests that the
mapping of the current measured by the Langmuir probe for negative potentials can allow
to identify the plasmapause-like boundary recently identified at Saturn, and thus potentially
identify the separation between the closed and open magnetic field lines regions.

Citation: Garnier, P., et al. (2012), The detection of energetic electrons with the Cassini Langmuir probe at Saturn,
J. Geophys. Res., 117, A10202, doi:10.1029/2011JA017298.

1. Introduction

[2] The Langmuir probe onboard the Cassini spacecraft—
referred to as LP in the paper—is one of the sensors of the
Radio and Plasma Waves experiment [Gurnett et al., 2004]
and is dedicated to the measurement of parameters of cold
(below temperatures of !5 eV) and dense plasmas (above
several particles per cm3). The LP provides primarily a
wealth of information about Titan’s ionosphere: its overall

structure [Wahlund et al., 2005a; Garnier et al., 2009], its
ionization sources [Ågren et al., 2007], electrodynamics
[Rosenqvist et al., 2009; Ågren et al., 2011], as well as
escape processes [Modolo et al., 2007; Edberg et al., 2010,
2011]. In addition, the LP allowed the investigation of other
cold plasma environments such as the Saturnian plasma disk
[Wahlund et al., 2005b; Morooka et al., 2009; Jacobsen
et al., 2009; Gustafsson and Wahlund, 2010] and of dusty
regions such as the Enceladus plume or the rings environ-
ment [Wahlund et al., 2009; Morooka et al., 2011].
[3] Beyond cold plasma observations, we will demon-

strate in this paper that the LP is also very sensitive to more
energetic electrons (the adjective “energetic” will refer to
energies around !250–450 eV in this paper). After a brief
description of the various currents measured by the LP
(section 2.1), we show the presence of a secondary electrons
current region (the word “current” will refer to the currents
measured by the probe from the collection of particles at its
surface, and not to a real plasma current) in-between the
magnetic L-shells 6–10 from the analysis of LP data during
several years (section 2.2). We then describe how we extract
this current of secondary electrons from the probe mea-
surements (section 3). The comparison between this extrac-
ted current and the Cassini CAPS (Cassini Plasma
Spectrometer) and MIMI (Magnetosphere Imaging Instru-
ment) particles data leads to the identification of the source
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particles creating the region of enhanced current observed
(section 4.1), and to the explanation of the morphology of
this region (section 4.2). A case study suggests that mapping
the current of the LP for negative potentials can allow us to
identify the plasmapause-like boundary recently identified
by Gurnett et al. [2010] at Saturn (section 4.2). Finally, a
summary of our results and perspectives end this article
(section 5).

2. Langmuir Probe Observations

2.1. Description of the Currents Measured
by the Langmuir Probe

[4] The LP consists of a Titanium Nitride (TiN) coated
conductive Titanium sphere (radius of 2.5 cm) mounted on a
boom (length of 1.5 m). The bias voltage of the probe (UB,
actively applied to the LP with respect to the spacecraft) is
varied every 10 minutes between "32 V and +32 V (or
"4 V and +4 V every 24 s during certain Titan flybys),
allowing the detection of electrons or ions depending on the
sign of the potential U relative to the plasma (U = UB + Vfloat

with Vfloat being the floating potential of the probe). The LP
can be used to determine plasma parameters such as the
electron density and temperature, the ion bulk flow speed
and total energy (ram and thermal energy), as well as the
spacecraft potential.
[5] The derivation of these parameters is based on the

fitting of the current-voltage (I-V) curve [e.g., Fahleson
et al., 1974] using the Orbital Motion Limited (OML) the-
ory [e.g.,Mott-Smith and Langmuir, 1926]. This paper deals
with the thin magnetospheric plasma where the Debye
length is much larger than the probe radius, which justifies
the use of OML theory: e.g. the Debye length is larger than
2.5 m for a typical equatorial plasma near L = 6 with a
density of 30 cm"3 and a temperature of 4 eV [Persoon
et al., 2009]. It should be made clear that the currents are
collected with no information about their precise direction.
This has no impact for our study, since the investigation of
anisotropies of the plasma collected is beyond the scope of
the paper.
[6] The current (I") measured for negative potentials (U),

later called ion side current, is given by:

