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Though Langmuir probes (LP) are designed to investigate cold plasma regions (e.g. ionospheres), a recent
analysis revealed a strong sensitivity of the Cassini LP measurements to hundreds of eV electrons. These
warm electrons impact the surface of the probe and generate a significant current of secondary
electrons, that impacts both the DC level and the slope of the current-voltage curve of the LP
(for negative potentials) through energetic contributions that may be modeled with a reasonable
precision.

We show here how to derive information about the incident warm electrons from the analysis of
these energetic contributions, in the regions where the cold plasma component is small with an average
temperature in the range ~[100-500]eV. First, modeling the energetic contributions (based on the
incident electron flux given by a single anode of the CAPS spectrometer) allows us to provide
information about the pitch angle anisotropies of the incident hundreds of eV electrons. The modeling
reveals indeed sometimes a large variability of the estimated maximum secondary electron yield (which
is a constant for a surface material) needed to reproduce the observations. Such dispersions give
evidence for strong pitch angle anisotropies of the incident electrons, and using a functional form of the
pitch angle distribution even allows us to derive the real peak angle of the distribution.

Second, rough estimates of the total electron temperature may be derived in the regions where the
warm electrons are dominant and thus strongly influence the LP observations, i.e. when the average
electron temperature is in the range ~ [100-500] eV. These regions may be identified from the LP
observations through large positive values of the current-voltage slope at negative potentials. The
estimated temperature may then be used to derive the electron density in the same region, with
estimated densities between ~ 0.1 and a few particles/cm? (cc). The derived densities are in better
agreement with the CAPS measurements than the values derived from the proxy technique (Morooka et
al., 2009) based on the floating potential of the LP. Both the electron temperature and the density
estimates lie outside the classical capabilities of the LP, which are essentially n, > 5 cc and T, <5 eV at
Saturn. This approximate derivation technique may be used in the regions where the cold plasma
component is small with an average temperature in the range ~ [100-500] eV, which occurs often in the
L range 6.4-9.4 Rs when Cassini is off the equator, but may occur anywhere in the magnetosphere. This
technique may be all the more interesting since the CAPS instrument was shut down, and, though it
cannot replace the CAPS instrument, the technique can provide useful information about the electron
moments, with probably even better estimates than CAPS in some cases (when the plasma is strongly
anisotropic).

Finally, a simple modeling approach allows us to predict the impact of the energetic contributions on
LP measurements in any plasma environment whose characteristics (density, temperature, etc.) are
known. LP observations may thus be influenced by warm electrons in several planetary plasma regions
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in the solar system, and ambient magnetospheric electron density and temperature could be estimated
in some of them (e.g. around several galilean satellites) through the use of Langmuir probes.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Langmuir probes (Mott-Smith and Langmuir, 1926) are com-
monly used to investigate the cold plasma characteristics (e.g.
electron temperature, density) in planetary ionospheres. The
probe onboard the Cassini spacecraft — referred to as LP in the
paper - is part of the Radio and Plasma Wave Science (RPWS)
experiment (Gurnett et al., 2004), and provided detailed results
not only about the Titan ionosphere (e.g. Wahlund et al., 2005a;
Agren et al., 2007; Garnier et al., 2009; Edberg et al., 2011; Agren
et al.,, 2012; Edberg et al., 2013), but also on the Saturnian plasma
disk (Wahlund et al., 2005b; Morooka et al., 2009; Gustafsson and
Wahlund, 2010; Holmberg et al., 2012) or dusty regions such as the
Enceladus plume or the rings environment (Wahlund et al., 2009;
Morooka et al., 2011; Sakai et al., 2013).

Langmuir probes' performances are limited for the derivation of the
electron temperature and density: the temperature limit is due to the
finite extent of the bias voltage Up applied to the probe (e.g. + 32V for
the Cassini LP), which cannot allow to see the whole distribution
if the electron temperature is too large (i.e. above ~ 5 eV for the LP in
the Saturnian magnetosphere); the electron density limit is related to
the photoelectrons from the spacecraft which hide the low plasma
densities (below several cc or particles per cm?).

Garnier et al. (2012) - hereafter G12 - however revealed a
strong sensitivity of the Cassini LP measurements to the warm
electrons (the adjective “warm” will refer to energies around
hundreds of eV in this paper). The analysis of the ion side current
(current for negative potentials) measured by the probe showed
indeed a correlation with these warm electrons, which impact the
surface of the probe and generate a significant current of second-
ary electrons. These warm electrons correspond to the peak
energy of the secondary electron emission yield (SEEY) curve for
the LP surface, and are mostly observed in the dipole L Shell range
of ~6-10 in the magnetosphere (DeJong et al., 2011).

Garnier et al. (2013) - hereafter G13 - then showed that both the
DC level and the slope of the current-voltage curve of the LP (for
negative potentials) are influenced by these warm electrons, through
respective contributions called I.,er and bene. The authors managed
to model both contributions, by using several approaches (empirical
or theoretical), with a reasonable precision ( ~ 40% error).

The present work follows these two previous studies and aims
at deriving information about the warm electrons from the
analysis of the energetic contributions Iene; and beper to the
current-voltage curve. We will first briefly describe the data used
in our study (Section 2) and remind the theoretical modeling of
the energetic contributions by G13 (Section 3). Then, we will show
that modeling the energetic contributions reveals a strong sensi-
tivity to the pitch angle anisotropies of the incident electrons
(Section 4), and that the knowledge of these contributions also
allows us to derive estimations of large electron temperatures
(Section 5) and low electron densities (Section 6) in specific
regions of the Saturnian magnetosphere. A last section (Section
7) will show how to predict the importance of the energetic
contributions for LP measurements in any plasma environment,
before a conclusion ends the paper (Section 8).

2. Description of the data

This work is based on the simultaneous usage of data from both
the Cassini LP (Section 2.1; see Gurnett et al., 2004 for a general

description of the probe characteristics) and CAssini Plasma
Spectrometer experiments (Section 2.2; see Young et al., 2004
for a general description of CAPS). Only a short description of these
data and of the extraction of the current due to the warm electrons
will be provided below, we refer the readers to G13 for a detailed
description.

2.1. The Cassini Langmuir probe data

The LP is a Titanium Nitride (TiN) coated conductive Titanium
sphere, whose bias voltage (Up) is actively applied to the LP with
respect to the spacecraft in order to detect the electrons or ions,
depending on the sign of the potential relative to the plasma
(U=Up+Vyoar, With Vo being the floating potential of the
probe).

The derivation of the plasma parameters is performed through
the fitting of the current-voltage (I-V) curve (Fahleson et al., 1974)
using the Orbital Motion Limited (OML) theory Mott-Smith and
Langmuir, 1926). We focus in this work on the ion side current (I_)
measured for a negative potential U.

G12 and G13 showed that, if we focus on regions off the
equator - i.e. Z > 2 Rs, with R¢=60,268 km the Saturn radius and
(X, Y, Z) the Saturn centered equatorial coordinate system where Z
points northward along Saturn's spin axis and X is in the Saturn
equatorial plane positive towards the Sun - the currents induced
by the presence of both charged dust and cold ions are small. The
dust is indeed located near the equator, as well as the dominating
water group ions that are centrifugally confined near the equator,
Sittler et al., 2008). Both currents can thus be neglected compared
with the photoelectron current (I,,) due to the photoionization of
the probe surface, and with the contribution due to the incident
warm electrons (Ienerger, Which includes the incident, backscattered
and induced secondary electrons).

The current for negative potentials I _ actually depends linearly
on the bias potential at large negative Ug values (due to a current
of incident ions proportional to the potential value), so that I_ is
parametrized by a linear equation during the data analysis
process:

I_ =m—bUg (1)

where m and b are respectively the DC level (corrected for the
spacecraft attitude) and the slope of the fitted current-voltage
curve on the ion side. These two parameters are the most
important parameters of the LP for negative potentials, then used
to derive the ion characteristics. G13 showed that the warm
electrons impact both m and b, with contributions called respec-
tively Ieper and bener (Which thus correspond to the DC level and the
slope of Ieperger the total current due to warm electrons) given by

Tener = m+bVﬂoat—I,-D _Iph (2)
and
bener =b— bions (3)

with ;) the “random ion current” due to incident ions, and b;ons the
classic contribution of the ambient ions to the slope b of the
current-voltage curve. As demonstrated by G13, both contribu-
tions due to ions (I;, and bj,,s) are small when we focus on regions
off the equator (Z > 2 Rs), so that the energetic contributions Iope,
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Fig. 1. (figure from Garnier et al.,, 2013) Negative potential side of the current-
voltage curve obtained on 18 December 2007 at 21:13 UT. The total I_ current
measured (blue dots) is compared with the I _ current modeled (black line) derived
from the addition of the photoelectron current (I,,, green line) and the current due
to the energetic electrons (Ienerger ; With n,=1.28 cm 3, T, =1735¢eV, Viioar = 0.62
V and &, = 1.22). The m and b parameters are respectively the intercept and the
slope of the black line (i.e. the current I ), while the energetic contributions Ieper
and beper are respectively the intercept and the slope of the red line (i.e. the current
Ienerget)- (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this paper.)

and be,er may be approximated by

Tener *m—1

{ l::::r ~b " “)

Consequently, the knowledge of the slope and DC-level of the
current-voltage curve (provided by the data analysis process),
combined with the photoelectron current I,;, provided by
Holmberg et al. (2012) at each time interval, allows us to extract
the energetic contributions from the LP currents measured. An
example of LP current-voltage curve inside the secondary electron
current region is provided in Fig. 1. The current due to energetic
particles is here the main current measured by the probe, leading
to a clear positive value of the slope. The m/Iener and b/bener
parameters correspond to the intercept and the slope of the black/
red lines (i.e. the I_ /Ienerger currents) respectively.

2.2. The Cassini CAPS ELS electron data

G13 demonstrated that the energetic contributions Ie,., and
bener may be modeled based on the knowledge of the incident
electron distribution. We will focus here on the two theoretical
methods, called “full distribution method” and “moments
method”. These methods need the respective following electron
data from the CAPS-ELS instrument onboard Cassini:

® The full electron distribution made of the differential number
fluxes (keV cm?srs)~! of all 63 CAPS-ELS energy channels
from 0.53eV/q (lower value of bin number 63) up to
28.3 keV/q (upper value of bin number 1).

® The 3D electron moments (density n., temperature T,) derived
by Lewis et al. (2008) assuming an isotropic Maxwellian dis-
tribution; since the lowest energy detected by CAPS is 0.6 eV,
a threshold at 0.6V or (to avoid checking for the number of

counts measured) at 1V is appropriate to avoid the data which
cannot be trusted (G. Lewis, private communication).

Moreover, only the CAPS data from anode 5 are used, since it is the
least affected by the spacecraft structures.