I" ¼ Iions þ Iel þ I*þ Idust þ Iph þ Idsec þ Isec
* ð1Þ

The first four currents are due to the incoming plasma,
whereas the three last currents are related to the probe itself.
Iions and Iel are the (thermal and ram) currents due to the
ambient cold ions and electrons, Idust is the direct charged
dust current to the probe, I* the current due to direct impact
of energetic electrons and ions, Iph the photoelectron current
(due to photoionization of the probe surface), Isec

d the current
of secondary electrons induced by the impact of dust, and
Isec* the current of secondary electrons induced by the
impact of energetic particles. In previous studies concerned
with the analysis of Langmuir probe data in the magneto-
sphere, only the ram/thermal ion and photoelectron currents
were usually considered for negative probe potentials: cold
thermal electrons are repelled by the probe, dust particles are
confined at the equator and the contribution by energetic
particles was not taken into account.

[7] The current is linearly dependent on the bias potential
for strong negative UB values, so that I" may also be
parameterized by the following equation during the data
analysis process [Holmberg, 2010, also submitted manu-
script, 2012]:

I" ¼ m" bUB ð2Þ

where m and b are respectively the level and slope of the
fitted current-voltage (I-V) curve on the ion side; only strong
negative bias potentials—“UB < "5 V”—are included in the
fitting process to remove the contribution of incoming cold
electrons (Iel) which are not all repelled by small negative
potentials: e.g. cold electrons with a temperature of 1 eV and
a density of 10 cm"3 generate a small current of 10 pA for
U = "5 V, 20 times smaller than the corresponding ion
current.
[8] The photoelectron current was estimated from a

detailed analysis [Holmberg, 2010, also submitted manuscript,
2012] of the currents measured in the outer magnetosphere and
where the electron density is small (ne < 0.05 cm"3), i.e. in
regions where only the photoelectron current can contribute.
It was corrected for the attitude of the spacecraft and the
location of the probe, and a proxy was finally derived for Iph
as a function of the F10.7 index (W/m2/Hz), itself a com-
monly used proxy for solar extreme UV radiations [Tapping,
1987; Dudok de Wit et al., 2009].
[9] The m current—DC level of the current measured on

the ion side—has a random noise level of 0.1 nA (measured
in laboratory; J. Wahlund, private communication, 2012).
The derivation of the photoelectron current induces both a
random noise level of 0.05 nA and a possible systematic
error below 0.1 nA [Holmberg, 2010, also submitted man-
uscript, 2012, private communication, 2012]. The systematic
error may be induced by several issues which are today not
taken into account, such as a partial shadowing of the probe
surface from a boom or an antenna, partial ring eclipses,
etc. The noise levels will be considered in the paper, whereas
the systematic error will not affect our results which are
based on temporal correlations or comparisons between
radial (L Shell) profiles.

2.2. A Secondary Electrons Current Region Observed

[10] Figure 1 gives a map of the ion current level
(mion = |m " Iph| = " (m " Iph); see section 3.1 for the deri-
vation of Iph) for two different coordinate systems. The LP
sweep data from February 1st 2005 to July 30rd 2008 were
included (more than 250 000 measurements), and averaged
inside each map cell of both panels (with size bins of 0.5 RS—

RS = 60268 km—and bins of!40 minutes for Saturnian local
time). Each cell contains more than hundred measurements
on average, up to more than thousand in the inner magneto-
sphere near the equatorial plane. However, the inhomoge-
neous sampling of Saturn’s environment by the Cassini
spacecraft, with more events in the equatorial plane or near
'45( in latitude, probably induces a bias in the Figure 1, with
increased uncertainties for the cells less sampled.
[11] A broad region was thus observed with a maximum in

the L Shell range of !6–10 (see section 4.2 for a radial
profile) near Dione and Rhea, and a clear organization along
the L Shell values up to high latitudes (the red and blue lines
represent dipolar magnetic field lines). Significant currents
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above the background were also measured in the outer
magnetosphere (up to at least L = 14 in the figure).
[12] Figure 1b also shows a clear local time asymmetry

with larger values on the nightside (see also section 4.2).
Strong currents were also observed near Saturn in the
equatorial plane (see the cells inside the Dione L-shell and
for |Z| < 1 RS), due to cold ions or electrons, but this aspect is
out the scope of the paper.
[13] Which process may induce such large currents at any

latitude among the sources listed in equation (1)? Only the
effect of energetic particles (Iener = I* + Isec*) can actually
account for the enhanced current region observed, since: the
photoelectron current was already removed (and does not
depend on the magnetospheric region but on solar activity
and the spacecraft attitude), the cold ion thermal or ram cur-
rent is much stronger near the equator where the dominating
water group ions are centrifugally confined [Sittler et al.,
2008], the incoming cold electrons are negligible and the
dust (as well as its induced current) is absent at high latitudes.
[14] To further understand these observations, it is required

to isolate the energetic current Iener and to analyze its source
particles, in order to better understand the LP behavior
regarding the current induced by energetic particle impact.

3. Derivation of the Energetic Current

[15] We will here analyze the LP observations in more
details: we develop the method allowing to extract the cur-
rent Iener from the total ion side current I" (3.1), and then
two case studies are considered (3.2).

3.1. Description of the Method

[16] Starting from equation (1) and the knowledge of I",
we can reduce the difficulty for isolating the energetic

current Iener if we focus on regions off the equatorial plane
(e.g. |Z| > 1 RS), which removes the contributions by dust
and reduces significantly the influence of cold ion currents
to the probe. One needs only to estimate the contributions by
cold ions (Iions) and photoelectrons (Iph).
[17] The cold ion current Iions (containing both thermal

and ram contributions) varies linearly with respect to the
potential for negative U (U = UB + Vfloat) values:

Iions ¼ Ii0 " bU ð3Þ

with Ii0 the “random ion current” given by the various con-
tributions of each ith ion species [Fahleson et al., 1974]:

Ii0 ¼ "
X

i

ALPniqi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2i
16

þ
kBTi

2pmi

s

ð4Þ

with ALP the surface of the probe, kB the Boltzmann constant
and ni, Ti, qi, vi, mi the density, temperature, charge state,
drift speed (in the frame of the LP), mass of the ith ion
species which are parameters not provided for each species
by the LP (it can provide global—density weighted—values
but cannot separate the contribution of each ion species).
[18] The combination of equations (1), (2) and (3) leads to

the estimated energetic current outside the ring plane:

Iener ¼ mþ bVfloat " Ii0 " Iph ð5Þ

[19] As a consequence, understanding the exact signature
of energetic particles through the extraction of the associated
current Isec* needs, at first, not only the analysis of the LP data,
but also the analysis of ion data with the CAPS experiment
[Young et al., 2004] to estimate Ii0 (see section 3.2 for more
details). We will now use the method to extract Iener during

Figure 1. Maps in two coordinate systems of the current level (color-coded, white when there are no
data, black for current values below the noise level of 0.11 nA) measured on the ion side by the LP and
without the photoelectron contribution (mion = |m " Iph|), from February 1st 2005 to July 30rd 2008.
The thick blue and red lines show respectively the L Shell values [McIlwain, 1961] of Dione and Rhea.
(a) (X, Y, Z) is the Saturn centered equatorial coordinate system (KSE or Kronocentric Saturn Equatorial),
with Z pointing northward along Saturn’s spin axis, X in the Saturn equatorial plane and positive toward
the Sun, and ~Y ¼ ~Z ) ~X . (b) SLT gives the Saturnian local time.
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two specific time periods where the Cassini spacecraft crossed
the enhanced current region—identified in section 2.2—off
the equator.