3. Modeling the energetic contributions I¢,e and beper

This section summarizes (see in particular Section 5.1 in G13 for
a detailed description) how the energetic contributions Iepe, and
bener may be modeled, using either the full distribution or the
moments method. The current Ienerge: induced by the presence of
warm electrons (and of subsequent backscattered and secondary
electrons) may be given according to Lai and Tautz (2008) by

2me *
lenerse = A [ EFelEX1 = e(E) ~11(E)) dEe/ b )
2

with m, being the electron mass, A;p the surface of the spherical
probe (whose radius is 0.025 m), E the incident electron energy, fi.
the incident electron distribution function, d, the SEEY function
for the LP surface, 7, the backscattering coefficient and kg the
Boltzmann constant.

We chose the SEEY function of Sanders and Inouye (1978):
Se(E)=c(e~E/a—e~E/by with a=4.3Ey, b=0367Ey and c=
1.370e,,, Where E, is the peak energy of the SEEY curve
(~350eV, see G12) and 0, is the maximum yield value. The
literature provides a large possible range of values for J,,, (i.e.1.1-
2.4, see Baglin et al., 2000; He et al., 2001; Walters and Ma, 2001;
Lorkiewicz et al., 2007) for surface compositions similar to the
Cassini LP, but G13 managed to estimate more precisely the most
appropriate values depending on the method (full distribution or
moments) used and on the dataset selection considered.

The backscattering coefficient was taken constant at 7, =0.3
based on Monte Carlo simulations (M. Belhadj, French Aerospace
Laboratory, private communication) for TiN surfaces which give
1.(E)~0.2-0.4.

Eq. (5) does not include explicitly the angular dependance. This
equation was however used for the following reasons: (1) G13
showed that it was appropriate to reproduce the LP observations,
(2) this simple expression will allow us to derive analytical
expressions to estimate the electron moments (T, and n., see
Sections 5 and 6), and (3) the incident electron angular distribu-
tion is often poorly known (see Section 4 for a detailed
investigation).

The energetic current leperger impacts both the m and b para-
meters derived during the LP data analysis respectively through
the Iener and beper contributions. They are thus respectively the DC
level and the slope of the Ieperger current, calculated over the range
of potentials U =[—-32V-5V]:

_Ienerget(UB =-5 V) _Ienerget(UB =-32 V)

bener = 5432 (6)
and

g:: :352 (Ienerget(UB) +bener Us) dUp
Iener = (7)

—5432

Two different methods may then be used to include the
distribution function f;, of incident electrons (needed in Eq. (5)),
since one can use

® the full energy distribution of the incident electrons measured,
given by f;(E) ~5m2DNF(E)/eE, where DNF(E) is the initial
differential number fluxes (keV~!cm~-2sr—1s-1) measured
in each of the 64 energy channels of CAPS-ELS
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® the Maxwellian distribution based on the electron moments n,
and T,: fi, = Ne(me/21kpTe)> 2e ~E/ksTe

The full distribution method then leads, after easy calculations
detailed in Section 5.1 of G13, to

107ApA (kBeTe —37/2>
Iener/“u = - 27 f(;n DNF(E)(l _5€(E)_7]9(E)) dE
107zApA
beneryy, = 7“’ Jo2 DNF(E)(1 — 8¢(E) —1,(E)) dE
(8)
with
— 2 eV —37/2 kT ipp (27€
A= 57¢ sinh sTo 9)
where sinh is the hyperbolic sinus function
The moments method leads to
AneKL ("BT‘? 37/2>
Ienermuments = 27 (10)
) _ AnKL
enermoments — 27
with
| kgTe
K= 2ﬂmgALPe (1 1)
cbh? ca?
L=1-7n,+ - 12
Tet brksTe)®  (a+ksTe)? (12

Since the maximum yield &, is poorly known for the LP
surface from the literature (as detailed above), G13 derived
expressions allowing to estimate the &, value needed to repro-
duce exactly the measured energetic contributions Iener,,, O
bener,,.,. at each time interval. These expressions are easily derived
from Eq. (8), since J.(E) is directly proportional to J,,,:

a(*Te _37,
e 2me
7 m ALP Jo_ Efie(EX1 = 11¢) dE — Leneryeq,
6Emm1m, = A kBTe 37/2
2me e(E)
Tf/* pJo” EfieErg — dE
—A2rme
a2 ALP [0 Ef1e(E) dE benermm
s 27 mg
e A 2ﬂe 5 (E)
27 mZ iz A Jo” dE

(13)

with the incident electron distribution function f;, which may be
calculated either from the full distribution or from the electron
moments.

4. Investigating the incident electrons pitch angle anisotropies

We will show in this section how the modeling of the energetic
contributions I.per and bener reveals a strong sensitivity to the pitch
angle anisotropies of the incident energetic (~250-450¢eV)
electrons.

Fig. 2 shows an analysis of the following period: 16:00-
18:00 UT on December 19, 2007. The spacecraft was located inside
the secondary electron current region identified by G12 and off the
equator, with L Shell values from 8.58 to 9.46 and Z values from
—2.17 Rs to —2.12 Rs. The top two panels give the CAPS ELS pitch

angle spectrogram for the 253-474 eV electrons, with all the eight
anodes (panel (a)) and only the anode 5 (panel (b)). The pitch
angle distribution (PAD) is thus strongly anisotropic and always
peaks near 180°. If we focus on the anode 5 only, the same
anisotropy may be seen, with larger fluxes at larger pitch angles.