3.2. Case Studies

[20] Two time periods were used: the SOI (Saturn Orbit
Insertion) and a high inclination orbit in 2008.
[21] During the inbound part of SOI (June 30th 2004), from

16:00 to 20:00 UT, the Cassini spacecraft was located near the
peak shown in Figure 1 and outside the dust region, in the L
Shell range of 7–10 and at Z values below "1.2 RS. The ran-
dom ion current Ii0 was calculated using the SOI ion moments
(i.e. ni, Ti, vi) derived from the analysis of the CAPS IMS data
[Sittler et al., 2006]. The two ion species identified by CAPS
were included in Ii0: water group ions (mW = 17 amu) and
protons (mH = 1 amu). The velocity vector of the ion i with
respect to the probe (!vi ¼

"!
Vioni

""!VCassini) was calculated for
each ion species and at each time interval, Vioni including the
corotation and radial velocities profiles published by Sittler
et al. [2006]. We considered only one radial velocity profile
(average value over both species profiles published), the ver-
tical velocity was neglected and no temperature anisotropy
was taken into account by the authors. We will see later that
these simplifications have no influence on our results, since the
current Ii0 is small in our case studies.
[22] Figure 2 shows all currents (except dust currents)

contributing to the ion side current I" during SOI, with in
particular the estimated energetic current Iener = I* + Isec*.
We note that b. Vfloat is almost zero, so that the total current
I" is directly given by the current level m (see equation (2)).
The random ion current Ii0 driven by cold ions contributes up to
15% maximum only (at 17:30), about the same order of the LP
current noise level (!0.1 nA). As a result, them current is itself
dominated by Iph and Iener (since m = Iener " bVfloat + Ii0 + Iph
from equation (5)). This confirms that energetic particles
(Iener) create the enhanced current region, since the second
significant current (photoelectron current) is roughly stable

at the scale of several hours, and thus cannot exhibit the
temporal variability seen in the total current.
[23] A second period was analyzed, during a high incli-

nation orbit on May 17th and 18th 2008, respectively at
19:30–20:10 and 1:40–2:10 during the inbound and out-
bound legs of the orbit. The analysis of all currents con-
tributing to I" revealed a similar situation to SOI (the results
are not shown), with an energetic current of the same order
as the photoelectron current, and a negligible influence by
b.Vfloat. The spacecraft was located inside the secondary
electron current region and well off the equator at |Z| values
above !2.75 and 2.45 RS respectively, and in the L Shell
ranges of 7.4–9.9 and 7–9.6.
[24] The contribution by cold ions (Iions) was not removed

during this second period. However, given the large |Z| values
—the dominating water group ions are mostly confined near
the equator [Thomsen et al., 2010]—and the small contribu-
tion during SOI for such particles, we could reasonably
assume a small contribution of Iions. We checked this
assumption with a rough calculation of the cold ion current Ii0
based on density and temperature profiles published by
Thomsen et al. [2010] and Persoon et al. [2009]: Ii0 ! 0.11
and 0.18 nA for |Z| = 2 RS and at respectively L = 6 and 10 RS,
thus leading to a value similar to the SOI current value, small
enough to be neglected as a first step in our study. The broad
data set of ion measurements published by Thomsen et al.
[2010] will be used in a future study which will more focus
on the quantitative side.

4. The Influence of Energetic Electrons

[25] The previous sections allowed to identify the current
Iener as the reason for the enhanced current region observed
in Figure 1, and to extract it from the measurements. We will
here perform a correlation analysis to identify the particles
which induce this energetic current (section 4.1), and then
investigate why the resulting signature has the observed
shape (section 4.2).