We first extracted the energetic contributions Ioper and bener
during this period. We then calculated the values of J,,,, needed at
each time interval to reproduce the observed Iope; OF beper, as given
by Eq. (13), for both the full distribution and moments methods.
The panel (c) in Fig. 2 compares some of these estimated
maximum yield values and the pitch angle of anode 5 during the
2 h period. A clear anti-correlation may be seen between the pitch
angle and the &, values, in particular for the I, full distribution
method. Pearson's correlation factors (Press et al., 2007) are
indeed negative: —0.37/—0.32 /—0.87 for the respective Ieper
moments/bene, moments/lepe, full distribution methods.

The modeling of the energetic contributions indeed includes
the incident electron distribution given by the anode 5 of CAPS
ELS. When this anode is scanning through an anisotropic PAD, the
measured flux often does not correspond to the omnidirectional
flux that actually impacts the LP and generates secondary elec-
trons. The LP collects electrons from all directions, and is thus
sensitive to the flux integrated over all pitch angles. The maximum
yield values estimated in Fig. 2 panel (c) should theoretically
always be constant, i.e. at the value corresponding to the surface
composition of the LP. The variability of the estimated J,,, and its
anti-correlation with the pitch angle variability of anode 5 reveals
that the pitch angle distribution of the incident warm electrons is
anisotropic. If we used in the modeling equations the omnidirec-
tional fluxes actually impacting the LP, the estimated &, would
be constant during the period considered. Strong anisotropies will
thus lead to large dispersions of the estimated Je,,, -

Another way may be used to confirm this assessment and show
that even more information may be derived about the PAD of the
incident electrons. We propose to apply to the measured fluxes/
distribution an ad hoc weighting function W that takes into
account the pitch angle anisotropy of the electrons, in order to
derive an estimate of the omnidirectional fluxes/distribution (i.e.
fie.omni =fie.anodes*W). The following weighting function is consid-
ered:

1

Wiapap.m.1) = (141 cos (|ans — @pap)))" a4

where n and r are free parameters (with 0 <1 < 1), Qgps is the pitch
angle of the anode 5 and apyp is the peak angle of the pitch angle
distribution (~ 180° from the CAPS pitch angle spectrogram in
Fig. 2).

The weighting function given by Eq. (14), when multiplied by
the anode 5 incident electron distribution function f;. and if the
peak angle apsp is known, allows us to roughly derive the
omnidirectional flux for an anisotropic PAD. This weighting func-
tion will indeed on the one side reduce the fluxes measured by the
anode 5 when its pitch angle a5 is close to the peak angle of the
PAD apap, and it will on the other side enhance the fluxes when
Qans and apap are very different. Our function is more complex
than the sin(a)" function used by several authors (e.g. Rymer
et al., 2008), but this function would lead to unphysical fluxes
when sin(a)~ 0.

Fig. 3 shows the impact of such a weighting on the variability of
the estimated &, values. The left panel gives the dispersion of
the maximum yields estimated - during the same time period as
in Fig. 2 - that are needed to reproduce the measured Ioper
parameter with the moments method, after a weighting of the
electron distribution function fi.. The dispersion is given as a
function of both the index n and the peak angle apsp assumed
(with r=0.5). The dispersion of the estimated maximum yield is
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Fig. 2. Panel (a): pitch angle spectrogram for the 253-474 eV electrons with all anodes included, as a function of time on 2007 December 19; the color bar shows the
differential number flux (keV cm? srs)~' at these energies (i.e. averaged over the CAPS ELS channels 34-37). Panel (b): same as panel (a), with only the anode 5. Panel (c):
comparison between the pitch angle time profile of anode 5 (same profile as panel (b) but with angle values divided by 30 for an easier comparison) and the values of the
maximum yield &, estimated from several methods: from the moments or full distribution approach, from the Ieye, OF bener parameter. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this paper.)

thus minimum if we assume a peak angle of the PAD near ~ 180°
as observed, and for large index n values.

The right panel corresponds to similar results in 1D, where we
use a fixed value n=2 as an example and compare between
various methods (using Ieper OF beper, the full distribution or
moments methods). All three dispersion profiles (i.e. all three
methods used) show the same behavior during this 2 h time
interval, with a minimum dispersion if the peak angle of the
PAD is assumed to be close to ~ 180°. Moreover, the dispersion
values obtained after an appropriate weighting (i.e. assuming apap
close to ~180°) of the incident electron distribution are smaller
than the dispersion observed without any weighting: this means
that a significant part of the variability observed for the estimated
Oenae (Without any weighting) is due to an incomplete distribution

given by the anode 5, which provides variable fluxes different from
the omnidirectional fluxes impacting the LP: the PAD is strongly
anisotropic, and the anode 5 scans through it so that the fluxes
measured are highly variable (by a factor of 5-10) and are often
low compared with the fluxes averaged over all anodes. The
observed dispersion is reduced by about 35-40% after an appro-
priate weighting during this period. As a consequence, a signifi-
cant part of the 40% relative error between the modeled and
measured energetic contributions discussed by G13 is thus prob-
ably related to the presence of PAD anisotropies of the warm
electrons that are not properly taken into account when using the
single CAPS anode 5 (depending on its exact orientation).

The LP alone cannot provide any information about the PAD of
the incident energetic ( ~ 250-450 eV) electrons. Such anisotropies
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will thus not be directly visible in the LP current-voltage curve.
However, the modeling of the energetic contributions I¢per and beper,
based on the incident electron distribution function (that is sensitive
to anisotropies) given by the CAPS ELS anode 5, reveals a strong
sensitivity to the pitch angle anisotropies. Large dispersions of the
estimated Je,,, (needed to reproduce the observed Iepey OF bepey) give
evidence for strong pitch angle anisotropies. If the exact maximum
yield of the LP surface was known, one could even in principle
derive the omnidirectional fluxes of these electrons at each time
interval, whatever the pitch angle coverage of the CAPS instrument
is. When the PAD anisotropy is stable during a certain time period
(asin Fig. 2), it is also possible to roughly estimate the peak angle of
the PAD. Besides, this study shows that the PAD anisotropies (and
the usage of the single CAPS anode 5) may contribute significantly
to the error between measurements and modeling of the energetic
contributions discussed by G13.

5. Deriving large electron temperatures

We will show in this section that large electron temperatures
may be derived in the regions where the energetic current loperger —
induced by the presence of warm electrons - is significant.

In such regions, combining the theoretical expressions (with
the moments method) for the respective DC level and slope
energetic contributions Ie,e; and bener, given by Eq. (10), leads to

Iener _ kBTe

~37,2 15

bener e / ( )

or

Te, = Lener 4 37/ (16)
¢ bener

This simple expression suggests the possibility to derive
Maxwellian electron temperatures in the regions where the warm
electrons (100-500 eV electrons) have a significant influence on
the LP observations. This would enlarge the LP capabilities
regarding the electron temperature measurement, which is
usually limited by the extent of the voltage sweep (i.e. to electron
temperatures below ~ 5-10eV in the magnetosphere).

This capability will first be analyzed based on the following
case studies:

(a) 2008 May 18, 01:40-02:10 UT: This period was analyzed in our
previous papers (see G12 or G13) and reveals the influence of a

PAD anisotropy; the L Shell is between 7.0 and 9.6 and |Z| is
above 2.4 Rs.

(b) 2007 December 19, 16:00-17:50 UT: This period was analyzed
in Section 4.

(c) 2008 April 30, 06:08-07:25 UT: The L Shell is between 7.0 and
9.0 and |Z] is above 2.6 Rs.

(d) 2008 May 25, 18:53-19:25 UT: The L Shell is between 7.2 and
9.0 and |Z| is above 2.7 Rs.

The energetic contributions Ieper and beper Were derived during
the four periods, as described in Section 2.1, leading to the
estimated electron temperature using Eq. (16). Fig. 4 shows the
comparison between the measured and estimated electron tem-
peratures during the four periods. Half of the data correspond to
spacecraft potential values above 0.6 V (i.e. the low-energy thresh-
old of CAPS ELS), which should however not much impact the
measurements given the large electron temperature during
the time intervals. Low positive values (below 2 x 1072 nA/V) of
the slope b of the current-voltage curve (defined in Eq. (1)) are
encountered during a part of the two first periods.

The estimated temperature is thus very close to the measured
temperature, all the more for the time steps where the slope b of
the current-voltage curve was large. Large slope values corre-
spond to a strong influence of the warm electrons (as shown by
G13), and thus to an expected good estimation of the electron
temperature from the ratio Iener/bener- The relative absolute errors
between the estimated (for b>2 x 1072 nA/V) and measured
electron temperatures are, for the four periods, of about 76%
(panel (a)), 29% (panel (b)), 18% (panel (c)) and 24% (panel (d)).

The largest error corresponds to a period (i.e. 2008 May 18,
01:40-02:10 UT) where the anode 5 of the CAPS ELS instrument
was scanning through a probably anisotropic PAD, leading to a
modulation of the electron temperature derived from this anode
measurements. The anode 5 pitch angle was indeed varying
sinusoidally and is strongly anti-correlated with the electron
temperature profile measured (as well as the electron density,
see Fig. 6). The pitch angle coverage (combining all anodes) was
however too small during this period to investigate in detail the
anisotropy issue as in Section 4.

Beyond these case studies, a statistical analysis was also
performed based on the LP data from February 1, 2005 to July
30, 2008 (with more than 250,000 time intervals) previously used
by G13. Fig. 5 shows the mean ratio between the estimated and
the measured electron temperature, for different sub-selections of
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Fig. 4. Electron temperature T, during several case studies: 2008 May 18, 01:40-02:10 UT (panel (a)), 2007 December 19, 16:00-17:50 UT (panel (b)), 2008 April 30, 06:08-
07:25 UT (panel (c)) and 2008 May 25, 18:53-19:25 UT (panel (d)). The temperatures measured by CAPS ELS (with or without a spacecraft potential above 0.6 V) are
compared with the temperatures estimated from the ratio Iener/bener measured by the LP (Eq. (16)), for several data selections based on the slope b values measured.
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Fig. 5. Ratio between the LP estimated (derived in Section 5) and CAPS measured
electron temperature as a function bins of the slope b of the LP current-voltage
curve for negative potentials. Several selections of the whole dataset are compared,
based on the spacecraft location in the magnetosphere (“off equator” refers to
|Z| > 2 Rs), to focus on regions where the warm electrons contribute the most to the
LP current. All data points are shown and compared with the mean and standard
deviation values for abscissa bins.

the large dataset, as a function of the measured b slope. The figure
confirms that the mean ratio is close to one for large positive slope
values, with a ratio at one within a factor of two (including the
error bar) for b>2 x 1072 nA/V, or a ratio at one within a factor
of two (excluding the error bar) for b > 0.5/1 x 10~2 nA/V, for any
sub-selection of the large dataset. The large ratios near b=0 nA/V
are artificially induced by the almost infinite value of the ratio
Iener/bener~

However, a correlation analysis between the estimated and
measured temperatures (using the data in the L range 6.4-9.4Rg,
with |Z| > 2Rs and b>2 x 103 nA/V) reveals a limit for the T,
estimation, with a positive Pearson's correlation factor of about
0.32 only. A Fisher test (Press et al., 2007) nonetheless confirms
the significance of the correlation, with a ratio between the
experimental and theoretical (for 5% level of risk) Fisher statistics
of 24.9: there is thus a negligible risk (probability of
~1.5 x 10~2") that the estimated electron temperature is actually
independent from the measured temperature.