Figure 2. Currents (A) contributing to the total current I" (measured for negative potentials) during the
inbound leg of SOI (June 30th 2004) as a function of time. Negative values of currents are plotted since col-
lected ion currents or emitted secondary electron currents are negative. The random noise level of 0.1 nA is
overplotted in pink, and error bars are given for Iener ('0.11 nA), m ('0.1 nA) and Iph ('0.05 nA).
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4.1. Identification of the Source Particles

[26] The derivation of the energetic current Iener, which
creates the secondary electron current region, allowed us to
identify its source particles by comparison with the particles
data from the MIMI LEMMS (Low Energy Magnetospheric
Measurement System; described by Krimigis et al. [2004])
and CAPS ELS/IMS instruments (Electron Spectrometer/Ion
Mass Spectrometer; described by Young et al. [2004]). Both
contributions to the energetic current (Isec*, I*) are propor-
tional to the energetic particles fluxes. The principle of the
analysis was thus to calculate the Pearson’s r correlation
coefficient [Press et al., 2007] between the temporal evolu-
tions of Iener and of the particles fluxes, as a function of the
energy of the incoming particles. The best correlation then
indicated the source particles for the energetic current con-
tribution to the LP.
[27] We analyzed the differential number fluxes (keV.cm2.

sr. s)"1 for ions—with protons being the most significant
energetic ion population up to high latitudes—and electrons
during the time periods discussed in the previous section.
We used the CAPS ELS electron data from anode 5 (the
least affected by spacecraft structures) with all 63 energy
channels from 0.53 eV/q (lower value of bin number 63) up
to 28.3 keV/q (upper value of bin number 1). The low
energy ion fluxes were provided by the CAPS IMS energy
channels from 0.01 to 50.3 keV (from the anodes oriented
toward the corotation direction; R. Wilson, private commu-
nication, 2011).
[28] The CAPS ELS data were corrected for the rare

unphysical negative values introduced by the software used,
but neither for noise nor for other artifacts such as the obscu-
ration of parts of the spacecraft bus, or the focusing of electrons
in the non-uniform spacecraft potential. Since our data corre-
spond to regions outside the radiations belts, the noise which
might affect our analysis mostly comes from the radiation
sources of the spacecraft (i.e. the radioisotope thermoelectric

generators). This background noise level affects all energy
channels and its value was estimated by Arridge et al. [2009]
below the one-count level of !42 counts/s, between 20 and
30 counts/s for the anode 5 [see Arridge et al., 2009,
Figure A2], depending on the orientation of the spacecraft, the
actuator position and the averaging of the data. During the time
periods considered, the mean signal-to-noise ratio—for a noise
level of 30 counts/s—decreased from 240 to 3.1 with energy
(from bin number 63 to bin number 1), with mean values near
32 or 33 for 250–450 eV electrons (and minimum/maximum
values of 9/80 among the time steps). Furthermore, the data
were averaged over one minute time periods and our correla-
tion analysis is based on the compared temporal variabilities
over short time periods, which cannot be affected by the
removal of a constant noise.
[29] The most energetic particle fluxes were given by

the MIMI LEMMS instrument, with the usage of C0–C7

channels for 18–832 keV electrons and of A0–A7 channels
for 27–4000 keV ions (updated values since the original
ones published by Krimigis et al. [2004]). All particles
fluxes were averaged—to remove the variability induced by
the noise—over 86 s (for SOI, when the LEMMS platform
was rotating in 86 s) or 60s time bins (for the second period
when the platform was static) and interpolated to the LP time
steps used in section 3.2. The LEMMS data were corrected
for the presence of light contamination, bad subsectors, and
background (E. Roussos, private communication, 2012).
[30] Figure 3 shows the correlation between the tem-

poral evolutions of the energetic current Iener (derived in
section 3.2) and the fluxes of electrons and ions as a function
of energy. The Pearson’s r correlation coefficient was
derived from the linear regression between the energetic
current and the particle fluxes considered.
[31] The correlation analysis during the SOI period alone

with using the anode 5 CAPS ELS data revealed a peak near
400–600 eV. Considering the two periods together (SOI and
high inclination orbit) determines the energy range of the