Despite a non-perfect correlation with the measurements, we
showed that estimations of large electron temperatures may be
derived in the regions where the warm electrons strongly influence
the LP observations, i.e. when the electron temperature is in the range
~ [100-500] eV, which is observed in the L range 6.4-9.4Rs at Saturn
and may be identified from the LP observations through large positive
values of the current-voltage slope b (b>1-—2 x 107> nA/V). This
not only allows us to extend the electron temperature measurement
capabilities of the LP (essentially limited to T, < 5 eV), but also allows
us to derive small electron densities below the usual limits of the LP, as
demonstrated in the next section.

6. Deriving low electron densities

This section will show how electron densities, that are lower
than the usual measurement capacity of the LP, can be derived in
the regions where the energetic contributions are large, based on
the electron temperature estimate previously derived.

The Iener and beper theoretical expressions from the moments
method (Eq. (10)) correspond to a system of two linear equations
with two variables being the electron moments (n,, T.), as soon as
the maximum yield value of the LP surface is known. If we use the
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Fig. 6. Electron density n. during several case studies: 2008 May 18, 01:40-02:10 UT (panel (a)), 2007 December 19, 16:00-17:50 UT (panel (b)), 2008 April 30, 06:08-07:25
UT (panel (c¢)) and 2008 May 25, 18:53-19:25 UT (panel (d)). The densities measured by CAPS ELS are compared with our estimated densities from the ion side observations
of the LP (Eq. (17)) for several data selections based on the slope b values measured, and the density derived from the proxy method using the floating potential (Morooka et
al., 2009). The maximum secondary electron yield needed to reproduce the I.,. observations during the case studies is also given.

electron temperature estimated in the previous section, we may
then derive an independent estimate of the electron density in the
regions where the warm electrons have a strong influence (and
where the electron density is usually small compared with the
classical LP measurement capability).

The electron density may thus be estimated from the Iener,mens
parameter:

27Ienermummus

Mee = KTA(kgTo Je—37/2) an

Fig. 6 shows the resulting density estimate, assuming a max-
imum yield value &, =1.5 (in agreement with the values
provided in Table 2 of G13) during the same four time periods as
in Fig. 4. The estimated density is shown for several selections of
the data (based on the slope b values), and compared with the
CAPS ELS measured density. We also show the maximum yield
value needed to reproduce the exact value of the energetic
contribution I, at each time step (same method as for the panel
(c) in Fig. 2), that may be slightly different from the 1.5 value
assumed to derive the density estimate. Finally, the figure also
provides the estimated density based on another technique, using
a proxy between the floating potential measured by the LP and the
electron density measured during the Saturn Orbit Insertion in
2004 (see Morooka et al., 2009). This technique provides small
electron densities in the Saturnian magnetosphere, but several
instrumental limits prevent its use at any time, leading to available
proxy densities for only two of the time periods considered here
(except a few data in panel (d)).

The figure reveals a good agreement between the measured
and estimated densities (with b > 1 or 2 x 107> nA/V): the mean
relative absolute errors are respectively of about 48% (panel (a)),
38% (panel (b)), 30% (panel (c)) and 76% (panel (d)). The largest
error (panel (d)) corresponds to a period where the needed
maximum yield is very stable but rather at 2 than 1.5 as assumed,
and where the temporal correlation is however excellent (with
Pearson's correlation coefficient of 0.88). The second largest error
is given by the first time period (panel (a)), where a probably

significant PAD anisotropy leads to an artificial sinusoidal evolu-
tion of the measured density (as discussed previously in Section
5); the largest difference is observed near 01:43:20 UT, where the
needed maximum yield becomes unphysical (close to 3), which
may reveal an overestimation of the electron density by the CAPS
instrument.

Moreover, the agreement between our estimated values and
the measurements is better than that between the measurements
and the proxy densities, with almost a factor of 10 of difference at
the beginning of the third period (panel (c)).

A statistical analysis was also performed, as previously done for
the electron temperature estimate in Section 5. The ratio between
the estimated and measured electron densities shows a similar
behavior to Fig. 5 regarding the slope b value, with a ratio close to
one for large positive slopes (not shown). Fig. 7 gives the ratio
between the estimated and measured densities as a function of the
estimated electron temperature (derived in Section 5), for several
selections of the whole dataset (based on the slope values or the
magnetospheric region) from February 1, 2005 to July 30, 2008.
A very similar figure would be obtained if the measured tempera-
ture was used for the abscissa.

The figure reveals a very good agreement with the measure-
ments in the range 100-500 eV for large positive slope values. It is
neither necessary to focus on the secondary electron current
region (L =[6.4-9.4] Rs) off the equator nor to select only very
large slope values above 2 x 10~ nA/V to obtain a good agree-
ment, except between 100 and 150 eV where the ratio reaches 2-3
without these combined criteria. If we consider the data inside
L=[6.4-94] Rs off the equator (]Z|>2 Rs) with only
b>2x 1073 nA/V, the dispersion is smaller than one, with a
mean absolute relative error below 50% above 100 eV, and of the
order of 20-30% when the estimated electron temperature is in
the range ~ 150-500 eV. Moreover, the figure confirms that the
proxy method (Morooka et al, 2009) leads to larger errors
compared with the measurements, with a mean ratio above three
and a very large standard deviation. The correlation between the
measured and estimated electron densities is larger - with
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Fig. 7. Ratio between the LP estimated (Section 6) and CAPS measured electron
densities as a function of the LP estimated electron temperature (derived in Section
5), for several selections of data : “peak region” refers to the L range 6.4-9.4 R, “off
equator” refers to |Z| > 2 Rs. All data points are shown and compared with the
mean and standard deviation values for several abscissa bins. A maximum
secondary electron yield of 1.75 is assumed for the figure. The mean ratio between
the proxy (Morooka et al., 2009) and measured densities is also shown for the same
dataset as the black points corresponding to our density estimate.