Figure 3. Pearson’s correlation coefficient between the temporal evolutions of the current induced by
energetic particles (Iener = Isec* + I*) and the particles fluxes—electrons (e-) and ions—as a function of
the particles energy; “all periods” refers to both the SOI and the high inclination orbit periods. The second-
ary electron emission yield curve byWalters and Ma [2001] is plotted in yellow and normalized so that the
maximum yield is placed at the same ordinate value as the maximum value of the green curve.
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peak near 250–450 eV. By comparison, the correlations with
low (IMS) or high energy (LEMMS) ions were small, indi-
cating that the 250–450 eV magnetospheric electrons most
probably generate the energetic current measured by the
probe. It is important to consider long enough time periods,
to avoid eventual secondary peaks related to the coincidental
presence of several populations on the same field lines. In
addition, another correlation analysis was also performed
with fluxes averaged over all anodes for CAPS ELS (blue
line with circles in Figure 3), but no significant change was
observed. We may add that the scatterplots were analyzed,
revealing no outliers for the 250–450 eV energies. A Fisher
test [Press et al., 2007] was also performed at all energies,
which confirmed the statistical significance (for a signifi-
cance level of 1%) of the linear regressions with respect to a
null hypothesis—independence between the current and the
particle fluxes—except for the worst correlations (e.g. for
3–7 eV or 60–90 eV electron energies).
[32] Moreover, the energy range of the source particles,

compared with the secondary electron emission yield peak
(with a yield above one) usually located near 200–1000 eV
for metal layers [Hastings and Garrett, 1996; Walters and
Ma, 2001; Lorkiewicz et al., 2007], supports the conclu-
sion that the energetic current Iener is driven by the second-
ary electrons contribution. An example of such yield curve
for a TiN surface [Walters and Ma, 2001] is plotted in yel-
low in Figure 3, revealing a similar peak energy near
300 eV. Our correlation analysis does however not provide
the yield curve directly, which does not allow to compare
both curves beyond the peak energy. Moreover, the exact
composition and the treatment of the probe surface strongly
affect the secondary electron emission yield curve (in par-
ticular the maximum yield value), which prevents us from
using yield curves published previously to understand the
exact behavior of the LP. We may also add that the impact
by energetic ions is known to induce secondary electrons,

but mostly at higher energies, above 10 keV [Hastings and
Garrett, 1996] where the particle fluxes are much smaller
than for 250–450 eV electrons.

4.2. The Spatial Distribution of the Secondary
Electron Current Region

[33] The correlation analysis developed in the previous
section demonstrated that energetic electrons (250–450 eV)
in the magnetosphere are the most probable source of the
enhanced current region observed in Figure 1, through the
generation of a current Iener dominated by the secondary
electron component of Isec*. However, why is there such a
spatial distribution for the region observed, and can it give
information about the magnetospheric dynamics ?
[34] Figure 4 shows the comparison between the ion cur-

rent level mion = |m " Iph|—previously mapped in Figure 1
and roughly equal to the energetic current off the equato-
rial plane—and the energetic electrons normalized (see
figure caption) differential number fluxes off the equator
(|Z| > 1 RS). We computed 3.5 years—same period as in
section 2.2 from 2005 to 2008—of CAPS electron fluxes at
energies near the peak for secondary electron emissions (i.e.
from 253 to 474 eV, the lower and upper energy values of the
respective bin numbers 30 and 27). The mion profiles off and
near the equatorial plane are shown, along with the total
profile. The error bars for the averaged profiles of mion are
given by the combination of both the noise level of 0.11 nA
(which affects every single measurement) and the standard
deviation among all measurements of each L Shell bin.
[35] The mion radial profile displays a permanent peak

between mostly L = 6 and L = 10, which is clearer off the
equator, since current contributions other than Iener may be
significant near the equatorial plane (currents induced by dust
or cold ions, see section 3). The full width at half maximum
FWHM is given by the L = 6.4–9.4 range off the equator, but
significant secondary electron currents may be observed