Pearson's correlation coefficient of 0.48 - than for the electron
temperature estimation (for the data inside L =[6.4-9.4] R; off the
equator with only b>2 x 1073 nA/V). Nonetheless, the density
estimate uses the temperature estimate as an input. The better
density correlation is due to a smaller variability of the tempera-
ture than that of the density. Finally, for comparison, the corre-
sponding correlation coefficient for the densities given by the
proxy method is almost null (0.03).

The estimation of the electron density is thus valid over about
an order of magnitude, between ~0.1 and a few cc, which
enlarges the classic capabilities of the LP (limited to densities
above several cc) in the regions where the energetic contributions
are dominant. Moreover, our method provides a better estimation
of the measured densities than the proxy method in these regions.

7. A general analysis of the influence of warm electrons

G13 showed that the warm electrons influence the LP observa-
tions when the electron temperature is between the anticritical and
critical temperatures, i.e. in the range ~ 100-500 eV given the SEEY
yield curve of the LP surface. In this range, the incident electrons
generate a number of secondary electrons as well as a significant
current, which itself modifies the current-voltage curve through
the DC level and slope energetic contributions Iener and beper. The
analysis of the expressions of I and beper from the moments
approach (equation (10)) reveals, beyond the influence of the
electron temperature, an influence of the electron density. The
energetic contributions are indeed proportional to the electron
density. A significant energetic contribution will correspond to
two combined criteria on both the electron temperature (that
allows the presence of more secondary than incident elect-
rons) and density (that will reduce or enhance the energetic
contributions).

This combined influence may be seen in Fig. 8, where the
energetic contributions are shown as a function of both the
electron temperature and density measured by CAPS ELS, for all
data off the equator (]Z] > 2 Rs) from February 1, 2005 to July 30,
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Fig. 8. Color maps of the energetic contributions I.,., (upper panel) and beper
(lower panel) as a function of the (n., T.) measurements by the CAPS ELS
instrument. Six contour lines are superimposed on each panel, corresponding to
three different levels (0.1/0.2/1 nA for I, and 1/2/5 x 1073 NnA/V for beper) and
two methods: the solid lines give the measured contours, whereas the dashed lines
give the theoretical contours based on the moments approach (with &, =1.5).
The colors of the contour lines are slightly different from the color bar for a better
viewing. The data below n,=0.03 cc are not shown, since the current measured by
the LP is below the noise level. The plasma regime (n,, T.) of other environments is
also shown: “EPS” for Earth plasma sheet, “EM” for Earth magnetosheath, “EPC” for
Earth plasma cavities”, “CA” for Callisto and “GA” for Ganymede. See the text for the
references used. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

2008. The current due to thermal ions may be neglected off
the equator, which allows us to derive and map the energetic
contributions.

The measured and theoretical contour lines are in good agree-
ment, and show the T, and n, ranges that correspond to specific
levels of Ioper OF beper. The Ioner energetic contribution to the DC
level of the I-V LP curve is thus significant (above the noise level of
0.1 nA) for densities at least above 0.03 cc, or only for larger
densities when T, is close to the theoretical anticritical or critical
temperatures (T4 ~35eV and T.~1030eV for &, =1.5). The
bener contribution shows the same behavior, with however a lesser
influence of the electron temperature with contour lines more flat
(as expected from Eq. (15)). The 1 x 1073 nA/V bener level, i.e. the
minimum value to derive LP estimations of the electron tempera-
ture and density (see Sections 5 and 6), corresponds to n, values at
least above 0.1 cc.

Beyond the absolute value of the energetic contributions, it is
important to estimate their relative importance compared with
the thermal ion contribution to conclude on their impact on the
LP observations in a specified plasma region. As a consequence,
we calculated the ratios Iener /Iiop and bener /bions from the following
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equations:
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If we assume a single ion species and n;=n, then the ratios
Iener/Iio @and bener /bions Will depend only on Te, m; (ion mass), v; (ion
drift velocity) and T; (ion temperature) since n. disappears. It is

thus possible to plot both ratios in Fig. 9 as a function of
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Fig. 9. Color maps of the modeled ratios between the energetic contributions and
the thermal ion contributions to the DC level (upper panel) and slope (lower panel)
of the negative potentials side of the LP I-V curve. The contours (black solid lines)
show three different ratio levels (0.1/1/10) to reveal where the energetic contribu-
tions dominate or not versus the ion contributions. (Upper panel) The ratio Iener /Iio
- where [jp is the random ion current - is given as a function of the electron
temperature and of an ion parameter Wieff that contains the ion plasma conditions.
(Lower panel) The ratio bener /bions is given as a function of T, and Wieff. The plasma
conditions of other environments are shown (same as Fig. 8, with also lo and “EU”
for Europa). See text for more details. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this paper.)

respectively (Te, Wie) and (Te, Wieg), where
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Fig. 9 shows that the energetic contributions lener and bener may
often be the main contributor of the LP currents measured for
negative potentials (assuming that the photoelectron current has
been properly removed). The ion temperature/velocity (through
Wiegr and Wiggp,) will differently impact the two ratios: large ion
temperatures/velocities will induce a large slope ratio but a small
DC-level ratio. Besides, only absolute values are provided, since the
ratios are negative in the range 35-1000 eV. We must add that the
ratio Iener/Ijo is not realistic around 37/2, where it unphysically
reduces to 0 (which is due to our approximation using a simple
Boltzmann distribution function).