Figure 4. Radial profiles (L Shell values) of the ion current level—mion = |m " Iph| in nA—and of the
normalized CAPS ELS electron differential number fluxes (keV. cm2. sr. s)"1 from anode 5, averaged over
10 minutes time bins and over the four energy channels from 253 up to 474 eV. These ELS data were nor-
malized so that the maximum number flux is placed at the same ordinate value as the maximum value of
mion in the figure. The thick blue and red vertical dashed lines show the L Shell values of Dione and Rhea.
The data sets cover the period from February 1st 2005 to July 30rd 2008.
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further out in the magnetosphere. The same curve is observed
for both CAPS ELS fluxes and the current mion, thus con-
firming the energetic electrons as the source of the secondary
electron current region. The combined absence of energetic
electrons fluxes and of other significant particles (dust or cold
plasma) off the equator induces small currents below the noise
level beyond 11 RS, whereas significant currents are measured
by the LP near the equator even in the outer magnetosphere.
An analysis of the Saturnian local time dependance for the
energetic electron fluxes also shows the dayside/nightside
asymmetry seen in Figure 1 for the current mion.
[36] This peak in the electrons near L = 8 is actually known

since the Voyager data [Sittler et al., 1983], andwas confirmed
recently by Cassini at low energies by Young et al. [2005] and
Schippers et al. [2008] [see also Rymer et al., 2007; DeJong
et al., 2010] and at higher energies corresponding to the
outer electron radiation belt [Carbary et al., 2009; Kollmann
et al., 2011]. Rymer et al. [2008] and Schippers [2009] inter-
preted the peak as due to an inward transport of electrons
(possibly through interchange events) until these reach the
inner magnetosphere where strong loss mechanisms occur
(interactions with the neutral torus or the inner moons). The
day-night asymmetry of the peak was also observed and
attributed, at high energies, to nightside injections combined
with a drift stagnation in a nondipolar Saturnian field [Carbary
et al., 2009], or, at lower energies, to stronger nightside
interchange injections [DeJong et al., 2011].
[37] Mapping the secondary electron current estimated from

the LP may also bring some clues about the magnetospheric
dynamics, through its sensitivity to energetic electrons. The
secondary electron current region is indeed a complex key
region, where the Saturnian outer auroral emission maps into
the magnetosphere, an emission possibly induced by energetic
electrons (in the energy range of hundreds eV to few keV
[Grodent et al., 2010]). Moreover, Gurnett et al. [2010]
identified in this broad region a plasmapause-like boundary
at high latitudes, with a strong density drop (up to three orders
of magnitude) and most often a coincident separation between
closed and open field lines.
[38] Figure 5 was adapted from Gurnett et al. [2010], who

identified the location of this boundary on July 28th 2008,
based on the electron density profile (derived from the
floating potential of the LP, shown in Figure 5c; see
Morooka et al. [2009] for more details on this derivation
technique) and on the comparison between upward and
downward electron fluxes from the MIMI LEMMS detectors
(Figure 5d). Figure 5a shows the CAPS ELS fluxes from the
same channels as in Figure 4, with two main peaks (near
9:30 and 14:30) corresponding to the crossings of the sec-
ondary electron current region and with large regions dom-
inated by noise (penetrating radiations between 10:30 and
14:00, or the noise level with very few counts/s before 9:00
and after 14:40). Figure 5b shows both m and mion (given by
mion = |m " Iph|) currents measured by the LP: the m current
is thus dominated by the photoelectron current (Iph), except
at the two main peaks where mion is large due to the domi-
nant contribution from the energetic electrons. These two
peaks correspond to the inbound/outbound crossings of the
secondary electron current region mapped in the Figure 1.
The absence of some data points for mion (e.g. before 9:00)
corresponds to negative mion values, due to a slight overes-
timation of the photoelectron current estimate, for which

there is always a possible systematic error (<0.1 nA) and a
small random noise level (!0.05 nA; see section 2.1).
[39] This panel thus reveals that the boundaries identified

by Gurnett et al. [2010] may also be visible in the m and
mion currents, with a significant increase when entering the
closed field lines region, at 9:00 and 14:40. The plasma-
pause-like boundary is revealed by strong density gradients
[Gurnett et al., 2010], which then drive a variability of the m
current of the LP (the constant level is given by the photo-
electron current): when the spacecraft is located inside the
secondary electron current region and off the equator, i.e.
near the two main peaks at 9:30 and 14:30, the energetic
population is the main magnetospheric population—the cold
plasma is centrifugally confined near the equator—and its
dynamics drives the variabilities of both the density and the
m or mion currents (because of the secondary electrons
current produced).
[40] This case study suggests that we may locate the plas-