Figs. 8 and 9 allow us to predict the importance of the
energetic contributions to LP observations in any plasma envir-
onment whose characteristics are known. Several planetary
environments (at Earth or Jupiter) are superimposed on the
graphs, showing the expected energetic contributions if the
same probe was used in these regions. The plasma character-
istics for the environment of galilean satellites were taken from
Table 21.1 in Bagenal et al. (2004), those of Earth plasma cavities
were taken from McFadden et al. (1999), while the typical Earth
plasmasheet and magnetosheath characteristics were taken
from several references (Christon et al., 1989; Tsyganenko,
2003; Culot, 2001). As a consequence, warm electrons may
impact LP observations in a large variety of plasma environ-
ments of the solar system. In particular, the ratios lener/ljp and
bener /bions are large enough (essentially larger than 10) in the
regions of Ganymede/Callisto/Europa to suggest the possibility
to derive the large electron temperature and low electron
density of their surrounding plasma with the future Langmuir
probes planned for the JUICE mission.

This analysis of the relative importance of energetic plasma
contributions to LP observations for negative potentials is a
general result that may be easily adapted for other LPs that may
have a different sweep voltage ([-32V +32 V] for Cassini), or a
different maximum secondary electron yield (due to a different
surface composition or treatment).

(20)

8. Conclusions

Though Langmuir probes (LP) are designed to investigate cold
plasma regions (e.g. ionospheres), Garnier et al. (2012) revealed a
strong sensitivity of the Cassini LP measurements to hundreds of eV
electrons. These warm electrons impact the surface of the probe and
generate a significant current of secondary electrons, that is mostly
observed in the dipole L Shell range of ~6-10 in the magneto-
sphere. Garnier et al. (2013) then showed that both the DC level and
the slope of the current-voltage curve of the LP (for negative
potentials) are influenced by these warm electrons, through respec-
tive contributions called Ie;er and beper that may be modeled through
several approaches with a reasonable precision.

This paper shows how we can derive information about the
incident warm electrons, from the analysis of the energetic
contributions Ieper and beper to the current-voltage curve. First,
modeling the energetic contributions allows us to provide infor-
mation about the pitch angle anisotropies of the incident hun-
dreds of eV electrons (Figs. 2 and 3). The LP alone cannot provide
any information about the pitch angle distribution (PAD) of the
electrons, but it can through the modeling of I.;er and beper. This
modeling, based on the incident electron distribution function
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given by the single anode 5 of the CAPS ELS instrument, reveals
large dispersions of the estimated maximum secondary electron
yield (which is a constant for a surface material) needed to
reproduce the observed Ieper/bener- Such dispersions give evidence
for strong pitch angle anisotropies of the incident electrons, and
using a functional form of the PAD may even allow us to derive
the real peak angle of the PAD.

Second, rough estimates of the electron temperature may be
derived (Eq. (16), Figs. 4 and 5) in the regions where the warm
electrons strongly influence the LP observations, i.e. when the
electron temperature is in the range ~[100-500]eV. These
estimates may be derived essentially in the L range 6.4-9.4 Rs
at Saturn and may be identified from the LP observations through
large positive values of the current-voltage slope b (b>1 or
2 x 1073 nA/V). The estimated temperature values lie far beyond
the classical measurement capabilities of the LP (<5eV for
Cassini). Future work will be however needed to refine the
temperature derivation to obtain a larger correlation coefficient
with the CAPS measurements.

The estimated temperature may then be used to derive the
associated electron density in the regions where the energetic
contributions are dominant (Eq. (17), Figs. 6 and 7). Both case
studies and a statistical analysis show a good correlation with
the CAPS derived values, with estimated densities between
~0.1 and a few cc (below the classical capabilities of the LP
which measures essentially n. >5 cc). Moreover, our method
provides a better estimation of the electron density in these
regions than the proxy method based on the floating potential
of the LP (Morooka et al., 2009).

Such electron density and temperature estimates may be
obtained during many time intervals of the Cassini mission, corre-
sponding to 61 days among the 3.5 years of observations considered
and to a large fraction of the intervals when Cassini was located off
the equator in the L range 6.4-9.4 Rs. This approximate derivation
technique may be all the more useful since the shutdown of the CAPS
instrument that was the main provider of electron moments in
Saturn's magnetosphere. The method developed in the paper can
provide useful information about the electron moments (for
~[100-500] eV electrons), and even provide probably better esti-
mates than CAPS in some cases (when the plasma is strongly
anisotropic and when the anode 5 is not properly oriented) but it
cannot replace in general the CAPS instrument.

Finally, we use the simple approach provided by the moments
method of Garnier et al. (2013) to predict the impact of the
energetic contributions on LP measurements in any plasma
environment (Figs. 8 and 9). The Iener and beper contributions
and their relative importance compared with the ambient ions
contribution may be indeed calculated for any plasma region
whose characteristics (density, temperature, etc.) are known. This
reveals that LP observations may be influenced by warm elec-
trons in several planetary plasma regions in the solar system, and
that ambient magnetospheric electron density and temperature
could be estimated in some of them, e.g. around several galilean
satellites, through the use of Langmuir probes.
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