mapause-like boundary identified by Gurnett et al. [2010]
through the analysis of the m current of the LP. More pre-
cisely, this determination of the boundary may be done as
long as the associated density gradient can be seen in the
measured current, i.e. as long as the boundary is located in a
region with dense plasma or strong energetic electron fluxes
(such as the secondary electron current region). As a conse-
quence, the boundary should be located at the outer edge of
the secondary electron current region or beyond. This plas-
mapause-like boundary may also be the separation between
closed and open field lines (this was the case on July 28th
2008), as most often observed by Gurnett et al. [2010].
However, if Dungey-like convection similar to Earth exists at
Saturn, both boundaries will not be coincident.

5. Conclusions and Perspectives

[41] This study addresses the effects of the impact of
energetic particles (electrons) on the Langmuir Probe (LP)
current-voltage curve and describes a method to identify the
secondary current contribution due to impacting particles.It
reveals the capability for the Cassini LP to detect energetic
electrons, beyond its classical usage in cold and dense
plasma regions.
[42] The current measured for negative potentials (positive

ions being attracted) in Saturn’s magnetosphere during sev-
eral years (2005–2008) showed indeed the presence of a
permanent broad region of enhanced current whose maxi-
mum is in the L Shell range of !6–10, with a FWHM in the
range of L = 6.4–9.4 and significant values which can be
measured further out in the magnetosphere. This region
displays a day-night asymmetry and is created by the impact
of 250–450 eV magnetospheric electrons inducing a current
of secondary electrons leaving the probe. The mapping of the
energetic electrons fluxes at these energies as measured by
CAPS/ELS revealed the same spatial distribution (both the
radial profile and the local time asymmetries). This feature is
actually already known for electrons since the Voyager data
[Sittler et al., 1983] and is possibly induced by the inward
transport and heating of particles through interchange events
as far as the loss regions of the inner magnetosphere
[Schippers et al., 2008; DeJong et al., 2011].
[43] A case study suggests that the analysis of the LP current

for negative potentials can help to locate the plasmapause-like
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boundary identified by Gurnett et al. [2010] at high latitudes,
and that it should be located at the outer edge of the secondary
electron current region or beyond. This boundary may be
coincident with the separation between closed and open
magnetic field lines, unless Dungey-like convection similar to
Earth exists at Saturn.
[44] Future work will provide details on the estimation of

the exact yield curve as a function of the energy of impacting
particles for the Cassini LP (only the peak energy was
obtained here). We will also investigate how to correct the
LP data analysis for the current by energetic electrons which
is essentially a noise for cold plasma studies: deriving the

cold plasma currents in the peak region needs a precise
knowledge of the current induced by energetic electrons.
Such knowledge would be very useful for future missions
with similar Langmuir probes (e.g. JUICE at Jupiter, Bepi-
Colombo at Mercury, Rosetta at the comet Churyumov-
Gerasimenko).
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The RPWS/LP efforts are supported by the Swedish National Space Board
(SNSB).
[46] Masaki Fujimoto thanks Jean-Pierre Lebreton and another

reviewer for their assistance in evaluating this paper.

Figure 5. Multi-instruments plot showing closed and open-field lines regions on July 28th 2008.
(a) CAPS ELS electron differential number fluxes from anode 5 of the four energy channels from 253 up
to 474 eV. (b) m (blue/red: open/closed field lines region) and mion (black) currents from the LP. The lower
two panels were published in Gurnett et al. [2010]: (c) the electron density given by the LP and (d) the
intensities in channels C5 and E0 of two MIMI LEMMS telescopes oriented such that they measured
!200 keV electrons moving in opposite directions along the magnetic field. The time (UT), distance from
Saturn (R), latitude (LAT), local time (LT) and L Shell parameter are shown.
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